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Abstract

Snake venom proteins are broadly investigated in the different areas of life science. Direct
interaction of these compounds with cells may involve a variety of mechanisms that result in
diverse cellular responses leading to the activation or blocking of physiological functions of the
cell. In this review, the snake venom components interacting with integrins will be characterized
in context of their effect on cellular response. Currently, two major families of snake venom
proteins are considered as integrin-binding molecules. The most attention has been devoted to the
disintegrin family, which binds certain types of integrins through specific motifs recognized as a
tri-peptide structurally localized on an integrin-binding loop. Other snake venom integrin-binding
proteins belong to the C-type lectin family. Snake venom molecules bind to the cellular integrins
resulting in a modulation of cell signaling and in consequence, the regulation of cell proliferation,
migration and apoptosis. Therefore, snake venom research on the integrin-binding molecules may
have significance in biomedicine and basic cell biology.

1. Introduction

Snake venoms are natural sources of various biologically active compounds, with the major
physiological role of killing and predigesting a prey. Toxic effects of viper venoms on the
prey s tissue comprise severe local necrosis and antagonizing of the blood coagulation
system. Many viper venom proteins have been characterized as non-toxic, although
displaying interesting biological properties. Among them are proteins, which modulate cell
interaction with extracellular matrix (ECM) proteins. The most important cellular receptors
responsible for cell/ECM interaction are integrins. Viper venoms contain antagonists of
integrins, which were structurally classified as disintegrins and C-type lectin proteins (CLP).

Integrins in the functional stage are heterodimeric glycoproteins composed from o and 8
subunits. Currently, 18 a and 8 [ subunits have been identified in mammalian cells, whose
association is limited only to 24 heterodimers that strictly determines ligand specificity
(Hynes, 2002; Humphries et al., 2006). Expression of integrins in normal cells is
characteristic for a specific tissue that determines cell function in a particular organ. For
example, cells involved | the construction a tissue scaffold express receptors for structural
ECM proteins (e.g. collagen), whereas immune cells express receptors responsible for cell-
cell interaction (e.g. VCAM-1), which facilitate their migration upon inflammatory
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response. Many cellular responses require activation of integrin that is correlated with a
signal transduction induced by these cell surface receptors. Activation of integrin reflects
induction of their conformational changes in the ligand binding pocket of the extracellular
domain, which is initiated by the stimulation of the integrin cytoplasmic tail. This type of
signaling is also termed “inside-out” and stimulates receptor for binding to a ligand (Ye et
al., 2011). “Inside-out signaling is very important for activation of allbB3 integrin, which
following stimulation of platelets by several agonists, gains conformation to bind fibrinogen.
“Outside-in” integrin signaling generates signal transductions upon activation by ligand
binding. This bi-directional signaling process is dynamic and requires assembly and
disassembly of several types of cytosolic proteins to integrin cytoplasmic tail (Harburger
and Calderwood, 2009). The physiological outcome of ligand/integrin interaction includes
activation of a variety of cytoplasmic pathways, which may contribute to cell spreading,
proliferation, migration and differentiation. Attachment of integrin to its endogenous ligands
stabilizes cell environment leading to generation of pro-survival signals. However, in certain
conditions integrins may be involved in triggering pro-apoptotic signals (Cheresh and
Stupack, 2008). That situation may occur when cells attach to degraded ECM proteins, or
detach from ECM.

It is well documented that integrins contribute to the initiation and progression of many
pathologies such as cancer, cardiovascular disorders and autoimmune diseases. Anti-integrin
drugs are in intensive clinical trials and a few of them have already been approved for
medical application. First, the allbf3 integrin antagonists were introduced for therapy of
ischemic heart diseases (Hook and Bennett, 2012). Currently, three types of platelet allbp3
integrin inhibitors are on the pharmaceutical market. Abciximab is a humanized monoclonal
antibody, Eptifibatide is a cyclic heptapeptide, and Tirofiban is a small molecular weight
peptidomimetic. Structures of Eptifibatide and Tirofiban were designed based on the
molecules of snake venom disintegrins, barbourin and echistatin, respectively (Scarborough
et al, 1993; Egbertson et al., 1994).

2. Snake venom disintegrins

Snake venom disintegrin research began over 25 years ago, when the first report about
trigramin was published (Huang et al., 1987). This RGD-containing disintegrin inspired
many scientists to search for analogous molecules leading to the discovery of new classes of
these proteins (for historical review see: Calvete, 2013). Currently, snake venom disintegrins
may be divided into subfamilies according to their structure, as well as a function
(Marcinkiewicz, 2005). Structurally, disintegrins are monomers and dimers in homodimeric
and heterodimeric forms. Monomeric disintegrins are grouped according to their polypeptide
chain length, and the number of cysteines: short disintegrins contain 8 cysteines, medium 12
cysteines and long 14 cysteines. Each subunit of dimeric disintegrins contains 10 cysteines
(Fig. 1). Functional classification of snake venom disintegrins was determined by the
presence of a tri-peptide motif in the active site. Currently, three functional groups of
disintegrins may be distinguished, which express RGD-, MLD- and KTS-sequences (Fig. 1).

2.1. Structure of snake venom disintegrins

Disintegrin-related structures in snake venoms in general evolved from precursor molecules
containing metalloproteinase domains (Fox and Serrano, 2009; Moura-da-Silva et al., 2007),
although separate genes were identified for certain heterodimeric disintegrins (Vija et al.,
2009; Okuda et al., 2002). Moreover, analysis of the cDNA library of venom glands of
vipers expressing KTS-disintegrins also revealed the absence of metalloproteinase domain
(Bazaa et al., 2005). Classical snake venom disintegrins, in a mature form are single domain
molecules proteolytically released from PII class of metalloproteinases, whereas disintegrins
derived from P11 class are processed together with a cysteine-rich domain. Moreover, PllI
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disintegrins contain an additional cysteine localized near the sequence, which resembles the
active motive of Pl disintegrins (Fig. 1).

The structural pattern of disulfide bonds within each class of disintegrins is highly conserved
and discloses some evolutionary correlations. Therefore, various disintegrin families appear
to have a common ancestor resulting in the homological conformations of their structure
(Juarez et al., 2008). The 3-D structure was established for several monomeric disintegrins
belonging to the PII class. The molecules of disintegrins were modeled based the NMR
coordinates or crystallographic analysis (for review see: McLane et al., 2008). The most
important for disintegrin activity is a mobile 14-17A loop exposed apart from the core of the
molecule. This loop, also named as integrin-binding loop, contains an active motif
positioned in its central part.

Disintegrins expressing RGD motif bind to RGD-dependent integrins including fibrinogen
receptors (allbB3 integrin), vitronectin receptors (avp3 integrin) and fibronectin receptor
(a5B1 integrin), although selectivity and potency of this binding strongly depends on the
amino acid composition surrounding RGD motif. MLD motif has been found exclusively in
heterodimeric disintegrins. MLD-disintegrins have been characterized as inhibitors of a4f1,
a4p7 and a9p1 integrins, although the presence of another motif in the second subunit such
as RGD, determines their activity toward other integrins including a5p1 (Walsh and
Marcinkiewicz, 2011). Composition of amino acids surrounding MLD motif also regulates
selectively to interact with a4f1, a4p7 or a9B1 integrins. KTS-disintegrins structurally are
short monomeric molecules, which potently and selectively bind to the collagen receptor,
alpl integrin. However, they significantly differ in the organization of integrin-binding
loop. KTS loop is two residues shorter than those in RGD or MLD-disintegrins (Fig. 1).
Moreover, it does not contain any acidic residues in contrast to other disintegrins, which
predominantly express aspartic acid. KTS-disintegrins occur rarely among the viper species.
Obtustatin and lebestatin are present in Vipera lebetina obtusa venom (Marcinkiewicz et al.,
2003; Olfa et al., 2005), whereas viperistatin is in Vipera palestinae (Kisiel et al., 2004). The
fourth member of this family, jerdostatin has lysine substituted to arginine and expresses an
RTS motif (Sanz et al., 2005). Substitution of leucine (obtustatin) to arginine (viperistatin)
increases inhibitory effect on a1l integrin close to two orders of magnitude (Brown et al.,
2009). Recent comparison of structure/function relationship of obtustatin and lebestatin
revealed, that lebestatin contains a higher flexibility of the C-terminal tail and a greater
solvent accessibility of the integrin binding loop than obtustatin (Daidone et al. 2012). These
properties reflect higher activity of lebestatin in biological assays.

The disintegrin domain in P11 class proteins is complemented by a cysteine-rich domain.
They were isolated as a separated non-enzymatic molecule from only a few venoms. In
general, they are a part of larger molecules together with metalloproteinase domain (Ramos
and Selistre-de-Araujo, 2006). In comparison to PlI class, these disintegrins have a very
limited anti-integrin activity. Collagen receptor, a2f1 integrin was reported as a target for
alternagin C and the sequence, RSECD, located in the disintegrin-like domain was identified
as an active site for this interaction (Souza et al., 2000). More recent studies with leberagin-
C showed that it inhibits typical RGD-dependent integrin, avp3 (Limam et al., 2010).
However, specific integrin-binding motif was not evaluated.

2.2. Interaction of snake venom disintegrins with platelets

Platelets were the first cells investigated in context of snake venom disintegrins. They
express allbp3 integrin, which binds fibrinogen through an RGD motif. The majority of
discovered snake venom disintegrins contain an RGD or related motif in the active site and
they potently block activity of these thrombocytes. The first reported disintegrin, trigramin
inhibited ADP-induced platelet aggregation by direct binding to the allbf3 integrin (Huang
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et al., 1987). Potency of snake venom disintegrins to inhibit platelet aggregation depends on
their ability to bind allbp3 integrin. Several studies were performed to map binding epitopes
of specific disintegrins on this integrin heterodimer. For example, short monomeric
disintegrins echistatin and eristostatin, bind to different but overlapping sites of the
fibrinogen receptor (Marcinkiewicz et al., 1996). Interestingly, these two disintegrins do not
affect rat platelet aggregation (Basani et al, 2009). This phenomenon is implicated by the
structural differences between human and rodent allb integrin subunit. The medium
monomeric disintegrins, Kistrin and elegantin, also bind to different, but closely associated
epitopes on allbp3 integrin (Rahman et al., 1995). The presence of a tryptophan residue in
the RGD loop appears to be crucial for strength and selectivity of disintegrin to block
fibrinogen receptor. Eristostatin, containing RGDW motif binds resting platelets close to a
10 fold stronger than echistatin, which expresses an RGDD motif (McLane et al., 2008).
Interestingly, the majority of disintegrins bind activated and non-activated platelets with a
similar affinity. This activity of disintegrins may be explained by the generation of changes
in the integrin s tertiary and quaternary structure that shifts equilibrium amongst resting,
activated and clustered integrins toward a thermodynamically stable oligomeric state
(Hantgan et al., 2004).

Natural replacement of RGD sequence with WGD in CC8 makes this heterodimeric
disintegrin the strongest blocker of the fibrinogen receptor, although it decreases its
selectivity (Calvete et al., 2002). Dimeric disintegrins exhibit another interesting activity:
they inhibit the dissociation of platelets aggregates (Okuda and Morita, 2001). Disintegrins
also modulate aggregation-dependent tyrosine phosphorylation in platelets cytoplasmic
proteins (Table 1). The homodimeric disintegrin, contortrostatin showed stimulatory effect
on phosphorylation of Syk (Clark et al., 1994), whereas monomeric disintegrin, saxatilin
inhibited collagen-induced activation of this protein in platelets (Jang et al., 2007). In this
context, saxatilin also inhibited MAPK Erk1/2 phosphorylation and had no effect on
activation of FAK. On the other hand, contortrostatin inhibited thrombin-stimulated
phosphorylation of FAK (Clark et al., 1994). Echistatin had opposite effects on the signal
transduction in platelets, when used in soluble or solid (immobilized) form. Platelets
following adhesion to this disintegrin activated Syk and FAK (Belisario et al, 2000),
whereas phosphorylation of these two signaling proteins was blocked by echistatin
following adhesion to fibrinogen (Staiano et al, 1997). Similar ability of blocking vs.
activation of FAK was observed for other disintegrins used in soluble and solid phase,
respectively. Recombinant soluble RGD-disintegrin, DisBa-01 blocked agonist-activated
phosphorylation of FAK (Kauskot et al, 2008), while platelet plated on GST-rhodostomin
elevated phosphorylation of this protein to an even higher level than after binding to the
immobilized fibrinogen (Chang et al., 1999). The phenomenon of opposite effects of
disintegrins used in solid or soluble form on platelet signaling may be correlated with
inducing different conformational changes within allbf3 integrin. These changes are
associated with recruitment of cytoplasmic molecules such as FAK, although reorganization
of the cellular membrane also occurs. For example rhodostomin in the solid phase supports
platelet spreading and translocation of P-selectin from internal store to the cell membrane
(Chang et al., 1999). Accutin activates platelets in soluble form, but only in the presence of
complex-dependent monoclonal antibody, AP2 against allbf3 (Huang et al, 2008). In this
combinatory treatment monoclonal antibody probably works as a platform to facilitate
inducing platelets shape change by disintegrin, and activation of cellular pathways involving
FAK, Src, PI3K and Syk. Accutin in the presence of AP2 also induced translocation of P-
selectin to the membrane and cytosolic calcium mobilization, which resulted in association
of allbp3 integrin with FcyRII receptor (Huang et al, 2008).

Majority of RGD-heterodimeric disintegrins revealed a low affinity to bind allbB3 integrin
including EMF10. However, this disintegrin was very effective to interact with a5p1
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integrin modulating megakaryocyte activity. These platelet precursors adhered to fibronectin
and EMF10, showing similar spreading and cytoskeleton reorganization (Marcinkiewicz et
al., 1999a). Significantly lower interaction with platelets and fibrinogen receptor expressed
in CHO cells showed non-RGD expressing heterodimeric disintegrins, such as EC3, VLO5
and EO5 (Bazan-Socha et al., 2004). KTS-disintegrins are the only family of these snake
venom proteins, which showed the complete lack of interaction with allbf3 integrin (Kisiel
et al., 2004). On the other hand, several disintegrins belonging to the P11 class block
collagen-induced platelet aggregation by interacting with a2f1 integrin (Moura-da-Silva et
al., 2007).

2.2. Interaction of snake venom disintegrins with leukocytes

Snake venom disintegrins have also been investigated in cells of the immune system.
Leukocytes express receptors, which are targeted by disintegrins. Heterodimeric, MLD-
disintegrins were identified as the most active blockers of a4p1, a4f7 and a9pB1 integrins,
which by interaction with endothelial cell-expressed adhesion molecules, facilitate
transmigration of leukocytes through the vessel wall (Walsh and Marcinkiewicz, 2011). EC3
was the first disintegrin characterized in this class and it showed inhibitory effect on a4p1
integrin-dependent binding of Jurkat cells and murine splenic lymphocytes to VCAM-1
(Marcinkiewicz et al., 1999b). This disintegrin also blocked transmigration of human
neutrophils across an endothelial cell monolayer activated by fMLP (Marcinkiewicz et al.,
2000a). VLOS5 is structurally similar to the EC3, although it displays increased potency and
selectivity toward binding a4$1 and a9p1 integrins (Bazan-Socha et al., 2004). Both MLD-
disintegrins showed opposite effects on the modulation of a9f1 integrin-dependent activity
and cell signaling in neutrophils. EC3 inhibited activation of MAPK Erk-2 resulting in
decreased expression of IL-8 and inducing apoptosis (Coelho et al., 2004). On the contrary,
VLOS inhibited neutrophil apoptosis by up-regulation of the anti-apoptotic proteins Bcl-xL
and by increasing the degradation of pro-apoptotic protein Bad (Saldanha-Gama et al.,
2010). This discrepancy may be explained by the structural differences between disintegrins,
which reflect their selectivity. EC3 showed a significantly higher ability to bind RGD-
dependent integrins, especially a5p1 (Bazan-Socha et al., 2004).

Interaction of RGD-monomeric disintegrins with neutrophils appears to be associated with
binding to the aMf2 integrin (Mac-1). Rhodostomin blocked adhesion of these cells to
fibrinogen and decreased production of superoxide (Tseng et al., 2004). Jarastatin inhibited
Mac-1-dependent neutrophil migration induced /n vivo mouse model, as well as human
neutrophil chemotaxis stimulated /n vitroby IL-8 and fMLP (Coelho et al, 1999).
Interestingly, a different cell signaling effect was observed for jarastatin and kistrin than for
flavoridin (Coelho et al., 2001). Jarastatin and Kistrin supported actin polymerization and
FAK phosphorylation, whereas flavoridin was neutral in these processes. Flavoridin
inhibited activation of MAPK Erk-2 in contrast to the other two disintegrins, which
promoted MAPK Erk2 nuclear translocation. Flavoridin, kistrin and echistatin were also
investigated in the human T-cells system (Neto et al., 2007). These disintegrins activated T-
lymphocytes by increasing their proliferation, actin cytoskeleton reorganization, and
tyrosine phosphorylation. They activated FAK and NF-kB nuclear translocation and c-Fos
expression, in PI3K and ERK1/2 activity-dependent manner. Interaction of RGD-
disintegrins with T-cells appears to be associated with avp3 and a5B1 integrins, although the
involvement of other cellular receptors (“cross-talk™) cannot be excluded.

Collagen receptors expressed on the leukocytes have also been investigated as mediators of
inflammatory response, and considered as a target for the therapy of autoimmune diseases.
Elevated expression of alf1 and a2f1 integrins was observed on the eosinophils of patients
with bronchial asthma. KTS-disintegrins, obtustatin and viperistatin inhibited adhesion of
isolated eosinophils to immobilized collagen 1V (Bazan-Socha et al., 2006). Transmigration
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of asthmatic eosinophils was also inhibited by viperistatin, although total peripheral blood
mononuclear cells (PBMC) migration was not affected by this disintegrin (Bazan-Socha et
al., 2012). The effect of Pl class of disintegrins was examined on another collagen
receptor, a2B1 integrin expressed on human neutrophils. The ECD-disintegrin, alternagin-C
stimulated activity of these cells by inducing their chemotactic activity in correlation with
cytoskeleton rearrangement, and phosphorylation of FAK, PI3K and MAPK Erk-2
(Mariano-Oliveira et al., 2003). Jararhagin-C increased rolling of leukocytes /in vivoin a
mouse model without interfering with microvasculature haemodynamic. The locally
increased level of inflammatory cytokines such as TNF-q, IL-1 and IL-6 confirmed the
stimulatory effect of this disintegrin/cysteine-rich containing protein on early inflammatory
response (Clissa et al., 2006).

Summary of effect of snake venom disintegrins on leukocytes is presented in Table 2.

2.3. Interaction of snake venom disintegrins with endothelial cells

Snake venom disintegrin research has been extensively performed with endothelial cells.
These major vessel wall cells are exposed to the blood stream and are on the first line of
attack of snake venom components during envenomation. Therefore, researchers screened a
variety of snake venom species to identify agents that interact with these cells. This strategy
allowed separating compounds that regulated angiogenesis, a process of new vessel
formation from pre-existing vasculature. Modulation of angiogenesis is very important in
the therapy of many diseases. Cancer pathological angiogenesis is targeted to block
vascularization of malignant tissue, whereas in cardiovascular disorders it is stimulated to
promote vascularization of ischemic tissues. Inhibition or stimulation of endothelial cells to
proliferate or migrate is the central point to develop new angiogenesis therapies. Endothelial
cells express variety of integrins, which are affected by snake venom disintegrins, including
RGD-dependent avp3, avp5 and a5B1, as well as a4fB1 and a9p1, and collagen receptors,
alpl and a2p1 (Table 3).

The majority of disintegrin research has been directed to search for an inhibitory effect on
the pathological vessel growth in solid cancers. Several RGD-disintegrins were investigated
as endothelial cell blockers in angiogenesis assays /in vitroand in vivo. Two endothelial
cells-expressed RGD-dependent integrin, avB3 and a5B1 were in the focus of disintegrin
research. Initial screening performed on the human umbilical cord endothelial cells
(HUVEC) showed that monomeric disintegrins kistrin, flavoridin, echistatin and mambin
bind avf3 integrin, whereas only echistatin and flavoridin interacted with a531 integrin
(Juliano et al., 1996). More complex examinations with HUVEC were performed using
accutin and rhodostomin (Yeh et al., 1998; Huang et al., 2001). These RGD-disintegrins
inhibited angiogenesis /in vitro in the Matrigel tube formation assay, and /n vivo in the
chorioallantoic membrane (CAM) chicken assay. Rhodostomin induced apoptosis in the
caspase-3-dependent manner and generated the degradation of p-catenin and poly(ADP-
ribose) polymerase. Moreover, FAK phosphorylation and actin cytoskeleton were affected
upon rhodostomin treatment (Wu et al., 2003). Monomeric RGD-disintegrin, salmosin
inhibited proliferation of bovine microvascular endothelial cells by the blocking of avp3
integrin-dependent activation of FAK and decreasing expression of paxillin and p130CAS,
This disintegrin also blocked angiogenesis /in vitro and in vivo, including those induced by
the cancer cells (Hong et al., 2003). Recent studies revealed that recombinant disintegrin,
DisBa-01 suppressed releasing of VEGF by endothelial cells and decreased expression of
receptors of this growth factor (Montenegro et al, 2012).

Contortrostatin, a homodimeric RGD-disintegrin was intensively investigated in
angiogenesis. It targets avp3 on endothelial cells, although in contrast to the monomeric
disintegrins it does not induce direct apoptosis. HUVEC apoptosis was detected only in cells
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detached from vitronectin by contortrostatin, but the viability of cells attached to fibronectin
or Matrigel was not altered by this disintegrin (Swenson et al., 2007). Mechanistic studies
revealed that contortrostatin blocks HUVEC migration, proliferation and tube formation in
Matrigel, as well as angiogenesis /n vivo in chicken CAM model and various mouse cancer
models. Contortrostatin decreased the level of phosphorylation of focal adhesion elements
such as FAK and paxillin. It resulted in disruption of actin cytoskeleton and altered VE-
cadherin distribution in cell-cell contact (Golubkov et al., 2003).

MLD-disintegrin, VLOS5 also showed cross-reactivity with endothelial cells. This
heterodimeric disintegrin binds to a9f1 integrin, which is expressed on activated
endothelium during intense angiogenesis. It blocked proliferation and migration of dermal
human microvascular endothelial cells (dHMVEC) (Staniszewska et al., 2007).
Interestingly, VLOS5 blocked also FBS-induced proliferation of brain human microvascular
endothelial cells (b HMVEC), which do not express a9B1 integrin, suggesting its binding to
other receptor(s). Possibly, the effect of VLO5 may occur through other integrin, a4f1,
although we cannot exclude non-integrin receptor, which is involved in this process. VLO5
effectively blocked angiogenesis 77 vivo in the quail CAM embryonic system and Matrigel
plug mouse assay. Recent studies revealed that MLD-disintegrins, VLOS5 and bitisgabonin-2
block pathological angiogenesis through their interaction with glioma human microvascular
endothelial cells (gHMVEC). These disintegrins effectively inhibited the binding of pro-
angiogenic nerve growth factor (NGF) to a9p1 integrin in cell adhesion, migration,
proliferation, and Matrigel tube formation assays of gHMVEC. Moreover, they also blocked
NGF-induced and glioma-induced angiogenesis /17 vivo in the quail CAM embryonic system
(Walsh et al., 2012).

Anti-angiogenic effect was also observed for KTS-disintegrins. Obtustatin potently inhibited
angiogenesis /n vivoin various systems including CAM quail and chicken and mouse
Matrigel plug assays, as well as angiogenesis-dependent experimental melanoma and Levis
lung carcinoma tumor growth (Marcinkiewicz et al., 2003; Brown et al., 2008a).
Mechanistic studies revealed a direct binding of obtustatin to the endothelial cells and
induction of apoptosis in a caspase 8/3-dependent manner (extrinsic pathway). Lebestatin,
which is closely similar in structure to obtustatin, also inhibited angiogenesis by binding to
dermal human microvascular endothelial cell line through a1l integrin (Olfa et al., 2005).

Alternagin-C is a Pl class of disintegrins, which modulated angiogenic activity of
endothelial cells by binding to a2p1 integrin. Interestingly, a low concentration of this
disintegrin stimulated angiogenesis process by elevating the expression of VEGFR2 on
endothelial cells. However, in higher concentrations, alternagin-C inhibited angiogenesis
and decreased level of VEGFR2 and VEGFR1 on endothelial cells (Ramos et al., 2007).
This activity is analogous to recently published results showing the blocking of av3 and
avp5 integrins on the endothelial cells by short, synthetic RGD-peptides (Reynold et al.,
2009). The proposed explanation of this phenomenon includes possibility of recycling of
receptors by low doses of integrin inhibitors. However, for molecules containing higher
molecular weight such as disintegrins, releasing of metabolic (proteolytic) fragments should
also be considered. These fragments may have an opposite activity stimulating pro-
angiogenic cellular responses. Higher concentration of disintegrin could not be
proteolitycally processed and blocks integrin-dependent angiogenesis. These observations
decrease enthusiasm for safety and efficiency of anti-integrin therapy, especially for the
cancer related complications.

2.4. Interaction of snake venom disintegrins with cancer cells

The effect of RGD-disintegrins on various cancer cells has been broadly investigated /n vitro
and /n vivo. Cancer metastasis was studied in context of tumoral cell adhesion to the
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extracellular matrix, as well as cell migration and proliferation. The first published report
showed that albolabrin, a medium size monomeric RGD-disintegrin, inhibited adhesion of
mouse B16F10 melanoma cells to fibronectin and laminin, as well as blocked hematogenous
metastasis of these cells in mouse model (Soszka et al., 1991). The adhesive properties of
the various cancer cells to the RGD-containing extracellular matrix proteins were blocked
by several other monomeric disintegrins such as triflavin (Sheu et al., 1996), ussuristatin 1
(Oshikawa and Terada, 1999), rhodostomin (Yang et al., 2005), colombistatin (Sanches at
al., 2009), and viridistatin 2 (Lucena et al., 2012). Monomeric RGD-disintegrins also
blocked cancer cell proliferation and migration, and several of them were tested /n vivo in
B16F10 melanoma hematogenous metastasis and tumor growth (Kang et al., 2000; Zhou et
al., 2004; Oliva et al., 2007; Lucena et al., 2011). Eristostatin is a short monomeric RGD-
disintegrin, which was also recognized as an inhibitor of melanoma metastasis (Morris et al.,
1995). However, this disintegrin has no effect on avp3 integrin, which was targeted in this
process by other RGD-disintegrins. The mechanism of action of eristostatin in lung
melanoma colonization is not fully understood. One study suggests that a4f1 integrin,
expressed on these cancer cells, is inhibited by eristostatin (Danen et al., 1998). Another
possibility may be related to involvement of fibronectin-binding integrins in metastasis
process (Tian et al, 2007). Recently published results revealed that eristostatin after binding
to the surface of melanoma cells exposes them to the lysis by natural killer cells (Hailey et
al., 2013).

A panel of studies with different tumor types was performed for contortrostatin. This
homodimeric RGD-disintegrin inhibited growth and metastasis of MDA-MB-435 cell-
induced orthotropic xenograft in nude mouse model (Zhou et al., 2000), ovarian cancer
dissemination in the nude mouse model (Markland et al., 2001), as well as glioma growth
implanted intracranially to mouse brain (Pyrko et al., 2005). Combination of contortrostatin
with the chemotherapeutic drug docetaxel completely inhibited growth of PC-3 prostate
cancer cells /n vitroand /n vivoin an additive fashion (Lin et al., 2010). Contortrostatin
mainly targeted av3 and avf5 integrins expressed on the various cancer cells, although
another RGD-dependent integrin a5p1 was also affected, especially in glioma cell lines
(Schmitmeier et al., 2003). The mechanistic studies revealed that this disintegrin strongly
blocks migration and invasiveness of cancer cells, although does not induce apoptosis
following binding to the cells. Interestingly, contortrostatin mimics the activity of
fibronectin in intracellular signaling pathways of glioma cells (Schmitmeier et al., 2005). It
activates FAK phosphorylation, which recruits Src for further phosphorylation of paxillin
and p130©23s, However, when attached to fibronectin and cells were treated with soluble
contortrostatin, FAK was down-regulated leading to disruption of the cytoskeleton and
cellular detachment.

Investigation of non-RGD containing disintegrins, in context of their interaction with cancer
cells, is in the early stage. VLO5 was found as an inhibitor of glioma growth by
antagonizing a9p1 integrin. This MLD-heterodimeric disintegrin blocked a9f1 integrin-
dependent glioma development (Brown et al., 2008b). VLO5 blocked proliferation and
migration of glioma cell line, LN229, which endogenously expresses a9p1 integrin. This
disintegrin induced apoptosis in cancer cells, which is a major mechanistic difference when
compared with the anti-glioma activity of the RGD-homodimeric disintegrin,
contortrostatin. Interestingly, the anti-tumoral and pro-apoptotic effect of this disintegrin
was significantly diminished by NGF. This growth factor was described earlier as a ligand
for a9B1 integrin, which displays pro-survival and pro-proliferative activities (Staniszewska
et al., 2008). Another brain tumor type, medulloblastoma was also inhibited by VLO5
(Fiorilli et al., 2008). VLO5 was a potent inhibitor of a9p1 integrin-dependent adhesion of
these cells to specific extracellular matrix proteins, whereas echistatin had very little effect
in this assay. VLOS5 appeared to be an excellent tool as a blocker of a9f1 integrin to
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investigate the importance of this integrin in tumor growth (Gupta et al., 2013). Small cell
lung cancer increased a functionally relevant epithelial-mesenchymal transition (EMT)
phenotype when a9p1 integrin was expressed. a9p1-associated EMT increased cancer cells
pro-adhesive, pro-migratory and pro-invasive activities, which were blocked by VLO5.

The interaction of KTS-disintegrins with tumoral cells was investigated in the melanoma
system. Viperistatin blocked alf1 integrin-dependent adhesion of human melanoma cell
line, HS.939T to collagen type IV, and the transmigration of this cell line through dermal
human microvascular endothelial cells (Staniszewska et al., 2009). Partial inhibitory effect
of this disintegrin was observed for B16F10 cells colonization in the lung during
hematogenous metastasis in a mouse model. Simultaneous blocking of another collagen
receptor, a2B1 integrin, by CLP, VP12 enhanced the anti-adhesive property of viperistatin
on melanoma cells /n vitro, whereas in metastasis /77 vivo was not altered. Interestingly,
obtustatin injected alone was effective to completely block B16F10 hematogenous
metastasis in a mouse model (author s personal communication). This discrepancy between
activity of obtustatin and viperistatin /77 vivo is confusing in light of close to two orders of
magnitude higher inhibitory effect of viperistatin /n vitro on a1l integrin binding to
collagen 1V (Kisiel et al., 2004). The explanation may be correlated with a small difference
in amino acid sequences of both disintegrins presents in the C-terminal tail (Fig. 1). In that
part, obtustatin contains PLYP sequence, whereas viperistatin PVYQ, respectively. PXXP
motif is characteristic for SH3 domain binding proteins, and this domain is expressed by a
variety of cytoplasmic cell signaling molecules regulating proliferation, survival and
apoptosis processes. Therefore, direct effect of obtustatin on these cytoplasmic molecules
may be crucial for blocking cellular responses, whereas the effect of viperistatin is only
resembled with protection against integrin/ligand interaction. The validation of this
hypothesis requires confirmation that disintegrins are internalized. Our unpublished data
suggests that soluble snake venom disintegrins following binding to the integrins are
internalized in the endosome-like fashion. This type of internalization is not observed when
disintegrins are present in the solid phase (immobilized). Endocytic migration may be
helpful to explain the opposite cell signaling induced by the same disintegrin used in soluble
or immobilized forms (Tables 1-4). Direct interaction of disintegrins with cytoplasmic cell
molecules may interfere with integrin-generated signaling, leading to arresting cell
proliferation, survival and induction of apoptosis. In the immobilized form disintegrins
mimic ECM proteins and through binding to integrins produce similar to this natural ligands
cell signaling.

3. C-type lectin proteins interacting with integrins

C-type lectin proteins (abbreviated: CLPs, CTLs or Snaclecs) belong to another family of
snake venom proteins, which have also been characterized as integrin-binding molecules.
They are broadly spread among different species of vipers, having diverse effects on the
circulatory system of the victim. Major attention has been committed to platelets as a
potential target for CLPs, although some proteins in the blood coagulation system such as
factors IX/X or von Willebrand factor were also affected by these snake venom compounds.
The binding of CLPs to certain receptors expressed on the platelet surface may result in an
agonistic or antagonistic effect on thrombosis (Clemetson, 2010). Among them is only one
integrin, a2f1, which was characterized as a receptor for CLPs. Endothelial cells and certain
types of cancer cells have also been investigated in interaction with CLPs.

3.1. Structure of snake venom CLPs

Structurally, snake venom CLPs are similar (15-40% homology) to the carbohydrate
recognition domains of C-type lectins. However, snake venom CLPs do not encompass the
functional binding of carbohydrates, because their structure is absent of the classic calcium/
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sugar binding loop. CLPs are composed from two subunits a and 8, which in the majority of
proteins create a heterodimeric structure connected by cysteine-dependent disulfide bounds
(Fig. 2). However, some of these heterodimers have been found in higher oligomeric forms
linked by an extra S-S bridge between cysteines located on the C-terminal and N-terminal
parts of a and B subunits, respectively. This oligomerization occurs in the cyclic fashion by
the connection of each heterodimer through a “head-to-tail” arrangement for tetrameric
(ap)4 or dimeric dimeric (af), organization (Morita, 2005). There are some initial studies
suggesting that cyclic trimers of heterodimeric associates (af)3 may also be present among
CLPs. Mass spectroscopy analysis indicated that this type of CLP molecule may occur in
Bitis nasicornis venom (Calvete et al., 2007b). Our recent studies revealed that sochicetin-A,
a newly isolated CLP may also be oligomerized in the (af)3 fashion (Jakubowski et al.,
2013). However, crystallography studies are required to confirm the presence of these types
of CLP oligomers. The X-ray crystallography studies were performed for several single
homodimers including EMS16, a CLP interacting with a2f1 integrin (Hori et al., 2003). The
model of EMS16 showed that this heterodimer is involved in domain swapping of the
central loop as observed in the structures of other CLPs. Uniquely, EMS16 has a positively
charged electrostatic potential patch on a concave surface. The crystallographic analysis of
the complex with A-domain of a2 subunit of a2p1 integrin revealed that EMS16 spatially
blocks collagen-binding and possibly stabilizes the closed conformation of the a2A-domain
(Horii et al., 2004). In contrast to snake venom disintegrins, there are no reports showing a
specific amino acid motif that is responsible for binding CLP to a receptor. This suggests
that specific conformation of both a and 8 subunits, which must be associated in
hetrodimeric structure, are required for receptor recognition. Reduction and separation of
CLP subunits resulted in complete loss of activity to bind a2p1 integrin (author s personal
communication). Therefore, interaction of CLP with receptor is rather dependent on
spatially formulated domain, which may involve amino acids localized in different areas of
subunits polypeptide chains, in contrast to simple tri-peptide motif binding, which is
localized on disintegrins integrin-binding loop. Comparison of amino acids present in
subunits of CLPs showed conserved alignment of cysteines and other residues such as
tryptophan (Fig. 2). Therefore, it is difficult to evaluate specific areas involved in the
integrin binding, because of a high diversity of these proteins to interact with various
receptors. Moreover, recent work with flavocetin-A revealed that selectivity of CLP could
be less strict than previously assumed (Arlinghaus and Eble, 2013). This CLP was initially
characterized as an inhibitor of binding of von Willebrand to platelet GPIb receptor, and it
also blocks a2p1 integrin binding to collagen 1. Further studies including mutation in
recombinant molecules or competition with synthetic peptides are required for mapping
biologically active domains within CLP molecules.

3.2. Functional characteristic of CLPs as integrin antagonists

The functional interaction of CLPs with platelets occurs through non-integrin related
receptors, GPIb and GPI1V, as well as by collagen receptor, a2p1 integrin. CLPs, which
selectively interact with a2f1 including EMS16, have been characterized as inhibitors of
platelet aggregation induced by collagen but not by other agonists such as ADP,
thromboxane analog (U46619), or TRAP (Marcinkiewicz et al., 2000b). Interestingly,
platelet aggregation induced by another CLP convulxin, which inhibits another collagen
receptor, GPVI, was not affected by EMS16. Significant work has been performed with
rhodocetin, which was initially recognized as a heterodimeric CLP blocking collagen-
induced platelet aggregation (Wang et al., 1999). Recently published results revealed that it
forms a heterotetramer composed from four subunits a, f, y and 3. (Eble et al., 2009). This
tetramer binds a2p1 integrin and after this binding, af subunits are released from the
complex. Dissociated af subunits have no binding ability to integrins (Bracht et al., 2011).
Other a2B1 integrin-binding CLP, VP12 was purified from Vipera palestinae venom
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(Staniszewska et al., 2009). Although the activity of VP12 was not investigated in collagen-
induced platelet aggregation, another CLP purified from the same venom, VP-i showed
inhibitory activity in this assay (Arlinghaus et al., 2013). However, structural correlations
between VP12 and VP-i have not yet been established. Potent inhibitory effect on collagen-
induced platelet aggregation was observed for sochicetin-A, a CLP isolated from Echis
sochurekivenom, which is most likely oligomerized in a trimeric heterodimer structure
(Jakubowski et al., 2013). In the same venom, two a2f1 integrin-interacting CLPs were
identified. These molecules, sochicetin-B and sochicetin-C are classical heterodimers, but
significantly differ in their affinity to bind a2A-domain of integrin. Sochicetin-A and
sochicetin-B appeared to be very potent antagonists of a2f1 integrin and their activities
were comparable in ELISA and cell adhesion assays. On the other hand, sochicetin-C was a
very weak inhibitor of a2B1 integrin.

Collagen receptors, including a2p1 integrin are highly expressed on endothelial cells. Initial
experiments with EMS16 revealed that this CLP potently inhibited radial migration of
HUVEC in a 2-D collagen matrix (Marcinkiewicz et al., 2000b). Recent VP12 (Vixapatin)
studies showed its a2f1 integrin-dependent cross-reactivity with dermal human endothelial
cells (Momic et al., 2012). It antagonized these cells by blocking their proliferation and
Matrigel tube formation. Moreover, VP12 blocked angiogenesis 7 vivo in the embryonic
quail system when this process was induced by exogenously added bFGF or pathologically,
by implantation of C6 glioma cells. Lebectin is another CLP, which was characterized as a
blocker of pro-angiogenic activities of endothelial cells (Pilorget et al., 2007). It inhibited
proliferation, migration and adhesion to fibronectin of the brain human microvascular
endothelial cell line. Blocking of angiogenesis /n vitro in the Matrigel tube formation assay,
as well as 7n vivoin the chicken CAM and mouse Matrigel plug assays was also observed
for this CLP. Interestingly, the anti-angiogenic effect appears to be associated with blocking
of a5B1 and av integrins, although direct studies of this CLP with purified integrins were
not published. Lebectin seems to be a multifunctional ligand, because inhibition of GPIb-
dependent platelet agglutination was also reported (Sarray et al., 2003).

Integrin-dependent interaction of CLPs was also reported for several cancer cells. VP12
blocked collagen-dependent adhesion and migration of human melanoma cell lines in vitro
(Staniszewska et al., 2009). This effect was potentiated by the presence of alf1l integrin
inhibitor viperistatin, suggesting the importance of both integrins in the development of this
tumor. However, any additive or synergistic effect was not observed on melanoma
hematogenous metastasis in a mouse model, although both inhibitors of collagen receptors
when used separately effectively blocked lung colonization of B16F10 cells to about 50%.
Rhodocetin showed an inhibitory effect on experimental liver tumor growth and metastasis
(Rosenow et al., 2008). This data indicated that collagen receptor, a2p1 integrin is important
in the extravasation into the liver stroma and micrometastasis of hepatocellular carcinoma,
HepG2 and the colorectal carcinoma, HT29LMM cells, and may be an attractive target for
the development of new therapy. Our unpublished studies revealed that glioma cells express
a2pB1 integrin /n vitroand in vivo. Adhesion of two glioma cell lines, LN18 and LBC3 to
collagen I was inhibited by sochicetin-A, although this effect was not completed due to the
presence of other collagen receptors, such as alpl integrin (Jakubowski et al., 2013).
Glioma cells adhered to sochicetin-A, but their spreading was very poor if compared with
spreading on collagen I. This indicates that CLPs induces different cell signaling pathways
than collagen, although both of these ligands interact with the same integrin.

4. Conclusions and perspectives

Snake venom inhibitors of integrins appear to be very useful tools in pharmacology in the
development of new pharmaceuticals, and in cell biology to understand the mechanisms,
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which regulate cell physiology. A summary of their specific interaction with integrins
expressed on various cell types is illustrated in Fig. 3. Disintegrins and C-type lectin
proteins have receptors on practically all types of blood cells, as well as on endothelial cells
and cancer cells. Although, we currently classified only two families of snake venom
proteins as integrin-binding molecules, further studies of integrins and snake venom
components should extend the list of families of proteins interacting with these cell surface
receptors. For example, nerve growth factor (NGF) and vascular endothelial growth factor
(VEGF) are direct ligands for a9p1 integrin (Staniszewska et al., 2008; Vlahakis et al.,
2007). Structurally related molecules for mammalian NGF and VEGF were localized in a
variety of snake venoms (Yamazaki and Morita, 2006; Trummal et al., 2011). These snake
venom growth factors interact with mammalian receptor tyrosine kinases (RTK), and they
should also bind integrins. A similar situation occurs for secretory phospholipases A2
(PLAy). Mammalian PLA, was identified as a ligand for avp3 and a4f1 integrins and
receptor-binding sites have already been localized (Saegusa et al., 2008). Recent studies
revealed that PLA, from Cerastes cerastes and Macrovipera lebetina transmediterranea
snake venoms also inhibit avp3 and a5p1 integrins, although binding sites for these
molecules remain unknown (Bazaa et al., 2009; Kessentini-Zouari et al., 2010).

In this review, we focused on cell types presented in Fig. 3. However, research on snake
venom molecules may be extended to other types of mammalian cells. Effect of RGD-
disintegrin, echistatin was investigated in fibroblast-like cells, showing inhibitory effect on
TGFf- and IGF-1 stimulated activation of MAPK and Src family members (Sekimoto et al.,
2005; Surazynski et al., 2005; Pechkovsky et al., 2008). Moreover, echistatin as the most
investigated disintegrin was tested in other cell types such as osteoblasts (Long et al, 2011),
chondrocytes (Belisario et al., 2005), neuronal progenitors (Harper et al., 2010) and smooth
muscle cells (Davenpeck et al., 2001). We have already initiated studies on neuronal cells,
which express alp1 integrin and are sensitive for obtustatin treatment (Wang et al., 2007). A
completely unexplored area is stem cell research. Stem cells express a variety of integrins
including those, which were identified as targets for snake venom proteins. Snake venom
integrin ligands may be used not only as a pattern for developing new therapeutics to block
cancer stem cell invasion and differentiation, but may be investigated as potential
components of biomaterials to support attachment and differentiation of stem cells in
regenerative medicine. Therefore, research on the snake venom molecules, which interact
with integrins, appears to have perspective in the application in medicine and basic cell
biology.
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RGD-DISINTEGRINS

. Echistatin ECESGPCCRNCKFLKEGTICKRARGDDMDDY CNGKTCDCPRNPHKGPAT
% Eristostatin QEEPCATGPCCRRCKFKRAGKVCRVARGDWNDDY CTGKSCDCPRNPWNG
%  Multisquamatin EGEECESGPCCRNCKFLKEGTICKRARGDDMDDY CNGKTCDCPRNPHKGPAT
s Kistrin GKECDCSSPENPCCDAATCKLRPGAQC GEGLCCE QCKFSRAGKICRIPRGDMPDDRCTGQSADCPRYH

S Flavoridin GEECDCGSPSNPCCDAATCKLRPGAQCAD GLLCDQCRFKKKTGICRIARGDFPDDRCTGLSNDCPRWNDL

@  Trigramin EAGKDCDCGSPANPCCDAATCKLLPGAQCGEGPCCDQCSFMKKGTICRRARGDDLDDY CNGRSAGCPRNPFHA
= Barbuorin EAGEECDCGSPENPCCDAATCKLRPGAQCADGLCCDQCRFMKKGTVCRVAKGDWNDDTCTGQSADCPRNGLYG
% Bitistatin  VSPPVCGNKILEQGEDCDCGSPANCQDRCCNAATCKLTPGSQCNYGE CCDQCRFKKAGTVCRIARGDWNDDY CTGKSSDCPWNH

S Salmosin VSPPVCGNYYPEVGEDCDCGPPANCQNPCCDAATCGLTTGSQCAEGLCCDQCRLKKAGTICRKARGDNPDDRCTGQSGVCPRNT

Q

SE VLO4 MNSGNPCCDPVTCKPRRGEHCVSGPCCRNCKFLNAGTICKRARGDDMNDYCTGISPDCPRNPWKG
5= Contortrostatin DAPANPCCDAATCKLTTGSQCADGLCCDQCKFMKEGTVCRRARGDDLDDY CNGISAGCPRNPFHA

o

. EMF10A MNSANPCCDPITCKPKKGEHCVSGP CCRNCKF LNP GTICKKGRGDNLNDY CTGVSSDCPRNPWKSEEED
% g EMF10B ELLQNSGNPCCDPVTCKPRRGEHCVSGPCCDNCKFLNAGTVCWPAMGDWNDDYCTGISSDCPRNPVFK

= CC8A MNSAHPCCDPVTCKPKRGEHCISGP CCRNCKFLSPGTICKKARGDDMNDYCTGISSDCPRNRIKK

I8 cCsB NSAHPCCDPVTCKPKRGEHCIS GPCCENCKFLTAGTVCLPAWGDF DNDLCTGISSDCPRNPWHKS

MLD-DISINTEGRINS

EC3A NSVHPCCDPVKCEPREGEHCISGP CCRNCKFLRAGTVCKRAYGDDVDDY CSGITPDCPRNRYKGKED
EC3B NSVHPCCDPVKCEPREGEHCISGP CCRNCKF LNAGTICKRAMLDGLNDY CTGKSSDCPRNRYKGKED
VLO5A NSGNPCCDPVTCQPRRGEHCVSGKCCRNCKFLRAGTVCKRAYGDDMDDYCTGISSDCPRNPYKD
VLO5B MNSANPCCDPITCKPRRGEHCVSGP CCRNCKFLNP GTICKRTMLDGLNDYCTGVTSDCPRNPWKSEEED
KTS-DISINTEGRINS
Obtustatin CTTGPCCRQCKLKPAGTTCWKISL TSHYCTGKSCDCPLYPG
Viperistatin CTTGPCCRQCKLKPAGTTCWKISRTSHY CTGKSCDCPVYQG
Jerdostatin CTTGPCCRQCKLKPAGTTCWRISVSSHYCTGRSCECPSYPGNG

PlIl CLASS DISINTEGRINS (disintegrin domain)
Halydin EVGEDCDCGSPATCRDSCCDAATCKLRQGAQCAEGLCCDQCRFKGAGTECRAATDECDMADLCTGRSAECTDFRQR
Jararhagin-C IISPPVCGNELLEVGEECDCGTPENCQNECCDAATCLS GSCGHGDCCE QCKFSKSGTE CRASMSECDPAEHCTGQSSECPADVFHKNQPCLDN

Fig. 1.

Amino acid sequences of representative members of disintegrins PIl and P11 classes.
Functionally active tri-peptidic motifs are in italic and underlined. All sequences were
aligned according to the position of active motifs. Cysteines are underlined by a single line.
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Fig. 2.

Comparison of amino acid sequences of the C-type lectin proteins interacting with o231
integrin. The conservative amino acid were aligned and framed. X, unidentified yet amino
acids in VP12 a subunit.
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Summary of interaction of snake venom proteins with integrins expressed on the specific
cells. Functionally classified snake venom disintegrins of P1I class are presented in the blue
boxes. PIII class of disintegrin is in the green box. C-type lectin protein family is in the red
box. Cell types are abbreviated: PL — platelets; LK — leukocytes; EC — endothelial cells; CR

— cancer cells.
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Table 1

Effect of selected snake venom disintegrins on cell signaling in platelets

Page 24

Disintegrin Integrin/binding motif | Regulated cell signaling molecules References

Echistatin allbp3/RGD Activation of FAK and Syk in solid phase; blocking of FAK and Syk Belisario et al, 2000
activated by fibrinogen

Contortrostatin | allbp3/RGD Activation of Syk; inhibition agonist-induced FAK activation Clark et al., 1994

Saxatilin allbp3/RGD Blocking collagen-induced activation of Syk and MAPK Erk1/2; Jang et al., 2007
blocking secretion of PDGF-AB

DisBa-01 allbB3/RGD Blocking agonist-induced activation of FAK Kauskot et al, 2008

Rhodostomin allbp3/RGD Activation of FAK and translocation of P-selectin to the cells membrane Chang et al., 1999
in the solid phase

Accutin allbB3/RGD Activation of FAK, Src, PI3K and Syk, translocation of P-selectin and Huang et al, 2008

cytosolic calcium mobilization in the presence of AP2 mab
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Table 2

Modulation of cellular responses in leukocytes by snake venom disintegrins.
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Disintegrin Targeted cells | Integrin/binding motif | Type of cellular response References
Echistatin T-lymphocytes | avp3/RGD Activation of FAK and PI3K, nuclear Neto et al., 2007
a5B1/RGD translocation of NFkB and c-Fos
expression in PI3K and MAPK Erk1/2-
dependent manner.
Kistrin T-lymphocytes | avB3/RGD Activation of FAK and PI3K, nuclear Neto et al., 2007
translocation of NFKB and c-Fos
expression in PI3K and MAPK Erk1/2-
dependent manner.
Neutrophils aMB2/RGD Promotion of MAPK Erk2 nuclear Coelho et al., 2001
translocation, activation of FAK,
increasing actin polymerization.
Flavoridin T-lymphocytes | a531/RGD Activation of FAK and PI3K, nuclear Neto et al., 2007
translocation of NFKB and c-Fos
expression in PI3K and MAPK Erk1/2-
dependent manner.
Neutrophils aMpB2/RGD Blocking activation and nuclear Coelho et al., 2001
translocation of MAPK Erk2, reduction F-
actin content, activation of FAK.
Jarastatin Neutrophils aMpB2/RGD Chemotaxis promotion, induction of Coelho et al., 2001
nuclear translocation of MAPK Erk2,
activation of FAK and PI3K, increasing
actin polymerization, increasing expression
of IL8.
Rhodostomin Neutrophils aMp2/RGD Blocking adhesion to fibrinogen, Tseng et al., 2004
decreasing production of superoxide
EC3 T-lymphocytes | a4B1/MLD Blocking adhesion to VCAM-1 Marcinkiewicz et al.,
1999b
Neutrophils 09p1/MLD Blocking transmigration through Marcinkiewicz et al.,
endothelial cells, promotion chemotaxis, 2000a Coelho et al.,
activation of FAK and PI3K, blocking 2004
activation of MAPK Erk2 and expression
of IL8, increasing actin polymerization,
apoptosis promotion.
VLO5 T-lymphocytes | a4p1/MLD Blocking adhesion to VCAM-1 Bazan-Socha et al.,
2004
Neutrophils a9p1/MLD Activation FAK, PI3K, MAPK Erk2, Saldanha-Gama et al.,
AKT, induction of nuclear translocation of 2010
NFkB, blocking spontaneous apoptosis by
up-regulation of Bcl-xL and degradation of
Bad
Obtustatin/Viperistatin | Eosinophils alBU/KTS Blocking adhesion to collagen 1V Bazan-Socha et al.,
2006
Viperistatin Eosinophils alp1/KTS Blocking migration through endothelial Bazan-Socha et al.,
cells 2012
Alternagin-C Neutrophils 02B1/ECD Chemotaxis promotion, increasing actin Mariano-Oliveira et al.,

cytoskeleton polymerization, activation of
FAK, PI3K, MAPK Erk2,

2003
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Table 3

Effect of selected snake venom disintegrins on regulation of endothelial cell responses
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Disintegrin Endothelial cell type Integrin/binding motif | Regulated cellular activities References

Echistatin human umbilical vein avp3/RGD Supporting adhesion but not spreading in Juliano et al.,
endothelial cells 0a5B1/RGD immobilized form, blocking adhesion to 1996
(HUVEC) vitronectin and fibronectin, blocking Minamiguchi et

vitronectin-induced FAK and paxillin al., 2001
phosphorylation.

Accutin HUVEC avB3/RGD Blocking adhesion to fibrinogen, fibronectin Yehetal., 1998
and vitronectin, blocking tube formation in
Matrigel, induction of apoptosis

Rhodostomin HUVEC avB3/RGD Inducing cell detachment, blocking activation Wau et al., 2003
of FAK and actin cytoskeleton organization,
degradation of B-catenin and poly(ADP-
ribose) polymerase, induction caspase 3-
dependent apoptosis.

Salmosin bovine capillary avp3/RGD Blocking bFGF-induced proliferation, Hong et al., 2003

endothelial (BCE) cells disassembling focal adhesion elements,
blocking FAK activation, decrease expression
of paxillin and p130CAS, induction caspase 3-
dependent apoptosis.

Contortrostatin | HUVEC avB3/RGD Supporting adhesion and spreading in Zhou et al., 1999
immobilized form without apoptosis, Golubkov et al.,
detaching from vitronectin and inducing 2003
apoptosis, blocking migration through Swenson et al.,
Matrigel barrier, blocking tube formation in 2007
Matrigel, inhibiting FAK and paxillin
phosphorylation, disrupting actin cytoskeleton
organization and VE-cadherin distribution in
cell-cell contact.

VLO5 dermal human a9p1/MLD Blocking FBS-induced proliferation and Staniszewska et
microvascular heptotaxis. al., 2007
endothelial cells
(dHMVEC)
glioma human a9p1/MLD Blocking adhesion to NGF, blocking NGF- Walsh et al., 2012
microvascular induced proliferation and migration, blocking
endothelial cells tube formation in Matrigel
(QHMVEC)

Obtustatin dHMVEC alBp1/KTS Blocking FBS- and VEGF-induced Brown et al.,
proliferation, induction caspase 8/3-dependent | 2008a
apoptosis

Lebestatin dHMVEC (cell line) alBp1/KTS Partial blocking adhesion and heptotaxis to Olfa et al., 2005
collagen IV.

Alternagin-C HUVEC 0a2B1/ECD Modulation of proliferation and expression of Ramos et al.,
VEGFR1 and VEGFR2 (low doses stimulate, 2007

high inhibit).
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Table 4

Effect of selected snake venom disintegrins on the activities of various cancer cell lines
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Disintegrin Cancer cell type Integrin/binding motif | Cellular response following treatment References
Echistatin human osteosarcoma LM7 | avp3/RGD Blocking adhesion to vitronectin, blocking | Duan et al., 2004
line chemotaxis,
human colon avp3/RGD Blocking of FAK activation, no effect on Karna et al, 2012
adenocarcinoma DLD-1 MAPK Erk1/2 activation, no effect on
line prolidase, HIF-1a and B1 integrin subunit
expression
Human lung carcinoma avB3/RGD Blocking pituitary tumor transforming Shah et al, 2012
H1299, A549 lines gene-induced activation of FAK
Eristostatin mouse melanoma B16F10 | ????/RGD Blocking lung colonization Morris et al, 1995
line (hematogenous metastasis) in mouse, no
effect on proliferation.
human melanoma MV3 0a4p1l/RGD Supporting adhesion in immobilized form, | Danen et al, 1998
cell line blocking adhesion to VCAM-1 in soluble
form, blocking lung colonization
(hematogenous metastasis) in nude mouse
various human melanoma | ????/RGD Blocking fibronectin-dependent migration, | Tian et al, 2007
cell lines no effect on proliferation, direct binding to | Hailey et al., 2013
cell surface, exposing for lysing by natural
killer cells
Rhodostomin human breast carcinoma avp3/RGD Blocking adhesion to bone matrixes, Yang et al., 2005
MDA-MB-231, MCF-7 blocking chemotaxis and heptotaxis, no
lines, human prostate effect on proliferation and apoptosis
carcinoma PC-3 line
Colombistatin human urinary carcinoma avp3/RGD Blocking adhesion to fibronectin, blocking | Sanches at al., 2009
T24 line, human 0a5B1/RGD migration
melanoma SK-Mel-28
line
Viridistatin 2 various human and mouse | avB3/RGD Blocking adhesion to various ECM Lucena et al., 2012
carinomas a5B1/RGD proteins, blocking migration, blocking
hematogenous metastasis of B16F10 cells
in mice
Jarastatin mouse melanoma B16F10 | a5B1/RGD Blocking hematogenous metastasis in Olivaet al., 2007
line mice, low inhibiting proliferation,
inducing actin cytoskeleton rearrangement
and FAK phosphorylation, blocking
NFkB nuclear translocation, no effect on
MAPK Erk2.
Contortrostatin | human glioma U87 line avp3/RGD Blocking intracranial tumor development Pyrko et al., 2005
0a5B1/RGD in nude mice
human melanoma M21 0a5B1/RGD Blocking tumor growth in nude mice in Schwartz et al, 2008
line combination with chemotherapeutic drug
araC
prostate carcinoma PC-3 avp5/RGD Blocking tumor growth in mice in Linetal., 2010
line a5B1/RGD combination with chemotherapeutic drug
docetaxel, blocking migration and
proliferation
human glioma A172, U87 | avB3/RGD Activating FAK, Src, p130©2 and paxillin | Schmitmeier et al.,
lines a581/RGD in immobilized form and blocking in 2005
soluble form, no effect on proliferation
VLO5 human glioma LN229 line | a9p1/MLD Blocking cell proliferation and migration, Brown et al., 2008b
inducing caspase 9/3-dependent apoptosis,
inhibiting tumor development in quail
embryonic CAM assay.
human medulloblastoma a9p1/MLD Blocking of adhesion to cell-produced Fiorilli et al., 2008
D283 line matrix and to Tenascin-C
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Disintegrin

Cancer cell type

Integrin/binding motif

Cellular response following treatment

References

Viperistatin

various human lung
cancer lines

human melanoma MV3,
HS.939T lines

a9pL/MLD

alpl/KTS

Blocking EMT-dependent proliferation,
migration and invasion

Inhibiting collagen | and I'VV-dependent
adhesion, blocking transmigration through
dHMVC layer, inhibiting hematogenous
metastasis of B16F10 cells in mice

Gupta et al., 2013

Staniszewska et al.,
2009
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