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ABSTRACT Retinoic acid receptors are ligand-dependent
transcription factors that stimulate gene transcription from
promoters containing retinoic acid or thyroid hormone re-
sponse elements. We describe a high-affinity binding site from
the rat oxytocin promoter that mediates negative transcrip-
tional regulation by the retinoic acid receptor. To examine
whether strong, constitutive transactivation domains would be
capable of stimulating gene transcription when bound to this
DNA binding site that normally mediates transcriptional re-
pression, we fused the transactivation domain of the herpes
simplex viral protein VP16 to the amino terminus of the retinoic
acid receptor and tested the activity of the chimeric protein on
the negative retinoic acid response element. This chimeric
retinoic acid receptor acted as a strong, constitutive transac-
tivator when bound to promoters containing palindromic thy-
roid hormone/retinoic acid response elements but surprisingly
it still repressed gene transcription when bound to promoters
containing the oxytocin-negative retinoic acid response ele-
ment. These results suggest that a negative DNA binding site
itself can inhibit the function of even potent constitutive
transactivation domains, and provide evidence that tethering of
a constitutive transactivation domain to DNA is insufficient to
activate gene transcription.

Eukaryotic transcription factors possess two essential func-
tional regions, a DNA-binding domain and a transcriptional
activation domain. A remarkable feature of transactivation
domains is that they are modular and transferable. For
example, when amino acid sequences corresponding to the
glucocorticoid receptor transactivation domains are fused to
the minimal DNA-binding domains of either LexA or GAL4,
the resultant fusion proteins are much more effective in
stimulating transcription than the LexA or GAL4 DNA-
binding domains alone (1-6). These experiments have been
interpreted to imply that strong constitutive transactivation
domains can function in any context once bound to DNA. In
contrast, studies with several classes of transcription factors,
including nuclear hormone receptors, have suggested that the
nature of the DNA binding site itself can influence the
functional activity of a transcription factor. Response ele-
ments mediating either positive or negative transcriptional
regulation have been described for the glucocorticoid and
thyroid hormone receptors (7-13) and the homeodomain
protein Ultrabithorax (14, 15). This context-dependent ac-
tivity of at least some types of transcription factors contrasts
greatly with the stimulation of gene transcription by virtually
all transactivation domains fused to the GAL4 or LexA
DNA-binding domains.

Retinoic acid receptors (RARs) (15-20) are ligand-
dependent transcription factors that stimulate gene transcrip-
tion from promoters containing retinoic acid (RA) and thyroid
hormone (triiodothyronine, T3) response elements (21-23).
Here we present evidence that an estrogen response element
(ERE) from the rat oxytocin promoter (5'-CCTGAGGCG-
GTGACCTGACCCCA-3') binds the RAR with high affinity
and functions as a negative retinoic acid response element
(oxytocin nRARE). Because numerous experiments have
demonstrated that transcriptionally inactive DNA-binding
proteins can be made active by the addition of heterologous
transactivation domains (1-6), we examined whether a con-
stitutive transactivation domain appended to the RAR could
reverse transcriptional inhibition from the nRARE. We there-
fore fused the most potent known constitutive transcriptional
stimulator, from the herpes simplex viral protein VP16 (4,
24), to the RAR amino terminus. Surprisingly, this chimeric
receptor failed to activate transcription from promoters con-
taining the oxytocin nRARE, despite binding to this site with
high affinity. These results suggest that the nature of a DNA
binding site can restrict the function of even potent, consti-
tutive transactivation domains.

MATERIALS AND METHODS
Transfection of CV-1 Cells. CV-1 cells (African green

monkey kidney cell line) were transfected as described (13).
Plasmids. To construct RAR-VP16T, an in-frame ATG

codon was ligated to the DNA sequence encoding VP16
residues 401-479, which was then fused to the human RARa
Kpn I site. For the construction of the RD88 mutant, the
cysteine at amino acid 88 was changed to aspartate by muta-
genesis. Both the RAR-VP16r and RD88 mutants were se-
quenced.
DNA-Binding and Crosslinking Assays. Binding of 35S-

labeled RAR was quantitated by the avidin-biotin complex
DNA-binding assay (25). Biotinylated oligonucleotides used
included the rat oxytocin nRARE (-170 to -158) (5'-
CCTGAGGCGGTGACCTTGACCCCA-3'), palindromic
T3/RA response element (5'-CTTTGATCAGGTCAGGT-
CATGACCTGAC-3') (13), or RAR/3 promoter RARE (5'-
CTTTGTTCACCGAAAGTTCACCC-3') (22). Each point
represents the mean of triplicate data points. Crosslinking
experiments (25) used 1 mM disuccinyl suberimidate. Gel shift
experiments used 8 fmol of in vitro translated receptor in 24 ,ul
of buffer H (13) plus 500 ng of poly(dI-dC), 250 ng of salmon
sperm DNA, 0.5% nonfat dried milk, and 1 ,ul ofCV-1 nuclear
extract (25). This mixture was incubated with 0.5 ng of

Abbreviations: RA, retinoic acid; RAR, RA receptor; RARE, RA
response element; nRARE, negative RARE; ER, estrogen receptor;
ERE, estrogen response element; TK, thymidine kinase; T3, triiodo-
thyronine.
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32P-labeled oxytocin nRARE and 0, 1.5, 5, or 50 ng of
unlabeled competitor.

RESULTS
Functional Activity of the RAR and RAR Chimeras on the

Oxytocin nRARE. In transient transfections, we have ob-
served that a 1.2-kilobase region of the rat oxytocin promoter
directs low-level expression in CV-1 cells. Cotransfection of
estrogen receptor (ER) expression construct causes a strong
(50- to 80-fold) stimulation of this promoter upon estrogen
treatment, consistent with previous studies in other cell lines
(26). Interestingly, we observed that RA treatment antago-
nizes the estrogen-dependent transcriptional stimulation of
the oxytocin promoter (data not shown). To determine
whether this functional antagonism was mediated through a
common DNA binding site, we linked a previously charac-

terized oxytocin ERE (26) to the herpes simplex virus thy-
midine kinase (TK) promoter in front of a luciferase cDNA
and tested functional activity in CV-1 cells by transient
transfection assays. When tested on the TK promoter con-
taining one or two copies of the oxytocin nRARE, cotrans-
fected RAR decreased basal promoter activity in an element-
dependent manner. Treatment with RA further decreased
this basal transcription (Fig. 1). Transfection of ER and
addition of estrogen increased transcription from the oxyto-
cin ERE/nRARE constructs, in accord with studies showing
this element to be a positive ERE (26). In experiments where
both the RAR and the ER were expressed, treatment with RA
antagonized the estrogen-dependent transcriptional stimula-
tion (Fig. 1). These results, in concert with studies of the
intact oxytocin promoter, indicate that this positive ERE also
functions as a nRARE. In the same experiments RAR pos-
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FIG. 1. (A) Transcriptional properties of RAR on promoters containing the oxytocin nRARE and the palindromic T3/RA response element.
Cotransfection assays were performed with CV-1 cells. Plasmids containing the Rous sarcoma virus long terminal repeat to direct expression
of either the RARa, ER, or neomycin-resistance (Neo) gene were cotransfected with reporter plasmids containing firefly luciferase cDNA under
the control of the TK promoter "linkered" to one or two copies of the oxytocin (Oxy) nRARE or the palindromic T3/RA response element
(T3/RA REPAL). Luciferase activity was assayed in lysates of transfectants that had been incubated with or without RA (1 ,uM) and/or estradiol
(E2, 0.1 ,uM); activity is expressed as arbitrary light units. Each bar represents the average of five separate experiments, with SEM indicated.
RD88, RAR with the first cysteine of the first zinc finger (amino acid 88) mutated to aspartate; this mutant is incapable of DNA binding. (B)
Transcriptional properties of RAR and RD88 on promoters containing AP-1 response elements. Prl, minimal prolactin promoter.
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itively regulated the TK promoter linked to palindromic
T3/RA response elements (Fig. 1). Mutation of the first
conserved cysteine of the DNA-binding domain to aspartate
(RD88) abolished the ability of the RAR to act positively on
a T3/RA response element and negatively on the oxytocin
nRARE (Fig. 1 and data not shown), indicating that both
effects required DNA binding.
The identification of an element on which the RAR was a

negative transcriptional regulator permitted us to investigate
whether fusion of a strong, constitutive transactivation do-
main to the RAR would create a chimeric receptor that was
capable of stimulating gene transcription when bound to the
nRARE. Accordingly, we created a fusion protein in which
the potent transactivation domain (amino acids 401-479)
from herpes simplex viral protein VP16 was joined to the
amino terminus of the RAR (see Fig. 4). The transcriptional
activity of this chimeric receptor (RAR-VP16r) was tested
functionally in transient transfections (Fig. 2). When tested
on the positive T3/RA palindromic response element, the
heterologous VP16 transactivation domain fused to the RAR
amino terminus stimulated transcription even in the absence
of RA, increasing basal activity almost 20-fold from the TK
promoter containing two copies of this element. This result
suggests that the RAR can bind to response-element se-
quences in vivo in the absence of ligand. The RAR-VP16T
chimera retained the ability to be induced by hormone even
in the presence of the constitutive VP16 transactivation
domain, as treatment with RA further stimulated RAR-VP16T
activity. Thus, the constitutive VP16 transactivation domain
and the RAR endogenous ligand-inducible transactivation
domain(s) appeared to stimulate luciferase expression inde-
pendently of each other, in a nonsynergistic manner. These
results are in accord with previous studies demonstrating that
fusion of the VP16 transactivation domain to a DNA-binding
protein augments the ability of that protein to stimulate
transcription from positive response elements (1-6). When
tested on promoters containing the oxytocin nRARE, trans-
fection of RAR-VP16r in the absence of ligand surprisingly
repressed transcription to below basal levels (Fig. 2). Treat-
ment with RA further decreased transcription from this
element. These transcriptional effects were more pro-
nounced on promoters containing two copies of the oxytocin

Reporter Receptor

nRARE (Fig. 2). Thus, in all cases examined with the
oxytocin nRARE, the repressive activity of the RAR was

able to manifest itself despite the presence of the VP16
transactivation domain, in marked contrast to the dramatic
positive activity of the VP16 transactivation domain on the
palindromic T3/RA response element (Fig. 2).
In Vitro Binding of RAR and RAR-VP16r to the Oxytocin

nRARE. The DNA-binding properties of the RAR and the
RAR-VP16T fusion protein on the oxytocin nRARE were

defined and compared. Because the RAR can interact with
other nuclear factors on response elements (25), binding
experiments were performed in the presence ofCV-1 nuclear
extract to mimic in vivo conditions more faithfully. In a gel
shift DNA-binding assay, in vitro translated RAR or RAR-
VP16T mixed with CV-1 nuclear extract caused the appear-
ance of two major DNA-protein complexes when incubated
with 32P-labeled oxytocin nRARE (Fig. 3) or palindromic
T3/RA response element (data not shown) DNA probes.
Addition ofan antiserum raised against a peptide correspond-
ing to the carboxyl-terminal 20 amino acids of the RAR
decreased the mobility of both major bands, indicating that
both contained RAR (data not shown). Competition experi-
ments demonstrated that both RAR and RAR-VP16r bound
to the oxytocin nRARE with a higher affinity than to the
positive palindromic T3/RA response element (Fig. 3). The
relative binding affinity for the oxytocin nRARE was com-
parable with that for the RAR8 promoter RARE. Unrelated
elements, such as a cis-active element from the adenovirus 5
genome that does not bind the RAR, did not compete (data
not shown). In all cases examined, RAR and RAR-VP16T
exhibited identical binding characteristics.
The binding affinities of RAR and RAR-VP16T for the

oxytocin nRARE, T3/RA palindromic response element, and
RARB promoter RARE were quantitated by an avidin-biotin
complex DNA-binding assay. 35S-labeled in vitro translated

RAR and RAR-VP16T were incubated with biotinylated
oligonucleotide probes in the presence of CV-1 nuclear
proteins, and the resultant DNA-protein complexes were
assayed by streptavidin-agarose precipitation (13). Scatchard
analysis indicated that both receptors bound with high affin-
ity to the oxytocin nRARE (Fig. 4). In all cases examined
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FIG. 2. Transcriptional properties
of RAR and RAR-VP16T chimera on
promoters containing the oxytocin
nRARE and the palindromic T3/RA
response element. Transfection ex-
periments were performed as de-
scribed in Fig. 1. Cells were incubated
without (-, open bars) or with (±,
filled bars) 1 ILM RA. RAR-VP16T,
VP16 transactivation domain/RAR
fusion protein. Results represent the
average ± SEM of triplicate determi-
nations in four separate experiments.
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FIG. 3. Electrophoretic mobil-
ity-shift analysis of the RAR and
the chimeric VP16 transactivation
domain/RAR fusion protein on
the oxytocin nRARE. In vitro
translated RAR or RAR-VP16i
protein alone (lane 1) or mixed
with CV-1 nuclear extract (lanes
3-12) was bound to a radioactive
DNA probe containing the oxyto-
cin nRARE. The ability of a 3-,
10-, or 100-fold excess of unla-
beled oxytocin (Oxy) nRARE,
RARJ3 RARE, or palindromic
T3/RA response element (T3/RA
REPAL) to compete was tested.

with this binding assay, RAR and RAR-VP16r exhibited
identical binding characteristics.
Complx ForniaJon with Npclear Factors on the Oxytocin

inRARE and P lndromk T3/RA Response El t. The RAR
can form heterodimers with other nuclear factors (13). Cross-
linking experiments were therefore performed to determine
whether complexes with different nuclear factors were being
formed on the palindromic T3/RA response element and the
oxytocin nRARE that might account for the qualitative dif-
ference in RAR transcriptional activity. After incubation of
radiolabeled RAR or RAR-VP16r with CV-1 nuclear extract
and either the palindromic T3/RA response element or the
oxytocin nRARE, the bifunctional crosslinker disuccinyl
suberimidate was added (Fig. 5). Based on the migration of
crosslinked species at 95 and 107 kDa for the RAR (51 kDa),
and at 108 and 119 kDa for RAPR-VP16ir (64 kDa) on both the
palindromic T3/RA response element and the oxytocin
nRARE, it appeared that similar or identical nuclear factors
interacted with both RAR and RAR-VP16T, irrespective of
binding to a positive (palindromic T3/RA response element) or
negative (nRARE) site. The observation of two crosslinked
products is consistent with the appearance of two complexes

containing the RAR in gel shift experiments. We interpret this
result to indicate that theRAR can form heterodimerswithtwo
distinct CV-1 nuclear proteins, of -44 and =56 kDa. These
results suggest that the same complexes containingRAR and
CV-1 nuclear factors form on both the palindromic T3/RA
response element and the oxytocin nRARE and that RAR-
VP16i (64 kDa) can complex with the same CV-1 nuclear
factors in an identical manner.

CONCLUSIONS
This paper describes a high-affinity nRARE in the rat oxy-
tocin promoter. This element contains in its sequence a
previously described positive ERE (26), and indeed, trans-
fection experiments have shown that cotransfection of RAR
antagonizes estrogen-dependent stimulation of transcription
from both the native oxytocin promoter and heterologous
promoters containing the oxytocin element (Fig. 1 and data
not shown). The observation that the RAR exhibited -quali-
tatively different transcriptional activities on the palindromic
T3/RA response element and the oxytocin nRARE permitted
us to examine a basic issue concerning the actions of trans-
activation domains: the activity of a constitutive, acidic
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transactivation domain bound to a site conferring negative
transcriptional control. We therefore fused the strongest
known constitutive transactivation domain, from VP16, to
the amino terminus of the RAR and tested its activity on a
nRARE. In two independent DNA-binding assays, a gel shift
assay and the avidin-biotin complex DNA-bididing assay, the
RAR-VP16r chimera exhibited higher-affinity binding on the
oxytocin nRARE than on the palindromic T3/RA response
element (Figs. 3 and 4). When tested functionally, the VP16
transactivation domain fused to the RAR displayed consid-
erable specificity in its ability to stimulate transcription,
functioning potently on the palindromic T3/RA response
element but not on the oxytocin nRARE. When tested
functionally on the RARP promoterRARE, RAR-VP16Talso
increased basal transcription, although not as dramatically as
observed on the palindromic T3/RA response element (data
not shown). Recently, it has been shown that Jun/Fos can
antagonize RA-mediated transcriptional stimulation (27).
However, for several reasons an interaction between RAR
and Jun/Fos appears unlikely to explain the RA-mediated
repression through the oxytocin nRARE. (i) In transient
transfection, a RAR mutant incapable of DNA binding
(RD88) can antagonize a Jun/Fos-dependent induction of a
reporter construct containing multiple AP-1 response ele-
ments, while having no repressive effect on the oxytocin
nRARE (Fig. 1B and unpublished observations). (ii) Under
our transfection conditions, the oxytocin nRARE/ERE is not
a positive AP-1 response element. (iii) In gel shift analyses,
addition of c-Jun to RAR/CV-1 nuclear protein complexes
abolishes binding to both the palindromic T3/RA response
element and the oxytocin nRARE (data not shown). Since we
find no evidence for differences in the composition of RAR/
CV-1 nuclear protein complexes on positively vs. negatively
regulated binding sites, interactions with c-Jun cannot ac-
count for the differential regulation by RAR on the palindro-
mic T3/RA response element and the oxytocin nRARE. Our
results are consistent with the possibility that the DNA
recognition element can dictate whether bound transactiva-
tion domains assume active or inactive conformations, as has
been suggested to occur for the yeast pheromone receptor
transcription factor and T3 receptor (13, 28). The most
surprisingeaspect of our studies is that even constitutive
transactivation domains can be constrained by the DNA
binding sites to which the receptor is bound. Recent studies
using niutagenesis suggest that, in addition to overall negative
charge, specific structural elements are crucial to the ability
of the VP16 transactivation domain to stimulate transcription
(29). We propose that different protein-protein and protein-
DNA interactions impose differences in the configurations of
the RAR on the palindromic T3/RA response element or
oxytocin nRARE, respectively. This conformational alter-
ation is proposed to differentially dictate activity of endog-
enous RAR and exogenously fused VP16, with resultant
positive or negative regulation of transcription. A precise
understanding of these conformational alterations should

FIG. 5. Crosslinking of RAR and RAR-VP16ir to
CV-1 coregulators. Radiolabeled RAR (Left) or RAR-

+ VP16r (Right) was incubated with CV-1 nuclear ex-
+ tract. Biotinylated palindromic T3/RA response ele-

ment (REPAL) or oxytocin (Oxy) nRARE probe was
added, and DNA-protein complexes were precipitated

CL with streptavidin-agarose. DNA-protein complexes
were incubated with or without the crosslinker disuc-
cinyl suberimidate (DSS). Crosslinked products were
analyzed by SDS/PAGE. Numbers indicate molecular
size markers (kDa). The migration positions ofreceptor

( M monomers (M) and crosslinked products (CL) are
indicated. Similar results were obtained in numerous
additional experiments of similar design.

provide further insights into the molecular mechanisms by
which transactivation domains exert their functions.
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