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ABSTRACT. Previous studies with overexpressing wild-type or dominant negative nonvisual arrestins have
established a role for these proteingiradrenergic receptofS$AR) internalization, desensitization, and
resensitization. To validate and extend such findings, we employed an antisense strategy to target the
nonvisual arrestins, arrestin-2 and arrestin-3, and determined the associated effects on the regulation of G
protein-coupled receptor (GPCR) signaling. HEK293 cells stably expressing antisense constructs targeting
arrestin-2 exhibited a selective reduction50%) in arrestin-2 levels, while arrestin-3 antisense constructs
resulted in reductions>=(50%) in both arrestin-2 and arrestin-3 levels. Initial analysis of these cells
demonstrated that a reduced level of arrestin expression resulted in a significant decrease in the extent of
agonist-induced internalization of exogenously expregs@dRs, but had no effect on internalization of

either m2 or m3 muscarinic acetylcholine receptors. Additional characterization involved assessing the
role of arrestins in the regulation of endogenous GPCRs in these cells. Reduced arrestin levels significantly
decreased the rate of endogen8eR internalization, desensitization, and resensitization. Further analysis
demonstrated that the desensitization of endogenewsd&nosine and prostaglandigd&imulated receptors

was also attenuated in cells with reduced arrestin levels. The effects ggdueenergic, A, adenosine,

and PGE-stimulated receptors were similar among cell lines that exhibited either a selective reduction in
arrestin-2 levels or a reduction in both arrestin-2 and -3 levels. These findings establish the utility of
antisense approaches in the examination of arrestin-mediated GPCR regulation.

Prolonged exposure of G protein-coupled receptors regulate the interaction of a wide variety of GPCRs with
(GPCRs) to agonist often results in a rapid decrease of their corresponding G proteins. Indeed, overexpression
receptor responsiveness, a process termed desensitiZdtion ( studies have demonstrated a role for nonvisual arrestins in
Mechanisms mediating GPCR desensitization include ago-the desensitization of several GPCRs, including fhae
nist-dependent phosphorylation by G protein-coupled recep-adrenergic10), f1-adrenergic 11), andoye-adrenergic12)
tor kinases (GRKs), which in turn promotes high-affinity receptors.

binding of arrestins). Arrestin binding sterically inhibits An additional facet of GPCR regulation involves inter-
G protein interaction with the agonist-activated GPGR (  nalization of the receptor following agonist exposut)(
3). Internalization may play divergent roles for different GPCRs.

There are currently four cloned arrestin family members. gqr example, while internalization plays a key role in the
Arrestin-1 or visual arrestin is expressed predominantly in resensitization of thed,-adrenergic receptoBgAR) (14—
rod cells and acts by preventing light-activated phosphory- 16) it appears to prolong desensitization of the m4 musca-
lated rhodopsin from interacting with transduc#).(Arres-  rinjc acetylcholine receptor (m4AchRLT). Inhibition of
tin-4 (X-arrestin or arrestin-C) is specifically expressed in internalization has also been shown to differentially affect
cone cells, suggesting a role in regulating cone phototrans-the desensitization and resensitization ef &denosine and
duction 6, 6). The ubiquitously expressed arrestin/2 ( secretin receptor responsiveness while having no affect on
arrestin-1) {) and arrestin-3 £-arrestin-2) 8, 9) likely IP-prostanoid responsekd). Recent studies have shown that
arrestin-2 and arrestin-3 can facilitate internalization of the
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coupled receptor; GRK, G protein-coupled receptor kinase; HEK293 Studies to date have employed overexpression of either
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example, arrestin-2 and arrestin-3 dominant negative mutantsrespectively. Truncated arrestin-2 constructs were generated
that bind well to clathrin but lack GPCR binding activity using the arrestin-2 sense primer and one of the following
effectively inhibit agonist-induced internalization of thig antisense primers: base pairs801 (3 CAA TCT CGA

AR in HEK293 cells 23, 24). While these studies have GCG TCG AGC TGG GTG CCA CAG T'3Xhd site at
provided important insight into arrestin function, one of the the 5 end), 1-483 (8 CCA CAG AAT TCC GCT TGT
inherent drawbacks with this approach is the potential for GGA TCT TCT CCT C 3 EcdRl site at the 5end), and
nonspecific effects associated with protein overexpression1—134 (3 CAA TGG ATC CAC CAG GAC CAC ACC

in a cell. An alternative and perhaps preferable approach isATC CAC A 3, BanHlI site at the 5end).

the use of antisense oligodeoxynucleotide strategies to target Antisense constructs for stable expression were created
specific mMRNAs and reduce protein expression. Antisensein the mammalian expression vector pREP4. The pREP4
approaches have been successfully used to selectivelyarrestin-3 antisense construct was made by excising the
decrease a number of cellular signaling proteins, including kb Hindlll —BanH|I insert from pcDNA3-arrestin-3 (base
GPCRs 25), G proteins 26), and GRKs 27). However, an pairs 1-801) and subcloning intblindlll —BanHI-digested
effective arrestin antisense construct has not been reportedpREP4. Similarly, the 0.8 kb insert from pcDNA3&rrestin-2

In the study presented here, we systematically character-(0ase pairs $+801) was excised witkhd andXbd, blunted
ized the effectiveness of various arrestin-2 and arrestin-3 With Klenow, and then subcloned inRaull-digested pREPA4.
antisense constructs. Two candidate antisense constructs that Cell Culture and TransfectiotHEK293 and COS-1 cells
reduced the extent of arrestin overexpression in a transientVere maintained in Dulbecco’s modified Eagle's medium
expression system were then stably transfected into HEK293Supplemented with 10% fetal bovine serum, 100 units/mL

cells, where their ability to reduce endogenous arrestin levelsPenicillin G, and 10Q:g/mL streptomycin sulfate (complete
and effect GPCR regulation was investigated. medium) at 37°C in a humidified atmosphere of 95% air

and 5% CQ. HEK293-EBNA cells were always maintained

in the presence of Geneticin (22@/mL) to maintain EBNA

vector expression.

. o For transient transfections, cells were grown in 200 mm
_Materlals. Human embryonic kidney cells transformed yishes to 86-90% confluency and transfected with-10

with the EBNA vector (HEK293-EBNA) were purchased 4 of DNA using Fugene-6 following the manufacturer’s

from Invitrogen. Tissue culture media and fetal bovine serum jstryctions. Briefly, HEK293 cells were incubated with a
were obtained from Life Technologies, Inc. Fugene-6 trans- DNA/Fugene mixture for 24 h: the medium was then
fection agent, hygromycin, and Geneticin were from Boe- repjaced, and the cells were analyzed 48 h after transfection.
hringer Mannheim. Anti-mouse immunoglobulin conjugated |, experiments with COS-1 cells, the cells were transfected

with alkaline phosphatase and goat anti-mouse and anti-rabbity;ith 3 ;g of total DNA using Lipofectamine following the
immunoglobulin conjugated with horseradish peroxidase yanufacturer's instructions.

EXPERIMENTAL PROCEDURES

were purchased from Bio-Rad-*fl]Pindolol, **-labeled For stable transfections,4 of DNA was used to transfect
cyclic AMP, [*H]-N-methylscopolamine (NMS), anéH- HEK293-EBNA cells. Three days after transfection, cells
labeled cyclic AMP were purchased from NEN Life Science \yere diluted and replated in complete medium supplemented
products. All other reagents were from Sigma. with 400.g/mL hygromycin and 20@g/mL Geneticin. The

Generation of Antisense Expression Construetdl-length medium was subsequently replaced every 3 days, and
and truncated arrestin antisense constructs for transientsurviving colonies were expanded into individual clonal lines.
transfection were generated by PCR amplification followed  Western Blot AnalysisCells were lysed by addition of
by subcloning into pcDNA3. A full-length human arrestin-3 200-500 uL of ice-cold lysis buffer 20 mM HEPES (pH
antisense construct was amplified using sensSEMA TGG 7.4), 200 mM NacCl, 10 mM EDTA, 1% Triton X-100, 0.2
ATC CAT GGG GGA GAA ACC CGG GACCAG G 3 mg/mL benzamidine, 0.1 mg/mL leupeptin, and 0.5 mM
and antisense {8CAA TGG ATC CTC AGC AGA GTT phenylmethanesulfonyl fluoride] to cell monolayers. In-
GAT CAT CAT AGT CGT CAT C 3) primers that soluble material was pelleted by centrifugation in a micro-
containedBanH| restriction sites at the'®nd. The resulting  centrifuge at 13 000 rpm for 3 min at°€, and the resulting
product was digested witBanHl, subcloned intdBanmHI- supernatant was aliquoted, shap-frozen in liquid nitrogen,
digested and phosphatase-treated pcDNA3, and then assesseohd stored at-70 °C. Supernatants (4@g of total protein)
for orientation. Truncated arrestin-3 antisense constructs werewere electrophoresed on a 10% SB®lyacrylamide gel
generated using the arrestin-3 sense primer and antisensaccording to the method of Laemm#g). Protein was then
primers that containedtdindlll site at the 5end: base pairs  transferred to nitrocellulose and incubated with either arres-
1-801 (83 CAA TAA GCT TGG AGC TGG GAG ATA tin-2 or arrestin-3 selective rabbit polyclonal antibodies made
CCT GGT C 3), 1-402 (8 CAA TAA GCT TTG GGC against GST fusion proteins containing either the C-terminal
CTG GCTGCAGTG TGAC 3, and 1102 (B CAATAA 62 amino acids of bovine arrestin-2 (residues-3818) or
GCT TTT TGT CCA GGT GAT CTA CGA A 3. To 60 amino acids of bovine arrestin-3 (residues -3809).
generate arrestin-2 antisense constructs, a human arrestin-Blots were then incubated with a goat anti-rabbit immuno-
cDNA was first digested wittHindlll and subcloned into  globulin conjugated with horseradish peroxidase and visual-
pcDNA3. Untranslated sequences were removed by PCRized by ECL detection according to the manufacturer’s
using sense (3CAA TTC TAG AAT GGG CGA CAA AGG instructions.

GAC G 3) and antisense (8CAA TCT CGA GCT ATC 2AR Binding and Ligand Competition Assay®. deter-
TGT CGT TGA GCC GCG G 3 primers that contained  mine theS,AR density in control and transfected cells, whole
Xba and Xhd sites adjacent to the start and stop codons, cells were harvested in ice-cold phosphate-buffered saline
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(PBS). Two hundred micrograms of cell protein was then A
incubated in PBS containing 0.3 nWFji]iodopindolol with
or without 1uM (—)-alprenolol (to estimate total receptor
number) or 100 nM CGP-12177 (to estimate surface receptor
number) fo 3 h at 14 °C. All binding reactions were
terminated by the addition of & 4 mL of ice-cold 25 mM
Tris (pH 7.5) and 2 mM MgGClfollowed by rapid filtration
through Whatman GF/C filters using a Brandel cell harvester.
Protein concentrations were determined using a Bio-Rad
protein assay with bovine serum albumin (BSA) as a
standard.
Internalization Assays in Cells #@rexpressing Flag-
Tagged f,AR The extent of AR internalization was
measured by ELISA as described by Daunt et a@p).( B
Briefly, cells plated at a density of & 10° cells per 60 mm
dish were transfected with/g of pcDNA3-Flagp.AR, and
then split after 24 h of transfection into 24-well tissue culture
dishes coated with 0.1 mg/mL polylysine. Twenty-four
hours later, cells were incubated with DMEM containing 300

uM ascorbic acid [with or without 0.00110 uM (—)-
isoproterenol (Iso)] for 660 min at 37°C. Reactions were w
stopped by removing the medium and fixing the cells with

3.7% formaldehyde in TBS [20 mM Tris (pH 7.5), 150 MM Fgyre 1: Coexpression of different length arrestin antisense
NaCl, and 20 mM Cag] for 5 min at room temperature.  mRNAs with wild-type arrestin-2 or arrestin-3 in COS-1 cells. Cells
Cells were washed three times with TBS, incubated for 45 were transiently transfected with (A)dg of pcDNA3-arrestin-2

min with TBS containing 1% BSA, and then incubated with and €ither 2.9 of GRK2 (495-689) (control) or 2ug of different
length arrestin-2 antisense constructs in pcDNA3 or (Biglof

a p'fima.ry antibody (anti-Flag monoclonal M1, 1:1000 pcDNA3—arrestin-3 and either 2g of GRK2 (495-689) (control)
dilution in TBS/BSA) fa 1 h atroom temperature. Cells  or 2 4g of different length arrestin-3 antisense constructs in

were washed three times with TBS, reblocked with TBS/ pcDNA3. Whole cell lysates were subjected to SE®lyacryl-
BSA for 15 min at room temperature, and then incubated amide gel electrophoresis followed by electrophoretic transfer and
with secondary antibody (goat anti-mouse conjugated with immunoblotting with rabbit polyclonal antibodies selective for
alkaline phosphatase, 1:1000 dilution in TBS/BSA) for 1 h arrefstm-zd(,g) o ak:resunf EB)' ?etept'on of protg(r;l_e XKreSS'?]n was
at room temperature. Cells were washed three times with performed by enhanced chemiluminescence ( + Amersham).

TBS, and a colorimetric alkaline phosphatase substrate was,arvested by scraping into 10 mL of ice-cold PBS and

added. When adequate color change was achievedy[100  he|leted by centrifugation at 2gdor 1 min. The pellet was

of sample was added to 100 of 0.4 M NaOH to terminate  yashed twice in 10 mL of ice-cold PBS and frozen-at0

th_e reaction, and the samples were read at 405 nm using ac Adenylyl cyclase activity was measured in cell homo-

microplate reader. genates using a protein binding assay as previously described
Internalization of Endogenoys,ARs.Cells on 100 mm (30 Standard curve data were fitted to a logistic expression

dlshe§ (8&90% confluengy) were _mcubated with medium (GraphPad Software, San Diego, CA), and adenylyl cyclase

containing 30Q:M ascorbic acid with or without 0.0410 4ivity was expressed as picomoles of cyclic AMP produced

#M Iso at 37°C for 0-60 min. Cells were then washed o1 minyte per milligram of total protein (picomoles of
three times in ice-cold PBS and surface receptor levels .anp per minute per milligram).

determined in whole cells by ligand binding with?J]-

iodopindolol with or without 100 nM CGP-12177 at 1€ Whole-Cell cAMP AccumulatiorCells grown _to~90%
as described above. confluency on 12-well plates were washed with PBS and

Internalization of m2 and m3 Muscarinic Acetylcholine Stimulated at 37C with 250uL of PBS containing 30aM

ReceptorsCells were transiently transfected as described 2S€Orbic acid, 1 mM isobutylmethyixanthine, and either
above with 1Qug of pcDNA3 containing either the m2- or vehicle (basal), 1@M lIso, or 100uM _forskolm. React|or_1$
m3AchR. One day post-transfection, cells from 100 mm Were stopped after-845 min by placing the plates on ice,
plates were passaged onto 60 mm plates for use the following@SPirating the medium, and adding 5@ of ice-cold
day. Cells were incubated in the presence or absence of 1§3than0|. The contents of each well were collected, lyophi-
mM carbachol for 860 min and then washed with:3 10 lized, resuspended, and assayed for cAMP content by
mL of ice-cold PBS at £C. Two hundred micrograms of ~radioimmunoassay using’ijcAMP and anti-cAMP anti-
cell protein was then incubated with 2 nNHJNMS with body as described previousl$Y).
or without 10uM atropine fa 3 h at 4°C to assess cell Experimental Design and StatistiéSoncentratior-effect
surface mAchR density. Binding reactions were terminated curves were analyzed by the iterative fitting program
by the addition of 5x 4 mL of ice-cold 25 mM Tris (pH GraphPad Prism (GraphPad Software). Log concentration
7.5) and 2 mM Mgd followed by rapid filtration through effect curves were fitted to logistic expressions for single-
Whatman GF/C filters using a Brandel cell harvester. site analysisty s values for agonist-induced desensitization
Adenylyl Cyclase Assay¥ehicle or agonist was added were obtained by fitting data to a single-exponential curve.
directly to the culture medium for varying times. Cells were Where appropriate, statistical significance was assessed by

arrestin-2
+ (1-134) AS
+ (1-483) AS
+ (1-801) AS
+(1-1254) AS

arrestin-3
+ (1-102) AS
+ (1-402) AS
+ (1-1227) AS

+(1-801) AS
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Ficure 2: Analysis of arrestin levels in arrestin antisense mRNA 90
expressing HEK293 cells. Whole cell lysates (73 ug) were
subjected to SDSpolyacrylamide gel electrophoresis followed by
electrophoretic transfer and immunoblotting with rabbit polyclonal
antibodies selective for arrestin-2 or arrestin-3. Six antisense
mRNA-expressing cell lines (AS 37, 51, 52, 71, 84, and 108) (30
ug of protein) were compared with vector-transfected HEK293-

EBNA cells (30, 15, and 7.zg of protein).

4 > O @

804

70+

% Cell Surface p,ARs

60+

50 |
a Student’d test or by a two-way ANOVA using GraphPad -9 -8 7 -6
Prism. log [iso] (M)

o 1+—e

Ficure 3: Effect of reduced arrestin levels on agonist-induggd
RESULTS AR internalization. Wild-type, AS 37, AS 52, and AS 108 cell lines
. . . were transiently transfected with &g of pcDNA3—-Flag{5,AR
To test the effectiveness of different length arrestin-2 and alone (A) or together with 5ig of pcDNA3-arrestin-3 ¢-arr3)
arrestin-3 antisense constructs, COS-1 cells were cotrans{B) and harvested-48 h after transfection. Cells were incubated
fected with wild-type arrestin-2 or -3 and one of eight With 0—10xM (—)-isoproterenol at 37C for 20 min, washed,

; ; ; and then analyzed for cell surfaeARs by ELISA as described
different antisense constructs (panels A and B of Figure 1). & Experimentai,IZProce s ngXR eﬁeﬁﬁe §sio¥1 vels w:res z mlol ;

These studies revealed that only the longer arrestin-2 andmg in all experiments. The data represent meanthe standard

arrestin-3 antisense constructs (base pair8Ql to full error of four independent experiments.
length) caused a significant reduction in the level of arrestin
expression. selectively reduce only arrestin-2 levels, while the arrestin-3

Our initial attempts to express full-length antisense construct reduced both arrestin-2 and -3 levels. Of the cell
constructs stably integrated into the genome of HEK293 cells lines stably transfected with the arrestin-2 construct, all four
resulted in no reduction in endogenous arrestin levels (dataexhibited a similar reduction~50%) in arrestin-2 levels
not shown). To circumvent potential problems suggested by (Figure 2). By comparison, AS 84 and 108 exhibited an
these results, we decided to express the antisense constructs50% decrease in arrestin-2 and av5% decrease in
in HEK293 cells that express the EBNA vector. The use of arrestin-3 levels (Figure 2). Cells transfected with vector
this vector helps to maintain plasmids such as pREP4 alone exhibited no change in endogenous arrestin levels
episomally and inhibits integration of the construct into the compared to wild-type HEK293 cells, while endogenous
host cell genome. It was also decided that because use of6RK2 levels were not different among any of the clonal
the full-length antisense construct had proven to be unsuc-lines (data not shown).
cessful, the shorter but still effective800 bp constructs To assess the biological effect of reduced arrestin levels,
would be utilized. agonist- and time-dependent internalization of a transiently

HEK?293-EBNA cells were transfected with pREP4 vector expressed Flag-taggg$bAR was initially investigated by
alone, pREP4 vector containing the 801 bp arrestin-2 or ELISA analysis in each of the cell lines. In vector-transfected
arrestin-3 antisense constructs, or a combination of bothHEK293 cells, a dose-dependent loss of cell surfageRs
antisense-containing constructs. After culture in medium was observed following a 20 min incubation with Iso (Figure
containing hygromycin, surviving clones were isolated and 3A). This loss of cell surfacg,ARs was not affected by
expanded into clonal cell lines. Six clones that exhibited overexpression of arrestin-3, confirming that arrestin-3 levels
reductions in the arrestin-2 and/or arrestin-3 level were are not limiting in these cells (data not shown). Conversely,
selected for further study. Of these, four had been transfectedn clonal lines expressing various antisense constructs,
with pREP4 containing the arrestin-2 antisense construct (AS agonist-induced internalization of th&AR was almost
37,51, 52, and 71), one with pREP4 containing the arrestin-3 completely abolished (Figure 3A). These results were
antisense construct (AS 84), and one that had been transconfirmed by ligand binding analysis of cell surfgggARs
fected with both antisense-containing constructs (AS 108) following a 30 min pretreatment with 10M Iso (loss of
(Figure 2). The arrestin-2 antisense construct appeared tocell surface receptors was 33t71.8, 7.3+ 3.7, and 7.0t
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internalization of the m2- and m3AchRs is arrestin-

A
independent in HEK293 cells.
1004 o Wt We next examined the effects of reduced arrestin levels
& go- o 37 on endogenougl,ARs in HEK293 cells. These studies
£ utilized the AS 37 and 108 clonal lines, which exhibited
< 807 4 108 reductions in the level of only arrestin-2 or in both arrestin-2
s 70 and -3, respectively. Th&AR density was initially assessed
8 60l in whole cells using the cell permeable ligarid@]iodo-
5 pindolol. Displacement analysis in which the cell imperme-
& 504 able ligand CGP-12177 and cell permeable ligand alprenolol
3 40 were utilized was used to assess surface and &R
® 30 density, respectively. Surface receptor levels were not
0 10 20 30 40 50 60 different among the various lines (6431.2, 6.4+ 1.1, and
Time (min) 6.8 £ 1.0 fmol of receptor/mg of protein for vector-
transfected, AS 37, and AS 108 cells, respectively; 4).
However, the total receptor density did appear to be
B somewhat higher in the antisense cell lines @&.2.1, 11.8
1004 4+ 1.9, and 11.% 1.5 fmol of receptor/mg of protein for
° o Wt vector-transfected, AS 37, and AS 108 cells, respectively;
T g0 o 37 = 4). Such results may suggest a role for arrestins in GPCR
< A 108 trafficking to the cell surface. However, since arrestins
€ 804 generally function by binding to agonist-occupied, GRK-
8 phosphorylated GPCRs, we would not expect changes in
£ 704 cellular arrestin levels to directly affect constitutive inter-
@ nalization of the8,AR. Indeed, previous studies have
g 60 demonstrated that even high-level overexpression of arrestins
® does not affect bas@,AR function (L0).
50 0 0 20 20 0 20 80 Exp_enm_ents were subsgqu_ently perfqrmed tp |(_1ent|fy
) . potential differences in agonist-induc8ghR internalization
Time (min) among the clonal lines. Both AS 37 and AS 108 exhibited

greatly reduced levels of agonist-dependent receptor inter-
_ : nalization compared to control cells, although both lines
;ﬁgﬁ;giﬁ;?éﬁ%cgptg))’éfgﬁ'zn}t%gigﬁfs,cﬁir"g'ﬂlf?a‘p‘;f/é'g‘%ed exhibited significant surface receptor loss at higher agonist
~48 h after transfection. Cells were incubated with 1 mM carbachol concentrations (panels A and B of Figure 5). However, the
at 37°C for 0—60 min, washed extensively, resuspended, and then agonist concentration dependence of receptor internalization
analyzed for cell surface m2- and m3AchRs as described in was not significantly altered in antisense cells ¢£6f 101
e e Eammas ag reEneE e Wl s - M fo AS 37, 832 8 i for AS 108, 82 8 i for
|F()2VG|S V\?ere~0.5 pmol/mg. Data represent meahghe standard wild-type HI_EK293' and 86t 7 nM f‘?r vectqr-trgnsfected
error of five independent experiments. cells). The time course of receptor internalization was also
significantly slowed in antisense cells compared to control
5.1% for vector-transfected, AS 37, and AS 108 cells, cells (panels C and D of Figure 5). Interestingly, although
respectivelyn = 3). Evidence that this effect was mediated the to s of internalization was shorter in each antisense line
by the selective reduction in cellular arrestin levels was (o5 0f 22.24+ 4.8 and 13.8t 3.7 min for AS 37 and 108,
provided by cell lines transiently overexpressing arrestin-3 respectively, compared to 6% 1.9 and 5.3+ 2.1 min for
(>10-fold increase in arrestin-3 levels compared to that in wild-type and vector-transfected HEK293 cells, respectively),
wild-type HEK293 cells) in which the attenuation of agonist- both antisense lines exhibited significant levels of receptor
induced receptor internalization was reversed (Figure 3B). internalization at later time points.
Similar results were obtained with AS 51, 71, and 84 cell  Since arrestins have also been implicated in the uncoupling
lines (data not shown). Time course analysis of receptor of receptor and G proteir2(3, 8, 10—12), we next examined
internalization revealed that none of the lines with reduced the effect of reduced arrestin levels on the desensitization

Ficure 4: Effect of reduced arrestin levels on agonist-induced m2-
and m3AchR internalization. HEK293 cells (AS 37, AS 108, and

arrestin levels demonstrated a significant level foAR
internalization throughout a 45 min exposure toM\ Iso,
while significant internalization was observed in control cells
(data not shown).

of endogenoug,ARs. Agonist-stimulated adenylyl cyclase
activity was first assessed in homogenates from wild-type,
vector-transfected, and antisense-expressing HEK293 cells.
There were no significant differences among the various cell

To demonstrate the selectivity of the arrestin antisense lines in basal (untreated) or Iso (0:610 uM)-, NaF (10
effects, m2- and m3AchRs were transiently overexpressedmM)-, or forskolin (10 uM)-stimulated adenylyl cyclase
in antisense and control cells. Both of these receptors haveactivities (data not shown). The time course and concentra-
been reported to be internalized by a non-arrestin-dependention dependence of agonist-mediated desensitization were

mechanism 32, 33). Agonist-induced m2- and m3AchR
internalization as assessed by change$HiiNMS binding

then examined by pretreating cells with Iso @10 uM)
for 0—45 min prior to homogenization of the cells and

was unaltered in antisense-expressing and control cellssubsequent determination of adenylyl cyclase activity (Figure
(panels A and B of Figure 4). These results confirm that the 6). The rate 0f5,AR desensitization was significantly slower
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Ficure 5: Effect of a reduced level of arrestin expression on endogefAR internalization. (A and B) Cells were treated with a range
of concentrations (0.6210 uM) of (—)-isoproterenol for 20 min and washed extensively in PBS, and the cell sytfaée level was
analyzed as described in Experimental Procedures. (C and D) Cells were treated whth(10-isoproterenol for 8-45 min and washed
extensively in PBS, and the surfaBgAR level was analyzed. Data represent mearthe standard error of five independent experiments.
Note that the total number of receptors was unaffected by agonist pretreatmeit{&6412.5+ 1.9, and 12.A 1.5 fmol of receptor/mg

of protein prior to agonist treatment vs 801.5, 11.9+ 1.3, and 11.8t 1.3 fmol/mg following a 45 min treatment with 20M Iso for

vector-transfected, AS 37, and AS 108 cells, respectively).

in both antisense cell linesyg of 5.0 +£ 0.7 and 8.4+ 0.8 addition of agonist. The level gf,AR-stimulated cAMP
min for AS 37 and 108, respectively, compared to 26  accumulation was significantly greater in antisense than in
0.4 and 1.3+ 0.5 min for wild-type and vector-transfected control cells, with a 2-3-fold increase in the level of cAMP
cells, respectively) (panels A and B of Figure 6). Additional production following a 45 min incubation with Iso (Figure
analysis of these curves revealed that the initial rapid loss 7A). In contrast, stimulation with 10@M forskolin produced
of adenylyl cyclase activity (during the first 10 min) was equivalent increases in the cAMP level among the various
significantly faster in control cells than in antisense-express- cell lines (Figure 7B).
ing cells (3.2+ 0.5 and 4.3+ 0.4% loss of activity per Previous studies have shown th&AR internalization
minute for wild-type and vector-transfected cells, respectively (which is mediated by arrestins) is critical to the process of
vs 1.9+ 0.3 and 1.4t 0.3% for AS 37 and 108 cell lines, receptor resensitizationl4—16). To test this possibility,
respectively). In contrast, the loss of adenylyl cyclase activity vector-transfected, AS 37, and AS 108 cell lines were treated
during the latter phase (@5 min) was somewhat greater with Iso for 30 min, then washed, and allowed to resensitize
in antisense-expressing cells (041.06 and 0.1@: 0.07% in fresh medium. As shown in Figure 8;AR resensitization
loss per minute for wild-type and vector-transfected cells, was greatly impaired in cells with reduced arrestin levels
respectively, vs 0.24: 0.10 and 0.29 0.09% for AS 37 compared to that exhibited in control cells.
and 108 cell lines, respectively). This is likely due to the  The ability of reduced arrestin levels to effectively
increased number of non-desensitized receptors avaliable inattenuate’,AR regulation prompted us to also characterize
antisense cells during this latter period that can undergo the regulation of additional endogenous GPCRs in these cells.
agonist-induced desensitization. The extent of receptor In this regard, we studied the desensitizations of two GPCRs
desensitization was also greatly reduced over a range ofthat are also coupled to activation of adenylyl cyclase in these
agonist concentrations in antisense versus control cells,cells, the Ay adenosine receptoB4) and a prostaglandin
although the EG of desensitization was not significantly E, (PGE)-stimulated receptor. In wild-type cells (and vector-
changed (E6& values of 10.8t 4.2 and 21.Gt 7.8 nM for transfected cells), pretreatment with the adenosine receptor
AS 37 and 108, respectively, compared to values of #8.2  agonist NECA resulted in rapid desensitization that reached
4.2 and 11.4+ 5.2 nM for wild-type and vector-transfected a level of ~75% after 30 min (Figure 9A). Similarly, the
cells, respectively) (panels C and D of Figure 6). PGE response was also subject to rapid desensitization
P2AR desensitization was also assessed in intact cells byreaching~75% following a 20 min pretreatment with agonist
measuring a time course of cAMP production following (Figure 9B). Interestingly, both the NECA- and P&E
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Ficure 6: Effect of a reduced level of arrestin expression on agonist-induced desensitization of endghaRsugA and B) Cells were
pretreated with either vehicle or-§-isoproterenol (1Q:M) for 0—45 min. Cells were harvested, and isoproterenol gM)-stimulated

adenylyl cyclase activity was measured in homogenates as described in Experimental Procedures. (C and D) Cells were pretreated with
either vehicle or {)-isoproterenol (0.0210 M) for 20 min. Cells were harvested, and isoproterenol/iA)-stimulated adenylyl cyclase

activity was measured in homogenates as described above. Data representrtreastandard error of five independent experiments. The

level of desensitization was significantly lower f&#AR in AS 37 than in wild-type HEK293 cells and in AS 108 than in vector-transfected
control HEK293 cells§ < 0.05, two-way ANOVA).

promoted desensitization were significantly attenuated in the proved to be unsuccessful. Interestingly, although the arres-
AS 37 and AS 108 lines (Figure 9). Thus, endogenous tin-2 construct selectively reduced arrestin-2 levels, the
arrestins appear to play an important role in regulating the arrestin-3 antisense construct reduced the level of expression
rapid agonist-promoted desensitization of thg &denosine  of both arrestin-2 and -3. The lack of specificity of our
receptor and a PGEStimulated receptor in HEK293 cells.  arrestin-3 antisense construct might be attributed to regions

of high homology between the corresponding human arres-
DISCUSSION tin-2 and arrestin-3 mMRNAS3, 36). However, in this regard

it is unclear why the arrestin-2 antisense mRNA did not alter

This study is the first to demonstrate that expression of arrestin-3 expression. Futu_re studies using regions_of I0\_Ner

antisense mRNAs can effectively reduce endogenous cellula’omology between arrestin-2 and -3 may help identify
arrestin levels. Using this technique, we have characterized@ntiSense sequences with greater specificity, although our
the effects on the regulation of both exogenously expressed™~100-500 bp constructs proved to be ineffective.

(B2AR, m2AchR, and m3AchR) and endogenofgAR, Az, Our initial studies focused on the internalization of an
adenosine, and PG#Etimulated) GPCRs induced by sig- overexpressed Flag-tagg8gAR. These studies showed that
nificant reductions in arrestin levels. reductions in the level of endogenous arrestin expression in

Initial characterization of the effectiveness of different antisense-expressing cells effectively reduced the level of
length antisense mRNAs in reducing the level of arrestin receptor internalization whether assessed by cell surface
overexpression in COS-1 cells yielded candidate constructsimmunoreactivity or ligand binding. Interestingly, this aboli-
for arrestin-2 and arrestin-3. HEK293-EBNA cells were then tion of receptor internalization was evident in all antisense
utilized to stably transfect and maintain the transfection cell lines, even those with only a 50% reduction in the
vector (PREP4) and incorporated antisense construct episo-arrestin-2 level alone (AS 37, 51, 52, and 71). To confirm
mally. This approach seemed to optimize the effectivenessthat reduced arrestin expression and not nonspecific effects
of the antisense signal, since our initial studies in which the were mediating the lack of receptor internalization, receptors
antisense construct was integrated into the host cell genomewere transiently coexpressed with arrestin-3 in an attempt
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=
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n_'-"fg arrestin-independent32, 33). These results indicate that
s . W antisense arrestin mRNA expression specifically affected
bt 2 ° 37 those mechanisms mediatifgAR internalization while not
3 3 & 108 affecting arrestin-independent mechanisms mediating inter-
E E 10000 nalization of m2- and m3AchR.
e~ Subsequent studies focused on the regulation of endog-
E enous, natively expresse6hbARs. The level of agonist-
£ stimulated receptor internalization was reduced in both AS
L 37 and 108 cell lines. The time course of Iso-stimulated
0 . . r . ) internalization revealed that reduced arrestin levels inhibited
0 10 20 30 40 50 rather than stopped internalization. This suggests either that
Time (min) the remaining endogenous arrestins mediated receptor in-

FIGURE 7: Cyclic AMP accumulation in intact wild-type and ternalization or that mechanisms other than arrestin-mediated
antisense-expressing HEK293 cells. Cyclic AMP levels were internalization are involved. For examp&ARs have been
measured in vector-transfected (Wt), AS 37, and AS 108 cells aﬂershown to colocalize with cavaolaes?), and this may

the addition of 1Q«M (—)-isoproterenol (A) or 10&M forskolin S . . .
(B). Values represent means the standard error from four represent an arrestin-independent mechanism of internaliza-

independent experiments. The level of Iso-stimulated cAMP tion similar to that suggested for the bradykinin recepda).(
accumulation was significantly greater in AS 37 and 108 cellsthan  The reduction in the extent of receptor internalization

in wild-type cells p < 0.05, two-way ANOVA). caused by arrestin antisense expression was more dramatic
) o ) ) with overexpressed than with endogen@y8R. This may
to restore internalization. Overexpression of arrestin-80- indicate that a threshold for measurable receptor internaliza-

fold over basal) had a minimal effect 8pAR internalization  tijon levels exists that is dependent on both receptor and
in wild-type and vector control cells, indicating that endog- arrestin expression. For example, in a system with a greatly
enous arrestin levels are sufficient to mediate receptorincreased level of receptor expression and a reduced level
internalization even when the level of receptor expression of arrestin expression, receptor internalization may no longer
is increased, as previously reported8,(21). In antisense-  pe evident. Conversely, when the level of receptor expression
expressing cells, overexpression of arrestin-3 was sufficientis low, extant endogenous arrestins in the antisense-express-
to restore receptor internalization to control levels. This ing cells can still mediate a measurable level of receptor
finding illustrates that the selective reduction in arrestin levels internalization, albeit at a slower rate.

mediated the attenuation of receptor internalization. To We observed little difference in endogengis#R inter-
further explore the specificity of the arrestin antisense effects, nalization between AS 37 and 108 lines even though the
we examined internalization of the m2- and m3AchR in the |atter exhibits a much greater reduction in arrestin-3 levels.
AS 37 and 108 lines. The agonist-dependent internalization This finding suggests that arrestin-3 plays a relatively lesser
of the m2- and m3AchRs was unaffected by reductions in role in endogenous,AR internalization or that the remaining
arrestin levels, confirming previous studies that demonstratedendogenous arrestins are sufficient to induce receptor
that internalization of these receptors in HEK293 cells was internalization. No clear functional differences have yet to
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A of 5,AR desensitization, although a similar level of desen-

504 sitization was ultimately achieved at later time points. This

could indicate that remaining endogenous arrestins interact
1 with and uncouple phosphorylated receptors from G protein
2~ 40 or that mechanisms other than arrestin-mediated uncoupling
ze o Wt are involved.
ST 304 o Wi (NECA) Arrestin-2 has been shown to play an integral role in
;§f_ " 37 regulating not only desensitization and intracellular traffick-
52 o 37 (NECA) ing of GPCRs but also the ability of thBAR to resensitize
23 v 108 (39). These findings were further confirmed in our study. In
o E v 108 (NECA) antisense-expressing cells, no significant resensitization of
2= 10y response was observed, indicating that arrestins play a major
role in receptor resensitization.
0 — T Since reduced arrestin levels effectively attenu@#iR
0 5 10 15 20 25 30 35 40 45 regulation, we next used the antisense lines to characterize
Time (min) the involvement of arrestins in desensitization of the endog-
enously expressed.padenosine receptod4). While GRK2
B has previously been implicated in the desensitization gf A
40 adenosine receptors in NG108-15 celB0)( a role for
arrestins in this process has not been characterized. Agonist-
2 5 . z I med.iated desensitization of tthﬁadeno_sine receptor was
2P ;e _ ° Wt significantly attenuated in cells containing reduced arrestin
5'5 o Wt (PGE2) levels, implicating arrestin involvement in the desensitization
SE 5l = 37 of Azp adenosine receptors in HEK293 cells.
%5 o 37 (PGE2) We also used the antisense lines to characterize desensi-
§% v 108 tization of a PGR-stimulated receptor in these cells. At
SE 10 v 108 (PGE2) present, it is unclear which prostanoid receptors are endog-
2= enously expressed in HEK293 cells, although the rapid
. desensitization of the PGEesponse we observed mirrors

that of the prostaglandin EReceptor 40). Interestingly,
desensitization of the PGIstimulated adenylyl response was
also significantly attenuated in antisense-expressing cells.

Zggrﬁgtﬁhdfg:ézt dogsgng?t?zuact?gnlegfel eﬁfd g\éreens;gmﬁegggens;?ﬁeon This provides the first evidence of arrestin involvement in
receptor (A) and PGEstimulated adenylyl cyclase activity (B). the desen3|t|zat|op of prostanoid receptors. .

Cells were pretreated with either vehicle or (A) NECA (10Q@) In summary, this study shows that an antisense strategy
or (B) PGE (1 uM) for 0—45 min. Cells were harvested, and (A)  can successfully be employed to reduce endogenous arrestin
NECA (100uM)- or (B) PGE (1 uM)-stimulated adenylyl cyclase tevels and effect changes MAR internalization, desensi-

gﬁfg\égmaez mgg?:r:aedp:rrélswgmogiﬁtgﬁeazg%sdc:r%eg;nrwolrzéaefrimenta ization, and resensitization. Further, our results demonstrate
independent experiments. The level of desensitization was signifi- that the antisense cells can also be effectively used to

cantly lower for Ay adenosine receptor and Pg&&imulated examine arrestin involvement in the regulation of other
adenylyl cyclase activity in AS 37 and AS 108 than in vector- GPCRs. Future studies will attempt to investigate the
transfected control HEK293 cellp (< 0.05, two-way ANOVA). regulation of additional endogenous and transfected GPCRs

in these cells.

T T T T T T 1
0 5 10 15 20 25 30 35 40 45

Time {min)

be identified between arrestin-2 and arrestirt3).(Identi-

fication of an arrestin-3 antisense construct that specifically ACKNOWLEDGMENT
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