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Abstract
Cell adhesion and motility are very dynamic processes that require the temporal and spatial
coordination of many cellular structures. ADP-ribosylation factor 6 (Arf6) has emerged as master
regulator of endocytic membrane traffic and cytoskeletal dynamics during cell movement. Recently,
a novel Arf6-binding protein known as FIP3/arfophilin/eferin has been identified. In addition to Arf6,
FIP3 also interacts with Rab11, a small monomeric GTPase that regulates endocytic membrane
transport. Both Arf6 and Rab11 GTPases have been implicated in regulation of cell motility. Here
we test the role of FIP3 in breast carcinoma cell motility. First, we demonstrate that FIP3 is associated
with recycling endosomes that are present at the leading edge of motile cells. Second, we show that
FIP3 is required for the motility of MDA-MB-231 breast carcinoma cells. Third, we demonstrate
that FIP3 regulates Rac1-dependent actin cytoskeleton dynamics and modulates the formation and
ruffling of lamellipodia. Finally, we demonstrate that FIP3 regulates the localization of Arf6 at the
plasma membrane of MDA-MB-231 cells. Based on our data we propose that FIP3 affects cell
motility by regulating Arf6 localization to the plasma membrane of the leading edge, thus regulating
polarized Rac1 activation and actin dynamics.
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Introduction
Cell adhesion and motility are dynamic processes requiring both temporal and spatial
coordination of many cellular structures. A key regulator of cell motility is the actin
cytoskeleton. Cell motility requires continuous rearrangement of the cytoskeleton at the leading
and retracting edges of moving cells. Much of this rearrangement is modulated by the
coordinated action of small Ras-like GTPases of the Rac/Rho family. The prototype Rho family
members, RhoA, Rac1, and Cdc42 are known for their specific effects on the actin cytoskeleton
(Hall, 1998; Mackay and Hall, 1998). In particular, in migratory cells Rac1 stimulates the
formation of the broad, actin-rich, membrane protrusions at the cell edges, called lamellipodia
(Braga et al., 1997; Palacios and D’Souza-Schorey, 2003; Takaishi et al., 1997).
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Vectorial cell migration also necessitates the extension of lamellipodia or filopodia in the
direction of movement. It has been suggested that the generation of lamellipodia or filopodia
requires massive directional influx of membrane (Nabi, 1999). This membrane influx may be
achieved via targeted delivery of the membranes to the leading edge from the Golgi apparatus
and/or endosomes. Interestingly, endosomes also are involved in several other processes that
require massive influx of plasma membrane such as phagocytosis and cytokinesis (Cox et al.,
2000; Riggs et al., 2003; Skop et al., 2001; Wilson et al., 2005).

Despite the involvement of cytoskeleton and endocytic membrane traffic in regulation of cell
motility, we are only beginning to understand the machinery coordinating both of these
processes. Recently, ADP-ribosylation factor 6 (Arf6) has emerged as master regulator of both
vesicular transport and cytoskeleton dynamics (Donaldson and Honda, 2005; Sabe, 2003;
Turner and Brown, 2001). Since both of these processes are important in regulation of cell
motility, it is not very surprising that multiple studies have suggested that Arf6 plays a key role
in regulation of cell movement. For example, Arf6 has been implicated in regulation of
endocytic integrin recycling, as well as endocytosis of E-cadherin, a cell-cell adhesion
molecule (D’Souza-Schorey et al., 1998; Dunphy et al., 2006; Palacios and D’Souza-Schorey,
2003; Powelka et al., 2004). It has been reported that Arf6 binds and regulates
phosphatidylinositol 4-phosphate 5-kinase Iγ (PI4P-5K), as well as, phospholipase D (PLD)
thus regulating the production of phosphatidylinositol (4,5)-bisphosphate (PI(4,5)P2)
(Hernandez-Deviez et al., 2004; Hiroyama and Exton, 2005; Honda et al., 1999; Powner et al.,
2002; Powner and Wakelam, 2002). Since PI(4,5)P2 regulates clathrin-mediated endocytosis,
it is likely that Arf6 may regulate AP-2 and clathrin coat recruitment to the endocytic pits
(Krauss et al., 2003; Paleotti et al., 2005). In addition, at the lateral membrane of epithelial
cells Arf6 binds and recruits Nm23-H1 nucleoside diphosphate kinase, thereby regulating
endocytosis of E-cadherin molecules (Palacios et al., 2002). Arf6 was also implicated in
regulation of the endocytosis pathway that is used to internalize β1-integrin (for review see
(Donaldson, 2003)).

In addition to regulating endocytosis and the recycling of integrins and cell-cell adhesion
molecules, Arf6 is also known for its role in regulating the actin cytoskeleton. Over-expression
of constitutively active Arf6 or its activator ARNO has been shown to induce the formation of
large lamellipodia and stimulate cell motility in epithelial cells (Boshans et al., 2000;
Radhakrishna et al., 1999; Santy and Casanova, 2001) by activating Rac1 GTPase and
regulating actin dynamics (Radhakrishna et al., 1999; Santy and Casanova, 2001; Santy et al.,
2005). Furthermore, it has been reported that Arf6 may regulate the redistribution of Rac1 from
endosomes to the plasma membrane (Radhakrishna et al., 1999). Alternatively, Arf6 may
regulate the recruitment of the Rac1 GEF, DOCK180-ELMO complex (Santy et al., 2005) or
by binding to POR1, a Rac1-interacting protein (D’Souza-Schorey et al., 1997). It was recently
shown that Arf6 regulates recruitment and activation of Rac GEF Kalirin (Koo et al., 2007).
Finally, the increase in PI(4,5)P2 levels also can effect actin dynamics by regulating actin
capping proteins.

Recently, an Arf-binding protein, named arfophilin, has been identified (Shin et al., 1999,
2001). While originally identified as an Arf5-binding protein, arfophilin was later shown to
prefer Arf6 over Arf5 in vitro and in vivo (Fielding et al., 2005). Interestingly, arfophilin is
identical to Rab11-FIP3/Eferin, which was independently identified as a Rab11-binding
protein (Hales et al., 2001; Prekeris et al., 2001). Based on sequence homology Rab11-FIP3
belongs to a recently described FIP family of Rab11-binding proteins and will be referred to
here as FIP3 (Hales et al., 2001; Lindsay et al., 2002; Prekeris et al., 2000, 2001).

The discovery that FIP3 can simultaneously bind to Rab11 and Arf6 GTPases has raised the
possibility that endosome-associated FIP3 may play a role in regulating endocytic transport
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and cytoskeleton dynamics during cell motility. Rab11 GTPase is well known for its role in
regulating endocytic membrane traffic. Furthermore, it has been suggested that both Rab11
and Arf6 are involved in regulating the same β1-integrin recycling pathway (Parsons et al.,
2005). In this study we investigated the role of FIP3 in regulating motility of MDA-MB-231
breast carcinoma cells. First, we demonstrate that FIP3 is associated with Rab11-containing
recycling endosomes that are present at the leading edge of motile cells. Second, we show that
FIP3 is required for the motility of MDA-MB-231 breast carcinoma cells. Third, we
demonstrate that while having no effect on integrin recycling, FIP3 regulates the polarized
Rac1-dependent actin cytoskeleton dynamics, as well as formation and ruffling of the
lamellipodia. Finally, we demonstrate that Arf6 binding to FIP3 is required for Arf6 targeting
to the plasma membrane of the leading edge. Based on these data, we propose that FIP3
regulates polarized Rac1 activation by mediating the targeting of Arf6 to the leading edge of
the moving breast cancer cells.

Materials and methods
Reagents and plasmids

Cell culture reagents were obtained from Invitrogen (Carlsbad, CA) unless otherwise specified.
Most chemicals were from Sigma-Aldrich (St. Louis, MO) or Fisher (Pittsburgh, PA). Mouse
monoclonal anti-HA antibody was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Transferrin conjugated to Alexa488 (Tf-Alexa488) and phalloidin conjugated to Texas
Red were purchased from Molecular Probes (Eugene, OR). Mouse monoclonal anti-transferrin
receptor and rabbit polyclonal anti-Rab11 were purchased from Zymed laboratories (South
San Francisco, CA). Mouse monoclonal anti-EEA1 and mouse monoclonal anti-Lamp1
antibodies were obtained from BD Biosciences (San José, CA). Rabbit polyclonal anti-Rac1
antibody was purchased from Cytoskeleton (Denver, CO). The polyclonal rabbit anti-FIP3
antibody was described previously (Wilson et al., 2005). The polyclonal goat anti-FIP3
antibody was generated using recombinant FIP3 as described previously (Meyers and Prekeris,
2002). Mouse anti-human EGF-R antibody (conjugated to Alexa647; clone 13A9), anti-β1-
integrin (conjugated to APC) and anti-α5-integrin antibody (conjugated to PE) were generous
gifts from Dr. Andrew Peden. Generation of the FIP3-GFP construct was as described
previously (Wilson et al., 2005).

FIP3-YFP, CFP-Rab11a, HA-Arf6-27N, Arf6-CFP, myc-Rab11a-S25N and FIP3-GFP-I737E
were previously described (Wilson et al., 2005; Fielding et al., 2005; Peden et al., 2004). FIP3-
YFP-I737E and Arf6-CFP-W168L/L169V were generated using point-directed mutagenesis
(BD Biosciences).

Cell culture and immunofluorescence microscopy
MDA-MB-231 and NIH-3T3 cells were cultured as described previously (Parsons et al.,
2005). For immunofluorescence microscopy, cells were fixed with 4% paraformaldehyde for
15 min, permeabilized with 0.4% saponin, and non-specific sites were blocked with phosphate-
buffered saline containing 0.2% bovine serum albumin and 1% fetal bovine serum. After
incubation with specific antibodies, samples were extensively washed and mounted in
VectaShield (Vector laboratories). Cells were imaged with an inverted Zeiss Axiovert 200M
microscope. Image processing was performed using Intelligent Imaging Innovations three-
dimensional rendering and exploration software.

RNA interference (RNAi)
Rab11a/b and FIP3#1 were depleted with siRNA oligonucleotides as described previously
(Junutula et al., 2004; Wilson et al., 2005). siRNAs were co-transfected into MDA-MB-231
cells using Lipofectamine2000 (Gibco BRL) which allows >90% transfection efficiency of
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siRNA. Transfected cells were incubated for either 48 or 72 hours and analyzed for Rab11a/b
or FIP3 expression by Western blotting (Supplemental Figure 1). Remaining cells were used
for flow cytometry, fluorescence microscopy, cell attachment, cell spreading and cell motility
studies. In most FIP3 siRNA experiments, the effect of siRNA treatment was confirmed with
a second siRNA#2 oligo (5’-aaggcgtgtgctggagctgga-3’).

Transferrin and anti-EGF-R antibody uptake assays
For uptake assays, mock or FIP3 siRNA-treated MDA-MB-231 cells were incubated with 20
μg/ml Tf-Alexa488 at 4°C for 30 min. Cells were then incubated at 37°C for 30 min in the
continuous presence of 20 μg/ml Tf-Alexa488 (pre-incubation at 4°C was required to generate
sufficient signal for detection by flow cytometry). Cells were washed and the experiment
completed by pelleting and resuspending the cells in 3% paraformaldehyde. Cell-associated
Tf-Alexa488 was determined by flow cytometry analysis.

To analyze the presence of EGFR and TfR at the plasma membrane, mock or FIP3 siRNA-
treated MDA-MB-231 cells were incubated with 20 μg/ml Tf-Alexa488 or anti-EGF-R
conjugated to Alexa647 at 4°C for 60 min. Cells were washed and the experiment completed
by pelleting and resuspending the cells in 3% paraformaldehyde. Cell-associated Tf-Alexa488
and anti-EGFR-Alexa647 were determined by flow cytometric analysis.

Flow cytometry analyses were performed using a Cytomics™ FC 500 flow cytometer
(Beckman Coulter) equipped with 488-nm and 647-nm lasers at the University of Colorado
Cancer Center Flow Cytometry Core Facility.

Cell motility assays
Motility of MDA-MB-231cells was measured by modified Boyden chamber assays. Briefly,
mock or RNAi-treated cells were resuspended in Opti-Mem media and added to the top
chamber of 8 μm pore size Transwell filter insets (6.5 mm filters, Corning Inc., Corning, NY)
at 100,000 cells/filter. NIH-3T3 cell conditioned medium was added to the bottom chamber.
After 8 hours, cells remaining on the upper surface of the filter were removed with a cotton
swab. Cells on the bottom side were stained with 0.1% crystal violet. The dye was extracted
into 10% sodium deoxycholate and quantitated by measuring the optical density at 590 nm.
Under these conditions, about 60% of cells usually migrate to the bottom chamber. When
transfected with FIP3-GFP or FIP3-GFP-I737E cells were incubated for 18 hours and then
plated on Transwell filter insets at 100,000 cells/filter. After 8 hours, cell migration was
estimated by counting transfected cells (as determined by presence of GFP fluorescence) on
the upper or bottom surfaces of the filter. The total number of cells was calculated by adding
transfected cells from both surfaces. The values presented are the percentage of transfected
cells that migrated to the bottom surface.

For single-cell velocity studies, MDA-MB-231 or NIH-3T3 cells were plated on fibronectin-
coated (at 20 μg/ml) glass coverslips in the presence of NIH-3T3 cell conditioned medium.
Cells were then mounted on a PH2 heated platform fitted with a TC-344B dual automatic
temperature controller (Warner Instruments). Cells were imaged at 37°C on an inverted
microscope (Zeiss Axiovert 200M) using a 40× dry lens. Images were acquired and analyzed
using Intelligent Imaging Innovations 3D rendering and exploration software. Time-lapse
images (exposure 500 ms) were taken every 12 min. For each series 20 images were taken. To
quantitate cell motility, the speeds of ten randomly chosen cells from two different time-lapse
series were analyzed. The center of the nucleus was used as a reference point, and travel
distance was measured between each frame. The speed was the expressed as distance in mm
traveled per 1 hour.
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For kymography, five randomly chosen MDA-MB-231 cells for each treatment condition were
imaged at 37°C using a 63× oil lens. All images were taken in the presence of NIH-3T3 cell-
conditioned medium. Time-lapse images (exposure 300 ms) were taken every 5 s. For each
series 100 images were taken. Three kymographs from the most dynamic edge were collected
from every cell. Kymographs were analyzed using Intelligent Imaging Innovations 3D
rendering and exploration software as previously described (Hinz et al., 1999). Three main
measurements were obtained: ruffling frequency, ruffle retraction velocity, and ruffle
retraction distance. For the definitions of these measurements see Supplemental Figure 4.

For wound healing cell motility assays, MDA-MB-231 cells were plated at 100% confluence
on fibronectin-coated (at 20 μg/ml) glass coverslips. The surface of the coverslip was scratched
with a p200 pipette tip and incubated at 37°C for varying amounts of time. Cells were then
fixed with 4% paraformaldehyde, mounted and imaged on an inverted microscope (Zeiss
Axiovert 200M) using a 10× dry phase lens.

Cell spreading assay
Mock or FIP3 siRNA-treated MDA-MB-231 cells were placed for 1 or 3 hours onto glass
coverslips coated with collagen. After the allotted time, cells were fixed and stained as
described above using rhodamine-conjugated phalloidin. Images were acquired using an
inverted microscope (Zeiss Axiovert 200M) with 63× oil immersion lens. The cell edges were
outlined based on rhodamine-phalloidin staining. The outlined surface areas were calculated
using Intelligent Imaging Innovations 3D rendering and exploration software. To evaluate the
polarization of cell spreading, the ratio between length and width of randomly chosen mock,
FIP3 siRNA-treated or Rip11/FIP5 siRNA-treated cells (after 3 hours of spreading) were
measured. For each cell, the length was measured as a distance along the longest cell axis. The
width was measured along the line (at the widest point) at a 90° angle from the length axis.

Reverse transcriptase polymerase chain reaction (RT-PCR)
Total RNA was extracted from 2 × 107 MDA-MB-231 or MCF-7 cells using TRIzol
(Invitrogen) according to the manufacturer’s protocol. Reverse transcription to cDNA was
performed with SuperScript III (Invitrogen) using random hexamers. PCR was performed
using Taq polymerase (Invitrogen). All reactions were performed for 40 cycles with the
following parameters: 94°C, 60 s; 55°C, 60 s; 72°C, 90 s. Primers for amplification of Rab25
and Rab11a were previously reported and are expected to generate 759-bp (Rab11a) or 532-
bp (Rab25) PCR fragments (Cheng et al., 2006).

Rac GTPase activation assays
MDA-MB-231 cells were grown on 10-cm dishes. Cells were either mock-transfected or
transfected with FIP3 siRNAs. Cells were incubated for 72 hours and then quickly rinsed in
ice-cold phosphate-buffered saline. Cells were lysed in the reaction buffer (20 mM Tris-HCl,
pH 7.4, 20 mM NaCl, 5 mM MgCl2 and 0.5 % Triton X-100) with protease inhibitors. Lysates
were centrifuged for 5 min at 10,000 rpm at 4°C. To determine the level of activated Rac1,
lysates were incubated with GST-PAK(CRIB) beads, washed, and bound Rac1-GTP was
analyzed by immuoblotting.

Fluorescence energy transfer (FRET) time-lapse microscopy
FRET between FIP3-YFP and Arf6-CFP was measured as described previously (Schonteich
et al., 2007). Briefly, cells were co-tranduced with proteins tagged with YFP and CFP. Live
cells were then mounted on a PH2 heated platform fitted with a TC-344B dual automatic
temperature controller (Warner Instruments). Cells co-expressing YFP and CFP-tagged
proteins were randomly chosen and imaged at 37°C using an inverted microscope (Zeiss
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Axiovert 200M) with a 63× oil immersion lens. Corrected FRET (cFRET) was calculated using
Intelligent Imaging Innovations three-dimensional rendering and exploration software as
described previously using the equation cFRET = FRET - 0.22 × CFP - 0.037 × YFP
(Schonteich et al., 2007). In all cases background cFRET was calculated by random sampling
outside the cell and subtracted from images. Only cells expressing similar amounts of CFP-
and YFP-tagged proteins (YFP/CFP=0.5-2.0) were included in the FRET analysis.

Results
FIP3 is localized at the leading edge and centrosomes of breast cancer cells

The formation and extension of the leading edge is a key step in mediating the movement of
cells. Multiple proteins that regulate cell motility, including Arf6 GTPase, are enriched at the
leading edge of the moving cell. We therefore first sought to localize FIP3 in motile cells. To
that end, we stained MDA-MB-231 breast cancer cells with anti-FIP3 antibody. As shown in
Figure 1A-C, a small population of FIP3 is present at the leading edge of the cell, as marked
by the actin cytoskeleton. A larger amount of FIP3 is present in multiple small punctate
structures exhibiting peri-centriolar localization (see Supplemental Fig. 3). This is consistent
with previous work demonstrating that FIP3 associates with the centrosomes during mitosis
(Hickson et al., 2003; Wilson et al., 2005). Note that some anti-FIP3 staining can also be
observed in the nucleus. This staining appears to be non-specific, since it persists in FIP3
siRNA-treated cells (Supplemental Fig. 1C and D).

Given that FIP3 is a Rab11-binding protein, we determined whether the FIP3-positive
structures described above also contained Rab11. MDA-MB-231 cells were co-transfected
with FIP3-YFP and CFP-Rab11a. Both the FIP3-positive cytoplasmic punctate structures and
the peri-centriolar structures were found to also contain Rab11, suggesting that FIP3 is recruited
to these organelles by binding to Rab11 (Fig. 1D). Indeed, it was previously reported that FIP3-
I737E, a mutant that does not bind to Rab11, exhibits primarily cytosolic distribution (Eathiraj
et al., 2006;Shiba et al., 2006;Wilson et al., 2005). Similarly, in MDA-MB-231 cells FIP3-
I737E also exhibited primarily cytosolic distribution (Fig. 1G and Fig. 6D). Interestingly, while
all FIP3-positive organelles contain CFP-Rab11, the converse is not true. Some of the CFP-
Rab11-positive organelles did not contain FIP3-YFP (Fig. 1D, middle and right panel, insets;
also see Fig. 1F), suggesting that Rab11 also exists in complexes with other FIPs. Consistent
with that idea, we have previously shown that Rab11 forms mutually exclusive complexes with
various FIP molecules (Meyers and Prekeris, 2002).

To further confirm that FIP3 and Rab11 form complexes in peri-centriolar as well as peripheral
organelles we performed FRET analysis of cells co-expressing FIP3-YFP and CFP-Rab11. As
shown in Figure 1E, FRET was observed between FIP3-YFP and CFP-Rab11 in peri-centriolar
organelles. Similarly, FRET was detected in peripheral organelles (Fig. 1F). In contrast, no
FRET was observed in peripheral organelles (Fig. 1G) or peri-centriolar structures (data not
shown) when CFP-Rab11 and FIP3-I7373E-YFP were co-expressed.

FIP3 and Rab11 have been shown to associate with recycling endosomes in HeLa cells
(Hickson et al., 2003; Horgan et al., 2004; Wilson et al., 2005). To confirm that the peri-
centriolar structures in MDA-MB-231 cells are also recycling endosomes, we immunostained
MDA-MB-231 cells with anti-FIP3 and various endocytic and Golgi markers. Staining MDA-
MB-231 cells with anti-FIP3 and anti-mannosidase II (a Golgi marker) antibodies revealed
that there is no colocalization between FIP3 and mannosidase II (data not shown). Next we
tested whether FIP3-containing organelles could be early endosomes. As shown in
Supplemental Figure 2, there is no colocalization between FIP3 and EEA1, the marker for early
endosomes. No colocalization was also observed between FIP3 and Lamp1, suggesting that
FIP3 was also not present on lysosomes (Supplemental Figure 2, middle row). Finally, we
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sought to determine whether these structures correspond to recycling endosomes. To label the
recycling endosomes, we stained MDA-MB-231 cells with anti-transferrin receptor (TfR)
antibodies, since at a steady state the majority of TfR is located in recycling endosomes.
Consistent with the suggestion that FIP3 is localized in recycling endosomes, FIP3-containing
organelles were also positive for TfR (Supplemental Figure 2, bottom panels).

Rab11 and FIP3 regulate the motility of breast cancer cells
Since a subset of FIP3-containing endosomes is present at the leading edge of MDA-MB-231
cells, we hypothesized that FIP3 and Rab11 may be important modulators of cell migration.
Here we set out to directly test the role of Rab11 and FIP3 in motility. Besides Rab11, Rab25
has been implicated in regulation of breast cancer cell motility (Cheng et al., 2006; Cheng et
al., 2004). Rab25 binds to all FIP family members (including FIP3) with an affinity similar to
Rab11a and Rab11b. However, while FIP3, Rab11a and Rab11b are ubiquitously expressed,
Rab25 expression is limited to epithelial cells (Goldenring et al., 1993). MDA-MB-231 cells
do not express Rab25 (Cheng et al., 2006) (also see Supplemental Figure 1). Therefore, in this
study we have focused only on Rab11a and Rab11b GTPases.

To establish the importance of Rab11 in this model, we transfected MDA-MB-231 cells with
a dominant negative Rab11a mutant (S25N) and measured cell motility in Boyden chamber
motility assays. As shown in Figure 2A, myc-Rab11a-S25N (Rab11a and Rab11b dominant
negative mutant) reduced cell motility by 40%. A similar extent of inhibition was observed
when levels of Rab11a/b were reduced by siRNA (Fig. 2A and Supplemental Figure 1A).

To determine whether FIP3 is also involved in regulating cell motility, we tested the effect of
FIP3 siRNA on basal and EGF-induced cell motility. It has been well documented that EGF
stimulates the motility of various cancer cells. Consistent with this, the addition of EGF
stimulated the motility of MDA-MB-231 cells in a concentration-dependent manner (Fig. 2B).
Interestingly, FIP3 siRNA#1 (for siRNA#1 specificity see Supplemental Figure 1B-D) reduced
basal cell motility and almost completely blocked the EGF-dependent enhancement of cell
motility (Fig. 2B). The effect on cell motility appears to be specific for FIP3, since Rip11/FIP5
(the other FIP family member) did not have any effect on basal or EGF-induced cell motility
(Fig. 2B). The effect of FIP3 siRNAs on EGF-induced cell motility raises the possibility that
FIP3 may regulate EGF receptor (EGF-R) traffic to the plasma membrane, thus inhibiting EGF
signaling. Rab11 is known for its role in plasma membrane receptor recycling. Thus, we tested
the effect of FIP3 knockdown on the levels of EGF-R at the plasma membrane. As shown in
Figure 2C, FIP3 siRNA#1 did not decrease the EGF-R level at the plasma membrane, rather
we observed a small, although not statistically significant, increase in EGF-R levels (Fig. 2C).
Since it is well established that Rab11 regulates plasma membrane protein recycling, it is
possible that FIP3 does not directly regulate cell motility, but rather affects constitutive
endocytic recycling, thereby indirectly affecting membrane dynamics at the leading edge of
the cell. Recently published data have suggested that FIP3 may regulate the sub-cellular
distribution of recycling endosomes, although no effect on TfR endocytic recycling kinetics
was observed (Horgan et al., 2007;Inoue et al., 2008). Nevertheless, in order to confirm that
FIP3 has no effect on endocytic recycling dynamics, we measured the plasma membrane level
of TfR. As shown in Figure 2C, FIP3 siRNA#1 had no effect on plasma membrane levels of
TfR. Furthermore, FIP3 siRNA#1 did not affect the uptake of Tf-Alexa488, suggesting that
FIP3 is not required for constitutive endocytic recycling (Fig. 2D).

To determine whether the Rab11–FIP3 protein complex regulates cell motility, we transfected
MDA-MB-231 cells with FIP3-GFP or FIP3-GFP-I737E. As shown in Figure 2E, the FIP3-
GFP-I737E mutant significantly reduced cell motility as determined by a modified Boyden
chamber assay. FIP3-GFP-I737E does not bind to Rab11, thus resulting in cytosolic
distribution of FIP3 (Wilson et al., 2005). However, FIP3-I737E can still bind to Arf6 (Fielding
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et al., 2005), suggesting that localized Arf6 binding to endosome-associated FIP3 may be
required for cell motility.

While Boyden chamber motility assays are commonly used to test the ability of cells to move,
the inhibition of cell migration could be the result of many possible primary effects. Thus, to
further understand the effect of FIP3 on cell movement, we have tested cell motility using
microscopy-based assays. First, we used a wound-healing assay to examine the movement of
mock- or FIP3 siRNA-treated MDA-MB-231 cells. As shown in Figure 3A, FIP3 knockdown
reduced the ability of MDA-MB-231 cells to migrate into the “wound”. The effect was specific
to FIP3 siRNA, since Rip11/FIP5 knockdown did not have any effect on cell motility (data not
shown). Second, we used time-lapse microscopy to image individual cell movement. As shown
in Figure 3B and C, FIP3 knockdown inhibited cell motility (p < 0.05). Interestingly, cells
treated with FIP3 siRNA seem to be less polarized, since their lamellipodia were much broader
as compared to mock cells (Fig. 3B and C). Furthermore, the lamellipodia of untreated MDA-
MB-231 cells were more dynamic, since cells often could be observed rapidly relocating
lamellipodia from one side of the cell to another, thus rapidly changing direction of movement
(Fig. 3B). Similar rapid translocation of lamellipodia to a different side of the cell was almost
never observed in FIP3 siRNA-treated cells (Fig. 3C). As the result, FIP3 siRNA-treated cells
moved much slower and rarely changed the direction of movement (Fig. 3C). To confirm that
FIP3 may regulate cell motility, we also transfected NIH-3T3 cells with either GFP or FIP3-
GFP-I373E constructs and measured cell motility using single-cell velocity studies. Consistent
with the data from MDA-MB-231 cells FIP3-GFP-I737E inhibited the motility of NIH-3T3
cells (control 21.4 ± 3.2 mm/h, GFP only 20.2 ± 4.1 mm/h, FIP3-GFP-I737E 13.6 ± 2.8 mm/
h).

To further understand the role of FIP3 in lamellipodia dynamics, we analyzed time-lapse series
of mock- or FIP3 siRNA-treated MDA-MB-231 cells by kymography (Supplemental Figure
4). As shown in Figure 4A, E and F (also see Supplemental movie 1), the lamellipodia of mock-
treated MDA-MB-231 cells were very dynamic. Continuous membrane waves (or ruffles)
could be observed at the leading edge of the cell. In contrast, while FIP3 siRNA-treated cells
exhibited some membrane ruffling, the ruffling was much less dynamic (Fig. 4B, E and F,
Supplemental movie 2). While the ruffle retraction distance did not decrease, FIP3 knockdown
significantly reduced the frequency of ruffling (Fig. 4F and Supplemental movie 2). The ruffle
retraction velocity also appeared to be reduced. The transfection of MDA-MB-231 cells with
FIP3-GFP-I737E also had a similar effect on lamellipodia dynamics, with a reduction in
ruffling frequency and ruffle retraction velocity (Fig. 4C-F and Supplemental movie 3). In
contrast, the lamellipodia dynamics of the cells expressing GFP only was not different from
mock or untreated cells (data not shown). In summary, the cell motility and kymography
analyses suggest that FIP3 is involved in regulating lamellipodia polarization and dynamics
during cell movement.

FIP3 regulates the actin cytoskeleton at the leading edge of breast cancer cells
Our motility assays suggest that FIP3 regulates lamellipodia dynamics in the moving cell. The
actin cytoskeleton is known to be a major driving force in lamellipodia expansion and/or
retraction. This raises the intriguing possibility that FIP3 may regulate actin cytoskeleton
dynamics at the leading edge of motile cells. Consistent with this possibility, it has been
reported that nuclear fallout (Nuf) protein, the putative Drosophila homologue of FIP3,
regulates the cortical actin cytoskeleton during the cellularization of Drosophila embryos
(Riggs et al., 2003; Rothwell et al., 1998, 1999). The next series of experiments were designed
to test this hypothesis. First, mock- or FIP3 siRNA-treated MDA-MB-231 cells were stained
with rhodamine-conjugated phalloidin. The majority of mock-treated MDA-MB-231 cells
(83% from 250 cells counted) displayed polarized leading edges that were rich in actin ruffles
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containing FIP3-positive endosomes (Fig. 5A, C and D). In marked contrast, FIP3 siRNA-
treated MDA-MB-231 cells usually lacked well-developed polarized leading edges (14% from
250 cells counted) and actin ruffling at the leading edge (Fig. 5B and E), suggesting that FIP3
may regulate leading edge formation and cell motility by modulating the actin cytoskeleton.
To test whether FIP3 also regulates the actin cytoskeleton in other cell types, we stained actin
in mock-, FIP3 siRNA- or Rip11/FIP5 siRNA-treated HeLa cells (Fig. 5F-H). Unlike MDA-
MB-231 cells, HeLa cells do not form large lamellipodia. Nevertheless, FIP3 siRNA treatment
also decreased actin ruffling at the edges of the cells. This effect was specific to FIP3, as RCP/
FIP1 or Rip11/FIP5 siRNAs did not affect actin ruffling, although Rip11/FIP5 knockdown did
seem to induce filopodia formation in HeLa cells (data not shown and Figure 5H). To test
whether FIP3 and Rab11 binding is required for the regulation of the actin cytoskeleton, we
transfected cells with either FIP3-GFP or FIP3-GFP-I737E. As shown in Figure 6, FIP3-GFP-
I737E over-expression also inhibited actin ruffling at the leading edge. To confirm that FIP3
is required for lamelipodia formation and/or stability, we have tested the spreading of MDA-
MB-231 cells on collagen-coated glass coverslips. As shown in Figure 7A, after a one-hour
incubation, mock-treated (or Rip11/FIP5 siRNA-treated) cells started polarizing by forming
lamellipodia extensions at distinct plasma membrane sites (see arrows). In contrast, cells
depleted of FIP3 showed little polarization and spread out in a “pancake” fashion. Furthermore,
cells treated with FIP3 siRNA had more prominent stress fibers as compare to the mock cells
(Fig. 7A, left column). The difference between mock or FIP3-depleted cells was even more
prominent after a three-hour incubation (Fig. 7A, right column). The mock- or Rip11/FIP5
siRNA-treated cells were almost completely spread out and in many cases had well-formed
polarized lamellipodia with actin ruffles at the leading edge. FIP3 siRNA-treated cells lacked
a polarized lamellipodium. Indeed, the ratio between length and width of FIP3 siRNA-treated
cells was 1.23 ± 0.1 (for comparison, mock-transfected cells: 2.13 ± 0.31), suggesting the
diminished development and/or maintenance of polarized lamellipodia (Fig. 7A). In addition,
after three hours of incubation FIP3-depleted cells were less spread out as compared to the
mock of Rip11/FIP5-depleted cells (Fig. 7B), although it remains unclear whether that is a
direct result of decrease in the rate of cell spreading, since after 1 hour of incubation, the area
occupied by mock or FIP3 siRNA-treated cells were not significantly different (data not
shown).

FIP3 regulates localization of Arf6 at the plasma membrane of the leading edge
Since Arf6 is well known for its role in regulating actin ruffling, it is possible that FIP3 may
affect Arf6 activation, perhaps by regulating its binding to Arf6 GAPs and/or GEFs. To test
this, we have measured the activation of endogenous Arf6 in mock- of FIP3 siRNA-treated
cells. GTP-bound Arf6 was detected by a glutathione bead pull-down assay using GST fused
to Arf-binding protein GGA3 (Santy and Casanova, 2001). As shown in Figure 7C, FIP3
knockdown did not affect either total Arf6 or activated Arf6 levels.

While our data demonstrate that FIP3 does not mediate Arf6 activation, FIP3 may still affect
Arf6-dependent actin ruffling by regulating the targeting of Arf6 to the leading edge of the
cell. Arf6 localization to the lamellipodia is known to result in localized activation of Rac1,
thus regulating actin ruffling at the leading edge of the cell. Consistent with this, in MDA-
MB-231 breast cancer cells Arf6-CFP is enriched at the lamellipodia where it colocalizes with
actin ruffles (Fig. 8A-C). To test whether FIP3 binding is required for Arf6-CFP localization
to the actin ruffles, we tested the sub-cellular localization of Arf6-CFP-W168L/L169V. We
have previously shown that FIP3 binds to the C-terminal end of Arf6 (Schonteich et al.,
2007). We have also shown that W168 and L169 play a key role in Arf6 binding to FIP3 in
vitro and in vivo while having no effect on Arf6 activation or GTPase activity (Schonteich et
al., 2007). As shown in Figure 8D-F, Arf6-CFP-W168L/L169V does not localize to the actin
ruffles at the leading edge, but instead is present on internal organelles. These organelles are
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likely late endosomes and lysosomes, since Arf6-CFP-W168L/L169V colocalizes with Lamp1
(Fig. 8G-E).

FIP3 is required for activation of Rac1 GTPase
Arf6 is known to affect the actin cytoskeleton by inducing the activation of Rac1 GTPase, thus
stimulating the formation and dynamics of the leading edge (Radhakrishna et al., 1999; Santy
and Casanova, 2001; Santy et al., 2005). Since our data demonstrate that FIP3 mediates Arf6
localization to the leading edge, it is possible that FIP3 may regulate Arf6-dependent activation
of Rac1 at the leading edge of moving cells. To test this, we transfected mock- or FIP3 siRNA-
treated cells with a constitutively active Rac1 mutant (Rac1-L61). As shown in Figure 9C,
over-expression of myc-Rac1-L61 inhibited FIP3 siRNA-induced stress fiber formation and
reversed FIP3 siRNA-induced inhibition of actin ruffling (compare to untransfected mock and
FIP3 siRNA cells in Figure 9A and B). The effect was specific to the constitutively active Rac1
mutant, since myc-Rac1-N17 (GDP-locked mutant)-expressing FIP3 siRNA-treated cells still
displayed prominent stress fibers (Fig. 9E). Interestingly, over-expression of myc-Rac1-L61
did not fully rescue the phenotype of FIP3 siRNA-treated cells. While over-expression of myc-
Rac1-L61 induced actin ruffling, the ruffling can now be observed along the entire edge of the
cell and is not polarized as in untreated cells. That data is consistent with our data showing that
FIP3 is required for polarized targeting of Arf6 to the leading edge of the cell. Thus, localized
Arf6-dependent activation of Rac1 by FIP3 may be required for polarized lamellipodia
formation and/or stability.

Our microscopy data suggests that FIP3 may be required for polarized activation of Rac1. To
further test this possibility, we measured the levels of activated Rac1 in mock- or FIP3
siRNA#1-treated MDA-MB-231 cells using a GST-PAK(CRIB) pull-down assay. As shown
in Figure 9E, FIP3 knockdown decreased the levels of activated Rac1 while having no effect
on total cellular Rac1. In summary, our data suggest that FIP3 regulates the actin dynamics, at
least in part, by modulating Arf6-dependent Rac1 activation at the leading edge of moving
cells.

Discussion
Endocytic membrane transport plays an important role in regulating cell motility acting in
tandem with the actin cytoskeleton. Consistent with this data, recycling endosomes have been
shown to mediate the recycling of integrins (Fabbri et al., 2005; Powelka et al., 2004; Yoon et
al., 2005). Endosomes may also be required for the delivery of the membrane to the extending
lamellipodia/filopodia, providing a source of membrane influx. In this work, we have identified
FIP3 as an important regulator of cell motility. Furthermore, we show that FIP3 modulates
actin cytoskeleton dynamics, as well as lamellipodia polarization and ruffling, by regulating
Arf6 targeting to the lamellipodia and Arf6-dependent activation of Rac1 GTPase. Based on
these data, we suggest that endosome-associated FIP3 is a regulator of actin dynamics at the
leading edge of motile cells.

The sub-cellular localization of proteins often serves as clues to their function. Consistent with
its role in regulating cell motility, we have shown that the FIP3/Rab11 protein complex is
present at the leading edge of breast cancer cells, where it could regulate cell motility. FIP3 or
Rab11a/b knockdown by siRNA inhibited the motility of MDA-MB-231 cells. Similar effects
on motility were also observed when cells were transfected with a Rab11-dominant negative
mutant (Rab11-S25N). Interestingly, Rab11 only affected cell motility when both isoforms
(Rab11a and Rab11b) were knocked down by siRNA (data not shown), consistent with a
previously published report that FIPs can bind to both Rab11a and Rab11b isoforms with
similar affinity (Junutula et al., 2004). Several studies have implicated Rab25 in regulating the
motility of cells in ovarian and breast cancers (Caswell et al., 2007; Cheng et al., 2006; Cheng
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et al., 2004). Interestingly, all the FIPs (including FIP3) also bind to Rab25, since it is closely
related to Rab11a and Rab11b. Since Rab25 is not expressed in MDA-MB-231 and HeLa cells
(Cheng et al., 2006) it is not likely to be a factor in our studies (Supplemental Figure 1E).
However, it is possible that a Rab25 and FIP3 interaction may play an important role in
regulation of cell motility in other cells.

In addition to Rab11, FIP3 also binds to Arf6 GTPase (Fielding et al., 2005; Schonteich et al.,
2007). Since Arf6 is well known for its role in activating Rac1 GTPase and regulating actin
ruffling in motile cells (Santy and Casanova, 2001; Santy et al., 2005) we have tested whether
FIP3 may affect actin dynamics at the leading edge of the cell. Remarkably, FIP3 knockdown
by siRNA resulted in the loss of actin ruffles in both MDA-MB-231 and HeLa cells.
Furthermore, FIP3 knockdown also resulted in a dramatic decrease in plasma membrane
ruffling frequency, as well as loss of polarized extension of lamellipodia. Such data suggest
that FIP3 actually regulates cell motility by regulating actin cytoskeleton dynamics.

Since Arf6 is a well-established modulator of actin ruffling at the leading edge, we tested
whether FIP3 may regulate Arf6 activity at the lamellipodia of MDA-MB-231 cells. While
FIP3 did not seem to have any effect on the activity of total cellular Arf6, blocking the
interaction between Arf6 and FIP3 inhibited Arf6 accumulation at the leading edge of the cells.
Thus, our data suggest that FIP3 regulates actin dynamics by mediating Arf6 targeting and
enrichment at the leading edge of mobile cells. Consistent with that, FIP3 knockdown also
affected the polarized formation of lamellipodia during cell spreading and motility. It is likely
that localized delivery of FIP3-containing endosomes may provide the means of rapid and
restricted activation of Rac1 and subsequent polarized formation of lamellipodia. Indeed, FIP3
depletion resulted in a decrease in Rac1 activation. Furthermore, over-expression of
constitutively active Rac1 reverses the FIP3 knockdown-induced inhibition of actin ruffling.
Interestingly, over-expression of constitutively active Rac1 resulted in non-polarized activation
of actin ruffling, since actin ruffles could be observed along the edge of the entire cell. Thus,
FIP3 appears to play an important role in restricted/localized activation of the Arf6-Rac1-actin
ruffling pathway, thus allowing the directional motility of MDA-MB-231 cells.

It has been previously reported that Rab11 and Arf6 regulate the recycling of integrins during
cell motility (Caswell and Norman, 2006; Pellinen and Ivaska, 2006; Powelka et al., 2004).
Since FIP3 interacts with both, Rab11 and Arf6, it is possible that, in addition to regulating the
actin cytoskeleton, FIP3 may also regulate integrin recycling. While additional work will be
required to resolve this point, several studies have shown that FIP3 does not seem to affect the
rates of protein recycling (Horgan et al., 2007; Inoue et al., 2008). Furthermore, recent work
from Norman and colleagues has implicated FIP1/RCP, the other member of the FIP family,
in regulating integrin recycling (Caswell et al., 2008).

In summary, we show that FIP3 regulates cell motility by mediating Arf6 targeting to the
leading edge of the cell. The polarized Arf6 enrichment at the leading edge then results in
localized activation of Rac1 and increased actin and plasma membrane ruffling.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Sub-cellular localization of FIP3 in MDA-MB-231 cells. (A-C) MDA-MB-231 cells were
plated on collagen-coated coverslips, fixed with paraformaldehyde and stained with anti-FIP3
antibodies (A) or rhodamine-labeled phalloidin (B). (C) Merged image. (D) MDA-MB-231
cells were transfected with FIP3-YFP (red) and CFP-Rab11a (green). Yellow in the merged
image represents the overlap between CFP-Rab11a and FIP3-YFP. Asterisks mark the leading
edge of the cell. Top inset is the peri-centriolar FIP3-YFP and CFP-Rab11a. Bottom inset is a
magnified image of FIP3-YFP and CFP-Rab11a-containing endosomes. Asterisk in bottom
inset marks an endosome that is positive for CFP-Rab11a but not FIP3-YFP. (E-G) MDA-
MB-231 cells were co-transfected with FIP3-YFP/CFP-Rab11 (E, F) or FIP3-YFP-I737E/
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CFP-Rab11 (G). Then cells were fixed and imaged. (E) Peri-centriolar FIP3YFP/CFP-Rab11.
(F, G) Peripheral endosomes positive for CFP-Rab11 and FIP3-YFP or FIP3-I737E-YFP.
Yellow in merge panels represents the overlap between FIP3-YFP, FIP3-YFP-I737E and CFP-
Rab11. cFRET images were generated as described in Materials and methods. Note that images
in (E) were taken at the centrosomal level of the cell, while images in (F, G) were taken at the
foot of the cell to visualize the leading edge. Bars: 7 μm (A-C), 5 μm (D), 1 μm (E), 2 μm (F,
G).
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Fig. 2.
FIP3 is required for the motility of MDA-MB-231 cells (modified Boyden chamber assays;
see Materials and methods). (A) MDA-MB-231 cells were either mock transfected (control)
or transfected with Rab11a/b siRNA or myc-Rab11a-S25N. After 72 hours of incubation the
motility of MDA-MB-231 cells was measured (B) MDA-MB-231 cells were either mock
transfected or transfected with either FIP3 siRNA#1 or Rip11/FIP5 siRNA. After 72 hours of
incubation the motility of cells was measured in the presence or absence of varying
concentrations of EGF. (C) To measure the plasma membrane levels of TfR and EGFR, mock-
or FIP3 siRNA#1-transfected MDA-MB-231 cells were incubated at 4°C in the presence of 1
μg/ml anti-EGFR-Alexa647 antibody and 10 μg/ml Tf-Alexa488. Cells were then washed,
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fixed and the levels of cell-bound anti-EGFR-Alexa647 antibody and Tf-Alexa488 were
determined by flow cytometry. (D) To measure the endocytosis of TfR, mock- or FIP3
siRNA#1-transfected MDA-MB-231 cells were incubated at 37°C for 30 min in the presence
of 10 μg/ml Tf-Alexa488. Cells were washed and the levels of internalized Tf-Alexa488 were
determined by flow cytometry. (E) MDA-MB-231 cells were mock transfected or transfected
with either FIP3-GFP or FIP3-GFP-I737E. After 16 hours of incubation the motility of cells
was measured in the presence of 7.5 ng/ml EGF. The concentration dependency data in (B) is
the mean of two experiments. The other data shown are the means and standard deviations of
at least three independent experiments. The p values were calculated using a t-test.
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Fig. 3.
FIP3 knockdown inhibits motility of MDA-MB-231 cells. (A) Mock-, FIP3 siRNA#1- or FIP3
siRNA#2-treated MDA-MB-231 cells were plated on glass coverslips coated with 20 μg/ml
fibronectin and grown to confluence. The surface of the coverslip was then scratched and cells
were incubated for varying amounts of time. Cells were then fixed and imaged by phase
contrast. (B) Mock- or FIP3 siRNA#1-treated MDA-MB-231 cells were plated on glass
coverslips coated with 20 μg/ml fibronectin. Cell motility was analyzed by time-lapse
microscopy. Images were taken every 12 min for 240 min. Shown are the still images taken
from the time-lapse series. The numbers in the left panels are the average speed and standard
deviation obtained from ten different mock- or FIP3 siRNA-treated cells. Bars: 10 μm.
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Fig. 4.
FIP3 knockdown inhibits lamellipodia ruffling. Lamellipodia dynamics was analyzed in
mock-, FIP3 siRNA#1- or FIP3-GFP-I737E-treated MDA-MB-231 cells. (A-D) Single time-
frame images (for full time-lapse series, see Supplemental movies 1-3). Representative
kymographs are shown in (E). The lines in (A-C) show the area used to generate the
kymographs. (F) Quantitation of ruffle frequency, ruffle retraction distance and ruffle retraction
velocity obtained from the kymographs (for definitions see Supplemental Figure 4). The data
shown are the means and standard deviations from 15 kymographs obtained from five randomly
chosen cells (three separate kymographs from every cell). *p<0.01. **p<0.05. Bars: 4 μm.
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Fig. 5.
FIP3 regulates the actin cytoskeleton at the leading edge of cells. (A-E) Mock- or FIP3
siRNA#1-treated MDA-MB-231 cells were plated on collagen-coated coverslips, fixed and
stained with anti-FIP3 antibodies (D) and rhodamine-phalloidin (A-C, E). (F-H) Mock-, FIP3
siRNA#1- or Rip11/FIP5 siRNA-treated HeLa cells were plated on collagen-coated coverslips,
fixed and stained with rhodamine-phalloidin. Bars: 10 μm (A, B, F-H), 2 μm (C, D), 5 μm (E).
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Fig. 6.
FIP3-I737E inhibits actin ruffling at the leading edge. MDA-MB-231 cells were transfected
with FIP3-GFP (A-C) or FIP3-GFP-I737E (D, E) and stained with rhodamine-phalloidin.
Asterisks mark the leading edge. Bars: 5 μm.
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Fig. 7.
FIP3 is required for cell spreading and lamellipodia formation. (A, B) To measure cell
spreading, mock, FIP3 siRNA#1- or Rip11/FIP5 siRNA-treated MDA-MB-231 cells were
plated on collagen-coated coverslips and incubated for either 1 or 3 h at 37°C. Cells were then
gently washed with phosphate-buffered saline, fixed and stained with rhodamine-phalloidin
(A). Arrows point to forming lamellipodia in mock- and Rip11/FIP5 siRNA-treated cells. Bars:
10 μm. The numbers on the right column panels are the means and standard deviations of
length/width ratio obtained from several randomly chosen cells; n is the number of cells
analyzed. The length/width ratio of FIP3 siRNA-treated cells is significantly different from
mock (p<0.05). (B) Quantitation of cell spreading after 3 hours of incubation. The data shown
are the mean and standard deviation of the spreading area measured in randomly chosen cells;
n equals the number of cells used for each condition. (C) Lysates obtained from mock- or FIP3
siRNA#1-treated cells were incubated with glutathione beads coated with either GST alone or
GST-GGA3 fusion protein. Beads were then washed and bound protein was eluted with 1%
SDS. Lysates (upper panels) or bead eluates (lower panels) were then blotted for the presence
of FIP3 or Arf6. The numbers shown are the mean (normalized against mock) and standard
deviation derived from three independent experiments.
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Fig. 8.
FIP3 regulates Arf6 targeting to the plasma membrane of the leading edge. MDA-MB-231
cells were transfected with either Arf6-CFP (A-C) or Arf6-CFP-W168L/L169V (D-I). Cells
were fixed and either stained with rhodamin-phalloidin or anti-Lamp1 antibodies. Bars: 5 μm.
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Fig. 9.
FIP3 regulates Rac1 activation. (C-E) Mock- or FIP3 siRNA#1-treated MDA-MB-231 cells
were transfected either with myc-Rac1-L61 or myc-Rac1-N17 and stained with rhodamin-
phalloidin and anti-myc antibodies. (A, B) For comparison, untransfected mock- or FIP3
siRNA#1-treated cells stained with rhodamin-phalloidin are also shown. (F) GST-PAK(CRIB)
beads were incubated with Triton X-100 lysates from mock- or FIP3 siRNA-treated MDA-
MB-231 cells. Beads were washed, and the levels of Rac1 (activated) bound to beads were
determined by immunoblotting (right panel). The left two panels show the levels of total
cellular FIP3 and Rac1 in the lysates used for the experiment. The numbers shown are the
means (normalized against mock) and standard deviations derived from three independent
experiments.
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