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C/EBP& (CCAAT/enhancer binding protein 3) has been implicated as a regulator of acute-phase response
(APR) genes in hepatocytes. Its expression increases dramatically in liver during the APR and can be induced
in hepatic cell lines by interleukin-6 (IL-6), an acute-phase mediator that activates transcription of many APR
genes. Here we have investigated the mechanism by which C/EBPS expression is regulated by IL-6 in hepatoma
cells. C/EBPS promoter sequences to —125 bp are sufficient for IL-6 inducibility of a reporter gene and include
an APR element (APRE) that is essential for IL-6 responsiveness. DNA binding experiments and transacti-
vation assays demonstrate that Stat3, but not Statl, interacts with this APRE. Two Spl1 sites, one of which is
adjacent to the APRE, are required for IL-6 induction and transactivation by Stat3. Thus, Stat3 and Spl
function cooperatively to activate the C/EBP® promoter. Replacement of the APRE with Stat binding elements
(SBEs) from the ICAM-1 or C/EBP{3 promoter, both of which recognize both Statl and Stat3, confers
responsiveness to gamma interferon, a cytokine that selectively activates Statl. Sequence comparisons suggest
that the distinct Stat binding specificities of the C/EBP6d and C/EBP3 SBEs are determined primarily by a
single base pair difference. Our findings indicate that the cytokine specificity of C/EBPS gene expression is

governed by the APRE sequence.

Inflammation is a physiological response to tissue injury,
trauma, or infection and consists of a systemic reaction to
combat further tissue damage, destroy infective organisms, and
activate repair processes. The early stage of inflammation,
during which metabolic and catabolic changes occur in many
organs, is known as the acute-phase response (APR). The APR
is characterized by changes in the levels of several serum acute-
phase (AP) proteins, which are synthesized primarily in the
liver. Serum concentrations of some AP proteins increase as
much as 1,000-fold several hours after onset of the APR (44).
Activation of AP genes in hepatocytes is triggered by several
inflammatory signals, including interleukin-6 (IL-6), IL-1, tu-
mor necrosis factor alpha, and gamma interferon (IFN-vy) (re-
viewed in references 29 and 34). Of the numerous cytokines
and growth factors that are involved in the upregulation of AP
gene expression, IL-6 is considered to be the major mediator.
This conclusion is supported by (i) a correlation between in-
creased serum IL-6 levels and changes in AP gene expression
during the inflammatory response, (ii) the large number of AP
proteins synthesized in response to IL-6, and (iii) the observa-
tion that the APR is impaired in mice lacking IL-6 (29).

A number of AP gene promoters have been characterized
and shown to contain cis-acting elements that mediate respon-
siveness to IL-1, IL-6, or both. A small number of AP genes
respond only to IL-1 and contain sequences that interact with
the NF-kB family of transcription factors. The majority of AP
genes are activated by the IL-6-type cytokines and are con-
trolled by IL-6 responsive elements (IL-6REs). The IL-6REs
can be classified into two groups. The first are recognized by
members of the Stat (signal transducer and activator of tran-
scription) family of transcription factors and conform to the
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consensus sequence TT(C/A)C(T/G)G(G/T)AA (15, 18, 47).
These sequences, also called APR elements (APREs), bind
Stat3 (originally designated APRF) in nuclear extracts from
IL-6-treated hepatocytes (1, 47, 52). Many APREs also bind
Statl, which is activated by IL-6, IFN-y, and a variety of other
cytokines (14).

The second group of IL-6REs is recognized by the C/EBP
subfamily of basis leucine zipper transcriptional activators and
conform to the consensus sequence (A/T)(G/A)T(G/T)(A/
G)NGNAA (34). Three closely related members of the C/EBP
family, C/EBPa, C/EBPB, and C/EBPS9, are differentially ex-
pressed in multiple tissues during the APR. Upon induction of
the APR by lipopolysaccharide (LPS) administration in mice,
the mRNA levels of C/EBPa decrease in liver, lung, and fat.
However, C/EBP expression increases in tissues such as the
spleen, fat, heart, and kidney, and C/EBP8 mRNA levels are
dramatically induced in the liver, kidney, spleen, heart, and
brain (2). Several lines of evidence implicate C/EBP3 as the
most important member of the C/EBP family in activating
transcription of APR genes. For example, in an experimental
AP model in rabbits, C/EBPS is the major induced DNA bind-
ing activity in liver extracts that binds to a critical cis-regulatory
site in the serum amyloid A gene promoter (37). C/EBPS
mRNA is also rapidly induced by IL-6 in human hepatoma
Hep3B cells and is the predominant IL-6-induced protein in-
teracting with C/EBP sites in the promoters for complement
C3 (23), hemopexin, haptoglobin, and C-reactive protein (36).

Based on these and other data, it has been proposed that
both C/EBPB and C/EBP3 contribute to AP gene induction in
hepatocytes. However, the two C/EBP proteins are activated
by different mechanisms. C/EBP is constitutively expressed in
adult hepatocytes and appears to be activated mainly by post-
translational modification in response to mediators such as
IL-6 (35). By contrast, expression of C/EBP3 mRNA and pro-
tein is negligible in normal liver tissue but is markedly upregu-
lated by IL-6 during the APR (2, 36, 37). Despite this dramatic
induction in the liver, however, little is known about the mo-
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lecular mechanisms involved. Therefore, we have begun to
investigate the molecular control of C/EBP& gene transcrip-
tion. Here we describe an analysis of the C/EBP3 promoter
and the identification of cis-acting elements and cognate fac-
tors that regulate C/EBP3 expression in hepatic cells.

(Some of the research reported in this paper was originally
published in the master’s degree thesis of Carrie A. Cantwell,
sponsored by the Department of Biomedical Science, Hood
College, Frederick, Md.)

MATERIALS AND METHODS

Cloning and sequencing of the C/EBP3 promoter region. The C/EBP3 pro-
moter region was obtained from a mouse (B6/CBA hybrid) partial Sau3Al
genomic library in Lambda FIX II (Stratagene) as previously described (48). A
650-bp Smal fragment spanning the C/EBPS coding and promoter regions was
subcloned into pBlueScript (pBS) and sequenced by the dideoxy method, using
a commercial kit (U.S. Biochemicals). Additional sequences were obtained by
using specific primers (primer walking). The DNA used to generate the C/EBP3
promoter-reporter plasmids was cloned from a mouse (129SV strain) partial
Sau3Al genomic library in Lambda FIX II (Stratagene). The sequence from
—127 to +12 of the 129SV allele was found to be identical to that from the
B6/CBA strain.

C/EBP& promoter-reporter constructs. Unique restriction sites within the
C/EBP3 promoter region were used to generate a set of progressive 5’ deletion
mutants. PCR was used to introduce a BamHI site at position +12 relative to the
C/EBP3 transcription start site. A region between a unique Spel site at —322 bp
and the +12-bp endpoint was amplified by using the primers p3.22 (+12 primer;
5'-GCCGTCGGATCCTTGGGCTGTCACCTC-3") and p3.21 (Spel primer; 5'-
GACGGCTCTAGAGAACTGTTCTTGTAT-3'). The PCR product was di-
gested with Spel and BamHI and used for subsequent cloning steps.

(=729)-Luc. A unique Scal site at ~730 bp and the Spel site at —322 bp were
used to generate an ~400-bp fragment. This fragment, together with the Spel-
BamHI PCR fragment, was inserted in a three-way ligation into pBS digested
with BamHI and EcoRV. A Sall-BamHI fragment was then released from this
plasmid and inserted into the luciferase vector pXP2 (31), which had been
digested with Sa/l and Bgl/II.

(=322)-Luc. The Spel-BamHI fragment described above was inserted into
pBS. This plasmid was digested with SacI and BamHI to release a 334-bp
fragment, which was then cloned into pXP2 digested with Sacl and Bg/II.

Additional 5’ deletion mutants [(—127)-Luc, (—81)-Luc, and (—36)-Luc] were
generated by PCR, using 5’ primers that defined the deletion endpoint and
introduced a Sall site for subsequent cloning steps. The 3’ primer was p3.22 and
the 5" primers were —127 (5'-GACGGCGTCGACGGGCAGAGGGCGGGTC
GTTCCCAGCAGC-ACCCCAG-3'), =81 (5'-GACGGCGTCGACTCCGGTC
TCCGACCCACTGGGGCCGGGG-3'), and —36 (5'-GACGGCGTCGACCT
GGGGCTAGAAAAGGCGGCGGTCCGGC-3"). The PCR products were
digested with Sa/l and BamHI and ligated into pXP2 digested with Sall and
BglIl. The sequences of all deletions and point mutants were confirmed by
dideoxy sequencing.

Point mutations were introduced into putative transcription factor binding
sites by using PCR mutagenesis.

APRE™-Luc and Sp1(—117)™-Luc. PCR was performed with 5" mutagenic
primers that introduce Sall at —127 bp and mutate the APRE or —117 Sp1 site.
The 3" primer was p3.22, and the mutagenic primers were APRE™ (5'-GACG
GCGTCGACGGGCAGAGGGCGGGTCGTGTTTCACAGC-ACCCCAG-3")
and Sp1(—117)™ (5'-GACGGCGTCGACGGGCAGAGAAGAAGTCGTTCC
CAGCAGCACCCCAG-3'). The PCR products were digested with Sall and
BamHI and ligated into pXP2 digested with Sa/l and BglII.

Sp1(—53)™-Luc. This mutant was generated by two rounds of PCR amplifi-
cation, using the four-primer mutagenesis procedure (19, 20). Reaction 1 used a
5" mutagenic primer (21731; 5'-ACTGGGGCCGGAAGAAGGCGTGCG-3")
to mutate the Sp1 site at —53 bp and the 3’ primer p3.22. Reaction 2 used the
5" primer —127 and a 3’ mutagenic primer (21732; 5'-CGCACGCCTTCTTCC
GGCCCCAGT-3"). The PCR products from reactions 1 and 2 were mixed and
used as the template in a second round of amplification using the —127 and p3.22
primers. The 139-bp product was digested with Sall and BamHI and cloned into
pXP2 digested with Sall and Bg/II.

Sp1(—117/=53)™-Luc and APRE™/Sp1(—53)™-Luc. The Sp1(—53)™ mutant
was used as a template for PCR amplification using Sp1(—117)™ or APRE™ as
the 5’ primers and p3.22 as the 3’ primer. The ~139-bp products were digested
with Sall and BamHI and cloned into pXP2 digested with Sa/l and Bg/II (BamHI
at +12).

Artificial promoter constructs. Double-stranded oligonucleotides containing
either the C/EBPS or a,-macroglobulin (a,-m) APREs were concatenated and
inserted upstream of the thymidine kinase (TK) promoter fused to luciferase
(TK-Luc, which consists of pXP2 containing the TK promoter truncated to
position —81 [31]). The oligonucleotides were designed to contain XhoI-Sall or
BamHI-Bglll ends to allow directional multimerization and cloning into the
luciferase vector. Oligonucleotides used to generate (3APRE);-TK-Luc and
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(8APRE),-TK-Luc were C/EBP3 APRE top strand (5'-TCGACTCGTTCCCA
GCAGCAC-3") and C/EBP3 APRE bottom strand (5'-TCGAGTGCTGCTGG
GAACGAG-3'). Oligonucleotides used to construct (a,-m)s-TK-Luc were a,-m
APRE top strand (5'-GATCCTTCTGGGAATTCCTA-3') and a,-m APRE
bottom strand (5'-GATCTAGGAATTCCCAGAAG-3').

APRE replacement mutants. Constructs in which Stat binding elements
(SBEs) from C/EBPB or ICAM-1 were used to replace the C/EBPS APRE
[designated (—127)3-(C/EBPB)-Luc and (—127)3-(ICAM)-Luc, respectively]
were generated by PCR mutagenesis. Primer A1829 (5'-GACGGCGTCGACG
GGCAGAGGGCGGGTCTTTCCCAGAAG-CACCCCAG-3'), which changes
the C/EBP3 APRE to the C/EBPB Stat site, or primer A1830 (5'-GACGGC
GTCGACGGGCAGAGGGCGGGTCTTTCCCGGAAA-CACCCCAG-3'),
which converts the C/EBP8 APRE to the ICAM SBE, was used with primer
p3.22 to amplify the region between —127 and +12. The 139-bp products were
digested with Sa/l and BamHI and ligated into pXP2 digested with Sall and
BgllI.

Stat expression vectors. Expression vectors for Statl (5) and Stat3 (38) were
kindly provided by David E. Levy (New York University School of Medicine,
New York, N.Y.).

Cell culture and transfection. The human hepatoma cell lines Hep3B and
HepG2 were obtained from the American Type Culture Collection. The cells
were maintained in minimum essential Eagle’s medium (EMEM; BioWhittaker)
supplemented with nonessential amino acids, sodium pyruvate, and 10% fetal
bovine serum (HyClone Laboratories, Inc.) in the presence of kanamycin, strep-
tomycin, and penicillin (complete medium) at 5% CO,. Hep3B cells were plated
at 2 X 10° cells/6-cm-diameter dish 24 h before transfection. One hour prior to
transfection, the cells were fed with 3 ml of fresh medium. Transfections were
performed by the Lipofectamine procedure (Gibco-BRL). For each dish, 2 g of
reporter plasmid and 0.25 pg of pRSV B-gal (6) were combined with OptiMEM
I (Gibco-BRL) in a total volume of 300 pl. For cotransfection with the Stat
expression plasmids; 0.4 pg of the vector DNA was included in the transfection.
In a separate tube, 10 pl of Lipofectamine reagent was mixed with 290 pl of
OptiMEM 1. The two mixtures were combined and incubated at room temper-
ature for 30 min, after which the cells were washed with OptiMEM 1. Then 2.4
ml of OptiMEM I was added to the DNA-Lipofectamine, and the mixture was
applied to the cells. The cells were incubated for 4.5 h at 37°C, washed with
unsupplemented EMEM and fed with 3 ml of complete medium. Cells were
incubated an additional 24 h, washed with OptiMEM 1, fed with 3 ml of Opti-
MEM I, and incubated 16 to 18 h before IL-6 was added.

Cytokine treatments. Recombinant human IL-6 (Peprotech) was resuspended
in water and added at a final concentration of 100 ng/ml 4 h before harvest (for
transfection assays) or 15 min prior to harvest (for nuclear extracts). Human
IFN-v, a gift from Daniel W. McVicar (National Cancer Institute, Frederick,
Md.), was added at 500 U/ml for 4 h.

Luciferase and (3-galactosidase assays. Transfected cells were harvested for
luciferase assays as follows. Plates were washed twice with 1X phosphate-buff-
ered saline (PBS) and 150 pl of detergent lysis solution (100 mM potassium
phosphate [pH 7.8], 0.2% Triton X-100, 1 mM dithiothreitol [DTT]; Clontech
Laboratories, Inc.) was added per plate and incubated at room temperature for
5 to 10 min. Lysates were scraped into microcentrifuge tubes and centrifuged at
16,000 X g for 2 min. To perform luciferase assays, 100 wl of substrate A
(Analytical Luminescence Laboratory) was placed in a cuvette, and 50 pl of cell
extract was added, followed by 100 pl of substrate B. A tube luminometer
(Monolight 2010 instrument; Analytical Luminescence Laboratory) was used to
record the light emissions from the expressed luciferase at 10-s intervals. Back-
ground reading was determined by measuring cell lysate from mock-transfected
cells from two independent dishes. B-Galactosidase activity, which was used as an
internal standard for transfection efficiency, was assayed according to the pro-
tocol for Luminescent B-galactosidase Genetic Reporter System II (Clontech
Laboratories). The tube luminometer was used to record the light emissions
from the cleaved galactoside at 5-s intervals. The linear range of the assay was
determined for each individual experiment by assaying 0.5, 1.0, 2.0, and 4.0 I of
a cell lysate from pRSV B-gal-transfected cells. Background activity was deter-
mined by assaying mock-transfected cell lysates from two independent dishes.

Electrophoretic mobility shift assays (EMSAs) and supershift assays. Nuclear
extracts for Stat binding assays were prepared as follows. HepG2 cells were
seeded at 2 X 10° per 150-mm-diameter dish and allowed to grow for 72 h. The
cells were then washed with OptiMEM 1, fed with 20 ml of OptiMEM 1, and
incubated for an additional 24 h. Human IL-6 was added at 100 ng/ml for 15 min.
Extracts were prepared essentially as described by Sadowski and Gilman (39).
The cells were washed twice with ice-cold PBS and once with ice-cold PBS
containing 1 mM Na;VO, and 5 mM NaF. Cells were then washed with hypo-
tonic buffer (20 mM HEPES pH 7.9, 20 mM NaF, 1 mM Na;VO,, 1 mM
Na,P,0-, 0.125 pM okadaic acid, I mM EDTA, 1 mM EGTA, 1 mM DTT, 0.5
mM phenylmethylsulfonyl fluoride, 1 pg of leupeptin per ml, 1 pg of aprotinin
per ml, 1 pg of pepstatin per ml), and 300 pl of hypotonic buffer containing 0.2%
Nonidet P-40 was added. Lysates were scraped into microcentrifuge tubes, and
the nuclei were pelleted by centrifugation at 16,000 X g for 20 s at 4°C. The
supernatant was removed, and the pellet was resuspended in 60 pl of high-salt
buffer (420 mM NaCl, 20% glycerol, 20 mM NaF, 1 mM Na;VO,, 1 mM
Na,P,0-, 0.125 uM okadaic acid, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.5
mM phenylmethylsulfonyl fluoride, 1 pg of leupeptin per ml, 1 pg of aprotinin
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FIG. 1. Induction of C/EBP3 and C/EBPB mRNAs by IL-6 or IFN-vy in hepatoma cell lines. (A) Northern blot analysis of 20 g of total RNA from Hep3B or HepG2
cells cells treated with IL-6 or IFN-y for the indicated times. Duplicate blots were hybridized with C/EBP3S or C/EBP probes and then with cyclophilin. (B) Northern
blotting analysis of 20 g of total RNAs from control Hep3B cells (lane 1), cells treated with cycloheximide (CHX) for 30, 60, and 120 min (lanes 2 to 4), and cells
pretreated with cycloheximide for 30, 60, and 120 min followed by the addition of IL-6 for 2 h (lanes 5 to 7), IL-6 alone for 2 h (lane 8), or cycloheximide and IL-6
concurrently for 2 h (lane 9). The blots were hybridized sequentially with the indicated probes.

per ml, 1 pg of pepstatin per ml) and gently rocked at 4°C for 30 min. Nuclear
debris was removed by centrifugation at 16,000 X g and 4°C for 20 min. The
extracts were aliquoted and stored at —70°C.

Nuclear extracts to analyze Sp1 binding were prepared essentially as described
previously (16). Nuclei were prepared from HepG2 cells as described above and
resuspended in nuclear lysis buffer (10 mM HEPES [pH 7.9], 100 mM KCl, 3 mM
MgCl,, 0.1 mM EDTA, 1 mM DTT, 10% glycerol) supplemented with the
phosphatase and protease inhibitors indicated above; 1/10 volume of 4 M
(NH,),SO, was then added, and the nuclei were rocked at 4°C for 30 min.
Samples were centrifuged at 4°C and 14,000 X g for 15 min, and the supernatants
were aliquoted and stored at —70°C. Recombinant human Spl was obtained
from Promega.

Binding reactions for EMSAs experiments were as follows. Eight micrograms
(unless otherwise indicated) of nuclear protein was mixed with 4 pl of 5X binding
buffer (65 mM HEPES [pH 7.9], 0.75 mM EDTA, 40% glycerol, 0.1% Nonidet
P-40 [39]), 1 pg of poly(dI-dC) (Pharmacia Biotechnologies), 1 mM DTT, 0.06%
bromophenol blue, and approximately 50,000 cpm (~0.2 ng) of 3?P-labeled
probe in a total volume of 20 pl. The binding reactions shown in Fig. 7B included
10 pg of bovine serum albumin. The reaction mixtures were incubated at room
temperature for 20 min, and 10 pl was loaded onto a 4% polyacrylamide gel in
0.25X Tris-borate-EDTA. Samples were separated by electrophoresis at 10 V/cm
for approximately 2 h, transferred to 3MM paper (Whatman), dried under
vacuum, and exposed to X-ray film. For competition binding assays, unlabeled
oligonucleotides were added to the reaction in 10X, 30X, and 100X molar excess
and incubated at room temperature for 5 min prior to addition of the probe. For
supershift experiments, the antibodies (1 to 2 pg) were added to the reaction
mixtures, which were then incubated at 4°C for 1 h prior to addition of probe.
The following antibodies were purchased from Santa Cruz Biotechnology, Inc.:
Stat1 p84/p91 (E-23), Stat3 (C-20), Sp1 (PEP2), and normal rabbit immunoglob-
ulin G (normal rabbit serum [NRS]). A second Statl antibody (Statla p91),
which was used in the experiment shown in Fig. 10A, was obtained from Chen-
grong Yu (NCI-Frederick Cancer Research and Development Center, Freder-
ick, Md.).

The oligonucleotides used as EMSA probes were annealed and gel purified
prior to labeling. The sequences of the upper strands of the oligonucleotides
used were as follows: a,-m, 5'-GATCCTTCTGGGAATTCCTA; 3APRE, 5'-T
CGACTCGTTCCCAGCAGCAC; 3APRE™, 5'-TCGACTCGTGTTTCACAG
CAC; 8APRE/Spl, 5'-TCGACCAGAGGGCGGGTCGTTCCCAGCAGCAC
CC; and C/EBPB Stat, 5-GGGCATCTGTTTCCCAGAAGTTG. Double-
stranded oligonucleotides containing 5" overhanging ends (a,-m, BamHI/BgIII;
SAPRE, 3APRE™, and 8APRE/Spl, Xhol/Sall; C/EBPB SBE, GGG) were la-
beled with Klenow polymerase and o[*?P]-dCTP.

RNA preparation and Northern blot analysis. Hep3B and HepG2 cells were
grown until approximately 75% confluent. Human IL-6 (100 ng/ml) or IFN-y
(500 U/ml) was added for various time intervals, and cells were harvested for
RNA. For cycloheximide inhibition experiments, the drug was resuspended in
water and used at a final concentration of 100 pg/ml. For RNA preparation, the
cells were washed twice with cold PBS, scraped into PBS, transferred to a
microcentrifuge tube, and collected by centrifugation at 10,000 X g for 5 min.
RNA preparation, electrophoresis, and blotting was performed essentially as
described previously (11, 45).

DNA fragments used as probes for Northern blotting were labeled with
[«-*?P]dCTP, using the Prime-It II kit (Stratagene). The C/EBPS probe was a
Hinfl-Xhol fragment corresponding to the 3’ untranslated region from a human
C/EBP3 cDNA clone (T69326; Research Genetics, part of the IMAGE Consor-
tium). The human C/EBPB (NF-IL6) probe was a PstI-EcoRI fragment from a
c¢DNA clone (kindly provided by David Ron, New York University Medical

Center, New York, N.Y.). The c-Fos probe fragment was obtained from a cDNA
clone (40). The cyclophilin probe was isolated as an EcoRI-HindIII fragment
from plasmid pEMBL-cyclophilin (13).

RESULTS

IL-6-specific induction of C/EBPS expression in hepatoma
cells. RNA was harvested over a time course from IL-6- or
IFN-vy-stimulated Hep3B or HepG2 hepatoma cells, and
C/EBP3 expression was analyzed by Northern blotting (Fig.
1A). C/EBPS transcripts were weakly expressed in untreated
cells but were highly induced within 1 h of IL-6 treatment in
both cell lines. The elevated level of C/EBPS expression was
maintained for at least 8 h. C/EBP3 was induced much less
efficiently and with delayed kinetics by another proinflamma-
tory cytokine, IFN-y. In contrast, C/EBPB mRNA expression
was only weakly stimulated by IL-6 but was more strongly
activated by IFN-y. Thus, the data show that C/EBPS, but not
C/EBPB, mRNA levels increase in response to IL-6 in hepatic
cells (confirming previous observations [36]) and that C/EBP3
and C/EBP respond differentially to IL-6 and IFN-y.

To determine if the increase in C/EBPd mRNA was due to
increased stability of C/EBPS mRNA, we performed a cyclo-
heximide inhibition experiment. Unstable messages, such as
that of the c-fos gene, are frequently stabilized by protein
synthesis inhibitors (3), presumably because proteins required
for their degradation are labile. We therefore compared
C/EBP3 and c-Fos mRNA expression in Hep3B cells treated
with cycloheximide for various times in the presence or ab-
sence of IL-6 (Fig. 1B). C/EBP8 mRNA levels were only
slightly increased upon the addition of cycloheximide (lanes 1
to 4). By contrast, IL-6 elicited a much larger induction (lane
8). Pretreatment with cycloheximide did not inhibit induction
of C/EBPS expression by IL-6 but rather potentiated it slightly
(lanes 5 to 7). The blot was reprobed for c-Fos, whose mRNA
is stabilized by cycloheximide. In contrast to C/EBP3, c-Fos
mRNA levels increased significantly in response to cyclohexi-
mide alone (middle panel, lanes 1 to 4). Moreover, IL-6 in-
duction of c-Fos expression was dependent on mRNA stabili-
zation by cycloheximide (lanes 5 to 8). These results allow two
conclusions. First, the fact that cycloheximide alone had only a
modest effect on C/EBP3 mRNA levels implies that the mes-
sage is not labile, particularly in comparison to c-Fos mRNA.
Second, the observation that cycloheximide failed to inhibit
activation of C/EBPS expression by IL-6 indicates that new
protein synthesis is not required for this response. Although we
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729
-729 CTGATGTAAA TCTTAGCTTT CTCTCAGCAA GCCACAATTT CAGAATAATA

679 TCCCTTTTGG GTACAATTTG CAAGAAAAAG AAACAGCAAG ATGCTATGCT
-620 ACCACCAGGT GGCACAGCTT TAATAACCAA GAAGAAATGC CAGAGCACCC
-579 AAGATCCGCT GTCAGGTGCG GAGAAACGCA CCGCGGTTAG GGTGGCCATC
520 ACTCTTCCGT TGGCTTTGTG GTCAGCGGGG AGCCCGGTTG ATCTGTCCGT
-479 CTATCAGGCT CTGTTGCTGA ACCTAACCTC GACGGCAGCT GGGCCTGGGC
-429 ACTCCGAGAG GTGTAGCTGG AGAGGGTTCG AATTTCAGGA GGCTCCCACT
-379 GGCTGCGCTC ACTCTGGACC GCCGGAGGCT GAGGCCCGGG TCCGCGAACC
~329 ACGGTTCAE’?’Z AGTTCTGGTC TCGTGGCGGA GGTGCCAGGA CTCGAGCTGC
-279 GGAGCCTTGA TCCCTGTTCC GCCTTTGCTA TGTCTGAAGG CGTCCTGCTT
229 TGCGCGTGTC GGGGCCAAAT CCAGATTTTC ATTTCGCTCC AGGCTTGGAC
-179 GGCTAAGTAG GTCCAAACCG CACAAACAGG AAGGAGGGAA GGCAAGGAGT

127 Sp1 APRE =
-129 GCGGGCAG@‘:WGTCG'WGC ACCCCAGTCC CTCCCCGCTC
-79 CGGTCTCCGA CCCACTGGGG cce GCGCF'FZZGGC
—29 GC GGCGGTCCGG CCCGGCGAGg TGACAGCCCA A

FIG. 2. DNA sequence of the murine C/EBPS promoter and identification of
several putative regulatory elements. The sequence extends from a Scal site at
=729 to position +12 relative to the transcription startsite. Endpoints of 5’
deletion mutants are indicated by brackets at —729, —322, —127, —81, and —36.
Sequences corresponding to potential regulatory sites are boxed. The arrow
denotes the transcription startsite (25).

have not assessed the transcription rate of the C/EBPS gene
directly, these data are consistent with the notion that increased
expression of C/EBP8 mRNA occurs at the transcriptional level
and involves the activation of a latent transcription factor(s).

Mapping an IL-6-responsive region in the C/EBP& pro-
moter. We next undertook experiments to identify regulatory
sequences that mediate induction of C/EBPS expression by
IL-6. Sequences 5’ to the C/EBP3 coding region were cloned
from a mouse genomic DNA library, and approximately 750 bp
were sequenced (Fig. 2). A set of 5" deletion mutants with
endpoints at —729, —322, —127, —81, and —36 bp relative to
the transcription start site were generated (Fig. 2) and fused to
a luciferase reporter gene. These constructs were transfected
transiently into Hep3B cells, which were subsequently treated
with IL-6 and harvested to assay luciferase activity. Luciferase
expression was also determined in the absence of IL-6 treat-
ment to assess the basal activity of the promoters.

Expression from the promoter-reporter constructs is shown
in Fig. 3. Basal expression was similar for the —729, —322, and
—127 constructs, but deletion to position —81 decreased pro-
moter activity threefold. Removal of sequences to position
—36, immediately 5’ to the TATA box, eliminated basal ex-
pression altogether. These results confirm that the sequences
upstream of the coding region constitute a functional promoter
and identify a segment between —127 and —36 that directs
basal promoter activity. IL-6 treatment increased expression
from the —729, —322, and —127 constructs approximately
threefold. A similar level of induction was obtained with a
construct containing ~10 kb of 5’ flanking DNA (data not
shown), indicating that distal regulatory sequences do not con-
tribute to IL-6-dependent transcription. A significant decrease
in IL-6 inducibility was observed when the promoter was trun-
cated to position —81, and a similar reduction was seen with
the —36 deletion. These data indicate that the region between
—127 and —81 contains an IL-6RE.

Identification of specific regulatory sites within the C/EBPS
promoter. Since the analysis of deletion mutants indicated the
presence of an IL-6RE between —127 and —81, this region was
inspected for known IL-6RE motifs (Fig. 2). The sequence
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FIG. 3. Identification of an IL-6-responsive region within the C/EBPS pro-
moter. Luciferase reporter constructs containing the indicated 5’ promoter de-
letions were cotransfected with pRSV B-gal into Hep3B cells. The luciferase data
were normalized to B-galactosidase values to control for differences in transfec-
tion efficiencies. The values represent averages * standard deviations of three
independent experiments. Basal luciferase expression levels from each construct
are shown relative to the value for (—127)-Luc. Basal expression from (—36)-Luc
was detectable but was rounded to 0.0. Fold induction represents luciferase
activity after IL-6 treatment relative to the basal level.

between —100 to —114 closely resembles an APRE, which is
recognized by members of the Stat family of proteins. Other
potential transcription factor binding sites in the proximal pro-
moter region include a cyclic AMP response element (CRE) at
—40 bp and two sequences that match the consensus binding
site for the transcriptional activator Spl. The first Spl1 site is
located at —53 bp, just 5’ to the CRE, and the second is located
at —117 bp, immediately 5’ to the APRE.

To determine whether any of the aforementioned sites reg-
ulate basal or IL-6-induced transcription, we introduced point
mutations into these sequences within the context of the —127
deletion (Fig. 4A). The mutant and wild-type (—127)-Luc plas-
mids were transfected into Hep3B cells and tested for IL-6
inducibility. The CRE mutation did not affect basal expression
or IL-6 inducibility (data not shown), and this site was not
investigated further. However, mutation of the APRE signifi-
cantly impaired IL-6 inducibility, as did alteration of the Spl
site adjacent to the APRE [Sp1(—117)]. The Sp1(—53)™ mu-
tation also diminished IL-6 inducibility, although to a lesser
degree than the other mutants, while a construct containing
mutations in both Spl1 sites displayed no IL-6 response. Inac-
tivation of one or both Sp1 sites also reduced basal promoter
activity. A construct containing mutations in both the APRE
and the proximal Spl element [APRE™/Sp1(—53)™] was also
poorly activated by IL-6. Thus, induction of C/EBP8 promoter
activity by IL-6 requires the APRE and at least one of the two
Spl1 sites.

Identification of factors binding to the putative APRE and
Spl sites. We next used the EMSA to identify proteins in
IL-6-treated cell extracts that bind to the C/EBPS APRE and
Spl sites. HepG2 cells were used for these experiments be-
cause Stat protein binding activity was reported to be higher in
these cells than in Hep3B cells (50). We first examined whether
the formation of Stat protein complexes bound to a probe
containing the APRE from rat a,-m (12) could be competed by
the C/EBP3 APRE. The a,-m APRE has been shown to bind
Stat3 homodimers, Statl homodimers, and Statl-Stat3 het-
erodimers from IL-6-stimulated HepG2 cells (26). Figure 5SA
shows that multiple a,-m APRE binding complexes are in-
duced by IL-6 in HepG?2 cells. Antibody supershift experiments
confirmed that these complexes contain Stat3 (lane 4) and
Statl (data not shown). Increasing amounts of unlabeled
C/EBP3 APRE competitor inhibited formation of the Stat3
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FIG. 4. Analysis of APRE and Spl sites. (A) Diagram of mutations. The
mutations were introduced into the APRE at —106 bp and the Sp1 sites at —117
and —53 bp. The wild-type sequences are indicated at the top, and the mutated
sequences are shown below. The mutations were incorporated into the (—127)-
Luc deletion construct. (B) Transient transfection assays of promoter mutants.
The indicated promoter-reporter constructs were cotransfected with pRSV B-gal
into Hep3B cells. The luciferase data were normalized to B-galactosidase activity.
The values represent the averages of three to six independent experiments. The
relative basal expression and fold induction values were determined as described
in the legend to Fig. 3.

supershift complex (Fig. 5B, lanes 3 to 5). However, a mutant
C/EBP3 APRE (8APRE™) did not compete for binding (lanes
6 to 8), showing that the interaction between the C/EBP3
APRE and Stat3 is specific.

B Ab: «STAT3
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FIG. 5. The C/EBP8 APRE competes for binding of Stat3 to the a,-m
APRE. (A) EMSA using the rat a,-m APRE, nuclear extracts (6.5 pg) from
HepG2 cells, and NRS or Stat3-specific antibody (Ab) as indicated. The HepG2
cells were treated with IL-6 for 15 min. An upper complex (u) and a lower
complex (1) appear in the IL-6-treated extracts (lane 3). The Stat3 antibody
supershift complex (lane 4) is indicated. (B) Competition for Stat3 binding by the
C/EBP3 APRE. Nuclear extracts (10 pg) from IL-6 treated HepG2 cells were
incubated with Stat3-specific antibody and 10X (lanes 3 and 6), 30X (lanes 4 and
7), or 100X (lanes 5 and 8) molar excess of unlabeled wild-type (SAPRE) or
mutant (SAPRE,,) binding site, as indicated. The rat a,-m APRE was used as a
probe. The film was overexposed to emphasize the supershifted complex.
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FIG. 6. Selective binding of Stat3 to the C/EBP3 APRE. Nuclear extracts
from control or IL-6-treated HepG2 cells were analyzed by EMSA using the
wild-type or mutant C/EBP3 APRE probes and control antiserum or Statl- or
Stat3-specific antibody (Ab), as indicated. The film was overexposed to empha-
size the supershift signal.

Using a labeled C/EBP3 APRE oligonucleotide as an EMSA
probe, we were unable to observe a distinct DNA binding
complex induced by IL-6, probably because the complex is
obscured by a background binding activity (Fig. 6, lane 4).
However, when the Stat3-specific antibody was included, a
supershift complex appeared in reactions with extracts from
IL-6-treated cells (lane 6) but not from control cells (lane 3).
This Stat3 complex was not observed when a mutant C/EBP3
APRE probe was used (lane 12). In addition, no supershift
signal was observed with a Statl-specific antibody (lane 5),
whereas Statl antibodies did supershift Statl complexes
formed with the a,-m APRE (data not shown) and an APRE-
like element in the C/EBPB promoter (see Fig. 10A). These
results show that the C/EBP3 APRE selectively binds Stat3, in
contrast to the a,-m APRE, which binds both Statl and Stat3.

Analysis of Spl site mutants indicated that both Sp1 sites
contribute to the activity of the C/EBP3 promoter and are
required for IL-6 inducibility (Fig. 4). To determine whether
Spl proteins bind to the distal Sp1 site [Sp1(—117)], EMSAs
were performed with probes containing either the APRE and
Spl sites (SAPRE/Spl) or the APRE alone (3APRE) and
nuclear extracts from untreated or IL-6-stimulated cells (Fig.
7A). Several complexes that were not observed with the
8APRE oligonucleotide were formed with the SAPRE/Spl
probe. These Spl-specific bands may reflect the presence of
multiple Sp1-like proteins in the nuclear extract (24). A super-
shifted species was detected when an antibody against human
Spl was added to the SAPRE/Sp1 binding reaction (lanes 2
and 4). However, no supershift appeared with the SAPRE
probe (lanes 6 and 8) or when control serum was used (lanes
1, 3, 5, and 8). Addition of recombinant human Spl to the
nuclear extracts significantly increased the intensity of the
slowest-migrating band (Fig. 7B, lanes 3, 4, 8, and 9), indicating
that this complex corresponds to Sp1. In addition, recombinant
Sp1 by itself also bound to the SAPRE/Sp1 probe (lanes 5 and
10), whereas there was no evidence of Spl binding to the
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FIG. 7. Binding of nuclear proteins to the Sp1(—117) site. (A) Supershift analysis using an antibody (Ab) against Sp1. Nuclear extracts were prepared from control
or IL-6-treated HepG?2 cells by a method that maximizes the extraction of Spl (see Materials and Methods). The extracts were incubated with either NRS or an
Spl-specific antibody and the SAPRE/Spl or SAPRE probe. The supershift generated by the Spl antibody in lanes 2 and 4 is indicated. (B and C) Binding of
recombinant Sp1 to the SAPRE/Sp1 (B) and SAPRE (C) probes. Recombinant human Sp1 (50 ng) was used alone (lanes 5 and 10) or mixed with 8 pg of HepG2 nuclear
extract (optimized for Stat protein extraction) from control or IL-6-treated cells. Stat3 antibody was added to the indicated reactions. The lower panel is a longer
exposure of the top portion of the gel to emphasize the Stat3 antibody supershift complex.

3APRE probe (Fig. 7C). Collectively, the results of Fig. 7 show
that the Sp1(—117) element is a bona fide Sp1 binding site.

The existence of an Sp1 site adjacent to the APRE raised the
possibility that cooperative binding interactions may occur be-
tween Stat3 and Spl. Specifically, Sp1 might facilitate binding
of Stat3 to the APRE, as was observed for Spl and Statl on the
ICAM-1 promoter (28). However, using Stat3 antibody super-
shifts to assess binding, the presence of the Spl site (SAPRE/
Sp1) did not increase Stat3 binding to the SAPRE (Fig. 7B and
C, bottom panels). Thus, cooperative DNA binding between
Spl and Stat3 is apparently not the basis for the synergism
between the Spl and APRE sites observed in transfection
assays.

The C/EBP8 APRE confers IL-6 inducibility to a heterolo-
gous promoter. Having shown that the APRE is a critical
regulatory element that specifically binds Stat3, we next exam-
ined whether the C/EBP8 APRE could confer IL-6 inducibility
to a heterologous promoter. One or four copies of the APRE
were inserted upstream of the TK promoter driving the lucif-
erase gene and the resulting constructs were tested for activa-
tion by IL-6 (Fig. 8). One copy of the C/EBP3 APRE caused a
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FIG. 8. The C/EBP3 APRE confers IL-6 responsiveness to a heterologous
promoter. One or four copies of the C/EBP3 APRE or six copies of the a,-m
APRE were inserted upstream of the TK promoter. The constructs were tested
for induction by IL-6 after transfection into Hep3B cells as described in the
legend to Fig. 3.

slight increase in IL-6 responsiveness compared to the parental
construct, TK-Luc. Multimerization of the C/EBPd APRE fur-
ther enhanced IL-6 induction of the reporter construct (1.9-
fold) and also caused a significant increase in basal expression
(8.7-fold over TK-Luc). By comparison, a construct bearing six
copies of the a,-m APRE [(a,-m)e-TK-Luc] was induced 2.6-
fold by IL-6 and exhibited a 2.6-fold increase in basal activity.
It is unclear why the multimerized C/EBP3 APRE should
function as a strong positive regulatory element in unstimu-
lated cells, although perhaps oligomerization of the APRE
sequence created a fortuitous binding site for an unidentified
transcriptional regulator. Nonetheless, the data demonstrate
that the C/EBP3 APRE functions as an IL-6RE when fused to
a heterologous promoter.

Stat3, but not Stat1, can transactivate the C/EBPd promoter
in IL-6-stimulated cells. The in vitro binding data in Fig. 6
show that the C/EBP3 APRE preferentially interacts with
Stat3 and not Stat1. To extend this observation, we tested Stat1
and Stat3 expression vectors (5, 38) for the ability to enhance
IL-6 induction of the (—127)-Luc construct in transfected
Hep3B cells (Fig. 9A). In the absence of IL-6, neither Stat
protein stimulated C/EBPS promoter activity. However, in IL-
6-treated cells, Stat3 increased reporter expression 25-fold
while Statl had no effect. The Statl vector stimulated IFN-vy-
induced expression from a promoter containing an SBE from
the ICAM-1 promoter (data not shown), demonstrating that a
functional Statl protein is expressed from this plasmid (see
also reference 5). We conclude that Stat3, but not Statl, can
transactivate the C/EBP& promoter.

We next tested the ability of Stat3 to transactivate (—81)-
Luc, (—36)-Luc, and APRE™-Luc, in which the APRE site was
either deleted or mutated, and the Sp1 mutants Sp1(—117)™-
Luc, Spl(—53)™-Luc, Spl(—117/=53)™-Luc, and APRE™/
Sp1(—53)™-Luc (Fig. 9B). As the region containing the APRE
and the adjacent Spl site was deleted, the ability of Stat3 to
transactivate the promoter was severely decreased. Levels of
IL-6-induced expression of (—81)-Luc and (—36)-Luc were
reduced 5-fold and 10-fold, respectively, while that of APRE™-
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FIG. 9. Stat3 mediates IL-6-induced expression from the C/EBP3 promoter.
(A) Stat3 but not Statl transactivates the C/EBPS promoter. The (—127)-Luc
construct was cotransfected into Hep3B cells with expression vectors for Statl or
Stat3 or the parental pCDNALI vector, together with pRSV B-gal as an internal
standard, and tested for basal and IL-6-induced luciferase expression. (B) Stat3
transactivation of C/EBP8 promoter mutants. The indicated deletion and point
mutants (Fig. 3 and 4) were cotransfected with the Stat3 expression vector into
Hep3B cells and tested for basal and IL-6-inducible luciferase expression. (C)
Stat3 transactivates a heterologous promoter containing the C/EBP3 APRE. The
indicated TK promoter-luciferase reporter constructs (Fig. 8) were cotransfected
with the Stat3 expression plasmid into Hep3B cells and tested for basal and
IL-6-inducible expression. The cell extracts were assayed for luciferase and
B-galactosidase activities as described in Fig. 3. The values represent the aver-
ages of three to six independent experiments.

Luc was reduced more than 3-fold. These results demonstrate
that Stat3 acts primarily through the previously identified
APRE site. However, the (—81)-Luc and the APRE™ con-
structs were still significantly activated by IL-6 in Stat3-trans-
fected cells, compared to no induction without Stat3 (Fig. 3).
One possible explanation is that overexpression of Stat3 allows
it to interact with a cryptic (low-affinity) site in the promoter or
the luciferase vector. Alternatively, Stat3 overexpression could
stimulate transcription partly through interactions with pro-
teins bound to the Spl1 sites, independent of its ability to bind
DNA.

When the Spl sites were mutated individually, transactiva-
tion by Stat3 decreased 1.6- to 2.7-fold. However, IL-6 induc-
tion was almost completely eliminated in the Sp1(—117/153)™
double mutant, demonstrating that at least one Spl site is
essential for Stat3 transactivation. The APRE™/Sp1(—53)™
mutant was significantly less responsive to Stat3 transactivation
than either of the single mutations, further supporting the
notion that the APRE and Spl elements function coopera-
tively to mediate IL-6 induction.

We also examined the ability of Stat3 to transactivate con-
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structs containing multiple copies of the C/EBP8 APRE linked
to the TK promoter (Fig. 9C). In the presence of IL-6, Stat3
weakly stimulated the TK-Luc expression (twofold) but en-
hanced expression of (SAPRE),-TK-Luc and (3APRE),-TK-
Luc 7- and 14-fold, respectively. For comparison, (a,-m)4s-TK-
Luc expression was induced 12-fold. Thus, the C/EBP3 APRE
confers Stat3 responsiveness to a heterologous promoter.

Cytokine specificity of the C/EBPS promoter is governed by
the APRE. The data presented thus far show that IL-6 induc-
tion of the C/EBPS promoter involves Stat3 activation and
binding to the APRE. Another proinflammatory cytokine,
IFN-vy, was a poor activator of C/EBP3 expression but was a
more potent inducer of C/EBPB mRNA than IL-6 (Fig. 1A).
IFN-y activates Statl but not Stat3 (53) and also did not
stimulate expression from the (—127)-Luc construct (see be-
low). To determine whether this cytokine specificity was dic-
tated by the C/EBP3 APRE, we replaced the APRE sequence
with SBEs from the intercellular adhesion molecule (ICAM-1)
or C/EBPP genes. IFN-vy activates the ICAM-1 gene through
an interferon-responsive SBE that binds Statl (28). An SBE-
like sequence is also present in the promoter region of the
C/EBPB gene, at position —366. As shown in Fig. 10A, the
C/EBPB SBE probe generated three EMSA complexes with
nuclear extracts from IL-6-treated HepG2 cells (lane 2). An-
tibody supershift analysis (lanes 3 and 4) identified these as
Statl (fast complex) and Stat3 (slow complex) homodimers
and Statl-Stat3 heterodimers (intermediate complex). Thus,
the C/EBPB SBE binds both Stat1 and Stat3 protein complexes
in vitro.

The C/EBP3 APRE in (—127)-Luc was replaced by SBEs
from the C/EBPB and ICAM-1 genes (Fig. 10B) to generate
the constructs (—127)3-(C/EBPB)-Luc and (—127)3-(ICAM)-
Luc, respectively. These reporter genes were tested for induc-
ibility by IL-6 or IFN-y in Hep3B cells (Fig. 10C). The wild-
type (—127) promoter was activated by IL-6 (2.8-fold) but not
by IFN-vy (0.82-fold). The (—127)3-(C/EBPR) promoter exhib-
ited an increased response to IL-6 (4.4-fold) and was also
modestly activated by IFN-y (2.2-fold). The (—127)3-(ICAM)
promoter was more responsive to IL-6 (4.8-fold) than the wild-
type promoter. In addition, expression from this construct was
strongly activated by IFN-y (8.1-fold). These findings demon-
strate that the cytokine-specific response of the C/EBPS pro-
moter is determined by the APRE sequence, in particular its
selective interaction with Stat3.

DISCUSSION

C/EBP3S expression is typically lacking in normal cells and
tissues but can be induced by a variety of stimuli, including
stress and inflammatory signals. In this study, we have focused
on the mechanism by which IL-6 activates C/EBP3 gene ex-
pression in hepatocytes. We show that IL-6 induces Stat3 to
bind to an APRE-like sequence in the C/EBP3 promoter,
thereby upregulating hepatic expression of C/EBP3. The
C/EBPS protein can subsequently bind to C/EBP sites in target
AP genes and thus contribute to their transcriptional activation
(23, 36, 37). C/EBP3 is therefore a component of a regulatory
cascade that controls the synthesis of specific AP proteins in
the liver. Promoters of some AP genes, such as C-reactive
protein (50), may require both C/EBP and Stat proteins for
transcriptional activation. The extent to which other AP genes
are combinatorially regulated by these two classes of activators
remains to be established.

cis-regulatory sequences mediating induction by IL-6. IL-6
activation of the C/EBP% promoter involves sequences located
within the first 125 bp upstream of the transcription start site.
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FIG. 10. Replacement of the C/EBP3 APRE with SBEs from ICAM-1 or C/EBP renders the promoter responsive to IFN-y. (A) The C/EBPB promoter contains
an SBE that binds Statl and Stat3. A probe containing the putative SBE from the C/EBPB promoter and Statl- or a-Stat3-specific antibody (Ab) (lanes 3 and 4,
respectively) were added to nuclear extracts from control (lane 1) or IL-6 treated (lanes 2 to 4) HepG2 cells and the reactions analyzed by EMSA. Antibody supershift
species are indicated. (B) Comparison of SBE sequences from the C/EBPS, C/EBPB, and ICAM-1 promoters. Bases that differ from the C/EBP3 APRE sequence are
underlined. (C) IL-6 and IFN-vy responsiveness of SBE swap mutants. Constructs in which the C/EBP3 APRE was exchanged with SBEs from the C/EBPB or ICAM-1
genes were generated. These constructs and (—127)-Luc were cotransfected with pRSV B-gal into Hep3B cells and assayed for basal expression and IL-6 or IFN-y
inducibility. The values represent the average of three independent experiments. Relative basal expression was normalized to the (—127)-Luc level.

At least three regulatory sites are required for induced tran-
scription: an APRE centered at position —106 and a pair of
Spl sites at —117 and —53 bp, respectively. Point mutations in
the APRE effectively eliminated IL-6 responsiveness, and four
copies of the APRE conferred IL-6 inducibility to a heterolo-
gous promoter. Mutation of the Sp1(—117) site also eliminated
IL-6 induction, and inactivation of both Spl motifs or the
APRE and Sp1(—53) sites abolished transactivation by Stat3.
Thus, the function of the APRE is strongly dependent on
nearby Sp1 elements in the promoter. In accordance with these
findings, we found that Stat3 binds to the APRE and Spl
recognizes the adjacent Sp1 site.

Our data indicate that Sp1 proteins participate in transcrip-
tional synergism with Stat3 but do not promote its binding to
the C/EBPS promoter. It has been reported that Stat3 physi-
cally interacts with Sp1, as determined by coimmunoprecipita-
tion assays (28). Thus, transcriptional cooperativity between
Spl and Stat3 on the C/EBP8 promoter could involve contact
between these two proteins, perhaps eliciting conformational
changes that expose the activation domains of Stat3 and/or
Spl.

Cytokine specificity results from selective binding of Stat3
to the C/EBP3 APRE. The C/EBP3 APRE competed for bind-
ing of Stat3 to the a,-m APRE, and Stat3 but not Stat1 bound
to the C/EBP8 APRE in an IL-6-inducible manner. Stat3 also
transactivated the C/EBP3 promoter in response to IL-6,
whereas Statl did not exhibit this capability. These observa-
tions support the notion that Stat3 mediates the induction of
C/EBP3 expression in cells exposed to IL-6. Although it is
activated by IL-6 in hepatic cells, Statl apparently does not
functionally interact with the C/EBP3 APRE. This conclusion
is supported by our finding that IL-6, but not IFN-y (which
activates Statl), induces C/EBP? expression in two hepatoma
cell lines. We propose that the preferential binding of Stat3,
but not Statl, to the C/EBP3 promoter limits the spectrum of

cytokines and growth factors that can elicit C/EBPS expression
in hepatocytes.

What features of the C/EBP3 APRE determine its selective
interaction with Stat3? A comparison of SBE sequences from
C/EBP3, C/EBPB and several other Stat-regulated genes is
shown in Table 1. Stat sites contain a core palindromic TT-AA
motif, with a spacer of variable length between the TT and AA
dinucleotides. It was previously proposed that the spacer
length determines the specificity of Stat sites for the various
Stat proteins (43). Our studies show that replacing the C/EBP3
APRE with SBEs from either ICAM-1 or C/EBP enables the
promoter to respond to IFN-y, presumably due to the ability of
Statl to bind to the ICAM-1 (28) and C/EBPB SBEs. Analysis
of the sequences within the core palindromic TT-AA motif of
the C/EBPS and C/EBPB SBEs reveals a single base change in
the AA half-site, from CA in C/EBP3S to AA in C/EBPB (a
second difference in the C/EBPB sequence occurs 5’ to the
core palindrome [Fig. 10B]). The ICAM-1 SBE also features
AA in this position. These correlations suggest that the AA
dinucleotide is important in determining the ability to bind
Statl. In support of this idea, an SBE in the junB promoter also
contains a CA dinucleotide and was found to bind Stat3 but
not Statl, as demonstrated by antibody supershift analysis and
lack of a response of the promoter to IFN-y (12).

Table 1 shows that the hemopexin and c-fos genes also
contain SBEs that feature the CA dinucleotide in one half of
the palindrome. The hemopexin site binds an IL-6-induced
complex from HepG2 cells, although the selectivity of this site
for Stat3 has not been established. The c-Fos serum-inducible
element binds both Statl and Stat3, albeit with much lower
affinity than a mutant version of the site (m67) in which the C
has been converted to A. The ability of the wild-type sequence
to bind Statl is possibly due to the occurrence of an AA
dinucleotide immediately following the C residue. Alterna-
tively, sequence differences at other positions may contribute



2116 CANTWELL ET AL.

MoL. CELL. BIOL.

TABLE 1. Sequences and Stat binding properties of the C/EBP8 APRE and several known SBEs

Binding to:
Gene SBE* Reference(s)
Statl Stat3

Murine C/EBP3 TCGTT CCC AGA GCA - + This study
Rat C/EBPB TGT TT CCC ABA GTT + + This study
Rat a,-m GAATT CCC ABA GGA + + 17, 27
Human hemopexin TTT TT CCC GGR GGA ND ND 22
Rat «;-acid glycoprotein TTT TT CCC ABA GCC ND ND 49
Human haptoglobin CTT TT CCA GRA CAA ND ND 32
Human v-fibrinogen TTC TT CCA GRC ATG ND + 51
Human al-antichymotrypsin CTATT ACA @QAA AT ND ND 4
Human C-reactive protein CTC TT CCC BAG CTC ND + 50
Human LBP AGATT CCC AGG CAG ND + 41
Murine junB CGCTT CCT @CAGTG - + 12
Human c-fos CAGTT CCC GTA ATC + + 8
Human ICAM-1 GCTTT CCC GBA ACC + + 7,28

“ SBEs from a number of cytokine-inducible genes are shown in alignment with the C/EBP8 APRE. The sequences were aligned through the core palindromic TT-AA
motif (boldface). In cases where there is more than one possibility for the -AA motif, the alternative bases are boldface and underlined.
b Binding (+) or lack of binding (—) of each SBE to Statl and Stat3, as determined by use of specific antibodies in supershift assays. ND, not determined.

to the Stat binding specificity of the serum-inducible element.
However, our studies of the C/EBPS and C/EBPB SBEs sug-
gest that a single base in a critical position within the TT-AA
motif dictates specificity for Stat3 alone (CA) or both Stat1 and
Stat3 (AA) and, correspondingly, which cytokines are capable
of stimulating promoter activity. Thus, the C/EBP3 promoter is
designed to respond specifically to IL-6 but not to IFN-y.

We predict that other cytokines or growth factors that acti-
vate Stat3 will also induce C/EBP3S transcription. Indeed, gran-
ulocytic differentiation of the 32D c13 cell line in response to
granulocyte colony-stimulating factor (G-CSF) is associated
with increased C/EBP8 mRNA and protein expression (42).
Since activation of the G-CSF receptor stimulates Stat3 phos-
phorylation and DNA binding activity (46), we propose that
Stat3 contributes to the induction of C/EBPS gene transcrip-
tion in differentiating granulocytes. Because the C/EBPB and
C/EBPS Stat elements differ in their protein binding proper-
ties, transcription of C/EBPB may be regulated by distinct,
although partially overlapping, signals. The functional impor-
tance of the C/EBPRB SBE remains to be demonstrated and is
the subject of current investigation in our laboratory.

Multiple transcriptional regulatory elements in the C/EBPS
promoter. Our analysis has identified an APRE, two Spl1 sites,
and a CRE-like motif in the C/EBP8 proximal promoter re-
gion. To date we have not observed additional positive regu-
lation by sequences upstream of position —127, including a
construct containing 10 kb of 5 DNA. Therefore, most or all
of the relevant cis-regulatory signals that control basal and
IL-6-induced transcription lie within 125 bp of the transcrip-
tion start site. However, regulation by other inductive signals in
different cell types may involve upstream sequences or other
binding sites not identified in this study.

The CRE motif, which is located 8 bp 5" of the TATA box,
exhibits a five-of-eight-position match to a consensus CRE and
includes one perfect half-site (GTCA). This element is similar
to a pair of imperfect CREs recently identified in the C/EBPR
promoter that bind CREB and mediate basal promoter activ-
ity, as well as induction by the protein kinase A pathway (30).
Point mutations inserted into the C/EBP8 CRE did not dimin-
ish the ability of IL-6 to induce C/EBPS promoter activity (data
not shown), indicating that this element does not participate in
transcriptional regulation by IL-6. The neuropeptides vasoac-
tive intestinal peptide and pituitary adenylate cyclase-activat-

ing peptide, in addition to the hormone noradrenaline, induce
C/EBPS expression in cortical astrocytes (10). Since each of
these factors causes increased intracellular cyclic AMP levels,
it is reasonable to propose that the C/EBP3 CRE motif plays a
role in controlling C/EBPS induction in response to these sig-
nals.

The C/EBPS gene responds to a variety of extracellular
signals. For example, C/EBP3 mRNA levels in liver and several
other tissues increase dramatically in mice injected with LPS
(2). Primary macrophages also induce C/EBP3 expression in
response to LPS treatment (21). In addition, C/EBP3 expres-
sion is transiently activated during hormonally-induced differ-
entiation of 3T3-L1 preadipocytes (9) and in mammary epi-
thelial cells upon growth arrest elicited by serum withdrawal or
contact inhibition (33). In all cases in which it has been exam-
ined, induction occurs at the mRNA level, indicating that the
C/EBPS gene promoter is activated by diverse signaling path-
ways. The C/EBP% promoter constructs described here should
be useful in future studies to elucidate the regulatory mecha-
nisms underlying C/EBPS induction by these various physio-
logical signals.
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ADDENDUM IN PROOF

We note that Yamada et al. (J. Biochem. 121:731-738, 1997)
have also identified the APRE site in the C/EBP3 promoter as
an IL-6-inducible element that binds Stat3.
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