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ABSTRACT Expression of the c-fos protooncogene is in-
duced by a great variety of extracellular stimuli. A fos-lacZ
fusion gene has been constructed that recapitulates this regu-
lation. Thefos-wacZ gene was introduced into B104 neuroblas-
toma cells for use in a quantitative assay for stimulus-
transcription coupling. Both a- and fi-adrenergic agonists,
dibutyryl cAMP, and phorbol ester induced fi-galactosidase
activity in a dose-dependent manner. Thus, the interactions of
receptors with agonists and antagonists, as well as intracellular
second messenger-mediated signaling events, can be analyzed
quantitatively. This approach represents a prototypic method
for investigating stimulus-response coupling based upon gene
expression.

The c-fos protooncogene encodes a nuclear phosphoprotein
(Fos) that functions in the regulation ofgene transcription (1).
Fos, as well as several related proteins encoded by the fos
gene family, form heterodimeric complexes with proteins
encoded by the jun gene family (2-6). Together, these pro-
teins constitute the mammalian transcription factor AP-1
(activator protein 1) (7-10).
A characteristic feature of the fos and jun gene families is

that their expression can be rapidly and transiently induced
by a variety of extracellular stimuli through several second-
messenger pathways (for reviews, see refs. 11-13). In fact,
c-fos and c-jun belong to a larger class of genes referred to as
cellular immediate-early genes (14, 15). Since the products of
many (although not all) cellular immediate-early genes are
transcription factors, we have proposed (15) that they should
be regarded as nuclear third messengers that couple short-
term stimulation events to long-term alterations in cellular
phenotype by regulating expression of specific target genes.
Many stimuli, including classical pharmacological agonists

and antagonists, are capable of inducing c-fos expression (for
a review, see ref. 16). Thus, monitoring the levels of expres-
sion of c-fos offers a convenient method for the analysis of
pharmacological interactions in living cells. The major ad-
vantages of monitoring c-fos expression, as opposed to
measuring ligand-binding activities, is that it demands the
active coupling of ligands to second-messenger systems and
requires no information regarding the receptor systems under
study. However, a major disadvantage of this approach is
that it involves time-consuming methods for analyzing gene
expression, none ofwhich are amenable to rapid, quantitative
analysis with high throughput.
Here we report a general method for quantitative analysis

of c-fos expression based on a fos-lacZ fusion gene. The
utility of this method is demonstrated by analysis of c-fos
regulation in B104 cells.

MATERIALS AND METHODS
Cell Culture and Transfection. B104 neuroblastoma cells

(17) and stably transfected derivatives were grown in Dul-
becco's modified Eagle's medium (DMEM) supplemented
with 2 mM glutamine and 10% (vol/vol) fetal bovine serum.
Cells were transfected with 10:1 mixtures of the plasmids
pfos-lacZ (see below) and pVisnaNeo by the lipofection
method (18). Briefly, subconfluent (40-60% confluent)
monolayer cultures grown in 60-mm dishes were switched to
serum-free Opti-MEM medium (GIBCO) and incubated with
a Lipofectin (GIBCO)/DNA mixture (30 ,u1 of Lipofectin, 5
,ug of pfos-lacZ, and 0.5 gg of pVisnaNeo; final volume, 100
,ul) for 16 hr. The transfection was stopped by replacing the
medium with the standard culture medium. Twenty-four
hours later, transfected cultures were split 1:10 and cultured
in the presence of the neomycin analogue G418 (Sigma) at 1.2
mg/ml. After 7 days, resistant clones were isolated using
cloning cylinders. Cells were further subcloned using the
limiting dilution technique.

,8-Galactosidase Assays. Cells were fixed for 30 min in 2%
paraformaldehyde in 0.1 M Pipes buffer (pH 6.9). 8-Galac-
tosidase activity in individual cells was assayed using
5-bromo-4-chloro-3-indolyl 8-D-galactopyranoside (X-Gal),
which yields an insoluble blue reaction product, as described
(19). The incubation was carried out at 370C for 12-18 hr.
For the rapid, and quantitative, assessment of p-galacto-

sidase expression, the soluble substrate o-nitrophenyl 83-D-
galactopyranoside (ONPG) was used (20). Various permuta-
tions of assay conditions were tested. The protocol finally
adopted was as follows: cells grown in 96-well microtiter
plates were fixed as described above and permeabilized for 5
min with 0.5% Triton X-100 in phosphate-buffered saline
containing 1 mM MgCl2 (PBS/Mg). After two washes with
PBS/Mg, they were incubated with ONPG (1 mg/ml in
PBS/Mg; 125 ILI per well) for 5-6 hr. The reaction was
stopped by the addition of glycine/NaOH buffer (100 mM
glycine, pH 10.3; 75 gl per well), and the absorption was
measured at 405 nm using an Artec Multiplate reader.

Metabolic Labeling and Immunoprecipitation. Confluent
cultures were serum-starved for 24 hr and switched to
methionine-free DMEM 20 min before treatment with 25 nM
phorbol 12-myristate 13-acetate ("tetradecanoylphorbol ace-
tate," TPA). After stimulation, [35S]methionine (final con-
centration, 525 ACi/ml; 1 ACi = 37 kBq) was added at the
required time points and the incubation was continued for 15
min. Cells were then rinsed with PBS and lysed in RIPA
buffer (21). Proteins were immunoprecipitated and analyzed
by gel electrophoresis and autoradiography as described (21).
The antibodies used for immunoprecipitation were directed

Abbreviations: TPA, phorbol 12-myristate 13-acetate ("tetra-
decanoylphorbol acetate"); X-Gal, 5-bromo4-chloro-3-indolyl /-D-
galactopyranoside; ONPG, o-nitrophenyl ,8-D-galactopyranoside.
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against Fos amino acids 127-152 and have been characterized
previously (21, 22).

RESULTS AND DISCUSSION
Construction of the fos-lacZ Fusion Gene. The fos-lacZ

fusion gene is illustrated in Fig. 1. A 5-kilobase-pair (kbp)
HindIII-BamHI restriction fragment containing the entire
murine c-fos gene and including 611 bp of 5' untranscribed
sequence that encompasses all of the known regulatory
elements from pc-fos (mouse)-3 (23) was ligated to a 3-kbp
Sma I-Sal I fragment from pMC1871 (24) that contained the
,3-galactosidase gene. The ,8-galactosidase fragment replaced
a 297-bp Nco I-Sal I fragment from the fourth exon of c-fos
that encoded the 65 C-terminal amino acids. The Nco I site
of c-fos was made flush by treatment with Klenow fragment
(25). Ligation of the c-fos Nco I site and the lacZ Sma I site
resulted in the in-frame fusion of the C terminus of c-Fos to
the N terminus of P3-galactosidase (Fig. 1). The termination
codon is provided by the lacZ gene. Thus, the fos-lacZ
construct produces a fusion protein containing 315 N-termi-
nal amino acids from c-fos and 1015 C-terminal amino acids
from lacZ. Importantly, the fusion construct lacks the C-ter-
minal amino acid sequences that function as a negative
regulator of c-fos expression (26). Thus, the fusion gene
should not affect expression of the endogenous c-fos gene.
Three amino acids (Gly-Asp-Pro) that span the c-fos/lacZ
junction are encoded by a linker sequence derived from
pMC1871. The ligated fragments were subcloned into the
BamHI and HindIII sites of pGEM-4 (Promega). The entire
fusion construct can be readily excised from the vector by
digestion with HindIII and Kpn I, resulting in a fragment of
7.75 kbp.

Characterization of Ceil Lines Carrying fos-lacZ. The fos-
lacZ fusion construct was introduced into B104 neuroblas-
toma cells by lipofection together with pVisnaNeo. Stably
transformed cells were selected in the presence of G418.
Several cell lines that differed with respect to basal and
stimulated levels of expression of the fusion gene were
obtained. Two clones, A and B, were selected for the
experiments described below. Clone A was characterized by
a low basal level of 8-galactosidase expression and an inter-
mediate level of expression after stimulation. Approximately
1% of nonstimulated cells of clone A were stained by X-Gal,
whereas more than 80-90% of the cells expressed 3-galac-
tosidase after treatment with dibutyryl cAMP, TPA, or serum
(Fig. 2 and data not shown). In both unstimulated and
stimulated cells the Fos-f-galactosidase fusion protein lo-
calized to the cell nucleus, indicating that the Fos nuclear
localization signal(s) can direct the much larger fusion protein
to the nucleus. Basal and stimulated levels of 8-galactosidase
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activity in clone A were too low to permit quantitative
analysis. Clone B exhibited higher levels of B3-galactosidase
activity. Approximately 10-15% of the cells of clone B
expressed 83-galactosidase under basal conditions, while
more than 90%o of the cells showed high levels of expression
after stimulation. A 6-fold increase in /3-galactosidase activity
was obtained after stimulation by 20 nM TPA.
The Fos-f3-galactosidase fusion protein expressed in clone

B was immunoprecipitated by anti-Fos antibodies. In SDS
gels, it displayed a molecular mass of z140 kDa (Fig. 3A).
This protein was not detected in nontransfected B104 cells
(Fig. 3A). Immunoprecipitation of Fos and the Fos-83-
galactosidase fusion protein from pulse-labeled, TPA-
stimulated cultures showed that the synthesis of the two
proteins followed essentially the same time course (Fig. 3B).
Increased synthesis of both Fos and the fusion protein was
detected 15 min after stimulation. Maximal incorporation of
radioactivity in both proteins occurred between 30 and 45
min. After 120 min, incorporation of radioactivity into Fos as
well as the fusion protein had declined to basal levels.
Synthesis of the Fos-,B-galactosidase fusion protein was
detected at lower levels in nonstimulated cells.

Quantitative Assay for fos-acZ Expression. Clone B was
used to establish a simple, quantitative screening procedure
for Fos-/B-galactosidase induction, using the soluble sub-
strate ONPG. The amount of f3-galactosidase activity de-
tected following treatment with TPA followed a classic
dose-response relationship (Fig. 4). After stimulation, max-
imal l3-galactosidase activity was reached within 3 hr. Enzy-
matic activity declined slowly and after 24 hr was still above
baseline levels (Fig. 5).

Stimulus-Transcription Coupling. Treatment of cells with
norepinephrine, an adrenergic agonist that activates a and /3
receptors, resulted in the induction of 3-galactosidase activ-
ity. Both a- and P3-adrenergic receptors mediated this induc-
tion. Induction of 8-galactosidase activity by 6-fluoronorep-
inephrine, a selective activator of a1-adrenergic receptors,
was blocked by prazosin, a selective antagonist of a recep-
tors (Fig. 6), but not by propranolol, a selective blocker of
,3-adrenergic receptors. Stimulation of / receptors with iso-
proterenol also inducedB-galactosidase activity. This action
could be blocked by propranolol (Fig. 6) but not by prazosin.
The fos-lacZ fusion gene can be induced via several

second-messenger pathways, including those involving pro-
tein kinase A and protein kinase C, as demonstrated by the
direct activation of the fusion gene by dibutyryl cAMP and
phorbol ester in a time- and dose-dependent fashion (Figs. 4
and 5 and unpublished data). Therefore, this cell line can be
used to investigate pharmacological interactions involving
agents that impact either cAMP- or protein kinase C-medi-
ated signaling events. Indeed, /8-adrenergic receptors are
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FIG. 1. Structure of the fos-4acZ fusion gene drawn approximately to scale. The restriction sites used for construction of the fusion gene
are indicated. The Kpn I site was derived from the vector and, together with the HindIII site, was used for excision of the construct from the
vector. Sites shown in parentheses were destroyed during ligation of the fragments. Several features of the fusion gene are illustrated. Lightly
shaded boxes represent the four exons of c-fos (I, II, III, and IV), while the black box indicates the region containing lacZ sequence. The
transcriptional start site (0) is indicated by a bent arrow and the position of the stop codon in lacZ is shown (STOP). In the 5' untranslated region
of c-fos, the positions of the transcriptional regulatory sequences, including the sis-conditioned medium (SCM) element, the serum response
element (SRE), and the calcium/cAMP response element (Ca/CRE) are illustrated. The A+ U-rich region (AU) and polyadenylylation signal
[(A)n] in the 3' untranslated region of c-fos are also indicated.
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FIG. 2. B104 cells (clone A) stably transfected with the gene
construct depicted in Fig. 1 are shown before (A) and after (B and C)
stimulation with 8 nM TPA. Cells were stained with X-Gal to
visualize f8-galactosidase activity. Note single cells expressing the
fusion gene even without stimulation (A). P-Galactosidase activity is
confined to the cell nucleus and shows a distinctive nuclear staining
pattern with the nucleoli remaining unstained (arrow in C). (Bar =

50 ,um in A and B and 10 k.m in C.)

normally coupled to the cAMP cascade whereas a1 receptors
are coupled to phosphatidylinositol turnover (28).
While previous studies of c-fos regulation using fusion

genes have allowed mapping of several of the important
regulatory elements, these have relied on mRNA detection
methods that are not applicable to mass screening (13, 29, 30).
Attempts to use constructs containing the c-fos promoter
fused to the chloramphenicol acetyltransferase gene have not
been successful because ofthe high basal levels ofexpression
in unstimulated cells (ref. 31 and T.C., unpublished data).
Indeed, this phenomenon led some investigators to conclude

B

FIG. 3. (A) Identification of the Fos-3-galactosidase fusion pro-
tein in immunoprecipitates. B104 cells and B104 cells transfected
with thefos-4acZ fusion gene (B104-fos-lacZ; clone B) were treated
with vehicle (control, lanes C) or 25 nM TPA (lanes T). [35S]Me-
thionine was added 15 min later, and after another 30 min of
incubation the cells were lysed and treated with anti-Fos antibodies.
The Fos-,8-galactosidase fusion protein (Fos-P-Gal) has an apparent
molecular mass of about 140 kDa. It is absent from nontransfected
B104 cells. (B) Time course of synthesis of Fos and the Fos-3-
galactosidase fusion protein. Cultures (clone B) were stimulated with
25 nM TPA, and [35S]methionine was added at the times indicated.
The incubation was stopped 15 min after the addition of radioactivity,
and Fos and the Fos-pB-galactosidase fusion protein were immuno-
precipitated. Size markers (92.5, 69, and 46 kDa) are indicated at
right.

erroneously that the sequences required for induction ofc-fos
were located outside of the region studied here (31). When
such fusion genes were used, long periods of stimulation were
required to cause increases in chloramphenicol acetyltrans-
ferase in response to serum stimulation. Thus, it is not
possible to use these promoter-fusion genes to study the rapid
and dramatic fluctuations that occur in c-fos expression in
response to physiological signals. Here we show that full
gene fusions can be used to study the modulation of c-fos
expression by physiological signals. This approach repre-
sents a departure from the routine reductionist methodolo-
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FIG. 4. P-Galactosidase activity following stimulation with in-
creasing doses of TPA. Activity was measured by monitoring the
conversion ofONPG at 405 nm. Each data point is the mean of eight
independent measurements with SD < 10%6 ofthe mean. Values were
fitted to a sigmoidal curve by using a four-parameter logistic model
(27). The EC50 calculated from this curve is 3.53 ± 0.34 nM TPA.
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FIG. 5. Time course of expression of 3-galactosidase activity
after stimulation with TPA (4 nM) or dibutyryl cAMP (dbcAMP, 1
mM). Subconfluent cells (clone B) were stimulated for various times
and 0-galactosidase activity was measured using the soluble sub-
strate ONPG. Activity is expressed in OD units with the level in
nonstimulated controls set to 0.

gies generally applied to the study of gene expression. We
contend that regulation of gene expression is a complex
process that involves several regulatory mechanisms acting
in concert. In the case of c-fos, two intragenic modes of gene
regulation have been identified in addition to the many 5'
control elements (for review, see ref. 32). One acts upon 3'
and intragenic target sequences in mRNA that influence the
rate ofmRNA turnover (29, 33). The other affects the rate of
transcriptional progression through an intragenic regulatory
sequence (34). Indeed, it is possible that other c-fos intra-
genic regulatory elements are still to be discovered. In the
many and varied situations in which c-fos is expressed, each
ofthese elements could play a major role. Therefore, all ofthe
potential regulatory elements should be retained in gene
fusions designed to monitor physiologically relevant changes
in c-fos expression. Recently, this approach has been vindi-
cated by the successful recapitulation of constitutive and
inducible levels of c-fos expression in transgenic mice, using
thefos-lacZ fusion gene described here (R. J. Smeyne, K.S.,
L. M. Robertson, D.L., J. Oberdick, T.C., and J.I.M.,
unpublished data).
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FIG. 6. Induction of p-galactosidase activity by adrenergic drugs.

13-Galactosidase activity is induced by norepinephrine, 6-fluoronor-

epinephrine (6-FNE), and isoproterenol (Isoprot). Induction by

6-fluoronorepinephrine is attenuated by prazosin and induction by

isoproterenol is suppressed by propranolol. Bars show means and 1

SD.

Applications. The approach reported here can be viewed as
a prototypic method. A similar approach was described
previously for the investigation of cAMP response element
(CRE)-mediated gene regulation (35). However, here we
have broadened the scope somewhat by using the complex
regulatory elements associated with the c-fos gene. Further-
more, in creating a fos-lacZ fusion gene we have made a
marker for normal physiological signaling events that may
employ several integrated signal transduction processes.
These signals may well impinge upon transcriptional initia-
tion, transcriptional elongation, or mRNA stability. In B104
cells thefos-lacZ fusion gene can be used to study adrenergic
agonist interactions as well as subsequent second messenger-
mediated events. This cell line can also be used as the host
for vectors expressing receptors, ion channels, and enzymes
involved in second-messenger metabolism that are not nec-
essarily present in B104 cells. Thus,fos-lacZ can be regarded
as a simple generic marker for complex signal transduction
events.
An alternative approach would be to introduce fos-lacZ

into appropriate recipient cells that induce cellular immedi-
ate-early genes in response to particular physiological stim-
uli. In this case little information concerning the molecular
details of the receptor or its coupling mechanism would be
required. Thus,fos-lacZ could provide an activity marker for
the identification and isolation of important biological re-
sponse modifiers. Indeed, the colorimetric assay for expres-
sion, performed in 96-well dishes, provides a pharmacolog-
ical screening assay with wide application. Finally, a major
opportunity would be provided by the generation of trans-
genic mice carrying this fusion gene, since gene regulation
could be studied in vivo by histochemistry or in any number
of primary or permanent cell lines derived from such mice.
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