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B-Arrestin—mediated f1-adrenergic receptor
transactivation of the EGFR confers
cardioprotection
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Deleterious effects on the heart from chronic stimulation of 3-adrenergic receptors (3ARs), members of the
7 transmembrane receptor family, have classically been shown to result from Gs-dependent adenylyl cyclase
activation. Here, we identify a new signaling mechanism using both in vitro and in vivo systems whereby
[-arrestins mediate ;AR signaling to the EGFR. This -arrestin-dependent transactivation of the EGFR, which
is independent of G protein activation, requires the G protein-coupled receptor kinases 5 and 6. In mice under-
going chronic sympathetic stimulation, this novel signaling pathway is shown to promote activation of cardio-
protective pathways that counteract the effects of catecholamine toxicity. These findings suggest that drugs
that act as classical antagonists for G protein signaling, but also stimulate signaling via 3-arrestin-mediated
cytoprotective pathways, would represent a novel class of agents that could be developed for multiple members

of the 7 transmembrane receptor family.

Introduction

B-Adrenergic receptors (BARs) belong to the family of 7 transmem-
brane receptors (7TMRs) (1) and mediate the powerful regulatory
effects on cardiac function of the catecholamine neurotransmit-
ters epinephrine and norepinephrine. $;ARs constitute more than
70% of the cardiac BARs. Catecholamine stimulation of $1ARs
results in activation of heterotrimeric G proteins followed by rapid
phosphorylation of the receptor, resulting in desensitization (2).
Homologous desensitization of 3;ARs is brought about by phos-
phorylation of the receptor by G protein-coupled receptor kinases
(GRKs), leading to the recruitment of B-arrestin, which then steri-
cally interdicts further coupling to G proteins (3) and targets the
receptor for internalization (3). In addition to B-arrestin’s role
in terminating G protein signaling, recent studies demonstrate
that B-arrestins also function as adapter molecules, allowing for
the assembly of multiprotein signaling complexes such as ERKs
and tyrosine kinases (4, 5). For the angiotensin II type 1A recep-
tor (ATaR), this second wave of B-arrestin-mediated signaling has
recently been demonstrated to be independent of G protein signal-
ing (6) and to require the activity of GRKs 5 and 6 (7).

The signaling mechanisms that underlie the activation of the
mitogenic ERK growth response by 7TMRs are complex and likely
result from both classical G protein-regulated effectors such as
PKA and PKC and non-G protein-mediated crosstalk, such as
EGFR transactivation (8). The current paradigm of transactiva-
tion involves agonist stimulation of a 7TMR, which through a
number of undefined steps leads to MMP-mediated cleavage and
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extracellular shedding of heparin-binding EGF (HB-EGF), result-
ing in EGFR activation (9-11). It has become increasingly appar-
ent that several distinct mechanisms can be involved in linking
7TMR stimulation to the transactivation of EGFRs and induction
of cellular signaling. While these heterogeneous pathways may
require direct 7TMR/EGFR interactions, they can also be depen-
dent or independent of G protein activation (8, 12). Although pre-
vious studies have shown that recruitment of Gg, subunits (13)
and increases in intracellular calcium (14) precede EGFR transac-
tivation, the precise events that immediately follow 7TMR ligand
binding to trigger EGFR activation remain unknown. To better
understand the molecular mechanisms that underlie transactiva-
tion of the EGFR in the heart, we used WT and mutant 3;ARs in a
variety of in vitro and in vivo model systems.

Results

Stimulation of B1ARs induces EGFR transactivation. We tested whether
B1AR stimulation could mediate EGFR transactivation and induce
activation of downstream signaling pathways. Cells stably express-
ing WT B1ARs were transfected with FLAG-EGFR and stimulated
with either the ;AR-specific agonist dobutamine (Dob) or EGF,
following pretreatment with the $,AR-specific antagonist ICI-
118,551 (ICI) to block endogenous 3,ARs. Stimulation with Dob
resulted in a significant increase in phosphorylation of the EGFR
along with activation of ERK, which was somewhat less marked
than direct stimulation with EGF ligand (Figure 1A, top panel).
To test whether activation of B;ARs leads to internalization of
EGFRs, cells stably expressing WT $;ARs were transfected with
GFP-tagged EGFR (EGFR-GFP) and stimulated with Dob or EGF.
Maximal EGFR internalization was visualized by confocal micros-
copy 30 minutes following Dob or EGFR stimulation (15, 16). In
the absence of agonist, EGFR had a uniform membrane distribu-
tion (Figure 1A, i, arrows). In contrast, Dob stimulation resulted
in internalization of EGFRs as visualized by marked redistribution
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B1AR-mediated transactivation of EGFR requires GRK phosphorylation sites. HEK293 cells stably expressing WT B+AR (A), PKA-f1AR (B),
GRK-B1AR (C), or PKA- GRK-1AR (D) and transfected with FLAG-EGFR were treated with ICl and Dob (as described in Methods) and
compared with cells with no stimulation (NS) or EGF stimulation. WT ;AR (A) and PKA- /AR (B) induced increases in phospho-EGFR and
phospho-ERK1/2 after 5 minutes in response to treatment with Dob, while GRK- /AR (C) and PKA-/GRK- 31AR (D) lacked this effect; “*P < 0.05
versus NS. EGFR internalization following Dob or EGF stimulation for 30 minutes was visualized using confocal microscopic analysis of HEK293
cells stably expressing the above f31AR mutants and transfected with EGFR-GFP. In the absence of agonist, EGFR-GFP was visualized on the
membrane in each stable cell line (A-D, i, arrows), while EGF stimulation resulted in redistribution of EGFR-GFP into cellular aggregates (A-D,
iii). Treatment of either WT B1AR or PKA- $1AR cells with Dob resulted in a similar redistribution of EGFR into cellular aggregates (A and B, ii,
arrowheads), an effect that was absent in GRK- $1AR and PKA-/GRK- 3+AR cells, where EGFR-GFP remained on the membrane (C and D, i,

arrows). Original magnification, x100.

into cellular aggregates (Figure 1A, ii, arrowheads). Dob-induced
EGFR internalization was qualitatively similar to that evoked by
EGF treatment (Figure 1A, iii).

Phosphorylation of B1AR by GRK is necessary for EGFR transactiva-
tion. To test whether GRK-mediated phosphorylation of the ;AR
following agonist stimulation is a required step in EGFR trans-
activation, we used the mouse WT ;AR and 3 phosphorylation
site-deficient mutants that we previously cloned and character-
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ized (17). The 3 phosphorylation-defective mutants contain ala-
nine for serine or threonine substitutions at: (a) the 4 putative PKA
phosphorylation sites in the third intracellular loop and proximal
carboxy tail (PKA- B;AR); (b) the 14 putative GRK phosphoryla-
tion sites within the carboxyl tail (GRK- f1AR); and (c) both sets
of phosphorylation site substitutions (PKA-/GRK" $;AR) (17). To
investigate whether GRK phosphorylation of the ;AR is required
for EGFR transactivation, we stimulated HEK293 cells stably
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Figure 2

B-Arrestin is required for ;AR-mediated EGFR transactivation. (A) HEK293 cells stably expressing WT 3:AR, PKA- 3:AR, or GRK- 31AR
were transfected with GFP—@-arrestin. In the absence of agonist, GFP—-arrestin (green) had a cytosolic distribution (i—iii). Ten minutes of
agonist stimulation (Dob) resulted in redistribution of GFP—-arrestin to the membrane in cells expressing WT (31AR and PKA- 31AR (iv and v,
arrowheads), whereas no redistribution was observed in cells expressing GRK- f31AR (vi, arrows). Original magnification, x100. (B) HEK293
cells stably expressing PKA- /AR were transfected with FLAG-EGFR alone (Mock) or with siRNAs targeting -arrestini (si-parr1), -arrestin2,
B-arrestin1/2, or scrambled siRNA (si-control). Reduced Dob-stimulated phospho-EGFR and phospho-ERK1/2 were observed in cells transfected
with siRNA targeting p-arrestin. (C) HEK293 cells stably expressing WT (31AR were transfected with EGFR-GFP and si-control or si-parr1/2 to
knock down expression (right panel). In the absence of agonist, EGFR-GFP was located at the membrane (i and v, arrows), while EGF stimula-
tion induced EGFR-GFP redistribution into aggregates (iv and viii). Treatment of si-control-transfected cells with Dob or ISO also resulted in
redistribution of EGFR into aggregates (ii and iii, arrowheads), an effect that was diminished in si-parri/2—transfected cells, where EGFR-GFP
remained at the membrane (vi and vii, arrows). Original magnification, x150.

expressing PKA™ 3;AR (receptors with only GRK phosphorylation
sites) with agonist and measured EGFR activation. Dob stimula-
tion resulted in robust phosphorylation of the EGFR and ERK
activation (Figure 1B), albeit somewhat less than direct EGF stim-
ulation. Agonist stimulation of PKA- 3;ARs also triggered robust

EGFR. Dob stimulation of GRK" ;AR showed no significant EGFR
transactivation, minimal ERK activation (Figure 1C), and absence
of EGFR internalization (Figure 1C, ii). As expected, 31ARs lack-
ing both PKA and GRK phosphorylation sites also failed to trigger
EGFR transactivation (Figure 1D). Additionally, using U2S sarcoma

EGFR internalization, as shown by the coalescence of GFP fluores-
cence aggregates within the cell (Figure 1B, ii, arrowheads), which
again was comparable to direct EGF stimulation (Figure 1B, iii).
To determine whether GRK phosphorylation sites are essential
for EGFR transactivation, cells expressing GRK- ;AR (receptors
with only PKA phosphorylation sites) were transfected with FLAG-
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cells expressing endogenous 3;ARs, HEK293 cells transfected with
B1ARs, and freshly isolated cardiomyocytes, we show strong EGFR
phosphorylation and/or ERK activation upon treatment with Dob,
an effect that was blocked by pretreatment with the specific EGFR
antagonist AG 1478 (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI31901DS1).
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GRKS5 and -6 are required for 3-arrestin-mediated EGFR transactivation. (A) Cells stably expressing WT $1AR and GRK- $1AR transfected with
constitutively active p-arrestin, rarrR169E, both respond to Dob stimulation by increasing association of 3-arrestin and AP2, the clathrin adapter
protein, which is involved in BAR internalization. (B) GRK- AR cells were transfected with EGFR-GFP, localized to the plasma membrane
(i, arrows), and rparrR169E-YFP, localized in the cytosol (ii, arrowheads). EGF stimulation induced redistribution of EGFR-GFP from plasma
membrane to aggregates (vii, arrows), with no effect on rparrR169E-YFP (viii, arrowheads). Conversely, Dob stimulation resulted in redistribution
of rparrR169E-YFP from the cytosol to the plasma membrane (v, arrowheads) with no change in EGFR-GFP distribution (iv, arrows). Original
magnification, x100. (C) Transfection of GRK- 31AR cells with constitutively active rparrR169E did not restore EGFR transactivation in response
to Dob stimulation. (D) HEK293 cells transiently expressing PKA- 31AR were transfected with FLAG-EGFR alone (Mock) or with siRNAs targeting
ubiquitous GRKs (si-GRK2, si-GRKS, si-GRKS5, and si-GRK6) or a scrambled siRNA sequence (si-control). (E and F) Summary of 6 independent
experiments showing significant inhibition of EGFR transactivation (E) and ERK1/2 activation (F) upon Dob stimulation in the cells transfected
with siRNA targeting GRKS5 or -6; *P < 0.001 versus Dob-stimulated Mock, si-control, si-GRK2, and si-GRKS.

Taken together, these results demonstrate that the EGFR is Both B-arrestind and B-arrestin2 are required for AR transactivation
transactivated in response to $;AR agonist stimulation in several ~ of EGFR. Previous studies have shown that recruitment of activated
cell types and that the mechanism for transactivation requires  c-Src to the B2AR complex by B-arrestin is needed for ERK activa-
phosphorylation of the B;AR on consensus GRK phosphoryla-  tion (19). To test the possible role of f-arrestin in EGFR transac-
tion sites, a process known to promote -arrestin recruitment tivation, HEK293 cells stably expressing either WT 3;AR or ;AR
and activation (18). mutants were transfected with GFP-f-arrestin and stimulated
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with Dob. Robust membrane translocation of GFP-f3-arrestin was
seen in cells expressing WT (3;ARs and PKA™ 3;ARs (Figure 24, iv
and v, arrowheads) but was completely absent in cells expressing
GRK" 3;ARs (Figure 2A, vi, arrows).

To directly determine the requirement of -arrestinl or f3-arres-
tin2 for 3;AR-mediated EGFR transactivation, we used siRNA that
specifically targets either f-arrestinl or B-arrestin2 or both (20).
Dob stimulation of PKA- ;ARs resulted in intense phosphoryla-
tion of the EGFR associated with significant ERK activation in
mock- and scrambled siRNA-transfected cells (Figure 2B). In con-
trast, transactivation of the EGFR and associated ERK activation
were significantly blocked in the presence of siRNA targeting either
B-arrestinl or B-arrestin2 or both (Figure 2B). Immunoblotting
for B-arrestin showed selective and effective depletion of specific
B-arrestins in the presence of their respective siRNAs, consistent
with previous studies (Figure 2B, lower panels) (20). Similar data
was obtained using WT (3;ARs (Supplemental Figure 1). Moreover,
siRNA targeting of B-arrestinl/2 blocked EGFR internalization
following either Dob or isoproterenol (ISO) stimulation but not
EGF stimulation (Figure 2C, vi and vii, arrows).

Last, consistent with our siRNA experiments, transactivation of
the EGFR was also completely blocked in WT $;AR- or PKA-3;AR-
expressing cells in the presence of dominant-negative 3-arrestin
(BArrV43D) (Supplemental Figure 1).

Inability of a phosphorylation-independent B-arrestin mutant to rescue
GRK™ B;AR-mediated EGER transactivation. In the cytosol, B-arrestins
are constitutively phosphorylated proteins and become dephos-
phorylated at the plasma membrane upon binding of activated
7TMRs. B-Arrestin dephosphorylation promotes the recruitment
of endocytic proteins such as the clathrin adapter protein, AP2, as
well as clathrin itself, which are required for receptor internaliza-
tion (21, 22). To test whether targeting of B-arrestin to activated
7TMRs in the plasma membrane can rescue EGFR transactivation
by the GRK-~ ;AR mutant, we used a “phosphorylation-indepen-
dent” B-arrestin mutant (BarrR169E-YFP tagged). BarrR169E binds
with high affinity to agonist-occupied receptors without requiring
receptor phosphorylation and functions as a constitutively active
molecule (23, 24). HEK293 cells stably expressing GRK" ;AR were
transfected with BarrR169E-YFP along with FLAG-EGFR. Dob
stimulation of GRK- 3;ARs resulted in substantial recruitment of
BarrR169E-YFP to GRK- $;ARs as assessed by immunoblotting for
B-arrestin coimmunoprecipitating with the receptor (Figure 3A,
upper panel). Moreover, translocation of farrR169E-YFP to agonist-
stimulated GRK" 3;ARs resulted in robust AP-2 recruitment to the
receptor, confirming that this B-arrestin mutant functions as a con-
stitutive active B-arrestin for GRK 3;ARs (Figure 3A, lower panel).

We next carried out confocal microscopy experiments to test
whether the recruitment of constitutively active $-arrestin to the
agonist-stimulated GRK" ;AR supports transactivation. HEK293
cells stably expressing GRK~ ;AR were cotransfected with
ParrR169E-YFP and EGFR-GFP and stimulated with Dob. EGFR
was visualized in green, and B-arrestin-YFP was visualized using a
red filter to distinguish the YFP fluorescence of BarrR169E from
the GFP fluorescence of EGFR. In the absence of Dob, the major-
ity of ParrR169E-YFP was localized in the cytosol (Figure 3B, ii,
arrowheads), with EGFR on the membrane (Figure 3B, i, arrows).
However, Dob stimulation of GRK- ;AR was unable to induce
EGFR internalization (Figure 3B, iv, arrows) or EGFR phosphory-
lation (Figure 3C), despite the prominent membrane translocation
of B-arrestin (Figure 3B, v, arrowheads). In contrast, EGF stimula-
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tion caused EGFR internalization (Figure 3B, vii, arrows) with no
discernible membrane recruitment of B-arrestin (Figure 3B, viii,
arrowheads). These data suggest that receptor phosphorylation by
GRK s critical for f;AR-mediated EGFR transactivation.

Selective role for GRKS and -6 in promoting 3 AR-mediated EGFR trans-
activation. Since EGFR transactivation was not rescued by targeting
B-arrestin to the GRK™ $;AR, we next sought to determine the role
for the various GRKs in the transactivation process. GRKs have
been divided into 3 subfamilies based on their sequence similarity
and distribution. GRK1 and -7 are exclusively expressed in the ret-
ina, GRK2 and -3 interact with Gg, subunits through their pleck-
strin homology domain; and GRK4, -5, and -6 are membrane asso-
ciated (25). Since GRK2, -3, -5, and -6 are ubiquitously expressed in
mammalian tissues, we investigated their role in transactivation.
HEK293 cells were transfected with PKA- $;AR alone or together
with siRNAs targeting GRK2, -3, -5, or -6. Dob stimulation result-
ed in robust phosphorylation of EGFR associated with significant
ERK activation in the setting of siRNA knockdown of GRK2 and -3
expression (Figure 3, D-F). In contrast, $;AR-mediated EGFR
transactivation and downstream ERK activation were almost
completely blocked in the presence of siRNA targeting GRKS or -6
(Figure 3, D-F). Similarly, GRKS or -6 knockdown blocked WT
B1AR-mediated EGFR phosphorylation and ERK activation, which
was insensitive to Gj inhibition by pertussis toxin or PKA inhibi-
tion by H89 (Supplemental Figure 2).

A number of studies have shown that AT R stimulation can
transactivate EGFRs by either G protein-dependent or G protein-
independent pathways (12, 26, 27). However, under the conditions
of our cell culture system, angiotensin II stimulation (1 uM) in
cells stably expressing AT Rs did not induce EGFR phosphoryla-
tion or ERK1/2 phosphorylation (Supplemental Figure 2). These
data are consistent with the known heterogeneity of cell culture
systems for studying complex signaling pathways (11).

Molecular mechanism for B1AR-mediated EGFR transactivation.
Our studies show a requirement for GRKS5/6 and B-arrestin in
Bi1AR-mediated EGFR transactivation. Since [-arrestin is known
to interact with the cytosolic tyrosine kinase Src (19), we tested
whether pharmacological inhibition of Src would block this pro-
cess. HEK293 cells stably expressing $1ARs were transfected with
EGFR-GFP and pretreated with or without PP2 prior to Dob stim-
ulation. In the absence of PP2, EGFR-GFP was localized in punc-
tate aggregates in the cytosol (Figure 4A, ii, arrowheads). However,
in the presence of PP2, Dob failed to induce EGFR internalization
(Figure 4A, iii, arrows).

Recent studies have suggested that Src is upstream of MMP
cleavage of HB-EGF (28); thus, we tested whether MMP inhibition
would abrogate $;AR-mediated transactivation. ;AR and EGFR-
GFP-expressing HEK293 cells were pretreated with the MMP
inhibitor GM 6001 prior to Dob stimulation. Similar to PP2 inhi-
bition, pretreatment with GM 6001 prevented f;AR-stimulated
EGFR internalization (Figure 4A, iv, arrows).

EGFR transactivation involves the autocrine/paracrine release of
the potent EGFR ligand HB-EGF, which binds to the EGFR and
promotes its activation by inducing dimerization and autophos-
phorylation (10). Accordingly, we next tested whether an inhibitor
of HB-EGF would also block the f;AR-mediated transactivation
process. Pretreatment of $;AR/EGFR-expressing HEK293 cells
with a neutralizing antibody to HB-EGF completely abrogated
B1AR-stimulated EGFR internalization (Figure 4A, v, arrows). Inhi-
bition of EGFR activity with AG 1478 also prevented f;AR-induced
Volume 117 2449
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EGFR internalization (Figure 4A, vi, arrows). We also tested the
ability of HB-EGF neutralizing antibody and AG 1478 to prevent
direct stimulation of EGFR by authentic HB-EGF and found that
both reagents blocked EGFR internalization (Figure 4B, iii and iv,
arrows) as compared with HB-EGF (Figure 4B, ii, arrowheads).

To test whether the activation of downstream signaling by 3;AR-
mediated EGFR transactivation also requires Src, MMP activity,
2450
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and HB-EGF shedding, we performed experiments with the above
inhibitors and measured ERK phosphorylation. Dob-stimulated
ERK phosphorylation was significantly inhibited by treatment with
PP2 (72%), GM 6001 (68%), and the HB-EGF neutralizing antibody
(64%) (Figure 4, C-F). Taken together, these data demonstrate that
the molecular mechanisms responsible for $;AR-mediated transac-
tivation downstream of GRKS/6 and B-arrestin include Src, MMP
Number 9
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In vivo B1AR-mediated EGFR transactivation requires GRK5, GRK6, and f3-arrestin2. 3-Arrestin2—knockout mice (farr2 KO; A), GRK5 KO mice
(B), or GRK6 KO mice (C) and their WT littermate controls were injected with Dob following ICI pretreatment or with EGF alone. Myocardial
lysates were immunoblotted with anti-phospho- and anti—total ERK1/2 antibodies. Accompanying histograms show summary data of 6 indepen-
dent experiments depicting the fold increase in ERK1/2 phosphorylation following Dob treatment; *P < 0.05 versus ICl. Dob-mediated ERK1/2
phosphorylation was completely blocked in parr2 KO, GRK5 KO, and GRK6 KO mice compared with their WT littermate controls.

activation, and HB-EGF stimulation of EGFR, consistent with their
known role in EGFR transactivation by other 7TMRs.

Transactivation of B1ARs in vivo requires both B-arrestin and GRKS/6.
To determine whether this newly defined B-arrestin and GRKS5/6-
dependent signaling pathway can be recapitulated in the heart
in vivo, we used mice individually lacking the genes encod-
ing B-arrestin2, GRKS, or GRK6. Mice were pretreated with ICI
and then challenged with Dob or EGF. Myocardial lysates were
immunoblotted for phospho-ERK. Consistent with our cell cul-
ture experiments, Dob-mediated ERK activation was completely
blocked in the pB-arrestin2-knockout mice compared with their
WT littermate controls (Figure SA). Moreover, ERK activation
was also completely blocked in GRKS- and -6-knockout mice
(Figure 5, B and C). In the same hearts following ICI and Dob
treatment, EGFR was immunoprecipitated from the myocar-
dial lysates and immunoblotted for phosphotyrosine. Although
detection of phosphorylated EGFR from myocardial lysates was
less consistent than that from cell culture lysates, Dob-mediated
EGFR phosphorylation was blocked in hearts from B-arrestin2-,
GRKS-, and GRK6-knockout mice (Supplemental Figure 3). These
data demonstrate that in vivo, the mechanism for 3;AR-mediated
EGEFR transactivation requires GRKS/6 and B-arrestin recruitment
to agonist-stimulated $;ARs.

B1AR-mediated EGER transactivation occurs in the heart in vivo. While
the EGFR family appears to play a critical role in normal heart
development (29-31), emerging evidence indicates that trans-
activation of the EGFR by HB-EGF may also be an important
molecular mechanism for normal heart function (32) and may be
perturbed during the development of pathological cardiac hyper-
trophy (33). Since stimulation of B-arrestin-mediated signaling
has been shown to activate a number of cellular signaling path-
ways (18), we tested whether B-arrestin-dependent 3;AR-mediated
transactivation in the heart plays an important homeostatic role
under normal and stress conditions. To address this question,
we generated Tg mice with cardiac-specific overexpression of the
mouse WT ;AR (WT ;AR Tg) and the 2 mutant $;ARs lacking
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either GRK phosphorylation sites (GRK™ ;AR Tg) or PKA phos-
phorylation sites (PKA- 3;AR Tg) used in our cell culture experi-
ments (Supplemental Figure 4). BAR expression evaluated by
[1%I]cyanopindolol radioligand binding on cardiac membranes
from LVs revealed an approximately 14-fold increase in receptor
levels in all Tg lines compared with non-Tg (NTg) mice (Figure 6A).
We next performed in vivo hemodynamic studies to determine the
level of agonist-stimulated BAR responsiveness (i.e., in vivo G pro-
tein coupling) in the 3 lines of Tg mice. As expected, ISO-stimu-
lated cardiac contractility was significantly enhanced in the GRK-
and PKA" 3;AR Tg mice compared with NTg or WT ;AR Tg mice
(Figure 6B) (as measured by difference from basal LV dP/d#y. or
absolute change in LV dP/d#nax), indicating a state of diminished
BAR desensitization. In vivo, diminished BAR desensitization in
the heart is observed in genetically engineered mice containing a
50% reduction in GRK2 levels (34) and in mice overexpressing an
inhibitor peptide for GRK2 (35).

Cardiac function was preserved in all 3 lines of Tg mice at 5-6
months and 12 months of age (Figure 6C and Supplemental Table
1). These data are consistent with the concept that homologous
and heterologous desensitization of the receptor require phos-
phorylation of specific GRK residues in the C-terminal tail and
PKA residues in the third intracellular loop. Interestingly, overex-
pression of mouse $;ARs had little untoward effects on cardiac
function under normal conditions, a finding that is in contrast to
Tg overexpression of human f;ARs in mice (36).

Our cell culture data (Figures 1-4) show that 3;ARs lacking GRK
phosphorylation sites cannot stimulate 3-arrestin-mediated EGFR
transactivation. To determine whether this is also true in vivo, we
administered Dob to normal and Tg mice by i.p. injection, and the
hearts were removed 10 minutes later for biochemical assay. We
found a 2- to 3-fold increase in activation of ERK pathways in the
heartin NTg, WT ;AR Tg, and PKA- $;AR Tg mice, with virtually
no activation in the hearts of GRK" ;AR Tg mice (Figure 6D).

To evaluate the level of BAR-G protein coupling and second
messenger generation in the hearts of the Tg mice after chronic
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Cardiac characteristics of Tg mice overexpressing mouse WT 31AR, GRK- 31AR, or PKA- 31AR. (A) Myocardial expression levels of AR were
equivalent in WT B4AR Tg (n = 6), GRK- 31AR Tg (n = 5), and PKA- $1AR Tg (n = 7) mice and approximately 14-fold greater than in their NTg
littermates (n = 15); *P < 0.05 versus NTg littermates. (B) In vivo hemodynamics show AR responsiveness as monitored by the increase in
LV contractility (LV dP/dtmax) in WT B4AR (filled circles; n = 11), GRK- 1AR (filled squares; n = 5), PKA- 31AR (open squares; n = 7) Tg mice
and NTg littermates (open circles; n = 18). Both GRK- /AR and PKA- ;AR Tg mice showed enhanced contractile response; *P < 0.05 versus
NTg littermates. (C) Conscious echocardiography in 5- to 6- and 12-month-old mice indicated no significant differences in fractional shortening
among NTg and Tg mice at each age in sedentary conditions. (D) Immunoblotting of LV lysates of NTg and the 3 lines of 31AR Tg mice given i.p.
injections of Dob (1 mg/kg, 10 minutes) or EGF (30 ug/kg, 15 minutes) revealed increased ERK1/2 phosphorylation in NTg, WT +AR Tg, and
PKA-31AR Tg mice. Tg overexpression of GRK- 31AR prevented Dob-mediated ERK1/2 activation in the heart. Histograms depict the summaries
of fold increase in phospho-ERK1/2 in response to Dob stimulation (n = 4-8); *P < 0.05 versus control (Cont).

catecholamine stimulation, we measured BAR density and adeny-
lyl cyclase activity in crude myocardial membrane preparations
after 7 days of ISO administration. Following chronic ISO treat-
ment, BAR density was equally reduced in WT ;AR Tg mice and
NTg littermates; however, neither the GRK™ nor the PKA- $;AR
Tg hearts showed BAR downregulation (Figure 7A). Despite the
absence of BAR downregulation in the GRK- and PKA- ;AR Tg
mice, B1ARs were markedly desensitized in both of these lines, as
shown by blunted ISO-stimulated adenylyl cyclase activity (Figure
7B). Taken together, these data suggest that while either GRK-
or PKA-mediated phosphorylation of the ;AR is sufficient to
impair G protein coupling, both are required for agonist-depen-
dent receptor downregulation.

Cardioprotective role of 1AR-mediated EGFR transactivation in vivo.
Since heart failure is a condition associated with excess sympa-
thetic stimulation, and B-arrestin-mediated signaling has been
linked to the activation of protective signaling pathways (18), we
tested whether $;AR-mediated EGFR transactivation would con-
fer cardioprotection under conditions of chronic catecholamine
stimulation. Remarkably, GRK- ;AR Tg mice showed significant
deterioration in cardiac function with marked LV dilatation and
reduced fractional shortening after 7 days of treatment with the
BAR agonist ISO (Figure 7, C-E, and Supplemental Table 2). In
contrast, ISO had minimal or no deleterious effect on NTg, WT
B1AR Tg, or PKA™ ;AR Tg mice, despite the fact that both WT
B:1AR Tg and PKA- ;AR Tg mice showed enhanced agonist-stimu-
lated second messenger signaling at baseline (Figure 7B). Histolog-
ical analysis of hearts from GRK" $;AR Tg mice following chronic
ISO treatment revealed increased interstitial fibrosis and apop-
2452
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totic nuclei compared with the WT $;AR- and PKA" 3;AR-overex-
pressing mice (Figure 7, F and G). Taken together, these findings
suggest that phosphorylation of ;AR by GRK may induce activa-
tion of cytoprotective signaling pathways that are independent of
classic G protein-dependent signaling. Indeed, while all 3 Tg lines
showed increased G protein signaling in the heart (as measured
by enhanced adenylyl cyclase activity), only the hearts containing
GRK- 3;ARs that were unable to stimulate EGFR transactivation
responded to catecholamines with a deterioration in cardiac func-
tion and greater myocyte apoptosis.

To explore whether the mechanism for the deleterious effect of
catecholamines in the GRK™ ;AR Tg mice is due to an inability
to transactivate the EGFR in response to BAR stimulation, we
treated normal mice with the pharmacological EGFR inhibitor
erlotinib. Acutely, erlotinib treatment in vivo blocked myocardial
ERK signaling by both ;AR-mediated transactivation and direct
EGF stimulation in WT mice (Figure 8A) and only in hearts of WT
B:AR Tgand PKA" ;AR Tg mice (Supplemental Figure 4). We then
measured cardiac function in normal C57BL/6 mice following a
2-week treatment with both erlotinib (20 mg/kg, i.p. daily) and
ISO. Cardiac function significantly deteriorated in mice treated
with both ISO and erlotinib, as shown by the significant increase
in LV diastolic dimension and reduction in fractional shortening
(Figure 8, B and C). Moreover, erlotinib-induced cardiac dysfunc-
tion was associated with an approximately 3-fold increase in apop-
tosis compared with ISO-treated mice without the EGFR inhibi-
tor (Figure 8, D and E). These data support our hypothesis that
[B-arrestin-mediated transactivation of the EGFR confers cardio-
protection under conditions of catecholamine excess.
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Figure 7

Deterioration of cardiac function in GRK- ;AR Tg mice following chronic ISO treatment. (A) WT (31AR Tg and NTg mice showed AR downregu-
lation in the LV membrane fraction following chronic ISO treatment (1 week), whereas GRK- $1AR Tg and PKA- ;AR Tg mice did not; 1P < 0.01
versus vehicle in corresponding group. (B) Adenylyl cyclase activity following acute ISO stimulation was enhanced in all vehicle-treated mice but
desensitized in all chronic ISO-treated NTg and the 3 lines of ;AR Tg mice; *P < 0.05 versus vehicle-treated NTg ISO; *P < 0.05 versus vehicle-
treated WT (+1AR Tg and PKA- B1AR Tg ISO; TP < 0.01 versus vehicle-treated ISO in each corresponding group. (C) Representative M-mode
echocardiography before and after chronic ISO treatment in 3;AR-Tg mice and NTg littermates. Percent changes from pre-ISO treatment in LV
end-diastolic dimension (D) and fractional shortening (E) indicate significant LV dilatation and decreased fractional shortening in GRK- /AR
Tg mice following chronic ISO treatment; ¥P < 0.01 versus all Tg groups; *P < 0.05 versus NTg littermates. (F) Representative H&E, Masson
trichrome (MT), and TUNEL staining following chronic ISO treatment reveals increased interstitial fibrosis (blue stain, MT panels) and apoptosis
(arrows, TUNEL panels) in GRK- $1AR Tg mice. (G) Percentage of TUNEL-positive nuclei following chronic ISO treatment in NTg and the 3 lines
of B1AR Tg mice (n = 5 each); P < 0.05 versus all groups.
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Discussion
We have identified a new signaling pathway that uses f-arrestin
and the EGFR to activate mitogenic and cell survival signaling
pathways. We show the essential role of B-arrestin and GRKS5/6 in
this process. Moreover, we demonstrate in vivo that ;AR transac-
tivation of cardiac EGFRs has a cardioprotective role in the face of
chronic catecholamine stimulation.

Until recently, negative regulation of G protein signaling, i.e.,
desensitization, was the only known role for -arrestins in 7TMR
function. However, more recently they have also been shown to
function to bring activated receptors to clathrin-coated pits for
endocytosis (18) and to serve as ligand-activated scaffolds to initi-
ate 7TMR signaling to MAPK and Akt cell-survival pathways (18).

Diverse pathways by which 7TMRs activate MAPKs continue
to be discovered and constitute ever more complex signaling net-
works. Until quite recently, all these pathways were thought to be
mediated by heterotrimeric G proteins (8). Such pathways gener-
ally, but not invariably, involve activation of second messenger
kinases PKA and PKC. One category of mechanisms includes those
thatlead to transactivation of the EGFR, which then mediates ERK
activation via the canonical Ras pathway. Multiple mechanisms
connecting 7TMRs to EGFR transactivation have been described.
2454
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Two examples are Src-mediated autocrine release of EGFR ligands
such as HB-EGF (10) and formation of 7TMR-EGFR signaling
complexes (5). Moreover, in addition to ERK activation, transacti-
vation of receptor tyrosine kinases can lead to the recruitment of
scaffold proteins, such as She, Grb2, and Sos, leading to a complex
signaling network (37, 38).

In addition to multiple G protein-dependent pathways of ERK
activation, recently it has been found that numerous 7TMRs can
also utilize a novel mechanism by which f-arrestins, after translo-
cation to the plasma membrane by receptor activation, organize
and scaffold an active signaling complex including Src, RAF, MEK,
and ERK (4, 19, 39). This pathway has been extensively investigat-
ed for the AT 4R (6, 40). Its kinetics, as well as the cellular localiza-
tion of the activated ERK, are quite distinct from those of ERK
phosphorylation stimulated by the angiotensin receptor through
conventional PKC-mediated processes. To date, this f-arrestin
mechanism has not been suggested to be EGFR dependent. More-
over, we examined angiotensin receptor activation of ERK in the
same HEK293 cells used in previously published studies (6, 7) and
found no effect of EGFR inhibitors. Thus, the f1AR-stimulated,
B-arrestin-mediated EGFR transactivation mechanism defined
here appears to be novel and distinct from that previously defined
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Figure 9

Signal transduction pathway of 3;AR—stimulated EGFR transactivation. Ligand stimu-
lation of the 31AR leads to GRK5/6-mediated receptor phosphorylation and -arrestin
recruitment. [3-Arrestin recruits Src, which leads to MMP activation to promote HB-
EGF shedding. HB-EGF binds with the EGFR to induce dimerization and autophos-

phorylation and subsequent downstream signaling.

for B-arrestin-mediated ERK activation by several 7TMRs. It
should also be emphasized that neither this nor several previous
studies have found any evidence that B-arrestins function down-
stream of EGFR in the activation of ERK (18). While activation
of ¢-Src by B-arrestins has been previously documented in several
systems (19, 41), in this study we identify the precise molecular
mechanism by which f-arrestins transactivate EGFRs following
B1AR stimulation. Based on the data from our studies we would
propose the following steps in this pathway. In our model (Figure
9), the events that follow ligand action of the ;AR are in sequen-
tial order: ;AR conformational change, GRKS/6-mediated recep-
tor phosphorylation, and f-arrestin recruitment and activation.
[B-Arrestin recruits Src to the activated receptor. This leads to MMP
activation with release of HB-EGF, which via autocrine stimula-
tion promotes EGFR dimerization and autophosphorylation (10,
42). While the precise mechanism by which Src activates MMPs is
not known, it is clear that Src activity is required for HB-EGF shed-
ding, as we in this study and others have shown (43).

The transactivation process requires both B-arrestinl and
B-arrestin2, since elimination of either isoform in cells by siRNA,
or in mice by gene targeting, abrogates EGFR activation by ;AR
stimulation. This dual requirement might reflect distinct roles in
the process played by each isoform or perhaps the need for het-
erodimerization of f-arrestinl and -2, as recently demonstrated
(44). In the case of the previously defined mechanism for B-arres-
tin scaffolding of ERK, various patterns of B-arrestin requirement
have been defined, involving either f-arrestin1 or -2 alone or both
(20, 45). Indeed, for the AR, Shenoy et al, recently demonstrated
B-arrestin-mediated activation of ERK signaling by the 3,AR that
occurs independent of G protein (45), but which appears to be dis-
tinct from the pathway we define here for the 3;AR.

The importance of GRKS or -6 for transactivation is highlighted
by both our in vitro and in vivo studies on hearts of GRKS5- and
GRK6-knockout mice. One possible mechanism for this finding
is that phosphorylation of the ;AR at preferred residues on the
C-terminal tail enables the receptor to interact with and acti-
vate B-arrestin in a conformation-specific fashion. The require-
ment for a precise receptor—-f-arrestin interaction suggests that
a GRK5/6-dependent receptor conformation allows for docking
of B-arrestin in a 3-dimensional structure that permits activation
of downstream target proteins, including possibly activation of
the MMPs. This concept is supported by our data showing that
(a) the non-GRK phosphorylatable receptor GRK" 3;AR is unable
to recruit B-arrestin and mediate EGFR transactivation; and (b)
the simple targeting of a phosphorylation-independent, consti-
tutively active B-arrestin to ;ARs lacking GRK phosphorylation
sites, while adequate to recruit AP2, is insufficient to induce fAR-
mediated EGFR transactivation. Our data also suggest that there
are distinct receptor-f-arrestin interactions that favor desensiti-
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zation, e.g., following GRK2 phosphorylation, while
other receptor-fB-arrestin interactions favor G pro-
tein-independent signaling, e.g., following GRKS/6
phosphorylation. These data are also consistent
with our recent studies of the $,AR (45), AT 4R (7),
and the V2 vasopressin receptor (46).

We have previously shown that overexpression of
a GRK2 inhibitor peptide preserves BAR responsive-
ness and improves survival in a number of experi-
mental models of heart failure (1). At first glance
these results may seem surprising, since enhanc-
ing catecholamine sensitivity should result in enhanced toxicity.
However, our current data show that reduction of GRK2 levels by
siRNA in vitro does not prevent 3;AR-mediated EGFR transacti-
vation. This would be expected to enhance cell survival pathways
in vivo and may thus explain the salutary effects seen with GRK2
inhibition in the heart.

The importance of B-arrestin-mediated EGFR signaling in the
heart is highlighted by our in vivo studies, which demonstrate
that the loss of B;AR-mediated EGFR transactivation in Tg mice
results in enhanced apoptosis and cardiac deterioration. Moreover,
the loss of EGFR activity in NTg animals by administration of the
highly selective EGFR inhibitor (47) similarly leads to marked
cardiovascular deterioration in the face of chronic catecholamine
administration. Apoptotic heart cell death has been implicated in
the overall process of myocardial remodeling and the transition
from cardiac hypertrophy to chronic heart failure (48), which is
due in part to chronic ;AR stimulation (49, 50). We have shown
here that f;AR-mediated ERK and Akt activation in the heart, via
B1AR-mediated EGFR transactivation, correlates with improved
tolerance of catecholamine-induced cardiomyocyte toxicity.

It is interesting that our WT ;AR Tg mice did not show dete-
rioration with age, in contrast to the results reported by Engel-
hardt et al. (36). While the reason for this difference is not clear,
one possibility maybe that we overexpressed the mouse ;AR gene,
whereas the previously published ;AR Tg used the human 3;AR.
It is also interesting that overexpression of the mouse WT ;AR
did not lead to increased responsiveness to catecholamine stimu-
lation (Figure 6B) despite overexpression of 600 fmol/mg protein
of receptor. One explanation may be that with marked overexpres-
sion there is a sizable fraction of receptor that is constitutively
desensitized. While it appears that either set of phosphorylation
sites (PKA or GRK) is sufficient for receptor desensitization, both
sets are required for receptor downregulation (Figure 7, A and B).
The mechanism for this finding is unknown but may be due to
differences in receptor trafficking, adapter protein binding, or pos-
sibly receptor/f-arrestin ubiquitination (51).

Currently, controversy exists as to the physiological role 7TMR-
mediated EGFR transactivation plays in the heart. On one hand
there is evidence to show that angiotensin II-stimulated EGFR
transactivation can contribute to pathological hypertrophic sig-
naling in the heart (33, 52, 53). However, it is also known that
the EGFR family member HER2 plays a protective role in the
development of dilated cardiomyopathy (29). Moreover, the pre-
cise role for the different ErbB receptors in BAR-mediated trans-
activation is an important question that will require additional
investigation. Here we show how B-arrestin-mediated transac-
tivation of the EGFR can confer cardioprotection in the face of
chronic 3;AR stimulation. Further investigation into the precise
molecular mechanisms by which the EGFR signals in the cardio-
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myocyte will lead to a better understanding of the physiological
importance of these processes.

Our study has important therapeutic implications for the
development of novel drugs for patients with heart failure. Cur-
rently, beta blockers are considered cornerstone therapies for the
treatment of heart failure, in an effort to reverse the pathological
remodeling that results from heightened activity of the sympathet-
ic nervous system. Beta blockers have been developed based on a
signaling paradigm in which stimulation of the receptor by agonist
(e.g., norepinephrine) leads to activation of a heterotrimeric G pro-
tein, which then leads to second messenger-stimulated signaling
(e.g., via cAMP). Beta blockers competitively antagonize these car-
diotoxic actions of catecholamines. However, our data show that
the p-arrestin mechanism not only serves to desensitize G protein
signaling but also leads to signaling in its own right by activat-
ing critical prosurvival signaling pathways such as ERK, MAPK,
and Akt. These findings support the emerging concept that there
exist unique ligand-receptor conformations that preferentially
allow binding of B-arrestin to promote downstream signaling in
the absence of G protein activation. Our data further suggest that
it should be possible to develop novel receptor blocking drugs,
such as beta blockers, that are able to occupy the receptor and
hence act as classical antagonists for G protein signaling, while
simultaneously activating signaling down this newly discovered
B:1AR/B-arrestin/EGFR pathway. We postulate that such “super”
receptor blockers may represent an entirely novel class of agents
that will share with standard beta blockers the ability to block the
deleterious effects of B;AR overstimulation, while simultaneously
being able to activate cell protective pathways through a f-arres-
tin-dependent mechanism.

In conclusion, we have identified a new signaling mechanism
for the B1AR, that requires GRKS/6, involves the recruitment of
B-arrestin, and leads to the transactivation of the EGFR. Activation
of this B;AR/EGFR transactivation pathway provides cardiopro-
tection in vivo under conditions of catecholamine toxicity, such as
those observed in chronic heart failure. Novel ligands that occupy
the receptor and block agonist interaction, thus acting as classical
antagonists for G protein signaling, while at the same time acti-
vating signaling through newly discovered B-arrestin mediated
pathways, would potentially have the unique ability to stimulate
cardioprotective signaling.

Methods
Cell culture. HEK293 and U2S sarcoma cells were maintained as previously
described (54). The cells were transfected with cDNA encoding 2 ug FLAG-
EGFR, EGFR-GFP, pB-arrestin-GFP, f-arrestinl V53D, or rffarrR169E-YFP
with Lipofectamine reagent (Invitrogen). Transfected cells were incubated
overnight in serum-free medium supplemented with 0.1% BSA, 10 mM
HEPES (pH 7.4), and 1% penicillin prior to stimulation. Under serum star-
vation conditions, cells were preincubated with ICI (10 uM; 8,AR antago-
nist; Sigma-Aldrich) and either PP2 (5 uM; Src inhibitor; Calbiochem), GM
6001 (25 uM; MMP inhibitor; Calbiochem), HB-EGF neutralizing antibody
(10 ug/ml; R&D Systems), or AG 1478 (1 uM; EGFR inhibitor; Calbiochem)
for 30 minutes, followed by stimulation with Dob (1 uM; Sigma-Aldrich),
ISO (1 uM; Sigma-Aldrich), EGF (10 ng/ml; Roche Diagnostics), or HB-EGF
(1 ng/ml; R&D Systems) for 5 minutes (immunoblotting) or 20-30 minutes
(confocal microscopy). Cell lines stably expressing WTB;AR, PKA™ $;AR,
GRK- 3;AR, and PKA-/GRK" ;AR have been previously described (17).
Immunoprecipitation, immunoblotting, and detection. Following stimula-
tion, cells were washed once with PBS, solubilized in 1 ml of lysis buffer

2456

The Journal of Clinical Investigation

htep://www.jci.org

(5 mM HEPES, 250 mM NaCl, 10% glycerol, 0.5% Nonidet P-40, 2 mM
EDTA, and protease inhibitors) as previously described (54). Prior to
immunoprecipitation, 25 pl of whole cell lysates was aliquoted into a sepa-
rate tube for protein estimation and analysis of total cellular phospho-
ERK1/2. Immunoprecipitation of the FLAG epitope was carried out as
previously described (17). Immunoprecipitates were resolved by SDS-PAGE
and transferred to nitrocellulose membrane or PVDF (Bio-Rad) for immu-
noblotting. Anti-phosphotyrosine (PY20) (BD Biosciences) was used to
detect tyrosine phosphorylation of EGFR at 1:3,000, and phospho-ERK1/2
(Cell Signaling) was also used at 1:3,000. Immunoblotting for total EGFR
(Upstate) and total ERK (Santa Cruz Biotechnology Inc.) was carried out
at 1:2,000. EGFR from the myocardial lysates was immunoprecipitated
using anti-EGFR antibody (Upstate) and immunoblotted for phospho-
EGFR using anti-phospho-EGFR (Tyr845) (Cell Signaling Technology)
at 1:1,000. Detection was carried out using ECL (Amersham Biosciences).
Densitometric analysis was performed using Bio-Rad Fluoro-S Multi-
Image software. B-Arrestin immunoblotting was carried out using A1CT
rabbit polyclonal antibody at a dilution of 1:3,000 as previously described
(6). Anti-GRK-specific antibodies (Santa Cruz Biotechnology Inc.) were
used to detect GRK2, -3, -5, and -6 as described previously (46). f-Actin and
FLAG immunoblotting were carried out using monoclonal antibodies at
dilutions of 1:3,000 each (Sigma-Aldrich).

Immunoblotting for myocardial phospho-ERK and phospho-Akt was
performed as previously described (55). Hearts were homogenized with
NP-40 lysis buffer containing 137 mM NaCl, 20 mM Tris pH 7.4, 1% NP-40,
20% glycerol, 10 mM PMSF, 1 mM Na3VO,, 10 mM NaPF, 2.5 ug/ml apro-
tinin, and 2.5 ug/ml leupeptin.

Adult myocyte isolation. Adult murine myocytes were isolated from WT
male and female C57BL/6 mice as described previously (55). Following
isolation, myocytes were resuspended in Medium 199 (Invitrogen) and
seeded in 24-well cell culture plates at 2,000-3,000 myocytes per well. Adult
murine myocytes were incubated for 20 minutes with 10 uM ICI (B,AR
antagonist) with or without 1 uM AG 1478 (EGFR antagonist). Follow-
ing pretreatment, myocytes were treated with 1 uM ISO for 5 minutes and
compared with no stimulation or 10 ng/ml EGF stimulation. Analysis of
phospho- and total ERK levels were carried out as described above.

Confocal laser microscopy. Confocal microscopy was performed as previ-
ously described (54). Briefly, HEK293 cells stably expressing FLAG-tagged
WT B;AR and B1AR mutants were transfected with cDNA encoding fluores-
cently labeled EGFR (EGFR-GFP) (2 ug). Following transfection, cells were
trypsinized and plated onto 35-mm glass-bottomed culture dishes (MatTek
Corp.). Following stimulation, cells were washed once with PBS and fixed in
4% paraformaldehyde for 30 minutes. EGFR internalization following Dob,
ISO, HB-EGF, or EGF stimulation was visualized by green fluorescence
using a single sequential line of excitation filters. EGFR-GFP internaliza-
tion and PBarrR169E-YFP recruitment was visualized using a combination
of excitation 488 nm and emission filters between 499 and 520 nm. YFP
visualization was carried out with an LSM META (Zeiss) (520-552 nm).

siRNA experiments targeting B-arrestins and GRKs. siRNA targeting B-arres-
tinl, -2, or both were generated by BLAST search algorithm (http://www.
ncbi.nlm.nih.gov/blast/) for a unique 21-nt sequence for B-arrestins from
the National Center for Biotechnology Information. The sequence of the
21-nt siRNAs has been previously described (20, 40). The sequence of
siRNAs targeting GRK2, -3, -5, or -6 have been previously described (46).
30%-40% confluent HEK293 cells stably expressing either PKA- ;AR or
WT B1AR in 6-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 previously described (46). For confocal microscopy
experiments with f-arrestin knockdown, WT ;AR cells underwent trans-
fection with 1 ug EGFR-GFP and 3.5 ug of siRNA targeting both f3-arres-
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tins or 3.5 ug of control siRNA and were replated onto 35-mm glass-plated
culture dishes after 60 hours. For GRK-knockdown experiments, HEK293
cells were transfected with 0.2 ug of FLAG-EGFR, 4 ug of siRNA targeting
GRK2,-3,-5, or -6, and an appropriate amount of plasmid cDNA encoding
either WT ;AR or PKA- 3;AR. The expression of the receptors in transient
transfection was 475-600 fmol/mg protein. All assays were performed
60-72 hours after siRNA transfection. Cells were serum starved for 12
hours before stimulation.

Histological analysis. Heart specimens were fixed with 10% neutral buff-
ered formalin, embedded in paraffin, and sectioned at 5-um thickness. Sec-
tions were stained with H&E and Masson trichrome. DNA fragmentation
was detected in situ using TUNEL (55). In brief, deparaffinized sections
were incubated with proteinase K, and DNA fragments were labeled with
fluorescein-conjugated dUTP using TdT (Roche Diagnostics). The total
number of nuclei was determined by manual counting of DAPI-stained
nuclei in 6 random fields per section (original magnification, x200). All
TUNEL-positive nuclei were counted in each section.

Membrane fractionation, BAR radioligand binding, and adenylyl cyclase activity.
Plasma membrane and cytosolic fractions from frozen LVs were separated
by centrifugation at 37,000 g as previously described (55). Receptor bind-
ing with 20 ug of protein from plasma membrane was performed using
[125I]cyanopindolol (350 pM) as described previously (55). Receptor density
(fmol) was normalized to milligrams of membrane protein. Adenylyl cyclase
assays were performed using 20 ug of membrane fraction as described pre-
viously (56). Generated cAMP was quantified using a liquid scintillation
counter (MINAXI-4000; Packard Instrument Co., PerkinElmer).

Generation of Tg mice. The FLAG-tagged mouse WT ;AR and 2 different
mutants lacking either the putative GRK phosphorylation sites (GRK-
B1AR) or the putative PKA phosphorylation sites (PKA" 3;AR) were direc-
tionally subcloned into a vector downstream of o-myosin heavy chain gene
promoter and upstream of the SV40 polyadenylation site (Supplemental
Figure 3). The GRK- ;AR mutant was generated by mutating the serine/
threonine amino acids residues in the carboxyl tail to alanine at positions
412,417,426,427,437,443,444, 445,448, 450,451,461, 462, and 464, and
the PKA" $;AR mutant was generated by mutating the serine residues in the
third intracellular loop to alanine at positions 295, 296, 301, and 401 (17).
Tg founders were identified by Southern blot analysis of tail DNA using
the SV40 poly(A) as a probe. Tg founder mice were backcrossed to C57BL/6
mice for at least 7 generations before being used in experiments. Mice were
screened by PCR with sense primer 5'-CATGGGTGTGTTCACGCTC-3/,
located in mouse ;AR coding sequence, and an antisense primer, 5'-CCTC-
TACAGATGTGATATGGC-3', located in the SV40 poly(A) site. BAR radio-
ligand binding assays were carried out on multiple generations to analyze
and confirm the receptor expression. Animals studies were approved by the
Institutional Review Board at Duke University Medical Center.
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Echocardiography. Echocardiography was performed on conscious
mice with either an HDI 5000 (Philips) or a Vevo770 (VisualSonics)
echocardiograph (S5).

Treatment protocol for mice. C57BL/6 mice or B-arrestin2-knockout,
GRKS-knockout, or GRK6-knockout mice received ICI (5 mg) by i.p. injec-
tion. After 5 minutes of ICI pretreatment, mice were administered either
saline, the B;AR-specific agonist Dob (1 mg/kg, i.p.), or EGF (300 ug/kg,
i.v.). Five minutes after Dob or EGF administration, hearts were excised
and flash frozen in liquid N, for biochemical assays.

Mini-osmotic pumps were implanted as described previously (57). ISO
was dissolved in 0.002% ascorbic acid, and pumps (Alzet model 1007D;
DURECT) were filled to deliver at the rate of 3 mg/kg/d over a period of
7 days. In control mice, vehicle (0.002% ascorbic acid) was used. For erlo-
tinib treatment, erlotinib (20 mg/kg/d, i.p.) was given to mice the day
before implantation of ISO pumps and continued for 2 weeks. Erlotinib
was dissolved in DMSO and diluted to 10% DMSO with 0.9% saline. Erlo-
tinib is a highly selective EGFR inhibitor with an ICso of 2 nM for EGFR
compared with ErbB2 (ICso 350 nM) (58). Control mice were injected with
an equal volume of 10% DMSO. Echocardiography was performed on mice
before and after ISO treatment.

Statistics. Data are expressed as mean = SEM. Statistical significance was
determined using 1-way ANOVA (with Bonferroni correction for multiple
comparisons). A P value of less than 0.05 was considered significant.
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