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Abstract

Collective cell behaviour during embryogenesis and tissue repair requires the coordination of
intercellular junctions, cytoskeleton-dependent shape changes controlled by Rho GTPases,
and integrin-dependent cell-matrix adhesion. Many different integrins are simultaneously
expressed during wound healing, embryonic development, and sprouting angiogenesis,
suggesting that there is extensive integrin/integrin cross-talk to regulate cell behaviour. Here,
we show that fibronectin-binding f1 and B3 integrins do not act synergistically, but rather
antagonize each other during collective cell processes in neuro-epithelial cells, placental
trophoblasts, and endothelial cells. Reciprocal f1/B3 antagonism controls RhoA activity in a
kindlin-2-dependent manner, balancing cell spreading, contractility, and intercellular
adhesion. In this way, reciprocal B1/B3 antagonism controls cell cohesion and cellular
plasticity to switch between extreme and opposing states, including epithelial versus
mesenchymal-like phenotypes and collective versus individual cell migration. We propose
that integrin/integrin antagonism is a universal mechanism to effectuate social cellular
interactions, important for tissue morphogenesis, endothelial barrier function, trophoblast
invasion, and sprouting angiogenesis.
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Introduction

Collective cell behaviour is essential for the morphogenesis and maintenance of tissues, as
well as for their remodeling during embryonic development, wound healing, trophoblast
invasion, sprouting angiogenesis, and tumor metastasis. Many of these processes are
characterized by high cellular plasticity in terms of gene expression and morphology, and
involve dynamic interconversion between cellular phenotypes such as epithelial-to-



mesenchymal transition (EMT), or between collective and individual modes of cell migration
[1,2]. Morphological changes at the single-cell level are mostly governed by re-organization
of the actin cytoskeleton, under the control of Rho-family GTPases. While Rac promotes
actin branching through the Arp-2/3 complex, leading to cell spreading and formation of
lamellipodia, the Rho/Rho kinase (ROCK) pathway induces actomyosin-based cytoskeletal
tension, resulting in the formation of actin stress fibers, cell contraction, and the generation of
cellular forces necessary for migration [3], [4], [5], [6]. Individual cell-shape changes through
Rho GTPases are tightly linked to intercellular adhesion mediated by transmembrane
receptors of the cadherin family, and thus regulate collective cell behaviour [7,8]. For
instance, sprouting vascular cells, migrating epithelial cell sheets, invasive tumor explants
and organoids, and developing glands all require a tight balance between RhoA/ROCK
signaling and Rac activity that determines individual versus collective cell migration, leader-
follower hierarchy, and polarity and directionality [9], [10], [11], [12], [13], [14]. Likewise,
the dynamic regulation of endothelial and epithelial barrier function relies on tight
spatiotemporal control of Rho GTPase-regulated actin cytoskeletal organization and
cadherins [15,16]. Thus, social cellular interactions are dynamically controlled by Rho
GTPases, the cytoskeleton, and cell-cell junctions.

In addition, many of these events also depend on integrins, a family of 24 off heterodimeric
transmembrane receptors that bind to proteins in the extracellular matrix (ECM), while their
cytoplasmic tails associate with the actin cytoskeleton [17]. Integrin-ligand interactions
stimulate the formation of adhesion complexes such as focal adhesions (FAs) and fibrillar
adhesions (FBs), and elicit cell signaling, cytoskeletal reorganization, cell spreading, and
migration [17]. Most integrin B-subunits contain two NPxY/NxxY motifs and an intervening
threonine/serine (T/S)-rich region in their cytoplasmic tails, which regulate integrin activation
through the binding of talins and kindlins [18]. Furthermore, these regions recruit a variety of
regulatory, signaling, adaptor, and scaffolding proteins, thus regulating downstream signaling
[18]. Integrin-ECM interactions can promote the assembly of intercellular adhesion
complexes, but also cause their disruption through RhoA-dependent cytoskeletal tension, thus
inducing a loss of cell-cell adhesion [19], [20], [21].

All adherent cells constitutively express a variety of different integrins, and many others are
de novo expressed in pathological conditions or during embryonic development and tissue
repair. Embryonic and wound-associated extracellular matrices are enriched in proteins with
an arginine-glycine-aspartic acid (RGD) motif, such as fibronectin (FN) and fibrin [22,23].
The RGD sequence is recognized by several integrins containing the f1-subunit, as well as by
av integrins like avp3, expressed on a variety of cell types including fibroblasts, vascular
endothelial cells, smooth muscle cells, and placental trophoblasts [24,25]. In solitary cells
such as fibroblasts, RGD-binding integrins synergistically promote cell adhesion, adhesion
strengthening, and rigidity sensing [26], [27], [28]. However, they can also behave very
differently with regard to their dynamic behaviour in FAs, sensing and transduction of
mechanical signals from the environment, FA turnover and migratory behaviour, or their
traffic through the endolysosomal system [29], [30], [31], [32], [33], [34], [35]. We have
previously shown that the expression of 1 versus B3 integrins into murine neuro-epithelial
GE11 cells (creating GEB1 and GEB3 cells, respectively) induces extreme and opposing
cellular phenotypes on FN, driven by the differential activation of Rho GTPases. While GEf1
cells exhibit high RhoA-driven cell contractility, causing EMT-like morphological changes,
cell-cell dissociation, and fast but random cell motility, GEB3 cells support Rac-dependent
cell spreading and cohesion, as well as collective and directional cell migration [36], [37],
[38], [39], [40]. Although these data illustrate the individual roles of 1 versus 33 integrins, it



is less clear how these integrins interact with each other to regulate Rho GTPase activities
and cross-talk to cell-cell junctions, thus controlling the phenotype and social behaviour of
cell collectives.

Here we show that 1 and B3 integrins antagonize, rather than stimulate, each other's function
in the regulation of intercellular adhesion and collective cell migration. B1 integrins attenuate
avp3-dependent cell spreading and cell cohesion, by supporting RhoA-stimulated cell-cell
contact disruption. In turn, avB3 counteracts f1-induced RhoA activation to limit
contractility, which requires the cytoplasmic B3 motif recognized by kindlin-2. This
reciprocal suppression of integrin function occurs in neuro-epithelial cells, endothelial cells,
and trophoblasts, and regulates cell migration on FN, intercellular adhesion and monolayer
integrity, and sprouting angiogenesis in fibrin gels.

Thus, our work uncovers a mechanism of reciprocal antagonism between different RGD-
binding integrins, and shows that a tight balance between the differential effects of B1 and 3
is required to maintain cellular phenotype and collective cell behaviour.

Results

Reciprocal integrin antagonism dictates cell cohesion, Rho GTPase activation, and cell
migration on FN

To investigate potential crosstalk between B3 and B1 integrins, we first expressed the human
B3 subunit into GEB1 cells by retroviral transduction (creating GEB1/B3 cells), and isolated
double-positive cells by FACS (Fig. 1a). Intriguingly, the expression of 3 into GEB1 cells
increased cell spreading on FN, but not as much as in the absence of B1, indicating that 1
integrins limit avB3-induced cell spreading (Fig. 1b and c). In addition, GEB1/B3 cells were
not organized in islands, and exhibited a morphology with contractile protrusions (quantified
by measuring the cell ‘circularity’), reminiscent of GEB1 (Fig. 1b and c). Upon seeding onto
FN, all cell lines comparably supported Rac activation, but the high RhoA activation
promoted by B1 integrins was attenuated by avp3 (Fig. 1d; Suppl. Fig. 1a). We next
investigated migratory behaviour in scratch assays. As observed earlier, GEP3 cells migrated
collectively (i.e. maintaining cell-cell contacts during migration) and in a directional manner,
leading to fast scratch closure. In contrast, GEB1 cells quickly lost contact with other cells
and migrated fast but randomly, including parallel to the wound edges or even back into the
monolayer, thereby delaying scratch closure (Supplementary Movie 1; Fig. 1e and f).
Interestingly, GEB1/B3 cells showed an intermediate phenotype; some loss of cell cohesion
followed by random cell migration was observed, but this was not as pronounced as in GEB1
cells, indicating that avp33 counteracts, at least partially, B1-induced cell-cell dissociation. As
a result, the speed of scratch closure as well as the migration directionality were in between
those of GEB1 and GEB3 cells (Supplementary Movie 1; Fig. 1e and f). We also analyzed
single-cell migration on FN (5 pg/ml). As observed before, GEB1 cells migrated fast but with
low directionality, while the reverse was true for GEB3 (Fig. 1g and h). In line with the cell
spreading, Rho activation, and scratch assays, the migration velocity and directionality of
GEB1/B3 cells were in between those of GEf1 and GEB3, further suggesting that integrin
avpB3 and B1 integrins antagonize each other's function (Supplementary Movie 2; Fig. 1g and
h).
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Fig. 1. Reciprocal antagonism between 1 and 3 integrins regulates Rac and Rho activities, cellular phenotype,
and cell migration. (a) FACS plots showing cell-surface expression of the human 1 and B3 integrin subunits in
GEpB1, GEB3, and GEB1/B3 cells. (b) Quantification of cell area (left) and ‘circularity’ (right). Values are
means + SD from ~150 cells out of 3 independent experiments. (¢c) Morphology of GEB1, GEB3, and GEf1/B3
cells. Bar, 40 um. (d) Relative Rac (left) and RhoA (right) activities in GEB1, GEB3, and GEB1/B3 cells. Values
are the means +SD of 3—4 different experiments and normalised to GEB1 cells. (e) Representative migration
tracks of GEB1, GEB3, and GEB1/B3 cells in a scratch assay. The origin is the wound edge at t = 0 and direction
of migration is from right to left. (f) Scratch closure (left) and migration directionality (right) of individual cells
was determined from scratch assays. Values represent the means +SD from 60 cells out of 3 independent
experiments. (g) Representative migration tracks of GEf1, GEB3, and GEB1/B3 cells migrating as single cells.
(h) Velocity (left) and directionality (right) of migrating single cells. Values represent the means +SD from ~60
cells out of 3 independent experiments. Statistically significant differences are indicated by * (p < 0.05), **
(p<0.01), and *** (p < 0.001). AU; arbitrary units, ns; not significant.

Together, these results show that antagonism between 1 and 3 integrins dictates Rho
GTPase activation, cell cohesion, and migratory behaviour.



The B3 cytoplasmic tail regulates cell cohesion and morphology, and balances Rac and
RhoA activities in a Kkindlin-2-dependent manner

We have previously shown that the B1-driven cell scattering and phenotype of GEB1 cells is
prevented by mutations in the B1 cytoplasmic tail [40]. To assess the effect of B3 cytoplasmic
tail regions on cellular phenotype, we stably expressed a series of B3 mutants with sequential
deletions of the C-terminal domain in GE11 cells: 3273 and p327¢ (truncation within the
NITY motif), B327°2 (truncation in the T/S region), and B327#® (truncation within the NPLY
motif which is recognised by talin) (Fig. 2a and b). In short-term adhesion assays, all mutant
cell lines adhered much less efficiently to FN than GEB3 cells, confirming the well-
established role of both membrane-proximal and membrane-distal cytoplasmic tail regions in
cell adhesion (Supplementary Fig. 1b) [41]. Intriguingly, the mutants caused remarkably
distinct cellular phenotypes downstream of cell adhesion. While cell spreading decreased
progressively with increasing truncation of the (3 tail, truncations within the NITY motif
(B3273% and B3473¢) also promoted cell-cell dissociation and a dramatic EMT-like
morphological change toward a more mesenchymal morphology with many protrusions, in
fact supporting a phenotype that strongly resembled that of GEB1 cells (Fig. 2¢ and d).
Further truncation between the NPLY and NITY motifs (yielding p34752) induced only a mild
disorganization of cell islands with some protrusions at the edges, while the shortest 33
fragment, truncated within the membrane-proximal NPLY motif (33274%), failed to induce any
phenotypic changes and cells expressing this mutant formed islands resembling those of the
parental GE11 cells (Fig. 2c and d).

We next investigated whether the GEB1-like phenotype induced by truncation of C-terminal
residues, which was most obvious in GEB327%° cells, was associated with a difference in the
balance of Rac and Rho activities. Interestingly, Rac activity was strongly decreased in
GEB327% cells compared to GEB3, while RhoA activation was concomitantly increased (Fig.
2e; Suppl. Fig. 1c). To further corroborate the role of Rho GTPases in these phenotypes, we
transiently expressed Rac and Rho mutants, fused to mCherry to identify positive cells. The
GEB327%? phenotype could be reversed to that of GEB3 cells by ectopic expression of
constitutively-active Q61L Rac, or dominant-negative TI9N RhoA (Fig. 2f). Conversely,
expression of dominant-negative N17 Rac into GEB3 cells induced a protrusive phenotype
reminiscent of that of GEB347% cells (Fig. 2g). Because this region is important for kindlin
binding [42,43], we investigated whether regulation of the Rac/Rho balance depends on
kindlins. Depletion of kindlin-2 (the only kindlin expressed in these cells) in GEB3 cells
induced a strong reduction (up to 70%) in cell adhesion to FN, confirming the well-
established role of kindlins in this process (Suppl. Fig. 1d) [18,41]. Strikingly, Rac activation
was strongly reduced in kindlin-2-depleted GEB3 cells, while RhoA activation was
concomitantly increased (Fig. 2g).

Taken together, these data show that the C-terminal B3 region regulates the balance between
Rac and Rho activities in a kindlin-dependent manner, and functions as a phenotypic switch
between epithelial-like cell cohesion versus mesenchymal morphology and cell-cell
dissociation.
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Fig. 2. The kindlin-binding site in B3 is a molecular switch regulating Rac and Rho activities, cellular
phenotype, and intercellular adhesion. (a) Amino acid sequences of human wild-type B3 and deletion mutants.
Important regulatory motifs such as the T/S region, and the NPLY and NITY motifs are underlined. Known
binding sites of proteins that interact with B3 are indicated. (b) FACS plots showing expression of the human 33
subunit on GEB3, GEB347%%, GEB347, GEB32752, and GEB3274 cells. (c) Morphology of the indicated cell lines.
Bar, 30 um. (d) Cell area (white bars) and ‘circularity’ (red bars), as compared to GEB1. Values represent the
averages +SD of ~200 cells. (¢) Relative Rac (left) and RhoA (right) activities in GEB3 and GEB327 cells, as
compared to GEB1. Values are the means from 3-6 different experiments. (f) GEB3 and GEB347%° cells were
transiently transfected with the indicated Rac and RhoA constructs, and cells were fixed 24 h later and
processed for confocal microscopy. Rac/Rho; red, F-actin; green, nuclei; blue. Bar, 20 um. (g) Relative Rac
(left) and RhoA (right) activities in GEB3 cells transduced with shRNAs targeting kindlin-2 (sh_kind-2) or with
a non-targeting sequence (sh_Ctrl). Values are the means from 3—6 different experiments. Statistically
significant differences are indicated by * (p < 0.05), ** (p <0.01), and *** (p <0.001). AU; arbitrary units, ns;
not significant.
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Fig. 3. The kindlin-binding site in B3 regulates collective and directional cell migration versus cell scattering
and random cell migration. (a) Representative migration tracks of the indicated cell lines in a scratch assay. The
origin is the wound edge at t = 0, cells migrate from right to left. (b) The migration directionality of individual
cells in scratch assays was quantified for ~100 cells out of 3 experiments. (c) Scratch closure was determined for
the indicated cell lines. (d) The mode of cell migration (i.e. broad leading lamellipodium versus multiple thin
protrusions) was analysed for ~80 cells out of 3 experiments, and expressed as the percentage of cells that
migrated predominantly by means of a leading lamellipodium during 3 h. (e) Representative migration tracks
determined in single-cell migration assays. The directionality (f) and average velocity (g) of single-cell
migration was determined from ~100 cells out of 3 independent experiments. Values represent the averages
+SD. Statistically significant differences are denoted by * (p < 0.05), ** (p <0.01), and *** (p < 0.001). ns; not

significant.




The kindlin-binding region in the integrin 3-tail is a molecular switch regulating
migration mode on FN

We next investigated the migratory properties of the generated cell lines in scratch assays.
Cells that were poorly cohesive under basal conditions (GEB1, GEB347%, and GEB327) also
lost contact with each other in the scratch assay, generally within three hours after the
initiation of migration. Thereafter, they migrated fast and randomly as single cells, not only
in the direction of the wound but also parallel to the wound edges (Supplementary Movie 3;
Fig. 3a—c). In contrast, GEB327>2 and GEB327% cells migrated relatively slowly but in a
collective and directional fashion, in line with the integrity of cell-cell contacts under steady-
state conditions (Supplementary Movie 3; Fig. 3a—c).

The fast and random cell migration of GEB1, GEB347%, and GEB3475¢ cells was associated
with many rapid cell-shape changes driven by the extension of multiple protrusions that
rarely developed into a single, broad lamellipodium, even in cells that were still attached to
neighbouring cells (Supplementary Movie 3; Fig. 3d). By contrast, cells that moved
collectively and directionally proceeded steadily by means of a stable broad lamellipodium
and underwent few shape changes, with GEB327%2 cells displaying a somewhat intermediate
phenotype (Supplementary Movie 3; Fig. 3d). The same differences across cell lines were
observed in the presence of mitomycin C, indicating that the phenotypes observed in the
scratch assays are due to intrinsic differences in cell migration and not proliferation (data not
shown). To further confirm this, we also investigated migration of sparsely seeded single
cells on FN (5 pg/ml). As observed before, GEBI1 cells were highly motile compared to GE(3
(Supplementary Movie 4; Fig. 3e—g). Consistent with their phenotype, the migration of
GEB347% cells was fast and random and resembled that of GEB1 cells. Strikingly, motility
decreased progressively with further truncations of the B3 tail, and GEB34752 and GEB34746
cells hardly moved (Supplementary Movie 4; Fig. 3e—g).

In summary, these results demonstrate that the phenotypic switch induced by mutation of the
integrin B3 tail is associated with a transition from slow, collective, and directional migration,
toward fast and random cell motility.

Cytoplasmic tail mutations in B3 abrogate avf3-mediated suppression of 1 integrins

The previous sections have shown that avp3 antagonizes f1-dependent RhoA activation and
cell-cell dissociation, and that disruption of the kindlin-binding region in 3 causes a switch
toward a ‘B1-like’ phenotype even in the absence of B1 integrins. We next investigated the
behaviour of the B3 mutants in the presence of B1 integrins. For this purpose we expressed
the B3 mutants into GEB1 cells, sorted double-positive cells for equal expression levels of 3
by FACS (Fig. 4a), and seeded the resultant cell lines onto FN. Intriguingly, the morphology
of all cell lines approached that of GEB1 cells, indicating that the presence of f1 neutralizes
the differences between the B3 mutants (Fig. 4b and c). Indeed, all cell lines were equally
dispersed and extended multiple protrusions in all directions, leading to comparable
‘circularity’ (Fig. 4b and c). Furthermore, cell spreading was similar for all cell lines (Fig. 4b
and c). To test whether B1 also smoothed the different migratory phenotypes induced by the
B3 mutants, we assessed single-cell migration on FN (5 pg/ml). The presence of B1 integrins
hardly affected the already highly migratory phenotype of GEB347% cells, but induced high
motility in the others, which was most obvious for the otherwise largely stationary GEB347°2
and GEB34746 mutants (Supplementary Movie 5). Indeed, consistent with the observed cell



morphologies, velocity and directionality were largely similar between all cell lines and
approached that of GEB1/B3 cells (Supplementary Movie 5; Fig. 4d—f).
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Fig. 4. Cytoplasmic tail mutations abrogate f3-mediated suppression of B1 integrins. (a) FACS plots showing
the expression of the human B1 (left) and B3 (right) integrin subunits in GEB1/B3, GEB1/p347>, GEB1/p347°,

GEPB1/B3472, and GEB1/B3274 cells. (b) Quantification of cell area (white bars) and ‘circularity’ (red bars) for

the indicated cell lines. Values are means + SD from ~150 cells out of 3 independent experiments. (c)
Morphology of the indicated cell lines on FN (5 pg/ml). Bar, 20 pm. (d) Representative migration tracks
determined in single-cell migration assays. The average velocity (e) and directionality (f) of single-cell
migration was quantified for ~100 cells out of 3 experiments. Values represent the averages +SD. Statistically
significant differences are denoted by * (p < 0.05), ** (p < 0.01), and *** (p < 0.001). AU; arbitrary units, ns;

not significant.




Taken together, these data show that av[33 requires the kindlin-binding region to antagonize
B1 integrin-dependent effects on cell morphology, dissociation, and migration. Furthermore,
integrin B1 is dominant over the B3 cytoplasmic tail mutants, and overrules their differential
effects on cell cohesion, morphology, and migration.

Antagonism between 1 integrins and avf3 regulates endothelial cell morphology, Rho
GTPase activation, and monolayer integrity

The previous sections have shown that reciprocal suppression by B1 integrins and av3
regulates cell cohesion, Rho GTPase activation, and migratory properties in murine neuro-
epithelial GEB1/B3 cells. To further strengthen these observations in a relevant human cell
system, we selectively depleted B1 or B3 in primary human umbilical vein endothelial cells
(HUVECS) using short hairpin RNAs (shRNAs) (Fig. 5a). In line with our observations in
GEB1/B3 cells, knockdown of B1 expression strongly increased cell spreading in HUVECsS,
whereas depletion of B3 reduced it (Fig. Sb; Suppl. Fig. 2a; Suppl. Fig. 3c). These effects
were observed both for sparsely seeded cells as well as cells in monolayers (Fig. 5c and e;
Suppl. Fig. 2a). However,it should be noted that in the absence of B1 integrins, HUVEC
monolayers also contained fewer cells, possibly due to decreased proliferation (Fig. 5e).
Neither B1 nor B3 depletion resulted in a loss of (mainly peripherally located) FAs, as
indicated by phosphotyrosine staining, although their distribution seemed different (Fig. 5c).
The formation of FBs, which are associated with RhoA activation, was strongly reduced in
B1-depleted cells, as assessed using ectopically expressed GFP-tensin-1 as a marker (Fig. 5¢).
We then examined Rac and Rho activities in HUVEC monolayers that were untreated or
treated with thrombin, a potent inducer of RhoA activation. Thrombin-induced RhoA
activation and concomitant stress fiber formation lead to the disruption of adherens junctions
and cell retraction, a process that induces endothelial permeability and barrier disruption
[7,[44], [45], [46], [47]]. This process is counteracted by Rac-dependent cell spreading, thus
promoting endothelial barrier recovery [7,[44], [45], [46], [47]]. In line with the observed
absence of FBs, f1-depleted cells had significantly lower thrombin-induced RhoA activation
than control cells, while 3-depleted HUVECs showed increased RhoA activation (Fig. 5d;
Suppl. Fig 2b). In contrast, Rac activation was not significantly different upon depletion of
either B1 or B3 (Fig. 5d; Suppl. Fig 2b). The differences in RhoA GTPase activity were
paralleled by strong cell retraction in response to thrombin in B3- but not 1-depleted cells,
generating large intercellular gaps in the monolayer (Fig. Se and f).

Collectively, these experiments are in line with our observations in GEB1/B3 cells and show

that in HUVECs, B1 integrins and avB3 have counteracting effects on the activity of Rho
GTPases, cell spreading and contraction, and the stability of cell-cell adhesion.
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Fig. 5. Antagonism between 1 and B3 integrins regulates cell morphology, Rac and Rho activities, and
monolayer integrity in endothelial cells. (a) FACS plots showing the expression of B1 and B3 integrins on
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Quantification of cell area. Values are means +SD from 117 to 175 sparsely seeded cells out of 3 independent
experiments. (c) Confocal images of sh_Ctrl, sh_p1, and sh_33 HUVEC monolayers showing F-actin,
phosphotyrosines, GFP-tensin-1, and VE-cadherin. Bar, 20 um. (d) Relative Rac and RhoA activities in sh_Ctrl,
sh_fB1, and sh_B3 HUVEC monolayers, untreated or treated for the indicated time-points with thrombin

(1 U/ml). (e) Confocal images of VE-cadherin (left panels) and nuclei (right panels) in HUVEC monolayers,
either untreated or incubated with thrombin for 15 mins. (f) Quantification of thombin-induced gap formation.
Values represent the averages +SD of 3 experiments. Bar, 50 pm. Statistically significant differences are
denoted by * (p <0.05), ** (p <0.01), and *** (p <0.001). AU; arbitrary units, P(Y); phosphotyrosines, VE-
cadh; VE-cadherin.
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Fig. 6. Antagonism between 1 and B3 integrins regulates cell migration and angiogenic sprouting in endothelial
cells. (a) Representative single-cell migration tracks of sh_Ctrl, sh_ 1, and sh_33 HUVECs on FN (5 pg/ml).
Velocity (b) and directionality (c) of single-cell migration. Values represent the means +SD from 132 to 175
cells out of 3 independent experiments. (d) Maximum projections of confocal z-stacks showing HUVEC
sprouting from collagen-coated beads into fibrin gels. z-stacks were recorded 48 h after growth factor addition.
Bar, 100 um. (e) Sprouting was scored as the number of ‘large sprouts’ (> than the bead diameter)/bead. Values
represent the averages +SD from ~60 beads per condition, pooled from 3 independent experiments. Statistically
significant differences are indicated by * (p < 0.05), ** (p <0.01), and *** (p < 0.001). Ctrl; control.

Integrin antagonism in endothelial cells regulates cell migration and sprouting
angiogenesis

We next assessed how B1/B3 crosstalk affects single-cell migration in HUVECs on FN (5
ug/ml). While the knockdown of B1 expression clearly decreased the migration velocity of
HUVEC:s, depletion of B3 caused the opposite effect (Fig. 6a and b; Suppl. Fig. 3). In
addition, the directionality of cell migration was reduced by B3 knockdown (Fig. 6¢; Suppl.
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Fig. 3). As a model for collective endothelial cell migration, we also investigated B1/avf33
integrin crosstalk in vascular endothelial growth factor (VEGF)-induced sprouting
angiogenesis in fibrin gels [48]. Interestingly, HUVECs depleted of B1 integrins completely
failed to sprout, while sprouting was modestly increased in f3-depleted HUVECs (Fig. 6d
and e).

Together, our findings show that B1/avp3 antagonism regulates migratory behaviour in
endothelial cells, both on FN-coated two-dimensional surfaces and in three-dimensional
fibrin environments.

Antagonism between B1 integrins and avf3 regulates cellular phenotype, Rho GTPase
activities, and cell migration in human trophoblasts

Finally, we wished to confirm B1/B3 antagonism in another human cell system, for which we
chose human trophoblasts, epithelial cells derived from the fetus that invade into the uterine
wall during placenta development [49]. As a model system we used the human first-trimester
trophoblast cell line HTR8/SVneo[50], which expresses both B1 and B3 (Fig. 7a). Depletion
of B1 or B3 caused essentially the same phenotypical differences as in HUVECs; cell
spreading was increased by knockdown of 1 expression, while the opposite was observed
for B3-depleted cells (Fig. 7a and b). Furthermore, 1 depletion caused decreased RhoA
activation in response to thrombin, while in f3-depleted cells higher levels of active RhoA
were found (Fig. 7c). In contrast, Rac activation was significantly reduced by knockdown of
B3, but not of B1 (Fig. 7c). Finally, we assessed cell migration in scratch assays. Also here,
depletion of B1 and B3 had opposite effects, in line with the observed role of these integrins
in HUVECs and GEB1/B3 cells. Knockdown of B1 slowed down cell migration, while 3
depletion induced faster migration but a loss of directional persistence (Fig. 7d—g).

Together, these results confirm that in human placental trophoblasts, reciprocal antagonism

between 1 and B3 integrins regulates cellular phenotype, activation of Rho GTPases, and
migratory behaviour.
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Fig. 7. Antagonism between 1 and B3 integrins regulates Rac and Rho activities, cell morphology, and cell
migration in human trophoblasts. (a) FACS plots showing the expression of f1 and 33 integrins on HTRS8
trophoblasts transduced with non-targeting sequences (sh_Ctrl), or with shRNAs against 1 or 3. (b)
Quantification of cell area. Values are means +SD from 76-91 cells out of 3 independent experiments. (c)
Relative Rac and RhoA activities in sh_Ctrl, sh_f1, and sh_3 HTRS trophoblasts, either untreated or incubated
for 5 min with thrombin (1 U/ml). (d) Representative migration tracks of sh_Ctrl, sh 1, and sh_ 3 HTR8
trophoblasts in a scratch assay. The origin is the wound edge at t = 0 and the direction of migration is from right
to left. Scratch closure (), velocity (f), and migration directionality (g) were determined from 3 independent
experiments. Values represent the means +SD from 75 cells out of 3 independent experiments. Statistically
significant differences are indicated by * (p < 0.05), ** (p <0.01), and *** (p < 0.001). Ctrl; control.

Discussion

In this study, we show that RGD-binding B1 and B3 integrins induce very distinct cellular
phenotypes in a reciprocally antagonistic manner, which regulate intercellular adhesion and
cell migration in trophoblastic, neuro-epithelial, and endothelial cells. While 1 integrins
attenuate B3-dependent cell spreading, B3 integrins counteract f1-induced RhoA activation
and cell contractility. The B3 integrin-regulated balance between Rac and RhoA activities is
abolished by cytoplasmic tail mutations that disrupt the kindlin-2-binding site (comprising
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the NITY motif and the T/S region), causing a loss of cell cohesion and directional cell
migration. Remarkably, this results in a phenotypic switch toward a ‘B1-like’ mesenchymal
phenotype, even in the absence of B1 integrins. It is noteworthy that further truncation of the
B3 tail within the membrane-proximal NPLY motif leads to a loss-of-function, probably
because this mutation also compromises the binding of talin, in addition to that of kindlin-2.
Consistent with the phenotypes of the kindlin-binding mutants, a dysregulation of Rac and
RhoA activities was also observed upon kindlin-2 depletion. Together, these findings imply
that kindlin-2 regulates isotropic cell spreading and cell-cell adhesion by controlling the
balance between Rac and RhoA activities. This hypothesis is supported by the observations
that kindlin-2 binds paxillin to activate Racl, and associates with the Arp2/3 complex to
induce Racl-mediated membrane protrusions [51,52]. Furthermore, kindlin deficiency
promotes RhoA activity [53], and compromises epithelial and endothelial barrier function
[54,55]. Finally, kindlin-2 recruits the integrin-linked kinase/parvin/PINCH complex to
integrins [56,57]. Disruption of this complex in endothelial cells causes a loss of Rac
activation and an increase in RhoA, resulting in a switch to a hyper-contractile phenotype
associated with random instead of directional cell migration, thus strongly resembling our
findings [57]. In addition to kindlins, other proteins that bind integrin B-tails at approximately
the same binding site (Fig. 2a) may also regulate Rac and Rho activity, such as filamins.
Intriguingly, filamin A has been shown to recruit two different GTPase-activating proteins
for Rac to B1 integrins, thus downregulating Rac activity at adhesion sites [58,59].

Our data confirm the well-accepted view that the balance between relative activities of
different Rho GTPases is critical for migratory behaviour [4,5,[9], [10], [11], [12], [13],
[14],58,60], and show in addition that specific integrins can trans-dominantly inhibit each
other's function through differential effects on Rho activation. Because the 3 mutants can no
longer suppress the f1-associated phenotype but instead are ‘overruled’ by wild-type 1,
antagonism depends on sequences in the cytoplasmic tail. Intriguingly, earlier studies have
reported that ligation of integrins can trans-dominantly inhibit the activation of others through
sequestration of talin [61], [62], [63]. Trans-dominant effects through cytoplasmic tail
sequences extend the cell's repertoire for differential integrin use, in addition to differential
interactions of distinct integrins with the same ligand. While avp3 binds only the RGD site in
FN, a5B1 binds both the RGD and the synergy site, leading to high-affinity binding and
efficient assembly of FN into fibrils [64], [65], [66]. Previous work from us and others in
different cell types has shown that a5B1 is the predominant FN-binding 1 integrin
responsible for the phenotype described here, consisting of RhoA activation, FN
fibrillogenesis, cell scattering, and fast cell migration [30,37,38,67]. Other B1 integrins can
recognize FN as well, including avp1 and a8B1 (which recognize the RGD), and 041 and
09B1 (which bind the LDV motif). Importantly, the tissue distribution of these integrins is
more restricted than that of a5B1, and they also interact with a variety of other matrix proteins
besides FN. Indeed, the phenotypes of knockout mice lacking their respective a-subunits
reveal very specific in vivo functions for these integrins that are mostly mediated by
interactions with other proteins than FN. For instance, a9p1 binds tenascin and EMILIN and
is required for the development of lymphatic valves and lymphangiogenesis, a831 promotes
kidney development through interactions with nephronectin, and a4p1 interactions with
vascular cell adhesion molecule-1 mediate leukocyte trafficking as well as cardiac and
placental development [68], [69], [70], [71], [72]. In contrast, a5-null mice die early during
embryonic development [73]. Finally, it will be important to determine the function of avp1.
This integrin plays a crucial role in tissue fibrosis through activation of transforming growth
factor-f3 [74]. However, since both the av and B1 subunits are part of several heterodimers,
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studying avp1 is complicated and virtually nothing is known about the responses it induces
downstream of FN.

Reciprocal inhibition of B1 and B3 integrins may be an important feedback mechanism to
limit integrin function in pathophysiological conditions where extensive cell migration,
morphogenesis, and tissue remodeling occur. Migrating cell cohorts express a5Sf1 and avf33
during placental invasion and embryonic development, sprouting angiogenesis, and in
wounds and tumors, often in a spatiotemporally restricted manner. In many of these
processes, transient differences in integrin expression and/or function may regulate cellular
plasticity, cell cohesion versus cell dissociation, and thus collective versus individual cell
migration. For example, migrating neural crest cells express av33 and several B1 integrins, of
which mainly a5f1 is crucial for neural crest morphogenesis [75], [76], [77], [78], [79]. The
onset of a5P1 expression is associated with activation of RhoA, the loss of cell-cell adhesion
and EMT, and a switch from collective to individual cell migration [80,81]. Intriguingly,
excessive RhoA/ROCK activation due to exaggerated 1 integrin signaling disrupts neural
crest cell targeting to their final destinations, underlining that efficient neural crest
morphogenesis requires antagonism of 1 integrin-dependent RhoA activation and
cytoskeletal contractility [81].

Integrin avB3 is also strongly expressed on activated endothelial cells during sprouting
angiogenesis, where it forms a functional complex with VEGFR2 and enhances VEGF-
induced signaling and cell migration [82], [83], [84]. Whereas inhibition of avB3 using small
molecules or blocking antibodies induces angiogenic defects in a variety of systems, f3-null
mice display no apparent defects in developmental angiogenesis, and even have increased
angiogenesis in tumors [85,86]. The latter is due to strongly increased VEGFR2 expression in
the absence of B3 [85]. We observed a slight increase in sprouting upon (33 depletion, but no
upregulation of VEGFR2 expression (data not shown). In light of our data, we reason that
avp3 inhibits f1-dependent endothelial sprouting through its cytoplasmic tail domains and
that therefore, knockdown of B3 produces effects that are different from blockade of the
extracellular domain, which still leaves signaling through the cytoplasmic tail intact. Thus,
the role of avP3, and possibly other av integrins as well, in angiogenesis may depend at least
in part on reciprocal crosstalk with B1 integrins. This scenario is supported by the phenotypes
of integrin knockout mice in developmental angiogenesis; although there is redundancy to
some extent between a5p1 and av integrins, excessive angiogenesis is observed in the
absence of the latter, which is nullified by the loss of a5p1 [87,88].

Finally, the regulation of intercellular adhesion by reciprocal $1/B3 integrin antagonism may
prove very important for several clinical conditions related to endothelial dysfunction.
Disruption of the endothelial barrier during injury or inflammation can occur by a variety of
agents including thrombin, histamine, inflammatory cytokines, and lipopolysaccharide (LPS),
and involves Rho-dependent disruption of VE-cadherin-based intercellular junctions
[15,16,[44], [45], [46], [47]]. Importantly, barrier disruption is counteracted by Rac-
dependent cell spreading and the re-establishment of cell-cell contacts by VE-cadherin, which
prevents life-threatening complications resulting from excessive leakage [15,16,[44], [45],
[46], [47]]. Our data show that the differential regulation of Rho and Rac activities by 1 and
B3 integrins regulates endothelial monolayer integrity, and suggest that avp3 strengthens
endothelial barrier function, while B1 integrins promote barrier disruption. These findings are
in line with the observations that inflammation-induced vascular leakage by challenge with
LPS is enhanced in $3-null mice, and that blocking antibodies against avp3 enhanced
permeability of endothelial monolayers in vitro in response to a variety of barrier-disruptive

16



agents [89]. Moreover, activation of endothelial B1 integrins induces barrier disruption, while
blocking antibodies against 1 integrins protect from LPS-induced barrier disruption and
vascular leakage in mice [90,91].

Altogether, integrin antagonism may be an important regulatory mechanism in a variety of
pathophysiological contexts to control dynamic collective cell processes, including cell
migration and tissue remodeling.

Experimental procedures

Antibodies, plasmids and other materials

Antibodies used were directed against f-actin (clone C4; Chemicon), integrin B3 (clone C-17
from Dr. E. van der Schoot, Sanquin Research, Amsterdam, The Netherlands; integrin 1
(clone TS2/16, Developmental Studies Hybridoma Bank), kindlin-2 (from Dr. R. Faessler,
Max Planck Institute of Biochemistry, Martinsried, Germany), P(Y) (clone 4G10 from
Sigma-Aldrich), Rac (Transduction laboratories), RhoA (Cell Signaling), VE-Cadherin
(clone 55-7H1, BD biosciences) and VEGFR2 (R&D Systems). The 3 deletion mutants
were obtained from Dr. J. Ylanne (University of Jyvaskyla, Finland) and recloned into LZRS-
IRES-zeo as described previously [92], while Rac and RhoA mutants fused to mCherry or
GFP were from Dr. J. Collard (Netherlands Cancer Institute, Amsterdam, The Netherlands).
GFP-tensin-1 was from Dr. K. Yamada (National Institute of Health, Bethesda, MD),
Rhotekin-RBD and PAK-CRIB peptides were home-made, human fibrinogen was from CSL
Behring, collagen-coated Cytodex beads, puromycin, zeocin, human thrombin, and human
FN were from Sigma-Aldrich. TRITC-, FITC-, and Cy5-conjugated secondary antibodies,
phalloidins, and DAPI were from Molecular Probes, Fugene was from Promega, and HRP-
conjugated secondary antibodies were from Amersham.

Cell culture, transient transfections, and retroviral transductions

Human embryonic kidney (HEK) 293T cells and ecotropic Phoenix packaging cells (both
obtained from ATCC) and GEB1/B3 cells were maintained in Dulbecco's modified Eagle
medium (DMEM) (Thermo Fisher Scientific) containing 4.5 g/L D-glucose, L-glutamine,
10% (v/v) FCS (Bodinco), 1 mM sodium pyruvate (Thermo Fisher Scientific), and 1 U/ml
penicillin/streptomycin. Pooled HUVECs from up to 5 individual donors were purchased
from Lonza and cultured in endothelial basal medium-2 (Bio-Connect Life Sciences)
containing growth supplements (Bio-Connect), 200 mM I-glutamine (Sigma-Aldrich), and

1 U/ml penicillin/streptomycin (Sigma-Aldrich). HUVECs were used between passages 3 and
6 and routinely passaged on cell culture flasks coated with 0.1% gelatin (Sigma-Aldrich).
HTR-8/SVneo cells were obtained from ATCC and cultured in RPMI supplemented with 5%
FCS, and 1 U/ml penicillin and streptomycin. All cells were maintained at 37 °C in a
humidified atmosphere containing 5% COz. Constructs encoding wild-type or mutant
integrins were transfected into Phoenix packaging cells using the Calcium Phosphate method.
Virus-containing supernatant was isolated 48 h later and stable expression in GE11 cells was
achieved by retroviral transduction, followed by selection with zeocin (200 pg/ml) and
FACS. Transient transfections were performed either using Fugene or by electroporation
using the Amaxa nucleofector as described previously [40].

Lentiviral transduction and RNA interference
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ShRNAs cloned into pLKO.1 were obtained from the TRC Mission library and included:
(TRCNO0000) 191,859, 190,504, and 191,858 (against mouse kindlin-2); 275,134, 275,133,
275,083, 275,135, and 275,082 (against human integrin B1); and 003,236, 003,235, and
003,237 (against human integrin 3). To produce lentiviral particles containing shRNAs,
HEK 293T cells were transfected using TransIT-LT1 transfection reagent (Mirus Bio)
according to the manufacturer's protocol. Supernatant was harvested 48 and 72 h after
transfection, centrifuged, filtered over a 0.45 pum pore filter, aliquoted and stored at —80 °C.
Cells were lentivirally transduced with individual or pooled shRNAs, while a scrambled
sequence in pLKO.1 was used as a control. Positive cells were selected during 3 days using
1 pg/ml (HUVECs and HTRS) or 5 pg/ml (GE cells) puromycin (Sigma-Aldrich). Similar
results were obtained with different shRNAs (Suppl Figs. 1 and 3, and data not shown).

Flow cytometry and cell sorting

For flow cytometry and cell sorting, trypsinised cells were washed twice in PBS containing
2% FCS, and incubated with primary antibodies for 45 min at 4 °C. Cells were then washed
twice in 2% FCS/PBS, incubated with appropriate secondary antibodies for 45 min at 4 °C,
washed twice in 2% FCS/PBS, and analyzed on a FACS Calibur (BD Biosciences).

Alternatively, the cells were sorted on a MoFlo High Speed Cell Sorter (Beckman Coulter).

Cell lysis and western blotting

Cells were washed in ice-cold PBS and lysed on ice in RIPA buffer (25 mM Tris/HCI1 pH 7.6,
150 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS), supplemented with
protease inhibitor cocktail (Sigma-Aldrich). Cell lysates were centrifuged at 13,000xg, heated
at 95 °C in SDS sample buffer (50 mM Tris—HCI pH 6.8, 2% SDS, 10% glycerol, 1% B-
mercaptoethanol, 12.5 mM EDTA, 0.02% bromophenol blue), and proteins were resolved by
SDS-PAGE, after which they were transferred to polyvinylidene difluoride membranes
(Millipore) and analyzed by Western blotting as described previously [40,93], followed by
ECL using the SuperSignal system (Pierce Chemical Co.).

Rac and RhoA activity assays

Rac and Rho assays were performed as previously described [94]. Briefly, cells were seeded
in 10 cm dishes coated with FN (5 pg/ml) at 70-80% confluency. HUVECs and
HTR8/SVneo cells were stimulated with thrombin (1 U/ml in serum-free medium) the next
day for the indicated time-points and then lysed, while GE-derived cell lines were lysed 3 h
after seeding. For GEB3 cells in which kindlin-2 was depleted, non-adherent cells were
collected from the medium by centrifugation and pooled with the adherent fraction in lysis
buffer. All cells were washed with ice-cold PBS prior to lysis in buffer containing 25 mM
Tris—HCl pH 7.2, 150 mM NaCl, 10 mM MgClz, 1% NP-40, 5% glycerol, and protease
inhibitors. Lysates were centrifuged for 5 min, 14000xg at 4 °C, and incubated with
bacterially produced GST-Rhotekin-RBD beads (RhoA activation assay) for >1 h at 4 °C.
After incubation, samples were centrifuged for 20 s, 5000xg at 4 °C, GST-Rhotekin-RBD
beads were placed on ice, and supernatants were incubated for 30 min with 30 pg of a
biotinylated PAK1-CRIB peptide (Rac activation assay) coupled to streptavidin agarose
beads. Subsequently, all beads were washed 5 times with lysis buffer, boiled in SDS sample
buffer, and analyzed by Western blotting. Bands of pulldowns as well as total cell lysates
were quantified by densitometry using Fiji/lmage]. Results are expressed as the ratio active
GTPase/total GTPase.
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Microscopy

Phase-contrast images were acquired on a Zeiss microscope (Axiovert 25) at 10x (NA 0.25)
or 20x (NA 0.3) magnification, using a Zeiss CCD camera (Axiocam MRC) and Zeiss Mr.
Grab 1.0 software. Quantification of cell area and circularity was performed using
Fiji/Imagel] (version 1.52¢).

For confocal microscopy of fixed cells, cells were prepared on coverslips as previously
described [39], and images were acquired on an inverted confocal microscope (Leica AOBS
or SP8) using 20x (NA 0.7) dry, 40x (NA 1.25) oil, and 63x (NA 1.32) oil objectives (Leica).
Images were processed using Leica Application Suite X and Fiji/Image] (version 1.52¢)
software.

For confocal microscopy of sprouting assays, fibrin gels with beads were permeabilized for 5
mins in 0.5% Triton X-100, and blocked in 5% BSA in PBS containing 1 mM CaCl2 and

0.5 mM MgCI2 for 2 h at RT. Afterwards the gels were washed 3 times with PBS++ and
DAPI and phalloidin were incubated overnight at 4 °C. The following day the gels were
washed 3 times with PBS++ for 10 min. The beads were visualized using a 25x long-distance
water objective on a Leica SP5 confocal microscope, creating z-stacks of 1.5 um per slice,
resulting in 150-200 slices per bead. A maximum projection of the image stacks was created
using Fiji/Imagel.

Cell adhesion and migration assays

For adhesion assays, 96-well plates were coated with FN, washed with PBS, and blocked
with 2% BSA. Cells were seeded at a density of 3 x 10* per well in DMEM w/o FCS. After
30 min at 37 °C, non-adherent cells were washed away with PBS. Remaining cells were fixed
in 4% PFA, washed with H20, stained with crystal violet, washed, and lysed in 2% SDS.
Absorbance was measured at 590 nm.

For scratch assays, cells were grown to confluency, serum-starved overnight, and 10 pg/ml
Mitomycin C (Nycomed Inc.) was added 2 h prior to scratching with a pipette tip. After 2
washings with serum-free medium, cells were stimulated with FCS-containing medium.
Phase-contrast images were captured every 10 min at 37 °C and 5% CO2 on a Widefield
CCD system using a 10x dry lens objective (Carl Zeiss Microlmaging, Inc.). Images were
processed and scratch areas were analyzed using Fiji/ImagelJ. Scratch closure is represented
as the ratio of the wound area after overnight migration over the wound area at t = 0. Values
shown represent the means +SD of 3 independent experiments. Individual cell migration
tracks were generated using Fiji/Imagel], and the directionality of cell migration was
determined as described previously [40,93]. The percentage of cells that displayed
‘lamellipodial migration” was determined from time-lapse movies and expressed as the
number of cells that maintained a stable leading lamellipodium during 3 h.

For single-cell migration assays, cells were sparsely seeded on 5 pg/ml FN, and phase-
contrast images were captured every 10 min during 18 h at 37 °C and 5% CO2 on a Widefield
CCD system using a 10x dry lens objective (Carl Zeiss Microlmaging). Migration tracks
were generated using Fiji/Imagel, and the average velocity was calculated from 60 to 150
cells out of 3 independent experiments.
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Quantification of endothelial monolayer integrity

Confluent monolayers on coverslips were either left untreated or stimulated with thrombin
(1 U/ml) for the indicated time. Thereafter, the cells were fixed with 4% PFA and processed
for confocal microscopy as described above using DAPI, phalloidin, and anti-VE-cadherin.
Tile-scans of coverslips were then acquired on a Leica confocal SP8 using the 20x objective.
Images consisting of stitched tiles were then color-inverted, thresholded, and the open areas
were quantified using Fiji/Imagel.

Sprouting assays

Sprouting assays were performed according to previously established protocols with minor
modifications [48]. In brief, HUVECs were incubated with collagen-coated microcarrier
beads (Sigma-Aldrich). The next day, the beads were detached by washing and transferred to
48-well plates containing fibrinogen in PBS (2 mg/ml) with 6.25 U/ml thrombin. EGM-2
medium with or without integrin-blocking antibodies was added on top of the gels. Beads
were imaged by time-lapse microscopy on a Widefield system using a 10x dry lens objective
(Carl Zeiss Microlmaging, Inc.). Images were recorded at 15-min intervals during 48 h. For
each condition, 20 beads were analyzed per experiment. Sprouting was assessed as the
average number of large (length of sprout > the bead diameter) sprouts per bead.
Alternatively, beads were embedded in fibrin gels in ‘half-area’ glass-bottom 96-well
imaging plates (Corning). After 48 h, beads were fixed, stained with DAPI and phalloidin,
and visualized by generating z-stacks on a confocal microscope.

Statistical analysis

Statistical analysis was performed using one-way ANOVA for multiple comparisons and
unpaired t-tests for comparisons between two conditions. Throughout the paper, statistically
significant differences are indicated by * (p < 0.05), ** (p <0.01), *** (p <0.001), or ****
(p <0.0001).
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