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aE-catenin regulates actin dynamics independently
of cadherin-mediated cell-cell adhesion
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E-catenin binds the cell-cell adhesion complex of
E-cadherin and B-catenin (B-cat) and regulates
filamentous actin (F-actin) dynamics. In vitro, bind-
ing of aE-catenin to the E-cadherin—B-cat complex lowers
«E-catenin affinity for F-actin, and «E-catenin alone can
bind F-actin and inhibit Arp2/3 complex-mediated actin
polymerization. In cells, to test whether «E-catenin regu-
lates actin dynamics independently of the cadherin com-
plex, the cytosolic aE-catenin pool was sequestered to

Introduction

The balance between cell—cell adhesion and cell migration is
critical in development and is altered in disease states including
metastatic cancers. During development, cells migrate to spe-
cific sites and then, upon contact with other cells, become sta-
tionary and differentiate into tissues (Baum et al., 2008).
Subsequently, strong cell—cell adhesion is important in the main-
tenance of tissue integrity (Gumbiner, 2005; Halbleib and Nelson,
2006). However, changes in cell-cell adhesion complexes can
lead to the reinitiation of cell migration during cell turnover or
wound healing (Thiery and Sleeman, 2006) or enable metastatic
cells to disperse to distant organs (for review see Benjamin and
Nelson, 2008). Mechanisms linking cell-cell adhesion to the
regulation of cell migration are poorly understood.

Cell—cell adhesion between migratory cells results in im-
mediate and long-term changes in actin-based membrane dynam-
ics (Adams et al., 1996; Krendel and Bonder, 1999; Vasioukhin
etal., 2000; Yamada and Nelson, 2007). Membrane activity at the
leading edge of cells, driven largely by Arp2/3 complex—mediated
nucleation of branched filamentous actin (F-actin) networks,
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mitochondria without affecting overall levels of aE-catenin
or the cadherin—catenin complex. Sequestering cytosolic
aE-catenin to mitochondria alters lamellipodia architec-
ture and increases membrane dynamics and cell migra-
tion without affecting cell-cell adhesion. In contrast,
sequestration of cytosolic aE-catenin to the plasma mem-
brane reduces membrane dynamics. These results demon-
strate that the cytosolic pool of «E-catenin regulates actin
dynamics independently of cell-cell adhesion.

promotes cell movement (Pollard and Borisy, 2003) and is in-
volved in the initiation of intercellular contacts (Ehrlich et al.,
2002; Kovacs et al., 2002). After contact initiation in simple epi-
thelial cells, the actin network associated with the plasma mem-
brane is reorganized (Krendel and Bonder, 1999; Yamada and
Nelson, 2007) and eventually forms bundled filaments oriented
parallel to the lateral contact between cells (Hirokawa and Heuser,
1981). These changes in actin organization coincide with damp-
ening of membrane dynamics and cell migration and the estab-
lishment of strong cell—cell adhesion (Ehrlich et al., 2002).
Members of the cadherin family of Ca**-dependent cell—cell
adhesion proteins have a major role in the initiation of early cell—
cell contacts (Halbleib and Nelson, 2006) and regulation of actin
cytoskeleton organization (Kobielak and Fuchs, 2004). In epithe-
lial cells, E-cadherin binds to B-catenin (3-cat), which in turn
binds to aE-catenin (Aberle et al., 1994). aE-catenin also binds
and bundles actin filaments (Rimm et al., 1995), and therefore, it
was assumed that o E-catenin statically links the cadherin—catenin
complex to the actin cytoskeleton (Gates and Peifer, 2005). Addi-
tionally, other actin-associated proteins bind aE-catenin and

© 2010 Benjamin et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub-
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as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Figure 1. «E-cafenin exists as a monomer A

and homodimer in MDCK cytosol. (A) Recom-
binant aE-catenin fractions collected from oM
$200 gel filtration. The two peaks correspond
to aE-catenin monomer (™) and homodimer \I]
(a®). (B) Coomassie-stained native PAGE.
Purified recombinant «E-catenin homodimer
and monomer (a°/a™) served as markers for
MDCK cytosol. (C) Recombinant «E-catenin
homodimer and monomer and MDCK cell
cytosol were run on a native PAGE gel and
blotted for aE-catenin (left) and B-cat (right).
aE-catenin monomer (), homodimer (aP), 0
and heterodimer with B-cat (a/B) are marked.

Note that recombinant aE-catenin and MDCK
cytosol were run on the same gel but shown
at different exposures, which are separated
by a dotted line. (D, top) MDCK cytosol from
cyclohexamide (CHX)+reated cells was sepa-
rated by native PAGE and Western blotted for
aE-catenin. (D, bottom) Total cell lysates were
also separated by SDS-PAGE and blotted for
aE-catenin and GAPDH. (E) Ratio of aE-catenin
homodimer to monomer from experiment
shown in D was defermined by measuring
band immunofluorescence intensity. (F) Native D
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could provide an indirect link to the actin cytoskeleton. These
proteins include some that bind actin directly, such as vinculin
(Watabe-Uchida et al., 1998), afadin (Tachibana et al., 2000;
Pokautta et al., 2002), EPLIN (Abe and Takeichi, 2008), and ZO-1
(Itoh et al., 1997), and others that regulate actin polymerization,
such as formins/mDia (Kobielak et al., 2004) and the Arp2/3 com-
plex (Kovacs et al., 2002). However, in almost all cases, the mo-
lecular affinities and stoichiometries of these additional proteins
in the cadherin—catenin complex have not been defined.

Studies of aE-catenin in vivo have also suggested func-
tions independent of cadherin-mediated cell-cell adhesion.
Depletion of aE-catenin from mouse epidermis (Vasioukhin et al.,
2001) or neural progenitor cells of the developing cortex (Lien
et al., 2006) reduces cadherin-based cell—cell contacts and in-
duces formation of hyperplastic cell masses. Similarly, cultured
aE-catenin—null keratinocytes have increased cell proliferation
and migration (Vasioukhin et al., 2001). Furthermore, loss of

JCB « VOLUME 189 « NUMBER 2 « 2010

SDS-PAGE

both aE-catenin and E-cadherin in some human cancers corre-
lates with worse patient prognosis than loss of either protein
alone (Matsui et al., 1994; Mialhe et al., 1997; Kim et al., 2002;
Scholten et al., 2006; Setoyama et al., 2007; for review see
Benjamin and Nelson, 2008).

In vitro binding studies with purified proteins provided
direct evidence that oE-catenin functions independent of the
cadherin—catenin complex (Drees et al., 2005). Key findings
were that binding to (3-cat weakens the affinity of aE-catenin for
F-actin and that the oligomeric state of aE-catenin regulates its
affinity for F-actin; aE-catenin monomer binds (-cat, whereas
aE-catenin homodimer preferentially binds to actin filaments
and inhibits Arp2/3 complex—mediated F-actin polymerization
(Drees et al., 2005; Yamada et al., 2005). Thus, the aE-catenin
species with the strongest affinity for F-actin, the homodimer, is
not bound to the cadherin complex. These results raised the pos-
sibility that the cadherin-free, cytosolic pool of aE-catenin could
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Figure 2. shRNA-mediated knockdown of
aE-catenin depletes membrane and cytosolic
pools. (A) Control MDCK and stable aE-catenin
knockdown MDCK cells (aE-cat shRNA) were
stained for aE-catenin, B-cat, E-cadherin, and
F-actin. Bar, 10 pm. (B) Whole cell lysates from
MDCK and aE-cat shRNA cells separated by
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regulate actin-based membrane dynamics and potentially cell
migration independently of the cadherin—catenin complex at the
plasma membrane. In this study, we test this hypothesis by de-
pleting the cytosolic pool of aE-catenin in simple epithelial
(MDCK) cells and analyzing the effects on cell-cell adhesion,
actin-based membrane dynamics, and cell migration. Our results
identify cell—cell contact—dependent and —independent functions
of aE-catenin in regulating actin-based membrane dynamics
that control cell-cell adhesion and cell migration.

Results

acaE-catenin exists as a monomernr,
homodimer, and a heterodimer with p3-cat

in MDCK cells

We first sought to characterize the distribution and molecular
form (monomer or homodimer) of aE-catenin in the cytoplasm
and membrane of MDCK cells. Recombinant aE-catenin ex-
pressed in bacteria eluted in two peaks from an S200 gel filtra-
tion column (Fig. 1 A) that were identified as monomer (o™) and
homodimer () by multiangle light scattering (Drees et al.,
2005). Analysis of these peak fractions by native PAGE revealed
two distinct protein bands: a faster migrating monomer and slower
migrating homodimer (Fig. 1, B and C). To identify aE-catenin
monomers and homodimers in normal epithelial cells, MDCK
cell cytosol (supernatant) was separated from membranes and
cytoskeleton (pellet) by high speed centrifugation and analyzed
by native PAGE to maintain protein complexes (Fig. 1 B, lane 2)

and immunoblotted for aE-catenin (Fig. 1 C, lane 2) and -cat
(Fig. 1 C, lane 3). Three prominent protein bands containing
aE-catenin were detected: a pair of slower migrating bands that
comigrated with recombinant aE-catenin monomer (™) and
homodimer (a”) and a faster migrating band that contained B-cat
(a/B; referred to as heterodimer; Fig. 1 C). The turnover of these
forms was analyzed after protein synthesis was halted with
cyclohexamide; the monomer and heterodimer were degraded
rapidly, and the homodimer was slightly more stable (Fig. 1,
D and E). Several other proteins that bind oE-catenin, includ-
ing the frequently cited vinculin (Watabe-Uchida et al., 1998) and
actin (Rimm et al., 1995), did not comigrate with any of these
three aE-catenin bands (Fig. 1 F), and binding to other high
molecular weight proteins such as ZO-1 and afadin would be
expected to cause a significant change in the electrophoretic mo-
bility of aE-catenin monomer and homodimer. These results
indicate that aE-catenin in MDCK cytosol comprises a mono-
mer, homodimer, and heterodimer with 3-cat.

We attempted to determine whether aE-catenin monomer
and homodimer associated with the actin cytoskeleton by ana-
lyzing changes in the amount of aE-catenin forms in the cyto-
solic pool upon stabilizing (jasplakinolide) or depolymerizing
(cytochalasin-B) the F-actin cytoskeleton. However, these con-
ditions yielded only small and variable changes (<20%) in the
amount of aE-catenin monomer and homodimer in the cytosol
(unpublished data), indicating that the pool of aE-catenin bound
directly to F-actin in MDCK cells is either relatively small or is
unaffected by changes in the state of F-actin polymerization.

aE-catenin regulates actin dynamics * Benjamin et al.
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Figure 3. Targeting endogenous «E-catenin to mitochondria depletes the cytosolic «E-catenin pool. (A) Schematic of aE-catenin mitochondrial-targeting
constructs. B-Cat-ActA, minimal aE-catenin-binding domain of B-cat (aa 92-179) fused to mRFP and the mitochondrial targeting region (aa 436-637)
of ActA. ActA, control construct containing mRFP fused to aa 436-637 of ActA. (B) RFP and aE-catenin staining of B-cat-ActA and ActA MDCK cell lines.
Yellow boxes highlight magnified regions shown in the bottom row. (C) Coimmunoprecipitation of aE-catenin from B-cat-ActA and ActA lysates using either
RFP (lanes 4-6) or E-cadherin (lanes 7-9) antibodies. Blots probed for E-cadherin and RFP (top) and aE-catenin (bottom) are shown. Note that ActA migrates
slightly faster than the IgG heavy chain (arrow). Asterisk marks cross reacting IgG heavy chain. B-Cat-ActA_1 and B-cat-ActA_2 were two independent,
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We could not determine the molecular forms of aE-catenin
associated with the cadherin complex in the plasma mem-
brane fraction pelleted by high speed centrifugation. Detergent
extraction, required to release the cadherin complex from the
insoluble pellet for analysis, alters protein migration in native
PAGE; we also do not have a purified ternary complex of full-
length E-cadherin bound to the aE-catenin/3-cat heterodimer to
run as a standard. However, we assume that aE-catenin is bound
to the cadherin complex as a monomer because the binding
interfaces for aE-catenin homodimerization and hetero-
dimerization with (3-cat overlap almost completely (Pokutta and
Weis, 2000). Thus, at a structural level, these two forms of
aE-catenin are mutually exclusive.

Changing the distribution of different pools
of endogenous aE-catenin in MDCK cells

The aforementioned results show that aE-catenin monomer and
homodimer are not an artifact of purified recombinant aE-catenin
but exist in the cytosol of MDCK cells along with a membrane-
associated pool bound to E-cadherin (likely monomer) and pos-
sibly a small actin-associated pool. To test the hypothesis that the
cytosolic pool of aE-catenin regulates actin dynamics indepen-
dently of cadherin, we sought to deplete the cytosolic pool of
aE-catenin without affecting the cadherin-bound pool.

Stable expression of a short hairpin RNA (shRNA) against
aE-catenin in MDCK cells (referred to as aE-cat ShRNA) suc-
cessfully depleted aE-catenin levels, which disrupted cell—cell
adhesion and altered cell morphology (Fig. 2 A). Western blot
analysis revealed that aE-catenin levels were reduced to <20% of
control (Fig. 2, B and C). However, both the cytosolic and mem-
brane pools of aE-catenin were reduced (Fig. 2, D and E), and both
aE-catenin monomer and homodimer were reduced by ~80%
compared with control (Fig. 2 F). Therefore, we devised methods
to reduce only the cytosolic pool of aE-catenin by targeting
aE-catenin to mitochondria or to membranes without affecting
either the overall level or cadherin-bound pool of aE-catenin.

Targeting cE-catenin to mitochondria

Endogenous aE-catenin was targeted to mitochondria by ex-
pressing a chimeric protein comprising a minimal oE-catenin—
binding region of (3-cat (aa 92—-179) fused to monomeric RFP
(mRFP) and the C-terminal region (aa 438-637) of the mito-
chondrial binding domain of the Listeria monocytogenes pro-
tein ActA (referred to as (-cat—ActA; Fig. 3 A; Niebuhr et al.,
1997); this domain of ActA lacks the actin-, Ena/VASP-, and
Arp2/3-binding motifs (Niebuhr et al., 1997). In vitro binding

studies show that binding of a-catenin to {3-cat is enhanced
>10-fold when B-cat is bound to cadherin (unpublished data);
thus, this B-cat fragment should bind cytosolic aE-catenin
but not compete with aE-catenin in the cadherin—@-cat complex
on the plasma membrane. A similar construct lacking the
aE-catenin—binding domain of (-cat was used as a control
(referred to as ActA; Fig. 3 A).

Stable MDCK cell lines expressing these constructs were
generated, and two 3-cat—ActA clones and one ActA clone were
chosen randomly. These clones were used in parallel, but data
from only one are presented as being representative. The levels
of E-cadherin, aE-catenin, B-cat, actin, tubulin, and mtHsp70
(mitochondrial heat shock protein 70) were similar in control
cells and cell clones expressing 3-cat—ActA (Fig. S1 A). The
growth rates of both cell types were also similar (Fig. S1 B).

Immunofluorescence microscopy of MDCK cell clones
showed that B-cat-ActA colocalized with mtHsp70 (unpub-
lished data) and recruited aE-catenin to mitochondria (Fig. 3 B).
The ActA control construct also localized to mitochondria
but did not recruit aE-catenin (Fig. 3 B). To further verify
aE-catenin binding to B-cat-ActA and not ActA, mRFP was
immunoprecipitated from Triton X-100—extracted membranes.
oE-catenin coimmunoprecipitated with (-cat—-ActA but not
ActA (Fig. 3 C, lanes 4-6). In contrast, similar amounts of
aE-catenin coimmunoprecipitated with E-cadherin from both
B-cat—ActA and ActA cells (Fig. 3 C, lanes 7-9). Thus, seques-
tering cytosolic aE-catenin to mitochondria did not affect the
plasma membrane (E-cadherin bound) pool of aE-catenin. Con-
sistent with this, quantification of aE-catenin immunofluores-
cence in mixed populations of ActA or 3-cat—ActA (expressing)
and wild-type (nonexpressing) MDCK cells revealed no statisti-
cally significant differences in aE-catenin intensity at cell-cell
contacts between any combination of these cells (Fig. 3, D and E).

Because both the overall level of aE-catenin and the amount
of membrane-bound aE-catenin were unaltered in [3-cat—ActA
cells, it was likely that the cytosolic pool of aE-catenin had been
sequestered to mitochondria. Indeed, immunofluorescence
revealed very low cytoplasmic staining of aE-catenin in
B-cat—ActA cells compared with ActA cells (Fig. 3 B, bottom).
To quantify this difference, postnuclear supernatants from ActA
and 3-cat—ActA cells were separated into membrane (pellet) and
cytosol fractions: ~50% of aE-catenin was present in the cyto-
sol of ActA cells compared with ~25% in 3-cat—ActA cells
(Fig. 3, F and G). Importantly, native PAGE of cytosolic proteins
showed that the combined amount of aE-catenin monomer and
homodimer was reduced by ~60-70% (n = 6) from the cytosol

stable cell lines. (D) ActA- or B-cat-ActA-expressing MDCK cells (asterisks) mixed with wild-type MDCK cells and stained for aE-catenin. (E) The mean level
of aEatenin at cell-cell contacts was quantified between two expressing cells (E/E), an expressing and nonexpressing MDCK cell (E/N), and two non-
expressing MDCK cells (N/N). Results are presented in a box and whisker format. The ends of the box mark the upper and lower quartiles, the horizontal
line in the box indicates the median, and the whiskers outside the box extend to the highest and lowest value within 1.5 times the interquartile range. Out-
liers are represented as dots. About 30 cell-cell contacts for each condition were measured. (F) Cytosol (C) and membrane (M) fractions from B-cat-ActA
and ActA stable cells were separated by SDS-PAGE and blotted for aE-catenin, mtHsp70, and GAPDH. (G) aE-catenin band intensities shown in F were
measured, and the percentage of aE-catenin in the cytosol fraction is graphed. (H) Native PAGE of ActA and B-cat-ActA cytosol blotted for aE-catenin (leff)
and B-cat (right). An additional slow-migrating band (asterisk) present in B-cat-ActA cytosol cross reacted with RFP (not depicted) and is presumed to be
an aE-catenin/B-cat-ActA heterodimer synthesized in the cytoplasm that binds posttranslationally to mitochondria. (I) Immunofluorescence of EPLIN, ZO-1,
a-actinin, B-cat, F-actin, vinculin (all shown in green), and RFP (red) in B-cat-ActA cells. (J) Inmunofluorescence of aE-catenin (red) and afadin and mDia2
(green) in B-cat-ActA cells. Bars, 10 pm. Error bars represent SEM from three independent experiments.

aE-catenin regulates actin dynamics * Benjamin et al.
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Figure 4.  Sequestration of cytosolic aE-catenin A ActA B-cat-ActA  oE-cat shRNA
to mitochondria increases cell migration but .

does not disrupt cellcell adhesion. (A) ActA,
B-cat-ActA, and aE-cat shRNA cell suspen-
sions were triturated, fixed, and imaged
at the indicated times. (B) Cell clusters were
binned info the following classes: 1-11, 12-20,
21-50, 51-100, or >100 cells, and the
percentage of cell clusters in a bin class at a
given time point is shown. Data shown are a
representative example from two independent
experiments. (C) Confluent monolayers were
scratched (O h) and imaged over time fo track
wound closure. (D) Rate of wound closure was
measured and plotted as the mean width of
the wound over time and defined in arbitrary
units (au). Data shown are a representative
example from two independent experiments.
(E) 250-400 individual cells from each cell type
were tracked for 2 h during wound closure. B ActA B-cat-ActA oE-cat shRNA

Velocity is defined as length of track/time. Co- B 111 cells
ordination is defined as 1/radius (the inverse I
of the mean difference of angle between a g .
target cell and neighbors; the lowest possible ~ © []21-50 cells
value is 2/m [~0.64], and the highest is infin- S I 51-100 celis
ity). Persistence is defined as deviation/track o
length (the lowest possible value is O, and & I >100 cells
the highest is 1). Error bars indicate SEM. **,
P < 0.002 (Mann-Whitney test). Bars, 100 pm. Hour
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of B-cat-ActA cells (Fig. 3 H, left; and Fig. S1 C). Because We examined whether other reported aE-catenin-binding

monomer and homodimer separate poorly from each other in partners were cosequestered with aE-catenin to mitochondria
native PAGE, it was not possible to measure their relative levels in B-cat—ActA cells. Immunofluorescence of vinculin, ZO-1,
accurately. The amount of heterodimer appeared slightly in- a-actinin, F-actin, 3-cat, EPLIN, afadin, and mDia2 (and mDial,
creased in 3-cat—ActA cytosol (Fig. 3 H, right; and Fig. S1 C). not depicted) revealed that none of these proteins colocalized
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Figure 5. Cytosolic aE-catenin regulates actin-
dependent membrane dynamics. (A and B)
Representative kymographs of EGFP-actin in
membrane protrusions from ActA and B-cat-
ActA cells. (A) 2-pixel-wide kymographs were
compiled parallel to protrusion direction over
10 min. (B) Number of protrusions per 10-min
window (left) and the mean speed of protru-
sions (right) were measured in ActA and B<at-
ActA cells and shown using a box and whisker
plot. 11 cells with 30 protrusions in ActA and
11 cells with 50 protrusions in B-cat-ActA
) ) cells were quantified. (C and D) Representative
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with aE-catenin on mitochondria (Fig. 3, I and J; and Fig. S2);
note that the space-filling, punctate-staining pattern of mDia2
(and mDial, not depicted) throughout the cytoplasm and in the
perinuclear region was similar in ActA and (-cat—ActA cells
(Fig. S2 G). Furthermore, we did not detect actin assembly
or actin filaments associated with mitochondria in live cells
expressing actin-GFP (unpublished data). Thus, the observed
phenotypes in B-cat—ActA cells are caused by the sequestration
of cytosolic aE-catenin to the mitochondria and not to the mis-
localization of these actin-binding proteins.

Overall, these data show that in 3-cat—ActA cells, aE-catenin
is bound to the plasma membrane by the native E-cadherin—3-cat
complex and sequestered to mitochondria by B-cat—ActA.
Although the amount of oE-catenin associated with E-cadherin
at the plasma membrane was unchanged compared with control
cells, the cytosolic pool of aE-catenin monomer and homodimer
was depleted.

Effects of sequestering the cytosolic pool
of aE-catenin on cell-cell adhesion and

cell migration

The effects of sequestering the cytosolic pool of aE-catenin to
mitochondria on cell-cell adhesion and cell migration were
tested in B-cat—ActA cells. For comparison, we also examined
aE-catenin knockdown cells in which both the membrane and
cytosolic pools of aE-catenin were depleted.

The rate and strength of cell-cell adhesion was measured
with a hanging drop assay (Fig. 4 A). B-cat—ActA and ActA
cells formed trituration-resistant cell aggregates at similar rates
(Fig. 4 B). In contrast, aE-catenin knockdown cells failed to
form even small cell clusters (Fig. 4, A and B), indicating a sig-
nificant loss of cell—cell adhesion.

Next, we used a wound-healing assay to examine cell sheet
migration (Fig. 4 C). The rate of wound closure was similar for
ActA and control MDCK cells (Fig. 4 D). In contrast, -cat—
ActA cells closed the wound about two to three times faster.

MDCK asdots. *, P <0.02; ***, P <0.0002 (Mann-

Whitney test). Bars, 5 pm.

oE-cat
shRNA

Because no defects in growth rate (Fig. S1 B) or cell—cell adhe-
sion (Fig. 4, A and B) were observed for [3-cat—ActA cells, the
increased rate of wound closure was not caused by filling in by in-
creased cell division or loss of cell-cell adhesion. We ruled out
effects of defective cell polarization on altered wound healing as
the centrosome, a marker of polarized cell migration, polarized
normally relative to the wound edge (unpublished data).

Surprisingly, aE-catenin knockdown cells closed the
wound at a rate similar to control cells (Fig. 4 D). This result
was not caused by decreased cell division, as aE-catenin
knockdown did not significantly affect cell proliferation in
MDCK cells (Fig. S3). Close inspection of cell movements
indicated that cells were moving around rapidly but not in a
directed manner. Indeed, automated single-cell tracking of
scratched monolayers revealed that aE-catenin knockdown
cells migrated even faster than [3-cat—ActA cells (Fig. 4 E).
However, migration of aE-catenin knockdown cells was sta-
tistically less persistent and uncoordinated compared with
both 3-cat—ActA and MDCK control cells (see Materials and
methods; Fig. 4 E), thereby counteracting the increased mi-
gration rate of these cells.

Changes in plasma membrane dynamics

by sequestering the cytosolic pool of
aE-catenin to mitochondria

Next, we examined whether increased cell migration of [3-cat—
ActA and oE-catenin knockdown cells reflected increased
plasma membrane dynamics as a result of changes in actin
dynamics. Kymograph analysis of lamellipodial dynamics in
B-cat—ActA and ActA cells showed that ActA control cells
produced thin, undynamic lamellipodia, whereas [3-cat—ActA
cells had highly dynamic lamellipodia with many rapid protru-
sions and retractions (Fig. 5 A). Both the velocity and frequency
of membrane protrusions were significantly higher in (3-cat—
ActA cells than in ActA control cells (Fig. 5 B). aE-catenin
knockdown caused a similar increase in protrusion velocity

aE-catenin regulates actin dynamics * Benjamin et al.

345

920z Ateniga 20 uo 1senb Aq jpd° L #001600Z A9l/E L6995 L/6€E/2/68 1 /4Pd-alonue/qol/Bio ssaidnyy/:dny wol pspeojumoq


http://www.jcb.org/cgi/content/full/jcb.200910041/DC1
http://www.jcb.org/cgi/content/full/jcb.200910041/DC1

346

(Fig. 5, C and D) but a less-marked increase in protrusion number
relative to MDCK controls.

These results show that altering the distribution of
aE-catenin in MDCK cells has broad effects on plasma mem-
brane dynamics. Selective depletion of cytosolic aE-catenin in
[B-cat—ActA cells increased plasma membrane dynamics and the
rate of cell migration without affecting cell—cell adhesion. Deplet-
ing both cytosolic and membrane pools of aE-catenin by shRNA
knockdown also increased plasma membrane dynamics and the
rate of cell migration but reduced coordinated cell movements
because of a lack of cadherin-mediated cell-cell adhesion.

Targeting aE-catenin to the plasma
membrane independently of E-cadherin
Normally, aE-catenin is bound to the E-cadherin—{3-cat complex
on the plasma membrane. Therefore, we questioned whether in-
creasing the membrane-associated pool of aE-catenin would af-
fect plasma membrane dynamics and cell migration. Endogenous
oE-catenin was targeted to membranes, including the plasma
membrane, independently of E-cadherin by expressing a chime-
ric protein comprising the same minimal aE-catenin—binding
region of B-cat (aa 92-179) used in the aforementioned mito-
chondrial targeting construct but fused instead to mCherry and a
10-aa palmitoylation/myristoylation sequence from Lyn tyrosine
kinase (Kovdrova et al., 2001) that targets the chimeric protein to
membranes (referred to as Lyn—3-cat; Fig. 6 A). As an additional
control, two tyrosine residues (Y120 and Y 142) in the 3-cat se-
quence required for (3-cat binding to oE-catenin (Aberle et al.,
1996) were mutated to alanine (referred to as Lyn—(3-cat mutant;
Fig. 6 A). Two independent cell lines of each construct were
tested and gave equivalent results. In addition, two chimeric
proteins were constructed in which mCherry was replaced with
the Fc domain from human IgG1 (termed Lyn-Fc—B-cat and
Lyn-Fc—B-cat mutant) for coimmunoprecipitation experi-
ments. No changes in the total cellular levels of aE-catenin,
E-cadherin, actin, or tubulin were detected in Lyn—3-cat cells
compared with control cells (Fig. S4 A)

Lyn—3-cat but not the Lyn—@3-cat mutant recruited addi-
tional aE-catenin to the plasma membrane (Fig. 6 B). The level
of aE-catenin at the plasma membrane in Lyn—(3-cat cells was
quantified using the aforementioned mixed culture assay in which
Lyn—B-cat or Lyn—3-cat mutant cell lines were mixed with wild-
type MDCK cells (Fig. 6, B and C). Two contacting Lyn—3-cat
cells had significantly more aE-catenin at the plasma membrane
compared with a Lyn—3-cat cell contacting a wild-type MDCK
cell, which in turn had significantly more aE-catenin at the
plasma membrane compared with two contacting wild-type
MDCK cells (Fig. 6 C). No change in aE-catenin levels at the
plasma membrane was noted in Lyn—@-cat mutant cells, as ex-
pected (Fig. 6 C). Recruitment of oE-catenin to the membrane
from the cytosol in Lyn—3-cat cells was also quantified by sepa-
ration of membrane and cytosol, as described for -cat—ActA
cells (Fig. 3, F and G). The amount of cytosolic aE-catenin de-
creased from ~40% of total aE-catenin in control cells to <10%
in Lyn—@3-cat cells (n = 3; Fig. 6, D and E). Note that the amount
of aE-catenin bound to the E-cadherin complex was similar in
Lyn—B-cat and Lyn—3-cat mutant cells (Fig. 6 F, compare lane 3
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with lane 6) even though the overall amount of aE-catenin was
increased at the plasma membrane (Fig. 6 F, compare lane 2 with
lane 5). Thus, the additional number of -cat-binding sites pro-
vided by Lyn—f3-cat increased aE-catenin recruitment to the plasma
membrane independently of binding sites on the E-cadherin—
[-cat complex. Finally, binding of aE-catenin to the membrane-
anchored fragment of 3-cat was verified by immunoprecipitation.
The Fe chimeric proteins (Lyn-Fc—3-cat and Lyn-Fc—3-cat mu-
tant) were transiently expressed, and protein complexes immuno-
precipitated with anti-human IgG1 antibodies from Triton
X-100—extracted membranes. As expected, aE-catenin coimmu-
noprecipitated with Lyn-Fc—f3-cat but not with the Lyn-Fc—3-cat
mutant (Fig. 6 G, lanes 2 and 5).

Native PAGE analysis revealed that, similar to 3-cat—ActA
cells, aE-catenin monomer and homodimer were reduced by
~70% in the cytosol of Lyn—@3-cat cells compared with control
cytosol (n = 3; Fig. 6 H, left), whereas the amount of heterodi-
mer was unchanged (Fig. 6 H, right). An mCherry signal was
detected in cytosol of Lyn—(-cat and Lyn—@-cat mutant cells
(Fig. 6 H) and likely represents newly translated Lyn constructs
before lipid modification and membrane localization.

We tested whether increased amounts of aE-catenin at
the plasma membrane affected the distribution of EPLIN,
an actin-binding protein recently reported to bind aE-catenin
(Abe and Takeichi, 2008). EPLIN was localized to sites of
cell—cell contact and actin stress fibers (Abe and Takeichi,
2008), but enrichment of EPLIN at the plasma membrane
was not observed in Lyn—3-cat cells (Fig. S3, B and C). Also, we
did not observe additional recruitment of putative aE-catenin—
binding partners vinculin, ZO-1, a-actinin, F-actin, or 3-cat to
the plasma membrane (unpublished data). Therefore, similar to
the 3-cat mitochondrial strategy, functional differences between
Lyn—B-cat and control cells can be attributed to changes in
aE-catenin localization and not to the redistribution of these
actin-binding proteins.

We tested the effects of increasing oE-catenin binding to
membranes on cell—cell adhesion and cell migration. In the
hanging drop assay, Lyn—f3-cat and Lyn—f3-cat mutant cells
formed trituration-resistant cell aggregates at similar rates
(Fig. S4, D and E), indicating that cell—cell adhesion was unaf-
fected. Likewise, the rate of wound closure was similar for Lyn—
[B-cat, Lyn—f3-cat mutant cells, and control MDCK cells (Fig. S4,
F and G) in the wound-healing assay, demonstrating that cell
migration was unperturbed. However, time-lapse images re-
vealed that the lamellipodial dynamics of Lyn—{3-cat cells were
significantly reduced compared with Lyn—(3-cat mutant control
cells (Fig. 6, I and J).

Effects of changes in endogenous
oaE-catenin localization on Arp2/3 and F-actin
distributions at the plasma membrane

We next examined whether changes in plasma membrane dy-
namics and cell migration in (3-cat—ActA and Lyn—f-cat cells
corresponded to differences in Arp2/3 complex localization,
F-actin assembly, and F-actin ultrastructure, as predicted from
the inhibitory effect of aE-catenin on Arp2/3-mediated actin
polymerization in vitro (Drees et al., 2005).
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Arp2/3 complex localization in Lyn—f-cat, ActA, and
B-cat—ActA cells was visualized by staining for the p34 subunit
of the complex (Fig. 7 A). Relative to the sharp and discrete
staining along the leading edge of ActA controls, p34 localiza-
tion was noticeably broader and more continuous in (3-cat—
ActA cells (Fig. 7 A and Fig. S5). Increased F-actin staining
was also observed along the leading edge of p34-rich lamelli-
podia in B-cat—ActA cells (Fig. 7 A). To quantify p34 and F-actin
fluorescence intensity, we measured pixel intensities along
line scans originating at the cell edge and extending into the
cell cortex (Fig. 7 B). Both p34 and F-actin signals were dis-
tributed more broadly in B-cat—ActA protrusions relative to
ActA controls, confirming visual observations (Fig. 7 B). This
broader enrichment of Arp2/3 complex at the leading edge of

mCherry

B-catenin

terquartile range. Outliers are represented
as dots. (D) Cytosol (C) and membrane (M)
fractions from Lyn-B-cat and Lyn—-B-cat mutant
cells separated by SDS-PAGE and blotted for
aE-catenin, mCherry, and GAPDH. (E) Percent-
age of aE-catenin in cytosol fraction from exper-
iment shown in D was measured and plotted.
(F) Ecadherin immunoprecipitates from Lyn—
B-cat and Lyn-B-cat mutant cell lysates were
blotted for E-cadherin and «E-catenin. Cyto,
cytosol; mem, membrane. (G) Fc immunopre-
cipitates (IP) from Lyn-Fc—B-cat and Lyn-Fc-B-cat
mutant cell lysates were blotted for aE-catenin
and Fc. Sup, supernatant. (H) Native PAGE of
Lyn—B-cat mutant and Lyn—-B-cat cytosol blotted
for aE-catenin (left), mCherry (middle), and
B-cat (right). An additional band (asterisks) in
Lyn—B-cat cytosol cross reacted with mCherry
and aE-catenin and is likely an aE-catenin/Lyn-
B-cat heterodimer. (I and J) Representative time-
lapse montage of mCherry-labeled membrane
protrusions in lyn—B-cat mutant and Lyn—B-cat
cells. (I) Arrows, membrane extensions; arrow-
heads, membrane retractions. (J) Quantification
of membrane dynamics in 29 Lyn-B-cat mutant
and 24 Lyn—B-cat cells. Change in membrane
area was calculated as the mean difference in
area between two 10-s frames normalized for
cell area (left, schematic; right, quantification).
**, P <0.002 (Mann-Whitney test). Error bars
indicate SEM from three independent experi-
ments. Bars: (B) 10 pm; (/) 5 pm.
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Area

+u
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ruffling B-cat—ActA cells was also observed in live cell imag-
ing of cells expressing Arp3-GFP (unpublished data). In con-
trast, little or no enrichment of p34 along the leading edge was
observed in Lyn—(-cat cells; instead, p34 levels in membrane
protrusions were contiguous with levels in the cortex (Fig. 7,
A and B). Note that changes in Arp2/3 complex fluorescent pro-
files similar to those observed in Lyn—3-cat cells were found
upon injection of skeletal tropomyosin, another inhibitor of
the Arp2/3 complex, into cells (Gupton et al., 2005), further
supporting a role for aE-catenin in regulating the Arp2/3 com-
plex and thereby actin organization.

The ultrastructural organization of F-actin at the plasma
membrane was examined by electron microscopy after critical
point drying and platinum/carbon coating of detergent-extracted
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Figure 7. Redistribution of cytosolic and A

membrane-associated «E-catenin pools affects
Arp2/3 complex enrichment in lamellipodia.
(A) Representative images from two ActA, Bcat-
ActA, and Lyn-B-cat cells fixed and stained
with anti-p34 antibody (Arp2/3 complex) and
Alexa Fluor-labeled phalloidin (F-actin). Bar,
10 pm. (B) Fluorescence intensity of p34 and
F-actin signals in lamellipodia was measured
by line scan analysis. Mean fluorescence <3 pm
extending from the cell edge (0) in the cell cor-
tex was plotted. 40-50 protrusions from each
cell type were measured at three separate
points and averaged.

p34

F-actin

and chemically fixed cells (Fig. 8). The major difference between
cell types was in formation of lamellipodia, which could be
recognized by the presence of a dense, branched network of
relatively short actin filaments at the cell leading edges. 3-Cat—
ActA cells tended to have larger and more continuous lamelli-
podial regions at the leading edge (Fig. 8, D-F) compared with
control cells (Fig. 8, A—C). This was in contrast to Lyn—(3-cat
cells, which typically had decreased lamellipodial area and actin
network density (Fig. 8, G-I) compared with control cells. In
addition, the lamella, a sparser region behind lamellipodia con-
taining long actin filaments, actin bundles, microtubules, and
intermediate filaments, was much broader in (3-cat—ActA cells
compared with Lyn—f3-cat and ActA cells (Fig. 8, A, D, and G).
These data, in conjunction with those obtained from Arp2/3
complex staining and the barbed-end actin nucleation assay,
indicate that differences in cell migration and membrane dynam-
ics between P-cat—ActA, Lyn—3-cat, and control cells correlate
with differences in both actin polymerization and organization.

Discussion

In vitro studies with purified proteins showed that oE-catenin is
an allosteric protein in which the monomer binds the cadherin—
catenin complex and homodimer preferentially binds actin
filaments and inhibits Arp2/3 complex—mediated actin polymer-
ization (Drees et al., 2005; Yamada et al., 2005). These results
intimated roles for aE-catenin in the regulation of actin-based
membrane dynamics in addition to and perhaps independent of
aE-catenin roles in cell—cell adhesion. In this study, we tested
key predictions of these in vitro results in epithelial cells.

We identified multiple forms of aE-catenin in MDCK
cells. A membrane-bound pool of aE-catenin was identified in
the E-cadherin—catenin complex; formally, we do not know
whether this pool is a monomer, homodimer, or both, although
it is likely to be a monomer based upon structural evidence
(Pokutta and Weis, 2000). In the cytosol, we identified aE-catenin
monomer and homodimer, which had a relatively fast turnover
rate. We also observed aE-catenin in complex with (3-cat (heterodi-
mer) in the cytosol. The source and function of this heterodimer
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pool is unclear. One possibility is that the heterodimer becomes
dissociated from the cadherin—catenin complex during cytosol
preparation. Alternatively, B-cat in excess of E-cadherin—binding
sites might be sequestered by cytosolic aE-catenin and degraded
rapidly (Fig. 1 D). Finally, we attempted to determine the form
of aE-catenin associated with the actin cytoskeleton, but we
could not biochemically distinguish proteins that pelleted with
F-actin from those bound to membranes.

Based upon in vitro experiments, we suggested that
aE-catenin, rather than solely serving as a static link between
cadherin and actin, has an essential and active role in regulating
F-actin organization during the formation and maintenance of
cell—cell contacts (Drees et al., 2005). We proposed that during
cell—cell contact formation, recruitment of aE-catenin to the
E-cadherin—f3-cat complex present on the lamellipodial membrane
would produce a local high concentration of cytosolic aE-catenin
that would inhibit Arp2/3 complex—mediated branched actin
polymerization, thereby dampening membrane dynamics and
allowing the development of strong cell-cell adhesion. We tested
this hypothesis by reducing the cytosolic pool of aE-catenin.

shRNA-mediated knockdown of aE-catenin in MDCK
cells depleted both plasma membrane and cytosolic pools
equally and greatly reduced cell—cell adhesion while increasing
cell migration. These effects are similar to genetic deletion of
aE-catenin in mice, which causes increased cell migration and
tumor formation (Vasioukhin et al., 2001; Lien et al., 2006), and
in humans, results in tumors with very poor prognosis (for
review see Benjamin and Nelson, 2008), even though levels of
E-cadherin can remain high in both cases.

The effects of shRNA-induced knockdown of oE-catenin
indicate that both the plasma membrane and cytosolic pools of
aE-catenin function together to control cell-cell adhesion and
cell migration. We sought to separate functions of the cytosolic
and membrane-bound pools of aE-catenin by sequestering the
cytosolic pool to mitochondria without affecting the membrane-
bound pool or increasing the membrane-bound pool at the ex-
pense of the cytosolic pool.

Selective depletion of only the cytosolic pool of aE-catenin
to mitochondria in 3-cat—ActA cells increased plasma membrane
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dynamics, generated broader and more extensive Arp2/3 complex
staining at the leading edge of lamellipodia, and increased the
areas of lamellipodia and lamellae compared with controls. It is
likely that changes in the distribution of aE-catenin directly
affected F-actin polymerization rather than inducing off-target
effects, as we did not detect changes in the levels of E-cadherin or
[3-cat (and therefore presumably other E-cadherin—bound proteins
such as p120), the amount of aE-catenin associated with the cad-
herin complex (Fig. 3 C), or sequestration of vinculin, EPLIN,
a-actinin, actin, afadin, mDia, or ZO-1 to mitochondria (Fig. 3,
Tand J; and Fig. S2). We suggest that cytosolic levels of aE-catenin
in B-cat—ActA cells were too low to inhibit Arp2/3 complex—
mediated actin polymerization, and consequentially, increased
Arp2/3 complex activity increased the rate of cell migration. Thus,
consistent with our previous in vitro study (Drees et al., 2005), the
cytosolic pool of aE-catenin regulates actin-based membrane
dynamics at a distance from cell—cell contacts and thereby nor-
mally contributes to the suppression of cell migration.

When we increased the membrane-bound pool of
aE-catenin in Lyn—(3-cat cells, there was a concomitant decrease
in actin-based plasma membrane dynamics, Arp2/3 complex stain-
ing, and actin-rich lamellipodia compared with control cells. This
was expected from our earlier hypothesis that increasing the level
of aE-catenin at the plasma membrane might result in a rapid flux
between aE-catenin between membrane-bound and cytosolic
pools, thereby locally inhibiting Arp2/3 complex activity (Drees
et al., 2005). Alternatively, a higher concentration of membrane-
associated aE-catenin in Lyn—@3-cat cells could further dampen
actin and membrane dynamics by favoring direct associations
between the cadherin—catenin complex and the actin cytoskeleton,
possibly through other actin regulatory proteins as suggested

Figure 8. Perturbation of cytosolic and
membrane-associated «E-catenin pools alters
actin ultrastructure. (A-l) Platinum replica elec-
tron microscopy of membrane protrusions from
control ActA (A-C), B-cat-ActA (D-F), and Lyn-
B-cat (G-) cells. Red boxes denote magnified
regions shown in the indicated panel. Pseudo
coloring in C, F, and | highlight lamellipodia.

previously (Gates and Peifer, 2005). Although we did not detect an
increase in EPLIN or vinculin associated with the plasma mem-
brane in Lyn—f3-cat cells, other actin-associated proteins local-
ized to adherens junctions (Hildebrand, 2005; Pilot et al., 2006;
Sawyer et al., 2009) could mediate these events independently of
the cadherin—catenin complex at the plasma membrane. Further
studies are required to examine these interactions biochemically
and in cell-based assays.

Cavey et al. (2008) also suggested roles for different pools
of a-catenin in the Drosophila melanogaster embryonic epider-
mis. They found immobile clusters of E-cadherin at cell—cell
contacts that appeared to be linked to actin, probably in an
a-catenin—independent manner; however, the localization of these
clusters depended on an actin network that required a-catenin
(Cavey et al., 2008). They suggested that a-catenin dynamically
associates with the cadherin—3-cat complex and with actin to re-
strict the localization of cadherins to cell-cell contact sites (Cavey
et al., 2008). Placing these previous studies in the context of
the cell-based assays reported in this study supports roles for
oE-catenin that are cadherin dependent at the plasma membrane
and cadherin independent in the cytosol. The latter roles involve
regulating actin-based membrane dynamics that control the bal-
ance between cell—cell adhesion and cell migration, which is crit-
ical in development and is altered in diseases including metastatic
cancers (Gumbiner, 2005; Halbleib and Nelson, 2006; Thiery
and Sleeman, 2006; Baum et al., 2008; for review see Benjamin
and Nelson, 2008). It has long been appreciated that oE-catenin
functions as the primary effector of cadherin engagement on the
actin cytoskeleton; this newly defined role as a regulator of actin
dynamics independently of cell-cell adhesion offers new per-
spective on aE-catenin function in development and disease.
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Materials and methods

Generation of constructs

Generation of Lyn-Fc—B-cat construct. Lyn-Fc—B-cat was constructed using a
multistep cloning process starting with a myristoylated and palmitoylated
GFP in pcDNA 3.1 vector (Lyn-GFP; provided by T. Meyer, Stanford Univer-
sity, Stanford, CA). (a) GFP in Lyn-GFP was replaced with the cytosolic do-
main of E-cadherin using Kpnl and Xbal sites (New England Biolabs, Inc.).
Primers used to amplify and clone the cytosolic domain of E-cadherin were
5"-GCCGGGGTACCTCAGAACGGTGGTCAAAG-3’ and 5-CGGCCT-
CTAGACTAGTCGTCCTCACCACCGC-3'. The resulting plasmid was
termed Lyn-E-cad. (b) Monomeric Fc from human IgG (Chen and Nelson,
1996) was inserted upstream of E-cadherin in the Lyn-E-cad plasmid using
a single Kpnl site (New England Biolabs, Inc.). Primers used to amplify and
clone Fc were 5'-GCCGGGGTACCTGCTCGAGCTCGACAAAAC-3’ and
5"-GCCGGTACCGGATCCCCCCCGGAGACAGGGAG-3' (note that the
3’ primer contained sequences to introduce a novel BamH| site directly
upstream of Kpnl). The resulting plasmid was termed Llyn-Fc-E-cad. (c) The
cytosolic domain of E-cadherin in Lyn-Fc-E-cad was replaced with five gly-
cine repeats directly followed by aa 92-179 of pat using BamHI and
Xbal sites (New England Biolabs, Inc.). Primers used to amplify and clone
the B-cat fragment were 5-GGCCGGATCCGCGGAGGAGGAGGA-
GGAGCTCAGAGGGTCCG-3' and 5'-GGCCTCTAGACTAGGAAAGCT-
GATGGAC-3'. The resulting plasmid was termed Lyn-Fc—B-cat.

Generation of Lyn-Fc-B-cat mutant construct. Lyn-Fc—B-cat mutant was
derived through a two-step site-directed mutagenesis. To generate the
Y142A mutation, the entire Lyn-Fc—B-cat plasmid was amplified (PfuTurbo;
Agilent Technologies) using forward primer 5-GTCAATTTGATTAACGCT-
CAGGATGACGCGGAACTTGC-3' and reverse primer 5'-GCAAGTTCC-
GCGTCATCCTGAGCGTTAATCAAATTGAC-3" (underlined regions corre-
spond to mismatched residues). The resulting PCR was digested for 1 h at
37°C with Dpnl (New England Biolabs, Inc.) to destroy original template
DNA and was transfected into competent cells (Agilent Technologies).
Colonies were grown, and DNA was isolated (QIAGEN) and sequenced
(Sequetech). The resulting plasmid was introduced to a second round of
mutagenesis to generate the Y120A mutation as described using forward
primer 5-GACGCTGCTCATCCCGCTAATGTCCAGCGC-3' and reverse
primer 5-GCGCTGGACATTAGCGGGATGAGCAGCGTC-3'.

Generation of Lyn-mCherry—@-cat and mutant constructs. Lyn-mCherry—
B-cat and Llyn-mCherry—B-cat mutant constructs were cloned from Lyn-Fc—
B-cat and a Llyn-Fc-p-cat mutant, respectively. Fc was replaced with
mCherry using Xhol and BamHlI sites. Primers used to amplify and
clone mCherry were 5-GGGCTCGAGATGGTGAGCAAGGGC-3' and
5'-CCCGGATCCCCTTGTACAGCTCGTC-3".

Generation of B-cat-mRFP-ActA construct. Amino acids 92-179 of
B-cat directly followed by five glycine repeats were cloned info mRFP-N1-
ActA (Takara Bio Inc.; provided by J. Theriot, Stanford University, Stan-
ford, CA) by using EcoRl and BamHI sites (New England Biolabs, Inc.).
Primers used to amplify and clone the B-cat fragment were 5'-GGG-
CAGAATTCCGCCACCATGGCTCAGAGGGTCCG-3' and 5'-GGCAG-
GATCCCCTCCTCCTCCTCCGGAAAGCTGATGGAC-3". The resulting
plasmid was termed Lyn-Fc—B-cat.

Generation of aE-catenin knockdown. Transient canine aEcatenin deple-
tion was obtained by shRNA interference with annealed primers expressed
in a pSuper vecfor (provided by T. Brummelkamp, Massachusetts Institute of
Technology, Cambridge, MA; Brummelkamp et al., 2002). Primers for stable
shRNA knockdown of aE-catenin in MDCK cells were replicated from
Capaldo and Macara (2007) and are 5 sense strand, 5-GATCCCCGGC-
TAACAGAGACCTGATATTCAAGAGATATCAGGTCTCTGTTAGCCTTTITG-
GAAA:3’, and 3’ antisense strand, 5'-AGCTTTTCCAAAAAGGCTAACAG-
AGACCTGATATCTCTTGAATATCAGGTCTCTGTTAGCCGGG-3'. Annealed
primers were cloned using Bglll and Hindlll sites into a pSuper/pEGFP-C1
hybrid vector (provided by B. Grill, University of Minnesota, Minneapolis,
MN) that permits both EGFP and shRNA expression and confers neomycin
resistance. To generate a stable knockdown line, this construct was trans-
fected into MDCK cells and cells cultured under selection in 400 pg/ml
G418. After 1 wk of selection, individual clones were isolated by serial dilu-
tion, expanded, and screened for EGFP expression and reduced levels
(<25%) of aE-catenin by immunostaining and Western blotting.

Cell lines

MDCK G type Il cells were maintained in DME with 1 g/L sodium bicar-
bonate, 10% fetal bovine serum (Atlas Biologicals), penicillin, strepto-
mycin, and kanamycin. To generate stable cell lines, Lyn--cat, lyn—p-cat
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mutant, B-cat-ActA, or ActA constructs were transfected (Lipofectamine
2000; Invitrogen) into MDCK cells and grown under selection in 500 pg/ml
G418 (Invitrogen). Affer 1 wk of selection, individual clones were isolated
by serial dilution, expanded, and screened for RFP or mCherry expression.
Lyn—B-cat and Lyn—B-cat mutant cell lines were FACS sorted before isolating
single clones to enrich for mCherry expression.

Growth curve

100,000 cells were plated on multiple 35-mm dishes (day 0). Cells were
trypsinized and counted from three separate dishes on each day (days 1-6),
and the mean number of cells/dish was plotted.

Hanging drop assay

The assay was performed as described previously (Kim et al., 2000;
Ehrlich et al., 2002). In brief, MDCK cells were grown at low density, and
cells were trypsinized, centrifuged, and resuspended as single-cell suspen-
sions at 2.5 x 10° cells/ml. 20pl drops of cell suspension were pipetted
onto the inside surface of 35-mm culture dish lids, and dishes were filled
with 2 ml media to prevent evaporation. At each time point, the lid was in-
verted, and drops were friturated 10 times through a 20-pl pipet. 4 pl 16%
PFA was added, and each drop was spread onto a glass slide. The entire
coverslip was scanned and photographed with an inverted microscope
with a 10x objective (Axiovert 200M; Carl Zeiss, Inc.), and numbers and
sizes of clusters were counted.

Wound-healing assay

Cells were trypsinized, resuspended in media containing 5 pM Ca?*, and
3 x 10° cells were plated at confluency on collagen-coated 35-mm glass-
bottom dishes (MaTek). Cells were allowed to adhere to the substratum for
75 min, after which the media were replaced with DME containing normal
1.8 mM Ca?*. After a 3-h incubation, a scratch was made along the length
of the dish using a 1,000-pl pipette tip, and the media were replaced with
live cell imaging buffer (DME without phenol red supplemented with 25 mM
Hepes; Invitrogen). Cells were imaged at 10x magnification every 15 min
for 12 h at 37°C on an inverted microscope (Axiovert 200M) controlled
with Slidebook software (Intelligent Imaging Innovations); three to five sites
were imaged along the wound edge. Wound healing was quantified as
the change in mean wound width (area wound/wound height) over time
and measured using Image) software (National Institutes of Health).

Tracking analysis

Cells were prepared as described for the wound-healing analysis except
cells were treated with 5 pg/ml Hoechst for 15 min before scratch forma-
tion and imaged every 5 min for 100 min. Individual nuclei were tracked
to defermine the coordination, velocity, and persistence of cell movements
using custom software (Vitorino and Meyer, 2008). Persistence was mea-
sured as the fraction of time cells spent migrating toward the monolayer
edge (+ 45°) and plotting the mean value as a function of cell distance
from the open edge; coordination was measured by calculating the mean
angular difference between the directions of a pair of cell trajectories and
plotting the inverted value as a function of the distance between cell pairs
(Vitorino and Meyer, 2008).

Kymograph and membrane analysis
Kymograph analysis. Cells were transfected with EGFP-actin (B-cat-ActA
and ActA) or mCherry-actin (MDCK and aE-cat-shRNA). Cells were tryp-
sinized, resuspended in live cell imaging buffer (DME without phenol red
supplemented with 25 mM Hepes; Invitrogen), and plated at single-cell
density (<5 x 10* cells) on collagen-coated 35-mm glass-bottom dishes
(MaTek). Cells were imaged at 100x magnification with a microscope
(Axiovert) every 10 s for 10 min. Kymographs were generated by generat-
ing a time-lapse montage of a single 1-2-pixel-wide frame rectangle (per-
pendicular to cell edge) for each frame of the video (Imagel). The resulting
image represented membrane activity (y axis) over time (x axis). Protrusion
activity was defined as the number of peaks extending >0.5 pm and per-
sisting for >30 s formed in 10 min (membrane extension and retraction).
Protrusion velocity was defined as the rate of membrane extension (mean
slope of peaks). For visual presentation, kymographs were orientated, in-
verted, smoothed, despeckled, and shadowed from the north in Image).
Whole cell membrane andlysis. Lyn-B-cat mutant and Lyn—B-cat-
expressing stable cell lines were trypsinized, plated, and imaged as described
for kymograph analysis. Change in membrane area is defined as a mea-
surement of membrane activity. The cell area difference between sequential
10-s frames for each cell was averaged and normalized (to cell area). Custom-
made macros in Image) were used to quantify changes in cell area.
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Immunofluorescence

Cells were processed for immunofluorescence as follows (unless other-
wise described): cells were fixed for 15 min in 3% PFA (Electron Micros-
copy Sciences) and rinsed with PBS (Sigma-Aldrich). Cells were blocked
and stained with primary and secondary antibodies in a PBS solution
containing 1 mM MgCl,, 2 mM EGTA, 2% BSA, 1% goat serum, and
0.05% saponin and mounted in Vectashield + DAPI (Vector Laboratories).
Primary antibodies used were vinculin (1:100; Sigma-Aldrich), aE-catenin
(1:100; Enzo Life Sciences, Inc.), EPLIN (1:100; BD), ZO-1 (1:100; Invit-
rogen), B-cat (1:500; Néthke et al., 1994), a-actinin (1:100; Sigma-
Aldrich), afadin (1:500; Sigma-Aldrich), and mDial and 2 (1:400;
provided by A. Alberts, Van Andel Institute, Grand Rapids, MI). Second-
ary antibodies used were goat/donkey anti-mouse or -rabbit IgG la-
beled with FITC or rhodamine red-X/Cy5 (1:200; Jackson ImmunoResearch
Laboratories, Inc.). Fluorescently labeled phalloidin was used to visualize
actin (1:500; Invitrogen). Coverslips were imaged using an inverted
microscope (Axiovert 200) and AxioVision software (Carl Zeiss, Inc.).
Arp2/3 staining. Cells were fixed in PFA/PHEM buffer (Strasser et al.,
2004), washed with PBS, blocked for 1 h at RT in PBS + 10% BSA, washed
three times in PBS, incubated with primary in PBS + 1% BSA for 1 h at RT,
washed three times in PBS, incubated with secondary in PBS + 1% BSA for 1 h
at RT, washed three times in PBS, and mounted in Fluoromount G (Southern-
Biotech). Arp2/3 was stained using anti-p34-Arc/ARPC2 (1:100; Millipore),
and F-actin was stained using Alexa Fluor phalloidin (Invitrogen). Cells
were imaged on a widefield deconvolution system (Deltavision; Applied
Precision).To measure fluorescence, line scans (3-pixels wide; mean fluores-
cence) were drawn perpendicular to the leading edge, extending 3 pm
into the cell center, and pixel intensities were quantified using MetaMorph
software (MDS Analytical Technologies).

Quantification of aE-catenin and EPLIN at sites of cell-cell contact. Cells
were prepared and stained as described in Immunofluorescence. Using an
inverted microscope (Axiovert 200M) controlled with Slidebook software,
z-stack sections of contacting cells were imaged, and a mean z-stack pro-
jection image was generated (Slidebook). Quantification of mean intensity
(fluorescence) at cell contacts was analyzed by tracing cell—ell contacts
(Imagel). A cell—cell contact between two expressing cells was defined
as an E/E contact. Contacts between an expressing and nonexpressing
MDCK cell were defined as E/N contacts, and contacts between two
MDCK cells were defined as N/N contacts.

Platinum replica EM

After brief washing with DPBS, cells were extracted for 3 min at room tem-
perature with 1% Triton X-100 in PEM buffer (100 mM Pipes-KOH, pH 6.9,
1 mM MgCl,, and 1 mM EGTA) containing 2% polyethyleneglycol (35,000
molecular weight) and 10 pM phalloidin. After extraction, cells were
washed with PEM buffer containing 10 pM phalloidin three times then
fixed with 2% glutaraldehyde for 20 min. Samples for platinum replica EM
were processed as described previously (Svitkina and Borisy, 1998) and
analyzed using a transmission electron microscope (JEM 1011; JEOL)
operated at 100 kV. Images were captured by a charge-coupled device
camera (ORIUS 835.10W; Gatan) and presented in inverted contrast.

Cell extraction

Cells were grown to ~70% confluence by plating 1.5 x 10° cells on a 10<m
dish 2 d before harvesting. Total protein concentration was quantified using
either a BCA protein defermination kit (Thermo Fisher Scientific) or a Brad-
ford assay (Bio-Rad Laboratories).

Whole cell lysate preparation. One to two 10-cm dishes at 70% confluency
were rinsed with PBS and scraped with 0.5 ml of SDS buffer (1% SDS,
10 mM Tris-HCL, pH 7.5, and 2 mM EDTA). Cell lysates was transferred
to a 1.5-ml tube and boiled for 10 min at 100°C. ~30 pg total protein was
loaded for each sample.

Cell fractionation. 6-12 10-cm dishes at ~70% confluence were
rinsed with PBS and harvested in CSK buffer (50 mM NaCl, 300 mM su-
crose, 10 mM Pipes, pH 6.8, 3 mM MgCl,, and 1 mM pefabloc [Roche]).
Cells were homogenized in the cold using a custom-made ball-bearing
homogenizer (Varian Physics Machine Shop, Stanford University, Stanford,
CA) and spun at ~1,000 g for 10 min to pellet nuclei (Eppendorf). Post-
nuclear supernatant was subjected to ultracentrifugation at ~128,000 g
for 45 min at 4°C (TLA 100.3; Beckman Coulter). Membranes (pellet) were
resuspended in a volume of CSK buffer + 0.5% Triton X-100 (Sigma-
Aldrich) equal to that of the cytosol using a pestle and microtube (VWR).
Cytosol and membrane fractions were either separated directly by na-
tive PAGE (cytosol only), by SDS-PAGE gels, or by SDS-PAGE after
immunoprecipitation.

Immunoprecipitation. Antibodies (E-cadherin; 1:100; Marrs et al.,
1993), RFP (1:100; Rockland), and Fc (1:100; Sigma-Aldrich) were
added to Triton X-100 resuspended membrane fractions, and tubes were
rotated at 4°C for 1 h. 25 pl protein A-Sepharose 4B beads (50 pl slurry;
GE Healthcare) was added, and tubes were rotated for 1 h at 4°C. Beads
were washed in CSK buffer + Triton X-100 twice and once with CSK buffer
and resuspended in SDS loading buffer.

Western blotting

10-12% polyacrylamide (Protogel) SDS-PAGE gels and 5% polyacryl-
amide native PAGE gels were prepared identically (electrophoresis sys-
tems; Bio-Rad Laboratories) except for the absence of SDS in native PAGE
gels. Samples loaded onto native PAGE gels were supplemented with
100 pM DTT and bromophenol blue (to track the dye front). Native PAGE
was performed at 4°C at 50 V constant until ~30 min after the dye front ran
off the gels. Gels were transferred onto nitrocellulose (GE Healthcare) over-
night (~1,000 mAmp h) and blocked in 5% milk (1% goat serum and 1%
BSA, optional) in Tris-buffered saline. Primary and secondary antibodies
were prepared in blocking buffer + 0.1% Tween-20. Primary antibodies
used were vinculin (1:1,500; Sigma-Aldrich), aE<atenin (1:1,000; Enzo
Life Sciences, Inc.), EPLIN (1:1,000; BD), p-cat (1:1,000; Néthke et al.,
1994), Ecadherin (1:1,000; Marrs et al., 1993), mtHsp70 (1:500;
Thermo Fisher Scientific), tubulin (1:1,000; Santa Cruz Biotechnology,
Inc.), and GAPDH (1:4,000; Abcam). Secondary antibodies used were
goat anti-mouse 800CW (1:15,000; L-COR Biosciences) and goat anti-
rabbit Alexa Fluor (1:15,000; Invitrogen). Membranes were scanned
using an Odyssey imager and software (L-COR Biosciences), and bands
were quantified using Image).

Online supplemental material

Fig. S1 shows that sequestration of cytosolic aE-catenin to mitochondria
has no effect on cellular protein levels or cell proliferation while effectively
reducing the amount of cytosolic aE-atenin monomer and homodimer.
Fig. S2 shows that targeting aE-catenin to mitochondria does not recruit
additional aE-catenin ligands to mitochondria. Fig. S3 shows that knockdown
of aEcatenin does not affect cell proliferation in MDCK cells. Fig. S4 shows
that cadherin-independent recruitment of aE<atenin to the plasma mem-
brane does not affect protein levels, cell—cell adhesion, cell migration, or
EPLIN recruitment. Fig. S5 shows that Arp2/3 complex staining in MDCK
cells is altered upon redistribution of cytosolic and membrane-associated
aE-catenin. Online supplemental material is available at http://www.jcb
.org/cgi/content/full/jcb.200910041/DC1.
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