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Abstract. We have recently shown that urokinase-type
plasminogen activator (u-PA) and plasminogen activa-
tor inhibitor type 1 are both found extracellularly be-
neath cultured human skin fibroblasts and HT-1080
sarcoma cells, but in distinct localizations. Here, the
ultrastructural distribution of u-PA was studied using
immunoferritin electron microscopy. In HT-1080 cells,
u-PA on the extracellular aspect of the plasma mem-
brane was detected at sites of direct contact of the cell
with the growth substratum beneath all parts of the ven-
tral cell surface. The ferritin-labeled adhesion plaques,
which were enriched in submembraneous microfila-
ments, were frequently seen at the leading lamellae of
the cells as well as in lamellipodia and microspikes.
Besides the cell-substratum adhesion plaques, ferritin

label was detected at cell-cell contact sites.

Double-label immunofluorescence showed a striking
colocalization of u-PA and vinculin in both HT-1080
cells and WI-38 lung fibroblasts, which is consistent
with u-PA being a focal contact component. The u-PA-
containing focal contacts of WI-38 cells had no direct
codistribution with fibronectin fibrils. In WI-38 cells
made stationary by cultivation in a medium containing
0.5% FCS, vinculin plaques became highly elongated
and more centrally located, whereas u-PA immuno-
label disappeared from such focal adhesions. These
findings show that plasma membrane-associated u-PA
is an intrinsic component of focal contacts, where, we
propose, it enables directional proteolysis for cell
migration and invasion.

trix and their reversal are critical events for morpho-

genetic movements during embryonic development
and for cancer cell invasion during metastasis (30, 49). The
molecular structures at the sites where cultured cells contact
each other and the growth substratum are thus of great in-
terest. Focal contacts, the sites of closest cell-substratum ap-
position, can be visualized either by electron microscopy (1)
or by interference reflection microscopy (23). Focal contacts
are localized at the termini of actin-containing microfilament
bundles, and contain vinculin (7, 19) and talin (6) on the cyto-
plasmic side, but apparently do not have fibronectin on the
extracellular side (9). The so-called close contacts exhibit a
greater substrate separation distance, do not contain vincu-
lin, and probably represent a more labile type of contact
(23). A third kind of substrate adhesion site termed the
fibronexus (42) or extracellular matrix contact site (9) is
characteristic of well-spread and stationary fibroblasts. It
features a codistribution of fibronectin, its plasma membrane
receptor, actin, vinculin, and alpha-actinin throughout the
entire contact site and is located at central regions of the cell
rather than at its margins (11, 15). Fibronexuses show very
close transmembrane associations of actin microfilaments
and fibronectin fibrils (42, 43).

QDHESIVE interactions of cells with the extracellular ma-
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Urokinase-type plasminogen activator (u-PA)! is one of
the two well-characterized types of serine proteinases that
convert the extracellular proenzyme plasminogen into the
active proteinase plasmin (for reviews see references 4, 16).
It is synthesized as an inactive single-chain proactivator (pro-
u-PA) by many types of cells (17, 32, 44, 45, 52), and most
of the enzyme is in the proactivator form also in vivo (28).
Pro-u-PA is converted to the active two-chain form in a reac-
tion that may be catalyzed by plasmin. Specific u-PA recep-
tors were recently detected in human monocytes and mono-
cyte-like cells (46, 50), and also in several other cell types
(for reviews see references 3, 4). These receptors bind u-PA
at its growth factor domain (2), with a high affinity, Kd
107 M. According to experiments with human A-431 epi-
dermoid cells, pro-u-PA is first secreted and then bound to
its specific plasma membrane receptors (47).

PAs are thought to play an important role in controlling ex-
tracellular proteolysis (37). Plasminogen and PAs have af-
finity for extracellular matrix components laminin (40) and
fibronectin (39), and a M, 66,000 matrix-associated protein

1. Abbreviations used in this paper: anti-TNP-IgG, monoclonal mouse IgG
antibody against trinitrophenyl group; pro-u-PA, inactive single-chain pro-
activator; TRITC, tetramethylrhodamine isothiocyanate, u-PA, urokinase-
type plasminogen activator.

87



seems to be a plasminogen-independent target for u-PA (27).
Furthermore, plasmin is able to activate latent collagenases,
proteinases involved in the degradation of interstitial matrix
and basement membranes (33, 34, 38). Extracellular matrix
degradation by Rous sarcoma virus-transformed fibroblasts
probably consists of both plasminogen-dependent and -inde-
pendent pathways (18), and a direct catalytic role for PA in
the process has been suggested (48). External proteolysis
taking place at cellular contact sites would be advantageous
to cells actively migrating or invading surrounding tissues.
Focal proteolysis of fibronectin substrate occurs in Rous sar-
coma virus-transformed fibroblasts (10, 12), involving a M;
150,000 metalloendoproteinase and a M, 120,000 serine pro-
teinase (8).

We have previously shown that u-PA is extracellularly lo-
cated beneath cultured cells, and that the distributions of
u-PA and plasminogen activator inhibitor type 1 under the
cells are mostly distinct (35). In this report, we have iden-
tified the u-PA-containing structures. To do this, immunofer-
ritin bridge electron microscopy was chosen as a method to
examine the ultrastructural distribution of extracellular u-PA
in HT-1080 sarcoma cells. In addition, double-label immu-
nofluorescence staining of u-PA and vinculin was performed.

Materials and Methods

Cell Cultures

The human fibrosarcoma cell line HT-1080 and WI-38 human embryonic
lung fibroblasts were obtained from American Type Culture Collection,
Rockville, MD (ATCC, CCL 121, and CCL 75, respectively). The cells were
grown in plastic dishes (53 cm? or 19.7 cm?) in Eagle’s minimal essential
medium (MEM) supplemented with 10% FCS (Gibco, Paisley, UK), 100
IU/ml penicillin and 50 pg/ml streptomycin. Cells were plated on glass cov-
erslips and fixed and processed after 24 h of subculture at subconfluent den-
sity or were processed as specified in the text.

Immunofluorescence

Polyclonal purified rabbit IgG against u-PA was prepared as described else-
where (29) and detected both active u-PA and its proenzyme (31). Monoclo-
nal anti-vinculin mouse IgG, was from Bio-Yeda (Kiryat Weizmann, Re-
hovot, Israel). Monoclonal mouse IgG; fpg-9 to fibronectin was described
previously (35). Monoclonal mouse IgG antibody against the trinitrophenyl
group (anti-TNP-IgG) was from the hybridoma clone designated Hy 2.15
(41). FITC-conjugated sheep anti-mouse IgG was from Cappell Laborato-
ries, Cochranville, PA, and tetramethylrhodamine isothiocyanate (TRITC)-
conjugated goat anti-rabbit IgG from Nordic Immunological Laboratories,
Tilburg, The Netherlands.

For immunofluorescent staining, rinsed coverslip cultures of cells were
fixed with ~20°C methanol. Cells were treated with the primary antibodies
diluted in PBS at a concentration of 50 pg/mi (anti-u-PA-IgG) or hybridoma
supernatants diluted 1:30 (monoclonal antivinculin or fpg-9 antifibronectin)
for 30 min. This was followed by a short rinse in PBS and treatment with
the fluorochrome (FITC/TRITC)-conjugated secondary antibodies for 30
min. For double immunofiuorescent studies of u-PA and vinculin/fibronec-
tin the cells were treated in the following sequence: rabbit anti-u-PA IgG,
goat anti-rabbit IgG-TRITC, monoclonal anti-vinculin/fpg-9, sheep anti-
mouse IgG-FITC. Immunocytochemical controls consisted of anti-u-PA-
IgG preabsorbed with highly purified u-PA (29), preimmune IgG from the
u-PA-immunized rabbit or mouse monoclonal anti-TNP-IgG, as well as
omission of any one of the steps in the staining procedure. After rinsing with
PBS the coverslips were mounted in glycerol-PBS. The specimens were
viewed with an EB microscope (Leitz Dialux, Wetzlar, Germany) and pho-
tographed as previously described (35).

Immunedoferritin Electron Microscopy

To select an optimal method of processing the cells for experiments at the
EM level, we tested several alternatives in immunofluorescence using FITC-
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conjugated anti-ferritin-IgG (22). The cells were fixed with various concen-
trations of paraformaldehyde (0.1-4 %) and/or glutaraldehyde (0.01-2 %, EM
grade; Leiras, Turku, Finland), either before or after the entire labeling se-
quence, or after treatment with the primary antibody.

In the immunoferritin experiments, cultured HT-1080 ceils were briefly
rinsed three times with Dulbecco's PBS (DPBS) containing 0.2% BSA at
0°C, and then incubated with the primary antibody (anti-u-PA-IgG, 50
ng/ml). After gently rinsing three times with DPBS-BSA, labeling was per-
formed using the ferritin bridge procedure (51) with incubations in the fol-
lowing sequence: affinity purified goat anti-rabbit IgG (100 pg/ml; Jackson
Immuno Research Laboratories Inc., Avondale, PA), affinity-purified rabbit
anti-horse ferritin (100 pg/ml; Jackson Immuno Research Laboratories
Inc.), ferritin (100 pg/ml; Sigma Chemical Co., St. Louis, MO). Each step
of the labeling sequence was performed at 0°C for 30 min and was followed
by three 5-min rinses with DPBS-BSA. Then the cells were fixed with 2%
glutaraldehyde (Leiras) in 0.1 M phosphate buffer, pH 7.2, for 30 min. As
a specificity control for the immunoferritin staining, 50 pg/ml of the preim-
mune IgG was used. The rinsed samples were postfixed with 1.5% OsO,
in 0.1 M cacodylate buffer, pH 7.2, for 1 h at 23°C and dehydrated with
ethanol. The cuiture dishes were mounted in Epon 812. After 2 d polymer-
ization, the Epon blocks were sectioned vertically and horizontally against
the cell layer. Thin sections were post-stained with uranyl acetate and lead
citrate, and were observed and photographed in a Jeol 1200 EX electron mi-
croscope at 60 kV at the Department of Electron Microscopy, University
of Helsinki, Finland. The position of the u-PA antigen was estimated from
photographic prints at a final magnification of 60,000. From the prints, the
distance of 200 ferritin cores was measured from perpendicularly sectioned
segments of the plasma membrane.

Results

Distribution of u-PA in Immunaoferritin
Electron Microscopy

To study the external distribution of u-PA at the EM level,
we labeled HT-1080 sarcoma cells using the immunoferritin
bridge procedure. In preliminary experiments, we tested sev-
eral methods of processing the cells for immunofluores-
cence using FITC-conjugated anti-ferritin-IgG. The cells
were fixed with paraformaldehyde and/or glutaraldehyde, ei-
ther in the beginning or at the end of the entire ferritin bridge
sequence, or after treatment with the primary antibody. Of
these, labeling of live cells at 0°C before fixation gave the
strongest signal in the areas of cell-substratum contact, and
detected exclusively extracellular antigen. The resulting pat-
tern of u-PA staining was qualitatively identical to that ob-
tained using methanol prefixation in the ferritin bridge se-
quence, as well as in conventional immunofluorescence (35;
figures not shown). Thus, the pattern obtained by the anti-
body treatment of live cells in the cold reflected the situa-
tion at physiological temperature examined under prefixation
conditions.

At the EM level, the u-PA immunoreactivity was detected
as discrete patches of ferritin cores associated with the
plasma membrane. The ferritin was predominantly found at
sites where the cells made contact with the growth substra-
tum beneath all parts of the ventral cell surface. Such con-
tacts were best observed in sections cut vertically against the
cell layer. These ferritin-labeled plaques had a close substra-
tum separation distance of 15-50 nm (Fig. 1, A and B). In
rare instances, e.g., Fig. 1 A, some ferritin was on the growth
substratum without any apparent relationship to the plasma
membrane. The mean distance of the ferritin cores from the
plasma membrane at these locations, such as illustrated in
Fig. 1, was 21 + 5 nm. These plaques were enriched in a
thick submembraneous patch of microfilaments and were
frequently seen at the leading lamellae of the cell (Fig. 1, C,
D, and G).
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Figure 1. Immunoferritin EM labeling for u-PA in cultures of HT-1080 cells using polyclonal rabbit IgG. The cells were stained live with
the immunoferritin bridge procedure at +0°C before fixation with 2% glutaraldehyde. Note the plasma membrane-associated ferritin label-
ing at focal cell adhesion sites (4-G). A and B are from the central regions of the cell; C, D, and G from the leading lamellae; E and
F from cross-sectioned cell extensions (lamellipodiae). Vertical thin sections with uranyl acetate-lead citrate post-staining. Bar, 100 nm.
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Ferritin was often detected between cross-sectioned cellu-
lar extensions (lamellipodia and microspikes) and the sub-
stratum (Fig. 1, E and F'). Such microspikes could be well
visualized in horizontal sections made along the cell-sub-
stratum interface (Fig. 2). These extensions were also often
enriched in a submembraneous patch of microfilaments, the
linear orientation of which is clearly seen inside the micro-
spikes in Fig. 2, A and B.

In addition to the cell-substratum adhesion plaques, ferri-
tin had a preferential localization at sites of cell-cell contact
(Fig. 3, Aand B). Control cultures in which the primary anti-
body was substituted with 50 ng/ml preimmune u-PA IgG,
gave virtually no binding of ferritin cores to the plasma mem-
brane (Fig. 4).

Characterization of u-PA-containing Sites
as Focal Contacts

To further characterize the sites with u-PA immunoreactivity
seen at the EM level, we performed double immunofluores-
cent labeling of cultured HT-1080 and WI-38 cells with poly-
clonal anti-u-PA IgG and monoclonal anti-vinculin IgG.
Focalized u-PA immunoreactivity was found in all parts of
the ventral cell surface, including the trailing edge, and in
considerable amounts at the leading edge. Additionally,
diffuse granular intracellular localization of u-PA was de-
tected (Figs. 5 B and 6 B). u-PA and vinculin displayed a
striking colocalization at the focal contact sites on the ven-
tral cell surface (Fig. 5, A and B). A similar codistribution
of u-PA and vinculin was also detected in WI-38 human em-
bryonic lung fibroblasts (Fig. 6, A and B). In these cells the
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labeled sites were a little more elongated than those in the
HT-1080 cells.

We also compared the distributions of u-PA and fibronec-
tin in these two cell lines. HT-1080 cells deposit very little
pericellular matrix fibronectin in contrast to WI-38 fibro-
blasts grown for 24 h in 10% serum. As judged by double
immunofluorescent labeling, most of the fibronectin fibrils
were not superimposed with the u-PA and vinculin contain-
ing contact sites in WI-38 cultures (Fig. 6, C and D).

In WI-38 lung fibroblasts growth arrested in 0.5% FCS,
anti-u-PA label diminished markedly. Specifically, no focal-
ized u-PA immunostaining was seen after 4 d of serum deple-
tion. Double-label immunofluorescence of the cells at this
stage detected vinculin arranged in highly elongated striae
that were more centrally located (Fig. 7, A and B). The sta-
tionary WI-38 cells deposited an abundant fibronectin ma-
trix (not shown). Confluent control cultures grown in 10%
serum for 4 d showed a colocalization of u-PA and vinculin
(not illustrated) similar to that in Fig. 6, A and B.

Each staining reaction was specific as tested by either
u-PA-blocked or preimmune anti-u-PA IgG, as shown before
(35), or using anti-TNP-IgG, and/or by omission of any step
in the staining sequence (figures not shown).

Discussion

In the present study, we have shown that urokinase-type plas-
minogen activator is an intrinsic component of focal contacts
of human lung fibroblasts and sarcoma cells, in contrast to
the two other types of cell-substratum contact, i.e. close

Figure 2. Immunoferritin EM labeling
for u-PA on HT-1080 cells: staining of
live cells at +0°C by the immunoferritin
bridge procedure before fixation with
2% glutaraldehyde. Thin sections were
cut horizontally against the cell layer.
Ferritin labeling is seen on the plasma
membrane in lamellipodia and micro-
spikes (4 and B). Uranyl acetate-lead
citrate post-staining. Bar, 100 nm.
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contacts and fibronexuses, in which u-PA was not detected.
This finding was based upon (@) immuno-EM, and (b) dou-
ble-label immunofluorescence of u-PA and vinculin. In addi-
tion to focal contacts, u-PA was located at cell-cell contact
sites. In previous cell fractionation studies, PA has been
generally detected in membrane-rich fractions (reviewed in
reference 16). These biochemical studies did not, however,
exclude the possibility that u-PA became bound to the mem-
branes after disruption of cells. The immuno-EM data
presented here (Figs. 1-3) show that u-PA was located at
specific sites on the extracellular aspect of the plasma mem-
brane. This is consistent with recent reports on specific
cell-surface receptors for u-PA (reviewed in reference 3, 4).

In immunoferritin bridge electron microscopy of sarcoma
cells, plasma membrane-associated u-PA antigen was de-
tected at (a) adhesion plaques, (b) cell-cell contacts, and (c)

Poéllidnen et al. Urokinase at Focal Contacts
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Figure 3. Immunoferritin EM label-

ing for u-PA (A and B) on HT-1080

cells. Staining of the cells at +0°C

7 before fixation with 2% glutaralde-

. hyde. Note the ferritin patches asso-

! . ciated with the plasma membrane at
- sites of cell-cell contacts. Horizontal
(A) and vertical (B) thin sections with

uranyl acetate-lead citrate post-stain-

ing. Bars, 100 nm in 4, 200 nm in B.

on cellular extensions, lamellipodia and microspikes. These
features in the ultrastructural localization of u-PA distinguish
it, e.g. from the major extracellular matrix protein fibronec-
tin, which is not located at close cell-cell contacts (22). The
possibility that the ferritin patches obtained were due to
antibody-induced redistribution of the u-PA antigen seems
remote, because the labeling protocol used in immuno-EM
gave an identical staining pattern with methanol prefixation
followed by the same ferritin bridge sequence when tested at
the immunofluorescence level. The u-PA containing adhe-
sion plaques, which were generally found in all parts of the
ventral cell surface, were frequently seen at the leading
lamellae of the cells, bearing a close resemblance in ultra-
structure to those described in motile fibroblasts (1). Earlier
studies on normal locomotory fibroblasts have shown that
new focal contacts are formed at the active edge by advancing
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Figure 4. Specificity control for immunoferritin labeling. HT-1080 cultures were stained with S0 pg/ml preimmune anti-u-PA IgG as the
primary antibody. No ferritin particles are seen in the vertical thin section that features a cellular extension in contact with the substratum.

Bar, 100 nm.

microspikes and lamellipodia, but later the contacts increased
in size (5, 24). On the other hand, few reports exist on the
focal contacts of transformed cells (36).

Double-label immunofluorescence showed a striking colo-
calization of u-PA and vinculin in HT-1080 cells and WI-38
fibroblasts. The u-PA plaques had no direct codistribution

with fibronectin fibrils in WI-38 cells. Both these features,
the presence of vinculin (19, 20) and the apparent absence of
fibronectin (9 and references quoted therein), have been re-
ported to be characteristic of focal contacts. However, u-PA
was not found in adhesions made by stationary fibroblasts in
0.5% serum. During such conditions u-PA immunostaining

Figure 5. Double immunofluorescent localization of vinculin (4) and u-PA (B) in HT-1080 fibrosarcoma cells prefixed with —20°C metha-
nol. (4) Vinculin staining using monoclonal anti-vinculin mouse IgG. FITC fluorescence. ( B) The same cells stained with polyclonal anti-
u-PA rabbit IgG. TRITC fluorescence. The sequence in the staining procedure is described in Materials and Methods. Note the striking
colocalization of vinculin and u-PA at discrete sites on the ventral cell surface. Bar, 15 pm.

Figure 6. Double immunofiuorescent localization of vinculin (4) and u-PA (B); and fibronectin (C) and u-PA (D) in WI-38 human em-
bryonic lung fibroblasts prefixed with methanol. Primary antibodies: monoclonal anti-vinculin mouse IgG (4), polyclonal anti-u-PA IgG
(B and D), monoclonal fpg-9 antifibronectin (C). Anti-u-PA labeling codistributes with vinculin plaques, but is apparently unrelated to

the fibronectin fibrils. Bar, 15 pm.
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Figure 7. Double immunofluorescent labeling of vinculin (4) and u-PA (B) in quiescent WI-38 fibroblasts cultured in 0.5% FCS for 4 d.

Prefixation, labeling conditions identical to those in Figs. 5 and 6. Note simultaneous disappearance of u-PA immunostaining from the
focal contact sites and the elongation of the vinculin plaques. Bar, 15 pm.

disappeared from the contact sites whereas vinculin plaques
became highly elongated, and more centrally located. These
results are in line with the earlier cell fractionation data (25,
26), which showed u-PA in the plasma membrane—enriched
fraction in growing and transformed 3T3 cells, whereas in
quiescent cultures PA was almost exclusively intracellular
and of the tissue type. The results also agree with a recent
report showing that u-PA mRNA is increased in quiescent
cultured fibroblasts and keratinocytes upon growth stimula-
tion (21). The elongation of the vinculin plaques in quiescent
WI-38 fibroblasts is consistent with earlier findings (43),
also describing the induction of fibronexus contact sites un-
der similar conditions. The well-spread phenotype is thought
to be maintained by tensile forces mediated by the actin-
containing microfilaments (20). Moreover, the contracted
state of fibroblasts has been associated with decreased motil-
ity and the beginning of growth (13, 14).

The confinement of u-PA to focal contacts of fibroblasts
under serum-containing conditions when the cells are motile
would suggest a role for plasma membrane-associated u-PA
in the attachment-detachment sequence. At this specific lo-
calization, u-PA could then enable directional proteolysis for
cell migration and invasion. It should be noted that the ex-
periments reported here studied the distribution of u-PA anti-
gen, and not the expression of u-PA enzyme activity. Al-
though many types of cells secrete mainly the pro-u-PA form
17, 32, 44, 45, 52), it remains unknown whether the u-PA
at the focal contacts is actually in that proenzyme form, as
our polyclonal antibodies are able to detect active enzyme
and enzyme-inhibitor complexes as well (31). Several levels
of regulatory mechanisms are likely to operate to insure that
net enzyme activity at the focal contacts would only be ex-
pressed when it is required (4, 16). These include the levels
of proenzyme activation vs. inactivation, the specific fast-
acting PA inhibitors, and matrix modulation of inhibition.
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However, the present data establish that there is a process
resulting in selective accumulation of the enzyme to the
cell/matrix interface, and specifically to focal contacts.

We thank Ms. Pirjo Sarjakivi, Ms. Birgit Tiilikainen, and Ms. Tuire Koro
for expert technical assistance, and Ms. Leena Toivonen for secretarial
assistance.

This work was supported by grants from Farmos Group Ltd., Turku, Fin-
land; Finnish Medical Society Duodecim; the Research Foundation of
Orion Corporation, Espoo, Finland; and the Medical Research Council of
the Academy of Finland.

Received for publication 8 July 1987, and in revised form 17 August 1987.

References

1. Abercrombie, M., J. E. M. Heaysman, and S. M. Pegrum. 1971. The loco-
motion of fibroblasts in culture. IV. Electron microscopy of the leading
lamella. Exp. Cell Res. 67:359-367.

2. Appella, E., E. A. Robinson, S. J. Ullrich, M. P. Stoppelli, A. Corti, G.
Cassani, and F. Blasi. 1987. The receptor-binding sequence of urokinase.
A biological function for the growth factor module of proteases. J. Biol.
Chem. 262:4437-4440.

3. Blasi, F., M. Stoppelli, and M. V. Cubellis. 1986. The receptor for uro-
kinase: plasminogen activator. J. Cell. Biochem. 32:179-186.

4. Blasi, F., J.-D. Vassalli, and K. Dane. 1987. Urokinase-type plasmino-
gen activator: proenzyme, receptor, and inhibitors. J. Cell Biol. 104:
801-804.

5. Bragina, E. E., J. M. Vasiliev, and I. M. Gelfand. 1976. Formation of bun-
dles of microfilaments during spreading of fibroblasts on the substrate.
Exp. Cell Res. 97:241-248.

6. Burridge, K., and L. Connell. 1983. A new protein of adhesion plaques and
ruffling membranes. J. Cell Biol. 97:359-367.

7. Burridge, K., and J. R. Feramisco. 1980. Microinjection and localization
of a 130K protein in living fibroblasts: a relationship to actin and fibronec-
tin. Cell. 19:587-595.

8. Chen, J.-M., and W.-T. Chen. 1987. Fibronectin-degrading proteases from
the membranes of transformed cells. Cell. 48:193-203.

9. Chen, W.-T., and S. J. Singer. 1982. Immunoelectron microscopic studies
of the sites of cell-substratum and cell-cel} contacts in cultured fibroblasts.
J. Cell Biol. 95:205-222.

10. Chen, W.-T., J.-M. Chen, S. J. Parsons, and J. T. Parsons. 1985. Local
degradation of fibronectin at sites of expression of the transforming gene
product pp60~. Nature (Lond.). 316:156-158.

11. Chen, W.-T., T. Hasegawa, E. Hasegawa, C. Weinstock, and K. M.

94



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Yamada. 1985. Development of cell surface linkage complexes in cul-
tured fibroblasts. J. Cell Biol. 100:1103-1114.

. Chen, W.-T., K. Olden, B. A. Bernard, and F.-F. Chu. 1984. Expression

of transformation-associated protease(s) that degrade fibronectin at cell
contact sites. J. Cell Biol. 98:1546-1555.

. Couchman, J. R., and D. A. Rees. 1979. The behaviour of fibroblasts

migrating from chick heart explants: changes in adhesion, locomotion
and growth, and the distribution of actonyosin and fibronectin. J. Cell
Sci. 39:149-165.

. Couchman, J. R., D. A. Rees, R. Green, and G. Smith. 1982. Fibronectin

has a dual role in locomotion and anchorage of primary chick fibroblasts
and can promote entry into the division cycle. J. Cell Biol. 93:402-410.

. Damsky, C. H., K. A. Knudsen, D. Bradley, C. A. Buck, and A. F. Hor-

witz. 1985. Distribution of the CSAT cell-matrix adhesion antigen on
myogenic and fibroblastic cells in culture. J. Cell Biol. 100:1528-1539.

. Dang, K., P. A. Andreasen, J. Grondahl-Hansen, P. Kristensen, L. S.

Nielsen, and L. Skriver. 1985. Plasminogen activators, tissue degrada-
tion, and cancer. Adv. Cancer Res. 44:139-266.

. Eaton, D. L., R. W. Scott, and J. B. Baker. 1984. Purification of human

fibroblast urokinase proenzyme and analysis of its regulation by proteases
and protease nexin. J. Biol. Chem. 259:6241-6247.

. Fairbairn, S., R. Gilbert, G. Ojakian, R. Schwimmer, and J. P. Quigley.

1985. The extracellular matrix of normal chick embryo fibroblasts: its
effect on transformed chick fibroblasts and its proteolytic degradation by
the transformants. J. Cell Biol. 101:1790-1798.

. Geiger, B. 1979. A 130K protein from chicken gizzard: its localization at

the termini of microfilament bundles in cultured chicken cells. Cell. 18:
193-205.

Geiger, B. 1983. Membrane-cytoskeleton interaction. Biochim. Biophys.
Acta. 737:305-341.

Grimaldi, G., P. Di Fiore, E. K. Locatelli, J. Falco, and F. Blasi. 1986.
Modulation of urokinase plasminogen activator gene expression during
the transition from quiescent to proliferative state in normal mouse cells.
EMBO (Eur. Mol. Biol. Organ.) J. 5:855-861.

Hedman, K., A. Vaheri, and J. Wartiovaara. 1978. External fibronectin of
cultured human fibroblasts is predominantly a matrix protein. J. Cell
Biol. 76:748-760.

Izzard, C. S., and L. R. Lochner. 1976. Cell-to-substrate contacts in living
fibroblasts: an interference reflexion study with and evaluation of the
technique. J. Cell Sci. 21:129-159.

Izzard, C. S., and L. R. Lochner. 1980. Formation of cell-substrate con-
tacts during fibroblast motility: an interference-reflexion study. J. Cell
Sci. 42:81-116.

Jaken, S., and P. H. Black. 1979. Differences in intracellular distribution
of plasminogen activator in growing, confluent and transformed 3T3
cells. Proc. Natl. Acad. Sci. USA. 76:246-250.

Jaken, S., and P. H. Black. 1981. Correlation between a specific molecular
weight form of plasminogen activator and metabolic activity of 3T3 cells.
J. Cell Biol. 90:721-726.

Keski-Oja, J., and A. Vaheri. 1982. The cellular target for the plasminogen
activator, urokinase, in human fibroblasts. 66 000 dalton protein. Bio-
chim. Biophys. Acta. 720:141-146.

Kielberg, V., P. A. Andreasen, J. Grendahl-Hansen, L. S. Nielsen, L.
Skriver, and K. Dang. 1985. Proenzyme to urokinase-type plasmino-
gen activators in the mouse in vivo. FEBS (Fed. Eur. Biochem. Soc.) Lett.
192:441-445.

Kristensen, P., L. I. Larsson, L. S. Nielsen, J. Grondahl-Hansen, P. A.
Andreasen, and K. Dane. 1984. Human endothelial cells contain one
type of plasminogen activator. FEBS (Fed. Eur. Biochem. Soc.) Lett.
168:33-37.

Liotta, L. A., C. N. Rao, and S. H. Barsky. 1983. Tumor invasion and
the extracellular matrix. Lab. Invest. 49:636-649.

Nielsen, L. S., J. Grondahl-Hansen, P. A. Andreasen, L. Skriver, J.
Zeuthen, and K. Dane. 1986. Enzyme-linked immunosorbent assay for
human urokinase-type plasminogen activator and its proenzyme using a
combination of monoclonal and polyclonal antibodies. J. Immunoassay.
7:209-228.

Pollanen et al. Urokinase at Focal Contacts

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5

52.

95

Nielsen, L. S., J. Grendahl-Hansen, L. Skriver, E. L. Wilson, K. Kaltoft,
J. Zeuthen, and K. Dane. 1982. Purification of zymogen to plasminogen
activator from human glioblastoma cells by affinity chromatography with
monoclonal antibody. Biochemistry. 25:6410-6415.

O’Grady, R. L., L. I. Upfold, and R. W. Stephens. 1981. Rat mammary
carcinoma cells secrete active collagenase and active latent enzyme in the
stroma via plasminogen activator. Int. J. Cancer. 28:509-515.

Paranje, M., L. Engel, N. Young, and L. A. Liotta. 1980. Activation of
human breast carcinoma collagenase through plasminogen activator. Life
Sci. 26:1223-1231.

Polldnen, J., O. Saksela, E.-M. Salonen, P. Andreasen, L. Nielsen, K.
Dane, and A. Vaheri. 1987. Distinct localizations of urokinase-type
plasminogen activator and its type 1 inhibitor under cultured human
fibroblasts and sarcoma cells. J. Cell Biol. 104:1085-1096.

Raz, A., and B. Geiger. 1982. Altered organization of cell-substrate con-
tacts and membrane-associated cytoskeleton in tumor cell variants ex-
hibiting different metastatic capabilities. Cancer Res. 42:5183-5190.

Reich, E. 1978. Activation of plasminogen: a general mechanism for
producing localized extracellular proteolysis. In Molecular Basis of Bio-
logical Degradative Processes. R. D. Berlin, H. Herrmann, I. H. Lepow,
and J. M. Tanzer, editors. Academic Press, New York. 155-169.

Salo, T., L. A. Liotta, J. Keski-Oja, T. Turpeenniemi-Hujanen, and K.
Tryggvason. 1982. Secretion of basement membrane collagen degrading
enzyme and plasminogen activator by transformed cells: role in metasta-
sis. Int. J. Cancer. 30:669-673.

Salonen, E.-M., O. Saksela, T. Vartio, A. Vaheri, L. S. Nielsen, and J.
Zeuthen. 1985. Plasminogen and tissue-type plasminogen activator bind
to immobilized fibronectin. J. Biol. Chem. 22:12302-12307.

Salonen, E.-M., A. Zitting, and A. Vaheri. 1984. Laminin interacts with
plasminogen and its tissue-type activator. FEBS (Fed. Eur. Biochem.
Soc.) Lett. 172:29-32.

Schulman, M., C. D. Wilde, and G. Kohler. 1978. A better cell line for
making hybridomas secreting specific antibodies. Nature (Lond.) 276:
269-270.

Singer, I. 1. 1979. The fibronexus: a transmembrane association of
fibronectin-containing fibers and bundles of 5 nm microfilaments in ham-
ster and human fibroblasts. Cell. 16:675-685.

Singer, I. 1. 1982. Association of fibronectin and vinculin with focal con-
tacts and stress fibers in stationary hamster fibroblasts. J. Cell Biol. 92:
398-408.

. Skriver, L., L.-I. Larsson, V. Kielberg, L. S. Nielsen, P. B. Andreasen,

P. Kristensen, and K. Dane. 1984. Immunocytochemical localization of
urokinase-type plasminogen activator in Lewis lung carcinoma. J. Cell
Biol. 99:753-757.

Skriver, L., L. S. Nielsen, R. Stephens, and K. Dane. 1982. Plasminogen
activator released as inactive proenzyme from murine cells transformed
by sarcoma virus. Eur. J. Biochem. 124:409-414.

Stoppelli, M. P., A. Corti, A. Soffientini, G. Cassani, F. Blasi, and R. K.
Assolan. 1985. Differentiation-enhanced binding of the aminoterminal
fragment of human urokinase plasminogen activator to a specific receptor
on U 937 monocytes. Proc. Natl. Acad. Sci. USA. 82:4939-4943.

Stoppelli, M. P., C. Tacchetti, M. V. Cubellis, A. Corti, V. J. Hearing,
G. Cassani, E. Appella, and F. Blasi. 1986. Aurocrine saturation of pro-
urokinase receptors on human A431 cells. Cell. 45:675-684.

Sullivan, L. M., and J. P. Quigley. 1986. An anticatalytic monoclonal anti-
body to avian plasminogen activator: its effect on behaviour of RSV-
transformed chick fibroblasts. Cell. 45:905-915.

Vasiliev, J. M. 1985. Spreading of non-transformed and transformed cells.
Biochim. Biophys. Acta. 780:21-65.

Vassalli, J. D., D. Baccino, and D. Belin. 1985. A cellular binding site for
the Mr 55,000 form of the human plasminogen activator, uroKinase. J.
Cell Biol. 100:86-92.

. Willingham, M. C., S. 8. Spicer, and C. D. Graber. 1971. Immunocyto-

logic labeling of calf and human lymphocyte surface antigens. Lab. In-
vest. 25:211.

Wun, T.-C., L. Ossowski, and E. Reich. 1982. A proenzyme form of hu-
man urokinase. J. Biol. Chem. 257:7262-7268.



