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ABSTRACT Epidermal growth factor (EGF) is a potent chemotactic and mitogenic factor for
epidermal keratinocytes, and these properties are central for normal epidermal regeneration
after injury. The involvement of mitogen-activated protein kinases as mediators of the prolif-
erative effects of EGF is well established. However, the molecular mechanisms that mediate
motogenic responses to this growth factor are not clearly understood. An obligatory step for
forward cell migration is the development of front-rear polarity and formation of lamellipo-
dia at the leading edge. We show that stimulation of epidermal keratinocytes with EGF, but
not with other growth factors, induces development of front-rear polarity and directional
migration through a pathway that requires integrin-linked kinase (ILK), Engulfment and Cell
Motility-2 (ELMO2), integrin B1, and Rac1. Furthermore, EGF induction of front-rear polarity
and chemotaxis require the tyrosine kinase activity of the EGF receptor and are mediated by
complexes containing active RhoG, ELMOZ2, and ILK. Our findings reveal a novel link between
EGF receptor stimulation, ILK-containing complexes, and activation of small Rho GTPases
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necessary for acquisition of front-rear polarity and forward movement.

INTRODUCTION

The epidermal growth factor (EGF) receptor system is central for
the development and postnatal homeostasis of the epidermis. Ac-
tivation of EGF receptor pathways is implicated in normal epider-
mal renewal, regeneration after injury, modulation of immune func-
tions, and carcinogenesis (reviewed in Pastore et al., 2008). The
activity of the EGF receptor is modulated not only by direct binding
of ligands such as EGF and transforming growth factor-o. (TGF-a),
but also via ligand-independent mechanisms. In particular, there is
cooperativity between integrins and EGF receptors at sites of cell
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adhesion (Cabodi et al., 2004). Indeed, the interaction of integrins
with extracellular matrix substrates at focal adhesions can trigger
EGF-independent receptor signaling and is necessary for a full re-
sponse to EGF stimulation (Bill et al., 2004), indicating the impor-
tance of cross-talk between these two types of transmembrane pro-
teins. EGF receptor ligands can function as strong stimuli to induce
forward movement in keratinocytes. In fact, TGF-a. is the principal
promigratory factor in human serum during epidermal regeneration
after wounding (Li et al., 2006).

Cell migration requires the development of front-rear polarity,
which is achieved in part through asymmetrical distribution of pro-
teins that participate in the assembly and disassembly of focal adhe-
sions. These proteins include integrins, paxillin, focal adhesion ki-
nase and integrin-linked kinase (ILK; Welf and Haugh, 2011). ILK is a
scaffold protein involved in cell adhesion, migration, and survival, as
well as in exocytosis and mitotic spindle organization (Fielding et al.,
2008; Nakrieko et al., 2008; Wickstrom et al., 2010a, 2010b). ILK
also participates in the cross-talk between integrins and some re-
ceptor tyrosine kinases. For example, ILK can associate with PINCH,
which in turn binds Nck-2, bridging integrins with EGF or platelet-
derived growth factor receptor signaling events associated with cell
survival (Hehlgans et al., 2007).
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The development of front-rear polarity and forward cell move-
ment also requires remodeling of the actin cytoskeleton. Actin
cytoskeletal dynamics is modulated by the Rho family of small
GTPases. During cell migration, lamellipodia form at the cell front
with the contribution of active RhoG and/or Rac1, whereas RhoA
participates in regulating changes at the rear of the cell (reviewed in
Parsons et al., 2010). Activation of Rho GTPases occurs in a specific
spatiotemporal manner following the formation of signaling com-
plexes organized by scaffolding proteins, such as ILK. Indeed, ILK
can associate with the Rac1 activators o- and B-Pix (Filipenko et al.,
2005; Boulter et al., 2006), and ILK deficiency results in impaired
formation of Rac1-GTP in various cell types (Liu et al., 2005; Nakrieko
et al., 2008).

In epidermal keratinocytes, ILK interacts with Engulfment and
Cell Motility 2 (ELMOZ2; Ho et al., 2009), another scaffold protein
that binds Dock family members to stimulate Rac1 activation and
cell motility (Gumienny et al., 2001; Katoh and Negishi, 2003; Katoh
etal., 2005). ELMO2 localizes to lamellipodia and serves as a bridge
between active RhoG and ILK (Ho et al., 2009). This multiprotein
complex induces polarization of cultured keratinocytes in response
to integrin stimulation by laminin 332. Whether other physiological
signals modulate ILK/ELMO2 complexes and the roles of these
signals in epithelial cell biology remain poorly understood. We now
demonstrate that ILK/ELMO2 complexes are recruited to sites con-
taining active RhoG during EGF receptor stimulation. We also iden-
tify Rac1 as a downstream effector of this novel signaling pathway
and establish ILK and ELMO?2 as key components in the induction of
front-rear polarity in keratinocytes in response to EGF receptor
activation.

RESULTS

ILK and ELMO2 cooperate to enhance

EGF-induced polarization

In epidermal keratinocytes and other cell types, EGF, keratinocyte
growth factor (KGF), and transforming growth factor-B 1 (TGF-81)
are chemotactic stimuli that induce forward movement (Martin,
1997). Because exogenous expression of ILK and ELMO2 also in-
duces front-rear polarity and migration in these cells (Ho et al.,
2009), we investigated whether these proteins are involved in
growth factor—induced cell polarization. To this end, we initially as-
sessed the effect of EGF, KGF, and TGF-B1 on keratinocyte polariza-
tion, using an assay we previously developed (Ho et al., 2009). Sub-
confluent cultures were incubated in the presence or absence of
growth factors, and the fraction of cells that exhibited formation of
defined lamellipodia and front-rear polarity was scored at timed in-
tervals after growth factor addition. In the absence of growth fac-
tors, <0.2% of the cells became polarized within a 2-min interval
following addition of vehicle (Figure 1A). In contrast, the presence of
EGF induced an 18-fold increase in the fraction of polarized cells
under these conditions (Figure 1A). Although KGF and TGF-B1 can
induce keratinocyte migration, they did not cause statistically signifi-
cant changes in the fraction of polarized cells within the short time
frame of these assays (Figure 1A), suggesting that different growth
factors may induce formation of front-rear polarity with different ki-
netics and/or by different mechanisms.

We next determined whether ILK and/or ELMO2 modulated
EGF induction of cell polarization. Cultured keratinocytes exoge-
nously expressing mCherry/V5-tagged ILK and/or green fluorescent
protein (GFP)-tagged ELMO2 were incubated in the presence or
absence of EGF, as described. The fractions of transfected cells that
had attached but not spread (“round”), that had attached and
spread (“spread”), and that had attached and developed front-rear
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polarity (“polarized”; Figure 1B) were determined (Ho et al., 2009).
In the absence or presence of EGF, polarized cells expressing con-
trol mCherry and GFP constituted, respectively, ~0.2 and 3.0% of
the cell population, similar to values in untransfected cells (Figure
1C). EGF stimulation of cells expressing exogenous ILK did not fur-
ther increase the fraction of polarized cells. In contrast, ~8% of cells
expressing exogenous ELMO2 and ~12% of cells expressing both
ILK and ELMO2 showed polarization in response to EGF (Figure 1C).
Of note, the proportion of polarized cells expressing exogenous ILK
and/or ELMO?2 in the presence of KGF or TGF-B1 did not show
significant changes relative to vehicle-treated keratinocytes (Supple-
mental Figure S1). Thus ILK and ELMO2 appear to cooperate to
enhance EGF-induced keratinocyte polarization. Because develop-
ment of front-rear polarity and EGF stimulation are associated with
keratinocyte migration (Russell et al., 2003), we also investigated
whether exogenous expression of ILK and/or ELMO2 had analo-
gous enhancing effects on chemotactic migration toward EGF. Simi-
lar to its effects on cell polarity, the fraction of cells that exhibited
chemotactic motility toward EGF was ~fourfold greater in the popu-
lation that exogenously expressed both ILK and ELMO2 relative to
those cells expressing control vectors (Figure 1D).

Role of RhoG in recruitment of ILK/ELMO2 complexes

to the plasma membrane

Using purified, bacterially produced proteins, we previously showed
that ELMO2 serves as a bridge between ILK and active RhoG. Fur-
thermore, activation of RhoG in keratinocytes is sufficient for local-
ization of ELMO2 and ILK to lamellipodia formed in response to
laminin 332 (Ho et al., 2009). However, whether RhoG/ELMO2/ILK
complex formation and localization to the plasma membrane in
live cells requires the presence of EGF is unknown. To address this
issue, we analyzed complexes containing exogenously expressed
mCherry/V5-tagged ILK and FLAG-tagged ELMO?2 in keratinocytes
cultured in the presence or absence of exogenous EGF. We found
ELMO?2 in ILK immunoprecipitates, from both the cytosolic and the
membrane fractions, irrespective of whether this growth factor had
been included in the culture medium (Figure 2B). We then investi-
gated the ability of ILK and ELMO2 to form complexes with the
RhoG proteins schematically shown in Figure 2A. Exogenously ex-
pressed ELMO2 associated with wild-type RhoG, as well as with the
constitutively active mutant Q1L (Supplemental Figure S2A), both
of which efficiently localize to lamellipodia (Grimsley et al., 2006; Ho
et al., 2009). In contrast, ELMO2 did not interact with RhoG F37A, a
mutant that localizes to the plasma membrane, but does not inter-
act with ELMO2 (Supplemental Figure s2A; Katoh and Negishi,
2003; Santy et al., 2005; Hiramoto et al., 2006). Furthermore, wild-
type and Q61L RhoG, but not the F37A mutant, were found in ILK
immunoprecipitates, demonstrating that the interaction between
RhoG and ELMO?2 is necessary for ILK association with RhoG-con-
taining complexes (Supplemental Figure S2B).

We also examined the effects of expressing wild-type and mu-
tant RhoG proteins on ILK/ELMO2 complexes. To this end, we ana-
lyzed the cytosolic and membrane fractions of keratinocytes cul-
tured with exogenous EGF (10 ng/ml; Figure 2B) and transfected
with vectors encoding ILK, ELMO2, and RhoG proteins. ELMO2
was present in cytoplasmic ILK immunoprecipitates, irrespective of
the presence of wild-type, Q61L, or F37A RhoG. ELMO2/ILK spe-
cies were also relatively abundant in membrane fractions from cells
coexpressing wild-type or Q61L RhoG (Figure 2B). ELMO2/ILK spe-
cies were detected in membrane fractions from cells that had not
been transfected with any RhoG-encoding vectors, although at
somewhat reduced levels, likely due to their interaction with
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Effect of ILK and ELMO2 on EGF-induced polarization. (A) Keratinocytes were

incubated in FBS- and growth factor-free medium for 4 h, followed by stimulation with growth
factors for the indicated periods. The graph represents the fraction of polarized cells expressed
as a percentage of the total cell population. Results are expressed as the mean + SEM (n = 3).
*p < 0.05 relative to vehicle-treated cells (ANOVA). (B) Keratinocytes were transfected with
vectors encoding mCherry/V5-tagged ILK and GFP-tagged ELMO2. Twenty-four hours after
transfection, cells were incubated in FBS- and growth factor-free medium for 4 h, followed by

stimulation with EGF (10 ng/ml) for 2 min. The cells were then processed for fluorescence

microscopy to visualize and quantify round, spread, and polarized cells. Arrows indicate cell
edges with colocalization of exogenous ILK and ELMO2. Bar, 50 pm. (C) Cells were transfected
as in B, and the abundance of polarized keratinocytes expressing the indicated exogenous
proteins and treated with EGF (black bars) or vehicle (white bars) for 2 min was determined.
The dashes indicate that cells were transfected with vectors encoding mCherry and/or GFP in
place of mCherry/V5-ILK and/or GFP-ELMO?2, respectively. The results are expressed as the
mean + SEM (n = 3). *p < 0.05 relative to cells stimulated with vehicle. #p < 0.05 relative to

EGF-treated cells transfected with vectors encoding mCherry and GFP (ANOVA). (D) Cells

were transfected as in C and 24 h later were trypsinized and used to measure EGF-induced
chemotactic migration through Transwell inserts, as described in the Supplemental Materials
and Methods. The fraction of keratinocytes expressing the indicated exogenous proteins that
migrated over 6 h was determined. The results are expressed relative to the fraction of cells
expressing mCherry and GFP that migrated in the absence of EGF (white bars), which is set

to 1. The data are represented as the mean + SEM (n = 3). *p < 0.05 relative to cells stimulated
with vehicle. #p < 0.05 relative to EGF-treated cells transfected with vectors encoding GFP and
mCherry (ANOVA). The EGF-treated cell fractions are represented by black bars.
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endogenous RhoG (Figure 2B). It is signifi-
cant that membrane-associated ELMO2/
ILK levels in cells expressing RhoG F37A
were similar to those observed in cells not
transfected with RhoG-encoding vectors.
The presence of these complexes may re-
sult from interactions with endogenous
RhoG in cells that did not express the F37A
mutant, as only ~30% of cells expressing
mCherry/V5-ILK and FLAG-ELMO?2 also ex-
pressed any of the RhoG proteins examined
(data not shown). Together, these observa-
tions are consistent with the notion that
ILK/ELMO2 complexes can exist both in
the membrane and in the cytoplasmic frac-
tions, independent of the presence of ex-
ogenous EGF. Keratinocytes deposit lami-
nin 332 matrix, which can support ELMO2/
ILK localization to lamellipodia, and also ex-
press several EGF receptor agonists, includ-
ing HB-EGF and TGF-a. (Hashimoto, 2000).
The recruitment of ELMO2/ILK complexes
to the membrane in cells cultured in the ab-
sence of exogenous EGF may result from
autocrine and/or paracrine stimulation by
one or more of these proteins.

To complement these studies, we next
examined the subcellular localization of ex-
ogenously expressed ELMO2 and ILK in the
presence of RhoG proteins by fluorescence
microscopy. Consistent with our biochemi-
cal analyses, ELMO2 and ILK were found at
cell protrusions in cells expressing wild-type
or Q61L RhoG but not in extensions where
RhoG F37A was localized (Figure 2C, Sup-
plemental Figure S3, and data not shown).

Contribution of RhoG/ELMO2/ILK
complexes to EGF induction of cell
polarity

RhoG activation subsequent to integrin
stimulation by laminin 332 matrix promotes
localization of ILK/ELMO2 complexes to the
leading edge of keratinocytes (Ho et al.,
2009). In addition, EGF activates RhoG in
certain cell types (Katoh and Negishi, 2003;
Hiramoto-Yamaki et al., 2010). These obser-
vations prompted us to examine whether
formation of RhoG/ELMOZ2/ILK complexes
is involved in EGF induction of keratinocyte
polarity.

The N-terminus of ELMO2 mediates
binding to both ILK and RhoG (Ho et al.,
2009). Several putative ARM repeats, impor-
tant for protein—protein interactions, have
also been identified in silico in this region of
ELMO?2 (deBakker et al., 2004). We first in-
vestigated which of the ARM motifs, if any,
are involved in the interactions of ELMO2
with ILK. To this end, we generated FLAG-
tagged ELMO2 proteins with point muta-
tions in residues known to be critical for

Molecular Biology of the Cell
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Role of RhoG in formation and subcellular distribution of ILK/ELMO2 complexes. (A) Schematic of RhoG
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ARM repeat organization (Figure 3A) and examined their ability to
interact with ILK. ELMO2 G72A and L156S, with mutations that dis-
rupt the second and third ARM repeats, respectively, could not as-
sociate with ILK (Figure 3B). In contrast, mutations that disrupted the
first (ELMO2 112S) or fourth (ELMO2 G218A) ARM repeat were with-
out effect (Figure 3B). We also used these ELMO2 proteins to map
the regions involved in binding to RhoG. We found that ELMO2
112S and G72A, which contain mutations in the first and second
ARM motifs, respectively, did not associate to any significant degree
with RhoG (Figure 3C). However, ELMO2 L156S or G218A bound to
RhoG. In the conditions of our experiments, we did not observe
substantial, consistent differences between the apparent ability of
wild-type ELMO2 and ELMO2 L156S or G218A to bind RhoG. Thus
ELMO?2 interaction with ILK requires its second and third ARM re-
peats, whereas its association with RhoG requires its first and sec-
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ond ARM repeats. Furthermore, and in contrast with exogenously
expressed wild-type ELMO2, the mutants 112S and G72A did not
localize to lamellipodial extensions in polarized keratinocytes stimu-
lated with laminin 332 (Figure 3D and Supplemental Figure S4). In
these cells, exogenously expressed mCherry/V5-tagged ILK was
not found at lamellipodia either. In contrast, ELMO2 L156S or
G218A were found at cell protrusions, indicating that ELMO2 asso-
ciation with RhoG, but not with ILK, is necessary for ELMO2 move-
ment to cell extensions (Figure 3D and Supplemental Figure S4). ILK
localized to cell edges only in the presence of ELMO2 G218A but
not L156S. Together, these observations indicate that interactions
with RhoG are necessary to promote movement of ILK/ELMO?2 spe-
cies to cell protrusions in polarized keratinocytes.

Following the identification of critical residues in ELMO2
that allowed us to distinguish its interactions with RhoG from
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were used in immunoprecipitation assays with anti-FLAG antibodies. FLAG-ELMO2 immune complexes were resolved
by SDS-PAGE and analyzed by immunoblot with anti-GFP antibodies to assess presence of RhoG. The lysates were also
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prior to processing for direct fluorescence microscopy. Arrows indicate cell protrusions containing ILK and ELMO2. Bar,
20 pm. (E) Keratinocytes were transfected with vectors encoding the indicated proteins, as in D. Twenty-four hours after
transfection, the cells were incubated in FBS- and EGF-free medium for 4 h, followed by stimulation with EGF or vehicle

for 2 min. The cells were processed for fluorescence microscopy to assess the fraction of polarized keratinocytes. The
results are expressed as the mean + SEM (n = 3). Where bars corresponding to vehicle-treated cells are absent, the
fraction of polarized cells was <0.05%. *p < 0.05 relative to the corresponding vehicle-treated sample (ANOVA).

those with ILK, we investigated whether RhoG/ELMOZ2/ILK spe-
cies are implicated in induction of cell polarization by EGF. Ex-
ogenous ILK and ELMO2 proteins were expressed in these cells,
and the fraction of keratinocytes that acquired front-rear polar-
ity upon stimulation by EGF was scored. Expression of ILK

496 | E.Hoand L. Dagnino

together with wild-type or G218A ELMOZ2 resulted in 8- to
10-fold increases in the fraction of polarized cells in response to
EGF (Figure 3E). In contrast, no significant increase in polarized
cell numbers was observed in EGF-treated cells coexpressing
ILK with ELMO2 112S, G72A, or L156S (Figure 3E). Thus EGF

Molecular Biology of the Cell
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Twenty-four hours after transfection, the cells were incubated in
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colocalize. Bar, 20 pm. (B) Quantification of polarized cells treated as
described in A. The results are expressed as the mean + SEM (n = 3).
Where bars corresponding to vehicle-treated cells are absent, the
fraction of polarized cells was <0.05%. *P < 0.05 relative to DMSO-
treated cells (ANOVA).

induction of cell polarity appears to be mediated via RhoG/
ELMOZ2/ILK complexes.

EGF receptor kinase activity and induction

of cell polarization

We next asked whether signaling through the EGF receptor tyrosine
kinase is necessary for ILK/ELMO?2 induction of cell polarization. To
address this issue, we used keratinocytes expressing exogenous ILK
and/or ELMO2. The cells were incubated in fetal bovine serum (FBS)
and EGF-free medium for 4 h in the presence of the EGF receptor
inhibitor AG1478 (2 ng/ml, final), followed by addition of EGF. In
agreement with previous results, exogenous ILK/ELMO2 increased
the fraction of polarized cells observed in the presence of EGF, but
this effect was abrogated by AG1478 (Figure 4 and Supplemental
Figure S5). We also observed decreased spreading in AG1478-
treated cells (Figure 4), suggesting that EGF receptor activity may
play other roles in keratinocytes in addition to polarization via ILK/
ELMO2.

ILK and ELMO2 are required for EGF induction

of keratinocyte polarization

To assess the importance of endogenous ILK in induction of cell
polarization by EGF, we analyzed the effect of EGF stimulation on
ILK-deficient keratinocytes. To this end, we isolated cells from Ik"f
mice, which contain Ilk alleles that can be inactivated by expression
of Cre recombinase (Nakrieko et al., 2008). ILK protein in cells in-
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fected by Cre-encoding adenoviruses is undetectable by 72 h
postinfection (Figure 5A). We first tested the ability of keratinocytes
to migrate chemotactically toward EGF in modified Boyden cham-
ber assays and observed that this growth factor induced a sixfold
increase in the fraction of ILK-expressing cells that migrated. In con-
trast, ILK-deficient keratinocytes showed negligible migration, irre-
spective of whether EGF was present as a chemotactic stimulus
(Figure 5A). Furthermore, ILK-deficient cells exhibited defective
spreading and did not show polarization or formation of cell exten-
sions upon stimulation by EGF (Figure 5B and Supplemental Figure
S6). This behavior contrasted with the increased proportion of polar-
ized cells observed in control ILK-expressing cultures infected with a
B-galactosidase—encoding adenovirus (Ad-Bgal) upon treatment
with this growth factor (Figure 5B and Supplemental Figure Sé). The
presence of exogenously expressed human ILK in ILK-deficient
mouse keratinocytes restored the ability of the cells to polarize in
response to EGF, and the fraction of polarized ILK-deficient cells
exogenously expressing both ILK and ELMO2 was ~80% of that
found in Ad-Bgal-infected cells expressing those two proteins
(Figure 5B and Supplemental Figure Sé). Of note, transient transfec-
tion of ILK-deficient keratinocytes with a vector encoding ELMO2
was not sufficient to restore EGF-induced polarization (Figure 5B),
indicating not only that ILK is a necessary component in this pro-
cess, but also that increased polarization induced by exogenous
ELMO2 occurs mainly, if not exclusively, through ILK-dependent
mechanisms.

We also investigated whether ELMO?2 is required for EGF induc-
tion of cell polarization. For these studies, we first screened three
different short hairpin RNA (shRNA) sequences directed to the
mouse ELMO2 mRNA for their ability to reduce ELMO?2 protein lev-
els in keratinocytes. Transient transfection of vectors encoding these
shRNAs, but not vectors containing control sequences, substantially
reduced the levels of total ELMO2 protein 48 h following transfec-
tion (Figure 5C). In the absence of EGF, ELMO2-deficient cells re-
mained attached and spread and did not show any appreciable dif-
ferences from ELMO2-expressing cells (Supplemental Figure S7).
However, and similar to ILK-deficient keratinocytes, knockdown of
ELMO2 prevented induction of cell polarization by EGF (Figure 5D
and Supplemental Figure S7). Together, these results indicate that
ILK and ELMO?2 are obligatory downstream effectors of EGF recep-
tor stimulation of keratinocyte polarization.

Rac1 mediates EGF induction of polarization via
ILK/ELMO2 complexes
Rac1 activation plays key roles in formation of lamellipodia and de-
velopment of front-rear polarity (Parri and Chiarugi, 2010). In addi-
tion, EGF stimulation, as well as ILK- and ELMO2-containing com-
plexes, can participate in Rac1 activation in various cell types (Ho
et al., 2009; Hiramoto-Yamaki et al., 2010; Samson et al., 2010).
Consequently, we examined whether ILK/ELMOZ2 species can mod-
ulate EGF-induced Rac1 activation in epidermal keratinocytes.

Treatment of keratinocytes with EGF resulted in Rac1 activation
within 30 s and peaked at 1 min, as measured by increases in Rac1-
GTP levels in cell lysates (Figure 6A). Exogenous expression of [LK
and/or ELMOZ2 significantly enhanced EGF-induced Rac1 activation
over the same period (Figure 6, A and B). Increases in Rac1-GTP
levels depended on EGF stimulation, as they did not appreciably
change in vehicle-treated cells, irrespective of the presence or ab-
sence of exogenous ILK and/or ELMO2 (Figure 6, A and B). Thus
ILK/ELMO2 promote Rac1 activation in response to EGF.

The EGF-induced activation of Rac1 in cells exogenously ex-
pressing ILK and ELMOZ2 suggests Rac1 may mediate ILK/ELMO2
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FIGURE 5: Requirement for ILK and ELMO2 in EGF-induced polarization. (A) Ilk”f keratinocytes were infected with
adenovirus encoding Cre recombinase (Ad-Cre). Cell lysates were prepared at the indicated times after infection,
resolved by SDS-PAGE, and analyzed by immunoblot with antibodies against endogenous ILK and B-actin (as loading
control). Replicate cultures were infected with Ad-Cre or adenoviruses encoding -galactosidase (Ad-Bgal), and 72 h
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described in the Supplemental Materials and Methods. The fraction of keratinocytes that migrated through the inserts
over 6 h was determined. The results are expressed relative to the fraction of cells infected with Ad-Bgal that migrated
in the absence of EGF, which is set to 1. The data represent the mean + SEM (n = 3). *p < 0.05 relative to Ad-Bgal-
infected cells stimulated with vehicle (ANOVA). (B) IIkf keratinocytes were infected with Ad-Cre or Ad-Bgal. Twenty-four

hours after infection, cells were cotransfected with vectors encoding mCherry/V5-tagged ILK and/or GFP-tagged
ELMO2. Twenty-four hours after transfection, cells were incubated in FBS- and EGF-free medium for 4 h, followed by
stimulation with EGF for 2 min. The cells were processed for fluorescence microscopy, and the fraction of polarized cells
was scored. Negative signs indicate cells that were transfected with vectors encoding only GFP- and/or mCherry.
Results are expressed as the mean + SEM (n = 5). *p < 0.05 relative to cells infected with Ad-Bgal (ANOVA). (C)
Keratinocytes were transiently transfected with vectors encoding mCherry/V5-tagged ILK and either FLAG-tagged
ELMO2 or with plasmids encoding control or ELMO2 shRNA sequences. Cell extracts were isolated 48 h after
transfection, resolved by SDS-PAGE, and analyzed by immunoblot with antibodies against exogenous ILK, endogenous
ELMO2 (except for the sample transfected with ELMO2-encoding vectors, which shows the total levels of exogenous
pus endogenous proteins) or B-tubulin, used as protein loading control. sc, scrambled shRNA; v, vector only. The
numbers indicate shRNA1, 2, or 3. (D) Cells transfected with shRNA-encoding vectors, as in C, were incubated in FBS-
and EGF-free medium for 4 h, followed by stimulation with EGF for 2 min. The cells were processed for fluorescence
microscopy, and the fraction of polarized cells was scored. Results are expressed as the mean + SEM (n = 3). Where
bars are absent, the fraction of polarized cells was <0.05%. *p < 0.05 relative to cells treated with vehicle (ANOVA).

modulation of cell polarization. To address this issue, we used Rac1?f

keratinocytes. Ad-Cre treatment of these cells resulted in Rac1 gene
inactivation, followed by decreases of >90% in Rac1 protein levels
by 48 h following infection, which were associated with defective
cell spreading (Figure 6C and data not shown). Treatment of Rac1-
deficient keratinocytes with EGF did not result in formation of polar-
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ized cells with broad lamellipodia, irrespective of whether exoge-
nous ILK and ELMO2 were expressed in these cultures (Figure 6D
and Supplemental Figure S8). Instead, EGF induced formation of
short, small cell protrusions to which exogenous ILK and ELMO2
localized. We conclude that induction of lamellipodial extensions
associated with cell polarization by ILK/ELMO2 upon EGF receptor
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modulate responses to growth factors
by regulating receptor trafficking and/or sig-
naling. Indeed, in several adherent cell
types, B1 integrins and EGF receptors act
cooperatively to promote adhesion, spread-
ing, development of front-rear polarity, and
migration in response to EGF (Caswell et al.,
2008). The existence of this cross-talk, to-
gether with the known role of ILK in mediat-
ing some of the responses to B1 integrin
stimulation, prompted us to investigate
whether 31 integrins are necessary for lamel-
lipodia formation and cell polarization in re-
sponse to EGF. We isolated and cultured
primary keratinocytes from Intb 17 mice and
infected them with Ad-Cre. We observed
that, by 48 and 72 h following infection, in-
tegrin B1 protein levels had decreased, re-
spectively, by ~50 and 90% (Figure 7A).
Within the time frame of this experiment,
integrin B1-deficient keratinocytes remained
attached to the laminin 332 matrix these
cells normally produce, likely through 064
integrins. However, treatment of these cells
with EGF failed to trigger substantial forma-
tion of broad lamellipodia and front-rear
polarity. This defect was not corrected by
exogenous expression of ILK and/or ELMO2
(Figure 7B), although these two proteins co-
localized at those cell protrusions that were
rarely observed in integrin B1-deficient ke-
ratinocytes (Supplemental Figure S9). To-
gether, these observations are consistent
with the concept that B1 integrins and EGF
receptors coordinately function to engage
ILK/ELMO2 species and to activate Rac1 to
promote cell polarization.

DISCUSSION

In this study, we identified EGF as a physio-
logical signal that induces recruitment of
RhoG, ELMO2, and ILK to the plasma mem-
brane to induce formation of lamellipodia
and keratinocyte polarization, which also re-
sults in forward migration. In these cells,
there appears to be a degree of selectivity
in the mechanisms that couple EGF signal-
ing with ILK/ELMO2 species. This is evi-
denced by the inability of exogenous ILK/
ELMO2 to enhance cell polarization in re-
sponse to stimulation by other growth fac-
tors, such as TGF-B1 and KGF. These obser-
vations are in keeping with the reported
activation of multiple guanine-nucleotide
exchange factors that stimulate RhoG in re-

stimulation depends on Rac1 activation and that Rac1 is not neces-
sary to recruit ILK/ELMO2 to cell protrusions.

Requirement for B1 integrins in EGF-induced polarization
modulated by ILK/ELMO2

Growth factor receptors can activate multiple signaling pathways,
some of which involve cross-talk with integrins. These last can
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sponse to EGF but not to other growth factors (Samson et al., 2010).
Of note, EGF receptor stimulation has also been shown to induce
activation of the EphA2 receptor tyrosine kinase, which in turn re-
cruits RhoG/ELMO2 to promote migration of mammary carcinoma
cells (Hiramoto-Yamaki et al., 2010). Whether ILK is a component of
the EphA2/RhoG/ELMO2 complexes in breast carcinoma cells re-
mains to be investigated but could potentially place ILK as a key
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FIGURE 7: Integrin B1 is required for EGF- and ILK/ELMO2-induced
polarization. (A) Intb 1% keratinocytes were infected with Ad-Cre. Cell
lysates prepared at the indicated times after infection were resolved
by SDS-PAGE and analyzed by immunoblot analysis with antibodies
against integrin B1 or B-tubulin. (B) Intb 17 keratinocytes were infected
with Ad-Cre or Ad-Bgal and, 48 h later, were transfected with vectors
encoding mCherry/V5-tagged ILK and/or GFP-tagged ELMO2.
Twenty-four hours after transfection, the cells were incubated for 4 h
in FBS- and EGF-free medium, followed by EGF stimulation for 2 min.
Keratinocytes were then processed for fluorescence microscopy to
score the fraction of polarized cells, shown in the graph. Results are
expressed as the mean + SEM (n = 3). Minus signs indicate cells
transfected with vectors encoding mCherry and GFP. *p < 0.05
relative to cells infected with Ad-Bgal (ANOVA).

therapeutic target. Similarly, the possible involvement of EphA2 in
EGF induction of keratinocyte polarization remains to be
investigated.

Although ILK has been implicated in various growth factor sig-
naling pathways (Hehlgans et al., 2007), the direct involvement of
ILK in EGF induction of cell polarization and forward movement is a
novel function for this scaffold protein. ELMO2 has recently been
reported to be a key player in EGF-induced membrane ruffling and
polarization (Hiramoto-Yamaki et al., 2010), and our findings provide
evidence for a link between ILK and ELMO2 in EGF-induced cell
polarization. It is significant that the formation of ILK/ELMO2 com-
plexes can occur in the absence of EGF receptor stimulation (Ho
et al., 2009). Whether EGF receptor tyrosine kinase activity is suffi-
cient for recruitment of this complex to the plasma membrane and/
or subsequent downstream events remains to be established.

EGF receptor stimulation can rapidly activate RhoG, allowing
it to interact with ELMO2 at the plasma membrane (Katoh and
Negishi, 2003; Hiramoto-Yamaki et al., 2010). It is significant that, as
shown in the present study, expression of RhoG F37A, which does
not interact with ELMO2 and inhibits cell polarization and migration,
does not interfere with ILK/ELMO2 association in cytoplasmic frac-
tions. This suggests that RhoG activation downstream from EGF
may serve to recruit ILK/ELMO2 to the plasma membrane rather
than to catalyze the association between those two proteins.

ILK and ELMO2 have been independently implicated in regula-
tion of Rac1 activity: the former, in complexes that contain o- or

500 | E.Hoand L. Dagnino

B-Pix, and the latter as a direct guanine-exchange factor when
bound to Dock proteins (Katoh and Negishi, 2003; Ho et al., 2009;
Hiramoto-Yamaki et al., 2010). In our studies, RacT gene inactivation
inhibits EGF-induced polarization. We observed similar effects upon
expression of an ELMO2 deletion mutant incapable of interacting
with Dock proteins (data not shown), suggesting that Rac1 may be
activated directly downstream of ILK/ELMO2, potentially by LK/
ELMO2/Dock complexes. ELMO2/ILK may also serve as a hub to
recruit other Rac1-activating proteins to induce formation of cell ex-
tensions and forward movement. How exactly Racl is activated
downstream from ILK/ELMO2 remains to be determined.

Targeted inactivation of the Ilk gene in epidermal keratinocytes
severely affects their ability to spread, acquire front-rear polarity,
and migrate (Lorenz et al., 2007; Nakrieko et al., 2008), emphasizing
the importance of ILK for cell motion. Similarly, keratinocytes treated
with ELMO2 shRNAs showed impaired ability to polarize in response
to EGF, although they did not exhibit detectable defects in cell ad-
hesion or spreading. These observations are consistent with the pro-
posal that ELMO2 plays a minor role, if any, in keratinocyte attach-
ment and spreading onto laminin 332 but is a key component of cell
polarization in response to EGF. Alternatively, in the absence of
ELMO2, ELMO1 may mediate some of these functions. Phenotypic
redundancy between these two ELMO proteins has been suggested
to occur in ELMO1-null mice (Elliott et al., 2010).

The existence of cross-talk mechanisms between integrins and
growth factor receptors is well established. Loss of B1 integrin im-
pairs keratinocyte adhesion, spreading, and forward movement
(Raghavan et al., 2003). We now show that 31 integrin works in con-
junction with EGF receptors to induce keratinocyte polarization. B1
integrins are essential for EGF signaling in various cell types, as they
modulate endosomal trafficking of EGF receptors, which is neces-
sary for optimal activation (Morello et al., 2011). B1 integrins are also
involved in formation and activation of complexes containing
N-WASP and Cdc42, which are required for chemotaxis induced by
platelet-derived growth factor (King et al., 2011). The precise role of
B1 integrins in the EGF/RhoG/ELMOZ2/ILK pathway may occur at
various levels and is an important area for future research.

In conclusion, our data are consistent with a model in which EGF
receptor stimulation promotes activation and recruitment of RhoG at
the plasma membrane (Figure 8). Active RhoG then associates with
ELMOZ2/ILK complexes, resulting in activation of Rac1, formation of
lamellipodia, and cell polarization, followed by forward migration.
Aspects of this model that remain important areas for future research
are how B1 integrins modulate this process and the events that link
RhoG/ELMO2/ILK to Rac1 activation. ELMO2 forms complexes with
several Dock proteins, including Dock4, which directly activate Rac1
(Ueda et al., 2008). Whether this mechanism also functions in the
context of the ILK/ELMO2 species remains to be defined.

MATERIALS AND METHODS
Mouse strains, cell culture, and transfections
The mouse strains used were as follows: CD-1, B6;129-Itgb 1tm1Efu/)
(stock number 004605; Jackson Laboratory, Bar Harbor ME; termed
Itgb 179, in which loxP sites flanking exon 3 of the Itgb1 gene that
encodes integrin B1 have been introduced (Raghavan et al., 2000);
llktmiStar with engineered loxP sites downstream from exons 4 and
12 of the Ik gene (termed IIk”, Terpstra et al., 2003), and Rac1t™"- 10k,
with loxP sites flanking exon 1 of the RacT gene (termed Rac1,
Glogauer et al., 2003).

Cultures of primary mouse keratinocytes isolated from 2- to 4-d-
old mice were established and were transfected with polyethyle-
neimine (PEl; 1 mg/ml 25-kDa linear PEI, pH 7.0, catalog number
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and its localization to the plasma membrane. Active RhoG recruits
ILK/ELMO2 complexes already present in the cytosol. The activation
of RhoG and subsequent recruitment of ILK/ELMO2 complexes may
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Rac1-GTP

23966; Polysciences, Warrington, PA) as described (Ho et al., 2009;
Dagnino et al., 2010). Transfected cells were cultured for 24 h prior
to processing for microscopy or lysate preparation. The spontane-
ously immortalized dermal fibroblast line IMDF (Apostolova et al.,
2002) was cultured in HyQ DMEM-RS (HyClone, Logan, UT) supple-
mented with 8% FBS.

Adenovirus infections

Primary keratinocyte cultures were infected with adenovirus encod-
ing Cre recombinase (Ad-Cre) or B-galactosidase (Ad-Bgal) at a mul-
tiplicity of infection (MOI) of 50 in Ca?*-free EMEM supplemented
with bovine serum albumin (BSA; 2.5%) as described (Nakrieko
et al., 2008). Under these conditions, 295% of the keratinocytes
were infected without detectable reduction in cell viability. In experi-
ments involving adenoviral infection followed by plasmid transfec-
tions, these last were conducted either 48 h (for Intb 1% keratino-
cytes) or 24 h (for Ilk” or Rac1” cells) postinfection.

Stimulation by laminin 332 matrix and growth factors

For extracellular matrix stimulation, keratinocytes were briefly
trypsinized 24 h following transfection and were resuspended in
FBS- and Ca*-free EMEM supplemented with 2.5% BSA. The cells
were plated onto laminin 332 matrix—coated coverslips (Nakrieko
et al., 2008) and were cultured for 3 h to allow attachment and
spreading, prior to processing for fluorescence microscopy (lvanova
et al., 2007). For growth factor stimulation experiments, subconflu-
ent cells cultured on laminin 332 matrix were transfected, and, 24 h
later, the growth medium was replaced with FBS-, EGF-, and Ca?*-
free EMEM supplemented with 2.5% BSA. Four hours later, cells
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were stimulated by addition of EGF (10 ng/ml, final), KGF (20 ng/ml,
final), or TGF-B1 (10 ng/ml) for intervals indicated in individual ex-
periments. To inhibit EGF-receptor signaling, keratinocytes were
incubated in FBS-, EGF-, and Ca?*-free EMEM containing AG1478
(30 ng/ml, final, T4182; Sigma-Aldrich, St. Louis, MO) for 4 h prior to
stimulation with EGF.

Fluorescence and light microscopy

Twenty-four hours following transfection, keratinocytes were used
for experiments indicated in individual figures and were processed
for epifluorescence microscopy as described (Ivanova et al., 2007;
Ho et al., 2009). For experiments assessing polarization, cells were
fixed in 4% paraformaldehyde and stained with Alexa Fluor
350-conjugated phalloidin. At least 100 cells per sample were
scored. Fluorescence photomicrographs were obtained with a Leica
(Wetzlar, Germany) DMIRBE fluorescence microscope equipped
with an Orca-ER digital camera (Hamamatsu Photonics, Hamamatsu,
Japan), using Volocity 4.3.2 software (Improvision, Coventry, United
Kingdom). Light microscopy images were obtained with a Zeiss
Axio Imager Z1 microscope equipped with a Zeiss AxioCam ICc
1 camera, using AxioVision 4.6.3 software (Zeiss, Thornwood, NY).
All results shown are representative of at least three experiments
conducted with duplicate or triplicate samples.

Rac1 activation assays

Levels of Rac1-GTP were measured using a luminescence-based
GLISA Racl Activation Assay Biochem Kit (Cytoskeleton, Denver,
CQ). Cells were lysed following the manufacturer’s protocol, and
0.5 pg of lysate per sample was used. Luminescence (440 nm) was
measured with a Safire2 Microplate Detection System (Tecan,
Ménnedorf, Switzerland). Luminescence units in each sample were
expressed after subtraction of the background units measured in
protein-free lysis buffer. Treatments were conducted on duplicate
samples, and experiments were repeated at least three times. Sta-
tistical significance was set to p < 0.05 (analysis of variance
[ANOVA)).
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