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We report that cells adhering to contortrostatin
how transient increases in activation of Extracellular
ignal Regulated Kinase 2 (ERK2). The kinetics and
egree of activation are similar to cells adhering to
bronectin or vitronectin. We have recently shown
hat contortrostatin induces tyrosine phosphorylation
n tumor cells. Contortrostatin is shown here to stim-
late activation of ERK2 in suspended cells, but this
ctivation follows a different dose-response pattern
han contortrostatin-induced tyrosine phosphoryla-
ion. Since contortrostatin induces tyrosine phosphor-
lation via avb3, we explored the effects of an avb3-
locking antibody, 7E3, on contortrostatin-stimulated
RK2 activation. While 7E3 completely blocks the ef-

ect of contortrostatin on tyrosine phosphorylation,
his antibody had no effect on activation of ERK2. In
ells lacking expression of avb3, tyrosine phosphory-
ation was unaffected by contortrostatin treatment,
ut ERK2 was activated. This is strong evidence that
ontortrostatin is regulating tyrosine phosphoryla-
ion events and ERK2 activation via separate path-
ays and through different integrin receptors. © 2000

cademic Press

Key Words: integrin; disintegrin; MAP kinase; vitro-
ectin receptor; tyrosine phosphorylation.

Integrins not only provide cells with anchorage to
he extracellular matrix, but also transduce signals
hat influence cell survival, division, differentiation
nd motility (1). The MAP kinase family of serine/
hreonine kinases is an important group of molecules
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ell-characterized Ras pathway and have been shown
o be involved in regulating a multitude of cellular
vents. Growth factors initiate signaling to MAP ki-
ase by binding to receptor tyrosine kinases at the cell
urface. The receptors undergo dimerization and ty-
osine phosphorylation at specific residues which cre-
te binding sites for SH2 domain-containing adapter
rotein Grb2, which can then recruit SOS, a guanine
ucleotide exchange factor that causes exchange of
DP for GTP on Ras (3). GTP-bound Ras is the active

orm and binds directly to Raf, a serine/threonine ki-
ase. Raf phosphorylates MEK, a dual specificity ki-
ase which binds and phosphorylates ERK, a member
f the MAP kinase family, on threonine 183 and ty-
osine 185, resulting in its full activation (4). ERK is
ound in two isoforms, ERK1 (44 kDa) and ERK2 (42
Da) both of which affect gene expression by directly
hosphorylating transcription factors (5). ERK2 can
lso directly regulate the function of myosin light chain
inase (MLCK), an enzyme tightly associated with the
ontrol of cellular motility (6). Myosins are ATPases
hat are activated by actin and are capable of transla-
ional movement along actin filaments, which is impor-
ant in generating force needed for cell motility. Myo-
in II is largely responsible for performing this role in
on-muscle cells and is composed of two heavy chains
200 kDa) and two sets of light chains (16–20 kDa) (7).
he function of myosin II is regulated by phosphoryla-
ion of the light chains by MLCK. Thus, ERK2 regu-
ates cell motility indirectly through its ability to influ-
nce the activity of MLCK. Integrins are able to
egulate the activity of the MAP kinases by sharing
omponents of the Ras pathway (8). Integrin dimeriza-
ion causes trans-autophosphorylation of FAK on a
yrosine residue that is recognized by the SH2 domain
f Src. Src phosphorylates another tyrosine residue on
AK which becomes a binding site for Grb2, which
ropagates downstream signals via the Ras cascade
9). Grb2 can also bind Shc, a protein tyrosine phos-



phorylated by FAK (10). Thus, the MAP kinases are
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ituated at a point of convergence of multiple signaling
athways where they participate in the regulation of
mportant cellular processes.

Disintegrins are potent integrin-binding proteins
solated from the venom of various species of snakes.
his growing family was originally identified as inhib-

tors of platelet aggregation through blockage of the
IIbb3 integrin, and later found to interact with b1
nd b3 integrins on several cell types (11, 12). Disin-
egrins classically contain an RGD (Arg-Gly-Asp) se-
uence which allows them to act as competitive inhib-
tors for cell binding to RGD-containing extracellular

atrix proteins such as fibronectin and vitronectin.
ost disintegrins are monomeric with a single integrin

inding motif. However, a subclass is emerging which
s made up of dimeric disintegrins (13–15). The first
imeric disintegrin to be described was contortrostatin,
solated from the venom of the southern copperhead
nake (Agkistrodon contortrix contortrix) (16). This
rotein is a 13.5 kDa disulfide-linked homodimer with
wo integrin-binding RGD motifs and has been shown
o be an effective inhibitor of angiogenesis and cancer
rogression in vivo (17–19).
Investigations into the effects of contortrostatin on

ntegrin signaling revealed that this disintegrin acti-
ates pathways leading to the tyrosine phosphoryla-
ion of FAK and CAS (20, 21). Although contortrostatin
inds other integrins (16, 17, 19, 22), the avb3 integrin
s the exclusive mediator of contortrostatin-induced
yrosine phosphorylation events and requires the ac-
ivity of the Src family tyrosine kinases. Since mono-
eric disintegrins are incapable of stimulating ty-

osine phosphorylation, it is concluded that the
omodimeric structure of contortrostatin confers this
ctivity. The functional consequence of contortrostatin
ignaling has recently been correlated with a massive
isruption of cellular structure with a collapse of the
ctin cytoskeleton and disassembly of focal adhesion
omplexes (23). Contortrostatin is a potent inhibitor of
umor and endothelial cell motility (18, 19, 23), an
ctivity which is likely related to the cytoskeletal dis-
uptions. These findings at the molecular and cellu-
ar levels provide a mechanistic basis for the ob-
erved inhibition of angiogenesis and cancer progres-
ion in vivo.
This report describes the influence of contortrostatin

n the activation of the MAP kinase, ERK2, and pro-
ides evidence for a pathway leading to activation of
his molecule that is distinct from the contortrostatin-
ediated, avb3-dependent pathway involving tyrosine

hosphorylation of FAK and CAS. Contortrostatin-
nduced activation of ERK2 may be a separate but
ooperative event negatively affecting cell motility
nd/or cell growth, and sheds new light on the activi-
ies of the disintegrin family.
143
Materials. T24 human bladder carcinoma cells were purchased
rom ATCC (Rockville, MD). OVCAR-5 human ovarian carcinoma
ells were a gift from Dr. Thomas Hamilton (Fox Chase Cancer
enter, Philadelphia, PA). Contortrostatin was purified from the
enom of the southern copperhead (Agkistrodon contortrix contor-
rix) as described previously (16, 17). The general protease inhibitor
ocktail used in lysis buffers were obtained from Sigma (St. Louis,
O). The Src family kinase inhibitor, PP1, was from Calbiochem (La

olla, CA). Anti-phosphotyrosine monoclonal antibody (mAb) PY99
as obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The
ctivated form of ERK2 was detected using the Anti-ACTIVE MAPK
olyclonal antibody from Promega (Madison, WI). 7E3 mAb was
rovided by Dr. Marian Nakada (Centocor, Malvern, PA).

Cell culture, preparation, and stimulation. Cells were main-
ained in RPMI 1640 medium containing 5% fetal bovine serum at
7°C and 5% CO2. Cells were washed with phosphate-buffered saline
PBS) and starved in serum-free medium for 6 h at 37°C. Cells were
etached by brief treatment with 0.05% trypsin/0.02% EDTA in PBS
nd collected by centrifugation, resuspended in soybean trypsin in-
ibitor (1 mg/ml in serum-free medium), and washed in 2% bovine
erum albumin/serum-free medium. Cells were maintained in sus-
ension for 1 h in 2% bovine serum albumin/serum-free medium at
7°C with end-over-end agitation. Quiescent cells (3 3 106/ml) were
llowed to adhere to the indicated substrates after overnight immo-
ilization of proteins and blocking with 2% BSA/PBS, or were treated
ith disintegrins or other reagents while in suspension.

Lysate preparation and immunoprecipitation. Suspended or ad-
erent cells were washed twice with cold PBS and lysed in cold lysis
uffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5%
eoxycholate, 0.1% SDS, protease inhibitor cocktail, 1 mM sodium
yrophosphate, 1 mM sodium orthovanadate, 50 mM sodium fluo-
ide). After 10–15 min incubation on ice, insoluble material was
emoved by centrifugation at 14,000 rpm in a microcentrifuge for 15
in. Supernatants were collected and total protein concentra-

ions standardized by the BCA protein assay (Pierce, Rockford, IL).
hole cell lysates (30 mg total protein) were resolved by SDS–

olyacrylamide gel electrophoresis and transferred to nitrocellulose
embranes.

Immunoblotting. Membranes were blocked with 5% nonfat milk/
ris-buffered saline/0.1% Tween 20 (blocking buffer) 1 h at room
emperature or overnight at 4°C. Primary antibody incubations were
erformed in blocking buffer for 1 h at room temperature. After
ashing in Tris-buffered saline/0.1% Tween 20, membranes were

ncubated with horseradish peroxidase-conjugated secondary anti-
ody in blocking buffer 1 h at room temperature. Membranes were
ashed extensively. Immunoblots were developed using Super Sig-
al West Pico Chemiluminescent Substrate from Pierce.

ESULTS

Tumor cell adhesion to immobilized contortrostatin
esults in enhanced activation of ERK2. To test how
24 cells respond when adhering to immobilized con-
ortrostatin we compared ERK activation in these cells
o cells adhering to fibronectin or vitronectin. It was
bserved that T24 cells express much higher levels of
RK2 compared to ERK1. Lengthy exposure of blots
robed for activated ERK1/2 revealed a faint band
orresponding to ERK1 (44 kDa) that was slightly
arger than the major band (ERK2, 42 kDa). It was
ound that T24 cells responded with ERK2 activation
n a similar manner irrespective of the substrate to
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hich they adhered (Fig. 1). Cells bound to contortro-
tatin, as well as fibronectin and vitronectin, showed a
eak in ERK2 activation at 30 min and declining acti-
ation at 180 min. These findings are consistent with
ther reports indicating that ERK2 activation follow-
ng adhesion to extracellular matrix proteins is tran-
ient (8, 24) and suggests that cells are unable to
istinguish contortrostatin from other RGD-containing
igands under these conditions.

Contortrostatin treatment of suspended T24 cells ac-
ivates tyrosine phosphorylation and ERK2 with dis-
inct dose-response patterns. Quiescent cells were
reated for 10 min while in suspension with various
oncentrations of contortrostatin and protein tyro-
ine phosphorylation content was measured by anti-
hosphotyrosine immunoblot. As previously reported
20) it was observed that contortrostatin-treated cells
isplayed dramatic activation of tyrosine phosphoryla-
ion of proteins in the size range of 120–140 kDa (Fig.
). With higher concentrations of contortrostatin, a
eduction in tyrosine phosphorylation levels was ob-
erved. ERK2 was also found to be modestly activated
n response to contortrostatin treatment, but the dose
esponse was distinct from that of the tyrosine phos-
horylation events, suggesting that these two phenom-
na are regulated by different pathways.

Contortrostatin-induced alterations in tyrosine phos-
horylation, but not ERK2 activation, are mediated by
vb3. Our previous work had shown that the avb3

ntegrin is the exclusive mediator of tyrosine phosphor-
lation events stimulated by contortrostatin (20). In

FIG. 1. ERK2 is transiently activated in T24 cells adhering to
mmobilized contortrostatin (5 mg/ml) (A) as well as in cells adhering
o fibronectin (20 mg/ml) (B) or vitronectin (7 mg/ml) (C). Whole cell
ysates were probed with an antibody that specifically recognizes the
ctivated form of ERK1/2. ERK2 is the isoform predominantly ex-
ressed in T24 cells. Time 0 represents cell lysates prior to adhesion
o the various substrates. Lysates from cells held in suspension for
80 min (Susp) are shown. Corresponding loading control blots are
hown in the lower halves of each panel. Experiments were repeated
o confirm results.
144
rder to determine if avb3 is also mediating con-
ortrostatin-induced ERK2 activation, T24 cells were
retreated with various concentrations of 7E3, a mono-
lonal antibody generated against aIIbb3 that has
qual reactivity to avb3 (25). T24 cells do not express
IIbb3 as shown by a lack of staining with a 10E5, a
pecific antibody for aIIbb3 (data not shown). We found
hat 7E3 at 1000 nM was able to completely block the
yrosine phosphorylation effects of 10 nM contortrosta-
in treatment (Fig. 3). The existence of multiple path-
ays regulated by contortrostatin was again evidenced
y the observation that 7E3 had no effect on ERK2
ctivation in the same lysates. The involvement of the
rc family of tyrosine kinases was explored in these
xperiments through use of a specific Src family inhib-
tor, PP1 (26). Inhibition of Src family kinase activity

FIG. 2. Dose response of contortrostatin-induced signaling
vents in suspended T24 cells. Whole cell lysates were immunoblot-
ed for phosphotyrosine (P-Tyr) or activated ERK2 after treatment
ith the indicated concentrations of contortrostatin (CN) for 10 min
t 37°C. Since protein levels are not expected to change during the
hort 10 min incubation, ERK loading control blots are excluded. A
ensitometry plot with arbitrary units is shown for ERK2. Results
hown are representative of three similar experiments.

FIG. 3. Contortrostatin-induced tyrosine phosphorylation is me-
iated by the avb3 integrin, but ERK2 activation is not. Whole cell
ysates were probed for phosphotyrosine (P-Tyr) content or activated
RK2. Cells were pretreated with anti-avb3 mAb (7E3) or the Src

amily kinase inhibitor (PP1) for 10 min prior to additional 10 min
ncubation at 37°C with 10 nM contortrostatin (CN). A densitometry
lot with arbitrary units is shown for ERK2 activation. Results are
epresentative of two similar experiments.
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ith 10 mM PP1 blocked the effects of 10 nM contor-
rostatin on tyrosine phosphorylation in these cells.
rom this result it can be concluded that con-
ortrostatin-induced changes in tyrosine phosphoryla-
ion levels depend on the activity of Src family
inases. Interestingly, contortrostatin activation of
RK2 was also completely abrogated in the presence of
P1. Thus, these results support earlier findings that
he avb3 integrin mediates contortrostatin-induced ty-
osine phosphorylation (20) and indicate that contor-
rostatin activation of ERK2 is independent of this
eceptor. Both pathways appear to require activation of
he Src family kinases since inhibition of these en-
ymes completely eliminates contortrostatin-induced
ffects on both tyrosine phosphorylation and ERK2
ctivation.

Contortrostatin activates ERK2 in avb3-negative
ells, but tyrosine phosphorylation is unaffected. Fur-
her investigations into the different pathways regu-
ated by contortrostatin were performed in OVCAR-5
uman ovarian cancer cells. These cells were found to

ack expression of the avb3 integrin, but do express
vb5, an integrin to which contortrostatin has been
hown to bind (22). This provided another opportunity
o distinguish the role of avb3 from other integrins in
ediating contortrostatin signals. When contortro-

tatin-treated OVCAR-5 cell lysates were immunoblot-
ed for phosphotyrosine, little change was observed
Fig. 4), clearly contrasting with the effects of con-
ortrostatin on tyrosine phosphorylation in avb3-
xpressing cells (Fig. 2). However, when ERK2 activa-
ion was measured, contortrostatin was found to cause
modest, dose-dependent activation of ERK2 in these

ells.
It has been reported that signaling mediated by the

vb5 integrin is dependent on the activity of protein

FIG. 4. Contortrostatin activates ERK2 in avb3-negative cells
ut fails to stimulate tyrosine phosphorylation (P-Tyr). OVCAR-5
ells, which lack expression of avb3, were treated with the indicated
oncentrations of contortrostatin (CN) for 10 min at 37°C, or were
retreated with the PKC activator, PMA at 10 nM for 30 min prior to
reatment with contortrostatin. A densitometry plot with arbitrary
nits is shown for ERK2 activation. Results are representative of two
imilar experiments.
145
rostatin binds avb5, and since PKC is likely inactive
nder the serum-free conditions used here, we pre-
reated cells for 30 min with phorbol ester (PMA) to
etermine if PKC activation would effect contortro-
tatin-induced tyrosine phosphorylation or ERK2 acti-
ation. PMA pretreatment (10 nM) had no enhancing
ffect on tyrosine phosphorylation levels in the pres-
nce of contortrostatin (Fig. 4). When the same lysates
re examined for ERK2 activation, PMA treatment
lone caused dramatically increased activation, but
ad no effect on ERK2 activation in contortrostatin-
reated cells. Thus the ability of contortrostatin to af-
ect tyrosine phosphorylation events and ERK2 activa-
ion appears to be independent of the activation status
f PKC.

ISCUSSION

The study of integrins as signaling molecules has
ained the interest of researches in the fields of tumor
iology and angiogenesis. Work in our laboratory on
he antitumor and antiangiogenic properties of contor-
rostatin suggested the possibility that this disintegrin
ould have effects on integrin signaling, contributing

o its inhibition of these processes. Indeed, contortro-
tatin does effect the levels of tyrosine phosphorylated
roteins within tumor cells, and it has been shown that
he avb3 integrin is solely responsible for mediating
hese changes (20). In an earlier study conducted in
latelets, contortrostatin treatment was shown to have
IIbb3-mediated effects on tyrosine phosphorylation
istinct from that of a monomeric disintegrin (28). The
ost notable difference was that contortrostatin treat-
ent caused an increase in tyrosine phosphorylation of

everal proteins, while the monomeric disintegrin did
ot, suggesting that the unique homodimeric structure
f contortrostatin imbues it with added function.
More recent studies have shown that contortrostatin

ctivates tyrosine phosphorylation of FAK and CAS in
umor cells (20). Other investigators have demon-
trated that the activity of ERK2 is regulated by inte-
rin signaling (2, 8). Our study of this important sig-
aling molecule revealed that contortrostatin can
ositively affect ERK2 activation, but appears to do so
hrough a pathway different than the pathway regu-
ating tyrosine phosphorylation. These findings distin-
uish contortrostatin as an active regulator of integrin
unction and show that it acts as more than a passive
ntegrin-blocking agent. The downstream events that

ay be effected by contortrostatin are numerous and
nclude disruptions in motility and cell cycle progres-
ion. Other work in our laboratory has shown that
ontortrostatin inhibits the migration of tumor cells
18, 20, 22, 23) and is an inhibitor of angiogenesis (19).
ctivation of ERK2 is often associated with enhanced
LCK activity and increased migration (6). However,
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ontext may have a negative effect on migration. A
ossible reconciliation for this may be found when con-
idering that precise temporal and spatial regulation of
RK2 activity might be necessary for its ability to

unction as a positive regulator of motility. Contortro-
tatin might thus be causing a dysregulation of ERK2
eading to decreased migratory capacity. Many other
ellular functions are controlled by the MAP kinases,
ncluding proliferation. The fact that contortrostatin
cts as an inhibitor of angiogenesis and cancer progres-
ion raises the likelihood that contortrostatin may also
ave negative effects on the ability of cells to divide, a
ypothesis that remains to be investigated.
Although we have shown that the avb3 integrin is

esponsible for mediating contortrostatin-induced ty-
osine phosphorylation, the receptor(s) involved in
ransmitting the signal leading to activation of ERK2
emains unidentified. This diverging pathway may be
ontrolled by another vitronectin receptor, avb5. Pre-
ious work has identified four integrins to which con-
ortrostatin binds: aIIbb3, a5b1, avb3 and avb5 (16–
8, 22). Since the monomeric disintegrin echistatin
nhibited contortrostatin-induced tyrosine phosphory-
ation effects by blocking avb3 (20, 21) but was unable
o block ERK2 activation (data not shown), and since
here are no reports of echistatin binding to avb5, it is
ossible that this integrin mediates contortrostatin-
nduced activation of ERK2. This idea is supported by
ur findings with ovarian cancer cells (OVCAR-5)
hich lack expression of avb3 but do express avb5.
ontortrostatin influenced ERK2 activation but not

yrosine phosphorylation in these cells. The role of
vb5 can be tested by using an antibody that blocks
ontortrostatin binding to this integrin, however we
ave not found an antibody that is capable of this.
pitope incompatibilities are the likely cause of the

nability of these antibodies to block contortrostatin
inding to avb5. A similar situation exists with respect
o the a5b1 integrin. We have previously reported that
ontortrostatin interacts with a5b1, enabling it to
lock adhesion to fibronectin (17). However, reports of
he existence of different a5b1 conformations (29–31)
ead us to believe that contortrostatin may bind to only
ne specific conformation. In previous solid phase cell
dhesion studies, we have observed contortrostatin
inding to a5b1 in K562 leukemia cells, but we ob-
erved no binding of contortrostatin to this integrin in
SY-1 Kaposi’s sarcoma cells. Identifying the recep-

or(s) responsible for transmitting contortrostatin-
nitiated signals to ERK2 remains an area of interest
n our laboratory. The most likely resolution to this
roblem lies in the engineering of cells with the desired
ntegrin expression profile that are not only capable of
inding contortrostatin but also have intact (nonmu-
ated) signaling pathways leading to ERK2 activation.
146
It is well established that simple dimerization of
ntegrins is sufficient to initiate tyrosine phosphoryla-
ion events (32). This has been accomplished with
rosslinked anti-integrin antibodies (33) and multi-
eric integrin ligands (34). When taking into account

hat contortrostatin is composed of two identical sub-
nits, both containing the integrin-binding RGD motif
17), it is probable that the ability of contortrostatin to
ffect tyrosine phosphorylation in tumor cells is di-
ectly related to its ability to crosslink individual avb3
ntegrins. The reduction in tyrosine phosphorylation
een at higher contortrostatin concentrations is a con-
istent observation (20) and might be explained by
magining two binding orientations of the contortrosta-
in dimer, one in which each subunit is bound by an
ntegrin, and the other where only one subunit is
ound (Fig. 5). At low concentrations, each subunit
ould be given an opportunity to bind to an integrin,
ringing two integrins into close proximity and allow-
ng for the initiation of a signaling cascade. At high
oncentrations, all contortrostatin subunits will, in ef-
ect, compete with each other for binding sites. These
onditions will force many of the contortrostatin
imers into a binding orientation with only one subunit
ound, and it would be expected that a reduction in the
ffects on tyrosine phosphorylation would be observed.
lthough it is likely that integrin dimerization is es-
ential for contortrostatin-induced tyrosine phosphor-
lation, the role of dimerization in influencing ERK2
ctivation is not clear. It has been suggested that in-
egrin ligation, in the absence of dimerization, can
nitiate signals as well (35), and it is possible that this

FIG. 5. A hypothetical model depicting two mechanisms leading
o induction of tyrosine phosphorylation (P-Tyr) and activation of
RK2 (P-ERK2). (Upper panel) At low concentrations, contortrosta-

in (CN) is able to crosslink avb3 integrins and initiate a pathway
eading to tyrosine phosphorylation events. At high concentrations,
ach subunit of the dimer competes for binding sites, leading to a
istinct binding orientation that fails to initiate tyrosine phosphor-
lation. (Lower panel) It is proposed that the avb5 (or possibly a5b1)
ntegrin mediates contortrostatin-induced activation of ERK2.
his model depicts ERK2 activation as being independent of inte-
rin crosslinking, where increased activation coincides with in-
reased dose.



mechanism is operating during contortrostatin activa-
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ion of ERK2 (Fig. 5).
This work extends earlier findings that contortrosta-

in functions as more than a simple integrin antago-
ist, activating integrin signals leading to tyrosine
hosphorylation of specific proteins. ERK2 is identified
s an important signaling molecule activated by con-
ortrostatin and provides a basis for further work into
he downstream signaling effects of this unique disin-
egrin. Evidence is provided that, due to its ability
o bind multiple integrins, contortrostatin influences
ore than one signaling pathway. The significance of

he avb3 and avb5 integrins in angiogenesis and can-
er progression suggest that contortrostatin may be an
aluable tool for the further investigation of the roles of
hese receptors in these important biological processes.
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