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Early Growth Response Protein-1 (Egr-1) Is Preferentially
Expressed in T Helper Type 2 (Th2) Cells and Is Involved in
Acute Transcription of the Th2 Cytokine Interleukin-4~
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The early growth response gene product Egr-1 has been
shown to have great impact on growth, proliferation, and differ-
entiation in a wide variety of cells, including T cells. In this
study, we show that Egr-1 is rapidly induced upon T cell stimu-
lation and is expressed predominantly in T helper type 2 (Th2)
compared with type 1 (Th1) cells. We further investigate the role
of Egr-1 in regulation of the Th2 cytokine interleukin-4 (IL-4)
expression. IL-4 is a key Th2 cytokine that regulates humoral
immunity and also causes allergic inflammation. Regulation of
IL-4 gene transcription in Th2 cells has been shown to be con-
trolled by multiple T cell receptor (TCR)-induced transcription
factors. However, only a few transcription factors were shown to
be selectively induced in differentiated Th2 cells in response to
TCR stimulation. Chromatin immunoprecipitation analysis
demonstrates that Egr-1 binds to the IL-4 promoter in vivo upon
T cell stimulation. Ectopic expression of Egr-1 enhances endog-
enous IL-4 mRNA expression and elevates IL-4 promoter activity.
We also show that Egr-1, nuclear factor of activated T cell, and
NEF-kB cooperatively bind to an NFAT/NF-kB-overlapping IL-4
enhancer element and activate the IL-4 promoter synergistically.
Furthermore, we show that antisense oligonucleotides that knock
down Egr-1 expression attenuate IL-4 transcription. Our study
provides the first evidence that Egr-1 protein is differentially
expressed in Th1 and Th2 cells and is involved in the acute phase of
the IL-4 transcription in response to TCR stimulation.

Interleukin (IL)-4 plays a pivotal role in the differentiation of T
helper type 2 (Th2) cells that secrete IL-4, IL-5, and IL-13 and in
the development of humoral immunity (1-3). IL-4 also plays a
central role in the pathogenesis of allergic inflammatory diseases
(4, 5). Expression of the IL-4 gene by T cells has been documented
to occur at two distinct steps: an initial step of differentiation of
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naive CD4 T cells into effector Th2 cells and the acute induction of
the IL-4 gene expression in differentiated Th2 cells (6 -9).

To date, seven transcription factors, STAT6, GATA-3,
RBPJ«k, c-Maf, NFAT, IRF4, and the AP-1 family protein JunB,
have been implicated in Th2-specific regulation of IL-4 tran-
scription (6, 8, 10—14). Among them, only a few transcription
factors, such as JunB (but not the other Jun family members),
were shown to be selectively activated in Th2 cells during dif-
ferentiation by T cell receptor (TCR) engagement (11). The
NFAT families of transcription factors, which encompass five
evolutionary related proteins, play an important role in expres-
sion of many cytokine genes (15). Mature T cells express pre-
dominantly NFATp and NFATc, and both have been shown to
activate the JL-4 gene in response to TCR stimulation (16, 17).
Although NFATp and NFATcare expressed in both Th1 and Th2
cells, NFATp was shown to bind to the IL-4 enhancer and the IL-4
promoter only in stimulated Th2 cells, whereas the same tran-
scription factor binds to the interferon (IFN)-y promoter only in
stimulated Th1 cells (12). The molecular mechanisms for the cell
type-restricted binding of NFATp are still obscure.

Previously, a comparison study of expression profiles of Th1l
and Th2 mRNA libraries reviewed that the early growth re-
sponse protein (Egr)-1 mRNA was overexpressed in Th2 cells
(18). Egr-1is a zinc finger transcription factor discovered inde-
pendently by several laboratories searching for genes essential
for growth, proliferation, or differentiation (19-23). To date,
four closely related Egr proteins, Egr-1, Egr-2, Egr-3, and Egr-4,
have been identified (24). All four Egr proteins recognize the
consensus sequence GCG(G/C/T)GGGCG but bind to distinct
target sequences with different binding affinities (25, 26). Many
environmental signals, including growth factors, mitogens,
hormones, and neurotransmitters, induce Egr-1 expression
(27). In T cells, expression of Egr-1, Egr-2, and Egr-3 can be
induced through TCR stimulation (28). In contrast to Egr-1,
expressions of Egr-2 and Egr-3 are dependent on NFAT activa-
tion, and therefore, their expression is considered to be a sec-
ondary response to T cell activation (28 —30). The importance
of Egr-1in T cell biology has been documented by its role dur-
ing T cell development in the thymus (30 -32). Egr-1-deficient
mice show defects in positive selection resulting in a reduced
percentage of CD4™* and CD8 ™ single-positive mature T cells in
the thymus (33). In contrast, Egr-1 overexpression in the thy-
mus allowed positive selection of thymocytes (31). Egr-1 has
also been shown to control survival of mature thymocytes and
newly emigrated thymocytes (34). The survival role of Egr-1 in
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thymocyte development can be explained by its function during
activation of the T cell survival cytokine IL-2 and its receptor
(35-37). In contrast, Egr-2 and Egr-3 were shown to contribute
to a negative regulation of T cell activation and to be involved in
T cell anergy (28).

The observation that Egr-1 mRNA is expressed preferentially
in Th2 cells prompted us to investigate further whether the
Egr-1 protein is expressed preferentially in Th2 cells and, if so,
what role Egr-1 plays in the regulation of Th2 cytokine gene
expression. In this study, we show that the Egr-1 protein is
induced rapidly upon TCR stimulation and is expressed pre-
dominantly in Th2 cells during differentiation. We further
demonstrate that Egr-1 activates IL-4 promoter activity in vitro
and binds to the human IL-4 promoter in vivo. Finally, we iden-
tify an Egr-1-binding site within the human IL-4 promoter and
show that Egr-1 cooperates with NFAT and NF-«B to activate
human IL-4 transcription.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—The cell lines used in this study
were the human T cell leukemia cell line Jurkat, the mouse Th1
clones C129 and B10BI, and the mouse Th2 clones D10G4.1 and
L1/1. Jurkat T cells were cultured in RPMI 1640 medium
(Invitrogen) supplemented with 10% fetal calf serum, 50 pg/ml
gentamicin (Invitrogen), or 100 units/ml penicillin and 100
units/ml streptomycin, 6 mm HEPES (1 M solution; Invitrogen),
and 2 mM L-glutamine (200 mM solution; Invitrogen) at 37 °C in
a humidified atmosphere containing 5% CO,. Th1 and Th2 clones
were cultured as above supplemented with 2 units/ml recombi-
nant human IL-1, 25 units/ml recombinant human IL-2.

Purification of Primary Human and Mouse T Lymphocytes—
Human primary T cells were prepared from peripheral blood of
healthy donors. The mononuclear cells were isolated over
Ficoll-Hypaque (Biochrom, Berlin, Germany), washed three
times with phosphate-buffered saline, and incubated in Dul-
becco’s modified Eagle’s medium for 1 h in plastic tissue culture
dishes at 37 °C in a 5% CO,, incubator. Nonadherent lympho-
cytes cells were collected from the plastic dishes. T cells were
purified from the mixed lymphocyte population up to 90%
purity by rosetting with 2-amino-ethylisothyo-uronium-bro-
mide-treated sheep red blood cells. Naive CD4"CD62L" T
cells were isolated from mouse spleen and purified by
CD4CD62L MicroBeads (MACS Miltenyi Biotec, Bergisch
Gladbach, Germany) according to the manufacturer’s
instructions.

In Vitro Th1/Th2 Differentiation—In vitro differentiation of
mouse Th1/Th2 cells was carried out by the established method
(38). Briefly, purified CD4*CD62L" naive cells (1 X 10°/ml)
were cultured on plates precoated with «-CD3 (1 pug/ml) and in
the presence of soluble a-CD28 (5 wg/ml). Th1 conditions were
established by using IL-12 (3.4 ng/ml), IL-2 (20 units/ml), and
a-IL-4 antibody (2 wg/ml) (BD Transduction Laboratories).
Th2 conditions were established by using IL-4 (3000 units/ml),
IL-2 (20 units/ml), and a-IFN-yantibody (2 ug/ml) (BD Trans-
duction Laboratories). 48 h after starting the culture, cells were
replated to fresh medium containing the above polarizing cyto-
kines and anti-cytokine antibodies plus IL-2 (5 units/ml). Cells
were cultured further for another 2 days and then washed and
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restimulated (1 X 10°/ml) with plate-bound «-CD3 for the
indicated times.

Western Blot Analysis—1 X 107 cells were sedimented and
lysed for 20 min in ice-cold lysis buffer (50 mm Tris-HCI, pH
8.0, 120 mm NaCl, 1% Nonidet P-40, 0.5% sodium desoxy-
cholate, 0.1% SDS, 2 mm EDTA, 25 mm NaF, 0.2 mm NaVO,, 1
mM dithiothreitol, and the complete protease inhibitor mixture
from Roche Applied Science). After removing the cell debris by
centrifugation at 13,000 rpm for 30 min, equal amounts of pro-
teins were separated by SDS-PAGE, blotted onto a nitrocellu-
lose membrane (Amersham Biosciences), and blocked with 5%
bovine serum albumin in 0.05% Tween 20/phosphate-buffered
saline. The following antibodies were used: a-Egr-1, a-Egr-3,
a-YY-1, a-p65 (rabbit, sc-109), a-T-bet mAb 4B10 (Santa Cruz
Biotechnology), a-Egr-2 (Lifespan), a-NFATc (7A6) (Alexis
Biochemicals), a-NFATp (Dianova, Hamburg), and a-tubulin
(Sigma). For stripping, blots were incubated for 30 min in a
buffer containing 62.5 mm Tris-HCI, pH 6.8, 2% SDS, and 100
mM B-mercaptoethanol at 56 °C. The blots were washed six
times for 10 min in phosphate-buffered saline/Tween and
blocked again in 5% bovine serum albumin.

Reverse Transcription-PCR and Quantitative Real Time PCR—
RNA was isolated using the RNeasy kit (Qiagen) according to
the manufacturer’s instructions. 1 ug of total RNA was reverse-
transcribed using the PerkinElmer GeneAmp RNA PCR kit.
Aliquots of cDNA were PCR-amplified in a 50-ul reaction
buffer with 2.5 units of Tag polymerase containing 10 mm
human IL-4 primer pair (456-bp PCR product; Stratagene) and
2.5 um human B-actin primer pair (661-bp PCR product; Strat-
agene). 35 cycles were carried out, each consisting of the follow-
ing conditions: 94 °C 1 min, 56 °C 1 min, and 72 °C 1 min for
human IL-4 and 20 cycles for B-actin. Amplification products
were separated by electrophoresis on 1.2% agarose gels. The
sequences of primers and fluorescent-labeled probes for
TaqMan quantitative real time PCR are as follows. Human IL-4
primers were: forward, 5'-ACA GCC TCA CAG AGC AGA
AGA CT-3'; reverse, 5'-TGT GTT CTT GGA GGC AGC
AA-3'; and probe, 5'-TGT GCA CCG AGT TGA CCG TAA
CAG ACA T-3'. Human f-actin primers were: forward,
5'-ACC CAC ACT GTG CCC ATC TAC GA-3’; reverse,
5'-CAG CGG AAC CGC TCA TTG CCA ATG G-3'; and
probe, 5'-ATG CCC TCC CCC ATG CCA TCC TGC GT-3'.
PCR was performed in a 12.5-ul reaction mixture (PCR kit
from Eurogentech, Belgium) that contained 0.08 pg of
reverse-transcribed cDNA, 7.5 pMm forward primers, 22.5 pMm
reverse primers, and 5 pMm probe. For each sample, three
PCRs were performed. The resulting relative increase in
reporter fluorescent dye emission was monitored by the
TagMan system (GeneAmp 5700 sequence detection system
and software; PerkinElmer). The level of IL-4 mRNA, rela-
tive to B-actin, was calculated using the formula: Relative
mRNA expression = 2 (¢t ofll-4 = Ctof fractin) yhere Ct is the
respective threshold cycle value.

Chromatin Immunoprecipitation (ChIP) Assays—PMA- (5
ng/ml) and ionomycin- (0.5 um) stimulated Jurkat T cells (2 X
107) or a-CD3- (coated with 30 pg/ml) and a-CD28- (5 pg/ml)-
stimulated human peripheral blood T cells (1 X 107) were
mixed with formaldehyde (final concentration, 1%). The cells
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were lysed and sonificated. Protein concentrations of the final
products were measured by the Bio-Rad assay. Equal amounts of
proteins (100 ug) were taken for ChIPs performed with 2 ug of
a-Egr-1, a-p65, a-NFATc, or with a-rabbit IgG or a-mouse IgG as
controls for 2 h at 4 °C. Following deproteination and reversal of
cross-links as described previously (39), the presence of selected
DNA sequences was assessed by PCR. PCR primers specific for the
human IL-4 promoter —336 to —40 were (—336)-5'-CAACAA-
ATTCGGACACCTG-3' and (—40)-5'-GCTGAAACCGA-
GGGAAAAT-3' (yielding a 296-bp product); the —112 primer
was (—112)-5'-TCAGCACCTCTCTTCCAGGAG-3'; the prim-
ers for —644 to —434 were ('644)-5'-CCTACCTTGCCAAG-
GGCTTC-3" and (—434)-5'-GAAACTGTCCTGTCATG-
GAAAAGAT-3'.

Electrophoretic Mobility Shift Assays (EMSAs)—Nuclear
extracts were prepared from nonstimulated and stimulated
cells as described previously (40). The human IL-4 enhancer
element probe P1 and the EMSA protocol were described pre-
viously (41). Briefly, the DNA-binding reactions between pro-
tein and *?P-labeled probe were performed on ice for 30 min.
DNA-protein complexes were separated by electrophoresis on
native 5% polyacrylamide gels in 0.5 XTBS buffer (1 X TBS
buffer contains 89 mm Tris, pH 8.2, 89 mM boric acid, and 2 mm
EDTA). For supershifting or inhibition assays, antibodies were
preincubated with nuclear extracts on ice for 20 min prior to
the addition of the labeled probe.

Plasmid Constructs—The luciferase reporter plasmid pLuc-
IL4 containing bp —269/+11 of the human IL-4 promoter,
and the luciferase constructs containing four copies of either
the DNA sequence of human IL-4 P1 or the NFAT-binding
sequence in the human IL-2 promoter were constructed previ-
ously (39). The Egr-1 expression vector (pCB6-Egr-1) contain-
ing the rat Egr-1 was kindly supplied by J. Milbrandt (Washing-
ton University, St. Louis) (42). The p65 (NF-«B) expression
plasmid (pCMV-p65) was kindly supplied by L. Schmitz (Uni-
versity of Giessen, Germany) (43). The human NFATc expres-
sion vector pSH107c was kindly supplied by G.R. Crabtree
(Stanford University, Stanford, CA) (44). The NFATp expres-
sion vector was kindly supplied by A. Rao (Harvard Medical
School, Boston) (45).

DNA Transfection—4 X 10°/ml Jurkat T cells in RPMI 1640
medium, 8 ug of the reporter plasmid, and 2—-6 ug of each
indicated expression plasmid were electroporated using a
Bio-Rad Gene Pulser set at 960 microfarads, 240 V. The
transfected cells were allowed to recover overnight and were
stimulated with PMA (5 ng/ml) and ionomycin (0.5 um) for
8 h. Equal transfection efficiency was controlled by co-trans-
fection with 0.5 ug of pPCMVEGFPspectrin and assessed by
fluorescence-activated cell sorter. Luciferase activity was
determined in 10 ul of cell extract using the luciferase assay
substrate (Promega) with a Duolumat LB9507 luminometer
(Berthold, Germany).

Egr-1 Antisense Oligonucleotide Knockdown Experiments—
To inhibit the expression of endogenous Egr-1, we used an anti-
sense approach. The sequences of the antisense were described
previously (46), and the control scrambled oligonucleotides
were ggaatctcattcgatgcatac. The antisense (10 ug) and the con-
trol scrambled oligonuleotides (10 ug) were transfected into
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Jurkat T cells using the Amaxa T cell Nucleofector™ kit V
(Amaxa) according to the manufacturer’s instructions. The
transfection efficiency was more than 80% as controlled by
transfection with an expression vector containing the green
fluorescent protein (pCMVEGFPspectrin) and assessed by
fluorescence-activated cell sorter. After transfection (over-
night), cells were treated with PMA (5 ng/ml) and ionomycin
(0.5 um) for the indicated times. Cells were then harvested for
further analysis.

RESULTS

Egr-1 Is Preferentially Expressed in Activated Th2 Cells—To
gain an overall view of the Egr-1 expression pattern in T cells,
we carried out a kinetic analysis of Jurkat T cells stimulated
through their TCR by a-CD3 (in the presence of a-CD28) or by
PMA/ionomycin to mimic TCR stimulation. Total cell lysates
were prepared and subjected to Western blot analysis. Consis-
tent with an earlier observation (28), Egr-1 protein was rapidly
induced upon T cell stimulation with a peak at 2 h (Fig. 14). In
contrast, Egr-2 and Egr-3 whose expressions depend on NFAT
activation (28 —30), were induced much slower and expressed
during a shorter time period than Egr-1 (Fig. 1A4). Because Egr-1
mRNA was observed to be expressed preferentially in differen-
tiated Th2 cells (18), we wondered whether this published
Egr-1 mRNA expression pattern correlates with Egr-1 protein
expression levels. Thus, we first compared two pairs of murine
Th1/Th2 (CI29/D10G4.1 and B10BI/AuA4) cell lines for their
Egr-1 protein expression profiles. The Thl and Th2 cell lines
Cl29 and D10G4.1 were stimulated with PMA alone or with
PMA plus ionomycin for 2 h, and the lysates were analyzed by
Western blotting. Egr-1 was not detectable in the nonstimu-
lated cells and was expressed upon T cell stimulation (Fig. 1B).
Consistent with the mRNA expression data (18), Egr-1 protein
was shown to be expressed predominantly in the Th2 cell line
D10G4.1 compared with the Th1 cell line CI29. To investigate
signals required for the preferential expression of Egr-1in Th2
cells further, the Th1l and Th2 cell lines B10BI and L1/1 were
stimulated with PMA and ionomycin alone or in a combination
of PMA and ionomycin for 2 h. Similar to CI29 and D10G4.1,
Egr-1was not detectable in the nonstimulated cells and was
expressed upon T cell stimulation by PMA (Fig. 1C). Interest-
ingly, ionomycin alone could not induce Egr-1 expression in the
Th1 B10BI cells, but could in the Th2 L1/1 cells. Significant
increase in Egr-1 expression was observed in the Th2 L1/1 cells
when stimulated with PMA and ionomycin together (Fig. 1C).
A slightly enhanced Egr-1 expression was also observed in Th1
B10BI cells but at a much smaller level compared with Th2 L1/1
cells.

To confirm the above observations further, freshly isolated
naive murine CD4*CD62L™" T cells were subjected to differen-
tiation in vitro under either Th1 or Th2 culture conditions. The
differentiation status was controlled in supernatants of restim-
ulated cells by enzyme-linked immunosorbent assay for the
expression profiles of the Th1 cytokine IFN-yand the Th2 cyto-
kine IL-4 (Fig. 1D, left panel). Examination of the freshly differ-
entiated Thl and Th2 cells confirmed that Egr-1 protein was
preferentially expressed in Th2 cells (Fig. 1D, right, lower
panels).
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FIGURE 1. Egr-1 is expressed rapidly upon T cell activation and is expressed preferentially in Th2 cells.
A, Egr-1isinduced rapidly upon T cell stimulation. Jurkat T cells were stimulated with either a-CD3/a-CD28 or
PMA/ionomycin for the indicated times. Cell lysates were subjected to Western blot analysis with antibodies
against Egr-1, Egr-2, and Egr-3. B-D, Egr-1 is expressed preferentially in Th2 cells. B, murine Th1 clone CI29 and
Th2 clone D10G4.1 cells were stimulated with PMA alone (P) or PMA plus ionomycin (P/) for 2 h. Nuclear extracts
were analyzed by Western blotting for Egr-1 expression. Jurkat T cells were used as a positive control. The

Egr-1 also resulted in an increase
in IL-2 mRNA expression by ~12-
fold. Egr-1 showed less of an effect
on IL-5 expression, where only a
2.5-fold increase in the IL-5 mRNA

constitutive transcription factor YY-1 was used for control of equal loading. C, murine Th1 clone B10Bland L1/1

cells were stimulated with PMA or ionomycin alone or in combination for 2 h. Cell lysates were subjected to
Western blot analysis. D, naive CD4™" T cells (Th0) were differentiated under either Th1 or Th2 culture condi-
tions. The differentiated cells were restimulated with «-CD3 for the indicated times. The cytokine expression
profiles of differentiated cells were analyzed in supernatants by enzyme-linked immunosorbent assay. Total
cell lysates were analyzed for Egr-1 expression by Western blotting. Tubulin was used to control equal loading.

All results are representative of at least two independent experiments.

Egr-1 Binds to the IL-4 Promoter in Vivo and Activates IL-4
Transcription—Because Egr-1 is expressed predominantly in
Th2 cells, we asked whether Egr-1 promotes expression of the
Th2 cytokine IL-4. We first examined whether Egr-1 interacts
with the IL-4 promoter in vivo. Jurkat and freshly isolated
human peripheral blood T cells were stimulated with PMA/
ionomycin or a-CD3/a-CD28 for 3 h and 4 h, respectively. The
activated cells were subjected to a ChIP analysis. PCR primers
specific for the human IL-4 promoter (—336 to —40) were
designed. The experiments showed that the 296-bp IL-4 pro-
moter PCR product was produced in DNA precipitated by anti-
bodies against Egr-1 in activated Jurkat and peripheral blood T
cells (Fig. 2A). In contrast, use of the IgG control antibodies did
not result in the generation of the 296-bp IL-4 promoter prod-
uct. Because NF-kB and C/EBP are known IL-4 promoter-bind-
ing factors, we also included antibodies against C/EBP and the
NE-«B subunit p65 in the ChIP analysis in parallel. The binding
intensity of Egr-1 to the IL-4 promoter was comparable with
that of NF-«kB (p65) and C/EBP (Fig. 24). The specific binding
of Egr-1 to the P1 region was confirmed further by the analysis
using primers from —644 to —112 and —644 to —434. Only a
single 532-bp PCR product was detected in the a-C/EBP immu-
noprecipitate by the primers —644 to —112, and no PCR prod-
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expression was seen. The mRNA
expression level of IFN-y was also
increased upon overexpression of
Egr-1 but at a substantially smaller
level than the IL-4 mRNA (Fig. 2B).
These data indicate that Egr-1 may
promote IL-4 transcription. To investigate further the role of
Egr-1 in regulation of IL-4 transcription, a luciferase reporter
plasmid containing the human IL-4 promoter was co-trans-
fected with different amounts of the Egr-1 expression plasmid
into Jurkat T cells. Overexpression of Egr-1 was shown to
enhance the transcriptional activity of the IL-4 promoter in a
dose-dependent manner (Fig. 2C). These experiments demon-
strate that Egr-1 can promote IL-4 expression at the transcrip-
tional level.

Egr-1, NFAT, and NF-«kB Co-bind to the IL-4 Promoter
Enhancer Element P1—The human IL-4 promoter contains five
TCR-inducible regulatory elements that coordinately regulate
the acute IL-4 transcription in response to T cell stimulation
(9). Three of these, PO, P1 and P4, have been implicated in Th2
specific protein/DNA interactions (40, 50 —52). Therefore, we
carried out EMSAs to examine whether any of these elements
are binding sites for Egr-1. In stimulated cells, we detected an
interaction of the P1 element with Egr proteins (Fig. 3A4). In the
unstimulated (resting) stage, no protein bindings could be
detected by the P1 probe (Fig. 34). However, inducible binding
appeared after stimulation with a-CD3-a-CD28, PMA, or PMA
plus ionomycin. Formation of the a-CD3:aCD28 inducible
complex was inhibited by antibodies against all three Egr
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FIGURE 2. Egr-1 binds to the IL-4 promoter in vivo and activates IL-4 transcription. A, Egr-1 interacts with
the human IL-4 promoter in vivo. Jurkat (left) and freshly isolated human peripheral blood T cells (right) were
stimulated with PMA (10 ng/ml)/ionomycin (1 um) or a-CD3 (30 wg/ml)/a-CD28 (5 ng/ml), respectively. After
3 h (Jurkat) and 4 h (primary T cells) of stimulation, cells were subjected to ChIP analysis with the indicated
antibodies. A map of the IL-4 promoter showing the location of the primers used for ChIP is also presented.
B, ectopic expression of Egr-1 enhances endogenous cytokine expression. Jurkat T cells were transfected with an
Egr-1 expression plasmid (pCMV-Egr-1) or with the empty plasmid (pCMV). After overnight recovery of the cells, RNA
was prepared, and the expression levels of IL-4, IL-2, IL-5, and IFN-y were determined by quantitative real time PCR.
The results are presented as fold increase in mRNA levels of Egr-1-transfected cells versus empty vector-transfected
cells. Results are representative of two independent experiments assayed in triplicate (error bars denote the S.D.).
G, ectopic expression of Egr-1 enhances IL-4 promoter activity. The human IL-4 promoter-luciferase reporter con-
struct was co-transfected with either the Egr-1-containing (2- 6 ug) or the empty (6 .g) expression vector into Jurkat
T cells. After overnight recovery, the transfected cells were split and stimulated with PMA/ionomycin (PMA/iono.) or
left unstimulated for 8 h. The promoter activities are given as luciferase activity. Inset, promoter activities in unstimu-
lated conditions are shown magnified. One representative of two independent experiments is shown.

(Egr-1, Egr-2, and Egr-3) proteins, demonstrating that Egr pro-
teins were involved in the formation of the P1-protein complex
(Fig. 3A, left). Egr-1 expression can be induced by PMA alone
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(Fig. 1B), whereas expression of
Egr-2 and Egr-3 depends on NFAT
activation, which requires calcium
signals (28 —30). In accordance, the
complex induced by PMA alone was
only diminished by the antibody
against Egr-1 but not by antibodies
against Egr-2 and Egr-3 (Fig. 34,
center). Binding of Egr-3 to the P1
probe occurred after stimulation of
the cells with PMA plus ionomycin
(which provides a calcium signal) as
shown by inhibition with the anti-
body against Egr-3 (Fig. 3A, right).
The complex formed by the P1
probe was also supershifted by anti-
bodies against NFAT and p65 (Fig.
3A, center and right), indicating that
the complex also contained NFAT
and NF-kB. Again, supershifting of
NFAT was only seen in PMA/iono-
mycin-stimulated cells but not in
cells stimulated with PMA alone.

Because three inducible tran-
scription factors (Egr-1, NFAT, and
NF-kB) were found in the P1 com-
plex, we assumed that these pro-
teins might physically interact with
each other. Previous studies using
a glutathione S-transferase “pull-
down” technique have shown that
Egr-1 forms heterodimers with
NFAT and NF-kB (53, 54). To con-
firm the physical interactions among
Egr-1, NFAT, and NF-«B p65, we
carried out an immunoprecipitation
experiment followed by Western blot
analysis. The experiment confirmed
that Egr-1 co-precipitates with
NFATp, NFATc, and p65. Co-precip-
itation occurred only in stimulated
but not in unstimulated cells (Fig. 3B).
As a control, T-bet does not co-pre-
cipitate with Egr-1, NFAT, and p65;
and Egr-1, NFAT, and p65 do not
co-precipitate with T-bet (Fig. 3C).
Altogether, these experiments dem-
onstrate that Egr-1 can interact with
NFAT and NF-«B to co-bind to the
P1 enhancer element. This result is
confirmed by the ChIP analysis pre-
sented in Fig. 24 which showed
binding of Egr-1 only to an area of
the IL-4 promoter containing the P1
element.

Egr-1, NFAT, and NF-kB Synergistically Activate the IL-4 P1
Element—To confirm that the P1 element is a relevant target of
Egr-1, a luciferase reporter plasmid containing four copies of
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FIGURE 3. Egr-1 binds to the IL-4 P1 enhancer element and interacts with NFAT and NF-«B. A, Egr-1 binds
to the human IL-4 P1 enhancer element upon stimulation with PMA or a-CD3/a-CD28. The *?P-labeled IL-4 P1
probe was incubated with nuclear extracts (10 wg) prepared from Jurkat T cells nonstimulated (—) or stimu-
lated (+) for 2 h with a-CD3 (30 ng/ml)/a-CD28 (5 wg/ml), PMA (10 ng/ml), or PMA/ionomycin (1 um) (PMA/
iono.) in the absence or presence of the indicated antibodies. After 30 min of incubation, the samples were
subjected to EMSA. The inducible complexes are indicated by arrows. Results are representative of two inde-
pendent experiments. B, Egr-1 co-immunoprecipitates with NFAT and NF-«B. Total lysates from Jurkat cells
either nonstimulated (—) or stimulated (+) with PMA/ionomycin for 2 h were immunoprecipitated (/P) with
antibodies against NFATp, NFATCc, or NF-«B subunit p65 and then immunoblotted (/B) with a-Egr-1 antibodies
or the indicated control antibodies. Results are representative of three independent experiments. C, unrelated
antibody, a-T-bet, was used as control and showed that NFAT, p65, and Egr-1 did not co-precipitate with T-bet.

noninduced and PMA/ionomycin-
induced Jurkat T cells significantly
(Fig. 4A). In contrast, no elevation of
the transcriptional activity was seen
in cells co-tranfected with the IL-2
NFAT reporter plasmid (Fig. 4A).
Because Egr-1, NFAT, and NF-«B
co-bound to the P1 element, we
asked whether these transcription
factors could cooperate with each
other to activate the P1 element. To
answer this question, the P1-lucifer-
ase reporter plasmid was co-tran-
fected with the NFATp, NFATCc,
and Egr-1 expression plasmid either
alone or in combination into Jurkat
T cells. To optimize the condition,
the expression plasmids were
titrated to a level that alone had only
little effect on P1 activity. These
experiments showed that Egr-1 syn-
ergized with NFAT to activate
P1-mediated transcription (Fig. 4B).
The synergistic effect was also
observed by a combination of Egr-1
with NF-«B (Fig. 4C). A less pro-
nounced synergy was seen in cells
stimulated with PMA/ionomycin,
which may be because PMA/iono-
mycin stimulation increased the
endogenous Egr-1, NFAT, and
NE-kB levels, which may alter the
optimal combination.

Egr-1, NF-AT, and NF-«kB Cooper-
atively Activate the IL-4 Promoter—
To investigate further the effect of
Egr-1 on IL-4 transcription, the IL-4
promoter-luciferase reporter plas-
mid described in Fig. 2C (which
contains the P1 element) was co-
transfected with the Egr-1, NFAT,
and NF-«B expression plasmids
alone or in combinations. Co-trans-
fection of the IL-4 promoter con-
struct at a suboptimal dose of the
NFAT or Egr-1 expression plasmid
alone showed only a slightly in-
creased IL-4 promoter activity.
However, combinations of Egr-1
with NFATp (Fig. 54) or NFATc
(Fig. 5B) significantly enhanced
expression of the reporter gene.

the IL-4 P1 element was co-transfected with the Egr-1 Further enhanced IL-4 promoter activity was seen after com-
expression plasmid into Jurkat T cells. As a negative control, bined ectopic expression of Egr-1, NFAT, and NF-«B (p65)
a luciferase reporter plasmid containing four copies of the together in Jurkat T cells (Fig. 5C). Again, high synergy was
NFAT-binding element of the human IL-2 promoter was noted especially in the absence of stimulation. Less synergy in
co-transfected in parallel. Overexpression of Egr-1 was shown  stimulated cells is most likely due to induction of the endoge-
to enhance transcriptional activity of the P1 element in both nous respective transcription factors leading to less optimal
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FIGURE 4. Egr-1 enhances the transcriptional activity mediated by the P1 enhancer element. A, Egr-1
enhances the transcriptional activity of the IL-4 P1 but not the IL-2 NFAT-binding element. Luciferase (Luc)
reporter constructs containing four copies of either the human IL-4 P1 or the human IL-2 NFAT-binding ele-
ment were co-transfected with the Egr-1 (4 ug) or the empty (4 ug) expression vector into Jurkat T cells. After
overnight recovery, cells were split and either left unstimulated or stimulated with PMA (10 ng/ml)/ionomycin
(1 um) (PMA/iono.) for 8 h, followed by determining luciferase activity. B, Egr-1 cooperates with NFAT to
enhance the transcriptional activity of the P1 element synergistically. The P1 luciferase reporter construct was
co-transfected with Egr-1 (1 ng), NFATp (1 ng), NFATc (1 ng), or empty expression vector (1 ng) alone or in
combinations into Jurkat T cells. After overnight recovery, cells were split and stimulated as in A. C, Egr-1
cooperates with NF-kB to enhance the transcriptional activity of the P1 element synergistically. The P1 lucif-
erase reporter construct was co-transfected with Egr-1 (1 ug), p65 (1 ng), or empty expression vector alone or
in combination into Jurkat T cells. After overnight recovery, cells were split and stimulated as in B. Results are
representative of two (A) or three (B and C) independent experiments, each with triplicate transfections (error

bars indicate S.D.).

conditions for the demonstration of synergy. These experi-
ments demonstrate that Egr-1 cooperates with NFAT and
NF-«B to activate IL-4 transcription.

Egr-1 Antisense Oligonucleotides Down-regulate IL-4 mRNA
Expression—Activation of IL-4 transcription is regulated by
multiple inducible transcription factors (9). To determine the
role of Egr-1 in activation of the IL-4 transcription, we carried
out an antisense approach to knock down endogenous Egr-1.
Antisense Egr-1 oligodeoxynucleotides were shown to inhibit
inducible expression of Egr-1 protein completely (Fig. 6A).

JANUARY 15, 2010+VOLUME 285+-NUMBER 3

PrAfiono.

&

@@Qj

that the calcium signal synergizes
with the PMA-induced signal to
enhance Egr-1 expression (Fig.
1C). In contrast, Egr-1 expression
could not be induced by a calcium
signal alone in Th1 cells. Thus, the
preferential expression of Egr-1 in
Th2 cells may involve a calcium-
mediated mechanism.

Th1 and Th2 cells are character-
ized by expression of distinct sets of
cytokines, typically IFN-vy for Thl
and IL-4 for Th2 cells. Predominant
expression of Egr-1 in Th2 cells
indicates that Egr-1 maybe a driving
force for early expression of some
Th2 genes. Indeed, we found that
Egr-1 interacts with the IL-4 pro-
moter in vivo (Fig. 2A) and activates
IL-4 gene expression at the tran-
scriptional level. This is demon-
strated by the facts that (i) ectopic
expression of Egr-1 enhances
endogenous expression of IL-4 mRNA and activates IL-4 pro-
moter activity in vitro (Fig. 2B and 2C) and (ii) antisense RNA
against Egr-1 down-regulates IL-4 transcription (Fig. 6).

In this study, we further characterized the potential binding
site for Egr-1 in the human IL-4 promoter. The human IL-4
promoter contains five inducible regulatory elements (9) of
which P1 is one of the most important elements and binds to
NFAT and NF-«B upon TCR stimulation (41, 51, 55). Herein,
we show that the P1 element is also a target site of Egr-1 (Fig.
3A). The P1 element was shown previously to bind nuclear pro-
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that the IL-2 NFAT element did not
respond to the Egr-1-mediated
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FIGURE 5. Egr-1 cooperates with NFAT and NF-xB to activate the transcriptional activity of the IL-4
promoter. A and B, Egr-1 cooperates with NFAT to enhance the transcriptional activity of the IL-4 promoter.
The human IL-4 luciferase reporter construct was co-transfected with either Egr-1 (2 ug), NFATp (2 ng), NFATC
(2 pg), or the empty expression vector (2 ug) alone or in combination into Jurkat T cells. After overnight
recovery, the cells were treated as described for Fig. 4. C, Egr-1 cooperates with NFAT and NF-«B to enhance the
transcriptional activity of the IL-4 promoter. The human IL-4 luciferase reporter construct was co-transfected
with 1 ug of each expression plasmid alone orin combination as indicated. After overnight recovery, cells were
split and then stimulated as in A and B. All results are representative of three independent experiments, each

with triplicate transfections (error bars indicate S.D.).

teins preferentially in activated Th2 but not in activated Thl
cells (51). Therefore, this site was proposed to be a Th2-specific
protein'DNA-interacting site (51). However, NFAT and NF-«B
(p50/p65) are not Th2-specific. Nevertheless, NFATp, which
accounts for 80-90% of the total level of NFAT proteins, was
shown to bind to the IL-4 promoter only in stimulated Th2
cells, whereas the same transcription factor binds to the IFN-vy
promoter only in stimulated Th1 cells (12, 51). Because NFATp
is expressed in both Th1 and Th2 cells, it is difficult to interpret
the Th2-specific bindings of transcription factors on the P1
element. One explanation would be that Egr-1 forms het-
erodimers with NFAT and NF-«B to bind to the P1 site. This
possibility is supported by our co-immunoprecipitation exper-
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contains an AP1-binding sequence.
Because our experiments showed
that the IL-2 NFAT binding ele-
ment, which contains an AP-1 bind-
ing sequence, did not respond to
Egr-1, AP1 is unlikely to play a role
in supporting binding of Egr-1 to
the NFAT site. The IL-4 P1 NFAT-
binding motif differs from the IL-2
NFAT-binding motif in that the
IL-4 P1 NFAT-binding sequence
<& also interacts with NF-«B (41).
Thus, NFAT and NF-«B together
may support binding of Egr-1 to the
P1 region of the IL-4 promoter.
Because JunB, which has been
shown to be selectively induced in
Th2 cell in response to TCR stimu-
lation (11), was detected in the
inducible PO DNA/protein complex
(40), JunB may account for the
observed Th2-specific interaction with the PO element.

The IL-4 gene, like many inducible genes, is under the con-
trol of a large array of cis-acting and enhancer elements, which
act together to achieve a fine degree of control over the tran-
scriptional activity of the gene (9). To date, seven transcription
factors, STAT6, GATA-3, RBPJk, c-Maf, NFAT, IRF4, and
JunB, have been shown to participate in Th2-specific regulation
of IL-4 transcription (6, 8, 10 —14). Among them, only JunB was
shown to be selectively activated in Th2 cells after TCR stimu-
lation (11). In this study, we show that Egr-1 is also preferen-
tially expressed in Th2 cells in response to T cell stimulation.
We show that Egr-1 forms a DNA-binding complex with NFAT
and NF-«B on the IL-4 P1 site and cooperates with NFAT and
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FIGURE 6. Egr-1 antisense oligonucleotides down-regulate endogenous
IL-4 mRNA expression. A, Egr-1 antisense oligonucleotides down-regulate
Egr-1 expression. Jurkat T cells were transfected with either Egr-1 antisense
(AS) or control scrambled (CS) oligonucleotides as described under “Experi-
mental Procedures.” After overnight recovery, cells were split and either
untreated or treated with PMA (5 ng/ml) and isonomycin (0.5 um) (PMA/iono.)
for 1 h. The expression levels of Egr-1 were checked by Western blotting.
B, Egr-1 antisense oligonucleotides down-regulate endogenous IL-4 mRNA
expression. The endogenous IL-4 mRNA expression level of the antisense or
the control scrambled oligonucleotide transfected cells was assessed after 2-
and 4-h stimulation with PMA and ionomycin by quantitative real time PCR.
Results are representative of two independent experiments with triplicate
assays (error bars indicate S.D.).

NE-kB to enhance transcription of the IL-4 gene. Silencing
Egr-1 expression resulted in 78% reduction of IL-4 transcrip-
tion, indicating that Egr-1 may play a significant role in tran-
scriptional activation of the IL-4 gene in Th2 polarized cells.

Taken together, we have shown that the early growth re-
sponse gene product Egr-1 is expressed preferentially in Th2
cells and is involved in transcriptional activation of the key Th2
cytokine gene IL-4. Because Egr-1 is expressed predominantly
in Th2 cells, we assume that Egr-1 may play an important role in
the effector function of Th2 cells.
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