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SUMMARY: Melanoma inhibitory activity (MIA) has been identified as a small protein secreted from malignant melanoma cells.
Recent results revealed a direct interaction of MIA and epitopes within extracellular matrix proteins including fibronectin. The aim
of this study was to analyze functional consequences mediated by this interaction. Here we show that MIA interferes specifically
with attachment of melanoma cells to fibronectin, a phenomenon we refer to as active detachment. Antibodies inhibiting binding
of a4B1 and «5B1 integrins to fibronectin cross-react specifically with MIA, suggesting that MIA shares significant structural
homology with the binding pockets of these integrins and thereby masks the respective epitopes on extracellular matrix
molecules. Several peptides derived from fibronectin and from a phage display screening were tested with respect to a potential
MIA-inhibitory effect. In vitro tests identified two peptides affecting MIA function; both inhibited growth of melanoma metastases
in vivo. In summary, we conclude that MIA may play a role in tumor progression and spread of malignant melanomas via
mediating active detachment of cells from extracellular matrix molecules within their local milieu. Further, our results suggest that
inhibiting MIA functions in vivo may provide a novel therapeutic strategy for metastatic melanoma disease. (Lab Invest 2003,

83:1583-1594).

e have previously identified melanoma inhibi-

tory activity (MIA), an 11-kd protein secreted
from malignant melanoma cells into the tissue culture
supernatant (Apfel et al, 1992; Blesch et al, 1994;
Bogdahn et al, 1989). Comparison of the primary
peptide sequence revealed that MIA represents a
novel protein without any homology to previously
known protein families or protein domains. Purified
MIA induces growth inhibition of malignant melanoma
cells in vitro and causes significant alteration of cell
morphology as melanoma cells round up (Blesch et al,
1994). Despite its growth-inhibitory effect on mela-
noma cell lines in vitro, MIA expression in vivo corre-
lates with progressive malignancy of melanocytic tu-
mors (Bosserhoff et al, 1996, 1999). In recent studies
we have been able to measure enhanced MIA protein
levels specifically in the serum of patients with meta-
static melanomas (Bosserhoff et al, 1997; Dreau et al,
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1999). Analyzing normal skin and skin-derived mela-
nocytic tumors by semiquantitative RT-PCR did not
reveal significant MIA mRNA levels in normal skin and
melanocytes but moderate levels in the majority of
benign melanocytic nevi and very high levels in all
primary and metastatic malignant melanomas
(Bosserhoff et al, 1996, 1999). Absence of MIA mRNA
expression in benign melanocytes cultured from nor-
mal skin biopsies has also been reported by a different
study (van Groningen et al, 1995). We have further
sequenced MIA cDNA clones from different sources,
including cDNAs from several melanoma cell lines and
genomic clones from human placental DNA, and con-
firmed that the MIA gene is not mutated in malignant
melanomas. Additionally, in vivo studies suggested
the importance of MIA in melanoma metastasis
(Bosserhoff et al, 2001; Guba et al, 2000). In summary,
these data do not support the idea of MIA acting as a
tumor suppressor gene in vivo.

Recently we have analyzed the three-dimensional
structure of MIA by multidimensional nuclear magnetic
resonance (NMR) and have shown that the peptide
adopts an SH3 domain-like fold in solution and di-
rectly interacts with fibronectin (Stoll et al, 2001).
Based on these results and on the observation that
MIA alters melanoma cell morphology, we decided
therefore to investigate the possibility that the growth-
inhibitory effect in vitro results from interference with
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cell attachment by decreasing interactions between
melanoma cells and extracellular matrix (ECM)
molecules.

Results
Co-immunoprecipitation of MIA and Fibronectin

We have previously shown that MIA adopts an SH3
domain-like structure in solution and directly interacts
with fibronectin and peptides derived from fibronectin
(Stoll et al, 2001). To support this data further, co-
immunoprecipitation experiments were performed,
which indicated specific interaction between fibronec-
tin and MIA but not between MIA and collagen type |
(Fig. 1). The immunoprecipitated proteins were ana-
lyzed by Western blot and were immunoprobed with a
polyclonal rabbit MIA antiserum. The results are con-
sistent with data obtained from previous MIA-peptide
interaction studies and indicate that MIA does not
stick to ECM molecules due to unspecific protein
interaction but rather binds specifically to a subset of
epitopes, particularly fibronectin. Previous data also
revealed binding of MIA to different peptides derived
from Fn6, Fn10, and Fn14 domains (Stoll et al, 2001).
Further, co-immunoprecipitation showed interaction
between MIA and laminin.

Specific Interactions between MIA and Peptide Epitopes
in Fibronectin

Different ECM molecules or internal peptide epitopes
were coated onto a plastic surface and exposed to
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Figure 1.

MIA. The amount of MIA that was bound to the coated
ECM molecule was measured by a peroxidase-linked
monoclonal MIA antibody. Results shown in Tables 1
and 2 reveal that MIA binds specifically to surfaces
coated with fibronectin, laminin, and tenascin; and
further to surfaces coated with peptides CS1 (con-
necting segment), CS5, the fibronectin-like engi-
neered protein  (multimerized  arginine-glycine-
aspartate [RGD]-peptide epitopes) (Esty, 1991); and
fibronectin-derived peptides FN6, Fn10, and Fn14. In
contrast, MIA did not bind to collagen types | and I,
heparan sulfate proteoglycan (HSPG), vitronectin,
laminin-derived peptides, or other control peptides,
and only weakly to collagen type IV. To provide further
evidence that the binding is specific and not due to the
“stickiness” of ECM proteins, the binding assays were
performed with denatured MIA protein. Denatured MIA
protein is still detected by the polyclonal antibody
used in the assay, but the three-dimensional structure
requiring stabilization by two disulfide bonds is de-
stroyed. Denatured MIA was not able to bind to any of
the matrix proteins tested (data not shown).

Cross-reaction of Anti-Integrin Antibodies and MIA

As pointed out above, all peptides and proteins that bind
to MIA serve as binding sites for certain integrins (Hemler
et al, 1987; Mohri et al, 1996; Mould et al, 1991), raising
the possibility that MIA and the ligand binding pockets of
these integrins share three-dimensional homology. Ad-
dressing this possibility we asked whether monoclonal
antibodies that inactivate the binding pockets of inte-

. MIA (11kDa)

Co-immunoprecipitation of melanoma inhibitory activity (MIA) and fibronectin. One wg of recombinant MIA was added to 1 ug of fibronectin (Fn), laminin (Ln), or
collagen type | (Coll I) and immunoprecipitated with an antibody directed against the respective extracellular matrix (ECM) molecule. The immunoprecipitate was then
separated on a SDS-PAGE gel, Western blotted, and immunoprobed for MIA. MIA was detected when co-precipitated with laminin (Lane 1) and fibronectin (Lane 2)
but not with collagen type | (Lane 3). None of the antibodies directed against fibronectin or collagen type | precipitated MIA in the absence of the respective ECM
molecule (Lanes 5 to 7). Bands at 50 kd and 25 kd are representing the heavy and the light chain of IgG.
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Table 1. Interaction between MIA and Extracellular Matrix Molecules?

Matrix protein Control Plus MIA x-Fold difference
Fibronectin 0.115 = 0.013 2.086 = 0.063 18.1
Laminin 0.094 = 0.009 2.276 = 0.089 24.2
Tenascin 0.069 = 0.022 0.890 + 0.054 12.9
Vitronectin 0.111 = 0.019 0.152 = 0.018 1.4
Collagen type | 0.113 = 0.021 0.145 = 0.032 1.3
Collagen type Il 0.100 = 0.023 0.188 = 0.042 1.8
Collagen type IV 0.110 = 0.018 0.623 = 0.121 5.7
HSPG 0.098 = 0.012 0.104 = 0.016 1.1
BSA 0.113 = 0.017 0.114 = 0.022 1.0
MIA 2.423 = 0.069 2.523 = 0.075 1.0

HSPG, heparan sulfate proteoglycan; MIA, melanoma inhibitory activity.
Figures in bold indicate significant differences.

4 Matrix proteins coated to 96-well plates were exposed to 50 ng/ml purified MIA (plus MIA). MIA binding was quantified using a peroxidase-coupled monoclonal
anti-MIA antibody and the substrate ABTS (Roche Mannhein, Germany). Control reactions show binding of the antibody to the respective matrix proteins exposed

to 50 ng/ml BSA instead of MIA. Values indicate OD at 405 nm.

Table 2. Interaction between MIA and Internal Peptides Derived from Extracellular Matrix Molecules?

Peptide Control Plus MIA x-Fold difference
Fibronectin 0.115 = 0.013 2.086 = 0.063 18.1
CS1 (HICS 1-25) 0.043 = 0.012 1.589 = 0.082 36.9
CS5 (I11ICS 90-109) 0.039 = 0.014 1.22 = 0.056 31.3
Fn adhesion promoting peptide 0.040 + 0.012 0.423 + 0.102 10.5
Fn-like engineered protein 0.054 = 0.010 0.945 = 0.023 17.5
Fn6 0.055 = 0.009 1.073 = 0.094 19.5
Fn10 0.066 = 0.015 1.340 = 0.101 20.3
Fn14 0.058 = 0.011 1.090 = 0.059 18.8
Peptide 878 0.055 = 0.017 1.220 = 0.077 22.8
Laminin 0.094 = 0.009 2.276 = 0.089 24.2
Ln chain « peptide 0.062 = 0.011 0.643 = 0.078 10.9
YIGSR 0.063 + 0.013 0.391 = 0.062 6.2
Control peptide 1 0.067 = 0.008 0.456 = 0.065 6.8
Control peptide 2 0.055 = 0.012 0.534 = 0.045 9.7

MIA, melanoma inhibitory activity.
Figures in bold indicate significant differences.

2 Ninety-six-well plates were coated with peptides as indicated and exposed to 50 ng/ml MIA (plus MIA). MIA binding was quantified using a peroxidase-coupled
monoclonal anti-MIA antibody and the substrate ABTS. Two control peptides derived from the transmembrane receptor protein ILA (control peptide 1:
PPNSFSSAGGQRT, control peptide 2: EQDSRQGQELTKKGL) were coated as negative controls. Values indicate OD at 405 nm.

grins (Hemler et al, 1987) cross-react with MIA. In paral-
lel, controls were performed with anti-integrin antibodies
recognizing epitopes outside the binding pocket (Bergel-
son et al, 1992; Falcioni et al, 1986; Teixido et al, 1992)
and with antibodies recognizing cell surface epitopes
other than integrins (E-Cad, EGF-Rec, and HLA-DR).
Positive control reactions were performed with two
monoclonal anti-MIA antibodies. Results from these im-
munoreactions (Fig. 2A) revealed that the four antibodies
that inactivate the binding pockets of a4 and &5 integrins
cross-react specifically with MIA in contrast to all other
integrin and cell surface molecule antibodies. These
results strongly suggest that the activated binding pock-
ets of a4B1 and o581 integrin receptors share significant
three-dimensional homology with MIA. In addition, a
sequence alignment using ClustalW software (EBI, Cam-
bridge, United Kingdom) further corroborates these find-
ings. A low yet detectable homology between human
integrin a4, &5, and human MIA is found for the
B-propeller domain of integrins (Fig. 2B).

To demonstrate the importance of the three-
dimensional structure and correct folding of the MIA
protein, the same assay was repeated using reduced
MIA protein. As it is known that the two cystein bonds
are essential for MIA folding, reducing conditions lead
to denaturing of the protein and to a reduced solubility
as monitored by NMR spectroscopy (data not shown).
All antibodies that cross-reacted with native MIA were
incapable of binding to denatured MIA protein (data
not shown). Further, Western blot analysis was per-
formed using the same panel of anti-integrin antibod-
ies. Again, none of the antibodies detecting native MIA
protein reacted with MIA under reducing conditions
(data not shown).

MIA Regulates Attachment of Melanoma Cells

To test the functional relevance of MIA secretion by
melanoma cells, the effect of MIA on adhesion and
invasion was analyzed. The ability of melanoma cells

Laboratory Investigation ® November 2003  Volume 83  Number 11

1585



Bosserhoff et al

A 175 7
- native MIA
BT denatured MIA
Ao B I i
SEESEZ2ZzZ2Z2Z¢cSESE=SEEEETS
P i icCiioieizgygabici
$§sffzzgiEefssilz=a B3
© ® w % % % % w © © ;
s
L
Seq. 250 260 270 280 290 300
alpha4 GSLFVYN- - - ITTNRKYKAFLD---------- RQNQVKFGSYLGYSVGAGHFRSQHTTEVY
alpha5 GQILSATQEQIAESYYPEYLINLVQGQLQTROASSIYDDSYLGYSVAVGEFSGDDTEDFV
BUMIA o oo s oo m oo M

Prim.cons.

G222222QEQI2222Y222L2NLVQGQLQTR22222222SYLGYSV22G2F2222T222V

Seq. 310 320 330 340 350 360

| | | |

alpha4 GGAPQHEQIGKAYIFSIDEKELNILHEMKGKKLGSYFGASVCAVDLNADGFSDLLVGAPM

alphab AGVPK-GNLTYGYVTILNGSDIRSLYNFSGEQMASYFGYAVAATDVNGDGLDDLLVGAPL

huMIA GPMPK--==--=-- L---ADRKL----- CADQECSHPISMAVALQDY------==-~ MAP- -
* . . - . . - % *

Prim.cons.

GG3PKH222222Y32223333L22L2233G33338YFG3AVAA3D3IN2DG22DLLVGAP2

Seq. 370 380 390 400 410 420

| | [ |
alpha4 QSTIR------ EEGRVFVYINSGSGAVMNAMETNLVGSDKYAARFGESIVNLGDIDNDGF
alpha5 LMDRTPDGRPQEVGRVYVYLOHPAGIEPTPTLT -LTGHDEFG-RFGSSLTPLGDLDQDGY
huMIA

Prim.cons.

==DCR---==——-——o FLTIHRG----===-==s--e---cceeececeecmmeoae===

22D3RPDGRPQE2GRVFVYI33G2G2222222TNL2G2D222ARFG25222LGD2D2DG2

Seq. 430 440 450 460 470 480
| | I |

alpha4 EDVAIGAPQE-DDLQGAIYIYNGRADGISSTFSQRIEGLQIS-KSLSMFGQSISGQIDAD
alpha5 NDVAIGAPFGGETQQGVVFVFPGGPGGLGSKPSQVLOPLWAASHTPDFFGSALRGGRDLD
huMIA = —---m-emmeea- Q--VVYVFS----KLKG--======-===== RGRLFWGGSVQG~-~-~-D
'R - . '] .. * *

Prim.cons.
Seq.
alpha4
alpha5s
huMIA

Prim.cons.

Figure 2.

490 500 510 520 530 540

I | | | l
NNGYVDVAVGAFRSDSAVLLRTRPVVIVDASLS -HPESVNRTEFDCVENGWPSVCIDLTL
GNGYPDLIVGSFGVDKAVVYRGRPIVSASASLTIFPAMFNPEERSCSLEGNPVACINLSF
YYGDLAARLGYFPSS--------- IVREDQTLK------- PGEVDVKTDKWDFYCQ-- - -

* '] & % 'L *

3NGY3D33VG3F3SD2AV22R2RPIV33DASL3I2P222NP3K3DC333GWP33CI2L22

Specific cross-reaction of anti-a4 and -a5-integrin-inhibiting antibodies with melanoma inhibitory activity (MIA). (A) Bacterially purified MIA was coated to 96-well
plates and incubated for 30 minutes with 1 wg/ml of the following monoclonal antibodies: a2-, a3-, a4-, a5-, ab-, av-, and B1-integrin inhibitory (i) antibodies a2-,
aod-, ab-, ab-, av- and B1-integrin noninhibitory (ni) antibodies HLA-DR, E-cadherin, epidermal-growth-factor receptor, or B-galactosidase antibodies and two
different MIA antibodies. After washing five times with PBS BSA, hinding of the respective monoclonal antibodies was detected by a horseradish peroxidase-coupled
antimouse 1gG antiserum, and then visualized with ABTS (Roche) and quantified after 30 minutes at OD 405,,,. (B) Sequence alignment of integrin «4, integrin a5,
and human MIA. The Swiss-Prot primary accession numbers are P13612 for human integrin-a4, P08648 for human integrin 5, and Q16674 for human MIA. The
color coding is red for identical residues in all of the three sequences (*), green for the strongly similar residues (:), and blue for weakly similar residues (.). The
primary consensus sequence is also shown. For further details, please refer to the “Cross-reaction of Anti-Integrin Antibodies and MIA” section.

to adhere to different ECM proteins was measured in
the presence or absence of MIA. Because recombi-
nant human MIA protein was used for these analyses,
we studied the human melanoma cell line Mel Im in
parallel to murine B16 cells. Addition of 50 ng/ml MIA
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reduced attachment of Mel Im cells to fibronectin,
laminin, and tenascin between 30% and 50% in
parallel to a significant change in cell morphology (Fig.
3, A and B). In the presence of MIA a large portion of
cells attaching to fibronectin and laminin but not to
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Figure 3.

Inhibition of melanoma cell attachment to matrix proteins by melanoma inhibitory activity (MIA). (A) Mel Im melanoma cells were seeded onto plastic surfaces coated with
fibronectin (Fn), laminin (Lm), and heparan sulfate proteoglycan (HSPG) and grown for 6 hours. In the presence of 50 ng/ml bacterially purified MIA (3) cells round up and
appear significantly less adhesive to Fn and Lm. (B) Adhesion of Mel Im melanoma cells to 96-well plates coated with the following matrix proteins: fibronectin (1 ug/cm?),
matrigel (1:3 diluted in H,0), laminin (5 ug/cm?), tenascin (1 wg/cm?), collagen types I, 11, and IV (1 wg/cm?), vitronectin (50 ng/cm?), or HSPG (2 wg/cm?). **p < 0.001;
*p < 0.005. (C) Boyden chamber assays quantifying adhesion and invasion of Mel Im melanoma cells through matrix proteins. Polycarbonate filters with 8-.m pore size
were coated with extracellular matrix molecules as described in B. Fibroblast-conditioned medium was placed as a chemoattractant into the lower compartment. After
incubation at 37° C for 4 hours, cells adhering to the lower filter surface were fixed, stained, and counted. **p < 0.001; *p < 0.005.
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HSPG acquired a rounded-up, lymphoid-like cell mor-
phology. Consistently, adhesion to matrigel represent-
ing a reconstituted basement membrane rich in lami-
nin, fibronectin, and tenascin was also inhibited. This
effect was dose-dependent, with a maximal inhibition
of 50% at 50 ng/ml (data not shown) and was also
observed with every other human melanoma cell line
(Mel Wei, Mel Ju, Mel Ho, Mel Ei, Mel Juso, and
HTZ-19d) that we tested. In contrast, addition of MIA
did not alter significantly adhesion of Mel Im cells to
collagen types |, Il, IV, vitronectin, and HSPG (Fig. 3B).
Identical results were obtained for the murine B16
melanoma cell line with respect to reduced adhesion
to fibronectin and tenascin (data not shown). As MIA
did not influence chemotaxis measured in a Boyden
chamber model or secretion of matrix metallopro-
teases from melanoma cells (data not shown), we
were able to confirm the results from attachment
analyses in Boyden chamber invasion assays. In this
assay melanoma cells are placed into the upper cham-
ber, which is separated from a second compartment
by a filter coated with different ECM molecules. The
number of cells that attach to and invade through the
filters can be quantified reliably (Albini et al, 1987;
Terranova et al, 1986). The results from both Boyden
chambers and attachment assays parallel closely and
reveal consistently that MIA inhibits interaction of
melanoma cells with fibronectin, laminin, tenascin,
and matrigel (Fig. 3C) and therefore inhibits invasion in
this in vitro model. Furthermore, our findings provide
an explanation of how MIA exerts its growth inhibitory
effects on cultured melanoma cells in vitro. To analyze
if MIA also has an effect on other cell types, we
performed proliferation and migration assays with
fibroblasts, keratinocytes, endothelial cells, and lym-
phocytes. No differences in proliferation and in the
migratory potential of the analyzed cell types were

seen (data not shown).

Specific Peptide Epitopes Present in Fibronectin
Antagonize the Effect of MIA on Attachment

Attachment of melanoma cells to ECM involves spe-
cific interactions between cell surface integrin recep-
tors and epitopes in ECM molecules including fi-
bronectin. Results shown in Figure 3B underline
further that fibronectin is an ECM molecule promoting
strong adhesion of melanoma cells. Therefore, we
tested whether peptides derived from epitopes in
fibronectin identified by previous experiments as in-
teracting with MIA were able to inhibit MIA function.
Two peptides, CS1 (EILDVPST) and CS5 (RQDV),
serving as a4B1 and «5B1 integrin binding epitopes
within the type Il connecting segment (Il CS) of
fibronectin (Humphries et al, 1986; Mould et al, 1991),
reduced significantly the inhibitory effect of MIA (Table
3). Consistently, the entire fibronectin molecule, a
large protein composed of multimerized RGD sites
(fibronectin-like engineered protein) and the three
peptides Fn6, Fn10, and Fn14 were also able to
antagonize MIA. In contrast, other peptide epitopes
that mediate adhesion independent of a4B1 or o531
integrins, fibronectin adhesion promoting peptide
(WQPPRARI) (Woods et al, 1993), laminin chain «
peptide (SIKVAV, targeted by o181 and avB3 inte-
grins), and YIGSR-peptide (targeted by the 67-kd
laminin receptor) did not inhibit the effect of MIA.

Effect of MIA-Inhibitory Peptides on Growth of Melanoma
Metastasis In Vivo

Both in vitro and in vivo MIA expression levels strictly
correlate with a highly invasive phenotype (Bosserhoff
et al, 1996, 1999, 2000). Further in vivo studies have
shown the necessity of MIA for melanoma invasion
and metastasis (Bosserhoff et al, 2001; Guba et al,
2000). We therefore aimed to design MIA-inhibitory

Table 3. Effect of Extracellular Matrix Proteins and Internal Extracellular Matrix Peptides on Inhibition of Invasion by

MIA
Invasion in the presence of Invasion in the presence of Effect of peptide on

Protein/peptide peptide [%] peptide and MIA [%] MIA
Control 100 - -
MIA 475 +7.6 - -
Fibronectin 61 +6.2 92 + 8.1 inhib.
CS1 (I1ICS 1-25) 485+ 56 74 +54 inhib.
CS5 (I11CS 90-109) 40 = 8.7 82 124 inhib.
Fn adhesion promoting peptide 102 + 9.5 56.2 + 8.6 none
RGD peptide 45 =145 95 +11.3 inhib.
Fn-like engineered protein 47 =101 98 = 9.2 inhib.
Fné 91 +11.9 88 +4.3 inhib.
Fn10 61 + 9.1 90 +7.2 inhib.
Fn14 52 +34 95 +57 inhib.
Peptide 878 95 +6.8 89 + 3.3 inhib.
YIGSR 525 +12.3 495+ 76 none
Ln chain « peptide (SIKVAV) 105 = 10.1 385 +85 none

MIA, melanoma inhibitory activity.

Invasion of Mel Im cells (indicated in %, control set as 100%) was measured in Boyden chambers. Polycarbonate filters with 8-um pore size were coated with
matrigel. Fibroblast-conditioned medium was placed as a chemoattractant into the lower compartment. After incubation at 37°C for 4 hours, cells adhering to the lower

filter surface were fixed, stained, and counted.
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peptides based on our experiments that identified
fibronectin epitopes interacting with MIA ((Stoll et al,
2001) (Table 2). Peptides derived from fibronectin,
which were shown previously to cross-react with MIA,
were tested in Boyden chamber assays on their effect
on melanoma cell invasion with and without MIA. The
results shown in Table 3 clearly reveal that the pep-
tides Fn6, Fn10, and Fn14 block MIA function and
further that Fn10 and Fn14 also inhibit tumor cell
attachment. We dismissed Fn10 and Fn14 from fur-
ther in vivo testing because we expected them also to
influence attachment of other cell types. In addition,
we tested several of the peptide sequences derived
from phage display screenings recently published
(Stoll et al, 2001) and found peptide GTQSTAIPAPTD
(peptide 878) to be a potentially interesting candidate
for therapeutic MIA inhibition. It has a high homology
to the fibronectin type Ill module 12/13, and functional
analysis showed no effect on melanoma cell attach-
ment but strongly inhibited MIA function. Both pep-
tides, Fn6 and 878, were analyzed for effects on
proliferation or apoptosis of the melanoma cells. No
differences comparing peptide-treated and untreated
cells were observed (proliferation: doubling time 22.2
hours [untreated] versus 21.6 hours [peptide Fn6] or
21.9 hours [peptide 878)).

We then tested the effect of peptide Fn6 and
peptide 878 on the growth of metastasis in vivo using
the B16/C57BI6 model (Fig. 4). The number of black
lung nodules of melanoma was not significantly
changed between treated and untreated controls: 193
+ 13 (control), 249 + 26 (Fn6), and 198 + 19 (peptide
878). However, significant changes were seen in the
size of the nodules. Animals treated with the peptides
developed significantly smaller tumor nodules com-
pared with the control animals: 119.9 mm? = 9.95
(control); 87.15 mm? = 5.32, p = 0.0042 (Fn6); 78.1
mm? + 5.03, p = 0.0003 (peptide 878). The tumors
were analyzed histologically and immunohistologically
(Fig. 5). Hematoxylin and eosin staining did not reveal
morphologic differences (Fig. 5A). Further, no changes
in proliferation were determined counting the rate of
mitosis in the tumor. In all tumors small foci of necrosis
and single lymphocyte infiltration were found in equal
number. To verify melanocytic origin of the cells, the
tumors were stained with HMB45 (Fig. 5B). Angiogen-
esis in the tumor was visualized by staining factor VIl
(Fig. 5C). No difference in the amount or distribution of
vessels was seen comparing treated and untreated
animals.

Discussion

Experimental data described in this study provide
strong evidence for specific interactions between MIA
and the ECM protein fibronectin and suggest that
secretion of MIA from melanoma cells results in mask-
ing of integrin binding sites within the local environ-
ment. Because previous studies (Bosserhoff et al,
2001; Guba et al, 2000) demonstrated tight correlation
between MIA expression levels and the metastatic
phenotype of melanoma cells, we speculate that MIA
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Figure 4.

Effect of melanoma inhibitory activity (MIA)-inhibitory peptides on growth of
melanoma metastasis in vivo. (A) The number of black lung modules of
melanoma was not significantly changed comparing untreated and treated
animals (ns = not significant). (B) The size of black lung modules of
melanoma was significantly changed after treatment with MIA-inhibitory
peptides (p values are given).

enables melanoma cells to detach from some of their
ECM contacts. Consequently, adhesion of melanoma
cells to fibronectin, laminin, and tenascin is reduced
by 30% to 50%. Taken together, our data identify
active detachment through secretion of MIA as a novel
molecular mechanism by which neoplastic melano-
cytes specifically change their attachment to compo-
nents of the ECM and basement membranes to en-
hance their metastatic capability. Interactions
between cell surface molecules and matrix compo-
nents do not only mediate physical adhesion but also
provide important signals for melanocytic cells. There-
fore, detachment of melanoma cells by MIA may also
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Figure 5.
Effect of melanoma inhibitory activity (MIA)-inhibitory peptides on melanoma metastasis in vivo. (A) Tumors of treated and untreated mice were analyzed
histologically. No changes in morphology, lymphocyte infiltration, or necrosis could be seen. Counting of mitosis to evaluate rate of proliferation (arrows) revealed
no differences comparing treated and untreated animals. (B) To verify melanocytic origin of the tumors, HMB45 staining was performed. (C) The tumors were stained
with an anti—factor VIII antibody to analyze vascularization of tumor tissue. No differences comparing treated and untreated animals were determined.

be implicated in regulation of migration, apoptosis,
secretion of proteases or matrix proteins, and cell
growth (Bates et al, 1995; Boudreau et al, 1995; Clarke
et al, 1995; Langholz et al, 1995; Varner et al, 1995). It
is known that such interactions between melanocytic
cells and ECM involve foremost binding of integrins to
specific epitopes within fibronectin and depend, to a
significant extent, on activation of «4B1 and o531
integrins (Scott et al, 1992). Detachment from ECM
molecules within the local milieu is a key prerequisite
for melanoma cells to migrate, invade, and finally
metastasize as a systemic disease. A previous study
has demonstrated that overexpression of functionally
active a4B1 integrin in B16 cells reduced strongly
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matrigel invasion and pulmonary metastasis (Qian et
al, 1994). Therefore, MIA particularly affects interac-
tions between ECM molecules and integrins, which
play critical roles in controlling melanoma cell metas-
tases at the invasive stage. Active detachment pro-
moted by MIA secretion appears to be a highly regu-
lated and cell-type-specific mechanism because
other cell types known to migrate actively including
macrophages or lymphocytes do not express MIA
based on analyses by RT-PCR or ELISA.
Interestingly a similar mechanism involving secre-
tion of a molecule modulating cell-matrix contacts and
invasion of melanoma cells was described previously
for SPARC and NG2 (Burg et al, 1998; Ledda et al,



1997). Therefore, we conclude that secretion of MIA
from melanoma cells below the amount required for
growth inhibition in vitro results in masking of impor-
tant attachment sites within the local environment and
takes part in a large amount of concerted changes in
tumor cell-matrix interaction. This control of cell ad-
hesion plays an important role in control of migration
as we recently could show (Bosserhoff et al, 2001;
Guba et al, 2000). Reducing MIA expression in mela-
noma cell lines results in less migratory ability of the
cells, whereas an overexpression of MIA leads to
stronger migratory activity.

We have recently determined the three-dimensional
structure of MIA by NMR (Stoll et al, 2001), and our
data were subsequently confirmed by X-ray analysis
(Lougheed et al, 2001). It was shown that MIA forms a
small globular SH3 domain-like structure stabilized by
two disulfide bonds. By sequence comparison of MIA
and o4 or o5 integrin weak homology in amino acid
identity (18% or 15.6%) and homology in predicted
secondary structure by hydrophobicity blots was de-
tected (data not shown). Homology was found in the
region of the W6 and W7 B-propeller structure in a4
and b5 integrin, a region known to be involved in
ligand binding (Loftus et al, 1994; Ruoslahti, 1996;
Springer, 1997).

In addition, a sequence alignment using ClustalW
software (EBI) further corroborates these findings. A
low yet detectable homology between human integrin
a4, o5, and human MIA is found for the B-propeller
domain of integrins (Fig. 2B). Interestingly, homology
to integrin a4 and a5 residues is found throughout the
entire sequence of human MIA. Because denatured
human MIA does not cross-react with the anti-integrin
a4 and ob, these antibodies obviously recognize a
three-dimensional epitope in human MIA. However, a
detailed analysis on the molecular level awaits the
structure elucidation of integrin a4 and o5. This will
allow the question as to which regions of human MIA
are structurally similar to integrin a4 and o5 to be
addressed.

Based on structural analyses, we were able to show
that short peptides either derived from fibronectin or
from a phage display screening are functional ligands
of MIA and thus were tested functionally for MIA
inhibition (Stoll et al, 2001). We were especially inter-
ested in testing peptides that interacted with MIA but
did not significantly reduce cell adhesion. Two
fibronectin-derived peptides (FN6 and peptide 878)
were identified as being able to inhibit MIA function in
vitro without affecting cell adhesion and subsequently
were tested in vivo for inhibition of metastasis in a
mouse melanoma model. Application of both peptides
led to a reduction in tumor size. We hypothesize that
this is possibly due to less effective migration or
invasion because in vitro experiments did not show an
influence of the peptides used on melanoma cell
proliferation or apoptosis. Further, data previously
published point out that MIA is needed for migration
and invasion of melanoma cells (Bosserhoff et al,
2001; Guba et al, 2000). Changes in the mode of
application will now be tested in further studies to
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investigate a potential therapeutic application of MIA
inhibitory peptides for metastatic disease. In sum-
mary, our data strongly suggest that inhibition of MIA
function in vivo may provide a novel therapeutic strat-
egy for therapy of patients with metastatic melanoma
and provide the first proof of principle that the strategy
is effective in an experimental metastasis model in
vivo.

Materials and Methods
Origin of Cell Lines and Culture Conditions

The cell line HTZ-19d was established from a brain
metastasis of a patient with a primary cutaneous
malignant melanoma (Blesch et al, 1994). Melanoma
cell lines Mel Im, Mel Wei, Mel Juso, Mel Ju, Mel Ho,
and Mel Ei were established by Dr. M. Hadem (Uni-
versity of Hanover, Germany) and have been charac-
terized previously (Grimm and Johnson, 1995; Jacob
et al, 1995). The cell line SK-Mel 28 was obtained from
ATCC (Rockville, Maryland). All cells were cultured in
DMEM supplemented with 10% FCS and L-glutamine.
Proliferation was measured using the XTT assay
(Roche, Mannhein, Germany).

Expression and Purification of Recombinant MIA Protein

Escherichia coli M15(pREP4) cells transfected with the
expression plasmid pQE40-MIA expressing 108 resi-
dues of human MIA (G25 to Q131) were grown to an
absorbance ODgoy nmn = 0.6, induced by 1 mm
isopropyl-1-thio-B-p-galactopyranoside for 4 hours
and lysed by sonication. The protein was renatured
from E. coli inclusion bodies as previously published
(Jaenicke and Rudolph, 1986). Refolded human MIA
was applied to hydrophobic interaction chromatogra-
phy and further purified on a S-Sepharose Fast Flow
(Sigma, St. Louis, Missouri). Finally, gel filtration was
performed on a Superdex 200 Prep Grade (Sigma).
Fractions containing human MIA were pooled and
concentrated. Purified protein was checked by SDS-
Page and HPLC and was shown to be 95% pure (data
not shown).

Assays for Protein-Protein Interaction

ECM proteins listed under attachment assays or pep-
tides derived from ECM molecules were coated onto
96-well plates and exposed to 50 ng/ml purified MIA
(90 nm) for 30 minutes. MIA binding was quantified
using a peroxidase-coupled monoclonal anti-MIA an-
tibody and the substrate ABTS (Roche). Controls were
exposed to 50 ng/ml BSA or to denatured MIA instead
of native MIA. Reactions were quantified at an OD of
405 nm.

For co-immunoprecipitation, 1 ug of recombinant
human MIA (90 nv) and 1 ug of the respective ECM
molecule dissolved in PBS (fibronectin, 5 nv; laminin,
2 nwv; and collagen type |, 2.6 nv) were precleared with
25 pl protein G-Sepharose (Pharmacia, Freiburg, Ger-
many) at 4° C for 4 hours. After centrifugation the
supernatant was transferred into a fresh vial and
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incubated with the respective antibody with vigorous
shaking at 4° C overnight. Then 20 pul protein
G-Sepharose was added for 1 hour, pelleted, washed
three times with PBS, resuspended in Laemmli’s
buffer, heated at 95° C for 10 minutes, and separated
on 15% SDS-polyacrylamide gels. MIA was detected
after Western blotting using the rabbit polyclonal MIA
antiserum PAK 1881 (Roche).

MIA Immunoassay

MIA was coated onto 96-well plates and incubated for
30 minutes with 1 ug/ml of the following monoclonal
antibodies: anti-a2 integrin (P1E6, Dako, Hamburg,
Germany), anti-a2 integrin (A2-11E10, UBI, Lake
Placid, New York) (Bergelson et al, 1992), anti-a3
integrin (P1B5, Dako), anti-a4 integrin (A4-PUJ1, UBI)
(Hemler et al, 1987), anti-a4 integrin (B-5G10, UBI)
(Teixido et al, 1992), anti-a4 integrin (P4C2, Chemi-
con), anti-a4 integrin (P1H4, Chemicon), anti-a4 inte-
grin (AB1924, Chemicon), anti-a5 integrin (A5-PUJ5,
UBI), anti-a5 integrin (P1D6, Chemicon), anti-a5 inte-
grin (AB1949, Chemicon), anti-a6 integrin (AG-ELE,
UBI) (Falcioni et al, 1986), anti-a6 integrin (provided by
Dr. E. Klein, Wirzburg, Germany), anti-av integrin
(P3G8, Chemicon), anti-av integrin (AB1930, Chemi-
con), anti-avB3 integrin (Lv 230), anti-avB3 integrin
(LM609, Chemicon), anti-B1 integrin (6S6, Chemicon),
anti-B1 integrin (AB1952, Chemicon), anti-HLA-DR
(CR3743, Dako, Hamburg, Germany), anti—-E-cadherin
(MLCA, EuroDiagnostica, Germany) and anti-EGF-
receptor antibody (Clone F4, Sigma) and two different
anti-MIA antibodies (Dr. B. Kaluza, Roche). After
washing five times with PBS 3% BSA, binding of the
respective mAb was detected by a horseradish
peroxidase-coupled antimouse IgG antiserum, and
then visualized with ABTS (Roche) and quantified at
OD 405 nm after 30 minutes. Denatured MIA was used
as a control for specificity in the same kind of assay.

Invasion and Attachment Assay

Invasion assays were performed in Boyden chambers
containing polycarbonate filters with 8-um pore size
(Costar, Bodenheim, Germany) essentially as de-
scribed previously (Albini et al, 1987; Terranova et al,
1986; Wach et al, 1996). Filters were coated with a
commercially available reconstituted basement mem-
brane (Matrigel, diluted 1:3 in H,O; Becton Dickinson
#356235, Heidelberg, Germany), fibronectin (1 g/
cm?, 12.5 nmol/filter; Becton Dickinson #40008),
laminin-1 (5 ug/cm?, 5 nmol/filter; Becton Dickinson
#40232), tenascin (1 pg/cm?, 1 nmol/filter; Becton
Dickinson #40239), collagen type | (1 ug/cm?, 6.5
nmol/filter; Becton Dickinson #40243), type Il (1 pg/
cm?, 6.5 nmol/filter; Becton Dickinson #40234), and
type IV (1 ug/cm?, 5 nmol/filter; Becton Dickinson
#40233), vitronectin (50 ng/cm?, 1 nmol/filter; Becton
Dickinson #40238), or HSPG (2 ug/cm?, 1 nmolfilter;
Becton Dickinson #40250). The lower compartment
was filled with fibroblast-conditioned medium as a
chemoattractant. Melanoma cells were harvested by
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trypsinization for 2 minutes, resuspended im DMEM
without FCS at a density 2 X 10° cells/ml, and placed
in the upper compartment of the chamber. Treatments
were performed using MIA at a concentration of 50
ng/ml or RGD peptides at a concentration of 50 ug/ml.
After incubation at 37° C for 4 hours, filters were
removed. Cells adhering to the lower surface were
fixed, stained, and counted.

Attachment assays were performed in 96-well
plates. The wells were coated with the same matrix
proteins as used for invasion assays by incubation at
4° C for 12 hours. Unspecific binding of cells was
blocked by preincubation of the wells with 3% BSA
PBS for 2 hours. Melanoma cells were harvested by
trypsin incubation for 2 minutes, resuspended in
DMEM without FCS at a density of 2 X 10° cells/ml
with or without MIA (50 ng/ml), and placed in the
respective wells. Cells remaining in suspension after
15 minutes were counted.

In Vivo Metastasis Assay

To measure the effect of peptides Fn6 (ETTIVITWT-
PAPR) and peptide 878 (GTQSTAIPAPTD) on the
metastatic potential of B16 melanoma cells in vivo, an
experimental metastasis assay was used (Bosserhoff
et al, 2001; Qian et al, 1994). Iv injections of monodis-
persed tumor cells (4 X 10° cells per animal) were
performed on syngeneic C57BI6 mice (n = 8 for every
peptide as well as control). Peptides (550 ug/mouse)
or PBS was injected ip every day. After 16 days the
mice were killed and the lungs were removed, washed
in PBS, and fixed in formalin; the visible tumor nodules
on the surface of the lungs were then counted, and the
tumor areas measured. Statistical analyses were per-
formed using the two-tailed Student’s t test. Paraffin-
embedded sections of the tissues were histologically
analyzed after hematoxylin and eosin staining, and
stained for HMB45 and factor VIII expression by
immunohistochemistry. Immunohistochemical studies
for the expression of HMB45 (DAKO, 1:50) and factor
VIl (DAKO, 1:600) were performed on tissue samples
using an avidin-biotin peroxidase method with diami-
nobenzidine chromogen. After antigen retrieval (mi-
crowave treatment of formalin-fixed, paraffin-
embedded 2- to 3-um tissue sections for 40 minutes
at 240 W in citrate buffer, pH 6.0), immunohistochem-
istry was carried out in a NEXES immunostainer (Ven-
tana Medical System, Tucson, Arizona) according to
the manufacturer’s instructions.

Sequence Analysis

Protein sequences were obtained from Swiss-Prot
and analyzed using the software package ClustalW
(EBI).
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