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Nuclear factor of activated T cells (NFAT) was first described as an activation and differentiation tran-
scription factor in lymphocytes. Several in vitro studies suggest that NFAT family members are redundant
proteins. However, analysis of mice deficient for NFAT proteins suggested different roles for the NFAT family
of transcription factors in the regulation of cell proliferation and apoptosis. NFAT may also regulate several
cell cycle and survival factors influencing tumor growth and survival. Here, we demonstrate that two consti-
tutively active forms of NFAT proteins (CA-NFAT1 and CA-NFAT2 short isoform) induce distinct phenotypes
in NIH 3T3 cells. Whereas CA-NFAT1 expression induces cell cycle arrest and apoptosis in NIH 3T3 fibro-
blasts, CA-NFAT2 short isoform leads to increased proliferation capacity and induction of cell transformation.
Furthermore, NFAT1-deficient mice showed an increased propensity for chemical carcinogen-induced tumor
formation, and CA-NFAT1 expression subverted the transformation of NIH 3T3 cells induced by the H-rasV12
oncogene. The differential roles for NFAT1 are at least partially due to the protein C-terminal domain. These
results suggest that the NFAT1 gene acts as a tumor suppressor gene and the NFAT2 short isoform acts gene
as an oncogene, supporting different roles for the two transcription factors in tumor development.

The nuclear factor of activated T cells (NFAT) family of
transcription factors, first described as a regulator of T-cell
activation, is composed of four calcium-responsive proteins
named NFAT1 (NFATc2/NFATp), NFAT2 (NFATc1/
NFATc), NFAT3 (NFATc4), and NFAT4 (NFATc3/NFATx).
All NFAT proteins share a common DNA-binding domain
(DBD) that has a moderate sequence similarity to the DBD of
the Rel family of transcription factors. This domain endows all
NFAT proteins with the specificity to bind the DNA core
sequence A/TGGAAA (38). NFAT proteins also share a reg-
ulatory conserved N-terminal region called the NFAT homol-
ogy region (NHR). This region is highly phosphorylated in
resting cells, keeping NFAT in an inactive state and restricted
to the cytoplasm. An increase in intracellular calcium activates
calcineurin, a calcium/calmodulin-dependent serine/threonine
phosphatase that directly dephosphorylates the NHR, allowing
NFAT to translocate to the nucleus and increase its DNA
affinity (12, 41). Once located in the nucleus, NFAT proteins
can bind to their target promoter elements and activate the
transcription of specific responsive genes, either alone or in
combination with other nuclear partners (25). Each NFAT
gene may be alternatively spliced into two or more isoforms
that differ at the amino and/or carboxyl termini, although the

core of the DBD region remains conserved. Additionally, a
transactivation domain located in the variable regions in
NFAT has been identified (38).

NFAT1 and NFAT2 are the prevalent NFAT family mem-
bers expressed in peripheral T lymphocytes. Upon T-cell re-
ceptor stimulation, NFAT leads to a change in the expression
of a number of cytokine genes, including those for interleukin
2 (IL-2), IL-3, IL-4, IL-5, and gamma interferon. However,
NFAT also regulates other responsive genes, like those for
p21Waf1, CD40 ligand, FasL, CDK4, and cyclin A2, indicating
that these transcription factors may also be involved in the
control of the cell cycle and apoptosis (7, 42). Although
NFAT1 and NFAT2 share 72% sequence similarity in their
DBDs and act similarly in functional assays, mice deficient in
either of these two genes have markedly divergent phenotypes.
Three-month-old NFAT1�/� mice develop a lymphocyte hy-
perproliferative phenotype that is reflected in a mild size in-
crease in peripheral lymphoid organs accompanied by a reduc-
tion in cell death and an increased cell cycle rate (6, 19, 39, 44).
NFAT1�/� mice also develop neoplastic transformation of
cartilage cells that resemble chondrosarcomas (37). In con-
trast, NFAT2�/� mice die in utero due to a defect in the
development of cardiac valves and septa (13, 35). Interestingly,
peripheral NFAT2�/� T cells from chimeric NFAT2�/� �
RAG�/� mice show impaired proliferation with no apparent
defect in apoptosis (36, 45).

The phenotypes of NFAT-deficient mice suggest that this
family of transcription factors is likely to play a much broader
role in the regulation of cell growth and apoptosis than previ-
ously described. Furthermore, divergent functions between
NFAT1 and NFAT2 proteins in cell transformation may exist
but have not yet been characterized. To address these hypoth-
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eses, we utilized previously characterized constitutively active
NFAT1 (CA-NFAT1) and NFAT2 short isoform (CA-
NFAT2/A) mutants, which are known to be constitutively lo-
calized in the nucleus, to bind DNA with high affinity and to
activate endogenous NFAT target genes (29, 31). Thus, we
used constitutively active proteins to analyze the effects of
sustained NFAT activation on the cell cycle and apoptosis.
Remarkably, ectopic expression of CA-NFAT1 and CA-
NFAT2 short isoform in NIH 3T3 fibroblasts produced oppo-
site phenotypes in the regulation of the cell cycle, apoptosis,
and cell transformation. We observed that NFAT2 short iso-
form acts as a positive regulator of cell proliferation, a repres-
sor of cell death, and an inducer of cell transformation. Con-
versely, NFAT1 enhanced cell death, repressed the cell cycle,
and subverted cell transformation. Taken together, these re-
sults strongly suggest that NFAT1 and NFAT2 genes have
important, opposing roles in the control of the cell cycle and
apoptosis. Furthermore, NFAT1 and NFAT2 short isoform
genes may function as a tumor suppressor or an oncogene,
respectively, suggesting a putative role in tumor development.

MATERIALS AND METHODS

Animals and cell culture. Athymic BALB/c nude/nude, NFAT1�/�, and
NFAT1�/� mice were maintained in the Brazilian National Cancer Institute
animal facility. NFAT1�/� and NFAT1�/� (C57BL/6 � 129/Sv) mice were
generated as previously described (44). Eight- to 12-week-old mice were used in
all experiments according to the guide for the care and use of laboratory animals
(National Institutes of Health). NIH 3T3 cell cultures were maintained in Dul-
becco’s modified Eagle’s medium supplemented with either 10% fetal bovine
serum (FBS) or 0.5% FBS as indicated in the figure legends. The cells were
cultured in a humidified environment containing 5% CO2 at 37°C.

Plasmid construction. The retroviral expression vectors pLIRES-EGFP,
pLIRES-EGFP-CA-NFAT1, CA-NFAT2, and pBabe-H-rasV12 were used in the
retroviral-transduction experiments. For more information on their construction,
see the supplemental material. The CA-NFAT1�C truncated protein was con-
structed by mutation of CA-NFAT1 cDNA at sites C2205G and C2208T, creat-
ing a StuI restriction site just after the DBD by using the GeneTailor Site-
Directed Mutagenesis system (Invitrogen). The mutated cDNA was then
digested with StuI and NruI and religated, deleting the 227-amino-acid C ter-
minus of NFAT1. The CA-NFAT1 construct contains a simian virus 40 nuclear
localization signal at its C terminus adjacent to its stop codon, which was main-
tained. All CA-NFAT cDNAs were subcloned into pLIRES-EGFP. All con-
structs were confirmed by restriction enzyme mapping and DNA sequencing.

Production of recombinant retroviruses and infection of NIH 3T3 cells. The
BD EcoPack2 ecotropic packaging cell line (BD Biosciences, San Jose, CA) was
transiently transfected with retroviral vector by calcium phosphate precipitation
for 24 h. The virus-containing cell supernatant was collected 48 h after transfec-
tion and concentrated using Amicon Ultracel 50k (Millipore, Billerica, MA). The
supernatant was supplemented with 8 �g/ml Polybrene (Fluka Chemie, Buchs,
Switzerland) and immediately used for spin infection (twice for 45 min each time
at 380 � g at room temperature) of 2 � 104 NIH 3T3 cells. The infected cells
were incubated at 37°C for an additional 24 h and trypsinized, and the efficiency
of transduction was assessed by green fluorescent protein (GFP) expression using
flow cytometric analyses. For CA-NFAT1 and CA-NFAT2 coexpression exper-
iments, cells were first infected with CA-NFAT2-containing vector, expanded for
1 week, and then reinfected with CA-NFAT1 or empty vector. The efficiency of
transduction was analyzed for CA-NFAT2 expression by GFP expression prior to
the second round of infection and for CA-NFAT1 using intracellular staining
with NFAT1 polyclonal antibody anti-67.1 and rhodamine-labeled anti-rabbit
immunoglobulin G (KPL) by flow cytometric analyses. To ensure reproducibility,
each experiment was repeated using cells derived from independent viral infec-
tions.

NIH 3T3–H-rasV12 cell construction. NIH 3T3–H-rasV12 cells were gener-
ated by transducing NIH 3T3 wild-type cells with the pBabe-H-rasV12 retroviral
vector following selection for puromycin (15 �g/ml; Sigma) resistance for 14
days. Seven clones were then isolated and tested for H-rasV12 expression by
Western blotting (data not shown). All clones overexpressed H-rasV12, and one
was selected for further experimentation.

Cell proliferation studies. NIH 3T3 wild-type or NIH 3T3–H-rasV12 cells
infected with either the control pLIRES-EGFP or pLIRES-EGFP-CA-NFAT
virus were plated in triplicate in 96-well microtiter plates. For nonconfluent
assays, 8 � 102 cells were plated per well; for confluent assays, 8 � 103 cells were
plated per well. Cell proliferation was analyzed at the indicated times by crystal
violet or [3H]thymidine incorporation. The crystal violet incorporation assay
involved fixing the cells with ethanol for 10 min, followed by staining them with
0.05% crystal violet in 20% ethanol for 10 min and solubilization with methanol.
The plate was read on a spectrometer at 595 nm. The [3H]thymidine incorpo-
ration assay consisted of pulsing the cells with [3H]thymidine (5 �Ci/ml) for 8 h.
The cells were then harvested at the indicated times, and [3H]thymidine incor-
poration was analyzed.

Cell cycle and sub-G1 analyses. Six-well microtiter plates were inoculated with
2.4 � 104 or 2.4 � 105 cells for nonconfluence and confluence assays, respec-
tively. On the indicated day, the cells were trypsinized and washed once with
phosphate-buffered saline (PBS). The cells were then stained with propidium
iodide (75 �M) in the presence of NP-40. Analysis of the DNA content was done
by collecting 10,000 events for cell cycle analysis or 20,000 events for sub-G1

analysis using a FACScalibur flow cytometer and CellQuest software (BD Bio-
sciences).

Annexin V staining. NIH 3T3 cells infected with either pLIRES-EGFP or
pLIRES-EGFP-CA-NFAT1 were plated at subconfluence densities, trypsinized
24 h later, washed with PBS, stained with phycoerythrin-conjugated annexin V
(BD Biosciences), and analyzed by flow cytometry.

Focus formation. Infected NIH 3T3 or NIH 3T3–H-rasV12 cells were diluted
1:5 or 1:500, respectively, with uninfected NIH 3T3 wild-type cells. These mixed
cultures were plated at a final density of 5 � 104 cells/well of a six-well plate, and
the growth medium was changed every 2 days. After 2 weeks, the cells were
visualized by both phase-contrast microscopy and fluorescence microscopy for
detection of GFP expression. Subsequently, the plates were rinsed in PBS and
fixed with ethanol and then stained with 0.05% crystal violet in 20% ethanol to
visualize foci.

Semisolid-medium growth and nude-mouse injections. Six-well plates were
coated with 1.2% agarose-supplemented growth medium to resist cell adhesion.
Infected or uninfected cells were then trypsinized, and 5 � 103 or 1 � 103 NIH
3T3 wild-type or H-rasV12 cells, respectively, were resuspended in 3 ml of growth
medium containing 0.6% agarose. After being plated, colonies were allowed to
grow for 4 weeks for NIH 3T3 wild-type cells or for 2 weeks for NIH 3T3–H-
rasV12 cells. Representative colonies were visualized by both phase-contrast
microscopy and fluorescence microscopy to detect GFP expression, and the total
number of colonies was determined. For analysis of tumorigenic potential in
vivo, uninfected cells or cells that had been infected with either the pLIRES-
EGFP or the pLIRES-EGFP-CA-NFAT virus were trypsinized, washed, and
resuspended in PBS. Athymic BALB/c nude mice were injected subcutaneously
in the left flank with 5 � 105 NIH 3T3 wild-type cells or 3 � 105 NIH 3T3–H-
rasV12 cells, and tumor volumes (V) were analyzed every 5 days using the
following formula: V � 0.52 � (length2 � width). The numbers of mice that were
injected with NIH 3T3 wild-type or H-rasV12 cells, uninfected or infected with
empty vector or CA-NFAT retroviruses, are indicated in the figure legends. Mice
were sacrificed, and photographs were taken 70 days after injection for NIH 3T3
wild-type cells or 10 days after injection for NIH 3T3–H-rasV12 cells.

MCA-induced tumor formation. Animals were injected subcutaneously in the
hind flank with 50 �g/animal of methylcholanthrene (MCA) suspended in 0.1 ml
sesame oil. Tumor development was observed weekly. Mice with a tumor �10
mm in diameter were counted as tumor positive and were sacrificed when they
had an overt mass of >15 mm.

RESULTS

NFAT1 and NFAT2 sustained activity leads to opposite phe-
notypes when expressed in NIH 3T3 cells. In order to study the
roles of NFAT transcription factors in cellular proliferation,
we utilized well-characterized constitutively active CA-NFAT
mutants (29, 31). CA-NFAT1 and CA-NFAT2 short isoform
(CA-NFAT2/A) mutants were cloned into the retroviral vector
pLIRES-EGFP. A schematic alignment of NFAT1 and
NFAT2/A (short isoform) proteins is shown in Fig. 1A. Sub-
sequent expression analysis of the encoded CA-NFATs dem-
onstrated that the proteins functioned properly and had all the
expected characteristics. NFAT mutant proteins transiently ex-
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pressed in HEK293 cells had the expected apparent molecular
weight, were constitutively localized in the nucleus compared
to wild-type NFAT proteins, and when expressed in Jurkat T
cells, CA-NFAT proteins showed the capability to constitu-
tively transactivate an NFAT-responsive reporter luciferase
construct (3xNFAT-Luc) compared to wild-type NFATs (see
Fig. S1 in the supplemental material). All constructs showed
similar infection capabilities, protein expression, protein nu-
clear localization, and transactivation activities (data not
shown), validating their use in elucidating the mechanism be-
hind the observed differences between NFAT1 and NFAT2 in
regulating cell proliferation. Retroviral transduction was used,
and �85% of NIH 3T3 cells were routinely infected. High
levels of infection allow the analysis of the bulk-infected pop-
ulation of cells, preventing any possible cell alteration caused
by isolating cell line clones.

When we first infected NIH 3T3 cells with CA-NFAT cDNAs
or pLIRES-EGPF empty vector, we noticed a striking difference
between the cultures. Whereas NIH 3T3 wild-type cells and cells
infected with empty vector (control) showed similar cell densities
and viabilities, CA-NFAT2-expressing cells had increased in
numbers, a characteristic opposite of CA-NFAT1-expressing

cells, which demonstrated a remarkable reduction in total cell
number and viability as analyzed by trypan blue exclusion (data
not shown). To further analyze this difference in growth capacity,
we performed a proliferation-kinetics assay accompanied by crys-
tal violet incorporation, which correlates with total cell numbers.
Unlike control cells, which stopped growing once they had
reached confluence, we found that CA-NFAT2-expressing cells
overgrew the monolayer and continued to proliferate beyond
confluence (Fig. 1B). Surprisingly, CA-NFAT1-expressing cells
showed a completely opposite phenotype. They did not reach
confluence, accumulated in reduced numbers, and kept a low
proliferation profile throughout the experiment (Fig. 1B). In fact,
NIH 3T3 cells expressing CA-NFAT1 showed a remarkable re-
duction in cell proliferation and were predominantly in the G1

phase of the cell cycle after a 48-h period compared to the control
(Fig. 1C and D). In contrast, we found that CA-NFAT2-express-
ing cells continued to proliferate in an overconfluent culture and
maintained a cell cycle profile typical of actively dividing cells
(Fig. 1C and D). These data suggest that NFAT1 and NFAT2
have different roles in the control of cell growth and proliferation.

Since CA-NFAT1-expressing cells appeared to suffer a re-

FIG. 1. NFAT1 and NFAT2 sustained activity induces opposite phenotypes in NIH 3T3 cells. Cells were infected with the empty vector or
CA-NFAT1 or CA-NFAT2 retrovirus, plated at the indicated confluence, and analyzed for cell growth, cycle, and death. (A) Schematic alignment
of NFAT proteins used in the study. TAD, transactivation domain. For protein isoforms, identical shading patterns represent identical sequences.
The boundary of each region is labeled above the sequence, with the numbering referring to the amino acid position of the murine protein.
(B) Proliferation kinetic analyses by crystal violet staining. O.D., optical density. (C) Cell proliferation after a 24-h period analyzed by [3H]thy-
midine incorporation. (D) Cell cycle analysis 48 h after plating. Cells were fixed and stained with propidium iodide (PI) and then analyzed by flow
cytometry. The percentage of cells in each stage of the cell cycle (G0/G1, S, and G2/M) is indicated. (E) Cell death analysis. Cells were plated at
confluence and then were stained with PI and analyzed by flow cytometry 48 h after being plated. The percentages of cell death (sub-G0) are
indicated. (F) Cells were plated at confluence and then were stained with annexin V and analyzed by flow cytometry 24 h later. The percentages
of phosphatidylserine-positive cells are indicated. All results are representative of at least three independent experiments. The standard deviations
(error bars) indicate the variance within one experiment.
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duction in numbers in the proliferation-kinetics assay, we next
assessed the involvement of cell death. NIH 3T3 cells infected
with empty vector exhibited a low proportion of cells having
sub-G0 DNA content, as shown by flow cytometry, indicative of
cells undergoing apoptosis (Fig. 1E). This low level of cell
death was also seen in CA-NFAT2-expressing cells (Fig. 1E).
However, 72 h after the cells were infected with CA-NFAT1,
approximately one- third of the cells exhibited sub-G0 DNA
content, indicating that CA-NFAT1 induced apoptosis in NIH
3T3 cells (Fig. 1E). Annexin V staining of CA-NFAT1-express-
ing cells 48 h postinfection showed that DNA fragmentation is
preceded by an externalization of phosphatidylserine, confirm-
ing that CA-NFAT1 is capable of inducing apoptosis in NIH
3T3 cells (Fig. 1F), while control NIH 3T3 cells expressing
empty vector or CA-NFAT2 showed only a low level of an-
nexin V staining (Fig. 1F). Taken together, these results indi-
cate that sustained activation of the NFAT1 signaling pathway
inhibits the cell cycle and induces apoptosis, as reflected by the
decrease in total cell numbers. However, this phenotype is
completely opposite to the one induced by sustained activation
of NFAT2, which leads to cell accumulation.

CA-NFAT2 activity, but not CA-NFAT1 activity, is able to
induce all transformation hallmarks in NIH 3T3 cells. We
next asked whether CA-NFAT2 is able to induce a trans-
formed phenotype in NIH 3T3 cells. We previously observed
that CA-NFAT2-expressing NIH 3T3 cells exhibit growth be-
yond confluence, which indicates loss of contact growth inhi-
bition. To better visualize this phenotype, we performed a
focus-forming assay in which empty-vector control or CA-
NFAT-expressing cells were plated together with an excess of
uninfected NIH 3T3 wild-type cells. Next, the cells were grown
in culture for 12 to 15 days, and formation of transformed foci
was analyzed by crystal violet staining and fluorescence micros-
copy. Control empty-vector- and CA-NFAT1-infected cells
gave rise to only a small number of small foci when analyzed by
crystal violet staining, suggesting that these two constructs are
not able to transform NIH 3T3 cells (Fig. 2A). However, when
CA-NFAT2 was expressed in these cells, a large number of foci
formed (Fig. 2A). Since GFP and CA-NFATs were expressed
from the same bicistronic mRNA in the pLIRES-EGFP vector,
we were able to track cells that expressed CA-NFATs or the
empty vector, directly discriminating them from NIH 3T3 wild-
type cells by fluorescence microscopy. From this analysis, we
found that cells infected with empty vector were morphologi-
cally indistinguishable from uninfected neighboring cells (data
not shown). Furthermore, most of the foci formed in empty-
vector-treated cells were GFP negative, indicating that focus
formation in this culture was due to spontaneous transforma-
tion of NIH 3T3 cells, rather than to retroviral transduction
(Fig. 2B). Also, foci formed in the CA-NFAT1-infected culture
did not show GFP fluorescence, confirming that CA-NFAT1 is
not able to transform NIH 3T3 cells (Fig. 2B). However, all of
the CA-NFAT2-expressing cells in the mixed culture formed
readily detectable GFP-bright foci (Fig. 2B).

To further analyze the cell-transforming potential of CA-
NFAT proteins, NIH 3T3 cells were plated in semisolid aga-
rose medium, in which there is no solid substratum for cell
adhesion to occur. CA-NFAT2-expressing cells readily formed
many large, GFP-bright colonies compared to control cells
(Fig. 2C and D). Conversely, CA-NFAT1 and control empty-

vector-expressing cells formed only a few small colonies (Fig.
2C and D). In the case of CA-NFAT1-infected cells, none of
the colonies formed were fluorescent, and thus, they were
likely formed by uninfected NIH 3T3 cells, indicating that
CA-NFAT1 suppresses colony formation, as well as being un-
able to transform NIH 3T3 cells (Fig. 2D).

Furthermore, we tested whether CA-NFAT2 could affect
cell proliferation under reduced-serum conditions, which are
known to induce cell cycle arrest and apoptosis in normal
fibroblasts. When cultured in 0.5% FBS medium, control NIH
3T3 cells failed to grow and exhibited a reduced proliferation
rate (Fig. 3A and B). Additionally, a large proportion of con-
trol cells had sub-G0 DNA content, indicative of apoptosis, and
a low accumulation of cells in the G1 phase of the cell cycle
(Fig. 3C and D). Remarkably, NIH 3T3 cells expressing CA-
NFAT2 showed the ability to grow under serum starvation
conditions, exhibited high levels of cell proliferation, and were
able to enter the cell cycle, as shown by a moderate increase in
cells in the S and G2/M phases of the cell cycle (Fig. 3A to C).
More surprisingly, CA-NFAT2-treated cells were able to pre-
vent growth factor withdrawal-induced apoptosis (Fig. 3D).

As a final confirmation of the transforming potential of

FIG. 2. NFAT2, but not NFAT1, constitutive activity is able to
transform NIH 3T3 cells. NIH 3T3 cells were infected with empty
vector or CA-NFAT1 or CA-NFAT2 retrovirus. (A) Cells transduced
with the indicated constructs were mixed 1:5 with uninfected NIH 3T3
wild-type cells and grown to 15 days postconfluence. Focus formation
was assessed by crystal violet staining. (B) Phase-contrast microscopy
(left) and optical fluorescence microscopy for GFP expression (right)
of representative NIH 3T3 foci from panel A. (C) Quantitation of
colonies from NIH 3T3 cells infected with either empty vector or
CA-NFAT retroviruses grown in semisolid agarose medium. Cells (5 �
103) were inoculated, and colonies were counted 30 days after being
plated. (D) Phase-contrast microscopy (left) and optical fluorescence
microscopy for GFP expression (right) of representative NIH 3T3
colonies from panel C. All results are representative of at least three
independent experiments.
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FIG. 3. Sustained NFAT2 activity in NIH 3T3 cells promotes cell cycle progression and prevents apoptosis under reduced-serum conditions and
induces the formation of tumors in athymic nude mice. NIH 3T3 wild-type cells were infected with either empty vector or CA-NFAT2 retrovirus.
(A and B) Infected cells were plated in triplicate, and cell proliferation was determined by incorporation of crystal violet (A) or by [3H]thymidine
incorporation (B) 144 h after plating. O.D., optical density. (C) Cell cycle analysis of infected cells 144 h after being plated. Cells were analyzed
as for Fig. 1D. (D) Cell death analysis 144 h after plating. Cells were analyzed as for Fig. 1E. (A to D) Cells were cultured at confluence under
reduced-serum conditions (0.5% [vol/vol] FBS). The results are representative of at least three independent experiments. The standard deviations
(error bars) indicate the variance within one experiment. (E and F) Tumor formation in nude mice following subcutaneous injection of 5 � 105

cells infected with empty vector (n � 6) or CA-NFAT2 (n � 7). (E) Tumor volumes were measured every 5 days, and the data are shown as means
� standard errors of the mean. (F) Tumors from five representative mice are indicated by white arrowheads.
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CA-NFAT2, we tested whether the protein was able to induce
tumor formation in athymic nude mice. NIH 3T3 cells express-
ing empty vector or CA-NFAT2 protein were implanted in the
flanks of BALB/c nude mice, and the animals were monitored
for tumor formation. Whereas all mice inoculated with CA-
NFAT2-expressing cells displayed large flank tumors that con-
tinued to grow with time, none of the mice inoculated with
control cells exhibited detectable tumors, even 70 days after
inoculation (Fig. 3E and F). Taken together, these results
clearly highlight the oncogenic potential of NFAT2 and sug-
gest a unique role for the protein, whereas the NFAT1 protein
appears unable to induce the transformed phenotype.

Sustained NFAT1 activity shows tumor suppressor capabil-
ity. We have previously shown that lymphocytes from NFAT1-
deficient mice have a hyperproliferative phenotype that corre-

lates with an overexpression of cyclins A2, B1, E, and F (6).
Ranger et al. also demonstrated that these mice have a pro-
pensity to develop cartilage neoplastic transformation (37).
These data suggest that NFAT1 might be a negative regulator
of cell proliferation and transformation, which correlates with
our results in NIH 3T3 cells. To directly test whether NFAT1
has the capability to suppress cell growth and to subvert a
transformed cell phenotype, we constructed NIH 3T3 cell
clones that harbor the oncogene H-rasV12 (NIH 3T3–H-
rasV12). Analysis of the NIH 3T3–H-rasV12 clones showed the
typical transformed phenotype, and one clone was chosen for
further experiments (data not shown). Subsequently, we tested
whether CA-NFAT1 was able to suppress these transformed
characteristics of the NIH 3T3–H-rasV12 clone. As shown in
Fig. 4A, NIH 3T3-H-rasV12 cells, uninfected or infected with

FIG. 4. CA-NFAT1 suppresses cell proliferation and induces death in neoplastic cells. NIH 3T3–H-rasV12 cells, uninfected or infected with
either the empty vector or CA-NFAT1 retrovirus, were plated, and cell growth, cycle, and death were analyzed as for Fig. 1. (A and B) Cells were
analyzed for proliferation daily by incorporation of crystal violet (A) or in a nonconfluent manner after a 48-h period by [3H]thymidine
incorporation (B). OD, optical density. (C) Cell cycle analysis 48 h after plating at subconfluence. (D) Cell death analysis 48 h after plating at
confluence. All results are representative of at least three independent experiments.
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empty vector, grew similarly. However, CA-NFAT1 expression
was able to reduce the cell growth of the transformed NIH
3T3–H-rasV12 cells throughout the time course. This reduction
in growth was accompanied by a large decrease in DNA rep-
lication and an accumulation in G1 phase of the cell cycle after
a 48-h period postinfection compared to control cells (Fig. 4B
and C). CA-NFAT1 expression in NIH 3T3–H-rasV12 cells
also induced these transformed cells to undergo apoptosis, as
indicated by sub-G0 DNA content analysis, which was not seen
in empty-vector-expressing cells (Fig. 4D).

We next asked whether the CA-NFAT1 cell cycle arrest and
cell death induction could lead to a reversion of other hall-
marks of cellular transformation. Indeed, CA-NFAT1 expres-
sion in NIH 3T3–H-rasV12 was able to clearly reduce the
number of foci formed in culture compared to NIH 3T3–H-
rasV12 and empty-vector-expressing cells that immediately
formed foci (Fig. 5A). Additionally, the foci formed in CA-
NFAT1-expressing cells were negative for GFP when analyzed
by fluorescence microscopy, indicating that they were formed
by nontransduced cells (data not shown). Further, NIH 3T3–

FIG. 5. CA-NFAT1 acts as a tumor suppressor gene. (A to E) NIH 3T3–H-rasV12 cells were infected with the empty vector or CA-NFAT1
retrovirus. (A) NIH 3T3–H-rasV12 cells transduced with the indicated constructs were mixed 1:500 with uninfected NIH 3T3 wild-type cells and
grown to 15 days postconfluence. Focus formation was assessed by crystal violet staining. (B) Quantitation of colonies from transformed cells grown
in semisolid agarose medium. Cells (1 � 103) were inoculated, and colonies were counted 2 weeks after being plated. (C) Phase-contrast
microscopy (top) and optical fluorescence microscopy for GFP expression (bottom) of representative NIH 3T3–H-rasV12 colonies from panel B.
These results are representative of at least three independent experiments. (D and E) Tumor formation in nude mice following subcutaneous
injection of 3 � 105 NIH 3T3–H-rasV12 (n � 7)-, NIH 3T3–H-rasV12–empty vector (n � 7)-, or NIH 3T3–H-rasV12–CA-NFAT1 (n �
5)-expressing cells. Tumor volumes were measured every 5 days. (D) The data are shown as means plus standard errors of the mean. (E) Tumors
from five representative mice are indicated by white arrowheads. (F) Susceptibilities of NFAT1�/� and NFAT1�/� mice to chemical carcinogen-
induced tumors. The animals were injected subcutaneously with a single dose of MCA and evaluated for the occurrence of tumors at the indicated
times. The data are expressed as the percentage of the number of mice that developed tumors (n � 6).
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H-rasV12 CA-NFAT1-expressing cells formed only a few small
colonies in semisolid medium compared to controls (Fig. 5B
and C). GFP expression analysis showed that almost all colo-
nies in empty-vector-expressing cells were fluorescent, which
was seen only in very small colonies in the CA-NFAT1-ex-
pressing culture (Fig. 5C). Furthermore, we inoculated NIH
3T3–H-rasV12 cells infected or uninfected with control or CA-
NFAT1 retroviruses in the flanks of BALB/c nude mice. Al-
though the transformation phenotype induced by the H-rasV12
oncogene in NIH 3T3 cells is strong, the constant CA-NFAT1
expression and signaling clearly reduced the size of the tumors
formed in athymic mice (Fig. 5D and E).

We had shown that CA-NFAT1 is able to subvert the trans-
formed phenotype of NIH 3T3 induced by the H-rasV12 on-
cogene. Next, we tested whether the lack of NFAT1 expression
was able to increase the rate of tumor formation in NFAT1-
deficient mice. Thus, wild-type (�/�) or NFAT1-deficient
(�/�) mice were injected subcutaneously with a single dose of
MCA and tumor occurrence was evaluated at the indicated
times. While no wild-type mice developed tumors after 2
months and only 30% developed tumors after a 6-month pe-
riod, 33% of NFAT1-deficient mice promptly developed sar-
comas and approximately 80% of the mice developed tumors 6
months after MCA injection (Fig. 5F). This result demon-

FIG. 6. Deletion of the long C terminus disrupts the ability of CA-NFAT1 to induce apoptosis and cell cycle arrest. (A) Schematic alignment
of wild-type NFATs and truncated NFAT1�C proteins. See the legend to Fig. 1A for details. (B to D) Cells were infected with either the empty
vector or CA-NFAT1, CA-NAFT1�C, or CA-NFAT2 retrovirus. The cells were plated, and then cell growth, cycle, and death were analyzed as
for Fig. 1. (B) Cells were analyzed for proliferation daily by incorporation of crystal violet. O.D., optical density. The error bars indicate standard
deviation. (C) Cell cycle analysis 48 h after plating at subconfluence. PI, propidium iodide. (D) Cell death analysis 48 h after plating at confluence.
All results are representative of at least three independent experiments.
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strates that the lack of NFAT1 predisposes these mice to de-
velop tumors under the action of chemical carcinogens and,
taken together with the in vitro data in NIH 3T3 cells, suggests
a tumor suppressor role for the NFAT1 protein.

The NFAT1 carboxy terminus is responsible for the tumor
suppressor phenotype. To further investigate the different
roles of NFAT proteins in the control of the cell cycle and
death, a schematic analysis of a primary sequence alignment of
murine NFAT1 and NFAT2/A cDNAs was created and is
shown in Fig. 6A. As can be readily seen, NFAT1 has a long C
terminus that is present in all NFAT family members (data not
shown), with some variation in its primary sequence. However,
this C terminus is completely absent in NFAT2/A due to an
early poly(A) site downstream of exon 9 (10). We next sought
to determine whether the NFAT1 C-terminal domain could be
responsible for the differences observed between the NFAT1
and NFAT2 proteins. To answer this question, we constructed
a truncated NFAT1 protein that lacked the long C terminus
(NFAT1�C) by making a deletion a few amino acids after its
DBD. The resulting mutant resembled the short C terminus of
NFAT2/A (Fig. 6A). Strikingly, in a proliferation time course,
CA-NFAT1�C-expressing NIH 3T3 cells showed a phenotype
completely different from that of NIH 3T3 cells expressing the
full-length CA-NFAT1 protein (Fig. 6B). Whereas CA-
NFAT1 induced a reduction in cell growth compared to con-
trol cells, CA-NFAT1�C-expressing cells showed overconflu-

ent growth capability almost reaching CA-NFAT2 levels (Fig.
6B). In an NIH 3T3 cell culture, CA-NFAT1 expression in-
duced a slight cell cycle arrest and significant apoptosis com-
pared to controls, as evident in the increase of the G1 phase of
the cell cycle and the sub-G0 DNA content, respectively, com-
pared to the control (Fig. 6C and D). Conversely, the deletion
of the NFAT1 C terminus (CA-NFAT1�C) was sufficient to
completely abolish these phenotypes and to induce a CA-
NFAT2-like phenotype.

Since CA-NFAT1�C was able to induce overconfluent pro-
liferation indicative of loss of contact growth inhibition and
showed characteristics of CA-NFAT2/A-expressing cells, we
next determined whether the protein was also able to induce
other transformation phenotypes. As shown in Fig. 7A, CA-
NFAT1�C was able to readily induce focus formation in cul-
ture, although these foci were smaller than those formed by
CA-NFAT2-expressing cells (Fig. 7A). Furthermore, when we
analyzed the NIH 3T3 cell colony formation in a semisolid
medium, CA-NFAT1 was unable to induce colony formation,
while CA-NFAT1�C expression was able to double the num-
ber of colonies formed compared to empty-vector-expressing
cells (Fig. 7B). Once again, the colonies formed by CA-
NFAT1�C-expressing cells were less abundant and smaller
than those of CA-NFAT2-expressing NIH 3T3 cells (Fig. 7B
and C). As a final test, we analyzed the cell growth capacity
under reduced serum conditions. CA-NFAT1�C-expressing

FIG. 7. Truncated CA-NFAT1 protein lacking the C terminus induces an intermediate transformed phenotype. NIH 3T3 cells infected with
either the empty vector or CA-NFAT1, CA-NFAT1�C, or CA-NFAT2 retrovirus were used for all experiments. Infected cells were cultured in
medium containing 10% FBS (A to C) or to subconfluence in the presence of 0.5% FBS (D to F). Focus formation (A) and semisolid-medium
growth (B and C) were assessed as for Fig. 2. (C) Phase-contrast microscopy (top) and optical fluorescence microscopy for GFP expression
(bottom) of representative NIH 3T3 colonies from panel B. (D) Infected cells were plated in triplicate, and cell proliferation was determined daily
by incorporation of crystal violet. (E) Cell cycle analysis of infected cells 144 h after being plated in reduced serum concentrations (0.5%). The
cells were analyzed as for Fig. 1D. (F) Cell death analysis 144 h after being plated in reduced serum concentration (0.5%). The cells were analyzed
as for Fig. 1E. All results are representative of at least three independent experiments. (G) Tumor formation in nude mice following subcutaneous
injection of 5 � 105 NIH 3T3-empty vector (n � 5)-, CA-NFAT1�C (n � 5)-, or CA-NFAT2 (n � 5)-expressing cells. Tumor volumes were
measured every 5 days, and the data are shown as means � standard errors of the mean (SEM). (H) Tumor formation in nude mice following
subcutaneous injection of 3 � 105 NIH 3T3–H-rasV12 (n � 5)-, NIH 3T3–H-rasV12–empty vector (n � 5)-, or NIH 3T3–H-rasV12–CA-NFAT1�C
(n � 5)-expressing cells. Tumor volumes were measured every 5 days. The data are shown as means plus SEM.

7176 ROBBS ET AL. MOL. CELL. BIOL.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

cb
 o

n 
30

 S
ep

te
m

be
r 

20
22

 b
y 

20
0.

33
.9

6.
11

2.



FIG. 8. CA-NFAT1 suppresses the transformed phenotype induced by CA-NFAT2. NIH 3T3 cells were infected with CA-NFAT2 (NIH 3T3–CA-
NFAT2), and 1 week later, the cells were reinfected with empty vector or CA-NFAT1. Then, 24 h after the second round of infection, the cells were plated
(0 h) and analyzed at the indicated times for proliferation daily by incorporation of crystal violet as for Fig. 1B (A), for cell death 48 h after being plated
at confluence as for Fig. 1E (B), for focus formation by crystal violet staining as for Fig. 2A (C), for colony formation in semisolid medium as for Fig.
2C and D (D and E), and for tumor formation in nude mice following subcutaneous injection of 5 � 105 NIH 3T3-empty vector (n � 5)-, NIH
3T3–CA-NFAT2 plus empty vector (n � 5)-, or NIH 3T3–CA-NFAT2 plus CA-NFAT1 (n � 5)-expressing cells as for Fig. 3E and F (F and G).
(F) Tumor volumes were measured every 5 days. The data are shown as means � standard errors of the mean. (G) Tumors from five representative mice
are indicated by white arrowheads. All results are representative of at least three independent experiments.
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NIH 3T3 cells cultivated in 0.5% FBS medium showed inter-
mediate cell growth compared to that of CA-NFAT2- and
empty-vector-expressing cells (Fig. 7D). When these cells were
analyzed after a 6-day culture period in 0.5% FBS medium,
CA-NFAT1�C-expressing cells showed a proliferation profile
similar to that of CA-NFAT2-expressing cells with a moderate
decrease of cells entering the G2/M phase of the cell cycle (Fig.
7E). Remarkably, CA-NFAT1�C expression in NIH 3T3 cells
was able to protect the cells from apoptosis induced by growth
factor withdrawal compared to empty-vector-expressing cells
(Fig. 7F).

We next assessed the capacity of CA-NFAT1�C to promote
tumor growth (Fig. 7G). While NIH 3T3 cells expressing CA-
NFAT2 formed readily detectable tumors upon injection into
BALB/c nude mice, empty-vector- and CA-NFAT1�C-ex-
pressing cells failed to do so for the length of the experiment
(Fig. 7G), even up to 80 days postinjection (data not shown).
Nevertheless, CA-NFAT1�C did not repress tumor growth of
NIH 3T3–H-rasV12-transformed cells compared to wild-type
and empty-vector-expressing NIH 3T3–H-rasV12 cells (Fig.
7H). Taken together, these data indicate that the C-terminal
domain of NFAT1 is responsible for the proapoptotic, cell
cycle arrest, and tumor suppressor characteristics of the pro-
tein. Moreover, deletion of the NFAT1 C-terminal domain
confers a partial cell transformation phenotype that resembles
the phenotype induced following NFAT2/A protein expres-
sion.

CA-NFAT1 suppresses CA-NFAT2-induced transformation.
Since sustained activation of NFAT1 was able to subvert cell
transformation by the strong oncogene H-rasV12, we next
asked what was the effect of CA-NFAT1 on the CA-NFAT2-
transformed NIH 3T3 cells. We addressed this question by
infecting NIH 3T3 cells with empty vector or CA-NFAT2 and
1 week later reinfecting these cells with either empty vector or
CA-NFAT1. Both CA-NFAT1 and CA-NFAT2 vectors carry
the GFP gene as the reporter gene; therefore, we confirmed
the first round of infections by analysis of GFP expression
and the second through intracellular staining for NFAT1. In fact,
about 85% of CA-NFAT2-infected NIH 3T3 cells were GFP
bright after the first infection whereas about 83% expressed
NFAT1 after the second round. As shown for CA-NFAT2-
expressing NIH 3T3 cells (Fig. 1 to 3), NIH 3T3–CA-NFAT2
cells infected with empty vector displayed an overgrowth phe-
notype (Fig. 8A), normal levels of cell death (Fig. 8B), loss of
contact growth inhibition (Fig. 8C), a capacity for colony for-
mation in a semisolid substrate (Fig. 8D and E), and the ability
to form tumors when injected in BALB/c nude mice compared
to control cells (Fig. 8F and G). These results demonstrate that
cells were still transformed after the second round of infection
and after the time elapsed from the first infection. Distinc-
tively, NIH 3T3–CA-NFAT2 cells infected with CA-NFAT1
exhibited a dramatic reduction in cell numbers and a low rate
of proliferation compared to controls (Fig. 8A). The reduction
in cell numbers was at least partially accounted for by in-
creased cell death (Fig. 8B). Furthermore, CA-NFAT1 expres-
sion by NIH 3T3–CA-NFAT2 cells was able to reduce the size
and the number of foci in focus-forming assays (Fig. 8C) and
colonies in semisolid medium (Fig. 8D and E), suggesting a
reversal of the transformed phenotype induced by CA-NFAT2.
Finally, the expression of CA-NFAT1 by NIH 3T3–CA-

NFAT2 completely abolished in vivo tumor formation upon
inoculation into BALB/c nude mice (Fig. 8F and G). Together,
these data demonstrate that NFAT1 signaling is sufficient to
abolish the transformation potential of NFAT2 short isoform.

DISCUSSION

In the current study, we showed that sustained activity of
NFAT family members, NFAT1 and NFAT2, is able to regu-
late different mechanisms involved in the growth and death of
NIH 3T3 fibroblasts (Fig. 1). The CA-NFAT2 short isoform
induces a strong transformation phenotype, whereas CA-
NFAT1 suppresses cell growth, apparently through its C-ter-
minal domain. We showed that CA-NFAT2 short isoform is
sufficient to induce NIH 3T3 cells to acquire the well-estab-
lished hallmarks of cellular transformation that define it as a
possible oncogene (Fig. 2 and 3) (17). However, CA-NFAT1
shows an antioncogenic activity. It was proposed that a candi-
date tumor suppressor gene should subvert the transformation
phenotype when reintroduced into neoplastic cells and that the
absence of the tumor suppressor gene in a cell or an animal
should lead to an increased propensity to acquire a trans-
formed phenotype (27). Our data directly show these charac-
teristics for CA-NFAT1 and strongly suggest that NFAT1 is a
tumor suppressor gene (Fig. 4 and 5). Moreover, CA-NFAT1
was able to suppress the transformed phenotype induced by
CA-NFAT2 short isoform (Fig. 8), suggesting that different
family members might have complementary functions and that
the balanced expression of the two proteins might be impor-
tant for the cell to enter into programs that determine whether
it will live, proliferate, or die. Furthermore, we established that
a CA-NFAT1 C-terminal deletion is sufficient to completely
abrogate the proapoptotic function of NFAT1 and that this
truncated protein induces a partially transformed phenotype in
NIH 3T3 cells resembling the CA-NFAT2-induced phenotype
(Fig. 6 and 7). This is the first time that a dual role in the
control of the cell cycle and cell death has been characterized
within the NFAT family of transcription factors in the same
model, although evidence of this dichotomy is progressively
emerging.

Recent studies suggest that the NFAT family of transcrip-
tion factors plays a much broader role in the cell cycle than
previously believed, and their contributions to tumorigenesis
are becoming clearer. In fact, calcineurin is the major regulator
of NFAT activation, and the observation that some human B-
and T-cell lymphomas have sustained calcineurin activation
suggests that NFAT proteins play a role in tumorigenesis (28).
Furthermore, calcineurin activation is essential for tumor pro-
gression in a mouse model of lymphoma malignancy (28).
Nevertheless, NFAT2 expression has also been linked to sev-
eral malignant transformations, such as in diffuse large-B-cell
and Burkitt’s lymphomas (26, 33) and colon and pancreatic
carcinomas (14, 18), where it has been demonstrated that
NFAT2 expression and activation are essential to the develop-
ment of cancer. On the other hand, a recent study showed that
hypermethylation of the NFAT2 promoter region leads to re-
duced expression of the protein in human classical Hodgkin’s
lymphoma and human anaplastic large-cell lymphomas (2).
Although these reports seem contradictory to our data, there is
evidence that these lymphoma cells have also lost the immu-
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noreceptor signaling pathway, suggesting that the need for
NFAT signaling in tumorigenesis has been bypassed (4, 40).
Furthermore, ectopic expression of the CA-NFAT2 short iso-
form in the 3T3-L1 preadipocyte cell line established that this
was sufficient to induce a transformed phenotype. NFAT2 ac-
tivation is also implicated in the expression of several cell cycle
and survival factors, including cyclins D1 and D2, c-Myc, cy-
clooxygenase 2, CD40 ligand, and BLyS, that could ultimately
aid in tumor growth and apoptosis evasion (5, 15, 20, 30, 33).
Furthermore, NFAT2 null mice are embryonic lethal, resulting
from a serious malformation of heart valves, while NFAT2�/� �
RAG-1�/� chimeric mice showed reduced numbers of thymo-
cytes and impaired proliferation of peripheral lymphocytes,
suggesting an important role of the transcription factor in the
positive regulation of cell proliferation (13, 35, 36, 45). Our
results strongly corroborate these observations and directly
demonstrate that sustained activation of NFAT2 short isoform
is sufficient to induce cell cycle progression and is able to
transform an immortalized cell line. Conversely, it has been
previously demonstrated that lymphocytes from NFAT1�/�

mice hyperproliferate and that these mice display splenomeg-
aly and delayed thymic involution compared to wild-type mice
(39, 44). Ranger et al. also reported that NFAT1�/� mice
develop an extraosseous cartilaginous mass resembling a chon-
drosarcoma (37). Furthermore, NFAT1 was shown to be able
to directly bind to the promoter regions and to negatively
regulate two cell cycle controllers, CDK4 and cyclin A2, re-
sulting in a substantial reduction of their protein levels, al-
though the relevance of this reduction to the cell cycle and
proliferation was not assessed (3, 7). Although the downregu-
lation of these genes could account for the cell cycle arrest in
the G1/S phase that we observed in NIH 3T3 cells expressing
CA-NFAT1, the mechanism underlying this phenotype re-
mains unknown. Since the regulation of signaling through each
of the pathways mentioned above is known to influence various
aspects of the tumorigenic phenotype, it will be interesting to
determine if any of these effects are mediated by different
actions of NFAT1 and NFAT2.

Other evidently different roles for NFAT family members in
the biology of NIH 3T3 cells are in the control of apoptosis.
We have demonstrated that NFAT1 and NFAT2 short isoform
act in opposition in the control of apoptosis. Apoptosis oper-
ates in adult organisms to maintain normal cellular homeosta-
sis; the violation of this cellular process can result in cancer,
autoimmunity, and other diseases. NFAT1 and NFAT2 are
highly expressed in peripheral T cells, where they are involved
in the control of the termination of the immune response by
inducing apoptosis. Activation-induced cell death (AICD) is a
particular form of apoptosis that is important for the mainte-
nance of immune system homeostasis. One important route of
AICD is the activation of so-called death receptors by its li-
gands, in particular, FasL, tumor necrosis factor alpha (TNF-
	), and, more recently, TRAIL. It has been shown that NFAT
directly regulates FasL protein expression by binding to its
promoter and inducing transactivation (21). Another possible
target for NFAT regulation is TRAIL, a novel member of the
TNF family of proapoptotic factors. The TRAIL promoter has
several putative binding sites for NFAT transcription factors
and has been shown to be regulated by NFAT in luciferase
reporter assays (22, 43). Although these two mechanisms may

be relevant in the activation of cell death, there is no evidence
of different roles in their regulation by distinct NFAT family
members. An interesting target for NFAT regulation is the
TNF-	 gene. While NFAT2 proteins are unable to bind and
transactivate the TNF-	 promoter due to a low affinity of the
NFAT2 DBD for the TNF-	 promoter, NFAT1 is able to do
so, leading to increased expression of TNF-	 protein (32). This
suggests a possible difference between these two proteins in the
control of cell death through TNF-	 regulation. Although the
activation of the TNF-	 gene could explain the ability of CA-
NFAT1, but not CA-NFAT2, to induce apoptosis in our
model, it does not explain why CA-NFAT1�C did not induce
apoptosis, as it contains exactly the same DBD as NFAT1 and,
presumably, the same affinity for the TNF-	 promoter region.

The observation that CA-NFAT1 induces apoptosis and cell
cycle arrest while CA-NFAT1�C and CA-NFAT2 prevent
apoptosis induced by serum withdrawal and lead to increased
proliferation of NIH 3T3 cells indicates that these transcrip-
tion factors (NFAT1 and NFAT2) exhibit both individual and
overlapping properties and that the functional differences are
partially due to the C terminus of NFAT1. However, we cannot
attribute the oncogenic capacity of NFAT2 short isoform to-
tally to the lack of the long C-terminal domain, since the
NFAT1�C truncated protein is not able to induce tumor for-
mation in BALB/c nude mice (Fig. 7G). The NFAT1 C-termi-
nal domain shows sequence similarity to the corresponding
regions of human NFAT2 long isoform, NFAT3, or NFAT4
(38). The C termini of human NFAT1 and NFAT2 long iso-
forms are capable of transactivation, defining this region as
having a transcriptional regulatory role (9, 24). One possibility
is that the NFAT transcription factor acts by activating apop-
tosis and inducing cell cycle arrest through the transactivation
of target genes by the conserved C-terminal region of the
protein. Until now, there has been only limited evidence that
the NFAT C-terminal domain acts as an antioncogene, which
is in agreement with our data. Recently, using a model of T-cell
lymphoma induction by a T-cell lymphomagenic retrovirus
(SL3-3) in mice, it was shown that the C terminus of NFAT4 is
a target for retroviral insertion (16). Lymphomas in mice in-
fected with the SL3-3 virus occur when there is an insertion in
the promoter region of NFAT4, which blocks protein synthesis,
or at the 3
 region of intron 8 of the NFAT4 gene, leading to
the generation of an NFAT4 short isoform, which lacks the
C-terminal region but still contains a DBD that is similar in
length to that of the NFAT2 short isoform. Furthermore, the
lack of NFAT4 in mice (NFAT4�/�) leads to an increased
susceptibility to lymphoma induced by virus infection (16).
This suggests that NFAT4 is also a tumor suppressor gene and
that the lack of its C terminus is sufficient to inhibit this role.
This is also true for the NFAT2 gene, in which several viral
insertions at intron 9 were found in different types of cancer
models induced by viral insertion (Mouse Retrovirus Tagged
Cancer Gene Database [1]). The insertion at intron 9 leads to
the formation of the NFAT2 short isoform and prevents the
inclusion of the long C terminus that we are proposing to be a
tumor suppressor domain of the NFAT transcription factor
family. Another interesting correlation that can be made is that
murine expression of the NFAT1 short isoform lacking the
long C terminus is unique to the brain and heart tissues (34).
Since both organs are not capable of self-regeneration and are
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continuously subject to calcium influx leading to NFAT acti-
vation, these tissues are susceptible to NFAT1-induced apop-
tosis and, consequently, tissue damage. Although these organs
may also have the long-isoform NFATs, one may assume that
the overexpression of their smaller counterparts could prevent
apoptosis by competing to target proapoptotic promoters.

While it remains to be shown in future studies whether the
C termini of NFAT proteins differ in the control of apoptosis
and the cell cycle, the study presented here shows a remarkable
difference in the phenotypes induced by NFAT1 and NFAT2
proteins. The individual effects induced by NFAT proteins may
rely on their capability to control the expression of both pro-
and antiapoptotic, as well as cell cycle, genes. This suggests
that the cellular threshold levels for each NFAT protein and
the protein isoform that is being expressed determine which set
of target genes will be expressed and, ultimately, the fate of the
cell. In naive peripheral T lymphocytes, NFAT1 and NFAT2
long isoform are the prevalent proteins. T-cell receptor en-
gagement leads to a massive induction of the NFAT2 short
isoform, while NFAT1 levels remain constant and the NFAT2
long isoform levels are dramatically reduced (9), suggesting
that the induction of the NFAT2 short isoform in T lympho-
cytes might ensure that these cells exert their effector function
without inducing rapid apoptosis. In fact, it has been shown
that overexpression of human NFAT1 or NFAT2 long isoform
leads to an increase of AICD in primary CD4� T cells while
NFAT2 short-isoform overexpression has no impact on AICD
(11). These results give support to our data, which demonstrate
that the C-terminal domain of the NFAT1 protein regulates
apoptosis (Fig. 6). Moreover, our data also demonstrate that
NFAT1 signaling abolishes the effect of NFAT2 short isoform
(Fig. 8). However, more studies need to be done in order to
better understand the physiological role of the balance be-
tween NFAT1 and NFAT2 short isoform. The presence of a
domain in the NFAT family members that is capable of induc-
ing an antioncogenic phenotype agrees with the intrinsic tumor
suppression mechanism, in which oncogenes can carry their
own suppression machinery to avoid cancer development (23).
c-Myc is a good example of this property, as it has the ability to
induce both tumor formation and apoptosis and its antionco-
genic function, which can be suppressed by mutation or alter-
native splicing, resides at it N terminus (8). NFAT family
members might work in the same way and may thus act as
tumor suppressors or oncogenes.
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