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ABSTRACT

The D2 dopamine receptor (D2R) was examined for its ability to
mediate nuclear factor-«B (NF-«B) activation through G pro-
teins. Stimulation of D2R-transfected Hela cells with its agonist
quinpirole induced the expression of a NF-«B luciferase re-
porter and formation of NF-«B-DNA complex. This response
was blocked by pertussis toxin, and by the GBy scavengers
transducin and B-adrenergic receptor kinase 1 carboxyl-termi-
nal fragment. Unlike G;-coupled chemoattractant receptors,
D2R activated NF-«B without an increase in phospholipase C-3
activity, and the response was only slightly affected by the
phosphoinositide 3-kinase inhibitor 2-(4-morpholinyl)-8-phe-
nyl-4H-1-benzopyran-4-one (LY294002). In contrast, treatment
with genistein and 4-amino-1-tert-butyl-3-(po-methylphe-

nyl)pyrazolo[3,4-d] pyrimidine abolished the induced NF-«B ac-
tivation, suggesting involvement of protein tyrosine kinases.
Activation of D2R led to phosphorylation of c-Src at Tyr-418,
and expression of a kinase-deficient c-Src inhibited D2R-me-
diated NF-«B activation. The D2R-mediated NF-«B activation
was not dependent on epidermal growth factor (EGF) receptor
transactivation since 4-(3'-chloroanilino)-6,7-dimethoxyquina-
zoline (AG1478), an EGF receptor-selective tyrphostin used at 1
uM, blocked EGF-induced NF-«kB activation but not the quin-
pirole-induced response. In addition, the D2R-mediated NF-«xB
activation was enhanced by over-expression of B-arrestin 1.
These results suggest that D2R-mediated NF-«B activation
requires GBvy and c-Src, and possibly involves B-arrestin 1.

The transcription factor nuclear factor kB (NF-«B) regu-
lates the expression of a large number of genes coding for
cytokines, growth factors, inducible effector enzymes, and
regulators of apoptosis (reviewed in Ghosh et al., 1998). Ac-
tivation of NF-«B can be induced by a variety of environmen-
tal factors such as UV, as well as by cytokines such as TNF«
and interleukin-18. The prototypical NF-«B activation path-
way, as seen in cells stimulated with TNF«, involves induc-
ible phosphorylation of IkBa at Ser-32 and Ser-36 and sub-
sequent degradation of this and similar inhibitory proteins.
The NF-«B/Rel proteins are then released and translocated
to nucleus, where they bind to specific DNA sequences and
initiate transcription (reviewed in Karin and Ben-Neriah,
2000). An alternative pathway for NF-«B activation has been
described and involves phosphorylation of Tyr-42 by the Src
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family kinases. Hypoxia and pervanadate are known to acti-
vate this pathway, which is characterized by the lack of
degradation of the tyrosine-phosphorylated IkBa (Imbert et
al., 1996).

A number of G protein-coupled receptors (GPCRs) have
been reported to activate NF-«B (Ye, 2001). GPCRs consti-
tute a large family of cell surface receptors, and they play an
important role in regulating transcription and cell prolifera-
tion. Unlike cytokine receptors such as tumor necrosis factor
receptor type 1, GPCRs transduce environmental signals
across the plasma membrane through their ability to stimu-
late guanine nucleotide exchange by heterotrimeric G pro-
teins (Gilman, 1987). Exchange of GDP for GTP results in
activation of the Ga subunits and dissociation of the Gy
subunits. These G proteins can independently activate their
downstream effectors including phospholipase C-g (PLC-B)
and phosphoinositide 3-kinases (PI3K). Previous studies
have shown that stimulation of PLC-B activity by Gal6, a

ABBREVIATIONS: NF-«B, nuclear factor kB; TNFa, tumor necrosis factor a; GPCR, G protein-coupled receptor; PLC-B, phospholipase C-8;
PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; I«B, inhibitor of kB; D2R, D2 dopamine receptor; Ab, antibody; mAb, monoclonal Ab;
MAP, mitogen-activated protein; MEK, MAP kinase kinase; LY294002, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one; U0126, 1,4-diamino-
2,3-dicyano-1,4-bis(2-aminophenylthio)butadione; EMSA, electrophoresis mobility shift assay; TTBS, Tris-buffered saline/Tween 20; PTX, per-
tussis toxin; PMA, phorbol 12-myristate 13-acetate; BARK-ct, carboxyl-terminal fragment of B-adrenergic receptor kinase 1; EGFR, epidermal
growth factor receptor; RLA, relative luciferase activity; BAPTA/AM, 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid acetoxymethyl
ester; Go6 6976, 12-(2-cyanoethyl)-6,7,12,13-tetrahydro-13-methyl-5-oxo-5H-indolo(2,3-a)pyrrolo(3,4-c)-carbazole; PDGFR, platelet-derived
growth factor receptor; AG1295, 6,7-dimethyl-2-phenylquinoxaline; KD, kinase-deficient; AG1478, 4-(3'-chloroanilino)-6,7-dimethoxyquinazoline;
HA, hemagglutinin; ERK, extracellular signal-regulated protein kinase.
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member of the G, family, leads to NF-«B activation through
PKC-a (Yang et al., 2001). The GBy subunits, released after
activation of the B2 bradykinin receptor, can stimulate
NF-kB activation through the PISK-Akt pathway (Xie et al.,
2000; Montaner et al., 2001). Akt is a serine/threonine kinase
that promotes NF-«B activation through IkB kinase-depen-
dent and -independent mechanisms (Ozes et al., 1999; Ma-
drid et al., 2001). More recently, it was reported that the
protein tyrosine kinase protein-tyrosine kinase2 can mediate
NF-kB activation by activated Gaq and Gal3. Protein-ty-
rosine kinase2 appears to act upstream of PI3K and Akt
since its induction of NF-kB activation could be blocked by
inhibitors of PISK (Shi and Kehrl, 2001). It has also been
demonstrated that Gal3 could induce NF-«kB activation
through the small GTPase RhoA (Shepard et al., 2001). Sev-
eral G;-coupled receptors have also been reported to activate
NF-«B (Ye, 2001); however, the underlying mechanisms re-
main largely uncharacterized.

The dopamine receptors are classified into D1-like and
D2-like subfamilies. Members of the D2-like subfamily in-
hibit adenylyl cyclase activation, whereas D1-like receptors
couple to G, and stimulate adenylyl cyclase activity (re-
viewed in Lachowicz and Sibley, 1997). Like other G;-coupled
receptors, D2R was found to mediate a number of signaling
events in addition to inhibition of adenylyl cyclase. These
include induction of K* channel opening and release of ara-
chidonic acid. Purified D2R couples to the heterotrimeric G
proteins G;1, G;2, and G;3, and preferably activates G;2
(Senogles et al., 1990), whereas in the brain, D2R preferen-
tially couples to G, (Jiang et al., 2001). Several investigators
recently reported that dopamine could induce NF-«B activa-
tion in PC12, Jurkat, and Chinese hamster ovary cells, and
contributes to regulation of apoptosis (Luo et al., 1999; Lee et
al., 2001; Panet et al., 2001; Weingarten et al., 2001) and
expression of HIV-1 genes (Rohr et al., 1999). However, the
specific receptors and the underlying signaling mechanisms
for this activity have not been characterized. In this study,
we used D2R as a model receptor to study the mechanism of
G;-mediated NF-«B activation. We found that the D2R-me-
diated NF-«B activation utilizes c¢-Src and differs from pre-
viously reported NF-«B induction pathways by GPCRs.

Materials and Methods

Materials. All chemicals were purchased from Sigma-Aldrich (St.
Louis, MO) or Calbiochem (San Diego, CA). Human TNF«a was pur-
chased from PeproTech, Inc. (Rocky Hill, NJ). The human D2R (long)
expression construct was used in this study. Human B-arrestin 1
cDNA was kindly provided by Dr. Basil Rapoport (University of
California, San Francisco, CA). The expression construct for B-arres-
tin 1 was made in pCI vector (Promega, Madison, WI) with an AU5
tag (TDFYLK). The anti-AU5 Ab was obtained from Covance Re-
search Products (Denver, PA). The rabbit polyclonal anti-phospho-
tyrosine (418) Ab was purchased from BioSource International
(Camarillo, CA). The chicken c-Src and its kinase-deficient mutant
(c-Src-KD, A430V) were originally obtained from Dr. S. J. Parsons
(University of Virginia, Charlottesville, VA) and were described pre-
viously (Bushman et al., 1990). Other plasmids were described in a
previous publication (Xie et al., 2000).

Cell Culture, Transfection, and Luciferase Reporter Assay.
HeLa cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% heat-inactivated fetal bovine serum, 2 mM
L-glutamine, 100 IU/ml penicillin, and 50 pg/ml streptomycin. Cells
(~50% confluence) in six-well plates were transfected with plasmid

expression vectors coding for a 3X kB-directed luciferase reporter
(Xie et al., 2000), and D2R and B-galactosidase constructs as indi-
cated. Transient transfection was performed as described (Yang et
al., 2001) using the Lipofect AMINE Plus reagent (Invitrogen, Carls-
bad, CA), according to manufacturer’s instruction. Twenty-four to
28 h after transfection, cells were serum-starved for 16 to 18 h,
washed twice with phosphate-buffered saline, and assayed with or
without agonist stimulation. Reporter lysis buffer (Promega) was
then added to the cells. The expressed luciferase activity was mea-
sured in a Femtomaster FB12 luminometer (Zylux Corp., Maryville,
TN). Relative luciferase activity was normalized against the coex-
pressed B-galactosidase activity, determined with luminescence re-
agent from BD Biosciences Clontech (Palo Alto, CA), to overcome
variations in transfection efficiency between samples. Unless other-
wise indicated, all luciferase assays were performed with duplicate
samples, and two to four independent experiments were conducted.
Normalized data were plotted using the Prism software (Version 3.0;
GraphPad Software Inc., San Diego, CA).

Inositol Phosphate Production. Twenty-four hours after trans-
fection, HeLa cells were labeled with myo-[*Hlinositol (3 wCi/ml;
Amersham Biosciences Inc., Piscataway, NdJ) in inositol-free Dulbec-
co’s modified Eagle’s medium. After 24 h, the cells were washed twice
with the same medium supplemented with 20 mM HEPES (pH 7.4)
and 50 mM LiCl. Thereafter, cells were stimulated with quinpirole
(10 uM) or N-formyl-L-methionyl-L-leucyl-L-phenylalanine (100 nM)
at 37°C for 45 min. Reactions were stopped by removing the medium
and adding 1 ml ice-cold methanol to the samples. Recovery of total
inositol phosphates with Dowex AG1-8 was described previously
(Yang et al., 1998).

Electrophoretic Mobility Shift Assay (EMSA). Nuclear pro-
tein extracts were prepared as described (Kravchenko et al., 1995).
Double-stranded NF-«B oligonucleotide (5'-AGTTGAGGGGACTT-
TCCCAGGC-3'; Promega) was end-labeled using [y->?P]ATP and T4
polynucleotide kinase. EMSA was performed on 6% acrylamide gels
with 0.5X Tris borate-EDTA buffer. Gel autoradiograph was ana-
lyzed using the ImageQuant software from Amersham Biosciences
Inc.

Immunodetection. Immunoprecipitation of various proteins was
performed as described previously (Yang and Leonard, 2001).
Briefly, cells were washed with ice-cold Dulbecco’s phosphate-buff-
ered saline and harvested using 1 ml of ice-cold lysis buffer (50 mM
Tris-HCI, pH 7.6, 150 mM NaCl, 1% IGEPAL CA-630, 0.5% sodium
deoxycholate, 0.1% SDS, 2 mM EDTA, 1 mM sodium orthovanadate,
20 pg/ml pepstatin A, 20 ug/ml leupeptin, 20 pg/ml aprotinin, and 1
mM phenylmethylsulfonyl fluoride). Samples were sonicated for 10 s
at 4°C and then centrifuged at 14,000g to remove insoluble materi-
als. The supernatant was incubated with 20 ul of protein A/G-
Sepharose beads for 2 h at 4°C. The mix was centrifuged at 14,000g
for 1 min. The supernatant was transferred to a fresh tube and
incubated with 10 ul of antibody overnight at 4°C. Protein A/G-
Sepharose beads were added again, and the mix was incubated for
4 h at 4°C. Immunoprecipitates were washed five times with modi-
fied lysis buffer (containing 1 mM sodium orthovanadate), using lysis
buffer without detergent for the last wash. Washed immunoprecipi-
tates were dissolved in 50 pl of 2X Laemmli’s sample buffer, heated,
and analyzed by electrophoresis.

For Western blotting, proteins from whole cell extracts were sep-
arated on 10% or 12% acrylamide SDS-polyacrylamide gels by elec-
trophoresis at 50 mA. Proteins were then electrotransferred to ni-
trocellulose membrane at 100 V for 1 h at 4°C. The membrane was
pretreated with 5% nonfat milk in TTBS (20 mM Tris-HCI, pH 7.5,
120 mM NacCl, 0.05% Tween 20) for 1 to 2 h at room temperature.
Incubation with primary antibody was done at 4°C in TTBS with 5%
bovine serum albumin for 16 h. The membrane was then washed
three times with TTBS for 10 min each, and incubated with horse-
radish peroxidase-conjugated secondary antibody for 1 h at 23°C.
After three washes with TTBS, the bound antibody was detected by
enhanced chemiluminescence (Pierce, Rockford, IL).



Statistical Analysis. Data are expressed as mean = S.E.M. The
probability of observed difference being a coincidence was examined
by paired ¢ test (see Figs. 2A and 4B). For multiple comparisons, data
were analyzed by one-way analysis of variance (see Figs. 2B, 3, and
6C), with Bonferroni’s modification (see Figs. 1A, 5, and 8B). Differ-
ences at values of P < 0.05 were considered significant.

Results

Stimulation of D2 Dopamine Receptor Induces
NF-«B Activation. Previous studies indicated that stimula-
tion of dopamine receptors results in NF-«B activation (Rohr
et al.,, 1999; Lee et al., 2001), but the role of individual
dopamine receptors in this activation was not clear. We ex-
pressed human D2R (long) in HeLa cells, which lack an
endogenous receptor for dopamine. Stimulation of the trans-
fected cells with a D2 agonist, quinpirole (Tsuruta et al.,
1981), led to NF-«B-dependent transcription of a luciferase
reporter in a dose-dependent manner (Fig. 1A). This effect
peaked at 10 uM quinpirole since further increases of agonist
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Fig. 1. D2R mediates NF-«kB-dependent transcription. A, HeLa cells were
transiently transfected with expression constructs for D2R, a B lucif-
erase reporter (0.2 pg each), and pCMV-B-gal (0.02 pg). After serum
starvation, cells were stimulated with quinpirole for 5 h. Luciferase
reporter activities were measured, normalized against the B-galactosi-
dase acitivity, and expressed as fold induction over baseline (mean *+
S.EM., n = 3). x%x, P < 0.001, when compared with the previous lower
ligand concentration. B, formation of NF-«B-DNA complex in response to
quinpirole (10 uM) and TNFa (10 ng/ml, lane 7), as detected by EMSA.
Supershift was performed by adding anti-p50 and anti-p65 (2.5 ug each;
lanes 8—10) prior to *?P-labeled kB probe. The lower portion of the EMSA
autoradiograph containing unbound B probe was removed during figure
preparation. Experiments were repeated two more times, and similar
results were obtained.
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concentration to 100 uM did not significantly change the
induced NF-«B luciferase reporter activity (P > 0.05). Dopa-
mine, an endogenous and nonselective agonist for all dopa-
mine receptors, also induced expression of the NF-«B lucif-
erase reporter in the transfected HeLa cells (data not shown).
Using EMSA, it was found that quinpirole-stimulated NF-«B
reporter activity was accompanied by induced formation of
NF-kB-DNA complex that appeared 20 min after agonist
stimulation and peaked at 60 min (Fig. 1B). Addition of
antibodies against the p50 and p65 subunits of NF-«B prior
to incubation with the radiolabeled NF-«B probe reduced the
respective NF-kB-DNA complexes, indicating involvement of
these NF-«B/Rel proteins in D2R-mediated NF-«B activation
(Fig. 1B).

The D2R-Mediated NF-«kB Activation Is PTX-Sensi-
tive and Requires GBy. We examined the effect of PTX in
D2R-mediated NF-«kB activation because the receptor is
known to couple to the G; family of G proteins for transmem-
brane signaling (Senogles et al., 1990). PTX effectively
blocked quinpirole-induced expression of the NF-«B lucif-
erase reporter (P < 0.001) while having no effect on NF-«B
activation induced by phorbol 12-myristate 13-acetate (PMA)
(Fig. 2A). This result indicates that D2R-mediated NF-«B
activation requires G; signaling. Cotransfection with the GBy
scavengers bovine transducin (Gat) and a carboxyl-terminal
fragment of B-adrenergic receptor kinase 1 (BARK-ct) signif-
icantly blocked quinpirole-induced NF-«B luciferase reporter
expression (P < 0.001; Fig. 2B), indicating that PTX-sensi-
tive signaling by D2R requires Gfy.

A Potential Role of Protein Tyrosine Kinases and
c-Src in D2R-Mediated NF-«B Activation. To identify the
signaling components involved in D2R-mediated NF-«B ac-
tivation, we treated the transfected HeLa cells with various
pharmacological inhibitors for 30 min before quinpirole stim-
ulation. The protein tyrosine kinase inhibitor genistein com-
pletely abolished quinpirole-induced NF-«B reporter expres-
sion (Fig. 3). There was no significant inhibition by BAPTA/
AM, which buffers the rise of intracellular free calcium, and
by calphostin C, which inhibits PKC (P > 0.05 versus quin-
pirole alone). Also, quinpirole stimulation of the D2R-ex-
pressing HeLa cells did not lead to accumulation of inositol
phosphates (data not shown). Another PKC inhibitor, Go
6976, produced a small but statistically significant reduction
of the NF-«kB response. These results indicate that the PLC-
and PKC pathway is not critical to D2R-mediated NF-«B
activation. Brami-Cherrier et al. (2002) recently reported
that dopamine receptor could stimulate Akt in a PI3K-inde-
pendent but MAP kinase kinase (MEK)-dependent manner.
To investigate the roles of these kinases in NF-«B activation,
we treated the transfected cells with the PISK inhibitor
LY294002 and a selective MEK inhibitor, U0126. Both inhib-
itors produced statistically significant reduction of the
NF-«B reporter activity, but the magnitude of inhibition
(20-33%) was much less than that of PP1, a Src family
protein tyrosine kinase inhibitor (Fig. 3).

The potential involvement of c-Src in D2R-mediated NF-«B
activation was next investigated. As shown in Fig. 4A, stim-
ulation of D2R-transfected cells with quinpirole resulted in a
time-dependent phosphorylation of c-Src at Tyr-418. Auto-
phosphorylation at Tyr-418 is indicative of c-Src activation
(Luttrell et al., 1996). To investigate the relationship be-
tween c-Src and D2R-mediated NF-«kB activation, a c-Src
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expression construct was transfected together with the D2R
expression construct. Exogenous expression of c-Src slightly
increased the basal level of NF-«B luciferase reporter but
strongly enhanced quinpirole-induced NF-«B luciferase ac-
tivity, suggesting agonist-specific activation through c-Src
(Fig. 4B).

Inhibition by PP1 (Fig. 3) indicates the possibility that
c-Src or a similar kinase is required for NF-«kB activation
through D2R. Evidence supporting this notion was obtained
by expression of a kinase-deficient (KD) mutant of c¢-Src,
which dose dependently inhibited quinpirole-induced NF-«B
luciferase reporter activity in the transfected HeLa cells (Fig.
5). In the control experiment, c¢-Src-KD did not affect TNFa-
induced NF-«B luciferase reporter activity (data not shown).

Potential Mechanisms of Transactivation in D2R-
Mediated Activation of c-Src and NF-«B. Previous stud-
ies have shown that GPCR-mediated c-Src activation can
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Fig. 2. D2R-mediated NF-«B activation is PTX-sensitive and GBvy-depen-
dent. A, D2R- or mock-transfected HeLa cells were treated without or
with PTX (100 ng/ml, 16 h, solid bars) and then stimulated with quinpi-
role (10 uM) or PMA (100 nM) for 5 h. PTX inhibition of NF-«B-dependent
luciferase expression was observed in quinpirole-stimulated but not
PMA-stimulated cells. **x, P < 0.001 versus PTX-treated samples. B, the
GpBy scavengers BARK-ct and bovine transducin (Gat) inhibited D2R-
mediated expression of NF-«B luciferase reporter. Cells were cotrans-
fected with either BARK-ct or Gat (0.2 pg each) and, after serum starva-
tion, stimulated with quinpirole for 5 h. **x, P < 0.001 versus mock. For
both A and B, normalized luciferase reporter activities are shown
(mean = S.E.M., n = 3). The expression of BARK-ct and Gat in the
transfected cells was determined by Western blotting. Molecular weight
markers are indicated by arrows.

result from transactivation through EGFR (Gschwind et al.,
2001). We stimulated HeLa cells with EGF and observed a 4-
to 5-fold induction of NF-«B reporter activity (Fig. 6). The
induced response was sensitive to pretreatment with
genistein (Fig. 6A), indicating involvement of tyrosine kinase
activation through EGFR. To determine whether this mech-
anism is responsible for the observed NF-«B activation by
quinpirole, we pretreated D2R-transfected HeLa cells with
the EGFR-selective tyrphostin, AG1478. As shown in Fig. 6B,
AG1478 at 1 uM completely blocked EGFR-mediated NF-«B
activation (P < 0.001) but only slightly affected D2R-medi-
ated NF-«B luciferase reporter expression judged to be sta-
tistically insignificant (P > 0.05). When AG1478 was used at
a higher concentration (10 uM), the quinpirole-induced
NF-«B luciferase reporter activity was inhibited by approxi-
mately 45%. These results suggest that transactivation
through EGFR is at most only partially responsible for the
D2R-mediated activation of ¢-Src and NF-«B.

In addition to EGFR, the receptor for platelet-derived
growth factor (PDGF) can also mediate transactivation of
GPCRs. Oak et al. (2001) recently reported that D2R and
D4R can mediate MAP kinase activation through PDGFR.
We examined a potential role of PDGFR-mediated transacti-
vation in quinpirole-induced NF-«kB activation. D2R-trans-
fected HeLa cells were stimulated with PDGF (10 ng/ml).
Unlike EGF, PDGF does not induce expression of the NF-«B
reporter in this system (Fig. 6C). However, when the cells
were pretreated with the PDGFR-selective tyrphostin
AG1295, a potent inhibition of quinpirole-induced NF-«B
reporter activity was observed (Fig. 6C). AG1295 also re-
duced the NF-«kB reporter basal level in HeLa cells (P <
0.01), suggesting that the inhibition of quinpirole-stimulated
NF-«B activation is mediated through a nonspecific mecha-
nism unrelated to PDGF stimulation of its receptor. Another
PDGFR-selective tyrphostin, A9, did not affect D2R-medi-
ated NF-kB activation (data not shown).

Cao et al. (2000) reported that stimulation of the B;-adren-
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Fig. 3. Effects of pharmacological inhibitors on D2R-mediated NF-«B
activation. HeLa cells expressing D2R were serum-starved, treated for 30
min without (first two samples) or with the indicated agents, and then
stimulated with 10 uM quinpirole (Quin) for 5 h. Vehicle, no quinpirole
stimulation. The concentrations of the agents are: genistein, 100 uM; Go
6976, 2 uM; BAPTA/AM, 20 uM; calphostin C, 25 nM; N-acetylserotonin,
1 mM; U0126, 5 uM; LY294002, 10 uM; and PP1, 10 uM. No significant
loss of cell viability was observed during the course of the experiment, as
determined by trypan blue exclusion. Changes of normalized luciferase
reporter activities are shown (mean + S.E.M., n = 3). #xx, P < 0.001
versus quinpirole only.



ergic receptor activates c-Src through direct recruitment of
this tyrosine kinase. This activation is mediated by interac-
tion between the proline-rich PXXP motif in the B;-adrener-
gic receptor and the SH3 domain of ¢-Src. An analysis of the
sequence of human D2R (long) reveals two PXXP motifs in
the third intracellular loop, suggesting that this mechanism
may contribute to D2R-mediated c-Src activation. To exam-
ine this possibility, we expressed D2R (C-terminal HA-
tagged) together with c¢-Src in HeLa and HEK293T cells.
After immunoprecipitation with the anti-HA Ab, c-Src was
detected by Western blotting with a rabbit anti-c-Src Ab. As
shown in Fig. 7, no c-Src was detected in the immunoprecipi-
tate from the transfected HeLa cells with or without quinpi-
role stimulation, although the expression of c-Src was con-
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Fig. 4. Potential involvement of ¢-Src in D2R-mediated NF-«B activation.
A, quinpirole-induced tyrosine phosphorylation of c-Src at position 418,
as detected by a specific anti-phosphotyrosine Ab. Quinpirole was used at
10 uM, and samples were collected after 0, 15, and 45 min of stimulation.
The result of the densitometry analysis is shown below the autoradio-
graph, which is representative of three experiments. B, expression of
c-Src enhances D2R-mediated NF-«B reporter activity. HeLa cells were
transfected with the D2R expression vector (0.2 ug), together with (sam-
ples 2 and 4) or without (samples 1 and 3) a chicken c-Src expression
vector (0.2 ug). Expression of c-Src was determined by Western blotting.
Induction of luciferase activity was achieved by stimulation with quinpi-
role (10 uM for 5 h, samples 3 and 4), and expressed as mean * S.E.M.
(n = 38). %*x, P < 0.001, quinpirole versus no quinpirole, without c-Src. **,
P < 0.01, c-Src versus no c-Src, with quinpirole. # #, P < 0.01, quinpirole
versus no quinpirole, in the presence of c-Src.
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firmed (Fig. 7, lane 2). In HEK293T cells that over-express
the recombinant proteins, a small amount of ¢-Src was de-
tected in Western blot after immunoprecipitation of D2R
(Fig. 7, lanes 7 and 8). However, quinpirole stimulation did
not induce additional binding of c-Src (lane 8 versus lane 7),
as was observed with agonist-stimulated B;-adrenergic re-
ceptor. No cross-reactivity was observed between the an-
ti-HA Ab and c-Src (data not shown).

Arrestins are proteins that bind phosphorylated GPCRs
and facilitate termination of signaling by these receptors.
Recent studies demonstrate that B-arrestins serve as adap-
tors that bring together signaling components following
GPCR activation (Miller and Lefkowitz, 2001). This novel
function of B-arrestins contributes to B-adrenergic receptor-
mediated activation of extracellular signal-regulated protein
kinase (ERK) and recruitment of c-Src (Luttrell et al., 1999).
To examine a possible role of B-arrestins in D2R-mediated
c-Src activation, we cotransfected an expression construct of
B-arrestin 1 together with D2R. The transfected cells were
then treated with or without quinpirole, and the expression
of NF-«B luciferase reporter was determined. We observed no
significant induction of the luciferase reporter activity when
B-arrestin 1 was expressed alone (P > 0.05, Fig. 8B). Co-
transfection of both B-arrestin 1 and c-Src expression con-
structs nearly doubled the basal activity of NF-«B luciferase
reporter (P < 0.01). It was notable that B-arrestin 1, like
c¢-Sre, could enhance quinpirole-induced NF-«B luciferase re-
porter expression. Furthermore, when both c-Src and B-ar-
restin 1 were expressed together, an additional enhancement
of the reporter gene expression was observed (P < 0.001).
This action probably requires physical interaction between
the two molecules, as confirmed by Western blotting using an
anti-FLAG mAb that detected the FLAG-tagged B-arrestin 1
in anti-c-Src immunoprecipitate (Fig. 8A). Taken together,
these results support a role of B-arrestin 1 in D2R-mediated
NF-«B activation, most likely through GpBy-dependent re-
cruitment and activation of c-Src.

1 Vehicle
. 10 uM Quin

E2. 2.3
0 A=
0.0 0.4 0.8 1.0

—
o
1

[0 9]
1

NF-xB RLA/B-gal activity
(fold induction)
T T

na
1

c-Sre-KD
(ug):

c-Src—p

Fig. 5. Inhibition of D2R-mediated NF-«B activation by a kinase-defi-
cient c-Src. HeLa cells were transfected without and with a Src-KD
expression construct at three different concentrations, together with D2R
and NF-«kB reporter genes. Cells were treated with buffer (vehicle, open
bars) or with quinpirole (10 uM, closed bars) for 5 h before measurement
of luciferase activity. Shown are mean * S.E.M. of normalized luciferase
activities (n = 3). **x, P < 0.001 versus previous lower concentration of
c-Src-KD. Extremely significant differences (P < 0.001) were observed
when each data set was compared with the one lacking c-Src-KD.
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Discussion

An increasing number of GPCRs have been found to acti-
vate NF-«B when stimulated by a variety of agonists, despite
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Fig. 6. Effect of blocking EGFR and PDGFR transactivation on D2R-
mediated NF-«B activation. A, induction of NF-kB reporter expression in
HeLa cells by EGF (50 ng/ml, 5 h) and inhibition by genistein (Genis.)
pretreatment (100 uM, 30 min). Veh, untreated control. »x, P < 0.01
versus EGF sample without genistein, using paired ¢ test. B,) D2R-
transfected HeLa cells were treated with AG1478 at the indicated con-
centrations for 30 min. The cells were then stimulated with EGF (hatched
bars) or quinpirole (solid bars) for 5 h. **x, P < 0.001 versus sample
without AG1478 in the same ligand treatment group. C, effect of PDGF
on NF-kB reporter expression and inhibition by AG1295. PDGF BB
(Sigma-Aldrich) was used at 10 ng/ml for 5 h. Some samples were treated
with AG1295 at the indicated concentrations for 30 min before PDGF
stimulation. **, P < 0.01, and *%*, P < 0.001, versus samples without
AG1295 in the same ligand treatment group. For these experiments,
expression level of the NF-«B luciferase reporter was normalized against
that of the B-galactosidase and shown as mean = S E.M. (n = 3).

little resemblance between these receptors and cytokine re-
ceptors such as the TNFa receptor. Although GPCR-medi-
ated signaling has been studied extensively, the mechanisms
used by these receptors to activate NF-«B have just begun to
be unraveled (Ye, 2001). In this work, we used D2R to study
how agonist stimulation of a Gj-coupled receptor leads to
NF-«kB activation. The GBy-dependent, c-Src-mediated acti-
vation of NF-«kB represents a previously uncharacterized
mechanism by which GPCRs and G proteins regulate NF-«B
activation. It differs from the known NF-«B activation mech-
anisms in that c-Src serves as a downstream effector of GBvy,
and pharmacological inhibitors for protein tyrosine kinase
(genistein), and more specifically, for the Src family of pro-
tein tyrosine kinase (PP1), are found to be potent inhibitors
for the D2R-mediated NF-«B activation. In contrast, inhibi-
tors of conventional PKC and PI3K are not effective on this
activation pathway. In addition, the signaling mechanism
used by D2R is not entirely dependent on EGFR transacti-
vation (Gschwind et al., 2001). Although EGF could stimu-
late NF-«kB reporter expression and this response was
blocked by the tyrosine kinase inhibitor genistein, the use of
an EGFR-selective tyrphostin, AG1478, has revealed that
EGFR only plays a limited role in D2R-mediated NF-«B
activation. AG1478 is highly efficient for inhibition of EGFR-
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Fig. 7. Association of D2R with c-Src. A, HeLa (left four lanes) and
HEK293T cells were transfected with expression vectors for c-Src and a
C-terminal HA-tagged D2R. Two samples (lanes 4 and 8) were stimulated
with 10 uM quinpirole for 5 h. Equivalent amounts of cell lysate were
immunoprecipitated (IP) with an anti-HA mAb. The immunoprecipitates
were separated by SDS-polyacrylamide gel electrophoresis, and Western
blotting (IB) was carried out using an anti-Src polyclonal Ab. Some
samples (lanes 1-2 and 5-6) were taken before immnoprecipitation to
check for expression of the transfected c-Src. The blot shown is represen-
tative of three independent experiments with similar results. B, semi-
quantification of Western blotting results, with samples corresponding to
the lane numbers above.



mediated NF-«B activation at 1 uM, whereas a much higher
concentration of AG1478 is required for partial inhibition of
the D2R-mediated response. It has recently been shown that
PDGFR transactivation contributes to D2R- and D4R-medi-
ated MAP kinase activation in Chinese hamster ovary cells
(Oak et al., 2001). Therefore, we examined the possibility
that transactivation through PDGFR contributes to D2R-
mediated NF-«B activation. PDGF does not induce NF-«xB
activation in HeLa cells (Fig. 6); thus, it is unlikely that D2R
transactivates PDGFR for this function. We have, however,
observed a strong inhibitory effect by the PDGFR-selective
tyrphostin AG1295. Since AG1295 also reduces the basal
level of NF-«B luciferase activity in unstimulated HeLa cells,
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Fig. 8. Expression of p-arrestin 1 potentiates D2R-mediated NF-«B ac-
tivation. A, association of c¢-Src with B-arrestin 1. HeLa cells were trans-
fected with expression vectors for c-Src and a FLAG-tagged B-arrestin 1.
Immunoprecipitation (IP) was conducted using a polyclonal anti-Src Ab.
Western blotting was done with a mAb against FLAG to detect B-arrestin
1. A representative figure from three independent experiments is shown.
B, potentiation of NF-«B reporter activity by c-Src and B-arrestin 1. HeLa
cells were cotransfected with expression constructs of B-arrestin 1 (B-
Arrl) and c-Src in different combinations. After overnight serum starva-
tion, cells were stimulated with quinpirole (10 uM) or with buffer for 5 h.
The NF-«B luciferase activities were normalized against B-galactosidase
activities and expressed as fold induction (means = S.E.M., n = 3). (1),
comparison of NF-kB reporter basal level. ¥x, P < 0.01 versus sample
without B-arrestin 1. (2), comparison of quinpirole-induced NF-«B re-
porter activities. *x%, P < 0.001 versus quinpirole alone. # # #, P < 0.001
versus sample without B-arrestin 1 within the same group. Lower panels,
protein expression levels of c-Src and AU5-tagged B-arrestin 1 as deter-
mined by Western blotting.
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and the inhibitory effect was not observed with another
PDGFR-selective tyrphostin, A9, we believe that the inhibi-
tion by AG1295 is not specific for the D2R-mediated re-
sponse. Iwamoto et al. (2000) reported that AG1295 has
inhibitory effect on tyrosine phosphorylation of ERK1/2, P13-
kinase, PLC-vy, and p21 Ras. These findings, combined with
the report by Oak et al. (2001), indicate that AG1295 is a
broad-spectrum inhibitor for dopamine D2 receptor-mediated
signaling, and its effect is probably beyond PDGFR.

It was noted that in striatal neurons, dopamine can acti-
vate Akt through the MAP kinase kinase MEK but not PI3K
(Brami-Cherrier et al., 2002). We therefore investigated the
involvement of these signaling components in D2R-mediated
NF-«kB activation. The PI3K inhibitor LLY294002 and the
MEK inhibitor U0126 each produced partial inhibition (20—
33%) of quinpirole-induced NF-«B reporter expression. Al-
though our results do not completely exclude a role of these
kinases in NF-«kB activation, they suggest that the PI3K and
MEK-ERK pathways are not indispensable for the D2R-me-
diated response. In comparison, the D2R-induced c-Src path-
way plays an essential role in mediating NF-«B activation in
the transfected HeLa cells inasmuch as the inhibition by
genistein and PP1 nearly completely blocked the quinpirole-
induced response. Zhen et al. (2001) recently reported that
activation of the D4 dopamine receptor, which also couples to
G; proteins, could lead to NF-«B activation through an Akt-
mediated mechanism in stably transfected MN9D cells. In-
terestingly, this activation was not blocked by inhibition of
Src and MEK, which were shown to regulate ERK activation.
Therefore, multiple mechanisms may exist in regulating do-
pamine receptor-mediated NF-«kB activation in different
cells.

We have found that D2R-mediated NF-«B activation is
enhanced by both c-Src and B-arrestin 1. Although the exact
mechanism remains to be investigated, this observation is
consistent with published reports indicating an association of
B-arrestin 1 with c-Src (Luttrell et al., 1999; Miller et al.,
2000), which was confirmed by coimmunoprecipitation and
Western blotting in this study (Fig. 8B). B-Arrestin 1 serves
multiple functions. It interacts with proteins such as activa-
tor protein-2 that are necessary for internalization of certain
GPCRs through clathrin-coated pits (Goodman et al., 1996).
B-Arrestin 1 is also associated with signaling proteins includ-
ing Raf-1, ERK, and apoptosis signal-regulating kinase 1, in
addition to c-Src (reviewed in Miller and Lefkowitz, 2001).
Interaction between c-Src and B-arrestin 1 requires the SH2
and SH3 domains of c-Src and a proline-rich fragment of
B-arrestin 1 (Luttrell et al., 1999). The biological conse-
quences of B-arrestin 1 and c-Src interaction include promo-
tion of B-adrenergic receptor internalization and activation of
MAP kinases by this receptor (Luttrell et al., 1999; Miller et
al., 2000). The observation that B-arrestin 1 enhances NF-«B
activation by the G;-coupled D2R may be a new function of
B-arrestin 1.

Several G;-coupled receptors have been found to mediate
NF-«B activation, whereas others are less effective in this
function (Pan et al., 2000; Ye, 2001). For example, the ability
to induce NF-kB activation varies considerably among che-
mokine receptors (Ye et al., 1996). A recent study has dem-
onstrated that ligand stimulation of the G;-coupled receptor
Edg-1 does not lead to NF-«B activation despite activation of
the G; proteins (Siehler et al., 2001). Our experimental data
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also indicate that the G;-coupled receptor for fMet-Leu-Phe
does not mediate NF-«B activation in transfected HeLa cells
unless Gal6 is present (Yang et al., 2001). The Ge; proteins
are known to inhibit adenylyl cyclase, and activation of
downstream effectors by these proteins is mediated primarily
through the released GBvy subunits. Thus, the difference be-
tween D2R and formyl peptide receptor in activating NF-«B
in the transfected HeLa cells may lie in the available Gy
proteins that are released following agonist binding. We are
currently investigating whether certain specific combina-
tions of GB+y dimers are preferred for NF-«B activation by the
Ga;-coupled receptors.

Another possibility for the preferential activation of c-Src
(and hence NF-«B) by certain G;-coupled receptors is that the
receptor itself generates a signal independent of, or in addi-
tion to, the G protein-mediated signaling. In this regard, it is
notable that the G;-coupled Bs-adrenergic receptor, which
apparently lacks phosphorylation site for GRK and does not
interact with B-arrestin 1, can activate ERK through direct
interaction with c-Src (Cao et al., 2000). This interaction
involves the proline-rich motifs (PXXP) located in both the
third intracellular loop and the carboxyl-terminal domain of
the B; receptor (Cao et al., 2000). An analysis of the sequence
of human D2R has revealed two PXXP motifs in the third
intracellular loop, suggesting that D2R may also use this
mechanism to recruit c-Src. We have examined this possibil-
ity but could not coimmunoprecipitate c-Src and D2R in
transfected HeLa cells. When both proteins were over-ex-
pressed in HEK293T cells, there was indeed an association
between c-Src and D2R as detected by coimmunoprecipita-
tion and Western blotting. Unlike the interaction with B;-
adrenergic receptor that was stimulated by agonist binding,
c-Src association with D2R was weak and was not further
induced by quinpirole. Therefore, although the result from
this study does not exclude a possible role of this association
in NF-«B activation, the receptor-Src interaction itself may
not be sufficient for this response. We have found no NF-«B
activation in transiently transfected HeLa cells that express
the Bs-adrenergic receptor regardless of agonist stimulation
(data not shown). Hence, GBy may provide an additional
signal that is required for NF-«B activation. We have shown
that GBvy scavengers can effectively block quinpirole-induced
NF-«B activation. In addition, expression of B-arrestin 1 also
resulted in an increase of NF-«B luciferase reporter activity.
B-Arrestin 1 is known to interact with the catalytic domain of
c-Src (Miller et al., 2000), and it plays an important role in
GpBy-mediated c-Src activation (Luttrell et al., 1996, 1999).
Taken together, the results show that D2R-mediated NF-«B
activation requires more than a direct interaction between
c-Src and the receptor, and possibly involves GBy-mediated
c-Src activation. The proximal signaling mechanism for D2R-
mediated c-Src activation awaits further investigation.

In conclusion, our results provide direct evidence for a
c-Src-dependent NF-«B activation by a G;-coupled receptor.
It is likely that B-arrestin 1, and probably D2R itself, plays a
role in NF-«B activation by facilitating GBy-mediated re-
cruitment and activation of c-Src. NF-«B activation through
c-Src was previously demonstrated in cells treated with ty-
rosine phosphatase inhibitors and under the condition of
hyperoxia (Imbert et al., 1996). Results presented in this
work demonstrate that GPCRs can also trigger this signaling
mechanism and indicate the complexity of cross talks be-

tween signaling pathways initiated by different types of re-
ceptors that lead to essential cellular functions such as tran-
scriptional regulation through NF-«B.
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