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The guanine nucleotide exchange factor Arhgef5 plays
crucial roles in Src-induced podosome formation
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Summary

Podosomes and invadopodia are actin-rich membrane protrusions that play a crucial role in cell adhesion and migration, and
extracellular matrix remodeling in normal and cancer cells. The formation of podosomes and invadopodia is promoted by upregulation
of some oncogenic molecules and is closely related to the invasive potential of cancer cells. However, the molecular mechanisms
underlying the podosome and invadopodium formation still remain unclear. Here, we show that a guanine nucleotide exchange factor
(GEF) for Rho family GTPases (Arhgef5) is crucial for Src-induced podosome formation. Using an inducible system for Src activation,
we found that Src-induced podosome formation depends upon the Src SH3 domain, and identified Arhgef5 as a Src SH3-binding
protein. RNA interference (RNAi)-mediated depletion of ArhgefS caused robust inhibition of Src-dependent podosome formation.
Overexpression of Arhgef5 promoted actin stress fiber remodeling through activating RhoA, and the activation of RhoA or Cdc42 was
required for Src-induced podosome formation. Arhgef5 was tyrosine-phosphorylated by Src and bound to Src to positively regulate its
activity. Furthermore, the pleckstrin homology (PH) domain of Arhgef5 was required for podosome formation, and Arhgef5 formed a
ternary complex with Src and phosphoinositide 3-kinase when Src and/or Arhgef5 were upregulated. These findings provide novel

insights into the molecular mechanisms of podosome and invadopodium formation induced by Src upregulation.
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Introduction

Invasion is one of the most characteristic features of cancer
malignancy. Cancer invasion is the process in which tumor cells
degrade the adjacent extracellular matrix (ECM) and migrate into
surrounding tissues. Accumulating evidence suggests that the cancer
invasion depends upon invadopodia (Chen, 1989; Monsky et al.,
1994). Invadopodia are actin-rich membrane protrusions associated
with high levels of proteases that degrade ECM. They form on the
ventral surface of the plasma membrane that is perpendicular to
and in contact with the ECM (Bowden et al., 1999; Oikawa et al.,
2008). The structural and morphological features of invadopodia
are similar to those of podosomes, which are actin-rich ECM-
degrading membrane protrusions seen in osteoclasts, macrophages,
smooth muscle cells and Src-transformed cells (Davies and Stossel,
1977; Kaverina et al., 2003; Tarone et al., 1985; Zambonin-Zallone
et al.,, 1988). Despite their physiological and pathological
importance, the mechanisms underlying podosome and
invedopodium formation still need to be clarified.

The Src family kinases (SFKs) are non-receptor tyrosine kinases,
which were originally identified as proto-oncogene products
(Hunter and Sefton, 1980; Jove and Hanafusa, 1987). They play
pivotal roles in various signaling pathways involved in cell growth,
differentiation, adhesion, migration, invasion and metastasis (Brown
and Cooper, 1996). In a wide variety of cancers, especially in
mammary carcinoma, colon cancer, prostate cancer and squamous
cell carcinomas, Src is often overexpressed and activated, which
implies that it plays a role in cancer malignancy (Cartwright et al.,
1989; Chang et al., 2007; Lehrer et al., 1989; van Oijen et al.,
1998). A recent expression profiling strategy revealed that the
expression level of Src correlates with poor prognosis in cancer
(Aligayer et al., 2002; Creighton, 2008). Activation of Src is also

essential for the formation and function of podosomes (Erikson et
al., 1980; Frame, 2004; Miyazaki et al., 2004). Furthermore, Src-
knockout mice develop severe osteopetrosis as a result of defective
podosome formation in osteoclasts (Tiffee et al., 1999). These
lines of evidence suggest that Src contributes to cancer malignancy,
including both invasion and metastasis, by upregulating podosome
and invadopodium formation and function. However, the underlying
molecular mechanism regulating these events remains elusive.
Podosomes and invadopodia are associated with a multi-protein
complex consisting of adhesion molecules, actin-modulating
proteins, tyrosine kinases and matrix metalloproteinases (MMPs)
(Chan et al., 2009; Luxenburg et al., 2006a; Yamaguchi et al.,
2005). The compositions of this complex are similar to those
associated with focal adhesions (FAs), although there are apparent
differences in their ECM-degrading activity and how they associate
with stress fibers. Stress fibers are disrupted in cells with podosomes
and invadopodia, whereas FAs associate and assemble with stress
fibers (Carragher and Frame, 2004; Gimona and Buccione, 2006;
Schoenwaelder and Burridge, 1999). Furthermore, podosomes and
invadopodia specifically contain cortactin, N-WASP and Tks5 (also
known as Fish), all of which can serve as substrates for Src family
kinases (Mizutani et al., 2002; Oser et al., 2009; Seals et al., 2005;
Suetsugu et al., 2002). Cortactin and N-WASP are required for
actin remodeling during invadopodium formation (Luxenburg et
al., 2006b; Mizutani et al., 2002; Yamaguchi et al., 2005). Tks5
localizes specifically to podosomes through its Phox homology
(PX) domain, which associates with phosphatidylinositol 3-
phosphate and phosphatidylinositol (3,4)-bisphosphate [PtdIns(3)P
and PtdIns(3,4)P;] (Seals et al., 2005). Because PtdIns(3,4)P; is
highly concentrated within podosomes (Oikawa et al., 2008),
production of PtdIns(3,4)P, might be necessary for the assembly
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of crucial molecules in the podosomes. Recently, Oikawa et al.
proposed a sequential mechanism for podosome formation (Oikawa
et al., 2008): podosome formation is initiated at FAs owing to
changes in the phosphorylation status of FA proteins and in the
composition of phosphoinositides on the plasma membrane; the
onset of actin polymerization is then triggered by Tks5 recruitment
and subsequent N-WASP accumulation, which requires Tks5 to
interact with both phosphoinositides and Grb2. In this mechanism,
phosphoinositide 3-kinase (PI3K) plays an essential role (Oikawa
et al., 2008).

Rho family small GTPases, such as RhoA, Racl and Cdc42, are
also important for podosome formation (Berdeaux et al., 2004;
Chellaiah, 2006). They are involved in podosome formation by
regulating the actin cytoskeleton, which is under the control of a
variety of guanine nucleotide exchange factors (GEFs), including
the Dbl family (Quilliam et al., 1995; Rossman et al., 2005;
Schmidt and Hall, 2002). However, it remains unclear which types
of GEFs are necessary for regulating of podosome formation and
how these GEFs are regulated by the upstream triggering factors,
such as Src.

Most studies on Src-induced podosome formation have been
performed with viral Src (v-Src) or a Src mutant lacking the
negative regulatory site (Irby and Yeatman, 2000). However, the
SRC gene is rarely mutated in human cancers (Biscardi et al.,
2000; Irby et al., 1997; Ishizawar and Parsons, 2004; Oneyama et
al., 2008) and the structure and function of the oncogenic forms of
Src significantly differ from those of Src (Oneyama et al., 2008).
Therefore, to elucidate the precise function of Src in podosome
formation, it is necessary to evaluate the function of the activated
Src. For this purpose, we developed an experimental system using
a recombinant Src that was fused to a modified ligand-binding
domain from the estrogen receptor (Src-MER), which could be
conditionally activated by the treatment with 4-OH-tamoxifen (4-
OHT). This system enabled us to analyze the initial intracellular
events evoked by the activation of Src. In this system, we found
that the Src-induced podosome formation depends upon the Src
SH3 domain. Analysis of the proteins that bound to the Src SH3
domain revealed that a GEF for Rho family GTPases (Arhgef5)
plays key roles in Src-induced podosome formation by linking the
Src and PI3K pathways in podosomes.

Results

Analysis of the initial events induced by Src activation
using the Src-MER construct

To analyze the initial events induced by Src activation, we developed
an inducible system for the activation of Src or Fyn using Madin—
Darby canine kidney (MDCK) cells or NIH3T3 cells that stably
express the Src-MER or Fyn-MER construct (Fig. 1A). The addition
of 4-OHT to these cells induced the activation [phosphorylated
Y418 signals (Y418-P)] of Src-MER and Fyn-MER in a time-
dependent manner (Fig. 1B). To examine the effects of Src or Fyn
activation on podosome formation, we scored actin-enriched dot-
like structures, so called ‘podosome dots’, as an index of the ability
of podosome formation (Fig. 1C-E). Podosome dots observed in
this study were colocalized with the podosome marker cortactin
(Fig. 1C) and had ECM-degrading activity (Fig. 1D; supplementary
material Movie 1), confirming that they are functionally linked to
podosome formation. Using this system, we first found that Src
induced formation of podosome dots more efficiently than Fyn
(Fig. 1C,E), although the activation levels of Src and Fyn were
almost comparable (Fig. 1B). Consistent with this, phosphorylation

of cortactin (Y421-P) in Src-MER cells greatly increased during
the formation of podosomes, whereas that in Fyn-MER cells was
substantially lower (Fig. 1B). Because it is known that
phosphorylation of cortactin Y421 is important for invadopodium
precursor formation (Oser et al., 2009), the lower affinity of Fyn-
MER for cortactin might partly explain its lower efficacy in
podosome formation. We also found that the intracellular localization
of Src and Fyn was appreciably different. Src-MER was distributed
in the perinuclear region of cytoplasm before 4-OHT treatment but
once activated it accumulated in the plasma membrane (Fig. 1F;
supplementary material Fig. S1A). By contrast, Fyn-MER was
constantly localized to the plasma membrane before and after 4-
OHT treatment. These data suggest that Src preferentially contributes
to podosome formation by interacting with some specific
components that can recruit Src to the plasma membrane.

The function of the Src SH3 domain is essential for
podosome formation

Src has SH2 and SH3 domains that mediate protein—protein
interactions, but they only become available when the activated
Src adopts an open conformation (Fig. 1A). To examine the
potential contribution of these domains to Src-induced podosome
formation, we generated mutant Src-MER constructs that had a
substitution at a crucial residue in either the SH3 domain (Src
WI120A-MER) or the SH2 domain (Src R177L-MER). By
expressing these constructs in MDCK cells at comparable levels
(Fig. 2A), we examined their ability to form podosomes (Fig. 2B).
Interestingly, we found that activation of the Src SH3 (Src W120A-
MER) mutant could only moderately induce podosome formation
(Fig. 2B,C). The relocation of the activated Src to the plasma
membrane was also attenuated in cells expressing the Src SH3
mutant (Fig. 2B). The reduction in podosome formation caused by
the Src SH3 mutant was reproduced in NIH3T3 cells
(supplementary material Fig. S1B,C). By contrast, activation of the
Src SH2 mutant (Src R177L-MER) induced both podosome
formation and relocation of activated molecules to the plasma
membrane. However, fewer podosome-dots were formed with the
Src SH2 mutant than with wild-type Src (Fig. 2B,C). These results
suggest that an interaction between Src and some SH3-binding
proteins is necessary for podosome formation.

Arhgef5 is identified as a Src SH3 domain-binding protein

To search for potential Src SH3-interacting proteins, we performed
pull-down assays with either GST-Src SH3 domain (GST-SH3) or
GST-SH3 mutant (GST-SH3 W120A) in MDCK cells. The proteins
that specifically bound to GST-SH3 were resolved by SDS-PAGE
and subjected to LC-MS/MS analysis (Fig. 3A). More than 30
proteins were identified as potential Src SH3-binding proteins (Fig.
3B and supplementary material Fig. S2). Notably, the previously
characterized components of podosomes, such as Nck, dynamin 1,
N-WASP, WIRE and VASP, were identified as potential Src SH3-
interacting proteins, which suggests that activated Src can interact
with some components of the podosome-associated protein complex
through its SH3 domain. Of the proteins identified, we focused on
Arhgef5 (Fig. 3C), because it serves as a GEF for Rho family
GTPases that are potentially crucial for podosome and
invadopodium formation (Chellaiah, 2006; Rossman et al., 2005;
Xie et al., 2005). Additionally, there remains a missing link between
Src activation and the cytoskeletal remodeling that leads to
podosome formation. Arhgef5 is a member of the Dbl family of
GEFs (Whitehead et al., 1997). It has a Dbl homology (DH)
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Fig. 1. Conditional activation of Src-MER
induces podosome formation. (A) Schematic
structures of Src and Fyn, and Src-MER and
Fyn-MER. SH3, Src homology domain 3;
SH2, Src homology domain 2; Kinase, kinase
domain; MER, modified estrogen receptor;
Y418, an autophosphorylation site; Y529, a
negative regulatory site. (B) MDCK cells
expressing the Src-MER or Fyn-MER
construct were treated with 4-OHT (200 nM)

for the indicated periods, and the total cell
lysates were immunoblotted for the indicated
proteins. (C) MDCK cells expressing the
indicated constructs were treated with 4-OHT
or ethanol for 4 hours, and stained with Alexa-
Fluor-488—phalloidin (F-actin, green) or anti-
cortactin antibody (red). Arrowheads indicate
podosome dots. (D) NIH3T3 cells stably
expressing Src-MER were transfected with
GFP—-actin and cultured on Alexa-Fluor-594—
gelatin-coated glass coverslips overnight. The
podosome formation and degradation of
gelatin were observed by time-lapse analysis
that started after the addition of 4-OHT
(supplementary material Movie 1). Images at
the time points of 0 min and 81 minutes are
shown. Arrows indicate the developing
podosomes. (E) MDCK cells expressing the
indicated constructs were treated with 4-OHT
for the indicated periods, and F-actin-positive
podosome dots (Fig. 1C) were counted. The
mean numbers (£s.e.m.) of podosome dots per
cell were obtained from three independent
experiments each with 50 cells. **P<0.01,
Student’s #-test. (F) MDCK cells expressing
Src-MER or Fyn-MER were treated with (+)
or without (—) 4-OHT for 4 hours, and stained
with anti-estrogen receptor (ER) antibody
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domain that has GEF activity, a pleckstrin homology (PH) domain
that binds to phosphoinositides, and a SH3 domain in its C-terminal
region (Fig. 3C). Arhgef5 has two isoforms; the short isoform,
consisting of the C-terminal 519 amino acids (in humans) of
Arhgef5, termed TIM, was previously identified as a potential
oncogene product (Chan et al., 1994; Xie et al., 2005). In the
present study, we identified a long isoform, hereafter termed
Arhgef5, that encompasses the entire Arhgef5 gene and contains a
non-conserved unique domain in its N-terminal half (Fig. 3C). The

(red). Magnified views of images presented
supplementary material Fig. S1A are shown.
Scale bars: 50 um.

interaction between the Src SH3 domain and Arhgef5 was
confirmed by a pull-down assay in NIH3T3 cells expressing FLAG-
Arhgef5 (Fig. 3D). These results indicate that Arhgef5 is a member
of the Src SH3-domain-binding proteins.

Arhgef5 is crucial for Src-induced podosome formation
and invasive activity

To examine whether Arhgef5 is involved in Src-induced podosome
formation, we performed siRNA-mediated knockdown of Arhgefs
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Oh 1h 2h 4h . .
essential for podosome formation.
4-OHT treatment (A) Total cell lysates (TCL) from
MDCK cells expressing Src-MER,
Src W120A-MER (a SH3 mutant) or
Src W120A Src R177L Src R177L-MER (a SH2 mutant)
Faictin MER MER were immunoblotted (IB) for the

in NIH3T3 cells expressing Src-MER. Because the expression of
the short form was not detectable in NIH3T3 cells (Xie et al.,
2005), we employed these cells to specifically analyze the function
of the long form of Arhgef5. Depletion of Arhgef5 caused a
significant reduction in podosome formation induced by Src
activation (Fig. 4A—C; supplementary material Fig. S3A). The
expression of FLAG-Arhgef5 or GFP—Arhgef5 carrying silent
mutations in the Arhgef5 siRNA target sequence restored the ability
of Arhgef5-knockdown cells to form podosomes (Fig. 5C, Fig.
8C). To further verify the role of Arhgef5, we examined the effects
of Arhgef5 siRNA on Src-induced invasive activity, which can
reflect the ability of podosome formation. A Matrigel invasion
assay showed that depletion of Arhgef5 could significantly (P<0.01)
attenuate the invasive activity of NIH3T3 cells, in which Src-MER
was activated (Fig. 4D). These observations demonstrate that
Arhgef5 plays a crucial role in Src-induced podosome formation.

GEF activity of Arhgef5 is required for Src-induced
podosome formation

To address the function of Arhgef5, we examined the effects of
overexpression of full-length Arhgef5 (FULL) or a DH domain-

F-actin
: : indicated proteins. (B) Intracellular

localization of F-actin (green,
phalloidin) and Src-MER constructs
(red, anti-ER antibody) in MDCK
cells expressing the indicated
constructs were analyzed by
immunostaining. Cells were treated
with 4-OHT for the indicated
periods. Lower panels are magnified
views of the F-actin-stained cells.
Arrowheads indicate podosome dots.
(C)MDCK cells expressing the
indicated constructs were treated
with 4-OHT for the indicated
periods, and the numbers of F-actin-
positive podosome dots were
counted. The mean numbers
(£s.e.m.) of podosome dots per cell
were obtained from three
independent experiments, each with
50 cells. **P<0.01, Student’s r-test.
Scale bars: 50 um.

deficient mutant (ADH) on Src-induced podosome formation (Fig.
5A.B and supplementary material Fig. S3B). Even before 4-OHT
treatment, the expression of Arhgef5S FULL induced the formation
of thick stress fibers at the cell periphery and induced a small
number of podosome dots. Similar effects of Arhgef5 on actin
stress fibers were also observed in parental NIH3T3 cells
(supplementary material Fig. S3C). These results are consistent
with the previous observation that TIM regulates cytoskeletal
organization in a Rho-dependent manner (Xie et al., 2005). Upon
activation of Src-MER, podosome formation was appreciably
promoted in these cells (Fig. 5B), and, notably, the formation of
mature ‘podosome ring’ structures (Fig. 5A, magnified views)
became more evident compared with that in mock-transfected
cells. These results suggest that Arhgef5 can facilitate podosome
maturation. By contrast, the expression of ADH did not affect actin
stress fibers, and it robustly suppressed the Src-induced podosome
formation (Fig. SA,B), indicating that ADH can function as a
dominant-negative form of Arhgef5. Furthermore, re-expression of
ADH upon Arhgef5 knockdown failed to restore their ability to
form podosomes (Fig. 5C). In these cells, the DH domain alone,
the N-terminal unique domain and the C-terminal TIM domain did
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not induce podosome formation. These findings demonstrate that
the GEF activity and the full-length structure of Arhgef5 are
required for Src-induced podosome formation.

Previously, it was reported that TIM is a potent activator of
RhoA and also exhibits activity toward Racl and Cdc42 in vivo
(Xie et al., 2005). Here, we examined the specificity of full-length
Arhgef5 and the effect of Src-MER activation on the activity of
Rho GTPases. NIH3T3 cells expressing Src-MER and those stably
overexpressing Arhgef5 FULL or ADH were treated with or without
4-OHT, and the active forms of Rho family GTPases were pulled
down with Rhotekin-RBD- or PAK-CRIB-conjugated beads (Fig.
6A). The activation of Src-MER induced only a slight increase in
the activity of RhoA in these cells (Fig. 6A). This phenomenon was
consistent with the previous observation in Src-transformed cells
where Src-dependent activation of total Rho cannot be detected by
pull-down assays, but active Rho localized to podosomes and
induced by oncogenic Src is required for their assembly and function
(Berdeaux et al., 2004). The Src-dependent activation of Racl or
Cdc42 was also not appreciable in these assays, potentially owing

Fig. 3. Identification of Src SH3 binding proteins. (A) MDCK
cells expressing Src-MER were treated with 4-OHT, and the total
cell lysates were pulled down with the Src SH3 domain fused to
GST (GST-SH3) or its defective mutant (GST-SH3-W120A). The
bound proteins were separated by SDS-PAGE followed by silver
staining. The regions indicated by numbered boxes were excised
and subjected to LC-MS/MS analysis. (B) Representative proteins
identified by LC-MS/MS analysis are listed. Fraction numbers

S correspond to the numbered boxed areas in A. Other identified
16k proteins are listed in supplementary material Fig. S2.

(C) Schematic structures of Arhgef5 and TIM proteins. DH, Dbl
- 200 kDa homology domain; PH, pleckstrin homology domain. (D) NIH3T3
Pull down Src-MER cells were transfected with 3XFLAG or Arhgef5-

3XFLAG, and the total cell lysates (TCL) were immunoblotted
(IB) for the indicated proteins (upper two panels). The total cell
lysates were then pulled down with GST-SH3 or GST-SH3-
WI120A, and the bound proteins were immunoblotted for the
indicated proteins (Pull down, lower two panels).

to localized activation of these Rho family GTPases in the cells.
However, we found that the overexpression of Arhgef5 FULL, but
not ADH, induced a robust activation of the basal RhoA activity
(Fig. 6A). By contrast, these constructs did not induce detectable
activation of Racl or Cdc42 under the same conditions. These
observations suggest that Arhgef5 can also serve as a potent activator
of RhoA in these cells, although its potential contribution to the
activation of Racl or Cdc42 cannot be excluded (Xie et al., 2005).

To confirm the contribution of Rho family GTPases to the Src-
induced podosome formation, we introduced dominant-negative
forms of the Rho GTPases (RhoAN19, RacIN17 and Cdc42N17)
into NIH3T3 cells expressing Src-MER and Arhgef5. The
expression of RhoAN19 and Cdc42N17 almost completely
suppressed Src-induced podosome formation, whereas that of
RacIN17 did not significantly affect the podosome formation (Fig.
6B,C). These results indicate that activation of RhoA is crucial to
induce podosome formation through the Src-Arhgef5 pathway and
that Cdc42 also plays crucial roles in pathways downstream of
RhoA.
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Fig. 4. Arhgef5 is crucial for podosome formation. (A) NIH3T3 Src-MER
cells were transfected with control siRNA and Arhgef5 siRNA (no. 1, no. 2 or
no. 3) and treated with ethanol or 4-OHT for 4 hours. The cells were stained
for F-actin with Alexa-Fluor-488—phalloidin. (B) NIH3T3 Src-MER cells were
treated with the indicated siRNA, and the total cell lysates were
immunoblotted (IB) with anti-Arhgef5 and anti-tubulin antibodies. (C) F-actin-
positive podosome dots observed in the 4-OHT-treated cells were counted. The
mean numbers (+s.e.m.) of podosome dots per cell were obtained from three
independent experiments each with 50 cells. **P<0.01, Student’s #-test.

(D) The invasive activity of the cells treated with Arhgef5 siRNA was assessed
by Matrigel assay. Cells were treated with 4-OHT before plating on Matrigel
and were cultured for 4 hours. Invading cells were stained with Toluidine Blue.
The left-hand panels show phase-contrast micrographs of invading cells.
Numbers of the invading cells were counted, and the relative numbers of
invading cells to cells treated with control siRNA are shown (right-hand
panel). The mean numbers (+s.e.m.) of invading cells were obtained from
three independent experiments, each with 50 cells. **P<0.01, Student’s #-test.
Scale bars: 50 um.

Interaction between Src and Arhgef5

To elucidate the functional link between Src and Arhgef5, we
examined the physical interaction between Src and Arhgef5 by
immunoprecipitation assays in NIH3T3 Src-MER cells

overexpressing Arhgef5. Immunoblot analysis revealed that both
the tyrosine phosphorylation of Arhgef5 and the interaction between
Arhgef5 and Src were greatly increased in response to Src activation
(Fig. 7A). Interestingly, we also found that the expression of
Arhgef5 alone induced activation of both Src-MER and endogenous
Src, and that the 4-OHT treatment further activated Src in a
synergistic manner (Fig. 7B). Consistent with this finding, the
tyrosine phosphorylation of total cellular proteins was enhanced by
the expression of Arhgef5. However, the expression of Arhgef5
ADH mutant failed to induce synergistic effects on Src activity
(Fig. 7C). These results indicate that the interaction between Src
and Arhgef5 can further facilitate Src activation, potentially through
its GEF activity, and suggest that Arhgef5 provides a platform for
positive-feedback mechanism of Src regulation. The synergistic
effect of Arhgef5 on Src activation was also seen in a colony
formation assay in soft agar (supplementary material Fig. S4). The
activation of Src-MER in mouse embryonic fibroblasts (MEFs)
induced colony formation, although its efficiency was much lower
than with constitutively active form of Src, SrcYF. The expression
of Arhgef5 in these cells greatly enhanced the colony formation
activity induced by Src activation (supplementary material Fig.
S4B).

The Arhgef5 PH domain is essential for podosome
formation

Phosphoinositide metabolism is important in the initiation of
podosome formation (Oikawa et al., 2008). We thus speculated
that the PH domain of Arhgef5 could play a role in podosome
formation by targeting phosphoinositides. To address this
possibility, we examined the effects of expressing the Arhgef5 PH
domain (ArhgefS PH) on Src-induced podosome formation.
Immunofluorescence analysis showed that Arhgef5 PH localized
to podosome dots or rings when they successfully formed (Fig.
8A, middle panels), which suggests that the Arhgef5 PH domain
could potentially induce podosomes. However, on the basis of
overall observation of the transfected cells, it seems more likely
that the expression of Arhgef5 PH inhibited formation of podosome
dots (Fig. 8A,B). These findings indicate that the Arhgef5S PH
domain inhibits podosome formation by competing with the
functional Arhgef5 in podosomes.

To verify the role of the Arhgef5 PH domain, we performed a
restoration assay in Arhgef5-siRNA-treated cells. An RNAi-
resistant form of full-length Arhgef5 (Arhgef5 FULL), a PH
domain-deficient mutant (Arhgef5 APH) and the PH domain alone
(Arhgef5 PH) were expressed as GFP fusions proteins in these
cells (Fig. 8C). Arhgef5 FULL restored the ability to form
podosomes, whereas the expression of Arhgef5 APH and Arhgef5
PH failed to induce podosome formation (Fig. 8D). Of note, a
proportion of the FULL Arhgef5 protein was colocalized with
podosome dots (Fig. 8C; supplementary material Fig. SSA). These
results suggest that the PH-domain-mediated targeting of Arhgef5
to podosome precursors is required to induce podosome formation.
However, in Arhgef5-knockdown cells that have no podosomes,
the PH domain was highly concentrated in some endosome-like
organelles, whereas ArhgefS FULL was more widely distributed to
the cell membrane and cytoplasm outside of podosomes. This
indicates that the PH domain is required for podosome targeting
and Arhgef5 function, but it is not sufficient to determine the
precise intracellular localization of Arhgef5.

The function of Arhgef5 PH domain was examined further by a
phosphoinositide array analysis using the GST—Arhgef5 PH protein.
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Fig. 5. GEF activity of Arhgef5 is required
for Src-induced podosome formation.

(A) NIH3T3-Src-MER cells stably
expressing full-length Arhgef5 (FULL) or a
mutant that lacks the DH domain (ADH)
were treated with ethanol or 4-OHT for 4
hours. The cells were stained with Alexa-
Fluor-488—phalloidin (F-actin, green) and
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The analysis showed that Arhgef5 PH bound strongly to PtdIns(3)P,
PtdIns(4)P and PtdIns(5)P, and weakly to PtdIns(3,4)P,,
PtdIns(3,5)P,, PtdIns(4,5)P, and PtdIns(3,4,5)P5 (supplementary
material Fig. SS5A). The co-sedimentation assay using liposomes
also showed that Arhgef5 PH can bind various phosphoinositides
with a weak preference for PtdIns(3)P and PtdIns(3,4)P,
(supplementary material Fig. S5B). These observations suggest
that ArhgefS PH domain can recognize a wide array of
phosphoinositides, and the specificity is determined by combination
with other domains, such as the N-terminal unique domain and the
DH domain.

Arhgef5 forms a complex with Src and PI3K

A previous study showed that PI3K is crucial for podosome
formation (Nakahara et al., 2003). Consistent with this study, the
inhibition of PI3K with LY294002 effectively suppressed the Src-

anti-cortactin antibody (red). Insets are
magnified views of podosome ring-like
structures. (B) F-actin-positive podosome
dots observed in A were scored. The mean
numbers (+s.e.m.) of podosome dots per cell
were obtained from three independent
experiments, each with 50 cells. **P<0.01,
Student’s #-test. (C) NIH3T3-Src MER cells
were treated with control siRNA or Arhgef5
siRNA no. 3, and then transfected with the
indicated Arhgef5 constructs. The cells were
treated with 4-OHT for 4 hours, and were
stained with Alexa-Fluor-488—phalloidin (F-
actin, green) and anti-FLAG antibody (red).
Arrowheads indicate podosome dots. A
magnified view of podosome dots is shown
in the inset. Scale bars: 50 wm.

induced podosome formation (supplementary material Fig. S6).
Furthermore, it is well established that PI3K is activated
downstream of Src, and that the p85 subunit of PI3K serves as both
a substrate and a binding partner of Src. On the basis of these lines
of evidence, we examined the relationship between Arhgef5, Src
and PI3K.

In immunoprecipitation assays using NIH3T3 Src-MER cells
expressing Arhgef5 FULL, Arhgef5 APH or Arhgef5 PH, we found
that Arhgef5 FULL and Arhgef5 APH could form a ternary complex
with Src and PI3K, and that complex formation was enhanced by
the activation of Src (Fig. 9A). Tyrosine phosphorylation of Arhgef5
APH was also enhanced by Src activation in a manner similar to
that of Arhgef5 FULL phosphorylation. These findings indicate
that the PH domain is not involved in complex formation or
Arhgef5 phosphorylation, and that these events occur irrespective
of phosphoinositide accumulation in podosomes. The in vitro
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+ Fig. 7. Interaction between Src and Arhgef5. (A) NIH3T3-Src-MER cells
expressing 3XFLAG or Arhgef5-3 XFLAG were treated with (+) or without
(-) 4-OHT, and the total cell lysates (TCL) were subjected to
F-actin/REP immunoprecipitation (IP) with anti-FLAG antibody followed by
i immunoblotting (IB) for the indicated proteins. (B) The cell lysates used in A
C were immunoblotted for the indicated proteins. (C) NIH3T3-Src-MER cells

Podosome dots/cell

MOCK RhoAN19 Rac1N17 Cdc42N17

Fig. 6. GEF activity toward RhoA is important for Src-induced podosome
formation. (A) NIH3T3-Src-MER cells expressing 3XFLAG (MOCK),
Arhgef5-3XFLAG (FULL) or Arhgef5 ADH-3XFLAG (ADH) were treated
with 4-OHT for the indicated time, and active Rho family GTPases were
pulled down from the total cell lysates with Rhotekin-RBD- or GST-PAK-
CRIB-conjugated beads. Bound Rho family GTPases (Active) and total Rho
family GTPases in the lysates (Total) were detected by immunoblotting. The
expression of Arhgef5 and ADH was confirmed by immunoblotting with anti-
FLAG antibody. The numbers (fold activation) show a quantification of
activation by densitometry analysis, with the mock-treated cells designated as
1. The results are representative of three independent experiments.

(B) NIH3T3-Src-MER cells expressing Arhgef5 were transfected with a
dominant negative form of RFP—Rho GTPase (RhoAN19, RacIN17 or
Cdc42N17), and treated with (+) or without (—) 4-OHT for 4 hours. The cells
were stained for F-actin (green), and the expression of Rho family GTPases
was detected as RFP signals. Arrowheads indicate podosome dots or rings.
(C) The podosome dots in RFP-positive cells observed in B were counted. The
mean numbers (£s.e.m.) of podosome dots per cells were obtained from three
independent experiments, each with 50 cells. **P<0.01, Student’s #-test.

expressing 3XFLAG, Arhgef5-3XFLAG or Arhgef5 ADH-3XFLAG were
treated with or without 4-OHT, and the total cell lysates were subjected to
immunoblotting for the indicated proteins.

binding assays using various deletion mutants of Arhgef5 revealed
that PI3K binds to a specific region (amino acids 583-902) in the
N-terminal domain of Arhgef5 (supplementary material Fig. S7).
The ternary complex formation was also observed previously in
the highly metastatic LuM1 cells derived from murine colon
adenocarcinoma 26 cells (Hyuga et al., 1994). LuM1 cells have an
upregulation of Src and Arhgef5, and actively form podosomes
and invadopodia in an Arhgef5-dependent manner (supplementary
material Fig. S8). By contrast, the complex formation was not
detectable in NM11 cells, which only show a low metastatic
potential; these cells are derived from the same origin of LuM1
cells but have no upregulation of ArhgefS. This intriguing example
suggests that the Arhgef5 complex is formed progressively as a
consequence of upregulation of Src and Arhgef5. Taking these
findings together, we propose a hypothetical model for the role of
Arhgef5 in Src-induced podosome formation (Fig. 9C).

Discussion

Using an inducible Src-MER system, we addressed the molecular
mechanisms underlying Src-induced podosome formation. Treating
cells with 4-OHT successfully activated Src-MER, and induced
podosome formation, as represented by the increased formation of
podosome dots that had ECM-degrading activity. In this study, we
first found that the Src SH3 domain is required for podosome
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formation. This proposal is consistent with previous reports showing
that the binding of Tsk5 to Src SH3 plays an essential role in
podosome formation (Oikawa et al., 2008; Seals et al., 2005). The
crucial role of the SH3 domain in Src function was also exemplified
by other previous studies using UCS15A, which is a drug that
blocks SH3-mediated protein—protein interaction (Hashimoto et
al., 2006; Oneyama et al., 2002; Sharma et al., 2001). On the basis
of these previous studies, we decided to examine further the

N )
= + = +
Vector  Arhgef5 PH
PH Fig. 8. Arhgef5 PH domain is essential for

Src-induced podosome formation.

(A) NIH3T3-Src-MER cells were
transfected with empty vector or GFP—
Arhgef5 PH, and treated with 4-OHT for 4
hours. F-actin was visualized with Alexa-
Fluor-594-phalloidin (red), and the location
of GFP—Arhgef5 PH was observed (green).
White arrowheads indicate F-actin-positive
podosome dots, and pink arrowheads
indicate GFP—Arhgef5-positive cells
without podosomes. (B) The cells with
podosome dots observed in A were counted.
The mean numbers of cells (+s.e.m.) with
podosome dots were obtained from three
independent experiments, each with 100
cells. **P<0.01, Student’s ¢-test.
(C)NIH3T3-Src-MER cells were
transfected with control siRNA or Arhgef5
siRNA no. 3. After 24 hours, the cells were
transfected with empty vector (MOCK),
GFP-Arhgef5 FULL (FULL), GFP—
Arhgef5 APH (APH) or GFP—Arhgef5 PH
(PH), and the cells were treated with 4-
OHT for 4 hours. F-actin was visualized
with Alexa-Fluor-594—phalloidin (red).
Arrowheads indicate F-actin positive
podosome dots. (D) The podosome dots
observed in C were counted. The mean
numbers (£s.e.m.) of podosome dots per
cells were obtained from three independent
experiments, each with 50 cells. **P<0.01,
Student’s #-test. Scale bars: 50 um.

function of the Src SH3 domain by identifying additional Src SH3
binding partners. Interestingly, many podosomal proteins, such as
NCK, VASP, WASL and N-WASP, were included in the list of
candidates, which supports the idea that Src can participate in
podosome formation by functionally interacting with the podosomal
protein complex.

Of the potential Src SH3 binding partners identified, we focused
on Arhgef5. Arhgef5 is a potential isoform of TIM (Chan et al.,
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1996; Xie et al., 2005); however, the longer form of Arhgef5,
which is a full-length product encoded by the entire Arhgef5 gene,
was completely uncharacterized. The potential oncogenic function
of TIM suggested to us that it is involved in the regulation of Src-
mediated podosome formation. In this study, we unveiled the
following features of Arhgef5: Arhgef5 is essential for Src-induced
podosome formation, Arhgef5 serves as a potent activator of RhoA
to control actin cytoskeletal remodeling, Arhgef5 positively
regulates Src activity, the PH domain of Arhgef5 is required for
podosome formation and Arhgef5 can form a complex with Src
and PI3K. These results suggest that Arhgrf5 plays an important
role in podosome formation by functionally linking Src, PI3K and
Rho family GTPases.

We showed that Arhgef5 directly interacts with the exposed Src
SH3 domain, although the binding site(s) in Arhgef5 remains
unknown. An analysis using deletion mutants of Arhgef5 showed
that Src SH3 could bind to various regions of Arhgef5 (data not
shown). Arhgef5 has at least 12 proline-rich motifs; 11 of them are
scattered throughout the N-terminal non-conserved domain, and
one is in the TIM domain. These suggest that either Arhgef5 can
bind to multiple Src molecules or that a higher-order structure of
Arhgef5 is necessary for specific recognition by Src SH3 domain.

accelerates Src activation through a positive-feedback
mechanism. The activated PI3K locally produce
phosphoinositides, potentially at FAs, which facilitates
accumulation of the Arhgef5 complex to podosomal
precursors. Consequently, Arhgef5 activates RhoA and
Cdc42 to assemble podosomal structures through
promoting actin cytoskeletal remodeling. The activated
Src in the complex might also induce tumor growth by
activating downstream pathways, such as the MAPK

—» Invasion pathway.

We found that activation of Src induced tyrosine phosphorylation
of Arhgef5. This Src-dependent phosphorylation has also been
reported in TIM (Yohe et al., 2008), and two tyrosine residues in
the N-terminus were identified as phosphorylation sites.
Phosphorylations of these residues positively regulate the GEF
activity of TIM by relieving the autoinhibitory intramolecular
interaction between its C-terminal SH3 domain and N-terminal
polyproline region. However, Arhgef5 mutants with substitutions
in the phosphorylation sites in TIM (Y1081 and/or Y1084) had no
significant effect on podosome formation (data not shown). These
observations suggest that the full-length ArhgefS has additional
phosphorylation sites and that it is regulated through its unique N-
terminal domain in a manner distinct from TIM.

Interestingly, we noticed that the interaction between Arhgef5
and Src enhanced the activity of Src. This finding suggests that
Arhgef5 itself could also be involved in the upregulation of Src
function by triggering a positive-feedback loop, and that Arhgefs
functions as a scaffolding platform to stabilize, accumulate or
activate Src. Moreover, we observed that Src-MER-induced
anchorage-independent cell growth was appreciably enhanced by
the expression of Arhgef5 (supplementary material Fig. S4B). This
intriguing observation further supports the potential role of Arhgefs
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as a positive regulator of Src function, although the molecular
mechanism for these events must await further analysis.

A previous study showed that TIM is a potent activator of RhoA
in vivo and acts as an upstream regulator for the RhoA-mediated
stress fiber reorganization, although the role of TIM in podosome
formation was not addressed (Xie et al., 2005). In this study, we
also found that ArhgefS could enhance formation of thick stress
fibers by activating RhoA, and that inhibition of RhoA completely
suppressed podosome formation. These findings suggest that the
Src-Arhgef5-RhoA pathway is crucial for podosome formation.
However, Cdc42 and Racl are also known to be involved in
podosome formation by regulating actin cytoskeletal organization
(Hall, 1998; Kurokawa et al., 2004). A constitutively active mutant
of Cdc42 induces podosome assembly (Moreau et al., 2003), and
both constitutively active and dominant-negative Cdc42 and Racl
can disassemble podosomes (Linder et al., 1999; Ory et al., 2000).
Cdc42 is one of the components of podosomes and invadopodia
and functions to activate N-WASP, which induces invadopodium
formation by activating the N-WASP—WIP-Arp2/3 complex (Miki
and Takenawa, 2003; Yamaguchi et al., 2005). Thus, it seems that
strict regulation of Cdc42 and Racl, by their upstream regulators,
is crucial for podosome organization. It has been shown that Src
activates Racl through the Cas—Crk—DOCKI180 complex and
RhoA-Dial signaling (Narumiya et al., 2009). Taken together,
these findings suggest that an appropriate interplay between these
Rho family GTPases is involved in podosome formation and that
the Src-Arhgef5-RhoA axis has a triggering role in the pathway
leading to podosome formation.

We showed that the Arhgef5 PH domain is required for
podosome formation, which suggests a crucial role of the
interaction between the PH domain and phosphoinositides. The
PH domains of Akt, Tapp and Grp have been shown to localize to
podosomes and inhibit podosome formation (Furutani et al., 2006).
These PH domains can bind to PtdIns(3,4)P, and/or
PtdIns(3,4,5)P3, which are concentrated in podosomes (Oikawa et
al., 2008). A similar inhibitory effect on podosome formation was
observed for the PH domain of ArhgefS. The phosphoinositide
array and liposome co-sedimentation analysis showed that the
Arhgef5 PH domain was able to bind to PtdIns(3,4)P, and
PtdIns(3,4,5)P;, although it had a broader binding affinity for
other phosphoinositides. These results suggest that the induction
of podosome formation by Arhgef5S could be mediated by its
interaction with phosphoinositides. However, the intracellular
distribution of Arhgef5S FULL and Arhgef5 PH was substantially
different, suggesting that the PH domain is not sufficient to
determine the localization of Arhgef5. An additional domain(s) or
factor(s) might be necessary to direct podosomes. Consistent with
a previous study (Oikawa et al., 2008), we also observed that
inhibition of PI3K dramatically suppressed Src-induced podosome
formation, and found that PI3K bound to a specific region of
Arhgef5, forming a multi-protein complex in a manner dependent
on Src activation. The formation of this complex did not depend
on the PH domain of Arhgef5, which suggests that the complex
forms irrespective of the recruitment of Arhgef5 to podosomes.
These observations underscore the contribution of the PI3K
pathway to the Src-induced podosome formation, although the
underlying mechanisms need to be addressed.

On the basis of these lines of evidence, we propose a tentative
mechanism for the Src-induced podosome formation (Fig. 9C).
When Src is activated over a certain threshold at FAs, it interacts
with Arhgef5, which in turn enhances Src activation through a

positive-feedback mechanism. The activated Src and Arhgef5
recruit PI3K, to form a ternary complex, and activates it. The
activated PI3K then produces a high concentration of
phosphoinositides, which directs accumulation of the Arhgef5
complex to the podosomal precursors. In the vicinity of the
precursors, Arhgef5 activates RhoA, as well as Cdc42, to promote
the actin cytoskeletal remodeling that is required for podosome
maturation. Interestingly, we found that the Src—Arhgef5—PI3K
complex was detected in highly metastatic colon adenocarcinoma
LuMI cells (Hyuga et al., 1994), but not in low metastatic NM 11
cells derived from the same origin of LuM1 cells. It has also been
shown that there is an upregulation of Arhgef5 in LuM1 cells but
not in NM11 cells. This intriguing example suggests the potential
correlation between the ArhgefS complex formation and the
invasive or metastatic ability of cancer cells. Furthermore, activated
Src in the Arhgef5 complex might also activate conventional Src
pathways, such as the MAPK pathway, which lead to the promotion
of tumor growth (Frame, 2004). Indeed, Src-induced anchorage-
independent cell growth was synergistically enhanced by the
upregulation of Arhgef5. In this context, Arhgef5 might play crucial
roles not only in podosome formation but also in tumor growth. To
verify further the function of Arhgef5 in these pathways, studies
using Arhgef5-knockout mice and cells, and various tumor cells,
will be necessary. The elucidation of Arhgef5 function might create
new opportunities for therapeutic intervention in cancer.

Materials and Methods

Reagents and antibodies

Alexa-Fluor-488-phalloidin, an Alexa-Fluor-594 protein labeling kit, and the Alexa-
Fluor-594-conjugated goat anti-rabbit-IgG, anti-Src-Y418-P, horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG, and HRP-conjugated goat anti-mouse-IgG
antibodies were purchased from Invitrogen. Anti-ERor (MC20) and anti-Src (Src2)
antibodies were purchased from Santa Cruz Biotechnology. Anti-cortactin (4F11)
and anti-phosphotyrosine (4G10) antibodies were obtained from Upstate
Biotechnology. Anti-cortactin-Y421-P was purchased from Biosource. 4-
Hydroxytamoxifen (H7904), LY294002, and the anti-B-tubulin (2.1), anti-GST, and
anti-FLAG (M2) antibodies were from Sigma. Anti-Rac1 and anti-Cdc42 antibodies
were from BD Transduction Laboratories. Anti-PI3K (p85) and anti-RhoA antibodies
were from Cell Signaling Technology. Collagen type 1 was purchased from BD
Biosciences. Anti-Arhgef5 antibody was generated in rabbits by immunization with
GST-mouse-Arhgef5 (amino acids 2-204) and was affinity purified using maltose
binding protein (MBP)-tagged antigen.

Plasmid constructs and siRNA constructs

The modified estrogen receptor (MER, amino acids 281-599) construct was a
generous gift from Tohru Kimura (Osaka University, Osaka. Japan). All the constructs,
including Src, Fyn and Arhgef5 (NM_133674), and their mutants, were generated
by PCR using mouse cDNA as template. Src-MER, Fyn-MER, Src W120A-MER
and Src R177L-MER were subcloned into the pCX4puro retrovirus vector (a gift
from Tsuyoshi Akagi, KAN Research Institute, Kobe, Japan). The Src SH3 domain
(amino acids 88—141) and the W120A mutant were subcloned into the pGEX6p-1
vector (GE Healthcare), and recombinant proteins were expressed in Escherichia
coli BL21 or DH50.. To generate a 3XFLAG-tagged expression vector, the 3XFLAG
construct (Sigma) was subcloned into the pCX4brs vector. Arhgef5 APH, Arhgef5
PH (amino acids 1341-1488), Arhgef5 ADH, Arhgef5 DH (1064-1340), Nter (amino
acids 1-1063), Cter (amino acids 1064-1581) and a series of Arhgef5 fragments
were subcloned into the pCX4brs-3 XFLAG. To generate siRNA-resistant Arhgef5,
the sequence for a siRNA recognition site was modified to 5'-GCCC-
CACAAGAAGAGTTCAACAACACT-3" (nucleotides 2984-3010), and the silent
construct was subcloned into the pCX4brs-3XFLAG. For immunofluorescence
study, the constructs of Arhgef5 and its mutants were subcloned into the pEGFP-N1
vector (Clontech). The EGFP sequence was fused to the 3’ end of Arhgef5 and its
mutants, and these constructs were subcloned into pCX4brs. pEGFP-actin was
obtained from Clontech. The dominant negative forms of Rho family GTPases
(RhoAN19, RacIN17 and Cdc42N17) were subcloned into pDsRed2-N1 vector
(Clontech). All of the generated constructs were confirmed by sequencing. The
series of Arhgef5 siRNA duplexes (Stealth, MSS225557) and Stealth siRNA
Negative Control (12935-112) were purchased from Invitrogen. The siRNA sequences
used are as follows: no. 1, 5'-UUCAGAGGAAGGAUCUAUGAUAGGGC-
CCUAUCAUAGAUCCUUCCUCUGAA-3"; no. 2, 5'-UAAGCAGUUCAC-
UUCCACUGCCCUGCAGGGCAGUGGAAGUGAACUGCUUA-3’; and no. 3,



()
(©]
c
Q2
O
w
©
o
—
(@)
©
[
—_
>
o
)

Arhgef5 in podosome formation 1737

5'-UGUAUUAUUAAAUUCCUCCUGAGGGCCCUCAGGAGGAAUUUAAUA-
AUACA-3".

Retroviral gene transfer and transient gene transfection

The pCX4puro SFK-MER series and pCX4brs-Arhgef5 3XFLAG series of gene
transfers were carried out with retroviruses. The production and infection of retroviral
vectors were performed as described previously (Akagi et al., 2003). The pCX4brs-
Arhgef5 GFP series was transfected with Lipofectamine LTX (Invitrogen). siRNA
was introduced with Lipofectamine RNAIMAX. For the Arhgef5 restoration assay,
cells transfected with siRNA were seeded onto collagen-I-coated glass coverslips
and incubated for 18-24 hours before cDNA transfection. After 18 to 24 hours, cells
were subjected to 4-OHT treatment and immunofluorescence observation. cDNA
and siRNA transfection were performed according to the manufacturer’s instructions
(Invitrogen). MDCK, NIH3T3 and the ecotropic retrovirus packaging cell line Plat-
E were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). NM11 and LuMI1 cells (gifts from Keizo
Takenaga, Shimane University, Izumo, Japan) were cultured in RPMI 1640 medium
supplemented with 10% FBS.

Immunofluorescence and fluorescent gelatin degradation assay

For immunofluorescence study, glass coverslips were coated with collagen type 1
(BD Biosciences) according to the manufacturer’s instructions. For the fluorescent
gelatin degradation assay, Alexa-Fluor-594—gelatin-coated dishes were prepared as
described previously (Yamaguchi et al., 2010). Confocal images were obtained using
a confocal laser scanning microscopy (Olympus, FV-1000).

Immunoblotting and immunoprecipitation assay

Cells were lysed in buffer (20 mM Tris-HC1 pH 7.4, 150 mM NacCl, 0.5 mM EDTA,
2% ODG, 1% NP40, 10% glycerol, 10 pg/ml aprotinin, 10 pg/ml leupeptin, 1 mM
PMSF, 1 mM sodium orthovanadate, 50 mM NaF and 5 mM 2-mercaptoethanol) on
ice and clarified by centrifugation. Immunoblotting of cell lysates was performed as
previously described (Kotani et al., 2007). Immunoprecipitation were performed as
previously described (Oneyama et al., 2003). Briefly, cell lysates were quantified
and equal amounts of total cell protein were immunoprecipitated overnight with the
indicated antibodies (3 pg FLAG antibody and 3 pg PI3K antibody).
Immunoprecipitates were collected on Protein-G—Sepharose beads (50 ul per
immunoprecipitation) (GE Healthcare). Beads were washed three times in lysis
buffer, and boiled in 100 pl SDS sample buffer. The protein samples were separated
by SDS-PAGE, then transferred onto PVDF membranes, immunoblotted with the
indicated antibodies, and subjected to chemiluminescent detection (PerkinElmer
Life Sciences).

Purification of Src-SH3-domain-binding proteins

The 4-OHT-treated MDCK cells were lysed in buffer (50 mM Tris-HCI1 pH 7.4, 150
mM NaCl, 0.5 mM EDTA, 1% NP40, 10% glycerol, 10 pg/ml aprotinin, 10 pg/ml
leupeptin, 1 mM PMSF, 1 mM sodium orthovanadate, 50 mM NaF, 5 mM 2-
mercaptoethanol and 0.1% Triton X-100), and cleared by centrifugation. GST—
SrcSH3 and GST-SrcSH3W120A was coupled to glutathione—Sepharose beads (GE
Healthcare). The washed beads were incubated with cell lysate at 4°C for 3 hours
and then collected by centrifugation. After extensive washing, the proteins recovered
on the beads were eluted with 20 mM glutathione and separated by SDS-PAGE.
After visualization by silver staining (Bio-Rad), protein bands were excised from the
gel and digested in situ with Trypsin Gold (Promega). The digested samples were
analyzed by nanocapillary reversed-phase LC-MS/MS using a C18 column on a
nanoLC system (Ultimate, LC Packing) coupled to a quadruple time-of-flight mass
spectrometer (QTOF Ultima, Waters) as described previously (Saito et al., 2008).
Proteins were identified by database searching using Mascot Daemon (Matrix
Science).

Assays of Rho family small G proteins

NIH3T3 Src-MER cells and those expressing Arhgef FULL or ADH were treated
with 200 nM 4-OHT or ethanol for 0-30 minutes. Cells were lysed in RIPA buffer,
and subjected to a pull-down assay with Rhotekin-RBD-agarose (Cell Biolabs) or
GST-PAK-CRIB-bound glutathione—Sepharose, as described previously (Kurokawa
et al., 2004; Yagi et al., 2007). RhoA, Racl and Cdc42 were detected by
immunoblotting and quantified using ImageQuant LAS 4000mini (GE Healthcare).

Matrigel invasion assay

The Matrigel invasion assay was performed according to the manufacturer’s
instructions (BD Biosciences). Briefly, NIH3T3 Src-MER cells were transfected
with control siRNA or ArhgefS RNAi no. 1, no. 2 or no. 3 and cultured in DMEM
for 35-50 hours, followed by treatment with 200 nM 4-OHT or ethanol. Then,
0.3X10° cells were seeded onto Matrigel Invasion Chambers (BD Biosciences). At
4 hours after seeding, cells were fixed in 100% methanol and stained with 1%
Toluidine Blue. FBS (10%) was used as chemoattractant. Images of stained cells
were obtained with an optical microscope (Olympus, 1X-70).
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