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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 Gy family. B-arrestins, in addition 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. HEK293 cells with stable expression of the angiotensin II receptor
type 1A (AT;4R) undergo chemotaxis in response to Ang II. An Ang II peptide analogue
S'T'I* Ang II that is unable to activate G-protein mediated responses induces chemotaxis
in these cells that is unaffected by pertussis toxin-mediated suppression of Gy;.
Suppression of [B-arrestin 2 expression using siRNA essentially eliminated AT;sR
mediated chemotaxis induced by either Ang IT or the S'I*I® Ang II peptide, while having
no effect on EGF induced chemotaxis. It also abolished chemotaxis induced by LPA,
which was completely sensitive to pertussis toxin. In contrast, reduction of Gyq/11 through
siRNA and inhibition of PKC, ERK1/2, or PI-3-Kinase did not diminish AT;4R mediated
chemotaxis.  Inhibiting p38 MAPK decreased AT;sR mediated chemotaxis and
eliminated EGF mediated chemotaxis, suggesting that p38 plays a role in chemotaxis that
is not specific to the AT aR in this system. These data suggest that B-arrestin 2 can
mediate chemotaxis through mechanisms which may be G-protein independent (Ang II

receptors) or dependent (LPA receptors).
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Chemotaxis, the directed migration of cells toward a gradient of chemoattractants,
is fundamental to a wide array of cellular processes including development, tissue
homeostasis, 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 generally believed to be
Ggi 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 remains unclear.

By binding to agonist-activated G-protein coupled receptors (GPCRs) such as the
angiotensin II receptor type 1 (AT;R), B-arrestins mediate homologous receptor
desensitization 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 ERK MAPK cascade (Ahn et al., 2004b; Tohgo et al.,
2003; Wei et al., 2003) 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 Letkowitz, 2001).

AT/R, a typical seven transmembrane spanning receptor, mediates most of the
known physiological functions of angiotensin II (Ang II) including aldosterone secretion,
vasoconstriction, and chemotaxis (de Gasparo et al., 2000; Sadoshima, 1998; Touyz and
Schiffrin, 2000). In addition to its effects on cardiovascular pathology such as arterial
hypertension, left ventricular hypertrophy and restenosis (Phillips and Kagiyama, 2002;

Ruiz-Ortega et al., 2001; Suzuki et al., 2000), Ang II may initiate the inflammatory
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process (Suzuki et al., 2003). For example, Ang II contributes to the recruitment of
inflammatory cells into tissue through the regulation of adhesion molecules and
chemokines, and by directly activating chemotaxis (Phillips and Kagiyama, 2002; Riaz et
al., 2004; Ruiz-Ortega et al., 2001; Suzuki et al., 2000) 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 (Elferink and de Koster, 1997). A
prototypical GPCR, AT;R signaling is generally dependent on heterotrimeric G-proteins
and is known to be primarily coupled to Gyq/11 and in some circumstances to G; and Gg,
(Berk, 2001; de Gasparo et al., 2000; Touyz and Schiffrin, 2000). However, recent
studies using peptide analogues of Ang Il and mutant AT,R receptors that are impaired in
the activation of G-proteins suggest that AT;sR may also mediate G-protein independent
signaling cascades (Ahn et al., 2004b; Hansen et al., 2004; Holloway et al., 2002;
Sadoshima, 2002; Wei et al., 2003). For example, mitogen-activated protein kinase
(MAPK) and extracellular signal-related kinases 1 and 2 (ERK1/2) can be activated thru
the AT|R in a G-protein independent (Ahn et al., 2004b; Hines et al., 2003; Holloway et
al., 2002; Seta et al., 2002; Wei et al., 2003) and a pB-arrestin-dependent fashion (Ahn et
al., 2003; Ahn et al., 2004b; Wei et al., 2003).

Both p38 and ERK1/2 have been implicated in chemotaxis in general and the
ERK1 and ERK2 MAPKSs are known to be required for angiotensin II-directed migration
of vascular smooth muscle cells in particular (Xi et al., 1999). Accordingly, we
hypothesized that the AT sR 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
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peptide, S'T*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 Goq/11 and B-
arrestins, in a HEK293 cell model system to delineate the contributions of B-arrestin 2

and G-protein mediated signaling to Ang Il induced chemotaxis.
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Materials and Methods
Materials. Tissue culture reagents and pertussis toxin (PTX) were purchased from Sigma
(St. Louis, MO). Inhibitor compounds PD98059, RO-31-8425, SB203580, LY294002,
wortmanin, and Y-27632 were purchased from Calbiochem (Darmstadt, Germany).
Cell Culture and Transfection. HEK293 cells were cultured in minimum Eagle’s
medium supplemented with 10% fetal bovine serum (Sigma). For stable transfection of
the AT 4R, HEK293 cells were transfected with DNA that contained a zeocin selectable
marker using FuGENE (Roche Diagnostics, Basel, Switzerland) according to the
manufacturer’s instructions. Stable clones were selected and maintained in the presence
of zeocin (300 pg/ml). Whole cell binding determined AT sR expression levels to be 1.6
+/- 0.2 pmol/mg protein.
Cells were split at least 24 hours prior to transfection and transfected with siRNA
designed against B-arrestin 2, Gq11, or control using the Gene Silencer transfection
reagent (Gene Therapy Systems, San Diego, CA) as previously described (Ahn et al.,
2003). The siRNA sequence targeting Gyq/11 1S 5> AAGATGTTCGTGGACCTGAAC 3°,
corresponding to the positions 931-951 relative to the start codon for both human G4 and
Gq11. All assays were performed 72 hours following transfection of siRNA.
Immunoblotting. Whole-cell lysates were separated by SDS/PAGE on 10% Tris-
Glycine polyacrylamide gels (Invitrogen, Carlsbad, CA) and immunoblotted with a
1:3000 dilution of the rabbit polyclonal anti 3-arrestin antibody A1CT (Attramadal et al.,
1992) or a 1:650 dilution of the rabbit polyclonal anti Gyq/11 antibody (Santa Cruz
Biotechnology Inc., Santa Cruz, CA). Immunoblots were quantified by densitometry

with a Fluor-S Multilmager (BioRad, Hercules, CA).
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Chemotaxis Assays. The assays were performed in transwell chambers of 24-well
inserts with 8-micron pore membranes. Cells were serum starved overnight and assays
were conducted in serum free media. Agonists were placed in the lower chamber and
107 cells were placed in the upper chamber and incubated for 5 hours 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 membrane was then dried, excised, mounted on slides and quantified by
densitometry with a Fluor-S Multilmager (BioRad). The chemotactic 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 3-7
experiments performed in duplicate.

Calcium Assays. Transfected or untransfected cells were split into glass-bottom dishes
at least 12 hours prior to an experiment. Cells were loaded with 1 uM Fura-2 AM
(Molecular Probes, Eugene, OR) as described in the manufacturer’s instructions, and
imaged in Hanks Balanced Salt Solution (Sigma) supplemented with 1.3 mM CaCl,.
Intracellular calcium was assayed by Fura-2 excitation ratio, determined by sequential
acquisition of 340 nm and 380 nm wavelength excitation of green fluorescence. The
excitation ratio was acquired every 5 seconds with a Zeiss Axiovert 200 M fluorescent
microscope with filters (Chroma, Rockingham, VT) switched by filter wheels (Sutter,
Novato, CA) and a MicroMax camera (Roper, 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 minutes

of agonist stimulation.
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Results
AT;aR mediated chemotaxis has a G-protein independent component. To assess
AT;aR-dependent chemotaxis, we developed a stable HEK293 cell line expressing the
ATiaR (AT AR-HEK293) and utilized a modified Boyden chamber transwell migration
system. AT;aR-HEK293 cells reproducibly 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 Il in the transwell migration chemotactic assay (Fig 1A).

In order to assess the relative contributions of the B-arrestin compared to G-
protein signaling pathways, we utilized a modified Ang II peptide S'I'I® Ang II. We have
previously confirmed 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;sR. To further assess the ability of the S'I'I® Ang II
peptide to promote AT;sR 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 AR-
HEK293 cells was not significantly different from baseline in contrast with the robust
calcium increases induced by Ang II (Fig 1B). However, the S'T'I® Ang II peptide was
capable of inducing 80% the levels of chemotaxis stimulated by wild type Ang II in the
AT AR-HEK293 cells, achieving a chemotactic index of 3.2 +/- 0.5 (n=3) (Fig 1C).
HEK293 cells not expressing the AT ;4R were not responsive to S'T'I* Ang II (Fig 1C).
These data suggest that at least one mechanism of AT sR mediated chemotaxis may not

require G-protein activation following Ang II stimulation.
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Although it primarily stimulates Gq11, the AT AR 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,i/Gyo. To evaluate the
contribution of Ggi, AT1aR-HEK?293 cells were pretreated with 50 uM PTX for 1 hour
prior to the chemotaxis assay. PTX decreased Ang II induced chemotaxis in AT;5R-
HEK?293 cells by approximately 34% (Fig 2A), revealing a substantial (~66%) Gy
independent component of AT R mediated chemotaxis. Interestingly, these levels of
chemotaxis are comparable to the levels of chemotaxis achieved with the S'T'I* Ang II
peptide (Fig 1C). Notably, PTX-pretreatment had no effect on S'T*I* Ang II induced
chemotaxis (Fig 2B), suggesting that ST 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;
Maghazachi, 2003; Schenk et al., 2001; Stahle et al., 2003).

To investigate a potential role for Goq in AT 4R mediated chemotaxis, we used
siRNA against G4 that also targets Gq11. Transfection of siRNA against Guq11 reduced
endogenous Gyq/11 €xpression by an average of 92% +/- 3% compared to cells transfected
with control siRNA as detected by Western blotting (Fig 3A). Suppression of Ggg11
effectively prevented Ang II stimulated calcium influx as assessed by Fura-2 (Fig 3B).
Reduction of Gggq/11 expression had no significant effect on either wild type Ang II (Fig
3C) or S'T'I® Ang II (Fig 3D) induced chemotaxis in AT;,R-HEK293 cells. Thus,
AT;sR mediated chemotaxis in this system is uncoupled from calcium influx and from

Gog/11 signaling.

10
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ATiaR mediated chemotaxis requires B-arrestin 2. To assess the role of B-arrestin 2
in AT AR mediated chemotaxis, AT;sR-HEK?293 cells were transfected with siRNA
against B-arrestin 2 or control siRNA. Endogenous [-arrestin 2 expression was reduced
by 85% +/- 2% as detected by Western 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 (Fig 4C)
induced chemotaxis, but had no impact on EGF (Fig 4D) stimulated chemotaxis in

AT AR-HEK?293 cells. LPA induced chemotaxis was also eliminated by [-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 previously shown to enhance
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 ATaR (Ahn et al., 2003; Ge et al., 2003; McDonald and Lefkowitz, 2001; Wei et al.,
2003). Accordingly, specific inhibitors of these two kinases as well as PKC and PI-3-
kinases were used in conjunction with the chemotaxis assay in order to determine if any
of these down stream effectors plays a role in AT;,R mediated chemotaxis. AT;sR-
HEK293 cells were pretreated for 1 hour with the p38 MAPK inhibitor SB203580
(5uM), the ERK pathway inhibitor PD98059 (5 uM), the PKC inhibitor RO-31-8425
(1uM) which also blocks G-protein dependent ERK 1/2 activation in response to Ang Il
(Ahn et al., 2004b; Wei et al., 2003), or the PI-3-kinase inhibitors LY294003 (1 uM) and
wortmanin (100 nM). The cells were then assayed for their chemotactic response to Ang
II (Fig 5A) or S'T'I* Ang II (Fig 5B). The ERK pathway inhibitor PD98059, PKC

inhibitor RO-31-8425 and PI-3-kinase inhibitors LY294002 and wortmanin showed no

11
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significant impairment of chemotaxis to either Ang II or S'T*I* Ang II. However, the p38
MAPK inhibitor significantly impaired AT;aR mediated chemotaxis to either Ang II (P<

0.01) or S'T'1® Ang II (P<0.05) and completely abolished EGF mediated chemotaxis (data
not shown). Furthermore, while Ang II and SII were both capable of activating p38

MAPK, silencing of B-arrestin 2 had no effect on this activation (Fig 5C).

12
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Discussion

In order 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 sR expression. Transfected
HEK?293 cells have served as an important model system for studying chemotaxis
mediated by a wide array of ligands (Limatola et al., 2003; Masuda et al., 1999; Neptune
etal., 1999; Roland et al., 2003; Su et al., 1999; Ueda et al., 1997). AT ;aR-HEK293
cells underwent chemotaxis to Ang II in a dose-dependent manner with efficacy similar
to that induced by LPA through endogenous receptors.

We found several lines of evidence that AT;4R mediated chemotaxis is largely G-
protein independent: First, the Ang II peptide analogue S'I*I® Ang II, that is unable to
activate G-protein mediated responses, induced chemotaxis in AT;AR-HEK293 cells.
Earlier reports illustrating the inability of S'T*I* Ang II to activate G-proteins utilized PI
hydrolysis and GTPyS® 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 that are appropriate for chemotaxis but which are below the PI hydrolysis
threshold for detection. At concentrations of S'I'I* Ang II peptide that were effective at
inducing chemotaxis, calcium increases were minimal as compared with the robust
calcium increases induced by Ang II at concentrations relevant to chemotaxis. Second,
we found that Ang IT induced chemotaxis was largely resistant to PTX, and S'T'I® Ang II
peptide induced chemotaxis was completely resistant to PTX, consistent with a

mechanism for G-protein independent chemotaxis. Third, siRNA directed against Gyq/11

13
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had no effect on Ang IT or S'T'I* Ang II induced chemotaxis. Finally PKC and PI-3-
kinase inhibition were also without effect.

While the actions of most known chemokines are mediated by GPCRs which are
sensitive to PTX, a variety of growth factors also serve as chemotactic agents and are
PTX insensitive (Bailly et al., 2000; Bayes-Genis et al., 2000; Bennett and Schultz, 1993;
Bredin et al., 1999; Caric et al., 2001; Clunn et al., 1997; Cospedal et al., 1999;
Puglianiello et al., 2000; Zhao et al., 2002). Our findings suggest the AT ;AR is capable
of mediating chemotaxis in a G-protein independent fashion. While a previous report
found Ang Il 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 mediated through Gi/Gg, proteins. Of course the possibility
that G-proteins are involved to some extent can not be completely eliminated. For
example, it has been reported that G412/Gy13 can couple to the AT 4R (Macrez-Lepretre
et al., 1997) and activate Rho (Ushio-Fukai et al., 1999). However, while a Rho kinase
inhibitor Y-27632 reduced AT sR mediated chemotaxis by more than 65%, it also
inhibited EGF mediated chemotaxis by more than 80% suggesting that Rho and Rho
kinase may play a role in chemotaxis that is not specific to the AT sR or to the activation
of Gq12/Gq13 (data not shown). Therefore, taken together these data suggest that the
AT /4R is able to mediate chemotaxis through a G-protein independent pathway.

[B-arrestins have dual functions in regulating the signals emanating from GPCRs
by simultaneously inactivating G-protein mediated signaling while also serving as
potential mediators of G-protein independent signaling pathways by scaffolding

components of the ERK MAPK cascade and other pathways (Ahn et al., 2004b; Tohgo et

14

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 5, 2005 as DOI: 10.1124/mol.104.006270
This article has not been copyedited and formatted. The final version may differ from this version.

MOLPHARM/2004/006270

al., 2003; Wei et al., 2003). MAPK ERK1/2 (Ge et al., 2003), p38 MAPK (Sun et al.,
2002) and B-arrestin 2 (Fong et al., 2002; Ge et al., 2003; Sun et al., 2002; Walker et al.,
2003) have all previously been implicated in a variety of chemotactic pathways. In this
study, we found that reduction of -arrestin 2 expression using siRNA essentially
eliminated AT;sR mediated chemotaxis induced by either Ang II or the S'T'I* Ang II
peptide. This effect showed receptor specificity as EGF induced chemotaxis was not
impaired by the reduction of B-arrestin 2 expression, but LPA induced chemotaxis was
completely blocked. However, unlike Ang II, LPA induced chemotaxis was quite
sensitive to PTX. These results suggest that -arrestin 2 may play distinct roles in
chemotactic pathways stimulated by different receptors. Thus [-arrestin 2 is involved in
both G-protein dependent (LPA receptors) and independent (Ang II receptors)
chemotaxis.

We have previously proposed that B-arrestins might directly influence chemotaxis
by their ability to serve as signaling adapters or scaffolds for molecules such as MAPKs
(Fong et al., 2002). In this study, both Ang IT and S'I*I* Ang II induced chemotaxis were
sensitive to p38 MAP kinase inhibition, but not ERK1/2 inhibition. However, while both
Ang IT and S'T'I* Ang II were able to activate p38 MAPK, B-arrestin 2 could not be
directly implicated in the p38 activation. It is possible that B-arrestin 1, which has
recently been shown to also be activated by S'I'I* Ang II (Barnes et al., 2004), is
responsible for the p38 MAPK activation. Alternatively, it may be that the 5 minute time
point used in the present experiments was not appropriate to determine a B-arrestin 2 role,
as recent evidence suggests that the relative contributions of G protein and B-arrestin

dependent signaling pathways are highly dependent upon time, at least with regards to the
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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, though it appears not to
be the locus of B-arrestin 2 involvement.

Many possibilities exist for how B-arrestins might mediate 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 ARNO (Claing et al., 2001) and Ral-GDS
(Bhattacharya et al., 2002), the guanine nucleotide exchange factors for the small
GTPases Arf6 and Ral, respectively. Furthermore, a recent report demonstrates that -
arrestin 1 mediates activation of the small GTPase RhoA by Ang II and S'T'I® Ang II
(Barnes et al., 2004). RhoA has been shown to play important roles in cytoskeletal
structure and cell movement. While RhoA activation was facilitated by the simultaneous
activation of Ggq/11 and B-arrestin 1, some RhoA activation was observed even in the
absence of Gq11 activation. This raises the distinct possibility that small GTPases that
mediate chemotaxis may be activated by B-arrestins.

Taken all together, our data show that 3-arrestin 2 may play crucial roles in
mediating chemotaxis induced by both G protein dependent and independent

mechanisms.

16

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 5, 2005 as DOI: 10.1124/mol.104.006270
This article has not been copyedited and formatted. The final version may differ from this version.

MOLPHARM/2004/006270

REFERENCES

Ahn S, Nelson CD, Garrison TR, Miller WE and Lefkowitz RJ (2003) Desensitization,
internalization, and signaling functions of beta-arrestins demonstrated by RNA
interference. Proc Natl Acad Sci U S A 100:1740-4.

Ahn S, Shenoy SK, Wei H and Lefkowitz RJ (2004a) Differential kinetic and spatial
patterns of beta-arrestin and G protein-mediated ERK activation by the
angiotensin II receptor. J Biol Chem 279:35518-25.

Ahn S, Wei H, Garrison TR and Lefkowitz RJ (2004b) Reciprocal regulation of
angiotensin receptor-activated extracellular signal-regulated kinases by beta-
arrestins 1 and 2. J Biol Chem 279:7807-11.

Attramadal H, Arriza JL, Aoki C, Dawson TM, Codina J, Kwatra MM, Snyder SH,
Caron MG and Lefkowitz RJ (1992) Beta-arrestin2, a novel member of the
arrestin/beta-arrestin gene family. J Biol Chem 267:17882-90.

Bailly M, Wyckoff J, Bouzahzah B, Hammerman R, Sylvestre V, Cammer M, Pestell R
and Segall JE (2000) Epidermal growth factor receptor distribution during
chemotactic responses. Mol Biol Cell 11:3873-83.

Barnes WG, Reiter E, Violin JD, Ren XR, Milligan, G, Lefkowitz RJ (2004) B-arrestin 1
and Ggq11 coordinately activate RhoA and stress fiber formation following
receptor stimulation. J Biol Chem 10.1074/jbc.M412924200.

Bayes-Genis A, Conover CA and Schwartz RS (2000) The insulin-like growth factor
axis: A review of atherosclerosis and restenosis. Circ Res 86:125-30.

Bennett NT and Schultz GS (1993) Growth factors and wound healing: biochemical
properties of growth factors and their receptors. Am J Surg 165:728-37.

Berk BC (2001) Vascular smooth muscle growth: autocrine growth mechanisms. Physiol
Rev 81:999-1030.

Bhattacharya M, Anborgh PH, Babwah AV, Dale LB, Dobransky T, Benovic JL,
Feldman RD, Verdi JM, Rylett RJ and Ferguson SS (2002) beta-Arrestins
regulate a Ral-GDS Ral effector pathway that mediates cytoskeletal
reorganization. Nat Cell Biol.

Bredin CG, Liu Z, Hauzenberger D and Klominek J (1999) Growth-factor-dependent
migration of human lung-cancer cells. Int J Cancer 82:338-45.

Caric D, Raphael H, Viti J, Feathers A, Wancio D and Lillien L (2001) EGFRs mediate
chemotactic migration in the developing telencephalon. Development 128:4203-
16.

Claing A, Chen W, Miller WE, Vitale N, Moss J, Premont RT and Lefkowitz RJ (2001)
beta-Arrestin-mediated ADP-ribosylation factor 6 activation and beta 2-
adrenergic receptor endocytosis. J Biol Chem 276:42509-13.

Clunn GF, Refson JS, Lymn JS and Hughes AD (1997) Platelet-derived growth factor
beta-receptors can both promote and inhibit chemotaxis in human vascular
smooth muscle cells. Arterioscler Thromb Vasc Biol 17:2622-9.

Cospedal R, Abedi H and Zachary I (1999) Platelet-derived growth factor-BB (PDGF-
BB) regulation of migration and focal adhesion kinase phosphorylation in rabbit
aortic vascular smooth muscle cells: roles of phosphatidylinositol 3-kinase and
mitogen-activated protein kinases. Cardiovasc Res 41:708-21.

17

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 5, 2005 as DOI: 10.1124/mol.104.006270
This article has not been copyedited and formatted. The final version may differ from this version.

MOLPHARM/2004/006270

de Gasparo M, Catt KJ, Inagami T, Wright JW and Unger T (2000) International union of
pharmacology. XXIII. The angiotensin II receptors. Pharmacol Rev 52:415-72.

Devreotes P and Janetopoulos C (2003) Eukaryotic chemotaxis: distinctions between
directional sensing and polarization. J Bio/ Chem 278:20445-8.

Elferink JG and de Koster BM (1997) The stimulation of human neutrophil migration by
angiotensin IL: its dependence on Ca2+ and the involvement of cyclic GMP. Br J
Pharmacol 121:643-8.

Fong AM, Premont RT, Richardson RM, Yu YR, Lefkowitz RJ and Patel DD (2002)
Defective lymphocyte chemotaxis in beta-arrestin2- and GRK6-deficient mice.
Proc Natl Acad Sci U S A 99:7478-83.

Ge L, Ly Y, Hollenberg M and DeFea K (2003) A beta-arrestin-dependent scaffold is
associated with prolonged MAPK activation in pseudopodia during protease-
activated receptor-2-induced chemotaxis. J Biol Chem 278:34418-26.

Gerrard JM, Clawson CC and White JG (1980) Lysophosphatidic acids: III.
Enhancement of neutrophil chemotaxis. Am J Pathol 100:609-18.

Graf K, Neuss M, Stawowy P, Hsueh WA, Fleck E and Law RE (2000) Angiotensin II
and alpha(v)beta(3) integrin expression in rat neonatal cardiac fibroblasts.
Hypertension 35:978-84.

Hansen JL, Theilade J, Haunso S and Sheikh SP (2004) Oligomerization of wild type and
nonfunctional mutant angiotensin II type I receptors inhibits galphaq protein
signaling but not ERK activation. J Bio/ Chem 279:24108-15.

Hines J, Fluharty SJ and Yee DK (2003) Structural determinants for the activation
mechanism of the angiotensin II type 1 receptor differ for phosphoinositide
hydrolysis and mitogen-activated protein kinase pathways. Biochem Pharmacol
66:251-62.

Holloway AC, Qian H, Pipolo L, Ziogas J, Miura S, Karnik S, Southwell BR, Lew MJ
and Thomas WG (2002) Side-chain substitutions within angiotensin II reveal
different requirements for signaling, internalization, and phosphorylation of type
1A angiotensin receptors. Mol Pharmacol 61:768-77.

Limatola C, Di Bartolomeo S, Trettel F, Lauro C, Ciotti MT, Mercanti D, Castellani L
and Eusebi F (2003) Expression of AMPA-type glutamate receptors in HEK cells
and cerebellar granule neurons impairs CXCL2-mediated chemotaxis. J
Neuroimmunol 134:61-71.

Macrez-Lepretre N, Kalkbrenner F, Morel JL, Schultz G and Mironneau J (1997) G
protein heterotrimer Galphal3betal gamma3 couples the angiotensin AT1A
receptor to increases in cytoplasmic Ca2+ in rat portal vein myocytes. J Biol
Chem 272:10095-102.

Maghazachi AA (2003) G protein-coupled receptors in natural killer cells. J Leukoc Biol
74:16-24.

Masuda K, Yokomizo T, Izumi T and Shimizu T (1999) cDNA cloning and
characterization of guinea-pig leukotriene B4 receptor. Biochem J 342 ( Pt 1):79-
85.

McDonald PH, Chow CW, Miller WE, Laporte SA, Field ME, Lin FT, Davis RJ and
Lefkowitz RJ (2000) Beta-arrestin 2: a receptor-regulated MAPK scaffold for the
activation of JNK3. Science 290:1574-7.

18

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 5, 2005 as DOI: 10.1124/mol.104.006270
This article has not been copyedited and formatted. The final version may differ from this version.

MOLPHARM/2004/006270

McDonald PH and Lefkowitz RJ (2001) Beta-Arrestins: new roles in regulating
heptahelical receptors' functions. Cell Signal 13:683-9.

Meloche S, Landry J, Huot J, Houle F, Marceau F and Giasson E (2000) p38 MAP kinase
pathway regulates angiotensin II-induced contraction of rat vascular smooth
muscle. Am J Physiol Heart Circ Physiol 279:H741-51.

Nadal JA, Scicli GM, Carbini LA and Scicli AG (2002) Angiotensin II stimulates
migration of retinal microvascular pericytes: involvement of TGF-beta and
PDGF-BB. Am J Physiol Heart Circ Physiol 282:H739-48.

Neptune ER, Tiri T and Bourne HR (1999) Galphai is not required for chemotaxis
mediated by Gi-coupled receptors. J Biol Chem 274:2824-8.

Ni W, Kitamoto S, Ishibashi M, Usui M, Inoue S, Hiasa K, Zhao Q, Nishida K, Takeshita
A and Egashira K (2004) Monocyte chemoattractant protein-1 is an essential
inflammatory mediator in angiotensin II-induced progression of established
atherosclerosis in hypercholesterolemic mice. Arterioscler Thromb Vasc Biol
24:534-9.

Phillips MI and Kagiyama S (2002) Angiotensin II as a pro-inflammatory mediator. Curr
Opin Investig Drugs 3:569-77.

Puglianiello A, Germani D, Rossi P and Cianfarani S (2000) IGF-I stimulates chemotaxis
of human neuroblasts. Involvement of type 1 IGF receptor, IGF binding proteins,
phosphatidylinositol-3 kinase pathway and plasmin system. J Endocrinol
165:123-31.

Riaz AA, Wang Y, Schramm R, Sato T, Menger MD, Jeppsson B and Thorlacius H
(2004) Role of angiotensin II in ischemia/reperfusion-induced leukocyte-
endothelium interactions in the colon. Faseb J 18:881-3.

Roland J, Murphy BJ, Ahr B, Robert-Hebmann V, Delauzun V, Nye KE, Devaux C and
Biard-Piechaczyk M (2003) Role of the intracellular domains of CXCR4 in SDF-
1-mediated signaling. Blood 101:399-406.

Ruiz-Ortega M, Lorenzo O, Ruperez M, Esteban V, Suzuki Y, Mezzano S, Plaza JJ and
Egido J (2001) Role of the renin-angiotensin system in vascular diseases:
expanding the field. Hypertension 38:1382-7.

Sadoshima J (1998) Versatility of the angiotensin II type 1 receptor. Circ Res 82:1352-5.

Sadoshima J (2002) Novel AT(1) receptor-independent functions of losartan. Circ Res
90:754-6.

Schenk PW, Epskamp SJ, Knetsch ML, Harten V, Lagendijk EL, van Duijn B and Snaar-
Jagalska BE (2001) Lysophosphatidic acid- and Gbeta-dependent activation of
Dictyostelium MAP kinase ERK2. Biochem Biophys Res Commun 282:765-72.

Seta K, Nanamori M, Modrall JG, Neubig RR and Sadoshima J (2002) AT1 receptor
mutant lacking heterotrimeric G protein coupling activates the Src-Ras-ERK
pathway without nuclear translocation of ERKs. J Biol Chem 277:9268-77.

Stahle M, Veit C, Bachfischer U, Schierling K, Skripczynski B, Hall A, Gierschik P and
Giehl K (2003) Mechanisms in LPA-induced tumor cell migration: critical role of
phosphorylated ERK. J Cell Sci 116:3835-46.

Su SB, Gong W, Gao JL, Shen W, Murphy PM, Oppenheim JJ and Wang JM (1999) A
seven-transmembrane, G protein-coupled receptor, FPRL1, mediates the
chemotactic activity of serum amyloid A for human phagocytic cells. J Exp Med
189:395-402.

19

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 5, 2005 as DOI: 10.1124/mol.104.006270
This article has not been copyedited and formatted. The final version may differ from this version.

MOLPHARM/2004/006270

Sun Y, Cheng Z, Ma L and Pei G (2002) Beta-arrestin2 is critically involved in CXCR4-
mediated chemotaxis, and this is mediated by its enhancement of p38 MAPK
activation. J Biol Chem 277:49212-9.

Suzuki Y, Ruiz-Ortega M and Egido J (2000) Angiotensin II: a double-edged sword in
inflammation. J Nephrol 13 Suppl 3:S101-10.

Suzuki Y, Ruiz-Ortega M, Lorenzo O, Ruperez M, Esteban V and Egido J (2003)
Inflammation and angiotensin II. Int J Biochem Cell Biol 35:881-900.

Thomas WG, Qian H, Chang CS and Karnik S (2000) Agonist-induced phosphorylation
of the angiotensin II (AT(1A)) receptor requires generation of a conformation that
is distinct from the inositol phosphate-signaling state. J Biol Chem 275:2893-900.

Tohgo A, Choy EW, Gesty-Palmer D, Pierce KL, Laporte S, Oakley RH, Caron MG,
Lefkowitz RJ and Luttrell LM (2003) The stability of the G protein-coupled
receptor-beta-arrestin interaction determines the mechanism and functional
consequence of ERK activation. J Biol Chem 278:6258-67.

Touyz RM and Schiffrin EL (2000) Signal transduction mechanisms mediating the
physiological and pathophysiological actions of angiotensin II in vascular smooth
muscle cells. Pharmacol Rev 52:639-72.

Ueda H, Siani MA, Gong W, Thompson DA, Brown GG and Wang JM (1997)
Chemically synthesized SDF-1alpha analogue, N33A, is a potent chemotactic
agent for CXCR4/Fusin/LESTR-expressing human leukocytes. J Biol Chem
272:24966-70.

Ushio-Fukai M, Alexander RW, Akers M, Lyons PR, Lassegue B and Griendling KK
(1999) Angiotensin II receptor coupling to phospholipase D is mediated by the
betagamma subunits of heterotrimeric G proteins in vascular smooth muscle cells.
Mol Pharmacol 55:142-9.

Walker JK, Fong AM, Lawson BL, Savov JD, Patel DD, Schwartz DA and Lefkowitz RJ
(2003) Beta-arrestin-2 regulates the development of allergic asthma. J Clin Invest
112:566-74.

Wei H, Ahn S, Shenoy SK, Karnik SS, Hunyady L, Luttrell LM and Lefkowitz RJ (2003)
Independent beta-arrestin 2 and G protein-mediated pathways for angiotensin II
activation of extracellular signal-regulated kinases 1 and 2. Proc Natl Acad Sci U
S4100:10782-7.

Weinstock JV, Blum AM and Kassab JT (1987) Angiotensin II is chemotactic for a T-
cell subset which can express migration inhibition factor activity in murine
schistosomiasis mansoni. Cell Immunol 107:180-7.

Xi XP, Graf K, Goetze S, Fleck E, Hsueh WA and Law RE (1999) Central role of the
MAPK pathway in ang [I-mediated DNA synthesis and migration in rat vascular
smooth muscle cells. Arterioscler Thromb Vasc Biol 19:73-82.

Zhao M, Pu J, Forrester JV and McCaig CD (2002) Membrane lipids, EGF receptors, and
intracellular signals colocalize and are polarized in epithelial cells moving
directionally in a physiological electric field. Faseb J 16:857-9.

20

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 5, 2005 as DOI: 10.1124/mol.104.006270
This article has not been copyedited and formatted. The final version may differ from this version.

MOLPHARM/2004/006270

Acknowledgements
We would like to thank Elizabeth Hall and Donna Addison for excellent secretarial

assistance.

21

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 5, 2005 as DOI: 10.1124/mol.104.006270
This article has not been copyedited and formatted. The final version may differ from this version.

MOLPHARM/2004/006270

Footnotes
This work was supported by NIH grant HL706031-02 and HL16037. RJL is an
investigator for the Howard Hughes Medical Institute. ER is a researcher from INRA
(Institut National de la Recherche Agronomique).
Reprint request should be sent to Robert J. Letkowitz, Howard Hughes Medical
Institute, Departments of Medicine and Biochemistry, Box 3821, Duke University

Medical Center, Durham, NC 27710.

22

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 5, 2005 as DOI: 10.1124/mol.104.006270
This article has not been copyedited and formatted. The final version may differ from this version.

MOLPHARM/2004/006270

Figure Legends

Fig. 1. AT|AR mediated chemotaxis and calcium release in response to Ang IT and S'T'I®
Ang II. Chemotactic responses and calcium increases were assessed in HEK293 and
AT aAR-HEK293 cells. Ang II induced dose dependent chemotaxis in AT;sR-HEK293
cells with a maximum chemotactic index of 4 +/- 0.6 at 1 nM (A). Calcium responses
were measured by fluorescence excitation ratio using Fura-2 as a calcium indicator.
Values represent the average total calcium response over 5 minute agonist stimulation
with Ang II or S'I'® Ang II (SII) from three independent experiments. The S'T'® Ang I1
peptide induced a maximum chemotactic index of 3.2 +/- 0.5 at 3 uM (B). Data are

means +/- SEM of at least 3 independent experiments.

Fig. 2. Pertussis toxin sensitivity of chemotaxis. AT;sR-HEK293 cells were pretreated
with 50 uM pertussis toxin for 1 hour at 37 "C and subjected to chemotactic assays in
response to Ang 11 (A), S'I'® Ang II (B), or LPA (C) at the concentrations indicated.
Data are means +/- SEM of at least 5 independent experiments, * indicates (P< 0.05), and

** indicates (P< 0.01).

Fig. 3. Reduction of Gyq/11 with siRNA fails to impair AT aR mediated chemotaxis.
AT AR-HEK?293 cells were transfected with siRNA against Goq/11 or control siRNA and
subjected to calcium and chemotaxis assays. Extracts of transfected cells were subjected
to immunoblotting with an anti-Ggq/11 antibody to check for Gyq/11 content. Average

reduction of Ggq/11 was 92 +/- 3% (A). Calcium responses were measured by
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fluorescence excitation ratio using Fura-2 as a calcium indicator. Values represent the
average total calcium response over 5 minute agonist stimulation with S'I*I* Ang II or
Ang II from 3 independent experiments (B). Transfected cells were subjected to
chemotaxis assays in response to Ang II (C) or S'T'® Ang II (D) at the concentrations

indicated. Data are means +/- SEM of 3 independent experiments.

Fig. 4. Effect of B-arrestin 2 siRNA on Ang I and S'T*I® Ang II induced chemotaxis.
AT AR-HEK?293 cells were transfected with siRNA against -arrestin 2 or control
siRNA. Extracts of transfected cells were subjected to immunoblotting with an anti-3-
arrestin antibody to check for B-arrestin content. Average reduction of -arrestin 2 was

85% +/- 2% (A). The cells were then subjected to chemotaxis assays in response to Ang
11 (B), ST Ang II (C), EGF, or LPA (D). Data are means +/- SEM of 7 independent

experiments, ** indicates (P< 0.01).

Fig. 5. Effect of protein kinase inhibitors on AT;5R mediated chemotaxis. AT;sR-
HEK293 were pretreated for 1 hr with the p38 MAPK inhibitor SB203580 (5uM), the
ERK pathway inhibitor PD98059 (5 uM), the PKC inhibitor RO-31-8425 (1uM), or the
PI-3-kinase inhibitors LY294003 (1 uM) and wortmanin (100 nM) and assayed for their
chemotactic response to Ang II (A) or S Ang II (B). (C) Ang I and S'T'P® Ang I1
activation of p38 MAPK with or without B-arrestin 2 depletion. Basal p38 activation was
subtracted from all ligand-stimulated groups (Ang II activated p38 MAPK 3.8-fold over
basal). Data are means +/- SEM of at least 3 independent experiments, * indicates (P<

0.05).
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