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ABSTRACT 
The members of the ubiquitously expressed E-protein subfamily of basic Helix-Loop-Helix 

(bHLH) transcription factors, E12/E47, SEF2-1 and HEB, have important roles as regulators of 
gene expression in various differentiation processes, including lymphocyte development and 
myogenesis. In myogenesis, E-proteins are proposed to function as obligate heterodimer partners 
for members of the MyoD family of muscle-specific bHLH transcription factors. 

The calcium ion (Ca2+) is a universal cellular messenger involved in regulation of a variety 
of cellular functions, including transcription. The Ca2+-bound form of the Ca2+-binding protein 
calmodulin (Ca2+/CaM) has been shown to inhibit DNA binding of E-proteins, but not tissue 
specific bHLH transcription factors, through direct physical interaction with the DNA binding 
basic sequence. The main focus of this thesis is on the role of Ca2+-binding proteins in regulation 
of bHLH transcription factors. 

Solution structure analysis of CaM in complex with the CaM-binding basic sequence of an 
E-protein revealed a novel type of protein-protein interaction with alternative binding modes in a 
complex of a CaM dimer surrounding the dimer of the E-protein sequence. This model for the 
interaction was further supported by mutational analysis, since every amino-acid substitution in 
the CaM-binding basic sequence of E12 only partially affected the interaction with CaM. 

The mechanism of Ca2+/CaM regulation of transcriptional activation by E-proteins was 
studied using a cell culture system. CaM overexpression inhibited transcriptional activation by 
E12, E47 and SEF2-1 but not by MyoD. Ca2+/CaM inhibition of DNA binding in vitro directly 
correlated with the inhibitory effects of Ca2+ stimulation and CaM overexpression on 
transcription in vivo in a series of E12 basic sequence mutants. Furthermore, in vivo DNA 
binding of E12, but not a CaM resistant mutant of E12, was inhibited by overexpression of CaM. 
The data indicate that Ca2+/CaM can inhibit transcriptional activation by E-proteins through 
formation of a CaM-E-protein complex that can not bind DNA.  

An in vitro myogenesis system was used to investigate the potential role of the CaM-E-
protein interaction in regulation of differentiation. CaM resistant mutants of E12 were inhibitory 
in MyoD initiated myogenic conversion of transfected fibroblasts, and inducers of intracellular 
Ca2+ activated, and Ca2+-channel blockers inhibited, transcriptional activation by E12, but not by 
a CaM resistant mutant of E12, with MyoD. The data support a model that Ca2+/CaM plays a 
role in initiation of myogenic differentiation through inhibition of E-protein dimers that can 
function as competitors to the CaM resistant MyoD/E-protein heterodimers required for 
myogenesis. 

The potential involvement of the Ca2+-binding calretinin proteins in regulation of bHLH 
transcription factors was also studied. Calretinin and the alternative splice variant calretinin-22k 
have been proposed to function as Ca2+-buffer proteins. Calretinin expression is restricted 
primarily to neuronal tissues. Calretinin and calretinin-22k are also found expressed in colon 
cancers, but not in normal colon tissue, and a role for calretinins in tumorigenesis has been 
proposed. We show that calretinins can inhibit DNA binding and transcriptional activation by 
E12 through basic sequence interaction. Endogenous E12/E47 and calretinin co-localize in a 
subset of cells in a proliferating colon cancer cell line and can be co-immunoprecipitated from 
the cell extract. A model is proposed in which calretinin overexpression can contribute to 
tumorigenesis through inhibition of the anti-proliferative function of E-proteins. 

The role of the E-protein E2-2 in lymphocyte development was studied using genetically 
altered mice with mosaic deletion of the E2-2 gene. The proportion of cells with a functional E2-
2 allele was increased in the B- and T-lymphocyte populations, indicating a role for E2-2 not 
only in B-cell development, as reported before, but also in T-cell development. 
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INTRODUCTION 

Prologue 

The highly regulated differential expression of the tens of thousands 
of genes of the human genome is the basis for the development of the multi-
cellular organism. An important initial event leading to the expression of a 
specific gene is the activation of its transcription, which is largely regulated by 
sequence-specific DNA binding transcription factors and signaling cascades 
that regulate the expression and activity of these factors. The focus of this 
thesis is on the functions and regulation of a subset of one type of transcription 
factors, the basic Helix-Loop-Helix (bHLH) proteins. 

 

The eukaryotic transcriptional machinery 

The eukaryotic DNA is compacted in form of nucleosomes consisting 
of approximately 146 base pairs of DNA wrapped around a histone octamer 
that consists of 2 copies each of histones H2A, H2B, H3 and H4 [1]. 
Nucleosomes are further organized to form a higher order chromatin structure. 
The role of chromatin is not only to physically compact the DNA, but also to 
function as a regulated barrier for transcription. Therefore mechanisms that 
regulate chromatin structure can also regulate transcription. 

 

Activation of transcription of a protein coding gene involves 
recruitment of the RNA polymerase II complex to the transcription start site 
through formation of a multi-protein transcriptional activator complex. 
Sequence-specific DNA binding transcription factors (TFs) (Fig. 1) are critical 
regulators for formation of these transcription complexes. The number of DNA 
binding TFs encoded from the genome of a mammal such as the mouse has 
been estimated to be at least 1445 [2]. The relatively high number of TFs 
enables the differential spatio-temporal expression of the genome in complex 
multi-cellular organisms. TFs can function as activators of transcription 
through recruitment of the RNA polymerase II complex to the transcription 
start site through the Mediator complex [3-5]. TFs can also function through 
formation of multi-protein complexes containing proteins with enzymatic 
activities that can affect the chromatin structure and make the gene locus more 
permissive for the RNA polymerase II transcription [6, 7]. TFs can bind to 
DNA sequences close to the start site of transcription at the core promoters of 
genes, but also at higher distances from the transcription start site at distal 
promoter elements or at enhancers. 
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Figure 1. Sequence-specific DNA binding transcription factors. 
Transcription factors are categorized to different groups according to 
their structure and mechanism of activation. Shown are the largest groups 
of transcription factors and the number of transcription factors belonging 
to each group encoded from the mouse genome. Abbreviations: HMG, 
High Mobility Group; bZIP, basic leucine zipper. Modified from [2]. 

 
The core promoter of a gene is a DNA sequence in close proximity to 

the transcription start site that can recruit the basal transcription machinery [8]. 
The basal transcription machinery bound on the core promoters of transcribed 
genes is a multiprotein complex consisting of General TFs (GTFs) that recruit 
the RNA polymerase II to catalyze transcription [9]. The core promoter DNA 
sequence often contains a TATA-box with the consensus sequence of 5’-
TATA-3’ positioned approximately 25 base-pairs upstream of the transcription 
start site. It should be noted, however, that the TATA-box is by no means a 
universal gene regulatory element of core promoters as in a study of 1031 
human genes, only 32 % of the genes had a TATA box proximal to the 
transcription start site [10]. Mechanisms for initiation of transcription, other 
than through binding of the GTFs to a TATA-box containing core promoter, 
include recruitment of the basal transcription machinery by binding to a 
Downstream Promoter Element (DPE) positioned approximately 30 base-pairs 
downstream of the transcription start site [11] or to an Initiator (Inr) element 
positioned -2 to +4 base pairs from the transcription start site [8]. 

 

The core promoter and GTFs together with the RNA polymerase II 
complex are essential and sufficient to promote transcription of naked DNA 
templates in vitro. Additional distal gene regulatory elements and TFs binding 
to these elements are required for transcription of chromatin templates in vivo. 
These distal promoter elements that recruit TFs that promote the efficiency of 
transcription of the basal machinery are often found within a 500 base-pair 
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distance upstream from the core promoter. Often TFs that are fairly 
ubiquitously expressed, such as Sp1 and CAAT-binding factor, are binding to 
the distal promoter elements. Distal promoter elements can also bind tissue 
specific or inducible TFs contributing to regulated spatio-temporal gene-
expression. The region spanning the core promoter and the distal promoter 
elements of a gene is often collectively referred to as the “promoter” of the 
gene. 

 

Enhancers (and silencers) are other gene regulatory sequences that 
often contribute to the correct spatio-temporal expression of genes. Enhancers 
can function at large distances from the transcription start site, presumably due 
to the short actual distance of enhancer elements from, the transcription start 
site in the 3-dimensional space of the nucleus containing the compacted 
chromatin [12]. A single gene can be under the control of several enhancer 
elements that can be positioned several tens of thousands of base-pairs either 
upstream or downstream from the transcription start site [13]. Enhancers are, 
through recruitment of TFs, considered to regulate transcription especially of 
chromatin templates, although an enhancer positioned distantly from a 
transcription start site can, through binding to a strong activator of 
transcription, also enhance transcription from naked DNA templates [14]. 

 

A group of regulators of transcription distinct from the TFs are the 
transcriptional co-activators and co-repressors. These factors do not bind DNA 
directly, but are instead recruited to the promoters by interaction with TFs. An 
important group of transcriptional co-activators are the histone acetyl-
transferases, such as p300 and CBP, which through acetylation of lysine 
residues of exposed “tails” of the histones neutralize their positive charge and 
relax the affinity of nucleosomes to each other. This histone acetylation leads to 
a more open local chromatin structure enabling transcription to occur. As 
opposed to histone acetyltransferases, the histone deacetylases, such as HDAC 
1-10, deacetylate histones and can thereby function as transcriptional co-
repressors. Other histone modifying enzymes include histone methyl 
transferases [15-17], histone kinases [18] and ubiquitin ligases [19] that also, by 
covalently modifying histones, can affect the expression status of gene loci. 
Mechanisms of transcriptional regulation through ATP-driven nucleosome 
redistribution also exist [20]. 

 

Cellular signaling to changes in transcription 

In multi-cellular organisms, the cells have to communicate with each 
other in order to function as members of the higher hierarchy. This 
communication or signaling can occur at long distances from an organ to a 
distant target cell through excretion of soluble signaling molecules, but it also 
occurs at very short distances between neighboring cells, and signals are also 
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sent within a single cell. Signaling leads often to changes in transcription of a 
number of genes through changing the context of gene regulatory factors 
binding on gene regulatory regions. 

 

The expression status of a gene is usually inherited from the mother 
cell to the daughter cell at cell division and then maintained in the absence of 
signaling that would change the expression of the gene. This expression status 
of the gene is created by a combination of the transcriptional regulators in the 
cell, the protein modifications of the chromatin and the methylation status of 
the DNA in the gene locus. Many of the signaling pathways resulting in 
transcriptional activation or repression involve protein-protein interactions and 
protein phosphorylation cascades that ultimately reach the nucleus to alter gene 
expression.  Signaling changing the phosphorylation of TFs can affect their 
activity through regulation of their nuclear localization, DNA binding or 
interaction with other proteins such as transcriptional co-activators. In this 
thesis the potential role of the Ca2+ ion as a signaling molecule that affects 
transcription by basic Helix-Loop-Helix TFs is studied. 

 

Ca2+ as a cellular messenger 

Ca2+ homeostasis 

The calcium ion (Ca2+) is a universally used cellular messenger 
involved in the regulation of numerous cellular processes including cell 
proliferation, differentiation, apoptosis, metabolism and secretion [21]. Ca2+ is a 
very important regulator of neuronal functions through regulation of neuronal 
excitability and neurotransmitter release [22, 23]. Ca2+ is also involved in 
regulation of contraction of all the muscle types [24-26]. The importance of 
Ca2+ in cell regulation of eukaryotes is well established, but Ca2+ ions might 
have an import regulatory role in bacteria as well [27]. 

 

Cells have required to develop machineries that pump out Ca2+ from 
the cell due to its high concentration in many environments and high toxicity to 
cells. The toxicity of Ca2+ is at least partly due to its property to precipitate 
phosphate, the universal energy storage/release group in biological systems in 
the form of adenosine triphosphate (ATP)[28]. Ca2+ homeostasis, the 
maintenance of a low basal level of intracellular Ca2+, is regulated by Ca2+ 

export mechanisms that pump Ca2+ out from the cell and also into the 
endoplasmic reticulum (ER), the major intracellular Ca2+ store (Fig. 2). 
Concentrations of Ca2+ higher than that in the cytoplasm are also found in the 
golgi apparatus, in mitochondria [29, 30] and in the perinuclear space, as 
discussed below. Two export mechanisms of Ca2+ exist, one being an ATP 
dependent export mechanism and the other one a Na+/Ca2+ exchange 
mechanism [31]. In the Ca2+ stores as well as in the cytoplasm, most of the Ca2+ 
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is bound to Ca2+-binding proteins (see pages 15-18, Ca2+-binding proteins) 
resulting in a low concentration of free Ca2+ and a relatively low Ca2+ diffusion 
rate. Ca2+  pumps and Ca2+-buffer proteins result in the maintenance of the 
intracellular Ca2+ concentration at around 0.1 µM - 0.2 µM [21, 31], which is 
10 000 – 20 000 fold lower than a typical extracellular concentration of Ca2+ in 
multicellular organisms, 1-2 mM. As the Ca2+ concentration has to be tightly 
controlled at a low level, it is likely that mechanisms that enable its regulated 
release have evolved, enabling its usage as a signaling molecule [28]. The Ca2+ 
ion is also physically optimal for signaling in cellular systems since the atomic 
radius of Ca2+ enables its high affinity binding to proteins [32]. 

 

 
Figure 2. Regulation of Ca2+ homeostasis and Ca2+ increases. Ca2+ is 
pumped out from the cell by plasma membrane Ca2+ pumps (PMCAs) 
through mechanisms dependent on ATP hydrolysation or Ca2+/Na+ 
exchange. Ca2+ import into the major intracellular Ca2+ store, the 
endoplasmic reticulum (ER), is carried out by SERCA pumps. Ca2+ in the 
endoplasmic reticulum is mostly bound to Ca2+-buffer proteins. Several 
stimuli can lead to increases in intracellular Ca2+. In excitable cells, 
membrane depolarization can lead to influx of Ca2+ through Voltage-
operated Ca2+ channels (VOC). Some Ca2+ channels are activated by 
small molecular agonists, such as glutamate or ATP. Activation of 
cytokine receptors or receptor tyrosine kinases (RTKs) results in 
generation of inositol trisphosphate (IP3) that signal to Ca2+ influx from 
the ER through binding to the IP3 receptor (IP3-R). Emptying of the ER 
Ca2+ stores can also, through yet unknown mechanisms, lead to influx of 
Ca2+ through the Ca2+ release activated channels (CRAC). 
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Signaling to increases in Ca2+ 

Ca2+ signaling involves induction of an increased Ca2+ level that is 
sensed by Ca2+-binding sensor proteins and further translated into functions 
such as activation or inhibition of enzymes. The intracellular Ca2+ 
concentration can upon cellular stimulation increase 10 fold to 1 µM from a 
resting level at 0.1 µM [21]. It should be noted, however, that Ca2+ increases 
can be very local, limited to a sub-region of a cell due to the actions of Ca2+-
binding buffer proteins. Increases of the intracellular Ca2+ level are a result of 
either Ca2+ influx from intracellular Ca2+ stores, mainly from the endoplasmic 
reticulum, or from outside of the cell through plasma membrane Ca2+ channels 
(Fig. 2). In excitable cells, a change in membrane potential can result in Ca2+ 
influx from the outside of the cell through activation (opening) of voltage 
operated Ca2+ channels (VOCs) [31]. VOCs are especially important in the Ca2+ 
signaling of excitable cells, such as neurons and muscle. Another type of Ca2+ 
channels residing in the plasma membrane are the ligand-gated channels that 
are activated to allow influx of Ca2+ by the binding of a specific small 
molecular agonist such as glutamate or ATP [31].  

 

An important Ca2+ signaling pathway is the release of Ca2+ from 
intracellular stores in response to activation of plasma membrane receptors. 
Two major types of cell membrane receptors involved in cellular signaling are 
the receptor tyrosine kinases (RTKs) and G-protein coupled cytokine receptors 
that upon ligand binding lead to downstream signaling cascades involving 
protein-protein interactions and protein phosphorylation events [33]. Activation 
of many of these receptors leads to a release of Ca2+ from intracellular stores, 
mainly from the endoplasmic reticulum (Fig. 2). Ca2+ signaling by cytokine 
receptor activation is initiated through activation of phosholipase Cβ  (PLCβ) 
and in the case of receptor tyrosine kinases through activation of phosholipase 
Cγ (PLCγ). The PLCs cleave their substrate phosphatidylinositol-4,5-
bisphosphate (PIP2) to produce inositol-1,4,5-trisphosphate (IP3) and 
diacylglycerol (DAG). IP3 in its turn binds to and activates IP3-receptor Ca2+ 
channels in the membrane of the ER, leading to release of Ca2+ to the cytosol 
[34]. The initial release of Ca2+ from the intracellular stores is often followed 
by a longer sustained increase in intracellular Ca2+ as a result of Ca2+ influx 
from outside of the cell through Ca2+ release activated channels (CRACs) (also 
denoted store operated channels , SOCs), a phenomenon called capacitative 
Ca2+-entry (CCE) [35]. The exact mechanism leading to CCE is not clearly 
demonstrated, but emptying of the intracellular Ca2+ stores precedes and 
probably triggers it [36]. 

 

Differential regulation of Ca2+ localization and the nature of Ca2+ 
increases allow Ca2+ to regulate a high number of diverse cell functions. 
Stimulation of intracellular Ca2+ does not usually lead to a static Ca2+ increase 
lasting for a certain period of time, but the Ca2+ increases instead often occur as 
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spikes or waves of different frequency and amplitude. These oscillations of 
Ca2+ are found in both excitable and non-excitable cells. The reason for the 
Ca2+ oscillations might be in the lag periods after the release of Ca2+ from an 
intracellular store that is required for the Ca2+ store to be filled again. The 
levels of intracellular Ca2+ increases are regulated by the strengths of the stimuli 
as more agonist inducing Ca2+ release often leads to a higher frequency and 
amplitude of the Ca2+ oscillations [37]. 

 

Nuclear Ca2+ 

Whether the concentration and fluxes of nuclear and cytosolic Ca2+ 
are differentially regulated is not completely clear as conflicting reports exist in 
the literature [38]. Several studies support a view according to which an 
increase in cytosolic Ca2+ also leads to an increase in nuclear Ca2+ through 
diffusion of Ca2+ through the nuclear pore complex [39, 40]. The nuclear pore 
complex is open to molecules smaller than 20 kDa and ions would therefore be 
able to freely traffic between the cytoplasm and nucleus [41]. The endoplasmic 
reticulum, the major store of intracellular Ca2+, and the periplasmic space of the 
nuclear envelope are spatially connected to each other and it is therefore 
reasonable that Ca2+ can be released from this space directly to the nucleus as 
well as to the cytoplasm. 

  

Both the nuclear inner membrane and the endoplasmic reticulum 
membrane contain PIP2 [42], the precursor for IP3, as well as PLC and DAG 
[43], arguing that Ca2+ can be released from the perinuclear space of the nuclear 
envelope to the nucleus upon activating signal. Structures resembling 
endoplasmic reticulum have also been shown to exist in the nucleus [44]. The 
membrane of these structures, named nucleoplasmic reticulum, contains IP3 
receptors and these receptors were shown to react differentially to IP3 
compared to IP3 receptors in the endoplasmic reticulum in the cytoplasm, 
implying that release of Ca2+ to the cytoplasm and the nucleus might be 
differentially regulated. Furthermore, low levels of IP3 have been shown to 
result in a faster and higher increase in nuclear Ca2+ compared to increases in 
cytoplasmic Ca2+ [45]. 

 

Nuclear Ca2+ is involved in regulation of cell cycle progression, DNA 
replication [46] and DNA-fragmentation in response to apoptotic signaling 
[47]. The role of nuclear Ca2+, and Ca2+ signaling in general, in regulation of 
transcription is discussed in more detail on pages 18-20. 
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Ca2+-binding proteins 

A large number of proteins are able to bind Ca2+ ions at physiological 
concentrations. Most of these proteins are members of a large family of EF-
hand Ca2+-binding proteins [48]. The EF-hand, named after the E and F α-
helices of parvalbumin, is a helix-loop-helix structural domain capable of 
binding one Ca2+ ion and is often found in adjacent pairs in Ca2+-binding 
proteins. 

 

Ca2+-binding proteins can be divided into either buffer proteins or 
sensor proteins based on their function and their structural changes in response 
to Ca2+. As Ca2+ has a role in regulation of many diverse cellular functions, its 
concentration and distribution in the cell has to be tightly controlled. This 
control is partly mediated by Ca2+-binding buffer proteins, such as the ER Ca2+-
buffer calreticulin [49] and the neuronal protein parvalbumin [50]. The 
buffering of Ca2+ by the Ca2-buffer proteins enables limited localization of 
increases in free Ca2+ and also the low Ca2+ diffusion rate in the cell. Ca2+-
sensor proteins, or Ca2+-effector proteins, function as transmitters of Ca2+ 
signaling. Upon binding Ca2+, the structure of Ca2+-sensor proteins is changed, 
resulting in binding to target proteins and modulation of their activity [51]. 
Examples of Ca2+-sensor proteins are calmodulin (CaM) and the S-100 proteins 
[52].  

 

Calmodulin 

Calmodulin (CaM) is the predominant and most extensively studied 
member of the EF-hand family of Ca2+-binding proteins. CaM is a relatively 
abundant, ubiquitously expressed 148 amino acids protein that is extremely 
conserved in eukaryotes. The CaM protein sequence of analyzed higher 
vertebrates is identical, and there are only three amino acids that differ in the 
CaM of humans compared to the worm Caenorhabditis elegans or the fruit fly 
Drosophila melanogaster. CaM is structurally and functionally conserved 
throughout evolution since the yeast and vertebrate CaM are functionally 
interchangeable [53]. As a Ca2+-sensor protein, Ca2+-binding to CaM enables 
CaM to bind to a number of target proteins and modulate their activity. These 
CaM targets include the Ca2+/CaM dependent kinases (CaMK) I, II and IV and 
the protein phosphatase calcineurin. CaM is involved in regulation of diverse 
cellular functions such as cell proliferation, signaling and transcription. Most of 
the over 200 known targets of CaM bind to the Ca2+ loaded form of CaM, but 
targets that bind to the Ca2+ free CaM (apo-CaM) also exist [54]. 

 



 16

 
Figure 3. CaM Structures. Determined structures of CaM are shown for 
Ca2+ free CaM (apo-CaM), calcium bound CaM (Ca2+/CaM) and for 
CaM wrapped around a target peptide corresponding to the CaM-binding 
sequence in the Ca2+/CaM dependent kinase IIα. Reprinted by permission 
from [55]. 

 
CaM contains two EF-hands that each can bind one Ca2+ ion, in both 

the N- and C-terminal domains of the protein that are connected by a long 
central helix (Fig. 3). The binding constants of Ca2+-binding to the four EF-
hands of CaM is about 0.2 µM to 2 µM, which is within the range of the Ca2+ 
concentrations in resting and stimulated cells [55]. The EF-hand helix-loop-
helix structure is changed upon binding to Ca2+ so that a number of 
hydrophobic amino acids are exposed to become available for target protein 
interaction [56]. Structural studies of CaM-binding to its targets were initially 
carried out using peptides corresponding to the CaM-binding sequences of the 
muscle myosin light chain kinase (MLCK) and Ca2+/CaM-dependent kinase 
IIα (CaMK IIα) [57-59]. In both these kinases, Ca2+/CaM binds to an 
autoinhibitory region resulting in a change of conformation that exposes the 
active site of the enzyme. As CaM has a large number of targets, it is 
understandable that the targets do not exhibit a common amino acid sequence 
but rather a similar structure usually containing basic and hydrophobic amino 
acids. In this amphipathic α-helical structure of CaM targets, the hydrophobic 
amino acids are on one side of the α-helix and the basic amino-acids on the 
other side. CaM contacts the target sequence with mostly hydrophobic 
interactions but also with ionic interactions. In this classical interaction of CaM 
with amphipathic α-helical targets, CaM binds to its target with a “wrap-
around” structure with a bend in the central α-helix [52, 55] (Fig. 3). 

 

High levels of CaM have been demonstrated in the nucleus of various 
cell types [32]. Especially high concentrations of nuclear CaM are found in 
liver, neuronal and glial cells, where CaM can make up to 0.1 % of total 
nuclear proteins [32]. Nuclear CaM has upon fractionation been found in the 
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soluble fraction, supporting a role for the protein as a regulator of nuclear 
functions such as DNA replication and transcription, as well as in the insoluble 
fraction as part of the chromatin and/or nuclear matrix [32]. As CaM is a 
relatively small protein, about 17 kDa, and lacks an apparent nuclear 
localization signal sequence, it is assumed that import of CaM into the nucleus 
is not regulated by the nuclear pore complex, which is fairly non-selective for 
molecules smaller than 20 kDa [41]. CaM can instead move rather freely 
between the cytoplasm and the nucleus [60]. Upon increases in intracellular 
Ca2+, CaM can in some systems be found enriched in the nucleus. This Ca2+-
dependent translocation of CaM to the nucleus has been demonstrated in 
hormone stimulated acinar pancreatic cells [61] as well as in stimulated 
neuronal cells [62]. It is proposed that CaM can translocate to the nucleus upon 
Ca2+ increase as there are more targets for the Ca2+ bound form of CaM in the 
nucleus, whereas the cytoplasm contains more targets for the Ca2+-free form of 
CaM [63]. This view is supported by studies showing that Ca2+-dependent 
localization of fluorescently labeled CaM to the nucleus can be blocked by 
over-expressing a cytosolic Ca2+/CaM-binding protein or introducing a CaM-
binding peptide into the cytosol by microinjection, whereas inhibitors of the 
active transport mechanism of the nuclear pore complex do not affect Ca2+-
dependent nuclear localization of CaM [60, 63]. The nature of the Ca2+ 
signaling can influence the localization of CaM, since persistent increases in 
intracellular Ca2+, rather than short bursts, have been demonstrated to lead to a 
nuclear accumulation of CaM [63]. Activation of different Ca2+-channels in the 
membrane of primary neuron cultures can lead to different results in 
localization of CaM as L- and NMDA-type Ca2+ channels promote CaM 
localization to the nucleus to induce phosphorylation of the nuclear CREB 
transcription factor, whereas activation of N and P/Q type Ca2+ channels does 
not lead to enrichment of CaM in the nucleus [62]. 

 

Calretinins, buffer proteins or sensor proteins? 

Calretinin and the alternatively spliced calretinin-22k are members of 
the EF-hand superfamily of Ca2+-binding proteins. Calretinin has a pattern of 
expression restricted to various sub-regions of the brain and certain sensory 
neurons [64-66]. Calretinin has also been shown expressed in colon 
adenocarcinomas and cell lines derived from these tumors but not in normal 
colon tissue [67, 68]. The calretinin splice variant calretinin-22k is found 
specifically in colon cancers [69]. 

 

Calretinin has been proposed to function as a Ca2+-buffer protein, 
since no protein target for it has been reported. Knockout mice with disrupted 
calretinin gene show alterations in motor coordination and purkinje cell firing 
[70]. A later study demonstrated that cerebellar granule cells from celretinin 
deficient mice show increased excitability upon electrical stimulation, a 



 18

phenomenon that could be reversed by the Ca2+-chelator BAPTA-AM [71]. 
These studies support the view that calretinin functions merely as a Ca2+-buffer 
protein. On the other hand, calretinins have been shown to change 
conformation upon Ca2+-binding, proposing a function for them also as Ca2+-
sensor proteins [72]. 

 

Calretinins found over-expressed in colon carcinomas are proposed to 
contribute to the tumorigenicity. Comparison of 12 colon cancer cell lines 
showed that the cell lines with highest rate of cell proliferation also expressed 
highest levels of calretinin [68]. This relationship between high calretinin level 
and high proliferation rate of cells was further supported by experiments 
inhibiting calretinin expression by anti-sense oligonucleotides that resulted in 
growth arrest in the WiDr colon adenocarcinoma cell line [73]. Furthermore, 
differentiation of the same cell line induced by butyrate treatment was shown to 
correlate with down-regulation of calretinin [73, 74], and overexpression of 
calretinin or calretinin-22k was shown to increase the resistance of the CaCo-2 
colon adenocarcinoma cell line towards sodium butyrate induced differentiation 
[75]. Schwaller and co-workers have therefore proposed that calretinins can 
promote cell proliferation and that their overexpression can be involved in 
tumorigenesis of colon cancers [68, 73, 75, 76]. The mechanism for such a 
proliferation promoting function of calretinins is however not known.  

 

Ca2+ signaling and regulation of transcription 

Ca2+ signaling is involved in regulation of transcription in many ways. 
Most of the changes in transcription by Ca2+ signaling are probably effects of 
an increased level of Ca2+ loaded CaM. Two classical examples of 
transcriptional regulators activated by Ca2+ are the Cyclic-AMP Responsive 
Element Binding Protein (CREB) and the Nuclear Factor of Activated T-cells 
(NFAT). CREB is a neuronal TF involved in regulation of neuronal functions 
such as memory and learning [77]. CREB activation is triggered by  
phosphorylation of a serine residue at position 133 in CREB by the Ca2+/CaM 
dependent kinase IV (CaMKIV) [78], a serine/threonine kinase highly 
expressed in brain and found highly localized to the nucleus [79]. This CREB 
phosphorylation is for instance triggered by membrane depolarization induced 
Ca2+ signaling and thereby CaMKIV activation. Phosphorylated CREB recruits 
the transcriptional co-activator CREB-binding protein (CBP) through a direct 
physical interaction with the phosphorylated serine containing sequence in 
CREB, which leads to activation of transcription [78]. Later, activation of 
CREB was shown to not require nuclear import of any protein component, as a 
Ca2+ increase alone was sufficient for transcriptional activation by CREB in 
isolated nuclei [80]. Furthermore, the co-activator function of CBP itself has 
been shown to be triggered by Ca2+ signaling, likely through CBP 
phosphorylation by CaMKIV [81]. 
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NFAT is a TF family involved in regulation of immune response 
specific genes in activated T-cells, but it has a role in bone and heart 
development as well [82]. In non-stimulated T-cells, NFAT is cytosolic and 
thereby incapable of activating transcription. Upon Ca2+ stimulation triggered 
by T-cell receptor activation, NFAT is dephosphorylated in its C-terminal 
region by the Ca2+/CaM dependent phosphatase calcineurin (CN), leading to a 
conformational change and thereby exposure of a protein sequence in NFAT 
containing a nuclear localization signal [82]. Thus, NFAT is activated by an 
increase in cytoplasmic Ca2+ that triggers its nuclear import, whereas CREB is 
activated by nuclear Ca2+ triggered interaction with a transcriptional co-
activator. 

 

Not only the localization of the Ca2+ increases, as in the case of 
cytoplasmic Ca2+ in activation of NFAT and nuclear Ca2+ in activation of 
CREB, but also the nature of the Ca2+ raises can differentially regulate gene 
transcription. A transient increase of Ca2+ to a high level has been shown to 
induce the activation of the Nuclear Factor kappa-B (NF-κB) in naive B-cells, 
whereas low sustained increase in Ca2+ is required to induce activation of 
NFAT in tolerant B-cells [83]. In the absence of a constitutive Ca2+ increase, 
NFAT is instead of staying dephosphorylated by CN, becoming 
rephosphorylated and thereby inactivated by NFAT kinase(s) [82], whereas 
NF-κB only requires a short Ca2+ increase to become triggered active. 

 

A direct role for CaM in regulation of transcription in muscle 
development is proposed by in vitro studies showing that Ca2+ loaded CaM 
directly interacts with the transcriptional co-repressor HDAC5 and that this 
interaction inhibits HDAC5 interaction with the myocyte enhancer factor 2 
(MEF2) [84]. MEF2 is expressed, in addition to muscle, also in T-lymphocytes 
where it can activate the expression of the steroid receptors Nur77 and Nor1, 
which can induce apoptosis [85]. In resting T-cells, MEF2 is kept in a repressed 
state by binding to the Ca2+/CaM-binding protein Cabin [86]. Upon increases in 
intracellular Ca2+, Cabin binds to Ca2+/CaM and the interaction with MEF2 is 
relieved resulting in activation of MEF2 [86]. 

 

Yet another way of Ca2+ regulation of transcription is presented by the 
Ca2+-binding protein DREAM that belongs to the recoverin family of neuronal 
Ca2+-sensor proteins [87]. DREAM was found to bind to a DNA sequence 
called downstream regulatory element (DRE) in the prodynorphin and c-fos 
gene promoters at low Ca2+ levels [88]. An increase in Ca2+ was shown to lead 
to a conformational change of DREAM leading to dissociation from the DRE 
and activation of transcription from a DRE-containing reporter [88]. The exact 
mechanism of DREAM repression of transcription is not known, but could be 
through sterical blocking of RNA polymerase II elongation or through 
recruitment of a transcriptional co-repressor.  
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Basic Helix-Loop-Helix (bHLH) transcription factors 

The basic Helix-loop-helix (bHLH) protein sequence was initially 
described as a DNA binding and dimerisation motif in the TFs MyoD, 
Drosophila Melanogaster Daughterless, immunoglobulin enhancer binding 
proteins E12 and E47, and the oncogene Myc [89]. A recent study of known 
and potential genes encoding TFs in the mouse genome proposed the total 
number of bHLH TF encoding genes to be as high as 116 [2]. The bHLH TFs 
bind DNA as dimers through interactions of their basic sequences with the 
DNA. The basic sequence is unstructured in its free form, but is α-helical upon 
binding to DNA [90]. The basic sequence is followed by a HLH dimerisation 
domain consisting of two amphipathic α-helixes connected by a loop [91]. 
Dimers of bHLH TFs can bind to their target DNA sequences, E-boxes, 
containing a core consensus sequence of 5’-CANNTG-3’ reported initially by 
Ephrussi and co-workers as sequences in the immunoglobulin heavy chain 
enhancer that could bind cellular factors in vivo [92]. The bHLH TFs can be 
categorized into several subclasses according to their expression pattern, 
function, structure and preference for dimerisation partner. 

 

E-proteins 

The first sub-class (class I) of bHLH proteins, the E-proteins, are 
coded from three genes in mouse and humans: E2A, E2-2 (also denoted SEF2-
1, ME2 and ITF2 [93-95]) and HEB. E2A and E2-2 proteins were identified as 
factors that bind to the E-boxes in the enhancers of immunoglobulin heavy and 
light chain genes [89, 92, 95]. E2-2 was also found as a factor binding to an E-
box in the enhancer of the murine leukemia virus SL3-3 [93]. HEB was later 
found in a screening of a cDNA library from HeLa cells based on its sequence 
homology to E12 and E2-2 [96], thus the name HEB, HeLa E-box binding 
protein. The alternatively spliced protein products E12 and E47 are produced 
from the E2A gene [89] and several different alternatively spliced transcripts 
and protein products are produced from the E2-2 gene as well [97, 98]. 

 

E-proteins do not show any strict tissue specific expression. Analysis 
of E2A gene products in rat tissues showed a ubiquitous expression of E2A 
transcripts in all tissues with the exception of the heart [99]. In a later study, the 
expression of E2A proteins in primary human tissues was shown to be 
restricted to a sub-population of cells that are proliferative or differentiate, and 
the highest E2A protein levels were found in sub-populations of cells in 
lymphoid tissues [100]. E-proteins can form both homodimers and 
heterodimers with tissue specific class II TFs. In lymphocytes, E-proteins are 
proposed to function as homodimers, whereas in for example muscle and 
neurons, the E-proteins function as dimerisation partners for tissue-specific 
bHLH factors [101]. Since the discovery of E2A and E2-2 proteins as 
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immunoglobulin enhancer binding factors, a multitude of potential lymphocyte 
specific target genes for E-proteins, as well as a number of other potential 
target genes involved in the control of cell proliferation, have been identified 
(see Table 1). The roles of E-proteins in lymphocyte development and in 
control of cell proliferation are further discussed on pages 23-25 and 27-28. 

 
Table 1. Potential E-protein target genes. Listed are potential target 
genes for transcriptional regulation by E-protein homodimers or 
heterodimers within the E-protein subfamily. The list is based on both 
genetic evidence of genes downregulated in E-protein knockout mice and 
biochemical evidence of E-protein association with the gene promoter 
sequences. 
 

Cell Lineage                                 Gene                       Reference(s) 
 

Lymphocytes (B- and T-cells) RAG-1 [102-104] 
 RAG-2 [104] 
 Tdt [105, 106] 
   

B-cell lineage AICDA [107] 
 Ig beta (B29) [102, 106] 
 EBF [103, 106, 108] 
 IgH [102, 105, 109] 
 Igκ [106] 
 λ5 [102, 103, 106, 110] 
 Ig alpha (Mb-1) [102, 106, 111] 
 VpreB [106, 108, 110] 

   
T-cell lineage CD4 [112] 

 CD5 [113] 
 PreTα [114-116] 
 TCRγδ [117] 

   
Broadly expressed Cyclin D1 [118] 

 Cyclin D2 [118] 
 Cyclin D3 [118, 119] 
 p21 [120-122] 
 TrkB [122] 
   

 
The sequences of the bHLH domain and two transactivation domains 

in the N-terminal part of the proteins are highly conserved between E-proteins. 
The function of E-proteins to activate transcription has been proposed to be 
mediated through interactions with the transcriptional co-activators CBP/p300 
and the SAGA co-activator complex [123, 124]. The histone acetyltransferases 
CBP and p300 were shown to function as co-activators of both E47 and MyoD 
through interaction with the bHLH domain of the TFs in the DNA-bound 
complex [123]. The N-terminal activation domain, Activation Domain I (ADI, 
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amino acids 1-153 in E2A proteins), has been shown to function in a wide 
variety of cell types, whereas the Activation Domain II (ADII, amino acids 
369-485 in E2A proteins) was shown to function preferentially in pancreatic 
beta-cells [125]. ADI was later shown to mediate its activation functions 
through interaction with the mammalian homolog of the yeast SAGA 
transcriptional activator complex [124]. A four amino acid motif, LDFS, in the 
ADI of E2A, as well as in a yeast bHLH protein, was identified as essential for 
interaction with the SAGA complex and for the function of the bHLH proteins 
in activation of transcription. 

 

Tissue specific bHLH transcription factors 

The class II bHLH TFs are tissue specific TFs that play important 
roles in regulation of gene expression in development of specific organs and 
tissues. The tissue specific bHLH TFs are proposed to function through binding 
to DNA as heterodimers with E-proteins, since they possess low DNA binding 
capability as homodimers [126, 127]. Probably the most well studied factors in 
this subfamily of bHLH proteins are the members of the MyoD family of 
myogenic bHLH proteins: MyoD, myogenin, Myf5 and MRF4, which are 
discussed in more detail on pages 25-27. MyoD, the founding member of this 
family of proteins was found as a cDNA that could convert fibroblasts to 
muscle cells upon ectopic expression [128]. Another family of tissue specific 
bHLH TFs are the neurogenic bHLH proteins, including Mash-1 and Math-1, 
Ngn1 and NeuroD [129]. Neurogenic bHLH TFs share with MyoD the property 
of being capable of converting one cell type to another, since expression of 
several of these factors together with the dimerisation partner E12 could 
convert the P19 embryonic carcinoma cell line into differentiated neurons 
[130]. NeuroD is alternatively denoted BETA2 and is, in addition to its role in 
regulation of gene expression in neuronal systems, involved also in pancreatic 
development and regulation of expression of insulin [131]. 

 

Inhibitory Helix-Loop-Helix proteins 

Members of the Id family of HLH proteins can function as inhibitors 
of bHLH TFs. Id proteins contain a HLH dimerisation domain but lack a DNA 
binding basic sequence and can therefore form heterodimers with bHLH 
proteins that are incapable of binding to DNA [132]. Id1, the founding member 
of the family, was initially found to associate with MyoD, E12, and E47 and 
inhibit their DNA binding [133]. Currently there are four known Id proteins, 
Id1-Id4, in the mouse and in humans. Id proteins have been shown to have a 
higher dimerisation affinity to E-proteins compared to tissue-specific bHLH 
TFs and can act as inhibitors of development in various developmental systems 
through inhibition of E-proteins [134, 135], hence the name Id referring to 
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Inhibitor of development. The expression levels of Id proteins are generally 
high in proliferating cells, whereas upon differentiation, the expression of Id 
proteins is down-regulated [136]. In agreement with this, the expression of at 
least Id1 and Id3 is induced by growth factor signaling [137, 138] and Id 
proteins have been found over-expressed in cancers [132, 135, 136]. 

 

Other bHLH transcription factors 

MyoR and ABF-1 bHLH proteins can function as repressors of bHLH 
transcription in muscle cells and activated B-cells, respectively, by forming 
inhibitory heterodimers with E-proteins. These heterodimers can bind E-boxes, 
but are unable to activate transcription due to repressor domains in the MyoR 
and ABF-1 proteins [139, 140]. Twist is another negatively acting bHLH 
protein that may be involved in negative regulation of myogenesis, 
osteogenesis and neurogenesis potentially through dimerisation with both E-
proteins and tissue-specific bHLH TFs [141, 142]. Unexpectedly, interaction 
between Twist and MyoD was shown to occur between the basic sequences of 
the two proteins, rather than between the HLH domains [142]. 

 

Another important subfamily of bHLH proteins is the Myc family. C-
Myc and the related factors Max and Mad possess a leucine zipper dimerisation 
domain C-terminal to the bHLH domain [143]. C-Myc is a positive regulator of 
cell proliferation found expressed at elevated levels in various human cancers 
[143]. 

 

bHLH transcription factors in development 
 

bHLH transcription factors in lymphocyte development 

Lymphocytes are the main cells in the adaptive immune system 
against foreign antigens. Development of B- and T-lymphocytes is a stepwise 
process that is controlled by a set of TFs that regulate the expression of genes at 
the different steps of the development. An important characteristic of both B- 
and T-cell development is the tight control of expression and rearrangement of 
the B- and T-cell receptors (BCR and TCR), respectively, which are produced 
through recombination of gene segments in the loci of the receptor encoding 
genes [144]. B- and T-cells that express a functional BCR and TCR, 
respectively, are selected (positive selection), whereas cells expressing self-
reactive receptors are eliminated (negative selection) [145]. B- and T-cell 
development can be divided into different stages based on the rearrangement 
and expression status of the B- and T-cell receptors and according to the 
expression of other cell surface molecules. 
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E2A proteins were, as mentioned before, initially identified as factors 
that bind to the identified E-box sequences in the immunoglobulin heavy chain 
enhancer [89]. The importance of E-proteins for expression of immune system 
specific genes has been confirmed later for a large number of genes involved in 
lymphocyte development and immune responses (see Table 1). Mouse 
knockout studies have been a valuable approach to understand the roles of E-
proteins in development, whereas biochemical studies including in vitro DNA 
binding assays, reporter assays and more recently chromatin 
immunoprecipitation assays have been used to analyze if genes are direct 
targets for regulation by E-proteins. 

 

Homozygous disruption of the E2A gene in mouse leads to a 
developmental block at an early step of B-cell development [102, 146]. These 
homozygous E2A knockout mice lack mature B-cells and have only a very low 
number of pro-B-cells, cells in the earliest stage of B-cell development in 
which not even the earliest recombination event of the B-cell receptor has 
occurred [102, 146]. E2A heterozygous mice have half the number of mature 
B-cells compared to wild-type littermates, suggesting that the level of 
expression of the E2A proteins is critical for the B-cell development [146]. 
Homozygous knockout of either the E2-2 or the HEB encoding gene leads to a 
decreased number of mature B-cells and pro-B-cells, indicating that these genes 
also have a role in early B-cell development [147]. E-proteins presumably have 
partially overlapping and redundant roles in the B-cell development since 
deletion of any combination of two alleles of the E-protein encoding genes 
resulted in a more complete block in B-cell development than deletion of any 
single allele of an E-protein encoding gene [147]. Furthermore, B-cell 
development in homozygous E2A knockout mice can be partially rescued by 
transgenic expression of either E12 or E47 [148], and functional replacement of 
the E2A gene with the cDNA for HEB under control of the E2A gene promoter 
can also partially rescue the block in B-cell development [149]. Both genetic 
and biochemical evidence indicate important roles also for the Pax5 and EBF 
TFs in the regulation of B-cell development [150]. Many B-cell specific genes 
have been shown to be activated in synergy between E2A proteins and EBF, 
whereas the pax5 gene has been proposed to be expressed downstream of E2A 
and EBF factors [151]. 

 

T-cell development is also regulated by E-proteins. T-cells develop in 
the thymus and the mature T-cells can be categorized into two primary 
populations, helper T-cells expressing the cell surface marker CD4 and 
cytotoxic T-cells expressing CD8. T-cell development in the thymus proceeds 
from an early stage, in which the differentiating T-cells express neither CD4 
nor CD8 (double negative cells), via expression of both CD4 and CD8 (double 
positive cells) to single positive cells. The mature T-cells are activated upon 
binding of foreign peptide antigens that are presented by the major 
histocompatibility complex on the surface of antigen presenting cells. Upon 
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activation, the CD4 positive helper T-cells express and secrete cytokines that in 
turn can activate B-cells and cytotoxic T-cells, whereas the cytotoxic T-cells 
can kill infected cells by secretion of cytolysins or by activating apoptosis of 
the infected cells through activation of cellular signaling pathways.  

 

A heterodimer between an E2A protein and HEB from a nuclear 
extract of a T-cell line was initially found to bind to an E-box sequence of the 
CD4 enhancer [112]. Since then, many T-cell specific genes have been 
proposed to be targets for E-proteins based on both biochemical and genetic 
studies (see Table 1). Both E2A and HEB knockout mice have a reduced 
number of T-cells with a partial developmental block prior to the CD4/CD8 
double positive stage of the T-cell differentiation [152, 153]. Knock-in mice 
with a dominant negative allele of HEB carrying a basic sequence mutation 
resulting in formation of heterodimers with E2A that can not bind DNA had a 
more severe block in the T-cell development compared to the HEB knockout 
alone, suggesting that E2A/HEB heterodimers indeed have an important role in 
T-cell development [154]. In addition to the partial block in T-cell 
development, E2A knockout mice also develop T-cell lymphomas suggesting a 
tumor suppressor function for E2A-proteins [152, 155].  

 

In addition to the function as activators of transcription of 
lymphocyte-specific genes, E-proteins have been proposed to function in 
activation of BCR and TCR recombination through recruiting chromatin 
modifying factors and thereby increasing the accessibility of the BCR and TCR 
loci to the recombination machinery as well as functioning in isotype switching 
in mature activated B-cells [156]. Ectopic expression of E47 in non-lymphoid 
cells has been shown to induce immunoglobulin gene rearrangements and the 
expression of RAG and Tdt genes involved in regulation of immunoglobulin 
rearrangements [105, 117, 157, 158]. 

 

bHLH transcription factors in myogenesis 

Myogenesis is a highly coordinated process that involves proliferation 
and migration of muscle precursor cells and their terminal differentiation to 
myocytes. Especially the Wnt and Sonic hedgehog signaling molecules are 
involved in the signaling to induce myogenesis [159], and the MyoD family of 
bHLH TFs and the MEF2 family of MADS box TFs have important roles as 
transcriptional regulators of muscle and muscle differentiation specific genes. 

 

The bHLH TF MyoD was initially identified as a single cDNA that 
upon ectopic expression could convert a fibroblast cell line to myosin 
expressing muscle cells (myocytes) [128, 160]. As expression of the MyoD 
gene alone could convert one cell-type to another, MyoD was named “The 
Master Regulator of Myogenesis”. Induction of the expression of muscle 
specific genes by forced expression of MyoD was later demonstrated also in 
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pigment, nerve, fat and liver cells [161]. Recently, using a myoblast cell line 
model, over 20 % of the genes with altered expression upon myoblast 
differentiation to myocytes were demonstrated to be direct targets of MyoD 
[162]. In addition to MyoD, there exists three other muscle specific bHLH TFs, 
namely Myf5, Myogenin and MRF4 [163]. The members of the MyoD family 
of muscle specific bHLH TFs are relatively conserved also outside of the 
bHLH domain, suggesting that the factors have diverged from a single ancestral 
gene during evolution [164]. As mentioned before, the tissue specific bHLH 
TFs such as MyoD do not bind DNA well as homodimers [126], but require an 
E-protein heterodimerisation partner. The functional importance of an E-protein 
in co-operation with muscle specific bHLH TFs was demonstrated using anti-
sense RNA to block E12 expression in fibroblasts, which resulted in inhibition 
of MyoD initiated muscle-specific gene-expression [127]. The basic sequence 
in the bHLH domain of MyoD has been shown to contain amino acid residues 
that mediate the myogenic function of the protein. A swap of only three amino 
acids in the basic sequence of E12 into the corresponding amino acids of MyoD 
resulted in an E12 mutant that could induce myogenesis [165]. 

 

MyoD and Myf5 are expressed early in the proliferating myoblasts 
and differentiating myocytes, whereas myogenin and MRF4 are expressed only 
at a later stage in the maturating myocytes [163]. Myogenin has been proposed 
to be a direct target for transcriptional activation by MyoD and/or Myf5 [166], 
and MyoD can activate its own expression by a positive feedback regulation 
that might be relevant for the commitment into the muscle differentiation [167]. 

 

Homozygous knockout in mouse of any gene coding for a myogenic 
bHLH protein results in either no abnormalities or in only slight deficiencies in 
muscle development [168]. Myogenesis is apparently normal in the MyoD 
homozygous knockout mice [169], and Myf5 homozygous knockout mice lack 
muscle only in the distal parts of the ribs [170]. Mice lacking both MyoD and 
Myf5 are born alive, but die soon after birth due to lack of all skeletal 
musculature [171]. These genetic studies indicate a functional redundancy 
between MyoD and Myf5 in myogenesis. 

 

Another family of critical TFs in regulation of muscle-specific genes 
are the MEF2 factors. The four members of the MEF2 family, MEF2a-d, 
belong to the MADS box DNA binding domain containing family [172]. MEF2 
factors were initially identified in a muscle-specific cDNA expression library as 
factors that could bind to the DNA sequence formerly designated as MEF2 and 
found in many promoters of muscle specific genes [173]. Later it was shown 
that MEF2 and MyoD can function co-operatively in myogenesis by 
synergistically increasing the extent of myogenic conversion in in-vitro 
myogenesis assays and in activating transcription from an MRF4 promoter 
driven reporter [174, 175]. A physical interaction between MyoD and MEF2 
has also been demonstrated [174]. 
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Regulation of myogenic TFs has been widely studied by using in vitro 
differentiation of the C2C12 myoblast line or transfected fibroblasts. Various 
data indicate the importance of Ca2+ signaling in regulation of myogenesis 
through activation of the MyoD and MEF2 TFs. Already over three decades 
ago it was shown that a decrease in extracellular Ca2+ from the normal cell 
culture medium concentration of 1.4 mM to 35 µM inhibited the ability of 
myoblasts to form multinucleated myocytes, whereas the rate of proliferation of 
the myoblasts was not affected by the decrease in Ca2+ concentration [176, 
177]. In agreement with this, reduction of the intracellular Ca2+ level in C2C12 
myoblasts by treatment with blockers of Ca2+ channels inhibits differentiation 
to myocytes [178]. Multiple mechanisms have been proposed for the function 
of an increase in Ca2+ concentration as a trigger to induce myogenic 
differentiation through regulation of the MEF2 factors [179]. 

 

bHLH transcription factors and control of cell proliferation 

Control of cell proliferation is coupled to cellular differentiation, since 
the developmental processes in multi-cellular organisms require a correct 
number of cell divisions to occur prior to terminal differentiation. Basic Helix-
loop-Helix TFs have been shown to regulate cell proliferation both by 
regulation of transcription of genes involved in cell cycle control and by 
binding to cellular factors that regulate cell proliferation. MyoD was shown to 
induce cell cycle arrest in both primary cells and tumor cells independently of 
its ability to induce myogenesis in the cell lines [180, 181]. The c-fos gene has 
been identified as a direct target for repression by MyoD [182], whereas the 
cell cycle inhibitor p21 has been proposed to be activated by MyoD [183, 184]. 
MyoD has also been proposed to inhibit, through physical interaction, the cell 
proliferation promoting functions of c-jun and cyclin dependent kinase 4 [185, 
186]. 

 

E2A proteins have been proposed to have both negative and positive 
functions in regulation of the cell cycle. In several different cellular systems, 
including in kidney cells, osteoclasts and neuroblastomas, E2A proteins have 
been proposed to have an anti-proliferative function through transcriptional 
activation of the cell cycle inhibitor p21 [120-122]. In agreement with this, 
transfection of NIH-3T3 fibroblasts with an E47 encoding expression vector 
does not yield any stable clones expressing E47 [187], and restoring E2A 
activity in a T-cell acute lymphoblastic leukeamia cell line results in growth 
inhibition [188]. E2A proteins are nevertheless not general inhibitors of cell 
proliferation as relatively high level of E2A expression is detected in highly 
proliferating cells in human tissues, especially in proliferating lymphocytes 
[100]. In fact, by using an inducible expression system for a dominant negative 
E47 protein variant, the expression of several positively functioning cell cycle 
regulatory genes, including cyclins D2 and D3, was demonstrated to be 
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responsive to E-protein activity [118]. Furthermore, the cyclin D3 was recently 
shown to be a direct target for transcriptional activation by E2A [119]. In 
conclusion, E2A proteins might function either to promote or to inhibit cell 
proliferation depending on the cell type. It should be noted in this context also 
that regulation of the activity of E-proteins by Id proteins or by other regulatory 
mechanisms can also affect their ability to influence cell proliferation.  

 

bHLH transcription factors and cancer 

Chromosomal translocations of the E2A gene have been found in 
some leukemias and lymphomas. The translocations in leukemias are usually 
specific (non-random) chromosomal translocations that result in chimeric 
proteins that contribute to tumorigenesis [189]. In all of the E2A translocations 
found, the resulting chimeras have the N-terminal part of E2A, containing the 
transcriptional activation domains, fused to other proteins [190]. The E2A gene 
is located on chromosome 19 and has in a subset of leukemias been found to 
translocate to a locus on chromosome 1 to form the chimeric protein E2A-
PBX1 [190]. This translocation is found in about 5 % of acute lymphoblastic 
leukemias (ALL). E2A-PBX1 fusion protein contains the N-terminal part of the 
E2A protein including the activation domains I and II fused to the C-terminal 
part of PBX1, a member of the homeobox family of transcription factors 
expressed in early hematopoietic progenitors [191]. The molecular mechanism 
for the tumorigenicity of the E2A-PBX1 fusion protein is not known, but the 
fusion protein could potentially activate genes that contribute to tumorigenesis 
or compete with the function of other transcriptional regulators [190]. 
Translocations resulting in the chimeras E2A-HLF and E2A-FB1 are less 
common than the E2A-PBX1 translocation found in the ALL patients [190]. 

 

T-cell acute lymphoblastic leukemias (T-ALL) constitute roughly 20 
% of the ALL cases in children and adults, and activation by translocation, 
insertion or mutation of the class II basic Helix-Loop-Helix TF TAL1 (also 
called SCL) is found in 60 % of the T-ALL cases [192]. TAL1 is normally 
expressed early in the hematopoiesis and is required for genesis of the 
hematopoietic stem cell [193, 194]. TAL1 has been shown to form 
transcriptionally inactive heterodimers with the E2A proteins [192]. Transgenic 
mice expressing TAL1/SCL under control of a T-cell specific promoter develop 
leukemias and lymphomas and have also down-regulation of the expression of 
E-protein target genes [195]. This argues that aberrant expression of 
TAL1/SCL in the T-cell lineage could contribute to tumorigenesis through 
inhibition of the anti-proliferative function of E-proteins in the T-cells. This 
hypothesis is supported by the facts that a proportion of E2A null mutated mice 
develop T-cell leukemias [152, 155] and restoration of the E2A activity in the 
Jurkat T-cell line derived from a T-ALL patient results in growth inhibition 
[188]. The exact molecular mechanism why loss or decrease of E-protein 
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activity can cause leukemias/lymphomas is at present not known, but evidence 
suggests that E-proteins could have a pro-apoptotic function in the T-cell 
development and function as tumor suppressors [188, 195]. 

 

Regulation of the activity of bHLH transcription factors 

Involvement of the bHLH transcription factors in regulation of 
cellular differentiation and proliferation requires that their activity is under 
strict control. Both E-proteins and the tissue specific bHLH proteins are found 
primarily in the nucleus and no mechanism that would regulate their activity 
through regulation of their distribution between the cytoplasm and the nucleus 
has been reported. In addition to the discussed tissue specific expression of 
many of the bHLH proteins, their activity in the nucleus is further regulated at 
many other levels, including through differential dimerisation partners and 
through post-translational modifications. 

 

The activity of bHLH proteins is inhibited through dimerisation with 
the HLH proteins IdI-Id4, resulting in Id/bHLH dimers that cannot bind DNA. 
The Id1 and Id3 proteins have been shown to be regulated by growth factor 
signaling through Mitogen-Activated Protein Kinase (MAPK) pathway 
mediated activation of expression of the Early Growth Regulator 1 (Egr-1), 
which is involved in the transcriptional activation of the Id Expression [135]. 
Therefore, expression of Id proteins and thereby inhibition of bHLH TFs 
correlates at least in some cell systems with growth signaling in the cell.  

 

Since bHLH TFs bind DNA as dimers, the availability of a 
dimerisation partner and the potential factors that affect differential 
dimerisation can regulate the activity of bHLH proteins. E-boxes in the 
promoters of developmentally regulated genes that are targets for tissue-
specific bHLH factors can also bind E-protein homodimers [165]. Binding of 
the E-protein homodimers does however not activate the expression of tissue-
specific bHLH protein regulated genes and mechanisms that can regulate the 
differential dimerisation and DNA binding of the different bHLH dimers are 
therefore of high interest. Pure E2A protein efficiently forms homodimers, 
which are stabilized in vitro and in B-cells, but not in muscle cells, by 
intermolecular disulfide cross-links [196]. E-protein dimerisation has also been 
found to be regulated by phoshorylations. E47 was found to be phosporylated 
in the sequence just N-terminal to the basic sequence of the bHLH domain in a 
variety of cell lines but not in B-cells. This phosphorylation was shown to 
inhibit the dimerisation and DNA binding ability of E47 [197]. The role of the 
hypophosphorylation of E47 in B-cells could be to activate E47 as a 
homodimer, whereas in non-B-cells the phosphorylated form of E47 could be 
more available as a heterodimerisation partner for the tissue specific bHLH 
proteins. Casein kinase II was in another study shown to activate transcription 
by MyoD indirectly through phosphorylation of the residues in E47 that were 
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shown hypophosphorylated in B-cells, leading to inhibition of E47 homodimers 
[198].  

 

E2A proteins have a relatively short half-life of about 60 minutes 
[199]. The E2A proteins have been shown to be ubiquitinated at a protein 
sequence N-terminal to the basic sequence by the ubiquitin conjugating enzyme 
mUBC9, leading to subsequent proteasomal degradation [199-201]. Notch 
signaling, an important signaling pathway for lymphoid cell lineage 
commitment [202, 203] has been shown to accelerate E2A degradation [204, 
205]. Phosphorylation of E2A by the mitogen activated protein kinases p42/p44 
in residues residing between the second activation domain and the basic 
sequence was shown essential for the E2A ubiquitination and subsequent 
degradation. Treatment of mouse splenocytes with anti-IgM or anti-CD3/anti-
CD28 to activate the B- and T-cell receptors, respectively, was shown to lead to 
an accelerated degradation of E2A, which was blocked by inhibitors of both 
Notch and the proteasome [205]. The exact mechanism how activated Notch 
and B- and T-cell receptor signaling result in accelerated degradation of E2A is 
not known. 

 

Ca2+-loaded CaM has been shown to inhibit DNA binding of the E-
proteins E12, E47 and SEF2-1, and deletion mutant analyses revealed that the 
isolated bHLH domain was sufficient for inhibition by CaM [206]. The 
heterodimers of the class II bHLH proteins MyoD and MASH2 with E12 were 
CaM resistant or considerably less CaM sensitive than E-protein homodimers, 
respectively [206]. Ca2+ stimulation of transfected cells with the Ca2+ ionophore 
ionomycin could inhibit activation of transcription by E-proteins, but to a lower 
extent by MyoD [206]. It was however not shown whether Ca2+ ionophore 
inhibition of transcription was a consequence of a direct CaM/bHLH 
interaction in vivo. In Vitro studies of the bHLH-CaM interaction have shown 
that the isolated basic domain of both E12 and MyoD are sensitive to CaM and 
that the sequences upstream of the basic domain modulate this interaction 
[207]. In MyoD, this so called modulatory sequence results in inhibition of 
binding of CaM to the protein, whereas the corresponding modulatory sequence 
in E12 does not significantly affect the binding ability of E12 to CaM. The 
bHLH-CaM interaction was also shown to have characteristics different from 
the common CaM interactions with amphipathic α-helical target protein 
sequences where CaM interacts in the “wrap-around” binding mode. It was 
shown that CaM interacts much stronger with a dimerised basic peptide (of 
SEF2-1) compared to the monomeric form and that the dimeric peptide bound 
two CaM molecules [208]. The CaM-SEF2-1 interaction was also shown to be 
highly resistant to many known CaM inhibitors and the interaction was salt 
sensitive indicating importance of polar amino acid contacts in the interaction 
[208]. Isolated CaM halves alone could also bind to and inhibit DNA binding 
by E12. A model of the interaction was proposed, where the N-terminal domain 
of CaM preferably interacts with the modulatory sequence and the C-terminal 
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domain of CaM preferably interacts with the basic sequence of E12 [208]. 
Characterization of the CaM-bHLH interaction by solution structure analysis 
confirmed that the binding does not occur via the classical “wrap-around” 
binding mode and that the basic sequence is not α-helical in the interaction with 
CaM [209]. 

 

Members of the S-100 family of Ca2+-binding proteins have also been 
shown to interact with the bHLH domains of MyoD and E12 and they inhibit 
also DNA binding of the factors [207, 210]. 
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AIMS OF THIS THESIS 
 

• To determine the structural characteristics of the E-protein-CaM interaction. 
 
• To test the mechanistic model of CaM inhibition of transcriptional activation 

by E-proteins through inhibition of the DNA binding. 
 
• To test the potential role of CaM in regulation of in vitro myogenesis through 

differential inhibition of basic Helix-loop-Helix transcription factors. 
 
• To determine if the calretinin EF-hand Ca2+-binding proteins have a function 

as regulators of E-proteins. 
 
• To determine the involvement of E2-2 in mouse development, especially T-

cell development, alone or in collaboration with the other E-protein genes 
E2A and HEB. 

 
 

RESULTS AND DISCUSSION 
 
The initial report of CaM-bHLH interaction demonstrated a Ca2+-

dependent interaction of CaM with the DNA binding bHLH domain of E-
proteins [206]. CaM-binding resulted in inhibition of the DNA binding, and 
increase of intracellular Ca2+ by treatment with ionomycin resulted in inhibition 
of transcriptional activation by the E-protein E47 and by the endogenous E-
proteins in Jurkat and K562 cell lines. The report was followed up by further 
characterization of the nature of CaM-bHLH interaction showing that a critical 
sequence N-terminal to the basic sequence in MyoD, but not in E12, modulates 
binding to CaM resulting in the resistance of MyoD to CaM [207]. The CaM-E-
protein interaction was also shown to be a novel kind of CaM target recognition 
as a basic peptide was a target as a dimer, rather than as a monomer [208]. 
Structural analysis by NMR supported the model of CaM-bHLH interaction 
being a novel kind of CaM target recognition that does not occur via the 
classical “wrap-around” binding mode, but two CaM molecules together 
surround the bHLH dimer [209]. 

 

In this thesis the bHLH-CaM interaction is further characterized 
(paper I) and the subsequent focus is on understanding the in vivo relevance of 
the bHLH-CaM interaction (papers II and III). The Ca2+-binding proteins 
calretinin and calretinin-22k are also shown to target E-proteins (paper IV) and 
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the involvement of the E2-2 gene in T-cell development is also studied (paper 
V). 

Structural analysis of the calmodulin-bHLH interaction 

(Paper I) 

In Paper I, the structure of CaM together with a dimeric basic 
sequence corresponding to the basic sequence of the E-protein SEF2-1 (E2-2) 
was solved using NMR analysis. The identified binding of an open eight-
shaped CaM dimer surrounding the dimeric basic sequence (Paper I, Figs. 1 
and 2) represents a novel kind of CaM target recognition. The CaM target is 
not α-helical and the bHLH-CaM complex can not be explained by a model of 
one fixed structure. The interaction rather consists of alternative binding modes 
in fast exchange (Paper I, Fig. 2). This model for the interaction by NMR 
analysis is further supported by the complex binding spectra of the E12 protein 
and generated E12 basic sequence mutants to dansylated CaM (Paper I, Fig. 
4D). The dansyl group in the dansylated CaM emits a unique fluorescence 
spectrum that is dependent on the molecular surroundings of the dansyl group 
in the complex of the dansylated CaM with its target protein. The spectrum is 
very different in the complex of dansylated CaM with each of the E12 mutants, 
indicating that each of the mutations in E12 has slightly changed the interaction 
with CaM, but not disrupted it. Furthermore, each of the amino-acid 
substitutions in the E12 mutants resulted in an E12 variant that was only 
slightly more resistant to CaM inhibition of DNA binding in an EMSA assay 
compared to wild-type E12 (Paper I, Fig. 4C), and multiple amino acid 
substitutions resulted in more CaM resistant E12 mutants than single amino 
acid substitutions. The NMR data further show that the two CaM molecules in 
the complex are connected by inter-molecular interactions between residues in 
the N-terminus of one CaM and the C-terminus of the other CaM in the CaM 
dimer surrounding the basic sequence dimer (Paper I, Fig. 1). 

 

Modes of CaM-binding to its targets that differ from the classical 
“wrap-around” binding mode have been described by others [52, 55], but the 
bHLH-CaM interaction is novel in several ways, especially since it can not be 
explained by one distinct conformation of CaM and the target and involves 
multiple alternative amino acid contacts. The model for the interaction of the E-
protein with CaM, denoted “flexchange binding”, represents a novel type of 
protein:protein recognition principle. 
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Calmodulin inhibition of transcriptional activation by E-

proteins (Paper II) 

CaM has been shown to inhibit DNA binding by E-proteins in vitro, 
and a Ca2+ ionophore, ionomycin, was shown to inhibit transcriptional 
activation by E47 [206]. We wanted to analyze if this correlation reflected a 
direct inhibition of E-proteins by Ca2+/CaM. E12 basic sequence mutants with 
increased resistance to inhibition by CaM (Paper I, Fig. 4b) and an additional 
E12 mutant, m8-4-7 (Paper II, Fig. 2) were used to further study the 
mechanism of Ca2+ and CaM inhibition of transcriptional activation by E-
proteins. We show that CaM overexpression inhibits transcriptional activation 
by the E-proteins E12, E47 and SEF2-1 (Paper II, Fig. 1), whereas in contrast, 
transcriptional activation by MyoD, a protein shown to be resistant to CaM in 
vitro, was not inhibited by overexpression of CaM (Paper II, Fig. 1). The E12 
basic sequence mutants were used in EMSA analysis and in transient 
transfection assays to analyze the correlation between CaM inhibition of DNA 
binding in vitro by these E12 mutants and the effects of CaM overexpression 
and Ca2+ stimulation on activation of transcription by the mutants. We found a 
direct correlation between CaM inhibition of DNA binding in vitro and the 
effects of CaM overexpression and  Ca2+-stimulation on transcriptional 
activation by the E12 basic sequence mutants (Paper II, Figs. 3, 4 and 5). As 
E-proteins are almost exclusively found in the nucleus and neither CaM 
overexpression nor a Ca2+ stimulation resulted in a change in nuclear vs. 
cytoplasmic level of E12 (Paper II, Fig. 1B and data not shown), we 
conclude that Ca2+/CaM inhibition of E-proteins could be a result of a nuclear 
CaM-E-protein complex that can not bind DNA. This conclusion is further 
supported by chromatin immunoprecipitation showing that CaM 
overexpression inhibits in vivo DNA binding by over-expressed wild-type E12 
and E47, but not by a CaM resistant mutant of E12 (Paper II, Fig. 8). 
Furthermore, over-expressed CaM was found co-localized with wild-type E12, 
but not with a CaM resistant mutant of E12, in sub-nuclear locations  of 
transfected DG75 cells (Paper II, Fig. 6), and wild-type E12, but not a CaM 
resistant mutant of E12, could be affinity purified by CaM-sepharose from cell 
extracts prepared from the cells (Paper II, Fig. 7). 

 

CaM could, in addition to inhibiting DNA binding by E-proteins 
through a direct physical interaction, have other alternative mechanisms of 
inhibiting transcriptional activation by E-proteins. CaM could inhibit E-protein 
interaction with a co-activator or another factor(s) involved in the E-protein 
transcriptional activator complex. The trancriptional co-activators CBP and 
p300 have been shown to interact with the bHLH domain of E47 [123]. As both 
CaM and the co-activators can potentially bind to the same sequence in the 
bHLH domain of E-proteins, we wanted to analyze if CaM could influence the 
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potency of the co-activator p300 to induce transcription with an E-protein. 
DG75 cells were transfected with the E12 expression vector with or without the 
expression vectors for CaM and the co-activator p300. As shown in Fig. 4, 
CaM inhibition of transcriptional activation by E12 was lower when E12 was 
co-expressed together with the p300 co-activator compared to expression of 
E12 alone. As the binding sites of CaM and p300 in E12 (and other E-proteins) 
could overlap, binding of CaM could sterically hinder the binding of the p300 
co-activator to E-proteins and conversely p300 could potentially partially 
protect E-proteins from CaM inhibition.  
 
 

 
Figure 4. Effects of CaM overexpression on activation of transcription 
by E12 in the absence or presence of over-expressed p300. DG75 cells 
were transiently transfected with the indicated expression vectors 
together with an E-box luciferase reporter and β-galactosidase expression 
vector for normalization of transfections. The cells were harvested 20 
hours later and assayed for luciferase and β-galactosidase activity. Shown 
are the mean values of β-galactosidase normalized luciferase activity ± 
SEM of three experiments. The p300 expression vector was a kind gift 
from Dr. David Livingston (Dana-Farber Cancer Institute, Boston, MA). 
 

One more alternative mechanism of CaM inhibition of transcription 
by E-proteins could be a modification of the phosphorylation status of E-
proteins or a factor(s) involved in the E-protein transcriptional activator 
complex by a Ca2+/CaM regulated kinase or phosphatase. This we find unlikely 
since we have found that ionomycin inhibition of transcriptional activation by 
E47 was not affected by specific inhibitors of the Ca2+/CaM dependent kinases 
(KN62/KN93) or calcineurin (cyclosporin A) [211]. 

 

To analyze if CaM overexpression would affect the intrinsic ability of 
an E-protein to bind DNA, E47 was over-expressed in DG75 cells in the 
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absence or presence of an expression vector for CaM in the absence or presence 
of Ca2+ stimulation. The expression vectors were transfected together with an 
E-box luciferase reporter and CMV-β-galactosidase expression vector for 
normalization of the transfections. Nuclear extracts were prepared from these 
transfected cells in the presence of the Ca2+ chelator EDTA and used in 
electrophoretic mobility shift assays with an E-box probe. 

 

 
Figure 5. Ca2+/CaM does not result in E47 protein with diminished DNA 
binding capability. A. DG75 cells were transiently transfected with 
expression vector for E47 with or without expression vector for CaM, 
together with an E-box luciferase reporter and CMV β-galactosidase 
expression vector for normalization of transfections. The cells were, 
where indicated, treated with 0.5 µg/ml ionomycin (Iono) 0.5 h after start 
of transfection and the cells were harvested 20 hours later for analysis. 
The bars represent β-galactosidase normalized reporter activities. B. 
Nuclear extracts were prepared from the transfection in (A) in the 
presence of EDTA and used in EMSA with a µE5 E-box probe [206]. 
The E47 DNA binding complex is indicated with an arrow. For the 
supershift of the E47-DNA complex (αE47), E47 antibody (Santa Cruz 
Biotechnology, N-649) was added to the nuclear extract prior to the 
EMSA binding reaction.  
 

As shown in Fig. 5A, CaM inhibition of transcriptional activation by 
E47 was, as expected, significantly enhanced by Ca2+ stimulation by ionomycin 
as a logical consequence of an increased amount of Ca2+/CaM. Neither 
ionomycin treatment nor overexpression of CaM resulted in diminished binding 
of E47 protein in the nuclear extracts to DNA (Fig. 5B), suggesting that 
Ca2+/CaM does not result in an E47 protein modification that inhibits its DNA 
binding ability. (The ionomycin induction of the E47-DNA complex is due to 
ionomycin activation of E47 expression from the CMV-promoter driven 
expression vector (data not shown)). The results support our model of 
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Ca2+/CaM inhibition of transcriptional activation by E-proteins through 
formation of a nuclear CaM-E-protein complex that can not bind DNA, rather 
than through a modification in the E-proteins. 

 

The DNA and CaM-binding basic sequence is highly conserved in all 
the three E-proteins in both the mouse and humans (Fig. 6). The sequence of 
Daughterless, the only E-protein in Drosophila Melanogaster, is also very 
similar to the mammalian homologues. It is therefore likely that all the E-
proteins, including Daughterless, can be targeted by CaM. 

 

 
 

Figure 6. Sequence alignment of the DNA and CaM-
binding basic sequence and the surrounding sequences of 
E-proteins. 

 

Calmodulin regulation of myogenesis through differential 

inhibition of bHLH transcription factors (Paper III) 

Transcription factors that are involved in regulation of myogenesis 
have been reported to be activated by Ca2+ and CaM [84, 179, 212, 213]. 
Inhibition of the intracellular Ca2+ concentration in a myoblast cell line by 
blockers of L-type calcium channels has been shown to result in inhibition of 
myogenic differentiation [178], and culture of primary myoblasts in the 
presence of low level of Ca2+ in the cell culture medium (35 µM instead of the 
commonly used 1.4 mM) has been shown to block fusion of myoblasts without 
affecting their proliferation [176, 177]. 

 

We wanted to analyze if Ca2+/CaM would be involved in positive 
regulation of myogenesis through influencing transcriptional activation by 
bHLH proteins. According to our working model, Ca2+/CaM could inhibit 
DNA binding of homodimers of E-proteins, or dimers among the members of 
the E-protein family, and thereby selectively promote occupancy of 
heterodimers of MyoD (or other muscle-specific bHLH proteins) with E-
proteins on E-boxes of muscle-specific genes (Fig. 7B). We chose to test this 
hypothesis using MyoD initiated myogenic conversion of transfected NIH-3T3 
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fibroblasts. Transient expression of MyoD in fibroblasts is sufficient to induce 
myogenic conversion of the transfected cells. The degree of myogenic 
conversion in the transfected cells can be determined by immunostaining for 
MyoD and a muscle-specific marker, such as skeletal muscle myosin, to 
visualize the successfully transfected MyoD expressing cells and the 
differentiated muscle cells. Myogenic conversion of MyoD transfected 
fibroblasts requires a medium with low concentration of growth factors. This 
cell culture medium containing 2 % horse serum in place of the normally used 
10 % fetal bovine serum, referred to as differentiation medium, enables 
myogenic conversion, probably through inducing cell cycle arrest and leading 
to decreased level of expression of the inhibitory HLH proteins. We wanted to 
analyze the intracellular localization of CaM in NIH-3T3 fibroblasts cultured in 
either growth medium or in differentiation medium. Immunostainings revealed 
that CaM was preferentially nuclear at the low serum condition that enables 
myogenic conversion (Paper III, Fig. 1). In contrast, an equal level of CaM 
was detected in the cytoplasm and the nucleus of proliferating fibroblasts. The 
nuclear localization of CaM at the condition that enables myogenic 
differentiation supports the possibility of a nuclear role of CaM during 
myogenic differentiation. 

 
 

 
Figure 7. A model for Ca2+/CaM regulation of transcription by bHLH 
transcription factors. A. Target genes for transcriptional activation by E-
protein homodimers (or by dimers between members of the E-protein 
family) can be inhibited by Ca2+ signaling through formation of CaM-E-
protein complexes that can not bind DNA. B. Expression of target genes 
of MyoD, or other tissue specific bHLH transcription factors, can be 
activated by Ca2+ signaling through Ca2+/CaM inhibition of E-protein 
homodimers that can function as competitors to heterodimers of MyoD 
with E-proteins. This model is tested in paper III. 

 
The investigation of the role of CaM regulation of bHLH proteins in 

myogenesis was carried out using CaM resistant mutants of E12 in the 
myogenic conversion assay. All of the analyzed CaM resistant mutants of E12 
were inhibitory in the MyoD initiated myogenic conversion assay (Paper III, 
Fig. 3B) and the inhibitory effects of the CaM resistant E12 mutants on 

A B
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myogenesis were dependent on the ratio between the expression vectors for 
MyoD and the E12 mutants (Paper III, Figs. 3C and 3D). Some, but not all, of 
the CaM resistant E12 mutants were also affected in their sensitivity to 
inhibition by the inhibitory Id proteins (Paper III, Fig. 4A). Nevertheless, we 
found the best correlation between the sensitivities of the E12 variants to CaM 
and their effects on myogenic conversion (Paper III, Fig. 5), suggesting that 
the E12 mutants are inhibitory for myogenesis at least mainly due to their 
resistance to CaM.  

 

The CaM resistant E12 mutant m8N-4-7 (Paper III, Fig. 3A), 
displayed very similar DNA binding properties and Id inhibition properties as 
wild-type E12, but still functioned as an inhibitor in the myogenesis assays 
(Paper III, Figs. 3-5). Importantly, the data obtained with the modulators of 
intracellular Ca2+ (Paper III, Figs. 7 and 8) strongly support our model of 
Ca2+/CaM regulation of myogenesis through inhibition of E-protein 
homodimers, since inducers of intracellular Ca2+ activated, and Ca2+-channel 
blockers inhibited, transcriptional activation by E12, but not by the CaM 
resistant m8N-4-7mutant, with MyoD. 

 

In conclusion from papers II and III, Ca2+/CaM inhibition of E-
proteins can have two fundamentally different outcomes dependent on the 
responsiveness of the target genes to different bHLH proteins (Fig. 7). Target 
genes that are responsive to E-protein homodimers (or dimers between the 
members of the E-protein subfamily) can be inhibited by Ca2+/CaM inhibition 
of DNA binding of E-proteins. This regulation could occur in lymphocytes, 
where E-proteins can function as homodimers. Signaling from the B- and T-cell 
receptors are known to induce an increase in intracellular Ca2+ [214], which in 
turn could lead to inhibition of E-proteins by Ca2+/CaM. A large number of 
E2A target genes have been identified in the pre-B-cell stage of the B-cell 
development (Table 1). One possible instance for the CaM regulation of E-
proteins could be downstream of the signaling from the pre-B-cell receptor. 
Activation of the pre-B-cell receptor has been shown to induce intracellular 
Ca2+ and is required for the further development of the B-cells [215]. Pre-B-cell 
receptor signaling could thereby result in down-regulation of E-protein 
responsive pre-B-cell specific genes through Ca2+/CaM. Activation of the B-
cell receptor of mature B-cells by antigen binding could potentially through 
Ca2+/CaM inhibition of the anti-proliferative function of E-proteins contribute 
to clonal expansion of the antigen reactive B-cell clone. Expression of the 
target genes for the tissue specific bHLH transcription factors could instead be 
activated by a Ca2+ signal through Ca2+/CaM inhibition of E-protein dimers that 
can function as competitors to the E-protein/tissue specific bHLH protein 
heterodimers in binding to promoter DNA as studied for myogenesis in Paper 
III. 
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E-proteins are targets for calretinins (Paper IV) 

Calretinin and the alternatively spliced calretinin-22k that belong to 
the EF-hand superfamily of Ca2+-binding proteins have been proposed to 
function as Ca2+-buffer proteins since no target protein for them has been 
reported. The fact that the conformation of calretinins is changed, similarly to 
CaM, upon Ca2+-binding argues that calretinins might also function as Ca2+-
sensor proteins [72]. In Paper IV we demonstrate that E12 and E47 are targets 
for calretinin and calretinin–22k. Calretinins can inhibit DNA binding of E12 in 
an EMSA assay (Paper IV, Fig. 1) and overexpression of calretinins inhibit 
transcriptional activation by E12 and E47 (Paper IV, Figs. 3B and 5). In the 
WiDr colon carcinoma cell line, in which calretinins are highly expressed, 
induction of intracellular Ca2+ by ionomycin or thapsigargin treatment inhibits 
transcriptional activation from an E-protein responsive luciferase reporter 
(Paper IV, Fig. 3A). Calretinin inhibition of E12 in vitro and in vivo is 
mediated through interaction with the basic sequence in E12, since amino acid 
substitutions in the E12 basic sequence resulted in E12 mutants that were more 
resistant to calretinin in EMSA and in a transient transcription assay (Paper 
IV, Figs. 4 and 5). 

 

Comparison of several colon cancer cell lines has revealed that the 
cell lines with highest proliferation rates expressed highest levels of calretinin 
[68]. Additionally, inhibition of calretinin expression in the WiDr colon cancer 
cell line resulted in growth inhibition [73], and differentiation of the colon 
cancer cell lines HT-29 and WiDr results in down-regulation of the calretinin 
levels [74, 76]. Together, these data suggest that calretinins might function to 
promote cell proliferation and could contribute to tumorigenesis in the colon 
cancers. In this context it is interesting that calretinin and E12/E47 are co-
localized in a sub-population of proliferating WiDr cells (Paper IV, Fig. 2A) 
and calretinin was co-immunoprecipitated with an E12/E47 specific antibody 
from nuclear extracts prepared from the cells (Paper IV, Fig. 2B). Whether this 
interaction has a functional role in the cell line in promoting cell proliferation is 
important to determine in future work. Both negative and positive roles for E-
proteins in regulation of cell proliferation have been proposed in different 
systems. Transfection of an E47 expression vector in the NIH-3T3 fibroblast 
cell line does not lead to generation of stable clones expressing E47 [187], 
suggesting that E47 might function as a growth suppressor in at least this cell 
type. Generation of T-cell lymphomas in E2A deficient knock-out mice [152, 
155] and activation of expression of the p21 cyclin dependent kinase inhibitor 
by ectopic expression of E2A proteins in various cell types [120-122] further 
argues for potential growth suppressing functions of E12 and E47. Calretinin 
tumorigenicity could thereby be mediated through inhibition of the anti-
proliferative function of E-proteins as activators of p21 or another cell cycle 
inhibitor gene(s). In this context, it is interesting that butyrate treatment to 
induce differentiation of the poorly differentiated WiDr cancer cells leads to an 
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increase in the p21 level [216] and decreases in the levels of calretinins [74] 
(Fig. 8). Co-localization of calretinin and E12/E47 was detected in the 
subpopulation of cells that were more rounded than the rest of the cell 
population (Paper IV, Fig. 2A), indicating that these cells might be in mitosis 
or in the early G1 phase of the cell cycle. In line with this, the level of calretinin 
in the WiDr cell line has been shown to be highest in the mitosis and the early 
G1 phase of the cell cycle [67].  

 

 
Figure 8. A model proposing a role for calretinin (CR) and celretinin-22k 
(CR-22k) in promoting tumorigenesis through inhibition of E12/E47. 
Calretinins are found in colon cancers but not in normal colon tissue, and 
expression of calretinins has been linked to the proliferative rate in colon 
cancer cell lines. The differentiation inducer butyrate has been shown to 
induce the expression of the cell cycle inhibitor p21 [216] and 
downregulation of calretinin levels [74]. Overexpression of calretinins in 
cancers could thereby contribute to tumorigenesis through inhibition of 
transcriptional activation by E12/E47, resulting in a reduced expression 
level of p21. 
 

E2-2 is involved in T-cell development (Paper V) 

Mouse knockout studies have demonstrated important roles for the E-
proteins E2A and HEB in regulation of the T-cell lineage development. E2A 
knockout mice have a reduced number of T-cells and a high incidence of T-cell 
lymphomas [152, 155]. A reduced number of T-cells is also observed in the 
HEB knockout mice [153]. E2A/HEB heterodimers were characterized as the 
predominant T-cell lineage specific protein complex binding to the E-box 
sequence of the CD4 enhancer from nuclear extracts of T-cell lines [112]. 
However, the potential role of E2-2 in T-cell lineage development had not been 
determined prior to this thesis. 

 

Studying the function of the E2-2 gene in mouse is hampered by the 
high perinatal lethality of E2-2 homozygous knockout mice [147]. Most E2-2 
deficient mice die during late embryogenesis for unknown reason and very few, 
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if any, individuals survive more than 1 week after birth [147]. In order to 
overcome the high degree of lethality in conventional knockout mice, we used 
the Cre-loxP conditional gene disruption approach. The Cre-loxP conditional 
knockout method developed originally by Rajewsky and co-workers [217] is 
based on the bacteriophage P1 recombination machinery. The 34 base pair 
DNA sequence loxP is a target for the Cre recombinase that catalyzes deletion 
of a DNA sequence that is between two loxP sequences. In order to use the 
Cre-loxP conditional knockout system in the mouse, loxP sequences are 
introduced by homologous recombination in embryonic stem cells to create 
mice with a germline targeted locus, in which the loxP sequences are on both 
sides of an important DNA sequence of the gene of interest to be disrupted. The 
mice carrying the loxP targeted locus are then crossed with a transgenic mouse 
expressing the Cre recombinase under a tissue-specific promoter to result in 
disruption of the target gene only in the specific target tissue. 

 

To study the function of E2-2 in mouse, the gene was targeted to 
produce a mouse line with a pair of loxP sites flanking the exon coding for the 
bHLH domain of E2-2 (Paper V, Fig. 1). These mice were then crossed with 
transgenic mice expressing the Cre recombinase in a mosaic manner [218] and 
also having the other allele coding for E2-2 disrupted with a conventional 
knockout approach [147]. Resulting offspring with the genotype CreTG+, E2-2-

/flox:lox has one allele of E2-2 disrupted in all cells and the other one disrupted in 
a mosaic manner. An indication for the importance of the E2-2 gene in 
development of a specific tissue, organ or cell type can be deduced from the 
proportion of cells with a disrupted E2-2 allele (lox) in the tissue, organ or cell 
type. A substantial reduction in the proportion of cells with a disrupted E2-2 
allele was observed in the cells from spleen and thymus (Paper V, Fig. 3). The 
proportion of cells with a deleted allele was lower in the sorted B220 
expressing B-cells of the spleen than in the population of all spleen cells 
(Paper V, Fig. 4) supporting a role for E2-2 in B-cell development. The 
proportion of cells with a deleted allele was also lower in the cells at an earlier 
CD4/CD8 double positive stage of T-cell development in thymus than in the 
mature T-cells of spleen that express the CD3 co-receptor for the T-cell 
receptor (Paper V, Fig. 5). These data indicate that E2-2 is involved in a 
developmental stage(s) to double positive T-cells, whereas the differentiation 
from the double positive stage to mature T-cells does not require E2-2, but 
rather the cells with null deleted E2-2 expand faster than those having a 
functional E2-2 allele.  

 

To further study the function of the E2-2 gene and its potential 
overlapping functions with the other E-protein encoding genes, E2A and HEB, 
mice with a mosaic disruption of an E2-2 allele were generated in the genetic 
backgrounds of a disrupted E2A or HEB allele, and the proportion of the 
disrupted E2-2 allele was determined in these genetic backgrounds similarly to 
the analysis in Paper V. As shown in Fig. 9, the proportion of cells with a 
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deleted allele was found decreased in cells from both the spleen and the thymus 
in these mice. The proportion of cells with a deleted E2-2 allele was slightly 
lower in the spleen and thymus in the background of a deleted E2A allele (Fig. 
9A) than a deleted HEB allele (Fig. 9B). 

 

 
Figure 9. The proportion of cells with a deleted E2-2 allele (lox) in the 
organs of mice with the genotype CreTg+, E2-2+/flox:lox, E2A+/- (A) or 
CreTg+, E2-2+/flox:lox, HEB+/- (B). The bars represent mean values of the 
proportion of the deleted E2-2 allele (lox) from cells of different organs 
from four animals ±SEM. E2A+/- and HEB+/- mice were a kind gift from 
Dr. Y. Zhuang (Duke University Medical Center, Durham, NC). 

 
The proportion of cells with a disrupted E2-2  was also determined in 

the cells of spleen and sorted B220 expressing B-cells from spleen as in paper 
V. As shown in Fig. 10, the proportion of B220 positive B-cells with a deleted 
E2-2 allele was decreased in both E2A+/- and HEB+/- backgrounds compared to 
total spleen cells. The proportion of E2-2 deleted cells was also determined in 
the population of immature CD4/CD8 double positive T-cells in the thymus and 
in the mature CD3 positive T-cells in the spleen (Fig. 11). In the absence of 
either a functional E2A or HEB allele, there was an increase in the proportion 
of cells with a deleted E2-2 allele in the population of mature CD3 positive T-
cells compared to the population of immature double positive cells, suggesting 
that the further expansion of the cells in this differentiation stage from the 
double positive immature cell stage to the mature T-cell stage is more 
pronounced in the absence of the E2-2 allele also in the genetic backgrounds of 
a disrupted E2A or HEB allele. 

 

The pattern of mosaic deletion of the E2-2 flox allele in different 
organs and cell types in mice lacking either an E2A allele or an HEB allele is 
very similar to the pattern of mosaic deletion of the E2-2 flox allele in the mice 
lacking the other E2-2 allele (cf. Paper V, Figs. 3, 4, 5 and Figs. 9, 10, 11). 
These comparable patterns of deletion indicate at least partially overlapping 
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roles for the members of the E-protein family in the development of 
lymphocytes.  

 

 
 

Figure 10. The proportion of cells with a deleted E2-2 allele (lox) in 
the tail, spleen and B220+ splenocytes of mice with the genotype 
CreTg+, E2-2+/flox:lox, E2A+/- (A) or CreTg+, E2-2+/flox:lox, HEB+/-(B). 

 

 
 

Figure 11. The proportion of cells with a deleted E2-2 allele (lox) in 
the tail, CD4+/CD8+ immature T-cells and CD3 expressing mature T-
cells of mice with the genotype CreTg+, E2-2+/flox:lox, E2A+/- (A) or 
CreTg+, E2-2+/flox:lox, HEB+/- (B). 
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CONCLUSIONS 
 

The E-protein/CaM interaction is a novel type of protein:protein 
interaction (Paper I). 
The CaM complex with a dimeric basic peptide of SEF2-1 represents a novel 
type of CaM target recognition with a dimer of CaM surrounding the bHLH 
dimer with exchange between multiple binding alternatives between CaM and 
the basic sequence. 
 

Ca2+/CaM can inhibit transcriptional activation by E-proteins by 
preventing their binding to DNA (Paper II). 
Using a series of amino acid substitutions in the basic domain of E12 we 
demonstrate that increasing CaM resistance of these mutants in vitro directly 
correlates with reduced inhibition by Ca2+ stimulation and by CaM 
overexpression in vivo. The data obtained suggest that Ca2+/CaM inhibition of 
E-proteins occurs through formation of a nuclear CaM-E-protein complex that 
can not bind DNA. 
 

Ca2+/CaM can regulate myogenesis through differential inhibition of 
bHLH transcription factors (Paper III).  
CaM resistant mutants of E12 are inhibitory to MyoD initiated myogenic 
conversion of transfected fibroblasts. The data suggest that Ca2+ modulators 
increase transcriptional activation by MyoD/E12 heterodimers through 
inhibition of competing E12 homodimers. The data support a model that 
Ca2+/CaM can inhibit DNA binding of E-protein homodimers and thereby 
promote occupancy of E12/MyoD heterodimers on promoters of muscle-
specific genes. 
 

E-proteins are targets for calretinins (Paper IV).  
Calretinin and calretinin-22k can inhibit DNA binding of E12, and 
overexpression of calretinin inhibits transcriptional activation by E12 and E47. 
Calretinin co-localizes with E47 in the WiDr cell line and calretinin is co-
immunoprecipitated with E12/E47. The results suggest that calretinins can 
function as Ca2+-sensors. 
 

E2-2 is involved in T-cell development (Paper V). 
Using mosaic deletion of the E2-2 gene, we demonstrate that E2-2 is involved 
in the differentiation of the T-lymphocyte lineage.  
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