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INTRODUCTION 

Nuclear factor of activated T-cells (NFAT) is a family of Ca2+-regulated 

transcription factors that are activated via dephosphorylation by Ca2+- and 

calmodulin (CaM)-dependent serine/threonine phosphatase calcineurin (CaN). 

The NFAT signaling pathway can be divided into multiple steps: NFAT protein 

dephosphorylation and its translocation to the nucleus, NFAT interaction with 

other nuclear proteins and regulation of its target genes, and NFAT 

rephosphorylation by different kinases that leads to its translocation back to the 

cytosol. Since NFAT proteins need partner proteins to activate transcription, they 

are important integrators of Ca2+ signaling with many other signaling pathways. 

Thus, the NFAT pathway has significant impact on developmental and 

physiological processes that need coordinated responses to different signals. 

30 years ago, NFAT was first discovered in the nucleus of activated T-cells, 

where it was thought to have a role in inducible gene transcription during immune 

response. Hence the name nuclear factor of activated T-cells. Since then, NFAT 

proteins have been shown to be expressed in many tissues and accordingly there 

are many developmental and physiological processes that involve NFAT 

signaling, which include development and regulation of the immune, 

cardiovascular, musculoskeletal, and nervous system. 

In the following text, I will give an overview of the NFAT signaling pathway 

and the structural features of NFAT proteins. I will also cover main 

developmental and functional processes that are regulated by NFAT proteins, 

with an emphasis on their roles in the nervous system. Since NFAT proteins are 

Ca2+-dependent transcription factors, I will first introduce the fundamental 

aspects of intracellular Ca2+ signaling and Ca2+-regulated signaling pathways 

controlling gene expression in neurons. 
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ABBREVIATIONS 

AKAP5 – A-kinase anchoring protein 5 

AKT1 – akt serine/threonine kinase 1 

AMPA – α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

AP-1 – activator protein 1 

ATP – adenosine triphosphate 

BDNF – brain-derived neurotrophic factor 

BHK-21 – baby hamster kidney cells, litter number 21 

bHLH – basic helix-loop-helix 

CaM – calmoduline 

CaMKII and IV – calcium/calmodulin-dependent kinase II and IV 

cAMP – cyclic adenosine monophosphate  

CaN – calcineurin 

CaNA/B – calcineurin catalytic subunit A and B 

CBP – CREB binding protein 

CGN – cerebellar granule neurons 

CK1 – casein kinase 1 

CnBP-A/B – calcineurin binding peptide A and B  

CRE – cyclic adenosine diphosphate ribose respose element 

CREB – cyclic adenosine monophosphate response element-binding protein 

CRM1 – chromosomal maintenance 1 

CsA – cyclosporine A 

DRG – dorsal root ganglion 

DYRK1A/B – dual-specificity tyrosine phosphorylation regulated kinase 1A/B 

EMT – epithelial-mesenchymal transformation 

EP300 – E1A-associated protein p300  

ER – endoplasmic reticulum 

ERK – extracellular signal-regulated kinase 

FASL – Fas ligand 

FK506 – tacrolimus 

GABA – gamma-aminobutyric acid 

GABRA2/4 – gamma-aminobutyric acid receptor subunit alpha-2 and 4 

GATA2, -4 – GATA binding protein 2 and 4  

GSK3β – glycogen synthase kinase 3 beta 

GTP – guanosine triphosphate 

HDAC5 – histone deacetylase 5 

HEK293-FT/T – human embryonic kidney 293-FT and T cells 

HIV-1 – human immunodeficiency virus 1 

HOMER – homer scaffolding protein 

IL-2 – interleukin-2  

IP3 – inositol triphosphate  

IP3R1 – inositol trisphosphate receptor 1 

https://en.wikipedia.org/wiki/Fibroblast
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JNK – c-Jun N-terminal kinase 

LGIC – ligand-gated ionotropic channels 

LTCC – L-type voltage-gated Ca2+ channels  

LTD – long-term depression 

LTP – long-term potentiation 

MAPK – mitogen-activates protein kinase 

MEF2 – myocyte enhancer factor-2 

miR-1, -9, -199b – micro RNA-1, -9, -199b 

NCS – neuronal calcium sensor 

NES – nuclear export signal 

NFAT – nuclear factor of activated T-cells 

NF-κB – nuclear factor kappa-light-chain-enhancer of activated B cells 

NGF – nerve growth factor 

NHR – NFAT homology region 

NLS – nuclear localization signal 

NMDA – N-methyl-D-aspartic acid 

NMDAR – N-methyl-D-aspartic acid-type glutamate receptor 

NPC – neural progenitor cells 

NRON – non-coding repressor of NFAT 

NSC – neural stem cells 

ORAI1-3 – calcium release-activated calcium channel protein ORAI1-3 

PCR – polymerase chain reaction 

PKA – protein kinase A 

PLC – phospholipase C 

PTM – post-translational modification 

RHD – Rel-homology domain 

RSK – ribosome s6 kinase  

RT – reverse transcription 

RyR – ryanodine receptor  

SERCA – sarco/endoplasmic reticulum calcium-adenylpyrophosphatase 

SOC – store-operating Ca2+ channels 

SP – serine-proline 

SR – sarcoplasmic reticulum 

SRR – serine-rich region 

SUMO1-5 – small ubiquitin-like modifier 1-5 

TAD-N/C – amino/carboxy-terminal transactivation domain 

TBI – traumatic brain injury 

TRIM17 – tripartite motif containing 17 

TRKA/B – tropomyosin receptor kinase A and B 

TRPC – transient receptor potential channels 

VEGF – vascular endothelial growth factor 

VGCC – voltage-gated Ca2+ channels 
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REVIEW OF THE LITERATURE 

 

A large number of cellular processes are controlled by Ca2+ signaling. One of 

such processes is the activation of Ca2+-dependent transcription, which extends 

the impact of Ca2+ signaling into long-term cellular changes. In the first part of 

the review of the literature, I will give an overview of intracellular Ca2+ signaling 

and components of its toolkit, since the main protein of interest of this thesis, 

nuclear factor of activated T-cells (NFAT), is a Ca2+-regulated transcription 

factor. Furthermore, since the emphasis of this thesis is on the regulation of NFAT 

proteins in the nervous system, I will cover the main Ca2+-regulated signaling 

pathways controlling gene expression in neurons. In the second part of the 

literature review, I will focus on the NFAT proteins themselves. I will describe 

the NFAT signaling pathway, the structural features of NFAT proteins, and 

NFAT functions in neuronal and non-neuronal tissues. 

1. Intracellular Ca2+ signaling – a brief overview 

 

Ca2+ is a remarkable versatile intracellular messenger that is capable of decoding 

extracellular stimuli to different intracellular actions. Signal Ca2+ is derived either 

from extracellular space or from internal stores, such as the endoplasmic 

reticulum (ER) or the sarcoplasmic reticulum (SR) in muscle cells. There are 

three main types of channels that are capable of mediating Ca2+ influx from 

extracellular space: (i) voltage-gated Ca2+ channels (VGCCs); (ii) ligand-gated 

ionotropic channels (LGICs); and (iii) store-operated Ca2+ channels (SOCs). 

Intracellular Ca2+ release is mediated by the inositol trisphosphate receptor (IP3R) 

and ryanodine receptor (RyR) channels on the ER/SR of most cell types and is 

controlled by Ca2+ itself or by other messengers. Examples of such messengers 

include inositol trisphosphate (IP3), cyclic adenosine diphosphate-ribose, 

nicotinic acid adenine dinucleotide phosphate, or sphingosine (reviewed in 

Nowycky and Thomas 2002; and Brini et al. 2014).  

 In all excitable cells, membrane depolarization activates Ca2+ influx via 

VGCCs, which, based on their tissue distribution and pharmacological properties, 

belong to three main subfamilies: Cav1.1-1.4, i.e. L-type Ca2+ channels; Cav2.1-

2.3, i.e. P/Q/N/R-type Ca2+ channels; and Cav3.1-3.3, i.e. T-type Ca2+ channels. 

All these VGCC family members mediate a selected roles in signal transduction 

that include contraction of muscle cells, secretion of hormones in endocrine cells, 

regulation of gene expression, and initiation of synaptic transmission in neurons 

(reviewed in Catterall 2011).  

Most numerous and varied voltage-independent Ca2+-permeable channels are 

LGICs, that are a group of transmembrane ion channel proteins, which, when 
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activated by a ligand, allow Na+, K+, Ca2+, and/or Cl- ions to pass through the 

membrane resulting in a change in intracellular ion concentration. Thus, LGICs 

are able to convert an extracellular chemical signal into an intracellular electrical 

signal. The Ca2+ permeable LGICs include N-methyl-D-aspartic acid (NMDA), 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainate, 

acetylcholine, serotonin, and adenosine triphosphate (ATP) receptors (reviewed 

in Nowycky and Thomas 2002).  

In all metazoans, SOCs are the major Ca2+ entry pathway in both electrically 

excitable and non-excitable cells, in which SOCs are activated by the depletion 

of Ca2+ from the intracellular Ca2+ stores. In general, binding of an extracellular 

agonist to its receptor, such as G-protein-coupled receptor or receptor tyrosine 

kinase, activates phospholipase C (PLC) through a G protein or tyrosine kinase, 

respectively. PLC then cleaves phosphatidylinositol 4,5-bisphosphate to 

diacylglycerol and IP3, which releases Ca2+ from ER through IP3R. The reduction 

of Ca2+ in ER activates Ca2+ sensory proteins named stromal interaction molecule 

1 or 2 located in the ER membrane, which then tether and activate highly Ca2+-

selective ion channels named Ca2+ release-activated Ca2+ channel protein ORAI 

(ORAI1-3) located in the plasma membrane. Experimentally, SOCs can be 

activated with agents that directly deplete Ca2+ stores, such as thapsigargin, an 

inhibitor of sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) pumps that 

restore ER/SR Ca2+ stores; ionomycin, that releases Ca2+ from the ER; or Ca2+ 

chelator acidegtazic acid (reviewed in Prakriya and Lewis 2015).  

Another large superfamily of ion channels named the transient receptor 
potential channels (TRPCs) is a diverse group of non-selective, Ca2+-permeable 
cation channels localized in the plasma membrane. TRPCs have polymodal 
activation properties, since some act as SOCs by mediating Ca2+ entry in response 
to depletion of intracellular stores or activation of the PLC system, others are 
activated by changes in voltage, temperature, pressure, osmolarity, or some 
natural or chemical compounds. TRPCs can also form heteromultimers, which 
further alters their preferred mode of action (reviewed in Venkatachalam and 
Montell 2007; and Nilius and Owsianik 2011).  

Since Ca2+ plays a pivotal role in the survival, proliferation and growth of all 
cells, Ca2+ homeostasis must be tightly regulated for cells to function properly. 
After the Ca2+ transient induced by cell stimulation, the plasma membrane 
Na+/Ca2+ exchanger and plasma membrane Ca2+ ATPase together with SERCA 
and the mitochondrial Ca2+ uniporter help to restore resting cytosolic Ca2+ and 
therefore play a key role in controlling the intracellular Ca2+ homeostasis 
(reviewed in Brini and Carafoli 2011). 

All these different sources of Ca2+ influx can contribute to local cytoplasmic 
high Ca2+ concentration microdomains in the immediate vicinity of the Ca2+ entry 
sites. These microdomains enable the cell to regulate different processes within 
localized regions of the cell, which, for example, is needed for the regulation of 
contraction and relaxation of muscle cells or for the regulation of 
neurotransmitter release in the synaptic terminals of neurons. 
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1.1. Ca2+-regulated signaling pathways controlling gene expression in 

neurons 

 

From spontaneous activity-driven neuronal differentiation to experience-

dependent maturation of complex neural networks, intracellular Ca2+ transients 

are the driving force, which leads to changes in gene expression that are needed 

for the proper development and functioning of the nervous system. Therefore, 

neuronal activity-dependent gene expression can be also referred to as Ca2+-

dependent gene expression. In order to outline Ca2+-regulated signaling pathways 

that activate transcription in neurons, I will give an overview of the molecular 

mechanisms by which Ca2+-dependent transcription factors are regulated. 

Dependent on the stimulus, changes in the intracellular Ca2+ concentration 

could range from highly localized and transient Ca2+ microdomains to longer 

lasting and global changes throughout the neuron, and thereby, they have 

different physiological outcomes. A good example is the regulation of long-term 

potentiation (LTP) and long-term depression (LTD), in which patterns of Ca2+ 

concentration elevation have the opposite result: LTP is triggered by brief 

increases (few seconds) of Ca2+ with high magnitude, whereas prolonged modest 

rises in Ca2+ results in LTD (Yang et al. 1999). This is possible due to the 

functions of Ca2+-binding proteins that act as Ca2+ sensors, such as synaptotagmin 

I, annexins, calmodulin (CaM), and members of the Ca2+-binding protein and 

neuronal Ca2+ sensor (NCS) protein families, that differ in their spatiotemporal 

expression patterns, Ca2+ affinity, and binding partners. The myriad of functions 

of these proteins ranges from direct regulation of exocytosis of neurotransmitter-

containing synaptic vesicles to modulation of various ion channels and receptors 

(reviewed in Burgoyne and Haynes 2015).  

However, as mentioned, Ca2+ influx to the cell is also the driving force that 

leads to changes in gene expression. One possibility is that elevated Ca2+ can 

directly bind to a transcriptional regulator, as has been shown for the NCS family 

member calsenilin/downstream regulatory element antagonist modulator, which 

when not bound to Ca2+ acts as a transcriptional repressor by interacting with a 

specific DNA element (Carrión et al. 1999). More commonly, Ca2+ regulates gene 

expression indirectly by acting via the ubiquitously expressed Ca2+-binding 

effector protein CaM. Ca2+ bound CaM contributes to a number of transcriptional 

pathways via activation of Ca2+/CaM-dependent kinases (CaMKs) or the 

phosphatase calcineurin (CaN; also named protein phosphatase 2B, PP2B) that 

leads to either phosphorylation or dephosphorylation of their corresponding 

substrates, respectively. In neurons, for example, both CaMKII and CaMKIV can 

phosphorylate cyclic adenosine monophosphate (cAMP) response element 

(CRE) binding protein (CREB) (Matthews et al. 1994; Sun et al. 1994). In 

addition, CaMKII has been shown to phosphorylate histone deacetylase 5 

(HDAC5) (Linseman et al. 2003), the basic helix-loop-helix (bHLH) 
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transcription factor NeuroD (Gaudillière et al. 2004) and methyl-CpG-binding 

protein 2, and CaMKIV has been shown to phosphorylate the bHLH transcription 

factor NeuroD2 (Ince-Dunn et al. 2006) and the histone acetyltransferase CREB 

binding protein (CBP) (Chawla et al. 1998). Target proteins of CaN are members 

of the MADS-box protein myocyte enhancer factor 2 (MEF2) (Flavell et al. 2006) 

and NFAT family proteins (Flanagan et al. 1991; Graef et al. 1999).  

Intracellular signaling pathways often form complex networks. An important 

aspect that significantly influences Ca2+-mediated crosstalk between different 

signaling pathways in neurons is the route by which Ca2+ enters the cell. For 

example, the activation of CREB, a prototypical signal-regulated transcription 

factor in neurons, is different if it is initiated by Ca2+ entry through NMDA-type 

glutamate receptors (NMDARs) or VGCCs (Bading et al. 1993). The 

transcriptional activity of CREB was first described to be activated by adenylyl 

cyclase/cAMP/protein kinase A (PKA) signaling via phosphorylation of its serine 

133 (S133), which is required for the recruitment of the co-activator CBP to CRE-

bound CREB (Montminy and Bilezikjian 1987; Gonzalez and Montminy 1989; 

Chrivia et al. 1993). However, in neurons, neuronal activity-dependent activation 

of CREB occurs predominantly via CaMK and Ras/Raf/mitogen-activated 

protein kinase (MAPK)/extracellular signal-regulated kinase (ERK)/ribosomal s6 

kinase (RSK) signaling cascades, which can be activated by Ca2+ entry via both 

NMDAR and VGCCs (Xia et al. 1996; Dolmetsch et al. 2001). A study of the 

kinetics of the activity-dependent CREB phosphorylation has revealed that 

activation of the CaMK pathway results in fast, but transient phosphorylation of 

CREB, while phosphorylation of CREB via RSK is slower, but more sustained 

(Wu et al. 2001). CaMKIV has also been shown to phosphorylate CREB at S133, 

and thereby, it plays an important role in the S133-mediated CBP recruitment 

(Bito et al. 1996). Although Ca2+ influx via both VGCC and NMDAR results in 

activation of the CaMK signaling pathway, only Ca2+ entry through VGCCs, that 

results in increase in nuclear Ca2+ concentration, can activate CaMKIV that is 

predominantly located in the nucleus (Hardingham et al. 1997; Chawla et al. 

1998). Ca2+ microdomains at the sites of Ca2+ entry at the mouth of the activated 

VGCCs and NMDARs lead to increases in the levels of Ras-guanosine 

triphosphate (GTP) that eventually results in activation of CREB by RSK kinase 

(Hardingham et al. 2001). However, fast but weak CREB phosphorylation by 

nuclear CaM/CaMKIV primes CREB for a prolonged transcriptionally active 

state mediated by MAPK/ERK signaling (Wu et al. 2001), or for faster and less 

specifically VGCC-dependent CREB activation after subsequent stimulation 

(Mermelstein et al. 2001). In either case, CREB could be activated by a variety 

of extracellular signals (reviewed in Johannessen et al. 2004), which enables 

CREB-dependent transcription to regulate a number of biological functions from 

activity-dependent synaptic plasticity that underlies learning and memory 

formation to trophic factor-dependent neuronal survival (reviewed in Alberini 
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2009; and Walton and Dragunow 2000). However, neuronal activity-dependent 

gene regulation underlying proper development and functioning of the nervous 

system is not simply a bidirectional process of transcription factor activation and 

inactivation, but requires a coordinated activation of multiple transcription 

factors. One example, that I will discuss in more detail in the following text, 

would be the regulation of NFAT-dependent transcription where cooperative 

binding of nuclear partner proteins is needed to initiate transcription.  

2. NFAT family of transcription factors 

 

NFAT is a family of transcription factors evolutionary related to the Rel/NF-κB 

family (Chytil and Verdine 1996). It includes four classical members named 

NFATc1 (also named NFATc or NFAT2) (Northrop et al. 1994), NFATc2 

(NFATp, NFAT1) (McCaffrey et al. 1993), NFATc3 (NFATx, NFAT4) (Masuda 

et al. 1995; Hoey et al. 1995), NFATc4 (NFAT3) (Hoey et al. 1995), and an 

atypical member NFAT5 (tonicity element binding protein, osmotic response 

element binding protein, or NFATz) (Lopez-Rodríguez et al. 1999; Miyakawa et 

al. 1999; Pan et al. 2000). Although NFAT5 shares DNA-binding specificity with 

NFATc1-c4, NFAT5 does not cooperate with well-known NFATc1-c4 

transcriptional partner proteins. Moreover, the activity of NFATc1-c4 proteins is 

controlled by Ca2+ and the Ca2+-dependent protein phosphatase CaN, but NFAT5 

is regulated by changes in osmotic tension (Lopez-Rodríguez et al. 1999). 

Therefore, as the study in hand is focusing on the classical Ca2+/CaN regulated 

NFAT proteins, I will not discuss the atypical member NFAT5 in more detail 

here. 

2.1. Overview of the NFAT signaling pathway 

 

The NFAT signaling pathway can be divided into multiple steps: (i) NFAT 

dephosphorylation by the Ca2+-dependent protein phosphatase CaN and its 

translocation to the nucleus; (ii) NFAT binding to DNA and interaction with other 

nuclear proteins to regulate its target genes; (iii) NFAT rephosphorylation by 

various kinases and its translocation back to the cytosol (Figure 1).  
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Figure 1. Schematic overview of the NFAT signaling pathway.  

See text for details. CaM – calmodulin; CK1 – casein kinase 1; ERK – extracellular 

signal-regulated kinase; GSK3 – glycogen synthase kinase 3; JNK – c-Jun N-terminal 

kinase; NFAT – nuclear factor of activated T-cells; NFATn – nuclear partner protein of 

NFAT; p38 – p38 kinase. 

 

NFAT proteins are highly modified by phosphorylation, which keeps them 

inactive in the cytoplasm. The activation of NFAT proteins is regulated by Ca2+- 

and CaM-dependent serine/threonine phosphatase CaN, a protein that is widely 

distributed in mammalian tissues with the highest levels found in the brain (Klee 

et al. 1979; Jiang et al. 1997; Kincaid et al. 1987). CaN holoenzyme is a 

heterodimer that consists of a ~60 kDa catalytic subunit A (CaNA) and of a 19 

kDa regulatory subunit B (CaNB) (reviewed in Nygren and Scott 2016). CaNA 

subunit contains four domains: catalytic, CaNB-binding, CaM-binding, and 

autoinhibitory domain. In a resting cell, where concentration of Ca2+ is low, the 

autoinhibitory domain of CaNA is bound to the active site cleft of the catalytic 

domain of CaNA, keeping CaN in an inactive form (reviewed in Klee et al. 1998). 

Activation of CaN requires the participation of two distinct EF-hand Ca2+-binding 

motifs-containing proteins, CaNB and CaM. Signaling pathways that lead to a 
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rise in intracellular Ca2+ cause Ca2+ binding to CaNB that results in a 

conformational change, which allows Ca2+-dependent binding of CaM to CaNA, 

displacing of the autoinhibitory domain, and switching on CaN catalytic activity 

(Reviewed in Li et al. 2011a). Activated CaN mediates dephosphorylation of 

NFAT proteins, which results in rapid nuclear import of the NFATs (reviewed in 

Rao et al. 1997). Both CaN and activated NFAT are translocated to the nucleus 

where CaN helps to maintain the nuclear localization of NFAT, meaning that the 

activation of NFAT requires a sustained increase of intracellular Ca2+ and CaN 

activity (Loh et al. 1996; Shibasaki et al. 1996; Al-Daraji et al. 2002). 

NFAT proteins are transcription factors, thus they bind DNA and regulate their 

target gene expression in the nucleus. Unlike the evolutionarily related nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB) protein that forms 

an obligate dimer in solution and on DNA, classical Ca2+/CaN regulated NFAT 

proteins are monomeric in solution and can also bind DNA as monomers. 

However, this monomeric DNA binding is weak and in order to regulate 

transcription of their target genes, the NFAT family members need a partner 

(sometimes referred as NFATn). Therefore, the functional NFAT recognition 

sequence (GGAAA) is mostly positioned to close proximity of a DNA element 

capable of binding NFAT partner proteins (reviewed in Rao et al. 1997; Hogan 

et al. 2003; Natoli et al. 2005; and Macian 2005). The best-studied binding 

partners for NFATs are activator protein 1 (AP-1) proteins. AP-1 transcription 

factors are proteins of the basic leucine zipper transcription factor families Jun 

(cJun, JunB and JunD) and Fos (cFos, FosB, Fra1 and Fra2) that form homo- or 

heterodimers via their leucine zipper domain and bind to AP-1 regulatory 

elements via their conserved basic region (reviewed in Chinenov and Kerppola 

2001). Antigen receptor–response element sites of the interleukin-2 (IL-2) 

promoter are probably the best-characterized examples where individual binding 

of NFAT and AP-1 proteins to their binding sites have relatively high dissociation 

rates, whereas cooperative binding of all three proteins to the composite site 

forms a strong and stable complex (Jain et al. 1993; Peterson et al. 1996; Chen et 

al. 1998). Furthermore, in order to form NFAT-AP-1 complexes, coordinate 

activation of different signaling pathways is necessary. NFAT activation requires 

activation of Ca2+/CaN signaling, while different signaling pathways that involve 

protein kinase C, PKA, cyclin-dependent kinases, and MAPKs induce the activity 

of AP-1 proteins by posttranslational phosphorylation (reviewed in Macián et al. 

2001 and; Pérez-Cadahía et al. 2011). Although NFAT proteins are present only 

in vertebrates, all the known NFATn proteins are also present in invertebrates 

(reviewed in Crabtree and Olson 2002), which diversifies NFAT function by 

integrating NFAT signaling pathway with many evolutionarily older signaling 

pathways. 

The nuclear localization and activity of NFAT proteins is dependent upon the 

sustained activity of Ca2+/CaN pathway, which is required to oppose several 
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serine/threonine-specific protein kinases that act either in the nucleus by 

rephosphorylating NFATs and promoting their rapid nuclear export, or in the 

cytoplasm to maintain the NFATs' phosphorylated state (reviewed in Zhu and 

McKeon 2000). Protein kinases that have been shown to phosphorylate NFAT 

proteins and to counteract their nuclear localization and activation include JNK 

(Chow et al. 1997), p38 kinase (Gómez del Arco et al. 2000), ERK (Porter et al. 

2000), glycogen synthase kinase 3 (GSK3) (Beals et al. 1997b), and casein kinase 

1 (CK1) (Zhu et al. 1998). In the absence of sustained CaN activity, NFAT 

proteins are rapidly rephosphorylated, which leads to relocation of NFAT to the 

cytoplasm (Okamura et al. 2000). Therefore, NFAT isoform-specific subcellular 

localization and activity is very much influenced by kinases that are available in 

certain cell types and/or active under specific conditions.  

2.2. Modulators of the NFAT signaling pathway 

 

As discussed, NFAT signaling pathway involves a coordinated action of CaN, 

nuclear partner proteins, and specific kinases. However, there are a number of 

modulatory mechanisms that are involved in the precise regulation of different 

NFAT family members in response to specific signaling inputs. Here I will cover 

the most important of these. 

NFAT activity has been shown to be regulated by sumoylation, a lysine-

targeted post-translational modification (PTM) by which the members of the 

small ubiquitin-like modifier (SUMO1-5) family are covalently bound to target 

proteins. Similarly to ubiquitination, SUMO conjugation to targets is achieved by 

three enzymatic steps catalyzed by activating enzyme E1 (SUMO-activating 

enzyme subunit 1 and 2 heterodimer in mammals), conjugating enzyme E2 (a 

single SUMO-conjugating enzyme UBC9), and various E3 SUMO ligases, which 

help to improve SUMO conjugation and substrate selection. Sumoylation is a 

highly dynamic process, where deconjugation of SUMO is performed by SUMO 

proteases (nine in mammals), which differ in their subcellular localization and 

specificity towards SUMO paralogs. The functional consequences of 

sumoylation are substrate specific, but often result in altered activity, stability, or 

subcellular localization. In case of transcription factors, sumoylation is generally 

associated with reduced or repressed transcription, which is achieved by 

sumoylation-dependent recruitment of HDACs (reviewed in Rosonina et al. 

2017). It has been shown that sumoylation of NFATc1 represses its 

transcriptional activity by recruiting HDACs to IL-2 promoter (Nayak et al. 

2009). Less frequently, sumoylation of transcription factors mediates increased 

transcriptional activity by promoting recruitment or association with coactivators, 

or by influencing transcription factor localization or abundance (reviewed in 

Rosonina et al. 2017). Terui and colleagues found that sumoylation of mouse 

NFATc2 positively regulates its transcriptional activity by increasing its nuclear 
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retention in BHK-21 (baby hamster kidney cells, litter number 21) fibroblasts 

(Terui et al. 2004). Sumoylation of NFATc3 mediates its interaction with 

tripartite motif containing 17 (Trim17) protein, an E3 ubiquitin ligase necessary 

for neuronal apoptosis, and this interaction prevents nuclear localization and 

transcriptional activity of NFATc3 in primary cerebellar granule neurons (CGNs) 

(Mojsa et al. 2015). Although sumoylation has been shown to influence other 

types of lysine-targeted PTMs on transcription factors and Trim17 is a known 

ubiquitin ligase, interaction with Trim17 dose-dependently increased the protein 

levels of NFATc3 rather than mediated NFATc3 ubiquitination/degradation, 

interaction with (reviewed in Rosonina et al. 2017; Lassot et al. 2010; Mojsa et 

al. 2015). Moreover, even though sumoylation and phosphorylation has been 

shown to interfere with each other at nearby residues on transcription factors 

(reviewed in Wilkinson and Henley 2010) and NFAT proteins are considered 

heavily phosphorylated, crosstalk between sumoylation and phosphorylation in 

NFATs has not been reported.  

Additional lysine-targeted PTMs such as acetylation and ubiquitination have 

shown to add an additional layer to the regulation of NFAT activity. 

Acetylation of two sites in NFATc1 by E1A-associated protein p300 (EP300) has 

been shown to enhance transcriptional activity of NFATc1 in myoblasts 

(Meissner et al. 2011). It is to be noted that one of these acetylation sites is 

conserved between NFATc1-c4 family members across several species, which 

indicates that NFAT acetylation by EP300 might be a general mechanism for 

regulating NFAT activity. During osteoclast differentiation, NFATc1 acetylation 

contributes to the stability and transcriptional activity of NFATc1 in early-stage 

osteoclastogenesis, whereas in late-stage osteoclastogenesis, ubiquitination 

targets NFATc1 for degradation (Kim et al. 2010; Kim et al. 2011). Although, 

Kim and colleagues did not pinpoint the exact modified residues, it is possible 

that both of these modifications target the same residues and there is a regulatory 

crosstalk between acetylation and ubiquitination of NFATc1 during osteoclast 

differentiation. Crosstalk between different PTMs occurs also in the case of 

NFATc4, since GSK3-dependent phosphorylation of NFATc4 has been shown to 

trigger its ubiquitin-mediated proteolysis in cardiac myocytes (Fan et al. 2008). 

The activity of NFAT proteins is also associated with large protein-protein or 

protein-RNA complexes that directly inhibit NFAT translocation and activity. 

For example, cytoplasmic NFAT has been found to form a complex with a long 

non-coding RNA named non-coding repressor of NFAT (NRON) and 11 

additional proteins. Among them are CaM, CaM-binding scaffolding protein IQ 

motif containing GTPase activating protein 1, and kinases such as CK1, GSK3, 

and dual-specificity tyrosine phosphorylation regulated kinase (DYRK) 

(Willingham et al. 2005; Sharma et al. 2011). Liu and colleagues have found that 

the kinase leucine-rich repeat kinase 2, a major susceptibility gene for Crohn’s 

disease and Parkinson's disease (reviewed in Lewis and Manzoni 2012), 
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negatively regulates NFAT-dependent innate immune responses in myeloid cells 

not by phosphorylating NFAT but by modulating the NRON complex in response 

to inducers such as lipopolysaccharide (Liu et al. 2011). However, the exact 

mechanism how this modulation occurs remains to be determined. Huang and 

colleagues showed that the homer scaffolding protein (HOMER) negatively 

regulates NFAT activation by competing with CaN for NFAT binding in resting 

T-cells (Huang et al. 2008). In addition, HOMER proteins are known to have a 

regulatory role in the maintenance of Ca2+ homeostasis by regulating a number of 

Ca2+-handling proteins (reviewed in Jardin et al. 2013). During skeletal muscle 

differentiation, HOMER proteins have shown to enhance NFAT-dependent 

signaling by binding to RyR and increasing RyR-dependent Ca2+ release, whereas 

IP3R-dependent Ca2+ release, which promotes NFAT nuclear exit, is suppressed 

by HOMER (Stiber et al. 2005). A scaffolding protein named A-kinase anchoring 

protein 5 (AKAP5) has also been shown to couple Ca2+ entry with NFAT activity 

by linking PKA and CaN to L-type voltage-gated Ca2+ channels (LTCC) for 

localized activation and release of CaN from the complex to bind and activate 

NFAT upon depolarization in neurons (Li et al. 2012; Murphy et al. 2014; 

Dittmer et al. 2014). In addition, several proteins that inhibit CaN activity such 

as CaN-binding protein 1, CaNB homologous protein, and regulator of CaN have 

been shown to negatively regulate NFAT activity (reviewed in Lee and Park 

2006).  

A number of miRNAs have been shown to target components of the 

CaN/NFAT signaling pathway and thereby regulate NFAT activity. In heart 

development, miR-1 has been shown to regulate cardiomyocyte growth responses 

by negatively regulating NFAT signaling pathway via targeting CaM (Ikeda et 

al. 2009). miR-199b is involved in a NFATc2-dependent pathogenic feed-

forward mechanism by targeting nuclear kinase DYRK1A and promoting NFAT 

signaling in mouse and human heart failure (da Costa Martins et al. 2010). In 

stimulated human T-cells, miR-9 enhances NFAT activity and promotes IL-2 

production by targeting nuclear kinase DYRK1B and a nuclear transport factor  

karyopherin subunit beta 1, that have been shown to interact with NRON 

(Willingham et al. 2005; Zeng et al. 2015). A recent comprehensive pathway 

level analysis combining experimental data with computational predictions 

identified 191 miRNAs targeting 23 members of the CaN/NFAT signaling 

pathway in human immune cells and 32 miRNAs potentially induced by 

NFATs in activated T-cells (Kannambath 2016). Although these results need 

further experimental validation, this study illustrates the possible complexity 

that miRNAs can add to the modulation of the CaN/NFAT signaling pathway. 

In addition to cellular modulators of the NFAT signaling pathway, some 

pharmacological drugs are known to inhibit CaN phosphatase activity and 

prevent activation of NFAT. These include immunosuppressants called 

cyclosporine A (CsA) and tacrolimus (FK506), which bind to their intracellular 
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receptors, immunophilins cyclophilin A and FK-binding protein 12, respectively. 

The drug-immunophilin complex binds to CaN at the interface of the two CaN 

subunits, the catalytic subunit A and the regulatory subunit B, and blocks the 

access of protein substrates to the active site of CaN, thereby inhibiting its 

phosphatase activity. However, the interaction of endogenous inhibitors with 

CaN is not affected by the drug-immunophilin complex, indicating that their 

binding regions are distinct (reviewed in Lee and Park 2006). CsA and FK506 

are the inhibitors most frequently used experimentally for investigating the NFAT 

signaling pathway, and clinically, as immunosuppressants in treatments 

involving cell or organ transplantation (Scott et al. 2003; reviewed in Duncan and 

Craddock 2006). Furthermore, an inhibitory peptide VIVIT, more selective for 

NFAT inhibition than CsA or FK506, was developed to specifically interfere with 

the CaN-NFAT interaction without affecting CaN phosphatase activity 

(Aramburu et al. 1999). A cell penetrating peptide from the human transcription 

factor Sim-2 conjugated to VIVIT has been shown to have a clinical potential as 

an immunosuppressive agent in inflammatory diseases (Choi et al. 2012). 

2.3. Structural features of NFAT proteins and their implications  

 

All four Ca2+/CaM-regulated NFAT proteins consist of three distinct domains – 

the NFAT homology region (NHR), the Rel‐homology domain (RHD), and the 

C‐terminal domain (Figure 2). The NHR contains an amino-terminal 

transactivation domain (TAD-N) and a regulatory domain, which is responsible 

for NFAT activation and translocation; the RHD is responsible for interaction 

with DNA and NFAT partner transcription factors, thereby regulating target gene 

expression; the C-terminal domain resides a carboxy-terminal transactivation 

domain (TAD-C) (reviewed in Macian 2005). 

 

 
 

Figure 2. Schematic representation of the primary structure of NFAT proteins. 

The location of each motif is well conserved among the NFAT proteins, except for the 

ones marked with asterisks. See text for further details. CnBP-A/B – calcineurin binding 

peptide A and B; SRR – serine-rich region; SP-1-3 – serine-proline motif 1-3; NLS – 

nuclear localization signal; NES – nuclear export signal; TAD-N/C – amino/carboxy-

terminal transactivation domain. 

 

NFAT proteins have two distinct CaN-binding sites, both located in the 

regulatory domain (Figure 2.). Aramburu and colleagues were the first to identify 

a conserved sequence motif of NFAT (PxIxIT), called CaN binding peptide A 

(CnBP-A), that is critical for effective recognition and dephosphorylation of 
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NFAT proteins by CaN (Aramburu et al. 1998). The non-conserved amino acids 

(x) in PxIxIT are thought to modulate the interaction between NFAT and CaN 

under different physiological conditions (Li et al. 2007). Later, another CaN 

binding site of NFAT (LxVP) was discovered, called CnBP-B, which synergizes 

with the previously identified docking site CnBP-A to increase the overall 

binding affinity for CaN (Park et al. 2000). CnBP-B has been shown to have 

different CaN binding potencies among the NFAT family members, which 

enables distinct regulation of different NFATs in the same cell type (Martínez-

Martínez et al. 2006). 

The regulatory domain of all NFAT proteins contains an extended serine-rich 

region (SRR) with the characteristic sequence (SP)1-2x(S)2-3xSSxSxxS[D/E] and 

three serine-proline (SP) motifs (SP-1, SP-2, and SP-3) with the characteristic 

sequence (SPxx)1-4xxx[D/E]1-2. The serines in these motifs are phosphorylated in 

resting cells and dephosphorylated during NFAT activation by CaN. Between the 

second and the third SP motif lies a conserved monopartite nuclear localization 

signal (NLS) (PxxKR[K/R]xS) that is exposed by dephosphorylation of SRR and 

SP motifs (reviewed in Kiani et al. 2000). Okamura and colleagues have shown 

that dephosphorylation of at least thirteen conserved serines out of twenty one 

that are phosphorylated in resting cells is required for full exposure of the NLS 

in the regulatory domain and masking of the nuclear export signal (NES) of the 

NFATc2 protein (Okamura et al. 2000). Outside of the regulatory domain lies a 

second conserved monopartite NLS (NG[K/R]RK[K/R]SxxQ) that is located 

within the RHD of NFAT proteins (Masuda et al. 1995). The two conserved NLSs 

are partially redundant in their function, since both of these NLSs have to be 

mutated to block nuclear entry of NFAT in response to Ca2+ elevation (Beals et 

al. 1997a). 

NES motifs are not as clearly conserved among the different NFAT family 

members as are the NLS motifs. For example, Kiani and colleagues have pointed 

out that a NES located in the C-terminus of the NHR is conserved in NFATc1 

and NFATc2 but not in NFATc3 and NFATc4, and a NES located in the N-

terminus of the regulatory domain of NFATc3 is not conserved in 

other NFAT family proteins (reviewed in Kiani et al. 2000). Nuclear export of 

NFAT proteins is mediated by multiple nucleocytoplasmic shuttling factors, 

including Ran-GTPase and the nuclear export receptor chromosomal 

maintenance 1 (CRM1) (Kehlenbach et al. 1998). On NFATc3, however, binding 

of CaN and CRM1 is mutually exclusive because the NES located in the N-

terminus of the regulatory domain overlaps with the CnBP-A motif. Thus, CaN 

binding abolishes NFATc3 nuclear export by CRM1 (Zhu and McKeon 1999). 

In any case, all in all the NFAT proteins can exist in at least two alternative 

conformations – one form in which the NLS is exposed and the NES is masked 

or vice versa. These different conformations are achieved via dephosphorylation 

or phosphorylation, respectively (Okamura et al. 2000).  

Kinases that are important for NFAT cytoplasmic maintenance or rapid nuclear 

export can recognize and phosphorylate different motifs in NFAT proteins. For 

example, GSK3 phosphorylates SP-2 and SP-3 motifs (Beals et al. 1997b). 
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MAPKs p38 and JNK phosphorylate serines at the SRR (Chow et al. 2000; Yang 

et al. 2002). DYRK1A and DYRK2 phosphorylate the SP-3 motif of NFATc2 

and therefore prime it for the subsequent phosphorylation by GSK3 and CK1 at 

SP-2 and SRR motifs, respectively (Gwack et al. 2006). Similarly, previous 

phosphorylation of serines in the SP-2 and SP-3 motifs and a serine just adjacent 

to the NLS located in the regulatory domain of NFATc1 by PKA is needed for 

its further phosphorylation by GSK3 (Sheridan et al. 2002).  

The NFAT family of proteins is thought to have arisen approximately 500 

million years ago from a common precursors with the Rel domain (Wu et al. 

2007). Therefore each of the NFAT proteins contains a highly conserved DNA-

binding domain in the N-terminal half of the RHD (reviewed in Rao et al. 1997). 

Despite the fact that the RHDs of NFAT proteins are only 18-20% identical to 

the Rel domain of NF-κB p50 (Graef et al. 2001c), their overall structural motifs 

governing DNA binding are very similar to other Rel family RHD domains (Jain 

et al. 1995). Within the Rel-family proteins, the RHD contains the conserved 

DNA recognition loop (RFRYxCEG) that in the NFAT family proteins is 

RAHYETEG, in which each of the underlined residues make a contact with DNA 

at the NFAT recognition site (Jain et al. 1995; Chen et al. 1998). Interestingly, 

mutating the histidine to arginine (as in NF-kB p50) in the DNA recognition 

sequence of NFAT proteins increases DNA binding affinity, which means that 

there has been a strong evolutionary selection for weak DNA binding of NFAT 

proteins (Wu et al. 2007). This means, in turn, that the NFAT partner proteins are 

required to increase its DNA binding energy (reviewed in Rao et al. 1997; Chen 

et al. 1998). The structures of monomeric NFAT-DNA complexes have revealed 

that a highly conserved nine amino acid linker located within the RHD provides 

conformational flexibility that allows many surfaces of the RHD domain to 

interact with different transcription factors (Stroud and Chen 2003). In addition 

to the previously mentioned AP-1 proteins, nuclear partners for NFAT that 

belong to different families of transcription factors include GATA binding 

proteins (GATA), MEF2 proteins, Sry-related HMG box containing SOX 

proteins, and many more (Kao et al. 2009; Singh et al. 2015; reviewed in 

McKinsey et al. 2002; Hogan et al. 2003; and Mognol et al. 2016). Therefore, 

NFAT-dependent gene regulation involves a coordinated action of many 

signaling pathways, although it is also possible that the partner for NFAT can be 

another NFAT protein. For example, NFAT homo- or heterodimers have been 

shown to bind NF-κB-like NFAT sites, such as in the tumor necrosis factor alpha, 

IL8, and Grail gene promoters, and in the HIV-1 long terminal repeat (McCaffrey 

et al. 1994; Giffin et al. 2003; Jin et al. 2003; Falvo et al. 2008; Bates et al. 2008; 

Soto-Nieves et al. 2009). 

The highly conserved RHD of NFAT proteins allows them to bind to the same 

DNA sequence and interact with common partner proteins. Therefore, different 

NFATs have some redundancy in their functions as can be concluded from 

knock-out studies (reviewed in Hogan et al. 2003). However, NFATs have also 

non-redundant roles, which could be partially explained by the less conserved 

TADs located in the N- and C-terminal regions of NFAT proteins. As said, the 
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TADs are not conserved but are recognizable in different NFATs. For example 

the N-terminal TAD of NFATc2 has been localized to ~100 N-terminal amino 

acids, many of them being acidic and hydrophobic residues, which resembles the 

corresponding regions of NFATc3, NFATc4 and one of the isoforms of NFATc1 

(reviewed in Rao et al. 1997). The transactivation potency of this region has been 

demonstrated in both NFATc1 and NFATc2 in vitro (Luo et al. 1996; Hock and 

Brown 2003). Similarly, the C-terminal TADs with limited sequence similarity 

can be identified in each of the NFAT family member. Using different reporter 

assays, C-terminally longer isoforms of NFATc1 and NFATc3 have been shown 

to have greater transactivation activity than shorter isoforms without a C-terminal 

TAD (Luo et al. 1996; Imamura et al. 1998). Later, several transcriptional co-

regulators have been shown to interact with the TAD regions (reviewed in 

Mognol et al. 2016). For example, EP300 has been shown to interact with the 

TAD-N of NFATc2 and both the TAD-N and the TAD-C regions of NFATc1 and 

NFATc4, respectively (García-Rodríguez and Rao 1998; Avots et al. 1999; Yang 

et al. 2001). 

2.4. Expression and function of NFAT genes  

 

NFAT proteins are expressed in almost every tissue and, accordingly, there are 

many developmental and physiological functions that require NFAT signaling 

(reviewed in Rao et al. 1997). In the immune system, where NFATc2 was the 

first NFAT family member to be discovered in T-cells, all NFATs, except 

NFATc4, are expressed (Lyakh et al. 1997; reviewed in Rao et al. 1997). In the 

musculoskeletal, cardiovascular, and nervous system the expression of all four 

NFATs has been detected (reviewed in Schulz and Yutzey 2004 and; Lambrechts 

and Carmeliet 2004 and; Sitara and Aliprantis 2010 and; Kipanyula et al. 2016). 

However, the expression patterns and levels of each NFAT gene in different 

organ systems are dependent on the specific tissue and cell type, as well as the 

developmental stage and health condition. Moreover, NFAT family members 

often display redundant functions, as can be concluded from knock-out studies 

where compound NFAT mutants often display more severe phenotypes than 

single mutants (summarized in Wu et al. 2007). In the following subchapters I 

will provide a brief summary of the biological processes governed by CaN/NFAT 

signaling and of the related diseases associated with the disturbance of it, both 

which are tightly connected to NFAT expression in the respective tissue. Since 

the focus of this work is NFAT regulation in neurons, I will concentrate more on 

NFAT functions in the nervous system. 
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2.4.1. NFATs in non-neuronal tissues 

 

NFAT signaling plays a critical role in the development and function of 

lymphocytes by regulating the expression of inducible genes encoding cytokines 

and cell-surface receptors (reviewed in Macian 2005). An efficient way to 

elucidate the contribution of different NFATs to lymphoid development and 

activation is to analyze the effects of mutations and deletions of NFATs. Since 

Nfatc1 null mutant mice die in utero from congestive heart failure (Ranger et al. 

1998a; de la Pompa et al. 1998),  Nfatc1-deficient chimeras have been used in 

studies involving NFATc1-deficient lymphoid systems (Ranger et al. 1998b; 

Yoshida et al. 1998). NFAT knockout studies have revealed that NFATc1 and 

NFATc2 are indispensable in cytokine production, since T-cells from 

Nfatc1/Nfatc2 double-deficient chimeras were unable to produce an immune 

response (Peng et al. 2001). However, studies using single mutant mice have 

revealed that NFATc1 and NFATc2 are antagonistic in their function in 

lymphocytes: Nfatc1-deficiency has been shown to impair proliferation of T-

lymphocytes, whereas Nfatc2-deficiency has been shown to lead to 

hyperproliferation of both B- and T-lymphocytes (reviewed in Graef et al. 

2001b). Nfatc3-deficient mice express normal cytokine levels but have defects in 

generation of normal number of cluster of differentiation 4+ and 8+ single positive 

thymocytes and mature T-cells during thymic development (Oukka et al. 1998). 

Nfatc2/c3 double knockout mice develop a severe lymphoproliferative disorder 

named splenomegaly with dramatic increase of type 2 cytokines and IgG1 and 

IgE levels, resulting in inflammatory symptoms resembling a severe allergic 

response (reviewed in Graef et al. 2001b). Since fine balancing of CaN/NFAT 

signaling in lymphocytes is important in determining their fate, NFATc1, 

NFATc2, or NFATc3 misregulation is common in several types of lymphomas 

(reviewed in Medyouf and Ghysdael 2008 and; Mognol et al. 2016). 

NFAT signaling plays a crucial role in heart development and function. During 

heart development, NFATc1 has been shown to be expressed in endocardial cells, 

where it is essential for the  morphogenesis of vertebrate heart valves (Wu et al. 

2011). Nfatc1 null mutant mice die in utero from selective absence of the aortic 

and pulmonary valves at embryonic day 14.5 (Ranger et al. 1998a; de la Pompa 

et al. 1998). The activation of NFATc1 in cardiac valve growth and remodeling 

has been shown to be mediated by vascular endothelial growth factor (VEGF) 

signaling through VEGF receptor 2 (Johnson et al. 2003; Combs and Yutzey 

2009; Park et al. 2010). NFATc2, NFATc3, and NFATc4, however, have been 

shown to be expressed in the myocardium during epithelial-mesenchymal 

transformation (EMT), where they prevent VEGF expression that, while being 

necessary for initiation of EMT, subsequently terminates this process (reviewed 

in Lambrechts and Carmeliet 2004). Mouse embryos bearing combined deletions 

of Nfatc2, Nfatc3, and Nfatc4 die at around embryonic day 11 due to endocardial 

cushion defects with a hypocellular cardiac jelly (Chang et al. 2004). 

Furthermore, in addition to decrease in ventricular cardiomyocyte proliferation 

Nfatc3/Nfatc4 double mutant mice have been shown to have reduced cardiac 
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metabolic function (Bushdid et al. 2003). In adult heart, NFATc3 and NFATc4 

have been both shown to be able to induce cardiac hypertrophy in vivo, which 

could result in progression of heart failure and sudden death (reviewed in 

Molkentin 2000 and; Frey and Olson 2003; Wilkins et al. 2002). Cardiac 

hypertrophy is also associated with increased activity of CaN and transcription 

factors MEF2 and GATA4, known binding partners for NFATs, making all of 

them attractive therapeutic targets in the treatment of cardiac hypertrophy 

(reviewed in Kohli et al. 2011). 

Since NFATs have been shown to modulate the expression of VEGF, a central 

regulator of the development and maintenance of heart, lung, and vascular tissues, 

it is not surprising that NFAT signaling plays a role in vasculogenesis and 

angiogenesis (reviewed in Graef et al. 2001b). Nfatc3/Nfatc4 double mutant 

mice, but not single Nfatc3 or Nfatc4 mutants alone, die around embryonic day 

11 having defects in vascular patterning and angiogenesis together with increased 

expression of VEGF (Graef et al. 2001a). Since coordinate maturation of the heart 

and blood vessels is needed for the development of the cardiovascular system, 

Nfatc3/Nfatc4 double mutant mice, as mentioned beforehand, have also reported 

to die due to heart failure (Bushdid et al. 2003; Chang et al. 2004). NFAT 

signaling has been shown to control angiogenesis via negative regulation of 

VEGF by upregulating VEGF receptor 1, so called decoy receptor that, by 

sequestering VEGF, inhibits VEGF signaling. This means that NFAT 

downregulation leads to increased and aberrant expression of VEGF (reviewed 

in Qin et al. 2014). It has been proposed that during angiogenesis, high expression 

of NFATc4 in tissues surrounding blood vessels prevents VEGF-induced 

branching of blood vessels into these areas thereby promoting proper patterning 

of the vascular system (Graef et al. 2001a). Furthermore, in different 

experimental settings, NFATc1 and NFATc3 have been identified to promote 

VEGF-induced angiogenesis via upregulation of cyclooxygenase-2, an important 

mediator of angiogenesis (Urso et al. 2011; Mena et al. 2014; Suehiro et al. 

2014). 

The NFAT pathway has been shown to be important also in the development 

and maintenance of the musculoskeletal system (reviewed in Schulz and Yutzey 

2004 and; Sitara and Aliprantis 2010). During skeletal muscle development, each 

NFAT protein seems to be specialized to regulate a specific stage of myogenesis, 

such as proliferation and differentiation of myoblasts, fusion of myoblasts into 

multinucleated myotubes, and myofiber maturation (reviewed in Horsley and 

Pavlath 2002). NFATc4 has been shown to be expressed in proliferating human 

primary myoblasts where it regulates self-renewal of quiescent reserve muscle 

cells (Perroud et al. 2017). Both single-mutant Nfatc2 and Nfatc3 mice have 

reduced muscle mass in the adult, however, for different reasons. Nfatc3 mutant 

mice have defects in the formation of primary myofibers at early stages of 

embryogenesis, whereas, Nfatc2 null mice have defects in recruitment and/or 

fusion of myoblasts into multinucleated muscle cells, which affects both 

embryonic and postnatal muscle growth (Kegley et al. 2001; Horsley et al. 2001). 

NFATc1 has been shown to be important for myotube growth and late myofiber 
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maturation (Ehlers et al. 2014; Perroud et al. 2017). Mice with conditional Nfatc1 

knockout in skeletal muscle have defects in muscle fiber typing and fast-to-slow 

fiber type switching in response to exercise in vivo (Ehlers et al. 2014). NFATc1, 

together with GATA-2, has also been associated with muscle regeneration after 

muscle damage, and with skeletal muscle hypertrophy in response to insulin-like 

growth factor 1 stimulation (Musarò et al. 1999; Sakuma et al. 2003).  

In the musculoskeletal system, NFAT signaling plays a role also in bone and 

cartilage formation (reviewed in Sitara and Aliprantis 2010). Bone homeostasis 

depends on a balance between bone-forming osteoblasts and bone-resorbing 

osteoclasts, whereas their imbalance leads to various bone diseases. NFATc1 has 

been shown to be essential for regulating this balance (reviewed in Sitara and 

Aliprantis 2010). Nfatc1-deficient mouse embryonic stem cells are unable to 

differentiate into osteoclasts, whereas mice with constitutively nuclear NFATc1 

have increased osteoclastogenesis and develop a rare skeletal disorder named 

osteopetrosis, literally "stone bone" (reviewed in Takayanagi 2007). 

Furthermore, all four Ca2+-regulated NFAT proteins are expressed in cartilage 

(Ranger et al. 2000), where NFAT signaling has been shown to regulate the 

formation of joints and is thereby a focal point in the pathogenesis of 

osteoarthritis (reviewed in Beier 2014).  

In addition to above-mentioned associations between NFAT signaling and 

development of different lymphomas, NFATs are implicated in pathophysiology 

of several types of solid cancers, such as lung, colon, skin, breast, prostate, and 

pancreatic tumors (reviewed in Daniel et al. 2014 and; Mognol et al. 2016), where 

NFATs play a role in both initiation and progression of cancer, including 

angiogenesis and lymphangiogenesis, as well as in drug resistance (reviewed in 

Shou et al. 2015). Since widely used inhibitors of NFAT signaling, such as CsA 

and FK506, lead to toxic side effects, such as hypertension, nephrotoxicity, and 

diabetic nephropathy (reviewed in Rühlmann and Nordheim 1997), clinical usage 

of these inhibitors is limited. Thus, there is a need for cancer therapies that target 

tumor- and isoform-specific NFATs. 

2.4.2. NFATs in the nervous system 

 

The first evidence that NFAT proteins may have roles in the nervous system 

emerged in 1994 when NFATc2 expression was detected in the brain (Northrop 

et al. 1994; Ho et al. 1994). The first proof of NFAT functionality in the brain 

came from the study by Graef and colleagues who showed that NFATc4 is 

expressed in hippocampal neurons where it regulates the expression of the 

neuron-specifically expressed IP3R1 gene (Graef et al. 1999). This study showed 

that the activation of NFAT-dependent transcription required Ca2+ influx via 

LTCC (Graef et al. 1999). Later it was shown that in hippocampal dendritic 

spines Ca2+ entry via LTCC is tightly linked to NFAT activation by the anchoring 

protein AKAP5, which couples PKA and CaN to CaM-bound Ca2+ channels for 

localized activation upon depolarization (Li et al. 2012; Murphy et al. 2014; 
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Dittmer et al. 2014). Furthermore, activation of tropomyosin receptor kinase B 

(TrkB) receptors by brain-derived neurotrophic factor (BDNF) resulted in 

increased expression of IP3R1 via NFATc4 signaling in hippocampal neurons 

(Groth and Mermelstein 2003). In line with a study showing that IP3R1-deficient 

mice have impairments in hippocampal synaptic plasticity (Fujii et al. 2000), it 

was proposed that NFAT-dependent gene transcription is needed for the proper 

induction of hippocampal synaptic plasticity and memory formation. Since it has 

been shown in NFAT luciferase reporter transgenic mice that the brain is the 

organ with the highest NFAT transcriptional activity (Plyte et al. 2001), it is not 

surprising that since then many other functions of NFAT signaling in both the 

adult and developing nervous system have been discovered. 

NFAT signaling has been found to be crucial already at the very early stages of 

nervous system development (Kao et al. 2009; Li et al. 2011b; Huang et al. 2011; 

Ding et al. 2013; Quadrato et al. 2014; Moreno et al. 2015; Serrano-Pérez et al. 

2015; Artegiani et al. 2015). A transcriptome analysis of isolated proliferating 

neural stem cells (NSCs), differentiating neural progenitor cells (NPCs), and 

newborn neurons identified NFATc3 and NFATc4 as potential regulators of 

mouse corticogenesis (Aprea et al. 2013). NFATc4, for example, has been shown 

to promote proliferation and self-renewal, and to prevent differentiation of mouse 

embryonic NSCs (and NPCs) in hypoxia, which is a physiological condition 

during embryonic development (Moreno et al. 2015). Similarly, NFATc4 activity 

has been shown to inhibit dendritogenesis in mouse immature CGNs, whereas in 

mature CGNs, that have become hyperpolarized, decreased NFATc4 activity 

leads to upregulation of many synapse-related genes needed for dendritic and 

synaptic maturation (Ding et al. 2013). In adult-born hippocampal neurons, 

NFATc4 has been shown to promote neurogenesis via positive excitatory 

feedback loop between gamma-aminobutyric acid (GABA)-ergic signaling and 

NFATc4 by upregulating gamma-aminobutyric acid receptor subunit alpha-2 and 

-4 (GABRA2 and GABRA4) upon GABA receptor activation (Quadrato et al. 

2014). NFATc3 has been shown to reduce proliferation of NSCs and to promote 

neurogenesis of NSCs as well as migration and differentiation of NPCs, 

astrocytes, and newborn neurons during early postnatal corticogenesis (Serrano-

Pérez et al. 2015; Artegiani et al. 2015). In the peripheral nervous system, both 

NFATc3 and NFATc4 have been shown to be activated in neuregulin 1-

dependent differentiation of Schwann cells from Schwann cell precursor cells 

(Kao et al. 2009). Later, in promyelinating Schwann cells, NFATc4 and 

transcription factor Sox10 synergistically activate expression of early growth 

response protein 2, which in turn regulates genes necessary for myelination (Kao 

et al. 2009). Collectively, these examples illustrate that although both NFATc3 

and NFATc4 regulate neural development from the early stages of embryogenesis 

to the adulthood and play a role in both neuro- and gliogenesis, they can evoke 

different responses in same type of cells. 

NFAT signaling has also been shown to play a role in both neuronal survival 

and apoptosis, two reciprocal processes that determine cell fate during normal 

development of the nervous system. In the developing cerebellum, NFATc4 is 
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required for the survival of primary CGNs (Benedito et al. 2005), whereas 

NFATc3 mediates a proapoptotic effect in CGNs by interacting, in a SUMO-

dependent manner, with Trim17, a crucial E3 ubiquitin ligase that is necessary 

and sufficient for neuronal apoptosis (Mojsa et al. 2015). NFATc4 has been 

shown to mediate the prosurvival effect of BDNF, which is one of the key 

survival factors for various populations of neurons in the developing nervous 

system (reviewed in Bibel and Barde 2000). In primary cortical neurons, NFATc4 

has been shown to increase BDNF expression downstream of NMDA receptor 

signaling, thereby promoting neuronal survival (Vashishta et al. 2009). NFATc4 

has been also shown to mediate the survival of hippocampal adult-born neurons 

downstream of BDNF/TrkB signaling (Quadrato et al. 2012). A few studies have 

shown that NFAT also mediates neural apoptosis by directly upregulating 

membrane-bound death receptor Fas ligand (FasL) expression (Jayanthi et al. 

2005; Luoma and Zirpel 2008; Gómez-Sintes and Lucas 2010). For example, 

during the development and maturation of sensory neurons, deafferentation-

induced neuronal loss in the cochlear nucleus during a critical period has been 

shown to be mediated by NFATc4 due to upregulation of FasL (Luoma and Zirpel 

2008). NFAT/Fas-mediated neuronal apoptosis has also been shown to be 

induced after methamphetamine (Jayanthi et al. 2005) or lithium administration 

(Gómez-Sintes and Lucas 2010). Therefore, whether NFAT signaling promotes 

apoptosis or mediates neuronal survival is dependent on the activity of the 

specific member of the NFAT family in a particular tissue under certain 

conditions. 

During brain development, neurons respond to neurotrophins and netrins with 

axonal outgrowth, which is the basis in the formation of neuronal connections. 

NFAT signaling has been shown to be involved in axonal growth (Graef et al. 

2003; Nguyen et al. 2009; Yoshida and Mishina 2005). Mouse embryos bearing 

combined deletions of Nfatc3 and Nfatc4, or a combination of deletions of Nfatc2, 

Nfatc3, and Nfatc4 have been shown to have defects in neurotrophin- and netrin-

dependent sensory neuron axon outgrowth (Graef et al. 2003). The fact that 

axonal outgrowth was not affected in single NFAT gene mutants indicates yet 

again that NFAT family members have some redundancy in their function (Graef 

et al. 2003). Furthermore, a study using zebrafish olfactory sensory neurons 

showed that NFAT activity positively regulates axon terminal differentiation 

during synaptogenesis (Yoshida and Mishina 2005). Opposite to the previous 

studies, Nguyen and colleagues showed that NFATc4 acts as a negative regulator 

of neuronal outgrowth and maturation by directly repressing the expression of 

axonal growth cone marker growth associated protein 43 in rat primary cortical 

neurons in response to neurotrophin signaling (Nguyen et al. 2009). In 

Drosophila, the single NFAT homolog has been shown to negatively regulate 

synapse growth and neurotransmitter release in Drosophila larval motor neurons 

(Freeman et al. 2011). Furthermore, CaN/NFAT activity has been shown to 

negatively regulate synaptic development and dendritic branch addition of 

individual optic tectal neurons in the living Xenopus tadpole (Schwartz et al. 

2009). These seemingly contradictory results may probably be due to different 
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neuron types and/or developmental stages that were under examination. Future 

studies revealing possible binding partners and target genes would help to define 

the exact roles of NFATs in the processes that regulate neurite growth and 

synapse formation. 

2.4.3.  NFAT signaling in pathologies of the nervous system 

 

Alterations in CaN/NFAT signaling have been associated with numerous 

pathologies of the nervous system. It has been shown that CaN activity and 

expression is increased in mouse models of Alzheimer’s disease and Parkinson’s 

disease (reviewed in Abdul et al. 2010; Luo et al. 2014). Increased nuclear levels 

of NFATc3 have been reported in midbrain dopaminergic neurons of Parkinson’s 

disease mouse model (Luo et al. 2014), and nuclear staining of NFATc4 is 

increased in human α-synucleinopathy patients' brains compared to non-diseased 

controls (Caraveo et al. 2014). Moreover, increased NFATc4 levels were shown 

in hippocampal tissue of AD mouse model, where it was shown to directly 

regulate amyloidogenic processing (Mei et al. 2015). Furthermore, there is an 

increase in NFATc2 and NFATc4 nuclear levels in human hippocampal 

astrocytes of patients diagnosed with mild cognitive impairment and Alzheimer’s 

disease, which correlated with cognitive decline severity. Therefore, it has been 

proposed that increased NFATc2 activity contributes to the neuroinflammatory 

responses in early stages of cognitive decline and increased activity of NFATc4 

leads to the neurodegerative processes, such as increased cellular death and 

dementia (reviewed in Abdul et al. 2010). Similarly, increased CaN/NFATc4 

activity is associated also with neuronal death of hippocampal CA1 neurons after 

ischemic insult through activation of FasL expression (Shioda et al. 2007). 

Neuroinflammation is associated with short- and long-term consequences of 

traumatic brain injury (TBI) and in some cases TBI is also associated with 

neurodegenerative symptoms that could lead to early onset of dementia, 

Alzheimer’s disease or Parkinson’s disease (reviewed in Chiu et al. 2016). 

Several studies have shown increased nuclear NFATc3 levels in hippocampal 

astrocytes immediately after TBI, which is associated with regulation of 

neuroinflammatory processes (Serrano-Pérez et al. 2011; Neria et al. 2013; Yan 

et al. 2014; Furman et al. 2016). Furthermore, administration of CaN inhibitor 

FK506 to rats immediately after TBI has been shown to significantly decrease 

IL-2 and interferon gamma expression levels and NFATc1 nuclear staining in 

cortical tissue compared to control TBI animals (Wu et al. 2016). Increased levels 

of nuclear NFATc4 in hippocampal neurons were seen at subacute to chronic 

time points after cortical impact injury model of TBI (Yan et al. 2014), which 

could underlie neurodegenerative symptoms associated with TBI (reviewed in 

Chiu et al. 2016).  

Since CaN/NFAT signaling plays a role in nociception by upregulating pro-

nociceptive genes in dorsal root ganglia sensory neurons in response to nerve or 

tissue injury, upregulation of NFAT signaling is associated with hyperalgesia and 
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development of neuropathic pain (Groth et al. 2007; Jackson et al. 2007; Cai et 

al. 2013; Kim et al. 2014). In the processes of inflammatory pain, nerve growth 

factor (NGF) levels increase in peripheral tissue, which leads to tonic activation 

and sensitization of sensory afferent neurons via TrkA receptors. Furthermore, 

exogenous administration of NGF results in hyperalgesic responses similar to 

those observed in inflammatory pain models (reviewed in Siniscalco et al. 2011). 

It has been shown that NGF facilitates depolarization-induced activation of 

NFATc3 in dorsal root ganglion (DRG) sensory neurons via PI3K/Akt1 pathway 

downstream of the TrkA receptors (Kim et al. 2014). NGF also triggers BDNF 

upregulation in DRG neurons where it is anterogradely transported to the central 

terminals of the primary afferents of the spinal dorsal horn. When BDNF is 

released in the dorsal horn, it binds to TrkB receptors on secondary sensory 

neurons thereby modulating synaptic transmission in nociception (reviewed in 

Obata and Noguchi 2006). NFATc4 has been shown to mediate the upregulation 

of BDNF by NGF in primary afferent neurons in the DRG. BDNF, in turn, 

triggers upregulation of pro-nociceptive genes involved in inflammatory pain via 

NFAT-dependent transcription in spinal cord neurons (Groth et al. 2007).  

NFAT proteins have also been shown to constraint long-term plasticity by 

dampening neuronal excitability (Zhang and Shapiro 2012; Yao et al. 2016). 

Therefore, aberrant NFAT signaling could play a role in hyperexcitability 

disorders such as epilepsy, and produce chronic pain, and cognitive deficits 

(reviewed in Tsantoulas and McMahon 2014; Greene and Hoshi 2017). In rat 

superior cervical ganglion sympathetic neurons, NFATc1 and NFATc2 have been 

shown to regulate the dampening of excessive neuronal excitability by 

upregulating the expression of neuron-specific K+ channels Kv7.2 and Kv7.3 

upon LTCC activation (Zhang and Shapiro 2012). LTCC activation-induced 

augmentation of Kv7.2 and Kv7.3 transcription was shown to be orchestrated by 

AKAP5 that binds CaN and CaM to the microdomain of L-type CaV1.3 Ca2+ 

channel and thereby links neuronal activity to NFAT-mediated transcriptional 

regulation (Zhang and Shapiro 2012). It is possible that the function of NFAT 

signaling for controlling over-excitability could be universal throughout the 

nervous system since neuron-specific Kv7 K+ channels are expressed in various 

central and peripheral neurons, such as sympathetic neurons, hippocampal 

pyramidal cells, and striatal neurons (reviewed in Delmas and Brown 2005 and; 

Birnbaum et al. 2004). 

In conclusion, since functions of the different members of the NFAT family are 

dependent of their specific target genes, which, when misregulated, could lead to 

different pathologies, understanding the roles and regulation of specific NFAT 

isoforms in these processes could have possible therapeutic potential.  
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AIMS OF THE STUDY 

 

Although NFAT proteins have been shown to Ca2+-dependently regulate gene 

transcription in various developing and adult tissues, a systematic analysis of the 

structure and expression of the NFAT genes themselves has not been performed. 

Furthermore, increasing amount of evidence indicates the importance of different 

NFAT family members in the nervous system. Yet, how and to what extent the 

different NFAT proteins and, moreover, their isoforms contribute to the NFAT-

dependent gene regulation in neurons has remained unclear. Thus, the aims of the 

current study were to: 

 

 characterize the structure, alternative splicing and expression of the members 

of the human and mouse NFAT gene family, with the emphasis on their 

expression in the brain; 

 

 study the subcellular localizations and the transactivation capacities of 

different over-expressed human NFAT isoforms at basal conditions and in 

response to membrane depolarization in rat cultured primary cortical and 

hippocampal neurons; 

 

 determine whether sumoylation is involved in the regulation of the 

transcriptional activity of human NFAT proteins in neurons. 
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MATERIALS AND METHODS 

I used following experimental methods during the study that are described in the 

indicated publications: 

 

 Bioinformatic analyses of gene and mRNA sequences (publication I) 

 Cloning (publications I-III) 

 Culturing of immortalized mammalian cells and rat primary cortical and 

hippocampal neurons (publications II and III) 

 Immunocytochemistry (publication II) 

 In situ hybridization (publication I) 

 Luciferase reporter assay (publication II and III) 

 Preparation of cell lysates and immunoblotting (publications II and III) 

 RNA isolation and reverse transcription polymerase chain reaction (RT-

PCR) (publications I and II) 

 Site directed mutagenesis (publication III) 

 Transfection of mammalian cells (publications II and III) 
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RESULTS AND DISCUSSION 

1. Structure and alternative splicing of human and mouse NFAT genes 

(publication I)  

The existence of multiple NFAT transcripts has been demonstrated, but a 
systematic analysis of the structures and alternative splicing of human and mouse 
NFAT genes has not been performed. Such information would enable us to 
understand the possible specialized functions of alternative NFAT transcripts in 
different tissues. Thus, our first aim was to characterize the exon/intron structures 
of the human and mouse NFATC1, NFATC2, NFATC3, and NFATC4 genes and 
to analyze the alternative splicing patterns of each NFAT gene in both human and 
mouse. 

 According to our data, both human and mouse NFATC1 and NFATC2, and 
mouse Nfatc3 and Nfatc4, have two alternative 5′ exons. In human, we detected 
six alternative 5′ exons for NFATC3 and seven alternative 5′ exons for NFATC4. 
Our results also showed that in both human and mouse, NFATC1 and NFATC3 
have two alternative 3′ exons and NFATC4 has one 3′ exon. For NFATC2 we 
detected one 3′ exon in human but three alternative 3′ exons in mouse. In addition, 
there are several alternative splice variants of internal exons. Exon IX of NFATC1 
has three splice variants in human and two in mouse, respectively. Exon II have 
three splice variant in both human and mouse NFATC2. There are two additional 
alternative exons downstream of exon IX in human and one in mouse NFATC3, 
respectively. For NFATC4, there are three splice variants of exon IX in human 
and two in mouse, respectively. Hence, for human NFAT genes, for example, 
alternative splicing in combination with the usage of alternative 5′ and 3′ exons 
could theoretically give rise to 44 different NFAT protein: 8 different protein 
isoforms of NFATc1, 6 different isoforms of both NFATc2 and NFATc3, and 24 
different isoforms of NFATc4. We have named the NFAT alternative transcripts 
and protein isoforms according to the usage of an alternative 5′ exon (e.g. IA), 
alternative 3′ exon (e.g. VIII), and splice variants, such as skipping of an exon 
(e.g. ΔXa), long or short variant of an exon (e.g. IXL or IXS, respectively), or 
retention of an intron (e.g. IXi), in the respective mRNA. 

Our results on the structures of the NFAT genes are in agreement with previous 
data from other groups (Imamura et al. 1998; Chuvpilo et al. 1999; Plyte et al. 
2001) but add plenty of new data about the complex splicing and expression of 
this gene family. In general, NFAT genes encode proteins that are very similar in 
their central region, encoded by rarely alternatively spliced exons II–VIII that are 
translated into the regulatory domain and the RHD, which are needed for NFAT 
activation, translocation, and interaction with DNA and NFAT partner 
transcription factors. However, due to complex usage of alternative 5′ and 3′ 
exons and alternative splicing, NFAT isoforms differ greatly in their N- and C-
terminal parts, which have been shown to interact with different transcriptional 
co-regulators (reviewed in Mognol et al. 2016) and could thereby give NFAT 
isoforms different transactivational potentials. 
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2. Expression of human and mouse NFATc1, NFATc2, NFATc3, and 

NFATc4 mRNAs in the brain (publication I) 

 

To determine the expression of different NFATC1, NFATC2, NFATC3, and 

NFATC4 mRNA splice variants, we analyzed the expression patterns of different 

NFAT alternative transcripts by RT-PCR in different human and mouse tissues 

with the emphasis on the brain. Furthermore, we used in situ hybridization to 

analyze the expression of NFAT genes in adult mouse brain and in adult human 

hippocampus. 

Our expression analyses are consistent with previous studies showing Nfatc1 

expression predominantly in the immune system (Hoey et al. 1995; Northrop et 

al. 1994; Cockerill et al. 1995; Masuda et al. 1995; Weiss et al. 1996). However, 

our study is the first to show that Nfatc1 is also expressed in the brain. Our in situ 

hybridization analyses detected the highest expression levels of Nfatc1 in the 

granular and glomerular cell layers of the mouse olfactory bulb and moderate 

expression was seen in the cerebellar granule cells. It is to be noted, that in the 

human brain, all the NFATs, among other regions, were expressed in the corpus 

callosum and optic nerve – regions of the brain containing mainly neuronal 

projections and glial cells. Furthermore, by in situ hybridization, we found that 

the majority of the signal in the mouse brain accumulated in certain neuronal 

populations, although for all NFATs, very low signal was detected all over the 

brain, including glial cells. Thus, it is possible that in addition to neurons, NFAT 

genes are also expressed in glial cells. In the human hippocampus, all NFATs 

were expressed in the CA3 pyramidal neurons and dentate gyrus granular cell 

layer and also in the hippocampal fissure, which further supports the possibility 

that NFAT genes are expressed in both neurons and glial cells. These findings are 

in agreement with studies showing that all NFATs, including NFATc1, are 

expressed in mouse primary astrocytes (Pérez-Ortiz et al. 2008; Canellada et al. 

2008) and NFATc1 is expressed in both neurons and glial cells in mouse brain 

cortex (Wu et al. 2016), where it is associated with astrogliosis and 

neuroinflammation following TBI. Similarly, increased nuclear levels of 

NFATc2 and NFATc3, or NFATc4 have been shown in astrocytes in patients 

with mild cognitive impairment, Alzheimer’s disease, or TBI, respectively 

(reviewed in Abdul et al. 2010; Serrano-Pérez et al. 2011; Neria et al. 2013; Yan 

et al. 2014; Furman et al. 2016). Altogether, it seems that all NFATs are 

expressed in glial cells where they could probably participate in the regulation of 

responses to pathological conditions. 

Prior to our work, expression of Nfatc2 had been shown only in some regions 

of the brain – in the hypothalamus and olfactory bulb (Northrop et al. 1994; Ho 

et al. 1994; Asai et al. 2004). In addition to these regions, we detected the highest 

Nfatc2 mRNA levels in the pyramidal cell layer of the CA1–CA3 regions of the 

hippocampus, in the Purkinje and granule cell layers of the cerebellum, and in the 

thalamus. Furthermore, analysis of Nfatc2 expression on adult mouse brain slices 

showed that Nfatc2 is the most dominantly expressed NFAT with a broad 

expression pattern throughout the brain. Interestingly, to date, no studies have 
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analyzed the role of NFATc2 in the central nervous system. However, in 

parasympathetic nervous system, exogenous NFATc2 and endogenous NFATc1 

have shown to be activated by either membrane depolarization or acetylcholine 

stimulation in rat superior cervical ganglion neurons, where they directly 

upregulate the expression of neuron-specific K+ channels Kv7.2 and Kv7.3 and 

thus reduce excitability (Hernández-Ochoa et al. 2007; Zhang and Shapiro 2012). 

Therefore, it is possible that NFATc1 and/or NFATc2 are controlling over-

excitability throughout the nervous system since neuronal Kv7 channels are 

widely expressed in various central and peripheral neurons (reviewed in Greene 

and Hoshi 2017).  

Preceding our study, Nfatc3 expression in the brain had been demonstrated only 

in the hypothalamus (Asai et al. 2004) and striatum (Jayanthi et al. 2005), 

whereas a functional role of Nfatc3 was demonstrated only in the latter. Namely, 

increased activity of Nfatc3 was associated with methamphetamine-induced 

death of dopaminergic neurons (Jayanthi et al. 2005). Similarly, increased 

nuclear levels of Nfatc3 have been reported in midbrain dopaminergic neurons of 

Parkinson’s disease mouse model (Luo et al. 2014). Interestingly, our expression 

analysis showed relatively low levels of Nfatc3 in different areas of basal ganglia, 

which, however, does not exclude its role in regulating neuronal survival in these 

brain areas. In addition, by in situ hybridization, we detected high levels of Nfatc3 

in the CGN and in Purkinje cells and, to a lesser extent, in the granule cells of the 

dentate gyrus and olfactory bulb. Later, Nfatc3 expression in hippocampal 

neurons and CGN were also confirmed by others. In hippocampal neurons, 

silencing of Nfatc3 has shown to significantly reduce NFAT-mediated luciferase 

expression in response to depolarization, showing that activity-dependent NFAT-

mediated transcription in hippocampal neurons strongly depends on Nfatc3 

(Ulrich et al. 2012). In CGN, Nfatc3 was shown to facilitates proapoptotic effect 

by upregulating the expression of Trim17, a E3 ubiquitin ligase involved in 

neuronal apoptosis (Mojsa et al. 2015). In addition to its involvement in 

regulating neuronal death, Nfatc3 has also shown to be necessary for regulation 

of neural development from the early stages of embryogenesis to the adulthood 

(Li et al. 2011b; Huang et al. 2011; Serrano-Pérez et al. 2015; Artegiani et al. 

2015). These studies are in line with our finding that during mouse development 

the levels of Nfatc3 in the brain remain unchanged from embryonic day 13 up to 

adult. 

Nfatc4 was long been thought to be the most abundant NFAT expressed in the 

nervous system, since only Nfatc4 expression had been characterized in more 

detail in the adult nervous system and cultured primary neurons before our study 

(Ranger et al. 1998a; Graef et al. 1999; Jayanthi et al. 2005; Benedito et al. 2005; 

Bradley et al. 2005; Groth et al. 2007; Groth et al. 2008). However, our in situ 

hybridization results showed that Nfatc4 is indeed expressed in the brain but at 

lower levels compared to the other NFATs. On the other hand, according to our 

PCR analysis of NFAT expression during mouse brain development, Nfatc4 was 

more abundantly expressed in the earlier stages of development and the levels 

were decreased during later stages, observation that was later confirmed also by 
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others (Nguyen et al. 2009). Therefore, Nfatc4 function might be especially 

important in the developing brain. This has been shown to be a case during 

cerebellar development, where first, Nfatc4 activity is required to regulate 

temporal switch program leading to dendritogenesis in developing CGN (Ding et 

al. 2013), and second, Nfatc4 is required for the survival of primary CGNs 

(Benedito et al. 2005). In adult brain, however, the role of Nfatc4 may be less 

prominent, as our in situ hybridization analysis showed only moderate expression 

of Nfatc4 in the cerebellar of adult mouse, as well as dentate gyrus granule cells, 

and in the mitral cells of the olfactory bulb. Altogether, our results argue that 

Nfatc4, which has previously described to be the major contributor to neuronal 

gene regulation by NFATs, is in fact less abundant in brain than Nfatc2. The idea 

that NFATc2 and NFATc3 might also have important functions in neurons is 

supported by the study showing that mice embryos bearing combined deletions 

of Nfatc2, Nfatc3, and Nfatc4 have defects in neurotrophin- and netrin-dependent 

sensory neuron axon outgrowth (Graef et al. 2003), whereas NFAT single-

knockout mice have milder neuronal defects (Graef et al. 2001a).  

Collectively, our work is the most comprehensive investigation of the 

expression of Ca2+-regulated NFAT family members to date and demonstrates that 

all NFATs, although with different patterns, are expressed in the brain and could 

therefore participate in the regulation of neuronal activity-dependent gene 

regulation.  

3. Regulation of the subcellular localization of over-expressed human 

NFAT isoforms by Ca2+ signaling in rat primary cortical and 

hippocampal neurons (publication II) 

 

NFAT isoforms differ mainly in their C- and N-terminal parts. For a better 

understanding of how these differences contribute to the regulation of human 

NFAT isoforms we analyzed the subcellular localization of NFAT family 

proteins in neurons. For that, we chose 18 human NFAT protein isoforms that, 

based on our previous mRNA expression analysis, are predominantly expressed 

in the brain. We subcloned these cDNAs to encode a C-terminal EGFP-tag. The 

NFAT-EGFP-fusion protein-encoding plasmids that we used included eight 

NFATc1 isoforms: NFATc1-IA-VIII, NFATc1-IA-ΔIX, NFATc1-IA-IXS, 

NFATc1-IA-IXL, NFATc1-IB-VIII, NFATc1-IB-ΔIX, NFATc1-IB-IXS, and 

NFATc1-IB-IXL; four NFATc2 isoforms: NFATc2-IA-IIL-ΔXa, NFATc2-IA-

IIL-Xa, NFATc2-IB-IIL-ΔXa, and NFATc2-IB-IIL-Xa (hereafter referred to as 

NFATc2-IA-ΔXa, NFATc2-IA-Xa, NFATc2-IB-ΔXa, and NFATc2-IB-Xa, 

respectively); three NFATc3 isoforms: NFTAc3-IB-IX, NFATc3-IB-ΔXa, and 

NFATc3-IB-Xa; and three NFATc4 isoforms: NFATc4-ID-IXS, NFATc4-ID-

IXL, and NFATc4-ID-IXi. We transfected these plasmids into rat primary 

cortical or hippocampal neurons, and on the following day, performed an 
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intracellular translocation assay by activating Ca2+ signaling with high 

extracellular K+ that induces Ca2+ influx through LTCCs. In this study, we aimed 

to address the following questions. First, is the Ca2+ signaling-mediated 

regulation of subcellular localization of all the chosen NFAT protein isoforms in 

neurons CaN dependent? Second, do the subcellular localizations of NFAT 

family isoforms differ in their response to membrane depolarization? And third, 

is there any variation in the localization of different NFAT isoforms in neurons 

at basal conditions?  

By using a one-hour pre-treatment with CsA, an immunosuppressive drug 

that inhibits the Ca2+-dependent serine-threonine phosphatase CaN, we 

confirmed that, in general, the membrane depolarization-dependent translocation 

of NFAT isoforms to the nucleus in neurons is reliant on the CaN. However, we 

detected both similarities and differences in the regulation of localization of 

NFAT isoforms in neurons. At basal conditions, all NFAT isoforms studied were 

located mostly in the cytosol in hippocampal neurons, whereas, in cortical 

neurons, the localizations of different NFAT isoforms varied greatly even within 

the same NFAT subfamily. For example, we found that in untreated cortical 

neurons NFATc1-IB and NFATc2-IB isoforms were localized predominantly in 

the cytoplasm, whereas NFATc1-IA and NFATc2-IA isoforms were localized in 

the nucleus. Yet, blocking spontaneous neuronal activity of transfected cortical 

neurons with an overnight pre-treatment with sodium channel blocker 

tetrodotoxin resulted in cytoplasmic localization of all NFAT isoforms analyzed. 

Thus, these results show that spontaneous neuronal activity in our cortical neuron 

cultures may be greater than in our hippocampal neuron cultures (an observation 

also made by others in a comparative study (Harrill et al. 2015)), and that the 

possible differences in the regulatory mechanisms (such as kinase or other 

regulatory protein activities) acting on N-terminally variable NFAT isoforms 

cause distinct subcellular localizations of the NFAT isoforms under spontaneous 

neuronal activity.  

Membrane depolarization of hippocampal neurons results in nuclear 

localization of all NFAT isoforms tested, although the NFATc1, NFATc2 and 

NFATc3 isoforms translocated comparatively rapidly, whereas the NFATc4 

isoforms translocated slowly to the nucleus. Similarly, in cortical neurons, 

neuronal activity resulted in nuclear localization of NFATc1, NFATc2, and 

NFATc3 isoforms, albeit NFATc1-IA and NFATc2-IA isoforms were already 

localized to the nucleus in untreated cells. As for NFATc4 isoforms, they were 

unresponsive to the membrane depolarization in cortical neurons. These findings 

suggest that CaN phosphatase activity acting on NFATc4 isoforms might in 

general be more readily neutralized compared to other NFAT family members in 

neurons. This has been shown to be a case in hippocampal neurons, where 

NFATc4, but not NFATc3, is persistently being phosphorylated by GSK3β that 

counteracts CaN dephosphorylating activity (Ulrich et al. 2012). Furthermore, it 
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has been described that synaptogenesis, maturation, and thus activity of neurons 

are correlated with an increase in inactive GSK3β levels (Rui et al. 2013). 

Therefore, it could be that decreased GSK3β activity is reflected in our results 

with NFATc4 isoforms in the spontaneously more active cortical neuron culture.  

In conclusion, we have shown that although the neuronal activity-induced 

nuclear translocation of all NFAT isoforms requires CaN, the precise effects of 

Ca2+ signaling on the subcellular localization of the NFAT proteins is isoform-

specific and can vary between neuron types. 

4. Transactivation capacities of over-expressed wild-type and SUMO 

mutant isoforms of human NFAT in rat primary cortical and 

hippocampal neurons (publications II and III) 

 

NFAT proteins are highly conserved in their Rel‐homology domain, which is 

responsible for interactions with DNA and NFAT partner transcription factors. 

However, different NFAT isoforms, even within the same NFAT subfamily, 

differ greatly in their C- and N-terminal parts that have been shown to contain 

less conserved TADs. Although several studies have demonstrated the 

transactivation potencies of these TADs in different immune and breast cancer 

cell lines (Luo et al. 1996; Imamura et al. 1998; García-Rodríguez and Rao 1998; 

Avots et al. 1999; Yang et al. 2001; Hock and Brown 2003; Zhang et al. 2005; 

Qin et al. 2008), transactivation capacities of different NFAT isoforms in neurons 

have not been studied before. Therefore, our goal was to analyze the 

transactivation capacities of human NFAT isoforms in rat primary cortical and 

hippocampal neurons in response to membrane depolarization (publication II). 

Additionally, since the transcriptional activity of NFAT proteins has also been 

shown to be regulated by sumoylation (Terui et al. 2004; Nayak et al. 2009; 

Mojsa et al. 2015), we wanted to study how sumoylation regulates the 

transcriptional activity of different human NFAT isoforms in neurons 

(publication III).  

By using an in silico pattern recognition tool (Zhao et al. 2014), we identified 

three putative SUMO sites for both NFATc1 and NFATc3, two SUMO sites for 

NFATc2, and one SUMO site for NFATc4. The most N-terminal sumoylation 

sites of NFATc1 and NFATc3 are both located in the DNA-binding domain of 

NFAT, whereas all other sumoylation sites predicted are located near the C-

terminal TAD of NFATs, which indicates that SUMO conjugation may alter the 

transactivation capacities of NFAT proteins. Next, we used site-directed 

mutagenesis for the generation of different SUMO site mutant human NFATc1-

c4 isoforms. For analyzing the transactivational activities of different wild-type 

and SUMO mutant NFATc1-c4 isoforms in neurons, we carried out reporter 

assays in rat primary cortical or hippocampal neurons using firefly luciferase 
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construct carrying three tandem NFAT-response elements with and without 

membrane depolarization. We conducted similar luciferase reporter assays also 

in human embryonic kidney cells 293-FT (HEK293-FT) and BHK-21 cells in 

response to Ca2+ signaling to test whether the potential effect of sumoylation on 

the transactivation capacities of the representative NFAT isoforms may be 

neuron-specific. 

 First, we analyzed the transactivation capacity of a representative NFAT 

isoform from each NFAT family in cortical and in hippocampal neurons. At basal 

conditions, NFAT proteins are less active in hippocampal neurons than in cortical 

neurons, which correlates with our previous results showing predominantly 

cytoplasmic localization of NFATs in untreated hippocampal neurons. In 

response to membrane depolarization, we detected an increase in NFAT-

dependent luciferase expression only for the representative isoforms NFATc3-

IB-IX and NFATc4-ID-IXL in both cell types, whereas neuronal activity did not 

induce the transcriptional activities of NFATc1-IA-IXL and NFATc2-IA-Xa. 

However, SUMO site mutations significantly increased the transactivation 

activity of representative NFATc1-IA-IXL and NFATc2-IA-Xa isoforms in both 

cortical and hippocampal neurons and NFATc3-IB-IX in hippocampal neurons. 

Contrary to our findings, Terui and colleagues have reported that sumoylation of 

mouse NFATc2 positively regulates its transcriptional activity in BHK-21 cells 

(Terui et al. 2004). Although, generally, sumoylation has been shown to have 

both negative and positive effects on transcription factor activity (reviewed in 

Chymkowitch et al. 2015), we could not replicate the results of Terui and 

colleagues neither in HEK293-FT cells nor BHK-21 cells where NFATc2 SUMO 

mutants had higher transcriptional activity than wild-type isoforms. Furthermore, 

inhibition of sumoylation with 2-D08, a cell-permeable compound that prevents 

the transfer of SUMO from the E2 conjugating enzyme to the substrate, enhanced 

endogenous NFAT-dependent transcriptional activity at basal conditions in both 

hippocampal and cortical neurons and after membrane depolarization in cortical 

neurons. Jointly, these results indicate that sumoylation represses NFATc1- 

and/or NFATc2-dependent transcriptional activity in cortical neurons, and 

NFATc1-, NFATc2- and/or NFATc3-dependent transcriptional activity in 

hippocampal neurons.  

 Next, we analyzed the transactivation capacities of all our cloned 18 NFAT 

protein isoforms in cortical neurons. We determined that in response to Ca2+ 

signaling, all NFATc3 and NFATc4 isoforms tested were strong activators of 

transcription, and mutation of sumoylation sites had no effect on their 

transactivation activities in cortical neurons. Transactivation by NFATc1 and 

NFATc2, however, was dependent on the specific isoform. NFATc1 isoforms 

NFATc1-IA-VIII, NFATc1-IB-VIII, and NFATc1-IA-ΔIX, that differ C-

terminally from the other NFATc1 isoforms, significantly increased NFAT-RE 

controlled luciferase expression upon high K+ stimulation of cortical neurons. 
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Interestingly, these isoforms and isoform NFATc1-IB-ΔIX contain only the most 

N-terminal sumoylation site and displayed no differences in transactivation 

capacities between wild-type and SUMO mutant at basal level as well as after 

membrane depolarization. C-terminally longer NFATc1 isoforms NFATc1-

IA/IB-IXS and NFATc1-IA/IB-IXL, that contain two or all three putative SUMO 

sites, respectively, could increase NFAT response element controlled luciferase 

expression at both basal level and after membrane depolarization only when their 

SUMO sites were mutated. These findings were in good agreement with previous 

study showing that two C-terminal SUMO sites of NFATc1 are the most 

important sites in HEK293-T cells and N-terminal SUMO site is irrelevant or 

dependent on other two sumoylation sites (Nayak et al. 2009). The transactivation 

capacities of all four NFATc2 isoforms analyzed are significantly inhibited by 

sumoylation in cortical neurons. However, wild-type NFATc2 isoforms 

displayed great variation in their transactivation capacities between biological 

replicates, which could be partly explained by the highly dynamic nature of 

sumoylation process where not all SUMO substrates could be sumoylated 

simultaneously, especially when being overexpressed. In addition, analysis of 

sumoylation of overexpressed representative NFAT isoforms by co-

immunoprecipitation assay showed that all analyzed NFAT proteins were 

sumoylated in HEK293-FT cells. In cortical neurons, Western blot analysis 

showed that only the overexpressed representative NFATc1 and NFATc2 

isoforms were sumoylated, with higher levels in depolarized neurons, whereas 

sumoylation of the representative NFATc3 and NFATc4 isoforms was not 

detected. This is in good agreement with our results from luciferase reporter 

assays showing that mutation of sumoylation sites promotes the transcriptional 

activity of all representative NFAT isoforms in HEK293-FT cells, while in 

cortical neurons only the activities of NFATc1 and NFATc2 are increased.  

 Collectively, our results show that the transcription activation capacity of 

NFAT proteins in neurons is isoform-specific. However, the presence of a known 

TAD in a certain NFAT isoform does not clearly correlate with its membrane 

depolarization-induced transactivation capacity. Sumoylation represses the 

transcriptional activity of NFATc1-c4 in general, but the effect of sumoylation 

on different NFAT isoforms varies between cell types. This could be due to 

differential expression patterns of substrate-specific SUMO ligases or proteases. 
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CONCLUSIONS 

The principal findings of the present thesis are: 

 

 Alternative transcripts of the NFAT genes are generated predominantly by 

usage of alternative 5′ and 3′ exons.  

 Alternatively spliced NFAT mRNAs display tissue-specific expression 

patterns.  

 NFAT mRNAs are expressed in mouse brain with a specific pattern for 

each NFAT gene. Nfatc2 is the most predominantly expressed Nfat gene 

in the mouse brain being broadly expressed throughout the brain. 

 The subcellular distribution of the NFAT proteins is isoform-specific and 

varies between neuron types. In hippocampal neurons, all NFAT isoforms 

studied were located mostly in the cytosol, whereas in cortical neurons, 

the localizations of different NFAT isoforms varied greatly even within 

the same NFAT subfamily. 

 Neuronal activity-induced nuclear translocation of all NFAT isoforms 

requires calcineurin activity. 

 The extent and kinetics of neuronal activity-induced nuclear translocation 

of the NFAT proteins is isoform-specific and varies between neuron 

types. In hippocampal neurons, membrane depolarization resulted in 

nuclear localization of all NFAT isoforms tested. However, in cortical 

neurons, NFATc4 localization was unresponsive to depolarization.  

 The transcription activation capacity of the NFAT proteins in neurons is 

isoform-specific: NFATc3 and NFATc4 isoforms lead to the highest 

induction of transcription, whereas NFATc1 and NFATc2 display 

isoform-specific transcription activation capacities.  

 Sumoylation, in general, represses the transcriptional activity of all 

NFATs. 

 The effect of sumoylation on different NFAT isoforms varies between 

cell types. In cortical neurons, sumoylation represses the transcriptional 

activity of NFATc1 and NFATc2 isoforms, whereas in hippocampal 

neurons, transcriptional activity of NFATc1, NFATc2, and NFATc3 

isoforms is repressed by sumoylation. 
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ABSTRACT 

Four members of the nuclear factor of activated T cells (NFAT) family (NFATc1, 

NFATc2, NFATc3, and NFATc4) are Ca2+-dependent transcription factors that 

regulate several cellular processes in vertebrates, including the development and 

function of the immune, cardiovascular, musculoskeletal, and nervous system. 

Upon activation by the Ca2+-dependent phosphatase calcineurin (CaN), NFATs 

translocate from cytosol to the nucleus, where they regulate the expression of 

their target genes. Increasing amount of evidence indicate the importance of 

different NFAT family members in the nervous system, where NFAT-dependent 

gene regulation is associated with corticogenesis, synaptogenesis, synaptic 

plasticity and neurotransmission.  

Given the critical processes that NFAT proteins regulate in the nervous system, 

relatively little is known about the expression and regulation of different NFAT 

protein isoforms derived from the four NFAT genes in neurons. Hence, the aims 

of the current study were (i) to characterize the structure, alternative splicing and 

expression of the human and mouse NFAT gene family members, with the 

emphasis on their expression in the brain, (ii) to study the subcellular localization 

and the transactivation capacities of different over-expressed human NFAT 

proteins at basal conditions and in response to membrane depolarization in rat 

cultured primary cortical and hippocampal neurons, and (iii) to determine 

whether sumoylation is involved in the regulation of the transcriptional activity 

of human NFAT proteins in neurons. 

The results of the current study demonstrate that due to complex usage of 

alternative 5′ and 3′ exons and alternative splicing, the NFAT isoforms derived 

from each of the four NFAT genes differ greatly in their N- and C-terminal 

regions. Expression analysis of NFATC1, NFATC2, NFATC3, and NFATC4 

mRNAs showed that all NFATs, although expressed with different tissue-specific 

patterns, are expressed in the brain. Next, we studied how the structural 

differences between different human NFAT proteins contribute to the activity and 

localization of these proteins in neurons. Functional analysis of NFAT isoforms 

showed that nuclear translocation of all studied NFAT isoforms in rat cultured 

primary cortical and hippocampal neurons is dependent on CaN activity. 

However, the precise effects of Ca2+ signaling on the subcellular localization of 

the NFAT proteins are isoform-specific and can vary between neuron types. 

Furthermore, the ability of different NFAT isoforms to regulate NFAT response 

element-controlled transcription in neurons is isoform-specific. We also found 

that, in general, sumoylation represses the transcriptional activity of NFAT 

proteins, but the effect of sumoylation on specific NFAT isoforms varies between 

cell types. 

Collectively, the results of this study outline how and to what extent differential 

expression and regulation of NFAT isoforms could contribute to the diversity of 

neuronal activity-dependent functions of the NFAT proteins in neurons. 
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KOKKUVÕTE 

NFATc1, NFATc2, NFATc3 ja NFATc4 on perekond kaltsium-sõltuvaid 

transkriptsioonifaktoreid, mis reguleerivad selgroogsetes loomades mitmeid 

olulisi rakulisi protsesse. Muuhulgas on NFAT perekonna rolli kirjeldatud nii 

immuunsüsteemi, südame-veresoonkonna, lihaskonna, kui ka närvisüsteemi 

arengus ja talitluses. NFAT signaaliraja aktiveerib seriin/treoniin-sõltuv fosfataas 

kaltsineuriin, mis defosforüleerib NFAT valgud rakusisese kaltsiumi 

kontsentratsiooni tõusu korral. See indutseerib NFAT valkude liikumise raku 

tuuma, kus käivitatakse NFAT-sõltuv geeniekspressioon. Aina kasvav hulk 

tõendeid viitab NFAT valkude olulisusele närvisüsteemis, kus NFAT rolli 

seostatakse kortikogeneesiga, sünaptogeneesiga, sünaptilise plastilisusega ning 

neurotransmissiooniga.  

 Arvestades kuivõrd olulistes protsessides NFAT valgud närvisüsteemis 

osalevad, on üllatavalt vähe teada erinevate NFAT valkude isovormide 

ekspressioonist ja regulatsioonist närvirakkudes. Sellest tulenevalt oli käesoleva 

töö eesmärkideks: (i) iseloomustada inimese ja hiire NFAT geenide struktuuri ja 

ekspressiooni, rõhuasetusega nende ekspressioonianalüüsile ajus, (ii) analüüsida 

roti primaarsetes kortikaalsetes ja hipokampaalsetes närvirakkudes 

üleekspresseeritud inimese NFAT valguisovormide rakusisest lokalisatsiooni ja 

aktiivsust nii basaaltasemel, kui ka vastusena membraani depolarisatsioonile, ja 

(iii) teha kindlaks, kas NFAT valkude sumoüleerimine mõjutab nende 

transkriptsioonilist aktiivsust närvirakkudes. 

 Antud töö tulemused näitavad, et tulenevalt keerukast 5′ ja 3′ eksonite 

kasutusest ning alternatiivsest splaissimisest, erinevad NFAT isovormid suuresti 

oma amino- ja karboksüülterminuste poolest. NFATC1, NFATC2, NFATC3 ja 

NFATC4 mRNA’de ekspressioonianalüüsi kohaselt on kõik NFAT geenid,  kuigi 

erineva koespetsiifilise avaldumismustriga, ajus ekspresseeritud. Sellest lähtuvalt 

tõstatasime küsimuse, mil määral mõjutavad NFAT isovormide struktuurilised 

erinevused nende regulatsiooni närvirakkudes. Meie tulemused näitavad, et roti 

primaarsetes kortikaalsetes ja hipokampaalsetes närvirakkudes on kõikide NFAT 

isovormide liikumine tuuma sõltuv kaltsineuriini aktiivsusest. Samas on 

kaltsiumi signaliseerimise mõju NFAT valkude rakusisesele lokalisatsioonile 

sõltuv konkreetsest NFAT isovormist ning varieerub rakutüübiti. Enamgi veel, 

erinevate NFAT isovormide võime aktiveerida transkriptsiooni närvirakkudes on 

samuti sõltuv konkreetsest isovormist. Kuigi me näitasime, et sumoüleerimine 

mõjutab negatiivselt kõikide NFAT valkude transkriptsioonilist aktiivsust, on see 

mõju erinevatele NFAT isovormidele rakutüübist sõltuv. 

 Kokkuvõtvalt kirjeldavad käesoleva töö tulemused kuidas ja mil määral võivad 

NFAT isovormide ekspressiooni ja regulatsiooni erinevused panustada NFAT 

närvitalitlusest sõltuvate funktsioonide mitmekesisusse. 
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