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Introduction
AF6 is a tumor-suppressor-like protein that has been first
described as a fusion partner of the acute lymphoblastic
leukemia gene MLL (also known as ALL-1), which arises by a
chromosomal translocation t(6;11) (Prasad et al., 1993). AF6
is a multi-domain protein with two Ras-association (RA)
domains and one PSD-95–Dlg-1–ZO-1 (PDZ) domain
(Schneider et al., 1999) (Fig. 1A). Three different human AF6
transcripts generated by alternative splicing have been
identified (Saito et al., 1998) (Fig. 1A). The AF6 protein
transcribed from the shortest transcript has been termed AF6
isoform 1 (AF6i1; P55196-1) or simply as AF6. The two longer
AF6 transcripts, termed AF6 isoform 2 (AF6i2; P55196-2) and
isoform 3 (AF6i3; P55196-3) (Fig. 1A) harbor additional C-
terminal regions, which differ between these two isoforms in
respect to their sequence; their functions, however, are
unknown.

Human AF6 protein shares 92% amino acid identity with its
rat homologue afadin (Mandai et al., 1997). The shorter of the
two afadin isoforms, s-afadin, corresponds to the human AF6i1
(Fig. 1A). The longer isoform, l-afadin, contains an additional
C-terminal region, which harbors an F-actin-binding site
(Mandai et al., 1997) (Fig. 1A). The biological function of this
domain has so far not been investigated.

AF6-knockout mice have impaired cell junctions during
embryogenesis (Ikeda et al., 1999; Zhadanov et al., 1999).
AF6 is localized at epithelial adherens junctions (Mandai et
al., 1997; Buchert et al., 1999). They consist of two adhesion

systems: the nectin-afadin and the E-cadherin–�-catenin–�-
catenin system (for reviews, see Nagafuchi, 2001; Takai and
Nakanishi, 2003; D’Souza-Schorey, 2005; Perez-Moreno et
al., 2003). E-cadherin-dependent adhesion is stabilized by its
association with the actin cytoskeleton through �-catenin and
�-catenin (Imamura et al., 1999) and by its interaction with
p120-catenin (Thoreson et al., 2000; Reynolds and Carnahan,
2004). AF6 promotes the latter interaction in a Rap1-
dependent manner (Hoshino et al., 2005). AF6 and afadin
further interact via their PDZ domains with the C-terminus of
nectin (Takahashi et al., 1999; Miyahara et al., 2000), and
nectin has also been shown to promote the E-cadherin-
dependent cell-cell adhesion in epithelial cells (Honda et al.,
2003a; Honda et al., 2003b; Peng et al., 2002; Tanaka et al.,
2003).

Human AF6 shares 51% identity with its Drosophila
homologue canoe (Miyamoto et al., 1995) (Fig. 1A). Canoe is
required for the proper dorsal closure in embryos (Takahashi
et al., 1998; Boettner et al., 2003), a process in which collective
cell migration is involved (for reviews, see Nabeshima et al.,
1999; Lee and Gotlieb, 2003; Friedl, 2004; Friedl et al., 2004).
Collective cell migration is characterized by the maintenance
of dynamic intercellular contacts between strongly cell-cell
adhesive cells that exhibit coordinated movement (Nabeshima
et al., 1995; Nabeshima et al., 1997; Farooqui and Fenteany,
2005). A possible involvement of AF6 or afadin in this process
has so far not been investigated.

In this study we focused on AF6i3 and analyzed its function
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by small hairpin RNA (shRNA)-mediated knockdown in
epithelial cells. AF6i3 knockdown impaired E-cadherin-
dependent intercellular adhesion by two mechanisms. By
reduced association of E-cadherin with (1) p120-catenin and,
(2) the actin cytoskeleton. This resulted in accelerated
epithelial wound closure and delayed de novo formation of cell
junctions. Rescue experiments with the AF6i1 and different
AF6i3 deletion mutants identified the F-actin-binding site as
the major domain involved in stabilization of intercellular
adhesion during these processes.

Results
Cloning of AF6i3 protein
AF6i1 protein overexpressed in HEK293, HeLa and human
mammary epithelial MCF10A cells, was running at a lower
molecular weight than the endogenous AF6 protein (Fig. 1B
and data not shown), indicating that it corresponded to a
distinct isoform. To identify this AF6 isoform, the endogenous
AF6 protein was immunoprecipitated from HEK293 whole-
cell lysate and submitted to protein sequencing by using
matrix-assisted laser-desorption ionization-time-of-flight
(MALDI-TOF) mass spectrometry. The resulting peptide
sequences (supplementary material Fig. S1A) were aligned
against the protein sequences from the NCBI database. Two of
the sequences were specific for the AF6i3 (supplementary
material Fig. S1A, red boxes) and absent from AF6i1 and
AF6i2. This defined AF6i3 as the major isoform expressed in
HEK293 cells.

AF6i3 contains an additional 132 residue-long C-terminal
region downstream of aa 1587 (Fig. 1A). In comparison to the
rat l-afadin (Mandai et al., 1997), the AF6i3 C-terminus (AF6i3
CT) lacks a region of 64 aa that harbors the third prolin-rich
domain (Fig. 1A). The rest shows 84% identity to the C-
terminus of l-afadin.

The C-terminal region of AF6i3 interacts with
filamentous actin
The C-terminal region of the rat l-afadin (aa 1632 to 1829; Fig.
1A) binds to F-actin (Mandai et al., 1997). To test this for the
AF6i3 CT, we performed an F-actin co-sedimentation assay
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with GST-fusion proteins (GST-AF6i3 CT; Fig. 2Aa). Indeed,
the longer form of GST-AF6i3 CT co-sedimented with F-actin
(Fig. 2Ab). By testing two smaller regions of the AF6i3 CT
(Fig. 2Aa,c), we were able to show that only the very C-
terminal part of AF6i3 (aa 1667-1743) co-sedimented with F-
actin. Thus, this sequence alone was necessary and sufficient
for the binding to F-actin.

To test whether the AF6i3 CT interacted with F-actin also
within living cells, HeLa cells were transfected with the
hemagglutinin (HA)-tagged AF6i3 CT constructs (Fig. 2Aa)
and analyzed by immunofluorescence using anti-HA antibody
(Fig. 2B, green). F-actin was detected with phalloidin-TRITC
(Fig. 2B, red). As can be seen in merged pictures (Fig. 2B, right
panel), the colocalization with F-actin occurred for the two
constructs containing the extreme C-terminus of AF6i3 (aa
1667-1743), whereas no colocalization was observed with
AF6i3 CT (aa 1588 to 1666). Thus, the F-actin binding is
mediated by the very C-terminal sequence of AF6i3 in vitro
and in vivo.

Endogenous AF6 protein and the overexpressed full-length
myc-tagged AF6i3 (myc-AF6i3) displayed similar localization
predominantly at cell junctions (Fig. 2C). In contrast to the
AF6i3 CT, the full-length protein colocalized with F-actin only
at cell-cell contacts (Fig. 2C), indicating that their interaction
occurred only in this compartment.

Effect of AF6i3 knockdown on epithelial wound closure
Canoe, the AF6 homologue in Drosophila, is required for the
proper dorsal closure in the embryo (Takahashi et al., 1998;
Boettner et al., 2003). In this process, collective migration of
epithelial cells as a cell sheet is involved. Since the
involvement of AF6/afadin in this process has not been studied
so far, we decided to address this possibility. Focusing on the
AF6i3 protein, we investigated its role during collective
migration of the strongly cell-cell adhesive human mammary
epithelial cell line MCF10A by AF6i3 knockdown. By
western blot analysis, we confirmed that AF6i3 is the major
AF6 isoform expressed in this cell type (data not shown).
MCF10A cells that stably express the shRNA specific for all
AF6 protein isoforms (AF6 shRNA) and cells that express

Fig. 1. Domain structure of AF6, afadin and canoe. (A) Domain structure of the three AF6 isoforms (AF6i1, AF6i2 and AF6i3), the two
isoforms of its rat homologue afadin (long l-afadin and short s-afadin) and its Drosophila homologue canoe. Aa positions of individual AF6
domains are annotated. RA1,2: Ras-associating domain 1 and 2; FHA: forkhead associated domain; DIL: dilute domain; PDZ: PSD-95–Dlg-
1–ZO-1 domain; pro: proline-rich domain. (B) Western blot analysis of HEK293 whole-cell lysate, using anti-AF6 antibody, showing the
endogenous AF6i3 protein (left) and the endogenous plus the overexpressed AF6i1 protein (right).
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3387AF6i3 in intercellular adhesion

control shRNA were generated. Expression of AF6 shRNA
resulted in an approximately 90% reduction of endogenous
AF6i3 protein levels (Fig. 3A).

We chose the MCF10A cell line because of its epithelial
character. Confluent monolayers of these cells showed

epithelial morphology with a prominent cortical actin
cytoskeleton (data not shown) and predominant localization of
junctional proteins AF6i3 (Fig. 3A), nectin-1, E-cadherin, �-
catenin, �-catenin and claudin-1 to cellular junctions (data not
shown).

Epithelial-cell-sheet migration was analyzed in a wound
healing assay. Cells grown in the fully supplemented growth
medium displayed strong scattering after wounding. We
avoided this by starving the cells, which stabilized cell-cell
adhesion. Migration was then initiated by wounding the
confluent cell monolayer in epidermal growth factor (EGF)-
containing medium (Fig. 3B). We measured the wound area
that was covered by migrating cells within 13 hours after
wounding, by subtracting the wound area at 13 hours from the
wound area at the time point of wounding. After 13 hours, the
wound area covered by AF6i3 knockdown cells was 30%
larger than the wound area covered by control cells (Fig.
3B,C). Thus, AF6i3 knockdown accelerated the epithelial
wound closure.

Mechanism involved in accelerated wound closure in
AF6i3-knockdown cells
To further investigate the mechanism underlying faster
epithelial wound closure in AF6i3-knockdown cells, time-
lapse analysis of the cell movement during the wound healing
assay was performed. Cells at the wound margin were tracked
for 10 hours (Fig. 4A), resulting in corresponding trajectories
(Fig. 4B). Surprisingly, cell velocity of cells within the
epithelial cell sheet, defined by total path length of one cell
over time, was not significantly altered in AF6i3-knockdown
cells (data not shown). We therefore further determined the
directionality of migration, defined by the ratio of the direct
distance (D) from the cell-track start point to the end point,
divided by total path length traversed by the cell (T), termed
D/T ratio. In contrast to the cell velocity, the directionality of
migration was increased by approximately 30% in AF6i3-
knockdown cells (Fig. 4C). Thus, the main reason for
accelerated wound closure of these cells was an increased
directionality of migration.

We monitored cell proliferation by counting cell divisions
using time-lapse video recordings (supplementary material
Movies 1 and 2). Within 10 hours of wound closure we counted
less than 2.5 divisions per hour in both AF6i3-knockdown and
control cells. Therefore, proliferation did not significantly
contribute to the wound closure under these conditions.

During migration, gaps appeared and disappeared between

Fig. 2. Interaction of the AF6i3 C-terminus (AF6i3 CT) with F-actin.
(Aa) Schematic representation of the AF6i3 CT constructs used in F-
actin co-sedimentation assay (GST-tagged) and immunofluorescence
(HA-tagged). (Ab,c) F-actin co-sedimentation assay performed with
the GST fusion protein of (b) the whole AF6i3 CT (aa 1588-1743) or
(c) the two C-terminal fragments (aa 1588-1666 and 1667-1743). F-
actin-containing pellet (P) and the supernatant (SN) were analyzed
on a denaturing protein gel and stained with Coomassie Blue. GST-
fusion proteins or GST alone (arrows) and actin (arrowhead) are
annotated. (B) Colocalization of the HA-tagged AF6i3-CT proteins
(anti-HA antibody, green) and F-actin (red) in HeLa cells is depicted
in merged pictures (right column). Bar, 20 �m. (C) Colocalization of
endogenous (AF6; anti-AF6 antibody) and overexpressed full-length
AF6i3 protein (myc-AF6i3; anti-myc antibody) (green) with F-actin
(red). Bar, 20 �m.
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Fig. 3. AF6i3 knockdown in MCF10A
cells accelerates epithelial wound closure.
(A) (left) Western blot analysis of whole-
cell lysate from MCF10A cells stably
expressing AF6 shRNA (AF6i3
knockdown) or control shRNA (control).
(Right) Immunofluorescence images of
cell monolayers. Bar, 20 �m. (B) Light-
microscopy images of control and AF6i3-
knockdown cells immediately after
wounding (0 h; top) and 13 hours later
(13 h; bottom). Bar, 0.5 mm. (C) Graphic
representation of the covered wound area
13 hours after wounding. Values for ±s.d.
were derived from three independent
experiments. Significant differences (p)
were determined with the paired two-
tailed Student’s t-test.

Fig. 4. Time-lapse analysis reveals increased directionality of migration and impaired intercellular adhesion in AF6i3-knockdown cells.
(A) Time-lapse images showing the wound closure of AF6i3-knockdown and control cells at the time of wounding (0 h) and 10 hours later (see
also supplementary material Movies 1 and 2). Red lines mark the boundary of the wound at time point 0 seconds. Bar, 0.1 mm. (B)
Representative trajectories of cells during wound healing assay shown in A, followed from time 0 for 10 hours. Bar, 0.1 mm. (C) Graphic
representation of the directionality of migration, defined by the D/T ratio, which represents the direct distance from the cell track start to the
end point (D) divided by the total path length (T). Data are derived from three independent experiments. (D) Wound margin of migrating
AF6i3-knockdown and control cells 10 hours after wounding. green, anti-E-cadherin antibody; red, phalloidin-TRITC. Bar, 10 �m. (E) Western
blot analysis of whole-cell lysates during wound healing assay.
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3389AF6i3 in intercellular adhesion

AF6i3-knockdown cells (supplementary material Movie 2),
whereas the control cells retained the integrity of the cell layer
(supplementary material Movie 1). This implied a weaker cell-
cell adhesion in AF6i3-knockdown cells. In conjunction with
this, interruptions of E-cadherin positive cell-cell contacts
between migrating AF6i3-knockdown cells at the wound
margin were revealed by immunofluorescence with an
antibody against the junctional protein E-cadherin (Fig. 4D,
green), whereas the control cells maintained intact intercellular
contacts. Protein level of endogenous AF6i3 and E-cadherin
stayed constant during the assay and E-cadherin amount did
not differ between AF6i3-knockdown and control cells (Fig.
4E). This indicates that AF6i3 knockdown reduces the E-
cadherin-dependent adhesion during migration, without
affecting E-cadherin protein stability.

To elucidate this further, we performed a dissociation assay
of confluent cell monolayers. When trypsinized in the
presence of EDTA (TE-treatment), which disturbs E-
cadherin-dependent adhesion by chelating Ca2+, control and
AF6i3-knockdown cells both dispersed to single cells after
pipetting (Fig. 5A, bottom). By contrast, after trypsinization
in the presence of Ca2+ (TC-treatment), which stabilizes
existing E-cadherin-dependent adhesion, the control cells
remained in large clusters, whereas the AF6i3-knockdown
cells dispersed to single cells and smaller clusters (Fig. 5A,
top). The extent of dissociation was represented by the
NTC:NTE ratio, where N is the number of particles for TE and
TC-treatment (Fig. 5B). This ratio was significantly
decreased by AF6i3 knockdown, confirming a reduced E-
cadherin-dependent adhesion.

To analyze whether there was a direct link between the
directionality of cell migration and cell-cell adhesion, we
analyzed whether cells that were not involved in cell-cell
interactions, also displayed increased directionality as a
consequence of AF6i3 knockdown. To hinder cells from
forming cell-cell contacts, they were seeded at a very low
density (Fig. 6A, top) and tracked for 2 hours after stimulation
with EGF (Fig. 6A, bottom). At low density, the cells showed
random migration. No difference in cell velocity or
directionality of migration was observed between AF6i3-
knockdown and control cells under these conditions (Fig. 6B).
Thus, AF6i3-knockdown cells displayed an increased
directionality only when they moved as cell sheets with close
cell-cell interactions. Therefore, the directionality of migration

appeared to be dependent on AF6i3-mediated intercellular
adhesion.

Furthermore, we considered whether AF6i3 acts by
destabilizing E-cadherin-dependent adhesion. We therefore
blocked the E-cadherin trans-interaction with HECD-1
antibodies against E-cadherin (Pignatelli et al., 1992) (Fig. 6C)
and performed time-lapse analysis of wound closure.
Strikingly, we found that the inhibition of E-cadherin trans-
interaction indeed accelerated wound closure (Fig. 6D) and
increased the directionality of cell migration (Fig. 6E,F),
similar to the effect seen when AF6i3 was knocked down.
Thus, AF6i3 knockdown very likely increased the
directionality of migration by reducing the E-cadherin-
dependent adhesion.

In addition to intercellular adhesion, AF6i3 knockdown
might alter other mechanisms involved in the regulation of cell
directionality during collective cell migration, including actin
polymerization and cell-matrix interactions. The small Rho
GTPases Rac1 and Cdc42 are known modulators of actin
polymerization and intercellular adhesion (Kaibuchi et al.,
1999). We therefore analyzed their localization and activity.
Immunofluorescence analysis revealed that Rac1 was
recruited to the leading edge of migrating cells with similar
kinetics in AF6i3-knockdown and control cells
(supplementary material Fig. S3A). Rac1, furthermore,
displayed similar activation levels and kinetics, as shown by
Rac1-activation assay (supplementary material Fig. S3B) and
equally unaltered protein levels during wound closure (Fig.
S3D). By contrast, we were not able to detect activated Cdc42
in lysates of migrating cells (Fig. S3C) and Cdc42 was not
markedly recruited to the leading edge upon stimulation (Fig.
S3A), indicating that it was not significantly activated in
MCF10A cells under these conditions. We also directly
addressed the change in actin accumulation at the leading edge
of migrating cells by staining F-actin with phalloidin
(supplementary material Fig. S2A), but, again, could not
detect any difference between AF6i3-knockdown and control
cells.

To address the change in cell-matrix interactions, we
analyzed the formation of focal adhesions by staining with
anti-vinculin and anti-focal-adhesion kinase (FAK) antibodies
(supplementary material Fig. S2B,C). We could not detect any
change in the formation of focal-adhesion contacts in AF6i3-
knockdown cells. Thus, AF6i3 knockdown did not seem to

Fig. 5. AF6i3 knockdown reduces E-
cadherin-dependent adhesion in dissociation
assay. (A) Light-microscopy images of cells
trypsinised in the presence of 1 mM Ca2+

(top) or 1 mM EDTA (bottom) and
dissociated by pipetting. Bar, 0.125 mm.
(B) Graphic representation of the extent of
cell dissociation, represented by index
NTC/NTE. NTC and NTE correspond to the
total particle number after treatment of cells
in the presence of Ca2+ or EDTA,
respectively. Values for ±s.d. were derived
from three independent experiments.
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affect the cell-matrix interactions, small Rho GTPases or the
actin accumulation at the leading edge during migration. These
findings correlate well with the lack of migratory phenotype in
individually migrating AF6i3-knockdown cells. Therefore, we
propose that there is a direct link between the reduced E-
cadherin-dependent intercellular adhesion and increased
directionality of cell migration, and that both are regulated by
the AF6i3 protein.

Impact of individual AF6i3 domains on wound closure
Next, we characterized the involvement of individual AF6i3
domains in the regulation of wound closure. We constructed
AF6i3-deletion mutants that lack either the Ras-associated
domain 1 (RA1), which interacts with Ras and Rap1
(Linnemann et al., 1999) (AF6i3�RA1), or the PDZ domain,
which interacts with junctional adhesion molecule 1 (JAM-1)
and nectin (AF6i3�PDZ) (Fig. 7A). We used AF6i1, which
lacks the F-actin-binding domain, to analyze the contribution
of this domain. All constructs were made resistant to shRNA-
mediated degradation by introduction of six silent point
mutations within the targeted region; constructs were then

stably expressed in AF6i3-knockdown cells, to allow for their
analysis in the absence of endogenous AF6i3. Protein
expression levels were adjusted to be similar, except for
expression of AF6i3�RA1, which was expressed at a slightly
lower level (Fig. 7A).

Re-expression of the full-length AF6i3 protein, as well as
expression of the mutant AF6i3 lacking the RA1 or the PDZ
domain, resulted in a decreased velocity of wound closure,
similar to the wild-type phenotype (Fig. 7B,C). This confirmed
the specific requirement for AF6i3 protein in the regulation of
wound closure, and showed that the RA1 and the PDZ domains
– and consequently the Ras or Rap1 signaling and interaction
with nectin or JAM-1 – are not involved in this process. By
contrast, expression of AF6i1 resulted in unchanged wound
closure and thereby resembled the behavior of AF6i3-
knockdown cells (Fig. 7B,C). Thus, the F-actin binding site is
crucial for the regulation of wound closure.

AF6i1 and AF6i3 were expressed at comparable levels
(Fig. 7A, bottom) and found to be indistinguishably located
at cell-cell contacts within the confluent cell monolayer (Fig.
7D). Because the two isoforms differed in the presence of the

F-actin-binding site, we analyzed their
detergent solubility, because this is an
established method for analyzing protein-
cytoskeleton interactions (Stuart and Nigam,
1995). Confluent monolayers of AF6i3-
knockdown cells reconstituted with AF6i1 or
AF6i3 were extracted with 0.5% Triton X-
100. The detergent-soluble supernatant (S)
and the insoluble residue (R) were analyzed
by western blotting (Fig. 7E). Detergent
insolubility of proteins is an indication for
their association with actin cytoskeleton.

Journal of Cell Science 119 (16)

Fig. 6. Increased directionality of migration in
AF6i3-knockdown cells is due to reduced
intercellular adhesion. (A) AF6i3-knockdown and
control cells were seeded at a low cell density
(top), stimulated with EGF and tracked for two
hours, resulting in corresponding trajectories
(bottom). Start points of all trajectories were set to
the same origin cross-point. Ten representative
trajectories per sample are shown. Bar, 0.1 mm.
(B) Graphic representation of the directionality of
migration for cells shown in A, determined as
described for Fig. 4C. Values for ±s.d. were
derived from four independent experiments.
(C-F) Wound healing assay of control cells in the
presence or absence of HECD-1 antibodies, which
block E-cadherin trans-interaction. (C) Wound
margin 10 hours after wounding. Green, anti-E-
cadherin antibody; red, phalloidin-TRITC. Bar, 10
�m. (D) Graphic representation of wound healing
assay. Covered wound area 13 hours after
wounding of control cell monolayers is depicted.
Values for ±s.d. were derived from three
independent experiments. (E) Representative
trajectories of control cells in the presence or
absence of HECD-1 antibody during wound
healing assay, tracked for 10 hours. Bar, 0.1 mm.
(F) Graphic representation of directionality of
migration for cell tracks shown in E, determined as
described for Fig. 4C.
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Only 25±6% of AF6i1 was detergent insoluble, whereas
approximately 45±9% of AF6i3 remained in the insoluble
fraction, further indicating its interaction with F-actin in vivo.
We propose that this interaction stabilizes intercellular
adhesion during migration.

Regulation of E-cadherin-dependent adhesion by AF6i3
The interaction between E-cadherin and p120-catenin inhibits
E-cadherin endocytosis from the cell surface by a yet unknown

mechanism, resulting in stabilization of E-cadherin-dependent
adhesion (Thoreson et al., 2000; Reynolds and Carnahan,
2004). Stabilization of this interaction by AF6/afadin in a
Rap1-dependent manner has recently been demonstrated
(Hoshino et al., 2005). We therefore analyzed the interaction
between p120-catenin and E-cadherin by co-
immunoprecipitation. Indeed, 6 hours after wounding, the
interaction between p120-catenin and E-cadherin was
significantly decreased in AF6i3-knockdown cells in

comparison to the control (Fig.
8C,D). However, the Rap1
inhibitor (Fig. 8E) and the
deletion of RA1 domain in AF6i3
(Fig. 7B) had no effect on wound
closure in our system, indicating a
Rap1-independent stabilization of
E-cadherin–p120-catenin
interaction by AF6i3.

Association of E-cadherin with
the actin cytoskeleton via �-
catenin and �-catenin also
stabilizes intercellular adhesion
(Imamura et al., 1999). Our data
suggested that the interaction
between AF6i3 and the actin
cytoskeleton also stabilized E-
cadherin-dependent adhesion
during migration. We therefore
analyzed the effect of AF6i3
knockdown on the association of
the E-cadherin–catenin complex
with the cytoskeleton by

Fig. 7. AF6i3 deletion mutants in
wound healing assay: a crucial role
of the F-actin-binding site.
(A) Schematic representation of
AF6i1, AF6i3 and AF6i3 deletion
mutants, AF6i3�RA1 and
AF6i3�PDZ (top). Expression levels
of shRNA-resistant AF6 constructs
stably expressed in AF6i3-
knockdown cells (bottom).
(B) Graphic representation of wound
closure 13 hours after wounding of
AF6i3-knockdown cell monolayers
reconstituted with mutant constructs
as indicated. Values for ±s.d. were
derived from three independent
experiments. (C) Light microscopy
pictures of control and AF6i3-
knockdown cells without or with
reconstitution by AF6i1 and AF6i3
immediately after wounding (0 h)
and 13 hours later. Bar, 0.5 mm.
(D) Immunofluorescence pictures of
confluent cell monolayers of cells
shown in C. Bar, 20 �m. (E) Western
blot analysis of detergent-soluble
supernatant (S) and the insoluble
residue (R) of AF6i3-knockdown cell
monolayers reconstituted with AF6i1
or AF6i3.
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determining the detergent-solubility of E-cadherin and
catenins. Prior to initiation of migration (0 hours) comparable
amounts of E-cadherin and other analyzed proteins were
present in detergent-insoluble fraction in AF6i3-knockdown
and control cells (Fig. 8A,B). By contrast, 6 hours after
wounding, the amounts of detergent-insoluble E-cadherin, �-
catenin and p120-catenin were reduced in AF6i3-knockdown
cells compared with control cells, whereas ZO-1 levels were
not altered (Fig. 8A,B). Thus, AF6i3 knockdown resulted in
reduced association of the E-cadherin, �-catenin and p120-
catenin with the actin cytoskeleton, specifically during
migration.

We further asked whether the Ras protein is involved in
AF6i3-dependent intercellular adhesion, by using the
inhibitors of its downstream targets Raf1 and PI 3-kinase. The
Raf1 inhibitor abolished the migration of AF6i3-knockdown
and control cells (Fig. 8E), but we did not find a difference in
the degree of phosphorylation of ERK1/2 downstream of Raf1
during migration (Fig. 8F). The PI 3-kinase inhibitor reduced

the wound closure in AF6i3-knockdown and control cells to a
similar extent (Fig. 8E), indicating that this pathway is
independent of AF6i3. Thus, although both the Raf1 and PI 3-
kinase pathways downstream of Ras were essential for wound
closure, they were independent of AF6i3. This is in agreement
with our data obtained with the AF6i3�RA1 protein.

In conclusion, we showed that AF6i3 knockdown decreases
E-cadherin-dependent intercellular adhesion by concomitantly
destabilizing the association of E-cadherin with the actin
cytoskeleton and with p120-catenin, resulting in accelerated
wound closure due to increased migratory directionality.

Analysis of de novo cell-cell contact formation in AF6i3-
knockdown cells
AF6 knockdown in mice results in improper organization of
cell junctions during embryogenesis (Ikeda et al., 1999;
Zhadanov et al., 1999). Furthermore, we demonstrated that
E-cadherin-dependent adhesion was impaired in AF6i3-
knockdown cells (Fig. 5). However, E-cadherin concentration
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Fig. 8. AF6i3 knockdown results in reduced association of E-cadherin with the actin cytoskeleton and with p120-catenin during wound closure.
(A) Western blot analysis showing the Triton-insoluble fraction of AF6i3-knockdown and control cells prior to migration (0 h) and 6 hours after
wounding. (B) Graphic representation of western blot analysis shown in A. Values were normalized to the values for control cells. Values for
±s.d. were derived from three independent experiments. (C) Coimmunoprecipitation of E-cadherin and �-catenin with p120-catenin in AF6i3-
knockdown and control cells 6 hours after wounding. Anti-Flag antibody was used as a negative control. (D) Graphic representation of
coimmunoprecipitation shown in C. Values were normalized to the values for control cells. Values for ±s.d. were derived from three
independent experiments. (E) Wound healing assay of AF6i3-knockdown and control cells in the presence of indicated inhibitors. Graphic
representation of covered wound area 13 hours after wounding is depicted. Values for ±s.d. were derived from three independent experiments.
(F) Western blot analysis of AF6i3-knockdown and control cell lysates during wound healing assay. One representative experiment out of three
is shown.
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at cell junctions was reduced only during migration, whereas
static monolayers of AF6i3-knockdown cells displayed intact
cell junctions. Therefore, a major role for AF6i3 might be
to stabilize E-cadherin-dependent adhesion during dynamic
processes in which the remodeling of cell junctions is required.
We elucidated this further by analyzing de novo formation of
cell junctions during Ca2+ switch assays (Fig. 9). This assay is

based on switch in Ca2+ concentration from normal (2 mM) to
low (2 �m) and back to normal (2 mM). This results in
disassembly and reformation of cell junctions, because Ca2+ is
required for the E-cadherin trans-interaction (Takeichi, 1991).
We first analyzed the endogenous AF6i3 protein by
immunofluorescence microscopy (Fig. 9A). Four hours after
the switch to low Ca2+ concentration the AF6i3 protein was

Fig. 9. AF6i3 knockdown
decelerates cell-cell contact
formation during Ca2+ switch
assay. (A) Endogenous
AF6i3 protein during Ca2+

switch assay. Cell
monolayers (2 mM Ca2+)
were incubated at 2 �M Ca2+

for 4 hours to disturb cell
junctions (2 �M Ca2+ / 4h).
Reformation of cell-cell
contacts 2 hours and 6 hours
after switch to 2 mM Ca2+ is
depicted. Bar, 20 �m. (B) �-
catenin staining of AF6i3-
knockdown (bottom row) and
control cells (top row) during
Ca2+ switch assay. Bar, 50
�m. (C) Graphic
representation of the
percentage of cell-cell
contacts that stained positive
for indicated junctional
proteins 2 hours after switch
to 2 mM Ca2+ in AF6i3-
knockdown and control cells.
Values for ±s.d.were derived
from three independent
experiments. (D) Length
distribution of �-catenin-
positive cell-cell contacts 2
hours after switch to 2 mM
Ca2+ for cells shown in B.
Lengths of all �-catenin-
positive cell-cell contacts
from three independent
experiments were measured
(n indicates the exact
number) and grouped into 13
categories. Graphs represent
the percentage of cell-cell
contacts within each length
category. (E) MCF10A
AF6i3-knockdown and
control cells grown in culture
medium, 18 hours after
seeding of singularized cells
at equal sub-confluent
density. Bar, 0.5 mm.
(F) Graphic representation of
Fig. 9E. The average number
of cells per confluent cell
group is depicted. Values for
±s.d. were derived from three
independent experiments.
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almost completely absent from cell-cell contacts and
reappeared there after switch to a normal Ca2+ concentration.
Six hours later its localization at cell junctions was completely
restored.

Next we wanted to analyze the impact of AF6i3 knockdown
on cell junction formation and stained the control and AF6i3-
knockdown cells with antibodies against junctional proteins �-
catenin (Fig. 9B), �-catenin, E-cadherin, nectin-1, JAM-1 and
ZO-1 (Fig. S4A). Two hours after the switch to the normal
Ca2+ concentration, AF6i3-knockdown cells displayed a
significantly lower percentage of cell-cell contacts that stained
positive for the tested junctional proteins (Fig. 9B,C and
supplementary material Fig. S4A). Furthermore, computer-
assisted measurement revealed that the cell-cell contacts were
also significantly shorter (Fig. 9D). Six hours after switching
to a normal Ca2+ concentration, cell junctions were completely
restored and indistinguishable between AF6i3-knockdown and
control cells considering the localization of all tested junctional
proteins (Fig. 9B, right panel and data not shown). Western blot
analysis confirmed that the amount of tested junctional proteins
did not differ between the AF6i3-knockdown and control cells
during the assay (supplementary material Fig. S4B), excluding
reduced protein stability in AF6i3-knockdown cells. Thus,
AF6i3 knockdown decelerated cell-cell contact formation,
probably by delaying the translocation of junctional proteins
to the newly formed cellular junctions.

At subconfluent density the control cells formed cell
clusters. The size of cell clusters was reduced in AF6i3-
knockdown cells, indicating a reduced intercellular adhesion
(Fig. 9E,F). In summary, we demonstrated a negative effect of
AF6i3 knockdown on cell-cell adhesion during three different

dynamic processes: collective cell migration during epithelial
wound closure, de novo cell-junction formation and cell
growth at sub-confluent cell density.

Role of the AF6i3 F-actin-binding site in de novo
formation of cell junctions
We showed that the F-actin-binding site is involved in
stabilization of cell-cell adhesion during wound closure. We
were wondering about its involvement in de novo formation of
cell junctions. For that purpose we performed Ca2+ switch
assays using AF6i3-knockdown cells reconstituted with AF6i1
or AF6i3 protein. Again, various cell junction-specific proteins
(�-catenin, �-catenin, E-cadherin and nectin-1) were used as
markers for cell-cell contacts. Two hours after switch to 2 mM
Ca2+, the percentage of cell-cell contacts within cell monolayer
that were positive for the tested junctional proteins and the
lengths of cell-cell contacts, were the same for the control and
AF6i3-reconstituted knockdown cells (Fig. 10A-C). By
contrast, after expression of AF6i1 in knockdown cells, they
still displayed a reduced percentage of cell-cell contacts
positive for junctional proteins (Fig. 10A,B). Strikingly, the
cell-cell contacts were significantly shorter, reminiscent of the
AF6i3-knockdown cells (Fig. 10C). Thus, AF6i3, which differs
from the AF6i1 by its F-actin-binding site, was required for the
efficient de novo formation of cell-cell contacts. This result
illustrates the importance of the F-actin-binding site of AF6i3
protein.

Finally, we overexpressed the AF6i3 CT in control and
AF6i3-knockdown cells and analyzed them in a Ca2+ switch
assay (Fig. 11). During the assay the C-terminus showed
similar localization as the endogenous full-length protein (Fig.
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Fig. 10. AF6i1 and AF6i3 protein in
Ca2+ switch assay: crucial role of the
F-actin binding site. (A) Anti-�-
catenin staining of control cells,
AF6i3-knockdown cells and
knockdown cells reconstituted with
AF6i1 or AF6i3 construct, 2 hours
after switching to 2 mM Ca2+. Bar,
30 �m. (B) Graphic representation
of the percentage of �-catenin-
positive cell-cell contacts shown in
A. Values for ±s.d. were derived
from three independent experiments.
Total numbers of counted cell-cell
contacts are indicated (n). Similar
results were obtained for E-
cadherin, nectin-1 and �-catenin.
(C) Length distribution of �-
catenin-positive cell-cell contacts
shown in A, determined as
described for Fig. 9D.
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11A). Both proteins colocalized at cell-cell contacts in
confluent cell monolayers and at the newly forming cell
junctions two hours after the Ca2+ switch. Overexpression of
the C-terminus alone in control cells did not alter the
accumulation of endogenous AF6i3 protein (Fig. 11A) or �-
catenin (Fig. 11B) at cell-cell contacts during the assay, nor did
it promote the accumulation of �-catenin in AF6i3-knockdown
cells (Fig. 11B). Thus, the AF6i3 F-actin-binding site
promoted intercellular adhesion only in the context of full-
length AF6i3 protein in cooperation with other AF6i3 domains.
This indicates that concomitant interaction of AF6i3 with the
actin cytoskeleton and junctional proteins is necessary for its
function in intercellular adhesion and suggests its role as a
linker between junctional adhesion complex and the actin
cytoskeleton.

Discussion
In this study we are describing the biological function of so far
uncharacterized isoform 3 of the AF6 protein in dynamic
intercellular adhesion processes, with emphasis on the essential
role of its F-actin-binding site. Although the existence of the
F-actin-binding site in l-afadin (the rat homologue of AF6) was
known (Mandai et al., 1997), the biological function of this
domain has not been investigated so far. Here, we demonstrated
that AF6i3 with its F-actin binding site is crucial for the
stabilization of E-cadherin-dependent intercellular adhesion
during dynamic processes, including collective cell migration
during wound closure and de novo formation of cell junctions.

AF6i3-dependent intercellular adhesion regulates the
directionality of migration
Accelerated wound closure in AF6i3-knockdown cells was due

to reduced E-cadherin-dependent adhesion, as demonstrated by
impaired E-cadherin-positive cell-cell contacts during
migration and reduced cell clustering in the presence of Ca2+

in dissociation assay. Concomitantly, the directionality of
migration was increased. We demonstrated that, the inhibition
of E-cadherin cell-to-cell interaction with antibodies that block
E-cadherin phenocopies the reduction of E-cadherin-
dependent adhesion by AF6i3 knockdown regarding the
increased directionality of migration. By that, we provided
evidence for a direct link between the reduced cell-cell
adhesion and increased directionality, and furthermore showed
that both are regulated by AF6i3 protein.

Further evidence for the central role of intercellular adhesion
in the AF6i3-mediated regulation of cell directionality was
provided by analysis of individually migrating cells that were
not undergoing cell-cell interactions. Under these conditions
AF6i3 knockdown had no influence on the directionality of cell
migration. In agreement with this, the activity and localization
of Rho GTPases, actin concentration and the formation of
focal adhesions at the leading edge of migrating cells were
not altered by AF6i3 knockdown. Furthermore, signaling
pathways known to regulate migration downstream of the EGF
receptor (EGFR), including the Ras-Raf-MEK-ERK pathway
(Singh and Harris, 2005), PI 3-kinase (Shien et al., 2004) and
PLC� (Mouneimne et al., 2004) (data not shown), as well as
alteration of phosphorylation level of EGFR (data not shown),
were not involved in AF6i3-knockdown-dependent phenotype.
Alteration of these pathways should have resulted in altered
directionality also in individually migrating AF6i3-knockdown
cells, which was not the case.

AF6 is also known to negatively regulate Rap1-induced cell-
matrix adhesion (Su et al., 2003; Zhang et al., 2005). However,

Fig. 11. AF6i3 C-terminus
in Ca2+ switch assay.
(A) Cell monolayers of the
control cells and control or
AF6i3-knockdown cells
expressing the HA-tagged
AF6i3 CT prior to assay
(top) and 2 hours after
switch to high Ca2+

concentration (bottom).
Green, anti-AF6 antibody;
red, anti-HA antibody. Bar,
20 �m. (B) Cells shown in
A 2 hours after switch to
high Ca2+ concentration,
stained with anti-�-catenin
antibody. Bar, 20 �m.
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the deletion of the RA1 domain in AF6i3, which interacts with
Rap1 (Linnemann et al., 1999), and the Rap1 inhibitor had no
effect on migration, indicating that the increased directionality
is independent of Rap1-induced adhesion. This finding is
finally supported by the lack of migratory phenotype in
individually migrating AF6i3-knockdown cells.

The gaps created between AF6i3-knockdown cells during
wound closure might act as pseudo-free edges in the sub-
marginal region and essentially allow for increased sub-
marginal spreading in the direction of the wound. This would
result in an increased directionality of migration and an
increased overall rate of cell-sheet movement.

Role of the AF6i3 F-actin-binding site in intercellular
adhesion
The full-length AF6i3 protein colocalized with F-actin only
at cell-cell contacts, suggesting that this is the cellular
compartment where the interaction occurs. In vivo interaction
of AF6i3 with the actin cytoskeleton was supported by higher
detergent insolubility of AF6i3 in comparison with AF6i1,
which lacks the F-actin-binding site. Concomitantly, the
presence of this domain in AF6i3 protein was essential for the
stabilization of intercellular adhesion during wound closure
and for efficient de novo formation of cell junctions. Therefore,
we propose that AF6i3 protein interacts with F-actin via its C-
terminal domain and through this interaction stabilizes the
dynamic intercellular adhesion.

E-cadherin interacts with �-catenin, which then interacts
with �-catenin, an actin-binding protein (Gumbiner, 2000).
This association of the E-cadherin–catenin complex with the
cortical actin cytoskeleton, which is known to stabilize
intercellular adhesion (Imamura et al., 1999), was reduced
in AF6i3-knockdown cells. Thus, AF6i3 might function
as an additional linker between the E-cadherin and
cytoskeleton. This might occur by direct interaction of AF6i3
and �-catenin (Tachibana et al., 2000; Pokutta et al., 2002),
or their indirect association via afadin–DIL-domain
interacting protein (ADIP)–�-actinin, LIM domain only
(LMO7)–�-actinin or ZO-1 (Asada et al., 2003; Knudsen et
al., 1995; Ooshio et al., 2004; Itoh et al., 1997; Yamamoto et
al., 1997) (see supplementary material Fig. S5 for a model).
AF6i3 protein, which harbors domains interacting with
junctional proteins and the F-actin-binding site at the same
time, promoted de novo formation of cell junctions. By
contrast, neither AF6i1 lacking the F-actin binding site, nor
the F-actin-binding site alone could fulfill this function. This
suggests that concomitant interaction of AF6i3 protein with
mentioned junctional proteins and actin cytoskeleton is
necessary for stabilization of dynamic intercellular adhesion,
supporting the linker function of AF6i3 protein.

AF6 interacts via its PDZ domain with further junctional
proteins, nectin and JAM-1 (Takahashi et al., 1999; Ebnet et
al., 2000). These interactions, however, were not essential for
wound closure, because the deletion of the PDZ domain had
no effect.

As an additional mechanism underlying the reduced E-
cadherin-dependent adhesion in AF6i3-knockdown cells, we
found also a reduced interaction between E-cadherin and p120-
catenin (Thoreson et al., 2000; Reynolds and Carnahan, 2004).
By contrast to data published by Hoshino et al. (Hoshino et al.,
2005), this effect was independent of Rap1 in MCF10A cells,

as already disscused. We were also not able to detect AF6i3
protein in p120-catenin–E-cadherin complexes. This suggests
an indirect stabilization of p120-catenin–E-cadherin
interaction by AF6i3.

In a recent study, Sato et al. found that the afadin knockdown
affects exclusively E-cadherin recruitment to cell-cell contacts
during a Ca2+ switch in MDCK cells (Sato et al., 2006). By
contrast, in MCF10A cells the AF6i3 knockdown delayed a
recruitment of all tested junctional proteins, including catenins.
This discrepancy might be owing to different cellular
backgrounds. The delayed recruitment of junctional proteins
in MCF10A cells might be an indirect consequence of
destabilized E-cadherin adhesion.

In summary, we demonstrated a crucial role for the AF6i3
protein and its F-actin-binding site in the stabilization of E-
cadherin-dependent intercellular adhesion during processes
in which the remodeling of cellular junctions is required,
including collective cell migration of cell sheets during wound
closure and de novo formation of cell junctions. We propose
that the AF6i3 protein exerts this function by linking the
junctional adhesion protein complex to the actin cytoskeleton
(see supplementary material Fig. S5 for a model).

Materials and Methods
Sequencing of AF6 isoform 3 protein
HEK293 cells were lysed in lysis buffer [20 mM Tris-HCl, pH 7.5, 100 mM NaCl,
0.5% Triton X-100, 0.5 mM DTT, 10 mM Na3VO3, 0.5 M NaF, 25 mM �-
glycerolphosphate, trasylol and complete protease inhibitor cocktail (Roche)] and
submitted to immunoprecipitation with the anti-AF6 antibody. The
immunoprecipitate was separated by SDS-PAGE. The one dominant band running
at ~200 kD was excised from the gel, digested with trypsin and subjected to the
sequence analysis by MALDI-TOF mass spectrometry.

Plasmids and constructs
AF6i1-expressing vector pE(GFP)N2-AF6i1-flag was described elsewhere
(Radziwill et al., 2003). AF6i3 C-terminal reverse primer (5�-TCACTTTG-
TGTTCAGTTCATTC-3�) and AF6i1 specific primer (5�-GGGCCAGATGCGC-
ACTCAGTCC-3�) were used to generate AF6i3 C-terminal fragment by PCR from
a HEK293 cDNA library. PvuI-digested PCR fragment was cloned into
PvuI/EcoRV-digested pE(GFP)N2-AF6i1-flag to generate pE(GFP)N2-AF6i3-flag.
Plasmids harboring the myc-tagged or non-tagged AF6 constructs were generated
by PCR.

AF6i3 C-terminal fragments (AF6i3 CT) harbored AF6i3 aa as indicated in Fig.
2Aa. Those fragments were cloned into pGEX-6P (Pharmacia) for GST-tagged
constructs and into pCATCH (Georgiev et al., 1996) harboring a HA tag, for HA-
tagged constructs.

For shRNA expression, following DNA oligonucleotides were ligated into
pSUPER (Brummelkamp et al., 2002): 5�-gatccccGATGTAATCGAAACGCTC-
GttcaagagaCGAGCGTTTCGATTACATCtttttggaaa-3� for AF6 shRNA and 5�-
gatccccCGTACGCGGAATACTTCGAttcaagagaTCGAAGTATTCCGCGTACGttttt-
ggaaa-3� for GL2 shRNA used as a control (Gschwind et al., 2003). pSUPER
fragments containing H1-RNA promoter and the shRNA construct were sub-cloned
into pMSCVpuro�3�LTR vector (generated from the pMSCVpuro (BD
Biosciences) by deletion of the 3�LTR, using the NheI and XbaI sites).

AF6i3 single-domain deletion mutants were generated by PCR. In AF6i3�RA1
aa 38 to 133 were deleted; in AF6i3�PDZ aa 998 to 1062 were deleted. AF6
shRNA-resistant constructs were generated by PCR by introducing point mutations
at nucleotide positions 210, 213, 216, 219, 222 and 225 of the AF6i1 open reading
frame (ORF) (U02478). For lentiviral transduction, all constructs were subcloned
into pFUW vector (Lois et al., 2002).

Cell culture and retroviral transduction
HEK293T and HeLa cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FCS and MCF10A cells (ATCC, Rocville, MD)
as previously described (Park et al., 2004).

MCF10A cells stably expressing shRNA specific for all AF6 protein isoforms
(AF6 shRNA) or control shRNA were generated by retroviral transduction followed
by selection with 2 �g/ml puromycin for 10 days. Recombinant retroviruses were
obtained by co-transfection of HEK293T cells with shRNA-encoding
pMSCVpuro�3�LTR, pVPack-GP and pVPack VSV-G (Stratagene), using
Lipofectamine 2000TM (Invitrogen). AF6i3-knockdown cells stably expressing
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reconstituted AF6 constructs were generated by lentiviral transduction without
selection (transduction efficiency >90%). Recombinant lentiviruses were obtained
from the co-transfection of HEK293T cells with pFUW plasmid encoding the
corresponding AF6 construct, pCMV-�R 8.2 (Naldini et al., 1996; Lois et al., 2002)
and pVPack VSV-G.

F-actin co-sedimentation assay
F-actin co-sedimentation assay was performed as previously described (Wu and
Parsons, 1993). Briefly, polymerized F-actin (30 �g) was mixed with the fusion
construct GST-AF6i3 CT (5 �g) and incubated for 1 hour at room temperature. The
mixture was layered over 10% sucrose and centrifuged at 100,000 g at 4°C for 30
minutes.

Extraction of cells with detergent, coimmunoprecipitation, Rac1
and Cdc42 activation assay, and western blot analysis
Confluent cell monolayers were scratched multiple times and stimulated as
described for wound healing assay. For Triton X-100 extraction, 35-mm tissue
culture plates were extracted with 200 �l extraction buffer (lysis buffer containing
10 mM Tris, pH 7.5) at 4°C for 25 minutes on a rotating platform (soluble fraction,
S). Insoluble residue (R) was recovered in 200 �l extraction buffer containing 0.5%
SDS and 0.5% deoxycholate.

Coimmunoprecipitation was performed as previously described (Thoreson et al.,
2000). Cell lysates were incubated with anti-p120-catenin antibody for 2 hours.

Rac1 and Cdc42 activation assay was performed using the Rac-Cdc42 activation
assay kit (Cell Biolabs) following the manufacturer’s instructions.

For western blot analysis, cells were lysed in lysis buffer containing 0.5% SDS
and 0.5% deoxycholate. Antibodies against �-tubulin, E-cadherin, p120-catenin, �-
catenin, �-catenin, nectin-1, JAM1 and Cdc42 were from Santa Cruz Biotechnology,
anti-AF6 from Transduction Laboratories, anti-Rac1 from Upstate, anti-ZO-1 from
Zymed and anti-pERK from Cell Signaling.

Immunofluorescence microscopy
Cells grown on glass coverslips were fixed with 4% PFA for 5 minutes and
permeabilized with 0.5% Triton X-100 for 5 minutes. Stained cells were mounted
in mounting medium containing 0.2 g/ml Mowiol 4-88 (Calbiochem).
Immunofluorescence images were obtained using Leica confocal system TCS SP2
(Leica) and a microscope (DMIRBE, Leica) equipped with a 40� NA 1.25 oil
immersion objective. Digital images were obtained using Leica confocal software
2.61 (Leica).

Anti-Claudin-1 (Zymed), anti-AF6 (Yamamoto et al., 1997), anti-nectin-1 CK41
(Krummenacher et al., 2000), anti-HA (Roche), anti-myc 9E10 and anti-FAK (Santa
Cruz Biotechnology), anti-vinculin (Sigma) antibodies and antibodies described for
western blotting were used for detection. Phalloidin-TRITC was from Sigma and
TRITC or FITC-labeled secondary antibodies from Jacksons Immuno Research.

Dissociation assay
Dissociation assay was performed as previously described (Sato et al., 2006).
Confluent cell monolayers were incubated with 0.1% trypsin in the presence of 1
mM EDTA or 1 mM Ca2+ for 1 hour at 37°C, followed by addition of 1 mg/ml
collagenase D (Roche) for 30 minutes and dissociation by pipetting ten times.

Wound healing assay
Cell monolayers were cultured in non-coated 12-well plates (1�106 cells per well)
for 24 hours and starved for 10 hours prior to wounding with a pipette tip and
stimulation with 10 ng/ml EGF in DMEM/F-12 (1:1). Phase-contrast images were
acquired with 4� NA 0.1 air objective, using an inverted microscope (DMIL,
Leica), equipped with Leica DC 350FX digital camera. Digital images were
acquired with Leica IM50 Image Manager software (Leica). Wound area was
determined with Image Quant software (Molecular Dynamics).

HECD-1 antibody (Calbiochem) was used at 5 �g/ml, Rap1 inhibitor GGTI-298
(Calbiochem) at 10 �M, Raf1 inhibitor I (Calbiochem) at 15 �M and PI 3-kinase
inhibitor wortmannin (Sigma) at 150 nM.

Ca2+ switch assay
MCF10A cells were seeded in 12-well plates (7�104 cells/well) on glass coverslips
and grown for 48 hours. Cells starved for 10 hours were incubated in DMEM and
F12 medium (1:1) containing 5 mM EGTA, for 4 hours (2 �M Ca2+), followed by
incubation in DMEM and F12 medium (1:1) alone (2 mM Ca2+). Cells were fixed
at different time points and stained with corresponding antibodies. The percentage
of cell junction-protein-positive cell-cell contacts was calculated by dividing the
number of contacts that stained positive for junctional proteins by total number of
contacts. Length of cell-cell contacts that stained for �-catenin was measured using
the Openlab software (Improvision).

Time-lapse analysis and cell tracking
Wound closure was followed by phase-contrast microscopy, using 10� NA 0.4 air
objective on a microscope (DMIRBE, Leica) equipped with an environmental

chamber (37°C, 5% CO2) and a digital camera (ORICA-ER, Hamamatsu). Digital
images were acquired at 3-minute intervals over 10 hours, using Openlab software
(Improvision), which was also used to determine cell tracks.

For tracking of individual cells at low cell density, cells were plated in non-coated
35-mm tissue culture plates (9�103 cells/plate) and stimulated as described for
wound healing.

Online supplemental material
Images for videos were collected at 3-minute intervals (as described for time-lapse
analysis) using Openlab software (Improvision), which was also used to generate
Quick Time movies at a display rate of 10 frames/second.
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