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SUMMARY 
 

The calcineurin-NFATc signaling pathway is involved in many aspects of 

the development and function of the immune, neural, skeletal, 

cardiovascular and muscular system of vertebrates. Regulators of 

Calcineurin (RCAN) proteins constitute a family of endogenous regulators 

of calcineurin, which play an important role in the modulation of the 

calcineurin-NFATc pathway. Here, we identifiy a novel protein kinase CK2 

dependent mechanism by which the CIC motif of RCAN proteins modulate 

the final signaling output of the pathway. Moreover, we show that the 

functional CIC motif of RCANs responsible for Cn-NFATc regulation is 

sufficient to inhibit tumor progression producing a strong anti-angiogenic 

phenotype in an orthotopic human breast cancer mouse model. Therefore, 

a CIC-derived peptide has potent immunosuppressive and antitumoral 

activities by itself. Finally, the results here presented provide important 

insights for the rational design of potent and specific NFATc inhibitory 

drugs, which could be of use in autoimmune diseases and cancer.
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RESUMEN 
 

La vía de señalización calcineurina-NFATc desempeña diversos roles en 

el desarrollo y function en el sistema, immune, nervioso, esqueletico, 

cardiovascular y muscular de veretebrados. Las proteínas RCAN 

(Regulators of Calcineurin), constitutyen una familia de reguladores 

endógenos de la calcineurina (Cn) que juegan un papel importante en la 

modulación de dicha vía. En el presente trabajo, hemos identificado un 

nuevo mecanismo de regulación, dependiente de la proteína quinasa 

CK2, por el cual el motivo CIC de las RCAN regula la vía Cn-NFATc. 

Además, demostramos que el motivo CIC de las RCAN responsable de la 

regulación de la vía Cn-NFATc, es suficiente para inhibir la progresión 

tumoral, produciendo un fuerte efecto angiogénico en un modelo 

ortotópico murino de tumor de mama. Por tanto, un péptido derivado del 

motivo CIC posee actividad inmunosupresora y antitumoral por sí mismo. 

Finalmente, este trabajo proporciona nuevos conocimientos que pueden 

ser de aplicación en el desarrollo racional de nuevos fármacos, 

especificos y potentes inhibidores de NFATc con posibles aplicaciones en 

la terapia immunosupresora y del cáncer.
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PREFACE 
 

Cells are in constant interaction with their surrounding environment. This is 

achieved by the evolution, specialization and organization of a plethora of 

effectors, which enable the cell to adapt to the diversity of external cues 

received from an always-changing environment. Due to limitations imposed by 

nature regarding number of available effectors, such adaptation requires not 

only a high diversity in terms of expressed effectors but at the same time 

different layers of organization and crosstalk between those elements. In 

multicellular organisms, there is the additional need for the cells to 

communicate between them so that the response is coordinately taken as 

single functional unit, implying higher order layers of organization, which 

increase in complexity as the organism evolves. However, it may happen that 

either the cell environment or any of the acquired mechanisms of adaptation 

become altered, and when such modifications cannot be adjusted, a disease 

state could develop. Such complex picture happening within the small world 

that a eukaryote cell is, is what we are currently striving to understand, what we 

generally designate by mechanisms of signal transduction.
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1. INTRODUCTION 
 

An important mediator of signal transduction in eukaryotic cells is Ca2+. This 

bivalent ion is able to convey many different kind of signals, making the cell to 

react to a given stimuli by changing its concentration within the cell and thereby 

directly activating membrane ion channels or acting as a secondary messenger, 

following the action of a primary effector, activating G-protein coupled receptors 

or regulating the activity of protein enzymes.  

 

One of such enzymes whose activity is tightly regulated by the presence of Ca2+ 

is the serine/threonine phosphatase calcineurin or PPP3C (Cn) (Aramburu et 

al., 2000; Rusnak and Mertz, 2000). First described in the late 1970s (Klee et 

al., 1979), its importance came to light with the discovery that it is the target of 

the immunosuppressant drugs cyclosporine A and FK506 (Liu et al., 1991). This 

enzyme is able to catalyze the removal of phosphate groups in phosphorylated 

substrate proteins. Among Cn substrates we find the nuclear factor of activated 

T-cells 1 to 4 (NFATc) family of proteins (Jain et al., 1993), which upon Cn-

mediated dephosphorylation translocate to the nucleus where in cooperation 

with other transcription factors trigger the expression of different transcriptional 

programmes (Gallo et al., 2006). The Ca2+/Cn/NFATc signaling axis, originally 

identified to be responsible for the activation of human T-cells (Northrop et al., 

1994), has recently been described to govern many functions in different 

systems in vertebrates (Wu et al., 2007b). The importance in the functionality of 

this signaling pathway implies that precise regulatory mechanisms balancing 

the signal output of the cascade should exist. Indeed, disregulation of the 

Cn/NFATc signaling pathway can contribute to different pathologies such as 

cardiac hypertrophy (Heineke and Molkentin, 2006), autoimmune diseases 

(Sundrud and Rao, 2007), osteoporosis (Nakashima and Takayanagi, 2008), 

and potentially to Alzheimer (Berridge, 2011), Down Syndrome (Arron et al., 

2006) and cancer (Mancini and Toker, 2009). This work is devoted to the 

understanding of how one such specific regulatory mechanism is carried out by 

the Regulators of Calcineurin (RCAN) family of proteins toward the Cn/NFATc 

signaling pathway and how we can profit the knowledge obtained from such 

studies to apply them in the treatment of human diseases. 
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1.1. CALCINEURIN 
 

Cn is a 58-64 kDa heterodimer formed by two subunits, the catalytic calcineurin 

A (CnA) and the regulatory calcineurin B (CnB). The structural and functional 

domains in both subunits are conserved from yeast to human (Cyert et al., 

1991). A conserved catalytic domain is present in the CnA subunit containing 

the active site (amino acids 71-342). Also conserved, the regulatory region is 

located at the C-terminus of the protein (spanning amino acids 333-490) with 

the CnB binding domain (amino acids 348-370), the calmodulin (CAM) binding 

site (amino acids 391-414) and the auto-inhibitory domain (AID, amino acids 

457-482)(Li et al., 2011)(Fig. 1). 

 

 
 

 

 

The CnB subunit is also conserved in eukaryotes and presents four EF-hand 

motifs, which bind each of them one Ca2+ molecule (Kakalis et al., 1995). CnB 

binding to CnA is dependent on Ca2+, however, the high affinity Ca2+ binding 

sites in CnB makes it possible that even in the presence of low Ca2+ 

concentration, CnB can bind to CnA.  

 

The crystal structure of Cn in complex with the immunosuppressant drugs 

cyclosporine A and FK506, shows some similarities with that of a related 

phosphatase, PP1(Kissinger et al., 1995; Griffith et al., 1995; Egloff et al., 1995; 

Jin and Harrison, 2002). The active site of Cn is coordinated with Fe2+ and Zn2+, 

which are bound to residues forming the two faces of a β- sandwich. In such 

Figure 1. Schematic representation of conserved domains in human CnA (Red) and 

CnB (green). Adapted from (Li et al., 2011). 
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structure, the AID adopts an α-helix conformation blocking the access of 

substrates into the active site (Kissinger et al., 1995; Griffith et al., 1995; Jin and 

Harrison, 2002) (Fig.2). 

 

 
Figure 2. Crystal structure of truncated human Cn in complex with FK506-FKBP12. 

Calcineurin A is shown in red and calcineurin B in purple with myristic acid covalently linked to 

the N-terminal glycine shown in pink. Iron and zinc in the active site are shown as yellow and 

green spheres respectively, and the bound phosphate is shown in purple. The four Ca2+ in the 

calcineurin B sites are shown as pink spheres. FKBP12 is shown in green, and FK506 (yellow) 

is shown in ball and stick representation (Protein Data Bank code 1TCO, (Griffith et al., 1995)). 

Figure copied from (Klee et al., 1998). 

 

Both Cn subunits are expressed in different isoforms encoded by different 

genes: in the case of CnA, there are the α, β and γ isoforms and CnB is 

expressed from CNB1 and CNB2. In both cases, the isoforms differ mainly on 

their pattern of expression. Cn is found expressed in all the tissues but it is 

specially enriched in neurons, where the phosphatase was first identified. CnAα 

is the main isoform present in the brain, although CnAβ expression has been 

also documented. As for CnB1, it is widely expressed along all tissues. Both 

CnAγ and CnB2 expression is restricted to testis (Aramburu et al., 2000). 

 

1.1.1. Regulation of Calcineurin activity 
 

Cn activation is dependent on intracellular Ca2+ concentration, which determine 

the interaction of CAM to the heterodimer (Klee et al., 1998). Upon an increase 

in intracellular Ca2+ concentration, Ca2+ binds the high affinity EF-hand motifs in 
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CnB, which starts a conformational change that is followed by the binding of 

Ca2+ bound CAM at its binding site in CnA (Yang and Klee, 2000). It is thought 

that other contacts of CAM in CnA occur which altogether determines the 

withdrawal of the AID motif from the entrance to the active site thereby allowing 

the access of substrates. The full activation of Cn requires the binding of CAM 

to Cn, but this happens only when activated by high Ca2+ concentrations (Wang 

et al., 2008). It is thought that the low affinity EF-motif in CAM are playing a role 

as Ca2+ sensors, providing that only at high Ca2+ concentrations CAM is 

activated and consequently is Cn (Yang and Klee, 2000) (Fig.3). 

 

 
 

 

 

 

 

Upon activation, the Fe2+ ion in the active site, which is key in the enzymatic 

activity, is exposed. Therefore, Cn activity is also dependent on the redox state 

of the cell, because once Cn is activated, the Fe2+ can be oxydized to a much 

less active Fe3+ (Aramburu et al., 2000). 

 

Figure 3. Proposed model of Ca2+ mediated activation of Cn. CAM is depicted in 

orange, CnA in red and CnB in green. Ca2+ ions are shown as black spheres. Adapted 

from (Li et al., 2011). 
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CnB is a regulator of Cn, which accomplishes mainly structural and regulatory 

functions. In order to reconstitute the enzyme in a fully active state CnB is 

required. Interestingly, crystal structure determinations have shown that the 

CnA-CnB interaction provides a interface for the immunosuppressant-

immunophilin complexes to bind to and inhibit Cn (Kissinger et al., 1995; Griffith 

et al., 1995; Egloff et al., 1995; Jin and Harrison, 2002). 

 

Phosphorylation sites have been identified in Cn in vitro, however their 

implication in vivo in the activity of the phosphatase still remains unclear. 

 

1.2. NUCLEAR FACTOR OF ACTIVATED T-CELLS FAMILY OF 
PROTEINS 

 

The Nuclear Factor of Activated T-cell (NFAT) family of transcription factors 

were first identified as a regulator of the transcription of the IL-2 gene in T-

lymphocytes in response to TCR engagement (Northrop et al., 1994). From 

then on, they have been recognized as major regulators controlling the immune 

system function, driving the expression of cytokines and chemokines in different 

cell types critical for the orchestration of the immune response (Macian, 2005). 

Recently, the roles of NFAT proteins have been extended to other contexts, and 

hence have been regarded to be critical in the development and function of the 

vascular, nervous and skeletal systems, among others (Crabtree and Olson, 

2002). Of note, there are no NFAT homologues in invertebrates, which raises 

the possibility that they arose to regulate the specialized needs of vertebrates 

(Wu et al., 2007b). 

 

This family of proteins consists of 5 members: NFATc1 (NFAT2); NFATc2 

(NFAT1); NFATc3 (NFAT4); NFATc4 (NFAT3) and NFAT5 (TonEBP). NFATc1 

to NFATc4 (herein referred to as NFATc) are regulated by Ca2+/Cn, whereas 

NFAT5 is activated upon osmotic stress (Dahl et al., 2001). This protein does 

not possess a Cn-binding site on its structure and therefore its activity is not 

regulated by Ca2+. From now on we will focus on NFATc proteins, which are the 

subject of this study. 
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NFATc proteins are generally ubiquitiously expressed, with some exceptions, as 

for instance NFATc4 which is not expressed in the immune system (Macian, 

2005). In addition, each gene has alternative splice variants that give rise to 

different isoforms that differ in their amino and carboxy termini. They are all 

evolutionarily related to the REL family of transcription factors present in all 

eukaryotes. Their structure contains an amino-terminal transactivation domain 

(TAD), a regulatory domain (also known as NFAT homology region or NHR), a 

highly conserved DNA-binding domain (Rel-homology domain or RHD) and a 

carboxy-terminal region (Fig.4). The regulatory domain contains multiple serine-

rich regions (SRR and SP repeats), which are the target of Cn in stimulating 

conditions (Hogan et al., 2003).  

 

 

 

1.2.1. Motifs involved in NFATc docking to Cn 
 

NFATc proteins directly interact with Cn through conserved motifs on its amino 

acid sequence. Two defined Cn-binding sequences have been identified in 

NFATc within the NHR: the PXIXIT sequence, located near the N-terminus of 

the domain and LXVP sequence, which is found at the C-terminus of the 

regulatory domain.  

 

The PXIXIT sequence is regarded as the main Cn docking site of NFATc 

proteins (Roy and Cyert, 2009). The observation that the regulatory domain 

(NHR) of NFATc was involved in its Cn-dependent activation (Luo et al., 1996), 

led to the identification of the PXIXIT consensus sequence in a mutational 

screening across conserved sequences in the NHR of NFATc (Aramburu et 

al.,1999). A synthetic peptide derived from the sequence of NFATc2, PRIEIT, 

Figure 4. Schematic representation of the conserved domains in NFATc proteins. 

Adpated from (Müller and Rao, 2009). 
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was shown to displace the binding of NFATc to Cn, thus preventing NFATc 

dephosphorylation and translocation to the nucleus in vivo. This sequence is 

present in NFATc1 to 4 and it is known as PXIXIT motif. Later on, an optimized 

version of a NFATc PXIXIT-containing peptide, the VIVIT peptide, was obtained 

by a randomized library screen, showed a 50-fold increased affinity for the 

binding to Cn (Aramburu et al., 1999). 

 

 

The structure of the VIVIT peptide in complex with CnA-CnB (amino acids 1-380 

of CnA and 16-170 of CnB in the first) by X-ray crystallography and in complex 

with CnA (amino acids 2-347) by NMR studies were described in 2007 (Li et al., 

2007; Takeuchi et al., 2007), revealing that the interaction of the VIVIT peptide 

takes place between the β-11 and β-14 strands of the catalytic domain of CnA 

(Fig.5). The interaction is strengthened by a string of hydrophobic amino acids 

found in the binding cleft formed by the β-sheets. Importantly, the highly 

conserved proline residue of the PXIXIT sequence is buried in a hydrophobic 

pocket. The peptide augments the β-sheet in CnA by hydrogen bond 

interactions of the central isoleucine and valine residues. Finally, the consensus 

Figure 5. crystal structure of truncated human CnA with the VIVIT peptide. The VIVIT 

peptide is bound to CnA in a hydrophobic cleft formed by β11 and β14 strands. The VIVIT 

peptide is juxtaposed to β14 strand, extending the β-sheet conformation existing in this 

part of CnA. Adapted from (Li et al., 2012). 
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threonine residue in the VIVIT peptide forms a hydrogen bond with N330 in 

CnA. Recently, the structure of the Cn in complex with the PIXIXT-containing 

AKAP79 protein also confirmed the interaction pattern of this conserved 

sequence at the described hydrophobic cleft in Cn (Li et al., 2012). The 

observation that the conserved PXIXIT sequence is also present in other Cn-

interacting proteins, makes the PVIVIT-Cn crystal structure a valid illustration of 

the essential features of the interaction of Cn with many different substrates.  

 

It has been proposed that variation in the affinity of the PXIXIT sequence would 

modulate the final outcome of the interaction with Cn and, as a result, NFATc 

downstream signalling (Li et al., 2011). Indeed, a transgenic mouse bearing a 

mutation on the PXIXIT sequence of NFATc to the high affinity VIVIT sequence 

yielded a hyperactivable NFATc (Muller et al., 2009). Consequently, the 

transgenic mice presented a lower activation threshold for the NFATc-

dependent gene expression programmes in T-cells, leading to a 

hyperresponsive phenotype and at the same time unexpected signal-dependent 

effects in T cell differentiation in the thymus and on B- cell development from 

hematopoietic stem cells (Muller et al., 2009). Also, in yeast, mutation of the 

PXIXIT sequence contained in transcription factor Crz1, which is a substrate of 

yeast Cn, to contain the high affinity PVIVIT sequence, resulted in an enhanced 

response to osmotic stress and yeast survival (Roy et al., 2007). Nevertheless, 

the trade-off in this affinity variation was an increased cell susceptibility to 

alkaline pH stress. Recently, the variation in the affinity of the PXIXIT sequence 

of AKAP79 also elicited important consequences in the activation of NFATc 

signaling (Li et al., 2012). Therefore, the affinity of each PXIXIT containing 

protein for Cn is finely tuned so to provide a proper control of cell homeostasis. 

 

The second Cn-binding sequence found in NFATc, the LXVP sequence, is also 

found in other Cn-interacting proteins as for instance the RCAN proteins (see 

below) (Rodriguez et al., 2009). The LXVP motif was first characterized in 

NFATc1 and NFATc3 as a peptide interacting with CnA (Park et al., 2000). 

Interestingly, it was previously reported that its interaction was at the active site 

of CnA, therefore requiring that CnA is activated and the active site exposed 

(Garcia-Cozar et al., 1998), whereas the PXIXIT sequence is bound to Cn even 
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in resting conditions. As a consequence, and in contrast with the PXIXIT motif, 

the LXVP inhibits the phosphatase activity of Cn towards all of its substrates, as 

shown by the inhibition of the dephosphorylation of the RII peptide from PKA 

(Aramburu et al., 1998; Rodriguez et al., 2009). Recently, it was shown that the 

LXVP peptide inhibited Cn-dependent NFATc activation by an interaction on a 

site that overlaps that of the immunosuppressant-immunophilin complexes 

(Martinez-Martinez et al., 2006; Rodriguez et al., 2009). One can therefore 

hypothesize that the different affinities of both the PXIXIT and LXVP sequences 

in NFATc proteins contribute to the overall binding strength to Cn, thereby 

regulating the sensitivity of each NFATc member to be activated by Cn in 

stimulating conditions. For instance, the LXVP sequence of NFATc1 is more 

tightly bound to Cn than that of NFATc2, and therefore could produce an 

increased sensitivity to Cn activation on NFATc1 compared to NFATc2 

(Martinez-Martinez et al., 2006). However, activation of NFATc proteins would 

also be influenced by other factor, such as tissue specific abundance of each 

member or presence of other PXIXIT containing proteins in the signalling 

context. 

 

1.2.2. Regulation of NFATc activation 
 

The activation of NFATc proteins is a well-characterized mechanism of signal 

transduction in the cell. Although best described in cells of the immune system, 

it is widely accepted that the same mechanisms of activation direct NFATc 

activation in other cell types.  

 

Upon ligand binding by the cell surface receptors (Fig. 6), receptor tyrosine 

kinases (RTK), immunoreceptors or G-protein coupled receptors, 

phospholipase Cγ (PLCγ) becomes activated and leads to the production of 

inositol-1,4,5-triphosphate (IP3) and diacylglicerol (DAG) from the hydrolysis of 

phosphatidyl- 4,5 biphosphate in the cell membrane. IP3 then binds to its 

receptors in the membrane of the endoplasmic reticulum (ER), IP3 receptor 

(IP3R) and ryanodine receptors (RyR). This produces the release of Ca2+ from 

the ER intracellular stores.  This increase of intracellular Ca2+ concentration 

triggers the store-operated Ca2+ entry process (SOCE), elicited by the 
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translocation to the membrane of stromal interacting molecule 1 and 2 (STIM1 

and STIM2) calcium sensor proteins from the ER, where they sense the 

depletion of Ca2+ from the intracellular stores (Cahalan, 2009). Once in the 

membrane, they bind the Orai protein which is a component of the calcium-

release activated channels (CRAC) (Prakriya et al., 2006). The interaction of 

both proteins leads to a conformational change of the CRAC and the 

subsequent opening of the channel which produces a sustained massive influx 

of Ca2+ ions in to the cytosol (Yeromin et al., 2006; Feske et al., 2006).Then, 

Ca2+ binds to CAM and the complex activate Cn. Once activated, NFATc 

phosphate groups are removed at the phosphorylated SRR and SP regions in 

the regulatory region of NFATc. This event leads to the exposure of a Nuclear 

Localisation Signal (NLS) and masks a nuclear export sequence (NES) so that 

NFATc is rapidly translocated into the nucleus. 

 

 
 

 

Dephosphorylated NFATc are able to bind gene promoters through the RHD, 

and either alone or in cooperation with other transcription factors, they activate 

gene expression (Hogan et al., 2003). 

 

 

 

Figure 6. The Cn-NFATc pathway. Adapted from (Müller and Rao, 2009). 



Introduction 

 12

1.2.3. NFATc cooperation in the nucleus 
 

NFATc proteins have a remarkable conformation flexibility on binding different 

DNA promoters and enhancers which facilitates its assembly in higher order 

complexes with different DNA-binding partners depending on the cell type and 

condition of stimulation studied (Hogan et al., 2003). One of the most studied 

association of NFATc is with AP1, the complex formed by the fos and jun family 

of proteins, which provides a means for integration of two signaling cascades: 

Cn-NFATc and MAPK/PKC (Macian et al., 2001). The NFATc-AP1 complex 

binds to a 15 bp DNA stretch forming a composite binding site, present in both 

promoters and enhancer regions of NFATc-dependent genes such as IL-2, GM-

CSF, IL4, IL8, IL-13, or COX2 among others.   

 

In addition to AP1, NFATc proteins can also bind to the transcription factors Maf 

at the IL4 promoter; ICER and p21SNFT, which have been shown to inhibit 

NFATc-dependent transcription; IRF-4 at the IL4 and IL2 promoters and EGR-1 

at the IL2 and TNF-α promoters (Hogan et al., 2003).  

 

Additionally, GATA transcription factors have been shown to cooperate as well 

with NFATc. For instance, GATA4 and Nkx2-5 bind NFATc during heart 

development in cardyomyocites (Pikkarainen et al., 2004; Chen and Cao, 

2009). Also cooperation with GATA2 mediate skeletal muscle hypertrophy and 

fiber-type-specific gene programming (Musarò et al., 1999; Schiaffino and 

Serrano, 2002). Very recently, NFATc-NF-κB complexes have also been shown 

to participate in cardiac hypertrophy (Liu et al., 2012). Furthermore, coordination 

with Myocite Enhancer Factor 2 (MEF2) has been also reported in myocytes 

(Blaeser et al., 2000; Youn et al., 2000; Suzuki et al., 2002; Putt et al., 2009). 

PPAR-γ was identified in cooperation with NFATc bound to the IL4 promoter to 

inhibit gene expression (Chung et al., 2003). Finally FoxP3 forms a complex 

with NFATc and induces transcriptional activation of genes involved in the 

differentiation into regulatory T-cells (Wu et al., 2006; Hu et al., 2007). 
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1.2.4. Regulation of NFATc export to the cytosol 
 
Nuclear export of NFATc proteins is essential to terminate the activation of their 

transcriptional activity. NFATc present a NES in their primary sequence which is 

only unmasked upon multiple phosphorylation events in the serine rich regions 

within the regulatory domain of NFATc. Once phosphorylated in the nucleus, 

NFATc proteins are exported in a mechanism dependent on Ran and Crm1 

proteins (Kehlenbach et al., 1998). Numerous serine/threonine kinases have 

been identified as regulators of NFATc activity and subdivided in export and 

maintenance kinases. The first ones are responsible for the rephosphorylation 

of NFATc inside the nucleus to induce its translocation to the cytosol. 

Maintenance kinases act in the cytoplasm, keeping NFATc in a fully 

phosphorylation form and preventing its nuclear translocation in resting 

conditions. 

 

GSK3β is an export kinase which phosphorylates the SP2 motif of NFATc2 and 

both SP2 and SP3 of NFATc1 (Beals et al., 1997). These phosphorylation sites 

require a previous phosphorylation by the priming protein kinase A (PKA) or the 

dual-specificity tyrosine-phosphorylation regulated kinase (DYRK). DYRK1A in 

the nucleus and DYRK2 as a maintenance kinase in the cytosol can 

phosphorylate the conserved SP3 motif of NFATc2, priming for the 

phosphorylation of the SP2 or SRR1 motifs by GSK3β and CK1 respectively 

(Arron et al., 2006; Gwack et al., 2006). 

 

CK1 functions both as an export and maintenance kinase and phosphorylates 

the SRR1 motif near the N-terminus of the regulatory region of NFATc 

(Okamura et al., 2004).  

 

Other kinases have been involved in the regulation of NFATc nuclear export. 

p38 has been shown to phosphorylate NFATc2 and NFATc4 at the SRR region 

(Gomez del Arco et al., 2000; Yang et al., 2002b) and JNK phosphorylates the 

SRR region of NFATc3 and NFATc1 (Chow et al., 1997) (Chow et al., 2000). 

Protein kinase CK2 is also able to phosphorylate the conserved SRR and SP1 

region that primes for the action of MAPK on NFATc1 (Porter et al., 2005). 
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1.2.5. Regulation of NFATc by other mechanisms 
 
Apart from phosphorylation, other post-translational modifications have been 

shown to modify NFATc activity. NFATc1 and NFATc2 have been described to 

be regulated by sumoylation, resulting in nuclear accumulation of the protein 

(Terui et al., 2004; Nayak et al., 2009). ADP-ribosylation of NFATc by Poly-

ADP-ribose polymerase 1 (PARP1) was also found to influence NFATc1 activity 

(Valdor et al., 2008; Olabisi et al., 2008), acting as a positive regulator of its 

activity. 

 

Also, several examples point out the regulation of NFATc by protein-protein 

interactions. For instance, in breast cancer cells, NFATc2 has been shown to be 

ubiquitinated and targeted for proteasomal degradation by the E3 ligase HDM2 

(human homolog of MDM2), thereby regulating migration and invasion (Yoeli-

Lerner et al., 2005). Recently, the HOMER scaffolding proteins were shown to 

bind to NFATc competing with Cn for its binding in the cytosol, thus preventing 

NFATc activation by dephosphorylation (Huang et al., 2008). Also, recent work 

reported a non-coding RNA repressor of NFATc (NRON), comprising a 

cytoplasmic RNA- protein scaffold complex together with NFATc kinases and 

the IQ motif containing GTPase activating protein (IQGAP) scaffolding protein 

and whose function was also found to inhibit dephosphorylation and nuclear 

trafficking of NFATc (Willingham et al., 2005; Sharma et al., 2011).  

 

Finally, a positive feedback loop in NFATc signaling was identified for NFATc1, 

whose transcription is activated upon TCR stimulation (Zhou et al., 2002). 

NFATc1 is expressed in three isoforms, of which the shorter one is under the 

control of a NFATc1-dependent promoter in T-cells (Chuvpilo et al., 2002). 

 

 

 

 

 

 

 



Introduction 

 15

1.3. INHIBITORS OF THE Cn-NFATc SIGNALING PATHWAY 
 

1.3.1. Cyclosporine A and FK506 
 
These two drugs are the most potent and well-known inhibitors of Cn, which 

confers them with immunosuppressant properties and therefore have been 

widely used in transplantation therapy. Cyclosporine A (CsA) is a cyclic 

lipophilic peptide isolated from the fungus Hypocladium inflatum gams (Borel et 

al., 1976) whereas FK506 is a macrocyclic triene found in Streptomyces 

tsukubaensis (Goto et al., 1987). Although very different in structure, their 

mechanism of action is very similar, as they interact with Cn in overlapping sites 

(Martinez-Martinez and Redondo, 2004)(Fig.7). Once in the cytoplasm they bind 

intracellular immunophilins (Cyclophilin A to CsA and FKBP12 to FK506). These 

intracellular proteins are thought to assist protein folding and complex 

formation. The binding to CsA or FK506 inhibits the prolyl-isomerase enzymatic 

acitivity of the immunophilins, although this event is not related to the 

immunosuppressant activity of these drugs. Once formed, the 

immunosuppressant- immunophilin (IS-IP) complex is able to bind to Cn 

inhibiting the phosphatase activity of the enzyme towards all of its substrates 

(Liu et al., 1991). The crystal structures of the IS-IP complexes bound to Cn 

showed that the interaction takes place in the interface between CnA and CnB 

interaction (Kissinger et al., 1995; Itoh and Navia, 1995; Jin and Harrison, 2002; 

Huai et al., 2002). The bound complex hinders the access of substrates in to 

the active site of the phosphatase. Also, it has been proposed that they produce 

a conformational change in the active site, contributing to the inhibitory effect. 

Through Cn binding and inhibition they achieve immunosuppression by blocking 

NFATc translocation, activation and gene expression in cells of the immune 

system (Shaw et al., 1995). 
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However, their mechanism of action, sequestering intracellular immunophilins 

and inhibiting the dephosphorylation of all Cn substrates, is associated to 

severe side effects. Long-term administration of these drugs is associated to 

nephrotoxicity, diabetes, hypertension, neurotoxicity, gastrointestinal disorders 

and even cancer. Although most of these side effects are derived from their Cn 

inhibiting activity, others may also be related to Cn independent activities. For 

instance, CsA binding to cyclophilin D, sequesters this immunophilin from the 

mitochondrial pore complex, thus inhibiting cell death (Halestrap et al., 2002). 

Renal failure is the major adverse clinical consequence of the chronic 

administration of these drugs. It is proposed that CsA and FK506 induce the 

expression of transforming growth factor β (TGF-β), which makes cells increase 

the secretion of extracellular matrix proteins and decrease the expression of 

matrix proteases, thus producing the development of tubular interstitial fibrosis 

in the glomeruli (Massagué, 1990). Increased TGF-β expression has also been 

related to the increase in tumor progression observed in CsA treated mice (Hojo 

Figure 7. Crystal structures of human CnA bound to immunophilin-
immunosuppressant complexes. Both drugs bind to a similar, although not identical, 

region in the regulatory domain of CnA. A) Crystal structure of CnA with Cyclophilin A-

Cyclosporine A. B) Crystal structure of CnA with FKBP12-FK506. Light Yellow: CnA; 

yellow: CnB binding domain of CnA; Red: CnB; Light blue spheres: Ca2+; Green: 

Cyclophilin A; Dark Blue: FKBP12. Adapted from (Jin and Harrison, 2002). 
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et al., 1999). However, recent reports have shed some controversy by the 

observation that the TGF-β inducing effect by these drugs depends on the 

concentration and cell type studied (Minguillón et al., 2005). 

 

 

1.3.2. Endogenous Cn-binding proteins 
 
In the last decade, several proteins have been described to bind to Cn, 

inhibiting its enzymatic activity and thus preventing NFATc dephosphorylation.  

Calcineurin Homologous Protein (CHP) is an ubiquitiously expressed Ca2+-

binding protein, which is very similar in sequence to CnB and CAM. It was 

shown to inhibit Cn activity in vitro and in vivo, probably by preventing the 

assembly of the CAM-Cn complex upon Ca2+ entry (Di Sole et al., 2011). 

 

The mitochondrial FK506 binding protein 38 (FKBP38) is able to bind Cn 

without previous binding to FK506 (Shirane and Nakayama, 2003) and inhibit 

Cn phosphatase activity. The discovery of this novel function described for an 

immunophilin protein suggests that different members of this family may play 

other roles apart from protein folding. 

 

The calsarcin family of proteins where identified in a yeast two-hybrid screen 

using CnA as a bait. The family is comprised by three members (Frey et al., 

2000). They are responsible for CnA tethering to the sarcomere in cardiac and 

muscle cells. They inhibit Cn-mediated hypertrophic response when 

overexpressed in response to angiotensin II stimuli (Frank et al.). Moreover, 

calsarcin-2 was found to modulate exercise performance through Cn-NFATc 

pathway and subsequent switch of fiber-type in muscle and cardiac cells (Frey 

et al., 2008). 

 

The endogenous Cn inhibitor Carabin was described as a true negative 

feedback regulator of Cn-NFATc signaling in T-cells (Pan et al., 2007). The 

protein also possesses Ras GTPase-activating protein (GAP) activity, thereby 

establishing a crosstalk between Ras and Cn pathways. Carabin expression is 

induced upon TCR engagement in T-cells. Once expressed, it inhibits Cn-
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NFATc signaling and deactivates GTP bound Ras, acting as terminator of TCR 

signaling. Accordingly, Carabin knockdown increased IL-2 production in 

stimulated T-cells.  

 

A different type of endogenous inhibitor of Cn is the one that interacts with Cn 

through a PXIXIT sequence. The consequence of such binding is the 

displacement of NFATc from the complex with Cn in a competitive manner so 

that it cannot be activated upon Cn activation. All of them have been suggested 

to interact in the conserved VIVIT- binding hydrophobic cleft of CnA formed by 

β11 and β14 strands of CnA (Rodriguez et al., 2009; Li et al., 2011; Martinez-

Martinez et al., 2009).  

 

One of the first regulators of Cn to be identified was the 79kDa protein kinase A 

anchoring protein (AKAP79). AKAP79 binds to the RII subunit of protein kinase 

A (PKA), to protein kinase C and to Cn and target them to specific subcellular 

locations. The AKAP79 domain containing the PXIXIT sequence (PIAIIIT) was 

shown to interact with Cn and when overexpressed inhibit Cn activity in vivo 

and consequently NFATc nuclear import (Kashishian et al., 1998; Dell'acqua et 

al., 2002). Very recently, the crystal structure of the PXIXIT of AKAP79 in 

complex with Cn has been solved showing a similar pattern of interaction as the 

previously described for the VIVIT-Cn complex interaction. In addition, the 

affinity of the AKAP79-Cn interaction has been shown to be involved in the fine 

modulation of the signal output upon depolarization of neural cells (Li et al., 

2012). 

 

Cabin1 in rat and Cain in mouse are orthologues of a 243kDa protein that 

inhibits Cn through a PEITVT sequence (Martinez-Martinez et al., 2009), 

although other regions of the protein are also involved in the non-competitve 

inhibition of Cn (Jang et al., 2007). The interaction of Cn with Cabin/Cain is 

dependent on both Ca2+ signaling and PKC activation, which induces the 

hyperphosphorylation of Cabin1 (Sun et al., 1998). However, due to its nuclear 

localization, only the activated Cn is inhibited by Cabin1. Transgenic mice 

lacking Cabin1 Cn-binding region produce higher levels of cytokines and 

immunoglobulins than their wild type littermates (Esau et al., 2001). Recently, 
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developmental roles in the nervous system have been attributed to Cabin1 

(Hammond and Udvadia, 2010). 

 

A number of viruses control the host immune response by interfering with the 

Cn-NFATc signaling. The A238L protein of the African swine fever virus has 

been shown to bind to Cn and effectively block NFATc nuclear translocation 

and activation as well as NF-κB activation (Miskin et al., 1998; 2000; Abrams et 

al., 2008). 

 

Finally, the Regulators of Calcineurin (RCAN) family of proteins are 

endogenous modulators of the Cn-NFATc pathway. They will be extensively 

described in the following section. 

 
1.4. REGULATORS OF CALCINEURIN (RCAN) PROTEINS 
 
The RCAN protein family constitute a protein family conserved from yeast to 

humans (Kingsbury and Cunningham; Strippoli et al., 2000). Three RCAN 

protein family members comprise a functional subfamily in vertebrates: RCAN1 

(previously known as DSCR1, calcipressin-1 or CALP1, MCIP1 or Adapt78), 

RCAN2 (previously known as DSCR1L1, calcipressin-2, MCIP2 or ZAKI-4) and 

RCAN3 (previously known as DSCR1L2 or calcipressin-3). They are thought to 

have originated from a large scale genomic triplication from chromosome 21 

where DSCR1 is located (Strippoli et al., 2000).  Given the diversity of 

designations for the different members of the family, the RCAN denomination 

for vertebrate proteins was adopted as the preferred one in 2007 ((Davies et 

al.). In yeast, the ortholog protein is designated as Rcn1.  

 

The RCAN proteins were initially shown to interact with and inhibit Cn activity 

(Fuentes et al., 2000). However, dual roles on the Cn-NFATc signaling pathway 

have been hypothesized based on further in vivo studies on RCAN1 and 

RCAN2 knockout mice. Loss of function analysis in mice showed that RCAN 

proteins are required for efficient coupling of the Cn-NFATc signaling and 

therefore acted as facilitators of the pathway in vivo (Vega et al., 2000; Sanna 

et al., 2006). Indeed, the double RCAN1/RCAN2 deletion phenotype in 
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cardyomyocytes, skeletal muscle, and CD4+ T cells resembled more that of 

mice lacking CnAβ than what would be expected of an endogenous inhibitor of 

the pathway. On the contrary, other studies in RCAN1 KO mice suggest a 

function as an endogenous inhibitor for RCAN1 in the immune system (Ryeom 

et al., 2003). The RCAN1 KO mice generated in this study showed an altered 

threshold pattern of T-cell activation upon TCR engagement consistent with a 

role for RCAN1 protein as an endogenous modulator of Cn activity in 

vertebrates.  

 

1.4.1 RCAN1  
 
RCAN1 is without any doubt the most studied member of the family. The gene 

DSCR1 (Down Syndrome Critical Region 1; later termed Down Syndrome 

Candidate Region 1) was first identified in 1995 and located at the chromosome 

21, within a region that is duplicated in Down Syndrome patients (Fuentes et al., 

1995). 

 

The RCAN1 gene is formed by 7 exons, being exons 1 to 4 alternatively spliced 

(Fig.8). The exons 5, 6 and 7 encode the conserved regions of the protein and 

are expressed in all isoforms (Fuentes et al., 1997). The most abundant 

transcripts are RCAN1-1, which encodes a 252 amino acid protein, and 

RCAN1-4, which is a 197 amino acid protein (Fuentes et al., 1997). An 

intergenic region of approximately 900 bp between exons 3 and 4 was identified 

as an RCAN1-4 promoter, with 15 NFATc binding boxes, which did not appear 

before the exon 1. This suggested a differential regulation of the expression of 

both RCAN1 isoforms, and a specific role for RCAN1-4 in a negative feedback 

loop in Cn-NFATc signaling (Yang et al., 2000; Wu et al., 2007a).  
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The first evidence of the function of this protein was shown after a yeast two-

hybrid experiment using the RCAN1 protein product as bait. CnA was identified 

as an interacting partner, and the functional consequence of the interaction was 

the inhibition of the phosphatase activity (Fuentes et al., 2000; Rothermel et al., 

2000). 

 

The expression of the RCAN1 gene products is ubiquitious, but increased 

expression is observed in mouse brain (Porta et al., 2007), heart and skeletal 

muscle. RCAN1-1 isoform has been reported to be under the control of the 

TEF3 transcription factor in endothelial cells (Liu et al., 2008) and also 

upregulated upon estradiol and glucocorticoid treatments (Pedram et al., 2005 ; 

U et al., 2004; Hirakawa et al., 2009).  

 

As for RCAN1-4, the most studied member of the family, it has been related to 

many functions in different tissues because it is specifically induced upon 

NFATc stimulation. Some other reports have identified other transcription 

factors responsible for RCAN1-4 induction, such as C/EBPβ, which is 

independent of Cn activity in muscle cells (Oh et al., 2010) or ATF6, which is 

activated upon endoplasmic reticulum (ER) stress in cardiac muscle cells, in 

which RCAN1-4 showed a growth inhibitory effect, consistent with a role for 

RCAN1-4 in reducing the protein folding at the ER in stress conditions (Belmont 

et al.). Regarding NFATc-dependent transcription, several stimuli that have 

been shown to activate the Cn-NFATc pathway consequently upregulated 

RCAN1-4 expression. Of note, important regulatory functions have been 

attributed to RCAN1-4 in the regulation of diverse processes such as 

angiogenesis (Riper et al.; Minami et al.; Hesser et al.; Minami et al.; Iizuka et 

al.; Holmes et al.; Esteban et al.), cardiac hypertrophy (Rothermel et al.; Vega 

et al.; van Rooij et al.; Pedram et al., 2005; Abbasi et al.; Heineke and 

Molkentin, 2006) or brain injury (Canellada et al.; Cho et al.; Serrano-Pérez et 

al., 2011; Sobrado et al., 2012). 

 

Figure 8. Intro/exon structure, transcripts and protein product of human RCAN1. 

(Gene ID: 1827). Adapted from (Davies et al., 2007). 
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Furthermore, RCAN1 gene products have been implicated in the pathology of 

neural diseases such as Alzheimer, in which both protein products RCAN1-1 

and RCAN1-4 have been found to be upregulated (Ermak et al., 2001; Cook et 

al., 2005). Importantly, RCAN1 expression has been related to tau-

hyperphosphorylation and β-amiloid plaque deposition in Alzheimer patients, as 

it is induced by APP stimulation in neuronal cells, leading to the upregulation of 

GSK3β which increases the phosphorylation of tau (Ermak et al., 2006; Lloret et 

al., 2011). Also, oxidative stress, which is involved in the development of 

neurodegenerative diseases, upregulates RCAN1 expression in the brain (Lin 

et al., 2003) and increases neuronal susceptibility to H2O2 (Porta et al., 2007). 

RCAN1 also has been involved in regulating vesicle exocytosis, being reduced 

in Rcan1-/- mice (Keating et al., 2008). RCAN1-1 is upregulated in neurons of 

Alzheimer patients (Harris et al., 2007) and in contrast, it is reduced in 

Huntington disease, in which a putative protective role has been postulated for 

RCAN1 (Ermak et al., 2009). RCAN1 proteins have also been related to 

memory, as long-term potentiation and synaptic plasticity in neurons of Rcan1-/- 

mice was increased (Hoeffer et al., 2007), a phenotype in accordance to Cn 

transgenic mice, which points to the postive role of RCAN1 in the creation of 

memories. 

 

Down Syndrome (DS) patients overexpress RCAN1 gene, among others 

(Fuentes et al., 2000). Studies of RCAN1 overexpression effects in brain has 

provided a causative link for the early Alzheimer symptoms DS patients develop 

(Keating et al., 2006). Behavioral studies with RCAN1 transgenic mice have 

shown that they have impaired learning process, although the generation of 

long-term memories is not affected (Dierssen et al., 2011). 

 

Regarding RCAN1 functions in other tissues, in vivo studies with knock-out 

animals have shown an important role of this protein played in the regulation of 

the immune system (Ryeom et al., 2003). Indeed, deletion of the Rcan1 gene in 

mice produced an overstimulation of Cn activity in T-cells, which ultimately led 

to increased apoptosis, due to an enhanced expression of FasL. Therefore, T 

cell responses were impaired in these mice. The same phenotype was 

observed in endothelial cells and consequently tumor growth in these mice was 
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suppressed (Ryeom et al., 2008). Indeed, rescue experiments by CsA treatment 

showed that the most likely cause was indeed an overactivation of the Cn-

NFATc pathway. Importantly, overexpression of RCAN1 in transgenic mice, in 

which Cn-NFATc is inhibited, also reduced tumor growth due to an impaired 

angiogenic response in these mice (Baek et al., 2009). RCAN1-4 is considered 

to act in a feedback loop upon VEGF treatment in endothelial cells, regulating 

the activation of the Cn-NFATc pathway and consequently the angiogenic 

response. On the other hand, a positive role in angiogenesis has been 

proposed for RCAN1-1, which is also induced by VEGF treatment in endothelial 

cells and is necessary for VEGF mediated Cn-NFATc activation (Qin et al., 

2006). 

 

Finally, it has been reported that siRNA mediated knockdown of RCAN1-4 in 

mammalian cells in culture produced a reduction in cell growth due to a gobal 

repression of protein synthesis which affected Ras signaling (Lee et al., 2009) 

and an increase in cancer cell migration (Espinosa et al., 2009). 

 
RCAN1 function is regulated by protein protein interactions. For instance, it 

interacts with TAK1 binding protein 2 (TAB2), targeting RCAN1-4 to a TAK1-

TAB1-Cn complex, which is involved in hypertrophic signal transduction. TAK1 

phosphorylates RCAN1-4 at S94 and S136, switching the inhibitory effect to a 

facilitative one towards Cn-NFATc signalling in cardyomyocites (Liu et al., 

2009). Also, phosphorylation by NF- κB inducing kinase (NIK) has been shown 

to regulate RCAN1-4 protein half-life (Lee et al., 2008). Also, through an 

interaction with Tollip, RCAN1-4 has been involved in a positive regulation of 

interleukin-1 receptor downstream signalling (Lee et al., 2009).  

 

1.4.2.  RCAN2 
 
The RCAN2 gene was first identified as a thyroid hormone response gene in 

human skin fibroblasts (Miyazaki et al., 1996) and later was found expressed in 

striated muscle cells together with RCAN1 (Rothermel et al., 2000) and as a 

gene involved in brain development (Siddiq et al., 2001). In 2002, novel RCAN2 

isoforms were identified (Cao et al., 2002). In the same report it was described 
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the specific induction of RCAN2-4 isoform by thyroid hormone. The specific 

induction of this isoform was shown to be in a PI3K and mTOR dependent 

manner (Cao et al., 2005). 

 

RCAN2 gene is located at chromosome 6, with seven exons of which only 

exons 5, 6 and 7 are common to all isoforms (Fig. 9). The first two exons do not 

encode for a protein. Therefore, two mRNA transcripts, RCAN2-1,3 including 

exons 1,3,5,6,7 and RCAN2-2,3 including exons 2,3,5,6,7 yield the same 

protein product termed RCAN2. A shorter transcript, RCAN2-4, encoding exons 

4,5,6,7, originates the shorter protein isoform RCAN2-4 (Davies et al.). 

 

 

 

The expression of RCAN2 is different depending on the isoform. RCAN2-3 is 

found expressed in brain, heart, skeletal muscle and kidney, whereas RCAN2-4 

isoform is mainly expressed in brain (Cao et al., 2002). Specific expression 

along the different areas in the brain was described by Porta et al. (Porta et al., 

2007). 

 

It has been proposed that RCAN2 is involved in the development of brain, 

based on its high level of expression at embryonic stages in the brain (Siddiq et 

al., 2001). When overexpressed, it has been shown to inhibit Cn activity as 

other members of the family in cultured cells (Fuentes et al., 2000) and in 

primary endothelial cells (Gollogly et al., 2007). The generation of a Rcan2-/- 

mouse has shown that RCAN2 could be involved in a mechanism regulating 

food intake and promoting weight gain independently of the leptin pathway (Sun 

et al., 2012). Very recently, RCAN2 has been related to participate in thyroid 

Figure 9. Intro/exon structure, transcripts and protein product of human RCAN2. Gene 

ID: 10231. Adapted from (Davies et al.,2007). 
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hormone regulated osteoblast development and function in vivo (Bassett et al., 

2012) 

 

1.4.3. RCAN3 
 
The RCAN3 gene is located at the human chromosome 1. Originally, RCAN3 

gene was described to have five exons, of which only exons 2,3,4 and 5 are 

protein codifying (Facchin et al., 2008). The protein product of the RCAN3 gene 

evidenced at protein level is expressed from the longest transcript encoding 

RCAN3-1,2,3,4,5 (Canaider et al., 2006 ; Porta et al., 2007). Very recently, 16 

new RCAN3 transcripts have been identified (Facchin et al., 2011)(Fig. 10), all 

expressed from a different 5’ UTR as compared to the initially 5 isoforms 

described, whose expression is possibly regulated by alternative use of 

promoter sequences. At least four new mRNA isoforms expressed from newly 

identified alternative exons 1 (1, 1c, 1a, 1b) encode the same protein RCAN3, 

of 241 amino acids (Facchin et al., 2011). It is suggested as well that most of 

the RCAN3 transcripts start at any of the alternatively used exons 1. The 

alternative use of the identified non-coding first exon is suggested to play a role 

in different developmental stages and/or tissues in which each RCAN3 isoform 

may display a specific function.  

 

RCAN3 gene complexity is completed with the identification of antisense 

transcripts (RCAN3AS), located at the opposite strand compared to RCAN3 and 

partially overlapping RCAN3 exon 1 with RCAN3AS exon 1. Four different 

transcripts have been observed transcribed in this manner, all encoding the 

same predicted 56 amino acid protein product. This protein sequence has no 

similarity to any human domain, therefore it is postulated that they could 

function as non-coding RNA (Facchin et al., 2011).  

 

RCAN3 is expressed at higher levels in brain (Porta et al., 2007), prostate and 

peripheral blood lymphocytes, and at lower levels in heart, lung, testis and small 

intestine. Only retinoic acid stimulation in naïve T lymphocytes has been shown 

to date to induce the expression of RCAN3 (Rasooly et al., 2005). A constitutive 
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expression of the gene is suggested after the identification of a CpG island 

upstream exon 1 (Facchin et al., 2011).  

 
 

 

RCAN3 has been shown to bind to and inhibit Cn (Mulero et al.; 2009). As for 

other functions, human cardiac troponin I was identified as an interaction 

partner of RCAN3 in the heart (Canaider et al., 2006). However, the functional 

consequences of this interaction are still unknown. RCAN3 isoforms have been 

shown to be expressed in primary human endothelial cells and after depletion of 

RCAN3 in these cells stimulation of PMA and VEGF induced proliferation was 

Figure 10. Complexity and bidirectionality of the human RCAN3 gene locus.  Gene 

ID: 11123. Adapted from (Facchin et al., 2011).  
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observed. These results suggest that RCAN3 may be regulating endothelial cell 

proliferation (Canaider et al., 2010).  

 

1.4.4. RCAN proteins structure 
 
RCAN proteins are characterized by the presence of several conserved motifs 

on their protein structure (Mehta et al., 2009). These conserved sequences are 

present mainly at the central and C-terminal region of the protein whereas the 

N-terminus is strikingly divergent in the three human members (Mulero et al., 

2007). The C-terminal region of the protein has been shown to be responsible 

for Cn-binding and inhibition. Therefore, it is suggested that a common role for 

the RCAN members must exist due to the conserved region of the protein, while 

differential functions are yet to be attributed specifically to each member in 

virtue of their non-conserved N-terminal region. 

 

 

Four highly conserved regions separated by poorly conserved stretches of 

animo acids were evident by CLUSTAL W analysis of all RCAN proteins in 

Eukarya (Mehta et al., 2009): a RNA recognition motif (RRM) in the N-terminal 

and central region within the conserved region, a highly conserved SP repeat at 

Figure 11. Schematic representation of the conserved motifs in RCAN proteins from 
all eukarya. Adapted from (Mehta et al., 2009). 
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the central part of the protein, a PXIXIT-like domain and a TXXP conserved 

sequence both at the C-terminus of the protein (Fig.11). 

Little is known about the N-terminal conserved region in RCANs. It has been 

recently shown to adopt a 3-dimensional conformation resembling a RRM 

domain (He F. 2004), but no experimental data has been yet reported. 

 

The highly conserved FLISPP motif is considered the signature of the family. It 

is a proline-rich sequence, characterized by two SPP repeats, conserved from 

yeast to human and present in the central region of the protein. Initially, it was 

described that this motif was able to block Cn activity in vitro and when 

overexpressed in cells (Vega et al., 2002). However, recent experiments 

suggest that the presence of a LXXP sequence adjacent to the FLISPP motif is 

the responsible of the observed inhibitory activity (Mehta et al., 2009; Rodriguez 

et al., 2009). Indeed, the LXVP motif of Rcn1 protein in yeast was shown to 

function as the LXVP Cn-docking motif of NFATc, being necessary for the 

inhibition of Cn (Mehta et al., 2009; Rodriguez et al., 2009). However, more 

experimental work needs to be done to clarify the role of the LXXP motif in Cn-

NFAT modulation. 

 

Two serines at the FLISPP motif are phosphorylated in vivo in RCAN1 (Vega et 

al., 2002; Genesca et al., 2003). GSK3β was shown to phosphorylate S108 in 

RCAN1-4 primed by a phosphorylation at S112 by MAPK, BMK or DYRK1A 

(Vega et al., 2003; Abbasi et al., 2006; Jung et al., 2011). However, mutation of 

these serine into alanines did not alter RCAN1 binding to Cn, and only partially 

prevented the ability of this proteins to inhibit NFATc activation (Genesca et al., 

2003).  

 

On the other hand, the FLISPP motif has been related to the activation of Cn 

activity in vivo. Mechanistically, it was shown that although FLISPP 

phosphorylation enhances RCAN1 inhibitory potential towards NFATc 

activation, it concomitantly reduces its protein half-life, acting as a self-limiting 

mechanism regulating Cn inhibition (Genesca et al., 2003). Once 

phosphorylated, RCAN1 is removed from Cn binding through 14-3-3 scaffold 

protein which directs it to proteasomal degradation (Genesca et al., 2003; 
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Abbasi et al., 2006). The targeting of RCAN1 protein to proteasomal 

degradation after FLISPP phosphorylation is considered a critical step to 

achieve optimal Cn activity in yeast (Hilioti et al., 2004; Kishi et al., 2007; Mehta 

et al., 2009) and in vertebrates where it is suggested that the binding to 14-3-3 

proteins may diminish a buffering effect on phospho-NFATc by this scaffold 

protein, that is, releasing free phosphor-NFATc from its binding to 14-3-3, which 

can then interact with Cn and become activated (Abbasi et al., 2006; Mehta et 

al., 2009). The observation that the same FLISPP phosphorylation event 

produces either an enhanced inhibition (Genesca et al., 2003) or facilitation 

(Abbasi et al., 2006) leads to some controversy into the field. Probably, cell type 

and experimental conditions are contributing to the phenotype observed in each 

case. 

 

Other conserved motifs required for Cn facilitation in Rcn1 in yeast are the 

conserved EXXP and surprisingly the LXXP motif, located at both sides of the 

FLISPP motif. A plausible explanation is that the Rcn1 docking to Cn mediated 

by these two motifs is needed in order to accomplish with the facilitative role by 

a phosphorylated FLISPP (Mehta et al., 2009). In this regard, mutation of the 

PXIXIT motif also reduced the stimulatory activity, but at a lower extent as 

compared to the mutations at the conserved LXXP and EXXP. 

 

Remarkably, in the same report the deletion at the C-terminal TXXP motif of 

Rcn1 diminished its ability to stimulate Cn at all levels of expression, 

independently of the GSK3β phosphorylation site at the FLISPP motif.  

 

1.4.5. The PXIXIT-like motif of RCAN proteins 
 
Originally, it was believed that RCAN proteins contained a PXIXXT motif at their 

C-terminus resembling the PXIXIT of NFATc. Indeed, this conserved C-

terminus of RCANs (PKIIQT in RCAN1) was believed to be responsible for Cn 

binding and inhibition (Chan et al., 2005; Aubareda et al., 2006). However, at 

the same time it was reported that there was in RCAN a conserved CIC motif 

close to the C-terminal region of the protein able as well to interact with and 

inhibit Cn activity (Aubareda et al., 2006; Mulero et al., 2007). Two binding motif 
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where then considered for RCANs (except for RCAN3 which lacked the C-

terminal PXIXXT motif). In 2007, Mulero et al. showed that the minimum 

sequence able to bind to and inhibit Cn activity was located at the CIC motif, 

which did not include the PXIXXT sequence (Mulero et al., 2007). This finding 

argued against the idea that RCANs bound Cn through the C-terminal PXIXXT 

sequence. Recently after, another report showed that the CIC motif (Mulero et 

al., 2009), and later on the PSVVVH sequence within the same motif of RCANs, 

was able to compete with the VIVIT peptide for Cn binding and that the β-14 

strand in CnA was necessary for RCAN binding (Mehta et al., 2009; Martinez-

Martinez et al., 2009). Thus, it was then suggested that the PSVVVH sequence 

within the CIC motif was some kind of PXIXIT-like sequence, which behave as 

the functional PXIXIT of NFATc. The observation that the PKIIQT sequence at 

the C-terminus of RCAN was not able to compete for binding on the VIVIT-

interacting surface of Cn led to abandon the idea that this sequence was a 

functional equivalent of the PXIXIT sequence found in NFATc proteins (Mulero 

et al., 2009) (Mehta et al., 2009; Martinez-Martinez et al., 2009). 

 

Given the analogy of activity between the CIC motif of RCANs and the PXIXIT 

sequence in NFATc, it was hypothesized that screening methods could be set 

up in search for molecules that would disrupt the Cn-RCAN interaction. Such 

drugs would potentially displace the Cn-NFATc interaction in cells, leading to an 

immunosuppressant effect in cells of the immune system (Mulero et al., 2009; 

Carme Mulero et al., 2010). Importantly, such displacement is more specific 

than that mediated by immunosuppressant drugs, because it competes with 

NFATc through the PXIXIT sequence. Thus, no change in the phosphatase 

activity towards other Cn substrates should be detected (Mulero et al., 2009).  

 

In this regard, the SPRIEIT peptide, spanning the functional PXIXIT sequence 

of NFATc1 and NFATc2, was shown to inhibit NFATc binding to Cn and 

consequently its dephosphorylation and activation (Aramburu et al., 1998). 

Further optimization of this peptide led to the synthesis of the VIVIT peptide 

(Aramburu et al., 1999), with an improved affinity, and which has led to the 

development of several drug screens as mentioned above (Roehrl et al., 2004). 

The work by Roehrl and colleagues led to the identification of INCA (for Inhibitor 
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of NFAT-Calcineurin Association) compounds as selective inhibitors of Cn 

towards NFATc dephosphorylation, without affecting phosphatase activity. 

However, these compounds had a high toxicity, due to their structural 

relationship to quinones in splenic T- cells and in animals and have not been 

used in further studies (Roehrl et al., 2004). Interestingly, it was shown that 

INCAs bound to Cn at a novel allosteric site in the enzyme, eliciting a 

conformational change that impeded the binding of the VIVIT peptide at the β-

14 strand (Kang et al., 2005). This novel mechanism of allosteric inhibition 

opened new ways of achieving specific NFATc inhibition. 

 

In 2009, Mulero et al. set up a low through-put screening platform for the 

identification of molecules mimicking the interaction of RCAN with Cn (Mulero et 

al., 2009; Carme Mulero et al., 2010). A screening of this type yielded 

dipyridamole as first hit. This drug is widely used as an antiplatelet agent to 

prevent recurrent after ischemic stroke (De Schryver et al., 2006), and has been 

suggested that it could have some immunosuppressive properties in vivo 

(Borisy et al., 2003; Weyrich et al., 2005).  Indeed, dipyridamole effectively 

displaced a RCAN-derived peptide spanning the PXIXIT-like sequence with Cn, 

and as consequence inhibited the nuclear import of NFATc, the activity of a 

NFATc-dependent promoter and the gene expression of NFATc-dependent 

genes in Jurkat T-cells (Mulero et al., 2009). Therefore, the identified hit in that 

report validated the screening strategy. Current efforts are focused on the 

discovery of novel compounds able to disrupt the RCAN-Cn complex in an 

attempt to identify more potent and specific NFATc inhibitors which could 

potentially be of application where the currently used immunosuppressive drugs 

FK506 and CsA are being administered. Additionally, given the increasing 

reports of novel NFATc functions in different tissues and pathologies, such 

identified compounds could be useful in the treatment of other diseases in 

which Cn-NFATc signaling pathway could be a target of an effective therapy. 

 

1.5. FUNCTIONAL EFFECTS OF NFATc PROTEINS 
 

NFATc proteins appear in evolution together with the advent of vertebrates. Not 

surprisingly, they regulate many aspects of the development and function of 
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vertebrate specific organs or their adaptations. In the circulatory system, they 

are involved in the embryonic development of the heart and blood vessels as 

well as in the hypertrophic response and neoangiogenesis in the adult (Heineke 

and Molkentin, 2006; Zaichuk et al., 2004; Graef et al., 2001); in the skeletal 

system of vertebrates, they are involved in bone remodeling through the control 

of development and function of osteoclasts (Yeo et al., 2007; Yarilina et al., 

2011) (Takayanagi, 2007; Sitara and Aliprantis, 2010); in the nervous system, 

they direct important developmental programmes (Graef et al., 2003; Kao et al., 

2009). 

 

At this point, it is well known that NFATc proteins carry out important roles in 

many different tissues, from the developing embryo to the adult. An exhaustive 

review of NFATc functions in the different tissues is beyond the scope of this 

work. Thus, in this section, due to its higher relevance to the development of 

this Thesis, the focus will be set into the important roles NFATc proteins played 

in the immune system and what has recently been described related to tumor 

progression for this family of transcription factors. 

 

1.5.1 Immune System 
 

In the immune system only NFATc1, NFATc2 and NFATc3 are expressed. 

NFATc were identified as signalling components downstream TCR stimulation 

leading to the expression of the interleukin 2 (IL-2) (Shaw et al., 1988). Later 

evidence showed that NFATc is crucial for T and B-cell activation upon antigen 

presentation controlling a variety of membrane and secreted proteins (Peng et 

al., 2001). The role of the Ca2+-Cn-NFATc signalling pathway downstream TCR-

engagement has been extensively studied, and it provides a rationale 

underlying the use of calcineurin inhibitors as immunosuppressant drugs 

(Martinez-Martinez and Redondo, 2004). Double knock out animals for NFATc1 

and NFATc2 show impairment in the expression of many important cytokines 

such as IL2, IL4, IL10, GM-CSF, IFN-γ and TNF-α (Macian, 2005)(see Table 1). 

 

Further studies have shown that NFATc are essential in T-cell development for 

pre-TCR signaling (Aifantis et al., 2001), and later on in the positive selection of 
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T-cell clones (Neilson et al., 2004; Gallo et al., 2007). NFATc3 -/- animals show 

a reduction of single positives (SP) thymocytes and an increased apoptosis of 

double positive (DP) thymocytes, pointing to a essential role for this NFATc 

member in the transition from DP to SP state in the thymus (Oukka et al., 1998). 

Mice deficient in both NFATc2 and NFATc3 present a hyperproliferative 

response, that might reflect a defect in the expression of FasL, leading to an 

impaired apoptotic response (Ranger et al., 1998b). However, in the same 

context NFATc1 deficient mice are hyporesponsive (Yoshida et al., 1998; 

Ranger et al., 1998a). This observation suggests a partial functional 

overlapping among some members of the family and also specific functions for 

each member in thymocyte development. Recently, it has been shown that 

NFATc is involved in stem cell hematopoiesis and lymphoid progenitor 

development (Muller et al., 2009), Very recently, by means of the use of specific 

inhibitor VIVIT, NFATc have been identified as negative regulators of the 

development of cells of the myeloid linage (Fric et al., 2012). 

 

Table 1. Summary of the immune phenotype of mice with deletion in NFAT protein 
family members. Adapted from (Macian, 2005). 
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NFATc proteins are also involved in T-cell lineage commitment. Naïve T- cells 

in the periphery, depending on their context, can differentiate into T-helper 1 or 

T-helper 2 lineage (Th1 or Th2). The choice of differentiation into Th1 or Th2 

cells is determined by the nature and intensity of the antigenic stimulus, the 

type of antigen- presenting cell that delivers it and the signals that are received 

from specific cytokines. NFATc binds to the promoter of IFN-γ (Th1 cytokine) 

and IL-4 (Th2 cytokine) and cooperates with STAT transcription factors in the 

commitment of Th1 and Th2 lineages to induce either T-bet or GATA3 and at 

the same time induce chromatin remodeling which affects the silencing of either 

Th1 or Th2 lineage commitment genes. Importantly, CsA is able to block T-

helper differentiation (Agarwal et al., 2000). Loss of NFATc2 promotes a bias 

towards Th2 differentiation, a phenotype exacerbated in NFATc2/c3 double 

knock out mice and present a severe allergic phenotype (Kiani et al., 2001; 

Ranger et al., 1998b; Rengarajan et al., 2002) . In contrast, NFATc1 deficiency 

impairs IL4 expression (Kiani et al., 1997), suggesting different roles for NFATc 

isoforms in lineage commitment. However, this is controversial because 

expression of constitutive active NFATc1 or NFATc2 did not produce any of the 

bias observed upon their deficiency (Monticelli and Rao, 2002; Porter and 

Clipstone, 2002). 

 

In the absence of co-stimulatory signal, TCR engagement activates NFATc but 

little AP1. Therefore in the nucleus, NFATc dimers are responsible for the 

anergic response in T-cells (Hogan et al., 2003), through the expression of 

several genes upregulated in anergic T-cells (Macian, 2005). Indeed, their 

expression is markedly reduced in NFATc2 deficient mice and also blocked 

upon CsA treatment (Macian et al., 2002). 

 

Regulatory T cells are a distinct subpopulation of CD4+CD25+ T-cells 

characterized by the expression of FOXP3 transcription factor, which are 

involved in immune tolerance. NFATc has been shown to be essential for 

FOXP3 induction, as it binds its promoter and distal 5’ regions (Müller and Rao, 

2009). Indeed, induction of Foxp3 is blocked with CsA treatment. Cooperation 

of NFATc and FOXP3 transcription factors in the nucleus has been mentioned 

before (Wu et al., 2006). 



Introduction 

 35

In B-cells, Cn and NFATc1 are essential for the immunogenic responses 

(Neilson et al., 2004; Yarilina et al., 2011; Bhattacharyya et al.). Also, NFATc1 

deficiency severely impairs the development of normal B-1 lymphocytes 

(Berland and Wortis, 2003), a subtype of B-cell which have an important role in 

the response to T-cell independent antigens (those that directly activate B-cells) 

and are the main producers of serum IgM. Deletion of Cnb1 gene in mice also 

presented a reduced number of B1 cells (Winslow et al., 2006). Other reports 

have shown that NFATc proteins are involved in downstream signaling upon 

BCR engangement in B-cells (de Gorter et al., 2007; Shukla et al., 2009). 

 

NFATc plays also important roles in the functionality of other cell types in the 

immune system. For instance, in macrophages TNF-α and Toll-like receptor 

(TLR) signaling has been shown to activate NFATc-dependent transcription 

(Yarilina et al., 2011; Minematsu et al., 2011). Very recently, NFATc inhibition 

has been shown to ameliorate the symptoms of a model of experimental colitis, 

reducing the secreted levels of IL12 and TNF-α (Elloumi et al., 2012). In 

dendritic cells, NFATc controls the induction of CD14 upon lipopolysaccharide 

(LPS) stimulation, a molecule involved in many types of disease, including 

sepsis and chronic heart failure (Zanoni et al., 2009). Mast cells express IL4 

and IL13 as important mediators of their function. NFATc2, in cooperation with 

GATA proteins, is a major transcriptional regulator of IL13 as shown by studies 

in NFATc2 deficient mice (Monticelli et al., 2004). siRNA mediated depletion of 

NFATc2 also showed a reduction in the gene expression of IL13 and TNF-α in 

these cells (Klein et al., 2006). 

 

1.5.2. Tumor Progression 
 

Emerging roles for NFATc proteins in tumor progression have been reported 

during the last decade (Buchholz and Ellenrieder, 2007; Medyouf and 

Ghysdael, 2008) (Mancini and Toker, 2009; Müller and Rao, 2009). Although 

mutations in NFATc proteins have not been identified in human cancers, 

disregulation of their protein expression levels and activity has been shown to 

be involved in the development of several aspects of tumor progression such as 
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enhanced proliferation, tumor angiogenesis and invasion and metastasis 

(Hanahan and Weinberg, 2011). 

 

One of the first observations that suggested that NFATc proteins could be 

related to tumor development was that the overexpression of NFATc1 in mouse 

fibroblast induced their transformation (Neal and Clipstone, 2003) by the 

secretion of autocrine factors that mediate STAT3 activation (Lagunas and 

Clipstone, 2009). Experiments with constitutively active (CA) NFATc1 and 

NFATc2 in animals reveal opposing roles for NFATc members in the 

progression of tumor. CA-NFATc2 activation appeared to inhibit cell cycle 

progression, whereas CA-NFATc1 expression showed an enhanced 

proliferation in mouse fibroblasts (Robbs et al., 2008). Moreover, NFATc2 

deletion produced an enhanced sensitivity to carcinogens and transformation, 

and expression of a CA-NFATc2 repressed the transformation induced by the 

H-RasV12 oncogene in mouse fibroblasts (Robbs et al., 2008). 

 

The Cn-NFATc signalling pathway is involved in the regulation of growth and 

function of the pancreas, as illustrated by conditional deletion of Cnb1 gene in 

β-cells (Heit et al., 2006). These mice develop diabetes due to a decrease in β-

cell proliferation and mass. These effects were rescued by expression of an 

active NFATc1 protein, which controlled the expression of genes involved in cell 

cycle progression, as well as genes mutated in monogenic diabetes type 2. In 

such background, it is not surprising that in pancreatic cancers high levels of 

nuclear NFATc1 have been detected (Buchholz et al., 2006). Moreover, the 

induction of MYC gene in pancreatic cancer cell lines is dependent on Cn and 

NFATc1 (Buchholz et al., 2006; Köenig et al., 2010). Later it has been shown 

that NFATc1 participates in the TGF-β switch from tumor suppressor to tumor 

promoter displacing SMAD3 from a TGF-β Inhibitory Element (TIE) in the 

promoter of MYC upon TGF-β stimulation of pancreatic cancer cells (Singh et 

al., 2010). Novel NFATc1 and NFATc2 binding sites have been mapped on the 

MYC gene promoter recently, with positive and negative effects on the 

expression of the gene, implying a complex balance in the binding to the 

different sites in the promoter (Mognol et al., 2012). Very recently, NFATc2 has 

been identified as a promoter of malignancy at late stages of pancreatic cancer 
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through the facilitation of the genomic silencing of the tumor suppressor 

p15(INK4b) (Baumgart et al., 2012).  

 

Several studies address the regulation by Cn-NFATc singaling in the cell cycle 

progression in mammalian cells. NFATc2 has been shown to repress the 

expression of Cdk4 and Cyclin A2 and to regulate the expression of Cyclin D1 

(Baksh et al., 2002; Carvalho et al., 2007; Karpurapu et al., 2010). Recently, 

NFATc1 has been showed to regulate the balance of adult stem cells, 

maintaining the quiescence of hair stem cells in the bulge (Horsley et al., 2008). 

Indeed, CsA has been shown to stimulate hair growth in patients (Gafter-Gvili et 

al., 2003). In contrast, a role in promoting a switch towards differentiation in 

embryonic stem cells has been attributed to NFATc (Li et al., 2011). 

 

NFAT proteins play a very important role in hematologic malignances (Medyouf 

and Ghysdael, 2008; Gachet and Ghysdael, 2009), an observation which is in 

accordance with the important role of the Cn-NFATc pathway in the immune 

system. Activation of NFATc1 has been identified in cases of Burkitt’s 

lymphoma, diffuse large B-cell lymphoma and acute T-cell lymphoblastic 

leukemia (Medyouf et al., 2007; Marafioti et al., 2005; Pham et al., 2005; Le 

Roy et al., 2012). Interestingly, a recent report has shown the potent synergic 

effect of NFATc inhibition in combination with inhibitors of RTK, in the 

elimination of chronic myeloid leukemia cells resistant to imatinib treatment 

(Gregory et al., 2010). Finally, novel epigenetic roles have been accredited to 

NFATc1 in diffuse large B-cell lymphomas, in which it has been shown that it is 

able to regulate gene expression in these cells by recruiting the chromatin 

remodeling functions exerted by SMARC4 (also known as BRG-1) to NFATc1 

binding sites (Pham et al., 2010). 

 

NFATc proteins regulate the migration and invasion of epithelial cancer cells. 

One of the first reports relating NFAT and cancer progression was by Jauliac 

and colleagues in 2002, where they showed that NFATc2 is present in the 

nucleus in human breast tumor samples. They also showed that the β4- integrin 

activation was able to activate NFATc1 to promote cell migration and invasion 

(Jauliac et al., 2002). Later, expression of CA-NFATc2 in breast 
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adenocarcinoma cells has been shown to enhance the migration and invasion 

in vitro. The Akt-GSK3β signalling pathway has been shown to inactivate these 

malignant properties through regulation of NFATc degradation (Yoeli-Lerner et 

al., 2005; 2009).  

  

The mechanisms through which NFATc mediate this pro-malignant function in 

cancer cells may be dependent on the genes transcribed upon NFATc 

activation in these cells. NFATc promote an aggressive phenotype in breast 

cancer cells by the induction of pro-invasive genes such as COX-2, S100A4 

and Glypican-6 (Kim et al., 2009; Yiu and Toker, 2006; Yiu et al., 2011). 

 

COX-2 belongs to the family of cyclooxigenases together with COX-1. These 

enzymes catalyze the conversion of arachidonic acid into prostaglandin E2, 

which is an intermediate in the synthesis of other prostaglandins by different 

prostaglandin synthases (Smith et al., 2000). Whereas COX-1 is considered to 

have homeostatic functions, the expression of COX-2 is induced upon different 

stimuli and has been associated to a bad prognosis in breast carcinoma and 

other types of cancer (Wang et al., 2007). Indeed, overexpression of COX-2 in 

breast carcinoma cells enhances their malignant phenotype, whereas COX-2 

inhibitors have been extensively proven to have beneficial effects in tumor 

progression (Wang and DuBois, 2004). COX-2 is the rate-limiting enzyme in the 

prostanoids synthesis pathway. Prostanoids have been also well characterized 

as implicated in tumor progression and angiogenesis (Salvado et al., 2012; 

Menter and DuBois, 2012). Therefore, either COX-2 or some of its metabolites, 

as for instance PGE2, have been proposed as effective targets for directed 

antitumor therapies. In this regard, several clinical trials have shown the efficacy 

of both NSAIDs and specific COX-2 inhibitors such as Celecoxib in colon and 

breast carcinoma prevention and progression (Menter et al., 2010).   

 

ENPP2 or autotaxin is another gene whose expression is under the control of 

NFATc . In breast carcinoma cells, it is induced downstream of β4 integrin 

activation (Chen et al., 2005). Autotaxin is the enzyme responsible for the 

conversion of lysophosphatidylcholine in to lysophosphatidic acid (LPA), which 

is a potent mitogen and motogen for cancer cells (Houben and Moolenaar, 
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2011). Importantly, this gene is upregulated in cancer metastasis, and so are 

LPA receptors (Yang et al., 2002a). 

 

NFATc activity and the genes expressed upon its activation play important roles 

in tumor angiogenesis. In order to grow, tumor cells need sources of nutrients 

and oxygen, and so they trigger the organization of a response in the host they 

are growing in to induce the formation of new blood vessels to fulfil their needs. 

Neoangiogenesis also provides the means for the cells to disseminate out of 

the tumor and metastasize in a different organ. Mice deficient in both NFATc3 

and NFATc4 are not viable due to an impaired angiogenesis during embryo 

development (Graef et al., 2001), an observation that highlights the importance 

of this pathway in the patterning and formation of new vessels. VEGFA is the 

most important cytokine in the transmission of the pro-angiogenic signals to the 

endothelial cells (Nagy et al., 2007). VEGF induces the proliferation, migration 

and tubule formation of endothelial cells via mechanisms that in part involve Cn-

NFATc signaling (Hernandez et al., 2001; Holmes et al., 2010) (Ferrara et al., 

2003). Indeed, one of the most upregulated transcripts upon VEGFR2 

stimulation in endothelial cells is RCAN1-4, which is a marker of activation of 

NFATc-dependent promoters (Minami et al., 2004; Yang et al., 2012; 

Schweighofer et al., 2007). In turn, this activation leads to the gene expression 

of COX-2 and production of PGE2, which are crucial mediators in the 

angiogenic response (Iñiguez et al., 2003; Salvado et al., 2012) .  

 

Another example of malignancy with an associated alteration in NFATc 

activation are infantile hemangiomas, characterized by a rapid and disorganized 

growing of blood vessels dependent on VEGF signaling. A reduced activity of 

NFAT in these tumors produces a reduced expression of VEGFR1, which in 

turn produces that VEGFR2 is upregulated, which is the main cause of the 

disease (Jinnin et al., 2008).  

 

As has already been mentioned before, either overexpression or suppression of 

RCAN1 in mice, profoundly affects tumor angiogenesis, via a mechanism by 

which NFATc activity is believed to be inhibited or exacerbated respectively 

(Baek et al., 2009; Ryeom et al., 2008). 
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Lymphatic vessels formation in the tumor mass are an important determinant of 

tumor cells dissemination, and VEGFC, an important lymphangiogenic factor, 

exerts part of its effects through a signaling pathway that ends up in the 

activation of NFATc1 (Kulkarni et al., 2009; Norrmén et al., 2009). 

  

The contribution of the tumor microenvironment to the progression of cancer 

has been earning more and more attention in the last decade (Hanahan and 

Weinberg, 2011). Apart from the endothelial cells, in the tumor mass we can 

find fibroblasts, pericytes, mesenchymal stem cells, and importantly cells of the 

host immune system. Therefore, it is not surprising that given the importance of 

NFATc in the function of immune cells, a role for the Cn-NFATc pathway in the 

contribution of these cells to tumor progression is growing in importance. 

Indeed, inflammatory cells recruited to the tumor mass secrete cytokines and 

chemokines which contribute to create an inflammatory environment that 

promotes tumor progression and aggressiveness in autocrine and paracrine 

loops (Murphy, 2001; Karnoub and Weinberg, 2006). For instance, 

macrophages recruited to the tumor microenvironment secrete VEGF, COX-2 

and CSF1, all of which have been shown to influence the formation on new 

vessels and the migration of cancer cells (Qian and Pollard, 2010). 
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2. OBJECTIVES 
 

The goals fixed at the beginning of this Thesis were: 

 

 

1. To understand the molecular mechanisms governing the regulation of the 

CIC motif of RCAN proteins regarding its inhibitory effect towards NFATc 

activation. 

 

 

2. To analyze the putative therapeutic role that RCAN3 protein and the CIC-

derived peptide of RCAN proteins could play in a disease model in vivo.
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3. RESULTS 
 

3.1. PURIFICATION AND CHARACTERIZATION OF 
MONOCLONAL ANTIBODIES AGAINST RCANs 

 

Mouse monoclonal antibodies were raised against the three members of the 

human RCAN protein family. In order to achieve highly specific recognition of 

each RCAN protein, we immunized the mice with peptides spanning highly 

antigenic regions in both the non conserved N-terminal region to raise RCAN 

protein and isoform specific antibodies and the C-terminal to recognize protein 

isoforms encoded by the same gene, as for instance is the case of RCAN1, 

which encodes two proteins, RCAN1-1 and RCAN1-4, which differ only in 

their N-terminal region of the protein. The epitopes used are listed in Table 2. 

 

 

 

After the testing of the obtained hybridoma supernatants by ELISA against the 

immunizing epitope, they were brought to the lab for further testing using 

general molecular biology techniques. A first screening of the obtained 

Table 2. Epitopes used for the generation of hybridomas against human RCAN 
proteins.  
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supernatants was performed by western blot, immunoprecipitation and 

immunofluorescence.  

Immunoprecipitations were carried out using either EGFP-RCAN1-1, myc-

Figure 12. Immunoprecipitation using hybridoma supernatants raised against RCAN 
proteins. Cell extracts from transfected HEK 293T cells with EGFP-RCAN1 (A), myc-

RCAN2 (B) or HA-RCAN3 (C) were subjected to immunoprecipitation with the indicated 

hybridoma supernatants. The immunoprecipitated proteins were detected by western blots 

with anti-EGFP (A), anti-myc (B) or anti-HA and anti-R3N36 antibodies (C). Mouse IgG 

was used as a negative control. 
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RCAN2-3 or HA-RCAN3 transfected in HEK 293T cells as a source of bait 

protein. The hybridoma supernatants were tested for their ability to recognize 

the target protein in a soluble extract. As shown in Figure 12, antibodies 

against the N-terminus and C-terminus of RCAN1 were able to 

immunoprecipitate EGFP-RCAN1-1. In contrast, none of the selected anti-

RCAN2 hybridomas was able to retain myc-RCAN2-3 protein. As for RCAN3, 

it appeared as if clone N27 was able to immunoprecipitate HA-RCAN3. 

Surprisingly, whereas with the anti-HA it was not possible to detect the 

immunoprecipitated protein, incubation with the monoclonal antibody clone 

N36 raised against RCAN3 showed a specific band in the lanes where clone 

N27 and N36 have been used to immunoprecipitate HA-RCAN3. These 

results may suggest that especially clone N27 is able to immunoprecipitate 

preferentially the endogenous RCAN3 protein. However, further experiments 

have confirmed that clone N27 effectively immunoprecipitates transfected but 

not endogenous RCAN3. Immunofluorescence screening of the selected 

supernatants were carried out on U2OS cells transfected with EGFP-RCAN or 

non-trasnfected as control of the background of each antibody. Table 3 shows 

a summary of the hybridoma supernatants tested. 

 

Finally, Eva Serrano performed a primary screening by western blot of all the 

hybridoma supernatans received in the lab. With the information obtained 

from the three first screening analysis we decided to purify and concentrate of 

the following hybridoma clones: 

 

RCAN1: N35; N36; C8 and C64. 

RCAN2: C28; C33 and C85. 

RCAN3: N36 and N27. 
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3.1.1 Hybridoma Purification and Concentration 
 

Hybridomas were amplified, and at least 500 ml of supernatant of each 

hybridoma clone was subjected to purification and concentration. This was 

carried out by a purification chromatography using protein-G coupled 

Sepharose resin, which binds the Fc fragment of IgG into the column. In this 

manner, IgG fractions were eluted and aliquoted.  

 

Once purified, the hybridomas were again tested by western blot and 

immunofluorescence to check that the purification process did not alter the 

functionality of the IgGs. We tested the antibodies at different dilutions using 

Table 3. Summary of the indicated hybridomas raised against human RCAN proteins 
tested for immunofluorescence detection. Low (+), medium (++) or high (+++) scale was 

used to qualify the indicated parameters for each hybridoma.  
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transfected protein as control and an brain extract at post-natal stage 5 to 

assess the ability of the antibodies to recognize the mouse Rcan proteins. As 

a performance control, the unprocessed hybridoma supernatant was included 

in some tests. 

 

Figure 13 shows that all the antibodies purified for RCAN1 performed well in 

western blot, recognizing both the human transfected protein and the 

endogenouse Rcan1 protein in mouse brain. We considered that clones C64 

and C8 were remarkably good in this regard. However, none of the 

hybridomas tested were able to detect the shorter Rcan1-4 protein in brain 

extracts. This could be a consequence of the controlled expression of the 

protein, which is strongly induced by Cn-NFATc signaling. 

 
 



     Results 
 

 53

As for RCAN2 antibodies, they were able to recognize human myc-RCAN2-3 

protein (Fig. 14). As for the endogenous mouse protein, there appears a band 

at around 30kDa, which could correspond to the endogenous Rcan2 inducible 

isoform of the protein from mice. However, these antibodies should be further 

tested for specifity in order to confirm the results suggested in Fig 14.  

 

 

 

Regarding RCAN3 purified hybridomas, we were able to check that both 

antibodies detected the human transfected HA-RCAN3 protein by western 

blot analysis, showing the clone N36 a better performance compared to clone 

N27 (Fig. 15). However, none of them recognized the endogenous Rcan3 

protein in mouse brain extracts. It is therefore suggested that the anti-RCAN3 

clones studied in this work were specific for the human RCAN3 protein. 

Figure 13. Western Blot analysis of the purified and concentrated hybridomas against 
human RCAN1. Hybridomas C8 and C64, raised against the C-terminus of RCAN1, and N35 

and N36, raised against the N-terminus of RCAN1, were tested for their ability to detect either 

transfected human HA-RCAN1-4 (A) or human HA-RCAN1-1 (B) and endogenous Rcan1 from 

mouse brain extracts. Different concentrations of each purified antibody, as shown below each 

membrane, were used for western blotting. As a control, a lane with transfected human HA-

RCAN1-4 (A) or HA-RCAN1-1 protein was analyzed with anti-HA antibody. 

Figure 14. Western Blot analysis of the purified and concentrated hybridomas 
against human RCAN2. Hybridomas C28, C33 and C85, raised against the C-terminus of 

RCAN2, were tested for their ability to detect either transfected human myc-RCAN2-3 and 

endogenous Rcan2 from mouse brain extracts. Different concentrations of each purified 

antibody, as shown below each membrane, were used for western blotting. As a control, a 

lane with transfected human myc-RCAN2-3 protein was analyzed with anti-myc antibody. 
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Also, we tested anti-RCAN purified hybridomas in immunofluorescence in 

U2OS cells (Fig. 16). We repeated the same protocol as with the unpurified 

supernatants, and tested different concentrations of antibody as well. We 

found that both RCAN1 and RCAN3 purified antibodies detected specifically a 

human EGFP-RCAN transfected protein in U2OS cells. In contrast, none of  

 

the purified anti-RCAN2 antibodies performed well in this assay, due to a high 

background in the immunofluorescence. Unfortunately, further experiments to 

try to detect endogenous human RCAN with these antibodies have not been 

successful. 

 

In an attempt to identify a valid clone to detect RCAN2 by 

immunofluorescence, we tested a new batch of unpurified hybridoma 

supernatants raised against RCAN2. As shown in Figure 17, anti-RCAN2 

clones C48 and C54 detected specifically the transfected EGFP-RCAN2-3 

protein with low background. The rest of the tested supernatants showed 

unspecific staining in the whole cell.  

Figure 15. Western Blot analysis of the purified and concentrated hybridomas 
against human RCAN3. Hybridomas N27 and N36, raised against the N-terminus of 

RCAN3, were tested for their ability to detect either transfected human HA-RCAN3 and 

endogenous Rcan3 from mouse brain extracts. Different concentrations of each purified 

antibody, as shown below each membrane, were used for western blotting. As a control, a 

lane with transfected human HA-RCAN3 protein was analyzed with anti-HA antibody. 
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3.1.2 Specificity of anti-RCAN3 antibodies  
 

Most of the work done in this Thesis is devoted to the study of RCAN3 

protein. In order to detect the endogenous protein in cultured cells and in 

human tissues, we decided to further characterize the reactivity of the 

antibodies raised against human RCAN3 protein. Clone N36 had shown a 

very specific detection of a band corresponding to transfected HA-RCAN3. In 

Figure 16. Immunofluorescence detection of transfected human RCAN1 and RCAN3 
proteins using the purified monoclonal antibodies. U2OS cells transfected with EGFP-

RCAN1-1 (A) or EGFP-RCAN3 (B) were subjected to immunofluorescence using the indicated 

purified antibodies. All of them detected specifically the transfected protein. Images in A were 

taken using 10X objective and with a 40X objective in B. Nuclei were counterstained with DAPI. 
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non-transfected human cell line extracts, it detected a band at approximately 

the same weight as HA-RCAN3. We then proceeded to check whether this 

band could be indeed endogenous human RCAN3. 

 
 

First, we tested the specificity of the antibody by western blot by blocking the 

incubation of the membrane with a recombinant GST-RCAN32-144 protein, a 

deletion mutant that spans the N-terminus of RCAN3 and therefore, the 

epitope to which anti-RCAN3 antibodies were raised. As shown in Figure 18, 

anti-RCAN3 N36 clone was specifically blocked by incubation with GST-

RCAN32-144 in several human cell lines. In contrast, GST incubation did not 

block the detection of the oberved band. Importantly, we confirmed that clone 

N36 did not detect any band in a mouse brain extract. The specificity of the 

signal was further confirmed by blocking the antibody with increasing amounts 

of GST-RCAN32-144 recombinant protein (Fig. 18B). Finally, by using a specific 

siRNA against human RCAN3, we observed that the band effectively 

disappeared in HEK 293T transfected with the siRNA (Fig. 18C) Therefore, 

these results validate the use of anti-RCAN3 clone N36 as a specific antibody 

to detect endogenous human RCAN3 protein by western-blot. Moreover, the 

data obtained here shows that RCAN3 protein is widely expressed in different 

human cell lines from different origins, suggesting a ubiquitious expression of 

the protein. 

Figure 17. Immunofluorescence of RCAN2 hybridoma supernatants detect 
transfected EGFP-RCAN2 protein specifically. U2OS cells transfected with EGFP-

RCAN2-3 were subjected to immunofluorescence using the indicated hybridoma 

supernatants. Images were taken using a 40X objective. Nuclei were counterstained with 

DAPI. 
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Figure 18. RCAN3 antibody clone N36 detects a 37kDa band specifically. A) 

Immunodetection by western blot using anti-R3 clone N36 detects a specific band around 

37kDa in different lines tested. Blocking of the antibody with GST-R32-65 recombinant protein, 

spanning the antigenic epitope used in the generation of the antibody, reduced the signal 

specifically. GST is used as a negative blocking control. As a immunodetection control, 

transfected HA-RCAN3 protein was detected with anti-HA antibody. The anti-R3 N36 clone did 

not detect endogenous Rcan3 protein in mouse brain extracts. B) Blocking of the signal 

detected with increasing amounts of GSTR32-144 recombinant protein shows specificity of the 

signal detected as human RCAN3 in Hela cells. GST is used as a negative blocking control. (-

) no blocking. C) Depletion with specific siRNA against human RCAN3 in HT1080 cells 

confirms the specificity of the anti-R3 clone N36 antibody. Tubulin is shown as loading control.
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ABSTRACT 
 
Cyclosporine A and FK506 achieve immunosuppression by blocking 

calcineurin- dependent NFATc transcription factor activation. However, their 

long-term application is associated to severe side effects. The RCAN-derived 

CIC peptide of the human Regulators of Calcineurin (RCAN) proteins 

competes with the PXIXIT motif of NFATs transcription factors for Cn binding. 

This human RCAN-derived CIC peptide has been shown to inhibit NFATc 

activation and signalling without affecting general phosphatase activity of 

calcineurin (Cn). Therefore, this peptide and its derivatives have a highly 

specific potential immunosuppressant activity. By in vitro and in vivo 

radiolabeling techniques, in this work we show that CK2 phosphorylates a 

conserved serine residue within the functional CIC-motif of vertebrate RCANs, 

and that this phosphorylation increases its binding affinity to Cn and enhances 

its ability to disrupt NFATc binding to Cn. Importantly, phosphorylation of the 
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RCANs CIC motif increases its inhibitory potential on NFATc-dependent 

promoter activity and on NFATc- dependent gene expression in activated 

human T cells. Modeling of the RCAN CIC-peptide complexed with Cn led us 

to identify a positively charged interaction surface in Cn where the 

phosphorylated serine residue in the RCAN-derived peptide is located which 

seems to help to increase the RCAN-Cn affinity. We have validated this 

unravelled mechanism using the VIVIT peptide, a synthethic PXIXIT motif of 

NFATs optimized for Cn affinity, and showed that its ability to displace NFATc 

from its binding to Cn relies dramatically on such mechanism. In addition, we 

identify RCAN3 as a phosphoprotein with multiple phosphorylation sites, of 

which we identify a CK2-dependent S18 phosphorylation as a controller of 

RCAN3 protein half-life. Previously it has been described that CK2 regulates 

Cn-NFAT signalling by regulating NFATc phosphorylation in the nucleus. Our 

findings led us to postulate a novel regulatory mechanism by which protein 

kinase CK2 regulates Cn-NFATc signalling pathway via in vivo 

phosphorylation of a conserved serine residue of human RCAN proteins, 

rendering a more potent NFATc-signalling inhibitor. The knowledge of the 

modulation of the Cn-NFATc pathway provided by the RCANs may contribute 

in the development of novel immunosuppressant drugs, more selective and 

potent than the currently used in the clinic. 

 
INTRODUCTION 
 
The highly conserved serine/threonine phosphatase calcineurin (Cn, also 

known as PPP3, formerly PP2B) is a cellular sensor enzyme that plays a 

pivotal role in transducing Ca2+ signals into cellular responses (Aramburu et 

al., 2000). The activation of Cn, which is ubiquitously expressed, results in the 

dephosphorylation of its substrates, including the Nuclear Factor of Activated 

T- cells (NFATc) family of transcription factors (Rao, 2009). Once 

dephosphorylated, NFATc proteins are translocated to the nucleus where, in 

cooperation with other transcription factors, they trigger the expression of 

genes involved in diverse biological processes including T-cell activation, 

cardiac hypertrophy, bone remodeling or cancer cell migration and invasion 
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among others (Wu et al., 2007). The importance of this pathway came to light 

with the discovery that the most widely used current immunosuppressant 

drugs, cyclosporine A (CsA) and FK506, elicited their clinical response by 

inhibiting Cn enzymatic activity and hence the activation of NFATc (Liu et al., 

1991). However, further studies revealed that the inhibition of Cn by these 

drugs inhibits dephosphorylation of all Cn substrates and is associated to 

undesired side effects (Martinez-Martinez and Redondo, 2004). 

 

A number of endogenous regulators of Cn have been described in the last 

years. Among them, the Regulators of Calcineurin (RCAN) family of proteins 

arises as specific modulators of the Cn-NFATc signalling axis (Fuentes et al., 

2000; Rothermel et al., 2001). This protein family is conserved from yeast to 

human and in vertebrates constitutes a highly conserved subfamily comprised 

of three proteins: RCAN1, RCAN2 and RCAN3 (Mulero et al., 2007; Davies et 

al., 2007). RCAN1 is the most studied member, and it is ubiquitiously 

expressed as either a constitutive protein (RCAN1-1) or as an NFATc-

inducible isoform (RCAN1-4) which acts in a negative feedback loop to 

regulate Cn-NFATc pathway activation (Harris et al., 2005). Similarly, RCAN2 

is expressed as two isoforms, a short RCAN2-3 and long RCAN2-4 isoforms 

(formerly known as RCAN2α and RCAN2β respectively) (Cao et al., 

2002)(Cao et al., 2002). Regarding RCAN3, there is evidence of the existence 

of as many as 21 different transcripts as assessed by quantitative PCR 

(Facchin et al., 2008, 2011). However, only the longest transcript including 

codifying exons 2,3,4 and 5 of RCAN3 has been evidenced at the protein 

level (Porta et al., 2007). 

 

Both inhibitory and facilitative roles on the Cn-NFATc signaling pathway have 

been associated to the RCANs, depending on the specific tissue or cell type 

and expression level (Ryeom et al., 2003; Hilioti et al., 2004; Sanna et al., 

2006).  The specificity towards NFATc signalling modulation by these proteins 

is explained by two conserved Cn-interacting motifs shared by both NFATc 

and RCAN proteins: the LXXP (LXVP motif in NFATc proteins) and PXIXIT 

amino acid sequences (Garcia-Cozar et al., 1998; Aramburu et al., 1998). The 
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LXXP sequence is suggested to act in a way that resembles that of CsA and 

FK506, as both drugs compete with this sequence for the binding to a 

conserved region of Cn and modify its activity in a similar fashion (Martinez-

Martinez et al., 2006; Rodriguez et al., 2009). Therefore, the LXXP is 

considered as an inhibitor of the activity of Cn over all of its substrates. The 

PXIXIT sequence is regarded as the main Cn docking site for both NFATs 

and RCANs and binds to Cn in a different region within the catalytic domain 

but do not overlap the active site (Rodriguez et al., 2005). The structure of a 

high affinity synthetic peptide derived from the PXIXIT sequence of NFATc, 

termed VIVIT (Aramburu et al., 1999), in complex with Cn, obtained by NMR 

and crystallization procedures, helped to clarify how this sequence interacts in 

a hydrophobic cleft formed by strands β14 and β11 of Cn (Takeuchi et al., 

2007; Li et al., 2007). 

 

It has been proposed that variation in the affinity of the PXIXIT sequence 

would modulate the final outcome of the interaction with Cn and, as a result, 

NFATc downstream signaling. Indeed, a transgenic mouse bearing a mutation 

on the PXIXIT sequence of NFATc to the high affinity VIVIT sequence yielded 

a hyperactivable NFATc (Muller et al., 2009). Consequently, the transgenic 

mice presented a lower activation threshold for the NFATc signalling pathway 

in T-cells, leading to a hyperresponsive phenotype and at the same time 

unexpected signal-dependent effects in T cell differentiation in the thymus and 

on B- cell development from hematopoietic stem cells. Also, in yeast, mutation 

of the PXIXIT sequence contained in transcription factor Crz1 to a high affinity 

PXIXIT, resulted in an enhanced response to osmotic stress and yeast 

survival. Nevertheless, the trade-off in this affinity variation was an increased 

cell susceptibility to alkaline pH stress (Roy et al., 2007). Recently, the 

variation in the affinity of the PXIXIT sequence of AKAP79 also elicited 

important consequences in the activation of NFATc signaling (Li et al., 2012). 

Therefore, the affinity of each PXIXIT containing protein for Cn is finely tuned 

so to provide a proper control of cell homeostasis (Li et al., 2011). 
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In RCANs, the recently defined PXIXIT-like sequence is comprised within a 

highly conserved motif in vertebrates termed CIC (Aubareda et al., 2006; 

Mulero et al., 2007) . This motif has been shown to be sufficient and 

necessary to achieve Cn-NFATc inhibition due to its ability to competitively 

disrupt the interaction between the PXIXIT site of NFATc and Cn in eukaryotic 

cells (Mulero et al., 2009; Martinez-Martinez et al., 2009; Mehta et al., 2009). 

In T-cells, the overexpression of a RCAN CIC-derived peptide has been 

shown to inhibit NFATc activation and NFATc-dependent gene transcription in 

a dose dependent manner (Aubareda et al., 2006; Mulero et al., 2007, 2009). 

Altogether, these observations suggest that this motif has important 

immunosuppressant properties. Importantly enough, the disruption of the Cn-

NFATc interaction mediated by the CIC motif does not alter the general 

phosphatase activity of Cn over other substrates, implying a high specificity of 

the CIC motif towards the blockade of NFATc dephosphorylation and 

subsequent activation (Mulero et al., 2009). 

 

Protein phosphorylation is a mechanism by which the proteome is modified in 

order to respond to different internal and external cues (Seet et al., 2006). 

RCAN proteins are known to be regulated by phosphorylation. For instance, 

phosphorylation at the S163 residue of the conserved FLISPP motif of 

RCAN1-1 by GSK3β, primed by a phosphorylation by either BMK, MAPK or 

DYRK1A, facilitates Cn-NFATc signaling (Vega et al., 2002; Genesca et al., 

2003; Abbasi et al., 2006; Jung et al., 2011). Also, phosphorylation of RCAN1-

4 by TAK1 at residues S94 and S136 of RCAN1-4 have been related to an 

activation of the Cn-NFATc signaling pathway [29]. On the other hand, 

phosphorylated RCAN1 at both serine residues of the FLISPP motif has also 

been shown to be a better inhibitor of NFATc activity (Genesca et al., 2003). 

In addition, phosphorylation of RCAN1 has also been associated to an 

increased protein half life and therefore and enhanced inhibition over Cn-

NFATc signaling (Jung et al., 2011; Kim et al., 2012). 

 

Protein kinase CK2 is a ubiquitous enzyme with pleiotropic activity, which has 

been shown to phosphorylate many substrates, including NFATc (Meggio and 
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Pinna, 2003; Porter et al., 2000). CK2 consists of two catalytic (α or α’) and 

two β regulatory subunits arranged as a tetramer. Its regulation is not well 

defined, and it is generally regarded as a constitutively active enzyme (Pinna, 

2002). In this work, we identify a phosphorylated serine within a conserved 

protein kinase CK2 consensus sequence at the CIC motif of all vertebrate 

RCANs. Moreover, we show that this phosphorylation increases the binding of 

the CIC motif of RCAN to Cn and consequently potentiates the inhibition 

towards Cn-NFATc pathway activation and subsequently T-cell activation. 

 

RESULTS 
 
RCAN proteins are phosphorylated at the conserved CIC motif in vivo.  
 
In order to deepen into the regulatory mechanisms governing the CIC motif 

function in the human RCAN proteins, we focused on the post-translational 

modifications predicted for the RCANs. Precisely, we used NetPhos 2.0 

server (Blom et al., 1999) and identified four putative CK2 consensus 

phosphorylation sites predicted with high score in human RCAN3 protein (Fig. 

1A). Importantly, a predicted CK2 phosphorylation site at S203 of RCAN3 was 

conserved in all RCAN protein family. Moreover, there were two additional 

sites present exclusively in RCAN3: T205 next to the conserved S203 in the 

CIC motif of RCAN and T19 at the non-conserved N-terminus. Finally, 

although no fulfilling consensus CK2 target sequence, we also considered 

S18 as a potential phosphorylation site based on other CK2 phosphorylated 

proteins (Meggio and Pinna, 2003) (Fig. 1A). 

 

In vivo radioactive labeling of transfected HEK 293T with 32γ-orthophosphate 

was performed to test whether the predicted CK2 phosphorylation sites in 

RCAN3 were indeed phosphorylated in vivo. First, we observed that human 

RCAN1, RCAN2 and RCAN3 proteins were phosphorylated in basal 

conditions in transfected HEK 293T cells (Fig. 1B and C). Furthermore, when 

mutating the two serine residues at the FLISPP motif of RCAN3 (hereafter 

termed R3AA which corresponds to RCAN3 mutated to alanine at S148 and 
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S152) there was a reduction in the incorporation of radioactive phosphate to 

the immunoprecipitated protein (Fig. 1C compare R3 wt vs R3AA), indicating 

that at least one of the serine residues at the FLISPP motif of RCAN3 is in 

vivo phosphorylated. This result is in accordance to previous findings on the 

FLISPP motif of human RCAN1 pointing to its phosphorylation in vivo 

(Genesca et al., 2003).  

 
 

Figure 1. RCAN proteins are phosphorylated at the CIC motif in eukaryotic cells. A) 

Scheme showing the conservation of the protein kinase CK2 target sequence (S/TxxE/D) 

at the CIC motif of the human RCAN protein family. In RCAN3, two additional CK2 target  
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Moreover, when mutating to alanine the conserved serine residue within the 

CIC amino acid sequence in the three RCANs (S218 for RCAN1; S213 for 

RCAN2 and S203 in RCAN3) we observed a reduction in the radioactive 

signal confirming that the CIC motif of all human RCANs is phosphorylated in 

vivo (Fig. 1B and Fig. 1C). Interestingly, RCAN2-3 radioactive incorporation 

seems to be abolished in the RCAN2-3 S158A/S162A/S213A mutant (Fig. 1B, 

where R2AA corresponds to RCAN2-4 mutated to alanine at S158 and S162), 

suggesting that R2AA protein would probably only be phosphorylated at this 

site in basal conditions. However, the presence of other phosphorylation sites 

in RCAN2-3 cannot be ruled out.  

 

Additionally, RCAN3 S18A mutant protein also reduced its radioactive 

phosphorylation signal, suggesting that S18 is also phosphorylated in vivo at 

basal conditions (Fig. 1C, compare R3AA S18A vs R3AA ). In addition, 

mutating both CK2 predicted phosphorylation sites in RCAN3 (R3AA 

S18A/S203A: R3AA with the additional mutations to alanine at S18 and S203) 

resulted in a further reduction in the incorporation of radioactivity by the 

mutant protein (Fig. 1B and Fig. 1C, compare R3AA with R3AA S18A/S203A). 

Furthermore, mutating to alanine T19 and T205 in the R3AA S18A/S203A 

backbone (R3 6mut) further reduced the incorporation of radioactive signal, 

sites were predicted: T205 next to the conserved CIC motif of RCANs and at T19 at the 

non- conserved N-terminus of human RCAN3. An asterisk marks the position of the 

potential CK2 target S18 in RCAN3. The PXIXIT-like sequence within the CIC motif is 

underlined. (B-C) Radioactive labelling with [32P]-orthophosphate of the HA-RCAN wt or 

mutant proteins in HEK 293T cells. [32P] incorporation was detected by membrane 

autoradiography. Western blot using anti-HA is shown as a control of the 

immunoprecipitated protein. One asterisk (*) corresponds to the heavy IgG chain and two 

asterisks (**) to the light IgG chain. The mutant termed AA in RCAN proteins corresponds 

to a mutated FLISPP motif at the two conserved serines (Ser/Ala). B) Both HA-RCAN1 

(R1 wt) and HA-RCAN2 mutated to alanine at S112 and S116 within the FLISPP motif 

(R2AA) are phosphorylated endogenously at the CIC motif. C) HA-RCAN3 is 

phosphorylated at the FLISPP motif and at the two predicted CK2 target sites. D) 

Radioactive signal was quantified by densitometry and normalized to the 

immunoprecipitated protein using Quantity One software (Bio-Rad). Data is presented as 

a percentage of 100% phosphorylation corresponding to the wt protein, except for 

RCAN2, where it is referred to the signal given by RCAN2AA.
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suggesting that these residues might also be phosphorylated in vivo. Finally, 

since RCAN3 6mut is still phosphorylated, it is suggested that there is at least 

one additional phosphorylated site in the protein in basal conditions. 

Therefore, our results suggest that human RCANs are phosphorylated at a 

conserved serine residue within the conserved CIC motif. Moreover, RCAN3 

is identified as a phosphoprotein in basal conditions, with multiple 

phosphorylation sites, of which we have identified, apart from the CIC motif, 

the FLISPP motif serine residues and the non-conserved S18 at its N-

terminus. 

 

Protein kinase CK2 phosphorylates the CIC motif of the RCANs in vitro. 
 
The newly identified phosphorylation sites of RCAN3 at S18 and S203 were 

located within a potential CK2 target sequence. It has been described that 

both the tetrameric CK2 enzyme and the CK2α and CK2α’ free subunits are 

catalytically active in vitro. In order to differentiate whether the CK2 

holoenzyme (CK2αβ) or the free CK2α catalytic subunit were able to 

phosphorylate RCAN3 at the identified phosphoacceptor sites, we performed 

a kinase assay by incubating RCAN3 wt, RCAN3 N-term (amino acids 2 to 

144) and RCAN3 C-term (amino acids 176 to 241) with either CK2 

holoenzyme or CK2α alone (Fig. 2A). We observed that wild-type (wt) RCAN3 

protein was phosphorylated by both CK2 isoenzymes (Fig. 2A and second 

lane in Fig. 2B). Importantly, the RCAN3 wt protein showed a stronger 

radioactive signal when phosphorylated with the holoenzyme as compared to 

the phosphorylation with CK2α alone (Fig. 2A, compare lanes 3 and 4). 

Furthermore, the C-terminus of RCAN3 was preferentially phosphorylated by 

CK2 holoenzyme, highlighting a role for CK2β regulatory subunit in the 

phosphorylation of this region. Interestingly, we observed the opposite 

phenomenon at the N-terminus of RCAN3, where there was an increased 

selectivity for CK2α to phosphorylate this site (Fig. 2A, lanes 5 and 6).  

 

A detailed analysis was then performed to identify the RCAN3 residues 

phosphorylated by CK2. In accordance to what was observed in eukaryotic 
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cells, radioactive labeling due to CK2 holoenzyme phosphorylation of the 

recombinant protein was abolished when mutating the RCAN3 CK2 predicted 

phosphorylation sites, i.e. R3 S18A/T19A at the N-terminus and RCAN3  
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S203A/T205A at the C-terminus (Fig. 2B). Moreover, in the same kinase 

assay the C-terminus of RCAN1-1 (amino acids 170 to 252) was also 

phosphorylated by CK2 in vitro (Fig. 2B, R1 C-term lane), suggesting once 

again a conserved feature of the RCAN protein family. 

 

Point mutations in the C-terminus of RCAN3 identified the position S203 of 

RCAN3, located within the conserved CIC motif, as the preferential target for 

CK2 phosphorylation (Fig. 2C). Additionally, we detected a weak 

phosphorylation signal in the S203A mutant, suggesting that T205 could also 

be phosphorylated, but at a much slower rate than S203. The absence of 

radioactive signal in the S203A/T205A mutant confirmed that there are no 

other CK2 target sites in the conserved C-terminus of RCAN3. Therefore, we 

conclude that the RCAN proteins are phosphorylated in vitro by protein kinase 

CK2 at the conserved CIC motif. Moreover, RCAN3 is specifically 

phosphorylated on its non-conserved N-terminus by CK2 in vitro. 

 

Protein kinase CK2 phosphorylates RCAN3 in eukaryotic cells. 
 
In order to further confirm that protein kinase CK2 is phosphorylating the S18 

and S203 residues in eukaryotic cells, HEK 293T cells transfected with 

several RCAN3 mutants were depleted of CK2 activity with a specific siRNA 

against CK2α. Depletion was confirmed by western blot against CK2α (Fig. 

3A). Unexpectedly, CK2β protein levels were also partially reduced when 

CK2α was silenced. On the other hand, a band below the CK2α signal 

Figure 2. Protein Kinase CK2 phosphorylates human RCAN proteins including the 
CIC motif in vitro. In vitro CK2 phosphorylation assay using recombinant GST-RCAN3 or 

GST-RCAN1 fusion proteins in the presence of radioactive [γ-32P]-ATP. Coomassie gel 

staining is shown as loading control. GST alone was used as negative control. A) GST-

RCAN3 fusion proteins and deletion mutants were incubated with either purified human 

CK2α or CK2αβ. B) GST-RCAN3 and the indicated mutants and GST-RCAN1 c-terminus  
 (R1 C-term) were incubated with CK2αβ. C) The C-terminus of RCAN3 and the indicated 

mutants were incubated with CK2αβ. R1 and R3 refers to human RCAN1 and RCAN3, 

respectively. R3 wt: GST-RCAN3 wild-type; R3 N-term: GST-RCAN32-144; R3 C-term: 

GST-RCAN3175-241; R1 C-term: GST-RCAN1170-252. 
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appeared in the silenced lanes, which could correspond to an upregulated 

CK2α’. Radioactive labeling of cells was performed in the absence or 

presence of CK2α and the radioactive signal in transfected RCAN3 mutant 

constructs was quantified and normalized (Fig. 3B). We found that CK2 

depletion decreased radioactive signal of the immunoprecipitated proteins in 

all mutants, except for the R3AA protein bearing the mutations at 

S18A/T19A/S203A/T205A, indicating that there are no other CK2 target sites 

phosphorylated under these experimental conditions in RCAN3. The 

radiolabeling of R3AA protein is decreased when CK2 activity is 

downregulated, suggesting that the phosphorylation of the RCANs by CK2 is 

independent of that occurring at the FLISPP motif. Mutating to alanine R3AA 

at S18 (R3AA S18A) and R3AA at S203 (R3AA S203A) yielded a similar level 

of phosphorylation at basal conditions and this signal was reduced to a similar 

extent in the absence of CK2 in both cases, suggesting that CK2 

phosphorylates both residues in RCAN3, independently of each other. The 

mutant R3AA S18A/S203A (R3AA bearing the mutations to alanine at S18 

and S203), whose phosphorylation level at basal conditions is comparable to 

that of R3AA S18A or R3AA S203A in the CK2-depleted extracts, further 

confirms this result. Interestingly, the level of phosphorylation of the R3AA 

S18A/S203A mutant protein is further reduced in the absence of CK2, and it is 

similar to that of the R3AA S18A/T19A/S203A/T205A mutant protein at basal 

conditions, where the residues T19 and T205 are also mutated to alanine. As 

a conclusion, these results support the idea that protein kinase CK2 

phosphorylates in vivo both the conserved serine residue in the CIC motif of 

the RCANs and the non-conserved S18 residue at the N-terminus of RCAN3, 

in a non-exclusive manner. Additionally, the results here presented suggest 

that either or both T19 and T205 residues of RCAN3, which are adjacent to 

the serines at both N-term and C-term of RCAN3, could also be 

phosphorylated by protein kinase CK2, but at a much lower extent. 

 

Phosphorylation at S18 alters RCAN3 protein half-life. 
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Phosphorylation of the RCAN1 has been previously related to its protein 

stability. In order to test whether CK2 phosphorylation was regulating RCAN  

 
Figure 3. Protein kinase CK2 phosphorylates RCAN3 at the CIC motif in eukaryotic 
cells. CK2 phosphorylates the N-terminal and C-terminal predicted sites in human 

RCAN3. A) Immunoprecipitation of transfected HA-RCAN3 mutated proteins in the 

presence of siRNA against CK2α (+) or unrelated control (-) as indicated. Western blot of 

the input shows effective siRNA- mediated depletion of CK2α protein levels as assessed 

with a specific antibody. Unexpectedly, CK2β was also downregulated. In CK2α depleted 

extracts a band below CK2α appeared upregulated which could correspond to CK2α’. 

Tubulin is shown as loading control. IP: Immunoprecipitation. B) Radioactive signal was 

quantified and normalized to the immunoprecipitated protein as in Fig. 1D. The RCAN3 

FLISPP mutant (R3AA) is considered as 100% phosphorylation in the experiment. 



    Results 
  
 

72 

proteins half-life, HEK 293T were transfected with HA-tagged wt or mutated 

RCAN3 proteins at either S18 or S203 residues. Transfected cells were 

incubated with 100 μM of cycloheximide, to stop protein translation, and cell 

extracts were prepared at time periods ranging from 3h to 12h (Fig. 4A). The 

RCAN3 S203A mutant did not affect protein stability (unpublished 

observation). However, the RCAN3 S18A mutant (R3 S18A) showed an 

extended half-life as compared to the S18D mutant, which behaved like the 

RCAN3 wt. The mutation at T19 had no effect on RCAN3 stability. Thus, 

these results suggest that phosphorylation of S18 by protein kinase CK2 

decreases RCAN3 protein half-life. 

 

 

Figure 4. S18 Phosphorylation in RCAN3 decreases protein half-life without altering Cn-
NFATc signaling pathway. A) The mutant S18A in RCAN3 has increased protein stability. 

Western blot of soluble cell extracts from HEK 293T cells transfected with HA- RCAN3 wild 

type (wt) or mutants and incubated with 100 μM cycloheximide (CHX) for the indicated time. 

Membranes were analyzed with anti-HA and anti-tubulin was used as internal loading control. 

B) Mutations at S18 in RCAN3 do not impair the inhibition on the Cn-NFATc signaling 

cascade. Luciferase reporter assays in HEK 293T cells transfected with 3xNFAT-luc plasmid 

and with increasing concentrations of RCAN3 wild type and indicated mutant proteins. 24h 

post-transfection cells were stimulated with ionomycin (1 μM), PMA (10 ng/ml) and CaCl2 (10 

mM) for 6 h. Empty HA.1 vector was used to equilibrate the amount of plasmid DNA 

transfected. A Renilla expression vector (pRLNull) was used as an internal transfection 

control. Data is presented as mean percentage (±SEM) of NFAT activation were the 100% is 

the activation achieved with ionomycin/PMA/CaCl2 alone. Results were obtained from at least 

three independent experiments performed in triplicates. The expression of each construct in 

each condition was assessed by western blot. (-) no stimulation; (+) stimulated with 

Io/PMA/Ca2+; (CsA) stimulated with Io/PMA/Ca2+/Cyclosporine A. 
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Given that the overexpression of RCAN yields a dose-dependent inhibition 

towards the Cn-NFATc signaling axis, we hypothesized that an increase in 

RCAN3 protein levels due to S18A mutation could translate into an enhanced 

inhibition of NFATc. However, the mutation at S18 to either alanine (R3 S18A) 

or aspartic acid (R3 S18D), the latter to mimmick the effect of a negative 

charge at this residue, did not modify NFATc inhibitory activity of RCAN3 

(Figure 4B). In contrast, we had previously observed that mutating the 

FLISPP motif of RCAN1 resulted in an increase in protein stability and a 

decreased NFATc inhibitory activity compared to the phosphomimetic mutant 

(Genesca et al., 2003). Therefore, we conclude that CK2-dependent 

phosphorylation at S18 of RCAN3 increases its protein stability without 

affecting Cn-NFATc signaling pathway.  

 

The phosphorylation at the CIC motif of RCANs increases the disruption 
potential of the peptide towards the Cn-NFATc interaction. 
 
It has been described that in addition to the CIC motif, various functional 

sequences in RCANs contribute to binding and inhibition of Cn (Mehta et al., 

2009). In order to exclude a masking effect by these other regions in the 

context of the full-length protein, we decided to study the effects of CK2 

phosphorylation on Cn binding using the CIC motif of RCAN3 alone. Thus, an 

experiment was set up to define the binding constants to CnA of the CIC-

derived peptides by fluorescence anisotropy spectroscopy, extending the 

previously described R3183-203 peptide (Mulero et al., 2009) on its C-terminus 

to include the CK2 target sequence when phosphorylated or not (that is 

RCAN3183-203, RCAN3183-208 and RCAN3183-208 phosphorylated at S203).  

 

First, we found that the binding affinity for CnA of the CIC-derived peptides 

was slightly lower for CF-phosphoR3183-208 (Fig. 5A; apparent KD values are 

summarized in the table below the graph), suggesting a higher affinity of this 

peptide for CnA. The specificity of the interaction with CnA of each peptide 

was confirmed by competition assays using the non-labeled R3183-203, R3183-
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208 or phosphoR3183-208 as competitors of the interaction between CnA and the 

respective CF-peptide (Supp. Fig. 1). 

 
 

Figure 5. A phosphorylated CIC-derived peptide is a better disruptor of the Cn- 
PXIXIT interaction. A) Binding of 10 nM CF-R3183-203, CF-R3183-208, CF-phosphoR3183-208 

and CF-SPRIEIT peptides to increasing amounts of CnA. Data given as milipolarization 

units (mP) was analyzed using the GraphPad Prism® 5.0 program and fitted using a non-

linear regression model to a sigmoidal dose-response curve. B) SPRIEIT-CnA interaction 

was established using 10 nM CF-SPRIEIT and 10 µM CnA and competed with increasing 

amounts of unlabeled R3183-203, R3183-208 and phosphoR3183-208 peptides. An unrelated 

peptide was included as negative control. Anisotropic fluorescence emission values are 

represented as mean percentage of CF-SPRIEIT bound to CnA (±SEM) of three 

independent experiments performed in triplicates. Anisotropic fluorescence emission in 

the absence of competing peptide was considered as the signal given by 100% of CF-

SPRIEIT bound to Cn. Data was analyzed as described above.  Apparent KD (A) and IC50 

(B) values for all the interactions are displayed below each graph respectively.  
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Since Cn and NFATc are bound in a complex in resting cells through the 

PXIXIT sequence of NFATc, we decided to study how the different CIC-

derived peptides were able to disrupt the Cn-NFATc complex. Therefore, we 

performed competition assays of the complex formed by Cn and a peptide 

spanning the PXIXIT sequence of NFATc2 (termed SPRIEIT). The 

competition was established by the incubation of recombinant CnA with 

unlabeled R3183-203, R3183-208 or phosphoR3183-208 before the addition of the 

CF-SPRIEIT peptide to form the complex. The results showed first that the 

extended peptide R3183-208 was not a better competitor than the previously 

described R3183-203, which corresponds to the minimal sequence in RCANs 

that inhibits Cn-NFATc interaction (Mulero et al., 2009). However, when the 

R3183-208 was phosphorylated at the conserved serine (i.e, phosphoR3183-208) 

the IC50 value was lower when compared to the R3183-203 and R3183-208 

peptides (Fig. 5B; apparent IC50 values are summarized below the graph). 

Thus, the phosphorylation of the conserved serine of the CIC-derived peptide, 

and not the sole peptide extension on its C-terminus, is responsible for an 

increased displacement of the CnA-SPRIEIT interaction. 

 

We further analyzed the previously observed results in a cellular context by 

performing a competitive pull down analysis, in which increasing amounts of 

CIC-derived peptides disrupted the complex formed by either GST-RCAN3 or 

GST-NFATc2 with endogenous CnA. In line with the IC50 values we obtained, 

the phosphoR3183-208 was a better competitor compared to either R3183-203 or 

R3183-208 of a given PXIXIT containing protein-CnA interaction (Fig. 5C and 

Fig. 5D). Importantly, the enhanced disruptive potential of the phosphoR3183-

(C-D) GST-Pulldown assays using GST-RCAN3 (C) or GST-NFATc2 (D) bound 

sepharose beads as bait and a soluble protein extract from HEK 293T cells as source of 

CnA (transfected Flag-CnA in D). The extracts were supplemented with increasing 

concentrations of both CIC-derived peptides prior to incubation with the GST- coupled 

sepharose beads. GST alone was used as negative control. The retained CnA was eluted 

from the beads by boiling in laemmli buffer for 10 min. Samples (bound CnA) were 

analyzed by western blot with anti-CnA. Ponceau staining of the membrane shows equal 

GST-fusion protein loading of each lane.
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208 was best observed over the CnA-NFATc2 complex (Fig 5D). Taken 

together, our data strongly suggest that the phosphorylation of the CIC motif 

of RCAN proteins enhances the disruptive potential of a CIC-derived peptide 

over Cn-NFATc interaction. 

 

Phosphorylation of the CIC motif of the RCANs enhances its inhibitory 
potential towards Cn-NFATc signaling. 
 
So far we had observed an enhanced disruptive potential of the 

phosphorylated CIC-derived peptide towards Cn-NFATc interaction. In order 

to test to what extent this increased inhibitory activity translated into a 

downstream signaling outcome, we compared the CIC- and phosphoCIC-

derived peptides in their ability to inhibit NFATc-dependent promoter 

activation. We transfected EGFP fusion peptides encoding for R3178-203, R3178-

210 and R3178-210 S203A sequences together with an NFATc-dependent 

luciferase gene reporter plasmid in HEK 293T cells (Fig. 6A). Interestingly, we 

observed that R3178-203, which does not include the acidic C-terminal tail to the 

conserved S203 residue, had a decreased ability to inhibit NFATc promoter 

activation as compared to the extended version of the CIC motif, R3178-210 

where the CK2 target sequence is present and thus the conserved serine is 

phosphorylated in cultured cells. Furthermore, mutating the conserved S203 

to alanine (R3178-210 S203A) in RCAN3178-210, produced a similar inhibitory 

profile as the R3183-203 peptide, which lacks this CK2 consensus sequence, 

thereby suggesting an important role for the phosphorylated residue in the 

inhibition of NFATc activation. 

 

Furthermore, we analyzed the expression of NFATc-dependent genes in 

Jurkat cells after stimulation with ionomycin and PMA for 4h by real-time PCR. 

To do so, we previously transduced the cells with a lentivirus encoding the 

EGFP-R3178-210 or EGFP-R3178-210 S203A peptides and after sorted them in 

three different groups depending on their level of EGFP-peptide expression 

(Fig. 6B). As shown in Figure 6C, the expression of the NFATc-depdendent 

genes IL-2, IFN-γ and RCAN1-4 were inhibited in a dose dependent manner 
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when the cells were expressing EGFP-R3178-210. Importantly, the EGFP-R3178-

210 S203A peptide expressed in the same conditions as the wild-type did not 

proof to be as effective inhibiting NFATc-dependent gene transcription.  

  

 

Figure 6. Phosphorylation of the CIC motif by protein kinase CK2 enhances its 
inhibitory potential towards NFATc- dependent promoter activation and gene 
expression. A) HEK 293T cells transfected with 3xNFAT-luc plasmid and with increasing 

concentrations of EGFP-R3178-203, EGFP-R3178-210 and EGFP-R3178-210 S203A fusion peptides. 

24h post-transfection cells were stimulated with ionomycin (1 μM), PMA (10 ng/ml) and CaCl2 

(10 mM) for 6 h. Empty EGFP vector was used to equilibrate the amount of plasmid DNA 

transfected. A Renilla expression vector (pRLNull) was used as an internal transfection 

control. Data is presented as mean percentage of NFAT activation were the 100% is the 

activation achieved with ionomycin/PMA/CaCl2 alone. Results are representative of three 

independent experiments performed in triplicates. Error bars correspond to SEM. The 

expression of each construct in each condition was assessed by western blot using anti-EGFP 

antibody. (-) no stimulation; (+) stimulated with Io/PMA/Ca2+; (CsA) stimulated with Io/PMA/ 

Ca2+/Cyclosporine A. B) Jurkat cells were infected with a lentivirus encoding either EGFP 

alone, EGFP-R3178-210 or EGFP-R3178-210 S203A fusion  
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Altogether, our results support the notion that a phosphorylated serine in the 

CIC motif enhances the inhibition of NFATc promoter activity and NFATc-

dependent gene expression. Moreover, we can conclude as well that while 

the extension of the peptide does not produce and enhanced binding to CnA 

(Fig. 5A), it is essential because it includes the CK2 target sequence and 

consequently allows for the phosphorylation of the conserved serine in vivo, 

providing an enhanced NFATc- inhibitory activity of the CIC-derived peptide of 

RCAN3, and ultimately influencing the threshold of activation of different 

NFATc-dependent genes. 

 

Modelling the phosphoR3183-203 interaction on Calcineurin. 
 
Since no structural information is available for the RCAN-CnA interaction, we 

modeled the CIC-RCAN interaction based on the previously described VIVIT-

CnA crystal structure (2P6B) (Li et al., 2007). Complex structures can be 

modeled by comparative modeling using their sequence similarity with other 

complexes of known structure assuming the same orientation of the partners 

in the interaction (Aloy and Russell, 2003). We modeled the CIC-derived 

peptides by using two strategies: a first group of structures using only the 

PXIXIT core motif, and a second group of models including the C-terminal 

region of the peptide. We calculated the correlation between experimental 

binding affinities of different PXIXIT sequences and ZRANK mean values (Fig. 

7A). The Spearman's rank correlation was 0.75 (with significant p-value< 

0.01) when using the PXIXIT core motif alone. This correlation increased to 

peptides. The three groups were sorted under the same criteria depending on the level of 

EGFP expression. R5: low EGFP expression; R6 medium EGFP expression and R7 high 

EGFP expression. Region R4 corresponds to the non- transduced population of Jurkat 

cells. C) mRNA from each lentivirus-defined group and each level of expression was 

extracted after stimulation with ionomycin and PMA for 4h. Expression of IL-2, RCAN1-4 

and IFN-γ was analyzed by quantitative PCR. The control group (EGFP alone) was 

analyzed only at the maximum level of expression. Data is represented as percentage of 

mRNA expression were 100% is considered as that obtained in the EGFP expressing 

group in stimulating conditions (+). Data presented corresponds to three independent 

experiments (means ±SEM). *p<0.05; **p<0.01; ***p<0.001; ns= non significant. 
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0.80 (with significant p-value= 0.003) when using longer peptides (extended 5 

residues in C-terminus and 2 residues in N-terminus). In summary, results 

suggest a significant correlation between experimentally determined affinity 

and average of ZRANK scores of the models of the interaction between 

peptides and Cn. This correlation is higher when the C-terminal region of the 

peptide is considered, showing the relevance of a negatively charged 

electrostatic potential in this region. It has to be noted that although the 

correlation between affinities and ZRANK scores is only proved for this 

particular case, the authors of ZRANK have used a similar approach to 

generalize the application to predict the affinity of protein-protein interactions 

(Pierce and Weng, 2007).  

 

The structure of the peptide sequence R3192-204 was modeled to study the 

effect of a negative charge at the conserved phosphorylated serine at the C-

terminus of the peptide, provided by the mutation of the serine residue to 

aspartic acid (R3192-204 S203D), on its interaction with Cn. We also observed 

that the VIVIT peptide bears a double negative charge at position +4 and +5 

from the PXIXIT motif (MAGPHPVIVITGPHEE), at the same distance and 

therefore resembling the negative charge provided by the phosphorylated 

serine of the CIC motif of RCANs. We therefore wondered whether the VIVIT 

peptide inhibitory activity was also augmented by these negative charges. For 

this reason, we also modeled a mutated VIVIT peptide where the two C-

terminal glutamic acids were substituted to alanine (VIVIT-AA) and compared 

it to the original VIVIT peptide.  

 

The distributions of ZRANK scores of the interactions of peptides R3192-204 

and R3192-204 S203D with Cn showed significant differences (Fig. 7B; p-

value<0.01). The distribution of scores of the interaction of R3192-204 was 

significantly higher to the distribution of R3192-204 S203D, suggesting an 

increased binding affinity for R3192-204 S203D as compared to R3192-204.  
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Figure 7. In silico modelling of the effect of a negative charge in the PxIxIT-Cn 
interaction. A) Modeled PXIXIT peptides with known binding affinity described in (Li et al., 

2007). The sequence of the peptide is shown in the third column. Two different sequences 

were used to model each peptide: 1) only PXIXIT core motif (underlined sequence) and 2) 

PXIXIT motif and C-term residues. Average and standard deviation of ZRANK scores are 

shown in the last two columns. B) Box plot representation of the ZRANK values obtained for 

the different homology based models of the Cn- PXIXIT peptide interaction. Modeled peptide 

sequences are: VIVIT (PHPVIVITGPHEE), VIVIT-AA (PHPVIVITGPHAA), RCAN3 

(STPSVVVHVCESE) and RCAN3_S203D (STPSVVVHVCEDE). C) Structural representation 

of the best ZRANK ranked model of Cn-R3194-204 S203D interaction. Calcineurin surface is 

colored by electrostatic potential: Blue (positive) and Red (negative). Peptide is shown using 

stick representation. The C-terminal region of the peptide is faced in a positively charged area 

in the Cn surface. Precisely, K100 and N335 in Cn lie at 4Å from the D203 in the RCAN3- 
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Accordingly, the VIVIT peptide should have higher affinity than VIVIT-AA, 

being the distribution of energies lower for VIVIT than for VIVIT-AA. These 

results show the effect of the presence of negatively charged residues in the 

C-terminal region of the peptide, increasing the binding affinity to Cn. 

 

Furthermore, circular dichroism (CD) spectroscopy revealed that the two 

peptides, R3183-208 and phosphoR3183-208, adopt random conformation in buffer 

solution.  In order to analyze the conformational adaptability of the peptides 

we analyzed the peptide CD spectra in the presence of MeOH and TFE. 

These co-solvents are secondary structure stabilizers (BUCK, 1998; Pastor et 

al., 2002; E et al., 1994).  Peptide R3183-208 showed a partial ability to populate 

β-sheet conformation both in the presence of MeOH and TFE when analyzed 

both at 5ºC and 20ºC while peptide phosphoR3183-208 showed to be less 

structured in these conditions (Supp. Fig. 2). Then, it is tempting to speculate 

that peptide phosphoR3183-208 could display less rigid environment-dependent 

conformational adaptability than peptide R3183-208 which showed more 

tendency to populate canonical secondary structure in inducing solvents.  This 

would provide phosphoR3183-208 peptide with an increased conformational 

adaptability to the Cn interacting binding surface. 

 

Similarly to the presence of acidic residues, the phosphorylation of the S203 

in RCAN3 also increases the negative charge near at the C-terminal tail of the 

peptide. The graphical representation of the model of the R3192-204 peptide 

interacting with Cn shows the location of the D203 residue facing a positively 

charged area of Cn (Fig. 7C). Specifically, Cn residues K100, R332, Q333 

and N335 are found in an area, within 5Å of the D203, with positive 

electrostatic potential (Fig. 7C). Also in the model, E202 of the RCAN3-

derived peptide could help to position the side-chain of H199 to pack against 

the guanidium group of R332, which could potentially further stabilize the 

derived peptide, whereas R332 and Q333 are 5Å away. Interestingly, H199 in the 

RCAN3194-204 peptide is very close to R332, with which could establish hydrogen bonds. 

D) The VIVIT peptide in the 2P6B structure is shown to compare with the RCAN3-derived 

peptide. Of note, the C-terminal glutamic acid residues of the VIVIT peptide are also 

placed on the positively charged surface of Cn and very close to K100. 
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interaction. As shown in Figure 7D, the C-terminus of the VIVIT peptide in the 

2P6B structure is also facing said positively charge surface of Cn. Therefore, 

it is suggested that the electrostatic complementarity between this positively 

charge region of Cn and a C-terminal negative charge in the PXIXIT-

containing peptides plays a key role in the binding affinity of the peptides for 

Cn.  

 

Mutation at the negatively charge residues at the C-terminus of the VIVIT 
peptide dramatically impairs its binding to CnA 
 
The variations on the affinity on the mutated VIVIT peptide predicted by the in 

silico modeling led us to test whether this could be also true experimentally. 

Therefore, we compared the ability of the VIVIT and VIVIT-AA peptides to 

disrupt the CnA-NFATc2 interaction. Accordingly, the absence of a double 

negative charge at +4 and +5 of the PXIXIT consensus sequence increased 

the IC50 value of the VIVIT-AA peptide to displace CF-SPRIEIT-CnA 

interaction more than three times as compared to the VIVIT wt (Fig. 8A; 

apparent IC50 are displayed below the graph). The difference observed in the 

IC50 value implied a dramatic reduction in the ability to disrupt the Cn-NFATc2 

interaction in a GST-pulldown assay (Fig. 8B). As a conclusion, our results 

suggest that the potency of the VIVIT peptide not only relies on the optimized 

sequence of the consensus PXIXIT sequence but it is also strongly 

determined by the negative charge at position +4 and +5 of the PXIXIT core 

sequence.  

 

DISCUSSION 
 
In this work we present a novel regulatory mechanism governing the 

modulation of the Cn-NFATc pathway by the RCANs. Our data show for the 

first time that protein kinase CK2 is able to phosphorylate a conserved serine 

adjacent to the PXIXIT-like sequence within the CIC motif of RCANs. The 

functional consequence of such phosphorylation is an enhanced binding of 

the CIC motif to Cn, providing a stronger inhibitory potential of the RCANs 
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towards Ca2+ dependent NFATc activation and therefore NFATc-dependent 

gene expression. It is unknown whether this phosphorylation could also play a  

facilitative role of the Cn-NFATc pathway provided by the RCANs (Sanna et 

al., 2006).  

 

 

 

The PXIXIT motif has been described as the major Cn-anchoring site of 

NFATc proteins (Roy and Cyert, 2009). Variations in this consensus 

sequence modulate the binding affinity for Cn of the different PXIXIT-

containing proteins and therefore the biological consequence of such 

Figure 8. Mutation of the negatively charged residues at the C-terminus of the VIVIT 
peptide severely impairs its ability to disrupt Cn-NFATc interaction. A) SPRIEIT-CnA 

interactions were established using 10 nM CF-SPRIEIT and 10 µM CnA and competed 

with increasing amounts of unlabeled VIVIT and VIVIT-AA peptides. An unrelated peptide 

was included as negative control. Anisotropic fluorescence emission values are 

represented as mean percentage of CF-SPRIEIT bound to CnA (±SEM) of three 

independent experiments performed in triplicates. Anisotropic fluorescence emission in 

the absence of competing peptide was considered as the signal given by 100% of CF-

SPRIEIT bound to Cn. Data was analyzed as in Fig. 5A. Apparent IC50 values for each 

peptide are displayed below the graph. B) GST-pulldown assays using GST-NFATc2 

bound Sepharose beads as bait and a soluble protein extract from Flag-CnA transfected 

HEK 293T cells. The extracts were supplemented with increasing concentrations of either 

VIVIT or mutated VIVIT peptide (VIVIT-AA) prior to incubation with GST-NFATc2. GST 

alone was used as negative control. The retained CnA was eluted from the beads by 

boiling in Laemmli buffer for 10 minutes. Samples (bound CnA) were analyzed by western 

blot with anti-CnA. Ponceau staining of the membrane shows equal GST-NFATc2 loading 

of each lane. 
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interaction (Roy et al., 2007; Muller et al., 2009; Li et al., 2012). RCAN 

proteins possess a degenerate PXIXIT sequence, PSVVVH, which has been 

shown to behave as a PXIXIT motif (Mulero et al., 2009; Mehta et al., 2009; 

Martinez-Martinez et al., 2009). This PSVVVH sequence, together with the 

ELHA sequence, comprises the CIC motif, conserved in all vertebrate RCANs 

(Aubareda et al., 2006; Mulero et al., 2007). We and others have shown that 

in RCANs, the CIC motif needs both the ELHA and PXIXIT sequences to bind 

to Cn and inhibit downstream NFATc signaling (Mulero et al., 2009; Martinez-

Martinez et al., 2009).  

 

Here, we identify a phosphorylation site adjacent to the PXIXIT-like sequence 

of RCANs as a novel regulatory element modulating the binding of the motif 

towards Cn. Precisely, the Cn-binding disruption obtained with a 

phosphorylated R3183-208 peptide is higher than when competing either Cn-

RCAN3 or Cn-NFATc interactions with a non-phosphorylated R3183-208 peptide 

(Fig. 5). Furthermore, the inhibition on a NFATc-dependent luciferase gene 

promoter is reduced when overexpressing a peptide mutated to alanine at the 

phosphorylatable serine and so is the expression of NFATc-dependent genes 

upon T-cell activation (Fig. 6). Interestingly, while the R3178-210 peptide 

inhibited RCAN1-4 and IFN-γ at low expression levels, the R3178-210 S203A 

could not inhibit the expression of these genes at the same level of 

expression. Altogether, these observations suggest that the non-

phosphorylated R3183-208 peptide allows for an increased NFATc activity and 

therefore, the extent to which NFATc-dependent genes may be influenced by 

the PXIXIT phosphorylation of the RCANs may rely on the NFATc activity 

threshold of each gene. In our experimental setting, RCAN1-4 and IFN-γ 

appeared more sensitive to NFATc activity than IL-2. Therefore, we postulate 

that this phosphorylation is an important determinant in the modulation of the 

Cn-NFATc pathway by the RCANs in vivo. Previous work from our lab has set 

up the experimental basis for an drug screen based on the Cn-RCAN 

interaction, which as a first hit identified dipyridamole as a drug with 

immunosupressant properties (Mulero et al., 2009). The observation that the 

phosphorylation adjacent to the PXIXIT-like motif increases the displacement 
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of NFAT from Cn provides a detailed mechanism of such interaction and may 

therefore help in the search for more selective and potent 

immunosuppressant drugs. 

 

In the competition assays, the IC50 values obtained showed that the 

phosphoR3183-208 is retained with greater avidity bound to Cn in the presence 

of a competitor as compared to the R3183-208 peptide (Fig. 5). Thus, the 

RCANs may compete for the PXIXIT binding cleft of Cn in a different manner 

depending on the phosphorylation status of the CIC motif. A bioinformatic 

search regarding all known vertebrate PXIXIT sequences yielded no other 

proteins apart from RCANs bearing a phosphorylable amino acid at position 

+4 from the PXIXIT sequence. This observation suggests that the regulation 

of the PXIXIT interaction to Cn by phosphorylation is exclusive for the RCANs.  

Although we lack structural information regarding the Cn-RCAN interaction, 

and since the PSVVVH has been shown to be a PXIXIT-like sequence, we 

took advantage of the crystallographic data from the VIVIT interaction with Cn 

(Li et al., 2007), deposited as 2P6B at Protein Data Bank, to model the 

interaction of the CIC motif with Cn. The model predicted that the PSVVVH 

sequence interacts in a similar fashion as the VIVIT peptide, and moreover, 

that the phosphorylated serine at +4 from the PXIXIT sequence would lay in 

close contact with a positively charged region in CnA (Fig. 7C). Precisely, a 

negative charge located at 4 residues from the PXIXIT sequence of the CIC 

motif would lay within 4 Å distance of a positive charge provided by K100 on 

CnA (Fig. 7C and D). This prediction could explain how a phosphorylation at 

this position, which adds a double negative charge at the conserved serine, 

enhances the interaction of the CIC motif via an ionic interaction with Cn and 

therefore increases its Cn-NFATc disruptive potential. This hypothesis suits 

well for the VIVIT-Cn interaction, because the VIVIT peptide bears two 

glutamic acid residues at its C-terminus (Aramburu et al, 1999) placed at the 

same position over the aforementioned positive surface of Cn. Accordingly, 

when we mutated the two C-terminal glutamic acid residues to alanine of the 

VIVIT peptide, even though the core PXIXIT sequence is intact, the IC50 of the 

mutated peptide is severely impaired (Fig. 8A) and so it is its ability to disrupt 
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the Cn-NFATc complex in cells (Fig. 8B). The data here presented suggest 

that not only the sequence definition of the PXIXIT core, but the context in 

which it is inserted, determines the overall affinity of the motif for Cn.  

 

We have previously described that deleting the first three amino acids of the 

R3183-203 peptide abrogates its binding to CnA (Mulero et al., 2009), 

suggesting that the PSVVVH sequence, probably due to its high variation 

from the consensus PXIXIT, needs some other elements to firmly anchor to 

the Cn binding pocket (Reményi et al., 2006; Roy and Cyert, 2009). This loss 

of affinity could be rescued in part in RCANs by the negative charge at the C-

terminus of the PSVVVH. It is unknown if the KYELHA sequence at the N-

terminus of the RCAN CIC motif also affects the overall motif affinity to Cn. In 

any case, it is clear that the functional activity of the CIC motif could be 

detached in three conserved modules: i) the KYELHA sequence; ii) the 

PXIXIT-like sequence, and iii) the phosphorylable acidic region at the C-

terminus. For this reason, in an attempt to complement the previously termed 

as EV-motif of RCANs (Martinez-Martinez et al., 2009), we suggest to include 

the here described phosphoserine in the functional motif and therefore 

change the designation from EV-motif to EVpS motif as a new way to denote 

the conserved motif of vertebrate RCAN proteins. Future studies focused in 

solving the crystal structure of the complete CIC motif of RCANs with Cn 

would shed light in to the exact role played by each of the three elements 

comprising the functional motif in the binding to Cn. 

 

Our data suggest that protein kinase CK2 phosphorylates the CIC motif of 

vertebrate RCANs in vitro and in vivo, although we cannot rule out the 

possibility that other kinases may be implicated as well in the phosphorylation 

of the conserved serine residue or either other residues at the CIC motif. 

Accordingly, the identified phosphorylated serine at the CIC motif of human 

RCAN proteins has also been regarded as phosphorylated in vivo in Rcan1 

and Rcan2 mouse proteins (www.phosphomouse.org). We therefore propose 

a mechanism of regulation of the Cn-NFATc axis in which the high activity of 

CK2 counteracts Cn-mediated activation of NFATc and provides the pathway 
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with a reliable switch to shut down the signal upon activation at two levels: 

increasing the inhibition of the Cn-dependent activation of NFATs provided by 

the RCANs and priming the nuclear export of NFATc by other kinases (Porter 

et al., 2000) (Fig. 9). It is unknown whether the phosphorylation at the CIC 

motif is subjected to regulation by protein phosphatases. 

 

 

Finally, we have shown for the first time and by direct means that the FLISPP 

motif of RCAN3 is phosphorylated in eukaryotic cells (Fig. 1C). Moreover, we 

show that CK2 phosphorylates additionally RCAN3 at its non-conserved N-

terminus, to regulate its stability. However, this increase in protein levels of 

RCAN3 did not seem to translate into an enhanced inhibition of NFATc 

Figure 9. Model of the CK2 mediated regulation of the Cn-NFATc pathway via a 
phosphorylation of the CIC motif of RCAN proteins. Scheme showing the regulation of 

RCAN phosphorylation which enhances its inhibitory activity towards Cn-NFATc signaling. 

A regulator of RCAN protein dephosphorylation is unknown (marked as X in the scheme). 

P indicates a phosphate group, CK2: Protein kinase CK2, CK1: Protein kinase CK1; 

DYRK1: Dual specificity tyrosine kinase 1, GSK3β: Glucogen synthase kinase 3β, Cn: 

Calcineurin, NFATc: Nuclear Factor of Activated T-cells. 
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activation (Fig. 4). Therefore, CK2 is also an important regulator of Cn-

independent RCAN3 potential functions.  

 

As a conclusion, here we present a novel regulatory mechanism by which 

RCANs modulate de signal output of the Cn-NFATc pathway. We propose 

that protein kinase CK2 is responsible for the phosphorylation of a conserved 

serine residue adjacent to the PXIXIT-like sequence of vertebrate RCAN 

proteins, which results in an enhanced binding of the CIC motif of RCANs to 

Cn. In this manner, protein kinase CK2 emerges as an important player in the 

negative feedback loop provided by the RCAN proteins, which switches off 

the activation of the Cn-NFATc pathway (Fig. 9). Moreover, we have 

unraveled a novel general regulatory mechanism driving the dynamics of the 

PXIXIT sequence of RCANs binding to Cn that provides important insights at 

the molecular level. We propose that the detailed knowledge of the molecular 

mechanisms governing the PXIXIT-Cn interaction may proof also very useful 

in the rational design of future immunosuppressant drug discovery. 

 
MATERIAL AND METHODS 
 

Peptides and Reagents. All peptides were purchased to Peptide 2.0 

Company (Chantilly, VA) and synthesized as acetylated N-terminal and C-

terminal amides for the unlabeled peptides and N-carboxyfluorescein (CF) 

and C-terminal amide for the labeled peptides. Sequence of the peptides used 

are the following: KYELHAGTESTPSVVVHVCES for the RCAN183-203 

peptides; KYELHAGTESTPSVVVHVCESETEEE for the RCAN3183-208 

peptides; KYELHAGTESTPSVVVHVCE(pS)ETEEE for the 

phosphoRCAN3183-208 peptides; ASGLSPRIEITPSHEL for the NFATc2-

SPRIEIT (SPRIEIT) peptides; MAGPHPVIVITGPHEE for the VIVIT peptide; 

and MAGPHPVIVITGPHAA for the mutated VIVIT (VIVIT-AA) peptide. The N-

termini CF-labeled peptides were synthesized with a two-glycine linker 

between the fluorescent probe and the original N-termini residue to prevent 

nonspecific intramolecular interactions. All peptides were resuspended in 10% 

DMSO at 7.5mM. Concentration was validated by spectrophotometry when 
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possible. Peptides not containing aromatic residues in their sequence were 

assessed by bicinchoninic acid assay (BCA). Cyclosporin A (CsA) was 

obtained from Sandoz. Ionomycin (Io) sodium salt, Phorbol 12-myristate 13-

acetate sodium salt (PMA) and cycloheximide were obtained from Sigma. 

RNAiMAX transfection reagent was from Invitrogen. Anti-Calcineurin A was 

from BD Biosciences, anti-HA was purchased from Sigma (Clone 12CA5), 

anti-CK2α and anti-CK2β were purchased from Santa Cruz. Protease and 

phosphatase inhibitors cocktails were from Calbiochem. 

 

Plasmid constructs and site-directed mutagenesis. The different pGEX5x-

RCAN3, pGEX6P-CnA (2-347), HA-RCAN3 (NP_038469.1) and HA-RCAN1 

(NP_004405.3) plasmid constructs used for this work have been described 

previously (Mulero et al., 2007). RCAN2 cDNA (NM_001251973.1) was a gift 

from Dr. X. Cao and was subcloned as an N-terminal HA-tagged fusion in 

pcDNA3.1-HA vector using BamHI restriction sites. The flag-hCnAα and GST-

NFATc2 expression plasmids were kindly provided Dr. J. M. Redondo, the 

3xNFAT-luc plasmid construct by Dr. J. Aramburu, and the pRL-null plasmid, 

which lacks a promoter driving Renilla expression, from Dr. C. Marín 

(Universidad de León, Spain). The EGFPc-RCAN3178-203 construct has been 

previously described (Mulero et al., 2009). The RCAN3178-210 protein fragment 

was PCR-amplified from the HA-RCAN3 plasmid using specific primers and 

subcloned as an EGFPc-fusion protein using BamHI restriction sites. Site 

directed mutagenesis was performed following Quickchange Kit protocol 

(Stratagene) instructions using the primers listed in Table 1. All constructs 

were checked by DNA sequencing. 

 

Recombinant protein expression and purification. GST-fusion proteins 

were transformed in BL21-CodonPlus® strain. Soluble extracts were 

produced and GST fusion protein purified using Gluthatione Sepharose 4B 

beads (GE Healthcare) as described previously (Aubareda et al., 2006).  Free 

CnA was obtained by Prescission protease (GE Healthcare) incubation of the 
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purified GST-CnA. Quantification, integrity and purity of CnA were assessed 

by spectrophotometry and 10% SDS-PAGE. 

 

Cell lines and transfection. Human Jurkat T- cells were maintained in RPMI 

with Glutamax (Invitrogen) supplemented with 10% fetal bovine serum (FBS). 

HEK 293T cells were maintained in DMEM with Glutamax (Invitrogen) 

supplemented with 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin. 

For immunoprecipitation and reporter gene assays, HEK 293T cells were 

transfected with the indicated plasmids using polyethyleneimine (PEI)-

mediated transfection. Briefly, plasmid DNA and PEI (linear 25000 MW 

polyethyleneimine, Polysciences) were added in separate tubes to 0.9% 

NaCl. Then, DNA-PEI complexes (DNA:PEI ratio of 1:2.5 (w:w)) were 

prepared adding PEI solution onto the DNA  and immediately vortexed briefly. 

After a 20 min incubation at room temperature, complexes were added to the 

cells. The day after, medium was replaced and cells were left incubating at 

37º C for an additional 24h. For luciferase assays, cells were analyzed 24h 

post transfection. To deplete CK2α in the cells, one day before HA-RCAN3 

plasmid transfection, pooled siRNA against CK2α (Dharmacon) were 

transfected in HEK293T at 25nM with RNAiMAX reagent (Invitrogen) following 

manufacturer’s instructions. 

 

Luciferase reporter gene assay. HEK 293T cells were seeded at 30% 

confluence in 24- well plates. 24 h later, each well was transfected with 100 

ng 3xNFAT-luc, 1 ng of pRLNull as an internal  transfection control and 

increasing concentrations of the indicated constructs (200 ng, 20 ng, 2 ng and 

0,2 ng for HA-RCAN3 and 500 ng, 250 ng, 125 ng and 62,5 ng for the 

EGFPc- RCAN3178-210). The total amount of plasmid DNA was kept constant 

in every condition using empty vector. 24h after transfection, cells were 

stimulated with 1μM ionomycin, 10 ng/ml PMA and 10 mM CaCl2. After 6 h of 

stimulation, cells were analyzed using the Dual- Luciferase Reporter Assay 

(Promega) following manufacturer’s protocol on a multiplate luminometer 
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(FLUOstar Optima, BMG). Luciferase units were normalized to Renilla 

luciferase values. 

 

In vivo phosphorylation. HA-tagged protein constructs were transfected in 

HEK 293T cells in 6-well plates. After 24 h, cells were incubated in 

phosphate-free DMEM (Invitrogen) for 3 h. Then, cells were labeled with 1 ml 

of phosphate-free DMEM [32P]Pi at a concentration of 50 μCi/ml for an 

additional 3 h. Cells were then washed in cold phosphate buffered saline 

(PBS) and lysed in ice-cold RIPA buffer (50 mM Tris-HCl, pH 7.5, 150 mM 

NaCl, 1% TX-100, 5 mM EGTA, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM 

PMSF and protease and phosphatase inhibitor cocktails). Protein extracts 

were centrifuged at 16000xg at 4ºC and the soluble HA-tagged proteins from 

supernatants were immunoprecipitated by incubation with anti-HA coupled to 

Sepharose protein G beads (GE Heatlhcare) in a rocking platform for 1 h in 

ice. Beads were washed extensively in RIPA buffer, resuspended in 2x 

Laemmli buffer and boiled for 10 min. Immunoprecipitated proteins were 

resolved by 10% SDS-PAGE, transferred onto nitrocellulose membranes and 

subjected to autoradiography (CL-XPosure Film, Thermo Scientific). Later, 

membranes were incubated with anti-HA antibody (1:1000, 1 h at room 

temperature) and the signals were quantified to normalize the radioactive 

signal of the immunoprecipitated proteins.  

 

GST-pulldown. In GST-RCAN3 pull-down competition assays, HEK 293T 

cells were lysed in co-immunoprecipitation buffer (50 mM Tris-HCl, pH 7.5, 

100 mM NaCl, 2 mM CaCl2, 5 mM MgCl2, 1% IGEPAL, 1 mM DTT, 2 mM 

PMSF and protease and phosphatase inhibitor cocktail) and the CIC- derived 

peptides were added to the extracts at the indicated concentrations for 20 

min. Then, the soluble extracts were incubated with GST-RCAN3 coupled 

Gluthatione Sepharose beads for 1 h at 4ºC. After extensive washing, co- 

precipitated proteins were eluted by resuspension in 2x Laemmli buffer and 

boiling 10 min. For GST-NFATc2 pull down competition assays, HEK 293T 

cells transfected with flag- calcineurin A were lysed in a buffer containing 50 
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mM Tris-HCl, pH 8, 100 mM NaCl, 1.5 mM CaCl2, 6 mM MgCl2, 0.2% TX-100, 

1 mM PMSF and protease and phosphatase inhibitor cocktails.  

 

In vitro CK2 kinase assay. Phosphorylation of wild-type and mutant GST-

RCAN3 constructs (7.5 µg each) was carried out for 60 min at 30 °C in a 

medium containing 2.5 pmol of human His6-CK2 holoenzyme (reconstituted 

by mixing His6-CK2α and His6-CK2β at a 1:1 molar ratio) or 1.25 pmol of His6-

CK2α alone and 100 µM of [γ-32P] ATP. The reactions were stopped by 

adding 2x SDS/PAGE sample buffer and boiling, followed by 12% SDS/PAGE 

and autoradiography. Coomassie blue staining of the gel was performed to 

ensure equal amounts of protein in the assay. The activity of the reconstituted 

enzymes was tested previously using the CK2 substrate peptide 

RRRADDSDDDDD (Jena Bioscience). 

 

Fluorescence Polarization. To calculate Cn-binding affinities, 10 nM of 

carboxyfluorescein (CF)-labeled peptide in 50 µl of PBS (pH 7.4) containing 

1% (w/v) fraction V bovine serum albumin (BSA) (Roche Diagnostics, IN) was 

titrated with increasing concentrations of purified CnA. For the competitive 

binding assays, the peptide-CnA complex was pre-formed using 10 nM CF-

labeled peptides and 4 µM CnA for the CF-RCAN3183-203, CF-RCAN3183-208 

and CF-phosphoRCAN3183-208 peptides and 10 µM CnA for the CF-SPRIEIT 

peptide. Unlabeled competitor peptides were pre-incubated with CnA at 

increasing concentrations for 15 min before adding the fluorescent-labeled 

peptides. Experiments were performed in a OptiPlate black 384-well flat-

bottom plates (PerkinElmer Life Sciences, Waltham, MA) and measured using 

a Wallac VICTOR™ X5 2030 Multilabel Reader (PerkinElmer Life Sciences) 

with excitation and emission wavelengths of 485 nm and 535 nm, 

respectively. All binding and competition assays were performed for 15 min at 

room temperature. All data was obtained from at least three independent 

experiments performed in triplicates.  
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Circular dichroism. CD spectra were recorded at 20ºC and 5ºC on a Jasco 

J-810 spectropolarimeter (JASCO Corporation, Tokio, Japan) in quartz cells 

of 0.1 cm path length.  Peptides were dissolved at 20 µM in PBS and their 

ability to adopt a secondary conformation was analyzed by MeOH and 2,2,2,-

trifluoroethanol (TFE) titrations. Each CD spectra were the average of 20 

scans performed at 1 nm intervals.  The results are expressed as mean molar 

residue ellipticities (deg cm2 dmol-1).   

 

Lentiviral production, purification and infection. The lentivirus encoding 

EGFP-fusion peptides were obtained by transient calcium phosphate 

transfection of HEK 293T cells. 48 h post-transfection the supernatants of the 

transfected cells were collected, filtered through a 45 μM membrane and 

ultracentrifuged at 20000 rpm for 1.5 h in a SW-28 rotor (Beckmann Coulter). 

Concentrated viruses were collected in cold PBS and stored frozen at -80ºC. 

Exponentialy growing Jurkat cells were infected overnight at MOI=10 at a cell 

density of 500000 cells/ml in RPMI supplemented with 10% FBS and 8 μg/ml 

polybrene. 16 h post-infection, medium was replaced with fresh RPMI 10% 

FBS. 

 

Cell sorting. Transduced Jurkat cells were resuspended (107 cells/ml) in PBS 

supplemented with 0.5% BSA and 2 mM EDTA to prevent cell aggregation. 

The EGFP positive population was sorted in three different groups depending 

on their level of EGFP expression using a MoFlo Astrios equipment (Beckman 

Coulter, Scientific Services of the University of Barcelona). The same sorting 

windows were applied for the two EGFP-peptide expressing cells. Cells 

expressing EGFP alone at the highest window of expression were used as 

control. Sorted cells were recovered in fresh RPMI 10% FBS and incubated at 

37ºC, 5% CO2 until they were assayed. 

 

RNA extraction and Real-Time PCR. Sorted Jurkat cells were stimulated for 

4 h with 1μM ionomycin and 10 ng/ml PMA. Then, cells were pelleted and 
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RNA was extracted using RNAeasy kit (Quiagen). At least 300 ng of RNA 

were used to synthesize cDNA using Superscript III (Invitrogen) following 

manufacturer’s protocols. Quantitative PCR experiments were performed 

using Universal probe Libraries (UPL, Roche) following manufacturer’s 

instructions. PCR reactions were carried out in triplicates in a Lightcycler 480 

System (Roche). HPRT gene amplification was used as housekeeping 

control. The primers used are shown in supplementary table 1.  

 

In silico modeling. Template complexes of the interaction between Cn and 

VIVIT peptides were extracted from the Protein Data Bank database (PDB) 

(Berman et al., 2000). We used these templates to model the interaction of 

several peptides similar to VIVIT. We used as template the complex structure 

of 2P6B, a 2.3A X-ray structure of Cn bound with the optimized VIVIT peptide. 

The structures of four different peptide sequences were modeled on its 

interaction with Cn using the program MODELLER (Eswar et al., 2007). A 

total of 500 models were generated with MODELLER for each peptide-Cn 

complex. For the sake of comparison, also the template was modeled upon 

itself to obtain a collection of 500 conformations. Models were evaluated using 

the distribution of the ZRANK docking-score (Pierce and Weng, 2007). 

Distributions of ZRANK scores were compared using a t-test. A threshold of 

0.001 of significance in the t-test was used to assess if the distributions were 

similar or different. To assess the normality of the distributions we used the 

Shapiro-Wilk test with 0.001 significance thresholds. UCSF Chimera package 

and Pymol (Schrodinger  LLC, 2010) were used for visual inspection of the 

interaction models, for the graphical representations and for the calculation of 

accessible surfaces. Electrostatic potentials over the accessible surface of Cn 

were calculated with Adaptative Poisson-Boltzmann Solver (APBS) software 

(Baker et al., 2001). 
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SUPPLEMENTARY MATERIAL 
 

 

Supplementary Figure 1 

Supplementary Figure 1. Peptide-Cn interaction specificities of the fluorescence 
polarization experiments. Interaction specificities were established using 10 nM CF-

peptide and 4 µM CnA and competed with increasing amounts of unlabeled, R3183-203 (A), 

R3183-208 (B) and phospho-R3183-208 (C) peptides respectively. An unrelated peptide was 

included as negative control. Anisotropic fluorescence emission values are represented as 

mean percentage of CF-peptide bound to CnA (±SEM) of three independent experiments 

performed in triplicates. Data was analyzed as in Fig. 5 A. D) Apparent IC50 values are 

presented as mean (±SEM) of at least three independent experiments performed in 

triplicate. 
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Supplementary Figure 2. 

Supplementary Figure 2. Circular dichroism (CD) spectra of R3183-208 and phosphoR3183-

208 peptides in different buffers.  Far UV CD analysis of 20 μM of R3183-208 (in blue) and 

phosphoR3183-208 (in red) peptides were performed in a Jasco-810 spectropolarimeter in PBS 

(A), methanol (B) and trifluoroethanol (C) at 20ºC. An average of 20 scans was collected for 

each spectrum and corrected against buffer blanks. Spectra values are expressed as mean 

molar ellipticity. 
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ANNEX TO ARTICLE 1. 
 

In a attempt to devise the exact contacts of the CIC-derived peptide with Cn, 

we took advantage of the previously described structure of the VIVIT peptide 

in complex with Cn (Li et al., 2007). Molecular modeling of the a R3192-204 

peptide on the same structure revealed that the C-terminal of the peptide is 

oriented to a positively charged surface of Cn, with which either the 

phosphorylated S203 in RCAN3 or the two C-terminal glutamic acid residues 

in the VIVIT peptide could make contact. 

 

Initially, this hypothesis led us to postulate two possible configurations of the 

peptide interaction with Cn. The first one is that described for the VIVIT 

peptide, in which P194 of the RCAN3 peptide is in the hydrophobic pocket of 

Cn, and H199 would pack against the guanidinium group of R332 in Cn. The 

second one is the result of displacing one position the orientation of the 

peptide with respect to the Cn surface. That would lead to the localization of 

the S195 into the hydrophobic pocket normally occupied by P194 and that 

H199 would be stabilized by a packing effect of the aromatic ring with Y288 in 

Cn. Importantly, in this second alignment the negative charge at position 203 

of RCAN3 would be in closer contact with the positively charged surface of 

Cn. ZRANK values for each of the RCAN3 peptide alignment were calculated, 

and showed that the second alignment would be more stable when a negative 

charge was located at the position of phosphorylated serine. 

 

Therefore, we hypothesized that creating a peptide in which we forced the 

described positions to face their more stable contacting partners in the 

surface of Cn would yield an optimized version of the peptides. To this end, 

we generate deletion mutants at P194 residue in the CIC-derived peptide in 

which both H199 and S203 would be facing more stable contacts with Cn 

surface. We also tested the deletion of S195, as the resulting peptide would 

have the added value of a proline located at its hydrophobic pocket in Cn. 

Given that the viability of this second alignment relied on the presence of a 

negative charge at the C-terminus of the peptide, we combined these 
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mutations with the S203A mutation. However, none of the evaluated peptides 

did improve the inhibitory activity towards NFATc in a gene reporter assay 

(Fig. 19). We observed a complete loss of the inhibitory potential of the CIC-

derived peptide towards NFATc activation when introducing the mutations 

P194A or ΔS195 in the CIC motif of RCAN3. 

 

 

 

It is known that the core sequence of the peptide, the PXIXIT consensus 

sequence, is the major determinant of the affinity of the peptide to Cn. 

Therefore, we thought that it could be possible that mutating the core 

sequence was too detrimental for the peptide binding to Cn to evaluate any 

Figure 19. Mutation of P194 to alanine or deletion of S195 in the conserved PXIXIT-
like sequence within the CIC-derived peptide of RCAN3 abroggates NFATc 
inhibitory activity. HEK 293T cells transfected with 3xNFAT-luc plasmid and with 

increasing concentrations of EGFP-R3178-210, EGFP-R3178-210 S203A, EGFP-R3178-210 

P194A, EGFP-R3178-210 P194A S203A, EGFP-R3178-210 ΔS195 and EGFP-R3178-210 ΔS195 

S203A fusion peptides. 24h post-transfection, cells were stimulated with ionomycin (1 

μM), PMA (10 ng/ml) and CaCl2 (10 mM) for 6 h. Empty EGFP vector was used to 

equilibrate the amount of plasmid DNA transfected. A Renilla expression vector (pRLNull) 

was used as an internal transfection control. Data is presented as mean percentage of 

NFAT activation were the 100% is the activation achieved with ionomycin/PMA/CaCl2 

alone. Results are representative of three independent experiments performed in 

triplicates. Error bars correspond to SEM. The expression of each construct in each 

condition was assessed by western blot using anti-EGFP antibody. (-) no stimulation; (+) 

stimulated with Io/PMA/Ca2+; (CsA) stimulated with Io/PMA/ Ca2+/Cyclosporine A. 
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change in affinity. Therefore, we proposed to shorten the peptide on the other 

region, that is, deleting C201 from the R3178-210 peptide. Again, this mutation 

would hypothetically render an increased inhibitory activity of the peptide, in 

which P194 would be located on its natural hydrophobic pocket and H199 

would be oriented towards R332 as it occurs in the first alignment. 

Interestingly, in this mutated peptide the negative charge would be displaced 

one position so that it would face Cn in more stable manner, as predicted by 

the second alignment. We conducted NFATc reporter gene assays to 

evaluate the inhibitory activity of this novel peptide and found that it severely 

reduced the inhibition exerted towards NFATc activation, implying a reduced 

binding to Cn (Fig. 20). 

 

 

Figure 19. Deletion of C201 in the conserved PXIXIT-like sequence within the CIC 
motif od RCAN3 abroggates NFATc inhibitory activity. HEK 293T cells transfected 

with 3xNFAT-luc plasmid and with increasing concentrations of EGFP-R3178-210, EGFP-

R3178-210 S203A, EGFP-R3178-210 ΔC201 and EGFP-R3178-210 ΔC201 S203A fusion 

peptides. 24h post-transfection, cells were stimulated with ionomycin (1 μM), PMA (10 

ng/ml) and CaCl2 (10 mM) for 6 h. Empty EGFP vector was used to equilibrate the amount 

of plasmid DNA transfected. A Renilla expression vector (pRLNull) was used as an 

internal transfection control. Data is presented as mean percentage of NFAT activation 

were the 100% is the activation achieved with ionomycin/PMA/CaCl2 alone. Results are 

representative of three independent experiments performed in triplicates. Error bars 

correspond to SEM. The expression of each construct in each condition was assessed by 

western blot using anti-EGFP antibody. (-) no stimulation; (+) stimulated with Io/PMA/Ca2+; 

(CsA) stimulated with Io/PMA/ Ca2+/Cyclosporine A. 
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Therefore, we concluded that the second alignment for the CIC-derived 

peptide is probably not happening, as from our experiments we have seen 

that altering the alignment of the peptide in contact with Cn does not induce 

an enhanced inhibitory effect. Alternatively, it could be possible that the ELHA 

motif at the C-terminus is playing a role in the positioning of the peptide in the 

hybdrophobic cleft. The in silico modeling was done with a peptide of RCAN3 

spanning residues 194 to 204, therefore not taking into account the possible 

influence of the ELHA sequence. It could be possible that performing the 

same assays in the absence of this sequence could show some correlation 

with the modeling. However, the absence of the ELHA sequence in the CIC-

derived peptide strongly reduces the binding and inhibition of Cn. Further 

experiments should be performed to clarify whether the hypothesis inferred by 

the ZRANK prediction is valid for the PXIXIT-like interaction to Cn within the 

CIC motif of RCAN proteins.
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ABSTRACT 
 
The calcium- and calmodulin- dependent phosphatase calcineurin (Cn)-

NFATc transcription factors signaling pathway is involved in many aspects of 

the development and function of the immune, cardiovascular, neural, skeletal 

and muscular systems (Crabtree and Olson, 2002). In addition, recent 

advances have postulated NFATc proteins as attractive targets for tumor 

therapies. The CIC motif of RCAN proteins, a conserved family of 

endogenouse modulators of Cn, has been shown to be functionally equivalent 

to the Cn binding PXIXIT sequence conserved in NFATc proteins. Therefore, 

the CIC motif has got intrinsic NFATc inhibitory activity. Here we report that 

the sole overexpression of a CIC-derived peptide in MDA-MB-231 cells 

inhibits NFATc activation and COX-2 expression. In vivo, the overexpression 

of RCAN3 and the CIC-derived peptide significantly inhibited tumor growth in 

an orthothpic model of breast cancer. Moreover, we show that the CIC motif 

of RCAN proteins, by inhibiting NFATc activity in the tumor cell, is sufficient to 

decrease COX-2, VEGF and IL-8 gene expression, and to inhibit neutrophil 

recruitment to the tumor microenvironment. Importantly, the CIC-mediated 

inhibition of NFATc-dependent gene expression correlates with an impaired 
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angiogenic response in the tumor xenograft. Therefore, our work lead us to 

postulate the targeting of the Cn-NFATc as an effective way to hamper tumor 

progression and the CIC-derived peptides, with potent anti tumoral effect by 

itself, as a valid tool for the development of novel potent and specific anti-

tumoral agents. 

 
INTRODUCTION 
 
The nuclear factor of activated T-cells (NFAT) family of transcription factors 

are comprised by five members: NFATc1, NFATc2, NFATc3, NFATc4 and 

NFAT5 (TonEBP). The activation of the first four is regulated by the 

serine/threonine phosphatase calcineurin, which is activated upon binding to 

Ca2+ and calmodulin. NFAT5 is calcium insensitive and in contrast to the 

other four, is has been shown to be activated upon osmotic stress and integrin 

activation (Jauliac et al., 2002; Dahl et al., 2001).  

 

In resting conditions, NFATc proteins remain highly phosphorylated in the 

cytosol. Upon ligand binding to membrane receptors, which elicit an increase 

in intracellular calcium concentrations, calcineurin becomes activated and 

dephosphorylates NFATc proteins. Then, NFATc unmasks a nuclear 

localization signal on the protein, and therefore they are rapidly translocated 

into the nucleus where in cooperation with other transcription factors trigger 

gene expression. The activity of NFATc is terminated in the nucleus by the 

action of the kinases GSK3-β, CK1, CK2 and DYRK1, which phosphorylate 

NFATc protein and promote its export to the cytosol. Other proteins are also 

involved in the regulation of NFATc activity (Mancini and Toker, 2009). 

 

Among the endogenous modulators of Cn-NFATc signaling, we focus on the 

study of RCAN family of proteins, conserved from yeast to human and that in 

vertebrates comprise a subfamily with three members: RCAN1, RCAN2 and 

RCAN3 (Mulero et al., 2007; Davies et al., 2007) . These proteins have been 

shown to bind to Cn through a conserved CIC motif and when overexpressed, 

to inhibit NFATc-dependent promoter activation and gene transcription 
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(Aubareda et al., 2006; Mulero et al., 2007). A CIC-derived peptide has been 

shown to be sufficient to achieve potent and specific inhibition towards NFATc 

activation, without affecting the activity of Cn towards other substrates apart 

from NFATc (Mulero et al., 2009). The mechanism of such specificity relies in 

the presence of a shared Cn-binding sequence in both RCANs and NFATc: 

the PXIXIT sequence. Importantly, the PXIXIT sequence is regarded in 

NFATc as their major docking determinant to Cn. Therefore, RCAN proteins 

establish a competitive inhibition with NFATc for the same binding pocket in 

Cn (Mulero et al., 2009; Mehta et al., 2009; Martinez-Martinez et al.).  

 

The calcineurin-NFATc signaling pathway is involved in many aspects of the 

development and function of the immune, cardiovascular, neural, skeletal and 

muscular systems (Crabtree and Olson, 2002). Importantly, in the recent 

years emerging roles for this family of transcription factors in tumor 

progression have been described (Mancini and Toker; Müller and Rao). 

 

The involvement of NFATc proteins in tumor progression is associated to the 

genes activated upon NFATc-dependent transcription. Among them, 

cyclooxygenase-2 (COX-2) is well characterized as an NFATc target gene in 

different cancer cell lines (Iniguez et al., 2000; Duque et al., 2005; Yiu and 

Toker, 2006). COX-2 protein belongs to the family of cyclooxygenases, which 

catalyze the conversion of prostaglandin H, produced from arachidonic acid in 

the cell membrane, into different biologically active prostaglandins (Smith et 

al., 2000). Prostaglandins, once secreted to the extracellular medium and 

through the binding to specific cell membrane receptors, influence different 

cellular processes such as proliferation, migration, inflammation and 

angiogenesis (Salvado et al., 2012). 

 

Accordingly, the inhibition of NFATc activity has been related to an 

impairment of important endothelial cell functions and the development of 

tumor angiogenesis. Vascular endothelial growth factor (VEGF), a major 

determinant of the angiogenic response (Nagy et al., 2007), has been shown 

to exert its effects via a Cn-NFATc dependent mechanism (Armesilla et al., 
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1999; Urso et al., 2011). Indeed, treatment of endothelial cells with the 

calcineurin inhibitor cyclosporine A blocks VEGF- mediated proliferation, 

migration and angiogenesis in vivo (Hernandez et al., 2001). Therefore, 

NFATc proteins are critical mediators of the VEGF induced angiogenic 

response in endothelial cells. 

 

Importantly, the RCAN1 gene, because of its modulating role towards Cn-

NFATc pathway activation, is also involved in the angiogenic response. 

Specifically, RCAN1-4 gene expression is selectively induced by VEGF in 

endothelial cells, constituting a regulatory feedback loop to control the VEGF-

induced activation of NFATc. In this regard, overexpression of RCAN1-4 has 

been shown to inhibit VEGF mediated responses in endothelial cells (Minami 

et al., 2004; Hesser et al., 2004). Furthermore, transgenic mice 

overexpressing RCAN1 gene have been shown to develop an impaired 

angiogenic response in the tumor microenvironment due to NFATc inhibition 

and subsequent reduction in COX-2 expression (Baek et al., 2009). These 

findings have led to postulate the Cn-NFATc pathway as an alternative 

approach to target angiogenesis. 

 

In this work we show that RCAN proteins are able to inhibit NFATc activity 

and COX-2 gene expression and protein levels in tumor cells, and when 

grown in vivo, these cells fail to arrange a proper angiogenic response to 

support tumor growth. Mechanistically, we show that the CIC motif of RCANs 

is sufficient to mediate these inhibitory effects, as it effectively reduces the 

expression of COX-2, VEGF and IL-8 expression from the tumor cell in vivo. 

Finally, we observe a reduction of the presence of immune cell infiltration in 

the tumor xenograft. Altogether, the work here presented highlights the 

important role that NFATc proteins play in the tumor cell and how their activity 

influences the tumor microenvironment. Moreover, we reinforce the idea that 

targeting the Cn-NFATc is a real alternative to target tumor angiogenesis, and 

we propose CIC-derived peptide based approaches to achieve a potent and 

specific inhibition of tumor growth. 

 



    Results 
  
 

113 

RESULTS 
 

Overexpression of the conserved CIC motif of RCAN3 inhibits Cn-
dependent NFATc activation in MDA-MB-231 cells 
 
To evaluate the ability of the RCANs to inhibit NFATc signaling in breast 

cancer cells, we designed a lentiviral vector to stably overexpress either 

RCAN3 wild- type protein or RCAN3 bearing a mutation at the functional 

PXIXIT-like sequence within the CIC motif of RCAN3, which impairs its 

binding to Cn (RCAN3 AAQ). We transduced exponentially growing MDA-MB-

231 breast cancer cells at different multiplicity of infection (MOI) to analyze 

the inhibitory effect of the overexpressed transgenes and studied the level of 

activation of NFATc in these cells. As expected, we observed an RCAN3 

dose-dependent inhibition of NFATc promoter activity in stimulating conditions 

(Fig. 1A). In contrast, the mutant RCAN3 AAQ protein was not able to inhibit 

NFATc activity. As a control, the expression of an EGFP encoding vector 

showed no effect on NFATc activation. These results show that the NFATc 

inhibitory effects of RCAN3 overexpression rely exclusively on its ability to 

interact with Cn through an intact PXIXIT-like sequence in MDA-MB-231 

breast cancer cells.  
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If the CIC motif was responsible for the inhibitory effect of RCAN3 in these 

cells, we should be able to reproduce the observed results by the sole 

overexpression of the functional CIC motif. To this end, we transduced MDA-

MB-231 cells with a lentiviral vector to overexpress an EGFP-CIC-derived 

peptide (EGFP-R3178-210). This peptide has been shown to potently inhibit 

NFATc-dependent gene expression (S. M-H., unpublished observations). 

Interestingly, the overexpression of the CIC-derived peptide exerted similar 

effects as the full-length RCAN3 protein towards NFATc promoter activation 

(Fig. 1B). Accordingly, a mutated CIC-derived peptide (EGFP-R3178-210 AAQ) 

was not able to inhibit NFATc activity. Overall, these experiments suggest that 

the inhibition of NFATc activation by RCAN proteins rely exclusively on the 

integrity of the conserved CIC-derived motif in MDA-MB-231 cells. 

 

A CIC-derived EGFP-R3178-210 peptide inhibits COX-2 induction in 
stimulated MDA-MB-231 cells 
 
The activation of NFATc protein has been shown to lead to the expression of 

several pro-tumorigenic genes, as for instance COX-2, in different cancer cell 

Figure 1. CIC-derived peptide overexpression inhibits NFATc activation. Analysis of 

NFATc activation using a NFAT-luciferase reporter gene assay performed in MDA-MB-

231 breast cancer cells. First, cells were transduced with lentiviruses encoding either HA-

RCAN3 and HA-RCAN3AAQ (A) or EGFP-R3178-210 and EGFP-R3178210 AAQ (B) fusion 

proteins at increasing concentration on virus (2.5, 5, 10 and 20 MOI). The following day, 

cells were transfected with 9xNFAT-luc and a Renilla expression vector as internal control 

of transfection. 24 h post transfection cells were stimulated with 1 μM Ionomycin (Io), 10 

nM PMA and 10 mM CaCl2 for 8 h. After, cells were lysed cells and  luciferase and renilla 

activities were analyzed using the Dual- Luciferase Reporter Assay (Promega) following 

manufacturer’s protocol on a multilabel reader (Victor X5, Perkin Elmer). Luciferase units 

were normalized to Renilla luciferase values. Data is presented as mean percentage of 

NFAT activation were the 100% is the activation achieved with Io/PMA/CaCl2 alone. 

Results are representative of at least three independent experiments performed in 

triplicates. Error bars correspond to SEM. The expression of each construct in each 

condition was assessed by western blot using anti-HA (A) and anti-EGFP (A and B) 

antibodies. (-) no stimulation; (+) stimulated with Io/PMA/Ca2+; (CsA) stimulated with 

Io/PMA/cyclosporine A. 
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lines. For this reason, we wanted to evaluate whether the overexpression of 

RCAN3 altered the NFATc-dependent COX-2 protein levels under calcium 

stimulating conditions. Unexpectedly, we could not observe a clear inhibition 

of the induction of COX-2 protein with RCAN3 overexpression in stimulated 

MDA-MB-231 cells (Fig. 2A). In contrast, we found that RCAN3 

overexpression at low doses potentiated the induction of the COX-2 protein. 

Importantly, RCAN3 AAQ mutant, even at higher levels of expression, 

potentiated in a similar manner the expression of COX-2, therefore 

disengaging the stimulatory from the inhibitory effect consequence of the 

interaction with Cn. 

 

 

 

Given the importance of NFATc proteins in the induction of COX-2 protein, we 

tested if by the overexpression of the CIC motif of RCAN3 alone, thereby 

limiting possible interferences by other regions of RCAN3 protein, we could 

achieve COX-2 protein levels inhibition. As shown in Figure 2B, the 

overexpression of the CIC-derived peptide EGFP-R3178-210, and not the 

mutated CIC-derived EGFP-R3178-210 AAQ, inhibited the protein levels of 

Figure 2. CIC-derived peptide inhibits COX-2 induction in a dose-dependent manner 
in MDA-MB-231 breast cancer cells. MDA-MB-231 cells were transduced with 

lentiviruses encoding either HA-RCAN3 and HA-RCAN3 AAQ (A) or EGFP-R3178-210 and 

EGFP-R3178-210 AAQ (B) fusion proteins at increasing concentration of virus (2.5, 5, 10 and 

20 MOI). 48 h later cells were stimulated with 1 μM Io, 10 nM PMA and 10 mM CaCl2 for 8 

h. The induction of COX-2 protein was analyzed by western- blot using specific anti-COX-

2 antibodies. The expression of each construct from the lentivirus in each condition was 

assessed using anti-HA (A) and anti-EGFP (A and B) antibodies. (-) no stimulation, (+) 

stimulation. 
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COX-2. Therefore, our results confirm that COX-2 protein levels is dependent 

on NFATc activity in MDA-MB-231 cells, and also that the inhibition of NFATc 

obtained by a RCAN CIC-derived peptide is sufficient to block COX-2 protein 

induction in stimulated MDA-MB-231 cells. 

  

RCANs, through the CIC motif, inhibit breast tumor growth in vivo 

 

COX-2 protein inhibition has been shown to produce a reduction in the growth 

of tumors in vivo (Howe et al., 2001; Barnes et al., 2007; Stasinopoulos et al., 

2008). Since we have shown that the CIC-derived EGFP-R3178-210 peptide 

inhibits COX-2 in vitro, we wanted to study to what extent this inhibition could 

lead to a decrease tumor growth in vivo. We injected 106 MDA-MB-231 cells 

overexpressing either RCAN3 or RCAN3 AAQ into the mammary fat pad of 

BALB/c nude mice. EGFP-expressing MDA-MB-231 cells were used as a 

control. The overexpression of RCAN3 protein significantly reduced the 

growth of the xenografts 5 weeks after injection (Fig. 3A and Fig. 3B). 

Importantly, the RCAN3 AAQ mutant behaved as the control group, strongly 

suggesting that the tumor growth inhibitory effects were dependent on NFATc 

activity in the tumor cells. In order to confirm our hypothesis, we repeated the 

assay in MDA-MB-231 cells overexpressing the CIC-derived EGFP-R3178-210 

peptide. As shown in Figure 3C and 3D, the CIC-derived EGFP-R3178-210 

peptide was sufficient to produce a reduction of tumor growth as compared to 

the EGFP expressing cells, in the same fashion as the full length RCAN3 

protein. As a conclusion, these results suggest that the conserved CIC motif 

of RCAN proteins inhibits tumor growth in vivo. Moreover, it is implied that the 

growth of breast cancer cells in vivo is dependent on a fully activable Cn-

NFATc pathway. 

 
Tumor Angiogenesis is impaired in RCAN3 and CIC-derived peptide 
overexpressing MDA-MB-231 xenografts in vivo 

 
COX-2 protein and its metabolite, prostaglandin E2 (PGE2), have been shown 

to be mediators of tumoral angiogenesis (Iñiguez et al., 2003; Salvado et al., 
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2012). We then hypothesized that a plausible explanation for the reduced 

growth in vivo could be an impaired angiogenic response due to a reduction in 

PGE2 production. Given that COX-2 is the key rate-limiting enzyme in PGE2 

biosynthesis (Smith et al., 2000), we assessed the levels of COX-2 expressed 

in the tumors by Real-Time PCR, as an indicator of tumoral PGE2 levels. 

Accordingly, the levels of COX-2 gene expression in the RCAN3 (Fig. 4C) and 

CIC-derived peptide (Fig. 5C) expressing tumors were reduced as compared 

to EGFP expressing tumors.  

 

Figure 3. RCAN3 overexpression hampers tumor progression in vivo. Nude mice 

were injected with 106 MDA-MB-231 cells transduced with lentiviruses encoding either 

HA-RCAN3 (n=7) and HA-RCAN3 AAQ (n=7) (A and B) or EGFP (n= 7) and EGFP-R3178-

210 (n=8) (C and D) fusion proteins at MOI 20. EGFP transduced MDA-MB-231 cells were 

used as control group. The growth of tumors was assessed by biweekly measurements of 

tumor volume. At day 35 (A) or 30 (C), mice were sacrificed and tumors were extracted.  
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Indeed, macroscopic examination of RCAN3 and CIC-derived peptide 

overexpressing tumors revealed less irrigated tumors as compared to the 

RCAN3 AAQ or EGFP groups respectively, suggesting a differential 

vascularization dependent on the activation of the Cn-NFATc in the tumor cell 

(Fig. 3B and 3D respectively). To study tumor vascularization in detail, we 

stained xenograft OCT sections with anti-CD31 antibody, which is a marker of 

endothelial cells (Fig. 4A and Fig. 5A). We observed a manifest reduction in 

the size of the vessels formed in RCAN3 and CIC overexpressing tumors 

compared to its controls (Fig. 4B and Fig. 5B, respectively). Interestingly, 

RCAN3 AAQ was unable to inhibit tumor angiogenesis, implying once more 

an important role for the NFATc proteins within the tumor cell in the promotion 

of angiogenesis from the tumor microenvironment (Fig. 4A and 4B). 

 
Figure 4. Tumor angiogenesis is impaired in RCAN3 overexpressing tumors. A) 

Representative CD31 staining images of the tumor sections. Scale bars correspond to 

200μm. B) Quantification of mean vessel area in mm2 per high power field (HPF). Data is 

presented as mean ±SEM. Statistical differences were assessed by Mann-Whitney test 

(EGFP n= 4; RCAN3 n= 6; RCAN3 AAQ n= 7). C) Tumor xenograft mRNA levels of COX-

2, VEGF, IL-8, and RCAN1-4 were assessed by Real Time PCR. HPRT1 gene was used 

as internal control. (EGFP n= 4; RCAN3 n= 6; RCAN3 AAQ n= 4). *p<0.05, **p<0.01. 

The weights of the tumors of each experiments are represented in B and D as means 

±SEM. A representative image of the tumor of each group is displayed below the graph in 

B and D. Scale bar represents 1 cm. *p<0.05; ** p<0.01; ***p<0.001. 
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In an attempt to further characterize the inhibition of the angiogenic response, 

we measured the levels of important pro-angiogenic mediators in the tumor. 

VEGF is one of the major pro-angiogenic factors involved in tumor 

neoangiogenesis (Nagy et al., 2007). Also, NFATc is known to regulate the 

expression of interleukin-8 (IL-8/CXCL-8) which is a known potent angiogenic 

mediator (Waugh and Wilson, 2008). Importantly, we observed a marked 

reduction in the levels of VEGF and IL-8 gene expression from the tumor cells 

overexpressing RCAN3 or a CIC-derived peptide (Fig. 4C and Fig. 5C 

respectively). Therefore, these results suggest that the specific blockade of 

NFATc-dependent gene expression in the tumor cells impairs a proper 

angiogenic response from the tumor microenvironment due to a reduction in 

the gene expression of the pro-angiogenic factors COX-2, VEGF and IL-8, 

among others, from the tumor cells. 

 

 

Figure 5. Tumor angiogenesis is impaired in CIC-derived peptide overexpressing 
tumors. A) Representative CD31 staining images of the tumor sections. Scale bars 

correspond to 200μm. B) Quantification of mean vessel area in mm2 per HPF. Data is 

presented as mean ±SEM. Statistical differences were assessed by Mann-Whitney test 

(EGFP n= 6; EGFP-R3178-210 n= 7). C) Tumor xenograft mRNA levels of COX-2, VEGF, IL-

8 and RCAN1-4 were assessed by Real Time PCR. HPRT1 gene was used as internal 

control. Data is presented as mean ±SEM. Statistical differences were assessed by Mann-

Whitney test (EGFP n= 4; CIC n= 4)*p<0.05, **p<0.01.  
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RCAN3 and a CIC-derived peptide inhibit immune cell tumor infiltration 
 
The different cell types found in the tumor microenvironment are critical 

regulators of tumor angiogenesis. Among them, immune infiltrating cells, such 

as neutrophils and macrophages, promote an inflammatory environment in 

the tumor and potentiate angiogenesis and metastasis (Hanahan and 

Weinberg, 2011). The depletion in the expression IL-8 observed in the tumor 

cells led us to study the neutrophil infiltration, as the blockade of this cytokine 

has been shown to inhibit neutrophil recruitment to the tumor (Tazzyman et 

al., 2011). First, we found that the number and size of tumor infiltrations was 

reduced in the RCAN3 and CIC overexpressing tumors compared to the 

RCAN3 AAQ and EGFP control groups. Moreover, we observed a marked 

reduction in the presence of neutrophils in these infiltrations in those groups, 

in accordance with the almost complete inhibition in the gene expression of 

IL-8 observed (Fig. 6A and 6B). This unprecedent result, consequence of the 

RCAN mediated inhibition of NFATc signaling in the tumor cell, could 

contribute to the observed impairement of the angiogenic response, as it has 

been shown that depletion of neutrophils in nude mice reduces tumor 

xenografts angiogenesis and growth (Pekarek et al., 1995; Gregory and 

Houghton, 2011)   

 

Macrophages are also important players in the promotion of tumor 

angiogenesis and metastasis (Qian and Pollard, 2010). For this reason, we 

tested whether inhibition of NFATc signaling could impair the recruitment of 

macrophages by the tumor cells as an additional factor contributing to the 

decreased tumor growth. We measured the level of gene expression of the 

macrophage chemoattractant factors CCL2 and CSF1 in the different tumors 

(Fig. 6C and 6D). Although not significant, a clear tendency was observed 

towards the reduction of the gene expression of the cytokines CCL2 in the 

tumor cell mediated by the overexpression of RCAN3 or CIC-derived peptide. 

Importantly, a significant reduction was observed in the gene expression of 

CSF1 as compared to the EGFP control group (Fig. 6C). However, RCAN3 

AAQ also reduced, albeit less pronounced, transcriptional activation of CSF1, 
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implying that RCAN3 could counteract the expression of this gene through 

NFATc independent mechanisms. As a conclusion, the observed trend in the 

reduction in the gene expression of the macrophage chemoattractant factors 

CCL2 and CSF1 in the tumor expressing CIC-derived peptide suggests that 

the presence of macrophage infiltrates is reduced in the tumors with impaired 

NFATc activation. Direct determination of macrophage presence in the tumor, 

together with a thorough analysis of the expression of chemoattractant 

proteins in all the tumors should be performed in order to clarify the inhibitory 

action of the RCAN proteins towards macrophage recruitment into the tumor 

microenvironment.  

 

DISCUSSION 
 

In this work we propose the specific inhibition of Cn-NFATc pathway in tumor 

cells as a potential therapeutic target to inhibit tumor progression in an 

orthotopic model of human breast cancer. Our results show that the 

overexpression of either RCAN3 or a CIC-derived peptide of RCANs in MDA-

MB-231 cells is able to inhibit tumor progression in vivo. A detailed analysis of 

the anti-tumor mechanism showed an impaired vascularization of the tumors, 

with a striking reduction in vessel area. Molecular profiling of the tumors 

showed that a reduction in the gene expression of the important pro-

angiogenic genes COX-2, VEGF and IL-8, could account, at least in part, for 

the observed inhibition of tumor progression in vivo. Concomitantly to a 

decrease in the expression of chemotactic factors from the tumor cell, we 

have observed a reduced presence of immune cell infiltrates in the tumors 

overexpressing either RCAN3 or CIC-derived peptide. Therefore, the 

evidence presented here supports the premise that the CIC-derived peptide  

has got intrinsic anti-angiogenic and tumor repressor properties in vivo.  
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Recent reports have shown that NFATc inhibition renders an impaired 

angiogenic response in vivo. For instance, administration of the calcineurin 

inhibitors CsA and FK506, has been shown to effectively impair the 

angiogenic response elicited by VEGF in endothelial cells in vivo (Hernandez 

et al., 2001; Courtwright et al., 2009; Siamakpour-Reihani et al., 2011). More 

recently, it has been shown that in a RCAN1 transgenic mice, tumor 

angiogenesis is affected due to a reduction of NFATc activation (Baek et al., 

2009). Interestingly, protein kinase CK1 mutations found in human breast 

cancer have shown to activate a Wnt/NFATc pathway to promote cell 

migration (FoldynovaTrantirkova et al., 2010). Moreover, the newly identified 

pro-angiogenic effects of secreted frizzled related protein 2 (SFRP2) have 

been shown to involve activation of Cn-NFATc pathway in the vessels of 

breast tumors, establishing a mechanism by which FK506 inhibits 

angiogenesis in vivo (Courtwright et al., 2009, SiamakpourReihani et al., 

2011). Finally, NFATc3 downregulation has also been shown to impair 

angiogenesis in vivo (Urso et al., 2011). In all these studies, subsequently to 

NFATc inhibition, a reduction in COX-2 gene expression induction was 

observed. However, these studies have been approached from the point of 

view of the activity of NFATc proteins in the cells comprising the tumor 

microenvironment. Our study, in contrast, focuses on the functional effects 

following the activation of Cn-NFATc signaling pathway specifically in the 

tumor cell itself. As shown in this study, tumor cells with impaired NFATc 

activity are not able to orchestrate a proper angiogenic response from a non-

treated tumor microenvironment. This study therefore highlights the 

Figure 6. NFATc activity in breast cancer cells promote immune cell infiltration to the 
tumor microenvironment. (A-B) Representative images of tumor tissue sections stained with 

hematoxilin eosin. Arrows spot Polymorphonucleated tumor-infiltrating cells. Scale bars 

represent 100 μm (20X) and 10 μm (100x). (C-D) mRNA levels of CCL2 and CSF1 in breast 

tumor xenografts overexpressing either EGFP, HA-RCAN3 or HA-RCAN3 AAQ proteins (C) 

and overexpressing EGFP or EGFP CIC-derived peptide (D) was assessed by Real-Time 

PCR. HPRT1 gene expression was used as internal control. Data is presented as mean 

±SEM. Statistical differences were assessed by Mann-Whitney test. C) EGFP n= 4; RCAN3 

n= 6; RCAN3 AAQ n= 4. D) EGFP n= 5; EGFP-R3178-210 n= 5. *p<0.05, **p<0.01. 
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importance of the Cn-NFATc pathway in breast cancer cells to grow as a 

tumor xenograft in vivo, and consequently, situates the targeting of this 

signaling pathway as an interesting alternative for anti-tumor therapies, due to 

the relevance of the downstream signals affected. 

 

The vast heterogeneity found in human cancer and in particular in breast 

cancer, together with the identification of genes as molecular targets of 

effective therapies has provided the basis to pursue targeted therapies to 

block tumor progression (Higgins and Baselga, 2011). In this regard, 

mammary tumorigenesis can be effectively blocked by COX-2 ablation or 

inhibition, and COX-2 specific overexpression in mammary glands is sufficient 

to induce tumorigenesis in vivo (Liu et al., 2001). Not surprisingly, the 

inhibition of COX-2 has proven to be an effective way to halt tumor 

progression, as illustrated by the efficacy of non-steroideal anti-inflammatory 

drugs (NSAIDs) and selective COX-2 inhibitors in the prevention and 

progression of several types of cancers (DuBois and Wallace, 2003; Menter et 

al., 2010). However, the associated cardiovascular risk upon selective COX-2 

treatments has led to the search of novel approaches to target COX-2 

functions (Mukherjee et al., 2001). Recently, successful clinical trials in breast 

cancer have been based on the combination of monoclonal antibodies against 

VEGF-A (Bevacizumab) with the mitosis inhibitor paclitaxel (Miller et al., 2007; 

Hayes et al., 2007). Also, sunitinib, a multi-tyrosine kinase inhibitor, which 

targets VEGF receptor, has been shown to provide a clinical benefit as a 

single-drug therapy (Burstein et al., 2008). The pro-inflammatory cytokine IL-8 

is upregulated in breast carcinomas and also in the different compartments of 

the tumor microenvironment (Waugh and Wilson, 2008). Very recently, low IL-

8 expression in the aggressive breast cancer subtype triple negative breast 

cancer (TNBC) (Perou et al., 2000), of which MDA-MB-231 cells are a model, 

has been associated to good patient prognosis, postulating the targeting of IL-

8 as an attractive novel therapeutic intervention in this type on breast tumors 

(Rody et al., 2011; Maldonado-Perez et al., 2009). Targeted therapies 

blocking the activation of IL-8 receptors CXCR1 and CXCR2, have been 
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successful in reducing lung tumor growth and angiogenesis (Keane et al., 

2004; Tazzyman et al., 2011).  

 

In accordance to the potent chemoattractant activity of IL-8, we have found a 

marked reduction of tumor-associated neutrophils (TANs), which could also 

account for the observed anti-angiogenic phenotype. It has been shown that 

depletion of neutrophils severely impairs tumor growth and angiogenesis 

(Pekarek et al., 1995; Gregory and Houghton, 2011), therefore, our studies 

may link for the first time the inhibition of NFATc in the tumor cells with IL-8 

mediated recruitment of neutrophils into the tumor mass.  

 

In our study, we observed a marked reduction in the tumor expression of 

COX-2, VEGF and IL-8 from the tumor cells expressing either RCAN3 or CIC-

derived peptide. Therefore, it is suggested that the development of therapies 

targeted to the Cn-NFATc pathway could represent a powerful way to 

combine the above mentioned single-gene targeted therapies to inhibit tumor 

angiogenesis and metastasis. In this regard, a CIC-derived peptide of RCAN 

proteins has proven to be successful in achieving potent anti-angiogenic 

effect. We have previously described effective screening methods to search 

molecules able to displace the Cn-RCAN interaction, implying that the 

identified hits would mimic the specific NFATc inhibitory effect of the CIC-

derived peptide (Mulero et al., 2009; Carme Mulero et al., 2010). Recent 

results have shown that bevacizumab may not be as successful in the 

treatment of breast cancer. Moreover, potent anti-angiogenic therapies may 

induce tumor malignitation and increased metastasis (Pàez-Ribes et al., 

2009). Therefore, the identification of novel targets to effectively inhibit tumor 

angiogenesis and metastasis is a current concern in the field. This work has 

provided a strong support to promote the search of compounds able to 

mimmick CIC-derived peptide effects. Further studies should explore their 

applicability as potent and specific putative anti-angiogenic and anti-tumor 

drugs to be administered alone or in combination with other drugs for the 

treatment of human cancer.  
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MATERIALS AND METHODS 

Cell lines. MDA-MB-231 cell line was purchased from ATCC and maintained 

in DMEM High Glucose with Glutamax (Invitrogen) supplemented with 10% 

Fetal Bovine Serum (FBS). 

Lentiviral vector construction. The lentiviral backbones pWPI and pWPT 

were used for this study. A CEN-ARS-URA (CAU) cassette to enable yeast 

transformation was inserted in the pWPI backbone using the XbaI restriction 

sites using the primers Fw (5’ to 3’): 

CCCTTTTAGTCAGTGTGGAAAATCTCTAGGAGCATCTAGAACCTGGGTCC

TTTTCATCAC and Rv (5’ to 3’): 

ATTTAGGTGACACTATAGAATACACGGAATTAATTCTAGACATCTGTGCG

GTATTTCACAC. Then, a cassette containing 3xHA tagged RCAN3, flanked 

by BamHI sites was inserted after the EF-1α promoter by yeast recombination 

using the primers Fw (5’ to 3’): 

CAAAAATTCAAAATTTTCCGATCACGAGACTAGCCTCGAGGTTTAAACTA

ATACGACTCACTATAGGG and Rv (5’ to 3’): 

TAACGTTAGGGGGGGGGGGGCGGAATTCCTGCAGCCCGTAGTTTAAAC

ATTTAGGTGACACTATAG. The RCAN3 AAQ was subcloned into the 

pWPI(CAU)HA backbone using BamHI restriction sites. As for the pWPT, we 

inserted the EGFP-R3178-210 construct using the InFusion cloning kit 

(Clontech) following manufacturer’s instructions with the primers Fw (5’ to 3’): 

CAGGTGTCGTGACGCCGCCACCATGGTGAGCAAG and Rv (5’ to 3’): 

GGAATTCCCTCGAGGGATCCTCACTCTTCTTCCTC. All plasmid constructs 

were sequenced to verify that no mutations have been created during plasmid 

construction. 

Lentiviral purification. The lentivirus encoding EGFP-fusion peptides were 

obtained by transient calcium phosphate transfection of HEK 293T cells. 48 h 

post-transfection the supernatants of the transfected cells were collected, 

filtered through a 45 μm membrane and ultracentrifuged at 20000 rpm for 1.5 

h in a SW-28 rotor (Beckmann Coulter). Concentrated viruses were collected 

in cold PBS and stored frozen at -80ºC. 
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Luciferase reporter gene assay. MDA-MB-231 cells were seeded at 30% 

confluence in 48-well plates. 24 h later, cells were transduced with the 

lentivirus at 2.5, 5, 10 and 20 MOI in 100μl DMEM 10%FBS supplemented 

with 8 μg/ml polybrene. After overnight incubation with the virus, medium was 

replaced and cells were transfected with 400 ng 9xNFAT-luc, 1 ng of pRLNull 

as an internal transfection control using Lipofectamine 2000 (Invitrogen). 24 h 

after transfection, cells were stimulated with 1μM ionomycin, 10 ng/ml PMA 

and 10 mM CaCl2. After 8 h of stimulation, cells were analyzed using the 

Dual- Luciferase Reporter Assay (Promega) following manufacturer’s protocol 

on a multiplate luminometer (Victor X5, Perkin Elmer). Luciferase units were 

normalized to Renilla luciferase values. 

Western Blot. Expression of RCAN3 and CIC proteins was assessed from 

MDA-MB-231 lysates obtained in the luciferase experiments. Samples were 

separated by SDS-PAGE and transferred into nitrocellulose membranes. 

Then, membranes were incubated with anti-COX2 (1:1000, Cayman 

Chemicals) anti-EGFP (1:1000, Sant Cruz) and anti-tubulin (1:5000, Sigma). 

Incubation with secondary HRP-conjugated antibodies allowed signal 

development by enhanced chemiluminiscence (Millipore).  

 

Tumor xenograft experiments. Transduced MDA-MB-231 cells grown in 

exponential growth were harvested with trypsin-EDTA (0.05%/0.02%) 

(Invitrogen), washed and examined for viability by trypan blue dye exclusion. 

Viability was greater than 95%. For primary tumor growth, cells (1x106/0.1 mL 

DMEM high glucose) were ortothopically injected into the right fat-pad of nude 

mice. Tumor growth was followed biweekly by measuring tumor diameters 

with calipers and the volume was calculated using an approximated formula 

for a prolate ellipsoid: 

volume= (Dxd2)/2 

where D is the longest axis of the tumor and d the shortest. At the end of the 

experiment animals were sacrificed, tumors were surgically removed, weighed 

and embedded in OCT media and immeadiately frozen. Tumor samples 

(1mm3) for RNA and protein analysis were also kept at -80ºC until processed.  
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Immunohistochemistry.  Tumor samples were frozen in OCT media and cut 

in 4 μm of tissue thickness. Sections were fixed 10 min in 10% formaldehyde 

and permeabilized with Triton X-100 0.1% in Tris-buffered saline (TBS). 

Endogenous peroxidase was inhibited in a 3% H2O2 in phosphate-buffered 

saline (PBS) solution and blocked for 1 h at room temperature by incubation 

with 20% Goat Serum/PBS.  Primary antibody Rat anti-mouse CD31 (BD 

Pharmigen, 550274) was diluted 1:20 in PBS. Sections were incubated with 

primary antibody overnight at 4ºC. After several washes in 0.1 % Triton X-100 

in TBS, the sections were incubated for 30 min at room temperature with 

polyclonal rabbit anti-rat biotinylated secondary antibody (Dako, E0468). After 

washing, sections were incubated with avidin-biotin solution (Vectastain ABC 

Kit, ATOM PK-4000) following the manufacturer’s instructions.  Finally 

sections were incubated with DAB chromogen (Dako, K3468), counterstained 

with hematoxylin, dehydrated and mounted with DPX (Sigma, 06522). 

RNA extraction and Real Time experiments. RNA from frozen tissue 

samples (1mm3) was extracted using RNAeasy Kit (Quiagen) following 

manufacturer’s instructions.  2μg of total RNA were used to synthesize cDNA 

using Superscript III (Invitrogen) following manufacturer’s protocols. 

Quantitative PCR experiments were performed using Universal probe 

Libraries (UPL, Roche) following manufacturer’s instructions. PCR reactions 

were carried out in triplicates in a Lightcycler 480 System (Roche). HPRT1 

gene amplification was used as housekeeping control. The primers used  (5’-

3’) were: VEGF Fw: CCTTGCTGCTCTACCTCCAC; VEGF Rv: 

CCACTTCGTGATGATTCTGC; COX-2 Fw: 

CTTCACGCATCAGTTTTTCAAG; COX-2 Rv: 

TCACCGTAAATATGATTTAAGTCCAC; IL-8 Fw: 

AGACAGCAGAGCACACAAGC; IL-8 Rv: ATGGTTCCTTCCGGTGGT; CCL2 

Fw:  AGTCTCTGCCGCCCTTCT; CCL2 Rv: GTGACTGGGGCATTGATTG; 

CSF1 Fw:  GTCGGAGGCCTCTTGTTCT; CSF1 Rv: 

CGCTCTCTGAGGCTCTTGAT; HPRT1 Fw: 

TGACCTTGATTTATTTTGCATACC; HPRT1 Rv: 

CGAGCAAGACGTTCAGTCCT. 
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Statistical analysis. Tumor xenograft growth curves were analyzed by two-

way ANOVA with Bonferroni post test. Real-Time PCR data was assessed for 

statistical significance using Mann-Whitney non-parametric test compared to 

control EGFP expressing tumors. An Asterisk denotes statistical significance 

(*p<0.05; **p<0.01; ***p<0.001). 
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3.4 PATENT APPLICATION  

 The results presented in this work have led to the presentation of a patent 

application claiming the activities of the CIC-derived peptide of RCAN 

proteins at the European Patent Office. 
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4. CONCLUDING REMARKS 

With the advent of vertebrates, novel complex regulatory signal transduction 

circuits have emerged, as for instance, the calcineuin-NFATc signaling 

pathway. Cn is conserved from eukaryotic unicellular organisms to human but 

in contrast, NFATc proteins emerge with vertebrate organisms as a 

consequence of the need to direct novel developmental and functional 

programmes of these increasingly complex organisms. NFATc proteins 

appearance in vertebrates coincides in evolution with the triplication of RCAN 

proteins (Mulero et al., 2007), and the appearance of a novel conserved motif 

in their amino acid sequence, which we have termed CIC motif (Aubareda et 

al., 2006; Mulero et al.; 2009). This temporal coincidence suggests that 

concomitantly with the need of novel signaling mechanisms governing 

increasingly complex processes, there is a parallel need for the existence of 

as well complex regulatory mechanism to modulate such programs. We 

propose that RCAN proteins, because they contain the conserved CIC motif, 

constitute an evolved mechanism to control Ca2+-Cn-NFATc signal 

transduction. In this context, given the important role of the Cn-NFATc 

pathway in human biology and disease, we have focused on the molecular 

mechanism of regulation with which the RCAN proteins modulate the Cn-

NFATc signal output. The inhibition of the calcineurin-NFATc pathway has 

been proven to be beneficial in transplantation therapy and in the treatment of 

autoimmune diseases, where a immunosuppressant effect in the patient is 

pursued. We believe that we can take advantage of evolution and improve 

such therapies by learning the exact mechanisms driving RCAN-mediated 

inhibition of NFATc signaling, which are essentially provided by the CIC motif.  

 

The work developed in this Thesis has described how a phosphorylation 

changes the manner in which RCAN proteins interact with Cn, and how the 

lack of such phosphorylation has profound implications for downstream 

signaling, as is the gene expression of the important cytokines IL-2 and IFN-γ 

for the activation of the immune system. The observation that the expression 

of NFATc-dependent genes was differentially affected by the presence or 

absence of the phosphorylated residue in the CIC-derived peptide implies that 
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not every gene is equally influenced by CK2 mediated regulation of the 

pathway.Interestingly, IFN-γ was expressed at almost normal levels when the 

non-phosphorylated CIC-derived peptide was expressed at low doses. Future 

studies could be directed to devise the exact role played by CK2-mediated 

phosphorylation of RCANs in the regulation of NFATc activity in the context of 

immune system activation and the impact on IFN-γ mediated macrophage 

activation.  

 

This work has provided novel insights into the complex interactions between 

RCANs and Cn-NFATc signaling and may prove very useful for the rational 

design and identification of novel compounds with the ability to disrupt the 

interaction of a phosphorylated CIC-derived peptide and Cn. Such 

compounds would therefore mimic the inhibitory effects exerted by the 

RCANs, with the added qualities of potency and specificity, two important 

aspects restricting the administration of the current immunosuppressant drugs 

cyclosporine A and FK506.  

 

The realization that a phosphorylated CIC-derived peptide may have different 

effects as compared to a non-phosphorylated peptide opens attractive 

possibilities for a context dependent regulation of its effect, using the 

phosphorylated state of the peptide as modulatory switch of the NFATc 

inhibitory activity. First, screenings directed to find molecules disrupting either 

the phosphoR3183-208 or R3183-208 peptide interactions with Cn would yield 

putative immunosuppressant drug candidates with different inhibitory 

activities. Moreover, the natural CIC motif has got a CK2 target sequence, 

which we have observed to be constitutively phosphorylated in our 

experimental conditions and in accordance to the high activity of this kinase. 

Therefore, we could engineer the kinase target site so that it is 

phosphorylated by any other kinase of interest. That, would allow for a 

regulated activity of the peptide, if for instance we choose a stimuli regulated 

kinase. Alternatively, a selective strategy could be designed in order to 

achieve an increased inhibition on the Cn-NFATc pathway only in cells with 

high activity of a specific kinase. Such engineered peptides should be first 

tested for their inhibition of Cn-NFATc interaction. 
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In addition to the core PXIXIT-like sequence and the here described 

phosphoacceptor site at the C-terminus of the CIC-derived peptide, such drug 

screens would also consider the N-terminus of the CIC-derived peptide, which 

bears the conserved ELHA sequence, present exclusively in RCAN vertebrate 

proteins (Aubareda et al., 2006; Mulero et al.; 2009). The importance of this 

region of the CIC-derived peptide should not be underestimated, as it 

provides the necessary affinity to the CIC motif to effectively displace NFATc 

from the binding cleft of Cn. Indeed, the affinity of the PSVVVH sequence of 

the CIC motif alone has been determined to be around 45 μM in RCAN1 (Li et 

al., 2011). However, the R3183-208 peptide Kd values, which only differs from 

that of RCAN1 in three amino acids, are between 0.85 μM (Mulero et al., 

2009) and 3 μM (in this Thesis work), depending on the experimental setting. 

We have shown that deletion of the first three amino acids (KYE) in the CIC-

derived peptide abrogates the Cn-binding and NFATc-inhibitory properties of 

the peptide (Mulero et al., 2009). Further studies should be conducted to 

define the contacts of ELHA sequence with Cn, and whether it is subjected to 

any kind of post-translational modification, which could modulate its binding 

activity. In this regard, current efforts in our lab are focused on the resolution 

of the crystal structure of CnA in complex with the CIC-derived peptide. 

 

Of note, we did not find a relevant effect of the mutation at the phosphorylated 

serine residue in the CIC motif on the NFATc inhibitory profile of RCAN3. We 

believe that this could respond to the presence of other inhibitory regions in 

the full-length protein, which could be masking the effect of CIC 

phosphorylation. An interesting possibility could be to assess the effect of the 

S203A mutation in a LXXP mutated RCAN3, which has been shown to also 

bind to and inhibit Cn. Alternatively, another plausible explanation for the lack 

of effect of the S203A mutation in the full length protein could be the low 

sensitivity of the experimental technique employed. A recent report by Li et al 

(Li et al., 2012) showed that mutations in the PXIXIT sequence of the scaffold 

AKAP79 protein modified Cn downstream signaling in neuronal cells. This 

conclusion was substantiated in kinetic measurements of the Cn affinity for 

different AKAP79 peptides by FRET and in vivo FRAP analysis, which are by 
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far much more sensitive than the ones used during the development of our 

work. Therefore, it could be probable that the implementation of such 

techniques to the study of the effect of S203A mutation in RCAN3 on Cn-

NFATc signaling would yield downstream effects that could be important in 

the cellular context. 

 

Nevertheless, NFATc proteins not only are important in immune related 

diseases. In this work we have observed that signal transduction through the 

Cn-NFATc pathway in the tumor cell is a critical mediator of tumor 

angiogenesis and consequently, tumor growth. We show that human breast 

cancer cells grown as tumor xenografts in immunocompromised nude mice 

had striking differences in vessel size in the RCAN3 and CIC-derived 

overexpressing tumors when compared to EGFP control tumors. Such effects 

were completely reverted by the AAQ mutation of the CIC motif in the RCAN3 

protein. These results suggest that MDA-MB-231 cells rely on a functional 

NFATc-dependent signaling to activate its surrounding environment for the 

development of an angiogenic response, which would allow the tumor to grow 

endlessly.  

 

We have used the overexpression of RCAN3 to reproduce the NFATc 

inhibitory properties that all the human RCAN protein family has due to the 

presence in their conserved C-terminus of the protein of a functional CIC 

motif. This motif is conserved in all vertebrate RCANs and is responsible for 

the observed effects in tumor progression in this work. Although this 

conservation may imply functional redundancy within RCANs, it is also 

assumed that specific roles for each member of the family should be 

acknowledge in virtue of the presence of a non-conserved N-terminus in each 

of them. Moreover, the spatial and temporal pattern of expression is different 

for each member (Porta et al., 2007). 

 

Unexpectedly, we observed differential effects of RCAN3 mediated inhibition 

in COX-2 protein levels. When RCAN3 was expressed at lower doses, the 

levels of COX-2 were increased, sometimes to doses even higher than that of 

the control situation, in which EGFP alone is overexpressed. The same effect 
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was observed in the RCAN3 AAQ overexpressing cells, even at higher doses, 

pointing out a specific role for RCAN3 in the induction of COX-2 protein levels, 

independently of its binding to Cn. One possibility is that RCAN3-mediated 

NFATc inhibition does not produce a decrease in the induction of COX-2 

protein levels in breast cancer cells, and the overexpression of RCAN3 at high 

levels inhibits the effects towards COX-2 protein induction by other means. 

However, the observation that the CIC-derived peptide of RCAN3 effectively 

inhibits COX-2 insinuates a role for NFATc in the induction of COX-2 protein 

in stimulated MDA-MB-231 in vitro. Another plausible explanation is provided 

by the fact that given that RCAN3 is mainly a nuclear protein (S. M-H., 

unpublished observations), it could be somehow influencing gene 

transcription. In this regard, the non-conserved N-terminus of RCAN3, 

comprised by the first 65 amino acids of the full length protein, has intrinsic 

transactivating activity, as assessed during the development of a yeast two-

hybrid assay for RCAN3 (S. M-H., unpublished observation). In this manner, 

one can hypothesize that and expression threshold of RCAN3 could exist so 

that only when the expression of RCAN3 is very high, the NFATc-inhibiting 

activity overcomes the transactivating activity of the protein. At lower doses of 

RCAN3 expression, the lack of NFATc activity in the COX-2 promoter could 

be compensated by this hypothetical activity of RCAN3. However, further 

studies to confirm these speculations should be conducted.  

 

Regarding the xenograft studies, it is suggested that RCAN3 overexpression 

influences tumor growth in vivo in a Cn-NFATc dependent manner, as the 

RCAN3 AAQ overexpressing group showed no differences from the EGFP 

expressing group. In other words, the tumor inhibiting activity reported here 

for RCAN3 is exclusively due to the presence of the functional NFATc-

inhibitory motif in the protein. 

 

At the molecular level, the secretion of important mediators of tumor 

angiogenesis, VEGF and COX-2, is impaired in the tumorigenic cells, and 

therefore tumor growth is dramatically affected. Remarkably, IL-8 gene 

expression is also severely inhibited, and subsequently the recruitment of 

neutrophils into the tumor stroma is strongly reduced. Neutrophils are 
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important mediators in the maintenance of tumor inflammation and 

angiogenesis, ultimately producing the metastasic dissemination of tumor 

cells (Gregory and Houghton, 2011). In this setting, it would be interesting to 

assess the ability of tumors grown with an impaired NFATc activity to 

disseminate along the organism. NFATc proteins have been shown to control 

the migrative and invasive properties of breast cancer cells (Jauliac et al., 

2002; Yoeli-Lerner et al., 2005; Yiu and Toker, 2006; Yiu et al., 2011), so the 

overexpression of RCAN or CIC-derived peptide would likely inhibit those 

functions as well. 

 

The existence of a PGE2/VEGF positive regulatory loop (Cheng et al., 1998; 

Gallo et al., 2001; Pai et al., 2001) may underlie the observed VEGF gene 

expression reduction in the tumor cells, providing a mechanism for the strong 

anti-angiogenic effect of RCAN-mediated NFATc inhibtion. In this regard, 

tumor xenografts grown in a COX-2 deficient mice showed reduced VEGF 

expression levels (Williams et al., 2000). Alternatively, Cn activity has been 

shown to promote the expression of HIF-1α (Lukashev et al., 2001; Liu et al., 

2007; Walczak-Drzewiecka et al., 2008), which in turn induces VEGF gene 

expression (Ferrara et al., 2003). Such a signaling circuit could provide a 

complementary mechanism for the observed reduction in RCAN3 

overexpressing tumors, where it is likely that Cn activity is inhibited by the 

steric effect of the full-length protein towards the access of Cn substrates to 

the active site. However, the fact that the CIC motif, which does not affect the 

general phosphatase activity of Cn, also produces a decrease in the gene 

expression of VEGF, suggests that other mechanisms, downstream NFATc-

inhibtion, may be driving VEGF reduction in the tumor cell. 

 

As for the observed IL-8 gene expression reduction, it is likely that NFATc is 

controlling its expression through direct binding to its promoter in cooperation 

with NF-κB (Jin et al., 2003). Furthermore, in endometrial epithelial cancer cell 

lines, NFATc has been shown to control the expression of IL-8 protein upon 

pro-inflammatory stimuli among others (Sales et al., 2008; Maldonado-Perez 

et al., 2009). Moreover, its expression was inhibited by adenoviral-mediated 

overexpression of RCAN1-4 in these cells, and in contrast, RCAN1-4 
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silencing augmented IL-8 mRNA levels. Further experiments determining 

whether NFATc proteins can directly activate IL-8 promoter and gene 

expression should be performed to clarify the exact mechanism of the 

observed IL-8 inhibition in MDA-MB-231 cells upon NFATc signaling 

blockade. 

 

The notion that a crosstalk between the tumor cell and its microenvironment is 

essential to promote a proper angiogenic response is well established in the 

field (Hanahan and Weinberg, 2011). From our results it could be inferred that 

MDA-MB-231 xenografts are highly dependent on the activity of NFATc 

proteins to properly interact with the surrounding cells. Indeed, RCAN3 

expressing cells, with reduced gene expression of COX-2, VEGF and IL-8, 

showed a reduced development of the vasculature, in deep contrast to the 

mutated RCAN3 AAQ, where the levels of these genes and the angiogenic 

response elicited from the breast cancer cells was not significantly different to 

that in the control EGFP group. Therefore, it is suggested that in order to 

orchestrate the neovascularization of the growing tumor, a functional Cn-

NFATc pathway in the tumor cell is indispensable. 

 

T and B lymphocytes are also present in the tumor microenvironment, where 

they have been associated to both the clearance of tumor cells as well as the 

promotion of inflammation by the recruitment of proinflammatory cells 

(Hanahan and Weinberg, 2011). If the expression of lymphocyte 

chemoattractant proteins secreted from the tumor cells is also reduced in 

RCAN3 or CIC-derived peptide overexpressing tumors, as a consequence 

lymphocyte infiltration could be reduced in the tumor. Given the tumor 

surveillance role attributed to tumor lymphocytes, the assessment of the 

effects that NFATc inhibition produce in an immunocompetent mouse model 

could also be of great interest to fully understand how the activity of NFATc 

proteins in the tumor cell affects the recruitment of T-cells into the tumor 

microenvironment.  

 

This work complements previous studies describing NFATc roles in the 

different cell compartments comprising the tumor microenvironment (Neal and 
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Clipstone, 2003; Robbs et al., 2008; Baek et al., 2009; Hernandez et al., 

2001). The conclusion of most of them is that NFATc inhibition would imply 

beneficial consequences in the handling of tumor progression. Therefore, the 

next step to be taken at this point should consider the administration of a CIC-

derived peptide or compound able to mimic the activity of the CIC-derived 

peptide and its functional consequences. The complementation with tumor-

delivery strategies may help in the issue of reducing possible side effects 

consequence of the inhibition of NFATc in other tissues. However, given the 

putative roles that NFATc proteins display in tumor cell invasion and 

metastasis in vivo, a systemic administration could also be desired at some 

point. 

 

Finally, the realization that NFATc inhibition in the tumor imply important 

tumor suppressive activites, together with the increased effectiveness of 

combined therapies compared to single drug treatments, pave the way for the 

search of potential synergic interactions of CIC-derived peptides or 

compounds and other drugs targeting important pathways involved in tumor 

progression. Synthetic lethal screens using the administration of a CIC-

derived peptide in tumor cells could be a productive way to find such drug 

combinations. A recent report showed that NFATc inhibition increased 

sensitivity to imatinib treated Bcr-Abl+ leukemia cells, and that combination of 

dasatinib and cyclosporine A facilitated leukemia cell elimination in a mouse 

model of chronic myeloid leukemia (Gregory et al., 2010). Taking into 

consideration the important roles of NFATc proteins in the immune system, 

one can anticipate that NFATc inhibitors may be of singular efficacy in the 

treatment of immune cell malignances.  

 

Overall, this work has positioned the CIC-derived peptide of RCAN proteins 

as potential immunosuppressant and anti-tumoral drug. The mechanism of 

interaction between RCAN and Cn, direct and without requiring binding to 

intracellular immunophilins, suggests that a CIC-derived peptide, or smaller, 

pharmacologically more acceptable molecules that mimic its activity, could be 

candidates for anti-calcineurinic drugs alternative to cyclosporine A and 

tacrolimus (FK506), being more specific and exhibiting less secondary effects. 
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In this context, the CIC-derived peptide is a novel tool for immunosuppressant 

and anti-tumor drug research.  

 

The results here described with the CIC-derived peptide has set the basis for 

the deposit of a patent invention on January 2012 at the European Patent 

Office (Application number 12382035.9-1212, enclosed in results chapter) 

with the title “Reagents and methods for the treatment of diseases based on 

the inhibition of the calcineurin-NFAT pathway”. 

 

To conclude, I would like to remark how nature, by means of the evolved 

mechanisms governing the exquisite regulation that RCAN protein mediated 

towards NFATc activation, is providing us with hypothetical drugs, which could 

be applied in a number of human diseases and conditions, as for instance 

autoimmune diseases or cancer. We just have to look at the right place.
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CONCLUSIONS 
 

1. Human RCAN proteins are phosphorylated in vivo by protein kinase CK2 

at a conserved serine residue within the functional CIC motif of 

vertebrate RCANs. RCAN proteins are constitutively phosphorylated by 

CK2 at the CIC motif in our experimental conditions. 

 

2. Human RCAN3 is a phosphoprotein. In addition to the CIC motif, RCAN3 

is phosphorylated by protein kinase CK2 at S18 in the non- conserved N-

terminus of the protein. Moreover, the FLISPP motif of RCAN3 is 

phosphorylated in vivo in mammalian cells. Additional phosphorylation 

sites are yet to be identified in RCAN3. 

 

3. Phosphorylation at S18 by protein kinase CK2 regulates the protein half-

life of human RCAN3. 

 

4. Phosphorylation at the conserved serine within the CIC motif of RCAN 

proteins increases the disruptive ability of the motif towards the 

interaction of a PXIXIT-containing protein with calcineurin. The 

phosphorylated CIC motif is a better inhibitor of NFATc downstream 

signaling and gene expression.  

  

5. Molecular modeling of the interaction of the PXIXIT-containing CIC motif 

of RCAN3 with calcineurin reveals a positively charged surface in 

calcineurin with which the phosphorylated serine could interact to 

strengthen the binding. 

 

6. Mutation of the two C-terminal negative charged glutamate residues of 

the VIVIT peptide, optimized synthethic sequence from PXIXIT 

sequences of NFATcs, severely impairs the disruption of the calcineurin-

NFATc interaction mediated by this peptide. Thus, the positively charged 

surface in calcineurin is also involved in the binding of the VIVIT peptide. 
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7. Protein kinase CK2, via phosphorylation of the CIC motif of vertebrate 

RCANs, regulates NFATc activity and NFATc dependent gene 

expression. Thus, the CIC motif of RCANs regulates the calcineurin-

NFATc pathway.  

 

8. A phosphorylated CIC-derived peptide of RCAN3 inhibits calcineurin-

NFATc signaling and COX-2 expression in breast cancer cell lines in 

culture. 

 

9. The overexpression of either RCAN3 or the CIC motif of RCAN3 

dramatically inhibits tumor progression in a mouse orthotopic model of 

human breast cancer. 

 

10. The overexpression of RCAN3 or the CIC motif of RCAN3 inhibits tumor 

angiogenesis in a mouse orthotopic model of human breast cancer, by 

decreasing the gene expression of COX-2, VEGF and IL-8 in the tumor 

cells. 

 

11. The RCAN mediated inhibition of IL-8 expression in the tumor cells 

suppresses the recruitment of tumor-associated neutrophils to the tumor 

microenvironment. 

 

12.  A CIC-derived peptide has immunosuppressant and anti tumor activities 

by itself. 

 

13. The knowledge and detailed understanding of the molecular mechanisms 

underlying the calcineurin-RCAN interaction is of unvaluable use for the 

rational design of novel compounds with potent and specific NFATc 

inhibitory properties, which can be applied in the treatment of diseases in 

which the disregulation of the calcineurin-NFATc pathway is identified as an 

active contributor to the pathogenesis, as happens for instance, in some 

types of human cancer.
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6. MATERIALS AND METHODS 
 
Most of the protocols followed during the development of this Thesis have 

been based on the Current Protocols in Molecular Biology repository. The 

commonly used laboratory solutions and buffers used in the different 

protocols listed below are specified in section 5.5. 

 
6.1 . Recombinant DNA technology 

 
6.1.1. Polymerase Chain Reaction (PCR) 

 
To generate new DNA fragments to clone into plasmid vectors we 

used the polymerase chain reaction, by means of an exponential 

amplification from a template DNA using specific primers which delimit 

the specificity and length of the DNA product. As a cloning strategy, 

specific restriction enzyme digestion sites would be added to the 

primers. To this end, we mixed the following components at the 

indicated concentrations or amounts in a final volume of 25 μl: 

 

- Template DNA (10-30 ng) 

- PCR Buffer 10x (Roche) 

- Forward Primer (0.2 μM) 

- Reverse Primer (0.2 μM) 

- dNTP mix (0.2 μM) 

- Roche Taq polymerase (1.25 units)  

- Water to 25 μl 

 

When several independent PCR were to be done, a mix with the 

common components of all the reactions was previously prepared to 

ensure homogeneity. The amplification was carried away in a 

thermocycler with the following programme: 

 

- 94ºC 1.5 min 
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- 94ºC 30 s 

- 55ºC 30 s 

- 72ºC 1min/kb 

- 72ºC 4.5 min 

 

Once finished, the PCR product would be ready to be subjected to 

restriction enzyme digestion. 

 

 
 

 

 
6.1.2. Restriction Enzyme Digestion 
 
Restriction enzymes are able to cut double stranded DNA whenever 

they come across a specific sequence of nucleotides. For a typical 

digestion reaction we would prepare the following: 

 

- Substrate DNA (20 μl of a 25 μl PCR reaction or either 1 μg if 

it is a purified plasmid DNA) 

- Enzyme buffer 10x (ten times diluted) 

- BSA (if needed by the enzyme) 

- Restriction enzyme of interest (generally, 10 units in a 20 μl 

volume reaction) 

 

All DNA digestions were carried out for 2 hours in a water bath at 

37ºC, to ensure temperature homogeneity. To inactivate the enzyme, 

the digestion would be treated for 20 min at 65ºC. 

 

 

25-30 cycles 

Table 4. List of primers used for plasmid DNA subcloning. 
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6.1.3. Shrimp Alkaline Phosphatase Treatment 
 

To enhance the cloning protocol and prevent background noise, the 

plasmid backbones used in the cloning procedure were 

dephosphorylated after digestion. In this manner the possibility that 

the vector itself recircularizes in the ligation step without incorporating 

the desired DNA fragment is reduced. 

 

To dephosphorylate plasmid DNA, we would just add 1 unit to the 

digestion reaction of commercial Shrimp Alkaline Phosphatase 

(Fermentas), mix well (vortex 2 sec) and spin down the reaction. 

 

Again, all the dephosphorylation reactions were carried out for 2 hours 

in a water bath at 37ºC, to ensure temperature homogeneity. To 

inactivate the enzyme, the digestion would be treated for 20 min at 

65ºC. 

 

6.1.4. DNA Electrophoresis 
 

Once the digestion and dephosphorylation of plasmid DNA is 

performed, the reactions were run in an agarose gel. The percentages 

of agarose depend on the length of the DNA fragment of interest: 

 

- 1- 5kb DNA: 1% agarose 

- >5kb DNA: 0.8% agarose 

- 0.5- 1kb DNA: 1.5% agarose 

- <0.5 kb DNA: 2% agarose 

 

The agarose gels were prepared in TBE buffer by boling the mixture 

and then pouring it into a mould. To detect DNA upon UV illumination, 

SYBRSafe reagent (Invitrogen) was added. Prior to loading to the gel, 

the reaction was mixed with DNA sample buffer. All runs were 

performed at 35 mA. In the case of smaller fragments (100 bp), very 
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short runs were performed to prevent diffusion of the band through the 

gel.  

   

6.1.5. In-gel DNA purification 
 

Once DNA is separated in the gel, the digested fragments were 

excised from the agarose gel using a clean scalpel. To locate the 

band, the gel was illuminated under UV light, and rapidly, with the use 

of a clean sterile scalpel, the DNA containing region of the gel was 

excised and deposited into a clean 1.5 ml tube. Then, the DNA was 

purified from the agarose gel using Quiaquick Gel Extraction kit 

(Quiagen) following manufacturer’s protocol.  

 

6.1.6. DNA Ligation 
 

The final step of the cloning is the ligation of purified DNA fragments. 

To perform a ligation we would prepare the following 15 μl reaction: 

 

- 20 ng Vector DNA 

- 100 ng of insert DNA*  

- 1.5 μl 10X Roche ligation buffer (to be thawed in gel and 

disposed of after use) 

- 1 μl of T4 DNA ligase (Roche) 

*The amounts are calculated for cloning into a 5kb plasmid. Depending on 

the size of the DNA fragment to be inserted this amount would vary. The shorter the 

fragment the fewer amount is needed. For fragments around 1kb, higher amounts of 

insert DNA would be needed. 

 

All ligations were carried out at 4ºC overnight. A negative control, 

without insert DNA, should always be included to check for the 

background noise of the ligation reaction. 
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6.1.7. Infusion Cloning System 
 

This cloning system presents several advantages compared to the 

traditional restriction enzyme based subcloning. It does not require any 

of the steps explained before, except for the linearization of a 

destination vector at the site of DNA insertion. Moreover, it allows 

cloning of bigger DNA fragments, minimizing the manipulation of th 

DNA. We chose this cloning approach to generate the lentivirus 

constructs encoding RCAN3178-210 in the vector pWPT, due to the lack 

of valid restriction sites in the vector sequence. 

 

We used the In-Fusion Cloning Kit (Clontech) following manufacturer’s 

instructions. Briefly, the plasmid backbone has to be linearized with an 

enzyme that cuts in the desired site of entry of the insert DNA 

sequence. The insert DNA is PCR-amlified with speficic primers 

bearing 15 nt on their 5’ homologous to each of the ends created in the 

plasmid backbone. Then, incubation of the linearized plasmid and the 

PCR product with the Infusion recombinase will lead to the insertion of 

the PCR product due to the recombination between the flanking 15 nt 

sequences of the insert DNA and the ends created after the digestion 

of the plasmid backbone. This cloning system ensures correct 

orientation of the insert DNA and yields a very low background noise.  

 

6.1.8. Site directed mutagenesis 
 

To generate the different mutant proteins described in this work, we 

used PCR-based site directed mutagenesis. This method amplifies the 

DNA fragment of study with specific primers bearing the desired 

mutation in the middle of their sequence, that is, surrounded by 10-

15bp corresponding to the DNA fragment. Therefore, every new 

amplicon generated during the PCR reaction would correspond to 

newly synthetized plasmid DNA including the desired mutation. Thus, 

instead of using normal Taq Polymerase, we use Pfu Turbo, a high-
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fidelity taq polymerase, to ensure no extra mutations are created during 

amplification. 

 

The primers were designed using the Quickchange Primer Design 

online tool (Agilent Technologies). Then, the mutagenesis was carried 

out in 12.5 μl PCR reactions as follows: 

 

- 10 ng plasmid DNA 

- 1.25 μl 10X Pfu Turbo PCR Buffer (Stratagene) 

- 0.25 μl dNTP mix (10 mM) 

- 0.375 μl DMSO 

- 0.125 μl Forward Primer (10 μM) 

- 0.125 μl Reverse Primer (10 μM) 

- 0.625 units of Pfu Turbo Polymerase (Stratagene) 

 

The PCR programme for this reaction is: 

 

- 94ºC 1.5 min 

- 94ºC 30 s 

- 55ºC 30 s 

- 68ºC 2 min/kb (typically 12 min) 

- 68ºC 4.5 min 

- 4ºC forever 

 

After the PCR is done, a digestion step is required to eliminate parental 

plasmid DNA that could increase the background of the method. For 

this reason, we added 5 units of DpnI to the PCR reaction and incubate 

for 1 h at 37ºC. DpnI restriction enzyme recognizes methylated DNA 

and digests it. The PCR-amplified plasmid is not recognized by this 

enzyme. 

12 cycles 
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Table 5. List of primers used in site-directed mutagenesis 
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6.2.  Bacteria Manipulation 
 

6.2.1. Bacterial Strains 
 

In this work I have used the following bacterial strains: 

 

- XLBlue1 (recA1, endA1, gyrA96, thi-1, hsdR17, supE44 

relA1 lac [F proAB lacIqZ∆M15 Tn10 (Tetr)), for general 

plasmid propagation. 

- DH5α (F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 

hsdR17 (rK–, mK+) phoA supE44 λ– thi-1 gyrA96 relA1), for 

lentivirus propagation. 

- BL21 codon plus (E. coli B F– ompT hsdS(r – m –) dcm+ 

Tetr gal λ(DE3) endA Hte [argU proL BBCamr] [argU ileY 

leuW Strep/Specr]), for recombinant protein expression. 

 

6.2.2. Preparation of Competent Bacteria 
 

The protocol followed to prepare competent bacteria was adapted from 

Current Protocols in Molecular biology.  

 

• A saturated culture is obtained by overnight incubation of the 

selected strain in 4 ml of LB medium. 

• The culture is diluted 1:1000 in fresh 400 ml LB and let growth at 

37ºC and vigorous shaking (250 r.p.m). 

• When optical density (O.D.) at 600 nm reaches 0.4 units, the 

bacteria is pelleted at 4000xg 10 min in 50 ml tubes. 

• Then, two sequential washes are performed to each pellet by 

resuspension in 10 ml CaCl2 solution (see laboratory solutions, 

section 5.5) and centrifugation. 

•  After the second wash, and before centrifugation, cells are let in 

ice for 30 min. 

• Cells are then pelleted again and resuspended in 2 ml of CaCl2 

solution each. 
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• Competent cells are distributed in ready-to-use aliquots and 

immediately frozen in dry ice. 

• Competent bacterial stock is kept at -80ºC 

 

6.2.3. Transformation of Competent Bacteria 
 

The method of choice has been heat shock transformation, 

independently of the bacterial strain used. Generally, for XL-Blue and 

DH5α strains, the protocol was the following: 

 

• The competent bacteria is thawed in ice. 

• The DNA to be transformed is mixed with 100 μl of bacteria and 

let incubate for 10 min in ice. 

• The DNA-bacteria mixture is then incubated during 1.5 min (45 s 

in the case of DH5α) in a water bath at 42º C 

• After, cells are cooled down in ice for 2 min. 

• 900 μl of LB are added to each of the transformation tubes 

• Transformed cells are incubated for 1h at 37ºC and vigorous 

shaking. 

• After that time, 50 μl of the culture are plated into an LB-agar 

dish containing the appropriate antibiotic selection. In the case 

of transforming DNA ligations or mutagenesis reactions, the 

cells are spun at top speed and resuspended in 100 μl of LB. In 

this manner, all the bacteria are seeded into the plate. 

• Seeded plates are incubated overnight at 37ºC. 

 

Transformation of BL21 codon plus strain has small differences with 

respect to the previous protocol: 

 

• Once thawed, cells should be incubated with 2.5 μl of β-

mercaptoethanol (1M) per 100 μl of competent bacteria for 10 

min in ice. 

• The incubation of bacteria and DNA should last 30 min. 
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• The heat shock at 42ºC is 45 s long. 

 

6.2.4. Colony PCR Screening 
 

When performing DNA ligations, the colonies containing positive clones 

had to be detected. To this end, a PCR-based screening method is 

performed in the following manner: 

 

• In a 96-well sterile plate, 100 μl of LB (supplemented with the 

appropriate antibiotic) is added to the wells. 

• Each colony to be screened is picked with a pipet tip and dipped 

into each well 

• The plate is sealed and incubated for 1 h at 37ºC 

• Then, a 12.5 μl PCR is set up: 

 

- 2 μl of bacterial culture 

- 1.25 μl of Taq polymerase buffer 10X (Roche) 

- 0.5 μl dNTPs mix (10 mM) 

- 0.5 μl Forward Primer (10 mM) 

- 0.5 μl Reverse Primer (10 mM) 

- 1 unit of Roche Taq polymerase 

 

The PCR programme used is similar to the one stated in section 5.1.1, 

but increasing the number of cycles to 35 to facilitate the detection of 

the PCR product. The primers of choice for this protocol should include 

one annealing with the cloned DNA fragment and the other one 

annealing with the vector backbone. In this manner, only the correctly 

oriented cloned DNA fragments would be selectively amplified. 

 

Once amplified, the PCR products are separated in an agarose gel and 

the positive colonies are identified, and can be amplified from the 

previous 96-well plate. 
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6.2.5. Plasmid DNA propagation and purification 
 

Any colony bearing a plasmid DNA of interest can be amplified and 

further processed to obtain the DNA for downstream applications. 

 

• To this end, positive colonies should be picked and inoculated in 

5 ml fresh LB medium containing the appropriate antibiotic for 

plasmid selection. The culture is incubated overnight at 37º C 

and vigorous shacking. 

• The next day, plasmid DNA extraction is performed using the 

Quiaprep Plasmid Purification Kit (Quiagen), following 

manufacturer’s instructions. 

 

Alternatively, when higher amounts of plasmid DNA is needed, for 

mammalian cell transfection for instance, a scale-up of the process was 

performed by pelleting 100-500 ml of saturated culture. Then, the 

obtained pellet would be further processed with the PureLink HiPure 

Plasmid Purification Kit (Invitrogen) following manufacturer’s protocol. 

The obtained DNA is further quantified measuring absorbance at 260 

nm in a spectrophotometer (Nanodrop). 

 

6.2.6. Sequence verification of the selected clones 
 

Once the purified DNA is obtained from the positive colonies, it can be 

further tested to check whether they contained the desired DNA 

fragment by restriction enzyme digest with the same enzymes it was 

originally cloned. Generally, the fragment obtained after digestion 

should be the same size of the inserted fragment. 

 

The last step in the verification process is the DNA sequencing, which 

it is done by sequencing-PCR as follows: 
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- Purified plasmid DNA 100 ng/ kb of plasmid 

- 1 μl Big Dye Buffer 

- 1 μl Big Dye 3.1 

- 0.5 μl sequencing primer (see primer list) 

- Add H2O till 10 μl 

  

 The PCR programme for this reaction is: 

 

- 94ºC 1.5 min 

- 94ºC 15 s 

- 50ºC 15 s 

- 60ºC 1 min/kb 

- 60ºC 4.5 min 

 

The resulting reaction is sent to DNA sequencing platform. 

 

6.2.7. Recombinant protein expression and purification 
 

The expression of recombinant proteins from bacteria was performed 

using the pGEX system (GE Healthcare), which allows the expression 

of GST-fusion proteins that are further purified from a bacterial soluble 

extract using Glutathione coated Sepharose beads. 

 

The selected clones in pGEX vectors were transformed in BL21 codon 

plus bacteria. 

 

• A saturated culture of the bacteria transformed with the desired 

clone was diluted 1:100 in fresh LB with the appropriate 

antibiotic. 

• Approximately 3h later, when the O.D at 600 nm of the culture is 

around 0.6 units, IPTG is added to a final concentration of 0.5 

mM to induce the expression of the recombinant protein. 

30 cycles 
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• The recombinant proteins used in this work were induced during 

3 h at 37ºC with generous shaking. 

• After, cells were pelleted at 6000 xg for 20 min. 

• Supernatant was discarded and the pellets subsequently 

distributed in ready-to-use pellets prior to immediate freezing at -

80º C. 

 

From here on the purification will be referred to one pellet obtained 

from 250 ml of induced cultured: 

 

• The purification started by resuspension of the pellet in 25 ml 

Lysis Buffer I (see buffers section 5.5).  

• The mixture was incubated for 30 min at room temperature in 

constant rotation to let the lysozyme digest the bacterial wall. 

• Then, the bacterial suspension was sonicated at medium 

intensity for 20 s each. An additional 15 s sonication was 

typically needed to further clarify the lysate. From this point on, 

all the incubations are performed in ice. 

• 1% Triton X-100 is added to the cell lysate to dissolve cell 

membranes. The lysate is incubated 30 min at 4ºC in constant 

rotation. 

• The lysis is ended with three freeze/thaw cycles. At the second 

freezing cycle, the lysates could be stored at -80ºC until use. 

• Once the lysate is obtained, it is centrifuge at 13000xg to 

eliminate all insoluble material. 

• The supernatant is the soluble extract from where the 

recombinant protein is to be purified. 

• 250 μl of Glutahtione Sepharose 4B beads at 50% density (50% 

beads and 50% Lysis Buffer I) is added to the clarified 

supernatant. Glutahtione beads should be extensively washed 

previously with PBS to remove any traces of EtOH from the 

stock. 

• The extract is incubated with the beads for 2 h at 4ºC. 
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• Then, the beads are extensively washed with Lysis Buffer I (for 

instance, 3 washes with 5 ml of Lysis Buffer I). 

• The beads, which have adsorbed the GST-fusion protein, are 

ready to use for downstream applications. Alternatively, GST-

fusion protein could be eluted by sequential incubations with 250 

μl Glutathione Elution Buffer (see section 5.5) until there is no 

protein left bound to the beads. 

• The eluted protein was quantified using a spectrophotometer and 

also by SDS-PAGE and Coomassie staining using a standard of 

known concentration.  
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6.3. Mammalian cell lines  

 

The mammalian cell lines used during the development of this work 

have been: 

 

• HEK 293T, human embryonary kidney cells, were purchased at 

ATCC. 

• Jurkat T cells E6.1 clone, acute leukemia human T-cells, 

obtained from ECACC. 

• MDA-MB-231, human breast adenocarcinoma, obtained from Dr. 

Ramon Messeguer at LEITAT Biomed Division. 

• U2-OS, human osteosarcoma cells, obtained from Dr. Mar 

Orzáez. 

 

Adherent cell lines were maintained in DMEM with Glutamax high 

glucose (Invitrogen) supplemented with 10% fetal bovine serum (FBS), 

except for the Jurkat cell line, which was maintained in RPMI with 

Glutamax (Invitrogen) supplemented as well with 10% FBS. All cells 

line were kept in a cell incubator at 37ºC and 5% CO2. Generally, no 

antibiotics were used in the culture media. 

 

6.3.1. Cell culture maintenance 
 

Cells were passaged three times a week typically, always before letting 

the cultures become 100% confluent. The general protocol followed for 

adherent cells in a 100 mm dish was: 

 

• Cells were rinsed twice with 10 ml warm PBS 1X without Ca2+ 

and Mg2+ (Invitrogen). 

• 1 ml of Trypsin 0.25% is added into the plate 

• The plate is incubated between 1 to 3 min depending on the cell 

lines until complete detachment of the cells from the dish. 



      Material and Methods 
 

 174

• Then, trypsin is inactivated by addition of 7 ml of DMEM 10% 

FBS. It is important to disaggregate any cell clump at this point. 

• Cells are diluted 1:6 to 1:8 depending on the desired confluence 

and downstream application. 

• Cells are incubated at 37ºC in 10 ml DMEM 10% FBS. 

 

Cells grown in suspension will be serially passaged by dilution of the 

culture in fresh RPMI 10% FBS maintaining the cell density between 

105 to 8x105 cells/ml. 

 

6.3.2. Mammalian cell transfection 
 

The transfection protocol of mammalian cells was different depending 

on the cell line studied and the experiment performed: 

 

• Calcium phosphate transfection was used for HEK 293T 

cells to produce lentiviral particles and for U2-OS cells. (See 

section 5.3.3). 

• Linear Polyethyleneimine 25.000 kDa (PEI, Polysciences) 

transfection was generally used for HEK 293T cells for the 

expression of recombinant proteins from plasmid DNA.  

• Lipofectamine 2000 (Invitrogen) was used to transfect MDA-

MB-231 cells in luciferase reporter gene experiments. 

• RNAiMAX reagent (Invitrogen) was used to transfect siRNA 

against CK2α in HEK 293T for the in vivo radiolabeling 

experiments. 

 

PEI is a linear polymer with positive charge, which is able to complex 

with DNA forming particles that can be taken up by mammalian cells. 

The protocol listed below is design for transfection of 100 mm culture 

dish, and can be scaled up or down taking in to account the area of the 

culture dish to be transfected. Typically, 200 ng/ cm2 of DNA is used in 

a transfection, although these amounts can be modified depending on 



      Material and Methods 
 

 175

the needs of the experiment. Importantly, cells should be at 30- 40% 

confluence at the day of transfection. 

 

• Two different solutions should be prepared: 

 

- Solution A: 8 μg DNA in 500 μl of sterile 150 mM 

NaCl. 

- Solution B: 15 μl of PEI (stock prepared at 1mg/ml) in 

500 μl of sterile 150 mM NaCl. 

The optimized DNA:PEI ratio to transfect HEK 293T 

cells is 1:2.5 (w/w). 

 

• Solution B should be added to solution A, taking care of 

pipetting in to the solution, and not touching the tube, to 

avoid adherence to the plastic. 

• Immediately after the tube should be vortexed briefly. 

• Then, the tube is incubated for 20 min at room temperature. 

• After the incubation, the mixture is added drop-wise to the 

culture.  

• Cells are incubated overnight at 37ºC. 

• Although PEI toxicity is considered to be extremely low, it is 

recommended that culture medium is replaced the next 

morning. 

 

Lipofectamine 2000 and RNAiMAX transfections were carried out 

following manufacturer’s protocol. 

 

6.3.3. Production and Purification of Lentivirus 
 

Lentiviral particles are formed by transfection of three different 

plasmids (second generation packaging system), which contain the 

essential genes to generate a functional viral particle. Briefly, the 

lentiviral backbone (pWPI or pWPT plasmids in this work) are co-
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transfected with psPAX.2, which encodes gag and pol, essential for 

viral structure and with pMD2.g, which encodes for the VSVg envelope. 

HEK 293T cells and calcium phosphate method are the best choices 

for lentivirus production because the final yield of the lentiviral 

production relies mainly on high transfection efficiency. The protocol 

followed for lentiviral particle production was: 

 

• Exponentially growing HEK 293T cells were split in three 150 

mm culture dishes at 50% confluence. 

• The next day, each dish was split again in 6 different dishes, 

to a total of 18 dishes. Of them, 15 dishes will be transfected 

and the other 3 will be used for the sequential purifications 

• The next day, cells will be transfected by the Calcium 

phosphate method. Two solutions are to prepared: 

- Solution A:  

 Lentivirus DNA (all plasmid DNA should be 

obtained from at least maxi prep purifications 

and diluted to 500 ng/ μl) 

• 675 μl of pWPI/pWPT backbone vector  

• 438 μl of psPAX2  

• 237 μl of pMD2.g 

 Then, 1.695 ml of CaCl2 2.5 M is added to the 

mix. 

 Add sterile water to 17.1 ml final volume 

o Solution B: 17.1 ml of HeBBs pH 7.01 (the pH of the 

HeBBs buffer is critical for the transfection efficiency. 

Different pH should be assayed to find the best 

performing buffer) 

• Then, under constant vortex, solution A is added to solution 

B drop-wise. 

• The transfection solution is then incubated 20 min at room 

temperature. A fine precipitate suspension is typically seen 

after incubation. 
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• 2.25 ml of the solution is then added to each culture dish 

drop-wise, gently tilting the plate trying not to disturb the cell 

monolayer (HEK 293T cells detach very easily) 

• Cells are incubated 16 h-18 h at 37ºC. 

• The next day, the medium is replaced (14 ml each plate) and 

cells are incubated for 24 h more. 

• 48 h after transfection, the supernatants are collected and 

centrifuged briefly to discard any debris. 

• The clarified supernatant is then filtered through a 45 μm 

sterile filter (Millipore). 

• Then, the supernatants are distributed in ultracentrifuge 

tubes (Beckman) and placed inside centrifuge buckets. 

• The buckets, including the lid, should be carefully 

equilibrated with sterile PBS. 

• The centrifugation is done in a ultracentrifuge (Beckman) 

using SW-28 rotor, at 20000 rpm and 4ºC for 1.5 h. 

• Immediately after the centrifuge has stop, remove the tubes 

and carefully discard the supernatants. From this point on 

the tubes should always be kept in ice. 

• The viral particles are resuspended from the bottom of each 

tube with 250 μl of sterile PBS. To resuspend the viral 

particles, pipet up and down 30 times each pellet. 

• It is recommended that the resuspension is repeated every 

hour. 

• After 2 h, viral suspension is ready to be distributed in 

working aliquots. A tittering aliquot of 5 μl should be also 

prepared. 

• Immediately after aliquoting, tubes should be frozen in dry 

ice and kept at -80ºC until used. 
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6.3.4. Lentiviral stock titration 
 

This protocol is based on that the virus used for this Thesis express the 

enhanced green fluorescent protein (EGFP), so that we can easily 

calculate the title by flow cytometry. 

 

• The medium of the 6 well plate is replaced with DMEM 10% 

FBS supplemented with 8 μg/ml Polybrene (transduction 

enhancer). To titrate the virus stock, the 5 μl aliquot is further 

diluted 50 times in DMEM. One well should be used as negative 

control of transduction (no virus). Generally, 5 different volumes 

are assayed in a 6 well plate seeded with 105 cells/well at the 

time of infection. The amount of viral stock used depends on the 

expected obtained title. 

• The next day, the medium is replaced with fresh DMEM 10% 

FBS and cells are let grow for an additional 24 h. 

• 48 h after transduction, cells are trypsinized and transferred into 

a clean 1.5 ml tube. 

• There, cells are spun at 500xg for 5 min at 4ºC and 

resuspended in 200 μl of cold PBS 

• Then, under gentle vortex, 800 μl 1.25% para-formaldehyde 

(PFA) is added to each tube drop-wise. 

• Cells are then incubated at 4ºC, kept from light until the 

percentage of EGFP positive cells is analyzed by flow 

cytometry. 

• The final title of the stock is calculated using the following 

formula: 

 

 

Stock Title (TU*/ml)=  nº transduced cells  · 
 

 

 

% EGFP+ cells/100

Volume of stock used 
for transduction (ml) 

*TU: transducing units 
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6.3.5. Lentiviral Infection of cells in culture  
 

The infection of mammalian cells was carried out as stated before. The 

desired amount of viral particles (TU) is calculated as number of TU 

used to transduce one cell (Multiplicity of Infection; MOI) by the total 

number of cells to be transduced. The transduction should be done in 

the culture medium supplemented with 8 μg/ml polybrene. Typically, an 

overnight incubation with the virus is sufficient to ensure complete 

transduction of the cell culture. 

 

6.3.6. In vivo radiolabelling of cells 
 

Transfected recombinant proteins are incubated in a medium 

containing radiolabelled ortho-phosphoric acid to detect if a specific 

protein construct is phosphorylated in mammalian cells.  

 

For these experiments, cells were seeded preferentially on individual 

60 mm culture plates. Prior to performing the radiolabeling of HEK 

293T cells, these had been transfected 2 days before with a siRNA to 

downregulate CK2α or a negative control (when specified) and the 

following day with the different HA-RCAN3 plasmid construct to be 

assayed by PEI-mediated transfection. 

 

Then, on the third day, cells were radiolabeled as follows: 

 

• Early in the morning cells were deprived of phosphate 

sources. Culture medium was change to 1.5 ml DMEM without 

phosphate (Invitrogen) supplemented with 10% dialyzed FBS 

(Invitrogen), to remove any phosphate contained in it. 

• 15 min before radiolabeling, the radiolabeling medium has to be 

prepared. Each plate is labeled with 100 μCi in 1.5 ml of DMEM 

phosphate free medium (final concentration of radioactive 

phosphoric acid of 66.6 μCi/ml). 
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• After 2 h of depletion of the phosphate from the cells, the 

medium is replaced with radiolabeling medium. Cells are 

incubated for 3 h at 37ºC. 

• Then, cells are subjected to anti-HA immunoprecipitation as 

explained in section 5.3.20. 

 

6.3.7. Luciferase reporter gene assays 
 

For luciferase reporter gene assays, cells were seeded on either 24 

well or 48 well culture plates. All tested conditions were always 

assayed in triplicates. The protocol described is adapted to the 24 well 

format, and could be scaled up or down taking into account the area of 

the plate to be transfected. 

 

• HEK 293T are transfected by the PEI method with the following 

amounts of plasmid DNA: 

- Reporter luciferase plasmid: 3xNFAT-luc 100 ng. 

- Renilla null promoter plasmid (internal control of 

transfection): 0.9 ng. 

- Protein expression plasmid construct:  

 HA-RCAN3 constructs: 200 ng.  

 EGFP-R3178-210 constructs: 500 ng.  

Although in the assays different amounts of transfected plasmid 

construct were tested, the final amount of DNA was kept 

constant using empty plasmid DNA (either empty HA or empty 

EGFP plasmid DNA).  

• The following day, medium is replaced with fresh DMEM 10% 

FBS supplemented with: 

- Ionomycin (Io) 1 μM. 

- 13-Phorbol 12-Myristate Acetate (PMA) 10 nM. 

- CaCl2 10 mM. 



      Material and Methods 
 

 181

- Cyclosporine A (CsA) 1 μM (when specified). The 

treatment with CsA started 30 min before adding the 

rest of the stimuli. 

• The cells were stimulated for 6 h. 

• Then, the medium is removed and cells rinsed once with ice-

cold PBS supplemented with CaCl2 and MgCl2, both at 0.1 

mg/ml (to prevent cell detaching). 

• Cells are lysed using the Passive Lysis Buffer (Promega) for 

15 min at room temperature on a rocking platform. 

• Then, luciferase and renilla activities where quantified 

following manufacturer’s instructions on a multiplate 

luminometer (FluoStar Optima, BMG). 

• The luciferase units are normalized to the renilla activity, and 

then data is presented as percentage of NFATc activation 

considering it 100% when the cells are stimulated with 

Io/PMA/Ca2+ in the absence of any construct (but transfected 

with empty plasmid DNA). 

• Luciferase assays in MDA-MB-231 cells were carried out as 

explained before but with small differences: 

- 24 h before transfection cells were transduced in 48 

multi well plates with the indicated lentiviral constructs 

as specified. 

- The following day cells were transfected with 

Lipofectamine 2000 using: 

 9xNFAT-luc: 400 ng 

 Renilla Null: 0.25 ng 

- The day after, cells were stimulated as stated before 

for 8 h. 

- Luciferase activity in these experiments was 

quantified in a Victor X5 multilabel reader (Perkin 

Elmer). 
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6.3.8. RNA extraction 
 

RNA extraction was performed to assess the expression of different 

NFATc-dependent genes in stimulated Jurkat T cells expressing 

different levels of RCAN3-derived peptides.  

 

• The transduced Jurkat T-cells were stimulated after sorting with 

1 μM Io, 10 nM PMA for 4 h at 37ºC.  

• Then, cells were pelleted by centrifugation 5 min at 500xg. 

• Culture medium was removed and the pellets were processed 

for RNA extraction. 

• The extraction of RNA from mammalian cells was performed 

either by using TriZol reagent (Invitrogen) or the RNAeasy kit 

(Quiagen) following in both cases manufacturer’s instructions. 

 

Also, RNA was extracted from frozen MDA-MB-231 tumor xenograft 

portions, in which case RNA was extracted with RNAeasy kit following 

manufacturer’s instructions. 

 

After purification, the RNA was quantified measuring absorbance at 

260 nm by spectrophotometry (Nanodrop). Additionally, RNA integrity 

was evaluated by electrophoresis in a 1% agarose gel run at 30 mA 

for 5 min. Purified RNA are immediately stored at -80ºC until further 

use. 

 

6.3.9. cDNA synthesis 
 

cDNA was obtained from at least 300 ng of purified RNA using 

Superscript III (Invitrogen) reverse transcriptase and following 

manufacturer’s protocol. The same pool without reverse transcriptase 

was used as negative control. 
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6.3.10. Real-Time PCR  
 

The expression of IL-2, RCAN1-4, IFN-γ, VEGF, COX-2, IL-8, CCL2 

and CSF1 was studied in the cDNA by means of the Universal Probe 

Library PCR system (UPL Roche). The PCR was set up in a 384 well 

plate, each condition to test by triplicate, as follows: 

 

• 1 μl cDNA (this could be diluted depending on the level of 

expression of the gene of interest) 

• 5 μl PCR Master Mix (Roche) 

• 0.4 μl Forward Primer (10 μM) 

• 0.4 μl Reverse Primer (10 μM) 

• 0.2 μl specific gene probe. 

• H2O to a final volume of 10 μl. 

 

The UPL probes were kept in ice protected from the light at every 

moment. The negative controls of the PCR are: 

 

- Negative control of the Real-Time PCR: Water instead of 

cDNA. 

- Negative control of the cDNA tested: Negative control of the 

cDNA synthesis step. 

 

Once set up the PCR on the plate, it was sealed with a plastic film and 

centrifuged for 5 min at 1500xg. Then, the PCR was run on a 

Lightcycler 480 System (Roche) under the programme: 

 

- 95º C 10 min 

- 95º C 10 s 

- 60º C 30 s 

- 72º C 1 s 

 

45 cycles 
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The emission of the FAM-labeled UPL probes was detected using a 

533 nm emission filter. Data was analyzed using LC480 (Roche) 

software, and results were calculated following the 2-ΔΔCt method 

(assuming primer efficiency of 2). Results are represented as 

percentage of inhibition, considering 100% of expression the one 

obtained in the EGFP expressing group. The expression of every gene 

was related to HPRT and GAPDH housekeeping genes, which 

remained constant in every condition. The standard deviation of each 

triplicate was always less than 0.21. The represented data is obtained 

from three independent experiments.  

 

 
 

 

 

6.3.11. Preparation of soluble cell lysates 
 

It is very important to perform all the steps in ice. As a general protocol, 

the steps to obtain a soluble extract from a confluent 100 mm culture 

dish were: 

 

Table 6. List of primers used in Real-Time PCR 
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• Once the cells were ready to be collected, they were placed 

on ice. 

• They were washed once with 8 ml cold PBS supplemented 

with CaCl2 and MgCl2 (0.1 mg/ml each to prevent cell 

detaching). 

• Then, cells were lysed directly as a monolayer on the plate 

with 1 ml of the buffer of choice (see buffer section). 

• The dishes were incubated for 5 min in ice on a rocking 

platform to ensure complete lysis. 

• The lysate was scraped from the plate and transferred into a 

clean 1.5 ml tube. 

• The cell lysate was clarified by centrifugation at 16000 xg for 

10 min at 4ºC. 

• The supernatant, which contains the soluble proteins, was 

transferred to a clean tube. An aliquot was separated for 

protein quantification. 

• The extract was denaturalized by addition of Laemmli buffer 

and boiled for 10 min. 

• The pellet obtained was either discarded or solubilized with 

Laemmli buffer and boiled for at least 30 min. 

 

6.3.12. BCA protein quantification 
 

Once obtained, protein extracts were quantified by the Bicinchoninic 

Acid Assay Kit (Pierce), following manufacturer’s protocol. Typically, 

the extracts would be needed to be diluted in the same lysis buffer. 

The quantification of the protein extracted was performed in clean 96 

well plates and read at 560 nm in a multilabel plate reader (VICTOR 

X5, Perkin Elmer). 
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6.3.13. Preparation of polyacrylamide gels 
 

To analyze the proteins from soluble extracts they were first resolved in 

Tris-Glycine polyacrylamide gels. 

 

• Discontinuous gels were formed by a resolving gel at the lower 

part of a given percentage of Acrylamide/Bisacrylamide (Acr/Bis; 

typically between 7.5% to 10%) and a stacking gel in the upper 

part at 4% Acr/Bis. 

• Then, boiled samples containing the soluble proteins were 

loaded in to the gel. Generally between 10 and 50 μg of total 

protein was loaded in each lane. 

• The samples were resolved by SDS-PAGE at 30 mA per gel for 

1h approximately. 

 

6.3.14. Coomassie Blue staining 
 

• After SDS-PAGE, when specified, the gels were stained with 

Coomassie Blue staining solution for 1 h at room temperature. 

• Then, the staining solution is removed and Coomassie 

destaining solution is added.  

• After several washes, bands corresponding to the different 

proteins resolved in the gel are observed in blue. 

• If needed, a final wash in water can be performed to rehydrate 

the gel and regain its normal size. 

 

6.3.15. Protein Transfer and Ponceau staining 
 

• To perform the transfer of the SDS-PAGE resolved proteins into 

nitrocellulose membranes, gels, as well as the membranes 

themselves, were soaked in transfer buffer for 5 min. 

• The gel was then carefully placed on top of the membrane in the 

transfer cassette, taking care that the gel is faced to the 
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negative pole of the cassette and the membrane is next to the 

positive pole. It is important to bear in mind that the transfer 

happens from the positive to the negative electrode. 

• Once in the cassettes, the transfer cuvette is fill to the top with 

transfer buffer. 

• The transfer is performed at 100 V for 1h. 

• After transfer is completed, the membranes are carefully 

removed from the cassette. 

• If required, protein transferred can be assessed by Ponceau 

Red staining of the membranes. 

• To this end, the membranes are soaked for 2 min in Ponceau 

Red staining solution and the excess of staining is removed by 

sequential washes with distilled water. 

• The successfully transferred proteins appear as a red band 

pattern corresponding to the proteins resolved in the previous 

SDS-PAGE.  

• To remove the staining, the membranes were equilibrated in 

TBS-T 0.1%. 

 

6.3.16. Western blot 
 

• Equilibrated membranes were incubated with the specified 

antibodies as shown in table 7. Generally, no previous 

membrane blocking was performed, as no difference was 

observed in the obtained results. 

• After incubation with the primary antibody in 1% BSA in TBS-

T 0.1%, three sequential washes of 10 min each with TBS-T 

0.1% were done to the membranes. 

• Then, incubation with the secondary antibody diluted in TBS-T 

0.1% was performed at room temperature in an orbital rotator. 

Generally, a 1/5000 dilution was used for the secondary 

antibodies. 
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• After incubation with the secondary antibody, three sequential 

washes of 10 min each with TBS-T 0.1% were done to the 

membranes. 

• Membranes were developed by incubation with either Luminol 

solution or ECL Plus reagent (GE Healthcare) following 

manufacturer’s protocol. Typically, 1 ml of developing solution 

was used to develop one membrane. 

• Chemilluminescence was detected by film exposure (CL 

Xposure, Pierce) of the membranes at different times. 

 

 
 

 

 
6.3.17. GST Pull-down 

  
These experiments were performed to test the competition between the 

indicated RCAN3-derived peptides on either GST-RCAN3 or GST-

NFATc2 interaction with CnA. 

 

• HEK 293T cell extracts were obtained as previously 

described using pull-down (PD) lysis buffer. Typically, two 

confluent 100 mm dishes were used as source of 

endogenous CnA. 

Table 7. Antibodies and usage conditions for Western Blot. 
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• Serial dilutions in PD lysis buffer were prepared in 20 μl 

volume to obtain the specified concentrations in each pull 

down. 

*The peptide stock were prepared at 7.5 mM in 50% EtOH. Peptide 

concentration was confirmed by absorbance at 276 nm, taking advantage 

of the aromatic residue present in RCAN3-derived peptides (Y184). The 

concentration was calculated with the formula: 

 

 

 

 

 

Where ε is the molar extinction coefficient for the tyrosine contained in 

the peptide and b is the length of the optical pass in the 

spectrophotometer. 

The quantification of the VIVIT and VIVIT-AA peptides, which lack any 

aromatic residue in their sequence, was calculated by direct 

resuspension of a known amount of peptide in a known volume of 50% 

EtOH to yield a final concentration of 7.5 mM. 

 

• The soluble extracts (typically around 100 μl) were incubated 

with the increasing concentrations of the indicated peptides 

for 20 min in ice.  

• Then, 20 μl of GST-protein loaded beads previously 

equilibrated in PD lysis buffer at 50% were added to each 

tube and incubated for 1h in ice. Every 15 min, the tubes 

were gently mixed to ensure that the beads are evenly 

distributed in the soluble extract. 

• Then, beads were pelleted by centrifugation at 500 xg for 1 

min at 4ºC. 

• The supernatant was removed carefully. 

• Three washes of 1 ml of PD lysis buffer were performed. 

• After the last wash, the beads were again centrifuged, 

supernatant was discarded and the pelleted beads 

resuspended in 30 μl of Laemmli buffer 2x. 

Peptide 
Concentration 

Abs. at 276 nm
ε · b

= 
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• After boiling for 10 min, the retained proteins were 

denaturalized and ready to be analyzed by western blot. 

 

6.3.18. Immunoprecipitation 
 

This protocol has been followed to specifically detect the radioactive 

signal of the transfected HA-RCAN3 proteins from a soluble cell extract 

of HEK 293T cells. It is important to notice that due to the manipulation 

of radioactive extracts, special caution has to be taken when 

performing this protocol. Instead of using the commonly used 1.5 ml 

tubes, we employed 1.5 ml screw cap tubes with o- ring to prevent any 

loss of the radioactive content. All the discarded solutions should be 

adequately disposed of in containers protected with proper 

methacrylate protection chambers. 

 

• The soluble cell extract was obtained by direct lysis with 

RIPA buffer. 

• The immunoprecipitation was carried out using G- Protein 

Sepharose fast flow beads (GE Amersham). The beads were 

first washed extensively in PBS to remove any traces of 

EtOH from the stock. In these experiments, to facilitate the 

sight of the beads, we used a little excess for each 

immunoprecipitation (20 μl of beads each). 

• Then, they are incubated at 50% in PBS together with the 

antibody anti HA-tag (12CA5 clone, Roche). The proportion 

is 0.5 μl of the commercial stock for each 

immunoprecipitation to be performed.  

• Once clarified, the supernatants were incubated with 40 μl of 

anti-HA coupled beads equilibrated at 50% in RIPA buffer. 

• The extracts are incubated with the beads for 1 h in ice, with 

gentle movement. Special caution has to be taken when 

manipulating the extracts because they contain high levels of 

radioactive orthophosphate. 
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• The tubes were centrifuged and the supernatants disposed 

with the help of a 1 ml syringe. 

• Three sequential washes of 1 ml of RIPA buffer where 

performed.  

• After the final wash, 40 μl of Laemmli buffer 2x was added to 

the beads to elute the immunoprecipitated protein. 

• The beads were boiled for 10 min prior to SDS-PAGE. After 

the run is completed, the front containing radioactive ATP 

not incorporated into the proteins is excised from the gel and 

disposed of properly. 

• The resolved proteins are then transferred into a membrane. 

• The membrane containing the radioactive 

immunoprecipitated proteins was exposed onto a film (CL 

Xposure, Thermo Scientific) overnight. 

• The next day, the film was developed to detect the 

radioactive signal in each lane. In case the signal was too 

weak, the membrane would be exposed again for an 

extended time. 

• After, the membrane was analyzed by western blot with anti-

HA to detect the immunoprecipitated protein to normalize the 

observed radioactive signal. 

 

6.3.19. In vitro kinase assay 
 

This protocol was performed to study whether protein kinase CK2 

phosphorylated the predicted phosphorylation sites in RCAN3 protein. 

These experiments were performed at Dr. Emilio Itarte’s lab, 

Universitat Autonoma de Barcelona. 

 

• The indicated recombinant GST-RCAN3 proteins (deletion 

and single mutants) were produced and purified as specified 

above. Human His-CK2α and His-CK2β protein were 

obtained from Dr. Emili Itarte. 
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• The His-CK2α and His-CK2β enzymes were reconstituted by 

mixing at a 1:1 molar ratio, to yield the CK2αβ holoenzyme. 

• The activity of both CK2α free subunit and the CK2αβ 

holoenzyme was checked before the assay over the 

canonical CK2 peptide substrate RRRADDSDDDDD (Jena 

Bioscience). 

• The [γ-32P]-ATP was prepared before the reaction by diluting 

10-fold the commercial stock (0.5 mM final concentration) 

• The in vitro kinase reaction was set up: 

 

o 15 μl substrate RCAN3 protein (7.5 μg). 

o 20 μl Kinase Assay Reaction Buffer  

o 5 μl reconstituted enzyme (either CK2α or CK2αβ) 

o 10 μl of [γ-32P]-ATP (in the reaction, the final 

concentration of the ATP is 0.1 mM). 

 

• The reaction was incubated for 1 h in a water bath at 30ºC. 

• Then, 50 μl of Laemmli buffer 2x was added to stop the 

reaction and boiled for 10 min. 

• The reactions were loaded onto a 10% polyacrylamide gel 

and separated by SDS-PAGE. 

• Special care has to be taken when running radioactive 

samples in a gel because the electrophoretic front should not 

be run further than 1 cm from the bottom of the gel. 

• After the run is completed, the front containing radioactive 

ATP not incorporated into the proteins is excised from the 

gel and disposed of properly. 

• The gel was stained with Coomassie Blue to detect the 

protein in each lane and normalize the radioactive signal as 

explained before. 

• After destaining, the gel is exposed into a film overnight. 

• The film was developed to detect the radioactive signal by 

the phosphorylated RCAN3 proteins and mutants. 
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6.3.20. Immunofluorescence 
 

This protocol was used to determine the specificity of the monoclonal 

antibodies raised against human RCAN proteins. 

 

• U2-OS cells were seeded in 12 mm coverslips in a 24 well 

plate at 20% confluence. 

• The next day, cells were transfected with the indicated 

EGFP-RCAN fusion proteins by the calcium phosphate 

method. 

• 48 h after transfection, cells were washed thrice with cold 

PBS 1X supplemented with CaCl2 and MgCl2. 

• Then, cells were fixed with 4% PFA for 20 min in ice. 

• To remove the PFA, each coverslip was washed thrice with 

PBS 1X supplemented with CaCl2 and MgCl2. 

• Fixed cells were incubated for 1 h at room temperature with 

IF blocking solution. 

• Then, the coverslips were incubated with the primary 

monoclonal antibodies raised against RCAN proteins at 

different dilutions in IF blocking solution (see section 5.5).  

• The incubation of the primary antibody was done overnight 

at 4ºC. 

• The next day, coverslips were washed 5 times with PBS 1x 

supplemented with CaCl2 and MgCl2 and 0.05% Triton X-

100. 

• Then, they were incubated with Alexa 568 anti-mouse 

antibody diluted 1:1000 in a IF secondary antibody solution. 

DAPI was added in this solution at a final concentration of 1 

μg/ml. 

• The incubation with the secondary antibody was performed 

for 1 h at room temperature and protected from the light. 
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• Coverslips were washed 5 times with PBS 1x supplemented 

with CaCl2 and MgCl2. 

• Finally, coverslips were mounted on to microscope slides 

using Mowiol. 

• The slides were kept at 4ºC until the mounting medium is 

dry. 

• The proteins were visualized both at 488 nm (EGFP) and 

514 nm (Alexa 568) excitation wavelengths to detect EGFP-

RCAN fusion proteins and the signal given by the tested 

monoclonal antibodies respectively. Pictures were taken 

using a Nikon 80i microscope. 
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6.4. Tumor Xenograft Model of Breast Cancer 

 
These experiments have been carried out in collaboration with Ramon 

Messeguer at LEITAT Biomed Division (Parc Científic Barcelona). 

 

6.4.1. MDA-MB-231 Transduction 
 

Exponentially growing MDA-MB-231 cells were transduced with the 

indicated lentiviruses at MOI 20 in DMEM with Glutamax High Glucose 

10% FBS supplemented with 8 μg/ml Polybrene. After overnight 

incubation, medium was replaced and cells were left 24 h more in the 

incubator. Efficiency of transduction could be monitored by 

fluorescence microscopy, as cells positively transduced express EGFP. 

 

6.4.2.  MDA-MB-231 cell Injection 
 

48 h after transduction, cells were trypsinized, washed and 

resuspended at a density of 107 cells/ml in PBS. 106 cells (100 μl) were 

injected in the right mammary fat pad of 6-8 week old female BALB/c 

nude mice. 

 

6.4.3. Tumor size measurements 
 

Tumor growth was followed biweekly by measuring tumor diameters 

with calipers. Tumor volume was calculated using an approximated 

formula for a prolate ellipsoid: 

volume= (Dxd2)/2 

where D is the longest axis of the tumor and d the shortest. 
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6.4.4. Animal sacrifice and sample collection 
 

The end point of the experiment was determined by the growth of the 

largest tumors. Generally, when some tumors reached around 2mm3 

volume, the experiment was terminated. 

 

Mice were sacrificed in a CO2 chamber and weighed. Tumors were 

excised from the animal, weighed, and processed for downstream 

applications: 

 

- A slice of the tumor was immediately fixed in buffered 

formaline overnight. The next day, tumor slice was 

dehydrated and embebbed in paraffin. 

- A slice of the tumor was embedded in OCT and immediately 

frozen at -80ºC. 

- The rest of the tumor was cut into small pieces (1mm3) and 

immediately frozen at -80ºC. 
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6.5. Common laboratory solutions and buffers 
 

• Acid Isopropanol: mix Isopropanol and HCl 1N at a proportion 96:4. 

• Agarose gel for DNA electrophoresis: 1% Agarose in TBE buffer. 

• Calcium Chloride solution for the preparation of competent bacteria: 10 

mM PIPES; 60 mM CaCl2 and 15% Glycerol (v/v). This solution should 

be prepared with ultrapure H2O. Filter-sterilize and store at 4ºC. 

• Antibody diluting solution: 1% Bovine Albumin Fraction V and 0.05% 

NaN3 in TBS. 

• Calcium Chloride solution 2.5 M: 367.5 g of CaCl2·2H2O in 1 L H2O. 

Filter sterilize and aliquot. Store frozen at – 20ºC.  

• Coomassie blue destaining solution: 40% MeOH and 10% Acetic Acid 

in H2O. 

• Coomassie blue staining solution: 0.025% Coomassie Brilliant Blue 

(R250); 40% MeOH and 7% Acetic acid in H2O. 

• DNA sample buffer 6x: 0.25 % Bromophenol Blue; 0.25% xylene 

cyanol FF and 30% Glycerol in H2O. 

• Electrophoresis running buffer 5x: 15.1 g Tris base, 72 g Glycine, 5 g 

SDS in 1L H2O. It is recommended that SDS is added from a diluted 

solution, i.e 25 ml of SDS 20%. 

• Enhancer solution: 27.5 mg p-cumaric acid; 25 ml DMSO and ultrapure 

water to 25 ml. Store at RT protected from light. 

• Glutathione Elution buffer: 50 mM Tris-Cl, pH 8.0, 10 mM Gluthatione. 

Aliquot and store frozen at -20ºC.  

• HeBBs buffer 2x for mammalian cell transfection: 16.4 g NaCl, 11.9 g 

HEPES acid, 0.21 g Na2HPO4 and H2O till 1 L. Adjust pH to 7.01 and 

filter sterilize. Typically, a range of pH between 6.95 and 7.05 should 

be tested to optimize HEK 293T transfection. Store stock frozen at – 

20ºC and the aliquot in use at 4ºC. 

• IF blocking solution: 0.2% Gellatin; 0.1% TX-100; 10% Fetal Bovine 

Serum in PBS. 
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• IF secondary antibody solution: 0.2% Gellatin; 0.1% TX-100; 5% Fetal 

Bovine Serum in PBS. 

• Kinase Reaction Buffer: 50 mM Tris-Cl, pH 7.5, 150 mM NaCl and 

0.1% Bovine Serum Albumin (BSA). 

• Laemmli Buffer 6x: 7 ml 0.5% Tris-Cl/ 0.4% SDS pH 6.8, 3 ml Glycerol, 

1 g SDS, 0.93 g DTT, 1.2 mg bromophenol blue and H2O to 10 ml. 

Aliquot and store frozen at -20ºC.  

• Luminol solution: 32.25 ml of 1.5 M Tris-Cl pH 8.8; 125 mg sodium 

luminol salt; 0.155 ml 30% H2O2 and ultrapure water to 500 ml. Store at 

4ºC protected from light. 

• Luria Bertani Medium (LB): 1% Triptone (w/v), 0.5% yeast extract (w/v), 

1% NaCl and 0.1% NaOH in H2O. Autoclave and store at 4ºC. When 

preparing agar plates, add 1.5% (w/v) agar to the mixture prior to 

autoclaving. 

• Lysis Buffer I (for recombinant protein purification):  5 mM 

Dithiothreithol (DTT), 2 mM MgCl2, 1 mM EGTA, 2 μg/ml Aprotinin, 2 

μg/ml Leupeptin, 2 mM PMSF, 10 μg/ml DNAaseI and 1 mg/ml 

Lysozime in PBS 2x. 

• Lysis buffer for GST-RCAN3 competitive pull down experiments: 50 

mM Tris-HCl, pH 7.5, 100 mM NaCl, 2 mM CaCl2, 5 mM MgCl2, 1% 

IGEPAL, 1 mM DTT, 2 mM PMSF and protease and phosphatase 

inhibitor cocktail. 

• Lysis buffer for GST-NFATc2 competitive pull down experiments: 50 

mM Tris-HCl, pH 8, 100 mM NaCl, 1.5 mM CaCl2, 6 mM MgCl2, 0.2% 

Triton X-100, 1 mM PMSF and protease and phosphatase inhibitor 

cocktails. 

• MTT solution: MTT was dissolved at 5 mg/ml in PBS. Aliquot and store 

frozen at -20ºC. 

• Phosphate Buffer Saline (PBS) 10x: 80 g NaCl, 2 g KCl, 11.5 g 

Na2HPO4·7H2O, 2g KH2PO4 in 1 L H2O. 

• RIPA Lysis Buffer: 50 mM Tris-Cl pH 8.0, 150 mM NaCl, 2 mM EGTA, 

1% Triton X-100, 0.5 % Sodium deoxycholate, 0.1 % SDS, 1 mM 
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PMSF, Protein and phosphatase inhibitor cocktails. The last three 

components should be added just prior to be used. 

• Ponceau staining solution: 0.5 g Ponceau Red in 1% Acetic acid 

solution. 

• Separating gel for 10% SDS-PAGE (2 gels): 6.5 ml 30% 

Acrylamide/Bis-acrylamide (37.5:0.8), 4 ml 0.5% Tris-Cl/ 0.4% SDS pH 

8.8, 0.2 ml 10% ammonium persulfate and 0.013 ml TEMED and add 

up to 16 ml of H2O. Use immediately. 

• Stacking gel for SDS-PAGE: 0.65 ml 30% Acrylamide/Bis-acrylamide 

(37.5:0.8), 1.66 ml 0.5% Tris-Cl/ 0.4% SDS pH 6.8, 0.05 ml 10% 

ammonium persulfate and 0.005 ml TEMED and add H2O up to 6.5 ml 

final volume. Use immediately. 

• TBE Buffer 10x for DNA electrophoresis: 108 g Tris Base (890 mM), 55 

g Boric Acid (890 mM), 40 ml of 0.5 M EDTA, pH 8 in 1 L H2O.  

• Transfer buffer 10X: 250 mM Tris-Cl pH 8.3, 1920 mM Glycine. Prior to 

use, dilute to 1X in 20% EtOH solution.   

• Tris Buffer saline (TBS): 100 mM Tris-Cl, pH 7.5 and 150 mM NaCl. 

• Tris Buffer saline- Tween (TBS-T): 100 mM Tris-Cl, pH 7.5, 150 mM 

NaCl and 0.1% Tween.
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