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Agents that elevate the intracellular concentration of cyclic AMP (cAMP) rapidly and transiently induce
expression of the c-fos proto-oncogene in BALB/c 3T3 cells. We show that the mouse c-fos promoter-enhancer
region contains multiple elements that contribute to cAMP responsiveness of the promoter in transient
expression assays. The most potent element was found to correspond to a previously mapped basal promoter
element and protein-binding site located 65 base pairs upstream of the transcriptional initiation site. This
element and two less potent sites contained a match to the cAMP response element (CRE) core sequence defined
in several mammalian genes. The relative potencies of these elements corresponded with their relative affinities
for cellular factors that bound to the CRE in vitro. Mutation of all three elements failed to abolish completely
cAMP responsiveness of the c-fos promoter in the transient expression assay. However, we present evidence
that this residual responsiveness may have been due to sequences present in vector DNA. Finally, we show, by
using a new microinjection competition assay, that a double-stranded oligonucleotide carrying the major c-fos
CRE is sufficient to block induction of the endogenous c-fos gene by cAMP. Therefore, induction of the
endogenous gene requires positively acting cellular factors that interact with a single functional class of
regulatory sites in the c-fos gene. Unrelated regulatory elements, such as the serum response element and

putative AP-2 sites, are not by themselves sufficient to mediate the cAMP response.

Transcription of the c-fos proto-oncogene is rapidly in-
duced by a variety of growth factors and other extracellular
stimuli (for a review, see reference 5). Induction is indepen-
dent of new protein synthesis, suggesting that it is a direct
consequence of signals triggered by activated growth factor
receptors. Previous studies have shown that induction of
c-fos transcription by serum growth factors requires a DNA
sequence element, the serum response element (SRE), lo-
cated 300 base pairs (bp) upstream of the transcriptional start
site (14, 16, 47, 48). The SRE appears to be the target for at
least two distinct signal transduction pathways triggered by
growth factors, one dependent on protein kinase C (2, 9, 12,
43, 46) and one or more independent of this kinase (12, 46).
In contrast, induction of c-fos transcription by agents that
elevate intracellular concentrations of cyclic AMP (cAMP)
or calcium is independent of the SRE (2, 12, 42, 43),
suggesting that there are multiple independent signaling
pathways that lead to the induction of c-fos transcription by
extracellular signals.

cAMP is an important intracellular second messenger in
many tissues. Elevation of intracellular cAMP levels induces
c-fos expression in PC12 pheochromocytoma cells (15, 25),
fibroblasts (12), and macrophages (1), although in macro-
phages induction appears to be stable rather than transient.
cAMP induces expression of many other genes, including
several genes encoding neuropeptides (for a review, see
reference 40). Analysis of these genes has led to the identi-
fication of a consensus cAMP response element (CRE)
containing one or more copies of the core sequence TGACG
4, 7, 8, 24, 31, 43, 44, 45, 49). An unrelated sequence
element, a binding site for the transcription factor AP-2, has
also been shown to be cAMP responsive in vivo (22).

Sequences similar to each of these elements are present in
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the c-fos promoter-enhancer region. In this study, we have
asked which elements in the murine c-fos promoter-en-
hancer are required for response to cAMP. We find that
multiple elements carrying CRE core sequences contribute
to the induction of c-fos by cAMP. The major CRE is a
sequence located 65 bp upstream of the cap site that was
previously identified as a basal promoter element and pro-
tein-binding site (9, 14). Furthermore, titration of cellular
CRE-binding factors by microinjection of oligonucleotides
carrying this sequence abolishes detectable induction of the
endogenous c-fos gene by cAMP. This finding suggests that
no unrelated elements, such as AP-2 sites, in the c-fos gene
are able by themselves to activate c-fos expression in
response to cAMP.

MATERIALS AND METHODS

Plasmid construction and mutagenesis. The constructions
used were based on c-fos—chloramphenicol acetyltransferase
(CAT) fusion plasmids previously described (12, 14). All
fusions were transferred to the vector pBS M13-(Stratagene
Cloning Systems). Site-directed mutagenesis was performed
as described by Kunkel (26). Single-stranded bacteriophage
DNA was prepared from Escherichia coli CJ236, and the
products of the in vitro mutagenesis reaction was trans-
formed into E. coli TG-2. Mutants were identified by DNA
sequence analysis.

To construct the —71/coreA plasmids, plasmid p6X
coreA/coreA (32; a gift from Brian Ondek) was digested with
Pstl and Hindlll, and the fragment carrying the six coreA/
coreA repeats was cloned into pBS M13+. The same frag-
ment was excised from this plasmid with HindIII and Sall
and cloned between the HindIIl and Sall sites immediately
upstream of the —71 c-fos—CAT fusion gene.

Transient expression assay. BALB/c 3T3 cells were grown
in Dulbecco modified essential medium containing 10% calf
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serum. Cells were split at a density of 1.5 x 10° cells per
100-mm-diameter dish 18 to 24 h before transfection. Trans-
fections were performed as described previously (12). After
48 h of serum starvation, transfected cells were washed once
with warm phosphate-buffered saline and refed with 3 ml of
Dulbecco modified essential medium containing no addi-
tions, 10% calf serum, or a combination of 0.5 mM isobutyl-
methylxanthine (IBMX) and 10 uM forskolin. Stimulation
was for 45 min except for the experiment shown in Fig. 2, in
which stimulation was for 60 min.

Total cytoplasmic RNA was isolated and analyzed by
RNase protection as described previously (12).

Mobility shift assay. The mobility shift probe was prepared
by digesting 10 pg of the —71 c-fos-CAT fusion plasmid with
HindIIl and Haell. The digest was treated with Klenow
fragment in the presence of 25 n.Ci each of four a->?P-labeled
deoxynucleoside triphosphates for 30 min at room tempera-
ture. The 51-bp fragment carrying c-fos sequences from —71
to —40 plus 19 bp of polylinker DNA at the 5’ end was
excised from a polyacrylamide gel and eluted into buffer
containing 10 mM Tris (pH 7.5) and 1 mM EDTA. The eluate
was used directly in the mobility shift assays without any
further purification.

Binding assays were performed in 10-pl reaction mixtures
containing 20,000 dpm of probe, 10 mM Tris (pH 7.5), 1 mM
dithiothreitol, 1 mM EDTA, 100 mM NaCl, 1 mM spermi-
dine, 5% (vol/vol) glycerol, 400 ng of poly(dI-dC) - (dI-dC),
and 5 pg of whole-cell extract protein prepared from H9 cells
as described previously (11). All components except probe
and specific competitors were assembled on ice and prein-
cubated for 10 min at room temperature. The probe and any
specific competitors were then added, and the reaction
mixture was incubated for an additional 15 min. The entire
reaction mixture was loaded onto a 4% polyacrylamide gel
(acrylamide/bisacrylamide ratio, 29:1) and electrophoresed
at 125 V in a buffer containing 50 mM Tris, 0.38 M glycine,
and 1 mM EDTA (pH 8.5).

Oligonucleotide microinjections. Complementary single-
stranded oligonucleotides were annealed in buffer containing
50 mM NaCl, 1 mM MgCl,, and 10 mM Tris (pH 7.5) at a
concentration of 10 mg/ml. Annealed oligonucleotides were
then centrifuged for 20 min at 13,000 X g, divided into equal
portions, and stored at —20°C. Before use, oligonucleotides
were quantitated by UV absorbance, diluted to the desired
concentration in half-strength phosphate-buffered saline (pH
7.4), centrifuged at 13,000 X g for 10 min, and then used for
microinjection. Needle microinjection into the cytoplasm of
fibroblasts was done as described previously (39), using a
0.1-mg/ml concentration of oligonucleotide. Cell fixation, the
antibodies used in fluorescence analysis, and the conditions
of staining and photography have been previously outlined
(39).

RESULTS

cAMP rapidly and transiently induces c-fos expression in
murine fibroblasts. Our studies of c-fos regulation have relied
on transient expression assays performed in BALB/c 3T3
fibroblasts (12, 14). Plasmids carrying mouse c-fos se-
quences fused at position +109 to the bacterial CAT gene
were cotransfected into BALB/c 3T3 cells with a plasmid
carrying the constitutively expressed human a-globin gene
to provide an internal control for transfection efficiency and
RNA recovery. Transfected cells were incubated in medium
containing 0.5% calf serum for 48 h and were subsequently
stimulated with different agents for various amounts of time.
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FIG. 1. RNase protection analysis of transient expression assay
showing time course of c-fos stimulation by calf serum and by IBMX
and forskolin. BALB/c 3T3 cells were transfected with the —356
c-fos—CAT fusion plasmid and an a-globin internal control plasmid
as described in Materials and Methods. After a 48-h incubation in
medium containing 0.5% calf serum, cells were exposed for the
indicated times to medium containing 10% calf serum (CS) or 0.5
mM IBMX and 10 uM forskolin (IF). Total cytoplasmic RNA was
harvested and analyzed by RNase protection assay, using probes
specific for c-fos and a-globin mRNA. T, Probe fragments protected
by RNA from the transfected c-fos plasmid; E, fragments protected
by endogenous c-fos mRNA; a, fragments protected by RNA from
the a-globin internal control plasmid. Lanes: 1, unstimulated cells; 2
to 6, cells stimulated for the indicated times with 10% calf serum; 7
to 12, cells stimulated for the indicated times with IBMX and
forskolin.

Total cytoplasmic RNA was prepared from the transfected
cells and analyzed by RNase protection as described previ-
ously (12). Two probes were used, one that hybridizes to
RNA from both the transfected and endogenous c-fos genes
and one that hybridizes to transcripts of the a-globin internal
control.

Figure 1 shows the results of a transient expression assay
using a c-fos—CAT fusion plasmid carrying c-fos sequences
from —356 through +109 relative to the site of transcrip-
tional initiation. After transfection, cells were stimulated for
15 to 240 min with 10% calf serum or with a mixture of 0.5
mM IBMX (an inhibitor of cyclic nucleotide phosphodi-
esterases) and 10 uM forskolin (an activator of adenylate
cyclase). Refeeding cells with medium containing 10% calf
serum rapidly induced the accumulation of endogenous c-fos
mRNA in the transfected cultures, with peak levels occur-
ring 15 to 30 min after stimulation, followed by a rapid
decline toward prestimulation levels (Fig. 1, lanes 2 to 6).
Induction by IBMX and forskolin was also rapid and tran-
sient (Fig. 1, lanes 7 to 12). However, peak levels of
endogenous c-fos mRNA were lower and occurred later (45
to 60 min) than after serum induction. Expression of the
transfected c-fos-CAT fusion genes was also induced by
both stimuli. As with the endogenous gene, induction of the
transfected gene by IBMX and forskolin was slower than
induction by serum. In addition, maximal induction of the
transfected gene occurred later than induction of the endog-
enous gene after both stimuli, presumably because of the
increased stability of the c-fos—-CAT RNA relative to the
natural c-fos mRNA (36, 47, 50).
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FIG. 2. RNase protection analysis of c-fos—CAT 5’ deletions.
BALB/c 3T3 cells were transfected and treated as described for Fig.
1 except that stimulation with IBMX and forskolin was for 60 min.
T, E, and a mark the positions of fusion gene RNA, endogenous
c-fos RNA, and a-globin RNA, respectively; RT marks the position
of probe fragments protected by RNA reading through c-fos pro-
moter sequences from vector DNA upstream. Lanes contained the
following deletion plasmids: 1 and 2, —356; 3 and 4, —151; 5 and 6,
—80; 7and 8, —71; 9 and 10, —59; 11 and 12, —56. Cells were either
untreated (—) or treated with IBMX and forskolin for 60 min (+).

The c-fos promoter carries a CRE at —65. We showed
previously that a c-fos-CAT fusion gene carrying c-fos
sequences from —151 to +109 responded to cAMP when
transfected into BALB/c 3T3 cells (12). This observation
showed that c-fos induction by cAMP does not require the
SRE and that sequences responsive to cAMP lay down-
stream of position —151. To define better the cAMP-respon-
sive sequences in the c-fos promoter, we tested a series of 5’
promoter deletions (14) by the transient expression assay.
Fusion genes carrying c-fos sequences through —356, —151,
—80, and —71 all responded to cAMP, whereas genes
deleted to positions —59 and —56 failed to respond (Fig. 2).
Therefore, the region between —71 and —59 contains se-
quences required for response to cCAMP. This region, previ-
ously defined as a basal promoter element and a protein-
binding site in both the mouse and human c-fos genes (9, 14),
contains a sequence related to the consensus CRE found in
other cAMP-responsive genes (40). These observations sug-
gest that this sequence element in the c-fos promoter func-
tions as a CRE.

To examine further whether the previously defined pro-
tein-binding site in the c-fos promoter was the element
required for induction by cAMP, we used site-directed
mutagenesis to change the four nucleotides defined as con-
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tact sites for the cellular proteins that bind there (14). The
mutations, which we term pm3, are shown in Fig. 3A. Figure
3B shows results of a mobility shift assay performed with a
radiolabeled wild-type c-fos DNA fragment carrying se-
quences from —71 to —40. Using this probe, we observe at
least two specific DN A-protein complexes (bracketed in Fig.
3B, lane 2) in extracts of many cell types. The extracts used
in this experiment were prepared from H9 cells, a human T
lymphoblast line rich in these factors, but identical results
were obtained with extracts from HeLa and BALB/c 3T3
cells. Presumably, one or more of these complexes resulted
from the activity of the proteins termed ATF (17, 18, 20, 23,
27, 28) or CREB (30, 51) that bind to CREs. Addition of large
molar excesses of a purified unlabeled restriction fragment
carrying wild-type c-fos DNA from —71 to +109 abolished
protein binding to the labeled probe (Fig. 3B, lanes 3 to 5). In
contrast, addition of a fragment identical save for the four
substitutions shown in Fig. 3A failed to reduce significantly
binding to the wild-type probe at up to 100-fold molar
excess. Thus, these mutations substantially reduce the af-
finity of this site for these cellular proteins in vitro.

Figure 3C shows the results of a transient expression
assay of the —71 c-fos—-CAT fusion carrying the pm3 muta-
tions. Whereas a wild-type —71 deletion was strongly in-
duced by cAMP but not by serum (lanes 1 to 3), the mutant
gene was induced by neither cAMP nor serum (lanes 4 to 6).
Thus, destruction of the protein-binding site located at —65
abolished cAMP responsiveness of the —71 deletion. How-
ever, these mutations as well as deletion of the site (Fig. 2)
also reduced basal promoter activity to below the level of
detection of our RNase protection assay. Therefore, we
could not formally rule out the possibility that the —65
element was purely a basal promoter element and not itself
cAMP responsive. Therefore, we inserted a strong synthetic
heterologous enhancer upstream of position —71 to boost
basal promoter activity. The heterologous enhancer element
inserted into these constructs was the 6XcoreA/coreA en-
hancer (32), which contains six tandem repeats of an en-
hancer element that is itself a tandem repeat of the simian
virus 40 coreA motif. The synthetic enhancer fragment
considerably elevated overall promoter activity (Fig. 3;
compare lanes 1 to 3 with lanes 7 to 9). Responsiveness to
cAMP was preserved, though the magnitude of induction
was smaller. Surprisingly, this gene also responded strongly
to serum stimulation, suggesting that the 6XcoreA/coreA
enhancer is responsive to serum. When the pm3 mutations
were introduced into this fusion gene, overall promoter
activity declined substantially relative to that of the wild-
type construct (compare lanes 10 to 12 with lanes 7 to 9) but
remained at a detectable level. However, the gene was no
longer induced by cAMP (lanes 10 and 11). Therefore, in
addition to being a basal promoter element as reported
previously (9, 14), the —65 protein-binding site also func-
tions as a CRE in the c-fos promoter.

The c-fos promoter contains multiple CREs. The previous
experiments demonstrated that the —65 element in the c-fos
promoter is the sole CRE lying between —71 and +109. To
determine whether there were additional sequences flanking
the c-fos gene that conferred responsiveness to cAMP, we
introduced the same pm3 mutations into a c-fos—CAT fusion
gene carrying c-fos sequences through —356. In contrast to
what we observed when these mutations were introduced
into the —71 deletion, the —356 deletion carrying the pm3
mutations still responded to cAMP (Fig. 4; compare lanes 3
and 4 with lanes 1 and 2). Additional mutations that inacti-
vate the SRE (pm12 [12]) did not abolish the remaining
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FIG. 3. (A) c-fos DNA sequence between positions —71 and —59. Symbols: —, match to the CRE core; |, positions that were altered
in mutant pm3. (B) Mobility shift competition assay. The assay was carried out as described in Materials and Methods, using a wild-type c-fos
probe carrying the —65 CRE. Purified restriction fragments carrying either wild-type or pm3 sequences were added as competitors in the
molar excess indicated. Specific complexes are bracketed. These complexes failed to form on a labeled probe bearing the pm3 mutations (data
not shown). Lanes: 1, no added extract; 2, standard binding reaction with no added competitor; 3 to 5, reactions containing the indicated
molar excess of a purified restriction fragment comprising wild-type-c-fos sequences from —71 to +109; 6 to 8, reactions containing the
indicated molar excess of a purified restriction fragment comprising c-fos sequences from —71 to +109 bearing the pm3 mutations. (C) RNase
protection analysis of c-fos-CAT fusion plasmids carrying the pm3 mutations. Cells were transfected and treated as described in Materials
and Methods. Lanes contained the following transfected plasmids: 1 to 3, —71 wild type (wt); 4 to 6, —71 pm3; 7 to 9, —71 wild type carrying
six copies of the coreA/coreA enhancer element (see Materials and Methods); 10 to 12, —71 pm3 carrying the same coreA/coreA insert.
Treatment were as follows: lanes 1, 4, 7, and 10, no addition; lanes 2, 5, 8, and 11, IBMX and forskolin; lanes 3, 6, 9, and 12, 10% calf serum.

cAMP responsiveness of the —356 pm3 gene (Fig. 4, lanes 7
and 8), showing that the SRE was not required for this
response. Thus, cAMP responsiveness appears to be en-
coded redundantly in the c-fos promoter-enhancer.

To locate additional regions that confer cAMP responsive-
ness, we examined the sequence of the c-fos promoter-
enhancer for sequences that matched the CRE consensus.
Two matches were found in regions of the enhancer that are
highly conserved between the mouse and human genes. One
is located at position —340, upstream of the SRE, and
overlaps a site that binds a protein factor induced in BALB/c
3T3 cells stimulated with v-sis-conditioned medium (19). The

second is located at position —290, immediately downstream
of the SRE, within a sequence that binds the AP-1 complex,
including the Fos and Jun proteins (33; B. R. Franza and
M. Z. Gilman, unpublished data). This site contains a high
degree of similarity to the element in the human proenkepha-
lin gene that confers cAMP and phorbol ester responsive-
ness (3, 4). Using site-directed mutagenesis, we mutated
these sites to the sequences shown in Fig. SA. For the —290
AP-1 site, these mutations abolish in vitro binding of the
Fos-Jun complexes (Franza and Gilman, unpublished data).

We assayed —356 promoter deletions carrying various
combinations of these mutations to determine whether these
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FIG. 4. RNase protection analysis of —356 deletions carrying the
pm3 mutations or additional mutations (pm12) in the SRE. Cells
were transfected and treated as described in Materials and Methods.
Lanes contained the following transfected plasmids: 1 and 2, —356
wild type (wt); 3 and 4, —356 carrying the pm3 mutations in the
CRE; 5 and 6, —356 carrying the pm12 mutations in the SRE; 7 and
8, —356 carrying both the pm3 and pm12 mutations.

conserved CRE homologies were responsible for the remain-
ing cAMP responsiveness of the —356 pm3 mutant. The
wild-type gene responded strongly to cAMP (Fig. 5B, lanes
1 and 2). Mutation of the —6S5 site alone had a moderate
effect on cAMP induction (pm3; lanes 4 and 5). Mutation of
either the —290 or the —340 site alone had little effect (data
not shown), but mutation of both sites together detectably
reduced the cAMP response to a small degree (pm6.9; lanes
13 and 14). Combining mutations in the —290 site with
mutations at —65 suppressed the cCAMP response to a much
greater extent than did either mutation alone (pm3.9; lanes 7
and 8). Combining mutations at —340 with the —65 muta-
tions had little effect compared with the —65 mutations alone
(pm3.6; lanes 11 and 12). A construct carrying mutations in
all three sites showed the lowest response to cAMP
(pm3.6.9; lanes 17 and 18), but response was not completely
lost. We found one further match to the CRE core consensus
at position —120 in the mouse c-fos promoter that is not
conserved in the human promoter. Adding mutations in this
site (pm13; Fig. SA) to the pm3.6.9 triple mutant had no
further effect on the cAMP response (Fig. 5C). Mutations in
the CRE core consensus sequences also affected the re-
sponse of the transfected gene to serum, a phenomenon also
reported by others (9). For serum, in contrast to cAMP,
mutations in the —340 site had a stronger effect than did
mutations at —290.

Thus, the c-fos promoter carries multiple CREs. The site
at —65 appears to be the most potent CRE because muta-
tions in this site had the strongest effect on cAMP respon-
siveness. Two additional sites, located at —290 and —340,
functioned more weakly as CREs, with the —290 site being
more potent than the —340 site. Mutations in these weaker
sites detectably altered cAMP responsiveness only in the
absence of stronger sites.

MoL. CELL. BioL.

Affinities of CREs for factors in vitro correlate with their
transcriptional activities in vivo. Although mutation of all
recognizable matches to the CRE core consensus substan-
tially reduced the response of transfected c-fos—CAT fusion
genes to cCAMP, residual responsiveness remained in these
mutants. To determine whether this response was due to
c-fos CREs that do not match the consensus, we performed
a series of in vitro DNA-binding assays. Restriction frag-
ments purified from each of the mutant c-fos—-CAT fusion
plasmids were tested for the ability to compete for binding of
factors to the strong CRE at —65. We used a mobility shift
assay identical to that shown in Fig. 3B. The major specific
protein-DNA complex was excised from each gel lane and
quantitated as described in the legend to Fig. 6. The results
of this experiment (Fig. 6A) showed that fragments carrying
wild-type sequence at —65 (wild type and pm6.9) competed
best for these factors. Fragments carrying mutations at —65
but wild-type sequence at —290 (pm3 and pm3.6) competed
at an intermediate level. Fragments carrying mutations at
both sites (pm3.9 and pm3.6.9) competed indistinguishably
from nonspecific calf thymus DNA. This experiment shows
that the order of avidity of these sites for CRE-binding
proteins (—65 > —290 > —340) was identical to their order of
activity as CREs in the transient expression assay, suggest-
ing that their activity in vivo reflects their ability to bind
similar cellular factors. Moreover, it shows that the multiple
mutant pm3.6.9 lacks sites that effectively bind these fac-
tors, suggesting that the mutant c-fos fragments lack func-
tional CREs of this class.

This observation raised the possibility that the residual
responsiveness of the pm3.6.9 mutant to cAMP could be due
to fortuitous CRE-like sequences in vector DNA. This
possibility was further supported by our observation that
readthrough transcription of transfected plasmids originating
in vector DNA was highly inducible by cAMP (bands
marked RT in Fig. 2). To test this idea, we performed an
additional in vitro competition assay, using intact plasmids
as competitors. Vector DNA competed for CRE-binding
activity significantly more avidly than did calf thymus DNA
(Fig. 6B). In fact, competition by vector DNA was not
significantly different from competition by a plasmid bearing
a c-fos DNA insert with mutations at the —65 CRE. Thus,
vector DNA contains DNA sequences able to bind CRE
factors in vitro, whereas c-fos DNA with CRE mutations
lacks such sequences. These observations support the no-
tion that the residual cAMP responsiveness of the c-fos CRE
mutants in the transient expression assay resulted from the
effects of vector-derived CREs on transcription from the
c-fos promoter.

CRE-binding factors are required for cAMP responsiveness
of the endogenous c-fos gene. The results of the transient
expression assays suggest that a sequence element located at
—65 in the mouse c-fos promoter is the most potent CRE in
the promoter and that secondary CREs appear to bind the
same protein factors in vitro although less strongly. To
determine whether the —65 site and related sequences are
functional CREs for the endogenous c-fos gene in its natural
chromatin configuration and whether the gene carries other
elements able to function as CREs, we performed the
experiment shown in Fig. 7. Quiescent cultures of BALB/c
3T3 cells were microinjected with double-stranded oligonu-
cleotides corresponding to either the c-fos CRE at —65, the
same site carrying the pm3 mutations, or the SRE located at
—300. The injected cells were stimulated with either IBMX
and forskolin or with calf serum. After 90 min, the cells were
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FIG. 5. (A) Sequences of the four matches to the CRE core found in the murine c-fos promoter. Symbols: —, «, position and relative
orientation of the core; | , mutations introduced into these sites by oligonucleotide-directed mutagenesis. (B) RNase protection analysis of
—356 deletions carrying various combinations of CRE core mutations. Lanes contained the following transfected plasmids: 1 to 3, —356 wild
type (wt); 4 to 6, —356 carrying the pm3 mutations; 7 to 9, —356 carrying both the pm3 and pm9 mutations; 10 to 12, —356 carrying both the
pm3 and pm6 mutations; 13 to 15, —356 carrying both the pm6 and pm9 mutations; 16 to 18, —356 carrying the pm3, pm6, and pm9 mutations.
Treatments were as follows: lanes 1, 4, 7, 10, 13, and 16, no addition (NA); lanes 2, S, 8, 11, 14, and 17, IBMX and forskolin (IF); lanes 3,
6,9, 12, 15, and 18, 10% calf serum (CS). (C) RNase protection analysis of —356 deletions carrying the pm3, pm6, pm9, and pm13 mutations.
Lanes: 1 to 3, wild type; 4 to 6, pm3.6.9 mutant; 7 to 9, pm3.6.9 mutant carrying in addition the pm13 mutations. Treatments were as described

above.

fixed and stained for Fos protein by indirect immunofluores-
cence, using affinity-purified antibodies against Fos (39).

In uninjected serum-starved BALB/c 3T3 cells fixed and
stained for Fos protein, little fluorescence was apparent (Fig.
7C). In uninjected cells stimulated with calf serum or with
IBMX and forskolin for 90 min and stained for Fos protein,
nuclear fluorescence characteristic of Fos protein (39) was
observed (Fig. 7A and B). Fluorescence was stronger in
serum-stimulated cells, consistent with the difference in the
level of c-fos mRNA induced in these cells by these treat-
ments (Fig. 1). Injection of the CRE oligonucleotide blocked
induction of Fos protein by cAMP (Fig. 7E) but only slightly
affected induction by serum (Fig. 7D). Injection of the
mutant CRE oligonucleotide had no detectable effect on Fos

protein induction by either stimulus (Fig. 7F and data not
shown). In contrast, injection of the SRE oligonucleotide
blocked induction of Fos protein by serum (Fig. 7G), as we
have shown previously (13), but had little detectable effect
on Fos protein induction by cAMP (Fig. 7H).

This experiment shows that cellular proteins that bind
either directly or indirectly to the c-fos-65 CRE are required
for the response of the endogenous c-fos gene to cAMP and
that these factors are positive activators of transcription. If
there are unrelated sequence elements within the c-fos gene
that independently mediate the response to cAMP, either
their contributions are minor or they share some common
cellular factor with proteins that bind to the CRE. Thus, this
experiment strongly suggests that the CRE at —65 and
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FIG. 6. (A) Mobility shift competition assay of purified c-fos
DNA fragments carrying wild-type and mutant CRE cores. Assays
were performed as described in Materials and Methods. For each
reaction, the major (faster-migrating) complex (see Fig. 2B) was
excised from the dried gel and quantitated by liquid scintillation
counting. After subtraction of background, the amount of complex
formed was expressed as a percentage of the control reaction with
no added competitor. The results shown are from a representative
experiment. The competitors were purified restriction fragments
carrying c-fos sequences from —356 to +109, excised directly from
the plasmids used in the transient expression assays. Competitor
DNAs: x, wild type; O, pm3; @, pm3.9; J, pm3.6; B, pm6.9; A,
pm3.6.9; A, calf thymus DNA. (B) Mobility shift competition assay
of purified plasmid DNAs. Competition was calculated as described
above. A representative experiment is shown. Competitors: O, calf
thymus DNA; @, CAT vector; (0, —356 wild type; B, —356 pm3.

functionally related elements in the c-fos gene are the major
contributors to cAMP responsiveness for the endogenous
gene in its natural chromatin configuration.

DISCUSSION

Rapid and transient induction of the c-fos gene by cAMP in
fibroblasts. We have shown that c-fos expression is rapidly
and transiently induced in BALB/c 3T3 cells treated with

MoL. CELL. BioL.

agents that elevate intracellular concentrations of cAMP.
Induction under these conditions occurs later and is smaller
in magnitude than induction by serum, purified growth
factors, or phorbol esters. Nevertheless, induction by cAMP
is transient and is not blocked by cycloheximide treatment
(L. A. Berkowitz, unpublished data), properties also ob-
served with other stimuli. Our observation of cAMP induc-
tion in BALB/c 3T3 cells contrasts with reports by others
that c-fos expression is not induced by cAMP in other
fibroblast clones (1, 37). This discrepancy may be due to
differences in cCAMP metabolism in these cells (41) rather
than to differences in transcription factors. The magnitude of
c-fos induction in BALB/c 3T3 cells varies somewhat from
experiment to experiment and is clearly dependent on the
nature of the inducer. For example, treatment with IBMX or
forskolin elicits maximal response in these cells, whereas
treatment with dibutyryl-cAMP, 8-bromo-cAMP, or cholera
toxin results in significantly weaker induction (data not
shown). We have observed that in other fibroblast lines in
which we cannot significantly induce c-fos expression with
any exogenous agents that elevate cAMP levels, expression
is strongly induced upon microinjection of the catalytic
subunit of cAMP-dependent protein kinase (38; K. T.
Riabowol, unpublished data). Therefore, the block to c-fos
induction by exogenous agents in these cells does not lie
downstream of the kinase. Rather, the cells appear to be
deficient in the ability to activate the kinase in response to
cAMP, perhaps because cAMP is very rapidly degraded or
because the endogenous levels of kinase are low.

CREs in the c-fos promoter region. Using site-directed
mutagenesis and transient expression assays, we have iden-
tified multiple CREs in the mouse c-fos promoter, each of
which contains homologies to the previously defined CRE
core consensus. The strongest site lies at —65 relative to the
transcriptional start site. Two weaker sites lie at —290 and
—340. This hierarchy of activities in the transient expression
assays corresponds to the order of avidity of these sites for
cellular CRE-binding factors in vitro. This observation sug-
gests that the in vivo activities of these elements reflect their
abilities to bind similar proteins in the cell, a notion further
supported by the microinjection competition assay.

The major CRE at —65 has previously been shown to be a
basal promoter element and protein-binding site (9, 14). It
contains a match to the CRE core consensus (40), it binds
both purified CREB (42, 51) and CREB translated in vitro
from a cDNA clone (Berkowitz, unpublished data), and it
confers cAMP responsiveness to a heterologous promoter
(10, 42). Here we showed that in addition to functioning as a
major basal promoter element, this site is also an active CRE
within its natural promoter context. Other CREs have also
been reported to function as basal promoter elements (6, 35,
44). Whether these two activities are due to similar or
different cellular DN A-binding proteins is not yet clear.

The secondary CRE at —290 falls within a sequence
shown to bind the AP-1 complex, including the Fos and Jun
proteins (32; Franza and Gilman, unpublished data). Besides
binding the AP-1 complex, we have shown that this site also
competes weakly for the CREB or ATF factors that bind to
the —65 CRE. The —290 site also competes weakly for crude
and purified factors that bind to other CREs (21). Whether
the —290 element in c-fos functions as a CRE by virtue of its
affinity for AP-1 complex proteins or its affinity for CREB or
ATF is not certain. However, our observation that the
strength of this site in the transient expression assay corre-
lated with the strength of its binding to factors with the
properties of CREB or ATF supports the latter model. Like
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FIG. 7. Demonstration that injection of CRE oligonucleotides blocks cAMP-induced endogenous c-fos expression. Quiescent BALB/c 3T3
fibroblasts (C) or cells stimulated for 90 min with 10% calf serum (CS) or with IBMX and forskolin (IF) were processed to detect c-fos
immunofluorescence. At 1 h before stimulation, cells were microinjected with double-stranded oligonucleotides as described in Materials and
Methods. Cells received no oligonucleotide (no oligo), the wild-type CRE oligonucleotide (CRE WT), the mutant (pm3) CRE oligonucleotide
(CRE PM), or the wild-type SRE oligonucleotide (SRE WT), as indicated. Fields of cells were photographed and processed identically to

allow direct comparison among panels.

the CRE at —65, this element has also been shown to
function as a strong CRE on heterologous promoters (21)
and at position —53 in the human c-fos promoter (10). Yet
our data suggest that in its natural position, it functions only
weakly as a CRE. A possible explanation for this discrep-
ancy is the position of this site in the c-fos promoter
immediately adjacent to the SRE. We noted that mutations
in the SRE reproducibly elevated the response of c-fos—CAT
fusion genes to cAMP (Fig. 4). Because the SRE is a binding
site for cellular proteins (13-15, 29, 34, 48), occupation of the
SRE could block access of factors to the neighboring CRE.
In the absence of SRE factors, this CRE may be more
potent.

A third conserved CRE core consensus is found at posi-
tion —340 in the mouse and human c-fos genes overlapping a
sequence bound by a factor induced in fibroblasts treated
with v-sis-conditioned medium (19). In our experiments,
mutation of this site had little detectable effect on cAMP
response in vivo, and it did not affect the ability of c-fos
fragments to compete for CREB or ATF factors in vitro.
Therefore, this site functions weakly if at all as a functional
CRE in the c-fos promoter.

Because our analysis has been confined to the c-fos
promoter region from —356 to +109, we cannot rule out the

potential involvement of elements downstream of this posi-
tion. Inspection of the sequence of the first intervening
sequence of the c-fos gene reveals a 7-bp match to the —65
CRE located within a block of several hundred base pairs
highly conserved between the mouse and human c-fos genes.
It is possible that this sequence is also a functional CRE in
the natural c-fos gene.

CRE-binding factors are required for induction of endoge-
nous c-fos gene expression by cAMP. To determine whether
the results of our transient expression assays reflected the
regulatory mechanisms that activate the endogenous c-fos
gene, we used oligonucleotide microinjection to titrate cel-
lular CRE-binding proteins. We found that injection of
wild-type CRE oligonucleotides prevented cells from acti-
vating expression of their c-fos genes in response to cAMP.
Therefore, the CRE oligonucleotide is capable of titrating
factors absolutely required in vivo for induction of the
endogenous c-fos gene.

There are three limitations on our interpretation of this
experiment. First, the indirect immunofluorescence assay
used to assess Fos protein expression is only semiquantita-
tive, so we cannot rule out small contributions of other
sequence elements that are below the limit of detection of
the assay. Second, reductions in the final level of Fos protein
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in injected cells may reflect reductions in basal promoter
activity as well as inducibility. Indeed, microinjection of the
CRE oligonucleotide also resulted in a noticeable decrease in
Fos protein levels after serum stimulation, consistent with
our observation that CRE mutants fail to attain the same
final level of RNA in the transient expression assay. Third,
the factors titrated in vivo by the microinjected oligonucle-
otides are not necessarily identical to the factors we detect
with in vitro DNA-binding assays. However, the correlation
of the order of potency of the CREs in vivo with their
protein-binding activities in vitro argues that even if the in
vitro and in vivo factors are not identical, their binding
specificities are very similar.

Despite these limitations, the microinjection competition
assay strongly corroborates the results of the transient
expression assay. Both assays show that (i) functional CREs
are required for the cAMP response, (ii) response to cAMP
is independent of the SRE, and (iii) the CRE is in part a basal
element that affects the final level of c-fos induction by
serum. Thus, conclusions based on the transient expression
assays likely apply also to regulation of the endogenous c-fos
gene in its natural chromatin configuration.

Two distinct nuclear signaling pathways activate c-fos tran-
scription. Our data reinforce the notion that there are multi-
ple independent routes through which extracellular signals
travel to targets in the genome (2, 12, 42, 43). We showed
previously that at least two distinct signaling pathways
converged on a single c-fos regulatory element, the SRE,
whereas the cAMP pathway was communicated to a distinct
target (12). Here we show that the primary target for cAMP
is a CRE located at —65 in the c-fos promoter and second-
arily related sites at —290 and —340. Similar results have
been reported for fibroblasts (2) and for PC12 cells (42, 43),
in which c-fos induction by cAMP and calcium is also
independent of the SRE (43). Whereas c-fos responds to
multiple signaling pathways, we presume that there are
genes that respond only to subsets of these pathways. The
B-actin gene, for example, is induced by polypeptide growth
factors in PC12 cells but not by agents that elevate cAMP
and calcium concentrations (15). The existence of multiple
nuclear signaling pathways suggests a basis for the differ-
ences in biological response elicited by agents that, for
example, generate similar c-fos inductions. We suggest that
these agents trigger the activation of distinct sets of genes
whose products work in concert with proteins like Fos that
are induced by a large variety of extracellular signals.
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