1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Cytoskeleton (Hoboken). Author manuscript; available in PMC 2015 June 19.

Published in final edited form as:
Cytoskeleton (Hoboken). 2012 September ; 69(9): 644—658. doi:10.1002/cm.21057.

-, HHS Public Access
«

CdGAP Regulates Cell Migration and Adhesion Dynamics in
Two- and Three-dimensional Matrix Environments

Duncan Wormer, Nicholas O. Deakin, and Christopher E. Turner”
Department of Cell and Developmental Biology, SUNY Upstate Medical University, 750 East
Adams Street, Syracuse, NY 13210, USA.

Abstract

CdGAP is a Racl/Cdc4?2 specific GTPase activating protein that localizes to cell-matrix adhesions
through an interaction with the adhesion scaffold a-parvin/actopaxin to regulate lamellipodia
formation and cell spreading. Herein we demonstrate, using a combination of siRNA-mediated
silencing and over expression, that cdGAP negatively regulates directed and random migration by
controlling adhesion maturation and dynamics through the regulation of both adhesion assembly
and disassembly. Interestingly, cdGAP was also localized to adhesions formed in three-
dimensional matrix environments and cdGAP depletion promoted cancer cell migration and
invasion through 3D matrices. These findings highlight the importance of GAP proteins in the
regulation of Rho family GTPases and the co-ordination of the cell migration machinery.
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Introduction

The ability of cells to migrate individually or as collective sheets is essential for organism
development, wound repair, and immune surveillance, as well as pathologies including
cancer metastasis [Bucar and Stamenkovic., 2008;Cahalan and Gutman., 2006;Sonneman
and Bement., 2011;Weijer et al., 2009]. In order to efficiently translocate, cells must interact
with and respond to their local microenvironment, which is rich in extracellular matrix
(ECM) proteins [Chan et al., 2007;Lock et al., 2008]. The integrin family of heterodimeric
transmembrane proteins are the primary and best-studied mediators of cell-ECM interactions
[Huttenlocher and Horwitz, 2011]. The small GTPases Racl, Cdc42 and RhoA are activated
by integrin signaling in response to cell adhesion to the ECM [Arthur et al., 2002;Chan et
al., 2007;Fukata et al., 2003;Hall, 2005;Hotchin and Hall, 1995]. These Rho family GTPases
control cell migration through regulating cell polarization, lamellipodial extension, and force
generation, as well as by coordinating the formation and dynamics of discrete cell-ECM
adhesion structures collectively referred to as adhesion plaques or contacts [Abercrombie
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and Dunn, 1975;Beningo et al., 2001;DeMali and Burridge, 2003;Horwitz and Webb,
2003;Rottner et al., 1999]. Adhesion contacts provide a physical link between the ECM and
the intracellular cytoskeleton to enable force transmission required for cell motility [Gardel
et al., 2010]. They also serve as signaling nodes to relay bidirectional signals between cells
and their environment to regulate migration, as well as cell morphology, growth and
apoptosis [Huttenlocher and Horwitz, 2011].

Distinct groups of adhesion contacts formed by fibroblasts on 2D ECM substrates have been
classified based primarily on their size, spatiotemporal localization and molecular content
[Geiger and Bershadsky, 2001;Huttenlocher and Horwitz, 2011;Kirchner et al., 2003;Zamir
and Geiger, 2001]. The formation of small peripheral focal complexes at the leading edge of
protruding lamellae is dependent on the activation of Racl and Cdc42 [Nobes and Hall,
1995]. Upon the activation of RhoA or application of acto-myosin-driven contractile forces,
focal complexes either rapidly disassemble or further mature into larger, more centrally
located focal adhesions [Bershadsky et al., 2003;Hotchin and Hall, 1995;Ren et al.,
1999;Ridley and Hall, 1992, Riveline et al., 2001]. In contrast to 2D systems, distinct
populations of 3D matrix adhesions are less well defined. However, their formation and
dynamics are also dependent on the spatially regulated activity of the Rho GTPases [Deakin
and Turner, 2011;Geiger and Yamada, 2011;Harunaga and Yamada, 2011]. Indeed, a
coordinated cycle of Rho GTPase-driven adhesion contact assembly, maturation, and
disassembly is essential for efficient cell migration in both 2D and 3D microenvironments
[Deakin and Turner, 2011;Doyle et al., 2012;Webb et al., 2002].

The activity of the Rho GTPases is regulated by guanine nucleotide exchange factors
(GEFs), GTPase activating proteins (GAPSs), and Rho guanine nucleotide dissociation
inhibitors (GDIs) [Jaffe and Hall, 2005]. GEFs activate Rho family proteins, while GAPs
and Rho GDls act to inhibit their activity either by catalyzing GTP hydrolysis or preventing
their localization to the cell membrane, respectively. In contrast to the extensive analysis of
leading edge or adhesion localized GEFs, the role of GAP family proteins in controlling Rho
GTPase activity associated with cell migration and adhesion dynamics is less well
understood [Garrett et al., 2007;Lee et al., 2010;Nayal et al., 2006;Ten Klooster et al.,
2006;Yu et al., 2009;Zhao et al., 2000].

CdGAP is a Racl and Cdc42 specific GAP [LaLonde et al., 2006;Lamarche-vane and Hall,
1998;Tcherkezian et al.,2006;Aoki et al., 2004;Kurokowa et al., 2004] that localizes to
adhesion contacts via interaction with the scaffold protein a-parvin (actopaxin/CHILKBP)
to regulate cell spreading and chemotaxis [LaLonde et al., 2006]. Recent studies have
highlighted the importance of cdGAP in both normal human development [Southgate et al.,
2011], and in the pathophysiology of cancer [He et al., 2011]. For example, Adams-Oliver
disease is a rare developmental disorder characterized by vascular malformations, skin
defects, and truncated limb development. In this condition, mutations in cdGAP result in
enhanced Cdc42 activity and abnormally heightened migration in patient-derived fibroblasts
[Southgate et al., 2011]. Importantly, the mechanism by which cdGAP controls cell
migration is not well characterized. Herein, we show that cdGAP controls cell migration in
2D environments by influencing the type and dynamics of adhesion contacts. We further
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demonstrate that cdGAP regulates 3D ECM cancer cell invasive migration and identify
CAGAP as the first 3D matrix adhesion-localized GAP.

Results

CdGAP regulates directed and random cell migration

Depletion of cdGAP in HelLa cells using siRNA was previously shown to enhance cell
spreading [LaLonde et al., 2006]. To evaluate the role of cdGAP in cell migration, its
expression was efficiently suppressed in the osteosarcoma-derived U20S cell line using two
independent siRNAs (Figure 1A). Scrape wound assays of confluent monolayers
demonstrated that cells depleted of cdGAP exhibited enhanced closure rates and increased
migration velocity at the wound edge compared to control RNAi-treated cells (Figure 1,B
and C). The velocity of randomly migrating cells plated at low density was also increased
upon cdGAP depletion (Figure 1,D and E). Highly motile U20S cells have a crescent
morphology akin to keratocytes during cell migration [Clarke et al., 2004;Khyrul et al.,
2004]. Consistent with this, cdGAP siRNA-treated cells rapidly extended and retracted
lamellipodia and exhibited an exaggerated crescent morphology as compared to control cells
(see Movie S1, supplementary material). In contrast, over expression of GFP-cdGAP (long
isoform) [Tcherkezian et al, 2005] (Figure 2A) significantly inhibited random cell migration
velocity (Figure 2, B and C) as well as the formation of lamellipodia (see Movie S2,
supplementary material), consistent with previous studies in which the over expressed short
isoform of cdGAP inhibited lamellipodia formation during cell spreading [He et al.,
2011;Lalonde et al., 2006; Tcherkezian et al., 2005; Tcherkezian et al., 2006]. Collectively,
these data identify cdGAP as a regulator of migration velocity and thus as an important
component of the cell migration machinery.

CdGAP controls the formation of small adhesion contacts

Previous studies demonstrated that a short isoform of cdGAP localizes to adhesions,
suggesting a role for cdGAP in modulating adhesion localized, or proximal Racl- and
Cdc42-mediated signaling [LaLonde et al., 2006]. We confirmed that endogenous human
cdGAP localizes with paxillin at adhesions in U20S cells (Figure 3, A and B). Interestingly,
RNA. depletion of cdGAP resulted in an increase in the number of small adhesions localized
to the leading edge (Figure 3, C and D) reminiscent of Racl- and Cdc42-driven focal
complexes [Ren et al., 1999;Ridley and Hall, 1992] and a corresponding decrease in the
average adhesion size per cell (Figure 3E). Representative masks of individual cells also
demonstrate the enhanced crescent morphology of cdGAP RNAi-treated cells (Figure 3F) as
was observed in the random migration movies (see Movie S1, supplementary material).
Expression of active V12Racl or V12Cdc42 in U20S cells (Figure 5), or inhibition of
myosin 11 activity with blebbistatin (see Figure S1, supplementary material) produced a
strikingly similar cell shape and adhesion morphology to cdGAP depletion. In contrast to
cdGAP depletion, GFP-cdGAP over expression (see Figure 2A) resulted in a reduction in
the number of cells with small leading edge localized adhesion contacts (Figure 4C) and a
corresponding increase in the average adhesion size (Figure 4D). In addition, cells
expressing adhesion localized GFP-cdGAP (Figure 4, A and B) spread less and were more
angular than GFP control cells (Figure 4, A and E). The reduced cell area, large adhesion
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size, and angular morphology characteristic of U20S cells over expressing GFP-cdGAP was
eliminated by expression of either dominant active V12Racl or V12Cdc42 (Figure 5).
U20S cells co-expressing GFP-cdGAP and myc-V12Racl or myc-V12Cdc42 (Figure 5A)
had small adhesion contacts, were well spread, and exhibited a crescent morphology, similar
to cdGAP siRNA-treated cells (Figure 5B). Expressing wild-type versions of Racl or Cdc42
in U20S cells did not alter the phenotype of either control or GFP-cdGAP expressing cells
(unpublished observation). In contrast, treatment with the myosin Il inhibitor blebbistatin
also prevented the GFP-cdGAP over expression phenotype, inducing the formation of small
adhesions and a crescent morphology (see Figure S1, supplementary material). Together,
these data support a role for cdGAP in suppressing lamellipodia extension by inhibiting the
activation of both Racl and Cdc42 to promote the growth and maturation of adhesion
contacts.

CdGAP regulates multiple aspects of focal adhesion dynamics

The manipulation of cdGAP by RNAI or over expression resulted in changes in adhesion
morphology and size suggesting that cdGAP might be regulating adhesion dynamics during
cell migration, as there is an inverse relationship between adhesion size and adhesion
turnover [Lauffenburger and Horwitz, 1996;Nayal et al., 2006]. Furthermore, rapidly
moving cells have accelerated adhesion dynamics [Bristow et al., 2009;Delorme-Walker et
al., 2011;Gardel et al., 2010;Gupton and Waterman-Storer, 2006;Webb et al., 2004]. To
assess the effect of cdGAP on adhesion dynamics, both control and cdGAP siRNA-treated
cells expressing zyxin-GFP, as a marker for cell-ECM adhesions, (Figure 6A) were imaged
using time-lapse microscopy (see Movie S3, supplementary material) and adhesion lifetime
and dynamics measurements calculated [Deakin and Turner, 2011;Webb et al., 2004]. The
overall adhesion lifetime of cdGAP siRNA-treated cells was significantly shortened as
compared to control cells (Figure 6,B-D). In addition, cdGAP depletion enhanced both
adhesion assembly and disassembly rates (Figure 6,E and F). In contrast, over expression of
cdGAP in U20S cells (Figure 7A) caused a significant increase in focal adhesion lifetime
(Figure 7, B-D) by decreasing both the assembly and disassembly rates in comparison to
control cells (Figure 7, E and F). Notably, many adhesions in cdGAP transfected cells
exhibited lifetimes that were longer than the duration of the three-hour movies (see Movie
S4, supplementary material). These highly stable adhesions were necessarily omitted from
our analysis as adhesion lifetime or dynamics could not be accurately determined.
Nevertheless, they serve as a further indication that the presence of cdGAP promotes
adhesion stabilization.

CdGAP localizes to 3D matrix adhesions to regulate 3D cell motility and invasion

Cell migration studies performed on 2D tissue culture plastic, where cells contact the ECM
only on their ventral surface, may not accurately reflect the in vivo environment in which
cells are often completely surrounded by ECM on all sides and where the organization,
rigidity and composition of the ECM can vary greatly from 2D surfaces [Cukierman et al.,
2001;Cukierman et al., 2002;Yamada and Cukierman, 2007]. To evaluate a potential role for
cdGAP in the regulation of cell migration in these 3D ECM environments, control and
CdGAP siRNA-treated HT1080 human fibrosarcoma or U20S cells were seeded onto 3D
cell-derived matrices (CDMs) [Cukierman et al., 2001;Deakin and Turner, 2011].
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Immmunofluorescence analysis revealed that endogenous cdGAP localized to 3D matrix
adhesions at the ends of actin filaments in both HT1080 cells (Figure 8A) and U20S cells
(see Figure S2A, supplementary material). The enrichment of cdGAP in 3D adhesions was
confirmed by co-localization analysis of co-transfected GFP-cdGAP with mRFP-paxillin in
both the HT1080 (Figure 8A) and U20S cells (see Figure S2B, supplementary material).

Recent studies have demonstrated that while U20S cells are capable of forming 3D
adhesions, they do not migrate efficiently within 3D matrices [Kubow and Horwitz, 2011]
(and our unpublished observations). Therefore, in order to assess the role of cdGAP in 3D
migration, HT1080 cells that have been shown previously to migrate effectively through 3D
matrices were utilized [Wolf et al., 2003;Wolf and Friedl, 2009]. CdGAP-depleted HT1080
cells (Figure 8B) migrated at a significantly higher velocity through 3D CDMs than control
RNA. cells (Figure 8C). Cells depleted of cdGAP migrated primarily in a mesencyhmal
mode of migration, displaying an elongated morphology similar to control treated cells. In
addition to increasing cell migration through the 3D CDMs, depletion of cdGAP also
increased the capacity of HT1080 cells to invade through Matrigel-coated transwell inserts
(Figure 8D).

Discussion

Efficient cell migration requires that the organization and dynamics of cell-ECM
interactions are tightly coordinated [Gardel et al., 2010;Gupton and Waterman-Storer,
2006]. In the current study, we have identified cdGAP as an important regulator of both
adhesion size and adhesion dynamics, providing insight into how it controls migration
velocity. Perturbing cdGAP function with siRNA-treatment enhanced the formation of small
leading edge adhesion contacts (Figure 3) that were phenotypically similiar to those
observed in U20S cells over expressing dominant active (V12) forms of either Racl or
Cdc42 (Figure 5), or of adhesions in cells with inhibited myosin Il activity (see Figure S1,
supplementary material) [Kuo et al., 2011;Nobes and Hall.,1995]. Furthermore, unlike other
adhesion proteins such as FAK, Src, and Erk that have been shown to modulate adhesion
turnover by selectively modulating either adhesion assembly or disassembly [Webb et al.,
2004;Shober et al., 2008], the adhesions in cdGAP-depleted cells exhibited increases in both
adhesion assembly and disassembly rates that resulted in shortened lifetimes (Figure 5). A
similar enhancement of adhesion assembly and disassembly rates has been observed in cells
over expressing the Racl-GEF Asef2, or in cells expressing constitutively active PAK1
(T423E), a Racl effector [Bristow et al., 2009;Delorme-Walker et al., 2011]. Thus, cdGAP
silencing and activated Racl produce comparable effects on both adhesion morphology and
dynamics. Activated Cdc42 may also perform a similar function in adhesion dynamics, but
to our knowledge its effects on adhesion assembly and disassembly rates have not been
examined. Taken together with previous studies that established the specific activity of
cdGAP for Racl and Cdc42 both in vitro and in a cellular context [LaLonde et al.,
2006;Lamarche-vane and Hall, 1998;Tcherkezian et al.,2006;A0ki et al., 2004;Kurokowa et
al., 2004], our data suggest that cdGAP depletion likely enhances Racl and Cdc42 activity
levels to drive the formation of small adhesions and accelerate adhesion dynamics.
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In contrast to SIRNA treatment, cells over expressing cdGAP were poorly spread with
angular morphologies and large adhesions (Figure 4,6), all of which are properties of cells
with increased levels of active RhoA and concomitant myosin Il activity [Cox et al., 2001].
Inhibition of myosin Il activity with blebbistatin prevented the cell and adhesion
morphology typically observed in GFP-cdGAP over expressing cells (see Figure S1,
supplementary material), further indicating that cdGAP over expression may be enhancing
RhoA mediated signaling pathways that can regulate the control of acto-myosin generated
tension. Studies on Rho family activation have demonstrated that increasing Racl or Cdc42
activity decreases the level of active RhoA [Sander et al., 1999], and vice versa, and that
over expression of other Racl GAPs such as ArhGAP22 and FilGAP may indirectly
influence RhoA activity [Ohta et al., 2006;Sanz-Moreno et al., 2008;Wu et al., 2009]. We
can speculate that cdGAP may therefore function in a similar manner to indirectly shift the
reciprocal balance of signaling from Racl and Cdc42 to RhoA during adhesion formation
and maturation in order to produce the large adhesions observed in cdGAP over expressing
cells. Importantly, coexpression of V12Racl or V12Cdc42 in U20S cells with GFP-cdGAP
induced the formation of small adhesion contacts and blocked the poorly spread, angular
morphology of cdGAP over expressing cells, demonstrating that cdGAP over expression
targeted both Racl and Cdc42.

The large adhesions observed in cdGAP over expressing cells were exceptionally stable,
whereas adhesions in cdGAP siRNA-treated cells were dynamic and rapidly turned over.
Small adhesions similar to those we observed forming at the leading edge of cdGAP siRNA-
treated cells exert high traction forces on the ECM relative to their size [Beningo et al.,
2001]. Thus, it is interesting to speculate that cdGAP over expressing cells have static,
hyper-mature adhesion contacts that slow cell migration by anchoring the cell body to the
ECM, while siRNA-treated cells migrate more quickly as the result of an increase in the
population of small adhesions that provide optimal traction forces for rapid cell migration.
Importantly, we observed that endogenous cdGAP localized to both small adhesions at the
leading edge as well as larger, more mature adhesions (Figure 3,4), and that actomyosin
generated contractility was not necessary for GFP-cdGAP’s localization to small adhesion
contacts (see Figure S1, supplementary material). This indicates that cdGAP is present in
adhesions at all stages of adhesion maturation. The enhanced GAP activity of cdGAP
observed in the later stages of cell spreading [LaLonde et al., 2006] suggests that during cell
migration the normal function of cdGAP may be to stabilize adhesions and positively
regulate their maturation as its GAP activity is stimulated in response to integrin signaling.

Cell migration models incorporating 3D matrix topography and rigidity offer a more
physiologically relevant environment for evaluating the likely in-vivo function of proteins
involved in coordinating cell migration, as compared to the more traditional 2D tissue
culture plastic models [Even-Ram and Yamada, 2005;Pankov et al., 2005]. Indeed, adhesion
morphology is different in 3D matrices [Cukierman et al., 2001] and some adhesion proteins
have been found to play strikingly different roles in regulating the speed and mode of cell
migration depending on the environmental context [Deakin and Turner., 2011;Even-Ram
and Yamada, 2005;Pankov et al., 2005;Petrie et al., 2009]. For example, Hic-5 expression is
not essential for 2D adhesion formation, but is necessary for the formation of 3D matrix
adhesions and the mesenchymal phenotype in MDA-MB-231 breast cancer cells, as well as
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for their efficient migration and invasion [Deakin and Turner., 2011]. In contrast, our results
demonstrate that cdGAP localizes to adhesions in both 2D and 3D environments and appears
to play a similar role in inhibiting cell migration in both situations (Figure 7). Optimal
mesenchymal migration in 3D requires efficient 3D matrix adhesion turnover, as well as the
tight regulation of Racl and RhoA activity. Indeed, suboptimal or elevated global levels of
Rac1 activity impair cell migration in 3D and the latter promotes the formation of numerous,
non-productive small off-axis protrusions [Pankov et al.,2005], while high RhoA activity
levels may promote switching to an amoeboid mode of motility [Deakin and Turner.,2011].
Importantly, cdGAP-depleted cells migrated more rapidly and did not form off-axis
protrusions or switch their migratory phenotype (unpublished observation). This suggests
that cdGAP, consistent with its restricted localization to adhesions, influences primarily the
localized, as opposed to global levels of Rho GTPase activity.

While 3D CDMs closely approximate the 3D architecture and makeup of loosely packed
connective tissue and the tumor stroma [Deakin and Turner.,2011], tumor cell dissemination
also requires the invasion of cancer cells through densely packed basement membranes. In
this regard, our studies revealed that cdGAP also plays an important role in suppressing
invasion through Matrigel, a standard model for cancer cell basement membrane
translocation (Figure 7D). In contrast, a recent study reported that cdGAP knockdown
inhibited invasion in response to TGF-B[He et al., 2011], indicating that cdGAP’s function
may be cancer cell type or context specific. Nonetheless, these studies point to an important
and potentially complex role for cdGAP in regulating cancer cell invasion.

In summary, we have identified an important role for cdGAP in regulating cell migration
and demonstrate that cdGAP inhibits cell motility through promoting adhesion contact
maturation and stability. The study further highlights the importance of GAPs in addition to
GEFs, in controlling the dynamics of the cell migration machinery in both 2D and 3D
environments.

Materials and Methods

Antibodies and Reagents

Antibodies used in this study were cdGAP (Cell Signaling Technology, Beverly, MA), a-
actinin (Sigma, St. Louis, MO) ILK, Rac1l, paxillin (BD Bioscience, Bedford, MA) and
paxillin clone H114 (Santa Cruz Biotechnology, Santa Cruz, CA). GFP and myc-tagged
plasmids containing the murine long isoform of cdGAP were a gift from Nathalie Lamarche-
Vane [Tcherkezian et al., 2005] (McGill University, Montreal, Canada). Plasmids containing
myc-tagged V12Racl and myc-tagged V12Cdc42 were previously described [Brown et al.,
2002].

Tissue Culture

U20S, Human Foreskin Fibroblast (HFF), and HT1080 cells were obtained from the
American Tissue Culture Collection (ATCC, Manassas, VA). HT1080 cells were maintained
in Eagle’s Minimum Essential Media (EMEM) (ATCC) supplemented with 10 1.U./ml
penicillin, 10ug/ml streptomycin, and 10% FBS (v/v) (Atlas Biologicals, Ft. Collins, CO).
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U20S and HFF cells were maintained in Dulbeco’s Minimum Essential Media (DMEM)
supplemented with 2mM L-glutamine, 10% FBS (v/v), 5ug/ml kanamycin, 10 1.U./ml
penicillin, 10ug/ml streptomycin, and 1mM sodium pyruvate. Cells were maintained at 5%
CO, and 37°C. For blebbistatin experiments, cells were treated with DMSO vehicle control
or 20uM blebbistatin (EMD Chemicals, San Diego, CA) for 30 minutes in complete DMEM
before being fixed.

siRNA and GFP tagged protein transfection

HT1080 and U20S cells were transfected with a non-specific control siRNA or two separate
SiRNASs to human cdGAP. U20S cells were transfected using Oligofectamine (Invitrogen,
Carlsbad, CA) as per the manufacturer’s instructions, while HT1080 cells were transfected
with Lipofectamine 2000 (Invitrogen) as per the manufacturer’s instructions-siRNAs were
used at a final concentration of 0.3 uM for both transfection reagents. The siRNA sequences
directed against human cdGAP were as follows (Ambion, Grand Island, NY): cdGAP(1) 5’-
GGACAGAUCUCUACAUAGA-3’, cdGAP(2) 5’-CCUCAGCGGAGAUCAGUAA-3".
The control siRNA sequence was 5’ACUCUAUCUGCACGCUGAC-3’. Transfection of
tagged proteins into U20S and HT1080 cells was performed with Fugene HD (Roche,
Indianapolis, IN) according to the manufacturer’s instructions.

Immunofluoresence Microscopy

Cells plated on glass coverslips coated in either 2D or 3D ECM were fixed and
permeabilized simultaneously using a mixture of 4% (w/v) paraformaldehyde (pH adjusted
to 7.2) and 1% (v/v) Triton X-100 in phosphate buffered saline (PBS). Coverslips were
washed in PBS containing 0.05% (v/v) Tween 20 (for all wash steps). Fixed coverslips were
quenched in PBS containing 0.1M glycine, before being washed in PBS-Tween 20 and
blocked for a minimum of one hour in PBS containing 3% (w/v) BSA. Glass coverslips
were incubated with primary antibodies for one hour at room temperature, and following
three washes in PBS-Tween 20, were incubated for one hour with Dylight-conjugated
secondary antibodies (Jackson Immunoresearch Labs, West Grove, PA) in PBS with 3%
(w/v) BSA. Filamentous-actin was visualized using rhodamine-phalloidin (Invitrogen).

Scrape Wound Assays

Following siRNA-treatment, U20S or HT1080 cells were spread for three hours on 10ug/ml
collagen-coated 6-well or 12-well plates and allowed to form a monolayer before wounding
with a pipette tip. Wounded monolayers were washed in warmed media three times to
remove detached cells and debris. All wound assays were performed in media containing
serum. Cells were placed into an environment controlled chamber at 5% CO, and 37°C, and
phase contrast images were acquired on a Nikon Eclipse Ti scope using a 10X/0.30 PL
FLUOR Nikon objective and equipped with a Hamamatsu Orca R2? camera (Hamamatsu
City, Japan) and Nikon NS-Elements software. Three points along each wound edge were
taken per each experiment, and cells at the wound edge were tracked in ImageJ using the
manual tracking plugin (Fabrice Cordelieres, Institut Curie, Orsay, France). Average cell
migration velocity was calculated from raw data generated with the manual tracking plugin
using the chemotaxis plugin in ImageJ from Ibidi (Martinsried, Germany).
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Random Migration Analysis

U20S cells were plated at low density in either 6 or 12 well plates on 10ug/ml collagen for
two hours before being imaged in serum containing DMEM for 16 hours under phase
contrast on a Nikon Eclipse Ti scope under a 10X/0.30 PL FLUOR Nikon objective with
environment chamber maintained at 5% CO, and 37°C. Velocity values were calculated as
described above for the wound healing analysis. To generate the track images in Figure 1D
and 2B, the xy positions of randomly migrating cells generated using the manual tracking
plugin in ImageJ were plotted in Microsoft Excel (Redmond, WA).

Adhesion Morphology and Size Analysis

To quantify the percentage of cells containing small, leading edge localized adhesion
contacts, cells were spread for two hours in 10% FBS containing DMEM on 10ug/ml
collagen-coated glass coverslips. Cells were processed for immunofluoresence and stained
with paxillin to mark adhesions and rhodamine phalloidin to visualize actin. Cells with small
paxillin positive adhesions that encompassed >20% of either their leading edge or cell
periphery were scored as positive for small adhesion contacts. Adhesion size was measured
in ImageJ on background-subtracted images of paxillin stained adhesions. Thresholded
particles >0.1um? were measured using the analyze particles function in ImageJ to give an
average adhesion area.

Live Cell Imaging and Focal Adhesion Dynamics Analysis

For adhesion dynamics analysis, U20S cells were either co-transfected with myc-cdGAP
and zyxin-GFP, or U20S cells stably expressing zyxin-GFP were transfected with a control
SiRNA or siRNAs targeting cdGAP. SiRNA-treated or over expressing cells were re-plated
onto collagen-coated 35mm MatTek glass bottom dishes (MatTek Corp, Ashland, MA)
overnight before being imaged on a Leica SP5 confocal microscope using an HCX PL APO
63%/1.40-0.60 OIL )\ BL objective (Leica, Bannockburn, IL) equipped with an environment
chamber maintained at 37°C and 5% CO,. Time-lapse movies were compiled and
background subtracted before being analyzed in ImageJ. Only individual adhesions that
could be followed from the point at which they were initially visible all the way through
until complete disassembly were quantified. Adhesion assembly and disassembly rates were
calculated as previously described by measuring the slopes of semilog plots of the mean
fluorescence intensity over time for each individual adhesion [Deakin and Turner,
2011;Webb et al., 2004]. Adhesion lifetimes were determined from adhesions used for the
assembly and disassembly rate calculations.

Generation of 3D CDMs and 3D random migration analysis

Cell derived matrices (CDMs) were generated using Human Foreskin Fibroblast (HFF) cells
as previously described [Deakin and Turner, 2011]. Briefly, HFF cells were plated on either
1% (v/v) gluteraldehyde fixed gelatin-coated (0.02% gelatin (v/v) in PBS) glass coverslips
and 6 or 12 well plastic dishes. Dishes and coverslips were quenched with 1M glycine and
washed with PBS before HFF cells were added and grown to confluence. Cells were then
cultured for an additional 12-14 days. Cells were grown in DMEM with 10% (v/v) FBS
supplemented with 50ug/ml ascorbic acid to promote the stabilization of the collagen matrix.
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Ascorbic acid containing media was exchanged every two days until matrices were denuded
with extraction buffer containing 20 mM NH,4OH and 0.5% (v/v) Triton X-100. HT1080
cells were seeded onto the matrix for 4-6 hours before beginning migration studies. Cells
were imaged on a Nikon Eclipse Ti scope using a 10X/0.30 PL FLUOR Nikon objective
with environment chamber maintained at 5% CO- and 37°C. Cell migration velocity was
calculated as described for the scrape wound and random migration studies.

Matrigel Invasion Assays

Statistics

Control and cdGAP siRNA-treated HT1080 cells (1.5x10”4 total cells per well) were placed
into the upper chamber of a Matrigel coated transwell insert with 0.8um pores prepared in
accordance with the manufacturer’s instructions (BD bioscience). The bottom chamber was
filled with 10% (v/v) FBS-containing media. Cells were allowed to invade for 10-12 hours
before the Matrigel and any remaining cells were scraped off the top of each membrane with
a cotton swab. Membranes were then fixed with 4% paraformaldehyde, permeabilized, and
stained for actin using rhodamine phalloidin. Widefield images (10X10) of the bottom of
each transwell were taken using a Nikon Eclipse Ti scope under a 10X/0.30 PL FLUOR
Nikon objective. Stitched widefield images were used to count the total number of invaded
cells. The total numbers of invaded cells were normalized to control siRNA treatments and
presented as relative invasion.

All statistics were performed in Microsoft Excel using the standard deviation, standard error
of the mean, and Student’s t-test functions. Statistical analysis was considered significant if
p values were < 0.05, and error bars represent +/— standard error of the mean. For all
asterisks *,p < 0.05, **,p < 0.005 , ***, p < 0.001. All data were compiled from a minimum
of three independent experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CAGAP silencing acceler ates the speed of wound healing and random migration
(A) U20S cells were transfected with two separate siRNAs targeted against human cdGAP

and knockdown efficiency was assessed by western blotting using an antibody specific for
human cdGAP. (B) CAGAP siRNA-treated cells closed a wound more quickly then control
siRNA-treated cells. U20S cells treated with control or cdGAP siRNA were plated at high
density, scrape wounded, and imaged over 16 hours. (C) Tracking of individual cells at the
wound edge confirmed that cells treated with cdGAP siRNA migrated at a higher velocity
than control siRNA-treated cells. A minimum of 40 cells were tracked in each wound per
siRNA condition from each of three independent experiments and compared using Student’s
t-test, *, p < 0.05 for each cdGAP siRNA when compared to the control. (D) Representative
tracks generated from control and cdGAP siRNA-treated U20S cells plated at low density
migrating randomly on 10pug/ml collagen for 16 hours demonstrating the longer distance
traveled by cdGAP silenced cells. (E) cdGAP siRNA-treated cells migrate at a higher
velocity than control siRNA-treated cells. For random migration velocity calculations, a
minimum of 30 cells from each of three independent experiments were tracked. Velocity
measurements from the control siRNA-treatment and each cdGAP siRNA-treatment were
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statistically compared using Student’s t-test, *, p < 0.05 for both siRNAs. For Figure 1, all
graphs have error bars representing +/- the standard error of the mean.
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Figure 2. CAGAP over expression slows random cell migration
(A) U20S cells were transfected with GFP or GFP-cdGAP. (B) Representative tracks of

transfected U20S cells plated at low density migrating on 10ug/ml collagen for 16 hours,
with GFP-cdGAP transfected cells migrating a shorter distance than GFP control cells. (C)
GFP expressing cells migrate at a higher velocity than GFP-cdGAP expressing cells. A
minimum of 30 cells from three independent experiments were analyzed per condition and
GFP versus GFP-cdGAP expressing cells compared with Student’s t-test,***, p < 0.001.
Velocity graph has error bars representing +/— the standard error of the mean.
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Figure 3. CAGAP depletion promotes the formation of small adhesion contacts at the leading
edge and decr eases aver age adhesion area

(A) U20S cells were spread, fixed and stained for endogenous cdGAP two hours post
plating on 10pg/ml collagen. Endogenous cdGAP co-localizes to adhesions that are positive
for paxillin staining. Inset shows a zoom of adhesions positive for cdGAP and paxillin
staining used to generate the line profile in (B). (B) A line profile through adhesions
demonstrates that cdGAP and paxillin fluorescence intensity peaks in adhesions and
diminishes in the surrounding cytoplasm. (C) Control and cdGAP siRNA-treated U20S
cells were spread on 10ug/ml collagen coated coverslips and stained for actin and paxillin.
Merged images are overlays of the paxillin and actin channels. Inset shows enlarged area
from each white box; small adhesions are frequently observed in the leading edge of
migrating U20S cells treated with cdGAP siRNA. (D) CdGAP depletion increases the
percentage of cells with small, leading edge or peripheral adhesions. Cells were scored as
positive if > 20% of their leading edge or periphery contained small paxillin-positive
adhesions. A minimum of 80 cells from three separate experiments were scored per
condition and control versus siRNA-treated cells compared with Student’s t-test, ***, p <
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0.001 for both siRNAs. (E) Average adhesion size decreases in cdGAP siRNA-treated cells,
a minimum of 30 cells from three independent experiments were analyzed and control-
treated cells compared to each siRNA-treatment with Student’s t-test, ***, p < 0.001 for
both siRNAs. (F) Masks of cdGAP siRNA-treated cells were made to display representative
cell morphology. CAGAP siRNA-treatment promoted the formation of a crescent
morphology in U20S cells. For Figure 3, all error bars represent +/- the standard error of
the mean.
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Figure 4. CAGAP over expression inhibitsthe formation of small adhesion contacts and increases
adhesion area

(A) U20S cells transfected with GFP or GFP-cdGAP were spread on 10ug/ml collagen
coated coverslips and stained for paxillin and actin. Inset shows the localization of GFP-
cdGAP to adhesions that are positive for paxillin staining. The white bar in the merged inset
for the GFP-cdGAP expressing cell marks adhesions through which the line profile in (B)
was drawn. (B) A line profile through adhesions demonstrates that GFP-cdGAP and paxillin
fluorescence intensity peaks in adhesions and diminishes in the surrounding cytoplasm. (C)
The percentage of cells with small leading edge or peripheral adhesions decreased in GFP-
cdGAP expressing cells. The percentage of small adhesions was quantified from a minimum
of 60 transfected cells from each of three independent experiments per condition and GFP
versus GFP-cdGAP expressing cells compared with Student’s t-test, *, p < 0.05. (D)
Average adhesion size was measured in U20S cells expressing GFP and GFP-cdGAP
constructs from a total of 30 transfected cells per condition from three independent
experiments and compared using Student’s t-test, ***, p < 0.001. (E) Masks of cells over
expressing GFP or GFP-cdGAP demonstrate that GFP-cdGAP over expressing cells have a
smaller spread area and an angular morphology. For Figure 4, all error bars represent +/- the
standard error of the mean.
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Figure 5. Dominant active V12Racl and V12Cdc42 block the cdGAP over expression phenotype
(A) U20S cells were co-transfected with either GFP or GFP-cdGAP and myc-tagged

dominant active V12Racl or myc-tagged dominant active V12Cdc42 and the expression
levels of each construct were evaluated by western blotting. (B) Cells expressing the
indicated constructs were spread on 10ug/ml collagen coated coverslips and stained for
paxillin and actin.
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Figure 6. CAGAP silencing acceler ates adhesion dynamics
(A) U20S cells stably expressing zyxin-GFP were subjected to control or cdGAP siRNA-

treatment and evaluated for cdGAP and zyxin-GFP expression by western blot. (B) Zyxin-
GFP stable U20S cells treated with control or cdGAP siRNA were imaged to quantify focal
adhesion dynamics. White arrows indicate adhesions that are turning over during the time
course and labels indicate the duration of each sequence in minutes. (C) The relative
fluorescence intensity of representative individual adhesions with siRNA treatments plotted
over time. (D) CAGAP siRNA shortens the average adhesion lifetime. (E) CAGAP siRNA
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accelerates adhesion assembly rates. (F) CAGAP siRNA enhances adhesion disassembly
rates. Confocal image sequences were used to calculate the lifetime, adhesion assembly, and
adhesion disassembly rates for each siRNA treatment. All lifetime and rate measurements
were made from three independent experiments for a total of 50-70 adhesions, 4-7 cells per
condition and compared with Student’s t-test, ***, p < 0.001 for assembly, disassembly, and
lifetime calculations in comparison to control siRNA for both cdGAP siRNAs. For Figure 6
all error bars represent +/- the standard error of the mean.
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Figure 7. CAGAP over expression slows adhesion dynamics
(A) U20S cells were transiently co-transfected with zyxin-GFP and either vector or myc-

CdGAP and evaluated for cdGAP and zyxin-GFP expression by western blot. (B) Zyxin-
GFP positive U20S cells expressing myc-control vector or myc-cdGAP were imaged to
quantify focal adhesion dynamics. White arrows indicate adhesions that are turning over
during the time course and labels indicate the duration of each sequence in minutes. (C) The
relative fluorescence intensity of representative individual adhesions plotted over time. (D)
Myc-cdGAP over expression lengthens adhesion lifetime. (E) Over expression of myc-

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2015 June 19.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Wormer et al.

Page 25

cdGAP inhibits adhesion assembly rates. (F) Over expression of myccdGAP inhibits
adhesion disassembly rates. Confocal image sequences were used to calculate the lifetime,
adhesion assembly, and adhesion disassembly rates for each condition. All lifetime and rate
measurements were made from four independent experiments for a minimum of 50
adhesions from 6-10 cells per condition. Statistical comparisons were made between control
and myc-cdGAP over expressing cells for the lifetime and adhesion dynamics measurements
with a Student’s t-test,**, p < 0.005 for adhesion assembly rate, *** , p < 0.001 for lifetime
and disassembly rate comparisons. For Figure 7, all error bars represent +/- the standard
error of the mean.
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Figure 8. CAGAP localizesto 3D matrix adhesions and cdGAP siRNA enhances M atrigel
invasion and migration velocity in 3D CDMs

(A) Endogenous cdGAP and GFP-cdGAP both localize to 3D matrix adhesions. HT1080
cells were plated onto coverslips coated with 3D CDMs before being fixed and stained for
endogenous cdGAP, actin and fibronectin. HT1080 cells co-transfected with GFP-cdGAP
and mRFP-paxillin were fixed and stained for fibronectin. (B) HT1080 cells were treated
with cdGAP siRNAs and knockdown efficiency evaluated by western blotting. (C) CAGAP
siRNA-treatment enhanced cell migration velocity in 3D CDMs. Migration velocity was

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2015 June 19.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Wormer et al.

Page 27

calculated for individual cells moving within the 3D matrix from three independent
experiments with a minimum of 30 cells per experiment and siRNA treatment, with ***, p <
0.001 for comparisons between control and cdGAP silenced cells. (D) HT1080 cells treated
with cdGAP siRNA invade more efficiently through Matrigel than control siRNA-treated
cells. Relative invasion was calculated from three independent experiments and compared
using Student’s t-test. *, p < 0.05 for comparisons between control and each cdGAP siRNA-
treatment. For Figure 8, all error bars represent +/- the standard error of the mean.
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