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Integrins as Antimetastatic
Targets of RGD-Independent
Snake Venom Components

in Liver Metastasis’

Abstract

Metastasis comprises several subsequent steps including local invasion and intravasation at the primary site, then
their adhesion/arrest within the vessels of host organs followed by their extravasation and infiltration into the
target organ stroma. In contrast to previous studies which have used aspartate—glycine—arginine (RGD) peptides
and antibodies against integrins, we used rare collagen- and laminin-antagonizing integrin inhibitors from snake
venoms to analyze the colonization of the liver by tumor cells both by intravital microscopy and /in vitro. Adhesion
of liver-targeting tumor cells to the sinusoid wall components, laminin-1 and fibronectin, is essential for liver me-
tastasis. This step is inhibited by lebein-1, but not by lebein-2 or rhodocetin. Both lebeins from the Vipera lebetina
venom block integrin interactions with laminins in an RGD-independent manner. Rhodocetin is an antagonist of
0,1 integrin, a collagen receptor on many tumor cells. Subsequent to tumor cell arrest, extravasation into the liver
stroma and micrometastasis are efficiently delayed by rhodocetin. This underlines the importance of a,3; integrin
interaction with the reticular collagen I-rich fibers in liver stroma. Antagonists of laminin- and collagen-binding in-
tegrins could be valuable tools to individually block the direct interactions of tumor cells with distinct matrix com-
ponents of the Disse space, thereby reducing liver metastasis.
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Introduction Tumor cell attachment to, migration along and invasion through
The liver is a common target organ for metastasizing gastrointestinal  the ECM requires cell-matrix interactions, which are predominantly
carcinomas; moreover, hepatocellular carcinoma can spread within  medjated by integrins [7,8]. Twenty-four different members belong
the liver hematogenously. In a series of subsequent steps, the tumor g the integrin family; all of which consist of two subunits o and B
cells disseminate from their primary sites into the circulation. They

are usually transported by the blood into the liver, where they attach

to the sinusoid walls, penetrate the Disse space, and eventually mi-  Abbreviations: ECM, extracellular matrix; MEM, minimal essential medium; MFI, mean
grate into the liver stroma [1-3]. The sinusoidal microvessels are  fluorescence intensity; MM matrix metalloprotease; RGD, aspartate—glycine-arginine;
characterized by discontinuous endothelial cell lining, thereby leaving SEM, scanning electron microscopy; VW, von Willebrand factor
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(reviewed by Hynes [9]). The integrins i1, 0aP1, 0t10P1, and aq 1By
bind to the different members of the collagen superfamily [10,11].
The laminin-binding integrins differ in their specificity toward differ-
ent laminin isoforms. Whereas a3 integrin preferentially binds to
laminin-5 and -10, the integrins asB; and ogP4 recognize most lam-
inin isoforms [12—14]. Other integrins, such as asP; or o, B3, bind
to an aspartate—glycine—arginine (RGD)—containing loop within their
cognate ligands, e.g., fibronectin, vitronectin, or von Willebrand factor
(vWEF) [15,16]. The potential functions of these RGD-dependent in-
tegrins in cancer have already been addressed by using various snake
venom—derived RGD-containing disintegrins [17]. However, RGD-
independent integrin inhibitors from snake venoms have only recently
been identified. Rhodocetin, a C-type lectin from the Malayan pit vi-
per (Calloselasma rhodostoma), specifically inhibits o, integrin
[18,19]. The two disintegrins from the Vipera lebetina venom, lebein-1
and -2, block integrin interactions with their respective laminin iso-
forms in an RGD-independent manner [20]. Additionally, lebein-1
contains an RGD sequence explaining its inhibitory potential of
cell-fibronectin interactions.

Driven by their strong potential to inhibit liver micrometastasis of
hematogenic tumor cells, we have studied the effects of rhodocetin
and the lebeins on adhesion, migration, and infiltration of a liver-
targeting tumor cell lines, such as the hepatocellular carcinoma cell
line HepG2 and the colorectal carcinoma cell line HT29LMM, both
in vitro and in vivo.

Materials and Methods

Cells, Antibodies, and Integrin Antagonists

HepG2 cells were grown in minimal essential medium (MEM), con-
taining 20% FCS (BioWest, Nuaille, France), and HT29LMM were
cultured in RPMI 1640 containing 10% FCS, both under standard
conditions. The following antibodies against integrin subunits were
used for FACS analysis: AGF1 against o; (H. Gardner, Biogen, Cam-
bridge, MA), JA218 against o, (D. Tuckwell, F2G, Eccles, England,
UK), A3X8 against o3 (E Berditchevski, University of Birmingham,
England, UK), VC5 against a5 (Chemicon, Hampshire, UK), GoH3
against o (A. Sonnenberg, The Netherlands Cancer Institute, Amster-
dam, The Netherlands), antibody Ab-1 against o, (Calbiochem, Darm-
stadt, Germany), mAb 13 against B; (BD Biosciences, Bedford, MA),
and MAB2059 against B4 and P1F6 against 5 (both from Chemicon).
Rhodocetin and the lebeins were isolated from the crude snake venoms
as described previously [18,20].

Intravital Fluorescence Video Microscopy

Male Sprague-Dawley rats (200-250 g; Charles River, Sulzfeld,
Germany) were prepared as previously described [5,21,22]. The left
liver lobe was placed in a fixed position on its left side under an up-
right epifluorescence microscope (Zeiss, Oberkochen, Germany)
without disturbing the hepatic circulation. Images (magnification,
x20) were recorded with a video system (Peiper, Diisseldorf, Ger-
many) in real time [23]. For intravital observations, suspensions
of 1 x 10° tumor cells, which had been fluorescently labeled for
45 minutes with 1 pg/ml Calcein AM (Molecular Probes, Leiden,
The Netherlands), were injected intracardially over 60 sec. Before in-
jection, tumor cells were reconstituted in serum-free medium (RPMI
1640 containing 1% BSA) for 45 minutes. During this reconstitu-
tion period, tumor cells were incubated with the integrin inhibitors.

As previously reported [5], the injection of tumor cells and the intra-
vital microscopic technique did not interfere with cardiocirculatory
or pulmonary functions of the animals. Using a standardized proce-
dure [5,21,22,24], average numbers of adherent and extravasated
cells of 30 microscopic fields were determined in 5-minute intervals
over a 30-minute period. The relative migration rate was calculated
as percentage of migrated cells in relation to the sum of adherent and
migrated cells.

FACS Analysis of Integrin Expression

Cells were suspended in PBS containing 1% BSA (Roth, Karlsruhe,
Germany) and 1% horse serum for 1 hour. A total of 5 x 10° cells were
incubated with integrin antibody (5 pg/ml) for 75 minutes on ice. After
washing with PBS, cells were stained with the Alexa Fluor-488—labeled
secondary antibodies, and after three subsequent washing steps, were
analyzed in a flow cytometer (EPICS-XL; Coulter-Beckman, Krefeld,
Germany). The mean fluorescence intensity (MFI) of cytometric histo-
grams was normalized to the species-matched isotype controls (mouse
or rat).

Immunostaining of Liver Sections

Sections from cryopreserved liver tissue were prepared and fixed
on glass slides. After washing and blocking with 1% BSA in PBS,
specimens were incubated with the following antibodies against
matrix components: murine anti-human collagen IV mAb CIV22
(B. Odermatt, Zurich University Hospital, Switzerland), rabbit anti—
human fibronectin antiserum (D. Seidler, Muenster University Hospi-
tal, Germany), rabbit anti-human vWF antibody (Dako, Hamburg,
Germany), rabbit antibodies against type I collagen and laminin-1
(both from Acris, Hiddenhausen, Germany), diluted in 1% BSA in
PBS. After intense washing, sections were stained with the relevant
secondary antibodies conjugated with either Alexa Fluor-488 or Alexa
Fluor-568 (Invitrogen, Karlsruhe, Germany). After another washing
step, they were embedded in phosphate-buffered glycerol-Mowiol
4-88 (Sigma, Deisenhofen, Germany) containing 1% bicyclo (2,2,2)-
1,4-diazaoctane (Sigma). Confocal images were acquired as single-
channel micrographs using Nikon PCM2000 confocal laser scanning
microscope based on a Nikon Eclipse E600 and PlanApo 60x/
1.40 NA oil immersion objective (Nikon, Diisseldorf, Germany)
and were overlaid using MetaMorph software (Universal Imaging
Corporation, Puchheim, Germany).

In Vitro Inhibition Assay of Cell Attachment

Microtiter plates (Nunc, Roskilde, Denmark) were coated with
collagen I, collagen IV (BD Biosciences), fibronectin (Invitrogen),
each at 5 pg/ml, or laminin-1 at 10 pg/ml (provided by Rupert
Timpl, Max-Planck-Institut fiir Biochemie, Martinsried, Germany).
After blocking the wells with 1% BSA, 0.3 x 10% cells in adhesion
medium (MEM containing 1% BSA) were added to the inhibitor-
containing wells at 37°C for 15 minutes. After fixation with 4%
paraformaldehyde, cell adhesion was quantified by crystal violet
staining [25].

Scanning Electron Microscopy

Pieces of silicon wafers were coated with collagen I or laminin-1 at
10 pg/ml overnight. After blocking with 0.1% heat-denatured BSA
in PBS, HepG2 cells (50 x 10%/ml) in 0.1% BSA-containing MEM
were seeded in the absence or presence of integrin inhibitors. After
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45 minutes, adherent cells were fixed with 1% glutaraldehyde for
30 minutes and washed with water. Specimens were dehydrated with
increasing ethanol concentrations, dried under vacuum and covered
with layers of platinum (2 nm) and carbon by electro sputting. Scan-
ning electron microscopy pictures were taken with the LEO 1530
VP (Zeiss) under a tilt angle of 60° at a voltage of 5 kV and in the
secondary electron mode.

Directional Cell Migration Assay in a Transwell
Migration Assay

The top and bottom face of the 8-um-pore polycarbonate mem-
branes of Transwell chambers (Nunc) were coated with collagen I,
collagen IV, or fibronectin (each at 10 pg/ml) for 2 hours and
blocked with 1% BSA. Cells were seeded in serum-free medium
on the upper side of the membrane at 40 x 10°/ml. In case of che-
motactic migration, 10% FCS was added to the lower reservoir. After
30 minutes of adhesion, cell media were supplemented with 1 nM
lebein-1, 500 nM lebein-2, or 300 nM rhodocetin. After 12 hours of
incubation at 37°C, cells on the top face of the filter were mechan-
ically removed. Migrated cells on the bottom face of the filters were
fixed in ice-cold methanol, then gently washed with 1% BSA in PBS
and stained with hematoxylin. Cell migration was assessed as the
average number of cells/field of 16 microscopic fields.

In Vitro Cell Invasion Assay through Three-Dimensional Gels

Cell invasion in vitro was determined using a double-filter assay
[26]. Briefly, thin gels consisting of type I collagen, a fibrin—casein
mixture, or matrigel basement membrane extract (BD Biosciences)
were prepared between two filters, a bottom 5-im-pore nitrocellulose
filter (Schleicher & Schuell, Dassel, Germany) and a top 12-um-pore
casein-coated polycarbonate filter (Reichert, Heidelberg, Germany). A
total of 1 x 10° cells in 0.5 ml of culture medium were seeded on
top of the filter sandwiches for 3 (fibrin—casein and matrigel filters)
or 20 hours (collagen filters) at 37°C. The filters were fixed overnight
at 4°C in 2.5% glutaraldehyde in PBS and were separated. The nuclei
of the cells were stained with Hoechst stain (2.5 pg/ml in PBS) for
45 minutes. Cells attached to the top filters or present in the gels
on the bottom filters were counted under a fluorescence microscope.
Cell invasion was expressed as the ratio of the cell number on the bot-
tom filter and the total number of cells present on both filters. Cell
adhesion was expressed as the ratio of the total number of cells on both
filters and the number of cells plated (1 x 10° cells).

Detection of Matrix Metalloproteases

Active matrix metalloprotease-1 (MMP-1) was detected using the
Fluorokine E, Human active MMP-1 Fluorescent assay, according
to the manufacturer’s instructions (R&D Systems, Wiesbaden, Ger-
many). The plasmalemma-anchored MMP-14 (MT1-MMP) was
quantified by flow cytometry using a mAb against MMP-14 (Sigma).

Statistical Analysis

Statistical analyses were performed with SPSS statistical program
(SPSS Inc., Chicago, IL). Data are shown as means + SD. Groups
differing in treatment parameters were compared using the Scheffé
test (ANOVA posthoc test) for dependent or independent samples
as appropriate. For other analyses, Student’s # test was used. Signifi-
cant differences were accepted for P < .05.

Results

Rhodocetin and Lebeins Inhibit Different Steps of Liver
Colonization in an In Vivo Micrometastasis Assay

Colorectal carcinoma cells, such as HT29LMM, and hepatocellular
carcinoma cells, such as HepG2 cells, disseminate hematogenously and
colonize the liver. Having chosen these two tumor cell lines as repre-
sentative model cancer cells, we analyzed in detail the antimetastatic
effects of snake venom integrin inhibitors on liver metastasis in vivo.
After injection into the blood circulation, the tumor cells freely circu-
lated through the liver sinusoid. Within 2 minutes after injection, the
first tumor cells were observed by intravital microscopy to stick to the
sinusoid wall without rolling (Figure 1). Some adherent cells lost their
adhesive bonds after several seconds and recirculated again. Mechanical
entrapment of tumor cells was also ruled out by the fact, that calibers
of sinusoids surpassed the tumor cell diameter, as indicated by a re-
maining vessel lumen and a persistent blood flow. From their initial
intravasal arrest (Figure 2, A and C), few adherent cells rapidly invaded
the liver stroma (Figure 1). Infiltrated HT29LMM and HepG2 cells
were detected almost immediately and as early as 5 to 10 minutes,
respectively, after cell injection (Figure 2, B and D). After 30 minutes,
approximately 20% of both tumor cells that had attached to the vessel
wall were found in the liver stroma (Figure 2, B and D, control).

Figure 1. Intravital fluorescence pictures of fluorescently labeled
HepG2 cells in the liver. The liver hepatocytes are arranged in tra-
beculae and are visible due to their autofluorescence. Fluores-
cently labeled HepG2 cells stain brightly. They are attached to
the sinusoid wall with a residual lumen still visible (A; open arrows)
or already extravasated into the liver trabeculae without any con-
tact with the sinusoid (B; filled arrows).



Neoplasia Vol. 10, No. 2, 2008 Antimetastatic Integrin Inhibitors of Snake Venoms  Rosenow et al. 171
control —&— control
lebein-1
—{ lebein1

rhodocetin {pre-incubated)

——
-0
—>— lebein-2
A
—%7— rhodocetin (pre-injected)

—— rhodocetin

70

60 -

40 -

adherent cells/field

20 -

adherent cells/field

10 A

20

10 A

relative migration [%]
relative migration [%]

5 10 15 20 25 30 5 10 15 20 25 30

time [min] time [min]

Figure 2. /n vivo effects of snake venom inhibitors on the attachment of HepG2 (A, B) and HT29LMM (C, D) cells to the sinusoid wall (A,
C) and their infiltration into the liver stroma (B, D) in a rat liver metastasis model. Fluorescently labeled HepG2 or HT29LMM cells were
preincubated without any inhibitor (controls, closed circles), with lebein-1 (quadrangles), lebein-2 (diamonds), or rhodocetin (triangles up)
and injected intra-arterially. Alternatively, rhodocetin was injected shortly before the HepG2 cells (triangles down). The lebeins and rho-
docetin were applied at the final doses of approximately 350 and 160 nM, respectively. Adhesion of tumor cells to the sinusoid vessel
walls and their extravasation into the liver stroma were monitored /n vivo using intravital fluorescence microscopy. From the pictures
taken from 30 microscopic fields of the rat liver within 5-minute intervals, the number of cells that have adhered to the vessel wall (A, C)
or have migrated into the liver stroma (B, D) was determined. The number of extravasated cells normalized to the number of adherent
and infiltrated cells represents the relative migration rate. For each condition, at least five rats were analyzed. Mean values and SD are
shown. In A, adhesion rates of cells treated with lebein-1 were significantly reduced at all time points (P < .01). In B, every type of
pretreatment with integrin inhibitor decreased relative migration rates significantly for observation periods of more than 5 minutes
(P < .05, or even P < .005 for later time points). In D, a significant reduction of extravasation (P < .05) was observed for rhodocetin
at 20 minutes.

When HepG2 and HT29LMM cells were treated with 350 nM
lebein-1 before injection, their attachment to the sinusoid wall was
significantly reduced (Figure 2, A and C). In addition, lebein-1 in-
hibited extravasation of HepG2 (Figure 2B), but not of HT29LMM
cells (Figure 2D). Whereas lebein-2 did not significantly interfere
with cell arrest (Figure 2A4), it remarkably reduced cell extravasation
(Figure 2B). Rhodocetin at a concentration of 160 nM did not affect
HepG2 cell arrest (Figure 24, triangles up), but decreased tumor cell
extravasation into the liver stroma strongly (Figure 2B). Similarly,
rhodocetin had little effect on HT29LMM cell arrest but inhibited
their extravasation (Figure 2, C and D). Although less pronounced,
the extravasation-blocking effect of rhodocetin was also achieved,

the metastatic cascade, viz. the attachment of tumor cells to the liver
sinusoidal wall and the subsequent extravasation.

The Integrin Repertoire of HepG2 and HT29LMM Cells
HepG2 cells were characterized for their integrin receptors by flow
cytometry (Table 1). Among the collagen-binding integrins, of3; was
more abundantly expressed than o,B;. The most abundant laminin-
binding integrin on HepG2 was a3, a specific receptor for laminin-5
and -10 [13]. The more sparsely expressed integrins oy and oy
bind to almost all laminin isoforms. Among the RGD-dependent in-
tegrins, the fibronectin-binding asB; integrin ranked lower in expres-
sion than av-containing integrins. An antibody specific for a,f3

when rhodocetin was injected into the blood shortly before the
HepG2 cells (Figure 2B, triangles down). These data emphasize the
role of laminin- and collagen-binding integrins in different steps of

integrin did not yield a significant signal, suggesting that the o, sub-
unit predominantly combined with integrin B subunits other than {3,
such as the By, Bs, or Bg subunit. As opposed to the HepG2 cells,
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sets of integrins are players in tumor cell arrest and subsequent ex-
travasation. Both steps of the metastatic cascade can be inhibited in-
dividually by the integrin inhibitors, lebein-1 and rhodocetin. The
effective blockage of tumor cell invasion by the a,f; integrin-specific
inhibitor rhodocetin emphasizes the role of this integrin and the re-

ticular collagen fibers. We hypothesize that the particular arrange-
ment of ECM in the Disse space accounts for the preference of
certain tumor cells to settle in the liver tissue. This might be one
mechanistic explanation for the observation that tumor cells targeting
the liver are rich in o,f; integrin [38] and might lead to a novel

therapeutic strategy to reduce liver metastasis.
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