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FIG. 6. Demonstration that phorbol ester mimics cytokine acti-
vation of transcription via the APRE. (A) Phorbol ester activation of
angiotensinogen promoter-luciferase reporter constructs containing
one, two, and four copies of APRE oligonucleotide cassettes.
Transfected HepG2 cells were stimulated for 4 h in the presence of
40 nM TPA. Luciferase activities was normalized to placental
alkaline phosphatase activity from a cotransfected pSV2PAP plas-
mid. (B) EMSA of APRE probe with nuclear extract prepared from
TPA (40 nM)-stimulated HepG2 cells.

driven by X4APREp59RLG and a lesser induction of con-

structs containing fewer copies of APRE (Fig. 6A). The
promoter alone was not induced by TPA. Of note, the
internal control used in all of our transfection assays,

pSV2PAP, which contains the complete simian virus 40
enhancer, was unresponsive to TPA stimulation; this result
conflicts with the reported responsiveness of this enhancer
to TPA in HepG2 cells (23). Since the reported TPA respon-

siveness was not seen in all hepatoma cell lines (being absent
in Hep3B cells [23]), we speculate that our HepG2 cells,
originally obtained from the American Type Culture Collec-
tion but since serially passaged in our laboratory for over 50
passages, may have acquired a phenotype different from that
of cells used by Imbra and Karin (23).

Cytokine induction of BPi does not depend on new protein
synthesis. The appearance of nuclear NFKB-binding activity
in response to inducers proceeds in the absence of new

protein synthesis (39). We therefore tested whether cyto-
kines could induce the appearance of BPi activity in HepG2
nuclei in the presence of concentrations of cycloheximide
inhibitory to new protein synthesis. IL-1 induced an APRE-
binding factor with a mobility expected of BPi in the pres-

ence of cycloheximide (Fig. 7B). Competition experiments
demonstrated that the induced complex could be competed
for by both unlabeled KBE and APRE; the bands visible
above and below BPi corresponded to BPc, since they were

competed for by unlabeled APRE but not unlabeled KBE.
By treating HepG2 cells transfected with X4APREp59

RLG with IL-1 in the presence of 10 ,ug of cycloheximide per
ml for 2 h and then washing the cells free of inhibitor and
stimulator and allowing reporter expression to proceed for
another 2 h, we could assay for reporter activation by an
event occurring in the absence of new protein synthesis.
Luciferase activity, after IL-1 treatment in the presence of
cycloheximide, was superinduced to levels higher than in
cells similarly treated in the absence of cycloheximide (Fig.
7A), thus demonstrating that the activation event did not
depend on early new protein synthesis. As a control for the
adequacy of protein synthesis inhibition, we demonstrated
that failure to wash the cells free of cycloheximide led to a
total lack of activation. Similar results were obtained in H35
cells stably transformed with a cytokine-responsive reporter
construct, p615RLG (data not shown).
To confirm that the increase in reporter activity induced

by IL-1 in the presence of cycloheximide resulted from an
increase in abundance of specific transcripts, we performed
primer extension analysis of luciferase mRNA, using
poly(A)+ RNA obtained from HepG2 cells transfected with
X4APREp59RLG. A 4-h treatment with IL-1 (100 U/ml) in
the presence of cycloheximide (10 ,ug/ml) led to a marked
increase in correctly initiated transcripts (Fig. 7C, lane 3)
compared with results for cells treated with cycloheximide
alone (lane 2) or untreated cells (lane 1). Transcripts initiat-
ing from the simian virus 40 early early gene promoter of
cotransfected pSV2PAP did not change with treatment,
serving as an internal control for transfection efficiency and
RNA recovery.

DISCUSSION

We have identified, by directed mutagenesis, a cis-acting
DNA element essential for cytokine-induced transcription of
the rAT gene in liver cells. This element, termed the rAT
APRE, when fused in cis to a nonreactive promoter, is
capable of conferring cytokine responsiveness to a reporter
gene. LPS-stimulated monocyte conditioned medium, a
source of IL-1 and TNF, as well as highly purified prepara-
tions of the recombinant bacterially expressed cytokines
elicited similar responses, suggesting that signal transduc-
tion pathways responsive to both cytokines can converge on
the same cis element. An identical situation has been de-
scribed for these two cytokines in inducing transcription via
a common element in the HIV long terminal repeat (34).
Comparison of the nucleotide sequence of the HIV response
element with that of the rAT APRE shows a high degree of
sequence similarity. Furthermore, these IL-1 and TNF re-
sponse elements are extensively similar in sequence to the
NFKB-binding site present in the mouse KBE (38) and to
other inducible sites in the beta interferon gene (27), the IL-2
receptor alpha gene (29), and to a phorbol ester responsive
element in the human SAA gene (19), a known hepatic
acute-phase response gene. Our positive assignment of a role
for such a cis element in a cell culture model of the rAT
hepatic acute-phase response supports a similar role for the
SAA gene NFKB-binding site as suggested by Edbrooke et
al. (19) and is in keeping with the hypothesized pleiotropic
nature of NFKB as a mediator of intracellular signal trans-
duction (27).

Binding studies identified two distinct liver nuclear pro-
teins that can bind to the APRE: one constitutively present
(BPc) and one inducible by the same stimuli that activate
transcription through the rAT APRE (BPi). Competition
experiments reveal that the inducible factor also recognizes
the murine kappa light-chain gene NFKB-binding site with
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FIG. 7. Demonstration that activation of transcription mediated via the APRE occurs by a posttranslational mechanism. (A) Activation
of X4APREp59RLG by IL-1 in the presence of cycloheximide. Transfected cells were stimulated with IL-1 (100 U/ml) in the presence of
cycloheximide (10 jig/ml) for 2 h, washed free of cycloheximide, and allowed to resume protein synthesis for 2 h in the absence of IL-1 before
harvest. (B) EMSA of an APRE probe with HepG2 nuclear extracts from control cells (lane 1) and cells incubated with cycloheximide (10
,ug/ml) for 4 h in the absence (lane 2) or presence (lanes 3 to 5) of IL-1 (100 U/ml). In lanes 4 and 5, 100-fold molar excesses of unlabeled APRE
and KBE, respectively, were included in the binding assay. (C) Primer extension analysis of poly(A)+ RNA from HepG2 cells transfected with
X4APREp59RLG and cultured for 4 h in the presence of both cycloheximide and IL-1 (lane 3), cycloheximide alone (lane 2), or neither (lane
1). Indicated on the left are positions of the correctly initiated reporter construct transcript (rAT) and transcripts initiated from the
cotransfected pSV2PAP plasmid (SV40 EE).

similar affinity. Moreover, methylation interference analysis
of the contact points made by BPi shows that methylation of
guanine residues in the rAT gene homologous to those
whose methylation is known to interfere with NFKB binding
to its cognate site in the KBE (38) interferes with BPi binding,
lending further support to the notion that cytokines can
induce, in liver cells, a transcriptional activator protein
similar to NFKB. UV cross-linking identifies a 50-kDa induc-

ible protein in HepG2 cells that binds to both the APRE and
murine NFKB-binding sites. This protein is therefore similar
in size to purified NFKB from human Namalwa cells as
reported by Kawakami et al., 51 kDa (25), and within the
range of that purified from bovine spleen by Lenardo et al.,
44 kDa (28), and the inducible proteins shown by a similar
technique to bind to the IL-2 receptor alpha gene NFKB-
binding site (16), suggesting a structural similarity with these
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proteins. We find no evidence for a larger 86 kDa protein
reported to bind to the HIV NFKB site by Bohnlein et al. (7).
The induction of NFKB-like binding activity in hepatoma
cells and the activation of transcription mediated by the rAT
APRE share two other features with the induction of NFKB:
phorbol esters, known to lead to the nuclear translocation of
NFKB in many cell types (2), can mimic the effects of
cytokines in our liver cell system, and the cytokine response
can proceed in the absence of new protein synthesis, as has
been shown for the LPS stimulation of NFKB-binding activ-
ity in pre-B lymphocytes (39). Furthermore, we provide
evidence that reporter gene activity activated via the APRE
is superinduced in the presence of protein synthesis inhibi-
tion, as has been shown for NFKB (39).
The functional role of the constitutive binding protein,

BPc, is less clear. Its high-affinity binding to the wild-type
APRE, as attested to by the ability of a mere 10-fold molar
excess of unlabeled competitor to compete significantly in
the various binding assays as well as failure of a transcrip-
tionally inactive mutant APRE sequence to compete, sug-
gests sequence-specific binding. BPc is detectable only in
nuclear extracts, being totally absent from the cytosolic
fraction by EMSA (data not shown), suggesting that it plays
a role in a nuclear event. A constitutive factor capable of
binding the APRE appears to contribute to multiple DNA-
protein interactions on the rAT gene 5'-flanking sequence, as
demonstrated by the ability of unlabeled APRE cold com-
petitor oligonucleotide to compete for several DNase I-
protected regions in the footprint assay (Fig. 4A). However,
these interactions either are of lower affinity than the binding
to the APRE site or require the presence of ancillary,
heat-labile factors, since boiling the nuclear extract for 2
min, a procedure to which BPc activity is relatively resis-
tant, leads to retention of the DNase I-protected area pre-
dominantly over the APRE (Fig. 4A, lane 11).
A role for a functional interaction between BPc and the

NFKB-like BPi is suggested by the complete overlapping of
their binding sites in the rAT 5'-flanking sequence. Compar-
ing the shifting pattern of a KBE probe with that of an APRE
probe by extracts that contains both BPi and BPc, we fail to
detect a complex of intermediate or lower mobility, consis-
tent with one being composed of both proteins binding to the
APRE simultaneously, thus suggesting that their binding is
mutually exclusive. Other studies have suggested that the
functional enhancer properties of those NFKB-binding sites
which also bind other constitutively present nuclear proteins
is consistent with a model of competition between factors of
varying transactivating potency for the same binding site.
This is reflected in the basal enhancer activity of such sites
and in their attenuated inducibility by stimuli that activate
NFKB (27). Our findings concerning the rAT APRE fit this
model. The apparent inability of BPc to bind the KBE
sequence, coupled with the evidence from a side-by-side
comparison of equal-dose KBE-site-containing promoters
and APRE-containing ones which reveals the former to be
more active, suggests a role for BPc in attenuating the
BPi-mediated activation of angiotensinogen transcription.
Such a model could account for the decreased basal en-
hancer activity of APRE versus KBE in HepG2 cells by
postulating that the basal activity of KBE is dependent on
basal levels of BPi being present in the nucleus.

Inducibility of NFKB-binding sites varies considerably
between different genes. This may be due to differences
either in the core sequence or in the surrounding bases. The
IL-2 receptor alpha gene, as an example, contains an NFKB-
binding site that cross-competes with KBE for a phorbol

ester-inducible nuclear protein yet is not active as a phorbol
ester-inducible enhancer by itself (29). When present in the
context of the surrounding bases of the IL-2 receptor alpha
gene, however, the same element is inducible (16); this
implies an interaction between NFKB and other adjacent
regulatory factors. Other proteins may bind the same site as
does NFKB, as in the case of the heavy-chain gene of the
mouse class I major histocompatibility complex antigen
system (H-2Kb) (4) or the viral inducible element in the beta
interferon gene (26, 43). In both cases, the NFKB binding site
colocalizes to an element that appears to be important for
basal expression of the gene and that binds a constitutively
present protein (3, 20). The two identified constitutive pro-
teins appear to be similar in that cDNA clones obtained by
screening direct-expression libraries with recognition site
probes from both genes are reported to bear considerable
sequence identity (27). That these proteins are distinct from
the APRE BPc is suggested by the difference between the
apparent molecular mass of BPc as identified on the South-
western blot, 32 kDa, and that predicated by the open
reading frame of the fusion protein coded for by the afore-
mentioned clones (40). BPc also appears distinct from the
constitutive H-2Kb-binding protein, KBF1, purified from
mouse thymoma cells and reported to have an apparent
molecular mass of 48 kDa (44). The distinction between the
two proteins is further supported by the fact that BPc
binding to the APRE is not competed for by an oligonucle-
otide based on the H-2Kb protein sequence (data not shown),
suggesting different binding specificities of the two proteins.
The rAT single-copy APRE is distinct from other known

APREs in its distant location relative to the promoter,
situated some 545 base pairs upstream from the cap site. A
similar sequence is identically located in the mouse angio-
tensinogen gene promoter (14), implying evolutionary con-
servation of the spacing. In gene transfer experiments,
single-copy NFKB-binding sites are relatively inactive over
such distances (20, 35; our unpublished observations), sug-
gesting that there may be some pressure to control the
degree of activation of the angiotensinogen gene. The pos-
sibility that BPc plays a role in such an attenuation and the
even more intriguing possibility that an interaction between
the APRE and the rAT glucocorticoid response elements
leads to a coordinate modulation of the rAT acute-phase
response by glucocorticoids are now under investigation.
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