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Abstract

We have recently described that integiivi33 upon interaction with its major extracellular matrix ligand vitronectin induces
adhesion, motility, and proliferation of human ovarian cancer cells. Due to the important funatiep?i cancer cell biology,
it has been the effort of many scientific approaches to specifically tangE®-mediated cell adhesion and tumorbiological
effects arising thereof by synthetic integrin antagonists. More recently, proteins of the ADAM family have been recognized as
naturally occurring integrin ligands. Among those, human ADAM15 which encompasses the integrin binding RGD motif was
shown to interact with integriav3. Thus, we investigated in human ovarian OV-MZ-6 cancer cells, expressing both ADAM15
and avp3, whether ADAM15 might affectvvB3-mediated tumorbiological effects. We stably (over)expressed ADAM15 or
its extracellular domain in OV-MZ-6 cells as well as respective ADAM15 mutants containing the tripeptide SGA instead of
RGD. Cells (over)expressing ADAM15-RGD exhibited a significantly reducedi3-mediated adhesion to vitronectin. Also,
a significant time-dependent decline in numbers of cells cultivated on vitronectin was noticed. This effect was found to be
rather due to impairedvp3-mediated cell adhesion than decreased cell proliferation rates, since de novo DNA synthesis was
not significantly altered by elevated ADAM15 expression. Moreover, a substantially decreased random cellular motility was
noticed as a function of ADAM15 encompassing an intact RGD motif. In conclusion, our results point to a physiological role
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of ADAM15 as a natural binding partner of integiiv@3 thereby loosening tumor cell adhesion to the underlying matrix and

regulating tumor cell migration and invasion.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

ADAM proteins constitute a family of more than

teins thereby mediating cell adhesion to an underlying
growth substrate. Via their cytoplasmic regions which
interact with cytoskeletal proteins, integrins provide

30 transmembrane as well as secreted glycoproteinsa physical connection between the internal and exter-
which are ubiquitously distributed in human and an- nal cellular environment and constitute an interface in
imal tissues, such as brain, testis, ovary, breast, andwhich mechanical forces, cytoskeletal reorganization,
muscle. Most interestingly, a high sequence simi- and biochemical signals may convene. Furthermore,
larity of ADAMs to snake venom disintegrins and by triggering the assembly of signaling molecules, in-

metalloproteases has been descrilvgegkamp & Blo-
bel, 1994 Wolfsberg, Primakoff, Myles, & White,
1995 Wolfsberg & White, 1995 ADAM functions
include proteolysis, cell adhesion, cell fusion, pro-
tein ecto-domain shedding, and intracellular signaling
(Bridges, Hanson, Tani, Mather, & Bowditch, 2003
Herren, 2002Primakoff & Myles, 2000. All ADAMs

are composed of distinct molecular domains, compris-

ing a pro-domain, a metalloproteinase, and a disinte-

grin domain, plus a cysteine-rich region containing an
epidermal growth factor (EGF) repeat, a transmem-
brane domain, and a cytoplasmic tail. Although all
ADAMSs share a rather stably conserved metallopro-
tease domain, only a subset of ADAM family mem-
bers has been shown to be catalytically active. By this
property, some ADAMSs are involved in shedding of
biologically important cell surface proteins such as tu-
mor necrosis factos« (ADAM17 or TACE) (Blobel,
1997 Kheradmand & Werb, 2002 Alzheimer amy-
loid precursor protein (ADAM10 and 17B(uxbaum

et al., 1998; Lammich et al., 1986nd the Notch lig-
and deltal (ADAM10) Blobel, 1997 Pan & Rubin,
1997 Qi et al., 1999; Six et al., 2003The disinte-
grin domains of ADAMs represent (potential) bind-
ing sites for cell adhesion- and signaling-receptors of
the integrin superfamily. The integrin binding motif

tegrins take over key functions during intracellular sig-
nal transduction across the plasma membrBae{sky

& Werb, 1992 Giancotti & Ruoslahti, 1999Hynes

& Lander, 1992 Ruoslahti & Reed, 1994Schwartz

& Ginsberg, 200L Upon competition with ECM
proteins for integrin binding, ADAMs are thought
to be involved in the regulation of cellECM- and
cell/cell-interactions in many (patho-) physiological
settings.

Human ADAM15 is unique among ADAM proteins
since it contains the integrin binding motif Arg-Gly-
Asp (RGD) within its disintegrin regiorBosse et al.,
200Q Kratzschmar, Lum, & Blobel, 1996 um, Reid,

& Blobel, 1998 Nath et al., 1999 Integrin binding
capacity of ADAM15 has been observed, e.g. for inte-
grinsavp3 anda5B1 (Nath et al., 1999, 200@hang,
Kamata, Yokoyama, Puzon-McLaughlin, & Takada,
1998 Zhou et al., 200}, as well asa931l (Eto et

al., 2000) in studies employing ADAM15-derived pep-
tides, recombinant, soluble ADAM15 proteins, or hy-
brid molecules containing fragments of the ADAM15
molecule, immobilized onto solid supports. Moreover,
ADAM15 is 1 of 17 ADAMSs containing a consensus
sequence predicted to be the catalytic site of an active
zinc-dependent metalloprotease. Still, the natural sub-
strate of ADAM15 remains to be identified{m et al.,

is represented by a characteristic tripeptide sequencel998. Expression levels of ADAM15 have been found

which is exposed within a loop and determines to-
gether with the N- and C-terminal flanking regions the
specificity and affinity of ADAMs towards distinct in-
tegrins (Nath et al., 2000Wolfsberg & White, 1996
Zhou, Graham, Russell, & Croucher, 2Q0htegrins
recognize such tripeptide motifs also within ECM pro-

to be elevated in numerous tissues undergoing exten-
sive remodeling. As such, ADAM15 is upregulated
in atherosclerotic lesions when compared to normal
vessels coinciding with elevated integrievB3 ex-
pression in endothelial cell$iérren, Raines, & Ross,
1997). Also, a strong increase of ADAM15 protein
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and mRNA levels was noticed in rheumatoid tissue
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tained from Gibco/Becton Dickinson, Eggenstein, Ger-

and chondrosarcoma, indicating an involvement in car- many. Microchamber slides were purchased from Nunc

tilage remodeling Bohm, Aigner, Blobel, Kalden &
Burkhardt, 2001 Moreover, ADAM15 mRNA levels
are increased in atrial fibrillation and dilatation, point-
ing to a role in cardiac tissue remodelingridt et
al., 2002. Since, it has been proposed that ADAM15
may play a role in malignancy, it was determined
whether the ADAM15 gene is located in a known dis-
ease susceptibility region. Indeed, the ADAM15 gene

Lab-Tek, Naperville, IL, USA.§H]-methyl thymidine
was from ICN, Eschwege, Germany. Monoclonal an-
tibodies (mAb) directed to c-myc as well as the eu-
karyotic expression vector pcDNA3.1/Myc-His were
purchased from Invitrogen, Karlsruhe, Germany. The
rabbit pAb directed to ADAM15 was kindly sup-
plied by Prof. Carl Blobel, Memorial Sloan Ket-
tering Cancer Center, New York, NY, USA. Flu-

was localized to human chromosome band 1g21.3 thatoroisothiocyanate (FITC)-labeled mAb directed to

is amplified in several types of canceksarkkainen,
Karhu, & Huovila, 2000 Wu, Croucher, & McKie,
1997).

In earlier studies, we demonstrated that the hu-

man ovarian cancer cell line OV-MZ-6 in avp3-
dependent fashion binds to the ECM protein vitro
nectin (VN), which is one of the abundant adhesion
substrata in normal ovarian epithelium as well as in dif-
ferentiated ovarian tumorLarreiras, Cruet, Staedel,
Sichel, & Gauduchon, 199®apke et al., 2001 Dur-

avB3 (clone LM609) was ordered from Chemicon,
Hofheim, Germany. Polyclonal goat antibodies di-
rected to actin were purchased from Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA. The ECL
Western blot detection system was purchased from
Amersham Biosciences (Freiburg, Germany). Nitro-
cellulose was obtained by Schleicher & 8tthDassel,
Germany. Collagen type | (Col-I) and type IV (Col-1V),
the hexosaminidase reagepinitrophenylIN-acetyl-
betap-glucosaminide, MTT (3-(4,5-dimethylthiazol-

ing ovarian cancer metastasis, tumor cells spread within 2-yl)-2,5-diphenyl tetrazolium bromide thiazolyl blue),
the peritoneal cavity, adhere to local organs in an bovine serum albumin (BSA), and paraformaldehyde
integrin-mediated fashion and start proliferation. Be- (PFA), were from Sigma, Deisenhofen, Germany.
sides the implication oftvB3 in tumor angiogenesis  Alexa-488-labeled goat-anti-mouse IgG and goat-anti-
(Brooks et al., 1994 several lines of evidence point rabbit IgG were purchased from Molecular Probes,
to its role during ovarian cancer cell invasion, and the Eugene, OR, USA. The RNA isolation kit “RNA-
generation of growth and survival signals during tumor Clean” was ordered from TM System, AGS, Hei-
metastasisGruet, Salamanca, Mitchell, & Auersperg, delberg, Germany. DNase | and reverse transcriptase
1999 Van der Flier & Sonnenberg, 20D1 (RT) were obtained from Roche Diagnostics, Penzberg,
Despite the knowledge that both the disintegrin and Germany. The mutagenesis kit Transforftersite-

the metalloprotease domain of ADAM15 are poten- directed mutagenesis was purchased from Clon-
tially capable of modulating integrin-mediated cell ad- tech, Palo Alto, CA, USA. Oligodeoxynucleotides
hesive events, their precise functions are still uncertain were synthesized at Metabion, Martinsried, Germany.
in most cases. Thus, inthe present study, we establishedProtein concentrations were determined using the

ADAM15 expressing experimental human ovarian can-
cer cell models in order to investigate the involvement
of ADAM15 in the regulation of cancer cell adhesion,
migration, and proliferation.

2. Materials and methods
2.1. Materials
Cell culture media (Dulbecco’s Modified Eagle

Medium, DMEM), phosphate-buffered saline (PBS),
media supplements, Lipofecfin and VN were ob-

BCA protein reagent kit from Pierce, Rockford, IL,
USA.

2.2. Cell culture

Origin and cultivation of the human ovarian can-
cer cell line OV-MZ-6 has been described previously
(M6bus et al., 1992; Reuning et al., 199&enera-
tion of stably transfected OV-MZ-6 cell clones, exhibit-
ing up to 10-fold elevated expression levelsoaf33
was described earlieHgpke et al., 2001 As an al-
ternative and heterologous cellular ADAM15 expres-
sion system we also transfected Chinese hamster ovary
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cells (CHO) which were cultivated and transfected
according to the procedures described for OV-MZ-6
cells.

2.3. ADAM15 cDNA cloning and in vitro
mutagenesis

Human ADAM15 was cloned by reverse transcrip-
tase polymerase chain reaction (RT-PCR) from the
human ovarian cancer cell line OV-MZ-6. After re-
verse transcription of total RNA, the following primer
pairs were used for PCR: ADAM15-full length (FL):
ADAM15-5": 5'-AAA AAA AGC TTA TGC GGC
TGG CGC TGC TC-3and ADAM15-3: 5-AAA CAT
CTA GAG AGG TAG AGC GAG GAC AC-3. For
cloning of cDNAs solely encoding the extracellular
domain of human ADAM15 (ADAM15-ecto), we em-
ployed the primers: Ecto*55-AAA AAA AGC TTA
TGC GGC TGG CGC TGC TC‘3and Ecto-3 5'-
AAA AAT CTA GAG CTG GTT GCT TTG AGC
TGA-3'. In addition, ADAM15 mutants were gener-
ated in which within the disintegrin domain, A%
was changed to Ser and A$p to Ala, resulting in
the non-integrin binding motif SGA. For in vitro site-
directed mutagenesis, we used the primérGHG
TCG TCC TAC CAG TGG GGC TTG TGA CTT
GCC TG-3 and the kit TransforméM (Clontech) ac-
cording to the manufacturers’ recommendations. The
PCR products were directionally subcloned into the
polylinker sitesHindlll and BarnrHI of the expression
vector pcDNA3.1/Myc-His. All constructs were iden-
tified by restriction mapping and verified by DNA se-
guencing.

2.4. Cell transfections and stable (over)expression
of ADAM15 and its variants

Transfection of OV-MZ-6 cells with the different
ADAM15 cDNA variants and isolation of transfected
OV-MZ-6 cell clones were conducted upon neomycin

selection as described earlier (Hapke et al., 2001). Sev-

eral OV-MZ-6 cell clones isolated from each transfec-
tion category were tested for ADAM15 expression by
immunostaining and subsequent evaluation by confo-
cal laser scanning microscopy (CLSM). For the gen-
eration of the respective human ADAM15 expressing
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2.5. Immunostaining and confocal laser scanning
microscopy (CLSM)

Detection of ADAM15: ADAM15-transfected OV-
MZz-6 cell clones were cultivated overnight in mi-
crochamber slides. Cells were then washed in PBS,
fixed in 2% (w/v) PFA (20 min, room temperature) and
a mAb directed to the c-myc epitope contained within
the generated ADAM15 fusion proteins t/ml)
added for 2h at room temperature. After repeated
washes in PBS, an Alexa-488-conjugated goat-anti-
mouse IgG (50 ng/ml) was added in PBS/1% (w/v)
BSA for 45 min at room temperature. As an additional
proof of ADAM15 expression, immunostaining pro-
cedures were performed using an antiserum contain-
ing pAb directed to the extracellular domain of human
ADAML15 at a dilution of 1:100 using an Alexa-488-
conjugated goat—anti-rabbit IgG as secondary antibody.
Double immunostaining of ADAM15 angvB3: In or-
der to study cell surface distribution of ADAM15 and
avB3 in human OV-MZ-6 cells, immunostaining pro-
cedures were conducted in the presence of both a pAb
directed to the extracellular domain of ADAM15 and a
FITC-labeled mAb directed tavp3. For detection of
binding of the ADAM15-pAb, an Alexa-568-labeled
goat-anti-rabbit IgG was used. Fluorescence signal in-
tensity was visualized by CLSM using the Zeiss Ax-
iovert 35 microscope (&tingen, Germany) at 488 and
568 nm, respectively. Staining procedures in the pres-
ence of the secondary Ab alone or using an irrelevant
control IgG as the primary Ab served as controls. In or-
der to visualize the fluorescence staining intensity, for
scanning, the look-up table glowOv/Un LUT provided
with the CLSM scanning software (Leica, Heidelberg,
Germany) was applied. This look-up table converts the
staining intensities into the colors of a pseudo glow
scale: low intensity (red), medium intensity (yellow),
and high intensity (white).

2.6. Semi-quantitative RT-PCR analysis of
ADAM15 mRNA expression

RT-PCR analyses for the determination of ADAM15
mMRNA concentrations in OV-MZ-6 cells were per-
formed as described earlieHgpke et al., 2001;
Reuning et al., 1999by applying the following

CHO cell clones, the same procedures were performed ADAM15 primers: B-GGC TGG CAG TGT CGT

as outlined for OV-MZ-6 cells.

CCT ACC AGA GGG G-3 and 5-GGT GCA
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CCC AGC TGC AGT TCA GCT CAG TCC-

3 (amplicon size: 420bp). Equal RNA concentra-
tions and efficiency of RT reactions were controlled
by simultaneous amplification of the house keep-

V. Beck et al. / The International Journal of Biochemistry & Cell Biology 37 (2005) 590-603

for 2h at room temperature. Reactive proteins were
visualized by ECL. Evaluation of signal intensity by

Western blot analyses was performed by densitometri-
cal scanning using the Scion Image Software. Data are

ing gene glyceraldehyde 3-phosphate dehydrogenasegiven as ratio of signal intensity for ADAM15 versus

(GAPDH) within the same PCR reaction (amplicon
size: 194 bp) using the primers: GAPDH-5'-CCA
TGG AGA AGG CTG GGG-3and GAPDH-3 5'-
CAAAGTTGT CAT GGATGACC-3. ADAM15 and
GAPDH amplification products were electrophoresed
on Tris—borate—EDTA—polyacrylamide gels. Signal in-

those for actin.
2.8. In vitro cellECM adhesion assay

Cell adhesive capacity to different purified ECM
proteins was assessed by means of a chromogenic as-

tensity was evaluated by densitometrical scan using the say as described earli¢dgpke et al., 2001, Landegren,

Scion Image Software (Scion Corporation, Frederick,
MD, USA). Data are given as the ratio of ADAM15 to
GAPDH amplification products.

2.7. Western blot analysis

Detection of ADAM15 protein in transfected
cell clones: Cell lysates were prepared in RIPA

buffer and protein concentrations determined as pre-

viously describedHapke et al., 2001 Proteins were
separated on 12% (w/v) sodium dodecyl sulphate
(SDS)—polyacrylamide gels and transferred to nitro-

1984). Significance of differences in data were deter-
mined by one-tailed non-parametric Mann-Whitney
tests.

2.9. Cell proliferation assays

Cell counting: Cells were seeded into 24-well cell
culture plates precoated with different purified ECM
proteins and after distinct time intervals, cell numbers
counted upon trypan blue exclusion using a Neubauer
hemocytometer. MTT-assay: Cells were seeded at a
density of 5x 10° cells per 96-well onto ECM- or

cellulose membranes. After blocking the membranes in non-coated cell culture plates. After distinct time in-

PBS, 3% (w/v) BSA, 0.05% (v/v) Tween-20, overnight
at 4°C, the polyclonal rabbit antibody directed to the
cytoplasmic domain of human ADAM15 {(Zy/ml)

was added in PBS, 0.05% (v/v) Tween-20, 1% (w/v)
BSA overnight at £C. After repeated washes in PBS,

tervals, MTT (20Qug/ml) was added and incubated
with cells for another 2h at 37C. The medium was
aspirated and 1001 of DMSO added followed by
colorimetrical measurements at 590 n@a(michael,
DeGraff, Gazdar, Minna, & Mitchell, 19§7Incorpo-

the secondary horseradish peroxidase-conjugated goatfation of PH]-methyl thymidine: 96-well cell culture

anti-rabbit antibody (1:8000) was added for 90 min at

dishes were precoated with different purified ECM pro-

room temperature. Reactive proteins were visualized teins. After blocking the cell growth areas in PBS, 2%

by the ECL Western blot detection system according
to the manufacturers’ recommendations. In order to
normalize for equal protein loading in each lane, a

(w/v) BSA and subsequent washes in PBS, 20* OV-
MZ-6 cells were seeded in each well and cultivated for
up to 4 days. Then3H]-methyl thymidine (25.Ci/ml)

second abundant protein, actin, was detected on thewas added for another 6 h. Cell lysates were harvested

identical membranes. For this, the nitrocellulose mem-
branes were stripped in 200 mM glycine, pH 2.2, 0.1%
(w/v) SDS, 1% (v/v) Tween-20, for 60 min at room
temperature, followed by three washes in PBS. Af-
ter blocking the membranes again in PBS, 3% (w/v)
BSA, 0.05% (v/v) Tween-20 overnight at°€, they
were incubated overnight at°€ with a polyclonal
goat antibody directed to actin at a final concentration
of 0.25ug/ml. After repeated washes in PBS, as sec-

using the Harvester 96 (TomTec, Orange, CN) by trans-
ferring them onto a glassfiber filter (Printed Filtermat
A, Wallac, Turku, Finland). Thereafter, wax (Melti Lex,
Wallac, Turku, Finland) was melted over the filters and
the amount of $H]-methyl thymidine, incorporated
into cellular DNA, determined by scintillation count-
ing. Radioactivity incorporated into cellular DNA, ex-
pressed as cpm values, was normalized to the protein
concentrations of each cell sample as a measure of

ondary antibody, a horseradish peroxidase-conjugatedcell numbers as previously describedapke et al.,

polyclonal rabbit-anti-goat 1IgG (04ig/ml) was added

2003.
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2.10. Cell motility assays by time lapse confocal stably transfected with either of the four different
laser scanning microscopy ADAM15 cDNA constructs (FL-RGD, FL-SGA, Ecto-
RGD, or Ecto-SGA) resulted in significantly elevated
Specialized cell culture glas bottom dishes (P45G- fluorescence signal intensity indicating increased ex-
0-14-C-gm; MatTek Corporation, Ashland, USA) were pression of the different ADAM15/c-myc fusion pro-
coated for 2h at 37C with purified ECM proteins  teins when compared to OV-MZ-6 wild-type cells. By
(10pg/ml) (Hapke et al., 200 blocked in PBS/2%  comparing the cell morphology of different ADAM15-
(w/iv) BSA for 2h, and thereafter washed in PBS. transfected OV-MZ-6 cell clones it was obvious that
1.5 x 10° OV-MZ-6 cells/dish were seeded in 5ml of the clones overexpressing ADAM15-RGD were less
DMEM, 10% (v/v) FCS. After celladhesionfor 50 min,  spread and displayed a more rounded morphology than
cells were examined on a LSM 510 (Zeiss, Jena, Ger- wild-type, vector-, FL-SGA or Ecto-SGA-transfected
many) with an inverted stand Axiovert 100 Mincluding cells. In a complementary immunostaining procedure,
an incubation system with temperature and,@0On- a specific pAb directed to the extracellular portion
trol (PeCon GmbH, Erlbach, Germany). Phase contrast of ADAM15 was used confirming overexpression of
images were taken using a lens PlanNeofluat /D% ADAM15 FL-RGD over wild-type levelsKig. 1B). In
PH2 every other 3 min within 8 h at 543 nm and stored addition to ADAM15 detection at the protein level, we
using the software LSM 510 (Zeiss). Lengths of cel- conducted semi-quantitative RT-PCR analyses in or-
lular tracks over time were determined based on the der to determine ADAM15 transcript concentrations.
movement of the center of the nuclei using the Zeiss Fig. 1C depicts representative OV-MZ-6 cell clones of
Software AIM 3.0 (Zeiss). each transfection category exhibiting a comparable el-
evation of ADAM15 proteins (FL-RGD: 4.3-fold; FL-
SGA: 4.6-fold; Ecto-RGD: 3.7-fold; Ecto-SGA: 3.1-

3. Results fold) when compared to wild-type or vector-transfected
cells. In addition, Western blot analyses using an an-

3.1. Expression of ADAM15 and variants thereof tibody directed to the cytoplasmic domain of hu-

in human ovarian OV-MZ-6 cancer cells man ADAM15 were performed in order to detect

ADAM15 protein expression in transfected cells. Den-

We generated and isolated OV-MZ-6 cell clones sta- sitometrical analysis and normalization to actin re-
bly transfected with cDNAs encoding wild-type (WT) vealed that the independently isolated OV-MZ-6 cell
full length ADAM15 containing the integrin binding clones used in the present study displayed compa-
motif RGD (FL-RGD) and an ADAM15 mutant in  rable, up to four-fold elevated ADAM15 protein ex-
which the RGD motif has been substituted by the pression levels over vector-transfected control cells
tripeptide motif SGA (FL-SGA). There are reports that (Fig. 1D).
several transmembrane members of the ADAM fam-
ily are shed from cell surfaces thereby releasing the 3.2. ADAM15 and integrixv@3 show similar
extracellular domain as a diffusable potential integrin distribution patterns on the OV-MZ-6 cell surface
antagonistierren et al., 1997 Based on this, we de-
signed, in addition, two ADAM15 cDNA constructs Previously, we have shown that cultured human
encompassing solely the extracellular domain lack- ovarian OV-MZ-6 cancer cells express integanB3
ing the transmembrane and cytoplasmic region (Ecto- (Hapke etal., 2001one of the reported integrin ligands
RGD). Also hereby, the truncated ADAM15 mutant for ADAM15 (Nath etal., 1999 Since human OV-MZ-
encompassing a SGA (Ecto-SGA) served as a control. 6 cells also express ADAM15, we studied whether both
The extent of ADAM15 antigen expression was deter- proteins are expressed in close proximity on the OV-
mined by immunostaining and subsequent evaluation MZ-6 cell surface. Double immunostaining revealed
of ADAML15 expression levels by CLSM. In one im- a very similar distribution pattern of ADAM15 and
munostaining approach, we utilized a mAb directed to «vB3, respectively, suggesting that the two interaction
the c-myc epitope contained within the ADAM15/c- partners may reside within close neighbourhood on the
myc fusion proteinsKig. 1A). OV-MZ-6 cell clones OV-MZ-6 cell surface Fig. 2).
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(B)

Fig. 1. Generation of OV-MZ-6 cells (over)expressing ADAM15 and variants thereof Immunocytochemistry and CLSM. OV-MZ-6 cells were
grown on microchamber slides and immunostaining was performed as described underSésjibtnmunostaining of ADAM15 with a c-myc

mAb. One representative clone of each ADAM15 transfection category is depicted in comparison to wild-type (WT) and vector-transfected
OV-MZ-6 cells. (B) Immunostaining of ADAM15 with a pAb directed to ADAM15. One representative OV-MZ-6 cell clone overexpressing
ADAM15 FL-RGD is shown in comparison to ADAM15 wild-type expression. Transmission images (upper row) and respective fluorescence
images (lower row) are depicted. (C) Semi-quantitative RT-PCR analysis of ADAM15 mRNA concentrations after OV-MZ-6 cell transfections
with ADAM15 cDNAs. Total RNA of wild-type, vector- or ADAM15-transfected OV-MZ-6 cells were harvested, and RT-PCR analyses conducted
as described. ADAM15 amplification products were electrophoresed on Tris—borate—EDTA—polyacrylamide gels. As controls served GAPDH
PCR reactions. A representative experiment is depicted. Signal intensity was evaluated by densitometrical scanning using the Scion Image
Software. Data are given as mRNA ratio between the signal intensity obtained for ADAM15 and GAPDH PCR products. (D) Western blot
analysis of ADAM15 protein expression in transfected OV-MZ-6 cell clones. Western blot analysis was performed as described under Section
2. Membranes were first incubated with a polyclonal antibody directed to ADAM15, and then, after membrane stripping an antibody directed
to actin added, in order to control for equal protein loading per lane. A representative Western blot is depicted together with the evaluation of
signal intensity by densitometrical scanning. Data are given as ratio between intensity for ADAM15 vs. actin signals (M: marker; 1: vector; 2:
FL-RGD #1; 3: FL-RGD #2; 4: FL-SGA #1; 5: FL-SGA #2).
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Fig. 1. Continued.
3.3. Expression of human ADAM15 proteins ECM protein VN as well as Col-1V provoke increased
encompassing an RGD motif significantly reduced OV-MZ-6 cell adhesion, whereas cellular attachment
integrin av@3-mediated OV-MZ-6 cell adhesion to to Col-l is significantly weaker and almost compa-
vitronectin rable to the cellular adhesive capacity observed on

non-pretreated cell culture dishesapke et al., 2001
In previous studies, we established ECM-dependent Proof for anavB3-dependent cell contact to VN was
adhesion profiles for the human ovarian cancer cell obtained from competition studies with the synthetic
line OV-MZ-6. Hereby we demonstrated that both the «vB3-directed cyclic peptide cRGDfV which inhibited

ADAMIS ovfi3

overlay

Fig. 2. Distribution patterns of ADAM15 and integritv@3 on the surface of human OV-MZ-6 cells. Double immunostaining procedures were
conducted in the presence of both, a pAb directed to the extracellular domain of ADAM15 and a FITC-labeled mAb direef2i feor

detection of ADAM15, as secondary Ab, an Alexa-568-labeled goat-anti-rabbit IgG was used and fluorescence signal intensity evaluated at
568 nm. Cell surface fluorescence signalsdeB3 were recorded at 488 nm. The fluorescence images of ADAM1mxefd were merged in

order to detect close neighbourhood of ADAM15 andg3 expression in OV-MZ-6 cells.
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OV-MZ-6 cell adhesion to VN by more than 90% but
not to any of the other ECM proteins testéthpke et
al., 200). Based on these findings, we used OV-MZ-6
cells to study the impact of human ADAM15 oenB3-
dependent cell adhesion. For this purpose, ADAM15
overexpressing as well as wild-type OV-MZ-6 cells dis-
playing a moderate amount of ADAM15 were passed to
cell culture dishes pretreated with VN, Col-1V, or Col-I.
OV-MZ-6 cells expressing elevated levels of ADAM15
(FL-RGD) or its truncated version Ecto-RGD showed
an up to three-fold reduced adhesive strength to VN
(p=0.0495), whereas identical OV-MZ-6 cell clones
attached to Col-I-, Col-IV-, or non-coated cell culture
dishes remained unchanged when compared to wild-
type or vector-transfected cells. In contrast, OV-MZ-
6 cell clones expressing either FL-SGA or Ecto-SGA
did not display an altered adhesion profile to VN or
any of the other ECM proteins testethple 1. Up to
three alternative and independently isolated OV-MZ-6
cell clones of each transfection category with compa-
rable ADAM15 expression levels were tested display-
ing similar adhesion profiles (data not shown). In order
to validate the effects of ADAM15 oavB3-mediated
OV-MZ-6 cell adhesion, we employed an alternative
cell culture model by stably transfecting CHO cells
with the four different ADAM15 cDNA constructs and
performed in vitro cell adhesion tests. Likewise, CHO
cells expressing either FL-RGD or Ecto-RGD exhib-
ited a significantly decreased cell adhesive capacity
exclusively towards VN, even not as pronounced as
seen in OV-MZ-6 cells{2-fold reductionp=0.0495)
(Table ). Expression of ADAM15 FL-SGA or Ecto-
SGA did not affect CHO cell adhesion to either ECM
protein or to non-coated cell culture dishes when com-
pared to wild-type or vector-transfected CHO cells
(Table .

3.4. Elevation of ADAM15-RGD expression
causes a time-dependent decline of numbers of
OV-MZ-6 cells adherent to vitronectin

We next investigated the proliferative behavior of
OV-MZ-6 cells as a function of ADAM15 expression
levels. For this, we seeded OV-MZ-6 cells onto puri-
fied ECM proteins and determined cell numbers after
distinct time intervals by counting. OV-MZ-6 cells ex-
pressing elevated levels of ADAM15 FL-RGD or Ecto-
RGD and being adherent to VN exhibited a prominent

Table 1

Adhesion of ADAM 15 (over)expressing OV-MZ-6 clones to different purified ECM proteins

CHO
None

OV-MZ-6
Noné

Cell type

Col-Iv&

VN2 Col-12
0.436+ 0.011 0.304+ 0.026 0.563+ 0.012

Col-Iva

Col-12

VN&

0.2374+ 0.007 0.598t 0.011

0.284+ 0.004 0.529t 0.016

0.0495) 0.253:0.016 0.477 0.012
0.0495) 0.308t 0.019 0.489+ 0.018
0.0495) 0.309:0.021 0.42% 0.017
0.0495) 0.295t 0.023 0.559+ 0.009

0.214+ 0.01
0.0495)

Wild-type
Vector

0.296 0.008 0.426+ 0.016 0.298t 0.008 0.495+0.014 ¢

0.2752, n.s.)
0.0495)
0.0495)

0.2364+ 0.008 0.583+ 0.008 p
0.196+ 0.008 0.2340.01 p

Ecto-RGD 0.235:0.013 0.2110.01 @

0.267+ 0.008 0.273+ 0.016 p=

0.276+ 0.012 0.435t 0.011 0.209+ 0.013 0.3210.017
0.305: 0.011 0.39H 0.015 0.255+-0.017 0.487% 0.011¢
0.322+ 0.017 0.419+0.014 0.232-0.013 0.52A-0.01

0.215+: 0.013 0.478:0.01

FL-RGD

0.275+ 0.009 0.59H 0.01 > 0.999, n.s.)

Ecto-SGA 0.272+ 0.004 0.486+ 0.01 p

FL-SGA

0.199+ 0.026 0.575+0.011

0.0495

Adhesion assays were performed by chromogenic assays and subsequent spectrophoto-metrical measurements as described 2indergSeittienthe ECM proteins VN,
Col-l, or Col-IV as growth substrata as well as non-pretreated cell culture dishes as controls. Depicted are meaa¥&eNosnm of three independent determinations

Significance of differences in data were determined by one-tailed non-parametric Mann—Whitney tests (n.s. = not significant).

a ECM.
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Fig. 3. Effect of ADAM15 expression on OV-MZ-6 cell prolifera-
tion. (A) Cell counts. Cell culture plates were coated with VN and
5 x 10° cells/96-well of each ADAM15-transfected OV-MZ-6 cell
clone were plated and incubated for up to 4 days. After distinct
time intervals, cells were washed in PBS and cell numbers deter-
mined. Depicted are mean values of three independent determina-
tions. (B) £H]-methyl thymidine DNA incorporation test. ADAM15-
expressing OV-MZ-6 cell clones were plated at a density gf 20*

cells per wells on VN-coated cell culture plates and incubated for
up to 4 days. Every 24 h3H]-methyl thymidine incorporation into
cellular DNA was determined as described. cpm values were nor-
malized to the protein concentration of each cell sample harvested
in parallel. Depicted are mean valueis3.D.).

reduction in cell numbers within 4 days when com-
pared to wild-type or vector-transfected OV-MZ-6 cells
(Fig. 3A). Identical, transfected OV-MZ-6 cell clones
attached to any of the other ECM proteins did not ex-
ert reduced cell numbers (data not shown). In con-
trast, adhesion of OV-MZ-6 cells expressing ADAM15
FL-SGA or Ecto-SGA to VN showed cell numbers
comparable to wild-type and vector-transfected cells
(Fig. 3A). In addition, cell growth as a function of
ADAM15 expression was monitored by MTT prolifer-
ation assays confirming the data from the cell counting
experiments (data not shown). Human ovarian OV-
MZ-6 cancer cells are of epithelial origin and strictly
anchorage-dependent, also with respect to cell growth.
Thus, we next investigated whether the observed time-
dependent decline in cell numbers as a function of
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ADAM15-RGD expression on VN was a direct con-
sequence of diminished adhesive strength or due to
altered cell proliferative activity by monitoringIfi]-
thymidine incorporation as a measure of de novo DNA
synthesis. In all OV-MZ-6 cell transfectants tested, we
did not observe any significant differences in the rate of
DNA synthesis indicating that the observed differences
in growth rates (seEig. 3A) are due to loss of cells by
detachment of ADAM15-RGD expressing OV-MZ-6
cells from VN (Fig. 3B).

3.5. ADAM15-RGD expression decreases integrin
aVvp3-dependent random cell motility of OV-MZ-6
cells adherent to vitronectin

Inin vitro cell migration assays, we studied whether
ADAM15-dependent changes in cell-ECM adhesion
might also affect the motile phenotype of human OV-
Mz-6 cells. By conducting time lapse laser scanning
microscopy, we measured track lengths of individ-
ual cells during 8 h of random cell migration (for an
example of a motility experiment sdeg. 4A). At
least 30 cells per experiment were evaluated exhibit-
ing in all cases a Gausian distribution of track lengths
(Fig. 4A). The migration assays were repeated at least
three times for individual ADAM15-transfected OV-
MZ-6 cell clones either attached to VN or Col-IV. The
observed ADAM15-dependent modulation @¥33-
mediated OV-MZ-6 cell adhesion to VN appeared to
consequently also affect cellular motility. For OV-MZ-

6 cells being attached to VN and exhibiting elevated
ADAM15-RGD expression, we noticed a significant
decrease in cellular motility. Cultivation of ADAM15-
SGA-expressing cell clones on VN resulted in a similar
migratory phenotype as observed for vector-transfected
cells. ADAM15-transfected OV-MZ-6 cells of either
category did not show significant changes of cell motil-
ity when cultivated on Col-IVFig. 4B).

4. Discussion

Integrin-mediated cell adhesion and continuous
adaptation of the avidity of the interaction between
cells and the surrounding ECM are essential for many
(patho-)physiological processes, including tumor cell
adhesion, migration, and proliferationFglding-
Habermann, 2003 In most ovarian cancer cells,
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Cell motility was recorded by time lapse laser scanning microscopy

based on the movement of the center of the nuclei were determined as described under2Sé¢ajidexample of a motility experiment
with OV-MZ-6 cells overexpressing ADAM15 FL-RGD seeded onto VN. Shown are cell tracks of 34 cells within 8 h. Respective Gausian

distributions of cell path lengths was observed for all experiments evaluated. (B) Random cell motility as a function of ADAM15 expres-
sion. ADAM15-expressing OV-MZ-6 cell clones of each transfection category were seeded either on VN or Col-IV-coated cell culture dishes

and random cellular motility followed over 8 h. Data are depicted as the mean of median values of cell trackength) (&-S.D.) of at

least 30 cells per experiment of each individual ADAM15-transfected OV-MZ-6 cell clone which was repeated at least three times on each

ECM protein.

integrin avpB3 is expressed and in parallel its ligand
VN (Carreiras et al., 1999Moreover, in primary ovar-
ian cancerpvB3 is detected at a significantly higher
rate than in ovarian tumors of low malignant poten-
tial, a fact which points to its role during ovarian can-
cer progressionL{apis, Adler, Wick, & Rader, 1997

In our previous work, we demonstrated that cell ad-
hesion, proliferation, and migration of human ovarian
OV-MZ-6 cancer cells in vitro can be significantly in-
duced in anavB3/VN-dependent fashionHapke et
al., 2003. In recent years, many experimental ap-
proaches have aimed at specifically interrupting 3-
mediated tumor cell adhesion to the underlying ECM
by employing, e.g. specific antibodies directed to in-
tegrins, synthetic RGD-containing peptides, or pep-
tidomimetics. Since in recent years, members of the
growing ADAM protein family have been recognized
as naturally occuring integrin interaction partners, their

possible antagonistic role during integrin-dependent
cellular adhesion and migration has also become an
increasingly exciting cancer research topic. Indeed,
some ADAMs have already been implicated in can-
cer Black et al., 1997; Emi et al., 199®'Shea et

al., 2000. ADAM15 due to its binding capacity to-
wards avp3, thus also might be an important regu-
lator of integrin-dependent tumorbiological functions.
It should be emphasized here that human ADAM15
is the only ADAM which contains an RGD motif
within its disintegrin region and its interaction with
RGD-recognizing integrins has been somewhat antici-
pated. Most interestingly, the RGD motif of ADAM15

is not conserved among different species (mouse and
rat ADAM15 contain the tripeptide motif Thr-Asp-Asp
[TDD]) indicating that exclusively human ADAM15
can be considered a genuiaep3 ligand Cum et al.,
1998.
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The capacity of ADAM15 to bind tav@3 has been  an adhesion-dependent, largely integrin-mediated bi-
reported by others from studies employing ADAM15- ological event, we next studied whether the motile
derived peptides, recombinant, soluble ADAM15 pro- phenotype of OV-MZ-6 cells changes as a function of
teins, or hybrid molecules containing ADAM15 frag- ADAM15 expression levels. We found that OV-MZ-6
ments Eto etal., 2000; Nath etal., 1999, 2000; Zhang et cells decreased their motility on VN when overexpress-
al., 1998; Zhou et al., 2001As suchNath et al. (1999) ing ADAM15 encompassing an intact RGD motif. This
performed cell adhesion assays with haematopoeticisinline with findings byMartin and co-workers (2002)
cells using an immobilized chimeric protein contain- who showed that human mesangial cell migration was
ing the extracellular portion of ADAM15 fused to blocked by antibodies directed to ADAM15 as well
the Fc region of human immunoglobulins and demon- as by ADAM15 antisense oligodeoxynucleotides. In
strated that ADAM15 specifically binds tevp3 on this study, treatment of cells with the metalloprotease
monocytic U937 cellszhang et al. (19983xpressed a  inhibitor BB3103 also abrogated migration, suggest-
recombinant ADAM15 disintegrin-like domain fused ing that the metalloprotease activity is essential for
to glutathione Stransferase (GST) in bacteria and this process. This is so far the only report pointing
also demonstrated that the ADAM15 disintegrin-like to an active metalloprotease function of ADAM15. In
domain specifically interacts witkv@3. Still, the ex- contrast, it was shown by otherdérren et al., 2001
perimental systems decribed above might not reflect that elevated ADAM15 inhibits NIH3T3 cell migra-
the exact nature of the physiological functions of cell tion on fibronectin. This effect depended on increased
surface-expressed ADAM15 since the native confor- cell/cell interactions and is consistent with the obser-
mation of recombinant fragments or peptides might vation that ADAM15 localizes to cellular adherens
not be preserved under these conditions, especiallyjunctions Ham, Levkau, Raines, & Herren, 2002
when they are immobilized on solid supports. There- However, no increased ADAM15-dependent cell—cell
fore, within the present study, we investigated33- adhesion was observed in the human ovarian cancer
binding functions of ADAM15 within a cellular context  cells used in the present study (data not shown).
by generating human ovarian cancer cell transfec- Since proliferation is an adhesion-dependent
tants displaying elevated amounts of ADAM15 and phenomenon in anchorage-dependent tumor cells we
respective disintegrin domain mutants thereof. Since studied whether the proliferative behavior of human
it has been hypothesized before by others that a frag- OV-MZ-6 cells was changed as a function of increased
ment of ADAM15 containing the metalloprotease and ADAML15 synthesis. We noticed that ADAM15 expres-
disintegrin-like domain could be shed from cell sur- sionreduced numbers of cells adherentto VN over time
faces Herren et al., 1997 in addition, we transfected in an RGD-dependent fashion. The cell loss, however,
OV-MZ-6 cells with human ADAM15 cDNA con-  was found to be rather a direct consequence of dimin-
structs encompassing solely its extracellular portion in ishedavp3-dependent cell adhesive strength towards
order to mimic a diffusible ADAM15-derived integrin VN than caused by reduced cell proliferative activity.
ligand. In in vitro cell adhesion assays, we found that  The exact mechanisms, however, by which
avpB3-mediated interaction of human OV-MZ-6 and ADAM15 might interfere with integrin-mediated
also CHO cells with VN was significantly impaired cel/[ECM- and cell/cell-contacts as well as intracel-
as a function of ADAM15 protein expression, an ef- lular signaling events within a physiological context
fectwhich was strictly RGD-dependent. Thereby, upon await further elucidation. Additional studies, includ-
overexpression of ADAM15-RGD and a concomitant ing an analysis of ADAM15 expression in tumor tissue,
moderate expression af/33, contact sites of the latter ~ will be necessary to further evaluate the potential use
to the underlying ECM protein VN may become weak- of ADAM15 as a target for cancer therapy.
ened. Indeed, by double immunostaining, we found a
very similar distribution pattern of ADAM15 anav33
on the OV-MZ-6 cell surface suggesting their possible paferences
interaction on the tumor cell surface.

Because cellular motility is also crucial for invasion  amgt, M., Lendeckel, U., Rocken, C., Nepple, K., Wolke, C., Spiess,
of tumor cells into surrounding tissue and represents A, etal. (2002). Altered expression of ADAMs (a disintegrin and
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