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Recent evidence suggests that binding of agonist to its cognate
receptor initiates not only classical G protein-mediated signaling,
but also B-arrestin-dependent signaling. One such p-arrestin-me-
diated pathway uses the Bi-adrenergic receptor (31AR) to trans-
activate the EGFR. To determine whether pB-adrenergic ligands that
do not activate G protein signaling (i.e., B-blockers) can stabilize
the B+1AR in a signaling conformation, we screened 20 B-blockers
for their ability to stimulate p-arrestin-mediated EGFR transacti-
vation. Here we show that only alprenolol (Alp) and carvedilol (Car)
induce B1AR-mediated transactivation of the EGFR and down-
stream ERK activation. By using mutants of the B1AR lacking G
protein-coupled receptor kinase phosphorylation sites and siRNA
directed against p-arrestin, we show that Alp- and Car-stimulated
EGFR transactivation requires B1AR phosphorylation at consensus
G protein-coupled receptor kinase sites and B-arrestin recruitment
to the ligand-occupied receptor. Moreover, pharmacological inhi-
bition of Src and EGFR blocked Alp- and Car-stimulated EGFR
transactivation. Our findings demonstrate that Alp and Car are
ligands that not only act as classical receptor antagonists, but can
also stimulate signaling pathways in a G protein-independent,
B-arrestin-dependent fashion.

B-adrenergic receptor | G protein-coupled receptor | signaling

eta-adrenergic receptors (BARs) are members of the seven
transmembrane receptor (7TMR) family that become acti-
vated upon catecholamine binding to stimulate G protein-
dependent signaling. Turning off the G protein signal by a
process known as desensitization occurs through G protein-
coupled receptor kinase (GRK) phosphorylation of the 7TMR,
and subsequent binding of B-arrestin (1, 2). We recently showed
that B-arrestin can also mediate B;AR transactivation of the
EGFR, resulting in a cardioprotective effect under conditions of
chronic catecholamine stimulation (3). The appreciation that
chronic stimulation of BARs likely contributes to the pathogen-
esis of heart failure (4) has led to the use of B-adrenergic
receptor antagonists (i.e., B-blockers) to competitively inhibit
the harmful effects of chronic catecholamine stimulation (5).
Although B-blockers have been widely used in the treatment of
hypertension (6) and heart failure (7), the clinical efficacy among
the different B-blockers do not seem to be equivalent (8).
Recent evidence suggests that binding of different ligands
promotes distinct receptor conformations leading to specific
signaling events (9-12). We hypothesized that some B-blockers
may have the unique property of being able to stimulate ;AR
signaling without activating G proteins, providing a possible
mechanism for differences in clinical efficacy. To test this
hypothesis, we assessed the ability of 20 B-blockers to induce
B-arrestin-mediated EGFR transactivation using cells expressing
B1ARs and EGFRs.

Results

Alp and Car Induce EGFR Internalization. We screened B-adrenergic
ligands to determine if any could lead to 8;AR-mediated EGFR
transactivation. Cells stably expressing WT B;ARs were trans-
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fected with GFP-tagged EGFR (EGFR-GFP) and stimulated
with several agonists or 20 different B-blockers. EGFR trans-
activation was determined by the ability of the ligand to induce
EGFR-GFP internalization as visualized by confocal micros-
copy. In the absence of agonist, EGFR had a uniform membrane
distribution (Fig. 14). In contrast, the BAR agonists dobutamine
(Dob) and isoproterenol (Iso) resulted in internalization of
EGFRs as visualized by marked redistribution into cellular
aggregates, similar to that seen with EGF (Fig. 14 Upper).
Among the 20 B-blockers tested, we found that only Alp and Car
were able to induce EGFR internalization (Fig. 1.4). Next, we
examined whether Alp- or Car-induced EGFR internalization is
blocked with a nonselective B-blocker. Pretreating HEK293 cells
stably expressing WTB;AR with propranolol (Prop) blocked the
Alp- or Car-induced EGFR internalization (Fig. 1B).

Alp and Car Stimulate B1AR-Mediated EGFR Phosphorylation and
ERK1/2 Activation. We next tested whether Alp and Car could
mediate EGFR phosphorylation and induce downstream signal-
ing. Cells stably expressing WT B;ARs were transfected with
FLAG-EGFR and stimulated with Dob, Alp, Car, or EGF. Cells
were pretreated with either the B,AR-specific antagonist ICI-
118551 (ICI) to block endogenous B,ARs (13) or the specific
EGFR inhibitor AG1478. Stimulation with Dob, Alp, or Car
resulted in a significant increase in EGFR phosphorylation,
along with a modest activation of phosphorylated ERK (pERK;
Fig. 24) and pAkt [supporting information (SI) Fig. S1A4],
suggesting that Alp and Car can activate survival signaling
pathways. EGFR phosphorylation upon treatment with Dob,
Alp, or Car was completely blocked by pretreatment with
AG1478 (Fig. 2A4). In contrast, ERK activation was partially
blocked by AG1478 (Fig. 2A4), consistent with the multiple
known pathways leading to downstream ERK activation (14).
Additionally, HEK293 cells lacking endogenous ;AR expres-
sion (Fig. S1B Top) did not elicit phosphorylation of ERK1/2,
whereas those transfected with WT B;AR (Fig. S1B Bottom)
elicited a Dob-, Alp-, or Car-stimulated ERK1/2 response that
was sensitive to EGFR inhibition. Last, pretreating HEK293
cells stably expressing WTB;AR with Prop blocked the Alp- or
Car-induced ERK activation (Fig. 2B), again showing that the
action of Alp and Car on EGFR transactivation requires ligand
occupancy of the BjAR.

Dose-Dependent ERK Activation by Alp or Car. We next evaluated
the dose-response characteristics for Alp and Car in stimulating
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Fig. 1. Alp and Car induce EGFR internalization. (A) HEK293 cells stably expressing WT31AR are transfected with EGFR-GFP. EGFR internalization following
agonists (Dob, Iso, and EGF) or B-blocker administration is visualized using confocal microscopy. In the absence of agonist, EGFR-GFP is visualized on the
membrane, whereas Dob, Iso, and EGF stimulation results in the redistribution of EGFR-GFP into cellular aggregates. Cells stimulated with Iso were pretreated
with the B,AR-selective antagonist ICI-118551. Among 20 B-blockers, only Alp and Car induce redistribution of EGFR into cellular aggregates. (B) HEK293 cells
stably expressing WTB1AR with transient transfection of EGFR-GFP are pretreated with Prop and stimulated with Dob, Alp, or Car. Dob-, Alp-, or Car-induced
EGFR internalization is blocked by Prop. Each confocal image is a composite of representative images.

cellular ERK1/2. We treated HEK293 cells stably expressing WT
BiAR with Dob, Alp, or Car in the presence or absence of
AG1478 over a range of concentrations for 5 min and analyzed
whole-cell lysates for pERK and total ERK1/2 content (Fig. 2C
and Fig. S2A4). In the absence of AG1478, similar ECs, values
were found for Dob and Alp: 39 nM and 59 nM, respectively. In
contrast, Car showed a higher potency with activation of ERK.
The ECsy of Car was 2 nM. Pretreatment with AG1478 de-
creased the Alp- or Car-stimulated ERK activation by ~50%,
suggesting that part of this B-arrestin-mediated ERK signal is
independent of EGFR transactivation.

Alp or Car Induces Erlotinib-Sensitive ERK Activation in the Heart in
Vivo. We next examined whether Alp and Car can stimulate
B-arrestin-mediated EGFR transactivation in vivo. Alp or Car
was administered by i.v. infusion to WT mice in the presence or
absence of the EGFR inhibitor erlotinib. Erlotinib was admin-
istered i.p. 1 h before BAR ligands. Hearts were removed after
5 min, and myocardial lysates were immunoblotted for pERK.
Consistent with our cell culture experiments, Alp or Car signif-
icantly increased ERK activation in the heart, which was blocked
by erlotinib pretreatment (Fig. 2D).

Alp and Car Display very Weak Partial Agonism for Gs-Dependent
Adenylyl Cyclase Activation Above 1 uM. We tested the efficacy
profiles of four selected compounds on the adenylyl cyclase
signaling pathway in HEK293 cells expressing 81ARs and the
cAMP biosensor ICUE2 compared with the cAMP biosensor
ICUE2 alone (Fig. S2 B and C). Whereas Iso activated B;AR G
protein-dependent signaling, Alp and Car displayed relatively
weak potency with activation of ;AR G protein-dependent
signaling given their known binding affinities for 8;AR (15-17).
These data suggest a weak effect of Alp and Car on the cAMP
biosensor that may be mediated through receptor activation with
very low potency.

14556 | www.pnas.org/cgi/doi/10.1073/pnas.0804745105

Phosphorylation of GRK Sites on the B1AR Is Necessary for Alp- or
Car-Induced EGFR Transactivation. We next tested whether phos-
phorylation of the 8;AR on GRK sites induced by the B-blockers
Alp and Car is required for EGFR transactivation. Here, we used
cells stably expressing GRK™ B;ARs that have the 14 putative
GRK phosphorylation sites within the C-terminal tail mutated to
alanine (18). In HEK293 cells stably expressing WT B;ARs, Alp
and Car stimulation resulted in robust phosphorylation of EGFR
(Fig. 34). In contrast, Dob, Alp, and Car were not able to
stimulate EGFR transactivation in GRK™ 8;AR-expressing cells
(Fig. 3B). WTB1AR and GRK™ B;ARs have a similar receptor
expression as described in Materials and Methods.

To determine whether the B-blockers Alp and Car could
induce GRK-mediated phosphorylation of the B;AR, we per-
formed metabolic labeling experiments in HEK293 cells stably
expressing a mutant 8;AR that is deficient in the four putative
PKA phosphorylation sites (PKA~™B;AR) (18). In response to
either Alp or Car, we show a significant 1.5-fold increase in
B1AR phosphorylation (Fig. 3C). These combined data demon-
strate that the EGFR is transactivated in response to Alp and Car
stimulation, and that the mechanism for transactivation requires
phosphorylation of the 8;AR on consensus GRK phosphoryla-
tion sites, a process known to promote B-arrestin recruitment
and activation (3, 19).

Both B-Arrestin 1 and B-Arrestin 2 Are Required for Alp- or Car-
Induced ERK Activation. To determine if Alp or Car stimulation of
the B1AR can trigger B-arrestin translocation, we performed
immunoprecipitation experiments in HEK293 cells stably ex-
pressing B1ARs in the presence of chemical cross-linkers. Upon
stimulation, both Alp and Car stimulated significant 3-arrestin
recruitment to the 3;AR, whereas Prop administration had no
effect (Fig. 4A4). Previous studies have shown that agonist-
stimulated recruitment of B-arrestin to the receptor can promote
ERK activation (3, 20). To further show the importance for
B-arrestins in Alp- or Car-induced ERK activation, we used
siRNA to specifically knock down expression of B-arrestin 1 and
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Fig. 2.  Alp- or Car-B;AR-stimulated EGFR transactivation and ERK1/2 activation are sensitive to EGFR inhibition. (A) HEK293 cells stably expressing WTS1ARs
with transient transfection of FLAG-EGFR are treated with Dob, Alp, Car, or EGF with or without AG1478. Both Alp and Car induced EGFR transactivation and
ERK activation, which are sensitive to EGFR inhibition. (B) HEK293 cells stably expressing WTB1AR with transient transfection of FLAG-EGFRs are pretreated with
Prop and stimulated with Dob, Alp, or Car. Dob-, Alp-, or Car-induced ERK activation is blocked by Prop. (C) Dose-dependent ERK responses by Alp or Car. HEK293
cells stably expressing WTB1ARs with transient transfection of FLAG-EGFR are treated with the indicated concentrations of Dob, Alp, or Car for 5 min. (D) WT
mice are pretreated with erlotinib or DMSO followed by infusion with ligands. Myocardial lysates are immunoblotted with anti-phospho-ERK1/2 and anti-total
ERK1/2 antibodies. Data represent mean = SE of at least four independent experiments. *, P < 0.05 vs. without AG1478; 1, P < 0.01 vs. without AG1478 or Prop;
¥, P < 0.001 vs. without AG1478.

B-arrestin 2 (13). Stimulation with Dob, Alp, or Car resulted in  inhibitor ilomastat (GM6001) or the HB-EGF neutralizing
significant ERK activation in scrambled siRNA-transfected cells.  antibody, followed by Dob, Alp, or Car stimulation. Similar to
In contrast, ERK activation was significantly blocked in the  PP2 inhibition, pretreatment with ilomastat or an HB-EGF
presence of siRNA targeting S-arrestin 1, B-arrestin 2, or both  neutralizing antibody significantly attenuated B;AR-stimulated
using HEK293 cells stably expressing B1ARs (Fig. 4B). Consis-  EGFR transactivation and subsequent ERK activation (Fig. S3
tent with previous studies, immunoblotting for B-arrestin showed B-E). We next examined whether MMP is involved in Alp- or
effective depletion of both B-arrestins in the presence of their  Car-induced ERK activation in vivo. Alp or Car was adminis-
silencing siRNAs (Fig. 4B) (13). tered by i.v. infusion to WT mice in the presence or absence of
the MMP inhibitor ilomastat . llomastat was administered i.p. 1 h
Alp- or Car-Induced B1AR-Mediated EGFR Transactivation Requires  pofore BAR ligands. Consistent with our cell culture experi-
Src, MMP Activity, and Heparin-Binding EGF (HB-EGF) Shedding. Inour o5 Alp or Car induces ilomastat-sensitive ERK activation in
experiments, we show that both Alp and Car use B-arrestin t0  (pe heart (Fig. S3F).
induce BiAR-mediated EGFR transactivation. As S-arrestin is Taken together, these data demonstrate that Src, MMP acti-
known to interact with the cy@osol.lc tyrosine kinase Src (20), we vation, and HB-EGF are required for Alp- or Car-induced
tested whether pharmacological inhibition of Src would block BiAR-mediated EGFR transactivation, in agreement with the

thi . HEK293 cells stabl i AR trans- . . L
fe::StepdrSvCiet:isEGFR-FL/ieGZrSl; r}elz g )g;z;sglﬁhﬁ ér wiilf; irtethreagsc previously described pathway for EGFR transactivation when
P stimulated by a BAR agonist (3).

inhibitor PP2 (4-amino-5-[4-chlorophenyl]-7-[t-butyl]pyra-
z0lo[3,4-d]pyrimidine) before ligand stimulation. PP2 markedly Discussion
blocked EGFR phosphorylation and significantly inhibited ERK
activation following Dob, Alp, or Car stimulation, consistent  In this study, we tested whether classical antagonists of the ;AR
with the concept that Src is involved in B;AR-mediated EGFR could function as agonists for B-arrestin-mediated signaling. We
transactivation (Fig. S3 4, D, and E). screened 20 B-blockers to determine whether any could activate
As Src has been shown to be upstream of MMP-mediated  a recently described B-arrestin-dependent signaling pathway
shedding of HB-EGF (21, 22), we further tested whether MMP  EGFR transactivation. Indeed, we show that, among all 8-block-
and HB-EGF inhibition would abrogate Alp- or Car-induced ers screened, only Alp and Car can stimulate transactivation of
BiAR-mediated transactivation. B1AR- and EGFR-FLAG- the EGFR. Moreover, these ligands induce phosphorylation of
expressing HEK293 cells were pretreated with either the MMP  the receptor, recruitment of B-arrestin to the ligand occupied
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Fig. 3.  Alp- or Car-induced B1AR-mediated transactivation of EGFR requires
GRK phosphorylation. HEK293 cells stably expressing WTB1AR (A), or GRK™ ;AR
(B) are transfected with FLAG-EGFR and then treated with Dob, Alp, or Car. As
indicated, WT31AR induces an increase in phospho-EGFR in response to treat-
ment with Dob, Alp, and Car, whereas GRK™ B1AR lacks this effect. (C) Metabol-
ically labeled HEK293 cells stably expressing PKA~ B1AR are stimulated with
various ligands. Alp and Car stimulate a significant increase in B1AR phosphor-
ylation at the GRK sites. Data represent mean = SE of at least four independent
experiments. *, P < 0.05 vs. NS; T, P < 0.01 vs. NS; ¥, P < 0.001 vs. ICl or NS.

receptor and subsequent MMP activation to promote HB-EGF
shedding and EGFR activation.

Recent data indicate that agonist-stimulated 7TMRs use G
protein-dependent and G protein-independent mechanisms to
activate ERK signaling (Fig. 4C) (3, 20, 23-25). In addition to
agonists, it has recently been demonstrated for the B,AR that
carvedilol can stimulate B-arrestin-mediated activation of ERK
(26). However, it was not known whether this would occur for the
B1AR and whether B-arrestin-mediated ERK activation depends
on activation of the EGFR. In our study, we demonstrate that
Car stimulation of the B;AR uses B-arrestin to transactivate the
EGFR and induce ERK signaling (Fig. 4C). Interestingly, Car
has been shown to inhibit ERK activation in monocytes (27),
suggesting that Car may activate different signaling pathways
depending on the cell type. Alp-induced ERK activation also
uses a [-arrestin-dependent mechanism in cells expressing
B1ARs, which is not the case for cells expressing B2ARs (26).
Therefore, activation of B-arrestin-dependent pathways by BAR
antagonists appears to be receptor subtype-specific.

In the framework of an allosteric model, unliganded G protein-
coupled receptors exist in at least two states, an inactive confor-
mation and an active conformation. Agonists are believed to
stabilize the active conformation, whereas neutral antagonists
compete for binding of agonists to the receptor (28, 29). Recent
evidence suggests that different ligands stabilize different active
conformations, resulting in distinct signaling properties (9-12). For
the human B;AR, it has been suggested that two agonist activation
sites exist: the classical catecholamine binding site and an allosteric
site defined by binding of the ligand CGP-12177 (30-32). It has
been shown that, for some B-blockers such as Alp and Car, they

14558 | www.pnas.org/cgi/doi/10.1073/pnas.0804745105

bind with high affinity to the catecholamine site, but also with lower
affinity to a secondary site to stimulate G protein activation
(30-32). Although the precise characteristics of this putative sec-
ondary site are not well characterized, it could represent an
independent site within the ;AR monomer, a ligand-specific
conformation (33), or a conformation that is dependent on the
extent of receptor phosphorylation, dimerization (34), or associa-
tion with particular scaffold proteins (e.g., AKAP79/150) (35).
Nonetheless, our data in this study do not support a secondary site
for the action of Alp and Car in stimulating p-arrestin-mediated
B1AR transactivation of the EGFR. This is based on the facts that
CGP-12177 did not induce B-arrestin-mediated ;AR transactiva-
tion of the EGFR and that the ability of Alp or Car to induce ERK
activation was blocked by the nonselective B-blocker Prop, which
binds to only the high-affinity catecholamine site (31). Thus, our
data suggest that the B-receptor ligands Alp and Car are unique in
their ability to promote a ;AR conformation that readily induces
B-arrestin signaling.

We observed that Car and Alp stimulate very weak activation
of Gs-dependent adenylyl cyclase in HEK293 cells expressing
mouse B1ARs. Previous studies have reported inconsistent find-
ings regarding activation of Gs-dependent adenylyl cyclase by
Car. Whereas Car acted as an agonist toward the adenylyl cyclase
pathway in HEK293S cells expressing human ;AR in one study
(36), another study found that Car showed marked inverse
agonist effects in HEK293 cells expressing human B;AR (37)
and the B,AR (26). These discrepancies are likely attributed to
differences in expression levels of receptor and sensitivity of the
different cAMP assay systems.

B-Blockers are a class of drugs that are used in the treatment
of common cardiovascular disorders such as hypertension, cor-
onary artery disease, and heart failure (38). They comprise
various ligands with potentially different clinical efficacies;
however, it remains to be established whether these agents really
differ in their effectiveness, and what might be the molecular
basis of such differences (39). Given that p-arrestin-mediated
B1AR transactivation of EGFR may render cardioprotection, as
we recently showed in an experimental model system (3),
B-blockers that activate this pathway might possess superior
efficacy in treating cardiovascular disorders. Among 20 3-block-
ers screened in our study, only Car and Alp were identified to
stimulate this potentially cardioprotective pathway. Interest-
ingly, Car is one of three agents currently approved for the
treatment of heart failure (36), and may possess a survival
advantage over other BAR antagonists (40). Although Alp is
used in the treatment of hypertension, angina, and arrhythmia
(41-43), its clinical efficacy in treating heart failure remains to
be tested.

In conclusion, we demonstrate that Alp and Car stimulate
B-arrestin-mediated B;AR-EGFR transactivation, a pathway we
recently have shown to be cardioprotective. Our finding that Alp
and Car stabilize a receptor conformation to allow binding and
activation of B-arrestin has important therapeutic implications.
We postulate that biased ligands of this type may represent a new
generation of therapeutic agents that will block the deleterious
effects of B1AR overstimulation while simultaneously being able
to provide cardioprotection via B-arrestin-mediated B;AR-
EGFR transactivation.

Materials and Methods

siRNA Experiments Targeting B-Arrestins. siRNA targeting B-arrestins were
generated and the sequence of the 21-ntsiRNAs has been previously described
(13, 44). Thirty to 40% confluent HEK293 cells stably expressing WT B1AR in
six-well dishes were transfected with 0.2 ug of FLAG-EGFR and 3.5 ug of siRNA
using the GeneSilencer Transfection reagent (Gene Therapy Systems) as pre-
viously described (45). All assays were performed 60 to 72 h after siRNA
transfection. Cells were serum-starved for 12 h before stimulation as described
previously (3, 45).

Kim et al.
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B-Arrestin is recruited to 81AR by Alp or Car and is required for Alp- or Car-induced ERK activation. (A) HEK293 cells stably expressing FLAG-WT31AR

are stimulated with Iso, Alp, Car, or Prop. Alp or Car induces B-arrestin recruitment to the g1AR. (B) HEK293 cells stably expressing WT31AR are transfected with
either FLAG-EGFR and scrambled siRNA (si-Con); or FLAG-EGFR and siRNAs targeting B-arrestin 1 (si-Barr1), B-arrestin 2 (si-Barr2), or B-arrestin1/2 (si-Barr1/2),
respectively. Alp- or Car-induced phospho-ERK1/2 is diminished in cells transfected with siRNA targeting the p-arrestins. (C) ;AR agonists enhance cardiac
contractility by G protein-dependent signaling, and they also induce B-arrestin-dependent signaling (Left). However, Alp and Car selectively induce B-arrestin-
mediated B;AR transactivation of EGFR (Right). Alp and Car induce GRK-mediated phosphorylation of B1AR, and recruitment of B-arrestin and Src. This leads
to MMP activation to promote HB-EGF shedding, and subsequent activation of EGFR and its downstream signaling such as ERK. Data represent mean + SE of
at least five independent experiments. *, P < 0.05 vs. NS and Prop or si-Con; t, P < 0.01 vs. si-Con; ¥, P < 0.001 vs. NS and Prop.

Immunoprecipitation with Dithiobis(succinimidyl) Propionate Cross-Linking.
HEK293 cells stably expressing FLAG-B1AR were used for these experiments as
previously described (25). Cells on 100-mm dishes were incubated in Dulbecco
PBS solution plus 10 mM Hepes for 1 h at 37°C and subsequently stimulated
with 10 uM ligands for 5 min. A membrane-permeable, hydrolyzable covalent
cross-linker, dithiobis(succinimidyl) propionate (0.2 mg/ml from Pierce) was
added to the dishes with slow and constant agitation. After 30 min incubation
at room temperature, the dithiobis(succinimidyl) propionate reaction was
quenched by adding Tris-HCl, pH 7.5. Cells were lysed, and receptors were
immunoprecipitated with FLAG beads (Sigma). Co-immunoprecipitated p-ar-
restins were detected by immunoblotting.

Metabolic Labeling Assay. Metabolic labeling assay was accomplished accord-
ing to previously described protocols (18, 25). Assays were performed at 37°C
in phosphate-free DMEM. Labeling was conducted for 1 h in medium con-
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taining 100 uCi of 32Py/ml (inorganic phosphate, P;). After stimulation with 10
pM ligands for 30 min, equivalent amounts of 81AR were immunoprecipitated
from each sample and were resolved by SDS/PAGE in 10% gels. Dried gels were
subjected to autoradiography and analyzed quantitatively with an Amersham
Biosciences Phosphorimager.

Treatment Protocol for Mice. C57BL/6 mice were pretreated for 1 h with

erlotinib (20 mg/kg), ilomastat (25 mg/kg), or 10% DMSO i.p., followed by

infusion of saline solution, 10% DMSO, Alp (20 mg/kg), Car (16 mg/kg), or EGF

(100 ng/kg). Five minutes after drug administration, hearts were excised and

flash-frozen in liquid N, for biochemical assays as described previously (3).
For more information see S/ Text.
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