Distinct roles for paxillin and Hic-5 in regulating

breast cancer cell morphology, invasion, and
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ABSTRACT Individual metastatic tumor cells exhibit two interconvertible modes of cell mo-
tility during tissue invasion that are classified as either mesenchymal or amoeboid. The mo-
lecular mechanisms by which invasive breast cancer cells regulate this migratory plasticity
have yet to be fully elucidated. Herein we show that the focal adhesion adaptor protein,
paxillin, and the closely related Hic-5 have distinct and unique roles in the regulation of
breast cancer cell lung metastasis by modulating cell morphology and cell invasion through
three-dimensional extracellular matrices (3D ECMs). Cells depleted of paxillin by RNA inter-
ference displayed a highly elongated mesenchymal morphology, whereas Hic-5 knockdown
induced an amoeboid phenotype with both cell populations exhibiting reduced plasticity,
migration persistence, and velocity through 3D ECM environments. In evaluating associated
signaling pathways, we determined that Rac1 activity was increased in cells devoid of paxillin
whereas Hic-5 silencing resulted in elevated RhoA activity and associated Rho kinase-induced
nonmuscle myosin Il activity. Hic-5 was essential for adhesion formation in 3D ECMs, and anal-
ysis of adhesion dynamics and lifetime identified paxillin as a key regulator of 3D adhesion
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assembly, stabilization, and disassembly.

INTRODUCTION

Malignant cancer cells are able to invade through the tissue extracel-
lular matrix (ECM) microenvironment either as collective multicellular
sheets or as individual cells, thereby contributing to lymphatic and
hematogenous infiltration, respectively (Fried! et al., 1995; Sahai and
Marshall, 2003; Wolf et al., 2003, 2007; Carragher et al., 2006;
Wyckoff et al., 2006; Gadea et al., 2008; Sanz-Moreno et al., 2008;
Friedl and Wolf, 2009; Giampieri et al., 2009; Parri et al., 2009). In
addition, the individual cells can use two distinct and interchangeable
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modes of motility referred to as mesenchymal and amoeboid migra-
tion (Wolf et al., 2003). The spontaneous interconversion between
the two phenotypes, known as plasticity, is considered to be one of
the primary reasons for cancer cell evasion of current invasion-
targeted therapeutics, which are designed to prevent mesenchymal
invasion mechanisms (Zucker et al., 2000; Coussens et al., 2002;
Overall and Lopez-Otin, 2002; Friedl and Wolf, 2003).

The mesenchymal mode of cancer cell migration is characterized
by an elongated cell morphology requiring extracellular proteolysis
and dynamic integrin-mediated interactions with the three-
dimensional (3D) ECM. In contrast, amoeboid motility is indepen-
dent of protease activity and is associated with a rounded or ellip-
soid morphology (Wolf et al., 2003). Cells exhibiting amoeboid
migration squeeze through pre-existing gaps in the heterogeneous
ECM milieu using actin-rich membrane blebs or filopodia-like pro-
jections and display highly transient, weak interactions with the sur-
rounding matrix proteins (Sahai and Marshall, 2003; Wolf et al.,
2003; Yoshida and Soldati, 2006; Sanz-Moreno et al., 2008).

The Rho GTPase family (in particular, Rac1, RhoA, and Cdc42)
consists of well-established regulators of two-dimensional (2D)
cell migration, coordinating adhesion dynamics and cytoskeleton
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remodeling (Nobes and Hall, 1999; Bristow et al., 2009). More re-
cently, they have been identified as critical determinants of cancer
cell migration through 3D ECM environments. In this context, ele-
vated Rac1 activity promotes the elongated mesenchymal morphol-
ogy and motility (Sanz-Moreno et al., 2008), whereas elevated RhoA
activity drives the amoeboid mode of invasion by stimulating mem-
brane blebbing through Rho kinase (ROCK) and nonmuscle myosin
Il activity and thereby actomyosin contractility (Sahai and Marshall,
2003, 2008; Wyckoff et al., 2006; Sahai et al., 2007). Cdc42 appears
to regulate both amoeboid and mesenchymal invasion strategies in
melanoma cells (Gadea et al., 2008), but the mechanisms by which
the activity of Rho family GTPases are coordinated and counterbal-
anced, particularly during 3D migration, are poorly understood.

Paxillin and the closely related family member Hic-5, localize to
the cytoplasmic face of integrin-mediated adhesion sites where they
function as molecular scaffolds for the coordination of Rho GTPase
signaling during cell migration on planar 2D surfaces (Brown and
Turner, 2004; Tumbarello and Turner, 2007; Deakin and Turner,
2008). The two proteins have a similar overall domain structure, in-
cluding amino-terminal LD motifs and carboxyl-terminal LIM do-
mains and consequently associate with many of the same binding
partners, such as focal adhesion kinase (FAK), GIT1/2, ILK, and
parvin (reviewed in Brown and Turner, 2004), suggesting overlap-
ping or redundant functions. Differences in binding affinities for sev-
eral of these interacting proteins, as well as unique phosphorylation
profiles created in response to 2D ECM adhesion and growth factor
stimulation that generate specific binding sites for additional pro-
teins (Nishiya et al., 2002; Brown and Turner, 2004; Rathore et al.,
2007), however, are indicators of distinct signaling functions. Indeed,
the embryonic lethality of the paxillin knockout mouse, despite the
presence of Hic-5 (Hagel et al., 2002), combined with examples of
differential expression (e.g., during epithelial-to-mesenchymal tran-
sition [EMT] in which Hic-5 is upregulated) (Tumbarello et al., 2005;
Tumbarello and Turner, 2007), point to a more complex interrela-
tionship between the two proteins (Nishiya et al., 2001; Brown and
Turner, 2004). Furthermore, Hic-5 can interact with Smad proteins
(Wang et al., 2005; Inui et al., 2010) and has a well-established role
as a nuclear receptor coactivator downstream of the glucocorticoid
and androgen receptors in breast and prostate cancers (reviewed in
Heitzer and DeFranco, 2006), highlighting potential tissue-specific
and disease-specific functions for the two proteins. Importantly, to
our knowledge the respective roles of paxillin and Hic-5 in the regu-
lation of cell phenotype and migration in 3D environments have not
been described.

Herein we have identified unique functions for paxillin and Hic-5
in regulating cell morphology and 3D migration mechanisms associ-
ated with breast cancer cell invasion, plasticity, and metastasis. Us-
ing a combination of in vitro and in vivo systems, we show that
paxillin and Hic-5 impact these processes through differential mod-
ulation of Rac1, RhoA, FAK, and nonmuscle myosin Il activity. More-
over, we demonstrate that a balance of paxillin and Hic-5 signaling
is necessary for coordinating cancer cell morphology and invasion
mechanisms. We further show that paxillin and Hic-5 are both re-
quired for persistent migration in 3D ECM and for the first time have
evaluated individual adhesion dynamics in 3D microenvironments,
identifying a role for paxillin in regulating mesenchymal cell adhe-
sion contact assembly, stabilization, and disassembly. Furthermore,
we provide evidence that Hic-5 expression is required for integrin-
mediated adhesion formation in 3D matrices. These data provide
evidence for distinct and unique roles for paxillin and Hic-5 in 3D
migration strategies and in coordinating breast cancer invasion and
metastasis.
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RESULTS

Paxillin and Hic-5 are required for MDA-MB-231 cancer

cell invasion

Paxillin and Hic-5 have been identified as key mediators of both
normal cell and cancer cell migration when analyzed in vitro on 2D
ECM-coated surfaces (Petit et al., 2000; West et al., 2001; lwasaki
etal., 2002; Brown and Turner, 2004; Azuma et al., 2005; Avraamides
et al., 2007; Tumbarello and Turner, 2007; Deakin and Turner, 2008;
Yu et al., 2009). However, their potential functions in coordinating
tumor cell migration and invasion through more in vivo relevant 3D
microenvironments have yet to be evaluated. To assess the roles of
paxillin and Hic-5 in breast cancer invasion we used RNA interfer-
ence (RNAi)-mediated knockdown in the highly invasive and meta-
static MDA-MB-231 breast cancer cell line. Using two independent
siRNAs for each protein, paxillin expression was decreased by
98.5% + 0.97 (paxillin-1) and 96.4% + 0.74 (paxillin-2) relative to
control small interfering RNA (siRNA)-treated cells, whereas Hic-5
protein expression was decreased by 99.3% * 0.42 (Hic-5-1) and
99.4% =+ 0.38 (Hic-5-2) (Figure 1, A and B). Importantly, no signifi-
cant effect on the expression of Hic-5 was observed in cells treated
with paxillin siRNA or vice versa (Figure 1, A and B). Using collagen
and fibronectin (FN)-rich plugs as an in vitro model for cancer cell 3D
ECM invasive migration (Hennigan et al., 1994; Caswell et al., 2007)
both paxillin and Hic-5 RNAi cells showed a significant reduction in
the invasive capacity of the MDA-MB-231 cells (Figure 1, C and D,
and Supplemental Figure 1).

To begin to evaluate the cause of the observed defects in inva-
sion in paxillin and Hic-5-depleted cells we performed real-time
migration analysis using the 3D cell-derived matrix (CDM) model
system (Cukierman et al., 2001; Cukierman, 2004; Castello-Cros and
Cukierman, 2009). CDMs are composed of highly organized parallel
collagen and FN fibers (Figure 2A) reminiscent of the in vivo matrix
organization observed at the tumor—stroma interface (Provenzano
et al., 2006, 2009). Control RNAi-treated cells exhibited strikingly
linear migration tracks (Figure 2B and Supplemental Figure 2A) and
thus a high degree of directional persistence (see Materials and
Methods for details) (Figure 2, B and C, and Supplemental Movie 1).
In contrast, paxillin RNAIi cells exhibited markedly reduced persis-
tent migration (Figure 2, B and C, and Supplemental Figure 2A) as
well as decreased overall velocity (Figure 2D and Supplemental
Movie 2). Hic-5 suppression also resulted in a significant decrease in
persistence (Figure 2, B and C, and Supplemental Figure 2A) and
migration velocity (Figure 2D and Supplemental Movie 3) relative to
control siRNA-treated cells.

Persistent migration has been shown previously to require the
coordination of protrusive activity at the cell’s leading edge (front)
combined with cell rear retraction to enable efficient, polarized lo-
comotion (Ridley et al., 2003; Broussard et al., 2008). Kymograph
analysis revealed that cells treated with control siRNA exhibited a
high degree of correlation between front protrusion and rear retrac-
tion (Figure 2E; top panels), consistent with their ability to exhibit
persistent migration. Conversely, paxillin RNAi cells demonstrated a
distinct uncoupling of front protrusion and rear retraction as indi-
cated by quantification of front-rear correlation (Figure 2E; bottom
panels). In contrast, Hic-5-depleted cells exhibited a decrease in the
kymograph slope, consistent with their reduced velocity but re-
vealed no significant defect in front-rear correlation (Supplemental
Figure 2B).

The restricted spatiotemporal regulation of the small GTPase
Rac1 has been shown to be essential for persistent cell migration
through 3D ECM as well as in coordinating cell protrusion (Pankov
et al., 2005; Machacek et al., 2009; Petrie et al., 2009). Therefore,
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Paxillin and Hic-5 mediate breast cancer cell invasion through 3D ECM.
(A) Representative Western blot of total cell lysates from MDA-MB-231 cells treated with siRNA
as stated for 72 h. (B) Quantitation of paxillin and Hic-5 relative protein expression after siRNA-
mediated knockdown. Data represent the relative mean + SEM of a minimum of three individual
knockdowns. Densitometric quantification of band intensity was measured using ImageJ and was
normalized relative to the band intensity of the a-actinin loading control. (C) Invasive migration of
MDA-MB-231 cells treated with siRNA (as indicated) migrating through 3D collagen with FN at
25 pg/ml was determined by using an inverted invasion assay. Cells were stained with Calcein
acetoxymethyl ester (AM) and visualized by laser scanning confocal microscopy. Optical sections
were taken at 10-um intervals. (D) Cell invasion was quantified using ImageJ by measuring the
number of cells, as indicated by Calcein AM staining, in each optical section. The total number of
cells invading >30 pm into the collagen and FN were quantified relative to the total number of
cells counted. Data represent mean £ SEM from a minimum of eight individual experiments. A
Student'’s t test was used for statistical analysis *** p < 0.0005. Scale bar = 150 pm.

cell invasion and that paxillin coordinates
persistent 3D ECM migration, potentially
through spatially restricting Rac1 activity.

Paxillin and Hic-5 exert differential
effects on cancer cell morphology and
plasticity during 3D ECM invasion
Many cancer cells can exhibit two different
modes of invasion, referred to as mesenchy-
mal and amoeboid migration (Friedl et al.,
1995; Sahai and Marshall, 2003; Fried| and
Wolf, 2009). Furthermore, individual cells
can also exhibit phenotypic plasticity, fre-
quently switching between the two mor-
phologies (Wolf et al., 2003). Examination
of the collagen/FN plugs and time-lapse
movies of control siRNA versus paxillin or
Hic-5 RNAi-treated MDA-MB-231 cells re-
vealed significant differences in their cell
morphology profiles.

To quantify the observed morphologies,
a nonsubjective Morphology Index was
calculated relative to control cells, incorpo-
rating a ratiometric analysis of Feret's dia-
meter or caliper length of each individual
cell versus its circularity. Amoeboid cells ex-
hibit a small diameter and high degree of
circularity (low Morphology Index), whereas
mesenchymal cells display a high diameter
and low circularity (high Morphology Index)
(Figure 3A). Control siRNA-treated MDA-
MB-231 cells displayed a mixed population
of both amoeboid and mesenchymal mor-
phologies, consistent with previous studies
(Wolf et al., 2003) and so had an intermedi-
ate Morphology Index score (Figure 3B). In
striking contrast, cells devoid of paxillin in-
vading through the 3D ECM exhibited a sig-
nificant increase in Morphology Index (Fig-
ure 3B), highlighting the predominantly
elongated, mesenchymal morphology, simi-
lar to that observed previously in paxillin-
depleted A375 melanoma cells (Pinner and
Sahai, 2008). Conversely, Hic-5 siRNA-
treated cells exhibited a significantly de-
creased Morphology Index (Figure 3B), in-
dicative of their amoeboid phenotype.
Immunofluorescence analyses using paxillin
and Hic-5-specific monoclonal antibodies
confirmed efficient protein knockdown in
cells displaying the elongated mesenchy-
mal and amoeboid phenotypes, respec-
tively (Supplemental Figure 3). The distinct
morphologic differences seen on siRNA
knockdown of paxillin or Hic-5 appear to be

following knockdown of paxillin and Hic-5, the activity of Rac1 was
assessed in cells migrating through the 3D CDMs. A threefold in-
crease in Rac1 activity was observed in cells devoid of paxillin (Fig-
ure 2, F and G), whereas a small, reproducible, but not statistically
significant decrease in active Rac1 was observed in cells treated with
Hic-5 siRNA (Figure 2, F and G). These data suggest that both paxil-
lin and Hic-5 are necessary for efficient MDA-MB-231 breast cancer
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independent of the microenvironment organization as similar phe-
notypes were observed during cell invasion through the highly dis-
organized 3D collagen and FN ECM of the inverted plug assay as
well as the tumor-stroma interface-like 3D CDM (Figure 3C). The 3D
nature of cells spread in 3D CDMs was confirmed using confocal
analyses, which revealed FN-rich ECM fibers surrounding the major-
ity (approximately 70-80%) of the cells imaged (unpublished data).
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FIGURE 2: Paxillin and Hic-5 regulate persistent migration in 3D microenvironments.

(A) Immunofluorescence images of collagen | and FN organization in 3D CDMs. (B) Phase
contrast images of siRNA-treated MDA-MB-231 cells migrating through a 3D CDM with
superimposed migration tracks derived from cell centroid tracking (left panels). Ten
representative migration tracks from a minimum of three individual experiments of siRNA-
treated cell locomotion in 3D CDMs (right panels). Quantitation of migration (C) persistence and
(D) velocity. Data represent mean + SEM of a minimum of 30 cells from three individual
experiments. Both persistence and velocity were quantified using ImageJ manual tracking
software. Statistical analyses were performed using a Kruskal-Wallis test followed by Dunn's
post hoc test. *** p <0.001. (E) Kymograph analysis of control (top panels) and paxillin (bottom
panels) siRNA-treated cells migrating through 3D CDMs. Cells were visualized using a Leica
deconvolution microscope and images were taken for 16 h at 10-min intervals. Kymograph
indicates correlation between cell front protrusion and rear retraction during 3D migration. Line
graphs (right panels) indicate front—rear correlation quantification of a minimum of six cells from
three individual experiments. (F) Western blot analysis of Rac1 activity as assessed by a PAK3
CRIB pulldown assay. MDA-MB-231 cells were treated with siRNA for 56 h then allowed to
migrate through 3D CDMs for 16 h in the presence of serum. (G) Quantification of active Rac1
band intensity relative to total Rac1. Data represent mean + SEM of three individual
experiments. A Student’s t test was performed to assess statistical significance. * p < 0.05.

phenotypic switching during the 16-h time
course of invasion, RNAI of either paxillin
or Hic-5 significantly reduced the ability of
the cells to exhibit migrational plasticity,
with cells remaining highly mesenchymal
or amoeboid, respectively (Figure 3, D
and E).

These data suggested that the balance
of paxillin and Hic-5 levels may be critical
for determining cell morphology in 3D mi-
croenvironments. We therefore reasoned
that overexpression of paxillin or Hic-5 may
produce the converse phenotypes. Accord-
ingly, green fluorescent protein (GFP)-
paxillin or GFP-Hic-5 was expressed in pa-
rental MDA-MB-231 cells (Figure 4A). As
anticipated, the paxillin-expressing cells
exhibited an adhesion-independent, amoe-
boid phenotype when spread in 3D CDMs,
whereas GFP-Hic-5-expressing cells dis-
played a highly elongated mesenchymal
morphology with GFP-Hic-5 displaying 3D
adhesion contact localization (Figure 4, C
and D). Furthermore, expression of either
paxillin or Hic-5 significantly reduced the
cells’ ability to exhibit plasticity during 16 h
of 3D CDM migration relative to both un-
transfected and GFP-expressing cells (Fig-
ure 4B). Importantly, despite the lack of
GFP-paxillin localization to adhesions in
cells in 3D CDMs, both GFP-tagged pro-
teins were able to localize to adhesion con-
tacts when cells were spread on a 2D FN
matrix (Figure 4C). Taken together, these
data identify paxillin and Hic-5 as critical
controllers of breast cancer cell amoeboid
and mesenchymal invasion strategies and
indicate the necessity for their functional
balance to enable efficient plasticity-
associated morphology transitions.

Hic-5 is necessary for robust adhesion

formation during invasion in 3D ECM

The mesenchymal mode of cancer cell in-
vasion is adhesion-dependent, whereas the
amoeboid phenotype is characterized by a
distinct lack of robust integrin-mediated
adhesions, with motility being driven by
the formation of cortical membrane blebs
that permit the cell to squeeze between
the matrix constituents (Sahai and
Marshall, 2003; Pinner and Sahai, 2008).
As with control cells that were exhibiting
the mesenchymal morphology, the mesen-
chymal paxillin-depleted cells displayed
robust vinculin-positive 3D adhesions
(Figure 5A). In contrast, vinculin displayed
a primarily cytoplasmic distribution in the
amoeboid Hic-5 RNAI cells when plated in
3D ECM (Figure 5A, right panels). Impor-

In addition to the dramatic effect on overall cell morphology,  tantly, both paxillin RNAi- and Hic-5 siRNA-treated cells formed
analysis of real-time cell invasion through 3D CDMs revealed  robust vinculin-rich adhesion contacts upon cell spreading on
that, whereas approximately 70% of control siRNA cells exhibited ~ 2D FN (Figure 5B) or collagen (Supplemental Figure 4). Strong
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experiments. (E) Representative mask images of cell morphology transitions during MDA-
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** p <0.001, and *** p < 0.0001. A Student’s t test was used for statistical analysis of plasticity

data, ** p < 0.005 and *** p < 0.0005.

phospho-paxillin staining was also observed in all Hic-5 RNAi cells
plated on a 2D matrix that were negative for Hic-5 antibody
staining, indicating that these cells retain the capacity for adhe-
sion-dependent integrin signaling (Figure 5B and Supplemental
Figure 4). These data confirm that the amoeboid phenotype
observed in cells lacking Hic-5 is not due to an inherent defect
in their ability to form adhesion contacts but rather highlight sig-
nificant differences in paxillin and Hic-5 function in 2D and 3D
microenvironments.
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Hic-5 regulates morphology and
invasion through RhoA signaling

In contrast to the Rac1-mediated mesenchy-
mal phenotype, amoeboid cell motility in
3D matrices is driven primarily by the activ-
ity of RhoA and its downstream effector
ROCK (Sahai and Marshall, 2003; Yoshida
and Soldati, 2006; Lammermann et al.,
2008; Sanz-Moreno et al., 2008). Therefore,
we hypothesized that the activity of RhoA
and its effectors may be altered in the amoe-
boid Hic-5-deficient cells (Figure 3, B and
C). Biochemical analysis of global RhoA ac-
tivity in Hic-5 RNAI cells confirmed that it
was significantly elevated relative to control
siRNA-treated cells. A reproducible, but of
low statistical significance, decrease in RhoA
activity was observed in cells devoid of pax-
illin expression relative to controls (Figure 6,
A and B).

Elevated nonmuscle myosin Il light
chain phosphorylation (pMLC) has also
been observed in amoeboid cell popula-
tions (Wyckoff et al., 2006; Gadea et al.,
2008; Sanz-Moreno et al., 2008) as a result
of ROCK activation (Riento and Ridley,
2003) and is associated with increased con-
tractility of the cortical actomyosin cytoskel-
eton (Chrzanowska-Wodnicka and Burridge,
1996). In accordance with the elevated
RhoA activity, pMLC was also increased in
cells devoid of Hic-5 (Figure 6, C and D). In
contrast, pMLC was significantly decreased
in cells treated with paxillin RNAi relative to
control (Figure 6, C and D). Immunofluores-
cence localization of pMLC revealed enrich-
ment in actin-rich blebs at the cell periph-
ery in Hic-5 siRNA-treated cells (Figure 6E,
bottom panels). Consistent with Western
blot analysis (Figure 6, C and D), pMLC
staining was decreased in cells devoid
of paxillin expression (Figure 6E, middle
panels, arrowheads).

Inhibition of Rho signaling via ROCK
through treatment of the Hic-5 knock-
down cells with the ROCK inhibitor
Y-27632 rescued their ability to invade
through the ECM to levels comparable
with Y-27632-treated control siRNA cells
(Figure 7, A and B). Importantly, inhibition
of ROCK activity also converted the Hic-5
RNAI cells to a more mesenchymal phe-
notype (Figure 7C), as previously ob-
served following ROCK inhibition in other amoeboid cancer cell
lines (Sahai and Marshall, 2003; Carragher et al., 2006; Wyckoff
et al., 2006; Sahai et al., 2007; Gadea et al., 2008; Sanz-Moreno
et al., 2008). In contrast, inhibition of ROCK activity in paxillin
siRNA-treated cells did not enhance their invasive capacity
(Figure 7, A and B). Treatment of control RNAI cells with Y-27632
induced a shift toward the mesenchymal phenotype with cells
exhibiting a significant increase in Morphology Index, relative to
control cells in the presence of vehicle. These data suggest that
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through 3D CDMs. Data represent mean £ SEM of a minimum of 20 cells from a minimum of
four individual experiments. Statistical analyses of Morphology Index data was performed using
a Kruskal-Wallis test followed by Dunn’s post hoc test, ** p <0.001 and *** p < 0.0001.

the hyperamoeboid phenotype and decreased motility observed
in breast cancer cells lacking Hic-5 are due to the dysregulated
activity of RhoA and myosin-based contractility.

Paxillin coordinates 3D adhesion dynamics to regulate
mesenchymal invasion

The spatiotemporal coordination of adhesion formation, matura-
tion, and subsequent dissolution is required for efficient, persistent
migration (Broussard et al., 2008). Similarly, the mesenchymal mode
of migration through 3D environments requires robust, yet dynamic
integrin-mediated cell-ECM interactions (Wolf et al., 2003). Impor-
tantly, the dynamics of cel-ECM adhesions during 3D mesenchymal
migration and indeed the role of any adhesion regulatory protein,
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Paxillin

Transfected cDNA

including paxillin, in coordinating these
events has not been determined.

Paxillin has been reported to participate
in the control of adhesion dynamics during
migration on 2D ECM-coated surfaces

3 (Webb et al., 2004). Therefore, we hypothe-
sized that persistent 3D migration in
paxillin-depleted cells may be inhibited due
to altered adhesion dynamics. Paxillin RNAi-
depleted MDA-MB-231 cells were subse-
quently transduced with a GFP-talin encod-
ing baculovirus to enable visualization and
analysis of adhesion dynamics during migra-
tion in 3D CDMs, which included evaluation
of adhesion lifetime as well as determina-
tion of assembly and disassembly rate
constants. Mesenchymal control RNAJ cells
(as defined by the presence of talin-rich ad-
hesion contacts) demonstrated coordinated
adhesion assembly and disassembly result-
ing in persistent cell locomotion (Figure 8A
and Supplemental Movie 4). Interestingly,
s the adhesions in control cells were highly
polarized toward the front and sides (with
few adhesions toward the cell rear) and ex-
hibited a range of lifetimes (Figure 8B). In
contrast, paxillin RNAi cells produced an
increase in the number of highly dynamic,
peripheral, short-lived adhesions (<10 min)
(Figure 8A, blue arrows, and Supplemental
Movie 5) as well as a significant increase in
elongated, stable adhesions located more
centrally than the dynamic polar protrusions,
which persisted for extended time periods
(>60 min) (Figure 8A, red arrows, and Sup-
plemental Movie 5). Quantification of adhe-
sion lifetimes confirmed that paxillin RNAi
treatment induced a significant increase in
the percentage of adhesions persisting for
<10 and >60 min as compared to control
siRNA-treated cells (Figure 8B). In addition,
paxillin knockdown resulted in highly signifi-
cant decreases in both 3D adhesion assem-
bly (Figure 8C) and disassembly (Figure 8D)
rates. These data suggest that paxillin plays
multiple roles in the regulation of adhesions
required for persistent 3D invasion: the sta-
bilization and/or maturation of nascent ad-
hesions at the cell periphery and, once
formed, the disassembly of more stable central adhesion contacts.
Furthermore, these data also suggest potentially different functions
for paxillin in 2D and 3D adhesion contact dynamics, as no decrease
in assembly rate or change in adhesion populations were observed
in cells devoid of paxillin migrating on 2D ECM (Webb et al., 2004).
We were unable to perform a similar analysis of adhesion dynamics
in Hic-5—-depleted MDA-MB-231 cells due to the absence of robust
integrin-mediated GFP-talin—positive adhesions in amoeboid cells
(unpublished data).

Previous reports have indicated that paxillin controls 2D
adhesion dynamics in part through regulating the localized re-
cruitment and activity of FAK (Webb et al., 2004; Zaidel-Bar et al.,
2007). In our 3D CDM system, the activity of FAK, as assessed by
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Hic-5 silencing promotes the adhesion-independent
amoeboid phenotype in 3D ECM but does not prevent adhesion
contact formation on 2D ECM. Immunofluorescence images of
MDA-MB-231 cells treated with siRNA as stated for 69 h and then
allowed to migrate (A) in 3D CDM or (B) on 2D FN-coated coverslips
for 3 h. Cells were fixed and stained as indicated. All cells analyzed in
four individual experiments, which were devoid of Hic-5 as assessed
using the Hic-5-specific antibody, displayed the bleb-rich, adhesion-
independent amoeboid phenotype in 3D ECM and robust adhesions
on 2D FN.

Y397 phosphorylation, was decreased in cells lacking paxillin as
compared to control MDA-MB-231 cells (Figure 8, E and F). Hic-5
RNAi-treated cells also exhibited a significant decrease in FAK
phosphorylation (Figure 8, E and F), presumably due to the de-
crease in integrin signaling associated with the amoeboid phe-
notype. Interestingly, treatment of parental MDA-MB-231 cells
with the selective FAK inhibitor PF 573228 (Slack-Davis et al.,
2007; Jones et al., 2009) prevented 3D ECM invasion (Figure 8G)
and converted parental cells to a highly elongated mesenchymal
phenotype (Figure 8H) analogous to that observed following
knockdown of paxillin (Figure 3, B and C). Although correlative,
given the well-characterized physical and functional association
between paxillin and FAK (Bellis et al., 1995; Tachibana et al.,
1995; Bertolucci et al., 2005, 2008; Shan et al., 2009; Yu et al.,
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Silencing Hic-5 promotes an amoeboid morphology
through elevation of RhoA and nonmuscle myosin Il activity.
(A) Representative Western blot analysis of RhoA activity in cells
migrating through 3D ECM as assessed by GST-RBD (Rhotekin RhoA
binding domain) pulldown assay. (B) Quantification of RhoA activity in
cells treated with siRNA as indicated. Data represent mean + SEM of
three individual experiments. (C) Western blot analysis and (D)
quantification of pMLC upon RNAi knockdown of paxillin or Hic-5
relative to control siRNA. (E) Immunofluorescence analysis of F-actin
(red), vinculin (blue), and pMLC (green) localization in MDA-MB-231
cells treated with siRNA spread in 3D ECM for 16 h. A Student's t test
was used for statistical analyses, * p <0.05 and ** p < 0.005.

Control

2009; Zouq et al., 2009), these data suggest that paxillin may
regulate persistent 3D invasion and cell morphology in
part through modulating FAK activation-dependent adhesion
turnover.

Paxillin and Hic-5 mediate breast cancer cell lung metastasis
Paxillin and Hic-5 have both been linked to malignant progression in
a variety of invasive and/or metastatic cancers, including breast and
prostate tumors (Rodina et al., 1999; Fujimoto et al., 2001; Mestayer
et al., 2003; Miyoshi et al., 2003; Nagata et al., 2003; Zhao et al.,
2004, Azuma et al., 2005; Farmer et al., 2005; Radvanyi et al., 2005;
Cui et al., 2006; Richardson et al., 2006; Turashvili et al., 2007;
Kanteti et al., 2009; Shi et al., 2010; Yang et al., 2010). Thus, having
shown distinct roles for both paxillin and Hic-5 in the regulation of
invasion in 3D in vitro systems, and given the importance of ECM
invasion in cancer metastasis and concomitant patient survival, we
examined the metastatic potential in vivo of cells depleted of paxil-
lin or Hic-5.
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Inhibition of ROCK activity rescues invasion of Hic-5
RNAi-treated cells. (A) Invasive migration of MDA-MB-231 cells
treated with siRNA in the presence of 10 uM Y-27632 (ROCK inhibitor)
migrating through 3D collagen with FN at 25 pg/ml was determined
by using an inverted invasion assay. Cells were stained with Calcein
AM and visualized by laser scanning confocal microscopy. Optical
sections were taken at 10-pym intervals. (B) Cell invasion was
quantified using ImageJ by measuring the number of cells, as
indicated by Calcein AM staining, in each optical section. The total
number of cells invading >30 pm into the collagen and FN were
quantified relative to the total number of cells counted. Data
represent mean + SEM from a minimum of three individual
experiments. (C) Morphology Index calculation for RNAi-treated cells
in the presence of 10 pM Y-27632. A Student's t test was used for
statistical analyses, * p < 0.05. Scale bar = 150 pm.

The highly invasive MDA-MB-231 cells were initially isolated
from the pleural effusion of a patient with widespread metastases
(Cailleau et al., 1978) and are known to metastasize to multiple
sites, including the lung (Yoneda et al., 2001; Kang et al., 2003,
Minn et al., 2005; Bos et al., 2009). In contrast to control RNAi cells,
intravenous tail vein injection of both paxillin- and Hic-5-depleted
cells resulted in a highly significant reduction in surface lung me-
tastases (Figure 9, A and B) as assessed using the NOD/SCID ex-
perimental lung metastasis model. Histological analysis of lung
tissue by hematoxylin and eosin staining revealed extensive metas-
tases throughout the lung tissue of mice that received an injection
of control siRNA-treated tumor cells, whereas the lungs isolated
from mice that received MDA-MB-231 cells devoid of paxillin or
Hic-5 exhibited no evidence of metastatic lesions (unpublished
data).
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To determine whether extravasation, as well as 3D ECM inva-
sion, was affected by paxillin or Hic-5 knockdown, RNAi-treated
MDA-MB-231 cells were seeded on a confluent monolayer of bo-
vine aorta endothelial cells, and their ability to transmigrate the en-
dothelium to the underlying ECM was assessed (Figure 9C). Control
siRNA-treated cells were able to exhibit efficient transendothelial
migration (Figure 9, D and E). In contrast, cells treated with paxillin-1
or paxillin-2 displayed a 89.5% + 4.5 (Figure 9, D and E) and
62.0% £ 4.1 (unpublished data; p < 0.0005) decrease in transend-
othelial migration, respectively. Treatment with Hic-5-1 or Hic-5-2
RNAi produced a similar reduction in transendothelial migration
relative to control cells by 93.2% + 2.3 (Figure 9, D and E) and
63.4% £ 2.9 (unpublished data; p < 0.0005), respectively. Therefore,
as cell viability and growth analyses over the initial 144-h postinjec-
tion time frame (which encompasses both extravasation and inva-
sion) revealed no significant differences (Supplemental Figure 5),
the failure to form lung metastases in paxillin and Hic-5 RNAI cells is
likely due to defects in transendothelial migration as well as 3D ECM
invasion. At this time, however, we cannot discount alternative
mechanisms, such as a role for paxillin or Hic-5 in regulating tumor
cell adhesion to the endothelium, seeding, or growth in vivo.

DISCUSSION

Cancer cell invasion and subsequent metastasis is considered the
single worst prognostic factor and is associated with increased ma-
lignancy and decreased patient survival. Therefore, understanding
the intracellular mechanisms controlling metastasis-related pro-
cesses is of paramount importance. Using a combination of in vitro
and in vivo model systems, we have identified novel roles for both
paxillin and Hic-5 at multiple levels of the canonical metastasis cas-
cade (summarized in Figure 10). Furthermore, using both RNAI-
mediated knockdown and overexpression approaches, we have re-
vealed that a balance of signaling through these highly related
proteins is required for the coordination of breast cancer cell migra-
tion strategies through 3D ECM. Indeed, data herein reveal that al-
though paxillin and Hic-5 serve opposing roles in determining cell
morphology in 3D microenvironments, both proteins are necessary
for optimal migration and/or invasion of either the amoeboid or
mesenchymal cancer cell phenotype.

Efficient mesenchymal migration on 2D ECM substrata requires
the scaffold function of paxillin to coordinate adhesion disassembly
(Webb et al., 2004) and to spatiotemporally localize both structural
and signaling components of integrin-mediated adhesion contacts
(reviewed in Brown and Turner, 2004; Deakin and Turner, 2008). In
contrast, the function of Hic-5 in 2D migration remains largely unex-
plored. Studies using Hic-5 overexpression have shown a role for
the protein in preventing Racl-driven, epidermal growth factor
(EGF)-stimulated lamellipodia formation (Hetey et al., 2005) and in
inhibition of cell spreading on 2D FN through preventing paxillin—
FAK interaction and signaling (Nishiya et al., 2001), highlighting
cross-talk between these closely related proteins. Importantly, the
roles of paxillin and Hic-5 in 3D migration have yet to be elucidated.
Furthermore, few studies have directly compared the relative roles
of paxillin and Hic-5 in the same cell type and assays.

Consistent with 2D analyses in which cell migration was reduced
(Hagel et al., 2002), MDA-MB-231 breast cancer cells devoid of pax-
illin exhibited a highly elongated hypermesenchymal phenotype
when seeded in 3D matrices, as compared to control mesenchymal
cells, resulting in inefficient 3D ECM migration, with decreases ob-
served in both persistence and velocity (Figure 2, B-D) and culmi-
nating in decreased invasion (Figure 1, C and D). Persistent 3D mi-
gration requires moderate levels of restricted Rac1 activity to prevent
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FIGURE 8: Paxillin regulates 3D adhesion dynamics and nascent adhesion stability during
mesenchymal invasion. (A) Representative time-lapse images of cells exhibiting mesenchymal
migration in 3D ECM expressing GFP-Talin and treated with siRNA for 72 h. Blue arrows indicate
adhesions with a lifetime of <10 min, yellow arrows indicate adhesions persisting between

10 and 60 min, and red arrows indicate adhesions with lifetimes >60 min. (B) Bar graphs
indicating the 3D adhesion lifetime for cells migrating through 3D ECM, cells imaged by
time-lapse microscopy at 1-min intervals for 3.5 h. (C) Quantification of average adhesion
assembly and (D) disassembly rates. Data represent mean + SEM of a minimum of 56 individual
adhesions from six to eight cells (from three individual experiments) for control and paxillin-1
siRNA and 12 adhesions from three cells for paxillin-2 siRNA. All adhesions that could be
followed from initial assembly to dissolution were measured. (E) MDA-MB-231 cells were treated
with siRNA for 56 h as indicated and were allowed to migrate in 3D ECM for 16 h. Cell lysates
were then analysed by Western immunoblotting for FAK pY397 levels. (F) Bar graph indicating
relative FAK phosphorylation in cells treated with RNA as indicated. (G) Quantification of
parental MDA-MB-231 cell invasion and (H) relative Morphology Index for cells treated with
vehicle or 2 uM PF 573228 (FAK inhibitor). A Student'’s t test was used for analysis of Western
blot densitometry, adhesion lifetime, and invasion. A Mann-Whitney U test was used for analysis
of Morphology Index, and a Kruskal-Wallis test followed by Dunn’s post hoc test was performed
for statistical analyses of adhesion dynamics, * p <0.01, ** p < 0.001, and *** p < 0.0001.

peripheral protrusions frequently observed during 2D migration. In-
deed, reduction of Racl activity during 2D migration has been
shown to promote 3D-like persistence (Pankov et al., 2005). There-
fore, the lack of persistence observed in paxillin RNAi-treated cells
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may be in part due to the significantly in-
creased levels of active Racl (Figure 2, F
and G), which promote increased unstable
lateral protrusions (Supplemental Movie 5).
Furthermore, paxillin-depleted cells exhib-
ited a significant decrease in the activation
of nonmuscle myosin Il (Figure 6, C and D),
pharmacologic inhibition of which has also
been shown to decrease fibroblast 3D mi-
gration velocity (Even-Ram et al., 2007).
Although the current study clearly demon-
strates a novel role for paxillin in modulating
RhoGTPase signaling during 3D cell migra-
tion, given the ability of paxillin to influence
both Racl1 and RhoA activity through multi-
ple members of its interactome in 2D sys-
tems (reviewed in Deakin and Turner, 2008),
further work will be required to identify the
precise mechanisms involved.

Hic-5 shares a similar interactome with
paxillin due to its highly conserved domain
structure (Thomas et al., 1999; Brown and
Turner, 2004). Despite this fact, data pre-
sented herein indicate that, in striking con-
trast to paxillin knockdown, Hic-5 depletion
results in an amoeboid phenotype, enhanced
RhoA activity, and downstream signaling to
nonmuscle myosin Il and ROCK (Figures 6
and 7), indicative of nonredundant or antag-
onistic cellular functions during 3D ECM mi-
gration. Amoeboid motility requires actomy-
osin contractility-dependent cell plasma
membrane bleb formation and retraction (re-
viewed in Fackler and Grosse, 2008). There-
fore, the elevated RhoA and pMLC activity in
the Hic-5-depleted cells (Figure 6) may lead
to the disregulation of bleb dynamics result-
ing in the observed reduction in invasion
(Figure 1, C and D) and 3D migration (Figure
2, C and D). Interestingly, Hic-5 has previ-
ously been implicated in suppressing acto-
myosin-mediated force generation through
its translocation from adhesion contacts to
actin stress fibers upon the stimulation of
contractility in smooth muscle and osteo-
blast-like cells (Kim-Kaneyama et al., 2005;
Guignandon et al., 2006). Conversely, in-
creased Hic-5 expression during transform-
ing growth factor f-induced EMT in epithelial
cells cultured on 2D ECM has been shown to
promote RhoA activity, increased actin stress
fiberformation, and cell migration (Tumbarello
and Turner, 2007), suggesting that Hic-5 func-
tion in regulating RhoA signaling may be cell
type and/or context specific.

In contrast to 2D studies, in which paxil-
lin only regulates adhesion disassembly
rates (Webb et al., 2004), analysis of adhe-

sion dynamics during 3D migration identified a role for paxillin in
coordinating multiple facets of adhesion lifetime including assem-
bly, stabilization, and disassembly (Figure 8). As with 2D adhesions,
the decreased 3D adhesion disassembly rate observed in
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RNAi-mediated silencing of paxillin or Hic-5 prevents MDA-MB-231 cell
transendothelial migration and metastasis to the lung. (A) Representative images of lungs
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(E) Representative 3D confocal reconstruction of MDA-MB-231 cells stained with Calcein
AM (green), transmigrating through an endothelial monolayer (phase contrast). Dashed red
line indicates surface of the endothelial monolayer as indicated by phase contrast imaging.
Scale bar =20 ym.
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paxillin-depleted cells may be in part due
to decreased FAK activity (Figure 8, E and F).
The spatiotemporal activities of RhoA and
MLC have also been shown to be necessary
for adhesion disassembly at the cell rear
(Worthylake et al., 2001). Given the highly
significant decrease in pMLC and the small
but consistent decrease in global RhoA ac-
tivity observed in paxillin-depleted cells
(Figure 6), it is conceivable that their re-
duced levels may influence adhesion disas-
sembly despite the lack of a defined cell
rear (Figure 2E and Supplemental Movie 2).

Non-muscle myosin ll-mediated contrac-
tility, as well as the activation of FAK, is also
known to regulate 2D adhesion maturation
and strengthening (Bertolucci et al., 2005;
Giannone et al., 2007; Choi et al., 2008;
Shan et al., 2009; Dumbauld et al., 2010;
Rossier et al., 2010). Therefore, it is possible
that the defective adhesion stabilization and
subsequent increase in short-lived adhe-
sions observed in paxillin RNAI cells (Figure
8B) may be due to the observed decreases
in both pMLC (Figure 6, C and D) and FAK
activity (Figure 8, E and F). Similar to our ob-
servations of paxillin RNAi cells during 3D
migration, unstable dysregulated protrusion
and adhesion formation has also been re-
ported in cells migrating on 2D ECM ex-
pressing the LD4 deletion mutant of paxillin
(West et al., 2001). Furthermore, abrogated
signaling through the FAK-interacting LD4
motif (Brown et al., 1996; Bertolucci et al.,
2008) was also shown to promote elevated
Rac1 activity (West et al., 2001). Therefore, it
is possible that paxillin scaffold function
through its LD4 motif is necessary for FAK
and/or Rac1-driven adhesion and protrusion
stabilization in 3D ECM.

Although paxillin is one of the first pro-
teins recruited to integrin-mediated 2D ad-
hesions (Zaidel-Bar et al., 2003; Ballestrem
et al., 2006), we found that it is unable to
efficiently nucleate or signal to stabilize 3D
adhesions in the absence of Hic-5, resulting
in an amoeboid phenotype (Figure 5A, right
panels). Importantly, the MDA-MB-231 cells,
when depleted of Hic-5, retain the ability to
form robust integrin-mediated adhesion
contacts upon spreading on 2D ECM
(Figure 5B and Supplemental Figure 4), indi-
cating ECM topography-specific functions
for Hic-5. Furthermore, our analysis of adhe-
sion dynamics during 3D migration suggests
a hitherto underappreciated facet of plastic-
ity regulation. For a cell exhibiting mesen-
chymal invasion to transition to the adhesion-
independent amoeboid mode of motility it
must efficiently disassemble its robust inte-
grin 3D matrix adhesions. Conversely, effi-
cient adhesion assembly and stabilization
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FIGURE 10: Schematic identifying the respective roles of paxillin and Hic-5 in the canonical
metastatic cascade. Paxillin and Hic-5 impact the canonical metastasis cascade at several levels
through their ability to counterbalance Rho GTPase signaling and thus coordinate plasticity and

efficient mesenchymal and amoeboid invasion, respectively.

are necessary for the amoeboid-to-mesenchymal transition. To our
knowledge, this is the first study to assess 3D adhesion dynamics
and has identified paxillin as a key protein in controlling plasticity,
possibly through coordinating efficient adhesion dynamics (Figure 8).
Importantly, the fact that cells depleted of Hic-5 were unable to form
robust integrin adhesions in 3D ECM (Figure 5A) and therefore could
not exhibit the amoeboid-to-mesenchymal transition (Figure 3) sug-
gests a novel role for Hic-5 in 3D adhesion formation.

Analysis of cell morphology in the highly organized CDMs re-
vealed a clear role for paxillin and Hic-5 in controlling MDA-MB-231
cell plasticity (Figure 3). Similar phenotypes were also observed in
the less organized, highly cross-linked 3D collagen and FN ECM
(Figure 3C), suggesting that paxillin and Hic-5 signaling may su-
persede external ECM organization-driven cues to regulate cell
morphology and thus plasticity. Furthermore, the significant de-
crease in plasticity observed upon either paxillin or Hic-5 depletion
(Figure 3D) or overexpression (Figure 4B) highlights that a balance
of signaling through these proteins is necessary for effective phe-
notypic switching (Figure 10). Given the similarity between paxillin
and Hic-5 and their interactomes, their individual functions may be
modulated by discrete differences in binding affinities, phosphory-
lation, and spatiotemporal localization. Indeed, the affinity for sev-
eral shared interacting proteins, including FAK and GIT1, have
been shown to differ between paxillin and Hic-5 (Fujita et al., 1998;
Nishiya et al., 2002). Furthermore, Hic-5 has also been shown to
influence paxillin phosphorylation and thus alter its molecular in-
teractions (Fujita et al., 1998; Nishiya et al., 2001), suggesting that
extensive cross-talk between these closely related proteins may
also be required to fine-tune their cellular functions.

MATERIALS AND METHODS

Antibodies and reagents

Routine assessment of siRNA efficiency was performed using
mouse anti-paxillin (clone 165) and mouse anti-Hic-5 (BD Biosciences,
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CA) was used for fluorescent detection of
F-actin. The FAK inhibitor, PF 573228, was
used at a concentration of 2 pM and was pur-
chased from Tocris Bioscience (Ellisville, MO).
The ROCK inhibitor, Y-27632, was used at
10 pM and was purchased from EMD Chem-
icals (San Diego, CA).

siRNA and GFP-tagged protein
transfection

Cells were transfected with two separate
siRNAs (designated 1 or 2) to either paxillin
or Hic-5 as indicated for 72 h, unless stated
otherwise, using Oligofectamine (Invitrogen, Carlsbad, CA) following
the manufacturer's instructions and using a concentration of 0.1 uM
for each oligonucleotide. The paxillin-1 siRNA oligo was purchased
from Dharmacon (Lafayette, CO), and all other siRNA oligos used
were purchased from Ambion (Austin, TX) without modifications. The
siRNA sequences are as follows: paxillin-1, 5-CCCUGACGAAAGA-
GAAGCCUA-3" and 5-UAGGCUUCUCUUUCGUCAGGG-3’; paxil-
lin-2, 5-GUGUGGAGCCUUCUUUGGU-3" and 5-ACCAAAGAAGG-
CUCCACAC-3’; Hic-5-1, 5-GGAGCUGGAUAGACUGAUG-3" and
5"-CAUCAGUCUAUCCAGCUCC-3; Hic-5-2, 5-GGACCAGUCU-
GAAGAUAAG-3" and control, 5~ACUCUAUCUGCACGCUGACUU-3’
and 5-GUCAGCGUGCAGAUAGAGUUU-3". The control nonspecific
siRNA was used in all experiments as indicated.

Cells were transfected with pEGFPC1, pEGFPC1-paxillin, or
pPEGFPC1-Hic-5 using Lipofectamine LTX (Invitrogen, Carlsbad, CA)
following the manufacturer’s instructions. Transfection efficiencies
were between approximately 50% and 60% for pEGFPC1 and pEG-
FPC1-paxillin and between approximately 30% and 40% for pEG-
FPC1-Hic-5.

Inverted collagen and FN invasion assay

The inverted collagen and FN invasion assay was performed as de-
scribed previously (Hennigan et al., 1994; Caswell et al., 2007). Col-
lagen | (PureCol, Advanced Biomatrix, San Diego, CA), mixed 5:1
with 10x MEM (modified Eagles medium), supplemented with FN at
25 pg/ml, was allowed to polymerize in transwell inserts (Corning,
NY) for 1 h at 37°C in the absence of CO,. Parental or 24-h siRNA-
treated MDA-MB-231 cells were resuspended at 1 x 10° cells/ml in
serum-free medium and were seeded on the inverted transwell, on
the filter surface. Cells were allowed to adhere for 30 min at 37°C in
the presence of CO,. Transwells were then washed once with PBS
and placed in 1 ml of serum-free medium, with addition of inhibitors
where stated. To establish a chemotactic gradient, medium supple-
mented with 10% fetal bovine serum, and inhibitors where stated,
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was placed in the upper chamber of the transwell. Five days after
seeding, cells were stained with Calcein AM (Invitrogen, Carlsbad,
CA) and visualized using the HC PL APO 20x/0,70 IMM CORR A BL
objective (Leica, Bannockburn, IL) and Leica SP5 laser scanning con-
focal microscopy. Images were acquired in 10-pm intervals up to
110 pm from the transwell surface as determined by phase contrast
imaging. Total cells in all images of the confocal series were quanti-
fied, and the relative percentage of cells invading 230 pm into the
collagen and fibronectin plug was determined.

Generation of CDMs

Three-dimensional CDMs were derived as previously described
(Bass et al., 2007). Briefly, glass-bottom dishes (MatTek, Ashland,
MA), 10-cm dishes, and glass coverslips were coated with 0.2% ster-
ile gelatin for 30 min at 37°C. Glass-bottom dishes and glass cover-
slips were subsequently treated with 1% glutaraldehyde to cross-
link the gelatin and then quenched with 1 M glycine. After incubation
with complete growth medium, 1 x 10° cells/ml primary human fore-
skin fibroblasts (HFF) were seeded onto each dish and cultured for
10 days. Cell growth medium was changed every 2 days and sup-
plemented with ascorbic acid at 50 pg/ml to stabilize the collagen
matrix. The matrices were denuded of cells by treating the HFF
monolayers with 20 mM NH4OH, 0.5% Triton X-100 (vol/vol), and
PBS for 2 min at 37°C. After repeated washings with PBS, CDMs
were treated with DNase | at 10 pg/ml (Roche Diagnostics,
Indianapolis, IL) in PBS containing magnesium and calcium.

CDM migration assays and analyses

Parental or siRNA-treated MDA-MB-231 as indicated were allowed
to spread on CDMs for 4 h in the presence of serum (+ vehicle or in-
hibitors as indicated). Time lapse imaging was performed on a Leica
AF6000 Deconvolution with images acquired every 10 min for 16 h
using a HCX PL FLUOTAR 10x/0.30 objective (Leica, Bannockburn,
IL). ImageJ software was used to track cell centroid movement and
to calculate migration velocity and persistence of all cells present in
the field throughout the time course. The persistence was calculated
by dividing the linear displacement of the cell centroid over the 16-h
time period by the total net distance migrated (Pankov et al., 2005).
Cell front-rear correlation analysis was also performed using the Im-
ageJ software and was calculated in each frame of the time series by
measuring the relative distance moved by the cell front and rear from
the origin.

RhoGTPase activity assays

MDA-MB-231 cells were treated with siRNA as indicated for 56 h
and then were seeded at 1 x 10° cells/ml in the presence of serum
on 35-mm dishes coated in CDM for 16 h. Rac activity assays were
performed as previously described using the Cdc42 and Rac1-inter-
acting binding (CRIB) domain of PAK3 (Deakin et al., 2009). For
RhoA analysis, cells were treated with siRNA as described, resus-
pended at 2 x 10° cells/ml, and seeded on 10-cm dishes coated in
CDM in the presence of serum for 16 h. RhoA activity assays were
performed as previously described (Tumbarello and Turner, 2007).

Immunofluorescence

Glass coverslips were coated with FN at 10 pg/ml for 4 h at 4°C in
PBS containing magnesium and calcium or collagen | at 10 pg/ml for
2D analyses, or CDMs were grown on 12-mm glass coverslips as
described earlier in text for 3D analyses. Coverslips (both 2D and
3D) were blocked with heat-denatured bovine serum albumin (BSA)
at 10 mg/ml. MDA-MB-231 cells in complete growth medium at 5 x
10* cells/ml were incubated on 2D or 3D coverslips for 16 h at 37°C,
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unless otherwise stated. Cells were washed once in PBS, fixed, and
permeabilized simultaneously using 4% paraformaldehyde with 1%
Triton X-100 in PBS, quenched with 0.1 M glycine in PBS, and
blocked overnight at 4°C with 3% (wt/vol) BSA. Fixed cells were
stained with primary antibodies as indicated. PBS with 0.05%
Tween-20 was used for subsequent washes. Cells were imaged us-
ing the Leica SP5 scanning confocal with a HCX PL APO 63x/1.40-
0.60 OIL A BL objective (Leica, Bannockburn, IL).

3D adhesion dynamics quantification

Adhesion assembly and disassembly rates were quantified as previ-
ously described (Webb et al., 2004). MDA-MB-231 cells treated with
stated siRNA for 48 h were transduced with the Cellular Lights GFP-
Talin (Invitrogen) baculovirus following the manufacturer's instruc-
tions. Cells at 5 x 10* cells/ml were spread on 35-mm glass-bottom
dishes coated with 3D CDMs for 16 h at 37°C, and then 3D adhe-
sions were imaged for 3.5 h with images acquired every minute us-
ing the Leica SP5 laser scanning confocal microscope equipped
with a HCX PL APO 63x/1.40-0.60 OIL A BL objective (Leica,
Bannockburn, IL) and climate-controlled chamber. Rate constants of
assembly and disassembly were calculated from the increases or
decreases in mean fluorescence intensity (MFI) of individual adhe-
sions on a semilogarithmic scale versus time. Adhesion lifetime was
measured from the time at which the individual adhesion was visible
to its dissolution to background levels. Only adhesions that could
be tracked from initial formation to complete disassembly were
used for dynamics calculations. Dynamics were measured for >56
individual adhesions for control and paxillin-1 siRNA treatment from
a minimum of six to eight cells and three individual experiments and
12 adhesions from three cells for paxillin-2 RNAI.

Experimental lung metastasis assay

Analysis of lung metastasis in mice was performed in accordance
with institutionally approved protocols. Invasive breast cancer cells
were treated with siRNA for 72 h and resuspended at 5 x 10¢ cells/ml
in serum-free medium. Cells (5 x 10°) were injected intravenously
into the tail vein of 3- to 6-wk-old NOD/SCID mice. Metastases were
allowed to form for 12 wk, then lungs were removed and fixed and
the number of visible surface metastatic nodules were counted.
Lung tissue was then analyzed by histological staining for evidence
of tissue micrometastases and lymphovascular invasion.

Transendothelial migration assay

Transendothelial migration assays were performed as described
previously (Estecha et al., 2009). Briefly, bovine aorta endothelial
cells were seeded on 35-mm glass-bottom dishes coated with
>100-pm-thick 3D collagen gels for at least 48 h. MDA-MB-231 cells
were treated with siRNA oligos as stated for 72 h, and 2 x 10° cells
were seeded on the surface of the confluent endothelium mono-
layer. Transendothelial migration was visualized in real time by con-
focal microscopy for 3.5 h using the Leica SP5 laser scanning confo-
cal microscope system using the HC PL APO 20x/0,70 IMM CORR
ABL objective (Leica, Bannockburn, IL). Image processing and quan-
tification were performed using ImageJ and Leica LAS AF software,
respectively. Cells transmigrating to or below the plane of the en-
dothelial monolayer, as assessed by relative z position, during the
time-lapse imaging were quantified as exhibiting transendothelial
migration.

Cell viability and growth analysis
To assess cell viability and growth characteristics, 0.5 x 10* RNAI-

treated cells were cultured on 12-mm glass coverslips and fixed at
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24-h time points up to 144 h. Cells were fixed and stained as
described earlier in the text (immunofluorescence) using 4',6-diamid-
ino-2-phenylindole (DAPI) to assess cell viability and cell number and
either mouse anti-paxillin specific mAb or mouse anti-Hic-5 specific
mAb to indicate the knockdown longevity. Viable cells were counted
blind from 30 random fields, and cell number versus time after knock-
down was analyzed and displayed relative to the initial time point.

Statistical analysis

Independent data sets exhibiting a normal distribution, as deter-
mined using the Shapiro-Wick and Kolmogorov-Smirnov tests of
normality, were subjected to an unpaired Student's t test. Where
stated, nonparametric unpaired data sets displaying non-
Gaussian distributions were subjected to a Mann-Whitney U test.
Primary statistical analysis of non-Gaussian data sets used a non-
parametric Kruskal-Wallis test to determine whether there was a
significant treatment effect, followed by a Dunn’s post-hoc test
to compare each of the treatment groups to the control group
(with the significance threshold set at p < 0.01 to control the
family-wise error rate). To complement the nonparametric analy-
sis, we also performed a one-way analysis of variance followed
by Dunnett's post-hoc test, with the same significance threshold
(p < 0.01). Both of these analyses produced equivalent findings
in all data sets tested, demonstrating highly significant differ-
ences. All statistical analyses were performed using GraphPad
Prism software.
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