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ABSTRACT Vascular endothelial (VE)-cadherin, the major adherens junction adhesion mole-
cule in endothelial cells, interacts with p120-catenin and B-catenin through its cytoplasmic
tail. However, the specific functional contributions of the catenins to the establishment of
strong adhesion are not fully understood. Here we use bioengineering approaches to iden-
tify the roles of cadherin-catenin interactions in promoting strong cellular adhesion and the
ability of the cells to spread on an adhesive surface. Our results demonstrate that the domain
of VE-cadherin that binds to B-catenin is required for the establishment of strong steady-state
adhesion strength. Surprisingly, p120 binding to the cadherin tail had no effect on the
strength of adhesion when the available adhesive area was limited. Instead, the binding of
VE-cadherin to p120 regulates adhesive contact area in a Rac1-dependent manner. These
findings reveal that p120 and B-catenin have distinct but complementary roles in strengthen-
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ing cadherin-mediated adhesion.

INTRODUCTION

Cell adhesion enables tissues to maintain their structural integrity
and withstand mechanical stress (Niessen et al., 2011). Cadherins
are a family of transmembrane adhesion receptors that enable cells
to form cell contacts that mature into adherens junctions as cyto-
plasmic binding partners are recruited to facilitate cytoskeletal link-
ages (Pokutta and Weis, 2007). The vascular endothelium, which
forms a thin layer lining the interior of blood vessels, must sustain
strong intercellular adhesion in order to maintain vascular barrier
function and prevent hemorrhage and edema. However, the adhe-
sion between endothelial cells must be dynamically regulated to
enable angiogenesis during growth and development and to allow
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the passage of leukocytes from the vascular lumen to surrounding
tissue at sites of inflammation. The major cadherin family member
found in endothelial cells is vascular endothelial (VE)-cadherin, which
mediates homophilic, calcium-dependent adhesion through its ex-
tracellular domain and binds to Armadillo-family proteins p120-
catenin (p120) and B-catenin inside the cytoplasm through its jux-
tamembrane and catenin-binding domains, respectively. B-Catenin
provides linkage between adherens junctions and the actin cytoskel-
eton through interactions involving a-catenin (Nelson, 2008),
whereas p120 regulates cadherin stability at the plasma membrane
by masking an endocytic signal on the cadherin cytoplasmic tail to
prevent cadherin internalization (Davis et al., 2003; Xiao et al., 2003,
2005; Chiasson et al., 2009; Nanes et al., 2012). Studies using mouse
models have demonstrated a requirement for both p120 and f-
catenin to maintain vascular barrier function, and the conditional
endothelial knockout of either catenin results in hemorrhages, par-
ticularly in areas subject to increased vascular flow during develop-
ment (Cattelino et al., 2003; Oas et al., 2010).

In previous studies involving C-cadherin and E-cadherin, the
cadherin juxtamembrane domain and its specific interaction with
p120 were implicated in the strengthening of cell adhesion (Yap
et al., 1998; Goodwin et al., 2003). However, the mechanisms by
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which strong cadherin-based adhesion is achieved in endothelial
cells, and the contribution of catenins to this process, are not fully
understood. The loss of endothelial p120 in vivo results in a reduc-
tion in VE-cadherin levels (Oas et al., 2010), consistent with a role for
p120 in regulating cadherin turnover. Studies using cultured en-
dothelial cells demonstrated that the interaction between p120 and
VE-cadherin at the plasma membrane is required for the mainte-
nance of endothelial barrier function (lyer et al., 2004; Herron et al.,
2011). However, the knockout of VE-cadherin is recessive embryonic
lethal (Carmeliet et al., 1999; Gory-Faure et al., 1999), and the re-
duction of VE-cadherin levels by 50% in the heterozygotes did not
lead to hemorrhaging or other vascular defects. This raises the ques-
tion of whether p120 could be acting to strengthen VE-cadherin—
dependent adhesion independently of cadherin levels alone. In ad-
dition, p120 is a potent regulator of the Rho family of small GTPases,
which regulate actin cytoskeletal dynamics and play important roles
in the establishment of cell-cell contacts and vascular barrier func-
tion (Anastasiadis, 2007; Beckers et al., 2010). Specifically, p120 ac-
tivates Rac1 and inhibits RhoA (Anastasiadis et al., 2000; Noren
et al., 2000). Moreover, the adhesion defects introduced by block-
ing p120 binding to the E-cadherin tail can be rescued by expres-
sion of constitutively active Rac1 (Goodwin et al., 2003). Therefore
it is likely that the contribution of p120 to strong adhesion through
VE-cadherin involves not only the stabilization of the cadherin at the
cell surface, but also the localization of p120 near the membrane to
locally regulate Rho family GTPases.

Adhesive strength is modulated by a number of factors, includ-
ing contact area and cytoskeletal linkages (Gallant et al., 2005). Pre-
vious studies examining cadherin adhesion strengthening used
model systems in which cells both adhere and spread onto surfaces
(Yap et al., 1997, 1998; Ehrlich et al., 2002; Martinez-Rico et al.,
2010). Thus the contributions of cadherin tail domains and catenins
to adhesion strengthening independent of contact area and cy-
toskeletal coupling have not been resolved. We used a combination
of two approaches to overcome these limitations. First, to examine
the role of p120 and B-catenin in endothelial cell adhesion, we ex-
pressed chimeric proteins in which the interleukin-2 receptor (IL-2R)
extracellular domain was fused to the cytoplasmic domain of VE-
cadherin. We then introduced mutations that selectively uncoupled
the cadherin tail to either p120 or B-catenin. Second, we used mi-
cropatterned coverslips that limited cell-substrate contact area,
thereby controlling cell geometry independent of cytoplasmic link-
ages. Using a hydrodynamic assay to measure the strength of cell
adhesion, we found that the interaction between p120 and the cad-
herin tail did not alter adhesion strength. In contrast, the B-catenin—
binding domain was crucial to strengthening adhesion. Further-
more, we found that the interaction between p120 and VE-cadherin
was necessary to promote Rac1-dependent cell spreading. These
findings support a model in which p120 and B-catenin modulate
cadherin-based adhesion through complementary and experimen-
tally distinguishable mechanisms to independently regulate adhe-
sive contact area and adhesion strength.

RESULTS

Chimeric adhesion receptors enable functional separation

of cadherin intracellular domains

To examine the functional significance of the cytoplasmic domains
and interactions of the VE-cadherin cytoplasmic tail in endothelial
adhesion strengthening, we used adenoviral vectors to express a
series of chimeric receptor proteins in primary human microvascular
endothelial cells (MECs; Figure 1A). The cytoplasmic tail of VE-cad-
herin was fused with the extracellular and transmembrane domains
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Chimeric receptors are expressed at comparable levels at
the plasma membrane. (A) The four chimeric constructs used in this
work as adhesive receptors are depicted, along with wild-type
VE-cadherin. The extracellular domain of VE-cadherin is replaced with
IL-2R to generate IL-2R-VE-cad,ys,- A triple-alanine mutation in the
p120-binding site that uncouples the cadherin tail from p120 is
introduced to generate IL-2R-VE-cadgyp_,aaa. The catenin-binding
domain is deleted to generate IL-2R-VE-cad,cgp. The four constructs
are introduced into cells by way of adenoviral vectors. (B-D) Human
microvascular endothelial cells were transduced with chimeric
constructs containing the IL-2R extracellular domain fused to the
cytoplasmic domain of VE-cadherin. (B) Expression of the constructs
was verified by immunofluorescence microscopy. Cells were stained
for IL-2R to detect the receptors and DAPI to show the cell nuclei and
enable evaluation of infection rates. IL-2R staining was absent in
uninfected cells, and for all four constructs we observed infection
rates of 80% or higher. Scale bar, 100 pm. (C) Expression levels were
also assessed by Western blot in which whole-cell lysates were
probed for IL-2R and with p120 as a loading control. Arrowheads
indicate main bands. Higher—molecular weight bands result from IL-2R
glycosylation. (D) The levels of expression of the chimeric receptors at
the cell surface were assessed using flow cytometry. Unpermeabilized
cells were fixed and stained for IL-2R and tested for their peak
fluorescence values as compared with those of uninfected control
cells. Peak values for each construct occurred within a similar range,
indicating that their surface expression was comparable.
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of IL-2R to generate the IL-2R-VE-cad.y, construct. Similar chimeric
receptors have been used in studies of cell adhesion mediated by
cadherins as well as integrins (O'Toole et al., 1994; Yap et al., 1997;
Bodeau et al., 2001; Cheung et al., 2010). To examine the contri-
bution of specific domains of the VE-cadherin tail in cell adhesion,
we generated two additional variants by mutating the VE-cadherin
cytoplasmic domain: a triple-alanine mutation at amino acids 562—
564 in the juxtamembrane domain, which blocks binding to p120
(IL-2R-VE-cadgpmp_sana) and a deletion of the catenin-binding do-
main (amino acids 620-702), which eliminates B-catenin interactions
(IL-2R-VE-cadcpp; Xiao et al., 2003). IL-2R alone without a cyto-
plasmic tail was used as a control. Expression of the receptors in
MECs was verified by immunofluorescence (Figure 1B) and Western
blot (Figure 1C), which confirmed that the constructs were expressed
at comparable levels. Flow cytometry was performed to further ver-
ify that cell surface expression levels of each IL-2R construct were
comparable among groups (Figure 1D).

To verify that the chimeric receptors were able to interact with
p120 and B-catenin despite the absence of the cadherin extracellu-
lar domain, we performed immunoprecipitations using antibodies
against IL-2R. The catenins did not associate with IL-2R, whereas
p120 formed complexes with IL-2R-VE-cady;, and IL-2R-VE-
cadacpp. In contrast, B-catenin formed complexes with [L-2R-VE-
cadeyto and IL-2R-VE-cadgyp_aaa. These results demonstrate that
the chimeric cadherins associate in the predicted manner with p120
and B-catenin (Figure 2A).

We next sought to determine whether the chimeric cadherins
were able to recruit B-catenin and p120 to sites of adhesion medi-
ated by the IL-2R extracellular domain. Cells expressing the chimeric
constructs or IL-2R were seeded on micropatterned coverslips,
which presented an array of 20-um adhesive islands prepared as
previously described (Dumbauld et al., 2010). The adhesive areas
were coated with antibodies directed against the IL-2 receptor, and
cells expressing the chimeric constructs were seeded onto the mi-
cropatterned surfaces. Because the area of the islands was smaller
than the fully spread area of the cells, the cells were maintained in a
uniform geometry and spaced regularly across the surface of the
coverslip (Figure 3B). Uninfected cells and cells transduced with an
empty adenoviral vector failed to adhere to either patterned (unpub-
lished results) or unpatterned surfaces (see discussion of Figure 5A
later in the paper). Using immunofluorescence microscopy, we veri-
fied that cells expressing IL-2R-VE-cadyt, and IL-2R-VE-cadacap
exhibited colocalization between IL-2R and p120 (Figure 2, B and
D), whereas samples expressing IL-2R-VE-cad.y, and IL-2R-VE-
cademp_saaa displayed colocalization between IL-2R and B-catenin
(Figure 2, C and E). Cells expressing IL-2R alone did not yield de-
monstrable colocalization with either catenin. Although both caten-
ins can also be observed in other regions, presumably representing
interactions with endogenous cadherin or other binding partners,
these results show that the chimeric receptors expressing cytoplas-
mic VE-cadherin domains are able to selectively recruit catenins and
specifically mediate adhesion to patterned surfaces.

The catenin-binding domain of VE-cadherin is necessary

for strong adhesion

To define the contributions of the VE-cadherin cytoplasmic do-
mains to cell adhesion strengthening, we tested cells expressing
the chimeric receptors for their ability to remain attached to a
surface when subjected to a range of shear forces. Measurements
of adhesion strength were made using a spinning-disk apparatus
that applies hydrodynamic shear force to a large population
of cells attached to patterned coverslips (Figure 3B) by rotating
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them in a fluid-filled chamber, generating a well-characterized
range of shear forces that increase with radial position along the
surface of the coverslip (Figure 4A). Cells expressing the IL-2R
constructs were seeded on patterned coverslips and exposed to
shear forces using the spinning-disk system. This approach, which
has been extensively discussed in previous reports (Garcia et al.,
1998a; Garcia and Gallant, 2003; Gallant et al., 2005), yields de-
tachment profiles such as the representative data shown in Figure
4B. The chart shows the fraction of adherent cells in regions of the
coverslip subject to increasing shear force relative to the fraction
of adherent cells near the center, where there is no shear force. A
sigmoidal curve is then fitted to the resulting data points to ob-
tain the shear stress needed for 50% detachment (t50), which is
used as a measure of cell adhesion strength. Cells expressing IL-
2R-VE-cady, exhibited 50% higher adhesion strength values
(t50) than those cells expressing the IL-2R alone, demonstrating
the importance of the cadherin cytoplasmic tail in mediating
strong attachment (Figure 4, B and C). Unexpectedly, the cells
expressing the IL-2R-VE-cadgyvp_aaa construct produced adhe-
sion strength values statistically indistinguishable from those ob-
tained with the wild-type cadherin tail. In contrast, cells express-
ing the IL-2R-VE-cadacpp construct yielded adhesion comparable
to the IL-2R. Taken together, these results indicate that the p120
binding site in VE-cadherin does not contribute to adhesion
strength but that the B-catenin-binding domain is required.

To verify that p120 levels in the cells were not limiting, we coex-
pressed exogenous p120 with IL-2R-VE-cadey, and IL-2R-VE-
cadevpsaaa. The overexpression of p120 did not increase the ad-
hesion strength of cells expressing IL-2R-VE-cad, compared with
those expressing IL-2R-VE-cadgmp_saaa (Supplemental Figure S1),
indicating that p120 was not limiting. This result suggests a require-
ment for linkage to the actin cytoskeleton through the catenin-bind-
ing domain and its association to B-catenin in order to produce
strong steady-state adhesion but that p120 appears to be dispens-
able. Taken together, these results indicate that the loss of p120
binding to the VE-cadherin juxtamembrane domain does not signifi-
cantly reduce cell adhesion strength, whereas the B-catenin-binding
domain is essential for strong adhesion.

p120 binding to the VE-cadherin tail is necessary

to promote cell spreading

Because we were unable to demonstrate a requirement for the
interaction between p120 and VE-cadherin in establishing strong
adhesion to patterned surfaces, we next tested the ability of cells
expressing the chimeric constructs to spread on unpatterned sub-
strates that did not constrain the adhesive area. Primary microvas-
cular endothelial cells expressing IL-2R and the three chimeric re-
ceptors were able to adhere to the surface, whereas control
uninfected cells or cells expressing empty adenoviral vector were
unable to form attachments and were easily removed from the sur-
face. Cells expressing the IL-2R-VE-cad, spread substantially
within 30 min, whereas those expressing IL-2R without the cad-
herin tail remained rounded (Figure 5, A and B). The typical diam-
eter of fully spread IL-2R-VE-cadycpp- and IL-2R-VE-cadyio—
expressing cells was approximately 30 um, whereas the typical
diameter of fully spread IL-2R- and IL-2R-VE-cadgmp_sana—
expressing cells was approximately 20 pm. Of interest, whereas
IL-2R-VE-cadcgp—expressing cells did not exhibit a significant
spreading defect compared with those expressing IL-2R-VE-cad-
eytos the p120-uncoupled chimera was statistically indistinguish-
able from IL-2R, suggesting a key role for p120 in modulating cell
spreading (Figure 5B).

Molecular Biology of the Cell



) 0/ S
A& S a8
A & FEE D IL-2R-p120 E IL-2R—-B-catenin
& o N NN colocalization colocalization
e &L
S KXV AV VY 2 1.1 £ 09
RN YR S ] I_
IP: IL-2R € ] % e g ]
IB: IL-2R g 067 i g 067 @
c T c T
(e} (o]
g 011 EosE T
o o
IP: IL-2R 5-04 PEEIES 5 00 @ D ¥ O
e » @ > N Q
IB: p120 % AQ;C’O}Y?VO ¥ ((;oo;?io
IP: IL-2R DI DN
—_— IP: B-cat v N4

o

n'd a4
a N
= =
|8 |‘8
53 53
T Ll
=4 =>
1 T
[m] (|
= =
L L
(m] o
a2} om
O O
< <

Cytoplasmic domains of chimeric receptors recruit p120 and B-catenin to the site of adhesion.
(A) Immunoprecipitations were performed to verify that the chimeric receptors were able to complex with the
appropriate catenins. Magnetic beads conjugated to antibodies against IL-2R were used to pull down the chimeric
receptors, which were subsequently probed for p120 and B-catenin. p120 coprecipitated with IL-2R-VE-cad, and
IL- 2R-VE-cad,cpp, and B-catenin was pulled down by IL-2R-VE-cad, and IL-2R-VE-cadgmp_,aaa- (B, C) To ensure that
catenins were recruited to the sites of adhesion mediated by the chimeric constructs, cells expressing the constructs
were seeded on micropatterned coverslips (see Figure 3) using IL-2R antibodies as an adhesive ligand. The cells were
then extracted using Triton X-100 in a cytoskeleton stabilization buffer and stained for p120, B-catenin, and IL-2R. p120
colocalized with IL-2R-VE-cad,y, and IL-2R-VE-cad,cpp (B), whereas f-catenin colocalized with IL-2R-VE-cad.:, and
IL-2R-VE-cadgmp_saaa (C). Bars, 20 pm. (D, E) Colocalization of IL-2R chimeras with p120 (D) and B-catenin (E) was
quantified as Pearson’s r. Thick line, median (n = 5-6 cells per group); box, interquartile range; whiskers, full range.

To verify that these differences in cell spreading were specifically
the result of disrupting the VE-cadherin-p120 interaction, we next
expressed IL-2R, IL-2R-VE-cad.y1,, and IL-2R-VE-cadgmp_sana in @
p120-null endothelial cell line and in a control cell line that retained
p120 expression (Oas et al., 2010; Figure 5, C and D). In the p120-
expressing cells, we again observed a significant increase in the
spread surface area of cells expressing IL-2R-VE-cad.1, compared
with those expressing IL-2R or IL-2R-VE-cadgpp_aaa (Figure 5C).
However, in a p120-null background, the increased spreading seen
previously in the IL-2R-VE-cad—expressing cells was eliminated,
and there were no differences among the three groups (Figure 5D).
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These results indicate that cell spreading requires both the expres-
sion of p120 and its binding to the VE-cadherin juxtamembrane
domain.

Rac1 activity regulates cell spreading but not adhesion
strength

Binding of p120 to the juxtamembrane domain of cadherins is be-
lieved to locally activate the small GTPase Rac1 at the plasma mem-
brane, which in turn induces membrane ruffling and allows for the
extension of lamellipodia through the localized regulation of actin
dynamics (Ridley et al., 1992, 2001; Tan et al., 2008). A prediction
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FIGURE 3: Micropatterned coverslips feature adhesive islands that allow for the generation of
regular arrays of evenly spaced cells with well-defined morphologies. Micropatterning occurs
through a stepwise process. (A) Glass coverslips are coated with titanium and gold using an
electron beam evaporator, and then a PDMS stamp is used to print islands of the self-
assembling monolayer across the surface of the coverslip (A, 1). This generates adhesive islands
that can passively adsorb ligands that will interact specifically with adhesive receptors on the
surface of cells (A, 2). Spaces between the adhesive islands are backfilled with polyethylene
glycol to create nonadhesive surfaces around sites of cell adhesion (A, 3). Cells are seeded on
the micropatterned coverslips and adhere individually to adhesive islands (A, 4). (B) Cells
expressing IL-2R and chimeric constructs adhere to adhesive islands. Micropatterned coverslips
are treated with immunoglobulin G directed against the IL-2 receptor, which can be detected
with fluorescently labeled secondary antibodies. Cells expressing IL-2R seeded on the
micropatterned surfaces form a regular array of single cells attached to adhesive islands.

based on these previous findings and our results presented thus far
is that p120-dependent cell spreading would require Rac1 activity
but the acquisition of strong adhesion, which is mediated by B-
catenin, would be Rac1 independent. To test this model, we deter-
mined adhesive strength mediated by the IL-2R-VE-cad, chimera
in the presence or absence of the Rac1 inhibitor NSC23766, using
the hydrodynamic spinning-disk assay. Inhibition of Rac1 had no dis-
cernible effect on adhesion strength mediated by the IL-2R-VE-
cadeyto chimera (Figure 6A). In contrast, inhibition of Rac1 dramati-
cally reduced spreading mediated by the IL-2R-VE-cad,,:, chimeras
(Figure 6C). Furthermore, when cells expressing IL-2R constructs
were cotransduced with constitutively active Rac1, the spread areas
of all four groups were dramatically increased, regardless of the
ability of p120 to bind the cadherin tail (Figure 6D). Of interest,
constitutively active Rac1 expression caused cells expressing the
B-catenin—uncoupled constructs to spread more than those express-
ing B-catenin-coupled chimeras, suggesting that actin associations
limit spreading in this context. These findings indicate that p120-
mediated cell spreading occurs through a Rac1-dependent pathway
but that the acquisition of adhesive strength mediated by the
B-catenin—binding domain of the cadherin tail occurs through a
Rac1-independent process.

DISCUSSION

The results presented here indicate that the p120- and B-catenin—
binding domains of the cadherin tail function differentially to regu-
late adhesion. Whereas p120 modulates the ability of cells to spread
and increases the area of the adhesive contact, B-catenin binding to
the cadherin tail modulates the strength of cadherin-mediated ad-
hesion independent of contact area. Thus p120 and B-catenin both
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hesion strength (Nanes and Kowalczyk,
2012). Yap et al. (1998) demonstrated that
the cadherin juxtamembrane domain and
p120 are important in strengthening cell ad-
hesion. Using a laminar flow assay, they al-
lowed cells expressing C-cadherin con-
structs to adhere to a tube coated with the
C-cadherin extracellular domain and sub-
jected to fluid shear force. Cells expressing
wild-type C-cadherin showed an increase in
adhesion strength. However, this adhesion-
strengthening effect was lost in those cells
in which the p120 binding site was deleted
or mutated (Goodwin et al., 2003). An im-
portant distinction between these previous
studies and our present analysis is that we
controlled the geometry of cells exposed to
shear forces using micropatterned surfaces,
thus allowing us to discriminate between
cell spreading and adhesion strength. In-
deed, Yap et al. (1998) reported reduced
spreading in cells expressing C-cadherin
constructs lacking the cadherin juxtamem-
brane domain. Similarly, we observed de-
fects in cell spreading when binding of p120
to the cadherin tail was abrogated either by
mutation of the juxtamembrane domain or the loss of endogenous
p120 (Figure 4, B and C). As shown previously, contact area is a key
factor in controlling adhesive strength (Gallant et al., 2005). Further-
more, it is likely that in a shear flow—based adhesion assay, cells that
flatten and spread reduce their relative exposure to shear stress.
Cells expressing cadherins that are uncoupled from p120 do not
flatten and are thus subjected to higher shear forces. Consistent
with this interpretation, when we controlled cell shape using micro-
patterned surfaces to constrain cell spreading and thus control cell
geometry, we found that p120 had no significant role in modulating
the strengthening of cadherin-based adhesion. We conclude that
p120 does not directly regulate cadherin strengthening but instead
regulates the area of the cadherin contact zone.

As mentioned previously, p120 binding stabilizes cadherins at
the cell surface. Because surface expression levels of the different
chimeras were similar (Figure 1D), disrupting p120 binding did not
affect adhesion strength by reducing the amount of cadherin avail-
able to form adhesive contacts. However, the localization of p120
near the plasma membrane also influences actin dynamics through
the Rho-family GTPases. p120 has been well characterized as a
potent regulator of Rho-family GTPases RhoA, Rac1, and Cdc42
(Anastasiadis, 2007). In particular, the initiation of adhesion by cad-
herins was found to stimulate Rac1 activity (Noren et al., 2001;
Kovacs et al., 2002), and this activation is dependent on binding of
p120 to the cadherin tail (Goodwin et al., 2003). Rac1 activity at the
plasma membrane causes actin reorganization and membrane ruf-
fling (Ridley et al., 1992) and is known to be important in the forma-
tion of lamellipodia (Ridley, 2001; Tan et al., 2008), particularly at
newly formed adhesive contacts (Ehrlich et al., 2002). The adhesive
defects reported by Goodwin et al. (2003) when p120 binding to the

Molecular Biology of the Cell
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FIGURE 4: Linkage between cadherins and the actin cytoskeleton is necessary to strengthen steady-state adhesion.

(A) A hydrodynamic spinning-disk device was used to measure the adhesive strength of populations of cells. Cells were
seeded onto micropatterned coverslips and allowed to adhere for 16 h. A coverslip with adherent cells was mounted
onto the spinning-disk apparatus, and a vacuum pump was used to hold the sample in place. The sample was then
submerged into the spin chamber filled with PBS+ with 2 mM dextrose. The chamber was equipped with baffles at the
edges, which prevented the spinning motion of the sample from creating a vortex. The sample was then spun for 5 min
at a controlled speed (o), resulting in a gradient of shear force (1) proportional to the distance from the coverslip center
(r). Samples were then fixed, permeabilized, and stained for microscopy and quantification of adherent cells remaining
on the coverslip. (B) The cells remaining attached to the coverslip were counted at various positions across the
coverslip, and the values were plotted and sigmoid curves were fitted to the combined count totals. (C) Comparisons of
adhesion strength values (t50) among the chimeric constructs. IL-2R was significantly less adhesive than IL-2R-VE-cad,
and IL-2R-VE-cadgyvp_aaa (Tukey test; p < 0.050) but not significantly different from IL-2R-VE-cadcpp.

E-cadherin tail was blocked were rescued when constitutively active
Rac1 was expressed. Consistent with these results, we found that
inhibition of Rac1 impaired cell spreading even in cells in which
p120 was able to bind to the cadherin tail (Figure 6C). Likewise,
constitutively active Rac1 rescued the spreading defect in cells ex-
pressing p120-uncoupled cadherin (Figure 6D). However, in the hy-
drodynamic spinning-disk assay, in which spreading area is limited,
inhibition of Rac1 did not decrease adhesion strength (Figure 6A).
Collectively, these findings indicate that the cadherin-p120 com-
plex regulates the size of the adhesive contact area in a Racl1-de-
pendent manner, although we cannot rule out the possibility that, in
some circumstances, Rac1 might influence cadherin-based adhe-
sion independently of cell spreading.

In contrast to the role of p120 in modulating adhesive contact
area, B-catenin binding is dispensable for cell spreading but re-
quired for cadherin-based adhesive strength (Figure 5). B-Catenin
associates with a-catenin and is believed to participate in cou-
pling the cadherin-catenin complex to the actin cytoskeleton, al-
though the precise mechanism by which cadherins associate with

Volume 24 March 15, 2013

actin is not fully understood (Drees et al., 2005; Yamada et al.,
2005). On the basis of our findings, we propose a model (Figure
7) in which p120 binding to the cadherin tail drives expansion of
the cadherin contact in a Racl-dependent manner. B-Catenin
serves to strengthen the adhesive contact by recruiting actin-
binding proteins that couple the cadherin—catenin complex to the
actin cytoskeleton, thus stiffening the adhesive contact zone.
Localized cytoskeletal stiffening enhances adhesion strength by
increasing the shear force needed to peel off the leading edge of
an adherent cell (Gallant et al., 2005; Gallant and Garcia, 2007).
Thus p120 and B-catenin both contribute to the overall adhesive
potential of cadherins at the cell surface, but they do so through
distinct and complementary mechanisms. These findings have im-
portant implications for understanding the mechanistic basis for
loss-of-function mutations in the cadherin tail domain and caten-
ins in various model systems. Further in vivo analysis of p120-un-
coupled cadherins, in parallel with the use of Racl-uncoupled
p120 gene replacement studies, will be critical for understanding
how the cadherin-pl20 complex regulates cell-cell contact size
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FIGURE 5: The interaction between p120 and the cadherin juxtamembrane domain is required to promote cell
spreading. (A, B) Cells expressing the chimeric constructs were seeded sparsely on unpatterned coverslips coated with
antibodies against IL-2R. The cells were allowed to adhere for 30 min before fixation. (A) Representative images of
adherent cells expressing the IL-2R constructs. Uninfected cells and those infected with an empty adenoviral vector
were not able to attach to the IL-2R-antibody-coated coverslips. Bar, 20 pm. (B) The spread areas of 100 cells per
condition, chosen at random, were measured and plotted by quantifying the number of cells per condition whose
spread areas were larger than a given area in microns. On these inverse cumulative distribution plots, each data point
indicates the percentage of cells (y-axis) that have spread areas greater than a given value (x-axis). Thus a population of
cells exhibiting comparatively larger spread areas will generate data points that fall further to the right on the graph
than the other populations being compared. The median values of the different groups were found to be statistically
different (Kruskal-Wallis test; p < 0.001). IL-2R and IL-2R-VE-cadgyp_aaa Were not statistically different from each
other, and IL-2R-VE-cad,:, and IL-2R-VE-cad,cgp were not statistically different from each other. However, both
members of the former pair were statistically different from both members of the latter pair (Tukey test; p < 0.05).

(C, D) IL-2R, IL-2R-VE-cadyto, and IL-2R-VE-cadpmp_,aaa Were expressed in mouse endothelial cells that were either
control or p120 null, and their spreading ability was measured as in the previous experiment. (C) In control cells,
IL-2R-VE-cad,, exhibited significantly increased spreading over IL-2R and IL-2R-VE-cademp_,aaa (Kruskal-Wallis test;
p < 0.001; Tukey test; p < 0.05). (D) In p120-null cells, the increased spreading observed in IL-2R—VE-cadCyto was lost
(Kruskal-Wallis test; p = 0.230). (D, inset) Surface expression levels of the various chimeras were similar, as measured by
immunofluorescence. Thick line, median (n = 28-38 cells per group); box, interquartile range; whiskers, 90% range.

and adhesion strength during development and other complex
biological processes.

MATERIALS AND METHODS

Cell culture

Primary cultures of dermal microvascular endothelial cells (MECs)
from human neonatal foreskin were isolated and cultured in Microvas-
cular Endothelial Cell Growth Media-2 (EGM-2MV; Lonza, Basel,
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Switzerland) supplemented with cAMP (Sigma-Aldrich, St. Louis, MO).
Heart endothelial cells were isolated from mice harboring a floxed
allele of p120 as previously described (Oas et al., 2010) and immortal-
ized by transduction with SV40 DNA according to a previously pub-
lished method (Ades et al., 1992). Clonal cell populations were ex-
panded, and a cell line was selected on the basis of morphology and
the expression of endothelial markers VE-cadherin and PECAM-1. To
induce p120 knockout, the cells were infected with an adenovirus
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>

Strength of Adhesion

160 - *
- I 1
E 140 -
7]
e 120
3
:g 100
<
S 80
5
5 60
5
B 40
K=
2 20

0

YoN & P
%0 ,A ,Q%C)
S S SR I
N\ N\

C

Cell Spreading: Rac Inhibitor (NSC23766)

100
—o— IL-2R
—o— IL-2R-VE-cad,,,
—e— IL-2R-VE-cad, ,
80 1 —8— |L-2R-VE-cad,yp pun
(2]
©
o
"5 60
(%]
(=2}
1]
t
o 401
o
S
()
o
20 4
0 4
0 1000 2000 3000 4000

Spread area (arbitrary units)

Cell Spreading: Untreated

100 <
—o— IL-2R
—o— IL-2R-VE-cad, .,
—o— I[L-2R-VE-cad_
o ] —0— |L2R-VE-Calgy 550
3
(]
"5 60
()
(=2}
©
=
o 40 4
<
(3]
o
20 4
0 T T | _____ 1
0 1000 2000 3000 4000
Spread area (arbitrary units)
D Cell Spreading: Constitutively Active Rac1
100 4
—e— IL-2R
—o— IL-2R-VE-cad .,
—8— IL-2R-VE-cad_,
N 80 1 —8— |L-2R-VE-cad,y s pun
3
o
%5 60 1
()]
=)
]
S 401
(&)
S
[]
o
20 -
0 h T T T 1
0 1000 2000 3000 4000

Spread area (arbitrary units)

FIGURE 6: Rac1 inhibition phenocopies the p120-dependent spreading defect. (A) The adhesion strength of primary
microvascular endothelial cells expressing IL-2R and IL-2R-VE-cad,, with and without Rac1 inhibitor NSC23766
treatment was assayed using the hydrodynamic spinning-disk device. The addition of NSC23766 did not significantly
affect adhesion strength mediated by the VE-cadherin cytoplasmic tail (Tukey test; p < 0.050). (B-D) Cell spreading was
measured in untreated endothelial cells (B), NSC23766-treated endothelial cells (C), and endothelial cells expressing a
constitutively active Rac1 mutant (D). Rac1 inhibition prevented cell spreading and eliminated differences between

chimeras, whereas constitutively active Rac1 increased spreading.

expressing Cre (gift from L. Yang, Winship Cancer Institute, Emory
University School of Medicine, Atlanta, GA) so that parallel wild-type
and p120-null lines were generated. These cells were cultured in high-
glucose DMEM (Mediatech, Herndon, VA) with 20% fetal bovine
serum (Sigma-Aldrich), antibiotic/antimycotic solution (Mediatech),
100 pg/ml heparin (Sigma-Aldrich), 100 pg/ml endothelial cell growth
supplement (ECGS; Biomedical Technologies, Stoughton, MA), T mM
nonessential amino acids (Invitrogen), T mM sodium pyruvate (Invitro-
gen), 2 mM L-glutamine (Mediatech), and 25 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES; Mediatech). All endothelial
cells were grown on 0.1% gelatin-coated plates to ~80% confluency
for experiments. Rac1 inhibitor NCS23766 was obtained from Tocris
Bioscience (Bristol, United Kingdom) and used at a concentration of
200 pM at 30 min before assays were performed.
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Adenoviruses

The IL-2R-VE-cadeyto, IL-2R-VE-cadacpp, and IL-2R-VE-cad jyip-ana
(here designated as IL-2R-VE-cadgpp_,ana) cOnstructs were gener-
ated as described previously (Xiao et al., 2003). These were sub-
cloned into the pAd-Track vector that coexpresses green fluorescent
protein (GFP), and they and the IL-2R and wild-type p120 constructs
were added to cells 16-20 h before seeding for experiments, and
infection rates of ~80% were used as monitored by GFP expression.
Constitutively active RhoA adenovirus (Kalman et al., 1999) was pro-
vided by D. Kalman (Emory University, Atlanta, GA).

Micropatterned surfaces
Micropatterned coverslips with adhesive islands surrounded by a

nonadhesive background were prepared as previously described
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FIGURE 7: Interaction between p120 and cadherins strengthens cell adhesion by promoting cell spreading. A proposed
model demonstrating the distinct contributions of p120 and B-catenin to strengthening adhesion.

(Gallant et al., 2005). Briefly, to generate a regular array of adhe-
sive islands 20 um in diameter and 75 pm from center to center,
a polydimethylsiloxane (PDMS) stamp was prepared from a tem-
plate (Dumbauld et al., 2010) and used for microcontact printing
of self-assembled monolayers of alkanethiols on gold-coated
coverslips. Glass coverslips 25 mm in diameter were cleaned and
then coated with titanium (100 A) and then gold (2000 A) using
an electron beam evaporator (Thermionics, Hayward, CA). Before
microcontact printing, the stamp was sonicated in 70% ethanol
for 15 min and allowed to dry. Using a cotton swab, the patterned
surface of the PDMS stamp was coated with 1.0 mM hexadecane-
thiol in ethanol, dried using a nitrogen stream, and laid on the
gold-coated coverslip for 30 s under 50-100 g of weight to ensure
uniform contact. This process generates a surface with regularly
spaced adhesive islands that adsorb ligands such as extracellular
matrix proteins or cell membrane-associated adhesive receptors.
To prevent adhesion to the areas between islands, patterned cov-
erslips were incubated for 2 h in tri(ethylene glycol)-terminated
alkanethiol to create a nonadhesive and nonfouling background.
The coverslips were then washed three times with absolute etha-
nol, once with sterile double-distilled H,O, and once with phos-
phate-buffered saline plus calcium and magnesium (PBS+/+) be-
fore coating with IgG2a directed against the IL-2 receptor
(purified from American Type Culture Collection [Manassas, VA]
hybridoma HB8784) at a concentration of 20 pg/ml for 1 h. After
ligand adsorption, the patterned coverslips were blocked in heat-
inactivated bovine serum albumin (1% wt/vol) for 30 min and
incubated in PBS until seeding. Cells expressing IL-2R-containing
constructs were removed from culture plates using trypsin/
EDTA and seeded onto the micropatterned coverslips at a den-
sity of 225 cells/mm?. The coverslips were returned to the 37°C
incubator for 16 h.
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Hydrodynamic spinning-disk assay

Cell adhesion strength was measured as previously described
(Garcia et al., 1998b; Gallant et al., 2005). With the use of a spinning
disk, a micropatterned coverslip with adherent cells was mounted
on the spinning platform, stabilized by vacuum pressure, submerged
in a solution of 2 MM dextrose in PBS+/+, and spun for 5 min (Figure
4A). The hydrodynamic forces present on the surface of the cover-
slip are described by the equation

r=0.8r/pue’

where 1 is the applied shear stress (force/area), ris the radial posi-
tion relative to the center of the coverslip, p is the density of the
solution, ut is the viscosity of the solution, and w s the speed of rota-
tion. After being spun, the samples were fixed in 3.7% formalde-
hyde, permeabilized in 0.1% Triton X-100, and stained with ethid-
ium homodimer-1 (E1169; Life Technologies, Carlsbad, CA). The
remaining adherent cells were counted on a fluorescence micro-
scope with a motorized stage, ImagePro image analysis software
(Media Cybernetics, Silver Spring, MD), and an algorithm that ana-
lyzed 61 fields of view per sample ranging from the center of the
coverslip to the outer edges. The fraction of adherent cells (f) was
calculated by comparing the number of cells present at each field
with the number present at the center, where the shear forces are
close to zero. Detachment profiles (fvs. 1) were fitted to a sigmoidal
curve,

—
1

+ gblr=%0)
where Tgq is the value of shear stress at which 50% of the cells re-
main adherent. This value was used as a measure of mean adhesion
strength. For comparisons between groups, analysis of variance was
used, and if significant differences were detected, the Tukey test
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was used to perform pairwise comparisons, in which p < 0.05 was
considered significant.

Cell-spreading assay

Adhesive substrates were generated using the same method as for
the micropatterned samples described earlier, except that instead
of stamping, the entire coverslip was coated with 1 mM hexade-
canethiol in ethanol before incubation in the IL-2R IgG2a ligand.
Cells expressing the constructs containing IL-2R were seeded
sparsely on these surfaces and allowed to attach at 37°C for 30 min.
The samples were then gently washed in PBS, fixed with paraform-
aldehyde, and mounted on microscope slides. Light microscopy
was used to photograph fields at random, and for each condition,
the spread areas of a total of 100 individual cells (not bordering any
other cell) were measured. To determine whether the difference in
median values between groups was statistically significant, we per-
formed the Kruskal-Wallis test (with p < 0.001 indicating signifi-
cance), followed by pairwise comparisons between groups using
the Tukey test (with p < 0.05 indicating significance).

Immunofluorescence staining

Cells were fixed using methanol (Acros Organics, Geel, Belgium) or
3.7% paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA) in phosphate-buffered saline with calcium and magnesium
(PBS+/+) containing 2% bovine serum albumin (Fisher Scientific), fol-
lowed by permeabilization with 0.1% Triton (Roche Diagnostics Cor-
poration, Indianapolis, IN) in PBS+/+, and then stained using anti-
bodies against IL-2R (MAB223 clone 22722, R&D Systems,
Minneapolis, MN) and 4’,6-diamidino-2-phenylindole (DAPI). Cells
attached to micropatterned coverslips were washed with PBS+/+
and washed once in cytoskeleton buffer (CSK) containing 10 mM
1,4-piperazinediethanesulfonic acid buffer, 50 mM NaCl, and 3 mM
MgCl,. Protease inhibitors (1 mM phenylmethylsulfonyl fluoride,
1 pg/ml aprotinin, and 1 pg/ml pepstatin) were added immediately
before use. The cells were then washed twice in CSK containing
0.5% (vol/vol) Triton X-100 and fixed in 4% paraformaldehyde. Cells
were subsequently blocked in 5% goat serum with 0.01% NaN3 and
stained using antibodies against IL-2R (R&D), p120 (610135; BD Bio-
sciences, San Diego, CA), and B-catenin (A5441; Sigma-Aldrich).

Immunoprecipitation

Immunoprecipitations were carried out as described previously
(Chiasson et al., 2009), without cross-linking. Briefly, HelLa cells were
grown to confluency and infected with IL-2R—containing chimeric
constructs. On the day of the experiment, cells were placed on ice,
rinsed with PBS, and lysed with buffer A (150 mM NaCl, 10 mM
HEPES, 1 mM ethylene glycol tetraacetic acid, and 0.1 mM MgCl,
pH 7.4) plus 0.5% TX-100, scraped from the dish, and incubated on
ice for 30 min. Cell lysates were centrifuged at 16,100 x g for 10 min,
and supernatants were diluted to 1 mg/ml in 0.5 ml of buffer A plus
0.5% Triton X-100. The supernatants were incubated overnight at
4°C with sheep anti-mouse Dynal magnetic beads (Invitrogen) con-
jugated to monoclonal antibodies against IL-2R (N-19; Santa Cruz
Biotechnology, Santa Cruz, CA). The beads were then washed with
buffer A plus 0.1% Triton X-100 and eluted with SDS-PAGE sample
buffer at 75°C for 5 min before performing Western blots, which
were probed with antibodies against p120 (SC-1101; Santa Cruz
Biotechnology) and B-catenin (A5441; Sigma-Aldrich).

Western blotting

Cells were cultured in complete growth medium and infected with
adenoviruses for 16-24 h before being harvested in Laemmli sample
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buffer (Bio-Rad Laboratories, Hercules, CA), and samples were boiled
for 5 min before loading on 7.5% SDS-PAGE gel for protein separa-
tion. Proteins were transferred to nitrocellulose membrane for immu-
noblotting and probed with antibodies against IL-2R (N19; Santa
Cruz Biotechnology), and p120 (SC-1101; Santa Cruz Biotechnology).
Horseradish peroxidase—conjugated secondary antibodies (Bio-Rad
Laboratories) were used at 1:3000 dilution, and blots were devel-
oped with Amersham ECL Western Blotting Detection Reagents
(RPN2106; GE Healthcare, Piscataway, NJ) or Amersham ECL Plus
(RPN2132; GE Healthcare).
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