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There are two basic ways by which biological systems can evolve, either by changes in 

the sequence of protein coding regions (structural evolution) or by changes in gene regulatory 

function (regulatory evolution). The relative importance of regulatory versus structural evolution 

for the evolution of different biological systems is a subject of controversy. The primacy of 
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regulatory evolution in the diversification of morphological traits has been promoted by many 

evolutionary developmental biologists. For physiological traits, however, the role of regulatory 

evolution has received less attention or has been considered to be relatively unimportant. To 

address this issue for electrophysiological systems, I examined the importance of regulatory and 

structural evolution in the evolution of the electrophysiological function of cardiac myocytes in 

mammals. 

The enormous variation in mammalian body size is an important factor in the 

evolutionary success of this class of animals and appropriate scaling of cardiovascular system 

function is critical in supporting this morphological diversity. Scaling of cardiac 

electrophysiology with body mass requires large changes in the ventricular action potential 

duration and heart rate in mammals. These changes in cellular electrophysiological function are 

produced by systematic and coordinated changes in the expression of multiple ion channel and 

transporter genes.  

Two related phenomena were first studied: the change in action potential morphology in 

small mammals and the scaling of action potential duration across mammalian phylogeny. In 

general, the functional properties of the ion channels involved in ventricular action potential 

repolarization were found to be relatively invariant. In contrast, there were large changes in the 

expression levels of multiple ion channel and transporter genes. For the Kv2.1 and Kv4.2 

potassium channel genes, which are primary determinants of the action potential morphology in 

small mammals, the functional properties of the proximal promoter regions were found to vary in 

concordance with species dependent differences in mRNA expression, suggesting that evolution 

of cis-regulatory elements is the primary determinant of this trait. Scaling of action potential 

duration was found to be a complex phenomenon, involving changes in the expression of a large 
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number of channels and transporters. Given the static nature of mammalian ion channel coding 

sequences and gene number, regulatory evolution is concluded as the primary mechanisms for 

the evolution of most mammalian electrophysiological systems. 

Expression of one important potassium current, the transient outward current (Ito), 

changes significantly during mammalian evolution. Changes in Ito expression are determined, in 

part, by variation in the expression of an obligatory auxiliary subunit encoded by the KChIP2 

gene. Expression of the KChIP2 gene is restricted to electrically excitable cells, primarily cardiac 

myocytes and a subset of neurons. Transcription in both heart and brain is initiated from the 

same CpG island promoter, which belongs to a large and poorly understood class of promoters in 

mammals. Species-dependent variation of KChIP2 expression in heart is mediated by the 

evolution of the cis-regulatory function of this gene. Surprisingly, the major locus of 

evolutionary change for KChIP2 gene expression in heart lies within the CpG island core 

promoter. It was demonstrated that CpG island promoters are not simply permissive for gene 

expression but can also contribute to tissue-selective expression and, as such, can function as an 

important locus for the evolution of cis-regulatory function. More generally, evolution of the cis-

regulatory function of voltage-gated ion channel genes appears to be an effective and efficient 

way to modify channel expression levels in order to optimize electrophysiological function.   

In addition, appropriate regulation of ion channel expression is critical for the 

maintenance of both electrical stability and normal contractile function in the heart. Mechanisms 

that contribute to maintaining expression of functional ion channels at relatively constant levels 

following perturbations of channel biosynthesis are likely to contribute significantly to the 

stability of electrophysiological systems in some pathological conditions. In order to examine the 

robustness of L-type calcium current expression, the response to changes in Ca
2+

 channel Cav1.2 
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gene dosage was studied in adult mice. Using a cardiac-specific inducible Cre recombinase 

system, Cav1.2 mRNA was reduced to 11 ± 1% of control values in homozygous floxed mice 

and the mice died rapidly (11.9 ± 3 days) after induction of gene deletion. For these mice, no 

effective compensatory changes in ion channel gene expression were triggered following 

deletion of both Cav1.2 alleles, despite the dramatic decay in cardiac function. In contrast to the 

homozygote knockout mice, following knockout of only one Cav1.2 allele, cardiac function 

remained unchanged, as did survival. Cav1.2 mRNA expression in the left ventricle of 

heterozygous knockout mice was reduced to 58 ± 3% of control values and there was a 21 ± 2% 

reduction in Cav1.2 protein expression. There was no significant reduction in L-type Ca
2+

 

current density in these mice. The results are consistent with a model of L-type calcium channel 

biosynthesis in which there are one or more saturated steps, which act to buffer changes in both 

total Cav1.2 protein and L-type current expression.
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Preface………..… 

I started my graduate school in the Stony Brook University Neuroscience program 

in 2006 and decided to join Dr. David McKinnon’s laboratory for my dissertation 

research. In McKinnon lab, I worked on two related projects for my thesis study: the 

evolution of electrophysiological systems and the regulation of ion channel expression. 

The evolution project aimed to understand how cellular electrophysiological 

function (action potential duration and action potential morphology) are scaled to match 

the evolution of body mass in mammals. We examined the cis-regulatory function of 

proximal promoter regions of several ion channel genes that are important in scaling 

cellular electrophysiological function to body mass. We found that regulatory evolution 

(changes in regulatory function) rather than structural evolution (changes in protein 

function) underlies the evolution of cardiac electrophysiological function. In particular, 

cis-regulatory elements are the primary determinants of the changes in ventricular action 

potential morphology. This study provides an important parallel to the much more 

common studies on the evolution of development.  

In a continuation of this evolution study, I began a more specific study on the 

KChIP2 gene, which encodes an auxiliary subunit that is an absolute requirement for the 

expression of the transient outward potassium current (Ito). The function of the Ito current 

has changed significantly during mammalian evolution. Species-dependent variation in 

the expression of this current underlies much of the difference in action potential 

morphology between mammalian species and changes in KChIP2 gene expression are a 

major contributor to the differences in expression. This study revealed that species-
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dependent variations in KChIP2 expression are mediated by cis-regulatory evolution, 

confirming that evolution of cis-regulatory function of voltage-gated ion channel genes is 

an effective and efficient way to modify channel expression levels and optimize 

electrophysiological function. Surprisingly, the 450bp CpG island core promoter region 

was found to be the primary locus of evolution mediated changes. This was the first study 

to show that CpG island promoters are not simply permissive for gene expression but can 

also contribute to tissue-selective expression and, as such, can function as an important 

locus for the evolution of cis-regulatory function. These results were published in PNAS.  

In addition to these molecular genetics studies, I spent a considerable amount of 

time developing and characterizing transgenic mice lines in the lab. I participated in the 

creation of two floxed mice lines and developed cardiac and brain-specific KChIP2, 

Kv2.1 and L-type calcium channel inducible (modified-Cre) knockout lines. I have been 

managing the mouse colony of ~300 mice and created a comprehensive record system for 

these mice. Part of these studies have resulted in one paper characterizing the L-type 

calcium channel knockout in heart. It was of interest to understand the mechanisms that 

maintain a relatively constant level of ion channel gene expression and functional 

stability of the calcium channel, especially in some pathological diseases. This published 

study examined the robustness of ion channel expression in response to changes in gene 

dosage and it was found that L-type calcium channel biosynthesis involves one or more 

saturated steps, which act to buffer changes in both total Cav1.2 protein and L-type 

current expression. 
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* This dissertation contains work by others. Chapters 2, 3 and 6 are published 

work with multiple authors. David McKinnon contributes to the design of experiments 

and writing of the published results. Most of the electrophysiology, mRNA and protein 

chemistry experiments are done by Barbara Rosati.  

My contributions in the published work: Figures 2, 3 and 8 for Chapter 2; all 

figures for Chapter 3; Figures 1, 2, 4 and 5 for Chapter 6.  
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Introduction  
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The heart is a major organ responsible for maintaining blood perfusion throughout the 

body. The rhythmic pumping maintained by the heart is driven by its electrical activity, which 

triggers and coordinates contraction and relaxation of the heart cells (or cardiac myocytes). 

Because of the highly connected nature of the cardiac tissue, or myocardium (functional 

syncytium), the heart is prone to electrical instabilities, known collectively as cardiac 

arrhythmias. Given its importance in heart function, a deep understanding of the cardiac 

electrophysiological system is crucial for clinical diagnosis and treatment of cardiac disease, 

which is the leading cause of death in the U.S. and worldwide (Hoyert and Xu 2012).  

The electrophysiology of the heart has been studied for over a century and the 

mechanisms underlying the genesis and propagation of the cardiac rhythm are very well 

understood. Mammals encompass a broad range of body sizes and this imposes a strong 

constraint on the evolution of cardiac function. The consequent scaling of cardiac 

electrophysiological function provides an ideal system in which to study how gene regulation 

changes amongst relatively closely related species. The relatively simple and well understood 

physiology of the heart makes it feasible to gain a relatively complete understanding of how this 

system has evolved.  

The electrical activity in the heart is produced by flow of charged ions through various 

ion channels in the myocytes cell membrane. Ion channels are a large family of membrane 

proteins with a total of 143 members in vertebrates (Yu et al. 2005). Many of the ion channels 

are expressed in multiple tissues and a subset of them are expressed in the heart. Expression of 

ion channels can be regulated at multiple levels, although the expression level of most cardiac 

channels seems to be hardwired in the genome (Rosati and McKinnon, 2004). Because of the 

importance of transcriptional regulation, mutations in ion channel gene regulatory regions are 
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likely to underlie many genetically determined cardiac electrical disorders (Bezzina et al. 2006). 

With the aim of understanding the evolution of the cardiac electrophysiological system, my 

dissertation primarily focuses on the cardiac ion channel gene regulatory function, which is 

likely to be an important locus of genetic variation affecting cardiac ion channel expression and 

the susceptibility to arrhythmias in human populations.  
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MOLECULAR MECHANISMS OF EVOLUTION 

Evolution can proceed in two ways at the molecular level: either by changing the protein 

function (“structural evolution”) or by changing the regulation of the gene (“regulatory 

evolution”). The recognition of the key role that the evolution of gene regulation plays in the 

evolution of animal form and function is relatively recent (King and Wilson 1975; Jacob 1977). 

Subsequent progress has been slow because of the difficulty in studying gene regulatory systems. 

In recent years, however, a body of work in evolutionary developmental biology (“evo-devo”) 

has accumulated on this topic (Davison 2001; Carroll et al. 2001; Carroll 2005; Wray 2007) that 

has resulted in the development of three key concepts: 

1. Evolution of gene regulation is more flexible and more common than the evolution of 

protein coding regions because it limits the problem of pleiotropy.  

2. The molecular changes that produce regulatory evolution are more likely to be changes 

in cis-regulatory regions rather than the reorganization of transcription factor networks, again 

because this tends to limit pleiotropy. 

3. Cis-regulatory regions are organized into discrete functional modules that can evolve 

independently. 

None of these concepts are inviolate laws but instead should be viewed as statistical 

tendencies. They are thought to reflect the most common solution to problems regarding the 

evolution of gene regulation.  
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Regulatory Evolution versus Structural Evolution  

In multi-cellular animals, the majority of proteins have key functions in multiple different 

cell types. This fact greatly increases the constraints on protein sequence and function and is 

likely to make an important contribution to the relative stability of many gene coding sequences 

during the course of evolution. Most genes, including ion channel genes, are expressed in 

multiple cell types. For example, the ion channels that are expressed in ventricular myocytes are 

also expressed in a wide range of other cell types where they often have quite different functions. 

A specific example is the KCNQ1 channel which is involved in cardiac action potential 

repolarization and fluid transport in the inner ear (Nicolas et al. 2001; Rivas and Francis 2005).  

A broad distribution pattern in different cell types creates a considerable constraint on 

evolutionarily mediated changes in protein function. For a specific mutation to be fixed in the 

population, it has to have either neutral or advantageous effects in multiple cell types. This 

constraint will increase with increasing morphological and physiological complexity of the 

animal. It is likely that the highly conserved nature of most ion channels is due, in part, to their 

broad patterns of distribution throughout the body, which creates a complex web of dependencies 

on the function of that particular channel.  

Since the evolution of gene coding regions would easily be problematic for pleiotropy, as 

a result, it has been proposed that evolution of gene regulation, as opposed to protein structure, is 

of primary importance in the evolution of animal morphology (Davison 2001; Carroll et al. 2001; 

Carroll 2005; Wray 2007).  
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Cis-Regulation versus Regulation of Transcription Factor Networks and the Modular 

Organization of Cis-Regulatory Regions  

A second key idea is that regulatory evolution is primarily mediated by evolution of cis-

regulatory elements rather than by rearrangement of transcription factor networks. An example 

of this is the remarkable conservation of the roles of genes involved in cardiac or eye 

specification such as tinman/Nkx2.5 and Pax6 (Wawersik and Maas 2000; Bishopric 2005). This 

theory proposes that the arrangement of networks of transcription factors remains highly stable 

over long periods of evolutionary history and that most of the evolutionary changes in animal 

development and morphology occur at the level of the cis-regulatory elements. A third, related 

idea is that cis-regulatory regions are organized in a modular fashion, with different elements 

mediating specific cell-type or temporal patterns of gene expression (Davison 2001). 

Both of these ideas can be illustrated by examples from the developmental literature (Fig. 

1). Changes in morphology can be produced either by gaining of a new modular cis-regulatory 

element or following the loss of a cis-regulatory element, without involving any changes in the 

coding region or protein function. For example, the gaining of wing pigmentation spot in 

Drosophila biarmipes is produced by selective expression of the yellow gene product on the 

wing and such a change in evolution is driven by mutations in the cis-regulatory elements 

upstream of this gene that resulted in gaining of a wing-spot specific element (Fig. 1A) (Gompel 

et al. 2005). Another example is the reduction of pelvic spine in the freshwater population of the 

threespine stickleback fish, which is produced by the loss of Pitx1 expression in the pelvic region 

as a result of the selective loss of activity of the hind-limb cis-regulatory element (Fig. 1B) 

(Shapiro et al. 2004).  
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Figure 1. Evolution of modular cis-regulatory elements  

(A) Gain of a cis-regulatory element (red circle) controlling wing expression of the yellow gene 

underlies the shift in wing pigmentation pattern between Drosophila biarmipes and Drosophila 

melanogaster. (B) Inactivation of hind limb specific cis-regulatory element in the Pitx1 gene 

underlies the reduction in pelvic spine length in stickleback fish. Figure from Carroll (2005). 
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AN IMPORTANT CIS-REGULATORY REGION: THE CPG 

ISLAND PROMOTER  

Protein-coding regions, which turned out to represent only 1.5% of the mammalian 

genome (Mouse Genome Sequencing et al. 2002), have been studied extensively as the most 

important genetic loci for evolution and biological function. The remaining 98.5% of the genome, 

initially designated dismissively as “junk DNA” (Cowan et al. 2002), has been re-evaluated in 

recent years after the discovery that it contains important cis-regulatory elements or RNA-coding 

regions. A protein-coding region itself is in vain if not flanked by appropriate cis-regulatory 

regions. By interacting with RNA polymerase and transcription factors, these cis-regulatory 

regions trigger and regulate transcription of the protein-coding region, determining when, where 

and to what extent that gene product is expressed.  

Transcription initiates at gene sites known as promoters, which contain one or multiple 

recurrent and well characterized elements: TATA box, initiator element, downstream promoter 

element (DPE), TFIIB recognition element (BRE) and CpG islands (Butler and Kadonaga 2002; 

Saxonov et al. 2006; Sandelin et al. 2007). To briefly describe these elements (reviewed in detail 

by Butler and Kadonaga, Smale and Kadonaga and Sandelin et al.): TATA box has a core 

consensus sequence “TATAAA” and is usually located 25-34bp upstream of the transcription 

start site (TSS); The initiator element encompasses the TSS and has a consensus sequence of 

YYANWYY where A is the start site; The DPE locates 28-32bp downstream of TSS, has a 

consensus of RGWYV and generally occurs together with initiator element; The BRE occurs in 

some TATA box promoters by being located immediately upstream of the TATA sequence and 

has a consensus of SSRCGCC; CpG islands are stretches of genomic DNA that are rich in CpG 
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dinucleotides and usually lack methylation. Out of all these promoter elements, the TATA box is 

the most studied and was initially thought to be ubiquitous for eukaryotic genes (Weinmann 

1992; Butler and Kadonaga 2002). With the progress of large scale sequencing and 

characterization of non-coding regions, only a small fraction (10-20%) of all mammalian genes 

were found to have a TATA box promoter (Ohler 2006). In contrast, the CpG island promoters 

turned out to be driving expression for more than half of the mammalian genes. Recent studies 

showed that as many as 72% of the human genes have a CpG island promoter (Saxonov et al. 

2006). Despite the fact that the CpG island promoters are found in the majority of the 

mammalian genes, the mechanisms of transcription initiation from this class of promoter and 

their regulation are poorly, if at all, characterized. 

In order to understand how regulation of gene expression evolves, it is of uttermost 

importance to gain insight on how this most prevalent class of promoters in higher species – the 

CpG island promoters – work. 

 

CpG Deficiency and CpG Islands 

In higher vertebrates, including mammals, the cytosine residue at CpG dinucleotides is 

the substrate for DNA methylation which occurs globally in the genome. The methylated 

cytosine can be spontaneously deaminated into thymine, a phenomenon that was first described 

in the lacI gene of Escherichia coli (Coulondre et al. 1978). The cytosine residue is chemically 

unstable and can be subjected to hydrolytic deamination. Deamination converts the unmethylated 

cytosine into uracil, which can be efficiently recognized and repaired by the cell as uracil is not 

normally found in DNA. For methylated cytosine, however, the conversion to thymine by the 
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hydrolytic deamination is not efficiently recognized and repaired, as thymine is a normal 

component of DNA. Eventually, the mutation can be fixed in the genome after the next round of 

duplication and as a result, CpG dinucleotides are generally depleted in the genome, due to 

accumulation of this spontaneous mutation (Duncan and Miller 1980). However, in the ‘sea’ of 

CpG-deficient and highly methylated vertebrate genome sequences, there exist these stretches of 

DNA with overly enriched, non-methylated CpG dinucleotides called ‘CpG islands’. Striking as 

their sequence composition, their position seem to globally overlap with gene transcription start 

sites, revealing that a possible, most common function of CpG islands is to act as gene promoters, 

or their regulators. Because of their location, early, large scale genome studies have used CpG 

islands as landmarks to search for genes (Bird 1987; Larsen et al. 1992; Ioshikhes and Zhang 

2000).  

Computationally, CpG islands were initially defined as DNA regions longer than 200bp, 

with a G+C content greater than 50% and an observed/expected CpG ratio (O/E) greater than 0.6 

(Gardiner-Garden and Frommer 1987). There had been tremendous improvements in the 

computational annotation of CpG islands since this initial standard was proposed. In order to 

better associate CpG islands to annotated genes in the genome, Takai and Jones (2002) later 

proposed more stringent criteria for defining CpG islands (longer than 500bp in length, with 

G+C content greater than 55% and O/E greater than 0.65) that filtered out most of the Alu 

repeats and unknown sequences. This definition of CpG islands is now widely recognized and 

used in most recent studies (Fazzari and Greally 2004; Rach et al. 2011). However, relatively 

recently, a totally different CpG identification method was proposed, named “CpG clustering”, 

which makes calls based on CpG density (Hackenberg et al. 2006; Glass et al. 2007). This 

method does not reply on the G+C content, O/E ratio or length and allows detecting CpG islands 
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at AT-rich regions. Despite the relative homogeneity in the definition of CpG islands, the 

computational methods for detecting CpG islands are still very variable in the literature 

(Saxonov et al. 2006; Sharif et al. 2010; Wu et al. 2010).  

However, while the computational annotation of CpG islands is improving and becoming 

more standardized, there are more pressing issues to be addressed on the biology of CpG islands. 

In particular, how are CpG islands recognized by nuclear factors and what are the criteria of 

recognition used by the cell? Other than their high content of CpG dinucleotides, what other 

structural features do CpG islands carry and what functions do these features have? Or, rather 

than being recognized by specific factors and carrying any special functions, are CpG islands 

simply the footprint of some biological processes that protect them from methylation and 

mutation?  

 

Distribution of CpG Island Promoters 

The computational analysis of CpG islands gives a general overview about the 

distribution of CpG island promoters in the genome. Different CpG island annotation algorithms 

result in minor differences in the proportions of genes that are associated CpG islands and 

proportion of CpG islands that are associated with genes. Figure 2 shows a comparison of two 

different computation algorithms (Gardiner-Garden and Frommer 1987; Hackenberg et al. 2006; 

Glass et al. 2007). Not all gene promoters are associated with CpG islands and not all CpG 

islands are associated with gene promoters. About 60-70% annotated gene promoters are 

associated with CpG islands (40-50% of the tissue-specific genes and 80-90% of the house-

keeping genes, Fig. 2A), while more than half of the CpG islands are associated with annotated 
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gene promoters after elimination of the repetitive sequences (Fig. 2B). For CpG islands that are 

not associated with annotated promoters, studies have shown evidence of promoter function and 

they may therefore represent alternative promoters inside a gene or sites for initiating the 

transcription of non-coding RNAs that regulate gene expression (Illingworth et al. 2010; 

Maunakea et al. 2010; Deaton and Bird 2011).  

CpG island promoters seem to be especially common for genes in the cardiac 

electrophysiological system. As shown in Table 1, more than 90% of the important cardiac ion 

channel and transporter genes (53 out 57 in human and 51 out of 56 in mouse) are associated 

with a CpG island promoter.  

 

Figure 2. Distribution of 

CpG island promoters in the 

genome 

(A) Percentage of genes that are 

associated with CpG island 

promoters. All genes are further 

divided into two categories: 

tissue-specific and 

housekeeping. Two 

computational methods are 

compared (“CpG island” versus 

“CG cluster”), represented by 

black and white bars 

respectively. (B) Number of 

CpG islands that are associated 

with promoters. The two 

computational methods are 

labeled on the x-axis. Although 

the absolute number does not 

change much, the percentage of 

CpG islands that are associated 

promoters increases after 

filtering out repetitive 

sequences (“non-transposon 

sequence”). Figure adapted 

from Glass et al. 2007. 



 

 13  

Table 1. Analysis of the presence of CpG island promoters in all the important cardiac ion 

channel and transporter genes in mouse and human.  

 

Index Gene Name 
CpG island promoter? Chromosome location  

in human Human Mouse 

1 SCN5a (Nav1.5) Y Y chr3:38,565,044-38,742,634 

2 SCN1b (Navβ1) Y Y chr19:35,516,828-35,532,409 

3 SCN3b (Navβ3) Y Y chr11:123,492,339-123,598,861 

4 SCN4b (Navβ4) Y Y chr11:117,994,682-118,036,535 

5 Cacna1C (Cav1.2) Y Y chr12:2,111,258-2,887,373 

6 Cacnb2 (Cavβ2) Y Y chr10:18,322,179-18,882,282 

7 Cacna2d1 (Cavα2δ-1) Y Y chr7:81,392,844-82,406,167 

8 Cacna2d2 (Cavα2δ-2) Y Y chr3:50,391,275-50,601,004 

9 Cacna1G (Cav3.1) Y Y chr17:48,626,860-48,714,791 

10 Cacna1H (Cav3.2) Y Y chr16:1,136,882-1,273,342 

11 HCN2 Y Y chr19:581,855-619,933 

12 HCN4 Y Y chr15:73,595,864-73,737,036 

13 KCNA2 (Kv1.2) Y Y chr1:111,057,775-111,222,201 

14 KCNA4 (Kv1.4) Y Y chr11:28,275,181-30,327,589 

15 KCNA5 (Kv1.5) Y Y chr12:5,021,439-5,362,344 

16 KCNB1 (Kv2.1) Y Y chr20:47,962,894-48,133,045 

17 KCND2 (Kv4.2) Y Y chr7:117,803,620-120,497,515 

18 KCND3 (Kv4.3) Y Y chr1:112,298,804-112,545,959 

19 KCNH2 (erg1) Y Y chr7:150,555,422-150,696,575 

20 KCNQ1 (KVLQT1) Y Y chr11:2,436,252-2,919,041 

21 KCNJ2 (Kir2.1) Y Y chr17:68,162,681-68,176,992 

22 KCNJ12 (Kir2.2) Y Y chr17:21,194,491-21,459,764 

23 KCNJ4 (Kir2.3) Y Y chr22:38,792,722-38,869,452 

24 KCNJ3 (Kir3.1) Y Y chr2:155,298,787-156,932,224 

25 KCNJ5 (Kir3.4) Y Y chr11:128,736,914-128,805,917 

26 KCNJ8 (Kir6.1) Y Y chr12:21,808,129-21,957,838 

27 KCNJ11 (Kir6.2) Y Y chr11:17,398,340-17,414,929 

28 KCNK1 (TWIK1) Y Y chr1:233,515,714-234,042,294 

29 KCNK6 (TWIK2) Y Y chr19:38,805,924-38,826,962 

30 KCNK3 (TASK1) Y Y chr2:26,862,391-26,991,581 

31 KCNK2 (TREK1) Y Y chr1:214,832,396-215,765,826 

32 KCNK4 (TRAAK1) Y Y chr11:64,056,669-64,069,192 

33 KCNK12 (THIK1) Y Y chr2:47,703,868-48,016,267 

34 KCNAB1 (Kvβ1) Y Y chr3:155,568,180-156,430,348 

35 KCNAB2 (Kvβ2) Y Y chr1:6,050,730-6,168,093 

36 KCNE3 (MiRP3) Y Y chr11:74,107,555-74,207,875 

37 KCNIP2 (KChIP2) Y Y chr10:103,577,410-103,606,729 

38 PIAS3 (KChAP) Y Y chr1:145,568,274-145,587,067 

39 FREQ (NCS1) Y Y chr9:132,893,468-133,276,698 

40 ABCC8 (SUR1) Y Y chr11:17,406,807-17,518,214 



 

 14  

41 ABCC9 (SUR2) Y Y chr12:21,924,794-22,204,632 

42 SERCA2a (ATP2A2) Y Y chr12:110,649,045-110,823,731 

43 ATP1A1 Y Y chr1:116,659,170-117,085,217 

44 ATP1B1 Y Y chr1:169,055,070-169,120,133 

45 GLUT1 (SLC2A1) Y Y chr1:43,349,685-43,431,321 

46 GLUT4 (SLC2A4) Y Y chr17:7,164,359-7,199,224 

47 SGLT1 (SLC5A1) Y Y chr22:32,347,168-32,528,339 

48 Cx43 (Gja1) Y Y chr6:121,622,062-122,761,944 

49 Cx45 (Gja7) (GLC1) Y Y chr17:42,855,813-42,930,142 

50 Cx30 (Gjb6) Y Y chr13:20,753,020-20,991,016 

52 KCNK17 (TALK2) Y - chr6:39,195,511-39,285,212 

53 KCNE1 (MinK) Y N chr21:35,774,080-35,895,347 

54 NCX1 (SLC8A1) Y N chr2:40,654,404-40,685,196 

51 Cx30.2 (Gjd3) N Y chr17:38,516,744-38,521,090 

55 KCNE2 (MiRP1) N N chr21:35,537,671-35,803,697 

56 ATP1A2 N N chr1:160,067,918-160,123,980 

57 Cx40 (Gja5) N N chr1:147,134,619-147,389,758 

 

The presence of a CpG island promoter is determined by whether there is a CpG island 

(annotated using the HMM model developed by Wu et al. 2010) overlapping with a transcription 

start site of the gene (Y: overlap, N: no overlap). Genes are randomly listed except for the last 

seven genes, which either are not consistent between mouse and human or do not have a CpG 

island promoter in both species. These seven genes are listed at the bottom of the table. 

Alternative gene names are indicated in parenthesis.  
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Mechanisms of Transcription from CpG Island Promoters 

For TATA box promoters, TATA binding proteins specifically recognize the TATA box 

and direct RNA polymerase II (PolII) binding (Berk 2000). However, unlike the TATA box, 

CpG island promoters lack specific sequence elements. It was suggested that the GC richness of 

CpG islands increases the probability of transcription factor binding, since mammalian 

transcription factor binding sites are generally more GC-rich than the bulk genome and many 

contain CpG in their DNA recognition sequence (Deaton and Bird 2011). Sp1 is a transcription 

factors that has a GC-rich DNA recognition site and can also recruit TATA-binding proteins 

(Wierstra 2008) and CpG island promoters were indeed shown to bind to TATA-binding proteins 

as well (Ramirez-Carrozzi et al. 2009). Consistent with these findings, Hargreaves et al. (2009) 

observed high levels of Sp1 binding to CpG island promoters but not to non-CpG island ones and 

found that Sp1 is required for PolII recruitment to CpG island promoters. Putting these evidences 

together, it seems CpG island promoters can use Sp1 to attract TATA-binding protein and 

initiate transcription similarly to the TATA box promoters.  

In addition to Sp1, Deaton and Bird (2011) listed a few other transcription factors such as 

Nrf-1, E2F, ETS, CRE, E-box motifs and others that are enriched at CpG islands. Nozaki et al. 

(2011) found two transcription factors, MAZ and PU.1, whose binding sites were associated with 

dispersed promoters, which were named by having multiple, dispersed TSSs and were mostly 

CpG island promoters, but not with focused promoters, which were named by having a single, 

focused TSS and were generally non-CpG island promoters.  

Furthermore, Deaton and Bird (2011) suggested that CpG island promoters have a 

transcriptionally permissive state that allows initiation to occur loosely at a number of locations 

(hence determining a dispersed TSS distribution pattern). Although only less than half of the 
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genes in the genome are expressed in a typical cell, as many as 75%, including some inactive 

genes, are bound by PolII and marked by the permissive chromatin modifications H3K4me3, 

K3K9ac and H3K14ac (Guenther et al. 2007). Those inactive genes do experience transcription 

initiation but not productive elongation, which correlates with the presence of the initiating form 

of PolII but absence of the elongating form (Hargreaves et al. 2009).  

Consistent with the transcriptionally permissive state in CpG islands, bidirectional, short 

transcription occurs regularly at CpG island promoter, as detected by global nuclear run-on 

assays (Core et al. 2008). Two independent studies found that primary response genes with CpG 

island promoters are bound by Sp1 and PolII, carry constitutively active chromatin features 

(reduced nucleosome occupancy, marked by H3K4me3 and H3Ac modifications), and allow 

rapid induction of gene expression to occur without the presence of SWI/SNF nucleosome 

remodeling complex; while genes lack a CpG island promoter are assembled into stable 

nucleosomes and their activiation is dependent on nucleosome remodeling (Hargreaves et al. 

2009; Ramirez-Carrozzi et al. 2009). It seems this active but futile transcription by the 

constitutively bound PolII is required to maintain the open chromatin states at CpG island 

promoters, as inactivation of transcription resulted in loss of marks such as H3K4me3, H3K9Ac 

in addition to the loss of PolII binding at CpG island promoters (Hargreaves et al. 2009).  

The transcriptionally permissive state of CpG island suggests that the regulation of CpG 

island promoter probably takes place after the step of transcription initiation (Deaton and Bird 

2011), although studies have been exclusively focusing on the mechanism of PolII recruitment. 

As a result, PolII pausing, which is found by recent studies to occur frequently in metazoan 

genes (Gilchrist et al. 2012), might be an important regulatory step especially for transcription of 

genes with CpG island promoters.  
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Evolution of CpG Island Promoters  

How do CpGs accumulate into islands in the genome during evolution? As the rest of the 

genome is actively undergoing depletion of CpGs, the “accumulation” step in the formation of 

CpG islands is likely to be a passive step.  

A study by Glass et al. (2007) suggests an interesting hypothesis on the evolution of CpG 

islands (Fig. 3). Once a DNA sequence is long enough, a CpG-dense region can occur simply by 

chance. As a result, at the beginning, when there is not yet any selection on CpG islands and 

methylation-caused depletion of CpG dinucleotides is not yet involved, the distribution of the 

likelihood to find a certain number of CpGs along the DNA sequence will be a normal one, as 

shown in yeast by Glass and colleagues (Fig. 3). However, for species that evolved after yeast, 

this distribution starts to drift slightly towards the left, that is, it becomes easier to find a CpG-

dense region. This suggests that evolution started to favor accumulation of CpG dinucleotides 

since the appearance of multicellular organisms. This observation is supported by Irizarry et al., 

who were able to find the presence of CpG islands in all 28 multicellular species examined, 

including plants and animals, but not in unicellular organisms (Irizarry et al. 2009).  

Global genomic DNA methylation starts to occur in vertebrates (Tweedie et al. 1997). 

This is accompanied with dramatic depletion, suppression or decay of CpG dinucleotides, 

indicated by stepwise decrease of the average O/E value shown on the top right corner of each 

panel in Figure 3: 0.801-0.994 in invertebrates to 0.5-0.6 in cold-blooded vertebrates, and 

ultimately down to around 0.2 in warm-blooded vertebrates. Similarly, starting from Fugu, the 

distribution of the likelihood to find CpGs not only drifts towards the left, but also has a long tail 

on the right. This distribution tail, which is a result of CpG decay, becomes more and more 

prominent in the following higher organisms. However, emergence of CpG islands, shown as the 
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first small peak before the major second peak in the distribution, occurred later than methylation, 

not until sometime around the existence of zebrafish (the authors suggested that methylation is 

not enough to account for the rise of CpG islands) and CpG islands become prominent only in 

birds and mammals.  

 

Figure 3. CpG densities in ten eukaryotic genomes  

This figure is plotting the density of CpGs in the genome different species (the denser the smaller 

the x-axis). The x-axis represents the length of a genomic DNA fragment that contains 30 CpGs. 

The y-axis represents the frequency of fragment length (x-axis). Figure from Glass et al. 2007. 

 

Unfortunately the two representative invertebrate species in this study, Caernohabditis 

elegans and Drosophila melanogaster, are exceptional cases, in which the genome is 

predominantly unmethylated. Studies by the Bird lab showed that all the other invertebrates 

analyzed have partially methylated (10-40%) genomes (Bird et al. 1979; Bird and Taggart 1980; 

Suzuki et al. 2007) and this pattern of compartmental methylation is probably widespread in 
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multicellular organisms including plants, multicellular fungi and the slime mold (Antequera et al. 

1984; Tweedie et al. 1997). These results support the hypothesis proposed by Irizarry et al. (2009) 

that CpG islands are present in all multicellular organisms.  

Takai and Jones pushed the boundary of methylated species even further. By checking 

the frequency of all 16 dinucleotides, they suggested that CpG suppression/methylation occurred 

in every eukaryotes including yeast, but not in the prokaryote E.coli. This is worth noticing but 

the conclusion is drawn too fast. Unlike the human, the lower level of dinucleotides frequency in 

other species including yeast is not unique to CpG dinucleotides, but also occurs to other 

dinucleotides such as CpC, GpC and GpG (Takai and Jones 2002). As a result, this phenomenon 

is probably caused by some other factors rather than spontaneous mutation of methylated CpG.  

Association of CpG islands with transcription start sites seem to co-occur with the 

emergence of CpG islands as an independent function group as shown in Fig. 3. Another study 

by Sharif et al. (2010), which used a completely different method to annotate CpG islands, made 

an analogous finding. They found that CpG island promoters start to exist in zebrafish and 

became prominent in both birds and mammals (warm-blooded vertebrates) (Fig. 4), similar to the 

occurrence of CpG islands found by Glass et al.. Association of CpG islands to transcription 

initiation seem to be the reason why CpG islands are kept in evolution, as Sharif et al. did not 

find enrichments at other regions such as the transcription termination site. This indicates that the 

function of CpG islands as promoters is a positive feature that has been selected for during 

evolution.  

In conclusion, existence of CpG islands is a feature accompanied by genome methylation. 

CpG islands are prominent in warm blood vertebrates, possibly because of their important 
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function as promoters, but the rise of CpG islands during evolution does not occur suddenly and 

these regions can be found already in invertebrates and other multicellular organisms.  

 

 

 

 

Figure 4. Enrichment of CpG islands at the transcription start sites (TSS)  

This shows the distributions of CpG islands around the TSS in 9 species. The x-axis indicates the 

relative position to the TSS (-5 kb to +5 kb) and the y-axis represents the CpG island frequency 

at the respective position. Figure adapted from Sharif et al. 2010. 
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CARDIAC MYOCYTE – AN IDEAL SYSTEM TO STUDY THE 

EVOLUTION OF CELLULAR ELECTROPHYSIOLOGICAL 

FUNCTION 

The ability of mammals to occupy an unusually wide range of ecological niches depends 

in part on the enormous range of body sizes within this class of animals (Schmidt-Nielsen 1984). 

The largest living land animal (elephant) weighs 100,000 times more than a mouse and a million 

times more than the smallest land mammal (Etruscan Shrew). This wide variation in body size is, 

in turn, dependent on appropriate scaling of the cardiovascular system function. Heart weight 

itself scales directly with body weight and there are no significant changes among species in the 

morphology of either the heart or of the cardiac myocytes (Prothero 1979; Loughrey et al. 2004).  

Due to body size dependent changes in the physical properties of the arterial tree, it is 

necessary to scale the heart rate (HR) and, hence, the ventricular action potential duration (APD) 

systematically with body mass in order to maintain a minimum diastolic pressure independent of 

body size (Holt et al. 1968; Elzinga and Westerhof 1991). In particular, as the body size 

decreases, the size of the arterial network and therefore its overall compliance decreases. Since 

arterial compliance is one of the major factors determining blood pressure, in small mammals 

(Fig. 5B) the decrease in blood pressure after a cardiac contraction (systole) is much faster than 

in larger mammals (Fig. 5A), with a larger arterial compliance. This means that, in smaller 

animals, the average blood pressure would fall under a minimum threshold if the cardiac 

function was not adjusted. Therefore, in small mammals, a much faster heart rate is required in 

order to maintain diastolic blood pressure above a constant minimum value, which is determined 

by the perfusion requirements of critical organs such as the brain and the kidney. This value 
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turns out to be essentially invariant in terrestrial mammals and this key constraint, i.e. the 

requirement for adequate tissue perfusion, means that the heart rate and, consequently, the action 

potential duration have to scale in a predictable fashion with body mass (Fig.5 and Chapter 2, 

Fig. 1). 

 

 

 

 

Figure 5. Comparison of mouse and human blood pressure  

(A) Aorta and left ventricular pressure in human. (B) Aortic and ventricular pressure and 

ventricular volume in mouse. Figure adapted from Mountcastle 1980 and Segers et al. 2005.  

 



 

 23  

Limited Effect of Phylogeny to the Evolution of Cardiac Electrophysiology 

The constraint imposed by body weight on cardiac function is so strong that it overrides 

even the effect of phylogeny. The limited effect of phylogeny on scaling of cardiac function in 

mammals appears evident if we compare cardiac electrophysiology of two commonly used 

experimental species, dog and mouse, to the human heart electrophysiology. Despite the fact that 

the canine is phylogenetically more distant from human with respect to the mouse (Fig. 6), the 

similar body sizes of the two species requires similar heart rates and action potential durations 

and this is achieved by similar molecular mechanisms that were presumably shared by a most 

recent common ancestor.  

In contrast, the small rodents (mouse, rat and hamster), which are more closely related to 

primates than dogs, have more divergent cardiac electrophysiological properties from humans, 

including most notably the expression of ion channel genes that are not expressed in the hearts of 

larger animals.  

 

 

Figure 6. Mammalian phylogeny and the evolution of cardiac electrophysiology 

(A) Phylogeny of extant placental mammals and one outgroup (adapted from Murphy et al 

(2001)). (B) Scaling of resting heart rate with body weight of animals to be used in the proposed 

study. Colors correspond to the four major mammalian clades identified by sequence homology.  
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Regulatory Evolution in the Physiological System 

The ideas developed from the study of the evolution of development have been relatively 

slow to influence understanding of how physiological systems, such as cellular 

electrophysiology, evolve. This is due in most part to the difficulty of finding model 

physiological systems that are amenable to the study of regulatory evolution.  

The scaling of cardiac electrical function is an ideal model in which to study the role of 

regulatory evolution in a physiological system. Cellular electrophysiology is essentially 

computational in nature and changes in levels of ion channel expression can fundamentally 

modify the output of this system (Rosati and McKinnon 2009). In such a computational system, 

the output (i.e. a change in membrane voltage, dV/dt) is produced by the summation of sodium 

(INa), calcium (ICa) and potassium (IK) currents:  

-Cm dV/dt = INa + ICa + IK 

The size of these currents (INa, ICa, IK) is directly proportional to the number of ion 

channels in the cell membrane, which is generally determined by the level of transcriptional 

activity of different ion channel genes (Rosati and McKinnon 2004; Chandler et al. 2009). As a 

consequence, the relative level of expression of different ion channel genes has a direct effect on 

system function. In addition, ion fluxes are among the most metabolically expensive functions of 

electrically excitable cells (Attwell and Laughlin 2001) and there is a strong constraint to 

minimize overall channel expression levels. These two factors mean that cellular 

electrophysiological function will generally be strongly dependent on channel expression levels. 

One indicator of this is that these systems are prone to haploinsufficiencies (Table 2), a situation 
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which reduced dosage of genes resulted in insufficient expression and an abnormal phenotype 

(Deutschbauer et al. 2005; Veitia and Birchler 2010). 

For a system like cellular electrophysiology, it is more likely that regulatory evolution 

will predominate because of its computational nature. This is at difference with other 

physiological systems, such as sensory and metabolic systems that perform specific physical 

tasks and do not have computational functions. For example, the sensitivity of a retinal 

photoreceptor cell to different wavelengths of light is absolutely dependent on the structure and 

function of opsin. This protein performs a key physical task, transduction of physical energy, and 

no conceivable form of regulatory evolution can change a yellow-green sensitive photoreceptor 

cell into a blue-violet sensitive cell (assuming that there is no gene for blue-violet opsin in the 

genome). For the wavelength sensitivity of this system to evolve there has to be structural 

evolution of the opsin gene. Similar arguments apply to many proteins that function in 

physiological systems that interface with the physical world and must perform specific physical 

tasks, such as sensory transduction, motor function, digestive enzymes or the enzymes in most 

metabolic pathways.  

In the majority of the electrophysiological systems, however, computational function 

predominates. In particular, the cellular electrophysiology of the heart, at its simplest, functions 

as a square pulse generator that controls a pump. The cardiac cycle has two phases, the 

contraction phase (systole) and the relaxation phase (diastole) (Fig. 7A). This contraction-

relaxation cycle has two key parameters: the period or cycle time (T) and the pulse duration (τ). 

The period (T) is determined by the heart rate. The pulse duration (τ) corresponds to the period of 

ventricular contraction. 
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At the level of cellular electrophysiology these two parameters are produced by two key 

computations. One computation produces a timing cycle that sets the basal heart rate. This is 

performed by sinoatrial node (SAN) cells and is the sum of the duration of the diastolic 

depolarization phase and the action potential duration of these cells. The second computation 

produces the depolarization-repolarization cycle that underlies the ventricular action potential 

duration and is performed by the bulk ventricular myocytes.  

It is this computational function that evolves (Fig. 7B). There appears to be minimal 

changes in the structure of the molecular components that underlie this computation (Rosati and 

McKinnon, 2009; Rosati et al, 2008). It is the weights of the parameters in the computation, the 

basal current levels, that appear to evolve.  

There are many other predominantly computational physiological systems. The nervous 

system, for example, is almost entirely computational. In this system, computational function 

depends on three properties: the neural circuitry, the strength of the synaptic connections 

between cells and the intrinsic electrophysiology of the neurons, all of which can evolve 

somewhat independently. The specific advantage of the cardiac system is that it provides insight 

into the evolution of one of these functions (intrinsic electrophysiology), in relative isolation.  
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Figure 7. Evolution of the cardiac cycle  

(A) The cardiac cycle time (T) equals 1/(heart rate). The period of contraction, systole, (τ) is 

followed by a period of relaxation, diastole. (B) The parameters of this cycle scale with body 

weight and it is this computational function that evolves to match body weight. 
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REGULATION OF ION CHANNEL GENE EXPRESSION  

In order for ion channel genes to be expressed in a specific cellular electrophysiological 

phenotype, several processes are involved, from gene transcription, mRNA processing, 

translation and protein processing to assembly of subunits, transportation to the cell membrane 

and, finally, assembly into a functional channel complex (Fig. 8) (Deutsch 2003; Rosati and 

McKinnon 2004). The initial gene transcription step is critical and it is the target of cis-

regulatory evolution. In addition, the channel protein is subjected to degradation and cell 

signaling molecules can produce covalent or allosteric modification of channel function (Fig. 

8B). These modifications are generally reversible, resulting in transient changes in the level of 

functional channel expression.  

When considering the regulation of ion channel expression in the adult heart, there are 

two extremes (Fig. 8). One is that ion channel expression is under homeostatic regulatory 

control. This regulation would be dynamic throughout the life of the adult, subtly adjusting the 

expression levels to optimize cellular physiological function. In this case, the system will be 

extremely tolerant to perturbations and the cellular physiological phenotype will tend to remain 

constant despite deficiency in some steps of the biosynthesis pathway. This possibility should be 

rare, as it would be relatively resistant to transcriptional regulation and evolutionary control.  

The other extreme is that there is a vector of ion channel expression levels that is 

hardwired into the genome during the course of evolution, which largely determines the 

expression level and physiological function throughout the course of adult life. Because of the 

lack of feedback regulation, the initial step of gene transcription would determine the final output 
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of the biosynthesis pathway. As a result, genes with a “hardwired” regulation would be very 

sensitive to transcriptional regulation and cis-regulatory evolution control.   

 

 

 

 

Figure 8. Comparison of two extreme possibilities of cardiac ion channel regulation  

 (A) An idealized model of dynamic homeostatic regulation of ion channel expression. Black 

arrows represent the biosynthesis pathway of the regulatory circuit. Colored arrows represent the 

feedback arm of the circuit. The feedback pathway has two components. The cognate feedback 

pathway (crimson) regulates expression within the biosynthetic pathway of a single gene. The 

compensatory feedback pathway (purple) regulates the expression of complementary or 

antagonistic genes. The modulatory pathway (teal) represents all the ways in which cell signaling 

molecules can produce covalent or allosteric modification of channel function.  

(B) Biosynthetic pathway without feedback. Expression levels are largely dependent on the rate 

of gene transcription, although absolute channel expression levels will be determined by the 

efficiency of subsequent steps.  

Figure adapted from Rosati and McKinnon 2004.  
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In principle, different ion channels may lie at different points along a continuum between 

these two possibilities. However, genetic studies in both humans and mice provide strong 

evidence that the expression levels of many channels in cardiac myocytes are largely hardwired. 

As described by Rosati and McKinnon (2004), haploinsufficiencies are particularly revealing 

regarding the presence or absence of homeostatic regulation of ion channel expression in the 

heart. If a haploinsufficiency occurs in response to a null mutation in an ion channel gene, it 

implies either that there is a complete absence of any feedback pathway from the 

electrophysiological phenotype or that the feedback is ineffective. 

Haploinsufficiencies have been observed in multiple ion channel genes in both human 

and mouse. Mutations in four genes affecting four major cardiac currents (IKs IKr IK1 INa) have 

been shown to produce haploinsufficiencies in humans (Table 2). In mice, heterozygous 

knockout of two ion channel genes (SCN5A and KChIP2) produced an approximately 50% 

reduction in ion current expression, the functional equivalent of a haploinsufficiency (Table 2).  

 

Table 2. Haploinsufficiency Mutations Affecting Cardiac Ion Channel Genes 

Human Cardiac Ion Channel Genes:      

Current Gene Phenotype Reference 

IKs  KCNQ1 (Kv7.1) Long QT syndrome  Wang et al. 1999 

IKr KCNH2 (Kv11.1) Long QT syndrome Sanguinetti et al. 1996 

IK1 KCNJ2 (Kir2.1) Long QT syndrome Fodstad et al. 2004 

INa SCN5A (Nav1.5) Idiopathic ventricular fibrillation Chen et al. 1998 

 

Heterozygous Knockouts in Mouse: 

Current Gene Phenotype Reference 

Ito  KChIP2 KChIP2 expression and Ito current reduced to 50% Kuo et al. 2001 

INa SCN5A Impaired conduction, ventricular tachycardia Papadatos et al. 2002 
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In total, five ion currents, comprising a majority of the major voltage-gated ion currents 

in the heart, have been shown to lack effective feedback mechanisms regulating their expression 

in the adult. This may be true for most of the other ion channels expressed in the heart, since 

there is very little compelling evidence for homeostatic feedback regulating the expression of 

any other major ion current in the adult heart (Rosati and McKinnon 2004). One major focus of 

my dissertation work is on the evolution of the KChIP2 gene, which is a necessary component 

for the Ito channel and a typical hardwired gene in the cardiac electrophysiological system.  

In contrast to the ion currents mentioned above, the Cav1.2 channel, which underlies L-

type calcium current (ICa,L), seems to undergo robust regulation, at least seen under 

pathophysiological conditions (Beuckelmann et al., 1991; Schroder et al, 1998; He et al, 2001; 

Chen et al, 2002; Piacentino et al, 2003; Tomaselli and Marban, 1999; Pitt et al, 2006). One of 

the topics of my study is to elucidate the regulation of the Cav1.2 gene in a conditional 

heterozygous knockout system.  
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KChIP2 and the Ito Current 

KChIPs (Voltage-gated Potassium (Kv) Channel Interacting Proteins) are small calcium 

binding proteins that function as auxiliary subunits for the transient outward potassium current 

(Ito in the heart or IA in the brain). A total of four KChIP genes (KChIP1-4) have been identified 

to date. All of them are expressed abundantly in the brain with distinct expression patterns 

(Rhodes et al. 2004; Xiong et al. 2004), while KChIP2 is the only isoform expressed in the heart 

(Rosati et al, 2001).  

In the mammalian heart, the transient outward potassium current (Ito) plays a key role in 

action potential repolarization and in shaping the action potential morphology (Nerbonne 2000). 

Due to its rapid activation and inactivation properties, Ito regulates the size of the initial influx of 

Ca
2+

 ions into the cell, thereby affecting myocyte contraction (Sah et al. 2003). In small rodents, 

Ito plays a critical role in controlling ventricular action potential duration. In larger mammals, 

such as canine and human, Ito underlies phase 1 repolarization and plays a role in setting the level 

of the plateau phase (van der Heyden et al. 2006). This current contributes to create the 

characteristic spike-and-dome morphology of the ventricular action potential in these species 

being responsible for a ‘notch’ in the action potential waveform (see Chapter 2, Fig 2A).  

There is significant species dependent variation in the expression of Ito’s underlying 

molecular components, the level of expression and the spatial distribution of gene expression. Ito 

has two phenotypes, a fast and a slow one segregated by their kinetics of recovery from 

inactivation. The fast Ito (Ito,f ) is expressed in most mammalian species except for the guinea pig 

and pig (Findlay 2003; Li et al. 2003; Zhabyeyev et al. 2004; Patel and Campbell 2005). The 

slow Ito is found in some species and its primary subunit is encoded by the Kv1.4 gene. Table 3 

is a summary of the expression of Ito,f and its molecular components in different species.  
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Table 3. Species Variation in the Expression of Ito,f Genes* 

 

Species Ito,f Kv4.2 Kv4.3 KChIP2 

Human Y N Y Y 
Dog Y N Y Y 
Ferret Y N Y Y 
Rabbit Y N low Y 
Guinea Pig N N N N 
Rat Y Y Y Y 
Mouse Y Y Y Y 

 

* Data taken from (Dixon and McKinnon 1994; Dixon et al. 1996; Oudit et al. 2001; Rosati et al. 

2001; Rosati et al. 2003; Patel and Campbell 2005; Rosati et al. 2006; van der Heyden et al. 

2006). Y, present at moderate to high levels in the ventricle, low, present at low levels, N, either 

not present or present at very low levels. 

 

 

Even though there are species-dependent variations, Kv4.2, Kv4.3 and KChIP2 are the 

main molecular components of Ito,f in all mammals in which this current is expressed (Table 2). 

Kv4.2 gene encodes the primary subunit of Ito in the heart of small rodents (Dixon and 

McKinnon 1994) and Kv4.3 encodes the primary α-subunit of the Ito current in canine and 

human heart (Dixon et al. 1996). Kv4.3 is also expressed in the hearts of small rodents, but its 

contribution to the Ito current in these species is negligible, as shown in the knockout of this gene 

in mouse (Niwa et al. 2008). As the only KChIP expressed in the heart, KChIP2 is essential for 

the expression of the Ito current (Kuo et al. 2001, Rosati et al. 2001). Knockout of KChIP2 

resulted in complete loss of the Ito current in mouse and the variation of KChIP2 expression 

determines the regional variation of this current in large mammals, as described in detail below.   

In addition to the species-dependent differences in subunit composition, there is regional 

variation of Ito expression across the ventricular walls of all species that express this current 
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(Patel and Campbell 2005). Ito shows a gradient expression of highest to lowest from the 

epicardium to the endocardium (Fig. 9A, using the canine as an example). The molecular 

determinants for the regional variation of Ito vary in a species-dependent manner. In large 

mammals like the human and canine, the spatial distribution of Ito is determined by the auxiliary 

subunit KChIP2 (Fig. 9B) (Rosati et al. 2001; Rosati et al. 2003; Rosati et al. 2006). In small 

rodents like the mouse and rat, regional variation of the primary subunit Kv4.2 determines the 

gradient of Ito expression (Fig. 9C) (Dixon and McKinnon 1994, Rosati et al. 2001). The gradient 

expression of Ito plays a critical role in producing transmural variation of the duration of action 

potential (longer in the endocardium than the epicardium), which in turn, allows repolarization in 

the heart to occur in an orderly manner.   
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Figure 9. Expression of Ito and its molecular components across the left ventricular free 

wall 

(A) Ito current recorded from the epicardial, midmyocardial and endocardial myocytes isolated 

from canine left ventricular free wall. (B-C) mRNA expression of the molecular components of 

Ito across the ventricular free wall of human and rat determined by RNA protection analysis. (B) 

In human, there is a correlating gradient expression in the auxiliary subunit KChIP2 but not the 

primary subunit Kv4.3. En, endocardium. M, midmyocardium. Ep, epicardium. (C) In rat, the Ito 

gradient is matched by regional variation of the primary subunit Kv4.2 but not the auxiliary 

subunit KChIP2. Figure adapted from Rosati et al. 2001.    
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Cav1.2 and the L-type Calcium Current 

Ca
2+

 is the most versatile ion in the cell by being both a charged ion that can change 

membrane potential when flowing through membranes and a ubiquitous second messenger 

involved in several essential cellular processes (Clapham 2007). In the heart and muscle tissue, 

Ca
2+

 has a third role providing a link between electrical excitation and cell contraction 

(excitation and contraction coupling, ECC). A key element for ECC in cardiac myocytes is the 

voltage-gated L-type calcium channels located on the plasma membrane and in specialized 

membrane structures known as the T-tubules (Orchard et al. 2009; Hong et al. 2010). These 

channels open in response to a cell depolarization during the action potential, allowing Ca
2+

 

influx to the cell. The Ca
2+

 entry through L-type calcium channels further triggers Ca
2+

 release 

through ryanodine receptors located on the membranes of the sarcoplasmic reticulum (SR). This 

release causes a dramatic increase of the cytosolic Ca
2+

 concentration, which switches on the 

contractile machinery in cardiac myocytes (Bers 2002).  

The L-type calcium channel is a complex of proteins made up by the pore-forming 

subunit (α1 subunit) and a few regulatory/ auxiliary subunits (β, α2/δ, and γ) (Catterall 2000; 

Bodi et al. 2005). The α1 subunit is a large protein consists of four homologous domains (I to 

IV), each containing six transmembrane segments (S1 to S6) linked by a cytoplasmic loop 

between segments S5 and S6 (Takahashi and Catterall 1987). In ventricular myocytes, the α1 

subunit is encoded by the Cav1.2 gene and the γ subunit is not expressed (Bodi et al. 2005). The 

α2δ and β auxiliary subunits are required for the channel function, playing a role of modulating 

the biophysical properties and trafficking of the α1 subunit to the membrane (Varadi et al. 1991; 

Hofmann et al. 1994; Yamaguchi et al. 1998).  
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Due to the unusually complex role of calcium in the physiology of the myocyte, there are 

multiple constraints on the function of the L-type calcium channel. At a minimum, the calcium 

current produced by the channel has to meet two criteria: be large enough to maintain excitation-

contraction coupling but not so large as to result in calcium overload. Violating either of these 

conditions can, in principle, provide a feedback signal to homeostatically regulate calcium 

channel expression (Sadoshima and Izumo 1997; Tarone and Lembo 2003). Although expression 

of most ion channels is transcriptionally regulated (Table 1), the Cav1.2 channel might be an 

exception, suggested by pathological studies where little or no change in the L-type calcium 

current was observed despite a decrease in Cav1.2 mRNA during heart failure (Beuckelmann et 

al., 1991; Schroder et al, 1998; Chen et al, 2002; Piacentino et al, 2003; Tomaselli and Marban, 

1999; Pitt et al, 2006).  
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Electrophysiology 
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INTRODUCTION 

Studies in evolutionary developmental biology (“evo-devo”) (Carroll 2005; Carroll et al. 

2005; Wray 2007) have suggested regulatory evolution, especially cis-regulatory evolution as the 

primary molecular mechanisms underlying the evolution of developmental systems. The 

applicability of these ideas to the evolution of physiological systems has either been brought into 

question (Hoekstra and Coyne 2007) or has been uncertain (Carroll 2005). There is, in principle, 

no reason why these same concepts should not apply to the evolution of physiological systems 

and it is chosen to address this issue by studying the evolution of the electrophysiological 

properties of mammalian cardiac ventricular myocytes in this chapter. 

A primary constraint on the electrophysiological properties of the mammalian heart is the 

scaling of body weight. Heart weight scales directly with body weight and there are no 

significant changes in the morphology of either the heart or of the cardiac myocytes (Prothero 

1979; Loughrey et al. 2004). Similarly, several fundamental physiological properties of the 

cardiovascular system, including mean arterial pressure and minimum diastolic pressure (Holt et 

al. 1968; Elzinga and Westerhof 1991), are highly constrained and remain relatively invariant 

across mammalian phylogeny. These constrained physiological properties reflect the core 

function of the system: to maintain arterial blood pressure at a level sufficient to ensure adequate 

organ perfusion, particularly for critical organs such as the brain. 

In contrast, many of the electrophysiological properties of the heart show systematic 

changes with body weight. These include heart rate (Stahl 1967; Holt et al. 1968; Schmidt-

Nielsen 1984), action potential duration (the rate of action potential repolarization), action 

potential morphology and the rate of calcium ion reuptake (Bers 2002). The electrophysiological 
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properties of the heart vary in a systematic fashion in order to compensate for the changes in the 

physical properties of the vasculature and heart produced by scaling of body and heart weight. 

These concerted changes in electrophysiological function act to maintain the constrained 

physiological properties, such as mean arterial blood pressure, largely unchanged across 

mammalian phylogeny and are a critical factor in the ability of mammals to assume such a large 

range of body sizes (Holt et al. 1968; Westerhof and Elzinga 1991).  

This chapter focuses on the electrophysiological properties of left ventricular myocytes, 

the primary function of which is the maintenance of arterial blood pressure. This function is both 

relatively simple and well understood within the context of the whole animal physiology. 

Ventricular myocytes are also one of the most intensively studied and best understood systems at 

the level of cellular physiology, with a correspondingly detailed knowledge of the molecular 

biology of ion channel and transport function (Bers 2002; Nerbonne and Kass 2005) and, as 

such, they provide an unparalleled system in which to study the evolution of electrophysiological 

traits. In this chapter, the mechanisms that produce changes in one specific trait, action potential 

morphology, are described and the relative importance of regulatory and structural evolution in 

the scaling of action potential duration and calcium reuptake is examined.  
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MATERIALS AND METHODS 

Choice of Species 

Mammalian species that are common experimental models for cardiac 

electrophysiological studies were chosen for study. The eight species used in the study 

encompass a broad range of body weights and show the typical allometric relationship between 

body size and heart rate or action potential duration observed for most terrestrial mammals (Fig. 

1A and B). These species were: human (Homo sapiens), canine (Canis familiaris), ferret 

(Mustela putorius furo), rabbit (Oryctolagus cuniculus), guinea pig (Cavia porcellus), rat (Rattus 

norvegicus), Chinese hamster (Cricetus griseus) and mouse (Mus musculus).  

 

Analysis of mRNA Expression  

Animals were euthanized either with halothane or sodium pentobarbital (100 mg/kg, IV 

or IP), depending upon the species. The hearts were quickly removed and the left ventricular free 

wall was dissected. Total RNA was prepared using Qiagen RNeasy columns. Human RNA 

samples were obtained from independent commercial suppliers (Ambion or BioChain).  

Complementary DNAs were prepared as previously described (Rosati et al, 2004). Three 

independent primer pairs for each gene were used for mRNA quantitation by real-time PCR, 

which was performed using the SYBR Green QuantiTect PCR Kit (Qiagen). Experimental 

samples were analyzed in triplicate. Expression values for a given gene were the average of 

results from three independent sets of eight RNA samples. Real-time PCR products were 

sequenced to confirm that the amplicons were from the mRNA of interest.   
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Isolation and Sequencing of Genomic DNA Regions from Hamster and Guinea Pig  

BAC clones encompassing the Kv2.1 proximal promoter regions were identified in BAC 

libraries (CHORI) using a non-radioactive probe labeled with Digoxigenin-11-dUTP (DIG-11-

dUTP alkali-labile, Roche). Probe sequences were based on cDNA sequences or conserved 

regions from multiple species and positive clones were detected using anti-DIG-AP, Fab 

fragments (Roche) and CDP-Star (Roche). Specific DNA fragments of interest were isolated 

from positive BAC clones (BACPAC Resources Center) by a combination of restriction mapping 

and southern blotting and subfragments were subcloned into pBluescript for sequencing. DNA 

sequences were submitted to Genbank (accession numbers EU643795 and EU643796).  

 

Subcloning of Proximal Promoter Regions 

Comparisons of Kv2.1 and Kv4.2 proximal promoter sequences were performed using 

the Vista alignment program (Frazer et al. 2004) and conserved regions were used as landmarks 

to select orthologous sequences from the two genes, although these were not identical in length 

(see Supplemental Material). For both genes the selected sequences terminated immediately 

before the initiator methionine in the first exon. DNA fragments for the Kv2.1 (mouse 1,601 bp, 

hamster 1,680 bp, guinea pig 1,786 bp, human 1,891 bp) and Kv4.2 (mouse 2,590 bp, human 

2,567 bp) genes were subcloned from BAC clones into a luciferase reporter plasmid (pGL2, 

Promega).  
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Rat Neonatal Myocyte Transfection, Culture and Luciferase Assay 

Neonatal rat cardiomyocytes were isolated and cultured as described (Yin et al. 2004). 

Transfection was performed using the Rat Cardiomyocyte Nucleofector Kit (Amaxa) in a 

Nucleofector I device (Amaxa). Each sample included an internal control Renilla luciferase 

plasmid (phRL-SV40, 1000-fold lower concentration than the test plasmids). Negative (pGL2-

basic) and positive (pGL2-control) controls were also included in each experiment. After 

electroporation the cells were plated onto fibronectin-coated 12-well plates and cultured at 37°C 

in 5% CO2 for 48 hours. Cell survival was approximately 35%. Luciferase Assays were 

performed using the Dual Luciferase Reporter Assay Kit (Promega). Firefly and Renilla 

luciferase activities were measured using a Lumat luminometer (Berthold).  

 

Myocyte Electrophysiology 

Preparation of guinea pig and canine myocytes was performed as described previously 

(Sun and Wang 2005; Dong et al. 2006) and mouse ventricular myocytes were isolated using the 

same method as that used for guinea pig. For the recording of Ca
2+

 currents, isolated ventricular 

myocytes were maintained at room temperature and perfused with a Na
+
- and K

+
-free solution 

that contained (in mM) TEA-Cl 137, CsCl 5.4, CaCl2 2, MgCl2 1, HEPES 5, glucose 10, and 4-

aminopyridine 3 (pH = 7.4). Glass pipettes were filled with solution containing (in mM) Cs-

aspartate 115, CsCl 20, EGTA 11, HEPES 10, MgCl2 2.5, and Mg-ATP 2 (pH = 7.2), and had a 

resistance of 1.5–2.5 MΩ. After the membrane was ruptured, cells were clamped at –60 mV for 

10 minutes to allow dialysis of the intracellular solution and stabilization of the Ca
2+

 currents 

before measurement of Ca
2+

 currents began.  
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Perforated patch-clamp recordings were used for action potential recordings and the 

dynamic clamp studies. Glass pipettes were back-filled with a pipette solution containing (in 

mM): K-aspartate 110, KCl 20, NaCl 8, HEPES 10, MgCl2 2.5, CaCl2 0.1, and 240 mg/ml 

amphotericin B (pH adjusted to 7.2 with KOH). Cells were studied once stable series resistances 

<7 MΩ were achieved. All action potential and contraction experiments were performed at 34°C.  

Dynamic clamp experiments were performed as previously described (Sun and Wang 

2005; Dong et al. 2006). A modified version of the Windows-based DynClamp software was 

used in the dynamic clamp studies (Pinto et al. 2001). Voltage sampling of the dynamic clamp 

software and output of the current injection command were through an Axon Digidata 2100 A/D 

board. Ito was defined as a rapidly and fully inactivating outward current, formulated as 

described previously (Dong et al. 2006).  

Myocyte contraction was imaged using a CCD camera and cell length and shortening 

were measured using a video edge detector (Crescent Electronics).  

Expression of Kv1.5, KCNH2 and KCNQ1 Channels 

The mouse and human Kv1.5 cDNA were obtained commercially (Open Biosystems). 

The human KCNH2 and KCNQ1 cDNA clones have been described previously (Sanguinetti et 

al. 1995; Sanguinetti et al. 1996). Full-length guinea pig cDNA clones were derived using a 

combination of RACE and standard PCR as described previously (Shi et al. 1997) (accession 

numbers EF204534 and EF204535). Channel expression and recording using Xenopus oocytes 

were performed as described previously (Sanguinetti et al. 1995; Sanguinetti et al. 1996). The 

decaying phase of tail current traces was fitted to one (KCNH2 or IKs) or two (KCNQ1) 
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exponential functions. Peak tail current amplitudes were normalized to the maximum value and 

the resulting data were fitted to a Boltzmann function.  
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RESULTS…….. 

Scaling of Ventricular Action Potential Duration 

The relationship between body weight and the resting heart rate of terrestrial mammals 

was fitted using an allometric equation with a scaling coefficient of ­0.25 ± 0.02 (Fig. 1A), 

similar to values obtained in earlier studies using independent data sets (Stahl 1967; Holt et al. 

1968). Ventricular action potential durations for a range of terrestrial mammals were estimated 

from QT intervals obtained from electrocardiogram studies (Fig. 1B). The inverse action 

potential duration, which corresponds approximately to the overall rate of repolarization 

following the upstroke of the action potential, scales continuously over a wide range of body 

sizes and has a scaling coefficient of ­0.22 ± 0.02.  

The scaling of heart rate and APD are similar but not perfectly matched. There is a 

modest increase in the fraction of the cardiac cycle taken up by the action potential in smaller 

mammals, so that this value displays a weak dependence on body mass (Fig. 1C). This is 

consistent with the observation that the diastolic interval decreases as a fraction of the cardiac 

cycle in smaller mammals (Popovic et al. 2006). Because the coronary blood supply to the left 

ventricle is only active during diastole, there is a strong constraint on the minimum fraction of 

the cardiac cycle that must be devoted to diastole in order to ensure adequate perfusion of the 

myocardium, which must be one important factor maintaining the relatively tight linkage 

between heart rate and action potential duration.  

  



 

 47  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Scaling of action potential duration. 

(A) Relationship between resting heart rate and body weight for terrestrial mammals. Data were 

fitted with the allometric equation: y = a ·M 
b
, where a is constant, M is the body weight, and b is 

the scaling coefficient (b = ­0.25 ± 0.02). The species used in the current study are represented 

by black squares: other species are represented with gray squares. Data were obtained from a 

survey of the literature. (B) Relationship between the inverse ventricular action potential 

duration (s
-1

) and body weight for terrestrial mammals (scaling coefficient b = ­0.22 ± 0.02). 

Ventricular action potential duration was estimated from uncorrected QT intervals obtained from 

electrocardiogram studies using conscious resting animals. (C) Relationship between the fraction 

of the cardiac cycle taken up by the action potential and body weight (scaling coefficient b = -

0.04 ± 0.01). Data points were calculated from those studies in which both the heart rate and the 

QT interval were recorded from the same animals. 
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Discontinuities in Scaling of Ventricular Action Potential Morphology 

Although ventricular APD scales over a large range of mammalian body weights without 

any obvious discontinuities (Fig. 1B), at the cellular level there are marked discontinuities in the 

electrophysiological mechanisms underlying action potential repolarization in the ventricles of 

mammals of different weights. In species the size of guinea pig and larger, action potential 

repolarization depends primarily on three potassium currents: the IKs and IKr, which have 

relatively slow kinetics of activation, and the inward rectifier current IK1 (Nerbonne and Kass 

2005). In smaller species, repolarization is primarily dependent on two relatively large and 

rapidly activating potassium currents, Ito and IKur. These differences in repolarization mechanism 

are reflected in the morphology of the ventricular action potential. 

In large and intermediate sized mammals, such as canine and guinea pig, action potentials 

have a 'spike and dome' morphology, whereas action potentials in small mammals, such as the 

mouse, have a 'triangular' morphology, which is distinguished by the lack of a prominent plateau 

phase (Fig. 2A). The presence of a large Ito in the myocytes of small mammals precludes the 

development of the high plateau phase observed in larger animals. The critical role of Ito 

expression levels in determining action potential morphology can be shown experimentally by 

adding a large Ito to either the guinea pig or canine myocytes using dynamic clamp (gray traces 

in Fig. 2A). Following addition of this current, the action potential assumes a morphology that is 

similar to that of the mouse action potential.   
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Figure 2. Discontinuities in scaling of ventricular action potential morphology 

(A) Comparison of ventricular action potentials recorded from mouse, guinea pig and canine 

ventricular myocytes. For the guinea pig and canine cells the waveform following the addition of 

a mathematically modeled Ito current (≈50 pA/pF) using dynamic clamp is shown in gray. 

Comparison of (B) Kv2.1 (KCNB1) and (C) Kv4.2 (KCND2) mRNA expression in the left 

ventricular wall of eight mammalian species. Histograms show means ± S.D. (n = 3). (D) 

Comparison of the functional properties of mouse, hamster, guinea pig and human Kv2.1 

proximal promoter regions. (E) Comparison of the functional properties of mouse and human 

Kv4.2 proximal promoter regions. For promoter analysis, orthologous regions of genomic DNA 

(see Methods) were subcloned into a luciferase reporter gene construct and gene activity was 

determined by assaying luciferase activity following transfection into cultured rat neonatal 

cardiac myocytes. Data values are expressed relative to the background level of luciferase 

activity following transfection of the control plasmid (pGL2-basic). Histograms show means ± 

S.D. (n = 3-6).   
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Regulation of Rapidly Activating Repolarizing Currents 

The discontinuity in action potential repolarization mechanism is produced by abrupt 

changes in the level of expression of the Ito and IKur channels and this is reflected in the 

expression of two genes that encode these channels (Fig. 2B and C). The species-dependent 

expression pattern of the genes underlying the main component of the Ito channel (Kv4.2) and 

one component of the rapidly activating potassium channel delayed rectifier channel IKur (Kv2.1) 

resemble a step function, with both Kv2.1 and Kv4.2 mRNA being abundantly expressed in 

mouse, hamster and rat ventricles but uniformly low in all larger species (Fig. 2B and C).  

A second channel type that also contributes to IKur, the Kv1.5 channel, was tested but 

expression of Kv1.5 mRNA was poorly correlated with expression of the channel, suggesting 

that regulation of this channel is either post-transcriptional, dependent on a yet-to-be identified 

accessory subunit or the mRNA is expressed at significant levels in cells other than myocytes in 

the ventricle wall (Wang et al. 1999; Bru-Mercier et al. 2003). The function of this channel is 

conserved, as shown in the comparison of human and mouse Kv1.5 channel in a heterologous 

expression system (Fig. 3). The Kv4.2 alpha subunit makes the primary contribution to Ito 

expression in small rodents (Guo et al. 2005). In larger animals expression of Ito is highly 

variable, relatively small when present (Rosati et al. 2003) and has little or no effect on action 

potential duration in these species (Sun and Wang 2005). The small Ito found in these species is 

encoded by the Kv4.3 gene (Dixon et al. 1996), which displays highly variable species 

dependent expression patterns, with no correlation to body size (Chapter 5, Fig. 2).   
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Figure 3. Comparison of human and mouse Kv1.5 channel function in Xenopus Oocytes 

(A) Activation curve determined from tail currents for human and mouse Kv1.5 current. (B) 

steady-state inactivation for human and mouse Kv1.5 current. (n=6 for both mouse and human, 

error bars are standard deviation.)  
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Comparison of Mouse, Hamster, Guinea Pig and Human Kv2.1 Proximal Promoter 

Function 

In principle, the changes in Kv2.1 mRNA expression in different species (Fig. 2B) can be 

produced by changes in either the cis- or trans-regulatory elements controlling gene expression. 

To address this issue the transcriptional activity of the proximal promoter regions of the mouse, 

hamster, guinea pig and human Kv2.1 genes were compared in cultured rat myocytes.  

There are clear differences in the transcriptional activity of the Kv2.1 proximal promoters 

from different species that closely reflect the differences in mRNA expression (Fig. 2D). This 

result suggests that the differences in Kv2.1 mRNA expression observed in vivo are mediated by 

changes in the functional properties of cis-regulatory elements found in the Kv2.1 gene.  

Given the highly distributed nature of mammalian gene regulation, it is notable how well 

the different in vivo expression patterns of the Kv2.1 gene are retained by the proximal promoter 

regions when expressed in vitro. In addition to the large difference between the mouse/hamster 

and guinea pig/human expression levels, the guinea pig/human promoters are essentially turned 

"off" in cardiac myocytes in vitro, as they are in vivo. 

 

Comparison of Mouse and Human Kv4.2 Proximal Promoter Function 

There were also clear differences in the transcriptional activity of the mouse and human 

Kv4.2 proximal promoter regions (Fig. 2E). For the Kv4.2 gene, although there are large 

differences between the mouse and human constructs, expression of the human promoter is 

significantly above the background levels seen in vivo and expression relative to the Kv2.1 
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constructs was also anomalously high. Both results suggest that the Kv4.2 promoter construct 

lacks one or more repressor elements found in the native gene.  

 

Function and Regulation of Slowly Activating Repolarizing Currents 

The changes in Ito and IKur expression are clear examples of regulatory evolution. The 

scaling of action potential duration in larger species could, however, involve structural evolution 

modifying the function of one or more of the other currents that are required for action potential 

generation in these animals. Guinea pig and larger species depend predominantly on two voltage-

gated potassium currents, IKs and IKr, for action potential repolarization. Therefore, of all the 

channels involved in this process, these channels would seem to be the most obvious candidates 

for structural evolution. The α subunits of the IKs and IKr channels are encoded by the KCNQ1 

and KCNH2 genes, respectively. If, for example, the activation rate of the KCNQ1 channel 

scaled between human and guinea pig, this change in channel function could contribute 

significantly to the decrease in action potential duration observed in guinea pigs.  

Because it is difficult to accurately record the kinetic properties of IKs and IKr in large 

mammals, due to the relatively small size of the currents, the properties of the guinea pig and 

human KCNQ1 and KCNH2 channels were compared using a heterologous expression system. 

No significant difference in either the rate or voltage dependence of KCNQ1 channel activation 

was observed, either when the channel was co-expressed with its normal auxiliary subunit, 

KCNE1 (Fig. 4A and B), or when expressed alone (data not shown). The only detectable 

difference between the channels from the two species was an approximately 20% slower 

deactivation rate for the guinea pig channel compared to human. This small difference was 
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observed when the channels were expressed alone or when coexpressed with KCNE1. For the IKr 

current, no detectable differences were found in comparisons of the kinetic properties of human 

and guinea pig KCNH2 channels, and the two currents were indistinguishable (Fig. 4C, D and 

E).  

In contrast to the conserved channel function, it is known that guinea pig myocytes 

express significantly higher levels of the IKs and IKr currents than do larger species (Lu et al. 

2001) and this is likely to be one important factor contributing to the decreased action potential 

duration in these species. Both KCNQ1 and KCNH2 gene expression was found to be 

significantly (P<0.01) increased in guinea pig compared to larger species (Fig. 4F&G) 

suggesting that regulatory evolution of KCNQ1 and KCNH2 gene expression may contribute to 

the scaling of action potential duration. Regulation of these currents is complex, however, and it 

has been shown previously that KCNH2 mRNA and protein are expressed at high levels in small 

rodents (Wymore et al. 1997; Pond and Nerbonne 2001) whereas the IKr is very small, so other 

factors in addition to expression of the α subunits are likely to contribute to the regulation of 

these currents. 
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Figure 4. KCNQ1 and KCNH2 function and expression.  

(A) Current traces of human (left) and guinea pig (right) KCNQ1 channels co-expressed with 

KCNE1 in Xenopus oocytes. (current scale: 4 or 2.5 μA respectively, time scale: 2 seconds). (B) 

Activation curve determined from tail currents for human and guinea pig KCNQ1 (n = 10). Data 

were fitted with Boltzmann curves (V1/2 = 14.9 ± 0.2 and 15.0 ± 0.3 mV, k = -12.2 ± 0.2 and -

12.6 ± 0.3, respectively). (C) Current traces of human (left) and guinea pig (right) KCNH2 

channels expressed in Xenopus oocytes (current scale 0.4 μA, time scale 1 second). (D) 

Activation curves (determined from tail currents) and inactivation time constants for human and 

guinea pig KCNH2 channels expressed in Xenopus oocytes (n = 14 and 21 respectively). Data 

were fitted with Boltzmann curves (V1/2 = -34.9 ± 0.3 and -35.3 ± 0.3 mV, k = -7.2 ± 0.2 and -7.0 

± 0.2, respectively). (E) Inactivation time constants for human and guinea pig KCNH2 channels. 

For (B), (D) and (E), data points show means±SEM and symbols are human (open square) and 

guinea pig (black diamond). Comparison of KCNQ1 (F) and KCNH2 (G) gene expression in the 

left ventricular free wall of guinea pig and larger species. Histograms show means ± S.D. (n = 3). 
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Function and Regulation of the L-type Calcium Current 

One other channel for which changes in kinetic properties could have an impact on action 

potential duration, particularly in species with a spike and dome action potential morphology, is 

the L-type calcium current (ICa,L). The kinetic properties of ICa,L were determined using voltage-

clamp recordings in three species, mouse, guinea pig and canine and the biophysical properties 

of the currents were found to be quite similar (Fig. 5A). The normalized I-V curves for the three 

species were very similar (Fig. 5B). The steady-state inactivation curves were also similar, 

although the mouse curve was shifted 4 mV more negative relative to the guinea pig, which 

overlapped with canine (Fig. 5C). The rate of inactivation for the mouse and guinea pig currents 

was best described by two time constants, which were indistinguishable for the two species (Fig. 

5D). The relatively small canine current could not be reliably fitted with two time constants. In 

this case, the single fitted time constant was intermediate between those of mouse and guinea 

pig. Qualitatively, there is very little difference in the inactivation properties of these currents.  

In contrast to the relatively constant biophysical properties, there were significant 

changes in peak calcium current expression levels. In this case, however, the change in 

expression level is unrelated to regulation of action potential duration because there was a 

significant increase in calcium current density with decreasing body weight for the three species 

tested (Fig. 5E). If scaling of action potential duration was the sole determinant of ICa,L 

expression levels, it would be expected that the calcium current would either remain constant or 

decline in smaller species, because this current will generally act to lengthen action potential 

duration.  

Expression of Cav1.2 (CACNA1C) mRNA, which encodes the α subunit of the 

predominant L-type calcium channel in ventricular myocytes (Striessnig 1999; Rosati et al. 
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2007), was relatively constant (Fig. 5F), with the changes between species being significantly 

less than was seen for ICa,L density. Expression of several cardiac calcium channel auxiliary 

subunit genes, β2, α2-1 and α2-2, which have been shown to affect calcium current expression 

(Striessnig 1999; Arikkath and Campbell 2003), showed no consistent dependence on body 

weight for the species tested (data not shown). The mechanism by which ICa,L expression is 

modified between different species remains uncertain, therefore, and it may involve post- 

transcriptional mechanisms regulating the expression of functional channels rather than 

transcriptional regulation.  
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Figure 5. Calcium current function and expression in ventricular myocytes.  

(A) L-type calcium current traces recorded from mouse, guinea pig and canine myocytes (current 

scale 5, 4 and 2 pA/pF respectively, time scale 80 ms). Holding potential was ­50 mV, and 

currents were elicited by voltage steps to 20, 30 and 40 mV. (B) Normalized I-V relations for 

mouse, guinea pig and canine ICa,L in ventricular myocytes. (C) Steady-state inactivation for ICa,L. 

Data were fitted with Boltzmann curves (V1/2 = -27.7 ± 0.9, -23.9 ± 1.4, -20.9 ± 1.6 mV, k = 5.6 

± 0.1, 4.7 ± 0.2, 4.7 ± 0.1, n = 7, 14, 8, respectively). (D) Inactivation time constant () for ICa,L. 

For mouse and guinea pig the data were fitted with a biexponential curve with two time constants 

(f and s), whereas for canine an exponential curve with a single time constant () was fitted (n = 

5, 5 and 6, respectively). For (B), (C) and (D) data points are means ± S.D., and symbols are 

mouse (gray triangle), guinea pig (black diamond) and canine (open square). (E) Comparison of 

peak calcium current density in mouse, guinea pig and canine ventricular myocytes. Histogram 

shows means ± SEM, for mouse, guinea pig, and canine (n = 31, 14 and 19, respectively). (F) 

Comparison of Cav1.2 (CACNA1C) mRNA expression in the left ventricular wall of eight 

mammalian species. Histogram shows means ± S.D. (n = 3). 
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Interactions Between ICa,L Density and the Maintenance of Excitation-Contraction 

Coupling 

Given that ICa,L shows systematic changes in magnitude with body size that cannot be 

explained by regulation of action potential duration, it is likely that the changes in ICa,L 

magnitude reflects constraints imposed by the maintenance of excitation-contraction coupling. 

This possibility was examined in canine ventricular myocytes using action potential clamp (Fig. 

6). A normal canine action potential waveform elicits a robust contraction in canine myocytes, as 

expected. In contrast, a mouse action potential waveform fails to elicit a contraction in these 

cells. To determine whether the failure of the mouse action potential to elicit a contraction in 

canine myocytes was due simply to the smaller size of ICa,L in canine myocytes, ICa,L was 

increased by one of two independent methods: an increase in external calcium concentration or 

treatment with the calcium channel activator BAY-K 8644 (BayK). In both cases, the increased 

magnitude of ICa,L restored excitation-contraction coupling, suggesting that constraints related to 

the maintenance of excitation-contraction coupling drive the increased ICa,L density in mouse 

myocytes.  
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Figure 6. Action potential clamp recordings from canine myocytes and corresponding 

unloaded contraction.  

Top panels show imposed action potential voltage-clamp waveform, and bottom panels show 

unloaded cell shortening. (A) Canine action potential waveform in the presence of normal 

external calcium (left panel). Mouse action potential waveform in the presence of normal 

external calcium (center panel). Note the failure to initiate a contraction. Mouse action potential 

waveform in the presence of 7.2 mM external calcium (right panel) restores the contraction (inset 

shows a comparison of peak calcium current recorded under voltage clamp in the control and 7.2 

mM external calcium solutions). (B) Similar experimental design to that shown in panel (A) 

using 0.5 μM BayK to increase calcium current (inset). Again, note the recovery of contraction 

with the mouse action potential waveform when the calcium current is experimentally enhanced.  
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Scaling of Calcium Reuptake 

There is a tight linkage between the duration of the calcium transient triggered by an 

action potential and the duration of myocyte contraction (Bers 2002). As a consequence, one 

important constraint on the scaling of cardiac electrophysiological function is that the duration of 

the calcium transient must also decrease with decreasing body size. There are two transporter 

systems responsible for the rapid uptake of calcium ions from the cytosol, the sarcoplasmic 

reticulum (SR) Ca
2+

-ATPase pump and the Na
+
/Ca

2+
 exchanger (Bers 2002). The primary 

change with body weight is seen in the activity of the Ca
2+

-ATPase pump and this also appears 

to be an example of regulatory evolution. The activity of the SR Ca
2+

-ATPase pump increases 

significantly with decreasing body size due to an increase in the density of Ca
2+

-ATPase pump 

proteins, rather than to a change in the specific activity of the pump (Hamilton and Ianuzzo 

1991; Hove-Madsen and Bers 1993; Su et al. 2003; Vangheluwe et al. 2005). Due to this 

increase in Ca
2+

-ATPase pump activity, the relative activity of the two transport systems changes 

significantly with body size. In small mammals the Ca
2+

 uptake process is dominated by the 

Ca
2+

-ATPase pump, whereas in larger mammals there is a greater role for the Na
+
/Ca

2+
 

exchanger, although the Ca
2+

-ATPase pump is still the dominant uptake mechanism (Bassani et 

al. 1994; Bers 2002). 

These body mass-dependent changes in calcium handling appear to be determined at the 

level of transcription. Expression of SERCA2 (ATP2A2) mRNA, which encodes the SR Ca
2+

-

ATPase pump, scales steeply with body weight, with a similar scaling factor to that of inverse 

action potential duration (Fig. 7A). Expression of the NCX1 gene, which encodes the Na
+
/Ca

2+
 

exchanger, is essentially independent of body size although there is some species-dependent 

variation in expression levels (Fig. 7B). This result is consistent with the observation that the 
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level of Na
+
/Ca

2+
 exchanger activity does not vary systematically with body mass (Sham et al. 

1995).  

Unlike the action potential, there are no discontinuities in the scaling of the calcium 

reuptake transporters. This most likely reflects the fact that the rate of calcium uptake can scale 

in a simple linear way in proportion to the abundance of the molecular components that underlie 

the process. Calcium ion pumping obeys the law of mass action and linear scaling of the 

concentration of one of the key reactants, the Ca
2+

-ATPase pump, produces an appropriate effect, 

an increased rate of Ca
2+

 uptake.  

 

Regulation of the Sodium Channel 

 There is a modest dependence of SCN5A (Nav1.5) mRNA expression on body weight 

(Fig. 7C) and there is a significant difference in the average expression values for the three 

smallest species, which express large Ito and IKur currents, compared to the five largest species 

(P<0.01). Because sodium channel expression appears to be predominantly mediated by 

transcriptional regulation (Papadatos et al. 2002; Bezzina et al. 2006), this may produce an 

increase in sodium current expression in these smaller species. The relatively fast activation 

times of the large Ito and IKur result in partial overlap of these currents with the activation period 

of the sodium current, and the increased SCN5A expression may represent a compensatory 

mechanism, possibly to maintain action potential peak height (Pandit et al. 2001).  
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Figure 7. Comparison of SERCA2, NCX1 and SCN5A mRNA expression in the left 

ventricular wall of eight mammalian species.  

Upper panel shows dependence on body weight and lower panel shows the same data replotted 

as histograms (means ± S.D., n = 3). (A) Dependence of SERCA2 (ATP2A2) mRNA expression 

levels on body weight (scaling coefficient b = ­0.25 ± 0.03). (B) Dependence of NCX1 

(SLC8A1) mRNA expression levels on body weight (slope of fitted line was not significantly 

different to zero). (C) Dependence of SCN5A mRNA expression levels on body weight (scaling 

coefficient b = ­0.11 ± 0.02).  
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Constraints on Cardiac Ion Channel Sequence  

Comparisons of the deduced amino acid sequence of the mouse and human voltage gated 

sodium, calcium and potassium channels, the calcium-activated and inward rectifier potassium 

channels and the HCN channels are shown in Figure 8. The majority of them have a sequence 

identity above 90%, suggesting the amino acid sequences of these proteins are highly 

constrained. The average percentage change in amino acid sequence identity for all channels in 

the figure is 7.1%. There is no evidence that the channels involved in the scaling ventricular 

myocyte electrophysiology have an unusually high rate of sequence change (Fig. 8). The specific 

values of their sequence identity are listed in table 1.  

 

 

 

 

Figure 8. Sequence comparison between mouse and human of the major ion channel genes 

expressed in the cardiac electrophysiological system  

Percentage differences in amino acid identity in the following groups of proteins (labeled under 

the x-axis): voltage gated sodium, calcium and potassium channels, the calcium-activated and 

inward rectifier potassium channels and the HCN channels. Channels mentioned in this chapter 

are marked by black bars.    
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DISCUSSION…….. 

Despite the large number of studies on the physiology and molecular biology of cardiac 

myocyte electrophysiology, this is the first study on the mechanisms by which cardiac 

electrophysiology evolves within the mammalian lineage. There are two basic ways in which the 

electrophysiological properties of any electrically excitable cell can evolve, either by changes in 

channel and transporter expression levels or by changes in protein sequence and function. 

Although these are not mutually exclusive alternatives, the results described in this chapter 

suggest that regulation of expression levels is the primary means by which ventricular 

electrophysiological function has been modified during the course of mammalian evolution.  

 

Evolution of Action Potential Morphology 

Mammalian ventricular myocytes can display one of two different action potential 

morphologies: either a spike and dome morphology or a triangular morphology. The spike and 

dome action potential morphology, which is observed in most mammals, is evolutionarily 

ancient. The IKs and IKr channels, which produce action potential repolarization in these species, 

are also the major repolarizing currents in the hearts of non-mammalian vertebrates, which have 

similar spike and dome action potential morphologies (Hume et al. 1986; Vornanen et al. 2002). 

Expression of either Ito or IKur has not been described in the ventricular myocytes of non-

mammalian vertebrates. The triangular waveform appears to be an innovation that is restricted to 

small rodents with very rapid heart rates and reflects the acquisition of a novel trait in these 

species. The shift to the triangular waveform morphology is produced by the increased 

expression of two rapidly activating potassium currents, Ito and IKur. The experimental evidence 
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presented in this chapter suggests that the switch in this particular physiological trait is due 

primarily to regulatory evolution modifying the expression of the Kv4.2 and Kv2.1 genes, with 

little or no role for structural evolution in determining this trait. It has been shown previously 

that artificially increasing Kv4 α-subunit mRNA expression is, by itself, sufficient to produce the 

expected change in action potential morphology (Hoppe et al. 2000; Zobel et al. 2002).  

The analysis of Kv4.2 and Kv2.1 proximal promoter function described in this chapter 

suggests that the evolution of cis-regulatory function is likely to be the predominant factor 

contributing to the changes in Kv4.2 and Kv2.1 gene expression seen in small mammals. 

However, a role for changes in transcription factor network function cannot be excluded without 

a complete analysis of the expression levels of the transcription factors that are important for 

regulating expression of these genes, which currently remain, in large part, unknown. 

 

Evolution of Action Potential Duration 

The evolution of action potential duration is a complex phenomenon, involving a 

relatively large number of different genes (shown in part in Table 1). In addition, the trait grades 

smoothly across the entire mammalian phylogeny and requires a complex set of changes 

including graded changes in the expression of multiple genes, in addition to the "on" or "off" 

changes in Kv2.1 and Kv4.2 gene expression. The complex nature of this evolution is illustrated 

by the paradoxical changes in calcium channel expression, with expression levels of this current 

being primarily constrained by the role of this current in excitation-contraction coupling rather 

than in regulating action potential duration. 
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Scaling of action potential duration does not appear to require significant changes in the 

function of any of the main proteins controlling cellular electrophysiology. The coding regions of 

ion channel and transporter genes are highly conserved in mammals and the number of voltage-

gated ion channel genes is unchanged within the mammalian lineage, with no known loss or gain 

of ion channel α-subunit genes (Moulton et al. 2003; Yu et al. 2005; Demuth et al. 2006) (Fig. 8). 

Comparisons of the deduced amino acid sequences of the channels and transporters that 

contribute to the electrophysiological phenotype of ventricular myocytes are shown in Figure 8 

and Table 1. For those genes that are functionally important in all mammals, there is no evidence 

for significant changes in the functional properties of their protein products. The function of the 

cardiac sodium channel (INa) is generally assumed to be invariant across mammalian phylogeny 

(Pandit et al. 2001) and the function of the inward rectifier (IK1) is unchanged from similar 

currents found in simple invertebrates (Hagiwara et al. 1976). For the calcium current, as 

described in this chapter, there are minor changes in the biophysical function of the channel, but 

these changes do not contribute in any obvious way to the changes in action potential duration. 

The sequence of the calcium channel α-subunit is highly conserved for such a large protein 

containing several loosely structured regions (Table 1) and the minor changes in the biophysical 

function of this channel may reflect changes in the stoichiometry of the accessory subunits 

associated with the main subunit. For the Ca
2+

-ATPase, its key functional property, the specific 

activity of the pump, is unchanged across mammalian phylogeny (Hamilton and Ianuzzo 1991; 

Hove-Madsen and Bers 1993; Su et al. 2003; Vangheluwe et al. 2005) whereas its expression 

levels change significantly.  

As described in the results, there was no significant change in the function of the IKs and 

IKr channels, which control action potential repolarization in larger mammals. The increase in 
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KCNQ1 and KCNH2 mRNA expression is consistent with the increased current expression in 

guinea pig myocytes (Lu et al. 2001), although it is likely that other channel subunits also 

regulate the expression of these currents. Of the channels that are important for action potential 

repolarization in small mammals, only the Kv1.5 gene is less than 94% identical in mouse-

human sequence comparisons. The relevant comparison for these channels, however, is within 

the subset of small mammals where these channels are expressed, and in this case sequence 

identity is much higher (Table 1).  

Taken together, the evidence suggests that regulatory evolution is predominant in the 

evolution of action potential duration in the ventricular myocytes of mammals. A similar 

conclusion has been made for the evolution of a non-mammalian electrophysiological system, 

the giant axon of squid (Rosenthal and Bezanilla 2002). This conclusion does not exclude the 

possibility that one or more channels shows some gene encoded change in functional properties 

but clearly the major thrust of evolutionary mediated modifications is at the level of channel 

expression. 

Whether the graded changes in expression seen for multiple genes, including KCNQ1, 

KCNH2, SCN5A and SERCA2, primarily reflect cis-regulatory evolution, as seems most likely 

for the Kv2.1 and Kv4.2 genes, remains an open question. There are quantitative changes in 

transcription factor gene expression in the ventricular myocytes from different mammalian 

species (Rosati et al. 2006), possibly reflecting evolution of the cardiac regulatory network 

within the mammalian lineage. Determining whether changes in the transcription factor network 

contribute to the graded changes in ion channel and transporter gene expression will require a 

more detailed understanding of the regulation of the relevant genes.  
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Table 1. Comparison of Cardiac Channel and Transporter Deduced Amino Acid 

Sequences 

 

 

Universally important for mammalian ventricular myocyte function 

Current or Primary Subunit Sequence Identity 

Transporter  Human-Mouse  

INa SCN5A 94  

ICa,L CaV1.2 (CACNA1C) 94  

IK1 Kir2.1 (KCNJ2) 98  

IK1 Kir2.2 (KCNJ12) 96  

Ca2+-ATPase SERCA2 (ATP2A2) 99  

Na-Ca exchanger NCX1 (SLC8A1) 95  

Functionally important only in larger mammals 

  Human-Mouse Human-Guinea Pig 

IKs KCNQ1 90 91 

IKr KCNH2 96 96 

Functionally important only in small mammals 

  Human-Mouse Rat-Mouse 

Ito,f Kv4.2 (KCND2) 99 100 

IKur Kv2.1 (KCNB1) 94 97 

IKur Kv1.5 (KCNA5) 86 96 
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CONCLUSIONS 

The evolution of ventricular myocyte electrophysiology appears to conform, in broad 

outline, to the principles derived from the study of developmental system evolution (Carroll 

2005; Carroll et al. 2005; Wray 2007). In particular, differences in the functional properties of 

ion channels and transporters appear to be relatively small compared to the multiple, relatively 

large changes in channel and transporter expression levels. As demonstrated in this chapter, 

action potential repolarization and calcium handling evolve in mammals primarily by changes in 

the level of expression of the relevant ion channels and transporters, in general agreement with 

the concept that regulatory evolution is the predominant mechanism underlying the evolution of 

complex multicellular organisms. Although this issue is confused in the physiological and 

modeling literature, because multiple and shifting combinations of gene products can contribute 

to single physiologically identified currents, future efforts in this area should benefit from a 

recognition of the relative unity of the molecular underpinnings of mammalian cardiac 

electrophysiology.  
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INTRODUCTION 

The large differences in body mass amongst mammals require significant changes in 

heart rate and ventricular action potential duration in order to scale cardiac physiological 

function to body mass (Schmidt-Nielsen 1984; Rosati et al. 2008). These changes in cardiac 

function are produced by systematic changes in myocyte electrophysiological function and in the 

pattern and level of expression of multiple voltage-gated ion channels and transporters (Rosati et 

al. 2008). Some of the most prominent changes are seen in the changing role of the transient 

outward potassium current (Ito). The Ito current is a rapidly activating and inactivating current 

that is expressed in the ventricular myocytes of most, but not all, mammalian hearts (Niwa and 

Nerbonne 2010). Expression of this current in heart appears to be an innovation of mammals. 

This current has not been described in the hearts of non-mammalian vertebrates. An essentially 

identical current (known as IA) is, however, expressed in the brains of most vertebrate and many 

invertebrate species (Covarrubias et al. 2008). A subset of the genes that encode the neuronal IA 

current in mammals have been co-opted for Ito expression in heart (Rosati et al. 2008; Niwa and 

Nerbonne 2010).  

The ventricular action potential in most non-rodent mammals has a 'spike and dome' 

morphology, with a long plateau phase before action potential repolarization. In these species, Ito 

modifies the early phase of action potential morphology, altering the initial rate of calcium ion 

entry and the strength of myocyte contraction (Dong et al. 2010). The Ito channel is comprised of 

an α-subunit encoded by the Kv4.3 gene (KCND3) and an auxiliary subunit encoded by the 

KChIP2 gene (KCNIP2) in these species (Niwa and Nerbonne 2010). Differences in Ito and 

KChIP2 expression within the ventricles (Antzelevitch et al. 1999; Rosati et al. 2003) contribute 
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to regional differences in ventricular contractility and coordination of ventricular contraction 

(Dong et al. 2010). The broad phylogenetic distribution of this particular pattern of Ito gene 

expression (Niwa and Nerbonne 2010) suggests that it was established early in mammalian 

evolution.  

Ito and KChIP2 expression varies significantly from the common mammalian pattern in 

some rodents. In guinea pig, Ito expression (Findlay 2003) and KChIP2 expression has been lost, 

although the action potential is similar in most other respects to other non-rodent mammals. In 

contrast, mouse and closely related species express Ito at very high levels. In these species the 

ventricular action potential is very short with a triangular waveform (Pandit et al. 2001; Rosati et 

al. 2008; Niwa and Nerbonne 2010), due to the large size and rapid activation of the Ito current. 

The short action potential duration and altered morphology contribute to the scaling of 

ventricular action potential duration (Rosati et al. 2008). In mouse and related species, Ito is 

encoded by both Kv4.3 and a second alpha subunit gene Kv4.2, which is only expressed in the 

hearts of this subset of rodents (Rosati et al. 2008). Cardiac Kv4.2 gene expression is produced 

by evolutionarily mediated changes in the cis-regulatory function of the Kv4.2 gene in these 

species (Rosati et al. 2008). There is a complementary increase in KChIP2 gene expression in 

these species that also contributes to increased Ito expression.  

Despite complex biosynthetic pathways, voltage gated ion channel expression in heart is 

primarily determined by the level of channel gene transcription (Rosati and McKinnon 2004; 

Chandler et al. 2009). The size of the Ito current is directly dependent upon the level of KChIP2 

gene expression (Kuo et al. 2001; Rosati et al. 2003). The large changes in KChIP2 gene 

expression in mammalian heart and compact gene structure make it a favorable model in which 

to study the contribution of cis-regulatory evolution to the evolution of physiological function in 
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mammals. The results presented in this chapter demonstrate that the KChIP2 gene contains a 

CpG island promoter that is not simply permissive for gene transcription but also contributes 

significantly to the tissue specificity of gene expression and is a primary locus for the evolution 

of KChIP2 gene expression patterns in mammalian heart.  

 

  



 

 77  

MATERIALS AND METHODS 

Analysis of KChIP2 and Luciferase mRNA Expression 

Analysis of mRNA expression in left ventricle wall was performed using real-time PCR 

as described in Chapter 2. Animals were euthanized and the hearts were quickly removed before 

further dissection. Human RNA samples were obtained from two independent commercial 

suppliers (Ambion and BioChain). For luciferase mRNA quantitation, rat neonatal myocytes 

were isolated, transfected and cultured for 48 hours, as described below. After culture, cells were 

lysed by adding RLT buffer and passing the lysate over a Qiashredder column (Qiagen, Novato, 

CA). Total RNA was prepared from tissues and cells using Qiagen RNeasy columns with DNase 

treatment. RNA samples were quantitated, re-diluted to give nominally equal concentrations and 

quantitated a second time using spectrophotometric analysis. 

cDNAs were prepared from a starting RNA amount of 5 μg per sample. In vitro reverse-

transcription was performed using Superscript III reverse transcriptase (Invitrogen), as described 

previously (Rosati et al. 2004). Real-time PCR was performed using the SYBR Green 

QuantiTect PCR Kit (Qiagen) with a 7300 Real-time PCR System (Applied Biosystems). 

Experimental samples were analyzed in triplicate. Threshold crossing points were converted to 

expression values automatically (Larionov et al. 2005). Real-time PCR products were analyzed 

by gel electrophoresis and sequenced to confirm specificity of the amplification. Gene 

expression across RNA samples was normalized using 18S and 28S rRNAs as internal controls. 

Multiple (typically three) primer pairs were used to analyze expression in order to detect 

primer dependent artifacts. The results from each primer pair were averaged. Primer sequences 

used for real-time PCR are listed in Table 1.
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Table 1. Real-time PCR Primers 

 

Gene Pair# Sequence (5’ to 3’) 

18S 1 CCTGCGGCTTAATTTGACTC (fwd)   

CGGACATCTAAGGGCATCAC (rev)   

 2 GTTCCGACCATAAACGATGC (fwd) 

AACTAAGAACGGCCATGCAC (rev) 

 3 CCCGAAGCTTTACTTTGAA (fwd) 

GCATCGTTTATGGTCGGAAC (rev) 

28S 1 TGGGTTTTAAGCAGGAGGTG (fwd) 

TCCTCAGCCAAGCACATACA (rev) 

 2 AAAGGGAGTCGGGTTCAGAT (fwd) 

AGAGGCTGTTCACCTTGGAG (rev) 

 3 TCCGAAGTTTCCCTCAGGAT (fwd) 

CCTTTTCTGGGGTCTGATGA (rev) 

KChIP2 1 GAATGTCCCAGCGGAATTGT (fwd) 

AGCCATCCTTGTTGAGGTCATA (rev) 

 2 TCTCTTCAATGCCTTTGACACC (fwd) 

CTTGTTCCTGTCCATCTTCTGGA (rev) 

 3 CAGTTTTGAGGACTTTGTGGCT (fwd) 

TGCATGGACCTCATGATGTTC (rev) 

 4 TATGACCTCAACAAGGATGGCT (fwd) 

TAGATGACATTGTCAAAGAGCTGC (rev) 

Luciferase 1 TGGCAGAAGCTATGAAACGA (fwd) 

CATCGACTGAAATCCCTGGT (rev) 

 2 ACGCCTTGATTGACAAGGAT (fwd) 

TCGCGGTTGTTACTTGACTG (rev) 

 3 TTCCATTCCATCACGGTTTT (fwd) 

CGTATCCCTGGAAGATGGAA (rev) 
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BAC Library Screening 

BAC clones encompassing the KChIP2 proximal promoter regions of guinea pig and 

hamster were identified in BAC libraries (BACPAC Resources Center, CHORI, Oakland, CA) 

using a non-radioactive probe labeled with Digoxigenin-11-dUTP (DIG-11-dUTP alkali-labile, 

Roche). Probe sequences were based on cDNA sequences or conserved regions from multiple 

species. A 40-base pair double-stranded DNA probe was synthesized using two 24-mer 

oligonucleotides with overlapping 3’ends (5’GGAGCCGTCGAGATCTCGAGAGTC 3’ and 

5’TAAGGAGAGTTTGTCCGACTCTCG 3’), using Klenow fragment DNA Polymerase and a 

mixture of dNTPs and DIG-dUTP. Hybridization was carried out using buffers optimized for 

DIG labeled probe (DIG Easy Hyb, Roche). Signals were developed using immunological 

detection method with anti-DIG-AP, Fab fragments (Roche) and CDP-Star (Roche). Positive 

BAC clones identified from the screening were then obtained from the BACPAC Resources 

Center. The BAC clones were analyzed by fingerprinting, end sequencing and finally sequencing 

of the specific region of interest. 

 

Isolation, Subcloning and Sequencing of Genomic DNA Regions  

For human, mouse, rat and guinea pig, initial selection of genomic fragments was based 

on sequences from genome databases (Homo sapiens Build 36 for the human, Mus musculus 

Build 36 for the mouse, Rattus norvegicus RGSC v3.4 for rat, Cavia porcellus Broad/cavPor3 

Assembly for the guinea pig). Human and mouse BAC clones containing the KChIP2 proximal 

promoter region were obtained from the BACPAC Resources Center (CHORI). For the rat, 

genomic DNA was used as a template to amplify the region of interest.  
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The genome sequences of the remainder mammalian species were not available. For 

hamster, the specific KChIP2 DNA fragment was isolated from the BAC clone by a combination 

of restriction mapping and southern blotting and then subcloned into pBluescript SK. For 

Petromyscus (rock mouse), Anomalurus beecrofti (Beecroft's flying squirrel), Dipodomys 

heermanni (Heermann's kangaroo rat) and Tamias striatus (eastern chipmunk), the specific 

KChIP2 DNA fragments were isolated from genomic DNA by PCR amplification using a pair of 

primers designed at highly conserved regions around the KChIP2 proximal promoter region and 

then subcloned into pBluescript SK. The KChIP2 sequences of these species were obtained from 

sequencing these intermediate subclones and were confirmed by sequencing multiple 

independent isolates. 

Comparisons of the KChIP2 proximal promoter sequences were performed using the 

Vista (Frazer et al. 2004) and ClustalW (Larkin et al. 2007; Goujon et al. 2010) alignment 

programs. Conserved regions were used as landmarks to select orthologous sequences, although 

these were not exactly identical in length. All sequences terminated immediately before the 

initiator methionine in the first exon of the KChIP2 gene. The lengths of DNA fragments for the 

KChIP2 proximal promoter region were: 2,256 bp (mouse), 2,596 bp (guinea pig) and 2,760 bp 

(human). The lengths of DNA fragments for the KChIP2 CpG island region were: 453 bp 

(mouse), 457 bp (rat), 454 bp (hamster), 443bp (Petromyscus), 463 bp (Anomalurus), 436 bp 

(Dipodomys), 395 bp (guinea pig), 462 bp (Tamias) and 457 bp (human).  

Genomic regions were obtained using high fidelity PCR amplification with either Expand 

Long Template PCR system (Roche) or Platinum Pfx DNA polymerase (Invitrogen), subcloned 

into the pGL2 luciferase reporter vector (Promega) and confirmed by sequencing. 

  



 

 81  

Transcription Start Site (TSS) Mapping by RNA Ligase-Mediated RACE PCR 

The transcription start site of the KChIP2 gene was mapped in mouse, guinea pig and 

human with the RNA Ligase Mediated RACE PCR technique (Maruyama and Sugano 1994) 

using the Ambion First Choice RLM-RACE Kit (Applied Biosystems, Carlsbad, CA). Guinea 

pig brain and mouse brain and heart RNA were prepared as described previously (Rosati et al. 

2008). Human brain and heart RNA were obtained from commercial suppliers (BioChain and 

Ambion, respectively).  

Briefly, 10 μg of total RNA were ethanol-precipitated and treated with Calf Intestine 

Alkaline Phosphatase (CIP) to remove the terminal 5’ phosphate group from degraded and 

uncapped RNAs. The samples were purified by phenol/chloroform and chloroform extraction, 

precipitated with isopropanol and finally treated with Tobacco Acid Pyrophosphatase (TAP) to 

remove the mRNA cap structure. An aliquot of the RNA sample was not treated with TAP and 

kept as a negative (‘TAP-minus’) control. An adapter was then ligated to the 5’-end of the RNA 

molecules using T4 single strand RNA ligase. The previous CIP treatment step prevents adapter 

ligation to degraded/uncapped RNA molecules and ligation to capped RNAs cannot occur 

without removal of the cap structure. The ligated RNA was reverse transcribed at 50°C using M-

MLV Reverse Transcriptase and gene-specific primers (Table 2), The cDNAs obtained were 

then subjected to a first round of nested PCR (primers listed in Table 3). A second round of PCR 

(inner PCR) was performed by using 2 μl of the first PCR reaction as template, and 3’ primers 

(Table 4). The inner PCR reactions were purified using the Qiaquick PCR Purification kit 

(Qiagen), subcloned into pBluescript SK and sequenced. 
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Table 2. Reverse transcription gene-specific primers 

 

Mouse: 5’CGCTGGGACATTCGTTCTTGAA 3’, 5’GCGTAGTTGCTGGAGTCTCCTTG 3’ 

Guinea Pig: 5’ GCATAGGTGCTAGAGTCTCCTTGAGG 3’ 

Human: 5’ TGCGCGTGAATTTGGTTTGC 3’, 5’AGGTGCTGGAGTCTCCTTGA 3’ 

 

Table 3. First round nested PCR primers 

Mouse: 5’ AGGATAGGGCGCTCACACA 3’,  

5’TCAGGGCTTTTTTACTGGGC 3’ 

Guinea Pig: 5’ GGACAAGGCGCTTGCTCAAAC 3’,  

5’TCAGCGCTTTTTTAGTGGGC 3’ 

Human: 5’GCGCTCGAGTACTGTGCTGTCGGGGCT 3’, 

5’GCGCTCGAGAAACTCTCCTTGCGGCCCTG 3’ 

 

Table 4. Second round nested PCR primers 

Mouse: 5’GCGGAATTCAGCGACCTGCTGGGGCT 3’, 

5’GCGGAATTCATAGGAGCCGTCCAAATCTC 3’ 

Guinea Pig: 5’GCGGAATTCTGAAGAGCCGAGGGGTCGT 3’,  

5’ GCGGAATTCCGTAGGAGCCGTCGAGATCTC 3’ 

Human: 5’GCGCTCGAGTACTGTGCTGTCGGGGCT 3’, 

5’GCGCTCGAGAAACTCTCCTTGCGGCCCTG 3’ 
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Neonatal Myocyte Transfection, Culture and Luciferase Assay 

Rat cardiac myocytes were isolated from P2-P3 animals and cultured as described 

previously (Yin et al. 2004). Ferret cardiac ventricular myocytes were isolated from E34 animals 

using the same procedure and then handled similarly to the rat myocytes. Cell transfection was 

performed using the Rat Cardiomyocyte Nucleofector Kit (Amaxa, Lonza, Walkersville, MD) in 

a Nucleofector I device (Amaxa). Each sample included an internal control Renilla luciferase 

plasmid (phRL-SV40). Experiments always included a negative control sample (pGL2-basic), 

and a positive control (pGL2-control) when appropriate. After electroporation the myocytes were 

plated onto fibronectin-gelatin coated 12-well plates and cultured at 37°C in 5% CO2 for 48 

hours. Firefly and Renilla luciferase activities were measured using the Dual Luciferase Reporter 

Assay Kit (Promega) in a Lumat luminometer (Berthold).  
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RESULTS…….. 

Expression of the KChIP2 Gene in Cardiac Ventricle 

KChIP2 mRNA expression in the left ventricular wall of hearts from six different species 

was determined (Fig. 1A). KChIP2 mRNA was expressed at moderate levels in non-rodent 

mammals. Expression was high in mouse and rat, consistent with the high level of Ito expression 

in these species (Rosati et al. 2008; Niwa and Nerbonne 2010). There was an almost complete 

absence of KChIP2 expression in the guinea pig ventricle, concordant with the lack of Ito 

expression in this species (Findlay 2003).  

KChIP2 gene regulatory function was initially analyzed in three species: mouse, 

representative of small rodents that have a large Ito; guinea pig, a rodent that lacks significant 

KChIP2 and Ito expression; and human, representative of the majority of mammals that have a 

relatively small but functionally important Ito.  

 

  



 

 85  

 

 

 

Figure 1. KChIP2 mRNA expression and transcription start site mapping. 

(A) Comparison of KChIP2 (KCNIP2) mRNA expression in the left ventricular wall of six 

mammalian species. Histogram shows means ± S.D. (N = 3). (B) Mapping of the KChIP2 

transcription start sites using mouse and human heart and brain mRNA and guinea pig brain 

mRNA. The y-axis indicates the number of RACE PCR clones that were sequenced and mapped 

to the respective nucleotide position indicated on the x-axis. (C) Alignment of mouse, human and 

guinea pig sequences encompassing the transcription start sites shown in (B). Numbering of the 

x-axis is relative to the primary transcription start site (+1) in mouse and guinea pig and the 

second most common start site in human. The primary TSS in human is marked with an ‘H’. (D) 

Analysis of CpG frequency around the KChIP2 transcription start site of the mouse, human and 

guinea pig genes. The standard threshold for CpG island prediction (observedCpG /expectedCpG 

>0.65) (33) is marked with a dashed red line. The lower CpG frequency in the mouse KChIP2 

gene and the loss of apparently non-functional CpG islands is reflective of genome-wide trends 

in this species (34). The transcription start site was aligned for all three species and is marked by 

an arrow. The exons are marked by grey bars. At the most commonly used TSS in each species, 

the [-1,+1] dinucleotide was C:A, a pyrimidine:purine pair, which conforms to the consensus at 

this location (13). In the human the second most commonly used site, equivalent to the primary 

site in mouse and guinea pig, was also a pyrimidine:purine pair, although in this case a C:G pair. 

The plots use a 200-bp window to calculate obsCpG/expCpG. 
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KChIP2 Transcription Start Site Mapping 

The transcription start site (TSS) for the KChIP2 gene was mapped in mouse and human 

heart and brain and guinea pig brain (Fig. 1B). Mapping of the TSS in guinea pig heart was not 

attempted due to the very low level of transcripts in this tissue. In the mouse, transcription was 

initiated primarily at a single primary transcription start site. The human and guinea pig 

transcription start sites were more dispersed. Multiple transcription start sites were found in these 

species, although they were restricted to a relatively small region. Notably, for both mouse and 

human, the same transcription start sites are used in heart and brain, indicating that the same 

promoter is used in both tissues.  

The sequence around the transcription start site of the three species is generally well 

conserved, although it contains some small deletions (Fig. 1C). The transcription start sites for 

all three species are located within a CpG island (Fig. 1D) and the promoter region in all three 

species has the typical properties of a CpG island promoter (Sandelin et al. 2007). In particular, 

this region lacks a consensus TATA box or BRE, Inr and DPE elements with the expected 

relationship to the transcription start site (Smale and Kadonaga 2003). The highly focused nature 

of the mouse TSS is relatively unusual for this class of promoters, with the human and guinea pig 

TSS patterns being more typical (Sandelin et al. 2007). 

 

Comparison of KChIP2 Proximal Promoter Function and mRNA Expression 

The KChIP2 gene is located within a gene-rich region of chromosomes 19 and 10 in 

mouse and human, respectively. The gene is closely bounded in the 5' direction by another 

transcription unit (C10orf76), resulting in a relatively compact upstream regulatory region. 
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Equivalent, approximately 2.5 kb, 5’ intergenic regions containing the core promoter were 

selected from mouse, guinea pig and human genomic sequences and then tested using an in vitro 

transcription assay in cultured rat myocytes. There was a good correspondence between the 

function of this region and the relative level of mRNA expression in cardiac ventricles from the 

corresponding species (Fig. 2A and B), suggesting that this region was likely to make a primary 

contribution to the species differences in KChIP2 transcriptional function in heart.  

The presence of 5’UTR sequence in the constructs raised the possibility that some of the 

differences in reporter gene expression between the different species could be due to differences 

in the translational efficiency of the transcribed mRNAs. To test this possibility, transcription 

from the reporter genes was measured directly using real-time PCR (Fig. 2C). The species 

differences in transcriptional activity were maintained when assessed directly from mRNA 

levels.  

The transcription activity assays were performed using cultured rat myocytes. The use of 

this culture system assumes that the evolution of KChIP2 cis-regulatory function is fast relative 

to any potential evolutionarily mediated changes in transcription factor network function. This 

assumption is consistent with the fact that, with the exception of cellular electrophysiology, 

myocyte morphology and function are generally very well conserved in mammals (Rosati et al. 

2008). The observation that the mouse, guinea pig and human KChIP2 promoter activity matches 

relative mRNA abundance rather than the degree of phylogenetic relatedness to the cell culture 

system also supports this assumption (Fig. 2A and B).  

The effect of cell species is directly tested using cultured ferret embryonic ventricular 

myocytes. Ferret is an out-group relative to Euarchontoglires (the superclade containing mouse, 

guinea pig and human) and both KChIP2 mRNA (Fig. 1A) and Ito (Patel and Campbell 2005) are 
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expressed in ferret heart at similar levels to that seen in human. The differences in mouse, guinea 

pig and human KChIP2 transcriptional activity are retained in the ferret cultures (Fig. 2D) and 

are independent of both the species (ferret versus rat) and developmental stage (embryonic 

versus neonatal) of the culture system. This observation supports the general hypothesis that cis-

regulatory function is the primary mechanism responsible for changes in ion channel expression 

in heart and that transcription factor function and expression remain relatively invariant in 

mammalian heart (Rosati et al. 2008). 
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Figure 2. KChIP2 proximal promoter function matches with mRNA expression. 

(A) Comparison of mouse, guinea pig and human KChIP2 proximal promoter region activity 

using an in vitro transcription assay in neonatal rat cardiomyocytes. (B) Expression of KChIP2 

mRNA in the left ventricle of mouse, guinea pig and human heart. The data are replotted from 

Figure 1A to aid comparison. (C) Comparison of firefly luciferase mRNA abundance when 

driven from mouse, guinea pig and human KChIP2 proximal promoter region constructs. (D) 

Comparison of mouse, guinea pig and human KChIP2 proximal promoter activity in cultured 

embryonic ferret cardiomyocytes. Values for the negative control construct were relatively high 

compared to the rat cultures primarily because of the difficulty in obtaining large number of 

ferret myocytes for transfection. Error bars are SEM (N = 3-6). 
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KChIP2 Proximal Promoter Function  

An alignment of the proximal promoter region from mouse, human and guinea pig shows 

that regions upstream of the CpG island are relatively poorly conserved (Fig. 3A). The conserved 

regions at the 5' end of this sequence are associated with the upstream genes transcription unit.  

To isolate the regions responsible for the species differences in promoter function, a 

series of 5' deletions were performed (Fig. 3B). Increasingly large deletions had relatively little 

effect on both the absolute level of activity (Fig. 3C) and the relative level of activity (Fig. 3D) 

of promoter function for the three species. 

Notably, even the shortest sequence, which encompasses the CpG island containing only 

the core promoter and 5’ UTR, retained most of the difference in expression between the mouse, 

human and guinea pig genes (Fig. 3C and D), suggesting that the primary differences between 

the species are located within the CpG island.  
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Figure 3. Dissection of KChIP2 proximal promoter function. 

(A) VISTA alignment of the KChIP2 proximal promoter regions. Human and guinea pig were 

compared to mouse as the base sequence. Three features are marked, the CPG island region, the 

transcription start site (TSS) and an inverted repeat in the 5' UTR (IR). The sequences end 

immediately upstream of the initiator methionine codon in exon 1 of the gene (ATG). Conserved 

sequences in VISTA (70%/100 bp cutoff) are colored according to the annotation (UTRs - light 

green and non-coding - dark green). (B) Clones used for 5' deletion analysis of the KChIP2 

proximal promoter function. The colors of the bars representing the different length clones match 

the corresponding histogram bars in panel (C). (C) Comparison of transcriptional activity of 

mouse, guinea pig and human 5' deletion constructs. Error bars are SEM (N = 6). (D) Human and 

guinea pig promoter activity as a percentage of mouse promoter activity for the four clones.  
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Substitution of the CpG Island between Mouse and Guinea Pig 

To further confirm that the CpG island region plays the predominant role in determining 

the species differences in promoter function, this region was swapped between the mouse and 

guinea pig proximal regulatory regions (Fig. 4A). Substituting the guinea pig sequence into the 

mouse background produced a more than 4-fold reduction in expression relative to the mouse 

sequence (Fig. 4B). The converse experiment produced a more than 8-fold increase in expression 

relative to the guinea pig sequence.  

The upstream 5’ regulatory region clearly modifies the activity of the CpG island to some 

extent, as seen by comparison of mouse to the guinea pig-mouse hybrid and guinea pig to the 

mouse-guinea pig hybrid (Fig. 4A and B). Nonetheless, it is clear that the CpG island is the 

major determinant of the species differences in KChIP2 promoter function.  

 

Localization of Sequence Changes within the CpG Island Responsible for Changes in 

Functional Activity 

A series of swaps between the mouse and guinea pig CpG island were performed in order 

to localize the sequences responsible for the differences in transcriptional activity. This region 

was divided into 4 domains (Fig. 4C): regions ‘a’ and ‘b’ correspond to roughly equal halves of 

the core promoter, with ‘b’ containing the transcription start site. Region ‘c’ corresponds to a 

poorly conserved region of the 5’UTR that is largely deleted in guinea pig and ‘d’ corresponds to 

a well conserved region of the 5’UTR that contains a conserved inverted repeat. Transcription 

assays showed that region ‘d’ did not contribute to the functional differences (Fig. 4C and D). 

The other three regions contributed approximately equally. Considerable effort was expended to 
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localize specific nucleotide changes responsible for these differences. Individual sequence 

changes had very modest effects on function, suggesting that the concerted effect of multiple 

changes are required to produce these differences in regulatory activity, as has been found in 

other systems (Frankel et al. 2011).  

 

 

 

 

 

Figure 4. The CpG island core promoter is the major locus of evolution mediated changes.  

(A) VISTA alignment of mouse and guinea pig KChIP2 proximal promoter regions (equivalent 

to clone 1 in Figure 3), with mouse as the base sequence. The colored bars underneath show the 

swap of CpG domains between mouse (teal) and guinea pig (tan). (B) Comparison of swapped 

regions in an in vitro transcription assay. Error bars are SEM (N = 3). (C) VISTA alignment of 

mouse and guinea pig KChIP2 CpG island (equivalent to clone 4 in Figure 3), with mouse as the 

base sequence. Four regions are marked ‘a’ and ‘b’ roughly split the core promoter in half, ‘c’ 

corresponds to a poorly conserved region of the 5’UTR that is largely lost in guinea pig and ‘d’ 

corresponds to a well conserved region of the 5’ UTR that contains a conserved inverted repeat. 

The colored bars underneath show the swap of core promoter and 5’UTR domains between 

mouse (teal) and guinea pig (tan). (D) Comparison of swapped regions in an in vitro transcription 

assay. Error bars are SEM (N = 3). 



 

 94  

Phylogenetic Comparison of KChIP2 CpG Island Promoter Function 

Expression of KChIP2 varies most markedly in rodents. The function of the CpG island 

promoter from eight rodents and three non-rodents was compared (Fig. 5A). High KChIP2 

promoter function appears to be phylogenetically restricted to mouse and closely related species. 

Most rodents have intermediate function, similar to the level seen in non-rodents. Very low 

KChIP2 promoter function was restricted to guinea pig and chipmunk (Tamias striatus).  

 

KChIP2 Proximal Promoter Function in Neurons 

Mouse, guinea pig and human KChIP2 proximal promoter function was tested in cultured 

rat cortical neurons. Mouse and human promoter function was indistinguishable in neurons (Fig. 

5B). Guinea pig promoter activity in neurons was reduced to approximately 37% of the mouse 

and human level. This level was significantly higher than that seen in myocytes (Fig. 2A) but 

remains lower than mouse and human. There are no established species differences in IA function 

in mammalian neurons and it is unlikely that KChIP2 expression in equivalent neurons varies 

significantly between these species. 

The reduction in guinea pig KChIP2 promoter activity in neurons suggests that changes 

in a neuron-specific enhancer element may be required to compensate for the weaker promoter 

function in neurons. Such an element was not identified in functional tests using the large first 

intron.  
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Figure 5. KChIP2 core promoter function in eight rodent species and proximal promoter 

function in neurons.  

(A) Analysis of KChIP2 core promoter function in eight rodents (green bars) and three out-group 

species (brown bars): Mus musculus, Rattus norvegicus, Cricetus cricetus (hamster), 

Petromyscus (rock mouse), Anomalurus beecrofti (Beecroft's flying squirrel), Dipodomys 

heermanni (Heermann's kangaroo rat), Cavia porcellus (domestic guinea pig), Tamias striatus 

(eastern chipmunk), Homo sapiens sapiens, Canis lupus familiaris (dog), Mustela putorius furo 

(ferret). (B) Comparison of mouse, guinea pig and human KChIP2 proximal promoter activity in 

cultured rat cortical neurons. Error bars are SEM (N = 6-8).  

 



 

 96  

DISCUSSION…….. 

The results reported here support the hypothesis that the large differences in the level of 

KChIP2 expression in mammalian heart are primarily due to evolutionarily mediated changes in 

the cis-regulatory function of the gene. This is demonstrated by the close match between KChIP2 

mRNA expression and promoter function for different species and by the independence of the 

relative promoter function from the phylogenetic origin of the cultured cells in which functional 

promoter tests were performed.  

Expression of the KChIP2 gene is primarily restricted to electrically excitable cells and 

this gene is expressed in both cardiac myocytes and a subset of neurons (Rosati et al. 2001; 

Xiong et al. 2004). Transcription in both brain and heart tissues is initiated from the same CpG 

island promoter. Surprisingly, a major locus of evolutionary change for KChIP2 gene expression 

in heart lies within this CpG island core promoter. The species differences in KChIP2 mRNA 

expression in heart were matched by similar differences in the functional activity of this 

relatively small CpG island promoter from the same species.  

Prior studies on the evolution of cis-regulatory function have generally found that 

evolutionarily mediated changes in gene regulatory function were localized to tissue specific 

enhancer/repressor elements separate from the core promoter (Rebeiz et al. 2009; Chan et al. 

2010). Evolution of these tissue-restrictive elements is considered an effective way to modify 

regulatory function in a tissue specific way, thereby limiting the pleiotropic effects of changes in 

gene regulatory function (Stern 2000). Evolution of KChIP2 regulatory function deviates from 

this pattern in that a major locus of change is the CpG island promoter itself.  
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The changes in regulatory function of the KChIP2 core promoter in cardiac tissue are, to 

some degree, tissue specific. For example, there are relatively large differences in mouse and 

human KChIP2 core promoter function in heart with essentially no difference in neuronal 

function. There are, however, limits to the tissue-specificity of these changes. In the more 

extreme case of guinea pig, where KChIP2 expression in cardiac myocytes is largely eliminated, 

there was a significant reduction in neuronal function, although this was not as extreme as the 

reduction seen in myocytes. It is possible that compensatory changes may occur in other 

regulatory regions of the guinea pig gene, although these were not identified. The results suggest 

that tissue selective changes in CpG island core promoter function are possible, although there 

are limitations in isolating the effect of these changes.  

Approximately half of the tissue-restricted genes in mammals have CpG island promoters 

(Mohn and Schubeler 2009) and the KChIP2 gene is an apparently typical example of this class 

of genes. Results for the KChIP2 gene suggest that, at least for some of these tissue-specific 

genes, the CpG island promoter is not merely permissive for gene expression but can be a 

significant contributor to tissue selective expression. As such, for this class of promoters, the 

core promoter may itself be an important locus for evolutionarily mediated changes in tissue-

selective regulatory function.  

There is significant variation in the physiological function of the Ito current in different 

rodent hearts. In mouse and closely related species, the Ito current acquires a new function, 

becoming the major current underlying action potential repolarization (Rosati et al. 2008). The 

large Ito current produces a ventricular action potential of very short duration that matches the 

very fast heart rates in these species. Enhanced KChIP2 gene regulatory function makes an 

essential contribution to the required changes in cardiac electrophysiological function in these 
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species. For guinea pig (Cavia), and possibly Tamias, the ventricular action potential retains the 

classic spike and dome morphology seen in most mammals, albeit without the initial rapid phase 

1 repolarization contributed by the Ito current. The degenerative loss of Ito current expression in 

guinea pig heart may reflect reduced importance of Ito for coordinating contractile function in 

these relatively small hearts, or the reduced requirement for the spare repolarization capacity 

provided by the Ito in hearts that already have relatively large repolarizing IKs and IKr currents.  

Expression of most voltage-gated ion channels in heart is transcriptionally regulated 

(Rosati and McKinnon 2004; Chandler et al. 2009). A general property of excitable cells is that 

they are computational systems, in the sense that the output of the system is determined by the 

sum of the various currents that are expressed in the cell (Rosati and McKinnon 2009). As a 

consequence, relatively modest quantitative changes in voltage-gated ion channel expression and 

channel gene cis-regulatory function can have large effects on cellular electrophysiological 

function. The evolution of KChIP2 cis-regulatory function within the rodent clade is an example 

of how ion channel gene cis-regulatory function can evolve over relatively short phylogenetic 

distances in a quantitative fashion to significantly alter electrophysiological function. Evolution 

of cis-regulatory function is a flexible and efficient way to modify cellular electrophysiological 

function and would seem to be the most reliable way to match channel expression levels to 

optimal electrophysiological function. It has been suggested that relatively complex cellular 

homeostatic mechanisms could be used to match voltage-gated ion channel expression levels to 

the required cellular electrophysiological function (Liu et al. 1998). A simpler alternative is that 

the cis-regulatory function of ion channel genes can evolve over time to achieve this matching, in 

much the same way that the evolution of cis-regulatory function establishes a wide range of 

phenotypic properties in most other cell types (Carroll et al. 2004; Peter and Davidson 2011).  
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This is not to say that there is not some environment specific tuning of voltage-gated ion channel 

gene expression levels within individual cells, but it seems most likely that cis-regulatory 

evolution is the primary mechanism used to achieve appropriate channel expression levels in 

electrically excitable cells (Rosati and McKinnon 2009).  
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Cis-Regulatory Function and Evolution of 

the KChIP2 Gene: Other Aspects 
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INTRODUCTION  

In Chapter 3, we showed that evolution of the KChIP2 gene expression in the 

mammalian heart is mediated by changes in cis-regulatory function. In particular, the CpG island 

core promoter is the major locus of change during evolution. As the major determinant of 

species-specific differences in the heart, the CpG island has a function in vitro that closely 

matches with the KChIP2 expression in vivo (Fig. 1). This is an exceptionally interesting case 

that a core promoter region contains so much of a gene’s regulatory function and controls 

expression in such a precise way without the assistance of additional enhancer elements.  

 

 

Figure 1. KChIP2 CpG island function recapitulates mRNA expression level in mammals 

(A) KChIP2 mRNA expression in the left ventricular wall of six mammalian species (see 

Chapter 3). The histogram shows means ± S.D. (n = 3). (B) Analysis of the KChIP2 core 

promoter function in the same species shown in A. Error bars are SEM (n = 6-8).  
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Although the general mechanism of KChIP2 evolution in the heart has been pinpointed 

(Chapter 3), there are still several unresolved issues about the cis-regulation of this gene.  

The first question is whether the evolution-mediated changes can be localized at the 

nucleotide level. Some evo-devo studies have clearly shown that single nucleotide variation 

during evolution can affect gene expression. For example, in one study on the morphological 

evolution of trichomes in some closely related Drosophila species, a few single-nucleotide 

mutations in an enhancer of the transcription factor Shavenbaby (Svb) were found responsible 

for the changes in the expression of this gene (Frankel et al. 2011). In another study on the 

adaptation of pigmentation in different populations of Drosophila Melanganster, five single-

nucleotide mutations in the 2.4kb of the ebony abdominal enhancer were shown to determine the 

degree of fly abdominal pigmentation (Rebeiz et al. 2009). However, such findings seem 

possible only for relatively closely-related species, as the swap experiments inside the CpG 

island regions of two relatively distantly-related mammalian species, mouse and guinea pig, 

showed evenly distributed changes across the whole CpG island region except for the conserved 

5’-UTR (Chapter 3, Fig. 4C&D). In order to identify such subtle changes, we decided to 

examine mammalian species which are phylogenetically very close, yet whose KChIP2 

promoters show significantly different degrees of activity. We were able to find such species in 

the muroid clade (Fig. 8 and Chapter 3, Fig. 5A), such as hamster and gerbil (Jansa and Weksler 

2004). We performed swap experiments between the two species and mouse/rat and the closer 

phylogenic differences allow us to identify single-nucleotide changes. 

Another unresolved issue is the evolution of tissue specificity of the KChIP2 gene 

expression. The expression pattern of KChIP2 in the mammalian brains is strikingly different 

from that of the heart, with expression levels remaining relatively constant across all the species 
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examined, including guinea pig, where cardiac expression of KChIP2 is little or none (Chapter 3, 

Fig. 1A). The tissue-specific differences may partially reside in the CpG island promoter, as 

suggested by the evidence that the mouse-human differences are completely eliminated and the 

mouse-guinea pig differences reduced in a luciferase assay in neurons (Chapter 3, Fig. 5B). 

Nonetheless, neither the CpG island nor the whole 5’ upstream region can fully recapitulate the 

pattern of KChIP2 mRNA expression in brain. Hence, additional tissue-specific cis-regulatory 

regions outside the 5’ upstream region are to be identified in order to explain the expression 

levels of KChIP2 in this tissue. The intron region is a strong candidate for this search, as a major 

component of the non-coding DNA sequences (Jareborg et al. 1999) and was frequently found to 

contain regulatory elements (Bornstein et al. 1987; Aronow et al. 1989; Smith et al. 1996; 

Blackwood and Kadonaga 1998; Fedorova and Fedorov 2003; Schauer et al. 2009).   

As important cis-regulatory regions of the KChIP2 gene are being identified, it is 

interesting to test whether and how these regions respond to transcription factors known to 

modulate the cardiac electrophysiological function or KChIP2 expression. The Iroquois 

homeobox genes Irx3 and Irx5 are expressed in a transmural gradient across the cardiac 

ventricles in both small and large mammals, with the highest level of expression in the 

endocardium (Rosati et al. 2006). This gradient is opposite to the transmural gradient in Ito 

current (with the exception of guinea pig). Such regional variations in transcription factor 

expression may explain the transcriptional variation of the molecular determinants of Ito gradient 

(KChIP2 in large mammals and Kv4.2 in small mammals). In mouse and rat, Irx5 was shown to 

directly regulate Kv4.2 transcription (Costantini et al. 2005; He et al. 2009). In larger mammals, 

whether Irx5 directly regulates KChIP2 expression is not known (Costantini et al. 2005; Gaborit 

et al. 2010).  



 

 104  

 In contrast to Irx3 and Irx5, the transcription factor FoxP2 was shown to have a 

transmural gradient concordant with that of Kv4.2 and KChIP2 (Rosati et al. 2006). In addition, 

a member of Sp1 and Kruppel-like transcription factor family, Klf15, was shown to control the 

circadian rhythmicity of cardiac function in the mouse, via regulation of KChIP2 gene 

expression (Jeyaraj et al. 2012).  

Finally, while mapping the KChIP2 TSS (Chapter 3, Fig. 1), I found an interesting 

structure located in the KChIP2 CpG island - an inverted repeat - that can potentially form a 

highly thermodynamically stable stem-loop structure in the conserved 5’-UTR. It is well known 

that secondary structure in the 5’-UTR can regulate gene expression through various mechanisms 

affecting transcriptional efficiency, mRNA stability and translational efficiency (Pelletier and 

Sonenberg 1985; Baim and Sherman 1988; Emory et al. 1992; Bevilacqua and Blose 2008; Scott 

et al. 2009). Although the mouse-guinea pig swap experiments showed that the 5’-UTR does not 

carry species-specific functions (Chapter 3, Fig. 4C&D), the inverted repeat structure, which is 

also conserved, might carry some important regulatory function common in all species.  

In this chapter, I report the results of studies on the various aspects of the KChIP2 cis-

regulatory function described above. These results are organized and presented according to the 

gene structure, thereby starting from the CpG island and the inverted repeat contained in it, 

moving to regions outside the proximal promoter and, finally, testing the effects of transcription 

factors on these regions.  
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MATERIALS AND METHODS 

The methods used in this chapter are the same as those in Chapter 3. Additional methods 

are listed below.  

 

Site-Directed Mutagenesis 

For fine resolution mapping of gene function, site-directed mutagenesis was used to 

create small deletions or modify individual base pairs. We used a modification of the procedure 

described by Sang et al (Sang et al. 1996), in which two primers are used to perform inverse PCR 

of the insert and vector. For site-directed mutagenesis, one of the primers contained a mutated 

base at the 5’ end of the oligonucleotide. For deletion analysis, the primers were designed to 

leave a small gap, which became the desired deletion following re-ligation of the amplified 

product. In this procedure, a small amount (50 ng) of template plasmid DNA was amplified 

using a low number of cycles (typically 10-15) and a high fidelity DNA Polymerase (Pfx from 

Invitrogen or Pfu from Stratagene). The original template DNA was removed after the PCR 

reaction by digestion with Dpn I endonuclease, which targets the sequence Gm6ATC, where the 

A residue is methylated. Digestion with Dpn I selects against the parental DNA in the reaction 

mix because this DNA is Dam-methylated, whereas the PCR products are not.  
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RESULTS…….. 

1. KChIP2 Gene Structure 

KChIP2 is a relatively compact gene located in a gene-rich region (Fig. 2B). The whole 

transcription unit is only 18kb in human, which is strikingly smaller in size than all the other 

members of the KChIP gene family (KChIP1: 390kb; KChIP3: 90kb; KChIP4: 1,240kb). The 

smaller size of the gene does not mean that the cis-regulation of this gene is less complicated but 

it suggests that it would be easier to identify specific cis-regulatory elements, compared to DNA 

regions of larger size, which are more challenging to study. 

We can identify three major regions in the KChIP2 gene that are most likely to harbor 

regulatory elements: the 5’ upstream intergenic region, the large first intron (Intron 1), and the 3’ 

downstream intergenic region (Fig. 1B).  

The 5’ upstream region was extensively characterized, as reported in Chapter 3. An 

interspecies Vista alignment between human, mouse and guinea pig reveals that there are two 

relatively well-conserved regions inside this major region: the upstream portion which overlaps 

with the 3’-UTR of another transcript (C10orf76) and the downstream portion which is the CpG 

island (Fig. 2A). While the CpG island turned out to be the primary locus for evolution mediated 

changes in KChIP2 gene expression, we showed that the upstream portion of this 5’ region does 

not contain any important cis-regulatory element for the KChIP2 gene (Chapter 3, Fig. 3),.  

The large first intron is a candidate region that may contribute to the evolution of tissue-

specificity in KChIP2 expression, as the 5’ upstream region (including the CpG island) did not 

fully recapitulate the KChIP2 gene expression in the brain. Relative to the compact size of the 
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rest of this gene, the first KChIP2 intron is extremely large, thereby representing a major portion 

of the gene body (Fig. 2B). Again using an interspecies alignment between human, mouse and 

guinea pig, we identified two conserved regions in the first intron, which we named “intron 1A” 

and “1B” regions (“in1A” and “in1B”, Fig. 2C). While in1A is relatively well conserved in the 

three species, the in1B region is very poorly conserved in the guinea pig (Fig. 2C).  

The 3’ intergenic region, which also coincides with the 5’ upstream region of an adjacent 

gene (MGEA5), was not considered for further studies, as it is very likely to contain regulatory 

elements for MGEA5 rather than for KChIP2. Both of the other two major regions, the 5’ 

upstream proximal promoter region and the first intron, were tested in in vitro transcription 

assays in order to identify important regulatory elements.   
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Figure 2. The KChIP2 gene structure 

(A) Vista alignment of KChIP2 5’ upstream regulatory region of human (top) and guinea pig 

(guinea pig, bottom), using mouse as the reference sequence. Three features are marked, the CpG 

island region, the transcription start site (TSS) and an inverted repeat (IR) in the 5' UTR. The 

sequences end immediately upstream of the initiator methionine codon in exon 1 of the gene 

(ATG). Conserved sequences in VISTA (70%/100 bp cutoff) are colored according to the 

annotation (UTRs - light green and non-coding - teal). (B) Structure of KChIP2 and surrounding 

genes on human chromosome 10. The 5’ upstream proximal promoter region is shaded blue and 

the first intron is shaded rose. There is an exon labeled inside the rose area, but it only exists in a 

minor fraction of KChIP2 transcripts. (C) Vista alignment of KChIP2 first intron (Intron1) of 

human (top) and guinea pig (guinea pig, bottom), using mouse as the reference sequence. Two 

most interesting regions are labeled as in1A and in1B underneath the alignment map.  
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2. KChIP2 CpG Island 

The capability of the KChIP2 CpG island to recapitulate the cardiac expression pattern of 

this gene across mammalian species makes it a most interesting cis-regulatory region to study. A 

lot of efforts were spent to study the function and evolution of the CpG island. Swap experiments 

were carried out to finalize the important evolution-mediated changes. Mutation experiments 

were designed to examine some interesting features of this region, which were annotated in 

Figure 3 together with other known features like the TSS and the inverted repeat.   

Given its functional importance, the CpG island region is surprisingly short (about 

450bp). It has two well conserved regions separated by a poorly-conserved one in the middle 

(Fig. 3A). The TSS locates in the first conserved peak, while the inverted repeat locates in the 

second conserved peak.  

In the mouse-guinea pig swap experiments, the CpG island was divided into four regions 

(a, b, c and d, Fig. 3A&B). Region a contains a predicted Sp1 binding site (GGGGCGGGG) 

present in both mouse and human but not guinea pig, due to a two-nucleotide mutation at the 5’ 

end of the recognition site (“GG” versus “CA”). As Sp1 is one of the most potent transcription 

activators identified in eukaryotes (Kaczynski et al. 2003), loss of Sp1 binding at this site may 

have contributed to the low level of CpG island promoter activity in guinea pig. The contribution 

of the mutation of this site is investigated in paragraph 2.5. Region b has the TSSs located in the 

center. Region c is the most poorly conserved region in the CpG island. According to the mouse-

guinea pig swap experiments (Chapter 3, Fig. 4C&D), these three regions contain species-

specific changes that seem to be evenly distributed throughout a-b-c. Finally, consistent with the 

lack of species-specific effects in the swap experiments, region d is well conserved across the 

species. A special feature of this region is the inverted repeat (IR, ~50bp long), located at the 3’ 
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end. In order to further analyze the contribution of these sub-regions on the evolution of the 

KChIP2 CpG island function, swap experiments between mouse and a few other species were 

carried out. The results are described in paragraph 2.1 to 2.4. 

In the ClustalW alignment of sequences from seven mammalian species (Fig. 3B), the 

guinea pig sequence is shown to be the least related to the mouse by being listed at the bottom. 

Clearly, other constraints for the evolution of the KChIP2 gene override the phylogenetic 

relationship among species, as guinea pig is more distantly related to the other rodents (mouse, 

rat and hamster) in terms of KChIP2 sequence than non-rodent mammals (human, dog and 

rabbit).  

Finally, four human single nucleotide polymorphisms (SNPs) are located in the KChIP2 

CpG island region: rs35519717 (SNP1), rs113576926 (SNP2), rs35051533 (SNP3) and 

rs60274016 (SNP4) (Fig. 3B & Fig. 11A). SNP1 is in a conserved region, at the boundary 

between region a and b. SNP2 is in region b. SNP3 and SNP4 are in the poorly conserved region 

c. SNPs in human populations are the genetic basis for individual differences and susceptibility 

to disease. Because of the importance of the CpG island in the evolution and function of this 

gene, it is interesting to test whether these nucleotide variations can result in a change in 

transcriptional activity of the KChIP2 promoter. The results are described in paragraph 2.6.  
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Figure 3. KChIP2 CpG island sequence alignment and annotation 

(A) Vista alignment of the KChIP2 CpG island region of human (top) and guinea pig (bottom), 

using mouse as the reference sequence. Based on the conservation map, this region can be 

divided into 4 portions (red dashed lines), named a, b, c and d, respectively. (B) ClustalW 

sequence alignment of the KChIP2 CpG island in seven mammalian species: mouse, rat, 

hamster, human, dog, rabbit and guinea pig (gp). The degree of sequence identity is shown in 

shaded color (gray). The red dashed lines correspond to the ones in (A). The four SNPs identified 

in the human population are labeled in purple (arrows and text below). Other features are labeled 

(red) in these sequences, namely two nucleotides at a potential Sp1 binding sites that are 

divergent only in the guinea pig (“Sp1”); the primary “TSS” in mouse; the “Inverted Repeat”.  
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2.1 Mouse-human swaps within the CpG island 

To identify smaller regions responsible for the differences in KChIP2 expression between 

mouse and human, a similar strategy to the mouse-guinea pig swaps was used. Using the same 

four divisions inside the CpG island region (a to d), a similar set of DNA constructs were made 

by swapping mouse and human fragments (Fig. 4A&B). These new constructs were then tested 

in a luciferase assay to assess their cis-regulatory function. The results obtained were quite 

different from those obtained from the mouse-guinea pig swap experiments reported in Chapter 

3. Instead of a progressive increase/decrease in regulatory function observed in the former 

swaps, the mouse-human swaps resulted in a variable pattern of changes, without an identifiable 

trend (Fig. 4C).  

A first observation is that swapping the human a region with the mouse one (h-m1 swap) 

caused an increase in transcriptional activity (Fig. 4C). However, further addition of the human b 

region (h-m2 swap) had a dramatic effect by decreasing the promoter activity down to a level 

much lower than the original mouse construct and comparable with the overall lower level of 

activity of the human construct (Fig. 4C). Consistently, such effects are confirmed in reciprocal 

swap experiments, where the correspondent human regions were replaced with mouse regions 

(humanm-h1m-h2). These effects of swapping are not caused by formation of new element 

at the junction of regions a and b, as the junctional sequences are identical between the two 

species (Fig. 3B). Therefore, it seems that the human a region contains some stronger activating 

elements than the correspondent mouse region, while the mouse seems to contain some stronger 

elements in region b. This might also partly explain the lack of difference between mouse and 

human promoter activities, when later only the a+b regions are tested (Fig. 9), since each species 
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would, in this case, have a strong activating element, only located in a different region (a for the 

human, b for the mouse).  

Swapping the c region between mouse and human yielded inconsistent results. While 

replacement of the mouse c region with the human (h-m2h-m3) suggested that this region does 

not carry any species-specific differences, swap of the human c region with mouse (m-h2m-

h3) resulted in a significant increase in transcriptional activity. This suggests the possibility of 

species-specific synergistic interactions between different cis-regulatory elements. Probably 

because of the long period of independent evolution since the last common ancestor of mouse 

and human, the mouse and human sequences themselves have co-evolved within the CpG island 

region that in our case the lack of such a synergy would cause the inconsistent results from 

swapping region c.  

In keeping with what was observed in the mouse-guinea pig swap experiments, even in 

this series of substitutions (mouse-human/human-mouse), it appears that the conserved d region 

does not carry any species-specific differences. This is indicated in Figure 4C by comparison of 

either h-m3 with human, or of m-h3 with mouse.  

Altogether, out of the four regions inside the KChIP2 CpG island, region b appears to be 

the most important for the mouse-human differences in KChIP2 gene expression, while region c 

may be responsible for some of the differences between these two species. Although containing 

species-specific changes, region a has an effect that is opposite to the species-specific differences 

and can be counteracted by region b.  
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Figure 4. Effects of mouse-human swaps on the KChIP2 CpG island promoter activity  

(A) Vista alignment of human and mouse KChIP2 CpG island region, using mouse as the 

reference sequence. The CpG island sequence is divided into 4 parts (a, b, c and d) similarly to 

what shown for the mouse-guinea pig swap experiments (Chapter 3, Fig. 4C). (B) Scheme of the 

swap clones represented by the colored horizontal bars, with mouse colored teal and human 

colored orange. (B) Comparison of the cis-regulatory activity of the clones in an in vitro 

transcription assay. Error bars are SEM (n=3). The columns are colored according to the 

composition of the respective clones by mixing specific amount of teal (mouse) and orange 

(human).   
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2.2 Mouse-hamster and rat-hamster swaps within the CpG island 

Due to the relatively large sequence differences, neither the mouse-guinea pig nor mouse-

human swap experiments allow us to identify nucleotide level changes that underlie species-

specific differences in the cardiac KChIP2 gene expression. As a result, another species in the 

muroid clade of rodents, hamster, was chosen for comparison with the mouse. It is closely 

related to mouse and rat but its level of KChIP2 promoter activity is significantly lower (Chapter 

3, Fig. 5). 

Based on sequence similarity and the convenience of the experimental design, the whole 

CpG island region was divided into three instead of four by means of two conserved restriction 

sites (Fig. 5). The first region (region a) was kept the same as the previous mouse-human swap 

experiment, while the rest of the sequence (regions b, c and d) was divided into two instead of 

three, named b’ and c’. Each of the three regions (a, b’, c’) was swapped independently between 

hamster and mouse and the results are summarized in Figures 6 and 7. In addition to the mouse-

hamster swaps, rat-hamster swaps were also made to independently confirm the results. Here the 

rat was considered to behave the same way as mouse, as the KChIP2 CpG islands from the two 

species have very similar sequence (Fig. 3B) and identical function (Fig. 1B).  

It is clearly advantageous to do the swap experiment between more closely species, as 

revealed by these experiments that the results were more straightforward for interpretation. 

Moreover, the overall pattern of changes observed following the hamster swap experiments was 

reproducible between mouse and rat (Fig. 6E vs. 6F, and Fig. 7E vs. 7F). In general, the results 

showed that regions a and c’, located on either end of the CpG island drove minor changes in 

cis-regulatory activity when swapped between mouse/rat and hamster. Noticeably, the least 
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conserved region b’, which encompasses the TSS, turned out to be the most important 

determinant of the species-specific differences. 

At difference with the complex results observed in the mouse-human swaps, the changes 

in cis-regulatory function observed following the swap in one direction (hamster to mouse/rat) 

were almost perfectly matched by the changes produced by swapping in the opposite direction 

(mouse/rat to hamster). For example, replacing the region b’ of the mouse with the hamster one 

caused a dramatic decline in promoter activity (Fig. 6E), while replacing the same region in 

hamster with the mouse b’ caused a dramatic increase in cis-regulatory activity (Fig. 7E).  

In conclusion, the region immediately surrounding the TSS (region b’) contributes to the 

majority of the species-specific differences in KChIP2 cardiac gene expression between 

mouse/rat and a closely related species, hamster. 
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Figure 5. Design of point mutation and swap clones in mouse and hamster CpG islands 

ClustalW alignment of mouse, rat, rock mouse and hamster CpG islands. The degree of sequence 

identity is shown in shaded color (gray). The red triangles mark the nucleotides that were 

selected for point mutations. The two red shaded boxes mark the boundaries of the swap regions, 

which are restrictive sites for SacII and ApaI, respectively. The CpG islands are divided into 

three parts by the two restrictive sites. Accordingly, the point mutations are also separated into 

three blocks.  
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2.3 Point mutations in mouse and hamster KChIP2 CpG island 

In parallel with the swap clones, we tried to identify single nucleotides responsible for 

differences in the KChIP2 cis-regulatory function between rodents by analyzing the effects of 

single nucleotide substitutions.  

Based on sequence conservation (Fig. 5), we selected a total of 19 single-nucleotide 

mutations. In an attempt to reduce the number of candidate mutations, I included rock mouse in 

the sequence comparison (Fig. 5). In this rodent species, the KChIP2 CpG island has a similar 

activity as the hamster. Therefore, only the single nucleotide variations that are the same in 

mouse and rat but different in both hamster and rock mouse were chosen.  

Based on the same divisions used for the mouse/rat-hamster swap clones that split the 

CpG island into three regions (a, b’ and c’), these 19 mutation sites were divided into three 

groups (mut1, mut2, mut3) according to which regions they are located in, with about six 

mutations in each group (Fig. 5). For each group, either the mouse nucleotides were mutated into 

the corresponding hamster ones (m_mut1, m_mut2, m_mut3) (Fig. 6B) or the hamster 

nucleotides were mutated into the corresponding mouse ones (ha_mut1, ha_mut2, ha_mut3) (Fig. 

7B). The results of these experiments were compared to those obtained when swapping the 

whole regions described in paragraph 2.2 (Fig. 6D vs. 6E & Fig. 7D vs. 7E).  

When the single nucleotide mutations were introduced in the mouse sequence, there were 

only minor changes in promoter activity for the first group (m_mut1). On the other hand, the 

second (m_mut2) and third (m_mut3) group of substitutions had significant effects (Fig. 6D). 

Substitutions in region b’ (m_mut2) resulted in a marked decrease of promoter activity, which 

confirmed the importance of this region already observed in the swap experiments described in 
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paragraph 2.2. Although the amplitude of the effect was smaller than the corresponding swap 

experiment (m-ha-m, Fig. 6E), it is striking that the six point mutations in this region could 

capture so much of the functional changes, especially given the relatively poor level of 

conservation of region b’.  

However, none of the mouse-hamster substitution groups caused a large increase in the 

hamster CpG island promoter activity (Fig. 7D), in striking contrast with the swap results (Fig. 

7E&F), but also with the results of the corresponding point mutations in mouse (Fig. 6D). This 

happened because the DNA sequences are poorly conserved and there are large deletions and 

insertions in the hamster sequence (Fig. 5) that were missed by the point mutations. This 

suggests that this point mutation approach is not working well for sequences that are poorly 

conserved, especially the ones that carry large insertion and deletions.  

In conclusion, the point mutation experiments partly confirmed the importance of the 

poorly conserved b’ region for the evolution of the KChIP2 gene expression in rodents.  
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Figure 6. Effects of hamster point mutation substitutions and hamster region swap on the 

mouse and rat KChIP2 CpG island 

(A) Vista alignment of hamster and mouse KChIP2 CpG island region, using mouse as the 

reference sequence. The whole region is divided into 3 parts, named a, b’ and c’. (B) Location of 

the point mutations in the mouse sequence. The teal horizontal bars represent the original mouse 

clone and the X symbols on the bars represent the position of the specific mouse nucleotides that 

were changed into hamster ones. Each mutation clone carries six mutations on one of the three 

regions. (C) Scheme of the swap constructs. The colored horizontal bars represent the 

composition of the swap clones with mouse and rat colored teal and hamster colored purple. (D-

F) Cis-regulatory activity of the respective clones in an in vitro luciferase assay. Error bars are 

SEM (n=3). The columns are colored according to the composition of the respective clones by 

mixing specific amount of teal (mouse or rat) and purple (hamster). The results of the mouse to 

hamster mutation substitutions are shown in (D). Results for the mouse-hamster swaps are shown 

in E and for the rat-hamster swaps in (F). 
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Figure 7. Effects of mouse point mutation substitutions and mouse region swap on the 

hamster KChIP2 CpG island 

(A) Vista alignment of hamster and mouse KChIP2 CpG island region, using mouse as the 

reference sequence. The whole region is divided into 3 parts, named a, b’ and c’. (B) Location of 

the point mutations in the hamster sequence. The purple horizontal bars represent the original 

hamster clone and the X symbols on the bars represent the position of the specific hamster 

nucleotides that were changed into mouse ones. Each mutation clone carries six mutations on 

one of the three regions. (C) Scheme of the swap constructs. The colored horizontal bars 

represent the composition of the swap clones with mouse and rat colored teal and hamster 

colored purple. (D-F) Cis-regulatory activity of the respective clones in an in vitro luciferase 

assay. Error bars are SEM (n=3). The columns are colored according to the composition of the 

respective clones by mixing specific amount of teal (mouse or rat) and purple (hamster). The 

results of the hamster to mouse mutation substitutions are shown in (D). Results for the hamster-

mouse swaps are shown in E and for the hamster-rat swaps in (F).  
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2.4 Mouse-gerbil and rat-gerbil swaps within the KChIP2CpG island 

The results from the mouse single nucleotide substitution in the hamster (Fig. 7A) raise 

the possibility that hamster may not be phylogenetically close enough for identifying functional 

changes of the KChIP2 CpG island at the nucleotide level. In order to rule out this possibility, we 

searched for species that are even more closely related to mouse and rat, and gerbil seemed a 

good candidate (Fig. 8). As DNA sequences and BAC libraries for gerbil were not available, the 

genomic DNA of gerbil was obtained commercially (Zyagen) and the KChIP2 proximal region 

was PCR amplified, subcloned and then sequenced. As shown in Figure 9A, compared to 

hamster, the gerbil KChIP2 CpG island has a much smaller number of changes relative to mouse 

and rat, consistent with its phylogenetic proximity to these species (Fig. 8), and no large 

deletions or insertions were observed. Particularly, the middle b’ region is no longer the least 

conserved region. Only eight single-nucleotide changes were observed in this region (Fig. 9A). 

Instead, the third (c’) region appears to contain the largest number of nucleotide changes.  

Similarly to hamster, the gerbil KChIP2 CpG island showed a relatively low level of cis-

regulatory activity (Fig 9B&C), despite the high-level of sequence identity compared to mouse. 

As a result, the comparison between gerbil and mouse seemed an ideal system for studying the 

rapid evolution of the KChIP2 CpG island function.  

A set of swap clones between mouse and gerbil were made, dividing the CpG island into 

three parts using the same divisions used for the mouse-hamster swap experiment (a, b’ and c’). 

Similarly to the approach used for the hamster-mouse swaps, replacements of each region were 

made and parallel experiments using the rat KChIP2 CpG island were performed to validate the 

results.  
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Somewhat surprisingly, the largest change in promoter activity occurred when the 

conserved b’ region was swapped (Fig. 9B). Swapping of either region a or c’ did not result in 

any significant change in activity (Fig. 9B). Most importantly, these results were reproducible in 

the swaps in both directions, with the mouse to gerbil swap producing a large decrease and the 

gerbil to mouse a large increase in promoter activity. Furthermore, these findings were also 

confirmed in the rat-gerbil swaps (Fig. 9C). Interestingly, although the b’ region is no longer the 

least conserved region in the mouse-gerbil comparison, it still carries most of the evolutionary-

mediated changes, similar to what was found in the mouse-hamster comparison study. 
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Figure 8. Phylogenetic map of species closely related to mouse and rat 

Figure adapted from Jansa and Weksler 2004, which gave a detailed phylogenetic analysis of 

muroid rodents. Only a part of the muriod phylogenetic map is shown. The species mentioned in 

this chapter are highlighted by the blue box. The common names of the species are provided (red 

text).  
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Figure 9. Effects of mouse-gerbil and rat-gerbil swaps within the KChIP2 CpG island 

(A) ClustalW alignment of mouse, rat and gerbil CpG islands. The degree of sequence identity is 

shown in shaded color (gray). The red triangles mark the nucleotides that are different in gerbil 

in the b’ region. The two red shaded boxes mark the boundaries of the swapped regions, which 

were the same as the ones used in the swap experiments with hamster. They are restrictive sites 

for SacII and ApaI, respectively. Similarly, the CpG islands are divided into three parts by the 

two restrictive sites. (B) Comparison of the cis-regulatory activity of the swap clones in an in 

vitro transcription assay. Error bars are SEM (n=3). The columns are colored according to the 

composition of the respective clones by mixing specific amount of teal (mouse or rat) and purple 

(gerbil).   
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2.5 Lack of predicted Sp1-binding site in guinea pig 

As described above, a potential Sp1 binding site is present in the KChIP2 CpG island of 

all the other mammals but guinea pig (Fig. 3B). To test whether the lack of this site contributes 

to the overall low KChIP2 expression in this species, a functional Sp1 binding site was created in 

the guinea pig KChIP2 GpG island by replacing the two nucleotides “CA” with “GG” as 

annotated in Figure 3B. Conversely, the mouse and human Sp1 binding sites were mutated by 

changing the “GG” into “CA”. These modifications were inserted in construct containing only 

regions a and b, i.e. lacking most of the 5’UTR (Fig. 10B).  

Interestingly, elimination of the 5’-UTR resulted in a dramatic increase (more than ten 

folds in guinea pig and human) of cis-regulatory activity in all three species (Fig. 10C).  

Consistent with the idea that losing the Sp1 site is important for the loss of KChIP2 

promoter activity in the guinea pig heart, the creation of an Sp1 binding site in guinea pig 

produced an increase in promoter activity (Fig. 10C). However, no significant change was 

observed following elimination of the Sp1 binding site in the mouse, while there was an increase 

of activity in the human, which is opposite to what expected.  

In summary, these results suggest that loss of the predicated Sp1 binding site may have 

contributed to the guinea-pig specific loss of cardiac KChIP2 expression. As the transcription 

factor binding site prediction program cannot predict function, the lack of effects in mouse and 

human suggests that this site might not be functional in the two species despite its presence.  
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Figure 10. Effects of losing and gaining a predicted Sp1 binding site in the mouse, guinea 

pig and human KChIP2 CpG island 

(A) Vista alignment of KChIP2 CpG island region of human (top) and guinea pig (bottom), using 

mouse as the reference sequence. (B) Scheme of the clones with each species represented by a 

differently-colored horizontal bars. For the mutation clones, the two nucleotide mutations at the 

Sp1 site were labeled on the horizontal bars. (C) Comparison of the cis-regulatory activity of the 

clones in an in vitro transcription assay. Error bars are SEM (n=3). The species are colored with 

their respective colors (mouse - teal, guinea pig - red, human - purple).   
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2.6 Analysis of single nucleotide polymorphisms (SNPs) in the human KChIP2 CpG island 

In order to examine the potential contribution of each SNP to the KChIP2 promoter 

activity in humans, we made constructs carrying every variant of the single nucleotide, for each 

of the four identified SNPs. SNP1 is located in a region that appears to be very important for the 

CpG island function based on its highly conserved nature. There is no variation in this 24bp 

region across the mammalian species. One variant at SNP1 seemed to have increased the CpG 

island activity but this change was not significant (Fig. 11B). The SNP2 variant did not produce 

any change in cis-regulatory activity. However, single nucleotide change at SNP3 produced a 

modest level of change and variation at SNP4 produced a large difference in cis-regulatory 

function, although both were located in a poorly-conserved region of the CpG island.  

In conclusion, at least two of the four SNPs in the KChIP2 CpG island can significantly 

affect the human KChIP2 gene expression level in the heart.  
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Figure 11. Effects of SNP variations on the promoter activity of the human KChIP2 CpG 

island 

(A) Positions of the four SNPs annotated on the vista alignment map. (B) Comparison of the cis-

regulatory activity of every SNP variant in an in vitro transcription assay. The detailed 

nucleotide information for each SNP is shown in Figure 3. Error bars are SEM (n=3). *P<0.05, 

**P<0.005, student’s t-test. 
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3. The Conserved 5’-UTR and the Inverted Repeat  

The conserved 5’- untranslated region (UTR) does not contribute to species-dependent 

changes in KChIP2 cis-regulatory function, as shown by both the mouse-guinea pig swap 

(Chapter 3, Fig. 4C&D) and the mouse-human swap (Fig. 4) experiments. However, deletion of 

this region (and part of the poorly-conserved UTR) resulted in a dramatic increase of activity in 

all species (Fig. 10). This indicates the presence of elements with strong inhibitory function in 

the UTR, although this is not contributing to the species-specific variation in KChIP2 gene 

expression.  

There are two noticeable features in the conserved UTR: (1) this region is highly GC-rich 

at the 3’end (close to the start codon), with GC percentages of 90.6% in mouse, 92.5% in human 

and 85.2% in guinea pig; (2) this 53-54 base-pair long 3’ GC-rich sequence is self-

complementary containing an inverted repeat (IR, Fig. 12A&B). Due to the high GC content, this 

IR can potentially form a secondary stem-loop structure that is thermodynamically highly stable 

(Fig. 13A).  

To analyze the function of the IR, we first deleted it from a construct containing the full-

length proximal KChIP2 promoter. Deletion of the IR resulted an increase in cis-regulatory 

activity in all three species tested (Fig. 12C). The relative level of cis-regulatory activity 

characteristic of the three species (high in mouse, low in guinea pig and medium in human) was 

maintained. Consistent with its conserved sequence and structure (Fig. 12A), the IR appears to 

have an inhibitory function that is also conserved among species.  
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3.1 Disruption of the potential secondary structure in the inverted repeat  

One possible mechanism of the inhibition by the IR is the potential formation of a stem-

loop secondary structure that could either inhibit transcription or negatively affect post-

transcriptional processes (Pelletier and Sonenberg 1985; Baim and Sherman 1988; Emory et al. 

1992; Bevilacqua and Blose 2008; Scott et al. 2009). To test whether the secondary structure of 

the IR (Fig. 13A) plays a role in the inhibitory function, half of the self-complementary region 

was inverted without changing the nucleotide sequence (Fig. 13B). A secondary structure would 

be completely disrupted by this sequence inversion.  

Disruption of the potential stem-loop structure by inverting half of the IR region did 

result in an increase in cis-regulatory activity in all species (Fig. 13C). However, the size of 

change is much smaller than the deletion. This suggests that the secondary structure is not a 

major cause of the inhibition. Instead, the sequence itself may contain binding sites for repressive 

transcription factors. Although the sequence inversion did its best in preserving a potential 

transcription factor binding site, it could still disrupt transcription factor interaction and therefore 

cause a change in cis-regulatory activity.   
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Figure 12. Deletion of the inverted repeat in the conserved 5’-UTR 

(A) Dot matrix view of the self-alignment of mouse, guinea pig and human 5’-UTR sequences in 

NCBI nucleotide BLAST. There is an inverted repeat (IR) present in all three species. (B) 

Location and sequence of the IR. The red shadow on the vista alignment map highlights the 

location of the IR. Underneath the map is the mouse IR sequence with the two internal 

complementary regions labeled by the arrows. The deletion clone lacks this IR sequence. (C) 

Cis-regulatory activity of the original and deletion clones of the three species in an in vitro 

transcription assay. Mouse, guinea pig and human are represented by different colors. Error bars 

are SEM (n=3). 
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Figure 13. Disruption of the inverted repeat structure in the conserved 5’-UTR  

(A) Stem-loop structure formed by the IR in mouse, guinea pig and human. (B) Scheme of 

inversion and deletion clones. The red shadow on the vista alignment map highlights the location 

of the IR. Underneath the map is the mouse IR sequence with the two internal complementary 

regions labeled by the arrows. The inversion clone has the last half of IR inverted. The deletion 

clone lacks the IR sequence. (C) Cis-regulatory activity of the original, inversion and deletion 

clones of mouse and guinea pig in an in vitro transcription assay. Mouse and guinea pig are 

represented by different colors. Error bars are SEM (n=3).  
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3.2 Deletion in KChIP2 IR mRNA 

In sequencing the 5’-end of KChIP2 mRNA clones for TSS mapping, I observed an 

unexpected phenomenon: a significant fraction of the KChIP2 mRNAs contained the same 

sequence deletion of about 50bp, right upstream of the start codon (Fig. 14A). This is where the 

IR is located and the deleted sequence approximately covers the whole length of the IR.  

A more careful examination of all the TSS mapping clones revealed that there were two 

types of deletion: a short and long one (Fig. 14B). Both types of deletions ended at the same 

nucleotide position in the 3’ end. The short deletion was the most common type and had the 

same length (53bp) in mouse and human. The longer deletion was 77bp in mouse and 93bp in 

human. The short deletion exactly covered the length of the IR in both species. However, it did 

not completely overlap with the IR, as there were 7bp left on the 3’ end (Fig. 14B). Nonetheless, 

the majority of the IR is deleted in both types of deletion.  

Interestingly, the frequency of deletions varied between species and tissue types (Fig. 

14C). No deletion was observed in the human brain, while most of the mouse heart mRNAs have 

the deletions. In general, less deletions were observed in the brain: none in human mRNA clones 

and only in 20% of the mouse clones. The heart had a higher frequency of deletions: about 50% 

of the human clones and 80% of the mouse clones contained such deletions.  
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Figure 14. IR-deletions in KChIP2 mRNA clones 

(A) Vista alignment of human and mouse KChIP2 5’ upstream regulatory region, using mouse as 

the reference sequence. The red shadow on the vista alignment map highlights the location of the 

IR. (B) Alignment of KChIP2 cDNA sequences in mouse heart. A total of 21 clones are 

sequenced and a majority of them contain deletion of sequence around the IR. Placed on top of 

the alignment is the mouse IR sequence with the two internal complementary regions labeled by 

the arrows. (C) Percentage of cDNA clones that carry (% deletion, in teal) and do not carry (% 

no deletion, in red) the sequence deletion in mouse and human heart and brain.  
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4. Analysis of the Cis-Regulatory Function of the First Intron of the KChIP2 Gene 

In contrast to the generally compact gene structure of KChIP2, the first intron (called 

“Intron1” henceforward) is large and represents more than half of the whole gene transcription 

unit (Fig. 2C). To identify the presence of cis-regulatory elements, regions of Intron1 were 

isolated and inserted upstream of the full length proximal KChIP2 promoter region, which, in 

turn, is upstream to the luciferase reporter gene in the construct. As shown in previous 

paragraphs, the cis-regulatory activity of each construct was then measured as luciferase activity 

in rat neonatal cardiomyocytes or cortical neurons.  

Based on sequence conservation, we identified two conserved regions (in1A and in1B) in 

Intron1 (Fig. 2C). The relatively conserved nature of these two regions indicates that they are 

likely to be the most important cis-regulatory regions in Intron1. We made plasmid DNA 

constructs containing either of these regions and the proximal KChIP2 promoter upstream from 

the luciferase reporter gene for mouse and human (Fig. 15A&B). For the guinea pig, only the 

in1A region was studied due to failure in amplifying the 1B region.  

Surprisingly, Intron1 seemed to have a general inhibitory effect on KChIP2 promoter 

activity in the heart (Fig. 15C). The inhibitory effect of in1A was particularly strong in all three 

species. In1B caused a dramatic decrease in mouse KChIP2 promoter activity and a more modest 

but significant decrease in human. Interestingly, insertion of either region of Intron1 eliminated 

the mouse-human differences in promoter activity.  

A speculation about the function of Intron1 is that it may contribute to evolution of tissue 

specificity of the KChIP2 gene expression. To test this hypothesis, the cis-regulatory function of 

the Intron1 clones was assayed in neurons. Intron1 function in the brain was dramatically 
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different from the one in the heart (Fig. 15D). In all three species, none of the intronic regions 

tested caused any change in cis-regulatory activity.  

 

 

 

Figure 15. Analysis of the KChIP2 Intron1 cis-regulatory function in the heart and brain 

(A, B) Vista alignment of human (top) and guinea pig (guinea pig, bottom) Intron1 clones, using 

mouse as the reference sequence. The intron portion is colored pink and the 5’-proximal 

promoter region is colored teal. (A) Clones containing the in1A region upstream of the 5’-

proximal promoter region. (B) Clones containing the in1B region upstream of the 5’-proximal 

promoter region. (C, D) Comparison of the cis-regulatory activity of the Intron1 clones for 

mouse, guinea pig and human in an in vitro luciferase assay in cardiac myocytes (C) and neurons 

(D). Results for the different species are labeled in different colors (mouse - teal, guinea pig - 

red, human - purple). Error bars are SEM (n=3).  
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5. Transcription Factor Modulation of KChIP2 Cis-Regulatory Function 

The transcription factor Irx5 has been shown to be responsible for determining the 

transmural gradient in expression of the Kv4.2 gene in mouse by inhibiting expression of this 

gene in the endocardium (Costantini et al. 2005). Moreover, He et al. (2009) showed that Irx5 

inhibits the rat Kv4.2 promoter function in vitro at a low concentration of the transcription factor 

but not at higher concentrations. We have confirmed these results on our mouse Kv4.2 proximal 

promoter clone (Fig. 16A).  

Since the transmural gradient in Irx5 expression is conserved in different mammalian 

species (Rosati et al. 2006), we hypothesized that Irx5 could determine the transmural gradient in 

KChIP2 expression in larger mammals, where this gene is responsible for the transmural gradient 

in Ito, rather than Kv4.2, which is not expressed in the hearts of these species (Dixon et al. 1996; 

Rosati et al. 2001). In particular, we tested whether Irx5 could inhibit the KChIP2 promoter 

activity, similarly to its effect on the expression of the Kv4.2 gene. At difference with what we 

expected, Irx5 increased human KChIP2 cis-regulatory activity in a dose-dependent manner (Fig. 

16B).  

Irx3 is another member of the Iroquois family of transcription factors and, similarly to 

Irx5, is expressed in a transmural gradient, which is opposite to that of KChIP2 (Rosati et al., 

2006). We tested whether this transcription factor contributed to the gradient in KChIP2 gene 

expression and found that, although in a dose-independent manner, Irx3 expression also causes 

an increase in the human KChIP2 cis-regulatory activity (Fig. 16 C).  

Interactions inside the Iroquiois family of transcription factors had been reported (He et 

al. 2009) and the loss of Irx3 was shown to antagonize the effect of Irx5 deletion (Gaborit et al. 
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2012). It is of interest to test the effect of the two factors in combination. Consistent with the 

enhancing effect observed individually, Irx3 and Irx5 in combination also caused an increase in 

cis-regulatory activity (Fig. 16D). In this case, addition of Irx3 seems to null the dose-dependent 

effect of Irx5, as increasing the concentration of both factors at the same time does not result in 

additional increases in promoter activity.  

The transcription factor FoxP2 is expressed in a transmural gradient in rodent hearts 

which has the same direction as the KChIP2 gradient and is therefore a candidate as a positive 

regulator of the KChIP2 gene expression. As expected, we observed a modest, dose-independent 

increase in KChIP2 promoter activity when FoxP2 was coexpressed with the KChIP2 promoter 

in neonatal cardiac myocytes (Fig. 16E).  

As FoxP2 displays an opposing transmural gradient expression to that of Irx3 and Irx5, it 

is of interest to test whether it interacts with the other two factors or not. Consistent with the 

independent assay results, combination of the three transcription factors resulted in an increase in 

KChIP2 promoter activity (Fig. 16F).  

Clearly all three transcription factors are interacting with the proximal promoter region of 

the KChIP2 gene by affecting its transcriptional activity (Fig. 16B-F). However, both the Irx3 

and Irx5 have an effect opposite to what is expected from the in-vivo expression pattern (Rosati 

et al. 2006). It is therefore suspected that these transcription factors may have additional 

interacting cis-regulatory regions. The Intron1 regions were shown to be important for other 

aspects of KChIP2 function (Fig. 15) and may as well be a candidate region for the additional 

interactions. As a result, the effect of all three factors on the transcriptional activity of clones 

containing both the Intron1 and the proximal promoter regions are tested. Interestingly, the 

enhancing effect remained when the Intron1 regions are included (Fig. 16F). This result confirms 
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the enhancing effect of these transcription factors on KChIP2 cis-regulatory activity and also 

suggests that the Intron1 is probably not affecting the interaction of the transcription factors with 

the KChIP2 proximal promoter region.  

 The transcription factor Klf15 was found to control rhythmic cardiac KChIP2 expression 

by positively affecting the transcriptional activity of rat KChIP2 proximal promoter in the heart 

(Jeyaraj et al. 2012). In order to confirm this finding and to test whether the effect of Klf15 on 

KChIP2 expression are species-specific or can, conversely, be extended to other species, 

particularly human, we analyzed the effect of Klf15 on both mouse and human KChIP2 proximal 

promoter region (Fig. 16G). In keeping with the Jeyaraj et al. findings, Klf15 increased KChIP2 

cis-regulatory activity in a dose-dependent manner in both mouse and human. This suggests that 

Klf15 does not contribute to the species-specific variation in KChIP2 expression, but rather has a 

conserved physiological role that is likely to be important in all species.  

The Klf15 results confirmed that the KChIP2 cis-regulatory region can respond to know 

modification factors similar to physiological conditions. But none of the transcription factors 

tested above contributed to the species-specific differences. Although transcription factor 

prediction programs tend to give too many false positives, the small number (eight) of nucleotide 

changes between mouse and gerbil allows the bioinformatics tools to be useful. I searched the 

123 base pair region b’ in TRANSFAC database and it gave 133 and 147 predicted binding sites 

for mouse and gerbil, respectively. A total of 18 sites were identified to be different between the 

two species. They were mapped to the b’ region, as shown in Figure 17.  
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Figure 16. Modulation of the promoter activity by transcription factors 

(A-B) Effect of Irx5 on mouse Kv4.2 (A) and human KChIP2 (B) proximal promoter cis-

regulatory function. (C-G) Effect of various transcription factors or transcription factor mixtures 

on human KChIP2 cis-regulatory function: (C) Irx3; (D) mixture of Irx3 and 5; (E) FoxP2; (F) 

mixture of Irx3, Irx5 and FoxP2; and (G) KLF15. All the tests used the 5’ upstream proximal 

promoter region. In (F), the intron clones are also included. In (G), effects on the mouse 

proximal promoter are also tested. Error bars are SEM (n=3).  
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Figure 17. Predicted transcription factor binding sites in mouse and gerbil b’ region  

(A) Location of predicted transcription factor binding sites in mouse (top) and gerbil (bottom) 

sequence of region b’.  The eight nucleotides that are different between gerbil and mouse/rat 

were colored red. Predicted transcription factor binding sites (data from TRANSFAC database) 

are marked by blue (mouse) or red (gerbil) bars. Each binding site is labeled on top (for mouse) 

or underneath (for gerbil) with the index number and the strand. (+): the sense strand; (-): the 

negative strand). The detailed annotations of each binding site are listed in (B) and (C). (B) 

Transcription factor binding sites that are present in mouse but not gerbil. (C) Transcription 

factor binding sites that are present in gerbil but not mouse.   
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DISCUSSION…….. 

The highly variable pattern of the KChIP2 gene expression in mammalian hearts provides 

an ideal system for the study of the evolution of gene regulatory function. In the previous 

chapter, we identified the general mechanism for the evolution of cardiac KChIP2 expression. In 

this chapter, further aspects of the KChIP2 regulatory function were studied and new insights 

were gained about the mechanism of the evolution and regulation of this gene. 

First, more species were included in the comparison of the KChIP2 CpG island function 

and nucleotide level changes were identified to contribute to evolution of KChIP2 gene 

expression. The initial comparison between mouse and guinea pig KChIP2 CpG island suggested 

that the species specific effects are evenly distributed across a ~350 bp region (a+b+c, Chapter 

3, Fig. 4C&D), which is still too broad for the search of specific transcription factor binding 

sites. According to Rebeiz et al. and Frankel et al., identification of specific nucleotide changes 

are possible if closely-related species can be used (Rebeiz et al. 2009; Frankel et al. 2011). 

Fortunately, the rapid evolution of KChIP2 cis-regulatory function (Chapter 3, Fig. 5A) in 

rodents provides the opportunity to achieve such a goal. By comparing the CpG island function 

in more closely related species such as hamster and gerbil using swap experiments, I showed that 

a ~120bp region (region b’) was most important for the variation of KChIP2 expression in the 

muroid clade (Fig. 6, 7 & 9). And strikingly, only eight nucleotides in the mouse-gerbil 

comparison are responsible for the majority of the changes in cis-regulatory function (Fig. 9). 

This finding is promising as it will allow us to identify the potential transcription factors whose 

binding sites changed during mammalian evolution (Fig. 17).  
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 Besides the swap experiments which identified nucleotide-level changes for KChIP2 

evolution, single-nucleotide mutation experiments were carried out to investigate the cis-

regulatory function of the CpG island promoter. A few findings were made and they were 

summarized as follows.  

(1) Mutation of six nucleotides in the mouse CpG island to the hamster version caused a 

significant decrease of the mouse cis-regulatory activity, bringing it closer to the KChIP2 

promoter activity in hamster (Fig. 6). These six nucleotides either overlap with or locate close to 

the eight-nucleotides identified in the mouse-gerbil swap experiments (Fig. 5 & 9A). As a 

transcription factor recognition motif is typically 6-20 bp long (Bilu and Barkai 2005; Zambelli 

et al. 2012), there are various ways of affecting a transcription factor event (which determines 

the transcriptional output) by changing one or multiple the nucleotides in the recognition 

sequence (Spivakov et al. 2012; Whitfield et al. 2012). However, this does not mean that 

transcription factor binding is generally sensitive to any variation in its recognition sequence. 

Instead, there is a position weight matrix used to describe the binding preference at a specific 

nucleotide position inside the recognition motif (Stormo 2000; Whitfield et al. 2012). Some 

positions are strongly selective while the others can be highly tolerant to variations (Spivakov et 

al. 2012; Vernot et al. 2012). Changes at nucleotide positions that are non-selective will not 

result in a change in function. This also partly explains the failure of the correlating six 

mutations in hamster in showing a corresponding change in transcriptional activity (Fig. 7D).  

(2) Despite the lack of effects in mouse and human, a two-nucleotide mutation in a 

potential Sp1 recognition site can partially recover the KChIP2 promoter function in the guinea 

pig heart (Fig. 9). Correlated with the distinct low level of promoter function, the guinea pig 

KChIP2 CpG island sequence is most distant to mouse and rat among all the other mammalian 
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species. In comparison to other species, there are large changes inside the guinea pig sequence 

including large deletions and insertion (Fig. 3). It is therefore striking that a two-nucleotide 

change could be identified to have a noticeable effect on the CpG island function. Although the 

result in guinea pig confirms the enhancing effect of the Sp1 binding element (Kaczynski et al. 

2003), it does not necessarily mean that this predicted binding site is functional in mouse and 

human, given the fact that a prediction program usually gives too many false positives by simply 

matching the DNA motifs in the genome (Won et al. 2010). The loss of the predicted Sp1 

binding site in mouse did not result in any change in cis-regulatory activity and there is a 

contradicatory increase of activity in human after the mutation possibly by influencing nearby 

transcription factor interations.  

(3) Single nucleotide variation at two human SNP sites was shown to cause significant 

differences in promoter activity (Fig. 10) and may contribute to individual variability in cardiac 

electrophysiology phenotype in the human population. SNPs inside the coding regions, 

particularly the ones that cause nonsynonymous mutations, has been extensively characterized 

and implicated in human disease (Walsh and Engle 2010). Although 88% of the variations 

identified by genome wide association studies are located in regulatory regions (Hindorff et al. 

2009), these SNPS are poorly studied due to the difficulty in identifying the functional output 

and resulting phenotype (Boyle et al. 2012). However, recent advances of high-throughput 

sequencing-based whole genome studies have associated a large number of such SNPs to 

functional changes revealed by ChIP-seq, DNaseI hypersensitivity, chromatin state and 

expression information (Boyle et al. 2012; Schaub et al. 2012). Consistent with these general 

findings about the importance of SNPs inside the regulatory region in human disease and 

individual variation, the two SNPs inside the KChIP2 CpG island was found to cause a 
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functional change by affecting the expression of the gene. Given the importance of KChIP2 in 

cardiac electrophysiological function (Sah et al. 2003; Jeyaraj et al. 2012), these SNPs may also 

be a substrate for the individual variations in human cardiac disease susceptibility.  

Another interesting aspect about the CpG island is the conserved 5’-UTR (cUTR). 

Although it does not contribute to species-specific differences in cardiac KChIP2 expression 

(Fig. 4, 6, 7 &8, and Chapter 3, Fig. 4C&D), we found that it has a dramatic impact on the 

overall promoter activity of KChIP2. Deletion of the majority of the 5’-UTR caused a dramatic 

increase in cis-regulatory activity (up to 14-fold) in all species tested (Fig. 9C), which indicated 

an unusually strong inhibitory effect from this region. This effect could be caused by either 

transcriptional or post-transcriptional mechanisms, as on one hand, the 5’-UTR is frequently 

found to contain cis-regulatory elements for transcription factor binding (Amrolia et al. 1995; 

Tang et al. 1997; Bianchi et al. 2009; Minervini et al. 2010), and on the other hand, the 5’-UTR 

is crucial in post-transcriptional regulation of gene expression “through the modulation of 

nucleo-cytoplasmic mRNA transport, translation efficiency, subcellular localization and message 

stability” (Mignone et al. 2002; Pesole et al. 2002). In addition, a special sequence feature was 

identified in this region – a GC-rich inverted repeat (IR) – that can potentially form a highly 

stable stem-loop structure. The stem-loop structures are known to be capable of affecting protein 

expression through various transcriptional and post transcriptional mechanisms (Pelletier and 

Sonenberg 1985; Baim and Sherman 1988; Emory et al. 1992; Bevilacqua and Blose 2008; Scott 

et al. 2009). This naturally leads us to hypothesize that formation of the secondary structure is 

the mechanism of inhibition from the 5’-UTR. Consistent with the inhibitory role of the UTR, 

deletion of the IR caused a non-species specific increase in KChIP2 cis-regulatory activity (Fig. 

11). Disruption of its potential secondary structure also caused a non-species specific increase in 
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KChIP2 cis-regulatory activity (Fig. 12), however, with a much smaller size of change. To 

summarize the experiments (Fig. 9, 11&12), the size of change displayed a pattern like this: 

deletion of cUTR > deletion of IR > inversion of IR. The limited effect by the disruption of the 

potential secondary structure suggests that formation of stem-loop structure is not the mechanism 

for inhibition from the 5’-UTR. It is not yet clear how the cUTR exerts an inhibitory function on 

the regulation of KChIP2 gene expression, although the increasing size of effect with increasing 

size of sequence deletion (from the shorter IR to the longer cUTR) could suggest a 

transcriptional mechanism that quantitatively more of the repressive transcription factor binding 

sites were deleted in larger sequence deletions. Further experiments need to be done to show 

whether the changes were caused by transcriptional or post-transcriptional mechanisms.  

Interestingly, the IR seems to be deleted in some of the KChIP2 mRNA transcripts in a 

species- and tissue-specific fashion (Fig. 13). It is not clear how this cleavage of RNA inside the 

5’-UTR is produced. It looks like tissue-specific splicing but it is highly unlikely to be so, as no 

splice sites were observed at either end of the sequence and it lacks additional features to serve 

as an alternatively spliced intron (Tarn and Steitz 1997; Wu and Krainer 1999; Matlin et al. 

2005). There are other reported RNA cleavage mechanisms such as riboswitches that usually 

reside in the 5’-UTR and some of which have self-cleavage activity (Mandal and Breaker 2004; 

Roth and Breaker 2009) and miRNA and siRNA-mediated RNA cleavage (Meister et al. 2004). 

Further experiments need to be done in order to clarify the underlying mechanisms.  

Further, we extended the study of the KChIP2 cis-regulatory activity to regions outside 

the proximal promoter. In particular, we found Intron1 responsible for the tissue-selective 

expression of the KChIP2 gene. This region has a very strong inhibitory effect on KChIP2 

promoter function in the heart (Fig. 15C) but no inhibition of the promoter activity was observed 
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in the brain (Fig. 15D). Up to this point, all the potentially important KChIP2 cis-regulatory 

regions were explored (see Results, paragraph 1) and the overall mechanisms for cis-regulation 

of KChIP2 gene expression were elucidated. For the two tissue types where KChIP2 is 

expressed, the cardiac expression is mainly controlled by the CpG island inside proximal 

promoter region (Fig. 1) and the neuronal expression is more complicated, requiring additional 

regulation from the Intron1 (Fig. 15).  

Finally, we tested the function of several transcription factors on the mouse and human 

KChIP2 cis-regulatory sequences. These factors (Irx5, Irx3, FoxP2, Klf15) were known to 

modulate the cardiac electrophysiological function, possibly through interactions with KChIP2 

(Costantini et al. 2005; Rosati et al. 2006; He et al. 2009; Gaborit et al. 2012; Jeyaraj et al. 2012). 

The assay results confirmed that these factors do interact with KChIP2 (Fig. 16) and indicated 

the importance of KChIP2 in mediating the modulation of cardiac function by transcription 

factors. Particularly, the KChIP2 proximal promoter region responded to the modulation of 

Klf15 (Fig. 16G), in accord with the physiological responses in-vivo (Jeyaraj et al. 2012). This 

confirms the functionality of our KChIP2 proximal promoter constructs. Together with their 

ability to reflect the in-vivo expression level of this gene (Fig. 1), the KChIP2 proximal promoter 

construct can be a valid in-vitro model for studying the cardiac regulation of KChIP2 gene. On 

the other hand, the unexpected responses towards Irx3 and Irx5 (Fig. 16B, C, D&F), the 

transcription factors that are important for the establishment of transmural expression gradient of 

ion channels and currents (Costantini et al. 2005; Gaborit et al. 2012), opened more questions 

regarding the mechanism for the establishment of KChIP2 and Ito regional variation in human 

hearts.  
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In conclusion, this chapter provides a more complete picture about the transcriptional 

regulation of the KChIP2 gene but also set up the foundational work for future studies. This gene 

has the following three features that made it valuable to study: the highly variable species-

specific expression pattern, the dramatic tissue-specific variation between heart and brain, and 

the regional variation within the mammalian myocardium. For each of the features, this chapter 

opened a new scope to study. First, the rapid evolution of KChIP2 in the muroid clade provides 

an unprecedented opportunity to identify individual nucleotides and specific transcription factor 

binding sites that changed in closely related species. Secondly, identification of the Intron1 as the 

additional contributor of tissue-selection expression require further work to dissect out more 

specific cis-regulatory elements inside this region. Finally, the validity of the KChIP2 proximal 

promoter region as a model for studying KChIP2 gene regulation allows future pursuit of the 

mechanism of KChIP2 and Ito gradient expression in large mammals like the human.  

  



 

 150  

 

 

 

 

Chapter 5: 

 

Regulatory Evolution of Other Ion Channel 

Genes: HCN4, Kv4.3 and SERCA 
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INTRODUCTION  

As described in Chapters 1 and 2, the heart rate and ventricular action potential duration 

are scaled in mammals, in order to maintain an adequate level of blood pressure for effective 

tissue perfusion. In the present Chapter, I am reporting some preliminary results on the 

investigation of possible molecular mechanisms by which the scaling of these cardiac 

electrophysiological traits is achieved. These experiments are to be seen as a continuation of the 

work described in Chapter 2 and are part of an ongoing work. 

The heart rate is dictated by a small cardiac region known as the sinoatrial node (SAN). 

The classical pacemaker current is known as the hyperpolarization-activated cation current 

(“funny” current, If), which plays an important role in the generation of rhythmic electrical 

activity in the heart (DiFrancesco 2010). It depolarizes the cell in response to hyperpolarization 

at the end of the action potential phase and causes diastolic depolarization of the SAN cells 

(DiFrancesco et al. 1986; Baruscotti et al. 2010). There has been some controversy over what 

constitutes the primary pacemaker current in the SAN (Bers 2006; Barbuti and DiFrancesco 

2008; Lakatta et al. 2008). It appears most likely that the coordinated action of multiple different 

membrane currents as well as intracellular calcium metabolism contribute to normal pacemaking 

(Tellez et al. 2006; Mangoni and Nargeot 2008). The distributed nature of pacemaker function in 

the SAN is illustrated by the fact that knockout of the HCN4 gene, which eliminates 

approximately 75% of the If current, the textbook pacemaker current, does not result in complete 

loss of pacemaking function in mice, although there is significant disruption of this function 

(Herrmann et al. 2007). Despite this controversy, it is clear that the If current is critical in the 
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pacemaking function. We decided to first focus on studying the role of this current in the scaling 

of heart rate.  

The duration of the diastolic depolarization determines the heart rate and therefore 

changing the pacemaker current would be an efficient mechanism to achieve scaling of heart 

rate. In particular, a smaller If would be expected to result in a more slowly depolarizing 

membrane potential during the diastolic interval, producing a reduced firing frequency in SAN 

cells and hence a slower pacing rate, typical of larger mammals. Therefore, we hypothesized that 

larger mammals have a smaller If than smaller mammals and that the smaller size of this current 

is determined by a lower levels of gene expression. The hyperpolarization-activated cyclic 

nucleotide-gated (HCN) channels are the molecular basis for If (Ludwig et al. 1998; Shi et al, 

1999; Baruscotti and Difrancesco 2004). In this chapter, I will present an analysis of the 

evolution of the cis-regulatory function of HCN4, which contributes to the majority of the If 

current in the SAN (Shi et al. 1999). 

A different set of currents are changed for the scaling of ventricular action potential, 

some of which have been discussed and studied in Chapter 2. One notable feature is that the 

repolarization phase of the ventricular action potential varies dramatically in duration across 

mammals (Chapter 2, Fig. 2). One efficient mechanism to scale the ventricular action potential 

duration is changing the repolarization currents. As shown in Chapter 2, changes in the 

expression of Kv4.2-dependent Ito current and the Kv2.1-dependent IKur current are responsible 

for the generation of two distinct action potential morphologies – spike-and-dome and triangular. 

Moreover, for larger mammals with a spike-and-dome morphology, changes in the expression of 

KCNQ1 (underlying the IKs current) and KCNH2 (IKr current) genes contribute to the scaling of 

the action potential duration.  
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Among the repolarization currents, whose expression levels have changed among species 

during evolution, the Ito current is the one with the most heterogeneous molecular basis (see 

Chapter 1). Its underlying principal subunit (pore-forming subunit) varies between large 

mammals (Kv4.3 only) and small rodents (Kv4.2 and Kv4.3), and transmural expression of this 

current is determined by the principal (rodents) or the auxiliary subunit KChIP2 (larger 

mammals), depending on the species (except for the ferret, which has gradient expression of both 

the principal and auxiliary subunits) (Dixon and McKinnon 1994; Brahmajothi et al. 1999; 

Rosati et al. 2001; Patel et al. 2002). In Chapters 2 and 3, we have reported studies on two of the 

major components of Ito: Kv4.2 displays a stepwise expression pattern across mammalian species 

(Chapter 2) and KChIP2 displays a highly-variable pattern of expression (Chapter 3). We 

showed that cis-regulatory evolution is the mechanism for the species-dependent variation in the 

expression of both genes. In this chapter, I will report the analysis of the cis-regulatory function 

of the third component of Ito - the Kv4.3 gene.  

Another way to achieve scaling of the action potential duration is by changing the 

duration of the plateau phase, which is controlled by the duration and size of Ca
2+

 influx in the 

myocyte (Hamilton and Ianuzzo 1991; Bers 2002; Su et al. 2003). When an excitation arrives, 

depolarization of the cell membrane opens the L-type calcium channels, which further triggers 

Ca
2+

 release through ryanodine receptors located on the membranes of the sarcoplasmic 

reticulum (SR). This release causes a dramatic increase of the cytosolic Ca
2+

 concentration, 

which switches on the contractile machinery in cardiac myocytes (Bers 2002). This whole 

process mediated by Ca
2+

 is known as “excitation-contraction coupling”. At the end of the action 

potential, the membrane potential is repolarized to resting level and the cytosolic Ca
2+

 is cleared 

by the Ca
2+

 uptake systems.  
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A larger Ca
2+

 influx and a slower or less efficient Ca
2+

 uptake would result in elongation 

of the action potential. As shown in Chapter 1, the main constraint determining the size of Ca
2+

 

influx through the L-type calcium channels is not scaling of the action potential duration, but 

maintenance of the excitation-contraction coupling. In smaller mammals, the requirement for a 

shorter plateau phase in the presence of a larger L-type Ca
2+

 current, creates a demand for an 

increased Ca
2+

 uptake. This is accomplished by scaling expression of the sarcoplasmic reticulum 

(SR) Ca
2+

-ATPase (SERCA) pump (Hamilton and Ianuzzo 1991; Hove-Madsen and Bers 1993; 

Su et al. 2003; Vangheluwe et al. 2005) via cis-regulatory evolution (Chapter 1, Fig. 6).  

The SERCA2 (or ATPA2) gene encodes the SR Ca
2+

 ATPase, which pumps two Ca
2+

 

ions into the SR at the cost of one ATP molecule. The SR Ca
2+

 ATPase, together with the 

Na
+
/Ca

2+
 exchanger on the membrane (which exchanges one Ca

2+
 ion for three Na

+
 ions), 

actively maintain a low internal Ca
2+

 concentration which is critical for the normal function of 

the cell (Bers 2002; Clapham 2007). The SR Ca
2+

 ATPase is the dominant Ca
2+

 uptake system in 

the myocytes of all mammals (Bassani et al. 1994; Bers 2002). In smaller mammals, there is an 

increase of Ca
2+

 ATPase expression and thus an even greater role in Ca
2+

 uptake due to the 

requirement of more efficient uptake. Ca
2+

 ATPase is responsible for as high as 92% of total 

Ca
2+

 uptake in mouse in contrast to 70% in rabbit (Bassani et al. 1994). In this chapter, I will 

report a further analysis of the cis-regulatory function of the SERCA2 gene. 
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ANALYSIS OF THE CARDIAC EXPRESSION AND CIS-

REGULATORY FUNCTION OF THE HCN4 GENE 

The HCN4 gene encodes the pore-forming subunit for If in heart, with the highest 

expression in the SAN (Shi et al. 1999; Baruscotti and Difrancesco 2004; DiFrancesco 2010). It 

is a relatively simple gene, with no alternatively spliced transcripts detected. The whole 

transcription unit is 50kb. Analysis of the genomic sequence of this gene identified a CpG island 

in the promoter region (Fig. 1A), which appears to be more conserved than the rest of the non-

coding region.  

Electrophysiological recordings obtained in SAN cells from different mammalian species 

seem to confirm a decreasing trend in If expression with increasing body size (Fig. 1B), as we 

previously hypothesized. To test whether such species-dependent variation is caused by changes 

in the cis-regulatory function of the HCN4 gene, the cis-regulatory activity of the HCN4 

upstream proximal promoter region was compared in mouse and human (Fig. 1A).  

No change in the cis-regulatory function of this region was found between mouse and 

human (Fig. 1C). This suggests that the proximal promoter (including the CpG island promoter) 

by itself is not responsible for the species-dependent differences of this gene. It is likely that cis-

regulatory elements located outside of this region contribute to the species differences in the 

expression of this current, which is quite probable, given the large size of the remaining 

upstream intergenic region (74kb total).  
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Figure 1. Sequence analysis, expression (current) and cis-regulatory function of the HCN4 

gene 

(A) Vista alignment of HCN4 5’ upstream regulatory region of human and mouse. The CpG 

island region is marked. The sequences end immediately upstream of the initiator methionine 

codon in exon 1 of the gene (ATG). Conserved sequences in VISTA (70%/100 bp cutoff) are 

colored according to the annotation (UTRs - light gray and non-coding - dark gray). (B) Fully 

activated I-V relation for If in canine (filled symbols) and rabbit (open symbols) SAN cells. Error 

bars are SEM. Data are from 9 canine and 4 rabbit SAN cells (D. McKinnon, unpublished 

results). (C) Comparison of cis-regulatory activity of the mouse and human clones in an in vitro 

transcription assay. Error bars are SEM (n=3). 
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ANALYSIS OF THE CARDIAC EXPRESSION AND CIS-

REGULATORY FUNCTION OF THE KV4.3 GENE 

Kv4.3 is the principal subunit underlying Ito in most mammals, except for small rodents 

that require a short triangular action potential and additionally express Kv4.2 in order to produce 

a large Ito current (Dixon et al. 1996; Patel and Campbell 2005; Niwa and Nerbonne 2010). 

Kv4.3 displays a highly variable pattern of expression across mammalian species (Fig. 2). 

Notably, in keeping with the lack of Ito current in guinea pig, expression of Kv4.3 in this species 

is extremely low. We sought to determine whether cis-regulatory changes were involved in the 

evolution of Kv4.3 expression.  

 

 
 

Figure 2. Kv4.3 mRNA expression in mammalian ventricles  

Real-time PCR analysis of Kv4.3 mRNA expression in the left ventricular wall of six 

mammalian species. Histogram shows means ± SD (n = 3). 
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In order to perform this analysis, we studied the 5’ upstream regulatory region of this 

gene. The Kv4.3 gene also has a CpG island promoter, in which three relatively conserved 

regions could be identified (Fig. 3A). For each species chosen for this analysis (mouse and 

guinea pig), three constructs containing three, two, or one of these regions were generated (Fig. 

3B).  

Consistently with the lower level of Kv4.3 mRNA expression in this species, the guinea 

pig promoter has much weaker cis-regulatory activity than the mouse one (Fig. 3C). 

Interestingly, progressive deletion of sequence in the 5’ end of the first construct (“1” in Fig. 3B) 

did not result in any change in cis-regulatory activity, even when part of the CpG island was 

missing. As shown, the shortest conserved CpG island region (“3”, Fig. 3B) determines most of 

the species-specific differences in Kv4.3 gene expression.  
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Figure 3. Analysis of Kv4.3 cis-regulatory function in mouse and guinea pig  

(A) Vista alignment of Kv4.3 5’ upstream regulatory region of human (top) and guinea pig 

(bottom), using mouse as the reference sequence. The CpG island region is marked. The 

sequences end at the first 5’-UTR of the gene in mouse (the human does not have this UTR). 

Conserved sequences in VISTA (70%/100 bp cutoff) are colored according to the annotation. (B) 

Clones used for 5’ deletion analysis of the Kv4.3 proximal promoter function. (C) Comparison of 

cis-regulatory activity of the mouse (colored teal) and guinea pig (colored red) clones in an in 

vitro transcription assay. Error bars are SEM (n=3). 
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ANALYSIS OF THE CIS-REGULATORY FUNCTION OF 

SERCA2  

The systematic variation of the SERCA2 mRNA expression with mammalian body size 

makes this gene a good candidate for studying the evolution of its cis-regulatory function 

(Chapter 1, Fig. 6A). The whole transcription unit of SERCA2 is 70kb, with 62kb upstream and 

22kb downstream intergenic region. Interestingly, this gene also has a CpG island promoter (Fig. 

4A).  

Similarly to what was shown above for the HCN4 gene, we analyzed the cis-regulatory 

function of the upstream regulatory region, this time in mouse and human. In contrast to the 

marked differences in SERCA2 mRNA expression between the mouse and human ventricles, no 

significant difference in the promoter activity was observed for the tested regions (Fig. 4B). This 

was not entirely surprising, given that this is a relatively large gene with long intergenic and 

intronic regions. It seems clear that further and farther regions of the SERCA2A gene will need 

to be tested in order to identify cis-regulatory regions responsible of the species-specific changes 

in gene expression that occurred during evolution.  

In addition, deletion of the 5’ sequences (“2” versus “1” in Fig. 4A) did not result in a 

change in the level of cis-regulatory activity in both species, indicating the deleted region is not 

important for the species-specific changes. Notably, all clones have an activity level that is 

higher than the positive control (+), which is rare for most other genes tested (Fig. 4C). Although 

the promoter activity did not vary between species, its relatively high level of activity matches 

with the generally strong SERCA2 expression in mammalian hearts (Bers 2002).  
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The relatively high level of promoter activity in SERCA2 is an advantage for the 

dissection of its cis-regulatory function. The SERCA2 promoter is one of the strongest ion 

channel promoters that we have tested. Most ion channel gene promoters, for example, HCN4 

and KChIP2, have a relatively lower level of promoter activity in comparing to the positive 

control (Fig. 4C). For some genes such as Kv4.2 and Kv2.1, their promoter activity is too low to 

be further studied, as the experimental noises can easily override the actual changes in signal. In 

contrast, SERCA2 is a promising gene to study given its advantage in the assay system, in 

addition to its importance in the scaling of action potential duration.  
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Figure 4. Analysis of SERCA2 cis-regulatory function in mouse and human 

(A) Vista alignment of SERCA2 5’ upstream regulatory region of mouse and human. The CpG 

island region is marked. The sequences end at a conserved location inside the 5’-UTR. 

Conserved sequences in VISTA (70%/100 bp cutoff) are colored according to the annotation 

(UTRs - light gray and non-coding - dark gray). The horizontal bars underneath the alignment 

pane show the location of clones used in the in vitro assay. (B) Cis-regulatory activity of the 

mouse (colored teal) and human (colored red) SERCA2 clones in an in vitro transcription assay. 

Error bars are SEM (n=3). (C) Comparison of cis-regulatory activity of the HCN4 and KChIP2 

promoter clones with the positive control.  
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DISCUSSION…….. 

In mammalian evolution, scaling of cellular electrophysiology requires systematic 

changes in heart rate and action potential duration (Schmidt-Nielsen 1984; Rosati et al. 2008). To 

achieve such scaling, we showed in this chapter and Chapter 2 that variations in the ventricular 

repolarization currents, pacemaker current, and calcium uptake system are three important 

physiological mechanisms used. Such physiological variations are in turn produced or 

contributed by regulatory changes of three ion channel and transporter genes respectively – 

Kv4.3, HCN4 and SERCA2. Analysis of the cis-regulatory function of these three genes is the 

topic of this chapter. All three genes are typical examples of regulatory evolution and we 

hypothesize that cis-regulatory evolution is also the predominant mechanism of evolution of the 

expression of these genes.  

We showed here that the Kv4.3 gene is a clear example of cis-regulatory evolution. The 

changes in Kv4.3 cis-regulatory function between mouse and guinea pig matched with the 

cardiac mRNA expression of the gene in these species (Fig. 2&3). For HCN4 and SERCA2, the 

proximal promoter region by itself did not match with the mRNA expression variation among the 

species (Fig. 1&4). Given that we only analyzed an overall small portion of the intergenic and 

intragenic non-coding regions for the HCN4 and SERCA2 genes, larger and more distant regions 

need to be tested in order to identify the responsible cis-regulatory changes.  

The larger size of the non-coding regions, including the CpG island, makes it more 

challenging to study the cis-regulatory function in these genes, compared to more compact genes 

such as KChIP2, and implies that regulation of their expression is more complex. Lenhard et al. 

classify the CpG island promoters into two categories: a ubiquitous type with short CpG islands, 
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usually associated with ubiquitously expressed genes and dispersed TSS distribution, and a 

developmentally regulated type with long CpG islands that associate with developmental genes 

and complex chromatin marks, including polycomb group proteins and H3K27me3 and 

H3K4me3 (Lenhard et al. 2012). The length of the CpG islands is a major difference in these two 

categories of promoters. It is suggested that the regulation of the latter gene type with long CpG 

islands is more complicated, usually involving a large number of enhancers and have diverse 

promoter states depending on the epigenetic modifications (Ernst et al. 2011).  

As perhaps expected for such general categorizations, this classification does not fit 

perfectly with the genes we have analyzed. In fact the KChIP2 gene, which has a relatively short 

CpG island (586bp), is not ubiquitously expressed and, most strikingly in the mouse, does not 

have a dispersed TSS distribution (Chapter 3, Fig.1B). However, the inability of the upstream 

proximal promoter regions to recapitulate the expression levels of the HCN4 and SERCA2 

genes, both belonging to the second type of CpG island promoter (CpG island sizes are 2108bp 

and 1735bp, respectively), does reflect the higher regulatory complexity of this category of 

promoters. 

This seems an important result, as it contrasts with the new regulatory mechanism we 

have described for KChIP2. Studies on the mechanism of evolution of gene regulation had 

frequently identified distal enhancers as the mediator of regulatory changes (Carroll 2005; 

McGregor et al. 2007; Rebeiz et al. 2009; Chan et al. 2010). However, our studies on the 

KChIP2 gene had revealed a new mechanism for the evolution of gene regulation, which is 

primarily determined by the CpG island core promoter (Chapter 3 & Chapter 4). It seems the 

evolutionary mechanism of HCN4 and SERCA2 has fallen into the classical category of 
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enhancer-mediated evolution and the core-promoter based mechanism is not valid for these 

genes. 

The comparative genomics strategy, exclusively used in my dissertation research, 

facilitates identification and exclusion of unimportant cis-regulatory regions, based on sequence 

conservation. For example, both the 5’-deletion clones of Kv4.3 and SERCA2 successfully 

eliminated unnecessary regions based on this strategy (Fig. 3&4). However, for identification of 

distal elements, other techniques may be more effective and efficient. Recent advances on high-

throughput sequencing-based whole genome DNase I hypersensitivity site analysis and 

transcription factor binding region analysis (ChIP-seq, which combines chromatin 

immunoprecipitation with high-throughput sequencing), provided a wealth of new information 

on the cis-regulation of the genome (Bernstein et al. 2012). A better understanding of the HCN4 

and SERCA2 gene regulatory function and the identification of distant cis-regulatory elements 

for these genes can be achieved by a combination of the available whole-genome cis-regulatory 

databases and techniques with comparative genomics tools. 
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Regulation of L-Type Calcium Channel 
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INTRODUCTION  

The robustness of biological systems reflects the ability of the system to maintain normal 

function following a significant perturbation (Wagner, 2007). For the cardiac 

electrophysiological system, robustness corresponds to the ability to maintain stable electrical 

function and excitation-contraction coupling following pathological, pharmacological or genetic 

insults to the system. Two broad classes of mechanisms can potentially contribute to the 

robustness of biological systems.  

One possibility is that feedback loops could monitor and maintain system states and 

actively respond to perturbation, as envisioned by classical control theory (Sauro, 2009). In 

principle, homeostatic feedback loops could act to maintain a specific state in 

electrophysiological systems, such as a particular action potential morphology or firing pattern, 

by regulating basal ion channel expression levels in a coordinated fashion. Such a mechanism 

requires very accurate monitoring of the state of the system in order to provide useful regulatory 

feedback (Liu et al, 1998). For the regulation of electrophysiological function and the expression 

of voltage-gated ion channels, only a limited amount of feedback information about the system 

state is available, primarily in the form of calcium fluxes, and this information may be 

inadequate to regulate the relatively large number of different components in the system (Rosati 

and McKinnon, 2004).  

Alternatively, the networks that underlie a particular biological function could have 

evolved to be relatively stable in response to at least some perturbations and thereby maintain 

function without the requirement to accurately monitor the overall system state. In principle, the 

biosynthetic networks that underlie the expression of functional channels in the cell membrane 
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could function in this way (Rosati and McKinnon, 2004). Robust biosynthetic networks could act 

to maintain electrical stability by buffering channel expression levels during a variety of 

disturbances affecting mRNA or protein expression levels, without directly monitoring 

electrophysiological function.  

Surprisingly, this second form of robustness appears to be relatively rare. Heterozygous 

null mutations of the SCN5A, KCNQ1, KCNH2 and KCNJ2 genes in humans all produce 

haploinsufficiencies due to destabilization of cardiac electrical function (Sanguinetti et al, 1996; 

Chen et al, 1998; Wang et al, 1999; Fodstad et al, 2004). Similarly, heterozygous knockouts of 

the SCN5A and KChIP2 genes in mice produce an approximately 50% reduction in the 

expression of the INa and Ito currents respectively, in cardiac myocytes (Kuo et al, 2001; 

Papadatos et al, 2002). Null mutations in one allele of multiple different ion channel genes 

expressed in mouse brain also result in significant reductions in basal channel expression or 

related impairments of electrophysiological function (Planells-Cases et al, 2000; Ahern et al, 

2001; Osanai et al, 2006; Yu et al, 2006; Brew et al, 2007; Tzingounis and Nicoll, 2008). 

Although most ion channels have relatively complex biosynthesis pathways (Deutsch, 2003; 

Delisle et al, 2004), it appears that for many physiologically important channels there is no 

mechanism that acts to maintain stable basal channel expression levels following the loss of one 

allele.  

It was argued previously that heterozygous knockouts of ion channel genes are a good 

system in which to study the robustness of basal ion channel expression in vivo (Rosati and 

McKinnon, 2004). A valid criticism of conventional knockout technology is that mutations that 

are present throughout the course of development can modify normal development and ion 
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channel expression, thereby confusing interpretation of the results seen in the adult. For this 

reason, we have used an inducible knockout system in the current study.  

The Cav1.2 gene, which encodes the vast majority of the L-type calcium current in the 

adult heart (Bodi et al, 2005; Rosati et al, 2007), was chosen to study because prior studies 

suggest that expression of this channel is relatively robust in many pathophysiological conditions 

affecting ventricular function, at least in comparison to most other ion channels (Beuckelmann et 

al., 1991; Schroder et al, 1998; He et al, 2001; Chen et al, 2002; Piacentino et al, 2003; Tomaselli 

and Marban, 1999; Pitt et al, 2006).  
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MATERIALS & METHODS 

Homozygote and Heterozygote Inducible Knockout Mice 

Mice bearing two loxP sites flanking exon 2 of the Cav1.2 (CACNA1C) gene (“floxed” 

allele) have been described previously (White et al, 2008). These mice were bred with transgenic 

mice carrying a transgene comprised of an α-MHC promoter driving a tamoxifen-inducible Cre 

recombinase (Mer-Cre-Mer), which targets expression of this recombinase to the heart (Sohal et 

al, 2001). To simplify the production of mice for experimental analysis, mice homozygote for 

both the floxed Cav1.2 gene and the transgene (Cav1.2
f /f

 and Cre
+/+

) were bred. Homozygosity 

was confirmed by breeding the homozygous mice with wild-type animals and then verifying 

heterozygosity of the pups. Through selective breeding of these animals, mice that carried the 

Cre transgene and were either homozygous or heterozygous for the floxed Cav1.2 allele were 

obtained for the experiments.  

There was no leakage of Cre activity and Cav1.2 gene recombination was undetectable in 

heart tissue prior to tamoxifen treatment. Recombination following tamoxifen treatment was 

cardiac tissue specific, and was not observed in non-cardiac tissues.   

In the standard experimental protocol, Cav1.2 gene knockout was induced in 6-7 week-

old mice of either sex by i.p. injection of approximately 100 μl of 10 mg/ml tamoxifen free base 

(Sigma T5648) in peanut oil (Sigma P2144) per day for 5 consecutive days. After the end of the 

injection period the mice were left for 2-3 weeks to allow for decay of mRNA and protein 

products from the targeted gene before subsequent analysis. This time interval was judged to be 

adequate based on the survival time of the homozygous mice (6.9 ± 3 days). This waiting period 

also allowed for wash-out of any acute effects of the tamoxifen treatment, if present.  
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For the study of Cav1.2 mRNA and protein decay times, the standard tamoxifen 

treatment protocol was modified in two ways in order to better synchronize gene knockout. The 

mice were placed on a soy-free diet for 1 week before receiving a single injection of tamoxifen 

(50 mg kg
−1

 day
−1

). These two changes were taken in order to minimize the overlap between the 

tamoxifen treatment period and the decay of Cav1.2 protein. The soy-free diet may improve the 

effectiveness of the tamoxifen treatment, since it does not contain phyto-oestrogens, which 

means that the Cav1.2 protein decay time may not be directly comparable to the survival times 

observed using the standard protocol.  

It has been suggested that induction of Cre recombinase expression (Koitabashi et al, 

2009) can induce transient cardiomyopathy. Our lab obtained more efficient gene ablation than 

described in this report using a lower tamoxifen dose. Under our experimental conditions, no 

changes in calcium channel or auxiliary subunit gene expression were observed in tamoxifen 

treated Cre mice (Cre
+/-

), nor were there significant changes in the expression of the calcium 

handling genes SERCA2A, phospholamban or NCX1 in the experimental mice (not shown). 

Notably, even in the tamoxifen treated heterozygous knockout mice there was no change in 

cardiac contractile function.  

 

Genotyping  

To assess the outcome of breedings, mouse genomic DNA was extracted from 2-3 mm 

long toe or tail biopsies using phenol extraction. To confirm genotypes in animals sacrificed for 

biochemical or electrophysiological experiments, genomic DNA was prepared from liver tissue 

using the DNeasy Tissue Kit (Qiagen).  
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Genotyping was performed using real-time PCR. This allowed to reliably rule out false 

positive results due to contamination of the PCR assay. The complete genotyping procedure 

consisted of separate assays to identify the knock-in (“floxed”) allele, the wild-type allele and 

knock-out allele following recombination. The following primer pairs were used: 

Cre recombinase:  

3’CATTTGGGCCAGCTAAACAT 5’ and 3’TAAGCAATCCCCAGAAATGC 5’;  

Cav1.2 knock-in allele:  

3’ GGGGGAACTTCCTGACTAGG 5’ and 3’ ATCTTTGGTTCAGGGATGCTT 5’;  

Cav1.2 wild-type and knock-out alleles:  

3’ GTTCCTGCAATAGCTTGAGGG 5’ and 3’ CATGGAGTCTGGGGGGAGGTC 5’. 

Primers directed against the Kv1.2 gene were used as an internal control for 

normalization between samples (3’ TGGCTTCTCTTTGAATACCCAGA 5’ and 3’ 

TTGCTGGGACAGGCAAAGAA 5’). A positive and a negative control sample were included 

in each experiment.  

 

Echocardiography 

Transthoracic echocardiography was performed in anesthetized animals (1-2% 

isoflurane) using a Vevo 770 ultrasound device (VisualSonics, Canada) with a 30-MHz 

transducer. The Vevo Measurement and Calculations software package was used to generate left 

ventricular measurements and calculations derived from the tracings of the collected 

echocardiographic data. The following parameters were obtained using M-mode transthoracic 

views: left ventricular end-systolic diameter (LVESD), left ventricular end-diastolic diameter 
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(LVEDD), ejection fraction (EF). Contractile function was calculated as fractional shortening = 

(LVEDD – LVESD)/LVEDD x 100%.  

 

Analysis of Calcium Channel Subunit mRNA Expression 

Analysis of mRNA expression was performed using real-time PCR as described in 

Chapter 2 . For RNA isolation, mice were euthanized with halothane and the hearts were quickly 

removed. The left ventricular free wall and septum were dissected and frozen in liquid N2. Total 

RNA was prepared using Qiagen RNeasy columns with DNase treatment. RNA samples were 

quantitated, re-diluted to give nominally equal concentrations and quantitated a second time 

using spectrophotometric analysis. Human RNA samples were obtained from two independent 

commercial suppliers (Ambion, Inc., Austin, TX, USA and BioChain Institute Inc., Hayward, 

CA, USA). 

cDNAs were prepared from a starting RNA amount of 5 μg per sample. In vitro reverse-

transcription was performed as described previously (Rosati et al, 2004). Real-time PCR was 

performed using the SYBR Green QuantiTect PCR Kit (Qiagen) with a 7300 Real-time PCR 

System (ABI). Experimental samples were analyzed in triplicate. Threshold crossing points were 

converted to expression values automatically (Larionov et al, 2005). Real-time PCR products 

were analyzed by gel electrophoresis and sequenced to confirm specificity of the amplification. 

Gene expression across RNA samples was normalized using 18S and 28S rRNAs as internal 

controls.  

Multiple primer pairs were used to analyze expression of every gene tested in order to 

detect primer dependent artifacts. The results from each primer pair were averaged. For 
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quantitation of the Cav1.2 gene, the following primer pairs were used:  

(1) 3’ATGCCAACATGAATGCCAAT 5’ and 3’CCATTCAACAATGCTTATGCAC 5’;  

(2) 3’ CAGCTCATGCCAACATGAAT 5’ and 3’ TGCTTCTTGGGTTTCCCATA 5’;  

(3) 3’ CTACTCCAGGGGCAGCACT 5’ and 3’ TTTCCATTCAACAATGCTTATG 5’.  

 

Detection and Quantitation of Cav1.2 Protein by Western Blot 

Protein samples were prepared from tissue samples that were frozen in liquid N2 and then 

homogenized in ice-cold lysis buffer (50 mM Tris-HCl, pH 7.4), containing several protease 

inhibitors (Complete Mini Protease Inhibitor Cocktail tablets, Roche). The homogenates were 

cleared by centrifugation at 1,000g at 4°C for 10 minutes. The supernatant was then centrifuged 

at 48,000g at 4°C for 45 minutes. The pellet containing membrane proteins was resuspended in 

lysis buffer and rehomogenized and sonicated to get complete resuspension. Protein samples 

were quantitated, re-diluted to give nominally equal concentrations and quantitated a second time 

colorimetrically (BCA, Pierce). 

Samples, 2.5 µg of membrane proteins in LDS Sample Buffer (Novex, Invitrogen) with 

10% DTT, were heated at 70°C for 10 min, prior to loading on a pre-cast 4-12% Bis-Tris gel 

(NuPage, Invitrogen). Electrophoretic separation of the proteins was carried out in SDS-MOPS 

Running Buffer. Proteins were then blotted onto PVDF membranes. After a blocking step, the 

membranes were incubated overnight at 4°C in blocking solution with the primary antibodies 

(anti-Cav1.2, 1:200, Alomone Labs, Cat#ACC-003 and anti-actin (internal control), 1:1,000, 

Chemicon, Cat# MAB1501). Incubation in alkaline phosphatase-conjugated secondary 

antibodies (Tropix, Applied Biosystems, 1:10,000, anti-rabbit for the Cav1.2 or anti-mouse for 

Actin) was performed at RT for 1 hour. The membranes were exposed to chemiluminescent 
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substrate (CSPD, Tropix, Applied Biosystems) and luminescence was quantified using a Kodak 

Image Station 440CF. 

 

Mouse Ventricular Myocyte Isolation 

Cardiac myocytes were isolated from the ventricles of 9-11 week-old mice using a 

method described previously (Rosati et al, 2008). Mice were euthanized by intraperitoneal 

injection of 100 mg/kg of sodium pentobarbital. The heart was quickly removed and rinsed in 

three changes of cold Basic Solution (BS) (112 mM NaCl, 5.4 mM KCl, 1.7 mM NaH2PO4, 1.6 

mM MgCl2, 4.2 mM NaHCO3, 20 mM HEPES, 5.4 mM glucose, 4.1 mM L-glutamine, 10 mM 

taurine, Minimal Essential Medium vitamins and amino acids, pH 7.4) containing 20 units/ml of 

heparin. The aorta was cannulated using a 22-gauge blunt needle and the heart was rinsed with 

oxygenated BS containing 1 mg/ml 2,3-butanedione monoxime at 37°C on a Langendorff 

apparatus for 10 minutes. Digestion of the myocardium was performed using 36 g/ml Liberase 

Blendzyme 4 (Roche) in oxygenated BS for 5-7 minutes. After digestion, the heart was rinsed in 

KB solution (74.56 mM KCl, 30 mM K2HPO4, 5 mM MgSO4, 5 mM pyruvic acid, 5 mM -

hydroxybutyric acid, 5 mM creatine, 20 mM taurine, 10 mM glucose, 0.5 mM EGTA, 5 mM 

HEPES and 5 mM Na2-ATP, pH 7.2). The atria were subsequently trimmed off and the 

ventricles were minced in KB. The tissue was collected in a 15 ml conical tube and further 

dissociated by gentle trituration. The cell suspension was filtered through a 210 µm nylon mesh 

and allowed to sediment. The pellet was washed once in KB before the cells were used.  

Recording of Calcium Currents 
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Only rod-shaped calcium-tolerant myocytes were used for electrophysiological 

recordings, which were performed at room temperature (23°C). Gigaseals were obtained using 

1.5-3 M borosilicate glass pipettes and whole-cell L-type Ca
2+

 currents (ICa,L) were measured 

in voltage-clamp mode using an Axopatch 200A amplifier with a Digidata 1322A digitizer and 

the pClamp 8 software package (all from Axon Instruments). The experimental recording 

conditions for ICa,L have been previously described (Rosati et al, 2008). Briefly, the internal 

solution contained (mM): Cs-aspartate 115, CsCl 20, EGTA 11, HEPES 10, MgCl2 2.5 and Mg-

ATP 2 (pH 7.2). The Na
+
- and K

+
-free bath solution contained (mM): TEA-Cl 137, CsCl 5.4, 

CaCl2 2, MgCl2 1, HEPES 5, glucose 10 and 4-aminopyridine 3 (pH 7.4). For ICa,L peak 

determination, the current was activated from a holding potential of -50 mV by 10 mV steps, 

ranging from -50 to +60 mV. The maximum absolute value of the current obtained (in pA) was 

divided by the cell capacitance (in pF).  

 

di-8-ANEPPS Staining and Confocal Imaging 

Glass bottom dishes (MatTek Corporation) were coated with poly-D-Lysine (1mg/ml, 

Sigma) and laminin (0.1mg/ml, BD Biosciences) for 30 minutes at 37°C. A suspension of 

isolated myocytes was added to the coated glass bottom well, incubated for 1h at room 

temperature (RT) and then rinsed once with KB. The cells were then stained in 75 μM di-8-

ANEPPS (Invitrogen). Confocal imaging was performed after a 10-minute incubation and a 

subsequent wash with KB. 



 

 177  

Imaging was performed on an Olympus Fluoview FV1000 microscope, with a 488 nm 

excitation wavelength for di-8-ANEPPS. X-Y scan images (10.0 µs/pixel) were Kalman-

averaged twice. Data analysis was performed using custom routines written in Matlab.  

 

Kinetic Model and Data Fitting 

The kinetic model was coded using Python and the data values were fitted using a 

Simplex search algorithm from a standard Python library.  

Five free parameters were used for data fitting: k1, k4, d1, K (the saturation constant) and 

a constant, which scaled the number of active channels to the peak current density. The other rate 

constants in the model were constrained as follows: k2 = k1/4, k3 = k1∙2, k5 = k4∙10, d2 = d1/40. 

These constraints were chosen to produce a predominance of inactive channels in the cell 

membrane, as suggested by charge movement measurements (Bean and Rios, 1989; Hadley and 

Lederer, 1991), and to produce a higher rate of degradation of the Cav1.2 protein in its 

unassembled form relative to the assembled forms, which has been demonstrated in some 

channel biosynthesis systems (Merlie and Smith, 1986). It was assumed that the channel 

assembly step (k2) was saturable, with Michaelis-Menten kinetics. Without this assumption 

Cav1.2 protein and current levels would scale linearly and infinitely with the amount of Cav1.2 

mRNA, which is biologically unrealistic. The transport to the cell membrane step is also likely to 

be saturable, but adding this feature to the model had little relatively little effect and was omitted 

for simplicity.   
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RESULTS…….. 

Validation of the Inducible Knockout System Using Homozygous Floxed Cav1.2 Mice 

Homozygous floxed Cav1.2 mice (also transgenic for a cardiac-specific tamoxifen-

inducible Cre recombinase) were used to confirm that both the genetic modification and the 

tamoxifen treatment worked as expected. Homozygous mice were treated for five days by i.p. 

injection of 100 μl of tamoxifen in peanut oil (33 mg/kg/day). As expected for a complete 

deletion of the Cav1.2 gene, the tamoxifen-treated mice died rapidly following treatment. 

Homozygous animals had an average survival time of 6.9 ± 3 days (mean ± S.D., n = 14) 

following the five day injection period (Fig. 1A). This time interval presumably reflects in part 

the decay times of the Cav1.2 mRNA and proteins following gene knock-out. No mice injected 

with peanut oil alone (the drug vehicle) died during the same time period, and these mice had 

long-term viability (tested up to two months). 

Mice examined within 2 days of death using echocardiography displayed a profound 

decrease in myocardial contractility, as assessed by fractional shortening, consistent with a large 

reduction in calcium current expression (Fig. 1B and C). There was also a significant increase in 

ventricular end diastolic volume (Fig. 1D).  
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Figure 1. Effect of homozygous Cav1.2 knockout on survival and cardiac function 

(A) Kaplan–Meier cumulative survival plot of homozygous floxed Cav1.2 mice also expressing 

a tamoxifen-inducible, cardiac-specific Cre recombinase. Mice were treated for five days by i.p. 

injection of 100 μl of tamoxifen in peanut oil (10 mg/ml). Average survival time was 6.9 ± 3 

days (mean ± S.D., n = 14) after the end of the injection period. No control mice died during the 

same time period. B. Echocardiographic analysis of control and homozygous floxed Cav1.2 mice 

following tamoxifen injection. Histograms show average data for fractional shortening (C) and 

end-diastolic volume (D) for control and tamoxifen treated homozygous floxed Cav1.2 mice. 

Data are from tamoxifen treated mice within 2 days of death and control mice following peanut 

oil (drug vehicle) injection tested during the same time period. Error bars are SEM and n = 8 and 

6 respectively. In both cases values for treated animals were significantly (P<0.001) different to 

control values. 
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To analyze mRNA and protein expression in the homozygous mice, the physiological 

status of tamoxifen-treated mice was followed longitudinally using echocardiography and mice 

were sacrificed and tested for mRNA and protein expression when fractional shortening fell 

below 5%.  

In the tamoxifen-treated homozygous mice, Cav1.2 mRNA expression was reduced to 

11±1% relative to controls (Fig. 2A). Assuming that Cav1.2 mRNA expression is restricted 

solely to myocytes expressing the -MHC gene, then, based on the mRNA results, the efficiency 

of gene deletion is approximately 89% under our experimental conditions. If non-trivial amounts 

of Cav1.2 mRNA are expressed in non-myocytes in the ventricle wall, then the efficiency would 

be somewhat higher.  

There was a very limited compensatory increase in Cav1.3 mRNA expression in the adult 

homozygous Cav1.2 knockouts (Fig. 2B), much smaller than has been described in embryonic 

hearts using conventional Cav1.2 knockouts (Xu et al, 2003). Notably, Cav1.3 mRNA 

expression remained more than an order of magnitude smaller that that required to compensate 

for the loss of Cav1.2 mRNA expression (Fig. 2C). Expression of other members of the Cav1 

gene family, as well as Cav3 family genes, also remained at similarly low, or lower, levels 

relative to Cav1.2 gene expression in control hearts (not shown).  

Cav1.2 protein expression in homozygous mice was analyzed by western blotting. 

Because linearity can be a problem with these assays, a range of conditions were tested in order 

to optimize the assay. The assay for Cav1.2 protein detection was found to be linear over the 

range 0-3 μg of membrane protein per sample (Fig. 2D). For all subsequent experiments, 2.5 μg 

of membrane protein were used in each independent sample.  
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There was a dramatic reduction in Cav1.2 protein expression in the homozygous animals 

(Fig. 2E and F). Cav1.2 protein was expressed at low but detectable levels in the hearts of 

homozygous knockout animals with severely compromised cardiac function. The average level 

of expression was 19 ± 9% of control values (mean ± s.e.m, n = 10 and 6 for control and treated 

animals respectively). This result confirms the specificity of the Cav1.2 antibody used in the 

western blot assay. A complete loss of Cav1.2 protein would not be expected under these 

conditions because the mice were sacrificed before the protein had declined to baseline levels, 

which are clearly not consistent with survival.   



 

 182  

 

 

 

 

Figure 2. Effect of homozygous Cav1.2 knockout on calcium channel mRNA and protein 

expression 

(A) Analysis of Cav1.2 mRNA expression in the left ventricles of homozygous Cav1.2 KO mice. 

Cav1.2 mRNA abundance was reduced to 11 ± 1% of control values in homozygous tamoxifen 

treated mice (P<0.0001, n = 7). (B) Cav1.3 mRNA expression in the left ventricles of 

homozygous Cav1.2 KO mice was increased 59% compared to controls (P<0.01). (C) 

Comparison of the relative levels of Cav1.2 and Cav1.3 mRNA expression in control and 

homozygous KO mice. (D) Standard curve for Cav1.2 detection by western blot analysis, 0-3 μg 

of membrane protein was used in assay. Data points are means ± s.e.m (n = 6). Error bars are 

hidden by the symbols. (E) Western blot analysis of Cav1.2 protein expression in the left 

ventricles of control and tamoxifen-treated homozygous Cav1.2 KO mice. The upper band 

corresponds to Cav1.2 protein and the lower band to actin, which served as an internal control 

for equal lane loading. (F) Histogram showing average data for homozygous KO mice. Cav1.2 

protein abundance was reduced to 19 ± 9% of control values in homozygous mice (n = 10 and 6 

for control and treated animals respectively). 
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Analysis of Heterozygous Floxed Mice Following Induction of Cav1.2 Gene Deletion 

The effect of tamoxifen treatment appears to reach completion within 2 weeks following 

the end of tamoxifen injections (Fig. 1A). As a consequence, all physiological and biochemical 

experiments on heterozygous mice were performed 2 to 4 weeks after the completion of the 

tamoxifen injections. In contrast to the results for the homozygous mice, no heterozygous mice 

died during this 2-4 week period following tamoxifen injection. No fatalities were observed in a 

subset of treated heterozygous mice that were examined over a longer 2 month period.  

Again, in contrast to the results for the homozygous mice, echocardiographic analysis of 

cardiac function in the heterozygous floxed Cav1.2 mice revealed no differences in the 

functional properties of the hearts between control and treated animals. Fractional shortening 

was unchanged (25.3±1% versus 25.1±1% for control and treated animals respectively, mean ± 

s.e.m, n = 11 and 12) nor was end-diastolic volume significantly changed (65±2.5 μl versus 

65±2.8 μl, mean ± s.e.m, n = 11 and 12 respectively).  

 

Calcium Current Expression in Heterozygous Cav1.2 KO Mice 

There was no change in peak current density in myocytes obtained from control and 

tamoxifen-treated heterozygous floxed mice (Fig. 3A). There was no significant difference in 

cell capacitance between the two groups (146 ± 51 vs. 127 ± 38 pF for control and tamoxifen 

treated respectively, mean ± SD, n =27 and 21).  

The biophysical properties of the currents in the tamoxifen treated animals were also 

unchanged (Fig. 3B). The I-V relationships for currents obtained from the two sets of mice are 
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virtually identical (Fig. 3C). The rate of inactivation and steady-state inactivation curves are 

similarly unchanged (Fig. 3D and E).  

In summary, there was no significant change in ICa,L density or any of the tested 

biophysical properties in myocytes from the heterozygous knockout mice compared to controls.  

 

Figure 3. Effect of heterozygous Cav1.2 knockout on L-type calcium current expression 

and function 

(A) Bar graph comparing peak calcium current expression in ventricular myocytes obtained from 

heterozygous floxed Cav1.2 mice treated with peanut oil alone (control) or with tamoxifen (7.2 ± 

1 and 7.3 ± 1 pA pF
−1

, n = 27 and 21 respectively, mean ± SEM). Error bars are SEM. (B) 

Recordings of calcium currents from myocytes obtained from control and tamoxifen-treated 

mice. Holding potential was −50 mV, and currents were elicited by voltage steps over the range 

−30 to +10 mV. (C) Normalized I–V curves for ICa,L in ventricular myocytes from control and 

tamoxifen-treated mice. (D) Inactivation time constants for ICa,L. The data were fitted with a 

biexponential curve with two time constants (τf and τs). (E) Steady-state inactivation for ICa,L. 

Data were fitted with Boltzmann curves (V1/2 = −21.6 ± 1.3 and −21.4 ± 0.4; k = 6.2 ± 0.5 and 

5.6 ± 0.2; n = 11). Data points are means ± SEM, and symbols are control (blue triangles) and 

tamoxifen-treated (red squares). Recordings were made on myocytes obtained from mice 3–5 

weeks after the initiation of tamoxifen injections.   
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Reduced Cav1.2 mRNA and Protein Expression in Heterozygous Cav1.2 KO Mice 

Cav1.2 mRNA expression in the left ventricle of heterozygous floxed mice treated with 

tamoxifen or with peanut oil alone was compared using real-time PCR. In tamoxifen-treated 

heterozygous mice Cav1.2 mRNA expression was reduced to 58% relative to controls (Fig. 4A). 

This value was not significantly different to the value of 55.5% interpolated from the 

homozygote mouse data, assuming a similar efficiency for recombination and negligible non-

myocyte Cav1.2 mRNA expression. This suggests that there is no significant compensation of 

mRNA expression from the remaining intact Cav1.2 allele in the heterozygous knockout mice.  

There was a modest but significant (P < 0.001) reduction in Cav1.2 protein expression in 

tamoxifen-treated heterozygous mice relative to control animals. Cav1.2 expression in 

tamoxifen-treated animals was 79 ± 2% of controls (mean ± s.e.m, n = 19 and 18 for control and 

treated animals). There was no change in actin expression in these same tissue samples. 

Expression of actin, which acted as the internal control, was 101 ± 2% of control values (mean ± 

s.e.m, n = 19 and 18 for control and treated animals).  

 

No Change in Cav1.2 Related Gene Expression in Heterozygous Knockout Mice 

The expression of genes whose upregulation could potentially explain the unchanged 

levels of ICa,L found in heterozygous Cav1.2 knockout mice was examined. In particular, no 

change in Cav1.3 mRNA expression was found following heterozygous Cav1.2 gene knockout. 

Cav1.1 and Cav1.4 mRNAs were expressed at very low or undetectable levels. Similarly, no 

change in Cavβ2, Cavα2δ-1 and Cavα2δ-2 mRNA was observed. These mRNAs encode 
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auxiliary subunits that have been shown to cause an increase in Cav1.2 current or to be 

associated with the alpha subunit in cardiac myocytes (Bodi et al, 2005).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Effect of heterozygous Cav1.2 knockout on calcium channel mRNA and protein 

expression 

(A). Analysis of Cav1.2 mRNA expression in the left ventricles of heterozygous Cav1.2 KO 

mice was determined using real-time PCR. Cav1.2 mRNA abundance was reduced to 58 ± 3% of 

control values in heterozygous mice (P < 0.0001, n = 13 and 10 respectively). Error bars are 

SEM B. Western blot analysis of Cav1.2 protein expression in cell membranes from the left 

ventricles of control and tamoxifen-treated heterozygous Cav1.2 KO mice. Upper band 

corresponds to Cav1.2 protein and lower band to actin, which served as an internal control. 

Histograms show average data for Cav1.2 (C) and actin (D) expression. Cav1.2 protein 

abundance was reduced to 79 ± 2% of control values in heterozygous mice (P < 0.0001) whereas 

actin expression was unchanged (n = 19 and 18 for control and treated animals, respectively).  
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Disruption of T-tubule Network Structure in Homozygous but not Heterozygous Knockout 

Mice 

A majority of calcium channels are located in the T-tubule membrane (Scriven et al, 

2000) and changes in channel expression could potentially be reflected in changes in this 

structure.  

There was significant disruption of the T-tubule network in the Cav1.2 homozygous 

knockout mice (Fig. 5A). In contrast, no change was observed in the heterozygous mice. A 

spatial fast Fourier transform, which is a sensitive measure of the regularity of T-tubule structure, 

was used to analyze the data. T-tubules form at the Z-line in a regular pattern on an 

approximately 2 μm grid and this organization is reflected in the peak seen in the spatial power 

spectrum at 1/2 μm
-1

, and at multiples of this value (Fig. 5B). The power in this peak is greatly 

reduced in cells from the homozygous knockout mice (Fig. 5C) but is unchanged in the 

heterozygous knockout mice (Fig. 5D).  

The disruption of the T-tubule network structure observed in the homozygous mice is 

very striking. It may either reflect a direct dependency of the T-tubule structure on Cav1.2 

channel expression or be secondary to the heart failure induced by Cav1.2 loss. For the 

heterozygous knockout mice, there is no change in the T-tubule network structure and 

compensation of calcium current expression is clearly unrelated to changes in T-tubule structure.  
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Figure 5. Analysis of T-tubule networks in control, homozygous and heterozygous Cav1.2 

KO mice 

(A) Images of the T-tubule network in isolated myocytes were obtained using confocal 

microscopy and di-8-ANEPPS staining. The images were inverted to improve the clarity with 

which the T-tubule network can be seen. There is reduced regularity of the T-tubule network in 

the cells from the homozygous KO mice and an increased number and length of longitudinal 

elements, relative to the control. (B) Spatial power spectrum for cells from untreated 

homozygous floxed mice, homozygous and heterozygous Cav1.2 KO mice. The plots show 

power (y-axis) as a function of spatial frequency (x-axis) with a strong peak at 

approximately1/2μm
-1

 and multiples thereof. (C) Average power at the first peak (≈1/2μm
-1

) in 

the spatial power spectrum of myocytes from untreated homozygous floxed mice and 

homozygous knockout mice (P<0.0001, n = 12 and 10 respectively). (D) Average power at the 

first peak in the spatial power spectrum for untreated heterozygous floxed mice and 

heterozygous knockout mice. There was no significant difference in the means (n = 28). Data 

points are means ± SEM  
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Effects of Blockade of the Calcium Current on Cav1.2 mRNA and Protein Expression 

It has been proposed that calcium fluxes can actively regulate calcium channel 

expression, based on results using Verapmil treatment in vivo (Schroder et al, 2007). To test this 

possibility the effects of Verapamil treatment on Cav1.2 protein expression, were examined. In 

preliminary experiments, even relatively high doses of Verapamil (up to 25 mg/kg/day for 4 

days) had no effect on Cav1.2 protein expression. The highest dosage of Verapamil that could be 

tolerated without significant lethality was 75 mg/kg/day split into two daily doses. For mice 

injected subcutaneously with Verapamil (75 mg/kg/day for 3.5 days) there was no change in 

Cav1.2 protein expression relative to control animals (Fig. 6A). No change in Cav1.2 mRNA 

expression was observed in the same animals.  

Because of the voltage dependence of Verapamil blockade, there was some question as to 

whether even sublethal doses of the drug could effectively block the ventricular calcium channel 

in vivo. When examined using echocardiography, no significant change in cardiac contractility 

was observed in the drug treated animals (data not shown).  

 

Variation in Cav1.2 mRNA Expression 

The effective buffering of experimentally induced changes in Cav1.2 mRNA expression 

raised the possibility that relaxation of cis-regulatory control of Cav1.2 gene expression could 

potentially occur. One study of Cav1.2 mRNA expression in tissue samples from human 

ventricle has reported an unusually high degree of variablity, with a normalized mean and 

standard deviation of 100 ± 51 (Wang et al, 2006). A second study, also using human ventricle, 

found a much tighter distribution, 100 ± 30 (mean ± SD) (Gaborit et al, 2007).  
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In mouse ventricle no unusual variation in Cav1.2 expression 100 ± 17 (mean ± SD) (Fig. 

6C) is observed. The tighter distribution in mouse probably reflects the use of inbred animals and 

the more consistent age and condition of the tissue samples. Three human heart RNA samples 

(see Methods) were also examined and a relatively tight grouping of normalized expression 

values (119, 86, 95) were found. Although a small sample size, this result is not consistent with 

the very broad distribution of Cav1.2 mRNA expression levels described by Wang et al (2006).  

 

  

 
 

Figure 6. Effect of verapamil on Cav1.2 protein expression and variation of Cav1.2 mRNA 

in mice 

(A) Analysis of Cav1.2 protein following Verapamil treatment (75 mg/kg/day for 3.5 days). 

Histogram shows average data for Cav1.2 expression (100 ± 5 and 104 ± 9, n = 6 and 10 

respectively, mean ± SEM). Cav1.2 protein abundance was unchanged in Verapamil treated mice 

compared to control mice injected with the same volume of the vehicle (water). (B) Western blot 

analysis of Cav1.2 protein expression in cell membranes from left ventricles of control and 

Verapamil-treated mice. Upper band corresponds to Cav1.2 protein and lower band to actin, 

which served as an internal control. The higher molecular weight band above the Cav1.2 band is 

a non-specific signal detected intermittently by the anti-Cav1.2 antibody. (C) Histogram shows 

expression of Cav1.2 mRNA in 40 control mouse ventricles from 8-10 week old mice of either 

sex. The difference between the lowest and highest expressing animal was 2.4-fold with a 

normalized mean and standard deviation of 100 ± 17. Data are normalized to ribosomal RNA 

and expressed as a percentage of the mean.  
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Model of Cav1.2 Biosynthesis 

To begin to understand the biosynthesis of the Cav1.2 channel, the decay of the Cav1.2 

mRNA and protein was examined following gene knockout in homozygous mice (Fig. 6A and 

B). Induction of knockout in these experiments used a single tamoxifen injection at time zero 

(see Methods). The decay of Cav1.2 mRNA was quite rapid, with a time constant of 14.7 hours. 

The steady-state baseline value was 12%, similar to that observed using our standard knockout 

protocol (Fig. 2A). The decay of Cav1.2 protein was more complex, beginning after a noticeable 

delay. This delay suggests that only the later steps in the biosynthesis of the Cav1.2 subunit are 

effectively seen by the western blot assay. The early intermediates are either relatively rare, have 

short half lives or are not efficiently captured by the membrane protein preparation procedure.  

The results from the heterozygous knockout mice show that, relative to the reduction in 

Cav1.2 mRNA, calcium current density is buffered more effectively than total Cav1.2 protein 

(Fig. 3A and Fig. 4C). A simple model of channel biosynthesis (Fig. 6C) can account for these 

results, assuming that there is at least one saturating step in the biosynthetic pathway (see 

Methods). This model, when fitted to the current and protein data simultaneously, produces a 

good fit of the experimental data (Fig. 6B, D and E). The model predicts that there should be a 

small reduction in calcium current in the heterozygous knockouts that is within experimental 

error.  

The key feature of this model is that at least one step in the biosynthetic pathway is 

saturated under wild-type conditions (Fig. 6C). Without the assumption of at least one saturable 

step, Cav1.2 protein and current levels would scale linearly and infinitely with the amount of 

Cav1.2 mRNA. The complex dependency of calcium channel expression on multiple subunits 

(Bodi et al, 2005; Kobayashi et al, 2007) suggests that the assembly step is likely to be limiting, 
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as assumed in the model. It is notable that calcium current expression is also buffered following 

reduction of Cavβ2 subunit expression in adult mice (Meissner et al, 2009), which is consistent 

with the assembly step also being saturated for Cavβ2. The large mismatch between calcium 

channel gating charge and the number of functional channels in the cell membrane (Bean and 

Rios, 1989; Hadley and Lederer, 1991) and the resultant relatively high level of channel 

expression in the cell membrane suggests that transport to the cell membrane may also be 

saturated.   
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Figure 7. Decay of Cav1.2 mRNA and protein following homozygous Cav1.2 knockout and 

a model of Cav1.2 channel biosynthesis  

(A) Decay of Cav1.2 mRNA in homozygous knockout mice following a single tamoxifen 

injection (see Methods). Data points show mean ± SEM (n = 3–7). Data were fitted with a single 

exponential: τ = 14.7 h, baseline = 0.12. (B) Decay of Cav1.2 protein in the same mice shown in 

(A). Curve was fitted using the kinetic model shown in panel (C). (C) Kinetic model of Cav1.2 

channel biosynthesis. The amount of the four forms of the Cav1.2 protein plus total assembled 

Cav1.2 protein is plotted as a function of the amount of Cav1.2 mRNA. Total assembled Cav1.2 

protein corresponds to the Western blot measurements shown in Fig. 4C and the corresponding 

fit is shown in panel (D). Active protein corresponds to the number of functional channels 

corresponding to peak calcium current shown in Fig. 3A and the corresponding fit is shown in 

panel (E). Data for peak current following overexpression of Cav1.2 mRNA also shown in panel 

E are taken from Muth et al. (1999). Note that total protein and peak current have different 

dependencies on the amount of Cav1.2 mRNA. The small decline in peak calcium current 

predicted by the model for the heterozygous knockout mice would not be readily detected 

experimentally. Values are expressed relative to control levels and in some cases the symbols 

obscure the error bars. Fit parameters were: k1 = 0.029 h
−1

, k4 = 0.032 h
−1

, K (the saturation 

constant) = 0.0092. The decay rate for the assembled protein was taken from the fit to the protein 

decay data shown in panel B, d2 = 0.012 h
−1

. The other parameters were constrained by these 

values (see Methods).   
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DISCUSSION…….. 

The effects of conditional knockout of the Cav1.2 gene in mouse heart were studied. The 

homozygous Cav1.2 knockout is lethal, without evidence for any effective compensatory 

responses in the adult heart. In contrast, following heterozygous knockout of the Cav1.2 gene in 

the adult heart, expression of the L-type calcium current is maintained at close to control levels. 

In marked contrast to previous studies on the heterozygous knockout of cardiac channel genes 

(Kuo et al. 2001; Papadatos et al. 2002), L-type calcium current expression is effectively 

buffered following deletion of one allele of the Cav1.2 gene. There are two alternative 

mechanisms that could account for this result.  

One possibility is that the maintenance of stable calcium current expression following 

genetic perturbation is an intrinsic property of the channel biosynthetic network. Such a 

mechanism does not necessarily require either monitoring of electrophysiological function nor 

any form of feedback loop in order to effectively buffer channel expression. Even a very simple 

model of the calcium channel biosynthetic pathway (Fig. 7) can account for the data. Although 

this model undoubtedly lacks some features of the actual pathway, it is reasonable to consider 

this kind of mechanism to be the null hypothesis before evaluating other, more complicated 

alternatives.  

The alternative hypothesis is that L-type calcium current expression levels are maintained 

by a feedback loop. Three potential feedback mechanisms could regulate calcium channel 

expression.  

First, changes in cardiac function could result in feedback via the sympathetic nervous 

system modifying the function of existing channels, as has been proposed to occur during heart 
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failure (Schroder et al. 1998; Chen et al, 2002). Significant changes in the biophysical properties 

of ICa,L have been reported under these conditions (Chen et al, 2002). No change in the 

biophysical properties of the calcium current was observed in the present study (Fig. 3), 

suggesting that sympathetic feedback is unlikely to be a major compensatory mechanism.  

A second possibility is that the calcium channel C-terminal tail, which can act as a 

transcription factor, might form part of a feedback loop to regulate expression of the channel at 

the level of transcription (Gomez-Ospina et al, 2006; Schroder et al, 2009). In the current study, 

buffering of calcium current expression following loss of one Cav1.2 allele is predominantly 

post-transcriptional. There is no significant increase in transcription from the remaining Cav1.2 

allele or from auxiliary subunit genes, suggesting that changes in gene regulation are of limited 

importance.  

A third possibility is that calcium flux through the channel might provide a feedback 

signal that can be monitored to regulate Cav1.2 channel expression. Based on evidence obtained 

using the calcium channel blocker verapamil, it has been suggested that reduced calcium influx 

can trigger an increase in Cav1.2 channel expression (Schroder et al, 2007). No effect of 

Verapamil on Cav1.2 mRNA or protein expression is observed. These results are in agreement 

with multiple prior studies showing that there is no change in calcium channel protein expression 

following Verapamil treatment, as assessed by dihydropyridine binding analysis (McCaughran 

and Juno, 1988; Lonsberry et al, 1992; 1994; Chapados et al, 1992).  

Moreover, the use of calcium fluxes to regulate basal calcium channel expression in a 

negative feedback loop may be inherently problematic (Rosati and McKinnon, 2004). In such a 

system, a sustained fall in calcium influx would result in a compensatory increase in current 

expression and a return to normal levels of calcium influx. Because calcium fluxes are the only 
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established linkage between electrical activity and cell signaling/transcription, this mechanism 

would eliminate most of the useful information available to the cell about its own electrical 

activity, effectively short-circuiting this signaling pathway. It would seem more valuable to have 

the calcium channel and the fluxes that it mediates function as an independent indicator of 

electrical function, thereby preserving the information from calcium fluxes for other regulatory 

functions. The central role of the calcium channel in cell signaling is what makes this channel 

such a strong candidate for the evolution of a robust network to maintain basal channel 

expression levels relatively stable.  

There may be particular selective pressure to maintain stable expression of the calcium 

channel in cardiac myocytes. This channel has an unusually complex role in the physiology of 

the myocyte and this creates multiple constraints on the optimal size of the calcium current. At a 

minimum two criteria constrain the upper and lower bounds of normal calcium current 

expression. The current must be large enough to trigger excitation-contraction coupling (Rosati 

et al, 2008) but not so large as to result in calcium overload (Muth et al, 2001; Rosati et al, 

2008). These relatively tight constraints on calcium current expression may create selective 

pressure for the evolution of mechanisms that produce more effective buffering of channel 

expression than is seen for many other channels (Kuo et al, 2001; Papadatos et al, 2002; Planells-

Cases et al, 2000; Ahern et al, 2001; Osanai et al, 2006; Yu et al, 2006; Brew et al, 2007; 

Tzingounis and Nicoll, 2008).  

There are clearly limitations associated with the reliance on a passive buffering 

mechanism. A 280% increase in Cav1.2 mRNA expression in transgenic mice is buffered to a 

more modest 30-50% increase in calcium current (Muth et al, 1999; 2001). This increase is large 

enough, however, to induce hypertrophy, presumably secondary to calcium overload, which 
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ultimately leads to heart failure, indicating an effective failure of the buffering system (Muth et 

al, 1999; 2001; Wang et al 2009). A true homeostatic feedback system would be able to maintain 

close to constant levels of current expression over this relatively modest range of mRNA values. 

It is possible that the Cav1.2 heterozygous knockout mice will also be more prone to pathologies 

than wild-type mice, due to reduced calcium channel protein expression, when examined for 

longer time periods or under more stressful conditions. 

The lack of effective response to the homozygous knock-out of the Cav1.2 gene is also 

revealing. This is a life-threatening situation, where reasonable compensatory solutions exist, 

either up-regulation of expression of Cav1.3, which is expressed at relatively high levels in 

normal embryonic heart, or up-regulation of other Cav1 or Cav2 genes. In addition, there are 

several potential feedback signals, including dramatically reduced calcium flux, contractility and 

cardiac output. Despite these apparently favorable circumstances, there is no effective 

compensatory response. Clearly, there is no generalized homoeostatic regulatory system that can 

respond to changes in channel expression and/or physiological function in order to mediate a 

useful compensatory response.  

Genetic mutations affecting the cardiac electrophysiological system are relatively rare in 

natural populations and are unlikely to have been a significant factor affecting the evolution of 

robustness in this system. This rarity almost certainly accounts in large part for the general 

fragility of the cardiac electrophysiological system to these kinds of genetic perturbations 

(Sanguinetti et al, 1996; Chen et al, 1998; Wang et al, 1999; Fodstad et al, 2004). Genetic 

mutations, either natural or experimentally induced, can however reveal the robustness or 

fragility of a system to non-genetic perturbations (Wagner, 2004). The stability of calcium 

current expression following heterozygous Cav1.2 gene deletion suggests that there has been 
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strong selective pressure to develop mechanisms to maintain stable levels of basal calcium 

current expression, either during the course of normal physiology or in common pathological 

conditions affecting the heart.  
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Chapter 7: 

 

Summary and Discussion 
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The results presented in this dissertation demonstrate that the cardiac electrophysiological 

system is an ideal system for the study of the evolution of gene regulatory function. The 

relatively simple physiology of the heart allowed us to study the evolution of expression of 

several cardiac ion channel genes, in a systematic way. It is concluded that the evolution 

mechanisms described for the developmental systems can also be applied to the physiological 

system, using the cardiac cellular electrophysiological system as an example (Chapter 2). We 

showed that regulatory evolution is the predominant mechanism for the evolution of mammalian 

cardiac electrophysiological system and we suggested that cis-regulatory evolution plays a key 

role in this process, supporting the conclusions drawn from the “evo-devo” studies, as described 

in Chapter 1.  

On the other hand, at difference with the “evo-devo” principles, our studies on the 

KChIP2 gene revealed novel molecular mechanisms of evolution (Chapter 3). In particular, we 

demonstrated that CpG island promoters can be the main elements responsible for evolution of 

species-specific expression of genes (in our case, ion channel genes), independently from other 

distant regulatory elements. This finding brings important insights on the functions of this 

prevalent but understudied class of gene promoters.  More details about this aspect will be 

discussed below.  

Focusing on the KChIP2 CpG island promoter, we successfully identified nucleotide-

level changes that are responsible for the species-specific changes, using species that are very 

closely related in the muroid clade (Chapter 4). In particular, the ~120bp region surrounding the 

transcription start site was shown to be the primary region for the evolution of KChIP2 cis-

regulatory function in the hearts of these species and only eight (or less) nucleotide changes in 

this region were identified to determine the species-specific variation.  
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Except for the species-specific variation, the evolution of tissue-specific variation in gene 

expression was also addressed. Surprisingly, the CpG island promoter also showed a tissue-

selective function (Chapter 3). However, expression of KChIP2 in the brain is apparently more 

complicated than the cardiac expression, additionally requiring the Intron1 regions for its 

regulation (Chapter 4). The KChIP2 gene was concluded to be a valuable system for the study of 

mammalian gene regulation for its complex expression phenotypes (species-dependent, tissue-

dependent and region-dependent variations) that are approachable for study. Further studies on a 

few other ion channel genes that are also implicated in the scaling of cardiac electrophysiological 

system - Kv4.3, HCN4 and SERCA2 - showed the difficulty of studying cis-regulatory evolution 

in most mammalian genes and the advantage of the KChIP2 for having a relatively compact gene 

structure (Chapter 5).  

Chapters 2-5 largely focus on transcriptional regulation. In Chapter 6, we studied the 

post-transcriptional regulation of the L-type calcium channel, which was shown to have robust 

regulation under pathological conditions and appears to be different to most other ion channels 

genes whose expression levels are hardwired in the genome (Chapter 1). By examining the 

response to changes in Cav1.2 gene dosage in adult mice, it was found that L-type calcium 

channel biosynthesis involves one or more saturated steps, which act to buffer changes in both 

Cav1.2 channel protein and L-type calcium current expression (Chapter 6).  

In the following paragraphs, I would like to first discuss similarities between the cardiac 

electrophysiological system and developmental system and analyze the reasons why the same 

conclusions are reached for the mechanisms of their evolution. Then I will emphasize on the 

novel mechanism of core-promoter-mediated evolution found in KChIP2 and the importance of 

the CpG island promoter. And finally, possible future directions are discussed.  
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PARALLELING WITH EVO-DEVO: REGULATORY 

EVOLUTION IN THE CARDIAC ELECTROPHYSIOLOGICAL 

SYSTEM 

Based on hypotheses about mechanisms of evolution proposed by evolutionary 

developmental biology (“evo-devo”) studies, we analyzed the relative importance of regulatory 

evolution (the evolution of gene regulation) versus structural evolution (the evolution of protein 

structure and function) in determining the evolution of a physiological system - the cardiac 

electrophysiological system.  

Similarly to developmental systems, regulatory evolution was shown as the primary 

mechanism for the evolution of the cardiac electrophysiological system. This result was 

expected, based on two key similarities between the two systems: (1) both systems have a large 

and essentially computational component and (2) due to pleiotropy, structural evolution has the 

potential to create significant problems in both systems. In addition, like the developmental 

systems, cis-regulatory evolution is the specific primary mechanism for regulatory evolution in 

the electrophysiological system. 

 

Computational Nature of the Cardiac Electrophysiological System 

Previous studies on proteins acting in physiological systems, such as light-sensitive 

rhodopsins (Yokoyama 2002), melanocortin receptors in skin patterning (Logan et al. 2003) and 

olfactory/taste/pheromone receptors (Fischer et al. 2005; Grus et al. 2005; Niimura and Nei 

2007) have proposed structural evolution as the main mechanism for evolution of physiological 
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systems. A limitation of these studies is that they are focusing on individual molecules that are 

expressed in highly-specialized tissue-type. In order to really understand the evolution of a 

physiological system, it is important to study the system as a whole rather than focusing on 

individual molecules.  

The cellular electrophysiological system of ventricular myocytes, for example, produces 

various complex processes such as generation of an action potential, triggering of a cell 

contractile response, maintenance of specific ion concentrations by ionic pumps and transporters, 

among the most notable ones. Such processes are controlled by several proteins that function in a 

coordinated and interdependent fashion. In order to study the mechanism of the evolution of such 

a complex system as a whole, it is important to first define the nature of the tasks that this system 

is performing, that is, whether computational or physical (Rosati and McKinnon 2009).  

A biological system can evolve either through structural evolution or regulatory 

evolution, or both. The relative contribution of either mechanism will be determined by the 

relative balance of physical and computational tasks that a biological system has to perform. 

Physiological systems that directly interface with the environment will almost always perform 

some kind of physical task, like the examples given in the beginning. In the majority of these 

cases, structural evolution will be required for the tasks themselves to evolve. 

In contrast, the cardiac electrophysiological system is clearly a computational one. The 

scaling of cellular electrophysiological properties of the heart with body size essentially relies on 

changes in the output of its computational function (square pulse generator, Chapter 1, Fig. 3). 

We studied evolution of this system as a whole by focusing on the changes in two related traits 

across the mammalian phylogeny (action potential morphology and action potential duration) 
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and revealed that regulatory evolution is the predominant evolution mechanisms, as expected for 

a computational system.  

 

Constrained Protein Sequence and Function in the Cardiac Electrophysiological System 

The advantage of regulatory over structural evolution is that it is able to avoid pleiotropic 

effects. The importance of pleiotropy as a constraint favoring regulatory evolution in 

developmental systems has been discussed at length (Stern, 2000; Carroll, 2005) and essentially 

identical arguments can be applied to electrophysiological systems. In brief, both systems depend 

on a large, but relatively fixed, set of proteins that are broadly expressed in a large number of 

highly differentiated cell types. As a consequence, structural evolution, by changing the function 

of a protein that is important for the function of a range of differentiated cells, has a high 

probability of producing pleiotropic effects. In contrast, regulatory evolution, particularly the 

evolution of cis-regulatory modules, can produce cell type specific effects, thereby avoiding, or 

limiting, pleiotropic effects.  

Ion channels form a large gene family in most animals (Moulton et al, 2003; Yu and 

Catterall, 2004), nonetheless there is a relatively small number of channels compared to the very 

large number of distinct types of excitable cells in a typical animal. In particular, there is an 

enormous number of phenotypically distinct neurons (Stevens, 1998; Bota et al, 2003). Most 

electrically excitable cells express a large fraction of the total number of ion channel genes 

(Dixon and McKinnon, 1996; Gaborit et al, 2007). As a consequence, there are relatively few 

voltage-gated ion channels that are restricted to a single cell type and the constraints on channel 

function are relatively tight for the majority of voltage-gated channels.  
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A comparisons of amino acid sequences of the major ion channels between mouse and 

human (Chapter 2, Fig. 8) revealed the highly constrained nature of protein sequence in the 

cardiac electrophysiological system. Most of the proteins are highly conserved with a sequence 

similarity above 90% between mouse and human (Chapter 2, Fig. 8).  

Although sequence identity is only a rough measure of the conservation of channel 

function, the high level of sequence similarity supports the hypothesis of a highly constrained 

function for these genes. As shown in Chapter 2, although expressed at a different level, the 

biophysical properties of the KCNQ1 and KCNH2 channels in guinea pig do not change 

compared to a larger species (human). Similarly, the L-type calcium current function remains 

unchanged in all species, although its expression levels vary with the animal body size. The 

KCNH2 (Kv11.1 in Figure 8 of Chapter 2) and the Cav1.2 channels have a sequence similarity 

between mouse and human of 96% and 94% respectively and they are not among the most 

conserved channels. KCNQ1 (Kv7.1 in Figure 8 of Chapter 2) has a sequence identity of 90%, 

which is lower than the average. Yet, for all these channels, no functional differences are caused 

by the differences in amino acid sequence between species. To further support these observations, 

we have compared the function of an even less conserved channel, Kv1.5 (86% sequence 

similarity) from either mouse or human, using a heterologous expression system. Again, despite 

the relatively large sequence differences, no significant change in function was observed 

between these orthologous channels (Chapter 2, Fig. 3).  

In conclusion, under pleiotropic constraints, the coding sequences and functional 

properties of ion channels in the mammalian electrophysiological system have remained 

relatively unchanged during evolution. Given the conserved nature of mammalian ion channel 

coding sequences and gene number, regulatory evolution has to be the primary mechanism used 
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for the generation of different electrophysiological phenotypes during the course of evolution in 

most mammalian electrophysiological systems.  

 

Cis-Regulatory Evolution in the Cardiac Electrophysiological System 

As mentioned above, our studies on the evolution of the cardiac electrophysiological 

system revealed a similarity with the evo-devo theories, in that cis-regulatory evolution, rather 

than reorganization of transcription factor networks, emerges as the primary mechanism in 

regulatory evolution. These results were obtained by analysis of the molecular basis of two 

simple traits - the evolution of ventricular action potential morphology and the species dependent 

variation in the expression of the KChIP2 and Kv4.3 gene.  

In the case of ventricular action potential morphology, the step-wise change in 

transcriptional activity of the Kv2.1 and Kv4.2 proximal promoter regions that occurs between 

small rodents and large mammals closely matches the expression pattern of mRNA and the 

corresponding repolarization currents and it is therefore responsible for the triangular action 

potential morphology found in the hearts of smaller mammals. In the case of the KChIP2 gene, 

the highly variable pattern in cardiac KChIP2 mRNA expression among mammalian species is 

recapitulated by the variation in cis-regulatory function of the KChIP2 proximal promoter region. 

And for the Kv4.3 gene, the changes in the cis-regulatory function between mouse and guinea 

pig matched with the cardiac mRNA expression in these species. 

 

  



 

 208  

EVOLUTIONARY ROLE OF CpG ISLAND PROMOTERS  

Despite the many similarities between the evolution of cardiac electrophysiology and 

developmental systems, one of our results on the cis-regulatory mechanisms of evolution is 

completely novel. In particular, the evolutionary changes in the cardiac KChIP2 expression 

almost completely reside in the core promoter of this gene, rather than being driven by cis-

regulatory changes in distal elements, as described in the evo-devo models of gene regulation 

(Carroll 2005).  

 

Enhancer-Mediated Cis-Regulatory Evolution 

The cis-regulatory regions for any given gene include the following elements: promoters, 

enhancers, insulators, silencers and locus control regions (Maston et al. 2006). Among these, the 

promoters and enhancers are the best-recognized elements, key to the regulation of gene 

expression. A transcript is correlated with a single promoter but its expression is usually 

regulated by multiple enhancers (Arnone and Davidson 1997; Panne 2008). The distinction 

between promoter and enhancer elements has been vague in the roles they play during evolution 

and the cis-regulatory evolution has also been called “promoter evolution” (Wray et al. 2003; 

Hoekstra and Coyne 2007). Here, we would like to make a distinction between the promoter-

mediated and enhancer-mediated cis-regulatory mechanisms. The central role of core promoters 

as the binding site of RNA polymerase and integration center of regulatory signals can impose a 

certain level of constraint on the evolution of these regions (Donald and Cashmore 1990; Munoz-

Antonia et al. 1996; Jarrard et al. 1998; Butler and Kadonaga 2002). In contrast, there is more 
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flexibility in changing the function of enhancers (Ludwig et al. 2000; Crocker et al. 2008; Visel 

et al. 2009; Crocker et al. 2010; Spivakov et al. 2012).  

Enhancers are best known for their control of tissue-specificity and timing of gene 

expression (Struhl 2001). The highly specific nature of their function in transcriptional regulation 

lends enhancers to the fine-tuning of gene expression (Crocker et al. 2008; Crocker et al. 2010), 

while avoiding the problem of pleiotropy during evolution. This is also the advantage of cis-

regulatory evolution over rewiring of the transcription factor network (Wray et al. 2003; Oliveri 

et al. 2008). Evo-devo studies have revealed plenty of systems, in which gain and loss of distal 

enhancers fine-tune the transcription process during evolution (Carroll 2005; McGregor et al. 

2007; Rebeiz et al. 2009; Chan et al. 2010).  

 

CpG Island Core Promoter as the Main Contributor to Cis-Regulatory Evolution 

The finding that the KChIP2 core promoter alone can recapitulate the regulatory 

evolution of this gene in mammalian hearts, without the presence of distal enhancer elements, 

was surprising and remarkable. Even more surprisingly, we showed that this region also 

contributes to tissue-specific expression of the KChIP2 gene.  

What is special about the KChIP2 core promoter is the CpG-dinucleotide richness in its 

sequence – characteristic of CpG island promoters. CpG islands are a unique feature of the 

vertebrate genome (Tweedie et al. 1997; Glass et al. 2007; Sharif et al. 2010). These 200bp to a 

few kb long sequences seem to serve as landing marks for RNA polymerase II by distinguishing 

themselves from the vast sea of CpG-low and hyper-methylated genomic sequences (Duncan and 

Miller 1980; Bird 1987; Larsen et al. 1992; Ioshikhes and Zhang 2000). Different to all the other 
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known promoter elements that require a specific consensus sequence, for example, “TATAAA” 

for the TATA box promoter, CpG island promoters do not share a specific consensus sequence 

except for the CpG richness (Smale and Kadonaga 2003). The mechanism of transcription at this 

class of promoters is not known, but it is thought that the CpG island core promoter generally 

provides a platform for the binding of transcription factors and transcription initiation 

(Blackledge and Klose 2011). The relatively long length of CpG island promoters and the lack of 

sharing any consensus sequences (Butler and Kadonaga 2002) suggest that there is adequate 

freedom of change inside the sequence to fine-tune gene expression, hence its role in evolution 

as demonstrated in the KChIP2 gene.  

In addition to KChIP2, all the other genes whose cis-regulatory function we assayed in 

this research – Kv2.1, Kv4.2, Kv4.3, HCN4 and SERCA2 –also use CpG islands as their 

promoters. All the cis-regulatory regions tested in the luciferase reporter assays contain most or 

part of the CpG island promoters. Four (KChIP2, Kv2.1, Kv4.2, Kv4.3) out of the six genes had 

their CpG island promoter-containing regions showing patterns of cis-regulatory activity that 

match with their mRNA expression in the heart. In particular, the CpG island core promoter of 

the KChIP2 gene was isolated for study and was shown as the main contributor of cis-regulatory 

evolution of the gene. We hypothesize that the CpG island promoters can, more in general, 

contribute to the evolution of cis-regulatory function.  

 

Significance of the Role of the Core CpG Island Promoter in Cis-Regulatory Evolution 

 After examining all the important ion channel and transporter genes expressed in the 

heart in the UCSC genome browser, surprisingly, we found that more than 90% of them are 
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associated with a CpG island promoter (Chapter 1, Table 1). This means that the function of the 

cardiac electrophysiological system is primarily controlled by this class of promoters. Given the 

significant contribution of CpG island promoters to the evolution of the genes that were tested so 

far, this class of promoters seems also to be a key player in the evolution of the cardiac 

electrophysiological system.  

The importance of CpG island promoters in evolution was not recognized in evo-devo 

studies, probably due to the fact that some of the most widely used model organisms, such as 

Drosophila (Prud'homme et al. 2006; McGregor et al. 2007; Rebeiz et al. 2009; Frankel et al. 

2011) and fish (Colosimo et al. 2005; Chan et al. 2010), do not have or rarely use CpG island as 

promoters, in contrast to the ubiquitous use of CpG island promoters in mammals (Glass et al. 

2007; Sharif et al. 2010). In mammalian genome, more than half of the genes are found to be 

associated with CpG island promoters (Saxonov et al. 2006).  

Finally, I would like to comment on the significance of studying the CpG island promoter 

at the nucleotide level. As the largest class of promoters in mammals and the primary 

transcription sites of 72% of human protein-coding genes, it is surprising how little is known 

about the functional properties of CpG island promoters, in contrast to conventional promoters 

that contain a TATA box or other well defined localization elements for RNA polymerase II 

binding (Butler and Kadonaga 2002; Saxonov et al. 2006; Sandelin et al. 2007). As CpG islands 

usually lack methylation, they are frequently mentioned in epigenetic studies and have been 

associated with a few histone modifications (Fazzari and Greally 2004; Blackledge and Klose 

2011; Orlando et al. 2012). Nonetheless, the transcription mechanisms from this type of 

promoter are unknown. Our research has started to shed light on this topic, by dissecting the CpG 

island promoter function at the nucleotide level. We found that, as little as eight-nucleotide 
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changes in the KChIP2 CpG island promoter underlie the majority of species-specific differences 

in the cardiac expression of this gene between mouse and gerbil (Chapter 4, Fig. 8). The analysis 

the function of CpG island promoter at such high resolution can be highly informative about the 

mechanism of transcription at this class of promoters, by allowing identification of specific 

transcription factors that are obviously important for the transcription at this class of promoter.  

  



 

 213  

FUTURE DIRECTIONS 

Comparative genomics is a widely used approach in the study of molecular evolution 

(Wray et al. 2003; Meireles-Filho and Stark 2009). Making use of comparative genomics, we 

have analyzed the role of cis-regulatory evolution in the cardiac electrophysiological system. As 

there is no documented data on transcription factor binding in the regulatory regions we have 

studied and the bioinformatics transcription factor binding site prediction programs give too 

many false-positive results, the strategy of combining comparative genomics with deletion and 

swap assays appears to be the best way to identify potential functional cis-regulatory elements.  

Although comparative genomics can help refine the number and length of candidate cis-

regulatory regions, it is labor intensive, and can be inefficient in some cases (Ludwig 2002). In 

this approach, a candidate region that is most likely to contain important cis-regulatory elements 

is first chosen for analysis. In our case, we analyzed at first the 5’ upstream proximal promoter 

region of our genes of interest. For the Kv2.1, Kv4.2, KChIP2 and Kv4.3 genes, these cis-

regulatory regions contained at least some of the functional changes that occurred during 

mammalian evolution. When a relatively small number of functional cis-changes are identified, 

for example, the eight-nucleotide differences between mouse and gerbil, the bioinformatics tools 

then become extremely helpful in identifying the potential factors that are functioning in trans 

(Chapter 4, Fig. 17).  

With the advancement and application of high-throughput sequencing to whole genome 

studies (e.g. the ENCODE project, Bernstein et al. 2012), the availability of data from mRNA-

seq (which measures the transcription level for all genes in the genome), DNaseI-seq (which 

shows the genomic sequences that are protected from DNaseI digestion by transcription factor 
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binding), transcription factor ChIP-seq (which gives a genome-wide binding map for specific 

transcription factors) and others (e.g. FAIRE-seq for isolation of cis-regulatory elements, MRE-

seq and MeDIP-seq for methylated and non-methylated CpGs, etc.) can aid tremendously the 

search of cis-regulatory elements.  

However, caution must be used in relying on the data provided by these techniques, as 

the regulatory map of a given gene will be different in different cell types, developmental stages 

and biological/experimental conditions and, ultimately, the function of the candidate elements 

identified using these techniques has to be verified with functional experiments. Analysis of the 

cis-regulatory function of the candidate genomic region remains the most labor intensive step. 

Although researchers have tried to assay a large number of candidate regulatory regions at a time 

using high-throughput methods (Nam et al. 2010), the step of isolating and cloning each specific 

region cannot be avoided. Nonetheless, the availability of these high throughput data will help 

minimize the amount of work needed by allowing researchers to focus on the strongest candidate 

regions. 

In conclusion, new high throughput technologies and whole genome studies have 

provided a better vision of the genome regulatory map. It will be easier to select candidate 

regions to study the cis-regulatory function of mammalian genes. The availability of high-

throughput sequencing methods has also made it possible to more easily identify and study 

groups of genes involved in a specific function or disease. As the regulatory genomic maps for 

more organisms, other than mouse and human, are studied in the future, comparative genomic 

techniques will be no longer limited to the comparison of DNA sequence, but can be extended to 

the comparison of the regulatory maps therefore providing new and more global data on how 

these networks evolve and function.   
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