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CHAPTER 1     

GENERAL INTRODUCTION   
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Introduction The human body requires a continuous flow of blood for it to function. Blood supplies the tissues with nutrients and oxygen and carries of waste products for disposal. The force required for transporting blood throughout the body is provided by the continuous contractions of the heart. It is overt that disturbances in the function of this vital organ can be disastrous. Decreased heart function can lead to impairments in the function of other organ systems and can eventually become life threatening.   

  
Figure 1. Transcription.  In the nucleus, an mRNA sequence is synthesized based on the genetic code on one of the DNA strands. After transcription, the mRNA is transported to the cytoplasm where the mRNA-sequence is translated into a peptide. This peptide will undergo further processing into its final protein form.  
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Like any other organ, a healthy functioning heart relies on a tight regulation of the proteome; the integral set of proteins present at any given time and place. The spatial and temporal composition of the proteome is greatly dependent on the composition of the transcriptome, the set of messenger RNA (mRNA) molecules that serve as the template for the synthesis of proteins (translation) (figure 1). A key mechanism in governing the transcriptome is controlling the activation of transcription, the process in which the enzyme RNA-polymerase synthesizes the mRNA intermediate based on its DNA template. 
Transcription, interplay between DNA and proteins Initiation of transcription is the result of a highly complex and tightly regulated interplay between specific sequences located within the DNA and regulatory proteins called transcription factors (TFs). TFs can act via direct binding to the DNA and/or as co-factor by interacting with other TFs. The DNA-binding factors bind to specific regulatory sequences in the DNA, the transcription factor binding sites (TFBs). Most of the regulatory sequences are believed to be located within regions 5’ of the genes’ coding sequences. For a TF to exert its activity, it usually has to act in concert with others. As a result, co-operating TFBs typically occur together in modules. The DNA-region containing the sequences involved in the transcriptional regulation of a gene is called the promoter (figure 2A). By varying the modular arrangements of TFBs, promoters are formed which are unique for each gene. Protein-protein and DNA-protein interactions act together in eventually assembling transcription initiating complexes at the specific transcription start sites of genes. To enable the formation of these complexes, some proteins may contribute by opening up the chromatin structures and/or assist in bending the DNA so that co-operating regulatory sequences are brought into close proximity of one another (see figure 2B).[1, 2] In cell-free systems, RNA-polymerase only requires a small set of often ubiquitously expressed transcription factors, such as the TATA-box binding protein, to initiate transcription at basal levels.[3] The promoter region targeted by this set of factors is the core promoter. However, for higher levels of transcription and a spatial and temporal specific transcription, additional factors are required.[4] Which TFs interact with the DNA depends on the availability of TFs within the nucleus of a given cell at a given time and on which TFBs are available on the DNA.  
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The composition of the complete set of factors involved is highly dynamic. In response to any kind of signal, proteins with a TF-function can become differentially regulated and transmit the signal to the nucleus, resulting in alterations in the transcriptome.   

 
Figure 2. Promoter structure. Top panel (A) shows a gene (transcription unit) with its 5’ proximal promoter. Binding sites in the DNA for transcription factors are indicated as vertical bars. The transcription start site is indicated with the bend arrow. In the bottom panel (B) is depicted how transcription factors bind to the DNA and interact. DNA is made accessible through the actions of chromatin remodeling proteins, other transcription activating factors (TAFs) form complexes that lead to the activation of the RNA-polymerase II.  Figure adapted from: Wray et al.[5] © 2003 by the Society for Molecular Biology and Evolution. MBE Online: http://www.mbe.oxfordjournals.org/  
Identifying regulatory elements At the onset of our studies, no prior studies had been undertaken to investigate the transcriptional regulation of cardiac-specific genes as a group. Only for a few it was known which elements within their promoter brought about their individual tissue-specific expression profile.[6-10] Instead of focusing on only a single gene, we set out to investigate whether the cardiac-specific genes as a group shared a 
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common set of cis-regulatory elements, that eventually led to restricting transcription (and thus the final expression) of genes to the heart. The identification of individual functionally relevant regulatory elements within a single promoter can be a daunting task. A separate laboratory experiment would be required to determine the role of each and every regulatory element. Since such individualistic screening is not feasible for large scale studies, other approaches are required. Genes expressed at the same time and place are prone to recruit a shared set of TFs. Their co-expression is thus also likely to result from the presence of similar regulatory elements within their promoters. In addition, it has also been found that the regulatory mechanisms of transcription of many genes, including cardiac genes, are often conserved for the orthologues genes across species.[8, 10, 11] Based on this principle, numerous bioinformatics programs have been developed to identify which regulatory elements are enriched within the promoters of a set of co-expressed genes when compared to a background set.[12] In this way lists can be generated of motifs and or modules most likely to be involved in the transcriptional response of interest. The labor-intensive and more costly laboratory studies can then be specifically targeted to the validation of the computer derived (in sillico) results (see figure 3). 
Models for research of cardiac transcription Cardiac research benefits from the fact that the heart or a similar organ is present in all higher organisms. From Drosophila to vertebrates there is a strong conservation in the mechanisms driving cardiogenesis.[13, 14] Since there is no ‘simple’ human model system to study transcription regulation in ventricular cardiomyocytes, studies in this field are typically performed using primary cell cultures of rat or mice cardiomyocytes. Like humans, also muridae have hearts consisting of separate atria and ventricles. As with the use of any model there are some restraints in the translation of the results from the model to for example the human situation. Despite the many similarities also some key differences exist. One of the most striking ones besides size is probably the rate of contraction. Where the number of beats per minute for the human heart is around 70, the heart rate of rat or mice can reach over 500.    
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Figure 3. Flow diagram for the identification and validation of regulatory 
promoter motifs. Genes expressed at the same time and place are prone to recruit a shared set of TFs. Their co-expression is thus also likely to result from the presence of similar regulatory elements within their promoters. Identifying such shared promoter elements can assist in identifying which regulatory mechanisms are involved in establishing a specific gene expression-profile under a given set of conditions.    In the absence of electrical pulsing, the functionality of cardiomyocytes in culture rapidly diminishes.[15] Applying electrical pulsing has been found to conserve the contractile activity by triggering calcium sparks.[16, 17] Additional studies showed that by applying electrical stimulation, the expression of several cardiac-specific genes is increased and the ultra-structures of the cardiomyocytes are maintained while these would be lost otherwise.[18, 19] Despite the apparent relevance of electric signals for cardiomyocytes, no study has been published that describes the effects of electric pulsing on the whole cardiomyocyte transcriptome. Furthermore, there also remains the question of to what extent the changes in transcription observed for the individual genes were the result of the electric stimuli or their consequential contractions. To fully understand the role of electrical 
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signaling it is therefore important to establish whether genes respond differently to electrical stimuli and contractions.  
Predicting gene function using transcriptomics data Alongside gene expression data on targets of interest, experiments with expression micro-arrays also produce data on the thousands of other genes, including some that have remained poorly annotated. These transcriptomics data can also be used to predict the functional role of genes lacking functional annotation. This is done based on the hypothesis that genes which are functionally related are subject to shared transcriptional regulatory mechanisms. For example, Walker and colleagues identified eight ‘new’ genes involved in prostate cancer based on their profiles of co-expression with known ‘prostate cancer related genes.[20] Expression profile analyses can thus provide valuable new insights in the possible functional role of genes. 
Aims of the study Many questions still remained on various aspects of the cardiac transcriptome. In our studies we addressed the following. First, to what level does the cardiac muscle-specific gene expression program overlap with the programs of the other muscle tissues, and to what extent is it unique to the heart? Is there a common transcription regulatory program that lays at the basis of restricting the expression of genes to the cardiac muscle? Second, what is the effect of electrical stimuli at the level of the transcriptome? Which genes and associated processes are hereby affected? Third, is there, analogous to the stretch specific program, also an electrical-pulsing specific response and if so, which factors are involved?[21] Transcriptomics data can also be used to predict gene functions. Several genes with a heart-enriched expression profile are still awaiting their functional annotation. This brings about the fourth question; can we utilize the often ample available expression data to identify the functional roles of these genes?  Besides investigating these questions we also aimed at the identification of promoters of genes for which these had not been identified yet. By determining the promoters of individual genes active in one or more of the various types of muscle, we generate the tools that 
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can be used in experiments to validate the findings from the genome-wide studies.   
Outline of the dissertation In chapter 2 an overview is presented of the transcription factors involved in the activation of cardiac-specific genes and of the regulatory networks in which they exert their function. In our studies we made extensive use of bioinformatics, however, some sort of experimental validation is eventually required to validate the results obtained. Furthermore, the set of cardiac genes for which the promoters had been described was fairly limited. Therefore we created a number of luciferase-reporter constructs based on human promoter sequences (chapter 3). These constructs enabled us to test tissue specificity of promoter constructs and the relevance of motifs identified in the bioinformatics analyses. Where other studies often only reported which promoter fragments of cardiac genes were sufficient for driving expression in cardiomyocytes, we investigated in addition also the degree of tissue specificity. To investigate the effects of electrical pulsing on cardiomyocyte transcription we developed a system in which we were able to culture cardiomyocytes for longer periods while continuously subjecting them to electrical stimulation. This system and the associating culture protocol were described in chapter 4. In order to identify the effects of electrical pulsing on the cardiomyocyte transcriptome on a genome-wide scale, we performed a comprehensive microarray study, presented in chapter 5. Besides identifying which genes are differentially expressed as a result of electric pulsing, we also distinguished in our study whether differential expression was resulting from the electrical pulsing on itself apart from the evoked contractions. In chapter 6 we described how bioinformatics analyses were employed to identify which regulatory elements are responsible for restricting the expression of genes to the heart. In addition, it presents potential candidate motifs responsible for the eventually link up of the electrical signals with the transcription machinery. TCF7L2 which was identified in chapter 6 as a modulator of the transcriptional response to electrical pulsing, is a well known target of β-catenin signaling.[22] In chapter 7, we reported on how we further investigated the relation of this signaling pathway with that activated by 
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electrical pulsing, and also on the possibility to manipulate these mechanisms by using pharmacological compounds. As an example of how gene-expression data can be employed to identify the functional role of a gene, we used the approach of guilt by association to elucidate the function of a mitochondrial gene with a heart-enriched expression profile (chapter 8).  Finally, Chapter 9 provides an overall discussion of the research presented in this dissertation. 
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Abstract Constituting one of the three muscle types in the human body, cardiomyocytes share many similarities with the other muscles but at the same time display several unique features. The unique properties are obtained through the activity of several genes of which the expression is highly enriched in or even completely limited to only the cardiomyocytes. At the basis of the tissue-specific expression of these genes lays an intricate network of transcription factors which in part is shared with the skeletal and smooth muscle cells and in addition involves several key factors that to a large extend are restricted to cardiomyocytes. While most overviews are primarily focused on the actions of individual transcription factors here, we deliberate on interactions amongst the collective of transcriptional initiators, inducers and inhibitors involved in regulating the cardiac expression at the transcription level, taking into account the different levels of tissue specificity and the possible modes of action of the factors involved. The picture that emerges is that of a core network with MEF2 at its center. Together with key cardiac-enriched players like GATA4/6, NKX2-5, HAND2 and more ubiquitous factors like SRF and additional factors it controls the regulation of many of the heart-specific genes. Additional activators and a variety of inhibitors provide further fine tuning of transcription and together form the eventual regulatory machinery that gives rise to the formation of the complex organ that is the heart. 
Introduction The human body contains three different highly specialized types of muscle: cardiac, skeletal and smooth muscle performing their function at different locations, controlled by distinctive mechanisms. Smooth muscle enables the contraction of blood vessels, the gastro-intestinal tract and organs like the bladder and uterus. Its relatively slow contractions are controlled by the autonomous nervous system in contrast to the fast contractions of skeletal muscles that are controlled by the somatic nervous system and the continuous rhythmic contractions of the heart muscle initiated upon signals originating in the sinus node. The differences in contractile characteristics require adaptations in the architecture of the contractile apparatus, metabolism and other elements involved such as ion channels within and in between the cells. Thus apart from all being types of muscle and consequentially 
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sharing many similarities, the gene expression programs of the muscles also have very distinctive features. In this review we explore the regulatory mechanisms at the transcription level that lead to the restriction of gene expression within cardiomyocytes, the heart’s unique muscle cells. Only for a small number of genes expressed in cardiomyocytes is known which regulatory sequences confer the restriction of their expression to this specific cell type. Numerous articles elaborate on specific transcription factors (TFs) and their role in a particular promoter of a cardiac gene. Concise overviews, however, of the bigger regulatory networks in which these factors are involved are very limited, especially the mechanisms of how these networks of interacting proteins lead to the tissue-specific transcription activation. Here we provide an integral overview of the transcription regulatory networks leading to cardiomyocyte specific expression of various genes. 
From general to cardiac-specific transcription Regulating transcription is one of the key control mechanisms in the process of gene expression. Most protein encoding genes depend for their transcription on the activation of RNA polymerase II (RNApolII).[1] In association with several fairly ubiquitous expressed factors, RNApolII is capable of driving transcription at low (basal) levels in cell-free systems.[2] Because of some functional redundancy there exist quite some variation amongst promoters in which of these core-factors are employed.[3] Some of these factors are required to bind to specific DNA sequences within the DNA, the so-called core-promoter elements such as: TATA-box, Initiator (Inr) and downstream promoter element (DPE).[4, 5] To obtain expression levels above that of the basal expression additional, often more gene-specific TFs, are required.[6] These gene-specific TFs are shared by multiple genes with a similar promoter structure. As a result the DNA of the activated genes is relocated to specific sites within the nucleus where they become transcribed within close proximity of one another: the transcription factories.[7] Also active RNApolII readily resides at high concentrations in a hyper-phosphorylated form at transcription factories and the factories are maintained even in absence of transcription.[8, 9]  Just like many other proteins also the expression of TF-encoding genes, especially the gene-specific, occurs in a spatial and temporal specific manner. Enrichment of gene expression in a tissue can be 
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scored through calculating entropy whereby the expression in one tissue is compared to that in a set of other tissues. To determine the enrichment of all transcription factors within the heart we determined their Shanon entropy values as described by Schug et al..[10] For the calculations we made use of an extensive publicly accessible dataset from the Neurocrine corporation that contains expression data over 65 different human tissues.[11] All TFs were selected based on being annotated with the gene ontology (GO) term of ‘transcription factor activity’. The entropy for genes in heart ventricle and atria were determined separately since although both being an primary component of the heart, the structures are very different from one another and some transcription factors display a strong specificity for one of the two.  In table 1 we present the twenty most ventricle-specific transcription factors and in addition indicated their ranking in atria. It can be seen clearly that several factors such as GATA4 and GATA6 exhibit somewhat similar tissue specificity for ventricle and atria while others, HEY2 (hairy/enhancer-of-split-related with YRPW motif 2) in particular, seem to be highly specific for ventricle. Furthermore it becomes apparent that some isoforms encoded by the same gene, e.g. TBX5 (T-box 5), display different degrees of tissue specificity for ventricle and atria. In figure 1 we present a graphical display of a selection of TFs present within 1 kb of the proximal promoter of cardiac and non-cardiac genes. In addition, we calculated for each gene the Shanon entropy values for cardiac ventricle, skeletal muscle and the cerebellum. Indeed the proximal promoters of the cardiac genes are enriched with binding sites for TFs like NKX2-5 and GATA. However, more noticeable is the abundance of SP1, SRF and MEF2. Although none of them ranks amongst the top cardiac-specific TFs, they do play a pivotal role in determining cardiac specificity by recruiting more cardiac-specific (co-) factors. Studies on the mechanisms of regulating cardiac genes were often focused on either NPPA, encoding the precursor peptide of atrial natriuretic factor (ANF) or cardiac alpha actin (ACTC1).[12, 13] In the following sections we elucidate on their regulation and the interactions of the TFs involved. A graphical representation of all mentioned interactions between TFs is given in figure 2.       
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Table 1. Ranking of transcription factors according to tissue specificity in adult heart ventricle and atrium  Rank ventricle  Rank atrium HGNCID Gene Title 1 1 Gata6 GATA binding protein 62 4 Gata4 GATA binding protein 43 7 Nkx2-5 NK2 transcription factor related, locus 5 (Drosophila) 4 6 MYOCD myocardin5 1071 Hey2 hairy/enhancer-of-split-related with YRPW motif 2 6 38 Sox7 SRY (sex determining region Y)-box 77 2 TBX5 T-box 58 51 UHRF1 ubiquitin-like with PHD and ring finger domains 1 9 26 CSDA cold shock domain protein A10 22 Mitf microphthalmia-associated transcription factor 11 78 Sox7 SRY (sex determining region Y)-box 712 63 Mitf microphthalmia-associated transcription factor 13 113 Hand1 heart and neural crest derivatives expressed 1 14 30 Heyl hairy/enhancer-of-split related with YRPW motif-1 15 73 ace2 angiotensin I converting enzyme 16 36 Epas1 endothelial PAS domain protein 117 53 Nr4a2 nuclear receptor subfamily 4, group A, member 2 18 5 TBX5 T-box 519 18 MSRB2 methionine sulfoxide reductase B220 27 Mef2a Myocyte enhancer factor 2aGenes are ranked by increasing Shanon entropy values calculated from average gene-expression in the dataset of Roth et al.(2006) encompassing 353 samples from 65 tissues.   
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Figure 2. Overview of regulatory networks between transcription factors. Each line represents direct interaction between two transcription factors, additional factors that may be required for the interactions are not indicated. Associations given as continuous lines lead to activation of target genes, dotted lines indicate repressor activity by factor with inhibitory function (black boxes). Nkx2-5 can replace YY1 at target sequences, thereby removing YY1’s inhibitory activity (dashed line). Names of factors highly enriched in cardiomyocytes are underlined.  
Regulation of the NPPA promoter Although the name might suggest otherwise, NPPA expression is not restricted to the atria, but also occurs in the heart ventricles, lungs, liver and pituitary gland.[14] The proximal promoter fragment of 700 bp appears to be sufficient for driving cardiac expression of NPPA (see figure 3).[15]    
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NKX2-5 In the NPPA promoter a key role is played by the cardiac-enriched transcription factor NKX2-5 the vertebrate homologue of the Drosophila Tinman (Tin) which is crucial for cardiogenesis.[16] Its expression precedes that of the cardiac-specific genes alpha myosin heavy chain (MYH6), NPPA and ACTC1.[16-18] In vertebrates NKX2-5 is expressed during all the stages of life, initially throughout different tissues but in later stages of life it becomes more restricted to the heart.[17, 19] NKX2-5 is a member of the NK2 class of homeodomain/ homeobox (Hox)-containing transcription factors. Hox-proteins on themselves often do not have high binding affinity but when bound by co-factors binding specificity and affinity are increased.[20] NKX2-5 can transactivate the mouse Nppa promoter through binding to two separate binding sites on the DNA, named NKX2-5 response elements (NKEs) with sequences CCAAGTG and TCAAGTG located at -91/ -78 and in tandem at -243/-221 bp from the TSS.[20, 21] NKX2-5 binds to different sites on the DNA with varying affinity, binding is strong to TNNAGTG and weaker to CWTTAATTN.[22] Together with the zinc-finger protein GATA4, NKX2-5 is capable of activating the NPPA promoter in non-cardiac  cells.[23] This and the ability of NKX2-5 to transactivate the Nppa promoter in fibroblasts demonstrate a crucial role of NKX2-5 in the activation of the cardiac  gene expression program. Higher affinity binding of NKX2-5 to the DNA can be obtained via interaction with GATA4: this protein induces a conformational change in that protein that takes away the inhibitory effect of the NKX2-5 C-terminal domain so that p300 can interact with the NKX2-5 N-terminal domain thereby contributing to DNA binding affinity.[24] 
GATA4 and p300 Like NKX2-5, GATA4 is expressed in only a few tissues. In adults, expression is only found in the heart, liver, small intestine, ovary and testes.[15, 20, 25] GATA factors contain one or two zinc-finger domains that together with an adjacent conserved highly basic region form a domain that binds DNA to sequences containing the GATA motif with the consensus sequence WGATAR. The importance of GATA4 for NPPA transcription becomes apparent from the fact that Nppa promoter activity in mesodermal 10T1/2 cells requires direct binding of GATA4 to the DNA. Out of the two binding sites that are present: at -138 and -295 bp, the proximal one is the most essential.[20, 26] GATA4 can 
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functionally be replaced to some extent by GATA6.[27] The two proteins also directly interact with each other thereby enhancing NPPA transcription, requiring only one of the factors to bind their shared consensus motif on the DNA.[28] Besides collaborating with other GATA factors, the GATA proteins act in synergy with a wide variety of other proteins besides NKX2-5. DNA bound GATA4 can recruit MEF2 to target promoters without requiring MEF2 itself to bind to DNA.[29] Together with the serum response factor (SRF) GATA4 can activate various SRE (serum response element, binding site for SRF) dependent promoters.[30]  It has been shown that this GATA dependent activation of transcription involves recruitment of the general TF p300 that has histone acetyltransferase (HAT) activity and interacts with the basal transcription initiation complex (TIC) of RNA-polymerase II through binding to TBP.[31, 32] GATA4 is also likely to be involved in enabling binding of p300 to NKX2-5. By removing the impeding effect of NKX2-5’s C-terminal domain GATA4 might enable direct interaction between NKX2-5 and p300.[24, 33] Other regulators of GATA factor activity are the serum response factor (SRF), NFAT and Friend of GATA (FOG) proteins.[31, 34, 35] The long isoform of the FOG-2 directly inhibits 
NPPA promoter activation by GATA4.[36] While this inhibitory long isoform occurs in many types of tissues the shorter more heart restricted isoform has no inhibitory effect on NPPA transcription. Besides NPPA, FOG-2 also influences transcription of brain type natriuretic peptide (BNP) and the heart specific SERCA-channel encoding gene ATP2A2.[36, 37] 
SP1 In a rat hypertrophy model, it was found that activation of the Nppa promoter by GATA4 could be further increased through synergetic action with Sp1, a ubiquitous expressed zinc-finger protein.[38] For this activation SP1 must bind directly to SP1 binding sites within the proximal promoter. SP1 was shown to interact with GATA4 through direct protein-protein binding. Furthermore it was shown that recruitment of SP1 to its binding sites was increased at higher levels of GATA4.[38]     
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MEF2 The expression of several cardiac  proteins in mice, including NPPA, requires the MADS-box protein myocytes enhancer factor 2C (MEF2C).[39] The MADS box domain facilitates binding to DNA and interaction with other TFs including dimerization with other MADS-box proteins. The distinguishing feature of the MEF2 proteins is the MEF2 domain, a 29-amino acids domain that enables MEF2 interaction with other accessory factors and binding to its own specific DNA binding site.[40-43] MEF2 does not dimerize with other MADS-box factors such as SRF, but only forms homo and heterodimers with MEF2 proteins.[44] Similar to other MADS-box factors, MEF2 DNA-binding and activity is greatly influenced by sequences adjacent to the TFBS, in muscle-specific enhancers the overall MEF2 consensus sequence YTTA(W)4TAR has been found to be regularly flanked by a G/C rich motif termed the CCAAC-box.[45] The DNA binding specificity of the factors themselves is determined by the first amino acid of their MADS-box domain.[44, 46, 47] However, there is some competition for the MEF2 site between MEF2 and ubiquitous nuclear factors.[48]  There is a big variety of possible combinations of MEF2 proteins due to fact that many MEF2 isoforms are generated by alternative splicing in the transcription mediating C-terminal domain.[44] In vertebrates four MEF2 genes have been found: MEF2A, -B, -C and –D. MEF2A, -C and -D have the same binding specificity although MEF2B binds the same sequence with a lower affinity compared to the others. These isoforms are to some degree  tissue-specific, but all four MEF2 proteins are mainly expressed in myogenic cells and further muscle restricted transcriptional activity of MEF2 is obtained through post-translational regulation of MEF2.[49] MEF2 factors are found to be essential co-regulators of myogenic basic helix-loop-helix (bHLH) proteins.[50] In conjunction they can initiate myogenesis. In mice MEF2C was shown to be required for the expression of a number of cardiac specific genes 
Nppa, Actc1, Myh6 and Hand2.[39, 51] MEF2 proteins can synergistically activate transcription by direct DNA binding or as co-factors.       
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For full activity MEF2C requires p300, the exact way of how this activation is obtained remains to be elucidated.[52, 53] In addition to bHLH proteins, it has also been observed that Sp1 and the HAND factors bind to MEF2. A combination of MEF2C and HAND2 is able to drive expression of NPPA in HELA cells, demonstrating the central role of MEF2 in NPPA expression.[42, 54] Another TF of the basal machinery targeted by MEF2 is the transcription elongation factor p-ETFb, which suggests that MEF2 can also affect the transcription after the initial initiation phase.[55]  
HAND HAND1 (Thing1, eHAND, HXT) and HAND2 (dHAND, HED, Thing2) are bHLH factors involved in determining the right and left ventricle formation.[56] The name HAND is derived from the tissues where the protein is expressed in embryonic stage: heart, autonomic nervous system and neural crest derivatives.[57] HAND1 is ventricle specific while HAND2 is expressed in both ventricles and atria of the human heart.[57-60] HAND1 and HAND2 can form homo- and hetero-dimers with themselves and other class B bHLH factors. Thattaliyath et al. found that HAND2 transcriptional activity can be independent of DNA-binding or presence of an E-box, but likely occurs in a hetero-dimer with an E-protein.[61] E-boxes are frequently occurring motifs with the consensus sequence CANNTG targeted by a wide variety of transcription factors.[62] In addition to this they showed that HAND2 synergistically activates NPPA transcription together with NKX2-5 but not with GATA4. The experiments however, were performed with a -258 fragment of the NPPA promoter and by using HEK 293 cells. In similar experiments, in neonatal rat cardiomyocytes and with the use of a -623 promoter fragment Dai et al. determined that in the presence of p300, HAND2 and GATA4 do interact synergistically. Just as for the interaction of HAND2 with NKX2-5 the synergistic activity was independent of an E-box but depended on the GATA-site.[63] Just like GATA4 also HAND2 binds directly to p300.[34] Both HAND1 and HAND2 can activate the NPPA promoter in conjunction with MEF2.[54, 64] For transactivation by HAND1, only MEF2 binding sites in the DNA are required. Binding of HAND1 did not increase DNA binding of MEF2, therefore it is believed that the increase in promoter activity is obtained through additional factors that are being attracted to the promoter by HAND1.[64]   
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TBX5 Another highly cardiac-specific factor activating the NPPA promoter is TBX-5, a member of the Brachyury/T-box family of transcription factors. The T in the name was derived from the short tail phenotype of mice that were heterozygous for one of the T-box family members and the T-box itself is a sequence specific DNA-binding domain.[65] In mammals 18 T-box factor genes have been identified, six of them (Tbx1/2/3/5/19/20) are active in the developing heart.[66] TBX proteins are essential in establishing the cardiac architecture by contributing to the formation of the separate ventricles.[67] While TBX20 is expressed in the right ventricle, Tbx5 is expressed in the developing left ventricle and was shown to be involved in the formation of the septum between the two ventricles.[67] Knockdown experiments in zebrafish suggest that direct binding of TBX5 with MEF2C is required for TBX5 to carry out its’ function in cardiogenesis. In this interaction, MEF2C binds directly to the DNA-binding domain of TBX5 without the need of an MEF2-binding site.[68] As a result of alternative splicing two different forms of TBX5 exist with apparently different roles.[69] While the shorter TBX5a is more active in proliferating cells, the longer TBX5b form is higher expressed in differentiating cells. With progression into the adult stage the ratio TBX5b/TBX5a in the heart increases, on average the TBX5-b isoform ranks higher when scoring for cardiac specificity (see table 1).[69] Transactivation of the NPPA promoter is only obtained through the shorter TBX5a form and not through the longer TBX5b. Tbx5 directly binds the NPPA promoter via T-box binding elements (TBEs) of which there are three present in the NPPA promoter between positions -487 and -80 bp, with the respective binding site sequences GGTGTGA, TCACACC and GTGACA.[70] These three sites enable, at least in vitro, a dose/effect response whereby NPPA expression increases with increasing levels of TBX5. Two highly similar TBEs that were identified in the connexin-40 promoter have the sequences GTGGGA and GTGACA.[70] TBX5 acts co-operatively with the GATA4 and NKX2-5 transcription factors, both discussed earlier in this review. NKX2-5 has been shown to directly bind to TBX5 and synergistic activity of TBX5 and GATA4 is known to increase NPPA-promoter activity in chicken.[67, 70, 71]   
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Activation of the cardiac actin promoter Another well documented cardiac-specific promoter is that of the 
ACTC1 gene encoding cardiac actin, a major structural protein of the sarcomeres. While in humans the gene is only active in the heart, mice and rat also display expression of this gene in the skeletal muscle. This illustrates the overlap in some of the transcription regulatory mechanisms of heart and other muscles. For ACTC1 the immediate proximal promoter is sufficient for directing striated muscle-specific transcription activation.[72] Within the region –110 to +68, three essential transcription factor binding sites (TFBS) were identified: the Serum Response Element (SRE), a GC-rich box and an enhancer-box (E-box). The respective binding factors for these sites are SRF, SP1 and the class B myogenic bHLH proteins MyoD and myogenin (see figure 4).[73] Without any of these three TFBS and their associated factors promoter activity is completely abolished due to a failure in the formation of the transcription initiation complex (TIC).[74] 
Myogenic factors The class B basic helix loop helix-proteins MyoD and the related myogenin (MYOG, myogenic factor 4), Myf5 and MRF4 have been found to be the main regulators for differentiation of skeletal muscle cells in both developing and adult organisms.[75, 76] These factors are also capable of converting various non-muscle cells into muscle and are therefore referred to as myogenic proteins.[77] Muscle differentiation is initiated upon arresting the cell division cycle in the G0 phase by MyoD.[76] For this arrest, and subsequent muscle differentiation, MyoD is required to form a multiyear complex with two histone acetyltransferase (HAT) factors: the ubiquitously expressed p300 and the more muscle restricted PCAF. Interestingly, only the histone acetyl transferase (HAT) activity of PCAF and not of p300 is required in the process.[78, 79] It was proposed by Berkes and co-workers that Pbx, which is bound constitutively to inactive chromatin, marks genes for activation by MyoD. MyoD activates the myogenin promoter through interacting with Pbx/Meis1 when in a heterodimer with E12.[80] Cardiac gene expression regulation appears only to employ myogenin and not MyoD. Early murine cardiac muscle completely lacks expression of both myogenic proteins MyoD and myogenin.[81] Myogenin however, was found to be expressed in the heart of adult 
Muridae and also as to be a component of the complex of transcription 
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factors that regulate ACTC1 transcription in humans.[74, 81, 82]Most class B myogenic factors cannot form homo-dimers efficiently and require the more ubiquitously expressed class A bHLH E-proteins to form hetero-dimers and thus become active.[61, 83, 84] In order to be able to function in the TIC of the ACTC1 promoter, myogenin has to form a hetero-dimer with E-12 so it can bind to SRF, another essential factor for ACTC1 transcription.[85, 86] Besides bases making up the E-box itself, also the two flanking bases are essential determinants for susceptibility to the myogenic factors and determine whether they act as activators or inhibitors. The two flanking bases in cis-orientation of the E-boxes are essential for this activity: while the sequence 5’- AGG CAGGTGGC - 3’ can function as a MyoD dependent enhancer, the sequence 5’ - CTGCAGGTGTT – 3’ cannot be activated by MyoD.[87] 
Sp1 Although Sp1 plays a central role in ACTC1 regulation, it has little effect on ACTC1 expression when over-expressed in fibroblasts.[23] Sp1 has been reported to interact functionally with several of the factors known to be essential for transcription in cardiac muscle: myogenin, SRF and MEF2. Both MEF2C and MEF2D can be directly bound by Sp1, leading to a synergistic activation of transcription. Sp1, SRF and myogenic bHLH together form a complex.[86, 87] Sp1 can bind the CCAC boxes which flank MEF2 sites with a muscle-specific enhancer function.[42] As with many other TFs, also the synergistic effect of Sp1 combined with a MEF2 factor can occur without direct DNA binding of MEF2. Binding of Sp1 to a Sp1-specific site is sufficient to enable MEF2 recruitment.[88]  
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