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Abstract 

Long QT Syndrome type II (LQTS2) occurs due to defects in hKCNH2, which encodes the 

Kv11.1 (hERG) cardiac potassium channel. Multiple hKCNH2 transcripts (hERG1a, 

hERG1b and hERG-uso) are expressed in cardiac tissue. Studies demonstrate the 

functional impact of these different hERG transcripts; however, the extent to which and 

the mechanism(s) by which alternate transcripts are regulated in response to development, 

environment, or disease variants remains obscure. I have used a zebrafish model system to 

start to address these questions. In zebrafish, zkcnh6a is the cardiac orthologue of hKCNH2, 

and defects in zkcnh6a are associated with LQTS. In this thesis, I describe the 

establishment of an approach to design transcript-specific RNA probes and a whole mount 

in-situ hybridization (WISH) technique to map zkcnh6a and related gene transcript 

expression in 3-day post-fertilization zebrafish hearts. These studies will aid the 

development of the zebrafish model in investigating Kv11.1 channel gene plasticity.  
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Chapter 1. Introduction 

1.1. Overview of ion channels 

Ion channels are integral membrane proteins which promote the movement of ions 

(Na+, K+, Ca2+, Cl-) down their electrochemical gradient and across cellular lipid bilayers. 

This phenomenon is an essential component of life and is responsible for many critical 

homeostatic processes in cells. There exists ion channel diversity and this diversity occurs 

in respect to how they open and close (gating) and their ionic conductance or selectivity 

(permeation). In excitable cells, the function of ion channels includes establishment of 

resting membrane potential (RMP) and generation of action potentials (AP) to control the 

essential biological processes including but not limited to, muscle contraction, 

neurotransmitter release and regulation of gene expression. In non-excitable cells, such as 

epithelial cells, ion channels control the flow of salt and water thus regulating the cellular 

volume and pH. Since the beginning of the last century, fascinating research on ion 

channels have led to three sets of Nobel prizes in 1963, 1991, and 2003. In 1963, Sir John 

Carew Eccles, Alan Lloyd Hodgkin, and Andrew Fielding Huxley received Nobel Prize 

for Physiology and Medicine for their discoveries regarding ionic mechanisms involved in 

excitation and inhibition in the peripheral and central portions of the nerve cell membrane 

(Hodgkin & Huxley, 1952). Similarly, in 1991, Erwin Neher and Bert Sakmann 

demonstrated that cell membranes possess individual ion channels though which ion 

currents can pass. These currents are enough to generate communications between pre and 

post synaptic neurons by converting chemical or mechanical events into electrical signals 

(Neher & Sakmann, 1992). In 2002, the Nobel Prize was shared between two scientists 

Agre and Roderick MacKinnon who made fundamental discoveries on the mechanisms of 

how water and ions move across cell membranes through channels (Agre, 2003).  

To date, about 300 different ion channels are identified in humans. The ion channels 

are classified consistent with the gating mechanism (voltage-gated, ligand-gated, 

nucleotide-gated, lipid-gated, light-gated, temperature-gated, mechanosensitive), ion 

selectivity (sodium channels, potassium channels, chloride channels, proton channels, 

nonselective channels), or cellular localization (plasma membrane or intracellular). 
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Genetic and autoimmune disorders of the ion channels causes dysfunction of the ion 

channel subunits resulting in channelopathies. This thesis focusses on voltage-gated 

potassium channels, which are detailed within the coming chapters, whose major role is to 

mediate outward repolarizing current in numerous tissues. The upcoming chapters will put 

light into how mutation of these voltage-gated potassium channels lead to life threatening 

cardiac arrhythmias, for example as a result of Long QT syndrome Type II (LQTS2) 

(Keating & Sanguinetti, 2001) due to loss of function of a human ether a-go-go-related 

gene (hERG) voltage-gated potassium channel (Keating & Sanguinetti, 2001).  

1.2. Potassium Channel 

K+ channels allow the selective flow of only potassium ions across the membrane 

and does not allow the flow of other ions. These channels are typically composed of two 

parts: the filter (Figure 1) which selects and allows potassium but not sodium to pass; and 

the gate (Figure 1), which opens and closes the channel based on environmental signals 

such as voltage or presence of key signaling molecules (Jiang et al., 2002b; Long et al., 

2005). The selectivity filter is a highly conserved sequence motif (Thr/Ser-X-Gly-Tyr/Phe-

Gly) in the P-loop which is found between the two most C-terminal transmembrane 

spanning helices (Doyle et al., 1998). To understand the conformational changes 

underlying K+ channel pore opening, structural comparison of K+ channel of streptomyces 

A (KcsA) and methanothermabacter theraautotrophicus (MthK) are the two most 

prominent prokaryotic potassium channel extensively studied in ion channel research 

(Figure 1). KcsA was crystallized under conditions favouring closed conformation 

(Heginbotham et al., 1999) and MthK, Ca2+ gated K+ channel crystallized under conditions 

open conformation (Jiang et al., 2002a). The difference between these two conformations 

(Figure 1) exists in the obvious observation in the length of the ‘turret’ loops which 

connects the outer and pore helices.  The inner helices in KcsA are straight and form a helix 

bundle near the membrane surface. At the bundle crossing, the pore narrows which is lined 

with hydrophobic amino acids, thus making barrier to the flow of K+ ions. On the other 

hand, the inner helices in MthK bend at the hinge and splayed open, as such the central 

cavity becomes open and joining the cytoplasm, thereby giving free access to ion flow 

between the cytoplasm and the selectivity filter (Figure 1). 
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Figure 1: Closed and open conformation of the pore. The selectivity filter 

sequence is highlighted orange and glycine gating hinge red. Three 

subunits of the closed pore conformation of KcsA (left) and open pore 

conformation of Mthk (right) are shown. 
Source: (Wang & MacKinnon, 2017). Reproduced with permission. 

Potassium ion channels are transmembrane proteins that form K+ selective pores, 

thus conducting K+ cross the membrane down their electrochemical gradient. These 

potassium selective channels are the largest and the diverse group of ion channels which 

covers four different classes: Calcium activated K+ channel (KCa), inward rectifier K+ 

channel (Kir), tandem two-pore K+ channels (K2P) and voltage-gated K+ channel (Kv) (Jiang 

et al., 2002b; Long et al., 2005).  

KCa channels are expressed in various tissues including epithelia, smooth muscle, 

neuron, and endothelium. Like Kv channels, KCa channels are also voltage-gated and 

membrane depolarization activates these channels. These channels are involved in a variety 

of cellular functions which include membrane excitability, smooth muscle contractility, 

and Ca2+ homeostasis. Based on single channel conductance, KCa channels can be 

subdivided into three subtypes: big conductance (BKCa), intermediate conductance (IKCa), 

and small conductance (SKCa) (Guéguinou et al., 2014). Though BKCa channel have not 

been found to be expressed in plasma membrane of adult cardiomyocytes, it is found to be 

expressed in inner mitochondrial membrane of cardiomyocytes (Y. Shi et al., 2007; Singh 

et al., 2013; Xu et al., 2002) called mitoBKCa. mitoBKCa has been found to show protective 
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effects against ischemia by using BKCa channel openers and BKCa channel knockout mice 

(Brenner et al., 2000; Grimm & Sansom, 2010). The IKCa also known as KCa3.1 have been 

found to be expressed in various tissues like vascular smooth muscle cells, endothelial 

cells, macrophages, fibroblast, T lymphocytes. Physiologically, KCa3.1 channel is activated 

by increase of Ca2+ level and results in membrane hyperpolarization (Szteyn & Singh, 

2020). In pathological state, KCa3.1 channel contributes to endothelial dysfunction 

(Toyama et al., 2008), proliferation and migration of vascular smooth muscle cells (Bi et 

al., 2013), tumorigenesis and lymphocyte activation (Ghanshani et al., 2000; Wulff et al., 

2004). SKCa channel play an important role in all excitable cells. It has been demonstrated 

that these channels are functionally expressed in human and mouse cardiomyocytes (Yang 

et al., 2017), and involved in membrane hyperpolarization and inhibition of AP firing in 

cardiovascular system as well as neuronal system (McNeish et al., 2006).     

Kir channels conduct inward current at a negative potential but show a reduced 

conductance at positive membrane potentials. This phenomenon, called inward 

rectification is opposite of normal outward rectification that is seen in delayed rectifier K+ 

channels. Three types of Kir channel are found in the cardiac tissue: IK1, classic inward 

rectifier current present in atrial and ventricular myocytes. IKATP, ATP sensitive K+ current 

found in atrial, ventricular, and nodal cells. IKACh, the muscarinic receptor activated K+ 

current predominantly found in the atrial tissue. Loss of function mutation of Kir channels 

have been found to cause Andersen Tawil Syndrome, a multisystem disorder characterized 

by long QT interval and ventricular arrythmias, periodic paralysis and dysmorphic features 

(Handklo-Jamal et al., 2020). In contrast, gain of function mutation of Kir channel have 

been found to cause short QT syndrome and predisposition to ventricular arrythmias (Deo 

et al., 2013).  

K2P are structured by four transmembrane domains and two pore forming domain 

structures (Zúñiga & Zúñiga, 2016). These channels are responsible for background leak 

K+ channels and remain open during RMP (Enyedi & Czirják, 2010). Thus contributing in 

the control and stabilizing of membrane potential and finally in the regulation of arterial 

tone (Coetzee et al., 1999; Shvetsova et al., 2021). There are two K2P family members; 

TWIK-related acid sensitive potassium channel (TASK) and TWIK-related potassium 
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channel (TREK) that are highly expressed in cardiac tissue and are known to have 

implications in cardiac arrhythmogenesis (Decher et al., 2017; Putzke et al., 2007). TREK 

channels which are found in atrial (Kim & Clapham, 1989) and ventricular tissue (Hund et 

al., 2014; Xian Tao Li et al., 2006) and have been found to have a significant role in cardiac 

chronotropic function (Froese et al., 2012) and dynamic modulation by adrenergic 

signaling (Murbartián et al., 2005). Recent work has also identified K2P channels as 

significant modulators of Drosophila diastolic function (Klassen et al., 2017).   

1.3. Voltage-gated potassium channels 

Voltage-gated K+ (Kv) channels play a crucial role in returning a depolarized cell 

to its resting state during an AP (Abbott, 2006). The Kv channel family is the largest, 

encompassing about 40 Kv channel genes that can be further classified into 12 subfamilies 

(Kv1 – Kv12). The first potassium channel purified biochemically was the Shaker locus of 

Drosophila melanogaster which was proposed to encode a structural component of a Kv 

channel (Papazian et al., 1987) that was followed by studying its biophysical properties 

(Bezanilla et al., 1994; Ishida et al., 2015; Perozo et al., 1994).  A typical Kv channel 

contains four homologous α-subunits. S1 – S6 are the six α- helical transmembrane 

domains among which  S1 – S4 forms the voltage sensing domain (VSD) and S5 – S6 

forms the pore domain (PD) (Figure 2).  
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Figure 2: hERG channel architecture. a: Schematic of a single α-subunit of the 

hERG channel consisting of the VSD (S1 – S4) and the PD (S5 – S6). 

The locations of the N-terminal Per-Ant-Sim (PAS) domain and the C-

terminal cyclic nucleotide-binding domain (cNBD). b: Structure of 

KcsA K+ channel crystallized in closed state. Two of the four subunits 

are shown here. White spheres are K+ ions located within the selectivity 

filter. The Gly (red) and Tyr (yellow) residues in the selectivity filter is 

shown here. c: Structure of the PD of a Kv 1.2 K+ channel crystallized 

in the open state. 
Source: (Sanguinetti & Tristani-Firouzi, 2006). Reproduced with permission.  

The VSD has two main parts: S1-S3 and S4. The S4 portion contains positive 

charged residues which are responsible for the voltage sensing mechanism, displacing in 

response to changes in membrane potential (Cha & Bezanilla, 1997; Elliott et al., 2009). 

The S1 – S3 portion contains negative charges which together with S4 are responsible for 

stabilizing the voltage sensor in resting or activated conformations (Cheng et al., 2013; 

Larsson et al., 1996; Papazian et al., 1987; M. Zhang et al., 2004). The movement of S4 

due to membrane depolarization triggers pore opening. The PD is formed by S5, S6 and P-

loop (between S5 and S6) which harbours the selectivity filter (Jiang et al., 2002b; Long et 

al., 2005). This selectivity filter ensures that only K+ pass through the channel and excludes 

other cations like Na+ (Doyle et al., 1998). Studies have demonstrated that potassium 

conduction can be reduced or completely inhibited by the presence of ion block, such Cd2+, 

low pH conditions, drug block, and inactivation (Sanguinetti & Tristani-Firouzi, 2006; Sd 

& G, 1991). Also, to be noted, there exists a small α-helical segment called the S4-S5 linker 

which connects the VSD and PD. In some Kv channels, this S4-S5 linker acts as a physical 

coupler to the movement of the S4 domain to channel opening and closing (Long et al., 
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2005). In this thesis, I will be focussing on the hERG (Kv 11.1) voltage-gated potassium 

channel. 

1.4. Physiology of hERG channels 

In the heart, one of the predominant K+ channel genes are the ether-a-go-go related 

gene (hERG), that codes for a protein known as Kv11.1. hERG underlies the cardiac 

current, rapid delayed rectifier K+ current (IKr) (Sanguinetti et al., 1995; Trudeau et al., 

1995) (Figure 7) and is particularly important in cardiac repolarization (Sanguinetti & 

Tristani-Firouzi, 2006). Thus hERG effectively controls the action potential duration 

(APD) and QT interval observed in electrocardiogram (ECG) (Sanguinetti & Tristani-

Firouzi, 2006). This cardiac function of hERG is because of its unique gating 

characteristics which are unlike other Kv channels. Following membrane depolarization, 

hERG channels activate slowly and inactivate rapidly. Then in response to repolarization 

(phase 3), channels recover from inactivation into the open state. A resurgent repolarizing 

current is produced because of slow deactivation of open channels which aids in 

termination of cardiac AP (Sanguinetti et al., 1995; Smith et al., 1996) and helps return the 

cells to their resting state. Mutation of hERG can result in disruption of this repolarizing 

current which alters the APD and morphology, the outcome of which can cause potentially 

fatal cardiac arrythmias (Sanguinetti & Tristani-Firouzi, 2006).  

1.4.1. Molecular insights of hERG 

The name hERG is derived from the similarity between this gene and ether a-go-

go (EAG) which is a locus of the fruit fly Drosophila melanogaster. It was found that EAG 

mutation in D. melanogaster demonstrated leg shaking behaviour during ether anesthesia, 

which looks similar to go-go dancers in a theatre or discotheque (Kaplan & Trout, 1969). 

In 1991, after 30 years of the name discovery, it was found that the EAG gene encoded a 

Kv channel (J. Warmke et al., 1991) which was followed by cloning of the human homolog, 

human EAG related gene (hERG) (J. W. Warmke & Ganetzky, 1994). The gene encoding 

the hERG channel (Kv11.1) is known as KCNH2 gene. The Kv11 subfamily is; Kv11.1, 

Kv11.2, Kv11.3, among which Kv11.2 and Kv11.3 are expressed in the nervous system 
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and play an important role in neuronal excitability (W. Shi et al., 1997). Kv11.1 is 

expressed in a variety of tissues including brain, heart, pancreas, vasculature, and a number 

of tumors. It is best known for its role in heart, where it is important in the occurrence of  

Ikr (Sanguinetti et al., 1995; Trudeau et al., 1995). Mutations of KCNH2 gene are associated 

with several cardiac arrythmias such as Long QT and Short QT syndromes and atrial 

fibrillation (Sanguinetti et al., 1995; Trudeau et al., 1995).  

Delayed rectifier potassium current is responsible for the repolarisation phase 

(Phase 3) of the cardiac AP. In 1969, it was first proposed that this current has two 

components: a slow delayed rectifier K+ current (Iks) and Ikr (Kaplan & Trout, 1969) (Figure 

3). Sanguinetti et al., in 1990 characterized these two components using guinea pig 

ventricular myocytes and pharmacologically testing it with benzene sulfonamide 

antiarrhythmic agent (Sanguinetti & Jurkiewicz, 1990). This was followed by report from 

the same authors that hERG channels are responsible for the ventricular Ikr and mutation 

in hERG resulted in delayed repolarisation phase of the action potential. Delayed 

repolarisation increases the risk of risk of Torsades de pointes thus leading to arrythmias 

and sudden cardiac death (Sanguinetti et al., 1995; Trudeau et al., 1995).   

1.4.2. Structure of hERG channels 

hERG channels exhibit a similar structure with other tetrameric Kv channels. They 

are composed of four identical subunits, each containing six transmembrane domains (S1-

S6), as well as a large cytoplasmic NH2 terminus and a COOH terminus (Wang & 

MacKinnon, 2017; Whicher & MacKinnon, 2016) (Figure 2). S1-S4 comprises VSD, S5 

and S6 with a large P-loop together form the pore which forms selectivity filter of the 

channel. The outer one-third of the pore (extracellular) followed by the large P-loop 

forming the narrow cylinder; and the inner two-thirds of the pore (intracellular) followed 

by the carboxyl halves of the S6 domain forms a water-filled region called the central cavity 

(Wang & MacKinnon, 2017; Whicher & MacKinnon, 2016).   
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1.4.3. Gating of hERG channel 

Though a member of the ERG family and sharing a similar structural architecture 

with other Kv potassium channels, hERG channels possess unique gating properties 

(Figure 4).  The key functional unique properties of hERG channels are:  

1. Inactivation is faster than activation and is voltage dependent (Sanguinetti et 

al., 1995; Trudeau et al., 1995). 

2. Recovery from inactivation is faster than deactivation (Sanguinetti et al., 1995; 

Trudeau et al., 1995).   

hERG channels remain closed when the membrane depolarization is maintained at 

-80mV and no K+ current is detected. Upon depolarization, the number of open hERG 

channels increases and K+ efflux is enabled. Channels are maximally open at voltage at or 

above of +20 mV; however, as the membrane potential becomes more positive, the open 

hERG channels quickly enter an inactive state. Inactivation of hERG channels is rapid 

(occurring in the order of 1-2 ms) and enhanced by depolarization, thus limiting the amount 

of outward K+ current. Upon membrane repolarization, the membrane potential becomes 

more negative, and this causes hERG channels to quickly recover from inactivation within 

a few milliseconds and reopen, because deactivation is slow. This results in a large outward 

tail current. Finally, hERG channels will close, thus leading to the disappearance of current 

(Sanguinetti et al., 1995; Trudeau et al., 1995) (Figure 3). 



10 

  

Figure 3: Schematics of hERG channel. A. hERG channel exists in three states: 

closed, open or inactivate. Transition between these states are voltage-

dependent. Membrane depolarization slowly activates hERG channel, 

thus opening the intracellular gate. Membrane depolarization rapidly 

inactivates hERG channel. Membrane repolarization reverses the 

transition between these channels states. b. Schematic representation 

of cardiac action potential. c. hERG current (Ikr) repolarizing the 

cardiac myocye back to the resting membrane potential during the 

repolarization phase of the action potential.  
Source: (Ng et al., 2013). Reproduced with permission.  

In terms of the ventricular cardiac AP, phase 2 (plateau phase) is maintained 

because inactivation of hERG channels occurs more quickly than activation, which limits 

repolarizing current. During the later stages of the AP, the rapid recovery of hERG 

channels from inactivation increases the outward current, thus initiating phase 3 (fast 

repolarization), and finally returning to the RMP.  
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Much effort has been directed to understanding the unusual gating properties of 

hERG channels (Figure 4). Activation takes place because of changes in the 

transmembrane voltage which further results in external displacement of the VSD present 

in the first four transmembrane helices (S1-S4). Consequently, the activation gate (formed 

by regions of S6 helices) opens at the entrance of the channel pore. The VSD movement 

coupled with movement of S4-S5 linker results in transfer of kinetic energy to the opening 

and closing of the activation gate. Recent studies suggest that S4/S5 linker serves as 

regulator of the gating apparatus in Kv11.1 (Hull et al., 2014).  

In its closed state, the activation gate adopts a conformation in which the S6 

transmembrane helices are crossing over (Figure 4A), as such it doesn’t allow K+ ions to 

flow. During the open state (Figure 4B), the opposite happens: the helices splay outwards, 

bending at the hinge to allow the passage of K+ ions. Most of the voltage -gated potassium 

channels have a proline-valine-proline sequence at this hinge, though Kv11.1 has glycine 

at the position of the second proline. Changes to this amino acid residue have been reported 

to destabilize the closed conformation, thereby favouring open state (Schönherr & 

Heinemann, 1996). The slow deactivation kinetics have been linked to NH2 terminal and 

the PAS domain, where the first 25 amino acids of the NH2 terminal contain a helical 

element, the disruption of which accelerates deactivation. It has been reported that the PAS 

domain maintains the stable relationship with the pore of the channel, bringing the amino-

terminal close to the conduction pathway, thus allowing regulation of the activation gate 

(Schönherr & Heinemann, 1996; Vandenberg et al., 2012).  
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Figure 4: Gating Kinetics of Kv11.1 channel. Kv 11.1 channel can exists in 3 

states, open, inactivated, and closed. An important characteristic 

defining Kv11.1 is its rapid inactivation and recovery from 

inactivation, in contrast to slow process of deactivation (closure). A. 

Kv11.1 in the closed state, four S6 domains crisscross near the 

cytoplasmic domain to narrow the opening and avoid ion flow. 

Contains a voltage sensor domain (green) in the first four 

transmembrane helices (S1-S4), a pore (dark purple) serving as a 

conducting ionic pathway. Each alpha subunit of this tetrameric 

channel (only two subunits shown) contains an amino terminus 

(orange) and carboxyl terminus (light purple), C-linker and cNBD. B. 

Kv 11.1 in open state, the four S6 domains spread outwards to allow 

the passage of K+. C. Kv11.1 in the inactive state. 
Source: (Baracaldo-Santamaría et al., 2021). Used under Creative Commons Open Access License 

(CC BY 4.0) 

An important characteristic of Kv11.1 channel is rapid channel inactivation and 

recovery from inactivation and its characteristic voltage dependence. Generally, two 

mechanisms exist for channel inactivation. N-type and C-type inactivation (Rasmusson et 

al., 1998). It is thought that Kv11.1 demonstrates C-type inactivation, in which ion flow is 

blocked by selectivity filter conformational changes. Ser620 and Ser631 were found to be 

important residues critical for the inactivation process. Mutation in these amino acid 

residues show inactivation abolishment (Ficker et al., 1998; Perrin et al., 2008).  

1.4.4. Loss of function of hERG results in LQTS 

LQTS is a cardiac electrical disorder, which is characterized by a prolonged QT 

interval as depicted in the ECG (Curran et al., 1995; Sanguinetti et al., 1995). Jervell and 

Lange-Nielsen in 1957 first identified a LQTS case in a deaf-mute child (Jervell & Lange-
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Nielsen, 1957). This was followed by Ward in 1964 in non-deaf-mute patients (Ward, 

1964). 1 in every 2500 people are affected by LQTS worldwide and this pre-disposes 

affected individuals to a high risk of ventricular arrythmias (Torsade de pointes) and 

sudden death (Moss & Kass, 2005). Alteration in ionic currents resulting in modified 

cardiac AP leads to this life-threatening pathological condition (Figure 5).  
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Figure 5: ECG and cardiac AP. a. Normal human ventricular action potential 

(left) and prolonged action potential due to 80% reduction of hERG 

current. Two K+ currents, IKr and IKs contributes most to the plateau 

phase and repolarization phase of the AP which re-establishes the 

membrane. b. Normal ECG Trace in a single cradiac cycle (left) and 

abnormal ECG trace with prolonged QT interval (right). The rapid 

upstroke of the ventricular AP give rise to the QRS complex 

representing ventricular depolarisation. The duration of the QT 

interval is determined by the time of the ventricular repolarization. c. 

ECG trace showing torsade de pointes (TdP) arrythmia.  
Source: (Sanguinetti & Tristani-Firouzi, 2006). Reproduced with permission.  



15 

While normal corrected QT (QTc) interval in males is 350 – 450 ms and 360 – 460 

ms in females, LQTS is diagnosed on an ECG as a prolonged QTc interval beyond 450 ms 

in males and 470 ms in females (Johnson & Ackerman, 2009). QT intervals are usually 

corrected for heart rate so that QTc is equal to QT if the heart rate is 60 beats per minute. 

Also, sex hormones play a role in differences of QT interval in male and female. As 

discussed before, Ikr is responsible for contributing to normal repolarization of cardiac AP, 

and abnormal function of hERG channels and reduced Ikr leads to delayed repolarization 

and a prolonged QT interval. There are two forms of LQTS, which I will discuss further 

below: 1. Acquired, which is primarily due to drug blockade; 2. Inherited, due to genetic 

defects. 

1.4.4.1. Acquired LQTS 

Acquired LQTS is more common than inherited LQTS. It is mostly caused by drug 

induced blockage of hERG channels. Studies report the prevalence of QT prolongation to 

be as many as 30% of the patients in the intensive care unit (Nachimuthu et al., 2012). An 

extensive number of studies have demonstrated that a broad variety of drug classes, such 

as antihistamines, antibiotics, anti-arrhythmics, and anti-psychotics have the ability to 

affect the function of hERG channels by reducing K+ current (Nachimuthu et al., 2012). 

Because of the high sensitivity of hERG channels to this wide variety of compounds, it 

poses a major hurdle for pharmaceutical development of novel drugs. This nature of hERG 

is also because of the presence of two aromatic amino acid residues (Tyrosine 652 and 

phenylalanine 656) located on each of the four subunits that line the central cavity of the 

channel pore (Dumont, 1972; Melgari et al., 2015). Additionally, residues at the base of 

the selectivity filter (Serine 624) are also important for drug block, as they interact with the 

channel due to pi-stacking interaction (Al-Moubarak et al., 2021), between the aromatic 

groups on the blocker compounds and the aromatic residues at the central pore of the 

channel. Many mechanisms of molecular aspects of hERG/drug interaction have been 

proposed, including a drug binding pocket and a drug trapping mechanism. The 

hydrophobic pockets have been found to be oriented away from the central pore cavity and 

are lined by certain residues like Phenylalanine 557. Mutation of this residue has been 

reported to result in attenuation of the effect of hERG blockers (Vandenberg et al., 2012). 
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Another proposed mechanism called drug trapping in which some drugs remain in the 

channel pore, thereby not able to move out as a result of deactivation (Vandenberg et al., 

2012) of the channel. This results in greater AP prolongation and greater pro-arrythmic risk 

to drug blockers with the same affinity. As such, evaluation of the effects of any drug on 

hERG channel function is a necessity to prevent any undesirable side effect.  

1.4.4.2. Inherited LQTS 

My thesis primarily focusses on inherited LQTS. Inherited LQTS, or familial 

LQTS, is a relatively rare form of congenital disease affecting one in every 2500 people. 

There exists 15 forms of inherited LQTS, of which three forms of inherited LQTS are most 

common accounting for ~85% of all inherited LQTS cases (Figure 6): LQTS type 1 

(LQTS1) is caused by loss-of-function variants in the KCNQ1 gene which encodes the α-

subunit of the slowly activating delayed rectifier potassium channel, Kv7.1, which 

underlies the current, Iks (Wu et al., 2016). LQTS type 2 (LQTS2) is caused by hERG 

variants, which encodes the Ikr (Cox & Wang, 2021). LQTS type 3 (LQTS3) is caused by 

gain-of-function variant in the SCN5A gene which encodes the NAV1.5 sodium channel 

causing an increase in late sodium current (INaL) (Pérez-Riera et al., 2017). Each of these 

three different types of LQTS results in delayed repolarization, thus resulting in 

prolongation of ventricular AP and an increase of QTc interval.  
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Figure 6: Molecular basis of LQTS. Left, A: ECG trace in normal conditions 

(black) and LQTS (red). QRS complex representing ventricular 

depolarisation. T-wave (QT interval) representing ventricular 

repolarisation. B: Ventricular AP in physiological situation (black 

trace), showing Phase 0 as ventricular depolarisation caused by INa, 

Phase 1: fast repolarisation, Phase 2: plateau phase caused by IKs and 

finally entering Phase 3: terminal repolarisation by Ikr followed by 

Phase 4: resting membrane potential. Right C: KCNQ1 topology. D:  

KCNH2, known as the human ether-a-go-go-related gene (hERG). E: 

SCN5A topology of α subunit with auxiliary SCN4B β subunit. Loss of 

function of either IKr or IKs or gain of function of INaL on the 

ventricular action potential is associated with causing LQTS1, LQTS2 

and LQTS 3 respectively (red trace in B). AP with ear;y after 

depolarization events (green trace).  
Source: Adapted from (Ponce-Balbuena & Deschênes, 2021). Used under Creative Commons Open 

Access License (CC BY-NC-ND 4.0). 

My thesis focusses on LQTS2, in which approximately 450 loss-of-function hERG 

mutations have been identified affecting subunit misfolding, subunit assembly or 

trafficking deficiencies, or biophysical defects (Sanguinetti, 2010).  

hERG variants are found throughout the channel, and there exists no “hot-spots”, 

however, variants in key regions like transmembrane domains and the pore helix have been 

found to have major effects (Moss et al., 2002; Shimizu et al., 2009).  Cell lines expressing 
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hERG mutations have been generated and studied extensively to understand and 

characterize abnormal function and expression of hERG mutations in vitro. As examples, 

missense mutations (V612L, T613M, L615V) located at the pore helix region of hERG 

channel produced little to no current (Huang et al., 2001). Other hERG channel variants 

(Y611H and V822M) demonstrated abnormal channel processing (Zhou et al., 1998). The 

G601S hERG variant located at the extracellular region between S5 and the pore, induced 

protein trafficking deficiency resulting in the absence of hERG expression on the plasma 

membrane (Furutani et al., 1999). The R56Q variant has been characterized affecting 

hERG channel gating thereby causing a biophysical defect (Kemp et al., 2021). The 

mutation sites and mechanism of dysfunction of this mutation provides insight into hERG 

channel function and provides opportunity for discovery of strategies to rescue mutant 

hERG channels and thus treatment of LQTS.   

1.4.5. hERG transcripts 

The KCNH2 gene encodes the hERG voltage gated K+ channel, which is an 

extensively studied channel for finding possible treatments for cardiovascular diseases 

including LQTS. The unique properties of  Ikr channel have been recapitulated in the human 

channel, hERG1a, in overexpression systems (Sanguinetti et al., 1995). hERG1a (Figure 

7) is a tetramer which contains four 1159 amino acid long proteins and has 

electrophysiological properties that are similar, but not identical, to native Ikr (Sanguinetti 

& Jurkiewicz, 1990). hERG1a contains the Per-Ant-Sim (PAS) domain, which is important 

for regulating channel deactivation. It also contains the carboxyl terminal containing 

cNBD, which is responsible for hERG trafficking. hERG1a has unique characteristics, 

demonstrating slow activation and rapid inactivation. Ikr as mentioned before, repolarizes 

the membrane, reduction of which results in prolongation of APD and prolonged QT 

interval in ECG, which further can develop in causing life threatening arrythmias.  
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Figure 7: Schematics of different transcript of hERG. Protein structure showing 

hERG1a consisting of full 1159 amino acids. hERG1b has an 

alternative 56 amino acids long N-terminus which lacks the PAS 

domain. hERGuso with an alternative C-terminus containing half the 

CNB domain.  
Source: (Jonsson et al., 2012). Reproduced with permission.  

In the time trying to understand the discrepancy between Ikr and hERG1a channel 

function, two alternative hERG1 proteins were discovered. Alternative transcription of 

hERG1 leads to a protein with an N-terminus that is 56 amino acids shorter than that in 

hERG1a, and this is known as hERG1b (D. K. Jones et al., 2014) (Figure 7). hERG1b can 

form channels alone though fail to traffic efficiently (Sale et al., 2008) or co-assemble with 

hERG1a (Larsen et al., 2008). hERG1b shows faster deactivation kinetics than hERG1a 

because of the missing PAS domain in the shorter N-terminus of hERG1b. Co-assembly 

of hERG1a and hERG1b alters the channel kinetics which results in availability of more 

channels and a larger current (Larsen et al., 2008). Interaction of hERG1a and hERG1b 

prevents oligomerization of hERG1b protein, which in turn covers an open endoplasmic 

retention signal that otherwise prevents the efficient expression of hERG1b at the plasma 
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membrane (Phartiyal et al., 2008). The A8V missense mutation, specific to hERG1b, has 

been found to be associated with LQTS due to reduction in hERG1b protein and a resulting 

smaller IKr current (Sale et al., 2008). Another example of hERG1b specific mutation 

includes, R25W, which slowed AP repolarization, increased AP triangulation in iPSC-CM, 

thus demonstrating pro-arrythmia conditions (D. K. Jones et al., 2016).  

An additional transcript found arises from alternative splicing and results in a non-

functional truncated C-terminal portion of hERG1a, thereby leading to the formation of a 

protein known as hERG-uso (Kupershmidt et al., 1998) (Figure 7). In contrast to hERG1b, 

which is formed through independent transcription, previous reports suggests that hERG-

uso is generated by alternative splicing and polyadenylation of hERG1a pre-mRNA (Gong 

et al., 2010). Different from the effect of co-assembly of hERG1a/1b, expression of hERG-

uso leads to a reduced number of channels at the plasma membrane which reduces the IKr 

current density. hERG-uso leads to a reduced number of channels at the plasma membrane, 

thus reducing the current density by 30% (Jonsson et al., 2012). Two-thirds of all hERG1a 

pre-mRNA is processed to hERG-uso in the heart which suggests that post-transcriptional 

mechanisms modulate the expression and function of hERG channels since on their own 

hERG-uso transcripts cannot give rise to functional channels but are retained in the ER 

(Jonsson et al., 2012). These studies demonstrate the functional impact of different hERG 

transcripts; however, the extent to which, and the mechanism by which, alternate 

transcripts are regulated in response to disease variants in hERG1a remains obscure.  

1.5. Detection of transcript expression 

Several methods are available for studying gene expression, which include, but are 

not limited to, real-time PCR (qPCR) and in-situ hybridisation for single gene transcripts, 

and NanoString for detection of multiple gene transcripts. Below I will compare each of 

these detection methods as well as discuss their advantages and limitations and the reason 

why I chose whole mount in-situ hybridization (WISH) as a technique to detect zkcnh6a 

transcript expression in zebrafish.  
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Analyzing gene expression levels and the biological pathways associated with 

LQTS-causing genes, one can study the difference between normal and LQTS-causing 

pathways. This helps in determining the genetic origin of the affected pathway and thereby 

identifying potential drug targets. There are various assay technologies available for gene 

expression analysis (Figure 8).  

 

Figure 8: Overview of gene expression detection assays. 
Source: (Narrandes & Xu, 2018). Used under Creative Commons Open Access License (CC BY-

NC 4.0). 

For example, qPCR detects, characterizes and quantifies nucleic acids (Ponchel et 

al., 2003), hence it is called quantitative PCR. Here, fluorescent dyes are used to label the 

PCR product in each step of the PCR cycle. This enables collection of data as PCR 
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progresses, which allows quantification of the amplicons during the exponential phase of 

the PCR. As the fluorescence from the dye increases proportionally with the amount of the 

amplified DNA or RNA, the quantification can be done real time. The major advantage of 

qPCR is its precise ability to detect transcripts with a quantitative value. However, one 

needs enough pooling of sample (in our case, zebrafish embryos) to get reliable results. 

Also, to be noted, that in this method, RNA is transcribed into complementary DNA 

through reverse transcriptase and this cDNA is used as template for qPCR. This reverse 

transcription stage can have the possibility of introducing variability which may affect the 

experimental result. NanoString is an amplification-free technology that captures and 

counts individual mRNA transcripts. Its advantage lies in the fact that it provides direct 

measurement of mRNA expression levels without enzymatic reactions, and has high 

sensitivity coupled with high multiplex capability and digital readout (Geiss et al., 2008). 

The downsides of Nanostring may include the need for assay optimization for each tissue 

or species of interest and high expressing genes can dwarf low expressing gene counts. 

DNA microarrays involve nucleic acid hybridization. In this process, two complementary 

strands of DNA are put together by hydrogen bonds to form a double stranded molecule. 

This helps to compare and analyze DNA or RNA molecules of identical sequences. The 

advantage of this technique is its ability to quantify thousand of genes from multiple 

samples, however, high background levels can be detected due to cross-hybridization. 

RNA sequencing amplifies nucleic acid samples to create clusters, followed by 

interpretation by MiSeq system. A cDNA is constructed from total mRNA through a 

process called reverse transcription and fragmented and this fragmented DNA is sent for 

sequencing.  This technique can help identify more differentially modulated transcripts like 

splice variants, non-coding transcripts and these data may be informative for mechanistic 

investigations (Rao et al., 2019). Disadvantages of this technique include lack of optimised 

protocols for analysis in spite of availability of multiple computational tools (Rao et al., 

2019), and is a time-consuming (Rao et al., 2019) technique. A summary of the advantages 

and disadvantages of these techniques is shown in Table 1.  
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Table 1: Shows the major advantages and disadvantages of techniques used for 

gene expression studies. 

Technique Advantages Disadvantages 

qPCR A popular technology Only for small number of 

genes 

Microarray Works for more than 1000 genes, 

commercial chip/arrays ready to use 

Requires expertise for data 

normalization and analysis 

NanoString Standard workflow and analysis 

pipeline are setup by the company 

Machine is costly 

RNAseq Whole transcriptome, MiSeq pipeline 

for data analysis 

Machine is costly, requires 

expertise for lib prep and 

sequencing 

WISH/FISH Localizes and detects temporal and 

spatial gene expression 

Complicated procedure 

Source: (Narrandes & Xu, 2018). Used under Creative Commons Open Access License (CC BY-

NC 4.0). 

WISH detection of expressed mRNA depicts a powerful tool for research and 

diagnostics as well as a powerful application to study cell and tissue expression of genes 

in many organisms. This technique uses RNA probes which are hybridized to the transcript 

of the target genes (C. Thisse & Thisse, 2008a). Immunohistochemistry or fluorescence is 

then used to detect these RNA hybrids which further reveals spatial and temporal patterns 

of gene expression. Traditional in-situ hybridization techniques require tissue sections that 

must be assembled; however, the whole mount technique allows gene expression patterns 

to be assessed over the entire embryo or structure. One of the major applications of WISH 

is the detection of specific mRNA molecules. It also helps in finding the precise location 

of a peptide synthesis site. WISH in combination with immunocytochemistry can help in 

discriminating the site of biosynthesis and storage or uptake. A second major application 

which is related to my work, is its ability to study the functional state of cells. Changes in 

gene expression in physiological, pathological situations, and pharmacological 

manipulations, can be visualized and semi-quantified. Also, developmental studies on the 

onset of gene expression and regulation can be carried out with this technique.  Though 

WISH has several advantages, it has certain limitations too, which includes inability of the 

RNA probes to penetrate after the early stages of embryo development (C. Thisse & Thisse, 

2008a). Also, as this approach is qualitative rather than quantitative, one may need to 

perform additional techniques to support the in-situ data itself.  
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1.6. Zebrafish as an animal model 

Zebrafish (Danio rerio) have been an excellent model organism for studies of 

vertebrate biology, vertebrate genetics, embryonic development, diseases, and drug 

screening. Some of the benefits of using zebrafish as a model biological system include: 

(i) small and robust species; (ii) low maintenance costs; (iii) high fecundity; (iv) optical 

transparency during development allows easy examination of the development of internal 

structures; (v) over 70% of human genes have a true ortholog in the zebrafish genome. 

These advantages have certainly helped to overcome low translational efficiency seen in 

other animal models of human diseases (Phillips & Westerfield, 2014), and more 

particularly cardiovascular diseases, including LQTS (Gut et al., 2017). Zebrafish have 

been used successfully in forward genetic screens (Amsterdam et al., 1999; Solnica-Krezel 

et al., 1994) and reverse genetic approaches (Hwang et al., 2013; Moens et al., 2008). 

Recent advances include creation of transgenic zebrafish involving clustered regularly 

interspaced short palindromic repeats (CRISPR) genome editing technology to introduce 

precise specific knock-ins or knockouts of genomic DNA. Additionally, adult zebrafish 

hearts share characteristics of human heart rate, AP morphology and duration, and main 

ion currents (Hassinen et al., 2015), as well as similar changes in these measures when 

exposed to cardiac specific drug treatment, thus proving its use in disease modelling, 

toxicological, and translational studies (Simpson et al., 2021). Some limitations of using 

this model include: i) gross morphological cardiac differences from humans, since 

zebrafish have a two-chambered heart discussed in detail in the later sections; ii) small 

embryo size can be disadvantageous in experiments where a larger amount of tissue is 

needed; iii) limited zebrafish-specific antibodies for immunohistochemistry compared to 

other models; iv) the aquatic habitat may not be suitable for some experiments and v) 

generation of mutants and transgenic is a time-intensive process. However, despite these 

disadvantages, the numerous strengths of the zebrafish model make it an attractive option 

for many studies. In the coming sections, I discuss the reason for choosing zebrafish as an 

animal model for my studies. 
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1.6.1.  Zebrafish heart structure and function 

As pointed out above, zebrafish posses several advantageous properties for use as 

a cardiovascular model. However, although they share similar electrophysiological 

properties when compared to human hearts (Simpson et al., 2021), anatomically, the 

zebrafish heart differs from the mammalian heart. Unlike mammals, which have four 

cardiac chambers, the zebrafish heart consists of only two chambers: a single ventricle 

(left) and a single atrium (right). The zebrafish heart is also smaller compared to the human 

heart and has reduced ventricular wall thickness, which may contribute to altered electrical 

propagation and dispersion of repolarization. In terms of circulation, the human heart 

exhibits a double parallel circulation compared to zebrafish where the heart contains just 

one atrium and ventricle as such the cardiovascular system in zebrafish is much simpler.  

1.6.2. Zebrafish heart electrophysiology 

The zebrafish heart shows surprisingly similar electrophysiological properties to 

the human heart. An adult zebrafish shows a typical resting heart rate of 110 to 130 beats 

per minute (Santoso et al., 2020; Simpson et al., 2020). A human resting heart rate is 

typically 60 to 80 beats per minute. Though zebrafish show a little faster heart rate than 

human, it may be considered within the physiological range, and is far more comparative, 

than the resting heart rate for a mouse, which is between 500 to 700 beats per minute 

(Santoso et al., 2020; Simpson et al., 2020). In terms of the ECG, the zebrafish ECG shows 

similar prominent features to humans, including P-wave, QRS complex and T-wave. The 

R-R interval is approximately 400 ms in zebrafish and 1 s in humans. The QTc interval is 

approximately 200-290 ms in zebrafish and 300-450 ms in humans.  

Nemtsas et al., in 2010 demonstrated the full potential of zebrafish as a model for 

human hearts through detailed electrophysiological characterization studies (Nemtsas et 

al., 2010). An adult zebrafish ventricular AP shows extensive similarities with the human 

heart in terms of similarities with Na+ (Nav1.5) current in causing the upstroke, Ca2+ 

current (Cav1.2) in maintenance of the plateau and rapid delayed rectifier K+ current 

(Kv11.1) hERG for repolarization. The key differences between human and adult zebrafish 

heart lies in the fact that it lacks phase 1 transient outward K+ current (Kv4.3) and Phase 3 
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slow delayed rectifier K+ current (Kv 7.1) (Vornanen & Hassinen, 2015a). Though some 

studies showed transcript expression of Kv7 in cardiac tissue (Abramochkin et al., 2018) 

and more recent studies demonstrate the presence of Iks current (Abramochkin et al., 2018). 

Also, T-type Ca2+ channels are present in the adult zebrafish ventricle, whereas they are 

only found in fetal human ventricular tissue.  

Zebrafish have been used to study repolarization disorders like LQTS caused by 

hERG channel dysfunction by characterization of native or engineered mutant zebrafish 

strains (Arnaout et al., 2007; Hassel et al., 2008; Langenbacher et al., 2005; Langheinrich 

et al., 2003; Warren et al., 2001). One such example, is the breakdance mutant which results 

from a mutation in zkcnh6a (zERG) gene which is a paralog of hKCNH2a (hERG). This 

mutant exhibited 2:1 atrioventricular block (Chen et al., 1996), which is considered to be 

observed with LQTS (Pérez-Riera et al., 2017). Another example is the reggae mutant 

which shortened the QT interval which further alters the gating of zkcnh6a channels 

(Hassel et al., 2008). Loss of function zkcnh6a mutations have been demonstrated to have 

a silent ventricle phenotype, for example, the mutant zkcnh6a M521K was found to prolong 

APD90 in a heterozygous embryo (Arnaout et al., 2007). Using morpholinos (Milan et al., 

2003) to knockdown zkcnh6a demonstrated altered QT phenotype and bradycardia (Jou et 

al., 2013; Langheinrich et al., 2003). These data demonstrate a key role for zkcnh6a in 

zebrafish cardiac repolarization, and the electrophysiological characteristics of zebrafish 

hearts make them an ideal model organism to investigate human cardiac electrical 

disorders, such as LQTS. Additionally, the model is ideal as a starting point as there are 

currently few genetically tractable animal models with human like cardiac repolarization. 

Taking all these accounts together, zebrafish emerged to be an ideal model to study 

transcript gene expression.  

1.6.3.  Zebrafish transcripts 

As discussed above, inherited LQTS2 in humans occurs due to mutation in the 

hKCNH2 gene, which encodes the hERG channel. Due to the teleost-specific whole 

genome duplication (Kasahara et al., 2007), it is found that multiple genes belonging to the 

zebrafish ortholog of KCNH, zkcnh, exist in zebrafish, expressed differently on spatial or 
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temporal scale. Previous studies have identified zkcnh2a, zkcnh2b, zkcnh6a, zkcnh6b and 

zkcnh7 (Leong et al., 2010a; Vornanen & Hassinen, 2015b) and also showed the 

predominance of zkcnh6a over other gene transcripts expressed in zebrafish heart tissue 

(Hull et al., 2019a). The biophysical properties of zkcnh6a channels showed similar gating 

properties between hKCNH2a (human KCNH2a) and zkcnh6a channels (Scholz et al., 

2009). Studies also suggest association of zkcnh6a with LQTS (Chen et al., 1996), however 

no data exists how this transcripts are regulated in response to development, environment 

or disease variant.   

1.7. Objectives 

The objective of my thesis research was to develop and establish an approach to 

measure zkcnh transcript expression in zebrafish hearts. To do this, I aimed to design 

transcript-specific RNA in-situ hybridization probes as well as the WISH technique. My 

primary goal was to map zkcnh6a gene expression in 3-day post fertilization (dpf) zebrafish 

hearts. 

To achieve this, I used bioinformatics analyses to design unique sense (control) and 

antisense (target) WISH probes for specific zkcnh6a target detection. I also designed a set 

of unique probes to detect each of the zkcnh alternate transcripts that have been found in 

zebrafish: zkcnh2a, zkcnh2b, zknch6a, zkcnh6b, zkcnh7 as described in Chapter 3. I provide 

WISH data to demonstrate successful detection of the presence of zkcnh6a expression in 3 

dpf zebrafish hearts as described in Chapter 4. Finally, I describe in Chapter 5 as a part of 

future studies, how this approach may also be used to detect transcript changes in response 

to targeted CRISPR gene-editing used to generate LQTS-associated variants in zkcnh6a.  
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Chapter 2. Methods 

2.1. Zebrafish housing and husbandry 

Adult zebrafish (AB strain Danio rerio) were purchased from a local supplier and 

housed at a recirculating water system and were in accordance with the principles 

established by the Canadian Council on Animal Care and as approved by the Simon Fraser 

University Animal Care Committee. The recirculating water system pumps feed water into 

the tanks and, through an overflow system, remove an equal amount of water (Figure 9). 

The wastewater is partially purified through a combination of mechanical and biological 

filters and then exposed to UVC irradiation before being recirculated into the tanks. The 

water system is maintained at pH 7.2-7.6, conductance of 514 µS, and temperature of 280C.  

A static dark–light (D–L) cycle of 10 h dark, 14 h light is maintained throughout the study. 

 

Figure 9: Zebrafish husbandry. Left: Zebrafish racks in a recirculating water 

system holding 8-10 adult zebrafishes. Right: Automated brine shrimp 

feeder for the zebrafish. 
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It is generally accepted that a combination of live feeds and processed dry feeds 

improves growth, generation time and reproductive performance, which are positive 

indications of well-being. Dry feed diets were considered nutritionally complete, whereas 

live feed and the associated fish prey-capture behaviour have an enrichment effect 

(Lawrence et al., 2012; Martins et al., 2016; Varga, 2016). As such, adult Zebrafish were 

fed a mixture of processed and live food (Brine shrimp). Zebrafish larvae were fed starting 

6 dpf, a static rotifer-larvae polyculture method which has been reported effective for 

feeding 5-9 dpf larvae (Best et al., 2010; Martins et al., 2016). Around 10 dpf, live rotifers 

were later substituted by Skretting Gemma micro 150 and Gemma micro 300 once each 

day. 

2.2. Egg collection 

Among many attributes that make zebrafish a great model species is its high 

fecundity. A female can spawn hundreds of eggs per single mating. It is however, 

recommended to set up fish for spawning with a recovery period of at least one week for 

sufficient regeneration and maturation of new ova. Pairs of male and female fish separated 

with a diagonal plastic divider in breeding tanks are set up the night before the eggs are to 

be collected (Figure 10). This helps in enabling the pheromones to be distributed in the 

water between male and female compartments of the breeding tank, which facilitates 

mating the next day. Also, separating the fish prevents them from fighting. The next 

morning, when the light goes on, fishes are mated for 40 min. The eggs laid will sink to 

the bottom of the breeding tank (Figure 10). Additional eggs can be obtained until late 

morning, but they are generally of poor quality. The embryos were collected from the 

bottom of the tank by transfer pipettes and pouring them into Petri dishes containing fish 

water (50 embryos per 94 mm Petri dish) with 0.00005% methylene blue. These Petri 

dishes were then kept at 28℃ until the desired developmental stage is reached. Large 

number of embryos in the same Petri dish were avoided, as they will not develop properly. 

Lesser concentration of methylene blue was used to prevent any background staining while 

performing WISH.  
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Figure 10: Zebrafish breeding procedure. Pairs of male and female fish separated 

with a diagonal plastic divider in breeding tanks were set up the night 

before the eggs are to be collected. The next morning, when the light 

goes on, fishes are mated for 45 min. The eggs laid will sink to the 

bottom of the breeding tank. The embryos were collected from the 

bottom of the tank by transfer pipettes and pouring them into Petri 

dishes containing fish water and the survived larvas were collected at 

3dpf.  
Source: (Campbell, 2019). Reproduced with permission. 

2.3. Preparation of chemicals and reagents for WISH 

E3 medium: 60 X stock was prepared and the ingredients (34.8 g NaCl, 1.6 g KCl, 5.8 g 

CaCl2.2H2O and 9.78 g MgCl2.6H2O) were dissolved in H2O to a final volume of 2L. The 

pH was adjusted to 7.2 with NaOH. Autoclaved. For 1X E3 medium, 16.5 mL of the 60 X 

stock was diluted to 1L.  

10X Phosphate Buffer Saline (PBS), pH 5.5, stock solution: 10.8 g of NaH2PO4, 

80 g of NaCl and 2 g of KCl were dissolved in 1L of water.  For 1X PBS, 10mL of 10X 

PBS was diluted to 100mL of water.  

4% paraformaldehyde in 1X PBS: 4 g of paraformaldehyde was dissolved in 1X PBS 

and heat until the powder has dissolved completely. The solution should not be boiled as 

paraformaldehyde can degrade and the medium will acidify due to formation of formic 

acid. This step should be done carefully in fume hood with gloves, goggles and mask as 

paraformaldehyde is toxic. When the powder has completely dissolved, the solution was 

allowed to cool down until it reaches to room temperature.  

Phosphate Buffer Tween (PBT): 1X PBS, 0.1% Tween 20 (vol/vol). 
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20 X Sodium Saline Citrate (SSC), stock solution: 175.3 g of NaCl and 88.2 g of 

C6H5O7Na3 dissolved in 1L of water.   

Alkaline Tris buffer: 100 mM Tris HCl, pH 9.5, 50 mM MgCl2, 100 mM NaCl and 0.1% 

Tween 20 (vol/vol). 

Staining solution: 225 µL of 50 mg/ml Nitro blue tetrazolium (NBT) and 175 µL of 50 

mg/ml 5-Bromo 4-chloro 3-indolyl phosphate (BCIP) diluted with 50 ml of alkaline tris 

buffer. The solution was kept covered with aluminum foil to protect it from light.  
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Chapter 3. Design of zkcnh transcript specific probes 

using in-silico bioinformatics. 

3.1. Introduction 

Inherited LQTS falls under a group of cardiac disorders associated with dysfunction 

of cardiac ion channels or accessory proteins. The main characteristic features of this 

disorder are prolongation of the QT interval, episodes of syncope and even sudden cardiac 

death (Schwartz et al., 2012). LQTS can be asymptomatic with individuals not showing 

any symptoms most of their lives, while others show severe symptoms. Because of this 

heterogeneity in phenotype, disease diagnosis becomes difficult and as such there is a need 

for more targeted therapy. To understand the molecular mechanisms underlying inherited 

LQTS syndrome, evaluating the effect of modifier genes on disease severity as well as to 

test new therapies, usage and development of model systems remains an important research 

goal. Mice have been used as an animal model of choice for cardiac arrythmia research, 

however there are varying degree of success in recapitulating human symptoms; the mouse 

cardiac AP and surface ECG show major differences from those of the human heart.  

Zebrafish, on the other hand have posed as an emerging vertebrate disease model species 

which offers not only advantages in analyzing inherited LQTS, but also because of the 

resemblance of the cardiac AP to that in humans (Leong et al., 2010b). As such there is an 

imminent need to understand the kcnh gene and the expression in zebrafish cardiac tissue. 

Genetic studies suggest that 71% of human genes have at least one ortholog in the zebrafish 

genome (Howe et al., 2013), and it is thought that the genetic and molecular mechanisms 

behind cardiac phenomena are conserved throughout the vertebrate evolution from fishes 

to humans . However, evolution has resulted in a vast diversity of life-forms in fishes 

through genetic adaptation to different habitats (Gut et al., 2017). Also because of teleost 

specific whole genome duplication events (Kasahara et al., 2007), multiple paralogs of the 

zkcnh gene exist and they may be expressed differentially on a temporal or spatial scale or 

in response to environmental factors such as temperature or in response to disease variants.  
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Figure 11: Transcript expression of 4Kv11 (erg) channel family members found in 

the zebrafish heart. The bar graph depicts the abundance of KCNH 

transcripts in both atrial and ventricular muscle of the Zebrafish (Hull 

et al., 2014; Vornanen & Hassinen, 2015b). zkcnh6a is the predominant 

zERG paralog which is found to be expressed in zebrafish.  
Source:  (Hull et al., 2019a). Reproduced with permission. 

As mentioned earlier in the introduction section, Ikr and Iks are the two major 

repolarizing currents that result in the long plateau phase in the human cardiac ventricular 

AP. Ikr is the major repolarizing current, while Iks comes to the forefront when repolarizing 

reserves are needed, such as during activation of β-adrenergic receptors, or increases in 

heart rate (Jost et al., 2005). In the human heart, the Ikr channel (hERG) is encoded by the 

hKCNH2 gene (Vandenberg et al., 2012). Multiple hKCNH2 (also known as erg1, hERG) 

transcripts (hERG1a, hERG1b and hERG-uso) are expressed in cardiac tissue and are 

important for AP repolarization (Vandenberg et al., 2012). Interestingly, in the zebrafish 

heart, Ikr is not produced by erg1, but erg2 channels, which are encoded by the zebrafish 
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ortholog to the mammalian KCNH6 gene (Vornanen & Hassinen, 2015b). The zebrafish 

heart expresses four erg genes, zkcnh2a, zkcnh2b, zkcnh6 and zkcnh7 (Leong et al., 2010b) 

(Figure 11). Leong et al., showed that zkcnh6 is the predominant kcnh paralog expressed 

in zebrafish heart tissue, and the biophysical and pharmacological properties of zkcnh6a 

channels show similarities between hKNCH2a and zkcnh6a channels (Leong et al., 2010b). 

As a result of whole genome duplication in fish, there is a need to verify the 

expression of the different zkcnh genes and how this expression might vary, for example, 

through development, during environmental change, or in response to gene edits 

engineered to model disease. A phylogenetic study by Genge at al., (unpublished work 

from Dr. Tom Claydon’s lab) showed that all genes encoding the KCNH family in 

mammals were also conserved in fish (Genge, n.d.). In the same work, and consistent with 

Vornanen and Hassinen (Vornanen & Hassinen, 2015b), Genge et al., showed the presence 

of zebrafish orthologs of hKCNH2, hKCNH6 and hKCNH7 (zkcnh2, zkcnh6 and zkcnh7). 

Genge et al also described the presence of zkcnh6b for the first time (Hull et al., 2019a). 

While zkcnh6a appears to be the major transcript responsible for Ikr in zebrafish hearts 

(Vornanen & Hassinen, 2015b), zkcnh6b does not appear to have function or be expressed 

in cardiac tissue under the conditions tested by Genge et al (Hull et al., 2019a) (Figure 11). 

As such understanding zkcnh gene expression in zebrafish cardiac tissue is a necessary step 

to pave the way to using the zebrafish model for finding treatments for cardiac arrythmias. 

In this thesis, my aim was to find a simple, cost-effective technique appropriate to detect 

the presence of zkcnh genes in the zebrafish animal model. We chose whole mount in-situ 

hybridization (WISH) for detecting gene transcript expression in 3day post fertilization 

zebrafish embryo. The principles of WISH have been detailed in the later sections of this 

chapter. For conducting WISH, a probe specific to the target gene is needed for successful 

detection of gene expression in a whole organ model which is the primary aim of Chapter 

3. It should be a unique single stranded sequence of DNA or RNA complementary to the 

target sequence. The length of the RNA probes can be 250-1500 bases in length, provide 

specificity and sensitivity. DNA probes can provide high sensitivity for in situ 

hybridization. A precise complementary probe can be designed if the exact nucleotide 

sequence of the mRNA or DNA in the cell is known. The probe will loosely hybridize to 

the target sequence if 5% of the base pairs are not complementary, resulting in washing 
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away during the washing and detection steps and as such the target cannot be detected 

correctly.  

3.2. Results 

In this chapter, I describe the bioinformatics design that I used to generate target-

specific zkcnh probes for use in whole-mount in-situ hybridization experiments that are 

described in the following chapter. Briefly, I used the quick and efficient whole-mount in-

situ hybridization technique (initially developed by C. Thisse & Thisse, 2008) in zebrafish 

embryos to establish spatial gene expression patterns in individual fish. This protocol 

(Figure 12) uses in vitro synthesized RNA (RNA probes) tagged with digoxygenin uridine 

5’-triphosphate (DIG) to determine gene expression. Following hybridization, the 

transcript is visualized immunohistochemically using an anti-DIG antibody conjugated to 

alkaline phosphatase, the substrate of which is chromogenic. For this chapter, I 

hypothesized that in silico probe design would enable target-specific detection of the 

spatial and relative expression of the different zkcnh transcripts. As the zkcnh transcript 

genes share extensive sequence similarities, discriminating the specific pattern of 

expression of each transcript could be quite challenging. To minimize this cross-reactivity, 

the 3’untranslated region (UTR) of each applicable gene zkcnh2a, zkcnh2b, zkcnh6a, 

zkcnh6b and zkcnh7 were used as a template.  
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Figure 12: Principle of whole mount in-situ hybridization.  Step 1: A DIG labelled 

antisense probe hybridizes to a specific m-RNA. Step 2: Alkaline 

phosphatase conjugated antibodies to DIG recognizes the DIG probe. 

Step 3: The enzyme can convert a colorless compound into dark purple 

precipitate.  
Source: Adapted from (Developmental Biology - Michael J.F. Barresi, Scott F. Gilbert - Oxford 

University Press, 2020). 

The first step was to retrieve the 3’UTR sequence for each transcript using 

Ensembl. Using the appropriate search term, e.g. “zkcnh6a Danio rerio” I accessed the 

3’UTR sequences for each transcript and aligned them using Basic Local Alignment Search 

Tool (BLAST) software. This enabled me to find unique regions of sequence that could be 

used to target the DIG label. However, I found that apart from zkcnh2a and zkcnh6a, all 

other transcripts did not have 3’UTR regions specified in the NCBI database. To solve this 

problem, the open reading frame (ORF) regions of zkcnh2b, zkcnh6b and zkcnh7 were 

taken into consideration when identifying unique regions of sequence for probe design. 

The in-silico model for generation of RNA probe sequences are schematically illustrated 

in Figure 13. 
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Figure 13: Steps for Bioinformatics probe design for WISH.  To conduct WISH, I 

needed to construct riboprobe specific to kcnh6a, so I used 

bioinformatics analyses to do so. Step 1: To generate unique probe 

sequences and to minimize the risk of cross-reactivity, the 3’UTR 

sequence of the transcript were first targeted. Step 2, cDNA sequences 

were downloaded from NCBI. Step 3: and were put in ORF finder and 

the longest ORF was joined with 3’UTR sequence to generate a 1.5kb 

length probe sequence. Step 4: To confirm the probe specificity, 

BLAST was performed. The final generated linear cDNA probe 

contains one T3 at the 5’end and one T7 at 3’end.  

Unique probe sequences were detected with lengths of 1-1.5kb to balance 

specificity, sufficient DIG incorporation for detection, and cost effectiveness. Probe size is 

important, because shorter probes of length 200-600 base pairs (bp) may penetrate better 

into the tissue and cells. On the other hand, larger probes of length 800 bp to 1.5 kb give 

provide greater DIG incorporation and are therefore easier to detect and produce a more 

specific signal. I targeted the 3’ end of each gene of interest and tried to anchor at least half 

or two thirds of the probe’s length to be in the 3’UTR. This typically gave a more unique 

probe as I was looking for genes that have paralogs in the genome. To do so, the ORF and 

3’UTR regions of zkcnh6a and zkcnh2a and only the ORF region of zkcnh2b, zkcnh6b and 

zkcnh7 were finalized. RNA probes are commonly synthesized with the RNA polymerases 

from bacteriophages SP6, T7, or T3 by in vitro transcription of DNA, which is cloned into 

appropriate transcription vectors containing highly specific SP6, T7, or T3- specific 

promoters. As such, I added the sequence for one T3 
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(AATTAACCCTCACTAAAGGGAGA) site at the 5’ end (negative control, sense probe) 

and one T7 (TAATACGACTCACTATAGGGAGA) site at the 3’ end (experimental, 

antisense probe) of the cDNA template sequence for each transcript. Doing this enabled 

me to transcribe (using T7) the antisense RNA probe as the experimental probe to detect 

native RNA transcripts, as well as sense (using T3) RNA probes that could be used to 

provide a negative control and information about nonspecific signals that may appear. In 

addition, suitable restriction enzyme recognition sites were added on both ends of the 

sequence to enable cloning of the target sequence into the transcription vector. Figure 14 

shows a typical example of a constructed sequence, the case of zkcnh6a, which is unique 

to the other transcripts.  

 

Figure 14: zkcnh6a probe construct. BLACK Nco I restriction enzyme 

(CCATGG), BLUE T3 (AATTAACCCTCACTAAAGGGAGA) RNA 

polymerase promoter 5’ to 3’, RED ORF part of zkcnh6a probe 

sequence, GREEN UTR part of probe sequence zkcnh6a, PURPLE T7 

(TCTCCCTATAGTGAGTCGTATTA) reverse complement RNA 

polymerase promoter 3’ to 5’, ORANGE Xho I restriction enzyme 

(CTCGAG). 

It is to be noted here, that all the genes zkcnh2a, zkcnh2b, zkcnh6a, zkcnh6b and 

zkcnh7 has multiple transcripts, as such similar in-silico steps as outlined in Figure 13 were 

followed. Sequence alignment using Clustal Omega software between each transcript 

(zkcnh6a probe design steps have been outlined in Appendix) were performed. Finally 
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removing the dissimilar regions, the portion showing the similarity were considered as the 

probe sequence that is supposed to target both transcripts in that particular gene.  

The specificity of this construct was confirmed by aligning with the whole Danio 

rerio cDNA sequence using the alignment software, BLAST (Table 2). BLAST is the most 

frequently used tool used for calculating sequence similarity 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) which can help in inferring function of newly 

sequenced genes, predicting new members of gene family and exploring evolutionary 

relationships. When a query sequence is submitted via one of the BLAST pages, the 

sequence, plus any other input information such as database to be searched, word size, 

expect value etc., are fed to the algorithm on the BLAST server. BLAST first looks up all 

the “words” and neighboring words and similar words in the query sequence. The sequence 

database is then scanned for these hotspots. When a match is identified, it is used to initiate 

gap-free and gapped extensions of the “word”. Figure shows the screenshot result images 

of all the sequences that the server found similarity with, when I inputted the in-silico 

designed cRNA probe sequences for each transcript as the query sequence. Results in each 

of the cases of zkcnh2a, zkcnh2b, zkcnh6a, zkcnh6b and zkcnh7 showed 100% identity with 

their respective genome. Some of the important parameters in BLAST that help in 

understanding sequence similarity are: 1. Expected value (E-value) is a number that 

describes how many times you would expect a match by chance in a database of that size 

(in our case Danio rerio). The lower the E-value is, the more significant the match; 2. 

Percent identity is a number that describes how similar the query sequence is to the target 

sequence. The higher the percent identity is, the more significant the match; 3. Query cover 

is a number that describes how much of the query sequence is covered by the target 

sequence. Table 2 shows the summary of BLAST result, where all the in-silico designed 

probe zkcnh2a, zkcnh2b, zkcnh6a, zkcnh6b and zkcnh7 showed 100% percent identity, 

100% query cover and E-value of 0.0. This means that the constructed probes were specific 

to their target gene and has low chance of cross-reactivity with other genes.  While looking 

for any possibility of off-target binding, for example in the case of the BLAST result of the 

zkcnh6a probe, fourteen sequences showed sequence similarity. Out of them, nine 

sequences showed 100% query cover, among which six of them were located on zkcnh6a 

on chromosome 6 itself. Two sequences showed similarity to different strains of zebrafish 
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than the AB strain of Danio rerio used in this study. Thus, the possibility of off-targets was 

deemed to be low and as such the in-silico designed probes are termed as specific to each 

gene.  

Table 2: Probe specificity of each in-silico designed probes 

zkcnh 

probe 

Sequences producing 

significant alignments 

Scientific 

name 

Query 

cover 

E-

value 

Percent 

Identity 

Accessi

on No. 

zkcnh2a  Danio rerio potassium 

voltage-gated channel, 

subfamily H (eag-

related), member 2a 

(kcnh2a), transcript 

variant X2, mRNA 

Danio 

rerio 

100% 0.0 100.00% XM_021

480881.1 

zkcnh2b Danio rerio potassium 

voltage-gated channel, 

subfamily H (eag-

related), member 2b 

(kcnh2b), mRNA 

Danio 

rerio 

100% 0.0 100.00% XM_017

353973.2 

zkcnh6a Danio rerio potassium 

voltage-gated channel, 

subfamily H (eag-

related), member 6a 

(kcnh6a), transcript 

variant X3, mRNA 

Danio 

rerio 

100% 0.0 100.00% XM_009

299525.3 

zkcnh6b Danio rerio potassium 

voltage-gated channel, 

subfamily H (eag-

related), member 6b 

(kcnh6b), mRNA 

Danio 

rerio 

100% 0.0 100.00% XM_021

472507.1 

zkcnh7 Danio rerio potassium 

channel, voltage gated 

eag related subfamily 

H, member 7 (kcnh7), 

transcript variant X6, 

mRNA 

Danio 

rerio 

100% 0.0 100.00% XM_021

477025.1 

In each of the cases of zkcnh2a, zkcnh2b, zkcnh6a, zcknh6b and zkcnh7, in-silico designed probes 

were put in the nucleotide BLAST against the genome of Danio rerio to see if it could potentially 

bind elsewhere. Result showed alignment sequences with significant alignments. Percent query 

coverage is the percent of the query length that is included in the aligned segments. E-value is the 

measure of the likeliness that sequence similarity is not by random chance. Percent identity 

describes how similar the query is to the aligned sequence.     

https://www.ncbi.nlm.nih.gov/nucleotide/XM_021480881.1?report=genbank&log$=nucltop&blast_rank=1&RID=B4KCS9JY013
https://www.ncbi.nlm.nih.gov/nucleotide/XM_021480881.1?report=genbank&log$=nucltop&blast_rank=1&RID=B4KCS9JY013
https://www.ncbi.nlm.nih.gov/nucleotide/XM_017353973.2?report=genbank&log$=nucltop&blast_rank=1&RID=B4NR0PU8016
https://www.ncbi.nlm.nih.gov/nucleotide/XM_017353973.2?report=genbank&log$=nucltop&blast_rank=1&RID=B4NR0PU8016
https://www.ncbi.nlm.nih.gov/nucleotide/XM_009299525.3?report=genbank&log$=nucltop&blast_rank=1&RID=B4NVAEEZ013
https://www.ncbi.nlm.nih.gov/nucleotide/XM_009299525.3?report=genbank&log$=nucltop&blast_rank=1&RID=B4NVAEEZ013
https://www.ncbi.nlm.nih.gov/nucleotide/XM_021472507.1?report=genbank&log$=nucltop&blast_rank=1&RID=B4NY855K016
https://www.ncbi.nlm.nih.gov/nucleotide/XM_021472507.1?report=genbank&log$=nucltop&blast_rank=1&RID=B4NY855K016
https://www.ncbi.nlm.nih.gov/nucleotide/XM_021477025.1?report=genbank&log$=nucltop&blast_rank=1&RID=B4P1MNUR016
https://www.ncbi.nlm.nih.gov/nucleotide/XM_021477025.1?report=genbank&log$=nucltop&blast_rank=1&RID=B4P1MNUR016
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Figure 15: In-silico design of all zkcnh probes required for WISH. The final 

zkcnh6a probe sequence spans the ORF and the UTR with T3 and T7 

and restriction enzymes on both ends. In a similar way, I have designed 

the probe sequences of other zkcnh targets (2a/2b/6b/7).  
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The final cDNA sequence for each transcript inserted into a pUC57 ampicillin 

resistant cloning vector was synthesized by Genewiz (South Plainfield, NJ) (Figure 16).  

 

Figure 16: zkcnh6a construct. Vector map showing zkcnh6a probe in pUC57 

plasmid. Benchling [Biology software]. 2022.  
Source: Created in https://www.benchling.com/ 

The linear cDNA zkcnh6a (template) from Genewiz was synthesized to form zkcnh 

cRNA probe using the Ambion Maxiscript T7 transcription Kit (AM 1308). This template 

was then mixed with the corresponding RNA polymerases, rNTPs, and transcription buffer, 

labelled DIG and the reaction mixture was incubated for 1 h at 37 0C. RNA polymerase 

first binds to its double stranded DNA promoter, then it separates the two DNA strands, 
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and uses the 3’ to 5’ strand as a template to synthesize a complementary 5’ to 3’ at the end 

of the DNA template. After 1 h, 1µl of Turbo DNAase was added to remove the template 

DNA and purification of the transcription reaction was carried out by lithium chloride 

precipitation. The quantity of the cDNA was measured using Nanodrop (ND-1000) 

spectrophotometer.  

3.3. Discussion 

Previous findings have suggested the importance of hKCNH2 and its role in the 

occurrence of cardiac arrythmias (Vandenberg et al., 2012). However, the role of and 

interplay between different alternate transcripts (hERG1a, hERG1b, hERG-uso) is less 

clear. I have used zebrafish as an animal model to begin to investigate the expression of 

the different zkcnh genes in the heart by using WISH. For successful WISH studies, I aimed 

in this chapter to construct a probe, which when tagged with DIG, will help in determining 

zkcnh gene expression patterns in zebrafish. Probe templates could be obtained by 

performing polymerase chain reaction, which includes designing of primers amplifying the 

probe templates and optimizing PCR conditions, which becomes a time-intensive process. 

To make the probe design faster, sensitive, and specific I used a bioinformatics in-silico 

approach to design the WISH probes.  

This bioinformatics approach resulted in successful target-specific probe design for 

detection of each of the zkcnh transcripts including zkcnh2a, zkcnh2b, zkcnh6a, zkcnh6b 

and zkcnh7. Unique cDNA probe template sequences for each transcript were inserted into 

the pUC57 vector plasmid such that T7 antisense synthesized RNA probe could be used 

for target detection, and T3 sense synthesized RNA probe could be used as a negative 

control. Each transcript probe had incorporation with DIG to allow for adequate signal 

detection above background, which I will discuss in the next chapter. Each of the cDNA 

probes were evaluated using BLAST to confirm their specificity towards the transcript of 

interest and to ensure no cross-reactivity with other zkcnh transcripts. BLAST search 

results were filtered to our model organism, Danio rerio, and each of the cDNA probe was 

found to be specific to their gene.  
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There are some limitations to the use of my bioinformatics approach to designing 

probe templates for studying expression patterns by WISH. Firstly, while good labelling 

may be obtained with shorter probes (the minimal size required is approximately 200 bp), 

optimal results in terms of probe specificity and sensitivity are produced using longer 

probes of no longer than 1.5kb. However, tissue accessibility is limited with longer probes, 

and therefore a balance must be achieved for each probe between being long enough to 

achieve specificity and to enable the incorporation of sufficient label to be easily detectable 

above background signal and being short enough so as not to limit tissue penetration. The 

in-silico designed probe as shown in results in the next chapter (Figure 18) gave a good 

signal at 3dpf, though it I observed limited probe access in older larvae (7dpf) as such no 

signal. Secondly, one of the important aspects of the probe design is to decide on which 

part of the sequence to target. When two genes share extensive similarities, like in our case 

zkcnh, getting a specific pattern of expression can pose to be challenging. To minimize this 

cross-reactivity, I used 3’ UTR region of each gene as templates in constructing the probe 

sequences. However, apart from zkcnh2a and zkcnh6a, other transcripts did not have 

3’UTR regions, as such the ORF regions of zkcnh2b, zkcnh6b and zkcnh7 were used as 

templates. 

Now with these in-silico designed cDNA probes, I performed WISH as described 

in my next chapter to map spatial transcript expression of zkcnh genes. The principle of 

WISH is based on labeling a complementary RNA probe with a hapten such as DIG, 

fluorescein or biotin which can be visualized after hybridization to a targeted mRNA. 
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Chapter 4. Detection of zkcnh transcript expression in 

zebrafish using WISH 

4.1. Introduction 

Despite the increasing use of zebrafish as a model for human cardiac 

electrophysiology, cardiac arrythmias and drug screening, our knowledge of zebrafish 

cardiac ion channels, their biophysical properties, drug sensitivity, molecular basis and 

regulatory networks is still limited. As such, the work in my thesis aimed to establish an 

approach in the lab to better understand zkcnh transcript expression to facilitate use of 

zebrafish as a model system to study cardiac electrophysiology. A detailed anatomical 

structure of zebrafish has been given in Figure 17.  
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Figure 17: Atlas of zebrafish anatomy. Atlas shows the location of heart (atrium and ventricle). 
Source: (Bradford et al., 2022). Used under Creative Commons Open Access License (CC BY-NC-ND). 
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Studies have identified zkcnh2a, zkcnh2b, zkcnh6a and zkcnh7 transcript expression 

in zebrafish hearts with low levels of zkcnh2a and high levels of zkcnh6a in adults at 28℃ 

(Vornanen & Hassinen, 2015b). Previous studies have shown that the zebrafish zkcnh6a 

gene is the primary cardiac orthologue of the human hKCNH2 and suggest association of 

zkcnh6a with LQTS (Chen et al., 1996). A recent study conducted by (Hoshijima et al., 

2016) showed how zebrafish can be engineered by homologous recombination  using 

kcnh6a locus site. However, little is known about how expression of these different 

transcript’s changes during development, or environmental change. 

 In addition, since a key goal of our lab is to use CRISPR-Cas9 precise gene-editing 

of zebrafish to introduce LQTS-associated variants, it is also important to better understand 

how gene-editing of one kcnh transcript affects expression patterns of other kcnh 

transcripts. To do this, I decided to use the WISH technique to conduct detection of 

transcript expression in individual whole larval zebrafish. This approach allows sites of 

expression of genes to be detected. The technique uses in vitro synthesized DNA or RNA 

tagged with DIG to determine gene expression patterns. Following hybridization, the 

transcript is visualized immunohistochemically using and anti-DIG antibody conjugated to 

alkaline phosphatase, the substrate of which is chromogenic (Chitramuthu & Bennett, 

2013; B. Thisse & Thisse, 2014; C. Thisse & Thisse, 2008b). This WISH technique has 

not been used previously in our lab, and I have introduced, developed, and optimized the 

procedures to successfully conduct these studies. To demonstrate this, I have used WISH 

to map the expression of the primary hERG orthologue, zkcnh6a, in 3 day-post-fertilization 

(3 dpf) zebrafish larvae. Probes for all zkcnh transcripts were designed as outlined in the 

previous chapter; however, budget, and time constraints leant me to focus my efforts on 

zkcnh6a to demonstrate functionality of the technique. 

4.2. Results 

I started to establish the WISH approach by focussing on one probe at a time, 

starting with zkcnh6a, with the intent of studying probes to detect zkcnh2a, zkcnh2b, 

zkcnh6b and zkcnh7 in future work. The in-silico design and synthesis of antisense RNA 

probe labelled with DIG is described in the previous chapter. In this chapter, I describe 
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how I developed and optimized the use of target-specific probes to conduct WISH. For 

each experiment to detect zkcnh6a, I studied 3 groups of zebrafish larvae. The first were 

treated with the zkcnh6a probe synthesized using T7 polymerase. The T7 produced the 

antisense probe that will detect zkcnh6a RNA and is therefore termed, experimental. The 

second group received probe sequence synthesized from T3 polymerase. This produces the 

sense sequence and will therefore not detect zkcnh6a RNA and is used as a negative control. 

The third group had no probe delivered and serves as an additional control. Each group 

consisted of 20 embryos/fish at the 3 dpf developmental stage. To conduct WISH in these 

3 groups of embryos, I adapted a protocol published previously by Thisse et al. and 

developed it as I optimized it.  

The zebrafish eggs (50 embryos in a 94 mm Petri dish) were collected from the 

bottom of the breeding tank into Petri dishes as described in the Materials and Methods 

(Chapter 2) containing E3 embryo medium (see Materials and Methods) by using transfer 

pipettes. Putting more than 50 embryos in the stated size Petri dish, will not let the embryos 

develop properly. 0.00005% methylene blue was added to the Petri dish (100 µl in 100 ml 

fish water) to prevent fungal growth and the zebrafish embryos were allowed to develop 

until 3 dpf. Usually, 3 drops of 0.05% stock methylene blue are used while rearing zebrafish 

embryos, but a low concentration of methylene blue was chosen in my experiments to 

balance antimicrobial action with limiting background signal interference. The E3 medium 

was changed daily until larvae reached the 3 dpf stage.   

Embryos collected following breeding were incubated at 28 ℃ until 3 dpf (see 

Methods section). To conduct WISH, embryos must first be fixed. 3 dpf zebrafish embryos 

were fixed in 4% (wt/vol) paraformaldehyde in 1×PBS overnight at 4 0C in Petri dishes 

(12-14 h). To visualize the alkaline phosphatase detection of DIG, it is necessary to remove 

native zebrafish pigmentation. This is achieved by treating the zebrafish embryos with 

hydrogen peroxide. 3 dpf fixed embryos were placed in a 12 well plate and were incubated 

at room temperature in 3 % H2O2/0.5 % KOH (v/v) in 1×PBS for 1 h until pigmentation 

has completely disappeared. The progress can be checked by observing the embryos on a 

white background under a dissecting scope, lit from above. Following depigmentation, 

embryos were washed in 1×PBS for 5 min to remove the H2O2/KOH and stop the bleaching 
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reaction. Embryos were then dehydrated by progressive 5 min washes in first 25 % 

(vol/vol), then 50 % (vol/vol), then 75 % (vol/vol) and finally 100 % methanol in 1×PBS. 

To ensure adequate mixing, each washing step was conducted by putting the 12 well plate 

on an orbital shaker at the lowest speed possible. Embryos were kept for dehydration at -

20 0C in 100% methanol for at least 2 h before use following rehydration steps were carried 

out. I found that dehydration and rehydration steps as suggested by Thisse et al., (B. Thisse 

& Thisse, 2014; C. Thisse & Thisse, 2008b) can be skipped as it affected the overall 

integrity of the embryo, and so the following steps of washing the embryos with PBT can 

be continued immediately. 

One important development of the approach is that Thisse et al described the use of 

baskets and boxes for rehydration, incubation, and washes where more than 50 embryos 

were placed together in one small basket made with 2 ml centrifuge tubes. However, while 

making of these baskets is straight forward, I found that once all 50 embryos were put 

together in one small basket and were treated through several days of treatments, the 

embryos would stick together resulting in damage to the embryos (Figure 18 row A). Since 

the process of WISH involved imaging embryos at the end of the experiment, keeping the 

embryo intact was a very important step. To solve this problem, I used 12 well plates 

instead of baskets to house each embryo in a single well to help maintain their structural 

integrity. In all the steps involving transferring solutions and washing, I found it important 

to completely remove the solution that the larvae are in before adding a new solution, rather 

than transferring the larvae to new solutions. Moving the larvae led to extensive tissue 

damage. Cutting the tip of a transfer pipette by 2 cm facilitated the exchange of the solution 

and prevented larvae from being sucked into the pipette, which caused damage.   

Once embryos were fixed, depigmented, and dehydrated, the next step was to 

permeabilize the tissue before probe hybridization. The embryos were rehydrated by 

treating them with successive dilutions of methanol in 1×PBS: This was achieved by 

successive 5 min washes in 75 % (vol/vol) methanol first and then 50 % (vol/vol) methanol; 

and finally, 25 % (vol/vol) methanol. Following this, embryos were washed four times, 5 

min per wash, in 100 % PBT. PBT is a buffer containing detergent Tween-20 which aids 

in removing non-specific hybridization of probes. Each washing step was again achieved 
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by putting the 12 well plate on an orbital shaker at the lowest speed possible. 

Permeabilization of the embryos was performed by digestion with proteinase K (10 µg/ml 

diluted in PBT) at room temperature for 30 min. I found that permeabilization was 

improved by keeping the 12 well plate stationary during this step, rather than putting the 

plates in the shaker. The proteinase K digestion was stopped by incubating the embryos in 

4 % paraformaldehyde in 1×PBS for 20 min, followed by four 5 min washes in 1×PBT to 

remove residual paraformaldehyde. Each embryo was then moved from plates to 2 ml 

sterile Eppendorf tubes with as little PBT as possible ready for probe hybridization. 

The embryos were prehybridized with 700 µl hybridization mix (HM) for 2 h in a 

65 0C in heat block. This HM is a buffer containing 50% deionized formamide, 5X SSC, 

0.1% Tween adjusted to pH 6. Afterwards, the 700 µl HM was removed and discarded and 

200 µl HM containing 30–50 ng (2 µl) of antisense DIG-labeled DNA probe (zkcnh6a) 

was added in groups with T7 and T3 and only HM without the probe in case of control. 

The hybridization reaction was performed at 65 0C overnight. 

To label hybridized DIG-labeled probe with anti-DIG antibody, embryos were 

firstly transferred to a 12 well plate. All solutions were warmed to 65 0C before use. Thisse 

et al., suggested transferring the embryos in HM-containing probe to small baskets placed 

on a Styrofoam float in a plastic box filled with 200 ml of HM. However, I bypassed this 

step and put them directly in 12 well plates containing HM, which not only made the 

transfer process easier, but also helped to reduce some reagent consumption. The 12 well 

plate was put on the shaker at the minimum speed. In subsequent steps, the HM was 

gradually exchanged with 2×SSC as outlined below. 2×SSC was used as a wash buffer to 

prevent non-specific binding of the probe. All solutions were warmed to 65 0C before use 

and maintained at 65 0C throughout each incubation, unless otherwise stated. It was 

important to keep moving the 12 well plates gently while they were on the shaker at 65 0C, 

as they tended to stick to the surface of the shaker. 

1 time wash with initial HM 

10 min incubation with: 75% HM + 25 % 2×SSC 

10 min incubation with: 50% HM + 50% 2×SSC 

10 min incubation with: 25% HM + 75% 2×SSC 
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10 min incubation with: 2×SSC. 

 

Two 30 min incubations with 0.2×SSC 

 

10 min incubation with: 75% 0.2×SSC + 25% PBT at room temperature 

10 min incubation with: 50% 0.2×SSC + 50% PBT at at room temperature 

10 min incubation with: 25% 0.2×SSC + 75% PBT at at room temperature 

10 min incubation with: PBT at at room temperature 

 

Following the above high stringency washes to prevent non-specific hybridization 

of the probe, the embryos were then incubated for 3–4 h at room temperature in blocking 

buffer, bovine serum albumin (2 mg/ml), 2 % sheep serum in PBT to minimize non-specific 

binding for the antibody. The blocking buffer was then removed and replaced with 

blocking buffer containing anti-DIG antibody diluted at 1/5000 with blocking buffer 

overnight at 4 0C (14-16 h). 

Antibody detection was achieved by first discarding the antibody solution and 

washing the embryos during six 15 min washes in PBT at room temperature with gentle 

agitation. To prevent drying, embryos were then incubated during three 5 min washes in 

alkaline Tris buffer at room temperature with gentle agitation. The alkaline Tris buffer was 

then removed and replaced with 0.7 ml staining solution mixed in alkaline Tris buffer. The 

staining solution contains chromogenic substrates NBT and BCIP for the enzyme alkaline 

phosphatase. Once catalyzed by alkaline phosphatase, the product of BCIP further reacts 

with NBT to produce an insoluble precipitate that is dark purple in color. Staining solution 

was prepared fresh for each experiment and was kept in the dark. Each group in the 

experiment (T7, T3 and control) were kept in the staining solution overnight to allow 

optimal color development and the reaction was stopped by adding 1 ml stop solution 

containing 1×PBS, 1 mM Ethylene Diamine Tetra Acetic acid (EDTA) and 0.1 % Tween-

20. PBS-EDTA is used commonly to disengage cells and thus stops the reaction. 

To visualize stained samples, individual embryos were mounted in 80 % glycerol. 

I found that using one drop on the slide and allowing it sit and equilibrate overnight gave 



52 

better image acquisition. I used a small tool (Figure 18, right) which helped me in moving 

the embryos into a correct angle to take better images without disrupting the embryo 

structure.  

 

Figure 18: Tools used to take WISH images. Left: Optika Italy B-1000 series 

microscope used to take WISH images. Right: Tool manipulating the 

position of the embryos made with glass capillaries fused together with 

a curved wire. 

Sample slides were imaged using Optikam PRO6 digital camera attached with 

Optika Italy B-1000 series microscope (Figure 18, left). Images were captured using an 

Optika Italy B-1000 series microscope with different objectives to enable visualization of 

different organs and structures. Figure 18 shows a typical result showing positive staining 

of zebrafish hybridized with the zkcnh6a antisense DIG-labeled probe with anti-DIG 

alkaline phosphatase. Similar observations were made in 25 fish. Figure 19 also shows no 

staining in case the of the two control groups: either no probe or incubated with sense DIG-

labeled probe (Figure 19, row D and E). These findings confirm transcript expression of 

zkcnh6a in the zebrafish heart. 
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Figure 19: WISH in 3dpf zebrafish embryos. A, images of destroyed embryos 

(some showing alkaline phosphatase staining of hybridized antisense 

DIG-labeled probe) when treated together in small baskets. B, images 

showing darker pigmentation in zebrafish embryos. Pigmentation 

removal by H202/KOH was optimized to achieve better images. C, 

typical WISH images taken using a stereoscope. D and E, WISH images 

showing positive alkaline phosphatase purple staining of zebrafish 

embryos treated with antisense DIG-labeled probe compared with the 

absence of staining with sense probe, or no probe. Red arrows indicate 

the expression of zkcnh6a in zebarfish hearts.  
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A longer-term goal of these studies is to quantitatively assess gene expression using 

qPCR. However, as a short-term approach, I performed rudimentary quantification of 

expression by measuring the pixel intensity to highlight cardiac labelling in three groups 

of embryos: control with no probe, T3 sense probe as a negative control, and T7 antisense 

probe as the experimental probe. Images from Figure 19, row D and E were analyzed in 

Fiji software and their pixel intensities were measured as shown in Figure 20. To evaluate 

WISH image signal intensity, all images were first converted to 8-bit gray scale as 

described before (Dobrzycki et al., 2020). Step by step of how to analyze WISH images 

using this software has been described before (Dobrzycki et al., 2020). Briefly, using a 

polygon tool, a region of interest (ROI) was drawn on the image around the region 

containing the signal in all the cases, control (n=5), T3 (n=6) and T7 (n=7). The measure 

command was used to measure the intensity, which gives a mean value which is plotted as 

a bar diagram showing the pixel intensities (Figure 20). The data in Figure 20 demonstrate 

that the pixel intensity was greater in samples hybridized with the T7 antisense DIG-labeled 

experimental probe when compared with samples incubated with no probe, or DIG-labeled 

T3 sense probe. Though I have observed purple alkaline phosphatase staining in 25 fishes 

taken together all experiments, the number of fishes while quantifying through image J was 

low because of hurdles in proper positioning and imaging them.  
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Figure 20: Comparison of pixel intensity between control (without probe), T3 

DIG-labeled sense probe (negative control) and T7 DIG-labeled 

antisense probe (experimental probe). Quantification of labeling 

intensity was measured using image analysis by Fiji software. An ROI 

around the signal intensity in T7 DIG-labeled antisense probe samples 

was drawn first and then the same ROI size and shape was used to 

measure intensity in T3 DIG-labeled sense probe samples, and no probe 

samples. The measure coSmmand was used to measure the pixel 

intensity of the ROI. 

4.3. Discussion 

The hKCNH2 gene has generated major scientific interest because of its role in both 

genetically and pharmacologically linked cardiac arrythmias (Curran et al., 1995; 

Sanguinetti et al., 1995; Trudeau et al., 1995). The hKCNH2 gene has been found to express 

multiple transcripts, hERG1a, hERG1b and hERG-uso (Figure 7). Studies have begun to 

demonstrate the functional impact of these different hERG transcripts; however, the extent 

to which and the mechanism(s) by which alternate transcripts are regulated in response to 

development, environment, or disease variants remains obscure. I used zebrafish zkcnh 

genes as an animal model to start to answer these questions.  

To date few researchers have studied expression patterns of kcnh genes in zebrafish 

(Hoshijima et al., 2016; Leong et al., 2010a), majority of whom have used q-PCR for 

-30

-20

-10

0

10

20

30

40

50

60

70

Control T3 T7

R
e

la
ti

ve
 in

te
n

si
ty

 (
p

ix
e

l)



56 

performing quantitative analysis of gene expression in Zebrafish. Recent advances include 

introduction of targeted mutations and performing in-situ hybridization to confirm the 

presence of genes expression in whole organ model. Sectioning of the hybridized samples 

following whole mount analysis is often performed to examine the cell types expressing 

the gene of interest.  

To understand the gene expression pattern of zkcnh genes, I performed WISH to 

map transcript expression using in-silico designed (chapter 3) probes tagged with DIG. 

This DIG labelled probe hybridized with native RNA and was visualized 

immunohistochemically using anti-DIG antibody conjugated to alkaline phosphatase, 

thereby generating purple staining. My data with probe targeting the zkcnh6a gene 

transcript shows successful establishment of this approach (Figure 19), which I have 

developed and optimized for use in our lab. 

As WISH was not previously performed in our laboratory, I tried to optimize the 

procedures by solving several problems to generate optimal results. After some procedural 

changes, final WISH results confirmed the presence of expression of zkcnh6a transcript in 

single zebrafish 3 dpf embryos (Figure 19). Suitable controls and negative controls (T3) 

were also carried out which showed negative staining. The signal intensity was analyzed 

using Fiji software, which demonstrated increased pixel intensity present in the 3 dpf 

zebrafish embryos treated with the experimental probe. On the other hand, control and T3 

showed a threshold amount of pixel intensity. This result is a start of a wide range of 

experiments to characterize zkcnh transcript expression in zebrafish hearts. Genotyping of 

zkcnh6a can be performed by extracting the DNA of WISH-stained 3 dpf embryos which 

could further help for better quantification of each transcript.  

There are numerous techniques available to detect transcript expression in 

tissues/cells, which are reviewed in the Introduction section. The WISH technique has 

several important advantages that led me to use this approach for my studies. Firstly, as 

described above, the main advantage of WISH is that it is an efficient way to establish 

spatial and temporal gene expression in embryos and in early larval stages. Secondly, this 

procedure provides targeting genes and visualize localized signals in a single specimen, in 
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our case in a single fish. Thirdly, the process itself is cost-effective when comparing to 

other techniques available for mapping gene transcript expression like qPCR, RNA 

sequencing, microarray etc. WISH has its limitations, the most significant of which is the 

poor penetration of the probes after 2 days of development. Only superficial tissues become 

accessible to the probe at later developmental stages, as such only partial expression 

patterns may be detected. To get a complete and accurate gene expression analysis at late 

stages of embryo development, WISH on histological sections can be more effective. An 

alternative to WISH can be to look at corresponding protein levels using specific 

antibodies. However, for each protein a specific antibody must be generated, and 

immunohistochemistry conditions must define each time (fixation, dilution, detergents, 

washes). This can be a time-consuming and slow process, and antibody specificity is a 

known problem in zebrafish. Despite, these limitations, WISH can be used for a variety of 

applications which include: i) mapping gene expression profiles in cells and tissues during 

the time course of embryo differentiation; ii) tissues and cell-specific markers can be 

collected at distinct developmental stages and these markers can be used for phenotypic 

analysis after performing experimental manipulation of embryos or chemical mutagenesis 

or CRISPR-induced mutation; iii) spatial and temporal expression patterns can be 

identified to define synexpression groups, thus identifying novel members of genes 

involved in the same signalling pathways. In this thesis, I have used WISH to establish a 

way to study transcript expression plasticity that may be used to understand human hERG 

transcript plasticity, as well as better understanding how CRISPR edits in zebrafish might 

influence other transcripts. 
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Chapter 5. Discussion & Future Direction 

LQTS is a life threatening cardiac electrical disorder which affects one in every 

2500 people (Johnson & Ackerman, 2009). LQTS type 2 accounts for approximately 35% 

of LQTS cases and is caused due to the presence of variants in the hERG channel, whose 

physiological role is to conduct IKr. IKr repolarizes the membrane during phase 3 of the AP, 

loss of which results in prolongation of QT interval as seen in the ECG, and several life 

threatening arrythmias (Curran et al., 1995; Sanguinetti et al., 1995; Trudeau et al., 1995). 

Interestingly, multiple hERG (KCNH2) transcripts, hERG1a, hERG1b and hERG-uso, are 

expressed in cardiac tissue and are important for AP repolarization. hERG1a is critical for 

cardiac repolarization (E. M. C. Jones et al., 2004a), while hERG1b coassembles with 

hERG1a modulating channel biophysical properties (D. K. Jones et al., 2014; E. M. C. 

Jones et al., 2004b). hERG-uso, a truncated non-functional hERG1a occurs due to 

alternative splicing and leads to a reduced number of channels at the plasma membrane 

reducing current density by 30%  (Gong et al., 2014; Jonsson et al., 2012; Kupershmidt et 

al., 1998). These studies demonstrate the potential functional impact of different hERG 

transcripts, however, the extent to which and the mechanism(s) by which alternate 

transcripts are regulated in response to development, environment and disease variants 

remains obscure. 

I used zebrafish to start to address these questions because of its numerous benefits 

which include high fecundity, transparent and rapidly developing embryos, low 

maintenance costs, similarity with human-like cardiac repolarization and a successful 

history with studying repolarization disorders. Due to teleost-specific whole genome 

duplication (Kasahara et al., 2007) zERG, the zebrafish counterpart of hERG, may arise 

from multiple zkcnh genes that are orthologous to mammalian KCNH. Studies have 

identified zkcnh2a, zkcnh2b, zkcnh6a, zkcnh6b and zkcnh7 (Hull et al., 2019b; Leong et al., 

2010a) among which zkcnh6a is predominantly expressed in zebrafish heart tissue (Hull et 

al., 2019b; Leong et al., 2010a). There also exists a link between zkcnh6a and the 

occurrence of LQTS in zebrafish (Chen et al., 1996). However, like the different hERG 

transcripts, how the different zERG transcripts are regulated remains obscure. The aim of 
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this thesis was to detect gene transcript expression of zkcnh genes immunohistochemically 

by using WISH in 3 dpf zebrafish embryos. This will enhance the utility of zebrafish as a 

model of LQTS and transcript expression plasticity.  

WISH establishes spatial and temporal gene expression pattens in individual fish 

by using RNA probes tagged with DIG to determine gene expression. Following 

hybridization, the transcript is visualized immunohistochemically using anti-DIG antibody 

conjugated to alkaline phosphatase, thus producing a chromogenic substrate. In chapter 3, 

I discussed how I used bioinformatics analyses to design unique sense (control) and 

antisense (target) WISH probes for specific zkcnh6a target detection. I also designed a set 

of unique probes to detect each of the zkcnh alternate transcripts that have been found in 

zebrafish: zkcnh2a, zkcnh2b, zknch6a, zkcnh6b, zkcnh7. The steps for bioinformatics probe 

design for WISH have been summarized in (Figure 13). BLAST results (Table 2) suggested 

that all the zkcnh probe constructs (query sequence) showed 100% identity with their 

specific whole cDNA sequence (target sequence). The E-value of all the probe constructs 

came to be 0.0 which signifies the number of times one can get a match by chance. The 

lower the E-value, the more significant the match is thus confirming the specificity of each 

constructed probe.  

The constructed linear cDNA zkcnh6a from Genewiz was synthesized (Figure 16), 

tagged with DIG and zcknh6a cRNA probe was produced using Ambion Maxiscript T7 

transcription kit. This zkcnh6a cRNA probes were then used to conduct WISH as detailed 

in chapter 4 to map the expression pattern of zkcnh6a in 3 dpf zebrafish embryos following 

the Thisse et al., paper (B. Thisse & Thisse, 2014; C. Thisse & Thisse, 2008b). However, 

several adjustments were made throughout the procedure to make it more efficient and to 

improve reproducibility. A schematic flowchart of thus optimised WISH protocol has been 

shown in Figure 21. In each WISH experiment detecting zkcnh6a, three groups were 

studied simultaneously: T7, which is the experimental probe; T3, which is the negative 

control; and an additional control with no probe. WISH results showed positive staining of 

alkaline phosphatase (purple staining, Figure 19) in groups treated with the experimental 

probe with increased pixel intensity measured by Fiji software (Figure 20). In contrast, no 

staining was observed in the negative control groups, which showed threshold pixel 
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intensity (Figure 20). These results thus serve as a starting point to further study the 

transcript expression of zkcnh6a and its plasticity with changes in development, 

environment, and disease variants. 

 

Figure 21: Flowchart of the optimised WISH protocol. The different steps of 

WISH were indicated in boxes linked by arrows and colored in blue 

corresponsing to synthesis of the probes, in green for embryo 

preparation, orange for steps leading to hybridization with DIG 

labelled RNA probes, yellow for steps leading to incubation with 

secondary antibody, light blue for steps for the final washes and 

staining and red is the final step.  

One of the major advantages of WISH is its ability to detect both spatial and 

temporal expression patterns of the target gene (in our case zkcnh6a) in early larval stages. 

However, it has its limitations too. RNA probes required in WISH have reduced penetration 

capability after 2 dpf, which may reduce labelling efficiency. My data shows successful 

specific staining of zkcnh6a using 3 dpf larvae (Figure 19) but I couldn’t observe any 

positive staining in 7 dpf using the same approaches. This indicates the need to perform 

WISH in histological section slides rather than performing in the whole embryo. 

Otherwise, using shorter probes may enhance tissue penetration if we encounter target-

specific problems with labelling, although this may reduce the signal. Recent study (Vauti 

et al., 2020) also showed, use of acetone to increase the penetration ability in older 
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embryos, thus enabling detection and visualization of gene up to the late larval stages. 

Though the study (Vauti et al., 2020) showed promising result in high quality mRNA 

detection, but it is at the expense of longer incubation times as such the procedure outlined 

takes 8 days compared to 3 days suggested by Thisse protocol (B. Thisse & Thisse, 2014; 

C. Thisse & Thisse, 2008b). Another limitation of WISH is its limited ability to allow 

quantitative comparisons of transcript expression. This problem may be solved by 

performing qPCR, though qPCR needs pooling of fish to provide enough starting material. 

Our overall goal at this stage of the project was to detect gene transcript expression between 

experimental groups in a single fish, which WISH does well.  

Looking forward, one possible application of the WISH approach that I have set up 

is to map zkcnh transcript expression following a CRISPR-induced zkcnh6a mutation. The 

Claydon lab has established a platform to do this and have engineered gene-edited zkcnh6a 

zebrafish lines. Towards the end of my thesis research, I worked together with others in 

the lab to develop a CRISPR gene-edited zebrafish line harbouring a LQTS-associated 

zkcnh6a variant, E637K. Previous studies have demonstrated that homozygous hERG 

E637K results in defective protein trafficking, but when the E637K variant co-assembles 

with wild-type channels, mutated channel tetramers are expressed, and there is a slowing 

of the rate of hERG channel activation and an enhanced steady-state inactivation (Hayashi 

et al., 2002). This results in a decrease in the outward repolarizing tail current which further 

causes a delay in the repolarization phase in the AP, and is thereby considered to be 

pathogenic in causing LQTS (Hayashi et al., 2002). Our goal was to map zknch6a transcript 

expression genotypically (presence of an eye lens fluorescent reporter gene, PCR, and 

sequencing of genomic DNA from tail clip samples) and phenotypically (heart rate, 

pericardial dimension, and ECG) following the E637K CRISPR-induced zkcnh6a point 

mutation to evaluate potential zkcnh6a expression pattern changes using WISH. 
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Figure 22: Preparation of E637K mutated template. Two guide RNA sequences 

were designed by two of my colleagues, Mandy Yip and Kyle Simpson 

to recognize the target sequence close to Protospacer Adjacent Motif 

(PAM) sites located in the exon sequences which also has the E637K 

edit. Injection of the two guide RNAs with Cas9 enzyme excises the 

sequence between the two PAM sites. Homology-directed repair as 

depicted in Figure 21 is then encouraged by delivery of a template for 

repair. The template contains white: homology arms; yellow: modified 

PAM sequences; grey: intron; red: E637K mutation; blue: alpha-

crystallin eye lens promoter; green: YFP reporter under the alpha-

crystallin promoter. The edited DNA includes the targeted E637K gene 

edit and the gene for YFP expression in the fish eyes.  

Two colleagues in the lab, Kyle Simpson, and Mandy Yip, designed the sgRNA 

guides, and exogenous template sequence containing the E637K variant, along with a YFP 

mVenus reporter gene (Figure 22). This approach allows precise E637K zknch6a gene edits 

to be confirmed by visually (by selecting green eyed larvae) and genotypically by 

conducting tail clips and subsequently performing PCR using genomic DNA purified from 

those tail clips and sanger sequencing. Genotyping will include on-target, as well as 

potential off-target (top three sites predicted by CRISPOR) sequencing. This is because 
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evidence suggests that when using the CRISPR/Cas9 system, the sgRNA may bind other 

DNA regions than the target loci, so called off-target sites, which can generate unexpected 

genetic mutations (X.-H. Zhang et al., 2015, 2015). I started working and have optimized 

the PCR primers and conditions for this genotyping. Preliminary results with agarose gel 

electrophoresis showed the presence of distinct clean bands for both on and off targets 

(Figure 23).  
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Figure 23: Analysis of E637K on and off targets. A: Nested PCR and 1% Agarose 

gel electrophoresis of E637K off targets. lane 1:  arhgap23a inside 

primer, lane 2: arhgap23a outside primer, lane 3: robo2 inside primer, 

lane 4: robo2 outside primer, lane 5: pax7 inside primer, lane 6: pax 7 

outside primer, lane 7: ladder. B: 1% Agarose gel electrophoresis of 

E637K; lane 1: ladder, lane 2: pax7 inside primer, lane 3: ontarget. C: 

Chromatogram trace of on target E637K. D: MUSCLE alignment 

between sequence provided from Genewiz and the wild type zkcnh6a. 

Arrows indicate the amino acid which is expected to be subsituted after 

succesful edit.  
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Additionally, as part of phenotypic characterization of 3 dpf embryos following 

injection of CRISPR components, we can record in vivo video capture of heart rate, 

pericardial dimensions, as well as ECG. LQTS is typically characterized by the 

prolongation of QT interval on the ECG (Schwartz et al., 2012), as such we can measure 

ECG parameters such as heart rate and QTc interval. Following ECG measurements, we 

can perform WISH in those same fish to detect and compare relative zkcnh transcript 

expression and tissue distribution in wild type and E637K CRISPR edited zebrafish. These 

results will enable us to map transcript expression changes as well as genotype and 

phenotype data from the same fish to determine the effects of the E637K LQTS-associated 

CRISPR mutation. 

In conclusion, my thesis research has enabled us to take this work forward and 

characterize genotype, phenotype, and transcript expression pattern in zebrafish. Through 

this characterization we will improve understanding of KCNH gene plasticity and how it 

might influence cardiac repolarization. The findings will also lead to improved 

understanding of the expression of the multiple transcript variants in humans (i.e. hERG1a, 

hERG1b, hERG-uso) and how this might influence repolarization and contribute to 

arrhythmia risk profiling. Finally, our studies will extend evidence for the use of zebrafish 

as an insightful translational model for human cardiac electrophysiology and its 

dysfunction. 
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Appendix  In-silico determination of probe sequences 

        

Gene Name: 

potassium voltage-gated channel, subfamily H (eag-related), 

member 6a 

Gene Symbol: kcnh6a     

 

Previous Names: 

kcnh2, kcnh6, bre, breakdance, erg, ether-a-go-go-

related, reg, reggae, silent ventricle, unm s213, zerg-3, zerg 
 

 

Gene transcripts Accession Number (NCBI) 

Kcnh6a-201 XM_005164007 

Kcnh6a-202 XM_005164008 

 

Step 1: Downloading the 3’UTR sequences of kcnh6a and their transcripts  

3’UTR sequence of kcnh6a (Source: 

http://uswest.ensembl.org/Danio_rerio/Gene/Sequence?g=ENSDARG00000001803;r=3:

31728871-31784082) SEQUENCES ARE 5’ TO 3’ SENSE STRAND. 

Use download sequence tab and downloaded only 3’UTR sequences of kcnh6a-201 

and 202 transcripts 

>kcnh6a-201 utr 

AGGCTAAAAAGCAGACTATTGTTCATTCTGAGACTCATTTACTCCACGGTTTCCAATATTGCACTTTTGCAACAAAATGT

ATTCATTAGGACGTCCGTTAGAGCAAACGAGCCGATTTCTTTGAATCTCTGAGGTTTGTCTCATATCCCTTCTCACTAAG

AGCAGGAAGTTCTCTTCTGTCGCGACAGTATTTGGTAACTTTTGTTTGCAACCGAATATGACAAAAAGCGCAGTGGGCA

ATAAAGACGAGATCCAAGAGTCAAAGAGAGATGCCACATTACAGTTCACCCGCCTCCATCTTGTTTGTTTGTGTCTAGT

TTGAAATTGTCCTCCTAGTCTAAACCTCATTTTTTTGTCTGCTTTTGTCAAACTAAGATTCACAGGACAGATTCACTAAA

http://uswest.ensembl.org/Danio_rerio/Gene/Sequence?g=ENSDARG00000001803;r=3:31728871-31784082
http://uswest.ensembl.org/Danio_rerio/Gene/Sequence?g=ENSDARG00000001803;r=3:31728871-31784082
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GTAGAACAAAAAAATGTTCAAAGTTTTTCTTTTCAGTGTGTACATTTTCTAATTCTATATATTTTGTGTGTGGTTAGCTGT

TTGACCCAAATCTAATGTGTTACTGCATCAGCTTTATGACTGGCACCAAATGAATCTGTGTGTTTGGATTCATTGTAACC

AAATGTGCTTGAATTCAGGGTTATGAAATGATTTTCCTCACTGAAGTGTGACTGACTGAGTGTCTGTGTGTGTGTGTGTG

AGTGTAGATTTATGATGTGTGATCTTTTTGGAAATGTGATTTTGAATATGATAAAGAAAAACATTCAGGCTTAAAGGAT

TTGGAGTTCTCAAGGTTTTGGATGGAAGAAAGTGAAGGACTGTTTTTGTAAATCACTGTTGAGATGAAATCAGTGTAAA

GATCATTTCACCTCTGAAATAGAAGCAGATGAATGTAAAATGATTGGAAGCCTTTATTGGACTGTAAAGGTTTCCAAAT

GCACACAACTGTTATTATTATAATTATTTTTTAGATTAAATGTTATTT 

>kcnh6a-202 utr 

CGTGGACAGCTTGAAAGAGAAGTCTCCAGACTCTCTGTCCAGCGGGATTCATCTGACGGTGGCTTCCACTGACACCATG

TCCATGTCTCCAGAGACAGAGCTGTCTGTGCCCTCTGCTGGGCCTCTTCTCCAGCCTCCAGGCCTGCTGTGCAGTAGCCT

GCGCTTCCCGTCACTCCCAGACAGCCTGGAGGGTCCTGGCACACTGGAGGGGTCACCCGAAATCCAAAGGCACGTGTC

CGATCCAGTCTTACCCGGAAGCTAGAGGCTAAAAAGCAGACTATTGTTCATTCTGAGACTCATTTACTCCACGGTTTCC

AATATTGCACTTTTGCAACAAAATGTATTCATTAGGACGTCCGTTAGAGCAAACGAGCCGATTTCTTTGAATCTCTGAG

GTTTGTCTCATATCCCTTCTCACTAAGAGCAGGAAGTTCTCTTCTGTCGCGACAGTATTTGGTAACTTTTGTTTGCAACC

GAATATGACAAAAAGCGCAGTGGGCAATAAAGACGAGATCCAAGAGTCAAAGAGAGATGCCACATTACAGTTCACCC

GCCTCCATCTTGTTTGTTTGTGTCTAGTTTGAAATTGTCCTCCTAGTCTAAACCTCATTTTTTTGTCTGCTTTTGTCAAACT

AAGATTCACAGGACAGATTCACTAAAGTAGAACAAAAAAATGTTCAAAGTTTTTCTTTTCAGTGTGTACATTTTCTAAT

TCTATATATTTTGTGTGTGGTTAGCTGTTTGACCCAAATCTAATGTGTTACTGCATCAGCTTTATGACTGGCACCAAATG

AATCTGTGTGTTTGGATTCATTGTAACCAAATGTGCTTGAATTCAGGGTTATGAAATGATTTTCCTCACTGAAGTGTGAC

TGACTGAGTGTCTGTGTGTGTGTGTGTGAGTGTAGATTTATGATGTGTGATCTTTTTGGAAATGTGATTTTGAATATGAT

AAAGAAAAACATTCAGGCTTAAAGGATTTGGAGTTCTCAAGGTTTTGGATGGAAGAAAGTGAAGGACTGTTTTTGTAA

ATCACTGTTGAGATGAAATCAGTGTAAAGATCATTTCACCTCTGAAATAGAAGCAGATGAATGTAAAATGATTGGAAG

CCTTTATTGGACTGTAAAGGTTTCCAAATGCACACAACTGTTATTATTATAATTATTTTTTAGATTAAATGTTATTTATAA

A 

Step 2: Downloading cDNA sequences from NCBI of kcnh6a and their transcripts 

cDNA of kcnh6a-201 (Source: 

https://www.ncbi.nlm.nih.gov/nuccore/XM_005164007.4) 

1 atcccactag gacatacctt tcagagtgat aaacgctgtt tgagagagag aggggggagc 

       61 ttgagcgcgc atctgccttc tgtcaaaagt gacagctgag tccactgcct cctctgtgaa 
      121 cgcgcagtac cattaaacca caatgagctc cagcagccgc gccgcatctg aggtgtcggt 

      181 cttcagctct gctgcgttgc gttttcttct atagtggttt cagaatatgt aacgtctggt 

      241 ttcgggaaac acatgcgtgc gtttccactg cgcggagcaa catctgagtt tcgagcctca 
      301 taactgcacg gcgcttgttt tcattcaaac tcgtttcctt ttatttgcat ctctactcgg 

      361 cgacttcaca ctttcgcgaa ggttccactg gagacgcgtg tttttattta tttagtatta 

      421 tgttttgctc aattcctcgg tcgtaaacac ctgtttcctc cacaatgcgc aagagttcta 
      481 gattatcttc ttttgttttg cttggccgtc cttgaacgag actgaaaacc agaataagag 

      541 ggctcttgaa tctgtccacg cgtgaaaaat gcccgtgcgc cgcggacatg tcgctctcca 
      601 gaacacctat ctggacacca tcattaggaa attcgacggg caaaatcgta aattcttgat 

      661 cgcaaacgcc cagatgaaga actgtggaat catttactgc aatgagggct tttgtcagat 

      721 gtttggcttc tcgcgggcgg agatcatgca gcagtcctgc acgtgtcagt ttctggtggg 
      781 gccgggcact atgaagagcg ccctgggaca gctggcacag gctctgctcg ggtcagagga 

      841 gcgcaaagtg gagatcctct actactctaa agaagggact tgtaggccgt gtttgattga 

      901 tgtcattccg gtaaagaatg aggaaggagt tgtgatcatg ttcatcctaa acttccagga 
      961 acttttagac ccatccatga agaaaggtgg tctgaaacag cgcatggcga acagctggct 

     1021 gcgggcaggt cagcgacgca ggatgcatct gagaatgcct tctctccgtg tcaaaaggca 

     1081 gccgtctctt cctaaagacc actttgaggg agtagtggtg gattacctac agccgtctca 
     1141 tgaggaggtg gccctcaaag atctccagat gtctccagac agctgtttaa agtcagagac 

     1201 gcaggccttg attcagcaga ccccatcctc ctgcgaactc tcaccgccac cctcacggcc 
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     1261 ctcagaccga ctggagccaa gtggacccct tctcaaacat agccactcca gagagagcat 
     1321 gcacagcctg cgccgggcat cctcgctgca cgacatcgac ggcatgaggg accagtggag 

     1381 cgatctaaag cccagtaatt tgaactccac atcagactct gatttgatgc ggcaccgcac 

     1441 aattggccgc atccctcagg tgacgatatc cttcggctcg gaccgcctca gaccaccttc 
     1501 ccctactgag atcgaaatca tcgcacccag caagattaaa gaccgctcac agaacgtctc 

     1561 agaaaaggtc actcaagtta cgcaggtcct gtcactcggg gcagatgtgc ttccggagta 

     1621 caagcttcaa gctccccgca tccacaaatg gacaatcctg cactacagcc cgttcaaggc 
     1681 ggtgtgggac tggatcatcc tgctgctggt gctctacacg gccgtcttca cgccatattc 

     1741 agccgcgttc ctcctcaacg agcaggagga tgagagaaga cgcacctgtg gctacacctg 

     1801 caaccctctg aacgtggtgg acctggtggt ggacgtcatg ttcatcatcg acatcctcat 
     1861 caacttcagg accacatacg tcaatcacaa cgacgaggtg gtcagcaacc ctgcccgcat 

     1921 cgctcagcac tacttcaagg gctggttcct catagacata gttgctgcca tccccttcga 

     1981 cctgctcatt ttcagatccg gttcagatga gcctcaaacc accactctga ttggtctgct 
     2041 gaagactgca cggctgctgc gactggtgcg agtagcgaga aaactggacc gttactctga 

     2101 gtatggagcg gcggtgctct tcctcctcat gtgcaccttt gctctcatcg cccactggct 

     2161 ggcatgcatc tggtacgcca ttggcaatat ggagcgcacc agctctgccc gcataggagg 
     2221 catgaagatc ggctggctgg acaacttagc tgaccaaatt ggcaagcagt acaatgacag 

     2281 caacagtttc tctggcccct ccatcaagga caaatatgtt actgcattgt acttcacctt 

     2341 cagtagcttg accagtgtgg gcttcggaaa tgtctctcca aacaccaacc ctgagaagat 
     2401 tttctccatt tgcgtcatgc ttattggctc tctgatgtat gccagtatct ttggcaatgt 

     2461 gtctgctatc attcagaggt tgtattctgg cacagcacgg taccacactc agatgctccg 

     2521 tgtgaaagag ttcatcagat ttcatcagat cccaggtggc cttcggcaaa gactagagga 
     2581 gtatttccag catgcctggt cctacaccaa cggcatcgac atgaacgctg tgctgaaggg 

     2641 ttttccagag tgtctacagg ctgacatctg tcttcatctg aaccgcagtc tgcttcaaaa 

     2701 ctgtaaggca tttcgagggg caagtaaggg ctgtctacgg gctctggcca tgcgctttag 
     2761 gaccactcat gcccctcccg gcgacactct ggttcacagt ggagacgtac tgaccgcact 

     2821 ctacttcatc tcccgtggct ccatagagat cctcagagac gatgtggtcg tggccatttt 
     2881 aggtaagaat gacattttcg gggagcccat cagtctatat gccaggccgg ggaagtcaag 

     2941 cgctgatgtg agggctctga catactgtga cctgcataag atcctgaggg acgacctgct 

     3001 ggaggtgctg gacatgtacc ccgatttctc cgacaacttc tggagcaact tggagatcac 
     3061 gttcaacctt cgagatgtag acagaatcat gcacccaaca ccaagcgagg actcagattg 

     3121 tgggtacagg cggcccagac accggaggaa ccccctacgg cgaaatcgac ctgatgggat 

     3181 ggaccgggat gggatggaca catacccagt ccagccctgt tctcctgtgg ggaaccaccg 
     3241 gggggcgata ccgctgtcac agtgggatga gttgtgtagt gatggcagcc ctgcttctct 

     3301 ctccagtgaa gaggatatga agcctctggt gtccggccag ggggatatgt actcactggg 

     3361 cacagagatg caggaattct ccccttctgc agtcagtctt atgccctccg cccacagcac 

     3421 tgcttctgcc atggctggac cgctgacagg tgcacatcag tacacagccc ctctgaacat 

     3481 ttcaggggta tacagctatt tgtcggaccg cagggccagt gagtactcag agagtcagag 

     3541 acgttcctct gcggtgcagg catgctatca ccatcacagc ccctgtgtgg gggacagacc 
     3601 gaatcaacta caggcccgtc tggagctgct gcagtcacaa ctcaacagac tggagaccag 

     3661 gatgacggct gatataaatg tgatcctgca gctgctgcag aggcagatgg cacctgttcc 

     3721 tccagcctac agtgccgttt ctcctgatcc actcgcacac ccagcccccc cagcccaccc 
     3781 caccagcctc tacactacag cagcacacaa caccacaccc tccctacaga tcactgacgc 

     3841 ttcttcacct ggaaagagtc ctgacgtgga cagcttgaaa gagaagtctc cagactctct 

     3901 gtccagcggg attcatctga cggtggcttc cactgacacc atgtccatgt ctccagagac 
     3961 agagctgtct gtgccctctg ctgggcctct tctccagcct ccaggcctgc tgtgcagtag 

     4021 cctgcgcttc ccgtcactcc cagacagcct ggagggtcct ggcacactgg aggggtcacc 

     4081 cgaaatccaa aggcacgtgt ccgatccagt cttacccgga agctagaggc taaaaagcag 
     4141 actattgttc attctgagac tcatttactc cacggtttcc aatattgcac ttttgcaaca 

     4201 aaatgtattc attaggacgt ccgttagagc aaacgagccg atttctttga atctctgagg 

     4261 tttgtctcat atcccttctc actaagagca ggaagttctc ttctgtcgcg acagtatttg 
     4321 gtaacttttg tttgcaaccg aatatgacaa aaagcgcagt gggcaataaa gacgagatcc 

     4381 aagagtcaaa gagagatgcc acattacagt tcacccgcct ccatcttgtt tgtttgtgtc 

     4441 tagtttgaaa ttgtcctcct agtctaaacc tcattttttt gtctgctttt gtcaaactaa 

     4501 gattcacagg acagattcac taaagtagaa caaaaaaatg ttcaaagttt ttcttttcag 

     4561 tgtgtacatt ttctaattct atatattttg tgtgtggtta gctgtttgac ccaaatctaa 

     4621 tgtgttactg catcagcttt atgactggca ccaaatgaat ctgtgtgttt ggattcattg 
     4681 taaccaaatg tgcttgaatt cagggttatg aaatgatttt cctcactgaa gtgtgactga 

     4741 ctgagtgtct gtgtgtgtgt gtgtgagtgt agatttatga tgtgtgatct ttttggaaat 

     4801 gtgattttga atatgataaa gaaaaacatt caggcttaaa ggatttggag ttctcaaggt 
     4861 tttggatgga agaaagtgaa ggactgtttt tgtaaatcac tgttgagatg aaatcagtgt 

     4921 aaagatcatt tcacctctga aatagaagca gatgaatgta aaatgattgg aagcctttat 

     4981 tggactgtaa aggtttccaa atgcacacaa ctgttattat tataattatt ttttagatta 
     5041 aatgttattt ataaaggagt a 
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MPVRRGHVALQNTYLDTIIRKFDGQNRKFLIANAQMKNCGIIYCNEGFCQMFGFSRAEIMQQSCTCQFLVGPGTMKSALGQ
LAQALLGSEERKVEILYYSKEGTCRPCLIDVIPVKNEEGVVIMFILNFQELLDPSMKKGGLKQRMANSWLRAGQRRRMHLR

MPSLRVKRQPSLPKDHFEGVVVDYLQPSHEEVALKDLQMSPDSCLKSETQALIQQTPSSCELSPPPSRPSDRLEPSGPLLKHSH

SRESMHSLRRASSLHDIDGMRDQWSDLKPSNLNSTSDSDLMRHRTIGRIPQVTISFGSDRLRPPSPTEIEIIAPSKIKDRSQNVSE
KVTQVTQVLSLGADVLPEYKLQAPRIHKWTILHYSPFKAVWDWIILLLVLYTAVFTPYSAAFLLNEQEDERRRTCGYTCNPL

NVVDLVVDVMFIIDILINFRTTYVNHNDEVVSNPARIAQHYFKGWFLIDIVAAIPFDLLIFRSGSDEPQTTTLIGLLKTARLLRL

VRVARKLDRYSEYGAAVLFLLMCTFALIAHWLACIWYAIGNMERTSSARIGGMKIGWLDNLADQIGKQYNDSNSFSGPSIK
DKYVTALYFTFSSLTSVGFGNVSPNTNPEKIFSICVMLIGSLMYASIFGNVSAIIQRLYSGTARYHTQMLRVKEFIRFHQIPGGL

RQRLEEYFQHAWSYTNGIDMNAVLKGFPECLQADICLHLNRSLLQNCKAFRGASKGCLRALAMRFRTTHAPPGDTLVHSGD

VLTALYFISRGSIEILRDDVVVAILGKNDIFGEPISLYARPGKSSADVRALTYCDLHKILRDDLLEVLDMYPDFSDNFWSNLEIT
FNLRDVDRIMHPTPSEDSDCGYRRPRHRRNPLRRNRPDGMDRDGMDTYPVQPCSPVGNHRGAIPLSQWDELCSDGSPASLS

SEEDMKPLVSGQGDMYSLGTEMQEFSPSAVSLMPSAHSTASAMAGPLTGAHQYTAPLNISGVYSYLSDRRASEYSESQRRSS

AVQACYHHHSPCVGDRPNQLQARLELLQSQLNRLETRMTADINVILQLLQRQMAPVPPAYSAVSPDPLAHPAPPAHPTSLYT
TAAHNTTPSLQITDASSPGKSPDVDSLKEKSPDSLSSGIHLTVASTDTMSMSPETELSVPSAGPLLQPPGLLCSSLRFPSLPDSLE

GPGTLEGSPEIQRHVSDPVLPGS 

 

cDNA of kcnh6a-202 (Source: 

https://www.ncbi.nlm.nih.gov/nuccore/XM_005164008.4) 

1 gaccacatcc cactaggaca tacctttcag agtgataaac gctgtttgag agagagaggg 

       61 gggagcttga gcgcgcatct gccttctgtc aaaagtgaca gctgagtcca ctgcctcctc 

      121 tgtgaacgcg cagtaccatt aaaccacaat gagctccagc agccgcgccg catctgaggt 
      181 gtcggtcttc agctctgctg cgttgcgttt tcttctatag tggtttcaga atatgtaacg 

      241 tctggtttcg ggaaacacat gcgtgcgttt ccactgcgcg gagcaacatc tgagtttcga 
      301 gcctcataac tgcacggcgc ttgttttcat tcaaactcgt ttccttttat ttgcatctct 

      361 actcggcgac ttcacacttt cgcgaaggtt ccactggaga cgcgtgtttt tatttattta 

      421 gtattatgtt ttgctcaatt cctcggtcgt aaacacctgt ttcctccaca atgcgcaaga 
      481 gttctagatt atcttctttt gttttgcttg gccgtccttg aacgagactg aaaaccagaa 

      541 taagagggct cttgaatctg tccacgcgtg aaaaatgccc gtgcgccgcg gacatgtcgc 

      601 tctccagaac acctatctgg acaccatcat taggaaattc gacgggcaaa atcgtaaatt 
      661 cttgatcgca aacgcccaga tgaagaactg tggaatcatt tactgcaatg agggcttttg 

      721 tcagatgttt ggcttctcgc gggcggagat catgcagcag tcctgcacgt gtcagtttct 

      781 ggtggggccg ggcactatga agagcgccct gggacagctg gcacaggctc tgctcgggtc 

      841 agaggagcgc aaagtggaga tcctctacta ctctaaagaa gggacttgta ggccgtgttt 

      901 gattgatgtc attccggtaa agaatgagga aggagttgtg atcatgttca tcctaaactt 

      961 ccaggaactt ttagacccat ccatgaagaa aggtggtctg aaacagcgca tggcgaacag 
     1021 ctggctgcgg gcaggtcagc gacgcaggat gcatctgaga atgccttctc tccgtgtcaa 

     1081 aaggcagccg tctcttccta aagaccactt tgagggagta gtggtggatt acctacagcc 

     1141 gtctcatgag gaggtggccc tcaaagatct ccagatgtct ccagacagct gtttaaagtc 
     1201 agagacgcag gccttgattc agcagacccc atcctcctgc gaactctcac cgccaccctc 

     1261 acggccctca gaccgactgg agccaagtgg accccttctc aaacatagcc actccagaga 

     1321 gagcatgcac agcctgcgcc gggcatcctc gctgcacgac atcgacggca tgagggacca 
     1381 gtggagcgat ctaaagccca gtaatttgaa ctccacatca gactctgatt tgatgcggca 

     1441 ccgcacaatt ggccgcatcc ctcaggtgac gatatccttc ggctcggacc gcctcagacc 

     1501 accttcccct actgagatcg aaatcatcgc acccagcaag attaaagacc gctcacagaa 
     1561 cgtctcagaa aaggtcactc aagttacgca ggtcctgtca ctcggggcag atgtgcttcc 

     1621 ggagtacaag cttcaagctc cccgcatcca caaatggaca atcctgcact acagcccgtt 

     1681 caaggcggtg tgggactgga tcatcctgct gctggtgctc tacacggccg tcttcacgcc 
     1741 atattcagcc gcgttcctcc tcaacgagca ggaggatgag agaagacgca cctgtggcta 

     1801 cacctgcaac cctctgaacg tggtggacct ggtggtggac gtcatgttca tcatcgacat 

     1861 cctcatcaac ttcaggacca catacgtcaa tcacaacgac gaggtggtca gcaaccctgc 

     1921 ccgcatcgct cagcactact tcaagggctg gttcctcata gacatagttg ctgccatccc 

     1981 cttcgacctg ctcattttca gatccggttc agatgagcct caaaccacca ctctgattgg 

     2041 tctgctgaag actgcacggc tgctgcgact ggtgcgagta gcgagaaaac tggaccgtta 
     2101 ctctgagtat ggagcggcgg tgctcttcct cctcatgtgc acctttgctc tcatcgccca 

     2161 ctggctggca tgcatctggt acgccattgg caatatggag cgcaccagct ctgcccgcat 

     2221 aggaggcatg aagatcggct ggctggacaa cttagctgac caaattggca agcagtacaa 
     2281 tgacagcaac agtttctctg gcccctccat caaggacaaa tatgttactg cattgtactt 

     2341 caccttcagt agcttgacca gtgtgggctt cggaaatgtc tctccaaaca ccaaccctga 

     2401 gaagattttc tccatttgcg tcatgcttat tggctctctg atgtatgcca gtatctttgg 
     2461 caatgtgtct gctatcattc agaggttgta ttctggcaca gcacggtacc acactcagat 

     2521 gctccgtgtg aaagagttca tcagatttca tcagatccca ggtggccttc ggcaaagact 

     2581 agaggagtat ttccagcatg cctggtccta caccaacggc atcgacatga acgctgtgct 
     2641 gaagggtttt ccagagtgtc tacaggctga catctgtctt catctgaacc gcagtctgct 

     2701 tcaaaactgt aaggcatttc gaggggcaag taagggctgt ctacgggctc tggccatgcg 

     2761 ctttaggacc actcatgccc ctcccggcga cactctggtt cacagtggag acgtactgac 
     2821 cgcactctac ttcatctccc gtggctccat agagatcctc agagacgatg tggtcgtggc 
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     2881 cattttaggt aagaatgaca ttttcgggga gcccatcagt ctatatgcca ggccggggaa 
     2941 gtcaagcgct gatgtgaggg ctctgacata ctgtgacctg cataagatcc tgagggacga 

     3001 cctgctggag gtgctggaca tgtaccccga tttctccgac aacttctgga gcaacttgga 

     3061 gatcacgttc aaccttcgag atacagaatc atgcacccaa caccaagcga ggactcagat 
     3121 tgtgggtaca ggcggcccag acaccggagg aaccccctac ggcgaaatcg acctgatggg 

     3181 atggaccggg atgggatgga cacataccca gtccagccct gttctcctgt ggggaaccac 

     3241 cggggggcga taccgctgtc acagtgggat gagttgtgta gtgatggcag ccctgcttct 
     3301 ctctccagtg aagaggatat gaagcctctg gtgtccggcc agggggatat gtactcactg 

     3361 ggcacagaga tgcaggaatt ctccccttct gcagtcagtc ttatgccctc cgcccacagc 

     3421 actgcttctg ccatggctgg accgctgaca ggtgcacatc agt 
 

 

Translated protein sequence of kcnh6a-202 

MPVRRGHVALQNTYLDTIIRKFDGQNRKFLIANAQMKNCGIIYCNEGFCQMFGFSRAEIMQQSCTCQFLVGPGTMKSALGQ

LAQALLGSEERKVEILYYSKEGTCRPCLIDVIPVKNEEGVVIMFILNFQELLDPSMKKGGLKQRMANSWLRAGQRRRMHLR

MPSLRVKRQPSLPKDHFEGVVVDYLQPSHEEVALKDLQMSPDSCLKSETQALIQQTPSSCELSPPPSRPSDRLEPSGPLLKHSH

SRESMHSLRRASSLHDIDGMRDQWSDLKPSNLNSTSDSDLMRHRTIGRIPQVTISFGSDRLRPPSPTEIEIIAPSKIKDRSQNVSE

KVTQVTQVLSLGADVLPEYKLQAPRIHKWTILHYSPFKAVWDWIILLLVLYTAVFTPYSAAFLLNEQEDERRRTCGYTCNPL
NVVDLVVDVMFIIDILINFRTTYVNHNDEVVSNPARIAQHYFKGWFLIDIVAAIPFDLLIFRSGSDEPQTTTLIGLLKTARLLRL

VRVARKLDRYSEYGAAVLFLLMCTFALIAHWLACIWYAIGNMERTSSARIGGMKIGWLDNLADQIGKQYNDSNSFSGPSIK

DKYVTALYFTFSSLTSVGFGNVSPNTNPEKIFSICVMLIGSLMYASIFGNVSAIIQRLYSGTARYHTQMLRVKEFIRFHQIPGGL
RQRLEEYFQHAWSYTNGIDMNAVLKGFPECLQADICLHLNRSLLQNCKAFRGASKGCLRALAMRFRTTHAPPGDTLVHSGD

VLTALYFISRGSIEILRDDVVVAILGKNDIFGEPISLYARPGKSSADVRALTYCDLHKILRDDLLEVLDMYPDFSDNFWSNLEIT

FNLRDTESCTQHQARTQIVGTGGPDTGGTPYGEIDLMGWTGMGWTHTQSSPVLLWGTTGGRYRCHSGMSCVVMAALLLSP
VKRI 

 

Step3: cDNA sequence of both the transcript of kcnh6a were put in Open Reading 

Frame (ORF) Finder and the longest ORF (nt sequence) which matches with the 

translated protein sequence were taken. 

 

Source: https://www.ncbi.nlm.nih.gov/orffinder/ 

 

ORF of kcnh6a-201 (3558nt) 
 

ATGCCCGTGCGCCGCGGACATGTCGCTCTCCAGAACACCTATCTGGACACCATCATTAGGAAATTCGACGGGCAAAAT

CGTAAATTCTTGATCGCAAACGCCCAGATGAAGAACTGTGGAATCATTTACTGCAATGAGGGCTTTTGTCAGATGTTTG

GCTTCTCGCGGGCGGAGATCATGCAGCAGTCCTGCACGTGTCAGTTTCTGGTGGGGCCGGGCACTATGAAGAGCGCCCT
GGGACAGCTGGCACAGGCTCTGCTCGGGTCAGAGGAGCGCAAAGTGGAGATCCTCTACTACTCTAAAGAAGGGACTTG

TAGGCCGTGTTTGATTGATGTCATTCCGGTAAAGAATGAGGAAGGAGTTGTGATCATGTTCATCCTAAACTTCCAGGAA

CTTTTAGACCCATCCATGAAGAAAGGTGGTCTGAAACAGCGCATGGCGAACAGCTGGCTGCGGGCAGGTCAGCGACGC
AGGATGCATCTGAGAATGCCTTCTCTCCGTGTCAAAAGGCAGCCGTCTCTTCCTAAAGACCACTTTGAGGGAGTAGTGG

TGGATTACCTACAGCCGTCTCATGAGGAGGTGGCCCTCAAAGATCTCCAGATGTCTCCAGACAGCTGTTTAAAGTCAGA

GACGCAGGCCTTGATTCAGCAGACCCCATCCTCCTGCGAACTCTCACCGCCACCCTCACGGCCCTCAGACCGACTGGAG
CCAAGTGGACCCCTTCTCAAACATAGCCACTCCAGAGAGAGCATGCACAGCCTGCGCCGGGCATCCTCGCTGCACGAC

ATCGACGGCATGAGGGACCAGTGGAGCGATCTAAAGCCCAGTAATTTGAACTCCACATCAGACTCTGATTTGATGCGG

CACCGCACAATTGGCCGCATCCCTCAGGTGACGATATCCTTCGGCTCGGACCGCCTCAGACCACCTTCCCCTACTGAGA
TCGAAATCATCGCACCCAGCAAGATTAAAGACCGCTCACAGAACGTCTCAGAAAAGGTCACTCAAGTTACGCAGGTCC

TGTCACTCGGGGCAGATGTGCTTCCGGAGTACAAGCTTCAAGCTCCCCGCATCCACAAATGGACAATCCTGCACTACAG
CCCGTTCAAGGCGGTGTGGGACTGGATCATCCTGCTGCTGGTGCTCTACACGGCCGTCTTCACGCCATATTCAGCCGCG

TTCCTCCTCAACGAGCAGGAGGATGAGAGAAGACGCACCTGTGGCTACACCTGCAACCCTCTGAACGTGGTGGACCTG

GTGGTGGACGTCATGTTCATCATCGACATCCTCATCAACTTCAGGACCACATACGTCAATCACAACGACGAGGTGGTCA
GCAACCCTGCCCGCATCGCTCAGCACTACTTCAAGGGCTGGTTCCTCATAGACATAGTTGCTGCCATCCCCTTCGACCT

GCTCATTTTCAGATCCGGTTCAGATGAGCCTCAAACCACCACTCTGATTGGTCTGCTGAAGACTGCACGGCTGCTGCGA

CTGGTGCGAGTAGCGAGAAAACTGGACCGTTACTCTGAGTATGGAGCGGCGGTGCTCTTCCTCCTCATGTGCACCTTTG
CTCTCATCGCCCACTGGCTGGCATGCATCTGGTACGCCATTGGCAATATGGAGCGCACCAGCTCTGCCCGCATAGGAGG

CATGAAGATCGGCTGGCTGGACAACTTAGCTGACCAAATTGGCAAGCAGTACAATGACAGCAACAGTTTCTCTGGCCC

CTCCATCAAGGACAAATATGTTACTGCATTGTACTTCACCTTCAGTAGCTTGACCAGTGTGGGCTTCGGAAATGTCTCTC
CAAACACCAACCCTGAGAAGATTTTCTCCATTTGCGTCATGCTTATTGGCTCTCTGATGTATGCCAGTATCTTTGGCAAT

GTGTCTGCTATCATTCAGAGGTTGTATTCTGGCACAGCACGGTACCACACTCAGATGCTCCGTGTGAAAGAGTTCATCA

GATTTCATCAGATCCCAGGTGGCCTTCGGCAAAGACTAGAGGAGTATTTCCAGCATGCCTGGTCCTACACCAACGGCAT
CGACATGAACGCTGTGCTGAAGGGTTTTCCAGAGTGTCTACAGGCTGACATCTGTCTTCATCTGAACCGCAGTCTGCTT

CAAAACTGTAAGGCATTTCGAGGGGCAAGTAAGGGCTGTCTACGGGCTCTGGCCATGCGCTTTAGGACCACTCATGCCC

CTCCCGGCGACACTCTGGTTCACAGTGGAGACGTACTGACCGCACTCTACTTCATCTCCCGTGGCTCCATAGAGATCCT
CAGAGACGATGTGGTCGTGGCCATTTTAGGTAAGAATGACATTTTCGGGGAGCCCATCAGTCTATATGCCAGGCCGGG

https://www.ncbi.nlm.nih.gov/orffinder/
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GAAGTCAAGCGCTGATGTGAGGGCTCTGACATACTGTGACCTGCATAAGATCCTGAGGGACGACCTGCTGGAGGTGCT
GGACATGTACCCCGATTTCTCCGACAACTTCTGGAGCAACTTGGAGATCACGTTCAACCTTCGAGATGTAGACAGAATC

ATGCACCCAACACCAAGCGAGGACTCAGATTGTGGGTACAGGCGGCCCAGACACCGGAGGAACCCCCTACGGCGAAA

TCGACCTGATGGGATGGACCGGGATGGGATGGACACATACCCAGTCCAGCCCTGTTCTCCTGTGGGGAACCACCGGGG
GGCGATACCGCTGTCACAGTGGGATGAGTTGTGTAGTGATGGCAGCCCTGCTTCTCTCTCCAGTGAAGAGGATATGAAG

CCTCTGGTGTCCGGCCAGGGGGATATGTACTCACTGGGCACAGAGATGCAGGAATTCTCCCCTTCTGCAGTCAGTCTTA

TGCCCTCCGCCCACAGCACTGCTTCTGCCATGGCTGGACCGCTGACAGGTGCACATCAGTACACAGCCCCTCTGAACAT
TTCAGGGGTATACAGCTATTTGTCGGACCGCAGGGCCAGTGAGTACTCAGAGAGTCAGAGACGTTCCTCTGCGGTGCA

GGCATGCTATCACCATCACAGCCCCTGTGTGGGGGACAGACCGAATCAACTACAGGCCCGTCTGGAGCTGCTGCAGTC

ACAACTCAACAGACTGGAGACCAGGATGACGGCTGATATAAATGTGATCCTGCAGCTGCTGCAGAGGCAGATGGCACC
TGTTCCTCCAGCCTACAGTGCCGTTTCTCCTGATCCACTCGCACACCCAGCCCCCCCAGCCCACCCCACCAGCCTCTACA

CTACAGCAGCACACAACACCACACCCTCCCTACAGATCACTGACGCTTCTTCACCTGGAAAGAGTCCTGACGTGGACA

GCTTGAAAGAGAAGTCTCCAGACTCTCTGTCCAGCGGGATTCATCTGACGGTGGCTTCCACTGACACCATGTCCATGTC
TCCAGAGACAGAGCTGTCTGTGCCCTCTGCTGGGCCTCTTCTCCAGCCTCCAGGCCTGCTGTGCAGTAGCCTGCGCTTCC

CGTCACTCCCAGACAGCCTGGAGGGTCCTGGCACACTGGAGGGGTCACCCGAAATCCAAAGGCACGTGTCCGATCCAG

TCTTACCCGGAAGCTAG 

 

ORF of kcnh6a-202 (2757 nt) 
ATGCCCGTGCGCCGCGGACATGTCGCTCTCCAGAACACCTATCTGGACACCATCATTAGGAAATTCGACGGGCAAAAT

CGTAAATTCTTGATCGCAAACGCCCAGATGAAGAACTGTGGAATCATTTACTGCAATGAGGGCTTTTGTCAGATGTTTG

GCTTCTCGCGGGCGGAGATCATGCAGCAGTCCTGCACGTGTCAGTTTCTGGTGGGGCCGGGCACTATGAAGAGCGCCCT
GGGACAGCTGGCACAGGCTCTGCTCGGGTCAGAGGAGCGCAAAGTGGAGATCCTCTACTACTCTAAAGAAGGGACTTG

TAGGCCGTGTTTGATTGATGTCATTCCGGTAAAGAATGAGGAAGGAGTTGTGATCATGTTCATCCTAAACTTCCAGGAA

CTTTTAGACCCATCCATGAAGAAAGGTGGTCTGAAACAGCGCATGGCGAACAGCTGGCTGCGGGCAGGTCAGCGACGC
AGGATGCATCTGAGAATGCCTTCTCTCCGTGTCAAAAGGCAGCCGTCTCTTCCTAAAGACCACTTTGAGGGAGTAGTGG

TGGATTACCTACAGCCGTCTCATGAGGAGGTGGCCCTCAAAGATCTCCAGATGTCTCCAGACAGCTGTTTAAAGTCAGA
GACGCAGGCCTTGATTCAGCAGACCCCATCCTCCTGCGAACTCTCACCGCCACCCTCACGGCCCTCAGACCGACTGGAG

CCAAGTGGACCCCTTCTCAAACATAGCCACTCCAGAGAGAGCATGCACAGCCTGCGCCGGGCATCCTCGCTGCACGAC

ATCGACGGCATGAGGGACCAGTGGAGCGATCTAAAGCCCAGTAATTTGAACTCCACATCAGACTCTGATTTGATGCGG
CACCGCACAATTGGCCGCATCCCTCAGGTGACGATATCCTTCGGCTCGGACCGCCTCAGACCACCTTCCCCTACTGAGA

TCGAAATCATCGCACCCAGCAAGATTAAAGACCGCTCACAGAACGTCTCAGAAAAGGTCACTCAAGTTACGCAGGTCC

TGTCACTCGGGGCAGATGTGCTTCCGGAGTACAAGCTTCAAGCTCCCCGCATCCACAAATGGACAATCCTGCACTACAG
CCCGTTCAAGGCGGTGTGGGACTGGATCATCCTGCTGCTGGTGCTCTACACGGCCGTCTTCACGCCATATTCAGCCGCG

TTCCTCCTCAACGAGCAGGAGGATGAGAGAAGACGCACCTGTGGCTACACCTGCAACCCTCTGAACGTGGTGGACCTG

GTGGTGGACGTCATGTTCATCATCGACATCCTCATCAACTTCAGGACCACATACGTCAATCACAACGACGAGGTGGTCA

GCAACCCTGCCCGCATCGCTCAGCACTACTTCAAGGGCTGGTTCCTCATAGACATAGTTGCTGCCATCCCCTTCGACCT

GCTCATTTTCAGATCCGGTTCAGATGAGCCTCAAACCACCACTCTGATTGGTCTGCTGAAGACTGCACGGCTGCTGCGA

CTGGTGCGAGTAGCGAGAAAACTGGACCGTTACTCTGAGTATGGAGCGGCGGTGCTCTTCCTCCTCATGTGCACCTTTG
CTCTCATCGCCCACTGGCTGGCATGCATCTGGTACGCCATTGGCAATATGGAGCGCACCAGCTCTGCCCGCATAGGAGG

CATGAAGATCGGCTGGCTGGACAACTTAGCTGACCAAATTGGCAAGCAGTACAATGACAGCAACAGTTTCTCTGGCCC

CTCCATCAAGGACAAATATGTTACTGCATTGTACTTCACCTTCAGTAGCTTGACCAGTGTGGGCTTCGGAAATGTCTCTC
CAAACACCAACCCTGAGAAGATTTTCTCCATTTGCGTCATGCTTATTGGCTCTCTGATGTATGCCAGTATCTTTGGCAAT

GTGTCTGCTATCATTCAGAGGTTGTATTCTGGCACAGCACGGTACCACACTCAGATGCTCCGTGTGAAAGAGTTCATCA

GATTTCATCAGATCCCAGGTGGCCTTCGGCAAAGACTAGAGGAGTATTTCCAGCATGCCTGGTCCTACACCAACGGCAT
CGACATGAACGCTGTGCTGAAGGGTTTTCCAGAGTGTCTACAGGCTGACATCTGTCTTCATCTGAACCGCAGTCTGCTT

CAAAACTGTAAGGCATTTCGAGGGGCAAGTAAGGGCTGTCTACGGGCTCTGGCCATGCGCTTTAGGACCACTCATGCCC

CTCCCGGCGACACTCTGGTTCACAGTGGAGACGTACTGACCGCACTCTACTTCATCTCCCGTGGCTCCATAGAGATCCT
CAGAGACGATGTGGTCGTGGCCATTTTAGGTAAGAATGACATTTTCGGGGAGCCCATCAGTCTATATGCCAGGCCGGG

GAAGTCAAGCGCTGATGTGAGGGCTCTGACATACTGTGACCTGCATAAGATCCTGAGGGACGACCTGCTGGAGGTGCT

GGACATGTACCCCGATTTCTCCGACAACTTCTGGAGCAACTTGGAGATCACGTTCAACCTTCGAGATACAGAATCATGC
ACCCAACACCAAGCGAGGACTCAGATTGTGGGTACAGGCGGCCCAGACACCGGAGGAACCCCCTACGGCGAAATCGA

CCTGATGGGATGGACCGGGATGGGATGGACACATACCCAGTCCAGCCCTGTTCTCCTGTGGGGAACCACCGGGGGGCG

ATACCGCTGTCACAGTGGGATGAGTTGTGTAGTGATGGCAGCCCTGCTTCTCTCTCCAGTGAAGAGGATATGA 

 

Step 4: ORF and 3’UTR of kcnh6a-201 & 202 were joined  

 

>Kcnh6a-201 (Red: ORF/ Green: 3’UTR/Blue: Start & Stop codons) 
ATGCCCGTGCGCCGCGGACATGTCGCTCTCCAGAACACCTATCTGGACACCATCATTAGGAAATTCGACGGGCAAAAT

CGTAAATTCTTGATCGCCAACGCCCAGATGAAGAACTGTGGAATCATTTACTGCAATGAGGGCTTTTGTCAGATGTTTG
GCTTCTCGCGGGCGGAGATCATGCAGCAGTCCTGCACGTGTCAGTTTCTGGTGGGGCCGGGCACTATGAAGAGCGCCCT

GGGACAGCTGGCACAGGCTCTGCTCGGGTCAGAGGAGCGCAAAGTGGAGATCCTCTACTACTCTAAAGAAGGGACTTG

TAGGCCGTGTTTGATTGATGTCATTCCGGTAAAGAATGAGGAAGGAGTTGTGATCATGTTCATCCTAAACTTCCAGGAA
CTTTTAGACCCATCCATGAAGAAAGGTGGTCTGAAACAGCGCATGGCGAACAGCTGGCTGCGGGCAGGTCAGCGACGC

AGGATGCATCTGAGAATGCCTTCTCTCCGTGTCAAAAGGCAGCCGTCTCTTCCTAAAGACCACTTTGAGGGAGTAGTGG

TGGATTACCTACAGCCGTCTCATGAGGAGGTGGCCCTCAAAGATCTCCAGATGTCTCCAGACAGCTGTTTAAAGTCAGA
GACGCAGGCCTTGATTCAGCAGACCCCATCCTCCTGCGAACTCTCACCGCCACCCTCACGGCCCTCAGACCGACTGGAG

CCAAGTGGACCCCTTCTCAAACATAGCCACTCCAGAGAGAGCATGCACAGCCTGCGCCGGGCATCCTCGCTGCACGAC
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ATCGACGGCATGAGGGACCAGTGGAGCGATCTAAAGCCCAGTAATTTGAACTCCACATCAGACTCTGATTTGATGCGG
CACCGCACAATTGGCCGCATCCCTCAGGTGACGATATCCTTCGGCTCGGACCGCCTCAGACCACCTTCCCCTACTGAGA

TCGAAATCATCGCACCCAGCAAGATTAAAGACCGCTCACAGAACGTCTCAGAAAAGGTCACTCAAGTTACGCAGGTCC

TGTCACTCGGGGCAGATGTGCTTCCGGAGTACAAGCTTCAAGCTCCCCGCATCCACAAATGGACAATCCTGCACTACAG
CCCGTTCAAGGCGGTGTGGGACTGGATCATCCTGCTGCTGGTGCTCTACACGGCCGTCTTCACGCCATATTCAGCCGCG

TTCCTCCTCAACGAGCAGGAGGATGAGAGAAGACGCACCTGTGGCTACACCTGCAACCCTCTGAACGTGGTGGACCTG

GTGGTGGACGTCATGTTCATCATCGACATCCTCATCAACTTCAGGACCACATACGTCAATCACAACGACGAGGTGGTCA
GCAACCCTGCCCGCATCGCTCAGCACTACTTCAAGGGCTGGTTCCTCATAGACATAGTTGCTGCCATCCCCTTCGACCT

GCTCATTTTCAGATCCGGTTCAGATGAGCCTCAAACCACCACTCTGATTGGTCTGCTGAAGACTGCACGGCTGCTGCGA

CTGGTGCGAGTAGCGAGAAAACTGGACCGTTACTCTGAGTATGGAGCGGCGGTGCTCTTCCTCCTCATGTGCACCTTTG
CTCTCATCGCCCACTGGCTGGCATGCATCTGGTACGCCATTGGCAATATGGAGCGCACCAGCTCTGCCCGCATAGGAGG

CATGAAGATCGGCTGGCTGGACAACTTAGCTGACCAAATTGGCAAGCAGTACAATGACAGCAACAGTTTCTCTGGCCC

CTCCATCAAGGACAAATATGTTACTGCATTGTACTTCACCTTCAGTAGCTTGACCAGTGTGGGCTTCGGAAATGTCTCTC
CAAACACCAACCCTGAGAAGATTTTCTCCATTTGCGTCATGCTTATTGGCTCTCTGATGTATGCCAGTATCTTTGGCAAT

GTGTCTGCTATCATTCAGAGGTTGTATTCTGGCACAGCACGGTACCACACTCAGATGCTCCGTGTGAAAGAGTTCATCA

GATTTCATCAGATCCCAGGTGGCCTTCGGCAAAGACTAGAGGAGTATTTCCAGCATGCCTGGCCCTACACCAACGGCAT
CGACATGAACGCTGTGCTGAAGGGTTTTCCAGAGTGTCTACAGGCTGACATCTGTCTTCATCTGAACCGCAGTCTGCTT

CAAAGCTGTAAGGCATTTCGAGGGGCAAGTAAGGGCTGTCTACGGGCTCTGGCCATGCGCTTTAGGACCACTCATGCCC

CTCCCGGCGACACTCTGGTTCACAGTGGAGACGTACTGACCGCACTCTACTTCATCTCCCGTGGCTCCATAGAGATCCT
CAGAGACGATGTGGTCGTGGCCATTTTAGGTAAGAATGACATTTTCGGGGAGCCCATCAGTCTATATGCCAGGCCGGG

GAAGTCAAGCGCTGATGTGAGGGCTCTGACATACTGTGACCTGCATAAGATCCTGAGGGACGACCTGCTGGAGGTGCT

GGACATGTACCCCGATTTCTCCGACAACTTCTGGAGCAACTTGGAGATCACNTTCAACCTTCGAGATGTAGACAGAATC
ATGCACCCAACACCAAGCGAGGACTCAGATTGTGGGTACAGGCGGCCCAGACACCGGAGGAACCCCCTACGGCGAAA

TCGACCTGATGGGATGGACCGGGATGGGATGGACACATACCCAGTCCAGCCCTGTTCTCCTGTGGGGAACCACCGGGG

GGCGATACCGCTGTCACAGTGGGATGAGTTGTGTAGTGATGGCAGCCCTGCTTCTCTCTCCAGTGAAGAGGATATGAAG
CCTCTGGTGTCCGGCCAGGGGGATATGTACTCACTGGGCACAGAGATGCAGGAATTCTCCCCTTCTGCAGTCAGTCTTA

TGCCCTCCGCCCACAGCACTGCTTCTGCCATGGCTGGACCGCTGACAGGTGCACATCAGTACACAGCAGCCCCTCTGAA
CATTTCAGGGGTATACAGCTATTTGTCGGACCGCAGGGCCAGTGAGTACTCAGAGAGTCAGAGACGTTCCTCTGCGGTG

CAGGCATGCTATCACCATCACAGCCCCTGTGTGGGGGACAGACCGAATCAACTACAGGCCCGTCTGGAGCTGCTGCAG

TCACAACTCAACAGACTGGAGACCAGGATGACGGCTGATATAAATGTGATCCTGCAGCTGCTGCAGAGGCAGATGGCA
CCTGTTCCTCCAGCCTACAGTGCCGTTTCTCCTGATCCACTCGCACACCCAGTCCCCCCAGCCCACCCCACCAGCCTCTA

CACTACAGCAGCACACAACACCACACCCTCCCTACAGATCACTGACGCTTCTTCACCTGGAAAGAGTCCTGACGTGGAC

AGCTTGAAAGAGAAGTCTCCAGACTCTCTGTCCAGCGGGATTCATCTGACGGTGGCTTCCACTGACACCATGTCCATGT
CTCCAGAGACAGAGCTGTCTGTGCCCTCTGCTGGGCCTCTTCTCCAGCCTCCAGGCCTGCTGTGCAGTAGCCTGCGCTTC

CCGTCACTCCCAGACAGCCTGGAGGGTCCTGGCACACTGGAGGGGTCACCCGAAATCCAAAGGCACGTGTCCGATCCA

GTCTTACCCGGAAGCTAGAGGCTAAAAAGCAGACTATTGTTCATTCTGAGACTCATTTACTCCACGGTTTCCAATATTG

CACTTTTGCAACAAAATGTATTCATTAGGACGTCCGTTAGAGCAAACGAGCCGATTTCTTTGAATCTCTGAGGTTTGTCT

CATATCCCTTCTCACTAAGAGCAGGAAGTTCTCTTCTGTCGCGACAGTATTTGGTAACTTTTGTTTGCAACCGAATATGA

CAAAAAGCGCAGTGGGCAATAAAGACGAGATCCAAGAGTCAAAGAGAGATGCCACATTACAGTTCACCCGCCTCCATC
TTGTTTGTTTGTGTCTAGTTTGAAATTGTCCTCCTAGTCTAAACCTCATTTTTTTGTCTGCTTTTGTCAAACTAAGATTCA

CAGGACAGATTCACTAAAGTAGAACAAAAAAATGTTCAAAGTTTTTCTTTTCAGTGTGTACATTTTCTAATTCTATATAT

TTTGTGTGTGGTTAGCTGTTTGACCCAAATCTAATGTGTTACTGCATCAGCTTTATGACTGGCACCAAATGAATCTGTGT
GTTTGGATTCATTGTAACCAAATGTGCTTGAATTCAGGGTTATGAAATGATTTTCCTCACTGAAGTGTGACTGACTGAGT

GTCTGTGTGTGTGTGTGTGAGTGTAGATTTATGATGTGTGATCTTTTTGGAAATGTGATTTTGAATATGATAAAGAAAAA

CATTCAGGCTTAAAGGATTTGGAGTTCTCAAGGTTTTGGATGGAAGAAAGTGAAGGACTGTTTTTGTAAATCACTGTTG
AGATGAAATCAGTGTAAAGATCATTTCACCTCTGAAATAGAAGCAGATGAATGTAAAATGATTGGAAGCCTTTATTGG

ACTGTAAAGGTTTCCAAATGCACACAACTGTTATTATTATAATTATTTTTTAGATTAAATGTTATTT 

 

>Kcnh6a-202 
 

ATGGCAGAAGCAGTGCTGTGGGCGGAGGGCATAAGACTGACTGCAGAAGGGGAGAATTCCTGCATCTCTGTGCCCAGT

GAGTACATATCCCCCTGGCCGGACACCAGAGGCTTCATATCCTCTTCACTGGAGAGAGAAGCAGGGCTGCCATCACTA

CACAACTCATCCCACTGTGACAGCGGTATCGCCCCCCGGTGGTTCCCCACAGGAGAACAGGGCTGGACTGGGTATGTG
TCCATCCCATCCCGGTCCATCCCATCAGGTCGATTTCGCCGTAGGGGGTTCCTCCGGTGTCTGGGCCGCCTGTACCCACA

ATCTGAGTCCTCGCTTGGTGTTGGGTGCATGATTCTGTCTACATCTCGAAGGTTGAANGTGATCTCCAAGTTGCTCCAGA

AGTTGTCGGAGAAATCGGGGTACATGTCCAGCACCTCCAGCAGGTCGTCCCTCAGGATCTTATGCAGGTCACAGTATGT
CAGAGCCCTCACATCAGCGCTTGACTTCCCCGGCCTGGCATATAGACTGATGGGCTCCCCGAAAATGTCATTCTTACCT

AAAATGGCCACGACCACATCGTCTCTGAGGATCTCTATGGAGCCACGGGAGATGAAGTAGCGTGGACAGCTTGAAAGA

GAAGTCTCCAGACTCTCTGTCCAGCGGGATTCATCTGACGGTGGCTTCCACTGACACCATGTCCATGTCTCCAGAGACA
GAGCTGTCTGTGCCCTCTGCTGGGCCTCTTCTCCAGCCTCCAGGCCTGCTGTGCAGTAGCCTGCGCTTCCCGTCACTCCC

AGACAGCCTGGAGGGTCCTGGCACACTGGAGGGGTCACCCGAAATCCAAAGGCACGTGTCCGATCCAGTCTTACCCGG

AAGCTAGAGGCTAAAAAGCAGACTATTGTTCATTCTGAGACTCATTTACTCCACGGTTTCCAATATTGCACTTTTGCAAC
AAAATGTATTCATTAGGACGTCCGTTAGAGCAAACGAGCCGATTTCTTTGAATCTCTGAGGTTTGTCTCATATCCCTTCT

CACTAAGAGCAGGAAGTTCTCTTCTGTCGCGACAGTATTTGGTAACTTTTGTTTGCAACCGAATATGACAAAAAGCGCA

GTGGGCAATAAAGACGAGATCCAAGAGTCAAAGAGAGATGCCACATTACAGTTCACCCGCCTCCATCTTGTTTGTTTGT
GTCTAGTTTGAAATTGTCCTCCTAGTCTAAACCTCATTTTTTTGTCTGCTTTTGTCAAACTAAGATTCACAGGACAGATTC

ACTAAAGTAGAACAAAAAAATGTTCAAAGTTTTTCTTTTCAGTGTGTACATTTTCTAATTCTATATATTTTGTGTGTGGT

TAGCTGTTTGACCCAAATCTAATGTGTTACTGCATCAGCTTTATGACTGGCACCAAATGAATCTGTGTGTTTGGATTCAT
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TGTAACCAAATGTGCTTGAATTCAGGGTTATGAAATGATTTTCCTCACTGAAGTGTGACTGACTGAGTGTCTGTGTGTGT
GTGTGTGAGTGTAGATTTATGATGTGTGATCTTTTTGGAAATGTGATTTTGAATATGATAAAGAAAAACATTCAGGCTT

AAAGGATTTGGAGTTCTCAAGGTTTTGGATGGAAGAAAGTGAAGGACTGTTTTTGTAAATCACTGTTGAGATGAAATCA

GTGTAAAGATCATTTCACCTCTGAAATAGAAGCAGATGAATGTAAAATGATTGGAAGCCTTTATTGGACTGTAAAGGTT

TCCAAATGCACACAACTGTTATTATTATAATTATTTTTTAGATTAAATGTTATTTATAAA 

Step 5: From the joined sequence above, 1-1.5kb length sequence were extracted to 

be the final probe sequence 

 

ORF+UTR of kcnh6a (201) (Final size:1.2 kb) 

CACCCTCCCTACAGATCACTGACGCTTCTTCACCTGGAAAGAGTCCTGACGTGGACAGCTTGAAAGAGAAGTCTCCAGA

CTCTCTGTCCAGCGGGATTCATCTGACGGTGGCTTCCACTGACACCATGTCCATGTCTCCAGAGACAGAGCTGTCTGTG
CCCTCTGCTGGGCCTCTTCTCCAGCCTCCAGGCCTGCTGTGCAGTAGCCTGCGCTTCCCGTCACTCCCAGACAGCCTGGA

GGGTCCTGGCACACTGGAGGGGTCACCCGAAATCCAAAGGCACGTGTCCGATCCAGTCTTACCCGGAAGCTAGAGGCT

AAAAAGCAGACTATTGTTCATTCTGAGACTCATTTACTCCACGGTTTCCAATATTGCACTTTTGCAACAAAATGTATTCA
TTAGGACGTCCGTTAGAGCAAACGAGCCGATTTCTTTGAATCTCTGAGGTTTGTCTCATATCCCTTCTCACTAAGAGCAG

GAAGTTCTCTTCTGTCGCGACAGTATTTGGTAACTTTTGTTTGCAACCGAATATGACAAAAAGCGCAGTGGGCAATAAA

GACGAGATCCAAGAGTCAAAGAGAGATGCCACATTACAGTTCACCCGCCTCCATCTTGTTTGTTTGTGTCTAGTTTGAA
ATTGTCCTCCTAGTCTAAACCTCATTTTTTTGTCTGCTTTTGTCAAACTAAGATTCACAGGACAGATTCACTAAAGTAGA

ACAAAAAAATGTTCAAAGTTTTTCTTTTCAGTGTGTACATTTTCTAATTCTATATATTTTGTGTGTGGTTAGCTGTTTGAC

CCAAATCTAATGTGTTACTGCATCAGCTTTATGACTGGCACCAAATGAATCTGTGTGTTTGGATTCATTGTAACCAAATG
TGCTTGAATTCAGGGTTATGAAATGATTTTCCTCACTGAAGTGTGACTGACTGAGTGTCTGTGTGTGTGTGTGTGAGTGT

AGATTTATGATGTGTGATCTTTTTGGAAATGTGATTTTGAATATGATAAAGAAAAACATTCAGGCTTAAAGGATTTGGA

GTTCTCAAGGTTTTGGATGGAAGAAAGTGAAGGACTGTTTTTGTAAATCACTGTTGAGATGAAATCAGTGTAAAGATCA
TTTCACCTCTGAAATAGAAGCAGATGAATGTAAAATGATTGGAAGCCTTTATTGGACTGTAAAGGTTTCCAAATGCACA

CAACTGTTATTATTATAATTATTTTTTAGATTAAATGTTATTT 

ORF+UTR of kcnh6a (202) (Final size:1.3 kb) 

CTAAAATGGCCACGACCACATCGTCTCTGAGGATCTCTATGGAGCCACGGGAGATGAAGTAGCGTGGACAGCTTGAAA

GAGAAGTCTCCAGACTCTCTGTCCAGCGGGATTCATCTGACGGTGGCTTCCACTGACACCATGTCCATGTCTCCAGAGA

CAGAGCTGTCTGTGCCCTCTGCTGGGCCTCTTCTCCAGCCTCCAGGCCTGCTGTGCAGTAGCCTGCGCTTCCCGTCACTC
CCAGACAGCCTGGAGGGTCCTGGCACACTGGAGGGGTCACCCGAAATCCAAAGGCACGTGTCCGATCCAGTCTTACCC

GGAAGCTAGAGGCTAAAAAGCAGACTATTGTTCATTCTGAGACTCATTTACTCCACGGTTTCCAATATTGCACTTTTGC

AACAAAATGTATTCATTAGGACGTCCGTTAGAGCAAACGAGCCGATTTCTTTGAATCTCTGAGGTTTGTCTCATATCCCT
TCTCACTAAGAGCAGGAAGTTCTCTTCTGTCGCGACAGTATTTGGTAACTTTTGTTTGCAACCGAATATGACAAAAAGC

GCAGTGGGCAATAAAGACGAGATCCAAGAGTCAAAGAGAGATGCCACATTACAGTTCACCCGCCTCCATCTTGTTTGTT

TGTGTCTAGTTTGAAATTGTCCTCCTAGTCTAAACCTCATTTTTTTGTCTGCTTTTGTCAAACTAAGATTCACAGGACAG
ATTCACTAAAGTAGAACAAAAAAATGTTCAAAGTTTTTCTTTTCAGTGTGTACATTTTCTAATTCTATATATTTTGTGTGT

GGTTAGCTGTTTGACCCAAATCTAATGTGTTACTGCATCAGCTTTATGACTGGCACCAAATGAATCTGTGTGTTTGGATT

CATTGTAACCAAATGTGCTTGAATTCAGGGTTATGAAATGATTTTCCTCACTGAAGTGTGACTGACTGAGTGTCTGTGTG
TGTGTGTGTGAGTGTAGATTTATGATGTGTGATCTTTTTGGAAATGTGATTTTGAATATGATAAAGAAAAACATTCAGG

CTTAAAGGATTTGGAGTTCTCAAGGTTTTGGATGGAAGAAAGTGAAGGACTGTTTTTGTAAATCACTGTTGAGATGAAA

TCAGTGTAAAGATCATTTCACCTCTGAAATAGAAGCAGATGAATGTAAAATGATTGGAAGCCTTTATTGGACTGTAAAG

GTTTCCAAATGCACACAACTGTTATTATTATAATTATTTTTTAGATTAAATGTTATTTATAAA 

Sequence alignment of the above two probe sequences by CLUSTAL omega 

CLUSTAL O(1.2.4) multiple sequence alignment 

 
 
kcnh6a-201      -------------CACCCTCCCTACAGATCACTGACGCTTCTTCACCTGGAAAGAGTCCT 47 

kcnh6a-202      CTAAAATGGCCACGACCACATCGTCTCTGAGGATCTCTATGGAGCCACGGGAGATGAAGT 60 
                              ***    *  *              *     *  ** *   *   * 

 

kcnh6a-201      GACGTGGACAGCTTGAAAGAGAAGTCTCCAGACTCTCTGTCCAGCGGGATTCATCTGACG 107 
kcnh6a-202      AGCGTGGACAGCTTGAAAGAGAAGTCTCCAGACTCTCTGTCCAGCGGGATTCATCTGACG 120 

                  ********************************************************** 

 
kcnh6a-201      GTGGCTTCCACTGACACCATGTCCATGTCTCCAGAGACAGAGCTGTCTGTGCCCTCTGCT 167 

kcnh6a-202      GTGGCTTCCACTGACACCATGTCCATGTCTCCAGAGACAGAGCTGTCTGTGCCCTCTGCT 180 

                ************************************************************ 
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kcnh6a-201      GGGCCTCTTCTCCAGCCTCCAGGCCTGCTGTGCAGTAGCCTGCGCTTCCCGTCACTCCCA 227 

kcnh6a-202      GGGCCTCTTCTCCAGCCTCCAGGCCTGCTGTGCAGTAGCCTGCGCTTCCCGTCACTCCCA 240 

                ************************************************************ 
 

kcnh6a-201      GACAGCCTGGAGGGTCCTGGCACACTGGAGGGGTCACCCGAAATCCAAAGGCACGTGTCC 287 

kcnh6a-202      GACAGCCTGGAGGGTCCTGGCACACTGGAGGGGTCACCCGAAATCCAAAGGCACGTGTCC 300 
                ************************************************************ 

 

kcnh6a-201      GATCCAGTCTTACCCGGAAGCTAGAGGCTAAAAAGCAGACTATTGTTCATTCTGAGACTC 347 
kcnh6a-202      GATCCAGTCTTACCCGGAAGCTAGAGGCTAAAAAGCAGACTATTGTTCATTCTGAGACTC 360 

                ************************************************************ 

 
kcnh6a-201      ATTTACTCCACGGTTTCCAATATTGCACTTTTGCAACAAAATGTATTCATTAGGACGTCC 407 

kcnh6a-202      ATTTACTCCACGGTTTCCAATATTGCACTTTTGCAACAAAATGTATTCATTAGGACGTCC 420 

                ************************************************************ 
 

kcnh6a-201      GTTAGAGCAAACGAGCCGATTTCTTTGAATCTCTGAGGTTTGTCTCATATCCCTTCTCAC 467 

kcnh6a-202      GTTAGAGCAAACGAGCCGATTTCTTTGAATCTCTGAGGTTTGTCTCATATCCCTTCTCAC 480 
                ************************************************************ 

 

kcnh6a-201      TAAGAGCAGGAAGTTCTCTTCTGTCGCGACAGTATTTGGTAACTTTTGTTTGCAACCGAA 527 
kcnh6a-202      TAAGAGCAGGAAGTTCTCTTCTGTCGCGACAGTATTTGGTAACTTTTGTTTGCAACCGAA 540 

                ************************************************************ 

 
kcnh6a-201      TATGACAAAAAGCGCAGTGGGCAATAAAGACGAGATCCAAGAGTCAAAGAGAGATGCCAC 587 

kcnh6a-202      TATGACAAAAAGCGCAGTGGGCAATAAAGACGAGATCCAAGAGTCAAAGAGAGATGCCAC 600 
                ************************************************************ 

 

kcnh6a-201      ATTACAGTTCACCCGCCTCCATCTTGTTTGTTTGTGTCTAGTTTGAAATTGTCCTCCTAG 647 
kcnh6a-202      ATTACAGTTCACCCGCCTCCATCTTGTTTGTTTGTGTCTAGTTTGAAATTGTCCTCCTAG 660 

                ************************************************************ 

 
kcnh6a-201      TCTAAACCTCATTTTTTTGTCTGCTTTTGTCAAACTAAGATTCACAGGACAGATTCACTA 707 

kcnh6a-202      TCTAAACCTCATTTTTTTGTCTGCTTTTGTCAAACTAAGATTCACAGGACAGATTCACTA 720 

                ************************************************************ 

 

kcnh6a-201      AAGTAGAACAAAAAAATGTTCAAAGTTTTTCTTTTCAGTGTGTACATTTTCTAATTCTAT 767 

kcnh6a-202      AAGTAGAACAAAAAAATGTTCAAAGTTTTTCTTTTCAGTGTGTACATTTTCTAATTCTAT 780 
                ************************************************************ 

 

kcnh6a-201      ATATTTTGTGTGTGGTTAGCTGTTTGACCCAAATCTAATGTGTTACTGCATCAGCTTTAT 827 
kcnh6a-202      ATATTTTGTGTGTGGTTAGCTGTTTGACCCAAATCTAATGTGTTACTGCATCAGCTTTAT 840 

                ************************************************************ 

 
kcnh6a-201      GACTGGCACCAAATGAATCTGTGTGTTTGGATTCATTGTAACCAAATGTGCTTGAATTCA 887 

kcnh6a-202      GACTGGCACCAAATGAATCTGTGTGTTTGGATTCATTGTAACCAAATGTGCTTGAATTCA 900 

                ************************************************************ 
 

kcnh6a-201      GGGTTATGAAATGATTTTCCTCACTGAAGTGTGACTGACTGAGTGTCTGTGTGTGTGTGT 947 

kcnh6a-202      GGGTTATGAAATGATTTTCCTCACTGAAGTGTGACTGACTGAGTGTCTGTGTGTGTGTGT 960 
                ************************************************************ 

 

kcnh6a-201      GTGAGTGTAGATTTATGATGTGTGATCTTTTTGGAAATGTGATTTTGAATATGATAAAGA 1007 

kcnh6a-202      GTGAGTGTAGATTTATGATGTGTGATCTTTTTGGAAATGTGATTTTGAATATGATAAAGA 1020 

                ************************************************************ 

 
kcnh6a-201      AAAACATTCAGGCTTAAAGGATTTGGAGTTCTCAAGGTTTTGGATGGAAGAAAGTGAAGG 1067 

kcnh6a-202      AAAACATTCAGGCTTAAAGGATTTGGAGTTCTCAAGGTTTTGGATGGAAGAAAGTGAAGG 1080 

                ************************************************************ 
 

kcnh6a-201      ACTGTTTTTGTAAATCACTGTTGAGATGAAATCAGTGTAAAGATCATTTCACCTCTGAAA 1127 

kcnh6a-202      ACTGTTTTTGTAAATCACTGTTGAGATGAAATCAGTGTAAAGATCATTTCACCTCTGAAA 1140 
                ************************************************************ 

 

kcnh6a-201      TAGAAGCAGATGAATGTAAAATGATTGGAAGCCTTTATTGGACTGTAAAGGTTTCCAAAT 1187 
kcnh6a-202      TAGAAGCAGATGAATGTAAAATGATTGGAAGCCTTTATTGGACTGTAAAGGTTTCCAAAT 1200 

                ************************************************************ 

 
kcnh6a-201      GCACACAACTGTTATTATTATAATTATTTTTTAGATTAAATGTTATTT----- 1235 



108 

kcnh6a-202      GCACACAACTGTTATTATTATAATTATTTTTTAGATTAAATGTTATTTATAAA 1253 
                ************************************************      

 

Analysis: Sequence alignment of both transcripts of kcnh6a shows similarity in both 

the sequences, thus removing the dissimilar regions resulting in the final kcnh6a 

probe which will detect both of its transcripts. 

Final kcnh6a PROBE (size: 1.2kb)  

CTAAAATGGCCACGACCACATCGTCTCTGAGGATCTCTATGGAGCCACGGGAGATGAAGTAGCGTGGACAGCTTGAAA

GAGAAGTCTCCAGACTCTCTGTCCAGCGGGATTCATCTGACGGTGGCTTCCACTGACACCATGTCCATGTCTCCAGAGA
CAGAGCTGTCTGTGCCCTCTGCTGGGCCTCTTCTCCAGCCTCCAGGCCTGCTGTGCAGTAGCCTGCGCTTCCCGTCACTC

CCAGACAGCCTGGAGGGTCCTGGCACACTGGAGGGGTCACCCGAAATCCAAAGGCACGTGTCCGATCCAGTCTTACCC

GGAAGCTAGAGGCTAAAAAGCAGACTATTGTTCATTCTGAGACTCATTTACTCCACGGTTTCCAATATTGCACTTTTGC
AACAAAATGTATTCATTAGGACGTCCGTTAGAGCAAACGAGCCGATTTCTTTGAATCTCTGAGGTTTGTCTCATATCCCT

TCTCACTAAGAGCAGGAAGTTCTCTTCTGTCGCGACAGTATTTGGTAACTTTTGTTTGCAACCGAATATGACAAAAAGC

GCAGTGGGCAATAAAGACGAGATCCAAGAGTCAAAGAGAGATGCCACATTACAGTTCACCCGCCTCCATCTTGTTTGTT
TGTGTCTAGTTTGAAATTGTCCTCCTAGTCTAAACCTCATTTTTTTGTCTGCTTTTGTCAAACTAAGATTCACAGGACAG

ATTCACTAAAGTAGAACAAAAAAATGTTCAAAGTTTTTCTTTTCAGTGTGTACATTTTCTAATTCTATATATTTTGTGTGT

GGTTAGCTGTTTGACCCAAATCTAATGTGTTACTGCATCAGCTTTATGACTGGCACCAAATGAATCTGTGTGTTTGGATT
CATTGTAACCAAATGTGCTTGAATTCAGGGTTATGAAATGATTTTCCTCACTGAAGTGTGACTGACTGAGTGTCTGTGTG

TGTGTGTGTGAGTGTAGATTTATGATGTGTGATCTTTTTGGAAATGTGATTTTGAATATGATAAAGAAAAACATTCAGG

CTTAAAGGATTTGGAGTTCTCAAGGTTTTGGATGGAAGAAAGTGAAGGACTGTTTTTGTAAATCACTGTTGAGATGAAA
TCAGTGTAAAGATCATTTCACCTCTGAAATAGAAGCAGATGAATGTAAAATGATTGGAAGCCTTTATTGGACTGTAAAG

GTTTCCAAATGCACACAACTGTTATTATTATAATTATTTTTTAGATTAAATGTTATTT 

 
 

Step 6: To confirm probe specificity, BLAST was performed  

 

 

 

 

 

 

 

 

 

 

 


