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Ligand-activated retinoic acid receptor o (RARa) and
c-ErbAc repress the AP-1-medIated transcriptional ac-
tivation of the interstitial collagenase gene promoter
by specifically decreasing the activity of the AP-1 tran-
scription factor. On the other hand, the v-ErbA onco-
protein fails to repress the AP-1 activity and acts as
a dominant negative oncoproteln by overcoming the
repression of the AP-1 activity induced by RARa and
c-ErbAa. This maintenance by v-ErbA of a fully active
AP-1 complex is correlated with the abrogation by this
same oncogene product of the growth-inhibitory re-
sponse of chicken embryo fibroblasts to retinoic acid
treatment. This new mechanism of action of v-ErbA
together with its previously discovered dominant re-
pressor effect on transcription of thyroid hormone-
activated target genes may explain the contribution of
the v-erbA oncogene to sarcomatogenic and leukemo-
genic transformation.

Introduction

Although it has long been suspected that hormones play
a role in cancer development, the direct involvement of
hormone receptors in oncogenic transformation has been
only recently demonstrated with the identification of the
v-erbA oncogene. v-erbA is one of the two oncogenes car-
ried by the avian erythroblastosis virus (AEV), a retrovirus
thatinduces erythroleukemias and fibrosarcomas in chick-
ens. The v-erbA oncogene represents a highly mutated
version of its cellular homolog c-erbA, which encodes the
a form of the nuclear receptor for the thyroid hormone
trilodothyronine (T3) (Sap et al., 1986; Weinberger et al.,
1986). The v-ErbA oncoprotein differs from the normal re-
ceptor by truncations at both ends and several scattered
point mutations. These alterations result in a major func-
tional difference: v-ErbA is no longer able to bind T3 al-
though it can still bind to DNA (Munoz et al., 1988; Prival-
sky et al., 1988).

v-erbA acts as a dominant negative oncogene by over-

coming the transcriptional activation induced by its normal
cellular counterpart on promoters linked to natural or syn-
thetic T3 response elements (T3REs) (Damm et al., 1989;
Sap et al., 1989). In erythroid cells, v-erbA blocks the differ-
entiation program of early erythrocytic progenitors and in-
hibits the expression of T3-regulated erythrocytic genes
(Gandrillon et al., 1989; Pain et al., 1990; Zenke et al.,
1990). Chicken embryo fibroblasts (CEFs) that express
v-erbA as the sole oncogene display anchorage-inde-
pendent growth and exhibit increased growth potential in
vitro. As a result of these growth control alterations, v-erbA
strongly enhances the tumor formation of CEFs already
transformed by v-erbB, the second oncogene of AEV (Gan-
drillon et al., 1987; Jansson et al., 1987). These effects
of v-erbA appear, however, to involve signaling pathways
different from those induced by mitogenic kinase onco-
proteins (Diaz et al., 1989). Recently, we have shown that
v-erbA abrogates the growth inhibition of CEFs induced by
retinoic acid (RA) (Desbois et al., 1991). Assuming that the
inhibitory effect of RA on the growth of CEFs is mediated
by nuclear RA receptors (RARs), this result suggests a
functional interference between the v-ErbA protein and
RARs.

Receptors for steroid hormones, thyroid hormones, RA,
and vitamin D; belong to a class of transcription factors
that, upon binding to their ligand, recognize specific DNA
sequences and regulate transcription of target genes (for
reviews see Green and Chambon, 1986; Evans, 1988;
Beato, 1989). These hormone receptors can either en-
hance or inhibit gene expression, depending on the cell
type and on the response elementinvolved, as it was dem-
onstrated for the glucocorticoid receptor (Akerblom et al.,
1988; Sakai et al., 1988; Diamond etal., 1990; Yang-Yen et
al., 1990; Schiile et al., 1990b; Jonat et al., 1990). Thyroid
hormone receptors (T3Rs) bind to a set of TSREs and
enhance transcription when activated by T3 (Koenig et al.,
1987; Glass et al., 1987; Izumo and Mahdavi, 1988; Damm
etal., 1989; Sap et al., 1989). In the presence of RA, RARs
can stimulate transcription from promoters containing ei-
ther specific RA response elements (Vasios et al., 1989;
de Thé et al., 1990), some T3REs (Umesono et al., 1988;
Graupner et al., 1989), or a vitamin D, response element
(Schile et al., 1990a). Moreover, RARs and T3Rs can form
heterodimers (Glass et al., 1989).

These data, demonstrating interactions between differ-
ent hormone receptors, strengthen our results suggesting
a functional interference between RARs and the v-ErbA
protein in CEFs. In these same cells, the growth-inhibitory
effect induced by RA treatment was also abrogated by
expression of either the v+jun, v-fos, or v-src oncogenes
(Desbois et al., 1991). The v-Jun and v-Fos oncoproteins
are the viral counterparts of the c-Jun and c-Fos proteins,
which are components of the AP-1 complex (Curran and
Franza, 1988). The v-Src protein acts by inducing the AP-1
activity (Wasylyk et al., 1988). From these findings, we
have suggested that RARs mightfunctionallyinteract with
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Figure 1. Repression of the Collagenase Pro-
moter Activity by Ligand-Activated RARa and
c-ErbAa

Hela cells were transfected with 1 ug per 60
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A B
RAR/517Col-CAT
2.7 1.9 3.1 5.8 3
300 r J r r r " 300 l; ]
£ 200 200
E
g
Qa
2 100 100
2.
0 0
TPA - ~» - + + + + + + + + TPA -~ -
RA - - + = + - + = + - + LT3 - - + -
RAR 0 1 1 0 0 010105051 1 c-ErbA
c
73Col-CAT
300., 59 68
[ | e |
£
E 200
3
Qa
z
§ 100
-RA+RA -T34T3
RAR  c¢-EbA

the AP-1 complex. Therefore, to verify this hypothesis,
a transient expression system based on cotransfection
assays has been designed.

We describe here how o forms of RARs and c-ErbA re-
press, in a ligand-dependent fashion, the activity of AP-1-
regulated promoters, i.e., the interstitial collagenase pro-
moter and a synthetic AP-1-dependent promoter, by
specifically decreasing the activity of the AP-1 transcrip-
tion factor. A similar repression by RARs has been recently
found for the stromelysin gene promoter (Nicholson et al.,
1990). Moreover, we show that v-erbA has lost this repres-
sion function and behaves as a dominant oncogene by
abrogating the AP-1 repression induced by RARa and
c-ErbAa. This property of v-erbA is directly correlated with
its ability to induce resistance of cells to the growth-
inhibitory effect of RA. This is a newly described mecha-
nism of action of the v-erbA oncogene, which together with
the previously discovered dominant repressor effect on
transcription of T3-activated genes, can contribute to the
oncogenic transformation.

Results

Ligand-Activated RARo and c-ErbAa Repress

the Collagenase Gene Promoter

To determine whether the RA and T3 receptors can inter-
fere with the AP-1 complex, transfection experiments were
performed with the interstitial collagenase promoter. This
gene was chosen because RA regulates its expression
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gether with increasing amounts of RARa (A)
and c-ErbAa (B) expression vector, (0.1-1 ug
as indicated under each bar). For each experi-
ment reported, 2 ug of RSV-B-galactosidase
plasmid was added to monitor transfection
efficiency. After 16-20 hr, the medium was
changed, and Hela cells were cultured in low
serum concentration (0.5%) and, when men-
tioned, treated with 50 ng/ml TPA in the ab-
sence (black bars) or presence (striped bars) of
either 10* M RA or 10~® M T3 as indicated un-
der each bar. After an additional 24 hr, Hela
cells were harvested and CAT activities were
measured and normalized to B-galactosidase
activities. The values are expressed in pmol/
min and are representative of a typical experi-
ment. Transfection experiments were made at
least in triplicate. The extents of repression in-
dicated at the top of the figure were the same
in the triplicate experiments in spite of some
variations in the transfection efficiency.

In (C) Hel.a cells were cotransfected with 1 pg
of the 73Col-CAT reporter gene and with either
1 ug of RARa or 0.5 ug of c-ErbAa expression
vectors. Hel.a cells were treated with TPA in
the presence (striped bars) or absence (black
bars) of either RA or T3 as indicated under each
bar. The hormone-induced repression rates of
the CAT activity are indicated at the top of the
figure.
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negatively (Saus et al., 1988; Clark et al., 1987), whereas
the AP-1 complex stimulates its activity through binding to
specificDNA sequencesreferred to as the TPAresponsive
element or AP-1-binding site (Angel et al., 1987a). The
reporter plasmid, 517Col-CAT, carries DNA sequences
from positions —517 to +63 of the collagenase promoter
linked upstream of a promoterless chloramphenicol ace-
tyltransferase (CAT) gene (Angel et al., 1987a). This plas-
mid was cotransfected into HelLa cells with increasing
amounts of human RARa or chicken c-ErbAa expression
vectors, in the presence or absence of their respective
hormone. In these expression plasmids, RARa and
c-erbAa cDNA are under the transcriptional control of the
Rous sarcoma virus long terminal repeat (RSV-LTR). To
keep the amount of RSV-LTR constant, an “empty” expres-
sion vector was added. The basal AP-1 activity in HeLa
cells was low and was strongly enhanced by TPA treat-
ment (Figure 1). This basal activity was repressed about
3-fold in cells cotransfected with either RARa or c-ErbAa
in the presence of the respective hormone. However, esti-
mations of the repression rates in these conditions are
not accurate because of the extremely low CAT activity.
Further investigations of the effect of hormone receptors
on the collagenase promoter were conducted on cells
treated with TPA. As shown in Figures 1A and 1B, ligand-
activated RARa and c-ErbAa strongly repressed the TPA-
induced collagenase promoter activity. The extent of re-
pression increased with the amount of receptor added.
Transfection of only 0.1 ug of c-ErbAa expression vector
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Figure 2. Repression of the Fos/Jun-Induced Collagenase Promoter
Activity by Ligand-Activated RARa and c-ErbAa

(A) Hel.a celis were transfected as described in Figure 1 with 1 ug of
the 517Col-CAT reporter gene, 2 ug of either Fos or Jun expression
vectors together with 0.5 ug of c-ErbAa expression plasmid. One mi-
crogram of Fos and 1 ug of Jun expression plasmids were added in
the cotransfection assays. After transfection, HeLa cells were cultured
in 0.5% serum in the presence (striped bars) or absence (black bars)
of T3. The extents of T3-mediated repression are indicated at the top
of the figure.

(B) HelLa cells were transfected as in (A) except that 1 pg of RARa
expression vector was added in place of the c-ErbA. Hela celis were
then incubated with or without RA as indicated.

led to a significant decrease of the CAT activity in the
presence of T3. The TPA-induced activity of a reporter
plasmid carrying only DNA sequences from positions —73
to +63 of the collagenase promoter (73Col-CAT) was
also repressible by RARa or c-ErbAa after activation by
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their respective ligand (Figure 1C). This reporter construct
retains the AP-1-binding site that is localized between posi-
tions —72 and —65 in the collagenase promoter (Angel et
al., 1987a). The basal activity of this construct was also
repressed by about 4-fold by the ligand-activated hormone
receptors (data not shown).

To verify that RARa and c-ErbAa repress the TPA-
induced collagenase promoter activity by inactivation of
the AP-1 function, we replaced TPA treatment with trans-
fection of c-Jun and/or c-Fos expression plasmids. Cells
were cotransfected with either RARa or c-ErbAa expres-
sion vectors and the 517Col-CAT reporter gene. Figure 2
shows the results obtained in these experiments. In the
absence of hormone, cotransfection of both c-Fos and
c-Jun expression vectors strongly increased the reporter
gene activity. Addition of either T3 (Figure 2A) or RA (Fig-
ure 2B) led to a repression of the collagenase gene pro-
moter activity induced either by Fos or Jun or by Fos and
Jun together, As observed previously (Figure 1), the re-
pression by RARa was lower than that induced by
c-ErbAa. In both cases, the extent of repression was
smaller when Fos and Jun expression plasmids were
added simultaneously. This effect might result from over-
loading the cells with exogenous AP-1 products, whereas
in cells transfected with either the Jun or Fos expression
vectors, the level of AP-1 might be limited by the amount of
the endogenous Fos or Jun products, respectively. Taken
together, these data strongly suggest that the RA and the
T3 receptors repress the collagenase promoter activity by
inactivating the AP-1 transcription factor.

Figure 3. ldentification of the AP-1-Binding
Site as the Specific Target for Regulation by
Ligand-Activated RARa and c-ErbAa

(A) Hel a cells were transfected as in Figure 1
with increasing amounts of the RARa expres-
sion vector, as indicated under each bar, to-
gether with either 1 ug of the [AP-1]3-CAT re-
porter gene or 5 ug of the similar construct that
does not contain an AP-1-binding site (A[AP-
1)-CAT). Hel.a cells were treated with TPA and
with RA (striped bars) or without RA (black bars)
as indicated. The extents of RA-mediated re-
pression are indicated at the top of the figure.

(B) HelLa celis were cotransfected with 1 ug of
the [AP-1]3-CAT reporter gene and with in-
creasing amounts of the c-ErbAa expression
vector. Twenty-four hours prior to harvesting,
TPA was added in the presence (striped bars)
or absence (black bars) of T3. As in (A), num-
bers at the top indicate the extent of T3-medi-
ated repression.

(C) As a control, Hela cells were transfected
with either 1 pg of RARa or 0.5 pg of c-ErbAa
expression plasmids together with 2 pug of
RSV-LTR promoter not containing an AP-1-
binding site. The RSV-LTR was linked up-
stream of the B-galactosidase reporter gene.
Hela cells wereincubated with TPA in the pres-
ence or absence of RA, as indicated under
each bar.
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Figure 4. Repression of the TPA-Induced c-jun Promoter Activity by
RARa and c-ErbAa in a Ligand-Dependent Fashion

HelLa cells were transfected as in Figure 1 with 1 ng of the reporter
gene containing the —920 to +57 sequence of the c-jun promoter linked
upstream of the CAT gene together with either 1 pg of RARa- or 0.5
ng of c-ErbAa-expressing plasmids. Cells were then treated for 24 hr
with TPA together with (striped bars) or without (black bars) hormones.
Numbers at the top indicate the extent of repression induced by li-
gands.

Ligand-Activated RARo and c-ErbAc Inactivate

the AP-1 Activity

To check whether repression of the collagenase promoter
by ligand-activated RARa and c-ErbAa might account for
a more general effect on AP-1-mediated transcription, the
effect of these receptors on the function of other promoter—
CAT constructs was investigated. We used a synthetic
reporter construct, [AP-1]3-CAT, that carries three AP-1-
binding sites upstream of sequences from positions —109
to +10 of the rabbit B-globin promoter linked to the CAT
gene. The function of this chimeric promoter is strongly
dependent upon AP-1 activation elicited by TPA treatment
(Urier et al., 1989). As shown in Figure 3A, RARa re-
pressed this promoter in a hormone-dependent manner.
Under similar conditions, the activity of the control A[AP-
1]-CAT chimeric construct that carries only the globin pro-
moter linked to the CAT gene was not induced by TPA,
nor changed by RARa in the presence or absence of RA
(Figure 3A). In parallel experiments in whichc-ErbAa was
transfected in place of RARa, we observed asimilar T3-de-
pendent repression of the [AP-1]3-CAT reporter plasmid
activity (Figure 3B). To check whether the effect of the
hormone receptors was specific to AP-1 dependent pro-
moters, we tested an RSV-LTR promoter that does not
contain an AP-1-binding site. For this purpose, we used
an RSV-LTR-driven B-galactosidase reporter gene. The
activity of this promoter was not affected by expression of
ligand-activated receptors in these cells (Figure 3C).
Taken together, these data demonstrate that repression
of transcription induced by ligand-activated RARa or
c-ErbAa is mediated by functional interference with the
AP-1 transcription complex.

To extend the analysis of this repression induced by
hormone receptors, we tested the effect of RARa and
c-ErbAa on the function of the quail c-jun promoter. The
c-jun promoter is inducible by TPA (Angel et al., 1988).
Although this promoter is activated by AP-1 in F9 cells
(Angel et al., 1988), it has been suggested that it might be
activated by an AP-1-related factor in HeLa cells (van Dam

et al., 1990; Offringa et al., 1990). The quail promoter se-
quence ~920 to +57, which contains an AP-1-binding site
at position —53 (M. Castellazi, personal communication),
was linked to the CAT gene. As shown in Figure 4, this
promoter was repressed by RARa and c-ErbAa after acti-
vation by their respective ligands.

v-ErbA Does Not Repress the AP-1 Activity

We investigated whether the v-ErbA oncoprotein would
exert repressing effects similar to those of RARa and
c-ErbAa on the AP-1 activity. HeLa cells were cotrans-
fected with the RSV-LTR-driven expression vector of
v-ErbA and with the 517Col-CAT, 73Col-CAT, or [AP-1]3-
CAT reporter genes. Cells were treated with TPA, and the
amount of RSV-LTR was kept constant by complementing
with a plasmid carrying only this LTR. As seen in Figure
5, the v-ErbA protein did not repress the CAT activity of
thethreereporter genestested, irrespective of the amount
of transfected v-ErbA (0.1-5 pg). Thus, unlike the normal
T3 and RA receptors, the v-ErbA oncogenic protein has
lost the ability to inhibit the AP-1 activity.

v-ErbA Abrogates the Inactivation of AP-1

Induced by RARa or c-ErbAa

Since v-ErbA is unable to repress the AP-1 activity, we
checked whether it might compete with c-ErbAa and
RARa and thereby could abrogate the inhibitory effect of
these ligand-activated receptors. To this end, the 517Col-
CAT reporter gene was cotransfected with either the RARa.
or the c-ErbAa expression vectors and with increasing
amounts of the v-ErbA-expressing plasmid. As shown in
Figures 6A and 6B, addition of the v-ErbA expression
vector abrogated, in a dose-dependent manner, the
repression of the 517Col-CAT reporter gene activity
induced by c-ErbAa or RARa. Similarly, v-ErbA strongly
reduced the inhibitory effect of RARa on the [AP-1]3—-CAT
reporter gene (Figure 6B).

We further investigated the specificity of this functional
interference by analyzing the effect of v-ErbA on the
glucocorticoid receptor function, since this steroid recep-
tor inactivates the AP-1 activity in aligand-dependent fash-
ion (Jonat et al., 1990; Schiile et al., 1990b; Yang-Yen et
al., 1990). The 517Col-CAT reporter gene was cotrans-
fected with the glucocorticoid receptor expression vector
and with the v-ErbA-expressing plasmid in increasing
amounts (Figure 6C). Addition of dexamethasone in the
culture medium led to a strong repression of the 517Col-
CAT activity. This repression was maintained in the pres-
ence of v-ErbA. Therefore, the v-ErbA protein abrogates
the inactivation of the AP-1 complex by RARa and
c-ErbAa, and this effect appears to be highly specific to
these two receptors.

Effect of Chimeric v/c-ErbA Proteins

on AP-1 Activity

The v-ErbA oncoprotein differs from c-ErbA in several
respects. A part of the retroviral gag gene is fused to the
v-erbA sequence. This results in a fusion Gag-v-ErbA
protein, with the Gag sequencereplacing the first 12amino
acids of the c-ErbA protein. The other differences between
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Figure 5. The AP-1 Activity Is Not Repressed by the v-erbA Oncogene

Hela cells were transfected with 1 ug of either 517Col-CAT, 73Col-
CAT, or [AP-1])3-CAT reporter genes together with various amounts
(in ug) of the v-ErbA expression plasmid as indicated under each bar,
then treated with TPA for 24 hr prior to harvesting. Because of the
large difference in the absolute enzymatic activities obtained for the
three reporter genes (36-170 pmol per min of acetylated chloramphen-
icol), the results are expressed in relative CAT activities. The 100%
value represents the CAT activity of each reporter gene in the absence
of transfected v-ErbA (black bars).

the v-ErbA and c-ErbA proteins include 2 point mutations
located close to the amino terminus, 2 point mutations in
the DNA-binding domain, and 9 point mutations and a 9
amino acid deletion in the hormone-binding domain (Sap
etal., 1986). To investigate the contribution of the different
mutations in v-erbA to the altered properties of its pro-
tein product, concerning especially the AP-1 inactivation,
chimeric receptors made of v-ErbA and c-ErbAa were con-
structed (Figure 7A). These v/c-ErbA chimeric receptors,
introduced into expression vectors driven by the RSV-
LTR, were analyzed in cotransfection studies for their abil-
ity to repress directly the 73Col-CAT reporter gene activity
in HelLa cells (Figure 7B). To analyze the role of the resid-
ual Gag peptide in the Gag-v-ErbA protein, the gag se-
quence was replaced by the c-erbA sequence encoding
the first 12 amino acids of the normal receptor. This con-
struct (CAV54) did not repress the AP-1-mediated stimu-
lation of the 73Col-CAT reporter gene activity. The
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exchange of the v-ErbA amino half containing the DNA-
binding domain for that of the c-ErbA protein gave rise to
a chimeric construct (CAV98) that failed to repress the
AP-1 activity. To check for the role of hormone binding
on the repressive effect of the T3 receptors, we tested
a chimeric construct (CAVS) in which part of the v-ErbA
carboxyl terminus had been replaced by the homologous
c-ErbA hormone-binding domain. In the presence of T3,
the protein inactivates the AP-1-mediated expression of
the 73Col-CAT reporter gene, although to a slightly lesser
extent than c-ErbA. This inactivating effect was lost in the
absence of T3. Therefore, the CAVS product behaves simi-
larly to the normal T3 receptor in this assay. Taken to-
gether, these data indicate that the inability of v-ErbA to
inactivate AP-1 results mostly from mutations in the
carboxy-terminal, hormone-binding part of the protein.

Effect of Chimeric v/c-ErbA Proteins on Induction

of CEF Resistance to the Growth-Inhibitory

Effect of RA

When expressed in CEFs, the v-erbA oncogene abrogates
the growth inhibition induced by RA (Desbois et al., 1991).
To check whether this response could be correlated with
the antagonistic effect of v-ErbA against RARs in AP-1
inactivation, we analyzed the effect of the various v/c-erbA
chimeric constructs on the inhibition of CEF growth in-
duced by RA. The chimeric v/c-erbA genes were inserted
into retroviral vectors. The c-ErbA and CAV constructs
were inserted into the self-replicating RCAS retroviral vec-
tor (Hughes et al., 1987) that allows initiation of translation
at the native initiation codon in the construct. The respec-
tive viruses were produced by CEF transfection with the
plasmid DNA. For the XJ12 vector that expresses the origi-
nal Gag-v-ErbA oncoprotein, the plasmid was cotrans-
fected with the RAV-1 helper virus expression plasmid
(Benchaibi et al., 1989).

It was determined that all the recombinant viruses ex-
pressed the expected v/c-ErbA products by assessment
of the protein sizes after immunoprecipitation and SDS-
polyacrylamide gel electrophoresis (data not shown). To

Figure 6. Competition Experiments between
the v-ErbA Oncoprotein and Either the c-ErbAa,
the RARa, or the Glucocorticoid Receptor

(A) HelLa cells were cotransfected with 1 ug
of 517Col-CAT, 0.5 ug of c-ErbAa expression
vector, and increasing amounts of v-ErbA--ex-
pressing plasmid. HelL a cells were treated with
TPA and with or without T3 for the last 24 hr,
Numbers in abcissa represent the ratio be-
tween the molar amounts of v-ErbA and c-ErbA
plasmids. The results are expressed as fold
repression of the CAT activity obtained in
hormone-treated versus untreated Hela cell
cultures.

(B) Similar competition experiments were per-
formed between v-ErbA and RARa. One micro-
gram of 517Col-CAT or [AP-1]3-CAT reporter

5 10
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genes was cotransfected with 1 ug or 2 ug of the RARa expression vector, respectively. The results are expressed as in (A).
(C) Hel a cells were transfected with 1 ug of the 517Col-CAT reporter gene together with 1 ug of the glucocorticoid expression vector and with
increasing amounts of v-ErbA-expressing plasmid. HeLa cells were grown in medium supplemented with TPA without or with 10-* M dexamethasone.

The results are expressed as in (A).
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test the ability of these viruses to induce resistance of
CEFs to the growth-inhibitory effect of RA, CEFs were
mass-infected with the respective recombinant virus
stocks, passed once, then seeded in soft agar containing
10°¢ M RA. The data are presented in Figure 8. Cultures
infected with the RCAS control vector virus without insert
gave rise to few very small colonies. The viruses CASBA54
and CASBA98, which both produce a recombinant ErbA
product containing a v-ErbA carboxyl terminus, induced
the growth of RA-resistant colonies similarly to XJ12. The
CASBAS5 virus, which contains the c-ErbA hormone-
binding domain, also induced the growth of RA-resistant
colonies but only in the absence of T3. Very few colonies
were observed in cultures overexpressing the normal
c-ErbA product (CASBA9), either in the presence or ab-
sence of T3. Indeed, overexpression of the c-ErbA protein
in CEFs is probably deleterious, since after 5 days in cul-
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Figure 7. Effects of Chimeric v/c-ErbA Pro-
teins on AP-1 Activity

(A) Schematic representation of the structure
of c-ErbAa, v-ErbA, and the different chimeric
constructs. These chimeric receptors were
constructed as described in Experimental Pro-
cedures by using restriction enzyme sites com-
mon to v-ErbA and c-ErbA. The several scat-

. -T3 tered point mutations and the carboxy-terminal
T deletion in v-ErbA and the resulting chimeric
2 + constructs are respectively indicated by dots

and triangles.

(B) Hela cells were transfected as in Figure
1 with 1 ug of the 73Col-CAT reporter gene
together with 1 ug of expression vectors for the
different v/c-ErbA proteins represented in (A).
Hela cells were treated with TPA and with
(striped bars) or without (black bars) T3 for 24
hr prior to harvesting.

ture with or without T3, we regularly observed a strong
decrease of the expression of the c-ErbA protein. It is
therefore likely that the absence of colonies in cultures
infected with CASBA9 resulted from progressive death of
the infected cells expressing the c-ErbA protein. Except
for the normal c-ErbA product, we therefore observed a
strong correlation between the ability of the recombinant
v/c-ErbA products to overcome growth inhibition by RA
and their inability to inactivate the AP-1 transcription
complex.

Discussion

The results reported here show that RARa and c-ErbAa
repress the activity of AP-1-regulated promoters, i.e., the
collagenase promoter and a synthetic AP-1-dependent
promoter, by specifically inactivating the AP-1 transcrip-

Figure 8. Effects of Chimeric v/c-ErbA Pro-
teins on the Growth Inhibition of RA on CEFs
CEFs were infected with retroviruses express-
ing different v/c-ErbA chimeric proteins repre-
sented in the left part of the figure. They were
then seeded in soft agar in the presence or

- T3 absence of 10" M RA and, when indicated, in
the presence of 10~ M T3. An additional over-
+T3 lay identical to the original one was added 1

week later. Colonies were scored 2 weeks after
seeding. The data are expressed as the per-
centage of colonies in RA-treated versus un-
treated CEF cultures. The values shown are
averages calculated from triplicate cultures.



tion factor. On the other hand, the v-ErbA oncogene prod-
uct has lost this repressive function and, moreover, is able
to abrogate the AP-1 repression induced by the RA and
T3 receptors. Therefore, this work brings to light a new
mechanism of action of the v-erbA oncogene.

The effect of RARa and c-ErbAa on the AP-1 transcrip-
tion complex was investigated by analyzing the activity of
different promoters whose expression is mediated by the
AP-1 complex. First, we showed that the activity of these
promoters was induced by treating cells with TPA or by
cotransfecting c-Jun and/or c-Fos expression plasmids.
In each case, this activity was repressed by RARa and
c-ErbAa. The repressive effect of these receptors depends
upon the binding of their respective ligand. Second, we
showed that RARa and c-ErbAa have no effect on promot-
ers whose AP-1-binding site is naturally absent or has been
artificially deleted.

RARa and c-ErbAa repress the c-jun promoter that also
contains an AP-1-binding site. It has been suggested that
in HeLa cells this promoter would be activated by an AP-1-
related factor acting through the AP-1 motif (van Dam et
al., 1990; Offringa et al., 1990). This might suggest that
the interference spectrum of RARa and c-ErbAa could
be expanded to other members of the AP-1 transcription
factor family.

The ligand-activated RARa and c-ErbAa repress pro-
moters that contain an AP-1-binding site, either in the con-
text of a synthetic promoter or in the context of the authen-
tic collagenase and c-jun promoters. The data showing
that the AP-1 motif~dependent transcriptional activation
of at least two genes is inactivated by the RA and T3 re-
ceptors strongly suggest that this type of interaction is
a general process. Repression of the collagenase gene
promoter by the ligand-activated glucocorticoid receptor
(Jonat et al., 1990; Schiile et al., 1990b; Yang-Yen et al.,
1990) and repression of the stromelysin gene promoter by
the RA-activated RARs (Nicholson et al., 1990) have been
recently reported. These two hormone receptors repress
the activity of these gene promoters by inhibiting AP-1-
mediated transcriptional activation. Taken together, these
results and our own results illustrate a novel type of func-
tional interference between members of different tran-
scription factor families.

Several models have been proposed to explain the gene
repression resulting from functional interferences be-
tween transcription factors (for review see Levine and
Manley, 1989). The AP-1 complex represses transcription
by atleast two different mechanisms. First, this repression
can occur through direct competition for binding sites. For
instance, the AP-1 complex abrogates the vitamin Ds~me-
diated and RA-mediated induction of the human osteocal-
cin gene promoter, through binding to the AP-1 site pres-
ent in the core of the hormone response element (Schiile
et al., 1990a). A negative regulation of gene expression
can also be explained by direct interactions between tran-
scription factors, leading to an inactive complex that is
capable or incapable of binding to DNA. For example,
the mutual repression between the AP-1 complex and the
ligand-activated glucocorticoid receptor seems to involve
protein—protein interactions that might lead to formation of

a complex incapable of binding either to the AP-1 or to the
glucocorticoid response element recognition sites (Jonat
etal., 1990; Yang-Yen et al., 1990). The exact biochemical
nature of this complex remains to be elucidated. The
mechanisms by which the RARs (Nicholson et al., 1990)
or the adenovirus E1a (Offringa et al., 1990) repress the
AP-1 activity are not yet determined. We have observed
that a baculovirus-produced c-ErbAa protein (kindly pro-
vided by J. Ghysdael, Institut Curie, France) is unable to
bind to the AP-1 recognition site, which excludes a direct
interference of T3Rs and the AP-1 complex at a common
binding site (data not shown). However, we have been
unable so far to demonstrate any physical interaction
between c-ErbAa or RARa and the c-Jun or c-Fos pro-
teins produced by in vitro translation in rabbit reticulocyte
lysate. Eventual complexes between these proteins may
be very unstable and may require other proteins to be
stabilized.

We show that the v-ErbA oncoprotein differs from its
c-ErbA normal counterpart by its failure to inactivate the
AP-1 activity. This difference is largely because of struc-
tural differences between the carboxy-terminal half of the
two proteins. Substituting the c-ErbA C-terminus for the
homologous v-ErbA domain restored the T3-dependent
repressive effect of the chimeric protein on the AP-1 com-
plex. It is likely that the inability of v-ErbA to bind T3, due
to mutations in the hormone-binding domain, is most likely
responsible for the absence of an effect of v-ErbA on the
AP-1 activity.

It is shown here that the v-ErbA oncoprotein behaves as
a strong c-ErbAa and RARa antagonist in the inactivation
of the AP-1 complex. This effect appears specific for these
receptors and is not observed with the glucocorticoid re-
ceptor. As a consequence, v-ErbA exerts a dominant ef-
fect by abrogating the specific inactivation of AP-1 by
ligand-activated T3Ra and RARa. Several mechanisms
can be proposed to explain the effect of the oncoprotein.
Either v-ErbA could compete with c-ErbAa or RARa for
interaction with AP-1, or v-ErbA could form heterodimers
with T3Ra or RARGq, in a similar way to c-ErbA, which is
able to form heterodimers with RARs (Glass et al., 1989),
and thereby might inactivate these receptors. Following
the last hypothesis, we may further imagine that v-ErbA
would inhibit the action of a hormone-induced inactivator
of AP-1.

The present findings provide an explanation for our pre-
vious observations that the growth-inhibitory response of
CEFs to RA treatment is abrogated by expression of the
v-erbA oncogene as well as by expression of the v-src,
v-jun, or v-fos oncogenes (Desbois et al., 1991). On the
basis of these results and because of the function of these
oncogenes, we speculated the existence of a functional
interference, on the one hand, between RARs and v-ErbA
and, on the other hand, between RARs and the AP-1 com-
plex. The data reported here thus confirm our previous
suggestions.

The physiological relevance of the functional interfer-
ence between v-ErbA and AP-1 was confirmed by compar-
ing the effects of v-ErbA/c-ErbA chimeric proteins on, re-
spectively, the inactivation of AP-1 and the induction of
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Figure 9. Model of Dual Actions of RARa, c-ErbAa, and v-ErbA

(A) depicts the dual action of normal RARa and c-ErbAa upon activa-
tion by their respective ligand. (B) shows how v-ErbA interferes with
the function of RARa and c-ErbAa. TRE and HRE are the respective
abbreviations for TPA response element and for hormone response
element. Gene | and gene |l refer to two types of genes controlled by
AP-1 complex and hormone receptors, respectively.

resistance of CEFs to the growth-inhibitory effect of RA.
We demonstrated that the induction of resistance to RA
was correlated with the inability of these mutants to inacti-
vate AP-1. We therefore assume that cells expressing the
v-erbA oncogene display a fully active AP-1 complex and
thereby exhibit an uncontrolled growth, even in the pres-
ence of RA.

The results presented herein illustrate that membrane
and nuclear receptor signaling pathways converge on
common regulatory elements and exert opposite effects
on gene transcription. It is conceivable that these interac-
tions between nuclear receptors and the AP-1 complex
play amajor role in the hormonal control of cellular prolifer-
ation and differentiation (Figure 9A). On the right side,
RARa and c-ErbAa can positively control the transcription
of genes through direct interactions with hormone re-
sponse elements. On the left side, these two receptors
indirectly repress AP-1-regulated genes. RA and T3 are
known to activate expression of genes involved in cell dif-
ferentiation (Sporn and Roberts, 1991; Oppenheimer and
Samuels, 1983). One example is the transcriptional activa-
tion of the carbonic anhydrase Il gene in chicken erythro-
cytic cells (Pain et al., 1990). Among genes regulated by
AP-1 are genes involved in the control of cell division, e.g.,
the c-jun proto-oncogene (Angel et al., 1988), and genes
encoding extracellular matrix proteases, such as intersti-
tial collagenase and stromelysin (Angel et al., 1987a,
1987b; Frisch et al., 1987). The dual action of RARa and
T3Ratherefore accounts for the restriction of cell prolifera-
tion commonly associated with the differentiation induced
by RA and T3. From such a model, we can understand

the role of v-erbA in oncogenesis (Figure 9B). The v-ErbA
product inhibits the transcriptional activation of T3-regu-
lated promoters (Damm et al., 1989; Sap et al., 1989; Pain
etal., 1990; Zenke et al., 1990). In parallel, the oncoprotein
activates the growth of fibroblasts and thereby enhances
their tumorigenicity (Gandrillon et al., 1987; Jansson et
al,, 1987). It is likely that this second effect results from
maintaining a fully active AP-1 activity in the cells. This
dual effect of v-erbA can explain how this oncogene contri-
butes to sarcomatogenic and leukemogenic transforma-
tion by directly inhibiting cell differentiation while simulta-
neously and indirectly activating cell proliferation.

Experimental Procedures

Construction of Expression Vectors and Reporter Genes

The RARa expression vector was constructed by insertion of the hu-
man RARa cDNA (Petkovich et al., 1987) (kindly provided by P. Cham-
bon, Strasbourg, France) into a pRSV vector, downstream of the
RSV-LTR. The RARa cDNA was excised after digestion by EcoRl,
blunt-ended, and cloned into a pRSV plasmid obtained by deleting the
Hindlll-Scai fragment of the CAT sequence from pRSV-CAT (Gorman
et al., 1982). The chicken c-ErbAa and v-ErbA expression vectors
placed under control of the RSV-LTR have been described previously
(Forman et al., 1988, Damm et al., 1989). The RSV-LTR-driven expres-
sion vectors for the v-ErbA/c-ErbA chimeric proteins were constructed
from recombinant retroviral vector genomes in which the chimeric se-
quences were cloned. The chimeric sequences were excised from
these virus genomes after digestion by Clal and inserted into a pRSV
plasmid. Details of the constructions of these chimeric receptors are
described in the following section.

The expression vector for the human glucocorticoid receptor has
been described previously (Kumar etal., 1987) and was kindly provided
by P. Chambon (Strasbourg, France). The c~Jun expression plasmid,
kindly provided by M. Castellazi (Lyon, France), was constructed by
insertion of the Fspl-Scal fragment of the mouse c-jun cDNA into a
pRSV vector (Ryseck et al., 1988). The expression vector for murine
c-Fos was kindly provided by B. Wasylyk (Strasbourg, France) (Wasy-
lyk et al., 1988). The collagenase promoter-CAT constructs (517Col-
CAT and 73Col-CAT) have been described elsewhere (Angel et al.,
1987a) and were provided by P. Herrlich (Karlsruhe, Germany). The
[AP-1]3-CAT plasmid carrying three AP-1 sites upstream of the —109
to +10 sequences of the rabbit B-globin promoter linked to the CAT
gene has already been described (Urier et al., 1989) and was provided
by A. Sergeant (Lyon, France). The c-jun-CAT reporter gene was
kindly provided by N. La Vista and M. Castellazi (Lyon, France). It was
constructed by ligation of the BamHI-Bgll fragment of the quail c-jun
promoter, which corresponds to the sequence from positions —920 to
+57 upstream of the CAT gene.

Tranatections and Reporter Assays

Hela cells were routinely grown in Eagle’s minimal essential medium
with Earle’s salts supplemented with 10% newborn calf serum.
Twenty-four hours before transfection, 0.4 x 10° cells per 60 mm dish
were plated in 5% serum-containing medium. Transfections of plasmid
DNAinto Hela cells were performed using a calcium phosphate proce-
dure derived from previously described protocols (Graham and van
der Eb, 1973; Wigler et al., 1978). The amount of transfected DNA Is
indicated in the figure legends. The amount of RSV-LTR was kept
constant by complementing with an “empty” expression vector. Cells
were exposed to the precipitate for 16-20 hr, then refed with Eagle’s
minimal essential medium with Earle's salts supplemented with 0.5%
serum, and incubated simultaneously with the various combinations
of ligands for an additional 24 hr.

RSV-f-galactosidase (2 ug per dish) was included as an internal
control to normalize for transfection efficiencies. The p-galactosidase
activity was measured as previously described (Nielsen et al., 1983).

CAT enzymatic activity was measured at room temperature by fol-
lowing the kinetics of chloramphenicol acetytation with [*H]acetyl CoA
as substrate (Neumann et al., 1987). The method relies on the diffusion
of labeled acetylchloramphenicol into a water-nonmiscible liquid scin-



tillation counting coktail. For each assay, the initial rate of the enzy-
matic reaction (v = d[P}/dt) was determined and expressed in pmol/
min. The details of the procedure will be described elsewhere.

Construction of Chimeric erbA Genes and

Recombinant Retroviruses

Chimeric v/c-erbA genes were constructed by exchanging homolo-
gous fragments between the chicken c-erbAa and v-erbA sequences
coming respectively from the pRSVc-erbAa plasmid (Forman et al.,
1988) and from the pXJ12 plasmid (Benchaibi et al., 1989). The
CASBAG9 retroviral vector was constructed by inserting the entire cod-
ing sequence of c-6rbA, obtained by digestion with EcoRl, into the Clal
site of the RCAS helper-independent retroviral vector by using the
pCla12 adaptor plasmid (Hughes et al., 1987). CASBAS was derived
from CASBA9 by replacing the Dralll fragment, which contains the
DNA-binding domain, with the corresponding fragment of v-erbA.
CASBA98 and CASBAS54 were derived respectively from CASBA9 and
CASBAS, by exchanging the C-terminal BstEll-Apal fragment, which
contains the hormone-binding domain, with that of v-erbA.

Virus Production and Colony Forming Assays
To produce the different CASBA viruses, CEFs were grown and
transfected as previously described (Gandrillon et al., 1987). Virus
suspensions were rescued 8 days after transfection. Viral titers were
of about 10° particles per ml, as estimated by in situ detection of the
number of cells expressing the p27Gag protein. The XJ12 virus was
produced and titered as previously described (Gandrillon et al., 1987).
The colony-forming assay was performed as previously described
(Gandrillon et al., 1987). The effect of chimeric v/c-ErbA proteins on
induction of CEF resistance to the growth-inhibitory action of RA was
analyzed. To check whether this effect was T3-dependent, especially
for CEFs infected with the CASBA9 and CASBAS viruses both con-
taining the c-ErbA hormone-binding domain, the T3 intracellular con-
centration was controlled. This T3 cellular concentration was reduced
by adding reverse T3 (r-T3) into the culture medium supplemented with
normal serum. r-T3 is an antagonist of T3 that binds very poorly to
the T3 receptors (Sap et al., 1986; Weinberger et al., 1986). r-T3 is
supposed tocompetewith T3 for entering the cell and thereby maintain
the T3 intracellular concentration at a low level (Pain et al., 1990).
Similar results were obtained either with this procedure or with the use
of T3-depleted serum after treatment with an anion exchange resin
(Samuels et al., 1979). However, smaller and fewer colonies were
recovered in experiments with T3-depleted serum, probably because
treatment of serum with the resin also removed some growth factors
(Pain et al., 1990). For this reason, we preferred to use normal serum
supplemented with r-T3. Cultures were duplicated and incubated ei-
ther in the presence of exogenous T3 or in the absence of exogenous
T3 (in this case, the antagonist r-T3 was included). RA, T3, or rT3 was
added respectively at 10¢ M, 10 M, and 10”7 M in the soft agar
medium. An additional soft agar overlay identical to the original one
was added 1 week after seeding. Colonies were scored 2 weeks after
seeding.
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Note Added In Proof

In Cell 66, 885893, Sharif and Privalsky showed that v-erbA can
inhibit transcriptional activation by RAR on retinoic acid-responsive
elements. These data together with our present data demonstrate that
v-erbA has evolved to become a potent antagonist of RAR in several
control pathways.



