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We have determined the different Fos/Jun complexes present in Swiss 3T3 cells either following serum
stimulation of quiescent cells or during exponential growth by immunoprecipitation analyses. We have shown
that while c-Fos is the major Fos protein associated with the Jun proteins (c-Jun, JunB, and JunD) soon after
serum stimulation, at later times Fra-1 and Fra-2 are the predominant Fos proteins associated with the
different Jun proteins. During exponential growth, the synthesis of Fra-1 and Fra-2 is maintained at a
significant level, in contrast to c-Fos and FosB, which are expressed at very low or undetectable levels.
Consequently, Fra-1 and Fra-2 are the main Fos proteins complexed with the Jun proteins in asynchronously
growing cells. To determine whether the Fos proteins are differentially required during the G,-to-G, transition
and exponential growth for the entrance into S phase, we microinjected affinity-purified antibodies directed
against c-Fos, FosB, Fra-1, and Fra-2. We have found that while the activities of c-Fos and FosB are required
mostly during the G,-to-G, transition, Fra-1 and Fra-2 are involved both in the G,-to-G, transition and in

asynchronous growth.

A number of studies have demonstrated that the transcrip-
tion factor AP-1, originally discovered in human cells as an
activity that selectively binds to enhancer elements in the
promoter region of simian virus 40 and of many other
vertebrate genes (1, 19), consists of several distinct proteins,
including those encoded by the proto-oncogenes c-jun and
c-fos and other members of the jun and fos gene families
(for reviews, see references 2 and 40). The three Jun
proteins, c-Jun, JunB, and JunD, can form homodimers and
bind to an AP-1 site, but they differ in their binding affinities
(33), and it has been demonstrated, at least for c-Jun and
JunB, that they have different transcriptional and biological
activities (4, 36, 37). The Fos proteins, c-Fos, FosB, Fra-1,
and Fra-2, differ from the Jun proteins in that they do not
form homodimers and have no intrinsic specific DNA bind-
ing activity (6, 9, 24, 39, 42). However, the binding affinity
and transcriptional activation of the Jun proteins are dramat-
ically increased upon dimerization with Fos proteins (6, 9,
23, 28, 29, 33, 39, 42). The complexity arising from the
possible associations between different Jun and Fos proteins
has been further increased by the findings that Fos proteins
differentially affect the activity of the Jun proteins (7, 33, 39).
Interestingly, the members of the jun (16, 30-32, 34) and fos
(5, 8, 15, 20, 22, 26, 42) families belong to the set of genes
that are rapidly induced by growth factors in quiescent
fibroblasts (3, 10, 17), indicating that the Jun and Fos
proteins may play an important role in the regulation of
cellular proliferation. The notion that AP-1 activity is re-
quired in cell growth is supported by the observation that
inhibition of Fos and Jun activities either by the expression
of antisense RNA (11, 25, 38) or by microinjection of
antibodies (13, 29) inhibits induction of cell proliferation and
cell cycle progression. Further evidence that Fos and Jun
proteins are involved in the control of cell growth is the
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observation that deregulated expression of c-Fos, FosB,
Fra-2, and c-Jun can induce malignant cell transformation
(14, 18, 21, 26, 35, 36, 41).

Former studies have demonstrated that following serum
stimulation, the Fos proteins have distinct patterns of
expression, with c-Fos and FosB being expressed tran-
siently, whereas Fra-1 and Fra-2 are synthesized later and
for more prolonged times (5, 12, 22, 26). These data suggest
that the different Fos proteins could have differential roles in
cellular proliferation. Thanks to the generation of specific
antibodies against the different Fos proteins, we have done
comparative studies among the Fos proteins to gain an
insight into the possible differential regulatory activities
exerted by them that are implicated in normal cell growth
control. We have previously demonstrated that following
serum stimulation of quiescent Swiss 3T3 cells, different Jun
(c-Jun, JunB, and JunD) and Fos (c-Fos and FosB) proteins
coexist for several hours, generating different Jun/Fos com-
plexes in the cell (12). The relative proportion of the different
heterodimers formed at any time is governed by the amount
of each Jun and Fos protein present at that moment. In this
report, we have extended these studies to Fra-1 and Fra-2.
We have investigated the changes in the expression of Fra-1
and Fra-2 in Swiss 3T3 cells under two different growth
conditions, the transition from G, to G, and exponential
growth, and compared them with those of c-Fos and FosB.
The complexes formed between Fos and Jun proteins during
both cell growth conditions have also been determined.
These studies have been complemented by microinjection of
Swiss 3T3 cells with affinity-purified polyclonal antibodies
that are specific for each Fos protein or that recognize all
Fos proteins to determine their requirement for cell cycle
progression by monitoring DNA synthesis. From the results
obtained, we conclude that there is a differential requirement
of the Fos proteins during the G,-to-G, transition and during
exponential growth.
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MATERIALS AND METHODS

Cell culture. Swiss 3T3 cells were routinely grown in
Dulbecco modified Eagle medium (DMEM) supplemented
with 10% fetal calf serum (FCS) and antibiotics (100 U of
penicillin per ml and 50 pg of streptomycin per ml). Conflu-
ent cells were made quiescent by incubating them for 48 h in
DMEM containing 2.5% FCS. For stimulation, quiescent
cells were incubated in DMEM containing 20% FCS for the
indicated periods of time.

Cell labeling and immunoprecipitation. (i) Cell labeling. For
pulse-labeling experiments with [**S]methionine, Swiss 3T3
cells grown in 24-well plates were rinsed twice with DMEM
lacking methionine and then labeled for different times (15 to
60 min) with 800 wCi of [**S]methionine per ml in methio-
nine-free medium at the indicated times. For continuous
labeling, quiescent Swiss 3T3 cells were rinsed twice with
DMEM minus methionine and then labeled for different
times with 800 pCi of [**S]methionine per ml in DMEM
without methionine supplemented with 20% dialyzed FCS.
In all experiments, cells from 2 wells (24-well plates) were
labeled per point.

(ii) Immunoprecipitation. For the preparation of native
cellular lysates (nondenaturing conditions), the labeling me-
dium was removed, and the cells were washed briefly with
cold phosphate-buffered saline (PBS) and lysed on ice by the
addition of RIPA buffer (10 mM Tris-HCI [pH 7.5], 1%
sodium deoxycholate, 1% Nonidet P-40, 150 mM NaCl,
0.1% sodium dodecyl sulfate [SDS], 0.25 mM phenylmeth-
ylsulfonyl fluoride). For denatured cell extracts, cells were
lysed in denaturing buffer (50 mM Tris-HCl [pH 7.5], 0.5%
SDS, 70 mM B-mercaptoethanol), boiled for 10 min, and
then diluted by adding 4 volumes of RIPA buffer without
SDS. The lysates (final volume, 1 ml) were incubated with
antiserum (3 pl) for 1 h on ice and then incubated with 15 pl
of protein A-Sepharose CL-4B (Pharmacia) for 3 h on a roller
system at 4°C. The immunocomplexes with the protein
A-Sepharose beads were washed twice with buffer A (10 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 2 mM EDTA, 0.2%
Nonidet P-40), once with buffer B (10 mM Tris-HCI [pH 7.5],
500 mM NaCl, 2 mM EDTA, 0.2% Nonidet P-40), and once
with buffer C (10 mM Tris-HCI [pH 7.5]). The samples were
boiled in 2x Laemmli sample buffer and then run overnight
on a 12.5% acrylamide-bisacrylamide gel (200:1) at 12 mA
per gel. Fixed gels were incubated twice for 1.5 h in dimethyl
sulfoxide, then incubated for 3 h in 20% 2,5-diphenyloxazole
(PPO) in dimethyl sulfoxide, and finally washed for 30 min in
water. Gels were dried and exposed to Kodak X-Omat AR
film at —70°C for different times.

All lysates were initially preabsorbed with 3 ul of rabbit
preimmune serum and incubated at 4°C for 1 h in the
presence of 15 ul of protein A-Sepharose beads. The super-
natants of these incubations were then used for immunopre-
cipitation with the different antibodies. The same cellular
lysate was used for sequential immunoprecipitation of the
different Fos proteins.

Antibodies. (i) Generation. The polymerase chain reaction
product of the mouse fra-2 cDNA (coding for the full-length
protein, amino acids 1 to 326) was cloned into the expression
vector pEx1 (B-galactosidase), and the bacterially expressed
fusion protein obtained was purified and injected into rab-
bits. The specificity and cross-reactivity of the generated
Fra-2 antibodies were tested by immunoprecipitation of the
different Fos proteins in vitro translated as described previ-
ously (12, 13). Generation and specificities of antibodies

MoL. CELL. BIioL.

against c-Fos, FosB, Fra-1, c-Jun, JunB, and JunD have
been described elsewhere (12, 13).

(ii) Inmunoaffinity purification. Specific antibodies against
the different Fos and Jun proteins were immunopurified by
using columns of Affi-Gel 15 beads (Bio-Rad Laboratories)
covalently bound with bacterially expressed fusion proteins
of either Fos or Jun as described elsewhere (13). Briefly, the
PBS-dialyzed immunoglobulin fraction obtained by ammo-
nium sulfate precipitation of each antiserum was repeatedly
passed through different columns. The columns containing
the different antigens were used in the following order: first,
the bacterial protein portion of the corresponding fusion
protein (B-galactosidase or MS2 polymerase); second, the
fusion proteins whose mammalian protein portion belongs to
the same protein family (either Fos or Jun) in order to
eliminate cross-reactivities; and last, the specific Fos or Jun
antigen. Antibodies were eluted with 0.05 M glycine buffer
(pH 2.3, containing 0.15 M NaCl) directly into 0.5 M sodium
phosphate buffer (pH 7.7) and concentrated by centrifuga-
tion in Centricon 30 microconcentrators (Amicon Corp.) at
4°C.

Microinjection and immunofluorescence. Swiss 3T3 cells
grown on coverslips (1 by 1 cm) were microinjected with
antibodies into the cytoplasm, using the AIS automated
microinjection system (Zeiss) as described previously (27).
Single antibodies were injected at a concentration of 5
mg/ml. Combinations of two different anti-Fos antibodies
were injected at a final concentration of 3 mg/ml each. For
each assay, 100 to 200 cells were microinjected in duplicate.
To detect DNA synthesis, 5-bromodeoxyuridine (Sigma) at a
final concentration of 100 uM was added to the medium 6 to
14 h before cells were fixed. For indirect immunofluores-
cence, cells were fixed with cold methanol (4°C) for 10 min,
rehydrated in PBS, and incubated for 30 min in 1.5 M HCl to
denature the DNA. After the coverslips were washed several
times with PBS, the cells were first incubated with a mouse
antibromodeoxyuridine monoclonal antibody (1:50; Becton
Dickinson) for 30 min at room temperature, washed several
times with PBS, and then incubated for another 30 min
(room temperature) with a mixture of a goat polyclonal
anti-rabbit immunoglobulin antibody conjugated with fluo-
rescein isothiocyanate (1:100; DAKO) to visualize the in-
jected cells and a donkey polyclonal antibody anti-mouse
immunoglobulin conjugated with Texas red to detect DNA
synthesis (1:50; Amersham). After several washes in PBS,
the coverslips were mounted on slides with Fluoromount G
(Southern Biotechnic). DNA synthesis inhibition was calcu-
lated by determining the percentage of injected cells that
were not in DNA synthesis after microinjection.

RESULTS

Fra-1 and Fra-2 synthesis during the G4-to-G, transition.
We have previously demonstrated that in Swiss 3T3 cells
during the first hours of transition from G, to G,, there is a
rapid but transient increase in the rate of synthesis of c-Fos
and FosB, reaching a peak between 30 to 60 min and
decreasing to undetectable levels after 2 h (12). In contrast,
it has been shown in other fibroblast cell lineages that
although the rates of synthesis of the other two members of
the Fos family, Fra-1 and Fra-2, are also rapidly induced
following serum stimulation, their synthesis remain at a
significant level for several hours (5, 26). We have extended
these observations to Swiss 3T3 cells (Fig. 1). Following
stimulation with 20% FCS and at the indicated times after 30
min of labeling with [**S]methionine, denatured cellular
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FIG. 1. Time course of induction of Fra-1 and Fra-2 during the
Gy-to-G, transition. Quiescent Swiss 3T3 fibroblasts stimulated with
20% FCS were labeled with [3*S]methionine in the presence of
serum for 30 min before the indicated times and lysed in denaturing
conditions, and Fra-1 and Fra-2 were detected by sequential immu-
noprecipitations of the same cellular lysate, using polyclonal anti-
sera as described in Materials and Methods. Immunoprecipitates
were analyzed by SDS-polyacrylamide gel electrophoresis and
ﬂuorography. Lane Q, immunoprecipitates of quiescent cells labeled
with [5S]methionine for 30 min in serum-free medium; lane M,
molecular weight markers. Sizes are indicated in kilodaltons on the
left.

lysates were prepared and immunoprecipitated sequentially
with anti-Fra-1 and anti-Fra-2 antibodies. A significant in-
crease in Fra-1 and Fra-2 synthesis can be observed during
the first hour of the transition, with Fra-2 presenting the
most rapid increase in synthesis. The level of expression of
Fra-1 and Fra-2 after serum stimulation is 10- to 20-fold
higher than that in quiescent cells and remains at this level
for at least 8 h. These results demonstrate that in Swiss 3T3
cells, as in other fibroblast cell lines, Fra-1 and Fra-2 are
synthesized at a time in the transition from G, to G, when
neither c-Fos nor FosB synthesis is detectable any longer.
Fos/Jun complexes during the transition from G, to G,.
Since the different Fos family members are expressed in a
diversified manner throughout the initial stages of the G,-
to-G, transition, it is expected that the composition of the
AP-1 complex during this period is also continuously chang-
ing. This conclusion is in part supported by our previous
results showing that after serum stimulation, the newly
synthesized c-Fos, FosB, and Jun proteins rapidly form
Fos/Jun heterodimers and that the proportion of the different
complexes formed is dependent on the relative amount of
each Fos and Jun protein. This finding, together with the
significant differences in expression of c-Fos and FosB
versus Fra-1 and Fra-2, prompted us to determine which
Fos/Jun complexes exist and prevail during the different
stages of the transition from G, to G,. Quiescent Swiss 3T3
cells stimulated with 20% FCS and continuously labeled for
1, 3, 6, and 9 h were lysed under native conditions, and the
different Fos/Jun complexes were sequentially immunopre-
cipitated with specific anti-Fos antibodies from the same cell
lysate. These immunocomplexes were dissociated, and the
Jun proteins present in the complexes were identified by
immunoprecipitation with specific Jun antibodies (Fig. 2). As
we have previously shown (12), the dominant form of Fos
protein at very early times of the transition from G, to G, (1
h) is c-Fos. Of the Jun proteins, JunB is the major form
associated with c-Fos, since it is the predominant Jun
protein synthesized by Swiss 3T3 cells (12). After 1 h into
G,, newly synthesized FosB and, to a greater extent, Fra-1
and Fra-2 molecules start to accumulate in the cell and to
compete for the association with Jun proteins. At 3 h, the
predominant Fos proteins are Fra-1 and Fra-2. Conse-

FOS/JUN COMPLEXES IN MOUSE FIBROBLASTS 5017

a-c-Fos o-FosB a-Fra-1 o-Fra-2
Iy, 11 1 1T 1
R Q- §Hdien Q. §T orieiin Ak @l N 9 CiSam
Ra-C e NEER R cE - R e “ e et el e e
0 3 i 3 O 3 i =1 o 3 3 i > =3
61 S0 ISESSEEL S R0 S TN SSRGS i L S Lo
69—‘
=
—
—
46— - e
69—. e

ye

46— . --""‘ ---'.~ -

|1
19 -=—0D

69—' o

yg

46— i

u6

46— - . --. - "

FIG. 2. In vivo association of Fos proteins with different Jun
proteins during the transition from G, to G, in Swiss 3T3 cells.
Quiescent cells stimulated with 20% dialyzed FCS in the presence of
[**S]methionine were continuously labeled for the indicated periods
of time and then lysed under nondenaturing conditions (RIPA
buffer). The Fos proteins were immunoprecipitated sequentially
from the same cellular lysates by using first anti-c-Fos antibody and
then anti-FosB, anti-Fra-1, and finally anti-Fra-2 antisera. The Fos
immunocomplexes recovered by incubation with protein A-Sepha-
rose were washed, dissociated by boiling in denaturing conditions,
diluted five times with RIPA buffer without SDS, and then reimmu-
noprecipitated with anti-JunD, anti-c-Jun, and anti-JunB antisera, in
sequential order. The immunocomplexes were analyzed by SDS-
polyacrylamide gel electrophoresis and fluorography. Sizes are
indicated in kilodaltons on the left.

quently, the proportion of Jun proteins complexed with
these two proteins is higher than that observed for c-Fos and
FosB. The dominance of the Fra-1/Jun and Fra-2/Jun com-
plexes with respect to the other Fos/Jun complexes becomes
more dramatic at later times following serum stimulation.

Interestingly, although no synthesis of c-Fos and FosB
can be detected after 3 h of serum stimulation, it is still
possible to find a significant amount of c-Fos and, to a lesser
extent, FosB associated with Jun proteins at 9 h. The lasting
presence of c-Fos agrees with our previous observations that
c-Fos exhibits a biphasic curve of decay, being more stable
at a time in the transition when the majority of the c-Fos
molecules are associated with Jun proteins (12).

We have consistently observed differences in the relative
amounts of c-Jun and JunB associated with Fra-1 and Fra-2
(Fig. 2). At different times in the transition from G, to G,,
c-Jun is preferentially associated with Fra-1, while JunB is
associated with Fra-2.



5018 KOVARY AND BRAVO

T i B . i
Seir B o e StrEie s Sl
e R R T T T e  EE T e
co— W
(©)
o
1 it |
ih 3h
" ?“; —
LS e =
69 —

0 we 8 of

| : S | |
6h 9h

FIG. 3. Association of the different Fos proteins with JunB
protein during the transition from G, to G, in Swiss 3T3 cells.
Serum-stimulated quiescent cells were labeled and lysed as de-
scribed in the legend to Fig. 2. Immunoprecipitation was performed
in nondenaturing conditions with anti-JunB antiserum, and then the
proteins recovered from the JunB immunocomplexes bound to
protein A-Sepharose were reimmunoprecipitated with the different
anti-Fos antibodies in sequential order. Sizes are shown in kilodal-
tons on the left.

To further confirm that the Fos/Jun complexes continu-
ously change following serum stimulation, JunB was immu-
noprecipitated under native conditions to identify which Fos
proteins are associated in vivo with this Jun molecule
following induction of cell proliferation. JunB was chosen
from the Jun family because it is the most abundant Jun
protein present in Swiss 3T3 cells and because the anti-JunB
antibody does not disrupt the Jun/Fos complex (12). The
results shown in Fig. 3 are similar to those obtained for the
immunoprecipitation of the Fos proteins in nondenaturing
conditions (Fig. 2). During the first hour following serum
stimulation, JunB associated with c-Fos is the dominant

A o-c-Fos a-FosB a-Fra-1
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complex, while at 3 h, the proportion of JunB associated
with either Fra-1 or Fra-2 is comparable to the proportion
associated with c-Fos. After 6 h into G,, the JunB/Fos
complexes that predominate in the cell are those with Fra-1
and Fra-2.

These results demonstrate that the composition of the
AP-1 complex dramatically changes during the Gy-to-G,
transition and progression to S phase, and they confirm the
previous observations that the ratio of each of the different
Fos/Jun complexes is governed by the amount of each of the
components.

Fos expression and complex formation with Jun proteins
during asynchronous growth. The observation that Fra-1 and
Fra-2 are synthesized for several hours following serum
stimulation prompted us to investigate whether their expres-
sion is maintained during exponential growth and, if so,
whether they are complexed with the Jun proteins. For this
purpose, cells plated for 48 h (refed after 24 h of plating)
were labeled for 3 h with [>**S]methionine and lysed under
native conditions, and the different Fos-Jun complexes were
then sequentially immunoprecipitated with specific anti-Fos
antibodies as described above. The results shown in Fig. 4A
demonstrate that the synthesis of both Fra-1 and Fra-2 is
high in asynchronously growing cells. Several forms of Fra-1
and Fra-2 can be observed. Immunoprecipitations per-
formed from exponentially growing cells labeled with
[*S]methionine or 32P; and then subjected to alkaline phos-
phatase treatment demonstrate that the various forms of
Fra-1 and Fra-2 are due to different degrees of phosphory-
lation (not shown). Of note, FosB is undetectable and c-Fos
is barely detectable in asynchronously growing cells. The
weak expression of c-Fos observed is triggered by the
experimental conditions (see below).

Fra-1 and Fra-2 are both complexed with the Jun proteins
in exponentially growing cells (Fig. 4A), and the level of
c-Jun and JunB associated with these Fos proteins is com-
parable to that observed at later times following serum
stimulation of quiescent cells (Fig. 2). Interestingly, it can
also be observed in exponentially growing cells that JunB
binds preferentially to Fra-2 and that c-Jun binds preferen-
tially to Fra-1. Results of similar experiments using anti-
JunB antibodies to immunoprecipitate the JunB/Fos com-
plexes demonstrate that a significant amount of Fra-1 and
Fra-2 is complexed with JunB in exponentially growing cells
(Fig. 4B). Comparison of the total amounts of c-Jun, JunB,
Fra-1, and Fra-2 indicates that a high percentage of these
proteins is associated as Jun/Fos complexes during asyn-
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FIG. 4. Invivo associations of Fos proteins with different Jun proteins (A) and of JunB with different Fos proteins (B) during asynchronous
growth of Swiss 3T3 cells. Exponentially growing cells in 10% FCS-DMEM were labeled with [**S]methionine for 3 h in the presence of 10%
dialyzed FCS and lysed under nondenaturing conditions (RIPA buffer). Then immunoprecipitations were done in sequential order;
immunoprecipitation with either the different anti-Fos (A) or JunB (B) antibodies was followed by immunoprecipitation of the recovered Fos
or JunB-associated proteins with anti-Jun or anti-Fos antibodies, respectively, as described in the legend to Fig. 2.
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chronous growth (not shown). Moreover, the same post-
translation modified forms of Fra-1 and Fra-2 observed in
Fig. 4A can be detected in the heterodimers with JunB. This
observation indicates that there is no particular preference of
JunB for any of the modified forms of Fra-1 and Fra-2 in
complex formation.

Steady-state levels of Fos proteins during different growth
conditions. The results shown in Fig. 2 to 4 represent de novo
protein synthesis and therefore provide no information on
the amount of each protein already present in the cells before
labeling. To verify how much of each Fos protein is present
in the cells under different growth conditions, indirect im-
munofluorescent staining of the Fos proteins was performed
with immunopurified antibodies. Figure SA shows the immu-
nofluorescence pattern of quiescent Swiss 3T3 cells serum
stimulated for different periods of time. In quiescent cells
(Fig. 5A, column Q), c-Fos and FosB are undetectable,
while a very weak immunofluorescent signal can be seen for
Fra-1 and Fra-2. Following stimulation with 20% FCS, a
strong immunofluorescent signal is detected for c-Fos at 1 h
that decays thereafter but still remains detectable in the cells
after 6 h. In contrast, FosB is detected after 1 h and only for
a short period of time. Fra-1 and Fra-2 immunofluorescence,
on the other hand, becomes significant at 1 h following serum
stimulation, increasing thereafter at least up to 9 h. The
immunofluorescent signal shown by Fra-1 and Fra-2 after 9h
of serum stimulation is severalfold higher than that observed
for c-Fos, demonstrating that indeed Fra-1 and Fra-2 are the
predominant Fos molecules at later times of the G,-to-G,
transition. These results show that the amount of each Fos
protein that can be detected by indirect immunofluorescence
in the cells at different stages of the transition from G, to G,
is comparable to the amount of each Fos protein detected by
continuous cell labeling with [>*S}methionine as shown in
Fig. 2.

Immunofluorescence of the Fos proteins in asynchro-
nously growing cells carried out 24 h after the last medium
change (Fig. 5B, column t;) shows that Fra-1 and Fra-2 are
the only Fos proteins present at significant levels in growing
cells. However, as shown in Fig. 4A, c-Fos is weakly
detected in immunoprecipitates of asynchronously growing
cells labeled for 3 h with [**S]methionine. To determine
whether this expression of c-Fos is due to the change of
medium required for the labeling, growing cultures were
refed with fresh medium and immunofluorescence of Fos
proteins was carried out at the indicated times. As shown in
Fig. 5B, there is indeed a strong but very short induction of
c-Fos expression that lasts for less than 2 h, explaining the
presence of c-Fos in the immunoprecipitates of labeled cells.
Conversely, FosB is not detected after the change of me-
dium, while the expression of Fra-1 and Fra-2 is slightly
increased.

The results obtained by indirect immunofluorescent stain-
ing of Fos proteins during different growth conditions sup-
port the notion that c-Fos and FosB are expressed mainly
during the early stages of the transition from quiescence to
G,, while Fra-1 and Fra-2 are expressed in both, i.e., during
the transition from G, to G; and during asynchronous
growth.

Fos protein requirements for the entrance into S phase
under different growth conditions. The expression of Fos
proteins during the Gy-to-G, transition and asynchronous
growth indicates that in Swiss 3T3 cells, these proteins could
have differential roles in cell proliferation. Therefore, it was
of interest to investigate whether the entry into S phase of
serum-stimulated and exponentially growing cells depends
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on the activity of the different Fos proteins. For this pur-
pose, cytoplasmic microinjections of immunopurified anti-
bodies against each individual Fos protein either alone or in
combinations were performed. Swiss 3T3 cells were grown
in both growth conditions, and the effects of the antibodies
on DNA synthesis were determined. We have previously
demonstrated that individual neutralization of c-Fos, FosB,
and Fra-1 during the transition from G, to G, blocks only 30
to 50% of the injected cells from entering the S phase (13). In
these studies, we have extended these observations by
including the microinjection of anti-Fra-2 antibodies (Table
1). The results show that serum-stimulated cells do not
depend exclusively on the activity of any single Fos protein
in order to progress through G, and start DNA synthesis.
The highest inhibition was obtained with anti-c-Fos antibody
(46%), and the lowest was obtained with anti-Fra-1 antibody
(30%). Both anti-FosB and anti-Fra-2 antibodies showed an
intermediate effect (36%). On the other hand, if all Fos
proteins were neutralized at once (anti-Fos family antibod-
ies), more than 85% of the injected cells became blocked in
the G,-to-G, transition and did not enter the S phase. In
contrast to what is observed in serum-stimulated cells,
microinjection of the different anti-Fos antibodies into expo-
nentially growing cells shows that anti-Fra-1 is the most
effective in preventing DNA synthesis (32%), and anti-Fra-2
antibodies are effective to a lesser extent (26%), compared
with anti-c-Fos and anti-FosB antibodies, which inhibit only
12 and 10%, respectively. When asynchronously growing
cells are microinjected with the anti-Fos family antibodies,
nearly 45% of the injected cells are inhibited from entering S
phase, which is significantly higher than the DNA synthesis
inhibition observed by neutralizing either Fra-1 or Fra-2.
These results show that either during the transition from G,
to G, or during asynchronous growth, the functional elimi-
nation of a single member of the Fos family is less effective
in preventing DNA synthesis than is the simultaneous inhi-
bition of two or more different Fos molecules, and they
suggest that the lack of activity of any given member of the
Fos family is in part compensated for by the remaining Fos
proteins.

Since Fra-1 and Fra-2 are present in both serum-stimu-
lated and exponentially growing cells, while c-Fos and FosB
are restricted mainly to the transition from G, to G,, we
decided to investigate whether these Fos combinations differ
in temporal importance for the entrance into S phase. For
this purpose, combinations of anti-c-Fos and anti-FosB
antibodies or anti-Fra-1 and anti-Fra-2 antibodies were mi-
croinjected into G¢/G, and exponentially growing cells. The
percentage of DNA synthesis inhibition obtained was com-
pared with the percentage of inhibition that resulted from the
injection of anti-Fos family antibodies (maximum DNA
synthesis inhibition due to anti-Fos antibodies, which was
normalized to 100% in order to facilitate the comparisons
[Table 1]). As expected from the protein data, the simulta-
neous neutralization of c-Fos and FosB had a stronger effect
on DNA synthesis in serum-stimulated quiescent cells (82%
of inhibition) than in growing cells, in which the level of
inhibition was approximately 30%. Conversely, the simulta-
neous inactivation of Fra-1 and Fra-2 was more effective in
preventing DNA synthesis in growing cells (72% of inhibi-
tion), while in Gy/G, cells, less than 45% of the injected cells
were affected. These results indicate that there is indeed a
differential requirement of Fos proteins for cell cycle pro-
gression and for entering S phase during the induction of cell
proliferation and exponential growth.
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Fra-1 FosB c-Fos

Fra-2

vy

Fra-1 FosB c-Fos

Fra-2

FIG. 5. Expression of the Fos proteins during the transition from Gy to G, (A) and during asynchronous growth (B) of Swiss 3T3 cells
visualized by indirect immunofluorescent staining. (A) Immunofluorescence of quiescent cells (Q) stimulated with 20% FCS for the indicated
periods of time; (B) immunofluorescence of exponentially growing cells before (t,) and after being refed with 10% FCS for different periods
of time. Cells were fixed with cold methanol (4°C) and washed with PBS, and immunofluorescence staining was performed with anti-Fos
antibodies as described in Materials and Methods.
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TABLE 1. Microinjection of anti-Fos antibodies into Swiss 3T3
cells in different growth conditions”

% inhibition of DNA synthesis (avg + SD)®

Immunoglobulin injected

Gy-to-G, transition Asyg;l:(::ous
Control 13.6 = 1.2 (15.5) 4.0 = 2.1 (9.0)
Anti-c-Fos 47.0 = 12.1 (53.7) 12.4 + 4.8 (27.9)
Anti-FosB 36.6 = 10.2 (41.8) 9.9 + 4.3 (22.2)
Anti-Fra-1 30.5 + 9.5 (34.9) 32.1 £6.2(71.9)
Anti-Fra-2 36.1 = 9.9 (41.3) 26.1 = 7.3 (58.7)

Anti-Fra-1 + anti-Fra-2
Anti-c-Fos + anti-FosB
Anti-Fos Family

37.5 + 6.7 (42.9)
715 + 13.1 (81.7)
87.5 + 9.5 (100)

32.1 = 1.7 (72.1)
13.6 = 4.7 (30.6)
44.5 = 7.8 (100)

2 Antibodies were microinjected into Swiss 3T3 cells in two growth
conditions: quiescence and exponential growth. To determine the effects of
the antibodies during the transition from G, to G,, quiescent cells (48 h in
2.5% FCS) were microinjected into the cytoplasm with the antibodies and
then immediately stimulated with 20% FCS. Cells were fixed 24 h later with
cold methanol. For exponential growth, cells were plated at a density of 2 x
10° to 3 x 10° cells per cm? in DMEM containing 10% FCS. Cells were
microinjected into the cytoplasm with the different antibodies 48 h after
plating and fixed 30 h later with cold methanol. DNA synthesis was checked
by bromodeoxyuridine incorporation. Immunofluorescent staining of the
positive cells was done as described in Materials and Methods.

® Numbers in parentheses indicate the percentage of inhibition with respect
to the value for the anti-Fos family antibody (normalized to 100%) in order to
facilitate comparison.

DISCUSSION

The fos family genes are transcribed differentially during
the transition of fibroblasts from G, to G,, with fra-1 and
fra-2 being expressed later and showing a more prolonged
kinetics of transcription than c-fos and fosB (5, 8, 15, 16, 22,
26, 42). Therefore, concomitant changes in the composition
of the AP-1 complexes formed during the different stages of
the transition from G, to G, are expected. However, quali-
tative changes in the composition of the Fos proteins present
in AP-1 complexes have never been thoroughly investigated,
possibly because of the lack of specific antibodies against the
different Fos proteins. The generation of specific antibodies
against c-Fos, FosB, Fra-1, and Fra-2 enabled us to inves-
tigate their levels of expression and complex formation with
Jun proteins as well as their requirements for cell cycle
progression in Swiss 3T3 cells under different growth condi-
tions.

The results of the immunoprecipitation experiments of the
complexes formed between Fos and Jun proteins during the
transition from G, to G, show that all possible Fos/Jun
combinations are present nearly throughout the transition
but in different proportions (Fig. 2). For example, in the first
hour of the Gy-to-G, transition, the most abundant com-
plexes are those between c-Fos and Jun proteins, while in
late G, (9 h), Fra-1 and Fra-2 are the major Fos proteins
found associated with the Jun proteins. These results are in
agreement with the observation that the amount of a specific
heterodimer formed at any given period of time between
distinct Fos and Jun proteins depends on the relative amount
of each protein present at that moment (12). However, our
studies have shown for the first time that heterodimer
formation could have certain specificity such as that ob-
served for the association of c-Jun with Fra-1 and JunB with
Fra-2 (Fig. 2). The continuous qualitative and quantitative
changes of the different Jun homodimers and Fos/Jun het-
erodimers during the Gy/G, transition may provide the cell
with a very fine tuning mechanism for controlling gene
expression. This notion is supported by the observations
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that the Jun proteins differ in their binding and transcrip-
tional activities (4, 33, 37), which are differentially affected
by Fos proteins (33, 39). Taken together, these data strongly
suggest that in fibroblasts following serum stimulation, not
only the total AP-1 composition but also its functional
properties are rapidly changing as a result of the variation in
its components.

Fos protein expression is not restricted only to the tran-
sition from G, to G,. We have demonstrated that during
exponential growth, two of the Fos proteins, Fra-1 and
Fra-2, are continuously synthesized (Fig. 4), indicating that
in growing cells there is a nearly constant amount of these
proteins (Fig. 5B). It is important to mention that although
c-Fos is not detectable in asychronously growing cells, it is
transiently induced after the medium is changed (Fig. 5B).
The c-Fos protein synthesized by growing cells remains
detectable for less than 2 h, in contrast to the lasting
presence of c-Fos in serum-stimulated quiescent cells. Since
in growing cells the majority of the Jun molecules are
associated with Fra-1 and Fra-2 proteins (Fig. 4), it is
possible that most of the c-Fos molecules transiently syn-
thesized during exponential growth are not able to associate
with Jun proteins, and therefore the c-Fos protein could be
less stable under these conditions, similar to the situation of
c-Fos during the first hour of the transition G, to G;, when a
small number of Jun molecules are present (12).

Our results demonstrate that Fos proteins are differen-
tially distributed in a quantitative and qualitative manner
during the different stages of the transition from G, to G, and
during asynchronous growth. c-Fos and FosB expression is
restricted mainly to the onset of cell proliferation, while
Fra-1 and Fra-2, apart from being expressed during the
induction of cell proliferation, are the major Fos proteins
present in growing cells. Recently, it has been shown that
both Fra-1 and Fra-2 can have a stimulatory or inhibitory
effect on Jun activity, depending on the partner in the
heterodimer. c-Jun activity is inhibited by Fra-1 and Fra-2,
while JunD activity is stimulated (39). Moreover, Fra-1 and
Fra-2 have an inhibitory effect on the transcriptional stimu-
lation of c-Fos/c-Jun heterodimers. These results, together
with the finding that Fos proteins are differentially expressed
during the induction of cell proliferation and exponential
growth, strongly indicate that the regulatory properties of
AP-1 differ under these growth conditions and suggest that
the repertoires of genes controlled by AP-1 in the two cases
should, in part, be different.

The results of the microinjection of anti-Fos antibodies
(Table 1) into Swiss 3T3 cells show that Fos proteins are
required both during the transition from G, to G, and during
exponential growth for the entrance into S phase. Neverthe-
less, there are temporal differences in the kind of Fos protein
required for cellular proliferation in either growth condition.
Microinjection of anti-c-Fos and anti-FosB antibodies dem-
onstrated that c-Fos and FosB, although they are the most
important Fos proteins required by serum-stimulated quies-
cent cells in order to initiate events leading to DNA synthe-
sis, play a minor role in exponentially growing cells. On the
other hand, microinjection of anti-Fra-1 and anti-Fra-2 anti-
bodies showed that the activities of Fra-1 and Fra-2, while in
part required for cell cycle progression of serum-stimulated
cells, are most important for cell division during exponential
growth.

Proliferating cells normally have a shorter G, period than
do cells that are exiting quiescence, and it is assumed that
this is because proliferating cells do not require the early G,
events that are necessary for the transition from G, to G,. It
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has been suggested that those G, events, absent in growing
cells, would correspond to the first hours of the transition
from G, to G,. Since the synthesis of c-Fos and FosB occurs
in this period of the transition, it is possible to infer that both
Fos proteins play an important role in the control of the
initial G, events that would be unique to the transition from
G, to G,. We have consistently observed that a small but
significant fraction of the cells from an asynchronous popu-
lation microinjected with either anti-c-Fos or anti-FosB
antibodies are inhibited to enter S phase. Most probably this
corresponds to the fraction of cells in an asynchronous
culture that normally leave the cell cycle and enter G,. It is
important to mention that the medium is changed after
microinjection, which stimulates a small fraction of cells in
G, to reenter the cell cycle. If the activities of either c-Fos or
FosB have been neutralized by the microinjection of anti-
bodies, then the cells will not be able to reach S phase,
explaining the inhibition observed with these antibodies in
asynchronous cultures. On the other hand, considering the
patterns of expression of Fra-1 and Fra-2, their activities are
most likely implicated with cell cycle progression, and
therefore these proteins will be required both during the
Gy-to-G, transition and during exponential growth. Although
Fos proteins could have different specific functions, our
microinjection experiments indicate that the missing activity
of any given Fos protein can be partially compensated for by
the function of the other Fos family proteins, suggesting that
they share some common activities (Table 1) (13). These
results could explain, in part, why the constitutive overex-
pression of any of the Fos proteins in fibroblast cells
efficiently induces malignant transformation (13a, 14, 18, 21,
26, 35, 41). It will be of interest to determine whether either
c-Fos or FosB can compensate for the inhibition of Fra-1 and
Fra-2 activities in exponentially growing cells.

Since the activity of Fra-1 and Fra-2 is required for the
continuous proliferation of Swiss 3T3 cells, and considering
that the overexpression of either of these proteins induces
malignant transformation in fibroblasts, a tight control of the
level and activities of Fra-1 and Fra-2, in order to keep cells
under normal growth, is expected. This strict control is
supported by the fact that the synthesis, posttranslational
modifications, and stability of both proteins rapidly decrease
in exponentially growing cultures following serum depriva-
tion (not shown). Considering that an asynchronously grow-
ing culture is a heterogeneous cellular population composed
of cells distributed along the different phases of the cell
cycle, it is possible that some of the posttranslational mod-
ifications of Fra-1 and Fra-2 observed in exponentially
growing cells are cell cycle regulated. This hypothesis is
currently being investigated.
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