-

Regulation of cell motile behavior by crosstalk
between cadherin- and integrin-mediated adhesions
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During normal development and in disease, cohesive tissues un-
dergo rearrangements that require integration of signals from cell
adhesions to neighboring cells and to the extracellular matrix (ECM).
How a range of cell behaviors is coordinated by these different
adhesion complexes is unknown. To analyze epithelial cell motile
behavior in response to combinations of cell-ECM and cell-cell ad-
hesion cues, we took a reductionist approach at the single-cell scale
by using unique, functionalized micropatterned surfaces comprising
alternating stripes of ECM (collagenlV) and adjustable amounts of
E-cadherin-Fc (EcadFc). On these surfaces, individual cells spatially
segregated integrin- and cadherin-based complexes between colla-
genlV and EcadFc surfaces, respectively. Cell migration required
collagenlV and did not occur on surfaces functionalized with only
EcadFc. However, E-cadherin adhesion dampened lamellipodia
activity on both collagenlV and EcadFc surfaces and biased the di-
rection of cell migration without affecting the migration rate, all in
an EcadFc concentration-dependent manner. Traction force micros-
copy showed that spatial confinement of integrin-based adhesions
to collagenlV stripes induced anisotropic cell traction on collagenlV
and migration directional bias. Selective depletion of different
pools of aE-catenin, an E-cadherin and actin binding protein, identi-
fied a membrane-associated pool required for E-cadherin-mediated
adhesion and down-regulation of lamellipodia activity and a cyto-
solic pool that down-regulated the migration rate in an E-cadherin
adhesion-independent manner. These results demonstrate that
there is crosstalk between E-cadherin- and integrin-based adhesion
complexes and that E-cadherin regulates lamellipodia activity and
cell migration directionality, but not cell migration rate.

cell migration | cell-cell adhesion | alpha-E-catenin | micropattern |
traction forces

During development, cohesive tissues exhibit extensive rear-
rangements that range from en masse migration, such as in
wound healing (1), to complex local cell rearrangements, such as
cell intercalation (2). In extreme cases in development (3) and in
diseases such as metastatic cancers (4), tissue cohesion is lost and
single-cell migration enabled, which results in cells populating
distant sites. These morphogenetic processes reveal the impor-
tance of a fine coregulation, or crosstalk, between tissue cohesion
(cadherin-based cell-cell adhesion) and cell migration [integrin-
based extracellular matrix (ECM) adhesion] in the maintenance of
tissue integrity and function.

Interest in the crosstalk between cell-cell adhesion and cell
migration dates back to the pioneering studies of Abercrombie and
Heaysman in the 1950s (5, 6) and even earlier (7). Abercrombie
coined the term “contact inhibition” to describe how cell-cell
interactions between fibroblasts initially inhibited and then redir-
ected their migration. Whether cell-cell contact inhibition of cell
migration results from cell-cell contact-dependent spatial re-
distribution or down-regulation of the cell migration machinery,
or both remains unknown.

A major component of intercellular adhesion in epithelia is the
E-cadherin/catenin complex (8), through which control of the actin
cytoskeleton machinery is an important, albeit poorly understood,
determinant of tissue morphogenesis (9). ECM-based cell migra-
tion results from the transformation of actomyosin cytoskeleton
activity into cell translocation by force transmission to the ECM
through integrin-based Focal Adhesions (FAs) (10). Crosstalk
between intercellular adhesion and cell migration is suggested
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from observations of spatiotemporal regulation of lamellipodia
activity upon cell-cell contact (11) and redistribution of FAs away
from cell-cell contacts during initial cell-cell adhesion (12).
However, most of our knowledge about ECM-based cell migration
comes from studies of individual cells. It is not known how cellular
mechanisms involved in individual cell migration are affected by
intercellular adhesion and whether integrin—-ECM adhesion is the
only mechanism that supports cell migration during cell rear-
rangements in multicellular sheets. This limited knowledge is due
in great part to the difficulty in experimentally controlling two
different adhesive environments and dissecting their individual and
ensemble effects on cell motile behavior in a multicellular setting.

To address these problems, we used unique surface functional-
ization to expose single Madin—-Darby Canine Kidney (MDCK)
epithelial cells to alternating stripes of ECM (collagenIV) and
either a control surface (PEG, Fc) or the functional extracellu-
lar domain of the primary epithelial cell-cell adhesion protein
E-cadherin tagged with the human Fc fragment [EcadFc (13)] (Fig.
S1A). By varying EcadFc surface density and choosing an appro-
priate striped geometry, we could monitor the motile behavior of
individual cells as a function of the combinations of these different
adhesion cues. The results reveal different roles for E-cadherin—
and integrin-based adhesion in controlling membrane dynamics,
cell migration rate, and directional migration bias.

Results

MDCK cells are well-characterized normal epithelial cells that re-
capitulate in culture the structures and functions of simple (single-
layered) epithelial tissues, exhibit contact inhibition of proliferation,
and carry out apical-basal polarized transport. Cell-cell adhesion is
mediated principally by cadherins, which form Ca®*-dependent
trans-interactions between opposed extracellular domains on adja-
cent cells and bind a cytoplasmic complex of p-catenin and a-catenin
(14). Adhesion of E-cadherin—expressing MDCK epithelial cells to
surfaces functionalized with EcadFc mimics this interaction, be-
cause the bridging chemistry correctly orients the N terminus of the
E-cadherin extracellular domain outward while still allowing rota-
tion and short-range lateral clustering of the protein (13, 15).

To simultaneously mimic cell binding to ECM and other cells,
we used unique, functionalized micropatterned surfaces com-
prised of alternating stripes of ECM (collagenIV) and adjustable
amounts of EcadFc. Recruitment of cellular proteins to different
stripes was monitored with GFP-tagged proteins that had been
previously well characterized (8, 16). On collagenlV:EcadFc
surfaces, cellular E-cadherin-GFP (EcadGFP) was preferentially
recruited to EcadFc stripes in an EcadFc concentration-de-
pendent manner, and not to adjacent collagenIV stripes or
combinations of either collagenI V:PEG or collagenIV:Fc (Fig. 1.4
and B). p-Catenin-GFP and oE-catenin-GFP were also preferen-
tially recruited to EcadFc stripes (Fig. 1C), and F-actin [labeled with

Author contributions: N.B. and W.J.N. designed research; N.B., M.L., and V.M. performed
research; N.B., M.L.G., and W.J.N. contributed new reagents/analytic tools; N.B., M.L., and
V.M. analyzed data; and N.B. and W.J.N. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Freely available online through the PNAS open access option.

See Commentary on page 13199.

"To whom correspondence should be addressed. E-mail: wjnelson@stanford.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1002662107/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1002662107


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/pnas.201002662SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/pnas.201002662SI.pdf?targetid=nameddest=SF1
mailto:wjnelson@stanford.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1002662107

L T

/

1\

=y

UtrCH-GFP (17)] organized into thin radial bundles on EcadFc and
into thick bundles parallel to the cell edge abutting the collagenIV
stripes (Fig. 1D). Fluorescence recovery after photobleaching of
GFP-tagged proteins over EcadFc surfaces showed that the turn-
over rates of E-cadherin, p-catenin, aE-catenin, and F-actin (Fig.
1E) were within ranges observed at normal MDCK cell—cell junc-
tions (8, 18).

Because cells are deformable, the cell contact area can be used
as a measure of adhesion strength (adhesion energy per unit area)
on a given substrate. Significantly, the cell contact area on EcadFc
stripes increased with increasing EcadFc density compared with
the cell contact area on collagenIV (Fig. 1B). Notably, contact
area and EcadGFP recruitment follow the same trend, saturating
at 50% EcadFc. Hence, the strength of E-cadherin-mediated
adhesion increased with cellular E-cadherin recruitment to
EcadFec, similar to that between MDCK cell-cell contacts (19).

CollagenlV is the primary protein of epithelial ECM. Collagen
supports MDCK cell migration and scattering better than lam-
inin or fibronectin, and the MDCK cell migration rate is less
dependent on collagen surface concentration than other ECM
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Fig. 1. (A) EcadGFP-expressing MDCK cells on collagenlIV:EcadFc, collagenlV:
Fc, or collagenlV:PEG (the collagenlV stripe is represented in red, and the op-
posing stripe in black) seen in widefield epifluorescence. (B) Left axis: EcadGFP
recruitment to the stripe opposing collagenlV as a function of the EcadFc/Fc
ratio (or PEG). I, Ic are the fluorescence intensities of EcadGFP on EcadFc/Fc (or
PEG stripes) and collagenlV stripes, respectively. Right axis: cell spread area on
EcadFc/Fc (EcadFc %) or PEG, and collagenlV patterns. Sg, Sc are cell surface
areas on EcadFd/Fc (or PEG) stripes and collagenlV stripes, respectively. A pos-
itive value denotes a larger area spread on noncollagenlV stripes than on col-
lagenlV stripes. Data show mean + SEM; line is a smooth fit to guide the eye.n=
12 (PEG), 32 (Fc), 14 (EcadFc 25%), 13 (EcadFc 33%), 21 (EcadFc 50%), and 44
(EcadFc 100%) for Ecad-GFP recruitment. n = 10 (PEG), 25 (Fc), 11 (EcadFc 25%),
9 (EcadFc 33%), 15 (EcadFc 50%), and 42 (EcadFc 100%) for contact area. *P <
0.05, **P < 0.01, ***P < 0.001, with respect to Fc data; Mann-Whitney test
(two-tailed). (C) p-Catenin-GFP and o-E-catenin-GFP—expressing cells on colla-
genlV:EcadFc, seen in total internal reflection fluorescence (TIRF). (D) F-actin
organization on collagenlV:EcadFc, seen in widefield epifluorescence and TIRF.
(E) E-cadherin (n = 19), B-catenin (n = 14), a-E-catenin (n = 10), and UtrCH (n =13,
13, 10; see D) mobility on collagenlIV:EcadFc assessed by fluorescence recovery
after photobleaching. Bar: 10 pm.
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proteins (20), which allowed us to keep the amount of collagenIV
constant while varying the amount of EcadFc.

Cell adhesion to collagenIV occurs at FAs formed by integrin
receptors and actin-associated cytoskeletal proteins, including
vinculin and paxillin (21). On collagenIV:EcadFc surfaces, FAs
marked by vinculin-GFP (VinGFP) or paxillin-GFP formed
preferentially on collagenlV stripes (Fig. 2 A-D), and we found
some vinculin staining on EcadFc stripes in small and rare foci
(Fig. 2 A-D and Discussion). Vinculin was more stable in FAs on
collagenIV than in foci on EcadFc, and vinculin turnover on
collagenIV was unaffected by cell adhesion on adjacent EcadFc
stripes (Fig. 2E). FAs formed only on collagenIV stripes on
collagenIV:PEG surfaces, but on both collagenIV and Fc stripes
on collagenlV:Fc surfaces (Fig. 2F). In addition, FAs did not
form on stripes coated with E-cadherin in which the Fc link was
exchanged for biotin (Fig. 2C). Thus, on collagenIV:EcadFc
surfaces, FAs were excluded from sites of homotypic E-cadherin
adhesion specifically, and not by the Fc component of EcadFc.
FA exclusion from E-cadherin adhesions is similar to that found
in cell—cell contacts between MDCK cells (12).

We first assessed the effect of E-cadherin adhesion on
lamellipodia activity (Fig. 34), a measure of peripheral mem-
brane protrusions and retractions mediated by the dynamic as-
sembly and disassembly of actin filaments (22). On collagenlV:
Fc and collagen:PEG surfaces, lamellipodia activity was equally
high on collagenlV, Fc, or PEG stripes (Fig. 3B and Movie S1).
Significantly, replacing PEG or Fc with EcadFc decreased
lamellipodia activity on both collagenlV and EcadFc stripes in
an EcadFc concentration-dependent manner, with the greatest
effect on the EcadFc stripes (Fig. 3B and Movie S2). This effect
mimicked the decrease in lamellipodia activity at both cell-cell
contacting and noncontacting membranes observed during in-
tercellular adhesion between MDCK cells (11).

Nextwe analyzed the effects of different combinations of EcadFc
and collagenIV on cell migration rate and directionality (Fig. 3C).
Despite dampening of lamellipodia activity with increasing EcadFc
surface density (Fig. 3B), cell migration rate was similar with all
combinations of collagenlV, Fc, PEG, and EcadFc (10 pm/h; Fig.
3D, Movie S3, and Movie S4) and independent of stripe width (Fig.
S1B). Cell migration was dependent on cell adhesion to ECM be-
cause cells were essentially immobile on surfaces coated only with
EcadFc (Fig. 3D and Movie S5).

Although the rate of ECM-mediated cell migration was in-
dependent of E-cadherin adhesion, migration was biased parallel to
the stripes (Fig. 3E). Above a threshold density of EcadFc, the
parallel component was ~30% higher than the perpendicular com-
ponent. This effect was even stronger on collagenlV:PEG surfaces
where PEG confined FAs to the collagenlV stripes or where the
collagenlV stripes were even thinner (Fig. S1C). Thus, E-cadherin-
mediated adhesion biased the direction of cell migration without
altering the migration rate by spatially confining FAs to collagenI V.

To examine how spatial confinement of FAs resulted in migra-
tion bias, we used Traction Force Microscopy (TFM) to measure
the direction of traction forces exerted by cells on a polyacrylamide
gel surface functionalized with stripes of collagenIV to spatially
confine FAs (23, 24). Cells exerted traction stresses exclusively on
collagenlV stripes at the cell periphery (Fig. 3F) and the forces
oriented in the direction of the stripes (Fig. 3 G and H). In contrast,
the distribution of cell traction forces orientation was isotropic
when cells adhered to nonpatterned collagen (Fig. 3 G and H).
Thus, spatial confinement of FAs induces anisotropic cell traction
on ECM and migration directional bias.

Vinculin and aoE-catenin are two actin-binding paralogs that
are major components of integrin- and E-cadherin-mediated
adhesion complexes, respectively (Figs.1 and 2) (25, 26). To in-
vestigate the molecular mechanisms underlying regulation of cell
motile behavior by E-cadherin adhesion, we depleted either vin-
culin or aE-catenin. siRNA depletion of vinculin led to a loss of
75% of total vinculin content and 50% of vinculin from FAs
(Fig. S2); excess cytoplasmic vinculin may buffer vinculin de-
pletion at FAs, as observed by others (27, 28). At this level of
vinculin depletion, lamellipodia activity increased slightly over
collagenIV stripes on collagenIV:EcadFc surfaces (Fig. 44).
However, vinculin depletion did not affect lamellipodia activity
on EcadFc stripes (Fig. 44), which remained dampened, and did

PNAS | July 27,2010 | vol. 107 | no.30 | 13325

>
=
=
=
fre}
=
=
[=]
o
w
i}
w

CELL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/sm01.avi
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/sm02.avi
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/sm03.avi
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/sm04.avi
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/pnas.201002662SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/pnas.201002662SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/sm05.avi
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/pnas.201002662SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/pnas.201002662SI.pdf?targetid=nameddest=SF2

CollagenlV : EcadFc

Vinculin GFP

*/0

CollagenlV : EcadBiot in foci vs FAs

Paxillin GFP

foci
(EcadFc) (CollagenlV)

E F VinGFP
VinGFP turnover (max. int. projection vs. time)
120 T T T T
=
c
(8]
100 F ] o
=8
2 gl i 8w
()
£ =
S 60 ] §,
2 + &
o =
g 4of 1 s8&
= @ on CollagenlV (EcadFc:CollagenlV)
20 L H  on CollagenlV w/o EcadFc J >
% on EcadFc (EcadFc:CollagenlV) E
S
0 1 1 1 1 (=U 8
0 20 40 60 80 100 8o

% recovery

not affect E-cadherin recruitment to EcadFc or cell spreading on
EcadFc (Fig. 4B). Vinculin depletion had no effect on cell mi-
gration rate (Fig. 4C). Note that the relationship between the
vinculin expression level and epithelial cell migration remains
complex (29). Vinculin depletion did not affect the migration
directional bias, which remained parallel to the stripes (Fig. 4D).
Neither did vinculin depletion affect aE-catenin levels (Fig. S3) or
E-cadherin recruitment to EcadFc stripes (Fig. 4B).

aE-Catenin is an allosteric protein that can either bind the
E-cadherin/-catenin complex on the plasma membrane or form
a homodimer that has a higher affinity for actin and inhibits the
Arp2/3 complex in the cytoplasm (30). shARNA-mediated de-
pletion of all pools of aE-catenin resulted in a 90% decrease of
total aE-catenin (Fig. S4 A-C). aE-Catenin depletion partially
reduced the amount of cellular E-cadherin recruited to EcadFc
stripes (Fig. 4B), which decreased the cell contact area
(spreading) on EcadFc (Fig. 4B). There was no effect on the level
or distribution of vinculin (Fig. S3). Significantly, aE-catenin
depletion resulted in an increase in lamellipodia activity on both
collagenIV and EcadFc stripes to levels similar to those on sur-
faces lacking EcadFc, such as collagenIV:Fc (Fig. 44).

To distinguish roles of different pools of aE-catenin, we selec-
tively sequestered the cytoplasmic pool to mitochondria using
a chimeric protein containing the aE-catenin binding site of p-cat-
enin fused to ActA (p-cat ActA; Fig. S4 E-G) (31). On collagenIV:
EcadFc, depletion of the cytoplasmic pool of aE-catenin did not
affect lamellipodia activity, E-cadherin recruitment or contact area
compared with the control (Fig. 4 4 and B). Since shRNA-mediated
depletion of aE-catenin affected both the membrane and cytop-
lasmic pools of aE-catenin, we conclude that in the presence of E-
cadherin—mediated cell-cell adhesion the plasma membrane pool of
aE-catenin mediates the down-regulation of lamellipodia activity.

13326 | www.pnas.org/cgi/doi/10.1073/pnas.1002662107
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Fig. 2. (A-D) Vinculin-GFP (A) or paxillin-GFP (C) recruitment
on collagenlV versus EcadFc (A) or EcadBiot (E-cadherin ex-
tracellular fragment fused to biotin) (C). Note that the pref-
erential localization of FAs on collagenlV did not depend on
the FA marker used or the E-cadherin chimeric protein on the
functionalized surface. Vinculin recruitment to EcadFc (in foci)
versus collagenlV in FAs per cell (fluorescence intensities
weighted by surface area covered by all foci and all FAs, re-
spectively) (B: n = 3) and per focus and FA (fluorescence in-
tensities unweighted) (D: EcadFc n = 6; collagenlV n = 7). The
difference between B and D reflects the larger surface covered
by all FAs on collagenlV than covered by all vinculin foci on
EcadFc in a given cell. (E) Vinculin mobility on collagenlV with
(circle, n = 7) and without (square, n = 8) juxtaposed EcadFc
stripes, as assessed by fluorescence recovery after photo-
bleaching. Vinculin mobility on EcadFc stripes (cross, n = 6). (F)
VinGFP-expressing MDCK cells on collagenlV:EcadFc, collage-
nlV:Fc, or collagenlV:PEG. (Maximum intensity projection over
time. Left, original fluorescence intensity signal; Right, FA lo-
calization by edge detection.) Bar: 10 pm. Data show mean +
SEM. *P < 0.05; ***P < 0.001, with respect to indicated con-
trols; Student'’s t test.

To address whether aE-catenin affects cell migration rate and
directional bias, we depleted all pools of aE-catenin using shRNA.
Cell migration rate increased from 10 to ~16 pm/h (Fig. 4C).
Significantly, depletion of only the cytosolic pool of oE-catenin
in p-cat ActA cells also increased the cell migration rate (Fig. 4C).
Depletion of all pools of aE-catenin, however, did not significantly
affect migration bias (Fig. 4D), an effect resulting from partial
E-cadherin recruitment to EcadFc stripes (Fig. 4B) and spatial
restriction of FAs to collagenlV stripes (Fig. S4D). These results
indicate that the cytosolic pool of aE-catenin regulates cell mi-
gration rate in an E-cadherin adhesion-independent manner.

We next investigated the effects of E-cadherin adhesion and
different levels of pools of aE-catenin on cell rearrangements in
multicellular epithelial sheets. We analyzed how individual cells
migrated relative to their neighbors (migration coordination) in
groups of either p-cat-ActA cells depleted of only the cytosolic
pool of aE-catenin, total aE-catenin—depleted cells, or control
cells (Fig. 54, Movie S6, and Movie S7). Significantly, migration
coordination was greatly reduced between cells that were depleted
of total aE-catenin (about two-thirds coordination loss beyond
one to two cell diameters; & ~25um), whereas migration co-
ordination was high in cohesive sheets of p-cat-ActA cells or
control cells (about two-thirds coordination loss beyond four cell
diameters; & ~50 um) (Fig. 5B). Cell migration rate, which is reg-
ulated by the cytoplasmic pool of aE-catenin (Fig. 4C), was higher
in f-cat-ActA and total aE-catenin—depleted cells compared with
control cells (Fig. 5C). Thus, similar to the directional migration of
single cells on micropatterned collagenIV:EcadFc surfaces, E-
cadherin-mediated adhesion within an epithelial sheet is per-
missive for cell migration and required for migration coordination,
and the cytosolic pool of aE-catenin regulates cell migration rate.

Borghi et al.
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Discussion

Mechanisms involved in coordinated cell migration in a cohesive
epithelial sheet are difficult to elucidate because of the molec-
ular complexity and spatial separation of cell-cell and cell-FECM
adhesions. The present study provides a proof of principle for
aunique approach to quantitatively dissect the effects of cell-ECM
and cell—cell adhesion cues on cell motile behavior. The design of
the striped geometry of the micropatterns was tailored to be small
enough so that individual cells simultaneously adhered to both
ECM and E-cadherin, thereby providing a cell with a local interface
between ECM and E-cadherin wherever it migrated. The dual-
patterned surfaces used here provide an experimental approach to
isolate the effects of cell—cell adhesion specific to E-cadherin. This
method also could be used to reconstruct step-by-step the com-
plexity of cell-ECM and cell—cell contacts and to test the effects on
the behaviors of other cell types as well as primary cells.

On micropatterned surfaces, EcadFc specifically recruited cel-
lular E-cadherin, aE-catenin, and p-catenin (Fig. 1), all of which
had mobilities within the ranges of these proteins at bona fide cell-
cell contacts in MDCK cells (8, 18). Thus despite the relative im-
mobility of the EcadFc substrate, the cellular E-cadherin—catenin
complex appeared to be as dynamic as that at normal cell-cell
adhesions.

Vinculin was preferentially recruited to FAs on collagenlV,
and to a lesser extent to EcadFc. Vinculin has been reported to

Borghi et al.

mean + SEM; line is a smooth fit to guide

/0 the eye. *P < 0.05, *P < 0.01, ***P < 0.001,

-1 with respect to indicated control; Mann—
stripes  no pattern Whitney test (two-tailed).

bind to B-catenin (8, 28), although vinculin binding to actin is
not activated (8). However, the recruitment pattern of vinculin
on EcadFc did not resemble that of p-catenin or aE-catenin
(Figs. 1 and 2), and vinculin depletion did not affect lamellipodia
activity on EcadFc (Fig. 44). In addition, vinculin depletion did
not impair recruitment of cellular E-cadherin to EcadFc patterns
or at cell-cell contacts (Fig. 4B and Fig. S24), unlike a recent
study with another cell type (28). Therefore, our results do not
implicate a role for vinculin at E-cadherin adhesion sites, at least
under these conditions.

Although it is known that epithelial cells transmit forces
through intercellular contacts (32), it is unclear whether this
induces a form of migration that is cadherin-based. We showed,
however, that MDCK cells migrated only in the presence of
collagenIV and not on pure EcadFc surfaces (Fig. 3D). Note that
because the time courses of these experiments were similar,
ECM deposition on EcadFc, either from the medium or locally
by cells, must be insignificant in all conditions because cells did
not migrate on EcadFc.

Because cell migration on only EcadFc is prevented, it might be
expected on patterned surfaces that strengthening of E-cadherin
adhesion, by increased E-cadherin recruitment and cell contact
area on EcadFc, would resist or down-regulate ECM-based cell
migration. However, the cell migration rate remained independent
of EcadFc surface concentration on patterned surfaces (Fig. 3D).
Similarly, maintenance of E-cadherin-mediated adhesion in cells

PNAS | July 27,2010 | vol. 107 | no.30 | 13327

>
=
=
=
fre}
=
=
[=]
o
w
i}
w

CELL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/pnas.201002662SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/sm01.avi
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/sm02.avi
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/sm03.avi
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/sm04.avi
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002662107/-/DCSupplemental/sm05.avi

A lamellipodia activity B EcadGFP recruitment
on collagenlV and EcadFc Contact area
14 - - - 1 1
1
L. (au) In—- In—"
12fF ¢ 1 L
L @) 08} 1. S
4 ol 405
= ﬁ
5
08 { i 04} i H §
0
os| 5 t 02} ¢ H
] { s
o4l & 1 0 8
$ s { 105
02} E 0.2
s g e
ol - . . 04 . . . 1
siRNA siRNA shRNA shRNA B-cat siRNA siRNA shRNA shRNA B-cat
ctrl  Vin ctrl  a-E-cat ActA ctrl  Vin ctrl  a-E-cat ActA
C migration rate D migration direction
2 1 T T T
_v_ Y
15 F N5 ) oy
1 B 0.5 1
LI
05 - $
] ! $ } I
0 & 0
05| € . 1 *
1 . -0.5 1
[R——
15| —t
2 . L L 1 . . .
siRNA siRNA shRNA shRNA f-cat siRNA siRNA shRNA shRNA g-cat
ctrl Vin ctrl  a-E-cat ActA ctrl Vin ctrl  o-E-cat ActA

Fig. 4. (A) Effects of vinculin and aE-catenin depletions on lamellipodia ac-
tivity and (B) on EcadGFP recruitment and contact area. n = 20 (siRNA ctrl), 11
(siRNA Vin), 10 (shRNA ctrl), 9 (shRNA a-E-cat), and 11 (B-cat ActA) for A; n=23
(siRNA ctrl), 13 (siRNA Vin), 11 (shRNA ctrl), 11 (shRNA a-cat), and 11 (f-cat
ActA) for EcadGFP recruitment; n = 18 (siRNA ctrl), 10 (siRNA Vin), 10 (shRNA
ctrl), 8 (shRNA a-E-cat), and 11 (B-cat ActA) for contact area. (Cand D) Effects of
vinculin and aE-catenin depletions on cell migration (C) rate and (D) direction.
Note that control clone (expressing VinGFP) for «E-catenin depletion migrates
faster than control clone (EcadGFP) for vinculin depletion. n = 16 (siRNA Vin),
22 (siRNA ctrl), 39 (shRNA o-E-cat), and 9 (B-cat ActA). *P < 0.05, **P < 0.01,
***P < 0.001, with respect to controls; Mann-Whitney test (two-tailed).

lacking cytoplasmic aE-catenin did not decrease the migration rate
compared with cells lacking all pools of aE-catenin and E-cadherin
adhesion (Fig. 4C). That cells are able to strongly adhere to, but
still slide over, surfaces as they migrate is likely permitted by rapid
and continuous turnover of the membrane-bound E-cadherin—
catenin complex (Fig. 1E).

We found that cell migration was biased in the direction of the
stripes on collagenIV:EcadFc and collagenIV:PEG patterned
surfaces (Fig. 3E). Both EcadFc and PEG prevented FA forma-
tion, which resulted in FA confinement to collagenIV (Fig. 2). We
observed that traction forces were exerted by cells through this
anisotropic distribution of FAs, which oriented the direction of cell
migration (Fig. 3 F-H). Thus anisotropic distribution of FAs on
collagenlV is sufficient to induce migration directional bias.

Lamellipodia activity was equivalently high on collagenIV and
PEG surfaces that do not assemble FAs, but decreased on those
surfaces in the presence of an adjacent EcadFc stripe (Fig. 3B).
It is thought that lamellipodial protrusion occurs by resistance of
FAs to actin retrograde flow between the leading edge and the
lamella (33). Loss of FA resistance to retrograde flow may be
compensated by faster flow and a higher actin polymerization
rate at the leading edge, resulting in similar lamellipodia activity
on adherent (collagenIV) and nonadherent (PEG) substrates, as
recently proposed by Renkawitz et al. (34). Therefore, it is un-
likely that lack of FAs on EcadFc surfaces is responsible for the
loss of lamellipodia activity on those surfaces.

Previous studies showed that lamellipodia activity decreases
during cell-cell adhesion and that this might be important to allow
weak, transient cell-cell adhesions to become stabilized (11). Using
micropatterned surfaces, our results show clearly that lamellipodia
dampening is a direct and concentration-dependent effect of
E-cadherin adhesion. Depletion of total «aE-catenin, including the
membrane-bound pool, decreased E-cadherin—-mediated adhesion
and subsequent lamellipodia activity dampening, whereas selective
depletion of the cytoplasmic pool of aE-catenin, which did not
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Fig. 5. (A-C) Coordination and rate of cell migration in an epithelial sheet
(Materials and Methods). (A) a is the angle between velocity vectors of two cells
and r the distance between these cells. (B) Coordination index as a function of
the distance between cells. <cos o> is the coordination index between all cells
atadistance r from each other at a given time, averaged over time. Lines are fits
of experimental data (dots) with an exponential decay function <cos a> = exp
(—r/e), where & is the coordination length beyond which cells have lost about
two-thirds of their coordination. (C) Average migration rate in the epithelial
sheet. Data are displayed as a box-whisker plot (50% of the data within the box,
100% within the whiskers). ***P < 0.001, Mann-Whitney test (two-tailed). (D).
Model of functional regulation of cell motile behavior by crosstalk between E-
cadherin- and integrin-mediated adhesions (see text for details).

affect E-cadherin adhesion, did not (Fig. 4 4 and B). Hence, the
membrane-bound pool, and not the cytoplasmic pool of aE-cat-
enin, is required for dampening lamellipodia activity upon E-cad-
herin adhesion. That E-cadherin adhesion decreased lamellipodia
activity, but did not affect migration rate (Fig. 3 B and D), supports
recent studies showing that lamellipodia activity is dispensable for
epithelial cell migration but may allow local exploration (22, 35).

We sought to place these insights into the crosstalk between
integrin- and E-cadherin-based adhesion complexes in a multi-
cellular context. In a confluent, cohesive epithelial sheet, cells ex-
hibit an active migratory behavior with a high degree of co-
ordination (Fig. 5). Thus, intercellular adhesion is permissive for
cell migration, but appears to affect the directional coordination
of cells, as expected from our results of cell migration on EcadFc:
collagenIV (Fig. 3E). A possible mechanism for migration coor-
dination between adherent neighboring cells could be inter-
cellular friction, although E-cadherin adhesion itself does not
appear to provide sufficient friction between cells because it did
not impede cell migration on patterned surfaces (Fig. 3D). As
observed on EcadFc:collagenlV surfaces, E-cadherin-mediated
adhesion repelled FAs and oriented cell traction onto the ECM,
which might allow neighbor cells to move in a coordinated fashion
in an epithelial sheet.

The higher migration rate of cells in an epithelial sheet depleted
of aE-catenin is likely due to an intercellular adhesion-independent
increase in cell migration rate, as observed on patterned surfaces
(Fig. 4C). Interestingly, total aE-catenin depletion significantly
reduced cell migration coordination in epithelial sheets, whereas
cells still migrated with a bias on patterned surfaces. This difference
may reflect varying levels of E-cadherin recruitment in cells on
micropatterned surfaces compared with cells in confluent mono-
layers. Cellular E-cadherin recruitment and adhesion strength
(Fig. 4B) on EcadFc stripes were only partially reduced in total o E-
catenin—depleted cells, because the high density of immobile
EcadFc likely traps some cellular E-cadherin to a level that inhibits
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FA formation (Fig. S4D). In confluent monolayers, however, de-
creased recruitment of E-cadherin on both sides of the cell-cell
contacts may cooperatively impair E-cadherin-mediated effects on
directional bias.

It is noteworthy that epithelial sheets with normal intercellular
adhesion (control and B-cat-ActA) exhibited larger cell density
fluctuations over time while maintaining their cohesion (Movie
S6), whereas cell sheets with reduced intercellular adhesion (aE-
catenin shRNA) did not (Movie S7). This suggests that cells are
subject to higher strains in cohesive sheets, pointing toward a pos-
sible regulatory role of intracellular viscosity on cell migration rate
in cohesive epithelial sheets.

In summary, our results provide insights into the ensemble
effects of cadherin- and integrin-based adhesion complexes on
epithelial cell motile behavior (Fig. 5D). First, E-cadherin
engagement did not decrease the rate of ECM-mediated cell
migration, despite global dampening of lamellipodia activity.
Second, E-cadherin-mediated adhesion highly constrained
integrin-based FA assembly and strongly biased ECM-based
traction forces and cell migration along the direction of E-
cadherin/collagenIV interfaces. Hence, cell-cell (E-cadherin)
adhesion redirects but does not down-regulate cell migration,
as originally postulated by Abercrombie and Heaysman (6).
Third, E-cadherin adhesion and lamellipodia activity are reg-
ulated by the membrane pool of aE-catenin and cell migration
by the cytoplasmic pool. That aE-catenin is a common regu-
lator of E-cadherin adhesion and cell migration may be im-
portant during specific morphogenetic processes or pathologi-
cal conditions involving uncoordinated single-cell migration.
Indeed, in vivo studies have shown that loss of aE-catenin
compromises epithelium integrity and that these effects can be
more severe than those caused by loss of E-cadherin and in-
tercellular adhesion (36, 37).
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Materials and Methods

Micropatterned surfaces were prepared in a two-step process. First, the ECM
was microcontact-printed using standard protocols (38). Then, non-ECM-
coated surfaces were functionalized with EcadFc, Fc, or PEG as previously
reported (13, 39).

Normal MDCK type Il G cells stably or transiently expressing fluorescently
tagged proteins of interest were monitored on a widefield epifluorescence
inverted microscope, and depending on the experiment, 2-4 d after siRNA/
shRNA protein depletion. Fluorescence signal from the cells and the micro-
patterns was used to assess protein recruitment, cell-contour fluctuations at
short time scales for measurement of lamellipodia activity, and cell position
at long time scales for measurement of cell migration. TFM was performed
as previously described (24) on polyacrylamide gel sheets functionalized with
micropatterns of ECM (23).

Image analysis was performed with Image J, Metamorph, and MATLAB
softwares. Statistical analysis was performed using a two-tailed Mann-Whitney
test or a Student’s t test, as indicated (S/ Materials and Methods).
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