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Chapterr 4 

Blockin gg G-protei n py dimer s reduce s desensitizatio n of CXCR4, 
causin gg enhance d and persisten t migration , independen t of PI3-kinase . 

I.S.. Zeelenberg, FJ. Opdam, Y.M. Wijnands, H.W. van Deutekom, R. de Bruijn, E. Roos 

Thee G-protei n $y dime r has differen t and opposit e rote s in chemokine-lnduce d migration . It 
cann promot e migratio n by activatio n of phospholipas e C (PLC) and phosphatidylinosttol-3 -
kinas ee (PI3K). However , it also induce s desensitizatio n and internalizatio n of receptor s and 
thu ss cause s downregulatio n of the signal . Inhibitio n of Gp? functio n has previousl y been 
show nn to reduc e migratio n triggere d by the CCR2 and CXCR2 chemokin e receptors . We 
blocke dd G0y functio n in a T cel l hybridom a by expressin g the cytoplasmi c tai l of the G-
protel nn recepto r kinas e 2. Surprisingly , CXCR4-triggere d migratio n was not reduced , but 
enhanced .. Migratio n of contro l cell s was blocke d after a 5 min exposur e to the CXCR4 
ligan dd CXCL12. In contrast , py-blocke d cell s stil l migrate d after a 30 min CXCL12 treatment , 
showin gg tha t thes e cell s coul d not be full y desensitized . Invasio n of the T cel l hybridom a 
cell ss  int o fibroblas t monolayers , whic h depend s on CXCR4, stop s after 30 mm, probabl y 
duee to desensitization . in contrast , the p>blocke d cell s continue d to invad e for at least 4 h. 
Ourr  result s impl y that the PY dime r is not require d fo r the activatio n of PLC or P13K. Indeed , 
PLCC can also be activate d by Gotq, whic h is involve d since  migratio n is inhibite d by a 
dominant-negativ ee Gotq mutant . Strikingly , wherea s migratio n of control  cell s was 
completel yy  blocke d by PI3K inhibitors , migratio n of the Gp>blocke d cell s was independen t 
off  PI3K. This show s that PI3K is not essentia l fo r chemotaxl s but only  require d when the 
CXCR44 signa l is rapidl y desensitized . 

Introductio n n 
Thee migration of leukocytes into tissues is 
directedd by chemokines and their receptors.1 

Thiss occurs mainly in inflamed tissues, in which 
expressionn of certain inflammatory chemokines 
iss upregutated. However, also in the absence of 
inflammation,, tissues contain homeostatic 
chemokiness that ana likely involved in the 
normall recirculation of leukocytes. In particular, 
thee chemokine CXCL12 (SDF-1) is 
constitutivelyy expressed in many organs. 
Recentlyy it has been described to play a rote in 
thee metastasis of various malignancies.2"4 

Chemokiness bind to seven-transmembrane 
G-protetn-couptedd receptors. The heterotrimeric 
guaninee nucleotide-binding regulatory proteins 
(G-proterns)) transduce ligand binding to these 
receptorss into intracellular responses.5 G-
proteinss can be divided into four subfamilies: 
G|,, Gq, G8 and G1213. Chemotaxis is inhibited by 
pertussiss toxin, which specifically blocks Gt 

proteins.66 G-proteins consist of a-, p- and y-
subunits.. The latter two form a non-dissociable 
complex.. Binding of a chemokine changes t i e 
conformationn of the receptor so that the G-
proteinn binding site is unmasked.7 The 
interactionn with the activated receptor drives 
guanine-nucleotidee exchange resulting in GTP 
bindingg to the ct-subunit and consequently the 
dissociationn of the complex. The activated 

GTP-boundd a subunits and the free Py subunits 
regulatee the activity of several cellular effectors. 
Forr instance, Go, and Go* affect adenyiyl 
cyclasess and Gotq activates phospholipase C-fJ 
(PLC). . 

Thee GPy dimer can interact with many 
effectors.88 Most important for migration towards 
chemokiness is the interaction with 
phospholipasee C-p (PLCJ5) and 
phosphatidylinositol-3-kinase-77 (PI3K?). Both 
effectorss play an important role in migration. 
However,, GfJy also binds to certain ion 
channelss and several kinases. Importantly, the 
recruitmentt of G-protein-coupled receptor 
kinasess (GRKs) to the membrane by Gpy leads 
too desensitization and internalization of the 
receptors.99 The overall function of the Gp> 
dimerss in migration is not clear. On the one 
hand,, they stimulate migration, because of their 
couplingg to second messengers such as PLCfi 
andd PI3Ky. but on the other hand they block 
migration,, by recruiting GRKs. For two 
chemokinee receptors, CCR2 and CXCR2, it 
wass shown mat blocking of the Gffy dimer leads 
too reduced migration.1**11 This suggested that 
thee activation of migration-promoting effectors, 
suchh as PLCp and PtSrCy, is the major function 
off the dimer. 
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Wee have studied the role of the Gp>subunit 
inn migration and invasion induced by the 
chemokinee CXCL12, using a T cell hybridoma 
ass a model.12 The hybridoma ceils express 
CXCR44 and are highly migratory and invasive, 
similarlyy as the activated T cells from which 
theyy were generated. Because of the 
autonomouss growth capacity derived from the 
lymphomaa fusion partner, these cells ate easier 
too culture than freshly isolated T cells and thus 
moree suitable to generate stable transfectants. 
Inn previous studies we found that migration of 
thesee cells depends on PI3Ky as well as PLC, 
mainn effectors of the GPY dimer (unpublished 
resultss and Soede et a).13). Therefore, we 
expectedd that blocking the G[iy subunits would 
alsoo lead to reduced migration and invasion 
inducedd by CXCR4, similarly as described for 
CCR22 and CXCR2.1Q:11 Surprisingly, we 
observedd quite the opposite. Blocking of G(5Y 
subunitss resulted in persistent migration and 
invasion,, due to a reduction in desensitization 
andd internalization. This migration still required 
PLCC activity, apparently activated by Go^. 
Remarkably,, however, migration became 
insensitivee to inhibition of PI3K. 

Material ss  and method s 
Celll  culture . The mouse T cell hybridoma 
TAM2D22 was generated by fusion of 
noninvasivee BW5147 lymphoma cells with 
norma!! activated T lymphocytes.12 The cells 
weree cultured in RPMI-1640 with L-glutamine 
(Lifee Technologies, Paisley, United Kingdom) 
supplementedd with 12.5 mM NaHC03) 10 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic c 
acid,, 10% NCTC 135 (ICN Pharmaceuticals 
Inc.,, Costa Mesa, CA, USA), 0.26 g/l L-
glutamine,, 0.05 mM 2-mercaptoethanol, 0.5 
mMM Na-pyruvate, 1 mM oxaloacetic acid, 0.2 
lU/mtt bovine insulin, 100 tU/ml of penicillin, 100 
ng/mll of streptomycin (Life Technologies) and 
10%% fetal calf serum (FCS) (Life 
Technologies).14'155 TAM2D2 transfectants were 
culturedd in the same medium supplemented 
withh 0.4 ^ig/ml puromycin (Sigma Chemical Co., 
St.. Louis, MO, USA) or 0.3 mg/ml zeocin 
(Invitrogen,, Carlsbad, CA, USA). 

Ratt embryo fibroblasts (REFs) were 
culturedd in DMEM supplemented with 100 lU/ml 
off penicillin, 100 ug/ml of streptomycin (Life 
Technologies)) and 10% newborn calf serum 
(NBCS)) (Life Technologies). They were used 
forr invasion assays between passages 5 and 
15. . 

Thee virus-packaging cell line *NXE18 was 
culturedd in the same medium but with 10% FCS 
insteadd of NBCS. 

Antibodies .. The GRK2 antibodies were from 
Upstatee (Charlottesville, VA) and pan-arrestin 
antibodiesantibodies were from Abeam (Cambridge, UK). 
Thee anti-CXCR4 antibody used for 
immunoprecipitationss was purchased from 
ProScii Incorporated (San Diego, CA, USA). 
Thee 2B11 anti-CXCR4 antibodies used for flow 
cytometryy were a generous gift from Dr. R. 
Försterr (Hannover Medical School, Germany). 
PE-iabeledd secondary antibody was purchased 
fromm Jackson Immunoresearch Laboratories 
Inc.. (West Grove, PA, USA). The anti-GoyGan 
antibodyy was a generous gift from Dr. S. 
Hermouett {University of Nantes, France). 
Phospho-specificc MAPK antibody was 
purchasedd from Promega (Madison, Wl, USA) 

Inhibitors .. The phospholipase C (PLC) 
inhibitorr U-73122 was purchased from Biomol 
(Plymouth,, MA) and the phosphatidylinositol-3-
kinasee (PI3K) inhibitor LY294002 from Sigma 
Chemicall Co.. Effects on migration were 
assessedd after preincubation of the cells for 5 
minn with 1 jiM U-73122 or for 30 min with 25 
uMM LY-294002. The assay was performed in 
thee continued presence of the inhibitor. 

Generatio nn and transductio n of DNA 
constructs .. The C-terminal domain of GRK2 
(ct-GRK2;; amino acids 495-689), which binds 
too G[iy, was a gift from Dr. R.J. Lefkowitz (Duke 
Universityy Medical center, Durham, NC, 
USA).177 The D277N mutant of Ga n was a gift 
fromm Dr. MA Simon (California Institute of 
Technology,, Pasadena, CA, USA).18 The 
constructss were cloned into the retroviral vector 
pLZRS-IRES-puro-EGFP.. This vector was 
basedd on the pLZRS-lRES-zeo vector, in which 
thee zeocin resistance cDNA was replaced by a 
cDNAA encoding a puromycin resistance-
enhancedd green fluorescence protein (EGFP) 
fusionn protein.16;19 Because it contains an 
internall ribosomal entry site (IRES), both the ct-
GRK22 construct and the puromycin-resistance 
EGFPEGFP fusion protein are translated from one 
bicrstronlcc mRNA.20 Therefore, high EGFP 
levelss are expected to correlate with high levels 
off ct-GRK2. The vector was transfected by 
calcium-phosphatee precipitation into the virus-
packagingg cell line ONXE.16 After 8 h, the 
mediumm was refreshed, and 48 h later the virus 
supernatantt was collected and used to infect 
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thee TAM2D2 cells. Three days later, puromycin 
wass added, and after a few days the selected 
cellss were FACS-sorted to select a bulk 
populationn with high EGFP expression. 

Thee human muscarinic acetylcholine 
receptor-11 (hM1) was a gift from Dr. T.I. Bonner 
(Nat.. Inst. Mental Health, NIH). The cDNA was 
clonedd into the retroviral vector pLZRS-IRES-
Zeoo and transduced into the TAM2D2 cells and 
GaiiD277NN transfectants. 

Floww cytometry . GFP and CXCR4 levels were 
assessedd by flow cytometry. GFP levels were 
measuredd directly. To assess CXCR4 levels, 
cellss were washed once and incubated for 45 
minn with 20 uJ of 1:5 diluted 2B11 hybridoma 
supernatant.. The cells were washed three 
timess and incubated for another 45 min with 
phycoerythrinn (PE)-conjugated anti-rat 
antibodies.. The ceils were washed again and 
resuspendedd in PBS. The analysis was 
performedd on a Becton Dickinson FACScan 
usingg CellGuest software. 

Migratio nn assay . Migration assays were 
performedd as described previously. Briefly, 
Transweltss with 5 urn pores were treated for 2 h 
withh 0.5% ovalbumin at room temperature. The 
lowerr chamber was filled with 250 ̂ 1 RPMI1640 
supplementedd with 0.1% ovalbumin and 100 
ng/mll CXCL12 (PeproTech Inc., Rocky Hill, NJ, 
USA).. Cells (10s) were washed, kept in fresh 
mediumm for 30 min at C and washed again 
inn ice-cold serum-freé medium. The cells were 
resuspendedd in RPM11640 with 0.1% 
ovalbuminn and added with or without 100 ng/ml 
CXCL122 to the upper chamber of the 
Transwellss that were placed on top. After 
incubationn for 2 h at 3T*C and 5% CQa, the 
migratedd cells in the lower chamber were 
counted. . 

Desensitizatio nn and internalizatio n assays . 
Ceilss (0.5 x 10s) were washed and incubated 
forr 30 min in RPMI1640 with 0.1% ovalbumin at 
37*0.. CXGL12 (100 ng/ml) was added to the 
cellss at various time points during this period. 
Then,, celts were washed again in ice-cold 
RPMI164ÖÖ and used immediately in a migration 
assay,, as described above, to determine the 
extentt of desensitization. For the internalization 
assay,, cells were stained with the 2B11 anti-
CXCR44 supernatant and analyzed by flow 
cytometry,, as described above. 

Invasio nn assay. Invasion assays were 
performedd as described previously. Briefly, 

confluentt REF monolayers in 24-well plates and 
TAM2D22 cells or transfectants were washed 
andd the latter were added to the monolayers in 
serum-freee medium. After incubation for 1 or 4 
hh at 379C and 5% C02, the monolayers were 
extensivelyy washed and fixed with 2% 
paraformaldehyde.. The invaded cells were 
countedd using phase-contrast microscopy. 

MAPKK assay. Cells (2x10s) were washed and 
incubatedd tor 5 min at 3 7 ^ with 0.1 mM 
phorbol-12-myristate-13-acetatee (PMA; Sigma 
Chemicall Co.) or 1mM carbachot in RPMI. After 
incubation,, the cells were immediately washed 
withh ice-cold PBS and lysed for 10 min in lysis 
bufferr containing 1% NP-40 and 0.25% 
deoxycholatee (DOC). After centrifugatiön, 
samplee buffer was added to the supernatant 
Boiledd lysates were separated by SDS-PAGE 
andd immunoblotted with phospho-specific 
MAPKK antibodies. 

Immunoprecipitation .. Cells were lysed in 1 ml 
lysiss buffer (25 mM Tris pH 7.4, 100 mM NaCI, 
22 mM CaCla, 0.25% deoxycholate (DOC), 1% 
NP-400 and 1% Triton X-100 and protease 
inhibitors).. After centrifugatiön, the supernatant 
wass incubated at 49C with the specific antibody 
andd subsequently with protetn-G- or -A-
Sepharosee beads (Amersham Pharmacia 
Biotech.,, Uppsala, Sweden). Precipitated 
complexess were washed three times in lysis 
bufferr and boiled in sample buffer. Complexes 
weree analyzed by immunoblotting. 

Immunoblotting .. SDS-PAGE-separated cell 
lysatess or immunoprecipitates were blotted to 
nitrocellulose,, which was then blocked with 1% 
BSAA and 3% nonfat dried milk. The membranes 
weree incubated for 1 h with the appropriate 
antibodyy at room temperature, followed by 
incubationn with a secondary antibody coupled 
too horseradish peroxidase (Amersham Life 
Sciences,, Little Chalfont, U.K.). Stained 
proteinss were visualized by enhanced 
chemiluminescencee (ECL kit, Amersham). 

Muscarini cc  recepto r surfac e levels . Cells 
weree washed and resuspended in RPMI 
supplementedd with 1% BSA. Cells (108) were 
incubatedd for 1 h at 4aC with different 
concentrationss of [^Scopolamine methyl 
chloridee (Amersham). Cells were carefully 
pipettedd on a sucrose cushion and spun down 
att 14,000 tor 1 min. The amount of 3H-
methylscopolaminee in the pellet was measured 
usingg a liquid scintillation counter. 
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Result s s 
Inhibitio nn of G-protei n py dimer s by a C-
termina ll  GRK2 fragment . To study the role of 
G-proteinn py dimers in CXCR4-induced 
migrationn of the TAM2D2 T cell hybridoma, we 
usedd a fragment of GRK, consisting of amino 
acidss 495-689 (GRK2-ct). This C-terminal part 
off GRK2 binds to the G-protein py dimer and 
blockss the interaction of GPy with its effectors.17 

Too select cells with sufficiently high GRK2-ct 
expression,, we used a retroviral vector with an 
IRESS downstream of the GRK2-ct cDNA, 
followedd by a cDNA encoding a fusion protein 
off the puromycin-resistance protein and EGFP. 
Bothh GRK2-ct and EGFP are expressed from 
thee same bicistronic mRNA and the expression 
levelss are likely to correlate. GRK2-ct was 
transducedd into the TAM2D2 cells and two 
independentt populations of puromycin-resistant 
cellss with high EGFP expression were FACS-
sortedd (Fig.lA). One of the effectors of Gpy, in 
additionn to PLCp and PI3Ky, is GRK2. Gpy 
recruitss GRK2 to the membrane where it 
phosphorylatess the receptor. To show that Gpy 
functionn was blocked, we immunoprecipitated 
CXCR44 and determined the amount of GRK2 
boundd to the receptor (Fig. 1B). Less GRK2 
wass bound in the transfectants compared to the 
untransfectedd cells, showing that Gpy function 
wass strongly impaired. 

contrast,, however, migration towards CXCL12 
wass enhanced almost twofold (Fig. 2A). This 
wass not due to an increase in random 
migration,, since the cells did not migrate at all 
whenn no chemokine was present in the lower 
compartment.. When the chemokine was added 
too both the upper and lower compartment, a 
slightt increase in random migration of the 
GRK2-ctt transfectants was observed. However, 
thiss was much smaller than the observed 
increasee in directional chemotaxis. 

CXCL12 2 
CXCL122 CXCL12 

B. . 

22 3 4 
timee (hours} 

A . . TAM2D22 GRK2-CH GRK2-ct2 

B. . 

t' i i 

Logg fluorescence 

LP.. with anti-CXCR4 

Fig .. 2. Migration and invasion of the GRK2-ct 
transfectants.. (A) Data are percentages of cells that have 
migratedd in 2 h through a filter to the lower chamber of a 
Transwelll containing either 100 ng/ml CXCL12 or no 
chemokine.. Data are averages +/- SEM of four 
experiments.. (B) Data are percentages of cells that have 
invadedd in 1 and 4 hours into REF fibroblast monolayers. 
Onee representative experiment is shown out of four with 
similarr results. 

CM M 

s s 
o o 

2 2 2 2 

GRK22 1 

Fig .. 1. Inhibition of GPy dimer function by C-terminal 
domainn of GRK2. (A) FACS analysis of EGFP expression 
off the GRK2-ct transfectants. (B) Interaction of CXCR4 
withh GRK2. Less GRK2 coimmunoprecipitates with 
CXCR44 in the GRK2-ct transfectants as compared with 
thee untransfected TAM2D2 cells. 

Rolee of the G-protei n py dime r in migratio n 
andd invasion . Since Gpy activates PI3Ky and 
PLCp,, both important for chemokine-induced 
migration,, it was expected that migration of the 
GRK2-ctt transfectants would be reduced. In 

Invasionn of the T cell hybridoma cells into 
fibroblastt monolayers is dependent on 
CXCL12,, but also on the integrin LFA-1.3:14 

Afterr 1 h, no difference in invasion was seen 
betweenn the GRK2-ct transfectants and the 
untransfectedd TAM2D2 cells (Fig. 2B). 
Thereafter,, the number of invaded TAM2D2 
cellss did not increase anymore. In contrast, 
however,, the GRK2-ct transfectants continued 
too invade, so that the number of invaded cells 
wass increased twofold after 4 h. 

Desensitizatio nn and internalization . The 
persistentt invasion of the GRK2-ct transfectants 
suggestedd that CXCL12 could still activate the 
cells,, even after continuous exposure to the 
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chemokinee for several hours. A function of Gpy 
iss to recruit GRK2 to the membrane where it 
phosphorylatess the receptor. This leads to p-
arrestinn binding and desensitization. To assess 
whetherr the continuous invasion and increased 
migrationn was due to reduced desensitization, 
wee incubated the cells for different time periods 
withh CXCL12, before testing them in the 
migrationn assay. In the non-transfected 
TAM2D22 cells, 5 min preincubation with 
CXCL122 resulted in an almost complete loss of 
migrationn towards CXCL12 (Fig. 3A). In 
contrast,, more than 10% of the GRK2-ct 
transfectantt cells still migrated after 5 min 
incubationn with CXCL12, and this percentage 
wass not further reduced by a longer 
pretreatment,, up to 30 min. Comparable results 
weree obtained with the internalization assay 
(Fig.. 3B). After 30 min, CXCR4 was still present 
onn the surface of the GRK2-ct transfectants, 
whereass this was considerably less on the non-
transfectedd TAM2D2 cells. 

0'' ' 30" V 5' 15' 30' 
preincubationn time with CXCL12 

B. . 55 min. 30 min. 
CXCL122 CXCL12 

TAM2D2 2 

GRK2-CH H 

A A 
A A 

A. . 
h h 

r-*--CXCR44 expression 

Fig.. 3. Desensitization and internalization of the GRK2-ct 
transfectants.. (A) Data are percentages of cells that have 
migratedd in 2 h through a filter to the lower chamber of a 
Transwelll containing 100 ng/ml CXCL12. Cells were 
preincubatedd with 100 ng/ml CXCL12 for various time 
periods.. Data are averages +/- SEM of four experiments. 
(B)) FACS analysis of CXCR4 expression of TAM2D2 and 
GRK2-ct11 after preincubation with CXCL12 for 5 or 30 
min.. Black histograms represent the CXCR4 levels before 
preincubation,, white histograms represent the CXCR4 
levelss after 5 min preincubation and grey histograms after 
300 min preincubation. One representative experiment is 
shownn out of four with similar results. 

p-arrestinn and GRK2 bindin g to the receptor . 
Thee G-protein (3y dimer recruits GRK2 to the 
membrane,, where it phosphorylates the 
receptor,, so that p-arrestin can bind. Recently it 
wass shown, using cells isolated from p-arrestin 
knockoutt mice, that p-arrestin is essential for 
migration,, probably by activation of the p38 
MAPKK pathway.2* 3 It was thus of interest to 
testt whether p-arrestin was still recruited to the 
receptorr in the GRK2-ct transfectants, 
independentt of GRK2. As shown in Fig. 1B, we 
foundd that less GRK2 was bound to CXCR4 in 
thee GRK2-ct transfectants compared to the 
non-transfectedd TAM2D2 cells. Nevertheless, 
thee amount of p-arrestin bound to the receptor 
wass similar (Fig. 4), indicating that p-arrestin 
bindingg to CXCR4 is independent of GRK2 
interaction. . 

LP.. with anti-CXCR4 

p-arrestin n 

Fig.. 4. Interaction of CXCR4 with p-arrestin. An equal 
amountt of p-arrestin was coimmunoprecipitated with 
CXCR44 from iysates of the GRK2-ct transfectants and the 
untransfectedd TAM2D2 ceils. 

Rolee of PLC in migration . PI3Ky and PLCp 
playy a major role in chemokine-induced 
migration,, and are activated by Gpy dimers. In 
thee GRK2-ct transfectants, Gpy-induced 
activationn of PLC and PI3K should be inhibited. 
Sincee migration of these cells was enhanced 
ratherr than reduced, we tested whether the two 
effectorss were still required for migration. The 
PLCC inhibitor U73122 still completely inhibited 
thee migration of both transfected and 
untransfectedd cells (Fig. 5A). One of the 
possiblee explanations for a lack of GPy 
involvementt is that PLC can also be activated 
byy the a subunit of Gq. To examine whether 
Gotqq plays a role in the migration of the T cell 
hybridomaa towards CXCL12, a dominant-
negativee mutant of Goq, GanD277N, was 
transducedd into the cells. For this we used the 
samee retroviral vector with the IRES and the 
puromycin-resistance-EGFPP fusion protein-
encodingg cDNA. Cells expressing high levels of 
EGFP,, and thus high levels of GanD277N, 
weree selected by FACS sorting (Fig.5B). 
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Fig .. 5. PLC activity is required for the migration of the GRK2-ct transfectants and can be activated by Gcxq. (A) Cells 
weree preincubated with the PLC inhibitor U-73122. Data are percentages of cells that have migrated in 2 h through a 
filterr to the lower chamber of a Transwell containing 100 ng/ml CXCL12. Data are averages +/- SEM of four experiments 
performed.. (B) FACS analysis of EGFP expression of the GanD277N transfectants (GqDNl and 2). (C) Western blot of 
thee GqDN transfectants with an antibody against Gotq/Gan. (D) Binding of [3H]Methylscopolamine, which binds the M1 
muscarinicc acetylcholine receptor, to the hM1 transfectants and untransfected TAM2D2 cells. (E) Western blot with 
antibodiess against phospho-MAPK after no stimulation or after stimulation with either PMA (0.1 mM) or carbachol (1mM). 
Inn the GqDN/hM1 transfectants Gctq-induced activation of MAPK is reduced, as compared to the TAM/hM1 cells. (F) 
Migrationn of GqDN transfectants towards CXCL12 is reduced, as compared to untransfected TAM2D2 cells. Data are 
percentagess of cells that have migrated in 2 h through a filter to the lower chamber of a Transwell containing 100 ng/ml 
CXCL12.. Data are averages +/- SEM of twelve experiments. 

Proteinn levels are shown in Fig. 5C. To test the 
extentt of inhibition of Gok, protein signaling, the 
humann muscarinic acetylcholine receptor-1 
(hM1),, which couples only to Gq

24, was 
transfectedd into the TAM2D2 cells and 
G<xiiD277NN transfectants (GqDN). The surface 
levelss were similar in both populations as 
shownn by the [3H]Methylscopolamine binding 
assayy (Fig. 5D). To activate Gq, the cells were 
stimulatedd with carbachol and the 
phosphorylationn of MAPK was assessed. 
Stimulationn with PMA showed that the 
transfectantss were able to activate MAPK. As 
shownn in Fig. 5E, Gq-induced MAPK 
phosphorylationn was considerably reduced in 
thee GqDN transfectants. Migration towards 

CXCL122 was much reduced in the GqDN 
transfectantss as compared to TAM2D2 cells 
(Fig.. 5F). This suggests that PLC is activated 
byy Goq in these cells which are therefore not 
dependentt on GpY'induced PLC activity. 

Rolee of PI3K in migration . The role of PI3K in 
chemotaxiss was tested using the inhibitor 
LY294002.. As shown in Fig. 6, this inhibitor 
stronglyy inhibited migration of the TAM2D2 cells 
towardss CXCL12. Strikingly, however, the 
inhibitorr had almost no effect on migration of 
thee GRK2-ct transfectants. Even in the 
presencee of the inhibitor, the migration was still 
enhancedd as compared to the control TAM2D2 
cellss in the absence of LY294002. This shows 
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thatt PI3K activity is not absolutely required for 
efficientt chemotaxis, but only when the receptor 
iss rapidly desensitized. 
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Fig.. 6. The PI3K inhibitor LY294002 has no effect on 
migrationn of the GRK2-ct transfectants. Cells were 
preincubatedd with the PI3K inhibitor LY294002. Data are 
percentagess of cells that have migrated in 2 h through a 
filterr to the lower chamber of a Transwell containing 100 
ng/mll CXCL12. Data are averages +/- SEM of three 
experiments. . 

Discussio n n 
Thee py dimer of G-proteins has several roles in 
migration.. It can activate PLC and PI3Ky to 
promotee migration and invasion. However, it 
alsoo activates desensitization and 
internalizationn pathways, which cause the 
downregulationn of the signal. We show here 
thatt blocking the function of the Gpy dimer does 
nott result in inhibition of chemotaxis of T cells 
towardss the chemokine CXCL12. On the 
contrary,, it causes enhanced migration and 
persistentt CXCL12-dependent invasion, 
apparentlyy due to impaired desensitization. 
Thus,, at least in T cell migration triggered by 
CXCL122 and CXCR4, the main role of the GPy 
dimerr is the desensitization of the signal. 

Preincubationn with CXCL12 causes 
desensitizationn and internalization of CXCR4. 
Consequently,, migration towards this 
chemokinee is blocked, as shown here for the 
untransfectedd TAM2D2 T-cell hybridoma cells. 
Inn contrast, desensitization and internalization 
weree only partially blocked in cells expressing 
GRK2-ct,, the C-terminal fragment of GRK2 that 
bindss Gpy and blocks interaction with effectors. 
Evenn after a 30 min preincubation with 
CXCL12,, substantial migration towards 
CXCL122 was still observed, whereas migration 
off control cells was completely blocked after 5 
minn exposure to CXCL12. Pretreatment did 
reducee migration of the transfectants, showing 
thatt inhibition of desensitization was not 
complete,, probably because GRK2-ct 
expressionn levels were not high enough to 
blockk all GPY-GRK2 interactions. Indeed, some 

GRK22 is still co-precipitated with CXCR4 in the 
GRK2-ctt transfectants, although clearly less 
thann in the untransfected cells (Fig. 1B). 

Thee Gpy dimer recruits G-protein receptor 
kinasess (GRKs) to the membrane, where they 
phosphorylatee the receptor. Subsequently, the 
receptorr binds p-arrestin that plays a dual role. 
Onn the one hand, p-arrestins uncouple 
receptorss from G-proteins, resulting in 
desensitization.. On the other hand they also 
interactt with signaling molecules, and these 
interactionss appear indispensable for 
migration.255 Indeed, migration towards CXCL12 
iss enhanced in cells overexpressing p-arrestin 
andd impaired in p-arrestin-deficient 
lymphocytes.221233 These results would be 
difficultt to reconcile with our data if the Gpy 
dimerr and the subsequent recruitment of GRK2 
too the membrane would be required for binding 
off p-arrestin to the receptor. However, we found 
thatt in the GRK2-ct transfectants p-arrestin 
bindingg to the receptor is not impaired, despite 
thee reduced recruitment of GRK2. Apparently, 
p-arrestinn binding is independent of GRK2, and 
p-arrestinn can still provide migration-stimulating 
signalss in these cells. 

Thee GPY dimer activates PLCp and PI3Ky, 
whichh are necessary for migration. Since the 
GRK2-ctt transfectants were still able to migrate 
towardss CXCL12, and this migration was even 
enhanced,, the GPy dimer is apparently not 
requiredd to activate PLC. However, the PLC 
inhibitorr U-73122 did block migration 
completely.. PLC might also be activated by the 
a-subunitt of Gq. Indeed, a dominant-negative 
mutantt of Gocq inhibits migration (Fig. 5F), 
showingg that Got<, is required. This explains why 
thee GPy dimer is not needed for the activation of 
PLC,, since Goq can take over this function. 

Expressionn of the dominant-negative 
mutantt GanD277N did not result in a complete 
blockk of migration. Indeed, MAPK activation by 
thee muscarinic acetylcholine receptor-1, which 
iss dependent on Gq , was also not completely 
blocked,, suggesting that the expression level of 
thee mutant was insufficient. However, inhibition 
wass more effective than with the GctnG208A 
mutantt we used previously.25 The latter mutant 
blockedd migration towards low but not towards 
highh concentrations of CXCL12. The migration 
towardss low (1 ng/ml) CXCL12 levels occurs 
onlyy through ICAM-1-coated filters and is 
dependentt on the P2 integrin LFA-1. We 
thereforee have previously proposed that Goq 
wass only required for the activation of LFA-1, 
butt not for the chemotaxis signal. Our present 
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resultss show that this notion is not correct: the 
celtss do require the Gotq signal for CXCL12-
inducedd chemotaxis. 

Itt has previously been reported for the 
chemokinee receptors CXCR2 and CCR2 that 
blockingg of the Gpy dimer did result in inhibition 
off migration.10111 These results are clearly the 
oppositee of what we have found. "The most 
likelyy explanation of the difference is that 
CXCR22 and CCR2 do not couple to Gqi 

whereass we and others have shown that 
CXCR44 does.26*28 Therefore, blocking the Gpy 
dimerr is likely to prevent the CXCR2- and 
CCR2-inducedd activation of PLC, which is 
essentiall for migration, whereas for CXCR4 this 
functionn can be taken over by Gotq. Other 
differencess are that HEK293 cells and pre-B 
cellss were used in the studies on CXCR2 and 
CCR2,, in which the signaling pathways 
requiredd for migration might be different than in 
thee T cells. Furthermore, these studies 
concernedd overexpressed rather than 
endogenouss receptors. Clearly, the role of the 
Gpyy dimer may differ, depending on the 
receptorr or cell type involved. 

Recentlyy it was shown, in particular for 
neutrophill leukocytes and the slime mold 
Dictyostelium,, that PI3K activity plays an 
importantt role in chemotaxis.29"* G-protein-
coupledd receptors activate Pl3Ky and this is 
achievedd by binding of the Gpydimer to the 
p1011 regulatory subunit. The relevance was 
demonstratedd with PI3Ky knockout mice. 
Chemotaxiss of neutrophils isolated from these 
micee was impaired although not completely 
blocked.. We show here that chemotaxis of T 
cellss towards CXCL12 is strongly inhibited by 
thee PI3K inhibitor LY294002. The p85-
regulatedd PI3K-a, -p or -5 are probably not 
involvedd since migration is not affected by a 
dominant-negativee p85 or a PI3K-8 inhibitor 
(unpublishedd results of F. Opdam et al.). The 
remainingg candidate is PI3K-y, which is 
activatedd by the Gpy dimef. Therefore, PI3Ky 
activityy should be reduced in the GRK2-ct 
transfectants,, but this clearly did not reduce 
migration.. In fact, P13K inhibitors had 
surprisinglyy little effect on CXCL12-dependent 
migrationn of these cells. In some signaling 
pathways,, e.g. of the B-cell receptor34, a major 
rolee for PI3K is the amplification of other 
signals,, in particular PLC, rattier than being the 
essentiall signal itself. Our results might be 
explainedd if PI3K has a similar role in 
chemotaxis.. If the signal is too weak because 
off the rapid desensitization, PI3K is necessary 

forr the amplification of the signal. Our results 
showw that for the GRK2-ct cells clearly PI3K is 
nott necessary, which argues against a general 
requirementt for PI3K activity in chemotaxis. 
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