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The activation of AP-1 is a hallmark of cell transformation by tyrosine kinases. In this study, we characterize
the role of AP-1 proteins in the transformation of chicken embryo fibroblasts (CEF) by v-Src. In normal
CEF, the expression of a dominant negative mutant of c-Jun (TAMG67) induced senescence. In contrast,
three distinct phenotypes were observed when TAM67 was expressed in v-Src-transformed CEF. While senes-
cent cells were also present, the inhibition of AP-1 caused apoptosis in a fraction of the v-Src-transformed cells.
In addition, cells containing lipid-rich vesicles accumulated, suggesting that a subpopulation of the v-Src-
transformed cells underwent differentiation in response to the inhibition of AP-1. JunD and Fra-2 were the
main components of this factor, while c-Jun accounted for a minor fraction of AP-1 in v-Src-transformed CEF.
The downregulation of c-Jun expression by short hairpin RNA (shRNA) induced senescence in normal and
v-Src-transformed cells. In contrast, a high incidence of apoptosis was caused by the downregulation of JunD,
suggesting that it is required for the survival of v-Src-transformed CEF. Levels of the p53 tumor suppressor
were elevated under conditions of JunD inhibition. Repression of p53 by shRNA enhanced the survival and
anchorage-independent proliferation of v-Src-transformed CEF with JunD/AP-1 inhibition. The inhibition of
Fra-2 had no visible phenotype in normal CEF but caused the appearance of lipid-rich vesicles in v-Src-
transformed CEF. Therefore, AP-1 facilitated transformation by acting as a survival factor, by inhibiting

premature entry into senescence, and by blocking the differentiation of v-Src-transformed CEF.

Activated Ras and v-Src induce profound changes in the
pattern of gene expression (12). These changes are regulated
at multiple levels but are often dependent on the activation of
transcription factors working cooperatively on promoter/
enhancer regions. The significance of transcription factor
activation is highlighted by the inhibitory effects that dom-
inant negative mutants of Ets, Stat3, or AP-1 have on cell
transformation (7, 22, 31, 45, 46, 50). Separate groups have
reported that the inhibition of AP-1 by the expression of a
deletion mutant of c-Jun lacking a frans-activation region in-
terferes with transformation by RasV12 or v-Src (22, 31, 45). In
addition, immortalized fibroblasts nullizygous for c-Jun cannot
be transformed by these oncoproteins (27). However, these
cells are still capable of forming tumors in animals, albeit with
delayed kinetics. Cells recovered from these tumors are char-
acterized by high levels of AP-1 activity resulting from in-
creased expression of JunD (27). These observations underline
the importance of AP-1 activation in cell transformation by
activated Ras or tyrosine kinases.

Several mechanisms of AP-1 activation have been described
previously. Herschman and coworkers reported that v-Src con-
trols the trans-activation potential of c-Jun by inducing the
activity of the Jun N-terminal protein kinase (JNK)/stress-
activated protein kinase (SAPK) pathway in murine fibroblasts
(56). In contrast, the activity of this pathway is enhanced mod-
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estly in v-Src-transformed chicken embryo fibroblasts (CEF),
indicating that other pathways of AP-1 regulation are acti-
vated in these cells (5, 36). The Ras-dependent stimulation
of extracellular signal-regulated kinase (ERK) modulates
the phosphorylation of Fra-2 in Rous sarcoma virus (RSV)-
transformed CEF, suggesting that v-Src controls several as-
pects of the regulation of AP-1 (36). Similar studies performed
on NIH 3T3 fibroblasts concluded that transformation by ac-
tivated Ras is dependent on c-Jun/Fra-1 and the displacement
of weaker trans-activators of the Jun family by the more potent
c-Jun protein. Significantly, Yaniv and coworkers reported that
the overexpression of JunB and JunD inhibits the transforma-
tion of NIH 3T3 cells by Ras, implying that these factors
function as negative regulators or poor activators of AP-1 in
these cells (40). However, a more complex picture emerges
from the studies of primary mouse embryo fibroblasts (MEF)
harboring a disruption of the c-jun or junD gene. Indeed, c-jun
or junD~'~ MEF proliferate poorly and enter senescence pre-
maturely, indicating that both gene products are required for
the proliferation of primary embryonic fibroblasts in vitro (52,
54). Consistent with this notion, MEF lacking JunD express
elevated levels of p19Arf, which triggers entry into senescence
(52). In the absence of JunD, primary embryonic fibroblasts
are also hypersensitive to the action of tumor necrosis factor
alpha (TNF-«) and rapidly undergo apoptosis in response to
this factor (52).

In this study, we characterize the activation of AP-1 in CEF
transformed by RSV. We show that the JunD/Fra-2 het-
erodimer is the predominant form of AP-1 expressed in normal
and v-Src-transformed CEF. Induction of AP-1 was dependent
on the accumulation of JunD, Fra-2 and, to a lesser extent,
c-Jun. Inhibition of AP-1 by a dominant negative mutant of
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c-Jun resulted in a high incidence of apoptosis in RSV-trans-
formed CEF but not in their normal counterparts. Downregu-
lation of c-Jun by short hairpin RNA (shRNA) induced senes-
cence but no apoptosis. In contrast, the disruption of JunD
expression caused a high incidence of apoptosis, suggesting
that the prosurvival activity of AP-1 depends on JunD. Down-
regulation of Fra-2 expression by shRNA had no visible
phenotype in normal CEF but induced the accumulation of
lipid-rich vesicles in v-Src-transformed cells. Therefore,
AP-1 promotes cell transformation by acting as a survival fac-
tor, by inhibiting premature entry into senescence, and by
antagonizing the expression of differentiated features in v-Src-
transformed CEF.

MATERIALS AND METHODS

Cells and viruses. Chicken embryo fibroblasts (CEF) were cultured at
41.5°C in Dulbecco’s modified Eagle medium (DMEM) supplemented with
5% heat-inactivated newborn bovine serum (Cosmic calf serum; HyClone),
5% tryptose phosphate broth (TPB), and 1% penicillin, streptomycin, and
L-glutamine (Gibco-BRL Life Technologies). CEF were infected with the non-
transforming myristylation-deficient RSV strain NY315, the wild-type (wt) trans-
forming strain Schmidt-Ruppin A (SR-A), or the temperature-sensitive (ts)
strain NY72-4 (a group A virus) or LA90 RSV (a group B virus). Results
pertaining to the role of AP-1 in the transformation and survival of v-Src-
transformed CEF were confirmed using both temperature-sensitive strains of
RSV. CEF infected with LA90 RSV or NY72-4 RSV were cultured at the
nonpermissive temperature of 41.5°C and were transferred to the permissive tem-
perature of 37.5°C to activate the temperature-sensitive v-Src kinase. CEF were also
infected with RCASBP viruses expressing a shRNA for a gene of interest (see the
supplemental material). In some experiments, CEF were treated with an 800 nM
dose of tetradecanoyl phorbol acetate (TPA; Sigma) or 1% ethanol diluent.

Proliferation and soft agar assays. CEF were transfected with shRNA retro-
viral constructs and were cultured for 2 passages to ensure infection of the entire
CEF population. In some cases, the CEF population was superinfected with
NY72-4 or LA90 RSV, as described below. For proliferation assays, cells were
seeded into 24-well dishes at a density of 12,000/well, and cell numbers were
determined over a 6-day period by counting quadruplicate samples of each cell
type in a Coulter counter. Anchorage-independent proliferation was determined
by soft agar assays performed at the permissive temperature (37.5°C) as de-
scribed previously (17).

Lipid staining, SABG assays, and TUNEL assays. Lipids were stained with the
lipophilic dye Oil Red O as described previously (29). All singly and doubly
infected cells were assayed for senescence-associated B-galactosidase (SABG)
activity using commercially available reagents and protocols provided by the
supplier (catalog no. 9860; Cell Signaling Technology). Apoptosis was quanti-
tated by the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick
end labeling (TUNEL) assay using commercially available reagents (catalog no.
12156792910; Roche). In brief, cells were fixed with 4% paraformaldehyde in 1X
phosphate-buffered saline (PBS) for 1 h at room temperature and were perme-
abilized with 0.1% Triton X-100 in 0.1% sodium citrate. After an extensive wash
in PBS, specimens were incubated with a solution containing terminal deoxynu-
cleotidyl transferase (TdT) and TMR red-labeled dUTP for 1 h at 37°C. All the
samples were mounted in 10 ul of 0.1% phenylenediamine in 70% glycerol.
Apoptotic cells were visualized under fluorescence microscopy. Chromatin was
stained with 4’,6-diamidino-2-phenylindole (DAPI) (catalog no. D9542; Sigma),
and nuclei were counted to quantitate the number of cells in each field. A
minimum of 500 cells in an average of 15 fields were counted on each slide. The
percentage of TUNEL-positive cells and standard errors were determined for
each condition and cell type. Cells undergoing apoptosis were counted only when
they stained positively in the TUNEL assay and displayed a pyknotic nucleus, as
determined by DAPI staining.

Antibodies and Western blotting. Whole-cell protein lysates were prepared by
harvesting nontransformed and transformed CEF, which were then washed and
pelleted in cold 1X PBS. Cells were resuspended and lysed in 1X sodium dodecyl
sulfate (SDS) buffer consisting of 2.3% SDS, 5% B-mercaptoethanol, 10% glyc-
erol, and 62.5 mM Tris (pH 6.8) by boiling samples for 5 min. Fifty to 100 pg of
proteins was separated by electrophoresis through a denaturing 10% polyacryl-
amide gel, transferred electrophoretically to a nitrocellulose membrane (BASS;
Schleicher and Schuell), and probed with various antibodies. Commercial anti-
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bodies for c-Jun (catalog no. SC-45X), JunD (catalog no. SC-74X), Fra-2 (cat-
alog no. SC-604X), p53 (catalog no. SC-99), and ERK-1 (catalog no. SC-93) (all
used at a dilution of 1:2,000 except for SC-99, which was used at a dilution of
1:250) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The
antibody against JunB was obtained from Sigma-Aldrich (AV38135; dilution,
1:1,000). The anti-c-Fos antibody was purchased from Geneka Biotechnology
(2000752) or Abcam (ab429). Immune complexes were visualized using a horse-
radish peroxidase-conjugated secondary antibody and a chemiluminescent sub-
strate (ECL system; GE Healthcare).

RESULTS

Inhibition of AP-1 induces multiple phenotypes in v-Src-
transformed chicken embryo fibroblasts. Cells transformed by
activated tyrosine kinases or Ras have elevated levels of AP-1
activity (5, 12, 27). In immortalized cell lines transformed by
these oncogenes, inhibition of AP-1 results in a more normal
morphology and the inability to proliferate in the absence of
anchorage (22, 31). To characterize the role of AP-1 in primary
embryonic fibroblasts, we expressed TAM67, a c-Jun mutant in
which the N-terminal frans-activation domain was deleted, with
the RCASBP retroviral system (1, 18). As reported previously,
the proliferation of normal CEF was markedly inhibited by the
expression of TAM67, a process that may reflect the down-
regulation of cyclin D1 (18). Flat, binucleated cells were often
found in populations of normal CEF expressing TAMG67,
suggesting that the dominant negative mutant of c-Jun in-
duces senescence. In agreement with this notion, a signifi-
cant proportion of the TAM67-expressing CEF were positive
for the senescence-associated B-galactosidase (SABG) activity
described by Dimri et al. (14) (Fig. 1A and B). Likewise, CEF
coinfected with a temperature-sensitive mutant of RSV, ts
LA-90, and RCASBP-TAMG67 expressed SABG activity, indic-
ative of cellular senescence. This was seen at both the permis-
sive and the nonpermissive temperature (Fig. 1C to F). In
addition, CEF populations expressing the ts v-Src kinase and
TAMG67 were significantly depleted, and cell numbers de-
creased by 60% when CEF were transferred to the permissive
temperature for a 16-h period (data not shown). Finally, a
fraction of the cells were highly vesiculated but did not
express SABG activity (Fig. 1F, asterisk). These phenotypes
were not observed in CEF coinfected by ts LA-90 RSV and
the RCASBP(A) control virus (Fig. 1C and D).

To determine if senescence or cell death accounts for the
loss of transformed CEF, we repeated the experiment with
cells transferred to the permissive temperature for a shorter
duration (12 h). Quantitation of SABG activity confirmed that
TAMG67 induces cellular senescence to similar extents at the
permissive and nonpermissive temperatures (see Fig. S1 in the
supplemental material). A high incidence of apoptosis was also
detected in CEF expressing TAM67. However, this incidence
was at least 1 order of magnitude greater at the permissive
temperature. In fact, apoptosis was nearly undetectable at
the nonpermissive temperature of 41.5°C (Fig. 2). Interest-
ingly, control LA90 RSV-infected CEF, which did not ex-
press TAMG67, also showed signs of apoptosis at the permis-
sive temperature, suggesting that v-Src activity induces
apoptosis, albeit modestly, even in the absence of AP-1
inhibition.

To rule out the possibility that the phenotype caused by the
expression of TAM67 is a nonspecific effect of having multiple
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FIG. 1. Determination of senescence-associated B-galactosidase activity (SABG) in CEF infected with RCASBP(A) or RCASBP(A)-TAMG67
(A and B) or coinfected with the temperature-sensitive mutant LA90 RSV (C to F). SABG was determined at the permissive and nonpermissive
temperatures. Arrowheads point to SABG-positive cells, while the asterisk identifies a cell that is highly vesiculated but negative for SABG activity.
The arrow points to a cell displaying membrane blebbing. All photos were taken at a magnification of X400.

viruses replicating in the cell, and to determine the extent of
apoptosis, we expressed TAM67 transiently by transfecting
plasmid CMV-TAM67 or a control vector into LA90 RSV-
infected CEF. A plasmid expressing green fluorescent protein
(GFP) was included in the experiment to identify the trans-
fected cells. The expression of TAM67 did not induce apop-
tosis when the cells were maintained at the nonpermissive
temperature (see Fig. S2 in the supplemental material). In
contrast, activation of the ts v-Src kinase induced apoptosis in
50% of the LA90 RSV-infected CEF expressing TAM67.
Therefore, the induction of apoptosis was observed in a high
proportion of the v-Src-transformed cells, indicating that cell
death is the predominant phenotype caused by the expression
of the dominant negative mutant of c-Jun. Moreover, this
result confirmed that cell death was not caused by the replica-
tion of multiple viruses in the cell.

Vesiculated CEF, appearing in response to TAM67 expres-
sion and activation of temperature-sensitive v-Src, did not stain
in the TUNEL and SABG assays, indicating that they were
neither senescent nor undergoing apoptosis. We also looked at
the processing of MAPLC3, a marker of autophagy, under
conditions of AP-1 inhibition and v-Src transformation but saw
no difference between control and TAMG67-expressing cells

(data not shown). Finally, an assay based on the incorporation
of Lucifer yellow ruled out macropinocytosis as a source of the
vesicles detected in the TAMG67-expressing RSV-infected CEF
(data not shown) (35, 39).

JunD and Fra-2 are the main components of AP-1 in RSV-
transformed CEF. To identify the components of the AP-1
factor, several members of the Jun and Fos families, expressed
in normal and v-Src-transformed CEF (34), were examined by
Western blotting. JunD, c-Jun, and Fra-2 were more abundant
in CEF transformed by the wt SR-A strain of RSV (Fig. 3A).
This was more striking for Fra-2 and JunD. As reported by
other investigators, multiple forms of these proteins were also
detected in this analysis (42, 48). In contrast, normal and v-Src-
transformed CEF expressed low, basal levels of JunB and c-
Fos that were not enhanced by v-Src transformation (see Fig.
S3 in the supplemental material). Thus far, proteins related to
Fra-1 or FosB have not been described in avian cells.

An elevated level of AP-1 DNA binding activity was also
detected by electrophoretic mobility shift assays (EMSA) in
nuclear extracts of v-Src-transformed CEF (Fig. 3B). Antibod-
ies were used to supershift and confirm the presence of c-Jun,
JunD, and Fra-2 in the AP-1 complex of normal and SR-A
RSV-transformed CEF. While c-Fos was found in nuclear ex-



6728 WANG ET AL.

RCASBP(A), LA90

DAPI

. 4<
TUNEL. .

41.5°C

12

041.5°C ‘
10 = 37.5°C

8
a
2
o

RCASBP(A) TAM67
Expression Constructs

FIG. 2. (AtoH) TUNEL assays of CEF coinfected with LA90 RSV and
either RCASBP(A)-TAM67 or the control virus RCASBP(A) at the per-
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the positions of apoptotic cell nuclei. All photos were taken at a
magnification of X400. (I) Quantitation of the incidence of apop-
tosis as determined in the experiments described for panels A to H.
Error bars represent standard errors.
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tracts of TPA-stimulated cells, it could not be detected in the
AP-1 complex of v-Src-transformed CEF (Fig. 3B, lanes 4, 9,
and 15). Significantly, the same constituents, JunD and Fra-2,
predominated in normal and transformed CEF. Therefore, the
constitutive activation of AP-1 was not characterized by the
expression and recruitment of different factors induced during
v-Src transformation. These analyses also indicate that c-Jun is
a minor component of AP-1 in these cells. To a large extent,
the v-Src-dependent increase in AP-1 DNA binding activity
can be accounted for by the accumulation of JunD and Fra-2
in transformed CEF.

JunD and Fra-2 were also detected on the interleukin 8
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FIG. 3. (A) Western blotting of c-Jun, JunD, and Fra-2 expres-
sion in CEF either infected with the transformation-deficient virus
RCASBP(A) or NY315 RSV or transformed by wt SR-A RSV. Erk-1
was used as a loading control. (B) Identification of the components of
AP-1 by EMSA and specific antibodies (Ab) for c-Jun, JunD, Fra-2,
and c-Fos. Nuclear extracts were prepared from normal CEF (lanes 1
to 5), SR-A RSV-transformed CEF (lanes 6 to 14), and TPA-treated
CEF (lane 15). An asterisk indicates the position of the nucleoprotein
complex bound by the antibody. The competitor was a 50 molar excess
of the unlabeled TRE oligonucleotide (lane 13) or a mutant form of
the TRE (lane 14), added to the binding reaction mixture. (C) Iden-
tification of JunD and Fra-2 as factors recruited to the SRU region of
the IL-8 promoter by ChIP assays. RCASBP(A)-infected CEF served
as controls and were compared to wt SR-A RSV-transformed CEF. An
upstream promoter region was studied in parallel and was used as a
negative control. IP, immunoprecipitation; pre-imm., preimmune.

(IL-8) promoter/enhancer by chromatin immunoprecipitation
(ChIP). In agreement with the EMSA results, both proteins
were recruited to the IL-8 promoter/enhancer region in re-
sponse to v-Src transformation (Fig. 3C). In contrast, c-Jun was
not detected by a ChIP assay in normal (RCASBP-infected) or
v-Sre-transformed CEF, confirming that the JunD/Fra-2 dimer
is the predominant form of AP-1 in these cells.
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TAMG67 regulates the activity of AP-1, NF-kB, and C/EBPf.
The leucine zipper mediates the interaction of c-Jun with
members of the Jun, Fos, ATF, and Maf families. The same
region promotes the interaction with NF-kB and C/EBP (23,
25, 44). Therefore, TAM67 may alter the activities of all three
factors binding to the v-Src-responsive unit (SRU) of the IL-8
promoter (8, 13, 17). This was confirmed by transient expres-
sion assays. As expected, activation of a TPA response element
(TRE)-controlled promoter by v-Src was strongly impaired by
the expression of TAMG67 (see Fig. S4 in the supplemental
material). However, significant inhibition was also observed for
the NF-kB-controlled promoter, while, in contrast, C/EBP ac-
tivity was stimulated by TAMG67. The effect was a partial inhi-
bition of the IL-8 promoter in v-Src-transformed CEF. Thus,
the effects of the dominant negative mutant of c-Jun were not
restricted to the inhibition of AP-1.

TAMG67 promotes the accumulation of lipid-rich vesicles in
v-Src-transformed CEF. Overexpression of C/EBPB induces
adipogenesis in fibroblasts, including CEF (29, 33). Therefore,
the observation that TAM67 stimulates the activity of the
C/EBP-controlled promoter raised the possibility that lipids
accumulate in response to AP-1 inhibition and v-Src transfor-
mation. This was confirmed by staining CEF with Oil Red O.
As shown in Fig. 4, the vesicles observed in a fraction of the
TAMG67-expressing cells accumulated the lipophilic dye, indi-
cating that they contain lipids. Oil Red O-positive cells were
detected primarily at the permissive temperature, indicating
that the response was v-Src dependent and that, on its own,
TAMS67 was unable to promote marked accumulation of lipids
(Fig. 4E).

We also asked if TAM67 induces the expression of the
lipid-binding p20K lipocalin, a marker of contact inhibition
and reversible growth arrest, but not adipogenesis, in CEF (18,
29). As shown in Fig. 4F, activation of the temperature-sensi-
tive v-Src kinase did not enhance the expression of p20K. This
was true in both control and TAMG67-expressing CEF. There-
fore, the inhibition of AP-1 did not induce a state of reversible
growth arrest in these cells. Cells accumulating lipids at the
permissive temperature were flat and viable for extended pe-
riods, suggesting that they had undergone differentiation.

v-Src-transformed CEF undergo apoptosis upon downregu-
lation of JunD. Retroviral constructs expressing sShRNA were
generated to inhibit the expression of a single component of
AP-1. The characterization of these shRNA vectors is de-
scribed in the supplemental material. Partial downregulation
of c-Jun expression led to significant inhibition of CEF prolif-
eration and a high incidence of senescent cells but no apoptosis
(Fig. 5A to F, R, and S). Inhibition of JunD expression de-
creased CEF proliferation but did not cause senescence, as
indicated by the absence of SABG-positive cells under these
conditions (Fig. 5G to L). However, apoptotic cells were de-
tected in the CEF population expressing the junD shRNA (Fig.
5S). Despite a marked reduction in protein expression, the
downregulation of Fra-2 had little effect on the proliferation of
normal CEF. Moreover, the inhibition of Fra-2 had no visible
phenotype, causing no senescence or apoptosis (Fig. 5M to S).
In summary, the downregulation of c-Jun caused premature
entry into senescence, while JunD inhibition triggered apop-
tosis in a small fraction of normal CEF (3%) (Fig. 5).

We generated CEF infected with a temperature-sensitive
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FIG. 4. Accumulation of lipid-rich vesicles in CEF coinfected with
ts NY72-4 RSV or LA90 RSV and RCASBP-TAMG67 at the permissive
temperature (37.5°C). (A to D) Staining of lipid-rich vesicles with Oil
Red O (arrow). (E) Quantitation of cells with Oil Red O-positive
vesicles. (F) Expression of the growth arrest-specific p20K lipocalin in
control and TAM67-expressing CEF. Contact-inhibited (confluent)
CEF were used as a positive control for the expression of p20K, a
marker of reversible growth arrest that is not associated with the
accumulation of lipid-rich vesicles. Erk-1 was used as a loading control.

mutant of RSV (NY72-4 RSV) and a virus expressing sSiRNA
for c-jun, junD, or fra-2. Partial inhibition of c-Jun and JunD
expression was observed in CEF expressing the corresponding
shRNA (Fig. 6). In contrast, Fra-2 expression was severely
impaired at the permissive and nonpermissive temperatures.
Transient expression assays confirmed the inhibition of AP-1
activity in v-Src-transformed CEF expressing shRNA for junD
or fra-2 (Fig. 6D). In contrast, partial downregulation of c-Jun
did not dramatically reduce the activity of AP-1 in these cells
(Fig. 6E).

As described for normal CEF, SABG-positive cells were
observed in 72-4 RSV-infected CEF expressing c-jun shRNA
at the permissive and nonpermissive temperatures but were
not detected under conditions of JunD or Fra-2 inhibition
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FIG. 5. Effects of c-Jun, JunD, and Fra-2 downregulation by shRNA in normal CEF. (A) The downregulation of c-Jun expression by siIRNA
was examined by Western blotting. (B) The level of c-Jun inhibition was determined by densitometry. (C to F) The reduction of c-Jun expression
impaired cell proliferation (C) and induced premature entry into senescence, while the control vector or expression of the mismatched form of
c-jun shRNA had no significant effect (SABG assays) (D to F). (G to I) The junD-821 shRNA reduced the expression of JunD (G) and inhibited
cell proliferation (I). (H) The levels of JunD were determined by densitometry. (J to L) SABG assays revealed no induction of senescence under
conditions of JunD inhibition. (M) Fra-2 expression was abolished by the corresponding shRNA. (N to Q) Loss of Fra-2 expression did not impair
proliferation or induce any visible phenotype in normal CEF. (R) Quantitation of SABG-positive cells in the presence of various shRNAs used
in panels A to Q. (S) Quantitation of apoptosis in CEF expressing a sShRNA for c-jun, junD, or fra-2 or the control vector RCASBP(B)-shRNA-
AUG6 as determined by the TUNEL assay.
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FIG. 6. Repression of c-Jun, JunD, and Fra-2 by shRNA in v-Src-transformed CEF. CEF were coinfected with the temperature-sensitive
mutant NY72-4 RSV and a group B virus expressing a sShRNA for c-jun, junD, or fra-2 or the control virus RCASBP(B)-shRNA-AUG6 (Control).
(A to C) Repression was determined at the nonpermissive and permissive temperatures of 41.5°C and 37.5°C, respectively, by Western blotting
followed by densitometry. Erk-1 was used as a loading control. (D and E) AP-1 activity was determined by transient expression assays under

conditions of JunD, Fra-2, or c-Jun downregulation by shRNA.

(data not shown). However, apoptotic cells were observed
among cells expressing junD shRNA. This phenotype was en-
hanced by activation of the temperature-sensitive v-Src kinase
(Fig. 7). A lower incidence of apoptosis was also detected

under conditions of Fra-2 and, to a lesser extent, c-Jun inhibi-
tion (Fig. 7I). Therefore, JunD was required for the increase in
AP-1 activity and the survival of v-Src-transformed CEF.

By binding to cyclic AMP (cAMP) response elements (CRE)
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FIG. 7. Apoptosis induced by v-Src in response to JunD downregu-
lation. (A to H) TUNEL assays of CEF infected with NY72-4 RSV
expressing a control shRNA (A to D) or a shRNA for junD (E to H).
Arrows point to pyknotic nuclei. (I) Quantitation of apoptosis induced
by the control virus or viruses expressing shRNA for individual AP-1
members. Error bars indicate standard errors.

or TPA response elements in the promoters of the c-Jun
(CRE) or JunD and Fra-2 (TRE) genes, AP-1 is capable of
autoregulating the expression of its components (2, 4, 18, 43).
Therefore, it is possible that the expression of multiple pro-
teins is affected by the downregulation of a single component
of AP-1 by shRNA; this possibility was examined by Western
blotting (see Fig. SS5A in the supplemental material). While
inhibition of c-Jun had modest effects on the expression of
JunD and Fra-2, downregulation of JunD decreased the ex-

J. VIROL.

pression of Fra-2, and vice versa (see Fig. SSC and D in the
supplemental material). Partial inhibition of Fra-2 expression
was also observed at the permissive temperature under condi-
tions of c-Jun downregulation (see Fig. SSA, lane 4). Given the
partial reduction in JunD expression and the lower incidence
of apoptosis observed in cells expressing fra-2 shRNA, these
results suggest that v-Src-transformed CEF are particularly
sensitive to the level of JunD in the cell.

Lipid vesicles accumulate in response to Fra-2 inhibition in
v-Src-transformed cells. NY72-4 RSV-infected CEF express-
ing fra-2 shRNA were flat at the nonpermissive and permissive
temperatures, indicating that Fra-2 expression was required for
morphological transformation. In addition, lipid-rich vesicles
accumulated at the permissive but not the nonpermissive tem-
perature (Fig. 8D, H, and I). This was not observed under
conditions of c-Jun or JunD downregulation (data not shown).
Therefore, Fra-2 expression was required to block the accu-
mulation of lipids in v-Src-transformed CEF.

Downregulation of p53 restores the viability and transfor-
mation of v-Src-transformed CEF under conditions of JunD
inhibition. p53 induction was observed in cells expressing junD
shRNA. This induction was enhanced by the activation of the
temperature-sensitive v-Src kinase (Fig. 9A, lane 8). UV-irra-
diated CEF served as a positive control in this experiment. To
determine the role of p53 in the apoptosis induced by JunD
inhibition, we constructed a retroviral vector coexpressing sep-
arate shRNAs for p53 and JunD (Fig. 9A, lanes 3, 6, and 9).
Downregulation of p53 restored the proliferation and mor-
phology of v-Src-transformed CEF (data not shown). Anchor-
age-independent proliferation was examined in soft agar as-
says. While RSV-infected CEF were unable to form colonies
under conditions of JunD inhibition, concomitant downregu-
lation of p53 restored the ability of these cells to grow in an
anchorage-independent manner. JunD expression and AP-1
activity remained low in these cells (Fig. 9A and B). Therefore,
the induction of apoptosis observed under conditions of JunD/
AP-1 inhibition was p53 dependent. NY72-4 RSV-transformed
CEF expressing c-Jun shRNA were capable of forming colo-
nies in soft agar, suggesting that cells escaping senescence were
transformed. In contrast, v-Src-transformed CEF with Fra-2
inhibition did not form colonies, indicating that Fra-2 was also
required for anchorage-independent proliferation (Fig. 9G).
Taken together, these results indicate that in the absence of
p53, high JunD/AP-1 activity is no longer required to ensure
the survival and anchorage-independent proliferation of v-Src-
transformed CEF.

DISCUSSION

JunD/AP-1 is required for the survival of v-Src-transformed
CEF. Increased cell survival and, in particular, the capacity to
resist detachment (anoikis) has been linked to high Src kinase
activity in several cell types. Antiapoptotic factors such as Bcl-
xL, Bcl-2, NR-13, and Mcl-1 mediate the action of Src, which
employs several transcription factors and signaling pathways to
stimulate the expression of these proteins in a cell type-specific
manner (10, 15, 20, 28, 37, 38, 41, 53, 55). In this report, we
demonstrate that JunD/AP-1 is also essential for the survival of
v-Src-transformed CEF. While a role for this factor in immor-
talized cell lines transformed by oncogenic Ras or Src has been
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415C

described previously, inhibition of AP-1 generally resulted in
the impairment of proliferation and transformation without
affecting the viability of these cells (22, 27, 31). Therefore, the
prosurvival function of JunD/AP-1 may reflect the contribution
of this factor to the transformation of primary cells by onco-
genic Src.

Several studies have also concluded that v-Src generates
proapoptotic conditions (3, 26, 51). This concept is based on
the observation that v-Src-transformed cells are particularly
sensitive to the inhibition of phosphatidylinositol 3-kinase
(PI3K) and often depend on the presence of serum to remain
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FIG. 9. Induction of p53 in CEF expressing junD shRNA. (A) West-
ern blotting of tumor protein p53 (tp53) levels in CEF infected with a
control virus [RCASBP(A)-shRNA-AU6|, a virus expressing junD
shRNA, or a virus expressing separate shRNAs for junD and p53
(junD+p53 shRNA). The induction of tp53 in UV-irradiated CEF was
used as a positive control (lane 10). Expression of the 53 shRNA abro-
gates the accumulation of tp53 in CEF coinfected with NY72-4 RSV and
a virus expressing the junD shRNA (lanes 5 and 6 and lanes 8 and 9). The
arrowhead points to a protein of lower mobility whose expression is not
affected by the expression of #p53 shRNA and is not inducible by UV and
therefore appears to be unrelated to tp53 (arrow). (B) Transient expres-
sion assays for AP-1 activity in NY72-4 RSV-infected CEF expressing a
single shRNA for junD or two shRNAs for junD and p53. (C to H) Soft
agar assays of CEF coinfected with NY72-4 RSV and either a control
virus [RCASBP(A)-shRNA-AUG6], a virus expressing a single sShRNA for
c-jun, junD, fra-2, or tp53, or a virus expressing two shRNA species for
JunD and tp53 (junD+1p53). Magnification, X10. The downregulation of
tp53 reestablished the anchorage-independent proliferation of v-Src-
transformed CEF with JunD/AP-1 inhibition.
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viable in vitro. The fact that the dominant negative mutant of
c-Jun (TAM67) induced apoptosis in v-Src-transformed CEF,
but not in their normal counterparts, is in agreement with this
notion (Fig. 2). So is the reduction of AP-1 activity by the
expression of a shRNA for junD but not for c-jun or fra-2,
indicating that JunD is critical for the survival of v-Src-trans-
formed CEF (Fig. 5 and 7). The conditions and pathway(s)
promoting apoptosis are presently unknown but depend on
p53, as evidenced by the fact that downregulation of this tumor
suppressor by RNA interference restored cell viability and the
anchorage-independent proliferation of v-Src-transformed
CEF with reduced JunD levels (Fig. 9). Interestingly, the apop-
totic pathway induced by the inhibition of PI3K in v-Src-trans-
formed Rat-2 cells is p53 independent, suggesting that PI3K
and AP-1 promote survival by targeting different processes
(51). Murine cells lacking junD function are particularly sen-
sitive to stress (30, 52). Whether or not JunD functions by
reducing oxidative stress in v-Src-transformed CEF remains to
be investigated (19).

JunD and Fra-2 are the primary targets of v-Src transfor-
mation in CEF. Several observations indicate that JunD and
Fra-2 are primarily responsible for the increase in the AP-1
activity of v-Src-transformed CEF. Both proteins accumulate
in response to transformation and account for the stimulation
of TRE-binding activity detected by EMSA. JunD and Fra-2,
but not c-Jun, were also detected by ChIP assays on the v-Src-
responsive unit (SRU) of the IL-8 promoter in RSV-trans-
formed CEF (Fig. 3). Finally, marked inhibition of AP-1 ac-
tivity was observed when JunD and Fra-2 were downregulated
by RNA interference, while expression of the c-jun shRNA had
a more modest effect in transformed cells (Fig. 6A). Signifi-
cantly, the downregulation of JunD and Fra-2 by shRNA im-
paired the capacity of v-Src-transformed CEF to form colonies
in soft agar, indicating that both JunD and Fra-2 are required
for the anchorage-independent proliferation of these cells.

Murakami and coinvestigators reported that Fra-2 is hyper-
phosphorylated in an ERK2-dependent manner in v-Src-trans-
formed CEF (36). Using phospho-Jun-specific antibodies, we
observed that Ser98 is hyperphosphorylated in JunD and that
the trans-activation domain of this protein is more potent in
v-Src-transformed CEF (our unpublished results). Since the
corresponding Ser residue in murine JunD (Ser100) is pref-
erentially phosphorylated by ERK (16, 49), ERK may target
both JunD and Fra-2 to mediate the activation of AP-1 in
v-Src-transformed CEF. In agreement with this model, AP-1
activity was markedly reduced by the MEK-specific inhibitor
PD098059, while inhibition of JNK/SAPK by a dominant neg-
ative mutant of SEK (SAPK/ERK kinase) had a more modest
effect in these cells (our unpublished results).

Pleiotropic action of AP-1 in v-Src-transformed cells. Dis-
tinct phenotypes were observed when individual components
of AP-1 were downregulated by RNA interference. Indeed, a
reduction in c-Jun levels caused premature senescence but no
cell death, while inhibition of JunD expression induced apop-
tosis in a fraction of the v-Src-transformed CEF (Fig. 7). Fi-
nally, the inhibition of Fra-2 had no phenotype in normal CEF
but induced the accumulation of lipid-rich vesicles in their
v-Src-transformed counterparts. These phenotypes may result
from a quantitative reduction in AP-1 activity, reflecting the
incomplete repression of individual AP-1 proteins or the con-

J. VIROL.

tribution of each protein to the overall activity of AP-1. Alter-
natively, these results may imply a certain specificity in the
control of gene expression by different AP-1 dimers. Such
specificity has been described by other investigators working
on the c-Jun/Fra-2 and c-Jun/ATF2 dimers (47). However, in
these instances, the different AP-1 factors controlled gene ex-
pression through distinct binding sites (i.e., TPA response el-
ements versus cCAMP response elements, respectively) that
may therefore regulate different sets of genes. Independently
of the underlying mechanism, these results indicate that AP-1
promotes transformation by multiple processes, enhancing cell
survival and inhibiting premature senescence and the manifes-
tation of differentiated features. Gene-profiling analyses of
v-Src-transformed CEF with c-Jun, JunD, or Fra-2 inhibition
may provide some insight on the genes affected by the down-
regulation of individual components of AP-1.

In previous studies, we observed that forced expression of
JunD stimulated the expression of Fra-2 and vice versa (18).
Therefore, JunD and Fra-2 form a positive loop of cross-
regulation. This process was also observed when JunD and
Fra-2 were downregulated by RNA interference, suggesting
that the expression of one factor is at least partly dependent on
its dimerization partner (see Fig. S5 in the supplemental ma-
terial). Despite this relationship, the outcome of JunD down-
regulation was strikingly different from the outcome of Fra-2
downregulation in v-Src-transformed CEF, with apoptosis and
the accumulation of lipid-rich vesicles observed in response to
JunD and Fra-2 inhibition, respectively. This result suggests
that v-Src-transformed CEF are particularly sensitive to the
level of JunD in the cell. In agreement with this model, com-
plete inhibition of JunD was never observed unless cell viability
was restored by the concomitant inhibition of p53 (Fig. 9).
Cells with partial downregulation of JunD may be viable and
may therefore display other features normally repressed by
high AP-1 activity, such as the accumulation of lipid-rich
vesicles, as observed upon the inhibition of Fra-2 by shRNA
(Fig. 8).

The fact that the inhibition of AP-1 enhanced C/EBP activity
suggests that these factors compete for a limiting component
of the general transcription machinery or for coactivators (see
Fig. S4 in the supplemental material). Preliminary results in-
dicate that the formation of lipid-rich vesicles or apoptosis is
abrogated when C/EBP is downregulated concomitantly with
Fra-2 or JunD, respectively, in v-Src-transformed CEF (our
unpublished results). Therefore, C/EBPB and AP-1 may be
part of a complex gene-regulatory network controlling the fate
of v-Src-transformed CEF. Characterization of this network
may reveal the mechanisms by which v-Src induces transfor-
mation in the absence of any cooperating oncogene and alle-
viates the induction of oncogene checkpoints that normally
restrict the proliferation of primary cells.
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