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Aims Despite the observation that ErbB2 regulates sensitivity of the heart to doxorubicin or ErbB2-targeted cancer therap-
ies, mechanisms that regulate ErbB2 expression and activity have not been studied. Since isoproterenol up-regulates
ErbB2 in kidney and salivary glands and b2AR and ErbB2 complex in brain and heart, we hypothesized thatb-adrenergic
receptors (AR) modulate ErbB2 signalling status.

Methods
and results

ErbB2 transfection of HEK293 cells up-regulates b2AR, and b2AR transfection of HEK293 up-regulates ErbB2. Inter-
estingly, cardiomyocytes isolated from myocyte-specific ErbB2-overexpressing (ErbB2tg) mice have amplified response
to selective b2-agonist zinterol, and right ventricular trabeculae baseline force generation is markedly reduced with b2-
antagonist ICI-118 551. Consistently, receptor binding assays and western blotting demonstrate that b2ARs levels are
markedly increased in ErbB2tg myocardium and reduced by EGFR/ErbB2 inhibitor, lapatinib. Intriguingly, acute treat-
ment of mice with b1- and b2-AR agonist isoproterenol resulted in myocardial ErbB2 increase, while inhibition with
either b1- or b2-AR antagonist did not completely prevent isoproterenol-induced ErbB2 expression. Furthermore,
inhibition of ErbB2 kinase predisposed mice hearts to injury from chronic isoproterenol treatment while significantly
reducing isoproterenol-induced pAKT and pERK levels, suggesting ErbB2’s role in transactivation in the heart.

Conclusion Our studies show that myocardial ErbB2 and bAR signalling are linked in a feedback loop with bAR activation leading to
increased ErbB2 expression and activity, and increased ErbB2 activity regulating b2AR expression. Most importantly,
ErbB2 kinase activity is crucial for cardioprotection in the setting of b-adrenergic stress, suggesting that this mechanism
is important in the pathophysiology and treatment of cardiomyopathy induced by ErbB2-targeting antineoplastic drugs.
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1. Introduction
ErbB2, a receptor tyrosine kinase (RTK) of the EGFR family, a
co-receptor for EGFR, ErbB3, and ErbB4, is expressed in multiple
cell types including cardiomyocytes. Among the possible ligand-
receptor combinations,1 the most studied in the heart is the ligand
neuregulin 1b (NRG1b) which binds to ErbB4 on cardiomyocytes.
NRG1b binding to ErbB4 promotes heterodimerization with ErbB2
leading to phosphorylation of the heterodimers and activation of

downstream kinase pathways (ERK-MAPK and PI3K-Akt) affecting con-
tractile function, proliferation, and cell survival. Importantly, myocyte-
specific deletion of ErbB2 results in severe dilated cardiomyopathy2,3

showing the significance of the ErbB2 pathway in cardiac remodelling.
ErbB2 is also expressed in breast epithelium and overexpressed in

25% of breast cancers. The importance of ErbB2 in the myocardium be-
came clinically relevant when anti-ErbB2 treatment (Trastuzumab or
Herceptin) was introduced into breast cancer treatment regimen. Ap-
proximately 27% of patients experienced cardiac dysfunction when
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anti-ErbB2 treatment was used in combination with the anthracycline
doxorubicin,4,5 a cytotoxic drug known to increase cardiac ErbB2 in
patients,6,7 and in animal models.8 In the early stages of cardiac dysfunc-
tion, the protective NRG1b-ErbB2 axis is likely activated in myocar-
dium,9– 11 but the mechanism of this is unknown.

Neurohormonal activity dynamically regulates cardiovascular func-
tion and may be a critical determinant of the status of the NRG/ErbB
signalling axis. Previous studies have shown that (i) ErbB2 forms a com-
plex with the protective G-protein coupled receptor (GPCR)
b2-adrenergic receptor (b2AR) critically regulating downstream
ERK1/2 activation12 via transactivation, (ii) ErbB2 and b2AR are linked
in a feedback loop in cancer cells,13 and (iii) ErbB2 is increased in saliv-
ary gland14 and kidney15 after b-adrenergic stimulation with iso-
proterenol. Based on these salient observations, we hypothesized
that ErbB2 and bAR signalling pathways are connected in the heart
through a bidirectional cross-regulation feedback loop wherein inhib-
ition of the ErbB2 pathway disrupts this protective loop.

In our current study, we determined that (i) ErbB2 protein levels
are increased in the heart during acute bAR stimulation, (ii) ErbB2 up-
regulation following b-adrenergic stimulation is dependent on b1 and/
or b2 adrenergic receptor, (iii) ErbB2 up-regulates b2AR in the heart
and in vitro systems, (iv) b2AR up-regulates ErbB2 in in vitro systems, (v)
ErbB2 inhibitors abolishb2AR up-regulation and protein expression in-
volved in the protective feedback loop, (vi) b-blockers reduce the size
of the heart in the ErbB2tg mice, (vii) ErbB2 inhibitors reduce the size of
the heart in wild-type mice, (viii) isoproterenol induces an increase in
cleaved products of ErbB4 and neuregulin indicative of pathway activity,
(ix) ErbB2 kinase inhibitors reduce isoproterenol-induced pAKT and
pERK in the mouse heart, and (x) ErbB2 kinase is protective during
chronic treatment with isoproterenol. These findings support a bidirec-
tional connectivity between ErbB2 and bAR signalling pathways and/or
dependence on ErbB2 in the myocardium during b-adrenergic stress.
Thus, our study is interesting in reference to the recent epidemiological
studies where Trastuzumab toxicity was reduced in women given
b-blockers16,17 suggesting further studies are needed to better under-
stand the protective relationship of ErbB2 in conditions ofb-adrenergic
stress in the heart.

2. Methods
Reagents and drugs used in the experiments are listed in Supplementary
material online, Table S1.

2.1 Animal studies
This study was performed in accordance with the ‘Guide for the Care and
Use of Laboratory Animals’ (2011) of the National Institutes of Health. The
protocol was approved by the Animal Care and Use Committee of the
Johns Hopkins Medical Institutions (Animal Welfare Assurance no.
A-3273-01). Eight- to ten-week-old female mice (average body weight
18–25 g) were used for the in vivo experiments. All mice were housed un-
der a 12 h light–dark cycle with free access to food and water. Euthanasia
was performed using carbon dioxide (CO2), according to AVMA Guide-
lines for the Euthanasia of Animals (June 2007) and Johns Hopkins Univer-
sity Animal Care and Use Committee Guidelines for Euthanasia of Rats and
Mice Using Carbon Dioxide (July 2008). After euthanasia, the mice were
weighed, the hearts were excised, weighed, and cut transversely; left
ventricle, right ventricle, and septum were immediately frozen for further
molecular studies. Left ventricle was used in all the molecular studies
presented here.

2.2 In vitro transfection studies
HEK293 were obtained from ATCC and maintained in DMEM supplemen-
ted with 10% FBS. Cells were transfected with rat-neu/ErbB2 or the
pcDNA 3.1 (+) control plasmid using Lipofectamine reagent. After 48 h,
the cells were washed with cold 1× PBS and harvested in 1× PBS with a
cell scraper and centrifuged. HEK 293 cells were also transfected with hu-
manb2AR expressing cDNA in pcDNA 3.1 (+). The transfected cells were
selected on G418 for neomycin resistance. G418 selection resulted in gen-
eration of HEK 293 cells stably expressing humanb2AR. As a first confirma-
tory step to determine stable expression of human b2ARs in HEK 293 cells,
plasma membranes were isolated and radio ligand binding was performed
as described in the receptor binding method section below. Once b2AR
expression was confirmed, the cells were scraped in 1× PBS and centri-
fuged. Lysis buffer was added to the cell pellet and spun down. The final
supernatant contained the soluble protein used for western blotting.

2.3 Transgenic model
The cardiac-specific ErbB2tg mouse model was generated as described.18

Eight- to ten-week-old female WT and ErbB2tg mice were used for all stud-
ies, unless otherwise indicated.

2.4 In vivo b-agonists and b-blockers treatments
(2)-Isoproterenol hydrochloride was diluted in 0.9% saline and adminis-
tered via intraperitoneal injection (1 mg/kg) to B6SJLF1/J mice. Saline con-
trol mice were injected with a comparable volume of 0.9% saline. All mice
were euthanized at 30 min19 in acute and chronic studies to compare sig-
nalling pathway activation across the treatment groups. Quickly, the hearts
were collected, sectioned, and frozen. In separate experiments, the mice
were injected with 1 mg/kg of isoproterenol and euthanized 24 h later.
Metoprolol tartrate was dissolved in drinking water (0.45 g/L), so that
the mice would receive in average of 90 mg/kg/day.20 The control group re-
ceived regular drinking water in similar water bottles. Mice were adminis-
tered metoprolol for 5 days, and on Day 5, they were injected with saline or
isoproterenol (1 mg/kg). ICI 118 551 (4 mg/kg)21 was diluted in 0.9% saline
and administered to mice intraperitoneally, and 1 h later, mice were in-
jected with saline or isoproterenol (1 mg/kg). The injectable drugs concen-
trations were adjusted so that animals received similar volumes of the
diluted drug and the vehicle. These studies were performed in the animal
facility procedures rooms between 2 and 4 pm to reduce study variability.

To explore the effects of b-blockers on the heart weights in WT and
ErbB2tg mice, genotype combined litters (n ¼ 12 litters) of WT and ErbB2tg

mice littermates were exposed to regular water, metoprolol tartrate, or
propranolol hydrochloride from Day 1 to Day 55. Dams were given treated
water when pups were born (Day 1), and mice were exposed via either milk
or drinking water (as soon as they started using drinking bottles) until eu-
thanasia (Day 55). Metoprolol was dissolved in drinking water at 0.45 g/L so
that the mice would receive in average of 90 mg/kg/day.18 Amber bottles
were used to protect light-sensitive metoprolol solution. Propranolol
was dissolved at 0.5 g/L.22 Bottles were cleaned and refilled twice a
week. Availability of drug in milk was not tested, yet with weaning at 3
weeks, mice did continuously receive treated water. The control litters
received regular drinking water in similar water bottles. At euthanasia,
mice and hearts were weighed, and tibia lengths were measured.

2.5 Adult cardiomyocyte isolation and
functional parameter measurements
Cardiomyocytes were isolated from at least three mice per genotype and
per treatment group on at least three separate days. For some of the ex-
periments, particularly for ErbB2tg mice, four or five hearts were used, be-
cause ErbB2tg mice generally had lower cell yields. The specific animal
numbers for each particular experiment are given in the figure legends.

Hearts were quickly removed from the chest after euthanasia, and aorta
was retroperfused at 100 cm H2O and 378C for �3 min with a Ca2+-free
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bicarbonate-based buffer (see Supplementary material online, Table S2),
gassed with 95% O2–5% CO2. Enzymatic digestion was initiated by addition
of 0.9 mg/mL collagenase type 2 (299 U/mg) and 0.05 mg/mL protease
type XIV to the perfusion solution (6–7 min). Dispersed cardiomyocytes
were filtered through a 150 mm mesh and gently centrifuged at 500 rpm
for 30 s. The pellet was re-suspended in Tyrode’s solution with increasing
Ca2+ (1 mM), and cells were then incubated for 10 min with 3 mmol/L Fura
2-AM in Tyrode’s solution (1 mM Ca2+). After rinsing, cells were placed in a
perfusion chamber with a flow-through rate of 2 mL/min, and functional
measurements were made: sarcomere shortening, whole-cell Ca2+ transi-
ents, relaxation, and Ca2+ reuptake times. The functional parameters were
measured at the baseline and with isoproterenol (10 nM), zinterol
(1 mM),23 or forskolin (100 nM), using an inverted fluorescence micro-
scope (Nikon, TE2000) and IonOptix (Myocamw) software.24

2.6 Trabeculae isolation and systolic force
measurements
Trabeculae from right ventricles (n ¼ 4 WT or ErbB2tg mice) were dis-
sected in Krebs–Henseleit (K-H) solution (1 mM Ca2+) (see Supplemen-
tary material online, Table S2). The muscle was mounted between a force
transducer and a motor arm, superfused with K-H solution at room tem-
perature (10 mL/min) and stimulated at 0.5 Hz. Force was measured using
a force transducer and was expressed in mN/mm2. The muscles underwent
isometric contractions with the resting muscle length set such that resting
force was 15% of total force development (i.e. optimal muscle length). This
resting muscle length corresponds to a resting sarcomere length of 2.20–
2.30 mm as determined by laser diffraction.25 The measurements were
repeated with ICI 118 551 (1 mM).

2.7 b-Adrenergic receptor binding assay
Radio ligand bAR binding studies were carried out as previously de-
scribed.26 Briefly, hearts (n ¼ 5 mice per group) were homogenized in lysis
buffer (5 mmol/L Tris–HCl pH 7.5, 5 mM EDTA, 1 mM PMSF, and 2 mg/mL
Leupeptin and Aprotinin). The homogenized samples were centrifuged at
1000 g for 5 min to remove cell debris/nuclei and the supernatant was cen-
trifuged at 37 000 g for 20 min. Pellet representing membrane fraction was
re-suspended in 75 mM Tris–HCl pH 7.5, 2 mM EDTA, and 12.5 mM
MgCl2. bAR density was determined by incubating 25 mg of the membranes
with saturating concentrations of 125I Cyanopindolol along with 40 mM
propranolol for non-specific binding as previously described.27 To assess
b1/b2AR ratios, 40 mM metoprolol and/or 100 mM ICI 118 55128 were
used.

2.8 cAMP measurements
Cells were harvested in NP40 lysis buffer containing 20 mM Tris pH 7.4,
137 mM NaCl, 1% NP-40, 1 mM PMSF, 20% glycerol, 10 mM NaF, 1 mM
sodium orthovanadate, 2 mg/mL Leupeptin, and Aprotinin. The lysates
were cleared by centrifugation at 12 000 g for 15 min at 48C. The superna-
tants were used for determining the cAMP content29 using catch point
cAMP kit (Molecular Devices, Sunnyvale, CA, USA) as per manufacturer’s
instruction.

2.9 Western blotting
Left ventricle lysates were made from the hearts of 8- to 10-week-old WT
or ErbB2tg female mice. Frozen tissue was rapidly homogenized in 200–
300 mL of lysis buffer (see Supplementary material online, Table S2), and
standard gel electrophoresis and western blotting were performed. Four
to 12% NuPage Bis–Tris gels (Life Technologies, Grand Island, NY, USA)
were used, except for phospholamban evaluation where 13% Tris–Glycine
gels were made. The antibodies used are listed in Supplementary material
online, Table S3. After incubation in anti-rabbit or anti-mouse (1:5000; GE
Healthcare, Piscataway, NJ, USA) or anti-chicken (1:20 000), horseradish
peroxidase-linked secondary antibody, chemiluminescent substrate was

applied (Pierce, Rockford, IL, USA; GE Healthcare, Piscataway, NJ, USA),
and membranes were exposed to CL-Xposure film (Pierce, Rockford, IL,
USA) or Blu-Ray Film (NextDayScience, Rockville, MD, USA). AKT protein
levels were used as loading controls, as previously used by others,30– 32 as
AKT was preferable since actin and GAPDH both varied comparing WT or
ErbB2tg mice. Densitometry was performed using ImageJ (NIH software).
Representative images are shown and all the images within comparison
groups are taken from the same membrane (same exposure).

2.10 Real-time PCR
Total RNA was isolated from the left ventricle of (8–10 weeks old, 3 mice
per group) using RNeasy Mini Kit (Cat. no. 74104, Qiagen, Valencia, CA,
USA), with an in-column DNase treatment (RNase-Free DNase Set, Qia-
gen) as described.8 cDNA synthesis was performed using a SuperScript II kit
(Invitrogen). cDNA was used to evaluate ErbB2 and RCAN1 mRNA levels
by quantitative real-time reverse transcriptase–PCR (qRT–PCR) using iQ5
Multicolor Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
USA). TaqManw (Applied Biosystems, Foster City, CA, USA) assay
(mm00658541_m1) was used for ErbB2 mRNA levels evaluation and the
following primers (Integrated DNA Technologies, Coralville, IA, USA)
were used for RCAN1 mRNA levels evaluation: 5′-gagtcgttcgttaagcgtc-3′

(F) and 5′-aaatttggccctggtctcac-3′ (R). Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) or peptidylprolyl isomerase A (PPIA) mRNA levels
were used for RNA normalization. The quantitative RT–PCR results were
calculated by DDCt method using the mean of the DCt value of vehicle-
treated mice as a normalization factor.

2.11 Lapatinib treatment
WT and ErbB2tg mice were treated with oral lapatinib (160 mg/kg/day)
(n ¼ 7 mice per group), via a 20G-38 mm gavage needle (Harvard Appar-
atus, Holliston, MA, USA). A suspension of lapatinib (LC Laboratories, Wo-
burn, MA, USA) was freshly prepared before each treatment, by diluting
lapatinib with a vehicle buffer containing 0.5% carboxymethylcellulose,
1.8% sodium chloride, and 0.4% Tween 80 in dH2O. Appropriate volumes
of the vehicle were administered to control mice. Since a percentage of la-
patinib is excreted in faeces, vehicle- and lapatinib-treated mice were
housed separately. The mice were treated daily for 11 days, euthanized
2 h after receiving the final treatment (at peak serum levels), and the hearts
were collected.

2.12 AG825 and isoproterenol studies
Female B6SJLF1/J mice (n ¼ 5 per group) were randomly divided into five
treatment groups: saline, DMSO, AG825 (ErbB2 kinase inhibitor), iso-
proterenol, and DMSO or isoproterenol and AG825. All treatments
were given twice per day in the morning and evening, �12 h apart for
2 weeks. Mice were injected with isoproterenol (7.5 mg/kg) each injection.
Saline and isoproterenol were injected subcutaneously between shoulder
blades. DMSO (0.01%) and AG825 (1 mg/kg) (dissolved in 0.01% DMSO)
were injected into right or left flank subcutaneous tissue. Transthoracic
echocardiography was performed on Day 7 and Day 14 to measure systolic
function. One hour after echocardiography evaluation, mice were given the
final injections and euthanized 30 min later. We chose this time point to
evaluate isoproterenol-induced ERK and AKT phosphorylation. Heart
weights/tibia lengths were measured at euthanasia. Representative cross-
sections of hearts were saved for histology, processed, and later stained
with fibrosis stain Masson’s Trichrome. The remainder of left ventricle
was sectioned in strips from base to apex and frozen in liquid nitrogen,
and lysates were made from these sections.

2.13 Echocardiography
Transthoracic echocardiography was performed on conscious mice using
Acuson Sequoia C256 ultrasound machine equipped with the 15 MHz lin-
ear array transducer. The mouse heart was imaged in a two-dimensional
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mode followed by M-mode using the parasternal short-axis view at a sweep
speed of 200 mm/s. Measurements were acquired using the leading edge
method, according to the American Echocardiography Society guidelines.33

Left ventricle chamber dimensions were acquired during the end-diastolic
and end-systolic phase, including interventricular septum (IVSD), left ven-
tricular posterior wall thickness (PWTED), left ventricular end-diastolic di-
mension (LVEDD), and left ventricular end-systolic dimension (LVESD).
Three to five values for each measurement were acquired and averaged
for evaluation. The LVEDD and LVESD were used to derive fractional
shortening (FS) and to measure left ventricular performance by the follow-
ing equation: FS% ¼ [(LVEDD 2 LVESD)/LVEDD] × 100.

2.14 Statistics
For statistical analysis, GraphPad Prism software (GraphPad, La Jolla, CA,
USA) was used. Data are presented as mean + SD. The unpaired Student’s
t-test or analysis of variance (ANOVA) were performed to compare two or
three or more unrelated groups as appropriate, with a P-value of ,0.05
deemed significant.

3. Results

3.1 Erbb2 overexpression up-regulates
b2AR, while b2AR overexpression
up-regulates ErbB2 in vitro
The previous work on the cooperative relationship between b2AR and
ErbB2 led to our investigations on whether elevation in ErbB2 protein
itself would increase endogenous b2AR protein levels, or vice versa,
whether an increase in b2AR protein in turn would increase ErbB2
protein levels. In this context, it is known that ErbB2 and b2AR co-
localize in lipid rafts34,35 and both receptors co-immunoprecipitate in
a complex,12 but it is not known whether these two receptors cross-
regulate the protein expression of their respective partners. To exam-
ine this possibility, HEK293 cells were transiently transfected with a
cDNA construct encoding ErbB2. Remarkably, endogenous b2-AR
was up-regulated with ErbB2 overexpression (Figure 1A). A concurrent
increase in AKT phosphorylation was also found in these cells demon-
strating pathway activation (Figure 1A).

Since transient expression of ErbB2 in HEK293 cells resulted in
marked increase in endogenous b2AR expression, we next tested

whether overexpression of b2AR in HEK 293 cells would result in a
counter regulation of ErbB2. Intriguingly, we observed a marked in-
crease in ErbB2 expression in the b2AR-overexpressing cells
(Figure 1B). To assess whether overexpression of b2AR, which in par-
allel up-regulates endogenous ErbB2, has consequences in downstream
signals at baseline, immunoblotting was performed for phospho-ERK
and phospho-Akt. A minimal increase in phospho-ERK was observed
with no changes in phospho-Akt (data not shown). To further provide
evidence of b2AR overexpression in HEK293 cells, plasma membranes
from these cells were subjected to [125]I-cyanopindalol radio ligand
binding. Significant expression of b2ARs was observed in HEK293 cells
expressing b2AR compared with control vector transfected cells
(Figure 1C). Consistently, cAMP was significantly increased at baseline
(with no added agonist stimulation) in b2AR-expressing cells
compared with vector controls (Figure 1D).

3.2 Erbb2 increases NRG1b (neuregulin),
ErbB4 and its cleaved products,
phospholamban (PLN) levels and eNOS
phosphorylation, calcium transients, and SR
Ca21 load in isolated cardiomyocytes or
myocardium from ErbB2tg mice compared
with WT littermates
To evaluate the physiologic role of ErbB2 and b2AR signalling in the
myocardium, we isolated adult cardiomyocytes from transgenic mice
with myocyte-specific expression of ErbB2 (ErbB2tg) to compare base-
line calcium cycling and sarcomere shortening. ErbB2tg mice have con-
centric hypertrophy but do not progress to end-stage heart failure.18

Adult ErbB2tg cardiomyocytes had significantly increased Ca2+ transi-
ents accompanied by faster sarcoplasmic reticulum (SR) Ca2+ reuptake
(Figure 2A; Table 1) and elevated SR Ca2+ load (Figure 2B and C ) com-
pared with WT cardiomyocytes. Interestingly, basal sarcomere short-
ening (SS, %) of adult ErbB2tg cardiomyocytes was similar to WT
cardiomyocytes in spite of higher Ca2+ transient and faster relaxation
in ErbB2tg cardiomyocytes (Figure 2A; Table 1). This observation is rem-
iniscent of the negative inotropic effects observed previously with
ErbB4 ligand NRG1b.36,37

Figure 1 In vitro ErbB2 overexpression causesb2AR up-regulation and AKT phosphorylation, while b2AR overexpression causes ErbB2 up-regulation.
(A) HEK293 cells were transfected with ErbB2, and 48 h later the cells were harvested, lysates were prepared, and western blotting was performed.
ErbB2 transfected cells have a concurrent up-regulation of b2-adrenergic receptor and AKT phosphorylation. (B) Protein levels of ErbB2, b2AR,
pErk1/2, Erk1/2 were evaluated by western blotting in the lysates made of HEK 293 cells transfected with empty vector or b2AR expression vector.
(C) Radio ligand binding assay was performed using [125]I cyanopindolol methods in plasma membranes of HEK 293 cells expressing b2ARs or vector,
(n ¼ 4). (D) Baseline cAMP levels were measured in HEK 293 cells expressing b2ARs or vector (n ¼ 3). Data are in means+ SD (B) *P , 0.001,
(D) *P , 0.01 by Student’s unpaired t-test.
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Figure 2 ErbB2 overexpression effects on calcium handling in murine isolated cardiomyocytes, phosphorylation of phospholamban (PLN), and
RCAN1 expression. (A) Representative tracings of isolated murine wild-type (WT) and ErbB2-overexpressing (ErbB2tg) adult cardiomyocytes showing
the effects of ErbB2 overexpression on sarcomere shortening (SL ¼ sarcomere length, mm) and whole-cell Ca2+ transients (Fura-2 fluorescence ratio).
Cardiomyocytes were isolated from four mice per genotype on at least three separate days. (B and C ) Effects of ErbB2 overexpression on
caffeine-induced sarcoplasmic reticulum (SR) Ca2+ transient: representative tracings (B), and quantification (C); n ¼ 26 cells (WT), 10 cells (ErbB2tg)
(all cells derived from four successful isolations). ***P , 0.001 by the Student unpaired t-test. The data are means+ SD. (D and E) Neuregulin 1b
(NRG-1b) (D and E), ErbB4 (F ) expression, and phospho-AKT (G) levels were evaluated in the left ventricles of the WT and ErbB2tg mice by western
blotting. (H ) PLN phosphorylation (Serine 16) in the hearts of WT and ErbB2tg mice was evaluated by western blotting and normalized to total PLN.
Representative images (left) and densitometric quantifications (fold change from WT, right) are shown. n ¼ 3 (WT), n ¼ 6 (ErbB2tg) mice per group.
*P , 0.05 by the Student unpaired t-test. The data are means+ SD. (I) eNOS phosphorylation (Serine 1177) levels in the hearts of WT and ErbB2tg mice
were evaluated by western blotting and normalized to total eNOS protein levels. Representative images (top) and densitometric quantifications (fold
change from WT, bottom) are shown, n ¼ 3 (WT), n ¼ 4 (ErbB2tg). *P , 0.05, ***P , 0.001 by the Student unpaired t-test. The data are the
means+ SD.
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We have previously reported that pAKT and pERK were elevated in
the ErbB2tg mice18 but had not determined whether any ErbB pathway
ligands were elevated in myocardium. Since the overexpression of
ErbB2 also induces elevation of multiple proteins in its pathway,18 we
next assessed for ErbB4 ligand NRG1b in the transgenic ErbB2tg heart.
Measurement of NRG1b in the myocardium by western blotting
showed that membrane and cleaved forms of NRG1b were increased
in ErbB2tg compared with WT littermates (Figure 2D and E). Since re-
cent studies have shown that NRG1b ligand activity leads to generation
of cleaved ErbB4 products,38 we examined expression of ErbB4 by
immunoblot. Myocardial lysates from ErbB2tg mice showed significant
increase in full length and cleaved products of ErbB4 (Figure 2F).
Corresponding to the heterodimerization of ErbB2 and ErbB4 in the
context of elevated NRG1b, we observed significant activation of
downstream kinase Akt (Figure 2G).

Since calcium reuptake was increased in isolated ErbB2tg cardiomyo-
cytes, we tested for the underlying mechanism by assessing activation
status of phospholamban and eNOS. Phospholamban phosphorylation
(S16) was significantly increased in ErbB2tg hearts (Figure 2H), suggest-
ing that faster SR Ca2+ uptake is related to reduction of SERCA inhib-
ition through PLN phosphorylation. Furthermore, ErbB2tg mice
myocardium is associated with increased phosphorylated eNOS levels
(S1177) (Figure 2I) compared with WT. This is interesting as activated
eNOS has been implicated in the negative inotropic effect of NRG1b
treatment.36,37 We therefore compared our findings in ErbB2tg mice
with various models of NRG1b treatment36,37,39,40 to show the similar-
ities and differences (Table 2). Activation of the eNOS pathway, likely due
to activation by pAKT, appears to be a common link between our studies
and the previous work by others using the ErbB4 ligand NRG1b.

3.3 Erbb2tg cardiomyocytes and trabeculae
have increased b2AR levels and
physiological response
ErbB2tg cardiomyocytes treated with the b2-adrenergic receptor agon-
ist zinterol exhibited an amplified positive inotropic response that
matches the inotropic effect of the non-selective bAR agonist iso-
proterenol (Figure 3A and B). ErbB2tg cardiomyocytes treated with for-
skolin (direct adenylyl cyclase activator) also had a similar increase in
sarcomere shortening and whole calcium transients compared with
WT cardiomyocytes (Figure 3C) suggesting that the molecular differ-
ence in pathway response between WT and ErbB2tg mice lies in the

proximal b2AR signalling pathway. In support, [125]I-cyanopindolol
radio ligand binding showed that b2AR density was doubled in ErbB2tg

myocardium (Figure 3D), an observation consistent with the in vitro
HEK293 studies showing up-regulation of endogenous b2ARs with
ErbB2 expression. Corresponding to the myocyte studies, loaded
ErbB2tg trabeculae had significantly higher baseline force (Figure 3E).
Importantly, the baseline force was significantly reduced (compared
with the WT trabeculae) under exposure to selective b2AR inhibitor
ICI 118 551 (Figure 3E). In summary, both cardiomyocyte and
trabeculae studies suggest that the higher level of b2AR expression
may underlie the observed myocardial responses in the ErbB2tg mice.

3.4 b2AR is up-regulated in ErbB2tg

myocardium and ErbB2/EGFR kinase
inhibitor lapatinib reduces b2AR expression
Since we observed receptor binding assays and physiological res-
ponses with agonists and antagonists that suggested higher b2ARs in

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Isolated murine cardiomyocytes baseline data

WT ErbB2tg P-value

SS, % 3.62+1.13 3.76+1.11 0.6113

Ca2+ transient, % 38.73+15.11 69.7+27.81 ,0.0001***

RT50, ms 402.7+130 292+80 0.0001***

Ca2+ transient
RT50, ms

221.18+70 183.79+40 0.0087**

Cardiomyocytes were isolated from five mice per genotype on at least 3 separate days.
Sarcomere shortening [SS, %, n ¼ 38 cells (WT), n ¼ 27 cells (ErbB2tg)], Ca2+

transient [%, n ¼ 36 cells (WT), n ¼ 26 cells (ErbB2tg)], RT50 [ms, n ¼ 40 cells (WT),
n ¼ 28 cells (ErbB2tg)], and calcium transient RT50 [ms, n ¼ 38 cells (WT), n ¼ 28 cells
(ErbB2tg)] (all cells derived from five successful isolations) of isolated murine WT and
ErbB2tg cardiomyocytes. **P , 0.01, ***P , 0.001 by the Student unpaired t-test. The
data are the means+ SD.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Functional comparison of ErbB2 overexpression
(current study) and NRG1b treatment (published
in literature) in isolated cardiomyocytes, trabeculae
(or papillary muscles), or hearts in vivo

Parameter values or
change of parameters
(compared to WT or
untreated control)

ErbB2tg vs. WT
(current study)

NRG treated
vs. untreated
(published in
literature)

Isolated cardiomyocytes, baseline

1 Sarcomere shortening, % Unchanged Decreased40

2 Ca2+ transient Increased Unchanged40 or
increased36

3 Relaxation Faster Unchanged40

4 Ca2+ reuptake Faster Faster36

Isolated cardiomyocytes, ISO-induced changes, compared with changes
in respective controls

5 Sarcomere shortening, % Decreased –

6 Ca2+ transient Unchanged Unchanged36

7 Relaxation Faster –

8 Ca2+ reuptake Unchanged –

Caffeine-induced Ca2+ transients in isolated cardiomyocytes

9 Ca2+ transient Increased Unchanged40 or
Increased36

Trabeculae or papillary muscles

10 Force (active tension) Increased Decreased37

Signal transduction

11 Phospholamban
phosphorylation (Ser16)

Increased Increased36 or
Decreased39

12 eNOS phosphorylation
(Ser1177)

Increased Increased36,37

(1–9) Functional changes comparison between isolated murine cardiac ErbB2tg

cardiomyocytes (current study) and NRG1b-treated WT adult rat cardiomyocytes
(literature search); (10) Functional changes comparison between isolated murine
cardiac ErbB2tg trabeculae (current study) and NRG1b-treated WT papillary muscles
(literature search); (11) Phospholamban phosphorylation changes comparison
between left ventricles obtained from ErbB2tg (current study) and NRG1b-treated
isolated WT adult rat cardiomyocytes or murine hearts (literature search); (12) eNOS
phosphorylation changes comparison between left ventricles obtained from ErbB2tg

(current study) and NRG1b-treated isolated WT adult and neonatal rat
cardiomyocytes (literature search).
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the myocardium of ErbB2tg mice, we explored whether the expression
of b2ARs is regulated by ErbB2/EGFR signalling by using lapatinib
(ErbB2/EGFR kinase inhibitor) daily for 11 days. Consistent with our
binding studies, b2AR was elevated in the myocardium of ErbB2tg com-
pared with WT littermate controls and lapatinib treatment reduced the
levels of b2-AR protein in ErbB2tg mice (Figure 4A). These studies

confirm the role of EGFR/ErbB2 kinases in regulating the expression
of b2-AR protein in the heart.

As high Ca2+ transients is observed with ErbB2tg cardiomyocytes,
we investigated the expression of RCAN1, a protective inhibitory pro-
tein of calcineurin-NFAT pathway that is responsive to calcium le-
vels.41,42 Indeed, increased expression of both RCAN1 mRNA

Figure 3 ErbB2 overexpression modulates the response of murine isolated cardiomyocytes to bAR stimulation. (A and B) Cardiomyocytes were iso-
lated from at least three mice per genotype and per treatment group on at least three separate days. The b2-specific agonist zinterol (1 mM) induces an
increase in sarcomere shortening and Ca2+ transients that matches the response to isoproterenol (10 nM, b1 and b2 agonist) in ErbB2tg cells. In WT
cells, zinterol is less potent than isoproterenol. Data are presented as percentage change from the baseline. Sarcomere shortening data: n ¼ 29 cells
(WT, ISO), n ¼ 17 cells (ErbB2tg, ISO); n ¼ 24 cells (WT, Zinterol), n ¼ 18 cells (ErbB2tg, Zinterol). Ca2+ transient data: n ¼ 27 cells (WT, ISO),
n ¼ 16 cells (ErbB2tg, ISO); n ¼ 23 cells (WT, Zinterol), n ¼ 17 cells (ErbB2tg, Zinterol) [all cells derived from four (WT) or five (ErbB2tg) successful
isolations]. *P , 0.05, **P , 0.01, ****P , 0.0001 by two-way ANOVA with post hoc Sidak’s multiple comparisons test. The data are means+ SD. (C)
The direct adenylyl cyclase stimulator forskolin (100 nM) elicits a similar response both in WT and in ErbB2tg cardiomyocytes. Data are presented as
percentage change from the baseline. Sarcomere shortening data: n ¼ 7 cells (WT), n ¼ 12 cells (ErbB2tg). Ca2+ transient data: n ¼ 7 cells (WT), n ¼ 13
cells (ErbB2tg) [all cells derived from three (WT) or four (ErbB2tg) successful isolations]. The Student unpaired t-test was used for statistical analysis. The
data are means+ SD. (D) Radioligand binding assays demonstrate a doubling of b2AR density in ErbB2tg mice myocardium. n ¼ 5 mice per group.
****P , 0.0001 by one-way ANOVA with post hoc Tukey’s test. The data are means+ SD. (E) Loaded right ventricular trabeculae of ErbB2tg mice dem-
onstrate increased baseline force generation which is normalized to normal levels by the b2-specific antagonist ICI 118 551 (1 mM). n ¼ 6 (WT), n ¼ 5
(ErbB2tg) mice per group. ***P , 0.001, ****P , 0.0001 by two-way ANOVA with post hoc Sidak’s multiple comparisons test. Data are means+ SD.
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(Figure 4B) and RCAN1 protein was observed in ErbB2tg hearts com-
pared with WT hearts. Lapatinib treatment also decreased RCAN1
protein expression indicative of EGFR/ErbB2 kinase regulatory involve-
ment maintaining RCAN1 protein level in the heart (Figure 4C).

To examine whether the heart size in the ErbB2tg mice is reduced by
b-blockers, neonatal mice were treated with b-blockers and the heart
weights to tibia lengths compared across groups. Exposure of the mice
to b-blockers (a non-specific and a b1-specific blocker) prior to devel-
opment of cardiac hypertrophy/cardiomegaly, starting at postnatal day
7–9, resulted in significant reduction in heart weights in ErbB2tg mice

compared with untreated ErbB2tg mice (Figure 4D). Together these sug-
gest that interactions between ErbB2-bAR pathways partly underlie the
hypertrophic responses observed in the ErbB2tg mice vs. wild-type litter-
mates did not show a significant reduction in heart size underb-blockers.

3.5 Acute b-adrenergic stimulation with
isoproterenol increases ErbB2, b2AR,
and pErk1/2 in the myocardium
Little is known about the pathways that activate and up-regulate ErbB2
in the heart. However, previous studies have shown that isoproterenol

Figure 4 ErbB2 overexpression induces an increase in b2AR and RCAN1 protein in myocardium and reversed by lapatinib, ErbB2, and EGFR kinase in-
hibitor, while b-blockers reduce heart weights of ErbB2tg mice. (A) b2AR and (C) RCAN1 protein in WT and ErbB2tg myocardium (vehicle or lapatinib-
treated) evaluated by western blotting and normalized to AKT protein levels. Representative images (left) and densitometric quantifications (right) are shown.
Adult male WT and ErbB2tg mice were given lapatinib (160 mg/kg of body weight) or vehicle (Veh) by gavage daily for 11 days. Two hours after the last
lapatinib administration (peak serum levels), the mice were euthanized; the hearts excised, and western blotting of left ventricular lysates was performed.
(b2AR or RCAN1; WT control, WT LAPA; ErbB2tg control, ErbB2tg LAPA). *P , 0.05, **P , 0.01, ****P , 0.0001 by two-way ANOVA with post hoc
Sidak’s multiple comparisons test. The data are means+SD. (B) Regulator of Calcineurin 1 (RCAN1) transcript expression levels by RT–PCR is increased
in ErbB2tg mice. Peptidylprolyl isomerase A (PPIA) was used as internal control. n ¼ 11 (WT), n ¼ 12 (ErbB2tg), n ¼ 6 WT LAPA, n ¼ 6 ErbB2tg LAPA mice/
group, ***P , 0.001 by the Student unpaired t-test. The data are means+SD. (D) Chronic treatment with metoprolol (0.45 g/L) or propranolol (0.5 g/L)
delivered in the drinking water was performed in neonatal mice beginning Day 1. Fifty-five days later, the mice were euthanized and hearts were weighed and
indexed by tibia lengths. **P , 0.01, ****P , 0.0001 by two-way ANOVA with post hoc Sidak’s multiple comparisons test. The data are means+SD.
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increases ErbB2 protein in kidney15 and salivary glands.14 We hypothe-
sized that bAR stimulation would have the similar effect on the myocar-
dium. Mice injected with isoproterenol (1 mg/kg) showed significant
increases in cardiac ErbB2, b2AR levels, and ERK1/2 phosphorylation
at 30 min post injection (Figure 5A). ErbB2 levels remained elevated
for 24 h (Figure 5B). ErbB2 mRNA (24 h) was not increased despite in-
creased protein levels (Figure 5C). We hypothesized that a post-
translational mechanism may be involved in ErbB2 up-regulation and
we next evaluated HSP90 levels. HSP90 stabilization of ErbB2 has
been previously reported8,43 and at 30 min after isoproterenol treat-
ment, HSP90 did in fact increase in the heart (Figure 5A).

3.6 Both b1- and b2-AR play an important
role in ErbB2 up-regulation after b-AR
activation
We then sought to determine whether b1- or b2-ARs are responsible
for the up-regulation of ErbB2 and activation of downstream pathways
as a consequence of isoproterenol. Mice were treated with iso-
proterenol (ISO) (non-specific b-agonist) alone and along with either
b2-specific blocker, ICI 118 551 (Figure 5D) or b1-specific blocker,
metoprolol (Figure 5E). Interestingly, ErbB2 levels increased with ICI
118 551 treatment compared with saline controls (Figure 5D). In con-
trast, there was no increase in ErbB2 levels following metoprolol alone
compared with saline (Figure 5E). Importantly, ISO (1 mg/kg) increased
ErbB2 levels significantly compared with saline, along with phosphoryl-
ation of AKT and ERK1/2. Furthermore, ISO induced up-regulation of
ErbB2 despite the presence of ICI or metoprolol (Figure 5D and E).
However, activation of AKT and ERK1/2 signalling pathways in re-
sponse to ISO was significantly inhibited in the presence of ICI118
551 or metoprolol suggesting a complex interplay of receptors and
downstream signalling pathways in ErbB2 modulation by b1- or
b2-ARs.

3.7 Chronic treatment with concurrent
isoproterenol and ErbB2 kinase inhibitor
results in cardiac dysfunction, myocardial
fibrosis, and reduced ERK1/2 and AKT
phosphorylation
Since acute bAR stimulation increased ErbB2 and pERK levels, we as-
sessed whether inhibition of ErbB2 during chronic bAR stimulation
would have a negative impact on heart function, structure, and down-
stream signalling. Using a chronic protocol,44,45 mice were injected with
ISO (7.5 mg/kg) every 12 h for 2 weeks. Saline, DMSO, and AG825
(ErbB2 kinase inhibitor) control groups were compared with the ISO
with or without AG825. Transthoracic echocardiography was per-
formed on Day 7 and Day 14, and mice were not injected on the morn-
ing of both imaging days. Representative M-modes (Figure 6A) show that
ISO and AG825 increased LV chamber and reduced systolic function
compared with other treatments. FS (%) was not significantly different
on Day 7 for all groups (not shown), but by Day 14, all of the mice in the
combined ISO and AG825 treatment regimen had a significant reduc-
tion in systolic function by echocardiography (Figure 6B). After systolic
evaluation, mice were necropsied and heart weights and tibia lengths
measured. Strikingly, AG825 treatment alone significantly reduced
heart weights indicating a critical role for ErbB2 in maintenance of heart
size (Figure 6C). Representative trichrome-stained cross-sections of
hearts show that the increase in blue indicative of fibrosis/collagen
staining is increased in the combined treatment group (Figure 6D

and E). Interestingly, fibrosis is limited to the LV free wall and the sep-
tum in all mice treated with either ISO alone or ISO along with
AG825. Qualitatively, fibrosis appeared more extensive in the ISO
and AG825 combined treatment group heart sections. Since hearts
were sectioned for histology and molecular analysis, serial sectioning
through the hearts and fibrosis quantification is a limitation in our
study.

Chronic ISO treatment (Figure 7A–C) did not alter ErbB2 expres-
sion, but ErbB4 protein was increased, particularly the cleaved pro-
ducts associated with pathway activity.38 ErbB2 kinase inhibition with
AG825 markedly decreased the isoproterenol-induced ERK1/2 and
AKT phosphorylation (Figure 7D and E) suggesting the key role for
ErbB2 kinase in bAR-mediated activation of these downstream path-
ways. The protective protein bcl-XL was significantly decreased in
both ISO and ISO-AG825 treatment groups (Figure 7F). Since b2AR
and HSP90 were elevated in acute ISO treatments, we assessed levels
on these proteins under chronic b-adrenergic stimulation, but neither
were altered under these conditions (Figure 7G and H ). Finally, in-
creased NRG1b (neuregulin) was observed in both isoproterenol
treatment groups (Figure 7I). Together these findings show the critical
role of the active ErbB2-bAR cross-talk in cardiac remodelling.

4. Discussion

4.1 Novel mechanism of molecular and
functional interaction of ErbB2 and
b-adrenergic pathways in the heart
In the present study, we demonstrate that ErbB2 and bAR pathways
exhibit elements of bidirectional cross-regulation. For example,
ErbB2 up-regulation follows acute b-adrenergic stimulation, while
ErbB2 kinase activity is protective during chronic b-adrenergic stimula-
tion. ErbB2 kinase is involved in transactivation with an increase in
pAKT and pERK after isoproterenol stimulation. Reciprocally, increas-
ing ErbB2 expression either in vitro or in vivo increases the ratio of b2AR
relative to b1AR expression. Overexpression of b2ARs increases ex-
pression of ErbB2 in vitro. Importantly, the induction and/or activation
of ErbB2 by bAR stimulation appears to play an important feedback
function, limiting the adverse effects of adrenergic activation on myo-
cardial structure and function. Thus, the bidirectional interaction and
cooperativity of these two signalling pathways appears to be critical
to the long-term regulation of cardiac performance.

4.2 The role of ErbB/ NRG1b pathways
in the heart
Although the cardioprotective role of the ErbB2 pathway is well
known,40,46– 50 the levels of NRG1b/ErbB2/ErbB4 vary widely depend-
ing on the model used and disease stage.9– 11,51– 54 Our current study
shows that ErbB2 is induced with catecholamine signalling and can up-
regulate the cardioprotective b2AR.55– 58 Yet, chronic ErbB2 overex-
pression could likely induce the hypertrophic calcineurin-NFAT signal-
ling, which long-term may precipitate to maladaptation and heart
failure.42,59 In this context, we have observed significant up-regulation
of RCAN1 (a negative regulator of calcineurin) that may account for
the long-term preservation of cardiac function in ErbB2tg mice. Thus,
the fine-tuning control mechanisms for ErbB2 levels in the heart may
represent a molecular fulcrum for balancing cardioprotection and
hypertrophy.
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Figure 5 Acute isoproterenol stimulation effects on ErbB2 signal transduction and b2-adrenergic receptor (AR) levels. (A) ErbB2, b2AR, HSP90, and
phospho-Erk1/2 protein levels in murine left ventricle 30 min after isoproterenol (1 mg/kg, IP) administration evaluated by western blotting and normal-
ized by densitometry to AKT protein. (B) ErbB2 protein levels in murine left ventricle 24 h after isoproterenol (1 mg/kg, IP) administration evaluated by
western blotting and normalized by densitometry to AKT protein. (C) ErbB2 mRNA levels in the left ventricle 24 h after saline or isoproterenol treat-
ment evaluated by RT–PCR with GAPDH mRNA levels used as internal control. (D) ErbB2, pAKT, and pErk1/2 in murine left ventricle 30 min after
isoproterenol (1 mg/kg, IP) with and without specific b2-blocker ICI 118 551 (4 mg/kg, IP) given 1 h prior to isoproterenol. (E) ErbB2, pAKT, and
pErk1/2 levels in murine left ventricle 30 min after isoproterenol (1 mg/kg, IP) with and without specific b1-blocker metoprolol (meto) (90 mg/kg/
day) in water for 5 days prior to isoproterenol. Thirty minutes after isoproterenol injection, the mice were euthanized and the hearts harvested.
ErbB2 levels, Erk1/2, and AKT phosphorylation were evaluated in left ventricle lysates by western blotting, normalized to AKT protein levels and quan-
tified by densitometry. Group size: (A) n ¼ 4 (Saline), n ¼ 8 (ISO); (B) n ¼ 5 (Saline), n ¼ 5 (ISO); (C) n ¼ 4 (Saline), n ¼ 7 (ISO), (D) n ¼ 3 (Saline), n ¼ 4
(ISO), n ¼ 4 (ICI 118 551), n ¼ 4 (ISO + ICI 118 551), (E) n ¼ 3 (Saline), n ¼ 4 (ISO), n ¼ 4 (meto), n ¼ 4 (ISO + meto). *P , 0.05, **P , 0.01,
***P , 0.001, ****P , 0.0001 by Student’s unpaired t-test or one-way ANOVA with post hoc Tukey’s test. The data are means+ SD (fold change).
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Figure 6 Chronic isoproterenol stimulation effects on cardiac morphology and function. Three- to four-month-old B6SJLF1/J female mice were di-
vided into the following treatment groups: (1) saline, (2) DMSO (0.1%), (3) AG825 (1 mg/kg), (4) DMSO (0.1%) + ISO (7.5 mg/kg), (5) ISO (7.5 mg/
kg) + AG825 (1 mg/kg), dosed both (AM and PM) for 6 days, evaluated by echocardiography on Day 7 and then treated for 6 additional days, evaluated
by echocardiography on Day 14. One hour after echocardiography, a final injection (for each treatment group) was given, and mice were euthanized
exactly 30 min later. All the drugs were administered subcutaneously at specific sites, ISO between shoulder blades and DMSO or AG825 in the hind left
or right leg flank subcutaneous tissue. 0.1% DMSO was used as vehicle for AG825; DMSO or AG825 were given 5 min prior to ISO. Cardiac systolic
function (FS, %) was evaluated by echocardiography (Day 14). Representative M-modes (A) and FS, % data (B) Day 14 are shown. (C ) Heart weights
normalized to tibia lengths. n ¼ 4 ¼ 5 (saline, DMSO, AG825, DMSO + ISO), n ¼ 5 (ISO + AG825). (D and E) Cardiac fibrosis was evaluated by Mas-
son’s trichrome staining of the mid heart transverse sections from representative mice from the five treatment groups. Scale bar ¼ 100 mm. *P , 0.05,
***P , 0.001 by one-way ANOVA with post hoc Tukey’s multiple comparisons test. Note: (B) right ventricle wall artefact (torn off) in sectioning of ISO +
AG825 heart.
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Figure 7 Chronic isoproterenol stimulation effects on ErbB signal transduction and b2-adrenergic receptor (AR). Three- to four-month-old B6SJLF1/J
female mice were divided into the following treatment groups and also presented in Figure 6. (1) saline, (2) DMSO (0.1%), (3) AG825 (1 mg/kg), (4)
DMSO (0.1%) + ISO (7.5 mg/kg), (5) ISO (7.5 mg/kg) + AG825 (1 mg/kg). The protein levels of (A) ErbB2, (B and C) ErbB4, (D) AKT phosphorylation
levels, (E) Erk1/2 phosphorylation, (F) bcl-XL, (G) b2AR, (H ) HSP90, (I ) neuregulin were evaluated by western blotting, and normalized to AKT protein
levels. Representative images (top) and densitometric quantifications (fold change from WT, bottom) are shown. *P , 0.05, ***P , 0.001 by one-way
ANOVA with post hoc Tukey’s multiple comparisons test. The data are means+ SD.
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Our study provides evidence that protective signalling against exces-
sive bAR stimulation can be driven by ErbB2 due to pathway activation.
One plausible mechanism for the cardioprotective effects could be
through ErbB2 transactivation by ligands of GPCRs. Little is known
about the role of increased ErbB2 in the heart, in contrast to the rele-
vance of NRG1b, currently in clinical trials for heart failure.46,47

NRG1b protective effects are thought to be due to its binding to
ErbB4 (with and without ErbB2 heterodimers) and subsequent activa-
tion of protective ERK, AKT, and eNOS pathways.36,37 In this context,
the hearts of ErbB2tg mice also have an increase in pAKT,18 pERK,18 and
peNOS suggesting the involvement of ErbB2–ErbB4 heterodimers.
We demonstrated in isolated cardiomyocytes that ErbB2 regulates
calcium transients and SR calcium uptake, a common mechanistic fea-
ture observed with NRG1b treatment.36,37 A comparison of our find-
ings on ErbB2 with NRG1b literature (Table 2) suggests that many
physiological mechanisms are shared by ErbB2 in parallel with
NRG1b signalling. In that context, our studies show that ErbB2 ex-
pression in the myocytes leads to an increase of NRG1b protein le-
vels in the hearts of ErbB2tg mice. Importantly, we observed an
increase in multiple cleaved forms of NRG1b using the antibodies tar-
geting both extra- and intracellular domains.60,61 Since NRG1b is
generated by endothelial cells, our studies in the ErbB2tg mice suggest
the existence of a novel cross-talk between cardiomyocytes and
endothelial cells, leading to a reciprocal increase of a ligand in re-
sponse to the receptor overexpression.

4.3 Erbb2 induces b2AR expression and
adrenergic stimulation induces ErbB2
expression
We show for the first time that ErbB2 protein up-regulates the b2AR
and that b2AR expression can up-regulate ErbB2. This is further sup-
ported by the evidence showing expression of both b2AR and ErbB2
in the ErbB2tg mice. Critically, lapatinib (ErbB2 and EGFR kinase inhibi-
tor) reversed the elevation of b2AR in ErbB2tg mice myocardium. This
suggests that either ErbB2 or EGFR kinase is responsible for b2AR
levels. Interestingly, breast cancer cells and cancer biopsies are char-
acterized by expression of ErbB2 and b2AR.13 On the other hand,
EGFR is transactivated with bAR stimulation by ISO;62 thus, the col-
laborative role of ErbB2 and EGFR in regulation of bAR signalling re-
mains to be determined. Our studies show that ErbB2 may directly
be involved in initiating b2AR up-regulation, as ErbB2 is known to
maintain EGFR protein levels in cancer cells63 and up-regulate
EGFR in the hearts overexpressing ErbB2.18

Furthermore, our studies show that ErbB2 overexpression in the
heart leads to marked increase in b2AR levels that may have implica-
tions in protective signalling. Correspondingly, studies have shown
that ErbB2 and b2AR are both localized to caveolae and T-tubules
in healthy cardiomyocytes.64 Considering the reciprocal expression
relationship, we identified in the current work, ErbB2 in addition to
being involved in bAR levels and ratio regulation may also be playing
a role in bARs localization which remains to be determined. In
Schwann cells, direct adenylyl cyclase activator forskolin65 up-
regulates ErbB2 suggesting an increase in cAMP levels, which would
be downstream of bAR signalling, could regulate acute levels of
ErbB2. Since cAMP is increased after bARs stimulation, we investi-
gated this connection and observed elevated cAMP and increased
ErbB2 expression following b2AR expression. There are other pro-
teins that are known to regulate levels of ErbB2.43 In this context,

we find that HSP90 to be elevated acutely by isoproterenol, and
HSP90 (a heat shock protein family chaperone) is known to preserve
ErbB2 protein stability and half-life.43

4.4 Erbb2 kinase inhibition during chronic
bAR stimulation is detrimental to the heart,
decreasing systolic function and reducing
protective pAKT and pERK signalling
Our findings show that inhibiting ErbB2 kinase during chronic iso-
proterenol treatment is detrimental to heart function and structure
suggesting that ErbB2 signalling is protective during chronic bAR stimu-
lation. ErbB2 levels did not change significantly compared with control
mice post chronic stimulation; however, ErbB4 and its cleaved products
did increase with more cleaved receptor in the isoproterenol groups
suggesting ErbB2/ErbB4/neuregulin pathway activity following bAR
stimulation. ErbB2 is the preferred kinase in this receptor family and
is important in the ErbB4 signalling following isoproterenol, as inhibiting
ErbB2 kinase was detrimental to mice receiving both ISO and AG825.
The most striking observation was the significant reduction in both
pAKT and pERK following ISO and AG825 (an inhibitor of ErbB2
kinase) compared with ISO alone showing a critical in vivo role
for ErbB2 kinase in the heart. These data indicate that ErbB2 plays a
protective role potentially by transactivation mechanisms. In that con-
text, ErbB2 transactivation by GPCR ligands has been shown in isolated
cardiomyocytes12 and in other in vitro assays.66 We investigated further
potential downstream factors for protection67 and although Bcl-xL was
markedly reduced in both isoproterenol groups, inhibiting ErbB2 kinase
in this setting did not further decrease Bcl-xL levels. Further studies are
required to understand the molecular mechanisms that drive protec-
tion when transactivation is reduced by ErbB2 kinase inhibition during
chronic b-adrenergic stimulation/stress. Our study does provide novel
insights into the importance of the ErbB family in cardioprotection dur-
ing hypertrophic signalling due to chronic bAR stimulation.

4.5 Interactions of the ErbB2 with
b-adrenergic pathways may have relevance
to Trastuzumab cardiotoxicity
The proposed feedback loop mechanism (Figure 8) connects ErbB2
and to b-adrenergic pathways and may be relevant to cardiotoxicity
observed with anti-ErbB2 therapy,68 especially the prevention

Figure 8 Schematic representation of the proposed b-adrenergic–
ErbB2 signalling pathways cross-talk.
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measures now in clinical trials for this cardiotoxicity. The retrospective
study by Seicean et al.17 found that coincidental usage of b-blockers
reduced the incidence of symptomatic heart failure in breast cancer
patients treated with trastuzumab, anthracyclines, or both. Since a
variety of b-blockers were included in this retrospective study,
pharmacological prevention with b-blockers is currently, being tested
in multiple clinical trials16,17,69 including randomized clinical trials with
bisoprolol (MANTICORE 101-Breast), carvedilol (NCT01009918),
and metoprolol (NCT01434134, NCT00806390) to prevent or reduce
trastuzumab-induced cardiomyopathy.16 These studies will be import-
ant to better understand how and whether specific b-blockers reduce
the proposed dependency/importance of the ErbB2/ErbB4 pathway
during b-adrenergic stimulation. Additionally, b-adrenergic stress is it-
self strongly associated with cancer progression,70 and b-blockers also
have anti-cancer effects.71 In this context, our studies provide interest-
ing insights into the potential cross-regulation of ErbB2 by b1- or
b2-ARs. Our studies suggest in the absence of sympathetic overdrive,
metoprolol reduces ErbB2 levels while in contrast, ICI118 551 in-
creases ErbB2 levels. This observation suggests differential roles of
b1AR vs. b2AR in regulating ErbB2 expression, but however ISO treat-
ment up-regulates ErbB2 despite metoprolol. Perhaps a more rational
explanation for the loss in metoprolol effects could be attributed to
ISO engaging b2-ARs and thereby bypassing the inhibition mediated
by b1ARs. These observations suggest that the loop between b1/
b2-ARs and ErbB2 may be complex due to cross-talk of b1- and/or
b2-ARs with ErbB2 being parallel and independent. This potentially in-
dicates that using an unbiasedb-blocker targeting both b1- and b2-ARs
may beneficial instead of selectively targeting. Such an idea is supported
by the preliminary results from the PRADA (Prevention of cardiac dys-
function during adjuvant breast cancer therapy) clinical trial presented
at the 2015 American Heart Association Scientific Sessions which indi-
cated that just using b1-blocker metoprolol may not provide sufficient
protection. We believe that our studies provide the beginnings to un-
derstanding this simple yet complex cross-talk between b1/b2-ARs
and ErbB2 which has significant implications in cardiomyopathy
induced by the use of Herceptin.

This intriguing observation suggests that ISO treatment may activate
pathways downstream of the receptors that are not blocked by
b-blockers as recent studies have shown that receptors can attain
different conformations and thus activate pathways that are unique.
In this context, it is possible that ISO may increase HSP 90 independent
of metoprolol’s effects on ISO thereby increasing ErbB2 stabilization.

Here we propose that anthracyclines,8 excessive b-adrenergic
stress, or both are capable of acutely activating the ErbB2 pathway
or potentially increasing cardiac ErbB2 levels sufficient to predispose
to cardiac toxicity. Indeed, ErbB2 up-regulation has been clinically de-
tected using nuclear imaging in cancer patients after anthracycline treat-
ment6 and only patients who showed trastuzumab cardiac binding,
subsequently developed adverse cardiac outcomes.72 Up-regulation
of ErbB2 in the heart, considered a protective response, paradoxically
would likely produce more trastuzumab targets inhibiting the ErbB2
pathway in the myocardium. Excessive bAR stimulation is undoubtedly
common among patients, as they undergo the stressful process of can-
cer diagnosis and exposure to cardiotoxic anthracycline treatment.
Interestingly, in agreement with our findings that ErbB2tg mice hearts
have increased levels of NRG1b, exposure to (anti-ErbB2) trastuzumab
has been associated with reduced circulating NRG1b and an increase in
blood pressure and plasma norepinephrine (NE)73 further connecting
the relationship between the ErbB2 and b-adrenergic pathways.

In summary, we have identified a novel activation loop in the heart
(and in vitro systems) linking ErbB2 and b-adrenergic systems, where
b-adrenergic receptor stimulation causes elevation and activation of
ErbB2, which in turn protects the heart either by transactivation and/
or by in part up-regulating b2AR, a receptor known for its protective
role against excessive b-adrenergic system stimulation. Thus, the inter-
action and co-operation of these two signalling pathways appear to be
critical to the long-term regulation of cardiac performance, with poten-
tial fallouts on pathophysiologic and therapeutic advances of cardiomy-
opathy induced by anti-ErbB2 antineoplastic treatments.
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Corrigendum to: miR-30e targets IGF2-regulated osteogenesis in bone marrow-derived mesenchymal stem cells, aortic smooth muscle
cells, and ApoE2/2 mice [Cardiovasc Res 2015; 106(1):131–142]

There were some references to the reported concentration of a standard reagent used which were incorrect. This does not affect the con-
clusion of the paper in any way but the author would like to amend this. It is shown correctly below and has also been corrected online. The
authors apologise for this error.

In Figure 4 the legend, 500 mg/ml should be substituted with 500 ng/ml.
In section 3.8 IGF2 recombinant protein rescues miR-30e-repressed osteogenesis in SMCs there are two unit errors; one is 500 mg/ml

should be corrected to 500 ng/ml; the second is 250 mg/ml should be corrected to 250 ng/ml.

Published on behalf of the European Society of Cardiology. All rights reserved. & The Author 2015. For permissions please email: journals.permissions@oup.com.
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