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Interleukin-2 (IL-2) responsiveness of T lymphocytes is controlled through transcription of the IL-2 receptor
(IL-2R) a subunit by antigen and by IL-2 itself. IL-2 induces IL-2Ra transcription via an IL-2-responsive
enhancer (IL-2rE), whose activity depends on the cooperative binding of IL-2-induced STAT5 to two sites and
of constitutively active Elf-1 to a third one. Here we describe the changes in IL-2rE chromatin that occur in
normal T lymphocytes upon activation of IL-2Ra expression. In cells induced to transiently express IL-2Ra
with concanavalin A (which mimics antigen), none of the IL-2rE sites is occupied despite the presence of Elf-1
and STAT1, which bind to the IL-2rE in vitro. The two STAT binding sites are occupied rapidly upon IL-2
stimulation, concomitantly with STAT5 activation. Occupation of the Elf-1 binding site is delayed, although
Elf-1 concentration and binding activity are not modified by IL-2. Digestion of T-cell chromatin with DNase I
and micrococcal nuclease shows that IL-2 induces the appearance of nuclease-hypersensitive sites flanking the
IL-2rE. Thus IL-2, in addition to activating STAT5, appears to regulate IL-2Ra transcription by making
IL-2Ra chromatin accessible to transcription factors.

Interleukin-2 (IL-2) is the principal growth factor for anti-
gen-activated T lymphocytes. It promotes T-cell proliferation
by binding to a high-affinity receptor composed of three trans-
membrane proteins, the a, b, and gc chains (43). The gc chain
is shared with the receptors for IL-2, -4, -7, -9, and -15 (22, 33,
50, 54, 55) and is constitutively expressed in mature T cells and
their thymic precursors (8, 32, 48). IL-2 receptor b (IL-2Rb) is
present on a subpopulation of resting T cells (51, 62). b and gc
chains combine to form an intermediate-affinity IL-2R that can
transmit signals (47, 49), but cannot stimulate the proliferation
of normal T lymphocytes (7, 38, 59). The a chain is undetect-
able on resting T cells. Its expression is triggered by antigen
(53), a stimulus that can be mimicked by lectins such as con-
canavalin A (ConA) (31) or by antibodies against the T-cell
receptor (TCR) (20). These signals also result in secretion of
IL-2, which increases and prolongs IL-2Ra expression (4, 15,
39), thus acting as a positive feedback regulator of its own
high-affinity receptor.

IL-2Ra gene expression is regulated mostly through changes
in its rate of transcription (13, 34, 52). In transgenic mice
bearing a reporter gene under the control of 2.6 kb of 59
flanking region of the murine IL-2Ra gene, transgene expres-
sion is restricted to lymphoid organs (60). In T cells, the trans-
gene can be induced by ConA and IL-2 with kinetics very
similar to those of the endogenous gene. The responses of both
the human and mouse genes to signals from the TCR depend
on cis-acting elements in the promoter-proximal region (1, 5,
10, 28, 61). By transient transfection of IL-2Ra mutant pro-
moter constructs into a rodent T-cell line, PC60, we identified
a 51-nucleotide (nt) enhancer necessary and sufficient for the
response of the IL-2Ra gene to IL-2 1.3 kb upstream of the
transcription start site (61). Subsequently the homologue of
this IL-2-responsive enhancer (IL-2rE) was found at around
24 kb in the human IL-2Ra gene (6, 29, 36). The mouse
enhancer consists of three separate elements: two binding sites

for signal transducers and activators of transcription (STAT)
and a consensus motif for Ets family members. In PC60 cells,
the STAT motifs (sites I and II) and the Ets binding site (site
III) are all required for the response of the enhancer to IL-2.
Recently, we have shown that IL-2 stimulation of IL-2rE ac-
tivity depends on the cooperative binding of two IL-2-induced
STAT5 dimers to sites I and II (42). This is concordant with the
finding that, in mice lacking STAT5A, IL-2-induced IL-2Ra
expression is severely reduced (46). Site II overlaps with a
recognition sequence for GATA proteins, but this motif does
not appear to be important for IL-2rE function (42). Elf-1, a
member of the Ets family of proteins, contributes to IL-2rE
activity by binding to site III (58). Elf-1 binding activity to site
III is constitutive in PC60 cells.

There is growing evidence that chromatin structure partici-
pates in gene regulation, partly by modulating access of tran-
scription factors to DNA (3, 17, 65). Gene activation is often
accompanied by perturbation or disruption of the nucleosomes
that occupy cis-acting elements. Such an opening of chromatin
is generally reflected in a change in its sensitivity to nucleases.
Indeed, in mouse T lymphocytes, activation of IL-2Ra expres-
sion results in the appearance of a DNase I-hypersensitive site
in, or close to, the IL-2rE (60). Induction of DNase I-hyper-
sensitive sites by IL-2 has also been described in the B-cell-
specific enhancer of the immunoglobulin J chain gene (30).

Here we present the results of an analysis, by in vivo foot-
printing and nuclease digestion, of the changes in IL-2rE chro-
matin during activation of IL-2Ra expression in normal mouse
T lymphocytes. We find that protein-DNA interactions on all
three elements of the IL-2rE depend on stimulation by IL-2,
although Elf-1 binding activity is present in resting T lympho-
cytes and is not affected by IL-2. Stimulation with ConA, which
induces activation of STAT1 but not STAT5, does not result in
the occupation of the STAT binding sites in the IL-2rE, even
though both site I and site II can bind STAT1 in vitro. Stim-
ulation of ConA-activated cells with IL-2 leads to the appear-
ance of micrococcal nuclease hypersensitive sites flanking the
IL-2rE, indicating that IL-2 induces translational positioning
of nucleosomes at the borders of the IL-2rE. Our data show
that IL-2 regulates the accessibility of the IL-2rE to the tran-
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scription factors which control its enhancer activity and that
IL-2rE chromatin configuration participates in the regulation
of IL-2Ra transcription by IL-2.

MATERIALS AND METHODS

Cell preparation and culture. Cells from spleens of 3- to 6-month-old DBA/2
mice (Harlan) were prepared by gentle homogenization. To enrich for T cells, B
cells and accessory cells were removed by adherence to nylon wool (9). When
high purity was required, T cells were purified by incubating cell preparations
with anti-Thy1.2 monoclonal antibody (MAb [mouse CD90]) coupled to mag-
netic microbeads (MACS-r; Miltenyi Biotec GmbH, Bergisch-Gladbach, Ger-
many), followed by two to three rounds of sorting with a magnet cell separation
system (MACS-r; Miltenyi Biotec GmbH). Cells were used either directly (rest-
ing T lymphocytes) or cultured at 2 3 106 cells/ml for the indicated time with
ConA (2.5 mg/ml; Sigma) and human recombinant IL-2 (100 U/ml; kindly pro-
vided by Glaxo, Geneva, Switzerland) or ConA with antimouse IL-2 MAb S4B6.1
(66) and antimouse IL-2Ra MAb 5A2 (44). Culture medium was Dulbecco’s
modified Eagle’s medium containing 10 mM HEPES, 50 mM 2-mercaptoethanol,
and 5% fetal calf serum. For some experiments, IL-2-responsive cells were
obtained by stimulating lymphocytes for 24 h with ConA in the presence of the
IL-2 blocking antibodies. Cells were then washed in medium containing an excess
of IL-2 and subsequently cultured for the indicated time with 1,000 U of IL-2 per
ml. Splenic T lymphocytes from 3-month-old gamma interferon receptor (IFN-
gR)-deficient mice (eS/eV/129 background) and wild-type eS/eV/129 mice (gen-
erously provided by Jacques Louis, Lausanne, Switzerland) were enriched by
passage through nylon wool and cultured with ConA and IL-2 as mentioned
above. Bone marrow cells were obtained by flushing femur and tibia bones with
ice-cold phosphate-buffered saline (PBS) through a 26-gauge needle.

Flow cytometry. For immunofluorescence analysis of IL-2Ra surface expres-
sion, a biotinylated rat anti-mouse IL-2Ra MAb (PC61) (37) was used together
with either fluorescein isothiocyanate (FITC)-conjugated anti-CD4 (GK1.5) or
anti-CD8 (53.6.7) antibodies alone or with a mixture of both antibodies. PE-
conjugated streptavidin (Caltag Laboratories, San Francisco, Calif.) was used as
the second-step reagent. The purity of T cells after nylon wool or MACS puri-
fication was assessed by staining with FITC-conjugated anti-CD4 plus anti-CD8
antibodies. Samples were analyzed with a FACScan flow cytometer (Becton
Dickinson, California) by using the LYSIS II program.

In vivo footprinting analysis. For dimethyl sulfate (DMS) treatment, 1.5 3 107

cells were resuspended in 1 ml of culture medium, and 40 ml of 0.5 M HEPES
(pH 7.5) containing 2.5% DMS (Fluka) was added. The reaction was stopped
after 1 min by washing twice with ice-cold PBS containing 2% 2-mercaptoetha-
nol. Cells were lysed in presence of 0.5 mg of proteinase K per ml, and the

genomic DNA was isolated. As a naked DNA control, 50 mg of genomic DNA
isolated from mouse liver were incubated with 0.5% DMS for 30 s in 10 mM
Tris-HCl (pH 7.5). Piperidine (Fluka) cleavage was performed as described in
reference 40.

Ligation-mediated PCR (LMPCR) was used to visualize DMS-dependent
cleavage sites. The procedure described in reference 19 was used, with the
following changes. (i) Annealing of the first primer to genomic DNA was per-
formed at 61°C. (ii) PCR amplification was done through 22 cycles of 1 min at
95°C, 2 min at 64°C, and 3 min at 76°C. Five seconds was added to the 76°C step
at each cycle, with the exception of the last cycle, where extension proceeded for
10 min. (iii) End labeling was carried out in a thermal cycler (two cycles of 1 min
at 95°C, 2 min at 68°C, and 10 min at 76°C). Reaction mixtures were separated
on a 6% polyacrylamide sequencing gel. The primers used for LMPCR of the
lower strand were 59-ACCACCTTCTACTGTTAGAAAGAGC-39 (primer 1),
59-CAAAGGCTCACCTCTACCCTAAGAGG-39 (primer 2), 59-AAGGCTCA
CCTCTAACCTAAGAGGAGGC-39 (primer 3), or 59-CATAACGTTCTCTTT
GCTAAGCGTC-39 (primer 19), 59-TCCCGCTCTTCTTCATCATGATCAC
TG-39 (primer 29), and 59-CCGCTCTTCTTCATCATGATCACTGGGC-39
(primer 39). The unidirectional linker was formed by hybridization of 59-GCAG
TGACTCGAGAGTACTGAGCTC-39 (linker 1) with 59-GAGCTCAGTAC-39
(linker 2).

Protein extracts, electrophoretic mobility shift assays, and Western blots.
Nuclear extracts from fresh and cultured cells were prepared essentially as de-
scribed previously (56), in the presence of protease inhibitors (1 mg of leupeptin
per ml, 1 mg of aprotinin per ml, 1 mM phenylmethylsulfonyl fluoride [PMSF])
and phosphatase inhibitors (25 mM b-glycerol phosphate, 0.1 mM Na3VO3). For
STAT proteins, binding reactions were performed in a final volume of 20 ml in
binding buffer [10 mM Tris-HCl (pH 7.5), 20 mM KCl, 1 mM EDTA, 10%
glycerol, 1 mM dithiothreitol (DTT), 1 mg of bovine serum albumin per ml, 0.1
mg of poly(dI-dC) and 1 mg of sonicated salmon sperm DNA] containing 0.5 to
5 mg of nuclear extract and 2 3 104 to 3 3 104 cpm of end-labeled probe. For
Elf-1, binding reactions were performed as described previously (58). Reaction
mixtures were incubated for 15 min on ice and separated on a 5% nondenaturing
polyacrylamide gel in 0.33 Tris-borate buffer. Oligonucleotide probes have been
described previously (42, 58).

For Western blots, 5 mg of denatured nuclear extract was separated on a
sodium dodecyl sulfate-polyacrylamide (7.5%) gel electrophoresis (SDS-PAGE)
gel. Proteins were transferred to nitrocellulose membrane (Amersham Life Sci-
ence), and Elf-1 was detected with a 1/500 dilution of anti-Elf-1 antibodies (C-20;
Santa Cruz Biotechnology, Santa Cruz, Calif.) by the ECL (enhanced chemilu-
minescence) system (Amersham Life Science) with horseradish peroxidase-cou-
pled goat anti-rabbit antibodies (Jackson ImmunoResearch Laboratories).

DNase I and MNase digestion. DNase I treatment of cells was performed as
described previously (60). For micrococcal nuclease (MNase) digestion, 5 3 107

FIG. 1. IL-2 stimulates IL-2Ra expression on CD41 and CD81 T lymphocytes. Nylon wool-purified T lymphocytes (.70% CD41 or CD81) from mouse spleens
were used fresh or after culture for the indicated times either with ConA in the presence of MAbs against mouse IL-2 (S4B6.1) and the IL-2R (5A2) that block auto-
or paracrine IL-2 stimulation or with ConA and human IL-2. (A) IL-2Ra expression on CD41 or CD81 cells was monitored by FACS analysis. (B) Nuclear extracts
from 2 3 105 cells were incubated for 15 min with a probe containing the STAT motif of the FcgRI gene and separated on a nondenaturing polyacrylamide gel. The
identity of the proteins forming specific retarded complexes was determined by supershift experiments with the appropriate antibodies (not shown).
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to 6 3 107 cells were washed with PBS and resuspended in 15 ml of ice-cold
solution 1 (15 mM Tris-HCl [pH 7.4], 0.2 mM spermine, 0.5 mM spermidine,
2 mM K-EDTA, 80 mM KCl, 0.5 mM EDTA, 1% thiodiethylene glycol, 1 mM
DTT, 0.05% Nonidet P-40) containing freshly added protease inhibitors (0.4 mM
PMSF, 3 mg of aprotinin per ml, 0.5 mg of leupeptin per ml, 1 mg of pepstatin per
ml). Cells were submitted to 10 strokes of a tight-fitting pestle in a Dounce
homogenizer. Nuclei were pelleted by centrifugation for 5 min at 1,000 3 g with
the brake off, resuspended in 7.5 ml of solution 1 containing the protease inhib-
itors and 20% glycerol, and Dounce homogenized again (four or five strokes).
After centrifugation, the pellet was resuspended in 2 ml of ice-cold solution 2
(7.5 mM Tris-HCl [pH 7.4], 0.1 mM spermine, 0.25 mM spermidine, 40 mM KCl,
5% glycerol, 1% thiodiethylene glycol, 1 mM DTT, 5 mM MgCl2, 1 mM CaCl2)
containing the protease inhibitors. Nuclei were aliquoted to 1 3 107 to 2 3 107/
tube, and samples were incubated with MNase for 5 min at 25°C. Digestion was
stopped by the addition of 3 volumes of SDS buffer (25 mM Tris-HCl, [pH 8.0],
10 mM EDTA, 200 mM NaCl, 0.4% SDS) and 0.5 mg of proteinase K per ml.

Southern blotting. Forty to fifty micrograms of DNA was digested to comple-
tion with the indicated restriction enzymes and electrophoresed in 1 to 1.5%
agarose gels in Tris-borate buffer at 40 V. DNA was transferred by capillarity to
nylon membranes (Appligene Oncor, Illkirch, France) with 103 SSC (13 SSC is
0.15 M NaCl plus 0.015 M sodium citrate). Probes were prepared with the
random priming kit supplied by Boehringer Mannheim, by using IL-2Ra PCR
fragments (probe 8 runs from nt 2539 to 158 and probe 3 runs from nt 2586 to
2286 from the transcription start site) as templates. Membranes were hybridized
in Church’s buffer at 68°C.

RESULTS

ConA-induced, IL-2-independent IL-2Ra expression does
not require activation of STAT proteins. Previously, we showed
that ConA or anti-TCR antibodies induce transient IL-2Ra
expression on mouse spleen T lymphocytes in the absence of
IL-2 stimulation (reference 60 and our unpublished observa-
tions). Figure 1A confirms this result and shows, in addition,
that both CD41 and CD81 T cells are homogeneously IL-
2Ra1 after 24 h of culture in ConA only (i.e., in the presence
of a mixture of antimouse IL-2 and antimouse IL-2Ra anti-
bodies that prevent auto- or paracrine stimulation by IL-2). In
both populations, IL-2Ra expression drops to very low levels
during the next 48 h unless the cells are stimulated with IL-2.

ConA triggers strong activation of STAT1, whereas STAT5
DNA binding is induced by IL-2 (Fig. 1B). Since autocrine
activation of STAT1 by IFN-g following T-cell activation has
been reported (21), it seemed likely that ConA stimulated
STAT1 via IFN-g. In order to confirm the origin of STAT1

induction and to assess its role in IL-2Ra expression, we mon-
itored ConA-induced IL-2Ra expression and STAT1 activa-
tion in T lymphocytes from IFN-gR-deficient mice (26). Figure
2A shows that, in these cells, IL-2Ra expression after 1 day of
stimulation with ConA is completely normal despite the ab-
sence of STAT1 and STAT5 (Fig. 2B). These experiments
demonstrate that the ConA-induced wave of IL-2Ra expres-
sion is independent of STAT1 or STAT5 activation. These
observations confirm the biphasic model of the regulation of
IL-2Ra transcription based on transient transfection experi-
ments, according to which antigen (or ConA) triggers IL-2Ra
expression through cis-acting elements in the promoter-proxi-
mal region while IL-2 enhances transcription through the distal
IL-2rE (45, 61).

STAT1 does not play a role in the IL-2-dependent phase of
IL-2Ra expression. Figure 3A shows that IL-2Ra expression
during 72 h of stimulation with ConA and IL-2 in cells from
IFN-gR-deficient mice is indistinguishable from that in wild-
type cells of the same genetic background. At no time during
this period did IFN-gR-deficient cells contain detectable
STAT1 activity (Fig. 3B). This indicates that STAT1 is not
necessary for IL-2-induced IL-2Ra expression, nor does it act
as a negative regulator. This is consistent with the finding that

FIG. 2. ConA induces IL-2Ra expression in absence of active STAT factors.
T lymphocytes from IFN-gR-deficient (2/2) or wild-type (WT) mice were stim-
ulated for 24 h with ConA in the presence of the IL-2-blocking MAbs. (A) Flow
cytometric analysis of IL-2Ra expression on T cells. (B) Bandshift assay with 3
mg of nuclear extracts incubated with the FcgRI probe for 15 min.

FIG. 3. IL-2-induced expression of IL-2Ra is normal in IFN-gR-deficient
mice. T lymphocytes from IFN-gR-deficient (2/2) or wild-type (WT) mice were
stimulated for 24 h with ConA in the presence of the IL-2-blocking MAbs (ConA
primed), and IL-2 was then added for the indicated times. (A) FACS analysis of
IL-2Ra expression on T cells. (B) Bandshift assay with 3 mg of nuclear extracts
incubated with the FcgRI probe for 15 min.
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IFN-g stimulation of the rodent T-cell line which we used to
map the IL-2rE does not induce IL-2Ra expression (results
not shown). Thus the antiproliferative effect of IFN-g on T
cells (11) is not a consequence of reduced IL-2Ra expression.

In vivo footprinting experiments confirm the role of the
IL-2rE in IL-2-induced IL-2Ra expression. Changes in pro-
tein-chromatin interactions taking place in the IL-2rE were
analyzed by DMS footprinting. DMS specifically methylates
guanine and, to a lesser extent, adenine residues of DNA (40).
The binding of a protein to its target site modulates the acces-
sibility of DMS to DNA by either protecting nucleotides in the
binding site from or by rendering neighboring residues more
sensitive to methylation. We compared the methylation pat-
tern on IL-2rE chromatin from resting T cells and cells acti-
vated with ConA and IL-2 with that of the IL-2Ra-negative
bone marrow cells (Fig. 4). Bone marrow chromatin does not
show any significant protection of nucleotides in the IL-2rE
compared to naked DNA. The enhanced methylation of ade-
nine bases in living cells compared to naked DNA has also
been observed by others (23) and might be due to the differ-

ences existing between the composition of cell nuclei and the
buffer in which naked DNA is resuspended for the DMS re-
action. In the chromatin of resting T cells, we reproducibly
observed increased methylation of guanine residue 21327 lo-
cated at the 59 boundary of site III. This is unlikely to be due
to Elf-1, the factor that mediates the contribution of site III to
IL-2rE activity, since in vitro binding analysis indicates that
Elf-1 protects the G doublet in the core of the Ets motif (27).
Upon activation with ConA and IL-2, G 21364, which is part
of the STAT5 consensus motif (39-AAGN3CTT-59) (25, 57) in
site I, and G 21327 and the doublet 21320/21321 in site III
are partially protected from methylation, corroborating the
previous mapping of the IL-2-responsive elements in the IL-
2rE. In vivo footprinting of the human IL-2rE has also shown
IL-2-dependent protection of site I (36). In some experiments,
IL-2 also induces a weak reduction in methylation of G 21344
in site II (see Fig. 6). That this protection is not always seen
may reflect the low affinity of STAT5 for site II (42). We also
detected partial protection of G 21293 in activated T cells.
This suggests that an additional protein may bind to this site.

FIG. 4. T-lymphocyte activation results in genomic footprints in the IL-2rE. LMPCR was performed with in vitro-methylated liver DNA or in vivo-methylated DNA
from bone marrow cells, resting T lymphocytes, and T cells stimulated with ConA and IL-2 for 72 h. (A) Guanine sequence of the lower strand. The positions of the
three sites that constitute the IL-2rE are shown to the left. The positions of the guanine residues, the methylation of which varies, are indicated on the right. The
autoradiogram is representative of four independent experiments. (B) Histogram representation of the sequences shown in the gel presented in panel A. The gel was
scanned with a phosphorimager, and histograms of the different lanes were overlaid. Each peak in the histogram corresponds to a band in the gel. Solid arrowheads
indicate guanine bases which are partially protected in activated T cells. The open arrowhead points to a guanine residue at the border of site III with increased
sensitivity to DMS in resting T cells.
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However, since this residue lies outside the IL-2rE, in a region
which is not required for IL-2rE activity (61), the protein is
unlikely to play an important role in IL-2Ra regulation.

No major changes in the sensitivity to DMS were detected in
the upper strand of the IL-2rE (data not shown). The G 21360
residue that is part of the palindromic STAT motif in site I is
very poorly methylated on naked DNA and is insensitive to
methylation in vivo. Intriguingly, a similar insensitivity has
been observed for the homologous G residue (G 24175) in the
human gene (36). Site II differs from the STAT consensus
motif in that it contains a T instead of a G in position 21340.

We did not observe any protection of the G 21342 residue
in the GATA consensus motif that overlaps with site II (data
not shown).

Although more than 95% of the activated cells were express-
ing IL-2Ra at their surface, protections were only partial. The
most plausible explanation for this is that binding of STAT5
and Elf-1 to the IL-2rE is not strong enough to prevent access
of DMS completely or that the IL-2rE sites are not occupied
all the time.

Occupation of site III depends on stimulation with IL-2.
From the studies with PC60 cells, we had proposed that Elf-1
was constitutively bound to the IL-2rE. The observation that
occupation of all three sites of the IL-2rE depends on stimu-
lation of T cells indicates that this model is too simple. One
explanation for this apparent inconsistency could be that acti-
vation of normal T cells, in contrast to stimulation of PC60,
results in an increase in nuclear Elf-1 concentration. Figure 5
shows that this is not the case. Although the absolute amount
of Elf-1 binding activity per cell is augmented with activation
(Fig. 5A, left panel), the relative concentration of this activity
compared to total nuclear protein (Fig. 5A, right panel) re-
mains constant, as does the concentration of Elf-1 protein (Fig.
5B). Activation of T cells affects neither the electrophoretic
mobility of Elf-1–site III complexes or denatured Elf-1 protein,
nor does it result in an alteration of the affinity of Elf-1 for site
III as measured by in vitro assays (data not shown).

In order to distinguish whether the appearance of the foot-

print on site III was the result of ConA activation or depend-
ed on stimulation by IL-2, we compared the chromatin of T
lymphocytes activated with ConA alone with that of cells stim-
ulated with ConA for 24 h (ConA primed), and then subse-
quently cultured with IL-2 for different times (Fig. 6). Stimu-
lation with ConA only for 24 or 48 h does not result in any
detectable changes in the IL-2rE methylation pattern. IL-2
stimulation of ConA-primed cells leads, as expected, to a rapid
reduction of the sensitivity of sites I and II to DMS, correlating
with IL-2-induced apparition of active STAT5 (data not shown).
Protection in site I is observed as soon as 1 h after IL-2
addition and is maintained throughout stimulation, as is
nuclear STAT5 activity (Fig. 1B). The persistence of active
STAT5 in response to IL-2 was also observed in PC60 cells and
paralleled IL-2ra expression and IL-2rE-driven reporter gene
activity (42, 61). Continuous STAT5 activation in T cells can be
explained by the fact that IL-2Ra expression and STAT5 ac-
tivation are regulated by a positive feedback loop. Protection
of the G doublet in the core of site III also depends on IL-2
stimulation, but this response is slower than the changes in the
STAT motifs. In vivo changes in site III are first detected 4 h
after addition of IL-2, but maximal protection is observed only
after 24 h of culture in the presence of IL-2.

Taken together, these results suggest that the accessibility of
site III to Elf-1 in vivo depends on changes in the IL-2rE
chromatin that are induced by IL-2.

STAT1 does not occupy sites I and II in ConA-primed cells.
Nuclei of T cells activated with ConA for 24 h contain sub-
stantial amounts of active STAT1 (Fig. 1B). Although STAT1
can specifically bind to sites I and II, as shown by the ability of
wild-type but not mutated IL-2rE to compete for STAT1-
FcgRI complex formation (data not shown), these sites are not
protected against DMS methylation in cells stimulated with
ConA only (Fig. 6). Comparison of the affinities of STAT1 and
STAT5 for the IL-2rE shows that both proteins bind with
similar efficiency to the latter (data not shown). Thus, the lack
of occupation of the STAT motifs in the IL-2rE in chromatin
of ConA-activated cells is not due to a lower avidity of STAT1

FIG. 5. Elf-1 DNA binding activity is not modified upon T-cell activation. (A) Nuclear extracts from 2 3 105 cells (left panel) or a constant amount of protein of
the same extracts (right panel) was incubated with a labeled oligonucleotide containing site III, and the complexes formed were fractionated on a nondenaturing gel.
The amount of protein per sample is indicated on the bottom of each lane. The identity of the Elf-1 complex was confirmed by supershift analysis with an anti-Elf-1
antibody (not shown) and has been fully documented (58). (B) Five micrograms of nuclear extract was fractionated on a denaturing gel, and the Western blot was probed
with anti-Elf-1 antibodies. Molecular mass markers (in kilodaltons) are indicated on the right.
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for the IL-2rE. Since we observe occupation of the STAT sites
very early after addition of IL-2 to primed cells, at a time when
the amounts of STAT1 and STAT5 DNA binding activity are
similar, it is unlikely that, in ConA-primed cells, the IL-2rE is
not occupied because the STAT1 concentration is too low.
These data rather suggest that the IL-2rE in ConA-activated
cells is not accessible to STAT1.

IL-2 induces positioning of nucleosomes around the IL-2rE.
Previously we described the appearance of a DNase I-hyper-
sensitive site (DH2) at the IL-2rE in T cells activated with
ConA and IL-2 (60). Figure 7A shows that this site is not de-
tectable in cells stimulated with ConA alone but appears after
stimulation with IL-2. This confirms our hypothesis that IL-2
induces a modification of IL-2rE chromatin, making it acces-
sible for transcription factors.

By probing IL-2rE chromatin with MNase, we observed a
number of cuts in resting T cells (Fig. 7B). Most of these were
also observed when naked DNA was digested with MNase and
can be attributed to the sequence preferences of this nuclease.
Thus, in resting T cells, there appears to be little or no trans-
lational positioning of nucleosomes over the IL-2rE. In fully
activated cells, however, MNase cuts IL-2rE chromatin pref-
erentially at positions flanking the IL-2rE core (which contains
sites I, II, and III). An additional site appears downstream of
the IL-2rE. Most of the cuts observed in resting cells and
naked DNA are no longer detectable. Digestion of the same

population of activated T cells with DNase I shows that the re-
gion between the two MNase-hypersensitive sites, i.e., the IL-
2rE itself, is hypersensitive to DNase I.

Thus, stimulation of IL-2Ra gene transcription results in the
translational positioning of nucleosomes at the borders of the
IL-2rE sequence and in the opening of the IL-2rE chromatin.

DISCUSSION

Our results reveal that the function of the IL-2-responsive
enhancer in the IL-2Ra gene depends not only on the presence
of previously identified transcription factors, but also on IL-2-
induced changes in IL-2rE chromatin. We show that IL-2 con-
trols the accessibility of the binding site for Elf-1 that is re-
quired for enhancer activity.

We confirm the two-stage model of the regulation of IL-2Ra
gene transcription during T-cell activation (45). According to
this model, antigen or ConA stimulates a transient peak of
IL-2Ra transcription through promoter-proximal elements. In
a second phase, IL-2 increases the level of IL-2Ra transcrip-
tion by activating STAT5, which binds to an IL-2-responsive
enhancer conserved in mice and humans. Here we show that
ConA stimulation of IL-2Ra transcription in normal T lym-
phocytes is independent of STAT activation and does not in-
volve the IL-2rE. IL-2 induces genomic footprints in the IL-
2rE, confirming the function of the three distinct cis-acting

FIG. 6. IL-2-induced in vivo protection of IL-2rE sites follows a temporal pattern. (A) In vivo footprinting analysis was performed with ConA-primed cells or primed
cells cultured further with or without IL-2 for the indicated times. (B) The phosphorimager histograms of the footprints obtained with the different populations are
compared to the one from ConA-primed cells. The results shown are representative of three experiments. Arrowheads indicate partial protection of guanine bases.
Nucleotide positions are marked to the right of panel A.
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elements in the IL-2rE mapped by transient transfection in
lymphoid cell lines (29, 36, 61). In the chromatin of mouse T
lymphocytes stimulated to express the high-affinity receptor
chain by IL-2, all three sites within the 51-nt IL-2rE are occu-
pied. From transient transfection experiments, we concluded
that the two more distal sites control IL-2 responsiveness by
binding to STAT5 (42), whereas Elf-1 contributes to enhancer
activity by binding to the third site (58). The in vivo footprints
shown here are completely consistent with this interpretation.
In both site I and site II, the consensus STAT binding motif is
protected. The absence of protection of the GATA consensus
motif that overlaps with site II supports our previous results
that argued against a role of GATA proteins in IL-2rE func-
tion (42). Protection of the G doublet and the 59 flanking G
residue in site III by Elf-1 is predicted by methylation inter-
ference analysis of the in vitro interaction between Elf-1 and its
binding site (27, 28). The enhanced sensitivity to methylation
59 of site III specifically observed in the chromatin of nonac-
tivated T lymphocytes raises the possibility that a protein may
bind at or near site III in resting T cells, although such a factor
has not yet been detected by in vitro binding experiments.

Occupation of the STAT binding sites in the IL-2rE requires
stimulation with IL-2 and is concomitant with STAT5 activa-
tion. That IL-2 stimulation is essential for prolonged IL-2Ra
expression is reflected in the persistence of activated STAT5
and in vivo footprints in the IL-2rE. Occupation of the Elf-1
binding site also depends on IL-2 stimulation. This is surpris-
ing, because Elf-1 DNA binding activity is present in the nuclei
of unstimulated T cells, and IL-2 does not stimulate an in-
crease in the nuclear concentration or in the in vitro binding
affinity of the protein for the IL-2rE, nor does it induce any
detectable changes in Elf-1 electrophoretic mobility in native
or denaturing gels. Binding of Elf-1 to certain sites has been
shown to depend on cooperation with other transcription fac-

tors that are activated by stimuli which mimic antigen trigger-
ing (63). This is clearly not the case for site III, which matches
very closely the highest-affinity sites for mouse and human
Elf-1 obtained in site-selection experiments (12, 27) and is
identical in 7 of 8 nt to the Ets binding site, which regulates
transcription of the terminal deoxytransferase gene (16). Elf-1
binding to this sequence is also independent of activation sig-
nals. We have failed to find any evidence for interactions be-
tween Elf-1 and STAT5 in in vitro binding assays or in tran-
sient transfection experiments (references 42 and 58 and our
unpublished results).

The simplest hypothesis for the delayed occupation of site
III by Elf-1 is suggested by the comparison of the accessibility
of the IL-2rE to nucleases in resting, ConA-primed and fully
activated cells. IL-2, but not ConA, induces substantial changes
in IL-2rE chromatin. Our data indicate that IL-2 triggers both
an opening of IL-2rE chromatin (that accounts for the sensi-
tivity of the IL-2rE to DNase I) and the translational position-
ing of nucleosomes at the borders of the IL-2rE (resulting in
MNase-hypersensitive sites). Thus, it appears likely that acces-
sibility of site III to Elf-1 depends on the IL-2-induced opening
of the IL-2rE chromatin. Elucidation of the molecular events
and the role of STAT5 in the IL-2-induced chromatin changes
will require different experimental approaches.

Finally, our data also suggest that sites I and II in IL-2rE
chromatin are accessible to STAT5 but not to STAT1. If con-
firmed, this finding would add a new level at which the speci-
ficity of cytokine-induced gene expression may be controlled
and provide a possible explanation for the conclusion from the
analysis of STAT1-deficient mice that the physiological role of
STAT1 is restricted to transduction of IFN responses (14, 41),
although STAT1 is activated by many other cytokines (18, 24,
35, 64).

In summary, while the experiments described here provide a

FIG. 7. IL-2 induces the appearance of DNase I and MNase sites flanking the IL-2rE. (A) DNase I-treated chromatin from ConA-primed cells or primed cells
induced further with or without IL-2 for 24 h was digested with TaqI and PstI and electrophoresed in 1% agarose gels. DNase I-hypersensitive (DH) sites were visualized
by hybridization with probe 8. DH1 is a lymphocyte-specific constitutive site that maps close to the transcription start site (60). DH2 is located at the IL-2rE. Size
markers are indicated on the left (in kilobases). (B) MNase cleavage of naked DNA and chromatin from resting T cells or cells stimulated for 72 h with ConA and
IL-2. DNA was digested with TaqI and EcoNI and electrophoresed in a 1.5% agarose gel. The DNase I-treated samples from activated cells in the right panel were
digested with the same restriction enzymes. Blots were hybridized with probe 3. Solid arrowheads indicate chromatin-specific cleavage sites in activated cells. Open
arrowheads indicate the cutting sites in naked DNA. (C) Summary of MNase analysis. The IL-2rE is represented as a hatched box. Arrowheads (as in panel B) show
mean cleavage positions of the MNase cuts deduced from two experiments.
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clear-cut confirmation of the previously formulated model of
the regulation of IL-2Ra gene expression during T-cell activa-
tion, they indicate that changes in chromatin also play an
important role in IL-2-stimulated gene transcription.
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