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ABSTRACT 
 

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a multipotent cytokine 
involved in the production and function of hematopoietic cells, and GM-CSF plays in particular 
a major role in responses to infection and physiological and pathological inflammatory 
processes. GM-CSF is produced in many cell types, and increases in the intracellular Ca2+ 
concentration are, like in many other systems, of major importance in the intracellular signaling 
that determines GM-CSF expression after receptor stimulation of the cells. Previous studies 
have shown that the Ca2+/calmodulin-dependent phosphatase calcineurin (CN) mediates 
stimulation of GM-CSF transcription in response to Ca2+. This thesis shows that Ca2+ signaling 
also regulates GM-CSF transcription negatively through Ca2+/calmodulin-dependent kinase II 
(CaMK II) phosphorylation of serines in the autoinhibitory domain for DNA binding of the 
transcription factor Ets1. Mutation of the CaMK II target serines increased transactivation of the 
GM-CSF promoter/enhancer and decreased the sensitivity to inhibition by increased Ca2+ or 
constitutively active CaMK II. The Ca2+-dependent phosphorylation of Ets1 was also shown to 
reduce the binding of Ets1 to the GM-CSF promoter in vivo. 

RUNX1, also known as acute myeloid leukemia 1 (AML1), is one of three mammalian 
RUNX transcription factors and has many essential functions in hematopoiesis. RUNX1 has 
also many important roles in the immune system, and RUNX1 is the most frequent target for 
chromosomal translocation of genes in acute human leukemias. This thesis shows that RUNX1 
directly interacts with both subunits of CN and that the strongest interaction is localised to the 
regulatory CN subunit and the DNA binding domain of the RUNX protein. Constitutively active 
CN was shown to activate the promoter/enhancer of GM-CSF synergistically with RUNX1, 
RUNX2 or RUNX3, and the Ets1 binding site of the promoter was shown to be essential for the 
synergy between RUNX1 and CN in Jurkat T cells. The analysis suggests that Ets1 
phosphorylated by the protein kinase glycogen synthase kinase-3β is the target of RUNX1-
recruited CN phosphatase at the GM-CSF promoter. 

Transforming growth factor-β (TGF-β) is another multipotent cytokine that often has a role 
opposite to that of GM-CSF in inflammatory responses since it is a potent suppressor of immune 
cells and therefore is anti-inflammatory. This thesis shows that TGF-β can decrease transcription 
from a GM-CSF promoter/enhancer. Certain constitutively active TGF-β receptors and the TGF-
β activated transcription factor Smad3 could also repress GM-CSF transcription, whereas 
several other Smad proteins did not have this inhibitory effect. The inhibition required intact 
DNA binding ability of Smad3, and the 125 bp upstream of the transcription initiation site, 
which was sufficient for the inhibition, contains several weak Smad binding sites near the 
TATA box next to an Ets1 site of the promoter. Smad3 was able to bind to the promoter DNA 
together with Ets1 and could also be in complex with Ets1 in the absence of DNA. Surface 
plasmon resonance analysis revealed that Ets1 interacted with the DNA binding domain of 
Smad3, and the binding constant of this interaction was about 1 µM. The results identify a 
negative regulation of the GM-CSF promoter by TGF-β signaling through direct Smad3 binding 
and indicate that the mechanism is by Smad3 interaction with Ets1 and perhaps other proteins 
around the TATA box of the promoter. 

This thesis also identifies a novel transactivation domain in the N-terminal of RUNX1 
including the N-terminal α-helix in the DNA binding domain. The domain was also required for 
RUNX2 and RUNX3 transactivation. Despite this, the N-terminal domain of RUNX1 was not 
essential for RUNX1 function in megakaryocytopoiesis in vitro from mouse embryonic stem 
cells. 

 Keywords: RUNX1/AML1, Granulocyte-macrophage colony-stimulating factor (GM-
CSF), Calcineurin, CaMKII, Ets1, Transforming growth factor-β (TGF-β), Smad3 

 9



INTRODUCTION 
 
1 Regulation of transcription in eukaryotes  
 
Elaborate mechanisms must operate to ensure that control of gene expression 
within the entire genome of eukaryotes is efficiently coordinated in response to 
specific temporal, spatial, and physiological cues. The initiation of transcription 
is a key regulatory step in the control of gene expression. Transcription of 
mRNA gene in eukaryotes is carried out by RNA polymerase II and much of 
the control of transcription occurs at promoters and enhancers, which are DNA 
elements where transcriptional regulators can affect the recruitment of the RNA 
polymerase, and thereby the frequency of transcriptional initiation [1, 2]. The 
integrated responses of genes are the result of a complex set of logical and 
quantitative operations that rely on the combinatorial coordination of multiple 
regulatory sites, factors, and signals. 
 
DNA sequences that determine transcriptional regulation of a eukaryotic 
mRNA gene usually consist of a core promoter, which serves as binding site for 
general transcription factors (GTFs), and gene specific regulatory promoter and 
enhancer sequences, where gene regulatory transcription factors bind sequence-
specifically. Thus, there are two layers of control of transcription of promoters, 
the general transcription factor-mediated and sequence-specific transcription 
factor-mediated transcription control. GTFs, which are components of the basal 
machinery together with RNA polymerase II, only bind to the core promoter 
and control the basic transcription for constitutive gene expression. The highly 
sequence-specific transcription factors are involved in inducible, repressive, 
and tissue-specific gene expressions via binding to their target sequences at 
promoter and enhancers in different contexts, and are major regulatory 
determinants of gene transcription [2-4]. Regulation of gene transcription by 
sequence-specific transcription factors relies on a vast and complex network at 
different levels including the functional recruitment, interactions, and 
modifications of many different proteins. 
 
1.1 Recruitment of co-activators and co-repressors 
It is characteristic of eukaryotic transcription that a unique combination of 
multiple gene regulatory transcription factors bound to the promoter DNA of a 
gene specifically activates or represses the gene [5]. Binding of one 
transcription factor alone to a promoter usually has little or no effect on 
transcription. However, in proper contexts, transcription factors can function as 
activators or repressors for the transcription of target genes. Many transcription 
factors regulate transcription of target genes by recruitment of transcriptional 
regulators including co-activators such as for example CBP/p300, and co-
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repressors such as for example N-CoR (nuclear receptor corepressor) /SMRT 
(silencing mediator of retinoid and thyroid hormone receptor), HDACs and 
Sin3 [6-10]. Certain co-activators, including the mediator complex, can 
modulate transcription by acting as a bridge between gene specific transcription 
factors and the basal transcription machinery and co-repressors can regulate 
these interactions or their effects negatively. Co-activators and co-repressors 
can also remodel the chromatin (the complex of DNA and histone proteins that 
compacts DNA and thereby decreases gene accessibility) at the promoter 
positively or negatively, respectively. Co-activators can also add modifications 
to nearby histones that facilitate chromatin opening, e.g. the histone 
acetyltransferase CBP/p300, whereas some co-repressors can remove such 
modifications, e.g. the HDACs that are histone deacetylases [8]. 
 
1.2 Regulation of the activity of transcription factors 
Protein-protein interactions: Several transcription factors have been shown to 
mutually increase their DNA binding by physical interaction with each other, 
resulting in co-operative transactivation of transcription [11, 12]. One such pair 
of transcription factors that interact with each other and synergistically 
transactivate promoters by relieving the intra-molecular auto-inhibition of the 
DNA binding of the other protein is RUNX1 and Ets1 [13-15]. Interaction 
between transcription factors can also enable nuclear translocation. For 
example, several Smad proteins including Smad3 can make a complex with the 
co-Smad protein Smad4 to translocate to the nucleus [16]. 
 
Post-transcriptional modifications: Transcription factors are subject to a 
plethora of site-specific and dynamic modifications including phosphorylation, 
acetylation, methylation, ubiquitination and sumoylation. The functional 
consequences of these modifications vary between different transcription 
factors. Phosphorylation/dephosphorylation can modulate a variety of 
properties of transcription factor including the DNA binding, nuclear 
localization, degradation, transcriptional activity and protein-protein 
interactions. Aetylation of transcription factors can dependent on the 
transcription factor have either a positive or a negative effect on the 
transcriptional activity [17, 18]. Some ubiquitinations increase proteasome-
dependent and proteasome-independent protein degradation whereas others 
regulate the localization and/or the activity of the targeted protein. Sumoylation 
alters interactions of the protein substrates with other proteins or with DNA and 
can regulate both protein localization and activity. In addition, sumoylation can 
block ubiquitin attachment sites [19, 20]. 
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2 Regulation of transcription factors by phosphorylation and 
dephosphorylation  

 
Phosphorylation and dephosporylation are frequently employed to rapidly 
regulate the activity of transcription factors in response to changes in the 
cellular environment. Any of the functions performed by transcription factors, 
including subunit association, nuclear localization, DNA binding (e.g. for p53 
and Ets1), transcriptional activation or negative influences on transcription, can 
be controlled by this regulatory mechanism. In response to stimuli, signal 
transduction pathways can either positively or negatively regulate gene 
expression through control of the phosphorylation/ dephosporylation status of 
regulatory transcription factors through phosphorylation by a specific protein 
kinase or dephosphorylation by a protein phosphatase. Phosphorylation-
dependent modulation of the activities of transcriptional co-regulators and 
chromatin-modifying factors can also control the activity of transcription factor 
[21]. 
 
Numerous transcription factors are regulated by phosphorylation. For example, 
specific DNA binding of the p53 protein is stimulated by phosphorylation of 
the carboxy terminus of the protein [22]. Phosphorylation of the NF-AT family 

of factors and of receptor regulated Smad proteins controls their nuclear 
transport [23-25]. In the case of transcription factors such as CREB, NF-κB, 
and Elk-1, multi-site phosphorylation enhances their transcriptional activities 
[26-28]. Phosphorylation/dephosphorylation enables dynamic and precise 
tuning of the trans-activating potential of a factor, rather than being a simple 
on/off switch [29].  
 
 
3 Granulocyte-macrophage colony-stimulating factor (GM-CSF) 
 
Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a multipotent 
cytokine involved in the production and function of hematopoietic cells, in 
particular GM-CSF functions at earlier stages of lineage commitment where it 
regulates expansion and maturation of primitive hematopoietic progenitors. In 
addition to the role found as a hematopoietic regulator, GM-CSF also plays a 
major role in both physiological and pathological responses to infection and in 
inflammatory responses [30]. GM-CSF can stimulate the proliferation and 
augment the functional antimicrobial activities of macrophages, monocytes and 
neutrophils and enhance immune responses by inducing the proliferation, 
maturation, and migration of dendritic cells, and the expansion and 
differentiation of B and T lymphocytes [31]. GM-CSF functions as a pro-
inflammatory hematopoietic cytokine and is a major molecular actor of the 
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'network of inflammation' by increasing survival of inflammatory macrophages 
and granulocytes and controlling the initial burst of inflammatory cytokines 
such as TNF-α and IL-1 [30]. Furthermore, GM-CSF has an anti-apoptotic 
property. It has been shown to delay apoptosis of neutrophils by increasing the 
stability of Mcl-1, an anti-apoptotic protein of the Bcl-2 family [32, 33]. 
 
GM-CSF acts in an autocrine and paracrine fashion through specific receptors 
in the cell membrane of target cells of the myelopoietic lineages, including 
granulocyte-macrophage progenitor cells, mature neutrophils, eosinophils, 
monocytes and macrophages. The engagement of GM-CSF with its receptor 
triggers a signaling cascade involving tyrosine phosphorylation of Janus kinase 
2 (JAK2), Signal Transduction and Activator of Transcription 5 (STAT5) and, 
transiently, STAT3 [34-36]. This sequence of events leads to profound changes 
in the state of activation and function of the target cells. 
 
A broad range of cells, including T cells of both the Th1 and Th2 phenotype, 
mantle zone B lymphocytes, macrophages, mast cells, endothelial cells, 
fibroblasts, eosinophils, osteoblasts, bone marrow stromal cells, blast cells, 
keratinocytes and epithelial cells are all capable of GM-CSF production in 
response to different immune activating and inflammatory stimuli [37, 38], and 
activated T and B lymphocytes are the major cellular sources of GM-CSF 
production. Moreover, GM-CSF production can be constitutive in certain 
mature B-cell acute lymphoblastic leukemia cell lines [39-41]. 
 
To allow effective control of GM-CSF functions in steady-state conditions as 
well as under periods of stress, GM-CSF production and degradation are tightly 
controlled and coordinated by a network of complex and finely tuned 
regulatory pathways. Changes at the transcriptional level are important for the 
control of GM-CSF expression. The GM-CSF promoter region is highly 
conserved when comparing the GM-CSF genes of two mammals, mouse and 
human [42]. Both genes also contain similar powerful enhancers that are 
located approximately 2 000 to 3 000 bp upstream from the transcription start 
site. The promoter and the enhancer are both involved in the response of the 
GM-CSF gene to activation of a T lymphocyte through the T cell receptor 
(TCR) [42]. A number of conserved cis-acting elements identified in the 
promoter are important for its activity (Fig. 1). These elements include the 
conserved lymphokine element 0 (CLE0), which contains binding sites for Ets 
and AP-1 transcription factors and is located approximately 40 bp upstream 
from the transcription start. Nearby on the upstream side is a binding site for 
RUNX1 (also denoted AML1) and further upstream are binding sites for Sp1 
and NF-κB located approximately 70-90 bp from the start site. Transcription of 
the GM-CSF gene is stimulated by signals through the intracellular messenger 
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Ca2+, which will be much discussed in this thesis (see below). It is well 
established that GM-CSF transcription can be activated by Ca2+ through the 
calmodulin dependent phosphatase calcineurin, and the transcription factors 
NF-AT, AP-1 and NF-κB have been implicated in this activation (for review 
and references see [42], see also [43]). 
 
 
 
 
 
 
 
 
Figure 1. Diagrammatic representation of proteins binding to DNA elements in the 
Human GM-CSF promoter. Only TATA box binding protein (TBP)/TFIID among the 
general transcription factors at the promoter is drawn in this simplified representation.  
 
 
4 Transforming growth factor-β (TGF-β)/Smad signaling  
 

The transforming growth factor-β (TGF-β) superfamily of cytokines constitutes 
a large family that in mammals consists of nearly 30 structurally related 
secreted polypeptides including TGF-βs, activins, bone morphogenetic proteins 
(BMPs), and related proteins. These proteins are multifunctional cytokines that 
regulate a plethora of cellular processes such as growth, differentiation, 
apoptosis, immune responses and matrix accumulation. TGF-β is the prototype 
of the family. The highly similar TGF-β1, TGF-β2, and TGF-β3 are potent 
inhibitors of cellular proliferation of many cell types, including cell types of 
epithelial origin. However, most mesenchymal cells are instead stimulated in 
their growth by TGF-β. TGF-β can also induce the apoptosis of epithelial cells 
and stimulate the production of extracellular matrix proteins [16, 25, 44]. In 
addition, TGF-β has an anti-inflammatory role and participates thereby in 
establishing the pro-inflammatory/anti-inflammatory balance in infections and 
counter-acting chronic inflammations [45, 46].  
 
4.1 Activation of TGF-β receptors 
TGF-β initiates intra-cellular responses by binding to and activating a 
characteristic combination of specific cell surface receptors that have intrinsic 
serine/threonine kinase activity. Two types of TGF-β receptors have been 
identified in vertebrates, and vertebrates have several receptors of each type, 
seven type I receptors and five type II receptors. Both types of TGF-β receptors 
consist of an N-terminal extracellular ligand binding domain, a transmembrane 

 14



region and a C-terminal intracellular serine/threonine kinase domain. The main 
difference between the receptor types lies in that the type II receptors are 
constitutively active kinases, whereas type I receptors are conditionally 
activated when they become phosphorylated by a type II receptor kinase in a 
highly conserved “GS domain” between the transmembrane region and the 
kinase domain. Binding of TGF-β ligands to the extracellular domain of type II 
receptors elicits the recruitment of a type I receptor to form a stable tetrameric 
complex, within which the type I receptor is phosphorylated by the type II 
receptor in its GS domain. This phosphorylation activates the type I receptor, 
which is essential and sufficient for the further propagation of the TGF-β 
signals inside the cells [25, 47].  
 
4.2 Smad proteins  
Smad proteins are a family of transcription factors that are the major signaling 
proteins acting downstream of the TGF-β receptors. Based on their structure 
and functional properties, Smad proteins (Smads) can be classified into three 
subfamilies, i.e. receptor-regulated Smads (R-Smads: Smad 1, 2, 3, 5 and 8), 
common-partner Smad (Co-Smad: Smad4), and inhibitory Smads (I-Smads: 
Smad 6 and 7). Smads are composed of an N-terminal Mad homology 1 (MH1) 
domain followed by a linker region and a C-terminal MH2 domain (Fig. 2). 
MH2 domains are conserved in all three subclasses of Smads, whereas MH1 
domains are conserved in R-Smads and Co-Smad, but not in I-Smads. The N-
terminal regions of I-Smads show only weak similarity to the MH1 domain of 
R-Smads. The amino acid sequences of linker regions diverge between Smads. 
In addition, in the most C-terminal parts of R-Smads, they have unique Ser-Ser-
X-Ser motifs that are subject to phosphorylation by type I receptors [25, 48]. 
 

PY motif

    MH2 domain: 
* Transcription activation 
* Oligomerization 
* Receptor interaction 
* Interaction with CBP/p300 
* Interaction with 
  transcription factors 

   MH1 domain: 
 
* DNA binding 
* Interaction with  
  transcription factors 
* NLS: Nuclear localization 
      sequence 

Smurf1/2 bindig 

MH2 
C 

Receptor phosphorylated 

SSXS  *   * MH1 Linker 
NLS 

 N  
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Structure, organization and functional domains of R-Smads. 
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4.3 Regulation of activation of Smads 
In order to confer efficient and correct TGF-β signaling, the activity of R-
Smads has to be controlled both positively and negatively. This occurs in many 
different ways (Fig. 3). 
 
Type I receptor kinases (also termed actin-receptor-like kinases (ALKs)): R-
Smads serve as direct substrates of the activated type I receptor kinases, which 
specifically activate Smads by phosphorylation of the last two serine residues at 
their C-terminal Ser-Ser-X-Ser motifs. Smads 2 and 3 are specifically activated 
by the type I receptors ALK-4, ALK-5 and ALK-7, whereas Smads 1, 5 and 8 
are activated by the type I receptors ALK-1, ALK-2, ALK-3 and ALK-6 [47]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. The TGF-β signaling pathway and regulation of transcription by the 
interaction of the R-Smad-Smad4 transcription complex with sequence specific 
transcription factors, co-activators and co-repressors. TFs, transcription factors. SBE, 
Smad binding element. PP1, protein phosphatase 1. 
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Receptor-associated proteins: Receptor-associated proteins anchor at the 
plasma membrane and associate with type I receptors, and they play a role in 
TGF-β induced receptor internalization and in Smad recruitment to the 
activated receptors, which is required for efficient TGF-β signaling through 
Smads. The access of R-Smads to the type I receptor is facilitated by auxiliary 
proteins such as Smad anchor for receptor activation (SARA), Axin, Disabled-2 
and the ELF β-spectrin [47]. 
 
Ubiquitin-proteasome-mediated degradation: Two HECT (homologous to the 
E6-AP carboxyl terminus) family E3-ubiquitin ligases known as Smad 
ubiquitination regulatory factor 1 and 2, Smurf1 and Smurf2, antagonize TGF-β 
signaling by interacting with R-Smads and targeting them for degradation, thus 
controlling the R-Smad levels and the sensitivity of cells to incoming signals 
[16, 47]. 
 
I-Smads: The inhibitory Smads, Smad6 and Smad7, antagonize the TGF-β 
signaling. There are several known mechanisms involved in the inhibitory 
actions of I-Smads (Fig. 3). They can function by competing with R-Smads for 
binding to the activated type I receptors, or function by recruiting Smurf1 and 
Smurf2 to the activated type I receptor, resulting in receptor ubiquitination and 
degradation, or function by recruiting protein phosphatase 1 to the activated 
type I receptor to dephosphorylate and inactivate it. I-Smads might also have a 
nuclear role, since Smad6 has been reported to recruit the co-repressor CtBP 
[16, 25, 47-49]. 
 
4.4 Nuclear translocation of Smads 
Without receptor activation, R-Smads are predominantly inactive in the 
cytoplasm and the MH1 and MH2 domains are physically associated and 
inhibit the functions of each other: the MH2 domain inhibits DNA binding of 
the MH1 domain, whereas the MH1 represses the transactivation activity of the 
MH2 domain [50]. Following TGF-β receptor activation, the receptor 
phosphorylates the C-terminal Ser-Ser-X-Ser motif of R-Smads, which disrupts 
the interaction between the MH1 and MH2 domains. Thereby R-Smads can 
form hetero-oligomers with the Co-Smad Smad4 through their MH2 domains 
and translocate from the cytoplasm into the nucleus, where they regulate the 
transcription of target genes through interactions with a variety of 
transcriptional cofactors (Fig. 3). A lysine-rich nuclear localization sequence 
(NLS) in the MH1domain (Fig. 2) is essential for nuclear import of R-Smads 
and it functions as a binding site for the nuclear import protein importin-β. 
Smad 4 contains both a nuclear export signal (NES), which binds to the nuclear 
exporter protein CRM1, and an NLS that binds importin-α, which in turn 
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interacts with importin-β. The principal mechanism behind nuclear import of 
R-Smads is that C-terminal phosphorylation and subsequent interaction of an 
R-Smad with Smad4 leads to NLS exposure and thereby importin binding and 
subsequent nuclear import. However, the detailed mechanisms of the 
nucleocytoplasmic Smad shuttling are still, despite extensive studies, not 
completely resolved (reviewed in [25]).  
 
4.5 Smad transcription complexes  
Smad4 and all R-Smads except Smad2 can bind specifically to DNA and the 
sequences recognized are called Smad binding elements (SBE). However, the 
strength of the binding of R-Smads and Smad4 to DNA is even to preferred 
DNA sequences much lower than that of most other transcription factors, yet it 
is required for most transcriptional regulation by Smads. TGF-β induced 
transcriptional responses can result from both direct Smad binding to DNA and 
from functional interaction of Smads with other specific DNA binding 
transcriptional factors, co-activators and/or co-repressors. Some transcription 
factors, co-activators and co-repressors that Smads have been shown to 
physically and functionally interact with are shown in Fig. 3. The interaction of 
Smad-transcription factor complexes with co-activators or co-repressors can 
confer additional signaling specificity to the transcriptional regulation [47, 51-
53]. 
 
4.6 Interaction with other signal pathways 
The TGF-β signaling pathway has been shown to cross-talk with a variety of 
other signaling pathways. For example, the three RUNX family proteins (which 
will be discussed more below) can all physically interact with R-Smads and 
participate in TGF-β signaling. Smad2 and Smad3 have been shown to function 
synergistically with RUNX1 (also called AML1) to induce class switching of 
the immunoglobulin (Ig) production to IgA in B cells upon TGF-β stimulation. 
Smad1 and Smad5 functionally cooperate with RUNX2 to trans-activate bone 
specific genes in induction of osteogenesis by BMPs. RUNX3, which is 
required in a number of different cell types, has been reported to be a key 
component of the TGF-β signaling in dendritic cells. Defects in cooperation 
with RUNX3 in TGF-β signaling lead to spontaneous lung inflammation, 
inflammatory bowel disease and hyperplasia of the gastric mucosa [54-57]. 
Furthermore, TGF-β stimulates p300-dependent acetylation of RUNX3, which 
prevents RUNX3 from ubiquitination-mediated degradation [58]. Another 
example of cross-talk is that signaling by interferon-γ or TNF-α can induce the 
expression of Smad7 through the Jak-STAT signaling pathway, thus inhibiting 
the TGF-β signaling pathway [59, 60]. 
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TGF-β stimulates also Smad-independent signal pathways, including Rho-like 
GTPases (including RhoA, Rac and Cdc42) and the Erk, p38 and JNK MAPK 
kinase pathways, which can lead to induction of NF-κB signaling and to 
activation of Smads [16]. TGF-β also activates protein phosphatase 1 (PP1) to 
negatively regulate TGF-β signaling by dephosphorylation of the type I 
receptor [16, 61]. The interactions of TGF-β signaling with other signaling 
pathways can be synergistic or antagonistic and therefore provides a 
mechanism for control and fine-tuning of TGF-β signaling depending on the 
context. 
 
 
5 Calcium signaling 
 
Cellular responses induced by most signaling molecules follow a path from 
activation of membrane-bound receptor to the elevation of second messages. 
The calcium ion (Ca2+) is the most versatile such second messenger molecule, 
and Ca2+ is essential in numerous aspects of cellular function including 
secretion, cell motility, cytoplasmic and mitochondrial metabolism, 
differentiation, transcriptional activation, fertilization, axis formation, cell cycle 
progression and apoptosis [62, 63]. 
 
The basal level of intracellular Ca2+ is in most mammalian cells in the 10-100 
nM range, which is more than 10 000 fold lower than the levels in the mM 
range found outside the cell and in certain intracellular organelles [64]. The low 
basal cytosolic Ca2+ concentration makes a Ca2+ increase an efficient and rapid 
second message for intracellular signal transduction following a stimulus. Cells 
have diverse and elaborate mechanisms for modulating the Ca2+ concentration 
both temporally and spatially (Fig. 4). Such mechanisms include ligand and 
voltage gated ion channels, Ca2+ pumps and Ca2+ exchangers in the plasma 
membrane and in membranes of intracellular Ca2+ storage organelles that are 
subject to complex regulation by cellular signaling pathways [62, 65]. An 
increase in intracellular Ca2+ concentration in response to a stimulus may be 
derived from extracellular and/or intracellular sources such as the endoplasmic 
reticulum, mitocondria or the perinuclear space (Fig. 4). Ca2+-selective voltage-
gated Ca2+ channels (VGCC) and various ligand-gated receptors are major 
pathways for Ca2+ influx from the extra-cellular space [65]. Ca2+ release from 
intracellular stores is mediated by plasma membrane Ca2+ ATPase ryanodine 
receptor (RyR) and inositol 1-4-5 trisphosphate receptor (InsP3R) channels [65, 
66]. In addition, there is also efficient and physiologically important coupling 
of Ca2+ entry from the extracellular space and intracellular Ca2+ release 
mediated by an interplay between components of the plasma membrane and 
e.g. the endoplasmic reticulum. Ca2+ release from the endoplasmic reticulum 
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activates store-operated Ca2+ channels in the plasma membrane causing the 
cytoplasmic Ca2+ concentration to increase rapidly. Ca2+-release activated 
channels, which are highly Ca2+ selective, are also found in many cell types 
[65]. 
 
Within Ca2+-storing organelles, Ca2+ ions are bound to specialized Ca2+-
buffering proteins, which include calsequestrins, calreticulins and calnexins. In 
the cytosol, there are also mobile Ca2+ binding proteins that blunt Ca2+ spikes 
and assist in redistribution of Ca2+ ions. These include the calbindins, 
paravalbumin, calmodulin and the S100 protein family [67]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Regulation of intracellular calcium homeostasis. Adapted from [68]. Channels 
(InsP3R: inositol 1-4-5 trisphosphate receptor, RyR: ryanodine receptor), Na+/Ca2+ 
exchangers (NCX: in the plasma membrane, MNCX: in the inner mitochondria membrane), 
Pumps (PMCA: plasma membrane Ca2+ ATPase, SERCA: sarcoplasmic and endoplasmic 
reticulum Ca2+ ATPase). CaBP: Calcium-binding proteins. 
 
 
When the functional signaling response to a stimulus is over, the Ca2+ 
concentration has to recover back to the low basal level to stop the signal from 
further spreading and to prepare a state ready for the next stimuli. In contrast to 
the variety of mechanisms for inducing extracellular Ca2+ influx, Ca2+ extrusion 
to the extracellular space is mainly controlled by two protein families, plasma 
membrane Ca2+ ATPase (PMCA) and Na+/Ca2+ exchanger [69]. Intracellular 
Ca2+ is also lowered by Ca2+ uptake into cellular organelles via a variety of 
organelle-specific pumps and transporters. Uptake into mitochondria is 
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mediated by the mitochondrial Ca2+-uniporter and uptake into the endoplasmic 
reticulum is performed by the sarcoplasmic and endoplasmic reticulum Ca2+ 
ATPase (SERCA) pump [68, 70]. 
 
In order for Ca2+ to transduce distinct responses, cells have to shape Ca2+ 
signals in the dimensions of space, time and amplitude to determine the type of 
cellular event. With the interactions of multiple Ca2+ signaling components in 
the cell, the correct Ca2+ signals that suit for specific responses can be achieved. 
These signals can vary from infrequent spikes to sustained plateaus and 
oscillations [71]. Calcium is a critical second messenger in cell signaling that 
exerts its effects through actions mediated by a variety of different Ca2+-
binding proteins. 
 
Calmodulin is the founding member of the EF-hand family of Ca2+-binding 
proteins. The family is therefore also called the calmodulin superfamily. 
Calmodulin is an important intracellular Ca2+ sensor that has four EF-hand 
Ca2+-binding sites. The binding constants of these sites is such that at resting 
intracellular Ca2+ concentrations, calmodulin is predominantly in a non-Ca2+ 
bound form, whereas all four EF-hands will be occupied upon stimulation. 
Upon this binding of Ca2+, calmodulin undergoes a conformational change that, 
for most target proteins, enables it to bind to and activate the protein. 
Calmodulin can thereby activate numerous Ca2+-regulated enzymes to mediate 
various cellular responses to Ca2+ signals. The many important cellular 
responses where calmodulin plays a key role include also Ca2+ dependent gene 
regulation. 
 
Calmodulin with Ca2+ bound (Ca2+/calmodulin) can control transcription 
indirectly through phosphorylation or dephosphorylation of transcription 
factors by activation of Ca2+/calmodulin dependent kinases (CaMK) such as 
CaMK II, and the Ca2+/calmodulin dependent phosphatase calcineurin [68]. 
Calmodulin can also regulate transcription by direct interaction with some 
transcription factors. This was first found for certain transcription factors of the 
basic helix-loop-helix (bHLH) family, which are key regulators during many 
processes including myogenesis, neurogenesis and hematopoiesis. Ca2+-loaded 
calmodulin interacts with the DNA binding domain of certain bHLH proteins, 
resulting in a block in their DNA binding and thereby transcriptional repression 
[72, 73]. Furthermore, a number of both Xenopus and human Smad proteins 
have been shown to interact with calmodulin [74], and the activities of Smad1 
and Smad2 are regulated by interaction with calmodulin [75]. Calmodulin 
increased Smad1 activity whereas it inhibited Smad2 function in this system. 
The NF-κB family transcription factors RelA and c-Rel are also regulated 
through direct binding of calmodulin to the transcription factor [76]. In 
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addition, regulation through direct calmodulin-binding has also been suggested 
for the glucocorticoid receptor [77] and the testis determining factor SRY [78].  
Ca2+ can also regulate transcription through other calcium binding proteins than 
calmodulin, since members of the S100 family of EF-hand proteins have also 
been reported to differentially interact with and inhibit certain bHLH proteins 
[79, 80]. Ca2+ can also act as a direct regulator of transcription by binding to 
and inhibiting an EF-hand containing transcriptional repressor called DREAM, 
thereby transactivating the human prodynorphin gene [81]. 
 
 
6 Ca2+/calmodulin-dependent protein kinase II 
 
The Ca2+/calmodulin-dependent protein kinase II (CaMK II) is a 
multifunctional Serine/Threonine protein kinase that mediates diverse cellular 
responses to Ca2+ signaling through target specific phosphorylation. There are 

four highly related yet distinct genes in mammals encoding members of the 
CaMK II family: CaMK II α, β, γ and δ. The CaMK II family is expanded 
further due to alternative splicing in the variable regions of the four genes and 
the resultant enzymes have some distinct properties. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. The domain structure of calmodulin dependent kinase II (CaMK II) is 
shown above and the process of activation of CaMK II holoenzyme by 
Ca2+/calmodulin (CaM) and autophosphorylation of CaMK II is shown below. The 
multimeric holoenzyme structure of CaMK II is for simplicity depicted as a 6-mer, with the 
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activated catalytic subunits shown in darker gray. The numbers indicate positions of 
threonins that are critical phosphorylation sites. 
 
 
CaMK II contains an N-terminal catalytic domain with an ATP binding site and 
a substrate binding site, a centrally located regulatory domain with an 
autoinhibitory sequence and a calmodulin binding site, and C-terminally it has 
an association domain, which enables assembly of monomers into a large 
multimeric complex (Fig. 5). CaMK II is highly enriched in brain tissue but 
present throughout the body, and is a multi-subunit holoenzyme consisting of 
12 subunits that can be identical or be a mixture of isoforms [82]. 
 
6.1 Autoinhibition and activation of CaMK II 
In resting cells, CaMK II is maintained in an inhibited basal state with kinase 
activity levels 100-1000 fold below the maximal Ca2+/calmodulin stimulated 
value. The inhibition is due to a pseudosubstrate type of interaction between its 
catalytic and autoinhibitory domains. The autoregulatory domain has residues 
that mimic a protein substrate that interacts with the active site for ATP and 
substrate binding in the catalytic domain, thereby blocking access to both the 
ATP and substrate-binding pockets. Activation of CaMK II can be achieved 
through relief of the autoinhibition by Ca2+ loaded calmodulin (Fig. 5). Binding 
of Ca2+/calmodulin to the regulatory domain of the kinase alters the 
conformation of the autoinhibitory domain and disrupts the interaction of this 
domain with the ATP and protein substrate binding sites in the catalytic domain 
of the kinase [82, 83]. 
 
6.2 Autophosphorylation of CaMK II 
Activation by Ca2+/calmodulin allows CaMK II not only to phosphorylate its 
substrates but also to autophosphorylate itself. The autophosphorylation of 
CaMK II can be divided into two stages with different consequences for the 
kinase activity. The first stage is autophosphorylation of only Thr286 in the 
inhibitory domain, which renders the kinase retain its enzymatic activity even in 
the absence of Ca2+/calmodulin, a form of activity known as Ca2+/calmodulin-
independent activity or autonomous activity. Phosphorylation of Thr286 also 
leads to a 1000-fold increase in the affinity for its activator Ca2+/calmodulin 
(calmodulin trapping). Once the kinase is Ca2+-independent, the second stage 
initiates with further autophosphorylation, this time at Thr305 and Thr306 in the 
calmodulin-binding domain. Phosphorylation of Thr305 and Thr306 makes these 
sites inaccessible for calmodulin, and acts to prevent further stimulation by 
Ca2+/calmodulin, resulting in a catalytically inactive kinase or a partially active 

kinase. Therefore, the autophosphorylation enables CaMK II to function as a 
Ca2+ spike frequency detector [84, 85]. 
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6.3 CaMK II signaling by phosphorylation 
CaMK II phosphorylates a broad spectrum of substrates and is involved in 
regulation of many aspects of cellular function in response to Ca2+ signaling, 
including regulation of Platelet-activating factor (PAF) priming, carbohydrate 
metabolism (glycogen synthetase and pyruvate kinase), membrane current 
(Ca2+, Cl-, and K+ channels, and ligand-gated channels), neurotransmitter 
synthesis (tyrosine hydroxylase and tryptophan hydroxylase) and release 
(synapsin I), transcription (e.g. IκB, Ets1, C/EBP and CREB proteins), 
cytoskeletal organization (tau and microtubule-associated protein 2), 
intracellular calcium homeostasis (InsP3 receptor, phospholamban, ryanodine 
receptor and the Ca2+/ATPase pump), long-term potentiation (AMPA receptor), 
and neuronal memory [84-87].  
 
 
7 Calcineurin 
 
Calcineurin, also called protein phosphatase type 2B (PP2B), is one of four 
types of serine/threonine-specific protein phosphatases, and it is the 
phosphatase that is controlled by Ca2+ and calmodulin in mammalian cells. In 
addition to calcineurin, the serine/threonine protein phosphatase family 
members include protein phosphatases 1 (PP1), 2A (PP2A), and 2C (PP2C), 
which differ in metal ion dependence, sensitivity to inhibitors and substrate 
specificity, and are essential for numerous signal transduction pathways in 
eukaryotic cells. Although calcineurin was originally identified as a brain-
enriched calmodulin-binding protein, it is broadly distributed in other 
mammalian tissues, and is implicated in a wide variety of biological responses, 
which in mammals include lymphocyte activation, neurite outgrowth, heart 
morphogenesis, and muscle development [88, 89]. 
 
7.1 Domain structure of calcineurin 
Calcineurin is a heterodimeric protein consisting of a 59 kD calmodulin-
binding catalytic subunit, calcineurin A (CNA), and a Ca2+-binding regulatory 
subunit, calcineurin B (CNB). These two subunits are tightly binding each other 
and are highly conserved from yeast to mammals. Calcineurin A contains four 
distinct functional domains: a catalytic domain, a CNB-binding domain, a 
calmodulin-binding domain and an autoinhibitory domain (Fig. 6). The N-
terminal catalytic domain has amino acid sequence homologies to other 
serine/threonine protein phosphatases. The C-terminal autoinhibitory domain 
binds to and blocks the active site of the catalytic domain in the absence of 
Ca2+/calmodulin, acting in concert with the calmodulin binding domain to 
confer calmodulin regulation [88, 90]. CNB, the regulatory subunit that binds 
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Ca2+ and CNA, is a member of the “EF hand” family of calcium-binding 
proteins. It contains four Ca2+-binding EF-hand motifs and has high homology 
to calmodulin and troponin C [89]. 
 
7.2 Activation of calcineurin 
The Ca2+ dependence of the phosphatase activity of calcineurin is controlled by 
both calmodulin and calcineurin B in response to intracellular Ca2+ signaling. In 
a resting cell where the Ca2+ concentration is low, calcineurin is unable to bind 
calcium-free calmodulin, and exists in an inactive form in the cytoplasm. 
Signaling pathways that lead to an increase of intracellular Ca2+, and thereby 
Ca2+ loading and a conformational change in calmodulin, allows calmodulin to 
bind to the calmodulin-binding site on CNA. Occupation of the calmodulin-
binding site by the Ca2+-loaded calmodulin results in disruption of the 
interaction between the autoinhibitory domain and the active site of the 
catalytic domain, leading to activation of calcineurin by relief of the 
autoinhibition. Removal of the autoinhibitory domain and part of the CaM-
binding domain results in a constitutively active form of CNA. Ca2+ binding to 
CNB also plays an essential role in the activation of CNA, since the calcineurin 
dependence on Ca2+ for activity is partially the result of CNB decreasing the Km 
of the enzyme for its substrate [67, 91]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. A). Domain structure of calcineurin A subunit. B). Model of the 
autoinhibition of calcinerin A and activation of calcineurin by Ca2+/calmodulin. AI: 
autoinhibitory domain. Binding sites for calcineurin B subunit (CNB) and calmodulin 
(CaM), and the binding of these proteins to calcineurin are shown. 
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Calcineurin is specifically and potently inhibited by the immunosuppressive 
drugs Cyclosporin A (CsA) and FK506 when the drugs are complexed with 
their cytoplasmic receptors cyclophilin and FK506-binding protein (FKBP), 
respectively [92]. 
 
7.3 Calcineurin signaling  
As a serine/threonine protein phosphatase, calcineurin participates in a number 
of Ca2+-dependent signal transduction pathways and thereby in a number of 
cellular processes. Calcineurin was first defined as a key regulator of nuclear 
translocation and activation of a transcription factor family called nuclear factor 
of activated T cells (NF-AT) during activation of T lymphocytes. In resting 
cells, NF-AT is phosphorylated and retained inactive in the cytoplasm. During 
T-cell activation, the elevated intracellular Ca2+ concentration activates the 
calcineurin. The activated calcineurin then associates with and 
dephosphorylates cytosolic NF-AT, resulting in structural changes leading to 
unmasking of the nuclear location signal of the NF-AT and thereby co-
localization of both molecules to the nucleus where the NF-AT becomes 
transcriptionally active [93, 94]. Besides NF-ATs, the transcription factors 
MEF2, NF-κB, CREB and Elk1 (an Ets family member, see below) have also 
been shown to be calcineurin regulated. Thus, calcineurin regulates a number of 
transcriptional pathways, including such involved in regulating survival and 
apoptosis [67, 95]. In addition, calcineurin is also important in controlling Ca2+-
induced apoptotic pathways by dephosphorylation of the pro-apoptotic proteins 
Bad, Bax, Bid and caspase 9 [67, 96].  
 
Since calcineurin can regulate gene transcription by controlling the 
phosphorylation state and thereby the nuclear activity of many transcription 
factors in response to Ca2+ signals, it provides a direct link between 
intracellular Ca2+ signaling and gene expression. 
 
 
8 The transcription factor Ets1 
The ets gene family encodes evolutionarily related transcription factors that 
share a conserved DNA binding domain of 85 amino acids, the ETS domain. 
Ets1 is the founding chromosomally encoded member of the Ets family of 
transcription factors and is homologous to the v-ets oncogene found in the 
avian leukemia virus E26. In addition, there is also a large family of Ets1-
related Ets transcription factors that can function as either transcriptional 
activators or transcriptional repressors. Ets1 is widely expressed and plays an 
important role in regulation of critical genes involved in cell proliferation, 
differentiation, development, transformation, angiogenesis and apoptosis. Ets1 
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is especially highly expressed in the B and T lymphoid lineages where it is 
important for their normal differentiation, homeostasis, and activation [97-100]. 
 
8.1 Structure and function of the Ets1 domains 
Ets1 contains a DNA-binding ETS domain, a transactivation domain, a pointed 
domain and a regulatory domain, the exon VII. There are two splice isoforms of 
Ets1 generated from the ets1 gene. One is the full-length human p54ets1 and the 
other, p42ets1, has exon VII deleted. 
 
 

A  
 
 
 
 
 
 
 

B  
 
 
 
 
 
 
 
 
 
 
 
Figure 7. A). Domain organization of p54ets1 and a model of the secondary structure of 
the ETS domain. B). Schematic drawing of the autoinhibitory module of Ets1 enforced 
by phosphorylation of four serine residues in the exon VII region. 
 
 
The ETS domain is located from amino acids 331 to 415 and displays a 
winged-helix-turn-helix motif that comprises three α-helices and four β-
strands, which are arranged in the order H1-S1-S2-H2-H3-S3-S4 (Fig. 7A). The 
ETS domain specifically recognizes and binds to a core DNA sequence of 
GGAA/T in a way that helix H3 interacts with the major groove whereas the 
loop between β strands 3 and 4 contacts the 5' minor groove of the motif, and 
the 3' minor groove is contacted by the N-terminus of helix H1, helix H2, the 
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following turn and helix H3 [101]. The H1 helix participates in establishing the 
autoinhibitory module by interplay with the inhibitory helices HI-1 and HI-2 
[102]. 
 
The transactivation domain is located in the central region of Ets1 from amino 
acids 135 to 243 (Fig. 7A) and is essential for Ets1 transcription activity [103]. 
The transactivation domain is also necessary for the interaction of Ets1 with the 
CREB binding protein (CBP)/p300 [104].  
 
The pointed (PNT) domain, named after the Ets1-related protein Pointed-P2 in 
Drosophila, is highly conserved and found in a subset of Ets proteins. The PNT 
domain of Ets1 (Fig. 7A) contains an ERK1/2 docking site that enhances the 
efficiency of phosphorylation of the adjacent mitogen-activated protein kinase 
(MAPK) site at Threonine 38, thereby increasing the transcriptional activity of 
Ets1 [105]. 
 
The Exon VII domain and the autoinhibitory module The Exon VII domain 
resides between amino acids 243 and 331 in Ets1 and is an important intrinsic 
regulatory domain for Ets1 DNA binding [106]. The exon VII domain 
comprises two regulatory units. The N-terminal unit of exon VII harbors a 
cluster of Ca2+-induced phosphorylation sites, whereas the C-terminal unit 
directly participates in formation of a metastable autoinhibitory module (Fig. 
7). Basically, four inhibitory helices, HI-1 and HI-2 within the exon VII domain 
and H4 and H5 at the C-terminus, together with the H1 helix of the ETS 
domain interplay with each other to form the autoinhibitory module structure, 
which blocks the ETS domain in a closed non-DNA binding conformation. 
This autoinhibitory module is formed predominantly by hydrophobic packing 
of the helices [107]. Dynamic analysis of the autoinhibitory module have 
shown that the inhibitory helices are only marginally stable even in the absence 
of DNA, making autoinhibition transient and metastable [107]. The 
autoinhibition can be relieved by Ca2+-induced phosphorylations within the 
exon VII domain. Therefore, the autoinhibitory module provides a regulatory 
mechanism to allow high or low DNA binding of Ets1 depending on the 
context. The in vitro DNA binding activity of Ets1 is regulated by CaMK II, 
and interactions with transcription factors have also been suggested to control 
the conformation of the autoinhibitory module [102, 103]. However, prior to 
this thesis, the possible relevance of Ca2+ control of autoinhibition of Ets1 for 
the regulation of any gene had not been analyzed. 
The exon VII domain can also mediate homodimerization of Ets1 at a 
palindromic Ets1 site, by which Ets1 proteins mutually and co-operatively can 
increase their DNA affinity by relief of the autoinhibition [103, 108]. 
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8.2 Regulation of Ets1  
The DNA binding affinity and transcriptional activity of Ets1 can be regulated 
by partnership with a variety of transcriptional regulators as well as by 
posttranslational modifications such as phosphorylation and sumoylation to 
help dictate its activity and specificity for distinct targets. 
 
Regulation of Ets1 by interaction with other transcription factors. A number of 
transcription factors have been shown to functionally and physically interact 
with different domains of Ets1 (Fig. 8), regulating gene transcription positively 
or negatively. Some transcription factors, such as RUNX1 (AML1), Pit-1 
(pituitary-specific transacting factor 1) and HIF-2α (hypoxia inducible factor 
2α), regulate Ets1 by targeting its autoinhibitory module. They bind to the exon 
VII domain and regulate the transcriptional activity of Ets1 by blocking the 
inhibitory module of Ets1 and thereby improving the DNA binding affinity. 
Ets1 may also in its turn increase the DNA binding activity of its partner, 
RUNX1. Another transcription factor, Pax5 (paired box containing gene 5), that 
binds to the Ets domain rather than to the inhibitory module, allows Ets1 to 
bind to otherwise unfavorable GGAG sequences by reorienting Tyr395 of the 
DNA-contacting α-helix 3 in a way that facilitates this Ets1 DNA binding [14, 
103, 109].  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. A diagram of Ets1 with the functional domains, known phosphorylation sites 
and the location of binding sites for interacting proteins [102, 103, 105].  
 
 
Ets1 synergistically cooperates with other transcription factors to transactivate 
promoters with Ets1 binding sites, including cooperation with GATA3 on the 
human interleukin-5 (IL-5) promoter [110], cooperation with AP1 (activator 
protein 1) and NF-κB on the GM-CSF promoter [111], cooperation with 
RUNX1 on the GM-CSF and Iα promoters and the TCR beta chain enhancer 
[14, 112, 113], cooperation with Sp1 on the PTHrP (parathyroid-hormone-
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related protein) promoter [114], cooperation with Stat5 in the gene expression 
in response to IL-2 in human T lymphocytes [115] and cooperation with p53 in 
presence of CBP on the mdm2 and cyclin G genes [116, 117]. The interaction 
of Ets1 with other transcription factors can also lead to gene repression. Ets1 
interacts with Daxx/EAPI (Ets1 associated protein I) to suppress the bcl2 and 
mmp1 genes [118]. Ets1 inhibits also together with platelet-derived growth 
factor (PDGF) the transcriptional activity of smooth muscle cell marker gene 
promoters [119]. 
 
Regulation of Ets1 by Phosphorylation  
Ets1 is a multi-phosphorylated protein and a target of a number of kinases. Ets1 
becomes rapidly phosphorylated upon antigenic stimulation of T or B 
lymphocytes, or upon treatment with ionomycin. These phosphorylations are 
transient and dependent on the increase in intracellular Ca2+ concentration [120-
122]. A major site of Ca2+-dependent phosphorylation of Ets1 is a serine cluster 
in the exon VII domain adjacent to the Ets domain [102, 121, 122]. Ets1 has 
also been identified as a CaMK II target in vitro. Moreover, phosphorylation of 
the serines within the exon VII domain by CaMK II can, as mentioned above, 
specifically inhibit the DNA binding of Ets1 in vitro through a mechanism of 
enforcing and stabilizing an autoinhibitory conformation [102]. However, prior 
to this thesis study it was not known whether Ca2+-dependent phosphorylation 
of Ets1 affects the transcription of any gene in vivo. 
 
Two other kinases have also been found to phosphorylate the exon VII domain 
of Ets1. One is myosin light-chain kinase (MLCK), which like CaMK II is Ca2+ 
dependent and inactivates Ets1 by the phosphorylation, and the other is protein 
kinase Cα (PKCα), which in contrast is Ca2+ independent and activates Ets1 by 
the phosphorylation [103, 123, 124]. 
 
Ets1 is also a substrate of MAP kinase. Rather than regulating Ets1 DNA 
binding, the phosphorylation of threonine-38 in the N-terminus by ERK1/2 
MAP kinase instead activates the transcriptional activity of Ets1 [105, 125]. 
 
9 RUNX family transcription factors 
 

The RUNX gene family encodes the DNA-binding (α) subunits of a family of 
mammalian heterodimeric transcription factors also denoted polyomavirus 
enhancer-binding protein 2 (PEBP2) or core binding factor (CBF). The 
drosophila protein runt is the founding member of the family and it plays 
important roles in segmentation, sex determination and neurogenesis. In 
mammals, there are three genes encoding for RUNX proteins. One is RUNX1, 
better known as acute myeloid leukemia 1 (AML1), and alternatively denoted 
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PEBP2αB or CBFα2. The other two members are RUNX2, alternatively 
denoted PEBP2αA or AML3 or CBFαl, and RUNX3, alternatively denoted 
PEBP2αC or AML2 or CBFα3. These RUNX proteins bind DNA and 
heterodimerize with a common cofactor, CBFβ, which is alternatively called 
PEBP2β. The CBFβ does not directly contact DNA itself, but increases instead 
the DNA-binding of the RUNX proteins [126, 127].  
 
9.1 Functional domains of RUNX proteins 
RUNX proteins possess multiple subdomains with defined functions.  
The Runt homology domain (RD) (Fig. 9) is an about 128 amino acids long 
domain that is highly conserved between species and mediates both the 
sequence specific DNA binding and the heterdimerization with CBFβ.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Ribbon diagram of the runt homology domain (RD) of RUNX1, including 
residues Arg49 to Pro173. The runt homology domain includes an immunoglobulin (Ig) 
fold-like β barrel that is formed by 12 β sheets and an N-terminal α helix (residues S50 to 
D57), which precedes the Ig domain. 
 
Based on NMR and X-ray crystallography studies of RUNX1, most of the RD 
adopts the structure of an immunoglobulin (Ig) fold-like β barrel that is formed 
by 12 β sheets [126]. The RD also contains an N-terminal α-helix (residues 
Ser50-Asp57 in RUNX1), which packs against the Ig domain through 
hydrophobic interactions. The Ig domain is important for both DNA and CBFβ 
binding, whereas the role of the N-terminal α-helix is not indicated by the 
structure [126, 128, 129]. 
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Transcriptional activation and inhibition domains: A transactivation domain 
(TA) C-terminal to the RD is required for the transcriptional activity of RUNX 
proteins (Fig. 10). An inhibitory domain (ID) located just at the C-terminal end 
of the TA has been shown to have the potential to turn down the transactivation 
ability of RUNX proteins [130] (Fig. 10). In addition to these domains, there 
are a nuclear localization signal (NLS) at the C-terminal end of the runt domain 
that is important for nuclear translocation of RUNX1 [130] and a nuclear 
matrix targeting sequence (NMTS) at the border between the TA and the ID 
that is required for transactivation by RUNX1 and especially for repression of 
CD4 during the development of T cells [131-134]. In addition, a conserved 
VWRPY sequence motif at the very C-terminal end of RUNX proteins 
mediates the interaction with TLE corepressors [135]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. A diagram of RUNX1 with the functional domains, phosphorylation and 
acetylation sites and the location of binding sites for interacting proteins. RD: runt 
domain, TA: transactivation domain, ID: inhibitory domain, NRDB: negative regions for 
DNA binding, NMTS: nuclear matrix targeting sequence, NLS: nuclear localization 
sequence, P: phosphorylation, Ac: acetylation. The lines indicate the regions in RUNX1 
interacting with activators or repressors. The arrow from HDACs1, 2 to mSin3A indicates 
that HDACs1, 2 can bind RUNX1 indirectly via mSin3A [126, 136]. 
 
9.2 RUNX isoforms 
The RUNX genes share a dual promoter and most of the exon/intron structure 
and have the potential to encode numerous isoforms due to alternative promoter 
usage and variable splicing (Fig. 11). This combination of alternative promoters 
and elaborate splicing alternatives lead to production of a large number of 
protein isoforms with varying biological functions [137, 138]. The functional 
significance of this complex organization and coding potential is largely 
unclear. RUNX protein isoforms transcribed from the most distal promoter (P1) 
use a translation initiator codon located close to the end of the short exon 
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before the intron that contains the proximal promoter (P2), and isoforms 
transcribed from the proximal promoter encode just a few amino acids before 
those from the common next exon (Fig. 11). Therefore, RUNX proteins from 
the proximal promoter (proximal RUNX) will have a slightly shorter sequence 
N-terminal to the RD than distal RUNX and, furthermore, the most N-terminal 
amino acids will differ between the proteins (Fig. 11). 
 
Distal RUNX1 and proximal RUNX1 are differentially expressed and have 
distinct functions. Distal RUNX1 is predominantly expressed in T-lineage cells 
and hematopoietic stem cells (HSC) and at lower levels in B cell development, 
whereas proximal RUNX1 is predominant in some myeloid cells. Furthermore, 
neither isoform affects growth of a myeloid cell line under non-differentiating 
conditions, but the proximal isoform selectively delays mitotic arrest under 
differentiating conditions, leading to generation of greater numbers of 
neutrophils [132, 139]. 
 
 

A B 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. A). Genetic structure of the human and mouse RUNX genes. Isoforms 
transcribed from the distal promoter (P1) and the proximal promoter (P2) are shown. 
Adapted from [140]. Only the 6 exons conserved between all three RUNX genes are 
shown, although the RUNX1 and RUNX2 genes contain additional exons. B). Isoforms 
from the distal (Dis.) and proximal (Prox.) promoter of full length and C-terminally 
truncated isoforms ∆5 and ∆6 of RUNX1 [132, 139]. Isoforms ∆5 and ∆6 are truncated 
due to differential splicing from exon 5 and exon 6, respectively, of RUNX1. RD: runt 
homology domain, TA: transactivation domain. 
 
There is additional evidence that the sequences N-terminal to the RD may be 
important for regulation of RUNX1 functions. One of the two negative regions 
for DNA binding (NRDBn and NRDBc) of RUNX1 has been reported to be in 
the sequences N-terminal to the RD (Fig. 10). Furthermore, acetylation of two 
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conserved lysine residues at the N-terminus, Lys-24 and Lys-43, by the p300 
acetyl transferase has been shown to increase the DNA binding activity of 
RUNX1, and disruption of these two lysines severely impairs DNA binding of 
RUNX1 and reduces the transcriptional activity and transforming ability of 
RUNX1 [141]. In addition to the N-terminal isoforms, there are also a number 
of different C-terminal splice forms, among which some isoforms lack part of 
or all of the C-terminal transactivation domain and in some isoforms also much 
of the RD. These isoforms may be expressed in the same tissues that also 
express full-length RUNX1 but have different functions [132, 137, 139, 142, 
143]. In the most sever of these C-terminal truncation splice forms of RUNX1, 
isoforms ∆5 and ∆6, only the short N-terminus and a part of the RD are kept 
[139]. Interestingly, RUNX1 is able to repress CD4 in CD4/CD8 double-
positive thymocytes and the isoforms ∆5 and ∆6, and even the isolated N-
terminus, instead can act opposite from wild type RUNX1 by enhancing 
survival and/or proliferation [132]. 
. 
9.3 Biological roles of RUNX proteins 
All three RUNX proteins heterodimerize with a common CBFβ in mammals 
and bind to the same consensus DNA sequence. In spite of this, different 
RUNX family members play distinct roles in normal development and disease 
states, which are reflected in different phenotypes of the corresponding 
knockout mice. These differential roles and occurrences are orchestrated 
through a tightly regulated spatio/temporal expression pattern of the RUNX 
genes. Genetic or epigenetic defect in any one of the three RUNX proteins 
causes severe disease. 
 
RUNX1/CBFβ and hematopoiesis: Although the three RUNX proteins and 
their common cofactor CBFβ are all required at one or more stages of 
hematopoiesis, RUNX1 and CBFβ are the most important and play major roles 
in both the embryonic and the adult hematopoietic system. RUNX1 is mainly 
expressed in certain sites in the mouse embryo, including the yolk sac, the para-
aortic splanchnopleura (PAS) and the aorta-gonad-mesonephros, where 
hematopoietic progenitors and stem cells originate. RUNX1 is indispensable 
for the establishment of definitive hematopoiesis. Genetic ablation of RUNX1 
results in embryonic lethality and a complete lack of fetal liver hematopoiesis 
and an early block in hematopoietic differentiation. Embryos deficient in 
RUNX1 or CBFβ die between embryonic days 12.5 and 13.5 with no definitive 
hematopoietic progenitors in their fetal livers or yolk sacs, and no cells capable 
of engrafting adult mice upon transplantation [144, 145], suggesting a defect in 
the generation, migration or further differentiation of HSCs. RUNX1 also 
participates in the control of the hematopoietic system in adult life. In 
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hematopoiesis of the adult, RUNX1 is expressed in the HSCs, and its 
expression has been documented in all hematopoietic lineages at the single cell 
level. RUNX1 is most expressed in lineages of myeloid cells and is also 
expressed in T-lymphoid and B-lymphoid cells, whereas it is weakly expressed 
in early erythroid cells and is rapidly extinguished during later stages of 
erythropoiesis [146, 147]. In the absence of RUNX1, hematopoietic progenitors 
can be fully maintained in the adult with normal myeloid cell development, but 
RUNX1 deficiency leads to a severe impairment of platelet formation and 
megakaryocytic maturation, and defective T- and B-lymphocyte development 
[144]. In B cells, RUNX1 has been implicated in regulation of transcription of 
the early B cell specific mb-1 gene [148], and in TGF-β activation of the Iα1 
promoter, an event that precedes class switching to IgA during B cell 
maturation [113]. RUNX1 has also been implicated in the selective expression 
of the gene for the λ5 surrogate light chain of the pre-B cell receptor in pre-B 
cells [149]. In T cell development, RUNX1 is involved in TCRβ-chain 
rearrangements and/or in TCRβ-chain selection [144]. Furthermore, a number 
of studies suggest that all subunits of the TCR/CD3 receptor complex are 
RUNX1 targets [144]. The roles of RUNX1 in T cell development also include 
repression of CD4 in both the immature CD4-CD8- double negative (DN) stage 
and the mature CD8 single positive (SP) stage, and defect of RUNX1 leads to 
impaired CD8+ T cell population [150].  
 
To summarize, in adult hematopoiesis RUNX1 is required for maturation of 
megakaryocytes and differentiation of lymphocytes (T and B cells), but not for 
maintenance of HSCs [151].  
 
RUNX2 and bone formation: RUNX2 plays a pivotal role in osteoblast 
differentiation, bone matrix protein production and bone ossification, as well as 
in skeletal homeostasis and the structural and functional integrity of skeletal 
tissue [152, 153]. Haploinsufficiency (lack of function of one gene copy) of 
RUNX2 results in the autosomal dominant human bone disease cleidocranial 
dysplasia (CCD), a disorder characterized by multiple skeletal abnormalities. In 
addition, RUNX2 is involved in the regulation of chondrocyte maturation and 
vascular invasion into the cartilage [154, 155]. 
 
RUNX3 functions: RUNX3 is ubiquitously expressed in many cell types 
including mesenchymal cells, epithelial cells and blood cells, but is especially 
highly expressed in the peripheral nervous system including dorsal root 
ganglion neurons, in hematopoietic cells and in the gastrointestinal tract [126]. 
The established roles of RUNX3 in hematopoiesis are in its requirement for 
differentiation of Langerhans cells from monocytes and in CD4 repression 
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during T cell development [57, 144]. In difference with RUNX1 that is 
involved in active CD4 repression in both immature DN thymocytes and CD8 
SP (cytotoxic) T cells, RUNX3 is mainly required for the CD4 repression in 
CD8 SP T cells. RUNX3 deficiency in combination with reduced 
RUNX1completely derepressed CD4 expression in all peripheral T cells, 
resulting in a total absence of CD8 SP cells [156, 157]. Interestingly, both 
RUNX2 and RUNX3 have been shown to rescue the hematopoietic defect of 
RUNX1-deficient PAS in vitro, suggesting a functional redundancy of the 
RUNX proteins in hematopoiesis [158]. 
 
The gastric epithelium in RUNX3 knockout mice displays hyperplasia [159]. 
Furthermore, RUNX3 has been shown to be an important neurogenic 
transcription factor that regulates development and survival of proprioceptive 
neurons in dorsal root ganglia. In the absence of RUNX3, proprioceptive 
neuronal axons cannot reach the physiological motor neuronal targets in the 
spinal cord. RUNX3 is also, as mentioned above, a key component of the TGF-
β signaling in dendritic cells. Most likely for that reason, the defects in RUNX3 
knockout mice also lead to spontaneous lung inflammation and inflammatory 
bowel disease [55, 57, 159-162]. 
 
9.4 Transcriptional activation, repression and silencing by RUNX 

proteins 
The proteins of the RUNX family are bifunctional, since they can act both as 
activators and repressors of target genes in a highly context-dependent manner, 
reflecting that the outcome of RUNX expression depends on the associated co-
activators and co-repressors. 
 
RUNX proteins were early implicated in transcriptional activation. However, 
on their own, RUNX proteins are poor activators, and become strong activators 
at promoters and enhancers of target genes where they act as organizing factors 
assembling other regulatory proteins that are required for gene transcription. 
The interacting co-regulators (Fig. 10) include the transcription factors AP1, 
C/EBP, PU-1, STAT, PAX5 and MEF that interact with the RD containing N-
terminal part of RUNX1, and Smads and Ets1 and the histone acetyltransferase 
containing co-activators p300 and MOZ that interact with the TA domain 
containing C-terminal part of RUNX1 [126]. RUNX proteins can also function 
as potent gene repressors (Fig. 10), since they can recruit several HDACs, 
either directly, or in the case of HDACs1 and 2, also indirectly through 
interaction with the mSin3 co-repressor [136]. They can also interact with other 
co-repressors including TLE, which binds to the highly conserved C-terminal 
sequence VWRPY, and SUV39H1 [126, 135, 136, 163]. Whereas all RUNX 
members interact with mSin3A and TLE co-repressors, only RUNX1 and 
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RUNX2 and not RUNX3 have been shown to recruit HDACs. RUNX1 
associates strongly with HDACs 1, 3 and 9 and weakly with HDACs 2, 5 and 6, 
whereas RUNX2 associates with HDAC6, which leads to repression of the p21 
(Waf1/cip1) promoter in osteoblasts [164]. The recruitment of HDACs by the 
RUNX1-mSin3A co-repressor complex can also contribute to transcriptional 
repression of the p21 (Waf1/cip1) promoter [163].  
 
Another mechanism of repression by RUNX proteins is through gene silencing 
by recruitment of SUV39H1, a histone H3 lysine 9 specific methyltransferase. 
Methylation of lysine 9 of histone H3 is a post-translational modification that 
allows the binding of heterochromatin protein 1 (HP1) to silence gene 
expression. In the case of SUV39H1, it is RUNX1 and RUNX3 but not 
RUNX2 that can interact to silence gene expression. Interestingly, RUNX1 and 
RUNX3 but not RUNX2 participate in the silencing of CD4 during T cell 
development, and gene silencing is important for the CD4 repression during T 
cell development by RUNX1 and RUNX3 [136, 165]. 
 
9.5 RUNX proteins as oncogenes and tumor suppressors 
The RUNX genes can function as either oncogenes or tumor suppressors in a 
highly cell lineage-restricted manner. The RUNX proteins have been 
recognized as important tumor suppressors. RUNX1 is the most frequent target 
for chromosomal translocation in human leukemias, most commonly as a result 
of the TEL- RUNX1 t (12; 21) fusion, the RUNX1-ETO t (8; 21) fusion or the 
RUNX1-Evil t (3; 21) fusion [126, 140]. Furthermore, the binding partner 
CBFβ is a frequent chromosomal translocation target in a subtype (M4Eo) of 
acute myeloid leukemia [140]. Another type of leukemia-associated loss of 
function mutations of RUNX1 is point mutations. The point mutations mostly 
occur within the RD, but in some cases within the C-terminal region outside the 
RD. Both the proteins created by the translocation breakpoints and the point 
mutation products have trans-dominant effects and block the normal functions 
of wild type RUNX1 (reviewed in [126, 140, 166, 167]). Furthermore, 
haploinsufficiency of RUNX1 has also been shown to predispose to leukemia 
[168].  
 
As mentioned above, deletion of the RUNX3 locus in mice leads to hyperplasia 
of the gastric epithelium [159]. Li et al. also reported that RUNX3 is necessary 
for the suppression of cell proliferation and for apoptosis of gastric epithelium 
and that it is an important tumor suppressor of gastric cancer. These authors 
and several later studies have identified RUNX3 as a major tumor suppressor of 
gastric cancer and an important component of the TGF-β-induced tumor 
suppressor pathway (for reviews see [56, 140, 169]). Although most studies 
attribute the hyperplasia of the gastric epithelium to a lack of RUNX3-TGFβ-
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synergy in the epithelial cells itself, the authors of one study [54] suggest that 
the hyperplasia is through an indirect effect from surrounding leukocyte cells. 
In addition to the function as tumor suppressors, RUNX genes can on the other 
hand also function as oncogenes. RUNX1, RUNX2 and RUNX3 have all been 
identified to have intrinsic oncogenic potential in mouse insertional 
mutagenesis leukemia models [170, 171]. In addition to loss-of-function 
mutations, gain-of-RUNX1 function mutations have also been shown to be 
leukemogenic [140, 160, 169], and an extra copy of RUNX1, which is located 
on chromosome 21, may cause Downs syndrome-related acute 
megakaryoblastic leukemia [172]. RUNX2 is a frequent target for proviral 
insertion in murine leukemia virus (MLV) induced T-cell lymphomas in CD2-
MYC transgenic mice [171, 173], and RUNX2 synergizes strongly with c-myc 
in the genesis of murine T-cell lymphomas [174]. Also RUNX1 and RUNX3 
can act as dominant oncogenes in T-cell lymphoma [171]. 
 
In summary, RUNX proteins function as important tumor suppressors, while on 
the other hand as dominant-acting oncogenes. Therefore, the levels of 
expression of the RUNX proteins must be precisely regulated and also the 
levels of the RUNX protein complexes are important and need to be tightly 
controlled. Interestingly, RUNX1 and RUNX3 have recently been reported to 
cross-regulate the expression of each other [175], implying the importance of 
adressing if reported effects of increased or decreased RUNX1 or RUNX3 are 
direct or possibly due to an indirect compensating effect on the level of the 
other RUNX protein. 
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AIMS 
 
 
 
• To study the properties and functions of the N-terminus of RUNX1 in 

transactivation and hematopoiesis in vitro. 

 

• To analyse the regulation of GM-CSF transcription by RUNX1 and the 

calcium dependent phosphatase calcineurin. 

 

• To analyse the regulation of GM-CSF transcription by calcineurin-

independent calcium signalling. 

 

• To analyse the regulation of GM-CSF transcription by TGF-β/Smad 

signaling. 
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RESULTS AND DISCUSSION 
 
CaMK II negatively regulates GM-CSF transcription through Ets1 
phoshorylation (Paper I) 
 
Calcium signaling regulates the GM-CSF promoter/enhancer positively 
through calcineurin and negatively by a calcineurin-independent mechanism. 
To analyse the effects of an increased intracellular calcium ion concentration on 
GM-CSF transcription, a reporter plasmid containing the human GM-CSF 
promoter and enhancer was used. The Ca2+ ionophore ionomycin was used to 
create changes in the intracellular Ca2+ concentration in the presence and 
absence of the phorbol ester PMA. In both Jurkat and DG75 cell lines, 
ionomycin in combination with the phorbol ester showed a strong positive 
effect on the GM-CSF promoter/enhancer. However, the GM-CSF activation 
was negligible in the presence of CsA, a drug that inhibits calcineurin. This is 
consistent with previous reports that GM-CSF activation by ionomycin in the 
presence of phorbol ester is calcineurin dependent [42]. It is also noteworthy 
that ionomycin alone had a small but significant positive effect in both cell 
lines. Interestingly, the calcineurin inhibitor CsA not only blocked this 
activation but also decreased the GM-CSF activity slightly below the level of 
nontreated Jurkat cells and to almost a 2.5-fold lower level than the nontreated 

DG75 cells (I, Fig.1). Thus, in addition to the established positive calcineurin-
dependent effect of Ca2+ on GM-CSF expression, there is also a negative Ca2+ 
signaling effect on GM-CSF that appears to be calcineurin independent. 
 
Increased transactivation of the GM-CSF promoter/enhancer by Ets1 with 
mutated CaMK II sites. The Ets1 transcription factor makes a large contribution 
to the activity of the GM-CSF promoter/enhancer [42, 111, 176] and is 
therefore a putative target for a calcium ion effect on GM-CSF transcription. 
Four internal serines, located amino-terminal to the Ets domain, are Ca2+-
dependent phosphorylation targets [102, 121]. Significantly, phosphorylation of 
Ets1 by Ca2+-dependent pathways is thought to inhibit DNA binding in vitro 
[102, 106, 121]. To analyse the role of these four serines, S251, S257, S282, 
and S285 in transcription, three mutant derivatives of human Ets1 were 
constructed. The mutant Ets1-m1 contains S251A and S257A substitutions, 
Ets1-m2 contains S282A and S285A substitutions, and Ets1-m3 contains all 
these four substitutions. In vitro phoshorylation showed that wild-type Ets1 was 
efficiently phosphorylated by CaMK II, whereas the phosphorylation was 
dramatically decreased in the Ets1-m3 mutant, with all four reported CaMK II 
phosphorylation sites mutated (I, Fig.3). These findings confirm that Ets1 can 
be efficiently and specifically phosphorylated by CaMK II in vitro and that the 
four mutated serines are major phosphorylation sites. 
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In vivo transient transfection showed that each Ets1 mutant increased 
transactivation of the GM-CSF reporter considerably more than the wild type in 
DG75 cells with or without PMA and ionomycin stimulation (I, Fig.4A). Thus, 
mutations in the CaMK II sites of Ets1 increase transactivation of the GM-CSF 
reporter in DG 75 cells regardless of PMA and ionomycin stimulation. 
 
Ets1 negatively affects GM-CSF transcription on stimulation with ionomycin in 
the presence of CsA. To examine the role of calcium-dependent Ets1 
phosphorylation on transcriptional activation of GM-CSF without interference 

of calcineurin activation, transfected cells were treated with ionomycin in the 
presence of CsA. This Ca2+ increase, without calcineurin activation, led to a 
3.8-fold inhibition of transactivation of the reporter in the presence of wild-type 

Ets1. In contrast, the negative effect was greatly reduced for all mutants, 
illustrated by a minimal inhibition of only 1.2-fold for the combined mutant, 
Ets1-m3 (I, Fig. 4B). These results indicate that the activity of Ets1 is sensitive 
to activation of one or more calcium ion-dependent enzyme(s) other than 
calcineurin and show that the serines in Ets1 identified as CaMK II 
phosphorylation sites in vitro play a role for negative calcium ion-dependent 

regulation of the GM-CSF promoter/enhancer in vivo. 
 
CaMK II target serines in Ets1 are negative for the cooperative transactivation 
of GM-CSF by RUNX. The GM-CSF promoter contains a binding site for 
RUNX proteins only a few nucleotides from the Ets1 site. Cooperation between 
Ets1 and RUNX1 has been reported in the transcription of several promoters, 
and RUNX1 has been shown to decrease autoinhibition of Ets1 DNA binding 
through interaction between the proteins [14, 15]. To analyse whether the 
negative calcium ion-dependent regulation of GM-CSF was blocked by 
RUNX1, the largest splice form of mouse RUNX1 was overexpressed. As 
expected, a functional cooperation was found between Ets1 and RUNX1 in 
regulation of transcription of GM-CSF. Importantly, the negative effect of 
ionomycin plus CsA was not blocked when Ets1 was cooperating efficiently 
with RUNX1 (I, Fig. 5). Furthermore, all three Ets1 mutants decreased the 
negative effect of ionomycin plus CsA to approximately the same extent in the 
presence of strong RUNX1 cooperativity as in the absence of RUNX1 
overexpression. These results show that the serines in Ets1 identified as CaMK 
II phosphorylation sites in vitro play a significant negative role in calcium ion 
regulation of the GM-CSF promoter/enhancer even when Ets1 is efficiently 
cooperating with RUNX1. 
 
Constitutively active CaMK II inhibits Ets1 transactivation of GM-CSF. To 
further investigate the negative effect of Ca2+ on Ets1 transactivation of GM-
CSF,  the wild-type or mutant Ets1 proteins was coexpressed with inactive or 
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constitutively active CaMK II in the DG 75 cells. The constitutively active 
CaMK II dramatically decreased both the background GM-CSF reporter 
transcription and the transactivation of GM-CSF by Ets1. The effect of CaMK 
II was dependent on the kinase activity of the enzyme, because no significant 
effect was obtained by expression of inactive CaMK II. The inhibition by 
constitutively active CaMK II was greatly alleviated by the mutations of the 
CaMK II target sites in Ets1 (I, Fig. 6). Thus, the negative effect of CaMK II 
overexpression on GM-CSF transcription by Ets1 is dependent on the serines 
that are CaMK II phosphorylation sites.  
 
CaMK II inhibits Ets1 binding to the GM-CSF promoter in vivo. The GM-CSF 
promoter contains several Ets1 binding sites (I, Fig. 8A), and transactivation of 
the GM-CSF promoter by Ets1 requires interaction of Ets1 with at least one 
intact Ets1 binding site, GM5 [111, 176, 177]. To examine whether Ca2+ 
signaling and phosphorylation by CaMK II affects Ets1 binding to the promoter 
in vivo, ChIP PCR analysis was performed. A pair of primers flanking the 
strongest Ets1 binding sites in the GM-CSF promoter was used. Treatment with 
either ionomycin plus CsA or overexpression of constitutively active CaMK II 
led to a strong reduction of in vivo binding of transfected Ets1 to the DNA 
segment containing the strongest Ets1 binding sites in the GM-CSF promoter of 
the reporter plasmid. No significant effect by either ionomycin plus CsA or 
coexpression of CaMK II was observed when the mutant Ets1-m3 was 
expressed, showing that the CaMK II phosphorylation sites were important for 
the reduction in the binding of Ets1 to the promoter in vivo (I, Fig. 8B). 
 
Synergistic activation of GM-CSF transcription by RUNX1 and the 
ca2+/calmodulin dependent phosphatase calcineurin (Papers II and IV) 
 
Stimulation of GM-CSF transcription by Ca2+ is mediated by the 
Ca2+/calmodulin dependent phosphatase calcineurin (CN), and the transcription 
factors NF-AT, AP1, and NF-κB have been implicated in this activation [42, 
43]. To analyse whether RUNX1 could also have a role in the activation of GM-
CSF by CN, a luciferase reporter plasmid under the control of the human GM-
CSF promoter and enhancer was used in transient transfection experiments. 
Expression of ∆CN, a C-terminally truncated and thereby Ca2+/calmodulin-
independent constitutively active A subunit of CN, activated the wild type GM-
CSF reporter about 2-fold in Jurkat. To analyse whether the RUNX1 content of 
Jurkat cells was limiting for the effect of RUNX1 or ∆CN, an expression 

plasmid for mouse RUNX1 was cotransfected. This overexpression of RUNX1 
had only a marginal effect on transcription from the GM-CSF 
promoter/enhancer. In contrast, coexpression of RUNX1 and ∆CN resulted in 
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9.0 ± 1.1-fold activation (II, Fig. 1B). The effects of ∆CN and RUNX1 were 
also studied in the early erythroleukemia cell line K562, in which the 
expression of endogenous RUNX proteins is low [178-180]. In this cell line, 
∆CN had no significant effect on transcription of the GM-CSF reporter in the 
absence of cotransfected RUNX1 expression plasmid, and cotransfection of 
RUNX1 and ∆CN expression plasmids gave 33.3 ± 3.6-fold activation (II, Fig. 
1C), further supporting that the activation by constitutively active CN was 
dependent on synergy with RUNX1 or another RUNX protein. RUNX1 was 
not the only member of the RUNX transcription factor family whose activity 
was improved by CN. Expression of mouse RUNX2 or human RUNX3 resulted 
also in synergy with ∆CN in K562 cells, albeit to a lower level than for RUNX1 
(II, Fig. 1B and IV, Fig. 4).  
 

The RUNX1 and ∆CN synergy was dependent on the RUNX1 sites because 
even upon RUNX1 overexpression, the effect of ∆CN was hardly significant on 
a RUNX1 site-mutated reporter (II, Fig. 1B). In addition, the synergistic 
activation required the transactivating domains in the C-terminal part of 
RUNX1 because AML1a, a shorter RUNX1 splice variant containing only 73 
amino acids C-terminal to the RHD, showed no synergy with ∆CN, and AML1a 

blocked the activation by the ∆CN expression vector, indicating that it inhibited 
the synergy of ∆CN with endogenous RUNX1 or a related factor(s). 
Furthermore, the synergy required the phosphatase activity of CN, as an 
inactive CN derivative retained only a very small part of the synergistic effect 
of ∆CN (II, Fig. 1B), and the synergism between ∆CN and RUNX1 proteins 
was also blocked by treatment with the CN inhibitor CsA (II, Fig. 2). 
 
Functional interaction between RUNX1 and calcineurin (Paper II) 
 
To search for a mechanism for the synergy of CN with RUNX proteins, we 
analysed whether CN could interact directly with these proteins. In vitro pull-
down assays showed that both CN subunits can interact with the N-terminal 
Runt domain-containing part of RUNX1 and RUNX2. At least in the case of 
RUNX1, the interaction is direct, and the interaction with the CNB subunit is 
very strong. The CNB subunit can even bind directly to the isolated Runt 
domain. The specific binding occurred in the absence of calmodulin, and it was 
independent of Ca2+ and the enzymatic activity of CN (II, Fig. 3A). RUNX1 
was found to interact efficiently with the regulatory B subunit of CN in 
coimmunoprecipitation experiments in all cell lines tested, K562, DG75, and 
NIH3T3. In line with the weaker interaction of the A subunit than the B subunit 
with RUNX1, much weaker interaction with the A subunit was also seen in 
coimmunoprecipitations. However, coimmunoprecipitation of overexpressed A 
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subunit of CN with RUNX1 was over background in some cell lines (II, Fig.4 
and data not shown).  
 
The direct physical interaction observed between RUNX1 and CN in vitro and 
in vivo prompted analyses of whether the proteins could colocalize in vivo and 
whether they could influence the localization of each other. Using expression of 
green fluorescent EGFP-RUNX1, the RUNX1 was found in the nucleus. 
Conversely, when red fluorescent DsRed-CNA, CNB, or ∆CN A was 
expressed, the red fluorescent CN was detected almost exclusively in the 
cytoplasm. Interestingly, both RUNX1 and CN were localized in both the 
nucleus and the cytoplasm when RUNX1 and a CN subunit were coexpressed. 
These results show that RUNX1 can recruit both A and B subunits of CN to the 
nucleus where gene activation takes place. The recruitment occurred in the 
absence of any treatment increasing the intracellular Ca2+ concentration, 
suggesting that the CN recruitment to the nucleus was not dependent on Ca2+ 
loading of calmodulin or CN. The low level of intranuclear CN in the absence 
of EGFP-RUNX1 expression is not surprising considering the low level of 
expression of endogenous RUNX proteins in K562 cells [178, 180] and the 
large transcriptional effect when RUNX1 overexpression is combined with 
ionomycin treatment or ∆CN coexpression in these cells (II, Figs.1C and 2B).  
 
RUNX1-recruited calcineurin can activate GM-CSF transcription through 
Ets1 activation (Paper II) 
 
Intact Ets1 site on the promoter is required for the RUNX1 and CN synergy. To 
identify which transcription factor binding site (s) on the promoter is essential 
for the RUNX1 and ∆CN synergy, a GM-CSF promoter reporter with deletion 
of the sequences upstream of position –125 was generated. This deleted 

promoter contains one overlapping binding site for Ets1 and NF-AT and one 
site each for AP1 and RUNX1 near this overlapping site and SP-1 and NF-κB 
sites further upstream. Analysis in Jurkat cells showed that most of the synergy 

between RUNX1 and ∆CN on the GM-CSF promoter/enhancer remained in this 
deleted GM-CSF promoter (II, Fig. 7B). To analyse the role of Ets1 and NF-
AT, the overlapping Ets1/NF-AT site was mutated to become only an Ets1 site, 
only an NF-AT site, or without both the Ets1 and the NF-AT binding (II, Fig. 
7A). Mutation of the site to become only an Ets1 site did not decrease the 
synergistic effect of combined overexpression of RUNX1 and ∆CN. In contrast, 
most of the synergistic effect of coexpression of RUNX1 and ∆CN was lost 
both for the mutant promoter where the overlapping site was made into only an 
NF-AT site and for the mutant promoter with both the Ets1 and the NF-AT 
binding lost. This strongly favors that Ets1 is a transcription factor whose 
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binding is important for the differential synergy of RUNX1 and CN at the GM-
CSF promoter. In addition, Ets1 had a synergistic effect on the transcription 
from the reporters having a functional Ets1 binding site both when 
cotransfected with RUNX1 and with RUNX1 plus ∆CN. As expected, the 
synergistic effect of Ets1 together with RUNX1 or RUNX1 plus ∆CN was lost 
in the two GM-CSF promoter mutants without Ets1 binding site (II, Fig.7B). In 
contrast, AP1 site mutation decreased the activity of the deleted promoter, but 

coexpression of RUNX1 and ∆CN still gave a much higher transcriptional 

activation compared with RUNX1 alone (II, Fig.7B). Thus, the results favor 
that Ets1, but not NF-AT or AP1, is essential for the synergistic activity of 

RUNX1 and CN on the GM-CSF promoter in Jurkat cells. 
 
RUNX1-recruited CN can activate GM-CSF transcription through 
counteraction of GSK-3. The protein kinase GSK-3 has a broad range of 

substrates. GSK-3 has, for example, been identified as a major kinase adding 
the phosphorylations on the transcription factor NF-ATc1 that are substrates of 
the CN phosphatase in the Ca2+-dependent activation of NF-ATc1 [95, 181]. 
We therefore asked whether GSK-3 was also relevant in the phosphorylation(s) 
that is reversed by CN in the activation of GM-CSF in synergy with RUNX1. 
The effects of the GSK-3 inhibitors Lithium ion and valproate on the 

transcriptional activity of the GM-CSF promoter/enhancer were analysed. 
Treatment with either inhibitor increased the activity of the GM-CSF 
promoter/enhancer in DG75 cells both in absence and presence of 

overexpressed Ets1 and/or RUNX1. Importantly, these inhibitors had no 
positive effect on the increased level of GM-CSF promoter/enhancer 
transcription when ∆CN was overexpressed together with RUNX1 or RUNX1 
plus Ets1 (II, Fig. 8). The similar effects of the two different GSK-3 inhibitors 
favor that their effects indeed are through their common inhibitory effect on 
GSK-3 and indicate that the GSK-3 inhibitors inhibit the same 
phosphorylation(s) in the GM-CSF promoter/enhancer activation as that/those 
reversed by the CN phosphatase. 
 
Dephosphorylation of GSK-3-phosphorylated Ets1 by CN. The identification of 
Ets1 binding as important for the CN-RUNX1 synergy at the GM-CSF 
promoter together with the finding that GSK-3 inhibitors have the same effect 
as ∆CN overexpression on the GM-CSF promoter/enhancer in vivo prompted 
analysis of whether GSK-3 could phosphorylate Ets1. Ets1 was indeed 
phosphorylated efficiently by E. coli-produced GSK-3β, and the GSK-3β-
phosphorylated Ets1 could be partially dephosphorylated by treatment with CN, 
suggesting that Ets1 contains both GSK-3β phosphorylation sites that can be 
targeted by CN and sites that cannot. A C-terminally deleted Ets1 containing 
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the N-terminal 250 amino acids was phosphorylated efficiently by GSK-3β. 
Interestingly, the Ets1 ∆C mutant was also dephosphorylated efficiently by CN 
(II, Fig. 9). Thus, Ets1, which is important for the GM-CSF promoter activation 

by RUNX1-recruited CN, contains a GSK-3β phosphorylation site(s) in the N-
terminal 250 amino acids that can be dephosphorylated efficiently by CN 
activation. 
 
Inhibition of the GM-CSF promoter by TGF-β/Smad3 signaling (Paper 
III) 
 
TGF-β1 stimulation and Smad3 over-expression can inhibit transcription from 
the GM-CSF promoter/enhancer. The cytokine TGF-β is anti-inflammatory 
whereas another cytokine, GM-CSF, has many pro-inflammatory actions, and 
TGF-β can lead to suppression of GM-CSF production at least in some 
situations [182-184]. To investigate if TGF-β can affect GM-CSF production at 
the transcriptional level, the response of the GM-CSF reporter to TGF-β1 
stimulation was analysed by transient transfection in K562 and DG75 cells. 
TGF-β1 was found to inhibit the basal transcription from the GM-CSF 
promoter/enhancer by about 30-40 % at concentrations of 1.6 ng/ml or higher (III, 
Fig. 1A and data not shown). Thus, TGF-β can inhibit GM-CSF at the 
transcriptional level.  
 
Most TGF-β triggered signals are transduced by Smad proteins [25]. To analyse 
whether the Smad proteins had a role in the TGF-β-induced inhibition of basal 
transcription from the GM-CSF promoter/enhancer, we over-expressed the 
TGF-β receptor dependent Smad protein Smad3 in K562 cells. Smad3 over-
expression led to about the same level of inhibition of GM-CSF transcription as 
TGF-β1, suggesting that the inhibition by TGF-β1 is Smad3 dependent. 
Interestingly, combination of TGF-β1 treatment and Smad3 over-expression 
resulted in an inhibition that was approximately the sum of TGF-β1 treatment 
alone and Smad3 over-expression alone. To analyse if the DNA binding ability of 
Smad3 was required for the inhibition, a non-DNA binding Smad3 mutant, 
Smad3-K81R [185], was generated. Smad3-K81R had no inhibitory effect on 
the GM-CSF transcription (III, Fig. 1B). Thus, the ability of Smad3 to bind 
directly to DNA appears to be essential for the inhibitory effect of the protein. 
 
Smad3 represses transactivation of the GM-CSF promoter by over-expression 
of RUNX1 and by co-expression of RUNX1 and calcineurin or Ets1. Over-
expression of Smad3 repressed the transcriptional activation of the GM-CSF 
promoter/enhancer induced by RUNX1, RUNX1 synergy with ∆CN and 
RUNX1 synergy with Ets1. In contrast, no inhibition of the transactivation of 
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the reporter was observed upon over-expression of either the non-DNA binding 
mutant Smad3-K81R or by Smad7, which is inhibitory to R-Smad proteins (III, 
Figs. 2A-B). Thus, Smad3 inhibited also a GM-CSF promoter/enhancer that 
was efficiently activated by RUNX1 and synergy between RUNX1 and ∆CN or 
Ets1, and the inhibition was stronger than the inhibition of the basal 
transcription from the GM-CSF promoter/enhancer. In addition, the inhibitory 
Smad7 blocked the negative effect of Smad3, indicating that activation of the 
Smad3 pathway was required for the inhibition (III, Fig. 2A). We also analysed 
if other members of the Smad family had a similar negative effect as Smad3 on 
the transactivation of the GM-CSF promoter/enhancer induced by RUNX1 and 
∆CN. Only Smad3 had a strong inhibitory effect. Smad2 had a much weaker 
negative effect on the GM-CSF promoter/enhancer transactivation. The average 
activation became slightly lower than the vector control also when Smad1 or 
Smad5 was over-expressed, but the difference from the vector control was 
clearly not statistically significant. Smad4 and Smad6 behaved as the inhibitory 
Smad7, with no inhibition of the transcription from the GM-CSF promoter (III, 
2C). Thus, the Smad proteins show differential effects. Smad4, Smad6 and 
Smad7 are non-inhibitory, whereas Smad3 is strongly inhibitory, Smad2 is 
probably slightly inhibitory and perhaps Smad1 and Smad5 are not completely 
inert. 
 
Transactivation of the GM-CSF promoter/enhancer by co-expression of 
RUNX1 and CN is repressed by constitutively active TGF-β type I receptors. 
The TGF-β type I receptors, also named ALKs, are the direct upstream 
regulators of receptor-dependent Smads (R-Smads), such as Smad2 and Smad3, 
in the TGF-β signaling pathway since they directly activate R-Smads by 
specific phosphorylation upon receptor stimulation [25, 47]. This prompted us 
to investigate whether ALKs can inhibit the GM-CSF transcription. As shown 
in Fig. 5 of paper III, all the constitutively active ALKs inhibited the 
transactivation of the GM-CSF promoter/enhancer by RUNX1 and ∆CN, 
although to very varying degrees, whereas no inhibitory effect on the reporter 
was observed in any one of the negative controls where inactive ALKs were 
over-expressed. ALK1, ALK4 and ALK7 resulted in approximately 3 fold 
inhibitions, whereas the ALK2, ALK3, ALK5 and ALK6 receptors had much 
smaller inhibitory effects. Thus, overexpression of constitutively active 
upstream activators of Smad3, type I receptor ALKs, led to inhibition of the 
transcription from the GM-CSF promoter/enhancer, supporting that the 
inhibitory action on transcription from the GM-CSF promoter goes through the 
TGF-β receptor/Smad pathway.  
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The 3’ part of the GM-CSF promoter is sufficient for inhibition by Smad3. The 
synergistic activation of the GM-CSF reporter by RUNX1 and ∆CN that 
remained in the absence of the enhancer was found to be efficiently inhibited 
by Smad3 over-expression (III, Fig. 3), showing that the promoter was 
sufficient for inhibition of GM-CSF transcription by Smad3. To identify the part 
of the GM-CSF promoter that acts negatively in response to Smad3, we analysed 
whether Smad3 still had inhibitory effect on the transcription when the reporter 
containing no GM-CSF enhancer also had the sequences upstream of position -
125 of the GM-CSF promoter deleted. The inhibitory effect of Smad3 on 
synergistic activation by RUNX1 and ∆CN still remained in this deleted GM-
CSF promoter (III, Fig. 3), showing that this 125 bp sequence of the promoter 
was sufficient for inhibition of GM-CSF transcription by Smad3.  
 
 
Smad3 binds to the GM-CSF promoter and interacts with Ets1 (Paper III) 
 
The GM-CSF promoter has Smad3 binding sites around the TATA box next to 
an Ets1 site. Inspection of the proximal 125 bp of the GM-CSF promoter that 
has the response element(s) for Smad3 inhibition revealed a Smad binding 
motif, often referred to as a “CAGA box” (5’-TCTG-3’ in reverse orientation), 
between the Ets1/NFAT binding site and the TATA box. In addition to the 
“CAGA box” at –31 to –34, the sequence contains a number of weaker 
homologies to the 5’-CAGAC-3’ Smad consensus sequence near the TATA 
box and also partially overlapping with the TATA box (III, Fig. 4A). To 
analyze whether the identified part of the promoter in deed contains a 
functional Smad binding site(s), we performed electrophoresis mobility shift 
assays (EMSA) using recombinant GST-Smad3 protein and the part of the 
promoter containing multiple putative Smad sites, positions –41 to –8 (III, Fig. 
4A). The recombinant Smad3 protein could, as shown in Fig. 4B, bind to the 
probe. Gradual deletions both from the 5’ and the 3’ side led to a gradual 
decrease in the Smad3 binding. Interestingly, the binding of Smad3 to the DNA 
was much reduced, but clearly over background, both when the homologies to 
Smad sites on the 5’ side of the TATA box and when those on the 3’ side were 
removed (III, lanes 8 and 9 of Fig. 4B). Thus, multiple weak binding sites on 
both sides of the TATA box appear to synergize in the DNA binding to the –41 
to –8 segment of the GM-CSF promoter. This conclusion was further supported 
by the finding that the DNA binding of Smad3 was increased approximately 10 
fold by changing one nucleotide to make the “CAGA box” sequence, 5'-
CAGAG-3', become an optimal Smad binding sequence, 5'-CAGAC-3' (III, 
lane 10 of Fig. 4B). Thus, the putative Smad binding sites identified near the 
TATA box of the GM-CSF promoter are in deed weak Smad3 binding sites, 
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and the weak Smad3 binding sites on both sides of the TATA box are required 
for substantial Smad3 binding. 
 
Smad3 interaction with nearby Ets1 and c-Jun at the GM-CSF promoter. The 
identification of several weak Smad3 binding sites around the TATA box with 
the nearest Smad3 site directly next to the Ets1 site prompted analysis if protein 
binding to the Ets1, AP1 or Smad3 sites positively or negatively affected the 
promoter binding of each other. EMSA of DNA binding of recombinant 
Smad3, Ets1 and c-Jun, alone or in combination, was therefore performed with 
a DNA probe representing nucleotide positions –47 to -8 of the GM-CSF 
promoter and containing the c-Jun (AP1), Ets1 and Smad binding sites (III, Fig. 
4A). To determine the protein content of each complex, EMSA was performed 
in combination with western-immunoblotting (shift-western immunoblotting) 
using the same PVDF filter for detection of the DNA by autoradiography and 
for immunodetection of the protein(s) in the protein-DNA complexes 
(Materials and Methods). As shown in Fig. 6 of paper III, Smad3 and Ets1 
could bind to the DNA probe at the same time, and the binding of Smad3 and 
Ets1 to the GM-CSF promoter DNA was synergistic. Furthermore, Ets1 and 
Smad3 could interact with each other also in absence of DNA. Addition of both 
c-Jun and Smad3 to the binding reaction resulted in a band representing a c-
Jun-Smad3-DNA complex, and addition of c-Jun and Ets1 together in the 
binding reaction resulted in a band representing a c-Jun-Ets1-DNA complex. 
Thus, c-Jun could bind to the cognate DNA sequences of the GM-CSF 
promoter together with either Ets1 or Smad3. However, neither of these 
interactions appeared as strong as the corresponding interaction of Ets1 and 
Smad3, and no band that contained c-Jun and Smad3 or both c-Jun and Ets1 in 
the absence of DNA was detected. Interestingly, when Ets1, c-Jun and Smad3 
were all added together to the DNA binding assay, no additional slower 
migrating band appeared, suggesting that the three proteins do not bind to the 
DNA probe simultaneously. No such band was detected even though all Ets1 
went into complex at these conditions, either with Smad3, with Smad3 plus 
DNA probe or with c-Jun plus DNA probe (Fig. 6C). Thus, the results indicate 
that interaction of Smad3 with nearby Ets1 can compete against the important 
c-Jun-Ets1-DNA complex. 
 
Smad3 can interact with Ets1 through its MH1 domain. The EMSA-Western 
immunoblotting analysis showed that Smad3 and Ets1 could bind 
synergistically to the GM-CSF promoter, and indicated also that they could 
interact with each other in the absence of DNA (III, Fig. 6). To analyse if there 
is a direct interaction between Ets1 and Smad3, and perhaps other Smad 
proteins, surface plasmon resonance analysis was performed using a BIAcore 
3000 system. Smad3 bound efficiently to the Ets1 surface, demonstrating that 
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Smad3 could indeed interact directly with Ets1 in the absence of DNA (III, Fig. 
7A). In contrast, at the same conditions as for GST-Smad3, no binding over 
background to the immobilized Ets1 was detected for either GST-Smad2 or 
GST-Smad4 (Fig. 7A), suggesting that the interaction with Ets1 is specific for 
Smad3 or at least much stronger for Smad3. To identify the part of Smad3 
needed for the interaction, the N-terminal MH1 domain (amino acids 1-145) 
and the remaining part, ∆MH1, was also subject to the Biacore analysis with 
immobilized Ets1. The MH1 domain, but not ∆MH1, bound efficiently to Ets1, 
showing that Smad3 interacts with Est1 through its DNA binding MH1 domain. 
To more exactly determine the strength of the interaction, competition analysis 
of the binding of MH1 to the immobilized Ets1 was performed. The 
concentration of free MH1 of Smad3 obtained at different concentrations of 
Ets1 competitor is shown in Fig. 7B of paper III. Calculation of the competition 
level at different Ets1 concentrations led to an estimated binding constant (Kd) 
of 1 µM for the MH1 interaction with Ets1. Thus, in summary, Smad3 interacts 
specifically with Ets1 through its MH1 domain, and the binding constant is 
about 1 µM in the absence of DNA. 
 
The N-terminus of RUNX1 contains a transactivation domain (Paper IV) 
 
The N-terminus and the α -helix of the runt domain inhibit DNA binding of 
RUNX1. The runt homology domain contains one α-helix created by the first 
eight amino acids of this domain (residues Ser50-Asp57), and previous work 
has shown that this α-helix is not a part of the DNA binding Ig-fold β-barrel 
structure [128, 129]. The role of this domain is not indicated by the structure. 
Deletion of only 24 amino acids of the N-terminal sequence was found to be 
sufficient to drastically increase the DNA binding of the protein. Interestingly, 
the ∆RUNX1∆N57 deletion that not only deleted all sequences N-terminal to 
the runt homology domain, but also deleted the α-helix in this domain 
enhanced the ability to bind the DNA probe by at least 50-fold (IV, Fig. 1A). 
To further analyze the effect of the α-helix in the runt homology domain on the 
DNA binding in presence of an intact N-terminus, we generated two point 
mutations in the α-helix and analysed their DNA binding. The ∆RUNX1-
EV/2P mutant with proline substitutions designed to disrupt the α-helix 
exhibited an approximately 20-fold increase in the DNA binding, whereas the 
∆RUNX1- EVLD/4Q mutant with four glutamine substitutions designed to 
stabilize the α-helix showed a slight decrease in the DNA binding (IV, Fig. 
1B).   
 
CBFβ stabilizes the DNA binding structure of the runt domain and RUNX1 
needs binding of CBFβ to transactivate genes. We therefore analyzed the DNA 
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binding also in presence of CBFβ. N-terminal deletion including the α-helix in 
the runt homology domain did not affect the CBFβ binding (IV, Fig. 1B). Both 
the α-helix destroying proline mutant and the glutamine mutant also bound 
normally to CBFβ. However, CBFβ increased the DNA binding of ∆RUNX1 
and the four glutamine mutant, drastically, whereas the DNA binding of the N-
terminal deletion mutants ∆RUNX1∆N24 and ∆RUNX1 ∆N57 were not much 
improved, suggesting that the enhancement of RUNX1 DNA binding by CBFβ 
to a large extent was through counteraction of the negative effect of both the 
most N-terminal sequence of RUNX1 and the α-helix in the runt homology 
domain. In summary, the results showed that the α-helix within the runt domain 
was not required for DNA or CBFβ binding of RUNX1, and suggested that the 
α-helix instead can act as a separate negative element for the DNA binding of 
RUNX1. 
 
The N-terminal sequences are required for full transcriptional activity of 
RUNX1, RUNX2 and RUNX3. To investigate whether the N-terminal also has a 
role, positively or negatively, in transcriptional activation by RUNX1, 
eukaryotic expression plasmids for a series of N-terminal deletion mutants of 
RUNX1 were constructed (IV, Fig. 2A). Somewhat surprisingly, the N-
terminal deletions decreased activation successively with the increasing N-
terminal deletions ∆N24, ∆N50 and ∆N57 of RUNX1, and the transactivation 
was almost completely abolished when 72 or 92 N-terminal amino acids were 
deleted in both K562 and Jurkat cell lines (IV, Fig. 2B-C). The N-terminal 
sequences were also required in transactivation of another promoter, the 
immunoglobulin germ line promoter Iα1 both in activation alone and in 
synergy with Smad3 in K562 cells (IV, Fig. 2D).  
 
To analyze the effect of the α-helix in the runt homology domain on the 
transactivation by RUNX1 in presence of an intact N-terminus, RUNX1 
mutants with point mutations in the α-helix were generated (Fig. 3A), and their 
transactivation of the GM-CSF promoter/enhancer without and with co-
transfection of ∆CN was analysed in Jurkat and K562 cells. The EVLD/4Q 
mutant of RUNX1, which showed decreased DNA binding ability, also failed 
to transactivate the reporter (IV, Fig.3B-C). Two mutants, ED/2Q and VL/2Q, 
that each contained two of these glutamine mutations, retained less than half of 
the wild type synergy with ∆CN and the transactivation ability in absence of 
∆CN was down to background. However, both the α-helix breaking EV/2P 
mutant, which showed strongly enhanced DNA binding ability, and a ∆(52-57) 
mutant with the α-helix deleted also displayed loss of some of the 
transactivation ability (IV, Fig.3B). Therefore, both disrupting and stabilizing 
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point mutants of the α-helix, and deletion of the α-helix led to reduction of 
transactivation by RUNX1. Collectively, the results indicate that the α-helical 
sequence within the runt domain is required for transactivation by RUNX1 and 
suggest that even though the α-helix was a negative element for DNA binding, 
it was required for the transcriptional activity of RUNX1.  
 
RUNX2 and RUNX3, the other two RUNX family members, have also 
sequences N-terminal to the runt domain, although these N-terminal sequences 
differ in sequence and in length. The α-helix sequence within the runt domain 
is also present in RUNX2 and RUNX3, and this α-helix is conserved among 
RUNX1, RUNX2 and RUNX3. Therefore, the effects of N-terminal deletions 
on activation of the GM-CSF reporter in K562 cells were analysed also for 
RUNX2 and RUNX3. Analysis with human RUNX3 showed that it could also 
synergize with ∆CN, and the level of the synergistic activation was 
intermediate between those of RUNX1 and RUNX2 (IV, Fig. 4 and Fig. 2B). In 
both RUNX2 and RUNX3 did N-terminal deletions that included the α-helix 
within the runt domain dramatically decrease their synergistic transactivation of 
the GM-CSF promoter/enhancer with ∆CN (IV, Fig. 4). An N-terminal mutant 
of RUNX2 that retained the α-helix showed a partial loss of the synergistic 
activation with ∆CN. Thus, the N-terminal sequences including the α-helix 
within the runt domain are required for full transcriptional activity not only for 
RUNX1, and the requirement for the N-terminal sequences, including the α-
helix within the runt domain, for transactivation appears to be a common 
conserved characteristic among the RUNX family proteins. 
 
The N-terminus of RUNX1 is a domain that can transactivate in a heterologous 
Gal4 system. To analyse if the N-terminal sequences of RUNX1 were 
important also for transcription based on a heterologous DNA binding domain 
(DBD), constructs expressing chimeric proteins containing the DNA binding 
domain of Gal4 fused to the N-terminus of RUNX1 wild type or the various N-
terminal deletion mutants were generated. In both the K562 and DG75 cell 
lines, the Gal4/RUNX1 wild type fusion protein was capable of stimulating 
transcription of the Gal4 reporter compared to the Gal4 DNA binding domain 
alone, and the transactivation was gradually decreased for fusion proteins of 
Gal4/RUNX1 with successively larger N-terminal deletions, and was not 
completely abolished until 92 amino acids of the N-terminus were deleted (IV, 
Fig.5 A and B), further supporting that the N-terminus of RUNX1 is a bona 
fide transactivation domain. To analyse if the N-terminus of RUNX1 is an 
independent transactivation domain that can function in the absence of the C-
terminal transactivation domain and the absence of a complete DNA binding 
runt homology domain, constructs expressing chimeric proteins containing the 
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Gal4 DNA binding domain fused to N-terminal segments of various lengths 
from RUNX1 were generated and analysed in cotransfections with the Gal4 
luciferase reporter. In both the K562 and DG75 cell lines, Gal4 DNA binding 
domain/isolated N-terminus fusion proteins transactivated the Gal4 reporter 
more than the Gal4 DNA binding domain alone (IV, Fig. 5 C and D), although 
the transcactivation level was lower than for the chimeric constructs that also 
included the C-terminal transactivation domain. Collectively, the results that N-
terminal deletions led to decreased transactivation by Gal4-RUNX1 fusion 
proteins and that Gal4 fusion proteins containing only N-terminal sequences of 
RUNX1 could activate transcription confirm the presence of a bona fide 
autonomous transactivation domain in the N-terminus of RUNX1. 
 
Effect of mutations in threonine 169 of the runt homology domain on RUNX1 
transcriptional activity. Upon binding of CBFβ to the runt homology domain, 
CBFβ triggers a conformational transition that is important for the DNA 
binding of the runt homology domain. This transition is particularly large in the 
loop formed by tyrosine 162 to isoleucine 166, called the S-switch [129]. 
Threonine 169 (T169) is one of the amino acids between this S-switch and the 
C-terminal DNA-binding loop that starts with valine 170 [129]. T169 has been 
found mutated in human disease and found to be important for DNA binding of 
the isolated runt homology domain [186]. To investigate the role of T169 in 
transactivation by RUNX1, two point mutants of RUNX1, T169D and T169S, 
were generated. The DNA binding in EMSA was severely decreased for the 
T169D mutant, whereas it was much less reduced for the T169S mutant. The 
T169D mutant almost completely lost the ability to stimulate the GM-CSF 
promoter/enhancer even when ∆CN was co-expressed, whereas the T169S 
mutant retained approximately half of the transcriptional level of wild type 
RUNX1 (IV, Fig. 6). Thus, the T169 amino acid between the S-switch and the 
C-terminal DNA-binding loop is important for the transcriptional activity of 
RUNX1.  
 
Effects of N-terminal deletion and T169 point mutation on RUNX1-dependent 
mekarayocytopoietic commitment. RUNX1 is indispensable for development of 
the definitive hematopoietic lineages during embryonic development in vivo 
and during in vitro differentiation of embryonic stem (ES) cells [144, 158]. 
Moreover, an inducible targeting approach in adult hematopoiesis revealed a 
particular importance for RUNX1 in differentiation and maturation of the 
megakaryocyte/platelet lineage [146, 151]. To investigate if the N-terminus 
contributes to the RUNX1 function during the development of definitive 
hematopoietic lineages, the RUNX1 mutants with progressive N-terminal 
deletions were introduced into RUNX1-/- mouse ES cells by retroviral 
transduction. Embryoid Bodies (EBs) were generated from ES cells transduced 
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with control retrovirus, RUNX1 wt cDNA, or the various deletion or point 
mutants. The EB cells were subsequently cultured in IL-3, TPO and Steel 
factor, as these growth factors promote megakaryocyte development from 
hematopoietic progenitor cells. Megakaryocyte development was assessed after 
eight days by May-Grünwald Giemsa staining and by expression of the 
megakaryocyte-specific genes GPIbβ and GPIIIα [116]. The results showed 
that RUNX1-/- ES cells transduced with RUNX1 N-terminal deletion mutant 
retrovirus MSCV-∆N50 or MSCV-∆N57 could also generate megakaryocytes 
upon in vitro differentiation at least as efficiently as ES cells transduced with 
wt cDNA (IV, Figs. 7B, C, D and I). In contrast, no megakaryocyte 
development could be observed upon in vitro differentiation of RUNX1-/- ES 
cells transduced with either of the other two N-terminal deletion mutants, ∆N72 
or ∆N92 (Fig. 7E and F and I). The effect of point mutations near the S-switch 
structure of the runt domain on RUNX1-dependent mekarayocytopoiesis was 
also analysed by introducing the two RUNX1 point mutants T169D and T169S 
into the RUNX1-/- ES cells. The T169D mutant did not promote megakaryocyte 
development from RUNX1-/- ES cells differentiated in vitro (IV, Figs. 7G and 
I), whereas the T169S mutant did (Figs. 7H and I), suggesting that the level of 
transcriptional activity has an effect on RUNX1 functions in hematopoiesis. 
Collectively, these data demonstrate that the residue T169 and much of the N-
terminal part of the runt domain, but not the α-helix or the sequences N-
terminal to it, are essential for normal RUNX1 function in the hematopoiesis of 
ES cells. 
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SUMMARY 
 
1. The N-terminus of RUNX1 contains a second distinct transactivation 
domain.  
 

• The N-terminus and the α-helix of the runt homology domain inhibit DNA 
binding of RUNX1. 
• The N-terminal sequences are required for transactivation by RUNX1, 
RUNX2 and RUNX3.  
• The N-terminal domain of RUNX1 can transactivate in a heterologous Gal4 
system. 
• The N-terminal sequences are not needed for RUNX1 dependent 
megakaryocytopoietic commitment in vitro. 
• Threonine 169 of the DNA binding runt homology domain is essential for 
normal RUNX1 transactivation and RUNX1 function in hematopoiesis. 
 
2. Calcium signaling regulates GM-CSF transcription through CaMK II 
phoshorylation of Ets1. 
 

• Calcium signaling can regulate GM-CSF transcription also negatively and the 
negative regulation is through a calcineurin-independent mechanism. 
• CaMK II target serines in Ets1 are negative for GM-CSF transcription. 
• CaMK II inhibits GM-CSF transcription through Ets1 phoshorylation. 
• CaMK II inhibits Ets1 binding to the GM-CSF promoter. 
 
3. Calcineurin can transactivate GM-CSF transcription synergistically 
with RUNX1, RUNX2 and RUNX3. 
 

• RUNX1 can physically interact with the calcium/calmodulin dependent 
phosphatase calcineurin and recruit calcineurin to the nucleus. 
• Synergistic activation of GM-CSF transcription is dependent on the RUNX1 
binding site in the promoter and the phosphatase activity of calcineurin. 
 
4. RUNX1-recruited calcineurin can activate GM-CSF transcription 
through Ets1 activation. 
 

• An intact Ets1 site in the promoter is required for the transactivation in Jurkat 
T cells. 
• RUNX1-recruited calcineurin can activate GM-CSF transcription through 
counteraction of the protein kinase GSK-3. 
• Ets1 is an in vitro target of calcineurin. Calcineurin can dephosphorylate 
GSK-3-phosphorylated Ets1 in vitro. 
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5. TGF-β inhibition of the GM-CSF promoter by Smad3 interaction with 
Ets1. 
 

• TGF-β/Smad3 signaling inhibits transcription of the GM-CSF promoter, and 
the 3’ part of the GM-CSF promoter is sufficient for inhibition by Smad3. 
• The GM-CSF promoter has Smad3 binding sites around the TATA box near 
an Ets1 site. 
• Smad3 can interact with nearby Ets1 at the GM-CSF promoter. Smad3 
interacts with Ets1 through its DNA binding MH1 domain, and the binding 
constant is 1 µM. 
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