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Introduction

The proto-oncogene c-Myc is a pivotal regulator of a wide variety 
of biological processes, such as cell growth, biogenesis, metabo-
lism and proliferation, telomere maintenance, apoptosis, angio-
genesis, cell migration and invasion.1-5 Consequently, c-Myc is 
essential for many physiological cell functions, and its deregula-
tion is extremely dangerous. Thus, very tight control of c-Myc 
expression is required, so that it can be activated or repressed 
rapidly and precisely.1 The essential role of c-Myc in normal cell 
function is reflected by the finding that c-Myc binds to 10–15% of 
human genes.2-4 Enhanced and/or constitutive c-Myc expression 
is found in most cancer cells, either through genetic mechanisms 
or constitutive activation of upstream signaling pathways.1,2 
Moreover, c-Myc deregulation is often associated with aggressive, 
poorly differentiated tumors,3,5 and even small changes in c-Myc 
levels may have a global impact on cell physiology.4,6

Regulation of the c-Myc promoter is a very complex and poorly 
understood process involving redundancy, feedback loops and 
several cross-regulatory circuits.1 Hundreds of signals, transcrip-
tion factors and chromatin components regulate cellular c-Myc 
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mRNA levels.4,6 Furthermore, it has been demonstrated that 
the proper organization, folding and looping of its promoter are 
important for normal c-Myc regulation.6 Although gene expres-
sion is ultimately regulated at the proximal promoter, where 
RNA polymerase and the core transcriptional machinery bind, 
distal regulatory regions have profound effects on the expression 
of nearly all genes,7 including c-Myc.

The presence of distal regulatory elements is a general feature 
of NFAT (nuclear factor of activated T cells) target genes.7-10 The 
NFAT family of transcription factors encompasses four closely 
related proteins (NFAT1–4) that are regulated by the Ca2+/calci-
neurin pathway,11,12 first described in T lymphocytes as an induc-
ible nuclear factor that could bind and transactivate the IL-2 
promoter.13 Along with their well-documented role in T lympho-
cytes, where they control gene expression during cell activation 
and differentiation,11,14 NFAT proteins are also expressed in a 
wide range of cells and tissue types and regulate genes involved in 
the cell cycle, apoptosis, angiogenesis and metastasis.14-17 In rest-
ing lymphocytes, NFAT is located in the cytoplasm in a hyper-
phosphorylated, inactive form. Signaling pathways that lead to 
a rise in intracellular Ca2+ levels activate the serine/threonine 
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the known NFAT sites, including the previously described site 
located at the minimal promoter. These results indicate that 
unidentified sites important in the regulation mediated by NFAT 
proteins still exist and remain to be identified. Collectively, these 
data suggest that the extent to which NFAT regulates c-Myc 
expression is more complex than previously conceived and may 
differ according to the cellular context and/or microenvironment 
and with the different functions exerted by c-Myc.

Results

c-Myc expression in response to TCR stimulation is dependent 
on the Ca2+/calcineurin/NFAT signaling pathway. As a typical 
immediate-early gene, c-Myc is rapidly induced by mitogens dur-
ing the entry of cells into the cell cycle (G

0
/G

1
 transition).1,4 In 

T lymphocytes, stimulation via TCR engagement constitutes the 
main pathway for NFAT activation.11,12 To evaluate c-Myc expres-
sion after anti-CD3 stimulation, we first performed quantitative 
real-time PCR on cDNA generated from naïve CD4 T cells. As 
shown in Figure 1A, c-Myc is promptly induced by anti-CD3 
stimulation. Moreover, our data agrees with other reports found 
in the literature, which have shown that c-Myc is expressed at low 
levels in resting cells, rapidly induced after stimulation and then 
decreased to lower levels that persist throughout the cell cycle.1

To investigate a possible correlation between NFAT and c-Myc 
expression, we tested the effect of the immunosuppressant cyclo-
sporin A (CsA), which inhibits calcineurin and, consequently, 
both NFAT nuclear translocation and activation12 in stimulated 

phosphatase calcineurin, which dephosphorylates several serine 
residues in NFAT proteins, causing a conformational switch that 
unmasks their nuclear localization sequence and allows their 
translocation to the nucleus. In the nucleus, NFAT binds to spe-
cific DNA-responsive elements defined as (A/T)GGAAA(A/N)
(A/T/C) to activate or deactivate transcription either alone or in 
synergy with a number of other transcriptional regulators.11,12,14

Recent studies have convincingly demonstrated that NFAT1/2 
regulate c-Myc gene expression by binding to an NFAT site 
located between the two main c-Myc promoters (P1 and P2).18-21 
However, these studies did not evaluate whether NFAT binds to 
other regions in the promoter up to 2.5 kb upstream of the tran-
scription initiation site, where elements essential for c-Myc regu-
lation are located. Here, we demonstrate that c-Myc is regulated 
by Ca2+/calcineurin/NFAT1 signaling in mouse T lymphocytes. 
NFAT1 directly binds to distal sites in the c-Myc promoter that 
have not been previously investigated. We show that while some 
NFAT elements have a negative effect on NFAT1-mediated trans-
activation in HEK293T cells, others have a positive effect, and 
NFAT1 binds to these sites with different affinities. Moreover, 
regulation of the c-Myc promoter by NFAT1 may vary in transac-
tivation assays, depending on whether NFAT1 is expressed alone 
or in cooperation with nuclear partner proteins, such as p300. 
Finally, we show that the newly identified sites are also respon-
sive to NFAT2 in HEK293 T cells, but the dominance of sites is 
apparently different for NFAT1 and NFAT2. However, although 
both NFAT1 and NFAT2 regulate c-Myc expression and trans-
activation in NIH3T3 cells, this regulation is not dependent on 

Figure 1. Induction of c-Myc expression in response to the Ca2+/Calcineurin/NFAT pathway. Naïve C57BL/6 (A–C); NFAT1+/+ or NFAT1-/- (D) mice were sac-
rificed and the lymph nodes were harvested. CD4 T cells were purified and stimulated in vitro with plate-bound anti-CD3 (1 μg/mL). At the indicated 
time points, total RNA or total protein lysates were obtained, and c-Myc levels were analyzed either by RT-PCR (A and B), using HPRT expression as a 
reference, or by western blot (C and D), using actin as a loading control. (B) Cyclosporin A (CsA, 1 μM) was added 15 min before anti-CD3 stimulation. 
The results are representative of three independent experiments.
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this site (Fig. 2D). These data demonstrate that NFAT1 directly 
binds to at least three sites in the c-Myc promoter.

NFAT1 binds to two distal regions of the c-Myc promoter 
in lymphocytes. Using the chromatin immunoprecipitation 
assay (ChIP), we next examined the ability of NFAT1 to bind 
these elements in CD4 T lymphocytes derived from NFAT1+/+ 
or NFAT1-/- mice. Three sets of primers were designed and are 
listed in Figure 3A. As shown in Figure 3B, NFAT1 bound to the 
regions encompassed by primer sets 1 and 2 in wild-type cells after 
stimulation with PMA plus ionomycin. Primer set 1 encompasses 
NFATREs 1 and 2, while primer set 2 encompasses NFATREs 
5 and 6. Because NFAT1 only bound to NFATREs 2 and 5 in 
the EMSAs, these data suggest that the interaction observed in 
the ChIP assay reflect those seen in the EMSAs. Conversely, no 
interactions were observed within the region covered by primer 
set 3. This primer set amplifies the region containing the proxi-
mal site NFATRE 7, which was previously identified as bind-
ing to NFAT1 and NFAT2 in pancreatic cells.19,21 Interestingly, 
it has already been shown that NFAT2 binds to this site in B 
lymphocytes, while NFAT1 does not.20 Given that the NFATRE 
7 localizes to a region that contains overlapping binding sites 
for several transcription factors, such as ETS1/2, STAT3, E2F, 
Smad3/4 and MET (Fig. 3C), we cannot exclude the possibil-
ity that NFAT1 is able to bind to this site at different times or 
conditions. For example, NFAT binding could be impeded if one 
of the proteins listed above was bound to this site at the time 
of analysis. Furthermore, binding to NFATRE 7 might not be 
detected by ChIP assays, because it may have a low affinity for 
NFAT1 as we observed in our EMSAs.

Likewise, both NFAT1 and NFAT2 have been shown to asso-
ciate with the TNFα promoter in ChIP assays when these NFAT 
proteins were overexpressed in Jurkat cells. However, the physi-
ological association between endogenous NFAT and the TNFα 
promoter was too weak to further confirm this finding.26 As a 
control for the specificity of NFAT1 binding, we also evaluated 
NFAT1 binding to the IFNγ and IL-4 promoters by ChIP as 
positive and negative controls, respectively (data not shown).27 
In conclusion, NFAT1 can specifically bind to two distal sites in 
the c-Myc promoter in lymphocytes. However, we were unable to 
detect NFAT1 binding to the proximal site.

The distal NFAT sites are negative, while the proximal site is a 
positive element to NFAT1-mediated c-Myc promoter transacti-
vation. To determine the functional relevance of NFAT1 to c-Myc 
gene expression, we analyzed the responsiveness of the human 
c-Myc promoter to a constitutively active NFAT1 (CA-NFAT1) 
protein by luciferase reporter gene assays in HEK293T cells. 
By using a constitutively active protein, we could minimize the 
effects of other transcription factors in the promoter regulation. 
The expression of the CA-NFAT1 protein had a discrete effect 
on full c-Myc promoter (-2,446 bp-Luc) activity when compared 
with the empty vector; however, a marked increase in promoter 
activity was observed in a construct that removes more than 
1 kb (-1,237 bp-Luc) of the distal promoter, which contained 
NFATREs 2 and 5. These results suggest that the deleted region 
has a negative effect on c-Myc promoter activity, while a positive 
element is located in the remaining promoter (Fig. 4A). Likewise, 

cells. CsA treatment prevented anti-CD3 stimulation-mediated 
upregulation of c-Myc (Fig. 1B), demonstrating the influence of 
the calcineurin cascade on the regulation of c-Myc expression. 
Importantly, this result was also reflected in c-Myc protein levels 
(Fig. 1C). In agreement with our results, others have previously 
reported that c-Myc expression is inhibited by CsA.19,22,23

To assess the role of NFAT1 specifically on c-Myc expression, 
we analyzed CD4 T cells from naïve NFAT1+/+ or NFAT1-/- mice. 
We observed that, although there was no difference in c-Myc 
expression in naïve cells from NFAT1+/+ and NFAT1-/- mice, 
NFAT1-/- cells had an impairment in the induction of c-MYC 
protein levels upon anti-CD3 stimulation when compared with 
NFAT1+/+ cells (Fig. 1D). Taken together, these results demon-
strate an important role for the Ca2+/calcineurin/NFAT1 path-
way in c-Myc induction by TCR signaling in lymphocytes and 
suggest that NFAT1 may act as a positive regulator of c-Myc gene 
expression.

NFAT1 binds in vitro to three elements in the c-Myc 
promoter. To identify putative NFAT elements in the c-Myc 
promoter, we performed a bioinformatic analysis using the 
Genomatix and rVista softwares and found seven possible NFAT 
binding sites that are conserved between humans and mice 
(Fig. 2A). In general, regions important for gene regulation are 
evolutionarily conserved, and the probability of a particular puta-
tive binding site being functional is higher when it is conserved 
in two related species compared with a site found in an isolated 
species.24 Notably, all the sites we identified are distal to the min-
imal promoter except for the previously identified +98  bp site 
(NFATRE 7), which is located within the minimal P2 promoter 
between P1 and P2 (Fig. 2B). Although the distal sites are not 
part of the basal promoter, they can regulate promoter activity by 
acting as enhancers or silencers.25 The core sequence for NFAT 
binding, 5'-GGA AA-3',12 was found in the putative NFAT 
responsive elements (NFATRE) 1, 2, 3, 5, 6 and 7 (Fig. 2B). The 
murine NFATRE 1 and both the human and mouse NFATRE 4 
have small but important variations (3'-CTT TT-5' and 5'-GCA 
AA-3', respectively), suggesting that they are non-ideal sites for 
NFAT binding.

To characterize the importance of the putative NFAT elements 
in the regulation of c-Myc expression, we performed an electro-
phoretic mobility shift assay (EMSA) with the recombinant 
DNA binding domain (DBD) of the NFAT1 protein. As a posi-
tive control, this DBD protein was incubated with a probe con-
taining the IL-2 distal NFAT element (Fig. 2C). Next, increasing 
amounts of DBD were incubated with the seven oligonucleotides 
containing the putative NFAT binding sites found in the mouse 
c-Myc promoter. In fact, NFAT1 bound to three of the oligo-
nucleotides (Fig. 2C) that contained NFATREs 2, 5 and 7 and 
that had a canonical GGAAA element. Of note, the intensity of 
binding was weaker for NFATRE 7 compared with NFATREs 2 
and 5, suggesting that the binding affinity of NFAT1 for this site 
is lower. Furthermore, we also observed very weak binding of the 
NFAT1 DBD to the oligonucleotide that contained NFATRE 6. 
Finally, the DBD of NFAT1 was unable to bind mutated oligo-
nucleotides in which the NFAT-binding sequence GGAAA was 
substituted with ACTCA, confirming the binding specificity for 
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Figure 2. The NFAT1 DNA binding domain (DBD) binds to the c-Myc promoter in vitro. The genomic sequences of the human and mouse c-Myc 
promoters were analyzed with rVista and Genomatix transcription factor binding site search softwares. (A) The seven putative NFAT binding sites 
found by both softwares are shown and aligned. The core NFAT binding sequence is in bold (GGA AA). (B) Schematic representation of the c-Myc gene. 
Exons are in black boxes. The major transcription initiation sites (P1 and P2) and the seven putative NFAT elements found by bioinformatic analysis are 
shown. (C) An oligonucleotide containing the NFAT binding site from the IL-2 promoter or oligos with the putative NFAT binding sites from the human 
c-Myc promoter were end-labeled with [γ32P] ATP and incubated with increasing concentrations of the recombinant DBD of the NFAT1 protein (for the 
IL-2 oligo: 10 nM, 100 nM and 1 μM and for the c-Myc oligos: 100 nM, 500 nM and 1 μM). DNA-protein complexes were analyzed by EMSA and are indi-
cated by an arrow. (D) The core NFAT binding sequence was mutated (GGA AA substituted by ACTCA) in the oligonucleotides of the c-Myc promoter 
that demonstrated binding in (C) and re-analyzed by EMSA. Wild type (WT) and mutated (M) oligos. DBD of NFAT1 protein: 500 nM. All the results are 
representative of three independent experiments.
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inducibility when this site was mutated (Fig. 4A). These results 
indicate that the binding of CA-NFAT1 to NFATRE 7 is essen-
tial for CA-NFAT1-induced promoter activity.

To confirm the positive role of NFATRE 7 on regulation of 
c-Myc expression, we mutated this element in the context of the 
minimal promoter. As shown in Figure 4B, CA-NFAT1 was 
unable to induce the c-Myc promoter when NFATRE 7 was 
mutated, providing evidence that this site is a positive NFAT1 
element. Taken together, our data suggest that the distal NFAT1 
responsive elements are negative regulators, while the proximal 
site has a positive effect on NFAT1-mediated transactivation. 
Furthermore, the distal sites seem to play a dominant role in the 
regulation of the c-Myc promoter compared with the proximal 
site, because CA-NFAT1 only increases promoter activity when 
the negative distal sites are abrogated.

Mutation of the NFAT-responsive elements suggests that 
another NFAT1-responsive site is present in the c-Myc pro-
moter. To determine whether NFATREs 2, 5 and 7 are the 
only NFAT-responsive sites in the c-Myc promoter, we mutated 
these three sites together in the context of the full promoter. 

analysis of the minimal P2 promoter (-109 bp-Luc), which con-
tains the NFATRE 7 site, showed that CA-NFAT1 could still 
increase promoter activity, suggesting that NFATRE 7 is a posi-
tive element in NFAT1-mediated transactivation.

To specifically evaluate the role of the distal NFAT sites on the 
regulation of c-Myc expression, we performed site-directed muta-
genesis of NFATREs 2 and 5 in the context of the full promoter. 
Mutation of either site alone resulted in a similar effect on c-Myc 
promoter activity as the full promoter (data not shown), but, sur-
prisingly, as with the -1,237 bp-Luc construction, CA-NFAT1 
enhanced c-Myc promoter activity when NFATREs 2 and 5 were 
mutated together, indicating that these distal elements function 
as negative regulators of c-Myc expression. The enhanced trans-
activation observed with the empty vector in this construction 
is probably caused by preventing the binding of endogenous 
NFATs or another transcription factor that might bind to these 
element sites. In contrast, although mutation of the proximal site 
in the context of the full promoter resulted in an impairment 
of transactivation compared with the wild-type promoter (com-
pare the white bars), CA-NFAT1 did not change the promoter 

Figure 3. The NFAT1 protein directly binds to the c-Myc promoter in CD4 T lymphocytes. (A) Schematic representation of the c-Myc gene showing the 
regions where primers used to evaluate NFAT binding to NFATRE 1/2, 5/6 and 7 annealed. (B and C) CD4 T cells were isolated from naive NFAT1+/+ and 
NFAT1-/- mice, and primed in vitro with plate-bound anti-CD3 and anti-CD28 for 7 d under Th1 polarizing conditions. Cells were either left unstimulated 
or stimulated with PMA (10 nM) plus ionomycin (1 μM) for an additional 4 h. Chromatin immunoprecipitation was performed using anti-NFAT1, anti-
acetylated forms of histone H4 (anti-H4Ac) antibodies or no antibody as a negative control (No Ab). The DNA was purified and analyzed by PCR with 
specific primers for c-Myc promoter regions containing the NFAT binding sites (B). As a positive control, PCR was done on DNA purified from chromatin 
before immunoprecipitation (INPUT). (C) The picture shows NFATRE 7 in the c-Myc promoter, which overlaps with binding sites for several transcription 
factors.
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Altogether, these data indicate a role for chromatin folding/loop-
ing in defining the responsiveness of the c-Myc promoter to the 
distal NFAT1 elements.

Next, we used constructs with sequential deletions of FragA-
Luc to identify the region responsive to CA-NFAT1 (Fig. 5C). 
This region was located between nucleotides 891–1,219 of 
FragA-Luc in the vicinity of NFATRE 5. Analysis of this spe-
cific region revealed three other putative NFAT elements (GGA 
AA) besides NFATRE 6. Additionally, five putative SP-1 binding 
sites are located in this region. It is possible that NFAT1 could 
bind to these sites, since NFAT1 has been shown to indirectly 
regulate the p21 promoter through interactions with Sp1/Sp3 
proteins.29 Thus, our data suggest that NFAT1 binds directly 
or indirectly to an element between nucleotides 891–1,219 of 
FragA-Luc (-1,555 to -1,227 bp relative to P2) to induce c-Myc 
promoter activity.

p300 enhances NFAT1-mediated transactivation of the full 
c-Myc promoter. It is well-established that chromatin remodeling 
is a critical factor in c-Myc promoter regulation,1,30,31 and strong 
evidences have pointed NFAT as a transcription factor involved 
in this process due to its ability to recruit chromatin remodeling 

Surprisingly, we observed that CA-NFAT1 still increased the 
promoter activity of this construct (Fig. 5A), suggesting that 
another functional NFAT1 site might exist in the c-Myc pro-
moter or that CA-NFAT1 could bind to sites other than canoni-
cal NFAT-responsive sites, as demonstrated for the Nur77 and 
p21 promoters.28,29

To further map the region of the c-Myc promoter that is 
responsive to NFAT1, we used a construct that spans nucleotides 
-2,446 to -1,237, called FragA-Luc (Fig. 5B), which is not under 
the control of the minimal c-Myc promoter. Remarkably, FragA-
Luc is highly inducible by CA-NFAT1 (Fig. 5B). Because FragA-
Luc encompasses the negative NFATREs 2 and 5, these data are 
at odds with the result for this region in the context of the full 
promoter (Fig. 4A). In fact, FragA-Luc is not under the control of 
the minimal c-Myc promoter, suggesting that the repressive func-
tion of NFATREs 2 and 5 may depend on interactions with the 
basal promoter, which is not present in the FragA-Luc construct. 
This hypothesis was further supported by the finding that muta-
tion of NFATREs 2 and 5 did not change the responsiveness 
of FragA-Luc to CA-NFAT1 (Fig. 5B), which is in contrast to 
results with the full promoter carrying these mutations (Fig. 4A). 

Figure 4. Regulation of the c-Myc promoter by NFAT1 involves negative and positive elements. (A) Analysis of NFATREs 2, 5 and 7 in the context of 
the full promoter and (B) analysis of NFATRE 7 in the context of the minimal P2 promoter. HEK293T cells were co-transfected with the firefly plasmids 
pBV‑luc (0.3 μg), pLIRES or pLIRES-EGFP-CA-NFAT1 (3 μg) and pRL-TK (0.03 μg). After 48 h, the cells were lysed and the firefly luciferase reporter gene 
was normalized to the renilla vector. The results are representative of at least three independent experiments ± SEM, and the fold induction is relative 
to the -2,446 bp-Luc construction (pLIRES).
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of the c-Myc promoter. For this purpose, we transfected the full 
c-Myc promoter along with p300 into HEK293T cells. As shown 
in Figure 6A, p300 alone represses the c-Myc promoter, which 
is in agreement with previous results.37,38 Conversely, expression 
of both p300 and CA-NFAT1, in contrast to CA-NFAT1 alone, 
increased c-Myc promoter activity (Fig. 6B). This finding could 
explain why wild-type CD4 T cells express more c-Myc compared 
with NFAT1-/- cells and reinforces the importance of partner 
proteins in NFAT protein-mediated transcriptional regulation, 
as has been described for several other promoters.7,11,12 Thus, we 
showed that NFAT1 may collaborate with p300 to induce c-Myc 
transcription and suggest that the response mediated by NFAT1 

proteins and histone acetyltransferases to chromatin.10,20,32-34 
Although we have seen that the distal NFATREs are negative and 
dominant over the proximal sites in CA-NFAT1-mediated trans-
activation of the c-Myc promoter, we also showed that CD4 T 
lymphocytes from NFAT1+/+ mice express higher levels of c-Myc 
when compared with lymphocytes from NFAT1‑/- mice (Fig. 1D). 
These results suggest that a partner protein collaborates with 
NFAT1 to induce c-Myc expression. In line with this, p300 is a 
transcriptional coactivator that links chromatin remodeling with 
transcription,35 and NFAT has been previously shown to interact 
with p300 to induce promoter activity.28,33,34,36 Thus, we investi-
gated the influence of p300 on NFAT1-mediated transactivation 

Figure 5. Identification of another element responsive to NFAT1 in the c-Myc promoter. HEK293T cells were co-transfected with the firefly plasmids 
pBV-luc (0.3 μg), pLIRES or pLIRES-EGFP-CA-NFAT1 (3 μg) and pRL-TK (0.03 μg). After 48 h, the cells were lysed and the firefly luciferase reporter 
gene was normalized to the renilla vector. The fold induction is relative to the -2,446 bp-Luc (pLIRES) (A) or to the FragA-Luc construction (pLIRES) 
(B) and (C). The results are representative of three independent experiments ± SEM.
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did not abolish the transactivation mediated by CA-NFAT2, this 
result indicates that the responsiveness of full c-Myc promoter by 
CA-NFAT2 is determined by other sites that remain to be iden-
tified. Despite that, the positive role for NFATRE 7 was con-
firmed with the mutation of this site in the context of minimal 
promoter (Fig. 7B) as shown for CA-NFAT1 (Fig. 4B), showing 
that NFATRE 7 is the only NFAT-responsive site located at the 
minimal promoter in HEK293T cells.

Relative to the mutation of the distal NFATRE in the con-
text of full c-Myc promoter, we observed that the disruption of 
NFATRE 2 and 5 increased both the transactivation of the empty 
vector as the CA-NFAT2 (Fig. 7A). These data are in agreement 
with the result obtained with NFAT1 (Fig. 4A), but even though 
the distal sites apparently have a negative role for NFAT2 trans-
activation, they are not dominant over the other NFATREs as 
showed for NFAT1. Thus, these results indicate that CA-NFAT2 
is able to transactivate the c-Myc human promoter through an 
element that remains to be described, and that the NFATRE 7 
is not the preponderant positive site responsive to CA-NFAT2. 
Furthermore, these data also demonstrated that the newly iden-
tified NFATRE 2 and 5 are negative but not dominant for the 
transactivation mediated by CA-NFAT2.

The positive regulation of c-Myc promoter by both NFAT1 
and NFAT2 in NIH3T3 cells is independent of the known 
NFATRE. We have previously shown in NIH3T3 cells that 
both NFAT1 and NFAT2 differentially regulate aspects of cell 
transformation, cell cycle and apoptosis.39 As both proteins regu-
late c-Myc expression, we were interested in evaluating their role 
on c-Myc promoter in this cell type, with regards to the NFAT 
sites herein evaluated. For this purpose, we stabilized NIH3T3 
cells with the vector pLIRES-EGFP empty or coding for 
NFAT1 or NFAT2 wild-type proteins. As shown in Figure 8A, 
the expression of both NFAT1 and NFAT2 proteins increased 
c-Myc expression levels after stimulation with PMA plus iono-
mycin. In accordance, both proteins equally upregulated the full 
c-Myc promoter (Fig. 8B) and the construction -1,237 bp-Luc 
after stimulation. Both NFATs also induced the minimal pro-
moter (-109 bp-Luc) with the higher value achieved for NFAT1. 
Interestingly, while the mutation on NFATRE 2 and 5 led to 
a modest increase in the transactivation mediated by NFAT1, 
it led to a slight reduction in the transactivation of NFAT2. 
Lastly, the mutation of NFATRE 7 did not reduce neither the 
transactivation of the full promoter (-2,446 bp-Mut7-Luc) nor 
of the minimal promoter (-109 bp-Mut7-Luc) mediated by both 
NFAT1 and NFAT2.

Thus, in NIH3T3 cells, both NFAT proteins transactivate 
the full c-Myc promoter, but the known NFATRE 2, 5 and 7 
do not have an important role in this regulation. We did not 
find relevant differences between the transactivation mediated 
by NFAT1 and NFAT2 that could infer a differential regulation 
of c-Myc promoter by individual NFAT proteins. Moreover, our 
results clearly indicate that another important positive NFAT ele-
ment exists within the minimal c-Myc promoter, a result that was 
not observed in HEK293T cells. Therefore, these data indicate 
that the usage of different NFATRE must depend on the cellular 
type.

is also dependent on other transcription factors with which it 
associates.

The distal NFAT sites are negative but not dominant to 
NFAT2-mediated c-Myc promoter transactivation. Although 
all NFAT members share a highly conserved DNA binding 
domain (DBD) that confers to them a common DNA bind-
ing specificity,12 it has become clear that NFAT1 and NFAT2 
proteins could exert both redundant and opposite functions on 
cell physiology.11,12,14,39 To address whether NFAT1 and NFAT2 
could differentially affect the NFATRE here evaluated, we per-
formed gene reporter assays with the same constructions of c-Myc 
promoter used in Figure 4. HEK293T cells were transfected 
with the empty vector or with a plasmid encoding CA-NFAT2 
(Fig. 7). Different from the observed with CA-NFAT1, expres-
sion of CA-NFAT2 alone transactivated the full c-Myc pro-
moter (Fig. 7A). Furthermore, the extent of promoter induction 
remained practically the same with the constructions -1,237 bp-
Luc, -109 bp-Luc and even with the -2,446 bp-Mut7-Luc con-
struct, a result that was unexpected, because the NFATRE 7 was 
described as a NFAT2-positive element. As mutation of this site 

Figure 6. p300 enhances transactivation of the c-Myc promoter medi-
ated by NFAT1. HEK293T cells were co-transfected with the plasmid 
-2446 bp-Luc (0.1 μg), pLIRES-EGFP-CA-NFAT1 or empty vector (1 μg), 
pCMVb-p300-HA or empty vector (5 μg) and pRL-TK (0.01 μg). After 
48 h, the cells were lysed and the firefly luciferase reporter gene was 
normalized to the renilla vector. The results are representative of three 
independent experiments ± SEM and the fold induction is relative to 
the -2,446 bp-Luc construction (pLIRES).
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in CD4 T cells upon anti-CD3 stimulation (Fig. 1). NFAT1 and 
NFAT2 are the prevalent NFAT members expressed in peripheral 
T lymphocytes,12 and we used CD4 T cells from NFAT1‑/- mice to 
specifically evaluate the role of NFAT1. The absence of NFAT1 in 
these cells was associated with decreased levels of c-Myc, pointing 
to NFAT1 as a positive regulator of c-Myc expression. Thereafter, 
our EMSA results demonstrated that NFAT1 is capable of bind-
ing to three of the seven putative NFAT sites in the c-Myc pro-
moter that were identified by bioinformatic analysis, with higher 
affinity for NFATREs 2 and 5 compared with the previously 
identified NFATRE 7 (Fig. 2). We also verified a weak interaction 
between NFAT1 and NFATRE 6 that was not further examined 
here. Binding of NFAT1 to the distal sites was further confirmed 
by ChIP assays (Fig. 3). This group of results clearly demonstrates 
that NFAT1 is able to bind to the c-Myc promoter and suggests a 
direct role for NFAT1 in regulation of c-Myc expression, including 
binding of NFAT to distal elements in the c-Myc promoter.

Our data from transactivation assays in HEK293T cells 
characterized the distal NFAT sites as negative regulators of 

Discussion

In this work, we have further characterized the transcriptional 
regulation of the c-Myc promoter by the transcription factor 
NFAT1. Previous studies have linked the upregulation of c-Myc 
with the NFAT binding site located in its minimal promoter 
(referred to here as NFATRE 7), induced by either NFAT218-21 
or NFAT1.19,21 Nonetheless, distal regions of the c-Myc promoter 
are pivotal to the tight regulation of c-Myc expression and are 
commonly abrogated as a result of genetic mechanisms, such as 
breaks and proviral insertions, which are frequently associated 
with carcinogenesis.1,40-42 In the c-Myc promoter, euchromatin 
and heterochromatin are separated by MINE (c-Myc insula-
tor element), which functions as an efficient insulator, located 
approximately 2.5 kb upstream of the c-Myc transcription ini-
tiation site.43 All these observations prompted us to evaluate the 
importance of NFAT1 in this 2.5 kb context.

We first demonstrated that the induction of c-Myc expression 
is dependent on the Ca2+/calcineurin/NFAT signaling pathway 

Figure 7. Regulation of the c-Myc promoter by CA-NFAT2 is preponderantly by positive elements. HEK293T cells were co-transfected with the firefly 
plasmids pBV-luc (0.3 μg), pLIRES or pLIRES-EGFP-CA-NFAT2 (3 μg) and pRL-CMV (0.03 μg). After 48 h, the cells were lysed and the firefly luciferase 
reporter gene was normalized to the renilla vector. (A) Analysis of NFATREs 2, 5 and 7 in the context of the full promoter and (B) analysis of NFATRE 7 in 
the context of the minimal P2 promoter. The results are representative of three independent experiments ± SEM, and the fold induction is relative to 
the -2,446 bp-Luc construction (pLIRES).
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hierarchy of regulatory NFAT elements exists. NFAT1 binds 
with greater affinity to some of the NFAT-responsive elements, 
as demonstrated for the negative distal sites, but when these ele-
ments are abrogated or become inaccessible, NFAT1 can bind to 
lower affinity sites, such as NFATRE 7, to positively regulate this 
promoter. However, this dominance may vary according to the 
presence of partner proteins and cell types. Furthermore, we can-
not discard the possibility of a kinetics on the occupancy of the 
different NFAT sites in the c-Myc promoter, where the binding of 
NFAT1 to the distal sites might occur later after cell activation, 
leading a late downregulation of c-Myc to the resting levels.

Relative to the partner proteins, we observed collaboration 
between NFAT1 and p300 to induce c-Myc promoter activity. 
The inhibition of the c-Myc promoter by p300 (Fig. 6A) was 

NFAT1-mediated transcription (Fig. 4A). Moreover, mutational 
analyses of the distal NFAT elements in the context of the full 
promoter strongly suggested that regulation through these nega-
tive elements is dominant over regulation via the positive proxi-
mal site, because CA-NFAT1 only enhances the activity of the 
c-Myc promoter when the distal sites are abrogated (Fig.  4A). 
Unexpectedly, even when all three elements were mutated, 
CA-NFAT1 still enhanced the transcriptional activity of the 
c-Myc promoter, suggesting the presence of another recessive 
and positive NFAT1 site (Fig. 5A). Thus, the region was fur-
ther mapped between nucleotides -1,555 and -1,227 relative to 
P2, in the vicinity of NFATRE 5 (Fig. 5C). These transactiva-
tion assays identified several CA-NFAT1-responsive elements in 
the c-Myc promoter, supporting a model in which a functional 

Figure 8. The regulation of c-Myc promoter by NFAT proteins in NIH3T3 cells is not dependent on the known NFATRE. NIH3T3 cells were stably with 
the retroviral vector pLIRES-EGFP empty or coding for NFAT1 or NFAT2 wild type proteins. (A) Cells were seeded on plates for 24 h and then stimulated 
with PMA (20 nM) plus ionomycin (2 μM). After additional 24 h, whole cell extracts were recovery and western blot performed. (B and C) The stabilized 
NIH3T3 cells were co-transfected with the firefly plasmids pBV-luc (10 μg) and pRL-TK (1 μg). After 24 h, cells were stimulated with PMA (20 nM) and 
ionomycin (2 μM) for 6 h, when cells were lysed. The firefly luciferase reporter gene was normalized to the renilla vector of cells stabilized with the 
pLIRES empty vector. The results are representative of at least three independent experiments ± SEM, and the fold induction is relative to the -2,446 
bp-Luc construction (pLIRES).
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are used and to understand the molecular mechanisms involved 
in this process.

NFATRE 2 is located in a region called MINE that contains 
both insulator and heterochromatin barrier activity. Additionally, 
the MINE region also contains a repressor activity.43 Originally, 
the CTCF protein was identified as a repressor of the c-Myc pro-
moter.48 However, Gombert et al. have shown that CTCF binds 
constitutively to the c-Myc promoter independent of the level 
of c-Myc transcription, therefore suggesting that CTCF is not 
directly involved in repression of c-Myc expression. Interestingly, 
NFATRE 2 and the distal CTCF binding site are separated by 
86 nucleotides, and both elements are present within the 640 bp 
fragment of the MINE region, which has been shown to decrease 
the transcriptional activity of the Neor gene.43 Moreover, a loop 
between the CTCF site at the 5' boundary, near NFATRE 2, and 
another CTCF element located immediately downstream of the 
c-Myc promoter start site has been observed in repressed cells.30 
Thus, binding of NFAT to the NFATRE 2 might contribute 
to the repressive phenotype exerted by the MINE region. The 
mechanisms by which P2 is repressed require histone deacetylase 
(HDAC) activities,49 and NFAT1 can recruit HDACs, as has been 
shown for the repression of the CDK4 promoter.15 NFATRE 5 is 
located between nucleotides -1,690 and -1,054 relative to P1 in 
a fragment that has been predicted to form a curved structure 
by computer modeling.50 Curved structures are found near ele-
ments that are important for transcriptional regulation and have 
the potential to influence chromatin structure by positioning 
nucleosome core particles through interaction with histones and 
other chromosomal proteins.50 Thus, the binding of NFAT to 
two different elements in the distal c-Myc promoter can result 
in bending of the promoter and interactions with other proteins 
that then influence gene transcription. In fact, the flexible struc-
ture of the NFAT DBD allows several surfaces to be available 
for interactions with different transcriptional partners on DNA, 
such as activator protein-1 (AP-1),11,12 Maf, ICER, GATA, EGR, 
Oct, the nuclear receptor PPAR-γ7,11 and p300,28,33,34,36 thereby 
allowing NFAT to integrate Ca2+ signaling with many other sig-
naling pathways.11

Together, our results show that regulation of the c-Myc pro-
moter by NFAT is more complex than previously conceived. 
In addition to the induction of c-Myc expression driven by 
NFATRE 7, which is located at the minimal promoter, NFAT 
also binds to at least two other elements in the distal promoter. 
The negative NFAT-responsive elements identified here could 
be contributing to the control of c-Myc expression by modulat-
ing the use of positive regulatory sites or by preventing aberrant 
activation of c-Myc, which could result in deleterious conse-
quences, such as tumorigenesis. Indeed, both c-Myc and NFAT 
are overexpressed in leukemias, lymphomas, pancreatic, colon 
and breast cancers.5,17,18,51-54 Furthermore, NFAT controls criti-
cal processes during carcinogenesis, including angiogenesis,16 cell 
migration and invasion.16,17,55,56 Moreover, some pathways that 
regulate the activity of the NFAT proteins are deregulated in 
cancer and contribute to both tumor progression17,57,58 and c-Myc 
activation.1,59,60 These include the WNT pathway, which influ-
ences the metastatic behavior of human breast cancer cells,57 the 
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The authors hypothesized that when cells are activated by mito-
gens, other transcription factors that are not activated in the 
resting state can bind p300 and stimulate c-Myc expression. We 
suggest that NFAT1 is one of these factors, given that the expres-
sion of p300 together with a constitutively active NFAT1 pro-
tein, which would physiologically require activation, enhances 
the activity of the c-Myc promoter (Fig. 6B). The p300-CA-
NFAT1 interaction could facilitate the recruitment of tran-
scriptional cofactors and RNA polymerase to NFAT-dependent 
promoters. Likewise, p300 may acetylate NFAT1 and increase 
its DNA binding affinity, as reported for several transcription 
factors, such as p53 and E2F.35,44 All of these possibilities could 
explain the increase in promoter transactivation by p300-NFAT1 
and explain the higher c-Myc expression observed in NFAT1+/+ 
lymphocytes compared with NFAT1-/- lymphocytes (Fig. 1D). 
Notably, the p300-NFAT1 cooperation bypasses the negative 
regulation of the c-Myc promoter exerted by NFATREs 2 and 
5 in HEK293T cells. As protein-protein interactions contrib-
ute to the stability of the cooperative NFAT-AP-1 complex,7 the 
NFAT1-p300 interaction could increase the affinity of NFAT1 
for the positive NFATRE 7 and/or other positive NFAT elements 
in the distal promoter. NFAT proteins are weak transactivators 
and are usually associated with partner proteins to regulate tran-
scription.32 Apparently, this also occurs during regulation of the 
c-Myc promoter by NFAT.

The regulation of the c-Myc promoter is highly context-depen-
dent. The same factors that exert a dominant influence on c-Myc 
transcription in one biological setting or cell line may be impo-
tent under other circumstances.1 In fact, a stimulus that upregu-
lates c-Myc in one condition may downregulate it in another.1 
Target gene regulation by NFAT1 has also been described as cell 
type-specific at the Cox-2 and TNFα promoters.45 While two 
NFAT sites are necessary for complete Cox-2 promoter trans-
activation in Jurkat cells,46 only the proximal site seems to be 
important in colon carcinomas47 and endothelial cells.16 The 
dominance or the differential use of NFATRE was clearly evi-
denced in our assays. In HEK293T cells, although CA-NFAT2 
also regulated the negative distal sites, these elements were not 
dominant as seen for CA-NFAT1 (Fig. 7A). Moreover, the 
known positive NFATRE 7 was only important in the context 
of the minimal promoter (Fig.  7B). The regulation mediated 
by CA-NFAT2 occurs preponderantly by a positive NFAT ele-
ment that remains to be described, possibly the same element 
that is located between nucleotides -1,555 and -1,227 relative to 
P2, which is recessive and responsive to CA-NFAT1 (Fig. 5C). 
By contrast, in NIH3T3 cells, neither mutation of distal sites 
nor of the proximal site inhibited the transactivation mediated 
by both NFAT1 and NFAT2 (Fig. 8B), supporting the existence 
of other important NFAT sites. The NFATRE 7 is not essential 
for the NFAT-mediated transactivation of the minimal promoter 
(Fig. 8C), suggesting the presence of other NFAT-responsive 
sites within the minimal promoter, which does not seem relevant 
in HEK293T cells. Additional experiments will be necessary to 
identify the other NFAT sites that are present in the c-Myc pro-
moter, to determine in which context the different NFAT sites 



© 2012 Landes Bioscience.

Do not distribute.

www.landesbioscience.com	 Cell Cycle	 1025

Real-time PCR. Freshly isolated CD4 T lymphocytes were 
stimulated in vitro with plate-bound anti-CD3 (1 μg/mL). At 
the indicated time points, the total cellular RNA was isolated 
using Trizol LS Reagent (Invitrogen), and the cDNA synthesis 
was performed using the oligo(dT) primer (SuperscriptTM  III 
Reverse Transcriptase, Invitrogen) according to the manufac-
turer’s instructions. When used, cyclosporine A (1 μM; LC 
Laboratories®) was added 15 min before anti-CD3 stimulation. 
Synthesized cDNA was subjected to quantitative RT-PCR for the 
detection of c-Myc gene transcripts. Amplification was performed 
in a 7500 Real-Time PCR System (Applied Biosciences) using 
the following cycling program: 95°C for 10 min and 40 cycles 
of 95°C for 15 sec followed by 60°C for 60 sec. Relative expres-
sion levels of c-Myc were normalized to the endogenous reference 
HPRT using the Equation 2-ΔΔCT. The primers and probes were 
purchased from Applied Biosystems (c-Myc: Mm00487804_m1; 
HPRT: Mm00446968_m1). The expression values are relative to 
c-Myc amplification in unstimulated cells.

Western blot. Total protein lysates from freshly isolated CD4 
T lymphocytes or from stabilized NIH3T3 cells were resolved on 
8% SDS-PAGE gels and transferred onto a nitrocellulose mem-
brane. Total protein was collected from 2 x 106 CD4 T cells at 
the indicated times after stimulation with plate-bound anti-CD3 
(1 μg/mL) in cell lysis buffer (40 mM Tris pH 7.5, 60 mM sodium 
pyrophosphate, 10 mM EDTA and 5% SDS) and then incubated 
at 100°C for 15 min. When used, cyclosporine A (1 μM, LC 
Laboratories®) was added 15 min before anti-CD3 stimulation. 
For NIH3T3 cells, 2 x 105 cells were seeded in a 10 cm2 plate 
with 10 mL of DMEM 5% FBS. Twenty-four hours later, cells 
were stimulated with PMA (20 nM) and ionomycin (2 μM) for 
additional 24 h, when total protein was collected. 150 μg of pro-
tein were used in western blot. The following antibodies were 
used: NFAT1 polyclonal antibody anti-67.1; NFAT2 monoclonal 
antibody 7A6 (Santa Cruz), c-Myc polyclonal antibody (N-262, 
Santa Cruz or D84C12, Cell Signaling) and actin monoclonal 
antibody (A3853, Sigma). Immunodetection was performed 
with ECL western blotting detection kit (GE Healthcare).

Bioinformatic analysis. The genomic sequences from the 
Homo sapiens and Mus musculus c-Myc promoters (up to -3 kb 
from the first exon) were obtained from the Ensembl Genome 
Browser (www.ensembl.org) and aligned with the Clustal W 
program (www.ebi.ac.uk/clustalw). Then, the sequences were 
submitted for analysis using two transcription factor bind-
ing sites search softwares, rVista (http://rvista.decode.org) and 
Genomatix (www.genomatix.de/products/MatInspector).

Electrophoretic mobility shift assay (EMSA). The NFAT1 
DNA binding domain (DBD) recombinant protein was 
expressed as previously described in reference 65. The DBD was 
then purified under native conditions with Ni-NTA spin col-
umns according to the manufacturer’s instructions (Qiagen). 
The proteins were eluted in 50 mM Tris-Cl pH 8.0; 100 mM 
NaCl and 300 mM imidazole. Oligonucleotide duplexes (5.0 μg 
of each oligo) were generated by denaturation for 10 min at 
95°C in hybridization buffer (10 mM Tris pH 7.5, 50 mM 
NaCl) followed by overnight hybridization at room temperature. 
Oligonucleotides (50 ng) were labeled for 1 h at 37°C with T4 

α6β4 integrin signaling pathway, which is deregulated in breast 
cancer,17 and the cytokine TNFα, which is involved in invasion 
and metastasis.58 Thus, constitutive activation of the Ca2+/calci-
neurin pathway along with the removal/abrogation of the nega-
tive NFATREs 2 and 5 may facilitate binding of NFAT to the 
positive NFAT-responsive sites and consequently enhance c-Myc 
promoter activity during carcinogenesis.

Materials and Methods

Animals and cell culture. C57BL/6, NFAT1+/+ and NFAT1-/- 
mice were maintained at the Brazilian National Cancer Institute 
animal facility. NFAT1+/+ and NFAT1-/- (C57BL/6 x 129/
Sv) mice were generated as previously described in reference 
61. 8–12-week-old mice were used following the “Principals of 
laboratory animal care” (NIH publication No. 85-23, revised 
in 1985). CD4 T cells were purified (>90% purity) by negative 
selection according to the manufacturer’s instructions (Dynal 
Mouse CD4 Negative Isolation Kit, Invitrogen) from ingui-
nal, brachial, axillary and superficial cervical lymph nodes of 
8–12-week-old mice. All cells were maintained in Dulbecco’s 
modified Eagle medium (DMEM) supplemented with 10% 
heat-inactivated fetal calf serum, 2 mM L-glutamine, penicillin-
streptomycin, essential and nonessential amino acids, sodium 
pyruvate, vitamins, 10 mM HEPES and 2-mercaptoethanol in 
5% CO

2
 at 37°C.

Plasmids. The human c-Myc reporter constructs were a gift 
from Dr. Bert Vogelstein (Del-1 and Del-2)62 or were obtained 
from Addgene (Del-6)63 and were renamed relative to the P2 tran-
scription initiation site as -2,446 bp-Luc, -1,237 bp-Luc and -109 
bp-Luc, respectively. All these constructions span up to +334 bp 
of the c-Myc promoter. FragA62 and pCMVb-p300-HA were 
also acquired from Addgene. FragA is referred here as FragA-Luc 
and spans from -2,446 bp to -1,237 bp of the c-Myc promoter. 
pRL-TK and pRL-CMV were acquired from Promega, and pLI-
RES-EGFP, pLIRES-EGFP-CA-NFAT1, pLIRES-EGFP-CA-
NFAT2α, pLIRES-NFAT1 and pLIRES-NFAT2α have been 
previously described in references 39 and 64.

Construction of the c-Myc promoter reporters. NFAT1 
binding site mutants were generated from the -2,446 bp-Luc 
or -109  bp-Luc reporter constructs as indicated in the figures 
using the Gene TailorTM Site-Directed Mutagenesis System 
(Invitrogen). For site-directed mutagenesis, the forward prim-
ers (IDT) were as follows: MutNFATRE 2: 5'-TGT CCT TCC 
CCC GCT ACT CAC CTT GCA CCT CG-3'; MutNFATRE 
5: 5'-TGA GTC AGT GAA CTA ACT CAT TAA TGC CTG 
G-3' and MutNFATRE 7: 5'-CTC AGA GGC TTG GCG ACT 
CAA AGA ACG GAG-3' and their complementary strands. The 
mutated NFAT consensus-binding site is in bold (GGA AA sub-
stituted for ACT CA). To generate FragA-Mut2,5-Luc, the SpeI-
SacII fragment of -2,446 bp-Mut2,5-Luc was cloned into the 
same restriction sites in the FragA-Luc vector. The FragAΔ41–
171-Luc, FragAΔ171–891-Luc and FragAΔ891–1,219-Luc vec-
tors were obtained by deletion of the indicated regions from the 
FragA-Luc plasmid with the restriction enzymes AgeI-PstI, PstI-
SpeI and SpeI-SacII, respectively.
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product); primer set 3, 5'-AGC TGC CGG GTC CGA CTC 
GCC TCA-3' and 5'-ACA CGG CTC TTC CAA CCG TCC 
GCT CA 3' (205-bp product); primers for the IFNγ promoter, 
5'-GCT CTG TGG ATG AGA AAT-3' and 5'-AAG ATG GTG 
ACA GAT AGG-3' (250-bp product); and primers for the IL-4 
promoter, 5'-AAG ATT AGT CTG AAA GGC C-3' and 5'-TCA 
AGA GAT GCT AAC AAT GC-3' (290-bp product) (IDT). As 
a loading control, the same PCR was performed directly on input 
DNA purified from chromatin before immunoprecipitation. 
PCR products were resolved on 1.5% agarose gels and visualized 
with ethidium bromide staining (0.5 μg/mL).

NIH3T3 cells stably expressing NFAT1 or NFAT2 proteins. 
BD EcoPack2 ecotropic packing cell line (BD Biosciences) was 
transiently transfected with retroviral vectors pLIRES-EGFP 
empty or coding for NFAT1 or NFAT2α murine cDNAs by cal-
cium phosphate precipitation. Cell-free virus-containing super-
natant was collected 48 h after transfection and added 1:1 with 
fresh medium to NIH3T3 cells. The supernatant was supple-
mented with 8 μg/ml polybrene (Fluka) and immediately used 
for spin-infection (2 x 45 min at 400 g, at room temperature) of 
2.5 x 104 NIH3T3 cells. Infected cells were incubated at 37°C 
for further 24 h, supplemented with fresh media and selected for 
G418 resistance (1,500 μg/ml, Invitrogen) 14 d more.

Reporter gene assays. HEK293T cells (1.5 x 105 cells/well) 
were seeded in 6-well tissue culture dishes. Twenty-four hours 
later, cells were co-transfected with luciferase firefly reporter 
plasmids, pLIRES-EGFP; pLIRES-EGFP-CA-NFAT1 or 
pLIRES-EGFP-CA-NFAT2α and a renilla plasmid (pRL-TK 
or pRL-CMV) by calcium phosphate precipitation. When indi-
cated, a fourth plasmid, pCMVb-p300-HA, was also co-trans-
fected. The following day, cells were washed twice with 1x PBS 
and cultured in 2 mL of DMEM without serum. The cells were 
incubated for an additional 24 h and lysed for 15 min at room 
temperature with 100 μL of passive lysis buffer (Promega). The 
extracts were analyzed in a VeritasTM Microplate Luminometer 
(Turner Biosystems) using a Dual-Luciferase Reporter Assay 
System (Promega) as directed by the manufacturer. Luciferase 
activities were expressed as relative light units, and the firefly 
luciferase reporter gene was normalized to the renilla vector. The 
average values of the tested constructs were normalized to the 
activities of the empty vectors.

After confirmation of NFAT1 of NFAT2 protein expression 
by western blot, 2.5 x 104 stabilized NIH3T3 cells were seeded 
in 6-well tissue culture dishes. Twenty-four hours later, cells 
were co-transfected by calcium phosphate precipitation method 
with luciferase firefly reporter plasmids and a renilla plasmid 
(pRL‑TK). The following day, cells were washed twice with 1x 
PBS and cultured in 2 mL of DMEM 5% FBS. The cells were 
incubated overnight and stimulated with PMA (20 nM) and 
ionomycin (2 μM) for 6 h. The lyses and luciferase reading were 
performed as described for HEK293T cells.
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polynucleotide kinase (10 U; New England Biolabs) and 50 μCi 
[γ32P] dATP (Amersham Biosciences). Probes were then puri-
fied with MicroSpinTM G-25 columns (Amersham Biosciences). 
Increasing amounts of purified NFAT1 DBD protein (100 nM; 
500 nM and 1 μM) were incubated with the indicated labeled 
oligonucleotides (20,000 counts/min) and 0.2 μg/reaction of 
poly(dI:dC) (Amersham Biosciences) in a total volume of 20 μL 
of binding buffer (10 mM HEPES pH 7.0, 125 mM NaCl, 10% 
glycerol, 0.25 mM DTT, 0.8 mg/mL BSA) for 20 min at room 
temperature. DNA-protein complexes were separated by electro-
phoresis under non-denaturating conditions on a 4% polyacryl-
amide gel in 1x TBE buffer. The gel was pre-run for 1 h at 100 V, 
and samples were run for an additional hour at 200 V. The gel 
was dried onto Whatman filter paper and analyzed by autora-
diography. The following oligonucleotides were used: IL-2:66 
5'-GCC CAA AGA GGA AAA TTT GTT TCA TAC AG; 
NFATRE 1: 5'-TGA ACC ATT TTT TTC TCT AGT AAT 
T-3'; NFATRE 2: 5'-CCC AGA ACC TGG AAA CCC TGC 
AGC C-3'; NFATRE 3: 5'-GAG GGG GCG GGG AAA GAG 
TCT CTG C-3'; NFATRE 4: 5'-ATC CTA AAT TGC AAA 
CTC AGT GGC T-3'; NFATRE 5: 5'-AAA GGA AAC TGG 
GAA ATT AAT GTA T-3'; NFATRE 6: 5'-TAA TAA AAG 
GGG AAA GCT TGG GTT T-3' and NFATRE 7: 5'-ACG 
CTT GGC GGG AAA AAG AAG GGA G-3'. For mutated oli-
gos, the nucleotides GGA AA (the NFAT consensus binding site) 
were replaced by ACT CA.

Chromatin immunoprecipitation assay (ChIP). ChIP was 
performed as described in reference 27. Briefly, freshly isolated 
CD4 T cells were isolated by magnetic bead selection from 
total lymph nodes of NFAT1+/+ and NFAT1-/- mice (Dynal). 
The cells (2 x 106 cells/well) were stimulated in vitro with plate-
bound anti-CD3 antibody (2C11; 0.25 μg/mL) and anti-CD28 
antibody (37.51; 1 μg/mL) for seven days under Th1 polariz-
ing conditions [IL-12 (10 ng/mL), anti-IL-4 (10 μg/mL) and 
IL-2 (20 U/mL)]. Then, cells were washed, rested for 2 h and 
either left unstimulated or restimulated in vitro with PMA 
(10 nM) and ionomycin (1 μM) for an additional four hours. 
Immunoprecipitation was performed overnight at 4°C with a set 
of NFAT1-specific antibodies (anti-67.1 and anti-T2B1; 15 μg 
and 50 μg, respectively) or an anti-acetyl-histone H4 antibody 
(5 μg; Upstate Biotechnology). DNA was purified by phenol-
chloroform extraction and resuspended in 100 μL of TE buf-
fer. PCR was performed with 5 μL of the immunoprecipitated 
DNA. PCR conditions were as follows: 3 min at 95°C, followed 
by 28 (primers 1 and 2 of c-Myc promoter) or 26 (primer 3 of 
c-Myc promoter, IFNγ and IL-4) cycles of 30 sec at 95°C, 30 sec 
at 48°C (IL-4 and IFNγ), 55°C (primer 2 of c-Myc promoter), 
61°C (primer 1 of c-Myc promoter) or 62°C (primer 3 of c-Myc 
promoter) and 1 min at 72°C, completed by 8 min at 72°C. The 
following primers were used: for the c-Myc promoter: primer 
set 1, 5'-CCC CAT CCA CAA CTA GGG CTC TG-3' and 
5'-AAC GAG GGC GGA GGT CGG ATG G (252-bp product); 
primer set 2, 5'-AGG AGT GAA TTG CCA ACC CAG A-3' 
and 5'-GGA TTG TAC AGA ATG CAC AGC GT 3' (282-bp 
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