9374 Biochemistry2006,45, 9374-9385

Protease-Activated Receptor-2 Simultaneously Dirgefgrestin-1-Dependent
Inhibition and Gxg-Dependent Activation of Phosphatidylinositol 3-Kinase
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ABSTRACT. Protease-activated receptor-2 (PAR-2) is a G-protein-coupled receptor (GPCR) activated upon
proteolytic cleavage of its N-terminus by a number of serine proteases. We have previously reported that
formation of ag-arrestin-dependent signaling scaffold is required for PAR-2-stimulated activation of
extracellular signal regulated kinases 1 and 2 and chemogAigestin-dependent pathways downstream

of some GPCRs have been shown to function independently and sometimes in opposition to classic signaling
through heterotrimeric G-proteins; however, this possibility has not been addressed with respect to PAR-
2. Here we demonstrate that PAR-2 can increase PI3K activity througigdGz-dependent pathway
involving PYK2 and a Src-family kinase, while inhibiting PI3K activity througlf-arrestin-dependent
mechanism, and thgi-arrestin-1 can directly associate with and inhibit the catalytic activity of p110
Using size exclusion chromatography and co-immunoprecipitation, we demonstrate that the PI3K is recruited
into a scaffolding complex containing PAR-2 afiearrestins. Inhibition of PI3K activity blocks PAR-
2-stimulated chemotaxis, agfiarrestin-1 colocalizes with p85 within the pseudopodia, suggesting that
p-arrestin-1 association with PI3K may spatially restrict its enzymatic activity and that this localized
inhibition may be crucial for PAR-2-stimulated chemotaxis.

Protease-activated receptors (PARs) are G-protein-coupled‘endosomal scaffolds” that can determine the subcellular
receptors (GPCR) activated upon proteolytic cleavage of localization of signaling molecules and direct their down-
their N-termini, and are thought to play a major role in stream signaling propertie$®). Our previous work revealed
inflammation and cell migrationl(-5). Cleavage of PAR-2  that the PAR-2-induced endosomal scaffold is retained at
by serine proteases unveils the tethered ligand SLIGRL/GKV the leading edge of migrating fibroblasts and tumor cells,
(mouse/human) which then binds to and activates the where it is associated with prolonged ERK1/2 activatign (
receptor. Synthetic peptides corresponding to the tetheredThese data led to speculation ti¥aarrestins might sequester
ligand (SLIGRL, SLIGKYV, and 2-furoyl-LIGRL-O) specif-  other signaling molecules at the leading edge in order to exert
ically activate PAR-2 in the absence of proteolytic cleavage localized control over actin assembly machinery. Further-
(6—9). Recent studies from our laboratory have demonstratedmore, recent studies gfy-adrenergic receptopfAR) and
that PAR-2 can promote chemotaxis in breast cancer cellsangiotensin Il type la receptor (AT1aR) demonstrate that
and fibroblasts by a mechanism involvifieprrestin-depend-  S-arrestin-dependent signals can oppose G-protein-dependent
ent regulation of kinase activitiess,( 10); other studies  signals (7, 18), providing a new paradigm for GPCR
suggest this mechanism may be shared by a number ofsignaling.s-Arrestins have been demonstrated to regulate
receptors 11—15). B-Arrestins have been traditionally as- other signaling proteins, among them phosphatidylinositol
sociated with GPCR desensitization and internalization; 3-kinase (PI3K) 19, 20); however, the role of this pathway
however, it is now widely accepted that they also serve asin p-arrestin-dependent PAR-2 signaling has not been

addressed.
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1103). p85 contains two SH2 domains that bind other  Co-immunoprecipitationsAfter serum starvation for 16
phosphorylated SH2-domain-containing proteins, increasing h, cells were treated with 100 nM 2fAP for-B0 min,
p110 catalytic activity and localizing it to the membra@8,( washed with ice-cold PBS, and lysed with buffer containing
27). The active enzyme phosphorylates the D3 ring of TBS (pH 7.4), supplemented 1% NP-40 and phosphatase/
phosphatidylinositol (PI), phosphatidylinositol 4-phosphate protease inhibitors. Cleared lysates (2@0of protein) were
(P1.P), or phosphatidylinositol 4,5-bisphosphate (PIP2) to incubated with antibodies prebound to proteir-@dgarose,
generate RP, Pk /P2, and phosphatidylinositol 3,4,5-tris- 0.5ug of anti-GFP (NIH3T3 cells), 4g of anti-p85 (MDA
phosphate (PIP3), respectively. PIP3 can recruit and activateMB-468 cells), or an equal amount of rabbit IgG at@
guanine exchange factors (GEFs) for RhoA GTPases andovernight. GFP-transfected NIH3T3 cells were included as
the Wiscott-Aldrich syndrome (WAS) protein, WAVE, a negative control fop-arrestin-GFP immunoprecipitates
which can then lead to formation of stress fibers, filipodia, (IPs). IPs were resolved by 10% SBBAGE and transferred
and lamellipodia crucial for cell migratior28, 28). Pl; P2 to PVDF-FL membranes. Blots were probed with antibodies
can activate the protein kinase Akt, which is implicated in to p85 (1:1000)/-arrestin-1 (1:1000)3-arrestin-2 (A2CT,
tumor cell proliferation and metastasis5( 23). Here we 1:500), or PAR-2 (1:1000), and bands were visualized with
investigate the role of PI3K in PAR-2 signaling and the LICOR Odyssey infrared imaging system using Afé%a
investigate (1) whether PAR-2 promotes PI3K activity, (2) conjugated rabbit and A®-conjugated mouse secondary
whether PAR-2-stimulated PI3K activity is regulated by antibodies (1:40000 each).

p-arrestins, and (3) the functional significanceseérrestin- Cell Migration and Pseudopodia Assay®erum-starved
regulated PI3K activity in PAR-2 stimulated cell migration NIH3T3 cells (1@ per well) and MDA MB-468 cells (10
and cytoskeletal reorganization. per well) were seeded onto fibronectin-coated (H0mL)
24-well Costar Transwell polycarbonate membranesn(,
MATERIALS AND METHODS and migration in response to 100 nM 2fAP was determined

. . . . as described previousiy,(10). To test the involvement of
Materials. All chemicals were from Sigma or Fisher piak \wortmannin (WM, 100 nM) or LY294002 (20M)

Scientfic except as otherwise indicated. GFP-taggex- was added 30 min before 2fAP treatment. Pseudopodia
restin-1 angs-arrestin-2 were gifts from Dr. Robert Lefkow- purification has been described in detail previously29).

itz (DuI§e University Medical _Center, Durham, NC). Lipo- Briefly, serum-starved NIH3T3 cells (1.5 10° per well)
fectamine 2000 was from Invitrogen Inc. 2-Furoyl-LIGRL- 66 seeded into the upper chamber of six-well Transwell

O-NH, (2AP) was synthegized by G_e”e”?ed Ine*PIATP filters with 3 um pores (too small to allow cell body
was purchased from PerkinElmer Life Sciences. GF109203X translocation) and then treated with 100 nM 2fAP for 90

(GFX) was from CalBiochem, and LY294002 was from
Echelon. Phosphatidylinositol (PI) was from Avanti Polar

Lipids. Recombinant PI3K (p@bcomplexed to pll@) was o the underside was extracted, andu0of protein from
from Upstate Technology, Inc. G_S'_;B-arrestln was created  ,o-h was analyzed by SBSAGE, followed by Western
by ligation of rai3-arrestin-1 (amplified by PCR) into pGEX | q4ing with antibodies to p85 (1:1000) and histone H1 (1:
KG (a modification of pGEX 4T3) aEcdRl sites. Recom- 250, as a marker of cell body).

binantf-arrestin-GST was expressed in BL21(DE3) cells siRNA TransfectionsTwo separate targeting sequences

by .IF.)TG !nduct|on .(1 mM) for 4 h, and the protein was \ ere ysed to determine the requirement fearrestins in
pu_rlfled W'th _glutathloneagarose under standard nondena- PAR-2-stimulated PI3K activity. Chemically synthesized
turing conditions. double-stranded small interfering RNAs (siRNAS) with 19-
Antibodies Mouse antig-arrestin-1 monoclonal antibody  nycleotide duplex RNA and 2-nucleotidé-@T overhangs
was from Transduction Laboratories. Ral;lbhirrestin-l and were purchased from C|ty of Hope Beckman Fac|||ty (Duar[e,
-2 antibodies (A1CT and A2CT) were gifts from Dr. Robert  CA) in deprotected and desalted form. The siRNA sequences
Lefkowitz (Duke University Medical Center). Mouse anti- targetingﬂ-arresﬂn-l or -2 are'SAAAGCCUUCUGCGCG-
PAR-2 (SAM11), anti-PYK2, and anti-p110 were from Santa GAGAAU-3' and 3-AAGGACCGCAAAGUGUUUGUG-
Cruz Biotechnology. Mouse anfi-arrestin-1 was from BD- 3’ respectively, and have been described previously by our
Pharmingen. Anti-GFP antibody was from Chemicon. Alexa- and other laboratoried (, 11, 13, 18, 30); the nontargeting
conjugated secondary antibodies and Afé&ahalloidin sequence control iSAAUUCUCCGAACGUGUCACGU-
were from Molecular Probes. IRD§#&-conjugated secondary 3. A second set of SiRNAs {6-arrestin-1 and -2 and siRNAs
antibodies were from Rockland Immunochemicals. Antl-p85 to (Saq were obtained from Santa Cruz Biotech (Santa Cruz,
antibodies and protein Aagarose were from Upstate CA), the sequences of which are proprietary. Cells were
Technology, Inc. transfected at 50% confluence with 2§ of siRNA, using
Transient Transfection®IH3T3 and MDA MB-468 cells Genesilencer (Gene Therapy Systems. Inc.), according to
were grown in Dulbecco’s modified Eagle’s medium (DMEM, manufacturer’s instructions. Experiments were initiated at
Mediatech) supplemented with 10% cosmic calf serum 72 h after siRNA transfection.
(Hyclone Laboratories) and maintained at 37 with 5% Immunofluorescence and Confocal Microsco{H3T3
CO,. NIH3T3 cells (5 x 10°) grown on 10 cm dishes or MDA MB-468 cells (2x 10%), transiently transfected with
overnight (approximately 70% confluent) were transiently GFP-taggegb-arrestin-1 or -2, were seeded onto collagen-
transfected with 1Qig of GFP-taggegb-arrestin-1 and -2  coated (10ug/mL) coverslips and incubated rfet h in
using Lipofectamine according to the manufacturer’s instruc- complete media followed by serum starvation for 16 h. Cells
tions. Cells were harvested for experiments-28 h after were treated with 100 nM 2fAP at 3TC for 0—90 min and
transfection. stained with AlexaFud?®-conjugated phalloidin (finally

min to induce pseudopodia extension. Protein from either
cell bodies on the upper membrane surface or pseudopodia
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Ficure 1: PAR-2 both promotes and inhibits PI3K activity. To determine PI3K activity, p85 was immunoprecipitated from NIH3T3 cells

(A) or MDA MB-468 cells (B) after treatment with 100 nM PAR-2 agonist, 2fAP, fer3D min, and phosphorylation of exogenous Pl was
measured. (A, B) Representative autoradiograph of phospholipids separated by TLC. Migration rates of Pl products were compared to
those of stained standards; migration positions of PIP and the sample origin (O) are indicated by arrows. (C) Bar graph showing percent
increase in the PI3K activity calculated from phosphoimage analysis of radioactive PIP (wherev@Me in untreated cells) after 1, 5,

and 30 min of 2fAP treatment. Results represent the mean inci#e&teM; # indicates significant differenc® (< 0.05) between treated

and untreated; * indicates significant difference between NIH3T3 and MDA MB-468 cell PI3K activity5.

concentration 1:1Q01 h atroom temperature) to visualize S-arrestin-+=GST (0-160 nM) or GST alone (8500 nM)
F-actin or with anti-mouse p85 (1:500). Z-sections were taken in a total volume of 3QuL. (Either O, 2, 20, or 200 ng of
using a ZEISS LSM 510 with 100 oil objective (1um thick recombinant GST fusion protein or 0, 20, 200, and 400 ng
for each section). The final composite image was createdwas added for each assay; assays were repeated a total of
using Adobe Photoshop 6.0 (Adobe) to overlay four Z- five times.) Lipids were extracted from the organic layer after
sections after analysis with LSM-Image software. addition of 160uL of CHCl;:MeOH (1:1), and®*?P-labeled

In Vitro Binding AssaysRecombinant p8&/°His-p11Qx phospholipids were resolved by thin-layer chromatography
(100 ng, 0.5 pmol), immobilized on NiSepharose, was (TLC) on silica plates, pretreated with potassium oxalate, in
incubated with 8-500 ng off-arrestin-+-GST (0-10 pmol) chloroform—methanot-water—ammonium hydroxide (60:47:
or GST (0-18 pmol) for 30 min at 25C. His-bound proteins ~ 11.3:2). Migration rates of Pl products were compared to
were collected by centrifugation, and beads were washed inthose of molybdenum blue stained standards RR APl s
PBS (containing 230 mM NaCl). Supernatants were incu- P2, and PJ,#3. Radioactive lipids were determined by
bated with glutathione Sepharose to collect unbound GST phosphoimage analysis using a Bio-Rad Storm.
fusion proteins, and beads were washed in PBS.gads, Data AnalysesPercent changes in PI3K activity were
glutathione beads, and supernatant fractions were analyzedalculated from phosphoimage band density in PAR-2-treated
by 10% SDS-PAGE and stained with Imperial protein stain  vs untreated cells for each experimental group. Band densities

(Pierce Biotech) to visualize proteins. phl@3-arrestin- were normalized to total p85 immunoprecipitated, as deter-
GST, and GST can be clearly seen, whereasop&5 mined by Western blotting. Baseline levels were those
approximately the same molecular weight/#sr-1-GST present in the absence of PAR-2 activation and were treated
and is obscured. Replicate samples were analyzed by Westeras 100%. Therefore, changes in baseline levels of PI3K
blot using anti-p85 to ensure equal recovery of @85 activity were not apparent in the results. All experiments

PI3K AssaysNIH3T3 cells (5x 10°) (80% confluence)  were repeated a minimum of three times and expressed as
were serum-starved for 16 h, stimulated with 100 nM 2fAP mean & SEM as indicated in the Results. Differences
for 0—30 min at 37°C, and lysed in ice-cold buffer A [137  between multiple groups were examined by two-way ANO-
mM NaCl, 20 mM Tris-HCI (pH 7.4), 1% NP-40, 1 mM VA and Bonferroni post-tests, witR < 0.05 considered to
CaCh, 1 mM MgCh, and 0.1 mM NaVv@. Cleared lysates  be significant. In this way, both the statistical significance
(500 ug of protein) were incubated with polyclonal anti- of PAR-2 activation on PI3K activity at each time point and
p85 antibody (4ug) at 4°C for 2 h followed by 40uL of the difference between paired groups (i.e., PAR-2 activated
protein A—agarose fo2 h at 4°C. IPs were washed three compared with untreated, PAR-2 activated in the presence
times with each of following buffers: (1) buffer A; (2) 100 compared with the absence of inhibitor, or PAR-2 activated
mM Tris-HCI (pH 7.4), 5 mM LiCl, and 0.1 mM NaVv@ after Gog/p-arrestin sSiRNA compared with control sSiRNA
(3) TNE buffer [10 mM Tris-HCI (pH 7.4), 150 mM NaCl, transfection) were determined. Apparentd@or in vitro
and 5 mM EDTA, 0.1 mM NaV(]. PI3K reactions were  PI3K assays was calculated using XLFit version 4. Data were
performed in 5QuL of TNE buffer, supplemented with 10 fitted using a sigmoidal doseesponse model with a 95%
uL (20 ug) of PI, 10uL of 100 mM MgCh, and 5uCi of confidence interval.

[y-32P]JATP at 37°C for 10 min and stopped by addition of RESULTS

20uL of 6 N HCI. For in vitro assays, 10 ng+60 pmol) of
recombinant p8&/p11Qx was incubated with 2@g of PI PAR-2 Can Promote PI3K Acity through a Gugar
and 1uCi of [y-*?P]ATP in the presence of-9400 ng of Dependent Pathway liolving PYK2 and Src-Family Ki-
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nases.While PI3K is thought to play a major role in cell A B

migration downstream of a number of chemotactic receptors, SIRNA T, 7007 &

its role in PAR-2 signaling has never been addressed. In these CNT  Gag é 6001

studies, we focused on the class IA PI3K family. We assayed O U N N

PI3K activity in NIH3T3 and MDA MB-468 cells, after 3 2 4007

treatment with PAR-2 agonist (2fAP) for-B0 min, by - . r el
immunoprecipitation of the regulatory subunit of PI3K i 3
(p850), followed by incubation of immune complexes with o 'U%' .
[y-32P]JATP and lipid substrate (PI). Radiolabeled phospho-

S S -100- G
lipids were then analyzed by TLC, and the migration rates C £ =

of PI products were compared to those of stained standards.
As shown in Figure 1, PAR-2 activation increased PI3K Gl
i — — R

activity in NIH3T3 cells (160+ 6% after 5 min) but
decreased PI3K activity in MDA MB-468 cells (48 9%). ‘. . ‘ VB e
D

siRNA  CNT Gog

PAR-2 has been demonstrated to signal througigG
coupling, which leads to mobilization of €aand activation

of PKC However, some PAR-Z-depengIent effects, ;uch as o s T e
activation of ERK1/2, require botbrarrestin-1 and -2. Given

o o Ozl L EoslE2EAP i
the recent emergence of a new paradigm in GPCR signaling 0 el S 2aF. min
from studies demonstratingarrestin-dependent, G-protein- » ' - ' ' .
independent signaling, we next investigated whether the - et ' b

increase in PI3K activity observed in NIH3T3 cells was

mediated by the classicdg; signaling axis. We addressed

the role of Guq signaling at three levels, by knocking down

Gog1 expression with siRNA, blocking downstream?Ca

mobilization with BAPTA-AM, or blocking PKC activation

with GFX. The specific PKC isoform used by PAR-2 is

unknown; thus we chose a broad spectrum inhibitor. Mouse ‘ ‘ ‘ ‘ . ‘ . .
Gagnr-specific sSiRNA sequences are proprietary (purchased

from Santa Cruz Inc.), but their specificity was confirmed E

L ) . . 5000 #
by quantitative Western blot analysis using tubulin as an

internal protein loading/expression control (Figure 2C). 400 1 Il
Knockdown of Gig11 expression (by-50%), treatment with ol
0 BAPTA

BAPTA-AM, and treatment with GFX abolished the PAR- .
2-stimulated PI3K activity in NIH3T3 cells (Figure 2). In g0
fact, after Guq11 knockdown or GFX treatment, PAR-2 '
activation promoted a 53 9.7% and 30+ 10% decrease

in PI3K activity, respectively, similar to what we had

ity (% change)
=
=
L

m GFX

PI3K activ

*

observed in MDA MB-468 cells, suggesting that PAR-2 -100- #
§ends opposing signals to PI3K througthdeper]dent and  Fgure2: PAR-2-stimulated PI3K activity in NIH3T3 cells requires
independent pathways. o1 knockdown also increased  Gagjy,and C&*. (A—C) NIH3T3 cells were either transfected with
baseline PI3K activity, suggesting it may play multiple roles nontargeting control (CNT) anddgr-specific siRNA or pretreated

in regulating this pathway. with or without BAPTA-AM followed by activation of PAR-2 with
P : . . 100 nM 2fAP. PI3K activity was assayed as described in Figure 1.
The+prollne rich tyrosllne klnqse .2 (PYK2) can b.e activated (A) Representative TLC autoradiograph of PI3K activity aftet,a
by C&* and PKC, leading to b'nd'ng and aCt'Vat'on.Of Src,  knockdown. (B) Bar graph depicting percent increase or decrease
followed by binding and activation of PI3K3{—34). Since in PI3K activity in control and @q siRNA transfected cells. (C)
PAR-2 has been shown to activate PYK-2 and promote its Quantitative Western analysis otg and tubulin (internal control)

association with Src3(1), we wished to examine whether protein levels after siRNA transfection. (D, E) NIH3T3 cells were

. . . treated with BAPTA-AM or GFX, and PI3K activity was measured.
PAR-2 a_llso_promotes |t.s association V\,"th PI3K and Whgther D) Representative TLC autoradiograph of PI3K activity after 30
Src-family kinases mediate the PAR-2-induced PI3K activity. ;M BAPTA-AM (left) or 10 uM GFX (right) treatment. (E) Bar
Co-immunopreciptiations with p85 revealed that, upon graph depicting percent increase or decrease in PI3K activity with
PAR-2 activation, PYK2 associated with p85 (Figure 3A). BAPTA-AM or GFX treatment. Results represent the mean increase

Furthermore, inhibitor SU6656, which is specific for mem- + SEM; * indicates significant difference between pretreated or
. ' Gag siRNA transfected and control groups; # indicates significant

bers of the Src family of tyrpsine kinase8), inhibited difference in PI3K activity between untreated and PAR-2 activated
PAR-2-stimulated PI3K activity in NIH3T3 cells by 48 groups P < 0.05,n = 3).

6% (Figure 3B).

PAR-2 Can Inhibit PI3K Actiity through aS-Arrestin- profoundly increased in response to a mutant PAR-2,
Dependent PathwayOpposing G-protein ang-arrestin- deficient in g-arrestin-1 binding and desensitizatiod6),
dependent pathways have been demonstrated downstrearauggesting thaf-arrestins might oppose this pathway. We
of other GPCRs X7, 18). Furthermore, we had previously next investigated whether the PAR-2-mediated inhibition of
demonstrated that PYK2 activation and Src association, PI3K observed in MDA MB-468 cells and after blockade
which are involved in PAR-2-stimulated PI3K activity, were of the Guq signaling axis might be dependent@marrestins.
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Ficure 3: PYK-2 and Src-family kinase involvement in PAR-2
stimulated PI3K activation. (A) Lysates from NIH3T3 cells treated
with 2fAP for 0, 1, or 5 min were immunoprecipitated (IP) with

p85 or IgG (negative control), and Western blots (WB) were probed

with PYK2 (upper panel) or p85 (lower panel). (B) NIH3T3 cells
were treated with 2fAP for 65 min with or without inhibition of
Src-family kinases with 2Q«M SU6656, and PI3K assay was

performed as described previously. The bar graph represents percer

inhibition of PAR-2 stimulated PI3K activity by SU6656 compared
with control cells.

First, we compared levels @gfarrestin and @Gq expression
in the two cell lines by quantitative Western blot analysis
and found thag-arrestin-1 and -2 are more highly expressed
in MDA MB-468 cells, while Gxq was more highly
expressed in NIH3T3 (Figure 4). Thus, it is possible that
p-arrestins might play a role in mediating the PAR-2-

stimulated decrease in PI3K activity. To address this pos-

sibility, we examined whether siRNA knockdown gfar-
restins in MDA MB-468 cells, or overexpression/arrestins
in NIH3T3 cells, would alter PI3K activity in response to
PAR-2 activation. SiIRNA oligos specific for humghar-
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Ficure 4: Differential expression ofs-arrestins and @q in
NIH3T3 and MDA MB-468 cells. Equal amounts (28) of protein
extract from NIH3T3 and MDA MB-468 cells were run in duplicate
and analyzed fofs-arrestin-1 (upper panelf-arrestin-1 and -2
(middle panel), and &q (lower panel) expression by Western blot.
he left panel is a Coomassie-stained gel to demonstrate equal
ading of samples (right panel).

or both -arrestins physically associated with PI3K by co-
immunoprecipitation with p85. In resting MDA MB-468 cells
a low level of-arrestin-1 coprecipitated with p85; associa-
tion of both-arrestin-1 and -2 with p85 was increased for
5—60 min after PAR-2 activation (Figure 6A). Consistent
with our previous studies ghtarrestin-dependent scaffolding
(36), PAR-2 also associated with p85 within 5 min of
receptor activation but did not appear to remain associated
at 60 min (Figure 6A, bottom panel). Interactions of
p-arrestins and p85 were confirmed in NIH3T3 cells; where
due to the low endogenous levels @frrestins, we trans-
fected epitope-tagge@tarrestin-1 and -2. Even in untreated

restin-1 and -2 have been described previously by our andNIH3T3 cells, both p85 and the catalytic subunit (pd}0

other laboratories 10, 13, 18, 30, 37); specificity of

strongly associated with transfectgéhrrestin-1, perhaps as

knockdown in these studies was confirmed by quantitative & result of overexpression (Figure 6B, left panel). Association
Western analysis compared to an internal protein loading of p85 with -arrestin-2 increased upon PAR-2 activation

control (Figure 5A). Knockdown of eithgt-arrestin obliter-
ated the PAR-2-stimulated inhibition of PI3K activity (Figure
5B,C). Surprisingly, wheg-arrestin-1 was knocked down,
PAR-2 activation resulted in a 26D 60% increase in PI3K
activity, similar to what was previously observed in NIH3T3
cells (see Figure 1). Treatment of MDA MB-468 cells with
BAPTA-AM potentiated the PAR-2-stimulated decrease in
PI3K activity (not shown), consistent with the hypothesis
that -arrestin-dependent signaling opposesqfCa ™ -de-
pendent signaling downstream of PAR-2. Conversely, in
NIH3T3 cells, overexpression gfarrestin-+GFP inhibited
PAR-2-stimulated PI3K activity by 7% 16% (Figure 5B-
F). Sufficient overexpression gfarrestin-2-GFP could not
be achieved so we could not determine whefharrestin-2
would have the same inhibitory effect on PI3K activity.
These data demonstrate thatarrestin-1 is capable of
directing PAR-2-mediated inhibition of PI3K activity, which
opposes a Gg-mediated stimulation of PI3K. Furthermore,
the difference in PI3K response to PAR-2 activation may
be partially determined by the relative levels @frrestin
and Gug.

PI3K Incorporates into a Macromolecular Complex
Containingp-Arrestins and PAR-2f S-arrestin-1 is capable
of regulating PI3K activity, we might expect it to directly

(Figure 6B, right panel). Importantly-arrestins associated
with p85 in both cell types. To confirm thgt-arrestin-1
directly interacts with PI3K, GSTg-arrestin-1 or GST alone
was added to Ni-Sepharose-bourfiHis-p11@x complexed

to p85x; unbound GST fusion proteins were then bound to
glutathione-Sepharose (Figure 7A). GSPB-arrestin-1
strongly associated with p8&/p11Qx, while GST alone did
not (Figure 7B,C). Thus, it appears tifaarrestin can directly
bind the PI3K complex, suggesting that it might directly
regulate PI3K activity.

These data suggest that PAR-2 might promote formation
of an endosomal scaffold, similar to that described for
ERK1/2 (36), to regulate PI3K activity. However, in this
case,f-arrestin-1 exerts a negative rather than a positive
regulatory effect. We further investigated whether p85,
p-arrestin-1 and -2, and PAR-2 were present in a macro-
molecular complex by size exclusion chromatography. By
examining coelution of all four proteins on an S300
Sephacryl column, we could ascertain whether they were
present in one complex or whether co-immunoprecipitations
reflected separate interactions. By concentrating eluted
proteins prior to Western blot analysis, we were able to
visualize endogenoug-arrestin-1 and -2 in NIH3T3 cell
fractions containing PAR-2 and p85 (Figure 8). Furthermore,

associate with the enzyme. We next examined whether eithera higher molecular weight species of both p85 Aratrestin
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Ficure 5: Effect of -arrestin knockdown and overexpression on PI3K activity- () PI3K activity in MDA MB-468 cells after transfection

of control versug-arrestin-1 and -2 siRNA. (A) Quantitative Western analysig-afrestin-1 and -2 levels (upper two panels) or actin as

an internal control (lower panel) after transfection with control (CNFyrestin-1 g-arrl), org-arrestin-2 g-arr2) siRNA. Typical knockdown

was 806-90% for s-arrestin-1 and 7680% for S-arrestin-2. (B) Representative TLC autoradiograph of PI3K activity gftarrestin
knockdown. (C) Quantification of percentage increase in PI3K activity gfrestin knockdown. (BF) PI3K activity after overexpression

of GFP alone op-arrestin-+=-GFP in NIH3T3 cells. (D) Representative Western blot of GFRyrestin-+-GFP expression in NIH3T3

cells using antjg-arrestin-1 (upper panel) and anti-actin as a loading control (lower panel). (E) Representative TLC autoradiograph of PI3K
activity afterS-arrestin-1 overexpression. (F) Quantification of percentage increase in PI3K activity-@fiterstin-1 overexpression. The

effect of 5-arrestin-1-GFP overexpression is also represented as percentage inhibition of PI3K activity compared to GFP transfected cells.
* indicates significant difference in PI3K activity betwegrarrestin siRNA oi-arrestin-GFP transfected and control groups; # indicates
significant PAR-2 stimulated change in PI3K activify € 0.05,n = 5).

appears upon PAR-2 activation (compare panels A and Bpl1Gx subunit. To address this hypothesis,

of Figure 8), which may reflect a posttranslational modifica-

increasing
concentrations of eithef-arrestin-+GST or GST alone

tion such as phosphorylation, as has been reported for bothwere added to recombinant PI3K (p85 complexed with p110).
proteins 23, 38, 39). The two PAR-2 bands observed [-Arrestin-1-GST inhibited PI3K activity by a maximum

correspond to glycosylated and unglycosylated spedi@s (
41). Upon PAR-2 activation, all four proteins redistribute

of 63 £ 8%, with an apparent l§g of 13 nM, while GST
alone had a nominal effect (Figure 94&). To address

(Figure 8, compare protein profile in panel A vs panel B), whether the PAR-2-induced associatiorfedrrestin-1 with

and boths-arrestin-1 and p85 coelute in two separate protein
peaks. Coelution of-arrestin and p85 is also observed in

p85 decreased its association with p110, the presence of p110
in p85 andg-arrestin immune complexes was examined.

untreated cells, which may reflect some baseline level of g-Arrestin binding to the regulatory p85 subunit did not
interaction between the two proteins; however, the expecteddisrupt its interaction of the 100 kDa catalytic subunit as

Stokes radius of proteins eluting in those fractions would
be about 4.5 nm. Fractions 582 contain p85p-arrestin-

similar levels of p110 could be coprecipitated with p85 in
the presence and absence of PAR-2 activation (Figure 9D).

1, and PAR-2, suggesting they are present in a macromo-Thus, it appears thai-arrestin-1 can associate with PI3K

lecular complex with a Stokes radius of approximately 5.0
nm (Figure 8B). Phosphorylated ERK1/2, which was previ-
ously found to coelute witff-arrestin-1 in KNRK cells and
colonic enterocytes3g), coeluted with3-arrestin-1 and p85
in fractions 46-42 (not shown), suggesting that two separate
complexes exist.

p-Arrestin-1 Inhibits PI3K Actiity. There are several ways
in which g-arrestin might inhibit PI3K activity: by directly
inhibiting its kinase activity, by activating an inhibitory
factor, or by inducing dissociation of p85 and p110, such
that less catalytic activity is present in p85 immunoprecipi-
tates. Becausg-arrestin-1 directly associates with PI3K and
its overexpression inhibits PAR-2-stimulated PI3K activity,
it might directly inhibit the enzymatic activity of the catalytic

and directly inhibit the catalytic activity of p120 PAR-2
activation increases this association in whole cells leading
to inhibition of PI3K activity, although overexpressed
p-arrestin-1 can associate with PI3K in the absence of
receptor activation (see Figure 6).

PAR-2 Promotes Colocalization of p85 afidArrestin-1
at the Leading EdgeTo examine the possible functional
significance of these opposing signals to PI3K, we turned
to PAR-2-stimulated cytoskeletal reorganization and cell
migration. A requirement fofs-arrestins in cell migration
has been demonstrated by a number of groups, including
ours (11, 12, 14, 16, 42—44). Since spatial regulation of
signaling molecules, including the products of PI3K activity,
during cell migration is thought to be essential for directed
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on Nit-Sepharose and incubated with-B00 ng of recombinant

WB: B-arrl WB: B-arr2 GST (0-18 pmol) or GST-S-arrestin-1 (8-10 pmol) for 30 min.
p - pll/p85u-bound protein was pelleted, and supernatants were

150+
1007 qu e— — incubated with glutathioneagarose to collect GST-bound protein.

7548 4 ! 2 < (B) Representative gel of NiSepharose and glutathion8epharose
> T . 4 bound proteins. Supernatants had no visible protein (not shown).
! (C) Equal pull-down of p8& was confirmed by Western blotting

507 J£G with p85o. antibody. (GST-S-arrestin-1 is the same size as p85
so p8m is obscured whep-arrestin-1 is added.)

FiGURE 6: Association of p85 witlfi-arrestins-1 and -2 in response
to PAR-2 activation. (A) Coprecipitation of endogengliarrestin-
1, PAR-2, and p85 in MDA MB-468 cells. Cell extracts after PAR-2 response to PAR-2 activation, we grew NIH3T3 cells on

activation with 2fAP for 6-60 min were immunoprecipitated with . : _
rabbit anti-p85 or rabbit IgG (first lane) and Western blotted with Tr?jr.lslwe” fllte_rs Vglth Jum po:;as (I?lrge enoulgh fqr psefud I
anti-p85 to demonstrate equal protein levels (upper panel), mouseP0d!al extension but too small to allow translocation of ce
B-arrestin-1 (second panel), rabpitarrestin-2 (third panel), and bodies) and exposed them to 2fAP added to the bottom well

mouse PAR-2 (bottom panel). IgG is visible in the third panel; only. Equal amounts of protein extracted from either the
p-arrestin-2 is indicated by the arrow. PAR-2 migrates as glyco- pseudopodia (underside of filter) or cell body (top of filter)
sylated and unglycosylated species in the bottom panel. (B) NIH3T3 were analyzed by SDSPAGE followed by Western blotting

cells were transfected (TF) with-arrestin-t-GFP (left panels), . . . .
p-arrestin-2-GFP (right panels), or GFP alone (left panel, last lane) With antibodies to p85 or histone H1 (as a control for a cell

and treated with 2fAP for ©60 min, and cell extracts were  body-specific protein). Approximately 70% of p85 was found
subjected to immunoprecipitation with anti-GFP or IgG (right in the pseudopodia, while histone H1 was restricted to the
panels, first lane). Western blots representatiye off_ourindependentce” body (Figure 10A). To investigate where p85 and
\?\)/(g?r}?njzier?ésst?r:-elS(T;fgrgrfggprlpee;tiﬁ?;?:?gﬂ)?- p85; (lower panel), ﬁ-arres_tin-_l interact within _the cell, we ex_amined their
colocalization by confocal microscopy. In resting cells, both
p-arrestin-1 and p85 were diffusely localized throughout the
migration @1, 23, 45—47), one possible explanation for the cytosol. After PAR-2 activation, somgarrestin-1 and p85
observations thus far is thatarrestins play a role in localized  colocalized both at the tips of and to the base of membrane
quenching of PI3K activity. In fact, a role fgi-arrestins in protrusions (Figure 10B). A considerable portion®r-
the sequestration of signaling molecules to specific cellular restin-1, but not p85, also redistributes to a perinuclear region,
microdomains has been reported for a wide variety of consistent with observations by our and other laboratories.
receptors 36, 48—54). We previously demonstrated that, Since -arrestins have a variety of functions, including
upon PAR-2 activation, botf-arrestins are found in isolated receptor endocytosis, this pool @karrestin is probably
pseudopodiag, 10), where they appear to prolong ERK1/2 engaged in other cellular processés, (55). Notably, p85
activation during PAR-2-stimulated cell migration. To is also found, withoutg-arrestin-1, along the length of
determine whether p85 was also enriched in pseudopodia inmembrane protrusions after 5 min of PAR-2 activation,
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Ficure 8: ldentification of aS-arrestin/p85/PAR-2 complex by
gel filtration. Extracts from approximately 481IH3T3 cells, either
untreated (A) or treated with 2fAP for 5 min (B), were separated
by size exclusion on a 400 mL S300 Sephacryl column. Protein
from every other sample in the included volume {&2) was
concentrated and analyzed by SBSAGE followed by Western
blotting for p85 (top panels), PAR-2 (middle panels), Aratrestin-
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ment was also disrupted by pretreatment of cells with WM
(Figure 11C).

DISCUSSION

The studies described here suggest that PAR-2 promotes
both positive and negative signals to the PI3K pathway
through opposing @&q andg-arrestin-dependent pathways,
findings with numerous important implications. Most cells
appear to have some baseline level of PI3K activity, which
may be essential for cell survival. Interestingly, upon
activation of PAR-2 in NIH3T3 cells, PI3K activity is
increased, whereas in another cell line (MDA MB-468),
PAR-2 inhibits baseline PI3K activity. Inhibition of theo@
signaling axis in NIH3T3 cells not only inhibits PAR-2-
stimulated PI3K activity but unmasks a PAR-2-stimulated
decrease from baseline. Conversely, knockdowrp-@ir-
restins in MDA MB-468 cells does not simply abolish the
PAR-2-stimulated decrease in PI3K activity but unmasks a
PAR-2-stimulated increase. Furthermore, overexpression of
p-arrestin-1 in NIH3T3 cells decreases PAR-2-stimulated
PI3K activity and addition of recombinait-arrestin-1 to
the purified p116/p85a complex directly inhibits PI phos-
phorylation. g-Arrestin appears to bind tightly to PI3K
(resistant to 230 mM salt wash) and inhibits with an apparent
ICso of 13 nM, suggesting a high-affinity interaction and
raising the question of whether it negatively regulates PI3K
in response to other signals as well. Taken together, these
data suggest that PAR-2 is exerting both positive and
negative signals on PI3K activity, the former through classic
Goaq signaling and the latter througharrestin-dependent
signaling.

pB-Arrestin-dependent signaling and spatial regulation of
kinases have been demonstrated for a number of receptors;
in some cases thg-arrestin-dependent signal occurs inde-
pendent of G-protein engagement and opposes the G-protein-
dependent signal8( 11, 12, 16—19, 30, 36, 48, 56, 57).
However, in most of those studies, tharrestin-dependent
activity was stimulation rather than inhibition of a kinase.
We have previously demonstrated that, in some cell types,
PAR-2 activates ERK1/2 independent of Ras and tyrosine

1/2 (bottom panels). Graphs below each set of Western blots depictkinases, and the active ERK1/2 is prevented from translo-
the relative amounts of protein in each fraction. (Total band density cating to the nucleus to promote proliferation through
was calculated, and values were represented as a percentage of theiteraction withg-arrestin-1 8, 10, 36). In those studies, a

total for each protein.) Void volume fractions are indicated; higher

fraction numbers correspond to proteins or protein complexes with

mutant PAR-2, deficient irp-arrestin binding but able to

smaller Stokes radii. An increase in modified species, indicated by Signal through @q, activated PYK2 and Src, resulting in
arrows, of g-arrestin and p85 appears upon PAR-2 activation Ras-dependent activation of ERK1/2, nuclear translocation,

(compare panels A and B). The braced fractions{(58) in panel

B represent the region where all three proteins coelute upon PAR-2

activation.

consistent with a model whefkarrestin might exert spatial
control over PI3K by inhibiting its activity in distinct cellular

and proliferation 86). Consistent with those results, we now
find that PAR-2/Gq coupling promotes binding of PYK2
to p85 and Src-dependent activation of PI3K, while PAR-
2/p-arrestin coupling results in recruitment of p85 into a
complex and inhibition of PI3K activity. While these studies
clearly show thaB-arrestin-1 can directly inhibit the catalytic

microdomains. This raises the question of whether PAR-2 activity of p11Qx, there are several other ways in which

can promote PI3K-independent cell migration. To test this
possibility, we quantified cell migration in the presence of
two inhibitors of PI3K activity, WM or LY294002. Baseline

pB-arrestins might inhibit PI3K activity in intact cells. First,
their ability to uncouple @g/C&" signaling from PAR-2
activation almost certainly contributes to the inhibition of

levels of cell migration were greatly reduced by pretreatment PI3K activity that appears to be mediated/arrestin-1 in

with either 100 nM LY294002 or WM; PAR-2-induced
migration was abolished in NIH3T3 cells (Figure 11A) and
reduced by 70% in MDA MB-468 cells (Figure 11B).
Consistent with its effect on cell migration, formation of

actin-rich membrane protrusions in response to 2fAP treat-

these studies. Secongtarrestin binding to p85 may disrupt
its interaction with PYK2, which appears to be involved in
PAR-2-stimulated PI3K activation, perhaps acting synergisti-
cally with its direct inhibitory effect on p110 A precedent
for -arrestin-dependent inhibition of the PI3K signaling axis
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Ficure 9: B-Arrestin-1 directly inhibits PI3K activity in a dose-dependent fashion—Q@ Increasing concentrations of purified GST
p-arrestin-1 or GST alone (68 nM) were added to purified pl&Qprecomplexed with p&5, and phosphorylation of the Pl substrate was
determined as described in Figure 1. (A) Representative TLC autoradiograph. (B) Graph depicting inhibition of PI3K activity-by GST
p-arrestin-1 or GST alone, where 100% is activity of pd4B5u alone. (C) Representative gel demonstrating protein levelsanfestin-1

and GST added to PI3K reactions. # represents significant difference in PI3K activity with respect to control (no added GST fusion protein).
(D) NIH3T3 (upper) or MDA MB-468 cells (lower panel) were treated with or without 2fAP for 5 min and immunoprecipitated with either

IgG or anti-p85 followed by Western blotting with p110.

A B 2fAP  B-arrl-GFP 85

Total CB Pseud
i *_ p8s
- s Histone

Ficure 10: p85 colocalizes witff-arrestin-1 in both cell bodies and tips of extending pseudopodia. (A) NIH3T3 cells grown on Transwell
filters were treated with 2fAP (added to bottom chamber) for 90 min, and total cell extract (total) total protein was extracted from either
pseudopodia (pseud) on the filter underside or cell bodies (CB) on the upper side. The relative amount of p85 found in pseudopodia
compared with CB fractions was determined by Western blotting with anti-p85. Total cellular protein is shown in the left lane, and blots
were probed with histone H1 to demonstrate the absence of cell body protein in the pseudopodial preparation. (B) NIH3T3 cells, transfected
with g-arrestin-+-GFP grown on fibronectin-coated coverslips, were treated with or without 2fAP-f600min, fixed, and stained with

anti-p85 (red). Arrows indicate regions of colocalization in the pseudopodia top, and arrowheads point to cell body and at the base of the
extending pseudopodia, as demonstrated by yellow in merged images.

was reported for the dopamine receptor, D2A; in those phatase (tyrosine dephosphorylation would disrupt interaction
studies,S-arrestin-2 was shown to promote inactivation of of p85 with SH2 domain containing proteins) or PTEN
Akt downstream of PI3K through direct interaction with its  (which would dephosphorylate the lipid products of PI3K
inhibitory phosphatase, PP2A8&). Thus, another possible  activity).

explanation for the results presented here is fhatrestins There are also reports @i-arrestin-1 facilitating rather
counteract PI3K activity by scaffolding a tyrosine phos- than inhibiting PI3K activity. Studies on endothelin A have
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A NIH3T3 B MDA MB-468 environmental factors, are likely to contribute to the PAR-2
., 9007 ex 140 response that is observed.
£ ] 21201 We have previously hypothesized that the ifvarrestins
600/ ;f'gg may have nonredundant functions, but we have not yet been
2 c 6ol able to' elucidate separate rolesQ). In these studies,
B 300] 2 0l p-arrestin-1 knockdown appeared to have a more potent
g 2 stimulatory effect on PI3K activity thaftarrestin-2, but both
p= & ZU_ proteins associated with p85 and appeared to be together in
2f,£1; 5 S— 2fﬂ?}’ o g e a macromolecular complex. Because knockdown efficiency
CNT LY WM CNT LY of B-arrestin-2 was lower and we could not achieve high
y . , enough levels to examine the effect of overexpression, we
(B untreated 2fAP Im : 2fAP 1lm+ WM

cannot rule out a role fop-arrestin-2 at this point. It is
possible that-arrestin-2 is acting in a redundant or a
synergistic manner witl-arrestin-1 or that the inhibitory
effect of -arrestin-1 is due to an alteration fharrestin-2
interaction with p85 and PAR-2.

Why would one receptor simultaneously activate and
inhibit the same enzyme? A logical answer to this question
is that one or more cellular responses to PAR-2 activation
require spatial regulation of PI3K activity. Because cell
migration requires tight spatial regulation of a number of
signaling molecules, including the production of acidic
phospholipids, it is possible thatarrestin serves to spatially

b

Ficure 11: PAR-2-induced chemotaxis and cytoskeletal reorga-
nization require PI3K. NIH3T3 (A) and MDA MB-468 (B) cell

migration in response to 100 nM 2fAP, with or without inhibition  restrict PIZK activity to regulate localized pools of acidic
of PI3K with 100 nM wortmannin (WM) or 2tM LY294002, y g P

was determined using a Transwell filter migration assay. Data are phospholipids or promote localized activation of S.Igna“ng
presented graphically in terms of cells migrated. NIH3T3 cells are Molecules, such as RhoA GTPases or Akt, that lie down-

more motile than MDA MB-468 cells; thus, the total numbers differ stream of PI3K. In favor of this hypothesis, p85 can be found
between the_cell Iin(_as. (C) Phalloidin staining of NIH3T3 cells after in extending membrane protrusions after PAR-2 activation,
tnr&atg’gt‘:e";"tg‘ dvfeor:m:;% %fl'?]"):’ (l\}c?t% n d“gl’ré);szﬁﬁ E:E:sgvm)é}s?%c both with and without-arrestin-1. There are numerous
corrllpanied by increased membrane ruffling observed with 2fAP Scen_ar'os where spatial regulguon Of PI3K aCt'V'tY at ,the
treatment is inhibited by WM. Insets represert magnification leading edge would be conducive to directed cell migration.
of boxed regions. Scale bar 10 um. PIP3, a product of PI3K activity, can promote activation of
RhoA GTPases through interactions with PH-domain-
containing guanine exchange factors. RhoA GTPases are,
in turn, essential for the formation of lamellipodia, filipodia,
and stress fibers as well as for the regulation of actin filament
severing through control of LIMK activity47). Furthermore,

demonstrated thag-arrestin-1 leads to recruitment and
activation of a Src-family kinase (Yes), which in turn
phosphorylates &q, leading to activation of PI3K and

glucose transpor2@). We did not observe any significant  pp2 s an important mediator of actin filament capping
tyrosine phosphorylation of @ in response to PAR-2  activity, which controls filament length and preserves fila-
activation (P. Wang and K. DeFea, unpublished observa- ment stability 47). Localized uncapping is essential during
tions), suggesting that this mechanism may not be involved cell motility, and PI3K-mediated conversion of PIP2 to PIP3
downstream of PAR-2. Studies on the IGF1R showed that could destabilize filaments by inhibition of capping activity.
p-arrestin-1 facilitates IGF-stimulated PI3K and Akt activity, The data presented here support a model where, upon
perhaps through its ability to bind and recruit Src into a activation, PAR-2 engageso@i; and mobilizes CH to
macromolecular complexd( 19, 49). On the other hand,  pP|3K activity, possibly leading to activation of downstream
previous studies revealed that Src was not present in PAR-effectors such as Akt and RhoA GTPases, whose activation
2-induced p-arrestin-1 scaffolds angB-arrestin actually ~ py PAR-2 has been reporte6( 61) (Figure 12). Simulta-
inhibited PAR-2-stimulated Src activatio8)( The main p110  neously,3-arrestin-1-bound receptor directly binds to PI3K
isoform in the cell types examined is piithowever, itis in specific locations to inhibit its activity; integration of both
possible thag-arrestin might differentially affect specific  pathways is essential for directed cell migration.

p110 subunits and might even have a potentiating effect on  Gaq signaling is generally considered the predominant
p11Q or pllQ, perhaps explaining whys-arrestin is  mechanism by which PAR-2 signals, and many studies use
facilitative in some systems but inhibitory in these studies. generation of IR or mobilization of intracellular C4 as a
Another anomaly in these studies was the fact that, in the readout for PAR-2 activation. Although it has been accepted
absence of @Gq, baseline levels were elevated, while PAR- for some time thatS-arrestins are involved in PAR-2
2-stimulated PI3K activity was abolished in the absence of signaling, independent of their role as signal desensitization

Gag. There is some precedent for this result, asgy@an
directly bind and inhibit p11@ downstream of some
receptors %9), while upon activation of other receptors, it

molecules, the possibility thgt-arrestin-dependent signals
can occur independent of g engagement and directly
oppose C&-dependent signaling has never been proposed.

activates PI3K througfi-arrestin-dependent recruitment of As PAR-2 is becoming an increasingly popular therapeutic
Src-family kinases. Furthermore, these intrinsic variations target, and studies in whole animals have revealed both pro-
in baseline PI3K activity, which are most likely due to other and antiinflammatory actions in response to PAR-2 agonists
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Ficure 12: Model for opposing PAR-2 signals to PI3K. Upon
activation (1) PAR-2 couples to & to produce IP3 and DAG,
leading to (2) mobilization of Ca and activation of PKC. (3) PYK2
and Src are activated downstream of PAR-2 and bind PI3K to
increase its activity. (4) Increased PI3K activity leads to activation
of downstream effectors, which may include RhoA GTPases and
Akt. (5) Simultaneously, activated PAR-2 bindsarrestins, (6)
recruiting PI3K into a complex, leading to inhibition of PI3K
activity, through (7a) uncoupling @ from PAR-2, (7b) preventing
association of PYK2 and Src with PI3K, and/or (7c) directly
inhibiting PI3K activity. (8) The end result is localized activation
and inhibition of PI3K activity. Both pathways are essential for
actin reorganization and cell migration and are likely spatially
separated within the cell to create microdomains of PI3K products.

(5), the elucidation of these opposing pathways has great
biomedical relevance. Extrapolating from the difference in
PI3K response observed here between NIH3T3 cells, which
express low levels gf-arrestin-1, and MDA MB-468 cells,
which express higher levels, we would predict that one might
observe a completely different set of PAR-2-induced re-
sponses depending on the level@arrestin, and possibly
Gaq, expression in a given tissue.
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