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c-Rel Is Required for Chromatin Remodeling Across the IL-2
Gene Promoter

Sudha Rao,* Steve Gerondakig, Donna Woltring,* and M. Frances Shannon'*

IL-2 gene transcription occurs in an activation-dependent manner in T cells responding to TCR and CD28 activation. One of the
critical events leading to increased IL-2 transcription is an alteration in chromatin structure across the 300-bp promoter region

of the gene. We initially showed that IL-2 gene transcription in CD4" primary T cells is dependent on the NFxB family member,
c-Rel, but not RelA. We found that c-Rel is essential for global changes in chromatin structure across the 300-bp IL-2 promoter
in response to CD3/CD28 in primary CD4" T cells, but not in response to pharmacological signals, paralleling the requirement
for c-Rel in IL-2 mRNA and protein accumulation. Interestingly, measurement of activation-induced localized accessibility
changes using restriction enzyme digestion revealed that accessibility close to the c-Rel binding site in the CD28RR region of the
promoter is specifically dependent on c-Rel. In contrast, restriction enzyme sites located at a distance from the CD28RR behave
independently of c-Rel. These results suggest a nonredundant role for c-Rel in generating a correctly remodeled chromatin state
across the IL-2 promoter and imply that the strength of the signal determines the requirement for c-Rel. The Journal of

Immunology, 2003, 170: 3724-3731.

he NF-kB family of transcription factors plays a central
role in immune and inflammatory responses, serving to

rapidly activate a wide variety of genes involved in host
defense against pathogens (1-4). The NF-«B family is composed
of p50 (NF-«kB1), p52 (NF-«B2), RelA (p65), RelB, and c-Rel,
which share a common region known as the Rel homology domain
and function as homo- or heterodimers binding decanucleotide el-
ements in the promoters and enhancers of genes, including those
encoding cytokines (3-5). Deletion of the genes for individual
family members in mice has helped elucidate specific physiolog-
ical roles for each protein; however, the molecular basis of these
differences is not well understood (6—8).

The secretion of IL-2 by activated T cellsisan important step in
an immune response, driving autocrine T cell proliferation and
regulating T cell homeostasis (9). The region of the IL-2 gene that
responds to T cell activation has been mapped to a 300-bp region
immediately upstream of the transcription start site (10, 11) and
contains binding sites for numerous transcription factors (12). The
IL-2 promoter contains two NF-«B binding sites. One is in the
CD28 response region (CD28RR)? that is referred to as the CD28
response element (CD28RE). This region is required for response
to T cell costimulation through the CD28 receptor (13, 14). The
CD28RR (—164 to —146 bp) also contains an AP-1 binding region
that functions in a cooperative manner with the CD28RE (14). The
NF-kB family members that bind to the CD28RE change in a
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time-dependent manner following T cell activation, with RelA ho-
modimers being a mgjor component at early time points, and c-
Rel-containing complexes dominating at later time points, reflect-
ing the need for new c-Rel synthesis (15). Analysis of c-rel ™/~
mice has demonstrated that c-Rel is essential for the induced ex-
pression of several cytokinesin T cells (6, 16). A 50-fold decrease
is observed in IL-2 protein production compared with that in wild-
type (wt) cells when cells are stimulated via TCR/CD28 pathways,
but there is no decrease in response to pharmacologic stimuli (6, 16).

The genomic DNA in the nucleus is organized into a highly
complex structure known as chromatin, which is an important
component in the control of gene transcription. One of the first
events required for inducible gene transcription is the remodeling
of chromatin across promoter and enhancer regions of the gene.
Modification of chromatin structure is accomplished by the di-
rected actions of two distinct groups of enzymes, namely ATP-
dependent chromatin remodelers and proteins that can covalently
modify N-terminal histone tails (reviewed in Refs. 17 and 18).
Chromatin remodeling associated with gene activation can be mea-
sured by atered accessibility across specific regions using agents
such as micrococcal nuclease (MNase) or restriction enzymes (RE)
(19-21). Whereas RE accessibility can provide information on
localized changes, MNase measures alterations at a more global
level (22, 23). Recently, several laboratories have developed a novel
approach to study chromatin accessibility events in vivo that uses
red-time PCR (21, 24). This approach has severa advantages over the
more conventional use of Southern hybridization: the accuracy of
quantification is improved; the resolution of the assay isimproved by
designing primers to amplify small amplicons; and aréelatively small
quantity of genomic DNA is required, with the assay being in the
linear range with 1.5 ng of input DNA (21, 24). These features have
previoudy alowed us to successfully monitor chromatin accessibility
events in primary T cells following cellular activation (21).

There have been numerous studies showing that DNase I-hy-
persensitive sites appear across the IL-2 proximal promoter fol-
lowing T cell activation (19, 25, 26). Other studies have shown that
aspecific RE sitelocated close to the CD28RR becomes accessible
for digestion following activation of EL-4 T cells (19). These
experiments suggest that the structure of chromatin across the
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proximal IL-2 promoter is remodeled following T cell activation.
We have recently shown that the 300-bp region of the IL-2 prox-
imal promoter becomes selectively remodeled, as measured by
MNase and RE accessibility, upon T cell activation not only in
EL-4 T cells, but also in primary murine CD4" T cells (21). This
remodeling occurs late (1.5 h) relative to the transl ocation of many
transcription factors to the nucleus, which generally occurs within
10-30 min of activation (21). This delay is not due to the need for
prior histone acetylation, nor does it appear to be dependent on the
histone kinase Msk1 (21). The roles of specific transcription fac-
torsin these events have not, however, been investigated. Here we
show that c-Rel is essentia for the correct pattern of chromatin
remodeling across the IL-2 promoter following primary T cell ac-
tivation with anti-CD3 and anti-CD28 Abs. This requirement is
stimulus specific, however, and can be overcome with the phar-
macologica agents, PMA and calcium ionophore (1). In contrast to
c-Rel, RelA isnot essential for IL-2 gene transcription, pointing to
adistinct role for these NF-«B proteins in immune cell activation.

Materials and Methods
Cell culture

EL-4.E1.F4 (EL-4) thymoma cells were maintained in RPM| 1640 medium
supplemented with 10% FCS, 2 mM L-glutamine, 50 uM 2-ME, and an-
tibiotics. Cells in suspension were stimulated for an optimal period of 4 h
at 1.25 X 106 cells/ml with PMA (Roche, Indianapolis, IN), calcium iono-
phore A23187 (I; Sigma-Aldrich, St. Louis, MO) and an activating CD28
Ab (BD PharMingen, San Diego, CA) at final concentrations of 10 ng/ml,
1 uM, and 5 pg/ml, respectively.

Primary T cell preparation

All mice were maintained in a pathogen-free environment in a barrier fa-
cility. Spleens were isolated from C57BL/6 mice (4-5 wk old), c-rel =/~
mice (4-5wk old), and relA~'~ mice (obtained by fetal liver reconstitution
of irradiated hosts as described previously (27)), and CD4" T cells were
purified using MACS CD4" (LT34) beads according to the manufacturer’'s
guidelines (Miltenyi Biotec, Auburn, CA). The cells were subsequently
stained and analyzed by flow cytometry, with T cell populations shown to
be ~90% pure using Abs against CD4* T cells, CD8" T cells, B cells, and
macrophages. Stimulations were performed as described above for EL-4 T
cells. Anti-CD3 stimulation was performed by coating plates with 10
ng/ml anti-CD3 Ab (BD PharMingen) at 37°C for 3 h or overnight at 4°C.
The plates were subsequently washed (four or five times) with PBS before
the addition of cells at a density of 1.25 X 10%ml.

RNA isolation and real-time PCR analysis

Total RNA was extracted from stimulated and unstimulated T cells (5 X
10° cells) using the modified RNAzol B methodology described previously
(28). RNA (1 ng) was subsequently treated with DNase | (1 U/ug RNA)
reverse transcribed using 100 U of Superscript |1 reverse transcriptase (Life
Technologies, Gaithersburg, MD) as detailed in the manufacturer’s guide-
lines. SYBR Green red-time PCR reactions were performed on an ABI
PRISM 7700 sequence detector (PerkinElmer/PE Applied Biosytems, Foster
City, CA) as described previously (21) with 10 ng of cDNA in atotal volume
of 25 ul, according to the manufacturer’ s guidelines (PerkinElmer/PE Applied
Biosytems; protocol 04304965). An diquot of each sample was aso anayzed
by quantitative PCR for GAPDH to normdize for inefficiencies in cDNA
synthesis and RNA input amounts. The primer sets used are detailed in Table
I1. To correlate the threshold (Ct) vaues from the amplification plots to copy
number, a standard curve was generated using the appropriate plasmid.

Chromatin accessibility by real-time PCR (CHART-PCR) assay

Accessibility to digestion with REs and MNase was analyzed using the
CHART-PCR assay described previously (21). Briefly, stimulated and un-
stimulated T cells (5 X 10° cells/sample) were pelleted by centrifugation at
500 X g, washed in ice-cold PBS, resuspended in 1 ml of ice-cold Nonidet
P-40 lysis buffer (10 mM Tris (pH 7.4), 10 mM NaCl, 3 mM MgCl,, 0.5%
Nonidet P-40, 0.15 mM spermine, and 0.5 mM spermidine), and incubated
onicefor 5 min. The suspension was centrifuged at 3000 rpm for 5 min to
pellet the nuclei. The nuclei were subsequently washed in the respective
digestion buffer (without CaCl,) and then resuspended at 5 X 10° nuclei/
100 pl. MNase and RE accessibility assays were performed essentially as
previously described (20). One hundred-microliter suspensions of nuclel
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were then treated with 100 U of Hinfl or Msel (Roche) at 37°C for 45 min
or with 50 U of MNase (Roche) for 5 min at 20°C. A control without the
accessibility agent was used to monitor endonuclease activity. The
genomic DNA was subsequently isolated using a QlAamp blood kit (Qia-
gen, Chatsworth, CA). Fifty micrograms of genomic DNA was used to
perform SYBR Green real-time PCR on the ABI PRISM 7700 sequence
detector (PerkinEImer/PE Applied Biosystems) in a total volume of 25 ul
using the SYBR Green PCR master mix (PerkinElmer/PE Applied Bio-
systems) according to the manufacturer’s guidelines. The primer sets used
are detailed in Table Il. To convert the Ct values from the CHART-PCR
amplification plots to percent accessibility, a standard curve was generated
with genomic DNA. PCR products were visualized on a 4% Nuseive 3/1
agarose gel (PerkinElmer/PE Applied Biosytems) to ensure that a single
product was generated in the PCR. All samples were subjected to real-time
PCR analysis using Primer Set-F to ensure equal loading of DNA in all
PCR reactions.

Western blotting analysis

Nuclear extracts were prepared by a modification of the method described
by Schreiber et al. (29). Unstimulated and stimulated EL4 T cells (3 X
107/sample) were centrifuged for 5 min at 500 X g, washed with ice-cold
PBS, then resuspended in 1 ml of ice-cold buffer A (10 mM Tris (pH 7.4),
10 mM NaCl, 3 mM MgCl,, 0.1 mM EDTA, 0.5% Nonidet P-40, and
protease inhibitors) per 1 X 107 cells, and incubated on ice for 5 min.
Nuclei were recovered by centrifugation at 900 X g for 5 min, washed in
buffer A without Nonidet P-40, then resuspended in 75 ul of buffer C (400
mM NaCl, 7.5 mM MgCl,, 0.2 mM EDTA, 0.1 mM EGTA, 1 mM DTT,
and protease inhibitors) per 3 X 107 cells, and incubated in ice with shak-
ing for 15 min. Nuclear debris was removed by centrifugation at 4°C for 15
min. Protein concentrations were determined by the Bradford assay (Bio-
Rad, Hercules, CA). Proteins (10 ng) were resolved by SDS-PAGE, trans-
ferred to nitrocellulose, and subjected to Western blotting analysis using
anti-c-Rel, anti-RelA, and anti-Spl (all from Santa Cruz Biotechnology,
Santa Cruz, CA) Abs. Proteins were detected using Super Signal chemi-
luminescent substrate (Pierce, Rockford, IL), visualized using a lumines-
cent analyzer (Las-1000 Plus; Fuji, Tokyo, Japan), and quantified using the
Fuji Image Gauge software.

Results
IL-2 transcription in T cells is c-Rel, but not RelA, dependent

The CD28RE within the proximal promoter of the IL-2 gene binds
NF-«B family members c-Rel and RelA in extracts from activated
T cells (26), and IL-2 protein levels are dramatically reduced in
CD3/CD28-activated T cells from c-rel =/~ mice (6, 16). To com-
pare the importance of c-Rel and RelA in IL-2 gene transcription,
we performed quantitative PCR analysis of IL-2 mRNA levelsin
CD4" T cells, treated with CD3/CD28 for 4 h, from wt, c-rel ',
or relA™/~ (obtained by fetal liver reconstitution of irradiated
hosts) mice. 1L-2 mRNA levels were reduced by 18-fold in

Table 1. Comparison of IL-2 mRNA in wt vs c-rel '~ or RelA™/~
CD4* T cells

IL-2 Copy No./10°

CD4* T Cells Fold Change

wt

NS 159 1

CD3/CD28 3.53 x 10* 222

PMA/I/CD28 3.82 x 10° 24,025
crel =/~

NS 163 1

CD3/CD28 1890 12

PMA/I/CD28 3.97 x 10° 25,142
RelA~/~

NS 143 1

CD3/CD28 3.77 x 10* 263

PMA/I/CD28 3.35 x 10° 25,142
wt + pentoxyfilline

NS 171 1

CD3/CD28 173 1

PMA/I/CD28 3.45 x 10° 20,175
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FIGURE 1. The accumulation of nuclear c-Rel correlates with changes
in IL-2 chromatin accessibility. a, Comparison of IL-2 chromatin remod-
eling kinetics, as measured by MNase digestion, with c-Rel and IL-2
mMRNA kinetics measured by SYBR Green real-time PCR. |L-2 and c-Rel
mMRNA levels are plotted as fold change relative to the unstimulated sam-
ples. Remodeling is plotted as a percentage of the unstimulated, MNase-
digested genomic DNA sample. Data shown are the mean and SE of three
replicate experiments. b, Nuclear extracts were prepared from EL-4 T cells,
either unstimulated (NS) or stimulated with PMA/I for 0.5-4.5 h. Ten
micrograms of nuclear extract from each time point was resolved on SDS-
PAGE and subjected to Western blotting analysis using anti-c-Rel (upper
panel) and anti-Sp1 (lower panel) Abs.

crel ™~ T cells, but were unaffected in relA~/~ T cells (Table ).
The same results were obtained at several different times of stim-
ulation (data not shown). In contrast to the effect observed with
CD3/CD28 stimulation, the absence of c-Rel had no effect on the
response of the IL-2 gene to PMA, I, and anti-CD28 (PMA/I/
CD28) treatment (Table I).

To further support the finding that the requirement for c-Rel is
stimulus dependent, we examined the effect of the c-Rel inhibitor,
pentoxyfilline, on IL-2 transcription in CD4* T cellsisolated from
wt mice stimulated with PMA/I/CD28 or CD3/CD28. Pentoxyfil-
line has previously been shown to specifically inhibit the translo-
cation of c-Rel, but not the other NF-kB family members or
NFAT, to the nucleus (30). Consistent with data from c-rel =/~
mice, pentoxyfilline inhibited CD3/CD28-mediated, but not PMA/
1/CD28-mediated, IL-2 transcription (Tablel). Thus, c-Rel appears
to be essential for IL-2 transcription in response to CD3/CD28, but
dispensable in the presence of pharmacological activation, while
RelA is not essential for IL-2 gene transcription.

Kinetics of c-Rel accumulation in EL-4 T cells

The initiation of gene transcription consists of several events, in-
cluding alteration of chromatin structure, assembly of transcription
activation complexes, and recruitment of basal transcriptional ma-
chinery (18, 31, 32), and c-Rel could be involved in one or severa
of these events. We wanted to determine whether c-Rel contributed
to chromatin remodeling events on the IL-2 promoter or was part
of the activation complex that assembled on the remodeled pro-
moter. We first examined the time course of c-Rel mRNA and
protein accumulation in EL-4 T cells to ascertain whether c-Rel
was present in cells, and more specifically in the nucleus, at the
time of chromatin remodeling on the IL-2 promoter. In contrast to
RelA or NF-«kB1/p50, little c-Rel pre-exists in the resting T cell
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FIGURE 2. Chromatin remodeling across the IL-2 gene promoter is de-
pendent on protein synthesis. a, Nuclear extracts were prepared from EL-4 T
cells stimulated with PMA/I for the indicated times with or without pretreat-
ment with CHX for 30 min. Ten micrograms of nuclear extract from each time
point was resolved on SDS-PAGE and subjected to Western blotting analysis
using anti-c-Rel (upper pandl), anti-Spl (middle panel), and anti-RelA (lower
panel) Abs. b, Nuclear extracts were prepared from EL-4 T cells unstimulated
(lane 1), stimulated with PMA/I aone for 1.5 h (lane 2) or 4 h (lane 3), and
unstimulated or stimulated with PMA/I for 2 h before the addition of CHX for
an additional 2 h (lanes4 and 5). Ten micrograms of nuclear extract from each
time point were resolved on SDS-PAGE and subjected to Western blotting
anaysis using anti-c-Rel (upper panel) and anti-Spl (lower panel) Abs. The
immunoreactive bands were visualized using a Fuji-Film FLA-1000 phospho-
rimeger. ¢, Nuclel for MNase digestion or RNA for IL-2 expression analysis
were prepared from EL-4 T cells pretreated with CHX for 30 min and |eft
ungtimulated (NS), stimulated with PMA/I for 4 h, pretreated with CHX for 30
min before stimulation with PMA/I (+CHX), and stimulated with PMA/I for
2 h before the addition of CHX (+CHX2). The intact nuclel were incubated
with or without 50 U of MNase for 5 min a room temperature. Genomic DNA
(50 ng) for each treatment was subjected to real-time PCR analysis using
primer sets B-D. The Ct values generated were converted to DNA concen-
tration and percent accessibility using a standard curve. The mean and SE of
three replicate experiments are shown. 1L-2 mRNA levels were measured by
SYBR Green red-time PCR andysis. The fold change in IL-2 mRNA levels
for each of the trestments is shown relative to the control value.
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cytoplasm, and new synthesis is required for significant nuclear
accumulation (33). Significant levels of c-Rel mMRNA were de-
tected as early as 15 min following PMA/I activation of EL-4 T
cells, with maximum levels observed at 2 h (Fig. 1a). Thereafter,
levels dropped slightly, but were then maintained at relatively high
levels up to 16 h postactivation (Fig. 1a). c-Rel protein began
accumulating in the nucleus at 30 min following stimulation;
higher levels were observed from 1 h poststimulation and were
sustained until at least 4.5 h following activation (Fig. 1b). These
results show that c-Rel accumulates in the nucleus before the time
that IL-2 promoter chromatin remodeling is initiated (1.5 h; Fig.
1a) (21) in EL4 T cells, which, in turn, precedes the accumulation
of IL-2 mRNA (Fig. 1a). Similar kinetics of c-Rel accumulation,
IL-2 mRNA production, and promoter remodeling were observed
in primary CD4" T cells (data not shown).

c-Rel accumulates in the nucleus much later than RelA or many
other transcription factors thought to be involved in IL-2 gene
transcription (15, 33) and appears to closely precede promoter
chromatin remodeling. The time frame of c-Rel accumulation and
chromatin remodeling suggests that new protein synthesis may be
required for these events. c-Rel, but not RelA, accumulation in the
nuclei of EL-4 T cells was indeed dependent upon new protein
synthesis (Fig. 2a), in agreement with previous data (34). A small
amount of c-Rel was detected in cycloheximide (CHX)-treated nu-
clear extracts at al time points examined and may represent a
small pool of pre-existing c-Rel in the EL-4 cells (Fig. 2a). In
contrast to the inhibition of c-Rel by pretreatment with CHX, nu-
clear transocation and maintenance of c-Rel were not affected by
addition of CHX 2 h after stimulation with PMA/I (Fig. 2b). Con-
stitutively expressed Spl was used to monitor equal protein load-
ing in al lanes.

Significant amounts of c-Rel, therefore, accumulate in the nu-
cleus following 1 h of activation, and this accumulation is driven
by de novo synthesis. c-Rel appears to be relatively stable in the
nucleus even in the presence of protein synthesis inhibition.
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IL-2 promoter remodeling is dependent on new protein synthesis

We next asked whether chromatin remodeling across the IL-2 pro-
moter was dependent on new protein synthesis. To investigate
changes in chromatin structure associated with IL-2 gene tran-
scription, MNase accessibility across the promoter was measured
using a quantitative CHART-PCR (21), where the amount of PCR
product is inversely proportional to the extent of MNase digestion
occurring across the amplified region (21). The requirement for de
novo protein synthesis for chromatin remodeling of the IL-2 pro-
moter was determined by CHART-PCR using three primer sets
spanning the 300-bp IL-2 promoter (Table I and Fig. 4a). As we
have previously shown (21), the IL-2 promoter is completely in-
accessible to MNase digestion in resting EL-4 T cells, and stim-
ulation with PMA/I resulted in 80—85% accessibility across the
300-bp promoter region (Fig. 2c). Pre-treatment of EL-4 T cells
with CHX 30 min before PMA/I activation inhibited accessibility
across the entire IL-2 promoter (Fig. 2¢) and was paralleled by an
inhibition of IL-2 mMRNA accumulation as measured by quantita-
tive PCR (Fig. 2c).

To determine whether protein synthesis was required for main-
tenance of the remodeled state, EL-4 T cells were treated with
CHX following 2-h stimulation with PMA/I (at a time when chro-
matin remodeling has aready occurred), and remodeling was as-
sayed 2 h later. The IL-2 proximal promoter was still accessible to
MNase under these conditions (Fig. 2c), and in paralel, IL-2 tran-
script levels were not inhibited (Fig. 2c). These results show that
new protein synthesisis required for the efficient initiation, but not
maintenance, of chromatin remodeling across the IL-2 promoter,
implicating newly synthesized proteins, such as c-Rel, in this
process.

Characterization of I1L-2 promoter chromatin remodeling in
crel”/~ CD4" T cells

To explore the possibility that c-Rel is required for chromatin re-
modeling across the IL-2 promoter, chromatin accessibility was

Table Il.  Primer sequences for SYBR Green real-time PCR

Region of 1L-2% Gene

Primer Set Sequence (5' — 3) Amplified (bp) ctb

IL-2 cDNA F 5'- CCTGAGCAGGATGGAGAATTACA
R 5’- TCCAGAACATGCCGCAGAG

c-Rel cDNA F 5’- TTACCAGAAATGCCCAGGTC
R 5'- AGGCCCTTCTAGGAATGGAA

B-Actin cDNA F 5'- AGAGGGAAATCGTGCGTGAC
R 5’- CAATAGTGATGACCTGGCCGT

Set-B1 F 5'- CACAGGTAGACTCTTTGAAAATATGTGTAA —110to —11 23.0
R 5'- CATGGGAGGCAATTTATACTGITAATG

Set-B2 F 5’- CGTGACACCCCCATATTATTTT —66to0 —11 24.0
R 5'- AGCATGGGAGGCAATTTAT

Set-B3 F 5'- GAGGAAAAACAAAGGTAATGC —140to —14 235
R 5'- CATGGGAGGCAATTTATACTGITAATG

Set-C F 5’- CCTAAATCCATTCAGTCAGTGTATGG —198to —107 24.0
R 5'- TGTGTGGCAGAAAGCATTACCT

Set-D F 5'- CTTTTGIGICTCCACCCCAAA —330to —230 23.4
R 5'- CACACTTAGGTGGCAGTTTTAATTCAT

Set-F F 5'- CATGCAGAGAGITTTTTGITGITGITTTCTAG —1980to —1890 23.4
R 5’- GCCTAAAGTCTCTCACAAAGAACAGA

2 All the primer sequences were designed using the murine IL-2 gene (Genbank accession no. M39728) or the IL-2 cDNA
sequence (Genbank accession no. X01772). F, forward primer; R, reverse primer.

b The Ct values were generated from real-time PCR plots with a threshold value of 0.282. The thermocycler conditions and
the concentrations of the primers used were identical for all primer sets.
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examined in CD4" T cellsisolated fromwt and c-rel ~/~ mice. As
we have previously shown (21), activation of primary CD4* T
cells with CD3/CD28 leads to an increase in MNase accessibility
across the IL-2 promoter (Fig. 3a). In contrast, there was little or
no increase in MNase accessibility in CD3/CD28-activated CD4™
T cellsfrom c-rel =/~ mice, with levels of accessibility being iden-
tical with those of unstimulated cells (Fig. 3a). This lack of chro-
matin accessibility is in agreement with the decrease in IL-2
MRNA levels seen in c-rel '~ T cells (Table ). However, when
crel ™'~ T cells were treated with PMA/I/CD28, almost normal
levels of MNase accessibility were observed in parallel with nor-
mal levels of IL-2 mRNA accumulation (Fig. 3a and Table I).
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FIGURE 3. Chromatin accessibility across the IL-2 promoter is inhib-
ited in rel™/~ primary T cells activated with CD3/CD28. a, Nuclei for
MNase analysis were prepared from either wt (W) or c-rel '~ (R) CD4"
T cells that were left unstimulated or stimulated with PMA/I/CD28 or
CD3/CD28 for 4 h. The intact nuclei were incubated with or without 50 U
of MNase for 5 min at room temperature. Genomic DNA (50 ng) for each
treatment was subjected to real-time PCR analysis using primer sets B-D.
The Ct values generated were converted to DNA concentration using a stan-
dard curve, and MNase accessihility was expressed as a percentage of the
unstimulated, digested genomic DNA sample. b, CD4" T cells were either
untrested or pretreated with pentoxyfilline for 30 min and then left unstimu-
lated or stimulated with CD3/CD28 for 4 h. Intact nuclel were isolated and
incubated with 50 U of MNase for 5 min a room temperature, and the amount
of MNase accessibility was measured and calculated as described in a.
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Since the c-Rel inhibitor, pentoxyfilline, blocks CD3/CD28, but
not PMA/I/CD28, activation of IL-2 in primary T cells (Table ),
we asked whether pentoxyfilline also inhibited chromatin remod-
eling across the IL-2 promoter in response to CD3/CD28 stimu-
lation. Pentoxyfilline pretreatment partially inhibited MNase ac-
cessibility across the promoter in CD3/CD28-activated cells (Fig.
3b), with the largest effect seen across the region encompassing the
binding site for c-Rel at the CD28RE (Fig. 3b).

These results show that c-Rel is required for correct chromatin
remodeling across the IL-2 promoter in response to CD3/CD28
activation, but this requirement can be overcome by pharmacol og-
ical agents. In addition, our results illustrate that MNase accessi-
bility closely paralels IL-2 mRNA accumulation.

RE accessibility is not uniform across the IL-2 promoter
following CD3/CD28 activation

To gain insight into localized changes in chromatin structure
across the IL-2 promoter, we examined RE accessibility, which
can be influenced by localized chromatin structure, DNA confor-
mation, and/or transcription factor binding (22, 23). Three Msel
sites and two Hinfl sites, chosen to measure accessibility at arange
of sites across the promoter (Fig. 4a), were examined using
CHART-PCR (21). The mgjority of the RE sites became accessible
to RE digestion in wt CD4" T cells treated with CD3/CD28 or
PMA/I/CD28 (Fig. 4b). The one exception to this general acces-
sibility was the Hinfl site at —100, which became accessible in
response to PMA/I/CD28, but not in response to CD3/CD28 (Fig.
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FIGURE 4. RE accessibility across the IL-2 promoter in primary T
cells. a, Schematic representation of the murine IL-2 proximal promoter
from —300 bp to the transcriptional start site. The locations of the primer
sets B-D used in the CHART-PCR assay are indicated in a, and the details
of the primer setsare shown in Table Il. The positions of the Msel (Msel-B,
Msel-C, Msel-D) and Hinfl (Hinfl-A, Hinfl-B) RE sites are also shown.
Functional control elements are also indicated (). The approximate po-
sition of the nucleosome across the CD28RE is indicated above the pro-
moter. b, Nuclei for RE accessibility analysis were prepared from CD4" T
cells unstimulated or stimulated with PMA/I/CD28 and CD3/CD28. Nuclei
were incubated with 100 U of Msel or Hinfl a 37°C for 45 min. Genomic
DNA (50 ng) from each sample was subjected to real-time PCR analysisusing
the appropriate primer set detailed in a. The Ct vaues were converted to DNA
concentration using a standard curve, and accessibility was expressed as a
percentage of the unstimulated, uncut DNA sample. The results represent the
mean = SE of three experiments from separate groups of mice.
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4b). These results indicate that while there is a general change in
promoter architecture, as measured by MNase accessibility, indi-
vidual promoter regions have distinct modes of accessibility.

The absence of c-Rel specifically affects RE accessibility at the
CD28RE

To examinein more detail the requirement for c-Rel in remodeling
the region around its binding site at the CD28RE, the accessibility
of RE sites across this region were examined in c-rel =~ T cells.
The accessibility observed at the Hinfl-B site (—150) in wt cellsin
response to CD3/CD28 was inhibited in c-rel '~ cells (Fig. 5a). In
contrast, the Hinfl-A site (—100) that was not accessible in CD3/
CD28-activated wt cells became accessible in the activated
c-rel '~ cells (Fig. 5a). The same pattern of RE accessibility was
observed in PMA/1/CD28-activated c-rel ~/~ cells, with a decrease
in accessibility at sites located across the CD28RE (Hinfl-B, Fig.
5b; Dral, data not shown) and an increase at the —100 Hinfl site
(Fig. 5b).

To examine accessibility at RE sites located further from the
c-Rel binding site, Msel sites at —40 and —250 were compared in
wt and rel '~ T cells. In contrast to the decrease in accessibility
observed at RE sites close to the CD28RE, activation-induced ac-
cessibility at these Msel sites was not decreased in CD3/CD28-
activated c-rel =/~ cells (Fig. 5a). Similarly, access to these RE
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FIGURE 5. The CD28RE region is less accessible to RE digestion in
CD4" T cells from c-rel ™/~ mice. Nuclei for RE analysis were prepared
from wt or c-rel '~ murine CD4" T cells unstimulated or stimulated with
CD3/CD28 (a) and PMA/I/CD28 (b). Nuclei were incubated with 100 U of
Msel or Hinfl at 37°C for 45 min. Genomic DNA (50 ng) from each sample
was subjected to real-time PCR analysis using the appropriate primer (Fig.
4a). The Ct values were converted to DNA concentration using a standard
curve, and accessibility was expressed as a percentage of the unstimulated,
uncut DNA sample. The results represent the mean + SE of three exper-
iments from separate groups of mice.
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sites was not affected by the absence of c-Rel following PMA/I/
CD28 activation (Fig. 5h).

These data indicate that while c-Rel is required for correct RE
accessibility at sites close to the c-Rel binding site at the CD28RE,
sites located at a distance behave in a distinct manner.

Discussion

We have shown here that c-Rel, but not RelA, is essentia for
correct chromatin disruption and IL-2 gene transcription in CD4™*
primary T cells. The observation that RelA was not essential for
IL-2 gene transcription was surprising given previous results
showing that RelA accumulates in T cell nuclei following activa-
tion, binds to numerous NF-«B sites including the CD28REs of
genes such as IL-2, and can trans-activate these promoter regions
in transient transfection assays (12). These data clearly show that
the NF-«B/Rel proteins play nonredundant roles in gene transcrip-
tionin T cells.

We have presented several lines of evidence to shown here that
c-Rel is required for a correctly altered chromatin state across the
IL-2 proximal promoter in CD3/CD28-activated primary T cells.
Firstly, MNase accessibility across the entire promoter is pre-
vented in the absence of c-Rel. Secondly, RE accessibility close to
the c-Rel binding site at the CD28RR is aso dependent on the
presence of c-Rel. Clearly, other NF-«B proteins are not sufficient
to generate an accessible chromatin configuration across the pro-
moter, since the expression and activity of the other NF-«B pro-
teins are normal in c-rel ™'~ T cells (6, 16). In addition, we have
shown here that RelA is dispensable for IL-2 transcription.
Thirdly, the kinetics of c-Rel accumulation in the nucleus as well
as its response to cycloheximide treatment closely correlate with
chromatin remodeling kinetics on the IL-2 promoter. Thus, c-Rel
may play a specific role in recruiting chromatin-modifying com-
plexes to the promoter or may play arole in stabilizing a remod-
eled state.

It has recently been shown that c-Rel is not required for chro-
matin remodeling across the IL-12 p40 promoter in LPS-activated
macrophages (35), athough it is required for efficient gene tran-
scription (35). It is not clear why these results differ from those
presented here for IL-2, athough c-Rel may have a cell- or gene-
specific role in chromatin remodeling. Since we have shown that
access to RE sites only in the region of the c-Rel binding site
requires c-Rel, it should be noted that RE accessibility at a site
distant from the c-Rel binding site in the IL-12 p40 promoter was
used to show that c-Rel was not required (35).

It is intriguing that c-Rel is required for chromatin disruption
and gene transcription in response to CD3/CD28, but not in re-
sponse to PMA/I/CD28. Interestingly, our results are consistent
with two separate studies showing that a mutation within the
CD28RE resulted in the loss of responsiveness of the IL-2 pro-
moter to Ag receptor stimulation (36), but had no effect on PMA/I
inducibility (13). PMA/I/CD28 is clearly a stronger stimulus, lead-
ing to 100-fold more IL-2 mRNA that CD3/CD28. A strong signal
such as PMA/I may generate threshold levels of other transcription
factors, such as NFAT (36) and NF-MATp35 (37), which have
previously been shown to interact with the IL-2 promoter, includ-
ing the CD28RE, perhaps reducing the need for c-Rel. These re-
sults support a threshold model for chromatin remodeling as well
as for gene transcription where the density of a specific set of
factors, and not an individual factor per se, is the key to driving
promoter function. The fact that CHX inhibits chromatin remod-
eling in response to P/l in EL-4 cells implies that in addition to
c-Rel, CHX is inhibiting other factors involved in chromatin re-
modeling. The identity of such factors and whether they cooperate
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with c-Rel to alow chromatin remodeling across the IL-2 pro-
moter will be important to determine.

It is unclear why pentoxyfilline treatment is less potent at in-
hibiting chromatin accessibility across the entire promoter than
deletion of c-Rel from the genome, although significant inhibition
was seen across the CD28RR region following pentoxyfilline treat-
ment. Pentoxyfilline has previously been shown to inhibit c-Rel
translocation into the nucleus (30), and we have shown here that it
completely inhibits IL-2 MRNA accumulation in response to CD3/
CD28 activation. It is possible that c-Rel has direct as well as
indirect effects on chromatin remodeling and that the latter are only
seen when T cells develop in the absence of c-Rel. It is clear that
the effects seen in either c-re '~ cells or pentoxyfilline-treated cells
are aufficient to inhibit gene transcription in response to CD3/CD28.
In addition, pentoxyfilline may inhibit other aspects of IL-2 genetran-
scription to give complete abrogation of mRNA production.

RE accessibility has been equated with MNase or DNase | ac-
cessibility as a means of measuring chromatin remodeling (19, 20,
35), but it is now becoming clear that these agents may be mea-
suring different events. The data presented here imply that RE
accessibility is measuring a specific local event that is affected by
binding of transcription factors as well as chromatin remodeling
events. Thisis particularly evident for the two Hinfl sites at —100
and —150, which are most likely located within the same posi-
tioned nucleosome (38), but behave independently. We have pre-
viously shown that the human IL-2 promoter can assemble a
highly positioned nucleosome in vitro and that a similarly posi-
tioned nucleosomeis present in vivo (38). We have recently shown
that the mouse promoter assembles a nucleosome in a similar po-
sitionin EL-4 T cells spanning these two Hinfl sites (S. Rao et al.,
unpublished observations). The independent behavior of RE site
accessibility is consistent with several recently published findings
showing that RE accessibility measures disruption of local chro-
matin structure as a consequence of transcription factor binding
(22) and/or changes in the conformation of nucleosomes (39) with-
out the loss or movement of any underlying nucleosomes.

Importantly, access to RE sites close to the c-Rel binding site at
the CD28RE is dependent on the presence of c-Rel, while sites that
are more distant are independent of c-Rel. The binding of other
transcription factors, such as NFAT or AP-1, accessing their bind-
ing sites in the presence of chromatin, could be creating RE ac-
cessibility to these more distant sites. In contrast, MNase may be
measuring dramatic unfolding of a higher order structure or com-
plete disruption of nucleosomes across the promoter, events that
are dependent on c-Rel. It is important to note that MNase acces-
sibility correlates with IL-2 mRNA accumulation, whereas RE ac-
cessibility at specific sites is not indicative of the level of gene
transcription. However, we need to be aware that current ap-
proaches to measure changes in chromatin structure, using nucle-
ases and REs, do not provide detailed information on the nature of
the chromatin alterations upon cell activation. It is important to
realize that accessibility changes can be attributed to many mech-
anisms, including nucleosome dliding, displacement/replacement
of activators and/or repressors, and conformational changes/alter-
ations in the fluidity of nucleosome structure as a consequence of
histone modifications such as acetylation or methylation. Thus, it
will be important to determine more precisely the nature of the
events measured by the different accessibility agents to gain a bet-
ter understanding of the molecular processes involved in chroma-
tin remodeling.

It is interesting that the Hinfl site at —100 is inaccessible in
CD3/CD28-activated T cells, while al other sites tested become
accessible. This site is close to a negative regulatory region, the
negative regulatory element-A (NRE) site that binds a zinc finger,

CHROMATIN REMODELING OF THE IL-2 PROMOTER

E box-binding repressor, ZEB (40, 41), which is a potent repressor
of IL-2 transcription. Yasui et a. (41) have shown that PMA/I
stimulation reduces NRE-1 binding activity in IL-2-producing T
cells by 40%. Thus, the accessibility observed at this site upon
PMA/I/CD28 stimulation in CD4* T cells could be a consequence
of reduced NRE-1 binding in stimulated cells. The lack of acces-
sibility at this site in CD3/CD28-activated cells suggests that a
weaker stimulus may not provide an appropriate signa to remove
a negative regulatory complex from this site. This may account in
part for the 100-fold lower level of IL-2 mRNA seenin CD3/CD28
compared with PMA/I/CD28-activated T cells. Activation of
crel™~ T cells resulted in increased accessibility at the NRE-A
binding site (Hinfl-A) compared with that seeninwt T cells. This
suggests that the absence of c-Rel relieves repression at the NRE-1
site on the IL-2 promoter, perhaps through a direct effect on the
synthesis or activity of components of the repressor complex or,
alternatively, through an effect on chromatin structure from the
loss of c-Rel binding at the CD28RE.

It is clear from the work presented here that for CD3/CD28
activation, c-Rel is required to generate an accessible chromatin
configuration across the entire promoter, as measured by MNase
accessibility, or at the CD28RR, as measured by RE accessibility.
Since the strength of the stimulus appears to determine the need for
c-Rel, these findings have implications in understanding how T
cells respond to different Ag doses or Ags of different affinities. In
addition, c-Rel and RelA do not have overlapping roles in IL-2
gene transcription, and it will be interesting to determine whether
they control distinct sets of genes during T cell activation.

Acknowledgments

We are grateful to Adele Holloway and other members of the Shannon
laboratory for helpful discussions, and to David Tremethick for discussions
and comments on the manuscript.

References

1. Badwin, A. S., Jr. 1996. The NF-«B and I«B proteins: new discoveries and
insights. Annu. Rev. Immunol. 14:649.

2. Baeuerle, P. A., and T. Henkel. 1994. Function and activation of NF-«B in the
immune system. Annu. Rev. Immunol. 12:141.

3. Verma, |I. M., J K. Stevenson, E. M. Schwarz, D. Van Antwerp, and
S. Miyamoto. 1995. Rel/NF-kB/IxB family: intimate tales of association and
dissociation. Genes Dev. 9:2723.

4. Serfling, E., A. Avots, and M. Neumann. 1995. The architecture of the interleu-
kin-2 promoter: areflection of T lymphocyte activation. Biochim. Biophys. Acta
1263:181.

5. Bull, P.,, T. Hunter, and I. M. Verma. 1989. Transcriptional induction of the
murine c-rel gene with serum and phorbol-12-myristate-13-acetate in fibroblasts.
Mol. Cell. Biol. 9:5239.

6. Kontgen, F., R. J. Grumont, A. Strasser, D. Metcaf, R. Li, D. Tarlinton, and
S. Gerondakis. 1995. Mice lacking the c-rel proto-oncogene exhibit defects in
lymphocyte proliferation, humoral immunity, and interleukin-2 expression.
Genes Dev. 9:1965.

7. Sha, W. C,, H. C. Liou, E. I. Tuomanen, and D. Baltimore. 1995. Targeted
disruption of the p50 subunit of NF-«B leads to multifocal defects in immune
responses. Cell 80:321.

8. Weih, F., D. Carrasco, S. K. Durham, D. S. Barton, C. A. Rizzo, R. P. Ryseck,
S. A. Lira, and R. Bravo. 1995. Multiorgan inflammation and hematopoietic
abnormalities in mice with a targeted disruption of RelB, a member of the NF-
kB/Rel family. Cell 80:331.

9. Reiner, S. L., and R. A. Seder. 1995. T helper cell differentiation in immune
response. Curr. Opin. Immunol. 7:360.

10. Ullman, K. S, J. P. Northrop, C. L. Verweij, and G. R. Crabtree. 1990. Trans-
mission of signals from the T lymphocyte antigen receptor to the genes respon-
sible for cell proliferation and immune function: the missing link. Annu. Rev.
Immunol. 8:421.

11. Crabtree, G. R., and N. A. Clipstone. 1994. Signal transmission between the
plasma membrane and nucleus of T lymphocytes. Annu. Rev. Biochem. 63:1045.

12. Jain, J.,, C. Loh, and A. Rao. 1995. Transcriptional regulation of the IL-2 gene.
Curr. Opin. Immunol. 7:333.

13. Fraser, J. D., B. A. Irving, G. R. Crabtree, and A. Weiss. 1991. Regulation of
interleukin-2 gene enhancer activity by the T cell accessory molecule CD28.
Science 251:313.



The Journa of Immunology

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25,

26.

27.

Shapiro, V. S, K. E. Truitt, J. B. Imboden, and A. Weiss. 1997. CD28 mediates
transcriptional upregulation of the interleukin-2 (IL-2) promoter through a com-
posite element containing the CD28RE and NF-1L-2B AP-1 sites. Mol. Cell. Biol.
17:4051.

Himes, S. R, L. S. Coles, R. Reeves, and M. F. Shannon. 1996. High mobility
group protein 1(Y) is required for function and for c-Rel binding to CD28 re-
sponse elements within the GM-CSF and IL-2 promoters. Immunity 5:479.
Liou, H. C., Z. Jin, J. Tumang, S. Andjelic, K. A. Smith, and M. L. Liou. 1999.
c-Rel is crucial for lymphocyte proliferation but dispensable for T cell effector
function. Int. Immunol. 11:361.

Hassan, A. H., K. E. Neely, M. Vigndi, J. C. Reese, and J. L. Workman. 2001.
Promoter targeting of chromatin-modifying complexes. Front. Biosci. 6:1054.
Workman, J. L., and R. E. Kingston. 1998. Alteration of nucleosome structure as
a mechanism of transcriptional regulation. Annu. Rev. Biochem. 67:545.

Ward, S. B., G. Hernandez-Hoyos, F. Chen, M. Waterman, R. Reeves, and
E. V. Rothenberg. 1998. Chromatin remodeling of the interleukin-2 gene: distinct
dterations in the proximal versus distal enhancer regions. Nucleic Acids Res.
26:2923.

Weinmann, A. S, S. E. Plevy, and S. T. Smale. 1999. Rapid and selective re-
modeling of a positioned nucleosome during the induction of 1L-12 p40 tran-
scription. Immunity 11:665.

Rao, S, E. Procko, and M. F. Shannon. 2001. Chromatin remodeling, measured
by a novel real-time polymerase chain reaction assay, across the proximal pro-
moter region of the IL-2 gene. J. Immunol. 167:4494.

Cirillo, L. A., F.R. Lin, I. Cuesta, D. Friedman, M. Jarnik, and K. S. Zaret. 2002.
Opening of compacted chromatin by early developmental transcription factors
HNF3 (FoxA) and GATA-4. Mal. Cell. 9:209.

Soutoglou, E., and I. Taianidis. 2002. Coordination of PIC assembly and chro-
matin remodeling during differentiation-induced gene activation. Science 295:
1847.

McGuire, K. L., and M. lacobelli. 1997. Involvement of Rel, Fos, and Jun pro-
teins in binding activity to the IL-2 promoter CD28 response element/AP-1 se-
quence in human T cells. J. Immunol. 159:1319.

Siebenlist, U., D. B. Durand, P. Bressler, N. J. Holbrook, C. A. Norris,
M. Kamoun, J. A. Kant, and G. R. Crabtree. 1986. Promoter region of interleu-
kin-2 gene undergoes chromatin structure changes and confers inducibility on
chloramphenicol acetyltransferase gene during activation of T cells. Mal. Cell.
Biol. 6:3042.

Ghosh, P, T.H. Tan, N. R. Rice, A. Sica, and H. A. Young. 1993. The interleukin
2 CD28-responsive complex contains at |east three members of the NF«kB family:
c-Rel, p50, and p65. Proc. Natl. Acad. Sci. USA 90:1696.

Grossmann, M., L. A. O'Rellly, R. Gugasyan, A. Strasser, J. M. Adams, and
S. Gerondakis. 2000. The anti-apoptotic activities of Rel and RelA required dur-

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

3731

ing B-cell maturation involve the regulation of Bcl-2 expression. EMBO J. 19:
6351.

Gruffat, D., C. Piot, D. Durand, and D. Bauchart. 1996. Comparison of four
methods for isolating large mMRNA: apolipoprotein B mRNA in bovine and rat
livers. Anal. Biochem. 242:77.

Schreiber, E., P. Matthias, M. M. Muller, and W. Schaffner. 1989. Rapid detec-
tion of octamer binding proteins with ‘mini-extracts,’ prepared from a small
number of cells. Nucleic Acids Res. 17:6419.

Wang, W., W. F. Tam, C. C. Hughes, S. Rath, and R. Sen. 1997. c-Rel is atarget
of pentoxyfilline-mediated inhibition of T lymphocyte activation. Immunity
6:165.

Aalfs, J. D., and R. E. Kingston. 2000. What does ‘ chromatin remodeling’ mean?
Trends Biochem Sci 25:548.

Agalioti, T., S. Lomvardas, B. Parekh, J. Yie, T. Maniatis, and D. Thanos. 2000.
Ordered recruitment of chromatin modifying and general transcription factors to
the IFN-B promoter. Cell 103:667.

Bryan, R. G., Y. Li, J. H. Lal, M. Van, N. R. Rice, R. R. Rich, and T. H. Tan.
1994. Effect of CD28 signd transduction on c-Rel in human peripheral blood T
cells. Mol. Cell. Biol. 14:7933.

. Venkataraman, L., S. J. Burakoff, and R. Sen. 1995. FK506 inhibits antigen

receptor-mediated induction of c-rel in B and T lymphoid cells. J. Exp. Med.
181:1091.

Weinmann, A. S, D. M. Mitchell, S. Sanjabi, M. N. Bradley, A. Hoffmann,
H. C. Liou, and S. T. Smale. 2001. Nucleosome remodeling at the IL-12 p40
promoter is a TLR-dependent, Rel-independent event. Nat. Immunol. 2:51.
Rooney, J. W., Y. L. Sun, L. H. Glimcher, and T. Hoey. 1995. Novel NFAT sites
that mediate activation of the interleukin-2 promoter in response to T-cell recep-
tor stimulation. Mol. Cell. Biol. 15:6299.

Civil, A., A. Bakker, I. Rensink, S. Doerre, L. A. Aarden, and C. L. Verweij.
1996. Nuclear appearance of a factor that binds the CD28 response element
within the interleukin-2 enhancer correlates with interleukin-2 production.
J. Biol. Chem. 271:8321.

Attema, J. L., R. Reeves, V. Murray, |. Levichkin, M. D. Temple, D. J. Tremethick,
and M. F. Shannon. 2002. The human IL-2 gene promoter can assemble a positioned
nucleosome that becomes remodeled upon T cell activation. J. Immunol. 169: 2466.
Soutoglou. E. T. I. 2002. Coordination of PIC assembly and chromatin remod-
eling during differentiation-induced gene activation. Science 295:1847.
Brabletz, T., A. Jung, F. Hlubek, C. Lohberg, J. Meiler, U. Suchy, and
T. Kirchner. 1999. Negative regulation of CD4 expression in T cells by the
transcriptional repressor ZEB. Int. Immunol. 11:1701.

Yasui, D. H., T. Genetta, T. Kadesch, T. M. Williams, S. L. Swain, L. V. Tsui,
and B. T. Huber. 1998. Transcriptional repression of the IL-2 genein Th cells by
ZEB. J. Immunol. 160:4433.



