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The Role of Neuregulin 1B/ErbB signaling in the heart

Laura Pentassuglia, Ph.D. and Douglas B. Sawyer, MD, Ph.D.
Cardiovascular Division, Department of Medicine, Vanderbilt University, Nashville, TN, USA

Introduction

Products of the Neuregulin-1(Nrg-1) gene, along with the ErbB family of receptor tyrosine
kinases through which Nrg-1 ligands signal, play a critical role during cardiovascular
development. Through studies of genetically manipulated mice, as well as studies in cells
isolated from adult hearts, it appears that Nrg-1/ErbB signaling is an essential paracrine
mediator of cell-cell interactions that not only regulates tissue organization during
development, but also helps to maintain cardiac function throughout an organism’s life. Studies
in cells isolated from the heart demonstrate that Nrg-1 can activate a number of signaling
pathways, which mediate cellular adaptations to stress in the myocardium. These observations
provide insight as to why ErbB2-targeted cancer treatments have deleterious effects on cardiac
function in some cancer patients. Moreover emerging data suggest that Nrg-1 ligands might
be useful clinically to restore cardiac function after cardiac injury. In this review we will attempt
to synthesize the literature behind this rapidly growing and exciting area of research.

Nrg-1/ErbB signaling during cardiac development and in the adult heart:
lessons learned from genetically engineered mice

Myocardial Nrg-1/ErbB literature has expanded over the past 13 years to span from bench to
bedside, and visa versa. In this review we will start with a discussion of results from studies
in genetically engineered mice that demonstrate the critical role of Nrg-1/ErbB signaling in
the developing and adult heart. The data are striking. However, in that cardiac development is
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1Halfway through the journey we are living

| found myself deep in a darkened forest,

For | had lost all trace of the straight path.

Dante Alighieri

The Divine Comedy
Hell

Canto I, 1-3

3“And I shall sing this second kingdom where

the human spirit purifies itself,
becoming fit to mount up into heaven”
Dante Alighieri

The divine Comedy

Purgatory

Canto | 4-6

4The glory of Him who sets all things in motion
Cleaves through the universe, and it flames again

In different places with a different force.
Dante Alighieri
Divine Comedy
Paradise

Canto I, 1-3



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pentassuglia and Sawyer Page 2

incompletely understood, the risk of our approach is that we leave the reader like Dante, lost
“halfway through the journey”. To pass through this “ darkened forest” and emerge “out to see
once more the stars2”, the reader will need to integrate this section with the discussions that
follow on signaling and clinical implication.

The first demonstration that the Nrg-1/ErbB signaling system plays a role in the heart came
from the observations that mice with disrupted expression of Nrg-1, ErbB2, or ErbB4 die in
uterus with failure of cardiac development [1-3] (Figure 1). Mice lacking functional ErbB2
[2] or ErbB4[1] demonstrate a very similar cardiac phenotype, with fetal death at the age of
embryonic day 10.5 due to lack of trabeculation, a process that involves myocyte proliferation
resulting in thickening of the muscular ventricular wall. Immunohistochemical analysis of
control littermates showed that ErbB2 and ErbB4 are expressed in the myocytes of the
ventricular trabeculae [1]. Mice lacking ErbB2 or ErbB4 arrest development with a thin, single-
cell layer of myocytes forming the ventricle, which appears insufficient to maintain blood
circulation. Some mice lacking ErbB2 also had disruption of the endocardial cushion, a
structure required for formation of the partition between the right and left chambers [2].

Expression of a kinase-dead ErbB2 receptor in mouse embryos leads to a similar phenotype
with death in utero, between day 10.5 and 11.5 [4]. The mutant ErbB2 was expressed under
control of its own promoter, but its signaling activity was ablated as demonstrated by its
inability to transform cancer cells. At the developmental stage of day 10.5 whole embryos
appeared normal and homozygotes were recovered at Mendelian rates, even though hearts
appeared enlarged and had irregular beats. Between day 11.5 and day 13.5 no heartbeat was
detected in the homozygotes, with premature in utero death. Mice display a similar phenotype
as observed in the ErbB2 null mice, suggesting that the kinase activity of ErbB2 is needed for
the correct development of the trabeculae [4].

ErbB3 null mice reveal another critical step in cardiac development where Nrg-1/ErbB
signaling acts (Figl) [5]. Mice with a null mutation for ErbB3 die in uterus at day 13.5. The
heart displays a less severe malformation with higher variability compared to ErbB2 and ErbB4
null mice. Examination of the heart in ErbB3 —/— mice at day 9.5 shows defects in the
endocardial cushion, tissue that forms the valves of the heart. As the ErbB3 —/— fetus advances
the valves are hypoplastic, do not function properly, and contribute presumably to the early
fetal death at day 13.5. Trabeculae were essentially normal, suggesting that ErbB3 does not
play a role at this stage (Fig 1).

Nrg-1 null mice have both trabeculae and endocardial cushion defects (Figl), consistent with
the conclusion that Nrg-1 gene products are the requisite ligands during both developmental
events [3]. Inactivation of all Nrg-1 isoforms, via deletion of the EGF domain, leads to a
phenotype with lack of trabeculation as observed in the ErbB2 and ErbB4 null mice, in addition
to defective endocardial cushion as observed in ErbB3 —/— mice. Nrg-1 null mice survived up
to day 10.5, and die between days 10.5 and 11.5. At day 10.5 mice are normal in size and
overall structure, but they have irregular heartbeat and enlarged chambers. Histological
analysis showed lack of trabeculation, and the endocardial cushion was not closed, leading to
a non-functional heart. This phenotype, as for ErbB2 and ErbB4 null mice, appears to be the
primary cause of fetal death. A detailed analysis of Nrg-1 expression revealed Nrg-1 is present
in the endocardial cushion, ventricle, and atrium [3].

2Dante Alighieri

The Divine Comedy

Hell

Canto XXXIV, 138
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The similar phenotype displayed between Nrg-1, ErbB2, and ErbB4 null mice implicate these
proteins as a signaling cassette required for ventricular trabeculation. Thus the presence of both
ErbB1 and ErbB3 is not sufficient to replace ErbB4 at this stage of cardiac development. By
similar logic, while there are other known ErbB4 ligands, there are not sufficient to replace
Nrg-1 during cardiac development. Finally, while ErbB4 is capable of homodimerizing and
activating signaling, this is insufficient to move the heart throughout the trabeculation phase
of myocardial development. The exact cellular events mediated by this cassette during
trabeculation (myocyte proliferation, organization?) remain unclear. Likewise, a Nrg-1/ErbB2/
ErbB3 signaling cassette appears necessary for the correct development of the cardiac cushion,
suggesting that this is a separate event from trabeculation and is differently modulated during
heart development (Figl). Again, it remains unclear what cellular events during cushion
formation are mediated by this signaling system.

Nrg-1 is encoded by a large gene (1400 Kb) located in chromosome 8p12, with several
promoters and alternative splicing that produces several isoforms [6,7]. In the adult heart at
least 3 different Nrg-1a isoforms and 8 Nrg-1 isoforms are expressed as mRNA in the cardiac
microendothelial cells, but not in the myocytes. In the adult heart these isoforms are expressed
specifically in the cardiac microendothelial cells but not in the myocytes. Although the
isoforms are 10 to 100 times more bioactive, with a higher affinity for ErbB3 and ErbB4, the
predominant isoform expressed was the type | Nrg-1 EGFa, with no preferential cytoplasmatic
tail detected [8]. The role of specific Nrg-1 isoforms in cardiac development can be inferred
from multiple studies where specific exons have been inactivated. Null mice for the a isoform
are viable at birth and survive to adulthood, showing that Nrg-1a is not needed for cardiac
development. Interestingly the only abnormalities observed in these mice is a marked reduction
of the alveolar proliferation during pregnancy [9]. Mice lacking type I and type Il (called Ig-
like neuregulins) die at day 10.5 with heart defects similar to the ones observed in ErbB2,
ErbB4, and pan-Nrg-1 null mice [10-12]. Deletion of the cytoplasmatic and transmembrane
domains results in early death of embryos at day 10.5 as well, due to lack of cardiac ventricular
trabeculation [13]. No cardiac defects were associated with the lack of the type Il Nrg-1;
however mice die soon after birth, do not breath, and lack functional neuromuscular synapses.
Overall these data demonstrated that Type | and 11-f isoforms with transmembrane and
intracellular domain of Nrg-1 are needed for the correct development of the heart [9,14].

The 3 other Nrg genes that have been identified have no known function in the heart. Nrg-2
and Nrg-3 are mainly expressed in the central nervous system, in particular in the cerebellum
and hippocampus. Nrg-2 is also expressed in motoneurons, terminal Schwann cells, and is
present at synaptic sites [15]. Nrg-3 is expressed during mammary gland development and
promotes morphogenesis. Unlike the other Nrgs, Nrg-4 is mildly expressed in the skeletal
muscle and is highly expressed in the pancreas with three different isoforms [16,17]. As
demonstrated by Nrg-1 null mouse, none of these is able to replace the absolute requirement
for Nrg-1 during cardiac development.

Most Nrg-1 isoforms are expressed as membrane bound proteins and cleaved by proteases,
mainly members of the ADAM (A Disintegrin And Metalloproteinases) family. Montero et al
showed that Nrg-1 processing leads to the release of the extracellular domain and the formation
of a membrane bound truncated fragment [18]. It was also observed that in TACE(Tumor
necrosis factor-a Converting Enzyme)/ADAM 17 null mice processing of Nrg-1 was defective
[18,19]. Mice died soon after birth with several defects in endothelial cells. Analysis of the
heart revealed an increase in myocardial trabeculation and reduced cell compaction [19]. This
phenotype is quite distinct from Nrg-1 null mice, where there is an earlier defect in
trabeculation. Expression pattern of meltrin B/ADAM 19 during mouse development is similar
to that of Nrg-1. In vitro overexpression of wild type ADAM 19 enhances Nrg-1 processing,
whereas expression of a protease-deficient mutant inhibits its release in the medium [20].

Exp Cell Res. Author manuscript; available in PMC 2010 February 15.
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Mouse deficient for ADAM 19 dies few days after birth and display several heart and
cardiovascular defects. For instance, the cardiac cushion is thinner compared to control
littermates, with septal defects; the coronary arteries show abnormalities, and malrotation of
the cardiac outflow tract was observed also [21,22]. The fact that embryos pass successfully
through trabeculation phase of cardiac development suggests that ADAM 19 are not required
for Nrg-1 processing at this stage. The cardiac cushion defect in ADAM 19 null mice, while
not completely similar to the Nrg-1 null mice, supports the notion that Nrg-1 processing by
this protease is involved in this developmental step.

Tounderstand the role of ErbB2 in the post-natal heart, Crone et al [23] used the Cre-lox system
to specifically delete myocyte ErbB2 after trabaculation, by mating mice carrying a floxed
ErbB2 allele with mice expressing Cre-recombinase under the control of the a-Myosin Heavy
Chain (MHC) promotor. The a-MHC promotor is active at a perinatal stage, when the heart is
fully developed and traebeculation is complete. At birth these mice were viable and genotypes
were harvested at Mendelian rates. By 8 weeks of life, however, ErbB2 conditional knock-out
mice spontaneously developed dilated cardiomyopathy, with enlarged cardiac chambers,
thinning of the walls, reduction of fractional shortening, and an increase in the heart:body-
weight ration. At this stage, ANP (Atrial Natriuretic Peptide) and skeletal a-actin genes where
expressed in the heart consistent with development of heart failure. Electron microscopic
analysis showed an increase in the volume fraction of mitochondria and vacuoles, and
concomitant decrease in fraction occupied by myofilaments. ErbB2 deficient mice were unable
to survive pressure overload induced by aortic binding. Similarly, isolated myocytes were more
sensitive to the cardiotoxic chemotherapeutic doxorubicin, suggesting a critical role for ErbB2
in the ability of myocytes to withstand stress conditions [23,24].

ErbB4 is also required for the maintenance of the adult heart [25]. Using a similar method as
for the conditional deletion for ErbB2, Garcia-Rivello et al were able to specifically delete
ErbB4 in the post-natal mouse heart. Immuno-histochemical analysis of these hearts showed
an abnormal distribution of the ErbB2 receptor and an increase of vinculin at the intercalated
disks. These mice developed dilated cardiomyopathy by the third month of life with impaired
contractility and delayed conduction [25]. Although the exact cellular events that are mediated
by ErbB2 and ErbB4 is not clear from these studies, we can conclude that they are required in
the post-natal heart to maintain ventricular structure and function.

A role of EGFR(Epidermal Growth Factor Receptor)/ErbB1 in heart development has also
been demonstrated. There is clear evidence that EGFR plays a role during semilunar (but not
atrioventricular) valve development [26—28]. Chen et al [27] expressed an EGFR point
mutation in the kinase domain, which lead to a reduction in its Kinetic activity to 10-20% of
wild-type. These mice show a significant thickening of the semilunar valves, with no other
cardiac defects observed. Sibilia et al [28] observed a similar phenotype when they
overexpressed the NEGFRK! gene (a human kinase inactive isoform) or deleted the EGFR gene.
Confusing the picture, the hHEGFRK! mice developed cardiac hypertrophy by the age of 3
months, a phenotype not observed in the EGFR™~ mice. Chronic pharmacological inhibition
of ErbB1 also leads to changes in left ventricular wall thickness and function [29]. Apc™" mice
treated with ErbB1 tyrosine kinase inhibitor AG-1478 or EKB-569 showed a decrease in the
fractional shortening, as assessed by echocardiography, and an increase in the left ventricle
end diastolic diameter, confirmed by histological analysis. TUNEL assay for cardiac sections
demonstrated an increase in the number of apoptotic cells associated with a decrease in the
expression of Bcl2. Thickening in the aortic valves are also present, similar to the mice
expressing EGFR mutants [29]. Inhibition of EGFR in the early stages of development of
zebrafish led to enlarged pericardial sacs, reduction in the blood circulation, due to the lack of
flow from the heart to the aorta. [30]. One consideration that has not been fully examined is
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that the effect of these inhibitors on cardiac function is due to cross-reacting with other tyrosine
kinases, including ErbB4, which has been observed in vitro [31].

Neuregulin-1/ErbB signaling in the heart: lessons from studies of myocyte

Following Dante’s journey, we will move to the arena of experimental cell research, a
‘purgatory’ of sorts, where many ideas develop that might help to explain the developmental
studies discussed above, and provide ideas for how to translate from basic to clinical research.
Cells from the intact heart can be separated and kept in culture for days to weeks [32-37].
Because this experimental system leads to relatively cell populations, the possible signaling
mechanisms and cellular responses to Nrg-1 responsible for mouse phenotype and its receptors
can be investigated (Fig 2). These efforts have shown that in the adult heart microvascular
endothelial cells express multiple Nrg-1 isoforms [38-40], along with ErbB1, ErbB2 and
ErbB3 receptors (Cote, Fukuzawa, and Sawyer, unpublished observations). Although ErbB3
is expressed in prenatal myocytes, adult ventricular myocytes express only ErbB1, ErbB2, and
ErbB4 [38]. Immunostaining of adult myocytes reveals ErbB2 expression follows a pattern
suggesting receptors are present throughout the sarcolemmal membrane, including the t-tubule
system (Fig 3). ErbB4 expression overlaps in location with ErbB2, thought is somewhat distinct
with high levels present at the intercalated disk.

Based upon work on isolated cell systems, a number of processes appear to be regulated by
Nrg-1/ErbB signaling, including cell growth [38], myofilament structure and organization
[41,42], survival [38], myocyte-matrix coupling [43], glucose uptake [8], and angiogenesis
[44]. In prenatal myocytes, DNA synthesis is increased by Nrg-1 stimulation, athough this is
not seen in post-natal cells [38]. Thus inadequate myocyte proliferation may account for the
defect in trabeculation as well as cardiac cushion formation in mice lacking components of this
pathway discussed above. In postnaltal myocytes, the individual data supporting multiple
functions for Nrg-1 are robust. However it seems improbable that Nrg-1/ErbB signaling
orchestrates all of these processes simultaneously. More than likely there are constraints in
space and time, as well as competitive signaling systems that modulate the relative amplitude
of each Nrg-1 dependent response in the intact heart.

In neonatal [45] and adult myocytes [42], Nrg-1 stimulates activation of MEK/Erk 1/2 with
subsequent induction of protein synthesis [46] and hypertrophic gene expression [45]. In
neonatal myocytes this is associated with myofilament organization, which is also MEK
dependent [45]. Treatment of myocytes with an anti-ErbB2 that induces receptor
phosphorylation (so-called activating antibody), along with activation of Erk 1/2 [43,47],
demonstrating that ErbB2 phosphorylation is sufficient for activation of this pathway. In
cultured adult myocytes, specific inhibition of Erk 1/2 with either PD98059 or U129 causes
myofilament disarray. A similar phenotype was observed when myocytes where treated with
a non-activating ErbB2 specific antibody (clone 7.16.4, Pentassuglia and Suter, unpublished
observations). In adult myocytes ErbB2 inhibition reduces basal phosphorylation of Erk 1/2.
Concomitant inhibition of ErbB2 and treatment with chemotherapeutic agents, like
doxorubicin and taxol, significantly increases myofilament disarray [41,42]. These multiple
lines of evidence support the conclusion that ErbB2 couples to Erk 1/2 in cardiac myocytes,
and this pathway regulates sarcomere synthesis/organization/stability.

The details of how ErbB2 phosphorylation couples to Erk 1/2 in myocytes remains to be fully
worked out. Members of the Grb family, namely Grb2/Shc and Grb7, are able to bind to the
ErbB2 receptor, and are known to couple to Ras/Mek/Erk 1/2. Shc, another ErbB2 adaptor
protein, has been implicated in cardiac and vascular hypertrophy [48-53]. It is interesting that
the Nrg-1 concentration dependence of myocyte hypertrophy is distinct from that for other
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signals and responses. Erk 1/2 phosphorylation and protein synthesis display a biphasic dose
response to Nrg-1, with a declining response at higher Nrg-1 concentrations [54,55]. One
explanation for this phenomenon is ErbB-dependent activation of growth suppressing signals
at higher Nrg-1 concentrations. An attractive mechanism for this phenomenon involves
concentration dependent activation of ErbB4/ErbB4 homodimers, which a priori require two
Nrg-1 ligands per receptor dimer (vs. only one Nrg-1 ligand should be sufficient for activation
of ErbB2/ErbB4 heterodimers).

Another downstream signaling pathway induced by Nrg-1 in myocytes is the P13-kinase/Akt
pathway, which appears to be involved in the protection of cardiac myocytes against cell death,
as well as regulation of metabolism and growth. Nrg-1 induces P13-kinase dependent activation
of Akt in cardiac myocytes, a pathway that has been heavily implicated in cell survival [31,
41,42,56-59]. Nrg-1 protects cardiac myocytes in primary culture from cell death induced by
serum starvation [38], B-adrenergic receptors activation [60,61], and the cardiotoxic
chemotherapeutic doxorubicin [31,41,57,58]. Overexpression of a dominant negative Akt
isoform prevents Nrg-1 protection [31,41,57,58]. The exact mechanism by which Nrg-1
dependent Akt signaling protects myocytes is incompletely understood. Akt-dependent change
in bcl-2 family expression has been implicated [62-64]. In addition, Akt enhances glucose
uptake [8] and Akt-dependent activation of eNOS (endothelial Nitric Oxide Synthase) [65]
triggering changes in mitochondrial respiration, which may also play a role in regulating cell
survival in the setting of metabolic stress.

Sequence analysis supports the notion that ErbB4 but not ErbB2 is required for coupling to the
P13-kinase pathway. Unlike ErbB2, ErbB4 (Cyt-1 variant) has a consensus sequence for PI3-
kinase homologous with that on ErbB3. Thus ErbB2 may not be required for Nrg-1 induced
activation of PI13-kinase and Akt, so long as Nrg-1 is available at sufficient concentration to
activate ErbB4/ErbB4 homodimers, promoting cytoprotection. Perhaps this explains why
experimental studies examining whether inhibiting ErbB2 alters cell survival have delivered
mixed results [31,39,66].

A third pathway activated by Nrg-1 in myocytes involves FAK (Focal Adhesion Kinase) (Fig
2). FAK is activated by integrin receptors and is critical for the formation of focal adhesion
complexes [43,67,68]. FAK is a known substrate for the adaptor protein Src [69,70], and is
activated in ErbB2 overexpressing breast cancer cells [71]. In cardiac myocytes, FAK is
involved in the maintenance of sarcomeres [72,73] as well as cell survival [74,75]. Cardiac
specific inactivation of FAK in mice leads to increased chamber dimensions associated with
re-expression of fetal genes and hypertrophic markers ANP, BNP, skeletal a-actin and p-MHC,
similar to the ErbB2 and ErbB4 cardiac restricted deletion [76,77]. Histological analysis of
such hearts revealed disorganized myofibrils and swollen mitochondria. Intercalated disks
were also affected by FAK loss; with replacement of the normally serpentine structure by sharp
angles [77]. It is therefore interesting that recombinant Nrg-1 induces Src-dependent
phosphorylation of FAK at tyrosine residues 861 in myocytes with formation of focal adhesion
complexes as demonstrated by the co-immunoprecipitation of p130CAS and Src with FAK
[43]. Nrg-1 also promotes accumulation of p-FAK at the former intercalated disks, and
formation of lamellipodia from these sites. Pretreatment with either an ErbB2 specific antibody
effectively blocked Nrg-1 induced FAK phosphorylation and focal adhesion complex
formation [43].

Studies in undifferentiated cell lines from heart cells implicate several other signaling pathways
and biological functions of Nrg-1/ErbB signaling. For example, inhibition of ErbB1 and ErbB2
with a tyrosine kinase inhibitor in embryonic human primary cardiacmyocytes leads to AMPK
activation, activation of the fatty acid oxidation, increase in ATP production, and subsequent
protection against TNFa-induced cell death [78]. Weather AMPK is regulated by Nrg-1 in
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differentiated adult myocytes is not clear. The Gab (Grb2-associated Binder) family of adaptor
proteins seems to relate to Nrg-1/ErbB signaling as well [79]. Three members of this family
have been indentified so far (Gabl, Gab2, and Gab3). Gabl is required for fetal development,
whereas both Gab2 and Gab3 null mice develop normally. Gab1 and Gab2 but not Gab3 mRNA
has been detected in the adult heart and associate with SHP2 and p85 upon ErbB activation
with Nrg-18, HB-EGF (heparin binding EGF), and EGF. To evaluate the role of Gabl and
Gab2 in the adult heart a cardiac restricted double knock-out was generated using the cre-lox
technology. These mice developed dilated cardiomyopathy similar to the cardiac restricted
ErbB2 and ErbB4 knockouts, along with endocardial fibroelastosis. Nrg-1f injections failed
to activate Erk 1/2 and Akt in Gab 1/2 double knock out mice even though both ErbB2 and
ErbB4 were phosphorylated. These data suggest that Gab1 and Gab2 are needed to successfully
couple Nrg-1p to downstream signaling [79].

The micro-endothelial cells (CEMC) of the heart express multiple isoforms of Nrg-1, the
majority of which are membrane bound ligand [8]. Oxidative stress [39] and endothelin-1
[38] significantly increase the activity and expression of Nrg-1 in CEMC. Conditioned medium
collected from cultured CEMC activates the ErbB2 receptors and downstream signaling
pathways, as assessed by immunoblot [8,38,39]. This endothelial derived Nrg-1 induces
expression of hypertrophic markers, like BNP (Brain Natriuretic Peptide), in cultured
myocytes, confirmed by an increase in cell surface area. Released Nrg-1 is also protective
against cytotoxic stimuli, such as oxidative stress [39] and doxorubicin [40]. Nrg-1f treatment
of myocytes in vitro alters the expression of a number of genes, with unknown and known
consequences [38,45]. Several genes related to regulation of cellular oxidative stress, such as
catalase and SOD, are significantly upregulated after treatment with Nrg-1p, supporting the
idea that Nrg-1p plays an important role in regulation of myocardial oxidative stress. Other
genes found upregulated were ubiquitin, cyclin D1, elogation factor 2, and genes involved in
energy metabolism [46]. The full implications of these findings have yet to be explained.

There isalso growing evidence that myocardial Nrg-1/ErbB signaling is dynamically regulated
by receptor expression in myocytes. ErbB2 stability in cancer cells is in part regulated by the
chaperone activity of Hsp90 (Heat Shock Protein 90) [80]. Inhibiting Hsp90 in myocytes with
geldonamycin likewise causes degradation of ErbB2 by releasing Hsp90 from ErbB2 itself,
and reduced cell responsiveness to Nrg-1 [81]. Hsp90 requires ATP for chaperone activity,
and reducing ATP production in myocytes has a similar effect on Hsp90/ErbB2 association
with induction of ErbB2 degradation [81]. Thus small shifts in energy status of myocytes have
the potential to inhibit Nrg-1/ErbB signaling via induction of receptor degradation. This may
have implications for mechanisms of chronic cardiac remodeling in the setting of metabolic
stress (discussed further below).

ErbB4 activity is also dynamically regulated. Nrg-1 activation of ErbB4 is associated with
translocation of receptor to a triton-insoluble membrane fraction, likely caveolae [25]. The
implication for thisis still not clear. In addition, ErbB4 alternative spicing at the juxtamembrane
site leads to the expression of two distinct isoforms, the JIM-A and JM-B [82]. While the JM-
Aisoform is cleavable by TACE and y-secretase and the cytosolic fragment can localize in the
nucleus, JM-B is not cleavable. In the adult heart only the latter is present [82,83].

Growing evidences support a role for Nrg-1 in angiogenesis with clear implications for
cardiovascular biology [44]. In vivo stimulation of corneal vessels with either VEGF (Vascular
Endothelial Growth Factor) or Nrg-1 induces formation of new capillaries in a dose dependent
manner [44]. Trastuzumab significantly reduces the vessel diameter in ErbB2-expressing
tumors. VEGF expression in cancer cells was also reduced both in vivo and in vitro, supporting
previous observations that suggested a possible role of ErbB2 in VEGF modulation [84-86].
Thus ErbB2 may regulate angiogenesis via inducing the expression and release of VEGF, a

Exp Cell Res. Author manuscript; available in PMC 2010 February 15.
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well-known angiogenic factor [87]. A second possible mechanism involves ErbB coupling
directly to the process of angiogenesis, via one of several pathways including eNOS. In support
of this, inhibition of eNOS effectively blocks HB-EGF and EGF induced angiogenesis [88].

Nrg-1 activates NO production via eNOS in myocytes [89], with interesting implications for
cardiac function. NO is well-known to modulate the inotropic state of the heart, inducing a
negative inotropic effect that decreases active tension of the heart [65]. Nrg-1 has been shown
to reduce the myocardial inotropic response to adrenergic stimulation, mimicking the effect of
the muscarinic cholinergic receptor. Thus Nrg-1 released by endothelial cells may reduce
cardiac output and blood pressure, regulating the activity of neurohormonal agonists.

ErbB receptors have also been implicated in adrenergic signaling via ligand independent
transactivation (Fig 2). B-adrenergic stimulation activates EGFR via the G protein-coupled
receptors kinase (GRK) B-arrestin, which exerts a protective effect on the heart. Disruption of
the crosstalk by inhibiting GRK or EGFR leads to a significant deterioration of cardiac function
with LV dilation and decrease in fractional shortening [90]. Transactivation of ErbB receptors
also occurs in response to GPCR agonists, such as lysophosphatidic acid, carbachol or thrombin
[91]. Although the exact mechanism and consequences of this signalling are not completely
clear, srcis involved in this crosstalk. Thus ErbB receptors may modulate a number of response
to diverse stimuli independent of Nrg-1.

An interaction between erbB signalling and integrins has not been fully explored, but appears
to be present in the heart. ErbB2 and integrins interact in cancer cells, where coexpression is
associated with aggressive growth [92], matrix molecule are able to induce transactivation of
ErbB2 via integrin interactions [93]. Integrins and ErbB2 co-localize [94-96] and form
aggregates with tyrosine kinase proteins [43,97]. These demonstrate the two different types of
integrin-RTK interactions that have been described [98]. “Collaborative” signalling appears
to occur when both integrins and receptor tyrosine kinases are activated by their respective
ligands, form a cluster via activation of FAK. In “direct” signalling, integrins phosphorylate
RTK without the need of growth factors and FAK signalling [99,100]. Emerging data support
a role for integrin/ErbB2 cross talk in regulating myocyte-matrix force coupling in the heart
via the collaborative model. Nrg induces specific phosphorylation of Src (Y215 and Y416) and
FAK (Y867), leading to ErbB2 association with Src, FAK, p130CAS, and paxillin [43].
Binding of laminin to myocyte integrin heterodimers causes recruitment of paxillin and talin,
which activate FAK via autophosphorylation at Y397. These events appear to promote the
formation of an ErbB2/ErbB4/integrin complex via FAK, recruitment and phosphorylation of
p130CAS, and modulation of focal adhesion complex (FAC) and mechanical coupling
(Pentassuglia and Sawyer, unpublished observation). The role this plays in Nrg-1 regulation
of myocardial structure and function remains to be fully explained.

Nrg-1 paracrine signalling has also been demonstrated to be a factor that promotes for
development of the cardiac conduction system. Rentschler et al. demonstrated that Nrg-1
induces differentiation of myocytes into cardiac conduction system as measured by use an
ectopic reporter system in mice embryos [101]. Studies in an embryonic cell culture system
by Patel and Kos demonstrate that Nrg-1 induces a number of conduction specific markers
such as Connexins 40 and 45 [102]. Milan et al provided further support for this phenomenon
using a morphilino to knock-down neuregulin expression in zebrafish [103]. Nrg-1 expression
was strongest in the endocardium of the AV ring, and embryos lacking neuregulin display a
slow conduction throughout the heart and a loss of physiological atria-ventricular delay. Lack
of Nrg-1 zebrafish mutant cloche that lacks endothelial cell lineages, a cardiac conduction
system. [104]. Collectively these studies demonstrate a role for endocardial-derived neuregulin
in regulating the differentiation of myocytes into specific lineages required for coordinated
cardiac function.
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Clinical role of Nrg-1/ErbB signaling in the heart

When Dante reaches the end of his journey he recognizes that the passage through Hell and
Purgatory were necessary experiences for full comprehension of the vastness of Paradise. In
the same way, we like to think that efforts at understanding the role of Nrg-1/ErbB during fetal
development and cell biology are the basis to dissect its role in pathological conditions of
clinical significance, and to understand its potential as a molecular target for cardiovascular
therapeutics. Our understanding of myocardial Nrg-1/ErbB signaling has reached the stage
where it is clinically important in at least two areas. First, the biology discussed above helps
to understand why cancer victims receiving treatments targeting ErbB2 (Her2/Neu) experience
cardiac side-effects. Second, the beneficial effects of Nrg-1 on myocardial structure and
function suggest that ErbB agonists might have therapeutic potential for patients with heart
disease.

The association of ErbB2 to highly invasive and metastatic breast cancer led to the development
of trastuzumab, a humanized monoclonal antibody to ErbB2 [105]. Trastuzumab improved the
efficacy of classical chemotherapeutic agents, increasing the disease free time and survival rate
for these unfortunate patients. However, trastuzumab significantly increases the incidence of
cardiac dysfunction in those treated with prior or concomitant anthracyclines [106].
Anthracyclines are one of the most effective cancer therapeutic agents, with well-known
cardiotoxic effects. In the pivotal trials that led to the approval of the FDA for trastuzumab,
concomitant use of trastuzumab and anthracyclines was associated with a very high rate of
cardiac events in the form of reduced cardiac function and symptomatic heart failure. Treatment
with trastuzumab alone was associated with some cardiac events, although these patients had
prior exposure to anthracyclines, itself a risk factor for development heart muscle weakening.
When trastuzumab has been used in persons without prior or concomitant anthracyclines, very
few adverse cardiac events have been seen [107]. Extrapolating from the basic science
discussed previously, a number of potential mechanisms can be hypothesized to explain the
cardiac effects of trastuzumab. Suppression of ErbB2 coupling to one or more intracellular
signaling pathways would be expected to alter myocyte survival, or regulation of
transcriptional pathways necessary for maintenance of sarcomeres. In this setting of
concomitant administration of anthracyclines, which accelerate myofilament degradation
[108], this could be particularly problematic and hence explain the profound cardiac
dysfunction observed [106].

It is interesting that expression of ErbB receptors decreases in chronic heart failure [109]. A
similar decrease is observed in mice subjected to chronic pressure overload [110]. These
observations raise the question of whether altered ErbB signaling plays a role in progression
of heart failure. As discussed previously, ErbB signaling appears to couple to muscarinic
cholinergic receptor activation, which balances sympathetic tone. If reduced ErbB expression
leads to reciprocal increases in sympathetic tone in the failing heart, this may promote
progressive myocardial dysfunction. As a correlate, increased levels of Nrg-1 improve and
decreased levels exacerbate progression of heart failure in animals [111] (Fig4). These
observations have led to the possibility that recombinant Nrg-1 has therapeutic potential in
patients with heart disease, an exciting possibility currently under investigation.

Itis also interesting to consider whether endogenous Nrg-1 can be harnessed to help in recovery
of myocardial function. Nrg-1 activation in the heart by whatever mechanism should offer

some degree of cardioprotection or enhance recovery from injury. It is also possible that Nrg-1
from other organs, such as skeletal muscle, can act on the myocardium in an endocrine manner.
Exercise is a potent activator of Nrg-1 in skeletal muscle [112], and Nrg-1 is present in the

circulation of people is proportion to fitness (Moondra and Sawyer, unpublished observations).
This observation has many intriguing implications, including the notion that circulating Nrg-1
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plays a role in the cardioprotection associated with regular physical activity. As Neuregulin
afficionados, we are often amused at the notion that the exercise recommended by health
professionals, as painful as it feels, is activating our favorite myocardial protective growth
factor.
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Fig 1. Role of Nrg-1/ErbB signaling during cardiac development

Wild type mouse heart develops cardiac cushion and trabeculae between day 9.5 and day 10.5
of fetal development. Lack of Nrg-1 effectively blocks the formations of such structures. Lack
of ErbB2 leads to impaired formation of trabeculae and in some hearts also of cardiac cushion.
ErbB4 null mice specifically display lack of trabeculation whereas ErbB3 null mice develop
normal trabeculae but they do not form a normal cardiac cushion.
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Fig 2. Nrg-1/ErbB signaling in myocytes

Nrg-1/ErbB activated a large number of signaling cascades, such as Erk 1/2, Akt, and FAK.
Moreover this complex interacts with other systems as Focal Adhesion Complex and -
adrenergic stimulation.
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Fig 3. ErbB2 and Caveolin 3 colocalization

Freshly dissociated myocytes form rat heart were fixed and stained for ErbB2 (green) and
Caveolin 3 (violet), a marker for T-tubules. ErbB2 present a diffused and striated distribution
suggesting the ErbB2 presence is not limited to the T-tubules.
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Fig 4. Effect of ErbB2 modulation in the heart

Starling curves describe cardiac performance in relation to ventricular filling pressure.
Inhibition of ErbB2 by trastuzumab or by restricted deletion of the receptor in the heart leads
to a reduction in cardiac function. Visa versa, hearts with cardiac dysfunction can be rescued
when treated with Nrg-1.
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