Journal of Cellular Biochemistry 105:1027-1037 (2008)

E-Cadherin Dis-Engagement Activates the Rap1 GTPase
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ABSTRACT

E-cadherin based adherens junctions are finely regulated by multiple cellular signaling events. Here we show that the Ras-related Rap1
GTPase is enriched in regions of nascent cell-cell contacts and strengthens E-cadherin junctions: constitutively active Rap1 expressing MDCK
cells exhibit increased junctional contact and resisted calcium depletion-induced cell-cell junction disruption. E-cadherin disengagement
activated Rap1 and this correlated with E-cadherin association with the Rap GEFs, C3G and PDZ-GEF 1. PDZ-GEF I associated with E-cadherin
and 3-catenin whereas C3G interaction with E-cadherin did not involve B-catenin. Knockdown of PDZ-GEF I in MDCK cells decreased Rap1
activity following E-cadherin junction disruption. We hereby show that Rap1 plays a role in the maintenance and repair of E-cadherin
junctions and is activated via an “outside-in" signaling pathway initiated by E-cadherin and mediated at least in part by PDZ-GEF I. J. Cell.
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E pithelial cells establish structurally and functionally distinct
cell-cell adhesions with their neighbors. Three types of cell
junctions, tight junctions (TJs), adherens junctions (AJs) and
desmosomes contribute to cell-cell adhesion and specialized
proteins mediate each of these interactions. Adherens junctions
are the first cell-cell contacts to form and their establishment is
necessary for the subsequent formation of tight junctions and
desmosomes [Gumbiner et al., 1988; Adams et al., 1996; Pokutta and
Weis, 2002]. Transmembrane E-cadherin is the major component of
epithelial cell adherens junctions. The extracellular domains of
E-cadherin form calcium dependent homophilic interactions with
cadherin molecules on an adjacent cell [Pokutta et al., 1994] while
its cytoplasmic tail acts as a docking site for B-catenin [Chen et al.,
1999; Pokutta and Weis, 2002], a-catenin and the actin cytoskeleton
[Adams et al., 1996; Vasioukhin et al., 2000].

In addition to serving a structural role, adherens junctions also
regulate the growth, proliferation and migration of epithelial cells
[Perez-Moreno et al., 2003]. They are essential during both normal
growth and developmental processes as well as in pathological
situations such as carcinoma growth and metastasis. The formation
and maintenance of epithelial cell junctions are dynamic processes
and undergo active regulation by both the extracellular milieu and

intracellular signals. The Rho family GTPases, Rac and Cdc42 play a
critical role in the regulation of E-cadherin based AJs [Kaibuchi
et al., 1999; Fukata and Kaibuchi, 2001]. E-cadherin in turn
activates Rac and Cdc42 during the initiation of cell-cell contacts to
drive the process of junction formation and maintenance of the
mature contact [Braga et al., 1997; Braga et al., 1999; Braga, 2000;
Nakagawa et al., 2001; Noren et al., 2001; Arthur et al., 2002]. Here,
we have analyzed junctional regulation by another small GTPase,
Rapl.

Rap1l is a member of the Ras-family of GTP binding proteins
[Pizon et al., 1988] that cycles between active GTP- and inactive
GDP-bound states. The hydrolysis of bound GTP is facilitated by
GTPase activating proteins or GAPs. The release of the bound GDP to
permit loading with GTP is mediated by guanine nucleotide
exchange factors or GEFs. Multiple Rap1 GEFs exist that enable it to
be controlled by a variety of extracellular stimuli [Quilliam et al.,
2002; Stork, 2003]. Rapl was originally discovered as a Ras
homolog and as a suppressor of Ras induced signaling [Pizon et al.,
1988; Kitayama et al., 1989]. Subsequent studies demonstrated it to
have varied signaling functions in the cell [Bos et al., 1997; Caron,
2003; Stork, 2003]. A major breakthrough in understanding Rap1
function came with the discovery that it regulates integrin-mediated
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adhesion of cells to the extra-cellular matrix, reviewed in [Caron,
2003; Hattori and Minato, 2003; Bos, 2005].

A potential role for Rap1 in cell junction regulation was also
realized when Boettner et al. [2000] reported that it localized with
the tight junction protein AF-6 in MCF-7 breast epithelial
cells. Additional studies in Drosophila demonstrated that loss of
Rap1 results in the failure of DE-cadherin, -, and a-catenin to
redistribute to nascent junctions following cytokinesis. Further-
more, in wild type cells Rapl was found to concentrate in the
junction between two sister cells, showing that Rap might be
involved in the re-distribution of cadherins to the newly formed
adherens junctions of daughter cells [Knox and Brown, 2002].

In this study we show that constitutively activated Rap1 promotes
E-cadherin based junctions in MDCK epithelial cells and resists
disruption of existing junctions. Disruption of AJs promotes Rap1
activation and this process is mediated via 3-catenin and PDZ-GEF
I/RapGEF2.

CELL CULTURE AND TRANSFECTION

MDCK cells provided by Dr. Simon Atkinson (Indiana University
School of Medicine) and HEK293T cells were cultured in 5% CO,,
37°C in DMEM (BioWhittaker, Walkersville, NJ) supplemented with
10% FBS (Hyclone, Logan, UT or Atlanta Biologicals, Lawrenceville,
GA). FRT cells were provided by Dr. Rodriguez-Boulan (Cornell
University, New York) and grown in Ham’s F12/Coon’s medium
(Sigma, St Louis, MO) supplemented with 5% FBS (Atlanta
Biologicals). HUVECs provided by Dr. David Ingram (Indiana
University School of Medicine) were grown in complete EGM-2
media (BioWhittaker). HEK293T cells were transfected with Fugene
6 (Roche, Indianapolis, IN) or calcium phosphate. MDCK cells were
transfected with plasmids using Cytofectene (Biorad, Hercules, CA)
or Lipofectamine 2000 (Invitrogen, Carlsbad, CA) when transfecting
with siRNA. siRNA were added at the time of seeding the cells into
culture dishes. Stable MDCK cell transfectants expressing GFP-Rap1
were established by selection of cells on 150 pg/ml G418
(Invitrogen) while cells stably expressing HA-tagged Rapl were
selected and maintained in 100 wg/ml Hygromycin B (Roche).
Individual transfectants were ring cloned and the expression of the
proteins confirmed by immunoblotting.

ANTIBODIES AND REAGENTS

Antibodies were purchased as HA monoclonal antibody—Covance
(Denver, PA), FLAG M2 antibody and monoclonal anti-uvomorulin
clone DECMA-1—Sigma, 3 catenin and E-cadherin cytoplasmic tail
antibody —BD Biosciences (San Jose, CA), Rap1 antibody —ViroMed
(Minneapolis, MN), pcDNA3-E-Cadherin and E-cadherin extracel-
lular domain antibody (rr-1) were kind gifts from Dr. Jim Marrs
and Dr. Shobha Gopalakrishnan (Indiana University School of
Medicine). Rap1A, C3G and RalGDS-RBD encoding plasmids have
been described previously [Rebhun et al., 2000]. PDZ-GEF I antibody
was a generous gift from Drs. Naoki Mochizuki and Atsuko Sakurai
(National Cardiovascular Center Research Institute, Osaka, Japan).
Recombinant Human Hepatocyte Growth Factor (294-HG) was
purchased from R&D systems (Minneapolis, MN), Rat tail collagen I

was from BD Biosciences and PP2 from CalBiochem (La Jolla, CA)
and bafilomycin A1 from Sigma. siRNA for canine PDZ-GEF I were
designed and synthesized by Applied Biosystems (Austin, TX). Three
siRNA sequences were synthesized for the 5’ region of the PDZ-GEF I
sequence (NCBI ID gi: 73978027 or XM 848711) of which 2 were
effective. PDZ-GEF 1 siRNA #2 sense 5-GCAGCAGUCUUUCU-
GAUAUtt-3/, antisense 5'-AUAUCAGAAAGACUGCUGCtt-3'; siRNA
#3 sense 5-GGAAGAAGGAGAAAUUGUUtt-3', antisense 5'-
AACAAUUUCUCCUUCUUCCte-3'. Control non-targeting siRNA
#2 was purchased from Dharmacon/ThermoFisher, Chicago, IL).

CALCIUM SWITCH

MDCK cells were serum starved overnight in DMEM and 4 mM EGTA
was added to the media for 30 min to chelate calcium in the medium,
leading to the disruption of E-cadherin homophilic interactions.
Four millimolar CaCl, was re-added at specified time points
following the 30 min of EGTA to induce re-formation of E-cadherin
junctions. Alternatively, the cells were serum starved overnight in
DMEM containing 100 pM calcium and switched to DMEM
containing 1.8 mM calcium at the specified points of time (low
calcium switch).

Rap1 ACTIVITY ASSAY

Cells were washed twice in ice cold phosphate buffered saline (PBS),
and lysed by incubating the cells at 4°C for 5 min in 1 ml of lysis
buffer containing 50 mM Tris-HCl pH 7.4, 10% glycerol, 200 mM
NaCl, 2.5 mM MgCl,, 1% IGEPAL (Sigma) and protease inhibitors—
1 mM p-methylsulfonylfluoride (PMSF) and 0.05 trypsin inhibitor
units/ml of Aprotinin. The cells were harvested and centrifuged at
14,000 rpm for 5 min. Eight hundred and fifty microliters of the
cleared lysate were then rocked with 30 wg of GST-RalGDS-RBD-
bound beads for 45 min at 4°C to pull down GTP bound Rap1. The
beads were then washed 3 times with the above-described buffer.
Rap1 was detected by running the samples on SDS-PAGE gels and
western blotting with Rap1 specific antibody [Castro et al., 2005].

IMMUNOFLUORESCENCE

MDCK cells were seeded on 12 mm round cover slips (Carolina
Biologicals, Burlington, NC). The cells were fixed using 4%
formaldehyde for 10 min at room temperature or overnight at
4°C and permeabilized using 0.2% Triton X-100, 5 min. The cells
were blocked using 0.2% BSA, 0.5 mM MgCl,, 0.45 mM CaCl,, 10%
goat serum, 50 mM NH,Cl, 25 mM glycine, and 25 mM lysine for 1 h,
washed twice in PBS containing 0.2% BSA and 0.5 mM MgCl,,
0.45 mM CaCl, and incubated with specified antibodies for 1 h,
followed by two washes and 1 h incubation with Alexafluor 594-
conjugated goat anti-mouse IgG (Invitrogen). After two final
washes, cover slips were mounted onto slides using mounting
medium containing DAPI (Vector labs, Burlingame, CA). Confocal
images were taken using a Zeiss LSM-510 confocal microscope
equipped with Laser lines 364, 488, and 543 nm and PMT detectors.

LIVE CELL IMAGING

MDCK cells expressing GFP tagged proteins were cultured on glass
bottom plates (MatTEK, Ashland, MA) and imaged live using an LSM
510 laser scanning confocal microscope. During imaging cells were
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maintained in growth media containing 50 mM HEPES to maintain
physiological pH and kept at 37°C using a heated stage.

ADHERENS JUNCTION FORMATION IN CELLS AFTER
TRYPSINIZATION AND RE-PLATING

MDCK cells stably expressing GFP-Rap1A were plated at 70-80%
confluency. The next day they were trypsinized for 2 min at 37°C
and triturated aggressively to disrupt any cell-cell contacts in
growth media containing 20% serum to neutralize the trypsin. The
cells were then centrifuged at 800 rpm for 5 min and re-suspended in
10 ml of growth media containing 20% serum and 50 mM HEPES.
One to 2 ml of the cell suspension was plated on 35 mm glass bottom
plates pre-coated with collagen (1-2 mg/ml) and allowed to re-form
junctions.

CO-IMMUNO PRECIPITATION

HEK293T cells were transfected with the appropriate expression
vectors. After 48 h the cells were washed twice with ice-cold PBS
and lysed using CSK buffer containing 50 mM NaCl, 300 mM
sucrose, 10 mM PIPES pH 6.8, 3 mM MgC(l,, 0.5% Triton X-100 and
protease inhibitors—1 mM PMSF and 0.05 trypsin inhibitor units
per ml of Aprotinin. Cells were harvested by scraping and the lysate
cleared by centrifuging at 14,000 rpm for 10 min at 4°C. Supernatant
was pre-cleared using 10 pl of protein A/G agarose beads (Santa
Cruz Biotech, Santa Cruz, CA) and tumbled with 1 wl of the specified
antibody for 1 h at 4°C. Thirty microliters of protein A/G agarose
beads were then added and tumbled for an additional 1.5 h. Beads
were washed 6 times with cold CSK buffer and proteins were eluted
by boiling with SDS loading buffer. Co-Immunoprecipitations in
MDCK cells were performed by plating 450,000 cells on 100 mm
dishes and after 48 h lysed and assayed as described above for
HEK293T cells. PDZ-GEF I antibody was used at 1:100 dilution for
co-immunoprecipitation from MDCK cells.

STATISTICAL ANALYSIS

Pooled data from at least three independent experiments were
normalized to total protein and significance (P < 0.05) determined
by Student’s -test.

Rap1 IS LOCALIZED TO CELL-CELL JUNCTIONS IN EPITHELIAL CELLS
Rap1 has been shown to localize to the peri-nuclear region of
mesenchymal cells [Beranger et al., 1991; Sato et al., 1994].
However, when we examined the localization of epitope-tagged
Rap1 in the Madin Darby canine kidney (MDCK) epithelial cell line, it
was found to be highly concentrated at cell-cell junctions
(unpublished results). To address its role in this novel sub-
cellular locale we stably expressed HA-tagged wild type RaplA
as well as constitutively active (63E) and dominant negative (17N)
mutants in MDCK cells. Rap1A was localized to cell-cell contacts
independent of its activation status although Rap1A-17N showed
more intracellular distribution than the other Rapl proteins
(Fig. 1A-C). Interestingly, when the Rap1A-63E mutant was stably
expressed in MDCK cells they underwent a dramatic change in
morphology; the colonies became highly compacted, suggesting an

increase in cell-cell contact (Fig. 1C). In contrast, the Rap1A-17N
expressing cells had a slightly flattened phenotype. The compacted
phenotype of Rap1A-63E cells was only observed following the
trypsinization and replating of drug-resistant colonies, suggesting
that an initial disruption of junctions was required to trigger it.

The constitutively active Rap1A-63E mutant appeared to increase
the length of junctional contacts (cells were taller based on confocal
microscopy; Fig. 1D). Therefore, to further evaluate if Rapl
activation indeed strengthened cell-cell adhesions we used the
“calcium switch” method as described in Materials and Methods.
Loss of extracellular calcium causes a change in the conformation of
E-cadherin’s extracellular domains leading to the loss of cadherin-
cadherin binding and eventually the disruption of adherens
junctions [Pokutta et al., 1994]. MDCK cells expressing Rap1A-
WT underwent cell-cell junction disruption upon calcium chelation
with EGTA, resulting in the internalization of 3-catenin, E-cadherin
and RaplA (Fig. 1E). In contrast, Rap1A-63E expressing cells
maintained about 60% of their junctions and remained together in
colonies (Fig. 1F). Scatter factor/hepatocyte growth factor (HGF)
also disrupts E-cadherin based adherens junctions in epithelial cells
and induces scattering of the cells on tissue culture dishes [Konishi
et al., 1991]. In accordance with the assumption that Rap63E
strengthened cell-cell junctions, MDCK cells that stably expressed
Rap1A-63E became flatter following exposure to HGF, resembling
untreated control cells, but showed no disruption of cadherin based
junctions even after 12 h of HGF treatment. Meanwhile, Rap1A-WT
expressing cells underwent cell-cell junction disruption and
scattering similar to cells transfected with just empty vector or
Rap1A-17N (Fig. 2). These data indicated that Rap1 might play an
essential role in either the formation or maintenance of cell-cell
junctions in epithelial cells.

Rap1 IS LOCALIZED TO REGIONS OF CELL-CELL CONTACT

DURING FORMATION OF NASCENT CELL JUNCTIONS

Epithelial cells initiate cell-cell junctions through localized regions
of cell contact that are then zippered to form a continuous band of
adherens junction [Adams et al., 1998; Jamora and Fuchs, 2002]. To
evaluate the role of Rap1 in the formation of initial cell-cell contacts
and nascent cell junctions we generated MDCK cells expressing
EGFP-tagged Rap1A and monitored Rap1A localization following
trypsinization and replating of cells at high density. As shown in
Figure 3, Rap 1A was localized mostly to the interior of the cells prior
to their contacting each other, with additional Rap1A being visible
at the plasma membrane. However, as soon as the cells encountered
each other, the intracellular Rap1A pool began to polarize (see
upward pointing arrows) and re-locate to the region of new cell-cell
contact. This suggested that Rap1A might be involved in the early
steps of cell junction formation.

Rap1 IS ACTIVATED DURING DISRUPTION OF E-CADHERIN BASED
JUNCTIONS IN MDCK CELLS

Localization of RaplA at regions of cell-cell contact and its
enrichment in nascent junctions intrigued us to further understand
how Rap1 signaling is affected by E-cadherin engagement. We first
monitored Rap1 activity during the disruption and re-formation of
E-cadherin junctions in MDCK cells. Two different “calcium switch”
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protocols were used to disrupt and re-form the adherens junctions
and Rap 1-GTP measured at various time points by RalGDS-RBD pull
down. When EGTA was used to chelate the extracellular calcium,
Rap1 was activated within 2 min of calcium depletion and this
activation was sustained for at least 30 min (Fig. 4A). Re-addition of
calcium by providing fresh medium containing 1.8 mM CaCl,
resulted in the rapid inactivation of Rap1. The second approach was
to maintain cells overnight in medium containing 100 wM calcium

RapWT B Rap17N RapB3E
D pCGN  RapWT Raps3E Rapli7N

fi-catenin

EGTA (30 min)

f-catenin

E-cadherin

Rap1(WT)

EGTA (30 min)

Rap63E

and switch to regular media containing 1.8 mM CaCl,. Reducing the
calcium concentration resulted in sustained elevation of Rap-GTP
levels overnight (Fig. 4B, lane 2) and this decreased towards baseline
within 15 min of re-addition of extracellular calcium (Fig. 4B, lanes
3-5).

The pattern of activation of Rap1 was similar in the MCF-7 and
MCF10A epithelial cell lines (unpublished results). In FRT cells there
was a 10-15 min delay in Rap activation (Fig. 3C). This is likely due
to the failure of Rap1 to localize to junctions in this cell line [Balzac
2005].
prevent the rapid activation of Rapl in MDCK cells upon Ca®"
chelation (Fig. 4D). Interestingly, human umbilical vein endothelial
cells (HUVECS) showed the typical increase in Rap1-GTP accumula-
tion during EGTA treatment but a further increase in Rap1-GTP was
observed upon the re-addition of calcium (Fig. 4E). This was in
contrast to the decrease seen in all four epithelial cell lines
but consistent with our previous studies [Wittchen et al., 2005].
Incubation of MDCK cells with an E-cadherin-neutralizing anti-
body, DECMA-1, inhibited Rap1-GTP levels from returning to
baseline upon readdition of CaCl,. This supported the notion that

et al., Consistent with this notion, bafilomycin did not

E-cadherin disengagement is responsible for the activation of Rap1
(Fig. 4F).

In order to rule out any discrepancies that could be caused by
changes in extracellular calcium on the intracellular milieu, we also
examined the effect of HGF induced cadherin dis-engagement on
Rap1 activation. As with calcium depletion, disruption of cell
junctions by HGF correlated with an increase in Rap1-GTP levels.
Upon exposure of MDCK cells to HGF (15 ng/ml) Rap1 was activated
within 2 min and Rap1-GTP levels were sustained for at least 4 h.
Interestingly, Rap1 activation by HGF was biphasic with a brief;,
highly reproducible decrease occurring approximately 45-60 min
post-stimulation (Fig. 4G). Phasic activation of Rap1 suggested that
Rap1 might be first responding to the disruption of junctions and
later perhaps separately contributing to the integrin-dependent
migratory process that is induced by HGF [Sakkab et al., 2000;
Lamorte et al., 2002].

PDZ-GEF | AND C3G ARE CANDIDATE GEFs FOR ACTIVATION OF
Rap1 DURING DISASSEMBLY OF CELL-CELL JUNCTIONS

PDZ-GEF I is a Rap GEF that additionally contains PDZ and RA (Ras
association) domains plus a C-terminal PDZ domain-binding motif

Fig. 1. Rap1 localizes to regions of cell-cell contact in epithelial cells. MDCK
cells stably expressing HA-tagged wild type Rap1A, Rap1A-WT (A), dominant
negative Rap1A-17N (B) or constitutively active Rap1A-63E (C) were stained
using HA antibody and imaged using confocal microscopy. D: The height of
adherens junctions was determined by detection of B-catenin. The images were
analyzed using the VOX program (VayTek Inc., Fairfield, IA) to obtain a 90°
rotation and vertical perception of B-catenin localization in three-dimensional
space. E: Rap1A-WT expressing MDCK cells were subject to calcium switch and
B-catenin, E-cadherin and HA-tagged Rap 1A detected by immunofluorescence
microscopy. Following extracellular calcium chelation, adherens junctions were
disrupted and proteins endocytosed. Whereas the Rap1A-WT cells underwent
complete dissolution of adherens junctions and endocytosis of B-catenin
(arrow) Rap1A-63E cells retained most cell-cell contacts and B-catenin on
their membrane (F). Note also the increased B-catenin staining at cell—cell
contacts in Rap1A-63E expressing colonies before treatment with EGTA. Data
representative of three independent experiments.
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pCGN RapWT Rap17N Rap63E

O hr

6 hr

Fig. 2. Constitutively active Rap1 strengthens E-cadherin junctions. MDCK cells stably transfected with empty pCGN vector, or vector encoding wild type Rap1A (RapWT),
constitutively active Rap1A mutant (Rap63E) or dominant negative Rap1A mutant (Rap17N) were treated with HGF for 6 h. Cells transfected with pCGN, pCGN Rap1A-WT or
Rap1A-17N underwent dissolution of cell-cell junctions followed by cell scattering whereas Rap1A-63E expressing cells did not undergo junction disruption. All images were
obtained at the same magnification. Representative of at least three independent experiments.

Fig. 3. Rap1 localizes to nascent cell-cell contacts during cell junction formation. MDCK cells stably expressing GFP-Rap1A-WT were trypsinized, vigorously pipetted to
disrupt cell-cell junctions, and re-plated. Localization of GFP-Rap1A in these cells was then followed using live cell confocal microscopy. A-C: Images collected on the same
microscopic field of the plate from near the basal (A) to near the apical (C) surface of the cells. GFP-Rap1A was mainly intracellular with a ring of Rap1 on the plasma membrane
(down facing arrow) in single cells whereas GFP-Rap1A is highly enriched when cells make contact and begin to establish cell junctions (upward facing arrows). D: Field showing
two cells establishing a nascent cell-cell contact and GFP-Rap1A enriched at the cell junction. Data representative of three or more independent experiments.
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[de Rooij et al., 1999; Liao et al., 1999; Rebhun et al., 2000]. PDZ-
GEF I has been previously shown to form a complex with B-catenin
[Kawajiri et al., 2000] and the scaffold protein, MAGI-1. This
association was significantly enhanced by chronic calcium
chelation to disrupt cell-cell junctions [Ohtsuka et al., 1999; Mino
et al., 2000]. To address whether PDZ-GEF I might regulate Rap1
at cell junctions, we first examined whether the GEF associates
with E-cadherin. As shown in Figure 5A, following co-transfection
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Calcium re-addition {(min) 5 15
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of 293T cells with plasmids encoding human E-cadherin and
Flag-tagged PDZ-GEF I, E-cadherin was co-precipitated by the
M2 anti-Flag antibody. We also examined the association of
another GEF, C3G, that was recently reported to interact with the
C-terminal tail of E-cadherin [Hogan et al., 2004]. Following
co-expression of the human E-cadherin and Flag-tagged C3G in
293T cells we also observed co-precipitation of these two proteins
(Fig. 5A). Coexpression of E-cadherin with each GEF resulted in
increased protein levels, suggesting that they may stabilize each
other.

If these interactions are relevant to Rap activation in epithelial
cells, they should occur between endogenous proteins and be
modulated by the status of cell junctions. To address these
possibilities, we performed a calcium switch experiment in MDCK
cells, precipitated the endogenous GEFs using specific antibodies,
and blotted for E-cadherin association. PDZ-GEF I and E-cadherin
showed minimal interaction under basal conditions (1.8 mM
calcium), but when junctions were disrupted E-cadherin showed
dramatically increased association with PDZ-GEF I that returned
towards baseline upon re-addition of calcium (Fig. 5B, upper
panels). Similarly, C3G showed minimal association with E-cadherin
under basal conditions but efficiently co-precipitated the cell
junction protein upon calcium withdrawal (Fig. 5C).

PDZ-GEF 1 also co-precipitated -catenin from MDCK cells
upon calcium switching (Fig. 5B, lower panels) whereas C3G/
E-cadherin complexes did not include B-catenin (Fig. 5C). This is
consistent with the notion that the interaction of PDZ-GEF I with
E-cadherin might occur via a B-catenin/MAGI-1 complex [Kawajiri
et al.,, 2000]. Attempts to detect MAGI-1 in the PDZ-GEF I/B-
catenin/E-cadherin complexes were unproductive due to low
expression of MAGI-1 in MDCK cells and unavailability of high
affinity MAGI-1 antibodies to detect the scaffold protein in these
cells.

Fig. 4. Rap1 is activated during disruption of E-cadherin based adherens
junctions. A: Calcium switch induced activation of Rap1. MDCK cell junctions
were disrupted by addition of 4 mM EGTA to the medium to chelate calcium
and reformed by adding back 4 mM CaCl, (calcium switch). Data representative
of at least 10 independent experiments. A representative blot and pooled data
from 5 to 9 experiments is shown, mean + SEM, P< 0.01 versus t=0 (") or
t=30 (™) min. B: Rap1 activation during low calcium switch. Rap1 was
activated following overnight incubation of MDCK cells in low calcium
(100 wM) medium (lane 2). This activation was reversed when cells were
returned to regular calcium medium for 2, 15, or 30 min (lanes 3-5). C: Rap1
was activated by Ca?" removal in Fisher rat thyroid (FRT) epithelial cells.
P < 0.05 versus t =0, n = 3. D: 30 min pretreatment with 100 nM bafilomycin
did not prevent calcium chelation from rapidly activating Rap1. Representative
of three separate experiments. E: Rap1 activation following calcium switch in
HUVECs. A minimal activation of Rap1 during the disruption of adherens
junctions was seen in endothelial cells (lanes 3 and 4 “P < 0.05) with a stronger
activation of Rap1 during re-addition of 1.8 mM CaCl, (lanes 6-8, “*P< 0.05
vs. t=230 min). F: Incubation of cells with E-cadherin antibody, DECMA-1 to
prevent homotypic binding prevented Rap1 deactivation. “P< 0.05 versus goat
19G control, n = 3. G: HGF induced activation of Rap1. MDCK cells were treated
with HGF (15 ng/ml) for the specified times and Rap1GTP levels measured.
Graph shows biphasic increase in RapGTP following treatment with HGF
(mean & SEM) from four independent experiments. *P<0.025 versus
t=230 min.
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KNOCK DOWN OF PDZ-GEF | IN MDCK CELLS RESULTS IN

THE LOSS OF Rap1 ACTIVITY

Having demonstrated an interaction between PDZ-GEF I, B-catenin
and E-cadherin in MDCK cells, we wished to determine if PDZ-GEF I
is responsible for mediating Rap1 activation during E-cadherin
junction disruption. Therefore, we used siRNA to knock down
PDZ-GEF 1 protein in MDCK cells. Two siRNAs designed against
canine PDZGEF I knocked down its protein expression in MDCK cells
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by 50-60% 48 h post-transfection compared to a non-targeting
siRNA (Fig. 6A). 48 hr after transfecting with control or a PDZ-GEF I
siRNA, MDCK cells were calcium-depleted and Rapl activity
determined using the RalGDS-RBD pull down assay as before. The
PDZ-GEF 1 siRNA-transfected cells showed attenuated Rap1GTP
levels (approximately 5000) compared to the control siRNA
transfected cells (Fig. 6B,C) indicating that PDZ-GEF I is involved
in the E-cadherin-induced Rap1 activation following the disruption
of cell-cell adhesions.

Adherens junctions are dynamic. Their formation and maintenance
are finely regulated by growth factors and their receptors, kinase
cascades, phosphatases, heterotrimeric G proteins, small GTPases,
and scaffold proteins [Roura et al., 1999; Braga, 2002; Jamora and
Fuchs, 2002; Le et al., 2002; Lock and Stow, 2005; Burridge et al.,
2006]. Here, we have demonstrated a role of the small GTPase, Rap1,
and an upstream GEF in regulating E-cadherin based adherens
junctions in an epithelial model system.

Rap LOCALIZES TO CELL-CELL CONTACTS

AND STRENGTHENS THEM

GFP-Rap1A localized to regions of cell-cell contact in MDCK cells
and was enriched at cell junctions from the early stages of cell
contact, suggesting a key role for Rap1 in junction formation. Stable
expression of constitutively active Rapl1A-63E in MDCK cells
promoted a dramatic change in their morphology; colonies were
highly compacted and there was increased (3-catenin localization
within junctions despite no significant change in total protein
content. Interestingly, enhanced junction formation was only seen
upon stable expression of activated Rap1l and is consistent with
studies using mouse osteosarcoma cells that lack the Rap GEF
DOCK4 [Yajnik et al., 2003]. Since RapGAP also inhibited junction
formation in MCF7 cells following a calcium switch but did not
disrupt preexisting junctions [Hogan et al., 2004] our results are
consistent with Rap1 playing a role in the formation of new cell-cell
contacts rather than in the maintenance of mature ones. The reason
for this requirement is unclear but suggests that the ability of Rap1
to promote enhanced junctional assembly is prompted by their

Fig. 5. E-cadherin co-precipitates with PDZ-GEF | and C3G. A: E-cadherin
was exogenously expressed in 293T cells along with either Flag tagged
PDZ-GEF | or C3G. Flag antibody was used to precipitate GEFs prior to blotting
for E-cadherin. E-cadherin co-precipitated with both PDZ-GEF | (top panel)
and C3G (middle panel). Expression of proteins is shown below. B: Endogenous
E-cadherin and B-catenin associate with PDZ-GEF | in MDCK cells. MDCK cells
were subject to calcium switch and PDZ-GEF antibody used to immunopre-
cipitate the endogenous GEF. Association of endogenous E-cadherin with
PDZ-GEF was greatly enhanced upon disruption of junctions with EGTA for
30 min but returned to near basal levels following Ca?* re-addition. 3-Catenin
also coprecipitated with the E-cadherin and PDZ-GEF | complex (lower panels).
C: E-cadherin but not B-catenin co-immunoprecipitated with C3G in MDCK
cells. MDCK cells were calcium switched as above and C3G antibody used
for immunoprecipitation. Data representative of at least three independent
experiments.
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Fig. 6. Knockdown of MDCK cell PDZ-GEF | reduces the ability of cell
junction disruption to activate Rap1. A: Transfection of two different PDZ-
GEF siRNAs resulted in decreased expression of the GEF 48 hr later. B: MDCK
cells were transfected with control or two different PDZ-GEF | siRNAs (75 mM
siRNA#3 shown). Forty-eight hours later calcium switch was performed as
indicated and RapGTP levels measured using the RalGDS-RBD pull down.
Glyceraldehyde 3 phosphate dehydrogenease and total Rap1 expression levels
indicate equal loading. C: Graph shows quantitation of the data represented in
(B) (mean + SEM from three separate experiments using siRNA #3).

disruption, that is, Rapl activation is triggered as a repair
mechanism.

MDCK cells expressing Rap1A-63E showed resistance to HGF-
induced cell scattering and calcium depletion induced cell junction
disruption. This is consistent with the ability of the Rap GEF, Epac1
to resist scattering upon transfection into MDCK cells [Price et al.,
2004] and supports the notion that Rap1 activity might also resist
the junction separation. Recent studies have shown that activated
Rap1 enhances the binding of AF-6 to p120 catenin that in turn
binds to E-cadherin and prevents its endocytosis from the plasma
membrane [Hoshino et al., 2005; Sato et al., 2006]. Rap has also been
shown to activate Rho family GEFs and GAPs to modulate the actin
cytoskeleton [Arthur et al., 2004; Fukuyama et al., 2005; Yamada
et al., 2005] which is essential for the formation and maintenance of
E-cadherin junctions. Thus Rap1 may utilize multiple mechanisms
to promote junction stability.

Rap1 IS ACTIVATED FOLLOWING DISRUPTION OF E-CADHERIN
ADHERENS JUNCTIONS

Rap1l was activated when junctions were disrupted, either by
chelation of extracellular calcium or by HGF stimulation. This
suggested that Rap1’s action was associated with repair and might
explain why the compacted phenotype of Rap1A-63E expressing
cells was only observed subsequent to their first trypsinization.
EGTA-induced activation of Rapl was E-cadherin dependent
since incubation of cells with DECMA-1, an inhibitory antibody
that binds the cadherin extracellular domains to prevent homotypic
binding, prevented CaCl, from reversing the effect of EGTA. This
is consistent with recent findings in FRT cells [Balzac et al., 2005].
Therefore Rapl is both regulating cell junctions (inside-out
signaling) and being activated by E-cadherin via a classic
outside-in signaling pathway.

Although Rap1 had previously been reported to be activated by
HGF [Sakkab et al., 2000] no time course had been performed in
epithelial cells. It is interesting to note that the activation of Rap1 by
HGF was biphasic and detectable for over an hour compared to the
transient response observed in 293 HEK cells [Sakkab et al., 2000].
Following disruption of cell junctions, HGF promotes integrin-
dependent migration. Since Rap regulates cell spreading and
migration via Rho family GTPases [Arthur et al., 2004; Bos, 2005],
the second phase of Rap1 activation may contribute to HGF-induced
scattering.

Although disruption of cell junctions in endothelial cells
promoted an increase in RapGTP similarly to that seen in MDCK
cells, a further increase in Rap1 activation rather than return toward
baseline was seen upon re-addition of extracellular calcium. It
would therefore appear that although Rapl is activated upon
breaking junctions in both cell types, Rap is differentially regulated
by E- versus VE-cadherin engagement. Whereas treatment of
epithelial cells with RapGAP failed to disrupt existing junctions
[Hogan et al., 2004], it promoted loss of junctional integrity in
HUVECs [Cullere et al., 2005; Wittchen et al., 2005; Sakurai et al.,
2006] suggesting a more major role for Rap1l in maintenance of
cell-cell contacts in endothelial cells.

C3G has been recently reported to directly bind to E-cadherin
[Hogan et al., 2004] and to couple the engagement of nectins, which
may precede cadherin binding, to Rap activation [Fukuyama et al.,
2005]. On the other hand, PDZ-GEF I has been implicated in the
activation of Rapl in endothelial cells [Sakurai et al., 2006].
However, the differential activation of Rap GEFs cannot explain the
cell type differences in Rap activation since we found both GEFs to
associate with E-cadherin upon junctional disruption in MDCK cells.
The time course of Rap1 activation was delayed in FRT compared to
other epithelial cells. In contrast to other cell lines tested, most Rap1
is located on intracellular membranes in FRT cells, requiring
endocytosis of junctional components before Rapl can become
activated following extracellular calcium chelation [Balzac et al.,
2005]. While it has been reported that endocytosis must occur prior
to Rap1 activation by neurotrophins [York et al., 1998; Hisata et al.,
2007] it has also been contended that Rapl is activated at the
plasma membrane in other cells [Bivona et al., 2004]. The failure of
bafilomycin to block Rap1 activation in MDCK (this report) versus
FRT cells [Balzac et al., 2005] supports our notion that in MDCK cells
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Rap1 localizes to cell-cell junctions where it is rapidly activated by
an E-cadherin-associated RapGEF.

We observed an interaction between C3G and E-cadherin upon
breaking MDCK cell junctions that did not coincide with the
precipitation of B-catenin. This is consistent with the notion that
(3G directly binds E-cadherin [Hogan et al., 2004] or is coupled via
Src and Crk. In agreement with Balzac et al. [2005] we found that the
Src inhibitor PP2 could attenuate Rap activation (unpublished
results). However, since phosphorylation by Src enhances C3G
exchange activity [Ichiba et al., 1999], this does not preclude a
direct E-cadherin-C3G complex. Association between PDZ-GEF I
and E-cadherin was also greatly enhanced when cell-cell junctions
were dissolved and resulted in co-precipitation with 3-catenin. This
association was only seen using anti-PDZ-GEF I as the immuno-
precipitating antibody, presumably due to steric hindrance by the
anti-cadherin antibody that recognizes the intracellular domain,
and likely explains why PDZ-GEF I was not previously reported to
associate with E-cadherin in MCF-7 cells [Hogan et al., 2004].

Previous studies have shown PDZ-GEF I binding to the multi-PDZ
domain-containing scaffold protein, MAGI-1, MAGI binding to
3-catenin, and the localization of each of these protein to regions of
cell-cell contact in epithelial cells and hypocampal neurons [Hisata
et al.,, 2007]. Recent findings also suggest that Rap1 activation by
PDZ-GEF in epithelial cells is critical during Drosophila develop-
ment [Boettner and Van Aelst, 2007]. However, a role for PDZ-GEF I
in cell junction formation had not been established [Ide et al., 1999;
Dobrosotskaya and James, 2000; Kawajiri et al., 2000; Mino et al.,
2000]. Here we show that knock down of PDZ-GEF I in MDCK cells
results in decreased Rap1 activation during junction disassembly.
The partial Rap1 activation persisting after PDZ-GEF 1 siRNA
transfection may be attributable to the incomplete knockdown of
GEF expression, resulting from only ~500% transfection efficiency,
or the continued presence of C3G. We have been unsuccessful in
identifying effective canine C3G siRNAs to address this latter
possibility. Though we could not detect MAGI-1 in our PDZ-GEF I/
E-cadherin complexes we speculate that it plays an essential role in
localizing PDZ-GEF I to the junctional complex: Recent studies by
Sakurai et al. show MAGI-1 binding to (3-catenin and PDZ-GEF I,
and localizing it to cell-cell adhesion sites in human endothelial
cells. Depletion of MAGI-1 by siRNA resulted in decreased Rap1
activation and impaired cell-cell adhesion. However, Sakurai et al.
[2006] could not knockdown PDZ-GEF I in HUVECs without cell
detachment. We now show that Rap1 is localized to regions of
epithelial cell-cell adhesion, strengthens these junctions and is
activated upon adherens junction disruption. This effect is at least in
part mediated by the recruitment and activation of PDZ-GEF 1.
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