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Abstract
CD154 (CD40 ligand) expression on CD4 T cells is normally tightly controlled, but abnormal or
dysregulated expression of CD154 has been well documented in autoimmune diseases, such as
systemic lupus erythematosus. Beyond regulation by NFAT proteins, little is known about the
transcriptional activation of the CD154 promoter. We identified a species-conserved purine-rich
sequence located adjacent to the CD154 transcriptional promoter proximal NFAT site, which binds
early growth response (Egr) transcription factors. Gel shift assays and chromatin
immunoprecipitation assays reveal that Egr-1, Egr-3, and NFAT1 present in primary human CD4 T
cells are capable of binding this combinatorial site in vitro and in vivo, respectively. Multimerization
of this NFAT/Egr sequence in the context of a reporter gene demonstrates this sequence is
transcriptionally active upon T cell activation in primary human CD4 T cells. Overexpression of
Egr-1, but not Egr-3, is capable of augmenting transcription of this reporter gene as well as that of
an intact CD154 promoter. Conversely, overexpression of small interfering RNA specific for Egr-1
in primary human CD4 T cells inhibits CD154 expression. Similarly, upon activation, CD154
message is notably decreased in splenic CD4 T cells from Egr-1-deficient mice compared with wild-
type controls. Our data demonstrate that Egr-1 is required for CD154 transcription in primary CD4
T cells. This has implications for selective targeting of Egr family members to control abnormal
expression of CD154 in autoimmune diseases such as systemic lupus erythematosus.

Expression of CD154 (CD40 ligand) is restricted to recently activated CD4 T lymphocytes
(1). By interacting with its receptor, CD40, which is expressed on B cells and other APCs,
CD154 directs a wide array of immunologic events (2). B cells require CD154 stimulation for
growth, development, and Ab isotype switching (3). In addition, germinal center formation
and CD8 T cell effector function rely on CD154 expression (4). Increased and prolonged
expression of CD154 after T cell activation has been documented in systemic lupus
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erythematosus, the prototype autoimmune disease characterized by chronic Th cell-dependent
B cell activation, and contributes to the production of pathogenic class-switched autoantibodies
in that disease (5-7). Because of its pleiotropic effects, CD154 expression is normally very
tightly regulated in CD4 T cells (8). CD154 expression is controlled at both the levels of
transcription and mRNA stability (8,9). Both the human and murine CD154 promoters have
been described, but outside of the regulation by NFAT proteins (10-12), very little is known
about the factors that directly regulate CD154 transcription. There has been some suggestion
that AP-1 (12), NF-κB (13,14), and the AT-hook transcription factor AKNA (15)
transcriptional activators may also increase CD154 message. Recently, a report proposed that
early growth response (Egr)3 transcription factors, but not AP-1 proteins, are involved in the
upregulation of CD154 promoter activity in response to T cell co-stimulation through CD28
(16).

CD154 is a member of the TNF superfamily of ligands, including CD178 (Fas ligand) (17).
Like CD154, CD178 is also regulated by NFAT binding in the proximal promoter region
(18-20). There has also been considerable evidence that CD178 transcription is increased by
Egr transcription factors (21). However, the role of the individual Egr family members in
CD178 expression remains controversial, with evidence for Egr-1, -2, and -3 each having
critical roles in transcription (20,22-26). In examining the role of Egr factors in CD154
transcription using Jurkat thymoma extracts, Lindgren et al. (16) identified Egr-1, and possibly
Egr-3, as proteins bound to a composite NFAT/Egr site in the proximal CD154 promoter. To
define the requirements for induction of CD154 expression in primary human peripheral blood
T cells, we have investigated the proteins that bind to the proximal 5′ regulatory region of the
human CD154 (hCD154) gene. We find that a purine-rich motif near the documented proximal
NFAT site associates with Egr-1 and Egr-3, but not Egr-2, in vitro and in vivo in primary CD4
T cells. Moreover, Egr-1 appears to be critical for CD154 transcriptional activity in primary
CD4 T cells. Thus, Egr-1 represents a novel and important transcription factor involved in
CD154 expression in activated primary CD4 T cells.

Materials and Methods
Construction of plasmids

Firefly luciferase reporter plasmids were prepared by ligating oligonucleotides, each
containing two tandem repeats of either the NFAT/Egr (5′ −73,
AGCACATTTTCCAGGAAGTGTGGGCTGCAACG-3′) or the AP-1/NFAT (5′ −88,
GAGAGAAGACTACGAAGCACATTTTCCAGGAA-3′) sequences from the hCD154
proximal promoter, between the NheI and XhoI multiple cloning sites of the pGL3-promoter
luciferase reporter vector (Promega), using T4 DNA ligase. DH5-α-competent clones were
isolated, and multiple independent large-scale preparations of the plasmids were performed
with Qiagen maxi plasmid isolation kits. Construct identities were confirmed by DNA
sequencing of both strands. The pJDM-948 (Egr-1), pJDM-1118 (Egr-2), pJDM-1412 (Egr-3),
and pCMVneo (control) expression plasmids were generously provided by Dr. J. Milbrandt
(Washington University, St. Louis, MO). The NFAT1 expression plasmid and pREP4 control
expression vector were previously described (27).

CD4 T cell isolation and activation
Primary human CD4 T cells were isolated from peripheral blood of healthy donors by negative
selection according to the manufacturer's protocol (RosetteSep; StemCell Technologies) as
previously described (28). Flow cytometry revealed 90–97% purity of CD4 T cell populations

3Abbreviations used in this paper: Egr, early growth response; hCD154, human CD154; ChIP, chromatin immunoprecipitation; siRNA,
small interfering RNA; HEL, hen egg lysozyme.
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(data not shown). Cells were placed in culture medium containing RPMI 1640 for 2–6 h at 37°
C in the presence of phorbol ester (50 ng/ml phorbol dibutyrate (see Fig. 1 only) or 25 ng/ml
PMA) and calcium ionophore (1.5 μM ionomycin) (Sigma-Aldrich). Institutional review board
approval was obtained for these studies.

Luciferase reporter assay
Primary human CD4 T cells were cultured with 1 μg/ml PHA and irradiated syngeneic whole
mononuclear cells for 19.5 h before transfection as described (29). Five million live cells were
transiently transfected with 5 μg of firefly luciferase reporter plasmid along with 1–3 μg of
Renilla luciferase transfection efficiency control plasmids, pRL-TK or pRL-null (Promega),
by electroporation (Bio-Rad) at 250 V and 960 μF. After 2 h of rest, the cells were plated at 1
× 106 cells/96-well microtiter well with medium alone, or with phorbol ester and ionomycin,
and incubated at 37°C for 6 h. Cells were then lysed, and lysates were analyzed in duplicate
by luminometry (Lumat 9507; Berthold Technologies) using the Dual-Lucif-erase Reporter
Assay System (Promega). For Fig. 4B, 5 million primary human CD4 T cells were transfected
by Amaxa electroporation, as previously described (8), with 1–2 μg of control, Egr-1, or
NFAT1 expression plasmids, either alone or together. The cells were activated for 6 h with
phorbol ester and ionomycin, and cell lysates were analyzed by luminometry as above.

EMSA
Nuclear extracts were prepared from Jurkat or primary human CD4 T cells, at rest or following
stimulation for 2 h with PMA and ionomycin, by the method of Schreiber et al. (30) as
previously described (27). Protein concentration was measured by the Bradford assay. Protein
(5 μg) was incubated for 20 min at room temperature with 100,000 cpm of 32P-labeled double-
stranded oligonucleotide probe. The NFAT/Egr probe, −73 to −41 with respect to the
transcription start site, 5′-AGCACATTTTCCAGGAAGTGTGGGCTGCAACGA-3′,
corresponds to the hCD154 promoter proximal NFAT site (underlined) and downstream (3′)
purine-rich sequence, which is conserved in the murine promoter (12). The samples were
resolved on 6% precast polyacrylamide gels according to the manufacturer's (Bio-Rad)
instructions as previously described (31). In some experiments, the nuclear extracts were
preincubated for 30 min on ice with 1 μl of Ab to STAT1 (control), Egr-1, -2, or -3 (Santa Cruz
Biotechnology), or NFAT1 (BD Transduction Laboratories). Specificity of complexes was
also determined by preincubating extracts for 30 min at room temperature with 20-fold excess
of cold (unlabeled) self-oligonucleotide competitor. After electrophoresis, gels were dried and
bands were analyzed by standard autoradiography.

Real-time PCR-based chromatin immunoprecipitation (ChIP) assay
ChIP assays used reagents from Upstate Biotechnology with modifications from the
manufacturer's instructions. Briefly, 5 million CD4 T cells per immunoprecipitation sample
were isolated from whole blood (rosette gradient separation) and were stimulated for 2 h at
37°C with PMA (25 ng/ml) and ionomycin (1.5 μM). Cells were cross-linked with 1%
formaldehyde for 10 min, stopped with 0.125 M glycine, washed several times with PBS
containing protease inhibitor mixture (catalogue no. 8340; Sigma-Aldrich), pelleted, and
resuspended in lysis buffer for 30 min with 30 s vortexing every 10 min. Each lysate was diluted
to 1 ml using Tris/EDTA and sonicated on a Branson 250 sonifier, at a setting of 3, four times
for 15 s each with 2 min rest on ice between sonications. Sonicates were precleared with protein
A (or protein G for NFAT1 IgG1)-Sepharose beads (prepared with BSA and salmon sperm
DNA to inhibit inadvertent binding to beads) and incubated in dilution buffer overnight at 4°
C with 10 μl of Egr-1 (C-19), Egr-2 (C-14), Egr-3 (C-24), or rabbit IgG isotype control,
polyclonal Abs (Santa Cruz Biotechnology), or NFAT1 mAb (702610; BD Biosciences) and
its mouse IgG1 isotype control. Samples were immunoprecipitated with protein A- or protein
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G-Sepharose for 1 h. The beads were washed and eluted with 1% SDS in 0.1 M sodium
bicarbonate, and supernatants were reverse cross-linked by addition of NaCl and heat for 6 h
at 65°C. Immunoprecipitated samples were digested with proteinase K for 1 h at 45°C, and
DNA was extracted with phenol/chloroform/isoamyl alcohol. The DNA was then treated with
RNase for 30 min at 37°C, and equal volumes of immunoprecipitated DNA were analyzed by
TaqMan real-time PCR (Applied Biosystems) using primers and probe specific for the
proximal hCD154 promoter (forward 5′-TTTGCTGGGAGAGAAGACTACGA-3′, reverse
5′-TGGCCACCTTACTCAGGATTAGTTA-3′, TaqMan probe 5′-fam-
TCCAGGAAGTGTGGGCTGCAACG-bhq-3′). Fold differences (between specific Ab and
isotype control immunoprecipitations) were calculated using the formula: 2−ΔCt, where ΔCt =
Ctsample − Ctcontrol.

Small interfering RNA (siRNA)
DNA vectors to be used for transient transfection of siRNA sequences were designed
essentially as described (32). In short, human genomic DNA was isolated from CEM-SS cells
(33) using a DNeasy tissue kit (Qiagen). The human U6 promoter sequence was amplified
using genomic DNA as a template. The primers used in the PCR flanked the U6 sequence (5′
U6 universal primer, 5′-CGGAATTCCCCCAGTGGAAAGACGCGCAG-3′; 3′ primer, 5′-
CGGTTTTCGTCCTTTCCACAAG-3′). PCR primers were designed based on human small
nuclear RNA gene sequence (GenBank accession no. M14486). PCRs were conducted as
follows: 30 s at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 58°C, and 1 min at 72°C,
then extended at 72°C for 5 min. PCR products were cloned into a TA cloning vector
(Invitrogen Life Technologies), and the U6 sequence was confirmed by sequencing in the
nucleic acid core facility at the Children's Hospital of Philadelphia.

The selection of siRNA sequences was based on web-based programs
(〈www.dharmacon.com〉 and 〈www.ambion.com/techlib/misc/siRNA_finder.html〉) and our
own institution's software. Every sequence was analyzed by basic local alignment search tool
searching (〈www.ncbi.nlm.nih.gov/BLAST〉) to ensure that there were no significant sequence
homologies with other genes. Four unique siRNA sequences specific for Egr-1 (accession
number NM_001964) were selected for testing. Scrambled siRNA sequences for each
corresponding siRNA sequence were designed using our institutional software, and these
sequences were also screened by basic local alignment search tool analysis. These siRNA
sequences and their counterparts are listed below. Oligonucleotide primers were then designed
for each individual siRNA sequence into one large primer possessing a HindIII digestion site,
a termination site for RNA polymerase III, the specific sense siRNA sequence, a 9-bp spacer,
the anti-sense siRNA sequence, and the 3′ U6 primer sequence. PCRs were the same as in the
human U6 promoter cloning above. PCR products were cloned into pCR2.1-TOPO cloning
vectors (TOPO TA Cloning Kit; Invitrogen Life Technologies) and confirmed using enzyme
digestion and gel electrophoresis.

The numbers correspond to the sequence positions based on the accession number above:
siRNA 590 for Egr-1, 5′-ACATCTCTCTGAACAACGA-3′; random 590 for Egr-1, 5′-
CTCTAGCGAAACCAATCAT 3′; siRNA 746 for Egr-1, 5′-
GTGGCCTAGTGAGCATGAC-3′; random control 746 for Egr-1, 5′-
GATCAGGCGACGGCTTGAT-3′; siRNA 900 for Egr-1, 5′-
CACGCCGAACACTGACATT-3′; random 900 for Egr-1, 5′-
CCATTACAACCGTCGAACG-3′; siRNA 1517 for Egr-1, 5′-
AGATCCACTTGCGGCAGAA-3′; and random control 1517 for Egr-1, 5′-
AGTAAACATGCGCGCAGTC-3′.

Primary human CD4 T cells were transfected with increasing concentrations (2.5, 5, and 7.5
μg) of the Egr-1-specific siRNA expression plasmids or the associated scrambled random
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control vectors by Amaxa electroporation as described (8). The cells were rested overnight at
37°C and stimulated for 2 h with PMA and ionomycin as described above. Expression of
CD154 on the cell surface was detected by flow cytometry as previously detailed (34). Egr-1
mRNA was evaluated along with GAPDH as a control gene by real-time RT-PCR as previously
described (14). The Egr-1 primers used were 5′-GGCGAGCAGCCCTACGAG-3′ on the
coding strand and 5′-GGTCTCCACCAGCACCTTCTC-3′ on the noncoding strand. The
annealing temperature used during PCR was 60°C, and products were detected by SYBR green
incorporation.

Northern blot analysis
Spleen cells were isolated from Egr-1+/+ and Egr-1−/− mice (35) that were both transgenic for
the 3A9 TCR (36). 3A9 is an MHC class II-restricted TCR that recognizes a hen egg lysozyme
(HEL) peptide presented by I-Ak. For freshly isolated T cells, CD4 T cells were purified from
single cell suspensions of RBC-lysed splenocytes using magnetic beads (Dynal Biotech) as
previously described (37). For T cell stimulation, whole splenocytes were placed in culture
with the HEL peptide at a 13 mM concentration. After incubation for 5 h at 37°C, CD4 cells
were isolated using magnetic beads and RNA prepared using TRIzol (Invitrogen Life
Technologies) (27). Samples were run on a gel, and the Northern blot was probed with a 596-
bp, 32P-labeled murine CD154 cDNA and analyzed by autoradiography as described (27). The
blot was then stripped and probed for the housekeeping gene GAPDH. Institutional approval
for the animal studies was obtained.

Results
Cooperative transcriptional activation of an NFAT/Egr site in the proximal CD154 promoter

Comparing the nucleotide sequences of the human and murine CD154 proximal promoters
(38,39), a 37-bp region of identity was noted, including and flanking the most proximal NFAT
binding site (10,12). Because many NFAT sites cooperate with neighboring transcription
factors, this was originally proposed to be an NFAT-AP-1 site using murine EL-4 thymoma
extracts (12). More recently, this region was studied using human Jurkat thymoma cells, and
NFAT was found to interact with Egr proteins and not AP-1 in response to CD28 costimulation
(16). To explore this in primary human CD4 T cells, luciferase reporter genes were generated,
which were driven by duplications of the proposed AP-1/NFAT site (12) or the NFAT/Egr site
(16) (Fig. 1). Primary human CD4 T cells were transiently transfected with the AP-1/NFAT,
NFAT/Egr, or empty control reporter plasmids and were subsequently polyclonally activated
in vitro for 6 h with phorbol ester and calcium ionophore. Both the AP-1/NFAT and the NFAT/
Egr reporter plasmids responded to polyclonal activation, but the NFAT/Egr construct
consistently responded 2- to 4-fold better than the NFAT/AP-1 plasmid (Fig. 1). Thus, an
NFAT/Egr interaction was explored.

NFAT1, Egr-1, and Egr-3 bind to the proximal CD154 promoter
Nuclear extracts were generated from resting or polyclonally activated primary human CD4 T
cells or Jurkat T cells and were reacted with a radiolabeled oligonucleotide probe corresponding
to the CD154 promoter proximal NFAT site and 3′ flanking sequence. Using Jurkat T cell
extracts, which are known to express Egr proteins following activation (40), two difficult-to-
discern gel-retarded complexes were identified by the mobility shift assay from activated but
not resting T cell extracts (Fig. 2A, lanes 1 and 2). Abs to NFAT1 (lane 3) and Egr-1 (lane
4), and to a variable degree Egr-3 (lane 6), inhibited formation of these complexes, whereas
Abs to Egr-2 (lane 5) and STAT1 (lane 7) as negative controls had no effect. Similar results
were obtained using activated primary human CD4 T cell nuclear extracts (Fig. 2, B and C).
The two complexes were more easily discernible, particularly when electrophoresed for a
longer period of time (Fig. 2C), and they were specific in that they were partially or completely
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competed away by 20-fold (Fig. 2C, lane 2) and 200-fold (Fig. 2B, lane 3) excess of unlabeled
(cold) self-probe, respectively. Competition with cold consensus Egr or NFAT
oligonucleotides partially inhibited both complexes, and anti-NFAT1 Ab occasionally led to
a faint supershift (data not shown), suggesting that NFAT and Egr proteins bound to the
proximal CD154 promoter. To characterize the Egr proteins bound to this probe, nuclear
extracts were first incubated with specific anti-Egr Abs before incubation with the
oligonucleotide probe. Ab directed to Egr-1 consistently blocked formation of the upper band
(Fig. 2C, lane 3), whereas Ab to Egr-2 had no effect (Fig. 2C, lane 4). In some experiments,
Ab to Egr-3 partially blocked formation of the upper complex (data not shown), but, in most
gel shifts, there was no effect of anti-Egr-3 Ab (Fig. 2C, lane 5). In nuclear extracts from
activated primary CD4 T cells, but not Jurkat T cells, the lower complex was preferentially
inhibited by anti-NFAT1 Ab (Fig. 2B, lane 4), but using a probe including sequence 5′
(upstream) of the NFAT site, Abs to AP-1 components, c-fos and c-Jun, yielded no consistent
evidence for AP-1 binding in conjunction with NFAT to the proximal CD154 promoter (data
not shown). All of these in vitro binding results are entirely consistent with the findings of
Lindgren et al. (16) and suggest that Egr-1, and Egr-3 variably, complexes with NFAT on the
proximal CD154 promoter, but AP-1 from human T cell extracts does not. Moreover, NFAT1
and Egr-1 may form a complex depicted by the upper band on the EMSA.

To explore NFAT and Egr binding to the proximal hCD154 promoter in vivo, ChIP assays
were conducted. Primary human CD4 T cells were polyclonally activated for 2 h, DNA-bound
protein was cross-linked, and the cells were then lysed. Chromatin was extracted and sonicated
to a range of 200-1000 bp in length. Transcription factors bound to DNA were
immunoprecipitated with specific Abs, or isotype controls, directed against NFAT1, Egr-1,
Egr-2, and Egr-3. Immunoprecipitated chromatin was amplified and quantified by real-time
PCR using primers and a TaqMan probe specific to the proximal hCD154 promoter. Abs to
NFAT1, Egr-1, and Egr-3, but not to Egr-2, repeatedly demonstrated significantly fewer cycles
to reach threshold levels (CT) compared with isotype controls (Fig. 3A). Averaging results
from five experiments (Fig. 3B) clearly established NFAT1, Egr-1, and Egr-3 binding to the
proximal hCD154 in vivo in primary human CD4 T cells following stimulation capable of
inducing CD154 transcription (10). Therefore, similar to the in vitro binding studies (Fig. 2
and Ref. 16), NFAT1, Egr-1, and Egr-3 are capable of binding the proximal hCD154 promoter
in vivo in activated primary human CD4 T cells.

Egr-1 is capable of augmenting CD154 transcriptional reporter gene activity
We previously demonstrated the requirement of NFAT binding to the proximal NFAT binding
site in the hCD154 promoter for CD154 transcription (10). To evaluate the ability of the various
Egr proteins to transactivate the CD154 promoter, expression vectors coding for the individual
Egr family members were cotransfected along with a hCD154 promoter-driven reporter
plasmid (10) into primary human CD4 T cells. Cells were subsequently rested or polyclonally
activated for 6 h in vitro. Compared with the empty vector control, the Egr-1 and Egr-2, but
not Egr-3, expression plasmids modestly directed transcription of the hCD154 proximal
promoter (Fig. 4A). Upon T cell stimulation, Egr-1 markedly increased CD154 transcriptional
reporter gene activity, and this was dose-dependent (data not shown). Egr-2 only modestly
increased CD154 transcriptional reporter gene activity, whereas Egr-3 had no effect (Fig. 4A).
Similarly, overexpression of Egr-1 notably augmented transcription of the NFAT/Egr plasmid
studied in Fig. 1 (data not shown). Although both Egr-1 and Egr-3 are capable of binding the
proximal hCD154 promoter, only Egr-1 is able to transactivate CD154 transcription in primary
human CD4 T cells. In addition, coexpression of Egr-1 and NFAT1 augmented CD154
transcription in a synergistic fashion (Fig. 4B).
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Egr-1 is required for CD154 expression
Overexpression of Egr-1 clearly augmented CD154 transcription (Fig. 4), but this approach
does not address the role of endogenous Egr-1 in CD154 expression. To study the role of
endogenous Egr-1 in CD154 expression, siRNAs specific to Egr-1 were created. Using
software design, four pairs of siRNA specific to Egr-1 and corresponding scrambled sequence
control expression cassettes were generated (see Materials and Methods). Primary human CD4
T cells were transfected with increasing concentrations of the siRNA or matched scrambled
control expression cassettes and rested overnight. The next morning, the cells were
polyclonally stimulated for 2 h and analyzed for cell surface expression of CD154 by flow
cytometry. Two (nos. 590 and 1517) of the four siRNA sequences were capable of inhibiting
CD154 expression relative to their matched scrambled sequence controls.

One of six representative experiments performed using siRNA 590 and its matched scrambled
control is depicted in Fig. 5A. At the lowest concentrations of siRNA expression cassettes,
there was minimal (∼4%) inhibition of CD154 expression (data not shown) relative to the
scrambled control. However, at the highest concentration tested, CD154 expression, as
measured by mean fluorescence intensity, in the presence of the Egr-1-specific siRNA was
about half (54%; for all six experiments, 66.5% ± 10.1 SD) that of the control expression
plasmid (Fig. 5A). Similarly, Egr-1 mRNA levels, as detected by real-time RT-PCR, were
reduced by ∼50% (Fig. 5B). Although these results were not dramatic, they were reproducible.
However, the approach was limited by nonspecific inhibition of CD154 expression by the
process of transfection, as well as by cell toxicity at doses of expression cassettes > 7.5 μg/
transfection (data not shown). Therefore, an alternative genetic approach to studying CD154
expression in primary CD4 T cells in the absence of Egr-1 was required.

Because the proximal NFAT/Egr binding sequences are identical between mouse and human,
the role of Egr-1 in CD154 expression was analyzed using Egr-1-deficient mice. The 3A9 TCR
transgene, which recognizes a HEL peptide in the context of MHC class II, I-Ak (41), was bred
onto the Egr-1 knockout (−/−) (35) and wild-type (WT), otherwise genetically identical,
backgrounds. CD4+ splenocytes were purified and used to isolate RNA directly, or whole
splenocytes were stimulated in culture with HEL peptide for 5 h, followed by purification of
CD4 T cells and RNA isolation. CD154 expression was analyzed at the mRNA level because
re-agents for evaluating cell surface expression of murine CD154 are suboptimal. The
transcripts were analyzed at 5 h following stimulation because CD154 message in CD4 T cells
is optimal at this time point following TCR stimulation (compared with 2 h for phorbol ester
and ionomycin activation) (34). In the absence of the appropriate HEL peptide stimulation,
there was a minimal level of background CD154 expression in both WT and Egr-1−/− CD4 T
cells (Fig. 6, left lanes). However, upon stimulation with HEL peptide there was strong
induction of CD154 message relative to the GAPDH control in WT Egr-1, but not in
Egr-1−/−, CD4 T cells (Fig. 6, right lanes). These results nicely confirm the requirement of
Egr-1 for CD154 induction in primary CD4 T cells. This is not likely to be the result of a general
defect in Egr-1−/− T cells, because these cells proliferate equally well, compared with WT cells
following T cell stimulation (42), and CD69 induction is also intact (data not shown).

Discussion
CD154 expression by CD4 T cells is critical for a wide variety of immunologic responses and,
thus, its expression is tightly regulated (8). Even subtle degrees of CD154 dysregulation can
contribute to disease pathology in autoimmune disorders, such as systemic lupus erythematosus
(6). To understand CD154 dysregulation, it is important to first be familiar with its regulation
under normal circumstances. Surprisingly, for such a critically important and closely regulated
molecule, there has been a relative paucity of studies analyzing CD154 regulation (8). In CD4
T cells, CD154 expression is activation dependent and largely regulated at the level of
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transcription (10,12,14,16,34,43), although control of mRNA stability is clearly important for
the duration of CD154 expression (9,44).

In studying CD154 transcription in CD4 T cells, it has been clearly shown that NFAT proteins
are critical for activation-dependent expression and responsible for the cyclosporin-sensitive
nature of induction (10,12). This is not surprising because at least three functional NFAT
binding sites have been identified in the hCD154 promoter (10,11). Multiple NFAT family
members are present in primary human CD4 T cells. However, the bulk of NFAT proteins are
made up of NFAT1 and NFAT2, which is inducible (45,46), with a small amount of NFAT4
present (27,47,48). NFAT1 has obviously been shown to bind to the hCD154 promoter (10,
11) but, interestingly, NFAT4 appears to inhibit CD154 expression (49). This is similar to the
inability of NFAT4 to augment IL-4 transcription in primary CD4 T cells (27). Thus, NFAT1,
and to some degree NFAT2, appear to be the critical NFAT family members required for
CD154 expression in CD4 T cells. Similarly, NFAT1 seems to be required for optimal CD154
expression in NFAT1-deficient mice (50). In this study, we have shown for the first time the
binding of NFAT1 to the CD154 promoter in vivo following activation of primary CD4 T cells
(Fig. 3).

Similar to the NFAT family of transcription factors, multiple Egr proteins are used in T cells.
In particular, there are a variety of target genes regulated by Egr-1 in T cells. These include,
but are not restricted to, IL-2 (51,52), IL-2Rβ-chain (53), and TNF-α (54,55). In the current
study, we show that Egr-1 and Egr-3, but not Egr-2, are capable of binding the hCD154
promoter in vivo upon activation of primary human CD4 T cells (Fig. 3). This is similar to
what we (Fig. 2) and others have seen in vitro (16). This is also reminiscent of what others
have noted for another TNF superfamily protein, Fas ligand (CD178), promoter. Li-Weber et
al. (24) noted that Egr-1 and Egr-3 present in human Jurkat thymoma extracts bound with
NFAT to a similar combinatorial site in the hCD178 promoter. However, there has been some
controversy as to the precise Egr family members involved in the regulation of the murine
CD178 promoter. In one study, Egr-1, Egr-2, and Egr-3 all bound the murine CD178 promoter
in Th2 cells, but only Egr-1 and Egr-2 from Th1 extracts bound the promoter because Egr-3
was lacking in these cells (20). By contrast, Egr-2 and Egr-3 were shown to be potent activators
of CD178 expression, and Egr-3 expression was enriched in Th1 cells (22). Because Egr-3
expression may vary depending on the presence or absence of Th2 cells, this may explain the
variable results seen in binding of Egr-3 to the hCD154 promoter in vitro using extracts derived
from different donors of human peripheral blood CD4 T cells (Fig. 2). Nevertheless, only Egr-1,
and not Egr-3, seems capable of augmenting CD154 transcription (Fig. 4A). Moreover, Egr-1
cooperates with NFAT1 to augment CD154 promoter activity (Fig. 4B) and may even form a
complex on the proximal promoter (Fig. 2).

Not only is Egr-1 capable of binding the CD154 promoter, in vitro and in vivo, and augmenting
transcription, its expression is required for optimal activation-dependent expression of CD154
in human (Fig. 5) and murine (Fig. 6) CD4 T cells. The importance of the Egr site in the
proximal hCD154 promoter was suggested by earlier mutational studies (16), but why
exogenous Egr-3 does not seem to augment CD154 transcription remains unclear. It is not
surprising, however, that Egr-1 plays such a critical role because Egr-1 has been known to be
an important factor in the regulation of lymphocyte-mediated immune responses for quite some
time (56).

Like NFAT2, Egr-1 can be up-regulated in an autocrine fashion (57). However, Egr-1, unlike
NFAT2, Egr-2, and Egr-3, does not appear cyclosporin-sensitive nor does it appear to be
regulated by NFAT (22). In terms of CD154 regulation, Egr-1 may be acting as the major
signaling mediator of CD28 costimulation (16). This is consistent with recent gene array
findings showing that Egr-1 is one of the most highly up-regulated genes in response to CD28
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activation (58). It will be of interest to explore Egr-1 levels in patients with autoimmune
disorders associated with increased CD154 expression. This may allow for selective targeting
of expression in these disorders.
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FIGURE 1.
NFAT and Egr cooperate to augment CD154 transcription. Primary human CD4 T cells were
transiently transfected (see Materials and Methods) with firefly luciferase reporter plasmids
directed by duplications of the hCD154 proximal promoter AP-1/NFAT sites or NFAT/Egr
sites (see Materials and Methods for construct design). Cells were then rested (media) or
stimulated with phorbol ester and ionomycin (P+I) for 6 h, and cell lysates were analyzed for
luciferase activity. Firefly luciferase activity was corrected for transfection efficiency with
Renilla luciferase activity from a cotransfected control plasmid. Results are representative of
one of three similar experiments. Diagrams depicting the relative positions of the neighboring
AP-1, NFAT, and Egr binding sites in the proximal hCD154 promoter, and the combination
of transcription factor binding sites in the reporter constructs, are shown at the right.
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FIGURE 2.
Egr-1 binds the proximal hCD154 promoter in vitro. Nuclear extracts from resting (A, lane
1) or polyclonally activated Jurkat (A) and primary human CD4 T cells (B and C) were
incubated with an oligo-nucleotide probe encompassing the hCD154 proximal promoter NFAT
and Egr sites. This resulted in the formation of two complexes (arrows) in activated extracts
as seen in A (lane 2), B (lane 2), and C (lane 1). Both complexes were partially inhibited by
excess self, cold probe (B, lane 3; C, lane 2). The upper complex (C, *) was specifically
inhibited by an anti-Egr-1 Ab (A, lane 4; C, lane 3) but not by Abs to Egr-2 (A, lane 5; C, lane
4), Egr-3 (A, lane 6; C, lane 5), or STAT1 (A, lane 7). Anti-NFAT1 also inhibited upper
complex formation in Jurkat extracts (A, lane 2) but primarily blocked lower complex
formation in primary CD4 T cell extracts (B, lane 4).
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FIGURE 3.
Egr-1 and NFAT1 bind the proximal hCD154 promoter in vivo. Primary human CD4 T cells
were activated for 2 h with phorbol ester and ionomycin and underwent chromatin
immunoprecipitation with iso-type control and anti-Egr-1, -Egr-2, -Egr-3, and -NFAT1 Abs
as described in Materials and Methods. A, Immunoprecipitated DNA was amplified and
quantified by real-time PCR using primers and a probe specific to the proximal hCD154
promoter (see Materials and Methods). Samples were analyzed in triplicate for the test (red,
green, and yellow curves) and control (pink, blue, and purple curves) Abs. B, Fold differences
in binding relative to control Abs were calculated (see Materials and Methods), and averages
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and SEs of the means from five independent experiments are depicted for each test transcription
factor analyzed.

Cron et al. Page 16

J Immunol. Author manuscript; available in PMC 2007 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4.
Egr-1 augments CD154 transcription. Primary human CD4 T cells were transiently transfected
with a firefly luciferase reporter plasmid driven by the proximal hCD154 promoter (10). A,
The cells were cotransfected with expression plasmids for Egr-1, Egr-2, Egr-3, or control
(empty vector). After a brief rest, the cells were activated for 6 h with medium alone or phorbol
ester and ionomycin (P+I). Cell lysates were analyzed in duplicate for luciferase activity and
corrected for transfection efficiency with a cotransfected Renilla luciferase control plasmid.
Results are representative of one of five similar experiments. B, Primary CD4 T cells were
transfected with expression plasmids for Egr-1, NFAT1, Egr-1+NFAT1, or controls (empty
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vectors). The cells were activated for 6 h with P+I, and cell lysates were analyzed for luciferase
activity. Results are representative of one of four similar experiments.
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FIGURE 5.
Inhibition of endogenous Egr-1 lowers CD154 surface expression. Primary human CD4 T cells
were transiently transfected with increasing amounts of expression plasmids for Egr-1 siRNA
(no. 590; see Materials and Methods) or scrambled sequence control. Cells were then activated
for 2 h with phorbol ester and ionomycin and analyzed for CD154 surface expression (A) by
flow cytometry or Egr-1 mRNA (B) by real-time RT-PCR. Results are representative of one
of six similar experiments. The black filled area under the curve represents isotype control Ab
staining. The unfilled curves depict CD154 Ab staining in the presence of 7.5 μg of Egr-1
siRNA (bottom) or scrambled control (top) expression plasmids. The mean fluorescence
intensities (MFI) of CD154 expression are noted.
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FIGURE 6.
Egr-1 is required for CD154 message induction. T cell transgenic primary murine CD4 T cells
from Egr-1 WT (+/+) or knockout (−/−) mice were rested (−) or stimulated (+) in vitro for 5 h
with the appropriate peptide/MHC combination (see Materials and Methods). mRNA was
isolated and analyzed by Northern blot with a probe specific to murine CD154 cDNA. The blot
was then stripped and probed for the GAPDH housekeeping gene as a loading control. Results
are representative of one of two similar experiments.
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