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The Rho-mDia1 Pathway Regulates Cell Polarity and Focal Adhesion
Turnover in Migrating Cells through Mobilizing Apc and c-Src†
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Directed cell migration requires cell polarization and adhesion turnover, in which the actin cytoskeleton and
microtubules work critically. The Rho GTPases induce specific types of actin cytoskeleton and regulate
microtubule dynamics. In migrating cells, Cdc42 regulates cell polarity and Rac works in membrane protru-
sion. However, the role of Rho in migration is little known. Rho acts on two major effectors, ROCK and mDia1,
among which mDia1 produces straight actin filaments and aligns microtubules. Here we depleted mDia1 by
RNA interference and found that mDia1 depletion impaired directed migration of rat C6 glioma cells by
inhibiting both cell polarization and adhesion turnover. Apc and active Cdc42, which work together for cell
polarization, localized in the front of migrating cells, while active c-Src, which regulates adhesion turnover,
localized in focal adhesions. mDia1 depletion impaired localization of these molecules at their respective sites.
Conversely, expression of active mDia1 facilitated microtubule-dependent accumulation of Apc and active
Cdc42 in the polar ends of the cells and actin-dependent recruitment of c-Src in adhesions. Thus, the
Rho-mDia1 pathway regulates polarization and adhesion turnover by aligning microtubules and actin fila-
ments and delivering Apc/Cdc42 and c-Src to their respective sites of action.

Cell migration is indispensable in biological processes such
as development, inflammation, wound healing, and tumor me-
tastasis. Migrating cells polarize by extending protrusions at
the front and retracting the tail at the rear, and make adhe-
sions to extracellular matrix (ECM) to stabilize the forward
protrusion (36). Adhesions to ECM are then used as sites to
pull the cell body forward and are subsequently disassembled
as the cell moves over them. This cycle of events enables cells
to migrate to their destination. The actin cytoskeleton and
microtubules (MTs) work critically in these events. Actin po-
lymerization at the leading edge drives membrane protrusion,
the association of the actin cytoskeleton with integrins regu-
lates binding of the integrins to ECM, and the actin bundles
within the body generate tension to pull the cell body forward
and retract the tail. MTs are also polarized in migrating cells
and are essential for the directed migration of many cell types
(36, 37). However, how these cytoskeletons are regulated in

migrating cells and work for cell polarization and adhesion
turnover remains largely unknown.

The Rho GTPases, including Rho, Rac, and Cdc42, work as
molecular switches in cell morphogenesis by inducing specific
types of actin cytoskeleton and by locally regulating MT dy-
namics. Accumulating evidence suggests that Cdc42 regulates
cell polarity and Rac works in membrane protrusion of migrat-
ing cells. Indeed, Cdc42 is active at the cell front (17, 30), and
disruption of Cdc42 function impairs directionality of migra-
tion in many cell types (1, 32). One well-characterized action of
Cdc42 in cell polarity is to orient the MT organizing center
(MTOC) in the front of the nucleus toward the leading edge
(8, 32), though the significance of this action in directed mi-
gration remains to be established. Rac is also active in the front
of migrating cells (17, 20) and is thought to induce membrane
protrusion by stimulating actin polymerization through activa-
tion of the WAVE-Arp2/3 complex pathway (5). In contrast to
these findings on Cdc42 and Rac, the role of Rho in cell
migration has been difficult to assess. Roles of Rho in physio-
logical processes can be analyzed by the use of botulinum C3
exoenzyme (40). However, treatment with C3 exoenzyme
elicits different effects on cell morphogenesis and migration
that are dependent on the dose of the enzyme (2, 32, 42), and
complete inactivation of Rho abolishes cell adhesion (32) and
chemotactic response (1) almost completely, making interpre-
tation and further analysis difficult. Two major effectors, Rho-
associated kinase (ROCK) and mammalian homologue of the
Drosophila gene Diaphanous 1 (mDia1), mediate Rho actions:
ROCK by inducing actomyosin contraction and inhibiting actin
filament disassembly (19, 24) and mDia1 by catalyzing actin
polymerization and regulating MT dynamics (14, 16, 23, 45).
Roles of ROCK have been analyzed by the use of a specific
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inhibitor, Y-27632 (43), and one of these studies revealed the
involvement of ROCK in tail retraction (50). On the other
hand, until recently there has been no specific tool available to
analyze the role of mDia1. We recently developed an RNA
interference (RNAi) technique for mDia1 and characterized
the role of mDia1 in axon elongation (2). Applying this strat-
egy, we have now examined the role of the Rho-mDia1 path-
way in cell polarity and migration.

MATERIALS AND METHODS

Materials. Short interfering double-stranded RNA oligomers (siRNAs) K2
and A6, targeting the nucleotide sequences from positions 795 to 813 (2) and 184
to 209 (GCGACGGCGGCAAACATAAGAAATT), respectively, of mDia1
(NM_007858) were used for RNAi for mDia1. pEGFP constructs for mDia1 and
mutants, pFL-mDia1-�N3, pEGFP-Histone H2B, and glutathione S-transferase
(GST)–PAK CRIB were described previously (2, 16, 33, 42, 46). pRaichu-Rac
and pRaichu-Cdc42, which consist of cyan fluorescent protein (CFP) and yellow
fluorescent protein (YFP), were described previously (17). SDF-1� was pur-
chased from PeproTech EC. PP1 was purchased from BIOMOL. SU6656 and
latrunculin B were from Calbiochem, and nocodazole was from Sigma-Aldrich.
pEGFP-C1 was from CLONTECH. pCAG-myc-c-Src will be described else-
where. Yellow fluorescent protein (YFP)-paxillin was a gift from C. Ballestrem
and A. D. Bershadsky, The Weizmann Institute of Science, Rehovot, Israel.
Anti-Apc antibody was a gift of Inke Näthke, University of Dundee, Dundee,
United Kingdom. Rabbit polyclonal antibody to mDia2 will be described else-
where. Other primary antibodies used are polyclonal antibody to pericentrin
(Covance); polyclonal antibody to p130Cas (29); monoclonal antibodies to �-ac-
tin and �-tubulin (Sigma-Aldrich); antibody to p140mDia (BD Bioscience);
antibodies to Cdc42 (B-8), mDia3 (N15), and c-Myc (A-14) (Santa Cruz Bio-
technology); monoclonal antibodies to phosphotyrosine (4G10), Src (GD11),
and Rac1 (Upstate Biotechnology); antibody to green fluorescent protein (GFP;
Molecular Probes); antibodies to Glu tubulin, �-tubulin, and vinculin (Chemi-
con); antibody to Src (pY418) (Biosource International); and antibody to
p130Cas (Tyr410) (Cell Signaling Technology). Alexa Fluor 488-, 594-, 633-
conjugated goat antibodies to rabbit, rat, and mouse immunoglobulin G and
Alexa Fluor 594- and 633-phalloidin were purchased from Molecular Probes.

Transfection and migration assays. Rat C6 glioma cells, NIH 3T3 cells, and
HeLa cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum (FBS). HEK 293 cells were cultured in DMEM/Ham’s
F-12 with 10% FBS. Transfection was performed as described previously (2). In
migration assays, C6 glioma cells were transfected with (EGFP) alone or to-
gether with either control or mDia1 siRNA and used 24 h later. SDF-1� exerted
a bell-shaped chemotactic response in these cells, with a peak effect at 100 to 250
ng/ml (data not shown). In the transwell assay, transwell invasion chambers (BD
BioCoat Matrigel) were used. Transfected C6 cells (1.0 � 105 cells per well) were
added to the upper compartment, and SDF-1� was added to the lower compart-
ment at 250 ng/ml. The number of cells that migrated across the membrane was
determined 24 h later. In the wound-healing assay, cells grown to 70% conflu-
ence were transfected. The monolayer was scratched with a sterile pipette tip
24 h later. For MTOC orientation, MTOC was stained with an antipericentrin
antibody and scored as positive orientation when MTOC localized within a 90°
sector facing directly toward the wound edge. In the assay using the direct-
viewing Dunn chemotaxis chamber (Weber Scientific International, United
Kingdom) (1, 53), the chambers were placed under an epifluorescence micro-
scope (model IX81; Olympus) equipped with a charge-coupled device (CCD)
camera (MMX-512BFT; Roper Scientific) controlled by MetaMorph software
(Universal Imaging Corp.). C6 glioma cells were plated on a coverglass and
transfected. The coverglass was then assembled onto the chamber, and 100 ng/ml
SDF-1� was then applied in the outer well. A field of cells positioned directly
above the diffusion gap was then selected for time-lapse observation for 6 h. One
image was acquired every 15 min, and the video sequences were subsequently
constructed from these sequential images.

C3 exoenzyme treatment. Botulinum C3 exoenzyme was prepared as described
previously (28) and added at 30 �g/ml to a C6 cell monolayer 12 h before making
a wound. The wound-healing assay was carried out in the continued presence of
C3 exoenzyme for 8 h. Because insufficient treatment with C3 exoenzyme can
lead to preferential suppression of the ROCK pathway and keep the mDia1
pathway intact (2, 39), we extensively treated C6 glioma cells with C3 exoenzyme
and subjected to the analysis only experiments in which the treated cells showed

the “C3 phenotype”: that is, a round cell body with beaded processes containing
bundled MTs (15).

Microscopy and image acquisition. Fluorescence staining was performed es-
sentially as described previously (2, 42). For Cdc42 and Apc staining, cells were
fixed 8 h after the wounding with 3.7% paraformaldehyde in phosphate-buffered
saline (PBS) and extracted for 30 s with 0.5% Triton X-100 in PHEM buffer,
composed of 60 mM PIPES [piperazine-N,N�-bis(2-ethanesulfonic acid)], 25 mM
HEPES, 10 mM EGTA, and 1 mM Mg acetate (pH 6.9). Images were acquired
using an oil immersion objective (�60, 1.4 NA) and an Olympus BX52 micro-
scope equipped with a Roper CoolSnap-HQ CCD camera. The system was
steered by MetaMorph, and each signal was given a pseudocolor in merged
images. Where indicated, cells were fixed with methanol at �20°C for 10 min,
permeabilized with 0.1% Triton X-100 in PBS for 5 min, and stained for Apc.
Confocal images were acquired using a Zeiss LSM510 Meta system with a �63
PlanAPO(1.4) oil immersion objective. Fluorescent resonance energy transfer
(FRET) imaging was performed essentially as described previously (17, 27) using
cells cotransfected with siRNAs and pRaichu-Rac or pRaichu-Cdc42. After 24 h,
the wound was made, and images were acquired using a microscope (model
IX70; Olympus) equipped with a Roper CoolSnap-HQ CCD camera and con-
trolled by MetaMorph. For focal adhesion imaging, cells were cotransfected with
either control or mDia1 siRNA and YFP-paxillin. The cells were subjected to a
wound-healing assay, and YFP fluorescence was monitored for 4 h. To examine
adhesion turnover, the initial position of each adhesion within the first frame of
the movie was marked and its turnover was monitored over subsequent frames.

Immunochemical analysis. Immunoprecipitation and Western blot analysis
were performed as described previously (2, 42). For the immunoprecipitation
shown in Fig. 8A, we used the following buffer: 20 mM Tris-HCl, pH 7.5, 100 mM
NaCl, 2 mM dithiothreitol, 1 mM sodium fluoride, 1 mM sodium orthovanadate,
0.1% Triton X-100, and a protease inhibitor mixture. For preparation of the
membrane fraction, the cells were lysed in a hypotonic buffer (10 mM HEPES-
NaOH, pH 7.5) containing 10 mM KCl, 2 mM MgCl2, and a protease inhibitor
mixture. After nuclei were removed by centrifugation at 600 � g for 10 min, the
membrane fraction was collected by centrifugation at 100,000 � g for 60 min.
The pull-down assay for GTP-Rac was performed as described previously (42).

Statistical analysis. Data are presented as mean 	 standard error of the mean
and were analyzed by Student’s t test with Prism 4.0 software. A P value of 
0.05
was considered statistically significant.

RESULTS

The Rho-mDia1 pathway is required for rat glioma cell
migration. Rat C6 glioma cells were used and subjected to
RNAi for mDia1. We used two siRNAs, K2 and A6, targeting
different nucleotide sequences of mDia1. Western blot analysis
revealed that transfection of these cells with K2 but not with
control scrambled siRNA reduced the amount of endogenous
mDia1 by approximately 50%, while K2 did not reduce the
amount of other mDia isoforms, mDia2 and mDia3 (Fig. 1A).
Transfection with mDia1 siRNA A6 also potently and selec-
tively reduced the amount of mDia1. We then cotransfected
the cells with EGFP and each of these mDia1 siRNAs and
examined depletion of mDia1 in individual transfected cells.
EGFP was expressed in around 25% of cells in each experi-
ment, more than 90% of which showed little signal for mDia1,
suggesting that mDia1 was depleted with either siRNA almost
completely in EGFP-expressing cells (Fig. 1B; data not shown).
We therefore used EGFP as a marker for RNAi and examined
effects of depletion of mDia1 on cell morphology and func-
tions. We first used siRNA K2 and examined its effects.
mDia1-RNAi with K2 neither changed morphology and cy-
toskeletal organization of C6 glioma cells under the basal con-
ditions nor affected cytokinesis (see Fig. S1 in the supplemen-
tal material). However, mDia1-RNAi with K2 specifically
suppressed migration of glioma cells to stroma cell-derived
factor 1� (SDF-1�) in a transwell assay (Fig. 1C). Suppression
of migration was also seen in C6 glioma cells expressing a
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FIG. 1. mDia1 regulates directed migration of rat C6 glioma cells. (A and B) RNAi for mDia1. C6 glioma cells were transfected with siRNA
for mDia1 (either K2 or A6 or control scrambled siRNA) and were collected at 0, 24, and 48 h. Depletion of mDia1 was examined by Western
blot analysis (A) and by immunofluorescence (B). (C) Cell migration in a Matrigel transwell assay. C6 glioma cells were transfected with EGFP
alone or together with either control scrambled siRNA or mDia1 siRNA K2 and subjected to the assay as described in Materials and Methods.
(D) Cell migration in a Dunn chamber. Migration was recorded by time-lapse video for 6 h. Panels show the trajectories of individual cells
generated by interactive tracking of the film data and coded in different colors (n � 5 each). (E) Cell migration in an in vitro wound-healing assay.
Cells cotransfected with EGFP and either control scrambled siRNA or mDia1 siRNA K2 were subjected to a wound-healing assay. Typical images
at 0 and 8 h are shown (left). The number of EGFP-expressing cells at the wound edge was determined at the indicated times (right). * and **,
P 
 0.05 and P 
 0.01, respectively, versus control RNAi cells. Scale bars, 20 �m. Typical results of more than five independent experiments are
shown for each analysis.
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putative dominant-negative mDia1 mutant (42) or cells treated
with C3 exoenzyme but not with Y-27632 (see Fig. S2 in the
supplemental material). These results show that the Rho-
mDia1 pathway works critically in directed migration of the
glioma cells.

We next examined chemotaxis of these cells in the Dunn
chamber (1, 53). Control RNAi cells migrated toward SDF-1�
with the elongated morphology, whereas the K2-mediated
mDia1-RNAi cells exhibited a spread morphology and poor
motility (see videos S1 and S2 in the supplemental material).
Trajectory analysis revealed that both directionality and loco-
motion were suppressed in mDia1-depleted cells (Fig. 1D). We
also examined migration of K2-mediated mDia1-RNAi cells
in an in vitro wound-healing assay (Fig. 1E). We found that
approximately 20 to 25% of the wound-edge cell population
consisted of EGFP-expressing cells at the beginning of each
experiment. This number remained the same over the 8-h
observation period for control RNAi cells. In contrast, the
EGFP-expressing mDia1-RNAi cells were left behind during
the process of wound closure and the percentage of EGFP-
expressing cells decreased to 
10%.

The Rho-mDia1 pathway is required for cell polarization
and focal adhesion turnover. Because the above results suggest
that mDia1 is implicated in both polarization and locomotion
of migrating cells, we examined the effects of mDia1 depletion
on each aspect. We first examined cell polarity using three
parameters, MT polarity, MTOC orientation, and localization
of active Rac. Gundersen and colleagues (4, 49) reported that
a subset of MTs is stabilized toward the direction of cell mi-
gration and becomes detyrosinated in a Rho-dependent man-
ner, and they suggested that mDia mediates this MT stabiliza-
tion. Consistent with their suggestion, we found that MTs
containing detyrosinated Glu tubulin were present in control
cells, but almost absent in mDia1-RNAi cells (see Fig. S3 in the
supplemental material). We next examined MTOC orientation
(8). When the cells at the edge of the wound were examined
during the course of wound closure, the percentage of cells
showing a positive MTOC orientation increased from 25% to
over 60% in control RNAi cells, whereas the value in K2-
mediated mDia1 RNAi cells that remained at the wound edge
was suppressed to approximately 30% (Fig. 2A). This effect of
mDia1 depletion is again consistent with the results of exper-
iments using C3 exoenzyme and Y-27632 (Fig. 2B), suggesting
the role of the Rho-mDia1 pathway in cell polarization. Fi-
nally, we examined localization of active Rac in mDia1-RNAi
cells. Recent FRET analysis revealed that GTP-bound active
Rac accumulates in the leading lamella and gradually de-
creases toward the tail (17, 20). Using Raichu-Rac as a probe
(17), we identified a similar distribution of active Rac in con-
trol RNAi cells subjected to the wound-healing assay, whereas
no such gradient was found in K2-mdiated mDia1-RNAi cells
where active Rac appeared to be distributed evenly throughout
the cell (Fig. 2C). Video microscopy revealed that membrane
ruffling occurs mostly in the leading edge in control RNAi cells,
whereas weak ruffles were seen all around cell periphery in the
mDia1-RNAi cells (see videos S3 and S4 in the supplemental
material). These results demonstrated that mDia1 functions
critically in cell polarization. We next addressed how depletion
of mDia1 suppresses cell locomotion by analyzing adhesion
turnover. We expressed YFP-paxillin as a marker for focal

adhesions and examined their dynamics by video microscopy
(22, 52). YFP-paxillin exhibited numerous wedge-like signals
of focal adhesions in control RNAi cells, and they turned over
quickly as the cell moved to the wound during the 3-h obser-
vation period (Fig. 3). In contrast, focal adhesions turned over
poorly in a K2-mediated mDia1-RNAi cell, and the cell did not
migrate appreciably (see videos S5 and S6 in the supplemental
material). Quantitative analysis of three cells of each group
revealed that 184 out of 242 adhesions turned over within 1 h
in control RNAi cells, whereas only 69 out of 255 turned over
within this period in the mDia1 RNAi cells (Fig. 3). Thus, the
numbers of adhesions were not different between the two
groups, indicating that adhesions are formed normally in
mDia1 RNAi cells. Consistently, mDia1-RNAi cells formed
focal adhesions over a time course similar to that of control
cells during spreading, although turnover of these adhesions
was impaired, resulting in delayed cell spreading (unpublished
observation).

Thus far, we used siRNA K2 and analyzed the effects of
mDia1 depletion on cell migration. However, given that any
siRNA can sometimes exert nonselective effects, we examined
effects of transfection with a different siRNA A6 on cell mi-
gration and polarity. Transfection with this siRNA again inter-
fered with migration, MTOC orientation, and focal adhesion
turnover of C6 glioma cells subjected to the wound-healing
assay (see Fig. S4 in the supplemental material).

mDia1 mediates localization of Cdc42 and Apc in the front
of migrating cells. To obtain an insight into how mDia1 reg-
ulates cell polarization, we next examined the effects of mDia1
depletion on localization of Cdc42 and Apc in the leading edge
of migrating cells. Apc and Cdc42 have been shown to be
present in this region and function for cell polarization (8, 9).
Immunofluorescence for Cdc42 revealed that most of the
Cdc42 signals accumulated in the perinuclear region, but a
significant population of the signals were seen as dot-like struc-
tures in the leading edge of control migrating cells (Fig. 4A).
Notably most of these dots in the periphery were seen on MTs.
These dot-like Cdc42 signals were significantly reduced, and
little association with MTs was found in mDia1-RNAi cells.
Since the immunofluorescence signal represents the total pop-
ulation of Cdc42, we next performed FRET analysis using
Raichu-Cdc42 (17) and examined localization of active Cdc42.
This analysis revealed prominent Cdc42 activity in the leading
edge of migrating cells, while no such signals were seen in the
mDia1 RNAi cells (Fig. 4B; see also videos S7 and S8). When
three different cells each from control and mDia1 RNAi
groups were examined, all three of the control RNAi cells
showed a gradient of Cdc42 activity from the front to the tail,
but none of the mDia1 RNAi cells exhibited such a gradient
(Fig. 4B). These results indicate that mDia1 is responsible for
accumulation or maintenance of active Cdc42 at the leading
edge. We next performed immunofluorescence for Apc. Sig-
nals for Apc were mostly concentrated in the perinuclear re-
gion, but, as reported previously (26, 31), a part of the Apc
signal was found in dot-like structures at the plus ends of MTs
in the tip of control migrating cells. However, these signals
were scarcely seen in mDia1-RNAi cells (Fig. 4C). Our find-
ings on Apc and Cdc42 were not due to down-regulation of
Apc and Cdc42 in mDia1-depleted cells, because the Western
blot analysis showed no difference in expression of Apc or
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FIG. 2. Rho-mDia1 pathway is required for polarization of migrating cells. (A) Impaired MTOC orientation in mDia1-depleted cells. The
percentage of control and K2-mediated mDia1 RNAi cells showing MTOC oriented toward the wound (borders and wound edge shown in yellow
and white, respectively) is shown (n � 50 for each of three independent experiments for each group for each time point). * and **, P 
 0.05 and
P 
 0.01, respectively, versus control cells. We scored MTOC orientation as positive when MTOC localized within a 90° sector (borders are shown
in yellow) facing directly toward the wound edge (white lines). (B) Impaired MTOC orientation in cells treated with C3 exoenzyme but not with
Y-27632. C6 glioma cells were treated with either C3 exoenzyme or Y-27632 and subjected to the wound-healing assay. After 0 and 8 h, the cells
were fixed and the localization of MTOC was identified by staining with antibody to pericentrin. The percentage of cells showing MTOC oriented
toward the wound during wound healing is shown (n � 100 for each of three independent experiments for each group). (C) Impaired polarization
of active Rac in mDia1-depleted cells. Rac activation in control and K2-mediated mDia1 RNAi cells was monitored by FRET with Raichu-Rac
for 1 h. Top panels show typical images. Arrows indicate the direction of the wound. Bottom panels show the distribution of Rac activation from
the front to tail as examined by FRET ratio (n � 20 each). Scale bars, 20 �m.
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Cdc42 between control and mDia1-RNAi cells (data not
shown). These results suggest that mDia1 functions to localize
active Cdc42 and Apc in the leading edge of migrating cells. To
verify this hypothesis, we examined localization of these mol-
ecules in cells expressing an active mDia1 mutant, mDia1-�N3.
Expression of mDia1-�N3 induced bipolar elongation of gli-
oma cells in which actin bundles and MTs terminate in the
bipolar ends, as we observed previously in HeLa cells (16).
Immunofluorescence study revealed accumulation of dot-like
Apc signals at each pole of these cells (Fig. 5A). Notably, some
of these signals were associated with MTs, and treatment with
nocodazole significantly attenuated their accumulation in the
periphery (Fig. 5B). Furthermore, FRET analysis for active
Cdc42 in the mDia1-�N3-expressing cells revealed that the
Cdc42 activity is high at both ends with another peak of the
activity in the perinuclear region (Fig. 5C).

mDia1 mediates focal adhesion turnover via recruitment of
c-Src to and c-Src-mediated p130Cas phosphorylation in ad-
hesions. We then examined how mDia1 induces adhesion turn-
over. Because adhesion turnover appears to be regulated
through Src-mediated Cas phosphorylation and resultant Rac
activation (48), we examined Tyr phosphorylation of Cas in
mDia1-RNAi cells. In control cells subjected to control RNAi,
strong signals for Tyr410-phosphorylated Cas were found in
almost all focal adhesions. However, these signals decreased
significantly in intensity and size in mDia1-RNAi cells (Fig.
6A). Because Tyr410 of p130Cas is targeted by Src kinases, we
next examined the localization of active c-Src in control and
mDia1 RNAi cells (Fig. 6B, upper and middle panels). Active
c-Src, as detected with specific antibody to Tyr418-phosphory-
lated Src, localized to focal adhesions in control RNAi cells,
but this localization was significantly reduced in mDia1 RNAi
cells. Conversely, strong signals for phosphorylated Src (Fig.
6B, lower panels) and phosphorylated Cas (data not shown)
were found in focal adhesions clustered at the bipolar ends of

mDia1-�N3-expressing glioma cells. To confirm these findings,
we examined the abundance of active c-Src in focal adhesions
quantitatively by measuring the ratio of the fluorescence in-
tensity of Tyr418-phosphorylated c-Src and vinculin in each
adhesion. This analysis showed that mDia1 RNAi significantly
decreased abundance of active c-Src in focal adhesions in mi-
grating cells and that expression of mDia1-�N3 significantly
increased active c-Src abundance compared to that found in
cells transfected with the control vector (Fig. 6B). Accumula-
tion of active c-Src and enhanced Cas phosphorylation in focal
adhesions at the poles were more clearly seen in mDia1-�N3-
expressing HeLa cells (Fig. 7A). Notably, active Src signals
were frequently associated with actin bundles targeted to focal
adhesions in mDia1-�N3-expressing cells, and disruption of
actin filaments in these cells with latrunculin B impaired this
accumulation (Fig. 7B), indicating that the mDia1-dependent
c-Src recruitment is mediated by actin cytoskeleton.

The above findings indicate that mDia1 mediates accumu-
lation of active c-Src in focal adhesions and the resultant Cas
phosphorylation. We therefore examined how mDia1 mediates
this action. To this end, we used HEK 293 cells and NIH 3T3
cells for better transfection and expression efficiency. It is
known that stimulation of NIH 3T3 cells with lysophosphatidic
acid (LPA) mimics signaling during directed migration of this
line of cells (4). NIH 3T3 cells were susceptible to RNAi with
siRNA K2 for mDia1 (data not shown). We first used HEK 293
cells and examined the association between mDia1 and c-Src
and the effects of their association on c-Src activation. A pre-
vious study reported the SH3-dependent association of Src to
the FH1 region of mDia (41). We expressed either wild-type
mDia1 or mDia1-�N3 together with wild-type c-Src and exam-
ined c-Src activation and its association with mDia1 in the
presence or absence of PP1, a Src kinase inhibitor (42). As
shown in Fig. 8A, expression of mDia1-�N3 only slightly en-
hanced the amount of active c-Src, as assessed by Tyr418-phos-

FIG. 3. mDia1 is required for focal adhesion turnover in migrating cells. Typical images of adhesion dynamics as revealed by YFP-paxillin in
control and K2-mediated mDia1 RNAi cells are shown, and adhesions at 0, 1.5, and 3 h in each cell are shown in pseudocolor (left). The percentage
of adhesions turning over in less than 1 h is shown to the right. **, P 
 0.01.
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FIG. 4. mDia1 RNAi abolishes accumulation of Cdc42 and Apc in the front of migrating cells. (A) C6 glioma cells were subjected to RNAi and were fixed
8 h after the wounding and stained for Cdc42 (red) and �-tubulin (green). Scale bars, 20 �m. Typical results of three independent experiments, each examining
35 cells, are shown. Right; enlarged images of boxed areas (scale bar, 5 �m). (B) Impaired polarization of active Cdc42 in mDia1-depleted cells. Cdc42 activation
in control and K2-mediated mDia1 RNAi was monitored in cells by FRET with Raichu-Cdc42 for 1 h. The Cdc42 activity was measured in three control and
three mDia1 RNAi cells along the line in the direction of cell migration from the front to the tail and is shown in arbitrary units (a.u.) with the maximum activity
in each cell as 1.0 (right). (C) C6 glioma cells were transfected with siRNA together with pGFP-histone H2B and were fixed 8 h after the wounding with methanol
and stained for Apc (red) and �-tubulin (green). A single section of confocal images is shown. Scale bars, 20 �m. Typical results of three independent
experiments, each examining 50 cells, are shown. Right; enlarged images of boxed areas (scale bar, 5 �m).
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FIG. 5. Active mDia1 enhances accumulation of Cdc42 and Apc in the poles of cells. (A and B) C6 glioma cells transfected with pEGFP-
mDia1-�N3 were stained for Apc (red) and �-tubulin (green). In panel A, the cells were fixed with methanol and subjected to confocal microscopy.
In panel B, the cells were fixed with paraformaldehyde and examined by CCD microscopy. In panel B, the cells were treated with 10 �M
nocodazole. Typical cells found in two independent experiments, each examining 20 cells, are shown. Scale bars, 20 �m. The right panels contain
enlarged images of the boxed areas in the middle panels (scale bar, 5 �m). (C) C6 glioma cells in sparse culture were transfected with pFL plasmid
or pFL-mDia1-�N3 together with pRaichu-Cdc42 and subjected to FRET analysis as described for Fig. 4B. The Cdc42 activity was measured along
the long axis of three control and three mDia1-�N3-expressing cells and is shown in a different color for each cell. a.u., arbitrary units.
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FIG. 6. mDia1 regulates p130Cas phosphorylation and active c-Src recruitment in focal adhesions of migrating cells. (A) mDia1 RNAi reduces
Tyr410-phosphorylated Cas in focal adhesions. C6 glioma cells were subjected to control or K2-mediated mDia1 RNAi and were fixed 8 h after the
wounding and stained for vinculin (green) and Tyr410-phosphorylated Cas (red). RNAi cells are delineated, and boxed areas are enlarged (right).
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phorylated c-Src, compared to that found in cells expressing
wild-type mDia1. On the other hand, mDia1-�N3 bound a far
greater amount of c-Src than wild-type mDia1. However, this
binding was not affected by the addition of PP1, indicating that

this binding does not require the enzymatic activity of c-Src.
While this result suggested that autophosphorylation at ty-
rosine 418 was not required for the Src association with mDia1,
the c-Src protein that binds to mDia1 is probably in an active

Scale bars, 20 �m. The fluorescence intensity of Tyr410-phosphorylated Cas and vinculin was determined in 10 focal adhesions each of 10 cells by using
MetaMorph, and the intensity ratio of Tyr410-phosphorylated Cas to vinculin was calculated (right). *, P 
 0.05. (B) mDia1 RNAi impairs and expression of
active mDia1 augments accumulation of active c-Src in focal adhesions. Control or mDia1-RNAi cells were fixed 8 h after the wounding, or cells in sparse culture
were transfected with pEGFP-mDia1-�N3 or pEGFP-C1 vector and fixed 12 h after transfection. They were stained for vinculin (green) and Tyr418-
phosphorylated c-Src (red). Typical images of cells subjected to control RNAi and mDia1 RNAi and expressing mDia1-�N3 are shown in the upper, middle,
and lower panels, respectively. Scale bars, 20 �m. Enlarged merged images are shown in the panels to the right (scale bar, 5 �m). The fluorescence intensity of
Tyr418-phosphorylated c-Src and vinculin was determined in 10 focal adhesions each of 10 cells subjected to control RNAi, mDia1 RNAi, expression of control
vector, or expression of mDia1-�N3 by using MetaMorph, and the intensity ratio of Tyr418-phosphorylated c-Src to vinculin was calculated (bottom). * and **,
P 
 0.05 and P 
 0.01, respectively, for the indicated comparisons.

FIG. 7. Accumulation of active c-Src and phosphorylated Cas in focal adhesions and associated actin bundles and impairment of their accumulation
by latrunculin. (A) Accumulation of active c-Src and Tyr410-phosphorylated Cas in the poles of HeLa cells expressing mDia1-�N3. HeLa cells expressing
mDia1-�N3 were stained for either Tyr418-phosphorylated c-Src or Tyr410-phosphorylated Cas together with F-actin. Arrowheads indicate adhesions at
the poles. Scale bar, 20 �m. (B) C6 glioma cells expressing mDia1-�N3 were pretreated with either vehicle (left) or 5 �M latrunculin B (right) for 5 min
and stained for Tyr418-phosphorylated c-Src (red) and F-actin (green).
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FIG. 8. mDia1 binds to c-Src and mediates its membrane translocation, Cas phosphorylation, and Rac activation. (A) Binding of c-Src by active
mDia1. HEK 293 cells expressing GFP fusion of either wild-type (WT) mDia1 or mDia1-�N3 and Myc–c-Src were treated with or without 50 �M
PP1 for 1 h, lysed, and subjected to immunoprecipitation with anti-GFP antibody. The precipitates and lysates were probed for Tyr418-
phosphorylated c-Src, Myc, and GFP. (B) mDia1-dependent translocation of active Src to the membrane. Control or K2-mediated mDia1 RNAi
NIH 3T3 cells were stimulated with LPA for 10 min, and their membranes were prepared and subjected with total lysates to immunoblotting for
Tyr418-phosphorylated c-Src. Note that the ratio of total c-Src to Tyr418-phosphorylated c-Src did not change with mDia1 depletion. (C) Impaired
tyrosine phosphorylation of Cas in mDia1-RNAi cells. NIH 3T3 cells transfected with either control scrambled siRNA or mDia1 siRNA K2 were
stimulated with LPA for 10 min, and their lysates were subjected to immunoprecipitation (IP) using anti-p130Cas antibody. The immunoprecipi-
tates were then analyzed by immunoblotting with antibodies to phosphotyrosine and p130Cas. (D) Impaired Rac activation in mDia1-RNAi cells.
NIH 3T3 cells subjected to RNAi with control scrambled siRNA or mDia1 siRNA K2 were stimulated with LPA in the presence or absence of
Y-27632 and subjected to the pull-down assay for GTP-Rac.
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state, because its SH3 region is believed to be available for
binding to other protein only in the active state (6). These
findings suggest that activation of mDia1 does not influence
the overall activation of c-Src in the cell, but facilitates its
association with c-Src. This is consistent with findings in NIH
3T3 cells in which we depleted mDia1 by RNAi and examined
the level of c-Src activation and the amount of active c-Src
translocated to the membrane. As shown in Fig. 8B, mDia1
depletion suppressed the activation of c-Src only slightly and
did not affect the amount of membrane-associated total c-Src,
but suppressed significantly translocation of Tyr418-phosphor-
ylated active c-Src to the membrane fraction. Translocation of
active c-Src to the membrane occurs after its accumulation in
adhesions (10), and accumulation of c-Src in adhesions can be
assessed by Cas phosphorylation. We therefore quantitatively

evaluated the contribution of mDia1 to c-Src accumulation in
adhesions by examining Cas phosphorylation in NIH 3T3 cells
subjected to control and mDia1 RNAi. Western blot analysis
revealed almost complete suppression of tyrosine phosphory-
lation of Cas in the mDia1 RNAi cells (Fig. 8C). Finally, we
examined how much this mDia1–c-Src–Cas pathway is in-
volved in the Rac activation after LPA stimulation. We previ-
ously found that LPA stimulation of NIH 3T3 cells activates
Rho signaling via a pathway other than ROCK, possibly via
mDia1, which potentially leads to Rac activation through Src-
dependent Cas phosphorylation and subsequent formation of
the Cas-Crk-DOCK180 complex (42). We added Y-27632 in
this experiment to enhance mDia1 action by inhibiting ROCK-
mediated suppression on the mDia1 pathway (42). In control
RNAi cells, the addition of LPA significantly increased the

FIG. 9. mDia1 mediates cell polarization in a c-Src-independent manner. C6 glioma cells were treated with vehicle (dimethyl sulfoxide
[DMSO]), 30 �M PP1, or 10 �M SU6656; subjected to the wound-healing assay; and examined for motility and adhesion turnover (A), localization
of Cdc42 and Apc (B), and MTOC orientation (C). Only cells treated with PP1 are shown in panel B. Scale bars, 20 �m. Enlarged merged images
are shown in right (Scale bar, 5 �m). **, P 
 0.01.

VOL. 26, 2006 REGULATION OF CELL MIGRATION BY THE Rho-mDia1 PATHWAY 6855



level of GTP-Rac in the presence of Y-27632. However, no
increase in Rac activation was found in mDia1-RNAi cells
(Fig. 8D). These results indicate that mDia1 is not primarily
involved in c-Src activation but mediates accumulation of ac-
tive c-Src in adhesions for Rac activation.

mDia1-mediated adhesion turnover and regulation of cell
polarization are separate events. Finally, we addressed
whether two mDia1-mediated events, regulation of adhesion
turnover and that of cell polarization, are interdependent. To
examine this issue, we again used PP1. The addition of PP1
interfered with migration and focal adhesion turnover of the
glioma cells subjected to the wound-healing assay (Fig. 9A),
thus verifying the involvement of c-Src in adhesion turnover in
our system. We next examined polarity of the PP1-treated cells
that were arrested in their migration at the front edge of the
wound. We found that these cells showed normal accumulation
of both Cdc42 and Apc at the cell tip (Fig. 9B) and exhibited
normally orientated MTOC (Fig. 9C). Essentially the same
results were obtained with a different Src inhibitor, SU6656
(Fig. 9).

DISCUSSION

The roles of Rho GTPases in cell migration have been ex-
amined by overexpression or microinjection of dominant-ac-
tive or -negative mutants of each GTPase or by specific inac-
tivation of Rho with botulinum C3 exoenzyme in migrating
cells (1, 30). These studies have elucidated the role of Cdc42 in
cell polarization and that of Rac in membrane protrusion in
the front. However, the role of Rho has been elusive, because
inactivation of Rho led to dramatic changes in cell morphology
which made further analysis difficult (1, 32). Furthermore,
treatment of migrating cells with Y-27632 usually does not
affect migration of cells such as rat embryonic fibroblasts (32),
negating the role of the Rho-ROCK pathway. Moreover, while
the role of mDia1 in cell migration was suggested based on its
interaction with c-Src (25, 39), there has been discrepancy
in the literature as to its function. For example, Vincente-
Manzanares et al. (44) found that expression of an active
mDia1 mutant inhibited migration of T cells, which led the
authors to suggest that mDia1 regulates cell migration nega-
tively. Quite recently, Goulimari et al. (13) demonstrated that
G�12/13 localizes Rho and mDia1 in the front edge of migrating
cells and this action is essential for LPA-induced directed cell
migration. These authors applied RNAi and presented evi-
dence that mDia1 is important for cell migration. Here, we
used RNAi for mDia1 and have not only confirmed their find-
ings but further demonstrated that the Rho-mDia1 pathway
works for directed cell migration by facilitating both cell po-
larization and adhesion turnover. Our finding that the Rho-
mDia1 pathway regulates MTOC orientation is at odds with
the findings by Palazzo et al. (34), who also used C3 exoenzyme
but found no effects. This discrepancy may reflect the cell-type-
specific difference or may be due to suppression of other Rho
GTPases by C3 exoenzyme in our experiment. However, the
latter possibility appears unlikely, given that C3 exoenzyme
ADP-ribosylates Rac significantly only in the presence of so-
dium dodecyl sulfate and modifies Cdc42 even less efficiently
(7, 18). One possible explanation for the discrepancy is that the
findings by Palazzo et al. may be due to insufficient use of C3

exoenzyme that may be indicated by an apparently normal
array of MTs in the C3 exoenzyme-treated cells in their study.
Insufficient use of C3 exoenzyme can preferentially suppress
the ROCK pathway, resulting in dissolution of stress fibers, but
keeping the mDia1 pathway intact, because mDia1 responds to
a lower level of GTP-Rho than ROCK (2, 41).

By analyzing the mechanism whereby mDia1 regulates focal
adhesion turnover, we found that depletion of mDia1 impaired
accumulation of active c-Src in focal adhesions and attenuated
the resultant Cas phosphorylation. We also found that mDia1
is important in Rac activation through these molecules (this
work and reference 42). This is consistent with the previous
suggestion by Webb et al. (48) that adhesion turnover is reg-
ulated by signaling through Src and focal adhesion proteins
such as Cas, Crk, and FAK and the resultant Rac activation
and suggests that mDia1 works as a link between Rho and this
signaling in focal adhesions. We then analyzed whether mDia1
regulates c-Src activation. We found slight enhancement in the
cells overexpressing active mDia1 and slight suppression in the
mDia1-depleted cells of c-Src activation. While these changes
were reproducibly observed, they were minimal changes com-
pared to a rise in c-Src activation typically observed in cells
subjected to stimuli such as bombesin (51). These results sug-
gest that mDia1 does not mediate overall activation of c-Src in
the cells. On the other hand, we found that depletion of mDia1
prevented the membrane translocation of active c-Src with a
minimal level of suppression on its activation as discussed
above. These results strongly argue that the primary action of
mDia1 on c-Src is not to activate but to recruit active c-Src to
focal adhesions. We further found that in mDia1-�N3-express-
ing cells, active c-Src signals were found on actin bundles
targeted to adhesions and its accumulation in adhesions was
impaired by the latrunculin treatment. These findings are con-
sistent with the previous findings by Frame and her collabora-
tors (10, 11, 12) that v-Src translocates to the cell periphery
through the use of its SH3 domain, via Rho-dependent regu-
lation of the actin cytoskeleton. These researchers recently
found that that, upon cell stimulation, c-Src is first transported
to RhoB-containing endosomes in the perinuclear region and
then transported to focal adhesions (38). However, a Rho
effector responsible for this action has remained elusive. Our
current findings strongly suggest that mDia1 is a Rho effector
responsible for actin-dependent delivery of c-Src to focal ad-
hesions. At present how mDia1 exerts such action remains to
be elucidated. We found here that the active form of mDia1
potently bound to c-Src, and we previously showed that active
mDia1 moves in the cell in a manner dependent on actin
polymerization (14). One possibility therefore is that c-Src
forms a complex with mDia1 and this complex moves to focal
adhesions by an actin polymerization-driven force. However, it
is equally possible that the delivery of c-Src to focal adhesions
requires functional mDia1, but that this may be due to the role
of mDia1 in actin organization and is not due to direct action.
In the yeast Saccharomyces cerevisiae, a yeast homolog of
mDia1, Bni1p, induces polarized actin cables that are used by
an unconventional myosin, myosin V, as tracks to deliver se-
cretory vesicles, organelles, and mRNA (3). These possibilities
will be tested in future study. Finally, it should be noted that
such actin-dependent mDia1 action on c-Src appears not to be
involved in cell polarization, another aspect of mDia1-medi-
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ated regulation of cell migration, because treatment of migrat-
ing C6 glioma cells with PP1, a Src kinase inhibitor, interfered
with adhesion turnover but did not affect cell polarization.

Cdc42 and Apc are critical molecules for cell polarization.
Active Cdc42 accumulates both at the Golgi apparatus and in
the front of migrating cells, and vesicle-like Cdc42 signals are
observed between the two sites (8, 30), indicating delivery of
Cdc42 by a vesicular transport system. Apc is delivered along a
subset of MTs and accumulates at their plus ends in protruding
membranes (26, 31). We have found here that mDia1 deple-
tion affected accumulation of both active Cd42 and Apc in the
periphery. These findings suggest that mDia1 facilitates MT-
dependent recruitment to or maintenance of active Cdc42 and
Apc at the tip of migrating cells. A question is how mDia1
exerts such actions. One possibility is that MTs stabilized by
the Rho-mDia1 pathway are responsible for delivery of Cdc42
and/or Apc to the front. If so, there should be a mechanism
whereby Cdc42 and/or Apc discriminates between stabilized
and unstabilized MTs, because both extend to the front of
migrating cells. Alternatively, mDia1 may help Cdc42 and/or
Apc be packed in a cargo to be delivered to the front. Or
mDia1 might be involved only in activation or transport of active
Cdc42, and the Apc accumulation may be a consequence of the
peripheral localization of Cdc42, because Etienne-Manneville
and Hall (9) reported that active Cdc42 is required for asso-
ciation of Apc with the plus end of MTs. These possibilities will
be examined in the future. MTs stabilized by mDia1 may fa-
cilitate Rac accumulation in the front, because MT growth
activates Rac to promote membrane protrusion (47). These
findings suggest that Rho and mDia1 may be activated in the
front of migrating cells. Consistently, recent FRET studies
have demonstrated that Rho is activated not only in the tail but
also in the front of migrating cells, and the Rho activation
overlaps with that of Cdc42 in the front (21, 35). mDia1 was
also found to accumulate in membrane ruffles and spreading
membranes (45).

The Rho GTPases, once thought to influence cell morpho-
genesis through remodeling of the actin cytoskeleton only, are
now known to regulate local dynamics of MTs. The mDia
family of proteins is a typical Rho effector mediating actions
on both actin and MTs. These proteins not only induce actin
nucleation and polymerization, but also stabilize and align
microtubules in interphase cells. Our findings thus suggest that
mDia1, via its actions on actin and MTs, recruits critical sig-
naling molecules, Apc and Cdc42 as well as c-Src, to their
respective sites of action for cell polarization and migration.
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