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GIPC1/synectin, a single PDZ domain-containing protein,
binds to numerous proteins and is involved in multiple biologi-
cal processes, including cell migration. We reported previously
thatMyoGEF, a guanine nucleotide exchange factor, plays a role
in regulating breast cancer cell polarization and invasion. Here,
we identify GIPC1 as an interacting partner of MyoGEF. Both
in vitro and in vivo binding assays show that the GIPC1 PDZ
domain binds to the PDZ-binding motif at the C terminus of
MyoGEF. Immunofluorescence analysis shows that GIPC1 and
MyoGEF colocalize to the cell leading edge. Depletion of GIPC1
byRNAi inMDA-MB-231 cells causes cells to shift fromapolar-
ized to a rounded morphology. Matrigel invasion assays show
that RNAi-mediated depletion of GIPC1 dramatically decreases
MDA-MB-231 cell invasion. Notably, an anti-MyoGEF peptide
antibody, whose epitope is located at the C terminus of MyoGEF,
interferes with GIPC1-MyoGEF complex formation. Treatment
of MDA-MB-231 cells with the anti-MyoGEF peptide antibody
disrupts cell polarization and invasion. Thus, our results suggest
that GIPC1-MyoGEF complex formation plays an important
role in regulating MDA-MB-231 breast cancer cell polarization
and invasion.

Rho GTPase signaling plays a central role in regulating cell
migration (1). Evidence has accumulated indicating that
small GTPase proteins, including Rac1, Cdc42, and RhoA,
can be activated at the cell leading edge, where they regulate
actin polymerization and membrane protrusion, thus con-
tributing to the regulation of cell migration (2–5). Guanine
nucleotide exchange factors (GEFs)2 activate the small
GTPase proteins by catalyzing the exchange of bound GDP
for GTP, whereas GTPase-activating proteins inactivate the
small GTPase proteins by increasing their low intrinsic
GTPase activity (6, 7). Therefore, localization of GEFs to
specific subcellular locations is critically important for spa-
tiotemporal activation of small GTPase proteins (3, 8). At
least two different mechanisms have been implicated in reg-
ulating the localization of GEFs. First, protein-protein inter-
actions involving the pleckstrin homology domain of GEFs

can target GEFs such as Dbl and Trio to their destinations
such as the actin cytoskeleton (9–11). Second, the PDZ-
binding motif is found in �40% of GEFs, and binding of PDZ
domain-containing proteins to the PDZ-binding motif of
GEFs such as Syx1, kalirin-7, and bPIX can target GEFs to
specific locations such as the plasma membrane (12–14).
GIPC1/synectin, a single PDZ domain-containing protein,

acts as a scaffolding protein to function inmultiple biological
processes such as protein trafficking, endocytosis, and
receptor clustering (15, 16). Accumulating evidence further
indicates that GIPC1 plays a role in regulating cell polarity
and motility. Murine primary arterial endothelial cells de-
rived from GIPC1-ablated mice show decreased migration
and impaired polarization (17). Syndecan-4, Syx1, and
endoglin regulate cell migration through interactions with
GIPC1/synectin (18–20). GIPC1 interacts with 5T4, a trans-
membrane glycoprotein that is involved in tumor metastasis
(21–23). Moreover, a recent study shows that cancerous breast
tissues express an increased level of GIPC1 comparedwith nor-
mal breast tissues (24). However, it is not clear whether GIPC1
plays a role in regulating breast cancer cell migration and/or
invasion.
We reported previously that MyoGEF, a guanine nucleo-

tide exchange factor, can activate RhoA/RhoC and is impli-
cated in regulating breast cancer cell invasion (25). Using
yeast two-hybrid screening, we identified GIPC1 as one of
the MyoGEF-interacting proteins. In this study, we demon-
strate that the GIPC1 PDZ domain can bind to the PDZ-
binding motif at the C terminus of MyoGEF. Depletion of
GIPC1 by RNAi inhibits the invasion activity of MDA-MB-
231 breast cancer cells. Moreover, we show that an anti-
MyoGEF peptide antibody can bind to the C terminus of
MyoGEF and interfere with the in vitro interaction between
GIPC1 and MyoGEF. Treatment of MDA-MB-231 cells with
the anti-MyoGEF peptide antibody disrupts cell polarization
and invasion. Thus, our results indicate that complex forma-
tion between GIPC1 and MyoGEF plays a role in regulating
MDA-MB-231 cell polarization and invasion.

EXPERIMENTAL PROCEDURES

Yeast Two-hybrid Screening—Yeast two-hybrid screening
was carried out as described previously (26). Briefly, full-length
human MyoGEF was used as bait to screen a mouse 11-day
embryo Matchmaker cDNA library (Clontech). Synthetic de-
fined medium lacking leucine, tryptophan, and histidine was
used to identify the positive yeast colonies. The filter lift assay
for �-galactosidase activity was then carried out to confirm the
positive colonies. The cDNA fragments encoding the potential
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MyoGEF-interacting partners were recovered from the posi-
tive yeast colonies and subjected to DNA sequencing. The
mouse gipc1 cDNA was amplified using the following primer
pair: 5�-GAATTCAATGCCACTGGGACTGGGG-3� (for-
ward primer; the underlined nucleotide sequence is the recog-
nition site for EcoRI) and 5�-CTCGAGGTAGCGGCCAAC-
CTTGGC-3� (reverse primer; the underlined nucleotide
sequence is the recognition site for XhoI).
Plasmids and Cell Culture—pEGFP-MyoGEF and pCS3-

MyoGEF were described previously (27). GIPC1 and MyoGEF
cDNA fragments were subcloned into pEGFP-C3 and
pCS3�MT vectors to generate plasmids encoding GFP- or
Myc-tagged polypeptides. All plasmids encoding GST-tagged
MyoGEF or GIPC1 fragments were generated by subcloning
the cDNA fragments into the pGEX-6p-1 vector. MDA-MB-
231 breast cancer cells were purchased from American Type
Culture Collection (Manassas, VA). MDA-MB-231 cells
were grown in Leibovitz’s L-15 medium supplemented with
10% fetal bovine serum. HeLa cells were purchased from
Clontech and were grown in DMEM supplemented with 10%
fetal bovine serum. Transfection was done with Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. siRNAs specific for human GIPC1 were pur-
chased from Invitrogen (siRNA1, GCU ACG CCU UCA
UCA AGC GCA UCA A; siRNA2, CCA ACG UCA AGG
AGCUGUAUGGCAA; and siRNA3, UGUGGAGCCUGU
UAC CUC CGC AUU U).
Protein Expression and in Vitro Translation—GST-fused

polypeptides were expressed in a bacterial expression system.
BL21 bacterial cells expressing GST-fused polypeptides were
homogenized by sonication and lysed in PBS containing 1%
Triton X-100 for 1 h at 4 °C. The GST fusion proteins were
purified using glutathione-conjugated agarose beads, eluted
with 100 mM Tris-HCl (pH 7.5) and 5 mM glutathione, and
dialyzed against 50 mM Tris-HCl (pH 7.5) and 50 mM NaCl.
In vitro translatedMyc-tagged proteins were synthesized using
the TNT SP6 quick coupled transcription/translation system
(Promega) according to the manufacturer’s instructions.
Immunoprecipitation and GST Pulldown Assays—Immuno-

precipitation and GST pulldown assays were carried out as
described previously (27, 28). Briefly, transfected cells were
lysed in radioimmune precipitation assay lysis buffer (50 mM

Tris-HCl (pH 7.5), 150 mM NaCl, 0.25% deoxycholate, 1%
Nonidet P-40, 1 mM EDTA, 1 mM PMSF, 1 mM Na3VO4, and
1 mMNaF with protease inhibitor mixture) for 10 min on ice.
Cell extracts were collected and precleared with protein
A/G-agarose beads. The precleared lysate was incubated
with agarose-conjugated anti-Myc antibody overnight at
4 °C. After washing four times with radioimmune precipita-
tion assay lysis buffer, the bound proteins were eluted with
SDS loading buffer. For GST pulldown experiments, the
immobilized GST-fused polypeptides were incubated with in
vitro translated Myc-tagged proteins or with cell lysates from
transfected cells overnight at 4 °C. After washing four times
with binding buffer (50 mM Tris-HCl (pH 7.4), 100 mM NaCl,
0.05% Triton X-100, 10% glycerol, 0.2 mM EDTA, and 1 mM

DTT), the beads were resuspended in SDS loading buffer to
elute the bound proteins.

Immunoblotting—Cell lysates and immunoprecipitated and
GST pulldown proteins were separated on 7 or 4–12% SDS-
polyacrylamide gel, transferred to an Immobilon-P transfer
membrane (Millipore), blocked in 5% nonfat milk, and incu-
bated with primary antibodies as indicated. The following pri-
mary antibodies were used: mouse anti-Myc (9E10, 1:1000),
rabbit anti-GFP (1:1000), and rabbit anti-�-tubulin (1:2000)
(Santa Cruz Biotechnology); goat anti-GIPC1 (1:250; Novus
Biologicals, Littleton, CO); and rabbit anti-MyoGEF (1:100)
(25, 27). The blots werewashed and incubatedwith horseradish
peroxide-conjugated secondary antibodies (1:5000; Santa Cruz
Biotechnology) for 1 h at 23 °C. The blots were visualized by
SuperSignal West Pico luminol/enhancer solution (Pierce).
Immunofluorescence—Immunofluorescence was carried

out as described previously (25, 26). MDA-MB-231 cells
transfected with plasmids or siRNA were trypsinized; cul-
tured on fibronectin-coated coverslips for an additional 1, 3,
or 5 h; and then fixed with 4% paraformaldehyde. For RhoA
staining, cells were fixed with 10% TCA for 10 min on ice.
The primary antibodies used for immunofluorescence were
mouse monoclonal anti-Myc (9E10, 1:1000), rabbit poly-
clonal anti-MyoGEF (1:50), and goat polyclonal anti-GIPC1
(1:100; Abcam). The following secondary antibodies were
purchased from Invitrogen: Alexa Fluor 594-labeled donkey
anti-mouse IgG (1:500), Alexa Fluor 350-labeled donkey anti-
mouse IgG (1:500), Alexa Fluor 594-labeled donkey anti-
goat IgG (1:500), Alexa Fluor 488-labeled donkey anti-goat
IgG (1:500), Alexa Fluor 594-labeled donkey anti-rabbit IgG
(1:500), and Alexa Fluor 488-labeled donkey anti-rabbit IgG
(1:500). Actin filaments were stained with rhodamine- or FITC-
phalloidin (Invitrogen). Images were taken using a Leica DMI
6000 B microscope and processed by blind deconvolution. To
determine the cell polarity, long (L) and short (S) axes of indi-
vidual cells were measured using the NIH ImageJ program.
Cells were counted as polarized (L/S ratio � 2.0) or nonpolar-
ized (L/S ratio � 2.0).
Matrigel Invasion Assays—Transfected or antibody-treated

MDA-MB-231 cells were trypsinized, and �1 � 105 cells (in
Leibovitz’s L-15 medium containing 3% BSA) were seeded
on the upper wells of BioCoat Matrigel chambers (BD Bio-
sciences). The lower wells were filled with Leibovitz’s L-15
medium containing 10% FBS. The transfected cells then
underwent chemoattraction across the Matrigel and filter
(pore size of 8 �m) to the lower surface of the transwells for
22 h. The nonmigrating cells on the upper chambers were
removed with a cotton swab. The migrated cells on the lower
surface of the membrane were fixed in 4% paraformalde-
hyde, stained with 1% crystal violet, and then photographed
at five different and random fields with a 20� objective. Data
were collected from three independent experiments, each
done in triplicate. Migrated cells were counted, and mean
differences (�S.E.) between groups were analyzed using Stu-
dent’s t test.
In Vitro Antibody Delivery—MDA-MB-231 cells were

treated with normal IgG or anti-MyoGEF antibody using in
vitro PULSin protein/antibody and peptide delivery reagent
(Genesee Scientific, San Diego, CA) according to the manu-
facturer’s instructions. Cells were grown in a 24-well tissue
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culture plate. 1 �g of normal rabbit IgG (Sigma) or anti-
MyoGEF antibody was used for each well of a 24-well tissue
culture plate. 4 h after antibody treatment, the treated cells
were subjected to Matrigel invasion assays as described
above or processed for immunofluorescence staining with
phalloidin and Alexa Fluor 594-labeled goat anti-rabbit IgG
(Invitrogen).

RhoA/RhoC Activation Assays—RhoA/RhoC activation
assays were preformed as described previously (25, 29).

RESULTS

GIPC1 PDZ Domain Is Required for Interactions with
MyoGEF—We reported previously that MyoGEF is involved in
the regulation of cytokinesis and breast cancer cell invasion
(25–27). Yeast two-hybrid screening led us to identify GIPC1 as
an interacting partner of MyoGEF. GIPC1 plays a role in regu-
lating cell migration (17–20). Furthermore, GIPC1 levels
increase in breast cancerous cells and tissues (24). These find-
ings prompted us to further characterize the interactions
betweenMyoGEF andGIPC1 aswell as to examinewhether the
GIPC1-MyoGEF interaction has a role in regulating breast can-
cer cell invasion. To confirm the interaction betweenMyoGEF
and GIPC1 in mammalian cells, HeLa cells were transfected
with plasmids encoding Myc-GIPC1 and GFP-MyoGEF. The
transfected cells were subjected to immunoprecipitation with
anti-Myc antibody, followed by immunoblotting with anti-GFP
antibody. As shown in Fig. 1A, Myc-GIPC1 was co-immuno-
precipitated with GFP-MyoGEF from transfected HeLa cell
lysates, suggesting that GIPC1 and MyoGEF can interact in
vivo. GST pulldown assays showed that GST-GIPC1 could also
pull down in vitro translated Myc-MyoGEF (Fig. 1D, lane 3),
suggesting that GIPC1 can physically interact withMyoGEF. In
addition, GST-tagged GIPC1 fragment 1–208 (containing the
PDZ domain), but not 1–131 (without the PDZ domain), could
pull down in vitro translated Myc-MyoGEF (Fig. 1D, compare
lanes 4 and 5), suggesting that the PDZ domain of GIPC1 is
required for interactions with MyoGEF.
GIPC1 Binds to the C-terminal PDZ-binding motif of

MyoGEF—We then asked which
regions of MyoGEF are required for
interactions with GIPC1. Plasmids
encoding GFP-tagged full-length
MyoGEF (GFP-WT MyoGEF) and
truncated fragments (N-terminal
half (GFP-MyoGEF-(1–479)), and
C-terminal half (GFP-MyoGEF-
(400–790)) were transfected into
HeLa cells. 24 h following transfec-
tion, the transfected cell lysates
were subjected to GST pulldown
assays to determine which frag-
ments could bind to GST-GIPC1.
As shown in Fig. 2B, GFP-WT
MyoGEF and GFP-MyoGEF-(400–
790), but not GFP-MyoGEF-(1–479),
could be pulled down by GST-
GIPC1 (compare lanes 5 and 9 with
lane 7), suggesting that theC-termi-
nal region of MyoGEF is required
for interactions with GIPC1. The
consensus sequence of type I PDZ-
binding motifs is (S/T)X(V/A) (30).
Analysis of theMyoGEF amino acid
sequence revealed that three amino
acid residues (SEV) at the C termi-

FIGURE 1. GIPC1 PDZ domain is required for interaction with MyoGEF.
A, in vivo interactions between Myc-GIPC1 and GFP-MyoGEF. IP, immunopre-
cipitation; wb, Western blotting. B, schematic diagram of GIPC1 and its trun-
cated fragments. The numbers represent the positions of the amino acid res-
idues. C, Coomassie Blue-stained gel of GST-tagged full-length GIPC1 (GST-FL)
and truncated fragments (GST-1–131 and GST-1–208). D, in vitro interactions
between Myc-MyoGEF and GST-tagged full-length GIPC1 and truncated
fragments.

FIGURE 2. GIPC1 binds to the C-terminal PDZ-binding motif of MyoGEF. A, schematic diagram of full-length
MyoGEF and truncated fragments. The numbers represent the positions of amino acid residues. DH, Dbl homol-
ogy domain; PH, pleckstrin homology domain. B, in vitro interactions between GST-GIPC1 and GFP-WT MyoGEF
(GFP-WT), GFP-MyoGEF-(1– 479) (GFP-1– 479), or GFP-MyoGEF-(400 –790) (GFP-400 –790). C, schematic diagram
of the C terminus of MyoGEF mutants. The numbers represent the positions of amino acid residues. D, in vivo
interactions between Myc-GIPC1 and GFP-tagged full-length MyoGEF and fragments. The membrane was
stripped and reblotted with anti-Myc antibody. GFP-�C38, GFP-MyoGEF�C38; GFP-�SEV, GFP-MyoGEF�SEV;
IP, immunoprecipitation; wb, Western blotting.
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nus of MyoGEF appear to be a type I PDZ-binding motif.
Therefore, we generated several truncated or mutated versions
of MyoGEF (Fig. 2C): �C38 (lacking the C-terminal 38 amino
acid residues) and�SEV (lacking the putative type I PDZ-bind-
ing motif). Plasmids encoding GFP-MyoGEF�C38, GFP-
MyoGEF�SEV, or GFP-WTMyoGEF were cotransfected with
a plasmid encoding Myc-GIPC1 into HeLa cells. The trans-
fected cell lysates were then subjected to immunoprecipitation
with anti-Myc antibody, followed by immunoblotting with
anti-GFP antibody. As shown in Fig. 2D, Myc-GIPC1 could be
co-immunoprecipitated with GFP-WT MyoGEF, but not with
GFP-MyoGEF�C38 and GFP-MyoGEF�SEV (compare lane 3
with lanes 6 and 9), suggesting that three amino acid residues
(SEV) at the C terminus ofMyoGEF are critical for interactions
with GIPC1.
Colocalization of MyoGEF and GIPC1 at the Cell Periphery

and Cell Leading Edge—To further confirm the interaction
between MyoGEF and GIPC1, we transfected plasmids encod-
ing GFP-MyoGEF andMyc-GIPC1 into MDA-MB-231 cells to
examine whether both proteins colocalize in transfected cells.
24 h after transfection, the transfected cells were trypsinized
and replated on fibronectin-coated coverslips. After incubation
for an additional 60 or 180 min, the transfected cells were fixed
and processed for immunofluorescence analysis. Before cells
became polarized (after a 60-min incubation), GFP-MyoGEF
and Myc-GIPC1 colocalized to the cell periphery (Fig. 3A,
arrowheads in panels a–c). After cells became polarized (after a
180-min incubation), GFP-MyoGEF and Myc-GIPC1 were
concentrated to the cell leading edge (arrowheads in panels
d–f). Because three amino acid residues (SEV) at theC terminus
of MyoGEF were required for interactions with GIPC1 (Fig.
2D), we asked whether a MyoGEF mutant lacking these three
C-terminal amino acids (�SEV) could still colocalize with
GIPC1 in transfected cells. MDA-MB-231 cells were trans-
fected with plasmids encoding Myc-GIPC1 and GFP-
MyoGEF�SEV. GFP-MyoGEF�SEV showed diffuse distribu-
tions in the cytoplasm and did not colocalize with Myc-GIPC1
to the cell periphery or to the cell leading edge (Fig. 3A, panels
g–l). These results further confirm that GIPC1 interacts with
MyoGEF through binding to the PDZ-binding motif at the C
terminus of MyoGEF.
To determine whether endogenous MyoGEF colocalizes

with endogenous GIPC1, untransfected MDA-MB-231 cells
were grown on fibronectin-coated coverslips for 60 or 180
min and then subjected to immunofluorescence staining for
MyoGEF andGIPC1. As shown in Fig. 3B, MyoGEF andGIPC1
were colocalized to the cell periphery (arrowheads in panels
a–c) or to the cell leading edge (arrowheads in panels d–f).
Depletion of GIPC1Disrupts Cell Polarity and Localization of

MyoGEF—We reported previously that depletion of MyoGEF
by RNAi disruptsMDA-MB-231 cell polarity (25). The interac-
tion between GIPC1 andMyoGEF led us to ask whether deple-
tion of GIPC1 also affects MDA-MB-231 cell polarization.
MDA-MB-231 cells were transfected with control or GIPC1
siRNAs. 48 h after transfection, MDA-MB-231 cells treated
with GIPC1 siRNA exhibited a rounded morphology (Fig. 4C).
We then examined whether depletion of GIPC1 has an impact
on the localization of MyoGEF. A plasmid encoding Myc-

MyoGEF was cotransfected with control or GIPC1 siRNAs into
MDA-MB-231 cells. 48 h after transfection, the transfected
cells were trypsinized, replated on fibronectin-coated coverslips,
and incubated for an additional 60 min or 180 min. The trans-
fected cells were fixed and stained with anti-Myc antibody and
phalloidin. InMDA-MB-231 cells transfectedwith control siRNA
and the Myc-MyoGEF-expressing plasmid, MyoGEF localized to
the cell periphery before cells became polarized (Fig. 4E, panels
a–c) or to the cell leading edge after cells becamepolarized (panels
d–f). Cells transfectedwithGIPC1 siRNA and theMyc-MyoGEF-
expressing plasmid did not become polarized (Fig. 4E, compare
panelsd–fwithpanels j–l). Inaddition,MyoGEFdidnot localize to
the cell periphery (Fig. 4E, panels g–l). Our results suggest that
GIPC1 is required for the localization of MyoGEF during cell
spreading and cell polarization.

FIGURE 3. Colocalization of MyoGEF and GIPC1 in MDA-MB-231 cells.
A, colocalization of Myc-GIPC1 and GFP-WT MyoGEF (GFP-WT) or GFP-
MyoGEF�SEV (GFP-�SEV). Scale bar 	 25 �m. B, colocalization of endogenous
MyoGEF and GIPC1. Scale bar 	 20 �m.
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Binding of an Anti-MyoGEF Peptide Antibody to the C Ter-
minus of MyoGEF Interferes with the GIPC1-MyoGEF
Interaction—Because GIPC1 could bind to the C-terminal
PDZ-binding motif of MyoGEF (Fig. 2D), we reasoned that a

peptide antibody against the C ter-
minus ofMyoGEFmight bind to the
C terminus of MyoGEF, thus inter-
fering with the binding of GIPC1 to
the PDZ-binding motif at the C ter-
minus of MyoGEF. As described
previously (27), a peptide corre-
sponding to the C-terminal 18
amino acid residues (773MRGPHI-
IQLDTPLSASEV790) was used to
raise an anti-MyoGEF antibody.
This peptide contains the PDZ-
bindingmotif (SEV). To identify the
epitope of the anti-MyoGEFpeptide
antibody, HeLa cells exogenously ex-
pressing different truncated versions
of GFP- or Myc-tagged MyoGEF
were subjected to immunoblot
analysis with the anti-MyoGEF pep-
tide antibody as well as with the
anti-GFP or anti-Myc antibody. As
expected, the anti-MyoGEF peptide
antibody recognized the C-terminal
half of MyoGEF (amino acids 501–

790), but not the N-terminal half (amino acids 1–500) or a
MyoGEF mutant lacking the C-terminal 38 amino acids (data
not shown). Furthermore, the anti-MyoGEF peptide antibody
did not recognize a MyoGEFmutant lacking the C-terminal 10
amino acids (Fig. 5A). Deletion of the PDZ-bindingmotif (SEV)
from the C terminus of MyoGEF also decreased the ability to
bind the anti-MyoGEF peptide antibody (Fig. 5B), suggesting
that the PDZ-binding motif (SEV) contributes directly to the
epitope.
We then asked whether binding of the anti-MyoGEF peptide

antibody to the C terminus of MyoGEF interferes with the inter-
action between GIPC1 andMyoGEF. GST-taggedMyoGEF frag-
ment 501–790 (GST-MyoGEF-(501–790)) (Fig. 5C) was incu-
bated with the anti-MyoGEF peptide antibody. Antibody-treated
GST-MyoGEF-(501–790) was then used in GST pulldown assays
to examine its interaction with in vitro translatedMyc-GIPC1. As
shown in Fig. 5D, pretreatment with the anti-MyoGEF peptide
antibody decreased the binding of GST-MyoGEF-(501–790) to
Myc-GIPC1 (compare lanes 2 and 4). These results suggest that
the anti-MyoGEF peptide antibody can compete with GIPC1 for
binding to the C terminus ofMyoGEF.
Treatment of MDA-MB-231 Cells with the Anti-MyoGEF

Peptide Antibody Interferes with Cell Polarization and Invasion—
We reported previously that depletion of MyoGEF decreases
the invasion activity of MDA-MB-231 cells (25). In vitro bind-
ing assays showed that the anti-MyoGEF peptide antibody
could compete with GIPC1 for binding to the C terminus of
MyoGEF (Fig. 5D). Thus, we reasoned that treatment of MDA-
MB-231 cells with the anti-MyoGEF peptide antibody might
interfere with the GIPC1-MyoGEF interaction and disrupt cell
polarization and invasion. To test this possibility, we examined
the effect of antibody treatment on MDA-MB-231 cell polar-
ization and invasion. 4 h after treatmentwith normal rabbit IgG
or anti-MyoGEF antibody, the treated cells were subjected to

FIGURE 4. Depletion of GIPC1 disrupts cell polarity and the localization of MyoGEF. A, immunoblot analysis
of MDA-MB-231 cells transfected with siRNA against GIPC1 (siGIPC1). B, the image in A was quantitated using
the NIH ImageJ program. C, phase-contrast images of MDA-MB-231 cells transfected with control (siCont) or
GIPC1 siRNAs. D, quantitation of nonpolarized MDA-MB-231 cells treated with control or GIPC1 siRNAs. E, local-
ization of Myc-MyoGEF in MDA-MB-231 cells transfected with control or GIPC1 siRNAs. Scale bar 	 20 �m.

FIGURE 5. Binding of the anti-MyoGEF peptide antibody to the C terminus
of MyoGEF interferes with the GIPC1-MyoGEF interaction. A, immunoblot
analysis of MDA-MB-231 cells transfected with plasmids encoding Myc-
tagged wild-type MyoGEF (Myc-WT) or mutant MyoGEF lacking the C-termi-
nal 10 amino acid residues (Myc-�C10). WB, Western blot. B, immunoblot
analysis of MDA-MB-231 cells transfected with plasmids encoding GFP-WT
MyoGEF (GFP-WT) or GFP-MyoGEF�SEV (GFP-�SEV). C, 10 �g of purified GST-
MyoGEF-(501–790) was subjected to SDS-PAGE, followed by Coomassie Blue
staining. D, in vitro interactions between GST-MyoGEF-(501–790) (GST-501–
790) and Myc-GIPC1 in the presence or absence of the anti-MyoGEF peptide
antibody (Ab).
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immunofluorescence staining with phalloidin and Alexa Fluor
594-labeled goat anti-rabbit IgG. MDA-MB-231 cells treated
with the anti-MyoGEF peptide antibody did not polarize (Fig.
6A, compare panels a–c and d–f). In addition, MDA-MB-231
cells treated with normal rabbit IgG or anti-MyoGEF antibody
were subjected to Matrigel invasion assays. Fig. 6B shows that
treatment with anti-MyoGEF antibody decreased the invasion
activity of MDA-MB-231 cells. Consistent with these findings,
depletion of GIPC1 by RNAi in MDA-MB-231 cells also
decreased cell invasion (Fig. 6B). These results indicate that
GIPC1-MyoGEF complex formationmay play a role in regulat-
ing the polarization and invasion activity of MDA-MB-231
cells.
Depletion of GIPC1 Interferes with RhoALocalization butNot

with Activation of RhoA and RhoC—Disruption of GIPC1 func-
tion interfered with the localization of MyoGEF (Fig. 4). We
have also shown previously that depletion of MyoGEF inter-
feres with the activation of RhoA/RhoC and decreases the
invasion activity of MDA-MB-231 cells (25). Thus, we asked

whether depletion of GIPC1 has an
impact on the activation and/or
localization of RhoA/RhoC. Immu-
nofluorescence staining of TCA-
fixed cells with anti-RhoA antibody
has been used to monitor the local-
ization of active RhoA (31, 32). To
examine the effect of GIPC1 deple-
tion on the localization of active
RhoA, MDA-MB-231 cells were
transfected with control or GIPC1
siRNAs. 48 h after transfection, the
transfected cells were trypsinized
and replated on fibronectin-coated
coverslips. After incubation for an
additional 1, 3, or 5 h, the trans-
fected cells were fixed with TCA
and then subjected to immunofluo-
rescence staining with antibodies
specific for MyoGEF and RhoA.
In cells transfected with control
siRNA, both MyoGEF and RhoA
localized to the cell periphery (Fig.
7A, arrowheads in panels a–c) or to
the cell leading edge (arrowheads in
panels d–i). Conversely, cells trans-
fected with GIPC1 siRNA did not
polarize, and both MyoGEF and
RhoC did not localize to the cell
periphery (Fig. 7A, panels j–s).
These findings suggest that deple-
tion of GIPC1 interferes with the
localization of MyoGEF and active
RhoA. We then asked whether
depletion of GIPC1 has an impact
on the activation of RhoA/RhoC.
MDA-MB-231 cells transfected
with control or GIPC1 siRNAs for
72 h were subjected to rhotekin

FIGURE 6. Treatment with the anti-MyoGEF peptide antibody interferes
with MDA-MB-231 cell polarization and invasion. A, shown is the immu-
nofluorescence staining of MDA-MB-231 cells treated with normal IgG or anti-
MyoGEF antibody. Scale bar 	 20 �m. B, MDA-MB-231 cells treated with anti-
MyoGEF antibody or GIPC1 siRNA (siGIPC1) were subjected to Matrigel
invasion assays. The results were quantitated as described under “Experimen-
tal Procedures.” *, p � 0.05; **, p � 0.01.

FIGURE 7. Effect of GIPC1 depletion on the activation and localization of RhoA/RhoC. A, shown is the
immunofluorescence staining of MyoGEF and RhoA in MDA-MB-231 cells transfected with control (siCont) or
GIPC1 (siGIPC1) siRNAs. B, depletion of GIPC1 did not decrease the amount of active RhoA and RhoC in MDA-
MB-231 cells. C and D, the image in B was quantitated using the NIH ImageJ program.
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pulldown assays for RhoA activation (25, 27). As shown in Fig. 7
(B–D), depletion of GIPC1 did not interfere with the activation
of RhoA and RhoC.
Expression of GIPC1 in Breast Cancer Cell Lines—We

showed previously thatMyoGEF is expressed in invasive breast
cancer cells (MDA-MB-231 and MDA-MB-435S) but is not
detectable in noninvasive (MDA-MB-361 and MCF-7) or
poorly invasive (MDA-MB-468) breast cancer cells (25). As
shown in Fig. 8, however, GIPC1 is expressed in invasive, non-
invasive, and poorly invasive breast cancer cells, suggesting that
the interplay between GIPC1 and other specific factors such as
MyoGEF may be critical for breast cancer cell invasion.

DISCUSSION

In this study, we have demonstrated that the GIPC1 PDZ
domain can bind to the PDZ-bindingmotif at the C terminus of
MyoGEF. Depletion of GIPC1 in MDA-MB-231 breast cancer
cells by RNAi disrupts cell polarization and decreases cell inva-
sion. Treatment of MDA-MB-231 breast cancer cells with an
anti-MyoGEF peptide antibody that can interfere with the in
vitro interaction between GIPC1 and MyoGEF also leads to
impaired cell polarity and decreased cell invasion. Our results
suggest that GIPC1-MyoGEF complex formation plays an
important role in regulating the polarization and invasion
activity of MDA-MB-231 breast cancer cells.
We have shown previously that MyoGEF can activate RhoA

and RhoC in MDA-MB-231 cells (25). However, we found that
depletion of GIPC1 by RNAi did not affect RhoA and RhoC
activation in MDA-MB-231 cells (Fig. 7). Thus, binding of
GIPC1 toMyoGEFmay not have a role in controllingMyoGEF
activity toward RhoA and RhoC. Instead, our results suggest
that the GIPC1-MyoGEF interaction may be important for the
recruitment of MyoGEF to the cell leading edge (Figs. 3 and 4).
Consistently, depletion of GIPC1 interferes with the localiza-
tion of active RhoA (Fig. 7). It has also been shown that GIPC1/
synectin can bind to a RhoGEF called Syx1 and that theGIPC1-
Syx1 interaction plays a role in regulating endothelial cell
migration and tube formation (19). In addition, binding of
GIPC1 to Syx1 is responsible for targeting Syx1 to the cellmem-
brane (19). Therefore, GIPC1 likely acts as a scaffolding protein
to recruit Rho GEFs such as MyoGEF and Syx1 to specific sub-
cellular locations, thus leading to localized activation of Rho
GTPase proteins. Activation and/or localization of RhoGTPase
proteins has been implicated in the regulation of cell migration
and/or invasion (2–5).

Membrane vesicle trafficking is also implicated in regulating
cell polarization and migration (16, 33–37). A line of evidence
indicates that GIPC1 is implicated in endocytosis (15, 16, 38,
39). Furthermore, depletion of PLEKHG6/MyoGEF represses
dextran uptake in EGF-stimulated A431 cells (40), suggesting
that MyoGEF may also play a role in regulating endocytosis.
However, it is not clear at present whether theGIPC1-MyoGEF
interaction is implicated in regulating membrane vesicle
trafficking.
GIPC1/synectin can bind to a number of proteins, including

syndecan-4 (41), the GTPase-activating protein RGS-GAIP
(42), the transmembrane protein M-SemF (43), receptor tyro-
sine kinases TrkA and TrkB (44, 45), integrins �5 and �6 (46),
neuropilin-1 (47), the insulin-like growth factor type 1 receptor
(48), themyeloid cell-surfacemarker CD93 (49), themelanoso-
malmembrane protein gp75 (50), the humanT-cell lymphotro-
phic virus type 1 Tax oncoprotein (51), megalin (LDL receptor)
(52, 53), 5T4 (21), the TGF�III receptor (54), the �-adrenergic
receptor (55), the human lutropin receptor (56), dopamine D2
and D3 receptors (57), and GLUT1 and myosin VI (38, 58). It is
likely that the list of GIPC1-interacting partners will continue
to increase. Thus, it appears to be important to dissect out the
roles of specific binding partners and the causes of the various
cell phenotypes resulting from depletion of GIPC1. Our results
show that the anti-MyoGEFpeptide antibody can interferewith
GIPC1-MyoGEF complex formation and that treatment with
the anti-MyoGEF peptide antibody impairs cell polarity and
decreases cell invasion (Fig. 6). These findings suggest that
binding of GIPC1 to MyoGEF plays an important role in regu-
lating MDA-MB-231 breast cancer cell polarization and inva-
sion. However, it remains to be determined whether binding of
GIPC1 to other interacting partners also contributes to the reg-
ulation of breast cancer cell polarization and invasion.
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