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The tumor necrosis factor alpha (TNF-«) gene is rapidly activated by lipopolysaccharide (LPS). Here, we
show that extracellular signal-regulated kinase (ERK) kinase activity but not calcineurin phosphatase activity
is required for LPS-stimulated TNF-« gene expression. In LPS-stimulated macrophages, the ERK substrates
Ets and Elk-1 bind to the TNF-a promoter in vivo. Strikingly, Ets and Elk-1 bind to two TNF-a nuclear factor
of activated T cells (NFAT)-binding sites, which are required for calcineurin and NFAT-dependent TNF-o gene
expression in lymphocytes. The transcription factors ATF-2, c-jun, Egr-1, and Sp1 are also inducibly recruited
to the TNF-a promoter in vivo, and the binding sites for each of these activators are required for LPS-
stimulated TNF-a gene expression. Furthermore, assembly of the LPS-stimulated TNF-a enhancer complex is
dependent upon the coactivator proteins CREB binding protein and p300. The finding that a distinct set of
transcription factors associates with a fixed set of binding sites on the TNF-a promoter in response to LPS
stimulation lends new insights into the mechanisms by which complex patterns of gene regulation are achieved.

Tumor necrosis factor alpha (TNF-«) is a proinflammatory
cytokine that activates multiple-signal transduction pathways
and influences a broad range of immunological processes. Mul-
tiple extracellular stimuli induce the synthesis of TNF-a in a
wide variety of cell types, including T and B cells, monocytes
and macrophages, mast cells, and fibroblasts (reviewed in ref-
erence 1). We have shown that induction of TNF-a gene tran-
scription by T or B cell receptor engagement, virus infection,
and treatment with a calcium ionophore depends upon the
activity of the phosphatase calcineurin (15, 18, 20). Calcineurin
targets the nuclear factor of activated T cells (NFAT) family of
proteins (reviewed in references 11 and 38), which are critical
for TNF-a gene expression by calcineurin-dependent signal
transduction pathways (15, 48, 49).

Production of TNF-a in response to lipopolysaccharide
(LPS), a component of the cell wall of gram-negative bacteria,
is of particular clinical importance because TNF-a is a medi-
ator of septic shock (reviewed in reference 1). Exposure of
monocytes and macrophages to LPS results in activation of the
mitogen-activated protein kinase (MAPK) pathway, including
the extracellular signal-related kinase (ERK), c-jun NH,-ter-
minal kinase (JNK), and p38 cascades (reviewed in reference
12).

Here, we show that ERK, but not calcineurin or p38, is
required for full transcriptional induction of TNF-a gene ex-
pression by LPS. We identify TNF-o promoter elements crit-
ical for LPS induction of the gene and demonstrate that two
Spl binding sites and three Ets binding sites, in addition to a
cyclic AMP response element (CRE)-like site and an Egr site,
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are critical for LPS induction of the TNF-a gene. Consistent
with this functional analysis of the TNF-a promoter, using
chromatin immunoprecipitation and formaldehyde crosslink-
ing (ChIP) assays, we directly detect LPS-inducible binding of
the transcription factors ATF-2, c-jun, Ets-1 and -2, Elk-1,
Egr-1, and Sp1 to the endogenous TNF-a promoter. Further-
more, we show that LPS-mediated TNF-a transcription is de-
pendent upon CREB binding protein (CBP) and p300 coacti-
vator proteins and, moreover, that the intrinsic transcriptional
activity of CBP and p300 is potentiated by LPS.

Thus, a unique TNF-a enhancer complex, including Ets,
Elk-1, Sp1, ATF-2-Jun, and the coactivator proteins CBP and
p300, is assembled on the TNF-a promoter in LPS-stimulated
monocytes. Remarkably, a set of TNF-a promoter elements,
which bind NFAT upon induction of the gene by calcineurin-
dependent stimuli, also bind the ERK-targeted Ets and Elk
proteins and are required in LPS-stimulated TNF-a gene ex-
pression. Thus, these studies reveal that a distinct group of
activators is recruited to a fixed set of TNF-a promoter binding
sites, depending on the stimulus. This work therefore provides
direct evidence for a general mechanism by which a single gene
may be regulated in an inducer-specific manner.

MATERIALS AND METHODS

Cell culture and transfection. J774 (49), P388D1 (17), Mono Mac-6 (60), and
ANA-1 cells (10) were maintained as previously described. Transfections in J774,
ANA-1, and Mono Mac-6 cells were performed using FuGene6 (Boehringer-
Mannheim) according to the manufacturer’s protocol. Transfections in
RAW264.7 cells were performed using Super-Fect (Qiagen) as described previ-
ously (35). Thirty-six hours after transfection, cells were treated with LPS (Sig-
ma; Escherichia coli O111:B4) at a concentration of 1 pg/ml and harvested
approximately 16 h later. Chloramphenicol acetyltransferase (CAT) assays were
performed as previously described (18). As a transfection control, the pPCMVB
plasmid (Clontech) was cotransfected and extracts were normalized to B-galac-
tosidase (B-Gal) activity prior to performance of CAT assays. Luciferase assays
were performed according to the manufacturer’s instructions (Dual Luciferase
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FIG. 1. Induction of TNF-a mRNA by LPS in monocytic cell lines. Autoradiograms are shown of RNase protection assays mapping TNF-a and vy-actin mRNAs
from untreated or LPS-stimulated J774 (lanes 1 to 3), P388D1 (lanes 4 to 6), and Mono Mac-6 (lanes 7 to 9). RNA was analyzed at 1 or 4 h poststimulation as indicated.

Reporter Assay System; Promega) using a Dynex luminometer, with Renilla
luciferase (pRL-TK) as a control.

RNA analysis. RNA was prepared from J774, P388D1, and Mono Mac-6 cells,
or splenocytes from ATF-2 mutant mice or NFATp-deficient mice, and 3P-
labeled RNA probes were prepared from SP6 y-actin and murine TNF-a probes.
RNase protection assays were performed as previously described (18) and quan-
tified with a phosphorimager (Molecular Dynamics). The ATF-2 mutant mice
(40) contain low levels of a mutant ATF-2 protein; ATF-2-deficient mice die
immediately after birth (33) and are thus not suitable for in vivo LPS experi-
ments. ATF-2 mutant mice and wild-type littermates were injected with 50 pg of
LPS, and RNA was prepared from whole spleens as previously described (40).
Spleens were removed from mice deficient in NFATp (23) and stimulated in
vitro with LPS (1 pg/ml) for 1 h as described (17). Where indicated, cells were
pretreated for 10 min with cyclosporin A (CsA) (Sandoz), SB203580 (a gift from
Genetics Institute, synthesized based on a published procedure) (5), or PD98059
(BioMol Research Labs) at the concentrations indicated in the figure legends.

Plasmids. The —200 TNF-a CAT, —1045 TNF-a CAT, —200 TNF-a Luc, —39
TNF-a CAT, (CRE/k3)! —39 TNF-a CAT, (CRE/k3)? —39 TNF-a CAT, and
(CRE/«3)? —39 TNF-a Luc constructs have been described previously (6, 17, 21,
48). The —982 TNF-a Luc reporter was created by subcloning the Smal-Hincll
fragment of —982 TNF-a CAT (50) into the Smal site of pGL3-Basic (Promega,
Madison, Wis.). The (CIM)? —39 TNF-a Luc and (3'M)? =39 TNF-a Luc
reporters were created by subcloning the Smal-Hincll fragment of the (C1M)?
—39 TNF-a CAT and (3'M)? —39 TNF-a CAT reporters (48) into the Smal site
of pGL3-Basic. The —117M, —113M, CIM, k35’ M, k3 3'M, —76M, AP1M, and
SPIM luciferase reporters were created by subcloning the BamHI-Xbal fragment
of the corresponding CAT constructs (18, 48, 49) into pBluescript (Stratagene)
and subcloning the Kpnl-Xbal fragment of the resulting vector into the Kpnl-
Nhel sites of pGL3-Basic. The —84M CAT reporter from which the —84M
luciferase reporter was created was constructed by M13 in vitro mutagenesis as
described (49). The Up-Sp1M, EgrM, and Egr/Up-SpIM luciferase reporters
were prepared by standard PCR mutagenesis. All mutations were confirmed by
sequencing. The GSE1b-Luc reporter and the Gal4-p300 vector have been de-
scribed elsewhere (14, 59). The Gal4-CBP expression vector was a generous gift
of D. Thanos (Columbia University).

DNase I footprinting. DNase I footprinting of the human TNF-a promoter
was performed using recombinant NFATp, Ets-1, Elk-1, and PU.1 proteins
(generous gifts of D. Thanos, B. Nikolajezyk, A. Sharrocks, and H. Singh, re-
spectively) at concentrations indicated in the figure legends, as described previ-
ously (49). The —200 to +87 fragment of the wild-type TNF-a promoter or

isogenic constructs bearing the —76M, —84M, k3 3'M, —113M, and —117M
mutations as shown in Fig. 7 were used as templates.

Western blot analysis. For Western blot analysis, after nuclear extract prep-
aration (18), equal amounts of protein (30 wg/sample) were analyzed by sodium
dodecyl sulfate-10% polyacrylamide gel electrophoresis, transferred on nitrocel-
lulose membranes and immunoblotted with anti-ERK1 and anti-ERK2 (anti-
ERK1/2) antibody (Upstate Biotechnology, Lake Placid, N.Y.) or anti-phospho-
ERK1/2 (anti-phospho-p44 or -p42 MAPK [Thr202-Tyr204]) antibody (New
England Biolabs). Immunodetection was performed by incubation with horse-
radish peroxidase-conjugated anti-mouse immunoglobulin G (Promega) and de-
veloped by chemiluminescence (New England Nuclear, Boston, Mass.).

Formaldehyde crosslinking and chromatin immunoprecipitation. J774 cells
(~2 X 10" cells) and control samples were treated with LPS for 3 h as indicated
and then were treated with formaldehyde (1% final concentration) for 30 min at
37°C. Cells were harvested, and fixed chromatin was sonicated, extracted, and
purified, followed by immunoprecipitation with anti-c-jun, anti-ATF-2, anti-Sp1,
anti-Egr-1, anti-Ets-1 and -2, anti-Elk-1, or anti-C/EBPB (Santa Cruz Biotech-
nology). Immunoprecipitated DNA was then amplified by PCR with primers
specific to the TNF-a promoter as previously described (15). Titrations of PCR
cycles were performed to ensure that experiments were performed in the linear
range of amplification.

RESULTS

The region from nucleotide (nt) —200 to the TNF-« tran-
scription start site is sufficient for maximal LPS inducibility of
TNF-a. We first compared LPS induction of the endogenous
TNF-a gene in murine (J774, P388D1) and human (Mono
Mac-6) monocytic cell lines stimulated with LPS to deter-
mine an appropriate system in which to study LPS-stimu-
lated TNF-a gene expression. As shown in Fig. 1, TNF-a
mRNA was highly inducible by LPS in all three cell lines;
however, relatively higher levels of inducible TNF-a mRNA
were achieved in the J774 cells than in the P388D1 and Mono
Mac-6 cells (Fig. 1).

The region from nt —200 to the human TNF-o mRNA cap
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FIG. 2. The region from nt —200 upstream of the TNF-a. mRNA cap site
suffices for LPS induction. J774 (A) and ANA-1 (B) cells were transfected with
2 pg of CAT (A) or luciferase (B) reporters linked to human TNF-a promoters
containing —200 and —1045 (CAT) or —200 and —982 (luciferase) nucleotides
upstream of the mRNA cap site and treated with LPS as shown. (A) A repre-
sentative CAT assay of three independent transfections is shown. Transfections
included 2 g of pPCMVB as a control, and CAT activity was normalized to 3-Gal
activity. (B) Histograms of luciferase activity from five independent experiments
are shown; error bars indicate standard errors of the means. All transfections
included a control Renilla luciferase plasmid (2 wg), and reporter luciferase
activity was normalized to Renilla luciferase activity.

site is sufficient for maximal induction of the TNF-a gene by
LPS in murine P388D1 cells (17), THP-1 human monocytic
cells (47, 58), and murine RAW264.7 monocytic cells (22). As
shown in Fig. 2A, deletion of the sequences between nt —1045
and —200 had no effect on LPS induction of the TNF-a CAT
reporter gene, and thus this region is also sufficient for maxi-
mal induction of the TNF-a gene by LPS in J774 cells.

A recent report claimed that sequences around nt —600
relative to the human TNF- mRNA cap site that contain a
strong NF-kB binding motif, k1 (17, 47), were required for
maximal expression of the TNF-a gene in murine ANA-1 and
human Mono Mac-6 cells (27). Thus, to rule out a cell-type-
specific difference in TNF-a gene regulation by LPS, we also
transfected the ANA-1, Mono Mac-6 cell lines and RAW264.7
cells with TNF-a luciferase reporter genes containing nt —982
or —200 upstream of the TNF-a transcription start site. We
found that there were only minimal differences in induction
between the nt —200 and —982 luciferase reporter constructs
in ANA-1 (Fig. 2B), Mono Mac-6 cells, and RAW264.7 (data
not shown), in agreement with results obtained with J774,
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THP-1, and P388D1 cells. Thus, consistent with experiments
performed with multiple cell types, including monocytes, T, B,
and fibroblast cells stimulated with a variety of inducers (6,
17-19, 22, 47, 48, 58), the region from nt —200 upstream of the
start site of transcription contained the critical sequences re-
quired for inducibility of the TNF-a gene. We are unable to
explain the discrepancy between our findings and those previ-
ously reported for ANA-1 and Mono Mac-6 cells (27).

The CRE, Spl, Ets-Elk, and Egr sites are required for LPS
induction of TNF-a gene expression. To identify the promoter
elements required for LPS induction of the TNF-a gene, we
transfected J774 cells with human TNF-« luciferase reporter
constructs bearing mutations in different regulatory elements.
Mutation of the —117-NFAT (—117M), CRE (CIM), «3-
NFAT (5'M and 3'M), —76-NFAT (—76M), and Sp1 (SP1M)
sites, as well as sequences that match an Ets—Elk-1 motif lo-
cated between nt —84 and —80 (—84M), significantly reduced
LPS induction of the gene (Fig. 3A). It should be noted that
both the C1IM and k3 5'M mutants inhibit binding of ATF-2/
c-jun to the TNF-a promoter (48, 49). By contrast, mutation of
a putative AP-1 site (AP1M) had no effect on LPS induction of
the gene expression. Mutation of this site, which bears limited
sequence similarity to a consensus AP-1 site, also had no effect
on the regulation of the gene by LPS in THP-1 cells (58) and
by a variety of inducers in multiple cell types (6, 15, 21, 48).

We note that in contrast to induction of TNF-a gene expres-
sion by ionophore (18, 49), induction of TNF-a gene expres-
sion by LPS requires an intact Spl site, which is also required
for virus induction of the gene (15). Furthermore, there is a
second Sp1 site in the —200 TNF-a promoter region, which is
located between nt —172 and —163 relative to the TNF-a
transcription start site. Mutation of this upstream Spl1 site also
greatly reduced LPS induction, while mutation of the Egr site
reduced induction of the gene by approximately 50% (Fig. 3B),
consistent with a previous study (58). Thus, the upstream Spl
binding site, like the downstream Spl site, is critical for induc-
tion of the TNF-a gene by LPS.

The composite CRE/k3/—84Ets element is sufficient for LPS
induction of a truncated TNF-a promoter. Previous studies
have shown that multiple copies of the 3 site, which bears
some resemblance to an NF-«kB binding site, do not confer LPS
inducibility upon a heterologous promoter or a truncated
TNF-a promoter, consistent with the lack of binding of NF-«kB
p50 or p65 to this element in DNase I footprinting assays (49).
Given the importance of the CRE and the k3 site in induction
of TNF-a gene expression by LPS, we next tested whether a
synthetic construct containing the CRE site in addition to the
k3 site and the —84 Ets site would be capable of conferring
LPS inducibility upon a truncated TNF-a promoter. Only one
copy of this composite element is sufficient to confer LPS
induction upon the truncated —39 TNF-a promoter (Fig. 4A),
whereas up to six copies of the k3 site alone were not capable
of conferring LPS inducibility (17, 58), underscoring the im-
portance of the CRE in LPS induction of TNF-«a gene expres-
sion. Furthermore, a mutation of the CRE, which abolishes
binding of ATF-2/c-jun to the site (48), abrogated LPS induc-
tion of this synthetic promoter construct. Intriguingly, a muta-
tion of the 3" aspect of the k3 site also abrogates LPS induc-
ibility. These results are consistent with a previous study in
THP-1 monocytic cells, which showed that two or three copies
of the composite CRE/k3 element conferred LPS inducibility
to a minimal simian virus 40 promoter and that this induction
depended on the integrity of the CRE and «3 sites (58). More-
over, the data presented here and the study by Yao et al. dem-
onstrate that the k3 site alone does not function as an LPS-
inducible NF-kB site.
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FIG. 3. Identification of activator binding sites required for LPS induction of TNF-a. (A) The CRE, Spl, and Ets-NFAT sites are required for LPS induction of
TNF-a. J774 cells were transfected with 2 pg of the wild-type —200 TNF-« luciferase reporter or with isogenic reporters containing mutations in the —117 NFAT
(—117M), CRE (C1M), k3-NFAT (5'M and 3'M), Ets-Elk (—84M), —76-NFAT (—76M), Sp1 (SP1M), or AP-1 (AP1M) sites and treated with LPS as shown. (B) The
upstream Sp1 and Egr-1 binding sites are required for LPS induction of TNF-a. J774 cells were transfected with 2 pg of the wild-type —200 TNF-« luciferase reporter
or with isogenic reporters containing mutations in the Egr-1 and/or upstream Spl1 sites and treated with LPS as shown. Renilla luciferase (2 pg) was used to normalize
transfection efficiency as shown in Fig. 2. Histograms show average results of three independent experiments; error bars represent the standard errors of the means.

ERK and ATF-2 are required for LPS induction of TNF-a.
Stimulation of the monocyte lineage by LPS triggers the acti-
vation of the MAPKs ERK, JNK, and p38 (reviewed in refer-
ence 12). Phosphorylation of Ets proteins is generally depen-
dent upon MAPKs (reviewed in reference 53). For example,
upon LPS stimulation of macrophages, the Ets protein Elk-1 is
phosphorylated via the ERK pathway (39). LPS activation of
the Ets protein PU.1 is dependent upon a distinct pathway
involving protein kinase CK2 (30), which is in turn ERK de-
pendent (35). The transcriptional activity of c-jun is dependent

upon phosphorylation by JNK, while that of ATF-2 is depen-
dent upon JNK or p38 (reviewed in reference 56). By contrast,
NFAT proteins are targeted by the calcium-dependent phos-
phatase calcineurin, which is selectively inhibited by CsA (re-
viewed in references 11 and 38).

In order to investigate the role of these distinct signal trans-
duction pathways in LPS induction of TNF-a gene expression,
we performed quantitative RNase protection assays in J774
cells using inhibitors of p38 (SB203580), ERK (PD98059), and
calcineurin (CsA). As shown in Fig. 5SA, LPS induction of
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FIG. 4. Activation of the CRE/k3 region of the TNF-a promoter in response to LPS. (A) A single copy of the CRE/k3 region confers LPS inducibility to a minimal
TNF-a promoter. J774 cells were transfected with 2 ug of a minimal TNF-a promoter CAT reporter (—39 TNF-a CAT) CAT or reporters with one [(CRE/«k3)? —39
TNF-a CAT] or two [(CRE/k3)! —39 TNF-a CAT] copies of the CRE/k3 region. A representative CAT assay of three independent transfections is shown, illustrating
CAT activity from uninduced cells and cells treated with LPS. Transfections included 2 pg of pPCMV as a control, and CAT activity was normalized to B-Gal activity.
(B) The CRE and k3 sequences are critical for LPS inducibility of the CRE/«3 region. J774 cells were transfected with luciferase reporters (2 pg) consisting of a minimal
TNF-a promoter fused to two copies of the wild-type CRE/k3 sequence [(CRE/«k3)? —39 TNF-a Luc] or two copies of the CRE/k3 sequence with mutations in the
CRE [(C1M)? —39 TNF-a Luc] or k3 sequences [(3'M)? —39 TNF-«a Luc]. The mutations are shown at the bottom of the figure. Histograms of luciferase activity from
five independent experiments are shown; error bars indicate the standard errors of the means. All transfections included a control Renilla luciferase plasmid (2 pg),
and reporter luciferase activity was normalized to Renilla luciferase activity. UN, uninduced.

TNF-a mRNA levels was selectively inhibited (approximately
50%) by the ERK inhibitor PD98059 at a concentration of 10
M (compare lanes 2 and 4) and was not affected by CsA (lane
7) or the p38 inhibitor SB203580 even up to a concentration of
20 pM (lanes 10 to 13). Thus, ERK but not p38 or calcineurin
activity is required for full induction of TNF-« transcription by
LPS in J774 cells.

To confirm that ERK was activated by LPS, we next per-
formed a Western blot analysis using nuclear extracts from
J774 cells and a specific antibody to the phosphorylated forms
of ERK1 and ERK2. As shown in Fig. 5B, the phosphorylated
ERK levels were stimulated by LPS, while total ERK lev-
els were unaffected (compare lanes 1 and 3). The LPS-induced
levels of phosphorylated ERK were in turn inhibited by PD98059
(lane 4). Thus, in J774 cells, LPS stimulation leads to activation
of ERK1/2 through phosphorylation of specific tyrosine resi-
dues, and PD98059 functions as an inhibitor of LPS-induced
ERK phosphorylation.

Parallel RNase protection assays to assess the role of JNK in
LPS-mediated TNF-a transcription were not possible due to
the lack of JNK-specific inhibitory compounds, so instead we
focused on the role of a downstream target of JNK and p38,
ATEF-2, which binds the TNF-a CRE site (48). Using RNase
protection assays, we examined LPS-stimulated TNF-a gene
regulation in mice homozygous for a mutant form of the
ATF-2 gene (40). As shown in Fig. 5C, constitutive and LPS-
stimulated TNF-a mRNA levels were reduced approximately
50% in spleens from ATF-2 mutant mice compared to levels in

wild-type littermates (compare lanes 1 and 3 to lanes 2 and 4).
For comparison, we also examined LPS-stimulated TNF-a
mRNA levels in mice deficient in NFATp (23). Consistent with
our finding that LPS induction of TNF-a was not sensitive to
CsA, LPS-stimulated TNF-a mRNA levels from NFATp-defi-
cient and wild-type mice were equivalent (Fig. 5D, compare
lanes 1 and 3 to 2 and 4). Taken together, these results estab-
lish that ERK and ATF-2, but not p38, calcineurin, or NFATp,
play a critical role in induction of TNF-a transcription by LPS.
These findings are consistent with results of multiple studies
that support a role for ERK in LPS-mediated TNF-« transcrip-
tion and protein synthesis in macrophages (3, 16, 31, 41, 51,
52).

Ets proteins bind to three sites in the TNF-a promoter.
Although our results indicated that induction of the TNF-a
gene by LPS did not involve calcineurin or NFATp, induction
of the TNF-a gene by LPS was strongly inhibited by mutation
of the —117-NFAT, —76-NFAT, and «3-NFAT sites (Fig. 3A).
Since the binding sites for NFAT and Ets proteins both contain
a 5'-GGAA-3’ core element, we next examined the binding of
the ERK-dependent Ets proteins Elk-1, Ets-1, and PU.1 to the
TNF-a promoter by quantitative DNase I footprinting, using
NFATDp for comparison. We note that proteins that recognize
Ets-like binding motifs, such as Ets-1 (26) and C/EBPB (37),
have previously been implicated in TNF-a gene regulation in T
cells and myelomonocytic cells, respectively.

As shown in Fig. 6, two regions of the TNF-a promoter are
protected by Ets-1 (Fig. 6A) and Elk-1 (Fig. 6B). Notably,



VoL. 20, 2000

UN LPS UN LPS
A. T iy 1
PDOOOSD-CIA sezoaseo-
TNFa— | S S S e
y-actin — - — Q-’-‘§

KO-l RAMAE SRR SRR A 8 9 10 11 12 13

B. UN LPS
a -3
P
—_ —_ERKA
R R CrK-2
phospho-ERK — — = = :—_EFR!Q;
A=t SRR
i N LPS
< 3 3 ' s |
&E‘ & & 30 0
£ELL 31T
W W W uw
zZ z z =z

TNF-a —

y-actin— ~ 4

123 4

FIG. 5. LPS-stimulated TNF-a induction is dependent upon ERK and
ATF-2 but not calcineurin, p38, or NFATp. (A) ERK-dependent TNF-a mRNA
induction by LPS. Autoradiograms of RNase protection assays mapping TNF-a
and +y-actin mRNAs from untreated (UN) or LPS-stimulated J774 cells in the
absence or presence of the ERK inhibitor PD98059, the calcineurin inhibitor
CsA, or the p38 inhibitor SB203580 are shown. RNA was analyzed 1 h post-
stimulation, and inhibitors were added 10 min prior to LPS stimulation. Con-
centrations were as follows: PD98059, 2, 10, 20, and 30 pM (lanes 3 to 6); CsA,
1 uM (lane 7); and SB203580, 1, 5, 10, and 20 pM (lanes 10 to 13). We note that
TNF-a-stimulated TNF-a gene transcription is inhibited by SB203580 at a con-
centration of 10 wM (6). (B) Activation of ERK by LPS. A Western blot of total
ERK1/2 and phosphorylated ERK1/2 from untreated or LPS-stimulated J774
cells in the presence or absence of PD98059 is shown. Nuclear extracts were
prepared from J774 cells stimulated with LPS for 15 min in the presence or
absence of pretreatment (10 min) with 10 M PD98059. Extracts were analyzed
by sodium dodecyl sulfate—6% polyacrylamide gel electrophoresis, and Western
analysis was performed using antibodies to phosphorylated ERK1/2 (bottom),
followed by reprobing with an antibody against ERK1/2 (top) to ensure equal
protein loading in all samples. The result displayed is representative of three
independent experiments. (C) Induction of TNF-a by LPS is impaired in ATF-2
mutant mice. Results of an RNase protection assay of spleen cells from wild-type
(ATF-2*/*) and ATF-2 mutant (ATF-2™™) mice using TNF-a and y-actin
probes as described for panel A are shown. Mice were injected with LPS intra-
peritoneally, and spleens were collected 2 h later. (D) Induction of TNF-a by
LPS is not impaired in NFATp-deficient mice. Results of an RNase protection assay
of spleen cells from wild-type (NFATp*/*) and NFATp-deficient (NFATp /")
mice using TNF-a and +y-actin probes as described for panel A are shown. Spleens
were isolated from the mice and stimulated in vitro with LPS for 1 h.

these regions overlap the —117-NFAT and —76-NFAT sites
(49). Moreover, the latter protected region overlaps an Elk-1
consensus site (43) located between nt —84 and —80. We also
note that the region containing the —117-NFAT site was pre-
viously shown to bind Ets in a gel shift assay (26). By contrast,
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however, binding of PU.1 at the same concentrations used for
Ets-1 and Elk-1 was not discernible (Fig. 6B). Since the —76,
—84, and k3-3’ mutations compromise induction of TNF-a by
LPS (Fig. 3A), we next examined the effects of these mutations
upon Ets protein binding.

The region protected by Elk-1 near the —76-NFAT site
overlaps two 5'-GGAA-3’ Ets-binding motifs at positions —76

Ets-1 . NFATp

G+A

A.

< NFATp

Elk-1

B' 6"""

PU.1

FIG. 6. Ets-1 and Elk-1 bind to three sites in the TNF-a promoter. (A) Ets-1
binds to the —84 Ets and the —76- and —117-NFAT sites. Quantitative DNase I
footprinting using the wild-type human TNF-a promoter (nt —200 to +87 rel-
ative to the transcription start site) and increasing concentrations of recombinant
NFATDp or Ets-1 (20 ng, 100 ng, 400 ng, and 2 n.g) is shown. The positions of the
k3, =76, —84, and —117 binding sites are shown. NFATp binds with high affinity
to k3 and —76 and with lower affinity to —117 and a novel site centered around
—55 (Tsytsykova and Goldfeld, unpublished data). (B) Elk-1 binds to the —84
Ets and the —76- and —117-NFAT sites. Quantitative DNase I footprinting using
the wild-type human TNF-a promoter (nt —200 to +87 relative to the transcrip-
tion start site) and increasing concentrations of recombinant NFATp or Elk-1
(20 ng, 100 ng, 400 ng, and 2 pg) is shown. Two independent preparations of
PU.1 (gifts of H. Singh and B. Nikolajczyk) were tested, and no binding of PU.1
with significant affinity was observed.
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FIG. 7. Mutation of the —76-NFAT, «3-NFAT, —117-NFAT, or —84 sites in the TNF-a promoter inhibit Elk-1 binding. Quantitative DNase I footprinting using
the wild-type human TNF-a promoter (nt —200 to +87 relative to the transcription start site) (A) or isogenic probes bearing mutations in the —76-NFAT site (—76M)
(B), the —84 Elk-Ets site (—84M) (C), or the «3 site (3'M) (D), as well as two mutations in the —117-NFAT site, —117M (E) and —113M (F), is shown. The sequences
of the mutant sites are shown at the bottom of the figure. Probes were incubated with increasing concentrations of recombinant Elk-1 (50 ng, 200 ng, or 1 pug).
Alterations in the cleavage pattern observed with the —76-NFAT and k3-NFAT mutant templates in the vicinity of the —84 Ets-Elk site are indicated with arrows (B

to D).

and —84 (Fig. 7). Mutation of the —76-NFAT site, however,
did not abolish binding of Elk-1 to the —84 site (Fig. 7B);
conversely, mutation of the —84 site did not abolish binding of
Elk-1 to the —76-NFAT site (Fig. 7C). We note that using the
—84 mutant template, at the highest concentrations of Elk-1,
some additional binding to a downstream GGA sequence over-
lapping a novel NFAT site at —55 (A. V. Tsytsykova and A. E.
Goldfeld, unpublished data) not normally protected is ob-
served (Fig. 7C). Thus, two distinct Ets sites are discernible by
DNase I footprinting using mutant TNF-a promoter tem-
plates. In results consistent with those of previous studies,
mutation of the Ets-Elk motif that overlaps the —117 NFAT
site abrogated binding of Elk-1 to the site (Fig. 7E and F). We
note that for the —113 M template, in which only one base pair
of the Ets-Elk site is altered, some binding of Elk-1 was dis-
cernible, but only at the highest protein concentrations (Fig.
7E).

Mutation of the 3" aspect of the k3-NFAT site (k3 3'M), like
mutation of the —76-NFAT and —84 sites, changed the cleav-
age pattern by DNase I on the naked DNA template. We note
that the cleavage pattern of the naked —76 mutant template
significantly varied from that of the wild-type template in this

region (compare Fig. 7A and D). At the highest concentrations
of Elk-1, partial protection of this altered cleavage pattern on
the mutant template was observed; however, even at the high-
est concentrations of Elk-1 there was not full protection of this
site, consistent with its deleterious effect upon LPS-stimulated
TNF-a gene induction. Strikingly, the k3 3'M mutation not
only caused a change in the cleavage pattern in the vicinity of
the nearby —84 site but also inhibited binding of Elk-1 to the
site (Fig. 7D). Thus, the inhibition of LPS-stimulated TNF-«
gene expression by the —76, —84, and k3 3’ mutations is
consistent with their interference with Ets and Elk binding to
the —76 and —84-Ets-EIKk sites.

Elk-1, Ets, ATF-2-Jun, Egrl, and Sp1 proteins interact with
the endogenous TNF-a promoter upon LPS stimulation. To
establish which of the transcriptional activator proteins bind to
the TNF-a promoter in J774 cells in vivo, we next performed
ChIP assays using specific antibodies against the different ac-
tivators. This technique has been used to detect binding of
transcription factors to the beta interferon promoter following
virus infection (55) and to the TNF-a promoter following virus
infection and ionophore stimulation (15). TNF-a promoter
DNA was amplified by PCR of formaldehyde-fixed chromatin
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FIG. 8. LPS-induced binding of transcription factors to the endogenous TNF-a promoter. Formaldehyde cross-linking and chromatin immunoprecipitation of
unstimulated and LPS-stimulated J774 cells are shown. Following induction, cells were treated with formaldehyde to cross-link endogenous protein and DNA. Samples
of sonicated and purified chromatin were immunoprecipitated with the indicated antibodies, and DNA isolated from immunoprecipitated material was amplified by
PCR with primers specific for the TNF-a gene. An increase in the relative amount of the amplified TNF-a promoter-specific PCR product indicates binding of the
protein to the endogenous TNF-a promoter. Control amplifications with buffer, genomic DNA (gDNA), or the chromatin used as input for the immunoprecipitations
are shown, along with a 123-bp marker (Life Technologies). We used the human immunodeficiency virus type 1 long terminal repeat as a template in the ChIP analysis
as a positive control for the C/EBPB antibody (B. M. N. Brinkman and A. E. Goldfeld, unpublished data).

immunoprecipitated by the antibodies shown in Fig. 8, which
provided an indication of the amount of transcription factor
binding to the promoter following stimulation by LPS in vivo.
Based on our site-directed mutagenesis studies of the TNF-a
promoter function, characterization of the upstream signaling
pathways involved in LPS induction of the gene, and quanti-
tative DNase I footprinting, we used antibodies directed
against proteins that recognize Ets binding sites (Ets-1 and -2,
Elk-1, C/EBPB), the CRE (ATF-2 and c-jun), and the Sp1 and
Egr-1 sites. As shown in Fig. 8, LPS stimulation of J774 cells
resulted in the inducible binding of Ets-1 and -2, Elk-1, ATF-2,
c-jun, Egr-1, and Spl to the TNF-a promoter in vivo. By
contrast, binding of C/EBPB to the TNF-a promoter was not
induced by LPS, consistent with the observation that macro-
phages from mice lacking C/EBPR produce wild-type levels of
TNF-a mRNA following LPS stimulation (45).

Due to the variable sizes of promoter DNA fragments that
are generated when DNA is sheared in the ChIP assay (36),
binding of factors to nonfunctional flanking sequences can also
be detected in this sensitive assay. Thus, correlation of findings
obtained with ChIP with functional data, including the roles of
specific promoter binding sites, is necessary. We note that LPS
causes some calcium influx in J774 cells (54), which would be
expected to activate calcineurin and cause the nuclear trans-
location of NFAT proteins, and that LPS also causes the phos-
phorylation of IkB, resulting in the nuclear translocation of
NF-«B (reviewed in reference 46). Consistent with these ob-
servations, we detected binding of NFAT and p50-p65 proteins
to the TNF-a promoter upon LPS treatment of J774 cells (data
not shown). However, induction of TNF-a gene transcription
by LPS is insensitive to CsA and is not compromised in
NFATDp-deficient mice. Furthermore, the only NF-kB-like site
in the —200 TNF-a promoter that is required for maximal
induction by LPS, k3, does not bind high concentrations of
recombinant p50-p65 in DNase I footprinting assays (49), nor
does it confer LPS inducibility upon a heterologous promoter
as would a functional NF-kB site (17, 58). We thus conclude
that NFAT binds to the subset of TNF-a NFAT sites and/or
NFAT sites in flanking sequences of no functional relevance in
LPS stimulation, and that p50-p65 proteins bind to nonfunc-
tional NF-kB motifs, which are in flanking sequences not in-
volved in LPS-stimulated TNF-a gene expression.

Taken together, the LPS-inducible recruitment of ATF-2,
c-jun, Ets, Elk-1, and Spl to the TNF-a promoter observed in
the ChIP analysis strongly correlates with the critical functional
roles that the Spl, CRE, Ets, and Egr-1 TNF-a promoter sites
play in the activation of the gene by LPS.

CBP and p300 proteins are required for LPS stimulation of
TNF-« and are transcriptionally activated by LPS. CBP and

p300 proteins play a critical role in the induction of TNF-«
transcription by virus and T cell receptor ligands (14). CBP and
p300 proteins function as coactivators for multiple transcrip-
tion factors (reviewed in reference 42). We thus next examined
the potential role of these proteins in TNF-a gene expression
in response to LPS. Using the adenovirus E1A 12S protein,
which inhibits CBP and p300 function (13), we performed
cotransfection studies with the TNF-« luciferase reporter gene
in J774 cells. As a control, we used a mutant form of the E1A
128 protein (E1A 12S A2-36), which lacks the CBP and p300
interaction domain and fails to inhibit CBP and p300 activity
(28). As shown in Fig. 9A, activation of the TNF-a reporter upon
stimulation of J774 cells with LPS was inhibited by E1A 12S
but not by E1A 12S A2-36, indicating a specific role for CBP
and p300 coactivators in LPS-mediated TNF-a transcription.

We next tested the effect of inhibition of CBP and p300 upon
the synthetic promoter construct containing two copies of the
—117 to —80 sequence fused to a truncated —39 TNF-a pro-
moter. We have shown that this sequence, which includes the
composite CRE/«k3 element and the flanking Ets-Elk sites at nt
—117 and —84, is highly inducible by LPS (Fig. 4A). Induction
of the (CRE/k3/Ets)? reporter construct was also blocked by
E1A 12S but not by E1A 12S A2-36 (Fig. 9B). Thus, the
CRE/k3/Ets element is sufficient for functional interaction
with the coactivator proteins CBP and p300 in LPS-mediated
TNF-a gene expression.

CBP and p300 contain transcriptional activation domains (9,
32). Thus, our results raised the possibility that the transacti-
vation of CBP and p300 proteins might be potentiated by LPS.
To examine this, we used CBP or p300 proteins fused to the
DNA binding domain of Gal4 to determine the effect of LPS
stimulation upon Gal4 binding site-dependent transcription.
Strikingly, both Gal4-CBP and Gal4-p300 were activated in
response to LPS stimulation (Fig. 9C). We note that the levels
of transcriptional activity of CBP induced by LPS stimulation
were consistently higher than those of p300 (Fig. 9C). Taken
together, these data provide the first demonstration of a role
for the CBP and p300 proteins in LPS-mediated gene expres-
sion and furthermore demonstrate that LPS-stimulated assem-
bly of the TNF-a enhancer complex is CBP and p300 coacti-
vator dependent.

DISCUSSION

We have shown that LPS-induced activation of TNF-a gene
transcription in macrophages leads to the formation of a dis-
tinct enhancer complex that includes transcription factors that
bind the CRE, Egr, Ets, and Spl1 sites in the promoter. Strik-
ingly, a set of core promoter elements, which comprise func-
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FIG. 9. CBP and p300 proteins mediate LPS induction of TNF-a. (A) Inhibition of CBP and p300 impairs TNF-a transcription induced by LPS. J774 cells were
cotransfected with 2 pg of —200 TNF-« luciferase reporter and 2 pg of the vectors expressing wild-type or mutant (A2-36) forms of E1A 12S. Wild-type E1A represses
CBP and p300 activity, while the mutant form does not. Histograms of uninduced (UN) or LPS-induced cells are shown, representing at least three independent
experiments. Cotransfection of an empty vector with luciferase reporter yielded results essentially identical to those obtained with E1A(A2-36) (data not shown).
Transfection efficiency was normalized as described in the legend to Fig. 2, and error bars represent the standard errors of the means. (B) The CRE/«k3/Ets sequence
functions as a CBP- and p300-dependent element. J774 cells were cotransfected with (CRE/k3)? —39 TNF-« luciferase reporter and vectors expressing wild-type or
mutant E1A 12S and analyzed as described above. Histograms of uninduced and LPS-induced cells are shown, representing at least three independent experiments;
error bars represent the standard errors of the means. Cotransfection of empty vector with luciferase reporter yielded results essentially identical to those obtained with
E1A(A2-36) (data not shown). (C) LPS potentiates transcriptional activity of CBP and p300. J774 cells were cotransfected with a Gal4-dependent luciferase reporter
(2 pg) and vectors expressing full-length CBP or p300 fused to the Gal4 DNA-binding domain (0.2, 0.7, or 2 pg) or the Gal4 DNA-binding domain alone (2 pg). The
fold induction of LPS-induced activity relative to uninduced activity is shown. The total amount of DNA was kept constant with empty vector. Assays were quantified
as described above. (D) Model of an LPS-specific TNF-a enhancer complex. A diagram of TNF-a promoter elements and the cognate transcription factors recruited
upon LPS stimulation is shown. These factors are known to interact, constitutively or inducibly, with CBP and p300 proteins, which are required for LPS induction of

TNF-a gene expression.

tional NFAT binding sites required for induction of the gene
by calcineurin-dependent stimuli, are also functional binding
sites for the ERK-targeted Ets and Elk proteins in LPS-stim-
ulated TNF-a gene expression.

We previously demonstrated that the TNF-a gene is regu-
lated in a cell-type-specific manner in T and B cells activated
through their antigen receptors through the differential bind-
ing of NFAT to the same composite promoter element, the
CRE/k3 site (49). In more recent studies, we have shown that
within a specific cell type, two different stimuli result in the
formation of a distinct set of protein complexes at the TNF-a
promoter. Specifically, in T and B cells, ionophore stimulation
leads to the formation of a nucleoprotein complex containing
ATF-2—c-jun and NFATp, while virus infection leads to the
formation of a nucleoprotein complex containing ATF-2—c-jun
and NFATp and Spl1 (15).

Here, we have characterized the TNF-a enhancer complex
that forms upon LPS stimulation of macrophages and find that
there is no role for NFAT proteins. Rather, the Ets proteins
Ets-1 and Elk-1, in combination with ATF-2—c-jun, Sp1, and
Egr-1, are involved in LPS-mediated TNF-a gene transcrip-
tion. Furthermore, a given set of promoter elements that
match Ets-Elk and NFAT motifs in the TNF-a promoter are
functional sites for distinct proteins, depending on the stimu-
lus. In the case of T cell receptor engagement and ionophore
stimulation, these sites are functional NFAT motifs (15, 18,
49). By contrast, in the case of LPS stimulation, these sites are
no longer functional NFAT motifs but rather can function as
binding sites for the Ets proteins Elk-1 and Ets-1 in vitro and
in vivo. Thus, this study demonstrates that a gene can respond
to different signaling pathways through the recruitment of dif-
ferent proteins to the same enhancer element.



VoL. 20, 2000

Similar to virus infection, LPS-induced TNF-a gene tran-
scription also involves the inducible binding of Sp1, generally
considered to be a constitutive transcription factor. Notably,
quantitative DNase I footprinting reveals that both of the
TNF-a promoter Spl sites are in fact low-affinity Spl sites
(Tsytsykova and Goldfeld, unpublished observations). Thus,
inducible rather than constitutive Spl binding correlates with
the relatively lower affinity of Sp1 for its binding sites in the
TNF-a promoter and with its inducer-specific requirement in
TNF-a gene regulation. There is no evidence of cooperative
binding between Spl and the other activators involved in
TNF-a gene regulation by LPS, since binding of Spl with
Elk-1, ATF-2/c-jun, or NFATp is not cooperative in quantita-
tive DNase I footprinting analyses (Tsytsykova and Goldfeld,
unpublished data). Inducer-specific recruitment of Spl might
thus be achieved by enhancing the affinity of Spl for these
binding sites in the TNF-a promoter via posttranslational mod-
ification or by inducing a change in the accessibility of the sites
in the context of chromatin.

Our findings also demonstrate a role for the CRE site in
LPS-induced TNF-a gene transcription and have shown the
inducible recruitment of ATF-2 and c-jun to the TNF-a pro-
moter by LPS in vivo. Our results with ATF-2 mutant mice
further demonstrate a role for ATF-2 in LPS activation of
TNF-a gene transcription. The CRE site and binding of ATF-
2-Jun to this site are required for induction of the TNF-a gene
by calcium ionophore or antigen receptor engagement of T
and B cells (48, 49), by FceRI engagement in mast cells (21), by
TNF-a treatment in fibroblasts (6), and by virus infection of T
and B cells and fibroblasts (15). Thus, binding of ATF-2-Jun to
the TNF-a CRE is the endpoint of distinct signal transduction
pathways that are set into motion by multiple extracellular
stimuli that induce TNF-a gene expression, and this site serves
to integrate these various signals at the level of transcription.

The CBP and p300 transactivation domains were initially
characterized as targets of protein kinase A (9, 32), and it has
recently been shown that transactivation mediated by CBP is
potentiated by calcium influx and by nerve growth factor in
neuronal cells (8, 29). Here, we have demonstrated that the
transcriptional activity of CBP and p300 is also potentiated by
LPS. Moreover, in our studies of TNF-«, we have established
a role for the CBP and p300 proteins in LPS-mediated expres-
sion of a specific gene. The CBP and p300 proteins function as
transcriptional integrators, interacting with multiple transcrip-
tion factors and the basal transcription machinery (reviewed in
reference 42). Our demonstration that the CRE/«k3 element is
sufficient for functional interaction with the coactivator pro-
teins CBP and p300 is therefore consistent with the role of this
composite element in integrating diverse signal transduction
pathways at the TNF-a promoter.

Notably, all of the transcription factors we have detected
binding to the TNF-a promoter in vivo upon LPS stimulation
(ATF-2, c-jun, Ets, Elk-1, Egr-1, and Sp1) have been shown to
interact with CBP and p300 in an inducible or constitutive
manner (2, 4, 24, 25, 44, 57). We thus model the LPS-induced
enhancer complex at the TNF-o promoter as a complex involv-
ing multiple interactions between the DNA-bound transcrip-
tion factors and the CBP and p300 coactivators (Fig. 9D).

Assembly of transcription factors into higher-order nucleo-
protein complexes, or enhanceosomes, typically ensures that a
gene is transcribed in response to a given stimulus (reviewed in
references 7 and 34). In the case of the TNF-a promoter,
distinct sets of transcription factors are recruited to a fixed set
of binding sites depending upon the stimulus. This finding thus
illustrates a mechanism by which a single gene may respond to
distinct induction signals through the same regulatory region
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and may indeed be a general means by which temporal and
stimulus-specific transcription is achieved.
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