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The rat serine proteinase inhibitor 3 gene is activated by

interleukin 6 (IL-6) and glucocorticoids in hepatic cells. We

report here that a 147 bp promoter is sufficient for both IL-6

stimulation and glucocorticoid enhancement of IL-6 induced

transcription. Within this region we identified two functional

elements binding transcription factors from the C}EBP

(CCAAT}enhancer binding proteins) and Stat (signal trans-

ducers and activators of transcription) families. Mutations intro-

duced into the Stat binding site resulted in a loss of respon-

siveness, showing that this element is indispensable for activation.

In contrast, the promoter containing the mutated C}EBP binding

INTRODUCTION

Infection, injury or trauma of a tissue causes a series of complex

host reactions that lead to a return to normal function. During

this process, known as the acute-phase reaction, cytokines

released by different cell types transmit their signals to the

hepatocytes, triggering the induction of synthesis of so-called

acute-phase proteins (APP) [1,2], with interleukin-6 (IL-6),

interleukin-1 (IL-1) and glucocorticoids playing the central role

(reviewed in [1]).

The 5« flanking regions of many APP genes have been studied

in detail to identify regulatory elements mediating cytokine

induction. Two types of IL-6 response element (IL-6RE) can be

found in APP genes, the type I with the consensus sequence

T(T}G)NNGNAA(T}G) [3] and the type II with the consensus

sequence TT(C}A)CNG(G}T)AA [4,5]. The nuclear factors that

bind to the type I IL-6RE belong to the C}EBP (CCAAT}
enhancer binding proteins) family. The type II IL-6REs were first

identified in some of the APP genes (i.e. α
#
-macroglobulin,

fibrinogen) [4,6] and later found in several immediate-early genes

(junB, IRF-1, ICAM-1) [7,8]. The binding of two proteins was

demonstrated, with the first being described as the factor termed

IL-6 response element binding protein (IL-6REBP), which was

shown to bind to the rat α
#
-macroglobulin IL-6RE after IL-6

stimulation of various human cell lines [6]. This factor was

maximally induced 4 h after IL-6 treatment and required ongoing

protein synthesis. The acute-phase response factor (APRF) was

shown to bind transiently to the same element within minutes
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site was still responsive to IL-6 and glucocorticoids; however, the

magnitude of the induction was decreased by 50%. The Stat

binding element is an enhancer capable of conferring both

responsiveness to IL-6 and partial enhancement of gluco-

corticoids on to a heterologous promoter. In response to IL-6

this element rapidly binds acute-phase response factor (APRF}
Stat3) and, later, the protein(s) that require ongoing protein

synthesis and is recognized by anti-Stat3 antibodies. In addition,

long-term treatment with IL-6 results in sustained

phosphorylation of APRF}Stat3.

after IL-6 induction, and this activation occurred in the absence

of ongoing protein synthesis [5]. The latent APRF is rapidly

activated by phosphorylation at the tyrosine residue by the Janus

family of kinases (JAK) after IL-6, LIF, OSM, IL-11 and CNTF

binding to their complex receptors [9,10]. Recently, serine

phosphorylation was shown to be a requirement for formation of

APRF–promoter complexes [11,12]. The mouse and human

APRF}Stat3 have been cloned and found to be related to the

family of proteins referred as Stat(s) (signal transducers and

activators of transcription), which are activated by cytokines and

growth factors [13–16].

Three highly similar serine proteinase inhibitors (SPI-1, SPI-2

and SPI-3) (contrapsins) are synthesized in rat liver [17] but only

the expression of SPI-3 is strongly up-regulated during acute-

phase response [18]. In healthy rats the expression of the SPI-3

gene is barely detectable ; however, within 2 h after intra-

peritoneal injection of lipopolysaccharide the induction of SPI-3

mRNA can be observed. Moreover, the induction of SPI-3

expression could be observed as soon as 1 h after IL-6 stimulation

of cultured primary rat hepatocytes, and maximal levels of SPI-

3 mRNA were achieved 24 h later [19]. Therefore the SPI-3 gene

represents a potentially very interesting model system to study

induction by IL-6

The aim of this study was to show the contribution of Stat and

C}EBP binding elements in the induction of target promoter(s)

and to correlate the binding of induced factors with the activation

of gene expression in response to IL-6. We identify two elements

present in the promoter of SPI-3 gene binding transcription
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Figure 1 Northern blot analysis of SPI-3 mRNA in H-35 cells

H-35 cells were stimulated with IL-6 (50 ng/ml), IL-1 (10 ng/ml), phorbol 12-myristate 13-

acetate (100 ng/ml) and Dex (100 nM) for 18 h. RNA was isolated and analysed by Northern

blotting, with mouse contrapsin complementary DNA as a probe. The lower panel shows the

28 S rRNA stained with ethidium bromide on the membrane.

Figure 2 Effect of actinomycin D on the IL-6- and Dex-induced SPI-3 gene
expression

(A) H-35 cells were treated with IL-6 (50 ng/ml), Dex (100 nM) and (or) actinomycin D

(5 µg/ml). After the times indicated, RNA was isolated and subjected to Northern blot analysis.

(B) H-35 cells were prestimulated with 50 ng/ml IL-6, alone or with 100 nM Dex for 8 h, and

actinomycin D (5 µg/ml) was added. RNA was isolated at the indicated times and Northern blot

analysis was performed. The lower panels show the 28 S rRNA stained with ethidium bromide

on the membrane.

factors from the Stat and C}EBP families and showed that their

role is not equal. The Stat binding site is indispensable for SPI-

3 induction by IL-6. In contrast, the C}EBP binding site is not

necessary for this induction, but mutation of the site decreased

the induction by 50%. We also show that IL-6REBP is at least

antigenically related to APRF}Stat3 and that long-term treat-

ment of the cells with IL-6 results in sustained phosphorylation

of APRF}Stat3-related protein.

EXPERIMENTAL

Cell culture and stimulation

Primary rat hepatocytes were prepared by liver perfusion [20].

Human hepatoma HepG2 cells, rat hepatoma H-35 cells (a gift

from Dr. H. Baumann, Buffalo, NY, U.S.A.) and primary rat

hepatocytes were cultured in Dulbecco’s modified Eagle’s me-

dium (DMEM) supplemented with 10% (w}v) fetal calf serum

and antibiotics. Cells were stimulated with 50 ng}ml (10( units}
mg) hrIL-6 (a gift from Immunex, Seattle,WA, U.S.A.), 10 ng}ml

(10( units}mg) hrIL-1 (a gift of Dr. D. Schenk from Athena

Neurosciences Inc., San Francisco, CA, U.S.A.), 100 ng}ml

phorbol 12-myristate 13-acetate (Sigma) or 100 nM dexa-

methasone (Dex) (Sigma). Cycloheximide (10 µg}ml) was added

to the medium 1 h before IL-6 treatment.

RNA preparation and Northern blot analysis

Total RNA was prepared by using the phenol extraction method

[21,22] ; 5 µg samples of RNA were subjected to formaldehyde

gel electrophoresis by standard procedures [23] and transferred

to Hybond-N membranes (Amersham), according to the manu-

facturer’s instructions. The filters were prehybridized at 68 °C for

3 h in 10% (w}v) dextran sulphate, 1 M sodium chloride and

1% SDS, and hybridized in the same solution with comp-

lementary DNA fragments labelled by random priming [24].

After the hybridization, non-specifically bound radioactivity was

removed by washing in 2¬SSC at room temperature, followed

by two washes in 2¬SSC}1% (w}v) SDS at 68 °C for 20 min.

Synthetic oligonucleotides

The following oligonucleotides were used to obtain the 1021 bp

5« region of the SPI-3 gene: 5«-ATGATCTAGAAGTTCTTA-

GCATGGG-3« (®1027 to ®1001) and 5«-GTTGGGATCCCC-

AGTGCACAGGGAT-3« (3 to ®22). To obtain a deletion

mutant containing 147 bp of 5« region we used the following

PCR primer: 5«-AGAATCTAGAGACTATGAGTCCA-3«.
Mutants containing point mutations in the Stat3}APRF and

C}EBPβ recognition sequences were generated by PCR, using as

primers : 5«-CGACTCTAGAGACTATGAGTCCATGTTCG-

CTCAAATCA-3«, 5«-CAGCGAATTCTAAGAGGAGGGA-3«
and 5«-CTTAGAATTCGCTGGCATGGACAAG-3« respect-

ively. All oligonucleotides used for gel retardation assays were

designed to contain single-stranded 5« overhangs of four bases at

both ends after annealing. The following double-stranded oligo-

nucleotides were used as labelled probes or competitors in gel

retardation assays (top strands are shown): rat SPI-3 APRF}
Stat3 site, 5«-GATCTGTTCCCAGAAA-3« ; rat α

#
-macro-

globulin APRE core site [5], 5«-GATCCTTCTGGGAATTCC-

TA-3« ; human haemopexin A site [25], 5«-AGCTTATTTGCA-

GTGATGTAATCAGCA-3« and human C-reactive protein gene

promoter α site (CRPα) [26], 5«-AGCTTCATAGTGGGGA-

AACTCCCTTACTGA-3«.

Plasmid construction

A DNA fragment from the 5« flanking region of the SPI-3 gene

(®1021 to 3) was synthesized by PCR with oligonucleotides

described above as primers, Sprague–Dawley rat liver genomic

DNA as a template, and Vent
R

DNA Polymerase (NEB). Plasmid

ptkCAT∆EH (a gift of Dr. F. Horn, Aachen, Germany) is a

derivative of pBLCAT2 [27] from which the EcoO109I–HindIII

fragment (harbouring the cryptic enhancer) was deleted. The

plasmid pS3CAT(®1021) was obtained by insertion of the
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Figure 3 Localization of the IL-6 response region in the SPI-3 promoter

HepG2 cells (A) or primary rat hepatocytes (B) were transiently transfected with 5 µg of plasmid pS3CAT (®1021), pS3CAT∆1, pS3CAT∆2, pS3CAT∆3, pS3CAT∆4, pS3CAT∆7 or pS3CAT∆8

and 2 µg of β-galactosidase expression vector pCH110 as an internal control for transfection efficiency. One day after transfection, cells were stimulated with 50 ng/ml IL-6, alone or with 100 nM

Dex, cultured for another 24 h and harvested. CAT activities were normalized to β-galactosidase activities (c.p.m. per unit) and are means³S.E.M. for HepG2 cells (three to seven determinations) ;

a representative example is shown for primary rat hepatocytes.

XbaI}BamHI-digested PCR product into XbaI and BglII sites of

ptkCAT∆EH. Plasmids pS3CAT∆1, pS3CAT∆2, pS3CAT∆3

and pS3CAT∆4 containing 735 bp, 642 bp, 536 bp and 304 bp of

the 5« region of the SPI-3 gene were generated by exonuclease III

progressive digestion [28]. Plasmids pS3CAT∆7, containing

147 bp of 5« flanking region, pS3(mutStat3)CAT and pS3(mutC}
EBPβ)CAT analogous to the pS3CAT∆7 but with introduced

point mutations in the Stat3}APRF or C}EBPβ binding

elements, were generated by insertion of XbaI}BamHI-digested

PCR products into XbaI and BglII sites of ptkCAT∆EH. Plasmid

pS3CAT∆8 (containing 81 bp of the 5« region of the SPI-3 gene)

was obtained by insertion of an AluI–XhoI fragment from SPI-

3 promoter into BamHI}blunt and XhoI sites of ptkCAT∆EH.

Plasmids pStatCAT, pRStatCAT, p2xStatCAT, p3xStatCAT

and p4xStatCAT were generated by insertion of double-stranded

oligonucleotide(s) from SPI-3 promoter (®132 to ®124) with

BglII ends into the BamHI site of ptkCAT∆EH. All constructs

were sequenced on both strands. The plasmid containing mouse

contrapsin complementary DNA was kindly provided by Dr.

Hyogo Sinohara (Osaka, Japan) [29].

Transient transfections

HepG2 cells were grown to 30% confluency, whereas primary

rat hepatocyteswere cultured for 2 days and used for transfections

on the third day. Cells were transfected in DMEM supplemented

with 10% fetal calf serum by using calcium phosphate precipi-

tates [30], with 5 µg of plasmid DNA and 2 µg of internal control

plasmid pCH110 (Pharmacia). Cells were incubated with pre-

cipitate for 6 h and washed twice with PBS, and the media was

changed. One day after transfection, cells were stimulated, then

cultured for another 24 h and harvested. Protein extracts were

prepared by freeze–thawing [31], and protein concentration was

determined by the BCA method (Sigma). Chloramphenicol

acetyltransferase (CAT) and β-galactosidase assays were per-
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formed as described [32,33]. CAT activities were normalized to

the internal control β-galactosidase activity and are

means³S.E.M. for HepG2 cells (three to seven determinations).

A representative example of one out of at least three independent

transfections that gave reproducible hormonal effects is shown

for primary rat hepatocytes (see Figure 5A). A 2–3-fold variation

in measured CAT activities was observed for any given construct,

presumably reflecting differences between cell preparations.

Extract preparation and gel retardation assays

Nuclear and cytosolic extracts were prepared as described by

Shapiro et al. [34] as modified by Wegenka et al. [5]. Double-

stranded DNA fragments or oligonucleotides were labelled by

filling in 5« protruding ends with Klenow enzyme using [α-
$#P]dCTP (3000 Ci}mmol). Gel retardation assays were per-

formed according to published procedures [35,36] ; 2–5 µg of

nuclear extracts and approx. 10 fmol (10000 c.p.m.) of probe

were used.

Immunoprecipitation and immunoblotting

The polyclonal rabbit anti-mouse anti-Stat3c antiserum (directed

against C-terminus) and anti-Stat1 antiserum were kindly pro-

vided by Dr. J. E. Darnell, Jr. (The Rockefeller University, New

York, NY, U.S.A.), and the monoclonal anti-Stat3 antibodies

were from Transduction Laboratories (Lexington, KY, U.S.A.).

Lysis of the cells (native and denaturing conditions), immuno-

precipitations and Western blotting were performed according to

the protocols of Transduction Laboratories.

RESULTS

The 147 bp of the SPI-3 promoter is responsive and sufficient for
IL-6 and Dex stimulation

SPI-3 gene expression is strongly activated by IL-6 and Dex in

primary cultures of rat hepatocytes [19] and, as shown in Figure 1,

in H-35 cells. We stimulated rat H-35 cells with IL-6, Dex, IL-1

and phorbol 12-myristate 13-acetate and performed Northern

blot analysis. IL-6 was able to induce the production of SPI-3

mRNA. Treatment of the cells with a combination of IL-6 and

Dex led to the dramatic activation of SPI-3 expression. As shown

in Figure 2A, actinomycin D, a known inhibitor of transcription,

blocks the induction of the SPI-3 gene by IL-6 and Dex (or IL-

6 alone; results not shown). The half-life of IL-6-induced SPI-3

mRNA is at least 8 h, and treatment with Dex seems to have

some limited positive effect on the stabilization of SPI-3 mRNA

(Figure 2B). To identify the regulatory elements responsible for

this stimulation we amplified the 1021 bp of the 5« flanking

region of the SPI-3 gene by PCR, based on the published gene

sequence [37], cloned it into the reporter plasmid encoding the

bacterial CAT gene and transiently transfected HepG2 cells.

Figure 3 shows that transfected cells expressed barely detectable

levels of CAT, and treatment of these cells with IL-6 or a

combination of IL-6 and Dex resulted in a profound increase of

CAT activity, whereas Dex alone had no effect (results not

shown). Next we generated a series of 5« deletion mutants and

measured their activities in the transfection experiments. We

found that the construct containing 147 bp of the SPI-3 promoter

was responsive to IL-6 and Dex in the same manner as all of the

longer constructs (Figure 3). However, further truncation

abolished responsiveness to both IL-6 and Dex enhancement.

Because the enhancement by Dex was lower than observed on

the mRNA level, we transfected primary rat hepatocytes. Again,

it appeared that the 147 bp promoter is sufficient for IL-6

Figure 4 Gel retardation assay of H-35 cell nuclear extracts using
fragments derived from the SPI-3 promoter

H-35 cells were incubated with 50 ng/ml IL-6 for 15 minutes (A, D) or 50 ng/ml IL-6 and (or)

100 nM Dex for 24 h (B, C). Cells were harvested and nuclear extracts prepared. Nuclear

protein (1–5 µg) was incubated with 32P-labelled double-stranded fragments derived from the

SPI-3 promoter. As competitors, a 100-fold excess of each of the following unlabelled double-

stranded oligonucleotides was added to the binding reaction : rat α2-macroglobulin core site

(core), human haemopexin A site (HpxA) and C-reactive protein gene α site (CRPα). The

DNA–protein complexes formed were separated on a native 4% (w/v) polyacrylamide gel. After

drying, the gel was exposed to X-ray film. The arrow indicates protein binding to APRF/Stat3

element ; an asterisk marks the protein binding to the C/EBP elements.

responsiveness whereas the 81 bp promoter is not. Furthermore

the Dex enhancement was similar to that observed on the mRNA

level.

Identification of IL-6REs in the promoter of the SPI-3 gene

Next we addressed the question of which elements are responsible

for this induction. Nuclear extracts were prepared from H-35

cells treated with IL-6 or Dex, or both factors together for short

(15 min) and long (12–24 h) time periods (optimal for activation

of Stat proteins IL-6REBP andC}EBP respectively) and analysed

by gel retardation assays using various fragments of SPI-3

promoter. Using (®147 to ®3) and (®147 to ®43) fragments as

probes we observed strong constitutive binding and a weaker

IL-6-induced band (Figure 4A, and results not shown) whereas

the (®43 to ®3) fragment did not produced any retarded bands

(results not shown). Shorter fragments were used in gel re-

tardation assays, and this analysis showed that the fragment
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Figure 5 Effect of point mutations in the APRF/Stat3 and C/EBP elements

Point mutations (indicated by stars) were introduced into the SPI-3 APRF/Stat3 (B) or C/EBPβ elements (C). (A) HepG2 cells or primary rat hepatocytes were transiently transfected with 5 µg

of plasmid pS3CAT∆7, pS3(mutStat3)CAT or pS3(mutC/EBPβ)CAT and 2 µg of plasmid pCH110 as described in the legend to Figure 3. Cells were stimulated with 50 ng/ml IL-6 or (and) 100 nM

Dex, and lysates were prepared 24 h later. CAT activities were normalized to β-galactosidase activities (c.p.m. per unit) and are means³S.E.M. for HepG2 cells (three determinations) ; a

representative example is shown for primary rat hepatocytes. (D) H-35 cells were incubated with 50 ng/ml IL-6 and 100 nM Dex for 24 h, harvested and nuclear extracts were prepared. Nuclear

protein (2 µg) was incubated with the 32P-labelled (®147 to ®102) fragment derived from the SPI-3 promoter containing the mutated APRF/Stat3 element. As competitor, a 100-fold excess

of unlabelled double-stranded oligonucleotide containing the human haemopexin A site (HpxA) was added to the binding reaction. The DNA–protein complexes formed were separated on a native

4% polyacrylamide gel. After drying, the gel was exposed to X-ray film. An asterisk indicates binding of a C/EBP protein.

(®147 to ®102) was bound by the IL-6 induced protein, with

the latter also binding to a double-stranded oligonucleotide

covering the sequence ®124 to ®132 (Figures 4A and 4D). In

contrast, the (®102 to ®43) fragment was bound by a protein

induced by Dex treatment of the cells and not by IL-6. This

binding was competed for by a human haemopexin A site

oligonucleotide containing the binding site for C}EBP proteins

(Figure 4B). The (® 124 to ®132) element possesses one

mismatch to the consensus sequence of APRF}Stat3 and two

mismatches to the consensus sequence of C}EBPβ. To identify

the IL-6 induced protein we performed competition gel re-

tardation assays. The binding of IL-6-induced protein to the

oligonucleotide probe (®124 to ®132) or DNA fragment (®147

to ®102) was competed for by a ‘core’ oligonucleotide con-

taining the APRF}Stat3 binding site but not by oligonucleotides

containing the C}EBP binding site (HpxA and CRPα) (Figures

4C and 4D). A strong IL-6-induced binding was observed 15 min

after IL-6 treatment of cells, in contrast with much weaker

binding after 12–24 h (Figures 4A and 4C, and results not

shown). Additionally the (®147 to ®102) fragment was bound

by a Dex- (or Dex and IL-6)-induced protein and this binding

was competed for by an HpxA oligonucleotide.

Functional analysis of APRF/Stat3 and C/EBP binding elements

To evaluate the contribution of both elements in the IL-6- and

Dex-induced response of the SPI-3 gene we introduced point

mutations. The mutation introduced into the (®132 to ®124)

element did not change the consensus for the possible C}EBPβ

binding site but destroyed the binding site for APRF}Stat3

(Figure 5B). As shown in Figure 5D, the IL-6 induced protein

was no longer able to bind to the mutated site, whereas binding

of a C}EBP protein was not influenced (compare with Figure 4C,

where the same nuclear extract was used). Figure 5A shows that

this mutation resulted in a total loss of responsiveness to IL-6

and Dex. In contrast, mutation of the (®58 to ®66) element

(Figure 5C) binding C}EBP did not abolish the responsiveness to
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Figure 6 The APRF/Stat3 element confers responsiveness to IL-6 and enhancement to Dex on to the tk promoter

(A) APRF/Stat3 binding element(s) (®132 to ®124) was (were) cloned on the front of the tk promoter. HepG2 cells were transfected with 5 µg of obtained plasmids and 2 µg of plasmid pCH110

as described in the legend to Figure 3. Cells were stimulated with 50 ng/ml IL-6 or (and) 100 nM Dex, and lysates were prepared 24 h later. CAT activities were normalized to β-galactosidase

activities (c.p.m. per unit) and are means³S.E.M. (three determinations). (B) H-35 cells were incubated with 50 ng/ml IL-6 or 50 ng/ml IL-6 and 100 nM Dex for 24 h and harvested, and nuclear

extracts were prepared. Nuclear protein (5 µg) was incubated with the 32P-labelled rat SPI-3 APRF/Stat3 double-stranded oligonucleotide. The DNA–protein complexes formed were separated on

a native 4% polyacrylamide gel. After drying, the gel was exposed to X-ray film. The arrow indicates protein binding to APRF/Stat3 element.

IL-6 alone or together with Dex but resulted in a decrease by

approx. 50% of the transcription of the CAT gene. To show that

the APRF}Stat3 element is a real IL-6-responsive enhancer we

inserted several copies of this element in the front of the thymidine

kinase promoter linked to the CAT gene. Figure 6A shows that

insertion of the SPI-3 APRF}Stat3 element resulted in a 10-fold

higher basal transcription of the CAT gene. Moreover, this

element was able to confer responsiveness to IL-6 and partial

enhancement to Dex, which was more evident when using its

multiple copies. The amount of the IL-6-induced protein binding

to this element was slightly higher when cells were additionally

treated with Dex (Figure 6B).

APRF/Stat3 and IL-6REBP

APRF}Stat3 and IL-6REBP have been described as binding to

rat ‘core’ element from the α
#
-macroglobulin promoter. To

determine whether the APRF}Stat3 element from the SPI-3 gene

binds both proteins we performed gel retardation assays on

extracts from HepG2 cells. We observed very strong binding

15 min after IL-6 treatment, which gradually decreased up to 2 h

after IL-6 stimulation. The first increase in binding was followed

by a weaker peak at about 4–8 h (results not shown). Next we

addressed the question of whether the observed binding requires

ongoing protein synthesis. We pretreated HepG2 and H-35 cells

with 10 µg}mlof cycloheximide for 1 h to inhibit protein synthesis

and then stimulated the cells with IL-6. As shown in Figure 7A,

cycloheximide did not prevent the rapid appearance of the IL-6-

induced band, but the long-term IL-6-induced binding was

inhibited. Moreover, cycloheximide was unable to inhibit in-

duction of the SPI-3 gene by IL-6 when measured after 2.5 h

(although the magnitude of this induction was decreased by

approx. 50%) but totally inhibited this activation after 10 h

(Figure 7B), and this correlates with the results from the binding

experiments. We then preincubated nuclear extracts with either

anti-Stat3c or anti-Stat1 antiserum (both 1:400) and subjected

them to the gel retardation assay. The results obtained are shown

in Figure 8. As expected, the protein binding 15 min after IL-6

treatment was recognized by anti-Stat3c antibodies but not by a

preimmune serum. The anti-Stat1 antibodies produced a weak,

retarded band but the major part of the IL-6-induced band was

not retarded. The protein (IL-6REBP), which binds later to the

same element, was also specifically recognized by the anti-Stat3c

antibody. In all our experiments we observed a weak, constitutive

binding in the extracts from control cells. The protein present in

these extracts was recognized by anti-Stat3c antibody as well.

These results suggest that IL-6REBP is at least antigenically

related to APRF}Stat3. Because APRF}Stat3 is phosphorylated

at a tyrosine residue we prepared cell lysates from HepG2 cells

treated with IL-6 for 15 min and 12 h, immunoprecipitated the

proteins with the anti-Stat3c antibody and analysed them in

immunoblot experiments. As expected, with anti-

phosphotyrosine antibody we observed a strong band,

representing the tyrosine-phosphorylated APRF}Stat3, 15 min

after IL-6 treatment of the cells. Hardly detectable bands were

observed when using extracts from control cells and cells treated

with IL-6 for 12 h (Figure 9). When the blot was probed for

APRF}Stat3 we noticed one additional weaker band present in

the lysates from control cells but not in the lysates from IL-6-

treated cells. This band, which migrated slower than the APRF}
Stat3 band (molecular mass approx. 91 kDa), was identified as

p91}Stat1 while probing for this protein (Figure 9). The simplest

explanation would be that the anti-Stat3c antibodies recognize

p91}Stat1 ; however, after IL-6 treatment p91}Stat1 is

phosphorylated and forms homodimers [9,10] that can no longer

be recognized by these antibodies. To detect very low levels of

phosphorylated APRF}Stat3 we lysed the IL-6 treated cells

under denaturing conditions, immunoprecipitated proteins with

antiphosphotyrosine antibodies and analysed them in immuno-

blot experiments with antiphosphotyrosine and monoclonal anti-

Stat3 antibodies. This analysis clearly shows (Figure 9B) that

control cells already contain very low levels of phosphorylated

APRF}Stat3. Stimulation of the cells with IL-6 for 15 min

resulted in a profound increase of phosphorylated APRF}Stat3.
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Figure 7 Effect of cycloheximide on IL-6-induced binding to APRF/Stat3
element from the SPI-3 gene and IL-6-induced transcription of the SPI-3
gene

HepG2 or H-35 cells were preincubated with 10 µg/ml of cycloheximide for 1 h where indicated

(CHX). Then 50 ng/ml IL-6 was added to the medium. After the times indicated, nuclear extracts

were prepared and RNA was isolated. (A) Gel retardation assays performed as described in the

legend to Figure 4, using 5 µg of nuclear protein and 32P-labelled double-stranded rat SPI-3

APRF/Stat3 oligonucleotide probe. The arrow indicates the IL-6-induced protein(s). Gels were

exposed for 12, 48 and 12 h respectively. (B) Northern blot analysis of SPI-3 mRNA. The lower

panel shows the 28 S rRNA stained with ethidium bromide on the membrane.

Finally, treatment of cells with IL-6 for 12 h evidently resulted in

an increase of the phosphorylated APRF}Stat3 in comparison

with control cells.

DISCUSSION

Cis-acting elements regulating the expression of SPI-3 gene

The SPI-3 gene is not expressed in control rats but is strongly

activated during inflammation [17], with IL-6 and glucocorticoids

as major activators [19]. Several regulatory elements located 5«
from the 147 bp promoter were suggested to be involved in the

regulation of the SPI-3 gene [38]. We clearly show that such

sequences are not involved in the IL-6-induced stimulation of the

SPI-3 gene because the 147 bp SPI-3 promoter in which these

were deleted was fully responsive to IL-6 (Figure 3). Within

147 bp of the SPI-3 promoter, we identified two new elements

(Stat and C}EBP) that bind both constitutive and IL-6-induced

proteins. Finally, we have shown the function of Stat and C}EBP

elements in the SPI-3 promoter. The C}EBP element seems to

enhance the response to IL-6 and Dex but is not necessary for

this activation. In contrast, the Stat element plays a crucial role

in the IL-6 induction, whereas the promoter with the mutated

site does not function (Figure 5). The same binding site is

Figure 8 APRF/Stat3 and IL-6REBP are recognized by anti-Stat3c antibody

HepG2 cells were stimulated with 50 ng/ml IL-6 and nuclear extracts were prepared. Nuclear

proteins (5 µg) were incubated in the gel retardation assay cocktail with the rat preimmune

serum (PRE), anti-Stat1 antiserum or anti-Stat3c antiserum for 30 min (1 : 400 dilution). Binding

to the SPI-3 APRF/Stat3 site was then analysed by gel retardation assay. Nuclear extracts were

prepared 15 min (A) and 12 h (B) after IL-6 treatment of the cells. Autoradiograms were

exposed for 12 h (A) and 48 h (B).

indispensable for the activation of SPI-3 gene by interferon-γ

[39].

Proteins binding to the SPI-3 promoter

Using competitors we showed binding of factors of the C}EBP

family to the (®58 to ®66) element. On the other hand, the

(®124 to ®132) element formed complexes with the factors of

the Stat and C}EBP families. These data are in part contrary to

the observations of others describing binding only of a factor

from the C}EBP family to the sequence overlapping the Stat

binding site, but Rossi et al. were unable to show any difference

in the binding of nuclear proteins from the extracts prepared

from control and inflamed animals [38]. However, in �i�o, this

binding (if it occurs) seems not to be involved in IL-6-induced

transcription because the mutation in the APRF}Stat3 element

that did not influence the binding of C}EBP protein resulted in

unresponsiveness to IL-6. Thus after IL-6 stimulation this site is

normally occupied by the factors from the Stat family.

Effect of glucocorticoids on IL-6-induced expression of SPI-3 gene

Glucocorticoids were shown to stimulate directly the expression

of several APP genes and enhance the effect of IL-6 and IL-1 type

cytokines. The observed effect of glucocorticoids could be

explained by several possible sites of their action, i.e. the up-

regulation of the 80 kDa IL-6 receptor, the induction of C}EBPβ,

the binding of glucocorticoid receptors to the 5« flanking

sequences or the stabilization of the mRNA of APP genes. The

enhancement of IL-6-induced activation of the SPI-3 gene

probably involves several mechanisms. First, treatment of the H-

35 cells with Dex resulted in an increase of binding (approx. 5-
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Figure 9 Immunoblot analysis of IL-6-treated HepG2 cells

HepG2 cells were treated with 50 ng/ml IL-6 for the times indicated. (A) Cells were lysed under

native conditions and proteins were immunoprecipitated from lysates with anti-Stat3c antibodies.

The immune complexes formed were separated by SDS/PAGE (7.5% gel) and electroblotted to

nitrocellulose membrane. Blots were probed with anti-phosphotyrosine monoclonal antibodies

4G10 (1 : 1000). The blot was stripped of the 4G10 antibodies and probed with anti-Stat3c

(1 : 2000). It was stripped again and probed with anti-Stat1α (p91) antibodies (1 : 1000). (B)

Cells were lysed under denaturing conditions and proteins were immunoprecipitated from

lysates with anti-phosphotyrosine antibodies 4G10. The immune complexes formed were

separated by SDS/PAGE (7.5% gel) and electroblotted to nitrocellulose membrane. Blots were

probed with 4G10 antibodies (1 : 1000). The blot was stripped of the 4G10 antibody and probed

with monoclonal anti-Stat3 (1 : 250). The positions of molecular mass markers (kDa) are

indicated on the left.

fold) to the localized C}EBP element (Figure 4B). The induction

of C}EBPβ mRNA in H-35 cells by Dex was reported [3], and the

observed 3–5-fold increase supports our finding. However, this

mechanism seems to play only a very limited role because point

mutations introduced into C}EBPβ binding element did not

result in a loss of enhancement (Figure 5A). Secondly, some

stabilization of SPI-3 mRNA can be seen after Dex stimulation,

but this effect cannot explain the difference between the amount

of SPI-3 mRNA present after stimulation with IL-6 and Dex in

comparison with IL-6 alone when measured after 8 h (Figure 2B,

lanes 1 and 5). Thirdly, two or more copies of the Stat binding

element confer partial enhancement of Dex onto the tk promoter

and we observed somewhat higher levels of IL-6-induced protein

in the H-35 cells treated with Dex for 24 h (Figure 6). Thus an

additional site of glucocorticoid action could be the IL-6-induced

protein binding to the APRF}Stat3 element. Recently it was

suggested [40] that the binding site for the glucocorticoid receptor

was present in the SPI-2 gene at (®88 to ®74), but this region

in the SPI-3 gene differs by two nucleotides.A different magnitude

of enhancement of Dex in transient transfection experiments

when using HepG2 cells in contrast with rat hepatocytes seems

to be the feature of this human cell line. Such a different

magnitude of induction was reported for HepG2 and H-35 cells

by others [41].

APRF/Stat3 and IL-6REBP

APRF}Stat3 and IL-6REBP were described as proteins binding

to the ‘core’ element from the rat α
#
M promoter. In the supershift

experiments we showed that both proteins were recognized by

the anti-Stat3c antibodies. Thus it seems that IL-6REBP contains

the protein, which is at least antigenically related to Stat3 (Figure

8). Additionally, we show that long-term treatment of cells with

IL-6 leads to a sustained increase in the amount of

phosphorylated APRF}Stat3 (Figure 9B), and APRF}Stat3 is

the only band recognized by anti-Stat3c antibodies when

immunoblots are performed (Figure 9A). These observations

and the data from the experiments with cycloheximide imply that

it is very likely that IL-6REBP contains a newly synthesized

APRF}Stat3, which is probably indispensable for sustained

transcription of IL-6-induced genes. The 5-fold increase in

APRF}Stat3 mRNA in the mouse liver 3 h after injection of IL-

6 has already been reported [13]. However, the final answer on

whether APRF}Stat3 and IL-6REBP are the same or different

proteins requires the sequencing of the latter.

Recently, there has been growing evidence suggesting that

many cytokines and growth factors rapidly activate members of

a family of Stat proteins (reviewed in [14]). Although Stat1 is

immediately activated in response to interferon-γ, binding of

Stat1 to target sequences decreases within hours. Similarly,

APRF}Stat3 is activated within minutes, but after 1 h the binding

was reported to be only slightly higher then before activation [5].

On the other hand, the interferon-γ- and IL-6-induced tran-

scription of many genes continues for much longer. The present

experiments were performed in an attempt to characterize the

contribution of Stat- and C}EBP-binding elements to the ac-

tivation of the SPI-3 promoter and to correlate the binding of

induced factors to these elements with the observed trans-

criptional activity. The Stat element is indispensable for IL-6

activation, whereas the C}EBP element merely enhances this

activation. The immediate activation of latent APRF}Stat3 in

response to IL-6 seems to correlate with the rapid induction of

the SPI-3 gene, and the sustained transcriptional activity might

be the result of binding of IL-6-induced protein, which most

probably contains a newly synthesized APRF}Stat3.

We thank Ceci Land for excellent cell culture and Joanna Cichy and Edward Korzus
for critical reading of the manuscript. This work was supported by research grants
from the National Institute of Health nos. HL26148 and HL37090 to J. T. and grant
PB 0851/P2/93/05 from the Committee of Scientific Research (KBN, Warsaw,
Poland) to T.K.

REFERENCES

1 Baumann, H. and Gauldie, J. (1994) Immunol. Today 15, 74–80

2 Koj, A. (1985) in The Acute Phase Response to Injury and Infection (Gordon, A. H.

and Koj, A., eds.), pp. 139–144, Elsevier, Amsterdam

3 Baumann, H., Morella, K. K., Campos, S. P., Cao, Z. and Jahreis, G. P. (1992)

J. Biol. Chem. 267, 19744–19751

4 Fowlkes, D. M., Mullis, N. T., Comeau, C. M. and Crabtree, G. R. (1984) Proc. Natl.

Acad. Sci. U.S.A. 81, 2313–2316

5 Wegenka, U. M., Buschmann, J., Lutticken, C., Heinrich, P. C. and Horn, F. (1993)

Mol. Cell. Biol. 13, 276–288

6 Hocke, M., Barry, D. and Fey, G. (1992) Mol. Cell. Biol. 12, 2282–2294

7 Abdollahi, A., Lord, K. A., Hoffman-Liebermann, B. and Liebermann, D. A. (1991)

Cell Growth Differ. 2, 401–407

8 Harroch, S., Revel, M. and Chebath, J. (1994) EMBO J. 13, 1942–1949

9 Lutticken, C., Wegenka, U. M., Yuan, J., Bushmann, J., Schindler, C., Ziemecki, A.,

Harpur, A. G., Wilks, A. F., Yasukawa, K., Taga, T., Kishimoto, T., Barbieri, G.,

Pellegrini, S., Sendtner, M., Heinrich, P.C. and Horn, F. (1994) Science 263, 89–92



1027Stat and C/EBP control the SPI-3 gene expression

10 Stahl, N., Boulton, T. G., Farruggella, T., Ip, N. Y., Davis, S., Witthuhn, B. A., Quelle,

F. W., Silvennoinen, O., Barbieri, G., Pellegrini, S., Ihle, J. N. and Yancopoulos, G. D.

(1994) Science 263, 92–95

11 Lutticken, C., Coffer, P., Yuan, J., Schwartz, C., Caldenhoven, E., Schindler, C.,

Kruijer, W., Heinrich, P. C. and Horn, F. (1995) FEBS Lett. 360, 137–143

12 Zhang, X., Blenis, J., Li, H.-C., Schindler, C. and Chen-Kiang, S. (1995) Science 267,
1990–1994

13 Akira, S., Nishio, Y., Inoue, M., Wang, X.-J., Wei, S., Matsusaka, T., Yoshida, K.,

Sudo, T., Naruto, M. and Kishimoto, T. (1994) Cell 77, 63–71

14 Darnell, J.E, Jr., Kerr, I. M. and Star, G. R. (1994) Science 264, 1415–1421

15 Zhong, Z., Wen, Z. and Darnell, J. E., Jr. (1994) Science 264, 95–98

16 Zhong, Z., Wen, Z. and Darnell, J. E., Jr. (1994) Proc. Natl. Acad. Sci. U.S.A. 91,
4806–4810

17 Hill, R. E. and Hastie, N. D. (1987) Nature (London) 326, 96–99

18 Baumann, H., Hill, R. E., Sauder, D. N. and Jahreis, G. P. (1986) J. Cell. Biol. 102,
370–383

19 Kordula, T., Bugno, M., Lason, W., Przewlocki, R. and Koj, A. (1994) Biochem.

Biophys. Res. Commun. 201, 222–227

20 Bischoff, E., Wilkening, J., Tran-Thi, T.-A. and Decker, K. (1976) Eur. J. Biochem. 62,
279–283

21 Rose-John, S., Dietrich, A. and Marks, F. (1988) Gene 74, 465–471

22 Scherrer, K. and Darnell, J. E. (1962) Biochem. Biophys. Res. Commun. 7, 486–490

23 Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989) Molecular Cloning ; A Laboratory

Manual, 2nd edn., Cold Spring Harbor Laboratory, Cold Spring Harbor, NY

24 Feinberg, A. P. and Vogelstein, B. (1983) Anal. Biochem. 132, 6–13

Received 13 July 1995/19 September 1995 ; accepted 29 September 1995

25 Poli, V., Mancini, F. P. and Cortese, R. (1990) Cell 63, 643–653

26 Ganter, U., Arcone, R., Toniatti, C., Morrone, G. and Ciliberto, G. (1989) EMBO J. 8,
3773–3779

27 Luckow, B. and Schutz, G. (1987) Nucleic Acids Res. 15, 5490

28 Henikoff, S. (1990) Nucleic Acids Res. 18, 2961–2966

29 Suzuki, Y., Yamamoto, K. and Sinohara, H. (1990) J. Biochem. (Tokyo) 108,
344–346

30 Mellon, P. L., Parker, V., Gluzman, Y. and Maniatis, T. (1981) Cell 27, 279–288

31 Gorman, C. (1985) in DNA Cloning : A Practical Approach (Glover, D. ed.), pp.

143–190, IRL Press, Oxford

32 Delegeane, A. M., Ferland, L. H. and Mellon, P. L. (1987) Mol. Cell. Biol. 7,
3994–4002

33 Seed, B. and Sheen, J. (1988) Gene 67, 271–277

34 Shapiro, D. J., Sharp, P. A., Wahli, W. W. and Keller, M. J. (1988) DNA 7, 47–55

35 Fried, M. and Crothers, D. M. (1981) Nucleic Acids Res. 9, 6505–6525

36 Sawadago, M., van Dyke, M. W., Gregor, P. D. and Roeder, R. G. (1988) J. Biol.

Chem. 263, 11985–11993

37 Pages, G., Rouayrenc, J. F., Rossi, V., Le Cam, G., Mariller, M., Szpirer, J., Szpirer,

C., Levan, G. and Le Cam, A. (1990) Gene 94, 273–282

38 Rossi, V., Rouayrenc, J. F., Paquereau, L., Vilarem, M. J. and Le Cam, A. (1992)

Nucleic Acids Res. 20, 1061–1068

39 Kordula, T. and Travis, J. (1995) Biochem J. 308, 63–67

40 Le Cam, A., Pantescu, V., Paquereau, L., Legraverend, C., Fauconnier, G. and Asins,

G. (1994) J. Biol. Chem. 269, 21632–21539

41 Immenschuh, S., Nagae, Y., Satoh, H., Baumann, H. and Muller-Eberhard, U. (1994)

J. Biol. Chem. 269, 12654–12661


