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Abstract
Cell migration, a highly complex physiological phenomenon that requires the co-ordinated and
tightly regulated function of several proteins, is mediated by a number of signalling pathways.
Elucidation of the molecular mechanisms of cell migration impacts our comprehension of numerous
cell functions, ranging from development and immune surveillance to angiogenesis and metastasis.
The scaffold protein IQGAP1, which binds multiple proteins and regulates their functions, promotes
cell motility. Many of the IQGAP1 binding proteins have been implicated in cell migration. In this
study, we employed a multifaceted strategy to identify proteins that contribute to IQGAP1-stimulated
cell migration. Using specific IQGAP1 point mutant constructs, an interaction with actin was shown
to be essential for IQGAP1 to increase cell migration. In contrast, eliminating the binding of Ca2+/
calmodulin, but not Ca2+-free calmodulin, augmented the ability of IQGAP1 to stimulate cell
migration. Consistent with these findings, selective inhibition of calmodulin function at the plasma
membrane with a specific peptide inhibitor enhanced cell migration mediated by IQGAP1.
Interestingly, immunofluorescence staining and confocal microscopy suggest that localization of
Cdc42 at the leading edge is not necessary for maximal migration of epithelial cells. Coupled with
the observations that Cdc42 and Rac1 contribute to IQGAP1-stimulated cell migration, these data
suggest that IQGAP1 serves as a junction to integrate multiple signalling molecules to facilitate cell
migration.
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INTRODUCTION
Migration is a fundamental characteristic of cells that is necessary for normal embryonic
development, protection against infection, tissue development and tissue repair [1,2].
Numerous proteins and signalling pathways interact to orchestrate directed cell movement.
The molecular mechanisms underlying cell migration are highly complex, but published
studies from many laboratories have enhanced our comprehension of this process. Based on
our current understanding, cell migration is a cyclic process [1]. A migration-promoting agent
induces cell polarization and the extension of protrusions in the direction of migration.
Adhesion to the extracellular matrix or adjacent cells stabilizes the protrusions and serves as
sites of traction for migration. The adhesions at the rear of the cell are detached, allowing the
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cell to move forward. The cytoskeleton, particularly actin and microtubules, participates with
molecular motors to move the cells forward [2]. Multiple proteins are involved in the steps of
cell migration. These include the Rho family of GTPases (RhoA, Rac1 and Cdc42),
phosphoinositide 3-kinases, atypical protein kinase C, the WASP/WAVE family and Src
family kinases [1].

As outlined above, the cytoskeleton is an integral component of cell motility. IQGAP1 is an
important regulator of the cytoskeleton [3]. IQGAP1 modulates actin function both by directly
binding to F-actin [4,5] and indirectly via Cdc42 and Rac1 [6–9]. In addition, IQGAP1 appears
to capture growing microtubule ends by binding CLIP-170 in a process regulated by Cdc42
and Rac1 [10]. Consistent with its role as a modulator of cytoskeletal function, IQGAP1
contributes to cell motility. Mataraza et al. [11] were the first to document that IQGAP1
promotes cell motility. They showed that overexpression of IQGAP1 enhances cell migration,
while specific knockdown of endogenous IQGAP1 by small inhibitory RNA (siRNA)
significantly reduces cell motility [11]. A number of other investigators subsequently validated
a role for IQGAP1 in cell motility [12–14].

IQGAP1 binds to multiple proteins, including calmodulin, actin, Cdc42, Rac1, E-cadherin, β-
catenin, adenomatous polyposis coli (APC) and components of the mitogen-activated protein
(MAP) kinase pathway (specifically MEK and ERK) [15–18]. Initial investigation revealed
that the interaction of IQGAP1 with Cdc42 and Rac1 contributes to its effects on cell migration
[11]. Interestingly, IQGAP1 is necessary for Cdc42 to increase epithelial cell motility [11],
implying a bi-directional communication between IQGAP1 and Cdc42/Rac1 in cell migration.
Notwithstanding these findings, several other binding partners of IQGAP1, including actin,
ERK, Ca2+, calmodulin and microtubules, have been implicated in cell migration [1,19].
Therefore, in this study we investigated the molecular mechanisms by which IQGAP1
promotes cell motility. Our data reveal that proteins in addition to Cdc42 and Rac1 participate
in IQGAP1-stimulated cell motility. We document that an interaction of IQGAP1 with actin
is necessary and also show that calmodulin influences this function of IQGAP1. Collectively
these findings provide insight into the complex mechanism of cell migration.

EXPERIMENTAL PROCEDURES
Reagents

Cell culture reagents were from Invitrogen (Grand Island, NY). The anti-IQGAP1 polyclonal
and monoclonal antibodies [4,17] and anti-calmodulin monoclonal antibody [20] have been
previously characterized. Anti-Myc monoclonal antibody (9E10.2) was manufactured by
Maine Biotechnology. Antibodies were purchased as follows: monoclonal anti-Cdc42 from
Transduction Laboratories (Franklin Lakes, NJ), anti-green fluorescent protein antibody (for
Western blotting) from Clontech (Mountain View, CA) and horseradish peroxidase-conjugated
secondary antibodies from GE Healthcare (Piscataway, NJ). Enhanced chemiluminescence
(ECL) reagents were from Millipore (Billerica, MA). All other reagents were of standard
analytical grade.

Plasmid Constructs
Myc-tagged human IQGAP1 in pcDNA3 vector [4] was used. The construction of
IQGAP1·apoCaM(−) and IQGAP1·CaM(−), point mutant constructs that lack binding to
apocalmodulin and calmodulin, respectively, has been described previously [21].
IQGAP1G75Q was generated by site-directed mutagenesis using Strategene Quick Change
site-directed mutagenesis method. Thermal cycling was performed with 5’-
GAGGGGCTTAGGAATCAGGTCTACCTTGCCAA-3’ and 5’-
TTGGCAAGGTAGACCTGATTCCTAAGCCCCTC-3’ (mutated residues are underlined) as
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primer pair, pSCRIPTII-IQN as template and pfu DNA polymerase. These changes result in
replacement of Gly-75 with G1n. The template was digested with Dpn1 and transformed into
DH5α. After the sequence was confirmed by DNA sequencing, the IQN in pcDNA3-Myc-
IQGAP1 was replaced with the IQN segment containing the G75Q mutant. Full-length
IQGAP1 was tagged at the N-terminus with tandem enhanced green fluorescent protein (GFP)
as described [22]. GFP-tagged versions of IQGAP1·apoCaM(−) and IQGAP1·CaM(−) were
prepared by replacing a 2.1 Kb Pac1-Af1II fragment in wild type pEGFP-IQGAP1 with the
same fragment from pcDNA3-IQGAP1·apoCaM(−). or pcDNA3-IQGAP1·CaM(−). The
sequence of the constructs was confirmed by both restriction mapping and DNA sequencing.

Cell Culture and Transfection
MCF-7 human breast epithelial cells (from American Type Culture Collection) were
maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% (v/v) fetal
bovine serum (FBS). MCF-7 cells which stably overexpress either pcDNA3 (MCF/V) or
pcDNA3-myc-IQGAP1 (MCF/I) have been described previously; MCF/I cells have 3-fold
more IQGAP1 than MCF/V cells [8]. Transient transfections were performed using FuGENE
6 (Roche Molecular Biochemicals) as previously described [23]. Five micrograms of the
relevant plasmid was transfected into MCF-7 cells. After 48 h incubation, cells were lysed and
equal amounts of protein lysate were resolved by SDS-PAGE and Western blotting. Blots were
probed with the antibodies indicated in the figures. IQGAP1 siRNA was engineered by
oligonucleotide hybridisation as previously described [11], cloned into vector mU6pro and
transfected into MCF-7 cells using FuGENE 6.

A synthetic gene that encodes the calmodulin-binding sequence of myosin-light chain kinase
[24,25] (kindly provided by Marcia Kaetzel and John Dedman, University of Cincinnati) was
used. The construct contains four tandem calmodulin-binding peptide (CaMBP) repeats. The
CaMBP was tagged with a yellow-green variant of enhanced green fluorescent protein (EYFP)
and inserted into plasmids that selectively target it to two subcellular domains, the nucleus or
the plasma membrane [25]. The correct subcellular localization of these CaMBPs has been
verified by confocal microscopy [25]. The EYFP-containing plasmid was used as control.

Western Blotting and Immunoprecipitation
Confluent 100 mm plates of MCF-7 cells were wounded multiple times as described [11]. At
different times after wounding (see Fig. 1), cells were lysed in buffer A (50 mM Tris, pH 7.4,
150 mM NaCl, 1 mM EGTA, 1% Triton X-100 and protease inhibitors). Equal amounts of
protein were subjected to SDS-PAGE and blots were probed with anti-Cdc42 or anti-IQGAP1
monoclonal antibodies, followed by horseradish peroxidase-conjugated goat anti-mouse
antibodies and developed with ECL. For immunoprecipitation, equal amounts of protein lysate
were incubated with anti-IQGAP1 polyclonal antibodies for 3 h at 4 °C. Anti-IQGAP1 immune
complexes were collected for 2 h with 40 µl Protein A-Sepharose (Amersham Pharmacia
Biotech), washed five times with buffer A and Western blotting for IQGAP1 and Cdc42 was
carried out as outlined above.

Migration Assays
Migration assays were performed essentially as previously described [11]. Briefly, Transwells
with 8 micron pores were placed in 12-well tissue culture plates (Corning, Inc.) and the
underside of the membranes was coated with human collagen I (Collaborative Biomedical
Products) at 37 °C. Collagen was removed after 18 h and replaced with DMEM. Cells were
trypsinized, washed once in DMEM and counted with a hemacytometer. Cells were
resuspended at a concentration of 200 000/ml in DMEM containing 5 mg/ml BSA and 1.5 ml
of this suspension was added to the top chamber of the Transwell, while 1.5 ml of DMEM was
added to the lower chamber. After 16 h, assays were terminated by wiping the top of the
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Transwell membrane with a cotton swab to remove non-migratory cells. Membranes were
rinsed with PBS, then fixed and stained with DiffQuick (Baxter Scientific Products) and
mounted on glass slides. Quantification of cells was performed by counting four microscope
fields per well using a 10X objective (at least 600 cells were counted for each Transwell
membrane). All assays were done in triplicate.

Actin Binding Assay
In vitro actin binding assays were performed essentially as previously described [26]. GST
fusion proteins were expressed in Escherichia coli and isolated with glutathione-Sepharose as
described [4]. GST-IQGAP1, GST-IQGAP1G75Q, and GST (as a negative control) were
bound to glutathione-Sepharose beads and incubated for 15 min with 10 µM F-actin in
phosphate-buffered saline (PBS) containing 1 mM MgCl2 and 1 mM DTT at 4 °C. Unbound
actin was removed by centrifugation for 5 s at 13,000 × g. Under these conditions virtually
none of the F-actin was in the pellet in the absence of IQGAP1 on the beads (see Fig. 3A).
Bound actin was visualized by Coomassie blue staining.

GST Pull-down Assays
Equal amounts of GST, GST-IQGAP1 (wild type) or GST-IQGAP1G75Q bound to
glutathione-Sepharose beads were incubated with 1.5 mg protein lysate from MCF-7 cells.
After 3 h at 4 °C, samples were sedimented by centrifugation and washed 5 times with buffer
A. Samples were resolved by SDS-PAGE and the gel was cut into two pieces. The top half of
the gel was stained with Coomassie blue to visualize the GST-tagged IQGAP1 constructs. The
bottom half of the gel was transferred to polyvinylidene difluoride membranes. The blots were
probed with antibodies to Cdc42, Rac1 or calmodulin. Separate analyses were performed for
each protein.

Wound Healing Assay
The wound healing assay was performed as described [11]. MCF-7 cells were plated onto glass
coverslips and transiently transfected with GFP-tagged wild type IQGAP1,
IQGAP1·apoCaM(−) or IQGAP1·CaM(−). Cells were allowed to grow until confluent, then the
monolayer was scraped with a pipette tip and washed to remove dislodged cells. After 8 h,
cells were processed for immunocytochemistry.

Immunofluorescence Staining and Confocal Microscopy
Immunocytochemistry was performed essentially as described [11,27] with a few
modifications. Briefly, cells were washed twice with phosphate-buffered saline (PBS) and
incubated in 4% paraformaldehyde-PBS for 20 min at 4 °C. After washing twice in PBS, cells
were permeabilized in 0.2% Triton X-100 with 3% BSA in PBS for 1 h at 22 °C. Polyclonal
anti-Cdc42 and monoclonal anti-GFP antibodies (both from Santa Cruz Biotechnology) were
added in 0.2% Triton/1% BSA for 16 h at 4 °C, followed by Alexa-Fluor 488-labelled anti-
rabbit and Alexa-Fluor 543-labelled anti-mouse IgG secondary antibodies (Molecular Probes),
and Alexa-Fluor 633-conjugated phalloidin (Invitrogen) (to visualize actin) for 1 h. The anti-
GFP antibodies were used to enhance the intensity of the GFP signal.

The stained cells were analyzed using a Zeiss LSM 510 confocal microscope and analyzed
with Zeiss LSM software. The number of migrating cells which had the relevant GFP-tagged
IQGAP1 construct, Cdc42 or actin at the leading edge was quantified.
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Miscellaneous
Protein concentrations were measured with the DC protein asay (Bio-Rad). Densitometry of
ECL signals was performed with Un-scan-it software (Silk Scientific Corp.). Statistical
analyses were assessed by Student’s t test with InStat software (GraphPad Software, Inc.).

RESULTS
Cell migration promotes the interaction of Cdc42 with IQGAP1

The time-dependent interaction between IQGAP1 and Cdc42 in migrating cells was examined
by co-immunoprecipitation. Confluent plates of MCF-7 cells, wounded multiple times, were
lysed at different time intervals after wounding. Equal amounts of protein lysate were
immunoprecipitated with anti-IQGAP1 antibodies. This revealed that the amount of Cdc42
that co-immunoprecipitated with IQGAP1 increased in a time-dependent manner, with a
maximum increase of 2.99 ± 0.2-fold (mean ± S.E., n=3) seen at 12 h (Fig. 1A). Binding of
Cdc42 to IQGAP1 returned virtually to baseline levels by 24 h, after the wound had closed.
The total amounts of Cdc42 and IQGAP1 in the cells did not change (Fig. 1). These data reveal
a significantly enhanced association between IQGAP1 and Cdc42 in migrating cells and
provide additional evidence to support our prior observation [11] that the interaction between
Cdc42 and IQGAP1 contributes to cell migration.

IQGAP1 targets in addition to Cdc42 and Rac1 participate in IQGAP1-mediated cell migration
We previously documented that IQGAP1 promotes cell migration in a Cdc42- and Rac1-
dependent manner [11]. In order to ascertain whether this interaction is sufficient for IQGAP1
to increase cell migration, we examined the effect on cell migration of a mutant IQGAP1. By
deleting 24 amino acids from the Cdc42- and Rac1-binding region of IQGAP1, we produced
a construct (termed IQGAP1ΔMK24) that specifically lacks binding to Cdc42 and Rac1 [28].
Transient overexpression of wild-type IQGAP1 significantly enhanced (by 2.49 ± 0.09-fold)
migration of MCF-7 cells through Transwell pores (Fig. 2). Conversely, transient knockdown
of IQGAP1 by siRNA reduced MCF-7 cell migration. These data are consistent with our prior
observations (obtained with MCF-7 cells in which IQGAP1 was stably overexpressed or
knocked down) that increasing and decreasing intracellular IQGAP1 concentrations increase
and decrease, respectively, cell motility [11]. Transient transfection of MCF-7 cells with
IQGAP1ΔMK24 increased cell migration, but substantially less than that produced by wild
type IQGAP1 (Fig. 2). Western blotting of cell lysates verified that IQGAP1ΔMK24 and wild-
type IQGAP1 were expressed at similar levels (Fig. 2C) and that siRNA reduced endogenous
IQGAP1 (data not shown). These data indicate that proteins other than Cdc42 and Rac1
contribute to IQGAP1-stimulated cell migration.

Binding to actin is necessary for IQGAP1 to promote cell motility
Actin, a target of IQGAP1, is required for cell migration [29]. To determine whether an
interaction with actin is necessary for IQGAP1 to promote cell migration, we generated a point
mutant IQGAP1 construct that specifically lacks binding to actin. Gly75 in the actin-binding
calponin homology domain was mutated to Gln. The construct is termed IQGAP1G75Q. In
vitro analysis with purified proteins revealed that F-actin bound to GST-IQGAP1 (Fig. 3A).
In contrast, GST-IQGAP1G75Q was unable to pull down F-actin (Fig. 3A). Binding was
specific for IQGAP1 as F-actin did not interact with GST alone. Because IQGAP1G75Q has
replacement of only a single amino acid, it is unlikely that binding to proteins other than actin
will be altered. Nevertheless, it is important to establish this premise prior to conducting assays
in intact cells. Therefore, we incubated GST-IQGAP1G75Q and GST-IQGAP1 with cell
lysates and compared the relative amounts of proteins that bound. These data reveal that binding
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of Cdc42, Rac1 and calmodulin to IQGAP1G75Q and to wild type IQGAP1 are essentially the
same (Fig. 3B–D), verifying that the point mutation does not interfere with these interactions.

The requirement of actin for IQGAP1 to enhance cell motility was assessed by transiently
transfecting IQGAP1G75Q into MCF-7 cells. Although expressed to essentially the same level
as the wild type protein (Fig. 4B), IQGAP1G75Q failed to increase the ability of MCF-7 cells
to migrate through a Transwell membrane (Fig. 4A). These data document that an interaction
with actin is necessary for IQGAP1 to promote cell motility.

Effect of calmodulin on IQGAP1-stimulated cell migration
Ca2+ and calmodulin have been reported to participate in cell migration [30–32]. Moreover,
in the presence of Ca2+, calmodulin abrogates the binding of IQGAP1 to Cdc42 [7]. Therefore,
we examined the effect of calmodulin on IQGAP1-stimulated cell migration. Analysis was
performed with two point-mutant IQGAP1 constructs we developed: IQGAP1·CaM(−), which
is unable to bind calmodulin, and IQGAP1·apoCaM(−), which lacks binding to apocalmodulin
(Ca2+-free calmodulin) but binds Ca2+/calmodulin [21]. Replacement of basic charged arginine
residues in each of the four IQ motifs (and glutamine in the second IQ motif) yields a construct
to which apocalmodulin does not bind. To eliminate all calmodulin binding, selected
hydrophobic residues and the amino acid immediately proximal to the glutamine (the “I” of
the IQ) were replaced in each IQ motif. These constructs have been described and characterized
in detail previously [21]. Overexpression of IQGAP1·apoCaM(−) enhanced cell migration by
essentially the same magnitude as that produced by wild type IQGAP1 (Fig. 5A). [Note: The
vector and wild type IQGAP1 data presented here are the same as those shown in Fig. 4A as
the analysis of IQGAP1·CaM(−), IQGAP1·apoCaM(−) and IQGAP1G75Q were done in
parallel. The vector and wild type data are reproduced here to facilitate interpretation.]
Transient transfection of IQGAP1·CaM(−) increased cell migration by 3.8 ± 0.34-fold,
significantly more than that produced by wild type IQGAP1 (Fig. 5A). All IQGAP1 constructs
were expressed at similar levels (Fig. 5B). These findings suggest that binding of Ca2+/
calmodulin attenuates IQGAP1-stimulated cell migration, while apocalmodulin has no effect.

The possible role of calmodulin in IQGAP1-stimulated cell migration was also examined by
a complementary strategy. A peptide corresponding to the calmodulin-binding domain of
myosin-light chain kinase specifically inhibits calmodulin function in cells [24,25]. By
selectively targeting this construct to the nucleus or plasma membrane, we are able to inhibit
calmodulin function in discrete subcellular domains [25]. To determine the effect on migration
stimulated by IQGAP1, we used cells that stably overexpress IQGAP1. Termed MCF/I, these
cells have 3-fold more IQGAP1 than the control, vector-transfected MCF/V cells [11,17,33,
34]. As previously documented [11], the motility of MCF/I cells is greater than that of MCF/
V cells (Fig. 6A). Inhibition of calmodulin in the nucleus did not alter the ability of IQGAP1
overexpression to augment cell migration. In contrast, when calmodulin was selectively
inhibited at the membrane, the ability of IQGAP1 to increase cell migration was significantly
enhanced (Fig. 6A). The membrane-targeted peptide did not substantially alter MCF/V cell
migration, suggesting that the effect in MCF/I cells is due to an effect of calmodulin on
IQGAP1. The lack of effect of the nuclear-targeted peptide further supports this hypothesis as
IQGAP1 is not seen in the nucleus. This effect is not due to increased expression of the
membrane-targeted calmodulin-binding peptide as Western blotting reveals that it is expressed
at a lower level than the nuclear-targeted peptide (Fig. 6B).

Examination of proteins at the leading edge of migrating cells
We employed the widely-used strategy of wound healing to examine the localization of selected
proteins at the leading edge of migrating cells. MCF-7 cells were transfected with GFP-tagged
IQGAP1 constructs and confluent plates of cells were wounded. Migrating cells were fixed 8
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h later and analyzed by immunocytochemistry and confocal microscopy. GFP-tagged wild type
IQGAP1 localizes at the leading edge of migrating MCF-7 cells (Fig. 7A). This pattern is
essentially identical to that we previously observed with endogenous IQGAP1 [11]. Both
Cdc42 and actin co-localize with the wild type IQGAP1 at the leading edge (Fig. 7A).
Consistent with the effects produced on cell migration (see Fig. 5A), transfection of GFP-
tagged IQGAP1·apoCaM(−) yielded virtually identical results. IQGAP1·apoCaM(−)

accumulates at the leading edge of migrating cells where it co-localizes with Cdc42 and actin
(Fig. 6). Quantification of the percentage of migrating cells which have IQGAP1, Cdc42 and
actin at the leading edge reveals that the patterns for wild type IQGAP1 and
IQGAP1·apoCaM(−) are the same (Fig. 7B). The IQGAP1 constructs are at the leading edge
in virtually all migrating cells. In contrast, IQGAP1·CaM(−) is at the leading edge in ~50% of
the migrating cells (Fig. 7). Similarly, the number of motile cells transfected with
IQGAP1·CaM(−) which have Cdc42 at the leading edge is significantly reduced by 50%. The
subcellular location of actin is not changed significantly by IQGAP1·CaM(−) (Fig. 7). These
data indicate that IQGAP1·CaM(−) has altered subcellular location in migrating cells and
suggest that the IQGAP1 construct changes the localization of Cdc42.

DISCUSSION
Accumulating evidence reveals that IQGAP1 is an integral component of the molecular
machinery that mediates cell migration. This is not surprising as IQGAP1 is a significant
modulator of cytoskeletal architecture across a wide spectrum of organisms, ranging from yeast
to Xenopus to mammals [15]. IQGAP1 influences numerous cell functions, including actin
polymerization, microtubule function, cell-cell adhesion and neurite outgrowth [3,15,16,35].
These effects are mediated by a direct interaction between IQGAP1 and multiple-binding
proteins [3,16]. Many of these proteins participate in cell migration, and we therefore
investigated the role of selected targets in IQGAP1-mediated cell motility.

We observed that the association of Cdc42 with IQGAP1 increases when MCF-7 cells migrate
into a wound, and remains high while the cells are migrating. The interaction returns to basal
levels after the wound has healed and cell migration has ceased. Previously, we demonstrated
that dominant negative constructs of Cdc42 or Rac1 prevented the enhanced motility produced
by IQGAP1 [11]. These findings suggest that Cdc42 and Rac1 are components of IQGAP1-
stimulated cell motility. Nevertheless, the data presented in this study reveal that binding
partners of IQGAP1 other than Cdc42 and Rac1 also have a role. A mutant IQGAP1 construct
that specifically lacks binding to Cdc42 and Rac1 [28] is able to increase cell motility, albeit
less than that produced by wild type IQGAP1. Not surprisingly, the interaction of IQGAP1
with actin is essential for IQGAP1 to promote cell motility. Elimination of actin binding by
replacing Gly75 of IQGAP1 with Gln completely abrogated the ability of IQGAP1 to enhance
cell migration. These data do not conflict with the findings seen with Cdc42 and Rac1. Spatially
controlled polymerization of actin is at the origin of cell motility [29]. Actin polymerization
is required for cells to extend protrusions in the direction of cell migration [1]. The Rho
GTPases, Rac1 and Cdc42, are required for formation of lamellipodia and filopodia. Several
targets of Rac1 and Cdc42 mediate actin polymerization. IQGAP1 has been shown to increase
cross-linking of F-actin in vitro, an effect that is augmented by active Cdc42 and Rac1 [36].
One could thus envisage that, as we previously speculated [3,4], IQGAP1 serves to couple
active Cdc42 (and Rac1) to the actin cytoskeleton, thereby enabling the Rho GTPases to induce
cell migration.

Intracellular Ca2+ regulates several processes necessary for cell migration [31]. There is also
compelling evidence that calmodulin participates in cell motility [19,30,32,37]. We previously
documented that Ca2+/calmodulin attenuates the binding of IQGAP1 to Cdc42; no effect was
observed with Ca2+-free calmodulin [7]. One would thus anticipate that reducing the
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association between Ca2+/calmodulin and IQGAP1 would promote the interaction of IQGAP1
with Cdc42, thereby enhancing cell migration. In this model, apocalmodulin, which does not
interfere with the binding of Cdc42 to IQGAP1 [7], would have no effect. This hypothesis was
confirmed by the analyses with the point mutant IQGAP1 constructs that selectively lack
binding to calmodulin. Transfection of IQGAP1·apoCaM(−), which cannot bind apocalmodulin
but binds normally to Ca2+/calmodulin [21], increases cell migration by essentially the same
magnitude as wild type IQGAP1. In contrast, transfection of IQGAP1·CaM(−), a point mutant
IQGAP1 construct that fails to interact with Ca2+/calmodulin [21], augments cell migration
substantially more than wild type IQGAP1.

Further insight into the molecular interactions among Cdc42, calmodulin and IQGAP1 in cell
migration was obtained by examining protein localization. In virtually all migrating cells, both
wild type IQGAP1 and IQGAP1·apoCaM(−) accumulate at the leading edge, where they co-
localize with Cdc42 and actin. A different pattern is observed with IQGAP1·CaM(−).
IQGAP1·CaM(−) was detected at the leading edge of only 50% of migrating cells. Importantly,
expression of IQGAP1·CaM(−) prevented Cdc42, but not actin, from accumulating at the
leading edge of cells migrating into the wound. These data imply that IQGAP1·CaM(−)

augments cell migration by preventing Cdc42 from moving to the leading edge in a large
proportion of cells or by inducing the translocation of Cdc42 from the front of the migrating
cells to another subcellular region. The findings are congruent with our prior observations that
IQGAP1 influences the subcellular localization of Cdc42 [8]. Overexpression of wild type
IQGAP1 significantly increased the amount of Cdc42 in the membrane fraction of cells, while
the dominant negative IQGAP1ΔGRD prevented bradykinin from inducing translocation of
Cdc42 to the membrane.

How Rho, Rac1 and Cdc42 function in signalling during cell migration remains incompletely
understood. While there is agreement that activated Rac1 is required at the leading edge of
migrating cells, the location of Cdc42 is less well defined [1]. Differences among cell types,
coupled with the participation of Cdc42 in cell-cell adhesion [38], further complicate the issue.
For example, Cdc42 is not required for wound closure by Madin-Darby canine kidney (MDCK)
cells [39]. In addition to inducing the formation of filopodia, Cdc42 regulates cell polarity
during movement [40]. This is achieved by both restricting where lamellipodia form and by
localizing the microtubule organizing center and Golgi apparatus in front of the nucleus [1,
41]. Microtubule reorganization appears to be more important for the migration of slow-
moving cells [1], such as MCF-7 cells, than fast-moving cells. Polarity is required for a cell to
migrate. Thus, IQGAP1·CaM(−) may promote motility of MCF-7 cells by localizing Cdc42 in
front of the nucleus, thereby enhancing cell polarity. Further studies are required to test this
hypothesis, but it is supported by the demonstration that IQGAP1 contributes to polarity of
fibroblasts by establishing a polarized microtubule array [10]. Regardless of the mechanism,
our data suggest that localization of Cdc42 at the leading edge is not necessary for maximal
migration of MCF-7 epithelial cells.

Additional support for a regulatory role for calmodulin in IQGAP1-mediated cell migration is
provided by a complementary strategy. We previously speculated that IQGAP1 may influence
cell motility by increasing the levels of active Cdc42 (and Rac1) in migratory cells [11]. If this
hypothesis is correct, blocking the interaction of calmodulin with IQGAP1 at cell membranes
should enhance the interaction of IQGAP1 with Cdc42 and augment IQGAP1-stimulated cell
migration. Consistent with this model, a calmodulin-binding peptide that specifically and
selectively inhibits calmodulin function at membranes [25] significantly increased cell
migration promoted by IQGAP1. In contrast, when the peptide was targeted to the nucleus,
which inhibits nuclear calmodulin function [25], IQGAP1-stimulated cell migration was not
altered. Collectively these data reveal that Ca2+/calmodulin signalling provides an additional
level to fine tune the ability of IQGAP1 to increase cell migration.
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Many of the proteins that bind IQGAP1 have been implicated in cell migration. Testing every
one of these is clearly beyond the scope of the current study. Increased cell migration and
invasion are fundamental prerequisites for metastasis of tumour cells, which is the major cause
of mortality of solid tumours [42]. A steadily increasing body of evidence implicates IQGAP1
in metastasis. For example, Richard Hynes’s group demonstrated that IQGAP1 was one of 32
only genes (out of ~10 500 analyzed) that were upregulated in metastatic melanoma [43]. The
insight provided by the data presented in this work substantially enhances our comprehension
of the molecular mechanisms by which IQGAP1 contributes to cell migration (and metastasis).
Elucidation of these pathways is necessary to develop novel therapeutic agents to treat
metastatic disease.
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Fig 1.
Increase in co-immunoprecipitation of Cdc42 with IQGAP1 over wounding timecourse. A,
confluent 100 mm plates of MCF-7 cells were wounded multiple times and lysed at the
indicated times after wounding. Equal amounts of protein were subjected to SDS-PAGE and
blots were probed with anti-IQGAP1 and anti-Cdc42 antibodies (Lysate), followed by
horseradish peroxidase-conjugated goat anti-mouse antibodies and developed with ECL. Equal
amounts of protein were also immunoprecipitated (IP) with anti-IQGAP1 antibodies.
Complexes were collected with Protein A-Sepharose, resolved by SDS-PAGE, and Western
blots were probed with anti-IQGAP1 and anti-Cdc42 antibodies. Data are representative of 3
independent experiments. B, the relative amount of Cdc42 that co-immunoprecipitated with
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IQGAP1 was quantified by densitometry and corrected for the amount of IQGAP1
immunoprecipitated. Data, expressed relative to the amount of Cdc42 at time 0, represent the
means ± S.E. (n=3). *, significantly different from time 0 (p<0.05).
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Fig 2.
Effect of IQGAP1ΔMK24 on cell migration. Migration through Transwell membranes was
performed with MCF-7 cells transiently transfected with wild type (WT) IQGAP1,
IQGAP1ΔMK24 (MK24), IQGAP1 siRNA (siRNA) or vector (V). Migration was quantified
by counting fields of migratory cells under a light microscope. Four fields per well were
counted and all assays were done in triplicate. A, a representative experiment is shown to
indicate the relative number of cells migrating. B, data, expressed relative to migration of
vector-transfected cells, represent the means ± S.E. from 3 independent experimental
determinations. *, significantly different from vector-transfected cells (p<0.001). C, a
representative Western blot to show overexpression of IQGAP1 proteins. Equal amounts of
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protein lysate from MCF-7 cells transfected with wild type IQGAP1, IQGAP1ΔMK24 or
vector were resolved by SDS-PAGE and Western blots were probed with anti-IQGAP1
antibody.
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Fig 3.
IQGAP1G75Q does not bind F-actin. A, GST, wild type (WT) GST-IQGAP1 or GST-
IQGAP1G75Q (G75Q) bound to glutathione-Sepharose beads was incubated for 15 min with
F-actin. Samples were washed, resolved by SDS-PAGE and bound actin was visualized by
Coomassie blue staining. Data are representative of three independent experimental
determinations. B–D, equal amounts of GST, wild type GST-IQGAP1 or GST-IQGAP1G75Q
bound to glutathione-Sepharose were incubated with 1.5 mg of protein lysate from MCF-7
cells. After washing, the bound proteins were resolved by SDS-PAGE. The gel was cut into
two pieces; the top half was stained with Coomassie blue to visualize the GST-IQGAP1
constructs. The bottom half was transferred to polyvinylidene difluoride membrane and probed
for Cdc42 (B), Rac1 (C) or calmodulin (CaM) (D). Representative experiments of three
independent determinations are shown.
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Fig 4.
IQGAP1G75Q is unable to promote cell migration. A, Transwell migration assays were
performed with MCF-7 cells transiently transfected with vector (V), wild type (WT) IQGAP1,
or IQGAP1G75Q (G75Q). Migration was quantified by counting fields of migratory cells
under a light microscope. Data, expressed relative to migration of vector-transfected cells,
represent the means ± S.E. (n=3). *, significantly different from vector-transfected cells
(p<0.01). B, a representative Western blot derived from cells transfected as described for panel
A. Equal amounts of protein were resolved and probed with anti-myc antibody (all IQGAP1
constructs are myc-tagged).
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Fig 5.
IQGAP1·CaM(−) further increases IQGAP1-stimulated cell migration. A, Transwell migration
assays were performed with MCF-7 cells transiently transfected with empty pcDNA3 vector
(V), wild type (WT) IQGAP1, IQGAP1·apoCaM(−) (Apo−) or IQGAP1·CaM(−) (CaM−).
Migration was quantified by counting fields of migratory cells under a light microscope. Data,
expressed relative to migration of vector-transfected cells, represent the means ± S.E. (n=3).
[Note: The vector and wild type IQGAP1 data presented here are the same as those shown in
Fig. 4A as the analysis of IQGAP1·CaM(−), IQGAP1·apoCaM(−) and IQGAP1G75Q were done
in parallel. The vector and wild type data are reproduced here to facilitate interpretation.] *,
significantly different from vector-transfected cells (p<0.01). **, significantly different from
vector-transfected cells (p<0.001). B, equal amounts of protein lysate from MCF-7 cells
transiently transfected as described for panel A were processed by SDS-PAGE and Western
blotting. Blots were probed with anti-myc antibody.
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Fig 6.
Inhibition of calmodulin augments IQGAP1-stimulated cell migration. A, migration assays
were performed using MCF/V and MCF/I cells transiently transfected with calmodulin-binding
peptide (CaMBP), targeted to the nucleus (N) or targeted to the membrane (M). The empty
vector (V) was transfected as control. Migration was quantified by counting fields of migratory
cells under a light microscope. Data, expressed relative to migration of MCF/V cells transfected
with vector, represent the means ± S.E. (n=3). *, significantly different from MCF/I cells
transfected with vector (p<0.05). B, representative Western blot. Cells were transiently
transfected with empty pEYFP vector (V) or YFP-tagged CaMBP targeted to the nucleus (N)
or the membrane (M). After 48 h, equal amounts of protein lysate were resolved by SDS-PAGE
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and probed for YFP. The positions of migration of molecular weight markers are indicated on
the right. Note that the membrane-targeting sequence slightly reduces the migration of CaMBP.
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Fig 7.
IQGAP1·CaM(−) displays reduced localization to the leading edge of migrating cells. A, MCF-7
cells were transfected with wild-type GFP-IQGAP1, GFP-IQGAP1·apoCaM(−) (GFP Apo−)
or GFP-IQGAP1·CaM(−) (GFP CaM−), and subjected to the wound healing assay as described
under Experimental Procedures. After 8 h, cells were fixed and processed for
immunocytochemistry. Cells were stained for GFP (green), Cdc42 (red) and actin (blue).
Merge represents a composite of all three channels. Arrowheads indicate the direction of cell
movement. Representative images of two independent experiments, each performed in
quadruplicate, are shown. Scale bar, 10 µm. B, the number of migrating cells in which the GFP-
tagged IQGAP1 constructs [wild type (WT) IQGAP1 (clear bars), IQGAP1·apoCaM(−)
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(Apo−, black bars) or IQGAP1·CaM(−) (CaM−, grey bars)], Cdc42 or actin are localized to the
leading edge were quantified. Data are expressed as a percentage of total cells counted and
represent the means ± S.E.M. (n=50). * p<0.001 compared to cells transfected with GFP-tagged
wild type IQGAP1.
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