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Abstract

The ErbB family of receptor tyrosine kinases (RTKSs) is a family of receptors that allow cells to
interact with the extracellular environment and transduce signals to the nucleus that promote
differentiation, migration and proliferation necessary for proper heart morphogenesis and function.
This review focuses on the role of the ErbB family of receptor tyrosine kinases, and their
importance in proper heart morphogenesis, as well as their role in maintenance and function of the
adult heart. Studies from transgenic mouse models have shown the importance of ErbB receptors
in heart development, and provide insight into potential future therapeutic targets to help reduce
congenital heart defect (CHD) mortality rates and prevent disease in adults. Cancer therapeutics
have also shed light to the ErbB receptors and signaling network, as undesired side effects have
demonstrated their importance in adult cardiomyocytes and prevention of cardiomyopathies. This
review will discuss ErbB receptor tyrosine kinases (RTK) in heart development and disease
including valve formation and partitioning of a four-chambered heart as well as cardiotoxicity
when ErbB signaling is attenuated in adults.

Introduction

1.1

The first organ to form during embryogenesis is the heart. The process of how such critical
structures form from limited progenitor cells is one of the most intricate stories in
developmental biology. The complexity of heart development is reflected in the fact that
congenital heart defects (CHD) are the most common malformations diagnosed in
newborns. Heart development is a highly regulated process orchestrated by signaling events
triggered by binding of ligands such as growth factors and extracellular matrix components
to specific receptors. This sequential cascade of signaling events ultimately promotes
differentiation, migration and proliferation of cells that lead to proper embryonic heart
development. It is beyond the scope of this review to discuss all of the complex signaling
events involved in heart development, which are described elsewhere [1-7]. This review
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1.2

focuses on the role of the ErbB family of receptor tyrosine kinases, and their importance in
proper heart morphogenesis, as well as their role in maintenance and function of the adult
heart. Nevertheless, it is important to understand that the complexity of the signaling
network does not occur in an isolated manner. In particular, morphogenesis of the heart
occurs in a complex extracellular environment, and since it is the first organ to form, it is
highly vulnerable to disruptions in developmental signaling. This is evidenced by the high
incidence of CHD that contribute significantly to fetal and childhood mortality [8]. The
incidence of CHD in the United States varies between 4 and 10 per 1000 live births [9], of
which an estimated 2.3 per 1000 live births require invasive treatment or result in death in
the first year of life [10]. Additionally, according to the national vital statistics system, as of
2005, greater than 29% of infants who die of a birth defect have a congenital heart defect
[9]. Although mortality rates from congenital heart defects have been decreasing for over 30
years, adult cardiovascular (CV) disease has been increasing, and it kills over one million
persons a year. As we believe adult CV disease has origins in development, the
understanding of how ErbB receptors regulate heart morphogenesis will ultimately improve
therapeutic strategies to repair congenital heart defects and prevent disease in adults.

The ErbB receptor family consists of four type 1 tyrosine kinase transmembrane
glycoproteins that are structurally homologous and share highly conserved sequences [1].
This family includes the epidermal growth factor (EGF) receptor (EGFR), also known as
ErbB1, or HER1, the ErbB2 (also known as HER2), the ErbB3 (HER3), and the ErbB4
(HER4), named after their ligands, heregulins, also known as neuregulins or NRGs. ErbB
ligands include EGF-like ligands as well as neuregulins (NRGS) 1 through 4, TGFa,
amphiregulin, heparin-binding EGF-likel growth factor (HB-EGF), betacellulin, epiregulin,
and epigen [1,11]. While the EGF-like ligands (EGF, TGFa, HB-EGF, betacellulin,
epiregulin, epigen) bind to the ErbB1 receptor, NRG-1-4 bind to ErbB3 and ErbB4.
Additional ligands for ErbB4 include HB-EGF, epiregulin and betacellulin [12,13], while
ErbB3 is also able to bind TGFa and EGF [14]. The ErbB2 receptor is considered an orphan
receptor since no known ligands bind to its extracellular domain (ECD). However, its
tyrosine kinase domain is catalytically active, making it a co-receptor that can
heterodimerize with the other ErbB family members to initiate signal transduction.

ErbB signal transduction occurs upon binding of a ligand to the ECD, promoting hetero- or
homodimerization amongst family members, which results in activation of their cytoplasmic
tyrosine kinase domain, and transphosphorylation of intracellular tyrosine residues. The
transphosphorylation event allows for recruitment of signaling proteins leading to activation
of a large network of signaling pathways, namely, the extracellular signal-regulated kinase
1/2 (ERK1/2), and phosphoinositide 3-kinase (PI13K)/protein kinase B (AKT) pathways. An
exception to transactivation by the ErbB family members comes from the ErbB3, which
lacks a functional tyrosine kinase domain. Given that ErbB2 and ErbB3 lack part of the
components required for signal transduction upon ligand binding, their main role is to act as
co-receptors and heterodimerize to other ErbBs to elicit a cellular response from external
stimuli.

ErbB signaling plays major roles in heart development, which will be the focus of this
review, however its involvement in the nervous system, and in cancer development is also of
major significance and will be reviewed elsewhere in these review series.
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ErbB activation and signaling
2.1 EGFR (ErbB1)

2.2 ErbB4

Originally, it was thought that EGFR activation occurred upon ligand binding to a dimer
complex, after which a conformational change would induce signal transduction, but x-ray
crystallography studies have shown that ligand binding occurs on EGFR receptor
monomers, causing a conformational change in the ECD that allows dimerization and
initiation of signal transduction, an unusual occurrence among receptor tyrosine kinases
(RTK) [15-18], also reviewed in [19]. Ligand binding is the pivotal event that acts as the
external switch to turn on signal transduction. The receptor dimerization allows for the
interaction between the tyrosine kinase subdomain and the tyrosine residues on the C-
terminus region of the dimerized partner, causing transphosphorylation and binding of Src
homology 2 (SH2) domain-containing effector molecules [20].

Similar to the EGFR, the ErbB4 is highly sequence homologous[21] and activates in a
similar manner, although differences in its ECD promote proteolytic cleavage by membrane
metalloproteases (MMPs) at a higher rate than the EGFR, likely shortening the period of
active signaling. Furthermore, ErbB4 undergoes a second proteolytic cleavage of the
intracellular domain (ICD), which is believed to translocate into the nucleus to act as a
transcriptional regulator [19,22,23].

2.3 ErbB2 and ErbB3

ErbB2 and ErbB3 also share high sequence homology with the EGFR and ErbB4, but unlike
them, they are unable to transduce signals by homodimerization. The ErbB2 is considered an
orphan receptor because it is unable to bind ligands, so it only acts as a co-receptor with
other ErbB family members. In spite of the inability of the ErbB2 receptor to bind a ligand,
its extracellular domain assumes a conformation that mimics the ligand-bound form of the
EGFR [16,24], and it remains the favorite family member to which other ErbBs dimerize.
ErbB2 heterodimerization increases ligand binding affinity, thus prolonged activation of the
signaling pathways [25]. On the other hand, the ErbB3 receptor is able to bind ligands
similar to the EGFR and ErbB4, but its tyrosine kinase domain is catalytically inactive [26].
ErbB3 transduction can occur when another ErbB family member (with a catalytically active
tyrosine kinase) phosphorylates the tyrosine residues on the C-terminus end.

2.4 Signaling

2.5

ErbB receptor signaling has become a complex network of interactions governed by proteins
containing Src homology 2 (SH2) domains, which allows for the direct interactions with
phosphotyrosines in the intracellular region of activated ErbB receptors. Given that each
receptor has multiple tyrosine residues that can be potentially phosphorylated, the variety of
effector molecules that can interact, and varying affinities is immense. Adding to it, adaptor
molecules containing SH2 domains can attract another set of effector molecules, which in
itself, adds another layer of complex regulation beyond the scope of this review, described
in more detail in these excellent reviews [19,27-29].

One of the key pathways activated by ErbB receptors is the mitogen-activated protein kinase
(MAPK)/ ERK1/2, which is a multi-kinase cassette that consists of the Raf (a MAPK kinase
kinase or MAPKKK), MEK1/2 a MAPK kinase, and the MAPK ERK1/2. The adaptor
protein Grb2 anchors to the activated ErbB receptors through its SH2 domain in a complex
with SOS, a guanine nucleotide exchange factor (GEF) that activates the Ras-GDP by
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2.6

exchanging GDP for GTP. Once active, Ras can interact with Raf to ultimately promote
ERKZ1/2 activation and translocation into the nucleus, where it acts as a transcription factor
promoting cell growth, and cardiac hypertrophy [30,31]. Protein tyrosine phosphatases also
interact in this complex via SH2-mediated interactions to modulate the intensity of
signaling. Germline mutations in the PTP11 gene, encoding the protein tyrosine phosphatase
(PTP) SHP-2 are linked to Noonan syndrome (NS). Mutations in the regulatory domain of
SHP-2 often lead to pulmonary valvular stenosis, atrial and ventricular septal defects, as
well as a large set of phenotypically characteristic deformities commonly found in NS
(OMIM 163950). In fact, over half of the patients suffering from NS carry a gain-of-
function mutation in the PTP11 gene [32]. Although not entirely understood, SHP-2 plays an
important role in the heart by regulating the Ras-MAPK pathway, a pathway important in
valvulogenesis. This pathway is important because it regulates differentiation, migration and
proliferation of cells, all of which occur during endothelial to mesenchymal transition
(EMT), a central process to valvulogenesis. Further importance of this pathway is
highlighted by another germline mutation in the K-Ras gene which results in a protein
unable to hydrolyze GTP, rendering it hyperactive, leading to a similar phenotype as the
PTP11 gain-of-function mutation (D61G), leading to NS [33]. Mutations in SOS1 leading to
increased Ras activity and gain of function mutations in RAF-1 are also contributors to NS
[34,35]. The contribution of unregulated Ras activity to heart defects is also observed in
neurofibromatosis type | (NF1). NF1 encodes neurofibromin a GTPase activating protein
(GAP), which negatively regulates Ras. NF1 patients not only have neural crest-derived
abnormalities but also pulmonary valve stenosis [36]. These clinical syndromes highlight the
importance for the proper dose and timing of appropriate RTK signaling during structural
heart formation.

Another transduction route activated upon ErbB phosphorylation is the PI3K/AKT pathway.
Recruitment of PI3K to the ErbB receptor is facilitated by its SH2 domain, attracted to the
phosphotyrosine residues in the intracellular domain, near the plasma membrane, where it
can phosphorylate phosphatidylinositol 4,5-bisphosphate (PIP5) at its 3’-hydroxyl group, to
produce PIP3, attracting AKT to the membrane, where it gets phosphorylated by PDK1, and
then further phosphorylated for full activation [37]. Activated AKT relocates to the
cytoplasm where it can phosphorylate its multiple substrates to promote cell survival and
proliferation through mammalian target of rapamycin (MTOR) activation. Additionally,
mTOR targets molecules such as the eukaryotic initiation factor 4E (elF4E), which
facilitates mRNA interaction with the 40s ribosomal subunit [38], thus translation of
proteins important for cell cycle progression. Furthermore, AKT inhibits the pro-apoptotic
protein BAD, further contributing to cell survival [39]. Consistent with these results, it has
also been shown that ErbB2 inhibition results in increased levels of the pro-apoptotic protein
Bcl-xS and decreased levels of anti-apoptotic Bcl-xL [40]. The requirement for AKT in
heart valve morphogenesis has recently been described [41], further indicating this pathway
in heart development and function. The versatility of ErbB signaling also includes
interactions with the Src-FAK signaling pathway, involved in focal adhesion contact and
lamellipodia formation, suggesting a relationship between ErbB activation by NRG-1 and
cardiomyocyte cell-cell or cell-matrix interactions. These interactions are crucial for
maintenance of electrical coupling [42].

Termination of the ErbB signal occurs by clustering of receptors in clathrin-coated pits,
followed by endocytosis, ubiquitination and degradation as described in detail in these
references [43-46]. The fundamental role of regulated signaling events is critical for proper
cellular and organ function, as studies show, downregulation or knockout of ErbB receptors

Semin Cell Dev Biol. Author manuscript; available in PMC 2011 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sanchez-Soria and Camenisch Page 5

or their ligands has fatal effects, affecting heart morphogenesis, as well as proper
development of the nervous system (reviewed elsewhere in these series).

ErbB mouse models and phenotypes

3.1

3.2

The importance of ErbB signaling in the heart is highlighted by observations in engineered
knockout (KO) mice of ErbB2, ErbB3, ErbB4, as well as neuregulin-1 knockouts, all have
lethal phenotypes with heart defects (Table 1) [47-60]. One common phenotype shared
among these different ErbB KO mice is the lack of ventricular trabeculation, an important
process in ventricular maturation required for physical contractions and proper blood flow.
ErbB2, ErbB4, and NRG-1 KO mice die at embryonic day 10.5 (E 10.5) due to lack of
trabeculation and likely myocardial competence. ErbB2 and ErbB4 have been found to be
expressed in cardiac myocytes at E9.5/10.5, whereas NRG is expressed in adjacent
endocardium. Importantly, neither ErbB4 nor ErbB2 can compensate for the loss of the other
receptor, suggesting that ErbB2/4 heterodimer is required for NRG signaling in the heart
[47,54,57,61]. In addition to these observations, ErbB2 is also vital to development of
neuromuscular junctions [36]. Furthermore, the human Shp2 lesions in Noonan syndrome
have been modeled in knock-in mice (SHP2P61G+) which exhibit most of the heart defects
including valvular stenosis, as well as the myeloproliferative disorder observed in humans
[59]. Although ventricular trabeculation is relatively normal in ErbB3 null mice, these
homozygous embryos die around E13.5 due to disruption of endocardial cushion
mesenchyme formation [55,56]. The endocardial cushions are the precursor tissues from
which valves originate, thus disruption of these, is most likely the cause of embryonic death
at E13.5. The role of the ErbB2/ErbB3 dimer in early valve formation was further
substantiated in cardiac cushion explants and by closer examination of the respective KO
showing deficiencies in valve mesenchyme formation in ex-vivo [56]. The role of EGFR or
ErbB1 in heart development and function was first discovered in the Waved-2 mice, named
for their wavy hair. The waved-2 mouse model is used to study EGFR signaling because of a
mutation in the tyrosine kinase domain of EGFR rendering it partially active (10-15%
activity)[63]. Waved-2 mice exhibit hyperplastic outflow tract valves, suggesting that EGFR
catalytic activity is important for semilunar valve morphogenesis and maturation.
Interestingly, this phenotype shows higher penetrance when mice have a heterozygous
Shp2*- background, suggesting that Shp2 is required for EGFR signaling in semilunar
valvulogenesis [51].

Kinase inactive and conditional KO models of ErbB receptors display similar embryonic
heart defects consistent with the conventional KO counterparts [52,64]. The detailed
analysis of the EGFR KO mouse by Jackson et al., showed these mice also have valve
defects in the OFT, as well as atrioventricular valves [50] consistent with observations in the
Waved-2 mice. A knock-in mouse model with a kinase inactive variant of the ErbB2
receptor shows a similar phenotype to the ErbB2 null mouse, substantiating ErbB2 kinase
activity importance in trabeculae formation [52]. Conditional ventricular ErbB2 KO mice
were developed using a Cre-loxP system where the ErbB2 gene was floxed and Cre
expression was driven by the myosin light chain 2v (MLC2v) promoter, restricting Cre
expression to cardiac ventricular muscle cells, and thus the loss of expression of ErbB2
specific to the ventricular myocardium [65]. Although these conditional knockout (CKO)
mice appear normal at birth and lived through adulthood, these animals develop dilated
cardiomyopathy and myocardial thinning [54,65,66]. Also, a decrease in fractional
shortening and increased mortality was observed 8 days after transthoracic aortic banding
(TAC) [65]. TAC is a useful pressure overload model used to evaluate left ventricular
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hypertrophy in response to hemodynamic stress. Furthermore, Crone et al. isolated
cardiomyocytes from the ErbB2 conditional KO mice (CKO) and confirmed a 40% loss of
ErbB2 protein as compared to cardiomyocytes isolated from wild type mice.

Other gene-targeting studies related to ErbB signaling include the deletion of HB-EGF,
which results in myxomatous enlarged valves, demonstrating its role in heart valve
maturation[50]. Mouse models deficient in ADAM17/TACE, a membrane metalloprotease
that cleaves the pro-form of HB-EGF into active growth factor, share the same phenotype as
HB-EGF knockout models [50]. Gene mutations resulting in truncation of the cytoplasmic
tail of NRG created a model in which all NRG forms could not be cleaved by proteases thus
preventing ErbB3/ErbB4 activation [67]. These animals had similar cardiac phenotype as
the conventional null NRG embryos substantiating the contribution of both proteolytic
cleavage of these growth factors and NRG in heart development and maturation.
Collectively, these mouse studies underscore the importance of ErbB activity in formation
and function of the heart especially for pathways involving ErbB2.

Maintenance and function of adult cardiomyocytes by ErbB signals

4.1

EGF/NRG growth factors and ErbB receptors are needed for critical aspects of both
neuronal and heart development [47,53,57,68]; however, their importance to maintenance of
the adult heart was recently discovered due to cardiotoxic effects of drugs that target ErbB
receptors in anticancer therapies. Chemotherapeutic agents such as anthracyclines, taxanes,
as well as novel agents such as anti-ErbB2 antibodies, imatinib and other tyrosine kinase
inhibitors (TKIs) [69,70], are all linked to cardiotoxic effects.

The activation of ErbB2/ErbB4 signaling by NRG-1 has been found to be important for
cardiomyocyte survival. NRG signaling through ErbB receptors plays an important role in
cellular functions such as differentiation, migration and cell survival. Particularly, NRG
signaling is crucial for cardiomyocyte survival due to the role it plays in multiple signaling
cascades. NRG-1 has been shown to induce PI3K mediated AKT activation, important for
cardiomyocyte protection against cell death [71-75]. Activation of PI3K by NRG-1 requires
ErbB4 as a hetero- or homodimer. While PI3K activation often involves ErbB2, it is not
required or sufficient to induce AKT phosphorylation and activation [71]. Although not
entirely understood, the role of AKT is crucial for cardiomyocyte survival as it regulates
apoptosis by controlling bcl-x splicing [40,68], as well as modulating bcl-2 family protein
expression [76]. Furthermore, cardiac AKT activation can result in activation of the
mammalian target of rapamycin (mTOR), promoting protein synthesis and hypertrophy [77].
In-vitro studies show that NRG-1 treatment of primary cardiomyocytes can protect against
cell death induced by serum starvation, p-adrenergic receptor activation and anthracyclines
[71,72,74,75,78-81]. Cytoprotection by NRG-1 against cell death is not achieved when a
dominant negative AKT isoform is overexpressed, suggesting that NRG-1 cytoprotection is
mediated mainly through the PI3K/AKT pathway. Additional studies of AKT signaling by
Meadows et al. show that AKT plays a key role in the initiation of endothelial to
mesenchymal transition in the endocardial cushions, a complex process crucial for proper
valve development [41]. Further signaling by NRG includes the MAPK/ERK1/2 pathway; a
well known pathway involved in cellular proliferation and hypertrophy in cardiomyocytes
[82]. A transgenic mouse line containing a cardiac-restricted active MEK1 cDNA (upstream
effector kinase that activates ERK1/2, figure 1) was generated, demonstrating increased
hypertrophy and cardiac function, as determined by echocardiography without any signs of
cardiomyopathies [83]. This is strong evidence from in-vivo studies supporting the idea that
MAPK/ERK1/2 signaling is an important pathway for cardiomyocyte function and
hypertrophy.
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Trastuzumab, tyrosine kinase inhibitors and cardiac toxicity

4.2

The importance of ErbB signaling in heart form and function is highlighted by the
associated cardiotoxicity in patients treated with Trastuzumab (Herceptin). Standard
chemotherapy agents such as the anthracyclines are known to cause irreversible cardiac
abnormalities. The use of Trastuzumab arose from the increasing understanding of ErbB2 in
breast cancer making it a new molecular therapy for breast cancer patients [84]. The
monoclonal antibody trastuzumab targets the open conformation state of the ErbB2 receptor
[16,24], as this receptor is overexpressed in a substantial number of breast cancers.
Trastuzumab has been a successful therapy in reducing mortality rates for breast cancer
patients [85,86]. Unfortunately, a portion of patients treated with trastuzumab later
developed congestive heart failure, especially those concurrently or previously treated with
anthracyclines [87]. Observations with animal models provide evidence for both ErbB2 and
ErbB4 in cardiomyocyte protection. For example, Rohrbach et al.[88], show that ErbB2/
ErbB4 receptors are downregulated during progression of cardiac hypertrophy to heart
failure. Crone et al. [65], created a conditional ErbB2 mutant line to bypass the embryonic
lethality of the conventional knockout phenotype. The conditional KO ErbB2 mice develop
dilated cardiomyopathy and heart failure. Liu et al. [89] show that recombinant NRG1
attenuated the severity of ischemic heart disease and cardiomyopathy in rodent models
substantiating the protective impact of NRG-ErbB signals. Ozcelik et al. show that ErbB2
and ErbB4 are detected in myocytes to the T-tubule system suggesting a connection to
maintenance of myofibrillar integrity [90]. Thus, when ErbB expression or activity is lost,
ensuing collapse of myofibrils triggers myocyte cell death leading to cardiomyopathy. These
animal models and other studies strongly suggest that inhibition of the ErbB2 pro-survival
signal has a detrimental effect on cardiomyocyte viability, leading to dilated
cardiomyopathy and heart failure.

In this regard, there is an emerging concern with a variety of tyrosine kinase inhibitors (TKI)
and cardiotoxicity. The heart appears to be a sensitive organ to long term TKI exposure.
There is a growing list of TKI associated with negative effects on the heart, many directly or
indirectly targeting the ErbB signaling pathways (Table 2). Combination therapies of
Trastuzumab with other antineoplastic therapies such as imatinib (Gleevec), and taxanes
such as paclitaxel (Taxol), have also revealed cardiotoxic side effects [91-93]. Imatinib
alone has recently been linked to cardiotoxicity in patients receiving the drug for
gastrointestinal tumors or chronic myelogenous leukemia [94,95]. The emerging reports of
thiazolidinediones (Avandia) causing cardiotoxicity in diabetic patients [96] underscores the
impact that changing signaling pathways can have on the heart. One can speculate that both
Gleevec and Avandia are impacting myocyte integrity possibly through attenuating pro-
survival signals from ErbB receptors. These observations highlight the need for patients and
clinicians to carefully consider the cardiovascular risk stratification when considering new
pharmacological agents such as those disrupting ErbB signaling.

Conclusions

51

It is clear that ErbB signaling in the heart is of major significance from the developmental
stages, all throughout life. In development, ErbBs act as key regulators of cell fate, whether
it is differentiation and migration in the endocardial cushions, or proliferation necessary for
ventricular trabeculation. Further elucidation of ErbB temporal and spatial roles during heart
development, as well as better understanding of the signal transduction pathways they

Semin Cell Dev Biol. Author manuscript; available in PMC 2011 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sanchez-Soria and Camenisch Page 8

activate would help improve our understanding of the origins of congenital heart defects,
providing us with potential new therapeutics to reduce CHD mortality rates.

In the adult heart, anti-ErbB2 therapy has highlighted the role ErbB signaling plays in anti-
apoptotic pathways, and maintenance of cardiomyocyte function, as well as hypertrophy.
Clinically, anti-ErbB2 cancer therapy has proved successful, but the incidence of
cardiotoxicity has limited the potential of this targeted therapy. The discovery of
cardiotoxicity potential with Trastuzumab revealed a shared risk with this new generation of
targeted molecular therapeutics (Table 2). Thus, the understanding of ErbB signaling and
dysregulation in cancer and heart function will continue to be a research priority. Ironically,
detailed mechanistic studies into ErbBs role in CV biology are anticipated to reveal new
therapies for congestive heart failure and dilated cardiomyopathy [97].
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Figure 1. ErbB signaling in adult cardiomyocytes

Description: ErbB receptor signaling essential for cardiomyocyte function. Signal
transduction is initiated upon ligand binding (red box), inducing dimerization and
transphosphorylation of ErbB receptors. A simplified illustration of ErbB signaling is
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focused on signaling cascades relevant to cardiomyocyte function and survival, mediated by

the Ras-MAPK, PI3K-AKT, Src-FAK, and Nkx2.5 pathways.[56]
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Table 1
Expression of ErbBs, their ligands and phenotypes in heart development and disease
Molecule Dysregulation Phenotype (transgenic mouse models) Lethality References
NRG1 KO Lack of ventricular trabeculation, disrupted ~ E 10.5-11.5 [47]
endocardial cushion formation
ErbB1 KO Semilunar valve defects Viable, post natal lethality [48-51]
Waved-2 (10% kinase Hyperplastic OFT valves Viable [50,51]
activity)
ErbB2 KO Lack of ventricular trabeculation, E 105 [52,54,56,61
underdeveloped cushions 1
Down-regulation Myocardial thinning, dilated Spontaneous cardiomyopathy [54,98,99]
cardiomyopathy
ErbB3 KO Disrupted endocardial cushion formation E 135 [55,56]
ErbB4 KO Lack of ventricular trabeculation E 10.5 [57]
Down-regulation Impaired contractility and delayed Cardiomyopathy development  [100]
conduction, dilated cardiomyopathy at 3 months of age
HB-EGF KO Dilated cardiomyopathy and enlarged Early post-natal lethality [50,58]
myxomatous valves
TACE (ADAM17) KO Myxomatous valves, same phenotype as Early post-natal lethality [50]
HB-EGF KO
Shp2 Constitutively active Valvular stenosis and hyperproliferative Viable [59]
(point mutation knock-  valves
in)
Ras Constitutively active Hyperproliferative endocardial cushions Perinatal [60]
NF1 Mutated-inactive Hyperproliferative endocardial cushions Perinatal [101]
ShcA Mutated AKT domain Abnormal trabeculation E 125 [62]

KO: Knockout, homozygous null; OFT: outflow tract
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Table 2

Tyrosine kinase inhibitors linked with cardiac toxicity

TKI Brand name  Target(s)
Trastuzumab  Herceptin ErbB2
Gefitinib Iressa EGFR
Erlotinib Tarceva EGFR
Cetuximab Erbitux EGFR
Lapatinib Tykerb EGFR, ErbB2
Dasatinib Sprycel Src kinases
Imatinib Gleevec Bcer-Abl
Nilotinib Tasigna Ber-Abl
sunitinib Sutent Multiple RTKs
Sorafenib Nexavar Raf, VEGFR, PDGFR

Bevacizumab  Awvastin

VEGFR

VEGFR: Vascular endothelial growth factor receptor; PDGFR: Platelet-derived growth factor receptor
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