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Ga,;, the a-subunit of the heterotrimeric G protein
G13, has been shown to stimulate cell migration in ad-
dition to inducing oncogenic transformation. Cta, a Dro-
sophila ortholog of G13, has been shown to be critical for
cell migration leading to the ventral furrow formation
in Drosophila embryos. Loss of Ga;3 has been shown to
disrupt cell migration associated with angiogenesis in
developing mouse embryos. Whereas these observations
point to the vital role of G13-orthologs in regulating cell
migration, widely across the species barrier, the mech-
anism by which Gea,; couples to cytoskeleton and cell
migration is largely unknown. Here we show that Ga;4
physically interacts with Hax-1, a cytoskeleton-associ-
ated, cortactin-interacting intracellular protein, and
this interaction is required for Ga;,;-stimulated cell mi-
gration. Hax-1 interaction is specific to Ga,3, and this
interaction is more pronounced with the mutationally
or functionally activated form of Ga, 5 as compared with
the wild-type Ga;, ;. Expression of Hax-1 reduces the for-
mation of actin stress fibers and focal adhesion com-
plexes in Ga, s-expressing NIH3T3 cells. Coexpression of
Hax-1 also attenuates Ga,g-stimulated activity of Rho
while potentiating Ga,s-stimulated activity of Rac. The
presence of a quadnary complex consisting of Ga;s,
Hax-1, Rac, and cortactin indicates the role of Hax-1 in
tethering Ga;3 to the cytoskeletal component(s) in-
volved in cell movement. Whereas the expression of
Hax-1 potentiates Ga,3-mediated cell movement, silenc-
ing of endogenous Hax-1 with Hax-1-specific small inter-
fering RNAs drastically reduces Ga,s-mediated cell mi-
gration. These findings, along with the observation that
Hax-1 is overexpressed in metastatic tumors and tumor
cell lines, suggest a novel role for the association of
oncogenic Ga,3 and Hax-1 in tumor metastasis.

Cell migration plays a vital role in different biological pro-
cesses ranging from embryogenesis to immune response (1, 2).
However, an aberrant activation of cell migration in neoplastic
cells results in tumor metastasis. Cells migrate in response to
different cues through the coordinated interactions of actin-
and/or microtubule-associated cytoskeletal proteins (3, 4). G
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protein-coupled receptors and their cognate G proteins play a
major role in regulating cell migration and chemokinesis (5).
The G12 family of G proteins, defined by a-subunits Ga;, and
Gay3, has been shown to activate novel signaling pathways
involved in cell growth and neoplastic transformation (6). Two
lines of evidence indicate that the a-subunit of G13, Gayg, is
primarily involved in the regulation of cell migration (7-9). The
first is the observation that Cta, an ortholog of Gays, is criti-
cally required for cell movement during Drosophila embryogen-
esis (7). The second is the finding that Gayg-null (Gay3—/—)
fibroblasts show the loss of chemokinetic response to thrombin
or lysophosphatidic acid receptor-mediated cell movement
(8, 9).

Existing models of cell movement suggest that the initial
movements in cell migration involve polymerization of filamen-
tous actin at the leading edge forming membrane extensions (3,
4). Subsequent adhesion at the leading edge is followed by the
translocation of the cell body by the forward flow of the cytosol.
Finally, whereas the leading edge of the cell is still attached to
the substratum, the rear-end is detached and retracted into the
cell body thereby effecting cell movement. All of these distinct
phases of cell movement, with the exception of cytosolic trans-
location, involve temporal and spatial regulation of actin po-
lymerization and depolymerization. Although, many different
proteins control actin polymerization, several lines of evidence
indicate that the interaction between cortactin and actin-re-
lated proteins 2/3 plays a critical role in actin polymerization
leading to cell movement (10-12). Cortactin is a major sub-
strate for tyrosine kinases such as Src, Fer, and Syk, and is
usually present in the cytosol. Upon growth factor stimulation,
it is translocated by activated Rac-1 to cell periphery where it
interacts with F-actin and stimulates actin-related protein 2/3-
mediated actin polymerization (13). As a result, tyrosine ki-
nases as well as small GTPases converge on cortactin to stim-
ulate actin polymerization and consequent cell movement.
Although Ga;3 has been known to be involved in the regulation
of thrombin and lysophosphatidic acid-receptor-stimulated cell
migration of fibroblasts (8, 9), the mechanism by which Gay;
stimulates cell movement or the identity of the signaling com-
ponents involved in Gays-mediated cytokinesis is largely un-
known. Therefore, we sought to identify the signaling compo-
nents involved in Ga;s-mediated cell movement. Here we
demonstrate that Ga, 5 physically associates with intracellular
protein Hax-1, which has been previously identified as a cor-
tactin-interacting protein (14) and that Hax-1 promotes Ga; -
mediated cell migration. Furthermore, we show that Ga,5 and
Hax-1 exists in a complex consisting of Rac and cortactin. We
also demonstrate that the coexpression of Hax-1 enhances
Ga,5-mediated Rac activity while inhibiting Rho activity, both
of which can promote cell movement. These results describe for
the first time a critical role for Hax-1 in cell movement medi-
ated by Gays.

This paper is available on line at http://www.jbc.org
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Fic. 1. Two-hybrid assays for the interaction of Gea;; with Hax-1. A, interaction of Ga,; and Hax-1 in yeast cells. Diploids showing
Ga,;-Hax-1 interactions were first selected on synthetic medium lacking Leu and Trp, and the replicate colonies were tested for their ability to grow
on medium lacking Leu, Trp, and His. L40 yeast cells expressing pLex-Ras plus pGAD-GH-Raf as indicated by the triplicate colonies labeled
Ras + Raf, were used as controls for positive interaction. Yeast cells expressing pLEXGa,;-ED plus vector pVP16 as indicated by the triplicate
colonies labeled pLexGa,; + pVP16, were used as negative control to show the absence of interaction. B, B-galactosidase assay validating
Ga,5-Hax-1 interactions. Diploids were grown on minimal medium and were measured using o-nitrophenyl p-D-galactopyranoside as substrate.
VC, vector control; C, Ga,; + pVP16; I, Ga,; + Hax-1-(64-247); 2, Ga,5 + Hax-1-(104-279); 3, Ge,5 + Hax-1-(111-247); 4, Ge;; + Hax-1-(155—
279); and 5, Ga;; + Hax-1-(176—-247); the activity is presented as -fold change over the vector control values that were taken as 1. C, delineating
the Hax-1 core domain involved in the Ga, 5 interaction. Using the sequences derived from different Ga, ;-interacting Hax-1 inserts, the core domain

of Hax-1 involved in Ga,; interaction is defined.

EXPERIMENTAL PROCEDURES

Plasmids, Strains, and Cells—The yeast expression vector pLexA-
Ga,;ED was constructed by ligating the PCR-derived cDNA insert
encoding amino acids 221-347 of Ga;; into pBTM116 vector. Expres-
sion vector pcDNA3-Hax-1 was constructed by ligating the EcoRI-Spel-
excised Hax-1 insert from pME18S-Hax-1 into the EcoRI and Xbal site
of pcDNAS3 vector. C-terminal S-protein-tagged Hax-1 was constructed
by replacing the stop codon of Hax-1 with the coding sequence for the
S-tag (KETAAAKFERQHMDS) followed by a stop codon. The resultant
Hax-1-S-tag was cloned into the pcDNAS3 vector. Cell lines Ga,;QL- and
Ga,;;WT-NIH3T3 have been previously described (31). All the con-
structs were verified by sequencing. Transfection of NIH3T3 cells was
carried out using the calcium phosphate method as previously described
(32). COS-7 cells were transfected using FuGENE-6 reagent (Roche
Applied Science) according to the manufacturer’s protocol.

Yeast Two-hybrid Screen—The yeast two-hybrid screen was per-
formed in yeast strain L40 transformed with pLexA-Ga,;ED and plas-
mid pGAD-GH containing an oligo(dT)-primed HeLa cell cDNA library
(Clontech, Palo Alto, CA). Of the 4 X 10° transformants screened, 550
clones were found to grow in the absence of His. The His+ colonies were
restreaked on SD—His/—Leu/—Trp plates and subjected to B-galacto-
sidase activity using a filter assay. The resultant 454 His+Lacz+
colonies were grown in SD-Leu medium to enable the segregation of
pLexA-Ga,;ED. The Trp-Leu+ segregates were mated to yeast strain
AMRY70 that had been pre-transformed with the plasmid pLex-Lamin or
pLexA-Ga,;ED. The leu+ trp+ diploids were then assayed for transac-
tivation of the lacZ reporter by a filter assay. The positive clones
totaling 115 that showed B-galactosidase activity only in the presence of
pLexA-Ga,;ED were isolated and the library plasmids were recovered.
The cDNA inserts of the library plasmids were amplified by PCR and 10
representative clones were further sequenced. The sequence analysis of
the ¢cDNA inserts revealed that they are five independent fusions of
human Hax-1.

Co-precipitation and Immunoblot Analysis—Co-precipitation studies
were carried out with COS-7 cells using S-protein-agarose (Novagen,
EMD Biosciences, Inc., Madison, WI) or antibodies specific to the pro-
tein of interest. At 24 h following transfection, cells were lysed and cell
lysate protein (1 ug each) was incubated with 35 ul of S-protein-agarose
for 4 h at 4 °C. After repeated washes with lysis buffer, the S-protein-
agarose-bound proteins were separated by SDS-PAGE and electro-
blotted onto polyvinylidene difluoride membranes. Co-immunoprecipi-
tation analyses were carried out by incubating cell lysate protein (1
ng each) with 1-5 pg of the respective antibodies for 4 h at 4 °C
followed by the addition of 30 ul of 50% slurry of protein A-Sepharose
(Amersham Biosciences). Antibodies to cortactin (05-180) and Rac
(05-389) were from Upstate Signaling Solutions (Charlottesville, VA),
whereas antibodies to the hemagglutinin epitope (2362) and Hax-1
(H65220) were from Cell Signaling (Beverly, MA), and BD Bio-
sciences (San Jose, CA) respectively. Antibodies to S-epitope (SC-
802), Ga (sc-823), Ga, (sc-393), and Ga,, (sc-409) were from Santa
Cruz Biotechnology Inc. (Santa Cruz, CA). Antibodies to Ge; (1521)
were a kind gift from Dr. David Manning, University of Pennsylva-
nia, Philadelphia, PA. For immunoblot and immunoprecipitation
studies for Ga;;WT and Ga,;QL, rabbit polyclonal antibodies (AS1-
89-2) raised against the C terminus of Ga,; were used. After washing
the immunoprecipitates twice with lysis buffer, the immunoprecipi-
tated proteins were separated by SDS-PAGE and electroblotted onto
polyvinylidene difluoride membranes. Immunoblot analyses with
specific antibodies were carried out following the previously pub-
lished procedures (31).

Co-localization of Hax-1 and Ga,;,—Cells were grown on coverslips
for 48 h, fixed with 3% paraformaldehyde in PBS* for 10 min, perme-

! The abbreviations used are: PBS, phosphate-buffered saline;
siRNA, short interfering RNA; WT, wild-type.
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FiG. 2. Association of Ga,; with Hax-1. A, interaction of Ga,; and Hax-1 in COS-7 cells. COS-7 cells were transfected with pPCDNAS constructs
encoding activated mutant (Ga;;QL) or wild-type (Ga,;;WT) along with S-tagged Hax-1 (Hax-1-S) for 24 h. Ga,; was co-precipitated with
S-protein-agarose (upper panel), whereas Hax-1 was co-immunoprecipitated (IP) with anti-Ga,; antibodies (lower panel). Expression of the
transfected Ga,sWT, Ga;5,QL, and Hax-1 were monitored by immunoblot (IB) analyses of the cell lysates (panel under Lysates) with the respective
antibodies. B, effect of aluminum fluoride-stimulated activation of Ga,; on Hax-1 interaction. COS-7 cells were co-transfected with a vector
encoding epitope-tagged Hax-1 along with Ga,;sWT (Hax-1 + Ga,sWT) or vector control (pcNA3 + Hax-1) for 24 h. The transfectants were
preincubated with 10 mm AICl,; plus 10 mm NaF for 15 min (+Fluoride) prior to lysis along with the non-treated control group (—Fluoride). Ga; 5
subunits co-precipitated along with Hax-1 by S-protein-agarose (P: Hax-1-S) were identified by immunoblot analysis using Ga,; antibodies (upper
panel). Expression levels of Hax-1 and Ga;; in these transfectants were monitored by immunoblot analyses with respective antibodies (lower
panel). C, specificity of Ga,,-Hax-1 interaction. COS-7 cells were transfected with pPCDNAS3 constructs encoding activated mutants of Ge, (Ga,QL),
Ga; (Ga,QL), G, (G, QL), Ga,, (Ga,,QL), and Ga,; (Ga,;QL) along with S-tagged Hax-1 (Hax-1-S) for 24 h. Ga subunits that were co-precipitated
along with Hax-1-S by S-protein-agarose were identified by immunoblotting with the antibodies to the respective Ga-subunits as indicated. The
expression levels of these subunits in the lysates were monitored for comparison (under panel labeled lysate). D, colocalization of Ga,,; and Hax-1.
NIH3T3 cells stably expressing Ga,;;QL were transiently transfected with vectors encoding Hax-1 for 48 h. The cells were immunostained with
antibodies to Ge, 4 followed by Texas Red-labeled anti-rabbit IgG (red) for the expression of Ga,; and antibodies to Hax-1 followed by Alexa
488-labeled anti-mouse IgG (green) for the expression of Hax-1. Colocalization of Ga; 5 and Hax-1 is shown by dual channel imaging of red and green

channels (yellow). These results are representative of triplicate experiments. The scale bar (20 um) is common to all.

ablized by 0.05% Triton X-100 (10 min), blocked with 1% bovine serum
albumin in PBS (30 min), and incubated with mouse monoclonal anti-
bodies to Hax-1 or rabbit polyclonal antibodies to Ga,4 (1:200) for 1 h at
25 °C. After washing, samples were incubated with 1:100 dilution of
Alexa Fluor 488-labeled goat anti-mouse IgG or Texas Red-labeled goat
anti-rabbit IgG (Molecular Probes, Eugene, OR) for 1 h at 25 °C to
obtain immunofluorescent imaging of Hax-1 and Ga;;, respectively.
The coverslips containing the cells were washed with PBS, which were
mounted on glass slides with 10 ul of Prolong Antifade reagent (Molec-
ular Probes, Eugene, OR). The images were recorded and analyzed
using an Olympus confocal microscope with a X60/NA 1.4 plan-apoc-
hromat objective.

Actin Staining—Actin staining was carried out using fluorescein
isothiocyanate-labeled phalloidin (Sigma) following previously pub-
lished methods (33). Briefly, NIH3T3 cells/transfectants of interest
were fixed on coverslips with 3% formaldehyde. After washing with PBS
the cells were incubated at 37 °C in PBS containing 1 uM fluorescein
isothiocyanate-phalloidin, 0.01% lysolecithin, and 0.05% bovine serum
albumin for 10 min. At the end of the incubation, the cells were washed
with PBS containing 2% bovine serum albumin and examined under a
fluorescent microscope.

Cell Migration Assay—Cell migration assay was carried out in cell
culture inserts (PET membrane with 8-um pores, BD Biosciences). The
cell culture inserts containing 3 X 10* cells in 200 ul of serum-free
Dulbecco’s modified Eagle’s medium was placed in the well of the
companion plate containing 500 ul of Dulbecco’s modified Eagle’s me-

dium with 5% serum per well. Cells were incubated at 37 °C for 3 h.
Non-migrating cells on the inner side of the inserts were removed with
a cotton swab and the migrated cells on the underside of the insert were
fixed and stained with Hemacolor (EMD Chemicals Inc., Gibbstown,
NJ). Photomicrographs of three random fields were taken and enumer-
ated to calculate the average number of cells that had migrated.

Silencing Hax-1 with Short Interfering RNAs (siRNA)—siRNA tar-
geting mouse Hax-1, coding regions 188-208 bases (5'-AATTCGGTT-
TCAGCTTCAGCC-3'), was synthesized and purified (Qiagen Inc., Va-
lencia, CA). An equimolar pool containing four different nonspecific
control siRNA duplexes (number D-0011206-13-05, Dharmacon, Inc.,
Lafayette, CO) were used as control. Cells were transfected with 20 um
siRNA at 24-h intervals using TransMessenger reagent (Qiagen Inc.)
for 96 h.

Rac/Rho Activation Assay—NIH3T3 cells stably expressing Go,;WT
or Ga,5QL were transiently transfected with pCDNA3-Hax-1. At 48 h
following transfection, cells were lysed and the Rho or Rac pull-down
assay was carried out according to the manufacturer’s protocol (Upstate
Signaling Solutions, Charlottesville, VA). Activated GTP-bound Rho
was pulled-down from 1 mg of lysate protein using 20 ug of Rhotekin-
RBD-(7-89)-agarose beads. The pulled-down Rho was identified by
immunoblot analysis using anti-Rho (-A, -B, and -C). Active GTP-bound
Rac was assayed by pulling down active Rac using 10 ug of PAK-PBD-
(67-150)-agarose beads from 1 mg of lysates. The pulled-down Rac-GTP
was identified by immunoblot analysis using anti-Rac antibody.
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Fic. 3. Reduction of stress fibers by Hax-1. NIH3T3 cells stably
expressing the empty vector (NIH3T3-pcDNA3) or Ga,,QL (NIH3T3-
Ga,;;QL) were transiently transfected with pcDNA3-Hax-1. At 48 h
following transfection, the transfectants were stained for actin using
fluorescein isothiocyanate-phalloidin and fluorescent imaging was car-
ried out under a fluorescent microscope (Scale bar, 20 um). Photomi-
crographs compare the effect of Hax-1 expression on actin stress fibers
(right panel) in NIH3T3 cells expressing NIH3T3-pcDNA3 or NIH3T3-
Ga,;QL cells (left panel). Three independent experiments yielded sim-
ilar results and the results of a representative experiment are shown.

Control

NIH3T3-Go., QL

NIH3T3-pcDNA3

RESULTS

Interaction of Ga;3 with Hax-1—To identify novel signaling
proteins that interact with Gay 3, a yeast two-hybrid screen was
carried out in which the effector interacting domain of Gayg
spanning amino acids 221-347, deduced from the crystal struc-
tures of the Goy and Gey (15), was used as bait in a human
HeLa cell cDNA library. Analyses of a set of transformants that
were positive for Ga, 5 interaction identified Hax-1 (HS-1 asso-
ciated protein X-1) as a Gayg-interacting protein. Previous
studies have identified Hax-1 as an intracellular, 35-kDa HS-1
or cortactin-interacting protein (14, 16). Sequence analyses of
Hax-1 inserts rescued from these transformants revealed that
Hax-1 coding sequences of varying lengths interact with Gy
(Fig. 1A). The interactions between these Hax-1 inserts and
Ga,45 were also verified using B-galactosidase activity of the
LacZ reporter gene (Fig. 1B). Sequence alignment of the differ-
ent Gayg-interacting Hax-1 fragments indicated that amino
acids 176-247 of Hax-1 was sufficient for its interaction with
Gay 5 (Fig. 10).

To examine the in vivo interaction between Ga; 5 and Hax-1,
co-immunoprecipitation studies were carried out in COS-7 cells
that were cotransfected with an expression vector containing a
cDNA insert encoding S-epitope-tagged Hax-1 and a vector
containing an insert encoding wild-type Go;5 (Ga;3WT) or its
activated mutant (Ga;3QL). Examination of Ga;45 immunopre-
cipitates for the presence of Hax-1 indicated that Hax-1 was
coimmunoprecipitated with Gayg (Fig. 24). Similarly, exami-
nation of Hax-1 immunoprecipitates by immunoblot analysis
showed that Ga;3 was coimmunoprecipitated with Hax-1,
thereby confirming the physical interaction between these two
proteins. Although both Ga;sWT and its activated mutant
Ga;5QL could be seen to interact with Hax-1, the interaction
between Ga,5QL and Hax-1 is more pronounced than that of
the wild-type (Fig. 2A). Furthermore, pretreatment of Ga;3WT
transfectants with aluminum fluoride for 15 min, which is
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Fic. 4. Hax-1 modulation of Ga,;-mediated activities of Rho
GTPases. A, activation of Rho by Gea;; is attenuated by Hax-1. NTH3T3
cells stable expressing empty vector or Ga,;QL were cotransfected with
vector encoding Hax-1. At 48 h after transfection, the cells were lysed
and the lysates were incubated with Rhotekin-RBD-(7-89)-agarose
beads (20 ug) at 4 °C for 45 min. The beads were washed, and bound
Rho-GTP was detected by immunoblot analysis using polyclonal anti-
bodies that recognize Rho-A, -B, and -C (upper panel). Immunoblot
analysis of Rho in the cell lysate is presented for comparison (lower
panel). B, activation of Rac by Ga,, is attenuated by Hax-1. NIH3T3
cells stablely expressing empty vector or Ga,;QL were co-transfected
with pcDNA3 vector encoding Hax-1. At 48 h after transfection, the
cells were lysed and cell lysates were incubated with PAK-PBD-(67—
150)-agarose beads (10 pg) at 4 °C for 45 min. The beads were washed,
and bound Rac-GTP was detected by immunoblot analysis using poly-
clonal antibodies to Rac (upper panel). Immunoblot analysis of Rac in
the cell lysate is presented for comparison (lower panel).

known to convert the unstimulated wild-type a-subunit to an
active conformation (17, 18), drastically enhanced the interac-
tion of Hax-1 with GoysWT, demonstrating that the active
configuration of Ga;3 more avidly interacts with Hax-1 (Fig.
2B). Co-immunoprecipitation analyses to investigate whether
Hax-1 interacts with the a-subunits of other G proteins sub-
families represented by Ga,, Goq;, and Ge,, indicated that
Hax-1 failed to interact with any of these a-subunits (Fig. 2C).
Interestingly, a similar analysis to determine the interaction
between Hax-1 and Ga;,, the a-subunit closely related to Ga;,
indicated that Hax-1 does not interact with Ga;, thereby indi-
cating the specificity of Ga,3-Hax-1 interaction (Fig. 2C). These
results are significant in light of the observations that only
Gayg, but not Gay,, is involved in the cell migratory response
(9). The interaction between Ga;5 and Hax-1 can also be ob-
served in NIH3T3 cells stably expressing Ga;3QL in which
Hax-1 is transiently expressed. Double immunofluorescent la-
beling of Ga;5 and Hax-1 followed by image-merging analysis
indicated the colocalization of Ga,5 and Hax-1 in NTH3T3 cells,
further confirming their interaction in a cell-type independent
manner (Fig. 2D). These findings, taken together with the
previous observations, that Ga,5 regulates cell migratory re-
sponse (8, 9) and Hax-1 interacts with cortactin (16), which
promotes cell migration (10-13), suggested to us the interest-
ing possibility that Hax-1 is involved in linking Gay5 to cell
migration-associated actin cytoskeletal motor.

Cytoskeletal Changes in Ga;s-Hax-1 Co-transfectants—Pre-
vious studies from others, as well as us, have also shown that
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FiG. 5. Simulation of Ga, ;-mediated cell migration by Hax-1. A, Ga,;-mediated cell motility is potentiated by Hax-1. NIH3T3 cells stably
expressing empty vector (NIH3T3-pcDNA3), Ga,;QL (NIH3T3-Ga,;QL), or Ga,sWT (NIH3T3-Ga,;WT) were co-transfected with 10 pg of
pcDNA3-Hax-1 ¢cDNA. At 48 h following transfection, cell migration assays were carried out with the transfectants as described under “Experi-
mental Procedures.” The experiment was repeated four times with similar results. Migration of NIH3T3-pcDNAS3 cells (top panel), NIH3T3-
Ga,sWT cells (middle panel), and NIH3T3-Ga,;QL cells (bottom panel) with (+Hax-1) or without the co-expression of Hax-1 (Control) are compared
in the photomicrographs (scale bar, 20 um). B, quantification cell motility stimulated by Hax-1. Cell migration profiles of cells transfected with
pcDNAS3 vector, Ga,;WT, or Ga,;QL along with Hax-1 were quantified by enumerating the migrated cells as described under “Experimental
Procedures.” Results are presented as % increase over the non-transfected vector control cells. Bars represent mean = S.D. from four independent
experiments. Immunoblots show the expression of Hax-1 in the transfectants along with the loading control, glyceraldehyde-3-phosphate
dehydrogenase (lower panel). C, verification of Hax-1 transfection in migrated cells. Migration of the Hax-1 transfectants was verified by
co-expressing 1 pug of pPCEFL-GFP along with pcDNA3-Hax-1 (10 ug) and imaging the fluorescence of GFP in the migrated cells.

Ga,5 stimulates the formation of focal adhesion complexes
through the small GTPase Rho (19, 20). It has also been dem-
onstrated that Ga;4 stimulates signaling pathways regulated
by the small GTPase Rac (17). Whereas Rho-stimulated stress
fiber and focal adhesion complex formations are often associ-
ated with cell adhesion, Rac-stimulated membrane ruffling and
lamellipodia formation are associated with cell protrusion dur-
ing cell movement (21, 22). Although these two responses seem
to contradict each other, cell migration often involves a se-
quential as well as spatio-temporal regulation of adhesion,
de-adhesion, and protrusion mechanisms involving both of
these GTPases (3, 4). Therefore, it is possible that Ga;5 can
transmit adhesion and protrusion signals to the actin cytoskel-
eton by recruiting different signaling components in a context-
specific manner. If such a differential signaling for cell move-
ment is promoted by Ga,s-Hax-1 interaction, a decrease in
stress fiber formation with a concomitant increase in actin-rich
structures at the leading edges of the cell, a characteristic
feature of cell migration, should be observed. This was inves-
tigated by analyzing the actin organization in cells expressing
Ga;3QL and Hax-1 (Fig. 3). Consistent with previous findings
(19, 20), actin staining showed that NIH3T3 cells expressing
Ga,5QL as well as the control group showed extensive stress
fiber formations. However, upon expression of Hax-1, cells ex-
pressing Ga;5QL showed a drastic reduction in the number of
stress fibers along with the formation of actin-rich structures
within the periphery of the membrane ruffles. It should be
noted here that the observed actin reorganization is analogous
to the one stimulated by Ras during cell migration, wherein

Ras promotes Rac-mediated lamellipodia formation with a re-
duction in actin stress fibers so that the cells can repetitively
adhere, de-adhere, and move (23).

Differential Effects of Hax-1 on Ga;s-mediated Activation of
Rho-GTPases—Because stress fiber formation has been shown
to be directly correlated with Rho activity (19, 20) and the
co-expression of Ga,3QL and Hax1 showed a reduction in stress
fiber formation (Fig. 3), we sought to investigate whether the
co-expression of Hax-1 would suppress Ga;3QL-mediated Rho
activation. Whereas the expression of Ga;;QL stimulated Rho
activity confirming previous results (19, 20, 24, 25), co-expres-
sion of Hax-1 drastically attenuated the Rho activity stimu-
lated by Ga;5QL (Fig. 4A). Although, the mechanism(s)
through which Hax-1 inhibits Rho activity remains to be re-
solved, it is possible that Hax-1 sequesters Gays thereby pre-
venting it from interacting with the Rho-guanine-nucleotide
exchange factor in stimulating Rho. Based on the formation of
actin-rich structures in these cells, often associated with Rac
(26), it can be deduced that the co-expression of Hax-1 would
potentiate Ga;3QL-mediated Rac activation. To test this pos-
tulate, we investigated whether the coexpression of Hax-1 mod-
ulated any changes in Ga,5;QL-stimulated Rac activity.

In contrast to its effect on Rho activity, Hax-1 potentiated
Ga,5QL-stimulated Rac activity in these cells. An analysis of
Rac activity indicated that while Rac is stimulated by the
expression of Ga;5;QL in NTH3T3 cells (Fig. 4B), coexpression of
Hax further enhanced such Ga,5QL-stimulated Rac activity.
Thus, the co-expression of Hax-1 appears to differentially mod-
ulate the ability of Gay; to stimulate Rho and Rac. Although
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Fic. 6. Effect of silencing Hax-1 on Ge,;-mediated cell migration. A, inhibition of Ga,;-mediated cell motility by siRNA to Hax-1.
Micrographs showing the inhibition of cell migration by silencing endogenous Hax-1 in NIH3T3 cells stably expressing pcDNA3, Ga,;;WT, and
Ga;5QL were transfected with control nonspecific siRNA duplexes or siRNA (Control siRNA) targeted at Hax-1 (Hax-1 siRNA). The migration
assay was carried out against 5% serum with appropriate controls. Migration of NIH3T3 cells expressing empty vector (NIH3T3-pcDNA3, top
panel), Ga,;;WT (NIH3T3-Ga,;WT, middle panel), and Ga,;QL (NIH3T3-Ga,;QL, bottom panel) in which the expression of Hax-1 was silenced
(+Hax-1 siRNA) were compared with those that expressed control siRNA (+control siRNA). B, quantification of Hax-1 siRNA-mediated inhibition.
Cell migration profiles were quantified by enumerating the migrated cells in a minimum of three fields. Results are expressed as number of cells
migrated per field and bars represent the mean from four independent experiments (mean + S.D.). Silencing of endogenous Hax-1 by Hax-1-siRNA
was monitored by Hax-1 immunoblot analysis (lower panel). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

the mechanism(s) through which Hax-1 potentiates Ga;s-me-
diated Rac activation remains unknown, the finding that Hax-1
enhances Ga,3 stimulation of Rac is of great physiological
significance in the context of cell movement regulated by Ga; ;.
Because it has been shown that activated Rac is involved in
translocating cortactin to membrane ruffles where cortactin
stimulates actin-related protein 2/3-mediated actin polymeri-
zation (10-13), we investigated the possibility that Ga,3-Hax-1
interaction plays a critical role in Rac-mediated translocation
of cortactin and subsequent membrane ruffling. Because the
actin-rich membrane ruffling precedes the formation of cell
protrusion en route to cell migration, these findings suggest
that Ga,5 and Hax-1 promote the critical actin cytoskeletal
reorganization necessary for cell migration.

Role of Hax-1 in Ga;g-mediated Cell Movement—To investi-
gate the role of Hax-1 in Ga;5-mediated cell migration, Hax-1
was transiently expressed in NIH3T3 cells stably expressing
Ga,3QL. When these cells were analyzed for migration, the
results indicated that Hax-1 increased the migration of
Ga,3QL-NIH3TS cells by 3-fold (Fig. 5, A and B). Because
lysophosphatidic acid and lysophosphatidic acid-like agonists
in the serum can activate wild-type Ga,;3 (Ga;sWT) through
their cognate receptors (26), we tested whether Hax-1 promotes
receptor-stimulated migration of NIH3T3-Ga,3WT toward 5%
serum. The results clearly demonstrated that Hax-1 increased
the migration of these cells over the vector controls by 2.5-fold
(Fig. 5, A and B). Expression of Hax-1 in migrated cells was
verified by monitoring the fluorescence of the co-transfected
pCEFL-GFP in NIH3T3-Ga;3WT and NITH3T3-Gay;QL cells
(Fig. 50).

Further analysis was carried out to test the effects of inhib-

iting Hax-1 on Ga,5-mediated cell migration. siRNAs specific to
Hax-1 or nonspecific control siRNAs were transfected into
NIH3T3-Ga;sWT cells and the migrations of these transfec-
tants toward 5% serum were analyzed. Silencing of the endog-
enous Hax-1 by Hax-1-siRNA reduced the migration of
NIH3T3-Ga;3WT cells (Fig. 6A), whereas there was no effect
with control siRNA. Similar results were obtained with
NIH3T3-Ga;5QL cells in which Hax-1 was silenced by siRNA
(Fig. 6A). Quantification of these results indicated that Hax-1
siRNA reduced migration of NIH3T3-Ga;sWT as well as
NIH3T3-Ga;5QL cells by 60% (Fig. 6B). The extent of reduction
in cell migration upon silencing Hax-1 can be correlated with
the siRNA-mediated reduction in the Hax-1 expression levels
(Fig. 6B, lower panel). Quantification of the immunoblots
showed that Hax-1 protein expression was reduced to 50—-65%
by 96 h after transfection. These results strongly indicate that
Hax-1 plays a critical role in Ga,s-mediated cell migration.
Quadnary Complex Consisting of Gays, Hax-1, Cortactin,
and Rac—In this context, it should be noted that cortactin, the
previously known binding partner of Hax-1 is critically involved
in actin polymerization and cell movement (10-13). Whereas it
has been shown that the cortactin/HS1 interacting site of Hax-1
is located around amino acid 114 (14), the core domain of Hax-1
involved in Ga, 5 interaction spans a region encompassing amino
acids 176247 (Fig. 1). As the Hax-1 domains involved in cortac-
tin interaction and Ga,5 interactions are non-overlapping, it can
be envisioned that Hax-1 interacts with both Ga;3 and cortactin
in promoting cell movement. Thus, Hax-1, through its interaction
with cortactin on the one hand and G, 5 with the other, is likely
to be involved in tethering Ga;4 to the membrane-ruffling site,
which is involved in the formation of cell protrusion. In such an
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Fic. 7. Ga,; and Hax-1 are in quadnary complex containing
cortactin and Rac. A, co-expression of Ga,; and Hax-1 in COS-7 cells.
COS-7 cells were cotransfected with pcDNAS3 constructs encoding S-
epitope-tagged Hax-1 along with Goa;sWT (Hax-1 + Ga,;3WT), or
Ga;5QL (Hax-1 + Ga;5QL) in addition to vector control (pcDNA3 +
Hax-1). Expression of the transfected Ga,;WT, Ga,;QL, and Hax-1
were monitored by immunoblot (IB) analyses of the cell lysates (panel A
under Lysates). B, co-immunoprecipitation (IP) with G, antibodies.
Ga;; was immunoprecipitated from the lysates using to Ga, 5 IP, Ga,).
The immunoprecipitates were resolved by SDS-PAGE, transferred onto
polyvinylidene difluoride membrane, and subjected to immunoblot
analysis with antibodies to Hax-1 (IB: Hax-1) followed by successive
stripping and probing with antibodies to Rac (IB: Rac) and cortactin (IB:
Cortactin), respectively. C, co-precipitation with S-protein-agarose. S-
epitope-tagged Hax-1 was precipitated from the lysates using S-protein-
agarose (P: Hax-1-S). The immunoprecipitates were resolved by SDS-
PAGE, transferred onto polyvinylidene difluoride membrane, and
subjected to immunoblot analysis with antibodies to Ge,5 (IB, Gays).
The blots were stripped and reprobed with antibodies to Rac (IB, Rac)
and cortactin (IB, Cortactin) respectively.

event, Hax-1 would form a physical complex involving both Ga;5
and cortactin.

To investigate the presence of such complex, COS-7 cells
were transfected with either S-epitope-tagged Hax-1 and
Ga,5QL (Fig. 7TA). Examination of S-tagged Hax-1 precipitates
for the presence of Ga,5 and cortactin indicated that Ga,5 and
cortactin were coimmunoprecipitated with Hax-1 (Fig. 7B).
Likewise, the analyses of Gay; immunoprecipitates for the
presence of Hax-1 and cortactin indicated that Hax-1 and cor-
tactin were coimmunoprecipitated along with Ga,5 (Fig. 70).
Because Rac, unlike Rho, is involved in the translocation of
cortactin (13) and Rac activity is enhanced in Gea;5-Hax-1 co-
transfectants, we also examined the presence of Rac in these
immunoprecipitates. Results indicated that Rac was coimmu-
noprecipitated along with Ga, 5 as well as Hax-1 (Fig. 7, B and
(). Together these results indicate the presence of a quadnary
complex involving Ga, 3, Hax-1, cortactin, and Rac. In light of
the critical roles played by Rac and cortactin in cell protrusion
and migration, it can be inferred that Hax-1 association with
G5 brings them closer to the active site of cell protrusion,
where the stimulation of Rac activity by Ga;5 would have a
more pronounced effect on cell movement.

DISCUSSION

Considering the observations that 1) Gays stimulates the
activation of Rac, which is potentiated by Hax-1 (Fig. 4); 2) Rac
stimulates the translocation of cortactin (10, 13); 3) cortactin
stimulates actin polymerization leading to lamellipodia forma-
tion (11-13); 4) Hax-1 promotes Ga;s-mediated cell motility
(Figs. 5 and 6); and 5) Ga; 5 is in complex with Hax-1, cortactin,

G13 and Hax-1 in Cell Migration

Cell migration

Fic. 8. Proposed model for Ga,;-Hax-1-mediated regulation of
cell motility. Association of Hax-1 with Ga;5 leads to a reduction in
Ga,;-mediated activation of Rho along with a concomitant increase in
Ga,s-mediated activation of Rac. By tethering Ga;; to cortactin in a
complex containing Rac, Hax-1 brings Ga,, closer to cortactin, which in
turn can be stimulated by Ga,;-activated Rac, to initiate actin polym-
erization, cell protrusion, and subsequent cell movement.

and Rac (Fig. 7), it is reasonable to conclude that both Ga,5 and
Hax-1 are part of a signaling complex involved in cell motility.
It is likely that such proximal positioning of Ga,5, Rac, Hax-1,
and cortactin stimulates cell migration by countering Goys-
Rho-mediated cell adhesion (Fig. 8). The studies presented here
demonstrate for the first time a novel interaction between Ga 5
and the cytoskeleton-associated protein Hax-1, thereby identi-
fying a cytoskeletal signaling locus for Ga; 5 in cell movement.

Based on the results, it can be envisioned that Hax-1 plays a
central role in Ga,s-mediated cell motility by affecting three
distinct, but closely related, signaling loci. First, by associating
with Gay;, Hax-1 sequesters Gays from activating Rho and
associated cell adhesion pathways. Second, through the poten-
tiation of Gays-stimulated Rac activity, Hax-1 promotes Rac-
mediated translocation of cortactin to the periphery where
cortactin along with actin-related proteins induces cell protru-
sion and migration. Finally, by tethering Ga, to cortactin in a
complex containing Rac, Hax-1 provides a signaling nexus that
facilitates the dynamic and uninterrupted transmission of sig-
nals from Gay to cortactin through Rac to promote cell protru-
sion and migration.

Our present study does not address the mechanism(s)
through which Hax-1 potentiates Ga,s-mediated Rac activa-
tion. However, it is interesting to note that Hax-1 contains the
characteristic PXXXP motif (amino acids 198 -202, PXXXP mo-
tif flanked by PXXP motifs on either side), which is known to be
the binding motif for the PIX family of Rac/CDC42 guanine-
nucleotide exchange factors (27). Therefore, it is possible that
Hax-1 potentiates Rac activation by bringing Gea;,4 closer to a
specific Rac-guanine-nucleotide exchange factor. Although our
initial studies did not identify such interaction between PIX-3
and Hax-1,2 it is possible that a closely related guanine-nucle-
otide exchange factor may interact with Hax-1 through this site
or other PXXP sites that are present in Hax-1. Further studies
should define the mechanisms through which Hax-1 potenti-
ates Gays-stimulated activation of Rac.

Previous studies have shown that Gea;4 is critically required
for the development of mouse embryos as Ga,5—/— embryos are
resorbed by day 10.5 (8). The lethality of the Ga;3—/— genotype
is ascribed to the loss of Ga;3-mediated cell motility associated
with embryonic angiogenesis. It is intriguing to note that Gy,

2J. H. Ha and N. Dhanasekaran, unpublished data.
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although it shares 67% amino acid identity with Ga, 4 (6), failed
to compensate for the loss of Gays in these embryos. Because
both Ga;, and Ga, 5 can be stimulated by the same receptors to
activate similar cellular responses, the molecular basis for the
differential effect on cell motility remained elusive. In this
context, the results presented here demonstrate that Hax-1
specifically interacts with Ga,5 but not Gay,, and that such
interaction is critical for Ga,s-mediated cell motility that pro-
vides a molecular basis for such unique and differential signal-
ing by Ga,3. Further studies should define the role of Ga;g-
Hax-1 complexes in physiological responses that require cell
movement or cytoskeletal changes mediated by Ga;s. In light of
the recent findings that Hax-1 is differentially expressed in
hypoxic tumor progression (28) and overexpressed in many
different metastatic tumors as indicated by SAGE analysis
(28-30), it is more likely that Ga,5-Hax-1 interaction plays a
critical role in the metastatic phenotype of these tumors.
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