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The acute-phase reaction is accompanied by an increase in a variety of serum proteins, named acute-phase
proteins. The synthesis of these proteins is synergistically controlled by glucocorticoids and inflammatory
cytokines such as interleukin-1 (IL-1), IL-6, and tumor necrosis factor alpha. Recently, we have cloned nuclear
factor-IL-6 (NF-IL6), a transcription factor that activates the IL-6 gene, and have demonstrated its
involvement in the expression of acute-phase-protein genes. We report here an analysis of the molecular
mechanisms by which inflammatory cytokines and glucocorticoid act synergistically to activate expression of
the rat cd-acid glycoprotein (AGP) gene. We found that NF-IL6 and ligand-activated rat glucocorticoid
receptor acted synergistically to transactivate the AGP gene and that maximal transcriptional activation of the
AGP gene required expression of both intact NF-IL6 and rat glucocorticoid receptor. Surprisingly, however,
transcriptional synergism was still observed even when one of the two factors lacked either its DNA-binding or

transcriptional-activation function. We present evidence for a direct protein-protein interaction between these
two distinct transcription factors and propose that this may be responsible for the synergistic activation of the
rat AGP gene.

The acute-phase reaction is one of the essential events for
host defense. It is accompanied by an increase in the level of
several kinds of serum proteins, such as haptoglobin, he-
mopexin, C-reactive protein, and fibrinogen (29). These
serum proteins increase very rapidly and dramatically in
response to many kinds of stimuli that are damaging to the
host, including tissue injuries, bums, and infections. There-
fore, these are called positive acute-phase proteins (28).
Some serum proteins, such as albumin and transthyretin, are

downregulated during acute-phase reaction and are thus
called negative acute-phase proteins. These regulated
changes in protein synthesis are controlled by several cyto-
kines (3, 17). The cytokines primarily involved in the regu-
lation of the acute-phase reaction are interleukin-1 (IL-1),
IL-6, and tumor necrosis factor alpha, collectively referred
to as the inflammatory cytokines (la). Tissue damage in one
area of the host body triggers the local production of
inflammatory cytokines, which are then transported to the
liver. These cytokines ultimately augment or suppress the
synthesis of acute-phase proteins at the transcriptional level.
In fact, most acute-phase protein genes harbor a cytokine-
responsive element(s) in their 5'-flanking regions (16, 36). So
far, two types of elements responsible for mediating the IL-6
signal have been identified. Type I elements are found
mainly in the haptoglobin, hemopexin, and al-acid glyco-
protein (AGP) genes (6, 36). The sequences found in these
elements resemble the binding consensus sequence of nu-

clear factor-IL-6 (NF-IL6), a transcription factor for IL-6
expression. NF-IL6 was originally identified as an IL-1-
induced transactivator of the IL-6 gene (25). The molecular
cloning of NF-IL6 revealed that this activator belongs to the
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C/EBP family (2). Transcription of NF-IL6 is induced and
the protein is posttranslationally modified in response to the
IL-6 signal (24, 37). Our previous investigation (24) and the
subsequent cloning and analysis of several NF-IL6 ho-
mologs (LAP [14], AGP/EBP [12], IL-6DBP [37], C/EBP,B
[11], and CRP2 [44]) have revealed that type I elements are

a target sequence of NF-IL6. Type II elements, on the other
hand, are found mainly in the rat a2-macroglobulin and
fibrinogen genes and are bound by a trans-acting factor other
than NF-IL6 (IL-6 response element-binding protein [RE-
BP]) (10). Two of the acute-phase proteins mentioned above,
AGP and ao2-macroglobulin, are synthesized in response to
stimulation by glucocorticoids (4, 21). Interestingly, the
synthesis of these proteins is synergistically augmented by
inflammatory cytokines and glucocorticoids (4-7, 21, 22, 45),
although the molecular mechanism underlying this syner-

gism remains unknown. We investigated this mechanism of
synergistic induction with the rat AGP gene as a model
system. A glucocorticoid-responsive element (GRE) exists
between positions -120 and -107 in the 5'-flanking region
of this gene. However, maximal induction by glucocorti-
coid requires another sequence located immediately down-
stream of this GRE (27, 38). Using this latter sequence as
a probe (positions -121 to -93 of the AGP promoter),
Chang et al. isolated AGP/EBP, a mouse homolog of NF-
IL6, by direct screening (12). Recently, Williams et al.
reported that AGP/EBP is required for maximal AGP gene

activation (43). In the present paper, we describe the pro-

tein-protein interaction between two distinct transcription
factors, glucocorticoid receptor (GR) and NF-IL6. This
interaction may explain the synergistic induction of some

acute-phase-protein genes by inflammatory cytokines and
glucocorticoids.
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FIG. 1. NF-IL6 binds to the promoter region of the rat AGP
gene. (A) Schematic diagram of the rat AGP gene promoter. The
double-stranded promoter sequences (pAGP-distal and pAGP-prox-
imal) were prepared by a DNA synthesizer (Millipore). The numbers
under the line indicate the distances from the transcription initiation
site. The binding sites occupied by either NF-IL6 or rGR are shown
by arrows. The putative binding consensus sequences of NF-IL6
and rGR are presented at the bottom. (B) Gel shift competition
assay. Bacterially expressed NF-IL6 fusion protein was incubated
with the end-labeled pAGP-d or pAGP-p oligonucleotide in the
absence or in the presence of a 100-fold excess of the unlabeled
fragment. An extract from wild-type E. coli did not generate specific
complexes. (C) DNase I footprinting of the AGP gene promoter. An
end-labeled probe encompassing pAGP-d was partially digested by
DNase I in the absence of (lanes F) or in the presence of (lanes B)
the bacterial NF-IL6 fusion protein used in the gel shift assay.
Nucleotide sequence markers were also electrophoresed (lanes
A+G and G). Specific protected windows are indicated to the right
(Bi and B2).

MATERIALS AND METHODS

Construction of plasmids. Two chemically synthesized
double-stranded oligonucleotides, pAGP-distal (pAGP-d)
and pAGP-proximal (pAGP-p), which contain sequences
between positions -120 and -+20 of the rat AGP gene

promoter region, were linked in tandem at the PstI site
located at position -64 (Fig. 1A). This promoter fragment
was subcloned into pUC18 for use in the gel shift assay and
into an enhancer-promoterless chloramphenicol acetyltrans-
ferase (CAT) vector for CAT assays. In the mutant reporter
gene constructs, pAGP-d was replaced with oligonucleotides
containing the mutations listed in Fig. 3A. The nucleotide
sequence of each fragment was confirmed by dideoxy se-

quencing (39). The vectors expressing NF-IL6 and its related
genes were constructed as previously described (2, 35).
6RGR, GR(A525-795), and GR(F463S), expression vectors
of the rGR and its mutant, are generous gifts from K. R.
Yamamoto (18, 40). GR(A77-262) and GR(A428-490), expres-
sion vectors of human GR mutants, were kindly provided by
R. M. Evans (23). The interferon regulatory factor 1 (IRF-1)
expression vector was kindly provided by T. Taniguchi.

Gel shift assay and footprinting. A pBluescript vector
carrying the NF-IL6 cDNA was expressed in bacteria after
induction with 0.3 ,uM isopropyl-,-D-thiogalactopyranoside
(IPTG) for 2 h. Escherichia coli cells were disrupted by
freezing and thawing, and -3 ,g of crude extract was
incubated with 32P-labeled probe at room temperature for 30
min. Binding reactions were carried out in a buffer consisting
of 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid; pH 7.9), 50 mM NaCl, 5 mM Tris-HCI
(pH 7.0), 1 mM dithiothreitol (DTT), 15 mM EDTA, 10%
glycerol, and various amounts of the carrier polymer
poly(dI-dC) (Pharmacia). The DNA-protein complex was
resolved by electrophoresis on a 5% polyacrylamide gel
containing 7 mM Tris-HCl (pH 7.5), 3.3 mM sodium acetate,
3.8 mM P-mercaptoethanol, and 1 mM EDTA prior to
autoradiography. The same bacterial extract was subjected
to a DNase I footprint analysis. A 32P-labeled fragment
containing pAGP-d was added to a 50-,ul reaction mixture
containing 25 mM HEPES-HCl (pH 7.9), 50 mM KCl, 0.5
mM EDTA, 1 mM DTT, 10% glycerol, 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF), and 1 ,ug of double-stranded
poly(dI-dC) (Pharmacia). Bacterial crude extract (-5 p,g)
was added last, and the binding reaction was allowed to
proceed for 30 min at room temperature. One microliter of
DNase I (5 ,ug/ml), freshly diluted in 8 mM MgCl2, was
added to the reaction mixtures. Digestion of DNA-protein
complexes was allowed to proceed for 1 min at 25°C. The
digestions were stopped by the addition of 100 ,ul of a
solution containing 100 mM Tris-HCl (pH 8.0), 100 mM
NaCl, 0.2% sodium dodecyl sulfate (SDS), 10 mM EDTA
(pH 8.0), and 25 ,ug of salmon sperm DNA per ml. The
samples were extracted twice with phenol-chloroform and
precipitated once with ethanol. The DNA pellets were dried
and resuspended in formamide-dye (80% formamide, 1%
bromophenol blue, 1% xylene cyanol), and the suspensions
were heated at 90°C for 2 min and loaded onto a 10%
polyacrylamide-6 M urea sequencing gel. The gel was dried
and autoradiographed. Nucleotide sequence markers were
prepared by the standard Maxam-Gilbert reaction (39).
DNA transfection and CAT assay. A murine teratocarci-

noma cell line, F9, was cultured in 10% fetal calf serum
containing alpha-minimal essential medium (GIBCO). A
total of 5 x 103 cells per 10-cm diameter collagen-coated dish
were plated 24 h before transfection. Ten micrograms of
CAT reporter plasmid, 1 ,ug of GR (or mutant) expression
vector, and 5 ,ug of NF-IL6 (or mutant) were cotransfected
by the standard calcium phosphate precipitation method
(39). The total amount of plasmid DNA was adjusted to 20
,ug with pUC18. Twenty-four hours later, the cells were
washed once with Hanks solution and refed with fresh
medium containing 1 ,uM dexamethasone, if needed. The
cells were grown for an additional 24 h before being har-
vested for CAT assays. CAT assays were performed as
described by Gorman et al. (19). Conversion ratios of
[14C]chloramphenicol were measured by an image analyzer
system (BAS2000; Fujix, Tokyo, Japan).

Detection of transiently expressed nuclear proteins. F9 cells
(107), which had been transfected with the expression vec-
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tors 36 h previously, were metabolically labeled for 2 h with
[35S]methionine (Dupont, NEN). The cells were lysed in 500
,ul of hypotonic buffer consisting of 10 mM HEPES (pH 7.5),
0.5 mM CaCl2, 1 mM MgCl2, 0.05% Nonidet P-40, and 1 mM
PMSF. After centrifugation, nuclear proteins were eluted for
30 min at 4°C with 500 ,1u of buffer containing 15 mM HEPES
(pH 7.9), 400 mM NaCl, 5 mM MgCl2, 0.1 mM EDTA, and
1 mM DYT. The supernatants were diluted fivefold with
radioimmunoprecipitation assay (RIPA) buffer (50 mM
Tris-Cl [pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 0.5%
deoxycholate, 0.1% SDS, and 1 mM PMSF). Immunopre-
cipitations were performed either with a polyclonal anti-NF-
IL6 antibody directed against an oligopeptide with the
sequence RRERNNIAVRKSRDKAK or with a monoclonal
anti-rGR antibody provided by J.-A. Gustafsson. The im-
mune complexes bound to protein A-Sepharose 4B (Phar-
macia) were washed six times with the RIPA buffer de-
scribed above and analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE).

Expression and affinity purification ofMBP fusion proteins.
The maltose-binding protein (MBP) expression and purifica-
tion system was purchased from New England Biolabs Inc.
Truncated cDNA fragments, ASplNFIL6 and ASplASac-
NFIL6, were inserted at the Stul-SalI polylinker sites of an
MBP expression vector, pIH902. Transformed E. coli cells
were grown in 1 liter of culture and harvested after induction
with 0.3 mM IPTG for 2 h at 37°C. E. coli cells were lysed in
lysis buffer containing 10 mM sodium acetate, 30 mM NaCl,
1 mM EGTA [ethylene glycol-bis(,B-aminoethyl ether)-
N,N,N',N'-tetraacetic acid], 1 mM PMSF, and 1 mM so-
dium azide by five successive sonication pulses, each for 1
min at 4°C. After separation from the insoluble fraction by
centrifugation, the crude extract was loaded on an amylose
resin affinity chromatography column, which was equili-
brated in a column buffer containing 10 mM sodium acetate,
500 mM NaCl, 1 mM EGTA, 1 mM PMSF, and 1 mM
sodium azide. After the column was washed with column
buffer containing 0.25% Tween 20, the MBP fusion protein
was eluted with column buffer containing 10 mM maltose.
The eluted protein solution was dialyzed overnight in phos-
phate-buffered saline (PBS) to remove the maltose before
use in the succeeding experiments.

Affinity precipitation and immunoprecipitation. A cDNA
fragment derived from 6RGR was subcloned into the vector
pBluescriptIl to synthesize rGR mRNA in vitro. rGR mRNA
was synthesized by using the Megascript system (Ambion)
according to the supplier's instructions. 5S-labeled rGR was
synthesized in vitro by using a rabbit reticulocyte lysate
(Promega) under conditions suggested by the manufacturer.
Usually, 0.1 to -0.5 ,ug of in vitro-transcribed rGR mRNA
per synthesis reaction was used. Twenty-five-microliter
samples of the lysates containing 35S-rGR were incubated
with 2.5 ,ug of various affinity-purified MBP fusion proteins
at 37°C for 30 min in a buffer containing 12 mM HEPES-
NaOH (pH 7.9), 60 mM KCI, 5 mM MgCl2, 0.6 mM EDTA,
and 12% glycerol, prior to addition of the cross-linking agent
dithiobis(succinimidyl propionate) (DSP) (Pierce) to a final
concentration of 2 mM, in a total volume of 250 RI. The
cross-linking reaction was carried out at room temperature
for 1 h and stopped by the addition of ethanolamine to a final
concentration of 0.1 M.

Fifty microliters of each cross-linked protein sample was
incubated overnight at 4°C in a rotary shaker with 30 ,ul of a
(1:1) mixture of amylose resin and MBP column buffer. The
resin was then washed five times at room temperature with
buffer containing 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1

mM EDTA, 0.2% Nonidet P-40, and 1 mM PMSF. The
bound proteins were eluted with SDS sample buffer and
subjected to SDS-PAGE, fluorography (Amplify; Amer-
sham), and autoradiography.
The remainders of the samples (200 ,ul each) were exam-

ined by immunoprecipitation. A polyclonal anti-NF-IL6
antibody was prepared against an oligopeptide with the
sequence SKAKKTVDKHSDEYKIRR. The cross-linked
protein was precleared overnight with 80 ,ul of a (1:1)
mixture of protein A-Sepharose 4B (Pharmacia) and PBS in
RIPA buffer containing 10 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 2 mM EDTA, 0.5% deoxycholate, 0.5% Nonidet P-40,
0.1 M ethanolamine, and 1 mM PMSF. Five microliters of
affinity-purified antibody was added to the reaction solution
for 2 h at 4°C before the addition of 30 ,ul of protein
A-Sepharose. After another 2-h incubation, the Sepharose
was washed six times at room temperature with RIPA buffer
and then eluted with SDS sample buffer. The eluted samples
were subjected to SDS-PAGE, fluorography, and autora-
diography.
West-Western blotting (protein-protein blotting). Five mi-

crograms of MBP fusion proteins was resolved by SDS-
PAGE before being blotted on a nitrocellulose membrane
(BA85; Schleicher & Schuell) in a buffer containing 0.1 M
Tris, 0.92 M glycine, and 20% methanol. The membrane was
subjected to denaturation and renaturation with 6 M guani-
dine-HCl in HBB buffer, which contained 20 mM HEPES-
NaOH (pH 7.5), 5 mM MgCl2, 1 mM KCl, and 5 mM DTT
(33). After blocking in HBB buffer with 5% skim milk (Difco)
and 1% casein for 30 min was performed, binding reactions
were carried out for 6 h at 20°C in 25 ml of HBB buffer
containing 1% skim milk and 1% casein plus 400 ,ul of a
35S-rGR-programmed reticulocyte lysate. Unincorporated
[35S]methionine had been removed prior to use with a
Sephadex-G25 column. The membrane was washed five
times for 10 min each in the buffer that was used for the
affinity precipitation of MBP and then dried and autoradio-
graphed.

RESULTS

NF-IL6 binds to the sequence downstream of the GRE in the
5'-flanking region of the rat AGP gene. A GRE is present in
the rat AGP gene at a position between -120 and -107 bp
upstream of the transcription initiation site (7). We noticed
that just downstream of that sequence there are two NF-IL6-
binding consensus sequences. To analyze whether NF-IL6
really binds to these elements, the region of the rat AGP
promoter from positions -120 to +20 was prepared by
chemical synthesis of two double-stranded oligonucleotides,
named pAGP-distal (pAGP-d) and pAGP-proximal (pAGP-
p), respectively (Fig. 1A). Each oligonucleotide was end
labeled with [ 2P]dCTP and subjected to a gel shift assay
with a recombinant ,B-galactosidase-NF-IL6 fusion protein.
As shown in Fig. 1B, slowly migrating specific complexes
were detected only when pAGP-d was used as a probe. We
next performed a DNase I footprinting assay to exactly
identify the regions bound. This experiment revealed two
protected regions, one from -118 to -95 and the other from
-87 to -68 (Fig. 1C).
NF-IL6 is a positive transactivator of the rat AGP gene and

activates synergistically with the rGR. Next, we examined
whether these NF-IL6-binding sequences are transcription-
ally functional. For this purpose, a reporter gene plasmid,
pAGP(WT)CAT, which contained pAGP-d and pAGP-p just
upstream of the CAT gene, was constructed.

MOL. CELL. BIOL.
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FIG. 2. Synergistic activation of the rat AGP gene by rGR and
NF-IL6. (A) Ten micrograms of the reporter plasmid, pAGP(WT)-
CAT, was transfected into F9 cells together with 1 ,ug of 6RGR.
Lanes: 1, control; 2, dexamethasone (Dex) stimulation (1 ,uM)
without CMV-NFIL6 cotransfection; 3, CMV-NFIL6 cotransfec-
tion (5 jLg) without dexamethasone stimulation; 4, dexamethasone
stimulation (1 jiM) with CMV-NFIL6 cotransfection (5 jig). The
synergism index is defined as the ratio of the percent CAT conver-
sion rates obtained after cotransfection with CMV-NFIL6 and
6RGR (lane 4) and the sum of the rates obtained after transfection
with each vector separately (lanes 2 and 3). This experiment was
repeated four times, and similar results were obtained. The results
of one representative experiment are shown. (B) Both NF-IL6 and
rGR are equally expressed despite cotransfection. Lanes 1 and 5,
control DNA (20 jig); 2 and 6, 6RGR (10 jig); 3 and 7, CMV-NFIL6
(10 jig); 4 and 8, CMV-NFIL6 and 6RGR (10 jig each). The amount
of transfected DNA was adjusted to 20 jig with control DNA. The
cells were metabolically labeled for 2 h with [35S]methionine 36 h
after transfection. The nuclear extracts were subjected to immuno-
precipitation with polyclonal peptide antibody against NF-IL6 or
anti-rGR monoclonal antibody.

Murine teratocarcinoma F9 cells, which do not express
NF-IL6, were cotransfected with pAGP(WT)CAT, a re-
porter gene, and 6RGR, an rGR expression vector. pAGP-
(WT)CAT was activated when cells were both cotransfected
with 6RGR and stimulated with 1 ,uM dexamethasone for 24
h (Fig. 2A, lane 2) but was not activated by either 6RGR
cotransfection (lane 1) or dexamethasone stimulation alone
(data not shown). Cotransfection of a cytomegalovirus pro-
moter-driven NF-IL6 expression vector (CMV-NFIL6)
transactivated the rat AGP gene to an extent that was almost
similar to that in the case of the ligand-activated rGR (Fig.
2A, lane 3). Therefore, both NF-IL6 and ligand-activated
rGR were shown to be positive transactivators for the rat
AGP gene. Interestingly, when these two factors were

expressed simultaneously, pAGP(WT)CAT was transacti-
vated more than three times as much as the sum of the
activation by each factor (Fig. 2A, lane 4 and synergism
index). In addition, it was demonstrated by immunoprecip-
itation that the amount of NF-IL6 or rGR did not change as
a result of cotransfection (Fig. 2B). Hence, we conclude that
NF-IL6 and rGR transcriptionally synergize with each other.

c
0 ,

N-0

4

1 2 3 4 5 6

WT B1 B2

Synergism
Index

*no Dex
1FM Dex

7 8 9 10

GRE B1/B2

FIG. 3. Functional analyses of the NF-IL6- and rGR-binding
sites. (A) Construction of mutant reporter genes. Substituted nucle-
otides are indicated by capital letters and asterisks. Schematic
diagrams of each mutant are shown to the right. (B) Functional
differences between each binding site in their transcriptional activ-
ities and synergism. F9 cells are transfected with reporter plasmid
(10 j,g) and GRGR (1 jg). Lanes 1, 3, 5, 7, and 9 show cotransfec-
tion of control plasmid (5 jg). Lanes 2, 4, 6, 8, and 10 show
cotransfection of CMV-NFIL6 (5 jg). Other conditions are the same
as those described in the legend to Fig. 2. This experiment was
repeated three times, and similar results were obtained. The results
of one representative experiment are shown. Dex, dexamethasone;
WT, wild type.

Mutagenesis in the AGP promoter reveals functional differ-
ences between two NF-IL6-binding sites. To obtain more
detailed information on the function of each NF-IL6-binding
site, four mutant reporter plasmids, in which one or more
rGR-binding and NF-IL6-binding sites were disrupted by
multiple nucleotide sequence substitutions, were con-
structed (Fig. 3A). Assays of the activities of these promot-
ers are indicated in Fig. 3B. Disruption of the distal NF-IL6-
binding site (Bi) enhanced the CAT activity of the wild-type
promoter more than threefold (Fig. 3B, lanes 5 and 6).
Therefore, this site was antagonistic for AGP gene transac-
tivation. On the contrary, disruption of the proximal NF-
IL6-binding site (B2) diminished the CAT activity of the
same reporter gene to less than 50% (Fig. 3B, lanes 3 and 4),
indicating that B2 was agonistic for AGP gene transcription.
Thus, we conclude that B2 is necessary for maximal rat AGP
gene transactivation by glucocorticoid. When Bi and B2
were disrupted at the same time, the total CAT activity was
also diminished to approximately the same extent as in the
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case of the B2 disruption. Interestingly, however, the syn-

ergism between NF-1L6 and rGR was still observed (Fig. 3B,
lanes 7 and 8). This phenomenon was also observed when
the GR-binding site was disrupted (Fig. 3B, lanes 9 and 10),
but neither activation nor synergism was observed when all
binding sites for NF-IL6 and rGR were disrupted (data not

shown). These results suggest that the transcriptional syner-

gism between NF-IL6 and rGR can still occur even when
only one of the two factors is bound to the target sequence.

DNA-binding-deficient or transcriptionally inactive NF-IL6
mutants are still capable of augmenting activation by rGR.
Next, we examined whether the DNA-binding or transcrip-
tional activity of NF-IL6 is dispensable for synergism by
using truncated and site-directed mutants of NF-IL6 (Fig.
4A). ASplNFIL6 and AStyNFIL6 are truncated mutants of
NF-IL6 which can bind to DNA but are transcriptionally
inactive by themselves. NFIL6(S288A) is a site-directed
mutant of NF-IL6 in which the serine residue at position 288
in the center of the basic region is replaced by alanine. This
mutant is unable to bind to the NF-IL6 recognition se-

quences of pAGP-d (data not shown). Although each of
these mutants was less transcriptionally active than the
wild-type NF-IL6, all were capable of activating transcrip-
tion synergistically with rGR (Fig. 4B). This result implies
that the transcriptional and DNA-binding activities of NF-
IL6 are dispensable for the synergism between NF-IL6 and
rGR. As a control, IRF-1 and Fos, which do not bind to the
AGP promoter, were examined for their abilities to syner-

gize with rGR; these results were negative (data not shown).
This demonstrates that the ability of NF-IL6 mutants that
lack DNA-binding function to synergize with rGR is specific.
To further ascertain that direct binding of both factors to
DNA is not essential for synergistic activation, a reporter
plasmid, pAGP(GRE)CAT, in which two NF-IL6-binding
sites were disrupted, was used instead of pAGP(WT)CAT
(Fig. 4C). In this experiment, NFIL6(WT) and NFIL6
(S288A) synergized equally well with rGR, although they
were transcriptionally inactive by themselves. From the
results described above, we conclude that the synergism

between NF-IL6 and rGR does not require transcriptional
activity or direct DNA binding.
The DNA-binding domain of GR is required for synergistic

activation with NF-IL6. To characterize the domains of GR
involved in synergism, we carried out a cotransfection
experiment with three kinds of GR truncated mutants:
GR(A77-262) (transacting-region-deleted mutant), GR(A428-
490) (DNA-binding-region-deleted mutant), and GR(A&525-
795) (ligand-binding-region-deleted mutant) (Fig. 5A). These
mutants all showed a marked attenuation in their abilities to
transactivate pAGP(WT)CAT when expressed alone as well
as when expressed together with NF-IL6 (Fig. 5B). Interest-
ingly, however, GR(A77-262) still retained its capacity to
activate synergistically with NF-IL6. In contrast, GR(A428-
490) and GR(A525-795) displayed no such synergism. These
data suggest that the DNA-binding domain of GR is required
for synergism with NF-IL6. In fact, GR(F463S), which
contains a site-directed mutation in the first zinc finger
region of GR, also failed to activate synergistically with
NF-IL6, as had been observed with GR(A428-490) (Fig. SB).
NF-IL6 physically interacts with rGR in vitro through its

basic leucine zipper (bZip) structure. The results described
above prompted us to examine the possibility that NF-IL6
and rGR physically interact with one another. As depicted in
Fig. 4B, synergism between rGR and NF-IL6 does not
require intact NF-IL6. Therefore, two truncated mutants of
NF-IL6 were used for the following experiments.
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FIG. 4. DNA-binding-deficient or transcriptionally inactive NF-
IL6 still confers synergism. (A) Structures of wild-type (WT)
NF-IL6 and its mutants. ASplNFIL6 and AStyNFIL6 are truncated
mutants which delete the SplI and StyI fragments within the coding
sequence, respectively. NFIL6(S288A) is constructed by site-di-
rected mutagenesis which replaces serine 288 of NF-IL6 with
alanine, leading to a total loss ofDNA binding. The numbers shown
under the molecules indicate the positions of amino acids from the
NH2 terminus. (B) Effects of NF-IL6 mutants with wild-type GR.
The assay conditions are the same as those described in the legend
to Fig. 2. (C) Direct DNA binding of NF-IL6 is dispensable for the
synergism. pAGP(GRE)CAT, in which two NF-1L6-binding sites
are mutated, was used as a reporter plasmid instead of pAGP-
(WT)CAT. The experiment was repeated three times, and similar
results were obtained. The results of one representative experiment
are shown.
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atives of human GR. Tl, transactivating domain; DBD, DNA-
binding domain; LBD, ligand-binding domain. (B) The DNA-binding
domain of GR is required for synergism. pAGP(WT)CAT was used
as a reporter plasmid. Each assay was done in the presence of 1 ,uM
dexamethasone. Other conditions are the same as those described in
the legend to Fig. 2. The experiment was repeated three times, and
similar results were obtained. The results of one representative
experiment are shown.

One mutant, ASplNFIL6, is defective in its transcription-
al-activation function and was described earlier (Fig. 4A). A
second mutant, ASplASacNFIL6, is a derivative of ASplN-
FIL6 in which the NH2-terminal half of the leucine zipper
region has been deleted and is defective in its dimerization
function. These two mutant constructs were fused to the
MBP for use in affinity purification (Fig. 6A) (20, 34).
35S-labeled rGR was synthesized in a rabbit reticulocyte
lysate. After the chemical cross-linking of 35S-rGR and these
MBP fusion proteins with the reversible cross-linker DSP,
we performed two types of coprecipitation experiments.

First, we performed an affinity precipitation experiment
by immobilizing cross-linked proteins to amylose resin. The
bound complexes were eluted after being washed and were

analyzed by SDS-PAGE (Fig. 6B [right]). We found that
MBP-ASplNFIL6 coprecipitated 35S]rGR but that control
MBP and MBP-ASplASacNFIL6 did not. Next, we per-
formed immunoprecipitation with an anti-NF-IL6 antibody
and the same protein samples. The only protein able to
coprecipitate 35S-rGR was MBP-ASplNFIL6 (Fig. 6C).
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FIG. 6. Direct protein-protein interaction between rGR and NF-
IL6. (A) Structure of bacterially expressed fusion proteins. MBP,
which is a ligand of amylose resin, is fused to the NF-IL6 mutants
ASplNFIL6 and ASplA&SacNFIL6. ASplASacNFIL6 is a derivative
of ASplNFIL6 that is truncated from threonine 307 to leucine (L) 327
and that consequently has lost its dimerizing function. (B [left])
35S-labeled rGR programmed in rabbit reticulocyte lysate. The rGR
product is indicated by an arrow. The band at 47 kDa represents an
artifact protein which is labeled by [35S]methionine as a result of the
addition of a methionine residue to its N terminus by an enzyme that
uses methionyl tRNA. (B [right]) Affinity coprecipitation of 35S-
labeled rGR with the bZip region of NF-IL6. Programmed reticulo-
cyte lysate was cross-linked with various MBP fusion proteins by
DSP, precipitated with amylose resin, washed, eluted, and analyzed
by SDS-PAGE. Lanes: 1, MBP; 2, MBP-A&SplNFIL6; 3, MBP-
ASplASacNFIL6. (C) Coimmunoprecipitation of 35S-labeled rGR
with the bZip region of NF-IL6. The cross-linked proteins that were
used in the experiment depicted in panel B were mixed with
polyclonal peptide antibody against NF-IL6, precipitated with pro-
tein A-Sepharose, washed, eluted, and analyzed by SDS-PAGE. (D)
West-Western blotting. The MBP fusion proteins that were used in
the experiment depicted in panel B were blotted to a nitrocellulose
membrane after SDS-PAGE. The membrane was treated under
denaturation and renaturation conditions by reducing the concen-
tration of guanidine-HCl and was hybridized with 35S-rGR, washed,
and autoradiographed. MW, molecular weight.

In addition, this interaction was monitored by the West-
Western (protein-protein) blotting method. Three forms of
MBP fusion proteins (MBP, MBP-ASplNFIL6, and MBP-
ASplASacNFIL6) were separated on an SDS-polyacryl-
amide gel and transferred to a nitrocellulose membrane.
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After denaturation and renaturation, the membrane was
allowed to react with 35S-rGR. Again, 35S-rGR bound only to
MBP-ASplNFIL6 but not to control MBP or MBP-
ASplASacNFIL6 (Fig. 6D). Taken together, the results ob-
tained by these different approaches indicate that rGR and
NF-IL6 physically associate with each other in vitro. By
virtue of the fact that ASplASacNFIL6 had lost the ability to
associate with rGR, we propose that the bZip structure or
dimerization by the leucine zipper region is responsible for
this association.

DISCUSSION

The following novel findings were obtained: (i) NF-IL6
and GR transcriptionally synergize with each other; (ii) this
synergistic activation can occur even when the DNA-binding
or transcriptional-activation functions of one of the activa-
tors is defective; and (iii) NF-IL6 associates in vitro with
GR, probably via the bZip domain.
Evidence was presented showing that NF-IL6 binds to the

sequence immediately downstream of the GRE in the rat
AGP promoter. Two binding sites in this region, the distal
one overlapping the GRE, were identified. It was shown that
NF-IL6 not only transactivates the AGP gene but also
synergizes with ligand-activated GR. Taken together with
the fact that NF-IL6 is involved in the regulation of a subset
of acute-phase genes (24, 35), these results may provide a
good explanation for why some acute-phase genes are acti-
vated synergistically by the combination of inflammatory
cytokines and glucocorticoid. Unexpectedly, the NF-IL6-
binding sites identified in the AGP promoter functioned in an
opposite manner. The distal one (Bi) was antagonistic,
whereas the proximal one (B2) was agonistic for maximal
induction of the AGP gene by glucocorticoid. Williams et al.
examined the rat AGP gene promoter in hepatoma cells to
identify the sequences responsible for maximal induction by
glucocorticoid (43). Their results also indicated the antago-
nism of B1 as well as agonism of B2. The reason why Bi
shows antagonism was not determined. However, consider-
ing the fact that Bi completely overlaps the GRE, competi-
tion for the same target sequence by NF-IL6 and rGR may
be involved in this antagonism (32), although the biological
significance of this competition remains unclear.
Through a series of experiments with NF-IL6 or GR

mutants to activate the AGP wild-type or mutated reporter
genes, we concluded that the synergism between NF-IL6
and GR persists even when one of the two factors loses its
DNA-binding ability. This result can be interpreted in two
ways: NF-IL6 and rGR are mutually transactivated either by
direct protein-protein interaction or by an indirect effect
mediated by some unidentified cofactor(s). Recently, Hocke
and coworkers examined the synergistic activation of the rat
x2-macroglobulin gene by IL-6 and glucocorticoids (10, 21,
22). They identified a nuclear protein (IL-6RE-BPs) which is
involved in this synergism but which is distinct from NF-
IL6. Interestingly, an 18-bp element which contains the IL-6
response element on the a2-macroglobulin promoter is ca-
pable of conferring synergism between IL-6 and glucocorti-
coid, in spite of the absence of an obvious consensus GRE.
This result resembles our finding that NF-IL6 can activate
synergistically without direct DNA binding to the rat AGP
gene. Hocke et al. also speculated on the possible direct
interaction between these two transcription factors, al-
though no direct evidence was presented.

Prior to coprecipitation experiments, we attempted to
detect an interaction between NF-IL6 and rGR by a gel shift

assay, without success (data not shown). Hocke et al. also
reported that attempts to detect a complex between IL-6RE-
BPs and the DNA-binding domain of rGR by this same
experimental method failed (22). However, these results do
not rule out a possible mutual interaction, since this complex
could be too unstable to be detected under standard assay
conditions.

In spite of these initial negative results, we were con-
vinced that NF-IL6 and GR could interact directly, since
several truncated, transcriptionally inactive mutants of ei-
ther factor were still able to synergize with a normal version
of the counterpart factor. In fact, three different methods
subsequently demonstrated a specific protein-protein inter-
action via the bZip portion of NF-IL6 in vitro. On the basis
of the fact that a DNA-binding-domain-deleted mutant of GR
could not synergize with NF-IL6, we infer that the interact-
ing portion of GR resides near its zinc finger region. In the
case of the bZip family transcription factors, this leucine
zipper region has been implicated in mediating factor dimer-
ization (30); however, our results suggest that this region
may also mediate interactions with other factors. Recently,
Wegner et al. reported that C/EBP,B, a mouse homolog of
NF-IL6, is phosphorylated in its leucine zipper region in a
calcium-dependent manner (42). Although the functional
significance of this modification has not been determined, it
is conceivable that phosphorylation regulates the interac-
tions of NF-IL6 with other transcription factors.

Recently, several groups have reported that interactions
between dissimilar transcription factors at the protein level
are involved in the modulation of some gene expression. For
example, Diamond et al. have demonstrated that the GR acts
agonistically when it associates with the Jun-Jun homodimer
but antagonistically with the Jun-Fos heterodimer (15).
Other groups have reported that the direct interaction be-
tween GR and various AP-1 complexes can mutually inhibit
their abilities to bind to DNA, thus interfering with transcrip-
tion activation (26, 41, 46). We might expect the domain
which mediates the interaction between AP-1 and GR to be
located within the bZip domain of Jun and within the
DNA-binding domain of GR, consistent with what we ob-
serve in the case of NF-IL6 and GR and with results
reported in the case of interactions between Jun and the
retinoic acid receptor or MyoD (8, 47). As far as we know,
our observation of an interaction between NF-IL6 and GR is
the first such case reported for a member of the C/EBP
family.
Courey et al. demonstrated that even a fingerless (DNA-

binding-deficient) Spl transcription factor could synergisti-
cally augment the basal activity of wild-type Spl (13). These
authors propose that the fingerless Spl may mediate syner-
gistic activation by contributing to the stability of a tran-
scriptionally active complex formed between wild-type Spl
and an adaptor. Similarly, we might imagine that NF-IL6
and GR also combine with an adaptor to form a complex that
stimulates transcription of the AGP gene. This complex
would presumably be more stable when both NF-IL6 and
GR are present than when either is present alone and thus
would lead to the synergistic activation of AGP.

LeClair et al. recently reported that the NF-KB p50
subunit physically interacts with the bZip domain of NF-IL6
(31). An NF-KB-binding site is frequently present in the
promoter sequences of several acute-phase genes, such as
IL-6, IL-8, and angiotensinogen (9, 25). In fact, analyses of
the gene expression of IL-6 and IL-8 have demonstrated that
NF-IL6 and NF-KB transcriptionally synergize with each
other (1). Taken together, these observations may help to
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explain the coordinated expression of genes involved in
inflammatory reaction in terms of direct protein-protein
interactions between NF-IL6 and other transcription factors
of distinct families. Such interactions could serve to inte-
grate stimuli transmitted by several independent signalling
pathways into a coordinated, effective response.
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