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ABSTRACT

Peptide aldehyde transition state analogue inhibitors of serine and
cysteine proteases have been used to selectively inhibit proteases for
which prior evidence supports a role in tumor cell metastasis. These
enzymes include cathepsin B, urokinase plasminogen activator (PA), and
thrombin. The inhibition constants of the peptici) I aldehyde inhibitors
show that they are highly selective for a particular targeted serine or
osti-ine protease. The inhibitors are introduced by i.p. injection or by

miniosmotic pumps into syngeneic C57BL/6 mice also given injections of
H16-1 Id melanoma cells, and the number of metastatic foci in the lung

was determined. While the injection protocol gave an initially high but
changing in vivo concentration of inhibitor over time, the minipump
implant gave a constant steady state concentration of inhibitor over 5-7

days. Minipump infusion of leupeptin (acetylleucylleucylargininal), a
strong inhibitor of cathepsin B at a steady state plasma concentration
1000-fold greater than its A',,,,,,,..,,-,,,KÂ«gave no significant decrease in

lung colonization by the B16 tumor cells. Ep475, a stoichiometric irre
versible peptide inhibitor of cathepsin B-like proteases, also did not

significantly inhibit metastatic foci formation. Introduction of selective
inhibitors of urokinase PA, terf-butyloxycarbonylglutamylglycyl-

argininal and H-glutamylglycylargininal at concentrations near its AÂ¡,

produced no significant decrease in mouse lung colonization. The selective
thrombin inhibitor D-phenylalanylprolylargininal infused to a steady state
concentration 100-fold greater than its AÂ¡dramatically increased B16

melanoma colonization of mouse lung. The results indicate that neither
secreted cathepsin B-like nor urokinase PA have roles in B16 colonization

of mouse lung, while thrombin may have a role in preventing metastasis.
These experiments do not eliminate roles for a cathepsin B-like enzyme

or urokinase PA in the initial steps of the metastatic process.

INTRODUCTION

A variety of serine and cysteine type proteases have been
implicated in the mechanism by which cancer cells metastasize.
In the initial stages of metastasis roles have been postulated for
proteolytic enzymes in the detachment and invasion of the
metastasizing cell through the extracellular protein matrices
and the basement membrane surrounding the capillaries of the
primary tumor. In addition proteolytic enzymes may be essen
tial for the penetration of the tumor cell through the fibrin clot
often found around a primary neoplasm. In later stages of the
metastatic process, proteolytic enzymes are believed to be es
sential to the formation of microthrombi incorporating tumor
cells and platelets in the capillaries of the target organ, which
can form a stationary phase giving the tumor cells time to
attach to the capillary wall and invade. Then again, proteolytic
enzymes may participate in the extravasation of the metastas
izing tumor cell from the vascular system through the basement
membrane of the capillaries and into the target organ (for
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reviews see Refs. 1 and 2). Particular proteolytic enzymes of
significant interest in metastasis include PA4 (3, 4), cathepsin

B (5, 6), collagenase (7), and fibrinogenic enzymes (8).
In this work we have developed specific proteolytic enzyme

inhibitors that have a high selectivity in their inhibition con
stants among the serine and cysteine type proteases implicated
in the metastatic process. In most previous studies of metastasis
with proteolytic inhibitors, the inhibitors utilized were often
general protease inhibitors which acted as strong inhibitors to
a wide variety of proteases and proteolytic pathways, or the
specificity of their inhibition of particular proteases was not
known (1,2, 8). Thus the role of specific proteases could not
be easily assessed. In order to study the role of a protease in
vivo with protease inhibitors, one must have a knowledge of the
in vivo inhibitor concentration with respect to the known K, of
the inhibitor to the protease. The enzyme will be significantly
inhibited at inhibitor concentrations equal to or greater than
the equilibrium A,. In addition the inhibitor should be highly
selective to one particular protease so its inhibition can be
clearly differentiated from other possible inhibitory effects.
Accordingly, the inhibitor concentration in vivo, while at a
greater concentration than the KÂ¡of the targeted protease, must
at the same time be at a lower concentration than the K, of
other nontargeted proteases in order to have a selectivity of
inhibition.

The transition state analogue inhibitors used in this study are
peptides in which the normally COOH-terminal carboxyl group
is transformed to an aldehyde group. The peptide aldehydes
reversibly associate as hemiacetals with the serine nucleophile
of serine proteases or as thiohemiacetals with the cysteine
nucleophile in cysteine proteases (9, 10). In these complexes of
inhibitor and enzyme, the carbonyl carbon of the inhibitor takes
on a tetrahedral configuration like that of the peptide carbonyl
carbon in the transition state for peptide hydrolysis (9). Thus
these inhibitors act as transition state analogues [for mechanis
tic details, refer to Kennedy and Schultz (9) and Frankfater and
Kupy (10)]. Because of their transition state-like mode of as
sociation, these inhibitors show a strong selectivity in their
inhibition even among proteases of identical primary site spec
ificity in substrates (11). We have utilized these highly selective
protease inhibitors, as well as the peptide epoxide inhibitor of
cysteine protease Ep453 (12), to selectively inhibit in vivo
targeted proteases that are believed to have a role in the meta
static process.

MATERIALS AND METHODS

Leupeptin (acetyl-Leu-Leu-argininal) was a gift of Dr. Walter Troll
(New York University Medical Center and the Japanese-American
Friendship Committee). Ep453 and Ep475 were gifts of Dr. Wataru
Tanaka (Institute of Microbial Chemistry, Tokyo, Japan).

Boc'-L-glutamylglycyl-L-argininal was synthesized by procedures to
be published in detail in a later publication. Briefly, Hoc' (<7 K/l)

4The abbreviations used are: PA. plasminogen activator: Hoi-', tert-butyloxy-

carbonyl; Bzl. benzyl: PBS. phosphate buffered saline, pH 7.4.
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INHIBITION OF PROTEASES IN EXPERIMENTAL METASTASIS

glutamyl-A'-hydroxysuccinimide ester was joined to glycine by standard
procedures to form the dipeptide Boc'-iO^-BzlJ-Glu-Gly. This dipep-
tide was then joined to (A^-NO^-argininal semicarbazone, prepared in
a way similar to procedures described previously (11), to form Boc'-
(01-Bzl)-Glu-Gly-(A'c-NO2)-argininal semicarbazone. The semicar
bazone group was removed and then the ArG-NO2and Bzl protecting

group were removed by catalytic hydrogÃ©nationover palladium black,
similar to procedures described previously (1 1), yielding Boc'-Glu-Gly-

argininal.
'H nuclear magnetic resonance and IR spectra are in agreement with

the proposed structure, confirming the final products and all interme
diate products of the synthesis.

C18H32N6O7-0.25H2O (449.0)

Calculated: C 48.15, H 7.19, N 18.72
Found: C 47.72, H 7.38, N 19.17

Analysis was performed by Spang Microanalytical, Eagle Harbor, MI.
The ditrifluoroacetate salt of H-glutamylglycylargininal was pre

pared from the above compound by treatment with trifluoroacetic acid
to remove the Boc' protective group. Spectral and elemental analyses

are in agreement with the proposed product.
R-D-Phe-Pro-argininal (R = H, Boc') inhibitors were synthesized

according to procedures of Bajusz et al. (13). H-D-Phe-Pro-argininal
at 3.3 x 10~7M increased the clotting time for bovine fibrinogen 5-fold

over a control in the absence of inhibitor. This is a result similar to
that observed by Bajusz et al.

Equilibrium Inhibition Constants (A, values). The A, values for Bue'

Glu-Gly-argininal and leupeptin inhibitors were determined by Dixon
plots of 1/v versus [I] at various substrate concentrations in the region
of substrate Km.The K, values for R-D-Phe-Pro-argininal inhibitors (R
= Boc', H) were determined in most cases in the same manner, except

to thrombin to which the binding was very tight. In the later cases the
KÂ¡values were obtained under first order conditions [SJiKAm and the K-,

was calculated by the equation

Â«-

where [/] is the inhibitor concentration, c, is the first order rate constant
in the presence of inhibitor, and vâ€žis the rate constant in the absence
of inhibitor. The A'Â¡reported represents the average and standard error

of the A, for multiple runs and different inhibitor concentrations. In
these cases the KÂ¡was also calculated by the plot of KÃ©zdyand Perlstein
for tight binding inhibitors (10), and the A, values calculated by this
procedure were in agreement with the K, values calculated by the
equation above. The K, values for Factor Xa were also calculated by the
first order procedure and the equation above, because the Km for its
substrate was too high for the Dixon procedure.

Enzymes and substrates were as follows: bovine thrombin (Miles
Laboratories) assayed against H-D-phenylalanylpipecolylarginine-p-ni-
troanilide (KABI S-2238), human urokinsae (Abbott Laboratories;
Abbokinase) assayed against pyroglutamylglycylarginine-/>-nitroanilide
(KABI S-2444), B16a mouse melanoma cathepsin B (gift of A. Baj-
kowski, B. Sloane, and K. Honn, Wayne State University School of
Medicine) assayed against carbobenzoxy-arginylarginine-4-methoxy-/3-

naphthylamide (Sigma Chemical Co.). Factor Xa (Sigma; activated by
Russel's venom) assayed against Bz-isoleucylglutamylglycylarginine-p-

nitroanilide (KABI S-2222), and bovine plasmin (Sigma) assayed
against H-D-valylleucyllysine-p-nitroanilide (KABI S-2251). Urokinase
stock solutions contained 0.9% NaCl and 5% albumin. Factor Xa stock
solutions contained 0.04 M sodium citrate, pH 5.8. Plasmin stock
solutions were in 50% glycerol and contained 5% Carbowax 1000.
Cathepsin B stock solutions were activated by diluting 1:1 with a
solution of 30 mivi dithiothreitol and 15 mM EDTA at pH 5.2. All p-
nitroanilide substrate reactions were carried out at pH 7.8 in 0.2 M
sodium phosphate buffer at 37Â°C,by following the appearance of p-

nitroaniline at 410 nm in a Perkin-Elmer 320 spectrophotometer.
Cathepsin B was assayed in 0.3 M sodium citrate-sodium phosphate

buffer at pH 6.2 and 37Â°C,in a Perkin-Elmer MPF-44B spectrofluori-

meter with excitation at 292 nm and the emission of the 4-methoxy-j3-
naphthylamine product followed at 410 nm.

Assay of Protease Inhibitor Concentrations in Vivo. Mice were given
i.p. injections of inhibitor solution and then sacrificed at selected times
by CO2 suffocation. Blood samples were immediately collected by
cardiac puncture using a 22-gauge needle. The blood collected was
centrifuged in an Eppendorf microfuge for 15 min in the cold. The
supernatant plasma was collected, diluted (usually 1:2) with the buffer
used in the enzyme assay, and filtered through an Amicon YM-5
membrane (M, 5000 cutoff) in an Amicon Micropartition system with
centrifugation for 30 min at 4*C. This filtration removed natural protein

proteinase inhibitors of the plasma, but the peptide argininal inhibitor
of low molecular weight easily passed through the filter. A 200-^1
sample of the filtrate was assayed for the presence of inhibitor by
incubating for 3 min with the appropriate assay enzyme in the assay
buffer, adding the /Â»nitroanilidc substrate specific for the assay, and
following the rate of substrate hydrolysis at 410 nm in a spectropho
tometer. The percentage of inhibition observed was normalized by
controls using plasma from mice obtained in a similar manner in which
the mouse was given an injection of the carrier vehicle only. Control
plasma filtrates gave either no observable inhibition or very minor
inhibition in this assay. Finally, the observed inhibition from filtered
plasma was compared to a standard curve in which known concentra
tions of peptide inhibitor were utilized. Inhibitions were adjusted by
dilution to obtain inhibitions in the range of 50 to 80%. If inhibition
was >80%, dilutions were made and the concentration of inhibitor was
back calculated to obtain the concentration of inhibitor in the original
solution.

Leupeptin was measured against bovine trypsin with the substrate
JV-benzoyl-DL-arginine-p-nitroanilide in 0.2 M phosphate buffer, pH

7.8.
Ep475 was assayed against papain (Sigma). In this assay 100 Â»ilof

2.8 x 10~6M papain were activated by a 1:1 dilution with 100 /il of 30

mM dithiothreitol and 15 mM EDTA, pH 5.2, and incubation for 30
min at 37Â°C.A plasma filtrate aliquot and 100 n\ of the activated

papain were added to 1.0 ml of 0.3 M sodium citrate and 0.3 M sodium
phosphate buffer, pH 6.2, in a cuvet to which were added 30 n\ of
substrate /V-benzoyl-DL-arginine-p-nitroanilide.

Boc'-Glu-Gly-argininal hydrochloride and Glu-Gly-argininal ditri

fluoroacetate were assayed with human urokinase (Abbokinase) against
the substrate KABI S-2444 (pyroglutamylglycylargininyl-p-nitroani-

lide) in 0.1 M Tris 0.1 M NaCl, pH 7.8, in a buffer containing 0.1%
Triton X-100.

Boc-D-Phe-Pro-argininal hemisulfate and D-Phe-Pro-argininal

hemisulfate were assayed with 20 milliunits bovine thrombin (Pentax)
against KABI S-2238 (o-Phe-Pro-Arg-p-nitroanilide) in 0.2 M sodium

phosphate buffer, pH 8.0.
In Vivo Experimental Metastasis Assay: Procedure for Introduction

of Inhibitors in Mouse Assay Experiments. The effect of the protease
inhibitors on metastasis was assessed with the B16 melanoma model
described in detail by Fidler (14). B16 FIO melanoma cells (obtained
from the Division of Cancer Treatment, Tumor Repository, NCI-
Frederick Cancer Research Facility, Frederick, MD) (2 x IO5 to 3 X
10s) were seeded in 10 ml of complete media (Dulbecco's modifed
Eagle's medium containing 10% fetal calf serum and 100 units penicil

lin and 100 Â¿jgstreptomycin per ml). All media solutions were pur
chased from GIBCO. After 3 days semiconfluent cells were collected
by a mild trypsinization (0.25% trypsin in PBS containing 1 mM EDTA
for less than 1 min), washed in complete media, resuspended in PBS,
counted, and diluted to 500,000 cells/ml. Cells treated in this way were
always greater than 85% viable by the trypan blue exclusion test. After
all the mice had been given injections, cells were often used to initiate
new cultures and showed no apparent decrease in viability.

Female 6-8-week C57BL/6 mice were obtained from HarÃ­an,Cum
berland View Farms, or Charles River Laboratories. The drug treatment
was always started prior to the injection of tumor cells, so that an
optimum amount was present initially. The injection protocol was
similar to that described by Fidler (14). Alternate injections of tumor
cells were made in control animals and then in inhibitor treated animals
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INHIBITION OF PROTEASES IN EXPERIMENTAL METASTASIS

so that one group did not exclusively receive "early" harvested cells.

The cell suspension was repeatedly inverted during the course of the
injections, and microscopic examination after the conclusion of the
injections revealed no cell clumping. We noticed differences in the
number of metastatic foci formed from the controls of one experiment
to another. The differences seemed to be due to a number of factors
including animal supplier, number of passages in culture, and the exact
time of harvesting the cells.

Animals were usually sacrificed after 15 days, the lungs were removed
and rinsed in PBS, the lungs were dissected into lobes, and the black
metastatic foci were counted under a x30 binocular dissecting scope.
Only surface colonies were counted on both sides of the lung lobes.
When amelanotic colonies were present, lungs were dissected into lobes
as above, stained with Bouin's solution, and then counted. Animals

were routinely examined for other sites of metastasis and no significant
colonization of other sites than the lung were observed. Complete
autopsies were occasionally performed on randomly selected animals
from the different experiments, and a few (approximately 1 to 5)
individual metastatic foci were observed in approximately 25% of the
animals at locations other than the lungs. This always constituted a
significantly much lower invasion number than at the lung (see Tables
2 and 3).

Implantation of Osmotic Pumps for Drug Infusion. The miniosmotic
pumps (Alzet, Model 2001; rate of flow, 1 Â¿il/hfor 7 days) were
implanted in the mice similar to procedures described by manufacturer
(Alza Corp., Palo Alto, CA). Mice were anesthetized with an Â¡.p.
injection of 0.2 ml of pentobarbital solution (6.5 mg/ml in PBS) for
insertion of the pumps. Occasionally, when the skin was pulled tight
around the pump, the wound would reopen to the sides of the wound
clips. In these cases, the animal was anesthetized again and the wound
was repaired. Pumps were removed after 1 week. The pumps were
handled with sterile gloves, and none of the mice showed any sign of
infection or discomfort.

The solutions used within the minipumps were: (a) 0.1 M leupeptin
in PBS with controls containing PBS alone; (b) 0.08 M Ep453 in
propylene glycol with controls containing propylene glycol; (c) 0.25 M
H-D-Phe-Pro-argininal in 40% dimethyl sulfoxide-PBS with controls
containing 40% dimethyl sulfoxide-PBS. These concentrations in the
pumps gave steady state concentration in plasma of 3 x 10"' M for
leupeptin, 3 x IO"7 M for Ep475, and 4 X IO"7 for M H-D-Phe-Pro-

argininal. Inhibitor concentrations in vivo were determined by proce
dures described above.

RESULTS

Selective Inhibition of Cysteine and Serine Proteases Impli
cated in the Metastatic Process by Peptidyl Aldehyde Inhibitors.
The equilibrium dissociation constants, K-Hwere determined for

peptidyl aldehyde inhibitors against particular proteolytic en
zymes of interest and are given in Table 1. The KÂ¡values were
determined by Dixon plots against the appropriate specific
peptidyl chromogenic or fluorophoric substrates (15). If the
binding was extremely tight, plots from the first order rate
constants determined under conditions of [SHcAâ„¢were made,
according to Perlstein and KÃ©zdy(10), in order to obtain an

accurate K, under the necessary conditions of inhibitor concen
tration in only slight excess of enzyme.

A comparison of K, values shows in each case more than 1
order of magnitude better binding to one of the proteases of
Table 1. Thus leupeptin is a particularly strong inhibitor of the
cysteine protease cathepsin B (K, = 4 x 10~9 M), which is 3

orders of magnitude greater than any of the other targeted
proteases of Table 1. The peptide aldehyde H-o-Phe-Pro-
argininal has a 2.5 to 3 orders of magnitude stronger affinity
to thrombin (Ã„i= 1 x 10~8 M) than other targeted proteases

possibly having a role in the metastatic process. While the
affinity of H-Glu-Gly-argininal towards urokinase is not as
strong as H-D-Phe-Pro-argininal to thrombin or leupeptin to

cathepsin B, it is highly selective towards urokinase (Table 1).
It is concluded that the peptidyl aldehyde inhibitors are highly
selective for particular proteases and have a potential for use as
selective inhibitors of targeted proteases in vivo.

Effect of the Inhibition of Cathepsin B-like Activity on B16
Metastasis. The procedure in the Bl 6 melanoma cell metastatic
lung colonization assay is similar to that described previously
by Fidler (14). In the assay, 6-8-week-old female C57BL/6
mice were given injections of variable amounts of dispersed
B16-F10 melanoma cells in the tail vein. The mice were con
currently treated with protease inhibitors, while control animals
received the carrier vehicle alone. After 15 days the animals
were sacrificed, the lungs were removed and sectioned into
lobes, and the melanoma foci were counted under a dissecting
microscope.

Leupeptin is a strong inhibitor of cathepsin B (ATÂ¡= 4 x 10~9

M; Table 1). As discussed above, this inhibitor shows at least a
3 orders of magnitude better K, towards cathepsin B than other
potential metastatic promoting proteases of Table 1. A protocol
was initially used in which i.p. injections of leupeptin were
made every 12 h from 1 to 2 h just prior to the introduction of
the Bl6 tumor cells to 5.5 days after the injection of B16 tumor
cells. The dose per injection varied with the experiment from 5
to 50 mg/kg (Table 2). This protocol is similar to that by Saito
Ã©tal.(16) for leupeptin injections in rats also given Yoshida rat
ascites hepatoma cells in the rat tail vein, in which a 50%
decrease of lung colonization was observed. Table 2 shows that
in all six of our experiments with leupeptin, the average number
of metastatic lung colonies formed in the leupeptin treated
animals was below that of its matched controls. The decrease
from matched controls averaged 64%. However, in only one of
the experiments was the value significantly lower at a probabil
ity of 95% by Student's t test (P < 0.05) (Table 2, Experiment

1). The other five experiments showed an overlap between
leupeptin treated mice and control, resulting in no differences
even at P = 0.1 although in all cases the leupeptin treated mice
gave a lower average.

In order to determine whether leupeptin is present in vivo in
sufficient amounts to inhibit cathepsin B-like enzyme activity,

Table 1 Inhibition constants of peptidyl aldehydes against selected proteases
A, values were determined in vitro against specific chromogenic or fluorophoric substrates (see "Materials and Methods"). Standard error averaged Â±30%of

reported KÂ¡values.

EnzymeThrombin

Factor Xa
Urokinase
Plasmin
Cathepsin BAc-Leu-Leu-

argininal"4.7

x 10-*
5.7 x 10-Â«
7.7 x IO'5
1.8 x IO"Â«
3.7 X 10-"D-Phe-Pro-argininal1.1

x 10-"
5.2 x 10-'
2.0 x IO-1
2.6 x 10-*
>2 x 10-**.(M)Boc-D-Phe-Pro-

argininal1.5
x 10-"

3.9 x 10-Â«
2.2 x 10-*
2.6 x 10-Â«
>2 x IO'5Glu-Gly-

argininal>2
x IO"4

>2 x 10-"
2.1 x 10-'
>2 x IO'4
>2 x IO'5Boc-Glu-Gly-

argininal>2
x 10-*

3.1 x IO-4
5.4 x IO"'
1.6X IO-1

Â°Ac. acetyl.
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INHIBITION OF PROTEASES IN EXPERIMENTAL METASTASIS

Table 2 Effect ofi.p. injected protei nose inhibitors on experimental metastasis

12.145.

6.Experimental

treatmentControlLeupeptin

(50)Â°Boc-D-Phe-Pro-argininal

(1 x 50, then12.5)Control

Leupeptin(5)ControlLeupeptin

(5)ControlLeupeptin

(50)
Boc-D-Phe-Pro-argininal
(37.5)Control

Ep453(50)ControlBoc-Glu-Gly-argininal

(30 mg i.p./animal
8 times over 36 h)No.

of lung
mÃ©tastases/animal13,

17,21,21,37,47,510,7,
10, 15, 17,18,22,319,

29,4766,68,69,88.

108. 180
32,38,66,72,83, 125, 146
26,32, 36,46,69, 111,1683,8,

18,22,25,41,54,60,70,73,84,92,
120, 133,299

4, 12, 14,18,28,33,47,66,70,76,77,
79,81,86, 101, 106,1201,23,33,41,54,59,

1215,6,23,44,
103

12.25, 26,31,36,48,62,79,
118,18015,31,44,46,48,54,97,

113,
131, 139, 142

8, 36, 37, 42, 42, 51, 60, 60, 80,
127, 129, 153,180122,

165, 177, 180,220,230,
260, >300, >300, >300

62,68, 154, 160. 178,>300.
>300Av.

Â±SE30

+615
+3*2897

Â±18
80 Â±1670

Â±2074+

1960

+947

Â±1436
Â±18

62Â±1678

Â±1477+

15226

Â±20174

Â±37

7. Control
H-Glu-Gly-argininal

(30 mg i.p. animal
6 times over 25 h)

8. (20.000 cells)
Control
Leupeptin (25)
Boc-D-Phe-Pro-argininal

(25)

87,89,122,122,128,149,189 127+13
214, 279, >300. >300, >300 279 Â±1Ie

0,0,0,1,1,1,9,10,10 3.6+1.5
0,0,0,1,1,1,1,3 0.9 + 0.4
0, 1, 1, 1, 1, 2, 2, 2, 2, 3, 6, 14, 6.3 Â±2.7

17,36
Â°Numbers in parentheses, mg/kg injected i.p. every 12 h for 5.5 days. Control

animals received injections of the drug vehicle, usually PBS.
* Value is significantly different from control by Student's t test at P < 0.05.
r Significantly different from control at />< 0.001.

we measured the concentration of leupeptin in mouse plasma
at various time points after a 50-mg/kg i.p. injection. It was
found that 30 min after an injection a very high 5 x 10~5 M

concentration in plasma was present which decreased to 1.5 x
10~5 M in plasma at 2 h and to 2 x 10~7 M in 4 h. The

concentration of leupeptin was below our limits of detection (1
x 1CT7M) in 6 h. Our data are in general agreement with the

leupeptin turnover data of Tanaka (17). Thus the initial con
centrations of leupeptin after each injection were higher than
the A"Â¡values of all the targeted proteases of Table 1 but by 4 h

they were below all the targeted proteases except for cathepsin
B. Because cathepsin B will be inhibited at very low concentra
tions (10~9 M, which was below our limit of detection), it may

be that this enzyme was inhibited throughout the protocol. In
support of a continued inhibition of cathepsin B over the time
course of the protocol is the observation that a 15-mg/kg dose
leupeptin injected i.p. 3 days/week prevents the destructive
actions of proteolytic enzymes in a mouse genetic model for
muscular dystrophy (18). In addition. Saito et al. (16) had
reported significant decreases in hepatoma cell colonization of
rat lung by this same injection protocol (50 mg/kg every 12 h)
(16).

However, in order to address the criticism of too low a
concentration of inhibitor over the time course for melanoma
cell invasion, we carried out experiments with surgically in
serted miniosmotic pumps that added leupeptin at a constant
flow rate over 5 to 7 days. By this method a known constant
steady state in vivo inhibitor concentration was achieved. Infu

sions were initiated 12 h prior to the tail vein injection of the
B16 cells and maintained for 5-7 days after the B16 tumor cell
injection. Assay of the leupeptin concentrations in mouse
plasma over the 5-7-day period showed a constant steady state
concentration of 3 x 10~6 M in mouse plasma. The results of

the minidiffusion pump protocol (Table 3) clearly show that
leupeptin does not inhibit B16 FIO lung colonization even at 3
orders of magnitude higher concentration than its K, towards
B16 melanoma cathepsin B.

The concentration of the inhibitor was taken from the plasma
from which the tumor cells must extravasate and not from the
interstitial space into which the tumor cells must propagate and
invade after extravasation. However, leupeptin, Ep475, and
presumably other small peptide inhibitors can easily exit the
plasma into interstitial space. Measurements by Hanada et al.
(12), Tanaka (17), and Aoyagi et al. (19) show a wide extravas-
cular tissue distribution after introduction into animals of small
peptide protease inhibitors by a variety of injection modalities.

Single injections of leupeptin have reportedly caused later
increases of cathepsin B in treated animals over normal values,
as a recompensatory overshoot apparently occurring after the
inhibition by leupeptin ceases (20). However, the continuous
infusion at a steady state level of 3 x 10~6 M in plasma as in

this protocol should be sufficient to inhibit over 99.9% of the
extracellular cathepsin B activity and prevent any extracellular
activity while present. While the in vivo leupeptin steady state
concentration achieved is highly effective against cathepsin B,
it was near or below the Kt values of the other targeted proteases
of Table 1 and therefore selective for cathepsin B-like activity
among the targeted proteases. Other major proteases implicated
in the metastatic process such as PA or the fibrinogenic enzymes
Factor Xa and thrombin (Table 1) will not be significantly
inhibited at 3 x IO"6 M leupeptin.

In order to confirm the conclusion that secreted cathepsin fl
uke proteases are not essential in B16 melanoma cell lung
colonization, a second potent cathepsin B inhibitor was studied
in the metastatic model. Hanada et al. (12) have developed a
series of epoxide peptide derivatives that are potent stoichio-
metric inhibitors of cysteine proteases such as cathepsins B and
L. The peptide epoxide Ep453 of Hanada was injected i.p.
When it reaches plasma it is rapidly converted to the more
soluble Ep475 inhibitor by esterases present in vivo (12). In our
laboratory we found the conversion to Ep475 to occur within
30 min after the addition of Ep453 to mouse plasma, which
directly inhibited a stoichiometric concentration of the cysteine
protease papain. The injection of Ep453 (50 mg/kg every 12 h),
as in the protocol used with leupeptin, had no significant effect
on the number of metastatic foci formed (Table 2). More clear-
cut is the experiment in Table 3 showing that the infusion of
Ep453 by the surgically implanted miniosmotic pumps, leading
to a constant steady state concentration of Ep475 in mouse
plasma of 3 x 10~7 M, also showed the lack of a significant

effect on lung colonization. Thus two cathepsin B inhibitors at
high in vivo concentrations relative to their K, values showed
no significant effect on the B16 melanoma lung colonization
process.

Effect of a Selective Thrombin Inhibitor on B16 Metastasis.
The peptide aldehyde H-D-Phe-Pro-argininal is a strong inhib
itor of thrombin and the thrombosis pathway (13). The KÂ¡
observed against bovine thrombin (1 x 10~8 M) is 2 orders of

magnitude lower than for other proteases implicated in the
metastatic process such as B16 melanoma cell cathepsin B (KÂ¡
= >2 x 10~5 M), plasmin (K, = 2.6 x 10~5 M), and urokinase
PA (K, = 2.0 x 10~4M) (Table 1). Thus as leupeptin is a highly

4124

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/4

6
/8

/4
1
2
1
/2

4
2
6
7
9
5
/c

r0
4
6
0
0
8
4
1
2
1
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g

u
s
t 2

0
2
2



INHIBITION OF PROTEASES IN EXPERIMENTAL METASTASIS

Table 3 Effect of continuously infused protease inhibitors on experimental metastasis

910.\\Solution

infusedControl
(PBS)*Leupeptin

(0.1 M inPBS)Control

(PBS)
Leupeptin (0 1 M inPBS)Control

(40%DMSOOD-Phe-Pro-argininal
(0.25 M in 40% DMSO-PBS)In

vivo
concentration"

(M)3

x 10~6

3 x10-*4

x IO'7No.

of lung
mÃ©tastases/animal34,46,64,71,80,96,

111, 132, 133, 153,157,23674,
91, 102, 109, 109, 121, 127, 137, 155,2501,

2, 2, 3, 4, 4, 5, 6, 7, 7, 7, 7, 8, 8, 10
0,0,1,2,2,3,4,6,204,4,4,6,8,9,

12,13229,
>300, >300, >300, >300,

>300, >300, >300, >300, >300Av.

Â±SE109

+16128
Â±155.4

Â±0.7
4.2 +2.17.5

+1.3>300'/

12. Control (40% DMSO)
D-Phe-Pro-argininal (0.25 M in 40% DMSO-PBS)

13. Control (propylene glycol)
Ep453 (0.08 M in propylene glycol)

7,8, 11, 12, 13, 18
4 x 10'7 104, >300, >300, >300, >300, >300

13, 22, 27, 33, 44, 49, >300, >300
3xlO-7 17,25,25,43,66,79,90,105

12 Â±1.4

Steady state concentration determined in mouse plasma during infusion of inhibitor.
* Solution in parentheses infused into animal from Alzet miniosmotic pumps surgically implanted into mice. Rates of infusion were 1 ^l/h
c DMSO, dimethyl sulfoxide.
d Value is significantly different from control at P < 0.001.

98 Â±44
56 Â±12

over 5-7 days.

selective inhibitor of cathepsin B among the targeted proteases,
H-D-Phe-Pro-argininal is a selective inhibitor of thrombin. We
found that Boc-D-Phe-Pro-argininal is also a potent inhibi
tor of thrombin (K, = 1.5 X 10~8 M) although its selectivity

for thrombin over other implicated proteases is less dramatic
(Table 1).

The injection of 37.5 mg/kg i.p. every 12 h from just prior
to 5.5 days after melanoma cell introduction consistently
showed the lack of any inhibition of B16 lung colonization.
However, the turnover in vivo of the R-D-Phe-Pro-argininal
inhibitors appeared faster than the turnover observed for leu-
peptin. We found after an i.p. injection of Boc'-D-Phe-Pro-

argininal (37.5 mg/kg) that the plasma concentration was ap
proximately 1 x 10~6 M at 0.5 h and 4 x 10~7 M at 1 h, after

which it decreased below our limits of detection. Thus any
conclusions from the 12-h injection protocol would be specu

lative.
With surgically inserted miniosmotic pumps a constant

steady-state level in plasma of 4 x 10~7 M H-o-Phe-Pro-

argininal was achieved from 12 h before to 5-7 days after B16
introduction, which is 36-fold greater than the K, for thrombin
yet below the other major serine and cysteine proteases impli
cated in the metastatic process. Under these conditions of
inhibitor, a dramatic increase in metastasis was repeatedly
observed (Table 3). In Experiment 11, 9 of the mice treated
with H-D-Phe-Pro-argininal contained greater than 300 met
astatic foci, whereas all control mice showed 13 or less meta
static foci per lung. In Experiment 12 one mouse contained 104
foci and 5 greater than 300 foci in Phe-Pro-argininal infused

mice, whereas the controls averaged 12 foci (9 mice). This
statistically significant promotion of metastasis by the selective
thrombin inhibitor may indicate that thrombin has a role in
retarding metastasis.

Effect of a Selective PA Inhibitor on B16 Metastasis. Boc-
Glu-Gly-argininal and the trifluoroacetate salt of H-Glu-Gly-

argininal were synthesized as plasminogen activator inhibitors
based on an analogy to the R-Glu-Gly-arginine chloromethyl
ketone inhibitors (R = H, dansyl) of both tissue PA and uro-

kinase PA synthesized by Coleman et al. (21). Synthesis of the
argininal inhibitors are required as the chloromethyl ketone
compounds are highly toxic in vivo. The K, values obtained for
the argininal derivatives towards urokinase by in vitro assays
were not as strong as for leupeptin with cathepsin B or Phe-
Pro-argininal with thrombin (Table 1). However, the KÂ¡values
obtained with R-Glu-Gly-argininals (R = H, Boc') were highly

selective for urokinase over the other implicated proteases
(Table 1).

Because of the relatively high K, towards PA, use of the
miniosmotic pumps was not possible as the concentrations
required within the pump to achieve a steady state concentra
tion higher than the K\ of the Glu-Gly-argininals for urokinase

is greater than the inhibitors solubility. Turnover studies
showed that after a 30-mg/kg i.p. injection the Boc'-Glu-Gly-
argininal was present at a concentration after 1 h of 5 x 10~5

M in plasma, which decreased below our limit of detection (>1
x 10~5M) at 2 h. Accordingly, we chose to give maximum doses

i.p. of 30 mg/mouse (approximately 2000 mg/kg) in 0.2-ml
aliquots every 2 to 4 h from just before to 1.5 days after B16
cell injection, rather than once every 12 h for 5.5 days, in order
to saturate the animal with the highest possible concentrations
of inhibitor during the early period after i.v. tumor cell injection.
If extracellular urokinase PA was essential to the colonization
process of B16 melanoma cells, an inhibition of metastasis
would be observed. However, Experiment 6 (Table 2) with Boc'-
Glu-Gly-argininal shows that no statistically significant effect
is observed. Experiment 7 with H-Glu-Gly-argininal shows a
significant promotion of metastasis. However, because there
were observations that the high doses of this derivative were
beginning to make the mice ill, we believe that interpretations
as to reasons for a promotion of metastasis in this experiment
must be considered speculative.

DISCUSSION

The metastasis of tumor cells from a primary neoplasm to
distant sites in target organs may be divided into several stages:
(a) the invasion of the primary tumor into the surrounding
tissue, with penetration through the basement membrane into
the capillaries; (b) the penetration of single or multiple tumor
cells through the fibrin "cage" usually surrounding a tumor

growth in the blood vessels and into the circulation; (c) the
attachment of the circulatory tumor cell(s) to the capillary wall
of the target organ; (d) the infiltration of the arrested tumor
cell through the capillary and basement membrane surrounding
the capillary and into the target organ; and (c) the multiplication
of the tumor cells and growth of the tumor into its new host
tissue. Our experimental model tests only the later stages of
the metastatic process (Steps c through e) because the tumor
cells are injected directly into the circulation.

Two selective inhibitors of cathepsin B, which act by different
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INHIBITION OF PROTEASES IN EXPERIMENTAL METASTASIS

inhibitory mechanisms (leupeptin and Ep453), gave no signifi
cant change of experimental metastasis in the B16 melanoma
cell lung colonization model. A decrease is expected if an
extracellular cathepsin B-like protease has an essential role in
lung colonization by B16 melanoma cells. The inhibitors were
present in plasma, and presumably in interstitial space (12, 17-

19), at orders of magnitude higher concentrations than their K,
to cathepsin B, under which conditions the inhibitors were
highly selective for inhibition of cathepsin B-like proteases over
other serine proteases implicated in the metastatic process.
Thus the lack of an inhibition of experimental metastasis indi
cates that extracellular cathepsin B does not have an essential
role in B16 melanoma extravasation and lung colonization,
which contradicts a large body of indirect evidence indicating a
role for extracellular cathepsin B in metastatic processes. Evi
dence in support of a role of cathepsin B-like protease in

metastasis includes observations of increased amounts of a
cathepsin B-like protease found in the more metastatic B16
melanoma cell lines (5) and the observation that cathepsin B
can activate latent collagenase and degrade the proteoglycans
of the basement membrane (5). However, it may be that other
factors are rate determining in the extravasation and lung
colonization process rather than the activity of a cathepsin B-

like protease.
Our result showing a lack of inhibition of mouse lung colo

nization by leupeptin is in disagreement with the earlier results
of Saito et al. (16) which found leupeptin significantly inhibited
by 50% rat lung colonization by Yoshida ascites hepatoma cells.
In the work of Saito et al., 50-mg/kg i.p. injections of leupeptin
were made every 12 h, in a protocol identical to that used in
Table 2 of this work. As discussed previously, we appeared to
also observe an average decrease in lung colonization by the
injection protocol because in all experiments the leupeptin
treated animals averaged fewer mÃ©tastases,but in only Experi
ment 1 (Table 2) did the result approach statistical significance.
The determination of the in vivo decrease of leupeptin after a
50-mg/kg i.p. injection showed that the concentration of leu
peptin was varying by at least 2 orders of magnitude during the
first 4 h (from 5 x 10~5 to 2 x 10~7 M in plasma), to amounts

below our limits of detection after 6 h. It may be that the
extremely high concentration of leupeptin initially present in
hibited additional enzymes other than cathepsin B, which
caused the inhibition of experimental metastasis observed by
Saito et al. Accordingly variations in the plasma leupeptin
concentrations during the injection protocol, the differences
between the animal species utilized, and/or differences in the
mechanism of metastasis between the two different tumor cell
lines utilized could explain the statistical differences observed
between our work and that of Saito et al. However, our result
is in agreement with the findings of Giraldi et al. (22) that
leupeptin had no effect on the spontaneous metastasis of Lewis
lung carcinoma. In this work the minipump diffusion protocol
achieves a constant steady state concentration of leupeptin
orders of magnitude higher than its KÂ¡towards cathepsin B yet
lower than the K, of other targeted proteases and is thus a more
direct experiment. Our experiments thus specifically appear to
show the nonessentiality of cathepsin B-like proteases to the
B16 colonization process. The experiments with Ep453 confirm
this conclusion for B16 colonization.

The results with R-Glu-Gly-argininal inhibitors are less
clear-cut, because in vivo inhibitor concentrations significantly
greater than the equilibrium binding constant (A,) to urokinase
were not achievable by the osmotic pump method. However,
the plasminogen activator urokinase should be significantly

inhibited by the large amounts of inhibitor introduced by the
injection protocols, and the lack of a decrease in experimental
metastasis indicates a nonessential role in lung colonization for
urokinase PA. These results may be in agreement with the
hypothesis that PA is essential in the early stages of a sponta
neous metastasis, especially Stage b in which the tumor cells
must penetrate through a fibrin matrix surrounding the primary
neoplasm, but not in the later stages (Steps c and d) (3, 8, 23).
In the later stages, a current hypothesis argues that coagulation
and the formation of microthrombi acts to promote metastasis
(3, 8, 23). Thus the result showing a possible promotion of
experimental metastasis with H-Glu-Gly-argininal is in agree
ment with the hypothesis that argues that a decrease in PA
activity will increase the concentration of microthrombi (3, 8,
23). Ossowski and Reich (24) have shown that an antibody to
human urokinase decreases metastasis of human HEp3 epider
mal carcinoma cells placed on a chick embryo chorioallantoic
membrane to the lung of the chick embryo. These authors argue
that the effect of the anti-urokinase antibody on the inhibition

of metastasis is due to an intervention of the inhibitor at an
early stage of the metastatic process (Steps a or b).

Thrombin activation will also increase microthrombus for
mations and thus by the current hypothesis (discussed above)
should promote metastasis in the later stages (Steps c and d).
Evidence in support of a role of thrombus formation in the
promotion of metastasis comes from pictures showing the
formation of thrombi with tumor cells in the capillaries of
target organs of metastasis (8, 16), the observation that many
tumor cells contain thrombolytic factors (8), and the sometimes
observed inhibition of metastasis in animals receiving heparin
or warfarin (8). However, there are contrary reports on the
effect of heparin and warfarin (25-27). In addition both heparin
and warfarin have a large number of in vivo effects other than
the selective inhibition of thrombin (8), making interpretations
from their inhibition data mechanistically not as clear-cut as
for a reagent acting uniquely on a particular enzyme. For
example, in certain combinations, heparin can either promote
or facilitate the inhibition of angiogenesis (28). Warfarin in
turn inhibits the synthesis of a large number of both thrombol
ytic and fibrinolytic proteases and by decreasing 7-carboxyglu-
tamate formation also decreases calcium binding to a wide
variety of 7-carboxyglutamate calcium binding sites (29).

Our result is that a direct thrombin inhibitor, H-D-Phe-Pro-
argininal, dramatically promoted B16 melanoma cell metas
tasis. It may be that fibrin formation actually inhibits metastasis
and is a part of the vascular system's defense for preventing

cells from migrating from the vascular system into specific
organs. Encircling the tumor cells within a thrombus will phys
ically act to prevent migration of cells from the vascular system,
giving scavanger systems an opportunity to respond. By this
rationale, the reason for the observation of large amounts of
thrombi with tumor cell metastasis is that under the experi
mental conditions a large number of cells are attempting extra
vasation and a correspondingly high activity of a defensive
mechanism acting against the extravasation process is observed.
The clot probably must be degraded before the tumor cell can
leave the vascular system, and this is a delaying effect giving
other systems time to act against the tumor cells.

Supporting a hypothesis that thrombin inhibits metastasis is
the recent report that thrombin directly stimulates the synthesis
and secretion of collagenase inhibitor from platelets (30). Col
lagenase has been clearly shown to be essential to the invasion
of cells through the basement membrane (7) and thus should
be essential to the extravasation process (Step d). The inhibition
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INHIBITION OF PROTEASES IN EXPERIMENTAL METASTASIS

of collagenase inhibitor secretion by the inhibition of thrombin
could then directly lead to a promotion of a high collagenase
activity and correspondingly high rate of lung invasion by the
tumor cells, as observed.

In addition, recent evidence has shown that purified thrombin
initiates cell proliferation by itself or in combination with
epidermal growth factor or platelet derived growth factor,
through its stimulation of phosphoinositide turnover (31). Fur
thermore, thrombin can activate fibrinolysis when associated
with thrombomodulin receptors on the endothelial cells of the
microcapillaries (32, 33). Thus the effect of our thrombin
inhibitor may be to inhibit fibrinolysis in the microcapillaries,
in agreement with the current hypothesis that microthrombus
formation promotes extravasation (8). These actions of throm
bin point to the complex roles of thrombin in hemostasis, any
one of which may be crucial to the process of extravasation and
invasion.

In other work Persky et al. (34) have shown that peptidyl
aldehyde serine and cysteine protease inhibitors do not decrease
the invasion of the B16 cells through a human amniotic mem
brane. The amniotic membrane serves as a model for the study
of basement membrane invasion, and a collagenase inhibitor
does significantly inhibit the penetration of tumor cells across
the membrane (7). The amnion data support the hypothesis
that serine and cysteine proteases may not be essential in
extravasation (Step d).

The extracellular protease activities observed to be secreted
in high concentrations from tumor cells by prior workers (1-

6), which are inhibited in our model, may simply represent an
excess of enzyme shed from the plasma membrane of the tumor
cells (4, 5). The site of proteolytic actions in invasion processes
may be not in extracellular space with secreted proteases but
on the plasma membrane of the invading cell. In such a mech
anism, the "effective concentration" of substrates in a mem

brane associated protease active site will be extremely high
relative to that of inhibitor free in solution. The situation is
analogous to the increase in effective concentration of reactants
observed when a bimolecular reaction is converted to a unimo-
lecular reaction (35). For example, experiments show that tying
together a catalytic site and substrate prior to the rate deter
mining catalytic step will increase the effective concentrations
of substrate within the catalytic site by factors as high as IO8 M

(35). If this process of substrate binding prior to catalysis is
occurring during tumor cell migration, the inhibitors (which
act competitively), even at 3 orders of magnitude higher solu
tion concentration than their equilibrium KÂ¡values determined
against the non-membrane bound forms of the enzymes, may
not be able to compete against the effective active site concen
tration of the substrate. In support of the possible importance
of membrane associated proteases over secreted protease activ
ities, a PA enzymatic activity, a cathepsin B-like activity, and
general trypsin-like protease activities have been reported in
high relative concentrations in the plasma membranes of trans
formed cells (36-40). Campbell et al. (41) have shown that
elastase is not inhibitable by elastase inhibitors after the elastase
has bound to a protein substrate. Nicolson et al. (42) have
shown that basement membrane is not degraded by the cell
culture media of B16 melanoma cells but is degraded only when
direct cell contact is made with the basement membrane. It has
recently been shown that the appearance of a tumor plasma
membrane protease activity is a direct expression of the pp60src

oncogene product (43). Accordingly, our proteolytic enzyme
inhibitors may not show an inhibition of metastasis due to an
inability by the free inhibitors to inhibit proteolytic activities

on the cell surface which also binds substrate tightly.
In conclusion, we have shown that selective inhibitors of

cathepsin B-like proteases at steady state in vivo concentrations

significantly higher than the enzyme inhibitor K, values failed
to inhibit B16 melanoma cell colonization of mouse lung. A
selective urokinase inhibitor also had no significant effect on
lung colonization. A selective thrombin inhibitor present at
steady state concentrations specific for thrombin inhibition had
a dramatic effect in increasing the number of B16 metastatic
foci in the lung. The results point to the need to further
investigate the role of thrombin and thrombus formation in the
later stages of metastasis, the possible relationship between
thrombin activity in other processes than coagulation, as well
as the possible importance of tumor cell membrane associated
protease activities in tumor cell metastasis. The evidence
strongly indicates that secreted forms of cathepsin B-like pro
teases do not have a role in B16 melanoma cell lung coloniza
tion. The role of proteases in the initial steps of metastasis
(Steps a and ti) were not tested in this model for lung coloni
zation and also should be further explored.
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