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Abstract: Ciclosporin A (CsA) is widely utilized for the treatment of inflammatory skin diseases such as psoriasis. 
The therapeutic effects of CsA are thought to be mediated via its immunosuppressive action on infiltrating 
lymphocytes in skin lesions. CsA and tacrolimus block T cell activation by inhibiting the phosphatase calcineurin 
and preventing translocation from the cytoplasm to the nucleus of the transcription factor Nuclear Factor of 
Activated T cells (NFAT). As calcineurin and NFAT 1 have been shown to be functionally active in cultured human 
keratocytes, expression of other NFAT family members such as NFAT-2 and possible functional activation was 
investigated in human keratocytes. RT-PCR and Western Analysis were used to investigate the presence of NFAT-
2 mRNA and protein in human keratocytes. Tissue culture of human keratocytes and immunostaining of cells on 
coverslips and confocal microscopy were used to assess the degree of nuclear localisation of NFAT-2 in cultured 
cells. Keratome biopsies were taken from patients with psoriasis (lesional and non-lesional skin) and normal skin 
and immunohistochemistry was used to assess the NFAT-2 localisation in these biopsies using a well 
characterized anti-NFAT-2 antibody. The NFAT-2 mRNA and protein expression was demonstrated using RT-PCR 
and Western blotting. Moreover, the expression of NFAT-2 in normal skin, non-lesional and lesional psoriasis 
showed a striking basal staining suggesting a role for NFAT-2 in keratocytes proliferation. A range of cell types in 
the skin express NFAT-2. The expression of NFAT-2 in human keratocytes and response to different agonists 
provides perhaps a unique opportunity to examine the regulation, subcellular localization and kinetics of 
translocation of different NFATs in primary cultured human cells. In these experiments the author assessed the 
expression, localization of NFAT-2 in cultured human keratocytes and measured the degree of nuclear localisaion 
of NFAT-2 using immunofluorescence and confocal microscopy and whether CsA and tacrolimus inhibit NFAT-2 
nuclear translocation. As with NFAT 1, differentiation-promoting agents that increase intracellular calcium 
concentration induced nuclear translocation of NFAT-2 in cultured keratocytes but with different kinetics. These 
data provide the first evidence of that NFAT-2 is expressed in normal skin, psoriasis and that NFAT-2 functionally 
active in human keratocytes and that nuclear translocation of NFAT-2 in human skin cells has different kinetics 
than NFAT 1 suggesting that NFAT-2 may play an important role in regulation of keratocytes proliferation and 
differentiation at a different stage. Inhibition of this pathway in human epidermal keratocytes many account, in 
part for the therapeutic effects of CsA and tacrolimus in skin disorders such as psoriasis. Thus, supporting our 
previous work data that calcineurin/NFAT is functionally active not only in T cells, but in skin cells. 
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Introduction  
 
Psoriasis is a chronic, disabling skin disorder, 
affecting approximately 2% of the Western 
population. Psoriasis is characterized by epi-
dermal hyperplasia due to high keratocytes 

proliferation rate, abnormal keratocytes 
differentiation, infiltration of the skin by 
activated lymphocytes and neutrophils. 
 
Ciclosporin A (CsA) is widely utilized for the 
treatment of inflammatory skin diseases such 
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as psoriasis vulgaris and atopic dermatitis. The 
therapeutic effects of CsA are thought to be 
mediated via its immunosuppressive action on 
infiltrating lymphocytes in skin lesions. CsA 
and tacrolimus block T cell activation by 
inhibiting the phosphatase calcineurin and 
preventing translocation from the cytoplasm to 
the nucleus of the transcription factor Nuclear 
Factor of Activated T cells (NFAT). The role of 
NFAT 1, NFAT-2 and NFAT 4 in the immune 
response has been well characterised [1-8].  
NFAT 1, NFAT-2 and NFAT 4 are known to be 
expressed in cells of the immune system as 
well as in a specific number of cell types, 
whereas NFAT 3 was shown to be expressed 
mainly outside the immune system [9].  
 
For NFAT 1 to 4 proteins, NFAT dependent 
gene transcription requires calcium 
mobilisation typically a sustained increase in 
the intracellular free calcium levels [10]. These 
NFAT proteins are characteristically activated 
by stimulation of receptors coupled to calcium 
mobilisation. They are all cytoplasmic and 
highly phosphorylated in resting cells. After cell 
stimulation, four consecutive steps lead to the 
activation of NFAT: 1. Dephosphorylation by 
the calcium-dependent phosphatase calci-
neurin, a process inhibited by immune-
suppressive drugs CsA and tacrolimus [11-16]. 
2. Translocation into the nucleus [14, 17, 18]. 
3. Binding to specific DNA elements in the 
regulatory regions of the target genes, which 
occurs in functional or physical co-operation 
with other transcription factors including AP-1 
(Fos/Jun), c-Maf, and GATA family proteins [9, 
15, 19-22]. 4. interaction with known or 
putative coactivator proteins such as p300, 
CBP, and NIP-45 [1, 23, 24] (Figure 1). 
 
NFAT 1-4 show 60-70% homology within the 
DNA binding region and about 40% homology 
within the NFAT homology region that accounts 
for the functional similarities. An in vitro DNA-
binding assay and the data obtained from a 
reporter gene assay conducted in transfection 
systems suggested an overlapping DNA-
binding and transcriptional activities among 
NFAT family members [9, 25]. However, the C 
and N terminal regions of NFAT 1-4 show 
relatively little sequence conservation [9, 26]. 
The function of these domains remains to be 
fully elucidated, but they are likely to account 
for the functional differences between family 
members.   
 
In lymphocytes, calcium entry regulates 

calcineurin activity that dephosphorylates 
NFAT family member unmasking the nuclear 
localisation sequence resulting in nuclear 
translocation of NFAT [15, 27]. Lymphocytes 
express NFAT 1, NFAT-2 and NFAT 4 [28] and 
each NFAT member translocates to the 
nucleus with the same kinetics in response to 
TPA plus ionomycin [25]. Together with the 
relatively mild phenotypes of mutant mice 
lacking single NFAT, suggested that NFAT 
family members might be functionally 
redundant [25, 29]. Three members of NFAT 
(NFAT 1, NFAT-2 and NFAT 4) were shown to 
be present in the cytoplasm of human muscle 
cells at all stages of myogenesis. However, in 
cultured human skeletal muscle cells each 
NFAT undergoes nuclear translocation at a 
different stage of myogenesis, suggesting that 
each NFAT may regulate different subsets of 
genes necessary for muscle cell physiology 
[30]. In T cells and mast cells NFAT activation 
is mediated by calcium signals emerging from 
their respective antigen receptors, TCR [31] 

Figure 1.  Schematic representation of T cell 
activation (A) and mechanism of action of 
ciclosporin A (CsA), tacrolimus and pimecrolimus 
(B). Inhibition of the phosphatase calcineurin 
blocks nuclear translocation of NFAT. 
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and FcRI respectively [32]. The relevant 
receptors and signaling pathways that activate 
NFAT in other cell types have not been well 
studied. Calcineurin and NFAT 1 have been 
implicated in differentiation of a preadipocyte 
cell line to adipocytes in culture 33. NFAT 1 was 
also shown to inhibit cartilage cell growth and 
differentiation [34]. In addition, the pattern of 
tissue expression and phenotypes affecting 
non-immune tissue in knockout models 
indicates a specific role for individual NFAT 
members. 
 
T cells from mice lacking NFAT-2 hyper-
proliferate and have impaired IL-4 production 
[4, 5, 7]. These results are consistent with the 
function of NFAT-2 as a direct transcriptional 
activator of the IL-4 gene [4, 5, 7].  Kinoshita 
et al, (1997) reported interaction between 
NFAT-2 and NFB and Tat resulting in 
enhancement of HIV-1 replication in T cell. 
These results suggested that NFAT-2 regulates 
HIV-1 replication in T cells [35]. 
 
The knockout phenotype of mice lacking NFAT-
2 revealed a critical role for this protein in 
cardiac morphogenesis. These animals die 
from cardiac failure in utero due to defect in 
the formation of cardiac valves and ventricular 
septa [36, 37]. This process was calcium 
sensitive and is characterised by epithelial/ 
mesenchymal transformation of the endo-
cardial cushion [36, 37]. 
 
Materials and methods 
 
Materials 
 
Ciclosporin A (CsA) and tacrolimus were 
provided by Novartis Pharma AG (Basle, 
Switzerland) and Fujisawa Pharmaceutical Co 
(Osaka, Japan), respectively. Tacrolimus was 
also obtained from Affinity Research Products 
Ltd (Exeter, UK). Keratocytes growth medium 
(MCDB 153) and trypsin/ethylenediamine-
tetraacetic acid (EDTA) were purchased from 
Sigma laboratories (Poole, UK). NFAT-2 
primers were synthesised by MWG-Biotech AG 
(Ebersberg, Germany). 

Keratocytes differentiation agents and growth 
factors including TPA, ionomycin, Transforming 
growth factor β TGF-, Retinoic Acid (RA) and 
Dimethyl Sulphoxide (DMSO) (vehicle control) 
were obtained from Sigma (Poole, UK). 
 

Precast polyacrylamide gels were purchased 
from Invitrogen (Paisley, UK). Hybond 
enhanced chemiluminescence (ECL) nitrocellu-
lose membranes, ECL molecular weight 
markers were obtained from Amersham 
(Buckinghamshire, UK). Prestained protein 
standards were provided by Bio-Rad 
Laboratories Ltd (Herts, UK). Anti-NFAT-2 
dilution was 1:7500. 
 
Anti-NFATc1 (NFAT-2) was obtained from (BD 
Pharminagen, CA, USA) and Anti-NFAT-2 (801) 
was kindly made available by Dr Nancy Rice, 
NCI-Frederick Cancer Research and Develop-
mental Centre, Maryland, USA. This antibody 
has been previously characterised [28]. 
 
Tissue culture 
 
The general tissue culture methods used 
followed those described by Freshney [38]. 
Keratocytes were isolated from normal human 
skin obtained from plastic and paediatric 
surgical procedures. Keratocytes were 
cultured in T75 flasks in MCDB-13 (Sigma, 
Poole, UK) as described [39]. 
 
Imunofluorescence staining of cultured cells 
for immunofluorescence microscopy 
 
Cells were trypsinised from flasks and seeded 
onto sterile coverslips placed in twelve well 
plates, so that there were 3x104 cells on each 
coverslip.  Coverslips were incubated in an 

incubator at 37C in 5% CO2. Coverslips were 
prepared as described [39, 40]. 
 
Keratocytes or fibroblasts were treated with 
specific agents, DMSO (1:1000) (vehicle 
control), or switched to medium containing 
raised extracellular calcium (1.5 mM CaCl2) 15 
min and 18 h. Some coverslip cultures were 
pre-treated with CsA or tacrolimus for 1 h. 
After the time of incubations, the medium was 
aspirated and the cells were washed three 
times in Ca2+ and Mg2+ -free ice cold PBS 
before being fixed.  
 
Non-specific binding was blocked by 
incubating coverslips in blocking serum 
(diluted 1:60 in PBS) by using serum from the 
species in which the secondary antibody was 
raised [41, 42] for 10 min. 100 l of primary 
antibodies against NFAT 1was added to each 
cover slip and incubated at room temperature 
for 45 min.  Cells were washed three times in 
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PBS. Cells were then incubated with 100 l of 
FITC-conjugated anti-rabbit and FITC-
conjugated anti-goat secondary antibody for 
45 min at room temperature.  Cells were 
washed three times with Ca2+ and Mg2+-free 
PBS. Cells were then incubated with 50 g/ml 
propidium iodide (PI) (Sigma Laboratories; 
Poole, UK) for 1 h at room temperature. 
Finally, cells were washed three times with 
Ca2+ and Mg2+-free PBS. Coverslips were 
mounted onto slides using vectorshield 
fluorescence mounting medium (Vector 
Laboratories Ltd; Peterborough, UK) and the 
edges sealed with clear nail varnish. 
 
Counting of cells showing nuclear positivity 
 
To assess the sub cellular location quantita-
tively, counting was done in 4 fields of each 
cover slip using conventional fluorescence 
microscopy (Carl Zeiss, Germany) using a X60 
objective lens. The numbers of cells showing 
positive nuclear staining were counted. In 
practice, at least 50 cells in 3 independent 
experiments (150 cells in total) were assessed 
at each time point.  
 
Confocal microscopy 
 
Cells were analysed using a Bio-Rad MRC 600 
confocal laser scanning microscope (BioRad; 
Herts, UK), mounted on a Nikon Optiphot II 
(Nikon UK Ltd; Surrey, UK) upright stand with a 
Krypton/argon laser giving 448 nm, 568 nm, 
and 647 nm excitation lines. Suitable areas on 
the slide were located with X20 na 0.4 lens, 
and then imaged with a X60 na 1.4 oil 
immersion lens. Cells were imaged utilising 
488 nm lines (FITC, Oregon Green) and 568 
nm lines (Alexa 568, PI) into Photo Multiplier 
Tube (PMT) channel 2 and 1 respectively. 
Excitation using the 488 and 568 laser lines 
independently was necessary to reduce some 
effects of ‘cross-talk’ between the fluoro-
chromes due to the overlap of emission 
spectra and was gathered stack by stack. Z-
series of approximately 10 to 15 optical 
sections (using 1 m Z step) were then 
acquired and stored on a Panasonic optical 
drive (1GB), later transferred to a compact 
disc for analysis and archival using COMOS 
software (Bio-Rad, version 7.0). Independent Z 
series images were projected and composite 
images merged using Confocal Assistant 
software (version 4.2, Todd Clark Brelje). The 
later processed using Adobe PhotoShop (San 

Jose, CA, USA). In summary, cells were fixed in 
4% paraformaldehyde, permeabilised with 
0.2% Triton X-100, incubated sequentially with 
rabbit-polyclonal anti-NFAT-2 antibody (1:400), 
goat anti-rabbit FITC (Sigma laboratories; 
Poole), UK, PI (50 g/ml) and visualized using 
a Biorad confocal microscope. 
 
Non-immune rabbit serum (Vector labora-
tories; Peterborough, UK) was included at 
equivalent concentrations as the primary 
antibodies in immunofluorescence studies as 
negative controls. In addition, equal dilution of 
secondary antibody was used with both the 
primary antibody and the negative control. 
Negative controls were scanned using the 
same settings (gain, black level and confocal 
aperture) as the positive control cover slips, 
thus ensuring that the pixel brightness values 
were due to antibody labeling rather than 
other factors such as autofluorescence or non-
specific binding. Pixel brightness data were 
analysed using COMOS software.  
 
Reverse transcription-polymerase chain 
reaction (RT-PCR) 
 
NFAT-2 cDNA sequences were obtained from 
GenBank at http://www.ncbi.nlm.nih and 
complementary primers were designed to 
amplify target sequence specific for NFAT-2. 
Primers sequences were confirmed using the 
blast analysis at http://www.ncbi.nlm.nih.gov/ 
blast. Coding sequence for NFAT-2 was aligned 
using Lasergene software (DNA Star Inc., 
Madison; USA) and primers were designed for 
each calcineurin subtype or NFAT isoform in 
areas of low homology. Primer set for for 
human NFAT-2 was forward: 5’CTACTTCCT 
CTCCTCCGGCC 3’ and Backward: 5’GTCTCT 
GTAGGCCTCCAGGC 3’, resulting in amplify-
cation 224 bp. To prevent ribonuclease 
(RNases) contamination, a number of 
precautions were taken to avoid RNase 
contamination as described [43].  
 
Total RNA was isolated using RNeasy Mini Kit 
(QIAGEN; West Sussex, UK) according to 
manufacturer’s instruction. Polymerase Chain 
Reaction (PCR) was performed as described 
[43].  Briefly, 3-5 l of cDNA was amplified in 
50l PCR reaction which consisted of 1.5 l of 
50 mM MgCl2 (Bioline; London, UK), 5 l 10x 
NH4 buffer (Bioline; London, UK), 5 l DMSO, 
1.25 l of 25 pmol forward primer, 1.25 l of 
25 pmol reverse primer and 4 l of dNTP’s 
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(2.5 mM each dNTP). Distilled water was 
added to make the total reaction volume equal 
50 l. Negative controls were included in each 
reaction by replacing the cDNA with water. 0.2 
l of 0.625 U BioTaqTM, DNA polymerase 
(Bioline; London, UK) was added to the 
reaction after heating to 94°C for 5 min, 
followed by 34 cycles of denaturation at 94°C 
for 1 min, re-annealing at 55-57°C for 1 min 
and elongation at 72°C for 2 min.  A final cycle 
of 72°C for 15 min was used. Similar cycle 
conditions were used for each set of primers. 
 
PCR products agarose gel electrophoresis and 
DNA sequencing 
 
PCR products were electrophoresed through 
1.5% agarose gels to determine product size. 
Loaded samples were visualised on a UVP 
transilluminator and photographed (Mitsubishi 
camera/ Polaroid black and white film type 
667). 
 
PCR products were gel purified using a QIAGEN 
kit (QIAGEN; West Sussex, UK) to obtain single 
fragments for sequencing. DNA was separated 
using agarose gel electrophoresis. The 
appropriate band was excised, weighed and 
sent for sequencing. Automated sequencing 
was carried out by MWG-Biotech AG 
(Ebersberg, Germany). 
 
Western blotting 
 
Cells were lyzed in 2 X Sodium Dodecyl 
Sulphate (SDS), sample buffer (125 mM Tris-
HCl, pH 6.8, 0.05% bromophenyl blue, 4% 
SDS, 20% glycerol and 10% β-mercapto-
ethanol). Equal amounts of samples and 
enhanced chemiluminescence molecular 
weight markers (Amersham, Bucks, UK) were 
electophoresed  through 10% polyacrylamide 
gels, and Western Blotting were performed 
using anti-NFAT-2 antibody (1:7500). 
 
Immunohistochemical analysis of skin 
biopsies 
 
Skin biopsies were obtained from normal 
volunteers and patients with psoriasis, 
following local ethical committee approval. 
Patients with psoriasis were excluded if they 
had received systemic anti-psoriatic, ultraviolet 
B (UVB), Psoralen and UVA (PUVA) or anti-
inflammatory therapy during the last 3 
months.  Patients discontinued topical anti-

psoriatic medication apart from emollients for 
two weeks prior to study.  Following informed 
consent, paired 6 mm punch biopsies were 
obtained from the edge of psoriatic plaques 
(lesional) and non-lesional (uninvolved) skin on 
the lower back/buttock, under local 
anesthesia and embedded in optimal cutting 
temperature (OCT) compound, frozen and 

stored at –70C until required for study. The 
author thanks Prof N J Reynolds (Dermatology 
Department, University of Newcastle upon 
Tyne) for providing these biopsies. Four normal 
volunteers (3 males, 1 female, mean age 35 
years) and five patients with stable plaque 
psoriasis (4 males, 1 female, mean age 51.5 
years) were recruited for NFAT-2 studies. 
 

Five m sections were cut on a cryostat 
(Bright; Huntingdon, England), placed on to 
APES-coated slides and fixed in ice-cold 
acetone for 15 min. Non-specific binding was 
blocked by incubating skin sections in blocking 
serum (diluted 1:60 in PBS). This was done by 
using serum from the species in which the 
secondary antibody was raised [41, 42] for 20 
min at room temperature. The sections were 
stained with anti-NFAT-2 rabbit polyclonal 
antibodies (1:800) in 0.1% BSA and in Ca2+ 
Mg2-free PBS for 1 h at the room temperature. 
Sections were developed using an avidin-biotin 
immunoperoxidase kit (Vector Laboratories, 
Peterborough, UK) using Ni2+ plus 3,3’-
diaminobenzidine as the chromagen and 
counterstained with methyl green as described 
[44]. 
 
The degree of staining was assessed on a 
semi-quantitative scale by the author but 
blinding was not possible due to characteristic 
morphological features of lesional psoriatic 
biopsies. The intensity of immunostaining was 
evaluated by using an ordinal 0-4 scale, where 
0=no staining; 1= minimal; 2=minimal-
moderate; 3=moderate and 4=maximal 
staining. Furthermore, localisation (cytoplas-
mic versus nuclear) of each staining was 
examined in basal, suprabasal and high 
suprabasal layers in all stained sections as 
described [45]. 
 
Statistical analysis 
 
To compare the effects of specified treatment 
on the number of cells showing nuclear 
immunostaining, Chi square analysis was 
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used. Data were analysed using Arcus Quick-
stat software (Biomedical version 1.0). 
 
Results 
 
Expression of NFAT-2 mRNA in cultured 
keratocytes and cultured fibroblasts 
 
RT-PCR of keratocyte and fibroblast cDNA, 
using NFAT-2 specific primers, produced the 
appropriate fragment size as predicted, 
demonstrating the presence of NFAT-2 mRNA 
in human epidermal keratocytes and cultured 
dermal fibroblasts (Figure 2). Sequencing of 
RT-PCR products followed by BLAST analysis 
confirmed the identity of the products that 
show 100% homology with both the predicted 
NFAT-2 (Accession# NM_006162), cDNA from 
Jurkat T cell mRNA was amplified as a positive 
control in these experiments. 
 

Confirmation of expression of NFAT-2, in 
cultured keratocytes and dermal fibroblasts by 
Western analysis 
 
Western blotting showed that cultured human 
keratocytes and dermal fibroblasts co-express 
NFAT-2 at the protein level (Figure 3). These 
experiments also demonstrated that the 
antibodies used in immunostaining experi-
ments detected the appropriate molecular 
weight of two different NFAT-2 isoforms (~ 86 
kDa and ~ 116 kDa). In addition, another 
monoclonal anti-NFATc 1 (NFAT-2) antibody 
also detected the two isoforms of ~ 86 kDa 
and ~ 116 kDa confirming previous results. 
The anti-NFAT-2 antibody used did not cross 
react with other proteins in lysates prepared 
from human keratocytes or dermal fibroblasts. 
 
NFAT-2 is co-expressed in normal and 
psoriatic skin in vivo 
 
Immunohistochemical studies of normal 
human and psoriatic skin showed prominent 
expression of NFAT-2 (Figure 4), in epidermal 
keratocytes together with expression in dermal 

Figure 2.  NFAT-2 mRNA expression in cultured 
human keratocytes, Jurkat T cells and dermal 
fibroblasts. Total RNA was extracted from 
cultured cells; reverse transcribed and PCR 
performed with NFAT-2-specific primers. Reac-
tion products were separated by electro-phoresis 
in 1.5% agarose gels. (A), lane 1: hyperladder IV; 
lane 2, negative control (water); lane 3, cultured 
keratocytes (NFAT-2). (B) Lane 1; hyperladder I, 
Lane 2; Jurkat T cells (NFAT-2), lane 3; cultured 
dermal fibroblasts (NFAT-2), lane 4; negative 
control (water). Sequencing studies confirmed the 
expression of NFAT-2 mRNA in cultured 
keratocytes, dermal fibroblasts. The predicted 
size of the product is 224 bp for NFAT-2. 

 

Figure 3.  Western analysis confirms the 
expression of NFAT-2 in cultured epidermal 
keratocytes and dermal fibroblasts. Cell lysates 
were prepared from cultured keratocytes and 
dermal fibroblasts, separated by SDS-PAGE and 
immunoblotted with anti-NFAT-2 (801) antibody. 
This experiment confirmed that antibodies used in 
immunostaining detects the appropriate molecular 
weight of two NFAT-2 isoforms (86 kDa and 116 
kDa) (A and B). (A), lane 1, medium control 
(keratocytes) (donor 1); lane 2, medium control 
(keratocytes) (donor 2); lane 3, DMSO 4 h 
(keratocytes) (vehicle) (donor 2); lane 4, DMSO 4 h 
(vehicle) (keratocytes) (donor 1); lane 5, 
TPA/ionomycin 4 h (donor 2); lane 6, 
TPA/ionomycin 4 h (donor 1). (B), lane 1, medium 
control (fibroblasts) (donor 1); lane 2, medium 
control (fibroblasts) (donor 2); lane 3, DMSO 4 h 
(vehicle) (fibroblasts) (donor 2); lane 4, DMSO 4 h 
(fibroblasts) (vehicle) (donor 1). 
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fibroblasts. NFAT-2 immunostaining was also 
observed in skin appendages in normal and 
psoriatic skin (Figure 4E) and within the 
dermal inflammatory cell infiltrate in psoriasis. 
High levels of NFAT-2 expression were 
observed within the cytoplasm and the 
nucleus of basal epidermal keratocytes, with 
reduced levels within the more differentiated, 
suprabasal cells (Figure 4 and Table 1). No 
consistent differences were observed between 
normal skin and lesional or non-lesional 
psoriatic skin with respect to NFAT-2 
localisation (Table 1). However, increased 
nuclear localisation of NFAT-2 was moderately 
increased in suprabasal and high suprabasal 
layers of psoriatic skin (Table 1). 
 
Nuclear translocation of NFAT-2 in human 
keratocytes is inhibited by tacrolimus 
 
As calcineurin activation in T cells results in 
translocation of NFAT and calcineurin to the 

nucleus [9], the intracellular distribution of the 
NFAT-2 in cultured keratocytes was studied to 
determine whether this pathway is functionally 
active in these cells. In untreated keratocytes 
or cells treated with vehicle, NFAT-2 was found 
predominately in the cytoplasm (9.3% and 
10.0% nuclear positivity respectively, n=150 
cells) (Table 2). Because activation of 
calcineurin requires a sustained rise in 
intracellular calcium [9] and CsA inhibits TPA-
induced changes in mouse skin [46], initially 
cultured human keratocytes were treated with 
TPA (50 nM) plus ionomycin (1 µM), agonists 
that induce keratocyte differentiation [47]. 
Increased nuclear localisation of NFAT-2 was 
found by 4 h (90.7 % nuclear positivity, 
P<0.0001), which persisted to 18 h (88.0 % 
nuclear positivity, P<0.0001) (Figure 5, Figure 
9A and Table 2). TPA (50 nM) alone (Figure 6, 
Figure 9B and Table 2) or increasing 
extracellular calcium from 70 µM to 1.5 mM 

Figure 4. Localisation of NFAT-2 in normal human 
skin, lesional psoriatic skin and non-lesional 
psoriatic skin. Frozen sections of normal human 
skin (A), lesional (plaque) (B) psoriatic skin and 
non-lesional (uninvolved) (C) psoriatic skin were 
immunostained with antibody against NFAT-2 
(801). NFAT-2 shows predominantly cytoplasmic 
and nuclear localisation in the basal layer normal 
and psoriatic skin (Original magnification X25). For 
negative control (D), equivalent dilutions of non-
immune serum (normal rabbit serum) were used. 
(E), NFAT-2 shows predominantly nuclear and 
cytoplasmic localisation in the outer root sheath of 
hair follicles in normal skin (Original magnification 
X25). 

 

Table 1. Distribution of NFAT-2 in normal 
(A) and psoriatic skin (B) 
 
A: Normal human skin 
 Basal Suprabasal High suprabasal 

Subject 1 4 C 0 0 

Subject 2 4 C 0 0 

Subject 3 4 N/C 0 0 

Subject 4 4 C 0 1 C 

 
B. Psoriatic skin 
 Skin type 

Basal Suprabasal High suprabasal 
Subject 1 

Lesional 3 N/C 0 1 C 

Non-lesional 4 N/C 1 C 0 

Subject 2 
Lesional 4 N/C 0 1 N/C 

Non-lesional 4 N 2 N 0 

Subject 3 
Lesional 4 C 1 N 2 N/C 

Non-lesional 4 N/C 0 1 N 

Subject 4 
Lesional 3 N/C 2 N 1 C 

Non-lesional 4 N 1 N 0 

Subject 5 
Lesional 4 N/C 1 N 1 N 

Non-lesional 3 N/C 1 N/C 1 N/C 

The intensity of immunostaining was evaluated 
by using an ordinal 0-4 scale, where 0= no 
staining; 1= minimal; 2=minimal-moderate; 3= 
moderate and 4=maximal staining. N indicates 
that the staining was predominantly nuclear, C 
indicates predominantly cytoplasmic and N/C 
indicates an equal distribution between the two 
compartments. 
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(Figure 7) also cause a rise in intracellular 
calcium and induce keratocyte differentiation 
and both these agonists resulted in increased 
nuclear localisation of NFAT-2 with similar 
kinetics to TPA plus ionomycin (Figure 1, 5 and 
Figure 9A). 
 
Whether CsA and tacrolimus inhibited 
translocation of endogenous NFAT-2 in human 
keratocytes was next investigated. CsA (1 µM) 
and tacrolimus (1 µM) significantly inhibited 
nuclear translocation of NFAT-2 induced by 
increased extracellular calcium at 4 h (Table 
2). However, caution should be taken in 
interpreting analysis of this data (Table 2) as 
blockade by CsA was observed only in 2 out of 
3 experiments, which is not consistent with a 
binomial distribution. Interestingly, tacrolimus 
(1 µM), but not CsA (1 µM), significantly 
inhibited nuclear translocation of NFAT-2 
induced by TPA plus ionomycin or TPA alone. 
The comparisons of the data presented in 
Table 2 reflect the structure of the data and 
the hypotheses being tested. 
  
In addition, increasing extracellular calcium 
from 70 µM to 1.5 mM resulted in marked 
plasma membrane translocation of NFAT-2 

after 4 h and to lesser extent after 18 h 
(Figure 7). Tacrolimus (1 µM), but not CsA (1 
µM), inhibited plasma membrane translocation 
of NFAT-2, that was induced by increasing 
extracellular calcium concentration (Figure 7). 
NFAT-2 plasma membrane translocation was 
not as marked after 18 h of raising 
extracellular calcium as it was after 4 h. 
 
In further experiments, ionomycin (1 µM) 
effect on NFAT-2 activation was also examined 
in cultured keratocytes. As NFAT 1, ionomycin 
resulted in nuclear translocation of NFAT-2 in 
epidermal keratocytes by 2 h (14.7% nuclear 
positivity, P=0.04) which was maximal at 18 h 
(75.3% nuclear positivity, P<0.0001) 
compared to 6.7% nuclear positivity in cells 
treated with vehicle control (Figure 8, Figure 
9B and Table 3). Inhibition by CsA and 
tacrolimus of nuclear translocation of NFAT-2 
induced by ionomycin was not examined. 
 
1, 25 dihydroxycholecalciferol vitamin D 3 
induces nuclear translocation of NFAT-2 in 
cultured keratocytes 
 
As TPA and raised extracellular calcium induce 
keratocyte growth arrest and differentiation, 

Table 2. Nuclear translocation of NFAT-2 in human keratocytes 
 
 
Treatment 

 
NFAT-2 

 
 % cells showing 

nuclear positivity 
Number of cells 

counted 
Medium control*  9.3 150 
DMSO control† 10.0 150 
TPA/ionomycin 2h‡ 11.3 150 
TPA/ionomycin 4h‡ 90.7*** 150 
CsA§ 1M then TPA/ionomycin 4h 92.7 150 
Tacrolimus|| 1M then TPA/ionomycin 4h 55.3‡‡ 150 
TPA/ionomycin 18h‡ 88.0*** 150 
TPA 2h¶ 10.0 150 
TPA 4 h¶ 64.7¶¶ 150 
CsA§ 1M then TPA (4h) 60.7 150 
Tacrolimus|| 1M then TPA (4h) 16.0‡‡‡ 150 
TPA 18h¶ 95.3¶¶ 150 
Increased extracellular calcium 2h** 10.0 150 
Increased extracellular calcium 4h** 86.7¶¶¶ 150 
CsA§ 1M then increased extracellular calcium 4h 43.3§§ 150 
Tacrolimus|| 1M then increased extracellular calcium 4h 12.7§§ 150 
Increased extracellular calcium 18h** 89.3¶¶¶ 150 
*Low calcium (70 M) medium, †Vehicle control, ‡TPA (50 nM) plus ionomycin (1 M), §Pre-treatment with CsA 
for 1 h, ¶TPA (50 nM), ||Pre-treatment with tacrolimus for 1 h, **Raised extracellular calcium (1.5 mM), 
***P<0.0001 compared to DMSO control, ¶¶P<0.0001 compared to DMSO control, ¶¶¶P<0.0001 compared to 
medium control, §§P<0.0001 compared to increased extracellular calcium 4 h, ‡‡‡P<0.0001 compared to TPA 
4 h, ‡‡P<0.0001 compared to TPA plus ionomycin 4 h. 
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the effects of 1, 25 (OH)2D3, a differentiation 
promoting agent was investigated. Addition of 
100 nM of 1,25 (OH)2D3 to cultured 
keratocytes is known to induce a gradual 
increase in intracellular calcium concentration 
after 4 h [49]. In untreated keratocytes or cells 
treated with vehicle, NFAT-2 was found 
predominately in the cytoplasm (6.7% and 
6.7% nuclear positivity respectively, n=150 
cells in three independent experiments). 1, 25 
(OH)2D3 (100 nM) resulted in increased 
nuclear localisation of NFAT-2 by 4 h (47.3 % 
nuclear positivity, P<0.0001) that persisted to 
18 h (52.0 % nuclear positivity, P<0.0001) 
(Figure 8, Figure 9B and Table 3). 
 
Retinoic acid and TGF- do not induce nuclear 
translocation of NFAT-2 in cultured 
keratocytes 
 
To determine whether NFAT-2 nuclear 
translocation was associated with growth 
arrest or differentiation, the effects of both RA 
and TGF- were investigated. RA and TGF- do 
not increase intracellular calcium and do not 
promote differentiation of cultured keratocytes 
[48, 50, 51]. RA (100 nM) or TGF- (1ng/ml) 
did not significantly result in increased nuclear 
localisation of NFAT-2 in keratocytes between 
2 h and 18 h compared to untreated cells or 

cells treated with vehicle control (Figure 8, 
Figure 9B and Table 3). 
 
Discussion 
 
These studies show for the first time that 
NFAT-2 mRNA and proteins are expressed in 
both cultured epidermal keratocytes and 
cultured dermal fibroblasts by using RT-PCR 
and Western blotting techniques.  
 
The NFAT-2, NFAT 3 and NFAT 4 antibodies 
have been previously characterized [28] but 
their specificity in skin cells is supported by 
the single band observed on Western blot 
analysis. Compared to NFAT 1, the various 
staining patterns in skin, the subcellular 
localisation for NFAT-2 observed by 
immunofluorescence studies and the kinetics 
and patterns of translocation observed in 
response to a variety of stimuli varied 
considerably. 
 
While basal epidermal cells mainly expressed 
NFAT-2, all dermal fibroblasts appeared to 
express NFAT-2 protein. The different pattern 
of expression of various NFAT proteins in 
normal and psoriatic epidermis suggests 
diverse functions of each NFAT member in 
keratocytes [39].  
 
The epidermis is a continuously renewing, 

Figure 5. Tacrolimus inhibits nuclear translocation 
of NFAT-2 induced by TPA plus ionomycin in 
human keratocytes. These results are 
representative of 3 experi-ments on keratocytes 
derived from 3 independent donors. Scale bar 25 
µM. 

 

Figure 6. Tacrolimus inhibits TPA induced 
nuclear translocation of NFAT-2 in human 
keratocytes. These results are representative of 
3 experiments on keratocytes derived from 3 
independent donors. Scale bar 25 M. 
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keratinising squamous epithelium. A basal 
layer of relatively undifferentiated, proliferative 
keratocytes give rise to daughter cells that are 
moved upward to form the suprabasal 
differentiated layers. During this migration, the 
daughter cells withdraw from the cell cycle and 
undergo changes that are consequence of 
differential gene expression [52]. Finally, these 
events transform the keratocyte into a 
terminal corneocyte, which consists of a 
network of disulfide cross-linked keratin 
surrounded by a covalently cross-linked 
envelope of protein [53-56]. The striking 
localisation of NFAT-2 in basal layers suggests 
that NFAT-2 might play a role in keratocytes 
proliferation. Therefore, treating keratocytes 
with growth factors such as TGF  and EGF 
might identify a possible role for NFAT in 
regulation of keratocytes proliferation. 
However, EGF (10ng/ml) did not induce NFAT 
transactivation in mouse epidermal JB6 cells 
[57]. 
 
Multiple additional NFAT-2 isoforms arise 
because of alternative splicing, and some 
studies suggest that these isoforms can 
differentially regulate transcription [31, 58, 
59]. In human tissues, NFAT-2 is expressed as 
two mRNA of 4.7 kb and 2.7 kb [60-62]. The 
2.7 kb mRNA was restricted to muscle, 

leukocytes and thymus. On the other hand, the 
4.7 kb mRNA showed a broader tissue 
distribution. It was highly expressed in skeletal 
muscle but low levels were seen in the 
thymus, colon, ovary, small intestine, testis, 
lung, heart, and prostate [60-62]. At the 
protein level anti-sera specific against NFAT-2 
immunoprecipitated mainly an isoform of 86 
kDa from T cells. Two additional isoforms 110-
120 kDa and 140 kDa were also 
immunoprecipitated and may correspond to 
splice variants [28]. The expression of the 
three different NFAT-2 isoforms was also 
observed by Western analysis using anti-NFAT-
2 (clone 7A6) antibody [25]. Two isoforms (86 
kDa and 110-120 kDa) were detected by 
Western blotting in both cultured keratocytes 
and cultured fibroblasts. However, the 140 
kDa isoform was not detected in skin cells. 
This appears to reflect ongoing transcription of 
the genes encoding NFAT-2 in cultured 
keratocytes and dermal fibroblasts because 
these cells constitutively express NFAT-2 
mRNA. These results were obtained using two 
different NFAT-2 specific antibodies. 
 
Keratocytes are the main cell type in the 
epidermis. Although there are some 
differences between cell culture and human 
skin in vivo, cultured keratocytes have proved 
useful in investigating keratocyte growth and 

Figure 7. Nuclear and plasma membrane translo-
cation of NFAT-2 induced by raised extracellular 
calcium in human keratocytes. These results are 
representative of 3 experiments on keratocytes 
derived from 3 independent donors. Scale bar, 
25M. 

 

Figure 8. Nuclear translocation of NFAT-2 in 
human keratocytes. These results are represent-
tative of 3 experiments on keratocytes derived 
from 3 independent donors. Scale bar, 25M. 
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differentiation [63, 64]. Therefore, cultured 
keratocytes were used to study the role of 
calcineurin/NFAT pathway in keratocyte 
growth and differentiation. 
 
NFAT 1 and NFAT-2 all appeared 
predominantly cytoplasmic in untreated 
subconfluent keratocytes. As with NFAT 1, 
differentiation-promoting agents that increase 
intracellular calcium concentration induced 
nuclear translocation of NFAT-2. For example, 
nuclear translocation of NFAT-2 in response to 
raised extracellular calcium concentrations, 
TPA alone and TPA plus ionomycin appeared to 
happen later compared to NFAT 1. 
 
Previous studies have shown that NFAT-
dependent transactivation requires a second 
signal provided by protein kinase C [26, 65, 
66]. However, ionomycin alone induced 
nuclear translocation of NFAT-2 in B cells [10] 
and in HeLa cells [67]. Furthermore, luciferase 
expression was stimulated when pNFAT-luc-
transfected HeLa cells were treated with 
ionomycin alone [67].  As with NFAT 1, iono-
mycin alone did induce nuclear translocation 
of NFAT-2 in cultured keratocytes.  

 
The relatively wide distribution of NFAT 
proteins, coupled with the known function of 
GSK-3 in developmental signalling pathways 
in Xenopus and Drosophila, also suggested 
that NFAT proteins might be important in 
cellular differentiation programs outside the 
immune system [68-70]. This is because GSK-
3 is required for ventral differentiation, while 
dorsal differentiation involves suppression of 
GSK-3 activity in Drosophila [68]. In addition, 
a potential role of NFAT in the process of 
adipocyte differentiation has been docu-
mented [33]. Indeed, nuclear translocation of 
endogenous NFAT-2 in normal human 
keratocytes in response to differentiation 
promoting agents provides extra evidence that 
the calcineurin/NFAT pathway is functionally 
active in these cells. Together with the 
differentiation dependent pattern of 
expression of NFAT family members, suggest 
an essential role for these proteins in 
specifying the temporal and spatial pattern of 
gene expression during keratocyte differen-
tiation. Further studies utilising, for example, 
GFP-tagged proteins are required to confirm 
immunostaining studies as described. 
However studies of NFAT 4-GFP in cultured 
mouse keratocytes showed nuclear trans-
location of NFAT 4-GFP in response to 
increasing extracellular calcium from 70 µM to 
2 mM [71], supporting our immunofluo-
rescence data with NFAT 4.  
 
The steroid hormone 1, 25 (OH)2D3 regulates 
keratocytes proliferation and differentiation. 1, 
25 (OH)2D3 inhibits growth of keratocytes in 
monolayer culture and promotes differen-
tiation [72-74]. 1,25 (OH)2D3 (100 nM), which 
is known to increase intracellular calcium 
concentration in cultured keratocytes [49], 
resulted in nuclear translocation of NFAT-2 in 
keratocytes. This further supports a role of 
NFAT-2 in regulating keratocyte differentiation. 
 
TGF- exerts a wide range of biological effects 
on keratocytes. In keratocytes, TGF- has anti-
proliferative effects and is known to increase 
the production of extracellular matrix and 
synthesis of plasminogen activator [75-77]. 
TGF- induces keratocyte growth arrest and 
does not alter intracellular calcium 
concentration [48]. As expected, TGF- did not 
induce nuclear translocation of NFAT-2 in 
epidermal keratocytes. Thus, agents that 
increase intracellular calcium concentration, 

Figure 9. Time course of NFAT-2 subcellular 
localisation in response to different agonists in 
cultured keratocytes (A and B). Human 
keratocytes were cultured on coverslips and 
immunostained as described in Materials and 
Methods. The number of cells showing positive 
nuclear staining was counted using 
epifluorescence microscopy. At least 150 cells 
from 3 independent experiments were assessed 
at each time point. 
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but not these inducing growth arrests alone, 
appear to be important regulators of both 
keratocytes differentiation and NFAT-2 
activation. A number of keratocyte 
differentiation markers such as loricrin, 
filaggrin and transglutaminase are inhibited by 
RA [78]. A decrease in intracellular free 
calcium levels has been shown using the 
calcium-sensitive dye, Indo-1, in human 
epidermal keratocytes [50]. Similarly, RA that 
is known to induce growth arrest and do not 
promote keratocyte differentiation, did not 
result in nuclear translocation of NFAT-2 in 
cultured keratocytes. 
 
The different kinetics of translocation of each 
NFAT might be important in keratocyte 
differentiation since other studies indicated 
that multiple types of NFAT proteins can be 
expressed in certain tissue, but only during 
specific stages of development do individual 
NFAT proteins undergo nuclear translocation 
in response to increase intracellular calcium 
concentrations. Examples of such 
developmental specificity were observed in 
skeletal muscle cell [30, 79], and during 
thymocyte differentiation [80]. Furthermore, 

although all four known NFAT family members 
are present in cartilage cells, only NFAT 1 
regulates the process of chondrogenesis [34]. 
In accordance with these studies, our results 
may imply that different NFAT proteins may 
regulate specific sets of genes required during 
different stages of keratocyte differentiation. 
 
In contrast to NFAT 1, tacrolimus (1 M), but 
not CsA (1 M), inhibited nuclear translocation 
of NFAT-2. At subnanomolar concentrations, it 
was shown that tacrolimus inhibits the 
proliferation of human T cells stimulated by 
specific antigens [81-84]. It was clear in these 
studies that tacrolimus exerts its effect in a 
manner similar to CsA but with 10-100-fold 
higher potency [81-84]. Tacrolimus appeared 
to be more potent in inhibiting NFAT-2 nuclear 
translocation in cultured keratocytes than it 
does for NFAT 1. Further studies using lower 
concentrations of tacrolimus and higher CsA 
concentrations are required to further 
investigate this issue in skin cells. Inhibition of 
this pathway in epidermal keratocytes may 
account, in part, for therapeutic effects of CsA 
and tacrolimus in skin diseases such as 
psoriasis. 

Table 3. Nuclear translocation of NFAT-2 in human keratocytes 
 
 
Treatment 

 
NFAT-2 

 
 % cells showing 

nuclear positivity 
Number of cells 

counted 
Medium control*  6.7 150 
DMSO control† 6.7 150 
Ionomycin 2h‡ 14.7§§ 150 
Ionomycin 4h‡ 56.0§§§ 150 
Ionomycin 18 h‡ 75.3§§§ 150 
CsA 2h¶ 6.7 150 
CsA 4 h¶ 8.7 150 
CsA 18 h¶ 8.0 150 
Tacrolimus 2 h||  6.0 150 
Tacrolimus 4 h|| 6.7 150 
Tacrolimus 18 h|| 6.0 150 
Retinoic acid 2 h** 7.3 150 
Retinoic acid 4 h** 7.3 150 
Retinoic acid 18 h** 12.7 150 
TGF- 2 h§ 7.3 150 
TGF- 4 h§ 8.0 150 
TGF- 18 h§ 8.7 150 
1,25 (OH)2D3 2 h# 7.3 150 
1,25 (OH)2D3 4 h# 47.3## 150 
1,25 (OH)2D3 18 h# 52.0## 150 
*Low calcium (70 M) medium, †Vehicle control, ‡Ionomycin (1 M), ¶CsA (1 M), ||Tacrolimus (1 M), 
**Retinoic acid (100 nM), §TGF- (1ng/ml), #1, 25 (OH)2D3 (100nM), §§P=0.04 compared to DMSO control, 
§§§P<0.0001 compared to DMSO control, ##P<0.0001 compared to DMSO control. 
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This study according to my knowledge is one of 
the first observations of plasma membrane 
translocation of NFAT-2 proteins. Similar to 
Calcineurin B [39], plasma membrane 
translocation of NFAT-2 in keratocytes was 
induced by increasing extracellular calcium 
from 70 µM to 1.5 mM and was also most 
marked at 4 h. In contrast to CaNB, CsA did 
not inhibit plasma membrane translocation of 
NFAT-2. In addition, CsA induced plasma 
membrane translocation of NFAT-2 in human 
dermal fibroblasts. Furthermore, TPA plus 
ionomycin also induced plasma membrane 
translocation of NFAT 4 in dermal fibroblasts. 
It was reported that Bcl-2 (an apoptosis 
suppresser) forms a tight complex with 
calcineurin, resulting in targeting of calcineurin 
to Bcl-2 sites on the plasma membrane [85]. 
Recently, it was demonstrated that the 
potential to regulate NFAT is a conserved 
property of Nef, a 27-34 kDa myristoylated 
protein unique to primate lentivirus [86], and 
that Nef residues involved in membrane 
targeting and SH3 binding are essential for 
Nef function [87]. Nef genes are important for 
the development of AIDS in humans [86]. LCK, 
a Src non-receptor protein tyrosine kinase is 
essential for signal transduction via TCR and 
must be attached to the plasma membrane via 
dual acylation of its N-terminus for proper TCR 
signalling [88]. Expression of specific mutants 
of these acylated sites in LCK negative cell line 
activated NFAT [89]. 
 
Hypertrichosis is a well-known side effect of 
systemic CsA. This side effects of CsA is 
probably independent of T cells as they occur 
in T cell-deficient nude mice 90, 91. The calcium 
signal is transmitted into an intracellular 
response by different calcium-binding proteins. 
Some of these proteins such as annexin-1, 
caldesmon and calmodulin have been studied 
by immunohistochemistry in hair follicles [92-
94]. Calmodulin was reported to be expressed 
with a potential significance in hyper-
proliferative skin disorders [94].  In addition, 
the protein kinase C isoform nPKC eta, which 
can be stimulated by activation of calmodulin 
was localised only to the outer root sheath 
[95]. Interestingly, all the calcineurin/NFAT 
pathway components were localised to the 
outer root sheath of hair follicles, suggesting a 
role for this pathway in increasing hair growth 
in CsA treated patients.  
 
We have previously shown that treatment of 
cultured human keratocytes with agents that 

induce a sustained rise in intracellular 
calcium, including elevation of extracellular 
calcium leads to nuclear translocation of 
endogenous NFAT1, which was inhibited by 
pre-treatment with CsA, tacrolimus39, 96 and 
recently with nifedipine [40]. These data 
provide the first evidence of that NFAT-2 is 
functionally active in human keratocytes and 
dermal fibroblasts and that nuclear 
translocation of NFAT-2 in human skin cell may 
play an important role in regulation of 
keratocytes differentiation as demonstrated by 
response to differentiation signal and 
sustained mobilization of calcium, as in T cells, 
is required for NFAT activation. Inhibition of 
this pathway in human epidermal keratocytes 
many account, in part for the therapeutic 
effects of CsA and tacrolimus in skin disorders 
such as psoriasis. Ultimately, the identification 
of NFAT-regulated genes in skin cells will be 
crucial for developing an understanding of the 
physiological role that these transcription 
factors play in skin differentiation. However, 
the functional significance of each NFAT 
member in skin remains to be fully explored. 
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