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In regenerating liver, a physiologically normal model of cell growth, LRF-1, JunB, c-Jun, and c-Fos among
Jun/Fos/LRF-1 family members are induced posthepatectomy. In liver cells, high levels of c-Fos/c-Jun,
c-Fos/JunB, LRF-1/c-Jun, and LRF-1/JunB complexes are present for several hours after the GgG1 transition,
and the relative level of LRF-1/JunB complexes increases during G1. We provide evidence for dramatic
differences in promoter-specific activation by LRF-1- and c-Fos-containing complexes. LRF-1 in combination
with either Jun protein strongly activates a cyclic AMP response element-containing promoter which c-Fos/Jun
does not activate. LRF-1/c-Jun, c-Fos/c-Jun, and c-Fos/JunB activate specific AP-1 and ATF site-containing
promoters, and in contrast, LRF-1/JunB potently represses c-Fos- and c-Jun-mediated activation of these
promoters. Repression is dependent on a region in LRF-1 that includes amino acids 40 to 84 (domain R) and
the basic/leucine zipper domain. As the relative level of LRF-1/JunB complexes increases posthepatectomy,
c-Fos/Jun-mediated ATF and AP-1 site activation is likely to decrease with simultaneous transcriptional
activation of the many liver-specific genes whose promoters contain cyclic AMP response element sites. Thus,
through complex interactions among LRF-1, JunB, c-Jun, and c-Fos, control of delayed gene expression may
be established for extended times during the G1 phase of hepatic growth.

Liver regeneration provides one of the few systems for
analysis of mitogenesis in the fully developed, intact animal.
Following a two-thirds partial hepatectomy in which the
remaining hepatic lobes undergo no injury, the majority of
the hepatic cells, which are normally quiescent, rapidly
reenter the cell cycle and initiate the first round of DNA
synthesis in 12 to 16 h (16, 36). We have been interested in
defining the liver-specific aspects of the growth response in
regenerating liver and insulin-treated H35 cells, a hepatoma
cell line that grows in response to insulin and has many
properties of regenerating hepatocytes. To this end, as in
other systems (2, 6, 10, 22, 30-32, 34, 57), we have identified
immediate-early growth response genes induced in the ab-
sence of protein synthesis during the GO-to-G1 transition in
regenerating liver and insulin-treated H35 rat hepatoma cells
(37, 38). Immediate-early genes are felt to have important
roles in regulating the growth response and driving cells
through the G1 phase of the cell cycle.
Some of the most highly induced immediate-early genes

encode the Jun/Fos family of leucine zipper transcription
factors, which include c-Jun, JunB, JunD, c-Fos, Fra-1,
Fra-2, and FosB (11, 18, 24, 28, 35, 39, 46, 47, 49, 56). The
multiple heterodimeric Fos/Jun complexes are felt to acti-
vate the transcription of delayed-early genes involved in
later phases of the cell cycle and are postulated to have
important roles in controlling subsequent G1 events (26, 43).
However, although Fos/Jun proteins have been strongly
implicated in regulating delayed gene expression during the
growth response, there has been little direct evidence to
confirm their ability to activate target genes in cell systems
reflective of a mitogen-stimulated cell (8, 9, 29, 50-52).
Frequently, because of low endogenous AP-1 activity, these
studies have been performed with F9 teratocarcinoma cells
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that may not have the same responses to Jun/Fos proteins as
cells which demonstrate G1 phase progression following
mitogen stimulation (15, 40, 41, 52). Instead, these studies
provide evidence for cell-type-specific transactivation by
Jun/Fos family proteins.
We examined the expression of members of the Jun/Fos

family in regenerating liver and insulin-treated H35 cells
relative to that in serum-treated fibroblasts. We found that as
in fibroblasts,junB and c-jun are induced in the liver systems
during the GdG1 transition, andjunD is induced in H35 cells
and to a much lesser extent in regenerating liver. Genes
encoding related proteins, ATF-2/CRE-BP1 and ATF-4, are
expressed at a low constitutive level in the first several hours
posthepatectomy (54, 54a). Of Fos family members, c-fos is
induced, while fra-1 and fosB are not expressed in either
liver cell system (38) andfra-2 is induced at a very low level
(24a). We wondered whether another protein induced in the
liver systems might take the place of Fos family proteins.

In fact, using differential screening of regenerating liver
cells, we identified a rapidly and highly induced gene encod-
ing a novel 21-kDa leucine zipper-containing protein, desig-
nated LRF-1 (liver regeneration factor) (25). In previous
studies we showed that LRF-1 has no strong homology with
other leucine zipper proteins outside the basic domain.
LRF-1 alone can bind DNA (25; see also reference 20
[ATF-3 appears to be the human homology]) but preferen-
tially forms heteromeric complexes with c-Jun and JunB and
does not interact with c-Fos (25). In solution, it binds with
highest affinity to cyclic AMP (cAMP) response elements
(CREs) but also has affinity for related AP-1 and ATF sites.
In cotransfection studies, LRF-1 in combination with c-Jun
strongly activates a CRE site-containing promoter. While
LRF-1 mRNA is rapidly induced in the absence of protein
synthesis, its peak of induction is later than that of c-fos
mRNA, suggesting that LRF-1 may regulate responsive
genes at a later point in the cell cycle (25).
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In the studies presented here, we document that in vivo
complexes between c-Fos/Jun proteins and LRF-1/Jun pro-
teins are present for a large fraction of the G1 phase of the
cell cycle in hepatic cells and that the relative abundance of
LRF-1/JunB complexes increases with time. Using a number
of different target promoters that could serve as prototypes
for delayed gene promoters, we have performed extensive
analyses of the relative transactivating potentials of LRF-1,
c-Fos, and Jun proteins. We find that in combination with
Jun proteins, LRF-1 shows promoter-specific transactiva-
tion distinctly different from that of c-Fos. While strongly
activating a CRE site-containing promoter, LRF-1/JunB is
capable of potently repressing c-Fos and Jun transactivation
of AP-1 and ATF site-containing promoters. These studies
provide evidence for a regulatory program controlling de-
layed gene expression during the G1 phase of regenerating
liver and mitogen-stimulated cells.

MATERIALS AND METHODS

Rat tissue preparation and cell lines. For regenerating liver,
Fischer rats (160 to 200 g; Bantin-Kingman) were ether
anesthetized and subjected to midventral laparotomy with
approximately 70% liver resection (left lateral and median
lobes) (23). H35 cells were grown and induced with insulin as
described elsewhere (55), and NIH 3T3 cells were grown as
described previously (25).

Generation of antibodies. A polymerase chain reaction-
generated DNA fragment containing the N-terminal 81
amino acids of LRF-1 was cloned into a modified hexahisti-
dine PET expression vector (45). Cells transformed with this
construct were induced to express the LRF-1 peptide by
isopropyl-3-D-thiogalactopyranoside (IPTG) addition. The
peptides were purified through an Ni+ column (Qiagen) and
used to generate LRF-1-specific rabbit polyclonal antibody
by Cocalico biologicals. Anti-c-Fos, -c-Jun, and -JunB anti-
bodies were as previously described (27).

Cell labeling and immunoprecipitation. For pulse-labeling
experiments with 35S-methionine (Amersham), quiescent
H35 cells grown in 35-mm-diameter plates were stimulated
with insulin. Thirty minutes before the indicated times, the
cells were rinsed twice with Dulbecco modified Eagle me-
dium without methionine or phosphate and labeled for 30
min with 500 ,Ci of 35S-methionine per ml. For continuous
labeling, quiescent H35 cells grown in 35-mm plates were
rinsed twice and incubated with Dulbecco modified Eagle
medium minus methionine or phosphate for 2 h. Cells were
labeled with 500 11Ci of 35S-methionine per ml or 32Pi (1
mCi/ml) in Dulbecco modified Eagle medium without methi-
onine or phosphate supplemented with 2 x 10-8 M insulin
for different times. At the indicated time, the cells were
washed twice with cold saline and lysed by addition of 1 ml
of radioimmunoprecipitation assay buffer (10 mM Tris-HCl,
pH 7.5, 1% sodium deoxycholate, 1% Nonidet P-40, 150mM
NaCl, 0.1% sodium dodecyl sulfate [SDSJ, 0.25 mM phen-
ylmethylsulfonyl fluoride, 3 ,ug of aprotinin per ml). For
immunoprecipitation, cell lysates were incubated with 3 Iul
of antiserum against c-Fos or LRF-1 for 1 h on ice and then
incubated with 40 p,l of protein A-Sepharose beads (Pharma-
cia) with shaking for 3 h at 4°C. The beads were spun and
washed twice with 1 ml of bufferA (10mM Tris-HCl, pH 7.5,
150 mM NaCl, 2 mM EDTA, 0.2% Nonidet P40), once with
buffer B (10 mM Tris-HCl, pH 7.5, 500 mM NaCl, 2 mM
EDTA, 0.2% Nonidet P40), and once with buffer C (10 mM
Tris-HCl, pH 7.5). To identify the specific component in the
immunocomplexes, the washed protein A-Sepharose beads

with immunocomplexes were boiled in denaturing buffer (50
mM Tris-HCl, pH 7.5, 0.5% SDS, 70 mM 3-mercaptoetha-
nol) for 10 min and diluted by addition of 4 volumes of
radioimmunoprecipitation assay buffer without SDS. Anti-
sera to specific components were added sequentially (see
Fig. 1) and brought down by protein A-Sepharose beads as
before. The samples were boiled and run on an SDS-12.5%
polyacrylamide gel. Gels were fixed, and fluorography was
performed by incubating the gel in En3Hance (Du Pont)
according to the instructions of the manufacturer.

Immunoblotting. Liver nuclear extracts were prepared as
previously described (14) with some modifications. Nuclear
extracts from normal and regenerating liver were electro-
phoresed on an SDS-12.5% polyacrylamide gel, transferred
to nitrocellulose, and detected by ECL (Amersham) accord-
ing to the instructions of the manufacturer. Briefly, antisera
diluted to 1:1,000 or 1:3,000 were incubated with the mem-
brane for 1 h at room temperature. Horseradish peroxidase-
linked secondary antibody was then added at a dilution of
1:9,000 for 1 h.

Plasmids. As described for Fos and c-Jun (52), we used a
cytomegalovirus expression vector system to express
LRF-1, c-Fos, c-Jun, JunB, and LRF-1 mutants which were
constructed as described below. The EcoRI fragments of
LRF-1, c-fos, and junB (approximately 1.8, 1.5, and 1.5 kb,
respectively) and the HindIII-BamHI fragment of c-jun (2.5
kb), all containing the initial methionine, were inserted into
a cytomegalovirus type 5 expression vector (3). All clones
are of rat origin except junB (47). All the LRF-1 deletion
mutants were generated by the polymerase chain reaction
technique. Briefly, a 5' overhang with a KjpnI site, 6 bp of
c-fos ribosome binding site, and ATG was linked to 21 bp of
sequence of the N-terminal region of each deletion mutant to
create the forward primers. The backward primers were
made by linking a 3' overhang with a BamHI site and stop
codon to 21 bp of sequence complementary to the C-terminal
region of the mutants. Referring to Fig. 7, LRF-1 is the
wild-type LRF-I polymerase chain reaction product. N39
and N84 contain 39- and 84-bp deletions from the N-terminal
region, respectively, but both with an intact basic domain
and leucine zipper region. The C34 mutant lacks the entire
C-terminal region outside the leucine zipper region. The BL
mutant contains only the leucine zipper and basic domain.
The C66 mutant has a deletion of 66 amino acids (aa) from
the C-terminal region of LRF-1 which includes the leucine
zipper domain. The C90 mutant, without the leucine zipper
and basic domain, contains the 90-aa deletion from the C
terminus. All the deletion mutants have been sequenced.
When gel shift assays were used, methods and sites were as
described previously (25, 53).
The reporter genes used have been described elsewhere:

ENK(CRE)cat (pENKAT 12) (12, 13) and 5xCRE2cat (42),
courtesy of M. Comb; (AP-1)3cat (33) and 21-4AP-lcat (36a),
courtesy of R. Tjian and P. Mitchell; and PE3/4AP-lcat and
PE3/4ATFcat (7), courtesy of R. Weinmann.

Cotransfections. NIH 3T3 cells were transfected with the
indicated amounts ofpCMV expression plasmids and 3 ,ug of
pSV2A-PAP as a transfection control. In all cases, the
amount ofDNA transfected per dish was made constant with
the addition of pCMV without an insert. At 16 to 18 h after
CaPO4 transfection, cells were serum deprived (0.5% fetal
calf serum), and 24 h later cells were harvested and chlor-
amphenicol acetyltransferase (CAT) assays were performed
(17). Results were quantitated by densitometry after normal-
ization for the level of placental alkaline phosphatase (21).
None of the transfected pCMV expression plasmids had a
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FIG. 1. (A) c-Fos, c-Jun, JunB, and LRF-i remain elevated for extended times posthepatectomy in regenerating liver. Western blot of
expression of c-Fos, c-Jun, JunB, and LRF-1 during liver regeneration was performed at the indicated times posthepatectomy. The 36-kDa
band in the two Jun samples was not observed in immunoprecipitations and is probably nonspecific. (B) Protein synthesis of c-Fos, c-Jun,
JunB, and LRF-1 parallels mRNA expression in insulin-treated H35 cells. Serum-deprived H35 cells were pulsed with 35S-labeled methionine
for 30 min prior to protein extraction at the indicated times post-insulin treatment, and following denaturation, proteins were identified by
immunoprecipitation. In the LRF-1 panel, the 42-kDa band probably is the result of coimmunoprecipitation of Jun proteins.

strong transcriptional effect on the transfected pSV2A-PAP
plasmid, as the alkaline phosphatase activity varied from the
mean by only up to twofold and correlated with the number
of cells per dish. For each condition, the same results were
obtained at least two times, and data are presented as
described in the figure legends. Using immunoblots, we

demonstrated that various combinations of transfected
LRF-1, c-fos, and jun pCMV expression plasmids did not
have a large transcriptional effect on the pCMV promoter,
because there was only a small deviation (maximum, two-
fold) from the predicted levels of transfected LRF-1 and Jun
proteins. Because of the relatively low sensitivity and spec-

ificity of two anti-c-Fos antibodies, we were unable to
demonstrate c-Fos protein in transfected cells. Additionally,
in cells transfected with vector alone and then serum de-
prived, endogenous LRF-1, JunB, and c-Jun were not de-
tectable. Using immunoblots with anti-LRF-1 antibodies, we
also documented the presence of LRF-1 proteins LRF-1,
LRF-1(dC34), and LRF-l(dC66) in transfected cells, the
only deletion mutants which reacted with anti-LRF-1 anti-
body, which appears to be specific in immunoblots for aa 1 to
39.

RESULTS
The initial appearance of LRF-1, c-Jun, JunB, and c-Fos

proteins in regenerating liver and insulin-treated H35 cells
parallels mRNA expression, but protein expression remains
elevated for several hours. Our previous studies showed that
during liver regeneration, c-fos mRNA is rapidly induced
with peak expression at 30 min, c-jun and junB mRNAs are
induced within 30 min but remain elevated for several hours,
and LRF-1 mRNA is induced with a peak level at 1 to 3 h (25,
38). To predict which heterodimeric complexes are likely to
be present at any time posthepatectomy, we determined the
temporal course of expression of LRF-1, c-Fos, c-Jun, and
JunB proteins using specific antibodies to JunB, c-Jun, and
c-Fos (27) and specific antibodies raised against the amino-
terminal unique portion of LRF-1 reactant only with in
vitro-translated LRF-1 and not c-Fos, c-Jun, or JunB. Al-
though c-fos mRNA rapidly decreases, in an immunoblot of
nuclear extracts from normal and regenerating liver, c-Fos
protein appears at 30 min and remains elevated for at least 5
h posthepatectomy (Fig. 1A). c-Jun protein also is elevated
at 30 min posthepatectomy and remains elevated at 5 h
posthepatectomy. However, JunB and LRF-1 do not appear

B.
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FIG. 2. Heterodimeric complexes of c-Fos/c-Jun, c-Fos/JunB, LRF-1/c-Jun, and LRF-1/JunB are detectable for several hours post-
mitogen stimulation of hepatic cells. Cells were first labeled with 35S-labeled methionine, and immunoprecipitations with antibody 1 a-c-Fos
[A] or a-LRF-1 [B] were performed at the indicated times post-insulin treatment of serum-deprived H35 cells. The immunoprecipitates were
then boiled to release complexes, and a second immunoprecipitation was performed with antibody 2 as indicated; JB, a-JunB; c-J, a-c-Jun;
c-F, a-c-Fos; L, a-LRF-1. The products were electrophoresed on a 12.5 or 15% denaturing polyacrylamide gel and exposed to
autoradiography.

until 1 h posthepatectomy, and their levels continue to
increase even at 5 h posthepatectomy.

Previously, we had shown that the quantitative, qualita-
tive, and temporal expression of jun/fos/LRF-1 mRNAs
observed in regenerating liver was roughly reflected in
insulin-treated H35 cells (25, 38). To explore this similarity
further, we examined the synthetic time course of the c-Fos,
c-Jun, JunB, and LRF-1 proteins following insulin treat-
ment. By pulse-labeling for the last 30 min with 35S-methio-
nine at the indicated times and immunoprecipitation with
different antibodies, we found that protein synthesis roughly
reflects mRNA expression and that all proteins continue to
be synthesized at least 5 h post-insulin treatment (Fig. 1B).
Of note, in H35 cells, c-fos mRNA peaks at 30 min but
remains elevated for a more prolonged time than in other
cells (55). The levels of newly synthesized LRF-1 and JunB
are maximal 2 to 5 h post-insulin treatment, while the levels
of newly synthesized c-Fos and c-Jun are highest at 0.5 to 1
h posttreatment. As in normal liver, quiescent H35 cells
express very little c-Jun, JunB, c-Fos, or LRF-1 protein.

In vivo complexes between LRF-1 and c-Fos and both c-Jun
and JunB are detected in H35 cells for several hours post-
mitogen stimulation. Using gel shift assays, we have shown
that LRF-1 can form heterodimers with Jun proteins (25).
Using proteins translated in rabbit reticulocyte lysate, we
next demonstrated that we could detect in vitro LRF-1/c-Jun
and LRF-1/JunB complexes by using specific antibodies. We
found that the relative formation of complexes between
LRF-1 and either JunB or c-Jun is roughly equivalent.
However, we found that anti-LRF-1 antibodies partially
dissociate LRF-1/Jun heterodimers and that both anti-c-Jun
and anti-JunB antibodies incompletely immunoprecipitate
the denatured c-Jun and JunB molecules. In addition, the
methionine content in c-Jun and JunB is very different. The
results of these in vitro analyses indicated to us that we
would be able to document specific complex formation in
vivo and measure changes in the relative, not absolute,
levels of individual complexes.

In gel shift assays using CRE, AP-1, and ATF site oligo-
nucleotides and nuclear extracts from regenerating liver and
insulin-treated H35 cells, we observed little complex forma-
tion in serum-deprived H35 cells and normal liver and a

dramatic induction in protein complexes bound to these sites
by 30 min posttreatment which persisted for several hours
(not shown). To precisely identify the relevant complexes,
we used immunoprecipitation assays to detect LRF-1/c-Jun,
LRF-1/JunB, c-Fos/c-Jun, and c-Fos/JunB complexes as a
function of time in insulin-treated H35 cells continuously
labeled with 35S-methionine. As shown (Fig. 2A), we first
immunoprecipitated complexes with anti-c-Fos antibody,
dissociated the complexes, and then performed a second
immunoprecipitation with JunB, c-Jun-, or c-Fos-specific
antibody. c-Fos/c-Jun and c-Fos/JunB complexes were de-
tectable by 1 h and had increased 5- to 10-fold by 4 h
posttreatment. We then examined LRF-1 complex formation
(Fig. 2B) and found that LRF-1-specific complexes with
c-Jun were present at all times posttreatment but that
LRF-1/JunB complexes were barely apparent at 1 h (lane 1).
LRF-1/c-Jun complexes increased 10-fold from 1 to 4 h
(lanes 2, 5, and 8), and LRF-1/JunB complexes increased
40-fold during this period (lanes 1, 4, and 7).
LRF-1 and c-Fos show distinctly different transactivation

potentials in combination with Jun proteins. On the basis of
the findings in Fig. 1 and 2, we predict that in regenerating
liver, predominantly c-Fos/c-Jun complexes are present
within minutes posthepatectomy. With time posthepatec-
tomy, all four complexes, c-Fos/c-Jun, c-Fos/JunB, LRF-1/
c-Jun, and LRF-1/JunB, are present, and the relative in-
crease in LRF-1/JunB is most dramatic. The relative
increase in LRF-1 and JunB is even more significant in
regenerating liver than in H35 cells, because the levels of
nuclear LRF-1 and JunB increase significantly between 3
and 5 h while the levels of c-Jun and c-Fos are maximal by 1
h (Fig. 1A). We wondered whether the four heterodimers
that predominate in the liver systems would show differential
activity with respect to prototypic promoter elements that
could be present in delayed-early genes. We reasoned that
because of the relatively high abundance of LRF-1 in the
liver systems, LRF-1-containing complexes might have a
unique role in regulating delayed gene expression during
hepatic growth. To begin to explore the relative function of
the various heterodimers expressed in the liver systems, we
used transient transfection assays in serum-deprived NIH
3T3 cells. The immediate-early response in NIH 3T3 cells is
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similar to that in the liver systems (37), and unlike F9 or
other cell types, NIH 3T3 cells show progression through the
cell cycle as a result of mitogen stimulation. Although NIH
3T3 fibroblasts are more complicated in that they also
express Fos-related proteins (27), the temporal course of
LRF-I expression is similar to that in the liver systems (2,
25).
The first target promoter that we tested, ENKcat, contains

a CRE (CRE2) that is absolutely required for basal and
cAMP-inducible transcription and contains the CRE core
consensus sequence, CGTCA (12, 13, 42) (Fig. 3A). We had
shown previously that LRF-1/c-Jun strongly activates this
promoter (25), and ATF-3, the human homolog of LRF-1,
has been shown to bind to CRE2 (19). As shown (Fig. 4A),
both LRF-1/JunB and LRF-1/c-Jun strongly activate this
promoter more than LRF-1 or Jun alone. Of note, JunB
alone was consistently an activator of this promoter (Fig.
3B), and activation was demonstrated by using CRE2 in five
tandem copies (Fig. 3B). On the other hand, c-Fos in
combination with either Jun protein did not activate the
ENKcat reporter (Fig. 4B), and activation of 5xCRE2cat
with c-Fos plus either Jun protein was not above the
activation achieved by c-Jun or JunB alone (Fig. 3B). This is
in agreement with earlier findings in which Fos/c-Jun acti-
vated this promoter in F9 cells but not in 3T3 cells (52), again
emphasizing that F9 cells may not reflect the same activation
seen during the growth response.
Another promoter element that could potentially be found

in delayed genes is the AP-1 site. In our studies, three
different AP-1cat constructs, each of which contains core
AP-1 sites (TGACTC) in a different context (Fig. 3A), were
tested. The results are summarized in Fig. 3B and presented
for (AP-1)3cat in Fig. 4C and D. We found that LRF-1 in the
presence of c-Jun was a very weak transactivator of AP-1
reporters, stimulating activity only slightly more than c-Jun
alone. In the presence of JunB, LRF-1 appeared to repress
endogenous promoter activity, and LRF-1 alone had little
effect. On the contrary, c-Fos plus c-Jun or JunB resulted in
strong activation of AP-1 promoters, well above the effect of
c-Fos or either Jun protein alone. At low concentrations of
c-Fos, JunB showed lower activation of (AP-1)3cat relative
to c-Jun, but at higher c-Fos concentrations, the transacti-
vation was roughly equal. Of note, although other AP-1
constructions showed stimulation by c-Fos/Jun (Fig. 3),
there was construct-specific variation and, in particular,
PE3/4AP-lcat was strongly activated by c-Jun alone. How-
ever, in all cases LRF-1/JunB repressed these promoters,
confirming that repression was mediated through AP-1 sites.

Furthermore, we tested an ATF reporter, PE3/4ATFcat,
containing consensus ATF sites (TGACGA) and found very
strong cooperativity in transactivation mediated by c-Jun
and LRF-1 and by c-Fos with either Jun protein (Fig. 4E and
F). No protein alone activated this reporter, but with protein
combinations the activation was greater than 100-fold. This
is the greatest level of cooperativity that has been observed
between Jun/Fos/LRF-1 proteins in transfected NIH 3T3
cells. However, like AP-lcat, ATFcat was not activated by
LRF-1/JunB. Interestingly, although the core sequences of
the ATF and AP-1 elements in the reporters used here are
substantially different, the activities of ATF and AP-1 pro-
moters with respect to LRF-1, Jun, and Fos proteins were
similar (Fig. 3, 4, and 7B).
LRF-1/JunB represses c-Jun- and c-Fos-mediated transac-

tivation of ATF and AP-1 site-containing promoters. In the
studies mentioned above, it appeared that LRF-1 in combi-
nation with JunB reduced endogenous activity from AP-1

reporters. To extend these analyses, we examined the effects
of increasing amounts of JunB in combination with constant
LRF-1 and increasing amounts of LRF-1 in combination
with constant JunB on endogenous activity mediated
through the 21-4AP-lcat reporter, which showed higher
endogenous activity than the other AP-1 reporters. As
shown in Fig. 5, with increasing JunB or LRF-1 in the
presence of the other protein, there was a dramatic reduction
in activity from this reporter, demonstrating that the maxi-
mal inhibitory effect requires both molecules.
At 1 h posthepatectomy or post-mitogen stimulation when

c-Fos, LRF-1, JunB, and c-Jun are present (Fig. 1 and 2),
because the effects of LRF-1 and c-Fos on AP-1 site-
containing promoters are distinctly different, it was impor-
tant to test which effects are dominant as a reflection of
relative protein concentration. We stimulated the (AP-1)3cat
promoter with JunB plus c-Fos and then examined the
effects of increasing amounts of LRF-1 (Fig. 6A). We found
that LRF-1 could repress c-Fos/JunB-mediated transactiva-
tion of (AP-1)3cat. Furthermore, as shown (Fig. 6B), stimu-
lation of PE3/4AP-lcat in the presence of LRF-1 and c-Jun
could be dramatically reduced by small amounts of JunB.
Because of different efficiencies of specific antibodies in
Western blots (immunoblots), we could not accurately mea-
sure relative cellular protein levels in transfected cells.
However, in general, the level of JunB appeared somewhat
higher than the levels of LRF-1 and c-Jun for a correspond-
ing amount of DNA. The amount of LRF-1 and junB DNA
needed to achieve complete repression was approximately
equal to the amount of c-fos and c-jun DNA, respectively. In
a similar assay, we also demonstrated that LRF-1 and JunB
can block transactivation of PE3/4AP-lcat and PE3/4ATFcat
by c-Fos/JunB and LRF-1/c-Jun, respectively (not shown).
These results suggest that the repressive effects of JunB and
LRF-1 can be dominant.
LRF-1-induced repression is mediated by a region including

aa 40 to 84 and the leucine zipper/basic domain. To identify
the region of LRF-1 responsible for ATF/AP-1 promoter
repression, we performed deletion analyses of LRF-1 (Fig.
7). We documented that LRF-1 deletion constructs (LRF-1,
dN39, dN84, and dC34) were similarly able to form het-
erodimers with Jun proteins and bind to ATF and AP-1 sites
in vitro (not shown). We then tested the LRF-1 deletions for
their ability to repress the c-Fos/JunB-induced activity of the
(AP-1)3cat reporter. The values given in Fig. 7 represent
percent repression relative to that of the intact LRF-1
protein, which is arbitrarily assigned a value of 100. Only the
molecules (LRF-1, dN39, and dC34) which contain the
leucine zipper/basic domain and aa 40 to 84 (domain R)
showed maximal inhibition of c-Fos/JunB-induced activity.
The mutants without domain R (dN84 and BL), although
bearing the leucine zipper/basic domain, had only a 30%
inhibitory effect compared with that of LRF-1. The findings
with other AP-1 reporters were similar.

Activation is dominant in the LRF-1/c-Jun heterodimer.
c-Jun itself is an activator of some, although not all, reporter
genes used in our assay condition, and previously the
activation domains of c-Jun have been mapped (1, 4). A
question that arises is which domain will be dominant in the
LRF-1/c-Jun heterodimer which contains both an inhibitory
region from LRF-1 and an activation domain from c-Jun. As
shown in Fig. 3B, it is clear that the activation domain
contributed by c-Jun is dominant over any inhibitory domain
of LRF-1, because LRF-1/c-Jun transactivated all of the
reporter genes tested. We then asked how significant a role
different regions of LRF-1 played in LRF-1/c-Jun-mediated
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A. Reporter Genes:

(a) ENKcat:
(Enkephalin promoter)

(b) 5x CRE2cat:

(c) 21-4AP-lcat:

(d) (AP-1)3cat:

(e) PE3/4AP-lcat:

CRE1 CRE2 AP-2 CAT

CRE2

AP-1

cDy IXDD
Metallothionine promoter (-67 bps )

AP-1

SV40 early promoter (-200 bps )

AP-1

Elli promoter (-50 bps)

ATF
(f) PE3/4ATFcat:

B. Transfection Analyses:
xpression

Reporter etor c-jun junB LRF-1 c-fos c-jun/LRF-1 c-jun/c-fos junB/LRF-1 junB/c-fos

(a) ENKcat | 4 -4* -4* 444 -4* 444 *

(b) 5xCRE2cat 4 4*4* 4* 444 4 4 4

(c) 21-4AP-1 cat * 4 4|4* -4*

(d) (AP-1)3catCt.L4 44 44L 444

(e) PE3/4AP-1 cat *4 4 4 444

(f) PE3/4ATFcat 4* 4* * 4* 4 44

4= >1 0 fold activation

44 = 5-10 "

4 = 2-5

4*io. = 0-2 fold activation

t =m0-<0
t=<<o"

FIG. 3. Summary of transcriptional effects of LRF-1, c-Jun, JunB, and c-Fos on CRE, AP-1, and ATF-containing reporter genes. (A)
Schematic diagram of reporter genes used in panel B. SV40, simian virus 40. (B) A series of independent cotransfection assays similar to those
in Fig. 4 were performed with the indicated combinations of expression vectors and reporter constructs. Each transfection contained 4 to 5
Fg of reporter constructs and increasing amounts of LRF-I or c-fos (from 1 to 16 Fg) along with a constant amount (4 p,g) of c-jun or junB
expression plasmid. The relative CAT activities from each set of experiments were transformed into the indicated symbols on the basis of
induction or repression of the endogenous reporter construct activity. However, PE3/4AP-lcat and PE3/4ATFcat had to be activated by
c-Fos/JunB or LRF-1/c-Jun before repression by LRF-1/JunB could be observed. In most instances, results reflect simultaneous duplicate
determinations.

transactivation. To address this question, we performed
cotransfection analyses with intact c-Jun and deletion mu-
tants of LRF-1 in the presence of PE3/4ATFcat. This re-
porter is cooperatively activated by LRF-1/c-Jun greater
than 100-fold over endogenous promoter activity or activity

with c-Jun alone or LRF-1 alone (Fig. 4E). Although full
activation in the presence of c-Jun requires the entire LRF-1
molecule, all of the LRF-1 deletion mutants that contained at
least a leucine zipper/basic domain resulted in strong activa-
tion ranging from 30- to 55-fold (Fig. 7B).
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FIG. 4. Target promoters containing CRE, AP-1, and ATF sites are differentially activated or repressed by LRF-1 and c-Fos in the
presence of JunB and c-Jun. Serum-starved NIH 3T3 cells were cotransfected with constant amounts of ENKAT(CRE)cat (5 pg) (A and B),
(AP-1)3cat (4 pg) (C and D), or PE3/ATFcat (4 F.g) (E and F) in the presence of c-jun orjunB expression plasmid (4 ,ug) and various amounts
of LRF-1 (A, C, and E) or c-fos (B, D, and F) expression plasmid. The amount of expression vector in each sample was adjusted to the same
level by addition of pCMV vector without an insert (see Materials and Methods); CAT activity was normalized to alkaline phosphatase
activity and expressed relative to the activity from the corresponding reporter gene plus pCMV alone, which was given a value of 1.0.
Experiments represent triplicate determinations (A and B), duplicate determinations performed simultaneously (C and D), or a representative
experiment (E and F), but in all cases, the same results were obtained several times. In panel E, the value of >200 for activation by LRF-1
(8 p.g)/c-jun (4 pg) was higher than the average (150-fold) from three experiments.

DISCUSSION

c-Fos/Jun and LRF-1/Jun complexes are present in hepatic
cells for extended times posthepatectomy or post-mitogen
stimulation. Previous studies with 3T3 fibroblasts indicated
that complexes between Fos and Jun proteins are present for
extended times post-mitogen treatment (27), and our studies
with hepatic cells confirm these findings and extend these
analyses to include the LRF-1 protein. These results allow
us to make predictions (Fig. 8) about heterodimer formation
during the hepatic growth response. Within the first hour,
c-Fos/c-Jun complexes are predominant (Fig. 1 and 2), and
later, c-Fos/c-Jun, c-Fos/JunB, LRF-1/c-Jun, and LRF-1/
JunB complexes are abundant, the relative level of LRF-1/
JunB complexes continuing to increase. As DNA synthesis
initially occurs 12 to 16 h posthepatectomy in regenerating
liver and 9 to 10 h post-insulin treatment in H35 cells, it is
likely that Jun/Fos/LRF-1 proteins activate delayed gene,
promoters for a significant fraction of the G1 phase of the cell
cycle.
The transactivation potential of LRF-1/Jun is distinctly

different from that of c-Fos/Jun heterodimers. We have
clearly demonstrated dramatic differences in the activation
of six target promoters by different combinations of c-Fos,
c-Jun, JunB, and LRF-1. LRF-1 in combination with c-Jun
or JunB activates a CRE site-containing promoter, and
LRF-1/c-Jun, c-Fos/c-Jun, and c-Fos/JunB activate specific
ATF and AP-1 site-containing promoters. However, LRF-1/
JunB strongly represses the ATF and AP-1 site-containing
promoters used in these studies in a dose-dependent and
dominant fashion. Although CRE and ATF core sequences
in the reporters used here are similar, in agreement with
results of this study, such ATF and CRE elements have
previously been shown to have different activities (7). We

can make predictions about activation of delayed gene
promoters regulated by CRE, AP-1, and ATF elements with
similar sequences and contexts. Given the relative abun-
dance of these proteins at different times posthepatectomy,
we predict that transcriptional activity of promoters regu-
lated by AP-1 and ATF sites is high for the first hour
posttreatment in regenerating liver and mitogen-stimulated
cells. As levels of LRF-1 and JunB increase, these promot-
ers will become less active and promoters regulated by
CREs should become more active and remain active for
many hours (Fig. 8).

Potential mechanisms of LRF-1/Jun-mediated activation
and repression. In the context of the above discussion,
LRF-1 may regulate specific gene expression by several
mechanisms. First, LRF-1 may compete with c-Fos for
c-Jun or JunB binding, in which both the concentration and
the relative affinity of c-Fos and LRF-1 for c-Jun or JunB
molecules are the major factors. As we have shown, the
relative levels of the individual proteins and therefore of the
various heterodimers will change during G1. Second, pro-
moter specificity may be determined by heterodimer compe-
tition for CRE, AP-1, and related elements in which the
affinity for specific DNA sequences is a contributing factor.
For example, we have previously demonstrated that both
LRF-1/c-Jun and LRF-1/JunB heterodimers have higher
affinity for a specific CRE site than for an AP-1 site (25), and
similar analyses using Jun/Fos proteins have demonstrated
site-specific differences in affinity (48). Third, inhibitory and
activation domains may be brought into relative proximity
by heterodimer formation and binding to a specific DNA
sequence. This interaction may determine the final effect of
a specific heterodimer as either an activator or a repressor.
Composite interactions between these elements and DNA-

21 -4AP-1 cat

LRF-1 0 0 1 4 8 16 4 4 4 4
junB 0 4 4 4 4 4 0 1 4 8

Relative Activity: 1.0 .56 .10 .18 .09 .03 .90 .90 .18 .08
,:B

4
16
.05

.I,

1 2 3 4 5 6 7 8 9 10 11
FIG. 5. LRF-1 in combination with JunB can suppress the basal activity of 21-4AP-1CAT. 21-4AP-1CAT (5 pLg) was cotransfected with

the indicated amounts of LRF-1 orjunB (in micrograms of DNA), and the results of the CAT assay are shown. The CAT activity observed
with 21-4AP-1CAT alone was arbitrarily set at 1.0.
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LRF-1 (ug DNA) JunB (ug DNA)

FIG. 6. (A) LRF-1 can repress Fos/JunB-mediated activation on an AP-1-containing reporter. (AP-1)3cat (5 ,ug) was cotransfected with a
fixed amount of c-fos and junB and increasing amounts of LRF-I expression plasmid as indicated. (B) JunB can suppress activation by
LRF-1/c-Jun of an AP-1-containing reporter gene. PE3/4AP-lcat (5 pg) was cotransfected with a fixed amount of LRF-I and c-jun and
increasing amounts ofjunB as indicated.

binding proteins will determine the strength of a particular
target promoter at different times following mitogen stimu-
lation, thus fine-tuning the growth response.

In previous studies, JunB and AFosB (FosB/SF) were

B L
L -XXwXwXxXXmmniwnLRF-1 100

LRF-1 (dN39)

LRF-1 (dN84)

LRF-1 (dC34)

LRF-1 (BL)

LRF-1 (dC66)

LRF- (dC90)

predicted to be repressors of c-Jun and Fos transactivation,
respectively, in F9 cells (8, 41), although not necessarily in
3T3 or other cells (15, 40). However, both JunB and AFosB
are themselves weak activators (8, 15, 40) and could de-

B. + PE3/4ATFcat

c-Jun (4 ug)

100

112 31

38 44

126 55

26 39

0 0

0 0

LRF-1
Domain R B L_ =_liiii

1 40 85 147 181
FIG. 7. Deletion analysis of LRF-1 identifies a region important for ATF/AP-1 site repression (A) and regions that cooperate with c-Jun

in transactivation (B). (A) The reporter plasmid (AP-1)3cat (5 p.g) was cotransfected with c-fos andjunB in combination with different deletion
mutants of LRF-1 (6 pg) into serum-starved NIH 3T3 cells. The value of 100 is arbitrarily given to intact LRF-1, which repressed the activity
of (AP-1)3cat in this experiment by a factor of 0.57. Domain R is the region of LRF-1 (aa 40 to 84) that is required along with the leucine
zipper/basic domain for maximal inhibition. (B) The reporter plasmid PE3/4ATFCAT (4 ,g) was cotransfected with c-jun alone, LRF-1 (8 pg)
alone, or c-jun (4 pg) in combination with different deletion mutants of LRF-1 (8 ,g) into serum-starved NIH 3T3 cells. The transactivation
by wild-type LRF-1 in the presence of c-Jun was 100-fold over that by either vector alone (c-Jun alone or LRF-1 alone) and was arbitrarily
assigned a value of 100.
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DELAYED I ATF/AP-1 I I Gene 1 I
GENES

ICREE I Gene 21
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IidJun JunB

1-5+
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FIG. 8. Regulation of the expression of AP-1 and CRE site-containing promoters during the G1 phase of regenerating liver and

mitogen-stimulated cells. Various heterodimers were found at the indicated times posthepatectomy and post-mitogen stimulation. Relative
activation (on, off, or decreased) of delayed gene promoters is indicated.

crease c-Jun- or Fos-mediated transactivation simply by
competing for promoter sites which they more weakly acti-
vate. In the studies presented here, LRF-1/JunB does not
even weakly activate the AP-1/ATF reporters tested and in
fact represses any endogenous activity of these reporters.
Our data are most consistent with the conclusion that
LRF-1/JunB-mediated repression is due to site-specific DNA
binding by LRF-1/JunB complexes. First, LRF-1/JunB can
repress transactivation in a sequence-specific manner when
the AP-1 site is situated around 200 bp upstream of transcrip-
tional initiation sites, as in (AP-1)3cat, or around 50 bp
upstream, as in PE3/4AP-lcat. Second, the repression is
independent of promoter context, as (AP-1)3cat contains
simian virus 40 early promoter and 21-4AP-lcat contains a
metallothionine promoter. Third, only the deletion mutants
which contain domain R cause maximal inhibition of c-Fos/
JunB-mediated activation, implying that simple competition
between LRF-1 and c-Fos binding to JunB is not sufficient.
LRF-1 contributions to LRF-1/c-Jun-mediated activation

most likely occur through the potentiation of c-Jun het-
erodimer formation and DNA binding and participation of
LRF-1 activating regions, notably aa 1 to 39 (Fig. 7B), which
are required for full activation. Interestingly, in the presence
of c-Jun, the region that includes aa 40 to 147 of LRF-1 is not
an inhibitory domain. Instead, together with other portions
of LRF-1, this region plays a supporting role in LRF-1/c-
Jun-mediated activation.

Implications of the role of LRF-1 and Jun in stimulating
hepatic growth. Particularly in mitogen-stimulated hepatic
cells and regenerating liver, in which both LRF-1 and Jun
proteins are abundant, transactivation of promoters regu-
lated by CREs may be an important component of the
growth response. During liver regeneration, even though the
overwhelming majority of the hepatic cells reenter the cell
cycle, normal liver function, synthetic function, and meta-
bolic homeostasis are maintained. Therefore, following a
70% partial hepatectomy, the relative expression of liver-
specific genes must increase. Many liver-specific genes, such
as PEPCK and TAT, contain CRE sites in their promoters
and are cAMP inducible (5, 44). Recently, it has been shown
that extinction of the liver-specific phenotype in hybrid cells
is caused by the presence of a regulatory subunit of protein
kinase A which represses basal protein kinase A activity and
reduces cAMP-dependent CRE site activity (5). In addition

to specific effects on cell growth, LRF-1 in concert with Jun
proteins may be responsible for high levels of cAMP-inde-
pendent CRE site transactivation and maintenance of normal
liver function during regeneration.
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