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Nicotinic acid (niacin) has been widely used as a favorable
lipid-lowering drug for several decades, and the orphan G pro-
tein-coupled receptor GPR109A has been identified to be a
receptor for niacin. Mechanistic investigations have shown that
as a G;-coupled receptor, GPR109A inhibits adenylate cyclase
activity upon niacin activation, thereby inhibiting free fatty acid
liberation. However, the underlying molecular mechanisms that
regulate signaling and internalization of GPR109A remain
largely unknown. To further characterize GPR109A internaliza-
tion, we made a construct to express GPR109A fused with
enhanced green fluorescent protein (EGFP) at its carboxyl-ter-
minal end. In stable GPR109A-EGFP-expressing HEK-293 cells,
GPR109A-EGFP was mainly localized at the plasma membrane
and was rapidly internalized in a dose- and time-dependent
manner upon agonist stimulation. GPR109A internalization
was completely blocked by hypertonic sucrose, indicating that
GPR109A internalizes via the clathrin-coated pit pathway. Fur-
ther investigation demonstrated that internalized GPR109A
was recycled to the cell surface after the removal of agonist, and
recycling of the internalized receptors was not blocked by treat-
ment with acidotropic agents, NH,Cl and monensin. Pertussis
toxin pretreatment not only inhibited forskolin-induced cAMP
accumulation and intracellular Ca®>* mobilization; it also signif-
icantly attenuated agonist-promoted GPR109A internalization.
Moreover, RNA interference experiments showed that knock-
down of GRK2 (G protein-coupled receptor kinase 2) and arres-
tin3 expression significantly impaired receptor internalization.
Taken together, these results indicate that the agonist-induced
internalization of GPR109A receptors is regulated by GRK2 and
arrestin3 in a pertussis toxin-sensitive manner and that inter-
nalized receptor recycling is independent of endosomal
acidification.
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Nicotinic acid (niacin), a member of the water-soluble vita-
mins, has been used clinically to treat hyperlipidemia and cor-
onary heart disease for over 50 years (1, 2). Previous studies
revealed that niacin is capable of strongly increasing high den-
sity lipoprotein cholesterol compared with other lipid-lowering
drugs (3, 4), whereas plasma concentrations of total cholesterol,
free fatty acids, and triglycerides are lowered by niacin (1, 2).
Niacin and its analogues also improve insulin action in short
term treatments (5—8). However, the clinical use of niacin is
limited due to its side effects, especially skin flushing mediated
by prostaglandin release (2).

Although niacin is widely used in clinical therapy, and bio-
chemical studies also indicated the presence of a G;-coupled
receptor in rat adipose tissue and spleen membranes (9), its
exact mechanism had not been understood until the orphan
receptor GPR109A was identified as a receptor for niacin in
2003 (10-12). GPR109A was identified as a high affinity recep-
tor for niacin, whereas GPR109B, which shares 96% amino acid
identity with GPR1094, is a low affinity receptor (10). Activa-
tion of GPR109A upon binding niacin functions in a G protein-
coupled manner to decrease cAMP production, resulting in
decreased hormone-sensitive lipase activity and reduced
hydrolysis of triglycerides to free fatty acids (11-13). Recent
studies have indicated that niacin-induced flushing was medi-
ated by GPR109A through the release of prostaglandin D,, and
prostaglandin E, (14, 15). Additionally, based on the pharma-
cological effects of niacin, new drugs with non-flushing, low
toxicity acting via GPR109A are in development to treat dys-
lipidemia and prevent cardiovascular diseases (16). However,
detailed information on the signaling and internalization of
GPR109A still remains unknown. Richman et al. (17) reported
that agonists that fail to significantly activate phosphorylation
of extracellular signal-regulated kinases 1 and 2 (ERK1/2)* and
do not cause rapid receptor internalization do not lead to a
flushing response. Therefore, further elucidating the mecha-
nism of GPR109A signaling and trafficking will be of impor-

3The abbreviations used are: ERK, extracellular signal-regulated kinase;
GPCR, G protein-coupled receptor; EGFP, enhanced green fluorescent pro-
tein; HEK, human embryonic kidney; GRK, G protein-coupled receptor
kinase; CRE, cAMP-response element; PTX, pertussis toxin; Dil, 1,1'-diocta-
decyl-3,3,3",3'-tetramethylindocarbocyanine perchlorate; siRNA, small
interfering RNA; DMEM, Dulbecco’s modified Eagle’s medium; PBS, phos-
phate-buffered saline; ELISA, enzyme-linked immunosorbent assay; GRK, G
protein-coupled receptor kinase.
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tance for the development of a new generation of lipid-lowering
drugs that avoid the unwanted cutaneous flushing side effect.

Because GPR109A is of great interest as a target for new
drugs with therapeutic and anti-lipolytic benefits, the present
study aimed to better characterize agonist-promoted signaling
and trafficking of GPR109A. We found that niacin promoted
rapid GPR109A internalization in a dose- and time-dependent
manner via the clathrin-coated pit pathway and that internal-
ized receptors were recycled upon agonist removal. Further
investigation demonstrated that GPR109A internalization was
mediated by G;, GRK2, and arrestin3 and that recycling was
independent of endosomal acidification.

EXPERIMENTAL PROCEDURES

Materials—Cell culture medium, Lipofectamine 2000, and
G418 were purchased from Invitrogen. Fetal bovine serum was
obtained from Hyclone (Beijing, China). The pEGFP-N1 and
PCMV-FLAG vectors were purchased from Clontech and
Sigma, respectively. The membrane probe Dil and nuclear dye
Hoechst 33258 and anti-a-tubulin antibody were obtained
from Beyotime (Haimen, China). Pertussis toxin (PTX) and
anti-FLAG M2 monoclonal antibody were purchased from
Sigma. Anti-phospho-ERK1/2, anti-ERK1/2, anti-actin, and
anti-B-arrestin2 were from Cell Signaling (Danvers, MA).
Clathrin HC small interfering RNA (siRNA) (human) and anti-
clathrin HC (TD.1) were from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA).

Molecular Cloning and Plasmid Construction—GPR109A
(GenBank™ accession number AY148884) and GPR109B
(GenBank™ accession number D10923) were cloned by PCR
using human genomic DNA as a template. The primers used for
GPR109A were 5'-AAG CTT ATG AAT CGG CACCAT CTG
CAG GAT-3' (forward) and 5'-GGT ACC TTA AGG AGA
GGT TGG GCC CAG A-3' (reverse) for pPCMV-FLAG and
5'-AAG CTT GCC ACC ATG AAT CGG CAC CAT CTG
CAG GAT-3' (forward) and 5'-GGT ACC GTA GGA GAG
GTT GGG CCC AGATA-3’ (reverse) for pPEGFP-N1; the prim-
ers used for GPR109B were 5'-AA GCT TGC CAC CAT GAA
TCG GCA CCA TCT GCA GGA T-3' (forward) and 5'-GGT
ACCGTCTCGATGCAA CAGCCCAACTG-3' (reverse) for
pEGFP-NI1. The PCR products were inserted into the HindIII
and EcoRI sites of the pPCMV-FLAG vector and the HindIII and
Kpnl sites of the pEGFP-N1 vector. All constructs were
sequenced to verify the correct sequences and orientations. To
construct the firefly luciferase reporter plasmid for assaying
cAMP accumulation, the human VIP (vasointestinal peptide)
promoter (18), from nucleotide —94 to 152 with EcoRI and
HindlII sites incorporated at the 5'- and 3'-end, respectively,
was amplified from human genomic DNA by PCR with forward
primer (5'-GAA TTC ACT TCA AGC CCT ATT CAT CCC
ATG G-3') and reverse primer (5'-AA GCT TCT CGC CCA
GTC GTG CTC CCC-3'). The SV40 early mRNA polyadenyl-
ation signal was cloned from the pEGFP-N1 vector using the
forward primer (5'-CTC GAG CAT AAT CAGCCATACCAC
ATT TGT A-3') and reverse primer (5'-GGT ACC GGA CAA
ACC ACA ACT AGA ATG CA-3'); Xhol and Kpnl sites were
incorporated into the 5’- and 3'-ends. The cAMP-response ele-
ment (CRE) was synthesized based on a previously published

22606 JOURNAL OF BIOLOGICAL CHEMISTRY

sequence (19, 20) and inserted into the pBluescript KS II(+)
(Stratagene, La Jolla, CA) vector, followed by a minipromoter
VIP, firefly luciferase, and SV40 poly(A) signal.

Cell Culture and Transfection—The human embryonic kid-
ney cell line 293 (HEK-293) and COS-7 cell line were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% heat-inactivated fetal bovine serum and 4
mM L-glutamine (Invitrogen). GPR109A cDNA plasmid con-
structs were transfected into HEK-293 or COS-7 cells using
Lipofectamine 2000 according to the manufacturer’s instruc-
tions. Forty-eight hours after transfection, stably expressing
cells were selected by the addition of 800 mg/liter G418.

Synthesis of Small Interfering RNAs and siRNA Transfection—
All arrestin and GRK siRNAs were chemically synthesized by
Dharmacon RNA Technologies (Lafayette, CO). The GRK2,
GRK3, and GRK5 siRNAs were reported previously (21, 22).
The GRK3 siRNA sequence was 5'-GCA GAA GUC GAC AAA
UUU A-3’; arrestin2 and -3 siRNAs were purchased as a
SMARTpool. The clathrin HC siRNA (human) was from Santa
Cruz Biotechnology, Inc. The nonspecific control siRNA VIII
(5’-AAA CUC UAU CUG CAC GCU GAC-3’) was used as the
control for all siRNA experiments. The transfection protocol
for GRK, arrestin, and CHC siRNAs was reported previously
(22). Forty-eight hours after transfection, cells were split for the
indicated assay the following day.

CAMP Accumulation—After seeding in a 24-well plate over-
night, stable HEK-293 cells co-transfected with GPR109A and
pCRE-Luc were grown to 90 -95% confluence, stimulated with
10 um forskolin alone or 10 um forskolin with different concen-
trations of niacin in DMEM without fetal bovine serum, and
incubated for 4 h at 37 °C. Luciferase activity was detected by a
firefly luciferase kit (Promega, Madison, WI). When required,
cells were treated overnight with or without PTX (50 ng/ml) in
serum-free DMEM before the experiment.

Intracellular Calcium Measurement—Calcium mobilization
was performed as described previously with slight modifica-
tions (21). The stably GPR109A-expressing HEK-293 cells were
harvested with Cell Stripper (Mediatech, Herndon, VA),
washed twice with phosphate-buffered saline (PBS), and resus-
pended to 5 X 10° cells/ml in Hanks’ balanced salt solution (140
mM NaCl, 5 mm KCI, 10 mm HEPES, pH 7.4, 1 mm CaCl,, 1 mm
MgCl,, 1 mg/ml glucose) containing 0.025% bovine serum
albumin. The cells were then loaded with 3 uMm Fura-2 ace-
toxymethyl ester derivative (Fura-2/AM) (Molecular Probes,
Inc., Eugene, OR) for 30 min at 37 °C. Cells were washed once in
Hanks’ solution, resuspended in Hanks’ solution, incubated at
room temperature for 15 min, washed twice in Hanks’ solution,
and then resuspended in Hanks’ solution at a concentration of
3 X 107 cells/ml. A typical experiment contained 1.5 X 10°
cells/1.6 ml in a quartz cuvette; these cells were stimulated with
the indicated concentrations of niacin. Receptor specificity
studies were done by measuring the calcium flux of GPR109A-
expressing HEK-293 cells stimulated with 100 uM niacin as a
negative control. Calcium flux was measured using excitation at
340 and 380 nm in a fluorescence spectrometer (LS55;
PerkinElmer Life Sciences). Calibration was performed using
0.1% Triton X-100 for total fluorophore release and 10 mm
EGTA to chelate free Ca®". Intracellular Ca®>" concentrations
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were calculated using a fluorescence spectrometer measure-
ment program as described previously (23).

GPRI109A Localization and Internalization Assay—HEK-293
cells stably expressing GPR1I09A-EGEFP were seeded in covered
glass bottom 6-well plates. After 24 h, HEK-293 cells were
stained with the membrane probe Dil (Beyotime) at 37 °C for
5-10 min, fixed with 2% paraformaldehyde for 15 min, and
finally incubated with Hoechst 33258 (Beyotime) to stain cell
nuclei for 10 min. For the internalization assay, HEK-293 cells
stably expressing GPR109A-EGFP or GPR109B-EGFP were
seeded in covered glass bottom 6-well plates, and cells were
treated with different concentrations of niacin for 30 min or
with 300 uM niacin for different incubation times at 37 °C. For the
recycling assay, HEK-293 cells stably expressing GPR109A-EGFP
were incubated with 100 ug/ml cycloheximide and 300 uMm niacin
for 30 min. After removal of the agonist, the cells were washed with
PBS three times,and DMEM containing 100 ug/ml cycloheximide
with or without NH,Cl or monensin was added for different peri-
ods of time. After fixation with 2% paraformaldehyde for 15 min,
cells were mounted in mounting reagent (dithiothreitol/PBS/glyc-
erol). Confocal images were taken on a Zeiss LSM 510 microscope
with an attached Axiovert 200 microscope and LSM5 computer
system. Excitation was done at 488 nm, and fluorescence detection
used a 525 * 25-nm bandpass filter. Images were collected using
QED camera software and processed with Adobe Photoshop.

Western Blot Analysis—To analyze the knockdown of
siRNA-targeted proteins and phosphorylation of ERK1/2,
siRNA-transfected or agonist-stimulated HEK-293 cells in a
6-well plate were washed twice with ice-cold PBS and lysed with
buffer (20 mm HEPES (pH 7.5), 10 mMm EDTA, 150 mm NaCl, 1%
Triton X-100, and one tablet of complete protease inhibitor
(Roche Applied Science) per 50 ml) at 4 °C on a rocker for 30
min. The lysates were centrifuged at 4 °C at 12,000 rpm for 15
min. For examining arrestin3 membrane translocation, HEK-
293 cells stably expressing GPR109A were incubated for 8 min
with or without 100 um niacin, and after washing twice with
ice-cold PBS, cells were scraped in PBS containing complete
protease inhibitor mixture. Cells were treated by brief sonica-
tion and then centrifuged at 3000 X g for 5 min to remove
unbroken cells and nuclear fractions. Subsequently, the super-
natant was centrifuged at 21,000 X g for 30 min to separate the
membrane fraction (in the pellet) and cytosolic fraction. The
proteins in the supernatant (cytosolic fraction) were precipi-
tated with 70% ethanol, and both pellets were resuspended in
PBS. Proteins in the membrane and the cytosolic fractions were
electrophoresed on a 10% SDS-polyacrylamide gel, transferred
to nitrocellulose, and immunoblotted using monoclonal anti-
GRK2 (1:1000), polyclonal anti-GRK3 (1:200), monoclonal
anti-GRK5 (1:3000), monoclonal anti-arrestin2 (1:1000),
monoclonal anti-arrestin3 (1:1000), or rabbit monoclonal anti-
phospho-ERK1/2 antibody (1:1000) (Cell Signaling, Danvers,
MA) and next probed with horseradish peroxidase-labeled sec-
ondary antibodies, and chemiluminescence was detected using
horseradish peroxidase-substrate (Cell Signaling). The blots
were stripped and reprobed using an anti-tubulin (1:7500)
monoclonal antibody as control for protein loading and anti-
total ERK1/2 (1:2000) for phospho-ERK1/2.
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Measurement of Cell Surface Receptor by ELISA—The cell
surface expression of GPR109A was quantitatively assessed by
ELISA as described previously (24). Briefly, after transfection
with Lipofectamine 2000 according to the manufacturer’s pro-
tocol, HEK-293 cells were grown in DMEM at 37 °C in a humid-
ified atmosphere containing 95% air and 5% CO,, overnight and
then split into 24-well dishes coated with poly-L-lysine. The
following day, cells were stimulated with the indicated concen-
trations of niacin for the times indicated. Medium was aspi-
rated and washed once with Tris-buffered saline. After fixing
for 5 min at room temperature with 3.7% formaldehyde in Tris-
buffered saline, cells were washed three times with Tris-buff-
ered saline and then blocked for 45 min with 1% bovine serum
albumin/Tris-buffered saline. Cells were then incubated for 1 h
with an alkaline phosphatase-conjugated monoclonal antibody
directed against the FLAG epitope diluted 1:1000. Cells were
washed three times, and antibody binding was visualized by
adding 0.25 ml of alkaline phosphatase substrate (Bio-Rad).
Development was stopped by removing 0.1 ml of the substrate
to a 96-well microtiter plate containing 0.1 ml of 0.4 M NaOH.
Plates were read at 405 nm in a microplate reader (Bio-Rad)
using Microplate Manager software.

RESULTS

Expression and Function of Chimeric GPRI09A-EGFP
Protein—In order to directly visualize the membrane localiza-
tion and trafficking of GPR109A receptors, we constructed an
expression vector containing GPR109A fused with EGFP at the
carboxyl terminus and then transiently or stably transfected it
into HEK-293 cells. Confocal microscopy revealed that the
expressed GPR109A-GFP was colocalized with the membrane
marker Dil with minimal intracellular accumulation in the
absence of ligand in stably expressing HEK-293 cells (Fig. 1a),
suggesting the correct localization of GPR109A-EGEFP at the
plasma membrane. We then examined the functional signaling
of GPR109A-EGEFP by assaying cAMP accumulation and intra-
cellular Ca®" flux. As shown in Fig. 1, band ¢, treating HEK-293
cells that stably express GPR109A-EGFP with niacin inhibited
forskolin-stimulated cAMP production comparably with cells
expressing wild-type GPR109A. The agonist-induced inhibi-
tion of the forskolin-stimulated cAMP increase could be com-
pletely blocked by pretreating with 50 ng/ml PTX for 12 h (Fig.
1c). In addition, stimulation with niacin also elicited similar
levels of intracellular Ca®>* mobilization in GPR109A-EGFP-
expressing HEK-293 cells compared with the wild-type recep-
tor (Fig. 1d). These results demonstrate that GPR109A-EGFP in
stably transfected HEK-293 cells functions similarly to the wild-
type receptor.

Agonists Induce Rapid Internalization of GPR109A-EGFP—
To determine whether GPR109A-EGFP stably expressed in
HEK-293 cells internalized upon agonist binding, HEK-293/
GPR109A-EGFP and HEK-293/GPR109B-EGFP cells were
incubated with 300 uMm niacin for 40 min at 37 °C and examined
by confocal microscopy. As seen in Fig. 2a, GPR109A receptors
were internalized from the cell surface into the cytoplasm with a
punctate distribution upon activation by niacin, whereas the
GPR109B receptors were still predominantly distributed on the
cell membrane. To further investigate whether niacin can induce
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tonic sucrose. Pretreatment with sucrose for 2 h had no effect
on the expression or localization of GPR109A in HEK-293 cells
but completely blocked niacin-induced GPR109A internaliza-
tion, as analyzed by microscopy (Fig. 3a) and ELISA (Fig. 3b).
To further confirm that clathrin is involved in GPR109A inter-
nalization, we used specific siRNAs targeted against clathrin
heavy chain to decrease the expression of clathrin in GPR109A-
expressing HEK-293 cells. The endogenous expression of clath-
rin was effectively and specifically knocked down by the specific
siRNA treatment but was unaffected in cells treated with con-
trol siRNA (Fig. 3¢). Silencing clathrin effectively inhibited nia-
cin-induced GPR109A internalization, as analyzed by micros-
copy (Fig. 3d) and ELISA (Fig. 3e). This demonstrates that
agonist-activated GPR109A is internalized via clathrin-coated
pits.

In order to determine whether dynamin is involved in
GPR109A internalization, GPR109A-expressing cells were
transfected with the dynamin-1 dominant negative mutant
K44A and analyzed 48 h after transfection. Agonist-promoted
GPR109A internalization was effectively inhibited by dynamin-
K44A (Fig. 3, fand g), indicating that dynamin is involved in this
process.

GPR109A Colocalizes with Early and Recycling Endosomes
but Not with Lysosomes—Internalized G protein-coupled
receptors are generally degraded in lysosomes or recycled back
to the plasma membrane via early and recycling endosomes. To
investigate these two possibilities for GPR109A, GPR109A-
EGFP-expressing cells were treated with niacin together with
Alexa Fluor 546-labeled transferrin or LysoTracker Red DND-
99. Analysis by confocal microscopy demonstrated that exten-
sive colocalization of transferrin and GPR109A-GFP was
observed (Fig. 4a), whereas GPR109A-GFP did not colocalize
with Lysotracker Red, a marker for late endosomes and lyso-
somes (Fig. 4b), suggesting that GPR109A-GFP localizes in
endosomes but not in lysosomes.

Agonist-induced GPRI09A Internalization Is Src-dependent—
We next investigated whether different protein kinases were
involved in agonist-induced GPR109A internalization. HEK-
293 cells stably expressing GPR109A-EGFP were pretreated
with DMSO, protein kinase A inhibitor KT5720 (1 um), protein
kinase C inhibitor Go6983 (10 um), EGFR-specific tyrosine
kinase inhibitor AG1478 (1 M), or Src tyrosine kinase inhibitor
PP2 (20 um) for 1 h prior to agonist stimulation. As shown in
Fig. 5a, treatment with the protein kinase A inhibitor, protein
kinase C inhibitor, and EGFR kinase inhibitor had no effect on
agonist-induced GPR109A internalization, whereas treatment
with the Src inhibitor effectively inhibited agonist-induced
GPR109A internalization. The same result was observed by
ELISA analysis (Fig. 5b), indicating that Src is involved in ago-
nist-activated GPR109A internalization.

Recycling of Internalized GPRI09A to the Cell Surface—In
order to determine the fate of internalized GPR109A,
GPR109A-EGFP-expressing cells were treated with 100 ug/ml
cycloheximide and 300 uM niacin at 37 °C for 40 min, followed
by the removal of residual agonist by washing and further incu-
bation in the presence of cycloheximide for the indicated time
periods. Confocal microscopy revealed that pretreatment with
cycloheximide had no effect on GPR109A localization and

22610 JOURNAL OF BIOLOGICAL CHEMISTRY

internalization, and most of the GPR109A was internalized
after treatment with 300 uMm niacin for 40 min (Fig. 6a); how-
ever, the internalized receptors were partially recycled to the
plasma membrane within 30 min after agonist removal. Further
incubation resulted in full recovery of the internalized
GPR109A to the cell surface as evaluated by microscopy (Fig.
6a) and ELISA (Fig. 6b). To examine the importance of endo-
somal acidification in the recycling of GPR109A-, GPR109A-
EGEFP-, or FLAG-GPR109A-expressing cells were treated with
the acidotropic agents NH,Cl and monensin. NH,CIl showed
no inhibitory effect on the recycling of GPR109A, whereas
monensin had a modest effect on the recovery of internalized
GPR109A to the cell surface, suggesting that endosomal acidi-
fication was not necessary to recycle internalized GPR109A
receptors (Fig. 6, ¢ and d).

Agonist-induced GPRI109A Internalization Is Pertussis
Toxin-sensitive—GPR109A acts via G; proteins to inhibit aden-
ylyl cyclase, and pretreatment with PTX abolishes agonist-de-
pendent G; activation, resulting in the inhibition of forskolin-
induced cAMP accumulation (Fig. 1c), intracellular Ca*”"
mobilization (Fig. 1d), and phosphorylation of ERK1/2 (Fig. 7a).
To investigate the involvement of the G, protein in the internal-
ization of GPR109A, cells were treated for 18 h at 37 °C with
PTX (500 ng/ml), followed by niacin stimulation. As illustrated
in Fig. 7, b and ¢, PTX treatment alone did not alter the expres-
sion or membrane localization of GPR109A compared with
untreated cells; however, agonist-induced GPR109A internal-
ization was significantly impaired by PTX.

Arrestins and GRKs Are Involved in Internalization of
GPR109A—G protein-coupled receptor kinase (GRK)-medi-
ated phosphorylation and arrestin binding is involved in desen-
sitization and trafficking of many GPCRs (26, 27). To investi-
gate the role of GRKs and arrestins in the regulation of
GPR109A internalization, we used specific siRNAs to reduce
the expression of GRK2, GRK3, GRKS5, arrestin2, and arrestin3
in GPR109A-EGFP-expressing HEK-293 cells. The endoge-
nous expression of GRK or arrestin was effectively and specifi-
cally knocked down by the specific siRNA treatment but was
unaffected in cells treated with nonspecific or control siRNA
(Fig. 8, a and b). Silencing GRK2 and arrestin3 effectively inhib-
ited GPR109A internalization, whereas knockdown of GRKS3,
GRKS5, or arrestin2 had no effect on the internalization of
GPR109A, as analyzed by microscopy (Fig. 8¢c) or ELISA (Fig.
8d). We further investigated the effect of knockdown of
arrestins and GRKs on activation of ERK1/2, and no difference
was observed between control and knockdown cells (Fig. 8f).

Next we examined whether niacin-mediated stimulation
promotes arrestin3 translocation to the membrane in
GPR109A-expressing HEK-293 cells by Western blot analysis.
Asshownin Fig. 8¢, in the absence of niacin, arrestin3 remained
primarily in the cytosol, and stimulation with niacin resulted in
robust recruitment of arrestin3 to the membrane. These results
suggest that GRK2 mediates the phosphorylation of serine and
threonine residues in GPR109A, which facilitates arrestin3
binding to the receptor, resulting in receptor internalization.

GPBy Plays a Role in Regulation of GPR109A Internalization—
Previous studies proposed that G+ subunits released by ago-
nist activation of a GPCR play an important role in recruiting
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FIGURE 3. Clathrin-coated pits and dynamin are involved in internalization of GPR109A. a and b, HEK-293 cells stably expressing GPR109A-EGFP were
treated with 450 mm sucrose for 2 h, followed by stimulation with 300 um niacin for 40 min. ¢, HEK-293 cells stably expressing GPR109A were transfected with
specific clathrin heavy chain siRNA (CHC) or nonspecific control siRNA (CTL). Seventy-two hours after transfection, cells were harvested, and equal amounts of
total cellular lysate were separated by 10% SDS-PAGE, transferred to nitrocellulose, and incubated with the indicated antibody. Blots were stripped and
reprobed for B-actin to control for loading. Shown is a representative immunoblot (/B) from four independent experiments. d and e, 72 h after transfection with
specific clathrin heavy chain siRNA or nonspecific control siRNA, cells were stimulated with 300 um niacin for 40 min and examined with confocal microscopy
(d) or ELISA (e). fand g, HEK-293 cells stably expressing GPR109A-EGFP were transfected with dynamin-K44A. Forty-eight hours after transfection, cells were
treated with 300 uMm niacin for 40 min and examined with confocal microscopy (f) or ELISA (g). Error bars, S.E. for four replicates. Data were analyzed using
Student’s t test (**, p < 0.01; *** p < 0.001). All pictures and data shown are representative of at least three independent experiments.
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FIGURE 4. Localization of internalized GPR109A-EGFP stably expressed in HEK-293 cells. HEK-293 cells
stably expressing GPR109A-EGFP were incubated with or without 300 um niacin at 37 °C in the presence of
either 100 wg/ml Alexa Fluor 546-labeled transferrin (a) or 50 nm lysotracker DND-99 (b) for 40 min. Cells were
fixed and examined with confocal microscopy as described under “Experimental Procedures.” All pictures

shown are representative of at least three independent experiments.

GRK2 to the membrane to promote receptor phosphorylation
(28,29). Thus, we next investigated if the GB7y subunit regulates
GPR109A internalization. In preliminary experiments, we used
a construct encoding the carboxyl-terminal domain (GRK2-
Cter) (GRK2-Gly**°~Leu®®®) of GRK2, which is widely used to
inhibit GBy-dependent signaling (30). However, overexpres-
sion of GRK2-Cter in HEK-293 cells showed no effects on
GPR109A internalization in comparison with control. Early
experiments demonstrated that catalytically inactive GRK2
blocked M, muscarinic acetylcholine receptor internalization
in COS?7 cells but had no effect on M, muscarinic acetylcholine
receptor internalization in BHK-21 and HEK-293 cells (31, 32).
Subsequently, GRK2 protein expression levels were shown to
vary from cell type to cell type, with the lowest levels of GRK2
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expression found in COS7 cells (33,
34). Therefore, the effectiveness of
GRK2-Cter overexpression may
depend on the level of GRK2 protein
expressed in the particular cell line
used in the experiment (35). We
then used COS-7 cells to assess the
effect of GRK2-Cter overexpression
on GPR109A internalization. Con-
focal microscopy and ELISA analy-
sis demonstrated that GRK2-Cter
expression significantly inhibited
agonist-promoted GPR109A-EGFP
internalization (Fig. 8, g and h).
These results strongly suggest that
Gpy subunits play an important
role in the regulation of GPR109A
internalization, consistent with the
result of the GRK2 knockdown with
specific siRNA.

Merge

DISCUSSION

Fifty years ago, niacin was intro-
duced into the clinic as the first
orally available drug to treat lipid
metabolism disorders, including
dyslipidemia or hyperlipoproteine-
mia. However, the putative mecha-
nism of action of niacin has only
recently been elucidated with the
identification of GPR109A as a
receptor for niacin (10-12).
Recently, a number of GPRI109A
pyrazole agonists that failed to
induce the internalization of the
receptor or to activate the ERK1/2
pathway were shown to be capable
of fully inhibiting lipolysis in vitro
and in vivo, but they failed to elicit a
flushing response (17). This sug-
gests that there is some hope that a
better elucidation of the mecha-
nisms of GPRI09A signaling and
trafficking will help to develop a
novel class of antidyslipidemic drugs
without eliciting the flushing response. In the present study, we
have characterized the trafficking of GPR109A upon stimula-
tion by niacin. We constructed an expression vector containing
EGFP fused in frame to the carboxyl terminus of GPR109A to
directly visualize GPR109A expression, localization, and traf-
ficking in cultured cells. GFP from the jellyfish Aequoria victo-
ria has been widely used to monitor protein expression and
localization, and its usefulness has been demonstrated for more
than 30 GPCRs (16, 36 —38). The potential disadvantages of a
GPCR-GFP chimera are altered conformation and receptor
functionality (38). Therefore, we first verified that GPR109A-
EGFP functioned similarly to the wild-type receptor in mem-
brane localization, inhibition of cAMP production, and intra-
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dent phosphorylation plays a role in
the internalization of the M, musca-
rinic acetylcholine receptor (31, 41),
and GRK-mediated phosphoryla-
tion promotes GPCR internaliza-
tion (42). In this study, we present
evidence to show that knocking
down GRK2 expression with spe-
cific siRNA significantly inhibited
GPR109A internalization, suggest-
ing that GRK2 plays a major role in
the phosphorylation of activated
GPR109A, whereas GRK3 and
GRKS5 knockdown had no effect on
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This observation is consistent with
the results of overexpression of
GRK2-Cter (residues 495-689) in
COS-7 cells, which significantly
blocked GPR109A internalization.
Our results also suggest that the
activation of GPR109A promotes
the translocation of arrestins to the
plasma membrane, where the re-
ceptor preferentially binds arrestin3
rather than arrestin2. Therefore,

C— - Niacin

I - Niacin

> >
& §°
QOQ OQ

FIGURE 5. Effect of protein kinase inhibitors on agonist-induced GPR109A internalization in GPR109A-
EGFP stably expressed in HEK-293 cells. a, HEK-293 cells stably expressing GPR109A-EGFP were pretreated
with or without protein kinase A inhibitor KT5720 (1 um), protein kinase C inhibitor Go6983 (10 um), EGFR
inhibitor AG1478 (1 um), and Src inhibitor PP2 (20 um) for 1 h prior to agonist stimulation. Cells were fixed and
examined with confocal microscopy as described under “Experimental Procedures.” b, ELISA measurement of
cell surface receptors in GPR109A-expressing cells treated with protein kinase inhibitors. ELISA data are
expressed as a percentage of receptors detected on surface of agonist-untreated cells expressing GPR109A.
Error bars, S.E. for four replicates. Data were analyzed using Student’s t test (**, p < 0.01; ***, p < 0.001). All
pictures and data shown are representative of at least three independent experiments.

cellular Ca?" mobilization. Moreover, agonist-induced
receptor internalization was also confirmed by confocal
microscopy and ELISA. In the present studies with the
GPR109A-GFP chimera, we demonstrated that GPRI109A
receptors heterologously expressed in HEK-293 cells were rap-
idly internalized from the cell membrane into the cytoplasm in
a dose- and time-dependent manner upon agonist challenge,
which could be significantly inhibited by pretreatment with
PTX. The internalized receptors were recycled back to the cell
surface after removing the agonist, and recycling was not dis-
rupted by treatment with NH,Cl or monensin. siRNA experi-
ments revealed that GRK2 and arrestin3 play important roles in
regulating the internalization of activated GPR109A.

Receptor desensitization and trafficking are the predominant
mechanisms that modulate GPCR signaling. Upon activation,
GPCRs are rapidly phosphorylated by GRKs or different pro-
tein kinases, followed by arrestin binding, which results in rapid
receptor internalization (39, 40). GRKs are the primary media-
tors of agonist- dependent GPCR phosphorylation, and seven
GRKs (GRK1 to -7) exist within mammals (27). GRK2-depen-
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T together with the observation that
treatment with hypertonic sucrose
(0.45 M) inhibited GPR109A inter-
nalization, we postulate that phos-
phorylated GPR109A binds arres-
tin3 after receptor activation, is
targeted to clathrin-coated pits, and
is then rapidly recycled back to the
cell surface from perinuclear early
endosomes after internalization (43,
44). Walters et al. (45) reported that
niacin-induced  stimulation  of
GPR109A led to arrestin-dependent signaling to ERK1/2 acti-
vation, and this pathway mediated the adverse side effect of
cutaneous flushing but not the beneficial antilipolytic effect of
niacin. Our results obtained from siRNA experiments demon-
strated that knocking down GRK or arrestin expression in
HEK-293 cells had no effect on ERK1/2 pathway activation. The
mechanism of regulation of GPR109A-stimulated ERK1/2 sig-
naling remains under investigation.

After internalization, receptors can be recycled to the plasma
membranes, targeted to the lysosome, or degraded in the pro-
teasome (46). To further investigate the fate of internalized
GPR109A, HEK-293 cells stably expressing GPR109A-EGFP
were treated with 300 uMm niacin for 40 min, followed by wash-
ing and further incubation to enable internalized receptors to
return to the plasma membrane (Fig. 6a). Treatment with
cycloheximide, which inhibits protein synthesis, did not affect
this recovery (Fig. 6, a and b), indicating that the recycling of
GPR109A is independent of de novo synthesis of receptors.
Interestingly, pretreatment with recycling blockers, specifically
the weak base NH,Cl and the proton ionophore monensin, did
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FIGURE 7. Effects of PTX pretreatment on activation of ERK1/2 and internalization of GPR109A in HEK-293
cells. g, activation of ERK1/2 in HEK293 cells pretreated with PTX (500 ng/ml) for 16 h, followed by a challenge with
300 M niacin for 5 min was accessed by Western blot, as described under “Experimental Procedures.” Signals were
quantified by densitometry and expressed as a percentage of the maximal phosphorylated ERK (P-ERK) obtained at
5 min, and the graphs represent mean = S.E. from at least four independent experiments. b, HEK-293 cells stably
expressing GPR109A-EGFP were treated with PTX (500 ng/ml) for 16 h, followed by a challenge with 300 um niacin
for 40 min, and examined with confocal microscopy as described under “Experimental Procedures.” Shown is a
representative picture from five independent experiments. ¢, ELISA quantification of cell surface receptors in
GPR109A-expressing cells treated with PTX. ELISA data are expressed as a percentage of receptors detected on the
surface of agonist-untreated cells expressing GPR109A. Error bars, S.E. for four replicates. Data were analyzed using
Student’s t test (**, p < 0.01; ***, p < 0.001). All pictures and data shown are representative of at least three inde-

pendent experiments.

not affect the recycling of internalized GPR109A (Fig. 6, ¢ and
d). The role for acidification in GPCR recycling was first pro-

posed by the finding that monensin inhibited the recovery of
the internalized B-arrestin2 to the plasma membrane (47) and
later was also shown for the NK1 (neurokinin 1) receptor and
the CB1 (cannabinoid) receptor (48, 49). Previous investiga-
tions demonstrated that the recycling of B-arrestin2 and C5a
was monensin-sensitive, whereas the recycling of B-arrestin,
formyl-formyl-methionyl-leucyl-phenylalanine, and the GnRH
receptor was not (50 —52). Pippig et al. (47) reported that mon-
ensin blocked recycling but not dephosphorylation of B-arres-

GPR109A recycling to NH,Cl and
monensin.
GPR109Aisa G;,, type G protein-
coupled receptor with a PTX-sensi-
tive signaling mechanism. Pretreat-
ment with PTX abolishes the
inhibition of forskolin-induced
cAMP accumulation and intracellu-
lar Ca®* flux. In this study, we unex-
pectedly observed that PTX (500
ng/ml) pretreatment significantly
abolished agonist-induced GPR109A internalization, and previous
studies have shown that PTX treatment partially inhibited ago-
nist-induced internalization of the u-opioid receptor (55),
a2-adrenoreceptor (56), and neuropeptide Y Y1 receptors (57).
The G; protein may directly or indirectly regulate GPR109A
internalization. Our finding raises the question of what mech-
anism links G; with receptor internalization. Normally, recep-
tor internalization is initiated by phosphorylation of agonist-
occupied receptors, mediated by the GRK family (58) or
different protein kinases (39, 40). We first considered the pos-

FIGURE 6. Recycling of internalized GPR109A-EGFP stably expressed in HEK-293 cells. a, HEK-293 cells stably expressing GPR109A-EGFP were treated with
100 ug/ml cycloheximide and 300 um niacin for 40 min. After thoroughly washing out the agonist, the cells were further incubated for the indicated time
periods in the presence of cycloheximide. b, ELISA measurement of recycling of internalized GPR109A. ELISA data are expressed as a percentage of receptors
detected on the surface of agonist-untreated cells expressing GPR109A. Error bars, S.E. for four replicates. ¢, HEK-293 cells stably expressing GPR109A-EGFP
were pretreated with NH,Cl (20 mm) or monensin (10 um) for 2 h followed by stimulation with 300 um niacin for 40 min. After thoroughly washing out the
agonist, cells were further incubated for 2 h in the presence of cycloheximide. Cells were fixed and examined with confocal microscopy as described under
“Experimental Procedures.” d, ELISA quantification of FLAG-tagged receptors remaining on the cell surface after treatment of cells with NH,Cl (20 mm) or
monensin (10 um). ELISA data are expressed as a percentage of receptors detected on the surface of agonist-untreated cells expressing GPR109A. Error bars, S.E.
for four replicates. Data were analyzed using the Student’s t test (**, p < 0.01; ***, p < 0.001). All pictures and data shown are representative of at least three
independent experiments. NA, niacin.
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FIGURE 8. Effect of GRK and arrestin knockdown on GPR109A internalization in HEK-293 cells. HEK-293 cells stably expressing GPR109A-EGFP were
transfected with specific GRK (a) or arrestin (b) siRNAs or nonspecific control siRNA. Seventy-two hours after transfection, cells were harvested, and equal
amounts of total cellular lysate were separated by 10% SDS-PAGE, transferred to nitrocellulose, and incubated with the indicated antibodies. Blots were
stripped and reprobed for a-tubulin to control for loading. Shown is a representative immunoblot (WB) from five independent experiments. ¢, 72 h after
transfection with specific GRK or arrestin siRNAs or nonspecific control siRNA, cells were stimulated with 300 wm niacin for 40 min and examined with confocal
microscopy as described under “Experimental Procedures.” d, ELISA determination of cell surface receptors in GPR109A expressing cells treated with specific
GRK or arrestin siRNAs or nonspecific control siRNA. e, HEK-293 cells stably expressing GPR109A were incubated for 8 min with or without 100 um niacin, and
arrestin3 in the membrane and the cytosolic fractions was detected by Western blot analysis. Blots were stripped and reprobed for a-tubulin to control for
loading. Shown is a representative immunoblot from four independent experiments. f, activation of ERK1/2 in HEK293 cells transfected with siRNA for 3 days,
followed by a challenge with 300 wm niacin for 5 min, was assessed by Western blot as described under “Experimental Procedures.” Signals were quantified by
densitometry and expressed as a percentage of the maximal phosphorylated ERK obtained at 5 min, and the graphs represent mean = S.E. from at least four
independent experiments. g, COS-7 cells were transiently co-transfected with GPR109A-EGFP and vehicle or GRK2-Cter. Forty-eight hours after transfection,
cells were stimulated with 300 uM niacin for 40 min and examined with confocal microscopy, as described under “Experimental Procedures.” Shown is a
representative picture from five independent experiments. h, ELISA analysis of cell surface receptors in GPR109A-expressing cells with overexpression of
dominant negative GRK2-Cter. ELISA data are expressed as a percentage of receptors detected on surface of agonist-untreated cells expressing GPR109A. Error
bars, S.E. for four replicates. Data were analyzed using Student’s t test (¥, p < 0.05; **, p < 0.01; ***, p < 0.001). Data shown are representative of at least three
independent experiments.
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FIGURE 9. Schematic diagram of regulation of agonist-induced GPR109A
internalization and trafficking in HEK-293 cells. Niacin (NA) binding to
GPR109A activates the G, family of heterotrimeric G proteins, leading to the
dissociation of Ge; and GBy. Dissociated G+ subunit recruits GRK2 to cata-
lyze the phosphorylation of GPR109A, followed by recruitment of arrestin3 to
the receptor, which results in receptor internalization. PTX treatment not only
blocks activation of the G; signaling pathway but also inhibits agonist-in-
duced GPR109A internalization.

sibility of linking G; to the phosphorylation of activated
GPR109A via protein kinase A, but our observation that the
siRNA knockdown of GRK2 completely inhibited GPR109A
internalization indirectly excludes a role for protein kinase A
in the regulation of GPR109A internalization. Many studies
suggest that GRK2 activity also requires the binding of the
Gy subunit (28, 59), and the plasma membrane transloca-
tion of these kinases is regulated by their association with the
Gy subunit (29, 60). It is then more likely that PTX pre-
treatment abolishes GPR109A internalization by inhibiting
the association of GBvy subunit with GRK2. It is evident that
GPR109A internalization was inhibited by the knockdown of
GRK2 expression with specific siRNA in HEK-293 cells (Fig.
8, c and d) and overexpression of GRK2-Cter in COS-7 cells
(Fig. 8, gand h).

Based on our results, we propose a model for the regulation
of GPR109A internalization (Fig. 9). Upon activation of
GPR109A by niacin, the membrane-bound GBvy subunit is
released from G, followed by recruitment of GRK2 to catalyze
the phosphorylation of the activated receptors. GRK2-medi-
ated phosphorylation promotes the binding of arrestin3, target-
ing receptors to clathrin-coated pits and causing their internal-
ization. Both pretreatment with PTX and overexpression of
GRK2-Cter disrupt GPR109A internalization, most likely by
blocking the phosphorylation of activated receptors. In conclu-
sion, GPR109A receptors undergo rapid internalization via
clathrin-coated pits in HEK-293 cells following niacin expo-
sure. The process of GPR109A internalization is regulated by
GRK2 and arrestin3 and can be abolished by pretreatment with
PTX. Internalized GPR109A is rapidly recovered back to the
cell surface. Although this recovery is not affected by treatment
with NH,Cl or monensin, the exact mechanism underlying this
insensitivity remains unknown.
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