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The interleukin-2 receptor a (IL-2Ra) chain is a
component of high-af®nity IL-2 receptors and thus is
a key regulator of lymphocyte proliferation. Lineage-
restricted and activation-dependent IL-2Ra transcrip-
tion is controlled by four upstream positive regulatory
regions (PRRs) and one downstream PRR. We now
demonstrate that T-cell receptor (TCR) responsive-
ness requires both upstream sequences and an intro-
nic region, PRRIV, previously identi®ed as an IL-2
response element. Whereas IL-2 responsiveness
requires Stat5 and HMG-I(Y) binding, TCR respon-
siveness of PRRIV requires two AP-1- and two NFAT-
binding sites that bind Jun, Fos and NFAT family
members in vitro and in vivo. Moreover, IL-2Ra
induction is impaired in T lymphocytes from trans-
genic mice expressing a dominant-negative c-jun con-
struct, or following treatment with cyclosporin A.
Thus, our data indicate an important role for both
AP-1 and NFAT proteins for TCR-induced IL-2Ra
expression and establish that both upstream and
intronic sequences mediate TCR responsiveness of the
IL-2Ra gene. Moreover, our data reveal a previously
unappreciated link between the TCR-mediated up-
regulation of the IL-2 and IL-2Ra genes.
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Introduction

Interleukin-2 (IL-2) is a growth factor for antigen-
activated lymphocytes (Lin and Leonard, 1997) and it
also plays a critical role in antigen-induced cell death
(Lenardo, 1991; Van Parijs et al., 1997, 1998; Refaeli
et al., 1998). IL-2 acts on T cells via high-af®nity IL-2
receptors which are composed of three transmembrane
polypeptides, IL-2Ra, IL-2Rb and the common cytokine
receptor g chain, gc (Lin and Leonard, 1997). Whereas
dimerization of IL-2Rb and gc is necessary and suf®cient
for IL-2 signaling (Nakamura et al., 1994; Nelson et al.,
1994), IL-2Ra expression increases the af®nity of IL-2
binding ~100-fold, facilitating IL-2 responses at low
physiological concentrations of this cytokine. Mutation of
the IL-2Ra gene results in autoimmunity in patients
(Sharfe et al., 1997) and mice (Willerford et al., 1995).

Expression of the IL-2Ra gene is tightly regulated at the
transcriptional level. Previous studies have identi®ed ®ve
positive regulatory regions (PRRs): PRRI (between

nucleotides ±276 and ±244 relative to the major transcrip-
tion initiation site of the human gene) (Cross et al., 1987,
1989; Bohnlein et al., 1988; Leung and Nabel, 1988;
Ruben et al., 1988; Lin et al., 1990; Toledano et al., 1990);
PRRII (±137 to ±64 in human) (John et al., 1995); PRRIII
(±3780 to ±3703 in human and ±1366 to ±1319 in mouse)
(Sperisen et al., 1995; John et al., 1996; Lecine et al.,
1996); PRRIV/intronic IL-2 response element (herein
designated as PRRIV) (+3389 to +3596 in human and
+2539 to +2740 in mouse) (Kim et al., 2001); and PRRIV/
CD28rE (herein designated as CD28rE) (±8689 to ±8483
in human) (Yeh et al., 2001). PRRI, PRRII and CD28rE
are required for mitogenic stimulation of the IL-2Ra gene,
while both PRRIII and PRRIV are IL-2 response elements.
Human PRRI binds to NF-kB1, c-Rel and serum response
factor (SRF) (Ballard et al., 1988; Toledano et al., 1990),
while PRRII binds the lymphoid/myeloid-speci®c Ets
family protein, Elf-1, and the high mobility group protein,
HMG-I(Y) (John et al., 1995). Intermolecular interactions
between proteins that bind to PRRI and PRRII appear to
result in a highly ordered stereospeci®c complex that
regulates IL-2Ra promoter activity upon mitogenic
stimulation (John et al., 1995). PRRIII can bind to Stat5
proteins, Elf-1, HMG-I(Y) and a GATA-1-like protein
(Sperisen et al., 1995; John et al., 1996; Lecine et al.,
1996) whereas PRRIV can bind Stat5 proteins and
HMG-I(Y) (Kim et al., 2001). The CD28rE can bind to
CREB and AP-1 proteins (Yeh et al., 2001). Two NFAT
sites located at approximately ±585 and ±650 in the mouse
gene were also reported to be important in the control of
IL-2Ra promoter induction in T cells (Schuh et al., 1998).

Although PRRIV was identi®ed previously as an IL-2
response element (Kim et al., 2001), we now show that this
region also contains binding sites for AP-1 and NFAT
transcription factors that mediate signaling after T-cell
receptor (TCR)/CD3 stimulation. Thus, PRRIV appears to
serve dual roles in mediating IL-2Ra regulation in
response to TCR and IL-2 stimulation.

Results

AP-1 and NFAT bind to PRRIV in vitro
Although PRRIV was identi®ed as an IL-2 response
element (Kim et al., 2001), our analysis of the PRRIV
sequence revealed potential consensus binding sites for
AP-1 and NFAT. We therefore investigated factor binding
to these sequences using electrophoretic mobility shift
assays (EMSAs) and the potential role of TCR-mediated
induction of the IL-2Ra gene. Nuclear extracts were
prepared from EL4 cells that were unstimulated or
stimulated with phorbol 12-myristate 13-acetate (PMA)
plus ionomycin or from mouse splenocytes that were
unstimulated or stimulated with anti-CD3 + anti-CD28
(aCD3/aCD28), and the extracts were assayed for factor
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binding using 32P-labeled wild-type or mutant probes
spanning the AP-1 or NFAT sites (Figure 1A). When
probes spanning the tetradecanoylphorbol acetate response
elements, TRE1 or TRE2, were assayed, similar migrating
complexes were generated with extracts from PMA +
ionomycin (PI)-stimulated EL4 cells (Figure 1B, lanes 2
and 8) or aCD3/aCD28-stimulated mouse splenocytes
(lanes 14 and 20) but not from unstimulated cells (lanes 1,
7, 13 and 19). Both the pan-Jun and pan-Fos AP-1 family
antibodies blocked the formation of these complexes

(lanes 3, 4, 9, 10, 15, 16, 21 and 22). Moreover, when the
mtTRE1 or mtTRE2 probes, both of which have mutant
AP-1-binding sites, were assayed, no complex was
generated even with extracts from PI-stimulated EL4
cells (lanes 5, 6, 11 and 12) or aCD3/aCD28-stimulated
mouse splenocytes (lanes 17, 18, 23 and 24).

When the NFAT1 probe was assayed, two complexes
were generated with extracts from unstimulated EL4 cells
(Figure 1C, lane 1), while no complex was generated with
the mtNFAT1 probe (lane 7). The formation of the two
complexes was increased when the NFAT1 probe was
assayed with extracts from PI-stimulated EL4 cells (lane
4), but the mtNFAT1 probe still exhibited no binding
activity (lane 8). We con®rmed the binding of NFATp and
NFATc proteins to the NFAT1 probe by using anti-NFAT
antibodies in EMSAs. An anti-NFATp antibody resulted in
a supershift, producing a doublet of slower mobility (lanes
2 and 5), while the anti-NFATc antibody blocked the
formation of both complexes (lanes 3 and 6). When the
NFAT2 probe was assayed, two complexes were generated
with extracts from unstimulated cells (lane 9), whereas no
complex was generated with the mtNFAT2 probe (lanes
15 and 16). With extracts from PI-stimulated cells, the
binding activity of the upper complex increased and two
more slowly migrating complexes were generated (lane
12). We con®rmed the binding of NFATp and NFATc
proteins to the NFAT2 probe: the anti-NFATp antibody
supershifted complexes to generate slower mobility com-
plexes (lanes 10 and 13), whereas the anti-NFATc
antibody blocked the formation of all complexes (lanes
11 and 14).

We also investigated factor binding to the NFAT1 and
NFAT2 probes using nuclear extracts from normal murine
splenocytes. When the NFAT probes were assayed, the
formation of complexes was increased with extracts from
aCD3/aCD28-stimulated mouse splenocytes (Figure 1D,
lanes 2 and 12) as compared with the complexes formed
with extracts from unstimulated cells (lanes 1 and 11),
whereas no complex was detected with the mtNFAT
probes even with extracts from aCD3/aCD28-stimulated
mouse splenocytes (lanes 9, 10, 19 and 20). The
complexes formed with the NFAT probes were evaluated
for NFATp, NFATc or AP-1 using antibodies to each
protein. We found that the anti-NFATc antibody almost
completely blocked the formation of complexes (lanes 4
and 14), while the anti-NFATp antibody blocked the
formation less ef®ciently (lanes 3 and 13). We also found
that pan-Jun and pan-Fos family antibodies were capable
of modifying the binding to two NFAT probes (lanes 5 and
6 versus lane 2; lanes 15 and 16 versus lane 12), with the
anti-Fos antibody having a greater effect in each case.
While the exact compositions of the NFAT-related
complexes are not fully known, our data suggest that
AP-1 components are involved in these complexes,
particularly in the NFAT2 complex where the rabbit
anti-Fos IgG markedly affected the complex (lane 16) but
the control rabbit IgG did not (lane 18).

AP-1 and NFAT bind to PRRIV in vivo
To investigate further factor binding to PRRIV in vivo, we
performed chromatin immunoprecipitation (ChIP) experi-
ments. Chromatin was prepared from EL4 cells that were
cross-linked with formaldehyde. DNA was sheared to an

Fig. 1. AP-1 and NFAT bind to PRRIV in vitro. (A) Sequences of the
+2481/+2501 (TRE1), +2558/+2578 (TRE2), +2507/+2536 (NFAT1)
and +2669/+2708 (NFAT2) oligonucleotides used in (B±D). For mutant
(mt) probes, the mutations are shown in lower case; hyphens indicate
wild-type sequences. (B) EMSAs using wild-type (TRE1, lanes 1±4
and 13±16; TRE2, lanes 7±10 and 19±22) or mutant probes (mtTRE1,
lanes 5, 6, 17 and 18; mtTRE2, lanes 11, 12, 23 and 24) from PRRIV
and nuclear extracts from untreated EL4 cells (lanes 1, 5, 7 and 11),
from PI-treated EL4 cells (lanes 2±4, 6, 8±10 and 12), from untreated
mouse splenocytes (lanes 13, 17, 19 and 23) or from aCD3/aCD28-
treated mouse splenocytes (lanes 14±16, 18, 20±22 and 24). In lanes 3,
4, 9, 10, 15, 16, 21 and 22, EMSAs were performed in the presence of
pan-Jun or pan-Fos antibodies, as indicated. (C) EMSAs using wild-
type (NFAT1, lanes 1±6; NFAT2, lanes 9±14) or mutant probes
(mtNFAT1, lanes 7 and 8; mtTRE2, lanes 15 and 16) from PRRIV and
nuclear extracts from untreated EL4 cells (lanes 1±3, 7, lanes 9±11 and
15) or from PI-treated cells (lanes 4±6, 8, 12±14 and 16). In lanes 2, 3,
5, 6, 10, 11, 13,and 14, EMSAs were performed in the presence of anti-
bodies to NFATp or NFATc, as indicated. (D) EMSAs using wild-type
(NFAT1, lanes 1±8; NFAT2, lanes 11±18) or mutant probes
(mtNFAT1, lanes 9 and 10; mtTRE2, lanes 19 and 20) from PRRIV
and nuclear extracts from untreated mouse splenocytes (lanes 1, 9, 11
and 20) or from aCD3/aCD28-treated mouse splenocytes (lanes 2±8,
10, 12±18, and 20). In lanes 3±8 and 13±18, EMSAs were performed
in the presence of antibodies to NFATp, NFATc, pan-Jun, pan-Fos,
normal mouse IgG or normal rabbit IgG as indicated.
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average size of 400 bp, and immunoprecipitations were
performed with speci®c antisera. The complexes were
harvested with magnetic beads, cross-linking was reversed
and the DNA was then recovered and PCR ampli®ed with
primer pairs that separately ampli®ed PRRIV and the
IL-2Ra promoter region. Consistent with in vitro binding
of AP-1 and NFAT proteins to PRRIV, treatment with PI
induced an increase in occupancy of PRRIV by c-Jun,
JunB, c-Fos, Fra-1, Fra-2, NFATp and NFATc proteins
(Figure 2). The IL-2Ra promoter did not bind AP-1 family
proteins but could bind NFATc and NFATp proteins. The
lack of NFAT binding to the 3¢-untranslated region (UTR)
region indicated the speci®city of its binding to PRRIV.

AP-1 and NFAT sites are important for PI-induced
PRRIV activity
To clarify the functional signi®cance and the relative
contribution of each AP-1 and NFAT site in the PRRIV
region, we performed site-directed mutagenesis and
assayed the PI responsiveness of each mutant construct
in EL4 cells (Figure 3). While the wild-type construct
showed 4.7-fold PI inducibility in EL4 cells, selective
mutation of the TRE1 (PRRIVm1), NFAT1 (PRRIVm4)
or NFAT2 (PRRIVm5) sites diminished PI inducibility.
Selective mutation of TRE2 (PRRIVm2), simultaneous
mutation of TRE1 and TRE2 (PRRIVm3), of NFAT1 and
NFAT2 (PRRIVm6) or of all the AP-1- and NFAT-
binding sites (PRRIVm7) essentially abrogated PI induci-
bility. These results suggest that all the AP-1- and NFAT-
binding sites are required for maximal PI inducibility.
Interestingly, although two of the NFAT sites in PRRIV
(NFAT1 and NFAT2) are vital, the third NFAT site
(nucleotides 2776±2786; see Kim et al., 2001; Figure 2B)
was not required (data not shown). We considered the
possibility that the observed results were due at least in
part to secondary effects of synthesized IL-2. However,
the EL4 cells we used did not respond to IL-2 when we
transfected PRRIVWT (Figure 3) or WT-PRRIVWT
(Figure 4), excluding this possibility.

Both PRRI and PRRIV are required for maximal
PI inducibility
The above results suggested that two NFAT sites and two
AP-1 sites in PRRIV are PI response elements. Moreover,

the NF-kB site and upstream NFAT sites have also been
reported to be essential for maximal activity (Bohnlein
et al., 1988; Leung and Nabel, 1988; Ruben et al., 1988;
Cross et al., 1989; Lin et al., 1990; Toledano et al., 1990;
Schuh et al., 1998). We therefore analyzed their relative
contributions to PI-induced IL-2Ra promoter activity. The
SphI±PstI murine IL-2Ra fragment (±2543 to +93) was
inserted upstream of the luciferase reporter gene, and the
adjacent PstI fragment (+93 to +4533) was subcloned
downstream of the luciferase reporter gene (Figure 4, WT-
PRRIVWT construct). Combinations of mutations were
introduced into the previously identi®ed upstream NFAT
sites, the NF-kB site, the AP-1 sites and the downstream
NFAT sites, and each mutant construct was assayed
initially for PI responsiveness in EL4 cells (Figure 4). Note
that the designation of mutations in PRRIV is identical to
that used in Figure 3. The various intronic NFAT and AP-1
sites were mutated in the context of the wild-type upstream
region (WT series), a mutant containing changes in the
upstream NFAT sites (NFATm series), a mutant NF-kB
site (NFkBm series) or an upstream region in which both
the NFAT and NF-kB sites were mutated (NFAT/NFkBm
series). While the wild-type construct (WT-PRRIVWT)
showed ~12.3-fold PI inducibility in EL4 cells, individual
mutation of each site modestly decreased PI inducibility,
and simultaneous mutation of all sites abrogated PI
inducibility (NFAT/NFkBm-PRRIVm7, very bottom con-
struct in Figure 4). The upstream NFAT sites appeared to
play only a minor role in PI-induced IL-2Ra promoter
activity, as mutation of these sites only slightly changed
the inducibility when wild-type series constructs were
compared with NFATm series constructs, or when the
NFkBm series constructs were compared with NFAT/
NFkBm series constructs. PRRIV appeared to elicit more
potent TCR responsiveness than the upstream region
containing NFAT and NF-kB sites, as the WT-PRRIVm7
construct in which two AP-1 sites and two intronic NFAT
sites were mutated simultaneously showed only 2.6-fold
PI inducibility, while the NFAT/NFkBm-PRRIVWT con-
struct, in which simultaneous mutations were introduced

Fig. 2. AP-1 and NFAT bind to PRRIV in vivo. ChIP assays were per-
formed using EL4 cells. DNA was puri®ed and used as a template for
PCRs with pairs of primers that amplify PRRIV, the IL-2Ra promoter
or the 3¢-UTR, as indicated. Fig. 3. Two AP-1 sites and two NFAT sites are required for the

maximal TCR responsiveness of PRRIV. Mutations in the AP-1 sites
and/or NFAT sites were made in the context of the +2350/+2820
murine IL-2Ra±luciferase reporter construct (PRRIVWT construct).
Constructs were transfected into EL4 cells, followed by no stimulation
or stimulation with PI.
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into the two upstream NFAT sites and the NF-kB site,
showed 4.1-fold induction. The NFAT/NFkBm series
constructs, in which all upstream sites were mutated,
showed inducibility similar to that of constructs shown in
Figure 3.

Although it is well established that pharmacological
treatment with both PMA and ionomycin mimics several
TCR responses, we sought to con®rm the responsiveness
of PRRIV as well as the upstream region in a more
physiological setting. We therefore transfected the ±2543
to +93/luciferase/+93 to +4533 murine IL-2Ra reporter
construct (WT-PRRIVWT in Figure 4) into normal mouse
T cells and stimulated them with antibodies to CD3, CD28
or both CD3 and CD28 for 5 h. This relatively short
treatment period was intended to minimize secondary
effects resulting from IL-2 production. While stimulation
with anti-CD3 showed 5.6-fold inducibility, stimulation
with anti-CD28 alone did not confer any inducibility (data
not shown) and combining anti-CD3 and anti-CD28 gave

5.9-fold inducibility (Figure 4, far right column, top
construct), suggesting that the ±2543 to +4533 region
contains TCR response elements but not CD28 response
elements. To assess the relative contribution of each
responsive element, a series of mutant constructs were also
evaluated (Figure 4). Simultaneous mutation of all sites
(NFAT/NFkBm-PRRIVm7 construct) abrogated TCR
inducibility (very bottom construct). As in EL4 cells,
PRRIV appeared to mediate more potent TCR respon-
siveness than the upstream region that contains NFAT and
NF-kB sites, as construct WT-PRRIVm7 (8th construct
from the top of the ®gure) showed 1.8-fold TCR
inducibility, while the NFAT/NFkBm-PRRIVWT con-
struct (8th construct from the bottom of the ®gure) showed
2.7-fold induction. Taken together, the pattern of induci-
bility of each construct tested in normal mouse T cells
stimulated with anti-CD3/anti-CD28 is similar to that seen
in PI-stimulated EL4 cells. These data indicate that for
maximal TCR-induced IL-2Ra promoter activity, in

Fig. 4. Multiple elements cooperate for maximal TCR responsiveness. Combinations of mutations in the upstream NFAT sites, the NF-kB site, AP-1
sites and the NFAT sites in PRRIV were introduced into the ±2543 to +93/luciferase/+93 to +4533 murine IL-2Ra reporter construct (WT-PRRIVWT
construct). Constructs were transfected into EL4 cells, and cells were then either not stimulated or stimulated with PI. Alternatively, constructs
were transfected into normal mouse T cells followed by no stimulation or stimulation with anti-CD3 plus anti-CD28 antibodies. F.I., Fold induction;
n.d., not done.
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addition to the upstream region, the AP-1 and NFAT sites
in PRRIV are also critical.

Transactivation of PRRIV by AP-1 protein in vivo
To determine whether AP-1 proteins could transactivate
PRRIV in vivo, we used a well-characterized dominant-
negative transactivation mutant of c-jun, TAM-67. The
TAM-67 mutant retains the leucine zipper domain neces-
sary for dimerization with Jun and Fos family members
and the DNA-binding domain, but the N-terminal region
responsible for transactivation has been deleted (Brown
et al., 1994). TAM-67 binds to consensus AP-1-binding
sites as either a homodimer or a heterodimer with Jun and
Fos family members, and speci®cally blocks AP-1-
dependent transcription. Using EL4 cells stimulated with
PI, we found that transfection of TAM-67 inhibited the
activity of a murine IL-2Ra luciferase reporter construct
(PRRIV-WT from Figure 3) in a dose-dependent manner
(Figure 5A). At 30 mg of TAM-67, almost complete
abrogation of PI inducibility was achieved (Figure 5A).

When TAM-67 was co-transfected in increasing amounts
together with the +2543/+93 and +93/+4533 murine
IL-2Ra±luciferase reporter construct (WT-PRRIVWT in
Figure 4) into EL4 cells and treated with PI, a dose-
dependent inhibition of promoter activity was also
observed, with maximum fold reduction at 10 or 30 mg
of TAM-67 (Figure 5B). However, transfection of
TAM-67 did not diminish activity of WT-m3 in which
both AP-1 sites were mutated (Figure 5C, compare 5, 10 or
30 mg with 0 mg of TAM-67), con®rming the speci®city of
the dominant-negative effect of TAM-67.

To assess further the degree to which TAM-67 affected
anti-CD3-induced IL-2Ra expression, transgenic mice
expressing TAM-67 were used (King et al., 1999).
Because the transgenic mice express a much higher level
of TAM-67 in the thymus than in the spleen, we used
thymocytes for this study. Thymocytes from wild-type
(WT) or TAM-67 transgenic mice were stimulated with
anti-CD3 for 17 h and stained with Cy-chrome-labeled
CD4, allophycocyanin (APC)-labeled CD8 and phyco-
erythrin (PE)-labeled CD25. As compared with wild-
type, thymocytes from TAM-67 transgenic mice showed
decreased expression of IL-2Ra in response to anti-CD3 in
both CD4 SP (Figure 6A) and CD8 SP (Figure 6B)
populations. Treatment with anti-CD3 did not signi®cantly
change the pro®le of IL-2Ra expression either in
CD4±CD8± double-negative populations or in CD4+CD8+

double-positive populations (data not shown).

Fig. 5. The TAM-67 dominant-negative c-jun construct inhibits PRRIV
activity. (A) EL4 cells were transfected with 10 mg of the PRRIVWT
construct together with different amounts of pCMV-TAM67. (B) EL4
cells were transfected with 10 mg of WT-PRRIVWT construct together
with different amounts of pCMV-TAM67. (C) EL4 cells were trans-
fected with 10 mg of WT-PRRIVm3 construct, which has mutant AP-1
sites in PRRIV, together with different amounts of pCMV-TAM67. In
(A±C), transfected cells were either not stimulated or stimulated
with PI.

Fig. 6. IL-2Ra expression in TAM-67 transgenic mice. Thymocytes
were stained with Cy-chrome-labeled CD4, APC-labeled CD8 and
PE-labeled CD25, and analyzed by ¯ow cytometry on a FACSort.
Wild-type (WT) or TAM-67 mouse thymocytes were stimulated
with anti-CD3 for 17 h and IL-2Ra expression was assayed in either
CD4 SP (A) or CD8 SP (B) populations.
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PI-inducible PRRIV activity is
cyclosporin A sensitive
To establish further whether or not the PRRIV-NFAT sites
bind an NFAT-related protein, we tested the ability of
cyclosporin A (CsA) to inhibit PI-inducible PRRIV
activity. EL4 cells were transiently transfected with the
+2350/+2820 murine IL-2Ra±luciferase reporter con-
struct (PRRIV-WT in Figure 3). While treatment of
transfected cells with PI resulted in 4.1-fold induction,
the addition of CsA almost abrogated this induction
(Figure 7A), suggesting that the factor mediating the
activity of PRRIV is calcineurin regulated. CsA sensitivity
was also seen with the WT-PRRIVWT construct. Whereas
treatment with PI showed 8.8-fold induction, CsA
decreased this induciblity down to 2.4-fold (Figure 7B),
a level similar to that seen in response to PI when EL4 cells
were transfected with the NFATm-PRRIVm6 construct in
which both upstream NFAT sites and intronic NFAT sites
were mutated. Moreover, the NFATm-PRRIVm6 con-
struct did not show any further decrease in fold induction
when CsA was added (Figure 7C).

The inhibition of the anti-CD3-inducible IL-2Ra
expression by CsA was also evident in CD4 SP and CD8
SP thymocytes. While treatment of thymocytes with anti-
CD3 resulted in increased expression of IL-2Ra, the
addition of CsA almost completely abrogated IL-2Ra
induction on both CD4 SP (Figure 8A) and CD8 SP
(Figure 8B) populations. As expected, anti-CD3-mediated
up-regulation of IL-2 was also inhibited by treatment with
CsA (data not shown). Therefore, one might hypothesize
that the decreased production of IL-2 might be the cause of
the diminished IL-2Ra expression following treatment
with anti-CD3 plus CsA. However, the effect of CsA on
anti-CD3-inducible IL-2Ra expression was at least par-
tially `direct', as the addition of high dose (100 U/ml) IL-2
only partially reversed the inhibition by CsA (Figure 8).

Discussion

In this study, we have described a new TCR response
element in the ®rst intron of the IL-2Ra gene. This is
within a response element, PRRIV, which was shown
previously to be an IL-2 response element (Kim et al.,
2001). We now have shown that PRRIV contains binding
sites for AP-1 and NFAT and binds multiple Jun and Fos
family proteins as well as NFATc and NFATp in vitro and
in vivo. The ChIP assays only detect binding and cannot by
themselves establish whether a given protein acts as a
transcriptional activator or repressor when bound to a
speci®c genomic region in vivo. However, several results
support the hypothesis that AP-1 and NFAT family
members are required for TCR-mediated transactivation
of the IL-2Ra gene. First, site-speci®c mutageneses of the
binding sites for AP-1 and/or NFAT signi®cantly dimin-

Fig. 7. Cyclosporin inhibits PRRIV activity. (A) EL4 cells were trans-
fected with 10 mg of PRRIVWT construct. Transfected cells were incu-
bated with medium, CsA, PI or PI + CsA. (B) EL4 cells were
transfected with 10 mg of WT-PRRIVWT construct. Transfected cells
were incubated with medium, CsA, PI or PI + CsA. (C) EL4 cells were
transfected with 10 mg of NFATm-PRRIVm6 construct, which has
mutant NFAT sites both upstream and in PRRIV. Transfected cells
were incubated with medium, CsA, PI or PI + CsA.

Fig. 8. The effect of cyclosporin on IL-2Ra expression. Wild-type
thymocytes were cultured in the presence of anti-CD3 and/or CsA, and/
or IL-2 for 17 h, and then IL-2Ra expression was assayed in either
CD4 SP (A) or CD8 SP (B) populations. MFI, mean ¯uorescence
intensity.
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ished IL-2Ra promoter activity. Our data suggest that
TCR-mediated activation of the IL-2Ra promoter involves
the cooperation between several transcription factors
belonging to unrelated families, including NF-kB, AP-1
and NFAT. Secondly, the dominant-negative transactiva-
tion mutant of c-jun (TAM-67) repressesed TCR-mediated
transactivation of PRRIV. Thirdly, in CD4 SP and CD8 SP
thymocytes from transgenic mice expressing TAM-67,
IL-2Ra expression in response to anti-CD3 was signi®c-
antly decreased. Fourthly, CsA, an inhibitor of calcineurin
that potently inhibits nuclear translocation of NFAT and
NFAT-dependent transcription (Rao et al., 1997), mark-
edly decreased TCR-mediated transactivation of PRRIV
and IL-2Ra gene expression. Transient transfection
experiments using luciferase reporter constructs showed
that CsA could almost completely block PI-mediated
IL-2Ra promoter activity, and this speci®c role of the
NFAT-binding sites was con®rmed using the NFATm-
PRRIVm6 construct in which both upstream and intronic
NFAT sites were mutated. It was reported previously that
CsA prevented the concanavalin A-induced IL-2Ra
expression in murine thymocytes (Gauchat et al., 1986).
We observed that CsA diminished anti-CD3-inducible
IL- expression in both CD4 SP and CD8 SP thymocytes,
and this effect was at least partially direct as the addition of
a high dose of IL-2 only partially reversed the inhibition by
CsA. Consistent with our results, T lymphocytes from
NFATp-de®cient mice exhibit diminished IL-2Ra expres-
sion (Schuh et al., 1998). Schuh and co-workers pre-
viously described that binding sites for NFAT located at
~585 and 650 upstream of the IL-2Ra promoter were
important for NFATp-mediated transactivation of the

IL-2Ra gene (Schuh et al., 1998). However, our results
show that intronic NFAT-binding sites in PRRIV were
also required, and that these sites appear to play an even
more signi®cant role than do the upstream NFAT-binding
sites. Taken together, our results demonstrate that both
theAP-1 and NFAT family members are important for
TCR-mediated IL-2Ra expression. This suggests that the
genes encoding IL-2Ra and IL-2 may be co-regulated in
response to antigen-mediated T-cell activation. Such a
coordinate regulation would help to ensure the availability
of high af®nity receptors for optimal responsiveness to
IL-2.

It has been demonstrated that CD28 co-stimulation
strongly ampli®es IL-2Ra gene transcription. In a recent
study, a CD28 response element was identi®ed between
±8689 and ±8483 in the human IL-2Ra upstream region,
and it was also shown that PRRI, PRRII and PRRIII do not
respond to co-stimulation by CD28 (Yeh et al., 2001). To
test if a CD28 response element is also located between
±2543 and +4533 in the mouse gene, we transfected the
WT-PRRIVWT construct into normal mouse T cells and
analyzed the inducibility after stimulation with antibodies
to CD3 and/or CD28. There was very little, if any, effect of
anti-CD28 stimulation on the IL-2Ra promoter activity,
indicating that neither PRRIV nor previously identi®ed
PRRs are CD28 response elements. When we compared
the sequence of the human CD28 response element with
the mouse IL-2Ra sequence up to ±8047 bp, the furthest
contiguous murine sequence data available in the Celera
database, we did not ®nd a homologous element, although
such a sequence presumably might be located further
upstream.

AP-1 proteins are also well known to play a central role
in IL-2 regulation by binding to the functionally important
AP-1 site in the IL-2 promoter (Jain et al., 1992b), as well
as participating in the formation of transcriptionally active
NFAT and NF-IL-2 (Ullman et al., 1991; Jain et al.,
1992a). AP-1 has been suggested to play a role in
preventing T-cell anergy, given that T-cell anergy occurs
when the AP-1 level was reduced (Kang et al., 1992). We
have now shown that AP-1 also plays a role in IL-2Ra
transcription, in addition to its previously established role
for transactivation of the IL-2 gene. Diminished AP-1
therefore might also decrease IL-2Ra expression, thus
decreasing IL-2 responsiveness, and promoting anergy.
Indeed, decreased IL-2Ra expression has been noted in
anergic cells (Blackman et al., 1991; Grundstrom et al.,
2000).

In summary, we have now unraveled further some of the
complexity of IL-2Ra gene regulation. Expression of this
gene is controlled in a lineage-and activation-dependent
fashion. Collectively, coupled with previous studies, it
now appears that of the ®ve positive regulatory elements
that have been reported in the IL-2Ra gene, PRRI and
PRRIV are important for TCR-mediated regulation
whereas PRRIII and PRRIV are important for IL-2-
mediated regulation of the gene (Figure 9). The intronic
PRRIV therefore contributes to both TCR-mediated and
IL-2-mediated induction of this gene. Moreover, our
current data suggest a greater degree of shared elements
for TCR-mediated induction of the IL-2 and IL-2Ra genes
than was appreciated previously.

Fig. 9. Scheme showing how PRRI, PRRII and PRRIV are regulated
for optimal TCR activation whereas PRRIII and PRRIV are regulated
for IL-2 inducibility. The CD28-responsive enhancer (CD28rE) is also
shown.
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Materials and methods

Cell culture
The cell line EL4 was maintained at 37°C in RPMI 1640 supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml
penicillin G and 100 mg/ml streptomycin.

Antibodies
Antibodies speci®c for c-Jun, JunB, JunD, c-Fos, FosB, Fra-1 and Fra-2
as well as pan-Jun and pan-Fos family antibodies were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Antibodies to NFATc
and NFATp were from Af®nity Bioreagents, Inc. (Golden, CO).

Plasmid constructs
To generate the murine PRRIV luciferase reporter construct (PRRIV-
WT), we subcloned the murine ±135 to +93 IL-2Ra promoter fragment 5¢
to the luciferase gene between the XhoI and HindIII sites in the polylinker
of the pGL3-Basic luciferase reporter vector (Promega, Madison, WI).
The PCR fragment containing murine PRRIV (+2350 to +2820) was then
subcloned between the KpnI and SacI sites in the polylinker upstream of
the promoter fragment. Site-directed mutagenesis of this PRRIV-WT
plasmid was performed using the QuikChange kit (Stratagene, La Jolla,
CA). Two mutagenic primers, mTRE1 (+2473 to +2508; 5¢-GAT-
TCAATTTCTAGCCAATTCATAAGGCAGATTTTC-3¢) and mTRE2
(+2554 to +2589; 5¢-CAAGGGATGTATTAGTTGACCCGGGTGTTT-
TTAGTC-3¢) were used, respectively, to introduce the indicated
(underlined) 2 bp changes into the TRE1 and TRE2 sites of murine
PRRIV. Analogously, primers for mutating NFAT, mNFAT1 (+2498 to
+2545; 5¢-GGCAGATTTTCATTTTGAAAATTTAAGAAGCCACC-
ATTTAAAATTGTG-3¢) and mNFAT2 (+2668 to +2703; 5¢-CCA-
CCTTTCTTAGAACTGCTTAAACTCTGAGCTGTC-3¢), were used,
respectively, to introduce the indicated (underlined) 3 bp changes into
the NFAT1 and NFAT2 sites of murine PRRIV. Mutant primers
mNFAT3 (±667 to ±632; 5¢-GCTAGACTTAAAATCTATCATTGC-
AGCTGTAAACAC-3¢) and mNFAT4 (-596 to ±562; 5¢-CCCACA-
CCCATGATACTATGAATCGTGCATCAGAG-3¢) were used to intro-
duce the indicated 2 bp changes into the upstream NFAT sites of the
murine IL-2Ra gene. Primer mNF-kB (±279 to ±245; 5¢-CCCTCCTGC-
CGCGGCACTCAATCCCCCTTTCCTTG-3¢) was used to introduce the
indicated 3 bp changes into the NF-kB site of murine PRRI.

The pCMV-TAM67 plasmid encoding a dominant-negative mutant
variant of c-jun (Brown et al., 1994) was a gift of M.J.Birrer.

Transient transfections and luciferase assays
Transient transfections of EL4 cells were performed by the
DEAE±dextran technique (Sompayrac and Danna, 1981). In each case,
5 3 106 cells in logarithmic growth phase were transfected with 10 mg of
supercoiled test plasmid and 40 ng of pRL-SV40 as a transfection
ef®ciency control; cells were then allowed to recover for 24 h at 37°C.
Transfected cells were stimulated with either medium alone or 10 ng/ml
of PMA plus 1 mg/ml of ionomycin for 18 h, and the cells were harvested
and analyzed for luciferase activity using an Analytical Luminescence
Laboratory luminometer, Monolightâ 2010, and the Dual luciferase
assay system kit (Promega, Madison, WI).

Transient transfections of normal murine T cells were performed by
electroporation (Eder et al., 1998). C57BL/6 mice were sacri®ced at 4±6
weeks of age, and single-cell suspensions of spleens were prepared,
followed by anti-mouse IgG antibody panning to remove B cells. The
isolated splenocytes were cultured in 2 ng/ml of PMA and 1 mg/ml of
ionomycin. After 2 days, the cells were washed, resuspended in fresh
medium containing 10 U/ml of IL-2 and cultured for one additional day.
Prior to transfection, the T-cell blasts were washed in medium and
resuspended at 60 3 106 cells/ml in RPMI medium containing 20 mM
HEPES and 4 mM glutamine. A 0.2 ml aliquot of the cell suspension was
mixed with 10 mg of plasmid DNA in an electroporation cuvette (0.4 cm
electrode gap; Bio-Rad). Electroporation was performed at 960 mF and
250 V using a Bio-Rad Gene Pulser. The cells were then transferred into
complete medium, cultured at 37°C for 3 h and aliquoted into 24-well
plates, half of which had been coated with anti-CD3 antibody (2 mg/ml)
and supplemented with 2 mg/ml of anti-CD28 antibody. After 5 h, the
cells were harvested and analyzed for luciferase activity.

Electrophoretic mobility shift assays
Nuclear extracts were prepared as described (Schreiber et al., 1989) from
untreated EL4 cells or cells that had been treated with 10 ng/ml of PMA
plus 1 mg/ml of ionomycin for 4 h at 37°C. EMSAs were performed as

described previously (John et al., 1996) by using glycerol-containing 5%
polyacrylamide gels (29:1) containing 0.53 Tris-borate-EDTA buffer.
For supershifting assays, nuclear extracts were pre-incubated for 10 min
with pan-Jun or pan-Fos rabbit polyclonal IgG (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), or with NFATc or NFATp
mouse monoclonal antibodies (Af®nity Bioreagents, Inc., Golden, CO).
Normal mouse IgG and normal rabbit IgG (Upstate, Lake Placid, NY)
were used as negative controls in supershift assays. Oligonucleotide
sequences from PRRIV used as probes are shown in Figure 1.

Chromatin immunoprecipitation
ChIP assays were performed essentially as described (Kim et al., 2001).
EL4 cells were either left unstimulated or stimulated with 10 ng/ml of
PMA plus 1 mg/ml of ionomycin for 4 h at 37°C, followed by cross-
linking with formaldehyde. Formaldehyde-treated nuclear lysates were
subjected to immunoprecipitation with various antibodies. DNA frag-
ments present in the immunoprecipitates were ampli®ed with primers
which speci®cally recognize PRRIV, the IL-2Ra promoter or the 3¢-UTR
of the murine IL-2Ra gene. The primers used in this study were as
follows: MCH1_1 (designated `MCH' for mouse ChIP oligos), 5¢-
GACAGACTGTCAACAGATTC-3¢ (+2458 to +2477) and MCH1_2, 5¢-
GGATTTGATTACAGAATTCC-3¢ (+2744 to +2725) were used to
amplify PRRIV. MCH2_1, 5¢-GGCAGGGAATCCCCCTTTCC-3¢ (±267
to ±248) and MCH2_2, 5¢-CAGTATATTGGGTCAACCCC-3¢ (+95 to
+76) were used to amplify the IL-2Ra promoter. MCH3_1, 5¢-AGA-
GCAGAAGAACCATCTAG-3¢ and MCH3_2, 5¢-AGTGCTGAGTTT-
TACTTGGG-3¢ were used to amplify the 3¢-UTR.

Analysis of transgenic mice expressing TAM-67
TAM-67 transgenic mice were obtained from Dr Jonathan Ashwell and
evaluated at 6±8 weeks of age. All experiments were performed under
protocols approved by the National Institutes of Health Animal Use and
Care Committee and followed the National Institutes of Health guidelines
`Using Animals in Intramural Research'. Single-cell suspensions from
thymus were prepared and thymocytes (1 3 106/ml) were stimulated in
plates coated with 2 mg/ml of 2C11 anti-CD3e monoclonal (PharMingen,
San Diego, CA) on RPMI 1640 containing 10% FBS, 2 mM glutamine
and antibiotics for 18 h. Thymocytes were stained with Cy-chrome-
labeled CD4, APC-labeled CD8 or PE-labeled CD25 (all from
PharMingen) and analyzed using a FACSortâ with CELLQuest software
(Becton Dickinson, San Jose, CA).
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