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Tumor necrosis factor alpha (TNF-a) and interleukin-1 (IL-1) activate transcription of the TSG-6 gene in
normal human fibroblasts through a promoter region (-165 to -58) that encompasses an AP-1 and a NF-IL6
site. We show by deletion analysis and substitution mutagenesis that both sites are necessary for activation by
TNF-a. Activation by IL-1 requires the NF-IL6 site and is enhanced by the AP-1 site. These results suggest that
the NF-IL6 and AP-1 family transcription factors functionally cooperate to mediate TNF-ft and IL-1 signals.
Consistent with this possibility, IL-1 and TNF-a markedly increase the binding of Fos and Jun to the AP-1 site,
and NF-IL6 activates the native TSG-6 promoter. Activation by NF-IL6 requires an intact NF-IL6 site and is
modulated by the ratio of activator to inhibitor NF-IL6 isoforms that are translated from different in-frame
AUGs. However, the inhibitor isoform can also bind to the AP-1 site and repress AP-1 site-mediated
transcription. The finding that the inhibitor isoform antagonizes activation of the native TSG-6 promoter by
IL-1 and TNF-ao suggests that NF-IL6 has a physiologic role in these cytokine responses. Thus, the functionally
distinct NF-IL6 isoforms cooperate with Fos and Jun to positively and negatively regulate the native TSG-6
promoter by TNF-a and IL-1.

Tumor necrosis factor alpha (TNF-oa) and interleukin-1
(IL-1) are cytokines that exhibit overlapping biological activi-
ties and regulate a common set of genes (29, 53). One such
gene is TSG-6, a new member of the hyaluronan-binding
protein family that includes cartilage link protein, proteoglycan
core protein, and the adhesion receptor CD44 (16, 47). TSG-6
is highly homologous to CD44, in particular in the hyaluronic
acid-binding domain. It binds hyaluronic acid in vitro (33) and
may function as a component of the extracellular matrix. The
expression of the TSG-6 gene is rapidly activated by TNF-ot,
IL-1, and lipopolysaccharide in normal human fibroblasts,
peripheral blood mononuclear cells, synovial cells, and chon-
drocytes (33, 57). The presence of high levels of TSG-6 protein
in synovial fluids of patients with rheumatoid arthritis (57)
suggests that TSG-6 has a role in inflammation.

Previously we have shown that IL-1 and TNF-o- enhance
transcription of the TSG-6 promoter through a region span-
ning from -165 to -58 (31). This region encompasses a
CCAAT box as well as potential binding sites for transcription
factors of the AP-1 and NF-IL6 families. The AP-1 site
(5'-TGAGTCAG-3') is identical to that present in the colla-
genase promoter, which binds Fos/Jun (AP-1) family proteins
(3, 7, 9, 10, 54). Fos and Jun contain a bipartite DNA-binding
domain consisting of a basic leucine zipper region (b-ZIP), and
they regulate target genes by binding as homo- or heterodimers
to sequences related to the AP-1 site (15, 24, 50). They are
rapidly activated by various extracellular stimuli such as phor-
bol esters, growth factors, and cytokines, including TNF-a and
IL-1 (4). The AP-1 site of the TSG-6 promoter (-119 to -126)
overlaps with a putative interferon responsive element, IRF-E
(31), and is separated by only 3 bp from a potential binding site
for NF-IL6 (-106 to -115).
NF-IL6 (LAP, IL-6DBP, AGP/EBP, C/EBP-1, or CRP-2) is

a transcription factor of the CCAAT/enhancer-binding protein

* Corresponding author. Phone: (212) 241-6588. Fax: (212) 860-
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(C/EBP) family (2, 8), whose synthesis is rapidly activated by
stimulation with cytokines such as IL-1, IL-6, and TNF-ot and
by LPS (1, 12, 19, 22). It has also been observed that
stimulation with phorbol esters causes NF-1L6 to translocate
from the cytoplasm to the nucleus (38). In common with Fos
and Jun, NF-IL6 regulates the transcription of target genes by
binding as dimers through the b-ZIP region to specific se-
quences in the promoter (26, 28, 42). Activation by NF-IL6 can
be enhanced by phosphorylation near or within the b-ZIP
region (39, 55). However, transcriptional activation by NF-IL6,
as by its rodent counterpart LAP, is modulated by the ratios of
activator to inhibitor isoforms that are translated from in-
frame AUGs of the same mRNA species (13, 21). The
abundance and ratio of the activator to inhibitor NF-IL6
isoforms vary according to cell type and can be altered by
cytokine stimulation (19). NF-IL6 is therefore regulated at
multiple levels and may be a component of many cytokine
nuclear signaling pathways that lead to regulation of genes
encoding immunoglobulins, viral proteins, and cytokines (1, 41,
45, 46). The functions of NF-IL6 may be further modulated by
protein-protein interaction, since NF-IL6 associates in vitro
with NF-KB (30, 37, 49), the glucocorticoid receptor (40),
C/ATF (51), and Fos/Jun (21). The demonstration that NF-IL6
forms stable protein-protein complexes with Jun in vivo in
IL-6-induced cells (20) supports a physiologic role for this
protein-protein interaction in IL-6 signaling.
The presence of NF-IL6 and AP-1 sites in the cytokine-

responsive region of the TSG-6 promoter suggests that NF-IL6
and Fos/Jun transcription factors also play important roles in
mediating the IL-1 and TNF-ot signals. In this study we show
that the NF-IL6 site is essential for activation of the TSG-6
promoter by either cytokine. The AP-1 site cooperates with the
NF-IL6 site in the activation of the TSG-6 promoter by both
TNF-x and IL-1. Functional analysis suggests that the ratio of
activator to inhibitor isoforms of NF-IL6 and the interaction of
NF-IL6 with the AP-1 binding site are important in the
regulation of TSG-6 gene expression.
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MATERIALS AND METHODS

Cell cultures and RNA analysis. Normal human FS-4 fibro-
blasts (32, 34) were cultured in Eagle's minimum essential
medium supplemented with 5% fetal bovine serum. For cyto-
kine induction, confluent cultures were incubated in minimum
essential medium containing 0.25% serum for 48 h, after which
recombinant human TNF-a (20 ng/ml), IL-la (1 ng/ml), and
dexamethasone (8 x 10-6 M) were added singly or in combi-
nations. TNF-ca (6 x 106 U/mg) was provided by M. Tsujimoto
of the Suntory Institute for Biochemical Research, Osaka,
Japan, and IL-la (1 x 109 U/mg) was a gift of A. Stern and P.
Lomedico, Hoffmann-La Roche, Nutley, N.J. The cells were
then cultured for an additional 4 h in the same medium before
total RNA was isolated as previously described (34). Northern
(RNA) blot analysis was performed as previously described
(36), using a 32P-labeled TSG-6 cDNA (32) for detection of
TSG-6 mRNA and a 32P-labeled pHe7 cDNA (5) as a control
for sample loading.

Plasmids. The expression vector pCMV-NF-IL6(+) con-
tains a cDNA encoding NF-IL6 directed by the cytomegalo-
virus promoter, and pCMV-NF-IL6(-) is its antisense deriv-
ative (2). pCMV-NF-IL6-2 encodes the activator isoform of
NF-IL6 that is translated from the second AUG, and pCMV-
NF-IL6-3 encodes the inhibitor form that is translated from
the third AUG (21). The reporter plasmid pBD3CAT contains
the -163 to +78 region of the TSG-6 promoter linked to the
chloramphenicol acetyltransferase (CAT) gene. 5' deletion
mutants of the TSG-6 promoter were generated by the exonu-
clease III-S1 nuclease method (18) from pBBCAT, which
contains the -165 to +78 region of this promoter cloned into
the BamHI site of pBLCAT3 (35). Briefly, pBBCAT (40 jig)
was digested with PstI and XbaI. DNA samples were treated
with exonuclease III (70 U; Boehringer Mannheim) for 5, 15,
30, or 60 s at 30°C before the reaction was terminated by
heating the mixture at 65°C for 5 min. The DNA was then
treated with Si nuclease (40 U; Boehringer Mannheim). The
ends were filled in by the Klenow reaction and ligated by using
T4 ligase. The mutant constructs (shown in Fig. 2) were
verified by sequencing by the dideoxy method (43). pAP-1-
TKCAT was generated by inserting in tandem two copies of
the AP-1 site of the TSG-6 promoter (GATCTGAGTCAGT
GAGTCAGTCAG) into the BamHI site of pBLCAT2 (TK-
CAT) (35). pNF-IL6-TKCAT was constructed by inserting a
promoter region of TSG-6 that encompasses the NF-IL6 site
(GATCGAT'lI'ICTCAGACT) into the same site. The oli-
gonucleotides were prepared by using an automated DNA
synthesizer and purified by electrophoresis.

Site-directed mutagenesis. In vitro site-directed mutagenesis
was performed by the method of Deng and Nickoloff (11). The
pBD3CAT plasmid was denatured by being heated at 100°C
and annealed with two primers. A selection primer (CCAGT
GCCAcGCgTGCATGCCTG) was used to convert the unique
Hindlll site into an MluI site. Mutagenic primers were used to
create substitutions of specific nucleotides. The oligonucleo-
tides used are shown in Table 1.

After elongation and ligation, the DNA pool which contains
the circularized wild-type and mutated plasmids was used to
transform the repair-deficient BMH 71-18 mutS strain of
Escherichia coli. The plasmid pool isolated from transformed
cells was linearized with the HindIII restriction enzyme and
used for another round of transformation. The mutated plas-
mids were amplified and selected for in this process because of
their resistance to digestion by the Hindlll restriction enzyme.
In all cases, the mutations were verified by sequencing.

Transfections. FS-4 cells were transfected when they

TABLE 1. Oligonucleotides used in this study

Site Primer'

IRF-E GTTGCCAATGCtAtTGAGTCAG
AP-1 AATGCAAATGtGaCtGAGGAT'ITGC
NF-IL6 TCAGAGGATTcGaTTCgGACACTG
Insertion (AP-1/NF-IL6) TGAGTCAGAGGatgcgATITGCTlTCAG

a Substituted and inserted nucleotides are indicated in lowercase letters.

reached 70% confluence, by the calcium phosphate precipita-
tion method, as described previously (31). In some experi-
ments, cells (106/100-mm2 dish) were transfected with 20 ,ug of
the reporter plasmids and induced with TNF-a or IL-1 for 24
h. In other experiments, cells were cotransfected with 20 jig of
the reporter plasmids and 0.1 to 5 jig of NF-IL6 expression
vectors (21) as indicated. At 24 h after transfection, cell
extracts were prepared and assayed for CAT activity as previ-
ously described (17). The acetylated forms of chloramphenicol
were separated by thin-layer chromatography and quantified
with a radioactive imaging system (Ambis, Inc., San Diego,
Calif.). CAT activity is expressed as the percentage of chlor-
amphenicol that is converted into its acetylated forms.

Electrophoretic mobility shift assay. Nuclear extracts from
FS-4 cells (4 jig) or purified recombinant glutathione S-
transferase (GST)-NF-IL6-3 fusion protein (21) at the con-
centrations indicated were incubated in a buffer containing 5
mM Tris-HCl (pH 7.5), 10 mM N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES; pH 7.9), 50 mM NaCl, 15
mM EDTA, 5 mM dithiothreitol, and 10% glycerol at 37°C for
15 min. Poly(dI-dC) (1 jig) was added, and incubation was
continued for 5 min before the addition of radiolabeled DNA
probe. The protein-DNA complexes formed after incubation
at room temperature for 10 min were separated from the free
probe by electrophoresis in a 6% native polyacrylamide gel in
0.25% Tris-borate-EDTA buffer. Antisera specific for NF-IL6
(19), Fos, and Jun (kindly provided by E. Ziff, New York
University Medical Center) were used to confirm the partici-
pation of these proteins in the formation of protein-DNA
complexes. The oligonucleotide probes used in the electro-
phoretic mobility shift assays were as follows, with the core
binding site underlined and mutations indicated in lowercase
letters.

AP-1: 5'GATCTGAGTCAGTGAGTCAG3'
3' ACTCAGTCACTCAGTCCTAG5'

NF-IL6: 5' AGGATTTGCTTCAGACACTGA3'
3'TCCTAAACGAAGTCTGTGACT5'

AP-1M: 5' TGAGgCAcTGAGgCAc 3'
3' ACTCcGTgACTCcGTg 5'

RESULTS
TNF-a and IL-1 activate the TSG-6 gene through distinct

pathways. TSG-6 mRNA levels increase rapidly in normal
human FS-4 fibroblasts stimulated with either TNF-a or IL-1
(32). Simultaneous treatment with TNF-oa and IL-1 results in
an additive if not synergistic induction of TSG-6 mRNA (31).
Since inflammatory and acute-phase responses are regulated
mainly by cytokines and hormones, we examined the effect of
dexamethasone on the synthesis of TSG-6 mRNA. Treatment
with dexamethasone alone did not increase TSG-6 mRNA or
influence the levels of TSG-6 mRNA induced by TNF-oL (Fig.
1). However, dexamethasone markedly inhibited the increase
of TSG-6 mRNA that was induced by IL-1. The pathways
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FIG. 1. Regulation of TSG-6 mRNA synthesis by TNF-ot, IL-1, and
dexamethasone. (A) FS-4 cells were incubated for 4 h with medium
alone (CONTROL), dexamethasone (DEX), TNF-a (TNF), IL-1, or
with a combination of cytokine and dexamethasone as indicated. The
levels of TSG-6 mRNA were analyzed by Northern blotting, using the
invariant pHe7 mRNA as a control for RNA loading. (B) Densitomet-
ric analysis of the data shown in panel A, presented as the ratios of
TSG-6 to pHe7.

through which IL-1 and TNF-o. activate the TSG-6 gene are
therefore distinguishable.
The AP-1 and NF-IL6 sites are required for cytokine acti-

vation. Previously we showed that the -165 to -58 region of
the TSG-6 promoter was required for the basal promoter
activity as well as for its activation by TNF-a and IL-1 in
normal human FS-4 fibroblasts (31). To identify the regulatory
elements in this region, we created serial 5' deletions linked to
the CAT reporter gene and analyzed their responsiveness to
IL-1 and TNF-ao in transiently transfected FS-4 cells (Fig. 2).
Deletion of the CCAAT box (pBD4CAT) led to significant
reduction of the IL-1 response. Removal of the overlapping
IRF-E/AP-1 sites (pBD56CAT) diminished the basal pro-
moter activity and markedly reduced the TNF-oa response.
However, activation by IL-1 was significantly retained (-50%
of the pBD3CAT activity). Deletion of the NF-IL6 site
(pBD6CAT) rendered the promoter unresponsive to TNF-a
and marginally responsive to IL-1, coincidental with a further
reduction of the basal promoter activity. These results suggest
that although the NF-IL6 and AP-1 sites enhance the basal
promoter activity incrementally, they are critical for activation
of the TSG-6 promoter by TNF-ot and IL-1.
The regulatory role of the putative IRF-E, AP-1, and

NF-IL6 binding sites was studied further by substitution mu-
tagenesis (Fig. 3). The IRF-E is apparently dispensable for
TNF-ot and IL-1 activation, because mutations of this site
(IRF-EM) did not appreciably alter either the basal promoter
activity or the responsiveness to either cytokine (Fig. 3). In
agreement with the deletion analyses, disruption of the AP-1
site (AP-1M) abolished TNF-a activation but retained the IL-1
responsiveness substantially (60%). Mutations in the NF-IL6
site (NF-IL6M) completely abolished activation by either
TNF-aL or IL-1 and reduced the basal promoter activity
markedly. A mutant disrupted in both AP-1 and NF-IL6 sites
was not activated by either cytokine, thus confirming the
critical role of these two sites (27). The functional cooperation
between the NF-IL6 and AP-1 sites, however, does not appear
to have a spatial constraint, since increasing the spacing
between the two sites by 5 bp (MINS) did not perturb the IL-1
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FIG. 2. Deletion analysis of the cytokine-responsive region in the TSG-6 promoter. Serial 5' deletions of the -163 to +78 region of a TSG-6
promoter-CAT construct were generated as described in Materials and Methods. After transfection with the mutant constructs, FS-4 cells were
cultured in the absence (CONTROL) or presence of either TNF-a or IL-1 for 24 h. Cell extracts were prepared and assayed for CAT activity. The
results shown are representative of five independent experiments, which are within 20% variation and in which different preparations of each
plasmid construct were used.
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FIG. 3. Mutational analysis of the cytokine responsive elements in the TSG-6 promoter. At left is the nucleotide sequence from -129 to -97
of the wild-type TSG-6 promoter (pBD3CAT). The orientations of the IRF-E, AP-1, and NF-IL6 binding sites are marked with arrows. Base
substitutions in the IRF-E site (IRF-EM), the AP-1 site (AP-1M) and the NF-IL6 site (NF-IL6M) are indicated in lowercase letters. MINS contains
a five-nucleotide (ATGCG) insertion between the AP-1 and NF-IL6 sites. The diagram on the right summarizes the transcriptional activities of
the wild-type and mutant promoter CAT constructs in transfected FS-4 cells that were untreated (CTRL) or treated with TNF-a or IL-1.

and TNF-oL responsiveness (Fig. 3). These results confirm that
the NF-IL6 site is indispensable for activation by either TNF-a
or IL-1 and that the AP-1 site is also essential for TNF-ot
stimulation and enhances activation by IL-1.
NF-IL6 binds to NF-IL6 and AP-1 sites with different

efficiencies. The requirement of an intact NF-IL6 site for
activation of the TSG-6 promoter by IL-1 and TNF-a suggests
that the transcription factor NF-IL6 plays an essential role in
mediating these cytokine signals. Fos/Jun and NF-IL6 differ
significantly in their DNA-binding specificities. NF-IL6 binds
to DNA sequences related to the consensus NF-IL6 binding
site 5' TT/GNNGNAAT/G 3' (1) with different efficiencies
(21). Fos and Jun do not bind to NF-IL6 sites. However,
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NF-IL6 can bind to AP-1 sites through the b-ZIP region in a
sequence-dependent manner, albeit much less efficiently than
Fos and Jun (20, 21), suggesting that NF-IL6 also binds to the
AP-1 site of the TSG-6 promoter.
To address this possibility, we analyzed the interaction of

NF-IL6 with the NF-IL6 and AP-1 sites by electrophoretic
mobility shift assay, using purified recombinant GST-NF-
IL6-3 fusion protein, which contains the smallest of the three
NF-IL6 isoforms (21). Oligonucleotides that contain either the
NF-IL6 site (NF-IL6 probe) or two copies of the AP-1 site
(AP-1 probe) of the TSG-6 promoter were used as probes.
NF-IL6-3 bound to the NF-IL6 probe in a concentration-
dependent manner (Fig. 4A, lanes 2 to 4). Competitions with
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FIG. 4. NF-1L6 binds to the NF-IL6 and AP-1 sites. The binding of purified recombinant GST-NF-IL6-3 (NF-IL6) to an oligonucleotide probe

containing either the NF-1L6 site (A) or two copies of the tandemly repeated AP-1 site (B) of the TSG-6 promoter was analyzed by electrophoretic
mobility assay. The amounts of NF-1L6 protein (in micrograms) used for each binding reaction were as indicated. Competition with unlabeled
NF-IL6 oligonucleotide (oligoN) or unlabeled AP-1 oligonucleotide (oligoA) at a 50-fold (50x) or 100-fold (10OX) molar excess or preincubation
with an anti-NF-IL6 antibody (otNF-IL6) in the binding reaction mixture was as indicated. (C) The AP-1 probe was used in lanes 1 and 2, and the
AP-1M probe, an oligonucleotide containing a mutated AP-1 site (see Materials and Methods), was used in lanes 3 and 4.
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unlabeled NF-IL6 and AP-1 oligonucleotides suggested that
NF-IL6-3 also bound to the AP-1 probe (lanes 5 and 6),
although less efficiently than to the NF-IL6 probe (lane 7).
These results are consistent with those of previous studies (21).
Binding of NF-IL6-3 to the AP-1 probe led to the formation of
two protein-DNA complexes, most likely due to protein occu-
pancy at either or both of the two tandemly repeated AP-1
sites present in the probe (Fig. 4B, lane 2). Both complexes
contained NF-IL6 and were specific to the AP-1 site, since
their formation was inhibited by antibodies specific for NF-IL6
(lane 3) and by a molar excess of unlabeled AP-1 oligonucle-
otide (lanes 4 and 5). Confirming these results, the protein-
DNA complex formation could not be inhibited by oligonucle-
otides containing mutated NF-IL6 or AP-1 sites (20, 27) and
NF-IL6-3 did not bind to an oligonucleotide containing a
mutated AP-1 site (Fig. 4C, lanes 3 and 4). Thus, NF-IL6-3
binds to both the NF-IL6 and the AP-1 sites present in the
TSG-6 promoter, but with different efficiencies.
The NF-IL6 site mediates activation by NF-IL6. The NF-IL6

binding consensus sequence is present in the promoters of
many genes, including those encoding cytokines (Fig. 5A). The
finding that recombinant NF-IL6-3 binds to both NF-IL6 and
AP-1 sites (Fig. 4) suggests that NF-IL6 regulates the TSG-6
promoter via either, or both, of these sites. To address this
possibility, we analyzed the sequence requirement for activa-
tion of the TSG-6 promoter by NF-IL6 in FS-4 cells transfected
with reporter plasmids driven by the wild-type TSG-6 promoter
and its substitution mutants. Expression of NF-IL6, but not its
antisense derivative, enhanced the TSG-6 promoter activity
three- to fivefold (Fig. 5B). Mutations of the IRF-E (IRF-EM)
or the AP-1 site (AP-1M) or alteration of the spacing between
the NF-IL6 and AP-1 sites (MINS) did not interfere with
activation by NF-IL6 (Fig. SC). However, activation by NF-IL6
required the presence of an intact NF-IL6 binding site, because
disruption of this site (NF-IL6M) completely abolished trans-
activation by NF-IL6. Thus, NF-IL6 activates the native TSG-6
promoter in a NF-IL6 site-dependent manner.

IL-1 and TNF-a increase the binding of Fos and Jun to the
AP-1 site. The AP-1 site is indispensable for activation of the
TSG-6 promoter by TNF-ot, and it enhances activation by IL-1
(Fig. 2 and 3). The AP-1 site, however, was insufficient to
mediate activation by NF-IL6 (Fig. SC), despite its ability to
bind NF-IL6-3 in vitro (Fig. 4B). Since IL-1 and TNF-ot are
known to increase the synthesis offos andjun mRNAs (34, 44),
it appeared likely that IL-1 and TNF-a mediate their responses
through enhanced interaction of Fos and Jun with the AP-1
site present in the TSG-6 promoter. This possibility was
examined by analyzing the Fos/Jun DNA-binding activity
present in nuclear extracts prepared from IL-1- and TNF-a-
treated FS-4 cells, using an oligonucleotide containing the
AP-1 site as a probe in the electrophoretic mobility assay. The
AP-1 DNA-binding activity was low in unstimulated FS-4 cells
(Fig. 6, lane 1) but increased rapidly (within 30 min) and
markedly after stimulation with IL-1 (lanes 3 and 5). TNF-oL
also rapidly enhanced AP-1 DNA-binding activity, although
less effectively than IL-1 (lanes 2 and 4). The protein-DNA
complex was specific for the AP-1 site, since its formation was
inhibited by competition with a molar excess of the unlabeled
AP-1 probe (lane 6), but not with an NF-IL6 probe (lane 7).
Preincubation with anti-Fos and anti-Jun antibodies (lane 9),
but not with anti-NF-IL6 antibodies (lane 8), led to inhibition
of the protein-DNA complex and generation of a more slowly
migrating complex. These results suggest that activation of the
TSG-6 promoter by IL-1 and TNF-a is therefore in part due to
enhanced binding of Fos and Jun to the AP-1 site.
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FIG. 5. NF-IL6 activates the TSG-6 promoter through the NF-IL6
site. (A) Nucleotide sequences of the NF-IL6 binding sites present in
the promoters of genes encoding cytokines and TSG-6 protein. (B)
Analysis of the activity of the wild-type TSG-6 promoter (pBD3CAT)
in FS-4 cells cotransfected with increasing amounts of the NF-IL6
expression vector [pCMV-NF-IL6(+)] or its antisense derivative
[pCMV-NF-IL6(-)] or without NF-IL6 (O jig). (C) Analysis of the
pBD3CAT (WT) or mutant TSG-6 promoter activity in FS-4 cells
transfected without (open bars) or with (hatched bars) pCMV-NF-
IL6(+). CAT activity was determined as described in the legend to Fig.
2.

NF-IL6-3 represses AP-1 site-mediated transcription. NF-
IL6 encodes three isoforms translated from different in-frame
AUGs, two activators (NF-IL6-1 and NF-IL6-2) and an inhib-
itor (NF-IL6-3), analogous to its rodent counterpart LAP (13,
19). Positive regulation and negative regulation by NF-IL6 are
modulated by the ratio of activator to inhibitor isoforms (13,
21). However, the NF-IL6 function may also be influenced by
the DNA-binding affinity of its isoforms, because the inhibitor
form of LAP (NF-IL6-3) has a higher affinity for the LAP-

VOL. 14, 1994



6566 KLAMPFER ET AL.

1 2 3 4 5 6 7 8 9 10

fk*

...,: .i. I

c
0

CA
0..

0

FIG. 6. TNF-ot and IL-1 enhance the binding of Fos/Jun to the
AP-1 site. The binding of proteins present in nuclear extracts of FS-4
cells to an AP-1 probe was analyzed by electrophoretic mobility assay.
Nuclear extracts were prepared from cells that were untreated (lane 1),
treated for 30 min with TNF-a (lane 2) or IL-1 (lane 3), or treated for
120 min with TNF-oa (lane 4) or IL-1 (lane 5). Nuclear extract prepared
from cells treated with IL-1 for 30 min was preincubed with a 50x
molar excess of unlabeled AP-1 probe (lane 6), unlabeled NF-IL6
probe (lane 7), anti-NF-IL6 antibody (lane 8), or anti-Fos and anti-Jun
antibodies (lane 9). Lane 10, labeled probe only. The AP-1 complex,
separated from the free probe, is marked with an arrowhead.

responsive element than the activator form (13). The ability of
NF-IL6-3 to bind to the AP-1 site of the TSG-6 promoter (Fig.
4) suggested that NF-IL6-3 inhibits transcription mediated by
this AP-1 site. Indeed, in a dose-dependent manner, NF-IL6-3
effectively inhibited the transcription of a thymidine kinase
(TK) promoter linked to two copies of the AP-1 site (AP-
1TKCAT; 9-fold) (Fig. 7). In contrast, the activator isoform
NF-IL6-2 had no appreciable effect, although the transactivat-
ing activity of NF-IL6-2 was confirmed by a sevenfold enhance-
ment of transcription mediated by the NF-IL6 site of the
TSG-6 promoter (NF-IL6TKCAT) (Fig. 7). Activation by
NF-IL6-2 was modulated by the ratio of NF-IL6-2 to NF-IL6-3
(27) and was NF-IL6 site specific, as shown by the lack of
activation of the control TK promoter in TKCAT (Fig. 7).
(Repression of the TK promoters cannot be studied because of
its extremely low basal activity in the absence of an AP-1 site or
an NF-IL6 site in FS-4 cells.) Since the expression of NF-IL6
isoforms in transfected cells reflects the concentration of input
plasmids (20) and NF-IL6-3 differs from NF-IL-2 only in the
absence of the transactivating region of NF-IL6, selective
inhibition of the AP-1 site by NF-IL-3 must be a function of
protein-DNA interaction. Thus, although activation of the
TSG-6 promoter by NF-IL6 is mediated by the NF-IL6 site,
repression by NF-IL6 can also be mediated by the AP-1 site.

NF-IL6-3 represses activation of the native TSG-6 promoter
by NF-IL6-2, TNF-a, or IL-1. NF-IL6-3 dimerizes with the
NF-IL6 activator isoforms as well as Fos/Jun through the
b-ZIP region, thereby modulating the activity of both C/EBP
and AP-1 transcription factors (20, 21). While the NF-IL6
activator isoform and Fos/Jun mediate the IL-1 and TNF-a-
signals to activate the TSG-6 promoter (Fig. 5 and 6), NF-
IL6-3 may function as a powerful negative regulator, by
modulating the activator isoforms of NF-IL6 and AP-1 pro-
teins and by interacting with both NF-IL6 and AP-1 sites. In
support of this possibility, the TSG-6 promoter was markedly
activated by NF-IL6-2, and the activation was suppressed by
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FIG. 7. Differential regulation of AP-1 site- and NF-IL6 site-
mediated transcription by NF-IL6. Regulation of the TK promoter
(TKCAT) or the TK promoter linked to two copies of the AP-1 site
(AP-1-TKCAT) or the NF-IL6 site (NF-IL6-TKCAT) of the TSG-6
promoter by NF-IL6-2 and NF-IL6-3 in transiently transfected FS-4
cells is shown. The top panel represents the densitometric analysis of
the data shown in the bottom panel. The amount of reporter plasmid
used in each transfection mixture was 20 ,ug. The amount (in micro-
grams) of pCMV-NF-IL6-2 (NF-IL6-2) or pCMV-NF-IL6-3 (NF-
IL6-3) used in each cotransfection was as indicated.

NF-IL6-3 in a concentration-dependent manner (Fig. 8A).
More importantly, NF-IL6-3 very effectively antagonized acti-
vation of the TSG-6 promoter by either IL-1 or TNF-ot (Fig. 8B
and C). These results demonstrate that NF-IL6 activates the
native TSG-6 promoter according to the ratio of its isoforms
rather than the absolute concentration of the activator form.
Inhibition of IL-1 and TNF-a responses by NF-IL6-3 suggests
a physiologic role for this naturally occurring negative regula-
tor in the modulation of IL-1 and TNF-ot actions.

DISCUSSION

The IL-1 and TNF-aL nuclear signaling pathways are over-

lapping but distinct. We have used the native TSG-6 promoter
as a model to study IL-1- and TNF-induced nuclear signaling
that leads to activation of common target genes (29, 31, 32, 53).
The two pathways are distinguishable by their differential
sensitivity to suppression by dexamethasone (Fig. 1). They are
also distinct in the sequence requirement for activation of the
TSG-6 promoter; the AP-1 site augments the IL-1 response,
whereas it is essential for activation of the TSG-6 promoter by
TNF-oL. In contrast, the NF-IL6 site is indispensable for
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FIG. 8. NF-IL6-3 represses activation of transcription by NF-IL6-2, IL-1, and TNF-or. In all panels, FS-4 cells were transfected with the reporter
TSG-6 promoter construct pBD3CAT (20 ,ug) (see Fig. 2). (A) Cells were cotransfected with pCMV-NF-IL6-2 (5 [ig) (lanes 2 to 5) and 0.1 jig
(lane 3), 1 ,ug (lane 4), or 5 ,ug (lane 5) of pCMV-NF-IL6-3. (B) Cells were not treated (lane 1) or were treated with IL-1 for 24 h (lanes 2 to 5)
after cotransfection with 0.1 ,ug (lane 3), 1 ,ug (lane 4), or 5 ,ug (lane 5) of pCMV-NF-IL6-3. (C) Cells were not treated (lane 1) or were treated
with TNF-ot for 24 h (lanes 2 to 5) after cotransfection with 0.1 jig (lane 3), 1 ,ug (lane 4), or 5 jig (lane 5) of pCMV-NF-IL6-3.

activation of this promoter by either cytokine. Integration of
IL-1 and TNF-a signals by NF-IL6 and AP-1 transcription
factors appears to be one of the mechanisms by which these
two cytokines convergently activate target genes and exert
overlapping biological activities.

Role of NF-IL6 in mediating IL-1 and TNF-at signals.
NF-IL6 is the major member of the C/EBP family in human
cells (8). We showed that NF-IL6 can positively or negatively
regulate the TSG-6 promoter depending on the ratio of
functionally distinct NF-IL6 isoforms (Fig. 8). This finding
provides experimental evidence that a native promoter can be
regulated by the interplay of naturally occurring NF-IL6
isoforms, a model previously based only on studies of synthetic
promoters (13, 21).
Although activation by NF-IL6 is mediated by the NF-IL6

site, inhibition by NF-IL6 can be mediated by both NF-IL6 and
AP-1 sites (Fig. 7 and 8). Inhibition of AP-1 site-mediated
transcription by the inhibitor form of NF-IL6 was unexpected.
It may be explained by competition of NF-IL6-3 at molar
excess with Fos/Jun for binding to the AP-1 site, as suggested
by the interaction of NF-IL6-3 with the AP-1 site (Fig. 4).
Alternatively, NF-IL6-3 may form heterodimers with Fos and
Jun, thereby dominantly inhibiting activation by Fos and Jun.
Whether the heterodimers do not bind to the AP-1 site at all
or they bind to the AP-1 site but are inactive is not known. The
demonstration that NF-IL6-3 dimerizes with Fos/Jun in vitro,
leading to heterodimers with reduced affinity for NF-IL6 and
AP-1 sites (20, 21), is consistent with the latter possibility.
NF-IL6-2 has a lower affinity than NF-IL6-3 for both AP-1 and
NF-IL6 sites (20, 58). This reduced DNA-binding affinity may
also contribute to the lack of activation of AP-1 site-mediated
transcription by NF-IL6-2.

Activation of the TSG-6 promoter by either IL-1 or TNF-ot
requires an intact NF-IL6 site (Fig. 2 and 3). The responses to
these cytokines are antagonized by the inhibitor isoform of
NF-IL6 (Fig. 8), presumably through the NF-IL6 and AP-1
sites. The NF-IL6 and AP-1 activities in intact cells are likely to
be modulated by their concentrations in the cells, in addition to
the relative affinity of the NF-IL6 isoforms and the various
heterodimers for the NF-IL6 and AP-1 sites. Earlier work

showed that the endogenous TSG-6 gene was readily inducible
by TNF-ot and IL-1 in certain normal cells (fibroblasts, periph-
eral blood mononuclear cells, chondrocytes, and synovial
cells), but not in normal vascular endothelial cells or the
majority of malignant cells examined (33, 57). The predomi-
nant expression of NF-IL6-3 in transformed cells (19) and of
NF-IL6-2 in FS-4 cells (27) suggests that the ratio of NF-IL6
isoforms contributes to the determination of cell-type-depen-
dent activation of the TSG-6 gene. This ratio is regulated in
favor of the activator forms by IL-6 in human embryonal
carcinoma and T cells (21) and by IL-1 and TNF-ot in FS-4 cells
(27), suggesting that it plays a physiologic role in the responses
to these cytokines.

Role of AP-1 family transcription factors in TNF-a and IL-1
responses. The AP-1 site of the TSG-6 promoter is required
for activation by TNF-a and it enhances the response to IL-1.
Although the precise mechanism by which NF-IL6 and AP-1
sites cooperate to activate this promoter remains to be inves-
tigated further, activation offos and jun mRNA synthesis (34,
44) and AP-1 DNA-binding activity by TNF-a and IL-1 (Fig. 6)
indicates that Fos and Jun mediate the cytokine signals to
activate the AP-1 site. However, there is a cooperation be-
tween NF-IL6 and AP-1 sites since activation of the TSG-6
promoter by IL-1 and TNF-cx does not occur in the absence of
the NF-IL6 site (Fig. 2). Binding of NF-IL6-3 to the AP-1 site
(Fig. 4) and repression of AP-1 site-mediated transcription by
NF-IL6-3 (Fig. 7) suggested that NF-IL6 is a negative regula-
tor for AP-1 site-mediated transcription. Since the AP-1 site of
the TSG-6 promoter is identical to those present in the
collagenase and stromelysine promoters (4), NF-IL6-3 may
have a role in the negative regulation of these promoters as
well.

Fos and Jun have been thought to regulate diverse biological
activities through protein-protein interactions, as suggested by
their abilities to associate with many transcription factors in
the presence of DNA in vitro, for example, the glucocorticoid
receptor (14, 25), MyoD (6), NFAT (23), and NF-KB (48). Our
demonstration that NF-IL6 associates with Fos/Jun in vivo
when both NF-IL6 and Fos/Jun are regulated by IL-6 (20)
suggests that the NF-IL6-AP-1 interaction is dynamic and may
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be central to cytokine signaling. Given the fact that TNF-ao,
IL-1, and IL-6 represent the major proinflammatory cytokines
(29), the interaction between NF-IL6 and Fos/Jun may be
particularly important during inflammation. Consistent with
this view, high concentrations of the TSG-6 protein are present
in the synovial fluids of patients with arthritis, and synovial
cells from arthritic joints produce TSG-6 mRNA and protein
(57). Although its exact function during inflammation is not yet
known, recent work showed that the TSG-6 protein forms a
stable complex with inter-a-inhibitor, a serine protease inhib-
itor present in the serum, suggesting that TSG-6 plays a role in
the protease cascade (56). It will be important to elucidate the
role of NF-IL6-AP-1 interaction in the regulation of other
genes that are convergently activated by TNF-a and IL-1.
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