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ABSTRACT 

Epidermal Growth Factor Receptor – An Essential Mediator of Cardiac 

Contractile Function and Remodeling 

Shuchi Guo 

Doctor of Philosophy 

Temple University, 2019 

Doctoral Advisory Committee Chair: Douglas G. Tilley, PhD 

Epidermal Growth Factor Receptor (EGFR), a member of the Erbb receptor 

tyrosine kinase family, is essential to the development of multiple tissue and 

organs. Due to the embryonic lethality of global EGFR deletion, the impact of 

EGFR signaling in the adult heart, normally or in response to pathological stimuli, 

has not been well-explored. Using recently attained mice with floxed EGFR 

alleles crossed with αMHC-Cre mice, we have generated a cardiomyocyte-

specific constitutive EGFR knockout mouse model (CM-EGFR KO) to address its 

role in the heart.  Compared to their wild-type (WT) littermate controls, CM-

EGFR-KO mice displayed age-related development of cardiac dysfunction and 

remodeling, occurring between 7 and 9 weeks of age, as monitored via 

echocardiography and immunohistochemistry analyses.  Although contractile 

responsiveness to β-adrenergic receptor stimulation was unaffected by EGFR 

deletion, RNASeq analysis of CM-EGFR-KO hearts within this timeframe 

revealed alterations in myofilament protein expression profiles.  Additionally, 

there was enhanced cardiomyocyte death in the 7-9 week window of 
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development, which persisted to 10 months of age, at which time the CM-EGFR 

KO mice had progressively worsened cardiac function, dilation and 

cardiomyocyte loss.  To investigate the impact of cardiomyocyte-specific EGFR 

deletion on the response to pathologic stress, we challenged 12-14 week old WT 

and CM-EGFR KO mice with chronic isoproterenol infusion.  Notably, while 

chronic isoproterenol treatment diminished cardiac function and induced 

hypertrophic remodeling in WT mouse hearts, CM-EGFR-KO mouse hearts 

displayed progressively improved contractility and ablated hypertrophy over time, 

suggesting that EGFR differentially regulates cardiac function and remodeling 

processes during physiological versus pathological development. 
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CHAPTER 1 

GENERAL INTRODUCTION  

1.1 Heart failure and mechanisms behind it 

1.1.1 Overview of heart failure 

Heart disease is a prevalent and severe disease type with over 400 million men 

and women having at least a kind of cardiovascular illness (Mozaffarian, 

Benjamin et al. 2015). And it remains No.1 “killer” worldwide which with stroke 

together induced deaths approximately count 1/3 of all global deaths (Roth, 

Johnson et al. 2017). In addition to being a great threat to public health, 

cardiovascular diseases (CVD) also create a huge economic burden and from 

present to 2030 the combined direct and indirect cost of CVD are projected to 

increase from $396 billion to $918 billion (Benjamin, Blaha et al. 2017). Among 

all different types of heart diseases, heart failure (HF) results in the highest 

percentage of mortality in patients (Pons, Lupon et al. 2010). This is because HF 

is usually presented as the end-stage pathway of many cardiovascular patients 

(Benjamin, Blaha et al. 2017).  

Heart failure, in general terms, is the inability of the heart to pump sufficient 

oxygen and nutrition to meet the metabolic demands of the body. Heart failure 

results from impaired contraction or relaxation or both in either left or right 

ventricle, or both (Liew and Dzau 2004). Heart failure is able to significantly affect 

patient’s normal life style with symptoms including shortness of breath (dyspnea), 
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reduced ability to exercise, lack of appetite and nausea, chest pain, body fluid 

retention and fainting, and trigger secondary complications, such as kidney, liver 

damage and arrhythmia (Opina and Franklin 2018). 

1.1.2 Risk factors of heart failure 

HF is commonly caused by complex conditions served as initial events such as 

ischemia, coronary artery disease, diabetes, hypertension, myocarditis and 

inherited conditions including hypertrophic cardiomyopathy, dilated 

cardiomyopathy and arrhythmia (Liew and Dzau 2004, van der Wal, van Deursen 

et al. 2017). Among these, one of the most common initial events is myocardial 

infarction which is characterized as lack of oxygen induced muscle cell injury due 

to atherosclerosis and thrombosis (Zile, Baicu et al. 2004).  

These initial events lead to increased cardiomyocyte deaths as a consequence of 

either acute or chronic cardiac damages. In the early stage, to compensate to the 

loss of cardiomyocytes, a cascade of compensatory mechanisms is activated to 

maintain cardiovascular homeostasis (Liew and Dzau 2004, Drazner 2011). 

Although patients remain asymptomatic following a long period, cardiac 

remodeling as increased cardiac mass develops in response to neurohormonal 

signals (Feldman, Carnes et al. 2005). Eventually the heart undergoes 

decompensated stage in the case of persistent stress, and develops a 

progressively decreased contractile function, an enlarged lumen, massively 

increased cardiomyocyte deaths, unresolved inflammation and extensive fibrosis 



3 
 

(Liew and Dzau 2004, Chen-Scarabelli, Saravolatz et al. 2015, Kalogeropoulos, 

Samman-Tahhan et al. 2017). 

1.1.3 Normal contractile mechanisms 

Cardiac contractility is the intrinsic ability of the cardiac muscles to develop force 

at a given muscle length. This ability is primarily determined by intracellular 

calcium mobilization and subsequent activation of the sarcomeres (Tilley 2011). 

Calcium enters the cell during the plateau phase of the action potential through 

the L-type calcium channels (LTCC) in T tubule region (Bers 2002). 

Subsequently calcium is released from the sarcoplasmic reticulum (SR) through 

the ryanodine channel (RyR2) and binds to troponin C on the thin filaments, 

thereby inducing a conformational change that allows the interaction between 

thin and thick filaments. This process requires the use of ATP as energy supply 

for myosin to generate force which is responsible for contraction and ejection of 

blood from the heart (Morgan and Morgan 1984, Bers 2002). Calcium then is 

restored to SR by SERCA2 and removed by the sodium calcium exchanger 

(NCX) to allow the relaxation (Bers 2006). Inhibition of SERCA activity is tightly 

regulated by its binding factor – phospholamban (PLB) (Brittsan and Kranias 

2000). Plasma membrane calcium pump (PMCA) can remove cytosol calcium in 

a higher affinity but much lower efficacy compared to NCX (Wu, Weng et al. 

2018).  

Intracellular calcium balance and sarcomere function are modulated by 

sympathetic activation which leads to accelerated inotropy and lusitropy. For 
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example, β-adrenergic receptor (βAR) stimulation activates Gαs which stimulates 

adenylyl cyclase (AC) to produce cAMP, which in turn activates PKA. This kinase 

phosphorylates LTCC, PLB, RyR2 and troponin I to increase calcium uptake, 

release SERCA inhibitory effect, increase calcium release from SR and reduce 

the calcium sensitivity of troponin C, respectively (Bers 2002, Tilley 2011). Some 

GPCRs such as angiotensin II type 1 receptor (AT1R) couple with Gαq upon 

stimulation, which activates phospholipase C (PLC) to release IP3 messengers, 

which binds to its receptor IP3R to release calcium from SR. This calcium influx 

as well as TRP channel mediated calcium influx does not respond to action 

potential and has no fundamental effects on calcium pool during contraction but 

triggers specific calcium mediated pathways including activation of CAMKII 

kinases (Mudd and Kass 2008). CAMKII is able to regulate contractility via 

phosphorylation of PLB and RyR2 which results in increased contraction-

relaxation cycles similar to PKA (Netticadan, Temsah et al. 2000). Although 

mitochondria mediated calcium buffering via mitochondrial calcium uniporter 

(MCU) and mitochondrial sodium calcium exchanger (NCLX) barely contribute to 

overall calcium transients (Lu, Ginsburg et al. 2013), this function is essential for 

mitochondrial physiology and energy production that directly contribute to 

contraction (Wang, Xu et al. 2018). 



5 
 

 

Figure 1. Modulation of contraction and relaxation by regulatory 

mechanisms which control myofilament function and calcium handling. 

The entry of calcium to a cardiomyocyte through LTCC channels stimulates the 

release of calcium from the sarcoplasmic reticulum through RyR2. Calcium 

binding to cTnC induces myosin-actin interaction. SERCA2 mediates calcium 

uptake to SR during relaxation. SERCA2 activity is inhibited by PLB which 
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releases its binding to SERCA once it is phosphorylated. In addition, NCX and 

PMCA both contribute to cytosol calcium clearance. Different type of GPCR 

signaling can regulate the activation of PKA or PLC. PKA further targets cTnI, 

LTCC, PLB and RyR2, while PLB and RyR2 are also targeted by CAMKII. PLC 

releases IP3 which activates SR calcium release through IP3R. In addition, 

calcium enters cytosol through TRPC to activate specific signaling. Mitochondria 

can exchange its calcium with cytosol or SR through MCU and NCLX. 

1.1.4 Altered contractile mechanisms during HF 

Alteration in mechanisms that regulate cardiac myofilament function and calcium 

handling can significantly weaken contraction and delay relaxation, which 

contribute to development of HF. In cellular calcium network, dysregulation of 

alternative splicing of LTCC and ubiquitin mediated LTCC degradation are both 

associated with cardiac diseases such as arrhythmia and hypertrophy (Hu, Liang 

et al. 2017, Yuan, Zhao et al. 2018). Specific mutations in PLB have been shown 

to inappropriately inhibit SERCA and cause DCM and resultant heart failure 

(Haghighi, Kolokathis et al. 2003, Schmitt, Kamisago et al. 2003). In addition, 

deficiency of RyR2 regulatory factor calstabin triggers heart failure and sudden 

cardiac death (Lehnart, Wehrens et al. 2004).  

During the progression of HF, irregular rearrangement of components of cardiac 

myofilaments can occur which further accelerates cardiac remodeling. Thick 

filament component α-myosin heavy chain is downregulated and reexpressed β-

myosin heavy chain can contribute up to half of the total amount of myosin heavy 
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chain (Lowes, Minobe et al. 1997). Similarly, changes of the relative amount of 

the two isoforms of titin also correlates with diastolic distensibility and heart 

failure (Nagueh, Shah et al. 2004). 

Dysregulation of neurohormones is a relatively common comorbidity in almost all 

kinds of heart failure (Feldman, Carnes et al. 2005). The altered activity of the 

renin-angiotensin system and the sympathetic nervous system functions to 

maintain hemodynamic stability in the short term, but worsens the heart failure 

condition in the long term (Liew and Dzau 2004). In response to catecholamine 

overdrive, PKA and GRK mediated βAR desensitization attenuates cardiac 

contractile function via both calcium imbalance and sarcomere dysfunction 

(Feldman, Carnes et al. 2005). Production of angiotensin II is also elevated in 

heart failure which leads to dysregulation of PLC, PKC and CAMKII by AT1R 

overstimulation and eventually deteriorates myocyte contractility (Huke, 

Desantiago et al. 2011). 

1.2 Epidermal growth factor receptor (EGFR) signaling 

1.2.1 ErbB receptor family 

EGFR belongs to erythroblastic leukemia viral oncogene homolog (ErbB) 

receptor family which consist of 4 members, EGFR (ErbB1), ErbB2, ErbB3 and 

ErbB4 (Zhang, Berezov et al. 2007). Each members of these receptor family 

shares the commonalities of their structure that comprises an extracellular 

domain which is responsible for ligand binding, an α-helical transmembrane 



8 
 

segment and an intracellular protein tyrosine kinase domain (Olayioye, Neve et 

al. 2000). Normally ErbB receptors are quiescent as monomers and prevent the 

auto-activation by a specific folding (Burgess, Cho et al. 2003). The binding to 

their ligands initiates a conformational rearrangement which allows dimerization 

of the same ErbB receptors (homodimerization) or different ErbB receptors 

(heterodimerization) (Ogiso, Ishitani et al. 2002). Dimerization which occurs 

between two ErbB receptors is considered essential for its function and for the 

signaling activity of these receptors (Ferguson, Berger et al. 2003). It further 

leads to transactivation of the tyrosine kinase domains of the partner receptor by 

transphosphorylation and this initial event then allows the recruitment and 

activation of downstream proteins (Olayioye, Neve et al. 2000, Mendelsohn and 

Baselga 2003).  

In addition, some ErbB receptors have unique features of their functional 

domains. EGFR and ErbB4 have active tyrosine kinase domains and known 

ligands, while intrinsic tyrosine kinase activity is missing in ErbB3 and ErbB2 has 

no identified direct ligands (Sierke, Cheng et al. 1997, Burgess, Cho et al. 2003). 

The ligand inventories between these receptors are also different. EGFR specific 

ligands include EGF, TGF-α and amphiregulin and neuregulins mostly target 

ErbB3/4 (Carraway and Cantley 1994, Zhang, Berezov et al. 2007). With no 

requirements of ligand binding, ErbB2 constitutively exists in an active state and 

has an open conformation ready for dimerization with any other ErbB receptors 

(Garrett, McKern et al. 2003, Hynes and Lane 2005). Therefore, ErbB2 is 

regarded as the most potent partner of heterodimerization with other ErbB 
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receptors. Additionally, different pairing possibilities between four ErbB receptors 

trigger a diverse range of downstream pathways and compared to homodimers, 

heterodimers have strong signaling potencies (Yarden and Sliwkowski 2001). 

1.2.2 EGFR downstream signaling 

As mentioned above, the uncertainty of pairing combination leads to a diverse 

range of signaling pathways. Of the four family members, the EGFR signals to 

the largest number of unique downstream cascades (Wee and Wang 2017). 

Among these extensive signaling pathways, two major pathways probably are 

considered the most important pathways in mediating the biological response of 

the EGFR: RAS-RAF-MEK-ERK MAPK pathway and PI3K-AKT-mTOR pathway 

(Scaltriti and Baselga 2006).  

MAPK pathway initiates following receptor transphosphorylation. The 

phosphorylated tyrosine residues recruit EGFR’s binding proteins – GRB2 and 

SHC to form as a scaffold that interacts with SOS, a guanine nucleotide 

exchange factor (GEF) (Lowenstein, Daly et al. 1992, Pelicci, Lanfrancone et al. 

1992, Egan, Giddings et al. 1993). SOS further activates RAS, a small guanosine 

triphosphatase (GTPase) by inducing GDP/GTP exchange, which leads to the 

interaction with RAF and recruit it to the membrane for full activation (Brtva, 

Drugan et al. 1995). RAF directly activates MEK1/2 by phosphorylation, and 

subsequently activated MEK1/2 activate their only known substrates ERK1/2 

(Fabian, Daar et al. 1993, Dhanasekaran and Premkumar Reddy 1998, Lewis, 

Shapiro et al. 1998). In contrast to the narrow substrate specificity of RAF and 
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MEK, ERK is known to have over one hundred substrates including both cytosol 

and nuclear factors (Yoon and Seger 2006). Translocation of ERK to nuclear 

allow it to activate several transcription factors such as c-MYC, c-FOS and c-JUN 

to induce response genes (Quantin and Breathnach 1988, Murphy and Blenis 

2006). 

Another important pathway, PI3K-AKT-mTOR signaling cascade also initiates 

from recruitment of GRB2 to Receptor c domain, and GRB2 binds and 

phosphorylates GAB1 which provides the binding sites for PI3K (Lock, Royal et 

al. 2000, Mattoon, Lamothe et al. 2004). Catalytic domain of PI3K converts 

phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-

trisphosphate (PIP3) which induces AKT translocation to the plasma membrane 

(Whitman, Downes et al. 1988, Franke, Kaplan et al. 1997). Fully activated AKT 

by PDK1 and mTORC2 mediated phosphorylation can have various cellular 

targets depending on isoforms and localization (Stephens, Anderson et al. 1998, 

Sarbassov, Guertin et al. 2005, Santi and Lee 2010). 

In addition to these important downstream cascades, EGFR and its binding 

partner can be directly associated with PLC and induce PLC-PKC pathway 

(Anderson, Koch et al. 1990, Ji, Winnier et al. 1997, Wee and Wang 2017). 

EGFR also recruits SRC and induce SRC mediated STAT activation (Olayioye, 

Beuvink et al. 1999, Tice, Biscardi et al. 1999, Wee and Wang 2017). Finally 

EGFR upon stimulation can translocate to other cellular compartment including 

nuclear, and this unique way of expression can results in distinct patterns of 
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signaling activation (Lin, Makino et al. 2001, Wang, Yamaguchi et al. 2010, Wee 

and Wang 2017). Actually, the truth is that EGFR is able to stimulate an entire 

signal transduction network due to the cross-talk between different pathways. 
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Figure 2. Well-defined downstream signaling pathways of EGFR. 

EGFR forms homodimers or heterodimers with other ErbB receptor (ErbB2 as 

most potent pairing partner) and initiates various downstream signaling 

cascades, including RAS-RAF-MEK-ERK MAPK pathway, PI3K-AKT-mTOR 

pathway, PLC-PKC/CAMKII pathways and SRC-STAT pathways. STAT further 

acts as a transcription factor. ERK can enter nuclear as coactivator for several 

transcription factors such as MYC, FOS and JUN. PKC have both cytosol and 
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nuclear targets. CAMKII mediates cellular activities by targeting other cytosol 

factors. Akt has a huge range of substrates in both cytoplasm and nuclear and is 

well-characterized to activate mTOR signaling but inhibit functions of p21, Bad 

and GSK-3.  

1.2.3 General cellular functions of EGFR and its downstream factors 

An extensive downstream signaling network grants EGFR with a significant 

impact on cellular and molecular activities. In general, these activities are related 

to pro-survival and proliferative outcomes. Because of these facts, most studies 

that focus on EGFR functionality are relevant to cancers, and therapeutics for 

EGFR inhibition undergo rapid development. Specifically, ERK positively 

regulated transcriptional factors such as c-MYC, AP-1 complex which binds to 

cyclin D promoter and prevents cell cycle arrest (Herber, Truss et al. 1994, 

Murphy and Blenis 2006). Because of numerous substrates targeted by ERK, it 

can regulate pyrimidine synthesis, chromatin remodeling, and ribosome 

synthesis and protein translation (Chambard, Lefloch et al. 2007). Another 

important kinase of EGFR downstream, AKT signals to mTOR to induce protein 

synthesis and cell growth through regulation of 4E-BP1 and S6K (Dibble and 

Cantley 2015). AKT also facilitate cells to skip apoptosis by inhibition on BAD 

(She, Solit et al. 2005). Furthermore, AKT mediates the stability and nuclear 

translocation of p21/p27 which result in cell cycle progression (Li, Dowbenko et 

al. 2002, Liang, Zubovitz et al. 2002).  
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Besides its pro-survival/anti-apoptotic role in general cell populations, EGFR 

harbors specific functions in certain type of tissues and cells. For example, EGFR 

is known to functionally regulate multiple immune cell types. EGFR has been 

shown to regulate macrophage activation and cytokine production in response to 

bacterial infection via MAPK pathway (Hardbower, Singh et al. 2016). EGFR 

downstream factor, AKT can inhibit GSK-3 and negatively influence T cell-

dependent B cell responses and B cell survival under glucose restriction 

(Hermida, Dinesh Kumar et al. 2017, Jellusova, Cato et al. 2017). Moreover, 

EGFR is required for endothelial cells migration, EGF-induced angiogenesis and 

neovasculature formation (Hirata, Uehara et al. 2004, Maretzky, Evers et al. 

2011). Notably EGFR has also been linked to the fibroblast contractility, 

transformation and aging phenotypes (Shiraha, Gupta et al. 2000, Iwabu, Smith 

et al. 2004).  

1.3 The role of EGFR in heart 

1.3.1 Direct EGFR function in normal and pathological development 

Since cardiomyocyte is a specific differentiated cell type with limited ability for 

growth and proliferation under normal development but is capable to expand its 

size and even reenter cell division in stress conditions (Li, Wang et al. 1996, 

Soonpaa and Field 1998, Nakada, Canseco et al. 2017), it has been a myth for 

years whether cardiac EGFR, especially in adult heart has a different role 

compared to other cell types.  However, only a few studies were able to directly 

address this question. Although EGFR protein expression is highly detectable in 
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embryonic mouse hearts, adult cardiomyocytes fail to maintain its expression 

(Zhao, Sawyer et al. 1998, Eldridge, Guo et al. 2014, Yang, Ma et al. 2017). The 

functional EGFR is critical for early organ development so consequently global 

deletion of EGFR is embryonically or postnatally lethal depending on mouse 

genetic backgrounds (Threadgill, Dlugosz et al. 1995). Surprisingly these EGFR 

knockout neonates had no gross histological differences in the hearts compared 

to wild-type littermates (Threadgill, Dlugosz et al. 1995). Global replacement of 

mouse EGFR with human EGFR led to severe ventricular hypertrophy and 

semilunar valve defects (Sibilia, Wagner et al. 2003). In addition, chronic infusion 

of EGFR kinase inhibitors demonstrated its role in cell survival, cardiac function 

and semilunar valve defects (Barrick, Yu et al. 2008). With similar focus on 

EGFR kinase function, a transgenic mouse model expressing EGFR with kinase 

mutation (no activity) resulted in abnormal valvular differentiation, ventricular 

remodeling and failure (Chen, Bronson et al. 2000, Barrick, Roberts et al. 2009). 

Meanwhile, a study disrupted cardiac ErbB system using cardiomyocyte specific 

overexpression of dominant negative EGFR and confirmed the effect on cardiac 

remodeling and dysfunction (Rajagopalan, Zucker et al. 2008). They further 

explored the protective role of EGFR during transverse-aortic constriction 

induced cardiac stress. EGFR has been linked to cardiac ROS balance and 

increase cardiac mass in a most recent study (Schreier, Rabe et al. 2013). 

However, in disagreement with previous studies, this cardiomyocyte and smooth 

muscle cell specific EGFR knockout model did not develop fibrosis and 

dysfunctional phenotypes 
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1.3.2 GPCR mediated EGFR transactivation in heart 

Multiple receptors including G protein coupled receptors (GPCR) upon 

stimulation can lead to EGFR-dependent signaling. This process known as 

GPCR mediated EGFR transactivation occurs in both GPCR and cell-specific 

manners via either intracellular or extracellular pathways (Forrester, Kawai et al. 

2016). For example, cardiac AT1R and β1AR stimulations both trigger EGFR 

activation via matrix metalloprotease (MMP) or a disintegrin and metalloprotease 

(ADAM) mediated cleavage and release of endogenous EGFR ligand (Asakura, 

Kitakaze et al. 2002, Noma, Lemaire et al. 2007). However, this process for AT1R 

is Gαq dependent while β1AR relies on GRK/ βArrestin to recruit MMP activator, 

Src (Noma, Lemaire et al. 2007, Smith, Chan et al. 2011). In contrast, α1-

adrenoceptor transactivates EGFR via an EGFR ligand independent pathway 

which mediated by calmodulin, CAMKII, Src and PI3K following calcium release 

(Ulu, Henning et al. 2013). Furthermore, some GPCRs structurally interact with 

EGFR either at baseline or after ligand binding, or both and formed complexes 

may induce the specific signaling cascades (Maudsley, Pierce et al. 2000, 

Olivares-Reyes, Shah et al. 2005, Tilley, Kim et al. 2009). 

EGFR transactivation mediated by different GRCPs can result in completely 

different, even opposite outcomes in heart. AT1R mediated EGFR transactivation 

is well defined as the controller of angiotensin II induced cardiac remodeling such 

as hypertrophy and fibrosis (Messaoudi, Zhang et al. 2012, Takayanagi, Kawai et 

al. 2015). Thus, blockage of EGFR in this context can be beneficial for overall 
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pathological development. On the other aspects, EGFR transactivation have 

been shown to be essential to maintain cardiac health. Muscarinic receptors 

mediated EGFR function plays a protective role in TNFα induced ER stress in 

cardiomyocytes (Miao, Bi et al. 2015). Dampened EGFR transactivation following 

Urotensin II receptor antagonism worsens cardiac function, fibrosis and cell 

death outcomes in a mouse model of pressure overload (Esposito, Perrino et al. 

2011). While EGFR promotes survival signals in cardiomyocytes under in-vitro 

stress conditions, the in vivo role of βAR mediated EGFR transactivation in 

cardiac dysfunction and cell death during chronic catecholamine stimulation is 

still not well understood because different EGFR inhibitors led to different results 

(Noma, Lemaire et al. 2007, Grisanti, Talarico et al. 2014, Grisanti, Repas et al. 

2015). 
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Figure 3. Extracellular and intracellular mechanisms lead to EGFR 

transactivation mediated by GPCR. 

For extracellular mechanisms, GPCR stimulation leads to activation of G protein 

and GRK/βArrestin dependent pathways. Gα, Gβγ and SRC recruited by 

βArrestin all can lead to activation of MMPs which release endogenous EGFR 

ligands (i.e. HB-EGF) to induce EGFR activation. For intracellular pathway, 

activation of GPCR results in cytosol calcium influx which further activates 

calmodulin and CAMKII complex. Either directly or via SRC, this complex 
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activates PI3K that regulates EGFR phosphorylation independent of ligand 

binding. 

1.4 Rationale and hypothesis 

1.4.1 Rationale and hypothesis 

Despite past years efforts on improvement in pharmaceutic bag of tricks, heart 

failure patients who develop inotrope dependency still experience roughly 85% 

mortality after 2 years (Halushka, Mitchell et al. 2016). Therefore, it is important 

to further research on the new insights of mechanistic differences in each kinds 

of heart failures. EGFR expression in heart changes along normal cardiac 

development and it is regarded as an important factor mediating GPCR 

downstream effects. Using indirect and non-specific approaches, several studies 

have demonstrated EGFR transactivation mediated by GPCRs downstream 

signaling pathways potentially accelerates or prevents deteriorated progression 

of heart failure (Reichelt, O'Brien et al. 2017). However, it remains unclear how 

EGFR may directly participate in development of HF.  Here we test the novel 

hypothesis that EGFR differentially regulates cardiac function and morphology 

during physiological development and protects hearts against adverse 

remodeling during pathological development. Our study following this hypothesis 

is necessary to complete our understanding about the roles of EGFR and GPCR 

mediated EGFR transactivation in HF, which can further advance the 

development of biased GPCR therapeutics in more effectively treating HF 

patients. 
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1.4.2 Specific aims 

We addressed our hypothesis via the following aims: 

Aim 1 – determine if EGFR plays a role in cardiac functional and structural 

homeostasis during normal development 

Study 1 – test if EGFR deletion leads to cardiac dysfunction  

Study 2 – determine if EGFR deletion leads to cardiac remodeling 

Study 3 – test if reintroduction of EGFR can rescue cardiac phenotypes induced 

by EGFR deletion 

Study 4 – determine the mechanisms underlying cardiac alterations induced by 

EGFR deletion  

Aim 2 – determine the role of βAR mediated EGFR transactivation in heart under 

chronic catecholamine stress 

Study 1 – determine how EGFR deletion affects cardiac function and remodeling 

following long-term ISO infusion 

Study 2 – determine the mechanisms responsible for these changes 

Aim 3 – determine the role of EGFR in acute cardiac MI injury 

Study 1 – determine how deletion of EGFR alters MI induced cardiac dysfunction 

Study 2 – determine how deletion of EGFR alters MI induced remodeling 
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CHAPTER 2 

MATERIALS AND METHODS  

2.1 Animals 

All animal experiments were conducted under the National Institutes of Health 

(NIH) Guide for the Care and Use of Laboratory Animals, and approved by the 

Institutional Animal Care and Use Committee (IACUC) at Temple University. The 

mouse strain used for this research project, B6.129S6-Egfrtm1Dwt/Mmnc, 

identification number 031765-UNC, was obtained from the Mutant Mouse 

Regional Resource Center, a NIH funded strain repository, and was donated to 

the MMRRC by David Threadgill, Ph.D., North Carolina State University.  These 

EGFR flox/flox mice contain a conditional allele of Egfr with exon 3 flanked by 

two loxp sites and deletion of this exon results in early termination of translation 

(Lee and Threadgill 2009).  Alpha myosin heavy chain – cre (αMHCcre) mice 

were received as a generous gift from Dr. Elrod’s lab at Temple University.  

EGFR-flox/flox and αMHC-Cre mice were crossbred to generate cardiomyocyte-

specific EGFR conditional knockout mice (EGFR-cKO) with one αMHC-Cre 

allele.  EGFR-cKO and Cre-negative control littermates were maintained by 

breeding EGFR-cKO with EGFR-flox-flox Cre-negative mice (Figure.4).  Egfr-

cKO mice and their control littermates were monitored for survival until the mice 

reach the age of 16 months, after which they were euthanized.  
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Figure 4. Genetic approach to generate cardiomyocyte-specific constitutive 

Egfr knockout mouse. 

2.2 Mouse genotyping 

EGFR-cKO and Cre-negative littermates were genotyped via polymerase chain 

reaction (PCR) and agarose gel separation of PCR products.  Half-centimeter 

mouse tail clippings were collected and digested with 50μl of Direct PCR Lysis 

Buffer (Viagen, Los Angeles, CA) at 95°C for 20 mins and then 50µl more of 

Direct PCR Lysis Buffer (Viagen, Los Angeles, CA) containing 0.6 mg/ml 

proteinase K (VWR, Fountain ParkwaySolon, OH) overnight at 55°C. After a 

quick vortex and centrifugation, tissue lysates were incubated at 95°C for 10 

mins followed with another quick vortex, and then used for PCR. 

Genotyping of EGFR flox allele was performed using the forward primer (5’ – 

CTTTGGAGAACCTGCAGATC – 3’) and reverse primer (5’ – 

CTGCTACTGGCTCAAGTTTC – 3’). The specific primer set for αMHCcre 

genotyping includes 5’ – GGCGTTTTCTGAGCATACCT – 3’ and 5’ – 

CTACACCAGAGACGGAAATCCA – 3’. The PCR conditions for both primer sets 

were: 94°C for 30 s, 56°C for 25 s, 72°C for 60 s for a total of 30 cycles. The 
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PCR reaction products were purified via 2% gel electrophoresis and imaged on a 

gel documentation system (Bio-Rad, Hercules, CA). Homozygous EGFR flox/flox 

PCR product was detected as a 348 bp band, while WT Egfr PCR product was 

253 bp. The DNA product size of αMHC-Cre was between 565 and 585 bp. 

2.3 Reagents and antibodies 

Isoproterenol, L-Ascorbic acid, sodium citrate tribasic dehydrate and citric acid 

monohydrate were purchased from Sigma-Aldrich (St. Louis, MO). Fetal Bovine 

Serum (FBS) was purchased from Gemini Bio-products (West Sacramento, CA). 

Bovine serum albumin (BSA) and paraformaldehyde was purchased from 

Thermo Fisher Scientific (Fair Lawn, NJ). 

The antibodies used were: anti-EGFR (06-847) from Millipore; anti-α-Catenin (71-

1200) and Alexa Fluor 488-conjugated anti-Rabbit IgG (A-11034) from Invitrogen; 

anti-Na+/K+-ATPase (sc-21712) from Santa Cruz Biotechnology; anti-Cre 

(GTX127271) from GeneTex; anti-Phospholamban (A010-14), anti-

Phospholamban-pSer16 (A010-12AP) and anti-Phospholamban-pThr17 (A010-

13AP) from Badrilla; anti-Akt-pSer473 (4060), anti-Akt (2920), anti-GAPDH 

(2118), anti-pTroponin I (4004), anti-Troponin I (4002), anti-Erk1/2 (9102) and 

anti-Erk1/2-pThr202/pThr204 (9101) from Cell Signaling Technology; Donkey 

anti-Rabbit IgG (926-68073) and Goat anti-Mouse IgG (926-32210) from LI-COR 

Biosciences; anti-ErbB2 (18299-1-AP) from Proteintech. 
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2.4 Heart fractionation 

Left ventricular samples from Egfr-cKO and control mice were harvested and 

dissected to quarters. Hearts were homogenized (bullet-blended) in lysis buffer 

(25 mM Tris pH 7.4, 5 mM EDTA, 1% HALT protease inhibitor cocktail and 2% 

phosphatase inhibitor cocktail) and incubated on ice for 15 min. Lysate was 

centrifuged at 2000 ×g for 5 min at 4°C and the supernatant was further 

centrifuged at highest speed for 25 min at 4°C. The supernatant was the second 

centrifugation was saved as the cytosolic fraction while the precipitation was 

resuspended in RIPA buffer (1 M Tris pH 7.4, 10% NP-40, 10% sodium 

deoxycholate, 1 M sodium chloride, 0.5 M EDTA pH 8, 0.5 M sodium fluoride)  

2.5 Immunoblot analysis 

Excised hearts from Egfr-cKO and control mice were perfused with PBS and 

separated LVs were dissected to quarters. LV samples were homogenized in 

RIPA buffer containing, 1% HALT protease inhibitor cocktail (Thermo Scientific, 

Rockford, IL) and 2% phosphatase inhibitor cocktail (Calbiochem, Germany). 

Protein assays were performed with to determine the sample concentration of 

lysates in comparison of standard protein concentration curves. Equal amounts 

of proteins from sample lysates were resolved by SDS-PAGE gels and 

transferred to Immobilon-PSQ polyvinylidene fluoride 0.2 μm pore size 

membranes (Millipore, Billerica, MA). Membranes were then blocked with 

Odyssey Blocking Buffer (LI-COR Biosciences; Lincoln, NE) to prevent 

nonspecific binding before being incubated with primary antibodies against tested 
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protein factors overnight at 4°C. After being washed with TBST, membranes 

were incubated with the appropriate diluted secondary antibodies for one hour at 

room temperature. Bound antibodies on membranes were detected by the LI-

COR Biosciences Odyssey System (LI-COR Biosciences, Lincoln, NE). The 

expression levels of proteins as indicated by the fluorescent intensity were 

determined by Image Studio Ver 2.0 (LI-COR Biosciences, Lincoln, NE).and 

used as the membrane fraction.  

2.6 Echocardiography 

Heart function was evaluated using a VisualSonic Vevo 2100 Imaging System 

(FUJIFILM, Toronto, ON). Mice were sedated using isoflurane (Patterson 

Veterinary, Greeley, CO) to maintain a heart rate (HR) of 400 ~ 500 beats per 

minute (bpm).  Short axis orientation images of the left ventricle (LV) images 

were taken in B mode and M mode. M mode images were used for 

measurements of different cardiac functional and structural parameters, including 

LV end diastolic diameter (LVEDD), LV end systolic diameter (LVESD), end 

diastolic volume (EDV), end systolic volume (ESV), LV posterior wall thickness 

(LVPW) and LV anterior wall thickness (LVAW) at diastolic and systolic stages 

(LVPWd, LVPWs, LVAWd and LVAWs). Stroke volume (SV) was calculated as 

SV = EDV – ESV. Ejection fraction (EF) was calculated as EF (%) = 

SV/EDV×100. Fractional shortening (FS) was calculated as FS (%) = [(LVEDD – 

LVESD)/LVEDD] ×100. Cardiac output (CO) was calculated as CO = SV × HR. 
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LV mass (LVM) was calculated as LVM = 0.8(1.04[([LVEDD + LVAWd + 

LVPWd]3 – LVEDD3)]) + 0.6.  

2.7 Masson Trichrome staining 

Masson trichrome staining was used to determine the general cardiac 

morphology and the fibrosis level in the Egfr-cKO and control mouse hearts at 

baseline of different ages and after ISO infusion and MI surgery. Excised hearts 

from euthanized mice were perfused with PBS and fixed for 2 days in 4% 

paraformaldehyde (PFA) at 4°C. After washing in PBS, hearts were dehydrated 

and paraffinized using a Microm STP120 tissue processor (ThermoFisher 

Scientific, Fair Lawn, NJ) and embedded in paraffin by a HistoStar apparatus 

(ThermoFisher Scientific, Fair Lawn, NJ). Tissue sections (4-6 micron) were 

generated using a Microm HM 325 (ThermoFisher Scientific, Fair Lawn, NJ) and 

subsequently stained with Weigert’s iron hematoxylin (blue/black nuclei stain) 

and Masson Trichrome (Sigma-Aldrich, St. Louis, MO) following the 

manufacturer’s protocol. Biebrich Scarlet-acid Fucshin stains cardiac muscle as 

red while Aniline solution stains collagen as blue. The overall structures of 

sample hearts were visualized at 0.8X magnification using a Nikon SMZ1000 

microscope (Nikon Corporation, Japan). The cardiac fibrosis areas were 

assessed at 20X magnification using a Nikon Eclipse microscope (Nikon 

Corporation, Japan). 
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2.8 WGA staining 

Wheat germ agglutinin (WGA) staining was used to assess the size of individual 

cardiomyocyte in heart at baseline of different ages of mice and after ISO 

infusion. Excised hearts from euthanized mice were perfused with PBS and fixed 

for 2 days in 4% paraformaldehyde (PFA) at 4°C. After washing in PBS, hearts 

were dehydrated and paraffinized using a Microm STP120 tissue processor and 

embedded in paraffin by a HistoStar apparatus. Tissue sections (4-6 micron) 

were generated using a Microm HM and subsequently stained with 20 μg/ml 

WGA (Vector Labs, Burlingame, CA) overnight at 4°C. The cardiac myocyte 

intersectional areas were assessed at 20X magnification using a Nikon Eclipse 

microscope. 

2.9 TUNEL staining 

Measurement of cell death in hearts was achieved via terminal deoxynucleotidyl-

transferase-mediated dUTP nick-end labeling (TUNEL) by an In Situ Cell Death 

Detection Kit, TMR Red (Roche Diagnostics; Mannheim, Germany). Excised 

hearts from euthanized mice were perfused with PBS and fixed for 2 days in 4% 

paraformaldehyde (PFA) at 4°C. After washing in PBS, hearts were dehydrated 

and paraffinized using a Microm STP120 tissue processor and embedded in 

paraffin by a HistoStar apparatus. Tissue sections (4-6 micron) were generated 

using a Microm HM and subsequently followed with tissue deparaffinization. The 

labeling of DNA strand breaks using tetra-methyl-rhodamine-dUTP were 

proceeded as manufacturer’s instructions. Briefly, heart sections were incubated 
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with proteinase K (Qiagen, Hilden, Germany) for 20 mins at 37°C and further 

treated with TUNEL enzyme buffer for 1hr at 37°C. Hearts were counterstained 

with troponin I and DAPI to identify cardiomyocytes and nuclei. Mounted sections 

were visualized at 20X magnification using a Nikon Eclipse microscope. The 

percentage of TUNEL-positive nuclei in cardiomyocytes were calculated in 

relation to the total number of cardiomyocyte nuclei. Cell death measurements 

were performed in Egfr-cKO mice and their control littermates at baseline of 

different ages, after ISO infusion and 24hrs after MI surgery. 

2.10 AAV9 vector production and injection 

Recombinant AA9-cTNT-eGFP, AAV9-cTNT-eGFP-Cre, AAV9-cTNT-LacZ and 

AAV9-cTNT-flag-EGFR vector particles were generated as a fee-for-service by 

Vector Biolabs (Malvern, PA). In 12 weeks old mice, 1012 AAV particles per 

mouse were administered systemically by retroorbital injection. Cardiac function 

was monitored weekly following injection. And hearts were harvested at 2 and 4 

weeks post AAV injection for validation and assays. 

2.11 Whole transcriptome analysis 

Excised hearts from the Egfr-cKO and control mouse hearts at baseline of 

different ages were perfused with PBS and separated LVs were dissected to 

quarters. Total RNA was isolated from a quarter LV using an RNeasy Fibrous 

Tissue Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s 

suggestion. After measurements of RNA quality and concentration by the 
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Nanodrop 2000 (Thermo Scientific, Wilmington, DE), total RNA samples were 

submitted for whole transcriptome analysis with the HiSeq2500 platform 

(Illumina, San Diego, CA) as a fee-for-service using the Next-Gen Sequencing 

Unit at the Fox Chase Cancer Center (Philadelphia, PA). Truseq stranded mRNA 

library kit, Hiseq rapid SR cluster kit and HiSeq rapid SBS kit (Illumina, San 

Diego, CA) were used to make library from 1000ng total RNAs of each sample 

according to the product guide. Briefly mRNAs were enriched twice via poly-T 

based RNA purification beads, and subjected to fragmentation at 94 degree for 8 

min via divalent cation method. The 1st strand cDNA was synthesized by 

SuperscriptII and random primers at 42 degree for 15 mins, followed by 2nd 

strand synthesis at 16 degree for 1hr.  During second strand synthesis, the dUTP 

was used to replace dTTP, thereby the second strand was quenched during 

amplification. A single ‘A’ nucleotide is added to the 3’ ends of the blunt 

fragments at 37 degree for 30 min.  Adapters with illuminaP5, P7 sequences as 

well as indices were ligated to the cDNA fragment at 30 degree for 10 min.  After 

Ampure bead (BD) purification, a 15-cycle PCR reaction was used to enrich the 

fragments. PCR was set at 98°C for 10 s, 60°C for 30 sec and extension at 72°C 

for 30 s.  Libraries were again purified using AmPure beads, underwent quality 

check on a bioanalyzer (Agilent Technologies, Santa Clara, CA) and quantified 

with Qubit (Invitrogen, Carlsbad, CA). Sample libraries were subsequently pooled 

and loaded to the sequencer.  Single end reads at 75bp were generated for the 

bioinformatic analysis using Cufflink software (Trapnell C, Nat Biotechnol) at the 

Illumina server. Genes with log2[fold change] > 2 and a false discovery rate 
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(FDR) < 0.05 were deemed significantly differentially expressed between the two 

conditions. Hierarchical clustering was performed using RStudio software 

1.1.453. Functional annotation of data sets, network, and upstream regulator 

analyses were performed using Ingenuity Pathway Analysis (Ingenuity Systems, 

Redwood City, CA). 

2.12 Quantitative real-time PCR (RT-qPCR) 

Excised hearts from the Egfr-cKO and control mouse hearts at baseline of 

different ages were perfused with PBS and separated LVs were dissected to 

quarters. Total RNA was isolated from a quarter LV using an RNeasy Fibrous 

Tissue Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s 

suggestion. After measurements of RNA quality and concentration by the 

Nanodrop 2000 (Thermo Scientific, Wilmington, DE), a High Capacity cDNA 

Reverse Transcription kit (Applied Biosystems, Waltham, MA) was used to 

convert RNA to complementary DNA (cDNA). RT-qPCR was performed using 

Powerup Sybr Select Master Mix (Applied Biosystems, Waltham, MA) in triplicate 

for each sample. Gene amplification results were analyzed using the 

Comparative CT Method (ΔΔCT), and normalized to translationally controlled 

tumor protein -1 (TPT1). 

2.13 Hemodynamics 

Hemodynamic function in Egfr-cKO mice and control littermates was assessed in 

closed-chest mode. After anesthetizing mice with 2% Avertin (Sigma-Aldrich, St. 
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Louis, MO), the right common carotid artery was isolated and catheterized with 

1.4 French micro-manometer (Millar Instruments, Colorado Springs, CO) 

advanced into the LV cavity. LV pressure, HR, LV end-diastolic pressure 

(LVEDP), maximal values of the instantaneous first derivative of LV pressure 

(+dP/dtmax) as an indicator of cardiac contraction and minimum values of the 

instantaneous first derivative of LV pressure (-dP/dtmin) as an indicator of cardiac 

relaxation were recorded on a PowerLab System (AD Instruments, Colorado 

Springs, CO) at baseline and after infusion of 10ng ISO. 

2.14 Isolation of adult murine cardiac myocytes and myocyte shortening 

measurements 

Cardiac myocytes were isolated from the septum and LV free wall of ~3-4 month 

old Egfr-cKO mice and control littermates according to the published protocol 

(Song, Zhang et al. 2008). Mice were injected with heparin (1500U/kg) and 

anesthetics (pentobarbital sodium, 50 mg/kg) and hearts removed. Excised 

hearts were mounted on a steel cannula and underwent retrograde perfusion 

with calcium (Ca2+)-free biocarbonate buffer followed by enzymatic digestion with 

collagenase B and trypsin (Worthington, Lakewood, NJ). Isolated 

Cardiomyocytes were plated on laminin-coated glass coverslips and the buffer 

underwent stepwise increases in calcium concentration (0.05, 0.125, 0.25, 0.5 

mM) with 10 mins intervals each. The 0.5 mM calcium buffer was then replaced 

with minimal essential medium (MEM) containing 1.2 mM Ca2+, 2.5% FBS and 

1% penicillin-streptomycin (Gemini Bio-products, West Sacramento, CA). The pH 
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was adjusted to 7.0 in 4% CO2 by the addition of NaHCO3 (Sigma-Aldrich, St. 

Louis, MO). The medium was subsequently substituted with MEM containing 0.1 

mg/ml BSA and 1% penicillin-streptomycin.  

Isolated myocytes were used within 2-4 h for contractility measurements. Cells 

were placed on coverslips and bathed in 20 mM, pH 7.4 HEPES-buffered 

medium 199 containing 1.8 mM Ca2+. Coverslips were mounted in the Dvorak-

Stotler chamber and bathed in fresh medium during recording. Myocyte 

shortening was measured at a pacing frequency of 2 Hz and imaged with a 

variable field-rate camera (Zeiss IM35, Thornwood, NY) at baseline and after the 

stimulation of 0.1 µM ISO. Peak contraction was shown as the percentage of cell 

shortening. 

2.15 Calcium transient assay 

Isolated myocytes were loaded with 0.67 μM of fura-2 (Thermo Fisher Scientific, 

Fair Lawn, NJ) for 15 min and were mounted in the Dvorak-Stotler chamber 

situated in a Zeiss IM35 inverted microscope. Myocytes were stimulated at a 

pacing frequency of 2 Hz at baseline and with the presence of 0.1 µM ISO. The 

detailed methods for Ca2+ transient measurements and analysis were previously 

described (Song, Zhang et al. 2002). 

2.16 βAR density measurement using radioactive βAR ligand binding 

To determine the effects of EGFR deletion on cardiac βAR level, radioactive βAR 

ligand binding assays were modified for heart samples from the previously 
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described protocol (Guo, Carter et al. 2017). Excised hearts from Egfr-cKO and 

control mice were perfused with PBS and separated LVs were dissected in half. 

Membrane preparations from a half LV sample were prepared by 

homogenization in ice-cold lysis buffer (25 mM Tris pH 7.4, 5 mM EDTA, 1 μg/mL 

Aprotinin, 1 μg/mL Leupeptin) and centrifuged at 1000 x g for 5 min at 4°C.  The 

supernatant was centrifuged at 30,000 x g and the crude membrane pellet 

underwent resuspension in lysis buffer containing 10% glycerol and stored at -

80°C until use. The density of βAR on membranes was determined by saturation 

binding experiments.  Membrane preparations (25 μg of protein) were incubated 

with a saturating concentration (200pM) of 125I-cyandopindolol (Perkin Elmer) in 

binding buffer (75 mM Tris pH 7.4, 2 mM EDTA, 12.5 mM MgCl2, 1 μg/mL 

Aprotinin, 1 μg/mL Leupeptin).   Incubations were performed in the presence or 

absence of propranolol (10 μM) to determine non-specific binding.  The reactions 

were performed in a 250 μL volume and allowed to equilibrate at 37°C for 1 h 

prior to filtering the membranes through a Whatman glass fiber filter (Whatman 

GF/C, Brandel Inc).  Each filter was washed 5 times with 5 mL of ice-cold wash 

buffer (10 mM Tris pH 7.4, 10 mM EDTA) to remove unbound drug.  The amount 

of total and non-specific radioligand bound to cell membranes was determined in 

a gamma counter.  All assays were performed in duplicate.  Receptor density 

was normalized to mg of membrane protein. 
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2.17 Measurement of cAMP 

Quantification of cardiac cAMP levels were achieved using the cAMP Complete 

ELISA kit (Enzo Life Sciences, Farmingdale, NY). Left ventricular samples from 

Egfr-cKO and control mice were harvested, weighed and flash frozen in liquid 

nitrogen. Subsequently these samples were homogenized (bullet-blended) in 10 

volumes of 0.1M HCl and were centrifuged to separate the supernatant for later 

analysis. Detailed procedures of the cAMP assay was performed according to 

the manufacturer’s recommendations. Briefly, isolated lysates from LV samples 

underwent reaction with cAMP ELISA antibodies in a microtiter plate coated with 

secondary antibodies and compared with known cAMP standards. A multimode 

plate reader (Tecan M1000, Morrisville, NC) was used to read optical density 

(OD) at 405 nm. The concentration of cAMP in the samples was calculated on 

Prism 5.0 software (GraphPad).  

2.18 Electron microscope 

Excised hearts from Egfr-cKO and control mice were perfused with PBS and 

separated LVs were immediately immersed in fixative containing 2% 

glutaraldehyde and 2% paraformaldehyde in 0.1M sodium cacodulate buffer 

(Electron Microscopy Sciences, Hatfield, PA). Removed hearts were then cut into 

small pieces and placed in a scintillation vial containing fresh fixative. Following 

buffer washes, the samples were fixed for an additional hour at room 

temperature with 2% osmium tetroxide (aq).  The tissues were washed with 

water and then en bloc stained with 2% uranyl acetate (aq) for 2h.  After 
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additional washes with water, the samples were dehydrated in an ascending 

acetone series (25%, 50%, 75%, 95%, 100%, 100%; 15 min each), transitioned 

into propylene oxide, and infiltrated with Embed-812 resin over a period of 48 h.  

The tissue was embedded and polymerized at 60°C for 24-48 h.  Samples were 

sectioned on a Reichert-Jung Ultracut E ultramicrotome, and sections were 

collected onto 200 mesh formvar-carbon coated copper grids and post-stained 

with 2% uranyl acetate in 50% methanol and Reynolds lead citrate (Reynolds, 

1963).  Sections were examined with a Zeiss Libra 120 transmission electron 

microscope operating at 120kV, and images were acquired with a Gatan 

Ultrascan 1000 CCD. 

2.19 Mitochondrial oxygen consumption rate and proton leak measurement 

Freshly isolated cardiac myocytes from Egfr-cKO mice and control littermates 

were subjected to oxygen consumption rate (OCR) measurements at 37°C. 

Myocytes were seeded at 4000 cells per well in a 96-well plate and were bathed 

in the media containing 1mM pyruvate, 4mM glutamine, 0.2mM palmitate and 

0.2mM carnitine. With XF Cell Mito Stress Test Kit (Seahorse Bioscience, 

Billerica, MA) prepared into cartridge ports, the cartridge and cell culture plates 

were loaded in XF96 analyzer (Seahorse Bioscience, Billerica, MA). After 

measurements of basal oxygen consumption rate, myocytes were sequentially 

exposed to oligomycin, FCCP, and rotenone plus antimycin A to determine other 

parameters of mitochondria function. 



36 
 

2.20 Osmotic minipump surgery 

Chronic infusion of vehicle (0.002% ascorbic acid) and isoproterenol (3mg/kg per 

day) in Egfr-cKO mice and control littermates was achieved using ALZET 2-week 

and 4-week osmotic mini pumps (DURECT Corporation, Cupertino, CA). Prior to 

surgery, mini-osmotic pumps were filled with either vehicle or ISO and placed in 

PBS solution overnight to ensure correct fillings. Mice at 3-4 months of age were 

anesthetized with 2.5% isoflurane in an inhalation system, and then were 

stabilized on the surgical board. A small skin incision was made between the 

scapulae and a subcutaneous “pocket” was formed by spreading the 

subcutaneous connective tissues apart. The pump was implanted into the pocket 

with the flow moderator pointing away from the incision opening. After closing 

incision with sutures and wound clips, mice were administered 0.1 mg/kg 

buprenorphine. Mini-osmotic pumps were removed after intended duration for 

delivery, and activity of remaining ISO in the pumps were tested. 

2.21 Myocardial infarction (MI) surgery 

The procedures to induce MI in mice were performed as previously described 

(Gao, Lei et al. 2010). Mice with 3-4 months of age were anesthetized with 3% 

isoflurane in an inhalation system, and then were stabilized on the surgical 

board. A small skin cut was made over the left chest and dissection of the 

pectoral muscle were performed to externalize the heart. After suture ligation of 

the main descending left ventricle coronary artery (LAD), the heart was 

immediately placed back into the chest and the incision was closed. The sham 
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group underwent the same surgical procedures only without the permanent LAD 

ligation. After recovery of normal breathing from anesthesia on heating desk, 

mice were administered 0.1 mg/kg buprenorphine (Par Pharmaceutical, Chestnut 

Ridge, NY) subcutaneously. Post-surgery monitoring on both MI and sham 

groups were applied for at least 24 hours for signs of pain and distress. 

2.22 TTC staining 

Triphenyltetrazolium chloride (TTC) staining was used to detect the sizes of LV 

infarct area induced by acute injury after 24h LAD ligation (MI). Excised hearts 

from Egfr-cKO and control mice were perfused with PBS on ice and then placed 

on dry ice for 10 min. The frozen hearts were sliced into five 1.0 mm-thick 

sections from the apex to the base. The sections were incubated with 2% TTC 

(Sigma-Aldrich, St. Louis, MO) solution (diluted in PBS) for 20 mins at room 

temperature followed with one time wash by PBS. The slices of hearts were then 

individually imaged at 0.8X magnification using a Nikon SMZ1000 microscope. 

The TTC-stained area represents the non-infarct portion of the heart and the 

TTC-negative stained area represents the infarct portion. 

2.23 Statistical analysis 

GraphPad Prism 5.0 software (GraphPad Software Inc.; San Diego, CA) was 

used for all statistical analysis. Data represent the mean ± standard error of the 

mean (SEM) of at least 3 individual samples of each groups. Two-tailed 

Student’s t tests were used for comparison between two groups, and one-way 
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ANOVA with the Student-Newman-Keuls test was used for comparison across 

multiple groups at a single time point. Comparison across two or more groups 

during time-course studies was done using a two-way ANOVA with the 

Bonferroni’s repeated measures comparisons test. Intergroup differences in 

survival rate were tested by the log-rank test and Gehan-Breslow-Wilcoxon test. 

Differences were considered significant at P < 0.05. 
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Table 1. Primer sequences used for RT-PCR 

Gene 
Name 

Sequence 

Forward Reverse 

Acta1 5’-
CCCAAAGCTAACCGGGAGAA
G-3’ 

5’-
CCAGAATCCAACACGATGCC-
3’ 

Atp2a2 5’-
TGGAACAACCCGGTAAAGAGT
-3’ 

5’-
CACCAGGGGCATAATGAGCA
G-3’ 

Atp2b2 5’-
GGTGACATGACCAACAGCGA-
3’ 

5’-
CCCCATACGTCTCCTTGATCT
-3’ 

Camk2a 5’-TGCCTGGTGTTGCTAACCC-
3’ 

5’-
CCATTAACTGAACGCTGGAAC
T-3’ 

Camk2b 5’-
GCACGTCATTGGCGAGGAT-3’ 

5’-
ACGGGTCTCTTCGGACTGG-3’ 

Camk2d 5’-
GATGGGGTAAAGGAGTCAAC
TG-3’ 

5’-
GCCCAATGCTTCAGGTTCAAA
G-3’ 

Camk2g 5’-
ACCGACGACTACCAGCTTTTC
-3’ 

5’-
GCAGCATATTCCTGCGTAGAT
G-3’ 

Casq1 5’-
CTGGCACTGCTGTTTGTACTG
-3’ 

5’-
GGGGGCTCATGGTAGAGGAG
-3’ 

Cntn2 5’-TGTCTGTGCGAGATGCAAC-
3’ 

5’-
CCATAGTGGGGTCATGCGAG-
3’ 

Cre 5’-
CAGGTTCGTTCACTCATGGAA
-3’ 

5’-
TCCTGGCAATTTCGGCTATAC
-3’ 

Dkk3 5’-
CTCGGGGGTATTTTGCTGTGT
-3’ 

5’-
TCCTCCTGAGGGTAGTTGAG
A-3’  

Hcn4 5’-
GGCGGACACCGCTATCAAA-3’ 

5’-
TGCCGAACATCCTTAGGGAG
A-3’ 

Mybphl 5’-
CACTGGAGATAGCCTCATGCT
-3’ 

5’-
GTGCTCTTCAATAGAGGGCA
G-3’ 
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Myc 5’-
ATGCCCCTCAACGTGAACTTC
-3’ 

5’-
CGCAACATAGGATGGAGAGC
A-3’ 

Myh7 5’-
ACTGTCAACACTAAGAGGGTC
A-3’ 

5’-
TTGGATGATTTGATCTTCCAG
GG-3’ 

Myl1 5’-
AAGATCGAGTTCTCTAAGGAG
CA-3’ 

5’-
TCATGGGCAGAAACTGTTCAA
A-3’ 

Myl4 5’-
AAGAAACCCGAGCCTAAGAA
GG-3’ 

5’-
TGGGTCAAAGGCAGAGTCCT-
3’ 

Myl7 5’-
GGCACAACGTGGCTCTTCTAA
-3’ 

5’-
TGCAGATGATCCCATCCCTGT
-3’ 

Myot 5’-
TTACCGTCTCAACCCGATTAC
T-3’ 

5’-
TTTGGAGTGGGCCTAGCATTT
-3’ 

Nppa 5’-
GCTTCCAGGCCATATTGGAG-
3’ 

5’-
GGGGGCATGACCTCATCTT-3’
  

Nppb 5’-
GAGGTCACTCCTATCCTCTGG
-3’ 

5’-
GCCATTTCCTCCGACTTTTCT
C-3’ 

Nr4a1 5’-
CTCCACGTCTTCTTCCTCATC-
3’ 

5’-
CTGGAGGATAGGGTCTCATC
TA-3’ 

Ppp1r12
b 

5’-
AGAGCCAATGTAAACCAGCAG
-3’ 

5’-
ACTGTTCACAATACCCACACT
G-3’ 

Ppp1r3a 5’-
TCTGTCTGATTCTGTGTGTGA
GG-3’ 

5’-
GAGGTTGGAGTGTCCAGATA
CA-3’ 

Ppp2r3a 5’-
CCCACTCCATCAGTCTGTAGG
-3’ 

5’-
GCGTCTGCTGAATCAAAACAA
C-3’ 

Rcan1 5’-
TTGTGTGGCAAACGATGATGT
-3’ 

5’-
CCCAGGAACTCGGTCTTGT-3’ 

Sfrp5 5’-CACTGCCACAAGTTCCCCC-
3’ 

5’-
TCTGTTCCATGAGGCCATCAG
-3’ 

Tpt1 5’-
ATCATCTACCGGGACCTCATC
-3’ 

5’-
CCCTCTGTTCTACTGACCATC
T-3’ 
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Wif1 5’-
TCTGGAGCATCCTACCTTGC-
3’ 

5’-
ATGAGCACTCTAGCCTGATG
G-3’ 
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CHAPTER 3 

RESULTS  

3.1 Expression of EGFR in EGFR-cKO mouse hearts was reduced with no 

alteration in ErbB2 expression or canonical ErbB receptor downstream 

signaling pathways 

To test our central hypothesis which is that EGFR differentially regulates cardiac 

function and morphology during physiological development and protects hearts 

against adverse remodeling during pathological development, we generated a 

mouse model with cardiomyocyte-specific deletion of EGFR (EGFR-cKO) by 

crossing mice expressing loxP-flanked (flox) alleles of EGFR (EGFR fl/fl) with 

mice expressing the Cre recombinase under control of the α myosin heavy chain 

promoter (αMHC-Cre mice), which is active specifically in cardiomyocytes (Figure 

4). We then confirmed successful introduction of Cre recombinase in isolated 

adult cardiomyocytes from EGFR-cKO mouse hearts at the transcript (Figure 5A) 

and protein levels (Figure 5B). Since EGFR has relatively low expression 

compared to other ErbB family receptors in cardiomyocytes (Eldridge, Guo et al. 

2014), we sought to concentrate the EGFR protein from lysates by membrane 

fractionation. In the membrane portion of isolated adult cardiomyocytes, EGFR 

protein level in EGFR-cKO mice was reduced to less than 50% of the level in 

littermate controls (Figure 5C). Similarly, EGFR-cKO mice displayed 

approximately 50% EGFR expression versus littermate controls in the membrane 

fraction of whole heart (Figure 5D).  
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Functional EGFR forms homodimers, or heterodimers with other ErbB receptors, 

and regulates cellular activity via activation of downstream pathways including 

Ras-Raf-MAP kinase (MAPK) and Akt signaling (El-Rayes and LoRusso 2004, 

Baselga and Swain 2009). ErbB2 is constitutively active, is expressed at a 

relatively higher amount that EGFR in the heart, acts as a binding partner to 

EGFR and manipulation of its expression has been shown capable of altering 

MAPK and Akt activities (Baselga and Swain 2009, D'Uva, Aharonov et al. 2015). 

Thus, we assessed whether deletion of EGFR in the heart alters ERBB2 

expression or the activities of downstream factors.  Neither ERK1/2 nor Akt 

phosphorylation was altered in EGFR-cKO hearts, and ERBB2 expression was 

unchanged as compared with littermate control hearts (Figure 6). 
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Figure 5. EGFR-cKO have reduced expression of EGFR in isolated 

cardiomyocytes and hearts.  

A, B, In isolated cardiomyocytes from EGFR-cKO mice, expression of Cre 

recombinase is detected at both the transcript (A) and protein (B) levels 

compared to cells isolated from Cre-negative control littermates. C, relative 

expression level of EGFR in the membrane fraction of isolated myocytes. D, 
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relative expression level of EGFR in the membrane fraction of heart tissue (LV). 

(n=6 independent mice per group for isolated cardiomyocytes; n=8 for hearts). 

Quantification of RNA and protein expression of Cre and membrane protein 

expression of EGFR expressed as mean±SEM of fold change from ctrl. * p<0.05, 

** p<0.01, *** p<0.001 by unpaired Student’s t test. 
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Figure 6. EGFR deletion does not alter the expression level of Erbb2 and 

does not alter canonical RTK downstream signaling pathway activation.  

Representative western blot showing no significant changes of phosphorylation 

level of ERK1/2, AKT, and protein expression level of Erbb2 in heart lysates from 

EGFR-cKO and control littermates. (n=8 heart samples per group). Quantification 

of phosphorylation levels of ERK1/2 and AKT, and protein expression of Erbb2 

expressed as mean±SEM of fold change from littermate controls. 
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3.2 Cardiomyocyte-specific deletion of EGFR reduces life span, 

deteriorates cardiac function and induces remodeling in an age-dependent 

manner  

Previous studies have reported altered survival, cardiac function and remodeling 

in their mouse models with functional disruption of EGFR (Rajagopalan, Zucker 

et al. 2008, Schreier, Rabe et al. 2013). We sought to determine whether cardiac 

specific deletion of EGFR in our model could cause phenotypic outcomes under 

normal conditions. Although αMHC-mediated deletion of EGFR could occur as 

early as the embryonic stage (Gupta, Zak et al. 1998), we did not observed major 

changes in the survival of EGFR-cKO mice until 14-month of age when an 

approximate 60% mortality rate occurred, whereas only less than 5% of littermate 

control mice died (Figure 7A). Despite the relatively late occurrence of sudden 

death, cardiac dysfunction of EGFR-cKO mice developed within the age range of 

8-9 weeks with significantly decreased LV ejection fraction (Figure 7C) and 

increased LV end-systolic dimension (Figure 7D). These differences between 

EGFR-cKO and littermate control hearts further progressed with aging. By 10 

months of age, EGFR-cKO LV ejection fraction was reduced to approximately 

20% (Figure 7C) and LV end-diastolic dimension became significantly enlarged, 

which was unchanged at younger ages (Figure 7B). These initial findings showed 

that EGFR-cKO mice progressively develop heart failure with dimensional 

dilation by 10 months of age. To ensure that these results were not solely due to 

cardiac expression of Cre recombinase, we performed echocardiography on 

αMHC-Cre and Cre-negative control littermate mice.  Similar to previous findings 
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(Pugach, Richmond et al. 2015), we did not detect any notable changes of LV 

ejection fraction and LV end-systolic dimension between αMHC-Cre positive and 

negative mice over time (Figure 7E and 7F). 

To determine whether changes in cardiac function were related to alterations in 

cardiac structure over time, we also evaluated several parameters of cardiac 

remodeling, including cardiomyocyte death and size, as well as cardiac 

hypertrophy, fibrosis and inflammation.  Since cardiac function deteriorated over 

time in EGFR-cKO mice, we evaluated cardiac remodeling parameters at several 

timepoints: 7 weeks when EGFR-cKO mice retained normal function; 8 and 9 

weeks when EGFR-cKO mice began to display cardiac dysfunction; 16 weeks (4 

months) when EGFR-cKO mice had worsened, but stable, cardiac dysfunction; 

and 10 months by which time EGFR-cKO mice displayed severe cardiac 

dysfunction.  Evaluation of cardiomyocyte cell size showed no differences 

between EGFR-cKO and littermate control mice until 10 months of age (Figure 

8A), when the hearts had severe dysfunction.  Since EGFR has been shown 

essential in maintaining a balance of cellular growth and death in multiple tissues 

(Zhang, Berezov et al. 2007), we next investigated whether loss of EGFR in 

cardiomyocytes triggered cell death that could contribute to the functional 

phenotype. Via TUNEL staining, we detected a low but significant level of 

enhanced cardiomyocyte death in EGFR-cKO mouse hearts at 9 weeks of age, 

with a more severe level of cell death detected in the 10 month old hearts at 

which timepoint the cardiac dysfunction was most severe (Figure 8B).  
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We further sought to determine whether EGFR-cKO mice underwent changes in 

cardiac hypertrophy or fibrosis over time. Cardiomyocyte-specific EGFR deletion 

did not significantly affect heart weight at any time-point (Figure 9A). However, 

cardiac fibrosis marked by collagen deposition was extensively present in 10-

month old EGFR-cKO versus littermate control mice even though the fibrosis 

levels in 4-month old mice from either genotype was not significantly altered 

(Figure 9B). Moreover, 10-month old EGFR-cKO hearts displayed significantly 

enhanced expression of pro-inflammatory markers including IL-6 and TNF 

compared to littermate controls (Figure 9C). In all, these findings suggest that 

loss of cardiomyocyte-specific EGFR expression does not result in significant 

cardiac remodeling events that would relay a rapid and consistent decrease in 

cardiac contractility.  However, the sustained cardiac dysfunction observed in 

EGFR-cKO mice over time leads to detrimental cardiac fibrotic and inflammatory 

remodeling by 10 months of age, consistent with a heart failure phenotype. 
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Figure 7. Reduced life span and impaired cardiac function caused by 

constitutive deletion of cardiomyocyte-specific EGFR.  

A, The Kaplan-Meier plot shows a significantly reduced life span of EGFR-cKO 

mice with median survival at 14 month of age. (n=27 animals per genotype). 

Quantification of survival rate shown as percent change of the initial number of 
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mice in each group. B, C, D, EGFR-cKO mice developed cardiac dysfunction 

over time as determined by echocardiography. Quantification of LVEDD (B), 

EF% (C), LVESD (D) expressed as mean±SEM of each group (n=15). E, F, 

αMHC-cre mice did not display cardiac dysfunction at comparable ages as 

determined by echocardiography. Quantification of EF% (E), LVESD (F) of 

αMHC-cre mice and Cre-negative control mice expressed as mean±SEM. (n=6 

for control, n=7 for αMHC-cre). * p<0.05, ** p<0.01, *** p<0.001 by Log-rank Test 

(A) and Two-way ANOVA with the Bonferroni’s repeated measures comparisons 

test (B-F).  
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Figure 8. Changes in cardiomyocyte size and death in EGFR-cKO mice over 
time.  

A, Representative images of WGA-stained heart sections from EGFR-cKO and 

littermate control mice at 7, 8 and 9 weeks of age, and 4 and 10 months of age. 

Quantification of cardiomyocyte size expressed as mean±SEM of >40 individual 

cardiomyocyte area from each mice per group. (n=4 mice per group for 7, 8 and 
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9 weeks of age, n=6 mice per group for 4 and 10 months of age). B, 

Representative images of TUNEL-stained heart sections from Ctrl and EGFR-

cKO mice at 7, 8 and 9 weeks of age, and 4 and 10 months of age. 

Quantification of TUNEL-positive cardiomyocytes % expressed as mean±SEM of 

percentage of TUNEL-stained nuclei number over total nuclei number of cardiac 

muscle cells. (n=4 mice per group for 7, 8 and 9 weeks of age, n=6 mice per 

group for 4 and 10 months of age). *, p<0.05, **, p<0.01, ***, p<0.001 by 

unpaired Student’s t test.  
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Figure 9. EGFR-cKO mice develop cardiac fibrosis and inflammation with 

aging.  
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A, Heart weight/body weight and heart weight/tibia length were not different 

between EGFR-KO and littermate control mice at 7, 8, 9, 12 weeks and 10 

months of age. Heart weight/body weight and heart weight/tibia length were 

quantified as mean±SEM per group. (n=4 for 7,8,9 weeks of age of each group, 

n=6 for 12 weeks of age of each group, n=10 for 10 months of age of each 

group). B, Representative images of Masson’s trichrome-stained heart sections 

from EGFR-cKO and littermate control mice at 4 and 10 months of age. 

Quantification of fibrotic ratio shown as mean±SEM of percentage of blue-stained 

collagen area over total red-stained cardiac muscle area. (n=6 per group). C, IL-6 

expression was increased in both 4 and 10 month-old EGFR-cKO mice versus 

littermate controls, while TNF expression was increased only at the 10 month 

timepoint.  Data expressed as mean±SEM of fold change from WT. (n=6 per 

group). * p<0.05, ** p<0.01, *** p<0.001 by unpaired Student’s t test (B, C).  
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3.3 Acute manipulation of EGFR expression in the adult mouse heart  

Since the α-MHC promoter that drives Cre expression in the EGFR-cKO mouse 

heart is constitutively active and could emerge during the embryonic stage 

(Gupta, Zak et al. 1998), we next investigated whether deletion of EGFR after 

cardiac development had also led to impaired cardiac function.  To test this, we 

employed AAV9-mediated gene delivery to the heart in order to delete or 

overexpress EGFR specifically in cardiomyocytes.  To this end, we retro-orbitally 

injected AAV9-Cre-eGFP vector encoding Cre recombinase cDNA under the 

control of a cardiomyocyte-specific promoter troponin T (cTNT) to EGFR fl/fl mice 

at a dosage of 1012 total vector particles per animal, whereas AAV9-cTNT-eGFP 

was delivered to the control groups. Similar to the phenotype observed in EGFR-

cKO mice, induction of Cre in EGFR fl/fl mouse hearts led to cardiac dysfunction, 

including lowered LV ejection fraction (Figure 10A) as well as reduced LV 

posterior wall thickness (Figure 10C), but with no impact on diastolic dimension 

(Figure 10B) at week 2 post-AAV9 delivery. By week 4 post-delivery, hearts from 

AAV9-Cre and control groups were measured for size differences. Induced 

EGFR deletion in adult hearts did not alter heart-body weight ratio (Figure 10D) 

or heart weight-tibia length ratio (Figure 9E) which resembles our constitutive 

EGFR-cKO model at the same age. 

Since acute loss of EGFR in adult mice also led to cardiac dysfunction, thereby 

suggesting the phenotype in EGFR-cKO mice is not caused by early 

developmental defects, we hypothesized that the impaired cardiac function of 
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EGFR-cKO mice may be able to be rescued by the acute recovery of EGFR 

expression. In order to specifically reintroduce EGFR in EGFR-cKO mouse 

hearts, we delivered AAV9-flag-EGFR, encoding EGFR under the control of 

cTNT, to EGFR-cKO mice at a dosage of 1012 total vector particles per animal, 

whereas AAV9-cTNT-lacZ was given to the control groups. Notably, as early as 1 

week post-delivery, AAV9-cTnT-EGFR was capable of improving cardiac function 

in EGFR-cKO mice, with enhanced LV ejection fraction (Figure 11A) and 

restored LV posterior wall thickness (Figure 11C). EGFR gene therapy in EGFR-

cKO mice did not affect cardiac diastolic diameter (Figure 11B), heart-body 

weight ratio and heart weight to tibia length ratio (Figure 11D, 11E). These 

results indicate that cardiac function is acutely sensitive to the manipulation of 

EGFR expression. 
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Figure 10. Contractile dysfunction in mice with EGFR ablation in adult heart 

induced by AAV9-cTNT-Cre resembles constitutively EGFR-cKO model.  

A-C, Echocardiography studies showed that left ventricular function and systolic 

posterior wall thickness were impaired in EGFRflox/flox mice that received AAV9-

cTnT-Cre-GFP versus AAV9-cTnT-GFP, while diastolic diameter was unaltered. 

Echocardiography data is shown as mean±SEM of each group. (n=6 for each 

group). D, E, Heart weight/body weight and heart weight/tibia length were not 

different between the AAV9 treatment groups. Quantified as mean±SEM per 

group (n=6). ** p<0.01, *** p<0.001 by Two-way ANOVA with Bonferroni’s 

repeated measures comparisons test (A, B, C). 
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Figure 11. Acute reintroduction of EGFR in EGFR-cKO mouse hearts using 

AAV9-cTNT-EGFR fully restored cardiac function.  

A-C, Echocardiography studies showed that LVEF and LVPWs were increased in 

AAV9-cTnT-EGFR-treated EGFR-cKO mice, while diastolic diameter was not 

altered compared to the control group receiving AAV9-cTnT-lacZ. 

Echocardiography data shown as mean±SEM of each group. (n=10 for each 

group). D, E, Heart weight/body weight and heart weight/tibia length were not 

different between the AAV9 treatment groups. Quantified as mean±SEM per 

group (n=6). ** p<0.01, *** p<0.001 by Two-way ANOVA with Bonferroni’s 

repeated measures comparisons test (A-C). 
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3.4 Cardiomyocyte-specific deletion of EGFR leads to alterations in the 

cardiac transcriptome.  

Since the cardiac dysfunction in EGFR-cKO mice that manifested between 7 and 

9 weeks of age was largely independent of cardiac remodeling events, and acute 

manipulation of cardiomyocyte EGFR expression produced the same phenotype, 

we postulated that EGFR deletion results in the rapid loss of a molecular 

mechanism important in the maintenance of contractility.  To begin to assess 

possible mechanism responsible for the phenotype, we performed RNA-seq 

analysis on LV samples from 7 week and 9 week old EGFR-cKO versus 

littermate control groups. We found that cardiac EGFR deletion resulted in a 

distinct profile of transcript expression at 7 weeks of age (Figure 12A) compared 

to 9 weeks of age (Figure 12B). Notably, 284 genes were altered, with a majority 

upregulated, at the 7 week time-point, while only 67 genes in 9 week old hearts 

were affected by EGFR deletion, with a majority downregulated. This result 

suggested different mechanisms regulate the EGFR deletion induced 

phenotypes at different developmental stages.  

To determine what gene(s) may play the role in modulating the contractile 

dysfunction phenotype in EGFR-cKO mice, we validated and characterized 

several gene targets in samples from four age groups (Figure 13). Further 

investigation uncovered that many of selected genes belong to fetal gene 

program (FGP) which is quiescent in normal heart but induced during stress, 

including ACTA1, MYBPHL, MYH7, CASQ1, RCAN1, NPPA, NPPB and MYC 
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(Jackson, Allard et al. 1990, Lyons, Schiaffino et al. 1990, Rothermel, McKinsey 

et al. 2001, Dietz 2005, Driesen, Verheyen et al. 2009, Taegtmeyer, Sen et al. 

2010). We initially observed an elevated transcript level of these genes in EGFR-

cKO hearts from <8 week age group. Subsequently, expression of these genes in 

EGFR-cKO hearts were normalized to Ctrl level at age of 9 weeks. When the 

cardiac age progressed to 4 months, several genes remained quiescent in 

EGFR-cKO while others were increasingly transcribed. Finally expression of 

most fetal genes were again significantly upregulated in hearts from 10 month old 

EGFR-cKO mice (Figure 13).  The FGP has protective functions in the heart 

against stress, yet also promotes maladaptive remodeling under certain 

circumstances (Dirkx, da Costa Martins et al. 2013). These results may suggest 

that fetal genes activated in early age (7 weeks) works to prevent the 

development of cardiac dysfunction from EGFR deletion, but as their expression 

normalized by 9 weeks of age, cardiac dysfunction manifested, and of course 

their expression increased at 10 months of age by which time the hearts had 

progressed toward a severe heart failure phenotype. Few genes were altered 

throughout the lifespan of EGFR-cKO mice, but include Myl1 and others that will 

be discussed below, which could mediate alterations in contractility. 
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Figure 12. Differential expression of cardiac transcripts in EGFR-cKO 

hearts at 7 and 9 weeks of age.  

Heat maps depicting significant (P<0.05) changes in cardiac transcript 

expression in EGFR-cKO mouse hearts versus littermate control hearts at 7 (A) 

or 9 (B) weeks of age. Red and green colors represent upregulated and 

downregulated genes, respectively (n=3 each triplicate). 
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Figure 13. Age-dependent differential regulation of cardiac transcripts in 

EGFR-cKO hearts.  

A-Q, quantitative RT-PCR validation of changes in expression of transcripts 

predicted by transcriptome analysis to be involved in pathways of contractile 

myofilaments (A-G), peptide hormones(O, P), transcription factors (Q), Wnt 

signaling (I-K), calcium handling (H, N) and cardiac conductive system (L, M) 

between EGFR-cKO and littermate controls across different ages. Quantification 

of transcript expression expressed as mean±SEM of fold change from 7 week-

old WT. (n=6 per age group per genotype). * p<0.05, ** p<0.01, *** p<0.001 by 

Two-way ANOVA with Bonferroni’s repeated measures comparisons test.  
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3.5 β-adrenergic receptor density remains unlatered in EGFR-cKO mice.  

Cardiac contractility relies on sympathetic β-adrenergic receptor (βAR) signaling 

to maintain responsiveness, which has been shown to be pathologically altered 

during heart failure (Feldman, Carnes et al. 2005). In disease conditions, 

excessive desensitization, degradation and downregualtion of membrane βAR 

can lead to blockage of its downstream signaling pathways, including Gαs 

uncoupling, dampened adenyl cyclase activity and cAMP production which 

further affects PKA activity on SR calcium handeling, myofibril calcium sensitivity 

and eventually impairs cardiomyocyte contractility (Feldman, Carnes et al. 2005, 

Tilley 2011). To determine whether changes in βAR density plays a role in 

relaying the baseline reduction in cardiac contractility in EGFR-cKO mice, we 

assessed cardiac membrane βAR density via radioligand binding, revealing no 

no difference in βAR density between EGFR-cKO and littermate control mice 

(Figure 14A). In terms of βAR activity, we assessed myocardial cAMP levels and 

found no difference between EGFR-cKO and littremate control hearts (Figure 

14B). These data indicated that EGFR deletion does not alter the cardiac βAR 

system. 
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Figure 14. β-adrenergic receptor system remains intact in EGFR-cKO 

hearts.  

A, Saturation radioligand binding of 125I-CYP in membrane preparations of hearts 

from EGFR-cKO and littermate control hearts showed no difference in receptor 

density. Data expressed as mean±SEM (n=7 per group). B, No difference in the 

level of myocardial cAMP was detected between EGFR-cKO and littermate 

control hearts by ELISA; quantification of cAMP concentration is shown as 

mean±SEM (n=5 per group).  
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3.6 Cardiomyocyte-specicifc EGFR deletion enhances mitochondrial 

respiratory capacity.  

Mitochondria are the major power source for cardiac contraction and disruption in 

mitochondrial energy production has been implicated in association with cardiac 

contractile dysfunction (Wang, Xu et al. 2018). In order to determine if EGFR 

deletion induced impaired cardiac contractility via alterations in mitochondria, we 

assessed mitochondrial structure by transmission electron microscope (TEM) 

and function by Mito-stress assays. Via microscopy, we did not observe a 

difference in mitochondrial structure between EGFR-cKO and littermate control 

mice, except a slight non-significant increase in mitochondrial density in EGFR-

cKO cardiomyocytes (Figure 15A-C). Functionally, measurement of oxygen 

consumption rate (OCR) showed that cardiomyocytes from EGFR-cKO hearts 

had unchanged basal respiration but significantly enhanced maximal respiratory 

capacity (Figure 15D-F), perhaps due to higher mitochondrial density.  This data 

is notable since mitochondrial function appears to have greater capacity for 

respirtation in EGFR-cKO hearts mice, possibly as a compensatory mechanism 

in response to decreased contractility.    
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Figure 15. EGFR deletion did not affect mitochondrial structure but 

enhanced cardiomyocyte mitochondrial function.  

A-C, Comparison of mitochondrial structure between Ctrl heart section (A) and 

EGFR-cKO heart section (B) using transmission electron microscope (TEM) 

revealed no major changes of area size or cristae density (data not shown), but a 

slight increase in mitochondria density (C). Quantification of mito/microns ratio 

represented as by the mean±SEM from 10 images of 2 animals per group. D-F, 

Mitochondrial stress tests on isolated cardiomyocytes from EGFR-cKO and 

littermate control hearts showed no significant differences on basal respiration 

(D) but a significant increase of reserve capacity (D, E) and maximal respiration 
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(D, F). The representative results are plotted as oxygen consumption rate (OCR) 

versus time (D). Quantification of reserve capacity (E) and maximal respiration 

(F) expressed as mean±SEM from 23 Ctrl cardiomyocytes and 35 EGFR-cKO 

cardiomyocytes from 2 separate experiments. * p<0.05 by unpaired Student’s t 

test. 

3.7 Cardiomyocyte-specific EGFR deletion primarily impacts 

cardiomyocyte relaxation. 

Cardiomyocyte-specific EGFR deletion induced a rapid onset of contractile 

dysfunction function without remodeling in young adult mice, suggesting that one 

or more components of the cardiac contraction cycle may be altered in the 

absence of EGFR. Therefore, to begin to more precisely assess cardiac 

contractility, we subjected EGFR-cKO and littermate control mice to terminal 

hemodynamics at baseline and upon challenge with 10ng of the βAR agonist 

ISO. Consistent with the retention of βAR density discussed above, EGFR-cKO 

mice responded to ISO infusion (Figure 16). There was no difference in either 

mean systemic pressure (Figure 16A) or heart rate (Figure 16B) at baseline or in 

response to ISO in EGFR-cKO versus littermate control mice.  Consistent with 

our echocardiography data, baseline contractility was reduced in EGFR-cKO 

mice wherein both rate of contraction (dP/dt maximum) and relaxation (dP/dt 

minimum) were significantly decreased (Figure 16C and D).  While infusion with 

ISO was able to restore dP/dt maximum, dP/dt minimum was still significantly 
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reduced in EGFR-cKO versus littermate controls, suggesting an impairment in 

cardiac relaxation in the absence of EGFR expression. 

We next evaluated contractility at the cellular level using isolated adult murine 

cardiomyocytes. Notably, there was no significant difference in the magnitude of 

contraction that either EGFR-cKO or littermate control myocytes produced at 

baseline (~5%) or following ISO stimulation (~15%) (Figure 17A-E). In contrast, 

EGFR-cKO cardiomyocytes had prolonged relaxation at baseline, which returned 

to Ctrl level upon ISO stimulation (Figure 17A-D and F). Conventional 

cardiomyocyte contraction-relaxation mechanisms depend on calcium 

mobilization and subsequent activation of the cardiomyocyte sarcomere (Tilley 

2011), thus we performed comparative calcium transient analyses between 

EGFR-KO and littermate control myocytes.  Consistent with our findings above, 

loss of EGFR in cardiomyocytes did not modify the percent change of calcium 

transients but delayed the calcium clearance from cytosol, both basally and in 

response to ISO (Figure 18A-F). Collectively, these results demonstrate an 

impaired cardiac contractility caused by EGFR deletion which primarily hinders 

relaxation, possibly via calcium reuptake.  
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Figure 16. EGFR-cKO mice display impaired cardiac hemodynamics which 

were partially restored in response to ISO.  

A-D, Quantification of mean systemic pressure (A), heart rate (B), LV +dP/dt 

average maximum (C) and LV −dP/dt average minimum (D) at baseline and with 

ISO administration (10 ng). Data expressed as mean±SEM (n=10 for WT per 

treatment group and n=9 for KO per treatment group). * p<0.05, ** p<0.01, *** 

p<0.001 by one-way ANOVA with the Student-Newman-Keuls test. 
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Figure 17. Absence of EGFR causes prolonged adult murine cardiomyocyte 

relaxation at baseline.  
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A-D, Representative tracings of cell length of cardiomyocytes isolated from 

littermate control (A, B) and EGFR-cKO (C, D) hearts at baseline (A, C) and ~30 

second post-stimulation with 0.1μM ISO (B, D). E, F, Quantification of 

cardiomyocyte shortening percent (E) and time to 50% b1 (t ½) (F) shown as 

mean±SEM. (n=3 independent mouse heart isolations, 8-10 CM per condition). 

*** p<0.001 by one-way ANOVA with the Student-Newman-Keuls test.  
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Figure 18. Cardiomyocyte-specific EGFR deletion delays Ca2+ reuptake at 

baseline and following ISO stimulation.  
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A-D, Representative tracings from field stimulation (2 Hz)-induced Ca2+ transients 

in Fura2-loaded cardiomyocytes isolated from littermate control (A, B) and 

EGFR-cKO (C, D) hearts at baseline (A, C) and ~30 second post-stimulation with 

0.1μM ISO (B, D). E, F, Quantification of delta-percent change of Ca2+ transients 

(E) and duration of 50% cytosol Ca2+ clearance (t ½) (F) represented by the 

mean±SEM from 8-10 CM per conditions from three independent primary 

isolations. * p<0.05, ** p<0.01, *** p<0.001 by one-way ANOVA with the Student-

Newman-Keuls test.  

3.8 Changes in SERCA2 expression and phospholamban and troponin I 

phosphorylation in EGFR-cKO cardiomyocytes 

Data shown in figures 16-18 indicate that cardiac relaxation, as opposed to 

contraction, is more severely impacted by EGFR deletion possibly due to delayed 

calcium removal from the sarcomere and/or cytoplasm. This process requires 

tightly controlled systems to efficiently release calcium from the sarcomere and 

pump calcium into the sarcoplasmic reticulum (SR) by the SR Calcium ATPase 

(SERCA), or out of the cell by plasma membrane calcium transport by pumps 

including plasma membrane calcium-transporting ATPase (PMCA) (Eisner, 

Caldwell et al. 2017). SERCA activity is inhibited by binding protein 

phospholamban (PLB), while phosphorylation of PLB releases its inhibitory 

effects and promote Ca2+ SR storage (Schmidt, Edes et al. 2001). Additionally, 

the PKA-dependent phosphorylation of troponin I reduces myofilament Ca2+ 

sensitivity to enhance the relaxation of cycling myofilaments (Dorn and Molkentin 
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2004). Therefore, we next investigated the cardiac expression and/or 

phosphorylation status of these molecular components. Expression of PMCA2 

transcript (ATP2B2) in EGFR-cKO hearts was similar to littermate controls 

(Figure 19A). EGFR deletion did lead to reduced SERCA2 (ATP2A2) gene 

expression (Figure 19B), but only by 4 months of age, suggesting it is altered 

expression is unlikely to initiate the dysfunctional phenotype already observed in 

younger mice (9 weeks of age), but could instead contribute to worsened cardiac 

function at later stages. Further, partially reduced phosphorylation of Ser 16 and 

more significantly reduced phosphorylation of Thr 17 on PLB were observed in 

EGFR-cKO hearts compared to littermate control hearts (Figure 20A), as well as 

significantly lowered phosphorylation of cardiac troponin I (Figure 20B).   
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Figure 19. Transcript regulation of plasma membrane calcium-transporting 

ATPase (ATP2B2) and sarcoplasmic reticulum calcium-ATPase (ATP2A2) in 

EGFR knockout mouse hearts.  

A, Expression level of ATP2B2 transcripts in 4 month old EGFR-cKO hearts was 

not different from littermate control hearts. Data represented as mean±SEM of 

fold change from Ctrl (n=6 per group). B, EGFR deletion only resulted in impaired 

expression of ATP2A2 transcripts in 4 month-age but not 7 or 9 week-age hearts. 

Data represented as mean±SEM of fold change from 7 week-age Ctrl (n=6 per 

group per age condition). *** p<0.001 by two-way ANOVA with the Bonferroni’s 

repeated measures comparisons test (B).  
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Figure 20. Reduced phosphorylation of phospholamban (PLB) and troponin 

I in EGFR-cKO hearts.  

A, Representative western blots show that phosphorylation of phospholamban 

(PLB) at threonine 17 (PLB t17) was more significantly decreased than at serine 

16 (PLB s16) in 4 month old EGFR-cKO hearts compared to littermate controls. 
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Quantification of phosphorylation levels of PLB s16 and PLB t17 was normalized 

to protein expression of total PLB and expressed as mean±SEM of fold change 

from ctrl. (n=8 per group). B, Representative western blots show that 

phosphorylation of troponin I (Ser 23/24) was dampened in 4 month old EGFR-

cKO hearts compared to Ctrl. Quantification of phosphorylation level of troponin I 

(Ser 23/24) was normalized to protein expression of total troponin I and 

expressed as mean±SEM of fold change from ctrl. (n=8 per group). * p<0.05, ** 

p<0.01, by unpaired Student’s t test.  

3.9 Loss of cardiomyocyte-specific EGFR expression does not alter CAMKII 

activity or expression, but significantly downregulates PP2A regulatory 

subunit expression 

Next we intended to determine the direct factors which were responsible for 

altered PLB and troponin I phosphorylation. PKA targets troponin I on its Ser 

23/24 residues and also phosphorylates Ser 16 residue of PLB (Lohse, 

Engelhardt et al. 2003). While this troponin I phosphorylation site was greatly 

impacted (Figure 20B), PLB Ser 16 phosphorylation in EGFR-cKO hearts was 

not significantly different from Ctrl (Figure 20A). Moreover, unchanged 

myocardial cAMP levels (Figure 14B) and responsiveness to βAR stimulation 

(Figures 16-18) suggest that PKA activity is likely unaltered in EGFR-cKO hearts. 

Since Thr 17 of PLB is primarily phosphorylated by CAMKII (Grimm and Brown 

2010) and this phosphorylation was significantly impaired in EGFR-cKO mouse 

hearts, we sought to assess the expression and activity of CAMKII upon EGFR 
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deletion, however none of the CAMKII isoforms were expressed differently in 

EGFR-cKO hearts (Figure 21A-D), and CAMKII phosphorylation, indicative of its 

activation status, was unaltered (Figure 21E and F). 

Next we tested the possibility that EGFR deletion changed the expression of 

phosphatase proteins (or subunits) including protein phosphatase 1 (PP1) and 

protein phosphatase 2A (PP2A), which play key roles in regulating the 

phosphorylation-dephosphorylation balance of PLB and troponin I (Nicolaou, 

Hajjar et al. 2009, Heijman, Dewenter et al. 2013, Okuhara, Yokoe et al. 2017). 

From our RNA-Seq experiment, a significant difference in transcript expression 

between EGFR-cKO and littermate control samples was detected in two PP1 

subunits (PPP1R12B, PPP1R3A) and one PP2A subunit (PPP2R3A) at either 

the 7 or 9 week timepoints. We further validated this result with a larger sample 

size across early and late age groups, and found no notable differences of 

expression of PP1 subunits at any time point (Figure 22A and B). However, 

PPP2R3A transcript level was consistently reduced in the heart by EGFR 

deletion at all ages tested (Figure 22C). Further, we confirmed that EGFR-cKO 

hearts also displayed significantly decreased PPP2R3A (PR72) protein 

expression, without an alteration in the expression of the PP2A catalytic subunit 

(Figure 22D-F). 
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Figure 21. CAMKII activity and expression levels were not altered in EGFR-

cKO hearts.  

Transcript expression of cardiac-expressed CAMKII isoforms CAMKIIα (A), 

CAMKIIβ (B), CAMKIIδ (C), and CAMKIIγ (D) in 4 month old EGFR-cKO hearts 

were not different from littermate control hearts. Data represented as mean±SEM 
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of fold change from Ctrl (n=6 per group). E, Representative western blot showing 

no significant changes of phosphorylation and protein expression level of CAMKII 

in heart lysates from EGFR-cKO and control mice. F, Quantification of 

phosphorylation level of CAMKII expressed as mean±SEM of fold change from 

ctrl. (n=8 heart samples per group).  
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Figure 22. Cardiomyocyte-specific EGFR deletion results in downregulation 

of PPP2R3A (PR72), a regulatory subunit of protein phosphatase 2A.  

A-C, Transcript expression of PPP2R3A (C), but neither PPP1R12B (A) nor 

PPP1R3A (B) was consistently reduced in EGFR-cKO hearts across different 

developmental ages. Data represented as mean±SEM of fold change from 7 

week-age WT Ctrl (n=6 per group per age condition). D-F, Representative 
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western blot images and quantification of signal intensity demonstrate that 

EGFR-cKO mouse hearts had a significant reduction of PPP2R3A (PR72 

isoform) protein level (D, E) with no change in PP2A catalytic subunit (PP2Ac) 

protein level (D, F). Quantification of PR72 and PP2Ac protein expression were 

normalized to loading control and expressed as mean±SEM of fold change from 

ctrl. (n=8 heart samples per group). * p<0.05, *** p<0.001 by two-way ANOVA 

with the Bonferroni’s repeated measures comparisons test (A-C) and unpaired 

Student’s t test (E, F). 

3.10 Chronic treatment of Isoproterenol improved cardiac function with 

mild hypertrophy in EGFR-cKO mice 

As described above, EGFR-cKO mice have preserved cardiac βAR signlaing 

(Figure 14) and retain normal responses to acute ISO stimulation (Figure 16-18). 

Therefore, our established models could be further used to determine the effects 

and mechanisms of EGFR deletion on chronic βAR activation in the heart. Using 

similar strategies to pharmacologically inhibit EGFR, previously published studies 

demonstrated opposing roles of βAR-mediated EGFR transactivation on cardiac 

function and remodeling responses (Noma, Lemaire et al. 2007, Grisanti, Repas 

et al. 2015).  To negate possible off-target effects inherent to pharmacological 

studies, we sought to test the impact of cardiomyocyte-specific EGFR deletion on 

cardiac function and remodeling in response to chronic ISO infusion. Thus, using 

the same ISO infusion protocol as the previous studies, EGFR-cKO and 

littermate control mice were subjected to 3mg/kg/day ISO infusion. Both LV 
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ejection fraction and cardiac output in Ctrl mice were decreased after 2 weeks of 

ISO, though not significantly, while contractile parameters were significantly 

improved in EGFR-cKO mice after only 1 week of ISO infusion (Figure 23A). This 

improved cardiac function was maintained for up to 4 weeks of ISO infusion, but 

was reversible as ISO pump removal resulted in a rapid return to EGFR-cKO 

baseline contractility levels (Figure 23A).   

Studies have demonstrated that chronic catecholamine stress can mediate 

changes in cardiac cell death, fibrosis and hypertrophy in an EGFR-sensitive 

manner, but with variable results (Grisanti, Guo et al. 2017). We next 

investigated how EGFR deletion impact chronic ISO-induced cardiac remodeling 

in EGFR-cKO versus littermate control mice. We observed a significant increase 

in heart weight in both groups in response to ISO, but ISO-treated hearts from 

EGFR-cKO mice weighed less compared to those from Ctrl mice (Figure 23B). In 

agreement with this finding, cell size analysis showed that chronic ISO infusion 

for 2 or 4 weeks had significantly reduced cardiomyocyte hypertrophy in EGFR-

cKO hearts compared control hearts (Figure 23C-F). Unlike hypertrophy, chronic 

stimulation with this low dose of ISO did not lead to extensive fibrosis in the 

myocardium at either 2 or 4 weeks (Figure 24A and B). Similarly, cardiac cell 

death was not different at the 2 week timepoint, although was significantly 

increased in Ctrl mice at the 4 week timepoint, which was reduced in the EGFR-

cKO mouse hearts (Figure 24C and D). Collectively, these findings suggest that 

improvement of cardiac function against EGFR deletion was transiently 
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dependent on ISO mediated βAR activation, and EGFR partially contribute to 

βAR activation induced cardiac hypertrophy.  
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Figure 23. Chronic βAR stimulation in EGFR-cKO mice effectively, but 

transiently, compensates for the baseline cardiac dysfunction and results 

in less hypertrophy compared to Ctrl hearts.  

A, ISO infusion significantly improved ejection fraction and cardiac output in 

EGFR-cKO hearts up to 4 weeks. Withdrawal of ISO treatment at the 2 week 
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timepoint returned EF and cardiac output levels of EGFR-cKO hearts to baseline 

levels. Quantification of EF% and cardiac output expressed as mean±SEM of 

each group (n=13-15 for 0-2 week time points, n=6-9 for 3, 4 week time points). * 

or # p<0.05, ** or ## p<0.01, *** or ### p<0.001 by two-way ANOVA with the 

Bonferroni’s repeated measures comparisons test. * represents comparison 

between Ctrl VEH and EGFR-cKO VEH; * represents comparison between 

EGFR-cKO VEH and EGFR-cKO ISO; * represents comparison between EGFR-

cKO ISO and EGFR-cKO ISO withdrawal (wd); # represents comparison 

between EGFR-cKO VEH and EGFR-cKO ISO wd. B, The increase of heart 

weight in EGFR-cKO mice caused by ISO infusion was significantly less 

compared to the increase of Ctrl heart weight. Heart weight/body weight was 

quantified as mean±SEM per group (n=9-11). * p<0.05, *** p<0.001 by one-way 

ANOVA with the Student-Newman-Keuls test. C-F, Representative images of 

WGA-stained heart sections from Ctrl and EGFR-cKO mice with either vehicle or 

3mg/kg/day ISO treatment for 2 weeks (C) and 4 weeks (D). Quantification of 

cardiomyocyte size expressed as mean±SEM of >40 individual cardiomyocyte 

area from each mice per group. (n=7 hearts per group). * p<0.05, ** p<0.01, *** 

p<0.001 by one-way ANOVA with the Student-Newman-Keuls test. 
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Figure 24. Chronic βAR stimulation did not impact cardiac fibrosis, but 

enhanced cardiomyocyte cell death by 4 weeks in an EGFR-sensitive 

manner.  

A, B, Representative images of Masson’s trichrome-stained heart sections from 

Ctrl and EGFR-cKO mice with either vehicle or 3mg/kg/day ISO treatment for 2 

weeks (A) and 4 weeks (B). Quantification of the fibrotic ratio shown as 

mean±SEM of percentage of blue-stained collagen area over total red-stained 

cardiac muscle area from 4-5 sections per heart. (n=7 hearts per group). C, D, 

Representative images of TUNEL-stained heart sections from Ctrl and EGFR-

cKO mice with either vehicle or 3mg/kg/day ISO treatment for 2 weeks (C) and 4 

weeks (D). Quantification of TUNEL-positive cardiomyocytes % expressed as 

mean±SEM of percentage of TUNEL-stained nuclei over total nuclei of cardiac 

muscle cells from 4-5 sections per heart. (n=7 hearts per group). * p<0.05 by 

one-way ANOVA with the Student-Newman-Keuls test. 
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3.11 Cardiomyocyte-specific EGFR does not play a role in the progression 

of heart failure following MI injury 

The role of EGFR during acute cardiac injury is not been well understood. Our 

lab previously reported that βAR-mediated EGFR transactivation decreased 

cardiomyocyte apoptosis under serum starvation conditions, which was 

established as an in vitro model to mimic the ischemic conditions observed in 

vivo (Grisanti, Talarico et al. 2014). In contrast, enhanced EGFR tyrosine kinase 

activity was found to be detrimental in myocardial infarction in type 2 diabetic 

mice (Mali, Haddox et al. 2018). Thus, we sought to understand whether 

cardiomyocyte-specific EGFR deletion impacted the process of heart failure 

development after acute myocardial infarction. To test this, we challenged EGFR-

cKO and Ctrl mice with LAD ligation or sham surgery. We first measured initial 

infarct size using TTC staining to verify the consistency of surgery between 

independent experiments, and found no significant difference of infarct size one 

day post-MI (Figure 25). Similar to the Ctrl group, most MI-injured EGFR-cKO 

mice survived until the study endpoint (8 weeks after MI, data not shown).  

Subsequently, heart function from both mice groups was monitored weekly 

following MI. Although baseline LV ejection fraction of EGFR-cKO hearts was 

significantly lower than littermate control mice to begin with, it decreased to a 

similar level as Ctrl mice following MI (Figure 26A). LV diastolic dimension also 

increased to similar levels in each group post-MI (Figure 26B). This evidence 

suggested a similar level of cardiac enlargement induced by MI in EGFR-cKO 
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and littermate control mice, which was confirmed by heart weight measurements 

(Figure 26C and D). Histology analysis on hearts from mice sacrificed at 8 weeks 

post-MI demonstrated no difference of the infarct size between MI groups (Figure 

27). Taken together, although EGFR-cKO mice had less of a % change in 

cardiac function following MI compared to littermate controls due to their reduced 

baseline contractility, cardiomyocyte-specific EGFR deletion did not impact the 

absolute contractile dysfunction or remodeling response to acute MI.  This 

ultimately resulted in a similar development of heart failure between EGFR-CKO 

and littermate control mice over time.  
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Figure 25. Initial infarct produced by MI surgery was consistent between 

groups of EGFR-cKO and littermate control mice.  

A, Representative images of TTC-stained heart sections from Ctrl and EGFR-

cKO mice one day after they underwent sham or MI surgery. Viable tissue stains 

red while infarct area presents unstained white color. B, Quantification of percent 

LV infarcted area at one day post MI was shown as mean±SEM (n=6 per group).  
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Figure 26. Cardiomyocyte-specific EGFR deletion does not prevent the 

development of severe cardiac dysfunction and dilation following MI.  

A, Despite different baseline contractile levels, ejection fraction of EGFR-cKO 

and Ctrl mouse hearts converged post-MI. B, Diastolic diameter in MI hearts was 

notably increased compared to sham hearts, but remained similar between 

EGFR-cKO and Ctrl hearts. Quantification of EF% (A) and diastolic diameter (B) 

expressed as mean±SEM of each group (n=6 for MI hearts, n=3 for sham 

hearts). C, D, MI surgery significantly induced increase of heart weight/body 

weight or heart weight/tibia length in EGFR-cKO and Ctrl mice to a similar level. 

Heart weight/body weight and heart weight/tibia length were quantified as 
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mean±SEM per group (n=6 for MI hearts, n=3 for sham hearts). * p<0.05, ** 

p<0.01, *** p<0.001 by two-way ANOVA with the Bonferroni’s repeated 

measures comparisons test (A, B) and one-way ANOVA with the Student-

Newman-Keuls test (C, D). * represents comparison between Ctrl Sham and Ctrl 

MI; * represents comparison between EGFR-cKO Sham and EGFR-cKO MI. 
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Figure 27. Post-MI infarct sizes in EGFR-cKO and littermate control mice 

were not different.  

A, Representative images of Masson’s trichrome-stained heart sections from Ctrl 

and EGFR-cKO mice 8 weeks after they underwent sham or MI surgery. B, 
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Quantification of infarct size shown as mean±SEM of percentage of blue-stained 

(collagen) infarct length over total LV length. (n=6 per group).  
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CHAPTER 4 

DISCUSSION  

4.1 Significance of translational EGFR signaling research in heart 

Heart failure (HF) is a prevalent and serious disease, and have been the most 

frequent hospital diagnosis in elder patients. And according to the most recent 

HF statistics, the number of people diagnosed with heart failure is projected to 

rise by 46 percent by 2030 (Benjamin, Blaha et al. 2017). Cardiac G protein-

coupled receptors (GPCRs) signaling cascade is an important regulator of 

myocardial function and known to play a role in the development of 

cardiovascular disorders (Grisanti, Guo et al. 2017). Therefore, multiple 

antagonists of cardiac GPCRs have been widely applied to HF patients including 

β-blockers, mineralocorticoid receptor antagonists and angiotensin receptor 

inhibitors (Osmanska and Jhund 2019). However, the conventionally unbiased 

strategies also diminish beneficial effects of these GPCRs downstream and 

probably contribute to the poor response in a large and growing population of HF 

patients (Woo, Song et al. 2015). Although it remains unclear how EGFR may 

directly participate in development of HF, several studies have demonstrated 

GPCRs downstream signaling pathways mediated by EGFR transactivation, 

which potentially accelerates or prevents deteriorated progression of heart failure 

(Reichelt, O'Brien et al. 2017). For these reasons, cardiac related translational 

EGFR signaling research is necessary to complete our understanding about the 

roles of EGFR and GPCR mediated EGFR transactivation in HF, which can 
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further advance the development of biased GPCR therapeutics in more 

effectively treating HF patients. 

On the other aspect, there is an increasing number of evidences suggesting 

EGFR directly involved in cardiac health. Genetic variations of HB-EGF, an 

endogenous EGFR ligand, have been found to be associated with dilated 

cardiomyopathy in three independent Caucasian populations (Friedrichs, Zugck 

et al. 2009). Abnormal kinase activities of EGFR are associated with malignancy 

of several cancer diseases, and thus advances in drug discovery have produced 

a plethora of inhibitors targeting the receptor. In particular, tyrosine kinase 

inhibitors (TKIs) including gefitinib and erlotinib have received approval as small-

molecule chemotherapeutic agents for use in cancer patients (Marshall 2006, 

Steeghs, Nortier et al. 2007). Although the side effects of TKIs therapies are 

considered mild compared to traditional chemotherapeutics, cases of 

cardiotoxicity such as recurrent myocardial infarction, inhibition of action potential 

repolarization and decreased LV ejection fraction have been reported (Korashy, 

Attafi et al. 2016). Additionally, owing to the increases in life expectancy after 

diagnoses, certain cancer patients are not treated with TKIs chronically (Disis 

and Rivkin 2003). The long-term physiological consequences of suppressed 

EGFR activity have not yet been characterized in these patients. However, 

prolonged EGFR inhibition by gefitinib results in altered cardiovascular function in 

mice due to increased LV apoptosis (Barrick, Yu et al. 2008). Further exploration 

of the relationship between EGFR signaling and cardiac health will provide 

rationale for development of strategies targeting genetic abnormality of EGFR 
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signaling caused cardiomyopathy, and minimizing EGFR cancer therapy caused 

cardiac side effects.   

4.2 The role of EGFR in cardiac physiological development 

To address our central hypothesis of this research project that EGFR confers 

cardiac physiological development, we first examined the role of EGFR in the 

heart under normal physiological conditions. Compared to previously reported 

studies with characterization of EGFR function using relatively cardiac specific 

approaches, we have made the following distinct observations of cardiac related 

phenotypes. First, Egfr-cKO mice had reduced life span with median survival of 

14 month-age. Second, cardiac function of Egfr-cKO mice deteriorated along 

aging. Third, EGFR deletion did not induce cardiac hypertrophy except dilated 

cardiomyopathy in older age. Fourth, EGFR deletion led to extensive fibrosis and 

chronic inflammation in 10 month age group, which were not seen in younger 

groups. The different phenotypic observations among those previous studies are 

probably granted by using less specific models compared to ours. These include 

using mice with specific EGFR deletion in both vascular smooth muscle cells and 

cardiomyocytes (Schreier, Rabe et al. 2013), and cardiac overexpression of a 

nonfunctional truncated EGFR which probably disrupts other ErbB signaling 

(Rajagopalan, Zucker et al. 2008).  

In order to gain a comprehensive understanding on how EGFR deletion affected 

development of cardiac dysfunction and remodeling, we characterized functional, 

morphological, cellular and molecular changes in Egfr-cKO hearts at different 
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development stages which were defined according to distinct phenotypes. They 

can be divided into 4 age groups: 7 weeks, when Egfr-cKO mice at this age still 

had preserved cardiac function; 8-9 weeks, when Egfr-cKO mice began to 

develop cardiac dysfunction; 16 weeks (4 months), when EGFR deletion induced 

worsened cardiac function; 10 months, when Egfr-cKO mice developed severe 

cardiac dysfunction, ventricular dilation, cardiomyocyte hypertrophy, extensive 

fibrosis and elevated inflammation. These primary and secondary factors could 

probably be the reason of a significantly increased cardiomyocyte death at 10 

months. In addition, we observed a small but significant increase of cardiac cell 

death in Egfr-cKO myocardium at 9 weeks. Although it hardly contributed to the 

initiation of cardiac dysfunction due to relatively low level of cardiomyocyte death, 

this cellular alteration might be the “side effects” of what initiate the cardiac 

dysfunctional phenotype at this age in Egfr-cKO hearts. To unbiasedly explore 

the potential mechanisms responsible for prevention of cardiac dysfunction in 

Egfr-cKO mice at 7 weeks of age, we performed whole transcriptomic analysis on 

Egfr-cKO and Ctrl hearts from 7 weeks and 9 weeks (Figure 12). Overall analysis 

indicated that Egfr-cKO at 7 weeks had a notably difference of relative fold 

changes of gene expression patterns compared to those at 9 weeks. Specifically 

284 genes in 7 week Egfr-cKO hearts were altered and majority of them were 

upregulated, while only 67 genes in 9 week hearts were affected by EGFR 

deletion with majority downregulated. Among upregulated gene population in 284 

genes, many can be categorized as cardiac fetal gene programs (FGPs) which 

are relatively highly expressed in embryonic and neonatal hearts but undergo 
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expression suppression during normal adulthood (Franco, Dominguez et al. 

2002). FGP has protective functions in heart against stress yet also promotes 

maladaptive remodeling under certain circumstances (Dirkx, da Costa Martins et 

al. 2013). Expression of ANF, BNF and early response genes, including myc is 

considered as a hallmark of fetal heart transformation (Taegtmeyer, Sen et al. 

2010). Since at 7 weeks, we detected elevated expression of these transcripts 

which returned to control level at 9 weeks, fetal heart program switch from “on” to 

“off” in Egfr-cKO hearts likely occurred at this time window. Many identified fetal 

genes activated at 7 week encode myofilament proteins and calcium couplers, 

including ACTA1, MYBPHL, MYH7, CASQ1 and RCAN1. Therefore, these genes 

likely functioned as the compensation for impaired cardiac contractility and 

calcium handling which occurred in Egfr-cKO mice at the later ages. However, 

currently it remains unclear whether EGFR deletion at this particular 

development age mediated FGPs reemergence or delayed suppression of FGPs. 

Further addressing on this question is valuable for delineate the role of EGFR 

during cardiac development and understanding the mechanisms of FGPs 

reactivation during cardiac stress.   

4.3 Mechanisms of how EGFR mediates cardiac function and remodeling 

We next explored the potential mechanism(s) which were responsible for cardiac 

dysfunctional phenotype in Egfr-cKO mice. Since EGFR deletion in adult mice (4 

months) did not cause cardiac hypertrophy, massive cell death or altered 

systemic blood pressure, we proposed that this functional difference was due to 
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altered cardiac contractility. Indeed, we confirmed this hypothesis by in vivo and 

in vitro approaches and suggested that Egfr-cKO hearts had the most defects in 

relaxation. Conventional cardiomyocyte contraction-relaxation mechanisms 

depend on calcium mobilization and subsequent activation of the cardiomyocyte 

sarcomere (Tilley 2011). In our cardiomyocyte EGFR deletion model, prolonged 

cardiac relaxation was at least partially due to delayed cytoplasmic calcium 

removal.  

One of the major pathways that remove calcium from cytosol post cardiomyocyte 

contraction is via function of SERCA to pump calcium back to SR (Lipskaia, 

Chemaly et al. 2010). SERCA binding proteins including phospholamban (PLB) 

and sarcolipin (SLN) tightly regulate pumping function of SERCA by inhibition of 

calcium affinity to it. EGFR deletion indeed decreased the gene expression of 

SERCA2 and hampered SERCA activity in heart by dephosphorylating and 

releasing inhibitory activity of PLB. In contrast, SLN expression showed a 

decreasing trend from transcriptomic analysis probably due to a feedback 

mechanism reacting to impaired SERCA function. Membrane calcium efflux 

systems including plasma membrane calcium-transporting ATPase (PMCA) and 

sodium-calcium exchange (NCX) also play a critical role in cytosol calcium 

depletion and maintaining cellular calcium (Brini and Carafoli 2011). Although 

EGFR deletion did not change the PMCA expression, further determination on 

how EGFR deletion may impact the expression and function of NCX is 

necessary. Negative potential of mitochondrial inner membrane drives calcium 

influx but the amplitude of calcium flux into mitochondria makes little contribution 
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to relaxation (Lu, Ginsburg et al. 2013). However, mitochondria are the major 

power source for cardiac contraction and disruption in mitochondrial energy 

production have been implicated in association with cardiac contractile 

dysfunction (Wang, Xu et al. 2018). We observed relatively normal mitochondrial 

structures and improved mitochondria functional capacity in 4 month-aged Egfr-

cKO hearts. This unexpected finding of mitochondiral physiology probably 

appeared as the consequence of a negative feedback pathway responding to 

loss of contractility. It is still important to assess if EGFR deletion results in 

mitochondrial pathological conditions on other aspects including reactive oxygen 

species (ROS) production which contributed to cardiac remodeling in a 

previously charaterized EGFR knockout model (Schreier, Rabe et al. 2013). 

Besides calcium kinetics dependent regulation of contraction-relaxation cycles, 

PKA mediated phosphorylation of cardiac troponin I accelerates cross-bridge 

turnover kinetics and thereby hastens myofibril relaxation (Lyons, Schiaffino et al. 

1990, Driesen, Verheyen et al. 2009). EGFR deletion additionally impaired this 

process in the heart. 

Based on the well-studied signaling pathways, we first sought to determine if 

EGFR deletion affected the activities of PKA and CAMKII which are the only 

known kinases targeting troponin I Ser 23/24 residues and PLB Thr 17 residue 

respectively (Jackson, Allard et al. 1990, Rothermel, McKinsey et al. 2001). 

Nevertheless, PKA activity in Egfr-cKO hearts was predicted unchanged due to 

similar cAMP pool as control. EGFR deletion neither altered the expression and 

activity (phosphorylation) of CAMKII. These unexpected findings switched our 
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focus on testing the possibility that EGFR deletion changed the expression of 

phosphatase proteins (or subunits) including protein phosphatase 1 (PP1) and 

protein phosphatase 2A (PP2A), which play key roles in phosphorylation-

dephosphorylation balance of PLB and troponin I (Nicolaou, Hajjar et al. 2009, 

Heijman, Dewenter et al. 2013, Okuhara, Yokoe et al. 2017). Although 

expression of PP1 subunits was normal in Egfr-cKO hearts, we uncovered a 

consistently downregulated PP2A regulatory subunit gene – PPP2R3A along all 

different ages. The reduced protein level of this PP2A regulatory subunit (PR72) 

was confirmed as well in Egfr-cKO hearts which had no changes on PP2A 

catalytic subunit level. Very limited number of studies have been published 

regarding to the role of PR72 in myocardium, but PP2A regulatory subunits can 

regulate function of PP2A and its targets through diverse ways (Mali, Haddox et 

al. 2018). PP2A regulatory subunit can have inhibitory effects on activity of 

catalytic subunit, and thereby regulatory subunit deficiency leads to increased 

cardiac PP2A activity (Okuhara, Yokoe et al. 2017). Another possibility of PP2A 

regulatory subunit regulating phosphorylation of targets like PLB and troponin I is 

alteration of PP2A cellular localization and compartment (Heijman, Dewenter et 

al. 2013, Okuhara, Yokoe et al. 2017). Notably, a recent study has shown a 

mechanism of regulating PP2A target specificity by its regulatory subunit, and 

particularly modification of a regulatory subunit expression was able to lower 

phosphorylation of troponin I Ser 23/24 and PLB Thr 17 without affecting PLB 

Ser 16 phosphor-site (Kirchhefer, Brekle et al. 2014).  
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EGFR deletion did not induce worsened cardiac remodeling until old adult age 

(10 months). To be noted, expression and phosphorylation level of ERK1/2 and 

Akt were preserved in Egfr-cKO hearts, which however are often reported as the 

major downstream effectors of EGFR in heart and other tissues (Tilley 2011, 

Dirkx, da Costa Martins et al. 2013). This finding correlated with phenotypic 

outcomes of loss of EGFR in hearts, and specifically we did not observed 

sensitive changes on cardiac or cardiomyocyte sizes and apoptosis upon EGFR 

deletion. Previously ERK1/2 and AKT have been shown to effectively mediate 

cardiomyocyte hypertrophy and death in response to stress (Feldman, Carnes et 

al. 2005, Wang, Xu et al. 2018). Moreover, modulation of ErbB2 expression in 

the heart leads to drastic alterations on phosphorylation of ERK and Akt, which 

therefore suggests ErbB2 (and other ErbB binding partners) might be the primary 

signal transducer of extracellular growth hormones and control activation of these 

pathways (Eisner, Caldwell et al. 2017). Similarly, we did not find difference of 

ErbB2 expression in Egfr-cKO hearts compared to controls.  

Considering that development of cardiac remodeling did not occur as parallel as 

dysfunctional phenotypes in this mouse, we predicted the same mechanism 

which caused impairment of cardiac function contributed to low level but chronic 

cardiac physiological stress and cell death, and eventually resulted in 

maladaptive remodeling. Previous study linked the abnormality of zebrafish 

cardiac phenotype with loss of PP2A regulatory subunit, PR72 which was also 

reduced in our EGFR knockout murine model (Schmidt, Edes et al. 2001). 

Furthermore, secondary mechanisms including FGPs that triggered by stress 
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promoted the development of hypertrophic, fibrotic and inflamed conditions 

accompanied by massive cardiomyocyte death in 10 month old Egfr-cKO hearts. 

For example, BNP which was seen highly expressed in older Egfr-cKO hearts (4 

and 10 months) has been associated with facilitation of inflammatory cell 

infiltration (Dorn and Molkentin 2004). Finally, aging has been shown to result in 

reduced EGFR signaling in other tissue (Nicolaou, Hajjar et al. 2009). Although 

lack of evidences in our study, loss of EGFR possibly accelerated cardiac aging 

related remodeling. 

4.4 Interaction between EGFR and βAR and how it may potentially provide 

therapeutic strategies for treating heart failure  

EGFR interacts with βAR at both structural and functional levels (Noma, Lemaire 

et al. 2007, Grisanti, Repas et al. 2015). Upon ligand stimulation, βAR 

transactivate EGFR via complexed signaling pathways which involve recruitment 

of GRKs and βArrestins (Grisanti, Guo et al. 2017). Several in vitro studies have 

suggested a protective role of EGFR transactivation in cardiomyocytes against 

different kind of stress (Benjamin, Blaha et al. 2017, Osmanska and Jhund 

2019). However, the actual role of βAR mediated EGFR transactivation in heart 

remains controversial when in vivo studies have shown opposite findings using 

different pharmacological inhibitors (Woo, Song et al. 2015, Grisanti, Guo et al. 

2017). Thus, we sought to more accurately assess the role of EGFR during long-

term activated βAR activation in heart using our cardiac specific EGFR deletion 

model. Overall, chronic ISO infusion led to beneficial outcomes in Egfr-cKO mice. 



108 
 

ISO almost fully rescued the cardiac dysfunction compared to Egfr-cKO mice that 

only received vehicle. In addition, loss of EGFR in heart made it subject to lower 

level of hypertrophy and cardiomyocyte death in response to ISO. This findings 

collectively suggested that EGFR plays a role in mediating the balance between 

βAR induced inotropic/lusitropic effect and cardio-toxic effect. 

Few studies has ever investigated the role of EGFR in mediating biased 

activation of βAR downstream. Our preliminary data may illustrate the possibility 

that not only βAR mediated EGFR transactivation requires activation of 

GRK/βArrestin dependent pathway (Noma, Lemaire et al. 2007) but also EGFR 

redirects the activation of this pathway upon activation of G-protein dependent 

pathway. Chronically high level of catecholamine induced cardiac toxicity occurs 

as the consequence of desensitization, downregulation and degradation of βAR 

(Petrofski and Koch 2003, McCrink, Brill et al. 2015). All these processes have 

been shown to be positively regulated by activities of GRK/βArrestin, which 

further lead to adverse remodeling (McCrink, Brill et al. 2015). Knocking out 

EGFR in the heart probably disrupted this GRK/βArrestin mediated pathway and 

lowered ISO infusion induced cardiac hypertrophy and cell death. Although 

EGFR deletion did not alter cardiac βAR density in normal condition, further 

study is required to determine if it can preserve membrane level of βAR during 

ISO induced rapid βAR desensitization. Blockage of GRK/βArrestin and intact 

βAR system together can lead to prolonged activation of G-protein-PKA 

dependent pathway (Feldman, Carnes et al. 2005). Additionally, we found that by 

2 weeks of ISO infusion, Egfr-cKO hearts had significantly higher level of Nr4a1 
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expression while same treatment condition failed to induce Nr4a1 expression in 

Ctrl heart (Figure 28). This initial evidence probably suggests that EGFR deletion 

sustained the G-protein-PKA pathway because Nr4a1 expression has been 

shown to be dependent on PKA activities (Yan, Zhu et al. 2015). As what this 

study suggested, Nr4a1 also likely contributed to increased function and reduced 

hypertrophy in Egfr-cKO hearts upon long-term ISO administration.  
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Figure 28. PKA mediated upregulation of NR4A1 was preserved in Egfr-cKO 

hearts with chronic ISO infusion.  

Transcript expression of NR4A1 was only significantly increased in Egfr-cKO 

hearts received 2 weeks of ISO infusion. Data represented as mean±SEM of fold 

change from WT Ctrl received 2 weeks of vehicle infusion (n=6 per group per 

treatment condition). *, p<0.05, **, p<0.01, ***, p<0.001 by one-way ANOVA with 

the Student-Newman-Keuls test. 

 

 

 

 

 



111 
 

4.5 Insights in understanding the impact of EGFR on acute cardiac injury 

Before us, the direct role of cardiac EGFR in development of heart failure upon 

acute cardiac injury, such as myocardial infarction has never been delineated. A 

few indirect evidences using EGFR inhibitors suggest that EGFR plays a 

detrimental role in cardiac ischemic injury (Lohse, Engelhardt et al. 2003). 

Instead, more studies have characterized the impacts of other ErbB receptors on 

this aspect. To be specific, cardiac ErbB2 and ErbB4 have been reported to 

confer cardio-protection against myocardial infarction and extend regenerative 

window through strengthening cardiomyocyte proliferation (Grimm and Brown 

2010, D'Uva, Aharonov et al. 2015). Since these receptors form functional 

partners with EGFR, we predicted that EGFR likely play a role in the MI 

challenges. Surprisingly cardiac EGFR deletion did not lead to either beneficial or 

detrimental effects on post-injury function and remodeling. However, a more 

comprehensive assessment of EGFR function in acutely injured heart is 

important to fully draw the conclusion. Such assessment includes systemic 

evaluation of cell death level immediately induced by acute myocardium damage, 

immune response, oxidative stress and switch of metabolic pathways. Because 

cardiac EGFR expression maintains at low level during adulthood, rapid loss of 

cardiomyocytes immediately after ischemia could further dampen cardiac EGFR 

pool in infarct zone, which possibly contribute to similar consequences of MI from 

different genotypes. In this case, using a cardiac specific EGFR overexpression 

model is critical to better characterize the role of EGFR during MI. 
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4.6 Summary and Future Directions 

Overall our study addressed the role of cardiac EGFR in physiological and 

pathological development. To summarize, in normal conditions, EGFR is 

responsible for maintenance of cardiac function with minimal impact on cardiac 

size. Loss of EGFR in contrast leads to cardiac dysfunction and remodeling 

outcomes. This function of EGFR is via transcriptional modulation of PP2A 

regulatory subunit (PPP2R3A) which further impacts phosphorylation of 

phospholamban (PLB) and troponin I. EGFR can also mediate βAR induced 

cardiac hypertrophic responses. Finally, EGFR does not have a role in heart 

failure development from acute MI injury. 

The diverse roles of EGFR in heart provide many possible directions for us to 

pursue in the future. First, an important future work is required to determine if 

EGFR deletion mediated PPP2R3A downregulation is responsible for the 

phenotypes occurred in heart. The expression of PPP2R3A in EGFR conditional 

KO hearts using AAV-Cre and AAV-EGFR rescued hearts could be assessed to 

confirm the proposed relationship of EGFR and expression of PPP2R3A. In 

addition, it could be studied whether introduction of PPP2R3A rescues the Egfr-

cKO hearts. Second, it would be meaningful to understand how PPP2R3A 

mediates the level and specificity of PP2A activities and in which way EGFR 

controls expression of PPP2R3A. Third, for therapeutic interests, the evaluation 

could be performed to determine if EGFR mediates biased βAR signaling 

activation and underlying mechanisms. 
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Figure 29. Roles of EGFR in mediating cardiac function and remodeling.  

In normal healthy heart, EGFR modulates calcium mobilization (PLB 

phosphorylation) and sarcomere function (Troponin I phosphorylation) which lead 

to maintenance of the normal cardiac contractility. This process is probably 

mediated by regulation of PP2A activities. EGFR deletion impairs this process 

and further cause cardiac dysfunction and remodeling. EGFR also dampens βAR 

activation mediated enhancement of contractility and contributes to cardiac 

hypertrophy induced by chronic βAR signaling. 
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