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phosphorylation studies performed after these melano-
ma cells were exposed to eristostatin revealed changes 
in several tyrosine phosphorylated molecules. 
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 Introduction 

 Cancer cells interact with their environment in order 
to replicate, gain nourishment, move and survive. Eristo-
statin is a monomeric disintegrin from the viper  Eristico-
phis macmahoni . It has been shown to inhibit not only 
platelet aggregation  [1]  but in vivo lung/liver colonization 
by either murine or human melanoma cells  [2–4] . Such 
inhibitory activity by other disintegrins has been attrib-
uted to interactions with  � IIb � 3 (for platelet aggregation) 
and  � v � 3,  � v � 5 and/or  � 5 � 1 for glioma cell  [5]  and breast 
cancer  [6]  metastasis. The integrins  � IIb � 3,  � v � 3 or 
 � 5 � 1,  � 9 � 1 and the  � 2 subunit have been cited as disin-
tegrin binding partners when analyzing intracellular sig-
naling associated with cellular motility inhibition by dis-
integrins  [7–13] . None of these would explain eristo-
statin’s effect, because we and other investigators have 
shown that eristostatin interacts only minimally with 
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  Abstract 
 To study the molecular mechanism of the disintegrin 
 eristostatin, cellular functional studies were performed 
using ten recombinant alanine mutants. ADP-induced 
platelet aggregation revealed critical contributions of 
seven residues within the ‘RGD loop’ (R24, R27, G28, N31) 
and C-terminus (W47, N48, G49) of this disintegrin. Using 
an in vitro scratch wound healing assay, four human mel-
anoma cell lines yielded similar results when exposed to 
wildtype eristostatin. All eristostatin-treated cells healed 
less of the wounded area than control conditions. This 
phenomenon was reproduced when using fi bronectin as 
the matrix. C8161 cells showed signifi cant delay in wound 
closure with the N-terminal mutant P4A but not with 
R24A or G28A. Evidence from our laboratory and others 
suggests neither alpha IIb, alpha 4 nor alpha 5 integrins 
are directly involved in eristostatin’s interactions. Eristo-
statin did not affect the number of melanoma cells in cul-
ture after 24 h or the development of apoptosis. However, 
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 � v � 3 and not at all with  � 5 � 1,  � v � 5 or  � 9 � 1. The pur-
pose of these studies was to determine whether eristo-
statin employs an integrin mechanism in its interactions 
with human melanoma cells, and whether structural mo-
tifs critical in its interactions with cancer cells and plate-
lets differ. 

 Materials and Methods 

 Chemicals and Media 
 Standard laboratory chemicals and protease inhibitor were ob-

tained from Sigma (St. Louis, Mo., USA). Dulbecco’s modifi ed Ea-
gle’s media (DMEM-F12) and phosphate-buffered saline (DPBS) 
were obtained from Mediatech (Herndon, Va., USA). Fetal bovine 
calf serum (FBS) was from GibcoBRL (Rockville, Md., USA). Anti-
eristostatin antibodies were produced in rabbits as previously de-
scribed  [1] . Monoclonal anti-phosphotyrosine antibody (clone 
4G10) was from Upstate Biotechnology (Charlottesville, Va., USA). 
Crude venom was obtained from Latoxan (Rosans, France). Anti-
mouse IgG resin was from EBiosciences (San Diego, Calif., USA). 
Chemiluminescence assay kit was obtained from AP Biosciences 
(Piscataway, N.J., USA). Matrix-coated tissue culture plates (fi bro-
nectin, collagen I, collagen IV, laminin) were obtained from BD 
Biosciences (Mountainview, Calif., USA). Pronectin ® -F plates, us-
ing a non-animal source polymer that incorporates multiple copies 
of RGD interspaced between repeated structural peptide units, 
were a gift from Deni Galileo, University of Delaware. 

 Cell Lines Used 
 Human melanoma cell lines 1205LU, WM164 were kindly pro-

vided by Dr. Meenhard Herlyn (Wistar Institute, Philadelphia, Pa., 
USA), while C8161 and MV3 cells were obtained from Fred 
Meyskens (University of California, Irvine Cancer Center) and 
Goos N.P. van Muijen (University Medical Center Nijmegen, The 
Netherlands), respectively. M24met cells came from Ralph Reis-
feld (The Scripps Institute, San Diego, Calif., USA). All cell lines 
were cultured in DMEM-F12 containing L-glutamine and supple-
mented with 10% FBS (DMEM-FF). Cells were grown at 37   °   C, 5% 
CO 2 , detached using 2 mmol/l EDTA and resuspended in DPBS. 

 Preparation of Disintegrins 
 Native eristostatin was isolated from crude venom of  Eristico-

phis macmahoni  by high-pressure liquid chromatography as previ-
ously described  [1] . Wildtype eristostatin and ten mutations (Q1A, 
P4A, R24A, V25A, R27A, G28A, N31A, W47A, N48A, G49A) 
were expressed in  E. coli  using a modifi cation of the method previ-
ously described  [14] . Modifi cations included the use of a pET-
39b(+) expression plasmid and isolation of the 6-histidine fusion 
protein with a nickel resin. 

 Platelet Aggregation Inhibition 
 Aspirin-free blood was collected from healthy donors in 3.8% 

(w/v) sodium citrate (1:   9 ratio), centrifuged at 1,300 g for 10 min, 
with the platelet-rich plasma separated from the cells within 30 min 
of collection. The concentration of each recombinant or native dis-
integrin that inhibited platelet aggregation induced by 20  �  M  ADP 
was determined as described previously  [15] . 

 Wound Healing Assay 
 For serum-supplemented studies, melanoma cells (3E6) were 

plated in 35-mm tissue culture plates and incubated overnight 
(37   °   C, 5% CO 2 )  8  wildtype or mutant eristostatin (3,000 n M ) in 
DMEM-FF. The next day, three streaks were made in the middle 
of the monolayer using a sterile pipette tip, the cells were washed 
twice with DPBS, and the media was changed to fresh DMEM-FF 
 8  eristostatin or mutated protein (3,000 n M ). Measurements of 
the wound distance were taken using an ocular micrometer at each 
time point. Differences were calculated by comparing the zero time 
distance with the 12-hour distance for each condition, and ex-
pressed as a percent wound closure of the untreated control, which 
was taken to be 100%. Statistical signifi cance was evaluated using 
the Student’s t test and considered signifi cant at p  !  0.05, which is 
indicated in each fi gure and table by an asterisk. For studies using 
serum-free conditions, cells were starved overnight and then han-
dled as before, in the presence of a specifi c matrix surface. A mini-
mum of 9 observations for each cell type was made. 

 Results and Discussion 

 Eristostatin provides a unique tool with which to
study integrin-ligand involvement in cancer cell physiol-
ogy. Previous results suggest it is selective and potent for 
 � IIb � 3  [16] , and that it is capable of binding to the sur-
face of at least 6 melanoma cell lines  [2–4, 16, 17] . Using 
a set of chimeric mutations based on differences between 
eristostatin and echistatin, we have also shown that mo-
tifs within the ‘RGD loop’ and the C-terminus of eristo-
statin are most critical for its function  [4] . Our current 
results using alanine mutants confi rm these fi ndings in 
platelets and melanoma cells. The IC 50  values (mean  8  
SE) for Q1A (135  8  20 n M ) and P4A (126  8  14 n M ) 
revealed inhibition of ADP-induced platelet aggregation 
with potency similar to that of wildtype eristostatin (113 
 8  15 n M ). R24A (568  8  56 n M ), V25A (172  8  29 n M ), 
N31A (622  8  63 n M ), W47A (229  8  41 n M ), N48A (183 
 8  29 n M ) and G49A (184  8  20 n M ) were 1.5–5 times 
less potent, while R27A and G28A, from the RGD motif, 
showed no activity. This is in contrast to alanine muta-
genesis results of Dennis et al.  [18]  in which critical resi-
dues for kistrin were only arginine 49  and aspartic acid 51  
of its RGD motif. The same molecular mechanism is not 
likely relevant for eristostatin’s effect on in vivo metasta-
sis inhibition, since none of the melanoma cells used in 
these experiments express  � IIb � 3 on their surface. 

 In order to establish the integrin dependence of the 
melanoma cell-eristostatin interaction, we performed 
scratch wound healing assays  [19] . Initial studies on non-
ECM-coated tissue culture dishes showed a signifi cantly 
decreased ability of all melanoma cells to close the wound 
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in the presence of eristostatin ( table 1 ). These results sug-
gested that eristostatin must be present as the melanoma 
cells are proliferating and/or migrating to be effective. If 
eristostatin is present only before wounding, it is ineffec-
tive in preventing wound closure. Thus far, these tests 
have been repeated with eristostatin mutants using one 
cell line, C8161, which showed delay in wound closure 
with P4A but not with R24A or G28A ( fi g. 1 ). These re-
sults mirror the response found with platelet aggregation, 
and suggest that arginine and glycine at positions 24 and 
28, respectively, are critical for eristostatin’s function 
while proline at position 4 is not. To remove cell prolif-
eration as a variable in this assay, we repeated the exper-
iments with serum-starved cells on specifi c matrix-coated 
tissue culture dishes. Signifi cant differences were ob-
served in wound closure of all melanoma cells on fi bro-
nectin matrix in the presence of eristostatin, but not when 
laminin or collagen types I or IV was used ( fi g. 2 ). The 
C8161 cell result pattern shown in  fi gure 2  was observed 
with all cell lines used. We confi rmed Morris’ fi ndings  [2]  
that eristostatin did not affect the proliferation of mela-
noma cells in culture after 24 h or the development of 
apoptosis (data not shown).  Figure 3  (left) shows that, 
while melanoma cells could form a monolayer on an 
RGD matrix, they began to form cell clusters within 1 h 
in the presence of eristostatin (right), confi rming this dis-
integrin’s interaction is RGD dependent. It was noted 
that untreated cells maintained contact with the RGD 
matrix for 12 h, and gave identical wound closure results 
to those obtained when using a fi bronectin matrix. 

 The receptor on melanoma cells with which eristo-
statin interacts is not yet known, but binding studies us-

ing confocal microscopy  [4]  suggest a cell surface inter-
action, with an integrin being a likely target. The pattern 
of results for the wound healing and platelet aggregation 
assays is the same for wildtype eristostatin and muta-
tions P4A, R24A and G28A. However, platelet aggrega-
tion utilizes  � IIb � 3, while the wound healing assays are 
most likely utilizing integrins found on the surface of the 
melanoma cells, none of which express  � IIb � 3. One oth-
er integrin proposed for involvement is  � 4 � 1  [20] , based 
on studies performed with melanoma cell line MV3. 
However, eristostatin signifi cantly inhibited C8161 lung 
colonization in vivo  [16] , and since C8161 cells do not 
express this integrin, a common mechanism using  � 4 � 1 
is not possible. Fibronectin was the only matrix exhibit-
ing a signifi cant effect by eristostatin; therefore, we re-
viewed the twelve integrins which bind this matrix  [21] . 

Table 1. In vitro wound closure in the presence of serum

Melanoma
cell line

Percent closure

+/– –/+ +/+

C8161 10283.4 8383* 8484*
MV3 10283.7 7286.5* 7783*
1205LU 10084 5685.6* 7082.8*
M24met 9984.3 8087.2* 8785.5*

Eristostatin was present before wounding (+/–), after (–/+), or 
at both times (+/+). Data is mean 8 SE for at least 9 experi-
ments.

* p < 0.05.
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  Fig. 1.  Scratch-wounded C8161 monolayers, exposed to serum, 
treated with native or mutant eristostatin (Er). * p < 0.05. 
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  Fig. 2.  Effect of eristostatin on wound closure of serum-starved 
melanoma monolayers on indicated matrices. * p !  0.05. 
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After eliminating those not RGD dependent, not in-
volved in motility and those not found in common on 
our experimental melanoma cell lines, we are left with 
 � 3 � 1,  � v � 1 and  � v � 6 for additional studies. Prelimi-
nary evidence using crosslinked eristostatin suggests in-
volvement of a protein with a mass of approximately 
100 kDa, perhaps corresponding to the  � 1 or  � 6 sub-
unit. 

 The wound healing assays suggest eristostatin affects 
the motility of the melanoma cells, and therefore may al-
ter the intracellular signaling in these cells. Incubation of 
C8161, M24met and 1205LU melanoma cells with eri s-
tostatin caused an increase in tyrosine phosphorylation 
of a protein approximately 45 kDa in each cell line. 

M24met cells showed an additional band at 100 kDa, 
while 1205LU cells had bands at 60 and 120 kDa proteins 
(manuscript in preparation). While the identity of these 
molecules is yet unknown, we expect these proteins are 
involved in motility and not proliferation or apoptosis 
since eristostatin affects neither process. Possible candi-
dates include Crk, EGFR, FAK, FGFR, PDGFR, PTEN 
and Pyk2. 
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  Fig. 3.  Melanoma monolayers plus eristostatin plated on Pronectin ® -F without serum. 
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