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The dynamic control of E-cadherin is critical for establishing and maintaining cell-cell junctions in epithelial cells. The
concentration of E-cadherin molecules at adherens junctions (AJs) is regulated by lateral movement of E-cadherin
within the plasma membrane and endocytosis. Here we set out to study the interplay between these processes and
their contribution to E-cadherin dynamics. Using photoactivation (PA) and fluorescence recovery after photobleaching
(FRAP), we were able to monitor the fate of E-cadherin molecules within the plasma membrane. Our results suggest that
the motility of E-cadherin within and away from the cell surface are not exclusive or independent mechanisms and there
is a fine balance between the two which, when perturbed, can have dramatic effects on the regulation of AJs.

Introduction

In their physiological environment, cells are in contact with
neighboring cells. Cadherin-based AJs provide the initial means
of cell-cell contact and have key roles during development and
maintenance of epithelial polarity."* Additionally, there is over-
whelming evidence that the AJ is an important tumor and/or
invasion suppressor.>> E-cadherin, the prototypic classical cad-
herin, is ubiquitously expressed in epithelial tissues. In common
with other classical cadherins, E-cadherin is a single pass trans-
membrane protein with an extracellular domain consisting of
five extracellular repeats that mediate either calcium-dependent
homotypic interactions with the cadherin molecules of an adja-
cent cell® or with cadherins in the same membrane.”

AJs are not static but rather must be amenable to rapid remod-
eling, for example during embryogenesis or wound healing. The
ability of E-cadherin molecules to respond to external stimuli
is key to controlling the formation and turnover of AJs and
the highly dynamic nature of E-cadherin molecules within the
membrane makes this possible.®’ E-cadherin is present in two
pools within the membrane: diffusible E-cadherin molecules
and transmembrane clusters engaged in cell-cell adhesion, and
the movement of E-cadherin molecules between these two pools
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and junction formation.”'" The mechanisms that regulate the
movement of E-cadherin within and away from the membrane
are not fully understood. Recent studies using FRAP of GFP-
E-cadherin have provided information on how the movement of
E-cadherin molecules within the membrane are controlled.”> '
However, using FRAP alone, it is not possible to determine
the relative importance of endocytosis and lateral movement
within the membrane to overall E-cadherin dynamics. To
address this we have used photoactivatable green fluorescence
protein (PAGFP) fused to E-cadherin, which allows us to follow
both the fate and dynamics of E-cadherin molecules following
photoactivation. Specifically we wished to look at E-cadherin
dynamics in mature junctions as the maintenance of steady state
kinetics is critical to the ability of epithelial cells to remodel AJs
in response to external stimuli. Therefore, confluent monolayers
of A431 squamous cell carcinoma cells were used in this study
and we show that the use of photoactivation and photobleach-
ing allows the dynamic regulation of E-cadherin to be followed
which is not possible using conventional technologies in fixed
sections.

Results
Generation of A431 PAGFP-E-cadherin cell line. In order

to carry out photoactivation studies, we stably expressed
PAGFP-E-cadherin in A431 cells and we compared its levels of
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Figure 1. Characterization of A431 cells expressing GFP-E-cadherin, PAGFP-E-cadherin and PAGFP-Farn2Palm. Expression and cellular localization

of GFP-E-cadherin, PAGFP-E-cadherin and PAGFP-Farn2Palm in stable pools of A431 were confirmed by immunoblot of E-cadherin and GFP (A) and
immunofluorescence of GFP (B). (C) Montage showing cellular localization of GFP-E-cadherin at different levels in the z-axis of the cells. The asterisk (*)
indicates the focal plane chosen for E-cadherin dynamics analyses. Blue, DAPI staining. Scale bars, 20 um.

expression and localization with those of a previously reported
A431 GFP-E-cadherin cell line.”” Figure 1A shows similar levels
of both endogenous and fluorescence-tagged E-cadherin in
these two cell lines detected using both anti-E-cadherin and
anti-GFP antibodies. We also generated A431 cells expressing

PAGFP-Farn2Palm, where the PAGFP is anchored to the plasma
membrane through a farnesylated and doubly palmitoylated
membrane targeting sequence.””’® Use of PAGFP-Farn2Palm
allows us to compare PAGFP-E-cadherin dynamics with that
of a probe that diffuses freely within the plasma membrane
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Figure 2. Study of E-cadherin dynamics using photoactivation. (A) Representative images captured pre-activation and following activation showing
basal fluorescence of PAGFP-E-cadherin and PAGFP-Farn2Palm when illuminated with 488 laser. Fluorescence intensity heat maps have been applied
to facilitate visualization. Scale bars, 20 um. (B) Representative still images of PAGFP-E-cadherin (top parts) and PAGFP-Farn2Palm (bottom parts) at the
plasma membrane captured pre-activation and following activation. Fluorescence intensity heat maps have been applied to facilitate visualization.
Scale bars, 5 um. (C) Fluorescence decay curves following photoactivation of PAGFP-E-cadherin (red) and PAGFP-Farn2Palm (blue). (D) Quantification
of t, , following photoactivation of PAGFP-E-cadherin and PAGFP-Farn2Palm. Values represent the mean from at least 25 cells. Error bars, s.e.m.

and is not specifically removed by endocytosis. Expression of
PAGFP-Farn2Palm was confirmed by immunodetection using
an anti-GFP antibody (Fig. 1A). GFP-E-cadherin and PAGFD-
E-cadherin were predominantly located at the plasma membrane
in confluent monolayers of A431 cells and showed a similar local-
ization as endogenous E-cadherin (Fig. 1B). The localization of
GFP-E-cadherin was observed to be more diffuse at the bottom
and top of cell, becoming more enriched at sites of AJs (Fig. 1C).
E-cadherin dynamics were monitored at this level. PAGFD-
Farn2Palm was also located at the plasma membrane (Fig. 1B).

www.landesbioscience.com
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Characterization of E-cadherin dynamics using photoac-
tivation. Initially we looked at the fate of PAGFP-E-cadherin
molecules following photoactivation. Both PAGFP-E-cadherin
and PAGFP-Farn2Palm displayed low level of basal fluorescence
when illuminated with the 488 laser used for imaging. This basal
fluorescence was used to identify a target region in the plasma
membrane to photoactivate (Fig. 2A). Photoactivation occurred
within the next frame acquired following activation (Fig. 2A),
resulting in a 7.7 + 0.6 or a 14.3 + 0.8 fold increase of fluores-
cence intensity of PAGFP-E-cadherin or PAGFP-Farn2Palm,
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respectively. Lateral movement of PAGFP-E-cadherin within
the membrane following photoactivation was seen but there was
no visual evidence that the probe was internalized (Fig. 2B, top
parts). A similar lateral movement within the membrane was seen
following photoactivation of the membrane targeted PAGFP,
PAGFP-Farn2Palm, which is not specifically removed by endo-
cytosis (Fig. 2B, bottom parts). Visual comparison of still images
acquired 10 seconds after photoactivation clearly indicated that
E-cadherin movement within the membrane was much slower
than that of the membrane probe. This observation was con-
firmed by calculation of the half time of recovery (t,,) after fit-
ting of decay curves in SigmaPlot (Fig. 2C) (PAGFP-E-cadherin:
43 + 4 sec; PAGFP-Farn2Palm: 15 + 2 sec) (Fig. 2D). To make
sure that the fluorescence decay observed following activation
was not caused by photobleaching of the sample during imaging,
A431 cells expressing PAGFP-E-cadherin were fixed and photo-
activation was carried out as previously. No fluorescence decay
was monitored in the time frame of our experiments (data not
shown).

In addition, the use of photoactivation allowed further anal-
ysis of E-cadherin movement within the membrane; Gaussian
curves were obtained by fitting integrated intensity measure-
ments derived from line profiles for both probes at activation and
t,,, time points. These curves graphically depict the style of move-
ment within the membrane (Fig. 3A) and given the tight fit of our
data with R? values ranging from 0.93 to 0.98, they clearly show
that the predominant mode of E-cadherin movement is laterally
within the membrane. Using these Gaussian curves we were also
able to calculate the speed of the lateral movement (E-cadherin:
25 + 0.8 nm/sec; Farn2Palm: 251 + 4.8 nm/sec) (Fig. 3B), again
confirming that E-cadherin movement within the membrane is
significantly slower than the membrane probe.

E-cadherin is mainly retained at the plasma membrane of
confluent monolayers of A431 cells. Using the photoactivatable
probes also allows us to quantify the fraction of fluorescent mol-
ecules retained in the membrane following photoactivation. We
measured the initial integrated intensity of the activated region
and the intensity of the thresholded segmented region at the t,,
for both probes. Examples of the still images from photoactiva-
tion experiments and corresponding segmented regions which
were analyzed in Image]J to obtain these measurements are shown
in Figure 4A. In the case of the membrane targeted PAGFD-
Farn2Palm, 80 + 2.3% of the fluorescence signal was retained
in the membrane region. This value is most likely an under-
estimate of the fraction retained within the membrane as the
technique was not sensitive enough to quantify the fluorescence
signal as it reached background levels at the edge of the spread
photoactivated region. In addition, all images were recorded in
a single focal plane, which is inevitably subject to loss of fluores-
cence signal via 3-dimensional movement of the photoactivated
probe within the membrane. However, the fraction of PAGFP-E-
cadherin signal retained over its t, , was significantly smaller than
the membrane probe (69 + 2.2%; t test, p = 0.003) (Fig. 4B),
which allowed us to infer that a relatively small but significant
fraction (around 10%) of E-cadherin molecules may be lost from
the plasma membrane.
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As around 90% of the E-cadherin molecules remain within
the membrane in the time frame of these experiments, we pro-
pose that the E-cadherin dynamics quantified by FRAP are
likely to be a reflection of the lateral movement of E-cadherin
molecules within the membrane. In agreement with the results
obtained from the photoactivation analysis we found that GFP-
E-cadherin moved more slowly than GFP-Farn2Palm (t,, for
GFP-E-cadherin was 85 + 6 sec compared to 15 + 1 sec for GFP-
Farn2Palm following photobleaching) (Fig. 5C). These results
were also supported by analyses of the type of movement of these
probes following photobleaching. Similar to described above,
integrated intensity measurements derived from line profiles for
both probes at bleaching and t , time points were fitted to gauss-
ian curves (R? = 0.92-0.99) (Fig. 3C) and used to calculate the
speed of the lateral movement (E-cadherin: 6.6 + 0.5 nm/sec;
Farn2Palm: 17.8 + 1.5 nm/sec) (Fig. 3D), again confirming
that E-cadherin movement within the membrane is significantly
slower than the membrane probe.

Deregulation of exchange between the intracellular pool of
E-cadherinand the cell surface specificallyalters the rate of move-
ment of E-cadherin at the plasma membrane. Photoactivation
data suggested that active withdrawal of E-cadherin molecules
from the plasma membrane could be occurring in conflu-
ent monolayers of A431 cells. To confirm this, we carried out
biochemical analyses, which showed that surface biotinylated
E-cadherin was internalized in the time frame of our experi-
ments (Fig. 5A). Densitometric quantification revealed that the
proportion of surface E-cadherin internalized over a period of
10 min was around 15%, in agreement with results obtained in
our PA analyses. In addition, we observed that both endogenous
and exogenous E-cadherin pools were similarly internalized,
indicating that the fluorescence tag did not disrupt E-cadherin
regulation (data not shown). To determine whether intracellu-
lar trafficking could affect the lateral movement of E-cadherin
we made use of pharmacological agents that block this process
at different levels. Firstly, we used dynasore, a potent dynamin
inhibitor that blocks vesicles pinching off the membrane.”
Dynasore impaired E-cadherin internalization, as shown in a cell
surface biotinylation assay (Fig. 5A). In order to study the impact
on E-cadherin dynamics, we carried out FRAP experiments and
calculated the t, , derived from the recovery curves of each probe
(Fig. 5B). As expected, the t,, of the membrane probe remained
unchanged upon treatment of cells with dynasore as it is not
specifically endocytosed (Fig. 5C). In contrast, E-cadherin mol-
ecules moved significantly faster after blocking endocytosis with
dynasore (Fig. 5C). Secondly, we used the potent AT Pase inhibi-
tor, bafilomycin A1.?° Biotinylation assays revealed that bafilo-
mycin Al increased the E-cadherin intracellular pool, likely as
a consequence of this drug’s effects on derailing the recycling
from intracellular pools back to the membrane (Fig. 5A). As with
dynasore, treatment with bafilomycin Al decreased the t,, after
photobleaching of GFP-E-cadherin (Fig. 5C). In addition, fol-
lowing photoactivation of PAGFP-E-cadherin, line profile analy-
ses of cells treated with bafilomycin Al revealed an increased
rate of motility of E-cadherin molecules within the membrane

(Fig. 5D).
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Figure 3. Monitoring E-cadherin dynamics at the plasma membrane. (A) Integrated fluorescence intensity measurements over the plasma membrane
at activation (full line) and t,, time points (dash line) were fitted to Gaussian curves for PAGFP-E-cadherin (top) and PAGFP-Farn2Palm (bottom).

(B) Quantification of the speed of lateral movement of PAGFP-E-cadherin and PAGFP-Farn2Palm within the membrane. (C) Integrated fluorescence
intensity measurements over the plasma membrane at bleaching (full line) and t
GFP-E-cadherin (top) and GFP-Farn2Palm (bottom). (D) Quantification of the speed of lateral movement of GFP-E-cadherin and GFP-Farn2Palm within
the membrane. Values represent the mean from at least 25 cells. Error bars, s.e.m.

., time points (dash line) were fitted to Gaussian curves for

E-cadherin immobile fraction is not perturbed by inhibiting
intracellular trafficking. As reported in our previous study,” the
fluorescence intensity of GFP-E-cadherin in the plasma mem-
brane after photobleaching never recovers to the original value.
This is attributed to a fraction of E-cadherin molecules that
are unable to move (termed immobile fraction). The immobile
fraction of GFP-E-cadherin was significantly higher than GFP-
Farn2Palm (20 + 2% and 10 + 1%, respectively) (Fig. 6), which

www.landesbioscience.com
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is in agreement with the PA data, indicating that E-cadherin is
less freely diffusible within the membrane than the Farn2Palm
probe. Dynasore treatment did not affect the immobile fraction
of GFP-Farn2Palm and, interestingly, the E-cadherin immobile
fraction also remained unchanged in the presence of dynasore
and bafilomycin Al (Fig. 6), suggesting that changes in intra-
cellular trafficking does not alter the proportion of E-cadherin
molecules at the membrane which are able to move.
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Figure 4. E-cadherin is mainly retained at the plasma membrane of confluent monolayers of A431 cells. (A) Segmentation of fluorescence signal
using ImageJ and corresponding still images from photoactivation experiments at activation and t, , time points for PAGFP-E-cadherin and PAGFP-
Farn2Palm used for membrane retention analyses. (B) Quantification of the proportion of fluorescence intensity that is retained in the plasma
following activation of PAGFP-E-cadherin and PAGFP-Farn2Palm. (t test, *p = 0.003). Values represent the mean from at least 25 cells.

Inhibition of endocytosis strengthens cell-cell adhesion.
Intracellular trafficking was found to play a crucial role in
controlling the rate of movement of the E-cadherin molecules
within the membrane. This therefore raises the question of
whether the endocytosis of E-cadherin molecules is physiologi-
cally important and can affect cell-cell adhesion strength. To
measure adhesion strength, confluent monolayers of cells were
incubated with dispase. This results in detachment of the cells as
an intact monolayer. The resistance to disaggregation induced by
mechanical stress of these monolayers is then used as a measure of
the relative strength of cell-cell contacts. Treatment with dyna-
sore resulted in an increased size of the fragments released (Fig.
7A) and a reduction in the number of single cells detached from
the cell sheets (Fig. 7B). This result indicated a strengthening
effect of dynasore on cell-cell adhesion. As expected, changes in
E-cadherin expression levels had an impact on cell-cell junction
strength measure by dispase assay. Overexpression of E-cadherin
resulted in a reduction in the number of single cells detached
from the cell sheets, while inhibition of E-cadherin expression by
siRNA decreased adhesion strength (Fig. 7C). These results sup-
port the use of this assay as a readout of the ability of A431 cells
to establish and maintain E-cadherin-dependent cell-cell adhe-
sions. However, inhibition of endocytosis following treatment
of cells with dynasore did not change the levels of E-cadherin
at the membrane as visualized at the time of FRAP acquisi-
tion or result in the loss of AJ integrity (Fig. 7D). In order to
detect any potential changes in levels of E-cadherin in the cell
surface upon in A431 cells treated with dynasore, we incubated
cells with biotin at 4°C to prevent internalization and surface
E-cadherin molecules were collected with Agarose Immobilized
Streptavidin. Proteins were eluted by boiling the beads in SDS
sample buffer and analyzed by SDS-PAGE and immunoblotting
with an anti-E-cadherin antibody. Alternatively, total protein
lysates were resolved in parallel and probed for total E-cadherin
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expression. No detectable changes were identified in surface or
total levels of E-cadherin (Fig. 7E). These observations support
the data presented above, indicating that only a small proportion
of E-cadherin molecules are subject to endocytosis in confluent
monolayers of A431 cells. Furthermore, disrupting the endo-
cytic machinery can have significant effects on cell-cell adhesion
strength.

Discussion

The dynamic remodeling of E-cadherin-mediated AJs at the
plasma membrane is crucial for epithelial homeostasis and its
deregulation has been involved in several diseases, including can-
cer.>” Several studies have now suggested different mechanisms
that regulate E-cadherin dynamics at the plasma membrane,
albeit their interplay and contribution to E-cadherin function
is not fully understood. Here we have used photoactivation
and FRAP to monitor the fate of E-cadherin molecules within
the cell. The movement of PAGFP-E-cadherin was analyzed
in comparison to a photoactivatable membrane targeted GFP
(PAGFP-Farn2Palm). The freely diffusing PAGFP-Farn2Palm
was observed to undergo rapid lateral diffusion. Similarly, photo-
activation of PAGFP-E-cadherin revealed that it also underwent
lateral movement within the plasma membrane, however with a
slower rate of movement. Fitting of data derived from line pro-
file analysis to Gaussian curves confirmed that the predominant
mode of movement for both probes was lateral along the mem-
brane, and that the movement of PAGFP-Farn2Palm was up to
ten times faster than that of E-cadherin. These results are con-
sistent with a model suggesting that the majority of E-cadherin
molecules are not freely diffusible within the membrane, but
rather their movement is restricted either through cadherin clus-
tering at AJs or via tethering to the microtubule network or actin

cytoskeleton.”!1%16:2!

Volume 4 Issue 4



A 12
2
c £
'E 5 10
22
386
Q E
w o 5
g 2 | —  Control
No
g; 4 ——  Dynasore
25
c © — BafA1
®
0 ‘ :
0 2 5 10
Time (min)
B 1 1
0.9 - 0.9
08 08
0.7
0.7 1 06 |
0.6 - 0.5 -

* Average
— Predicted |Contro|

Relative Fluorescence Intensity
Relative Fluorescence Intensity

0.5 A 04
» Average Control lo —Average
0.4 - —Predicted ontro 03 & . Predicted |Dynasore
0.2
» Average —Average
0.3
: —Predicted ‘ Dynasore 0.1 - « Predicted |BafA1
02 ‘ i : 0 —F——— ‘ R
0 50 100 150 200 0 100 200 300 400 500 600
Time (s) Time (s)
C 100 D60
90
80 50 -
70 |
—_ * 40
O 60 =
? £
é 2 50 e 30
Hs 40 -
30 20
20 10
o ML
0 - ~ ‘ - ‘ 0 : ‘
Q (04} ~N
L & ~ § s Control BafA1
S & S & &
O § O §
Q Q
Farn2Palm E-cadherin
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bafilomycin A1. Values represent the mean from at least 25 cells. Error bars, s.e.m.
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Figure 6. The immobile fraction of E-cadherin at the plasma membrane
is not perturbed by dynasore or bafilomycinA1. Quantification of
immobile fraction following photobleaching of GFP-Farn2Palm in
control or dynasore-treated cells or GFP-E-cadherin in control cells or
cells treated with either dynasore or bafilomycin A1 (dynasore 80 M,
bafilomycin A1 1 wM, 0.5-2 h). Values represent the mean from at least
25 cells. Error bars, s.e.m.

E-cadherin is reported to undergo both diffusion within the
membrane?? and active withdrawal from and recycling back to
the membrane via intracellular trafficking networks.'>* Reports
in confluent monolayers of other epithelial cells have shown that
only a small pool of around 10-15% of E-cadherin molecules
are constantly cycled through an endocytic pathway.'** Despite
the limitations imposed by the use of confocal microscopy that
we described above, our photoactivation results are in agreement
with these reports. In addition, our imaging approaches were
supported by the results obtained in the biochemical analyses.
Taken together, we suggest that in A431 confluent monolayers
the majority of E-cadherin molecules are highly dynamic within
the membrane but there is still a small proportion that is subject
to endocytosis.

These findings suggest that E-cadherin dynamics might be
simultaneously governed by lateral movement and endocytosis,
and what could be pivotal in its regulation would be a tight balance
of these two contributing factors. To assess our hypothesis, we uti-
lized two broadly used drugs, dynasore and bafilomycin A1, which
impair trafficking from and to the plasma membrane, respec-
tively, and we carried out photoactivation and photobleaching
studies. These results revealed that the rate of lateral movement
of E-cadherin at the membrane was increased as a consequence of
inhibiting its intracellular trafficking. This may reflect a change
in the dynamic interplay between adhesive E-cadherin molecules
associated with cell-cell interactions and the lateral movement of
E-cadherin molecules not engaged in adhesions, as endocytosis
has been shown to target both of these pools of E-cadherin.'#*
These results indicate that the endocytic and recycling machinery
contribute to the maintenance of E-cadherin dynamics found at a
steady state in mature AJs. Although the majority of E-cadherin
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molecules are retained within the membrane of mature junc-
tions, disruption of the endocytic and recycling pathways has
significant effects on the movement of E-cadherin within the
membrane.

It therefore seems reasonable to propose that an intimate
relationship between E-cadherin endocytosis and lateral mem-
brane diffusion may exist and that this relationship may be
important in determining cell-cell adhesion strength. Indeed,
we showed that A431 cells treated with dynasore presented resis-
tance to mechanical dissagregation of a cellular sheet. These
results strongly indicate a relationship between the inhibi-
tion of E-cadherin endocytosis and cell-cell adhesion strength.
However, there might be other levels of regulation that could be
taking place simultaneously. For instance, intracellular pools of
E-cadherin and other AJs components have been shown to be
involved in diverse signaling pathways, which in return could
affect cell-cell adhesion strength when deregulated.®® Also, the
role of cortical signaling being potentially affected by the drugs
used in this study cannot be ruled out.

E-cadherin does not solely exist as freely diffusible mono-
mers within the membrane. It was identified some time ago that
E-cadherin molecules can homodimerize or oligomerize to form
higher-order complexes known as cadherin “clusters.”” The
parallel orientation of these between cells has been proposed to
increase cell-cell adhesion strength? and more recently, FRAP
analysis of molecular dynamics within these structures has shown
them to be relatively immobile. In fact, these clusters are reported
to be extremely stable and undergo very little exchange of their
molecular contents with the freely diffusing E-cadherin pool at
the membrane.” Recently Cavey and colleagues reported these
structures as “bona fide sites of adhesion;” yet, following targeted
downregulation of the cadherin/catenin/actin-associated protein
a-catenin, cell-cell adhesions were noted to collapse without the
dissociation and loss of cadherin clusters. No investigation was
reported into the fate of the mobile E-cadherin pool following
collapse of these adhesions. In our hands, no change was detected
in the E-cadherin immobile component upon strengthening of
cell-cell adhesion, suggesting that immobilized E-cadherin may
not be the fundamental component involved in this process. In
support of this notion, experiments utilizing laser trapping of
E-cadherin-coated beads suggested that the initial accumulation
of E-cadherin at sites of cell-bead interaction was dependent on
active membrane dynamics, and relied on the diffusion medi-
ated trapping of E-cadherin molecules at these sites.? In light of
these results, we suggest here that AJs could be susceptible to con-
tinuous turnover, and the regulation of the interchange between
E-cadherin molecules involved and not involved in adhesive
complexes might determine the strength and ability to remodel
cell-cell adhesions. Further investigation will be required to elu-
cidate the role of E-cadherin clusters in cell-cell adhesion and the
dynamics of their formation and remodeling.

In conclusion, we have provided novel insights into the mech-
anisms regulating E-cadherin dynamics. Currently there are two
models to explain the control of E-cadherin localization to AJs,
one based on the lateral movement of E-cadherin within the
membrane to sites of adhesion and the other on endocytosis. Here

Volume 4 Issue 4



Dynasore

-
N

A  Control Dynasore C 3
@
g 25
o
2 2
)
k]
= 1.5
Q
S
2 1
[0
=
B 05
[0)
= I
0 — = .
- + - + : E-cadherin
Control GFP-E-cadherin SlRNA
D Dynasore

Control

-

0

8

9

(o]

c

® 0.8

k)

& 06 220 KDa

E

204 Surface E-cadherin

[

-% 02/ 97 KDa

g, 220 KDa —

Control Dynasore Total E-cadherin

97 KDa —

Figure 7. Inhibition of endocytosis strengthens cell-cell adhesion. (A) Representative images of fragments detached from a dispase-treated monolayer
of control or dynasore (80 M, 30 min) pre-treated A431 cells after mechanical stress. (B) Quantification of the number of single cells that disaggregate
from a dispase-treated monolayer after mechanical stress. (C) Quantification of the number of single cells that disaggregate after mechanical stress
from a dispase-treated monolayer of A431 or A431 GFP-E-cadherin cells, transfected with either control or E-cadherin siRNA. (D) Still images obtained

Error bars, s.e.m.

from photobleaching experiments showing GFP-E-cadherin localization in A431 cells untreated or treated with dynasore (80 .M, 30 min).
Scale bars, 20 pum. (E) Immunoblot showing surface and total levels of GFP- and endogenous E-cadherin (150 kDa and 120 kDa, respectively) in A431
cells untreated or treated with dynasore (80 wM, 30 min). (B and C) Values represent the mean from at least three independent experiments.

we propose that these two mechanisms are not exclusive or inde-
pendent and that there is a fine balance between the two which
when perturbed can have dramatic effects on the regulation of
AJs. Importantly these changes in E-cadherin dynamics occur
without any visible changes in E-cadherin localization at the
membrane or adhesion integrity and highlight the requirement
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to use technologies like PA and FRAP to look in close detail at
the dynamic regulation of E-cadherin. The ability to use these
techniques in live animals has opened up the possibility of using
E-cadherin dynamics as a molecular read-out of the early mobili-
zation events in tumor cells and the subsequent testing of poten-
tial anti-invasive agents."”
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Materials and Methods

Constructs. GFP-E-cadherin in pcDNA3 was a kind gift from
Jennifer Stow.?® Photoactivatable GFP (PAGFP) in the pEGFP-
N1 vector backbone was kindly provided by Jennifer Lippincott-
Schwartz.”” PAGFP-E-cadherin was made by replacing GFP
from the original GFP-E-cadherin construct with PAGFP using
the Sacll and Xbal restriction sites. The sequence of PAGFP-E-
cadherin was confirmed by sequencing with T7 and SP6 primers.
The cloning strategies to develop GFP/PAGFP-Farn2Palm were
described previously."”!83

Cell culture. A431 skin epidermoid carcinoma cells were
obtained from the American Type Tissue Collection (LGC
Promochem) and cultured in DMEM (Invitrogen) supple-
mented with 10% fetal bovine serum and 2 mM L-glutamine
(Invitrogen). A431 cells were transfected with 5 pg of GFP- or
PAGFP-E-cadherin/Farn2Palm using the Amaxa nucleofector
transfection system with solution V and electroporation pro-
gram P20 (Amaxa GmbH) as detailed in the manufacturers
protocol. Transfected cells were allowed to recover for 24 h
and then cells positive for GFP expression were selected using
0.6 mg/ml G418. Single cell clones were isolated from stably
expressing selected pools using a standard dilution cloning
procedure. The following treatments were used in this study:
dynasore (Sigma) 80 wM, bafilomycin Al (Sigma) 1 uM all
for 0.5-2 h.

Cell surface biotinylation assay for endocytosis. Quan-
tification of the endocytosis of biotinylated protein was per-
formed according to a previously published method.”® Briefly,
A431 cells were incubated with 0.2 mg/ml sulfosuccinimidyl
2-(biotinamido) ethyl-dithioproprionate (Pierce) at 4°C for
30 min. Cells were washed with PBS and surface E-cadherin
detected by immunoprecipitation with Streptavidin as described
below. Alternatively, after biotinylation, cells were then cultured
in growth media at 37°C to allow internalization of biotinylated
E-cadherin. At the indicated times the remaining cell surface
biotin groups were removed by washing the cells twice in a
solution containing 50 mM Tris-HCI pH 8.6, 100 mM NaCl,
2.5 mM CaCl, and 50 mM 2-mercaptoethanesulfonate at 4°C for
20 min. The cells were then washed with PBS and lysed in RIPA
buffer containing 20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1%
(v/v) Triton X-100, 0.1% (w/v) SDS, 1% (w/v) deoxycholate, 5 mM
EDTA and protease inhibitors. Internalized biotinylated proteins
were collected with Agarose Immobilized Streptavidin (Sigma).
Proteins were eluted by boiling the beads in SDS sample buffer
and analyzed by SDS-PAGE and immunoblotting with an anti-
E-cadherin antibody as described below. Densitometry analysis
was carried out using Image] software and the results presented
as fold change in internalized E-cadherin over time compared to
the non-internalized level at 0 h. Results are shown from a repre-
sentative experiment in a series of at least three.

Immunoblot analysis. Immunoblot analysis was performed
as previously described.’ Primary antibodies used were anti-
E-cadherin, (Becton Dickinson Transduction Laboratories) and
anti-GFP (Abcam) all at 1:1,000 dilution.
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Confocal immunofluorescence microscopy. A431 cells were
fixed and permeabilized with buffer containing 100 mM PIPES,
10 mM EGTA, 1 mM MgCl2, 0.2% (v/v) Triton-X-100, 3.7%
(v/v) formaldehyde for 15 min and blocked with 5% (v/v) fetal
bovine serum, 2% (w/v) BSA, 0.1% (v/v) Triton-X-100 in TBS for
an 1 h. Primary antibody used was anti-GFP (Abcam) at 1:100
dilution. Cells were washed and incubated with AlexaFluor488-
conjugated anti-rabbit IgG antibody (Molecular Probes) and
examined using an Olympus FV1000 confocal microscope.

Dispase-based dissociation assay. The assay for measuring
cell-cell adhesive strength®** was modified as follows: conflu-
ent monolayers of cells were set up in triplicate, washed twice in
phosphate-buffered saline and incubated in 1 ml of dispase II
(3 mg/ml, 2.4 U/ml; Roche) for 1 h. To apply a mechanical stress,
the released monolayers were pipetted 10 times with an automatic
pipette and filtered through 40 pm cell strainers. Released single
cells were counted in a 10 pl aliquot. One well of each triplicate
was treated with trypsin instead of dispase, to determine the total
cell number. The number of single cells was then expressed as a
percentage of the total cell number in at least three independent
experiments.

FRAP and photoactivation analysis. 1.5 x 10° cells were
plated onto glass-bottomed 30 mm tissue culture dishes (Iwaki
Cell Biology) and left to adhere overnight. Culture media was
replaced prior to imaging. Photobleaching and activation experi-
ments were performed using an Olympus FV1000 confocal
microscope with SIM scanner. Cells were maintained at 37°C in
a temperature-controlled chamber and imaging performed using
the following settings: pixel dwell time 4 ws/px, pixel resolution
512 x 512, 5% 488 nm laser power (GFP-E-cadherin, GFP- and
PAGFP-Farn2Palm) or 70% 488 nm laser power (PAGFP-E-
cadherin). Effective photobleaching was achieved using 50%
405 nm laser power, 20 ps/pixel dwell time and a 1 frame bleach
time. Images were captured every 5 sec (GFP-E-cadherin) or
every 1.6 sec (GFP-Farn2Palm) for 100 frames. Photoactivation
was achieved using 5% 405 nm laser power, 4 ps/pixel dwell
time (PAGFP-Farn2Palm) or 40 ps/pixel dwell time (PAGFDP-
E-cadherin) and a 1 frame activation pulse. Images were cap-
tured every 5 seconds for 75 frames. Approximately 25 cells
were imaged for each probe. Fluorescent intensity measurements
derived from the region of interest used to bleach/activate were
averaged in Excel and used to plot recovery/decay curves. Average
measurements for each time-point were exported into SigmaPlot
(Systat Inc.,) for exponential curve fitting. The half-time of
recovery (t,,,) and immobile fraction were calculated as described
previously.” Membrane retention analysis was performed using
Image] software. The images representing the initial activation
time-point and t,,
series, and a standard threshold value applied to all images from

time-point were selected from each time-

the same experiment. The image properties were changed to have
a pixel width and height of 1, and the analyze particles function
used to calculate the area and mean grey values of the resulting
segmented areas within the image. The integrated intensity for the
segmented area of interest was calculated by multiplying the area
by the mean grey value, and the average remaining florescence
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calculated for the t,, time-point. Lateral movement analysis was
performed using Image] software. Briefly, cells in which the area
of photoactivation was midway along a straight membrane were
selected, and a line drawn along this membrane with the point
of activation at the centre of the line. A standard threshold value
was applied to all images from the same experiment, and fluores-
cent intensity line-plots generated for each image. Images from
the activation time-point and the t ,, time-point were analyzed
for each time-series acquired. Line-plot values from these two
images were transferred into Excel, normalized to the highest
intensity value from the activation time-point, and the multiple
datasets aligned using this value as the centre of the Gaussian
plot. The aligned normalized values for the two time-points were
averaged and fitted to a four parameter Gaussian curve (y =y, +
ae[-0.5(x - x,/b)’]) using SigmaPlot. The b parameter was used
to calculate the Full Width at Half Maximum of the curves as
follows: FWHM = (2V2In2)b. The speed of lateral movement
was calculated as the difference between FWHM at activation
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Supplementary materials can be found at:
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Sup01.mov

Photoactivation of PAGFP-E-cadherin in A431 cells. Images
were acquired every 5 seconds.
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Sup02.mov

Photoactivation of PAGFP-Farn2Palm in A431 cells. Images
were acquired every 5 seconds.

and t,,, points over time.
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