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ABSTRACT
Epithelial tissues use adherens junctions to maintain tight interactions and coordinate cellular activities.
Adherens junctions are remodeled during epithelial morphogenesis, including instances of epithelial-
mesenchymal transition, or EMT, wherein individual cells detach from the tissue and migrate as
individual cells. EMT has been recapitulated by growth factor induction of epithelial scattering in cell
culture. In culture systems, cells undergo a highly reproducible series of cell morphology changes,
most notably cell spreading followed by cellular compaction and cell migration. These morphology
changes are accompanied by striking actin rearrangements. The current evidence suggests that global
changes in actomyosin-based cellular contractility, first a loss of contractility during spreading and its
activation during cell compaction, are the main drivers of epithelial scattering. In this review, we focus
on how spreading and contractility might be controlled during epithelial scattering. While we propose
a central role for RhoA, which is well known to control cellular contractility in multiple systems and
whose role in epithelial scattering is well accepted, we suggest potential roles for additional cellular
systems whose role in epithelial cell biology has been less well documented. In particular, we propose
critical roles for vesicle recycling, calcium channels, and calcium-dependent kinases.
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Introduction

Epithelial barriers require that individual epithelial
cells are tightly integrated into the tissue. Integration
of individual cells occurs through cell-cell adhesions
systems, most notably the cadherins.1 The physical
connection of cells provides the foundation for coordi-
nating physiological processes of individual cells and a
fully functional tissue is the result. However, the high
degree of coordination required by epithelial barriers
must be balanced to allow to tissue plasticity. A host
of epithelial morphogenetic programs that remodel
epithelial tissue architectures are observed throughout
development. Among the most striking are epithelial-
mesenchymal transitions (EMTs), which occur when
individual cells detach from the tissue and become sol-
itary, migratory cells.2 EMT events are thought to be
highly relevant to cancer progression in solid tumors
of epithelial origin, particularly cancer metastasis.
Cancer metastasis is thought to result from inappro-
priate activation of developmental EMT pathways,
resulting in detachment of solitary, migratory, and
invasive tumor cells that then colonize distant tissues.

EMT is a highly complex cellular process and much
can be learned from cell model systems. In tissue cul-
ture, epithelial cells can be induced to undergo epithe-
lial scattering, a process akin to EMT. Epithelial
scattering was first observed in cultured epithelial
MDCK cells treated with so-called scatter factor,3 a
growth factor that later turned out to be hepatocyte
growth factor (HGF).4-7 HGF stimulation of MDCK
cells results in a dramatic change in cell morphology
and cell behavior that ultimately results in cells
wrenching apart their cell-cell adhesions in dramatic
fashion and ‘scattering’ about the culture surface.3,8,9

Cellular imaging, summarized in Figure 1, has shown
that scattering is accompanied by a transient cell
spreading phase, with cells increasing spreading on
the culture surface by roughly double. The spreading
phase is immediately followed by compaction of cells
as spreading is reduced, an increase in cell migration,
and disruption of cell-cell adhesions.8,9

The underlying actin dynamics during epithelial
scattering are equally striking. Cortical actin bundles
that run parallel and immediately adjacent to cell-cell
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junctions resolve into smaller cables whose ends
remain affixed to points of cell-cell adhesion and
which now radiate across the cell.9 The reorganization
of actin at cadherin-mediated junctions is preceded by
redistribution of the actin bundling protein a–actinin
from cell-cell junctions, perhaps suggesting that actin
bundling proteins maintain a tight association of actin
with cell-cell junctions and that this activity must be
released to initiate cell scattering.9 The resulting
‘transcellular networks’ are reminiscent of structures
seen during epithelial morphogenesis in developmen-
tal systems.10 Also similar is evidence of cellular con-
tractility in transcellular networks. Actin becomes
highly decorated with non-muscle myosin II during
the reorganization of actin into transcellular networks
and obvious deformations are visible at points where
these cables abut cell-cell junctions.9 It is also at this
point where cell spreading reverses and cells revert to
having a smaller ‘footprint’ on the culture surface.
Consistent with a role for myosin contractility in this
process, changes in myosin phosphorylation are
observed during epithelial scattering of MDCK cells;

phosphorylation is reduced in early scattering, when
spreading is observed, and increases in late scattering,
when cell compaction, migration, and detachment
occur.11

One dominant idea is that tension forces, coming
from an increase in cell migration, are sufficient to
break cell-cell junctions.12 An alternative view is that
molecular changes in cell-cell adhesion systems is a key
step in cell-cell detachment, that the molecular linkages
of cell-cell adhesion are actively remodeled to allow
cell-cell detachment. Though originally adherents to
the latter view, our own observation suggest that cellu-
lar contractility is the main force behind cell-cell
detachment; MDCK cells recovering from blebbistatin
treatment, and thus experiencing a restoration in cellu-
lar contractility, wrench apart their cell-cell junctions
in a manner that looks highly reminiscent of the same
cells responding to HGF, but without an increase in
migration.11 Interestingly, blebbistatin treatment
drives cell spreading as myosin activity becomes sup-
pressed in these experiments. Thus, restoration of
myosin contractility occurs from a spread phase, sug-
gesting that both spreading and compaction might be
required for successful epithelial scattering. Consistent
with this idea, dynamic changes in cell morphology
accompanying HGF-induced epithelial scattering cor-
relate with phosphomyosin levels; the cell spreading
phase of epithelial scattering is accompanied by a drop
in phosphomyosin levels, whereas times associated
with cellular contractility display an increase in phos-
phomyosin levels.11 Thus, control of cellular contractil-
ity is likely a central mechanism for driving epithelial
scattering. This review will focus on how molecular
control of cellular mechanics, particularly spreading
and compaction, during epithelial scattering.

The central regulator of cellular contractility:
RhoA

The small GTPase RhoA is well documented to play a
central role in controlling cellular contractility and
actin dynamics in many cellular processes.13-14 Epithe-
lial scattering appears to be no exception; expression
of a dominant-negative RhoA mutant prevents HGF-
induced scattering, in particular preventing cell-cell
detachment that is associated with increased cellular
contractility.11 RhoA is best known as a master regula-
tor of cellular contractility, activating myosin-based
tension forces in cells. ROCK is a downstream effector

Figure 1. Changes in cell morphology and actin organization dur-
ing epithelial scattering. Cells, with plasma membrane in gray,
points of adhesion-actin connection as black spots, and actin
cables as black lines, undergo a cell spreading phase that is
accompanied by rearrangement of the actin cytoskeleton from a
circumferential, highly bundled actin organization into transcellu-
lar networks. Spread colonies of cells then undergo subsequent
actomyosin-based contractility that ruptures cell-cell adhesions
and allows detachment of individual cells.
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of Rho most known for its role in regulating cellular
contractility in smooth muscle contraction. RhoA
induces increased cellular contractility through 2 par-
allel mechanisms: ROCK phosphorylates and inacti-
vates myosin light chain (MLC) phosphatase,15 while
also directly phosphorylating MLC,16-18 thus synergis-
tically increasing MLC phosphorylation and myosin
activation. Recent evidence shows that myosin light
chain kinase (MLCK) may also be a direct substrate
for ROCK, which would cause additional myosin
phosphorylation on RhoA activation.19 It is likely that
cellular contractility is the central RhoA function
required during epithelial scattering and that is
blocked to prevent cell-cell detachment when MDCK
cells expressing a dominant-negative RhoA mutant
are triggered to scatter with HGF.11

How RhoA alters actin dynamics has been well
documented.20-22 RhoA can drive changes in actin
dynamics through mDia and cofilin, as well as profilin
II. Mammalian diaphanous (mDia) is a formin protein
that is activated upon Rho binding, resulting in nucle-
ation of new actin filaments and polymerization that
generates unbranched filaments, which is important
in the formation of stress fiber contractile units.23-25

Active RhoA recruits profilin, which binds G-actin to
facilitate F-actin barbed end polymerization.26 Phos-
phorylation of cofilin by LIM kinase results in a loss of
cofilin activity and stabilization of actin filaments,
which is the end result of RhoA-mediated activation
of ROCK and, subsequently, of LIM kinase, the so-
called RhoA-ROCK-LIM kinase-cofilin pathway.27

While RhoA almost certainly drives epithelial scat-
tering by modulating actomyosin-based contractility,
how might RhoA activity levels be controlled? Sup-
pression of RhoA activity during the spreading phase
of epithelial scattering may come from early activation
of Rac1, another small GTPase that often acts antago-
nistically to RhoA. Consistent with this, Rac1 controls
spreading during epithelial scattering.28 Rac1 is tran-
siently activated shortly after HGF stimulation of epi-
thelial scattering, resulting in membrane protrusion
and spreading, and expression of dominant negative
Rac1 blocks spreading. A transient activation of Rac1
may also lower RhoA activity and, thus, myosin-based
contractility. Meanwhile, obvious candidates for RhoA
activation later in epithelial scattering are Rho GEFs
and GAPs that directly affect the nucleotide binding
state of RhoA, but how these are controlled is less
clear. In the next sections, we propose a mechanism

by which RhoA activity can be modulated by intracel-
lular calcium levels.

The case for intracellular calcium

In 1992, a report showed HGF induces a rapid
increase in cytosolic free calcium in hepatocytes.29

This increase in intracellular calcium is dependent on
the presence of extracellular calcium, as well as tyro-
sine kinase activity.29 Another group confirmed that
after HGF stimulation, intracellular calcium waves
originate from a region near the cell membrane and
propagated across the cell.30 Electrophysiological
recording of MDCK cells treated with hepatocyte
growth factor reveals 2 bursts of high frequency cal-
cium influxes at the plasma membrane.31 In MDA-
MB-468 cells, which undergo epithelial scattering in
response to epidermal growth factor (EGF), cytosolic
calcium levels quickly rise after EGF stimulation, then
gradually level off in under 800 seconds.32 This tran-
sient pulse results in a prolonged increase in vimentin
expression,32 indicating that transient calcium
increases have long-lasting impacts on cell behavior.
Treatment of cells with cytosolic calcium chelator
BAPTA-AM prior to EGF stimulation prevents a rise
in vimentin expression,32 showing the importance of
intracellular calcium during EMT. EMT in embryonic
development also seems to depend on a rise in cyto-
solic calcium levels. In Xenopus embryos, Wnt11-R
expression in the neural crest and certain somite cell
populations is essential for EMT, allowing the cells to
migrate into the dorsal fin matrix. Loss of Wnt11-R
results in dorsal fin defects and fewer fin core cells.33

Inducing calcium signaling with thapsigargin, which
stimulates calcium influxes, alleviates these defects,
and increases fin core cells to near-control levels,33

suggesting that calcium channels mediate Wnt-
induced EMT in this developmental model.

Transient receptor potential (TRP) channels are
permeable to cations, and some are highly Ca2C selec-
tive.34 Various TRP channels are involved in cancer
progression that recapitulates EMT. TRPC6 has been
shown to have a role in HGF-induced cellular pro-
cesses. HGF normally stimulates proliferation of ade-
nocarcinoma cells, but knocking down TRPC6
abolishes this proliferation.35,36 TRPC6 plays the same
role in prostate cancer cells, allowing an HGF-induced
calcium influx.36 TRPC6 inhibitors prevent HGF-
induced proliferation, migration, and morphogenesis
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of HK2 cells.37 Additionally, Langford et al.31 con-
cluded that TRPC6 is specifically required for HGF-
induced scattering in MDCK cells, though calcium
fluxes through TRPV4 and other channels are all
increased at the plasma membrane following HGF
stimulation.

While these data point to TRPC6 in epithelial scat-
tering, the identity of the specific TRP family member
may not be critical. Expressing TRP channel family
member polycystin-1 (PC1) in MDCK cells leads to
cytoskeletal rearrangements, increased cell migration,
and scattering.38 In HepG2 cells, HGF stimulation
causes calcium influxes through TRPV1 at both
plasma membrane and sarcoplasmic reticulum.39 In
MDA-MB-468 cells, EGF induces a calcium influx
resulting in an increase in the EMT marker, vimentin.
However, knocking down TRPM7 in these cells
decreases vimentin levels after EGF stimulation.32 In
BTEC cells, activation of TRPV4 channels with its
agonist, 4aPDD, promotes cell migration, while
silencing TRPV4 abolishes arachidonic acid-induced
migration in these same cells.40

Despite that the association between changes in
intracellular calcium levels during EMT has been
documented in a number of studies, a role for calcium
influxes has seldom been incorporated into broader
molecular models of EMT. This is partially due to an
unclear connection between cellular signaling that ini-
tiates epithelial scattering and increased calcium fluxes
through calcium channels.

Molecular control of calcium influxes upon
induction of epithelial scattering

A key finding of Langford et al.31 is that HGF-induced
calcium fluxes recorded at the plasma membrane
require an intact microtubule cytoskeleton; pretreat-
ment of cells with microtubule destabilizing agents
prevents bursts of high frequency calcium influxes
that normally follow HGF stimulation.31 One obvious
interpretation of this result is that microtubule-
dependent delivery of vesicles to the plasma mem-
brane is required for the occurrence of high frequency
calcium influxes seen after HGF stimulation. This
interpretation is further supported by the observation
that calcium influxes increase simultaneously for all
the 3 distinct channel types detected at the plasma
membrane by electrophysiological recording.31 This is
most easily accounted for by different channel types

being cargoes in the same vesicle populations, rather
than by different channels sharing the same mecha-
nism of post-translational control at the plasma mem-
brane. Further supporting this argument, EGF has
been shown to induce translocation of TRPC5 chan-
nels to the cell surface, an event that is mediated by
PI-3 kinase.41 EGF also induces Src family tyrosine
kinase-mediated phosphorylation of TRPC4, leading
to increased translocation and surface expression, as
well as calcium influx.42 And changes in surface levels
of TRP channels in response to cellular cues are not
limited to growth factors that bind receptor tyrosine
kinase systems; arachidonic acid stimulation causes an
increase of TRPV4 at the cell surface.40 In our opinion,
control of calcium channel surface expression through
altered vesicle trafficking is likely the basis of how cel-
lular signaling networks increase intracellular calcium
during EMT.

Rab GTPases, which aid in cargo sorting, uncoat-
ing, motility, and docking of vesicles,43 are almost cer-
tain to play a central role in TRP channel trafficking.
However, connections between TRP channels and
specific rab GTPases have not been extensively stud-
ied, particularly in epithelial cells. One report shows
that activation of Rab11in epithelial cells leads to an
increase in TRPV5 and TRPV6 expression at the cell
membrane.44 Rab11 interacts with TRPV5 and
TRPV6 while in its GDP-bound form, yet the GTP-
bound form is necessary to recycle these channels to
the cell membrane.44 In a separate series of studies,
Rab11, Rab8, and Rab6 have been shown to specifi-
cally immunoprecipitate with the polycystin-1 TRP
channel.45 Importantly, silencing Rab8 prevents traf-
ficking of polycystin-1 to the cell surface.45 Rab6 con-
trols the budding and motility of exocytic vesicles,46

and mediates the recruitment of Rab8, which controls
docking and fusion.47 Thus Rab6 and 8 may act in
concert to deliver newly synthesized TRP channels to
the plasma membrane from the Golgi. However, given
how quickly calcium fluxes increase at the plasma
membrane following HGF stimulation,31 channel
recycling better accounts for the timing of high fre-
quency plasma membrane calcium fluxes than deliv-
ery of newly synthesized TRP channels. Two routes
could carry internalized TRP channels back to the
plasma membrane: ‘fast’ endocytic recycling pathway,
wherein internalized TRP channels would return
immediately to the cell surface in vesicles decorated
with Rab4, or ‘slow’ endocytic recycling pathway,
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wherein TRP channels are retained as an internal pool
in the endocytic recycling compartment (ERC). Con-
sistent with the latter, Rab11 is a marker for the endo-
cytic recycling compartment.48,49

In recycling from the ERC, Rab8 transports vesicles
and tubules from the ERC to the cell membrane.48

Rab11 stimulates Rab8-mediated trafficking through
the Rab8 guanine-nucleotide exchange factor, Rabin8.
Rabin8 has been shown to release GDP from Rab8 at
a much higher rate in the presence of Rab11.50 In
lumenal cells, Rab11, Rabin8, and Rab8 colocalize
when Rab11 is active.51 How might cells responding
to cellular cues that trigger epithelial scattering trigger
a sudden change in vesicle trafficking of TRP chan-
nels? A recent study shows Rab8 activation following
EGF stimulation of cells is mediated by ERK-
dependent phosphorylation of Rabin8; ERK-mediated
phosphorylation releases Rabin8 from an autoinhibi-
tory conformation, allowing it to dissociate from
Rab11 and activate Rab8.52 ERK1/2 is a downstream
effector of receptor tyrosine kinase systems,53 and
might serve to trigger large and sudden changes in
vesicle trafficking associated with early epithelial scat-
tering following HGF stimulation.

Rab11 and Rab8 have both been implicated in EMT
and cancer metastasis. In gastric cancer cells, overex-
pression of Rab11-FIP2, an effector of Rab11, pro-
motes EMT, while inhibition of Rab11-FIP2 decreased
hypoxia-induced migration in these same cell lines.54

Rab8 is known to regulate cell shape.46 Dominant-
negative Rab8 mutants and silencing of Rab8 results
in a loss of protrusions and increased cell-cell adhe-
sions in HT1080 fibrosarcoma cells.55 Meanwhile,
overexpression of active Rab8 in BHK cells causes an
increase in actin-based cell protrusions, including
lammelipodia and filopodia.56 Furthermore, Rab8
drives cellular invasion by trafficking the matrix met-
alloproteinase MT1-MMP to the plasma membrane.57

Most recently, Rab8 activation has been shown to
induce Rac1 activity, causing cortical actin formation,
focal adhesion disassembly, and stress fiber disassem-
bly.58 This effect was dependent on Calpain, MT1-
MMP, and Rho GTPases.58 Furthermore, Rab8 is
necessary for persistent cell motility, as well as EGF-
induced polarity and chemotaxis.58 These data all
point to a direct link between the slow endocytic
recycling pathway and initiation of cellular motility
required for EMT. Additionally, it shows Rab8 affects
RhoA activity.

As an alternative to control of surface levels of TRP
and other calcium channels by vesicle trafficking, it is
possible that signals inducing epithelial scattering
affect the activity of individual channels. Importantly,
no change in how long channels remain open or chan-
nel conductivity follows HGF stimulation.31 High fre-
quency calcium fluxes at the membrane result from
increased channel opening events alone. TRP channel
opening frequency is reportedly controlled by PIP259-
62 and inhibited by calmodulin.59,63-65 Studying these
proteins in context of growth factor-stimulated cal-
cium influx and EMT may be of interest. However,
regulation by PIP2 or calmodulin does not explain
why microtubule targeting agents inhibit high fre-
quency calcium influxes following HGF stimulation.31

While highly speculative, we propose that activa-
tion of signaling networks that drive epithelial scatter-
ing and EMT mobilize calcium channels to the plasma
membrane from an intracellular compartment,
thereby increasing calcium influxes and raising intra-
cellular calcium concentrations. Intracellular calcium
affects the activity and function of a wide array of cel-
lular proteins. We will now turn our attention to those
that might participate in cellular mechanics of epithe-
lial scattering.

Molecular regulation of epithelial scattering by
calcium/calmodulin dependent protein kinase II

One principal downstream effector of calcium is Ca2C/
calmodulin-dependent protein kinase II, or CaMKII.
Calmodulin (CaM) directly binds calcium using its 4
EF-hand motifs to cause a conformational change,66

which results in binding and activation of CaMKII.
CaMKII holoenzymes contain 8-14 subunits, each
with a catalytic domain, a regulatory domain, and an
association domain, all organized so that catalytic
domains are placed in pairs.67-70 Ca2C/CaM binding
to the regulatory domain causes a conformational
change that removes the autoinhibitory pseudo-
substrate segment from the active site, which allows
for ATP binding and also exposes T286 of the autoin-
hibitory pseudo-substrate segment for phosphoryla-
tion.69,71-75 This phosphorylation sterically prevents
the inhibitory segment from returning to the active
site once Ca2C/CaM has dissociated, resulting in con-
tinued activation independent of calcium.75,76 CaMKII
subunits undergo cis-phosphorylation; pairing of sub-
unit’s catalytic domains allows for phosphorylation in
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trans, but this only occurs if both subunits are acti-
vated through Ca2C/CaM binding.74,77-79

CaMKII has been implicated in EMT in develop-
ment.80 In xenopus development, CaMKII activation is
seen in EMT andmigration of fin core cells.33 Early work
in xenopus shows that different types of Wnts act on cell
adhesion differently, with Xwnt-5A decreasing cadherin
based cell-cell adhesion, and Xwnt-1 increasing cell-cell
adhesion.81 Later it was elucidated that these opposing
effects result from Xwnt-5a antagonizing downstream
effects of Xwnt-8 (which acts similarly to Xwnt-1)
through a non-canonical calcium pathway that activates
CaMKII, allowing remodeling of both cadherin-based
cell-cell adhesions and alterations in cell morphology.82

Interestingly, the connection of Wnts to CaMKII in
development highlights the role of calcium influxes.
Wnt11-R also elicits intracellular calcium fluctuations
that result in activation of CaMKII, which cause the cell
to undergo EMT. The CaMKII inhibitor KN-93 prevents
Wnt11-R positive cells in xenopus somites from under-
going EMT, showing that this process works through
CaMKII activation. Calcium influx due to thapsigargin
can rescue EMT inWnt11-R knockdown frog embryos.33

CaMKII has also been connected to cancer metasta-
sis both in vitro and in patient samples. a-CaMKII is
highly expressed and phosphorylation is increased in
osteosarcoma samples taken from patients. Overex-
pression of a-CaMKII in several osteosarcoma cell
lines results in an increase in migration, proliferation,
and a dramatic increase in invasion, all hallmarks of
EMT, while knockdown results in a significant reduc-
tion in these behaviors.83 CaMKID, a homolog of
CaMKII, is overexpressed in invasive carcinomas and
leads to EMT, increased cell proliferation, loss of cell-
cell adhesions, and increases migration and invasion.84

In prostate cancer cells, the non-canonical Wnt5a cal-
cium pathway was shown to be important in wound
closure and cell migration; inhibition of CaMKII with
AIP prevents wound closure in scratched confluent
sheets and decreases cell motility in the same cell
lines.85

CaMKII could be linked to cellular morphology
changes and actin dynamics associated with epithelial
scattering in several ways (Fig. 2). First, CaMKII can
alter cellular contractility through myosin phosphory-
lation. It has been shown that CaMKII phosphorylates
myosin light chain kinase (MLCK) near the CaM
binding domain, thus decreasing MLCK’s affinity for
CaM and reducing its ability to phosphorylate and

activate myosin in vitro and in vivo.86,87 Consistent
with these findings, a CaMKII inhibitor peptide
(CaMKIIN) increases MLCK activity.88 Thus, CaMKII
activation could have a role in the spreading phase of
EMT, when myosin phosphorylation is decreased,
though this idea is untested.

CaMKII also directly regulates actin dynamics by
binding and bundling actin filaments in a stoichiomet-
ric manner. Since CaMKII is an oligomer, multiple
subunits can bind individual F-actin filaments in vitro
and form actin bundles that are visible by electron
microscopy.20,89,90 In the presence of calcium,
CaMKIIb releases actin filaments allowing for actin
rearrangements. Calcium-mediated regulation of
CaMKII-mediated actin bundling explains how cal-
cium influxes can rapidly alter dendritic spine struc-
ture after calcium influxes.20,89,90 Actin bundling
activity has also been reported with d, and g isoforms,
the latter of which creates a novel layered bundle
structure.91 Whether CaMKII’s actin bundling activity
occurs in epithelial cells and whether negative regula-
tion of this activity by calcium might facilitate epithe-
lial scattering, perhaps by releasing actin bundling
prior to rearrangement of actin at cell-cell junctions
into transcellular networks, remains unclear.

CaMKII can also regulate actin bundling without
directly binding actin filaments. CaMKII phosphory-
lates filamin, decreasing its affinity for F-actin. Filamin
loosely crosslinks F-actin, causing the cytosol to
become gel-like, an activity that must be antagonized
to change cell morphology and increase motility.92

Increasing cytosolic calcium in head and neck squa-
mous cell carcinoma cells increases filamin phosphor-
ylation and decreases filamin-actin associations, while
adding the CaMKII inhibitor KN-93 returns both
phosphorylation and actin binding to normal.92 Spi-
nophilin, which binds to and bundles F-actin, is also
phosphorylated by CaMKII, reducing its affinity for F-
actin.93 In MDCK cells undergoing HGF-induced epi-
thelial scattering, the resolution of larger actin cables
into a transcellular network does appear to involve a
reduction in bundling, as demonstrated by the loss of
actin bundling protein a-actinin shortly after HGF
stimulation and prior to actin cable dissolution into
smaller filaments.9 As with direct actin bundling bind-
ing by CaMKII itself, whether filamin and spinophilin
participate in these actin rearrangements is unknown.

While activities of CaMKII described above point
to a role for CaMKII in the early spreading phase of
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epithelial scattering, is there a potential connection of
calcium and CaMKII to RhoA? Rho-mediated activa-
tion of cofilin occurs downstream of calcium fluxes in
dendritic spines is calcium-dependent.94 Interestingly,
it is calcium-mediated activation of CaMKII that in
turn drives longer term RhoA activation in this sytem;
a CaMKII inhibitor blocks RhoA-ROCK pathway acti-
vation.94 Though this data suggests CaMKII could be
the key mediator between calcium influxes and RhoA-
mediated cellular contractility during epithelial scat-
tering, the molecular mechanism by which CaMKII
stimulates RhoA activation remains unidentified.

Molecular basis of calcium-mediated changes in
actin dynamics and cellular mechanics

While a case for CaMKII in directing actin rearrange-
ments in response to calcium influxes during EMT
still remains to be verified, calcium can undoubtedly

alter actin dynamics independently of CaMKII. RhoA
has also been shown to be directly activated by cal-
cium through the calcium-sensitive tyrosine kinase
pyk2. Calcium is necessary and sufficient to stimulate
pyk2 activity,95,96 leading to activation Rho specific
GEFs that lead to RhoA-mediated cellular constric-
tion.97,98 AM-BAPTA, a calcium chelator, abolishes
Angiotensin II-induced RhoA activation by prevent-
ing pyk2 activation.97 Pyk2 is also important for cyto-
skeletal reorganization in monocyte cell motility in
vitro, where it localizes to the leading edge.99 PDZ-
RhoGEF, p190RhoGEF, and leukemia-associated Rho
GEF (LARG) are examples of Rho-specific GEFs that
could link pyk2 and RhoA.98,100-102

Calcium may also act on myosin independently of
RhoA. Myosin light chain kinase (MLCK) is a Ca2C/
Calmodulin dependent kinase that phosphorylates the
regulatory light chains of myosin II isoforms.103 It
may be important in the development of sarcomeres,

Figure 2. Regulation of actin dynamics by CaMKII. In its inactive state, CaMKII directly mediates actin bundling. Activation of CamKII, by
calmodulin binding and subsequent phosphorylation reduces actin bundling by preventing CamKII-actin associations and by CaMKII-
mediated phosphorylation of spinophilin and/or filamin. In addition, active CamKII impacts cellular contractility, either negatively (by
phosphorylation and inhibition of myosin light chain kinase) or positively (by activating RhoA). CaMKII activation may thus act as a
switch that alters global actin dynamics.
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hinting at a possible role in the development of other
actin-myosin contractile units.104 Death-associated
protein kinase (DAP kinase) is a calcium/calmodulin-
dependent serine/threonine kinase that phosphory-
lates the regulatory light chain of myosin II (MLC)
both in vitro and in vivo. In quiescent fibroblasts,
DAP kinase stabilizes stress fibers through phosphory-
lation of MLC, and is necessary and sufficient for for-
mation of stress fibers.105

S100A4 is a member of the S100 family of 25 cal-
cium binding proteins that are widely expressed in
vertebrates.106-109 All S100 proteins have 2 calcium
binding EF-hands that cause a conformational change
in the protein upon calcium binding, exposing protein
binding surfaces and allowing S100 proteins to act as
calcium sensors that modulate a range of downstream
behaviors through several binding partners.107,108,110

S100A4 overexpression is associated with metastasis
and decreased survival in many cancers, and it is con-
sidered an EMT promoter and marker.109,111,112 Over-
expression in non-metastatic tumor cells leads to
metastasis in xenograft models,111,113,114 whereas
knockdown of S100A4 in metastatic tumor cells pre-
vents metastases in animal models.113,115 This is likely
because S100A4 interacts with F-actin, non-muscle
myosin heavy chain (NMMHC) IIA, tubulin, and
non-muscle tropomyosin to increase cell migration
through force generation as well as forming and stabi-
lizing lamellipodia.106,108,111-113,116

Removal of S100A4 from cells results in increased
assembly of non-muscle myosin IIA complexes, while
overexpression results in large lamellipodia with a loss
of focal adhesion maturation and filopodia.112 S100A4
also interacts with Rhotekin, a Rho binding and regu-
lating protein that participates in actin-based contrac-
tility during migration and invasion.112 The indirect
interaction with Rho, along with direct binding to
myosin and the prevention of maturation of focal
adhesions allow S100A4 a role in the contractility and
basement membrane detachment phases of EMT.

During EMT, S100A4 is expressed in cells stimu-
lated with EGF and tumor growth factor b1.113,117

S100A4 is upregulated by canonical Wnt signaling,
and inhibition of b-catenin decreases tumor cell
migration and invasion through downregulation of
S100A4.106,109 NFAT is expressed in metastatic breast
cancer and also transcriptionally activates S100A4,118

Interestingly, NFAT activation is driven by calcium
influxes during epithelial scattering of MDCK cells,31

indicating that there might be multiple connections
between S100A4 and increased intracellular calcium
concentration in EMT.

In short, a number of potential actin regulatory sys-
tems might be controlled by calcium influxes during
EMT.

Discussion

Two hypotheses for how epithelial cells regulate cellu-
lar processes to drive epithelial scattering have been
proposed. In the first, active disassembly of cell-cell
junctions allows for rupture of adhesions between
cells. This is supported by the observation that cad-
herin expression changes accompany EMT119 and that
alterations in actin and actin-regulatory protein func-
tion at cell-cell adhesions can prevent or accelerate
cell-cell detachment.9 In the second hypothesis, con-
tractile forces centered on cell-cell junctions results in
physical detachment.12 That transient treatment of
MDCK cells with blebbistatin leads to cell dissocia-
tions identical to those observed in MDCK cells
treated with HGF11 suggests that the latter theory,
where cellular tension forces are primarily responsible
for rupturing of cell-cell adhesion during epithelial
scattering, holds. The reality is that molecular changes
to the architecture of cell-cell junctions likely accom-
pany force driven detachment of cell-cell adhesion. In
fact, it may be impossible to distinguish these events,
as linkage of cadherin-based adhesions to actin
appears to be tension dependent120,121 and changes in
cellular contractility would alter the molecular archi-
tecture at sites of cell-cell adhesion. In fact, a model
whereby cell spreading precedes contractility and cell-
cell detachment is attractive in this light, as the relaxa-
tion of myosin-based contractility occurring in cell
spreading may in fact prime cell-cell junctions by
releasing actin anchoring of cadherin complex just
before cellular contractility is increased to rupture
now weakened cell-cell junctions.

Whether cell-cell junctions are remodeled at the
molecular level or not prior to cell-cell detachment,
broader questions remain as to how cells control
changes in cellular mechanics and actin organization.
A growing number of studies highlight a critical role
for calcium channels in the TRP family for playing a
critical role in epithelial scattering and, more recently,
in control of actin dynamics during this process.
While TRP channels can be controlled through
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multiple mechanisms, control of surface expression by
regulated trafficking of channels from intracellular
stores is an attractive mechanism for controlling cal-
cium influxes during epithelial scattering. Despite a
lack of integration of the role of TRP channels into
current models of EMT, we expect further studies
linking calcium channels and their vesicle trafficking
to changes in cell morphology and actin dynamics.

How does calcium exert its effects on cell morphol-
ogy during epithelial scattering? A central role for
RhoA, a master regulator of actin dynamics generally
and of cellular contractility specifically, has, unsurpris-
ingly, emerged in epithelial scattering. Expression of a
dominant-negative RhoA mutant in MDCK cells pre-
vents cellular contractility and resulting cell-cell
detachment in response to HGF stimulation.11 The
specific link between increased concentration of intra-
cellular calcium ions and RhoA activation in scatter-
ing epithelial cells is likely multifaceted. Just as
CaMKII links calcium fluxes to RhoA activation in the
dendritic spine,94 CaMKII might link calcium fluxes
to RhoA activation and then global myosin-based con-
tractility in scattering epithelial cells.

Stronger reported connections of CaMKII with cel-
lular activities involved in the earlier spreading phase
of epithelial scattering suggest calcium may also act

outside of regulating contractility. Here calcium may
negatively regulate direct actin bundling by CaMKII
itself, as well as stimulate phosphorylation of several
target actin binding proteins, reducing their activity to
trigger changes in actin organization and reduced
myosin-based contractility through the resulting actin
cytoskeleton.

If one views spreading as a result, at least in part, of
reduced actomyosin contractility, it suggests calcium,
and possibly CaMKII, may play opposing roles in early
and late epithelial scattering, stimulating a reduction in
myosin activity early and increasing it in late stages. How
might a single signal, calcium influxes, generate opposing
effects through the same machinery? We note that cal-
cium sensors are often highly sensitive to the pattern of
calcium concentration changes in the cytosol; rapid cal-
cium oscillations are seen to activate NF-kB, NFAT and
Oct/OAP, while only NFAT responds to slower
oscillations.122,123 Could calcium sensors that affect actin
dynamics and cellular contractility be similarly sensitive
to patterns of intracellular calcium concentration
changes? Clearly dissecting the role of calcium influxes in
epithelial scattering will prove complex if such is the case.

We thus propose an overall, and speculative, model
as outlined in Figure 3, with initiation of epithelial
scattering triggering a redistribution of internal TRP

Figure 3. A speculative model for control of cell mechanics during epithelial scattering. In our model, 1.) HGF binding and activation of
c-met receptor tyrosine kinases stimulates activates vesicle trafficking machinery in endosomal recycling compartments through an
unidentified mechanism; 2.) Internal TRP channels are mobilized into vesicles that are destined for the plasma membrane in a microtu-
bule-dependent vesicle trafficking step. 3.) TRP channels at the plasma membrane mediate a calcium influx that raises intracellular cal-
cium concentrations. 4.) Intracellular calcium binds camodulin and in turn activates CaMKII. 5.) Early in epithelial scattering, CaMKII
drives spreading, a result of reduced actin bundling at cell-cell junctions and myosin-based contractility. 6.) Late in epithelial scattering
and through an as yet unidentified mechanism, CaMKII can stimulate an increase in RhoA activation. Seven. RhoA, through ROCK,
increases myosin light chain phosphorylation, driving global cellular contractility and cell-cell detachment.
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channels to the plasma membrane. The resulting cal-
cium ion influx activates changes in actin dynamics
and cellular mechanics through downstream effectors.
We argue, speculatively, for a central role played by
CaMKII, which facilitates spreading in early scattering
and drives contractility through RhoA in late
scattering.

We note in closing that signal transduction down-
stream of receptor tyrosine kinases, such as c-met, has
been extensively studied. Many signaling modules
have been carefully reconstructed and are widely uti-
lized by different receptor tyrosine kinases. Flow of
‘information’ through these modules is very rapid,
allowing rapid responses to receptor activation. But
the events of epithelial scattering play out on a time
scale that takes hours, a process much slower than is
provided by well-characterized signaling modules. In
our view, controlling events of epithelial scattering in
response to c-met and other cues, whether through
receptor tyrosine kinases or other systems, will require
testing hypotheses with novel mechanisms and slower
information flow, such as slower vesicle trafficking
steps.

Abbreviations
CaM Calmodulin
CamKII Calcium-dependent kinase II
EGF Epidermal growth factor
EMT Epithelial-mesenchymal transition
ERC Endosomal recycling compartment
HGF Hepatocyte growth factor
MDCK Madin-Darby canine kidney
MLC Myosin light chain
MLCK Myosin light chain kinase
TRP Transient receptor potential
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