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ABSTRACT 

The human ether-a-go-go-related gene (hERG) encodes the pore-forming subunit 

of the rapidly activating delayed rectifier potassium channel (IKr) that is important for 

cardiac repolarization. Previously, we have discovered that hERG channels rapidly 

internalize in low extracellular K+ ([K+]o). In cell culture, this process is driven by the 

endocytic protein, caveolin-1 (Cav1), which is an integral player in the caveolae-

dependant endocytosis pathway. However, in the heart, Caveolin-3 (Cav3) is, in fact, the 

predominant form in the myocyte, and thus may play a direct role in regulating hERG 

expression in the heart. Thus, I hypothesize that this reduction of hERG conductance in 

cardiac myocytes derives from the presence of Cav3, which is integral regulator of hERG 

homeostasis innately in the heart. To investigate the effect of Cav3 on hERG, I 

overexpressed Cav3 in human embryonic kidney 293 (HEK-293) cells stably expressing 

hERG channels. Cav3 overexpression significantly and specifically decreased both the 

hERG current amplitude and the mature channel expression in normal culture conditions. 

Co-immunoprecipitation analysis and confocal imaging demonstrated an association 

between hERG and Cav3 in HEK cells as well as rat and rabbit cardiomyocytes. 

Mechanistically, I discovered that Cav3 possesses a faster turnover rate compared to 

Cav1, and can enhance hERG degradation through up-regulating mature channel 

ubiquitination via the ubiquitin ligase, NEDD4-2. Knockdown of Cav3 in neonatal 

cardiac myocytes also enhanced hERG expression. My data indicate that Cav3 

participates in hERG trafficking, and is an important regulator of hERG channel 

homeostasis in cardiac myocytes. This information provides a platform for future 

intervention of the hERG-induced type-2 long QT syndrome (LQTS). 



iii 

 

CO-AUTHORSHIP 

Mr. Jun Guo and Mr. Wentao Li assisted with the patch clamp data collections: 

pcDNA transfection in hERG (n=30), Cav1 overexpression in hERG (n=15), Cav3 

overexpression in hERG (n=28), pcDNA3 transfection in EAG (n=8), Cav3 

overexpression in EAG (n=8), pcDNA3 transfection in Kv1.5 (n=8), Cav3 overexpression 

in Kv1.5 (n=8), control hERG in time course degradation (n=20), Cav3 overexpression in 

time coursed hERG degradation (n=20), pcDNA3 transfection in Y1078A (n=15), Cav3 

overexpression in Y1078A (n = 15). Mr. Jun Guo also assisted with the generation of 

Y1078A hERG mutant. 

 

 

 

 

 

 

 

 

 

 



iv 

 

ACKNOWLEDGEMENTS 

I would like to first and foremost express my sincere gratitude and appreciation 

for my supervisor, Dr. Shetuan Zhang. His guidance and support have contributed greatly 

to my success as a graduate student. From him, I have truly learned the meanings of 

passion and hard work. His perseverance and obvious successes as a researcher have 

motivated me to continue my pursuit of excellence. 

I would also like especially thank two of my fellow lab members, Mr. Jun Guo 

and Dr. Tingzhong Wang. My graduate studies could not have gone as well without their 

assistance in the lab. They are simply kind and caring people, who constantly encourage 

and helped me during my two years here. I consider both of them to be excellent friends 

and hope great successes to them in the future. 

In addition, I would like to thank all the current and past members of the Zhang 

lab. They include, Ms. Jianmin Xu, Ms. Tonghua Yang, Dr. Hamid Massaeli, Mr. Wentao 

Li, Mr. Jimmy Wu, Mr. Tao Sun, Ms. Heidi Shallow, Mr. Michael Fridman and Ms. 

Celeste Leung. My graduation was a result of not only my hard work, but also their kind 

support as well. I thank them all for their presences in my life during the last two years. 

Lastly, I would like to thank my parents who have provided great emotional, 

psychological and financial support. I couldn’t have done this without their unyielding 

love and guidance from the beginning to the end of my studies. 

 

 



v 

 

TABLE OF CONTENTS 

 

 

Abstract…………………………………………………………………………………. ii 

Co-Authorship………………………………………………………………………….. iii 

Acknowledgements……………………………………………..………………………. iv 

Table of Contents………………………………………………………………………... v 

List of Figures………………………………………………………………………….. vii 

List of Abbreviations…………………………………………………………………... ix 

 

CHAPTER I – INTRODUCTION AND LITERACTURE REVIEW………………. 1 

Potassium Channels……………………………………………………………… 1 

hERG and LQTS………………………………………….……………………… 2 

Endocytosis Pathways…………………………………………………………… 7 

Lipid Rafts Structure and Function……………………………………………..... 8 

Caveolae and Caveolin Structure and Function………………………………… 10 

Caveolinopathies in Knockout Animal Models……………………………….... 15 

Caveolin and Ion Channels……………………………………………………... 17 

Caveolin and hERG…………………………………………………………….. 20 

Statement of Hypothesis………………………………………………………... 23 

 

 



vi 

 

CHAPTER II – MATERIALS AND METHODS………………………………….... 24 

 

CHAPTER III – RESULTS…………………………………………………………... 30 

Cav3 reduces hERG function and expression levels…………….……………... 30 

Physical association of hERG and Cav3………………………………………... 37 

Cav3 possess faster turnover rate which accelerates hERG degradation……….. 38 

Cav3 increases hERG ubiquitination………………………………………….... 41 

Mutations disrupting Nedd4-2 target-site in hERG eliminate the Cav3 effects... 43  

Knockdown endogenous Cav3 in neonatal ventricular myocytes enhances IK… 45 

Summary………………………………………………………………………... 49 

 

CHAPTER IV – DISCUSSION……………………………………………………..... 50 

Novelty/Main Discoveries…………………………………………………….... 50 

Caveolin Regulation of hERG………………………………………………….. 51 

hERG Ubiquitination via NEDD4-2……………………………………………. 53 

Relations between caveolin and LQTS…………………………………………. 56 

Conclusions………………………………………………………………….….. 58 

Experimental Limitations……………………………………………………….. 59 

Future Directions……………………………………………………………….. 60 

 

Reference List………………………………………………………………………….. 61 



vii 

 

LIST OF FIGURES 

 

Figure 1: Reduction of IKr can lead to prolonged action potential………………………. 3 

Figure 2: Action potential prolongation leads to increased QT interval………………… 6 

Figure 3: Mechanisms for endocytosis…………………………………………….……. 9 

Figure 4: Planar lipid rafts vs. Caveolae lipid rafts…………………………………….. 11 

Figure 5: Structure of caveolin…………………………………………………………. 13 

Figure 6: Cav3 effect on hERG current conductance………………………………….. 31 

Figure 7: Caveolin-3 specifically dictates the amplitude of hERG current……………. 33 

Figure 8: Caveolin-3 regulates mature hERG channel expression…………………….. 35 

Figure 9: Effects of overexpression of Cav3 on hERG expression and localization....... 36 

Figure 10: Cav3 associates with hERG channels…………………………………...….. 39 

Figure 11: Cav3 possess a faster turnover rate comparing to Cav1…………………..... 40 

Figure 12: Cav3 accelerates hERG degradation……………………………………...... 42 

Figure 13: Cav3 enhances UB-hERG interaction…………………………………….... 44 

Figure 14: Y1078A hERG mutation eliminates the Cav3-mediated effects on hERG 

channels………………………………………………………………………………… 46  



viii 

 

Figure 15: Knockdown Cav3 slows internalization of IKr channels in cultured neonatal 

rat ventricular myocytes………………………………………………………………… 47  

Figure 16: Hypothetical scheme of Cav3-mediated endocytosis of hERG channel…… 49 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 

 

LIST OF ABBREVIATIONS 

 

EAG   Ether-a-go-go 

ECG   Electrocardiogram 

hERG   Human ether-a-go-go-related gene 

HEK   Human embryonic kidney 

IKr   Rapidly activating delayed rectifier K+ current 

IKs   Slow delayed rectifier K+ current 

LQTS   Long QT syndrome 

MEM   Minimum essential medium 

TdP   Torsade de pointes 

WT   Wild type 

AP   Action Potential 

Cav3   Caveolin-3 

Cav1   Caveolin-1 

Ub   Ubiquitin 

EAG  Ether-a-go-go 



x 

 

Kv1.5  Potassium voltage-gated channel, shaker-related       

subfamily, member 5 

Kv11.1  hERG 

Cav1.2  Calcium channel, voltage-dependent, L type, alpha  

1C subunit  

Nav1.5  SCN5A endoded Sodium Ion Channel 

MVB  Multivesicular Body



1 

 

CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

 

Potassium Channels 

The cardiac action potential represents an essential mechanism through which 

electrical conduction can be driven throughout the heart. It is generated by voltage-

dependent ion channels, and initiates the electrical events leading to cardiac muscle 

contraction. A myriad of different channels are responsible for regulating the different 

phases of the cardiac action potential. The size and shape of action potentials are 

determined by the population and efficiency of these channels. Specifically, the phases of 

the cardiac action potential are associated with changes in permeability of the cell 

membrane to sodium (Na+), calcium (Ca2+) and potassium (K+) ions. Potassium channels 

play an essential role in the repolarizing heart (Sanguinetti & Tristani-Firouzi, 2006). The 

rapid depolarization in membrane potential during an action potential is always followed 

by a return to resting membrane potential. Under normal physiological conditions, the 

concentration of K+ ion is greater inside the cardiac muscle cell as compared with the 

outside. Thus, K+ ions tend to diffuse outwards, which counters the depolarizing effects 

of Na+ movements into the cell. As K+ ions diffuse out, it leaves a deficiency of cations 

within the cell, causing the interior of the cells to become electronegative which oppose 

the movement of positively charged K+ ions flowing outward. Thus, two opposing forces 

are involved in the movement of K+ across the cell membrane; a chemical force based on 

the concentration gradient and a counterforce caused by electrical potential difference. 

When the two forces are equal, there is no net force acting on the K+ ions. At this point, 
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the potassium equilibrium or reversal potential is reached as there is no net movement of 

K+ across the membrane.  

Potassium (K+) channels responsible for repolarization can be characterized as 

transient outward currents and delayed rectifier currents which consist of the rapidly (IKr) 

and slowly (IKs) activating delayed rectifier potassium currents (Nerbonne & Kass, 2005). 

The sequential opening of these K+ channels over different time frames allows for a 

systematic control to ensure the normal repolarization of the cell. In normal condition, 

repolarizing potassium currents, such as IKr, contributes to the phase 3 repolarization 

process. A reduction in IKr, due to channel mutations or drug blockade can prolong the 

action potential duration (Figure 1). This prolongation can lead to long QT syndrome, a 

cardiac electrical disorder with high risk of sudden cardiac death.  

 

 

 

hERG and LQTS 

The rapidly activating delayed rectifier K+ channels (IKr), encoded by the human 

ether-a-go-go related gene (hERG), play an essential role in cardiac repolarization. Each 

single channel contains 4 pore-forming alpha subunits, and is subjected to modification 

through drugs and mutations (Guo et al., 2009). The discovery of hERG stems from an 

experiment conducted on Drosophila. The flies that contained K+ channel mutants 

demonstrated a twitching behavior which resembled the action of a go-go dancer when 

the flies were anesthetized with ether. It was then the ether-a-go-go (EAG) was named to 



 

 

 

 

Figure 1: Reduction of IKr can lead to a prolonged action potential.  

A) Normal IKr and its contribution to action potential. B) Reduced IKr (red) prolongs 
action potential duration 
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refer to the specific potassium channel (Kaplan & Trout, III, 1969). After screening in 

human hippocampal cDNA library, an EAG-like gene was found to be expressed in 

human tissues, and was named the human EAG-related gene (hERG) (Warmke & 

Ganetzky, 1994). Although the EAG and hERG demonstrate some homology, they are 

distinct channels with very different biophysical and pharmacological properties. In 1995, 

it was established that hERG encodes the IKr in the heart (Sangunetti et al., 1995). 

Alterations of hERG channel integrity can predispose individuals to type 2 long QT 

syndrome (LQTS).  

LQTS can be characterized by a prolongation of the QT interval as measured on 

the electrocardiogram (ECG). The surface electrocardiogram is recorded by placing 

electrodes on the body surface. The magnitude and direction of voltage deflections are a 

reflection of the propagation of cardiac action potentials. In the standard lead II 

recordings, the first deflection (P wave) is upwards and is representative of atrial 

depolarization. The second components consist of a small negative deflection (Q wave), 

and a large positive deflection (R wave) followed by a small negative deflection (S 

wave). The QRS complex reflects ventricular depolarization. The third component is a 

broad positive deflection (T wave) which represents ventricular repolarization. The QT 

interval is defined as the time interval between the beginning of QRS complex and the 

end of T wave. Since hERG plays a significant role in cardiac repolarization, when 

inhibited, it can prolong the ventricular action potential by reducing the repolarizing 

efficiency, which would result in a prolonged QT interval (Figure 2). LQTS is defined as 

a QT interval above 440 ms and can subsequently lead to an atypical polymorphic 

ventricular tachycardia of the torsades de pointes (TdP), presenting high risks for syncope 
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and sudden death (Hedley et al., 2009). LQTS can exist in congenital or acquired forms 

with a total prevalence of roughly 1:2000 to 1:5000 (Goldenberg et al., 2008). 

Interestingly, almost all of the drugs that are known to cause LQTS preferentially interact 

with hERG channels (Micheson et al., 2000).  

Interferences with hERG function often arise in two distinct forms. First, drug 

blockade of the channel can modify its gating kinetics, rendering it ineffective in 

conducting K+ current. Site-directed mutagenesis has identified residues Thre-623, Ser-

624 and Val-625 in the pore helix, as well as aromatic residues Tyr-652 and Phe-656 in 

the S6 transmembrane segment of the hERG subunit to be important for high-affinity 

drug binding to hERG channels (Lees-Miller at al., 2000; Perry et al., 2004). Secondly, 

modification of hERG surface density, stemming either from forward trafficking defects 

or induced channel endocytosis, can also result in altered current conductance. For 

example, it was found that blockade of the ATPase activity of Hsp90 by geldanamycin 

resulted in an accumulation of the immature, core-glycosylated form of hERG in the 

endoplasmic reticulum (Ficker et al., 2003). Compared to LQTS caused by hERG 

mutations (inherited LQTS), LQTS caused by drugs (acquired LQTS) is far more 

prevalent. Despite thorough studies on the modulation of hERG channel gating by 

hormones and drugs, much less is known about control of surface channel expression 

(Guo et al., 2009). Many studies have since focused on investigating the forward 

trafficking mechanisms in wild type and mutant hERG channels. Nonetheless, channel 

endocytosis represents another hERG regulation that has yet to be thoroughly elucidated. 

Our laboratory recently discovered that hypokalemia, which can exacerbate LQTS, causes 

mature hERG channel degradation. Under 0 mM K+ culture condition, surface hERG 



 

 

 

 

Figure 2: Action potential prolongation leads to increased QT interval 

Representative figures of action potential and QT interval in either normal or LQTS cases 

Source: Modified Image from The state of Ion Channel Research in 2004. (2004). Nature 
Reviews Drug Discovery 3: 239 - 278 
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channels expressed in HEK293 cells rapidly endocytose, leading to an elimination of 

expression and function of the channel at the surface (Guo et al., 2009). However, the 

hERG endocytic pathway is yet to be characterized.  

 

 

 

Endocytosis Pathways 

Endocytosis represents the basic cellular process which cells utilize to internalize 

segments of plasma membrane, cell-surface receptors, and various soluble molecules 

from the extracellular environment (Scita & Di Fiore, 2010). Due to the diversity of the 

targets, a wide variety of pathways have evolved to mediate their internalization. While 

the mechanisms of some pathways have been thoroughly investigated, others have yet to 

be elucidated. Nonetheless, all endocytic pathways that mediate the transport of a specific 

cargo will first require mechanisms for selection at the cell surface. Subsequently, the 

plasma membrane must be induced to bud and pinch off, which leads to steps for 

tethering these vesicles to their eventual endocytic destinations (Mayor & Pagano, 2007). 

Proteasomal and lysosomal degradation represent the putative mechanisms by which cell 

surface proteins can be destroyed.  

Conventionally, the clathrin-mediated endocytosis pathway has been viewed as 

the canonical path for degradation of most extracellular molecules. In this pathway, a 

wide variety of transmembrane receptors and their ligands are packaged into clathrin-

coated vesicles, and then endocytosed for eventual degradation (Doherty & McMahon, 

2009). Extensive characterization of this pathway has indicated its essential role as a 
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cellular process organizer. Nonetheless, numerous other pathways of endocytosis that do 

not involve clathrin have been demonstrated (Figure 3). Some of these pathways are 

constitutive, whereas others are triggered by specific signals or are even hijacked by 

pathogens (Marsh & Helenius, 2006). In addition, the kinetics of cargo formation and 

destinations differ significantly between pathways.  

The caveolin-dependent endocytosis pathway has been recognized as a route for 

the internalization of an increasing number of cell-surface proteins. This pathway 

involves the activation of lipid rafts or caveolae molecule complexes.  

 

 

 

Lipid Rafts Structure and Function 

Lipid rafts are assemblies of proteins and lipids that float freely in the membrane 

bilayer as platforms that function in membrane signaling, trafficking and 

compartmentalization of cellular processes (Parton & Richards, 2003; Lingwood et al., 

2009). Since lipid rafts play important roles in cellular signaling, various modification 

measures of lipid rafts have been investigated. For example, lipid rafts are potentially 

modifiable by diet, particularly fatty acids (Yaqoob, 2009). Although unclear whether 

dietary polyunsaturated fatty acids (PUFAs) are incorporated into lipid rafts, both linoleic 

acid and docosahexaenoic acid increase the clustering of a lipid raft probe, demonstrating 

that PUFAs appear to increase the clustering of proteins in cholesterol-dependent  

microdomains (Chapkin et al., 2008). To achieve the diverse function, lipid rafts contain  

 



 

 

 

 

 

Figure 3: Mechanisms for endocytosis.  

A myriad of mechanisms drives the endocytosis process. While the clathrin-dependent 
endocytosis has been well characterized, the mechanisms of other pathways, such as the 
caveolin-dependent endocytosis pathway, have yet to be thoroughly elucidated. 

Source: Modified image from Pathways of clathrin-independent endocytosis. (2007). 
Satyajit Mayor and Richard E. Pagano. Nature 8: 604 
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contain different marker proteins and display distinctive morphologies. Thus, the 

existence of different types of rafts has been suggested (O'Connell et al., 2004).  

There are two types of lipid raft (Figure 4). The planar/non-caveolar, lipid rafts 

are a non-invaginated type of lipid raft on the plasma membrane and lacks distinguishing 

morphological features. Planar rafts contain flotillin proteins and are found in neurons 

where caveolae lipid rafts are absent. These rafts organize and compartmentalize 

neurotransmitterd to either increase or dampen signals (Allen et al., 2007). On the other 

hand, caveolae-based lipid rafts are identifiable via electron microscopy as small 

invaginations in the surface membrane which in addition to sphingolipids and cholesterol, 

contains caveolin, a specific monotopic cholesterol-binding proteins (O'Connell et al., 

2004). This type of lipid raft plays essential roles in the endocytosis of various membrane 

proteins. Modifications of caveolae, via alterations in caveolin protein expression or 

cholesterol content, can significantly disrupt surface protein functions and expressions.  

 

 

 

Caveolae and Caveolin Structure and Function 

Caveolae are specialized membrane microdomains enriched in cholesterol and 

sphingolipids. First identified in endothelial cells, caveolae are “flask-shaped” 

invaginations of the plasma membrane of 60 – 80 nm in diameter (Parton & Simons, 

2007), which provide platforms for membrane protein interaction, signaling, trafficking  

 

 



 

 

 

 

Figure 4: Planar Lipid Rafts vs. Caveolae Lipid Rafts  

A) Depiction of the flat shaped planar rafts, lacking of distinguishing morphological 
feature. B) Caveolae lipid raft shown as a flask-shaped invagination.  

Source: Modified image from Caveolae: From Cell Biology to Animal Physiology. 
(2002). Babak Razani, Scott E. Woodman and Michael P. Lisanti. Phar Reviews 54 (3): 
434 
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and degradation (Brown & London, 1998; Simons & Toomre, 2000; Helms & Zurzolo, 

2004). Caveolae are almost ubiquitously expressed in the human body, albeit at different 

densities across different cell types. However some cells, such as neurons or 

lymphocyted, actually lack the caveolae structure and its function is replaced by the 

planar lipid rafts. Caveolae structure includes the defining and essential feature of 

caveolin proteins (Murata et al., 1995; Rothberg et al., 1992)  

The caveolin proteins are encoded by three separate genes in a single family, 

Cav1, Cav2, and Cav3. These proteins are integral membrane components consisting of a 

33 amino acid central hydrophobic transmembrane domains flanked by cytoplasmically 

exposed N- and C-terminal domains (Parton & Richards, 2003). While the palmitoyl 

group interacts with the fatty acids within the membrane, the oligomerization domain 

serves as an attachment site for different interactions (Figure 5). Caveolin-1 (Cav1) and 

Caveolin-3 (Cav3) form 350-kd homo-oligomers of 14 to16 caveolin monomers, while 

Caveolin-2 (Cav2) forms high molecular mass hetero-oligomers with Cav1 (Park et al., 

2002). As the predominant forms of the protein, Cav1 and Cav3 are expressed 

independently of each other; each is necessary and sufficient to drive caveolae formation. 

Their function may demonstrate great similarity, but their sites of expression differ 

dramatically. Cav1 is expressed in most cell types including adipocytes, endothelial, 

epithelial and fibroblast cells, while Cav3 appears to be muscle specific, as demonstrated 

in cardiac muscle as well as in skeletal and smooth muscle (Song et al., 1996). Cav2, on 

the other hand, has been found to mostly associate with Cav1. Independent expression of 

Cav2 has not been discovered since in the absence of Cav1, Cav2 is degraded by 

 



 

 

 

 

 

Figure 5: Structure of caveolin 
Shown are the domains of caveolin as well as its interaction within the plasma membrane. 

Source: Modified image from The Caveolin Protein. (2004). Terrence M. Williams and 
Michael P. Lisanti. Genome Biology (5): 214 
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proteasomes (Park et al., 2002). Cav1 and Cav2 are co-expressed in numerous tissue 

types, such as adipocytes, endothelial cells, fibroblasts, and epithelial cells (Razani et al., 

2002; Scherer et al., 1996). In addition to caveolin, cholesterol plays a major role in 

maintaining caveolae function as its depletion makes the structure flat shaped and 

effectively non-functional (Chang et al., 1992; Rothberg et al., 1992). 

Although both caveolin and cellular cholesterol are key components of caveolae, 

the exact relationship between the two has yet to be elucidated (Balijepalli & Kamp, 

2008). Caveolae play integral roles in vesicular trafficking and surface protein 

endocytosis (Park et al., 2002). Studies have demonstrated that dynamin, which closely 

associates with the clathrin-coated pits, is also recruited to caveolae structures during 

protein internalization. Although the specific subtype and function of dynamin remains a 

topic of debate, its involvement indicates that caveolae can bud off from the plasma 

membrane, suggesting a definite role in the caveolin-dependent endocytosis pathway 

(Hansen & Nichols, 2009). This endocytotic function of caveolae has been confirmed 

using simian virus 40 (SV40) as a marker, which is internalized in Cav1 positive vesicles 

(Pelkmans et al., 2002). However, the study of caveolar endocytosis is complicated by the 

fact that the same endocytic cargo may be internalized by different mechanisms in 

different cell types. Furthermore, the types of proteins that are destined for caveolar 

endocytosis has yet to be systematically designated. Various studies have aimed at 

manipulating caveolae structure and function to elucidate its relation with surface proteins 

and their endocytosis, as well as possible implications in disease and therapy. 
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Caveolinopathies in Knockout Animal Models 

A wide spectrum of investigation has been carried out with the goal of 

determining the effects of caveolae alteration on tissue structure and function. 

Conventionally, disruption of caveolae integrity involved manipulations of the integral 

caveolar component, the caveolin proteins. Various molecular and animal model studies 

have been conducted with relative successes to demonstrate caveolae function in 

endocytosis and its induction of disease onset. For example, Park et al. (2002) generated a 

Cav1/Cav3 double knockout mouse model by interbreeding Cav1 null mice and Cav3 null 

mice. These animals demonstrated a significantly shorter lifespan (Park et al., 2003). 

Electron microscopy demonstrated a lack of morphologically identifiable caveolae in 

endothelia, adipocytes, smooth muscle cells, skeletal muscle fibers and cardiac myocytes. 

Knockouts of caveolin have been implicated in the development of several cardiovascular 

abnormalities. Cav1/3 double knockout (dKO) mice have demonstrated a dramatic 

thickening of the left ventricular wall thickness as compared to controls. Furthermore, 

echocardiography recordings demonstrated hypertrophy and dilation of left ventricles, 

with a significant decrease in fractional shortening (Park et al., 2002). Sections of lung 

parenchyma from Cav1 deficient animals presented observations of constricted alveolar 

spaces with thickened alveolar septa and hypercellularity (Razani & Lisanti, 2001). 

Interestingly, Cav1/3 dKO mice showed dramatic increase in atrial natriuretic factor 

(ANF) expression. This finding may underlie the development of cardiac hypertrophy. 

Many forms of cardiac hypertrophy are accompanied by an increase in the expression of 

embryonic genes that are normally only expressed during fetal development (Park et al., 

2002; Allen et al., 2007). Up-regulation of ANF due to Cav1/3 KO may be caused by 
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induction of this fetal programming, and thus leading to hypertrophic development. In 

addition, numerous mechanisms may also explain the cause of caveolae-deficient 

induced-cardiac hypertrophy. For example, it is proposed that caveolae serve as an 

inactivator of preassembled signaling complexes, such as such as H-Ras, a regulator of 

cell division in response to growth factor stimulation, and endothelial nitric oxide 

synthase (eNOS), which generates NO in blood vessels and is involved with 

regulating vascular tone (Park et al., 2002; Allen et al., 2007). These proteins, involved in 

progression or development of cardiac hypertrophy, may become activated due to the 

absence of caveolin/caveolae (Li et al., 1995; Fujita et al., 2001).  

Caveolinopathies have also been extensively studied through Cav3 mutations. 

Cav3 knockout model has been associated with sarcolemmal membrane alterations, 

disorganization of skeletal muscle T-tubule network and disruption of distinct cell-

signaling pathways, which may lead to diseases such as limb girdle muscular dystrophy, 

rippling muscle disease, distal myopathy, hyperCKemia or cardiomyopathy (Gazzerro et 

al., 2010). Cav3 has also been demonstrated to regulate the expression of the insulin 

receptor on muscle membrane and is required for the cell membrane targeting of 

phosphofructokinase (PFK), an enzyme that catalyzes glycolysis (Sotgia et al., 2003). 

Studies have shown that transgenic mice overexpressing Cav3 display degeneration and 

necrosis of muscle fibers and an increase of serum creatine kinase (CK) levels.  

Although disease is evident in single or double Cav1/Cav3 knockout models, the 

underlying mechanism is yet to be confirmed. Since caveolae serve as important 

mediators in a clathrin-independent endocytic pathway, Cav1/Cav3 knockout may disrupt 
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endocytosis of cell surface proteins and cause the observed abnormalities. Indeed, defects 

in endocytosis of caveolar ligands were discovered using Cav1 deficient mice models 

(Razani et al., 2001). Experiments were performed by monitoring surface albumin 

concentrations, a putative ligand in the caveolae-mediated endocytosis pathway, in Cav1 

deficient and wild type mouse embryonic fibroblasts. It was discovered that albumin was 

able to accumulate rapidly within the cells in wild type mice but not in Cav1 deficient 

mice. In contrast, accumulations of transferrin, a putative clathrin-dependent ligand, 

demonstrated no significant difference between controls and Cav1 deficient models 

(Razani et al., 2001). These results indicate that caveolae participate in endocytosis of 

specific ligands.  

 

 

 

Caveolin and Ion Channels 

Studies have also demonstrated intricate relationships between ion channels and 

caveolae. In particular, the Ca2+, K+, and Na+ channels important in cardiac action 

potentials, are often targeted to caveolae and found to associate with caveolins (Patel et 

al., 2008). Regulation of these ion channels through caveolae can occur in many distinct 

ways, such as alteration of their biophysical properties (Balijepalli & Kamp, 2008). In 

addition, caveolae, the essential component in lipid-raft dependent endocytosis, can 

regulate the density of ion channels by controlling channel trafficking and degradation. 

Density of ion channels at the surface could be altered by the addition or subtraction of 



18 

 

caveolae contents which invariably changes endocytosis efficiency (Balijepalli & Kamp, 

2008).  

The L-type calcium channel is voltage-gated and responsible for smooth muscle 

and cardiac muscle contractions. It accounts for the prolonged plateau phase of the 

cardiac action potential (Lohn et al., 2000). Studies from cholesterol depletion, using 

methyl-beta-cyclodextrin (MβCD), were the first to demonstrate the importance of 

caveolae in calcium signaling in cardiomyocytes. Depleting cholesterol can significantly 

reduce the frequency, amplitude, and spatial size of Ca2+ sparks in arterial smooth muscle 

cells and neonatal cardiomyocytes (Lohn et al., 2000). In recent studies through electron 

microscopy, it was found that Cav1.2 L-type calcium channels are localized to caveolae 

in ventricular cardiomyocytes. Immunoprecipitation studies also demonstrated a physical 

association between Cav3 and Cav1.2 channels, thus confirming an interaction between 

the channel and the caveolae (Shibata et al., 2006). The modulation of L-type Ca2+ 

channels by PKA is regulated by caveolin (Balijepalli et al., 2006). Furthermore, L-type 

Ca2+ channels have been found to localize to the T-tubular membranes, which play 

important roles in excitation-contraction coupling. By localizing in T-tubular membranes, 

the L-type Ca2+ channels are able to interact with the ryanodine receptor 2 (RyR2), a 

sarcolemma reticulum Ca2+ release channel critical for contraction (O'Connell et al., 

2004). It was determined that channel localization in T tubules is significantly altered in 

muscle from Cav3 null mice (Galbiati et al., 2001). This may effectively alter excitation-

contraction coupling and contribute to the abnormalities of Cav3 null mice.  
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Sodium channels are responsible for the initiation and upstroke of the cardiac 

action potential. Modulation of sodium channels can alter cardiac excitability and 

contractility, and may consequently cause arrhythmias. It has been demonstrated that 

Nav1.5 voltage gated channels can be detected in caveolae in the heart. 

Electrophysiological studies revealed that some forms of the Cav3 mutations can alter the 

function of the Nav1.5 channels. Three Cav3 mutants, V14L, T78M and L79R, were 

revealed to cause a fivefold increase in late sodium current which enhances the 

depolarization process, leading to prolonged action potential duration (Yarbrough et al., 

2002). Furthermore, the channel co-immunoprecipitates with Cav3 proteins (Yarbrough 

et al., 2002). These results suggest a potential role for caveolae in the maintenance of 

Nav1.5 channel function in cardiomyocytes. 

Potassium channels responsible for repolarization during action potentials are also 

subjective to modulation through caveolae. For example, Kv1.5 K+ channels, expressed 

predominantly in atrial myocardium as the ultra-rapid delayed rectifier K+ current, can 

exhibit redistribution and altered function through the depletion of essential cholesterol 

(Patel et al., 2008). Studies have also demonstrated that some of these channels are 

localized in caveolae and associate with the Cav3 protein (McEwen et al., 2008). 

Although many channels are subjected to lipid raft alterations, some K+ channels can 

function independently of caveolae interference, and instead depend on noncaveolae lipid 

rafts. For example, Kv2.1 is a delayed rectifier K+ channel which displays slow 

inactivation and contributes to the delayed rectifier K+ current in the heart (O'Connell et 

al., 2004). These channels are found to function independently of caveolae rafts. Since 

caveolae are associated with actin cytoskeleton and microtubule networks, disruption of 
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the microtubule network could cause internalization of caveolae and its associated 

proteins (Mundy et al., 2002). Disruption of microtubules by demicolcine caused the 

internalization of caveolae-dependent Kv1.5 channel and its caveolin protein, but not the 

Kv2.1 channels (Martens et al., 2001). Thus, different subtypes of K+ channels display 

significant discrepancy with respect to their dependence on caveolae. Another K+ channel 

that is likely dependent on caveolae is Kv7.1, which is responsible for the slowly 

activating delayed rectifier current, IKs. Studies of cardiac muscle indicate that Kv7.1 co-

localizes with Cav3 protein (Balijepalli et al., 2007).  

 

 

 

Caveolin and hERG 

The voltage-gated Kv11.1 (hERG) channels, responsible for the rapidly activating 

delayed rectifier current (IKr), are expressed in ventricular myocytes (Balijepalli & Kamp, 

2008). In hERG channels stably expressed in human embryonic kidney 293 cells 

(HEK293 cells), caveolae disruption have shown to affect hERG function and expression 

(Balijepalli et al., 2007). First, alteration in cholesterol within the cell selectively disrupts 

hERG function. Treatment of HEK293 cells expressing hERG channels with MβCD 

demonstrated a positive shift of voltage dependence of activation and accelerated the 

deactivation kinetics of hERG currents (Balijepalli et al., 2007). In another study, it was 

found that hERG demonstrates significant internalization and degradation under 

hypokalemic conditions in both hERG stable cell lines and cardiomyocytes (Guo et al., 

2009). The hERG channels enter into a non-conducting state upon exposure to low 
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potassium culture and are subsequently endocytosed for degradation (Massaeli et al., 

2010). This internalization process does not rely on the canonical clathrin-dependent 

endocytosis pathways. Disruption of dynamin-1, a putative protein required for clathrin-

dependent endocytosis, showed no effects on low potassium induced hERG 

internalization. In contrast, hERG internalization depends on the clathrin-independent, 

caveolae-dependent pathways (Massaeli et al., 2010). In a hERG stable cell line, 

overexpression of Cav1 significantly accelerates hERG internalization and degradation in 

low potassium culture conditions (Massaeli et al., 2010). Furthermore, knockdown of 

Cav1 from these cells decelerates hERG endocytosis. It was determined that Cav1, 

responsible for the formation of caveolae structures, represent a hERG associated protein 

which endocytose concomitantly with the mature form of hERG channels. However, 

although Cav1 likely drives hERG endocytosis under hypokalemic conditions in cell line 

systems, the effects of a cardiac relevant form of caveolin, Cav3, on hERG function has 

not been studied. 

It has been recently shown that the hERG channel conductance can vary 

significantly when expressed in either HEK293 cells or neonatal cardiac myocytes. After 

adjusting for cell capacitance, it was found that comparing with the current densities of 

hERG channels expressed in HEK cells, the current density of hERG expressed in 

cultured neonatal mouse cardiomyocytes was 10-fold smaller (Lin et al., 2010). Yet, little 

is known about the mechanism of this phenomenon. Since cardiac hERG channels are 

innately expressed in the ventricular myocytes where Cav1 is absent, its direct link with 

Cav1 appears less likely. Thus, Cav3 should, in theory, contribute to the regulation of 

hERG channels in the cardiac system. In this study, I specifically investigated the roles of 
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Cav3 in hERG channel function and expressions. Its potential association with hERG 

may allow it to be the direct regulator of IKr in the heart. 
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Statement of Hypothesis 

 

 Previously, our lab has demonstrated that hERG endocytose through a Cav1-

dependent pathway (Guo et al., 2010). However, Cav3 more likely interacts with hERG 

channels innately in the heart. Since studies also suggested that hERG conduction is 

different depending on the wither expressed in HEK cells or cardiomyocytes, this raises 

the possibility that the different type of the caveolin protein that is present in these 

models, Cav1 in HEK cells and Cav3 in cardiac myocytes, may be causing the variations 

in hERG function and expression. Thus, I propose the following hypotheses: 

 

 

1. Different caveolin isoforms contributes to the variations of hERG conductance in 

HEK293 cells and ventricular myocytes. 

 

2. Cav3 regulates hERG channel homeostasis 
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CHAPTER II 

MATERIALS AND METHODS 

 

Molecular Biology 

A human embryonic kidney 293 (HEK293) cell line stably expressing WT hERG 

channels (hERG-HEK cells) was obtained from Dr. Craig January (University of 

Wisconsin, Madison). In this cell line, hERG cDNA was subcloned into BamHI/EcoRI 

sites of the pcDNA3 vector (Invitrogen). The hERG cDNA in pcDNA3 was obtained 

from Dr. Gail Robertson (University of Wisconsin-Madison). EAG cDNA was provided 

by Luis Pardo (Max-Planck Institute of Experimental Medicine, Göttingen, Germany); 

Kv1.5 cDNA was provided by Michael Tamkun (Colorado State University, Fort Collins, 

Colorado). Cav3 and GFP-tagged Cav3 plasmids were obtained from Origene 

Technologies Inc. (Catalog #: RC221140). HEK cells were cultured in Minimum 

Essential Medium (MEM, Invitrogen) supplemented with 10% fetal bovine serum 

(Gibco). For electrophysiological study, the cells were harvested from the culture dish by 

trypsinization and stored in standard MEM medium at room temperature. Cells were 

studied within 8 h of harvest. The anti-hERG (N20) (Catalog #: sc-15966), anti-Cav1 

(N20) (Catalog #: sc-894), anti-Cav3 (A3) (Catalog #: sc-5310), anti-actin (Catalog #: sc-

1616), anti-GAPDH (Catalog #: sc-51907); Protein A/G (Catalog #: sc-2003); and Cav3 

siRNA (Catalog #: sc-106997) were purchased from Santa Cruz Biotechnology. The anti-

Kv11.1 (Catalog #: P0749), anti-Ubiquitin antibodies (Catalog #: U5379), brefeldin A 

and cycloheximide were purchased from Sigma Aldrich. 
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siRNA and transfection 

 Cardiomyocytes or HEK293 cells were seeded at 5 × 105 cells/60-mm-diameter 

dish with 2 ml of OPTI media (Reduced Serum Media is a modification of Eagle's 

Minimum Essential Media, buffered with HEPES and sodium bicarbonate and 

supplemented with hypoxanthine, thymidine, sodium pyruvate, L-glutamine, trace 

elements and growth factors (Gibco). The cells were transiently transfected using 10 μl of 

Lipofectamine with 4 μg of Cav3 cDNA. Twenty-four to 48 h after transfection, 50 to 

80% of cells expressed the protein. Knockdown of the basal expression levels of Cav3 in 

neonatal cardiomyocyte was performed using siRNAs targeting human Cav3 (Santa 

Cruz). Cells were grown in 60 mm dishes at 60-70% confluence, 80 pmole of duplex 

siRNA was transfected into cells using Lipofectamine RNAimax (Invitrogen). Twenty-

four to 36 hr after transfection, cells were harvested for either Western blot or 

electrophysiological analysis. 

 

 

 

Patch Clamp Recording Method 

The whole-cell patch clamp method was used to record the hERG current (IhERG). 

The pipette solution contained 135 mM KCl, 5 mM EGTA, 1 mM MgCl2, and 10 

mM HEPES (pH 7.2), and the bath solution contained 135 mM NaCl, 5 mM KCl, 2 

mM CaCl2, 1 mM MgCl2, 10 mM glucose, and 10 mM HEPES (pH 7.4). For selection of 

transiently transfected cells with Cav3 plasmid, a GFP-tagged Cav3 plasmid (Origene) 

was used for transfection. Only GFP-positive cells were used for IhERG recordings. 
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Aliquots of cells were allowed to settle on the bottom of a <0.5-ml cell bath mounted on 

an inverted microscope (TE2000; Nikon). Cells were superfused with specific bath 

solutions. The bath solution was constantly flowing through the chamber and the solution 

was changed by switching the perfusates at the inlet of the chamber, with complete bath 

solution change taking 10 s. Patch electrodes were fabricated using thin-walled 

borosilicate glass (World Precision Instruments). The pipettes had inner diameters of 

1.5 μm and resistances of 2 MΩ when filled with pipette solutions. An Axopatch 

200B amplifier was used to record membrane currents. Computer software (pCLAMP9; 

Axon Instruments) was used to generate voltage clamp protocols, acquire data, and 

analyze current signals. Data were filtered at 5–10 kHz and sampled at 20–50 kHz for all 

protocols. Typically, 80% series resistance (Rs) compensation was used and leak 

subtraction was not used. Conductance/voltage data were fitted to a single Boltzmann 

function, y = 1/(1 + exp((V1/2 − V)/k)), where y is the current normalized with respect to 

the maximal tail current, V1/2 is the half-activation potential, V is the voltage during the 

prepulse, and k is the slope factor in mV, reflecting the steepness of the voltage 

dependence of gating. Curve fitting was done using multiple nonlinear least squares 

regression analysis. Data are given as mean ± SEM. Clampfit (Axon Instruments) and 

Origin (OriginLab) were used for data analysis. All experiments were performed at room 

temperature (23 ± 1°C). 
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Western Blot 

Membrane proteins from rat and rabbit ventricular tissues as well as whole-cell 

proteins from hERG expressing HEK293 cells were used for analyses. Total cell protein 

was obtained by treating cells with a RIPA lysis buffer (Triton X-100, Sodium 

deoxycholate, sodium dodecyl sulfate, EDTA and 1xPBS) in the presence of protease 

inhibitor mixture (cocktail) and phenylmethanesulfonylfluoride (PMSF) (Catalog #: 

P8340) (Sigma). Cells were centrifuged at 10,000 rpm for 10 min to isolate the proteins 

as the supernatant. Protein concentration was calculated using BioRaD DCTm Protein 

Assay solutions. Cell lysate at 15 μg/lane was separated on 8, 12 or 15 % SDS-

polyacrylamide gels, transferred onto PVDF membrane, and then blocked for 1 h with 5% 

nonfat milk. For some experiments, two gels were run simultaneously: one membrane 

was probed with an anti-Kv11.1 antibody (1:500 dilution), and the other membrane was 

probed with an anti-Cav3 antibody (1:1000 dilution). An anti-actin antibody was used for 

loading controls. The blots were incubated with the primary antibody for 1 h at room 

temperature and then incubated with either an anti-rabbit horseradish peroxidase antibody 

(for Kv11.1, 2.5% dilution) or an anti-mouse horseradish peroxidase antibody (for Cav3, 

2.5% dilution). The blots were visualized with Kodak film using ECL Plus (GE 

Healthcare). 
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Co - Immunoprecipitation 

For immunoprecipitation, the total cell lysate was extracted using lysis buffer 

containing 1% NP-40 or Triton-x 100. Protease inhibitor mixture and PMSF were also 

included to inhibit protein degradation. After equalizing the protein concentrations among 

samples, 0.5 mg of protein were incubated with 10 ul of either anti-hERG (N20), anti-

Ubiquitin, or anti-Cav3 antibody overnight at 4 °C and then precipitated with Protein A/G 

Plus-agarose beads for 4 h at 4 °C. The samples were washed one to three times with lysis 

buffer and 1x PBS. The beads were then resuspended in 2× sample buffer, boiled for 5 

min and centrifuged at 15,000 rpm for 5 min. The supernatants were analyzed using 

Western blotting as described above. 

 

 

 

Confocal Microscopy 

HEK cells stably expressing hERG channels were grown on cover glass for 24 

hours. Cells were subsequently transfected with Cav3 and were allowed to grow for 

another 10 hours. Cells were fixed with freshly prepared 4% paraformaldehyde (Alfa 

Aesar), then washed with 1x PBS for 15 minutes. The fixed cells were permeabilized with 

0.1% Triton X-100 for 15 min and blocked with 5% BSA for 1 h. The permeabilized cells 

were incubated with the appropriate primary antibodies targeting either hERG (Kv11.1) 

or Cav3. Cells were then washed with 1x PBS for 10 minutes 3 times. Antibody-labeled 

hERG channels were stained with Alexa Fluor 488–conjugated anti-rabbit secondary 

antibody (Invitrogen) while an Alexa Fluor 594-conjugated anti-mouse secondary 
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antibody (Invitrogen) was used to detect Cav3. Nuclei were stained using Hoechst 33342 

(0.2 μg/ml; Sigma). Images were acquired using a Leica TCS SP2 multiphoton confocal 

microscope. The 100x objective lens is used to obtain multiple sections of the cell. 

 

For Western blot, co-immunoprecipitation, and confocal imaging analyses, at least 

three independent experiments were performed to ensure the consistency of the findings. 

All data are expressed as the mean ± standard error. An unpaired Student's t-test was used 

to test for statistical significance between the control and test groups in patch clamp 

recordings. A P value of 0.05 or less was considered significant.  
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CHAPTER III 

RESULTS 

 

Cav3 reduces hERG function and expression levels  

To explore the possibility that the native Cav3 may constitutively regulate hERG 

channels in cardiomyocytes I first investigated the effect of Cav3 overexpression on 

hERG function in the hERG-HEK cell line. The cells were transfected with either empty 

pcDNA3 vector as control or Cav3 cDNA. After transfection, cells were cultured in the 

regular MEM–based medium (5 K+ mmol/L) overnight and then collected. The hERG 

current (IhERG) was recorded using the whole cell patch clamp method with a standard 5 

mM K –containing bath solution and a 135 mM K  containing pipette solution (see 

Methods)

+ +

. It was evident that Cav3 overexpression significantly reduced IhERG (P<0.01) 

(Figure 6A and B). A reduction in IhERG can be caused by altered channel gating or a 

reduction in abundance of the channels on the cell membrane. Thus, I next analyzed the 

voltage dependence of activation on both groups of cells. Tail current amplitudes were 

plotted against activation voltages to obtain the activation curves. Data were fitted to the 

Boltzmann equation to determine half-maximal activation (Vmax/2). The fit indicate that 

while IhERG in the control group had a Vmax/2 of -6.65±1.12mV, IhERG in the Cav3 

overexpressed group had a Vmax/2 of -0.77±0.64mV. An unpaired student t-test analysis 

indicate that the two groups do not show an statistical significance (P>0.05) (Figure 6C). 

Therefore, Cav3 significantly reduces I hERG without disturbing its activation. The 

reduction of IhERG by Cav3 is more likely to be caused by the decreased number of 
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Figure 6: Cav3 effect on hERG current conductance 

hERG tail current 

A) IhERG in hERG-HEK cells without (Ctrl) or with Cav-3 overexpression (Cav3) after 24 
h culture in 5 mM K+ MEM. Currents were elicited by depolarizing steps between –70 
mV and +70 mV in 10-mV increments, followed by a repolarizing step to –50 mV to 
record tail currents. B) The averaged tail currents were summarized in the lower left 
panel. C) Activation hERG channels with or without Cav3 overexpression. Lines 
represent Boltzmann fits (y = 1/(1 + exp((V1/2 − V)/k))). **indicates P < 0.01. 

Co-authorship: Mr. Jun Guo and Mr. Wentao Li collectively recorded 8 cells of Cav3 
overexpression in hERG and 10 cells of control 
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channels and not by the changes of channel’s biophysical properties. 

Previously, it has been demonstrated that Cav1 is a driver of hERG endocytosis 

under hypokalemic conditions (Massaeli et al., 2010). To account for the Cav3 induced 

hERG reduction under normal (5 mM K+ MEM) culture conditions, I investigated the 

different regulation of hERG by Cav1 and Cav3. 

Cav1, Cav3 or empty pcDNA3 plasmid (control) was transiently transfected into 

hERG-HEK cells. Twenty-four hours after transfection, IhERG was recorded using whole-

cell patch clamp recordings. The recording protocol used is the same as previously 

mentioned. While Cav1 does not significantly alter hERG current under this normal 

culture condition (P>0.05), Cav3 significantly reduced the current amplitude (P <0.01) 

(Figure 7).   

To elucidate the specificity of Cav3, I investigated the effects of Cav3 

overexpression on the function of hERG, EAG (ether-a-go-go), or Kv1.5 (ultra-rapidly 

activating delayed rectifier K+ channel current) K+ channels stably expressed in HEK 293 

cells. Twenty-four hours after transfection, each distinct K+ current was recorded using 

whole-cell patch clamp. While Cav3 overexpression significantly reduced IhERG , it did 

not change the EAG or Kv1.5 currents (P>0.05) (Figure 7). Thus, the effect Cav3 is 

highly specific to the hERG channel. 

To determine whether the reduced IhERG was a result of decreased channel 

expression, I conducted Western blot analysis of whole cell proteins extracted from 

hERG-HEK cells 24 hours after transfection with Cav3. The hERG proteins extracted 
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Figure 7: Caveolin-3 specifically dictates the amplitude of hERG current 

Representative currents in pcDNA3 vector-transfected (Ctl), Cav1- or Cav3-transfected 
cells were shown. All currents were evoked by depolarizing voltages between -70 and 70 

d Mr. Jun Guo collectively recorded 20 cells of hERG 

n 

 

mV in 10 mV increments. The tail currents were recorded upon a repolarizing step to -50 
mV. Holding potential was -80 mV. For analysis of current amplitudes, the tail currents at 
-50 mV following 50 mV depolarizing steps for the hERG channel, and the pulse currents 
at the end of a depolarizing step to 50 mV for the Kv1.5 and EAG channel were used. 
**indicates P < 0.01. 

Co-authorship: Mr. Wentao Li an
control, 15 cells of Cav1 overexpression in hERG, 10 cells of Cav3 overexpression in 
hERG, 8 cells of EAG control, 8 cells of Kv1.5 control, 10 cells of Cav3 overexpressio
in EAG and 10 cells of Cav3 overexpression in Kv1.5. 
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ERG-HEK cells 24 hours after transfection with Cav3. The hERG proteins extracted 

representing the mature fully glycosylated form in the plasma membrane (155-kDa) and 

analysis, Cav3, but not Cav1, 

significantly reduced the expression level of the 155-kDa mature hERG band (Figure 8). 

av3 expression, I conducted confocal 

microscopy experiments to monitor the changes in hERG expressions. Nine hours after 

was expressed, hERG demonstrated punctate staining pattern with reduced cell-surface 

 

h

from hERG-HEK cells displayed two bands with molecular masses of 155- and 135-kDa, 

the immature core-glycosylated form residing in the endoplasmic reticulum (135-kDa) 

(Liu et al., 1997). The effects of Cav1 on hERG, as well as effects of Cav3 on Kv1.5 and 

EAG channel expression levels were also investigated.  

Consistent with IhERG in electrophysiological 

Cav3 overexpression did not affect the expression levels of Kv1.5 and EAG channels. 

These results confirm that the effect of Cav3 is specific for hERG channels and Cav3 is a 

stronger endocytosis driver compared with Cav1. 

To visualize the hERG changes after C

Cav3 transfection, cells were fixed and permeabilized, and subsequently treated with goat 

anti-hERG and Alexa Fluor 488-conjugated anti-goat secondary antibody to detect hERG 

(green), and mouse anti-Cav-3 antibody as well as Alexa Fluor 546-conjugated anti-

mouse secondary antibody to detect Cav-1 (red). It was found that in the cells where Cav3 

expression. Cav3 and the punctate hERG channels were co-localized (Figure 9).  

 



 

 

 

 

35 

 

Figure 8: Caveolin-3 regulates mature hERG channel expression. 

Western blots demonstrating the effects of Cav1 or Cav3 overexpression on the protein 
ssion on Kv1.5 and 

 

expression levels of hERG, as well as the effect of Cav3 overexpre
EAG channels. Actin was used as load control. Cells were transfected with empty 
pcDNA3 vector as control (Ctl). Twenty-four hours after transfection, cells are collected
for Western blot analysis (n=5). 

 

 

 

 

 

 



 

 

Figure 9: Effects of overexpression of Cav3 on hERG expression and localization. 

Nine hours after Cav3 transfection, hERG-HEK cells were fixed and permeabilized, and 
subsequently treated with goat anti-hERG and Alexa Fluor 488-conjugated anti-goat 
secondary antibody to detect hERG (green), and mouse anti-Cav-3 antibody as well as 
Alexa Fluor 546- conjugated anti-mouse secondary antibody to detect Cav-1 (red). Nuclei 
staining are indicated in blue. 
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Physical Association of hERG and Cav3 

I next investigated the mechanism of Cav3 induced hERG reduction. First, the 

association between the hERG channel and Cav3 was studied using co-

immunoprecipitation analysis. Cells lysates were extracted from hERG-HEK cells 24 h 

after Cav3 transfection. An anti-hERG antibody was used to immunoprecipitate hERG 

and its associated proteins. The proteins were then immunoblotted and detected using an 

anti-Cav3 antibody. In precipitated hERG proteins, a strong Cav3 band was detected 

(Figure 10A). In a second set of experiments, total cell lysates were immunoprecipitated 

with an anti-Cav3 antibody and subsequently probed using an anti-hERG antibody. A 

strong 155-kDa hERG band was detected in precipitated Cav3 proteins by Western blot 

analysis (Figure 10B). The fact that only a 155-kDa hERG band was detected in the 

Cav3-precipitated proteins indicates that Cav3 preferentially interacts with the mature 

hERG channels on the plasma membrane. 

My data thus far indicate that hERG channels are associated with Cav3 proteins in 

a cell line system. To determine whether the same association is present in cells that 

natively express both hERG channels and Cav3, co-immunoprecipitation experiments of 

the membrane proteins in both adult rat and rabbit ventricular myocytes were performed. 

Proteins were precipitated with an anti-Cav3 antibody, and then detected using an anti-

hERG antibody. An anti-GAPDH was used as a negative control to eliminate nonspecific 

binding of the antibodies as it does not associate with hERG or Cav3. Since Cav1 in 

cardiac tissue is primarily expressed in non-muscle cells where hERG is not expressed, I 

also used an anti-Cav1 antibody as a control. It was found that a strong 155-kDa band of 



38 

 

hERG was detected in cells precipitated with Cav3 antibody; the immunoprecipitates of 

GAPDH and Cav1 antibodies produced no observable 155-kDa bands (Figure 10C and 

10D). Thus, the results indicate that Cav3 interacts with mature ERG channels in cardiac 

myocytes. 

 

 

 

Cav3 has faster turnover rate which accelerates hERG degradation 

It has been previously shown that there is an interaction between mature hERG 

and Cav1 (Massaeli et al., 2010). Due to this association, an accelerated Cav1 turnover 

may consequently increase hERG degradation by dragging hERG into the cytosol, thus 

decreasing hERG expression in the plasma membrane. Since it is shown that Cav3 is 

likely a more potent endocytosis initiator compared to Cav1, it also means that Cav3 may 

possess a faster turnover rate than Cav1. To address this possibility, I compared the 

degradation time course of Cav1 and Cav3 in cells whose protein-synthesis was inhibited 

by 10 μM cycloheximide (CHX) treatment. As seen in Figure 11, the expression levels of 

both Cav1 and Cav3 declined with time in HEK cells treated with CHX; however, the rate 

of decay for Cav3wasis significantly greater than that for Cav1. Moreover, while Cav1 

expression level decreased by 48 ± 9% in 24 h, Cav3 expression level decreased by 45 ± 

8% in only 6 h (n = 3, P <0.01) (Figure 11). Thus, Cav3 has a much greater turnover rate 

than that of Cav1. 



 

Figure 10: Cav3 associates with hERG channels 

Detection of Cav3 (A) or hERG (B) in proteins precipitated with an anti-hERG (A) or 
anti-Cav3 antibody from whole-cell proteins extracted from hERG-HEK cells 24 h after 
Cav3 transfection. An anti-GAPDH antibody was used as a control (n=6). (C) Cav3 co-
precipitates with IKr protein in cell membrane proteins extracted from both rat (C) and 
rabbit ventricular tissues (D). Membrane proteins extracted from rat or rabbit ventricular 
tissues were immunoprecipitated using anti-Cav3; anti-GAPDH and anti-Cav1 antibodies 
were used as respective negative controls. The Cav-3 immunoprecipitated proteins were 
probed using anti-hERG antibodies. 

Co-authorship: Jianmin Xu assisted in the co-IP in rabbit ventricular tissues. 
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Figure 11: Cav3 possess a faster turnover rate comparing to Cav1 

(A) Western blots showing the time-dependent decay of Cav1 and Cav3 expression levels 
in cycloheximide (CHX, 10 μg/mL)-treated HEK293 cells. (B) Decay rate of expression 
levels of Cav1 and Cav3 in the presence of protein synthesis inhibitor cycloheximide. The 
band intensities at each time point were normalized to the values at time 0 (n = 4). ** 
indicates P < 0.01. 
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To examine whether the greater turnover rates of Cav3 can indeed enhance mature 

hERG channel degradation, I overexpressed hERG-HEK cells with Cav3 and 

subsequently blocked all channel forward trafficking with a Golgi transit inhibitor 

brefeldin A (BFA, 10 μM) which inhibits protein transport from the ER to the Golgi. 

BFA blocked the conversion of hERG from its immature 135-kDa form into its mature 

155-kDa form. Thus, the decrease in the 155-kDa band in the presence of BFA represents 

the rate of degradation of the pre-existing mature channels. The time courses of IhERG 

reduction induced by BFA between hERG-HEK cells transfected with Cav3 and those 

transfected with pcDNA empty vector (control) were compared. The functions of hERG 

channels were evaluated by whole-cell patch clamp method. Blockade of forward 

trafficking by BFA resulted in a time-dependent reduction in IhERG. Furthermore, the rate 

of this reduction is much greater in cells with Cav3 than that in control cells (Figure 12). 

While control hERG channels showed a 50% relative current decay in ~ 6hours, the Cav3 

groups showed a 50% reduction in less than 3 hours. 

 

 

 

Cav3 increases hERG Ubiquitination 

It has been previously determined that hERG undergoes degradation through a 

multivesicular body degradation pathway (Guo et al., 2009). Attachment of a single 

ubiquitin (Ub) is able to trigger hERG entry into the MVB for degradation (Sun et al.,  

 



 

 

Figure 12: Cav3 accelerates hERG degradation 

Time dependent decrease of hERG currents in BFA-treated cells with and without (Ctl) 
Cav3 transfection. hERG tail currents in both groups are summarized below the trances 
on the left and the relative current decay over time compared to the initial values are 
summarized on the right (n=6 at each point). 

Co-authorship: Mr. Jun Guo and Mr. Wentao Li collectively recorded 20 cells of hERG 
control and 20 cells of Cav3 overexpression in hERG 
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2010). Since Cav3 enhances hERG degradation and since ubiquitination of hERG is an 

essential step prior to endocytsosis, I tested whether Cav3 increases hERG ubiquitination. 

To this end, co-immunoprecipitation experiments were performed to determine the 

amount of Ub-associated hERG channels in hERG-HEK cells transfected with Cav3 

versus cells transfected with pcDNA3 empty vector (control). Nine hours after 

transfection, whole cell protein was extracted and immunoprecipitated with an anti-UB 

antibody. The hERG channels expression levels in the precipitates were detected using 

Western blot analysis. Cells with Cav3 overexpression demonstrated a much stronger 

hERG band (Figure 13), illustrating a more profound association between hERG and 

ubiquitin. 

 

 

 

Mutations disrupting Nedd4-2 target-site in hERG eliminate the Cav3 effects  

Ubiquitination is carried out by a series of enzymes including Ub ligases which 

attach Ub to the distinct substrate proteins through recognition motifs (Rotin & Kumar, 

2009). Of particular interest is the Ub ligase, Nedd4-2, which regulates the epithelial Na+ 

channel (ENaC) (Staub et al., 2000). Nedd4-2 binds to the PY-motif (xPPxY) of ENaC 

via its WW domains (Staub et al., 2000), leading to internalization of ENaC subunits 

from the cell surface (Abriel et al., 1999). We found that among the three types of K+ 

channel (hERG, EAG and Kv1.5), only hERG possesses this PY-motif. Its mature 

expression is eliminated by Nedd4-2 overexpression via ubiquitination. I reasoned that if 

the Cav3-induced hERG ubiquitination involves a Nedd4-2 driven process, removal of  



 

 

 

 

Figure 13: Cav3 enhances hERG ubiquitination 

Interaction between hERG and Ub in hERG-HEK cells transfected 
with pcDNA3 vector (control) or Cav3 cDNA. Nine hours after transfection, proteins 
were extracted and Co-IP experiments were performed using an anti-Ub antibody to 
precipitate Ub and its associated proteins. The hERG expression in precipitated proteins 
was detected using an anti-hERG antibody (n=3). 
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Nedd4-2 target site in hERG would reduce effects of Cav3 on hERG. To test this, our 

laboratory generated mutant hERG Y1078A to disrupt the binding site for Nedd4-2. This 

Tyr (Y) to Ala (A) mutation in PY-motif disrupts Nedd4-2 interactions with the channel. 

While the WT channels demonstrated a profound reduction of hERG current conductance 

(P <0.01) and 155-kDA mature expression under Cav3 overexpression, Y1078A mutation 

drastically impeded the Cav3-induced effects as shown by a lack of change in both 

electrophysiological and Western blot analyses (P>0.05) (Figure 14).  

 

 

 

Knockdown of endogenous Cav3 in neonatal ventricular myocytes enhances IKr 

Since Cav3 overexpression decreased the 155-kDa hERG expression, this raises 

the possibility that Cav3 constitutively mediates ERG degradation in cardiac myocytes. 

To test this, cultured neonatal rat ventricular myocytes were transfected with Cav3 siRNA 

using Lipofectamine RNAiMAX to knockdown endogenous Cav3. The degradation of 

cell-surface ERG was monitored. Cells were treated with an anti-hERG antibody that 

targets an extracellular sequence. After a 20 min treatment at room temperature, unbound 

antibody was washed away and cells were then cultured in the presence of 10 µM BFA 

under 37 °C for 6 hours. This ensures that all changes at the surface reflect the pre-

existing hERG channels. In cells transfected with control siRNA, ERG displayed 

significant reduction at the surface due to the degradation of mature hERG channels and 

the absence of new channels being made due to the presence of BFA. In contrast, Cav3 

siRNA transfection significantly impeded the degradation process (Figure 15). 



 

Figure 14. Y1078A hERG mutation eliminates the Cav3-mediated effects on hERG 

Effect of Cav3 on the expression levels (upper panel) and the currents (lower panel) of 
WT vs. Y1078A mutant hERG channels. Both groups of cells were collected and 
analyzed after twenty-four hours transfection with Cav3 or empty pcDNA3 vector (Ctl). 
**indicates P < 0.01. 

Co-authorship: Mr. Jun Guo and Mr. Wentao Li collectively recorded 10 cells of hERG 
control, 10 cells of Cav3 overexpression in hERG, 15 cells of Y1078A control and 15 
cells of Cav3 overexpression in Y1078A 
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Figure 15: Knockdown Cav3 slows IKr internalization channels in neonatal rat myocytes. 

Neonatal rat ventricular myocytes were transfected with control or Cav3 siRNA for 24 h. 
The cell surface IKr was labeled an anti-hERG antibody at 4°C for 20 min. The IKr-
labeled cells were then cultured in 10 µM BFA at 37°C for 6 h, fixed and permeabilized.
Alexa Fluor 488-conjugated secondary antibody was tagged against hERG primary 
antibody, a primary antibody against Cav3 and Alexa Fluor 594-conjugated secondary 
antibody were used to stain ERG and Cav3. Nuclei were stained using H

 

oechst 33342. 

Co-authorship: Tonghua Yang assisted in confocal imaging in neonatal rat ventricular 
myocytes.  
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Summary 

Overall, although previous studies have demonstrated the profound effect of Cav1 

on hERG, I determined that Cav3 regulates the ERG channels in both hERG-HEK cells 

and the cardiomyocytes. Cav3 physically associates with the mature hERG channels and 

possesses a much faster turnover rate than its counterpart, Cav1, thus prompting Cav3 

being a much more efficient driver for endocytosis. The presence of Cav3 in the neonatal 

cardiac myocyte is likely to constitutively facilitate hERG degradation. The enhanced 

ubiquitination of hERG via Nedd4-2, coupled with an abundance of Cav3 as 

internalization vehicles allowed for efficient hERG degradation. These results provide 

information about hERG regulation in the heart (Figure 16). 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 16: Hypothetical scheme of Cav3-mediated endocytosis of hERG channels.  

Cav3 enhances ubiquitination and triggers hERG endocytosis. The Cav3 protein serves as 
the route, bringing the mature channels intracellularly. The internalized hERG channels 
transit through early endosome to multivesicular bodies which fuse with lysosome for 
hERG degradation. 
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CHAPTER IV 

DISCUSSION 

 

Novelty 

Cell surface proteins are regulated through precise and efficient homeostatic 

controls to maintain proper signaling and function of the cell. In the regular recycling of 

membrane channels, proteins are first synthesized in the rough endoplasmic reticulum and 

transported via the Golgi apparatus to the membrane. As the proteins reach their lifespan 

on the surface, they will internalize and degrade while new proteins are synthesized to 

replace them. This cycle repeats itself continuously in healthy cells. In the case of the 

cardiac hERG channel, this recycling pathway has not been well understood. My study 

focuses on the role of Cav3 in the regulation of surface hERG channels. I found that Cav3 

plays an important role in hERG endocytosis. Cav3 is innately expressed in 

cardiomyocytes and its mutation has been linked to cardiac arrhythmias and sudden 

cardiac death. However, the effects of Cav3 on hERG function have not been 

investigated. Thus, my finding that Cav3 mediates endocytosis of hERG channels extends 

our understanding of hERG regulation in the heart. 
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Caveolin regulation of hERG 

In the present study, my data show that two members of the caveolin family, Cav1 

and Cav3 differently regulate hERG channels. While Cav3 induced reductions in hERG 

current amplitude and mature expression in normal culture conditions, Cav1 failed to do 

so. The Cav3 overexpressed groups did demonstrate a positive shift in hERG voltage 

dependence of activation; however this shift is considered minor and does not 

significantly affect the overall hERG function. Thus, changes in hERG function more 

likely derive from changes in its functional expression. Since both Cav1 and Cav3 

proteins reside on the plasma membrane and interact with surface proteins, they may play 

essential roles in the regulation of protein endocytosis and effectively reduce surface 

hERG expression. For example, previous studies have well documented their effect in 

surface protein endocytosis. It has been found that dietary potassium stimulates the 

surface expression of renal outer medullary potassium (ROMK) channels in the 

aldosterone-sensitive distal nephron (Wang et al., 1997; Palmer et al., 1997). Recently, a 

discovery was made about the mechanism of this phenomenon. It was determined that 

a high-potassium diet increased the transcription of microRNA (miR) 802 in the cortical 

collecting duct in mice. This phenomenon is concomitant with the observation that a 

high-potassium intake can decrease the expression of Cav1 proteins. Linking the results 

together, it was concluded that a suppression of Cav1 leads to enhanced ROMK channel 

expression (Lin et al., 2011). Thus, channel density can be altered by caveolin expression 

levels. A decrease in Cav1 in this case, may attribute to reduction of ROMK channel 

endocytosis, and thus lead to an enhanced expression of the channels.  
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We have previously demonstrated that in cultured neonatal rat ventricular 

myocytes, knockdown of Cav3 significantly impeded low potassium-induced reduction of 

IKr (Massaeli et al., 2010), suggesting a link between Cav3 and ERG channels. To 

establish this link, I demonstrated that in hERG-HEK cells transfected with Cav3, rat and 

rabbit cardiac myocytes, Cav3 is associated with the mature ERG channels. Although 

Cav3 and Cav1 can both mediate endocytosis, their properties differ. For example, in 

normal culture conditions (5 mM K+ MEM), while Cav3 significantly reduces mature 

hERG channel expression level, Cav1 does not. Cav3 has also been shown to 

significantly enhance hERG degradation under hypokalemic conditions comparing to 

Cav1 (Zhang et al., unpublished observations). In addition, after blocking protein 

synthesis with cycloheximide, Cav3 demonstrates a much faster turnover rate than Cav1. 

The hERG turnover rate is around 12 hours (Um & McDonald, 2007). The Cav1 and 

Cav3 turnover are 24 hours and 5.25 hours, respectively (Guo et al., 2011; Galbiati et al., 

1999). Therefore, due to an association between caveolin proteins and hERG channels, 

the turnover rate of the entire protein complex may differ for each individual protein. 

Cav1 and hERG association may lead to an overall turnover rate between that of 12 and 

24 hours, while the Cav3 and hERG association may lead to a rate between 5.25 and 12 

hours. As caveolin or hERG internalizes, it drags its associated proteins with it. My data 

show that the degradation of hERG under Cav3 expression is 9 hours. Thus, Cav3 can 

indeed facilitate a faster hERG turnover. Furthermore, Cav3 enhances hERG 

ubiquitination, which is a proteins ubiquitin-tagging process essential for degradation. 

The ubiquitination is achieved through a pathway involving the NEDD4-2 ubiquitin 

ligase. The hERG-Cav3 association in conjunction with the faster Cav3 turnover allows 
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Cav3 to pull on the ubiquitinated hERG channel as it internalizes. Cav1, with its slower 

turnover rate, can perform the same process at a slower rate in the absence of any 

extracellular stimulation. This explains the difference in hERG expression under Cav1 or 

Cav3 overexpression under normal 5K+ mM culture conditions. In short, Cav3 is a much 

more efficient endocytosis driver of hERG channels and thus facilitates a more frequent 

hERG recycling. 

 

 

 

hERG ubiquitination via Nedd4-2  

The route of hERG degradation has been briefly investigated in the past. It is 

believed that hERG degrades via an early endosome – multivesicular body (MVB) – 

lysosomal degradation pathway (Guo et al., 2009). Ubiquitin (Ub) is a small, 76 amino-

acid molecule that is expressed in all eukaryotes. The covalent binding of Ub moieties to 

proteins is designated as ubiquitination, which is most well-known for labeling proteins 

for degradation (De I, et al., 2007; van Kerkhof et al., 2000). It is a common denominator 

in the targeting of substrates to all major protein degradation pathways in mammalian 

cells (Clague & Urbe, 2010). Substrate proteins are selected for modification of lysine 

residues by ubiquitin through interaction with an E3 ligase protein that recruits an E2-

enzyme charged with ubiquitin. The results are either transfer of a single ubiquitin 

molecule (monoubiquitination) or coupling of further ubiquitin molecules, through 

integral lysine residues, to form a chain known as polyubiquitination. While 

polyubiquitination is usually the sorting signal for cytosolic and ER associated protein 
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degradations through the proteasomal degradation route, monoubiqituination triggers the 

sorting of membrane proteins into luminal vesicles of MVBs and subsequent lysosomal 

degradation (Sun et al., 2011).  

For hERG channels, monoubiquitination is the pathway of degradation under 

hypokalemic conditions (Sun et al., 2011). Once the channel is ubiquitinated, it is 

recognized and sorted by the endosomal sorting complex required for transport (ESCRT) 

complex (Guo et al., 2009). However, although the tagging of ubiquitin is essential for the 

internalization process, an actual driver for protein endocytosis must also be present. This 

is to say, another protein must be simultaneously present to bring the ubiquitinated hERG 

channels into the cytosol and leads it to eventual degradation. Since endocytosis of hERG 

channels has been attributed to the caveolae-dependent pathway (Massaeli et al., 2010), 

the caveolin protein is a very likely candidate to induce hERG channel into the cytosol for 

degradation. A previous study has demonstrated such effects through the use of the drug 

Probucol (Guo et al., 2011). A time coursed observation of mature hERG and Cav1 

expression was conducted after blocking all protein forward trafficking with the drug 

BFA. It was found that hERG and Cav1 showed a simultaneous and corresponding 

decrease in protein expression overtime, suggesting that the two proteins are internalized 

and degraded together (Guo et al., 2011). It was found that probucol promotes Cav1 

turnover rate which consequently accelerates hERG degradation. Thus, it is very likely 

that the channels are first tagged for ubiquitin, and subsequently brought into the cytosol 

for degradation by caveolin. My study demonstrates that Cav3 enhances mature hERG 

channel ubiquitination. A greater number of Cav3 would mean a greater number of 

vehicles for internalization. Thus, an up-regulated hERG ubiquitination must occur 
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concurrently with this process. This also consolidates the idea of Cav3 induced hERG 

endocytosis. 

Ubiquination is a process that requires an ubiquitin ligase, which attaches 

ubiquitin to a lysine of that target protein via an isopeptide bond. A variety of ubiquitin 

ligases has been discovered to drive this process; however, the Nedd4-2 ubiquitin ligase 

has been discovered to specifically mediate hERG ubiquitination and degradation. 

Nedd4-2 has also been found to regulate the epithelial Na+ channels (ENaC) (Staub et al., 

2000). It binds to the PY-motif (xPPxY) of ENaC via its WW domains (Staub et al., 

2000), leading to internalization of ENaC subunits from the cell surface (Abriel et al., 

1999). Mutations in the PY-motif of ENaC disrupt Nedd4-2 binding, and result in an 

accumulation of ENaC at the apical membrane of kidney epithelial cells. This increases 

tubular Na+ reabsorption (Abriel et al., 1999) and causes Liddle syndrome, an autosomal 

dominant disorder characterized by early, and frequently severe hypertension. Nedd4-2 

also binds to the PY-motif of the cardiac Na+ channel, Nav1.5, and enhances its 

ubiquitination, leading to a reduction of heterologously-expressed Nav1.5 channels 

(Abriel et al., 2000; van Bemmelen et al., 2004). The conserved PY-motif does indeed 

exist in the C-terminus of the hERG channel. This motif is not present in either human 

ether a-go-go (EAG), a K+ channel expressed in brain and myoblasts, or Kv1.5 channel. It 

has also been demonstrated that Nedd4-2 is innately expressed in the heart (Kamynina et 

al., 2001; Kamynina et al., 2001). Therefore Cav3 likely mediates hERG ubiquitination 

through a Nedd4-2 pathway.  

http://en.wikipedia.org/wiki/Autosome
http://en.wikipedia.org/wiki/Dominance_(genetics)
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My results demonstrate that a mutation in the Nedd4-2 binding site on hERG 

channels eliminates both Nedd4-2 and Cav3 induced hERG reductions in function and 

expression. Thus, Cav3 likely mediates hERG ubiquitination through Nedd4-2. However, 

the mechanism of Cav3-Nedd4-2 interaction is not thoroughly elucidated here. Two 

possibilities exist: first, Cav3 may interact with the hERG channels at the surface and 

recruits endogenous Nedd4-2 to the membrane, causing it to associate with the hERG 

binding domains and leading to enhanced ubiquitination. Second, Nedd4-2 serves as the 

trigger by enhancing hERG ubiquitination to recruit Cav3 as the vehicle to bring the 

mature hERG channels into the cytosol. In this case, the Cav3-enchaned hERG 

ubiquitination stems from the increased abundance of internalization vehicles in Cav3 

overexpressed cells. Normally, channels become ubiquitinated first, but some channels 

subsequently become deubiquitinated, and thus do not internalize. With an increased 

abundance of Cav3 present, it is likely that the deubiquitination process is inhibited as 

channels are internalized as soon as they are ubiquitinated. In either way, Cav3 causes an 

increase in hERG ubiquitination through a Nedd4-2 pathway. Currently, it is not clear 

which of the two mechanisms drives the Cav3 mediated effects with Nedd4-2. Future 

studies will focus on elucidating the relation between Cav3 and Nedd4-2. 

 

 

 

Relation between caveolin and LQTS 

The hERG induced LQTS has been well documented (Dennis et al., 2007; 

Witchel, 2007). Congenital LQTS has been characterized by mutations in at least 12 
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different proteins (Hedley et al., 2009). Conventionally, the pathogenic basis for this 

condition has focused principally on ion channel function and expression. For example, 

type 2 LQTS can be directly attributed to mutations in hERG (Kv11.1) proteins. The 

LQTS-causing mutations in ankyrin-B (LQT4) as a non-channel protein has also been 

identified (Vatta et al., 2006). Interestingly, type 9 LQTS is caused by mutations in Cav3. 

My study provides the first evidence that Cav3 induces hERG channel degradation, and 

thus may indirectly contribute to the onset of LQTS. Because Cav3 regulates hERG 

channels innately via enhancing channel ubiquitination, it is conceivable that Cav3 

mutations can alter normal hERG endocytosis or the ubiquitination process. This 

alteration in hERG/IKr subsequently will disrupt the repolarizing process and cause 

LQTS. It is also possible that a Cav3 mutation may impede hERG endocytosis, leading to 

prolonged hERG presence on the cell membrane, and thus enhancing its function. This 

should, in theory, lead to short QT syndrome.  
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Conclusions 

 

1. Cav1 and Cav3 regulate hERG differently, this may account for the discrepancy of the 

current amplitude of hERG expressed in HEK cells vs. that expressed in cultured 

neonatal cardiac myocytes. 

 

2. Cav3 drives hERG endocytosis and regulates hERG channel homeostasis in the heart. 
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Experimental Limitations 

In this study, although I discovered that Cav3 specifically regulates hERG 

channels, a potential confounding factor exist in that the HEK293 cells expressing hERG 

channels also express Cav1 proteins. My experiments involved transiently transfecting 

these cells with Cav3 DNA for patch clamp, Western blots and confocal microscopy. 

Thus, these cells actually have a dual expression of both Cav1 and Cav3 proteins. 

Endogenous cells that contain both of these proteins are not found in the human body. 

Thus, this may raise questions as to whether the presence of Cav1 is altering Cav3 effects 

on hERG and thus skewing the overall results. It is still unknown whether Cav1 is being 

recruited by hERG channels or if the Cav1 effect is significant enough to change hERG 

functions. Thus, I performed experiments where I knocked down Cav1 expression with 

Cav1 siRNA and simultaneously transfected with Cav3 DNA. These cells express Cav3 

while exhibiting a low Cav1 expression. I found that Cav3 similarly decreases IhERG in 

hERG-HEK cells with or without Cav1 knockdown. Thus the presence of Cav1 does not 

alter my results. In addition, the overwhelming expression level of Cav3 through 

overexpression in normal Cav1-expression cells would lead the effects on the cell to be 

dominated by Cav3. Therefore, despite the potential limitation, my results about Cav3 

regulation of hERG represent a valid and novel finding. 
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Future Directions 

As mentioned, Cav3 mutations have been shown to cause type 9 LQTS. Thus, it is 

important to determine the half life of mutant Cav3 proteins compared to wild type Cav3. 

This would give us the information with regards to its efficiency as an endocytosis driver. 

As the turnover rate of Cav3 may play a role in hERG degradation rate, the study of Cav3 

mutations on hERG channels should be an area of focus. Can Cav3 mutations lead to 

alterations in hERG expression or function and contribute to either LQTS or SQTS? This 

will be a major question to be investigated post this study. Another direction, which is 

also currently being investigated in our lab, is to confirm the relation of the ubiquitin 

ligase, Nedd4-2, and Cav3. While Cav3 induces hERG ubiquitination via Nedd4-2, it is 

unknown whether Cav3 actually recruits Nedd4-2 to the hERG channels. It is possible 

that the presence of Cav3 may trigger the binding of Nedd4-2 with hERG channels on the 

surface, causing the very significant and efficient degradation.  
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