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Cellular contractility regulates tissue
cohesion and morphogenesis. In

epithelia, E-cadherin adhesion couples
the contractile cortices of neighboring
cells together to produce tension at junc-
tions that can be transmitted across the
epithelium in a planar fashion. We have
recently demonstrated that contractility
is also patterned in the apical-lateral axis
within epithelial junctions. Our findings
highlight the role that cytoskeletal regu-
lation plays in controlling the levels of
intra-junctional tension. Of note, dysre-
gulation of this apicolateral pattern of
tension can drive oncogenic cell extru-
sion. In this article, we provide a detailed
description of the actomyosin cytoskele-
ton organization during oncogenic extru-
sion and discuss the implications of cell
extrusion in cancer.

Introduction

Cadherin-based cell-cell junctions are
mechanically-active structures. This has
been most extensively studied in polarized
epithelia,1 where E-cadherin receptors
form adhesive clusters that are coupled to
the contractile actomyosin cortex.2,3 At the
cellular level, cadherin adhesion not only
bind cells together but also mechanically
couples the contractile cortices of neigh-
boring cells together to yield junctional
tension.1 This tension can serve several
morphogenetic purposes, being implicated
in apical constriction4 neighbor exchange
during gastrulation5 and also propagated
across cells to influence tissue-level mor-
phogenesis.6 Adhesive coupling of cortical
contractility has also been proposed to
underlie the fundamental process of cell

sorting, as cells that generate higher junc-
tional tension segregate away from cells
with lower cadherin-based tension.1,7 Ulti-
mately, this can reflect the action of mecha-
nisms that either couple cadherins to the
contractile apparatus of cells, or the pro-
cesses that regulate contractility.2 For
instance, cells expressing cadherins that are
uncoupled from the actin cortex sort out
from cells where adhesion is linked to the
cortex.7 Thus, the mechanisms that regu-
late the integration of adhesion and con-
tractility may affect many aspects of tissue
organization.2,8

Patterning Junctional Tension
in the Apical-Lateral Axis

In many of the aforementioned studies,
junctional tension has been treated as a
property that only localizes at the apical
junctions between cells,5,9 or as a uniform
property of cell-cell contacts.7 However,
we recently observed that polarized epithe-
lial monolayers can generate more com-
plex patterns of contractile tension that
ultimately influence cellular integration
into the epithelium.1,10 This finding
derived from the initial observation that
E-cadherin clusters are found throughout
junctions between cells.1,2,11 At the apical-
lateral interface, clusters of E-cadherin are
stabilized and concentrate in a ring-like
structure that we and others have
described as a zonula adherens.12–14 How-
ever, extensive E-cadherin was also found
distributed in clusters throughout the lat-
eral adherens junctions (LAJ) located
below the ZA.15,16 In both cases, E-cad-
herin clusters were mechanically coupled
to a contractile actomyosin apparatus. At
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the ZA, actomyosin organized to form
prominent apical bundles that run contig-
uous to the ZA,17 whereas actomyosin
formed a less aligned network at the
LAJ.16,18,19 Both actomyosin networks
required junctional E-cadherin and appear
to derive from a combination of cadherin-
based actin assembly20,21 and Rho-ROCK
signaling.22-24 However, contractile ten-
sion was consistently greater at the ZA
than at the LAJ. Thus, cells were able to
generate distinct zones of tension in the
apical-lateral axis of their junctions.1

We are coming to realize that many
molecular processes collaborate to deter-
mine junctional tension. These include
the mechanisms responsible for building
actin networks at junctions and the signal-
ing pathways that regulate myosin II. For
example, apical tension at the ZA was
compromised by inhibiting myosin II or
its upstream regulators (ROCK, Rho and
Ect2, the activator of Rho at the ZA)25

and also perturbed when the Arp2/3 actin
nucleator was blocked.26a We found that
actin filament stability was a key to under-
standing how cells generate different zones
of tension at the ZA and LAJ.1 F-actin sta-
bility at the LAJ was significantly lower
than that found at the ZA, being distin-
guished by continuous cycles of formation
and disassembly at different areas of the lat-
eral cadherin contact.16 This was due to
stress-induced actin filament turnover.1,26b

Effectively, myosin contractility initially
condensed actin networks, leading to the
generation of contractile tension, but even-
tually promoted turnover of the actin fila-
ments that are needed to generate force.16

This represents an intrinsic mechanism for
contractile stresses at the LAJ to be readily
dissipated.

A further implication was that mecha-
nisms might exist at the apical ZA to stabi-
lize filaments and resist stress-induced
filament turnover.1,26b We have identified
that this mechanism involves the actin reg-
ulator N-WASP. N-WASP is multido-
main protein that mediates signal
regulation of the actin cytoskeleton.27 It is
best understood for its ability to activate
actin nucleation by the Arp2/3 complex.
Strikingly, N-WASP localizes selectively
to the ZA rather than the LAJ and regu-
lates the actin cytoskeleton at the ZA.
However, it achieves this by a mechanism

that is distinct from Arp2/3 activation.28

Instead, N-WASP stabilizes nascent actin
filaments at the ZA, through a molecular
pathway that involves the WIP family pro-
tein, WIRE.28 Its contribution to junc-
tional contractility was demonstrated by
the observation that apical junctional ten-
sion is reduced to the levels seen at the
LAJ when N-WASP was depleted by
RNAi.1 Further, ectopic targeting of
active N-WASP to the LAJ increased ten-
sion at that site. Thus actin stabilization
represents an independent mechanism to
modulate contractile stress at cadherin
junctions. How it cooperates with the
other determinants of junctional contrac-
tility21,29 will be an interesting question
for future research.

Junctional Contractility in Cell
Extrusion

Precise control over the levels of con-
tractile tension at cadherin junctions is
critical in a variety of morphogenetic pro-
cess including cell-sorting,7 Indeed, we
have demonstrated that increasing the
cadherin based tension of a cell by stabiliz-
ing F-actin throughout the junctional cor-
tex, can lead to its expulsion from its
original epithelial population that has
reduced levels of cadherin-based tension.1

Based on these observations, we then
asked how patterns of intra-junctional ten-
sion might contribute to epithelial
homeostasis. We focused on the process of
apical cell extrusion. Cell extrusion is a
fascinating process where minorities of
cells become actively expelled from epithe-
lia. First described during apoptosis,30 it
has been documented in an increasingly
broad range of contexts, including bacte-
rial infection,31 epithelial overcrowding32

and cellular transformation.33 The latter
example illustrates some of the salient fea-
tures of the extrusion process. Firstly, it
only occurs when a single transformed cell
is surrounded by non-transformed cells.
Secondly, extrusion is a mechanically
active process.1 Contractility is necessary
for oncogenic extrusion to occur, as is the
case for other forms of extrusion.2,30 The
requirement for contractility is often
thought to be located in the neighboring
cells, which exert forces that drive

extrusion,32,34,35 Nonetheless, some fea-
ture(s) of the transformed cell appears to
be recognized by the surrounding cells to
elicit a response from the neighbors.36,37

Thus oncogenic extrusion involves com-
plex interplay between transformed cells
and their surrounding, non-transformed
neighbors.

Oncogenic extrusion can be readily eli-
cited when single Caco-2 cells are engi-
neered to express H-RasV12 within a
confluent monolayer; in contrast H-RasV 12

expression in more than 3 cells tends to
compromise epithelial morphology but did
not cause extrusion (data not shown). These
single transfected cells exhibited a gradual
increase in cell height until they were even-
tually extruded apically (Fig 1a). Once
extruded, non-transformed cells commonly
die through anoikis38 when they are
extruded, but transformed cells can continue
to proliferate,37 as detected by markers such
as Ki67 staining33,39 (Fig 1b). Ras muta-
tions have been shown to allow metastatic
tumor cells to evade anoikis by up-regula-
tion of survival signals40 that can allow cells
to proliferate even in the absence of extracel-
lular matrix attachment.41

Morphologically, it is possible to dis-
tinguish 2 broad phases to this oncogenic
extrusion: an extrusion phase where the
cell remains largely within the mono-
layer, and a post-extrusion phase where
the cell has escaped, but remains loosely
attached to the monolayer (Fig. 2a). We
focused on analyzing the extrusion phase,
as this seemed most likely to reveal the
molecular mechanisms and cortical
mechanics that drive cell extrusion.1 This
stage is associated with distinct changes
in both E-cadherin and F-actin distribu-
tion (Fig 2). The apical E-cadherin ring
representing the ZA became disrupted,
as other have also observed.36,42 How-
ever, clusters of homoligated cadherin
persisted throughout the contact zones
between the cells, including the LAJ1

(Fig 2b), suggesting that adhesion was
preserved until later in the extrusion pro-
cess. Similarly, the prominent bundles of
apical F-actin were lost (Fig 2b). Instead,
extruding cells display an intense cortical
F-actin network throughout their contact
zones. This suggested that regulation of
F-actin was being altered within the
oncogene-expressing cell itself. Indeed,
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we observed that N-WASP was redistrib-
uted at the contact zone, being depleted
from the apical region (which may con-
tribute to loss of the ZA28 and increasing
at the lateral zone (Fig 3). This is accom-
panied by a redistribution of WIRE (Fig
3), which mediates F-actin stabilization
by N-WASP.28

This suggested that the redistribution
of N-WASP might be accompanied by
altered junctional tension. Indeed, we
found that the junctional interface
between H-RasV12-transfected and
untransfected cells displayed both
decreased tension in the apical region and
increased tension in the lateral zone.1 This
observation was in agreement with the
previous finding that N-WASP can modu-
late junctional tension by stabilizing F-
actin. Further, the increased cortical F-
actin seen in cells undergoing extrusion is
accompanied by an increase in activated
Myosin II, consistent with redistribution
of a contractile cortex (Fig 4). Indeed
when H-RasV12-transfected cells were also
depleted of N-WASP, the lateral

accumulation of F-actin and active Myo-
sin II was abolished, lateral junction ten-
sion did not increase, and oncogenic
extrusion was inhibited (Fig 4). This
implied that N-WASP’s impact on the
junctional actomyosin network was neces-
sary for the extrusion process to occur.
Further, we found that extrusion could be
elicited by manipulating the distribution
of N-WASP to mimic the altered patterns
of junctional tension seen with oncogene
transfection.1 Overall, these results
revealed that altering regional actin
dynamics within cell-cell junctions regu-
lated cortical contractility within onco-
gene-transfected cells to drive cell
extrusion (Fig 5).

Implications for Oncogenic Cell
Extrusion

Our findings have several interesting
implications for future research. Firstly,
the mechanical processes that drive cell
extrusion can involve the extruding cells as

well as their neighbors. Much current
work, deriving especially from the analysis
of apoptotic extrusion, has focused atten-
tion on how contractility in neighboring
cells may induce extrusion. Prominent
contractile purse strings have been identi-
fied in the neighboring cells that are
thought to drive extrusion,32,43 under reg-
ulation by dynamic microtubules and
their control of cortical Rho signaling.34

Our findings complement other recent
reports that suggest an active role for the
cellular cortex of the extruding cell. For
example, cortical F-actin content is
increased specifically in the extruding
transformed cell rather than in the sur-
rounding cells,42 changes which may con-
tribute to the observation by atomic force
microscopy that the H-RasV12 -trans-
formed cells are stiffer than the neighbor-
ing untransfected cells.37 Contractile
pulsations of junctions were also altered in
Drosophila amnioserosa cells that under-
went naturally-occurring delamination.44

Additionally, work on UV-induced apo-
ptosis has also delineated a mechanical

Figure 1. Morphological comparisons between H-RasV12 expressing cell undergoing extrusion and H-RasV12 expressing cell that has been extruded.
(a) Still images of brightfield (top panel, magenta asterisk indicates H-RasV12 expressing cell) and confocal fluorescence XZ cross-sections (bottom panel)
from live imaging of single H-RasV12 expressing Caco-2 cells within a wild-type epithelia monolayer. The yellow dotted line in the fluorescence XZ cross-
sections indicates the gradual increase in the height of the single H-RasV12 expressing cell as extrusion takes place. Based on the relative height of the
extruding cell to its neighboring cell, the process of extrusion can be classified into 3 stages: Before extrusion, H-RasV12 cell extruding apically and apically
extruded H-RasV12 expressing cell. (b) Immunofluorescence XZ cross-section of an apically extruded H-RasV12 expressing cell that is loosely attached on
the untransfected epithelia monolayer and stained for the proliferation marker Ki67. Scale Bar: 5 mm.
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role for the extruding cells to initiate
extrusion.43 Here, the actin cytoskeleton
at the ZA of the apoptotic cell pulls on its
neighbors, to trigger the upregulation of

lateral F-actin in those neighbors which
expels the apoptotic cell.43 Broadly, this
implies that we need to consider how
mechanical changes in the extruding cell

may actively cooperate with
changes in the neighboring
cells to account for the
extrusion process. Also, to
an extent it has been tempt-
ing to treat all forms of
extrusion as equivalent phe-
nomena; however, it remains
possible that different mech-
anisms may contribute to
different forms of extrusion.
For instance, one distin-
guishing feature to consider
is that permeabilization of
the cellular membrane
occurs in apoptotic extru-

sion43 but is not evident in oncogenic
extrusion; this difference may lead to dif-
ferent contractile responses in these 2
circumstances.

Figure 2. Epithelial organiza-
tion during the stages of
oncogenic cell extrusion.
(a) Immunofluorescence
staining of E-cadherin (green)
and DAPI (blue). XZ cross-sec-
tion of an H-RasV12 expressing
cell extruding apically (left
panel), and an H-RasV12

expressing cell that has
extruded and is loosely
attached to the monolayer
(right panel). Red dotted line
indicates the location of the Z
plane for the extruded region,
cyan dotted line indicates the
apical Z plane of neighboring
cells and yellow dotted line
indicates the basolateral Z
plane of the Caco-2 mono-
layer. (b) Confocal XY sec-
tions of (a) from an H-RasV12

expressing cell extruding api-
cally (left panel) and an
extruded H-RasV12 expressing
cell that remains loosely
attached to the monolayer
(right panel). Magenta aster-
isk indicates the position of
the H-RasV12 expressing cell.
(b’) Magnified image of the
basolateral cell-cell contacts
between the extruding cells
(H-RasV12, Magenta) and
neighboring cells as indicated
by a white box in (b). Immu-
nofluorescence staining of E-
cadherin (green), F-actin
(phalloidin, red), DAPI (blue)
and the merged image of E-
cad and F-actin. Scale Bars:
5 mm.
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Secondly, oncogenic extrusion has
interesting implications for cancer biology.
Of note, oncogenic extrusion not only
occurs in transformed cells within normal
tissues45,46 but also transformed cells
that acquire additional oncogenic

mutations.1,47 Furthermore, it seems rea-
sonable to postulate that many stages in
the life cycle of an epithelial tumor will
involve an interaction between minority
and majority populations of cells, where
those minorities will bear new mutations

not shared with the majority. Indeed, the
initiation of carcinogenesis has been
thought to arise from oncogenic mutations
of a single cell within tissues33,48,49 and it
is predicted that successive genetic changes
will first occur in a minority of cells before
they achieve a growth advantage.50 This
raises the question of whether the extrusion
process, which occurs when normal cells
surround transformed cell, can contribute
to tumorigenesis. Indeed, there is emerging
evidence to suggest that this may be the
case. Leung and Brugge33 demonstrated
that single-oncogene expressing mammary
epithelial cells did not proliferate until they
had been extruded from the normal breast
epithelia. This could reflect contact inhibi-
tion of proliferation by E-cadherin adhe-
sion. Moreover when extrusion did not
occur as the entire acini expressed the

Figure 3. N-WASP-WIRE mediated lateral F-actin stabilization during the single outgrowth of
H-RasV12 expressing cell. Immunofluorescence XZ cross-section of a H-RasV12 –Cherry (magenta)
expressing cell that is in the process of extrusion also stained for F-actin (phalloidin, red), N-WASP
(green) or WIRE (green). The white arrows in the image indicate the concentration of colocalized N-
WASP/WIRE with F-actin at the basolateral interface of wild type and transformed cell during apical
extrusion. Scale Bars: 5 mm.

Figure 4. N-WASP supports F-actin and Myosin II accumulation at the lateral contact between wild type and a H-RasV12 expressing cells to drive onco-
genic extrusion. (a) Immunofluorescence staining of phosphoMyosin light chain (green), F-actin (phalloidin, red), DAPI (blue) and the merged of phos-
phoMyosin regulatory light chain (green) and F-actin (phalloidin, red). Representative XZ cross-section of a H-RasV12 expressing cell extruding apically
(left panel of scramble control), an extruded H-RasV12 expressing cell that is loosely attached to the wild type monolayer (right panel of scramble control);
and N-WASP knockdown monolayer with a H-RasV12 expressing cell surrounded by wild type cells. (b) Comparison of Myosin regulatory light chain phos-
phorylation intensity at the lateral junctions between H-RasV12 expressing and neighbor cells in control and N-WASP knockdown monolayers. (c) Com-
parison of F-actin intensity at the lateral junctions between H-RasV12 expressing and neighbor cells in control and N-WASP knockdown monolayers.
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oncogene, these transformed cells
remained in their growth-arrested phase.
Thus, although extrusion has often been
portrayed as a mechanism for tissues to
clear cells from an epithelium35,31,43(Mari-
nari et al., 2012), it is possible that it is
coopted by transformed cells to facilitate
tumorigenesis.

Although it often occurs in an apical
direction, oncogenic extrusion in vitro can
occur basally,46,51 which, in a tissue

context, would be directed toward the
body compartment. This raises the inter-
esting issue of whether the mechanical
process of extrusion might contribute to
early phases of tumor invasion. Morpho-
logical features resembling extrusion are
documented in early tumors,33,51,52 but
remain to be thoroughly analyzed. If
extrusion were to contribute to tumor
invasion in mammals, the direction of
extrusion must then be regulated. Indeed,

Marshall et al 201147 reported that apo-
ptotic cells could be induced to change
their direction of extrusion, from apical to
basal, by depletion of the Adenomatosis
Polyposis Coli (APC) gene product,
which is a major target in the genetic pro-
gression of colon cancer.53 Whether onco-
genes contribute to tumor progression by
regulating the morphogenetic process of
extrusion, as well as perturbing prolifer-
ative control, is an interesting hypothesis
for the future.

Finally, the role of cortical mechanics
in oncogenic extrusion raises the interest-
ing question of whether effective thera-
peutics can be developed that target
cellular processes coopted by oncogene
products. Experimental studies have iden-
tified roles for N-WASP in the regulation
of tumor cell migration and invasion.54,55

However, N-WASP is not commonly
identified in screens for putative tumor-
inducing genes with coding mutations or
that are misexpressed. One potential rea-
son is that actin-regulatory genes, such as
N-WASP, may be dysregulated and func-
tionally coopted by oncogenic signaling,
but not direct genetic targets during
tumorigenesis. Nonetheless, they may be
necessary for tumor cell extrusion, migra-
tion and invasion.54,55 If so, then maneu-
vers that target their function may provide
the opportunity to develop therapeutics
that are orthogonal to those which are
directed against their upstream oncogene
products. Of course, these are interesting
speculations for the future. Nonetheless,
they highlight the capacity for oncogenic
extrusion, and its regulation by active
junctional mechanics, to contribute to a
better understanding of tumor cell
biology.

Materials and Methods

Cell culture and transfection
Caco-2 cells were procured from

ATCC (HTB-37). Caco-2 cultures were
routinely cultured in RPMI supplemented
with 10% FBS, 1% non-essential amino
acids, 1% L-glutamine, 1% w/v Penicil-
lin/Streptomycin and low doses of plas-
mocin (Invivogen). Plasmid DNA
transfections were performed at 40–60%
cell confluency using Lipofectamine 3000

Figure 5.Model depicting the apical extrusion of a H-RasV12 expressing cell from the epithelium. (1)
H-RasV12 clonal mutation in a single cell within the epithelium. The H-RasV12 expressing cell initially
remains in the epithelium. (2) Subsequently, lateral F-actin stabilization by N-WASP promotes the
recruitment of active myosin that leads to the constriction of the basolateral portion of H-RasV12

expressing cell. (3) The H-RasV12 mutant cell is then fully extruded apically by the concentration of
actomyosin at the base of the extruded cell, which is located at the apical plane of the surrounding
epithelia cells. The apically extruded cell remains loosely attached to the wild type monolayer and
can proliferate.
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(Invitrogen) according to the man-
ufacturers’ instructions and analyzed 24–
48 hours post transfection (at 100% con-
fluency). Live-cell imaging was performed
on cells grown on 29 mm glass-bottomed
dishes (Shengyou Biotechnology Co. Ltd,
China) and the RPMI was replaced with
clear Hanks Balanced Salt Solution sup-
plemented with 5% FBS, 10 mM HEPES
pH 7.4 and 5 mM CaCl2, during
imaging.

To evaluate the frequency of oncogenic
apical extrusion, cells were co-transfected
at 80% confluency with 0.2mg/ml of
mCherry-H-RasV12 and with either
scrambled siRNA or N-WASP siRNA.
Single cells co-expressing H-RasV12 with
other transgenes surrounded by H-RasV12

null expressing cells were then analyzed at
36 hours post transfection. Only cells
with an intact nucleus were quantitated.

Antibodies and immunofluorescence
Cells were fixed at 4�C with parformal-

dehyde on ice for 5 min. Primary anti-
bodies in this study were: mouse anti-
human ectodomain E-cadherin antibody
(1:50; clone# NCC-CAD-299, a gift from
P.Wheelock, University of Nebraska,
Omaha, USA, with the permission of M.
Takeichi); rabbit monoclonal antibody
30D10 against N-WASP (1:50; Cell Sig-
naling Technologies; cat#30D10); rabbit
polyclonal antibody against GAPDH (1
in 4000; Trevigen; cat#2275-PC-100);
rabbit polyclonal antibody against WIRE
(1:50; HPA024467; Sigma Aldrich);
mouse monoclonal antibody against Ser-
ine 19 of Phospho Myosin Light Chain 2
(1:100; Cell Signaling Technologies;
cat#3675). Alexa Fluor conjugated sec-
ondary antibodies were from Invitrogen.

Confocal images were captured with a
Zeiss 710 laser-scanning confocal micro-
scope. Time-lapse images of brightfield and
mCherry fluorescence were acquired using a
£40 objective, 1.3 NA oil Plan-Apochro-
mat immersion lens and 6 Z-stacks of 1mm
step size.

Image processing and analysis
The images presented were processed

with ImageJ (http://rsb.info.nih.gov/ij/)
and Photoshop CS (Adobe Systems, Inc.).
Image size was then increased to smoothen
movies upon conversion into H.264

compression format. The edges of XZ
images were increased using ImageJ canvas
size function to uniformly align images for
representation purposes.
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