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Abstract 

L-type voltage gated Ca2+ channels (VGCC) play a critical role in regulating electrical and 

biochemical pathways in cardiac muscle. They also regulate gene transcription by 

controlling Ca2+ influx. The principal subunit of VGCC is associated with β auxiliary 

subunits (β1-β4), which regulate channel gating properties. A novel role of the β4 subunit has 

recently emerged in which it translocates to the nucleus and regulates gene transcription by 

interacting directly with nuclear proteins in cochlea and hippocampal neurons. Although β4 

subunit is expressed in heart, its direct involvement in regulating gene transcription has not 

been previously described.  

Here we report the localization of β4 subunit in nuclei of embryonic rat heart cells (H9c2) 

and that overexpression of β4 subunit increases the expression of a wide variety of 

endogenous genes related to antiviral activity. This includes genes in the downstream 

signalling of RIG-1 pathway such as RIG-1 and Irf7. Interferon stimulating genes such as 

Ifitm3 were also upregulated. In agreement with these findings, we found upregulation of 

the corresponding antiviral proteins by β4 subunit overexpression. Consistent with present 

findings, we observed that β4 subunit has antiviral activity: to reach this conclusion we 

infected H9c2 cells with the dengue virus and found that dengue infection levels were greatly 

reduced in H9c2 cells that overexpressed β4 subunit. We also found enhanced endogenous 

expression of β4 subunit both at mRNA and protein levels in response to Dengue virus 

infection and most importantly, cells in proximity to virus infected cells showed a positive 

translocation of β4 subunit to the nucleus. This suggests that a diffusible factor plays a role. 

In agreement with this possibility, we found that interferon treatment enhances expression 

of β4 subunit, and inhibition of Jak Stat pathway using jak1 inhibitor GLPG0634 reduced 

the expression levels of β4 subunit. 

In conclusion, these findings provide evidence that in response to Dengue virus infection of 

H9c2 cells, β4 subunit levels are increased. Infection also leads to β4 subunit translocation 

to nucleus where it regulates gene transcription of antiviral genes and mediates cellular 

resistance to viral infection. The JAK-STAT pathway is possibly involved in these effects.
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1. Introduction 

1.1 L-Type calcium channels 

Voltage-gated calcium channels (VGCC) are members of a superfamily of voltage-gated ion 

channels. VGCC are an important route of calcium entry into cardiac cells and are essential 

for converting electrical activity into biochemical reactions in excitable cells (Catterall et 

al., 2005). VGCC’s are classified into high-voltage activated (HVA) and low-voltage 

activated (LVA) channels (Carbone & Lux, 1987). Later VGCC’s are further classified into 

L, N, P/Q, R (HVA) and T (LVA) types based on their biophysical and pharmacological 

properties (Ellinor et al., 1993)(Table 1.1). Among these calcium channels, L-type calcium 

channels are critical in regulating calcium influx and further controls both excitation-

contraction coupling and cardiac excitability. VGCC’s are multimeric protein complexes 

consisting of four protein subunits: a principle pore forming α1 subunit and β, α2δ, γ 

auxiliary subunits which modulate trafficking and gating properties (Catterall, 2000) [Figure 

1]. The α1 subunit is composed of 4 homologous domains (I–IV), each containing six 

transmembrane segments (S1–S6).  

 

 

Figure 1.1: Schematic representation of VGCC showing the topology of the pore forming 

α1C subunit, and β, α2δ, γ auxiliary subunits (Catterall, 2000). 

 

In cardiac muscle, L-type Ca2+ channels are primarily encoded by the α1C subunit (Cav1.2) 

and is involved in wide variety of physiological cardiac functions such as muscle 

contraction, hormone secretion, and gene expression with possible contribution by α1D as 

well (Cav1.3) (Mikami et al., 1989; Taylor et al., 2014).  The pore-forming α1C subunit 

contains the voltage sensor and is the key component that determines the pharmacology and 
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channel identity, but its trafficking and functional properties are mainly regulated by 

auxiliary subunits. 

 

 

Classification based on     

             voltage                

   Biophysical 

  classification  

   Molecular 

classification 

     Structural 

  Nomenclature 

 

 

 

 

 

   High voltage activated  

         channel (HVA) 

 

 

 

 

 

 

 

 

      Low voltage-activated  

           channel (LVA) 

 

      L-type 

 

 

 

      P/Q type 

        

       N-type 

 

       R-type 

 

 

 

 

       T type 

        α1S 

        α1C 

 

        α1D 

        α1F   

 

       α1A 

 

       α1B 

 

       α1E 

 

       α1G 

 

       α1H 

 

 

        α1I 

         Cav1.1 

         Cav1.2  

          Cav1.3 

Cav1.4 

          Cav2.1 

 

          Cav2.2 

 

          Cav2.3 

 

          Cav3.1 

 

          Cav3.2 

 

 

          Cav3.3 

 

       Table 1.1: Classification of voltage-gated calcium channels (Ellinor et al., 1993) 

 

1.1.1 Auxiliary β subunit isoforms, expression and tissue distribution. 

Principal α1 subunit is tightly bound to cytosolic β subunits having a molecular weight of 

52 to 78 KDa coded by four Cacnb1-4 distinct genes. Each β subunit has its splice variants 

with different tissue distribution (Buraei & Yang, 2010) [Table 1.2]. Biochemical and 

primary sequence analyses indicate that the β subunits are hydrophilic in nature with no 

transmembrane segments. All four β subunits can dramatically enhance calcium channel 

currents when they are co-expressed in heterologous expression systems along with a Cav1 

or Cav2 subunit. 
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  β subunit 

 

                                      Tissue distribution 

   

       β1 

Expressed in the brain (cerebral cortex, habenula, hippocampus, and 

olfactory bulb), heart, skeletal muscle, spleen, and T cells, but not in 

kidney, liver, or stomach. 

       β1a Expressed exclusively in skeletal muscle 

 

       β1b Expressed in the brain (cerebellum and cerebral cortex), nerve endings at 

the neuromuscular junction and pancreas. 

      β1c Expressed in brain and spleen, but not in kidney, liver, muscle, or stomach 

      β1d Expressed in the heart. 

      β2 Expressed in brain (hippocampus–becoming the most abundant isoform 

there, cerebellum, pontine nucleus, substantia nigra, central grey, 

habenula, pineal gland, thalamic nuclei, cerebrum), heart, lung, nerve 

endings at the NMJ, T cells, and osteoblasts, but not in kidney, liver, 

pancreas, or spleen. 

     β2a Expressed in brain, heart, and aorta. 

     β2b Expressed in brain, heart, and aorta. It is the most abundant β isoform 

expressed in human heart. 

     β2c Expressed in brain and heart. 

     β2d,e Expressed in the heart. 

     β3 Expressed mostly in the brain (cerebellum, cerebral cortex, habenula, 

hippocampus, olfactory bulb, and striatum), but also in heart, aorta, 

kidney, lung, skeletal muscle, smooth muscle, spleen, thalamus, T cells, 

and trachea, but not in liver, pancreas, or testis. 

     β3 truncated Expressed in brain, heart, and aorta. 

     β4 Expressed in brain (cerebellum, brain stem, cerebral cortex, 

dentate gyrus, habenula, hippocampus, olfactory bulb, striatum, thalamus, 

and hypothalamus), kidney, nerve endings at the NMJ, ovary, skeletal 

muscle, spinal cord, T cells, and testis, heart, liver, lung, spleen, or 

thymus. 

     β4a Expressed in the spinal cord and cerebellum eye, heart and lung. 

     β4b Expressed in spinal cord, hippocampus, forebrain eye, lung and heart 

     β4c Expressed in the brain stem, cerebellum, eye heart and lung. 

     β4e Expressed in the brain cerebellum. 

                        Table 1.2:  Tissue distribution of β subunits (Buraei & Yang, 2010)    
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1.1.2 Structure of β subunits (members of MAGUK proteins) 

Based on amino acid sequence alignment, biochemical and functional studies, and molecular 

modeling, it was found that β subunit is a modular structure consisting of five distinct 

regions. The first V1 is N-terminal region, third V3 is HOOK region , and fifth V5 is C-

terminal region and is variable in length and amino acid sequence, whereas the second C2 

and fourth C4 regions are highly conserved and are homologous to the Src homology 3 

(SH3) and guanylate kinase (GK) domains, respectively (see Figure 1.3). The existence of 

an SH3-HOOK-GK module places β subunit in a family of proteins called Membrane-

Associated Guanylate Kinases (MAGUKs). 

Guanylate Kinases catalyze the formation of ADP and GDP from ATP and GMP. The 

general structural features of GK domain are well-preserved in the β subunit GK domain but 

structural variations exist in the catalytic site, and many key catalytic residues are absent 

in β subunit GK domain. Thus, GK domain of β subunit is catalytically inactive. Instead, β 

subunit GK domain has evolved into a protein interaction module, binding tightly to 

principal α1 subunit through its high-affinity interaction with the alpha interacting domain 

(AID). 

All β subunits bind to the 18 amino acid AID in the I–II linker of Cav1 and Cav2 α1 subunits 

(Chen et al., 2004)(Figure 1.2). Single mutations of several conserved residues in the AID, 

including Y10, W13 and I14, significantly weaken the AID–Cavβ interaction in vitro and 

reduce or abolish Cavβ-induced stimulation of Ca2+ channel current in heterologous 

expression systems. A 31-amino acid segment of Cavβ, referred to as the β-interacting 

domain (BID), had been described as the main binding site for the AID. The BID was able 

to enhance slightly Ca2+ channel current and modulates gating (De Waard et al., 1994). 

 

 

Figure 1.2: Alpha Interacting domain (AID). Residues forming the AID are in bold, and 

those involved in interactions with the -subunit are in red, with the three most critical 

residues underlined (Chen et al., 2004). 
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In general, SH3 domains have a well conserved and compact fold consisting of five 

sequential β-strands assembled into two orthogonally packed sheets and are characterized 

by its interaction with particularly proline-rich motifs. They mediate specific protein-protein 

interactions by binding to PxxP-containing motifs in target proteins, through a surface 

formed by a cluster of highly conserved hydrophobic residues. The HOOK region is variable 

in length and amino acid sequence among the β subunit subfamilies. In the crystal structures, 

a large portion of the HOOK is unresolved due to poor electron density, indicating that it 

has a high degree of flexibility. The HOOK region plays a significant role in regulating 

channel inactivation.  

The amino and carboxyl termini of β subunit are highly variable in length and amino acid 

composition. There is yet no structure available for β subunit C-terminus. However, an NMR 

structure of the NH2 terminus of β4 subunit was solved recently, revealing a fold consisting 

of two α-helices and two antiparallel β- sheets (A. C. Vendel et al., 2006). 

 

1.1.3 β4 subunit isoforms, tissue distribution and subcellular localization 

The β4 subunit was cloned for the first time by Castellano et al. in 1993. So far, four splice 

variants of β4 subunit have been identified (β4a, β4b, β4c, β4e) and β4b  was the first detected and 

it is a large size 519 amino acids isoform and molecular weight of 58 kDa. Helton and Horne 

in 2002 identified β4a and it is shorter than β4b and varies in the N-terminal region. β4c subunit 

was first time identified by Hibino in 2003 and is similar to β4a, lacking a complete C-

terminal end. Solmaz Etemad et al. in 2014 discovered another N-terminal splice variant β4e 

from mouse brain cerebellum (Figure1.3). 
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             Figure 1.3: Different splice variants of β4 subunit (Solmaz Etemad et al. 2014) 

Thomas D. Helton et al. in 2002 reported a different pattern of distribution for β4a and β4b in 

the human central nervous system (CNS). β4a was distributed throughout evolutionarily 

older regions of the CNS, β4b was concentrated heavily in the forebrain (Helton et al., 2002). 

In the year 2006 Vendel et al. examined the expression of β4a and β4b in cerebellar cortex 

however immunohistochemistry experiments revealed that distribution of β4a and β4b are 

different. β4a is expressed in the molecular layer, at the synapse level, in the cerebellum 

whereas β4b is expressed in cell bodies of Purkinje cells and glia Bergmann ( A. C. Vendel 

et al., 2006). In the same year, Colecraft et al.  identified β4b subunit in the nucleus of rat 

cardiomyocytes when they exogenously over expressed GFP-tagged β4b using adenoviral 

vectors (Colecraft et al., 2002). On the other hand, Foel et al. in 2004 reported the 

endogenous expression of β4b in canine cardiomyocytes with preferential distribution in 

surface sarcolemma (J. D. Foell et al., 2004). Other studies shown that β4b was identified in 

the cerebellar cortex and the deep cerebellar nuclei regions subcellular studies demonstrated 

that β4b was concentrated in the nuclei of Purkinje cells and granule cells (Subramanyam et 

al., 2009). 

  A new splice variant β4c was discovered in chicken by Hibino et al. in 2003. β4c splice 

variant corresponds to truncated form of β4a subunit.  Its tissue distribution was analyzed 

using RT-PCR, and they found that β4c in the brain, spinal cord spinal, eyes and heart. 

Subcellular localization studies revealed that β4c was identified in the nucleus of tsA201 cells 

when they overexpressed with GFP-tagged β4c (Hibino et al., 2003). More recently, the same 
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group has detected β4c in the human brain and the vestibular nuclei of neurons (Xu et al., 

2011). 

Recently in 2014, Solmaz Etemad et al. identified a new splice variant β4e, which is lacking 

N-terminus and is highly expressed in mouse cerebellum and cultured cerebellar granule 

cells. Compared with the other two known full-length β4 subunit variants (β4a and β4b), the 

β4e subunit is most abundantly expressed in the distal axon but lacks nuclear-targeting 

properties (Etemad et al., 2014). 

 

1.1.4 Voltage-gated calcium channels in regulating gene transcription 

Calcium  acts as a second messenger, and it has been implicated in a variety of biological 

functions such as proliferation, protein synthesis, and differentiation, but it also engaged in 

more specific cell functions like muscle contraction, neurotransmitter release, electrical 

excitability, and synaptic plasticity. Calcium levels are relatively high in the extracellular 

space (1 to 2 mM). A strict spatiotemporal control of the intracellular concentration of Ca2+ 

is required to allow this second messenger to get involved in a wide variety of cell functions. 

Ca2+ homeostasis is regulated by different channels, localized both at the plasma membrane 

and intracellular organelles that permit elevation of cytosolic calcium. VGCC are one of 

such channels that are localized in the plasma membrane and control the entry of Ca2+ into 

the cell. In general, three different signalling pathways link VGCC and gene expression have 

been described.  

 

The first pathway involves VGCC that control the entry of calcium into the cell and regulate 

the activity of cytoplasmic calcium-binding proteins that propagate the information to the 

nucleus and modify gene transcription. Morgan JI et al. in the year 1986 delivered first such 

evidence and found that chronic depolarization of pheochromocytoma (PC12) cells induces 

an increase in c-fos expression levels. This effect was blocked by nisoldipine, an L-type 

channel inhibitor, as well as by trifluoroperazine or chlorpromazine, two antagonists of 

calmodulin. It was therefore concluded that cytoplasmic Ca2+ elevation driven by L-type 

calcium channels turns on a calmodulin-dependent expression of c-fos (Morgan & Curran, 

1986). This study pointed out that this entry pathway of Ca2+ is relevant for the gene 

regulation  and activation of particular genes. 
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The second pathway involves VGCC controlling the calcium influx that directly moves to 

the nucleus, where it interacts with proteins related to gene transcription. Two modes of 

nuclear accumulation of Ca2+ have been explained. On the one hand, Ca2+ from L-type 

channels activate surrounding calmodulin that then translocates and accumulates in the 

nucleus (Mermelstein et al., 2001). Nuclear calmodulin plays a role in the activation of 

nuclear proteins such as CaMK. On the other hand, Ca2+ entry following electrical activation  

induces Ca2+ release from internal stores allowing propagation of the Ca2+ signal from the 

periphery of the cell to the nucleus. In both cases, VGCC control the influx of calcium which 

further enters the nucleus and regulates gene transcription by binding to calcium binding 

proteins.  

 

In striking contrast to these two routes, the third pathway involves an entirely new concept 

of VGCC function where calcium channel domains act as transcription factors. Indeed, it 

was demonstrated that domains of VGCC, either a complete subunit or a fragment of a 

subunit directly relocate to the nucleus under certain circumstances and directly participate 

in gene regulation. The very first evidence that this might be the case came from a study of 

Hibino and collaborators in 2003 (Hibino et al., 2003). In this work, the authors 

demonstrated that a short particular splice variant of β4, termed β4c, interacts with 

heterochromatin protein 1γ (CHCB2/HP1γ), a nuclear protein involved in gene silencing 

and transcriptional regulation (Eissenberg et al., 1990). The interaction between β4c and 

CHCB2/HP1γ is required for nuclear translocation of β4c, and furthermore, β4c dramatically 

reduced the gene silencing activity of heterochromatin protein 1γ (Hibino et al., 2003). 

In a separate study it was demonstrated that  a proteolytic fragment of the C-terminus of the 

pore-forming subunit of L-type channels (Cav 1.2) encodes a transcription factor (Gomez-

Ospina et al., 2006). This domain is called calcium channel associated transcriptional 

regulator (CCAT). Using antibodies that recognize C-terminus of Ca 1.2, the authors 

demonstrated the occurrence of CCAT in the nucleus of neurons from developing and adult 

brains. The transfer of CCAT out of the nucleus is activated by an increase in intracellular 

Ca2+ resulting from L-type calcium channel opening. CCAT was found allied with 

p54(nrb)/NonO, a nuclear protein that plays a role in changing the transcription downstream 

of the neuronal Wiscott Aldrich Protein. Using oligonucleotide microarray, they recognised 

many genes that are down- or up-regulated by CCAT. Among the regulated genes (using 

luciferase reporter assays) they showed that CCAT enhanced the promoter activity of 

Cx31.1 gene.  
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Recently in 2015, Ling Lu et al. reported that the C-terminus of Cav1.3 translocates to the 

nucleus of atrial myocytes where it functions as a transcriptional regulator to modulate the 

function of Ca2+ activated potassium channels (Lu et al., 2015). Intracellular Ca2+ directly 

regulates nuclear translocation of the C-terminal domain of Cav1.3. By using a Cav1.3 null 

mutant mouse model, they demonstrated that knockout of Cav1.3 results in a reduced protein 

expression of myosin light chain 2, which interacts with and increases the membrane 

localization of Ca2+ activated potassium channels. 

 

1.1.5 Auxiliary β subunits directly involved in regulating gene transcription. 

 

 The β subunits are involved in several functions such as trafficking of principle α1 subunit 

to the plasma membrane, promoting VGCC gating resulting in an overall enhancement of 

current. The β subunits interact with the ryanodine receptor in the sarcoplasmic reticulum of 

muscle cells and is critical for excitation–contraction coupling. β subunits interact directly 

with many intracellular proteins that regulate VGCC function. In recent times, it has become 

evident that these complete VGCC β subunits relocate to the nucleus under certain 

circumstances and are directly involved in gene regulation (Buraei & Yang, 2013)( 

Figure1.4). 
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Figure 1.4: Major functions of β subunits (Buraei & Yang, 2013). 

 

Jackson Taylor and co-authors in 2014 reported the localization of β1a subunit in the nucleus 

of proliferating muscle progenitor cells (MPC) under both endogenous and overexpressed 

condition. Loss of β1a expression impaired MPC expansion in vitro and in vivo and caused 

widespread changes in global gene expression, including up-regulation of myogenin (Taylor 

et al., 2014).  They also found that β1a subunit localizes to the promoter region of some 

genes, preferentially at non-canonical (NC) E-box sites. β1a subunit binds to a region of the 

myogenin promoter containing an NC E-box, suggesting a mechanism for inhibition of 

myogenin gene expression. Similar observations were made on another β subunit as well. 

Yun Zhang et al. in 2009 reported that β3 subunit was translocated into the nucleus of HEK 

293T cells when they co-transfected with Pax6(S), splicing isoform of a transcription factor 

that belongs to the paired box (Pax) family (Pax6) (Zhang et al., 2010) in addition, using 

luciferase reporter assays they found that β3 subunit is able to suppress the transcriptional 

activity of Pax6(S) by 50%. 
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Hibino et al. in 2003 reported nuclear localization and transcriptional activity of truncated 

form of β4 subunit (β4c). However nuclear localization of complete β4 subunit came into 

focus only when two independent studies reported the localization of β4b subunit in adult rat 

cardiomyocytes (Colecraft et al., 2002) and hippocampal neurons (Subramanyam et al., 

2009). Tadmouri et al. in 2012 studied the nuclear function of β4b subunit and reported its 

involvement in transcriptional activity in hippocampal neurons (Tadmouri et al., 2012). 

 β4b subunit translocation from the cytoplasm to the nucleus is observed during neuronal 

differentiation. This translocation depends on β4b structural integrity and more precisely on  

the interaction between the β4b SH3 (Src Homology 3) and GK (Guanylate Kinase) domains. 

β4 nuclear translocation is conditioned by its association with a partner: the regulatory 

subunit of phosphatase protein 2A (PP2A), B56δ. Membrane depolarization induces β4 

channel uncoupling and association with B56δ. Thus, β4 migrates to the nucleus forming a 

complex with B56δ/PP2A. A further study on gene expression analysis generated by 

microarray studies comparing profiles of lethargic mice, considered as spontaneous β4 

knockout with wild-type mice cerebellum was done. This study described the influence of 

β4 on the repression and the activation of certain genes. Particularly, β4 strongly repressed 

tyrosine hydroxylase (TH) gene expression. In the nucleus, β4 interacts with a transcription 

factor: the thyroid hormone receptor. This association allows β4/B56δ/PP2A complex to 

target the TH gene promoter (Tadmouri et al., 2012).  

            Subcellular distribution of β4 subunit in cardiomyocytes remains controversial. 

Colecraft et al. in 2002 demonstrated the significant distribution of β4 subunit in the nucleus 

of adult rat cardiomyocytes when they overexpressed with GFP-tagged β4 subunit using 

adenoviral vectors (Colecraft et al., 2002). On another hand in 2004, Foell and their group 

reported the endogenous expression of β4 subunit restricted to the plasma membrane in 

canine cardiomyocytes (Jason D Foell et al., 2004).  

The characterization of  the subcellular localization of β4 subunit in heart cells and its 

possible role in functions other than modulating Ca2+ channel currents is therefore of 

significant scientific relevance. 
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1.2 Innate immunity 

 

         Innate immunity is characterized by the presence of Germline-encoded pattern 

recognition receptors (PRRs) which sense components specific to microorganisms 

(Medzhitov et al., 2007). Recent studies have identified four major classes of PRRs 

responsible for sensing foreign material. They are designated as Toll-like receptors (TLRs), 

retinoic acid-inducible gene I (RIG-I)-like helicases (RLHs), C-type lectin receptors (CLRs) 

and nucleotide oligomerization domain (NOD)-like receptors (NLRs) (table 1.3) (Takeuchi 

& Akira, 2010). These PRRs are expressed not only in immune cells such as macrophages 

and dendritic cells but also in various nonprofessional immune cells. During viral infections, 

the virus will secrete its genetic material into a host system to propagate its number. TLRs 

and RLHs recognize viral genetic material such as RNA and DNA, and cells are activated 

to produce type I interferons (IFNs) and proinflammatory cytokines. Type I IFNs, comprised 

of multiple IFN-α isoforms, a single IFN-β, and other members, such as IFN-ω, IFN-ε and 

IFN-κ, are pleiotropic cytokines that are essential for antiviral immune responses (Honda et 

al., 2006). These interferons induce apoptosis of virus-infected cells through different 

mechanisms and provide cellular resistance to virus infection.   

 

1.2.1 Different types of pattern recognition receptors (PRR’s) 

 

1.2.1.1 Toll-like receptors (TLRs) 

TLRs are responsible for sensing invading pathogens outside  the cell and in intracellular 

endosomes and lysosomes (Takeuchi & Akira, 2010). TLRs comprised of the leucine-rich 

repeats (LRRs), a transmembrane domain, and a cytoplasmic Toll/interleukin 1 receptor (IL-

1R) homology (TIR) domain (Akira et al., 2006). Until now, ten TLRs have been identified 

in humans and twelve in mice (Table 1.3). TLR2 forms heterodimers either with TLR1 or 

TLR6 to recognize distinct ligands (triacyl and diacyl lipoproteins). These triacyl and diacyl 

lipoproteins induce the production of different types of pro-inflammatory cytokines based 

on cell types involved (Barbalat, Lau, Locksley, & Barton, 2009). TLR4 recognizes 

lipopolysaccharide (LPS) together with myeloid differentiation factor 2 (MD2) on the cell 

surface where LPS is a component derived from the outer membrane of Gram-negative 

bacteria (Takeuchi & Akira, 2010). TLR4 is also involved in the recognition of viruses by 

binding to viral envelope proteins.  TLR5 is highly expressed by DCs of the lamina propria 
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(LPDCs) in the small intestine, where it recognizes flagellin from flagellated bacteria. 

TLR11, which is present in mice but not in humans,  detects uropathogenic bacteria 

(Yarovinsky et al., 2005). TLR3, TLR7, TLR8 and TLR9 are involved in the recognition of 

viral and bacterial nucleotides. TLR3 recognize double-stranded (ds) RNA while TLR7 and 

TLR8 detect single-stranded (ss) RNA and TLR9 recognizes unmethylated DNA with CpG 

motifs. TLR-mediated signaling pathways recruit TIR domain-containing adaptors such as 

MyD88 and TIR domain-containing adaptor inducing IFN-b (TRIF), thereby leading to 

activation of transcription factors such as nuclear factor-kB (NF-kB) and IFN-regulatory 

factors (IRFs), which regulate the expression of genes that encode proinflammatory 

cytokines and type I IFNs, respectively (Takeuchi & Akira, 2009). Since TLRs are 

transmembrane proteins, they are not able to detect viral components present in the 

cytoplasm of a cell. 
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Table 1.3: PRRs and Their Ligands (Takeuchi & Akira, 2010). 
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1.2.1.2 RIG-I-like receptor (RLR) family and virus recognition  

 

RLR family is comprised of three key proteins that include retinoic acid-inducible gene 1 

(RIG-I; also known as DDX58), melanoma differentiation-associated gene 5 (MDA5; also 

known as helicard or IFIH1) and LGP2 (also known as dhx58) (Takeuchi & Akira, 2009). 

RLRs are comprised of two N-terminal caspase-recruitment domains (CARDs), a central 

DEAD box helicase/ATPase domain, and a C-terminal regulatory domain. RIG-I was 

identified as a candidate of a cytoplasmic viral genomic RNA detector. RLHs interact with 

dsRNAs through their helicase domain, and dsRNA stimulation induces their ATP catalytic 

activity. A C-terminal portion of RIG-I, designated the repressor domain (RD), was shown 

to inhibit the triggering of RIG-I signaling in the steady state, and the N-terminal CARDs 

handle activating downstream signalling pathways that mediate dsRNA-induced type I IFN 

production (Yoneyama et al., 2004). IFNs strongly induce the expression of genes encoding 

RLHs. 

             The CARDs of RIG-I and MDA5 induces signalling cascades. RIG-I and MDA5 

associate with an adaptor protein, IFN-b promoter stimulator1 (IPS-1; also known as 

MAVS) localized in the mitochondrial outer membrane (Kawai et al., 2005; Seth et al., 

2005). IPS-1 was found to associate with TNF-receptor-associated factor (TRAF) 3, an E3 

ubiquitin ligase assembling lysine 63-linked polyubiquitin chains, through its C-terminal 

TRAF domain (Saha et al., 2006). TRAF3 recruits and activates two IKK-related kinases, 

designated TANK-binding kinase 1 (TBK1) and inducible IkB kinase (IKK-i; also known 

as IKKe), which phosphorylate IRF-3 and IRF-7 (Fitzgerald et al., 2003; Sharma et al., 

2003). Phosphorylation of IRF-3 and IRF-7 by these kinases induces the formation of 

homodimers and/or heterodimers (Honda et al., 2005), which translocate to the nucleus and 

bind to IFN- (ISREs), resulting in the expression of type I IFN genes and a set of IFN-

stimulated genes. 

 

1.2.1.3 NLR- and CLR-Mediated Pathogen Recognition 

 

The NLR family consists of cytoplasmic pathogen sensors that are composed of a central 

nucleotide-binding domain and C-terminal leucine-rich repeats. The N-terminal portions of 

most NLRs harbor protein-binding motifs, such as CARDs. NOD1 and NOD2 induce 

transcriptional upregulation of proinflammatory cytokine genes. NOD1 and NOD2 

recognize the structures of bacterial peptidoglycans, g-D-glutamyl-mesodiaminopimelic 
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acid (iE-DAP) and muramyl dipeptide (MDP), respectively. CLRs comprise a 

transmembrane receptor family characterized by the presence of a carbohydrate-binding 

domain. CLRs recognize carbohydrates on microorganisms such as viruses, bacteria, and 

fungi. CLRs either stimulate the production of proinflammatory cytokines or inhibit TLR-

mediated immune complexes. 

  

1.2.2 Interferon signalling pathway 

 

Once viral infection has taken place, different pattern recognition receptor pathways 

stimulate the expression of cytokines. Interferons are one among many cytokines that are 

soluble in nature. There are two independent types of interferon pathways. Type I interferon 

pathway includes IFNα, IFNβ and many more variants, whereas type II interferon has only 

one variant, i.e., IFNγ.  

During type I interferon signalling, corresponding interferons (mainly IFNα, IFNβ) will 

engage with the interferon-α receptor (IFNAR, which is composed of the IFNAR1 and 

IFNAR2 subunits) activating Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2). 

Phosphorylation of the receptor by these kinases results in the recruitment of signal 

transducer and activator of transcription (STAT) proteins, phosphorylation, dimerization 

and nuclear translocation. The three main STAT complexes that are formed in response to 

type I interferon (IFN) control distinct gene-expression programmes. The interferon-

stimulated gene factor 3 (ISGF3) complex (which is composed of STAT1, STAT2 and IFN-

regulatory factor 9 (IRF9)) binds to IFN-stimulated response element (ISRE) sequences 

leading to activation of classical antiviral genes, whereas STAT1 homodimers bind to 

gamma-activated sequences (GASs) and induces pro-inflammatory genes (Figure 1.5). In 

the type II IFN pathway, IFN-γ binds to a distinct cell-surface receptor, which is known as 

the type II IFN receptor. This receptor is also composed of two subunits, IFNGR1 and 

IFNGR2, which are associated with JAK1 and JAK2, respectively. Activation of the JAKs 

that are associated with the type II IFN receptor results in phosphorylation of STAT1 which 

induce the formation of STAT1–STAT1 homodimers that translocate to the nucleus and 

binds to GAS (IFN-γ-activated site) elements that are present in the promoter of certain 

interferon stimulated genes, thereby initiating the transcription of these genes. 
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Figure 1.5: Interferon JAK-STAT pathway (Platanias, 2005). 

 

1.2.3 Voltage-gated calcium channels regulating immunity. 

 

The effects of VGCC on immune signalling pathways have been studied in immune cells. 

Burgess et al. reported that elevation of intracellular free Ca2+ ([Ca2+]i ) is an essential 

triggering signal for T cell activation by antigen and other stimuli that cross-link the T cell 

antigen receptor (TCR). Besides the involvement of calcium channels in regulating calcium 

influx, which in turn triggers T cell activation, VGCC subunits are also directly involved in 

controlling immune signalling events. Thus, It has been demonstrated that  ataxia and 

seizures in the lethargic mouse arise from a mutation of the β4 subunit gene (Burgess et al., 
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1997). Interestingly, these mice experience an immunological disorder, including a defect 

in their cell-mediated immune response (Morrison 1984). At the beginning, the mechanism 

involved in the immune disorder shown in these lethargic β4 mutant mice was not 

understood. Later on, Abdallah Badou et al. demonstrated that CD4+ T cells deficient in 

either β3 or β4 exhibit impaired NFAT activation, cytokine interferon γ production along 

with reduced Ca2+ response (Badou et al., 2006). Interestingly, in β4-deficient T cells, a 

notable and specific suppression of the Cav1.1 pore-forming α1 subunit protein was 

described (Badou et al., 2006).  

In CD8+ T cells, β3 is highly expressed in naïve activated CD8+ T cells, and β3 deficiency 

leads to enhanced apoptosis of naïve T cells and decrease the survival of these cells (Jha et 

al., 2009). Impaired Ca2+ influx in β3-deficient CD8+ T cells was associated with a lack of 

Cav1.4 protein expression (Jha et al., 2009). These observations suggest that impairment of 

signalling events that took place in β4 or β3 deficient T cells might be due to reduced 

expression of the Cav1 channel. However, the exact mechanism and the requirement of 

multiple β regulatory subunits in effector T cell stage is still not clear. Two other L-type 

Ca2+ channels, CaV1.2 and CaV1.3, may play a role in Th2 cells, given that their depletion 

by RNAi impaired TCR-induced Ca2+ influx and IL-4 production in vitro and reduced 

airway inflammation in a passive transfer mouse model of allergic asthma (Cabral et al., 

2010). CaV1.4 deficient mice also failed to mount an effective antigen-specific CD8+ T cell 

response to Listeria monocytogenes (Omilusik et al., 2011). 

It was also reported that during different viral infections, expression of VGCC subunits was 

altered in diverse in-vitro and in vivo models. On the other hand targeting VGCC subunits 

reduced viral infection levels. Theiler’s murine encephalomyelitis virus infected astrocytes 

revealed the upregulation of both VGCC Cav1.2 and Cav2.2 subunits along with Ca2+ 

currents with a density proportional to the amount of viral particles used for infection (Rubio 

et al., 2013). Knockdown of VGCC subunits such as β3 and α1S reduced infection levels of 

mouse mammary tumor virus and Junín virus–cell in U2OS cells (Lavanya et al., 2013). On 

other hand injection of gabapentin into mice that specifically targets α2δ2 subunit 

diminished Junín virus–cell fusion and entry into cells and thereby decreased infection levels 

of Junín virus (Lavanya et al., 2013). 
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1.3 Dengue virus 

 

1.3.1 Dengue viral infections 

 

Dengue is the most significant arthropod-borne viral infection of humans. Worldwide, an 

estimated 2.5 billion people are at risk of infection, around 975 million of whom live in 

urban areas in tropical and sub-tropical countries in Southeast Asia, the Pacific and the 

Americas (Guzmán & Kouri, 2002). It is estimated that more than 50 million infections 

occur each year, including 500,000 hospitalizations for dengue hemorrhagic fever (DHF), 

mainly among children, with the case fatality rate exceeding 5% in some areas (Gubler, 

2004; Guzmán & Kouri, 2002). DHF first emerged as a public health problem in 1954, when 

the first epidemic occurred in Manila. This gradually spread to other countries in the region. 

Major epidemics occurred in other areas of the world in the 1980s and 1990s and were 

caused by all four dengue viral serotypes (Nimmannitya 2002). The average annual number 

of dengue fever/dengue haemorrhagic fever (DF/DHF) cases reported to the World Health 

Organization (WHO) has increased dramatically in last few years. For the period 2000–

2004, the annual average was 925,896 cases, almost double the figure of 479,848 cases that 

was reported for the period 1990–1999. In 2001, a record 69 countries reported dengue 

activity to WHO and in 2002, the region of the Americas alone reported more than 1 million 

cases (Gubler, 2004; Guzmán & Kouri, 2002). Travellers from endemic areas might serve 

as vehicles for further spread (Miller et al., 2007). 

 

1.3.2 Clinical manifestations of dengue infections 

 

Dengue infections may be asymptomatic or give rise to undifferentiated fever, dengue fever, 

DHF, or dengue shock syndrome. Undifferentiated fever usually follows a primary infection 

but may also occur during a secondary infection. Clinically it is indistinguishable from other 

viral infections. 

  Dengue fever may occur either during primary or secondary infections. The onset is sudden 

with high fever, severe headache (especially in the retro-orbital area), arthralgia, myalgia, 

anorexia, abdominal discomfort, and sometimes a macular papular rash. The fever may be 

biphasic and tends to last for 2–7 days (Farid et al., 2001). Flushing, a characteristic feature 

is commonly observed on the face, neck, and chest. Coryza may also be a prominent 
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symptom especially in infants (Hongsiriwon, 2002). Younger children tend to present with 

coryza, diarrhea, rash and seizure, and less commonly with vomiting, headache, and 

abdominal pain. Although, haemorrhagic manifestations are uncommon in dengue fever, 

gastrointestinal bleeding, epistaxis, and gingival bleeding have been observed in some 

individuals (S K Kabra et al., 1992). A positive tourniquet test has been reported in many 

individuals with dengue fever possibly due to reduced capillary fragility (Kalayanarooj S & 

Nimmannitya S, 1999). Recovery from dengue fever is usually uneventful, but may be 

prolonged especially in adults. 

DHF usually follows secondary dengue infections, but may sometimes follow primary 

infections, especially in newborns. Such a phenomenon has not been described in human 

infections other than dengue. DHF is characterised by high fever, haemorrhagic 

phenomena, and features of circulatory failure. For purposes of description, DHF is 

divided into three phases, they are febrile, leakage, and convalescent phases. Furthermore, 

according to severity DHF is divided into four grades.  

Grade I: no shock: only positive tourniquet test. 

Grade II: no shock; has spontaneous bleeding other than a positive tourniquet test. 

Grade III: shock. 

Grade IV: profound shock with intense blood pressure or/and pulse. 

In DHF, bleeding may occur from any site and does not correlate with the platelet counts. 

Haemorrhagic manifestations usually occur once the fever has settled (Richards et al., 1997). 

Minor degrees of bleeding may manifest as gum bleeding and petechiae. The commonest 

site of haemorrhage is the gastrointestinal tract, which displays as haematemesis or melaena, 

followed by epistaxis. Vaginal bleeding is commonly reported in females (Guzman et al., 

1984). 

 

Dengue shock syndrome is associated with very high mortality (around 9.3%, increasing to 

47% in instances of profound shock) (Kabra et al., 1999). Severe plasma leakage results in 

dengue shock syndrome, with symptoms of cold blotchy skin, circumoral cyanosis, and 

circulatory disturbances. Acute abdominal pain and persisting vomiting are early warning 

signs of impeding shock (Guzmán et al., 1999). Sudden hypotension may indicate the onset 

of profound shock (Agarwal et al., 1999). Prolonged shock is often accompanied by 

metabolic acidosis, which may precipitate disseminated intravascular coagulation or 

enhance ongoing disseminated intravascular coagulation, which in turn could lead to 
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massive haemorrhage. Encephalopathy may accompany dengue shock syndrome due to 

metabolic or electrolyte disturbances. 

 
 

1.3.3 Characteristics of dengue virus 

 

The dengue virus is a single-stranded RNA virus belonging to the Flaviviridae family 

(Guzmán & Kouri, 2002). There are four serotypes (DEN 1–4), classified based on 

biological and immunological criteria. The viral genome is approximately 11 kb in length 

(Guzmán & Kouri, 2002). The mature virion consists of three structural (core, membrane 

associated, and envelope) and seven non-structural (NS1, NS2a, NS2b, NS3, NS4a, NS4b, 

and NS5) proteins. The envelope protein is involved in the main biological functions of the 

virus. It binds to receptors on host cells, allowing the virus to be transported through it. Also, 

the envelope protein is associated with haemagglutination of erythrocytes, induction of 

neutralising antibodies and protective immune responses (M G Guzmán & Kourí, 1996).   

             Non-structural proteins (NS1–NS5) expressed as both membrane-associated and 

secreted forms have also been implicated in the pathogenesis of severe disease. Unlike other 

viral glycoproteins, NS1 does not form a part of the virion but gets expressed on the surface 

of infected cells. Preliminary evidence suggests its involvement in viral RNA replication 

(Young et al., 2000). Plasma levels of secreted NS1 (sNS1) correlate with viral titres, being 

higher in patients with DHF compared with dengue fever (Libraty et al., 2002). 

 

1.3.4 Cytokine responses in dengue infections 

 

Dengue virus infected monocytes, B-lymphocytes, and mast cells produce different 

cytokines. At present, there is disagreement about the predominant cytokines produced 

during dengue fever and DHF. According to Chaturvedi et al., serum concentrations of 

tumour necrosis factor-a (TNF-a), interleukin (IL)-2, IL-6, and IFN-γ are highest in the first 

three days of illness whereas IL-10, IL-5, and IL-4 tend to appear later (Chaturvedi et al., 

1999). IL-2 and IFN-γ are Th1 and IL-5 and IL-4 Th2 type cytokines. Thus, it has been 

suggested that Th1 responses are seen during the first three days, and Th2 responses occur 

later (Chaturvedi et al., 1999). Increased levels of IL-13 and IL-18 have also been reported 

during severe dengue infections, with highest levels seen in patients with grade IV DHF. 

Serum IL-12 levels are highest in patients with dengue fever but undetectable in patients 
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with grade III and IV DHF. DHF patients have higher levels of TNF-a, IL-6, IL-13, IL- 18, 

and cytotoxic factor compared with DF patients. These cytokines have been implicated in 

causing increased vascular permeability and shock during dengue infections (Mustafa et al., 

2001). Moreover, cytotoxic factor, produced by CD4+ T-cells, induces macrophages to 

produce the proinflammatory cytokines IL- 1a, TNF-a, and IL-8. Levels of cytotoxic factor 

correlate with disease severity (being highest in patients with grade IV DHF). 

 

 

1.3.5 Dengue infection in heart 

 

Dengue targets different tissues in human body. It has been identified that different immune 

cells such as resident cutaneous Langerhans dendritic cells, monocytes, macrophages, as 

well as B and T cells have been characterized as the primary targets of the viral infection in 

humans and in mice in vivo.  However, in recent years, it has been described typical clinical 

symptoms in dengue patients, involving the lung, kidney, central nervous system and heart. 

Injuries in these organs have been confirmed by hemorrhage, edema and inflammatory 

infiltrate. 

Cardiac involvement in dengue has been reported in few studies, usually resulting in a 

benign and self-limited disease.  Reports of more severe disease with progression to 

cardiogenic shock and death has also been described (Obeyesekere & Hermon, 1973). In 

an evaluation of 17 dengue patients with radionuclide ventriculography, Wali et al., 

showed that 7 patients had an ejection fraction of <40% and 12 had global hypokinesia, 

and that, after 3 weeks of follow-up, all alterations had returned to normal (Wali et al., 

1998). In another report of 102 children with DHF, ten patients had acute myocarditis 

requiring the use of inotropic drugs due to acute heart failure(Salgado et al., 2009). Several 

studies have reported myocardial dysfunction in acute dengue using different techniques 

(Table 1.4) 

The mechanism of myocardial damage in dengue could be the release of inflammatory 

mediators and/or the direct action of the virus on cardiomyocytes as seen in acute 

myocarditis caused by other viruses (Leslie T. Cooper, 2009). The possible mechanisms 

involved in cardiac manifestations of dengue comprise functional myocardial impairment, 

arrhythmias, and myocarditis are shown in the figure 1.6. 
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Figure 1.6: Proposed viral and immune mechanisms involved in the cardiac and vascular 

manifestations of dengue. DENV is taken up into macrophages with the resulting T‑cell 

activation and release of vasoactive and proinflammatory cytokines implicated in the 

capillary leak and possibly also in myocardial impairment. The interaction between the 

NS1 and the glycocalyx layer of the vascular endothelium is thought to increase capillary 

permeability. The resulting plasma leakage may contribute to the cardiac dysfunction in 

the form of reduced preload, altered coronary microcirculation, and myocardial interstitial 

oedema. Altered intracellular calcium homeostasis has also been demonstrated in dengue 

infected myotubes. Abbreviations: DENV, dengue virus; NS1, nonstructural protein 1. 

(Yacoub et al., 2014)  
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Table 1.4: Studies of myocardial dysfunction in acute dengue (Yacoub et al., 2014). 
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2. Materials and methods 

 

2.1 Buffers and solutions used in my thesis  work: 
 

Transformation Buffer 1 (Tfb1) 

Reagent Concentration 

Potassium acetate (CH3COOK) 30mM 

Rubidium chloride (RbCl2) 100mM 

Calcium chloride (CaCl2) 10mM 

Manganese chloride (MnCl2) 50mM 

Glycerol 15% 

 Adjust pH to 5.8 with 0.2M acetic acid 

 

Transformation Buffer 2 (Tfb2) 

Reagent Concentration 

MOPS 10mM 

Calcium chloride (CaCl2) 75mM 

Rubidium chloride (RbCl2) 10mM 

Glycerol 15% 

Adjust pH to 6.5 with KOH 

 

10X Protein running buffer 

Reagent Concentration 

Tris base 30.2g/1 liter 

Glycine 144g/1iter  

SDS 10g/1 liter 

 Adjust pH to 8.3 with Conc. Hcl 

 

6X Sample loading buffer for agarose gel electrophoresis 

Reagent Concentration 

Bromophenol blue 0.25% 

Xylene cyanol 0.25% 

Glycerol 30% 

 

4X Sample loading buffer for PAGE 

Reagent Concentration  

Tris HCl (pH 6.8) 0.2M 

SDS 0.8g/10ml 

Glycerol 40% 
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β-Mercaptoethanol 14.7M 0.4ml/10ml 

EDTA 0.5M 0.05M 

Bromophenol blue 8mg/10ml 

 

 

 

RIPA buffer   

Reagent Concentration 

Tris HCl (pH 8) 50mM 

NaCl 300mM 

Glycerol 10% 

Triton X-100 1% 

 

10X PBS  

Reagent Concentration 

KCl 2g/Liter 

NaCl 80g/ Liter 

KH2PO4 2g/ Liter 

Na2HPO4 11.5g/ Liter 

Adjust pH to 7.4 with 1N NaOH 

 

STET Buffer  

Reagent Concentration 

Sucrose 8% 

Triton X-100 5% 

EDTA 50mM 

Tri base (pH 8.0) 50mM 

 

 

CTAB buffer (5% w/vol)  

Reagent Concentration 

CTAB 2g/100ml 

Tris base (pH8.0) 0.1M 

EDTA 0.2M 

NaCl 1.4M 

Polyvinyl pyrrolidone 1g/100ml 

Adjust pH to 5.0 with HCl  
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Protein transfer buffer 

Reagent Concentration 

Glycine 0.293mg/100ml 

Tris base 0.582mg/100ml 

10%SDS 0.375mL/100ml 

Metanol 20% 

 

Coomassie Blue 

Reagent/ solvent Concentration 

Acetic acid 10% 

Methanol 50% 

Coomassie brilliant blue R-250 0.5g/ 200mL 

 

Blocking solution 

4.5% Nonfat milk powder in 1X PBS solution 

 

Destaining solution 

Reagent Volume 

Methanol 30% 

Acetic acid 10% 

 

Ponceau red staining solution  

Reagent Weight or Volume 

Acetic acid 1% 

Red Ponceau 0.5g/ 100mL 

 

SOB medium 

Reagent Weight or Concentration 

Tryptone 20g/ Liter 

Yeast extract 5g/ Liter 

NaCl 10mM 

KCl 2.5mM 

 

5X TBE Buffer 

Reagent Concentration 

Tris base 1.1M 

EDTA 25mM 

Borate 900mM 

Adjust pH to 8.3 
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2.2 Cell culture and transfections  

                 H9c2 cells, (passage 17–30, American Type Culture Collection) were cultured in 

monolayers in DMEM (GIBCO) supplemented with 10% FBS (GIBCO), sodium 

bicarbonate 1.5 g/l, penicillin (50 IU), and streptomycin (50 µg/ml) under atmospheric 

conditions of 95% air and 5% CO2 at 37 °C in a humidified incubator. Stocks of cell lines 

were propagated in culture flasks for successive passage. Cells were used when they reached 

80–90% confluence, usually within 24–48 h. 

          Constructs containing the β4b subunit cloned by Castellano et al(Castellano, Wei, 

Birnbaumer, & Perez-Reyes, 1993). or empty vector pSG5 plasmids were transiently 

transfected into H9c2 cells with Lipofectamine 2000 (Invitrogen) according to the 

manufacturer’s instructions; the medium was replaced after 4–6 h and cultures were 

maintained for a total of 48 h. Poly(I:C) (Sigma), the synthetic analogue of double-stranded 

RNA with a molecular pattern associated with viral infection, was transfected at 50 or 100 

g/mL with Lipofectamine 2000 for 24 h according to the manufacturer’s protocol. Control 

experiments involved the use of mock transfections with a 0.9% NaCl solution. 

 

2.3 Preparation of competent cells 

             A single colony of E. coli (DH5α) was inoculated into 5 ml of SOB medium 

supplemented with 10mM MgSO4 and agitated overnight at 37 0C. 500 µl of initial culture 

was added to 50 ml of SOB containing 10mM MgSO4. The culture was grown at 37 0C with 

shaking at 200-250 rpm until it reached an optical density of 0.5 at 550 nm, after that culture 

was transferred on to ice for 10 min. This was followed by centrifugation at 4 0C with 2500 

rpm for 12 min. After removing supernatant, cells were re-suspended in 16 ml of TFB1 

followed by incubated on ice for 15 min and centrifuged again at 2500 rpm for 12 min at 4 

0C. Cells were re-suspended in 4 ml of TFB2. After bacteria had been incubated on ice for 

15 min, aliquots of 200 µl were made and stored at -70 0C. 
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2.4 A one tube plasmid DNA mini preparation 

        1 ml of final bacterial culture contacting plasmid was centrifuged at 14000 rpm for 1 

min at room temperature. The bacterial pellet was mixed with 200 µl STET buffer, 10 µl 

lysozyme and 5 µl of RNAse followed by vortexed and incubated at 37 0C for 10 min. 

Samples were boiled and centrifuged for 1 min at room temperature at 14000 rpm. After 

removing pellet, 10 µl of CTAB (5 % w/V) detergent was added and mixed well followed 

by centrifuged at room temperature for 5 min at 14000 rpm. After removing supernatant 300 

µl of 1.2 M of sodium chloride was added to the pellet and mixed well. 750 µl of ethanol 

was added for reprecipitation of DNA and centrifuged at room temperature for 10 min at 

14000 rpm. After removing supernatant, final pellet was rinsed in 70% of 300 µl ethanol 

and centrifuged again for 5 mins. Dried pellet plasmid DNA was suspended with 50 µl of 

deionized water. 

 

2.5 Agarose gel electrophoresis 

        Plasmids or DNA fragments were observed and separated in 0.8% agarose gels. 

Agarose was dissolved in 1xTBE buffer by heating in a micro oven for 2 to 3 minutes, and 

1 µl ethidium bromide was added to visualize DNA. Gel solution was loaded into gel 

chamber allowed for solidification. DNA fragments or plasmids were mixed with 6x DNA 

loading buffer and loaded into the agarose gel. Plasmids or DNA fragments were separated 

at 80V in 1xTBE buffer for 40 min. Separated fragments were observed under UV 

illuminating box. 

 

2.6 Bacterial transformation and plasmid isolation 

         Plasmids were added to 200 µl of competent E. coli thawed on ice. After 20 min 

incubation on ice, 90 seconds heat shock was applied at 42 0C, and then cells were placed 

on ice for 1-2 min. Transformation mixture was added to test tube containing 800 SOB 

medium supplemented with 16 µl of 20% glucose and 8 µl of 1M MgSO4 and cultured for 

90 min at 37 0C and 180 rpm. After that bacteria were spread on to LB agar containing 100 

µg/ml ampicillin. Plates were incubated overnight at 37 0C followed by stored at 4 0C. 
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        A single colony of plasmid-containing bacteria was inoculated into 5 ml of TB dry 

containing 5 µl of ampicillin and was grown at 37 0C for 8 hours. Followed by 500 µl of 

start-up culture was diluted with 250 ml of TB dry containing 250 µl ampicillin and further 

grown overnight at 37 0C with vigorous agitation. Before plasmid preparation at large scale, 

a one tube plasmid DNA mini preparation was performed to measure that yield and quality 

of plasmid were appropriate. For larger scale plasmid preparation, QIAGEN plasmid maxi 

kit was applied.  

 

2.7 Virus stock and viral infections 

              Propagation of four DENV serotypes: serotype 1 YUC18494 strain (clinical 

isolated from a patient with DENV, was kindly donated by Dr Isabel Salazar IPN-Mexico); 

DENV serotype 2 New Guinea strain; DENV serotype 3 H87 strain and DENV serotype 4 

H241 strain, was carried out in CD1 suckling mice brains and titers were determined by 

plaque assays in BHK-21 cells as previously described (Mosso et al., 2008). CD1 suckling 

mice brains from mock-infected mice were used as a control. 

For all experiments, cells were washed three times in Hank’s solution and infected by 

exposure to DENV (serotype1, 2, 3 and 4) at an MOI of 5 or 10 in serum-free medium for 2 

h at 37 ºC. Cells were washed with acid glycine (pH 3) to inactivate non-internalized virus, 

washed three times with PBS, and then serum-supplemented DMEM was added. The 

infection was permitted to proceed for 24 h or 48 h at 37 °C. 

 

2.8 Confocal Immunofluorescence 

              H9c2 were grown on coverslips in 12-well plates for confocal microscopy. Cells 

were fixed with 1% formaldehyde 48 h postinfection, incubated for 20 min with 

permeabilizing solution (e.g., PBS, 0.1% saponins, and 1% FBS), and incubated for 2 h at 

RT with anti-NS3 primary antibody (1:10, GENTEX), followed by goat anti-rabbit-Alexa 

555 (Life Technologies) secondary antibody (Life Technologies) for 1 h. To detect 4, 

monoclonal anti-CACNB4 (1:100, Abcam) primary antibody was applied followed by 

donkey anti-mouse-Alexa 488 (Life Technologies) secondary antibody for 1h. Slides were 

mounted with Vectashield® and labelled cells were observed through a Zeiss LSM700 

http://www.sciencedirect.com/science/article/pii/S0168170215000106#bib0080
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imager.Z2 confocal laser microscope at RT. Images were acquired with a 40x objective (EC-

PlanarNeofluar 40x/1.30 oil dichroic M27) and high-resolution camera Axiocam Hrm. 

Acquisition and analysis of images were performed with ZEN software, v. 2010. 

 

2.9 Digital gene expression sequencing  

             Total RNA from H9c2 cells transfected with the 4 subunit or empty vector were 

isolated with an RNeasy Mini kit (Qiagen, Hilden, Germany). Gene expression profiling 

was conducted with Illumina next-generation sequencing technology (LCSciences, 

Houston, TX) on the Illumina HiSeq 2000 platform (1×50 bp SE, rapid mode). Gene 

expression data analysis was performed by LC Sciences and included log2 transformation. 

 

2.10 Quantitative reverse transcriptase polymerase chain reaction (qRT-

PCR) 

                Conventional RT-PCR from isolated RNA performed with DV2C-L 5´-CAA TAT 

GCT GAAACG CGA GA-3´and DV2C-R: 5´-TGC TGT TGG TGG GAT TGT TA-

3´primers amplified a 151-pb fragment of the DENV capsid gene. The product was cloned 

in a pJet1.2 VectorSystem (Thermo). The recombinant plasmid was purified and quantified 

using spectrophotometry at 260 nm to prepare a dilution containing 1010 copies of 

plasmid/mL according to the formula: 

 No. copies = (6 × 1023 copies/mol × concentration (g/l) / plasmid molecular weight) + 

insert (g/l)  

Serial dilutions of the plasmid (109 –102 copies/ml) were prepared. Reverse transcription 

was performed with 1 g of total RNA from each experimental condition and random 

primers (Promega) at a concentration of 0.025 g/l and the reverse transcriptase enzyme 

ImpromII (Promega) at 25 °C for 5 min, 42 °C for 60 min, and 70 °C for 15 min. For real-

time PCR amplification, SYBR Fast universal (Kapa) was used in an Eco Illumina System 

apparatus. The reaction mix contained 1 l of cDNA and 5 l of Master Mix 2×. The 

amplification protocol included 2 min at 50 °C, 2 min at 95 °C, and 40 cycles at 95 °C for 5 
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s, and 30 cycles at 55 °C. Finally, a dissociation curve was generated by heating the products 

from 55 °C to 95 °C to confirm primer dimer absence. A standard curve was generated.  

To measure mRNA levels of antiviral factors and 4, RNA was isolated with the RNeasy 

Mini kit (Qiagen). Reverse transcription was performed with 500 ng of DNAse-treated RNA 

in 20-μl reactions. Synthesis of cDNA was carried out with Superscript III reverse 

transcriptase (Invitrogen) and random hexamers (250 ng) following the manufacturer’s 

instructions.  

The relative expression levels of mRNAs of 4, Irf7, Ifitm3, Ddx58, Stat2, Ifnb1, Mx1, and 

Ifih1 were quantified by TaqMan assays (Applied Biosystems, Foster City, CA). 18S 

ribosomal RNA (rRNA) was used as an internal control. Quantification was performed by 

the 2-Ct method. This procedure is valid if the amplification efficiencies of the target and 

reference genes are approximately equal, as it was the case in our experiments. 

 

2.11 Subcellular fractionation and quantification of proteins 

               H9c2 cells grown in p100 plates were trypsinized in 0.25% trypsin solution, and 

cells were collected by centrifuging at 850 rpm for 8 min. Nuclei and cytoplasm were 

separated by a nuclear complex co-ip kit (Active Motif) according to manufacturer’s 

instructions. For whole-cell extracts, cells lysed with RIPA lysis buffer (300 mM NaCl, 50 

mM Tris-HCl at pH 8.0, 1% Triton x-100, and 10% glycerol). Isolated protein content was 

quantified by Bradford’s method. 

 

2.12 SDS- polyacrylamide-gel-electrophoresis and western blot analysis 

               Equal amounts of proteins were separated by sodium dodecyl sulphate 

polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane (Bio-Rad). 

Membranes were blocked with 4.5% non-fat milk in PBS. Membranes were incubated 

overnight with primary antibody at 4 °C. After that, they were washed in PBS containing 

0.1% Tween-20 and incubated in horseradish peroxidase-conjugated secondary antibody for 

1 h at RT. Chemiluminescence was detected with Immobilon Western reagent (Millipore 

Co., Billerica, MA). The source of antibodies was: monoclonal anti-CACNB4 (1:500, 

Abcam; recognizes region close to the carboxy terminus between amino acids 458 and 474); 
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monoclonal anti-actin (1:2000, Sigma-Aldrich); polyclonal anti-Irf7 (1:1000, Abcam); anti-

Ifitm3 (1:2000, Proteintech); polyclonal anti-Ddx58 (dilution, 1:1000; Abcam); polyclonal 

anti-histone H4 (1:1000, Abcam); polyclonal anti-β-tubulin (1:1000, Abcam); polyclonal 

anti-NS3 (1:1000, GeneTex); horseradish peroxidase-conjugated antimouse or anti-rabbit 

(Invitrogen). 

 

2.13 Cytosolic calcium measurements and fluorescence imaging 

               H9c2 cells grown on coverslips were loaded with the cell-permeant fluorescent 

Ca2+ -indicator Fura-2- AM (Molecular Probes, Invitrogen, USA) for 45 min at RT. Fura-2-

AM was diluted in PBS with 1 mM Ca2+ to a final concentration of ~ 5 µM (from a DMSO 

stock solution containing 9 mM Fura-2-AM, and 25% w/v Pluronic F127 (Molecular 

Probes). Cells were washed in PBS and left for 20–30 min at RT before performing [Ca2+]i 

measurements. Ratiometric images of Fura-2 fluorescence were monitored using an Eclipse 

TE300 microscope (Nikon) equipped with a Polychrome V (TILL Photonics, Germany), 

which changed excitation wavelengths rapidly between 340 nm and 380 nm. Fluorescence 

emissions were captured through a 510WB80 filter (Chroma Technology Corp.) using an 

iXon EM+DU885 digital camera (Andor Technology, Belfast, UK). Image acquisition and 

ratio analysis were carried out in Imaging Workbench 6.0 software (INDEC Biosystems, 

USA).  

 

2.14 Statistical analysis 

Results data are expressed as means ± SEMs or SD. Statistical analyses were performed in 

GraphPad Prism 4.0 (GraphPad Software) and Sigma Stat 2.0; t-tests and one-way analyses 

of variance (ANOVAs) were used as appropriate. A p < .05 was considered statistically 

significant. 
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3. Results 

3.1 Subcellular Localization of β4 subunit in H9c2 cells 

3.1.1 β4 subunit is distributed in cytoplasmic and nuclear fractions of H9c2 cells 

Western blot analysis of H9c2 cells demonstrated that expression of β4 subunit protein was 

distributed in both cytosolic and nuclear fractions of control cells. Figure 2.1 A shows that 

in non-transfected cells the β4 antibody recognized two protein bands (arrows) in both 

fractions. The lower band has a molecular weight of ~55 kDa that is close to the expected 

molecular weight of the β4 subunit (58 kD). In addition, another faint band of slightly higher 

molecular weight was also detected. As expected, in transfected cells the density of both 

bands was greatly increased (Figure 2. 1 A). The purity of cytosolic and nuclear fractions 

was verified by the use of anti-tubulin and anti-histone antibodies (Figure 2.1 B-C). The 

cytosolic protein tubulin was only detected in the cytosolic fraction. Likewise, the nuclear 

protein histone was only observed in the nuclear fractions. 
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Figure 2.1: The β4 subunit localizes in nucleus and cytoplasm of H9c2 cells. A: 

Representative western blots of the β4 subunit. Lane a, nuclear fractions of cells transfected 

with β4 subunit plasmid; lane b, nuclear fractions of cells transfected with empty vector 

plasmid; lane c, cytosolic fractions of cells transfected with β4 subunit plasmid; lane d, 

cytosolic fractions of cells transfected with empty vector plasmid. B and C: western blots 

from the same samples probed with an anti-b-tubulin or anti-histone antibodies, respectively. 

(D) Localization of β4 subunit in H9c2 cells transfected with a β4 plasmid for 48 hr. The β4 

subunit was localized using anti-β4 monoclonal antibody and with Alexa Fluor 488 

conjugated antibody (green color). Nuclei were DAPI stained (blue color). Cells were 

examined using confocal microscopy. 

 

3.2 β4 subunit regulates the expression of antiviral genes 

3.2.1 β4 subunit regulates the expression of antiviral genes  

Localization of the β4 subunit in the nucleus of H9c2 cells raised the possibility that it 

regulates gene expression. Digital gene expression sequencing analysis confirmed this 

expectation. Table 2.1 shows results from control (vector transfected) and β4 subunit over-

expressed cells. As expected, the β4 subunit (Cacnb4) was highly up-regulated by the 

transfection procedure. Other genes were also up-regulated, some related to transporters, ion 

channels, RNA binding, GTP binding, ATP binding protein, but the most noteworthy 

observation was the up-regulation of 50% of genes are related to the antiviral activity (Figure 
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2.2). Among these, there are three genes that encode proteins produced against viruses that 

are effective at different levels: Ddx58 (DEAD box polypeptide 58), Ifitm3 (interferon 

induced transmembrane 3) and Irf7 (interferon regulatory factor 7), a member of the 

interferon regulatory transcription factor family. Stat2 (signal transducer and activator of 

transcription 2, Mx1 (interferon induced GTP binding protein) and Ifih1 (cytoplasmic sensor 

of viral nuclear acids) were also significantly up-regulated. 

 

 

Figure 2.2: β4 subunit over expression upregulates expression of a wide variety of genes 

related to different functions.      
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Table 2.1: Digital gene expression profiling analysis of genes regulated by β4 subunit 

overexpression 

 



38 
 

 



39 
 

 



40 
 

 

3.2.2 Validation of digital gene expression profiling analysis data of antiviral genes 

using qRT-PCR 

In agreement with the gene expression profiling analysis results, analysis of mRNA 

abundance measured by qRT-PCR indicated that expression levels of all these antiviral 

factors (Irf7, Ifitm3, Ddx58, Stat 2, Ifnb1, Mx1 and Ifih1) were significantly increased by 

overexpression of the β4 subunit relative to the levels observed in the control samples, as 

illustrated in Fig. 2.3 

 

 

Figure 2.3: Validation of gene expression profiling data of β4 subunit enhancing antiviral 

genes at mRNA levels. Quantitative analysis of mRNA expression of antiviral factors in 

H9c2 cell lysates from control (open bars) and β4 subunit transfected cells (filled bars) (n = 

9, *p < .05). All values are group means ± SEs. 
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3.2.3 β4 subunit overexpression enhances expression of antiviral factors at protein level 

To determine whether antiviral factors are also up-regulated at the protein level, we 

performed western blot analysis to check the expression of Irf7, Ifitm3 and Ddx58 proteins 

and found that indeed their expression is significantly increased relative to controls by 

overexpressing the β4 subunit, as illustrated in Fig. 2.4 A-C. The protein expression levels 

of actin were not affected by β4 subunit and were used to normalize band densities. Fig. 2.4 

D-F summarizes data from similar experiments. The expression of Ddx58 and Irf7 increased 

by 50% whereas that of Ifitm3 increased more than double.  

Figure 2.4: Over expression of the β4 subunit enhances expression of antiviral proteins.  A-

C: representative western blots of the indicated antiviral proteins and actin of the whole cell 

fraction of H9c2 cells under control conditions (left lanes) and from β4 subunit 

overexpressed cells (right lanes). D-F: Relative expression values of Ddx58, Irf7 and Ifitm3 
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under control conditions (empty bars) and from β4 subunit transfected cells (filled bars). 

Values represent mean ± SD, n = 3-5, *p < .05. 

3.3 Overexpression of the β4 subunit reduces infection levels 

3.3.1The four Dengue virus (DENV) serotypes can infect H9c2 cells 

To check antiviral activity of β4 subunit in H9c2 cells against Dengue virus infection, we 

initially address the susceptibility of H9c2 cells to DENV. The cells were infected with 

DENV serotype 1 YUC18110 strain (clinical isolate from a patient with DENV in Yucatan, 

Mexico), DENV serotype 2 New Guinea strain, DENV serotype 3 H87 strain and DENV 

serotype 4 H241 strain at an MOI of 1 for 24 h and the presence of the non-structural protein 

3 (NS3) was monitored by western blot (Figure 2.5). The anti-NS3 antibody was able to 

recognize the NS3 protein from the four DENV serotypes infected cell extracts. However, 

the intensity of the bands was different. Bands detected in DENV1 and DENV2 infected cell 

extracts were more prominent than the ones detected in DENV3 and DENV4 infected cell 

extracts. Differences in the NS3 protein abundance, as well as differences in the affinity of 

the antibody to the NS3 proteins from the different DENV serotypes are probably 

responsible for the differences detected in the Western-blot assays. 

 

 

 

 

 

 

 

Figure 2.5: H9c2 cell line is susceptible to DENV infection. H9c2 cells were infected with 

the four DENV serotypes and viral infection was monitored by western blot using an anti-

NS3 protein antibody. 
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3.3.2 The β4 subunit decreases the expression of NS3 viral protein in DENV-2 infected 

H9c2 cells 

We found with western blot analysis that the viral protein NS3 was down-regulated by the 

β4 subunit. Figure 2.6A shows representative blots of NS3 from DENV-2 infected cells. The 

band corresponding to NS3 was significantly fainter by the over-expressed β4 subunit (lane 

c) than those of control or empty vector transfected cells (lanes a-b). Results from similar 

experiments are summarized in Figure 2.6 B. The β4 subunit reduced NS3 expression to a 

third the control value.  

                  

Figure 2.6: The β4 subunit reduces the expression of the non-structural viral proteins NS3 

in DENV-2 infected H9c2 cells. A: Representative western blots of NS3 viral protein from 

whole cell extracts of DENV-2 infected cells (MOI=5). Lane a: non-transfected cells. Lane 

b: cells transfected with empty vector plasmid. Lane c: cells transfected with β4 subunit 

plasmid. B: Bars represent relative expression of NS3 viral protein from western blot data. 
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Open bars, empty vector results. Filled bars, results from β4 subunit transfected cells. Values 

represent the mean ± SD, n = 4, *p < .05. 

3.4 Infection induces endogenous β4 subunit  

3.4.1 Poly (I:C) transfection increases the expression of β4 subunit 

We tested the hypothesis that the expression of β4 subunit in H9c2 cells increases when 

challenged with the double-stranded RNA, Poly (I:C) and found that indeed, a significant 

increase in β4 subunit expression was observed by Poly (I:C) transfection. Figure 2.7A 

illustrates representative β4 subunit immunoblots of the nuclear fraction from non-

transfected H9c2 cells (control) and cells transfected with Poly (I:C). While poly (I:C) 

significantly increased the thickness of the β4 subunit band, no significant changes in the 

density of the actin bands were seen and these were used for normalization. Figure 2.7B 

summarizes results from similar experiments. Poly (I:C) more than doubled the expression 

of β4 channel subunit. As expected, the increase in protein levels was accompanied by a 

significant increase in the mRNA levels of the β4 subunit, as revealed by qRT-PCR 

experiments (Figure 2.7C). The messenger level increased more than 4 fold. 
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Figure 2.7: Poly (I: C) enhances the expression of β4 subunit at protein and mRNA levels. 

A: representative western blots of the β4 subunit and actin of the nuclear fraction of H9c2 

cells transfected for 24 h with poly (I:C) or mock transfected. B: relative increase of β4 

subunit protein expression in poly (I:C) transfected cells (filled bar) and mock transfected 

cells (empty bar). C: mRNA expression of β4 subunit with poly (I:C) transfection (filled bar) 

relative to control (empty bar). Values represent the mean ± SD, n = 3-5, *p < .05. 

 

3.4.2 Poly (I:C) enhances translocation of β4 subunit to the nucleus 

Confocal microscopy revealed that Poly (I:C) preferentially increased the nuclear expression 

of β4 subunit in H9c2 cells. Figure 2.8A illustrates the distribution of β4 subunit under control 

conditions (upper panel, in green). When this image was merged with that of nuclei (upper 

panel, in blue), it became apparent that β4 subunit can be found associated either with nuclei 

or the cytosol (Figure 2A, upper panel, right). A different picture emerged when Poly (I:C) 

transfected cells were analyzed. Poly (I:C) transfection greatly increased the expression of 

β4 subunit as shown in Fig. 5 A (lower panel), but this Ca2+ channel subunit was 

preferentially associated to nuclei (lower panels). Figure 2.8 B and C summarizes these 

results. Figure 2.8B shows that Poly (I:C) increased the expression of β4 subunit by ~3 fold, 

as revealed by the increase in mean fluorescence. Meanwhile, the localization ratio 

(nucleus/cytoplasm) increased ~ 7 fold by Poly (I:C) (see Figure 2.8C).
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Figure 2.8: The β4 subunit preferentially localizes in nuclei in response to poly (I:C) 

treatment. A: H9c2 cells transfected with poly (I:C) (100µg/ml) (lower panels) for 24 h or 

mock transfected (upper panels). The β4 subunit was localized using anti-β4 monoclonal 

antibody and with Alexa Fluor 488 conjugated antibody (green color). Nuclei were DAPI 

stained (blue color). Cells were examined using confocal microscopy. B, bars show relative 

expression of β4 subunit in poly (I:C) transfected and mock transfected cells. C, bars show 

nucleus to cytoplasmic expression ratio of β4 in poly (I:C) transfected and mock transfected 

cells. Values represent the mean ± SD, n = 3-5, *p < .05. 

 

3.4.3 Dengue infection enhances the expression of β4 subunit 

Western blot analysis revealed that dengue infection significantly increased the expression 

of β4 subunit while actin levels remained unaffected by the infection. Figure2.9A shows 

representative blots from the cytosolic fraction of DENV-2 H9c2 infected cells. Illustrated 

are immunoblots of β4 subunit under control conditions (lane a) and of the β4 subunit from 

MOI=5 (lane b) and MOI=10 (lane c) infected cells. In both cases, infection increased the 

expression of β4 subunit almost 2 fold. DENV-2 infection also increased the expression of 

the β4 subunit of nuclear fractions but only at MOI=10, as shown in Figure 2.9 C-D. 

Furthermore, DENV-2 infection also increased β4 subunit mRNA levels significantly, with 
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the infected group having an expression level ~4 fold larger than that of the control group 

(Figure 2.9 E).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 2.9: DENV 2 infection increases the expression of the β4 subunit in H9c2 cells. Blots 

show β4 (upper panel) and actin (lower panel) in cytosolic (A) and nuclear (C) fractions of 

H9c2cells. Cells were mock-infected (a) or infected with DENV2 at an MOI 5 (b) or an MOI 

of 10 (c). Relative expression of the β4 in cytosolic (B) and nuclear (D) fractions of mock-

infected (empty bar) or DENV-infected (filled bars) cells. (E) qRT-PCR analysis of relative 

expression of β4 mRNA of mock infected (empty bar) and DENV2-infected cells (filled bar, 

MOI = 5). All data reported as mean values ± SD, n = 3-5 per group. *p < .05. 
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3.4.4 Dengue infection promotes the expression of β4 subunit in the vicinity of infection 

To further examine the effects of dengue infection on the expression of the β4 subunit, 

confocal microscopy analysis was performed. A representative set of experiments is 

illustrated in Figure 2.10. The panels in A show images of DENV-2 infection (in red) at two 

different MOIs. In B, the presence of β4 subunit is illustrated (in green), and nuclei are shown 

in C (in blue). When images were merged, it was clear that the brightest green images were 

seen in nuclei of cells that were close to infection sites (1 and 2 in Figure 2.10 D). In non-

infected cells, the β4 subunit appears in both cytosol and nucleus with no major preferential 

distribution (panel B). In contrast, infection not only brought about an overall increase in 

the expression of the β4 subunit but also led to its translocation to the nucleus. To support 

this conclusion, cells (labeled 1-4 in Figure 2.10D) were analysed. Results are shown in 

Table 2.2. We found that the ratio between β4 subunit in the nucleus to that in cytosol was 

close to 2 in non-infected cells. Whereas, this ratio increased to 6 or 11 in cells that were 

close to infection but remained low in cells located far from infection sites.   

 

 Cell β4 total 

MFI 

(a.u.) 

β4  

colocalization 

(nuclei) 

β4  MFI 

(nuclei) 

β4  MFI 

(cytoplasm) 

β4  ratio 

(nuclei/cytoplasm) 

M
o
ck

 

1 2.44 0.68 1.632 .768 2.125 

2 4.48 0.718 3.217 1.263 2.546 

3 4.35 0.667 2.901 1.448 2.003 

4 4.43 0.676 2.995 1.435 2.086 

D
en

v
 2

 (
M

O
I 

5
) 1 48.66 0.931 45.302 3.357 13.492 

2 42.61 0.850 36.645 5.965 6.142 

3 11.23 0.589 6.614 4.615 1.433 

4 6.08 0.520 3.162 2.918 1.083 

D
en

v
 2

 (
M

O
I 

1
0
) 

1 44.31 0.921 40.809 3.500 11.658 

2 22.19 0.865 19.194 2.995 6.407 

3 5.26 0.571 3.003 2.256 1.331 

4 10.01 0.633 6.336 3.673 1.724 

Table 2.2: Distribution of β4 subunit near infection sites.  
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Figure 2.10: β4 subunit expression in nuclei is enhanced in the vicinity of DENV 2 infected 

cells. H9c2 cells were mock infected (upper panels) or infected for 48 h at an MOI of 5 

(middle panels) or 10 (lower panels) with DENV 2. The β4 subunit was localized using anti- 

β4 monoclonal antibody and with Alexa Fluor 488 conjugated antibody (green colour). 

Nuclei were DAPI stained (blue colour). NS3 viral protein expression was detected using a 

polyclonal anti-NS3 antibody (red colour). Cells were examined using confocal microscopy. 
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3.4.5 Soluble factors released during dengue infection enhance β4 subunit expression 

Since β4 subunit was readily induced in cells which are in proximity of infected cells, we 

studied the effect of soluble factors which are released from infected cells. To study the 

involvement of soluble factors on the increased expression of β4 subunit during infection, 

H9c2 cells were treated with either concentrated supernatants of DENV-2 infected H9c2 

cells or with supenatants from mock-infected cells. β4 levels were analyzed using confocal 

microscopy analysis. Figure 2.11 illustrates cells treated with DENV-2 infected supernatants 

(lower panel,  in green). The treatment greatly increased β4 subunit expression in comparison 

with cells treated with the supernatant from mock-infected cells (upper panel, in green).  

  

 

Figure 2.11: Soluble factors released during DENV-2 infection enhances the expression of 

β4 subunit. H9c2 cells were infected with DENV2 (MOI = 10) or mock infected for 10h. 

After infection, the supernatants were collected and added to a fresh batch of H9c2 cells and 

incubated for 48 h to examine β4 subunit expression. Confocal microscopy images of H9c2 

cells treated with supernatants from infected cells (lower panels) or from mock-infected cells 

(upper panels). The β4 subunit was detected using anti-β4 monoclonal antibody and Alexa 

Fluor 488 conjugated antibody (green colour). Nuclei were DAPI stained (blue colour). 
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3.4.6 Interferon β (IFNβ) treatment enhances expression of β4 subunit 

Although the involvement of a soluble factor promoting the increase in the expression of β4 

subunit in H9c2 cells is most likely, as suggested by the effects of supernatants extracted 

from dengue infected H9c2 cells, its nature is still unresolved. Interferon β (IFNβ) an 

important cytokine is certainly a possible candidate. Therefore, we studied the effect of IFNβ 

on the expression of β4 subunit using confocal fluorescence and western blot methods. Figure 

2.12A and 2.12C illustrate representative β4 subunit immunoblots of the cytosolic and 

nuclear fractions from cells treated with IFNβ (for 48 h) and untreated cells. While IFNβ 

treatment significantly increased the thickness of the β4 subunit band both in cytosolic 

fractions and nuclear fractions, no significant changes in the density of the actin bands were 

seen and these were used for normalization. Figure 2.12E confocal microscopy images 

represents enhanced distribution of β4 subunit both in both cytosolic and nuclear fractions 

under IFNβ treated condition (lower panel, in green) compared to that of untreated condition 

(upper panel, in green). 
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Figure 2.12: Intereferon treatment enhances expression of β4 subunit in H9c2 cells. Blots 

show β4 subunit (upper panel) and actin (lower panel) in cytosolic (A) and nuclear (C) 

fractions of H9c2cells. Cells were untreated or treated with IFNβ at concentration of 500 

U/ml for 48 h. Relative expression of the β4 subunit in cytosolic (B) and nuclear (D) fractions 

of untreated or IFNβ treated cells showed in bars. (E) Confocal microscopy images show 

H9c2 cells untreated (upper panels) or treated with IFNβ (lower panels) at 500U/ml 

concentration for 48 h. The β4 subunit was localized using anti-β4 monoclonal antibody and 

with Alexa Fluor 488 conjugated antibody (green colour). Nuclei were DAPI stained (blue 

colour). All data reported as mean values ± SD, n = 3-5 per group. *p < .05. 
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3.4.7 JAK1 inhibitor treatment downregulates β4 subunit expression 

In order to further study the role of IFN and its downstream signaling pathway on expression 

of β4 subunit, we treated H9c2 cells with JAK1 inhibitor (GLPG0634) and studied 

expression of β4 subunit. Figure 2.13A illustrates representative β4 subunit immunoblots of 

the whole cell fractions from cells treated with JAK1 inhibitor and untreated cells. JAK1 

inhibitor treatment repressed the expression levels of β4 subunit protein in a concentration 

dependent manner. Results from similar experiments are summarized in Figure 2.13B. 

Furthermore, qRT-PCR experiments revealed that JAK1 inhibitor treatment downregulated 

the β4 subunit mRNA levels significantly, with the treatment group having an expression 

level 50% lesser than that of the control group (Figure 2.13C). 

 

Figure 2.13: JAK1 inhibitor treatment reduces the expression of β4 subunit in H9c2 cells. 

Blots show β4 subunit (upper panel) and actin (lower panel) bands from whole cell fractions 

(A) of H9c2cells. Cells were untreated or treated with JAK1 inhibitor (GLPG0634) at 

concentrations of 200nM and 1000nM for 48 hrs. Relative expression of the β4 subunit from 

untreated or inhibitor treated cells are shown in bars (B). qRT-PCR analysis of relative 

expression of β4 mRNA of untreated and JAK1 inhibitor treated cells at concentrations of 
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200nm and 1000nm for 48hrs are shown in bars (C). All data are reported as mean values ± 

SD, n = 3-5 per group. *p < .05, **p < .01. 

3.4.8 β4 subunit promoter contains ISRE and GAS elements 

The hypothesis that interferon  regulates the expression of the 4 subunit was further 

strengthened by analysing the promoter region of the 4 subunit gene. Specifically, we 

analysed the promoter sequence of rat β4 subunit from 1000 bp 5’ flanking region upstream 

from the first exon. In mammals, IFN inducible promoters contain a conserved sequence 

designated ISRE, and GAAA/TTTC motifs are also found in the promoter region of all IFN 

inducible genes. Sequence analysis of the promoter region revealed one putative ISRE 

element with a core sequence AAGTGA (Sheikh, Kobayashi, Matsuoka, Onyiah, & Plevy, 

2011), at positions -836 to -846 and 9 GAAA/TTTC motifs oriented in both directions 

(Figure 2.14). In addition, we found from −286 to −295, a putative GAS element that 

matches the consensus sequence of  (TTNCNNNAA) (Tessitore et al., 1998) which is known 

to be present in the promoters of mammalian IFN-γ responsive genes. 
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Figure 2.14: Promoter sequence of cacnb4 gene. The 5_UTR and promoter region is shown 

in bold capital letters. The 5_UTR intron region is indicated with italics. One ISRE site and 

one GAS site are shaded in grey. Nine GAAA/TTTC motifs are underlined. First exon 

indicated in italics (http://gpminer.mbc.nctu.edu.tw/). 

 

 

3.4.9 Poly (I:C) and dengue virus increase the levels of intracellular Ca2+ 

To test the possibility that the levels of cytosolic Ca2+ are increased by Poly (I:C) and DENV 

infection, fura 2 fluorescence determinations were performed in intact H9c2 cells, mock 

transfected (control) or transfected with Poly (I:C). Figure 2.15 summarizes results from 

several experiments. Figure 2.15B shows the average values of 340/380 nm fluorescence 

ratios as a function of time from control experiments (o) and from Poly (I:C) transfected 

cells (●). The dotted line indicates mean values under control and poly (I:C) conditions. 
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There was a significant increase in Ca2+ levels in resting Ca2+ by Poly (I:C) when compared 

to controls. A similar conclusion was reached when DENV2 infected cells were analysed. 

Infection brought about a significant increase in cytosolic Ca2+ (Fig. 2.15A). To determine 

whether an electrical stimulation has any effect on intracellular Ca2+ levels in Poly (I:C) 

transfected cells or in cells infected with the dengue virus, similar experiments were done, 

but results were not significantly different (results were not shown).  

 

Figure 2.15: Effects DENV2 infection and poly (I:C) treatment on cytosolic Ca2+ measured 

340/380 Fura 2 fluorescence. (A) Relationship between [Ca2+]i and time in mock-infected 

(open symbols, n = 191) and in DENV2- infected H9c2 cells at 48-h postinfection (MOI = 

5), (filled symbols, n = 187). (B) Relationship between [Ca2+]i and time in H9c2 cells. Open 

symbols: empty vector-transfected cells (n = 453). Filled symbols: poly(I:C) 100-ng/ml 

transfected cells (n = 276). Average values for each condition are shown with dotted lines 

in A and B. All values are group means ± SEMs. *p < .01. 

 

4. Discussion 

 

In this study we demonstrated for the first time that the β4 subunit of Cav1.2 channels can 

act as an antiviral agent. We found that β4 subunit is localized both in nucleus and cytoplasm 

under both native and overexpressed conditions. Most importantly, overexpression of β4 

subunit enhanced the expression of four key antiviral proteins, namely: Ddx58, Irf7, stat2 
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and Ifitm3. Furthermore, β4 subunit expression and nuclear translocation were increased 

when cells were challenged with DENV infection or transfected with poly (I:C), a synthetic 

analogue of double-stranded viral RNA (Field et al., 1967). Expression was also increased 

by IFNβ. In addition, we also observed both ISRE and GAS promoter elements in the 

promoter region of the β4 subunit. Finally, we found that increasing β4 subunit levels resulted 

in reduced expression of the non-structural DENV viral proteins NS1 and NS3 as well as a 

marked reduction in the number of DENV infected cells.  

Our results are consistent with previous work in CD4 T-cells showing defective proliferation 

in the absence of β4 subunit and reduced production of effector T-cell IFNγ levels in β4 

subunit -deficient CD4 T cells (Badou et al., 2006). Taken together, the present findings 

provide evidence in support of the hypothesis that the β4 subunit plays a role in the response 

to infection. 

 

Dengue infection in Heart 

  

There are reports of patients with acute heart failure during DENV infection, and although 

cardiac impairment is not commonly reported, it can be life threatening. In fact, cases of 

complicated DENV infection with myocarditis have been described (Salgado et al., 2010; 

Marques et al., 2013; Zhang et al., 2010). Under this perspective and given the importance 

of myocardial lesion in severe dengue pathogenesis, we evaluated the susceptibility of the 

myoblast cell line H9c2, to DENV infection. This cell line, obtained from embryonic rat 

heart, represents a useful experimental model for cardiac cells because it is genetic 

homogeneous, its ease to grow and it is susceptibility to be genetically manipulated (Mejia-

alvarez et al., 1994). 

Initially, we demonstrated by the presence of the non-structural protein NS3 in the extracts 

from infected cells, that H9c2 cells are infected by the four DENV serotypes. While DENV2, 

DENV3 and DENV4 used in the assays were prototype strains, the DENV1 used in these 

assays corresponds to a DENV1 strain recently isolated from an infected human in Yucatán, 

México. At an MOI of 1, approximately 15% of the cells were infected after 24 h of 

infection. Moreover, the expression of structural and nonstructural viral proteins could be 

detected by confocal microscopy in DENV2 and DENV4 infected cells (Angel-Ambrocio 

et al., 2015). 
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Infection stimulates IFN-JAK-STAT pathway in H9c2 cells 

Poly (I:C) is a double-stranded RNA (dsRNA) that signals through RIG-I/MDA5 mediating 

an intracellular dsRNA-activated antiviral pathway or through TLR3 mediating an 

extracellular dsRNA-activated antiviral pathway. Both recognition systems activate 

IRF3/IRF7 and NF-kB which, in turn, translocate to the nucleus and initiate the transcription 

of IFN-β gene. IFN-β then participates in an autocrine/paracrine loop by the JAK-STAT 

pathway, to activate the expression of later phase Interferon stimulating genes, including 

IRF7 that contributes to the positive-feedback regulation for the robust IFN production and 

is responsible for the late phase of IFN gene induction(Tamura et al., 2008). Our study also 

demonstrates that poly (I:C) induces production of  IFN-β in H9c2 cells, suggesting that the 

same mechanism that operates in non-excitable cells is also present in cardiomiocytes. The 

β4 subunit promoter has binding sites for IRF and STAT, and therefore it may be activated 

by Poly (I:C) and IFN. Notably, in mammals IRF7 is now highlighted as the “master 

regulator” in IFN production via TLR 7/9-MyD88-dependent signaling pathway, and the 

formation of a heterodimer between IRF7 and IRF3, rather than an IRF3 homodimer, is 

presumed to be crucial for the production of early phase of IFN during virus infection 

(Honda et al., 2005). 

β4 subunit expression is regulated by IFN-JAK-STAT pathway 

Immunoblot and immunofluorescence analysis showed a significant upregulation of β4 

subunit protein upon DENV infection or poly (I:C) treatment. Consistent with the hypothesis 

that an intermediate upregulates β4 subunit in H9C2 cells, possibly interferon when cells are 

infected by DENV infected cells or transfected with poly (I:C), our study showed a 

significant induction of β4 subunit when cells were treated with supernatants that contain 

soluble factors released during DENV infection or after treatment with Ifnb. These results 

highlight a significant role of β4 subunit during the antiviral immune response.  

As demosntrated in the present work, the expression  of the β4 subunit is regulated by IFN-

JAK-STAT pathway. The involvement of JAK-STAT pathway could be demonstrated by 

studying the expression of β4 subunit in cells treated with the selective JAK1 inhibitor 

GLPG0634. The inhibitor interferes with JAK1 protein and further prevents activation of 



59 
 

STAT factors. The activated form of STAT is directly involved in upregulation of Interferon 

stimulating genes. Our RT-PCR and western blot analysis confirmed a significant down 

regulation of β4 subunit upon JAK1 inhibitor treatment, suggesting that JAK1 and its 

downstream signaling pathway plays a crucial role in regulating the expression of β4 subunit. 

The responsiveness of β4 subunit to IFN was further confirmed by analysis of its promoter 

region. The structure of the rat β4 subunit promoter possesses a typical organization of the 

promoter of IFN inducible genes. Thus, ISRE and GAS motifs exist in the promoter region. 

The β4 subunit promoter has one ISRE motif at the position of -846 to -836 and one GAS 

element in the range of -295 to -286 nucleotide position near to transcriptional start site. 

Functional studies of the β4 subunit promoter are required to elucidate in detail the molecular 

mechanisms involved but these experiments are beyond the scope of the present thesis. 

 

Role of Intracellular Calcium 

 

The β4 subunit is associated with the trafficking of the α1c subunit, the principal subunit of 

the Cav1.2 channels to the plasma membrane in excitable cells (Dolphin, 2003). When 

bound to the α1c subunit, it regulates the kinetic properties of Ca2+ currents flowing through 

these channels increasing the open probability of the channel and shifting the activation 

curve towards more negative potentials (Colecraft et al., 2002; Hullin et al., 2003; Neely et 

al., 1993). The effects of the β4 subunit on antiviral factor production demonstrated in the 

present work are likely independent of its involvement in regulating channel gating 

properties and trafficking given that these functions involve interactions with the α1c subunit 

at the cell membrane, not in the nucleus where expression of genes is affected. 

Although the cellular mechanisms that underlie the triggering of nuclear translocation of β4 

subunit following DENV infection or poly (I:C) treatment or IFNb treatment and the 

increased expression of IFN-related genes in response to β4 subunit expression remain to be 

resolved, it is reasonable to postulate that intracellular Ca2+ could play a role in these 

processes. Human skeletal myotubes from DENV-infected patients had elevated resting 

levels of Ca2+, as measured with ion-sensitive microelectrodes (Salgado et al., 2010), 

consistent with intracellular Ca2+ playing a role in the dengue fever pathogenesis. 

Additionally, Tadmouri et al. (2012) found that β4 subunit-mediated repression of tyrosine 

hydroxylase mRNA expression and β4 subunit translocation to the nucleus of hippocampal 

neurons depend on electrical activity. In hippocampal neurons, electrical activity associated 
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with action potentials is accompanied by transient elevations in cytosolic Ca2+ that are 

controlled in part by a Ca2+-induced Ca2+ release mechanism, similar to that in heart muscle 

(Sandler & Barbara, 1999). A relationship between β4 subunit and intracellular Ca2+ has also 

been found in immune cells. Moreover, Badou et al. (2006) described that β4 subunit -

deficient T cells have abnormally low Ca2+ responses when stimulated as well as reduced 

cytokine IFNγ production and impaired nuclear translocation of NFAT (nuclear factor of 

activated T cells) following stimulation. A connection between IFNγ and intracellular Ca2+ 

levels was reported in human microglia, the phagocytic cells of the brain.  Franciosi et al. 

reported that the acute application of IFNγ induces an immediate, progressive increase in 

Ca2+ to a plateau level in human microglia (Franciosi et al., 2002). 

 

In T cells, the influx of Ca2+ associated with stimulation occurs through voltage-independent 

Ca2+ channels (Badou et al., 2006). In the present experiments, the source of Ca2+ flowing 

into the cytosol is unknown and could be extracellular via Ca2+-permeant cell membrane 

channels. However, the Cav1.2 channel is an unlikely candidate because the H9c2 cells used 

in these experiments show very little excitability and measurable Ca2+ currents can only be 

recorded after several weeks in culture (Hescheler et al., 1991). Furthermore, although 

resting [Ca2+]i increased by DENV infection or by Poly(I:C), we did not observe a further 

rise in cytosolic Ca2+ in our cells following electrical stimulation. 

 

β4 subunit involved in regulating gene transcription 

 

The four known β subunits (β1, β2, β3, and β4) have different distributions in the cell 

(Colecraft et al., 2002; Foell et al., 2004). β4 subunit is the only one for which a predominant 

presence in cardiomyocyte nuclei has been described; this observation was reported by 

Colecraft et al. (Colecraft et al., 2002) in rat cardiomyocytes following recombinant 

adenoviral gene infection used to overexpress green fluorescent protein-fused β4 subunit. On 

the other hand, Foell et al. (2004) observed native β4 subunit expression in the cell membrane 

of canine cardiomyocytes. The differing findings between these studies could be related to 

a species difference. Alternatively, the observation of Colecraft and colleagues could have 

reflected nuclear translocation of β4 subunit in response to adenoviral-infection, similar to 

the postinfection translocation effects observed in the present study. It should be noted, 

however, that we observed native β4 subunit expression in both cytoplasmic and nuclear 

fractions of H9c2 cells. Moreover, when β4 subunit was overexpressed, its abundance was 
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increased in both fractions, suggesting that the transfection itself did not have a major effect 

on the cellular distribution of β4 subunit. 

The β4 subunit has been related to transcription in non-cardiac cells previously. Hibino et al. 

(2003) found that β4c, a short form of the subunit predominantly expressed in cochlear cells, 

is recruited to the nucleus and interacts directly with the chromo shadow domain of 

chromobox protein2/heterochromatin protein 1γ, a nuclear protein involved in gene 

silencing and transcriptional regulation. The β4-chromo shadow domain interaction reduced 

the silencing activity of this chromobox protein dramatically in Cos1 cells. Tadmouri et al. 

(2012) found that β4 subunit localizes predominantly in the nuclei of dentate gyrus neurons 

and, using a heterologous expression system, showed that it associates with Ppp2r5d, a 

regulatory subunit of PP2A phosphatase, followed by nuclear translocation of the complex 

thus enabling repression of the tyrosine hydroxylase gene promoter by the β4 subunit. They 

proposed that β4 subunit might act as a repressor recruiting platform to control neuronal gene 

expression. These two examples demonstrate modulatory actions of β4 subunit on repressive 

gene phenomena that are distinct from its stimulatory effects on antiviral factor expression 

reported here, and thus likely mediated by different targets. 

 

Interferons possibly mediates β4 subunit induced antiviral factors 

The increased expression of IFNb1 following β4 subunit overexpression demonstrated in this 

study is consistent with the possibility that β4 subunit-mediated upregulation of antiviral 

factors may involve IFNs. IFNs are known stimulators of the expression of the antiviral 

factors Ddx58, Irf7, and Ifitm3 (Schoggins & Rice, 2011) and have been shown previously 

to induce Ifitm3 expression in H9c2 cells (Lau et al., 2012). These potent antiviral factors 

reinforce the system by inducing further upregulation of IFN levels. A knockout mouse 

study described that Irf7 is necessary for induction of IFN-α/β (Honda et al., 2005). When 

Ddx58 interacts with double-stranded RNA (a replication intermediate for RNA viruses), a 

signalling cascade is triggered, leading to activation of transcription factors and induction 

of IFNs (Yoneyama et al., 2004). 

The suggested role of IFNs in β4 subunit-mediated upregulation of antiviral factors is 

supported by the fact that β4 subunit-upregulated antiviral factors play important roles during 

DENV infection. IFN receptor-deficient mice are highly susceptible to DENV infection 

(Johnson & Roehrig, 1999). Meanwhile, Ddx58, Irf7 and Iftim3 significantly reduce DENV 
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replication; in particular, Ifitm3 targets DENV at an early life-cycle stage (Schoggins et al., 

2012). Diffusion of IFN (or another soluble factor) may explain our present observation of 

increased β4 subunit expression and nuclear translocation in non-infected cells near DENV-

infected cells. 

Given that Ddx58, Irf7, and Ifitm3 are important antiviral factors in many cell types against 

a variety of viruses (Hoffmann et al., 2015), we expect that the anti-DENV protective effects 

of β4 subunit demonstrated here may extend to other viruses and other differentiated cell 

types. Our results with poly (I:C) are consistent with this assumption. β4 subunit is expressed 

in excitable cells, including neurons in diverse brain regions (Ludwig et al., 1997) and 

cardiomyocytes (Foell, 2004), as well as in non-excitable cells, including T cells (Stokes et 

al., 2004) and cells in the kidney and testis (Escayg et al., 1998). Of the four β4 subunit 

isoforms (a-d) that have been described associated to Cav1.2 channels (A. Rohrkasten et al., 

1989; Lacerda et al., 1991; Singer et al., 1991), three are expressed in heart, namely a, b, 

and d (Foell, 2004). The β4d isoform (not recognized by the β4 subunit antibody used here) 

is truncated due to a frame-shift mediated early stop codon, resulting in an absence of the 

domain that interacts strongly with the α1c subunit (Foell, 2004). The physiological 

relevance of β4d is unknown. The remaining β4 subunit (β4a and β4b) have similar molecular 

weights and could not be distinguished from one another in our immunoblots. However, β4b 

subunit has been shown to have a greater nuclear targeting and gene regulatory effects than 

β4a subunit in cultured cerebellar granule cells (Etemad et al., 2014), suggesting it may have 

a preferential role in gene regulation. Our findings that β4b subunit transfection led to a 

preferential nuclear location and upregulation of IFN-related genes are consistent with this 

view. 

 

In conclusion, our experiments suggest that the β4 subunit of Cav1.2 channels in H9c2 cells 

plays a crucial role in the cellular response to infection with DENV. This cellular response 

involves upregulation of key antiviral proteins and represents a novel role of this calcium 

channel subunit in heart. 
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5. Conclusions  

 Under β4 overexpressed and endogenous conditions, β4 is localized in nucleus and 

cytosolic fractions of H9c2 cells. 

 β4 subunit overexpression enhances expression of interferon related factors and 

reduces dengue virus infection levels. 

 Viral infection enhances β4 subunit expression particularly in sites of infection. 

 β4 subunit expression is regulated by interferon IFN-JAK-STAT pathway. 
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