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The NFAT (nuclear factor of activated T cells) family of transcription factors is composed of four calcium-responsive proteins
(NFAT1 to -4). The NFAT2 (also called NFATc1) gene encodes the isoforms NFAT2� and NFAT2� that result mainly from alter-
native initiation exons that provide two different N-terminal transactivation domains. However, the specific roles of the NFAT2
isoforms in cell physiology remain unclear. Because previous studies have shown oncogenic potential for NFAT2, this study em-
phasized the role of the NFAT2 isoforms in cell transformation. Here, we show that a constitutively active form of NFAT2� (CA-
NFAT2�) and CA-NFAT2� distinctly control death and transformation in NIH 3T3 cells. While CA-NFAT2� strongly induces
cell transformation, CA-NFAT2� leads to reduced cell proliferation and intense cell death through the upregulation of tumor
necrosis factor alpha (TNF-�). CA-NFAT2� also increases cell death and upregulates Fas ligand (FasL) and TNF-� in CD4� T
cells. Furthermore, we demonstrate that differential roles of NFAT2 isoforms in NIH 3T3 cells depend on the N-terminal do-
main, where the NFAT2�-specific N-terminal acidic motif is necessary to induce cell death. Interestingly, the NFAT2� isoform is
upregulated in Burkitt lymphomas, suggesting an isoform-specific involvement of NFAT2 in cancer development. Finally, our
data suggest that alternative N-terminal domains of NFAT2 could provide differential mechanisms for the control of cellular
functions.

Nuclear factor of activated T cells (NFAT) was originally de-
scribed as an essential transcription factor for T cell activa-

tion and differentiation (1). The NFAT family is composed of four
calcium-responsive proteins, named NFAT1 (also called NFATc2/
NFATp), NFAT2 (NFATc1/NFATc), NFAT3 (NFATc4), and
NFAT4 (NFATc3/NFATx) (2–5), each displaying several splice
variants (6, 7). These NFAT proteins have two conserved domains:
the DNA-binding domain (DBD), which is the hallmark family do-
main, and the calcium-responsive N-terminal regulatory domain,
denominated the NFAT homology region (NHR) (6).

Despite the conservation of the DBD and NHR, divergent phe-
notypes of NFAT-deficient mice suggest that different members of
this family display nonredundant roles in cellular homeostasis (8).
Apparently, NFAT1 and NFAT2 proteins have distinct roles in cell
transformation, acting as a tumor suppressor and an oncogene,
respectively (9). The tissue-restricted expression of the NFAT
family members and isoforms supports the idea that these pro-
teins might have cell-specific and/or gene-specific activities (7).
The DBD and NHR conserved domains are flanked by the amino-
and carboxy-terminal transactivation domains (TAD-N and
TAD-C, respectively). These domains are highly variable regions
between the NFAT family members and isoforms (6, 7). One hy-
pothesis is that the differences between the TADs could be relevant
for nonredundant functions of these transcription factors through
the direct initiation of transcription or by cooperation with iso-
form-specific protein partners.

NFAT was described as an important regulator of genes in-
volved in the control of the cell cycle and cell death, such as those
for p21WAF1/Cip1, cyclin-dependend kinase 4, c-myc, cyclin A2, Fas
ligand (FasL), Nur77, c-FLIP, and tumor necrosis factor alpha
(TNF-�) (10–17). Additionally, deregulation of calcineurin/
NFAT signaling and abnormal expression of its components have
been reported for several solid tumors, lymphomas, and leuke-

mias (18, 19). Several studies have suggested the oncogenic poten-
tial of the NFAT family member NFAT2. NFAT2 was fundamen-
tal for pancreatic cancer progression and contributed to the
survival of melanoma cells and the metastatic potential of colorec-
tal cancer cells (11, 20, 21). Furthermore, NFAT2 was activated in
70% of Burkitt lymphoma cases and in �30% of diffuse large B
cell lymphoma (DLBCL) cases and was overexpressed and acti-
vated in cases of chronic lymphocytic leukemia (CLL) (22, 23).

The NFAT2 gene encodes the isoforms NFAT2� and NFAT2�
that result mainly from the alternative 5= initiation exons that
provide two different TAD-Ns (24). While it has been demon-
strated that different NFAT2 isoforms can be specifically regulated
and expressed in T and B lymphocytes and mast cells, exhibiting
differential roles in the regulation of cytokine expression (24–28),
little is known about the specific roles of these isoforms in the
regulation of cell death and tumor formation. Because NFAT2
displays important roles in tumorigenesis, we hypothesized that
NFAT2 isoforms that diverge in the TAD-N may display differen-
tial functions in cellular transformation. To address this hypoth-
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esis, two constitutively active short NFAT2 isoforms (CA-
NFAT2� and CA-NFAT2�) that diverge only in their N-terminal
portions were overexpressed in nontransformed NIH 3T3 fibro-
blasts, and their role in cell transformation was analyzed. Surpris-
ingly, while CA-NFAT2� acts as a positive regulator of cell prolif-
eration in NIH 3T3 cells, inducing several hallmarks of
transformation, CA-NFAT2�-expressing cells showed reduced
cell proliferation and intense cell death through an increase in
TNF-� cytokine expression levels. We demonstrated that an
acidic activation domain (AAD) present in the TAD-N of CA-
NFAT2� is essential for cell death induction by this isoform, such
that substitutions of acidic amino acids within this domain com-
pletely abolish cell death and promote transformation. Further-
more, CA-NFAT2� was able to increase FasL and TNF-� levels
and to induce cell death in CD4� T lymphocytes. Finally, a Burkitt
lymphoma-derived cell line and human Burkitt lymphoma sam-
ples showed increased expression of the NFAT2� isoform, sup-
porting the idea that this isoform contributes to cell transforma-
tion in cancer development. Taken together, these results suggest
that NFAT2 isoforms have different roles in the control of cellular
functions and that the transactivation domains may act as impor-
tant regulators of nonredundant functions of the NFAT family
members.

MATERIALS AND METHODS
Donors, patients, and Burkitt lymphoma samples. Human peripheral
blood mononuclear cells (PBMCs) were obtained from 10 healthy blood
donors at the blood bank of the Brazilian National Cancer Institute after
written informed consent was obtained. The leukocytes were harvested
from white blood cell reduction filters, and PBMCs were isolated by den-
sity gradient centrifugation using Ficoll. After written informed consent
was obtained from each guardian, samples from seven cases of pediatric
Burkitt lymphoma were included in this study. The samples were ob-
tained from the Division of Pathology of the Brazilian National Cancer
Institute. This study was approved by the Human Ethics Committee of the
Brazilian National Cancer Institute (CEP process no. 018/09).

Cell culture. NIH 3T3, EcoPack2, Phoenix-ECO, and murine primary
CD4� T cells were cultured in Dulbecco’s modified Eagle’s medium sup-
plemented with NaHCO3 (40 mM), NaH2PO4 (1 mM), sodium pyruvate
(1 mM), minimum essential medium (MEM) vitamin solution (1�),
MEM essential and nonessential amino acid solutions (1�), penicillin
(100,000 U/liter), streptomycin (10 mg/liter), HEPES (10 mM), L-glu-
tamine (2 mM), and �-mercaptoethanol (55 �M) (all from Gibco). Jur-
kat, 697, and Raji cells were cultured in RPMI medium supplemented with
sodium pyruvate (1 mM), penicillin (100,000 U/liter), streptomycin (10
mg/liter), L-glutamine (2 mM), and �-mercaptoethanol (55 �M). All cul-
tures were supplemented with 10% fetal bovine serum and incubated in a
humidified environment containing 5% CO2 at 37°C.

Animals. Athymic BALB/c nude, Nfat2�/� Cd4-cre�, and Nfat2fl/fl

Cd4-cre� mice were maintained at the Brazilian National Cancer Institute
animal facility. Nfat2fl/fl Cd4-cre� mice were generated in Anjana Rao’s
laboratory (La Jolla Institute for Allergy and Immunology, San Diego,
CA) (29). Eight- to twelve-week-old mice were used in all experiments,
which were performed in accordance with the Brazilian Government’s
ethical and animal experiment regulations. The experiments were ap-
proved by and conducted according to animal welfare guidelines of the
Ethics Committee of Animal Experimentation of the Brazilian National
Cancer Institute (CEUA process no. 008/13 and 003/14).

CD4� T cell isolation. CD4� T cells were isolated from peripheral
lymph nodes of Nfat2�/� Cd4-cre� or Nfat2fl/fl Cd4-cre� mice by negative
selection using the Dynal Beads system (Invitrogen). CD4� cell purity was
assessed by flow cytometry after isolation and was 	95%.

Plasmid construction. The pLIRES-EGFP and pLIRES-EGFP-CA-
NFAT2� vectors were constructed as previously described (9, 30). Murine
CA-NFAT2� cDNA was a gift from Anjana Rao (31). Plasmid pLIRES-
EGFP-CA-NFAT2� was constructed by subcloning CA-NFAT2� cDNA
into the pLIRES-EGFP retroviral backbone plasmid using the restriction
enzyme XhoI. The truncated CA-NFAT2-
N, CA-NFAT2�-
1-8, and
CA-NFAT2�-
1-19 proteins were constructed by PCR amplification of
the respective fragments of CA-NFAT2� cDNA followed by subcloning
into the pLIRES-EGFP retroviral backbone. Plasmids pLIRES-EGFP-CA-
NFAT2�-
9-19 and CA-NFAT2�-Mut-Acid were constructed by using
the GeneTailor site-directed mutagenesis system (Invitrogen). CA-
NFAT2�-Mut-Acid comprises the following amino acid substitutions:
E9A, D11A, E17A, and D19A. The pRV-GFP vector was a gift from Anjana
Rao. Plasmids pRV-GFP-CA-NFAT2� and pRV-GFP-CA-NFAT2� were
constructed by subcloning CA-NFAT2� and CA-NFAT2� cDNAs, re-
spectively, into the pRV-GFP retroviral backbone using the restriction
enzymes SalI and XhoI. The bp �200 TNF-� promoter was synthesized
(Genscript) and subcloned into the pGL4.10 vector (Promega). Plasmid
�3(long)-luciferase was acquired from Addgene (plasmid 11110) (32).
The sequences of the primers used for plasmid construction are available
upon request. All constructs were confirmed by DNA sequencing.

Production of recombinant retroviruses and infection of target
cells. BD EcoPack2 ecotropic packaging cells (BD Biosciences) were tran-
siently transfected with retroviral vectors by calcium phosphate precipi-
tation for 24 h. The next day, the virus-containing supernatant was col-
lected, mixed 1:1 (vol/vol) with fresh medium, supplemented with 8
�g/ml Polybrene (Fluka Chemie), and immediately used for spin infec-
tion of 2.5 � 104 NIH 3T3 cells in a six-well plate. After 24 h, the infected
cells were trypsinized, and the efficiency of transduction was assessed by
enhanced green fluorescent protein (EGFP) expression, which routinely
revealed 	85% virus-infected cells by flow cytometry. The time point of
24 h after transduction was defined as the starting point for all experi-
ments using transduced NIH 3T3 cells. For transduction of primary
CD4� T cells, Phoenix-ECO packaging cells were transiently transfected
with retroviral vectors by calcium phosphate precipitation for 24 h. The
next day, the virus-containing supernatant was collected and concen-
trated by centrifugation overnight at a relative centrifugal force (RCF) of
6,000 at 4°C. After concentration, the retroviruses were resuspended in
fresh medium and supplemented with 8 �g/ml Polybrene. Primary CD4�

T cells were stimulated with 1 �g/ml of anti-CD3 and 1 �g/ml of anti-
CD28 (both from BD Pharmingen) in a 12-well plate coated with 0.3
mg/ml of goat anti-mouse IgG (MP Biomedicals). After 48 h, the culture
medium was replaced with medium containing concentrated retrovirus,
and CD4� T cells were spin infected. The conditioned lymphocyte me-
dium was collected prior to the addition of virus, stored at 37°C, and
added to the cells after spin infection. After 24 h, transduced cells were
washed with phosphate-buffered saline (PBS), transferred to a six-well
plate, and cultured with fresh medium supplemented with 20 U/ml of
recombinant interleukin-2 (IL-2) (PeproTech) for 24 h. The time point of
48 h after transduction was defined as the starting point for experiments
using transduced CD4� T cells. To ensure reproducibility, each experi-
ment was repeated by using cells derived from independent virus infec-
tions.

Western blotting. Whole-protein extracts from transduced NIH 3T3
cells (1 � 105 cells) or CD4� T cells (1 � 106 cells) were obtained by cell
lysis in buffer containing 40 mM Tris (pH 7.5), 60 mM sodium pyrophos-
phate, 10 mM EDTA, and 5% SDS, followed by incubation at 100°C for 15
min. Total cell lysates were resolved by SDS-PAGE, followed by transfer
onto a nitrocellulose membrane. Immunodetection of NFAT2 variants,
�-actin, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
performed by using anti-NFATc1 monoclonal antibody 7A6 (Santa Cruz
Biotechnology), anti-beta-actin polyclonal antibody (Abcam), and anti-
GAPDH monoclonal antibody 6C5 (Santa Cruz Biotechnology), respec-
tively, and visualized by using the SuperSignal West Pico chemilumines-
cent substrate (ThermoFisher Scientific).
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Cell proliferation studies. NIH 3T3 cells were plated in triplicate into
96-well microtiter plates at a density of 8 � 103 cells/well. Cell prolifera-
tion was analyzed at the indicated times by crystal violet staining. The cells
were fixed with ethanol, stained with 0.05% crystal violet in 20% ethanol,
washed with distilled water, and solubilized with methanol. The optical
density at 595 nm was read on a spectrophotometer.

Sub-G0 analyses. NIH 3T3 cells were plated into a 12-well plate (1 �
105 cells/well). After 72 h, the cells were trypsinized and stained with
propidium iodide (75 �M) in the presence of NP-40. Where indicated,
CA-NFAT2�-expressing cells were treated with a TNF-� neutralizing an-
tibody at a concentration of 1 to 1,000 ng/ml (catalog no. MCA1488XZ;
AbD Serotec). DNA content was analyzed by collecting 10,000 events
using a FACScalibur flow cytometer. Data were analyzed with CellQuest
(BD Biosciences) and FlowJo (Tree Star Inc.) software.

Focus-forming assay and growth in semisolid medium. In the focus-
forming assay, transduced NIH 3T3 cells were diluted 1:4 with uninfected
wild-type NIH 3T3 cells and plated into a six-well plate at a final density of
5 � 104 cells/well. Growth medium was changed every 2 days. After 10 to
14 days, the cells were visualized by phase-contrast microscopy, and EGFP
expression was detected by fluorescence microscopy. For visualization of
foci, NIH 3T3 cells were fixed with ethanol and stained with 0.05% crystal
violet in 20% ethanol. For growth in semisolid medium, transduced cells
were resuspended in 0.4% agarose-supplemented growth medium and
plated into six-well plates (5 � 103 cells/well) previously coated with 0.8%
agarose-supplemented growth medium. After solidification, growth me-
dium was added to each well, and the medium was changed every 3 days.
After 4 to 5 weeks, the total number of colonies was determined by count-
ing. Representative colonies were visualized by phase-contrast micros-
copy, and EGFP expression was detected by fluorescence microscopy.

Tumor formation. NIH 3T3 cells transduced with either control plas-
mid pLIRES-EGFP or pLIRES-EGFP-CA-NFAT2 were trypsinized and
resuspended in PBS. Athymic 8- to 12-week-old BALB/c nude mice were
injected subcutaneously in the right flank with 5 � 105 cells. Tumor vol-
umes (V) were analyzed every 5 days by using the following formula: V �
0.52 � (length2 � width). Mice were sacrificed, and photographs were
taken 55 days after injection by using the Ivis Lumina XR Series III system
(PerkinElmer) for the detection of EGFP expression in the tumors.

RNA extractions and real-time RT-PCR assays. Transduced NIH
3T3 cells were plated into 10-cm plates (1.5 � 106 cells/plate). After 16 h,
total RNA was isolated by using RNeasy Mini Spin columns (Qiagen).
First-strand DNA synthesis was performed by using the RT2 first-strand
kit (SABiosciences Corporation), and real-time PCR was performed by
using SYBR green PCR master mix (SABiosciences). The PAMM-012
mouse apoptosis pathway RT2 Profiler PCR array (SABiosciences) was
used for expression analysis of 81 apoptosis-related genes, and the data
were analyzed by using RT2 Profiler PCR Array Data Analysis software
(SABiosciences). For NFAT2 transcript analysis, primary CD4� T cells
from C57BL/6 mice were cultured in six-well plates (3 � 106 cells/well)
and stimulated with anti-CD3 and anti-CD28 (both at 1 �g/ml) for 1, 3,
24, and 48 h. Human cancer cell lines (Jurkat, 697, or Raji) were cultured
in six-well plates (3 � 106 cells/well) and, when indicated, stimulated with
phorbol myristate acetate (PMA) (10 nM) plus ionomycin (1 �M) for 4 h.
For NFAT2 analysis using PBMCs from healthy donors, 1 � 107 freshly
purified cells were used. Total RNA was isolated by using TRIzol LS re-
agent (Invitrogen), and first-strand cDNA was synthesized by using the
ImProm-II reverse transcription (RT) system (Promega). Total RNA
from paraffin-embedded tissue sections from seven cases of Burkitt lym-
phoma was isolated by using the RecoverAll total nucleic acid isolation kit
for formalin- or paraformalin-fixed, paraffin-embedded tissues (Am-
bion), and first-strand cDNA was synthesized by using the High-Capacity
cDNA reverse transcription (RT) kit (Applied Biosystems). Real-time
PCR assays were performed by using SYBR green master mix (Applied
Biosystems). The sequences of primers used for real-time PCR are avail-
able upon request. All procedures were performed according to the man-
ufacturers’ instructions.

ELISA. NIH 3T3 cells were plated into a 12-well plate at 1 � 105

cells/well, and CD4� T cells were cultured in a 24-well plate at 1 � 106

cells/well. The cell-free supernatant was collected after the indicated
times, and TNF-� protein levels were assessed by using the murine TNF-�
enzyme-linked immunosorbent assay (ELISA) development kit (Pepro-
Tech) according to the manufacturer’s instructions.

Luciferase reporter assays. NIH 3T3 cells (5 � 104 cells/well in a
six-well plate) were cotransfected with plasmid pGL4.10-TNF-�-pro-
moter or �3(long)-luciferase and a renilla plasmid (pRL-TK) by using the
SuperFect transfection reagent (Qiagen). After 48 h, transfected cells were
transduced with the indicated plasmid. On the following day, cells were
plated into 12-well plates at a density of 1 � 105 cells/well. After 16 h, the
cells were lysed with passive lysis buffer (Promega), and luciferase activity
was analyzed by using a Dual-Luciferase reporter assay system (Promega)
with a Veritas microplate luminometer (Turner Biosystems). The firefly
luciferase reporter gene activity was normalized to renilla activity.

Annexin V staining. Transduced CD4� T cells were cultured in a
24-well plate at 1 � 106 cells/well and stimulated with PMA (10 nM) when
indicated. After 6 h, the cells were collected, washed with PBS, resus-
pended in annexin V binding buffer (0.1 M HEPES [pH 7.4], 1.4 M NaCl,
and 25 mM CaCl2), and stained with annexin V-allophycocyanin (APC)
(eBioscience) and 7-aminoactinomycin D (7-AAD) (BD Biosciences).
Phosphatidylserine exposure was analyzed by collecting 10,000 EGFP-
positive (EGFP�) events by using a FACScalibur flow cytometer. Data
were analyzed with CellQuest and FlowJo software.

FasL staining. Transduced CD4� T cells were cultured in a 24-well
plate at 1 � 106 cells/well and stimulated with PMA (1 nM) when indi-
cated. After 6 h, the cells were collected, washed with PBS, and stained
with anti-FasL-phycoerythrin (PE) antibody (eBioscience). FasL levels
were analyzed by collecting 10,000 EGFP� events using a BD Accuri C6
cytometer (BD Biosciences). Data were analyzed with BD Accuri C6 and
FlowJo software.

Statistical analyses. Statistical analysis of values from control and
treated groups was performed by using an unpaired Student t test for
single comparisons or analysis of variance followed by the Student-New-
man-Keuls test for multiple comparisons. The Mann-Whitney U test was
used only when indicated for donor PBMC samples and patient Burkitt
lymphoma samples. P values of �0.05 were considered statistically signif-
icant.

RESULTS
NFAT2 isoforms induce distinct phenotypes in NIH 3T3 cells. In
order to characterize the roles of the NFAT transcription factors in
cellular proliferation, we used previously described CA-NFAT2
mutants, which are known to be constitutively localized in the
nucleus, to bind DNA with high affinity, and to activate endoge-
nous NFAT target genes (9, 31). The use of constitutively active
proteins allows the analysis of NFAT2 functions in the absence of
external stimuli for NFAT activation that could activate other cel-
lular pathways and mask NFAT-specific functions. Furthermore,
the NIH 3T3 cell line was chosen because it is a classical model for
studies of cell proliferation and transformation. Moreover, NIH
3T3 cells do not express NFAT2, providing a model for the anal-
ysis of specific NFAT2 variants. A schematic alignment of the
NFAT2� and NFAT2� proteins is shown in Fig. 1A.

Initially, NIH 3T3 cells were infected with either an empty
vector or a vector containing the cDNAs of the CA-NFAT2 iso-
forms (Fig. 1B), and the proliferation patterns were observed by a
proliferation kinetic assay accompanied by a crystal violet incor-
poration assay. While control cells stopped growing once they
reached confluence, CA-NFAT2�-expressing cells overgrew the
monolayer and continued to proliferate beyond confluence (Fig.
1C). In contrast, CA-NFAT2�-expressing cells showed reduced
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cell accumulation and maintained a low-proliferation profile (Fig.
1C). To assess the cell death phenotype, sub-G0 DNA content was
analyzed. As shown by flow cytometry, �20% of cells expressing
CA-NFAT2� underwent apoptosis at 72 h postinfection, while
cells expressing the control vector or CA-NFAT2� exhibited a low
proportion of cell death (Fig. 1D). These results indicate that the
NFAT2 short isoforms display distinct roles in controlling cell
proliferation.

The observation that CA-NFAT2� leads to proliferation be-
yond confluence led to the question of whether the NFAT2 iso-
forms might exhibit distinct functions in cell transformation. The
loss of contact-mediated growth inhibition was analyzed by a fo-
cus-forming assay in which transduced cells were mixed with an
excess of uninfected wild-type NIH 3T3 cells. Whereas cells in-
fected with the empty vector gave rise to a small number of foci,
CA-NFAT2�-expressing cells formed a large number of foci (Fig.
2A). CA-NFAT2�-expressing cells also formed foci but induced
less focus formation than did CA-NFAT2�-expressing cells (Fig.
2A). Analysis of EGFP expression showed that foci that formed in
mixed cultures with either CA-NFAT2�- or CA-NFAT2�-ex-
pressing cells were composed of transduced cells (Fig. 2B). Fur-
thermore, we tested whether the NFAT2 isoforms were able to

induce the growth of NIH 3T3 cells in the absence of a solid sub-
stratum for adhesion. While control cells formed only small num-
bers of small colonies, CA-NFAT2�-expressing cells promptly
formed many large colonies (Fig. 2C and D). Interestingly, al-
though CA-NFAT2� expression in NIH 3T3 cells led to the for-
mation of the same number of colonies as control cells, these
colonies were larger (Fig. 2C and D). These results support the
idea that while CA-NFAT2� expression can induce cell death in
NIH 3T3 cells, those cells that survive its expression may acquire a
transformed phenotype. Finally, cell transformation induced by
NFAT2 isoforms was tested in vivo. Athymic mice receiving cells
transduced with the empty vector did not give rise to any detect-
able tumor (Fig. 2E and F). However, CA-NFAT2�-infected cells
promptly formed large tumors with a high growth rate in the flank
of inoculated mice, while CA-NFAT2�-expressing cells formed
only smaller and moderate-growing tumors (Fig. 2E and F). Ad-
ditionally, tumors formed by CA-NFAT2�-expressing cells
showed lower expression levels of EGFP than did CA-NFAT2�-
expressing tumors (Fig. 2F), suggesting that they were composed
of cells with lower CA-NFAT2� expression levels. Taken together,
these results demonstrate that despite only a slight difference in the
primary amino acid sequences between NFAT2� and NFAT2�, the

FIG 1 NFAT2 isoforms play different roles in cell proliferation and death in NIH 3T3 fibroblasts. NIH 3T3 cells were infected with either the control
pLIRES-EGFP vector (empty vector) or the pLIRES-EGFP-CA-NFAT2 vector. (A) Schematic alignment of the NFAT2 short isoforms. The NFAT2� and
NFAT2� proteins differ only at the N terminus, which contains 42 amino acids in the NFAT2� protein, encoded by exon 1 of the gene, or 28 differential amino
acids in the NFAT2� protein, encoded by exon 2. The identical shading patterns represent identical sequences. The numbers indicate the amino acid positions
in the murine proteins. DBD, DNA-binding domain; NHR, NFAT homology region; TAD-N, N-terminal transactivation domain. (B) Western blotting of
transduced NIH 3T3 cells. (C) Proliferation kinetic assay by crystal violet staining. The data are presented as means  standard deviations of results from one
representative experiment. O.D., optical density. (D) Cell death analysis by propidium iodide (PI) staining 72 h after plating at confluence. The percentage of cell
death (sub-G0 DNA content) is indicated. All results are representative of data from at least three independent experiments.
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expression of the alternative NFAT2 isoforms induces different
phenotypes in NIH 3T3 cells. While NFAT2� positively controls
cell proliferation and induces cell transformation, NFAT2� is able
to induce cell death and a milder cell transformation phenotype.

The NFAT2 N-terminal differential domain enables cell
death induction but is not necessary for transformation. As
shown in Fig. 1A, NFAT2� and NFAT2� diverge only within the
first amino acids of the TAD-N. In order to elucidate the role of
the N termini of the NFAT2 isoforms in cell death and transfor-
mation, a truncated protein (CA-NFAT2-
N) that lacks only the
amino acid residues that differ between the NFAT2� and NFAT2�
isoforms was constructed (Fig. 3A) and expressed in NIH 3T3 cells
(Fig. 3B). Strikingly, CA-NFAT2-
N-expressing NIH 3T3 cells
showed a proliferation profile similar to that of CA-NFAT2�-
expressing cells, leading to proliferation beyond confluence (Fig.
3C). Moreover, CA-NFAT2-
N-expressing cells showed a low
proportion of cells undergoing apoptosis (Fig. 3D). Taken to-
gether, these results demonstrate that the differential 28-amino-
acid (aa)-long N terminus of CA-NFAT2� is essential for the iso-
form-specific induction of cell death.

CA-NFAT2-
N-expressing cells induced a CA-NFAT2�-like
cell transformation phenotype. CA-NFAT2-
N was able to pro-
mote the loss of contact-mediated growth inhibition, inducing the
formation of numerous foci in the culture (Fig. 3E), and to pro-
mote anchorage-independent cell growth in semisolid medium
(Fig. 3F and G). These data suggest that the differential TAD-N
regions of the NFAT2 isoforms are not essential for cell transfor-
mation induced by NFAT2.

Conserved acidic amino acids in the N terminus of the
NFAT2� protein are fundamental for induction of cell death.
We have shown that the deletion of the first 28 aa of CA-NFAT2�
completely abolished the induction of death in NIH 3T3 cells. The
NFAT2�-specific amino terminus contains 7 acidic residues (Asp/
Glu) interspersed with a number of hydrophobic residues, a pat-
tern conserved in many acidic activation domains (AADs) (33).
An alignment of the N termini of NFAT2� and the other NFAT
family members revealed the conservation of several acidic/hy-
drophobic residues (Fig. 4A). In order to understand the impor-
tance of this domain for cell death, we constructed three truncated
proteins that lacked amino acid residues 1 to 8, 1 to 19, and 9 to 19,
termed CA-NFAT2�-
1-8, CA-NFAT2�-
1-19, and CA-
NFAT2�-
9-19, respectively (Fig. 4B), and these constructs were
expressed in NIH 3T3 cells (Fig. 4C). Surprisingly, only truncated
proteins that lacked the acidic domain (CA-NFAT2�-
1-19 and
CA-NFAT2�-
9-19) were unable to induce death in NIH 3T3
cells, while the deletion of the first 8 aa that do not encompass the
conserved acidic domain did not abrogate cell death (Fig. 4D).
These data demonstrate that the conserved acidic activation do-
main within the CA-NFAT2� N terminus is fundamental to CA-
NFAT2�-induced cell death.

Previous studies of Saccharomyces cerevisiae showed that acidic
amino acid residues interspersed with hydrophobic residues are
important for the formation of an amphipathic alpha helix and for
the activation of transcription (34). To elucidate the role of spe-
cific amino acid residues in the AAD of CA-NFAT2�, 4 acidic
amino acid residues within this domain that are conserved be-

FIG 2 CA-NFAT2� and CA-NFAT2� induce cell transformation with distinct intensities in NIH 3T3 cells. Cells were transduced with the empty vector or
vectors containing cDNAs of NFAT2 isoforms. (A) Focus-forming assay. Transduced cells were mixed 1:4 with uninfected wild-type NIH 3T3 cells and grown
for 10 to 14 days. For visualization of foci, the cells were stained with crystal violet. (B) Phase-contrast microscopy (left) and optical fluorescence microscopy for
EGFP expression (right) of representative foci. The results are representative of data from at least three independent experiments. (C) Growth in semisolid
medium. Transduced NIH 3T3 cells were grown in semisolid agarose medium, and colonies were counted 4 to 5 weeks after plating. Data are shown as means 
standard deviations of results from three independent experiments. *** indicates a P value of �0.001. (D) Phase-contrast microscopy (left) and optical
fluorescence microscopy for EGFP expression (right) of representative colonies. (E) Tumor formation in nude mice. NIH 3T3 cells (5 � 105 cells) were
inoculated subcutaneously in the right flank of athymic BALB/c nude mice (n � 7). Tumor volumes were measured every 5 days, and the data are shown as
means  standard errors of the means. * indicates a P value of �0.05. (F) In vivo imaging of tumors from four representative mice 55 days after inoculation for
EGFP expression. The color scale represents the fluorescence signal in radiance and ranges from red (minimum of 1.11 � 108 photons/s/cm2/sr) to yellow
(maximum of 1.85 � 109 photons/s/cm2/sr).
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tween the NFAT proteins (Glu9, Asp11, Glu17, and Asp19) were
mutated to noncharged alanine residues (CA-NFAT2�-Mut-
Acid) (Fig. 5A). Comparison of the phenotypes induced by the
CA-NFAT2 isoforms and CA-NFAT2�-Mut-Acid showed that
mutations of only 4 amino acid residues of the AAD were suffi-
cient to completely abolish CA-NFAT2�-induced cell death (Fig.
5B) and to increase cell accumulation (Fig. 5C). Cell transforma-
tion analyses demonstrated that CA-NFAT2�-Mut-Acid was able
to induce increases in the numbers and sizes of the foci in culture
and in colonies in semisolid medium (Fig. 5D to F). Taken to-
gether, these results suggest that the conserved acidic amino acids
present in the NFAT2�-specific N-terminal domain are funda-
mental for the induction of cell death and that their ablation en-
hances the oncogenic potential of the NFAT2� protein.

CA-NFAT2� induces death of NIH 3T3 cells through up-
regulation of TNF-�. In order to determine which genes are reg-
ulated by CA-NFAT2� during cell death induction, we screened
81 apoptosis-related genes using a real-time PCR assay. Total
RNA of NIH 3T3 cells was isolated 16 h after transduction with the
different NFAT2 isoforms. This time point was chosen based on
the lack of detectable cell death induced by CA-NFAT2� that
could interfere with mRNA levels. Compared to control cells, CA-
NFAT2�-expressing cells showed upregulation of 9 genes (Bcl2l10,
Naip1, Fasl, Il10, Pak7, Tnf, Cd40, Tnfsf10, and Cd70) and down-
regulation of 1 gene (Tnfrsf11b), while CA-NFAT2�-expressing
cells showed upregulation of 7 genes (Fasl, Il10, Pak7, Tnf, Cd40,
Cd70, and Trp73) and downregulation of 5 genes (Casp1, Casp12,
Casp14, Tnfrsf11b, and Trp63) (Fig. 6A). Dapk1 and Cd40lg ex-
pression was undetectable in the samples. The overexpression of
CA-NFAT2 isoforms affected mainly the expression of Tnf, Fasl,
Pak7, and Il10 (Fig. 6A). In addition, CA-NFAT2� expression led

to greater increases in TNF-� (781-fold), FasL (120-fold), Pak7
(440-fold), and IL-10 (64-fold) mRNA levels than did CA-
NFAT2� expression (147-, 9-, 66-, and 45-fold, respectively) (Fig.
6B). Because TNF-� and FasL are direct inducers of cell death
through apoptosis, these proteins could account for cell death
induction. Furthermore, previous work from our group showed
that the accumulation of TNF-� can induce apoptosis in NIH 3T3
cells (17). Corroborating the increased mRNA levels, CA-
NFAT2� led to a greater accumulation of TNF-� protein than did
CA-NFAT2� and CA-NFAT2�-Mut-Acid (Fig. 6C), indicating
that the N-terminal domain of NFAT2� is important for the up-
regulation of TNF-�. The TNF-� promoter contains several
NFAT-binding sites (35), including a well-described �3(long) el-
ement (Fig. 6D) (32). CA-NFAT2� was able to increase the trans-
activation of both the bp �200 TNF-� promoter and the �3(long)
element more than CA-NFAT2� and CA-NFAT2�-Mut-Acid
(Fig. 6E). To analyze the importance of TNF-� expression for cell
death induced by CA-NFAT2�, a neutralization assay was per-
formed. TNF-� neutralization inhibited death in CA-NFAT2�-
expressing cells in a dose-dependent manner to a maximum of
�70% inhibition (Fig. 6F). On other hand, CA-NFAT2�, CA-
NFAT2�, and CA-NFAT2�-Mut-Acid induced slight increases in
FasL protein levels, and FasL neutralization did not affect cell
death induced by CA-NFAT2� (data not shown), indicating that
FasL is not involved in CA-NFAT2�-induced death in NIH 3T3
cells. Taken together, these data suggest that CA-NFAT2� induces
death in NIH 3T3 cells through the upregulation of TNF-�.

CA-NFAT2� induces cell death and upregulation of TNF-�
and FasL in CD4� T cells. Previous studies demonstrated distinct
expression patterns of NFAT2 isoforms (7, 24, 27). NFAT2�
(short and long isoforms) is predominant in nonactivated lym-

FIG 3 Cell death induction, but not cell transformation, is dependent on the NFAT2 N-terminal differential domain. NIH 3T3 cells were infected with either the
empty vector or vectors containing cDNAs of the CA-NFAT2 variants. (A) Schematic alignment of the NFAT2 short isoforms and the truncated CA-NFAT2-
N
protein. CA-NFAT2-
N lacks only the amino acid residues that differ between the NFAT2� and NFAT2� isoforms. (B) Western blotting of transduced NIH 3T3
cells. (C) Proliferation kinetic assay by crystal violet staining. O.D., optical density. The data are presented as means  standard deviations of results from one
representative experiment. (D) Cell death analysis by PI staining 72 h after plating at confluence. Standard deviation values indicate the variance of data from four
independent experiments, and ** indicates a P value of �0.01. (E) Focus-forming assay. See the legend to Fig. 2A for details. (F and G) Growth in semisolid
medium. Cells were cultured in semisolid agarose medium, and anchorage-independent cell growth was analyzed described in the legend to Fig. 2C and D. *
indicates a P value of �0.05.
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phocytes, while NFAT2� (mainly the short isoform) is upregu-
lated after cell stimulation (Fig. 7A and B) (24, 25, 27). The in-
crease in the NFAT2� level was associated with the entry of
lymphocytes into the cell cycle without inducing cell death (24,
27). These data are compatible with our results with NIH 3T3 cells
that suggest positive regulation of cell proliferation by NFAT2�,

while NFAT2� negatively regulates cell proliferation and induces
intense cell death.

In order to corroborate the differential roles of NFAT2 iso-
forms, we verified isoform-specific effects in CD4� T cells.
Nfat2fl/fl Cd4-cre� mice are a T cell-specific Nfat2 knockout
model (29, 36) enabling the study of a role of the single NFAT2
isoform by reconstitution of CD4� T cells with the NFAT2-
specific isoform. Primary CD4� T cells were purified from
Nfat2�/� Cd4-cre� mice (wild-type cells) or Nfat2fl/fl Cd4-cre�

mice (Nfat2�/� cells) and transduced with either plasmid pRV-
GFP (empty vector), pRV-GFP-CA-NFAT2�, or pRV-GFP-
CA-NFAT2� (Fig. 7C), and cell death profiles were analyzed by
annexin V staining. While control cells (Nfat2�/� Cd4-cre� or
Nfat2fl/fl Cd4-cre� CD4� T cells transduced with the empty
vector) and CA-NFAT2�-expressing CD4� T cells (Nfat2fl/fl

Cd4-cre� cells expressing CA-NFAT2�) showed a low propor-
tion of apoptotic cells, CA-NFAT2�-expressing CD4� T cells
(Nfat2fl/fl Cd4-cre� cells expressing CA-NFAT2�) showed in-
creased cell death (�39% apoptotic cells) (Fig. 7D). The stim-
ulation of NFAT transcriptional partner pathways (AP-1 and
NF-�B) with PMA increased cell death induced by both NFAT2
isoforms (Fig. 7D) and led to the accumulation of the cytokine
TNF-� (Fig. 7E). However, NFAT2 isoforms did not induce
TNF-� production in the absence of PMA (Fig. 7E), suggesting
that TNF-� is not sufficient to explain the differential roles of
these isoforms in nonstimulated CD4� T cells. Furthermore,
CA-NFAT2�-expressing cells showed increased FasL levels
(Fig. 7F), which could account for the differences between the
NFAT2 isoforms in cell death induction. These data suggest
that NFAT2 isoforms have distinct roles in cell death in CD4�

T lymphocytes, where CA-NFAT2� leads to a cell death phe-
notype that correlates with FasL and TNF-� upregulation.

NFAT2 isoforms are differentially expressed in Burkitt
lymphomas. Some studies have indicated an involvement of
NFAT2 in several hematological malignancies (18, 22, 23). As our
data indicated distinct roles of the NFAT2 isoforms in the cellular
transformation process in NIH 3T3 cells, we investigated the ex-
pression of the isoforms in cancer cell lines and tumors in order to
reinforce an isoform-specific role in cancer development in alter-
native models. Three cancer cell lines were analyzed: Jurkat (T cell
leukemia), 697 (pre-B cell leukemia), and Raji (Burkitt lym-
phoma). Similar levels of NFAT2� and NFAT2� mRNAs were
observed in Jurkat and 697 cells, whereas Raji cells showed in-
creased levels of the NFAT2� isoform compared to NFAT2� (Fig.
8A). All three cell lines showed an increase in NFAT2� expression
after PMA and ionomycin stimulation (Fig. 8B). In addition,
Burkitt lymphoma samples from patients showed high levels of
NFAT2�, which were correlated with low levels of NFAT2� in the
same sample, while peripheral blood mononuclear cells (PBMCs)
from health donors showed lower levels of NFAT2� than of
NFAT2� (Fig. 8C). Taken together, these data suggest a protu-
morigenic role of NFAT2� in Burkitt lymphomas.

DISCUSSION

Only a few studies have analyzed the phenotypic differences
between the distinct NFAT isoforms. The NFAT2 isoforms dis-
play cell- and activation-specific expression patterns, suggest-
ing different functions for these proteins. NFAT2 variants have
alternative initiation exons that result in a change of the tran-
scription start site from exon 2 to exon 1 to form the NFAT2�

FIG 4 An acidic activation domain is fundamental for cell death induction by
CA-NFAT2�. (A) Alignment of the N-terminal regions of the NFAT proteins.
Amino acids encoded by the first exon of each NFAT gene were aligned by
using the ClustalW tool. Shown is an acidic domain that displays sequence
conservation between NFAT2�, NFAT1, NFAT3, and NFAT4 but not
NFAT2�. The amino acid positions are indicated. (B) Schematic representa-
tion of the truncated variants of CA-NFAT2�. The conserved acidic domain is
underlined. (C) Western blotting of transduced NIH 3T3 cells. (D) NIH 3T3
cells were transduced with either the empty vector or vectors containing full-
length CA-NFAT2� or truncated CA-NFAT2� constructs. Cell death was an-
alyzed by PI staining 72 h after plating at confluence. Standard deviation values
indicate the variance of data from three independent experiments, and * indi-
cates a P value of �0.05.
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or NFAT2� protein, respectively (7, 24). These variants may
also display different C termini by alternative splicing (3, 7, 37,
38). The regulatory mechanisms of NFAT2 isoform expression
are well described for lymphocytes. NFAT2 transcription is
controlled by two promoters, P1 and P2 (24). In T lympho-
cytes, only P1 is an NFAT-dependent inducible promoter,
while P2 regulates the constitutive basal expression of NFAT2.
NFAT binding to the P1 promoter induces transcription from
exon 1 and splicing to exon 3, leading to the massive synthesis
of the NFAT2� isoform (24, 38, 39). In contrast, the P2 pro-
moter controls basal transcription of NFAT2� from exon 2 (24,
25). Interestingly, NFAT2 is the only inducible NFAT family
gene regulated at the transcriptional level through an autoreg-
ulatory loop. Upon T cell receptor (TCR) engagement and
NFAT protein activation, the autoregulatory loop leads to the
massive expression of NFAT2�, exceeding the expression levels

of the NFAT2� isoform several times (24). The regulation of
the NFAT2 isoforms is similar in B cells upon anti-IgM stimu-
lation (26, 27). The presence of the NFAT2 autoregulatory loop
and NFAT2� upregulation protect both T and B cells from
activation-induced cell death (AICD) (24, 26). NFAT2� might
work as an important regulator of genes involved in cell sur-
vival and proliferation without efficiently affecting cell death
genes. Alternatively, NFAT2� could compete with NFAT2� for
the promoter regions of cell death genes, preventing premature
death in activated T or B cells. Once the NFAT2� levels de-
crease after stimulus reduction, NFAT2� could contribute to
AICD through the upregulation of cell death genes such as the
FasL and TNF-� genes.

The transactivation activity of the TAD-N could explain the
different phenotypes induced by the NFAT2 isoforms. N-terminal
transactivation activity was observed for several NFAT family

FIG 5 Substitution of the conserved acidic amino acids in the NFAT2� acidic activation domain completely abolishes cell death and enhances the cell
transformation phenotype. NIH 3T3 cells were retrovirally transduced with the indicated vectors. (A, top) CA-NFAT2�-Mut-Acid was constructed by substi-
tution of 4 acidic amino acids residues, E9A, D11A, E17A, and D19A. (Bottom) Expression levels of the CA-NFAT2 constructs were analyzed by Western blotting.
(B) Cell death was assessed by sub-G0 DNA content analysis as described in the legend to Fig. 3D. *** indicates a P value of �0.001. (C and D) Proliferation
kinetics assays (C) and focus-forming assays (D) were performed as described in the legend to Fig. 1C and 2A, respectively. (E and F) Growth in semisolid medium
was assessed as described in the legend to Fig. 2C and D. ** indicates a P value of �0.01. All results are representative of data from at least three independent
experiments.
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members that contain the N-terminal acidic domain. One-hybrid
assays have shown that the region spanning aa 1 to 30 of NFAT2�
containing the acidic domain is necessary and sufficient for elicit-
ing a high activation signal (28). Similarly, the regions spanning aa
1 to 144 and aa 1 to 217 of NFAT1 and NFAT3, respectively,
showed high transactivation activity (40, 41). Accordingly, the
NFAT2� fragments spanning aa 1 to 44 and aa 1 to 106 that do not
contain the N-terminal acidic domain were unable to induce tran-
scription (28, 37). Moreover, it was shown previously that NFAT2�
is able to induce greater IL-4 transactivation than NFAT2� (28), sug-
gesting that the different N termini of the NFAT2 proteins might be
important for IL-4 regulation. Our data demonstrate that NFAT2�
can induce greater expression of several genes than NFAT2� (Fig. 6).

Taken together, these data suggest a functional relevance for the dif-
ferent isoforms and alternative NFAT exon usage, where isoforms
that maintain the conserved AAD could activate transcription
through their TAD-Ns.

Furthermore, our data suggest a remarkably differential role of
the NFAT2 isoforms in the regulation of cell death through the
upregulation of TNF-� (Fig. 1, 6, and 7E). Previous studies have
shown the differential regulation of TNF-� by NFAT proteins.
Whereas the NFAT1 protein was able to bind to and transactivate
the TNF-� promoter, leading to increased expression of this pro-
apoptotic protein, the NFAT2 protein was unable to transactivate
the TNF-� promoter (42, 43). However, in both studies, only the
NFAT2� isoform was analyzed. One-hybrid assays have shown

FIG 6 CA-NFAT2� induces death in NIH 3T3 cells by upregulation of TNF-�. NIH 3T3 cells were transduced with the empty vector or vectors containing
CA-NFAT2�, CA-NFAT2�, or CA-NFAT2�-Mut-Acid. (A and B) A real-time reverse transcriptase (SYBR green) SuperArray assay was performed to screen 81
apoptosis-related genes. The fold change values are relative to the values for cells transduced with the empty vector. (C) TNF-� ELISA. Transduced cells were
plated, and the cell-free supernatant was assessed for TNF-� protein levels by an ELISA at the indicated times. Data are shown as means  standard deviations
of results from three independent experiments. (D) Schematic representation of luciferase reporter vectors. Transcription factor-binding sites are indicated. (E)
NIH 3T3 cells were transfected with the luciferase reporter plasmids and pRL-TK (renilla plasmid) and transduced with retroviral vectors. Transduced cells were
plated at confluence and lysed after 16 h. Luciferase activity was normalized to the activity of the renilla vector. The fold induction values are relative to the values
for cells transduced with the empty vector. Data are shown as the means  standard deviations of data from three independent experiments. ** indicates a P value
of �0.01. (F) Neutralization assay. NIH 3T3 cells were infected with the pLIRES-CA-NFAT2� vector and plated with a TNF-� neutralizing antibody. After 72
h, cell death was analyzed by PI staining. Data were normalized and expressed as a percentage relative to the sub-G0 DNA content of nontreated cells. Standard
deviation values indicate the variance of data from five independent experiments.
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that the TAD-C of NFAT1 contains a strong transcription activa-
tion domain (44), and its fusion to NFAT2� allowed this isoform
to transactivate the TNF-� gene in Jurkat cells (43) and to induce
death in NIH 3T3 cells (45). Here, we suggest that NFAT2 requires
a transactivation domain to regulate TNF-� expression. Mecha-
nistically, the use of exon 2 in NFAT2� may enable this isoform to
induce TNF-� expression because it contains a potent transacti-

vation element. Similarly, our data show that CA-NFAT2� can
increase FasL levels in both NIH 3T3 fibroblasts (data not shown)
and CD4� T lymphocytes (Fig. 7F). The upregulation of FasL was
not sufficient for cell death induction in NIH 3T3 cells (data not
shown) but is fundamental for AICD of T cells (46). Together, our
results indicate that NFAT2� can regulate cell death in different
cell types through two apoptosis inducers, suggesting a relevant

FIG 7 CA-NFAT2� induces cell death and increases FasL and TNF-� levels in CD4� T lymphocytes. (A) Analysis of mRNA levels of NFAT2 isoforms in primary
CD4� T cells. Cells were stimulated with anti-CD3 and anti-CD28 (both at 1 �g/ml) for the indicated times, and mRNA levels of NFAT2 isoforms were analyzed
by a real-time RT-PCR assay using SYBR green master mix. The data were normalized to hypoxanthine-guanine phosphoribosyltransferase levels. The fold
change values are relative to the NFAT2� levels at the starting point (0 h). Data are shown as means  standard deviations of results from three independent
experiments. ** indicates a P value of �0.01. (B) Western blotting for NFAT2 and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) levels in CD4� T
cells stimulated with anti-CD3 and anti-CD28 for the indicated times. (C) Western blotting of transduced CD4� T cells. CD4� T cells were purified from
Nfat2�/� Cd4-cre� (wild-type cells) or Nfat2fl/fl Cd4-cre� (Nfat2�/� cells) mice and transduced with the empty vector or vectors containing CA-NFAT2�
or CA-NFAT2�. (D) Cell death analysis by annexin V and 7-AAD staining. Cells were plated in the absence (nonstimulated [NS]) or presence of 10 nM
PMA. After 6 h, phosphatidylserine exposure was accompanied by annexin V staining. The data are representative of results from two independent
experiments. (E) TNF-� ELISA. Transduced CD4� T cells were plated, and the cell-free supernatant was assessed for TNF-� protein levels by an ELISA
after 6 h. Data are shown as means of results from two independent experiments. (F) FasL staining. Cells were plated in the absence or presence of 10 nM
PMA for 6 h and stained with anti-FasL-PE antibody. The data are representative of results from two independent experiments.
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proapoptotic role. Interestingly, an autoregulatory loop also was
suggested for NFAT3 in nonimmune cells (47), and it was shown
that NFAT3 has an antioncogenic role in NIH 3T3 cells (48).
Therefore, the possible upregulation of NFAT3 by CA-NFAT2�
could contribute to distinct oncogenic roles of NFAT2 isoforms in
NIH 3T3 cells.

Since NFAT2� can regulate proapoptotic genes, this isoform
may acts as an antioncogenic factor, displaying a possible tumor
suppressor role. However, several studies indicate an important
role of NFAT2 in cell transformation. It has been demonstrated
that the sustained activity of NFAT2 is able to induce transforma-
tion hallmarks (Fig. 2) (9, 49) and is linked to some malignant
transformations, such as Burkitt lymphoma, DLBCL, T-cell acute
lymphoblastic leukemia ((T-ALL), CLL, melanoma, and pancre-
atic and colorectal carcinomas (11, 20–23, 50). NFAT2 also regu-
lates genes important for tumorigenesis and tumor development,
including those for c-myc, BLyS, and Cox-2 (11, 51–53). These
apparently controversial data might be explained by the lack of
data showing the differential expression of NFAT2� and NFAT2�
in these tumors.

Our data showed that NFAT2� expression was increased in
comparison to NFAT2� expression in Burkitt lymphoma cells
(Fig. 8), suggesting that this specific isoform could be involved
in tumor formation. Although our study is limited by its small
sample size, it gives support to future studies with large num-
bers of patients where the relationship between the differential
expression of the NFAT2 isoforms and the different aspects of
cancer development, including the stage, invasiveness, and
outcome, could be addressed. Since NFAT2� and NFAT2�

may play differential roles in cellular functions, deregulation of
isoform expression could contribute to tumorigenesis. During
cell lineage differentiation, some transcription factors can em-
ploy positive autoregulatory mechanisms of one specific iso-
form to guarantee high levels of the protein to enable the main-
tenance of a differentiated state (54). This mechanism might
account for the establishment of a lymphocyte activation-com-
mitted state through the overexpression of the NFAT2� pro-
tein and might also be exploited by tumor cells to induce a
transformed commitment state. Taken together, our results
suggest a novel regulation of the NFAT proteins through the
alternative usage of initiation exons and define the NFAT2
transcription factors as dual regulators of cell transformation.
These findings suggest that NFAT2� expression may be a po-
tential therapeutic target. Since the NFAT2 signaling pathway
seems to be important in several tumors, specific inhibition of
the tumorigenic part of NFAT2 signaling while maintaining its
tumor-suppressive abilities may be a good strategy for the
treatment of cancer.
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FIG 8 NFAT2 isoforms are differentially expressed in human cancer cell lines and Burkitt lymphoma samples. Total RNAs from the cancer cell lines Jurkat (T
cell leukemia), 697 (pre-B cell leukemia), and Raji (Burkitt lymphoma); peripheral blood mononuclear cells (PBMC); or Burkitt lymphoma samples were
isolated, and mRNA levels of human NFAT2 (hNFAT2) isoforms were analyzed by a real-time RT-PCR assay using SYBR green master mix. The data were
normalized to phosphoglycerate kinase 1 and TATA-binding protein levels. (A) Comparison of levels of the NFAT2 isoforms in cultured cell lines. The fold
change values are relative to the levels of human NFAT2� in Jurkat cells. Standard deviation values indicate the variance of data from five independent
experiments. * indicates a P value of �0.05. (B) Analysis of NFAT2 levels after stimulation. Cell lines were treated with PMA (10 nM) plus ionomycin (1 �M)
(P � I) for 4 h. The fold change values are relative to levels of human NFAT2� in nonstimulated (NS) cells. Data are shown as means  standard deviations of
results from at least four independent experiments. *** indicates a P value of �0.001. (C) Evaluation of NFAT2 mRNA levels in PBMCs (n � 10) or Burkitt
lymphoma samples (n � 7). The mRNA levels are relative to the mRNA levels of housekeeping genes (phosphoglycerate kinase 1 and TATA-binding protein
genes). ** indicates a P value of �0.01 (as determined by a Mann-Whitney U test).
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