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ABSTRACT

I.umiliili is a large multidomain protein with diverse biological activi
ties. We previously demonstrated that intact laminin as well as an A
chain synthetic peptide (LamA2091"2108)stimulate tissue plasminoceli ac

tivator (t-PA)-catalyzed plasminogen activation. Here we report that
LamA2""-2108 increases t-PA production by the highly metastatic murine

melanoma cell line B16F10, with no effect on the parental B16F1 line,
which has a low metastatic capacity. Incubation of plasminogen with
B16F10-conditioned medium results in direct activation of the zymogen to

plasmin. Furthermore, following incubation of B16F10 cells with plasmi
nogen, plasmin is eluted from the cell surface, suggesting that these cells
contain binding sites for plasminogen/plasmin in close proximity to t-PA
binding sites. Quantitation of t-PA activity using the synthetic substrate
Val-Leu-Lys-/7-nitroanilide indicates a minimal 10-fold increase in t-PA in

the conditioned medium of I!Idi 10 cells grown in the presence of
LamA2"""2""1, with no increased t-PA activity observed in B16Fl-condi-

tioned medium. Similar results were obtained in immunocapture experi
ments which are specific for t-PA antigen. In addition, B16F10 melanoma-
associated t-PA catalyzes the plasminogen-dependent hydrolysis of

laminin. Together these data suggest that degradation of basement mem
brane proteins by metastatic melanoma cells may release fragments (such
as LamA20"-2108) which stimulate both the production and activity of

metastasis-associated proteinases such as t-PA, providing a mechanism for

augmentation of the metastatic capacity of li I6I 10 melanoma cells.

INTRODUCTION

Laminin, the major noncollagenous component of the basement
membrane, is a large multidomain protein with diverse biological
activities. Receptors for laminin have been identified on a large num
ber of cell types including epithelial cells, myoblasts, Schwann cells
(1, 2), human carcinoma cells (3), and murine melanoma and fibro
sarcoma cells (4). Furthermore, in a variety of tumor cells, the number
of cell surface laminin receptors correlates with metastatic potential,
suggesting that laminin promotes metastasis by facilitating adhesion
of cells to the basement membrane (5, 6).

Following basement membrane adhesion, tumor cells secrete pro-

teolytic enzymes which facilitate localized degradation of extracellu
lar matrix components, thereby enabling the tumor cell to migrate
through the proteolytically modified basement membrane and enter
the circulation (7). Proteinases which have been identified as tumor
cell products include the metalloproteinases collagenase, gelatinase,
and stromelysin (MMP-1, -2, and -3, respectively)1 and serine pro-
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teinases including PA, which activates circulating plasminogen to
plasmin (reviewed in Refs. 8 and 9). Together these enzymes have the
capacity to degrade all protein components of the basement membrane
including laminin, fibronectin, and type IV collagen.

Specific amino acid sequences responsible for the diverse biolog
ical activities attributed to laminin and other basement membrane
components have been identified. For example, the Bl chain pen-
tapeptide YIGSR promotes cell adhesion and blocks colonization of
murine lungs by melanoma cells (10, 11). Conversely, an 18-amino
acid peptide comprising residues 2091-2108 of the laminin A chain
(designated PA22-2) increases the incidence of lung colonization by

B16F10 melanoma cells in mice (12). These data demonstrate that
dramatically different biological activities can be contained within
fragments of the same parent molecule. Previous investigators have
suggested that PA22-2 stimulates melanoma metastasis in vivo by
increasing type IV collagenase (MMP-2) activity (12). We examined
the effect of the laminin A chain peptide (designated LamA2091^2108)

on t-PA-catalyzed plasminogen activation (13). The peptide

was a potent stimulator of the activation reaction, indicating that
LamA209'"2108 stimulates plasmin formation in vitro. Since t-PA is

secreted by melanoma cells (14-16), we determined the effect of
LamA2091"2108on the PA activity of murine melanoma cells. Here we
report that LamA2091"2'08 causes an increase in B16F10 melanoma-

associated t-PA activity. Furthermore, plasmin generated as a result of
plasminogen activation by melanoma-associated t-PA hydrolyzes

physiological substrates including laminin. Our data indicate that ini
tial degradation of basement membrane components such as laminin
by metastatic melanoma cells may release peptide fragments (such as
LamA2091"2'08) which stimulate plasminogen activation, suggesting a

potential mechanism for augmentation of the metastatic capacity of
B16F10 melanoma cells.

MATERIALS AND METHODS

Materials. The synthetic peptides LamA2""--'"8 and LamA2091-21"2were

purchased from Research Genetics (Huntsville, AL). Peptides were purified by
reverse-phase high-performance liquid chromatography. The composition and

sequence of all peptides were verified using an Applied Biosystems 420A
derivatizer/analyzer amino acid analysis system and an Applied Biosystems
477A pulse liquid phase sequencer with "on-line" 3-phenyl-2-thiohydantoin-

amino acid analysis. Two-chain recombinant t-PA was the generous gift of Dr.

Henry Berger (Wellcome Research Laboratories. Research Triangle Park, NC).
u-PA was purchased from Calbiochem (San Diego, CA). Proteins were iodi-
nated using Enzymobeads (Bio-Rad) according to the manufacturer's specifi

cations. Cell culture reagents, human collagen type I, the synthetic substrates
VLK-pNA and o-Ile-Pro-Arg-p-nitroanilide, and rabbit anti-goat IgG alkaline

phosphatase conjugate were products of Sigma Chemical Co. (St. Louis, MO).
Murine laminin, human type IV collagen, and murine type IV collagen were
purchased from Collaborative Research. Inc. (Bedford, MA). Goat anti-human
melanoma t-PA and goat anti-human u-PA were obtained from American
Diagnostica (Greenwich, CT). All other chemicals were of reagent-grade

quality.
Protein Purification. Plasminogen was purified from human plasma by

affinity chromatography on L-Lys-Sepharose (17) and separated into isoforms
1 and 2 by affinity chromatography on concanavalin A-Sepharose ( 18). Affin
ity chromatography-purified form 2. containing a single carbohydrate chain on
Thr345, was used for all experiments. Plasmin was generated by incubating 100

ug plasminogen with 100 ul of u-PA-Sepharose in 20 ITÃŒMHEPES (pH 7.4) for
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l h at room temperature followed by centrifugation to remove the resin. Protein

concentrations were determined spectrophotometrically at 280 nm using an
Ai*/icm value of 16.8 and molecular weights of 92.000 and 81.(XX) for plas-

minogen and plasmin, respectively. MMP-2 was purified from the serum-free

conditioned medium of porcine synovial membranes stimulated with phorbol
12-myristate 13-acetate by inhibitor affinity chromatography as previously-

described (19).
Cell Culture. Murine B16F10 and B16F1 melanoma cells were obtained

from I. J. Fidler (M. D. Anderson Hospital. Houston. TX). Cells were cultured
in Eagle's minimal essential medium containing 5% fetal calf serum (v/v),

nonessential amino acids, i.-glutamine. vitamins, and gentamicin. Prior to each
experiment, cells were washed with calcium and magnesium-free Hank's bal

anced salt solution and incubated for 1 min at 25Â°Cwith 1 imi EDTA in
serum-free Eagle's minimal essential medium to release cells from the culture
flask. Cells were resuspended in 2 ml of serum-free Eagle's minimal essential

medium at a density of 2 X IO4cells/ml and incubated overnight at 37Â°Cin the
presence of LamA2lwl "-'"* or the control peptide LamA2"*""21"2 at concentra

tions ranging from 25 to 150 ug/ml. Based on preliminary results, subsequent
experiments were performed with cells cultured in the presence of 75 ug
peptide/ml. Conditioned medium was removed and concentrated 4-fold using

a Centricon 10 (Amiconi concentrator. Cells were lysed by the addition of 300
Mllysis buffer containing 50 HIMTris-HCl. 0.15 MNaCl, and !% Nonidet P-40

to the monolayer followed by centrifugation to remove cellular debris. All

assays were performed with a minimum of three separate conditioned medium
or cell lysate samples.

Zymographic Analysis. Zymograms demonstrating gelatinolytic. casein-

olytic. or plasminogen activator activity in unreduced samples were prepared

by incorporating 0.1% gelatin or casein into 9% polyacrylamide gels according
to the method of Heussen and Dowdle (20). Zymograms to detect plasminogen
activator activity also contained 13 ug/ml plasminogen in addition to 0.1%
gelatin. Prior to electrophoresis. samples (20 ul) were incubated with nonre-

ducing Laemmli sample dilution buffer (211 containing 2.5% SDS for 30 min
at room temperature. For metalloproteinase zymograms. latent metalloprotein-

ases were activated by incubation of the sample with 1.5 rmi APMA for l h at
37Â°Cprior to electrophoresis. Additionally, some samples contained either 100

UMPMSF or 100 UMI.IO-phenanthroline during the incubation to inhibit the

activity of serine or metalloproteinases. respectively. Following electrophore
sis. gels were washed with 2.5% Triton X-100 for 30 min at room temperature

to remove SDS and incubated in 0.1 Mglycine. 10 ITIMCaCU l UMZnSO4 (pH
8.3) (for metalloproteinase zymograms). or 20 niM HEPES (pH 7.4) (for
plasminogen activator zymograms) at 37Â°Covernight. In inhibition experi

ments. PMSF (100 UM)or 1,10-phenanthrolene ( 100 UM)was also included in

the overnight incubation buffer. Following staining with Coomassie blue,

regions of proteolytic activity were visualized as clear zones against a blue

background.
Collagenase Activity Assays. Collagenase activity was estimated using

acid-soluble human type I or type IV collagen or murine type IV collagen.

Collagen (0.5 mg/ml) was incubated for 18 h with 20 ul of conditioned medium
or cell lysate in 0.05 MTris-HCl, 0.2 MNaCl, and 0.25 Mglucose (pH 7.6) (22)
at 25Â°Cin the presence of 1.5 rmi APMA to activate latent metalloproteinases.

Degradation products were separated electrophoretically on 7.5% polyacryl
amide gels. Gelatinase activity was determined as described above using
collagen that had been thermally denatured by incubating at 60Â°Cfor 20 min.

Metalloproteinases were also assayed using the synthetic collagenase/
gelatinase substrate Dnp-PLGLWAR-NH2 (23). Culture medium or cell lysate
samples (40 ul) were preactivated by incubation with 1.5 m.wAPMA at 37Â°C

for l h and incubated with 20 MMDnp-PLGLWAR-NH: in 0.05 MTris, 0.2 M
NaCl. and 10 mM CaCI; at 37Â°Covernight. The reaction was stopped by the

addition of 2 ITIM1,10-phenanthrolene, and degradation products were sepa

rated by high-performance liquid chromatography (23).
Collagen degradation was also measured using I25l-labeled murine type IV

collagen in a solid-phase radioassay (12). Briefly, murine type IV collagen was
iodinated by the Bolten-Hunter method and passively adsorbed to 96-well

microtiter plates. Under these conditions. 0.1 ug of collagen was adsorbed per
well. After washing to remove unbound material, plates were incubated at 37Â°C

for 24 h with APMA-activated B16F10-conditioned medium, and the amount

of radioactivity released was measured by gamma counting. Control samples
included PMSF (100 UM)or 1,10-phenanthrolene (100 UM)to inhibit the ac
tivity of serine- or metalloproteinases, respectively.

Plasminogen Activation. To demonstrate direct plasminogen activation,
'â€¢^I-plasminogen (specific activity. 2.2 x IO4 cpm/ug. 4 ug) was incubated
with 10 ul conditioned medium or cell lysate at 37Â°C.The reaction was stopped

by the addition of 15 ul Laemmli sample dilution buffer containing 0.5 mM
PMSF and boiling. Samples were electrophoresed on 11% polyacrylamide gels
followed by autoradiography to visualize intact plasminogen. plasmin heavy
chain (Glu'-Arg5''"). and plasmin light chain (Val^'-Asn7""). Control reactions

included exogenous t-PA (1.7 UM).To determine whether plasminogen was
activated by cell surface-associated activators. I25l-plasminogen (0.4 UM.4.4 X
IO7 cpm/ug) was bound to cells ( 1 x 1()5) by incubation in a total volume of

250 ul of serum-free culture medium at room temperature for 30 min with
gentle agitation. The suspension was centrifuged through 500 ul Tyrode's

buffer containing 20% sucrose to remove unbound I25l-plasminogen (24).
Cells were washed twice with Tyrode's, resuspended in 250 ul Tyrode's, and

incubated at 37Â°Cfor 3 h. After removal of the supernatant, cells were resus

pended in 50 ul 20 HIMHEPES. 0.15 MNaCl. and 100 ITIMe-aminoacaproic acid

(pH 7.4) for 30 min at room temperature to elute any bound plasminogen or

plasmin from the cell surface. Cells were removed by centrifugation, and the
supernatants were treated with 50 ul Laemmli sample dilution buffer, boiled,
and electrophoresed on 11% polyacrylamide gels followed by autoradiography.
Control samples included I2sl-plasminogen that had been incubated with u-PA

(0.5 Ml. 2025 lU/ml).
Plasminogen activation was also quantitated spectrophotometrically with a

coupled assay which monitors the amidolytic activity of generated plasmin
using the synthetic plasmin substrate VLK-pN'A. Plasminogen (0.3 fjM) was

incubated in 96-well microtiter plates in 20 mM HEPES (pH 7.4) in the
presence of increasing amounts of serum-free unconditioned medium.
B16F10-conditioned medium, or LamA2INI â€¢¿�'""'-treatedBI6F10-conditioned

medium in a total volume of 175 ul. The plasmin substrate VLK-pNA (final

concentration, 0.3 mM) was added, and plasminogen activation was quantitated
based on the plasmin hydrolysis of VLK-pNA by monitoring the absorbance at

405 nm with a Molecular Devices Thermomax plate reader using an extinction
coefficient of 8800 M~'cm~' for pNA (25). The effect of control and peptide-

treated conditioned medium on the direct amidolytic activity of plasmin was
determined by incubating plasmin (11 nw) with VLK-pNA (0.3 mM) in the
presence of 0-75 ul conditioned medium and monitoring the hydrolysis of
VLK-pNA as described above. Control samples contained unconditioned se
rum-free medium to correct for any effect of culture medium components on
plasmin activity. The direct amidolytic activity ot t-PA (5.5 n\i) was determined
as described above for plasmin using the synthetic t-PA substrate D-Ile-Pro-
Arg-/)-nitroanilide.

Immunocapture Assay. The amount of specific t-PA or u-PA antigen in

conditioned medium samples was assayed using a modified irnmunocapture
assay (16). Briefly, microtiter wells were coated overnight at 37Â°Cwith either

anti-t-PA (2.5 ug/ml) or anti u-PA (2.5 Mg/01') in 50 ul of 0.1 M sodium

carbonate (pH 9.8). Wells were washed three times with 50 HIM sodium
phosphate containing 0.15 M NaCl and 0.05% Tween (pH 7.4) and incubated
for 2 h at 25Â°Cwith 50 ul of control unconditioned medium or conditioned

medium from B16FI or B16F10 cells grown in the absence or presence of
LamA2lwl~2"12 and LamA2<N'~2'"8. After incubation, wells were again washed

and incubated for 2-24 h at 37Â°Cwith 40 ul of 20 mM HEPES (pH 7.4)

containing plasminogen ( 100 Mg/ml). VLK-pNA (final concentration, 0.3 m.w)

was then added, and the amidolytic activity of generated plasmin was detected
by monitoring the absorbance at 405 nm using a Molecular Devices Thermo

max plate reader.
Western Blot. The presence of t-PA antigen in conditioned medium was

also analyzed by Western blotting. Conditioned medium (4 ml) from control or
Lam A2""1~21""-treated B16F10 cells was dialyzed at 4Â°Cagainst 4 liters of 50

ITIMammonium bicarbonate and lyophili/.ed. The lyophilizate was resuspended
in 50 M!of Laemmli sample dilution buffer, boiled, and electrophoresed on a
5-15% gradient gel. Two-chain recombinant t-PA was included as a positive

control. After electrophoresis. samples were electroblotted onto polyl vinyl
difluoride) membranes (Immobilon) as described by Matsudaria (26), and
nonspecific binding sites were blocked by incubating the blot overnight at
room temperature with 20 ml of 10 mMTris (pH 7.5) containing 0.15 MNaCl.
0.05% Nonidet P-40, and 3% bovine serum albumin. Immobilized t-PA was

detected with goat anti-human melanoma t-PA IgG using the immunoblotting
procedure described by Enghild ei al. (27). Anti-t-PA IgG was added at a
dilution of 1:500 followed by the addition of rabbit anti-(goat IgG)-alkaline
phosphatase conjugate (1:1000). Blots were developed with 5-bromo-4-chloro-
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3-indolyl phosphate and nitroblue tetrazolium (0.25 mg/ml) in 0.1 MTris (pH

9.5) containing 0.1 M NaCI and 5 min MgCl2.
Hydrolysis of Laminin. To determine whether BI6F10-asociated plasmi-

nogen activators can initiate plasmin-dependent cleavage of physiological

plasmin substrates such as laminin, conditioned medium or cell lysate samples
(15 ul) were incubated with 12il-laminin (6300 cpm/ug, 6 ug) in the presence
or absence of 0.1 UMplasminogen at 37Â°C.Control samples contained 1.1 JIM

t-PA. The reaction was stopped by boiling in the presence of 15 ul Laemmli

sample dilution buffer containing 0.3 ITIMPMSF. Laminin degradation products
were separated on 5-15% polyacrylamide gradient gels and visualized by

autoradiography.

RESULTS

Zymographic Analysis of Proteinase Activity. In a previous
study, we reponed that the synthetic peptide LamA2091"2108 was a

potent stimulator of t-PA-catalyzed plasminogen activation in vitro

(13). A truncated version of this peptide containing the sequence
SRARKQAASIKV-NH, (LamA209'-2'02) had no effect on the acti

vation reaction (data not shown), suggesting that the entire 18-amino

acid sequence was necessary for the stimulatory effect observed. To
determine the effect of these peptides on PA production by murine
B16 melanoma cells, highly metastatic B16F10 melanoma cells and
the low-metastasis-producing B16F1 line were grown in the presence
of LamA2091'2108 or Lam A209'-21"2 and assayed for PA and metal-

loproteinase activity by zymography. Plasminogen activator zymo-

grams of conditioned medium from both B16FI and B16F10 cells
demonstrated a low level of PA activity which comigrated with t-PA

(Fig. 1, A and B, Lanes /). However, B16F10 cells grown in the
presence of LamA209'"2108 demonstrated a dramatic increase in t-PA

activity (Fig. IÃŸ,Lane 2) relative to conditioned medium from un
treated B16F1 or B16F10 cells (Fig. \, A and B, Lanes 1) or
LamA209|-2108-treated B16F1 cells (Fig. IA, Lane 2). Under the
experimental conditions used the peptide LamA209'"2108, which is

known to stimulate t-PA activity ( 13), is removed from melanoma t-PA

present in conditioned medium samples both by concentration and
electrophoresis. Therefore, the increased t-PA activity observed rep
resents a specific increase in t-PA production by LarnA2091"2108-

treated B16F10 cells. When cells were grown in the presence of
LamA2091"2108 concentrations ranging from 25 to 150 ug/ml, maxi

mum t-PA induction was observed at 75 ug/ml (data not shown).

Therefore, this concentration of peptide was chosen for all further
experiments. When samples were incubated with PMSF prior to elec
trophoresis, no PA activity was detectable. No change in t-PA activity

was detected in either B16F1 or B16F10 cells grown in the presence
of the truncated peptide LamA2091-2102 or with LamA2091-2108 pep-

tides in which R2092, K2095, or K2101 was replaced by an N residue

(data not shown). Furthermore, no PA comigrating with u-PA was

detected in any samples. Identical samples were activated with APMA
and assayed for metalloproteinase activity using zymograms contain

ing copolymerized gelatin or casein. B16F10-conditioned medium
contained very low levels of a gelatin-degrading metalloproteinase
which comigrated with MMP-2 (Fig. 1C, Lane / ) and was inhibitable
with 1,10-phenanthrolene (data not shown). No increase in MMP-2

activity was observed in cells grown in the presence of either
LamA2091-2108 (Fig. 1C, Lane 2) or LamA2091-2102(data not shown).

Furthermore, no increase in MMP-2 activity was observed in B16F1

cells grown in the presence of either peptide (data not shown). No
caseinolytic activity was detectable in any APMA-activated samples

(data not shown), indicating the absence of stromelysin activity
(MMP-3).

Collagenase Activity Assays. Since a previous report suggested
the involvement of MMP-2 in stimulation of the metastatic activity of
B16F10 melanoma cells by LamA2091-2108 (12), several additional

assays were utilized to detect changes in metalloproteinase activity in
control and peptide-treated B16F10 conditioned media. Initially, con

centrated conditioned medium samples were activated with APMA
and incubated with collagen or gelatin followed by electrophoretic
separation of the degradation products on 7.5% polyacrylamide gels.
Under these conditions, no degradation of human type I or IV collagen
or gelatin or murine type IV collagen or gelatin was observed (data not
shown). To increase the sensitivity of detection, a solid-phase radio-
assay using I25l-labeled murine type IV collagen was used. In agree

ment with both the zymogram (Fig. 1C) and electrophoretic assays
described above, no differences were observed in the amount of
labeled collagen released from control and peptide-treated B16F10

wells relative to wells incubated with unconditioned medium (Fig. 2).
The absence of detectable changes in MMP-2 activity in conditioned

medium samples could result from either the inability of B16F10 cells
to increase MMP-2 activity or from the coordinate synthesis of a

collagenase inhibitor. To differentiate between these possibilities, con
trol and peptide-treated samples were assayed using the synthetic
collagenase/gelatinase substrate Dnp-PLGLWAR-NH2 (23). Follow
ing incubation with conditioned medium for 18 h at 37Â°C,no direct

hydrolysis of the substrate was observed (Fig. 3, A-C). Furthermore,
hydrolysis of the substrate by exogenously added MMP-2 was not
significantly inhibited by incubation with B16F10-conditioned me
dium (Fig. 3, D-F), demonstrating the absence of collagenase inhib

itors in the conditioned medium samples.
Plasminogen Activation. To demonstrate direct activation of plas

minogen by melanoma-associated t-PA, I25l-plasminogen was incu

bated with conditioned medium or cell lysate samples from B16F10
cells and electrophoresed on 11% SDS-polyacrylamide gels followed

by autoradiography. Both conditioned medium (Fig. 4A) and cell
lysate samples (Fig. 4B) of peptide-treated cells catalyzed the con

version of plasminogen to plasmin in the absence of exogenous acti
vators, providing direct evidence for B16F10 t-PA production. Similar

results were obtained with conditioned medium from untreated cells

Fig. 1. Zymograms demonstrating plasminogen
activator (A and ÃŸ)and metalloproteinase activity
(C) in melanoma-conditioned medium. Allquots (20

ul) of conditioned medium were electrophoresed
without reduction on 9% SDS-polyacrylamide gels

containing copolymerized gelatin (0.1%; A, B, and
C) and plasminogen ( 13 ug/ml; A and fi). Following
electrophoresis, gels were washed with 2.5% Triton
X-100 and incubated overnight at 37Â°Cas described
in "Materials and Methods."/!, B16F1 plasminogen

activator zymogram; B, B16F10 plasmlnogen acti
vator zymogram; C, BI6F10 metalloproteinase zy
mogram. Lanes 1. untreated melanoma conditioned
medium; Lanes 2, conditioned medium from cells
grown in the presence of LamA2"""2'"*; A and B,

Lanes 3. t-PA (40 lU/ml. I. l HM);C. Lane 3, MMP-2
(40 ng). Arrowheads, position of migration of t-PA
(Mr 68.000) in A and B and MMP-2 (M, 72.000) in

C.
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Fig. 2. Solid-phase radioassay of type IV collagen degradation. Concentrated condi
tioned medium from BI6FIO cells grown in the absence (C) or presence (D) of
LamA2""1"-"18 was added to wells coated with I2isl-lahelcd type IV collagen. After
incubation at 37CC for 24 h. the amount of radioactivity released was quantitated by

gamma counting, a, conditioned medium; b. conditioned medium containing I(K) UM
PMSF; r. conditioned medium preactivated with APMA as described in "Materials and
Methods"; (/. conditioned medium preactivated with APMA and containing I(X) UM

1.10-phenanthroline.

which produce low levels of t-PA (Fig. 1). Activation of plasminogen

to plasmin by cell lysate samples suggested that a fraction of the
B16FIO t-PA remains surface associated. To test this possibility, cells
were incubated with I25l-plasminogen, washed to remove unbound
plasminogen, and incubated for 3 h at 37Â°C,and cell-bound I25I-

plasminogen was eluted from the cell surface with E-aminoacaproic
acid. Both intact plasminogen and two-chain plasmin were eluted

from the cell surface (data not shown), suggesting that B16F10 cells
contain binding sites for plasminogen/plasmin accessible to t-PA bind

ing sites.
The t-PA activity of control and peptide-treated B16F1 and B16F10

cells was quantitated using a coupled assay which measures the ami-

dolytic activity of generated plasmin with the synthetic plasmin sub
strate VLK-pNA. Although no differences were observed between
control and peptide-treated B16F1 samples (Fig. 5/4), a significant

increase in plasminogen activation was observed with conditioned
medium from peptide-treated B16F10 cells relative to untreated con

trol conditioned medium (Fig. 5ÃŸ).Whereas control conditioned me
dium (100 |jl) catalyzed the generation of 2.5 X 10~u mol plasmin/

min, a 10-fold increase in the velocity of plasminogen activation was
observed in the presence of peptide-treated conditioned medium
(25.9 X IO"'4 mol plasmin/min). The amidolytic activities of t-PA and

plasmin were unaffected by the addition of control or peptide-treated
B16F1- or B16F10-conditioned medium (Table 1). demonstrating the

absence of factors which modulate the amidolytic activities of these
enzymes in the conditioned medium.

Immunocapture. The amount of t-PA- and u-PA-specific antigen
in conditioned medium samples from control and peptide-treated

BI6F1 and B16F10 cells was also quantitated by immunocapture
assay (16). Using this method. t-PA was not detectable in conditioned

medium from untreated cells. However, when grown in the presence
of LamA2(>9'~2'tÅ“,a large increase in t-PA secretion was observed for

B16F10 cells (Table 2). No u-PA was detectable in any samples.

Western Blot. Because immunocapture experiments indicated the
presence of t-PA-specific antigen in conditioned medium, samples
were analyzed for t-PA antigen by Western blotting. In agreement with
the immunocapture assay, t-PA was detectable only in concentrated

conditioned medium samples from B16F10 cells grown in the pres
ence of LatnA21w|-21(lfi (Fig. 6, Lane 2). The t-PA migrated as a

doublet at M, 68.000 and 61.000. indicating the presence of both t-PA

glycotbrms (28).
Hydrolysis of Laminili. To determine whether B 16F10-associated

t-PA can initiate the hydrolysis of basement membrane proteins other
than type IV collagen, 125l-laminin was incubated with control and

peptide-treated conditioned medium in the presence or absence of
plasminogen followed by electrophoresis on 5-15% SDS-polyacryla-

mide gradient gels and autoradiography. Whereas in the absence of
plasminogen, no degradation of laminin was observed (data not
shown), plasminogen-dependent degradation of laminin occurred in
the presence of both control and peptide-treated B16FIO-conditioned

medium (Fig. 1A) and cell lysate samples (data not shown). No
differences in laminin degradation were observed between control and
peptide-treated B16F10-conditioned medium. However, the addition
of LamA209l~2"'K to exogenously added t-PA results in dramatically
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Fig. 3. Hydrolysis of Dnp-PLGLWAR-NrK Samples were incubated with 20 UM
Dnp-PLGLWAR-NH, in 100 ul (total volume) of 0.05 M Tris, 0.2 M NaCl. and IO mm
CaCli at 37Â°Covernight. The reaction was stopped by the addition of 2 HIMo-phenan-

throline, and degradation products were separated by C^ reverse-phase high-performance
liquid chromatography using a 0-60% trifluoroacetic acid/CH <CN gradient. All panels are
adjusted to the same relative absorbance scale. A. substrate only; B. substrate + BI6FIO-
conditioned medium (40 ul); C substrate + conditioned medium (40 ul) from BI6F10
cells grown in the presence of LamA2"9'-2""1; D. substrate -I- MMP-2 (100 ng); E.

substrate + MMP-2 (100 ng) + BloFtO-conditioned medium (40 ni); F. substrate +
MMP-2 (KM) ng) + conditioned medium from B16FIO cells grown in the presence of
LamA21"'-210".
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1234
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B 1234
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Fig. 4. Activation of I25l-plasminogen. I25l-plasminogen was incubated for various
times at 37Â°Cwith conditioned medium (Ai or cell lysate from B16F10 melanoma cells
(ÃŸlfollowed by electrophoresis on \\c7i SDS-polyacrylamide gels and autoradiography.

Lanes ÃŒ,plasminogen only; Lanes 2. I h; Lanes 3, 3 h; Lanes 4. 18 h. HC. heavy chain
of plasmin.

increased plasminogen-dependent I25l-laminin degradation (Fig. IB,

Lane 2) relative to exogenous t-PA samples in the absence of peptide
(Fig. IB, Lanes I and 3), demonstrating that LamA209'"2108 can

enhance the degradation of macromolecular substrates as well as
synthetic peptides (as shown in Fig. 5).

basement membrane proteins (5, 6). Invasiveness was suppressed by
fibronectin, whereas exposure to laminin increased invasive activity. A
pentapeptide sequence from the laminin Bl chain (YIGSR) blocked
colonization of murine lungs by melanoma cells (10, 11). Conversely,
a 19-amino acid synthetic peptide derived from residues 2091-2108 of

the laminin A chain promoted the metastatic activity of murine B16
melanoma cells by stimulating attachment and migration of the cells
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DISCUSSION

A predominant characteristic of malignant tumor cells is the ability
to invade host tissues and establish distant metastatic foci. For a tumor
cell to become metastatic, it must first exit the primary tumor and
invade local host tissue. This is accomplished by tumor cell attach
ment to specific basement membrane proteins, localized tumor cell-

mediated proteolysis of the basement membrane, and locomotion of
the tumor cell into the proteolytically modified matrix (7). Recent
studies have demonstrated that t-PA is essential for the invasion and

metastasis of human and murine melanoma cells (14, 15, 29). This
enzyme catalyzes the conversion of circulating plasminogen to the
active proteinase plasmin. In addition to its primary role in fibrinol-
ysis, plasmin is a broad-spectrum proteinase and can hydrolyze the

majority of basement membrane proteins, including laminin and fi
bronectin (30, 31). Furthermore, plasmin has been implicated in the
activation of procollagenases (32), suggesting a means by which ac
tivation of plasminogen could also result in degradation of collagen.

Previous studies have demonstrated that the metastatic potential of
murine melanoma cells varies when the cells are exposed to different

conditioned medium added (ul)
Fig. 5. Chromogenic assay of plasminogen activation by melanoma-associated t-PA.

Plasminogen (0.3 UM)was incubated at 37Â°Cwith increasing amounts of conditioned

medium from B16F1 (A} or B16FIO (ÃŸ)cells in a total volume of 155 ul containing 20
rnw HEPES (pH 7.4). The reaction was initiated by the addition of VLK-pNA (0.3 min),
and the plasmin hydrolysis of VLK-pNA was monitored at 405 nm. O, conditioned
medium; â€¢¿�conditioned medium from cells grown in the presence of LamA209'-2108.

Table I Effect of conditioned medium on the amidolytic activity' of t-PA and plasmiti

Plasmin (11 nM>or t-PA (5.5 nM) was incubated at 37Â°Cwith 0-75 ul of the culture

medium samples indicated below. Amidolytic activity was measured following the addi
tion of 0.3 mM VLK-pNA (plasmin) or IPR-pNA (t-PA) and monitoring substrate hydrol
ysis at 405 nm. Control activity values were measured in the presence of 75 ul uncondi
tioned culture medium.

t-PA activity

(%control)SampleUnconditioned

mediumConditioned

mediumLamA20<"~2'08-conditioned

mediumB16F1100130120B16F10100160180Plasmin

activity
(%control)BI6F110010793B16F101009790
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Table 2 Immitnocapture assa\ of t-PA activity in melanoma-conditioned medium

Serum-free conditioned medium from 4 x IO4 cells was concentrated 4-fold, and
specific t-PA activity was determined by immunocapture assay as described in "Materials
and Methods."

t-PA activity (ID/ml)

Sample BI6F1 B16FIO

Conditioned medium

LamA2lw'~2'"^-conditioned medium

LamA2091'2'""-conditioned medium

0.0

0.0

0.06

0.0

0.05

0.18

No increases in MMP-2 activity were detectable with any of the assay

methods utilized. Furthermore, studies with a synthetic collagenase
substrate demonstrated the absence of a coordinately synthesized col
lagenase inhibitor. The reason for the descrepancy between our results
and those of Kanemoto et al. is unclear, but it may reflect differences
in experimental protocol. In this study cells were grown in the pres
ence of solution phase LamA209'"21"8, whereas Kanemoto et al. uti

lized peptide-coated culture dishes. Addition of the peptide in solution
may facilitate the interaction of LamA2"9'"2"18 with an alternative

population of cellular receptors which elicit responses different from
the responses to immobilized peptide. During tumor invasion, me
tastasis-associated proteinases actively degrade the basement mem

brane, releasing fragments of basement membrane proteins. With
high-molecular-weight proteins such as laminin, it is likely that a

portion of the proteolyzed molecule remains immobilized in the ma
trix while degradation product(s) are solubilized. Although it is diffi
cult to speculate whether immobilized or soluble peptides better
mimic this situation in vitro, it is nevertheless interesting to note that
differences in biological response are observed.

Because initial zymograms demonstrated increased t-PA activity in
Lam A2091"21""-treated B16F10 cells, the ability of conditioned me

dium samples to activate plasminogen in the absence of exogenously
added t-PA was determined. Both conditioned medium and cell lysates
catalyzed the conversion of single-chain plasminogen to two-chain

plasmin. Furthermore, following incubation of plasminogen with
B16F10 cells, plasmin was eluted from the cell surface. Together

1234567
4^^^^^^^^^^^_^^^^^^^^^^

fftfff

,
Fig. 6. Western blot of BloFIO-conditioned medium. Concentrated conditioned me

dium from B16FIO cells grown in the absence (Lane I) or presence (Lane 2) of
LamA21*"^210* were electrophoresed on a 5-15% gradient gel, electroblotted onto 1m-
mobilon. and probed with an anti-t-PA antibody as described in "Materials and Methods."

Molecular weight markers: A. phosphorylase b, 97.400; B. bovine serum albumin. 66.200;
C, ovalbumin 45.000; D. soybean Irypsin inhibitor. 21.500.

and by increasing MMP-2 production (12). This peptide also stimu
lated t-PA-catalyzed plasminogen activation (13). Because of the re
lationship between t-PA production and melanoma metastasis, we
determined the effect of Lam A209'"2108 on the production of plasmi

nogen activators and subsequent biological activities of murine
B16F10 and B16F1 melanoma cells.

Addition of Lam A209'-2108 to the culture medium of B16F10 mel

anoma cells induced marked increases in t-PA activity as demon
strated by zymography. with no detectable changes in u-PA, MMP-2,

or related MMP activity. Truncated or substituted versions of the
peptide failed to increase t-PA production. Furthermore, no increases
in t-PA activity were observed when B16F1 cells were cultured in the

presence of either peptide, demonstrating a fundamental biochemical
difference between the highly metastatic FIO subline and the parental
Fl line with low metastatic capacity. In a related study, Kanemoto et
al. (12) reported that LamA20<"~2108(designated PA22-2) increased

melanoma-associated MMP-2. Since initial zymograms failed to in
dicate significant MMP-2 activity, a variety of additional assays were

utilized in attempt to detect enhanced metalloproteinase production.

B 1 234

Fig. 7. Hydrolysis of ' "I-laminin. A, '"I-laminin was incubated for increasing
amounts of time al 37Â°Cwith 15 ui of conditioned medium from BI6F10 cells grown in
the absence (Lanes 2-4) or presence (Lanes 5-7) of LamA2(wl~2IOKfollowed by elec-

trophoresis on 5-15% gradient SDS-polyacrylamide gels and autoradiography. Lane 1,
I25l-laminin only; Lanes 2. 3, 5, 6, 3-h incubation; Lanes 4 and 7. 18-h incubation.
Samples 3 and 6 also contained Lam A2'*"-21"* (75 ug/ml) added during the incubation
period. In B. 12il-laminin was incubated at 37Â°Cwith exogenously added t-PA (1.1 nn)

followed by electrophoresis and autoradiography as described above. Lane I. laminin
only; Lane 2, laminin + t-PA, 3-h incubation; Lane 3, laminin + t-PA + LamA2oy|~2108

(75 ug/ml), 3-h incubation; Lane 4. laminin + t-PA, 18-h incubation.
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these results suggest that B16F10 cells contain binding sites for
plasminogen/plasmin colocalized with t-PA binding sites. Similar sur
face-associated t-PA-catalyzed plasmin formation was also reported

by Bizik et al. (16) with human melanoma cells, suggesting that
t-PA-mediated plasminogen activation may serve as a general mech
anism for the initiation of melanoma-associated proteolysis.

Using coupled assays to measure the amidolytic activity of gener
ated plasmin, a 10-fold difference in t-PA activity was observed be
tween control and peptide-treated B16F10 cells. Similar results were

obtained using both the immunocapture assay, which is quantitated
on the basis of trapping of t-PA specific antigen, and Western blot

ting. To determine whether active proteinase inhibitors were also
produced by melanoma cells, conditioned medium from control and
Lam A2'""-2 ""-treated B16F1 and B16F10 cells was added to exog

enous t-PA and plasmin. No effect on the amidolytic activity of these

enzymes was observed. A similar result was observed by Quax et al.
(14), who reponed that human melanoma cell lines which produced
t-PA did not produce plasminogen activator inhibitor, whereas u-PA-

producing lines coordinately synthesized plasminogen activator in
hibitor.

To determine whether B16F10-associated t-PA initiated the hydrol

ysis of basement membrane proteins other than type IV collagen,
conditioned medium or cell lysates were incubated with laminin in the
presence or absence of plasminogen. Hydrolysis of laminin by
B16F10-associated proteinases was plasminogen dependent, demon
strating that plasminogen activation to plasmin by melanoma-associ
ated t-PA results in the degradation of laminin. In addition, laminin
degradation mediated by exogenously added t-PA is dramatically
stimulated by Lam A2091"2108,providing further evidence for the abil

ity of this peptide to enhance the t-PA-mediated degradation of base

ment membrane components.
In summary, in addition to stimulating t-PA-catalyzed plasminogen

activation in vitro (13), LamA209'~2108 also increases the production

of t-PA by B16F10 but not B16F1 melanoma cells. Melanoma-asso
ciated t-PA activates plasminogen both in solution and on the cell
surface and results in the plasminogen-dependent degradation of base

ment membrane laminin. Based on these results it is interesting to
speculate that local degradation of laminin initiated by melanoma-
associated t-PA may release a LamA2(w'^2l()8-containing fragment

which stimulates both t-PA production and activity. Furthermore, dur

ing tumor intravasation through the endothelial basement membrane,
the activity of "host" (endothelial cell) t-PA may also be stimulated by

the laminin fragment. Together these data suggest a potential mech
anism for augmentation of the metastatic capacity of B16F10 mela
noma cells.
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