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Alternative sFlicing of fosB transcripts

results in dif

erentially expressed

mRNAs encoding tunctionally

antagonistic proteins
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We show that serum-stimulated fibroblasts transiently express two different forms of fosB mRNA, which are
generated by alternative splicing of the transcript from a single gene. In addition to the known long form
(fosB-L), encoding a protein of 338 amino acids {FosB-L), a second shorter form (fosB-S) with a deletion of 140
bp was detected. This deletion creates a stop codon 3’ to the leucine repeat, giving rise to a protein of 237
amino acids (FosB-S) lacking the carboxyl terminus of FosB-L. Only the long FosB form efficiently induces
transformation in mouse and rat fibroblast cell lines and trans-represses the c-fos promoter. Both of these
functions are suppressed by coexpressed FosB-S. Upon serum stimulation, maximum expression of the
oncogenic fosB-L form precedes the expression of the antagonistic fosB-S form, indicating a new mechanism
regulating the action of members of the Fos family. However, FosB-L and FosB-S do not differ in all
trans-regulatory properties: Trans-activation of a 5x TRE-CAT reporter construct in HeLa and NIH-3T3 cells
was found with both FosB forms. These observations suggest a correlation between fosB-induced
transformation and trans-repression, thus pointing to different mechanisms involved in transformation by

fosB and c-fos/v-fos.
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A large number of genes have been identified that are
part of the immediate early response to growth factor
stimulation (Cochran et al. 1983; Kelly et al. 1983;
Greenberg and Ziff 1984; Kruijer et al. 1984; Miiller et al.
1984; Almendral et al. 1988; Ryseck et al. 1988). A vast
number of these genes encode nuclear DNA-binding pro-
teins, some of which have been identified as transcrip-
tion factors (for a review, see Herrlich and Ponta 1989). It
has been shown in a number of cases that such genes are
subject to cross-regulation, autorepression, or autostim-
ulation and that in many cases their products interact to
form active transcription complexes or to antagonize
each other. All of these observations indicate a complex
network of regulatory transcriptional and post-transcrip-
tional mechanisms following growth factor stimulation.

Among the immediate early genes encoding nuclear
trans-regulatory proteins are the members of the Fos and
Jun families {Cohen and Curran 1988a, 1989a; Ryder et
al. 1988, 1989; Hirai et al. 1989; Zerial et al. 1989; Mat-
sui et al. 1990; Nishina et al. 1990) that can interact in
any combination to form heterodimeric Fos/Jun com-
plexes and constitute (part of} the transcription factor
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AP-1 (Angel et al. 1987; Lee et al. 1987; Chiu et al. 1988;
Halazonetis et al. 1988; Nakabeppu et al. 1988; Rauscher
et al. 1988a,b; Sassone-Corsi et al. 1988a; for review, see
Curran and Franza 1988). However, not all Fos/Jun com-
plexes behave in a similar way with regard to the regu-
lation of AP-1-dependent transcription. While a c-Fos/
c-Jun complex is a transcriptional activator (Chiu et al.
1988; Lucibello et al. 1988; Sassone-Corsi et al. 1988a;
Schonthal et al. 1988), JunB acts as a repressor (Schiitte et
al. 1989). In addition to a role in the control of AP-1-
dependent gene expression, the c-Fos protein has trans-
repressing functions that are independent of DNA bind-
ing, including the repression of the c-fos promoter
{Sassone-Corsi et al. 1988b; Konig et al. 1989; Lucibello
et al. 1989) and of glucocorticoid receptor-dependent
transcription (Jonat et al. 1990; Lucibello et al. 1990).
The fosB gene was identified by screening a ¢cDNA
library of serum-induced genes with an oligonucleotide
representing the conserved DNA-binding site in Fos (Ze-
rial et al. 1989). Sequence analysis of the isolated cDNA
revealed an open reading frame of 338 amino acids, en-
compassing the known structural features of Fos pro-
teins, that is, a basic domain involved in DNA binding
and a leucine zipper as the dimerization interface
(Kouzarides and Ziff 1988; Gentz et al. 1989; Neuberg et
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al. 1989; Schuermann et al. 1989; Turner and Tjian
1989). The formation of FosB/Jun complexes and their
interaction with the AP-1 site [also referred to as TPA
responsive element {TRE)] was shown in in vitro com-
plex reconstitution and gel-retardation assays (Zerial et
al. 1989). These analyses also suggested that FosB and
c-Fos proteins do not differ in the properties investigated.
The only known functional difference between the two
proteins is the recently reported repression of the gluco-
corticoid receptor by c-Fos/v-Fos but not by FosB (Luci-
bello et al. 1990).

The deregulation of c-fos expression suffices to induce
morphological transformation in rodent fibroblast cell
lines (Miller et al. 1984; Meijlink et al. 1985). Structural
alterations in the protein, as they occur in v-Fos, en-
hance the transforming properties and can activate the
immortalizing potential {Jenuwein and Miiller 1987).
The mechanism by which transformation is brought
about remains, however, largely obscure. Although an
intact leucine zipper, a functional DNA-binding site and
the ability to trans-activate AP-1-dependent transcrip-
tion are prerequisites for transformation, they are not
sufficient (Schuermann et al. 1989; Lucibello et al. 1991;
Neuberg et al. 1991). Even less is known about the mech-
anisms involved in FosB-induced transformation, which
is partly due to the fact that FosB is poorly characterized
in molecular terms.

Here, we report that the fosB transcript is subject to
alternative splicing. Two mRNA forms are consecutive-
ly expressed following serum stimulation and show an-
tagonistic properties with respect to transformation and
trans-repression. Of particular interest is the observation
that only the long form of FosB is able to transform fi-
broblasts efficiently and to trans-repress, and that both
of these functions are counteracted by the short form.
Our results point to a new regulatory mechanism gov-
erning the trans-regulation of gene expression by Fos
family members and suggest that different trans-regula-
tory functions are involved in the transformation by dif-
ferent members of the Fos family.

Results

Two forms of fosB mRNA are induced by serum
stimulation

In the course of experiments dealing with the delinea-
tion of exon—intron boundaries in the mouse fosB gene,
we obtained results that were not compatible with the
published sequence of a fosB cDNA (Zerial et al. 1989). A
closer inspection of the nucleotide sequence revealed the
presence of potential splice donor (SD; AG/GTGAGA)
and splice acceptor (SA; CAG) sites in fosB transcripts
{see Fig. 1a), which might result in the expression of an
alternative mRNA. To test this hypothesis we synthe-
sized a set of primers (5'p and 3’p in Fig. la) to amplify
cDNAs (Saiki et al. 1988) synthesized from various cell
types in different conditions of proliferation or differen-
tiation. The known longer fosB mRNA (fosB-L) should
generate an amplified 322-bp fragment, whereas a
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Figure 1. {a) Schematic representation of fosB-L (top) and fosB-
S (bottom) cDNAs. (SA and SD) Splice acceptor and splice donor
consensus sequences, respectively; numbers refer to amino acid
positions. Removal of an additional 140 bp by alternative splic-
ing generates a carboxy-terminally truncated protein by cre-
ation of a stop codon 3’ to amino acid position 237. (5'p and 3'p)
Positions of the primers used for PCR-mediated cDNA ampli-
fication. fosB-L generates a 322-bp fragment; fosB-S generates a
182-bp fragment. Stippled boxes indicate coding regions; the
open box in FosB-S represents the untranslated sequence 3’ to
the stop codon created by alternative splicing. (b} Nucleotide
sequence analysis of the region where the alternative splicing
occurs (splice junction) in the cloned PCR product representing
the fosB-S cDNA (cDNA/s; left) and the genomic fosB DNA
(right). The sequences represent the lower {noncoding) strands,
with the 5’ end at the bottom. The positions of the stop codon
in fosB-S and of the SA in the upper strands are also shown.

shorter form (fosB-S) generated by alternative splicing
should give rise to a fragment of 182 bp (see Fig. 1a). The
results of this analysis are shown in Figure 2. No signif-
icant fosB expression was observed in undifferentiated or
differentiated F9 cells (FOEC, FOEND), normally growing
HeLa, NIH-3T3, or 208F cells, and serum-deprived
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Figure 2, Analysis of fosB-L and fosB-S expression
by quantitative PCR-mediated ¢cDNA amplification
in different cell lines. (F9 EC) Undifferentiated F9
embryonal carcinoma cells; (F9 END) F9 cells differ-
entiating to parietal endoderm after 4 days of expo-
sure to retinoic acid plus dibutyryl-cAMP; {—FCS)
24 hr after withdrawal of serum; (growing) normally
proliferating cells in 10% FCS; (stimulated) serum-
deprived cells stimulated with 10% FCS for 1 hr; (no
RNA) negative control. The two PCR products of 322
and 182 bp, representing the long and short forms of
fosB mRNA (fosB-L and fosB-S, respectively), are in-
dicated by arrows. The origin of the weak band above
fosB-L is unknown.
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{—FCS) HeLa or NIH-3T3 cells. In contrast, strong ex-
pression was observed in serum-stimulated HeLa and
NIH-3T3 cells. In both cases, the two fragments pre-
dicted for fosB-L and fosB-S mRNAs were found. Taken
together with the fact that the expression patterns of
both mRNAs followed the known expression of fosB
mRNA (Zerial et al. 1989), our observations suggest that
serum stimulation leads to the induction of two fosB
mRNAs generated by alternative splicing.

To verify this conclusion we isolated the smaller am-
plified fragment by agarose gel electrophoresis and
cloned it in pTZ18R. The DNA sequence of the insert
was determined and compared to the corresponding re-
gion of a recombinant phage (AfosB), which contained a
13-kb insert encompassing the mouse (BALB/c) fosB
gene (D. Mumberg, M. Schuermann, and R. Miiller, in
prep.). The sequences of the relevant regions around the
splice junction are shown in Figure 1b. It is clearly visi-
ble that the sequence of fosB-S is identical to the geno-
mic sequence until the position of the SA site is reached,
indicating that the alternative splicing event took place
as expected. The remaining sequence for fosB-S, as pre-
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dicted in Figure 1a, was also confirmed by sequence anal-
ysis, including the presence of the stop codon TGA.

The two fosB mRNA forms are derived from
a single gene

To verify that the two mRNA forms are generated by
alternative splicing of a single primary transcript rather
than by transcription of two fosB genes, we performed
Southern blot analyses of mouse genomic DNA and
compared the observed pattern with the restriction map
established for the AMosB phage described above {Fig. 3).
Mouse liver DNA was digested with BamHI, Xhol, or
Sacl, and the blot was hybridized to a cDNA probe cov-
ering the entire coding region, as indicated in Figure 3a.
The observed number of hybridizing fragments (two for
Sacl and BamHI; one for Xhol), as well as their sizes (10.0
and 1.8 kb for Sacl; 4.8 and 3.0 kb for BamHI; ~14 kb for
Xhol), is in perfect agreement with that of the isolated
phage, demonstrating that all fragments were derived
from a single gene. This result therefore supports the
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Figure 3. (a) Restriction map of a recombinant phage isolated from a BALB/c mouse liver genomic library. The Sacl site shown in
parentheses is derived from the phage vector. Numbers at the top indicate nucleotide positions. {b} Southern blot analysis of mouse
genomic DNA digested with BamHI, Xhol, or Sacl and hybridized to a cDNA probe covering the region indicated in a.
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conclusion that fosB-L and fosB-S are generated by alter-
native splicing.

We also sought to confirm the presence of two alter-
natively spliced RNAs by nuclease S1 mapping. A probe
covering the splice junction in fosB-S was generated by
isolating a genomic BamHI-Sphl fosB fragment. This
probe should give rise to a fragment of 884 bp protected
by fosB-L mRNA and a fragment of 590 bp protected by
fosB-S mRNA (see Fig. 4a). Fragments of these sites were
indeed detected when RNA from stimulated NIH-3T3
cells was analyzed in a nuclease S1 protection assay (Fig.
4b; 3T3-S), using two different enzyme concentrations
{200 and 400 units). In contrast, no protected fragments
were observed with RNA from unstimulated cells (3T3-
Q), underscoring the specificity of the results.

Differential expression of fosB-L and fosB-S after
serum stimulation

We investigated the temporal expression of the two fosB
mRNA forms after serum stimulation. Serum-deprived
NIH-3T3 cells were stimulated with 10% FCS, and RNA
was isolated for 0, 15, 30, 60, 90, and 120 min poststim-
ulation, transcribed into cDNAs, and amplified by poly-
merase chain reaction (PCR) {Saiki et al. 1988). The PCR
conditions were established such that amplification of
the cDNAs was linearly dependent on the concentration
of the corresponding mRNAs. This was achieved by per-
forming the reactions in the presence of [a-*?P}JdCTP, so
that owing to the greater sensitivity of autoradiography
as opposed to ethidium bromide staining, a relatively
low number of PCR cycles was sufficient to detect the
amplified products. In this way, the cDNA concentra-
tion remained the rate-limiting factor throughout the
amplification procedure (D. Mumberg et al., unpubl.).

Alternative fosB splicing

For control purposes, the RNA was also analyzed by
Northern blotting using a fosB ¢cDNA as the probe.

Figure 5a shows that the expression of fosB mRNA in
our experiment followed the known kinetics, and hy-
bridization to a GAPDH probe indicates that equal
amounts of intact RNA were used for each time point.
The PCR analysis in Figure 5b revealed a clearly differ-
ential expression of both fosB mRNA forms. Although
fosB-L showed maximum expression at 15-30 min, fosB-
S appeared later, peaking ~60 min poststimulation. In
contrast, B-actin, which was included as a control,
showed no significant variation in the level of expres-
sion. These experiments were performed three times
with independently isolated RNA samples, and fosB-L
mRNA clearly preceded the shorter form each time {data
not shown).

Serum stimulation was also performed in the presence
of the protein synthesis inhibitor cycloheximide (CHX]
to analyze whether expression of FosB-L protein is nec-
essary for the synthesis of fosB-S mRNA (Fig. 5b). This
does not seem to be the case, because the short RNA
form appeared also in the presence of CHX and even
seemed to be expressed at higher levels than fosB-L. As
expected, mRNA degradation was largely prevented by
CHX, leading to a stable induction of both fosB-L and
fosB-S during the period analyzed in the present experi-
ment.

Construction of fosB genes encoding specific
protein forms

The differential expression of fosB-L and fosB-S raised
the intriguing possibility that the short form might en-
code a protein that counteracts the preceding action of
the longer counterpart. According to this hypothesis,
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Figure 4. Nuclease S1 mapping of fosB mRNAs in serum-stimulated NIH-3T3 cells. (a) Schematic representation of the fosB fourth
exon, the derived BamHI-Sphl probe, and the two fragments expected to be protected by fosB-L and fosB-S mRNA (884 and 590 bp,
respectively). (SA] Splice acceptor. (b) Separation of DNA fragments after nuclease S1 digestion using the probe shown in a and the
DNA samples indicated above the lanes. {3T3-5/200 U} Stimulated (1 hr) NIH-3T3 cells, 200 units of nuclease S1; {3T3-5/400 U) same
as lane 1, but 400 units of enzyme; (3T3-Q/300 U) serum-deprived NIH-3T3 cells, 300 units of nuclease S1. Arrows indicate the

fragments protected by fosB-L and fosB-S RNA, respectively.
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Figure 5. (a) Northern blot analysis of fosB expression after serum stimulation of serum-deprived NIH-3T3 cells. Cells were harvested
after the indicated times (minutes) poststimulation. A control blot was hybridized to a GAPDH probe to show that equal amounts of
intact RNA were located. The size of the fosB mRNA is ~4 kb. {b) Analysis of B-actin (control} and fosB {with and without addition
of CHX) expression after serum stimulation of serum-deprived NIH-3T3 cells by quantitative PCR-mediated ¢cDNA amplification.

PCR was performed as in Fig. 2. (Con) No RNA added (negative control). In the right-most panel, CHX (5 pg/ml} was added 1 hr prior
to serum stimulation.

both proteins should exhibit different or even antagonis- resulting RNA using reticulocylce lysate. Figure 7 {lanes
tic functional properties. To test this possibility, we con- IVT (in vitro-translated)| shows that the translated pro-
structed two plasmids with mutations in either the SD, teins had the expected molecular masses of ~35 and
thus expressing only fosB-L, or with a stop codon at the 45 kD.
position of the SD site, thus expressing only the trun- The mutant proteins were then inserted into a eukary-
cated fosB-S form. The structures of these plasmids, otic expression vector containing the SV40 early pro-
which were generated by PCR-mediated mutagenesis moter. To be able to specifically identify mRNAs ex-
(see Materials and methods), are shown in Figure 6a. To pressed from these plasmids (after transcription into
verify the presence of the mutations and the intactness ¢DNA and PCR-mediated amplification) we also intro-
of the reading frame we cloned the two mutated cDNAs duced new restriction sites into constructs pFosB-L and
into an in vitro transcription vector and translated the pFosB-S, together with the mutations described above.
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Figure 6. (a) Schematic representation of fosB inserts in constructs pFosB, pFosB-L, and pFosB-S. Coding regions are boxed; the solid
circle in pFosB-L indicates the mutated splice donor sequence {mutSD); TAG indicates the stop codon introduced into pFosB-S.
Together with the mutations, new restriction sites were introduced into pFosB/L {Xbal at position 1917 according to Zerial et al. 1989)
and pFosB/S (BgIII at position 1920). The positions of the 5’ primer (5’ end at 1779) and the 3’ primer (3’ end at 2101} used for PCR
analysis are shown at the bottom. Digestion of the PCR products with Xbal or Bglll should result in fragments of 138 and 184 bp (pFosB-
L) or 141 and 181 bp (pFosB-S). (b} Expression of fosB-L and fosB-S in cell lines stably transfected with pFosB, pFosB-L, or pFosB-S. PCR
analysis was performed as in Figs. 2 and 5, except that in the cases indicated the PCR products were digested with Xbal or Bglll. For
both pFosB-L and pFosB-S two independent clones (L1/L2 and S1/S2) were analyzed. The arrows (right) indicate the uncut PCR product
and the two fragments generated by the indicated restriction enzymes, as explained in a.
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Figure 7. Immunoprecipitation of FosB-L and FosB-S proteins
in serum-deprived {lane 3) and serum-stimulated NIH-3T3 cells
{40 min poststimulation; lane 4) and in cell lines stably trans-
fected with the empty expression vector pMSE, pFosB, pFosB-L,
or pFosB-S (lanes 8-11; see also Fig. 6b, clones L1 and S1). Im-
munoprecipitation of the extract from stimulated NIH-3T3
cells was also performed in the presence of either the specific
peptide (used as the hapten for immunization; lane 5) or an
irrelevant peptide (lane 6) to show the specificity of the immu-
noprecipitation. Lanes I and 2 show the in vitro-translated
FosB-L and FosB-S proteins. Arrows at right indicate the two
FosB forms of 45 and 35 kD {FosB-L and FosB-S).

Digestion of PCR products from cell lines stably trans-
fected with these plasmids could thus be carried out to
verify that the expected exogenous fosB mRNA forms
were expressed. Two fosB-L-expressing clones (L1, L2)
and two fosB-S-expressing cell lines (S1, S2) showed the
expected 322-bp fragment, which could be digested with
either Xbal (L1, L2} or BgllI (S1, S2) to yield two bands of
138/184 and 141/181 bp, respectively (see Fig. 6a and b).
Untransfected 208F cells showed a much weaker signal,
presumably representing the endogenous fosB mRNA,
which is probably also responsible for the weak upper
band (“uncut” position) seen in the digested samples.

Expression of FosB-L and FosB-S proteins

The clones of fosB-L- and fosB-S-expressing cells de-
scribed above were then analyzed for the synthesis of the
respective FosB proteins. Cells were metabolically pulse-
labeled with [**Simethionine, lysed in RIPA buffer,
treated with SDS to disrupt FosB/Jun complexes, and im-
munoprecipitated with a FosB-specific antibody raised
against the amino-terminal 14 amino acids {kindly pro-
vided by Dr. J. Adamkiewicz, IMT). Figure 7 shows that
pFosB-L and pFosB-S cells expressed proteins of ~45 and
35 kD, respectively, which comigrated with FosB-L and
FosB-S synthesized by in vitro transcription—translation.
Similarly sized proteins were also detected in serum-
stimulated NIH-3T3 cells. Precipitation of the 35- and
45-kD proteins was completely abolished by competi-

Alternative fosB splicing

tion with the specific peptide {used as the hapten for
immunization) but not by an unrelated peptide. We
therefore conclude that (1) the two endogenous mRNA
forms in NIH-3T3 cells are translated into protein, and
{2) the constructed plasmids express the expected pro-
teins, corresponding to the endogenous products gener-
ated by alternative splicing. Interestingly, transfection of
pFosB, which contains an intact SD site, leads to the
expression of only FosB-L. This suggests that the alter-
native splicing mechanism functions only in the context
of the primary transcript.

TRE binding of FosB-L/Jun and FosB-S/Jun complexes

To analyze the DNA-binding properties of the two FosB
forms we reconstituted FosB-L/c-Jun and FosB-S/c-Jun
complexes from the respective in vitro-translated pro-
teins and analyzed these complexes for binding to an
oligonucleotide containing the collagenase TRE. The re-
sults of the gel-retardation analysis are shown in Figure
8. As expected, the uncomplexed proteins did not show
any significant binding under the conditions of the assay
{lanes 1-3), whereas both forms of FosB gave clear shifts
at room temperature (lanes 4 and 5) and at 37°C (lanes 6
and 7). The observed binding was specific, as it was com-
peted by a 100-fold excess of the specific TRE oligonu-
cleotide but not by a similar amount of a random oligo-
nucleotide. These results show that both FosB-L and
FosB-S are able to bind to the TRE in complexes with
c-Jun.

FosB-S + Jun (37°C)
FosB-L + Jun (37°C)
FosB-S + Jun + 100xAP-1
FosB-S + Jun + 100xRd
FosB-L + Jun + 100xAP-1
FosB-L + Jun + 100xRd

Jun

FosB-S
FosB-L
FosB-S + Jun
FosB-L + Jun

1 2 3 4 5 6 7 8 9 10 1=1

Figure 8. Gel-retardation analysis of FosB-L and FosB-S syn-
thesized by in vitro transcription—translation for binding to the
collagenase TRE in the presence or absence of c-Jun. Competi-
tions were performed in the presence of a 100-fold molar excess
of a random (upper strand, 5'-GCGACTAACATCGATCG]
or a TRE-containing oligonucleotide (AP-1; upper strand, 5'-
AAGCAGACAC).
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Trans-regulation by FosB-L and FosB-S

We then tested the trans-activating potential of the
FosB-L and FosB-S proteins. Figure 9 shows that in HeLa
cells both proteins were able to trans-activate expression
of a 5x TRE—chloramphenicol acetyltransferase (CAT)
reporter construct {10- and 7-fold, respectively), similar
to pFosB (5-fold). Likewise, the coexpression of pFosB-L
and pFosB-S resulted in a five- to sevenfold induction of
CAT activity. As controls, two v-Fos expression plas-
mids were included. Expression of E300 resulted in an
18-fold trans-activation, and an E300 protein with an
impaired leucine zipper (L3-4-5; Schuermann et al. 1989}
only led to an insignificant increase in CAT activity
{twofold). These results indicate that both FosB forms are
able to trans-activate the 5X TRE-CAT construct. Prac-
tically identical results were obtained with NIH-3T3
cells as the recipients (data not shown).

To analyze the trans-repression potential of pFosB-L
and pFosB-S we tested their effect on a c-fos-promoter/
CAT construct in serum-stimulated cells, as described
for c-Fos trans-repression (Lucibello et al. 1989). Figure
10 shows that both pFosB and pFosB-L were able to
trans-repress the c-fos—-CAT reporter construct by
~65%, whereas pFosB-S was unable to do so. Interest-
ingly, the repression by pFosB-L was suppressed by co-
expressed pFosB-S (right-most lane), indicating that the
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Figure 9. Trans-activation of a 5x TRE-CAT reporter con-
struct by v-Fos- and FosB-expressing plasmids. HeLa cells were
transfected with 2.5 pg of reporter plasmid plus 2.5 pg of ex-
pression vector (lane 6, 1.25 pg of both pFosB-S and pFosB-L;
lanes 7 and 8, 1.25 ug of pFosB-S or pFosB-L plus 1.25 pg of the
empty vector]. Cells were harvested 48 hr after transfection, and
CAT activity was determined. Numbers at the bottom show
percent conversion, corrected for transfection efficiency and
protein concentration; 100% conversion corresponds to 1250
pmoles/mg of protein per hour. (L3-4-5) E300 (a v-Fos hybrid; see
right-most lane} with a defective leucine zipper due to the mu-
tation of 3 leucines (Schuermann et al. 1989); (vector) the empty
expression vector pMSE (Schuermann 1990).
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Figure 10. Trans-repression of a c-fos—CAT reporter construct
by FosB expression vectors. NIH-3T3 cells were transfected
with 2.5 pg of reporter plasmid (pAGCAT3; Lucibello et al. 1989)
plus 2.5 pg of expression vector {lanes 5 and 6, 1.25 pg of pFosB-
L or pFosB-S plus 1.25 ug of the empty vector; lane 7, 1.25 pg of
both pFosB-S and pFosB-L). Numbers at the bottom correspond
to percent conversion corrected for transfection efficiency and
protein concentration. (Vector) Empty expression vector pMSE
{Schuermann 1990).

short FosB form is not only incapable of trans-repression
but also acts as an antagonist.

Transforming potential of pFosB-L and pFosB-S

Finally, we analyzed the transforming properties of the
two FosB forms in a focus assay using 208F cells as the
recipients. The results displayed in Table 1 clearly show
that only the long FosB form was able to induce signifi-
cant numbers of foci: While pFosB and pFosB-L induced
74 and 69 foci, respectively, only 5 and 9 foci were seen
with the empty expression vector pMSE and pFosB-S,
respectively. It cannot be decided at this point whether

Table 1. Induction of morphological transformation and
dominant negative effects by FosB proteins

Amount Number of
Constructs {ng) foci/transfection?
PMSE (vector) 1 5
pFosB 1 74
pFosB/L 1 69
pFosB/S 1 9
pFosB/L + pMSE 1+1 70
pFosB/L + pFosB/S 1+1 15
pFosB/L + pMSE 1+2 84
pFosB/L + pFosB/S 1+ 2 18
pFosB/L + pMSE 1+ 3 112
pFosB/L + pFosB/S 1+3 20

*Number of foci in three plates 22 days after transfection.
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the transforming potential of pFosB-S is very low or not
existent at all, due to the formation of a low number of
spontaneous foci in the vector control plates. The reason
for the latter is the relatively long time needed for fosB-
induced foci to become macroscopically visible (>3
weeks). The focus assay was also performed with NIH-
3T3 cells with very similar results (data not shown).

The very low or absent transforming potential of
pFosB-S was not due to a toxic effect, as similar numbers
of G418® 208F colonies could be obtained with all con-
structs (335 colonies/pg of pFosB; 287 colonies/pug of
pFosB-L; 330 colonies/pg of pFosB-S), and stable lines
expressing FosB-S could also be obtained ({see experi-
ments shown in Figs. 6b and 7). This result is important
in view of the the ability of FosB-S to suppress transfor-
mation by pFosB-L: Cotransfection of 1 pg of pFosB-L
and 1, 2, or 3 pg of empty vector DNA vyielded between
70 and 112 foci; cotransfer of 1 p.g of pFosB-L and 1, 2, or
3 pg of pFosB-S gave only 15-20 foci. This observation
clearly suggests that pFosB-S does not only lack signifi-
cant transforming properties but also possesses anti-
oncogenic properties with respect to pFosB-L-induced
transformation.

Discussion

Induction of the fosB gene is part of the immediate early
response of cells after stimulation with growth factors
(Zerial et al. 1989). A cDNA clone representing a fosB
mRNA has been isolated and shown to contain the
known structural elements of bZip proteins, that is, a
leucine zipper flanked by a basic region representing part
of a bipartite DNA-binding domain. Considering the
high homology of this region with the c-Fos—bZip do-
main it was not surprising to find that both proteins
show very similar, if not identical, DNA-binding prop-
erties in a complex with a Jun protein. In this study we
have identified a second fosB mRNA generated by alter-
native splicing, whose encoded product {FosB-S) lacks
the 101 carboxy-terminal amino acids present in the
longer FosB-L protein. This truncation leaves the leucine
zipper and the adjacent basic region intact, which is re-
flected by the ability of both FosB-L and FosB-S proteins
to bind cooperatively with c-Jun to TRE. The two fosB
mRNA forms are differentially expressed following se-
rum stimulation, the long form preceding the short form
by ~30 min. This observation deserves particular atten-
tion in view of the fact that the two forms of FosB differ
in their transforming and trans-repressing properties:
Only FosB-L is able to repress a c-fos-promoter/CAT re-
porter construct, and FosB-S can suppress the trans-re-
pressing effect of FosB-L. Likewise, only the long form
induces transformation efficiently, and this function is
also antagonized by FosB-S. These functional differences
suggest that the trans-regulatory action of FosB-L, acti-
vated upon serum stimulation, is counteracted by the
subsequently expressed FosB-S. The consecutive expres-
sion of an oncogenic trans-regulator and anti-oncogenic
antagonist derived from the same gene represents a novel

Alternative fosB splicing

mechanism regulating the action of Fos family members.
The fact that FosB-S is unable to repress the c-fos—pro-
moter construct suggests that a region in the 101 amino-
acid carboxy-terminal stretch of FosB-L is required for
trans-repression. The carboxyl terminus of FosB-L,
which is not well conserved among Fos and FosB, con-
tains a conspicuous cluster of 7 contiguous proline resi-
dues followed by another stretch rich in prolines and
serines, which might play a role in this type of trans-
regulation by FosB-L. It has been shown that proline-rich
domains are involved in transcriptional activation by
other proteins (Mitchell and Tjian 1989) and thus repre-
sent potential interfaces for protein—protein interac-
tions. However, at least in the cell systems analyzed in
the present study (NIH-3T3 fibroblasts and HeLa cells),
this region does not seem to be crucial for the other
trans-regulatory function of FosB-L, trans-activation of
AP-1-dependent transcription, because FosB-S was at
least as efficient at activating the 5x TRE-CAT reporter
construct as FosB-L.

It is conceivable that the cell has devised additively
acting regulatory mechanisms that keep the potentially
oncogenic action of Fos proteins under constraint. It has
already been shown that transcriptional activation oc-
curs only at a precise time and only for several minutes
following growth factor stimulation (Greenberg and Ziff
1984; Kruijer et al. 1984; Miiller et al. 1984), the synthe-
sized mRNA is degraded rapidly with a half-life of ~10
min (Rahmsdorf et al. 1987), and Fos proteins turn over
with short half-lives of 30-120 min {Curran et al. 1984,
Miiller et al. 1984). In addition, trans-repression by Fos
protein has been shown to be dependent on the phospho-
rylation status of the protein (Ofir et al. 1990). The data
reported in this discussion suggest that another mecha-
nism can be added to this list, the counteraction of a
specific function exerted by FosB-L, that is, its trans-
repressing properties, by another product of the same
gene generated by differential splicing.

Our results show clearly that FosB-L is an oncoprotein
and that the shorter form of FosB possesses only very
weak, if any, transforming properties. This is not due to
a toxic effect exerted by FosB-S, as all FosB constructs
were able to induce similar numbers of G418® colonies.
The transforming potential of the FosB constructs does
not seem to correlate with their trans-activating poten-
tial, because FosB-S does not transform efficiently de-
spite its trans-activating properties. A much better cor-
relation seems to exist between transformation and
trans-repression, both of which are efficiently mediated
only by FosB-L and suppressed by FosB-S. This observa-
tion is particularly interesting in view of the fact that a
similar correlation is not found for the induction of
transformation by v-Fos and trans-repression (Lucibello
et al. 1989). This raises the intriguing possibility that
different members of the Fos family use different molec-
ular mechanisms to induce transformation in fibro-
blasts.

Negative regulation of trans-regulatory proteins by in-
teracting factors has been described in other instances,
such as the E-box-binding factors MyoD, E12, and E47,
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whose interaction with DNA is negatively affected by
complex formation with the Id protein (Benezra et al.
1990). Likewise, differential splicing of proto-oncogene
transcripts is not a novel feature of fosB. It has been
shown that alternative splicing is responsible for the tis-
sue-specific expression of c-abl (Beh-Neria et al. 1986;
Bernards et al. 1988} and c-src (Levy et al. 1987; Wang et
al. 1987) mRNAs; and the c-H-ras transcript is subject to
differential splicing, although the significance of the
shorter form remains obscure (Cohen et al. 1989b). An-
other interesting example is the alternative splicing of
c-myb transcripts, which generates a truncated protein,
termed Mbm?2, in addition to the full-length product c-
Myb {Weber et al. 1990). Although c-Myb blocks the
dimethylsulfoxide {DMSO}-induced differentiation of
mouse erythroleukemia cells, the shorter Mbm2 protein,
which lacks the transcriptional regulatory regions, en-
hances their differentiation (Weber et al. 1990).

These observations suggest that proteins acting at cru-
cial points in proliferation and differentiation-control-
ling pathways are not only regulated at the level of ex-
pression but also by modulation of their activity through
post-translational modifications and interaction with
other factors. Such multiple regulatory mechanisms
might ensure the proper functioning of biological pro-
cesses that involve the rapid switching between different
functional states of the regulatory “master” proteins, as
it occurs in the induction of cell division and differenti-
ation by growth factors or hormones. In addition, pertur-
bations in such regulatory networks due to mutations or
abnormal environmental situations would not necessar-
ily cause havoc, because other mechanisms might still
be able to keep the physiological balance.

Another study reporting alternative splicing of fosB
transcripts has been published (Nakabeppu et al. 1991).
Both that study and this one are in agreement with re-
gard to the structure of the alternatively spliced RNAs
and the behavior of their products in trans-repression. In
contrast to our findings, Nakabeppu et al. report that
FosB-S is unable to trans-activate TRE-dependent tran-
scription and can block trans-activation by FosB-L. The
other aspects addressed in our study, that is, kinetics of
expression and transforming properties of the two FosB
forms, were not analyzed by Nakabeppu et al. (1991).
Two major differences in the experimental conditions
may account for the apparent discrepancy in the trans-
activation study. Nakabeppu et al. used F9 teratocarci-
noma stem cells, which are known to differ from NIH-
3T3 and HeLa cells in that they contain basically no
endogenous AP-1 activity (Chiu et al. 1988). It is con-
ceivable that the availability of endogenous factors act-
ing on AP-1 sites may have a significant influence on the
results of the assay. In addition, different reporter con-
structs were used in the two studies, containing either a
single TRE (Nakabeppu et al. 1991} or five copies of the
TRE (this study). It is possible that FosB-S shows trans-
activation properties only with oligomerized binding
sites. Further experiments will have to establish the role
of cell type and target sequence specificity in FosB-me-
diated trans-activation.
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Materials and methods
Cell culture

F9, HeLa, 208F, and 3T3 cells were cultured in Dulbecco—Vogt
modified Eagle minimum essential medium (DMEM) supple-
mented with 10% fetal calf serum (FCS), 0.5% glucose, penici-
lin {100 U/ml), and streptomycin {100 mg/ml). Serum-deprived
cells were kept for 20 hr in serum-free DMEM and stimulated
with 10% FCS. In some experiments, CHX was added 1 hr be-
fore serum stimulation.

Northern blot analysis

RNA was prepared according to Chirgwin et al. (1979), and
Northern blot analysis was performed as described previously
(Thomas 1980; Miiller et al. 1983).

PCR and analysis of PCR products

For cDNA synthesis 1 pg of total RNA was annealed to 1 ug of
oligo(dT) and incubated with 200 units of Moloney murine leu-
kemia virus reverse transcriptase for 1 hr at 37°C in a final
volume of 20 pl. One-tenth of the reaction mixture was ampli-
fied by 25 cycles of PCR (Saiki et al. 1988) in the presence of 0.5
p.Ci of |a-*2P|[dCTP. The two oligonucleotide primers used in all
PCR experiments had the sequence5’-AAAAGGCAGAGCT-
GGAGTCG-3', complementary to nucleotides 1779-1798 of
fosB cDNA (Zerial et al. 1989), and 5'-GTACGAAGGGCTA-
ACAACGG-3', complementary to nucleotides 2101-2082, re-
spectively.

Cloning and analysis of the fosB-S PCR fragment

The PCR-amplified 322 bp containing the fosB-S splice junction
fragment was purified by agarose—gel electrophoresis, digested
with Rsal and Hinfl, and blunt-end-ligated in a pTZ18R vector.
DNA sequencing was carried out according to Chen and See-
burg (1985) using the Sequenase version 2.0 DNA sequencing
kit {U.S. Biochemical).

Nuclease S1 protection analysis

Nuclease S1 protection analysis was performed essentially as
described in Hagen et al. {1990). A genomic Sphl fragment was
end-labeled with [y-3*P|ATP and digested with BamH]I, and the
resulting BamHI-Sphl fragment was isolated by agarose—gel
electrophoresis. This probe (2 X 10° cpm) was hybridized over-
night at 59°C to 30 pg of total RNA from quiescent cells or from
cells stimulated with 10% FCS for 1 hr. Nuclease S1 digestions
were carried out for 1 hr at 37°C.

In vitro transcription—translation

The in vitro transcription—translation of FosB-S, FosB-L, and Jun
proteins was performed as described in Schuermann et al.
{1989).

Gel retardation analysis

Binding reactions were performed by incubating 5 ul of FosB-S
or FosB-L and 5 pl of Jun-containing in vitro translation mix-
tures with 1.5 pg/ml poly|d(I-C]] in a buffer containing 10 mm
HEPES (pH 7.9}, 60 mm KCl, 4% Ficoll, 1 mm EDTA, and 1 mm
dithiothreitol for 60 min on ice. Approximately 2.5 X 10* cpm
of labeled double-stranded oligonucleotide containing an AP-
1-binding site was added, and incubation was continued for an-
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Table 2. Sequences of oligonucleotides used for PCR-mediated mutagenesis

EcoRI

FosB-S1
FosB-S2

EcoRI
FosB-L1
FosB-L2

EcoRI
FosB-P
FosB-N

Bglll

5'-GGGAATTC _ 1613 TAGAGAGATCTGCCAGGGTCAACATCCG  945-3’

BglIIll HindIIl

3'-1397TCCGGGCGACCGGCTCATCTCTCTAGA _ 1903 TTCGAAGG-5'
Xbal
5-GGGAATTC _ 6:3CTTCTAGATTTGCCAGGGTCAACAT g3,-3"

Xbal HindIlI

3’ _ 1397 TCCGGGCGACCGGCTCGAAGATCT _ 1550 TTCGAAGG-5’

5-GGGAATTC. 1,0s TGCAGCTAAGTGCAGGAA -3’

HindIll

3’ _313sCAGGCGCAAGCGGCCG 5,44 TTCGAAGG-5’

other 60 min at either room temperature or 37°C. The reaction
mixtures were separated on 4% polyacrylamide gels at 10 V/cm
{Barberis et al. 1987).

Immunoprecipitations

208F cells transfected with pFosB, pFosB-S, pFosB-L, or empty
expression vector were selected in G418-containing medium, as
described above, and grown to confluency. Prior to labeling with
[**S)methionine, the cells were kept in serum-free medium for
18 hr. Metabolic labeling and the subsequent preparation of
lysates were performed according to Jenuwein and Miiller
(1987). To disrupt protein complexes (e.g., Fos/Jun), aliquots of
lysate were heated at 95°C for 5 min in the presence of 0.5%
SDS, cooled down to room temperature, and diluted with RIPA
buffer without SDS to give a final SDS concentration of 0.1%.
Eight microliters of rabbit polyclonal anti-peptide antiserum,
raised against a FosB peptide spanning the amino-terminal 14
amino acids of the FosB protein (kindly provided by Dr. J. Adam-
kiewicz), was added to 100 pl of cleared lysate and incubated on
ice for 2-3 hr, followed by the addition of 60 ul of protein A—
Sepharose and incubation for 60 min on ice. Washing of im-
mune complexes, gel electrophoresis, and subsequent process-

ing of the gels were performed as described in Schuermann et al.
(1989).

PCR-mediated mutagenesis

The PCR protocols described above were also used to introduce
site-specific mutations in the cloned fosB cDNA. Two pairs of
oligonucleotides were designed, one to change codon 238 (va-
line) into a stop codon {TGA), and a second one to destroy the
splice donor site following codon 237 (glutamic acid). In addi-
tion, two primers, located ~200 bp in either direction from the
mutation site, were chosen. All primers also contained suitable
restriction sites, which allowed subsequent directional cloning
and new internal sites to facilitate their identification (BglII and
Xbal). Numbers in Table 2 indicate nucleotide positions accord-
ing to Zerial et al. (1989).

FosB-S1 and FosB-L1 oligonucleotides were combined with
primer FosB-N to amplify 197 bp of fosB cDNA fragments. FosB-
$2 and FosB-L2 in combination with primer FosB-P yielded frag-
ments of 219 bp. All cDNA fragments obtained were digested
with EcoRI and HindlIII and cloned into pTZ18R. The resulting
clones were sequenced to verify the presence of the mutations
and the correct reading frame. The subcloned FosB-S fragments
were then fused via their Bglll sites, and the subcloned FosB-L
fragments were ligated via their Xbal sites. This step was fol-
lowed by the addition of 3' FosB cDNA sequences inserted as a

Hincll (partial digest}-HindIll fragment. The resulting fosB
genes, which were still missing the amino termini, were excised
with Pstl to replace the 1.1-kb Pstl carboxy-terminal part of the
original pTZfosB ¢cDNA clone. Finally, the reconstituted fosB-S
and fosB-L genes were excised with Sstl and Xhol, ligated to
BamHI linkers, and cloned into pMSE under the control of the
SV40 early promoter {Schuermann 1990).

Focus assay

208F or NIH-3T3 cells (4 x 10%) were transfected 24 hr after
plating with plasmid DNA purified on CsCl gradients plus NIH-
3T3 carrier DNA to give a total amount of 10 ng of DNA per
transfection. In the case of 208F cells, the medium was with-
drawn after 4 hr, and the cells were washed twice with phos-
phate-buffered saline (PBS). Twenty-four hours after transfec-
tion, the cultures were split in a 1 : 3 ratio. The medium was
changed every 3—4 days. Foci of morphologically altered cells
were counted after 22-25 days. The formation of G418® colo-
nies was also determined by transfecting 1 ng of plasmid DNA
plus 5 pg of NIH-3T3 carrier DNA and growing the transfected
cells in selective medium containing 0.7 mg of G418/ml as
described in Jenuwein et al. (1985).

CAT assays

Transfections were essentially carried out according to Luci-
bello et al. (1988). After trypsinization, 4 X 10° HeLa or 1 x 10°
NIH-3T3 cells were seeded per 3-cm plate and transfected 24 hr
later. Following transfection, 2.5 pg of the reporter plasmid [5X
TREtkcat3 for trans-activation and the c-fos—~CAT plasmid
pA6CAT3 (Lucibello et al. 1989) for trans-repression| was co-
precipitated with a total of 2.5 pg of expression vector and
empty vector DNA, as indicated in the legends to Figures 7 and
8. The DNA precipitate was left on the cells overnight. In trans-
activation assays, cells were then washed twice with PBS and
incubated with DMEM plus 10% FCS for 24 hr. For serum stim-
ulation, 10% FCS was added to the NIH-3T3 cells 36 hr after
transfer to serum-free medium. Cells were lysed in situ in 125
wl of lysis buffer, and 10-50 ul was used to determine CAT
activity, as described by Gorman et al. (1982). Thin-layer chro-
matography plates were evaluated using a Packard beta imaging
scanner. Protein concentrations were determined with a com-
mercial assay kit (Bio-Rad), and activities were corrected ac-
cordingly. In some experiments, the transfection efficiency was
monitored by cotransfection of a Rous sarcoma virus (RSV}-
lacZ construct and determination of 8-galactosidase activity.
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Alternative splicing of fosB transcripts results in differentially
expressed mRNAs encoding functionally antagonistic proteins.
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