
Journal of Molecular and Cellular Cardiology 72 (2014) 39–51

Contents lists available at ScienceDirect

Journal of Molecular and Cellular Cardiology

j ourna l homepage: www.e lsev ie r .com/ locate /y jmcc
Original article
β-Adrenergic receptor-mediated transactivation of epidermal growth
factor receptor decreases cardiomyocyte apoptosis through differential
subcellular activation of ERK1/2 and Akt
Laurel A. Grisanti a, Jennifer A. Talarico c, Rhonda L. Carter a, Justine E. Yu a, Ashley A. Repas a, ScottW. Radcliffe c,
Hoang-ai Tang c, Catherine A. Makarewich d, Steven R. Houser d, Douglas G. Tilley a,b,⁎
a Center for Translational Medicine, Temple University School of Medicine, Philadelphia, PA 19140, USA
b Department of Pharmacology, Temple University School of Medicine, Philadelphia, PA 19140, USA
c Department of Pharmaceutical Sciences, Jefferson School of Pharmacy, Thomas Jefferson University, Philadelphia, PA 19107, USA
d Cardiovascular Research Center, Temple University School of Medicine, Philadelphia, PA 19140, USA
Abbreviations: ANOVA, analysis of variance; AR, adren
growth factor receptor; ELISA, enzyme-linked immunos
coupled receptor; HF, heart failure; ISO, Isoproterenol
RNCM, rat neonatal cardiomyocyte; RTK, receptor tyrosin
TRAIL, TNF-related apoptosis inducing ligand; TUNEL, term
ase mediated dUTP nick end labeling.
⁎ Corresponding author at: Department of Pharmacolo

Medicine, Temple University School of Medicine, 94
Philadelphia, PA 19140, USA. Tel.: +1 215 707 9758; fax:

E-mail address: douglas.tilley@temple.edu (D.G. Tilley

http://dx.doi.org/10.1016/j.yjmcc.2014.02.009
0022-2828/© 2014 Elsevier Ltd. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 4 October 2013
Received in revised form 15 January 2014
Accepted 12 February 2014
Available online 22 February 2014

Keywords:
β-Adrenergic receptor
Cardiomyocyte
Epidermal growth factor receptor
Apoptosis
β-Adrenergic receptor (βAR)-mediated transactivation of epidermal growth factor receptor (EGFR) has been
shown to relay pro-survival effects via unknown mechanisms. We hypothesized that acute βAR-mediated
EGFR transactivation in the heart promotes differential subcellular activation of ERK1/2 and Akt, promoting
cell survival through modulation of apoptosis. C57BL/6 mice underwent acute i.p. injection with isoproterenol
(ISO)±AG1478 (EGFR antagonist) to assess the impact ofβAR-mediated EGFR transactivation on the phosphor-
ylation of ERK1/2 (P-ERK1/2) and Akt (P-Akt) in distinct cardiac subcellular fractions. Increased P-ERK1/2 and
P-Akt were observed in cytosolic, plasma membrane and nuclear fractions following ISO stimulation. Whereas
the P-ERK1/2 response was EGFR-sensitive in all fractions, the P-Akt response was EGFR-sensitive only in the
plasma membrane and nucleus, results confirmed in primary rat neonatal cardiomyocytes (RNCM). βAR-
mediated EGFR-transactivation also decreased apoptosis in serum-depleted RNCM, as measured via TUNEL as
well as caspase 3 activity/cleavage, which were sensitive to the inhibition of either ERK1/2 (PD184352) or Akt
(LY-294002) signaling. Caspase 3 activity/cleavage was also sensitive to the inhibition of transcription, which,
with an increase in nuclear P-ERK1/2 and P-Akt in response to ISO, suggested that βAR-mediated EGFR
transactivation may regulate apoptotic gene transcription. An Apoptosis PCR Array identified tnfsf10 (TRAIL) to
be altered by ISO in an EGFR-sensitive manner, results confirmed via RT-PCR and ELISA measurement of both
membrane-bound and soluble cardiomyocyte TRAIL levels.βAR-mediated EGFR transactivation induces differen-
tial subcellular activation of ERK1/2 and Akt leading to increased cell survival through themodulation of caspase
3 activity and apoptotic gene expression in cardiomyocytes.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

β-Adrenergic receptors (βAR) are critical regulators of cardiac func-
tion both normally and pathologically during heart failure (HF) where
increased catecholamine release leads to dysregulation of βAR signaling
[1]. Chronic impairment of βAR signaling contributes to alterations in
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cardiac structure through increased apoptosis, hypertrophy and fibrosis
and steadily decreased contractile function asHFprogresses [2].βAR are
G protein-coupled receptors (GPCRs), stimulation of which promotes
both Gs protein-dependent and -independent signaling effects via
engagement of cAMP generation and GPCR kinase (GRK)/β-arrestin
pathways, respectively. βAR primarily relay their effects through Gs
protein-dependent activation of protein kinase A (PKA), which regu-
lates a number of important processes, including cardiomyocyte con-
tractility [1]. Additionally, it was recently demonstrated that chronic
PKA-dependent βAR signaling is responsible for the cardiotoxic re-
sponse to elevated catecholamines in a mouse model of HF [3].
Conversely, G protein-independent βAR signaling through β-arrestin-
mediated epidermal growth factor receptor (EGFR) transactivation
was demonstrated to increase pro-survival ERK1/2 activation and pre-
vent apoptosis under conditions of chronic catecholamine stress [4].
While generalized β-blockade shields βAR from excess catecholamine

http://crossmark.crossref.org/dialog/?doi=10.1016/j.yjmcc.2014.02.009&domain=pdf
http://dx.doi.org/10.1016/j.yjmcc.2014.02.009
mailto:douglas.tilley@temple.edu
http://dx.doi.org/10.1016/j.yjmcc.2014.02.009
http://www.sciencedirect.com/science/journal/00222828


40 L.A. Grisanti et al. / Journal of Molecular and Cellular Cardiology 72 (2014) 39–51
and is associated with improvements in βAR responsiveness, cardiac
function and HF patient mortality outcomes [5], these agents act to
block both the maladaptive G protein-dependent and pro-survival
G protein-independent signaling pathways. Selective engagement of
pro-survival pathways, such as EGFR transactivation, in the absence of
detrimental G protein-dependent pathways may provide a more
refined approach to targeting βAR effects for treatment of HF [6]. Of
note, a clinically used β-blocker, carvedilol, was found to be capable
of inducing EGFR transactivation [7], though with a lower efficacy for
activation of ERK1/2 signaling than a βAR agonist, suggesting that this
paradigm could be therapeutically useful. Thus, we aim to elucidate
the mechanisms by which βAR-dependent EGFR transactivation pro-
motes survival signaling in the heart to provide further insight toward
the rational development of therapeutics targeting this pathway.

βAR-dependent EGFR transactivationwas associatedwith preserved
cardiac function and reduced apoptosis in the aforementioned chronic
catecholaminemousemodel of HF, aswell as in isolated cardiomyocytes
[4,8]. While the proximal mechanism regulating βAR-mediated stimu-
lation of EGFR has been defined [4], the distal events that actually
relay EGFR-dependent pro-survival signaling in response to βAR stimu-
lation remain to be determined. Direct stimulation of EGFR is known to
enhance the activation of pro-survival pathways, such as those mediat-
ed by ERK1/2 and Akt, and impart anti-apoptotic effects in numerous
cell lines [9–11]. Further, enhanced ERK1/2 and Akt activity is known
to impart protection against ischemia–reperfusion [12], and several
GPCRs have been shown capable of relaying ischemic preconditioning
via EGFR transactivation [13–15]. βAR-mediated EGFR transactivation
has also been shown to increase phosphorylated ERK1/2 (P-ERK1/2)
and Akt (P-Akt) in both the heart and isolated cardiomyocytes, and has
been shown to exert differential subcellular targeting of P-ERK1/2 in
non-cardiac cells [8,16,17]. Neither the effect of βAR-mediated EGFR
transactivation on subcellular activation of cardiac ERK1/2 and Akt
nor the impact of such regulation on cardiomyocyte survival has been
investigated. To begin to define the downstream mechanisms by which
βAR-mediated EGFR transactivation promotes cardiac survival signaling,
we tested the hypothesis that this pathway induces differential subcellu-
lar activation of ERK1/2 and Akt to modulate apoptosis. Through the
investigation of βAR-mediated EGFR transactivation-dependent signaling
in the whole heart and isolated cardiomyocytes, we demonstrate for
the first time that this signaling paradigm indeed leads to differential
subcellular activation of ERK1/2 and Akt, and is capable of promoting car-
diomyocyte survival, in part, through the modulation of apoptotic gene
expression.

2. Materials and methods

2.1. Mouse treatment

Wild-type, adult C57BL/6 mice were administered an intraperitone-
al (IP) injection of EGFR antagonist (AG 1478, 10 mg/kg or gefitinib,
5 mg/kg; 10 min) or vehicle (0.1% DMSO) prior to IP injection of saline
or ISO (1 mg/kg). Mice were euthanized 10 min or 1 h following ISO
administration, hearts were excised and flash frozen in liquid nitrogen
for use in biochemical assays. All animal procedures and experiments
were carried out according to the National Institutes of Health Guide-
lines on theUse of Laboratory Animals and approved by the Institutional
Animal Care and Use Committee.

2.2. Heart fractionation

Hearts were homogenized in lysis buffer (25 mM Tris pH 7.4, 5 mM
EDTA, HALT protease inhibitor cocktail and phosphatase inhibitor
cocktail) and incubated on ice for 15 min. Lysate was centrifuged at
3000 ×g for 5 min and the supernatant was spun at 20,000 ×g for
25min. Supernatant was saved as the cytosolic fraction while the pellet
was resuspended in RIPA and saved as the membrane fraction. The
pellet from the first centrifugation was resuspended in hypotonic lysis
buffer (10 mM HEPES–KOH pH 7.5, 10 mM KCl, 3 mM MgCl2, 0.05%
NP-40, 1 mM EDTA, HALT protease inhibitor cocktail and phosphatase
inhibitor cocktail) and spun at 3000 ×g. After resuspending the pellet
in hypotonic lysis buffer and centrifuging five times, the pellet
was resuspended in 10 times pellet volume in Gel Shift Lysis Buffer
(50 mM HEPES–KOH pH 7.9, 250 mM KCl, 0.1% NP-40, 0.1 mM
EDTA pH 8, 0.1 mM EGTA pH 8, 10% glycerol, HALT protease inhibitor
cocktail and phosphatase inhibitor cocktail) and incubated on ice for
30 min. Lysate was centrifuged at 13,200 ×g for 10 min and the super-
natant was saved as the nuclear fraction.

2.3. Primary rat neonatal cardiomyocyte and fibroblast and adult feline
ventricular myocyte isolation

Primary neonatal cell cultures were prepared from 1 to 2 days old
Sprague Dawley rat pups (Harlan Laboratories; Indianapolis, IN) by
enzymatic digestion. Hearts were excised and placed in a sterile ADS
solution (116mMNaCl, 20mMHEPES, 80 μMNa2HPO4, 56mMglucose,
5.4mMKCl, 800mMMgSO4–7H2O; pH 7.35). Blood and connective tis-
suewere removed, ventricles wereminced and subjected to five and 15
min enzymatic digestions using collagenase II (Worthington; Lake-
wood, NJ) and pancreatin. Rat neonatal cardiac fibroblasts (RNCF) and
myocytes (RNCM)were separated via pre-plating for 2 h. Following iso-
lation, RNCM were cultured overnight in F-10 media containing 10%
horse serum, 5% fetal bovine system (FBS) and 1% PSF at 37 °C in a hu-
midified incubatorwith 5% CO2. The followingday,mediawere replaced
with F-10 media containing 5% FBS and 1% PSF. RNCF were cultured for
24 h inMEM containing 10% FBS and 1% PSF at 37 °C in a humidified in-
cubator with 5% CO2. After 24 h the media was replaced with 5% FBS-
containing media.

Adult feline left ventricular myocytes were isolated as previously
described [18,19]. Briefly, felineswere anesthetizedwith sodiumpento-
barbital and hearts were rapidly excised, cannulated, andmounted on a
constant flow Langendorff apparatus. Hearts were rinsedwith a physio-
logical Krebs–Henseleit buffer (KHB) and then retrogradely perfused
with collagenase containing KHB. When the tissue softened, the left
ventricle was isolated and gently minced, filtered, and equilibrated
in KHB with 0.2 mmol/L CaCl2, and 1% bovine serum albumin (BSA)
at room temperature. Isolated myocytes were washed with serum-free
culture medium (Medium 199, Sigma) supplemented with penicillin–
streptomycin–glutamine (Gibco) and seeded in a clear-bottom black-
walled 96-well plate (Greiner Bio-one) coated with laminin (BD
Bioscience).

2.4. Cell lysis and fractionation

Following drug treatments, cells were rinsed with ice-cold PBS, col-
lected and lysed in a buffer containing 20 mM Tris (pH 7.4), 137 mM
NaCl, 10% glycerol, 1% NP-40, 10 mM NaF, 1 mM EDTA, HALT protease
inhibitor cocktail and phosphatase inhibitor cocktail (Thermo Scientific;
Rockford, IL). Protein quantities were estimated by Pierce 660 nM
Protein Assay Reagent (Thermo Scientific). For fractionation, cells
were rinsedwith ice-cold PBS, collected and lysed using a Proteo Extract
Subcellular Proteome Extraction Kit (Calbiochem; EMD Biosciences,
La Jolla, CA). Collected cells were re-suspended in Extraction Buffer I
and incubated for 10min at 4 °Cwith gentle agitation. Cells were centri-
fuged at 1000 ×g for 10min at 4 °C and the supernatant (cytosolic frac-
tion) was collected. The remaining pellet was suspended in Extraction
Buffer II and incubated at 4 °Cwith gentle agitation for 30min. The sam-
ple was centrifuged at 6000 ×g for 10 min at 4 °C and the supernatant
(membrane fraction) was collected. The pellet was re-suspended in
Extraction Buffer III and incubated for 10 min at 4 °C with gentle agita-
tion. The sample was centrifuged at 6800 ×g for 10 min at 4 °C. The
supernatant (nuclear fraction) was collected.
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2.5. Immunoblot analysis

Equal amounts of total cell lysates were resolved by SDS-
polyacrylamide gel electrophoresis and transferred to polyvinylidene
difluoride membranes. Odyssey Blocking Buffer (LI-COR Biosciences;
Lincoln, NE) was used to prevent non-specific binding. Protein expres-
sion was measured by immunoblotting overnight at 4 °C with diluted
antibodies against GAPDH (1:1000; Cell Signaling; Danvers, MA),
E-catenin (1:1000; Invitrogen; Grand Island, NY), Lamin A/C (1:1000;
Cell Signaling), phospho-CREB (1:1000; Cell Signaling), phospho-Akt
Ser473 (1:1000; Cell Signaling), phsopho-Akt Thr308 (1:1000, Cell Sig-
naling), total-Akt (1:1000; Cell Signaling), phospho-ERK1/2 (1:3000;
Cell Signaling), total-ERK1/2 (1:5000; Cell Signaling) or cleaved
caspase-3 (1:1000; Cell Signaling). After washing with TBS-T, mem-
braneswere incubated at room temperature for 60minwith the appro-
priate diluted secondary antibody (IRDye680 Donkey anti-rabbit IgG
(H + L) at 1:20,000; IRDye800CW Goat anti-mouse IgG (H + L) at
1:10,000; LI-COR Biosciences). Bound antibody was detected using the
LI-COR Biosciences Odyssey System (LI-COR Biosciences). For total
tissue or cell lysate experiments, levels of P-ERK1/2 and P-Akt were
normalized to T-ERK1/2 and T-Akt, respectively. Initial experiments
in whole heart lysates measured the phosphorylation of Akt at
both Ser473 and Thr308, but all subsequent experiments focused on
Ser473. For all fractionation experiments, levels of phospho-ERK1/2,
total-ERK1/2, phospho-Akt, total-Akt and phospho-CREB were normal-
ized to loading controls appropriate to the subcellular fraction: GAPDH
(cytosolic), E-catenin (plasma membrane) and Lamin A/C (nuclear).
Cleaved caspase-3 levels were normalized to GAPDH.

2.6. Lactate dehydrogenase assay

RNCM cell death was measured using a lactate dehydrogenase
(LDH) Colorimetric Assay Kit according to manufacturer's instructions
(Abcam; Cambridge, MA). Release of LDH was determined in media
from serum deprived RNCM treated with ISO 3 h in the presence or
absence of AG 1478. Absorbancewasmeasured by a spectrophotometer
at 480 nm. LDH activity was interpolated from a standard curve and
expressed as fold of control.

2.7. Caspase 3/7 activity assay

Caspase 3/7 activity was measured using a Caspase-Glo® 3/7 Assay
according to the manufacturer's instructions (Promega; Madison, WI).
In brief, RNCM were plated 20,000/well of a white walled 96-well
plate. Following stabilization in culture and 24 h serum deprivation,
cells were pretreated 10 min with antagonists prior to 3 h incubation
with agonists. After treatment, 100 μL of Caspase-Glo® 3/7 Reagent
was added to each well. Plates were incubated for 1 h prior to reading
luminescence.

2.8. Cell viability assay

RNCM viability was assessed using a CellTiter 96® Non-Radioactive
Cell Proliferation (MTT) Assay (Promega; Madison, WI). RNCM were
plated 20,000/well in a 96-well plate. Following treatment, Dye Solution
was added to the plate followed by the Solubilization/Stop Solution
after a 3 h incubation at 37 °C. Absorbance was measure at 570 nm
with a 750 nm reference wavelength.

2.9. TUNEL staining

An In Situ Cell Death Detection Kit, TMR Red (Roche Diagnostics;
Mannheim, Germany) was used to measure RNCM apoptosis via termi-
nal deoxynucleotidyl-transferase-mediated dUTP nick-end labeling
(TUNEL). RNCM were plated on coated glass coverslips and treated
with 3 h with ISO with or without AG 1478. Cells were fixed with 4%
paraformaldehyde pH 7.4 and permeabilized with 0.1% Triton-X. DNA
strand breakswere labeled according to themanufacturer's instructions
using tetra-methyl-rhodamine-dUTP and coverslips were mounted on
glass slides using Prolong® Gold Antifade Reagent (Invitrogen). Cells
were visualized at 20×magnification using a Nikon Eclipse microscope
and the percentage of TUNEL-positive nuclei calculated in relation to the
number of DAPI-stained nuclei.

2.10. Quantitative real-time PCR

mRNA was isolated from RNCM and RNCF using RNeasy Mini Kit
(Qiagen) and from the whole heart using RNeasy Fibrous Tissue Mini
Kit (Qiagen) following the manufacturer's protocol. cDNA was synthe-
sized using a PCR array first strand-synthesis kit (SA Bioscience) and
pooled from four individual experiments. RT-qPCR reactions were
performed using RT2 SYBR Green PCR Mastermix (SA Bioscience). A
Rat Apoptosis RT2 Profiler PCR Array (SA Bioscience; Frederick, MD)
was used to measure changes in the expression of 84 genes involved
in programmed cell death in RNCM according the manufacturer's
instructions. RT-PCR was performed to validate and quantify changes
in gene expression using total RNA which was isolated from individual
RNCM, RNCF and whole heart mRNA. cDNA was synthesized using a
High Capacity cDNA Reverse Transcription kit (Applied Biosystems),
and real-time PCR (RT-PCR) was performed with SYBR® Select Master
Mix (Applied Biosystems). Real-time PCR was performed using primers
listed in Supplemental Table 1 at an annealing temperature of 60.1 °C.
Data from samples were analyzed in triplicate. All RT-PCR data
were analyzed using the Applied Biosystems Comparative CT Method
(ΔΔCT). Gene expression analysis was normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH).

2.11. TRAIL enzyme-linked immunosorbent assay (ELISA)

Levels of membrane and soluble TRAIL were detected using amouse
TRAIL/TNFSF10 DuoSet ELISA kit (R&D Systems; Minneapolis, MN)
according to manufacturer's instructions. Media from treated RNCM
were concentrated 50× using Amicon® Ultra Centrifugal Filter Device
(Millipore; Billerica, MA). Cells were lysed using RIPA buffer and an
ELISA was performed according to the manufacturer's instructions. In
brief, 96 well plates were coated overnight with Capture Antibody.
Plates were blocked with Reagent Diluent and incubated with con-
centrated media or cellular lysate. Following incubations with the
Detection Antibody and Streptavidin-HRP, a Substrate Solution was
added and absorbance was measured at 450 nm with a 540 nm refer-
ence wavelength.

2.12. Statistical analysis

Data presented is expressed as mean ± standard error of the mean
(SEM). Statistical analysis was performed using a one-way analysis
of variance (ANOVA) followed by a Tukey's multiple comparisons
test using Prism 5.0 software (GraphPad Software Inc.; San Diego,
CA).

3. Results

3.1. βAR-mediated EGFR transactivation induces ERK1/2 and Akt activation
in multiple subcellular compartments in the mouse heart in vivo

βAR-mediated EGFR transactivation has been shown to promote
survival in a mouse model of HF [4]. The prosurvival kinases ERK1/2
and Akt are commonly activated following EGFR stimulation and
could be responsible for mediating EGFR-dependent survival effects
in response to βAR stimulation. To determine if both ERK1/2 and Akt
signaling are regulated in the mouse heart via βAR-mediated EGFR
transactivation, mice were given i.p. injections of the βAR agonist
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isoproterenol in the presence or absence of the EGFR antagonist AG
1478, which shows high selectivity for the EGFR [20,21]. Immunoblot
analysis of total heart lysates prepared from the animals showed that
both ERK1/2 and Akt were significantly phosphorylated following ISO
treatment in an AG 1478-senstive manner (Fig. 1A). Akt underwent
ISO-mediated phosphorylation at both Ser473 (Fig. 1A) and Thr308
(Supplemental Fig. 1A), each of which was significantly inhibited by
EGFR inhibition. Thus all subsequent Akt phosphorylation responses
were assessed at Ser473. Together, these results confirm that βAR-
mediated EGFR transactivation acutely promotes proximal survival
signaling pathway activation in the heart in vivo.

Differences in the subcellular location of phosphorylated ERK1/2 and
Akt (P-ERK1/2 and P-Akt) may be important in identifying the mecha-
nisms of EGFR regulation and the outcomes of such signaling in the
heart. To determine if βAR-mediated EGFR signaling leads to distinct
patterns of ERK1/2 or Akt phosphorylation in different subcellular com-
partments, hearts frommice treated as described above were subjected
to subcellular fractionation analysis. Cytosolic, plasma membrane and
nuclear fractions were enriched and total and phosphorylated levels of
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3.2. βAR-mediated EGFR transactivation differentially impacts the
subcellular activation and targeting of ERK1/2 and Akt in rat
neonatal cardiomyocytes

In order to establish a model system to further characterize the
mechanisms and impact of ERK1/2 and Akt signaling in response to
ISO stimulation,we next performed a series of experiments using isolat-
ed RNCM. Initial experiments in total cell lysates revealed 10 μM ISO
to be the most effective concentration to induce the greatest increase
in both P-ERK1/2 and P-Akt levels (Supplemental Fig. 1C). Using
this concentration of ISO, we next performed a timecourse analysis for
P-ERK1/2 and P-Akt responses (Fig. 2A).Whereas ERK1/2 phosphoryla-
tion peaked early in these total RNCM lysates, Akt phosphorylation
had a slower onset. To determine how these responses correspond to
changes in P-ERK1/2 and P-Akt levels in the different subcellular com-
partments, RNCM treated in the samemanner underwent fractionation
(Fig. 2B). Aswas observed in thewhole heart, P-ERK1/2 and P-Akt levels
were significantly elevated in each of the cytosolic, plasma membrane
and nuclear fractions. Additionally, at the 10 min timepoint, ISO treat-
ment induced peak ERK1/2 and Akt phosphorylation responses in all
fractions, thus this timepoint was used for subsequent experiments.

To next assess the sensitivity of ISO-mediated P-ERK1/2 and P-Akt
responses to EGFR inhibition in RNCM, the cells were treated with
ISO in the presence or absence of AG 1478. As observed in the
whole heart, the ISO-induced P-ERK1/2 and P-Akt responses were
blocked by pretreatment with AG 1478 (Fig. 3A). Importantly, AG
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Fig. 3. βAR-mediated transactivation of EGFR activates ERK1/2 and Akt in RNCM. A, immunoblot analysis of total RNCM lysates show that ISO (10 μM, 10 min) significantly increased
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To determine whether the ERK1/2 and Akt phosphorylation effects ob-
served were due to classical upstream regulators, RNCM were treated
with ISO in the presence or absence of the MEK1/2 inhibitor PD184352
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activation in themembrane fraction. However, elevations in nuclear and
cytosolic P-ERK1/2 were unaffected by LY-294002 pretreatment.
PD184352 pretreatment did not alter ISO-mediated elevations in P-Akt,
while LY-294002 pretreatment abolished increases in the P-Akt response
in all fractions. ISO-mediated phosphorylation of CREB was not altered
by the inclusion of AG 1478, PD184352 or LY-294002 (Supplemental
Fig. 2B). Of note, neither T-ERK1/2 nor T-Akt levelswere altered between
treatments in any of the fractions examined, with the exception that
the combination of AG 1478 and ISO significantly decreased T-Akt levels
at the membrane. Further, preventing receptor internalization with
dynasore significantly attenuated ISO-mediated increases in both
P-ERK1/2 and P-Akt in all fractions. Overall, these results demonstrate
the importance of βAR-mediated EGFR transactivation on the regulation
of ERK1/2 andAkt in different compartments in cardiomyocytes, confirm
that the classical EGFR-MEK-ERK1/2 and EGFR-PI3K-Akt pathways
are activated in these subcellular compartments in response to ISO stim-
ulation and suggest that receptor internalization is a contributing com-
ponent of the mechanisms leading to the activation of ERK1/2 and Akt
throughout the cell.
3.3. βAR-mediated EGFR transactivation decreases apoptosis in RNCM

Since βAR-mediated EGFR transactivation has been shown to pro-
mote survival [4], and ERK1/2 and Akt are known regulators of apopto-
sis we next investigated the ability of βAR-mediated transactivation to
modulate early apoptotic signaling events by assessing caspase activa-
tion. Serum deprivation is a well-characterized method for inducing
apoptosis in various cell types including cardiomyocytes [22–26].
RNCM deprived of serum for 24 h showed an increase in caspase 3/7
activity (Fig. 6A) and cleavage (Fig. 6B) thatwas decreased by treatment
with 10 μM ISO for 3 h. Concentration–response analysis demonstrated
that under these conditions 10 μM ISO treatment produced a maximal
decrease in caspase 3/7 activity that did not affect cellular viability
(Supplemental Figs. 3A and B). To determine the contribution of βAR-
mediated EGFR transactivation to this acute regulation of caspase
activity, serum-deprived RNCM were treated with ISO in the presence
or absence of AG 1478. The ISO-mediated decrease in caspase activity
(Fig. 6C) and cleavage (Fig. 6D) was completely blocked by AG 1478
pretreatment. Importantly, we also observed under the same assay
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Fig. 6.βAR-mediated EGFR transactivation decreases apoptosis. Caspase 3/7 activity wasmeasured by luciferase activity and caspase 3 cleavage by immunoblotting in RNCMwith orwith-
out 24 h serum starvation. Serum starvation significantly increased caspase 3/7 activity (A) and caspase 3 cleavage (B) over RNCM cultured with serum. ISO treatment (10 μM for 3 h)
decreased both caspase 3/7 activity and caspase 3 cleavage in response to serum starvation. n ≥ 4 independent experiments. ANOVA, *p b 0.05. Caspase 3/7 activity (C) and caspase 3
cleavage (D) were measured in serum-starved RNCM treated with ISO (10 μM for 3 h) with or without AG 1478 pretreatment (1 μM; 10 min). ISO significantly decreased both caspase
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conditions that ISO decreased caspase 3/7 activity in primary isolated
adult feline ventricular myocytes (AFVM) and that this effect was also
blocked by AG 1478 (Fig. 6E). This suggests that the EGFR-dependent
pro-survival effects of βAR stimulation in neonatal cardiomyocytes
reflect that of adult cardiomyocytes. LDH activity was also measured
in RNCM to assess generalized cell death and showed similar results
wherein an ISO-mediated decrease in LDH activity was blocked by
EGFR inhibition (Supplemental Fig. 3C). Additionally, inhibition of
either ERK1/2 or Akt signaling pathways with PD184352 or LY-
294002, respectively, abrogated ISO-mediated decreases in caspase 3/
7 activity (Fig. 6F) as well as cleavage of caspase 3 (Supplemental
Figs. 3D and E). In fact, while the inhibition of ERK1/2 signaling with
PD184352 alone did not alter caspase 3/7 activity, PD184352 in the
presence of ISO significantly enhanced caspase 3/7 activity over
serum-deprived RNCM alone. This may indicate that βAR-mediated
EGFR transactivation-dependent ERK1/2 signaling in particular may
provide a crucial check against other pro-death βAR pathways such as
that mediated via PKA [3].

While alterations in caspase activity and cleavage are indicative of
changes in the initial steps toward apoptosis, they do not conclusively
demonstrate the impact of βAR-mediated EGFR transactivation on
the progression to cell death via apoptosis. Thus, a TUNEL assay was
performed (Fig. 7, Supplemental Fig. 4A) using serum-depleted RNCM
treated for 24 hwith ISO in the presence or absence of AG 1478. ISO sig-
nificantly decreased the number of TUNEL-positive nuclei in RNCM,
whichwas abrogated in the presence of AG 1478, while RNCM cultured
under normal conditions (+serum) had very few TUNEL positive
nuclei. This demonstrates that acute initiation of pro-survival signaling
via βAR-mediated EGFR transactivation does impact the long-term out-
come on apoptosis in cardiomyocytes.
3.4. βAR-mediated EGFR transactivation regulates the expression and
secretion of TNF-related apoptosis-inducing ligand (TRAIL) in RNCM

ERK1/2- and Akt-dependent modulation of various cytosolic-
and plasma membrane-localized proteins has been shown to pro-
mote survival [27–30], but it is unclear how βAR-mediated EGFR
transactivation-induced changes in nuclear signaling impact survival,
though modulation of gene expression is an obvious candidate mecha-
nism. To test whether changes in transcription and/or translation
impact EGFR-sensitive survival effects in RNCM following βAR stimula-
tion, we performed caspase 3/7 activity assays as described above in
response to ISO stimulation in the presence or absence of actinomycin
D (transcription inhibitor) or cycloheximide (translation inhibitor).
Pretreatment of RNCM with either agent blocked the ability of ISO
to decrease caspase 3/7 activity (Fig. 8A) and cleaved caspase 3
levels (Supplemental Fig. 4B), suggesting that βAR-mediated EGFR
transactivation-induced alterations in transcription and/or transla-
tion are sufficient to promote survival signaling.

Since the inhibition of transcription can prevent βAR-mediated
EGFR transactivation-dependent survival, we postulated that this path-
way may regulate changes in the expression of apoptotic genes. To test
this, we isolated total RNA fromRNCM that underwent stimulationwith
ISO for 3 h in the presence or absence of AG 1478, generated cDNA and
performed RT-qPCR. To ensure that ISO stimulation induced a predicted
gene expression response, we initially measured the expression levels
of Nr4a1, a gene known to be regulated by canonical Gs-protein-
dependent βAR signaling [31]. As expected, ISO induced a significant
increase inNr4a1 expression that was not blocked by AG 1478 pretreat-
ment (Fig. 8B). Next, we subjected the cDNA to RT-qPCR using a RT2 PCR
apoptotic gene profiler array. Of the 84 genes included in the array
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(Supplemental Table 2), 12 were indicated to be altered in a manner
dependent upon βAR-mediated EGFR transactivation, while the
remaining genes were either unaffected by treatment, sensitive to ISO
alone or the ISO + AG 1478 responses were not different from AG
1478 alone. Validation of array results using RT-qPCR confirmed
tnfsf10 as being significantly decreased following 3 h ISO treatment.
The inhibition of EGFR prevented ISO-mediated decreases in tnfsf10 ex-
pression and significantly elevated levels above basal levels (Fig. 8C).
This indicates that that tnfsf10 expression can be negatively or positively
regulated in response to βAR stimulation in cardiomyocytes through
different mechanisms, with EGFR transactivation providing a dominant
negative regulation of its expression. These data were confirmed in the
whole heart of adult mice where an ISO-dependent increase in Nr4a1
expression was independent of EGFR (Supplemental Fig. 4C), but
an ISO-induced reduction in tnfsf10 expression was blocked by EGFR
inhibition (Supplemental Fig. 4D). Since βAR-mediated EGFR trans-
activation also occurs in cardiac fibroblasts, we tested the effect of
ISO and AG 1478 on RNCF. Although ISO induced a larger increase in
Nr4a1 expression in RNCF than in RNCM, which was partially sensitive
to AG 1478 pretreatment (Supplemental Fig. 4E), ISO did not signifi-
cantly impact tnfsf10 expression despite a trend toward increased
expression within all treatment groups (Supplemental Fig. 4 F). Thus,
the EGFR transactivation-dependent regulation of tnfsf10 in response
to βAR stimulation occurs specifically in cardiomyocytes.

Tnfsf10 encodes for TRAIL (TNF-related apoptosis-inducing ligand), a
protein known to modulate apoptosis through its extracellular actions
[32]. We further validated our findings by measuring the levels
of membrane-bound and soluble TRAIL (sTRAIL) via ELISA from the
membrane fractions of RNCM and the culture media, respectively, fol-
lowing ISO ± AG 1478 treatment. ELISA results showed a decrease in
membrane-bound TRAIL in RNCM membrane lysates and reduced
sTRAIL in media from ISO-treated cells (Fig. 8D). AG 1478 pretreatment
prevented ISO-induced decreases inmembrane TRAILwhile significant-
ly increasing sTRAIL levels over media from non-treated cells. The inhi-
bition of ERK1/2 signaling using PD184352 or Akt with LY-294002 also
abolished ISO-mediated decreases in membrane bound and sTRAIL
(Figs. 8E and F) and significantly elevated membrane-bound TRAIL
levels above non-treated levels. Although TRAIL has a known role in
apoptosis regulation, its reported impact on cell death effects varies in
different cells and tissues [33,34] and in relation to cardiomyocytes
has only been shown in one study to enhance stretch-induced apoptosis
[35]. Therefore, to determine the impact of enhanced TRAIL signaling in
our model, we tested the effect of exogenously-added TRAIL on caspase
3/7 activity in serum-deprived RNCM. The addition of TRAIL significant-
ly increased caspase 3/7 activity in RNCM following 3 h treatment, an
effect that was completely blocked with the co-administration of an
anti-TRAIL antibody, but not by normal IgG (Fig. 8G), demonstrating
that increased TRAIL signaling directly leads to the activation of early
apoptosis events in cardiomyocytes. Altogether, these results indicate
that βAR-mediated EGFR transactivation directs differential subcellular
ERK1/2 and Akt activation, with a strong influence on nuclear signaling
events, including the negative regulation of pro-apoptotic TRAIL expres-
sion, to ultimately promote cardiomyocyte survival.

4. Discussion

βAR are crucial regulators of cardiac function both normally and
pathologically during HF where their signaling becomes altered,
contributing to detrimental increases in apoptosis, fibrosis and hyper-
trophy [1]. However, it has been shown that β1AR-mediated EGFR
transactivation relays a pro-survival effect in a mouse model of HF [4],
though the distal mechanisms by which this process exerts this effect
are not known. βAR-dependent EGFR transactivation activates ERK1/2
signaling, which has been shown in numerous cell types to regulate
several facets of survival signaling [4,8,16,17]. Akt signaling is also en-
hanced by EGFR activation to promote survival, though the impact of
βAR stimulation on this branch of EGFR signaling has not been studied
extensively [8]. Aside from the general activation of EGFR signaling,
the subcellular targeting of these effects could regulate their impact
on cell survival processes, and indeed, differential EGFR activation and
ERK1/2 targeting responses to distinct ligands have been shown to
occur [16,36]. Both ERK1/2 and Akt have diverse functions in the heart
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including regulating cellular proliferation, differentiation, transcription
and death [1,36–39]. Activation of ERK1/2 and Akt leads to the phos-
phorylation of a variety of cytosolic and nuclear targets which influence
cell death and survival [27,28,38,40]. The subcellular distribution
of downstream effectors of GPCRs and RTKs has been investigated
for some time, revealing a wide range of receptor- and cell model-
dependent responses [41–44]. Indeed, our own previous work in HEK
293 cells detailed the cytosolic retention of ERK1/2 by βAR-dependent
EGFR transactivation [16] however in this study we show that the
nuclear ERK1/2 and Akt undergo significant phosphorylation via this
pathway, underscoring the impact of cell-type effects on EGFR signaling.
That the same pattern of ERK1/2 and Akt phosphorylation was attained
in the whole heart in vivo confirms that this is the physiologically rele-
vant response to cardiac βAR-mediated EGFR transactivation. Interest-
ingly, we did not see evidence for significant subcellular shuttling of
non-phosphorylated ERK1/2 and Akt, suggesting that βAR-mediated
EGFR transactivation results in rapid activation of distinct pools of
ERK1/2 and Akt throughout the cardiomyocyte.

The location of receptor signaling is important for determining the
physiological outcome [45–47]. Activated receptors can signal from
the plasma membrane or from endocytic vesicles, which determines
its interactions with signaling networks [48–50]. A major regulatory
mechanism for directing EGFR signaling occurs via the binding of
regulatory proteins to the receptor [51–60]. Different ligands produce
distinct EGFR tyrosine phosphorylation patterns, which influence
recruitment of signaling effectors [36]. βAR-mediated transactivation
of EGFR may produce a unique EGFR phosphorylation response and
has been shown to promote distinctive downstream responses [16].
Some studies show that the majority of EGFR signaling occurs through
pathways initiated at receptors located at the plasma membrane while
others require receptor internalization for full activation [61–63].
Rapid internalization kinetics of βAR and EGFR have been reported
and discussed by others [45,50,64], as has the co-internalization of
βAR with EGFR following catecholamine stimulation [16], suggesting
that the subcellular phosphorylation of ERK1/2 and Akt in response
to βAR stimulation could be mediated via EGFR trafficking. We used
dynasore, a dynamin inhibitor that prevents receptor internalization,
to determine the importance of receptor internalization in ERK1/2 and
Akt activation with ISO-mediated EGFR transactivation. Dynamin inhi-
bition prevented ERK1/2 andAkt phosphorylation in total RNCM lysates
demonstrating the need for receptor internalization in this process. Fur-
thermore, fractionation of RNCM revealed that receptor internalization
is crucial for the activation of ERK1/2 and Akt throughout the cell. This
suggests that while the receptors are activated at the membrane, the
majority of signaling may occur from endocytic vesicles. Both βAR and
EGFR are known to be present and functional on the nuclearmembrane
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and thought to alter gene expression [64–68]. Our data would suggest
that although the receptorsmay be expressed at the nucleus, the plasma
membrane-localized population is predominantly responsible for
promoting EGFR-dependent ERK1/2 and Akt activation throughout the
cardiomyocyte, including within the nucleus, in response to βAR
stimulation.

Cell death is important in the pathogenesis of myocardial infarction
and HF, where moderate increases in apoptosis are sustained [69,70].
To begin to elucidate the pro-survival mechanisms that have been
observed with βAR-mediated EGFR transactivation, we examined the
effects of acute ISO stimulation on cell death and apoptosis. We ob-
served a decrease in LDH release from RNCM treated with ISO, which
was prevented with EGFR inhibition, demonstrating the ability of
βAR-mediated EGFR transactivation to protect cells from death. Fur-
thermore, similar decreases were observed in caspase 3/7 activity fol-
lowing ISO treatment in both adult and neonatal cardiomyocytes,
suggesting that the inhibition of cell death observed with ISO stimula-
tion occurs in large part through decreases in apoptosis. It is important
to note that in this study ISO alone did not induce apoptosis, however
caspase 3 activation wasmonitored acutely while other studies observ-
ing pro-apoptotic effects of ISO in cardiomyocytes examined later
timepoints [71–74]. βAR signaling through G protein-dependentmech-
anisms promotes cell death [3], and has been shown to contribute to ap-
optosis via ER stress [72], while G protein-independent βAR-mediated
EGFR signaling promotes cell survival [4,8,17]. It is possible that
the pro-survival effects of EGFR transactivation are rapid while pro-
apoptotic βAR signaling dominates chronically. Additionally, EGFR-
independent activation of cytosolic Akt or transactivation of other re-
ceptor tyrosine kinases could contribute to survival signaling [8,75].
Considering that acute βAR-mediating signaling has also been demon-
strated to promote ischemic preconditioning [76,77], though without
an exploration of a role for EGFR transactivation, understanding the bal-
ance between pro- and anti-survival βAR signaling events both acutely
and chronically will be important in determining their potential thera-
peutic benefit.

To begin to investigate the linkage between nuclear signaling events
and decreased apoptosis mediated by βAR-dependent EGFR trans-
activation, an RT2 Profiler Array was used to identify changes in gene
transcription of 84 apoptosis-related genes. Of the potential targets
identified, TRAIL (Tnfsf10, Apo2L, or CD253) was identified to be de-
creased in response to ISO in RNCM, an effect that was blocked by AG
1478 treatment and validated not only via real time PCR, but also via
ELISA. The impact of βAR-mediated EGFR transactivation on TRAIL
mRNA expression was similar in the adult mouse heart, but absent
in isolated cardiac fibroblasts, indicating that this effect occurs specifi-
cally in the cardiomyocyte population. Since β1AR expression in
cardiomyocytes predominates, while β2AR expression predominates
in cardiac fibroblasts, these results also suggest that catecholamine-
dependent regulation of TRAIL occurs primarily via β1AR-mediated
EGFR transactivation. In humans, TRAIL signals through two death re-
ceptors, TRAIL-R1 and -R2, aswell as decoy receptors that do not induce
cell death, while mice only have one death receptor and several decoy
receptors [78]. Binding of TRAIL to a death receptor induces apoptosis
through the formation of a death-inducing signaling complex and
caspase activation [34]. While TRAIL is known to induce apoptosis in
cancerous cells, non-tumor cells are often resistant to TRAIL-mediated
cell death due to the competition of decoy receptors for TRAIL binding.
While mRNA and protein expression for TRAIL, two of its pro-
apoptotic receptors, TRAIL-R1 and TRAIL-R2, and a decoy receptor,
TRAIL-R3, have been reported in human and primate cardiomyocytes
[79]; the function of TRAIL in the heart is virtually unknown. Low levels
of soluble TRAIL in the serum of patients with acute coronary syndrome
and post-myocardial infarction have been reported [80–82] and in
advanced HF and cardiovascular disease, decreased TRAIL levels are as-
sociated with worsened prognosis and increasedmortality suggesting a
protective role for TRAIL in the heart [81,83,84]. However, serum TRAIL
levels were enhanced in chronic Chagas cardiomyopathy patients, cor-
relatingwith decreased left ventricular ejection fraction and left ventric-
ular diastolic dimension and increased B-type natriuretic peptide [85].
We are aware of only one study that reported a role for TRAIL in the reg-
ulation of apoptosis in cardiomyocytes, wherein the authors found that
although TRAIL did not alter apoptosis alone, it did enhance cell death
induced by mechanical stretch of cardiomyocytes [35]. Here, we show
in our model of RNCM serum-deprivation that TRAIL significantly in-
creases caspase 3/7 activity, thereby suggesting that the changes in
TRAIL expression mediated via βAR-dependent EGFR transactivation
in cardiomyocytes may provide an important contribution to the pro-
motion of cardiac survival that has been observed in response to this
signaling paradigm.

We have identified differences in the subcellular activation of
ERK1/2 and Akt in the heart in response to βAR-mediated EGFR
transactivation. These changes in ERK1/2 and Akt activation lead to
decreased cardiomyocyte apoptosis, in part, through changes in apo-
ptotic gene transcription, including decreased expression of the pro-
apoptotic factor TRAIL. While βAR-dependent EGFR transactivation
has been previously shown to promote cardiac fibroblast prolifera-
tion [86], to our knowledge, this is the first study to demonstrate
EGFR-dependent regulation of βAR-mediated gene expression in
cardiomyocytes. G protein-dependent βAR signaling through PKA
has been shown to promote cardiotoxicity [6], while alternate βAR
signaling pathways, including via EGFR transactivation, have been
demonstrated to promote cardiac survival [4]. Thus, these data not
only begin to explain the mechanisms by which βAR-mediated EGFR
transactivation promotes survival in cardiomyocytes, but also estab-
lishes a paradigm by which this process can mediate acute changes in
cardiac gene expression.Whether gene expression changes in response
to EGFR transactivation persist in response to βAR stimulation remains
to be tested, but will be an important concept to determine the thera-
peutic potential of this signaling mechanism in the context of HF.
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