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ABSTRACT

Chemotaxis is a cellular response that directs cell migration
toward a chemical gradient and is fundamental to a variety of
cellular processes. The receptors for most known chemokines
belong to the seven transmembrane-spanning superfamily and
signal through members of the G_; family. B-Arrestins, in addi-
tion to regulating desensitization, have emerged as potential
mediators of G-protein—-independent signaling pathways and
have been implicated in several chemotactic pathways. Here,
we report a system wherein chemotaxis is stimulated in a
B-arrestin 2-dependent and apparently G-protein-independent
manner. Human embryonic kidney 293 cells with stable expres-
sion of the angiotensin Il (Ang Il) receptor type 1A (AT,R)
undergo chemotaxis in response to Ang Il. An Ang Il peptide
analog S'I1*18 Ang Il that is unable to activate G-protein-medi-
ated responses induces chemotaxis in these cells that is unaf-
fected by pertussis toxin-mediated suppression of G,;. Sup-

pression of B-arrestin 2 expression using small interfering RNA
(siRNA) essentially eliminated AT, ,R-mediated chemotaxis in-
duced by either Ang Il or the S'I*I° Ang Il peptide but had no
effect on epidermal growth factor (EGF)-induced chemotaxis. It
also abolished chemotaxis induced by lysophosphatidic acid
(LPA), which was completely sensitive to pertussis toxin. In
contrast, reduction of G,/ through siRNA and inhibition of
protein kinase C, extracellular signal-regulated kinases 1 and 2,
or phosphatidylinositol-3-kinase did not diminish AT, R-medi-
ated chemotaxis. Inhibiting p38 mitogen-activated protein ki-
nase decreased AT, R-mediated chemotaxis and eliminated
EGF-mediated chemotaxis, suggesting that p38 plays a role in
chemotaxis that is not specific to the AT,,R in this system.
These data suggest that B-arrestin 2 can mediate chemotaxis
through mechanisms which may be G-protein—-independent
(Ang 1l receptors) or —dependent (LPA receptors).

Chemotaxis, the directed migration of cells toward a gra-
dient of chemoattractants, is fundamental to a wide array of
cellular processes, including development, tissue homeosta-
sis, wound healing, and immune responses (Bayes-Genis et
al., 2000; Devreotes and Janetopoulos, 2003; Suzuki et al.,
2003). This process, which is often mediated by signaling
through seven transmembrane-spanning receptors, is gener-

This work was supported by National Institutes of Health grants
HL706031-02 and HL.16037. R.J.L. is an investigator for the Howard Hughes
Medical Institute. E.R. is a researcher from Institut National de la Recherche
Agronomique.

Article, publication date, and citation information can be found at
http://molpharm.aspetjournals.org.

d0i:10.1124/mol.104.006270.

ally believed to be G_;-protein—dependent. Recent evidence
from our group and others has also implicated a role for
B-arrestin 2 in the chemotactic process (Fong et al., 2002;
Sun et al., 2002; Walker et al., 2003). However, the precise
role of B-arrestin 2 in chemotaxis and its relation to G-
protein activity remain unclear.

By binding to agonist-activated G-protein—coupled recep-
tors (GPCRs) such as the angiotensin II receptor type 1
(AT,R), B-arrestins mediate homologous receptor desensiti-
zation and endocytosis via clathrin-coated pits. In addition,
B-arrestins have recently emerged as potential mediators of
G-protein—-independent signaling pathways by scaffolding
components of the extracellular signal-related kinase (ERK)

ABBREVIATIONS: GPCR, G-protein—-coupled receptor; AT, R, angiotensin receptor type 1A; Ang I, angiotensin Il; HEK, human embryonic
kidney; PKC, protein kinase C; EGF, epidermal growth factor; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase;
LPA, lysophosphatidic acid; PTX, pertussis toxin; siRNA, small interfering RNA; Pl, phosphatidylinositol; PD98059, 2’-amino-3'-methoxyflavone;
Ro-31-8425, 2-[8-(aminomethyl)-6,7,8,9-tetrahydropyrido[1,2-a]indol-3-yl]-3-(1-methyl-1H-indol-3-yl)maleimide; SB203580, 4-(4-fluorophenyl)-2-
(4-methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole; LY294002, 2-(4-morpholinyl)-8-phenyl-1(4H)-benzopyran-4-one hydrochloride; Y-27632, (R)-

(+)-trans-N-(4-pyridyl)-4-(1-aminoethyl)-cyclohexanecarboxamide.
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mitogen-activated protein kinase (MAPK) cascade (Tohgo et
al., 2003; Wei et al., 2003; Ahn et al., 2004b) and by acting as
adaptors to recruit the tyrosine kinase Src and other proteins
into signaling complexes with receptors (McDonald et al.,
2000; McDonald and Lefkowitz, 2001).

AT,R, a typical seven transmembrane-spanning receptor,
mediates most of the known physiological functions of angio-
tensin II (Ang II), including aldosterone secretion, vasocon-
striction, and chemotaxis (Sadoshima, 1998; de Gasparo et
al., 2000; Touyz and Schiffrin, 2000). In addition to its effects
on cardiovascular pathology such as arterial hypertension,
left ventricular hypertrophy, and restenosis (Suzuki et al.,
2000; Ruiz-Ortega et al., 2001; Phillips and Kagiyama, 2002),
Ang IT may initiate the inflammatory process (Suzuki et al.,
2003). For example, Ang II contributes to the recruitment of
inflammatory cells into tissue through the regulation of ad-
hesion molecules and chemokines and by directly activating
chemotaxis (Suzuki et al., 2000; Ruiz-Ortega et al., 2001;
Phillips and Kagiyama, 2002; Riaz et al., 2004) in a variety of
cell types including monocytes (Ni et al., 2004), vascular
smooth muscle cells (Meloche et al., 2000), neonatal cardiac
fibroblasts (Graf et al., 2000), retinal pericytes (Nadal et al.,
2002), T cells (Weinstock et al., 1987), and neutrophils (Elf-
erink and de Koster, 1997). A prototypical GPCR, AT;R sig-
naling is generally dependent on heterotrimeric G-proteins
and is known to be primarily coupled to G,,/;; and in some
circumstances to G; and G, (de Gasparo et al., 2000; Touyz
and Schiffrin, 2000; Berk, 2001). However, recent studies
using peptide analogs of Ang IT and mutant AT, ,R receptors
that are impaired in the activation of G-proteins suggest that
AT, AR may also mediate G-protein—-independent signaling
cascades (Holloway et al., 2002; Sadoshima, 2002; Wei et al.,
2003; Ahn et al., 2004b; Hansen et al., 2004). For example,
MAPK and ERKs 1 and 2 (ERK1/2) can be activated through
the AT;,R in a G-protein—-independent (Holloway et al.,
2002; Seta et al., 2002; Hines et al., 2003; Wei et al., 2003;
Ahn et al., 2004b) and a B-arrestin—dependent fashion (Ahn
et al., 2003, 2004b; Wei et al., 2003).

Both p38 and ERK1/2 have been implicated in chemotaxis
in general and the ERK1/2 MAPKs are known to be required
for angiotensin II-directed migration of vascular smooth
muscle cells in particular (Xi et al., 1999). Therefore, we
hypothesized that the AT, R system would be a good one in
which to attempt to delineate the roles of B-arrestin 2 and
G-proteins in chemotaxis. We used an Ang II peptide, S'I*I®
Ang II, capable of activating ERK via B-arrestin 2 but not
G-proteins (Holloway et al., 2002; Wei et al., 2003), as well as
siRNAs directed against G,,,, and B-arrestins, in an
HEK293 cell model system to delineate the contributions of
B-arrestin 2 and G-protein—mediated signaling to Ang II-
induced chemotaxis.

Materials and Methods

Materials. Tissue culture reagents and pertussis toxin (PTX)
were purchased from Sigma-Aldrich (St. Louis, MO). Inhibitor com-
pounds PD98059, Ro-31-8425, SB203580, L.LY294002, Wortmannin,
and Y-27632 were purchased from Calbiochem (Darmstadt, Ger-
many).

Cell Culture and Transfection. HEK293 cells were cultured in
minimum Eagle’s medium supplemented with 10% fetal bovine se-
rum (Sigma-Aldrich). For stable transfection of the AT, R, HEK293
cells were transfected with DNA that contained a zeocin-selectable

marker using FUGENE (Roche Diagnostics, Basel, Switzerland) ac-
cording to the manufacturer’s instructions. Stable clones were se-
lected and maintained in the presence of zeocin (300 pg/ml). Whole-
cell binding determined AT, R expression levels to be 1.6 + 0.2
pmol/mg of protein.

Cells were split at least 24 h before transfection and were trans-
fected with siRNA designed against p-arrestin 2, G5, or control
using the Gene Silencer transfection reagent (Gene Therapy Sys-
tems Inc., San Diego, CA) as described previously (Ahn et al., 2003).
The siRNA sequence targeting G,.1; is 5'-AAGATGTTCGTGGAC-
CTGAAC-3’, corresponding to the positions 931 to 951 relative to the
start codon for both human G, and G,,,. All assays were performed
72 h after transfection of siRNA.

Immunoblotting. Whole-cell lysates were separated by SDS-
polyacrylamide gel electrophoresis on 10% Tris-glycine polyacryl-
amide gels (Invitrogen, Carlsbad, CA) and immunoblotted with a
1:3000 dilution of the rabbit polyclonal anti-B-arrestin antibody
A1CT (Attramadal et al., 1992) or a 1:650 dilution of the rabbit
polyclonal anti-G,.; antibody (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA). Immunoblots were quantified by densitometry with
a Fluor-S Multilmager (Bio-Rad, Hercules, CA).

Chemotaxis Assays. The assays were performed in transwell
chambers of 24-well inserts with 8-um pore membranes. Cells were
serum-starved overnight, and assays were conducted in serum-free
media. Agonists were placed in the lower chamber, and 10> cells
were placed in the upper chamber and incubated for 5 h at 37°C and
5% CO,. Membranes were then stained with crystal violet, and cells
were removed from the upper chamber, leaving only those cells that
migrated through the membrane to the lower chamber. The mem-
brane was then dried, excised, mounted on slides, and quantified by
densitometry with a Fluor-S Multilmager (Bio-Rad). The chemotac-
tic index was calculated by dividing values from membranes in the
stimulated conditions by values from membranes in the control
conditions. Values reported are the average of three to seven exper-
iments performed in duplicate.

Calcium Assays. Transfected or untransfected cells were split
into glass-bottom dishes at least 12 h before an experiment. Cells
were loaded with 1 uM Fura-2/acetoxymethyl ester (Molecular
Probes, Eugene, OR) as described in the manufacturer’s instructions
and imaged in Hanks’ balanced salt solution (Sigma-Aldrich) sup-
plemented with 1.3 mM CaCl,. Intracellular calcium was assayed by
Fura-2 excitation ratio, determined by sequential acquisition of 340-
and 380-nm wavelength excitation of green fluorescence. The exci-
tation ratio was acquired every 5 s with a Zeiss Axiovert 200 M
fluorescent microscope with filters (Chroma Technology Corp., Rock-
ingham, VT) switched by filter wheels (Sutter Instrument Company,
Novato, CA) and a MicroMax camera (Roper Scientific, Tucson, AZ)
controlled by SlideBook software (Intelligent Imaging Innovations,
Baltimore, MD). Stimulated calcium release was calculated as the
change in excitation ratio from baseline integrated over 5 min of
agonist stimulation.

Results

AT, \R-Mediated Chemotaxis Has a G-Protein-Inde-
pendent Component. To assess AT, ,R-dependent chemo-
taxis, we developed a stable HEK293 cell line expressing the
AT, R (AT, ,R-HEK293) and used a modified Boyden cham-
ber transwell migration system. AT; ,R-HEK293 cells repro-
ducibly migrated to Ang II in a dose-dependent manner (Fig.
1A), demonstrating that Ang II can activate a chemotactic
signaling pathway in these cells. The maximum chemotactic
response was achieved at 1 nM Ang II, with an average
chemotactic index of 4 = 0.6 (n = 4). Untransfected HEK293
cells were not responsive to Ang II in the transwell migration
chemotactic assay (Fig. 1A).

To assess the relative contributions of the p-arrestin com-
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Fig. 1. AT, \R-mediated chemotaxis and calcium release in response to Ang
II and S'I*I®* Ang II. Chemotactic responses and calcium increases were
assessed in HEK293 and AT, ,R-HEK293 cells. Ang II induced dose-depen-
dent chemotaxis in AT,,R-HEK293 cells with a maximum chemotactic
index of 4 + 0.6 at 1 nM (A). Calcium responses were measured by fluores-
cence excitation ratio using Fura-2 as a calcium indicator. Values represent
the average total calcium response over 5-min agonist stimulation with Ang
II or S'T*I® Ang II (SII) from three independent experiments (B). The S'T*I®
Ang II peptide induced a maximum chemotactic index of 3.2 = 0.5 at 3 uM
(C). Data are means = S.E.M. of at least three independent experiments.
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pared with G-protein signaling pathways, we used a modified
Ang II peptide S'I*I® Ang II. We have confirmed previously
that this peptide does not effectively activate G-proteins but
is still capable of activating ERK (Wei et al., 2003), albeit at
higher concentrations than Ang II, reflective of its lower
affinity for AT, ,R. To further assess the ability of the S'I*I®
Ang IT peptide to promote AT, 4R activation of G-proteins, we
measured calcium increases using Fura-2. The maximum
calcium increase induced by the S'I*I® Ang II peptide in
AT, ,R-HEK293 cells was not significantly different from
baseline in contrast with the robust calcium increases in-
duced by Ang II (Fig. 1B). However, the S'I*I® Ang II peptide
was capable of inducing 80% of the levels of chemotaxis
stimulated by wild-type Ang II in the AT, R-HEK293 cells,
achieving a chemotactic index of 3.2 = 0.5 (n = 3) (Fig. 10).
HEK293 cells not expressing the AT, ,R were not responsive
to S'I*I® Ang II (Fig. 1C). These data suggest that at least one
mechanism of AT, ,R-mediated chemotaxis may not require
G-protein activation after Ang II stimulation.

Although it primarily stimulates G,1,, the AT;,R is
known to couple to G,; in some systems. In many cell types,
chemotaxis mediated by seven transmembrane receptors is
sensitive to PTX, a selective inhibitor of G_;/G,.. To evaluate
the contribution of G_;, AT; ,R-HEK293 cells were pretreated

ol
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Fig. 2. Pertussis toxin sensitivity of chemotaxis. AT;,R-HEK293 cells
were pretreated with 50 uM pertussis toxin for 1 h at 37°C and subjected
to chemotactic assays in response to Ang II (A), S'I*T® Ang II (B), or LPA
(C) at the concentrations indicated. Data are means = S.E.M. of at least
five independent experiments. x, P < 0.05; *x, P < 0.01.
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decreased Ang II-induced chemotaxis in AT, R-HEK293
cells by approximately 34% (Fig. 2A), revealing a substantial
(~66%) G;-independent component of AT, ,R-mediated che-
motaxis. It is interesting that these levels of chemotaxis are
comparable with the levels of chemotaxis achieved with the
S'1*I® Ang II peptide (Fig. 1C). Furthermore, it is noteworthy
that PTX pretreatment had no effect on S'I*I® Ang II-induced
chemotaxis (Fig. 2B), suggesting that S'I*I® Ang II activates
a chemotactic pathway that does not require G;. In contrast,
LPA-induced chemotaxis was completely prevented by the
PTX pretreatment (Fig. 2C), consistent with previous reports
(Gerrard et al., 1980; Schenk et al., 2001; Maghazachi, 2003;
Stahle et al., 2003).

To investigate a potential role for G,, in AT, ,R-mediated
chemotaxis, we used siRNA against G,, that also targets
G,11- Transfection of siRNA against G/, reduced endoge-
nous G, expression by an average of 92 * 3% compared
with cells transfected with control siRNA as detected by
Western blotting (Fig. 3A). Suppression of G,/ effectively
prevented Ang II-stimulated calcium influx as assessed by
Fura-2 (Fig. 3B). Reduction of G, expression had no sig-
nificant effect on either wild-type Ang II (Fig. 3C) or S'I*I®
Ang IT (Fig. 3D)-induced chemotaxis in AT, ,R-HEK293 cells.
Thus, AT, JR-mediated chemotaxis in this system is uncou-
pled from calcium influx and from G/, signaling.

AT, \R-Mediated Chemotaxis Requires B-Arrestin 2.
To assess the role of B-arrestin 2 in AT, ,R-mediated chemo-
taxis, AT;,R-HEK293 cells were transfected with siRNA
against B-arrestin 2 or control siRNA. Endogenous B-arrestin
2 expression was reduced by 85 + 2% as detected by Western
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blotting (Fig. 4A). B-Arrestin 2 knockdown with siRNA led to
a profound reduction of both Ang II- (Fig. 4B) and S'I*I® Ang
II-induced chemotaxis (Fig. 4C) but had no impact on EGF-
stimulated chemotaxis (Fig. 4D) in AT,,R-HEK293 cells.
LPA-induced chemotaxis was also eliminated by B-arrestin 2
siRNA transfection (Fig. 4D).

Effect of p38 MAPK, PKC, PI-3-Kinase, and ERK
Pathway Inhibitors on AT, ,R-Mediated Chemotaxis.
B-Arrestin 2 expression has been shown previously to en-
hance both ERK and p38 MAPK activation, and reduction of
B-arrestin 2 expression has been shown to impair both ERK
and p38 MAPK activation for a variety of receptors, including
the AT, ,R (McDonald and Lefkowitz, 2001; Ahn et al., 2003,
Ge et al., 2003; Wei et al., 2003). Therefore, specific inhibitors
of these two kinases as well as PKC and PI-3-kinases were
used in conjunction with the chemotaxis assay to determine
whether any of these downstream effectors play a role in
AT, s\R-mediated chemotaxis. AT, ,R-HEK293 cells were pre-
treated for 1 h with the p38 MAPK inhibitor SB203580 (5
uM), the ERK pathway inhibitor PD98059 (5 uM), the PKC
inhibitor Ro-31-8425 (1 uM), which also blocks G-protein—
dependent ERK1/2 activation in response to Ang II (Wei et
al., 2003; Ahn et al., 2004b), or the PI-3-kinase inhibitors
LY294003 (1 uM) and Wortmannin (100 nM). The cells were
then assayed for their chemotactic response to Ang II (Fig.
5A) or S'I*I® Ang II (Fig. 5B). The ERK pathway inhibitor
PD98059, PKC inhibitor Ro-31-8425, and PI-3-kinase inhib-
itors LY294002 and Wortmannin showed no significant im-
pairment of chemotaxis to either Ang II or S'I*I® Ang II
However, the p38 MAPK inhibitor significantly impaired
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Fig. 3. Reduction of G,/;; with siRNA fails
to impair AT, ,R-mediated chemotaxis.
AT, ,R-HEK293 cells were transfected with
siRNA against G, or control siRNA and
subjected to calcium and chemotaxis assays.
Extracts of transfected cells were subjected
to immunoblotting with an anti-G,,, anti-
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AT, sR-mediated chemotaxis to either Ang II (P < 0.01) or
S'1*I® Ang II (P < 0.05) and completely abolished EGF-
mediated chemotaxis (data not shown). Furthermore, al-
though Ang II and S'I*I® Ang II were both capable of acti-
vating p38 MAPK, silencing of B-arrestin 2 had no effect on
this activation (Fig. 5C).

Discussion

To investigate the molecular mechanisms for control of
chemotaxis by Ang II, an important vasoactive peptide and
modulator of the inflammatory process, we developed a
model system in HEK293 cells with stable AT, R expression.
Transfected HEK293 cells have served as an important
model system for studying chemotaxis mediated by a wide
array of ligands (Ueda et al., 1997; Masuda et al., 1999;
Neptune et al., 1999; Su et al., 1999; Limatola et al., 2003;
Roland et al., 2003). AT, ,R-HEK293 cells underwent chemo-
taxis to Ang Il in a dose-dependent manner with efficacy similar
to that induced by LPA through endogenous receptors.

We found several lines of evidence that AT, ,R-mediated
chemotaxis is largely G-protein—independent. First, the
Ang II peptide analog S'I*I® Ang II, which is unable to
activate G-protein—mediated responses, induced chemo-
taxis in AT, ,R-HEK293 cells. Earlier reports illustrating
the inability of S'I*I® Ang II to activate G-proteins used PI
hydrolysis and guanosine 5’-O-(3-[3*°S]thiotriphosphate)
binding, which occur at higher ligand concentrations than
chemotaxis, to determine G-protein coupling (Thomas et
al., 2000; Wei et al., 2003). Here, we used a more sensitive
calcium assay to assess G-protein pathway activation at
concentrations of Angll that are appropriate for chemo-
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taxis but that are too low for the detection of PI hydrolysis.
At concentrations of S'I*I® Ang II peptide that were effec-
tive at inducing chemotaxis, calcium increases were min-
imal compared with the robust calcium increases induced
by Ang II at concentrations relevant to chemotaxis. Sec-
ond, we found that Ang II-induced chemotaxis was largely
resistant to PTX, and S'I*I® Ang II peptide-induced chemotaxis
was completely resistant to PTX, consistent with a mechanism
for G-protein—independent chemotaxis. Third, siRNA directed
against G,/1, had no effect on Ang II- or S'I*I® Ang II-induced
chemotaxis. Finally, PKC and PI-3-kinase inhibition were also
without effect.

Although the actions of most known chemokines are medi-
ated by GPCRs, which are sensitive to PTX, a variety of
growth factors also serve as chemotactic agents and are PTX-
insensitive (Bennett and Schultz, 1993; Clunn et al., 1997;
Bredin et al., 1999; Cospedal et al., 1999; Bailly et al., 2000;
Bayes-Genis et al., 2000; Caric et al., 2001; Puglianiello et al.,
2000; Zhao et al., 2002). Our findings suggest the AT, R is
capable of mediating chemotaxis in a G-protein—independent
fashion. Although a previous report found Ang II-induced
chemotaxis in neutrophils to be PTX-sensitive (Elferink and
de Koster, 1997) our findings suggest that in HEK293 cells,
only ~34% of the Ang II-stimulated chemotaxis was medi-
ated through G_,/G,, proteins. Of course, the possibility that
G-proteins are involved to some extent cannot be completely
eliminated. For example, it has been reported that G_;5/G .15
can couple to the AT, R (Macrez-Lepretre et al., 1997) and
activate Rho (Ushio-Fukai et al., 1999). However, although a
Rho kinase inhibitor, Y-27632, reduced AT, ,R-mediated che-
motaxis by more than 65%, it also inhibited EGF-mediated

Fig. 4. Effect of B-arrestin 2 siRNA on Ang
II- and S'I*I®* Ang Il-induced chemotaxis.
AT, ,R-HEK293 cells were transfected with

siRNA against B-arrestin 2 or control
siRNA. Extracts of transfected cells were
subjected to immunoblotting with an anti-gB-
arrestin antibody to check for B-arrestin con-
tent. Average reduction of B-arrestin 2 was
85 * 2% (A). The cells were then subjected to
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chemotaxis assays in response to Ang II (B),
S'T*I® Ang II (C), EGF, or LPA (D). Data are
means + S.E.M. of seven independent exper-
iments. *x, P < 0.01.
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chemotaxis by more than 80%, suggesting that Rho and Rho
kinase may play a role in chemotaxis that is not specific to
the AT, oR or to the activation of G_;5/G,;5 (data not shown).
Therefore, taken together these data suggest that the AT, R
is able to mediate chemotaxis through a G-protein—indepen-
dent pathway.
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Fig. 5. Effect of protein kinase inhibitors on AT, ,R-mediated chemotaxis.
AT, ,R-HEK293 were pretreated for 1 h with the p38 MAPK inhibitor
SB203580 (5 uM), the ERK pathway inhibitor PD98059 (5 uM), the PKC
inhibitor Ro-31-8425 (1 uM), or the PI-3-kinase inhibitors 1.Y294003 (1
uM) and Wortmannin (100 nM) and assayed for their chemotactic re-
sponse to Ang II (A) or S'I*I® Ang II (B). Ang II and S'I*I®* Ang II
activation of p38 MAPK with or without B-arrestin 2 depletion. Basal p38
activation was subtracted from all ligand-stimulated groups (Ang II ac-
tivated p38 MAPK 3.8-fold over basal) (C). Data are means + S.E.M. of at
least three independent experiments. *, P < 0.05.
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B-Arrestins have dual functions in regulating the signals
emanating from GPCRs by simultaneously inactivating
G-protein—mediated signaling while also serving as poten-
tial mediators of G-protein—independent signaling path-
ways by scaffolding components of the ERK MAPK cascade
and other pathways (Tohgo et al., 2003; Wei et al., 2003;
Ahn et al., 2004b). MAPK ERK1/2 (Ge et al., 2003), p38
MAPK (Sun et al., 2002), and B-arrestin 2 (Fong et al.,
2002; Sun et al., 2002; Ge et al., 2003; Walker et al., 2003)
have all been implicated previously in a variety of chemo-
tactic pathways. In this study, we found that reduction of
B-arrestin 2 expression using siRNA essentially elimi-
nated AT, R-mediated chemotaxis induced by either Ang
II or the S'I*I® Ang II peptide. This effect showed receptor
specificity, because EGF-induced chemotaxis was not im-
paired by the reduction of B-arrestin 2 expression, but
LPA-induced chemotaxis was completely blocked. How-
ever, unlike Ang II, LPA-induced chemotaxis was quite
sensitive to PTX. These results suggest that p-arrestin 2
may play distinct roles in chemotactic pathways stimu-
lated by different receptors. Thus B-arrestin 2 is involved
in both G-protein—dependent (LPA receptors) and —inde-
pendent (Ang II receptors) chemotaxis.

We have proposed previously that p-arrestins might di-
rectly influence chemotaxis by their ability to serve as
signaling adapters or scaffolds for molecules such as
MAPKSs (Fong et al., 2002). In this study, both Ang II- and
S'I*I® Ang II-induced chemotaxis were sensitive to p38
MAPK inhibition but not to ERK1/2 inhibition. However,
although both Ang II and S'I*I® Ang II were able to acti-
vate p38 MAPK, B-arrestin 2 could not be directly impli-
cated in the p38 activation. It is possible that B-arrestin 1,
which has been shown recently to also be activated by
S'I*I® Ang II (Barnes et al., 2004), is responsible for the
p38 MAPK activation. On the other hand, it may be that
the 5-min time point used in the present experiments was
not appropriate to determine a B-arrestin 2 role, because
recent evidence suggests that the relative contributions of
G protein and B-arrestin—dependent signaling pathways
are highly dependent on time, at least in regards to the
activation of ERK1/2 (Ahn et al., 2004a). However, these
results seem to indicate a role for p38 MAPK activation in
the chemotaxis system studied here, although it seems not
to be the locus of B-arrestin 2 involvement.

Many possibilities exist for how B-arrestins might medi-
ate chemotaxis in a heterotrimeric G-protein—independent
fashion. One possibility is that B-arrestins activate small
GTPase signaling pathways, which are important for cell
motility. It has been shown that arrestins interact with Arf
nucleotide binding site opener (Claing et al., 2001) and Ral
guanine nucleotide dissociation stimulator (Bhattacharya
et al., 2002), the guanine nucleotide exchange factors for
the small GTPases Arf6 and Ral, respectively. Further-
more, a recent report demonstrates that g-arrestin 1 me-
diates the activation of the small GTPase RhoA by Ang II
and S'I*I® Ang II (Barnes et al., 2004). RhoA has been
shown to play important roles in cytoskeletal structure
and cell movement. Although RhoA activation was facili-
tated by the simultaneous activation of G,,/;; and g-arres-
tin 1, some RhoA activation was observed even in the
absence of G/, activation. This raises the distinct possi-
bility that the small GTPases that mediate chemotaxis
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may be activated by B-arrestins. Taken together, our data
show that B-arrestin 2 may play crucial roles in mediating
chemotaxis induced by both G-protein—dependent and
—independent mechanisms.
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