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We earlier screened overlapping synthetic peptides from
the globular domain of the laminin a1 chain to identify active
sites for cell attachment. We report here that one of the
active cell-adhesion peptides, AG-73 (Arg-Lys-Arg-Leu-GIn-
Val-GIn-Leu-Ser-lle-Arg-Thr; RKRLQVQLSIRT) causes B16-

laminin, Tyr-lle-Gly-Ser-Arg (YIGSR) in thgg1 chain (formerly
named B1 chain), promotes tumor-cell adhesion and migration
vitro, but reduces melanoma lung colonization (lIwametoal.,
1987) and s.c. tumor growth (Sakametbal.,1991). The YIGSR
sequence induces apoptosis in a human cancer cell line éKah,

F10 murine melanoma cells to metastasize to the liver, a site
not normally colonized by these cells. Increases in liver
metastases and in lung colonization are observed in immune-
deficient beige/nude/xid and in C57BI/6 mice with this pep-
tide. This metastatic activity was observed with i.v. and with
i.p. peptide injections, regardless of tumor cell or of peptide-
injection times. In vitro, the AG-73 peptide enhances tumor
cell adhesion, migration, invasion, and gelatinase production,
and blocks laminin-1-mediated cell migration. AG-73 was
found to significantly inhibit cell adhesion to a proteolytic
laminin-1 fragment, E3, containing the AG-73 sequence. Cell
attachment to AG-73, the E3 fragment, and laminin-1 in-
volved cation-dependent receptors. We report that a laminin
peptide has the novel and unexpected activity of causing
B16F10 melanoma cells, a lung selected cell line, to metasta-
size to the liver. The minimal active sequence of AG-73,
LQVQLSIR, could be one of the most important biologically
active sites of laminin-1, especially in promotion of the
malignant phenotype. Activation of the malignant phenotype
by this peptide provides a significant new model for under-
standing metastatic mechanisms. Int. J. Cancer 77:632-639,
1998.
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1994). Another active laminifl-chain peptide, Arg-Tyr-Val-Val-
Leu-Pro-Arg (RYVVLPR), promotes fibrosarcoma-cell adhesion
and spreadin@ vitro, but is less well characterized (Skubétal.,
1990).

We have established a method of screening protein sequences for
cell-adhesion activityn vitro using synthetic peptides coupled to
beads. We applied this screening method to the G domain
(amino-acid residues 2111-3060) of the laminih chain, which
possesses several biological activities (Nomizu al., 1995).
Among the 5 new active sites identified, one sequence, designated
AG-73, showed the strongest cell-attachment activity. Here we
report that this AG-73 peptide has the unique ability to promote
development of liver metastases by B16F10 melanoma cells, which
are selected for specific colonization to the lungs. Cells adhesion-
selected to this peptide also form more liver metastases (8ong
al., 1997). The peptide also has seveiralvitro activities which
may function to enhance tumor spraadivo.

MATERIAL AND METHODS
Cell culture

) o . . B16-F10 cells (a gift of Dr. 1.J. Fidler, Houston, TX) were

Metastasis formation is a complex multistep process whigGRaintained in Eagle’s minimal essential medium (EMEM) supple-
includes cell invasion, migration, proliferation and protease activnented with 5% fetal bovine serum (FBS, Hyclone, Logan, UT),
ity. Specifically, tumor cells adhere to the basement membran@o units/ml penicillin, and 100 pg/ml streptomycin (GIBCO,
degrade it and migrate through it in order to enter and exit th®rand Island, NY), non-essential amino acids and vitamins.
circulation (Liottaet al., 1986). The basement membrane is a thin ) i o _
extracellular matrix underlying most epithelial as well as endoth&ynthetic peptides, E3 fragment, laminin-1 and matrigel
lial cells. Basement membrane is rich in the glycoprotein laminin, AG-73 peptide (RKRLQVQLSIRT) from the C-terminal globu-
which has been shown to promote tumor-cell adhesion, migratiday domain of the murine laminial chain (residues 2719-2730),
and also the malignant phenotype (Terraneval., 1982, 1984). AG-73S peptide (IRSQTLRLRVQK, scrambled amino-acid se-
l.v. injection of tumor cells cultured in the presence of laminimuence of AG-73), AG-73T peptide (LQQRRSVLRTKI, scrambled
resulted in enhancement of the number of lung colonies (Batkyamino-acid sequence of AG-73), IKVAV peptide (AASIK-
al., 1984). When a mixed population of tumor cells is selected
based on adhesion to laminin, the laminin-adherent cells are more

malignant than either the non-adherent or the parent cell populat'rmli. -
s . bbreviations: AG-73, Arg-Lys-Arg-Leu-GIn-Val-GIn-Leu-Ser-lle-Arg-
(Junet al., 1994; Kim et al., 1995; Yamamureet al., 1993). A Thr; bg/nd/xid, beige/nude/xid; BSA, bovine serum albumin; DMEM,

related experiment using fibronectin-adherent cells did not sh@Wibecco's modified Eagle’s medium; ECGF, endothelial cell growth

enhanced malignant potential (Terran@tal., 1984). In addition, factor; EHS, Engelbreth-Holm-Swarm; EMEM, Eagle’s minimal essential

the expression of certain laminin receptors is positively correlatétpdium; FBS, fetal bovine serum; IKVAV peptide, Ala-Ala-Ser-lle-Lys-Val-

with the malignant behavior of cell lines and with the Dukes’ stagfla-Val-Ser-Ala-Asp-Arg; PBS, phosphate-buffered saline; PVP, polyvinyl-

of human colon carcinoma (Wewet al., 1986; Yowet al., 1988; yrrolidone; SDS, sodium dodecyl sulfate; YIGSR peptide, Asp-Pro-Gly-
" ! " ' Tyr-lle-Gly-Ser-Arg.

Mafuneet al.,1990).

Several active sites on laminin have been identified and teswdm dress: Department of Pathology, Seoul National University
synthetic peptides, and these sites promote diverse biologi Tess. ,
a>(/:tivities (E(Iginmanet al., 1993). A IamFi)ninexl-chain (formerlyg (E'%"ege of Medicine, Seoul 110-799, Korea.
named A chain)-derived synthetic peptide containing the amina-_
acid sequence lle-Lys-Val-Ala-Val (IKVAV) mimics some of the *Correspondence to: National Institute of Dental Research, National
activities of laminin in potentiating tumor-cell adhesion, migratiofnstitutes of Health, Building 30, Room 433, 30 Convent Dr. MSC 4370
and gelatinase production vitro, and increased lung colonization Beth‘?ls_‘;'(?' MD 20892'5‘37% U.Sr;“- Fax: (301)402-0897.
in vivo (Kanemotoet al., 1990). Increased lung metastases wer%'ma" einman@yoda.nidr.nih.gov
observed even when the IKVAV peptide was injected severalhours
after the i.v. injection of melanoma cells. Another active site on Received 15 January 1998; Revised 18 March 1998
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Ficure 1 - Attachment of B16-F10 cells to synthetic peptides. Eac ..
well of 96-well plates was coated with varioué amour?tspof synthet Substrate:  Laminin-1 E3 AG-73
peptides, E3 fragment or laminin-1. B16-F10 cells (20,000) were added
to each well, and attached cells were measured after a 30-mirFiGure 2 — Inhibition of B16-F10 mouse melanoma-cell attachment
incubation, as described in “Material and Methods”. Each peptiden laminin-1-, E3 fragment- and AG-73-coated plastic dishes by
concentration was assayed in triplicate, and the experiments we@-73. A 96-well plate was coated with 0.1 ug/well of laminin-1, 0.5
repeated 3 times, with the results showing the same pattern.ug/well of E3 or 0.05 ug/well of AG-73. Peptides (100 pg/ml) were
representative result is shown with means and standard-deviation batkled to the cell suspensions and the cells were added onto the plates.
After a 15-min incubation, the attached cells were assessed by
grystal—_viol_et stairgng. EDacfll_ vatlue representts the mean _lof 5 seplftrate
VAVSADR) from the murine lamininal chain (residues 2097- determinations® S.D. Duplicate experiments gave similar results.
2109), and YIGSR peptide (DPGYIGSR) from the murtechain 1€ .d.'ﬁefe”ﬁe Ofd abs?ft;anclf' O.D. 560 o gftwsete? tAGI-73'
(residues 926-933) were synthesized by a t-butyloxycarbon)agmg'snwgrgvgbfa?r?edcggnrg gtﬁdéﬁéls%m icant ¢ 0.01). Statistica
based solid-phase strategy (Nomigual., 1995). Starting with a '
4-methylbenzhydrylamine resin, the respective amino acids corre-
sponding to the peptides were assembled in a stepwise manner witpeptides were dissolved in Milli-Q water, and 50 pul were added
an Applied Biosystems (Foster City, CA) Peptide Synthesizelg each well, followed by drying overnight, for the peptides, or
Model 431A, using a single coupling protocol. De-protection anfbllowed by 2-hr incubation, for laminin-1. Drying allows maximal
cleavage from the resin were achieved by treatment with anhydrdriading of the peptides, whereas laminin-1 is best used after
hydrogen fluoride, and the crude peptides were purified tshort-term coating. The wells were blocked by addition of 0.1 ml of
reverse-phase high-performance liquid chromatography (usind% BSA in DMEM for 1 hr and washed twice with DMEM
Wdac 5C18 column and a gradient of water/acetonitrile containirgpntaining 0.1% BSA. B16-F10 melanoma cells were detached
0.1% trifluoroacetic acid). The purity of the peptides was confirmeslith Versene (0.02% EDTA in PBS) and re-suspended in DMEM
by analytical high-performance liquid chromatography. The idemontaining 0.1% BSA. Cells (30,000 cells in 0.1 ml) were added to
tity of the peptides was confirmed by amino-acid analysis arehch well and incubated for 30 min at 37°C in 5% L@&fter
fast-atom-bombardment mass spectral analysis. Amino-acid analashing to remove the unattached cells, the attached cells were
ses were performed at the Faculty of Pharmaceutical Sciencesined with 0.1 ml of a 0.2% crystal-violet aqueous solution in
Kyoto University, Kyoto, Japan. Mass spectra were measured ir28% methanol for 10 min. After washing and drying, 0.2 ml of 1%
glycerol matrix on a VG 7070E-HF double focusing mass spectrorsedium dodecy! sulfate (SDS) was used to dissolve the cells, and

eter. the optical density at 560 nm was measured by a Titertek
E3 fragment was obtained from Dr. P.D. Yurchenco, RobeMultiskan.
Wood Medical School (Piscataway, NJ). In EDTA-inhibition experiments, the cells were first mixed with
Mouse laminin-1 and Matrigel were prepared from the EH§ MM EDTA and then 30,000 cells in 0.1 ml were plated in the
tumor as described (Timgt al., 1979; Kleinmaret al., 1986). wells and incubated for 30 min at 37°C in 5% £€@n AG-73-
inhibition experiments, 100 pug/ml of AG-73 were added to the cells
Attachment assay and pre-incubated for 15 min at room temperature. Then the cells

Cell attachment was assayed in round-bottom 96-well plasticere plated and incubated for 15 min at 37°C in 5%,(X@tached
plates (Immulon 2, Dynatech, Chantilly, VA) coated either witltells were assessed by measuring the optical density at 560 nm, as
laminin-1 or with synthetic peptides. Various amounts of laminin-lescribed above.
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Chemotaxis assay the lower chambers at a concentration of 100 pg/ml. After
Polyvinylpyrrolidone (PVP)-free polycarbonate filters of 8-pnincubation for 5 hr at 37°C in 5% COthe number of invaded cells
pore size (Nuclepore, Pleasanton, CA) were placed in Boyd®@s determined on triplicate filters.
blind-well chambers after placing the peptides, dissolved in 220 &I .
of DMEM with 0.1% BSA, into the lower chamber. B16-F10 cells>€latin zymography
detached with 0.02% EDTA in PBS were placed (200,000 per B16-F10 cells (2.5< 10°) were plated onto 150-mm culture
chamber) in the upper chamber. After incubation at 37°C for 5 hr Rishes with complete media. After 24 hr, the media were replaced
5% CO, filters were stained with a 0.2% crystal-violet 50|utionWIth serum-free DMEM containing various concentrations of the
and the cells on the upper surface were removed by scraping. fe-73, AG-73S and AG-73T peptides. The supernatant was
cells on the lower surface were counted under a microscogi@rvested after a 24-hr incubation at 37°C in 5% ,Cahd
Inhibition of migration to laminin-1 by the peptide was measuregoncentrated to 1/60. Equal aliquots of the supernatant from each
by placing 1 pg/ml of laminin-1 in the lower chamber as #&ulture condition were separated on a 10% polyacrylamide gel
chemo-attractant, and 200 ug/ml of AG-73 in the upper chambercontaining 0.2% gelatin. The gels were washed with 10 mM
Tris-HCI (pH 7.4) containing 2.5% Triton-X for 30 min, followed
; by 2 changes of 10 mM Tris-HCI (pH 7.4) for 10 min. After
Invasion assay incubation in 50 mM Tris-HCI (pH 8.0) containing 5 mM CaCl
d 1 mM ZnCj at 37°C for 24 hr, Coomassie blue was added to
visualize the digested gelatin bands.

Invasiveness of B16-F10 cells in the presence of the pepti
was tested using the standamdiitro invasion-assay method, with a
minor modification in the Matrigel coating (Albiret al., 1987).
PVP-free polycarbonate filters of 8-um pore size (Nuclepore) wefigjvo tumor metastasis and growth
coated with 1 pg of Matrigel and placed in Boyden blind-well
chamb%rs. NIH-3T3 conditioned medie|1 was used ifn the invasigged Each experiment was performed at least twice. For the
assay because it is a strong general attractant for many ce . ; p
including B16-F10 cells. NIH-3T3 conditioned media, obtained b §per|mental metastasis assay, 100,000 B16-F10 cells in 0.2 m|

) . ; EMEM were injected via the tail vein into either syngeneic
culturing cells for 18 hr in serum-free DMEM, were diluted 1.5)é . ' : - . .
with DMEM containing 0.1% BSA, and were placed in the IoWeCS?BLG/N mice or beige/nude/xid (bg/nd/xid) mice. The peptides

lyere dissolved in Milli-Q water at a concentration of 5 mg/ml. l.v.
chamber. EDTA-detached B16-F10 cells (200,000/chamber) . ; P : L
DMEM containing 0.1% BSA were placed in the upper chambe'mecnon of the indicated amount of peptide was performed by

Either AG-73 or IKVAV peptide was added to both the upper anré“uixing the peptide solution with the cell suspension, and the

In all experiments, a minimum of 4 animals per data point was
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Laminin-1 E3 AG-73 IKVAV FIGURE 4— Chemotactic activity of synthetic peptides. PVP-free

filters of 8 mm pore size were placed in the Boyden chambers. Various
FicUrRe 3 — Inhibition of B16-F10 mouse melanoma-cell attachmentoncentrations of peptides were added in the lower chamber and
to laminin-1, E3 fragment, AG-73 and the IKVAV peptide by EDTA. A200,000 B16-F10 cells were placed in the upper chamber. The cells that
96-well plate was coated with 0.1 pg/well of laminin-1, 1.0 pg/well omigrated through the filters were counted after a 5-hr incubation. At
E3 or 0.5 pg/well of AG-73 and the IKVAV peptide. EDTA was addedeast, 4x250 fields from each filter were counted, and each data point
to the cell suspensions and the cells were added to the plates. Aftavas based on triplicate filters. The experiments were repeated 3 times,
30-min incubation, the attached cells were assessed by crystal-violéth the results showing a similar pattern. Means and standard error
staining. Each value represents the mean of 5 separate determinatiofs@rs are shown. Differences between IKVAV and AG-73 are not
S.D. Duplicate experiments gave similar results. statistically significantp > 0.1).
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FIGURE 5 — Inhibition of migration to laminin-1 by AG-73. The
method was similar to that described in Figure 4. The lower chamkt..
contained 1 pg/ml of laminin-1 or 0.4% bovine serum as a chemo-
attractant; the number of migrated cells in the absence of peptide wa§IGURE 6 — B16-F10 cell invasion in the presence of AG-73 or of
taken as 100%; 3 high-power fields from each filter were counted. THEVAV peptide. PVP-free filters were coated with 1 pg of Matrigel and
data are shown as means and standard errors. placed in Boyden blind wells. The bottom chamber contained one-fifth-

strength NIH-3T3-cell-conditioned medium and 100 pg/ml of peptide,
while the upper chamber contained 200,000 B16-F10 cells and the
solution was injected within 1 min after mixing. For i.p. injection oisarﬂgatcé’?ﬁt%’:gaggg ?gepﬁqp;gjr?'algestlgxggsg gﬁgﬁs"‘é‘?;e sCr%\J/\r/]rgedTrlmg
th? peptide, the peﬁtl'de SO |Ut|'on waskl_rllljegtig :jmmed;ate_ly_afte_r tg?periments were repeated twice, with the data showing the same
tail-vein injection. The animals were kille ays after Injectionyaiern, (*Difference of invaded cells between marked points is
lungs and livers were removed, and the surface colonies wefignificantp < 0.05).
counted and analyzed by Studenttest.

For the s.c.-tumor-growth assay, B16-F10 cells were suspended
in cold Matrigel and the peptides were added to the cell-Matrigalhereas AG-73T showed no effect on cell attachment to any of the
suspension. The mice were injected s.c. in the right lower back wishibstrates.
the cell-peptide-Matrigel mixture, which contained 500,000 cells We also tested the effect of EDTA on cell attachment, to
and 0.1 mg of AG-73 peptide in 1 ml of Matrigel. Tumor sizes werdetermine the role of cations (Fig. 3). EDTA completely inhibited
measured every other day from day 7 to day 19 after the initigéll attachment to laminin-1. Cell attachment to E3 and to AG-73

Component added (ug/mi)

injection. was also completely inhibited by 3 mM EDTA, whereas attachment
to the IKVAV peptide was inhibited by only 50%. These results
RESULTS suggest that cell attachment to AG-73 and to E3 are mediated by (a)
Cell attachment cation-dependent receptor(s).

We tested the AG-73 synthetic peptide (RKRLQVQLSIRT) foth vitro chemotaxis and invasion
attachment activity with B16-F10 cells and compared it with AG-73 peptide was tested for chemotactic activity, since B16-
another, reported active laminin peptide, IKVAV (AASIK- F10 cells have been found to migrate to laminin-1 (lwanwital.,
VAVSADR). AG-73 was active for cell attachment similar to that1988). As reported by Kanemogi al. (1990), the IKVAV peptide
of IKVAV and native laminin-1 (Fig. 1). Half-maximal cell was active in promoting chemotaxis at 100 pg/ml, as shown by the
adhesion occurred at less than 0.02 pg of AG-73. The E3 fragmeattjlity of cells to migrate in the Boyden-chamber assay (Fig. 4).
a proteolytic fragment from the C-terminus of the G domaiiThe AG-73 peptide was chemotactic, although it was less active
containing the AG-73 sequence, also showed cell-attachmehan the IKVAV peptide. When AG-73 at a dose of 200 pg/ml was
activity, but it appeared to be weaker than that of AG-73, possibadded to both upper and lower chambers, while laminin-1 (1 pg/ml)
due to differences in molarity and/or conformation. The scrambledhs added as a chemo-attractant in the lower chamber, migration of
peptide, AG-73T, had no activity, even at the highest coatirtge cells was reduced to 15.9% of that observed with laminin-1
amount of 10 pg/well. alone (Fig. 5). Addition of the AG-73 peptide did not inhibit

The inhibitory effects of the AG-73 peptide on B16-F10 celMmigration when 0.4% bovine serum was used as a chemo-
attachment to laminin-1, the E-3 fragment and AG-73 were testé#fractant, confirming the specificity of the peptide activity. These
(Fig. 2). As a control, the scrambled peptide, AG-73T, was aldtidings also strongly suggest that the AG-73 peptide exerts its
tested. AG-73 did not affect cell attachment to laminin-1. AG-78ctivity through a receptor which also recognizes laminin-1.
significantly inhibited cell attachment to the E3 fragment. AG-73 AG-73, IKVAV and laminin-1 enhanced B16-F10 cell invasion
also strongly inhibited cell attachment on the AG-73-coated dishés,vitro through Matrigel, a basement membrane matrix (Fig. 6).



636 KIM ETAL.

1 2 3 4 5 6 7 B16-F10 cells invaded 2-fold more to the AG-73 peptide (100
pg/ml) than to a similar amount of the IKVAV peptide. Invasion at
lower peptide concentrations was similar for both peptides.

7112 Gelatin zymography

Because gelatinases are important in the metastatic behavior of
-t 84 tumor cells, we measured gelatinase secretion by gelatin zymogra-
phy (Fig. 7). AG-73 peptides increased 92-kDa gelatinase activity
dose-dependently, while the control peptides, AG-73T and AG-73S,
- 53 did not affect this activity. Addition of 50 pg/ml of the AG-73
peptide to B16-F10 cells doubled the amount of the activated form
of gelatinase A. With 100 pg/ml of AG-73, the amount of the
activated form of gelatinase A was increased approximately 5-fold
over that observed with the control scrambled peptide. Similar
results were obtained with HT-1080 fibrosarcoma and SW480
colon-cancer cells (data not shown). No change in the 72-kDa band

FiGURE 7 — Effect of the AG-73 peptide on activation of gelatinasedVas observed. Increased expression and activation of matrix
The conditioned media of B16-F10 cells incubated without peptid@etalloproteinases could explain, in part, the metastasis-promoting
(lane 1) or with 25 ug/ml (lane 2), 50 ug/ml (lane 3), 75 pg/ml (lane 4ction of AG-73 (see below), and the increased invasiveness
or 100 pg/ml (lane 5) of AG-73, or 100 pg/ml of AG-73T (lane 6) othrough the Matrigel.

100 pg/ml of AG-73S (lane 7) were harvested and separated on 10%

PAGE. Coomassie-blue staining revealed that the 92-kDa band i i

produced by the B16-F10 cells, and that the activity was enhance(},\f@)jllvo tu.m(.)r metastas.ls and growth

the AG-73 peptide, but not by control peptides. No other bands were!n Preliminary experiments, we tested the effects of AG-73 on

affected by any of the peptides tested. lung colonization in C57BL6/N mice injected i.v. with B16-F10
melanoma cells (200,000 cells/mouse). The mice were killed after
15 days and control animals€., no peptide) had a mean of 116.5

TABLE | — EFFECT OF AG-73 PEPTIDE ON LUNG AND LIVER COLONIZATION OF B16-F10 MELANOMA CELLS

Lung colonies Liver metastases
Number of Number of
Treatment animals (N‘_:i)'(h ean _ animals with ean
'%Q&Cg,'ﬁﬁ]'gfsl lesions= SE® ll\%{??ﬁ%gﬂ%/ lesions* SE
C57 micé
No peptide 8/8 15.8 3.5 0/8 0.0=0.0
AG-73S,2mg i.p. 8/8 19575 1/8 0.3£ 0.2
AG-73,2 mg i.p. 8/8 63.& 11.% 8/8 33.3+ 6.6
Beige/nude/xid mick
No peptide 3/4 3.0-1.6 0/4 0.0+ 0.0
AG-73,2mgi.p. 6/6 11225 5/6 4.3 0.9

1Effect of AG-73 or its scrambled control peptide (AG-73S) injected i.p. on promotion of metastatic
lesions. Each mouse was injected with 100,000 B16-F10 cells via the tail vein and the peptide was
immediately administered i.p. The numbers of colonies on the lungs and liver were counted 15 days later.
AG-73 peptide increased lung colonization as well as liver metastases. The experiments were repeated with
similar results.2Significantly different from no-peptide controp(< 0.001) and from scrambled-peptide
control (p < 0.05).-*Significantly different from no-peptide controp(< 0.001) and from scrambled-
peptide control p < 0.001).4Effect of AG-73 peptide injected i.p. in immune-deficient mice. The
beige/nude/xid mice were given the same amount of tumor cells and peptide as the C57 mice. AG-73
peptide promoted the development of hepatic and pulmonary metastatic lesions in this immunosuppressed
mouse strain2SE, standard error.

TABLE Il — OCCURRENCE OF PULMONARY AND HEPATIC METASTASES AFTER AG-73 PEPTIDE INJECTION

Treatment Lung colonies Liver metastasis
Number of Number of
: - Mean : : Mean

AtOh Atlh animals with ber of _animals with- ber of
’ | Unofolomes  lesons-oe  Mermelasiaesl egons: Se
AG-73 B16-F10 6/6 55.5 7.6 4/6 25+ 0.3
AG-73 + B16-F10 none 6/6 102.6 20.9 6/6 4.2+0.8
B16-F10 AG-73 6/6 86.0- 20.8 6/6 2.7+ 0.7
B16-F10 none 14/14 272 4.2 0/14 0.0+ 0.0

AG-73 peptide (2 mg) was given i.p. either 1 hr before or 1 hr after tail-vein injection of the B16-F10
cells (100,000 cells per mouse). Although simultaneous administration showed the most potent effect on
the enhancement of metastasis, pre- or post-injection of the peptide also promoted colonization in the lungs
as well as metastasis in the livéSignificantly different from no-peptide controlp(< 0.005).—
2Significantly different from no-peptide controlp(< 0.001).-SSignificantly different from no-peptide
control (p < 0.005). No difference betweér?and3(p > 0.05). SE, standard error.
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(%£11.2) colonies in the lungs, while mice that received AG-7

peptide i.p. developed more lung colonies with means of 142 12000
(%£15.7) and 171.3%30.3) colonies per mouse receiving 1 mg ani

2 mg peptide, respectively. l.v. injection of 1 mg of AG-73 yielde(

a mean number of lung colonies (136:311.2) similar to that

observed with i.p. injection. Unexpectedly, many of the mic

treated with the AG-73 peptide developed hepatic metastas

whereas the control mice did not. This effect was most pronounc 2000+
in mice receiving an i.p. peptide injection, in that 3 of the 5 mic
receiving 1 mg i.p. (mean number of lesions standard error:
2.6+ 1.2) and 5 of the 6 mice receiving 2 mg i.p. (16:35.5)
developed liver metastases. This effect of extrapulmonary metas
ses has not been reported with another metastasis-promoi
laminin-derived peptide, IKAV.

We next compared the scrambled peptide (AG-73S; IRSQTLR
RVQK) with the active AG-73 peptide using fewer tumor cells
(100,000 per mouse) to facilitate the counting of the lung colonie 5
The animals given the AG-73 peptide i.p. had approximately F
times more lung colonies than control animals (Table I). Scrambl 3000 -
peptide did not increase the number of lung colonies relative to t
control. Hepatic metastases were observed in all animaids &h
receiving the AG-73 peptide, while no control animal and only on
animal receiving scrambled peptide developed hepatic metasta:

To exclude a possible immune modulating effect of the AG-7

AG-73*

AG-73T

No Peptide

mor volume (mm3)
[=2]
[=3
(=3
o
1

peptide, we used immune-deficient bg/nd/xid mice, which wei 0 & r T
injected with B16-F10 cells via the tail vein and i.p. with 2 mg o 7 9 M1 18 15 17 18 21 23
the AG-73 peptide. The number of lung colonies was increas e

4-fold over that of the control. Of the 6 animals injected witt. Postinjection day

AG-73, 5 developed liver metastases, whereas none of the control ]
mice developed liver metastases (Table I). These data suggest th&tGURE 8 Effect of the AG-73 peptide on s.c. melanoma tumor

AG-73 did not compromise the immune system of the normal mic@'owth. Tumor measurements were made (lengthidth X height)
with calipers, and the data are expressed as tumor volumé)(mhe

In order to evaluate the time of peptide injection on tUmOfata are shown as means S.E. (n= 4-5). The experiments were
growth, we injected the AG-73 peptide either 1 hr beforgepeated twice with 6 mice in each group for each experiment, with the
simultaneously, or 1 hr after tumor-cell administration in the taflesults showing the same pattern. *Differences in tumor volume

vein (6 mice in each group). There was no significant differendetween AG-73-injected mice and control mice (either scrambled-
between each injection condition, although the number of liveaeptide-injected or PBS-injected) are significapt< 0.05) as deter-
metastases was greatest in the simultaneous-injection group (Tadbieed by Student's-test.
I). As expected, none of the 14 control animals developed liver
metastases. TABLE Il — COMPARISON OF BIOLOGICAL ACTIVITY OF ACTIVE LAMININ

We tested s.c. tumor growth in the presence of the AG-73 PEPTIDES IN B16-F10 CELL EXPERIMENTS
peptide, since the IKVAV peptide has been found to promote tumor

AG-73
growth (Kanemotoet al., 1990). AG-73 peptide and a control Assay system (LQVQLSIR) IKVAY VIGSR
scramble peptide AG-73T were each co-injected s.c., with B16-F10, vitro
melanoma cells, into mice with the basement membrane matriX" atiachment 44 T+ +
Matrigel. AG-73 was able to significantly stimulate tumor growth  chemotaxis + 4+t +
over that observed in the absence of the peptide (Fig. 8). AG-73T Inhibition of migration + + +
peptide did not enhance tumor growth. Invasion ++ + -
In vivo
Lung colonies + + —
DISCUSSION Liver metastasis + 0 0
. . . S.c. growth + + —
Although several other active sites on laminin-1 have been Effectiveness after + + —
identified, AG-73 is the first sequence found to promote hepatic tumor-cell injection
metastases of normally lung-colonizing murine melanoma cells. Effectiveness before + 0 0

AG-73 peptide has a number of activities that are related to the  tumor-cell injection

malignant phenotype. This pepndg increases cell adhesion, migra; more active when AG-73 and IKVAV are compared; active

tion, invasion, and gelatinase activityvitro, as well as melanoma g increase; 0, inactive or no change;inhibitory or decrease.

cell lung and liver colonizatiorin vivo. It does not appear to

increase metastasis by affecting the immune system, and has no

effect on cell growthin vitro. The minimal active sequence,promoting lung colonization and hepatic metastases when injected

LQVQLSIR, (Nomizuet al., 1995) has a unique action on tumorsimultaneously with, or 1 hr before or 1 hr after the tumor-cell

cells relative to other laminin-1-derived sequences descrlbedip@ections_ In contrast, IKVAV is active in lung colonization only

date. when injected at the same time as, or after, the administration of
AG-73 peptide enhances the malignant phenotype, but appeansior cells (Sweenegt al., 1991). We isolated AG-73-adhesion-

to employ a different mechanism from the laminin-1-derivedelected melanoma cells and found that AG-73-adherent cells

IKVAV peptide (Table IIl). AG-73 stimulated the growth of s.c.metastasize to the liver in the absence of peptide, suggesting a

injected tumor cells (Table 1) similar to that observed with theeceptor-mediated event (Soegal., 1997). In contrast, IKVAV-

IKVAV peptide (Kanemoteet al.,1990). The AG-73 peptide has noadherent-selected cells were not metastatic to the liver (Yamamura

effect on angiogenesis, whereas the IKVAV peptide is active &t al., 1993). These findings, together with the unexpected induc-

several angiogenesis assays. The AG-73 peptide was activetiam of liver metastases, suggest that the AG-73 peptide acts via a
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mechanism different from that of the IKVAV peptide. We haveshowed no significant difference in metastases as compared with
found that AG-73 promotes melanoma-cell invasion throughormal mice. We used bg/nd/xid mice, which show impaired
immobilized extracellular matrix by increased degradation of tHgmphokine-activated-killer (LAK)-cell and B- and T-cell re-
extracellular matrix. This increased degradation is accompanieddponses. The immune system, however, cannot be totally elimi-
the peptide-mediated recruitment of seprase, a membrane-bonated in these mice, so that it is possible that AG-73 impairs
protease, in invadopodia in the malignant tumor cells (Nakadaraimmune function, something not yet tested.

al., 1998). Since most of the biologically active sequences of laminin-1
We have shown that AG-10 from thel G domain promoted cell contain an arginine or a lysine as a positively charged residue, these
attachment througl6p1 integrin, whereas AG-73 did not useresidues appear necessary for a ligand peptide to interact with
abB1 or a2B1 integrins for cell attachment (Nomizt al., 1995; cell-surface receptors. The minimum active sequence of AG-73
Nakaharaet al., 1996). Using laminin-1 and AG-73 affinity peptide (LQVQLSIR) in the mouse laminirll chain also contains
chromatography with biotinylated surface proteins, we found thah arginine. This sequence is conserved in the human lamihin
syndecan-1 is a strong ligand (data not shown). Syndecan-1 lehgin (Haaparantet al.,1991), the human laminia2 chain (Ehrig
been shown to interact with the E3 fragment of the lamiinG et al.,1990), the mouse lamini®2 chain (Bernieet al.,1994), and
domain (Salmivirtaet al.,1996). Since heparin and heparan sulfatehe Drosophila laminin « chain (Garrisonet al., 1991). Thus,
but not other glycosaminoglycans, block cell binding to AG-73, wAG-73 appears to be an important site for the function of the
conclude that syndecan-1 is a surface ligand for AG-73. Furthéaminins.

more, treatment of the cells with heparanase or heparitinase blockshere is evidence that the AG-73 sequence may be physiologi-
binding to AG-73, whereas chondroitinase has no effect. Syndecad)ly relevant in the intact molecule. AG-73 blocked cell attach-
may function as a co-receptor with integrin (Colognatoal., ment to the E3 fragment, which is the C-terminal portion of laminin
1997), which may explain the observation of inhibition of adhesio chain and contains the AG-73 sequence. This peptide does not
to AG-73 by EDTA. block cell adhesion to laminin-1, possibly due to the presence of
The mechanism for the metastases to the liver is not knowmultiple cell-attachment sites on laminin-1. We show that the
Although increased invasiveness and gelatinase secretion copdgbtide can block soluble laminin-1-mediated melanoma-cell mi-
play a role in enhancing the metastases observed with this peptigigtion, suggesting that the conformation of laminin may be
these activities may not be alone in promoting liver metastases. Tihgportant in exposure of active sites. When HSG salivary-gland
organ-specific metastasis could be caused either by a local effeelis are exposed to the peptide in the presence of laminin-1,
stimulatory for tumor-cell growth or by preferential relocation ofaminin-mediated acinar formation is blocked (Hoffman al.,
tumor cells. Increased angiogenesis or changes in function do 4685). We have tried to generate antibodies in 2 rabbits with
appear to be causative. An important experiment aimed at deternpeptide attached to a lysine branch or to KLH, but no titer has been
ing the mechanism was carried using AG-73-adhesion-selectglstained, probably due to the conserved nature of this sequence.
cells (Songet al.,1997). The cells were selected over 20 times fofhese data suggest that the AG-73 sequence is available on
adhesion to AG-73 and then injected into mice. Liver metastaslesninin-1 and that it has biological activity in various systems.

were observed in the absence of added peptide. These data suggegtsummary, we have characterized the response of tumor cells to
that the liver was not storing the peptide and then attracting tB@ active sequence (LQVQLSIR) in the G domain of the laminin
cells to it. Also, the peptide was probably not functioning to makg1 chain and have shown that this sequence is more potent than
the liver more receptive to tumor cells. YIGSR- and SIKVAV-kyvav, another active sequence, in maimyvitro-assay systems
adhesion-selected B16F10 melanoma cells are more tumorigepitated to malignant behavior. This peptide enhanced s.c. tumor
but do not metastasize to the liver, further suggesting a uniqggowth and lung colonization. Furthermore, the AG-73 peptide
mechanism probably involving the tumor cell itself and activatiofnexpectedly caused B16-F10 melanoma cells to metastasize to the
by the peptide. Our current approach is to identify induced genesier. This sequence is conserved during evolution and in various
B16F10 melanoma cells treated with the peptide, in the selested|aminin « chains. The AG-73 sequence could be one of the most
the parent cells, and in livevs. lung tumors using subtractive jmportant ligand sites on laminin. Understanding the mechanism
cDNA cloning. by which AG-73 promotes metastases may help determine ways to
Immune-system modulation does not appear to be a primanhibit metastases. The AG-73 activation of malignancy provides a
mechanism for increased metastasis, since immune-deficient msggnificant new model for understanding metastatic mechanisms.
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