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Abstract  Damage to vascular endothelium may play an 
important role during metastasis. We used a three-dimen- 
sional model of tumour cell extravasation to test the hy- 
pothesis that certain types of tumour cells are able to in- 
duce vascular endothelial cell injury. Multicellular tu- 
mour spheroids (MCTS) of 14 human cancer cell lines 
and spheroids from two benign cell lines were trans- 
ferred onto confluent monolayers of human endothelial 
cells (EC). MCTS from 4 of 7 melanoma cell lines in- 
duced damage of the endothelium which was closely as- 
sociated with tumour cell attachment. Endothelial cell 
injury became evident morphologically by loss of cell 
membrane integrity and sensitivity to shear stress. Simi- 
lar results were obtained with EC derived from human 
umbilical veins, umbilical arteries and saphenous veins. 
Addition of the oxygen radical scavenger catalase 
showed a dose- and time-dependent inhibition (up to 
48 h) of EC damage in the case of the melanoma cell 
lines ST-ML-11, ST-ML-14 and SK-MEL-28. The scav- 
enging enzyme superoxide dismutase proved to be pro- 
tective (up to 12 tl) in ST-ML-12 MCTS. In contrast, al- 
lopurinol, deferoxamine mesylate, ibuprofen, nor-di- 
hydroguaretic acid, soybean trypsin inhibitor or aprotinin 
had no protective effect. None of the non-melanoma can- 
cer cell lines or benign cells induced endothelial cell 
damage. Endothelial injury has been shown to enhance 
the process of metastasis. Our results suggest that free- 
radical-mediated endothelial cell damage may be one of 
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the mechanisms contributing to the devastating metastat- 
ic potential of melanoma. 
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Introduction 

To metastasize, tumour cells must invade and enter the 
vasculature, survive within the circulation, bind to and 
traverse the vascular endothelium and basement mem- 
brane, and proliferate in a foreign location [10, 22, 25, 
38, 42]. Only specialized subpopulations of tumour cells 
can perform all of the steps necessary in this complex, 
highly selective cascade. 

During tumour cell arrest and extravasation the vascu- 
lar endothelium plays a dual role. On one hand, it serves 
as a site for specific or non-specific tumour cell adhesion 
[9, 10, 22, 25, 32, 42]. On the other hand the intact endo- 
thelial cell lining forms a protective anatomical barrier to 
extravasation by limiting tumour cell access to the sub- 
endothelial basement membrane, a structure to which tu- 
mour cells demonstrate preferential adhesion [10, 18, 22, 
25, 28]. In vivo, cytotoxic drugs, X-irradiation or hyper- 
oxaemia can cause endothelial cell damage and both ani- 
mal experiments as well as clinical observations indicate 
that injury of the vascular endothelium promotes the pro- 
cess of metastasis [10, 20, 22, 42]. However, the molecu- 
lar mechanisms of the destruction of the integrity of the 
vascular wall during tumour cell extravasation are still 
poorly understood. While the importance of specific deg- 
radative proteases such as collagenases is well-docu- 
mented, there is increasing evidence that reactive oxygen 
species are also involved [1, 20, 38, 42]. Generated by 
host leucocytes clustered with tumor cells or by radiation 
or chemotherapy, they are thought to attack the endothe- 
lium as well as the vascular basement membrane [12, 20, 
22, 29]. Recent observations, moreover, have demon- 
strated that neoplastic cells produce increased levels of 
reactive oxygen species and thus may themselves have 
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the capab i l i ty  to damage  vascular  endothe l ia l  cel ls  (EC) 
[6, 35 -37 ,  39]. However ,  whe ther  this capab i l i ty  is re- 
s t r ic ted to cer ta in  types  o f  cancer  is unknown.  

In vivo, as a resul t  o f  ce l l -ce l l  in teract ion,  mul t ice l lu-  
lar  clusters  of  cancer  cel ls  also c o m m o n l y  enter  the vas-  
cula ture  and have r epea ted ly  been  shown to be  much  
more  effect ive in in i t ia t ing metas tases  than s ingle  c i rcu-  
la t ing tumour  cel ls  [10, 21, 22, 42]. Inc reased  mechan i -  
cal  t rapping  and bet ter  tumour  cel l  survival  as wel l  as 
me tabo l i c  coopera t iv i ty  wi th in  these  tumour  cel l  embol i  
may  account  for  this p h e n o m e n o n  [10, 31, 42, 43]. Mul -  
t ice l lu lar  tumour  spheroids  (MCTS)  p rov ide  wel l -de-  
f ined in vi tro mode l s  of  t umour  cel l  c lusters  and have 
been  used  in var ious  mode l s  o f  invas ion  [3, 17, 22]. We 
have adop ted  M C T S  to s imula te  the in terac t ion  of  tu- 
mour  cel l  embo l i  wi th  the vascu la r  endo the l ium and re- 
cent ly  demons t ra t ed  that  the m e l a n o m a  cel l  l ine ST-ML-  
12 causes  f r ee - r ad i ca l -med ia t ed  d a m a g e  o f  human  um-  
b i l i ca l  vein  EC [27, 28]. In the presen t  s tudy we have 
used  this m o d e l  to test  the hypothes i s  that  cer ta in  types  
o f  tumour  cel l  - in par t i cu la r  m e l a n o m a s  - injure  vascu-  
lar endothe l ium.  

Materials and methods 

Human melanoma cell lines Hs294T and SK-MEL-28, derived 
from metastases, were obtained from the American Type Culture 
Collection (ATCC, Rockville, Maryland). The human melanoma 
cell lines ST-ML-11, ST-ML-12, and ST-ML-14 were established 
and cloned at the Department of Dermatology, Free University of 
Berlin, Germany from a cutaneous metastasis, a primary nodular 
melanoma, and a metastatic pleural effusion respectively, and were 
kindly provided by Dr. C. Garbe [11]. The metastatic melanoma 
cell lines SK-MEL-25 and MeWo were a gift from Dr. C. Sorg, 
Department of Experimental Dermatology, University of Mtinster, 
Germany [5]. 

The human breast carcinoma cell line ZR75.1 (metastatic pleu- 
ral effusion), the choriocarcinoma cell line BeWo, and the colon 
carcinoma cell lines CaCo-2 and HRT18 were obtained from the 
European Collection of Animal Cell Cultures (Salisbury, UK). The 
transitional cell carcinoma cell lines RT4 and J82 were provided 
by Dr. R. Knuechel (Department of Pathology, University of 
Regensburg, Germany) [23]. The grade III transitional cell carci- 
noma cell line HOK-1 was established in our laboratory [26]. Skin 
fibroblasts (Malme 3) were obtained from the ATCC. Cultures of 
human articular chondrocytes (HAC) were kindly provided by Dr. 
H. Rixen, Institute of Cytopathology, University of Dtisseldorf, 
Germany. 

All cell lines were maintained as monolayers in 25 cm~ culture 
flasks (Falconl Oxnard, Calif., USA) in a 1:2 mixture of Iscove's 
modified Dulbecco~s medium and Ham's F-12 medium (Gibco, 
Paisley, Scotland) supplemented with 20% heat-inactivated human 
serum and penicillin/streptomycin (100 IU/ml, 100 mg/ml, Sero- 
med, Berlin, Germany) ht 37°C in humid air with 5% CO 2. 

MCTS of the various cancer cell lines and spheroids of benign 
cells were produced using the liquid overlay culture technique as 
described previously [27]. Briefly, cells were detached using tryp- 
sin/versene (0.05% /0.02%, Seromed), washed once in medium, 
and then plated on agarose-coated (1%, Serva, Heidelberg, Germa- 
ny) 96-multiwell test plates. To obtain spheroids of approximately 
the same size (220-250 gm in diameter) cell suspensions were se- 
rially diluted and the cells seeded at concentrations of 500-2000 
cells/200 gl to initiate spheroid formation. Within 4 days of incu- 
bation the cells formed tight aggregates, which were then used for 
co-cultures. 

For endothelial cell culture human umbilical cords and human 
saphenous veins were obtained form consenting donors. Human 
umbilical vein endothelial cells (HUVEC), human umbilical arte- 
rial endothelial cells (HUAEC) and human saphenous vein endo- 
thelial cells (HSVEC) were then washed out from the respective 
blood vessels after collagenase treatment (0.5%, Worthington, 
Boehringer, Mannheim, Germany), as described previously [27]. 
All EC were routinely grown in 75-cm 2 tissue culture flasks (Fal- 
con) coated with 0.2% gelatine and maintained in the same medi- 
um as the tumour cell lines (see above). For experiments 24-well 
tissue culture dishes were coated with fibronectin (10 gg/ml, Sig- 
ma, St. Louis, Mo., USA) by overnight adsorption of the protein 
(500 gl/well) at 4°C and rinsed in phosphate-buffered saline 
(PBS). EC were then harvested with collagenase (0.5%), seeded, 
and grown to confluency in the fibronectin-coated wells. EC phe- 
notype was demonstrated by their cobblestone morphology as well 
as by demonstration of factor-VIII-related antigen using a specific 
monoclonal antibody (Dakopatts, Glostrup, Denmark). EC used in 
experiments were either at passage 1 or 2. 

To establish co-cultures MCTS were harvested with glass pi- 
pettes from the agarose-coated dishes, sedimented through a col- 
umn of 10 ml fresh medium, and then transferred onto confluent 
EC monolayers (1 MCTS/well) in a volume of 1 ml in 24-well tis- 
sue culture dishes. Co-cultures were run in triplicate under the var- 
ious culture conditions and used to analyse cell membrane integri- 
ty and shear stress sensitivity after defined periods from 1.5-72 h. 
Melanoma-endothelial cell cultures were also used for ultrastruc- 
tural analyses. 

To modulate the co-culture conditions catalase from bovine 
liver (200-8000 U/ml; Serva), superoxide dismutase from bovine 
erythrocytes (0.3-1 mg/ml; SOD), deferoxamine mesylate 
(10 mM), allopurinol (10 mM), ibuprofen (0.1 mM), nor-di- 
hydroguaretic acid (1 mM), and the proteinase inhibitors soybean 
trypsin inhibitor (1-5 mg/ml) and aprotinin (12 TIU/ml) (all from 
Sigma) were repeatedly included in the co-cultures. 

Cell membrane integrity was tested by using a combination of 
the supravital fluorescent dye acridine orange (An) and the 
fluorescent dye ethidium bromide (EB) as described previously 
[27, 28]. Briefly, a stock solution of 0.3 mg/ml 3,6-his 
(dimethylamino) acridine (Sigma) and 1 mg/ml 2,7-diamino-10- 
ethyl-9-phenylphenanthridinum bromide (Sigma) was prepared in 
ethanol/Gey's balanced salt solution (GBSS; 1% v/v ethanol) and 
stored frozen at -20 °C. After removal of the co-culture medium 
final dilutions (1:100 in GBSS) of the dye were carefully added 
(0.5 ml) to the co-cultures for 2 rain at room temperature. 
Thereafter the AO-EB assay solution was removed and the 
specimen examined in a fluorescence inversion microscope (Zeiss 
IM 35) at an excitation wave length of 490 nm. An readily 
penetrates cell membranes of viable cells and intercalates with 
double-stranded nuclei acids, resulting in a green nuclear and 
cytoplasmic fluorescence. EB only enters cell with damaged cell 
membranes and intercalates with double-stranded nucleic acids 
exhibiting a red-orange fluorescence of cell nuclei. 

Shear stress was applied as described previously by removing 
the co-culture medium and rinsing the co-cultures three times with 
fresh medium. Quantification of damaged/intact EC was per- 
formed as described previously [28]. Briefly, colour prints of the 
co-cUltures were used to count the viable EC per culture area (4.5 
mm2). The percentage of damaged cells was then determined by 
the formula: A-B/AxlO0, where A equals the number of viable 
cells in controls (HUVEC alone) and B the number of viable cells 
found under experimental conditions. In every experiment MCTS 
of the cell line ST-ML-12 were used as a positive control to assure 
appropriate function of the membrane integrity assay. 

For electron microscopy co-cultures were carried out on fibro- 
nectin-coated 12-mm glass coverslips placed in 24-well tissue cul- 
ture dishes. Specimens were then fixed with 3% glutaraldehyde in 
0.1 M cacodylate buffer, pH 7.5, for 30 rain at 4°C, rinsed three 
times in cacodylate buffer, and postfixed with 1% OsO 4 in 0.1 M 
cacodylate. Samples for scanning electron microscopy were then 
dehydrated, critical point-dried, coated with 20 nm gold in a sput- 
ter coater and viewed in a Philips SEM 515 scanning electron mi- 
croscope at 15 or 30 kV. Transmission electron microscopy was 
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conducted in samples of co-cultures as well as in multiple samples 
of MCTS which were directly harvested from agarose coated dish- 
es. They were dehydrated in graded ethanols and embedded in 
Epon. Semi-thin sections (1 gin) were stained with methylene- 
blue-azure II. Ultra-thin sections were mounted on copper grids, 
stained with lead citrate and uranyl acetate, and viewed in a Phi- 
lips 400 transmission electron microscope. 

Results 

MCTS cultured from 14 different human tumour cell 
lines were confronted with EC monolayers. Every cell 
line was tested in at least two independent experiments 
using EC from different donors. Depending on the vari- 
ous cell lines the attachment of the turnout cell clusters 
to the endothelium was noticed within 45-90 rain after 
their inoculation onto the EC monolayers (Fig. 1). When 
assayed for their potential to induce vascular EC injury 
MCTS from 4 of 7 melanoma cell lines tested (ST-ML- 
11, ST-ML-12, ST-ML-14, and SK-MEL-28) induced 
extensive EC damage. In all of these cell lines this injury 
became apparent morphologically within a localized cir- 
cular area around the site of turnout cell attachment. This 
was demonstrated by a loss of the integrity of the EC 
membranes when analysed with AO-EB (Fig. 2). Con- 
comitantly the damaged EC became sensitive to shear 
stress. Rinsing of the co-cultures resulted in EC 
detachment and exposure of the subendothelial matrix 
within this perispheroidal halo (Fig. 3). The extent of the 
endothelial damage - the diameter of the halo - was al- 
most fully developed immediately after the attachment of 
the MCTS and did not significantly increase during the 
further co-culture period (up to 72 h of incubation). 
However, slight differences in the size of the halos were 
noticed between the different cell lines, the diameters be- 
ing smaller in co-cultures with the cell line SK-MEL-28. 
Occasionally, a few EC in the area of injury remained in- 
tact for a short period of time. However, in all experi- 

melanoma cell hne ST-ML-12 attached to a monolayer of HUVEC 
6 h after inoculation into the endothelial cell (EC) culture. Note 
the raised spheroid on the flat EC layer (arrow). Light microscopy, 
methylene-blue-azure II (bar 60 gin) 

meats with injurious melanoma cell lines a small rim of 
endothelium in the immediate vicinity of the attached tu- 
rnout cell clusters remained intact for up to 12 h before 
showing evidence of cellular damage. This phenomenon 
was noticed in assays for membrane integrity of EC as 
well as for sensitivity to shear stress (Figs. 2, 3). In sepa- 
rate experiments melanoma MCTS were mechanically 
disaggregated to obtain turnout cell clusters of smaller 
size. These experiments revealed that also very small 
emboli (diameter of approx. 50 gin) induced an EC inju- 
ry and that the size of the halo of damaged EC correlated 
with the size of the inoculated melanoma cell clusters 
(Fig. 4). In contrast, single cell suspensions prepared of 
the 4 injurious melanoma cell lines even when inoculat- 
ed in high concentrations (1 × 105 cells/well) did not elicit 
any EC injury. 

The endothelial cell damage induced by injurious 
melanoma cell lines was similarly observed using either 
HUVEC, HUAEC or HSVEC for confrontation. In con- 
trast with melanoma, none of the other turnout cell lines 
induced alterations of the endothelium. Furthermore, 
spheroids of skin fibroblasts and human articular chon- 
drocytes were used in additional control co-cultures and 
proved to have no deleterious effect (Table 1). 

To elucidate the cytopathic mechanism induced by the 
melanoma cells, co-cultures with monolayers of HUVEC 
were modulated by various inhibitors. Each of these sub- 
stances was added to cultures of EC along with the 
spheroids for up to 72 h. The ferric iron chelator defer- 
oxamine mesylate, the xanthine oxidase inhibitor allopu- 
rinol, the cyclo-oxygenase inhibitor ibuprofen, the li- 
poxygenase inhibitor nor-dihydroguareti c acid, and the 
proteinase inhibitor aprotinin had no protective activity. 
In contrast, the addition of the free radical scavengers 
catalase or SOD resulted in a complete, dose- and time- 
dependent suppression of the melanoma-induced EC 
damage (Fig. 2, Table 1) as analysed by AO-EB as well 
as studies of shear stress sensitivity. Figure 5 depicts the 
time course of the protective effect exerted by catalase in 
co-cultures of HUVEC with the cell lines ST-ML- 11, ST- 
ML-14 and SK-MEL-28. Considerable differences were 
noticed between the various cell lines with regard to the 
dose of catalase necessary for protection. In co-cultures 
of ST-ML-11 and ST-ML-14 a dose of 2000 U/ml affor- 
ded EC protection for up to 12 and 24 h, respectively, 
whereas higher doses (4000-8000 U/ml) were required 
to protect the endothelium in co-cultures with SK-MEL- 
28 (Fig. 5). Moreover, the time span of inhibition of en- 
dothelial injury appeared to be Significantly shorter (6 
and 12 h respectively) in the latter cell line. After the 
waning of the protective effect of the scavenging en- 
zymes, EC damage became apparent by the progressive 
formation of an expanding halo of injured endothelium. 

In some co-cultures of the cell lines ST-ML-14 and 
SK-MEL-28 the protease inhibitor soybean trypsin in- 
hibitor also showed a mild inhibitory activity resulting - 
especially in earlier time periods - in slightly smaller di- 
ameters of the halos of damaged endothelium. However, 
even at higher doses (5 mg/ml) this inhibitor was never 
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Fig. 2 Damage to EC by the melanoma cell lines SK-MEL-28 
and ST-ML-14. Figure parts on the left show co-cultures of the 
melanoma cell lines 6 h after the attachment of the MCTS to HU- 
VEC. A halo of injured endothelium is demonstrated using the 
membrane integrity assay AO-EB. Note the initial survival of a 
small rim of endothelium in the immediate vicinity of the tumour 
cell clusters. The right panel depicts the respective co-cultures 
treated with catalase (4000 U/ml). In both cell lines catalase com- 
pletely suppressed the EC damage in a dose- and time-dependent 
manner. Light microscopy, AO-EB (bar 220 gin) 

able to completely  suppress the cytopathic effect o f  the 
MCTS.  In additional experiments both M C T S  and EC 
were also preincubated with the scavengers for 24 h, 
rinsed with PBS to remove the scavengers and then co- 
cultured in normal  medium. No inhibition o f  endothelial 
injury could be obtained under these conditions. 

Several ultrastructural investigations o f  melanomas  
have reported abnormalit ies of  the specific organelle, the 
melanosome.  Recently, it has been proposed that defects 
of  the limiting melanosomal  membrane  may  result in an 
efflux of  toxic oxygen  species produced in the course o f  
melanogenesis  [4, 8, 15, 16]. Comparat ive ultrastructural 
analyses o f  the melanoma M C T S  showed considerable 

Fig. 3 Shear stress sensitivity of damaged EC. Scanning electron 
micrographs of a co-culture of the melanoma cell line SK-MEL- 
28 with HUVEC 6 h after the attachment of the tumour cell clus- 
ter. Rinsing of the co-culture resulted in detachment of damaged 
EC and denudation of subendothelial matrix. Note a small rim of 
stress-resistant intact EC in the immediate vicinity of the tumour 
cell cluster corresponding to EC with intact membranes as deter- 
mined by AO-EB in Fig. 2. Scanning electron microscopy (bar 
500 gm) 

Fig. 4 Damage to endothelium by fragments of SK-MEL-28- 
MCTS. Even small tumour cell clusters induced EC injury. The di- 
ameters of the halos of damaged EC correlated with the size of the 
attached tumour cell emboli. Light microscopy, AO-EB (bar 
220 gm) 
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Table 1 Endothelial cell dam- 
age induced by human cancer 
cell lines. The cell line ST-ML- 
12 was tested previously [27] 
(+ appearance of a halo of 
damaged EC, - no endothelial 
cell injury noticed, ND not 

Cell line Endothelial cell injury Protective agent 

Melanoma 

ST-ML- 11 (metastasis) a + 
ST-ML- 12 (primary tumor) a + 
ST-ML- 14 (metastasis) b + 

Catalase (2000-8000 U/ml) 
Superoxide dismutase (0.3-1 mg/ml) 
Catalase (2000-8000 U/ml) 

done) SK-MEL-25 (metastasis) c - ND 
SK-MEL-28 (metastasis) b + Catalase (4000-8000 U/ml) 
Hs294T (metastasis) b - ND 
MeWo (metastasis) d - ND 

Carcinoma 

CaCo-2 (colon, grade I) - ND 
HRT-18 (colon, grade III) - ND 
ZR75.1 (breast, metastasis) - ND 
BeWo (choriocarcinoma, metastasis) - ND 
RT4 (bladder, grade I) - ND 
J82 (bladder, grade II) - ND 
HOK-1 (bladder, grade III) - ND 

a Pigmented Benign cells 
b Hardly any pigmentation HAC (chondrocytes) - ND 
c Strong pigmentation MALME-3 (fibroblasts) - ND 
d No pigmentation 
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Fig. 5 Suppression of melanoma-induced EC damage by catalase. 
The EC damage was completely abrogated by catalase in a dose- 
and time-dependent manner. Time course of the endothelial dam- 
age. At the indicated time points triplicate co-cultures were 
stained with AO-EB and the percentage of damaged HUVEC de- 
termined per unit area. Data points represent the means of two rep- 
resentative independent experiments ( I  co-culture in normal me- 
dium, ~ 200, V 2000, ~ 4000, O 8000 U/ml catalase) 

var ia t ion o f  the m e l a n o s o m a l  structure and the degree  of  
p igmenta t ion ,  the lat ter  be ing  s t ronges t  in the cell  l ine 
S K - M E L - 2 5  and absent  in the cell  l ine M e W o  (Table 1). 
Eve ry  cell  l ine conta ined  m e l a n o s o m e s  exhib i t ing  a vari-  
e ty  of  shapes.  This  p l e o m o r p h i s m  of  the m e l a n o s o m e s  
was a c c o m p a n i e d  by  cons ide rab le  de r angemen t  o f  the in- 
ternal  o rgan iza t ion  with  f i laments ,  showing  an angula ted  
or z igzag  out l ine  and fo rming  i r regular  coi ls  and spirals .  
However ,  a l though we could  f ind occas iona l  f i laments  
which  were  not  unequ ivoca l ly  l imi ted  by  a m e l a n o s o m a l  
m e m b r a n e  in the cell  l ine S K - M E L - 2 8 ,  this observa t ion  
was not  m a d e  in the o ther  m e l a n o m a  cel l  l ines (Fig.  6). 
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F i g .  6a-e Transmission electron micrographs of melanosomal ab- 
normalities. Besides normal melanosomes (a) pleomorphic mela- 
nosomes with frequent derangement of the internal filaments were 
observed (b). Only in the cell line SK-MEL-28 occasional mela- 
nosomes with ill-defined, apparently defective limiting mem- 
branes (arrow) were noticed (e). Transmission electron microsco- 
py (axl6 000, bxl2 500, cx20 000) 

Discussion 

Abnormal, uncontrolled free radical reactions have been 
invoked in the initial molecular events for a variety of 
pathological processes and increasing evidence suggests 
that they play a substantial role in tumour cell invasion 
[1, 12, 20, 22, 29, 35-37, 42]. The escape from the hos- 
tile environment of the blood stream - the step of tumour 
cell extravasation - is a critically important event during 
haematogenous metastasis [10, 22, 42]. Previous studies 
have demonstrated that intravascular coinoculation of tu- 
mour cells with neutrophils or macrophages - which 
may in vivo be impacted within tumour cell clusters - re- 
sults in a significant enhancement of experimental me- 
tastases formation [12, 20, 29]. A perturbation of the in- 
tegrity of the capillary endothelium by leucocyte-derived 
radicals was thus suggested as an important mechanism 
in fostering tumour cell penetration of the vascular wall. 
However, other data stress the importance of the release 
of tumour-cell-derived radicals. Neoplastic cells can pro- 
duce increased amounts of reactive oxygen species 
which may even be as large as those produced by stimu- 
lated neutrophils and it has been suggested that these 
radicals may enhance destructive tumour cell growth 
[39]. This hypothesis is supported by the observation 
that oxygen radical scavenging enzymes are able to in- 
hibit tumour cell invasiveness in vitro [1, 22]. Moreover, 
it was recently reported that Walker 256 carcinosarcoma 
cells via free radicals are able to damage vascular endo- 
thelium directly and that oxygen radicals are also pro- 
duced by these cells during metastasis in vivo [35, 37]. 

In the present study 4 of 7 melanoma cell lines 
disrupted the integrity of vascular endothelium by a free- 
radical-dependent mechanism. In all melanoma cell lines 
tested the injury became apparent morphologically by a 

loss of cell membrane integrity and concomitantly by a 
sensitivity to shear stress of damaged EC within a highly 
localized perispheroid zone. In all damaging cell lines 
both features of damage could be dose- and time- 
dependently prevented by the addition of the oxygen 
radical scavenging enzymes SOD or catalase. 

Interestingly the EC injury was only observed when 
the melanoma cells were applied in the form of 
spheroids or smaller tumour cell clumps. The size of the 
halos of damaged EC correlated with the size of the 
attached tumour cell clusters. This indicates that toxic, 
i.e. high, radical levels are only generated in the 
microenvironment of clusters but not single melanoma 
cells. In addition, intercellular communication and 
metabolic cooperation of the melanoma cells within the 
clusters may contribute to this phenomenon, supporting 
the hypothesis that cooperation between tumor cells may 
foster their invasive behaviour [17, 22, 31]. 

The characteristic time-dependent development of 
this halo of damaged endothelium, i.e. the initial survival 
of a few EC layers in the immediate vicinity of the 
attached MCTS, was also observed in all damaging cell 
lines. Although no explanation for this phenomenon is 
available at this time, we believe that it is due to the 
particular geometrical configuration of the culture model 
- a raised spheroid on the flat endothelial cell layer - and 
particular diffusion and reaction conditions of the 
radicals. This hypothesis is supported by fact that a 
similar phenomenon occurred in the immediate 
environment of dust particles which have occasionally 
been noted within the area of EC injury [27, 28]. 

The EC used in the present model were derived from 
human umbilical veins, umbilical arteries and saphenous 
veins, respectively. Although we believe that the damag- 
ing melanoma cells are able to induce similar damage in 
EC obtained from the capillary microvasculature, this 
remains to be tested. 

Differences between the melanoma cell lines were no- 
ticed with regard to the effectiveness of the different rad- 
ical scavenging agents. Since superoxide is the sole sub- 
strate for SOD and hydrogen peroxide for catalase, re- 
spectively, it is suggestive that superoxide is the predom- 
inant injurious reactive oxygen species in co-cultures of 
the cell line ST-ML-12 and hydrogen peroxide in co-cul- 
tures of the cell lines ST-ML-11, ST-ML-14 and SK- 
MEL-28. Deferoxamine mesylate, allopurinol, ibupro- 
fen, nor-dihydroguaretic acid and the proteinase inhibitor 
aprotinin did not display any protective effect. Soybean 
trypsin inhibitor, however, was slightly inhibitory in the 
case of ST-ML-14 and SK-MEL-28 in some experi- 
ments. Studies by Varani and coworkers [40] indicate 
that the killing of EC by activated neutrophils is a result 
of the synergistic interaction between reactive oxygen 
products and proteases. A similar interaction might be 
operative in the melanoma cell lines. Thus, free radicals 
could render the EC more sensitive to the action of pro- 
teases and also activate latent degradative enzymes 
which in vivo might furthermore support the destruction 
of the subendothelial basement membrane [36]. 



In contrast to melanomas,  none of the non-melanoma 
cancer cell lines induced EC alterations. Melanoma is 
one of the most aggressive forms of cancer, metastasiz- 
i ng to  any site of the body. Our results therefore tempt us 
to suggest that an oxygen radical-mediated destruction of 
the vascular EC lining may contribute to this extraordi- 
nary metastatic potential. Compared with other neo- 
plasms melanoma cells generate significant amounts of  
reactive oxygen species through their unique metabolic 
pathway - the biosynthesis of  melanin [4, 6, 15, 30, 33, 
44]. The possibility that toxic damage to cells could oc- 
cur from the action of these oxidation products has been 
previously recognized and it has been shown that mela- 
noma-associated free-radical damage can occur in vivo 
[2, 4, 15, 33]. Consequently the manipulation of free rad- 
icals in this tumour has been proposed as a therapeutic 
targeting strategy for melanoma and both inhibitors or 
accelerators of free radical chain reactions have indeed 
been shown to inhibit growth and metastasis formation 
of melanomas in vivo [13, 30, 33, 41]. In these studies an 
interference with melanoma cell metabolism and prolif- 
eration as well as immunomodulatory effects have been 
proposed as important mechanisms to inhibit growth and 
metastasis. Our data suggest that the anti-melanoma ac- 
tivity of free radical scavenging enzymes may also be 
due to an interference with the invasive behaviour of the 
melanoma cells. 

Melanoma cells are thought to have an exceptionally 
efficient defence system against oxygen free radicals. 
The most important mechanisms to restrict and control 
the intracellular concentration of radicals are compart-  
mentalization within the melanosome and the action of 
natural anti-oxidants and anti-oxidant enzymes, such as 
SOD, catalase, glutathione and thioredoxin [4, 15, 44]. It 
has been proposed that defective melanosomal compart-  
mentalization and consequently leakage of melanin-asso- 
ciated radicals may lead to cytotoxic phenomena in mel- 
anomas. Although we found occasional melanofilaments 
which were not unequivocally lined by a limiting 
melanosomal membrane in the cell line SK-MEL-28 an- 
alyses of  all other melanoma cell lines tested did not re- 
veal defective melanosomal membranes and are thus not 
supportive of  the above-mentioned hypothesis. However, 
in patients with metastatic melanoma high levels of  po- 
tentially toxic precursors of melanin are released into the 
blood [15]. An aberrant cellular secretion of such metab- 
olites by neoplastic melanocytes could thus contribute to 
the cytotoxicity induced by melanomas.  

Increasing evidence suggests that a dysfunction or de- 
rangement of  cellular anti-oxidant enzyme activities 
plays a crucial role in the growth and invasiveness of 
melanoma. Melanoma cells are frequently depleted in 
activities of  SOD and catalase and this is even more pro- 
nounced in metastatic cell clones [14, 19]. Recently, the 
human manganese SOD gene has been localized to chro- 
mosome 6q25 [24]. This region is frequently lost in mel- 
anoma and an intriguing study has demonstrated that 
transfection of manganese SOD cDNA into melanomas 
suppresses their tumourigenicity in experimental animals 
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[7]. However, melanomas contain abnormally elevated 
amounts of  thioredoxin activity, which are possibly ele- 
vated in these tumours to compensate the decrease/loss 
of other antioxidant enzymes [34]. An analysis of  the po- 
tential correlation of anti-oxidant enzyme activities with 
the melanoma-induced endothelial cell cytotoxicity dem- 
onstrated in our study thus seems to be of particular in- 
terest. 

The present panel of injurious and non-injurious cell 
lines may provide a useful model to elucidate the path- 
omechanims of the unique metastatic propensity of  hu- 
man melanoma. 
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