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ABSTRACT Active RhoA localizes to plasma membrane, where it stimulates formation of fo-
cal adhesions and stress fibers. RhoA activity is inhibited by p190RhoGAP following integrin-
mediated cell attachment to allow sampling of new adhesive environments. p190RhoGAP is
itself activated by Src-dependent tyrosine phosphorylation, which facilitates complex forma-
tion with p120RasGAP. This complex then translocates to the cell surface, where p190RhoGAP
down-regulates RhoA. Here we demonstrate that the epidermal growth factor receptor
(EGFR) cooperates with B3 integrin to regulate p190RhoGAP activity in mouse mammary
gland epithelial cells. Adhesion to fibronectin stimulates tyrosine phosphorylation of the EGFR
in the absence of receptor ligands. Use of a dominant inhibitory EGFR mutant demonstrates
that fibronectin-activated EGFR recruits p120RasGAP to the cell periphery. Expression of an
inactive B3 integrin subunit abolishes p190RhoGAP tyrosine phosphorylation, demonstrating
a mechanistic link between B3 integrin-activated Src and EGFR regulation of the RhoA in-
hibitor. The B3 integrin/EGFR pathway also has a positive role in formation of filopodia. To-
gether our data suggest that EGFR constitutes an important intrinsic migratory cue since fi-
bronectin is a key component of the microenvironment in normal mammary gland development
and breast cancer. Our data also suggest that EGFR expressed at high levels has a role in
eliciting cell shape changes associated with epithelial-to-mesenchymal transition.
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INTRODUCTION

Multicellular organisms rely on cell migration throughout their life
span. Cells specified in one region of the embryo migrate over long
distances to form functionally distinct tissues (Keller, 2005; Aman
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and Piotrowski, 2010). Cell migration facilitates repair mechanisms
in the adult notably during wound healing, when fibroblasts and in-
flammatory cells migrate to sites of injury (Barrientos et al., 2008).
Cell migration is also important in organs such as mammary glands
that restructure epithelial tissues during morphogenesis (Pozzi and
Zent, 2011). Cells become invasive and undergo metastasis when
migration processes involved in epithelial morphogenesis are reac-
tivated in solid human tumors (Wels et al., 2008; Gray et al., 2010).
Despite major advances in therapies that curb tumor growth, meta-
static disease has proven difficult to control (Wittekind, 2005;
Sleeman and Steeg, 2010). Metastasis is the leading cause of death
in cancer patients, underscoring the importance of understanding
fundamental cell migration mechanisms.

The extension of the plasma membrane is one of the first steps in
cell migration (Borisy and Svitkina, 2000; Pollard and Borisy, 2003).
Animal cells produce membrane protrusions such as lamellipodia

Molecular Biology of the Cell



A QO ¥ OO B 3 x
c w <
> O a3
iy AT
~
O N-lobe 2 5us
interface 250
'\EX a® W9 | < EGFR
N 150 -
Y IB: EGFR
50
— e —— < Actin
37 -
IB: Actin
C ° EGFR-null EGFR-null  _ EGFR-null
? Human EGFR . p1integrin < B3 integrin
@
K]
€
=
z
)
[&]
o o o
. WT-EGFR g - WT-EGFR § WT-EGFR
§— Human EGFR ¥ # 1 integrin B3 integrin
5 7
L 7
[
5 1
z 4
D ]
O
o_: o o
o] EGFR o { EGFR o EGFR
&7 (679-AA) =1 (679-AA) = (679-AA)
5 1 Human EGFR B1 integrin B3 integrin
8 7
[S-
= 4
z
T
O
o] ) . ) . :
10° 10" 102 10°  10¢ 10° 10" 102 10° 10¢ 10° 10" 10* 10° 10¢
Log Fluorescent Intensity Log Fluorescent Intensity Log Fluorescent Intensity
D EN WT EGFR EGFR (679-AA) EEGF WT EGFR EGFR (679-AA)
ml1 2 3 ll+ 2 3| mlo 1 2 110 1 2|
P EGFR IP EGFR
250-——— — e -— ‘-——«—EGFR

FIGURE 1: Reconstituted EGFR does not alter FN integrin cell surface expression in EGFR-
null fibroblasts. (A) Model depicting interactions between EGFR cytosolic tail sequences
leading to allosteric kinase activation in ligand-induced asymmetric dimers [adapted from
Hubbard (2009)]. The C-terminal lobe of one kinase domain (light gray) interacts with the
N-terminal domain of a second kinase domain (dark gray) via critical residues located at the
dimer interface [depicted as uuuu (unoccupied) or vvvv (occupied)]. The 679-LL lysosomal
sorting signal maps to the N-terminal lobe dimer interface (Kil et al., 1999). Sequences in
adjacent juxtamembrane (Jx) regions form an antiparallel amphipathic helix that facilitates
dimerization (Jura et al., 2009). Tyrosine residues that undergo auto- or Src-dependent
phosphorylation (open or black circles, respectively) and activation loops (dashed lines) are
also depicted. (B) Equal protein aliquots were immunoblotted with specific antibodies listed in
the figure. (C) Histograms for cell surface expression of EGFR and FN integrins detected by
flow cytometry (dashed lines) vs. background fluorescence associated with secondary
antibodies (solid lines). The y-axis represents cell number, and the x-axis is fluorescence
intensity on a logarithmic scale. Flow experiments were repeated at least twice. (D, E) Cells
were metabolically labeled with 33S-labeled amino acids for 30 min, followed by a 3-h chase.
Cells were either adhered to FN (D) or stimulated with EGF (E) for times indicated. EGFR
immune complexes were resolved by SDS-PAGE, and radioactive proteins were detected by

fluorography.
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and filopodia through coordinated action of
actin  cytoskeleton, cell adhesions, and
plasma membrane (Condeelis, 1997). Lamel-
lipodia are broad, thin membrane protru-
sions with a dendritic network of branched
actin filaments abutting the plasma mem-
brane that generate motile force through a
combination of plus-end actin polymeriza-
tion, retrograde flow, and cell adhesion (Petri
et al., 2009). Filopodia are finger-like mem-
brane projections filled with bundles of par-
allel actin filaments (Mattila and Lappalainen,
2008). Although they are not absolutely re-
quired for cell migration, cells use filopodia
to explore their environment and form new
adhesive contacts for motility and spreading
(Rorth, 2003; Gupton and Gertler, 2007).
Filopodia have also been implicated in con-
veying long-distance signals important for
pattern formation in developing epithelia
(Cohen et al., 2011). Most cultured cells pro-
duce both organelles upon initial contact
with extracellular matrix (ECM).

Actin cytoskeleton and ECM are physi-
cally connected via cell adhesions initiated
by activation of integrin transmembrane re-
ceptors (Hynes, 2002). Signaling receptors
such as the epidermal growth factor recep-
tor (EGFR) modulate normal cell behavior by
forming physical and functional complexes
with integrins that bind fibronectin (FN;
Moro et al., 2002; Marcoux and Vuori, 2003).
Elevated EGFR expression contributes to
carcinoma development and metastasis by
stimulating proliferation and enhancing sur-
vival of FN-attached cells in the absence of
ligand (Bill et al., 2004; Muller et al., 2009).
EGFR also affects tumor angiogenesis by
modifying branching behavior in endothelial
cells within the tumor microenvironment (De
Luca et al., 2008). Previous studies indicate
that elevated EGFR expression is sufficient
to transform normal mammary epithelial
cells similar to polyoma middle T using the
normal murine mammary gland (NMuMG)
cell model (Wendt et al., 2010). These same
studies showed that elevated EGFR expres-
sion enhances mesenchymal characteristics
induced by EGF or transforming growth fac-
tor (TGF)-B and also primes NMuMG cells
for TGF-B—driven epithelial-to-mesenchymal
transition (EMT). Although integrin-EGFR
signaling is implicated in multiple cell migra-
tion pathways, relatively little is known about
its involvement in the formation of motile
membrane protrusions in normal and patho-
logical settings (Moro et al., 2002; Marcoux
and Vuori, 2003; Tran et al., 2004).

Ligand-induced EGFR activation involves
formation of asymmetric dimers between
adjacent tyrosine kinase domains (Figure 1A)
(Zhang et al., 2006). This mode of activation

EGF receptor regulates p190RhoGAP | 4289



is regulated by residues that form a flexible interface between the
C-terminal lobe of one tyrosine kinase domain and the N-terminal
lobe of its dimer partner (Figure 1A). The intracellular EGFR jux-
tamembrane region plays a crucial role in stabilizing these asym-
metric dimers (Jura et al., 2009; Red Brewer et al., 2009). Residues
in the juxtamembrane region and dimer interface modulate a num-
ber of other functions, suggesting they integrate EGFR activation
with cellular responses (Hunter and Cooper, 1985; Countaway et al.,
1989; Cochet et al., 1991; Martin-Nieto and Villalobo, 1998; Ryan
et al., 2010). Residues Leu-679 and Leu-680 (679-LL) located in the
N-terminal lobe interface regulate postendocytic sorting to lyso-
somes (Kil et al., 1999; Kil and Carlin, 2000). Receptors with a
679-amino acid dialanine substitution (EGFR (679-AA)) undergo li-
gand-accelerated internalization similar to wild-type EGFR (WT-
EGFR) but are routed away from lysosomes to a recycling pathway,
where they are coupled to novel signaling complexes (Kostenko
et al., 2006). These findings provide new insights into signaling
pathways up-regulated in breast cancer cell lines, where EGFR forms
dimers with related ErbB family members that divert activated
EGFRs to recycling endosomes similar to EGFR (679-AA) (Yarden
and Sliwkowski, 2001; Wiley, 2003; Kostenko et al., 2006). The role
of these residues during EGFR transactivation independent of
growth factor stimulation has not been addressed.

We demonstrate here that EGFR has a significant role in deter-
mining how both normal mouse mammary gland epithelial cells and
those poised for EMT respond to FN-enriched adhesive environ-
ments. Our data support a model that signaling through B3 integrin
FN receptors via EGFR activates the RhoA antagonist p190RhoGAP
by recruiting its binding partner p120RasGAP to plasma membrane.
We also provide evidence that the B3 integrin~-EGFR pathway is a
positive regulator of filopodia formation. EGFR with the 679-amino
acid substitution had an instrumental role in dissecting this pathway
since it behaves as a dominant inhibitory molecule capable of inter-
fering with B3 integrin—~EGFR signaling.

RESULTS

The 679-AA mutation selectively blocks tyrosine
phosphorylation on a subset of EGFR residues in
reconstituted EGFR-null cells

The overall goal of these studies was to determine the role of EGFR
during the early stages of cell migration when cells form initial con-
tacts with FN. Initial studies were carried out using human EGFR
expressed in NRé6 mouse fibroblastic cells, which lack endogenous
receptor (Pruss and Herschman, 1977). This heterologous expres-
sion system was used previously to study effects of EGFR on cell
morphology and motility (Welsh et al., 1991; Chen et al., 1994;
Maheshwari et al., 2000; Allen et al., 2002; Chou et al., 2003;
Zhou et al., 2006). NRé6-derived cells are also suitable for studies
with FN since they express both major forms of FN receptors (0isp4
and o, B3; Maheshwari et al., 1999). In addition to WT-EGFR, cells
reconstituted with EGFR (679-AA) were examined since this mutant
had already yielded novel insights into ligand-induced EGFR activa-
tion (Kil et al., 1999; Kil and Carlin, 2000). Reconstituted cell lines
were selected with equivalent levels of total cellular and cell surface
EGFR expression based on immunoblotting and flow cytometry, re-
spectively, using human receptor-specific antibodies (Figure 1, B
and C). Cells were also incubated with fluorescein isothiocyanate
(FITC)—conjugated B1 or B3 integrin antibodies and subsequently
analyzed by flow cytometry to determine whether ectopic EGFR ex-
pression alters basal trafficking of FN integrins. All three cell lines
expressed similar cell surface levels of both FN receptors, with B1
integrin expression relatively high compared with that of B3 integrin
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(Figure 1C). Furthermore, both EGFR proteins were biosynthetically
stable up to 3 h postadhesion to FN, indicating cell adhesion does
not route either receptor to lysosomes (Figure 1D). In contrast,
WT-EGFR but not EGFR (679-AA) was rapidly degraded following
ligand stimulation (Figure 1E), confirming the original EGFR
(679-AA) phenotype (Kil et al., 1999; Kil and Carlin, 2000).

We next asked whether WT-EGFR and EGFR (679-AA) were acti-
vated by FN binding. WT-EGFR was modified on a subset of ty-
rosine residues that also serve as major autophosphorylation sites
after EGF stimulation (Tyr-992, Tyr-1068, and Tyr-1173; Figure 2A).
In addition, WT-EGFR was phosphorylated on Tyr-845 (Figure 2A), a
Src-specific substrate located in the activation loop in the tyrosine
kinase domain (Figure 1A; Sato et al., 1995; Biscardi et al., 1999).
EGFR (679-AA), however, was primarily phosphorylated at Tyr-992 in
newly adherent cells (Figure 2A). Consistent with reports in the lit-
erature (Moro et al., 2002; Playford and Schaller, 2004), EGFR and
Src kinase inhibitors (AG1478 and PP2, respectively) interfered with
FN-induced tyrosine phosphorylation of WT-EGFR and EGFR (679-
AA) (Figure 2B). Furthermore, neither EGFR protein was activated
by cell adhesion to collagen (Figure 2B), which also binds 1 integrin
(Hynes, 2002), confirming that EGFR transactivation is FN specific in
NR6 mouse fibroblasts.

Focal adhesion kinase (FAK) is a cytoplasmic protein tyrosine ki-
nase involved in many aspects of integrin-mediated signal transduc-
tion, including cell spreading, migration, and survival (Hall et al.,
2011). Activation of FAK by integrin clustering leads to autophos-
phorylation at Tyr-397. We demonstrated that FAK was phosphory-
lated at Tyr-397 as a parallel readout of integrin activation in all three
cell lines (Figure 2C). The multifunctional adaptor protein p130Cas
is a prominent Src substrate that binds EGFR during FN-induced cell
adhesion (Defilippi et al., 2006). The p130Cas protein underwent
rapid tyrosine phosphorylation in all three cell lines, confirming that
endogenous Src is activated independent of EGFR expression
(Figure 2D). Furthermore, p130Cas was phosphorylated on the
same set of tyrosine residues in all cell lines, indicating that it forms
similar molecular complexes (Figure 2D). Altogether these data sug-
gest that 679-AA is a dominant inhibitory mutation that selectively
modifies EGFR-specific cell adhesion responses without affecting
other FN-induced pathways.

EGFR enhances membrane protrusive activity on FN
Preliminary studies indicated that all three cell lines were maximally
spread on FN by 20 min (Supplemental Figure S1A). Cells adhered
for 20 min (Figure 3, A-C) or 1 h (Supplemental Figure S1B) were
stained with rhodamine-phalloidin to determine the effect of FN on
morphology and F-actin cytoskeleton. Cells were costained with an
antibody to vinculin, an adapter protein that localizes to integrin-me-
diated cell-matrix adhesions (Carisey and Ballestrem, 2011). The
three cell lines displayed a spectrum of phenotypes that correlated
with EGFR expression. EGFR-null cells exhibited a typical fibroblastic
elongated shape with abundant parallel-ordered ventral actin stress
fibers tethered at each end by prominent vinculin-positive focal ad-
hesions (Figure 3A and Supplemental Figure S1B). Cells with WT-EGFR
had prominent curved stress fibers, a network of cortical actin fila-
ments abutting the plasma membrane, and multiple filopodial exten-
sions around the entire periphery of the cell (Figure 3B and Supple-
mental Figure S1B). Vinculin was present on filopodial actin shafts in
addition to the cell periphery (Figure 3B). Cells with WT-EGFR were
also imaged by time-lapse microscopy starting ~10 min after FN
seeding (Supplemental Videos A and B). Figure 3, D and E, shows
sequential images of two cells with prominent filopodia that grow by
extending from the cell periphery over a period of 60-120 s.
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FIGURE 2: EGFR is transactivated by FN binding in mouse fibroblastic cell models. (A) EGFR
immune complexes from suspended and FN-adhered cells were immunoblotted with phospho-
specific EGFR antibodies listed in the figure. Bottom, immunoblotted with an activation-
independent EGFR antibody. (B) Cells were pretreated with vehicle or EGFR (1 pM AG1478) or
Src (10 uM PP2) tyrosine kinase inhibitors for 30 min and then adhered to FN or were adhered
to collagen in the absence of kinase inhibitors. EGFR immune complexes were immunoblotted
for phosphotyrosine (top). Blots were stripped and reprobed with an EGFR antibody to control
for total protein loading (bottom). (C) Cells were adhered to FN for 20 min. Equal protein
aliquots were immunoblotted with a phospho-specific antibody to activated FAK (top) or an
antibody to total FAK protein (bottom). (D) p130Cas immune complexes from cells kept in
suspension or adhered to FN for times indicated were immunoblotted with antibodies listed in
the figure. (A-D) Representative of three (A, B) or two (C, D) independent experiments.

Cells with EGFR (679-AA) also lacked prominent ventral stress
fibers. However, in contrast to WT-EGFR, cells with the mutant re-
ceptor had broad lamellipodial protrusions, giving them a more-
rounded appearance, a dense ring of branching actin filaments as-
sociated with small, dot-like, vinculin-enriched focal adhesions
located at the lamellum-lamellipodia border, and a sparse branch-
ing actin network in the lamellum (Figure 3C and Supplemental
Figure S1B). Morphometric analysis showed that cells with WT-
EGFR had a statistically significant fourfold increase in filopodia/cell
compared with EGFR-null cells and a twofold to threefold increase
compared with cells with EGFR (679-AA) (Figure 3F). Conversely, the
mutant EGFR was associated with a twofold to threefold increase in
the percentage of lamellipodial perimeter compared with WT-EGFR
(Figure 3G).

To quantify adhesion-induced changes in stress fiber orientation,
we adapted a previously described Sobel filter algorithm that mea-
sures stress fiber alignment of phalloidin-stained actin filaments
(Yoshigi et al., 2003). Individual cells were divided into pixel grids,
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which were expressed at similar levels in all
three cell lines (Supplemental Figure S1D).
Similar to EGFR-null cells, cells reconstituted
with WT-EGFR exhibited a rapid decline in
relative GTP-RhoA levels during the early
stages of FN adhesion (Figure 4A; see Sup-
plemental Table S1 for unadjusted absor-
bance data). However, cells with EGFR (679-
AA) exhibited steady RhoA activity
immediately  following  FN  adhesion
(Figure 4A). In contrast, all three cell lines
displayed similar patterns of Rac1 (Figure
4B) and Cdc42 (unpublished data) activities on FN.

Previous studies showed that adhesion-induced inhibition of
RhoA is mediated by Src-dependent tyrosine phosphorylation of
p190RhoGAP necessary for its activation as a RhoA GTP-GDP ex-
change activating protein (GAP; Chang et al., 1995; Arthur et al.,
2000; Roof et al., 2000; Haskell et al., 2001a, 2001b). p190RhoGAP
also forms an active molecular complex with p120RasGAP (Hu and
Settleman, 1997; Roof et al., 1998). In addition to tyrosine phos-
phorylation and p120RasGAP complex formation, p190RhoGAP
must be recruited to plasma membrane in order to be active
(Bradley et al., 2006). Because p120RasGAP is known to bind auto-
phosphorylated EGFR (Trahey et al., 1988; Wang et al., 1996), we
hypothesized that it might serve as a molecular link between FN-
activated EGFR and p190RhoGAP. Coimmunoprecipitation studies
revealed that p190RhoGAP formed a molecular complex with
p120RasGAP in all three cell lines on FN (Figure 4C). Although
p120RasGAP was also present in a complex with WT-EGFR after FN
binding, the 679-AA mutation blocked this interaction (Figure 4D).

EGF receptor regulates p190RhoGAP | 4291
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Surface coimmunoprecipitation studies were carried out to deter-
mine whether these molecular complexes were present at the cell
surface. Newly adhered cells were incubated with EGFR1 antibody,
which recognizes an extracellular human EGFR epitope, and cell
lysates were then incubated with immunoglobulin G-affinity purifi-
cation beads to capture EGFR immune complexes specifically
formed at the cell surface. Control studies were carried out using an
isoform-matched monoclonal antibody to the interleukin 2 receptor
o subunit (IL2Rar). p120RasGAP was present in the same molecular
complex as WT-EGFR but not EGFR (679-AA) (Figure 4E). In addi-
tion, WT-EGFR formed a complex with B3 integrin, in contrast to
EGFR (679-AA), which was associated with B1 integrin at the cell
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surface (Figure 4E). B1 integrin also binds collagen. However, EGFR
(679-AA) was not activated by collagen ligation (Figure 2B), and
cells expressing the mutant receptor did not produce a discernible
phenotype on collagen (Figure 3K), suggesting that the 679-AA
mutation also interferes with collagen—EGFR signaling. We next
tested the hypothesis that WT-EGFR causes p190RhoGAP to redis-
tribute to membrane protrusions during cell adhesion, using confo-
cal microscopy. The p190RhoGAP protein was concentrated in
puncta that were overlapping or interspersed with EGFR-positive
puncta along filopodial shafts in cells expressing WT-EGFR
(Figure 4F; Figure 4, G and H, shows two additional examples of
colocalized EGFR-p190RhoGAP on FN-induced filopodia). In
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protein loading (bottom). Lysates were also immunoprecipitated with an irrelevant isotype-
matched immunoglobulin G to control for nonspecific binding. Input lanes are aliquots of total
cell protein set aside before immunoprecipitation. (D) EGFR immune complexes from cells
adhered to FN for 20 min were immunoblotted with a p120RasGAP antibody (top) and
reprobed with a second EGFR antibody (bottom). (E) Cells were incubated with an antibody to
an extracellular human EGFR epitope or an isotype-matched negative control (IL2Ro. antibody)
as they were adhering to FN. Cells were harvested 20 min postadhesion, and immune
complexes with membrane-exposed EGFRs were immunoblotted with an antibody to
p120RasGAP. The same blot was stripped and successively reprobed with antibodies to 83
integrin, B1 integrin, and EGFR. Input lanes are aliquots of total cell protein set aside before
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contrast, lamellipodial protrusions were de-
void of p190RhoGAP at the leading edge in
cells expressing EGFR (679-AA) (Figure 4l).

The B3 integrin-EGFR pathway
activates p190RhoGAP in mouse
mammary epithelial cells with
physiological levels of endogenous
EGFR

The NR6 heterologous expression system
allowed us to hypothesize a role for EGFR in
FN-dependent cell adhesion involving acti-
vation of the RhoA antagonist p190RhoGAP.
This system also identified EGFR (679-AA)
as a dominant inhibitory molecule in this
pathway. We next sought to confirm and ex-
tend these results in normal murine mam-
mary gland (NMuMQG) epithelial cells with
physiological levels of endogenous EGFR.
NMuMG cells expressing recombinant B3
integrin with a D119A mutation that abol-
ishes FN binding and subsequent B3 integ-
rin activation were also examined (Loftus
et al., 1994; Galliher and Schiemann, 2006).
FN binding induced a robust activation of
endogenous EGFR compared with cells
kept in suspension (Figure 5A). Endogenous
EGFR was also detected in molecular com-
plexes with B3 integrin and p120RhoGAP
when parental cells were seeded on FN
(Figure 5B). The D119A mutation abolished
FN-induced EGFR tyrosine phosphorylation
and also prevented EGFR-p120RasGAP
complex formation, confirming a role for B3
integrin inthe FN-EGFR pathway (Figure 5B).
It was not possible to test whether endoge-
nous EGFR recruits p120RasGAP to the
plasma membrane using the cell surface
coimmunoprecipitation assay due to lack of
a suitable mouse-specific EGFR antibody.
However, B3 integrin-EGFR-p120RasGAP
cell surface complexes were readily detect-
able using a previously published NMuMG
cell line expressing recombinant human

immunoprecipitation. (C-E) Representative of
three (C, D) or two (E) independent
experiments. (F) Confocal images of cells
with WT-EGFR adhered to FN for 20 min
stained with phalloidin (green) and antibodies
to EGFR (red) and p190RhoGAP (blue). Right,
magnified images of individual and merged
channels for boxed areas. (G, H) Images show
two additional examples of colocalized EGFR
and p190RhoGAP on filopodial shafts in
FN-adhered cells expressing WT-EGFR.

(1) Cells with EGFR (679-AA) adhered to FN
for 20 min were stained with phalloidin
(green) and antibodies to EGFR (red) and
p190RhoGAP (blue). Right, magnified images
of individual channels for boxed areas.
Arrowheads, lamellipodial cell edge. Scale
bars, 10 um.
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FIGURE 5: B3 Integrin-EGFR cross-talk activates p190RhoGAP in normal mammary gland
epithelial cells. (A) Endogenous EGFR immune complexes from NMuMG cells expressing a
control EGFP plasmid kept in suspension or adhered to FN for 1 h were immunoblotted with a
phosphotyrosine antibody. The same blot was stripped and reprobed with an EGFR antibody.
(B) Endogenous EGFR immune complexes from NMuMG cells expressing a control EGFP
plasmid or B3 integrin with an inactivating D119A substitution adhered to FN for 1 h were
immunoblotted with a phosphotyrosine antibody. The same blot was stripped and reprobed
with antibodies to B3 integrin, p120RasGAP, and EGFR. (C) NMuMG cells expressing human
EGFR at high levels were incubated with an antibody to an extracellular human EGFR epitope or
an isotype-matched negative control (IL2Ro. antibody) as they were adhering to FN. Cells were
harvested 1 h postadhesion, and immune complexes with membrane-exposed human EGFRs
were immunoblotted with an antibody to 3 integrin. The blot was successively reprobed with
antibodies to p120RasGAP and EGFR. (B, C) Input lanes are aliquots of total cell protein set
aside before immunoprecipitation. (D) p190RhoGAP immune complexes from cells adhered to
FN for times indicated were immunoblotted with a phosphotyrosine-specific antibody. Filters
were stripped and reprobed with a p120RasGAP antibody and then a p190RhoGAP antibody to
control for protein loading. (E, F) Cells adhered to FN for 1 h were harvested to recover
p130Cas immune complexes (E) or collect total cellular protein (F). p130Cas immune complexes
were immunoblotted with a phosphotyrosine antibody (E) and equal aliquots of total cellular
protein blots with a phosphoTyr576/577 FAK antibody (F). Blots were stripped and reprobed
with appropriate activation-independent antibodies. (G) Cells were adhered to FN for 1 h, and
cell lysates were incubated with glutathione beads alone or glutathione beads loaded with a
GST-RBD fusion protein to capture active GTP-RhoA. Bound proteins were immunoblotted with
a RhoA-specific antibody (top). Equal aliquots of total cellular proteins were immunoblotted with
a RhoA-specific antibody (bottom). Representative of three independent experiments.

induces formation of specific B3 integrin—Src
complexes that lead to Src activation
(Felsenfeld et al., 1999). We therefore used
B3 integrin (D119A) to distinguish between
Src substrates modified downstream of
these two alternative modes of Src activa-
tion. Src-dependent tyrosine phosphoryla-
tion of p190RhoGAP was greatly attenuated
in cells expressing B3 integrin (D119A) com-
pared with control NMuMG cells (Figure
5D). D119A also interfered with tyrosine
phosphorylation of a second FN-dependent
Src substrate, p130Cas (Figure 5E). In con-
trast, FAK underwent Src-dependent phos-
phorylation in both cell lines, suggesting
that this pathway is regulated in part by a B3
integrin-independent mechanism (Figure
5F). The D119A mutation did not completely
abolish formation of p120RhoGAP-p190Ras-
GAP complexes, whose assembly is regu-
lated by both phosphotyrosine-dependent
and -independent mechanisms (Figure 5D;
Roof et al., 1998). However, our data sug-
gest that the D119A substitution results in
loss of phosphotyrosine-dependent com-
plex formation required for p190RasGAP
activation as a RhoA GAP (Chang et al.,
1995; Arthur et al., 2000; Roof et al., 2000;
Haskell et al., 2001a, 2001b).

We also demonstrated that FN engage-
ment leads to an initial reduction in GTP-
RhoA levels by a mechanism blocked by B3
integrin (D119A) expression using the Rho-
binding domain (RBD) of the Rhotekin pro-
tein expressed as a glutathione S-transferase
fusion protein (Figure 5G; Ren et al., 1999).
Thus, as in the heterologous expression sys-
tem, there was a positive correlation be-
tween activation of the B3 integrin-EGFR-
p190RasGAP pathway and reduced levels
of GTP-RhoA in cells with physiological lev-
els of endogenous EGFR.

The B3 integrin-EGFR pathway induces
filopodial membrane protrusions in the
NMuMG cell model

The next set of experiments tested whether
B3 integrin-EGFR signaling was associated
with increased membrane protrusive activity
in the NMuMG cell model. The cells were
first imaged by time-lapse microscopy after
FN seeding (Supplemental Video C).
Figure 6A shows sequential images from

EGFR at high levels (Wendt et al., 2010; Figure 5C). These studies
were carried out using a monoclonal antibody that specifically rec-
ognizes human EGFR. We cannot rule out the possibility that the
recombinant human receptor forms a heterodimer with endogenous
mouse EGFR following integrin engagement.

There are several different routes linking integrin ligation with Src
activity (Huveneers and Danen, 2009). Both FN integrin receptors
activate FAK, creating a binding site for Src that subsequently phos-
phorylates FAK at Tyr576/577 (Calalb et al., 1995). FN binding also
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one cell in the video, displaying dynamic growth of a filopodial-like
membrane protrusion. Parental NMuMG cells, as well as cells ex-
pressing B3 integrin (D119A), were also fixed and costained with
phalloidin and a vinculin antibody to image actin cytoskeleton and
focal adhesion complexes, respectively, on FN. Similar to NRé cells
reconstituted with human EGFR, the NMuMG cells displayed mul-
tiple filopodia, with vinculin staining associated with filopodial actin
shafts along with prominent curved stress fibers and a cortical actin
filament network (Figure 6B). The D119A substitution was associated
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FIGURE 6: B3 Integrin-EGFR interactions induce filopodia membrane protrusions in normal
mammary gland epithelial cells. (A) Time-lapse images of NMuMG cell taken from Supplemental
Video C starting 600 s after FN seeding. Arrow points to thin structure consistent with filopodia.
(B) Confocal images of NMuMG cells with control EGFP plasmid or 33 integrin (D119A) adhered
to FN for 1 h stained with phalloidin to visualize actin cytoskeleton (red) and a vinculin-specific
antibody (blue). (C) Bars represent the average number of filopodia/cell (mean £ SEM). White
bar, control NMuMG cells (n = 15); gray bar, NMuMG cells with B3 integrin (D119A) (n = 23).

(D) Confocal images of control NMuMG cells adhered to FN in the absence or presence of Src
kinase inhibitor (10 pM PP2) stained with phalloidin (red). (E) Bars represent the average number
of filopodia/cell (mean + SEM). White bars, control NMuMG cells on FN (n = 28); light gray bars,
control NMuMG cells on FN in the presence of PP2 (n = 39). (F) Equal total protein aliquots from
NMuMG cells with elevated levels of WT human EGFR or EGFR (679-AA) were immunoblotted
with a human-specific EGFR antibody. (G) NMuMG cells with elevated levels of human WT-EGFR
or EGFR (679-AA) adhered to FN and stained with phalloidin (red). (H) Bars represent the
average number of filopodia/cell (mean + SEM). White bar, NMuMG cells with WT human EGFR
(n =54); gray bar, NMuMG cells with EGFR (679-AA) (n = 57). (C, E, H) Asterisks indicate
differences between cells that were statistically significant (p < 0.001) as determined by
Student'’s t test. (B, D, G) Right, magnified images of individual channels for boxed areas. Size

bars, 10 pm. (C, F, H) Representative of two independent experiments.

with a very different phenotype characterized by prominent dorsal
stress fibers attached to vinculin-positive focal adhesions at one end
(Naumanen et al., 2008; Figure 6B). Cells with B3 integrin (D119A)
were also generally devoid of filopodial membrane protrusions, and
differences between filopodial formation in these cells versus paren-
tal NMuMG cells were statistically significant (Figure 6C). Parental
NMuMG cells were also seeded on FN in the presence of PP2 Src
kinase inhibitor, which significantly reduced filopodia formation on
FN (Figure 6, D and E). Collectively these data support a mechanis-
tic link between B3 integrin, Src kinase, and EGFR and filopodial
membrane protrusive activity in a cell model with physiological lev-
els of endogenous EGFR.

EGFR regulates FN-dependent responses in normal breast
epithelial cells sensitized for EMT

Although not normally present in the adult mammary tissue, greatly
increased FN levels have been found both in development as
branching morphogenesis occurs and in various types of mammary
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tumors (Williams et al., 2008). Given the im-
portance of EMT in normal development
and tumor progression we asked whether
EGFR signaling has a significant role in nor-
mal epithelial cells poised for EMT as they
respond to new FN-enriched adhesive envi-
ronments (Thiery, 2003; Williams et al.,
2008). We took advantage of the dominant
inhibitory 679-AA mutation identified in the
heterologous expression system to test a
role for EGFR in the FN-induced phenotype
in NMuMG cells. Cells were produced that
expressed matched levels of recombinant
human WT-EGFR and EGFR (679-AA)
(Figure 6F). These cells were then seeded
on FN and stained with phalloidin to exam-
ine actin cytoskeleton by confocal micros-
copy. Expression of either form of the EGFR
led to increased spread area on FN com-
pared with cells with endogenous receptor
(Supplemental Figure S2A). However, filopo-
dia formation was significantly reduced by
expression of dominant inhibitory EGFR
(679-AA) (Figure 6, G and H). Cells with
WT-EGFR also displayed an elongated, mes-
enchymal-like shape compared with cells
with EGFR (679-AA), which were rounded
in appearance with broad, lamellipodial
membrane protrusions (Supplemental Figure
S2, B and C). We used form factor analysis
to quantify these differences in cell shape
(Mendez et al., 2010). This value varies from
1 to 0, from perfectly circular perimeters to
less-rounded perimeters, respectively (Peris
et al., 2006). Elongated cells expressing WT-
EGFR displayed a low form factor compared
with cells with EGFR (679-AA), which had a
relatively high form factor (Supplemental
Figure S2C). Altogether these data are con-
sistent with the idea that EGFR expressed at
high levels plays a role in changes in epithe-
lial cell shape and motility that occur during
EMT in FN-rich microenvironments.
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DISCUSSION

Prior studies showed that integrin engagement suppresses RhoA
activity (Arthur et al, 2000). Src-dependent phosphorylation of
p190RhoGAP Tyr1105 creates a binding site for one of the two SH2
domains in p120RasGAP (Hu and Settleman, 1997; Roof et al.,
1998). This complex then translocates to the cell surface, where it
can down-regulate RhoA via interactions mediated by pleckstrin ho-
mology (PH) and/or Ca?*-dependent phospholipid binding (CaLB)
domains in p120RasGAP (Gawler et al., 1995; Drugan et al., 2000;
Bradley et al., 2006). Our data support an alternative mode of
p190RhoGAP membrane translocation involving recruitment of
p120RasGAP-p190RhoGAP  complexes to activated EGFRs
(Figure 7). Similar to EGF stimulation, activated EGFR physically as-
sociates with p120RasGAP in response to B3 integrin engagement
(Ward et al., 1996). Furthermore, p190RhoGAP colocalizes with
EGFR on membrane protrusions. The association between p120Ras-
GAP and EGFR is likely mediated by p120RasGAP SH2 domain
binding to a phosphorylated tyrosine residue in EGFR (Wang et al.,
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FIGURE 7: Summary model. EGFRs transactivated in 33 integrin
complexes are modified at multiple autophosphorylation sites as well
as the Src-specific substrate Tyr-845 located in the kinase activation
loop (autophosphorylation and Src substrates in white and black,
respectively). The B3 integrin engagement is required for Src-
dependent phosphorylation of p190RhoGAP leading to its association
with a p120RasGAP SH2 domain. Parenthetically, p120RasGAP also
has SH3, pleckstrin homology (PH), and Ca?*-dependent phospholipid
binding (CaLB) domains in addition to a catalytic GAP domain. EGFR
recruits p120RasGAP-p190RhoGAP complexes to plasma membrane,
where they may negatively regulate RhoA activity. The EGFR-
p120RasGAP association probably involves SH2 binding to an
autophosphorylated EGFR tyrosine residue. However, we cannot rule
out the possibility that this interaction is mediated by an unknown
adaptor molecule.

pY

p120RasGAP

1996). EGFR Tyr992 can be excluded as a p120RasGAP docking site
since it is the only tyrosine phosphorylation event induced by FN
binding in EGFR (679-AA) that does not physically associate with
p120RasGAP. However, we cannot rule out the possibility that
EGFR—p120RasGAP association is mediated by an unknown adap-
tor protein. EGFR may also synergize with pathways that activate
p120RasGAP PH and CalB membrane docking sites to enhance
p190RhoGAP activation.

Active RhoA localizes to the plasma membrane, where it stimu-
lates formation of focal adhesions and stress fibers (Ridley, 2000;
Pertz et al., 2006). Previous studies showed that p190RasGAP acti-
vation correlates with decreased RhoA activity accompanied by a
reduction in stress fiber formation and a corresponding increase in
membrane protrusive activity (Arthur et al., 2000; Arthur and Bur-
ridge, 2001). However, data obtained using the heterologous NRé
expression system suggest that RhoA down-regulation is not always
sufficient to reduce stress fiber formation. It was only when cells
were reconstituted with human EGFR that we observed a significant
reduction in actin stress fibers, suggesting that EGFR may have a
key role in recruiting p190RhoGAP to the plasma membrane, where
it can down-regulate RhoA. EGFR expression was also associated
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with a dramatic increase in filopodia membrane protrusions. Al-
though de novo pathways have been described (Snapper et al.,
2001; Czuchra et al., 2005), filopodia usually form by gradual con-
vergence of lamellipodial actin filaments that then elongate from
their tips (Svitkina et al., 2003; Yang et al., 2007). The dominant in-
hibitory 679-AA mutation attenuated filopodia formation and was
associated with a dramatic increase in lamellipodia. Our data there-
fore suggest that EGFR regulates lamellipodia—filopodia transition
and that residues Leu-679 and Leu-680 have a positive role in filopo-
dia formation.

EGFR (679-AA) is also tyrosine phosphorylated by FN adhesion
but forms a stable complex with B1 integrin instead of B3 integrin.
In addition to blocking p190RhoGAP activation, we hypothesize
that FN-induced B1 integrin—EGFR (679-AA) complexes sequester
one or more components required for EGFR-dependent lamellipo-
dia—filopodia transition, accounting for the phenotype associated
with the mutant receptor. However, the mutant receptor is phospho-
rylated on a single tyrosine residue, suggesting that FN-induced B1
integrin-EGFR (679-AA) complexes probably have restricted signal-
ing capacity. Thus it remains to be seen whether the B1 integrin—
EGFR interaction unmasked by the 679-AA mutation is biologically
significant. Leu-679 and Leu-680 reside in a region of the EGFR ki-
nase domain with considerable conformational flexibility (Zhang
et al., 2006). A rare L679F mutation associated with enhanced
EGFR activity in some non-small cell lung cancer patients provides
further support that these residues have a critical role in EGFR func-
tion (Red Brewer et al., 2009). It is conceivable that EGFR acquires a
native conformation involving these residues with a preference for
B1 integrin interactions, which could lead to distinct biological out-
comes. Of interest, the 679-LL motif is not conserved in other EGFR
family members, suggesting that related receptors could evoke dis-
tinct cell morphologies and signaling pathways because of preferred
binding to different FN receptors (Kil et al., 1999).

The pathway depicted in Figure 7 was also activated in normal
mouse mammary gland epithelial cells expressing physiological lev-
els of endogenous EGFR. NMuMG cells with inactive B3 integrin
(D119A) displayed prominent dorsal stress fibers and relatively few
filopodia compared with parental NMuMG cells, confirming a cen-
tral role for B3 integrin in the FN-EGFR pathway. Furthermore, FN-
activated EGFR was physically associated with p120RasGAP, and
p190RhoGAP was specifically activated downstream of B3 integrin—
Src signaling. Because the B1 integrin-Src pathway has also been
linked to p190RhoGAP activation (Nakahara et al., 1998), our data
suggest that there may be subtle differences in spatial or temporal
p190RhoGAP regulation, depending on the specific mode of Src
activation. Stress fiber reorientation has been linked to mechano-
sensing at integrin-based focal adhesions (Yoshigi et al., 2005; Hirata
et al., 2008). Our data indicate that EGFR-integrin subtype—specific
complexes play a role in regulating the type or mode of stress fibers
upon FN-dependent adhesion, an important avenue for future study.
Previous studies showed that B3 integrin promotes activation of Src
that has been “primed” through disruption of intramolecular inter-
actions between a COOH-terminal phospho-Tyr-527 residue and
the Src SH2 domain that fold Src into an inactive autoinhibitory con-
formation (Huveneers et al., 2007). Src autoinhibition can be allevi-
ated by phospho-Tyr-527 dephosphorylation or interaction with a
phosphotyrosine residue in another molecule that has a higher affin-
ity for the Src SH2 domain than phospho-Tyr-527 (Hubbard, 1999).
In addition to p190RhoGAP, the D119A substitution also attenuated
Src-dependent phosphorylation of the p130Cas adaptor protein.
Given its involvement in many aspects of adhesion-dependent cell
behavior (Defilippi et al., 2006), we cannot exclude the possibility
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that p130Cas also contributes to B3 integrin—~EGFR signaling. Of in-
terest, p130Cas has been implicated in Src priming by recruiting
protein tyrosine phosphatase 1B capable of dephosphorylating
phospho-Tyr-527 to p130Cas-Src complexes (Liang et al., 2005). It is
conceivable that EGFR also contributes to Src priming.

Mammary gland is an important model of mammalian branching
morphogenesis (Gray et al., 2010). Studies employing three-dimen-
sional Matrigel cultures of primary mammary epithelial cells indicate
that branching morphogenesis is driven by collective cell migration
without formation of leading actin-based membrane protrusions
(Ewald et al., 2008). FN appears to have only a moderate effect on
mammary gland branching morphogenesis, specifically retarding
mammary epithelial cell proliferation (Liu et al., 2010). However, FN
undergoes a threefold increase in expression between puberty and
sexual maturity and remains high during pregnancy and lactation
(Haslam and Woodward, 2003). Furthermore, FN has a critical role
in alveologenesis during pregnancy (Liu et al., 2010). Thus B3 integ-
rin—-EGFR may regulate formation of filopodia in certain differenti-
ated epithelial cells during postnatal mammary gland development
independent of EGFR ligand.

The B3 integrin~EGFR pathway may also have a critical role in
human breast cancer since FN is an important component of the
tumor microenvironment (Barkan et al., 2010). Mouse mammary
epithelial cells with elevated EGFR expression are associated with
formation of B3 integrin-EGFR-p120RasGAP complexes at the cell
surface, abundant filopodia, and a shift from epithelial toward mes-
enchymal cell shape downstream of FN binding. Previous studies
showed that elevated EGFR expression transforms these cells and
also sensitizes them to undergo TGF-B-induced EMT (Wendt et al.,
2010). Mouse mammary epithelial cells with elevated expression of
the mutant EGFR have reduced numbers of filopodia and lack an
elongated mesenchymal appearance. TGF-B induces B3 integrin ex-
pression (Galliher and Schiemann, 2006), suggesting that elevated
EGFR expression may have a major role in EMT-driven changes in
cell shape and motility. In addition, breast cancer has a predilection
to metastasize to bone matrix enriched for RGD-containing bone
sialoprotein (Sung et al., 1998; Suva et al., 2009). Filopodia regula-
tory proteins such as Arp2/3, fascin, and Ena/VASP are also associ-
ated with increased risk of transformation or metastasis in various
cancers when they are expressed at high levels, and many invasive
cancer cells have abundant filopodia (Hu et al., 2000; Di Modugno
et al., 2006; Vignjevic et al., 2006, 2007; Darnel et al., 2009). Triple-
negative breast cancers (TNBCs) have a particularly aggressive phe-
notype, and EGFR overexpression is associated with poor prognosis
in TNBC patients (de Ruijter et al., 2011). TNBC patients do not
generally respond to standard EGFR inhibition therapies, which may
even exacerbate the disease by selecting for EGFR resistance (Hudis
and Gianni, 2011). Further investigation of the B3 integrin~-EGFR
pathway will help to identify novel molecular targets that drive me-
tastasis in the tumor microenvironment. These future studies will
also provide a rationale for development of new therapies that over-
come problems associated with EGFR resistance in TNBC and pos-
sibly other cancers characterized by EGFR dysfunction.

MATERIALS AND METHODS

Antibodies and reagents

These antibodies were purchased from commercial sources: actin
and vinculin mouse monoclonal antibodies from Sigma-Aldrich (St.
Louis, MO); FITC-conjugated integrin 1 and B3 antibody and
matched FITC-conjugated isotype controls from EBioscience (San
Diego, CA); B1 integrin rabbit antibody from Chemicon (Billerica,
MA); B3 integrin, FAK, phosphotyrosine, and p130Cas mouse mono-
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clonal antibodies from BD Biosciences (San Jose, CA); mouse-spe-
cific EGFR goat and EGFR rabbit antibody from R&D Systems
(Minneapolis, MN) and Fitzgerald Industries (Concord, MA), respec-
tively; phospho-EGFR (Tyr-845, Tyr-992, Tyr-1068, Tyr-1173), phos-
pho-FAK (Tyr-397, Tyr-526/527), phospho-p130Cas (Tyr-165, Tyr-249,
Tyr-410), and Src rabbit antibodies from Cell Signaling Technology
(Beverly, MA); p120RasGAP and p190RhoGAP mouse monoclonal
antibodies from Millipore (Billerica, MA); p190RhoGAP rabbit anti-
body from Bethyl Laboratories (Montgomery, TX); and Rac1 and
RhoA rabbit antibodies from Cytoskeleton (Denver, CO). Human-
specific EGFRT mouse monoclonal antibody was produced using
the ascites method. All secondary antibodies were purchased from
Jackson ImmunoResearch (West Grove, PA). Rhodamine-conjugated
phalloidin, Alexa594-wheat germ agglutinin (WGA), and the nuclear
counterstain 4’,6-diamidino-2-phenylindole (DAPI) were purchased
from Molecular Probes (Eugene, OR). Receptor-grade EGF, selective
inhibitors for EGFR (N-(3-chlorophenyl)-6,7-dimethoxy-4-quinazoli-
namine, or AG1478) and Src (4-amino-5-(4-chlorophenyl)-7-(t-butyl)
pyrazolo-(3,4-d)pyrimidine, or PP2), extracellular matrix proteins,
and FITC-conjugated phalloidin were from Sigma-Aldrich, and EM-
grade paraformaldehyde from EM Science (Gibbstown, NJ).

Cell lines

NRé cells are an NIH-3T3 variant lacking endogenous mouse EGFR
(Pruss and Herschman, 1977). NMuMG cells are epithelial cells de-
rived from normal mouse mammary gland (David et al., 1981). NRé
cells expressing human WT-EGFR or receptors with 679-LL con-
verted to 679-AA (EGFR (679-AA)), and NMuMG cells with inactive
D119A B3 integrin, are described elsewhere (Kil and Carlin, 2000;
Galliher and Schiemann, 2006; Kostenko et al., 2006). Permanent
NMuMG cell lines expressing WT-EGFR or EGFR (679-AA) were pro-
duced using established protocols (Hobert et al., 1997; Wendt
et al., 2010). All cells were routinely maintained at 37°C in a humidi-
fied atmosphere of 5% CO, and 95% air in DMEM supplemented
with 10% fetal bovine serum (FBS) and 1% L-glutamine. Media for
NMuMG cell lines were additionally supplemented with 10 pg/ml
insulin. Cell lines expressing recombinant proteins were selected
and maintained in media supplemented with the appropriate antibi-
otic (G418 [MP Biomedicals, Solon, OH] or puromycin [Invitrogen,
Carlsbad, CA)).

Cell adhesion

Cells grown to ~80% confluence were serum starved in media sup-
plemented with 0.5% bovine serum albumin (BSA) and 1% L-glu-
tamine for 5 h and detached from tissue culture plastic with 0.25%
trypsin-EDTA. Trypsin was inactivated with a twofold volume of
serum-free media supplemented with soybean trypsin inhibitor
(0.5 mg/ml; Invitrogen). Cells were allowed to adhere to polysty-
rene dishes or glass coverslips coated with ECM proteins (10 ug/ml)
at a density of ~5 x 10* cells/mm surface area. Control cells were
kept in suspension in polystyrene dishes coated with RIA-grade BSA
(10 pg/ml).

Analysis of cell spreading

Cells were incubated with Alexa594-WGA and DAPI for 15 min and
then fixed with 3% paraformaldehyde-phosphate buffered saline
(PBS). Data for mononucleated cells were collected using an Eclipse
TE200 microscope (Nikon, Melville, NY) equipped with a digital
camera. ImageJ software (National Institutes of Health, Bethesda,
MD) was used to quantify the mean surface area per cell based on
WGA staining for 2500 cells in two independent experiments for
each cell line. Results are presented as mean surface area (in arbitrary
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units [AU])/cell + SEM as a function of time postadhesion. Surface
area adhesion rates (AU/min) were calculated by linear regression
analysis for data from the 5, 10, and 20 postadhesion time points.

Confocal and video microscopy

Cells were perforated with 0.5% p-escin in a solution of 80 mM
1,4-piperazinediethanesulfonic acid, pH 6.8, supplemented with
5 mM ethylene glycol tetraacetic acid (EGTA) and 1 mM MgCl, for
5 min and fixed with 3% paraformaldehyde-PBS for 15 min as de-
scribed previously (Crooks et al., 2000). Nonspecific binding was
blocked with 5% normal serum from the host animal used to gener-
ate the secondary antibody. Cells were stained overnight at 4°C or
1 h at room temperature with antibodies diluted in a solution con-
taining 0.5% B-escin and 3% RIA-grade BSA. Confocal images were
acquired with a Zeiss LSM 510 Meta laser scanning microscope (Carl
Zeiss Microlmaging, Jena, Germany) using diode (excitation
405 nm), Ar (excitation 488 nm), and HeNe (excitation 543 and
633 nm) lasers, 40x or 100x Plan Apo numerical aperture 1.4 objec-
tives, and Zeiss LSM software. For video microscopy, cells were
placed in a temperature-controlled chamber at 37°C in an atmo-
sphere of 5% CO,. Data were analyzed using a Leica 6000 B
inverted microscope equipped with a Retiga EXI 12 bit camera
(Qlmaging, Vancouver, Canada) and MetaMorph image analysis
software (Molecular Devices, Sunnyvale, CA).

Stress fiber alignment

Stress fiber alignment was carried out using a previously described
Sobel filter algorithm to analyze fixed cells stained with rhodamine-
conjugated phalloidin (Yoshigi et al., 2003). The Sobel filter algo-
rithm determines the orientation of the pixel intensity gradient in a
3 x 3 pixel area. Images of individual cells were subdivided into
20 x 20 pixel grids, and grids lacking pixels with phalloidin signals
were eliminated from the analysis. The average angle of pixel inten-
sity gradient for each grid (i.e., the angle of stress fibers passing the
grid) was computed, and the histograms of angle distribution were
generated. The kurtosis (i.e., peakedness) of the angle histogram
was also determined and defined as “alignment index.” Data are
presented as mean alignment index + SEM, n = 100 cells.

Cell morphometry measurements

Quantification of both filopodia and lamellipodia was done using
fixed cells stained with rhodamine-conjugated phalloidin. Filopodia
were counted using MetaMorph software. Briefly, individual cells
were filtered by determining the threshold values for average pixel
intensity. The number of filopodia per cell was determined by count-
ing only filopodia with above-average fluorescent intensity follow-
ing thresholding that crossed the cell edge and were longer than
2 pm. Lamellipodia were quantified using a custom program in the
MetaMorph software package that traces and measures the whole-
cell perimeter and cell perimeter with adjacent lamellipodial net-
work. The fraction of cell perimeter occupied by lamellipodial net-
work was used as a parameter for quantification. Data are presented
as mean number of filopodia/cell, or percentage lamellipodia/cell, =
SEM, n = 60 cells from three independent experiments. The form
factor, or 4An/P?, where A'is the cell area and P is the perimeter, was
calculated using the Image Morphometry Analysis feature in Meta-
Morph software on thresholded cell images.

Cell lysis

Cells were washed three times with PBS supplemented with 5 mM
EDTA, 5 mM EGTA, and a phosphatase inhibitor cocktail (10 mM
NaF, 10 mM NagP,07, and 1 mM Na3VOy). Cells were lysed with 1%
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NP-40 in a solution of 50 mM Tris-HCI, pH 8.5, supplemented with
150 mM NaCl, the phosphatase inhibitor cocktail, and a cocktail of
protease inhibitors (100 pM phenylmethylsulfonyl fluoride, 10 pg/ml
aprotinin, 10 pg/ml leupeptin, 4 pg/ml pepstatin). Cell lysates were
clarified by high-speed centrifugation, and protein concentrations
were determined by Bradford assay (Bio-Rad, Hercules, CA).

Metabolic labeling

Cells were preincubated in methionine- and cysteine-free medium
for 1 h. Amino acid-starved cells were pulse labeled with 3S-
Express Protein Labeling Mix (2.5 mCi/ml; PerkinElmer Life Sciences,
Boston, MA) diluted in amino acid-deficient medium supplemented
with 10% dialyzed FBS and 0.2% BSA for 1 h. The radiolabeled cells
were then incubated in chase medium supplemented with a 10-fold
excess of nonradioactive methionine and cysteine for 3 h.

Immunoprecipitation and immunoblotting

Conventional immunoprecipitations were carried out by incubating
cell lysates with antibodies to specific proteins for 1 h followed by
protein A-Sepharose beads (Sigma-Aldrich) for an additional 1 h at
4°C. Surface immunoprecipitations were carried out as described
previously (He et al., 2002). Briefly, newly adherent cells were washed
with DMEM supplemented with 1% BSA and then incubated with
EGFR1 antibody that recognizes an extracellular human EGFR
epitope, or an isotype-matched antibody to IL2Ra, diluted in the
PBS-BSA solution (10 pl/ml) on ice for 1 h. Cells were washed four
times with PBS-BSA, and cell lysates were incubated with protein A
beads for 1 h at 4°C to collect immune complexes formed at the cell
surface. Immune complexes eluted with sample buffer or equal ali-
quots of total cellular protein were resolved by SDS-PAGE and
transferred to nitrocellulose membranes using standard methods.
Blots were blocked in TBS-T (10 mM Tris, 150 mM NaCl, and 0.1%
Tween-20) supplemented with 5% nonfat dry milk or 5% BSA.
Membranes were incubated with primary antibodies overnight at
4°C, followed by horseradish peroxidase (HRP)-conjugated second-
ary antibodies for 1 h at room temperature for detection by en-
hanced chemiluminescence (ECL). ECL signals were quantified us-
ing an ImageQuant LAS 4000 digital imaging system and
ImageQuant TL software (GE Healthcare, Piscataway, NJ).

Flow cytometry

Cells were trypsinized and either analyzed immediately (EGFR) or
following a 3-h incubation in bacterial dishes (31 and B3 integrins).
Cells were stained with primary or secondary antibodies diluted in
PBS supplemented with 1% BSA for 30 min on ice, fixed with
2% paraformaldehyde, and analyzed on an iCyte Reflection Flow
Cytometer (Champaign, IL).

Rho family GTPase activation assays

GTPase activity was measured using Activation Assay Kits BKO36
(Cdc42 and Rac) and BKO35 (Rho) from Cytoskeleton according to
the manufacturer’s instructions. Briefly, cell extracts were prepared
with ice-cold cell lysis buffer and immediately snap frozen in liquid
nitrogen and stored at —80°C to minimize GTP hydrolysis. An ali-
quot was set aside for protein concentration determination using
the Precision Red Advanced Protein Assay Reagent supplied with
the kit. Equal protein aliquots were added to individual wells in an
eight-well strip coated with an appropriate RBD, and plates were
incubated on an orbital shaker at 4°C for 30 min. Strips were washed
and incubated with Rho GTPase-specific primary antibodies, fol-
lowed by HRP-conjugated secondary antibodies and then an HRP
detection reagent supplied with the kit. Absorbance was measured
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at 490 nm using a microplate spectrophotometer (SpectraMax 340
Microplate Reader; Molecular Devices). Samples from at least two
independent experiments were assayed in triplicate. Data are pre-
sented as percentage change relative to cells in suspension + SEM
as a function of time postadhesion. Pulldown assays for active RhoA
were carried out with a glutathione S-transferase (GST) fusion pro-
tein containing the RBD of Rhotekin (gift of Danny Manor, Case
Western Reserve University, Cleveland, OH) using established meth-
ods (Ren et al., 1999). Briefly, cells were lysed in a solution of 1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCI
(pH 7.2), 500 mM NaCl, and 10 mM MgCl, supplemented with pro-
tease inhibitors. Clarified lysates were incubated with 10 pg GST-
RBD immobilized on glutathione-agarose beads for 90 min at 4°C.
Bound proteins were eluted in sample buffer, and RhoA was de-
tected by immunoblotting.

Statistical analyses
Statistical analyses were performed using the Student’s t test. A p
value of <0.001 was considered statistically significant.

Image preparation
Digital images were prepared using Photoshop CS4 and lllustrator
CS4 software packages (Adobe, San Jose, CA).
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