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Background: Normal epithelial cells remove self-junctions through membrane fusion.

Results: Self-contact induced membrane fusion is regulated by Rho GTPases via myosin II and the Arp2/3 complex.
Conclusion: Self-contact-induced membrane fusion requires Arp2/3 activity to bring membranes into close apposition to fuse.
Significance: Understanding fusion between self-contacting membranes provides a mechanistic template for membrane fusion

such as cell-to-cell fusion and phagocytosis.

Actin regulation is required for membrane activities that
drive cell adhesion and migration. The Rho GTPase family plays
critical roles in actin and membrane dynamics; however, the
roles of the Rho GTPase family are not limited to cell adhesion
and migration. Using micron-sized obstacles to induce the for-
mation of self-contacts in epithelial cells, we previously showed
that self-adhesion is distinct from cell-to-cell adhesion in that
self-contacts are eliminated by membrane fusion. In the current
study, we identified Rho GTPases, RhoA, Racl, and Cdc42, as
potential upstream regulators of membrane fusion. The RhoA
downstream effector myosin II is required for fusion as the
expression of mutant myosin light chain reduced membrane
fusion. Furthermore, an inhibitor of the Arp2/3 complex, a
downstream effector of Racl and Cdc42, also reduced self-con-
tact-induced membrane fusion. At self-contacts, while the con-
centration of E-cadherin diminished, the intensity of GFP-
tagged Arp3 rapidly fluctuated then decreased and stabilized
after membrane fusion. Taken together, these data suggest that
the Arp2/3 complex-mediated actin polymerization brings two
opposing membranes into close apposition by possibly exclud-
ing E-cadherin from contact sites, thus promoting membrane
fusion at self-contacts.

Plasma membrane fusion is a highly regulated process
requiring multiple steps; the initial recognition by cell-cell
adhesion molecules, close apposition of two opposing mem-
branes, and finally, phospholipid mixing that leads to mem-
brane fusion. In addition to cell-to-cell or vesicle fusion, plasma
membranes of a single cell also fuse. In Caenorhabditis elegans,
a fusion process, termed auto-fusion, fuses two opposing
plasma membrane regions of a single cell to remove self-con-
tacts (1-3). Furthermore, during neuronal development in
C. elegans, overlapping neurites undergo auto-fusion to main-
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tain proper dendritic branching, a process mediated by the
fusogen EFF-1 (1). In mammalian epithelial and endothelial
cells, self-junctions are removed through self-contact-induced
membrane fusion (4). Interestingly, membrane fusion of endo-
thelial cells is a key step in the formation of seamless capillaries
(5, 6).

Fusogens, or fusogenic machinery, are required for cell
fusion. In C. elegans, the fusogens EFF-1 and AFF-1 drive mem-
brane fusion in cell-cell and auto-fusion (7). In mammalian cell
fusion, only syncytins have thus far been identified as bona fide
fusogens and are responsible for trophoblast fusion in the pla-
centa (8). However, syncytin-1 may also be involved in cancer
cell fusion (9), osteoclast fusion (10), and fertilization (11).
Once membranes are brought into contact with fusogens, a
mixing of the two membrane bilayers forms a hemifusion inter-
mediate, and fusion may then proceed (12). Although some
progress has been made in understanding cell-to-cell fusion,
the molecular components and regulation of self-contact-in-
duced membrane fusion remain unclear.

Although actin polymerization is required for cell adhesion
and cell migration, very little is known about actin dynamics at
self-contact-induced membrane fusion. Using dominant nega-
tive constructs and specific inhibitors, we tested Rho GTPases,
upstream regulators of actin organization dynamics, during
membrane fusion. Furthermore, we analyzed myosin II, a
downstream effector of RhoA, and the Arp2/3* complex, a
downstream effector of Racl and Cdc42 activation, in mem-
brane fusion. Our results demonstrate a unique role of the
Arp2/3 complex-induced actin assembly in the organization of
E-cadherin at self-contacts.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—Madin-Darby canine kidney
(MDCK) GII cells were cultured in Dulbecco’s modified Eagle’s
medium (low glucose) supplemented with 10% (v/v) fetal
bovine serum, penicillin, streptomycin, and kanamycin.
NSC23766, (—)-blebbistatin, phalloidin, CK-689, and CK-666

2 The abbreviations used are: Arp, actin-related protein; MDCK, Madin-Darby
canine kidney; ROCK, Rho-associated protein kinase; DN, dominant-nega-
tive; MLC, myosin regulatory light chain; ANOVA, analysis of variance.
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were from Calbiochem. ML 141 was from Tocris (Bristol, UK).
Monoclonal IgGs against Arp3 was from BD Biosciences, and
polyclonal IgGs against non-muscle myosin IIA were from
Sigma. Addgene (Cambridge, MA) plasmids 12599 (pcDNA3-
EGFP-Cdc42), 12601 (pcDNA3-EGFP-Cdc42-T17N), 13719
(pcDNA3-EGFP-Racl), and 13721 (pcDNA3-EGFP-Rac1-T17N)
as well as RhoA wild-type and mutant T19N plasmids, were gen-
erated by Klaus Hahn (University of North Carolina). Cells were
transfected using Lipofectamine 2000 (Invitrogen). MDCK cells
stably expressing Arp3-GFP (13), myosin IIA-specific ShRNA (14),
myosin regulatory light chain (MLC)-GFP wild-type, and MLC-
GFP TASA mutant were maintained with 100 pg/ml G418. Stable
Arp3-GEP cells were transiently transfected with tandem dimer
DsRed tagged E-cadherin for dual co-localization analysis.

Microfabrication of Pillar Array—The polydimethylsiloxane
micropillar array was fabricated as previously described using
standard soft lithography technique (4). The dimensions of
individual pillars were 20 wm in height and 5 wm in diameter
and arranged in a series of hexagons with an 18-um pitch along
each hexagon side. To view pillar dimensions, pillars were
stained with CellTracker CM-Dil (0.5 ug/ml, Molecular
Probes, Eugene, OR). All pillar substrates were coated with rat
tail collagen type I (50 wg/ml, BD Biosciences). Cells were either
seeded at confluence and incubated for up to 6 h or grown to
confluence over the course of 24— 48 h on the pillar array. Cells
were fixed with 3% (v/v) paraformaldehyde containing 0.3%
(v/v) Triton X-100 for 10 min and then stained with AlexaFluor
488/568-phalloidin (Invitrogen).

Microscopy—Cells were imaged using a Zeiss AxioObserver
equipped with a Yokogawa CSU-10 spinning disk confocal sys-
tem, 40X or 10X objectives, 488- and 561-nm solid-state lasers,
and a Photometrics CoolSNAP HQ camera. The microscope
system was controlled by Slidebook software (Intelligent Imag-
ing Innovations, Denver, CO). For live-cell imaging, the tem-
perature was set to 37 °C by a custom microscope heating
chamber.

For scanning electron microscopy, cells were seeded onto
collagen-coated pillar substrates that were micro-fabricated on
12-mm diameter round coverslips. Cells were quickly washed
twice with 50% (v/v) 0.2 M Sorensen’s phosphate buffer (Elec-
tron Microscopy Sciences, Hatfield, PA), fixed with Kar-
novsky’s fixative for 15 min, then washed 3 times with 50% (v/v)
0.2 M Sorensen’s phosphate buffer. Samples were then incu-
bated with ethanol (Electron Microscopy Sciences), then hexa-
methyldisilazane (Ted Pella Inc., Redding, CA), and dried at
room temperature. All samples were gold sputter-coated and
viewed with a scanning electron microscope.

Quantification of Self-contact-induced Membrane Fusion—
The method to quantify self-contact-induced membrane fusion
has been described previously (4). Briefly, cells on self-contact-
inducing substrates were trypsinized to remove cell adhesion
sites including self-junctions, then stained with phalloidin.
Fused cells remained with the pillars without obvious self-junc-
tions. Results comparing two groups were analyzed using a two-
tailed, unpaired Student’s ¢ test. Results comparing a single fac-
tor between three groups were analyzed using one-way
ANOVA; significance was determined using Dunnett’s post
hoc test. Results were considered significant with p < 0.05.
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Quantification of Fluorescence Intensity—To quantify fluo-
rescence intensities surrounding individual pillars, we defined
an annular region of interest bounded by the pillar (inner) cir-
cumference and concentric outer circle with the radius
enlarged by 0.6 um of the pillar radius. For self and cell-cell
contacts, a freehand region of interest of the self-contact or
along one representative side of each cell (cell-cell contact)
was defined to measure fluorescence intensities and adjusted
as contacts moved. Mean intensities within the region of
interest surrounding the pillars and along cell contacts were
measured every minute and then normalized with the basal
fluorescence of the cell of interest (average intensity of five
separate regions of interest within the cell) to correct for
expression levels in different cells. All time-lapse images
were first registered based on differential interference con-
trast images using Image].

To characterize the dynamics of the Arp2/3 complex, we
analyzed the accumulation of Arp3 by quantifying the overall
GFP intensities and the fluctuations in Arp3 signal by quanti-
fying the deviation of GFP signals. Overall fluorescence inten-
sities were calculated as average intensities over the course
of the time lapse. Fluorescence intensity deviations were cal-
culated from the rolling intensity values (with = 5 min win-
dows) by taking the square root of the squared difference
between the rolling average and actual intensities for each
time point.

To compare the Arp3 dynamics at pre- and post-membrane
fusion, we identified self-contacts via confocal microscopy.
Before and after each time-lapse, z-stack images were taken to
determine if pillars were surrounded by continuous cells
(fused) or discontinuous cells (self-contacts). Pillars were sub-
sequently categorized as post-fusion (continuous cells before
and after time-lapse), pre-fusion (discontinuous cells before
and after time-lapse), or fusing (discontinuous cells before and
continuous after time-lapse). Of the 45 pillars analyzed, 14 were
categorized as post-fusion, 13 as pre-fusion, and 9 as fusing.
Nine pillars were not categorized due to cell division (6), or the
status of the cells surrounding the pillars was not discernible
(3).

Data points were considered outliers if mean intensities were
>1.5X interquartile range below the first quartile or above the
third quartile. For example, the normalized intensity surround-
ing one of the pillars in pre-fusion conditions was greater than
the rest of the pre-fusion population, found to be an outlier and
not included in further statistical analyses (see the dot plot in
Fig. 3F). Results comparing a single factor between three groups
were analyzed using one-way ANOVA, and significance was
determined using Bonferroni’s all pairs comparison or Dun-
nett’s post-hoc test compared with a single control. Results
were considered significant with p < 0.05.

RESULTS

A Micro-fabricated Pillar Array Promotes Self-contact-in-
duced Membrane Fusion—To promote the formation of cell
self-contacts, MDCK epithelial cells were plated on a micro-
fabricated pillar array with individual pillars measuring 20 um
high and 5 wm in diameter and arranged in a series of hexagons
with an 18-um pitch along each hexagon side (Fig. 14) (4). The
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FIGURE 1. Self-contact induced membrane fusion depends on myosin
activity. A, scanning electron micrographs (SEM) of a micro-fabricated pillar
array designed to promote cell self-contact formation. Both single cells and
cells within a colony wrap around individual pillars and ultimately fuse to
become continuous around the pillar. Scale bars 20 (left panel) and 5 um
(remaining panels). B, WT and dominant-negative (T19N) GFP-tagged RhoA
(EGFP-RhoA) both accumulated at self-contacts (arrowheads), but only WT
RhoA-expressing cells were fused (asterisk). Scale bar, 10 um. C, MDCK cells
were seeded onto pillar substrates for 2 h, fixed, and probed with an anti-
myosin lIA antibody and phalloidin-stained. Myosin IIA co-localizes with actin
along the self-contact at both basal and apical layers (arrowhead, 7 pm
between z-sections). Scale bar, 10 um. D, MDCK cells were seeded onto the
pillar substrate, trypsin-treated, fixed, and phalloidin-stained. Trypsin sepa-
rated cell-cell contacts in WT cells (Control) but not in myosin IlA shRNA-
expressing cells (myosin [IA KD), and WT cells treated with 10 um blebbistatin
(Bleb) and fusion could not be compared quantitatively. Scale bar, 5 um. E,
MDCK cells expressing MLC-GFP WT or MLC-GFP TASA mutant were seeded
onto the pillar substrate for 6 h, fixed, and phalloidin-stained. Top panels, both
WT and mutant cells formed self-contacts around pillars (arrowheads). Bottom
panels, cells were treated with trypsin before fixation. MLC-GFP WT express-
ing cells fused (asterisk), whereas mutant cells did not. Scale bar, 5 um. F,
quantitative analysis of membrane fusion from MLC WT and MLC TASA
mutant expressing cells displayed as mean fusion/pillar = S.D. Statistics ana-
lyzed with Student'’s t test assuming equal variance (number of pillars ana-
lyzed: WT (347), TASA (308); ***, p < 0.001].

design of the pillar array allowed opposing membrane exten-
sions from single cells to spread around individual pillars to
form self-contacts (Fig. 14). The cells, whether as single cells
or cells within a monolayer, remain wrapped around the
pillars (Fig. 14) even after trypsin digest to remove cell junc-
tions, suggesting that self-contacts were eliminated by mem-
brane fusion (4). This unique system provides an ex-
perimental platform to tease out the parameters required for
this membrane fusion.
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The Activity of the Small GTPase RhoA Affects Membrane
Fusion at Self-contacts—The Rho GTPase family members play
critical roles in regulating actin dynamics and cell-cell fusion.
Thus, we examined the contribution of three main members of
the Rho GTPase family (RhoA, Racl, and Cdc42) to self-con-
tact-induced membrane fusion. To test RhoA, Racl, and Cdc42
in self-contact-induced membrane fusion, we transiently ex-
pressed dominant-negative (DN) mutants with a GFP tag in
MDCK cells.

Both wild-type (WT)-RhoA- and DN-RhoA-expressing cells
formed self-contacts. While the RhoA constructs localized to
self-contacts, only WT-RhoA expressing cells fused around the
pillars (Fig. 1B). We previously showed that ROCK inhibitors
reduce self-contact-induced membrane fusion, presumably by
reducing myosin II activity (4). The absence of membrane
fusion at self-contacts in DN-RhoA-expressing cells suggests
that RhoA is likely an upstream regulator of ROCK and myosin
11, and cell contractility through the Rho/ROCK pathway is a
key process mediating self-contact-induced membrane fusion.

To test the roles of myosin II in self-contact-induced mem-
brane fusion, we analyzed the localization of myosin II at self-
contacts. The antibody-labeled myosin IIA, a predominant
myosin II isoform in MDCK cells (14), localized around the
pillar as well as along self-contacts (Fig. 1C). To analyze the
efficiency of membrane fusion around the pillars, cells were
briefly digested with trypsin to remove self- and cell-cell con-
tacts, thus leaving behind only fused cells around the pillars
(Fig. 1D, Control). Using myosin IIA-deficient cells (14) or cells
treated with blebbistatin, a myosin II-specific inhibitor, trypsin
digest could not separate adhesive contacts (Fig. 1D), thus mak-
ing discrimination between fused cells from self-contacting
cells difficult. As an alternate approach, myosin regulatory light
chain (MLC) with alanine substitutions at phosphorylation
sites was transfected into MDCK cells and compared with WT
MLC expressing MDCK cells (Fig. 1E). The GFP-tagged MLC
localized around the pillars and at self-contacts (Fig. 1E). Unlike
myosin IIA-deficient cells or blebbistatin-treated cells, the
MLC mutant-expressing cells still retracted upon trypsin digest
to enable the fusion quantification. Yet, trypsin digest revealed
significantly reduced membrane fusion around the pillars in the
mutant-expressing cells (Fig. 1F), suggesting that membrane
fusion is highly sensitive to myosin II activity and upstream
signaling from RhoA.

The Activity of Racl and Cdc42 Affect Membrane Fusion at
Self-contacts—Both WT-Racl- and DN-Racl-expressing cells
formed self-contacts with a strong accumulation of both Racl
and actin filaments at self-contacts and around the pillars.
Although we observed WT-Racl-expressing cells fused around
individual pillars, we did not observe pillar-bound-fused mem-
branes in DN-Racl-expressing cells (Fig. 24). Similar to Racl,
both WT-Cdc42- and DN-Cdc42-expressing cells formed self-
contacts and accumulated at self-contacts and around pillars,
but unlike Racl, membrane extensions of WT and some
DN-Cdc42-expressing cells fused around pillars (Fig. 2B).

Because Racl and Cdc42 have distinct downstream effectors
from the RhoA signaling pathway, these downstream molecules
may reveal new mechanistic details on self-contact-induced
membrane fusion. Therefore, we further perturbed these Rho
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FIGURE 2. Both Rac1and Cdc42 inhibition affect self-contact-induced membrane fusion. A, WT and dominant-negative (T77N) GFP-tagged Rac1 (EGFP-
Rac1) both accumulated at sites of self-contact, yet only WT Rac1-expressing cells were fused. B, WT and T17N GFP-tagged Cdc42 (EGFP-Cdc42) both accumu-
lated at self-contacts. WT and some T17N Cdc42-expressing cells fused. C, MDCK cells were seeded at confluence on pillar substrates in the absence of serum
for 1 h, then switched to normal serum containing media (Control) or one supplemented with 100 um NSC23766 (NSC) for 2 h. The samples were either treated
with trypsin or not, then phalloidin-stained. Control cells were fused around pillars, whereas NSC-treated cells were not (see + Trypsin). D, quantitative analysis
of membrane fusion from control and NSC treatment groups displayed as the mean fusion/pillar = S.D. Statistics were analyzed with Student’s t test assuming
unequal variance (number of pillars analyzed: control (391), NSC (389); ***, p < 0.001). £, MDCK cells seeded at confluence on pillar substrates in the absence
of serum for 1 h and then switched to normal serum containing media (control) or one supplemented with 25 um ML 141 for 2 h. The samples were either
treated with trypsin or not, then phalloidin-stained. Arrowheads indicate self-contacts, and asterisks indicate fused cells. Scale bars, 10 um (A-C and E). F,
quantitative analysis of membrane fusion from control and ML 141 treatment groups displayed as mean fusion/pillar = S.D. Statistics were analyzed with
Student'’s t test assuming equal variance (number of pillars analyzed: control (319), ML 141 (319); ***, p < 0.001). G, MDCK cells expressing tandem dimer
DsRed-tagged E-cadherin were seeded at confluence on pillar substrates in the absence of serum for 1 h, then switched to normal serum containing media
(Control) or one supplemented with either 100 um NSC or 25 um ML 141 for 2 h, then fixed and phalloidin-stained. Self-contact formations (arrowheads) with

E-cadherin and actin accumulation were present with inhibitor treatments. Scale bar, 5 um. Yellow dots indicate pillar locations.

GTPases by specific small molecule inhibitors and analyzed the
efficiency of self-contact-induced membrane fusion. MDCK
cells were treated with either a Racl-specific (NSC23766) or
Cdc42-specific (ML 141) inhibitor. Due to Racl and Cdc42,
both regulating cell spreading and motility, these inhibitors will
also reduce the chance of two extending membranes from sin-
gle cells to wrap around the pillars to form self-contacts. To
circumvent this issue, cells were initially seeded at confluence
in the absence of serum, which suppresses membrane fusion at
self-contacts, while cells still adhere and spread around individ-
ual pillars to establish self-contacts (4). A subsequent introduc-
tion of serum with inhibitors could then selectively test the
ability of self-contacts to fuse instead of affecting the self-con-
tact formation.

Using trypsin treatment to separate cell-cell and self-con-
tacts to identify fused cells around pillars (Fig. 2, C and E), both
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NSC23766 and ML 141 significantly decreased membrane
fusion at self-contacts compared with respective control con-
ditions, albeit the reduction of fusion was greater in the pres-
ence of the NSC23766 inhibitor (Fig. 2, D and F). To tease out
defects in fusion due to either cell adhesion or membrane
fusion, we tested whether inhibitor-treated cells are capable of
maintaining self-contacts by analyzing E-cadherin localization.
In the presence of NSC23766 or ML 141 inhibitor, E-cadherin
localized to self-contacts, suggesting that cells were still capable
of maintaining self-junctions despite NSC23766 or ML 141
treatment (Fig. 2G). Therefore, the reduction of fused mem-
brane around the pillars was not due to the failure of cells to
maintain self-contacts around individual pillars but, rather, to
intrinsic defects during membrane fusion. Although some
DN-Cdc42-expressing cells appeared to be fused around the
pillars (Fig. 2B), the quantitative analysis using the inhibitors
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demonstrated that both Racl and Cdc42 suppress the fusion
activity at self-contacts.

High Arp2/3 Dynamics Promote Self-contact-induced Mem-
brane Fusion—To identify the Racl and Cdc42 downstream
effectors that promote membrane fusion, we focused on the
Arp2/3 complex, a potent actin nucleator that promotes the
growth of actin network at the leading edge of migrating cells.
In fixed cells, GFP-tagged Arp3, a component of the Arp2/3
complex, co-localized with phalloidin-labeled actin at sites of
self-contact at a level similar to cell-cell contacts (Fig. 34). In
live-cell confocal imaging, Arp3-GFP formed puncta, and its
intensity was discontinuous along cell-cell and self-contacts,
thus making precise localization at self-contacts difficult. We
define the pre-fusion state by scanning z-sections and finding
Arp3-GFP localization that resembles self-contacts. In the
absence of such localization, the membranes were defined as
post-fusion. Arp3-GFP rapidly and transiently accumulated at
self-contacts and subsequently dissipated as cells fused around
individual pillars (Fig. 3B, supplemental Movie 1). Interestingly,
Arp3-GFP also localized around the pillars adjacent to self-con-
tacts with its intensity, often exceeding that of self and cell-cell
contacts, rapidly fluctuating (Fig. 3, Band C). To determine the
extent of the intensity fluctuations, we calculated intensity
deviations (see “Experimental Procedures”) over time (Fig. 3C).
As cells transitioned from self-contact to fused, the fluctuating
Arp3-GFP intensities surrounding the pillars dimmed and sta-
bilized (Fig. 3C, see another example in Fig. 3D, supplemental
Movie 2).

To further investigate the relationship between Arp3 sur-
rounding the pillars and the state of the self-junctions (i.e. pre-
versus post-fusion), we monitored Arp3-GFP intensity in con-
fluent cells on the pillar substrate over the course of 3 h. The
fluorescence intensities in post-fusion membranes remained
dim and stable (Fig. 3E, supplemental Movie 3), whereas inten-
sities in pre-fusion membranes were highly variable (Fig. 3E,
supplemental Movie 4). The mean intensities of pre-fusion
contact surrounding the pillars were greater than in post-fusion
pillars (Fig. 3F). Additionally, intensities surrounding the pillars
fluctuated throughout the time-lapse in pre-fusion membranes
compared with the relatively stable intensities displayed in
post-fusion membranes (Fig. 3G). Interestingly, the pre-fusion
mean intensities and deviations surrounding the pillars were
greater than at cell-cell contacts (Fig. 3, F and G), suggesting
distinct Arp2/3 complex dynamics at self-contacts versus nor-
mal cell-cell contacts.

Arp2/3 Activity Is Required for Self-contact-induced Mem-
brane Fusion—We hypothesized that this Arp2/3 dynamics
may be required for membrane fusion and tested the require-
ment of Arp2/3 activity in self-contact-induced membrane
fusion using the Arp2/3-specific inhibitor CK-666. In immuno-
stained wild-type cells, CK-666 decreased Arp3 at sites of self-
and cell-cell contact as well as surrounding the pillars despite
the presence of phalloidin labeled actin (Fig. 4A4). In live-cell
imaging, CK-666 decreased Arp3-GFP accumulation sur-
rounding the pillars and at cell-cell contacts (Fig. 4B), suggest-
ing the Arp2/3 complex is quickly inactivated in the presence of
CK-666. Furthermore, in the presence of CK-666, self and cell-
cell junctions remained intact with positive E-cadherin local-
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ization (Fig. 4B), albeit with a slight reduction in E-cadherin
intensity. To analyze the effect of inhibitors on the accumula-
tion and fluctuation of the Arp2/3 complex, we quantified
Arp3-GFP intensity and deviation surrounding the pillars after
drug treatment. Compared with CK-689 control, both Arp3-
GEFP intensity and deviation significantly decreased in the pres-
ence of CK-666 (Fig. 4C). In contrast, inhibition of the upstream
regulators of the Arp2/3 complex, Racl and Cdc42, had less
impact on both Arp3-GFP intensity and deviation (Fig. 4C).

The effects of CK-666 on self-contact-induced membrane
fusion were tested using the same inhibitor protocol for Racl
and Cdc42 inhibitors. Although CK-666-treated cells were
capable of forming self-contacts (Fig. 4D, — Trypsin, arrow-
heads), fusion decreased in a dose-dependent manner in com-
parison to the inactive CK-689 control (Fig. 4E). These data
point to a direct role of the Arp2/3 complex in self-contact-
induced membrane fusion.

High Arp2/3 Activity Is Concurrent with Loss of E-cadherin at
Self-contacts—The Arp2/3 complex is required for lamellipodia
extension that promotes the formation of new focal adhesions
during cell migration. Therefore, we sought whether the
Arp2/3 complexes promote the engagement or clustering of
E-cadherin at self-junctions. We expressed tandem dimer
DsRed-tagged E-cadherin and GFP-tagged Arp3 in MDCK
cells. In live-cell imaging, E-cadherin was strongly concen-
trated at self-contact (Fig. 5A, arrowhead; supplemental Movie
5), whereas Arp3-GFP accumulated surrounding the pillar (Fig.
5A, supplemental Movie 6). As E-cadherin localization at self-
contact became discontinuous, both E-cadherin and Arp3
intensities diminished (Fig. 54, supplemental Movie 7). Upon
closer examination, E-cadherin intensity initially became dis-
continuous immediately adjacent to the pillar (Fig. 5B, 14 min,
arrow), where the Arp3 intensity was the highest at the side of
the pillar facing the self-contact (Fig. 5B, 14 min). As E-cad-
herin intensity dissipated along the self-contact adjacent to the
pillar (Fig. 5, B and C, 14 min), the Arp3 intensity remained
high, albeit the Arp3 intensity slowly diminished after the
E-cadherin intensity became discontinuous along the self-con-
tact (Fig. 5C, 14 min and beyond). The reason for this gradual
response of the Arp2/3 activity to membrane fusion is not clear,
however. Eventually, both E-cadherin and Arp3 decreased to
basal expression levels (Fig. 5C, 60 min). Unlike the canonical
function of the Arp2/3 complex that promotes adhesion, these
results suggest that high Arp2/3 activity promotes membrane
fusion while E-cadherin dissipates from self-contacts.

DISCUSSION

The fusion of membranes is a multistep process (membrane
adhesion, close apposition of the membranes, and fusion)
requiring careful, multifaceted regulation. All three small
GTPases analyzed, RhoA, Racl, and Cdc42, compromise the
efficiency of self-contact-induced membrane fusion, albeit at
different degrees. The expression of DN-RhoA decreases the
observed membrane fusion around the pillars (Fig. 1B). This is
consistent with previous observations that ROCK inhibition
and ROCK1/2 knockdown also decrease the efficiency of self-
contact-induced membrane fusion (4).
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FIGURE 3. The Arp3 localization and dynamics at the sites of cell self-contacts. A, MDCK cells expressing GFP-tagged Arp3 grown for 24 h on the pillar array,
fixed, and phalloidin-stained. The fluorescence signal from Arp3-GFP accumulates at self-contacts (arrowhead). B, time-lapse imaging of GFP-tagged Arp3
expressing MDCK cells forming self-contacts. Cells were seeded onto the pillar array 24 h before imaging. Based on the Arp3-GFP signal, the Arp2/3 complex
accumulates at self-contacts (arrowhead) and around the individual pillars then dissipates over time. Time is in minutes. C, normalized Arp3-GFP intensity (black
squares), rolling average intensity (/ine), and intensity deviation (red squares) surrounding a pillar (from Fig. 3B) over time. D, Arp3-GFP expressing MDCK cell
fusing around a pillar. Arp3-GFP accumulates at the site of self-contact (arrowhead) and around the pillar and dissipates as the cell becomes fused. Time is in
min. The graph displays normalized Arp3-GFP intensity (black squares) and intensity deviation (red squares) over time. Cells were grown for 24 h on the pillar
array before live-cell imaging. E, time-lapse imaging of pre-fusion (top) and post-fusion (bottom) cells. The arrowhead points to the pre-fusion site. The graph
displays normalized Arp3-GFP intensity over time of a pre-fusion cell (red) that has a fluctuating Arp3-GFP intensity surrounding the pillar and a post-fusion cell
(black) that remains dim and relatively stable throughout the time-lapse. Time is in minutes. F, dot plot of normalized mean Arp3-GFP intensities surrounding
pillars in post-fusion conditions (n = 14), pre-fusion (n = 13) conditions, and along cell-cell contacts (n = 25). Pre-fusion conditions had greater Arp3-GFP
intensities surrounding pillars over post-fusion (p < 0.01) and cell-cell contacts (p < 0.05). G, dot plot of intensity deviations from post-fusion conditions,
pre-fusion conditions, and along cell-cell contacts. Pre-fusion conditions had greater intensity deviations over post-fusion (p < 0.001) and cell-cell contacts
(p < 0.01). Statistics analyzed with one-factor ANOVA followed by Bonferroni’s all pairs comparison. Yellow dots indicate pillar locations. All scale bars, 10 um.

fusion of mouse myoblasts, the activity of non-muscle myosin
IIA promotes the formation of cortical actin bundles along the
fusion sites of myoblasts, and myosin IIA inhibition prevents
myoblast fusion (15). Interestingly, myosin II activation has

A possible function of the Rho/ROCK pathway in membrane
fusion is the activation of a down-stream effector, myosin IL. In
fact, the mutant form of myosin regulatory light chain signifi-
cantly reduced membrane fusion (Fig. 1, E and F). In cell-to-cell

JOURNAL OF BIOLOGICAL CHEMISTRY 3243

SASBMB

FEBRUARY 6, 2015 +VOLUME 290-NUMBER 6



Rho GTPases Induce Fusion at Self-contacts

A [CK-666], (L M) B Time from CK-666 treatment (min)
100 ol »
' g
® &
2 o
< <
= ‘
© kel
(]
4
[2]
a
T A
<l 3
= uw
2o
©
Ky
o
S "
*
ozt " .
d;) *e o ®
(] [ ]
> = '::= . ': o:o
2 Qo5 e
< hEap" tes %0y
u 2% ¢
1 POGM 1 3L
0‘0.-I. ﬂf‘“ﬁ b ..‘.8

8 1 I "
689 666 NSC ML 689 666 NSC ML

[CK-666], (1 M) E
CK-689 0 100 200 > hr
03
kS
3 0.2
C Jkk
S
[0
=}
= 0.1
CK-689 0 100 200

[CK-666], (u M)

FIGURE 4. Arp2/3 inhibitor reduces Arp3 accumulation and membrane fusion at self-contacts. A, comparison of Arp3 localization at sites of self-contact
(arrowheads) in MDCK wild-type cells treated with CK-689 or CK-666 (0, 100, and 200 um) for 2 h. Cells were immunostained with antibodies specific for Arp3
and counter-stained with phalloidin. Images are maximum projections of four z-sections covering 2 um. B, top panels, Arp3-GFP expressing cells before and
after 200 um CK-666 treatment. Arp3-GFP was removed surrounding the pillar and at cell-cell contacts (arrow) in the presence of CK-666. Bottom panels, tandem
dimer DsRed-tagged E-cadherin expressing cells before and after 200 um CK-666 treatment. Self-contacts (arrowhead) and cell-cell contacts (arrow) remain
intact in the presence of CK-666. Self-contact was formed surrounding a pillar that looped back down onto the substrate surface (yellow asterisks). Yellow dots
indicate neighboring pillar locations. Time is in minutes from CK-666 treatment. C, dot plots of normalized mean Arp3-GFP intensity and intensity deviation
surrounding pillars in cells treated with 200 um CK-689 control (n = 26), 200 um CK-666 (n = 20), 100 um NSC23766 (n = 26), and 25 um ML 141 (n = 28).
Arp3-GFP intensity decreased with CK-666 (p < 0.001) and ML 141 (p < 0.01), whereas intensity deviations decreased with CK-666 (p < 0.001). Statistics were
analyzed with one-factor ANOVA followed by Dunnett’s post-hoc test compared with CK-689 control. D, comparison of membrane fusion in MDCK wild-type
cells treated with CK-689 or CK-666 (0, 100, and 200 um) for 2 h. Cells were stained with phalloidin. Arrowheads indicate self-contacts, and asterisks indicate fused
cells. E, quantitative analysis of membrane fusion from CK-689 control and CK-666 treatment groups (0, 100, and 200 um) displayed as mean fusion/pillar = S.D.
Statistics analyzed with one-factor ANOVA followed by Dunnett’s post-hoc test (number of pillars analyzed: CK-689 control (353), untreated (0 um CK-666; 371),
100 um CK-666 (377), 200 um CK-666 (359); **, p < 0.01; ***, p < 0.001 compared with CK-689). Yellow dots indicate pillar locations. All scale bars, 10 um.

been implicated in the expansion of fusion pores during exocy-
tosis (16); thus, membrane tension regulated by myosin IT activ-
ity may be required for efficient membrane fusion at self-con-
tacts. Alternatively, constitutively active RhoA also decreases
myoblast fusion by de-stabilizing M-cadherins at cell-junctions
(17). Because ROCK activity is essential for the proper organi-
zation of cadherins in nascent cell-cell adhesion (18), RhoA-
induced cell contractility and actin organization may be
required for priming the membrane fusion sites by organizing
adhesion proteins.

In contrast to RhoA, the activation of Racl or Cdc42 pro-
motes actin polymerization through the Arp2/3 complex by
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activating nucleation promoting factors such as Scar/WASP
(Wiskott-Aldrich syndrome protein) proteins (19). Racl is
required for myoblast fusion in Drosophila (20, 21), whereas
both Racl and Cdc42 are required for mouse myoblast fusion
(22). Actin rearrangement during myoblast fusion depends on
nucleation-promoting factors (23, 24) to assist the Arp2/3 com-
plex branching of the actin network. To highlight the impor-
tance of actin dynamics during fusion, reconstitution of fusion
in a non-fusing cell line, even with the expression of a fusogen,
still required actin-driven membrane protrusions to engage the
fusogens on opposing membranes (25). The suppression of self-
contact-induced membrane fusion with the Racl inhibitor was
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FIGURE 5. The Arp2/3 and E-cadherin dynamics at cell self-contacts. A, time-lapse images of Arp3 and E-cadherin at cell self-contact. Arp3-GFP-expressing
cells were transfected with tandem dimer DsRed-tagged E-cadherin and seeded onto the pillar array 24 h beforeimaging. The arrowhead indicates self-contact.
Time is in minutes. Scale bar, 10 um. B, enlarged time-lapse images (from Fig. 5A) with strong E-cadherin accumulation at self-contact (min 11, arrowhead) and
a subsequent loss of E-cadherin near the pillar (min 14, arrow) with a concurrent increase in Arp3. Time is in minutes. Scale bar, 2 um. C, graph of normalized
intensities of Arp3-GFP surrounding a pillar (black squares) and E-cadherin td-DsRed along self-contact (red circles) over time (from Fig. 5A). With a loss of
E-cadherin along the self-contact near the pillar (Fig. 58, min 14), Arp3 surrounding the pillar remains elevated (arrow). D, a model of self-contact-induced
membrane fusion. Initial self and cell-cell adhesions are initiated by adhesion between E-cadherin and lamellipodia extensions with high Arp2/3 activity.
Mature cell-cell adhesions have E-cadherin accumulation with decreased Arp2/3 activity, whereas self-adhesions have E-cadherin exclusion near the pillarsand
high Arp2/3 activity that is mediated by Cdc42. For fusion to proceed, both RhoA and Rac1 activity are required.

more robust than with the Cdc42 inhibitor (Fig. 2, D and F), polymerization are required for fusogen engagement (24, 25).
suggesting that Racl activity plays a more substantial role than ~ Whether finger-like membrane protrusions or pillar obstacles,
Cdc42 in self-contact-induced membrane fusion. Interestingly, these high curvature membrane structures may be selectively
however, the Cdc42 inhibitor suppressed the Arp3 dynamicsat  inducing actin polymerization until fusion is completed. Inter-
a greater extent than the Racl inhibitor, although maximum estingly, in phagocytosis of oblong objects, internalization is
suppression of Arp3 dynamics was only observed with the prevented along the long axis, suggesting a preference toward
Arp2/3 complex-specific inhibitor (Fig. 4C). It is likely that the  high curvature regions as the sites of membrane fusion (26). In
role of Racl in self-contact-induced membrane fusion is not fact, surface curvature with a specific phospholipid composi-
limited to the regulation of the Arp2/3 complex, but rather, tion hasbeen shown to regulate actin dynamics (27), suggesting
Racl directs additional activities regulating membrane fusion, that membrane curvature may be a key parameter of actin
although the exact nature of this regulation remains unclear. polymerization and membrane fusion at nascent self-contacts.
Membrane protrusions driven by actin polymerization have  Similar to the formation of cell-cell adhesion that induces con-
emerged as an essential process in membrane fusion. A key tact inhibition, this membrane activity is suppressed once
characteristic of self-contact-induced fusion is the accumula-  fusion is completed.
tion of Arp3 surrounding the individual pillars before mem- How then does actin polymerization aid membrane fusion?
brane fusion (Figs. 3-5). The dynamic nature of Arp3 around Perhaps actin polymerization produces sufficient forces to
the pillars indicates rapid actin nucleation through the Arp2/3  bring two membranes into close apposition for lipid bilayer
complex during self-contact-induced membrane fusion. Thisis mixing. For example, the Arp2/3 complex-mediated actin
similar to how membrane protrusions generated by actin polymerization can generate nanonewtons of forces sufficient
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for many cellular movements (28). Actin assembly can also
induce membrane scission of Shiga toxin-induced tubules, a
process where mechanical force has been proposed as a poten-
tial mechanism (29). However, in clathrin-mediated endocyto-
sis, actin assembly appears to be dispensable for membrane
fission (30).

Interestingly, phagocytosis in macrophages provides a simi-
lar template to Arp2/3-mediated self-contact-induced mem-
brane fusion. During phagocytosis, actin polymerization
through the Arp2/3 complex promotes membrane extensions
around particles from the initial cup formation to closure (31).
Note, however, that close apposition of two membranes is not
always sufficient for membrane fusion. In SNARE-mediated
vesicle fusion, the lipid anchored (not transmembrane an-
chored) SNARE proteins, although able to form a tight SNARE
complex, do not promote fusion (32) except in the presence of
accessory proteins (33), suggesting that close apposition of
membranes are not sufficient for SNARE-induced membrane
fusion. Rather than the tight helical formation of the trans-
SNARE complex that brings two opposing membranes
together, the Arp2/3 complex-mediated actin assembly pushes
two opposing membranes together and, thus, possibly by-pass-
ing the requirement for SNARE-like proteins.

One key obstacle to bringing two membranes in close appo-
sition is the presence of transmembrane proteins. Engagement
of E-cadherins initiates the formation of self-contacts (4) but
also has a predicted intercellular spacing of ~37 nm (34), a
distance too great for membrane fusion. In the case of the
C. elegans fusion protein EFF-1, this intercellular spacing must
be reduced to roughly 20 nm for the extracellular domain of
EFF-1 to engage and membrane fusion to proceed (35, 36).
Thus, E-cadherin must be cleared before fusion initiates.
Indeed, E-cadherin concentration decreases at self-contact
immediately adjacent to the pillar with a concurrent increase in
Arp3 (Fig. 5). This E-cadherin movement may be due to exclu-
sion from self-contacts by Arp2/3 complex-mediated actin
polymerization before membrane fusion. Although it remains
possible that E-cadherin exclusion is due to fusion pore expan-
sion that pushes E-cadherin away from the fusion site. The lim-
ited resolution of the current method does not resolve the pre-
cise timing of membrane fusion to tease out the sequence of
E-cadherin movement leading up to and after membrane
fusion.

Interestingly, a high cytoplasmic a-catenin concentration at
E-cadherin-mediated cell contacts prevents Arp2/3-mediated
actin polymerization (37, 38) by competing for the surface of
actin filaments with the Arp2/3 complex (39). The high Arp2/3
complex activity may overcome this inhibition by excluding
E-cadherin from self-contacts and suppressing local a-catenin
concentration (see the model in Fig. 5). The exclusion of E-cad-
herin and a-catenin at self-contacts could be a discriminatory
factor that determines contact maturation versus fusion of
membrane contacts (Fig. 5).

Despite similar surface chemistries, strong Arp3 localization
and dynamics at self-contacts (and surrounding the pillars) ver-
sus cell-cell contacts (Fig. 3, F and G) highlights functionally
distinct outcomes between these two types of contacts. Cell-cell
contacts between epithelial cells mature, whereas self-contacts
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can undergo membrane fusion, suggesting that normal epithe-
lial cells distinguish between binding self versus neighboring
cells. Fusion as a self-recognition process has been observed
during neuronal development in C. elegans where overlapping
neurites can undergo auto-fusion to maintain proper dendritic
branching, a process mediated by the fusogen EFF-1 (1).
Although we do not know the fusogen responsible for self-con-
tact-induced membrane fusion, we demonstrate that the effi-
cient self-contact-induced membrane fusion observed in mam-
malian epithelial cells is regulated by Rho GTPases and their
downstream effectors, the Arp2/3 complex and myosin II. The
mechanism of self-contact-induced membrane fusion may
have further implications in similar membrane self-contacting
events with membrane closure during phagocytosis as well as in
cell-to-cell fusion.
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