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ABSTRACT
Cell motility is an essential cellular process for a variety of biological events. It requires cross-talk
between the signaling and the cytoskeletal systems. Despite the recognized importance of
aPKCz for cell motility, there is little understanding of the mechanism by which aPKCz mediates
extracellular signals to the cytoskeleton. In the present study, we report that aPKCz is required
for the cellular organization of acto-non-muscle myosin II (NMII) cytoskeleton, for proper cell
adhesion and directed cell migration. We show that aPKCz mediates EGF-dependent RhoA
activation and recruitment to the cell membrane. We also show that aPKCz mediates EGF-
dependent myosin light chain (MRLC) phosphorylation that is carried out by Rho-associated
protein kinase (ROCK), and that aPKCz is required for EGF-dependent phosphorylation and
inhibition of the myosin phosphatase targeting subunit (MYPT). Finally, we show that aPKCz
mediates the spatial organization of the acto-NMII cytoskeleton in response to EGF stimulation.
Our data suggest that aPKCz is an essential component regulator of acto-NMII cytoskeleton
organization leading to directed cell migration, and is a mediator of the EGF signal to the
cytoskeleton.
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Introduction

Cellmigration is a vital phenomenon inmost biological pro-
cesses. It plays an important role in many physiological and
pathological processes, including cellular development, tis-
sue repair, and cancer metastasis.1,2 Non-muscle myosin II
(NMII) plays a key role in cell migration by moving the
body of the cell forward, by retracting the rear of the cell,
and by the initiation and maturation of adhesion sites.3-7

NMII is a hexamer composed of 2 heavy chains (MHC) of
»200 kDa and 2 pairs of essential (MELC) and regulatory
light chains (MRLC). The MHCs include an a-helical
coiled-coil rod domain responsible for the assembly of
NMII monomers into filaments, which is the functional
structure required for NMII activity.7 NMII is in constant
equilibrium between monomeric and filamentous forms.
During migration, the cell achieves spatio-temporal control
of NMII assembly and activation primarily through phos-
phorylation events. Phosphorylation of MRLC at Thr-18
and Ser-19 promotes activation of NMII ATPase and fila-
ment assembly.8,9 MRLC phosphorylation is regulated by
myosin light chain kinase (MLCK) and Rho-associated

protein kinase (ROCK). ROCK phosphorylates MRLC
directly,10 but it primarily acts to inhibit the major myosin
light chain phosphatase (MLCP) through phosphorylation
of the myosin phosphatase-targeting (MYPT) subunit.10-13

ROCK is activated by RhoA, and in migrating cells RhoA
activation at the rear of the cell promotes the organization
and contraction of acto-NMII filaments by phosphorylating
MRLC and activating NMII to form large, thick acto-NMII
bundles.7 Activation of ROCK in living cells strongly indu-
ces stress fiber and focal adhesion organization in cultured
fibroblasts.14-17 Atypical protein kinase C subtype z

(aPKCz) is involved in the regulation of cell polarization,
directional sensing, formation of filopodia, and cell motil-
ity.18 aPKCz is essential for the migration and invasion of
multiple cancer cell types19-21 because it regulates cytoskele-
ton rearrangement and cell adhesion.22,23 aPKCz is required
for EGF-induced chemotaxis of several cancer cell
lines.19,20,23 EGF-elicited translocation and phosphorylation
of aPKCz indicates that EGF could activate aPKCz.20

In vivo aPKCz, is part of the Par complex that is involved in
the polarity of migrating cells.24 For example, it was
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demonstrated that Par6 and aPKCz regulate cell polarity in
wound-induced directed migration of astrocytes and fibro-
blasts, and that aPKCz inhibition induces random cell
migration.25 Recently we showed that aPKCz is important
for establishing front-rear polarization of migrating cells by
regulating the tumor suppressor lethal giant larvae 1
(Lgl1).26 Lgl1 regulates the polarity ofmigrating cells by con-
trolling the assembly state of NMII isoform A (NMIIA), its
cellular localization, and focal adhesion assembly.27 Phos-
phorylation of Lgl1 by aPKCz affects its cellular localization
and prevents its interaction with NMIIA, thus affecting the
cellular organization of the acto-NMIIA cytoskeleton.26

Together, these results strongly indicate that aPKCz plays
an important role in cell migration. Nevertheless, little is
known about the mechanism by which aPKCz affects cell
migration and how it mediates extracellular signals to the
cytoskeleton. In the present study, we report that aPKCz is
required for the proper cellular organization of the acto-
NMII cytoskeleton, cell adhesion, and migration. Further-
more, we show that aPKCz mediates EGF signaling to the
cytoskeleton by activation of the RhoA-ROCK pathway that
leads to MRLC phosphorylation and spatial organization of
active acto-NMII.

Results

aPKCz is important for proper cellular organization
of the acto-NMII cytoskeleton

The dynamic organization of the acto-NMII cytoskeleton
provides the driving force for cell movement, which
directs the protrusion of the cell membrane at the front
of the cell and retraction at the rear.7 Therefore, the spa-
tial regulation of the acto-NMII cytoskeleton is a critical
component in the regulation of cell migration. To begin
exploring the role of aPKCz in the organization of the
acto-NMII cytoskeleton, we characterized the cellular
localization properties of NMIIA, NMIIB, and F-actin in
aPKCz¡/¡ dispersed cells and in cells subjected to wound
scratch assay in order to achieve cell polarization. Dis-
persed control cells exhibited well-defined, typical acto-
NMIIA and acto-NMIIB cytoskeletons containing stress
fibers (Figs. 1A and S1). In control cells subjected to
wound scratch assay, the F-actin was localized to the
lamellipodia; by contrast, NMIIA and NMIIB were miss-
ing from this region and presented in the lamella
(Figs. 1B and S1), consistent with previous reports.5,28,29

Furthermore, these cells formed one sheet with the same
cell polarity as determined by the orientation of F-actin
(Fig. 1B). By contrast, dispersed aPKCz¡/¡ cells and cells
subjected to wound scratch assay demonstrated dis-
rupted acto-NMIIA and acto–NMIIB cytoskeletons, with
a few stress fibers that were missing the typical cellular

localization of NMIIA, NMIIB, and F-actin, which was
observed in control cells (Fig. 1A-B). Furthermore,
aPKCz¡/¡ cells that were subjected to wound scratch
assay migrated in different directions, thus exhibiting
different cell polarities, with some cells detached from
the main sheet (Fig. 1A-B). Hence, the absence of aPKCz
may result in a loss of cell-cell contact and in indepen-
dent migration of detached cells into the wound space.
Collectively, these results indicate that aPKCz plays a
role in the assembly of acto-NMII that is required for
cell polarity and migration. To further study the role of
aPKCz in the cellular organization of acto-NMII, we
used the Triton X-100 solubility assay to determine the
amount of endogenous NMIIA, NMIIB, and F-actin
associated with the cytoskeleton in aPKCz¡/¡ and con-
trol cells. Lower levels of NMIIA, NMIIB, and F-actin
were associated with the cytoskeleton in aPKCz¡/¡ cells
than in control cells (41%, 48%, and 88% vs. 26%, 28%,
and 64%, respectively, Fig. 1C). These results further
indicate that NMIIA, NMIIB, and F-actin polymerized
less in aPKCz¡/¡ cells than in control cells, and that
aPKCz is important for acto-NMII filament assembly.

aPKCz is required for proper cell adhesion

In motile cells, focal adhesions are constantly assembled
and disassembled as the cell establishes new contacts at
its leading edge and breaks old contacts at its trailing
edge.30 NMIIA and NMIIB mediate the initiation, matu-
ration, and stabilization of adhesion sites.4,5,31,32 Next,
we tested how the absence of aPKCz affected the forma-
tion of focal adhesion. Because paxillin phosphorylation
is critical to cell migration and maturation of adhe-
sions,33-35 and NMII activity promotes phosphorylation
of paxillin on tyrosines 31 and 118,36 we characterized
paxillin and paxillin phosphorylated on residue Y118
(pY118-paxillin) in aPKCz¡/¡ and control cells. Control
cells subjected to wound scratch assay exhibited well-
defined adhesions in protrusions, as well as some small
adhesions near the leading edge, as viewed by paxillin
(Fig. 2A) and pY118-paxillin (Fig. S2), consistent with
previous reports.5 Elimination of aPKCz led to abnormal
appearance of adhesions and a marked decrease in the
number of focal adhesions compared to control cells
(Figs. 2A and S2). To quantify these results, we measured
the amounts of paxillin and pY118-paxillin in these cells.
Whereas control and aPKCz¡/¡ cells demonstrated simi-
lar levels of paxillin, the ratio of pY118-paxillin to total
paxillin levels in aPKCz¡/¡ cells was reduced by 50%
compared to control cells (Fig. 2B). These results indicate
that aPKCz is necessary for paxillin phosphorylation,
which is critical for the maturation of focal adhesions.
Next, we sought to determine how the aberrant focal
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adhesion and the reduced pY118-paxillin in aPKCz¡/¡

cells affected cell adhesion. Figure 2C shows that most
aPKCz¡/¡ cells were round in shape, and only a few cells
adhered to the substrate. This contrasted with the control
cells, most of which adhered to the substrate, leaving
only a few round cells detached. Quantification of the
number of adherent cells indicated that only 18% of
aPKCz¡/¡ cells adhered to the dish surface, compared to
88% of control cells (Fig. 2D). Together, these results

indicate that aPKCz is required for the formation and
maturation of focal adhesion and cell adhesion.

aPKCz is important for directed cell migration

The cellular organization of F-actin and NMII plays a
critical role in directed cell migration.7 Migratory front-
back polarity emerges from the cooperative effects of

Figure 1. aPKCz affected the acto-NMII cytoskeleton. aPKCz¡/¡ and control cells were seeded on coverslips (i.e., dispersed cells) (A) or
subjected to wound scratch assay (B), and stained for F-actin, using Rhodamine-Phalloidin, and for NMIIA, using C-terminal specific anti-
body and secondary antibody conjugated to Cy2. Bars are 20mm. (C) aPKCz¡/¡ and control cells were subjected to Triton X-100 solubil-
ity assay, and the percentages of total NMIIA, NMIIB, and actin in the soluble and insoluble fractions were determined, as described in
Materials and Methods. Values represent the mean § SEM for 4 independent experiments, � p < 0.05, �� p < 0.01, values are aPKCz¡/¡

cells compared with control cells.
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NMIIA and NMIIB on adhesive signaling. The results
described above indicate that aPKCz plays a crucial role
in the cellular organization of acto-NMII and focal adhe-
sion assembly. We therefore investigated how the absence
of aPKCz affected directed cell migration. To this end, we
subjected aPKCz¡/¡ cells to a wound healing assay, and
tracked single cell migration using time-lapse microscopy.
The persistence of migration (the ratio of the vectorial
distance traveled to the total path length of the cell) was
extracted from the track plots. Whereas control cells
moved in relatively straight paths, with high persistence
of migration, aPKCz¡/¡ cells moved randomly, with sev-
eral changes in direction, showing both a significant
decrease in persistence (Fig. 3A) and significantly lower
directionality (Fig. 3B). Furthermore, the cell migration
speed of control cells was higher than that of aPKCz¡/¡

cells (Fig. 3C), possibly because of their high persistence
of migration. To further characterize the effect of aPKCz
on cell migration, we assessed the ability of aPKCz¡/¡

cells to initiate migration in a wound scratch assay. Con-
trol cells exhibited broad lamellipodia, whereas aPKCz¡/

¡ cells appeared elongated, with long filopodia (Figs. 1B
and S3). Moreover, control cells formed one sheet in
which the cells showed the same cell polarity, whereas
aPKCz¡/¡ cells exhibited different cell polarities, with
some cells detached from the main sheet (Figs. 1B and
S3). These results indicate that aPKCz, is important for
directional migration, persistence of movement, and the
regulation of cell-cell contact.

aPKCz mediates EGF-dependent MRLC
phosphorylation

To begin understanding the role of aPKCz in directed cell
migration,we studied its role in the activationofNMII.Phos-
phorylation of the MRLC on Thr-18 and Ser-19 residues is
knowntopromotecontractionoftheactin-basedcytoskeleton
and generate the force required for cell motility.7 We

Figure 2. aPKCz is required for proper cell adhesion. (A) aPKCz¡/¡ and control cells were subjected to wound scratch assay and immu-
nostained with anti-paxillin antibody. Bars are 20 mm. (B) Quantification of the amount of pY118-paxillin. Lysates from aPKCz¡/¡ and
control cells were subjected to Western blot analysis using anti-paxillin and anti-pY118-paxillin antibodies. The amounts of paxillin were
normalized relative to actin. Bands were analyzed by densitometry using ImageJ. Paxillin phosphorylation was calculated as the ratio of
phosphorylated paxillin to total paxillin. Values represent the mean § SEM for 4 independent experiments, � p < 0.05, values are
aPKCz¡/¡ cells compared with control cells. Pax, paxillin and pY118-pax, pY118-paxillin. (C) aPKCz¡/¡ and control cells were seeded on
dishes, and after 2.5 h phase-contrast images of the cells were taken by confocal microscopy. Arrows indicate rounded detached cells
and arrowheads indicate adhered cells. Bars are 50 mm. (D) Quantification of adhered cells. Adhered and rounded detached cells in 15
randomly-chosen fields were counted and the percentage of adhered cells relative to the total number of cells in each field was calcu-
lated. Values represent the mean § SEM for 4 independent experiments subjected to 2-tailed, 2-sampled unequal variance Student’s t
test, ��� p < 0.001, values are aPKCz¡/¡ cells compared with control cells.
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speculated that aPKCz affects the phosphorylation state of
MRLC, hence affecting NMII activity and directional cell
motility.Extracellularcues, suchasgrowthfactors, areknown
to elicit various intracellular responses in the organization of
acto-NMIIcytoskeletons.1,37,38BecauseaPKCz isactivatedby
EGF,39,40 we tested this hypothesis using EGF as a directional
cue.WestimulatedaPKCz¡/¡andcontrolcellswithEGFand
measured the levels of phosphorylated MRLC (pMRLC).
Figure4showsthatEGFstimulationofcontrolcells,butnotof
aPKCz¡/¡cells,resultedinanincreaseinpMRLC,withamax-
imum increase taking place 4 min after EGF stimulation.
These results indicate that aPKCz is involved in EGF-depen-
dentpMRLCandactivationofNMII.

ROCK but not MLCK affects the level of pMRLC after
EGF stimulation

MLCK and ROCK appear to be the 2 important kinases
that phosphorylate MRLC in vitro as well as in vivo; they

play distinct roles in membrane protrusions and focal
adhesion dynamics during cell migration.10,12,13 ROCK
also phosphorylates the MYPT subunit, inhibiting MLCP
and indirectly promoting MRLC phosphorylation.41 To
dissect the kinases involved in the EGF-dependent MRLC
phosphorylation, we used the ROCK inhibitor, Y-27632,
and the MLCK inhibitor, ML-7. Control cells treated with
Y-27632 or ML-7 were stimulated with EGF for 4 min and
subjected to Western blots using antibodies specific to
pMRLC. Inhibition of ROCK but not ofMLCK led to a sig-
nificant decrease in EGF-dependent pMRLC (Fig. 5A).
ML-7 resulted in»20% and Y-27632 in»83% decrease in
EGF-dependent pMRLC. These results suggest that the
ROCK-MRLC phosphorylation cascade plays a key role in
mediating the effects of aPKCz upon EGF stimulation.
Addition of ML-7 and Y-27632 further decreased the
EGF-dependent pMRLC by 90%. Cells treated with Y-
27632 but not with ML-7 showed decreased basal levels of
pMRLC, indicating that ROCK is also involved in MRLC

Figure 3. aPKCz affects persistence and speed of cell movement. (A) aPKCz¡/¡ and control cells were seeded on 2-well chamber coated
with Collagen I. After wounding, the cells were tracked using time-lapse confocal microscopy at 30 min intervals. The paths of 10 ran-
domly chosen cells were plotted for each experimental group. Paths are oriented in such a way that the start point is normalized to the
origin. (B) the persistence of migration and (C) the speed of migration were extracted from the track plots. Persistence is defined as the
ratio of the vectorial distance traveled to the total path length described by the cell. Values represent the mean § SEM for n > 30 track
plots. Persistence and speed, ��� p < 0.001, values are aPKCz¡/¡ cells compared with control cells.
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phosphorylation in unstimulated cells as well. ROCK
inactivates MLCP through phosphorylation of MYPT at
Thr-696 and Thr-850,11,41 thereby increasingMRLC phos-
phorylation. To test whether aPKCz is also involved in
EGF-dependent MYPT phosphorylation through the
activation of ROCK, we investigated the phosphorylation
levels of MYPT (pMYPT) upon EGF stimulation in
aPKCz¡/¡ cells. pMYPT in control cells but not in
aPKCz¡/¡ cells was phosphorylated upon EGF stimula-
tion, further supporting the involvement of aPKCz in
EGF-dependent MRLC phosphorylation (Fig. 5B).
Together, these results indicate that EGF stimulation of
control but not of aPKCz¡/¡ cells activates ROCK, leading
to direct phosphorylation of MRLC and to phosphoryla-
tion and inhibition of MYPT, thus increasing MRLC
phosphorylation, highlighting the role of aPKCz in the
activation of NMII upon EGF stimulation.

aPKCz mediates EGF-dependent RhoA activation

The finding that ROCK is activated upon EGF stimu-
lation led us to investigate whether the ROCK

effector, RhoA, is activated upon EGF stimulation
and whether aPKCz is required for this activation.
For this purpose, we stimulated control and aPKCz¡/

¡ cells with EGF and measured the amounts of GTP-
bound RhoA, using the Rhotekin binding assay.42

Figure 6A–B shows that EGF stimulation of control

Figure 5. ROCK increase MRLC phosphorylation upon EGF stimu-
lation. (A) ROCK but not MLCK phosphorylates MRLC upon EGF
stimulation. aPKCz¡/¡ and control cells were preincubated with
ML-7, Y-27632, or both, stimulated with EGF for 4 min, lysed in
SDS-PAGE sample buffer, divided into 2 samples that were sub-
jected to Western blot analysis, One sample was probed with
anti-MRLC antibodies and the other with anti-pMRLC antibodies.
Shown are representative Western blots. The relative amounts of
pMRLC to total MRLC are shown. Values represent the mean §
SEM for 5 independent experiments, �� p < 0.01, values are com-
pared with control cells. (B) aPKCz is required for EGF-dependent
phosphorylation of MYPT. aPKCz¡/¡ and control cells were stimu-
lated with EGF, and at the indicated time point cells were lysed in
SDS-PAGE sample buffer and subjected to Western blot analysis
with anti-pMYPT and anti-actin antibodies. Shown are represen-
tative Western blots. (B) Densitometry analysis of Western blots.
The relative amounts of pMYPT to total actin are shown. Values
represent the mean § SEM for n D 3.

Figure 4. aPKCz is required for EGF-dependent MRLC phosphory-
lation. (A) aPKCz¡/¡ and control cells were stimulated with EGF,
and at the indicated time point the cells were lysed in SDS-PAGE
sample buffer divided into 2 samples that were subjected to
Western blot analysis. One sample was probed with anti-MRLC
antibodies and the other anti-pMRLC antibodies. Shown are rep-
resentative Western blots. (B) Densitometry analysis of Western
blots. Bands were analyzed by densitometry using ImageJ and
the relative amounts of pMRLC to total MRLC are shown. Values
represent the mean § SEM for 5 independent experiments.
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cells resulted in »2.5-fold increase in active RhoA; by
contrast, aPKCz¡/¡ cells did not present such increase
(Fig. 6A-B). Because RhoA must be targeted to the
plasma membrane for its activation,43 we examined
the effect of EGF on the cellular localization of RhoA
in aPKCz¡/¡ cells. In untreated control cells, RhoA
localized to the cell extensions (Fig. 6C), consistent
with previous report.44 Upon EGF stimulation, RhoA
was confined to the cell cortex, forming a

shell-like structure around the cell. By contrast, RhoA
was completely diffused in aPKCz¡/¡ cells, regardless
of EGF stimulation. These results indicate that aPKCz
is required for EGF-dependent RhoA activation.

aPKCz affects the spatial organization of pMRLC

Phosphorylation of MRLC is required for proper assembly
of stress fibers and focal adhesion, and for NMII dynamics
during cell migration.12,45,46 Next, we studied how the
absence of aPKCz affects the spatial organization of
pMRLC in polarized migrating cells. aPKCz¡/¡ and con-
trol cell lines were subjected to a wound scratch assay and
stained for pMRLC and F-actin. In control cells, pMRLC
colocalized with F-actin, forming the stress fibers, and with
branched F-actin in the lamellipodia and in the cell cortex,
but it was missing from cell protrusions (Fig. 7A).
aPKCz¡/¡ cells subjected to a wound scratch assay, had
substantially reduced amounts of stress fibers, as well as
very little pMRLC and F-actin colocalization (Fig. 7A). To
study the effect of aPKCz on pMRLC cellular localization
upon EGF stimulation, we stimulated dispersed control
and aPKCz¡/¡ cells with EGF and monitored the localiza-
tion properties of pMRLC and F-actin. In unstimulated
control cells, pMRLC and F-actin colocalized to form stress
fibers (Fig. 7B). Upon EGF stimulation, there was enrich-
ment in pMRLC-F-actin in the cell cortex (Fig. 7B), consis-
tent with a previous report.47 By contrast, unstimulated
and EGF-stimulated aPKCz¡/¡ cells showed fewer stress
fibers than did control cells, and the distributions of
pMRLC and F-actin were not affected by EGF stimulation
(Fig. 7B). These results indicate that aPKCz plays a role in
the cellular organization of pMRLC-F-actin upon EGF
stimulation. Together, the results presented above point to
the EGF-aPKCz-RhoA-ROCK-pMRLC pathway as affect-
ing the organization of the acto-NMII cytoskeleton.

Discussion

Directional sensing and polarization are crucial steps for
cell migration. Despite the recognized importance of
aPKCz for these processes, there is little understanding
of the molecular mechanism by which aPKCz regulates
these functions. The studies presented here reveal an
important role of aPKCz in directed cell migration, pos-
sibly through multiple pathways. We showed that aPKCz
is a key player in acto-NMII cytoskeleton regulation and
reorganization during cell migration. The cellular organi-
zation of NMII is a dynamic process that involves the
assembly-disassembly of NMII. It is regulated by phos-
phorylation of both MHC and MRLC, as well as by pro-
teins such as Lgl1 and mts1.7,27,48 We have shown
previously that NMIIB resides in a complex with aPKCz

Figure 6. aPKCz is required for EGF-dependent RhoA activation.
(A) Lysates aPKCz¡/¡ and control cells that were stimulated with
EGF for 4 min, were subjected to affinity precipitation with GST-
Rhotekin beads. Proteins bound to GST-Rhotekin beads (RhoA-
GTP) and cell lysate (total RhoA) were separated on SDS-PAGE
and immunoblotted for RhoA. (B) Relative amounts of RhoA-GTP
to RhoA are shown. Values represent the mean § SEM for 4 inde-
pendent experiments, ��� p < 0.001, values are aPKCz¡/¡ cells
compared with control cells. (C) aPKCz¡/¡ and control cells were
placed on cover slips, stimulated with EGF for 4 min, stained with
anti-RhoA antibodies, and secondary antibody conjugated to
Cy2. Bars are 10 mm.
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and p21-activated kinase 1 (PAK1), and that the interac-
tion between these proteins is EGF-dependent.49 We
have also shown that aPKCz phosphorylates the MHC of
NMIIB directly in an EGF-dependent manner, and leads
to slower filament assembly of NMIIB. Furthermore, a
decrease in aPKCz expression in the cells alters NMIIB
cellular organization.49 The present study indicates that
aPKCz is involved in EGF-dependent MRLC

phosphorylation. Together, these results indicate that
aPKCz affects both MHC and MRLC phosphorylation,
thereby affecting the cellular organization of NMII
(Fig. 8).

In the process of cell migration, focal adhesions are
constantly being assembled and disassembled as the cell
establishes new contacts at the leading edge, and breaks
old ones at the trailing edge of the cell.30 NMIIA medi-
ates the maturation of adhesion sites.4,5,31 We showed
here that the absence of aPKCz significantly decreased
the number of focal adhesions among cells as well as
actual cell adhesion. We propose that this effect may be
due to the absence of Lgl1 phosphorylation in aPKCz¡/¡

cells (Fig. 8). We have recently shown that Lgl1 binds
NMIIA, inhibiting its ability to form filaments, and that
phosphorylation of Lgl1 by aPKCz prevents its interac-
tion with NMIIA both in vitro and in vivo, thus remov-
ing the inhibition of NMIIA filament assembly.26,27

Furthermore, phosphorylation of Lgl1 by aPKCz affects
its cellular localization and is important for the cellular
organization of the acto-NMII cytoskeleton.26 We there-
fore propose that in the absence of aPKCz, Lgl1 is not
phosphorylated and binds with NMIIA constitutively,
inhibiting its activity. Because NMIIA is required for
focal adhesion maturation, its inhibition leads to the
small number of focal adhesions observed in aPKCz¡/¡

cells. We further propose that the permanent inhibition
of NMIIA filament assembly by unphosphorylated Lgl1
also prevents the formation of acto-NMII stress fibers,

Figure 7. aPKCz affects the spatial organization of pMRLC.
aPKCz¡/¡ and control cells were subjected to wound scratch
assay (A) or seeded on coverslips and stimulated with EGF
for 4 min (B). Cells were stained for F-actin, using Rhoda-
mine-Phalloidin, and with anti-pMRLC antibody and second-
ary antibody conjugated to Alexa flour 488. Bars are 20 mm.

Figure 8. A model for the role of aPKCz in cell migration. aPKCz
may affect cell migration by multiple mechanisms: through the
phosphorylation of GDI and activation of RhoA, through the
phosphorylation of NMIIB heavy chains, and through the phos-
phorylation of Lgl1.
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thus negatively affecting cell migration. The present
study complements others showing that inhibition of
aPKCz activity leads to down-regulation of actin poly-
merization and cell adhesion.20,23

Several lines of evidence point to the involvement of
aPKCz in cell migration induced by EGF. In motile cells
aPKCz is constitutively associated with the plasma mem-
brane, whereas in non-motile cells aPKCz is excluded
from the plasma membrane, suggesting that the mem-
brane-associated intracellular distribution of aPKCz
plays a critical role in maintaining cell motility.50

Wounding induces strong activation of aPKCz in rat
astrocytes and becomes associated with the plasma mem-
brane at the leading edge of migrating cells.25 It has been
shown that EGF induces the phosphorylation of aPKCz
and its translocation from the cytosol to the plasma
membrane, and that it is an essential component of the
EGF-stimulated chemotactic signaling pathway.19,23,51

These results indicate that aPKCz membrane association
is required for directed cell migration. We propose that
the membrane-associated aPKCz recruits and activates
other signaling proteins. We showed here that aPKCz is
required for EGF-dependent RhoA membrane associa-
tion and activation. In addition, it has been shown that
aPKCz associates with activated RhoA and that this
interaction is strictly stimulus-dependent.52 Further-
more, aPKCz forms a complex with the RhoA inhibitor,
GDP dissociation inhibitor (Rho-GDI).53 Phosphoryla-
tion of Rho-GDI by aPKCz leads to Rho-GDI dissocia-
tion from RhoA and subsequent activation of RhoA.53

We propose that EGF stimulation leads to aPKCz activa-
tion and association with cell membrane, after which
active aPKCz forms a complex with RhoA and the inhib-
itor Rho-GDI. Phosphorylation of Rho-GDI removes its
inhibition from RhoA, allowing RhoA to bind ROCK
and activate it (Fig. 8). It is well established that MRLC
phosphorylation triggers a key regulatory event that
controls NMII assembly and activation, as well as
cellular organization, and plays a crucial role in cell
migration.54-56 We showed here that EGF-dependent
MRLC phosphorylation is carried out by RhoA activat-
ing ROCK, and that aPKCz is required for execution of
this pathway. Our study complement the studies
indicating that ROCK mediates signals from RhoA to
induce the formation of stress fibers and focal adhesions
in fibroblasts stimulated by extracellular signals.10,57,58

In sum, we propose that aPKCz may regulate the
EGF-dependent directed cell migration through multiple
phosphorylation events (Fig. 8). aPKCz phosphorylates
NMIIB heavy chains, leading to its cellular organization,
which is required for the contraction of the rear part of
the cell. aPKCz phosphorylates Lgl1, removing the inhib-
itory effect from NMIIA, thereby affecting its cellular

localization and inducing stress fiber formation and focal
adhesion maturation. Finally, aPKCz phosphorylates
Rho-GDI, activating RhoA and ROCK, which increase
MRLC phosphorylation and activation of NMII. These
events are required for stress fiber formation, NMII con-
traction, and focal adhesion assembly and maturation,
which are essential for cell motility and directed cell
migration.

Materials and methods

Cell lines and culture conditions

Mouse embryonic fibroblasts obtained from wild type
(control) and aPKCz¡/¡ day 13.5 embryos.59 These cell
lines were kindly received from Dr. Jorge Moscat (San-
ford-Burnham Medical Research Institute, La Jolla). Cell
lines were maintained in high-glucose DMEM, supple-
mented with 2 mM L-glutamine, 10% FCS, and antibiot-
ics (100 U/ml penicillin, 100 mg/ml streptomycin, and
1:100 Biomyc3 anti-mycoplasma antibiotic solution)
(Biological Industries, Beit HaEmek, Israel). Cells were
grown at 37�C in a humidified atmosphere of 5% CO2
and 95% air.

Antibodies and reagents

Antibodies specific for the C-terminal region of mouse
NMIIA were a kind gift from Dr. R. S. Adelstein. Anti-
bodies specific for the C-terminal region of NMIIB were
generated in rabbits, as described.60 Recombinant GFP
antibodies were prepared in rabbits, as described.61 Anti-
mouse monoclonal MRLC, pMRLC (Thr-18/Ser-19) and
pMYPT (Thr-853) antibodies were purchased from Cell
Signaling Technology. Anti-mouse monoclonal b-actin
and vinculin antibodies, Collagen type I, EGF, ML-7,
and Y-27632 were purchased from Sigma-Aldrich. Anti-
mouse monoclonal paxillin antibodies were purchased
from BD Transduction Laboratories, and anti-rabbit
pY118-paxillin antibodies were purchased from Invitro-
gen. Anti-mouse monoclonal aPKCz and anti-RhoA
antibodies were purchased from Santa Cruz Biotechnol-
ogy. Horseradish peroxidase-conjugated secondary anti-
bodies, Cy2 rabbit anti-mouse, Cy2 goat anti-rabbit, and
Alexa flour 488 goat anti-mouse secondary antibodies
were purchased from Jackson ImmunoResearch Labora-
tories (Pike West Grove, PA). Rhodamine-Phalloidin
was obtained from Molecular Probes (Eugene, OR).

Wound scratch assay and confocal microscopy

6 £ 105 control and 6 £ 105 aPKCz¡/¡ cells were seeded
on cover slips coated with 27 mg/ml Collagen type I.
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After 16 h, cells were washed twice with 1 ml of starva-
tion medium (high glucose Dulbecco’s Modified Eagle’s
Medium supplemented with 2 mM L-glutamine, 100
units/ml penicillin, 100 g/ml streptomycin, and 0.1%
fatty acid-free bovine serum albumin (Sigma)), and were
serum-starved for 3 h in 2 ml of starvation medium.
Three parallel scratches were performed using a small
pipette tip, and the cells were washed twice in PBS to
remove cell debris. Next, high-glucose DMEM medium
was added, and cells were incubated for 7 h. Cells were
washed 3 times with PBS and fixed for 20 min in 1.5 ml
of 3.7% formaldehyde in PBS. Cells were immunostained
with anti-NMIIA or anti-NMIIB antibodies and second-
ary antibody conjugated to Cy2. F-Actin was stained
with rhodamine-phalloidin, as described.62 For focal
adhesion analysis, aPKCz¡/¡ and control cells were
immunostained with paxillin and pY118-paxillin anti-
bodies and secondary antibody conjugated to Cy2 and
Cy3, respectively. For RhoA analysis, cells were immu-
nostained with anti-mouse RhoA antibodies and second-
ary antibody conjugated to Cy2. To test the effect of EGF
on the cellular localization of RhoA and pMRLC, cells
were seeded on collagen-coated glass coverslips, 10 ng/
ml of EGF was added, and after 4 min the cells were
fixed. Cells were visualized using a 60£ magnification,
numeric aperture 1.4 objective, under a TE2000 inverted
confocal laser scanning system (Nikon, Tokyo, Japan).

Triton solubility assay

6£ 105 control and 8£ 105 of aPKCz¡/¡ cells were seeded
on 30 mm dishes, one day before the experiment. Cells
were washed twice with 1 ml PBS and lysed by the addition
of 200 ml PEM buffer (100 mM PIPES pH 6.9, 1 mM
MgCl2, 1 mM EGTA) C 1% Triton-X-100 C protease
inhibitors mix (Sigma) to the plates, followed by incuba-
tion for 5 min at 4�C. The Triton-soluble fractions were
collected from the plates and centrifuged for 5 min at
16,000 g to remove the remnants of the insoluble fraction.
100 ml of supernatant was removed to fresh tubes, 25 ml of
5x SDS-PAGE sample buffer was added, and the tubes
were boiled for 5 min at 100�C. Insoluble fraction was
washed once with 300 ml PEM buffer, 120 ml SDS-PAGE
sample buffer was added to the plates, and the insoluble
fractions were collected and boiled for 5 min at 100�C.
After separation on 8% SDS-PAGE, Western blot analysis
was performed using anti-NMIIA, anti-NMIIB, and anti-
Actin antibodies. The Western blots were developed using
the EZ-ECL Chemiluminescence Detection Kit (Biological
Industries), and the intensity of the bands was analyzed
using Fujifilm ImageGauge V software. In the final calcula-
tions of the percentage of the proteins in the soluble frac-
tions, the amount of the proteins in the Triton-soluble

fraction was corrected by a factor of 2, and the intensity of
proteins in the Triton-soluble fraction was divided by the
sum of the intensities of the proteins in the Triton-soluble
and Triton-insoluble fractions.

Adhesion assay

1.5 £ 105 aPKCz¡/¡ and control cells were seeded on
30 mm plates after removal of trypsin by centrifugation.
2.5 h post-seeding, the cells were washed gently with PBS,
and high-glucose DMEMmediumwas added to the dishes.
Phase-contrast images of 15 randomly-chosen fields were
taken using anOlympus DP70 camera attached to the con-
focal microscope. Quantification of the percent of adhered
cells relative to total cells in each field was performed.

Live-cell imaging and persistence measurement

aPKCz¡/¡ and control cells were seeded on a Lab-Tek
(Nalge Nunc International, Rochester, NY) 2-well cham-
ber, coated with 27 mg/ml Collagen type I. After wound-
ing, the cells were tracked by time-lapse confocal
microscopy at 30 min intervals for 20 h, using a 40£
objective. Images were processed and converted to
QuickTime (Apple, Cupertino, CA) movies, using
ZEN2009 and ImageJ software. The paths of 10 ran-
domly-chosen cells were plotted for each experimental
group, and the speed and persistence of migration were
extracted from the track plots using ImageJ software.
The results were subjected to a 2-tailed, 2-sampled,
unequal-variance Student’s t test, using at least 30 cells
for each group. Directionality represents the ratio of the
vectorial distance traveled to the total path length
described by the cell.

Determination of pMRLC and pMYPT

3 £ 105 control and 5 £ 105 aPKCz¡/¡ cells were seeded
on 30 mm plates and starved for 3 h as described above.
Cells were stimulated with 10 ng/ml EGF and lysed in
SDS-PAGE sample buffer, separated on SDS-PAGE.
Western blot analysis was performed using anti-MRLC,
anti-pMRLC, or anti-pMYPT and anti-Actin antibodies.
To detemine the effects of ROCK and MLCK on
pMRLC, cells were treated with 10 mM Y-27632 or
50 mM ML-7 for 30 min prior to being stimulated with
EGF. For control, cells were preincubated with DMSO
(the ML-7 solvent).

RhoA activity assay

RhoA activity was measured using a previously described
method.42 Briefly, 5 £ 105 control and 8 £ 105 aPKCz¡/¡
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cells were seeded on 60 mm plates. After 16 h, cells
were washed twice with 1 ml of starvation medium
and serum-starved for 3 h, as described above. Cells
were stimulated with 10 ng/ml EGF for 4 min and
lysed in Rho buffer (25 mM HEPES, pH 7.5, 150 mM
NaCl, 1% NP-40, 10 mM MgCl2, 1 mM EDTA and
10% glycerol, 10 mg/ml leupeptin, 10 mg/ ml pepstatin,
and 10 mg/ml aprotinin), and GTP-RhoA was affinity-
precipitated using GST-Rhotekin beads. The affinity-
precipitated GTP-RhoA was quantified in parallel with
total cellular RhoA from cell lysates by Western blot
analysis, with an antibody against RhoA.

Statistical analysis

Results are expressed as means § SEM of the mean and
were analyzed by using 2-tailed, 2-sampled unequal vari-
ance Student’s t test. Student’s t-test was performed to
check statistical significance in experimental data. The
results were considered significant when p values were
less than < 0.05.
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