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Abstract 

The human ether-à-go-go-related gene (hERG) encodes the pore-forming alpha subunit of the 

channel that conducts the rapidly activating delayed rectifier potassium current (IKr) in the heart. 

Reductions in IKr cause long QT syndrome (LQTS), which predisposes individuals to potentially 

fatal arrhythmias that can be triggered by stress. One potential link between stress and hERG 

function is protein kinase C (PKC) activation. However, PKC regulation of hERG is complex 

and seemingly conflicting results have been reported. In the present study, both acute and 

chronic effects of PKC activation were investigated using phorbol 12-myristate 13-acetate 

(PMA) on hERG channels expressed in human embryonic kidney (HEK) 293 cells. Western blot 

analyses demonstrate that chronic PKC activation increases expression of intracellular and 

membrane-bound hERG protein. However, the increased channel abundance is accompanied by 

a decrease in hERG current (IhERG) after chronic PMA treatment. Furthermore, patch clamp data 

reveal that acute PKC activation reduces IhERG, and this effect is dependent on the presence of the 

N-terminus of the channel. Upon truncation of the N-terminus of hERG, chronic activation of 

PKC increases both hERG protein expression and current. The increase in hERG protein is 

partially mediated by reduced degradation of mature hERG channels. This results from increased 

phosphorylation of neural precursor cell expressed developmentally down-regulated protein 4 

subtype 2 (Nedd4-2), an E3 ubiquitin ligase that mediates hERG degradation. These findings 

demonstrate that PKC regulates hERG in a balanced manner, increasing expression while 

decreasing current. 
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Chapter 1 

Introduction and Literature Review 

1.1 The Cardiac Action Potential and Long QT Syndrome 

Beating of the human heart is regulated by a series of tightly coordinated electrical events 

that comprise the action potential (AP). There are 5 phases to the AP: 4, resting membrane 

potential (RMP, approximately -90 mV); 0, rapid depolarization; 1, slight repolarization; 2, 

plateau; and 3, repolarization to RMP (Grant, 2009) (Figure 1A). Transition through each phase 

is determined by the activity of multiple ion channels passing current in and out of the cell at 

each moment.  

The current of interest to our lab is the rapidly activating delayed rectifier potassium 

current (IKr), passed by the human ether-à-go-go-related gene (hERG) channel (Sanguinetti et al., 

1995; Trudeau et al., 1995). IKr is an outward current of potassium ions (K+) with multiple roles 

in the cardiac AP. It is first present in a small amount from phases 0 to 2, where it contributes to 

phase 1 repolarization and the maintenance of a plateau (Figure 1B). As such, IKr contributes to 

the characteristic cardiac AP and ensures that enough calcium (Ca2+) exits the sarcoplasmic 

reticulum (SR) to trigger a contraction. During phase 3 repolarization, IKr increases significantly, 

driving rapid repolarization to RMP and relaxation of the cardiac muscle. A reduction in IKr 

delays repolarization and prolongs the cardiac AP, visible by electrocardiogram (ECG) as a long 

QT interval. Furthermore, following relaxation, IKr remains active at a low level, playing an 

important role in the prevention of arrhythmia (Vandenberg et al., 2012). If a premature beat 

occurs at this time, IKr increases dramatically to counteract an early after-depolarization (EAD)  
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Figure 1. Contribution of IKr to the cardiac action potential. 

Schematic representation of voltage (A), IKr (B), and an ECG recording (C) during the 

ventricular action potential in normal (blue) and LQTS (red) conditions. Phases of the cardiac 

action potential are numbered in blue. D) Theoretical ECG recording of a normal rhythm 

transitioning into Torsade de Pointes arrhythmia. Reductions in hERG function result in a 

lengthening of the QT interval that increases the risk of arrhythmia. Figure modified from Grilo 

et al. (2010).     
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(London et al., 1997). Without this safe-guard, an EAD could trigger a potentially fatal 

arrhythmia called Torsade de Pointes (Curran et al., 1995; Zhou et al., 1998a) (Figure 1D). 

A genetic loss of function in hERG is called type 2 long QT syndrome (LQTS2). LQTS 

is a channelopathy that slows the rate of repolarization. This is observable on an ECG as a 

lengthening of the QT interval (Figure 1C). There are three predominant types of LQTS, 

characterized by the affected ion channel: LQTS1 is a dysfunction in KCNQ1, which passes the 

slow delayed rectified potassium current (IKs); LQTS2 is a loss of function in hERG and IKr; and 

LQTS3 is a gain of function in the sodium channel SCN5A. Each of these channelopathies 

results in a predisposition to arrhythmias, triggered by different circumstances depending on the 

channel. In LQTS1 and 2, arrhythmias are often triggered by physical and emotional stress 

(Vandenberg et al., 2012). 

1.2 The hERG Channel 

There are 3 hERG channels (Kv11.1, 11.2, and 11.3) but I will focus on Kv11.1 and refer 

to it simply as hERG since it is the only hERG channel expressed in cardiomyocytes (Shi et al., 

1997). KCNH2 encodes the pore-forming alpha subunits of Kv11.1. This gene is transcribed into 

5 possible isoforms, with hERG-1a the most prominent isoform expressed in the heart (Jones et 

al., 2004). I will also emphasize the hERG-1b isoform, which is co-expressed in cardiomyocytes.  

This isoform is transcribed without the first 5 exons from KCNH2 and includes an alternative 

exon 5b (London et al., 1997). Both hERG-1a and 1b are important for physiological hERG 

function, as well as the PKC-mediated regulation to be discussed in the current study. 

1.2.1 hERG Structure 

The hERG channel is a homo- or heterotetramer of alpha subunits that can include both 

hERG-1a and 1b (London et al., 1997). When natively expressed in cardiomyocytes, hERG also 
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associates with accessory subunits KCNE1 and KCNE2, as well as other regulatory partners like 

KCNQ1 (Vandenberg et al., 2012).  

hERG-1a is made up of 6 transmembrane segments (S1-S6) and large cytoplasmic 

amino-terminal (N-terminal) and carboxy-terminal (C-terminal) domains (Figure 2A). S1-S4 

make up the voltage sensor domain, which triggers channel opening in response to 

depolarization. Positive charges in the S4 domain are the primary voltage sensor that shift within 

the plasma membrane during depolarization (Vandenberg et al., 2012; Wang and MacKinnon, 

2017). S5, S6 and the S5-S6 pore-linker (S5P) comprise the pore domain, which passes K+ when 

assembled in a tetramer. The hERG S5P is unique since it is 43 amino acids long, while in other 

K+ channels it is typically 12-15 amino acids (Liu et al., 2002). This contributes to the 

susceptibility of hERG to cleavage by proteases (Lamothe et al., 2016). hERG is also susceptible 

to block by a wide variety of pharmacological agents. Recently, the cryo-EM structure of the 

open hERG channel was determined, revealing large hydrophobic pockets in the pore domain 

that present a likely target for drug block (Wang and MacKinnon, 2017) (Figure 2B). In fact, 

hERG block is responsible for nearly 100% of drug-induced cardiac arrhythmias (Witchel, 

2011).  

The cytoplasmic termini of hERG are also of interest, as they participate in regulation of 

hERG function through interactions with intracellular molecules and each other. The C-terminus 

includes a cyclic nucleotide binding domain (cNBD) and the N-terminus includes a Per-Arnt-

Sim (PAS) domain that defines the EAG superfamily (Warmke and Ganetzky, 1994). The cNBD 

and PAS domains interact with each other to slow the deactivation of the hERG channel (Gustina 

and Trudeau, 2011). The cytoplasmic regions of hERG also contain binding sites for important 

regulatory factors such as protein kinase C (PKC), PKA, and the ubiquitin ligase, neural 
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Figure 2. Structure of the hERG channel 

A) Diagram of a membrane-bound hERG-1a subunit, including N-linked glycosylation (green).  

hERG consists of six transmembrane segments (S1-S6) and cytoplasmic N- and C-termini. 

Figure modified from Sanguinetti and Tristani-Firouzi (2006). B) S4-S6 of two hERG subunits 

in the open conformation, demonstrating hydrophobic pockets that are susceptible to drug 

block. Figure modified from Wang and MacKinnon (2017). 
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precursor cell expressed developmentally down-regulated protein 4 subtype 2 (Nedd4-2).  

hERG-1b, also expressed in cardiomyocytes, lacks the first 373 amino acids of hERG-1a 

and begins with a unique 36 amino acid sequence at the N-terminus (London et al., 1997). As 

such, hERG-1b lacks the entire PAS domain but contains identical transmembrane and C-

terminal domains. While the exact ratio of hERG-1a to 1b expression in the human heart is 

unknown, it appears that these isoforms preferentially co-assemble (Liu et al., 2016). When they 

are co-expressed in heterologous systems, hERG current (IhERG) becomes more similar to the 

native IKr (London et al., 1997). This is because the N-terminus of hERG is important for channel 

tetramerization and slowing of deactivation kinetics (Phartiyal et al., 2007; Wang et al., 2000). 

Consequently, when the N-terminus is removed from wildtype hERG channels they display 

altered kinetics of trafficking and deactivation, as can be observed in the present study where N-

deletion (N-del) channels lacking residues 2-354 were used.  

1.2.2 Kinetics 

Membrane-bound hERG exists in one of three states at any given moment: open, 

inactivated, or deactivated/closed (Figure 3A). Transitions through these states can be described 

alongside the phases of the AP. During phases 0 to 2, cardiomyocyte depolarization triggers a 

shift in the hERG voltage-sensor domain and slow activation to the open state. At the same time, 

hERG undergoes a more rapid, voltage-dependent inactivation (Spector et al., 1996). The 

combined effect is hERG channels activate and then inactivate almost immediately, creating a 

low plateau in IKr. This unusually quick inactivation provides an explanation for the inward 

rectification of hERG, meaning that it can pass more current inwards than outwards (Smith et al., 

1996; Spector et al., 1996; Zhou et al., 1998b).  
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Figure 3. hERG kinetics and gating. 

A) Schematic representation of the hERG channel in closed, open, and inactivated states. Note 

the closed activation gate in the closed conformation and the conformational shift of the 

selectivity filter (red) in the inactivated conformation. Figure modified from Sanguinetti and 

Tristani-Firouzi (2006). B) Representative tracing of IhERG over time during our voltage clamp 

tail pulse protocol. The protocol cycles through holding potential, a depolarizing step, and 

repolarization, with the depolarizing step increasing with each cycle in 10 mV increments. The 

full image is a superimposition of all cycles, with each colour representing IhERG during one 

depolarizing step and the following repolarization.    
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The largest contribution of IKr occurs during phase 3 of the AP, when repolarization triggers 

rapid recovery from inactivation. A positive feedback loop is initiated, whereby opening  

of hERG channels results in faster repolarization, which triggers opening of more hERG 

channels. This abrupt transition to the open state results in the appearance of a ‘hook’ shape in 

IKr and allows for rapid repolarization to RMP (Figure 3B). During terminal repolarization hERG  

channels deactivate slowly, maintaining a small current in early diastole (Cheng and Claydon, 

2012). 

1.2.3 Measurement of IhERG 

In the present study, activation of hERG is analyzed using whole-cell voltage clamp 

recordings. When using the whole-cell voltage clamp configuration, an electrode-containing 

pipette applies suction to a single cell to break a hole in the membrane. The voltage of the entire 

cell is manipulated, and the resulting current passed through all membrane channels is measured. 

Accordingly, whole-cell current reflects both the number of channels present on the plasma 

membrane, the probability that they are open, and single-channel conductance. However, rapid, 

voltage-dependent inactivation makes measurement of hERG channel activation difficult during 

depolarization. Therefore, it is common to measure hERG activation using a protocol that 

depolarizes then repolarizes cells to observe current upon recovery from inactivation. In this 

method, hERG is maintained at a negative holding potential resembling RMP in a 

cardiomyocyte. Then, the cell is depolarized to activate and inactivate hERG. Next, the cell is 

repolarized to -50 mV to induce rapid recovery from inactivation and slow deactivation. These 

three steps are repeated several times with a 10 mV increase in the depolarizing step each time. 

The result is presented as a superimposition of multiple depolarizing and repolarizing steps 

(Figure 3B). The measurement of interest is peak tail current after the 50 mV depolarizing step, 
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which represents maximal channel activation and is used in this study to quantify IhERG. 

Consequently, IhERG represents the number of hERG channels, the open probability, and the 

single-channel conductance during repolarization. Thus, changes in channel expression or 

function are reflected in the magnitude of IhERG. In addition to the current amplitude, a 

measurement of interest is the voltage of half-activation (V1/2). This is the voltage at which IhERG 

reaches half of the maximum amplitude. If an experimental treatment alters voltage-dependence 

of activation of the channel, it will be measured as a shift in V1/2. 

1.2.4 Biogenesis 

Most research thus far has focused on the regulation of hERG kinetics and gating, 

especially related to pharmacological hERG block. However, understanding the factors that 

regulate hERG expression at the plasma membrane is equally important. A large majority of 

genetic LQTS2 can be attributed to defects in hERG biogenesis, which includes mRNA 

processing and stability, protein folding, and trafficking to the plasma membrane (Anderson et 

al., 2006). Consequently, it may be possible to rescue hERG function in LQTS through a greater 

understanding of the process and regulation of hERG biogenesis.  

hERG biosynthesis utilizes similar cellular machinery to other plasma membrane proteins 

(Figure 4). First, KCNH2 mRNA is processed in the nucleus and released into the cytosol. There, 

it associates with ribosomes that begin translation. When a transmembrane signal sequence on 

the hERG polypeptide is recognized, the RNA/ribosome/polypeptide complex is translocated to 

the SR membrane. There, hERG translation continues and proper folding is ensured by 

interactions with chaperones such as heat shock protein (Hsp) 70 and Hsp90 (Vandenberg et al., 

2012). Before exiting the SR, hERG subunits are core-glycosylated and tetramerization occurs 

(Liu et al., 2016). Immature, core-glycosylated hERG subunits are detectable on a western blot at  
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Figure 4. Lifecycle of the hERG channel. 

1) hERG mRNA is transcribed in the nucleus and released into the cytosol. 2) hERG 

translation begins and a signal sequence is recognized, triggering translocation of the hERG 

polypeptide across the SR membrane. 3) hERG translation and subunit assembly is completed 

in the SR and then immature channels are trafficked to the Golgi apparatus. 4) Complex 

glycosylation occurs to create a mature hERG channel, which is trafficked to the plasma 

membrane. 5) Mature hERG passes current and remains on the membrane with a half-life of 

~10 hours in heterologous expression systems. 6) Nedd4-2 mediates ubiquitination of hERG, 

triggering endocytosis. 7) hERG is degraded through the lysosomal or proteasomal pathway, 

based on the structure of the ubiquitin tag. Figure modified from Vandenberg et al. (2012). 
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135 kDa. Finally, molecular chaperones dissociate and hERG is trafficked to the Golgi 

apparatus. There, complex N-linked glycosylation is added to the channel at Asn598, which will 

become extracellular (Vandenberg et al., 2012). This glycosylation is important for the stability 

of hERG on the plasma membrane as well as protection from a variety of insults like protease 

cleavage (Lamothe et al., 2018). Upon completion of post-translational modifications in the 

Golgi, hERG is trafficked to the plasma membrane. Mature, fully-glycosylated hERG is 155 

kDa. The 20 kDa difference in size between intracellular and membrane-bound hERG channels 

makes western blot analysis a convenient assay to demonstrate relative quantity and apparent 

subcellular localization of hERG protein.  

1.2.5 Degradation 

The abundance of functional hERG channels is determined by the balance between 

forward and reverse trafficking. Compared to biogenesis, less is known about hERG degradation. 

In heterologous systems, wildtype (WT) hERG has a half-life of about 10 h on the plasma 

membrane (Vandenberg et al., 2012). hERG degradation is triggered upon ubiquitination, which 

occurs through a cascade of reactions involving three enzymes: E1, E2, and E3 (Berndsen and 

Wolberger, 2014).  

There is only one E1 enzyme in the human genome, responsible for activating ubiquitin 

(Ub) by covalently binding to it in an ATP-dependent reaction (Hershko and Ciechanover, 

1998). Next, activated Ub is transferred to one of several possible E2 Ub conjugating enzymes. 

The E2-Ub complex is then bound by an E3 Ub ligase. There are hundreds of these in the human 

genome, which suggests that they are responsible for substrate-specificity of ubiquitination (Goel 

et al., 2015). E3 enzymes catalyze transfer of the Ub to an ε amino group of lysine on the 

substrate, in this case, hERG. Since the Ub molecule itself contains several lysine residues, Ub 
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tags can be added to substrate-bound Ub molecules, creating polyubiquitin chains (Berndsen and 

Wolberger, 2014). The structure of the tag determines the fate of the substrate molecule. Often, 

monoubiquitination directs proteins to degrade through the lysosome pathway, while 

polyubiquitination directs towards degradation by the proteasome (Ciechanover, 2005). 

Multiple factors interact to regulate the rate of hERG ubiquitination and degradation to 

ensure that an appropriate number of channels remain on the plasma membrane. Our lab has 

uncovered regulation of this process through extracellular K+ and caveolin-dependent pathways 

(Guo et al., 2012; Sun et al., 2011). In conditions of low extracellular K+ one would expect IhERG 

to increase because of an increase in the driving force to move K+ out of the cell. However, our 

lab has shown complete loss of IhERG in 0 mM extracellular K+ (Sun et al., 2011). This results 

from monoubiquitination of hERG and degradation through the multivesicular body / lysosome 

pathway. We have also demonstrated caveolin-dependent regulation of hERG degradation. 

Caveolin (Cav) binds components of lipid rafts in the plasma membrane and assists in 

endocytosis (Razani et al., 2002). Our lab has demonstrated that Cav3 enhances the interaction 

between hERG and the E3 ubiquitin ligase Nedd4-2, possibly by recruiting Nedd4-2 to the 

plasma membrane (Guo et al., 2012). 

1.3 Nedd4-2 

 Nedd4-2, also known as Nedd4L, is a key regulator of hERG degradation. It is a member 

of the Nedd4 family of HECT (homologous to the E6-AP C terminus) E3 enzymes (Goel et al., 

2015). Nedd4-2 is highly expressed in the liver, heart, kidney, and lung. It appears on a western 

blot as 2 bands at 110 and 120 kDa, and the 110 kDa band appears to be the one that interacts 

with hERG (Sun et al., 2011; Wang et al., 2014).  
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Nedd4 enzymes contain three important types of domain. The amino terminal Ca2+ 

phospholipid binding (C2) domain binds the plasma membrane to bring it closer to membrane 

proteins. The carboxy terminal HECT domain catalyzes ubiquitin transfer. 2-4 protein-protein 

interaction (WW) domains, confer substrate specificity (Goel et al., 2015). Nedd4-2 selectively 

targets several voltage-gated ion channels such as ENaC and KCNQ1-3. Notably, Nedd4-2 is 

involved in hERG degradation, and overexpression of Nedd4-2 eliminates IhERG (Guo et al., 

2012). Nedd4-2 targets hERG at its PPxY (PY) motif, and mutation of this site prevents Nedd4-

2-mediated degradation (Albesa et al., 2011; Guo et al., 2012).  

The amount of catalytically active Nedd4-2 in the cytosol is also regulated by numerous 

factors. Nedd4-2 itself contains a PY motif in its catalytic HECT domain. In the absence of 

substrate, the WW domain binds to the PY motif and keeps it in an inactive conformation. With 

the assistance of Nedd4 family interacting proteins (Ndfip) 1 and 2, the WW domain shifts to 

expose the catalytic domain, activating Nedd4-2 (Kang et al., 2015). It has also been shown that 

Nedd4-2 is regulated by serum- and glucocorticoid-inducible kinase (SGK). SGK phosphorylates 

Nedd4-2 between its WW domains, interfering with its ubiquitination of ENaC and hERG 

(Debonneville et al., 2001; Lamothe and Zhang, 2013; Snyder et al., 2002). Thus, the amount of 

phosphorylated Nedd4-2 is used as an indicator of overall Nedd4-2 activity. 

1.4 Protein Kinase C 

One factor that is emerging in the study of hERG regulation is protein kinase C (PKC). 

PKC has been proposed to increase the risk of arrhythmia by reducing hERG function in 

sympathetic nervous system-activating conditions like chronic heart failure. PKC is a family of 

serine/threonine kinases that phosphorylates proteins at the consensus sequence [S/T]-X-[R/K] 

(Steinberg, 2008). Generally, PKC is associated with regulation of cell growth, differentiation, 
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and apoptosis (Cosentino-Gomes et al., 2012). It has also been implicated in the regulation of ion 

channels through phosphorylation of transcription factors, as well as direct channel modification. 

PKC is a member of the AGC family of protein kinases, named after PKA, PKC, and 

PKG. AGC kinases share a similar structure, with a highly conserved catalytic domain, a 

regulatory domain that stabilizes the inactive conformation, and a pseudosubstrate site that 

blocks the active site until the enzyme is activated (Cosentino-Gomes et al., 2012). Despite these 

structural similarities, AGC protein kinases differ in their method of activation, cofactor 

requirements, and substrate specificity.  

1.4.1 Activation 

PKC exists in the cytosol in an inactive form until it is phosphorylated at its activation 

loop in a phosphoinositide 3-kinase (PI3K)-dependent manner (Figure 5A). This promotes 

autophosphorylation of two additional residues in the C-terminus, after which the enzyme is in a 

mature form (Cosentino-Gomes et al., 2012). Typically, mature PKC will then associate with 

phosphatidylserine (PS) in a lipid membrane. This interaction holds the enzyme in an inactive 

form until the arrival of cofactors like Ca2+ and diacylglycerol (DAG), often enabled by G-

protein coupled receptor activation. However, the cofactors required differ depending on the 

regulatory domain structure of the specific PKC isoenzyme (Figure 5B).  

There are 3 subfamilies of PKC isoenzymes. Conventional PKCs (cPKCs) include α, 

βI/II, and γ. To be activated, they require binding of DAG at the C1 domain, phosphatidylserine 

(PS) at the substrate-binding cavity, and Ca2+ at the C2 domain (Steinberg, 2008). The novel 

PKC (nPCK) subfamily includes δ, θ, ε, and η. These enzymes resemble cPKCs, but lack Ca2+-

coordinating acidic residues so they are activated by PS and DAG alone. There are also atypical 

PKCs (aPKCs), which include ζ and ι/λ. These do not have a Ca2+-sensitive C2 domain and  
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Figure 5. Activation of PKC. 

A) PDK1-dependent phosphorylation of immature cytosolic PKC triggers autophosphorylation 

at two additional sites. Phosphorylated, mature PKC translocates to the plasma membrane to 

interact with PS and other cofactors which lead to PKC activation. Figure modified from 

Griner and Kazanietz (2007). B) The structure of PKC isoenzymes affects their cofactor 

requirements for activation. cPKC activation requires binding of PS, DAG, and Ca2+ at the 

indicated sites; nPKCs require PS and Ca2+; and aPKCs require PIP3 or ceramide. Figure 

modified from Webb et al. (2000). 
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include an atypical C1 domain that binds phosphatidylinositol 3,4,5-triphosphate (PIP3) or 

ceramide instead of DAG.  

Conventional and novel PKC isoenzymes can also be activated using phorbol esters, such 

as phorbol 12-myristate 13-actetate (PMA). Phorbol esters bind PKC at the DAG-binding motif 

and anchor it irreversibly to a lipid membrane in the active conformation, without the 

requirement for Ca2+ (Bazzi and Nelsestuen, 1989). PMA is commonly used to activate PKC in a 

laboratory setting since it can provide information about PKC-dependent regulation without the 

interference of other signaling pathways that are activated by G-protein coupled receptors. PMA 

also produces a much more sustained activation of PKC than DAG does, which makes it ideal 

for the detection of small effects but may also necessitate further investigation using alternate 

physiological PKC activation.  

1.4.2 Physiological and Pathological Signaling 

Physiologically, PKC can be activated by a variety of intracellular signaling pathways. 

For example, PKC activation has been demonstrated downstream of growth factor receptors, 

muscarinic 3 (M3) receptors, angiotensin 1 (AT1) receptors, and α1-adrenoreceptors (α1-ARs) 

(Cai et al., 2014; Chen et al., 2010; Wang et al., 2014). When these receptors are activated, they 

stimulate phospholipase C to hydrolyze phosphatidylinositol 4,5-biphosphate into DAG and 

inositol triphosphate (IP3). DAG activates PKC as discussed previously, and IP3 causes release 

of Ca2+ from the SR (Steinberg, 2008).  

Another PKC activation pathway relevant in both healthy and disease states is a positive 

feedback loop involving reactive oxygen species (ROS). ROS activate PKC without the 

requirement of Ca2+ and PS, and PKC stimulates further ROS production (Cosentino-Gomes et 
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al., 2012). Intracellular ROS can also alter the profile of PKC isoenzymes expressed in a cell, 

affecting the substrate specificity and downstream signaling pathways activated by PKC.   

 PKC is implicated in a variety of pathological signaling, including tumorigenicity and 

cardiac hypertrophy (Griner and Kazanietz, 2007). Our interest in PKC stems from its possible 

involvement in arrhythmogenesis. A connection between PKC and hERG is being investigated 

for two main reasons. First, acute activation of the sympathetic nervous system, known to 

activate PKC, is a trigger for arrhythmia in LQTS2 (Vandenberg et al., 2012). Also, settings of 

sympathetic overdrive such as heart failure are associated with increased risk of arrhythmia 

(Murphy and Frishman, 2005; Triposkiadis et al., 2009; Zhang and Anderson, 2014). In each of 

these cases, stimulation of adrenergic receptors on cardiomyocytes would lead to PKC activation 

and putative regulation of the hERG channel, leading to arrhythmia. 

1.4.3 PKC Regulation of hERG 

18 consensus sites for PKC phosphorylation have been identified on the hERG channel, 

making it likely that PKC directly modifies hERG (Thomas et al., 2003) (Figure 6). The bulk of 

research so far has been directed towards the effects of acute PKC activation on hERG. When 

activated through α1-ARs, AT1 receptors, or PMA, acute PKC activation has been shown to 

decrease hERG current, often with a depolarizing shift in the voltage dependence of activation 

(Cockerill et al., 2007; Liu et al., 2017; Urrutia et al., 2016; Wang et al., 2009; Wang et al., 

2008). In contrast, other groups have demonstrated that chronic (2-24 h) PKC activation 

increases hERG protein expression (Chen et al., 2010; Wang et al., 2014). These groups 

investigated the effects of chronic PKC activation through α1-ARs, M3 receptors, or PMA. Since 

the effects observed suggest opposite changes in hERG function, there is no consensus regarding 

the cumulative effect of PKC activation on hERG. However, both acute and chronic effects of  
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Figure 6. Putative PKC phosphorylation sites on the hERG channel. 

Locations of the PKC consensus sequence [S/T]-X-[R/K] on the hERG channel. It is unknown 

which, if any, of these sites are phosphorylated by PKC and responsible for PKC-mediated 

hERG regulation. Figure modified from Thomas et al. (2003). 
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PKC activation on hERG have been replicated in animal cardiomyocyte models, supporting the 

importance of this regulation in cardiac function (Chen et al., 2010; Thomas et al., 2003; Urrutia 

et al., 2016; Wang et al., 2014). 

1.5 Hypothesis and Objectives 

Based on previous literature and preliminary results, it was hypothesized that hERG is 

simultaneously regulated by PKC activation through two opposing mechanisms: one that acutely 

reduces IhERG and another that chronically increases hERG expression. This investigation sought 

to unify conflicting data that was collected using a variety of model organisms, time points, and 

methods of PKC activation. To accomplish this, hERG-HEK cells were treated with PMA to 

investigate acute and chronic PKC regulation of hERG function, measured by changes in both 

current and protein expression. 

To test our hypothesis, I sought to achieve the following objectives: 

1. Assess the effect of chronic PKC activation on hERG current and expression. 

2. Determine whether hERG channels synthesized following chronic PKC activation are 

membrane-bound and functional.  

3. Measure IhERG after acute PKC activation to isolate the effects of direct channel inhibition 

from chronic effects on expression.  

4. Ascertain the importance of the hERG N-terminal region in PKC-mediated effects on 

current and expression. 

5. Elucidate the mechanism of increased hERG expression following PKC activation. 
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Chapter 2 

Materials and Methods 

2.1 Molecular Biology 

Development: WT hERG cDNA was provided by Dr. Gail Robertson (University of Wisconsin-

Madison). N-del hERG (lacking residues 2-354) was created using the PCR method. 

Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA) was used to transfect 

plasmids into HEK 293 cells. HEK cell lines stably expressing WT or N-del hERG channels 

were created using G418 for selection (1 mg/mL) and maintenance (0.4 mg/mL).  

Maintenance: hERG-HEK cells were incubated in Gibco Minimum Essential Medium (MEM, 

Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher 

Scientific). Every 2 to 3 days, or when cultures reached 60-80% confluence, cells were passaged 

to maintain the log growth phase. Cells were washed with cold phosphate-buffered saline (PBS), 

dissociated from the plate by trypsinization, resuspended in fresh MEM with 10% FBS, and 

seeded into new plates at a reduced confluence.  

2.2 Cell Treatment 

PKC activation: 30 nM PMA (Sigma-Aldrich, St. Louis, MO) was used to activate PKC in 

hERG-HEK cells at 37°C. Acute treatments were 30 min and chronic treatments were 6 to 24 h. 

6 h, 30 nM treatment was determined to be an ideal dose for the investigation of chronic PKC 

activation in WT hERG-HEK cells through dose-response and time-course experiments (Figure 

7, Results). High doses of PMA downregulate PKC expression, so it was verified that 6 h, 30 nM 

PMA treatment does not alter expression of PKC (Figure 8, Results). 



21 

 

PKC inhibition: Cells were incubated with 10μM Bisindolylmaleimide I (Bis-1, ab144264, 

Abcam, Cambridge, MA) for 30 min prior to the addition of PMA.  

Isolation of plasma membrane proteins: Biotinylation and isolation of surface hERG channels 

was performed using the PierceTM cell surface protein isolation kit (89881, Thermo Fisher 

Scientific). Intact cells were labeled with Sulfo-NHS-SS-Biotin prior to collection of proteins 

from whole-cell lysate. Biotinylated proteins were then isolated by binding to an avidin resin and 

eluted using SDS-PAGE sample buffer containing 50 mM dithiothreitol, from the same kit.  

Cleavage of surface hERG: Intact cells were treated for 20 min with 200 μg/mL proteinase K 

(PK, P6556, Sigma-Aldrich) to completely cleave surface hERG. The reaction was stopped by 

addition of 12.5 mM EDTA (BioShop Canada Inc., Burlington, ON, CAN) prior to lysis and 

collection of whole-cell proteins.  

Measurement of hERG degradation rate: Cells were treated with 10 μM Brefeldin A (BFA, 

20350-15-6, Sigma-Aldrich) and 10 μg/mL cycloheximide (CHX, 66-81-9, Sigma-Aldrich) to 

inhibit transport of proteins from the ER to the Golgi apparatus, and prevent protein synthesis. 

The rate of degradation was assessed by comparing amounts of membrane-bound hERG 

remaining after 6 h BFA + CHX, in PMA treated cells and untreated controls.  

2.3 Patch Clamp 

IhERG was recorded using the whole-cell voltage clamp method. The pipette solution 

consisted of (in mM):  130 KCl, 5 EGTA, 1 MgCl2, 5 MgATP and 10 HEPES (pH 7.24 with 

KOH). The bath solution consisted of (in mM): 135 NaCl, 5 KCl, 10 HEPES, 10 glucose, 1 

MgCl2, and 2 CaCl2 (pH 7.4 with NaOH). Cells were kept at a holding potential of -80 mV and 

depolarizing steps to voltages between -70 and 70 mV were performed in 10 mV increments to 

elicit hERG current. The depolarizing steps were followed by a repolarizing step to -50 mV to 
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observe hERG tail currents. IhERG amplitude for WT and N-del were analyzed using the peak tail 

current after the 50 mV depolarizing step, where current during the holding potential is set to 0 

mV. Voltage of half-activation was determined by normalizing peak tail current at each step to 

that seen after 50 mV depolarization, and results were fit to the Boltzmann function. Patch clamp 

experiments were conducted at room temperature (22 ± 1°C), and experimenters were blinded to 

the cell treatment. Electrolytes and chemicals for patch clamp recordings were purchased from 

Sigma-Aldrich. 

2.4 Western Blot 

Isolation of whole-cell proteins: After drug treatment, cells were collected by washing and 

resuspension in cold PBS, then centrifugation at 1000 rpm for 4 min. Cells were then 

resuspended in cold radioimmunoprecipitation lysis buffer containing 2% protease inhibitor 

cocktail and phenylmethylsulfonyl fluoride (Sigma-Aldrich), and lysed using a fast lysis 

sonification method. Whole-cell proteins were isolated by centrifugation at 10,000 rpm for 10 

min and collection of the supernatant.  

Western blot: Protein concentration was determined using the DC protein assay kit (Bio-Rad, 

Hercules, CA, USA). For each sample, 15 μg whole-cell protein was diluted in 50 μL sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, loaded into an 

8% polyacrylamide gel, separated by electrophoresis, and transferred overnight onto a 

polyvinylidene fluoride membrane. Membranes were blocked for 1 h in 5% non-fat milk and 

0.1% Tween 20 in Tris-buffered saline (TBS). The membranes were then immunoblotted with 

appropriate primary antibodies for 2 h at room temperature. Horseradish peroxidase-conjugated 

secondary antibodies and ECL detection kit (GE Healthcare, Little Chalfont, United Kingdom) 

were used to detect protein signals on X-ray film (Fuji, Minato, Tokyo, Japan). The BLUeye pre-
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stained protein ladder (GeneDireX, Taiwan) was used to determine molecular weights of 

proteins.  

Analysis: Adobe® Photoshop® densitometry software was used to measure changes in the 

quantity of protein from a treatment group to control cells. Western blot films were scanned to a 

computer and converted into grayscale images. Grayscale images are displayed with a range of 

pixel intensities from 0 (pure black) to 255 (pure white). Upon reaching these limits, images are 

‘saturated’, meaning that changes in intensity outside the 0-255 range will not be detected. Films 

were chosen for analysis if the protein bands of interest were not saturated. Average pixel 

intensity of each band was measured, maintaining the same area (pixel number) for the treatment 

and control group. Average intensity of the background was subtracted from each protein band. 

Next, the average pixel intensity of the protein of interest was divided by the intensity of its own 

loading control (actin or integrin β1), yielding the relative intensity. Relative intensities of 

treatment groups were normalized to the control group from the same western blot film to 

eliminate variability resulting from exposure time. 

2.5 Antibodies 

Goat anti-hERG (C20 sc-15968, C-terminal), mouse anti-hERG (F-12 sc-377388, N-

terminal), and goat integrin β1 (sc-6622) primary antibodies and mouse anti-goat IgG-HRP 

secondary antibody (sc-2354) were purchased from Santa Cruz Biotechnology (Dallas, TX, 

USA). DT-331 mouse anti-hERG (S5P) antibody was purchased from D.I.V.A.L. (Toscana 

S.R.L., Florence, Italy). Mouse anti-actin primary antibody (A4700) was purchased from Sigma-

Aldrich. Rabbit anti-p-Nedd4L (S448, 8063S) primary antibody, horse anti-mouse (7076S) HRP-

tagged secondary antibody, and goat anti-rabbit (7074S) HRP-tagged secondary antibody were 

purchased from Cell Signaling Technology (Danvers, MA, USA). PKC isoenzymes were 
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detected using the BD Biosciences PKC sampler kit (611421, NJ, USA), containing mouse anti-

PKC primary antibodies specific to α, β, ε, θ, δ, λ, and ι PKC isoenzymes.  

2.6 Statistical Analysis 

In all figures, error bars represent the standard error of the mean. Origin® and GraphPad 

Prism software were used for statistical analysis. For western blots, average protein intensity of 

treated cells was compared to control cells from the same film using a one-way repeated 

measures analysis of variance (ANOVA) with a Tukey’s Honest Significant Difference (HSD) 

post-hoc test (Figures 7A, 15A,) or a two-tail paired student’s t-test (Figures 7B, 17B). When 

comparing the average change in expression from control cells between two treatments or 

detection methods, protein intensity was normalized to control cells from the same film and then 

compared between groups using a two-tail student’s t-test for independent samples (Figures 9, 

16, 17A). For clear visual representation, all summarized western blot data is displayed 

normalized to control cells, regardless of the statistical analyses performed. Average current and 

V1/2 of patch clamp data was analyzed in treatments versus controls using a one-way ANOVA 

with a Newman-Keuls post-hoc test (Figures 10-13, 15B, 15C) or a student’s t-test for 

independent samples (Figure 14). A p-value ≤ 0.05 was considered statistically significant.  

  



25 

 

Chapter 3 

Results 

3.1 Chronic PKC activation increases hERG expression but decreases current 

The phorbol ester PMA was used to study the effects of PKC activation on hERG-HEK 

cells. To observe changes in hERG expression, cells were treated with PMA and whole-cell 

proteins were analyzed by western blot. First, a concentration-response curve and time-course 

were constructed by treating cells with PMA (6 h) at various doses and with PMA (30 nM) for 

increasing periods of time. Chronic PMA treatment increased expression of immature (135 kDa) 

and mature (155 kDa) hERG protein, becoming significant after 4 h and using as low as 10 nM 

PMA (Figure 7). 30 nM, 6 h PMA was determined to be the most effective dose to observe this 

effect.  

It has been demonstrated that chronic PMA treatment decreases PKC expression by 

translocating calpain to the plasma membrane to degrade PKC (Hong et al., 1995). To avoid this 

confounding effect, it was important to select a PMA dose where PKC is not downregulated. 

PKC isoenzyme expression was detected following PMA treatment at several doses. It was 

determined that after 6 h, PMA (30 nM) does not alter PKC expression except for a decrease in 

PKCθ, but after 24 h, PMA (30 nM, 1 μM) reduces expression of conventional (α, β) and novel 

(ε, θ, and δ) PKC isoenzymes (Figure 8). Therefore, 6 h, 30 nM PMA was determined to be an 

appropriate dose for further study of chronic PKC activation.  

A broad PKC inhibitor, Bis-1 was used to verify that the increase in hERG protein is 

mediated by PKC, rather than a direct effect of PMA. Simultaneous treatment with both PMA (6 

h, 30 nM) and Bis-1 (10 μM) reduced the effect of PMA alone on hERG expression (Figure 9).  
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A) Concentration-response analysis for hERG expression (hERG-Rel) in control (CTL) cells 

and after 6 h PMA treatment (10, 30, 100, 1000 nM) (n = 3). PMA increases expression of 

hERG 135 and 155 kDa bands, using as low as 10 nM. hERG-Rel of treatment groups was 

compared to CTL from the same film using a one-way repeated measures ANOVA with a 

Tukey’s HSD post-hoc test. B) Time-course for the effect of 30 nM PMA treatment (CTL/0, 

0.5, 1, 2, 4, 6, 12, 24 h) on hERG expression (n = 3 for 0.5 h, 1 h, 24 h; n = 4 for 2 h, 4 h, 6 h, 

12 h). PMA increases expression of hERG after 4 h. Average hERG-Rel for each treatment 

group is compared to CTL from the same film using a two-tail paired student’s t-test. hERG 

was detected using a C-terminal-binding antibody. For clear visual representation, these figures 

display hERG intensity relative to actin and normalized to the CTL group. *p < 0.05,  

**p < 0.01.   

Figure 7. Chronic PKC activation increases expression of immature and mature hERG. 
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Figure 8. 24 h PMA downregulates PKC expression.  

Cells were treated with PMA (6 h, 30 nM; 24 h, 30 nM; 24 h, 1 μM) and PKC expression was 

measured from whole-cell lysate using isoenzyme-specific antibodies. 6 h, 30 nM PMA does 

not noticeably alter expression of PKC, except for a decrease in PKCθ. 24 h PMA (30 nM, 1 

μM) dramatically reduces expression of cPKCs (α, β) and nPKCs (ε, θ, δ), leaving aPKC (λ, ι) 

expression unaltered relative to an actin loading CTL. n = 2, representative blot displayed.  
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Figure 9. PKC inhibition reduces the PMA-mediated increase in hERG expression. 

Western blot analysis of whole-cell lysate in CTL cells and following 6 h treatment with PMA 

(30 nM), PMA (30 nM) and Bis-1 (10 μM), or Bis-1 (10 μM). PKC inhibition using Bis-1 

reduces the PMA-mediated increase in hERG expression, reaching statistical significance only in 

the reduced change for 155 kDa protein. 155 kDa hERG was detected using a C-terminal-binding 

antibody and intensity was measured relative to actin and normalized to CTL cells from the same 

film. This normalized value was compared between 155 kDa PMA-treated cells and cells treated 

with PMA and Bis-1 using a two-tail student’s t-test for independent samples. n = 6, *p < 0.05. 
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Mature hERG protein is located on the plasma membrane under normal conditions. 

Therefore, an increase in mature, functional hERG should result in an increase in IhERG when 

measured by whole-cell patch clamp. However, after chronic PMA (24 h, 10-1000 nM) treatment 

a reduction in IhERG was observed (Figure 10A). This change is measurable at 10 nM PMA and 

increases in a concentration-dependent manner. To further investigate steady-state activation of 

hERG, the voltage-dependence of activation was analyzed. A depolarizing shift in V1/2 was 

observed following PMA (24 h, 30 nM) treatment (Figure 10B). Bis-1 (10 μM) abolishes this 

effect. However, treatment with Bis-1 alone decreases IhERG, making it difficult to determine its 

effect on PMA-mediated IhERG reduction. IhERG reduction by Bis-1 has previously been proposed to be 

due to a direct drug-channel interaction, but may also be related to off-terget effects of Bis-1 such as 

inhibition of glycogen synthase kinase 3 (Harmati et al., 2011; Hers et al., 1999). 

3.2 hERG channels are membrane-bound and functional following chronic PMA treatment 

One plausible explanation for an increase in mature 155 kDa hERG protein that does not 

result in increased current is that this protein is not forming functional channels at the plasma 

membrane. This could be due to lack of trafficking or increased degradation. However, this 

would be unusual since previous literature has determined that mature internalized hERG 

channels are 135 kDa (Chen et al., 2015). Two experiments were performed to verify the 

localization of 155 kDa hERG on the plasma membrane following PMA treatment (6 h, 30 nM). 

In the first experiment, membrane proteins of control and PMA-treated cells were labelled by 

biotinylation and isolated prior to western blot analysis. The abundance of membrane-bound 155 

kDa hERG increased compared to control cells (Figure 11A). This result was confirmed using 

PK to selectively cleave surface hERG channels, prior to analyzing whole-cell protein. If any  
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Figure 10. Chronic PKC activation decreases IhERG and positively shifts V1/2. 

IhERG (A) and voltage-dependence of activation (B) in CTL and PMA-treated (24 h, 30 nM) 

cells.  Chronic PMA treatment reduces IhERG with as little as 10 nM, and results in a 10.7 mV 

shift in V1/2. Voltage protocol and representative current traces are shown. Data was collected 

across three independent replicates and analyzed using a one-way ANOVA with a Newman-

Keuls post-hoc test.. A, n numbers above data. B, CTL V1/2 = -7.60 mV (n = 13), PMA V1/2 = 

3.10 mV (n = 11), PMA + Bis-1 V1/2 = -4.43 mV (n = 10), Bis-1 V1/2 = -5.21 mV (n = 10).  

*p < 0.05, **p < 0.01. 
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Figure 11. 155 kDa hERG is appropriately localized to the plasma membrane after PMA 

treatment. 

Western blot analysis of hERG in CTL and PMA-treated (6 h, 30 nM) cells. (A) Membrane 

proteins isolated by biotinylation. 155 kDa hERG is still present on the plasma membrane 

following PMA treatment, and expression is increased relative to CTL. Used integrin β1 loading 

CTL, n = 3. (B) CTL and PMA-treated cells subjected to PK cut (200 μg/mL, 20 min). 155 kDa 

hERG is completely cleaved by PK treatment in CTL and PMA-treated cells, demonstrating that 

it is membrane-bound. PK treatment results in the appearance of a hERG fragment that is 65 

kDa in CTL cells and 70 kDa after PMA treatment. hERG is detected using a C-terminal-

binding antibody and compared to an actin loading CTL, n = 3.  
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155 kDa hERG were intracellular, it would not be cleaved by PK. In both control and PMA-

treated (6 h, 30 nM) cells, PK treatment resulted in the complete disappearance of 155 kDa 

hERG, and the appearance of a hERG fragment (Figure 11B). This fragment appeared at 65 kDa 

in control cells and 70 kDa after PMA treatment. 

Next, two additional possibilities were investigated: 1) PMA treatment results in 

formation of nonfunctional hERG channels, 2) PMA treatment results in formation of functional 

hERG channels and reduces current through a separate mechanism. Cells were treated for 24 h 

with PMA (30 nM) and then the medium was replaced to remove the contents of the extracellular 

fluid. Over the course of the next 6 h, IhERG was observed to gradually increase to a magnitude 

greater than untreated controls (Figure 12A). After 6 h recovery, V1/2 was also restored to control 

conditions (Figure 12B). This result is consistent with an increased abundance of functional 

hERG channels following PMA treatment. We propose that PKC directly inhibits hERG through 

a reversible interaction which is removed upon replacement of the medium.    

3.3 Acute PMA treatment reduces IhERG 

To isolate direct hERG inhibition from the effect of increased channel expression, cells 

were for 30 min with PMA (30 nM) at 37°C. At that time, the abundance of hERG channels is 

unchanged, and acute channel inhibition should be measurable as a decrease in IhERG. Whole-cell 

voltage clamp recordings demonstrate a reduction of IhERG in PMA-treated cells compared to 

controls, and a depolarizing shift in V1/2 (Figure 13). The latter was prevented using Bis-1 (10 

μM), but the former was not. This may be because Bis-1 alone was also observed to decrease 

IhERG.  
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Figure 12. Replacement of the medium following PMA treatment allows an IhERG to 

increase and V1/2 to return to a normal level. 

A) IhERG in CTL cells, cells treated with PMA (24 h, 30 nM), and cells in recovery (Rec) for 2, 

4, or 6 h after replacement of the medium. B) hERG voltage-dependence of activation in CTL 

cells, cells treated with PMA (24 h, 30 nM), and cells recovered 6 h after removal of PMA from 

the medium. Replacement of the medium results in gradual recovery of IhERG to a level greater 

than CTL cells, and recovery of V1/2 to a CTL level. This demonstrates that hERG channels 

synthesized following PMA treatment can functionally pass current, and PMA-mediated 

inhibition of IhERG reversible upon removal of the contents of the extracellular fluid. Statistical 

analysis performed using a one-way ANOVA with a Newman-Keuls post-hoc test. A, n 

numbers shown above data. B, CTL V1/2 = 1.02 mV (n = 10), PMA V1/2 = 5.92 mV (n = 10), 

Rec V1/2 = -0.32 mV (n = 13). **p < 0.01. 
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Figure 13. Acute PKC activation reduces IhERG and positively shifts V1/2. 

IhERG (A) and voltage-dependence of activation (B) in CTL cells and after 30 min treatment with 

PMA (30 nM), or PMA (30 nM) and Bis-1 (10 μM). Acute PMA treatment reduces IhERG and 

results in a 7.2 mV shift in V1/2. Statistical analysis performed using a one-way ANOVA with a 

Newman-Keuls post-hoc test. A, n shown above data. B, CTL V1/2 = -3.04 mV (n = 20), PMA 

V1/2 = 4.16 mV (n = 26), PMA + Bis-1 V1/2 = -1.47 mV (n = 10). 
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3.4 The N-terminal region of hERG is required for PKC-mediated regulation of current 

but not expression 

Previous literature has demonstrated that the N-terminus of hERG is required for PKC-

mediated IhERG reduction (Cockerill et al., 2007; Liu et al., 2017; Urrutia et al., 2016). To further 

investigate the importance of the N-terminus, a stable cell line expressing N-del hERG was used. 

This mutant hERG channel lacks amino acid residues 2 to 354. In contrast to WT hERG, 30 min  

application of PMA (30 nM) had no effect on N-del hERG current (IhERG N-del) or V1/2 (Figure 

14). However, the N-terminus is not required for PKC regulation of hERG expression, since 

chronic PMA (24 h, 30 nM) treatment increased expression of immature (95 kDa) and mature 

(115 kDa) N-del hERG (Figure 15A). N-del hERG also displays a band of intermediate 

molecular weight on a western blot. This band is typically disregarded due to very low 

expression in control cells, but after PMA treatment this band increases in expression and is 

shifted about 5 kDa smaller. Using patch clamp and PK cut experiments (not shown) it was 

determined that this middle band is intracellular and does not pass current, therefore it was not 

analyzed during this investigation of hERG function. 

 Next, patch clamp experiments were performed to determine the effect of chronic PMA 

treatment (24 h, 30 nM) on N-del hERG. This treatment increased IhERG N-del with no shift in V1/2, 

supporting the conclusion that N-del hERG expression is increased upon PKC activation, 

without PKC-mediated inhibition (Figure 15B, C). Concurrent treatment with Bis-1 (10 μM) 

reduced the chronic PKC-mediated increases in protein expression and current (Figure 15A, B).  

While investigating the chronic effect of PKC activation on WT hERG channels, another 

demonstration of the involvement of the N-terminus was inadvertently observed. This occurred 

after switching from a C-terminal-binding to an N-terminal-binding anti-hERG antibody for 
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Figure 14. Acute PKC activation does not alter current or V1/2 of N-del hERG. 

Current (A) and voltage-dependence of activation (B) of CTL cells and cells treated with PMA 

(30 min, 30 nM), using HEK cells stably expressing N-del hERG that lacks residues 2-354. 

Without the N-terminus, acute PMA treatment does not affect hERG current or V1/2. Statistical 

analysis performed using a two-tail student’s t-test for independent samples. A, n numbers 

shown above data. B, CTL V1/2 = 5.38 mV (n = 11), PMA V1/2 = 5.70 mV (n = 12).  
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Figure 15. Chronic PKC activation increases expression and current of N-del hERG. 

Protein expression (A), current (B), and voltage-dependence of activation (C) of N-del hERG 

in CTL cells and cells treated with PMA (30 nM), PMA (30 nM) and Bis-1 (10 μM), or Bis-1 

(10 μM) for 24 h. Chronic PMA treatment increases expression and current of hERG channels 

lacking the N-terminus, without altering V1/2. A, n = 4, hERG intensity of both the 115 and 95 

kDa bands is analyzed using a C-terminal-binding antibody and displayed relative to actin and 

normalized to CTL cells. hERG-Rel of treatment and CTL cells from the same film were 

compared using a one-way repeated measures ANOVA with a Tukey’s HSD post-hoc test. B, n 

numbers shown above data. C, CTL V1/2 = 3.04 mV (n = 14), PMA V1/2 = 3.35 mV (n = 14), 

PMA + Bis-1 V1/2 = 4.42 mV (n = 7), n = 9-13. Statistical analysis for patch clamp were 

performed using a one-way ANOVA with a Newman-Keuls post-hoc test. *p < 0.05,  

***p < 0.001.  
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western blot analysis. Using the C-terminal antibody, an increase in mature hERG could 

consistently be observed after PMA treatment (6 h, 30 nM). However, the N-terminal antibody 

detected a decrease in 155 kDa hERG (Figure 16). A third anti-hERG antibody binding the S5P 

confirmed that there is an increase in 155 kDa hERG upon chronic PMA treatment. We propose 

that this is further indication of a PKC-mediated modification of the N-terminus of membrane-

bound hERG. If located at the antibody-binding epitope, such a modification would result in 

poor detection of mature hERG on a western blot.  

3.5 PKC slows mature hERG degradation through phosphorylation of Nedd4-2 

In a previous study, our lab determined that M3 receptor activation results in a PKC-

mediated decrease in hERG degradation, through phosphorylation of ubiquitin ligase Nedd4-2 

(Wang et al., 2014). To determine whether a similar mechanism is involved in PKC regulation of 

hERG, cells were treated with BFA (10 μM) and CHX (10 μg/mL) in the presence or absence of 

PMA (30 nM). This treatment prevents protein trafficking and synthesis, and therefore allows for 

observation of the degradation rate of hERG on the plasma membrane. Western blot analysis of 

whole-cell protein revealed that PMA-treated cells had significantly more membrane-bound 

hERG remaining than control cells after 6 h BFA and CHX treatment (Figure 17A). This 

indicates a slower rate of degradation, corresponding to increased membrane expression of 

hERG. Next, the amount of phosphorylated Nedd4-2 (p-Nedd4-2) was analyzed in control cells 

and after PMA treatment (6 h, 30 nM). It was determined that PKC activation increases 

phosphorylation of Nedd4-2 (Figure 17B). This would result in inactivation of Nedd4-2, 

preventing ubiquitination and slowing degradation of hERG. 
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Figure 16. Chronic PMA interferes with the ability of an N-terminal-binding antibody to 

detect 155 kDa hERG. 

hERG expression in CTL cells and after treatment with PMA (30 nM) for 6 h. hERG was 

detected using a primary antibody targeting the C-terminus (C-term, n = 5), the N-terminus (N-

term, n = 7), or the S5P (n = 5). Contrary to C-terminal and S5P-binding antibodies, an N-

terminal anti-hERG antibody detects a decrease in 155 kDa hERG after PMA treatment. 155 

kDa hERG-Rel of N-term and C-term antibodies was normalized to CTL protein from the same 

film and compared using a two-tail student’s t-test for independent samples. ***p < 0.001. 
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Figure 17. PKC decreases hERG degradation through phosphorylation of Nedd4-2. 

A) hERG expression in CTL cells and following 6 h BFA (10 μM) and CHX (10 μg/mL) 

treatment, in the absence (n = 6) or presence (n = 7) of PMA (30 nM). PMA-treatment reduces 

the degradation rate of hERG, allowing accumulation on the plasma membrane. 155 kDa 

hERG-Rel from BFA- and CHX-treated cells was normalized to untreated cells from the same 

film and compared using a two-tail student’s t-test for independent samples. B) Expression of 

110 kDa p-Nedd4-2 in CTL cells and following PMA (6 h, 30 nM) treatment. 110 kDa p-

Nedd4-2 was analyzed relative to actin and compared in CTL and PMA-treated cells from the 

same film using a two-tail paired student’s t-test, n = 10. For clear visual representation, 

intensities are displayed with respect to actin and normalized to untreated CTL cells. *p < 0.05, 

**p < 0.01. 
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Chapter 4 

Discussion 

hERG plays a crucial role in cardiac repolarization, and a loss of function increases the 

risk of arrhythmia. Improved understanding of the factors that regulate hERG current and 

expression will aid development of treatments that could restore hERG function in 

arrhythmogenic conditions such as LQTS and heart failure. To that end, PKC is under 

investigation as a potential link between stress conditions and reduced hERG function. For the 

first time, this study demonstrates a dual regulation of hERG function by PKC activation, 

whereby channel expression is increased while current is reduced.  

In accordance with previous studies that activated PKC through α1-ARs and M3 

receptors, the present study demonstrated an increase in hERG expression following chronic 

PKC activation (Chen et al., 2010; Wang et al., 2014). There was an increase in both 135 and 

155 kDa hERG, representing immature and mature hERG, respectively. However, this did not 

correspond to an increase in hERG function, as would be expected. Whole-cell voltage clamp 

measurements revealed a decrease in IhERG after chronic PKC activation. Normally, a decrease in 

IhERG might indicate a deficiency in channel synthesis or trafficking. However, it would be 

unusual for 155 kDa hERG to not be present on the plasma membrane, since complex 

glycosylation is added just prior to trafficking to the plasma membrane and is removed if 

channels internalize (Chen et al., 2015). Nonetheless, two experiments were performed to verify 

that 155 kDa hERG is localized to the plasma membrane after PMA treatment. First, membrane 

proteins labeled via biotinylation were isolated and analyzed by western blot, demonstrating an 

increase in membrane-bound hERG with chronic PKC activation. It was also determined that all 

155 kDa hERG can be cleaved using extracellular PK, which can only affect membrane proteins.  
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Next, the possibility that PKC activation could reversibly modify hERG channels and 

block their function was investigated. Cells were treated for 24 h with PMA (30 nM) and then 

replaced it with fresh MEM. Over the next 6 h, IhERG gradually increased until it was higher than 

IhERG of untreated control cells. We propose that replacement of the medium resulted in a gradual 

removal of a reversible modification or protein-protein interaction. This allowed for recovery of 

IhERG, demonstrating that the channels formed after PKC activation are not only membrane-

bound, but functional. IhERG eventually increased to levels higher than control cells since there is 

an increase in hERG abundance at the membrane after chronic PKC activation.  

To further confirm the hypothesis of direct channel inhibition by PKC, cells were treated 

for 30 min with PMA. This activated PKC without allowing time for increased hERG 

expression. By this method, a decrease in IhERG and a positive shift in V1/2 were observed, 

consistent with previous literature investigating acute PKC activation (Cockerill et al., 2007; Liu 

et al., 2017; Urrutia et al., 2016; Wang et al., 2009; Wang et al., 2008). This suggests that hERG 

function is decreased, at least in part by a shift in voltage-dependence of activation, such that 

fewer hERG channels might open during depolarization.  

It is generally proposed that hERG inhibition by PKC occurs through phosphorylation of 

T74 in the N-terminal region. This is the only PKC consensus site on hERG that renders 

channels nonfunctional when mutated to alanine (Chen et al., 2010; Cockerill et al., 2007; Liu et 

al., 2017). However, it has been indirectly shown that it is likely involved in PKC-regulation of 

hERG. Mutations of the remaining 17 PKC consensus sites eliminates hERG inhibition mediated 

by Angiotensin II but not A61603, an α1AAR agonist (Liu et al., 2017). In contrast, PKC-

mediated hERG inhibition that occurs through α1AAR activation or M3 receptor activation can be 

prevented by truncation of the N-terminal region of hERG, which contains T74 (Cockerill et al., 
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2007; Liu et al., 2017; Urrutia et al., 2016). In the current study, it was observed that acute PMA 

treatment does not affect IhERG N-del. In addition, we add to previous knowledge by investigating 

the chronic effect of PKC activation in this cell line. Chronic PKC increases both expression and 

current of N-del hERG. Therefore, the N-terminus is required for PKC inhibition of hERG, but 

not the regulation of expression.  

The present study also presents an inadvertent finding that suggests modulation of the N-

terminal region of hERG by PMA treatment. Antibodies targeting the C-terminus or S5P of 

hERG detect an increase in fully glycosylated, mature hERG protein after chronic PMA 

treatment. However, an antibody targeting the N-terminal region detects a decrease in mature 

hERG protein within the same cells. We propose that PKC-mediated modulation of the N-

terminal region of hERG interferes with the antibody-binding epitope and is involved in 

inhibition of hERG. While it is possible that this is the effect of T74 phosphorylation, we have 

not ruled out the possibility of N-terminal modification by another unknown factor.  

Changes in hERG expression occur through a separate mechanism, not requiring the N-

terminus. The simultaneous increase in both immature and mature hERG channels that is 

observed is consistent with previous reports of increased hERG synthesis, as well as decreased 

hERG degradation following chronic PKC activation (Chen et al., 2010; Mahati et al., 2016; 

Wang et al., 2014). In the current study, it was determined that the rate of hERG degradation was 

reduced following chronic PMA treatment. An increase in p-Nedd4-2 was also observed after 

PMA treatment, which would result in reduced ubiquitination and degradation of hERG, leading 

to accumulation of mature channels on the plasma membrane. This same effect was 

demonstrated in our previous study that activated PKC through muscarinic 3 receptors (Wang et 

al., 2014).  
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It is important to note that the regulation of hERG by PKC is shaped by the unique 

profile of PKC isoenzymes activated by any specific treatment. PMA-mediated PKC activation 

in the current study produced effects most closely resembling those reported using α1-AR 

agonists. Both PMA and α1-AR agonism inhibit hERG in a manner requiring the N-terminus, 

positively shift V1/2, and increase expression of mature hERG protein (Cockerill et al., 2007; Liu 

et al., 2017; Urrutia et al., 2016). This is distinct from Angiotensin II-mediated PKC activation, 

which does not shift V1/2; and M3-mediated chronic PKC activation, which increases hERG 

current and expression (Liu et al., 2017; Wang et al., 2014). This comparison is important 

because the similarity in effect between PMA and α1-AR activation makes it likely that PMA-

mediated hERG effects occur also occur through conventional PKC isoenzymes (Liu et al., 

2017). To eventually apply these regulatory pathways for therapeutic purposes, we will need to 

determine the specific isoenzymes and downstream pathways involved in hERG inhibition 

versus increased expression.  

In summary, we have demonstrated that PMA-mediated PKC activation regulates hERG 

function through two opposing mechanisms: increasing hERG expression and decreasing hERG 

current. We propose that this exists as a physiological buffer system, whereby dangerous PKC-

mediated hERG inhibition is countered by an increase in hERG channel abundance.  
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Future Directions 

 Going forwards, it will be important to investigate PKC activation in cells expressing 

both hERG-1a and 1b. In human cardiomyocytes, where an undefined portion of hERG channels 

lack a large region of the N-terminus, there may be less inhibition of hERG by PKC. In addition, 

PKC may regulate heterotetramers in a different manner than the homotetramers of hERG-1a or 

N-del seen in this study. It is difficult to predict the final effect on hERG function. 

As well, it would be useful to determine whether the balance seen in PKC-hERG 

regulation is compromised in LQTS or heart failure, thereby increasing the risk of arrhythmia in 

PKC-activating conditions. If understood, the specific PKC isoenzymes and pathways 

responsible for increased hERG expression could be harnessed to develop hERG activators. PKC 

activation through muscarinic 3 receptors has already shown promise in restoring hERG function 

in LQTS (Mahati et al., 2016). 

Finally, much could be done to increase the physiological relevance of this work. The 

regulatory systems described here act broadly, and it is likely that a PKC-mediated reduction in 

IKr would be accompanied physiologically by changes in the function of other membrane 

proteins. For example, PKC also regulates the function of IKs, with varying effects depending on 

the isoenzymes involved (Gou et al., 2018). Similarly, Nedd4-2 is known to regulate other 

membrane proteins, like ENaC, which would also be affected by PKC activation. Studying PKC 

activation in ventricular myocytes or an in vivo model would be invaluable in the evaluation of 

arrhythmia risk due to PKC.   



46 

 

References 

Albesa M, Grilo LS, Gavillet B and Abriel H (2011) Nedd4-2-dependent ubiquitylation and 

regulation of the cardiac potassium channel hERG1. J Mol Cell Cardiol 51: 90-98. 

Anderson CL, Delisle BP, Anson BD, Kilby JA, Will ML, Tester DJ, Gong Q, Zhou Z, 

Ackerman MJ and January CT (2006) Most LQT2 mutations reduce Kv11.1 (hERG) 

current by a class 2 (trafficking-deficient) mechanism. Circulation 113: 365-373. 

Bazzi M and Nelsestuen GL (1989) Differences in the effects of phorbol esters and 

diacylglycerols on protein kinase C. Biochemistry 28: 9317-9323. 

Berndsen CE and Wolberger C (2014) New insights into ubiquitin E3 ligase mechanism. Nat 

Struct Mol Biol 21: 301-307. 

Cai Y, Wang Y, Xu J, Zuo X and Xu Y (2014) Down-regulation of ether-a-go-go-related gene 

potassium channel protein through sustained stimulation of AT1 receptor by angiotensin 

II. Biochem Biophys Res Commun 452: 852-857. 

Chen J, Chen K, Sroubek J, Wu ZY, Thomas D, Bian JS and McDonald TV (2010) Post-

transcriptional control of human ether-a-go-go-related gene potassium channel protein by 

alpha-adrenergic receptor stimulation. Mol Pharmacol 78: 186-197. 

Chen J, Guo J, Yang T, Li W, Lamothe SM, Kang Y, Szendrey JA and Zhang S (2015) Rab11-

dependent Recycling of the Human Ether-a-go-go-related Gene (hERG) Channel. J Biol 

Chem 290: 21101-21113. 

Cheng YM and Claydon TW (2012) Voltage-dependent gating of HERG potassium channels. 

Front Pharmacol 3: 83. 

Ciechanover A (2005) Proteolysis: from the lysosome to ubiquitin and the proteasome. Nature 

Reviews 6: 79-86. 



47 

 

Cockerill SL, Tobin AB, Torrecilla I, Willars GB, Standen NB and Mitcheson JS (2007) 

Modulation of hERG potassium currents in HEK-293 cells by protein kinase C. Evidence 

for direct phosphorylation of pore forming subunits. J Physiol 581: 479-493. 

Cosentino-Gomes D, Rocco-Machado N and Meyer-Fernandes JR (2012) Cell signaling through 

protein kinase C oxidation and activation. Int J Mol Sci 13: 10697-10721. 

Curran ME, Splawski I, Timothy KW, Vincent GM, Green ED and Keating MT (1995) A 

molecular basis for cardiac arrhythmia: HERG mutations cause long QT syndrome. Cell 

80: 795-803. 

Debonneville C, Flores SY, Tauxe C, Thomas MA, Munster C, Chraibi A, Pratt JH, Horisberger 

J-D, Pearce D, Loffing J and Staub O (2001) Phosphorylation of Nedd4-2 by Sgk1 

regulates epithelial Na+ channel cell surface expression. EMBO Journal 20: 7052-7059. 

Goel P, Manning JA and Kumar S (2015) NEDD4-2 (NEDD4L): the ubiquitin ligase for 

multiple membrane proteins. Gene 557: 1-10. 

Gou X, Wang W, Zou S, Qi Y and Xu Y (2018) Protein kinase C epsilon mediates the inhibition 

of angiotensin II on the slowly activating delayed-rectifier potassium current through 

channel phosphorylation. J Mol Cell Cardiol 116: 165-174. 

Grant AO (2009) Cardiac ion channels. Circ Arrhythm Electrophysiol 2: 185-194. 

Grilo LS, Carrupt PA and Abriel H (2010) Stereoselective Inhibition of the hERG1 Potassium 

Channel. Front Pharmacol 1: 1-11. 

Griner EM and Kazanietz MG (2007) Protein kinase C and other diacylglycerol effectors in 

cancer. Nat Rev Cancer 7: 281-294. 

Guo J, Wang T, Li X, Shallow H, Yang T, Li W, Xu J, Fridman MD, Yang X and Zhang S 

(2012) Cell surface expression of human ether-a-go-go-related gene (hERG) channels is 



48 

 

regulated by caveolin-3 protein via the ubiquitin ligase Nedd4-2. J Biol Chem 287: 

33132-33141. 

Gustina AS and Trudeau MC (2011) hERG potassium channel gating is mediated by N- and C-

terminal region interactions. J Gen Physiol 137: 315-325. 

Harmati G, Papp F, Szentandrassy N, Barandi L, Ruzsnavszky F, Horvath B, Banyasz T, Magyar 

J, Panyi G, Krasznai Z and Nanasi PP (2011) Effects of the PKC inhibitors chelerythrine 

and bisindolylmaleimide I (GF 109203X) on delayed rectifier K+ currents. Naunyn 

Schmiedebergs Arch Pharmacol 383: 141-148. 

Hers I, Tavaré JM and Denton RM (1999) The protein kinase C inhibitors bisindolylmaleimide I 

(GF109203x) and IX (Ro 31-8220) are potent inhibitors of glycogen synthase kinase-3 

activity. FEBS Lett 460: 433-436. 

Hershko A and Ciechanover A (1998) The ubiquitin system. Annu Rev Biochem 67: 425-479. 

Hong D-h, Huan J, Ou B-r, Yeh J-y, Saido TC, Cheeke PR and Forsberg NE (1995) Protein 

kinase C isoforms in muscle cells and their regulation by phorbol ester and calpain. 

Biochimica et Biophysica Acta 1267: 45-54. 

Jones EM, Roti Roti EC, Wang J, Delfosse SA and Robertson GA (2004) Cardiac IKr channels 

minimally comprise hERG 1a and 1b subunits. J Biol Chem 279: 44690-44694. 

Kang Y, Guo J, Yang T, Li W and Zhang S (2015) Regulation of the human ether-a-go-go-

related gene (hERG) potassium channel by Nedd4 family interacting proteins (Ndfips). 

Biochem J 472: 71-82. 

Lamothe SM, Guo J, Li W, Yang T and Zhang S (2016) The Human Ether-a-go-go-related Gene 

(hERG) Potassium Channel Represents an Unusual Target for Protease-mediated 

Damage. J Biol Chem 291: 20387-20401. 



49 

 

Lamothe SM, Hulbert M, Guo J, Li W, Yang T and Zhang S (2018) Glycosylation stabilizes 

hERG channels on the plasma membrane by decreasing proteolytic susceptibility. FASEB 

J: fj201700832R. 

Lamothe SM and Zhang S (2013) The serum- and glucocorticoid-inducible kinases SGK1 and 

SGK3 regulate hERG channel expression via ubiquitin ligase Nedd4-2 and GTPase 

Rab11. J Biol Chem 288: 15075-15084. 

Liu F, Jones DK, de Lange WJ and Robertson GA (2016) Cotranslational association of mRNA 

encoding subunits of heteromeric ion channels. Proc Natl Acad Sci U S A 113: 4859-

4864. 

Liu J, Zhang M, Jiang M and Tseng G-N (2002) Structural and Functional Role of the 

Extracellular S5-P Linker in the HERG Potassium Channel. The Journal of General 

Physiology 120: 723-737. 

Liu X, Wang Y, Zhang H, Shen L and Xu Y (2017) Different protein kinase C isoenzymes 

mediate inhibition of cardiac rapidly activating delayed rectifier K(+) current by different 

G-protein coupled receptors. Br J Pharmacol 174: 4464-4477. 

London B, Trudeau MC, Newton KP, Beyer AK, Copeland NG, Gilbert DJ, Jenkins NA, Satler 

CA and Robertson GA (1997) Two isoforms of the mouse ether-a-go-go-related gene 

coassemble to form channels with properties similar to the rapidly activating component 

of the cardiac delayed rectifier K+ current. Circulation Research 81: 870-878. 

Mahati E, Li P, Kurata Y, Maharani N, Ikeda N, Sakata S, Ogura K, Miake J, Aiba T, Shimizu 

W, Nakasone N, Ninomiya H, Higaki K, Yamamoto K, Nakai A, Shirayoshi Y and 

Hisatome I (2016) M3 Muscarinic Receptor Signaling Stabilizes a Novel Mutant Human 



50 

 

Ether-a-Go-Go-Related Gene Channel Protein via Phosphorylation of Heat Shock Factor 

1 in Transfected Cells. Circ J 80: 2443-2452. 

Murphy S and Frishman WH (2005) Protein kinase C in cardiac disease and as a potential 

therapeutic target. Cardiol Rev 13: 3-12. 

Phartiyal P, Jones EM and Robertson GA (2007) Heteromeric assembly of human ether-a-go-go-

related gene (hERG) 1a/1b channels occurs cotranslationally via N-terminal interactions. 

J Biol Chem 282: 9874-9882. 

Razani B, Woodman SE and Lisanti MP (2002) Caveolae: from cell biology to animal 

physiology. Pharmacological Reviews 54: 431-467. 

Sanguinetti MC, Jiang C, Curran ME and Keating MT (1995) A mechanistic link between an 

inherited and an acquired cardiac arrhythmia: HERG encodes the IKr potassium channel. 

Cell 81: 229-307. 

Sanguinetti MC and Tristani-Firouzi M (2006) hERG potassium channels and cardiac 

arrhythmia. Nature 440: 463-469. 

Shi W, Wymore RS, Wang H-S, Pan Z, Cohen IS, KcKinnon D and Dixon JE (1997) 

Identification of two nervous system-specific members of the erg potassium channel gene 

family. The Journal of Neuroscience 17: 9423-9432. 

Smith PL, Baukrowitz T and Yellen G (1996) The inward rectification mechanism of the HERG 

cardiac potassium channel. Nature 379: 833-836. 

Snyder PM, Olson DR and Thomas BC (2002) Serum and glucocorticoid-regulated kinase 

modulates Nedd4-2-mediated inhibition of the epithelial Na+ channel. J Biol Chem 277: 

5-8. 



51 

 

Spector PS, Curran ME, Zou A, Keating MT and Sanguinetti MC (1996) Fast inactivation causes 

rectification of the IKr channel. J Gen Physiol 107: 611-619. 

Steinberg SF (2008) Structural basis of protein kinase C isoform function. Physiol Rev 88: 1341-

1378. 

Sun T, Guo J, Shallow H, Yang T, Xu J, Li W, Hanson C, Wu JG, Li X, Massaeli H and Zhang S 

(2011) The Role of Monoubiquitination in Endocytic Degradation of Human Ether-a-go-

go-related Gene (hERG) Channels under Low K+Conditions. Journal of Biological 

Chemistry 286: 6751-6759. 

Thomas D, Zhang W, Wu K, Wimmer A-B, Gut B, Wendt-Nordahl G, Kathöfer S, Kreye VAW, 

Katus HA, Schoels W, Kiehn J and Karle CA (2003) Regulation of HERG potassium 

channel activation by protein kinase C independent of direct phosphorylation of the 

channel protein. Cardiovascular Research 59: 14-26. 

Triposkiadis F, Karayannis G, Giamouzis G, Skoularigis J, Louridas G and Butler J (2009) The 

sympathetic nervous system in heart failure physiology, pathophysiology, and clinical 

implications. J Am Coll Cardiol 54: 1747-1762. 

Trudeau MC, Warmke JW, Ganetzky B and Robertson GA (1995) HERG, a Human Inward 

Rectifier in the Voltage-Gated Potassium Channel Family. Science 269: 92-95. 

Urrutia J, Alday A, Gallego M, Malagueta-Vieira LL, Arechiga-Figueroa IA, Casis O and 

Sanchez-Chapula JA (2016) Mechanisms of IhERG/IKr Modulation by alpha1-

Adrenoceptors in HEK293 Cells and Cardiac Myocytes. Cell Physiol Biochem 40: 1261-

1273. 

Vandenberg JI, Perry MD, Perrin MJ, Mann SA, Ke Y and Hill AP (2012) hERG K+ Channels: 

Structure, Function, and Clinical Significance. Physiological Reviews 92: 1393-1478. 



52 

 

Wang J, Myers CD and Robertson GA (2000) Dynamic control of deactivation gating by a 

soluble amino-terminal domain in HERG K+ channels. J Gen Physiol 115: 749-758. 

Wang S, Xu DJ, Cai JB, Huang YZ, Zou JG and Cao KJ (2009) Rapid component I(Kr) of 

cardiac delayed rectifier potassium currents in guinea-pig is inhibited by alpha(1)-

adrenoreceptor activation via protein kinase A and protein kinase C-dependent pathways. 

Eur J Pharmacol 608: 1-6. 

Wang T, Hogan-Cann A, Kang Y, Cui Z, Guo J, Yang T, Lamothe SM, Li W, Ma A, Fisher JT 

and Zhang S (2014) Muscarinic receptor activation increases hERG channel expression 

through phosphorylation of ubiquitin ligase Nedd4-2. Mol Pharmacol 85: 877-886. 

Wang W and MacKinnon R (2017) Cryo-EM Structure of the Open Human Ether-a-go-go-

Related K(+) Channel hERG. Cell 169: 422-430 e410. 

Wang YH, Shi CX, Dong F, Sheng JW and Xu YF (2008) Inhibition of the rapid component of 

the delayed rectifier potassium current in ventricular myocytes by angiotensin II via the 

AT1 receptor. Br J Pharmacol 154: 429-439. 

Warmke JW and Ganetzky B (1994) A family of potassium channel genes related to eag in 

Drosophila and mammals. Proc Natl Acad Sci U S A 91: 3438-3442. 

Webb BLJ, Hirst SJ and Giembycz MA (2000) Protein kinase C isoenzymes: a review of their 

structure, regulation and role in regulating airways smooth muscle tone and mitogenesis. 

Br J Pharmacol 130: 1433-1452. 

Witchel HJ (2011) Drug-induced hERG block and long QT syndrome. Cardiovasc Ther 29: 251-

259. 

Zhang DY and Anderson AS (2014) The sympathetic nervous system and heart failure. Cardiol 

Clin 32: 33-45, vii. 



53 

 

Zhou Z, Gong Q, Epstein ML and January CT (1998a) HERG Channel Dysfunction in Human 

Long QT Syndrome. The Journal of Biological Chemistry 273: 21061–21066. 

Zhou Z, Gong Q, Ye B, Fan Z, Makielski JC, Robertson GA and January CT (1998b) Properties 

of HERG channels stably expressed in HEK 293 cells studied at physiological 

temperature. Biophysical Journal 74: 230-241. 

 

 


