
Biochimica et Biophysica Acta 1840 (2014) 2978–2987

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbagen
Single cell tracking assay reveals an opposite effect of selective small
non-peptidic α5β1 or αvβ3/β5 integrin antagonists in U87MG
glioma cells
Anne-Marie Ray a,b, Florence Schaffner a, Hana Janouskova a, Fanny Noulet a, Didier Rognan b,
Isabelle Lelong-Rebel a, Laurence Choulier a, Anne-Florence Blandin a, Maxime Lehmann a,
Sophie Martin a, Tobias Kapp c, Stefanie Neubauer c, Florian Rechenmacher c,
Horst Kessler c,d, Monique Dontenwill a,⁎
a CNRS UMR 7213, Université de Strasbourg, Faculté de Pharmacie, 74 route du Rhin, 67401 Illkirch, France
b CNRS UMR 7200, Université de Strasbourg, Faculté de Pharmacie, 74 route du Rhin, 67401 Illkirch, France
c Institute for Advanced Study, Technische Universität München, Department Chemie, Lichtenbergerstrasse 4, Garching, Germany
d Chemistry Department, Faculty of Science, King Abdulaziz University, P.O. Box 80203, Jeddah 21589, Saudi Arabia
⁎ Corresponding author at: CNRS UMR 7213, LBP, Univ
Pharmacie, 67401 Illkirch, France. Tel.: +33 368854267;

E-mail address: monique.dontenwill@unistra.fr (M. D

http://dx.doi.org/10.1016/j.bbagen.2014.04.024
0304-4165/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:

Received 4 December 2013
Received in revised form 11 April 2014
Accepted 29 April 2014
Available online 5 May 2014

Keywords:
α5β1 integrin
αvβ3/β5 integrin
Small antagonist
Cell adhesion
Cell migration

Background: Integrins are extracellular matrix receptors involved in several pathologies. Despite homologies be-
tween the RGD-binding α5β1 and αvβ3 integrins, selective small antagonists for each heterodimer have been
proposed. Herein, we evaluated the effects of such small antagonists in a cellular context, the U87MG cell line,
which express both integrins. The aim of the study was to determine if fibronectin-binding integrin antagonists
are able to impact on cell adhesion and migration in relationships with their defined affinity and selectivity for
α5β1 and αvβ3/β5 purified integrins.
Methods: Small antagonists were either selective for α5β1 integrin, for αvβ3/β5 integrin or non-selective.
U87MG cell adhesion was evaluated on fibronectin or vitronectin. Migration assays included wound healing re-
covery and single cell tracking experiments. U87MG cells stably manipulated for the expression of α5 integrin
subunit were used to explore the impact of α5β1 integrin in the biological assays.
Results: U87MG cell adhesion on fibronectin or vitronectin was respectively dependent on α5β1 or αvβ3/β5

integrin. Wound healing migration was dependent on both integrins. However U87MG single cell migration
was highly dependent onα5β1 integrin andwas inhibited selectively byα5β1 integrin antagonists but increased
by αvβ3/β5 integrin antagonists.
Conclusions:Weprovide a rationale for testing new integrin ligands in a cell-based assay to characterizemore di-
rectly their potential inhibitory effects on integrin cellular functions.
General significance:Our data highlight a single cell tracking assay as a powerful cell-based testwhichmay help to
characterize true functional integrin antagonists that block α5β1 integrin-dependent cell migration.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Integrins are αβ protein heterodimers whose non-covalent associa-
tion defines the specificity of adhesion to particular components of the
extracellular matrix (ECM). First recognized as adhesion molecules to
the ECM, it is nowwidely acknowledged that they act as true receptors
regulating intracellular signaling and cellular responses including mi-
gration, proliferation and differentiation [1–4]. Integrin dysfunction is
associated to a large panel of pathological processes such as thrombosis,
inflammation, angiogenesis, osteoporosis, infectious diseases and
ersité de Strasbourg, Faculté de
fax: +33 368854313.
ontenwill).
cancer [5]. In recent years, integrins have attracted increasing interest
for their potential to act as tumor therapeutic targets [6]. Regulating
the crosstalk between cells and their surrounding microenvironment,
integrins and their natural ligands are particularly relevant in different
key aspects of tumors. Depending on the tumor types, the expression
of specific integrins differs between tumoral tissue and their corre-
sponding healthy tissues. For example, gene expression profiling of
high-grade glioma associatedwith gene ontology classification revealed
that a class of genes consisting of extracellular matrix components
and their regulators is often affected in the patient groups that have
the worst survival prognostic [7,8]. As such, fibronectin which is
overexpressed in glioblastoma versus normal brain [9] belongs to the
cluster of genes associated with a more malignant phenotype. The
αvβ3/β5 and α5β1 integrins are among the integrins that bind

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbagen.2014.04.024&domain=pdf
http://dx.doi.org/10.1016/j.bbagen.2014.04.024
mailto:monique.dontenwill@unistra.fr
http://dx.doi.org/10.1016/j.bbagen.2014.04.024
http://www.sciencedirect.com/science/journal/03044165


Table 1
Structures and respective affinities of the different compounds for α5β1 and αvβ3
integrins.

Compound IC50 [nM]
α5β1

IC50 [nM]
αvβ3

References
(ref., compound name)

1 2.3 3000 Heckmann (2008), 44b
Rechenmacher (2013), 1

2 3.1 1624 Heckmann (2008), 34c
3 108 0.65
4 127 0.86 Rechenmacher (2013), 2
5 243 190 Heckmann (2008), 34a
Cilengitide 11 0.2 Rechenmacher (2013)

Mas-Moruno (2011)
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fibronectin through its RGDmotif. Although both integrins recognize fi-
bronectin, striking differences between α5β1 and αvβ3 integrin func-
tions and signaling pathways have been described in normal and/or
tumoral cells [10,11]. The majority of data addressed the question of
cell migration. Althoughαvβ3 integrinswere associatedwith persistent
migration through activation of Rac, α5β1 integrins were linked to
RhoA activity and randommigration [12]. RhoGTPAse signaling is close-
ly linked to endosomal transport and recycling. Studies indicated that
αvβ3 integrins suppress the trafficking of receptors that promote cell
migration (VEGFR and EGFR for example). Inversely blocking this
integrin by cilengitide, an αvβ3 integrin antagonist [13], activated not
only receptors recycling back to the plasma membrane but also con-
comitantly the recycling of α5β1 integrins leading to increased cell mi-
gration [14]. Very selective integrin antagonists may thus be proposed
not only to characterize the molecular behavior of individual integrins
but also for therapeutic purposes.

Despite the high sequence homology between αvβ3 and α5β1
integrins (αv/α5: 53% identity; β3/β1: 55% identity), unique features
of each integrin RGD binding domains have been highlighted [15,16]
leading to the rational design of selective ligands [17–19]. Primary
tests to screen for antagonists are currently always based on the adhe-
sive function of integrins to their ECM ligands. Non-peptidic small
RGD-like integrin antagonist affinity and selectivity have been charac-
terized this way [19–22]. IC50 values are, in general, derived from com-
petitive ELISA tests using the immobilized natural integrin ligand
(fibronectin or vitronectin) and the soluble purified integrins (α5β1
and αvβ3 integrins respectively). Few data concerning their effects in
a complex cellular context (i.e. cells expressingmore than one integrin)
have been described.

In this study, we aimed to check if fibronectin-binding integrin an-
tagonists are able to impact on cell adhesion and migration in relation-
ships with their defined affinity and selectivity for α5β1 and αvβ3/
αvβ5 purified integrins. For this purpose, we used the U87MG glioma
cell line, which endogenously expresses both integrins, and six different
RGD-like antagonists with selectivity either for α5β1 or αvβ3/β5
integrins or non-selective. Expression level ofα5β1 integrinwas genet-
ically modulated to confirm its role in the different experimental condi-
tions. Our results demonstrate that tracking single U87MG cell
migration is a reliable functional assay allowing a clear discrimination
between α5β1 or αvβ3/β5 integrin antagonists even when both
integrins are expressed.

2. Material and methods

2.1. Drugs and cell lines

Compounds used in the study are described elsewhere and their
structures and affinities for α5β1 or αvβ3 integrins are given in
Table 1. The compounds 1 and 2 are selective for α5β1 integrin; com-
pounds 3, 4 and cilengitide are selective for αvβ3 integrin and com-
pound 5 has similar affinities for both integrins. The IC50 values of
compounds 1 and 3 for the αvβ5, αvβ6 and αvβ8 integrins have been
determined according to a previously published method in an ELISA-
like solid phase binding assay [21]. Human glioblastoma cell line
U87MG was maintained in EMEM (Lonza) supplemented with 10%
fetal bovine serum (FBS), 200 IU/mL penicillin/streptomycin and
0.6 mg/mL glutamine, in a 37 °C humidified incubator with 5% CO2.
U87MG cells manipulated to overexpress or repress the α5 integrin
subunit have been obtained as described in [7].

2.2. Flow cytometry

Cells were collectedwith PBS/EDTA (0.53mM). Theywere incubated
with anti-α5 integrin IIA1 antibody (1:100, BD Bioscience), anti β1
integrin AIIB2 antibody, anti αvβ3 integrin LM609 antibody (10 μg/mL,
Millipore) or anti αvβ5 integrin P1F6 antibody (10 μg/mL, Abcam) for
30 min at 4 °C and exposed to Alexa Fluor 488 labeled goat anti-mouse
(1:500, Jackson ImmunoResearch Laboratories) at 4 °C for 30 min. A
total of 20,000 cells were analyzed using FACS Calibur flow cytometer
(Becton–Dickinson, San Diego, USA). The mean fluorescence intensity
characterizing surface expression of integrin was measured using the
FlowJo Software.

2.3. Cell adhesion assay

Cells (50,000 cells/well) were plated in the presence of drugs or con-
trols (DMSO 0.2%) on purified fibronectin (gift from Pr Carreira, Cergy
Pontoise, France) or vitronectin (gift from Pr Luis, Marseille, France)
coated 96-well plates and incubated for 1 h. Adhesion was measured
after coloration with crystal violet (0.2% ethanol, w/v) by absorbance re-
cording at 595nm. Polylysine (Sigma) coatedwellswereused tomeasure
100% of adhesion, BSA to define the background. Specific anti-α5 anti-
body IIA1 (BD Biosciences, France), anti-β1 antibody AIIB2, anti-αv anti-
body 69.6.5 [23] and anti-αvβ5 antibody P1F6 were used at 10 μg/mL.

2.4. Wound healing assay

Cells (25,000 cells/mL) (1 mL/well) were plated into 24-well
ImageLock™ plate (Essen Bioscience). After 24-hour incubation, conflu-
ent cell monolayer was scratched with a woundmaker™ tool. This sys-
tem allows having a very precise and repeated imaging within the
wound area. Floating cells were washed and cells were incubated in
fresh medium containing 10% FBS either with solvent or with drugs,
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each treatment performed in duplicate wells. The Incucyte™ Scratch
Wound Software was used to capture and analyze wound closure pic-
tures during 20 h (3 images per well and per hour). Wound closure is
automatically monitored using relative wound density (% wound
closure).
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Fig. 1. Respective contributions ofα5β1 andαvβ3/β5 integrins in U87MG cell adhesion to fibro
α5 integrin subunit. (left) Verification of theα5 andαv integrin subunit expression bywestern b
α5 (IIA1 antibody), β1 (AIIB2 antibody), αvβ3 (LM609 antibody) and αvβ5 (P1F6 antibody
(B) Adhesion of U87MG cells to fibronectin (left: 1 μg/mL; right: 3 μg/mL) in the absence o
vitronectin (1 μg/mL) in the presence of inhibitory anti-α5 or anti-αv antibodies. Mean ± SEM
2.5. Single cell tracking

Cells were seeded at low density (500 cells/well) with 1 μg/mL
Hoechst 33342 (Sigma) in μClear 96-well black plate (Dutscher,
France) in L-15 medium (Sigma) supplemented with 10% FBS.
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Table 2
Respective affinities of compounds 1, 3 and cilengitide for αV integrins. nd. not
determined.

Compound IC50 [nM]
αvβ3

IC50 [nM]
αvβ5

IC50 [nM]
αvβ6

IC50 [nM]
αvβ8

1 N1000 N1000 433 ± 10.1 37 ± 3
3 0.65 ± 0.05 199 ± 21 N1000 N1000
Cilengitide 0.54 10.9 nd nd
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Fig. 2. Inhibition of cell adhesion to fibronectin or vitronectin by integrin antagonists.
(A) Adhesion of U87MG cells on fibronectin (1 μg/mL) in the absence or presence of
small antagonists (20 μM). (B) Adhesion of U87MG cells on vitronectin (1 μg/mL) in the
absence or presence of small antagonists (20 μM). Mean ± SEM of 3–4 experiments in
triplicate. (C) Dose–response curves of compound 1 (α5β1 integrin selective) and com-
pound 3 (αvβ3 integrin selective) for the inhibition of U87MG-α5+ cell adhesion on fi-
bronectin (solid lines) or vitronectin (dashed lines).
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Alternatively, wells were coated with human fibronectin (1 μg/mL).
After 24 h, medium was removed and fresh medium containing drugs
or solventwas added.Migration of cellswas followed by fluorescentmi-
croscopy (IN Cell Analyzer 1000, GE Healthcare) during 6 h. Analyses
were performed only on cells tracked during the entire assay. Speed,
persistence and trajectories were computed with Excel software.

2.6. Western blot analyses

Cells were lysed with Laemmli sample buffer (Biorad) on ice and ly-
sate was heated at 90 °C for 10 min. Samples were loaded and run on
precast 10% SDS PAGE gels (Biorad) and transferred to PVDF mem-
branes (GE Healthcare). After blocking for 1 h at room temperature,
the blots were incubated overnight at 4 °C with specific primary anti-
body. Primary antibodies used were anti-α5 integrin 1928 1/1000
(Millipore), anti-αV integrin 1930 1/1000 (Millipore), or anti-GAPDH
1/50,000 (Millipore). Membranes were subsequently incubated with a
secondary antibody conjugated to horseradish peroxidase 1/10,000
(Promega) and developed to CL-exposure films (Kodak). GAPDH was
used as housekeeping protein to serve as the loading control for cell ly-
sate sample.

2.7. Statistical analysis

Data are represented asmean±SEM. The valueswere obtained in at
least three independent experiments (n). Statistical analyses were done
by Student’s t test with GraphPad Prism program where p b 0.05 was
considered significant.

3. Results

3.1. Characterization of U87MG adhesion on fibronectin and vitronectin in
relation with α5 integrin expression level

U87MG cells expressα5β1 integrin endogenously and were manip-
ulated to increase or decrease the expression of theα5 integrin subunit
(α5+andα5− cells respectively) as confirmed by total protein extract
western blot analysis (Fig. 1A, left) or by flow cytometry analysis of
membrane-localized integrin (Fig. 1A, right). We also screened the
cells for αv integrin and showed that expression level was not changed
uponα5 integrin expressionmanipulation of the cells (Fig. 1A, left). Ex-
pression of β1,αvβ3 andαvβ5 integrins at the cell membranewas con-
firmed by flow cytometry analysis with respectively AIIB2, LM609 and
P1F6 specific antibodies (Fig. 1A, right). Adhesion of cells to fibronectin
(known to be recognized both by α5β1 and αvβ3/β5 integrins) was
first investigated. On 1 μg/mL fibronectin-coated wells, U87MG cell
binding to fibronectin was strongly dependent of theα5β1 integrin ex-
pression level (Fig. 1B, left). U87MG-α5− cells showed decreased ad-
hesion compared to the α5 expressing cells with 20% adhesion versus
60% adhesion for U87MG-mock and 100% adhesion for U87MG-α5+
respectively. Adhesion was completely inhibited by the α5β1 integrin
specific antibody IIA1 (10 μg/mL) in the two α5β1 integrin expressing
cell lines. Conversely, no inhibition of adhesionwas denoted in the pres-
ence of 69.6.5 antibody (10 μg/mL)which is specific forαv integrin [23].
Similar resultswere obtainedwhen adhesion of U87MG cells to 3 μg/mL
fibronectin-coated wells was examined (Fig. 1B, right) suggesting that
αv integrins were not implicated in fibronectin binding of these cells.
Although U87MG-α5− cell adhesion to fibronectin was independent
of α5 and αv integrins, the specific anti-β1 integrin antibody
AIIB2 inhibited this adhesion suggesting that an αβ1 heterodimer dif-
ferent from α5β1 is implicated in this cell adhesion to fibronectin
(Fig. 1B, right). U87MG cells were able to adhere to vitronectin (1 μg/
mL), the specific ligand of αv integrins, regardless of their content in
α5β1 integrin (Fig. 1C) and this adhesion was partially inhibited by
69.6.5 αv-antibody but not by IIA1 α5-antibody confirming that cell
binding to vitronectin usedαv integrins. Complete inhibition of binding
was obtained by P1F6 antibody specific for αvβ5 integrin (Fig. 1C).
These data show that U87MG cell binding to fibronectin is predomi-
nantly mediated by α5β1 integrins, whereas binding to vitronectin
favorsαv integrins involvement. These cells thus appear useful to inves-
tigate effects of integrin antagonists with known selectivity for each
integrin.
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3.2. Effects of integrin antagonists on cell adhesion

We selected several molecules of our series of integrin antago-
nists to study their effects on glioma cell adhesion. Their affinities
for α5β1 andαvβ3 integrins (extrapolated from their IC50 inhibitory
values calculated from adhesion assays of soluble pure integrin to se-
lected ECM ligands [18]) are shown in Table 1. Two compounds, 1
and 2, highly selective for α5β1 integrin versus αvβ3 integrin were
compared to compounds 3, 4 and cilengitide selective for αvβ3
over α5β1 integrin and compound 5 having no selectivity. We also
checked the affinities of the most selective compounds 1 and 3 on
other αv integrins (Table 2). Compound 1 was unable to bind αvβ5
integrin although compound 3 and cilengitide also recognized this
integrin (Table 2). In addition, compound 1 proved able to recognize
αvβ6 and αvβ8 integrins with modest affinities although compound
3 did not (Table 2). The α5β1 integrin-dependent binding of U87MG
cells to fibronectin was clearly affected by compounds 1 and 2 but
not by compounds 3, 4, 5 and cilengitide and this inhibition was de-
pendent on α5 integrin expression (Fig. 2A) as expected from the
precedent results. Binding of U87MG on vitronectin was almost to-
tally abrogated by αvβ3/β5 selective ligands (cilengitide and
compounds 3 and 4) and compound 5 whatever the level of α5β1
integrin (Fig. 2B). Unexpectedly, compound 1 and 2 also affected
cell binding to vitronectin (but less than the other compounds)
with no relationship with α5 expression level, suggesting that they
may also affect αv integrin when used at high concentrations
(20 μM). These data revealed that compounds 1 and 2, at high con-
centration, may not only affect the α5β1 integrin but also other
integrins. Although exhibiting similar affinities for both integrins,
compound 5 is more efficient to displace cells from vitronectin sug-
gesting that integrin binding to vitronectin is less strong than bind-
ing to fibronectin.

In order to nevertheless confirm the respective selectivity of
the drugs either for α5β1 or for αvβ3/β5 integrins, we performed
dose–response assays with compounds 1 and 3 on U87MG-α5+
cells. Results were in accordance with our previous data showing
that compound 1 and compound 3 respectively were more potent
for inhibiting cell binding either to fibronectin (EC50 of 0.4 μM and
N50 μM respectively) or to vitronectin (EC50 of 15 μM and 1 μM re-
spectively) (Fig. 2C).

3.3. Effect of integrin antagonists on cell migration (wound-healing assays)

We next investigated whether these integrin antagonists may affect
selectively themigration of U87MGglioma cells into awoundgenerated
by scratching a cell monolayer. Wound healing was quantified at differ-
ent time points after the scratch. After 20 h, the area of the wound re-
covered by migrating cells was equivalent for all U87MG cells
independently of their level of α5β1 integrin expression (Fig. 3A).
Data also showed that, at a concentration of 10 μM, only cilengitide
was able to inhibit wound recovery of U87MG cells expressing the
α5β1 integrin although at higher concentration compounds 2, 3, 4
and 5 also affected cell migration (Fig. 3B, left). Effect of compound 2
onmigrationwasα5 dependent and effect of compound 3wasα5 inde-
pendent (Fig. 3B, right). Results suggested that bothα5β1 andαvβ3/β5
integrins may be involved in wound recovery. To confirm this hypothe-
sis, we comparedwound recovery in the presence of either compound 1
or compound 3 at 10 μM (which were shown to be inactive at this
concentration — Fig. 3B) to the wound recovery obtained in the pres-
ence of both drugs. Treating the cells with both compounds together
led to a significant inhibition of wound recovery (Fig. 3C). Data suggest
that cell migration involved in the recovery of the wound is dependent
on α5β1 and αvβ3 integrins and that simultaneous inhibition of the
two integrins is required to get an effect. Our data indicate thus that
this migration assay will not be useful to investigate the selectivity of
integrin ligands.
3.4. Effect of integrin antagonists on single cell migration

It is already known that single cell migration behaves differently
than cell migration into a wound. In this respect the random mobility
of U87MG cells was addressed by analyzing cell migration at low cell
density and quantifying the speed of migration of individual cells over
6 h in the absence and presence of the antagonists. Diagrams of migra-
tory trajectories of representative cells are shown either in the absence
or in the presence of the integrin antagonists (Fig. 4A, B and C, right).
Quantitative analysis revealed that speed of migration was dependent
on α5β1 integrin expression level in U87MG cells (Fig. 4A, left). Com-
pounds 1 and 2 were able to decrease U87MG-α5+ cell speed and
these effects were abolished in U87MG-α5− cells. Similar results
were obtained with IIA1 antibodies, further confirming the implication
ofα5β1 integrin in this process (Fig. 4B, left). Intriguingly, in similar ex-
periments, both cilengitide and compounds 3, 4 and 5 rather increased
the speed of migration independently ofα5β1 integrin expression level
(Fig. 4C, left). This effect appeared αv integrin dependent as 69.6.5 and
P1F6 antibodies also enhanced cell speed. These experiments were con-
ducted onnon-coated culturewells potentially implicating cell-secreted
extracellularmatrix and fibronectin from the serum.Wewondered if fi-
bronectin coating (1 μg/mL) of the wells may affect these results. Data
(Fig. 4D) indicated that fibronectin enhanced U87MG-α5+ cell migra-
tionwithout affecting U87MG-α5− cell migration confirming that only
α5β1 integrin is positively implicated in this migration assay. In this ex-
perimental setting, αvβ3/β5 integrin antagonists kept their cell speed
enhancing properties.

Relationships between drug affinities for αvβ3 integrin and cell mi-
gration were next investigated.We plotted the affinities of the different
compounds for αvβ3 integrin against the U87MG-α5+ cell speed and
we found a slight correlation between these two parameters (Fig. 5A).
A stronger significant correlation was obtained in U87MG-α5− cells
(Fig. 5A) favoring the hypothesis that α5β1 integrin exerts an opposite
effect compared to αvβ3/β5 integrin in this assay. Interestingly, persis-
tence of cell migration (ratio of the vectorial distance to the total dis-
tance length traveled by the cell) was clearly decreased only by the αv
integrin antagonists (Fig. 5B), an effect which seems increased in
U87MG-α5− cells (Fig. 5C).

Data show that U87MG single cell migration is highly related to
α5β1 integrin expression, blocked by specificα5β1 integrin antagonists
and increased byαvβ3/β5 integrin antagonists. In this assay, selectivity
of the antagonists determined in adhesion tests was clearly associated
with opposite effects on cell migration even when used at high concen-
trations. In our experimental conditions, single U87MG cell tracking
may be an original cell function-based assay useful to characterize
new integrin antagonists.

4. Discussion

Integrins are cell surface receptors largely implicated in migration
processes [3,2] and currently explored as pertinent therapeutic targets
in particular for cancer [5,6,24]. We addressed in this work the impact
of the functional inhibition of α5β1 and αvβ3/β5 RGD-dependent
integrins by selective antagonists on U87MG cell adhesion and migra-
tion. We demonstrated that the expression level of the α5β1 integrin
determines U87MGcell adhesion on fibronectin andmigration. Two dif-
ferent modes of glioma cell migration were investigated reflecting, al-
though partially, what may happen in vivo. The wound healing assay
induces a collective, directed migration and is widely used to decipher
the cell migration parameters [25]. Leader and follower cells coordinate
their cytoskeletal activity andmechanical forces through cell–cell inter-
actions implicating adherens junction proteins such as N-cadherin in
glioma [26,27] In our experimental conditions, the U87MG cell migra-
tion in the wound healing assay was not affected by the expression
level ofα5 integrin but similarly affected byα5β1 andαvβ3/β5 integrin
antagonists. Respective contributions of the different integrins in this



2984 A.-M. Ray et al. / Biochimica et Biophysica Acta 1840 (2014) 2978–2987



so
lv

en
t 1 2

C
ile

n 3 4 50.0

0.1

0.2

0.3

0.4

0.5 U87MG-αα5-

p
er

si
st

en
ce

so
lv

en
t 1 2

C
ile

n 3 4 5

0.0

0.1

0.2

0.3

0.4

0.5 U87MG-α5+

α 5
antagonists

α v
antagonists

α 5
antagonists

α v
antagonists

p
er

si
st

en
ce

-10 -9 -8 -7 -6 -5
0.0

0.1

0.2

0.3

0.4

0.5

log[IC50 α V]

sp
ee

d
 (

µ
m

/m
in

)
α5+
r²=0.52
p=0.03
α5-
r²=0.93
p=0,0001

A

B

C

Fig. 5. Relation between affinities of compounds for αvβ3 integrin and cell migration.
(A). Linear regression analysis of the cell speed plotted versus the affinities for αvβ3
integrin of the different compounds in U87MG-α5+ cells (solid line) or U87MG-α5−
cells (dashed line). (B) (C). Persistence of U87MG cell migration represents the ratio of
the vectorial distance to the total distance length traveled by the cells during 6 h. Persis-
tence of U87MG-α5+ (B) or U87MG-α5− (C) cell migration is shown in the presence
of solvent or integrin antagonists (mean ± SEM of 3–4 independent experiments with
100 to 400 cells included per experiment).

Fig. 4. Effects of integrin antagonists on U87MG single cell migration. (A) (left) Speed of U87M
resent the mean± SEM of 3 independent experiments with 100 to 400 cells included per expe
resentative U87MG cells. (B) (left) Analysis of U87MG-α5+ or U87MG-α5− single cell migrati
the ratio of antagonist-treated cell speed/solvent-treated cell speed. As control, inhibitory antib
dent experiments with 100 to 400 cells included per experiment). (right) Diagrams representin
U87MG-α5+ or U87MG-α5− single cell migration treated by compounds 3, 4 and cilengitide
the ratio of antagonist-treated cell speed/solvent-treated cell speed. As control, inhibitory an
(mean ± SEM of 3–4 independent experiments with 100 to 400 cells included per experime
resentative cells. (D). Analysis of U87MG-α5+ or U87MG-α5− single cell migration on fibr
migrating on fibronectin is considered as the control experiment.
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setting would not be easy to delineate. Single cell migration appears
more specifically related to cell-matrix adhesion parameters. By con-
trast to scratch assay, single cell tracking analysis revealed the U87MG
cell line as a clearα5β1 integrin-dependentmodel inwhich opposite ef-
fects of α5β1 and αvβ3/β5 integrin antagonists have been recorded.
We therefore propose that U87MG single cell tracking experiments in
2Dmay be considered as a first-line function-based assay useful to char-
acterize new selective integrin antagonists.

Integrins have been first considered as proteins only implicated in
cell adhesion to extracellular matrix components and the search of an-
tagonists has been built on this characteristic. Hence, the antagonistic
affinities for a specific integrin were extrapolated from adhesion inhibi-
tion experiments [28]. Indeed, binding affinities were calculated from
experiments using either adhesion of purified solubilized integrins on
their specific ECM ligands [18,21,29], or adhesion of cells expressing
only the integrin of interest [21,30] or alternatively adhesion of cells ex-
pressing two integrinswith one of themblockedwith an antagonist [31,
32]. In this study, we used the U87MG glioma cell line expressing both
α5β1 and αvβ3/β5 integrins in which only the expression of α5β1
integrin was manipulated. Exploration of integrin antagonist properties
in this cellular model may better reflect what could happen in tissues
expressing several integrins concomitantly. The experiments indicated
that U87MG cells are primarily α5β1 integrin dependent for adhesion
to fibronectin and αv integrin dependent for adhesion to vitronectin
as confirmed by their relationship to integrin levels and also by their
sensitivity to specific antibodies. The αvβ3/β5 integrin antagonists
were only able to affect cell binding to vitronectin whatever their affin-
ities for the α5β1 integrin (ranging from 11 to 243 nM; Table 1). In-
versely, the α5β1 integrin antagonists at high concentration were able
to not only completely inhibit the cell binding to fibronectin but also
with fewer efficacies the cell binding to vitronectin even if their affini-
ties forαvβ3/β5 integrin are low (over 1 μM; Table 1). Our data suggest
that only drugs with very high affinities for α5β1 integrins may disturb
their binding to fibronectin although this is not the case for drugs
inhibiting the binding of αvβ3/β5 integrin to vitronectin. Discrepancies
may be in part explained by the fact that α5β1 integrin (and not αvβ3
integrin) more strongly adheres to fibronectin due to its recognition of
the fibronectin synergy site [33]. Alternatively, integrin crosstalk may
be implicated as data showing that β1 integrin inhibitory antibodies
negativelymodulateαvβ3 integrin binding to vitronectin have been re-
ported [34].

Respective implication ofα5β1 andαvβ3/β5 integrins in cell migra-
tion has been the subject of numerous studies. Alterations in the expres-
sion of fibronectin-binding integrins can strongly affect parameters of
cell migration. In the past, collaborative interactions between α5β1
and αvβ3 integrins have been suggested for cell motility [35]. More re-
cent studies point to distinct functions in cell adhesion [10,36], spread-
ing [37] andmigration [38,39] through activation of differentmolecular
mechanisms [4,40]. Moreover, it has been shown forαvβ3 integrin that
its deletion [41] or its blockade with cilengitide [14,42] increased cell
speed through activation of the recycling loop ofα5β1 integrin. Accord-
ingly, our data also show that U87MG single cell migration speed was
increased in the presence of αvβ3/β5 integrin antagonists but de-
creased with α5β1 integrin antagonists. In addition, persistence of cell
G cells recorded during 6 h in relation with α5 integrin expression level. Histograms rep-
riment. (right) Diagrams representing the migrating trajectories covered in 6 h of ten rep-
on treated by compounds 1 or 2 selective forα5β1 integrin (50 μM). Histograms represent
odies specific for α5β1 integrin (IIA1) were also included. (mean ± SEM of 3–4 indepen-
g the migrating trajectories covered in 6 h of ten representative cells.(C) (left) Analysis of
, selective for αvβ3 integrin or compound 5, non-selective (50 μM). Histograms represent
tibodies specific for αv integrins (69–6–5) or αvβ5 integrins (P1F6) were also included
nt). (right) Diagrams representing the migrating trajectories covered in 6 h of ten rep-
onectin-coated wells treated by compounds 1, 2, 3 and cilengitide. Solvent-treated cell
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migration was decreased when αvβ3/β5 integrin was blocked, which
confirmed other works [38,41,42]. However, the observed increase in
speed and decrease in persistence by these antagonists did not only de-
pend on α5β1 integrin expression in our models as both persisted in
α5β1 integrin-repressed cells. The molecular mechanisms underlying
the pro-migratory effects of the αvβ3/β5 integrin antagonists deserve
further studies. In particular, comparison of their effects in 2D versus
3D migration will be of interest.

To characterize the respective roles of α5β1 and αvβ3/β5 integrins
in physio-pathological settings, the use of specific and selective antago-
nists is crucial. The human α5β1 and αvβ3/β5 integrins are highly ho-
mologous and overall shape or domain organization is very similar
[15,16,43–45]. It is thus challenging to propose highly selective α5β1
or αvβ3/β5 integrin small antagonists. We nevertheless achieved this
goal with the design of compounds able to selectively recognize distinct
integrin subtypes. They are powerful tools to characterize integrin
subtype-dependent fundamental processes as shown recently [20,22,
46]. In the currentwork,we extended our investigations on their biolog-
ical effects in cells expressing both α5β1 and αvβ3/β5 integrins which
appeared more complex. Interestingly it appears that although cell
adhesion assays could not completely delineate a selective effect of
α5β1 integrin antagonists, single cell migration assay demonstrates
their clear and significant integrin subtype specific inhibitory activity.

5. Conclusions

Integrin antagonists are nowadays selected on their capability to in-
hibit the adhesion of purified integrins to their natural ligand. Although
this approach has given valuable informations about the affinities and
selectivity of antagonists, more complex data may be obtained when
they are evaluated in cells expressing several different integrins. Our
data suggest not only that selectivity may depend on the relative ex-
pression of the integrins under investigation but also that conclusions
may depend on the experimental assays used. We provide a rationale
for testing new integrin ligands in a cell-based assay (single cell migra-
tion assay) to characterize more directly their potential inhibitory ef-
fects on integrin cellular functions.
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