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RESEARCH COMMUNICATION

9-cis-Retinoic acid is a natural antagonist for the retinoic acid receptor

response pathway
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The pleiotropic activities of retinoids are mediated by two types
of nuclear receptors, the retinoic acid receptors (RARs) and the
retinoid X receptors (RXRs). All-trans-retinoic acid (RA) tran-
scriptionally activates RARs, but not RXRs, whereas its natural
stereoisomer, 9-cis-RA, is the ligand for RXRs. Here, we demon-
strate that 9-cis-RA did not transcriptionally activate RARs,
whereas in the presence of all-frans-RA the transactivation of

RARs was inhibited in a dose-dependent manner by 9-cis-RA.
RAR homodimer complexes were destabilized in vitro in the
presence of 9-cis-RA. This suggests that 9-cis-RA may be a
natural antagonist of all-trans-RA for binding to RAR com-
plexes. The levels of 9-cis-RA may determine by which pathway
the transcription of retinoid-responsive genes is modulated.

INTRODUCTION

Retinoids are derivatives of retinol (vitamin A) that have
profound effects in embryonic development, cellular differenti-
ation and proliferation [1,2]. They are successfully used for the
treatment of skin diseases and are promising anti-cancer drugs
[3]. The cellular receptors for retinoids, retinoic acid receptors
(RARs) [4-8] and retinoid X receptors (RXRs) [9-11], are
members of the steroid-receptor superfamily [12,13] that are
ligand-induced transcription factors. RARs were believed to act
exclusively as heterodimers with RXRs [14-19], whereas RXRs
were able to act also as homodimers [20,21]. However, RXR-
independent transactivations and gel shifts with RARs translated
in vitro [22] also indicated the existence of RAR homodimers,
although an ultimate proof for their physiological importance
has not been presented. Taken together, there seem to exist three
different retinoid-receptor complexes with overlapping but not
identical response-element specificity. The relative amounts of
RARs and RXRs are probably one way to determine which of
the three pathways regulates retinoid-inducible genes. An ad-
ditional regulatory level is the modulation of the receptors by
their specific ligands. The natural ligand of RXRs, 9-cis-RA, is
also bound in vitro with high affinity by RARs [23,24], whereas
all-trans-RA has only affinity to RARs. Due to partial isomer-
ization and metabolism during transient transfections, all-trans-
and 9-cis-RA may not show pure effects on receptor activation.
Here, we investigate the effects of all-frans- and 9-cis-RA
on transactivation and DNA binding affinity of RAR-RXR
heterodimers, RXR homodimers and RAR homodimers under
experimental conditions that diminish isomerization.

MATERIALS AND METHODS
DNA constructs

The RA response element of the RARS gene promoter [25] was
subcloned into the Xbal site of pPBLCAT?2 [26] upstream of the tk
promoter driving the expression of the chloramphenicol acetyl-

transferase (CAT) gene (compare [22]). RARa and RXRa
cDNAs subcloned into pSGS5 (Stratagene) were kindly provided
by J. F. Grippo (Hoffmann-LaRoche, Nutley, U.S.A.).

Cell culture, transfection and CAT assays

SL-3 cells (5x 10° cells per well on a 6-well plate) were grown
overnight in Schneider’s medium supplemented with 159%, (v/v)
charcoal-treated fetal-calf serum (FCS). For transfection, lipo-
somes were formed by incubating 1 ug of reporter plasmid,
0.25 ug of expression plasmid for RARx and/or RXRe, and
1 ug of the reference plasmid pCH110 (Pharmacia) with 15 ug
of N-[1-(2,3-Dioleoloxy)propyl}-N,N,N-trimethylammonium
methylsulphate (DOTAP) (Boehringer-Mannheim) for 15 min at
room temperature in a total volume of 50 ul. After dilution with
1 ml of Schneider’s medium the liposomes were added to the cells
and 1 ml of Schneider’s medium, supplemented with 30 % (v/v)
charcoal-treated FCS, was added 8 h after transfection. At this
time the ligand or solvent was also added. The actual concen-
tration of retinoids in the supernatant was calibrated with
SH-labelled all-trans-RA. The cells were harvested 16 h after
initiation of the treatment (if not otherwise indicated).

CV-1 cells (5 x 10° per 60-mm diam. Petri dish) were grown
overnight in Phenol Red-free Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 109, (v/v) charcoal-treated
FCS. Liposomes were formed by incubating 5 g of the reporter
plasmid, 2 ug of expression plasmid for RARa and/or RXRe,
and 3 pg of pCH110 with 30 xg of DOTAP for 15 min at room
temperature in a total volume of 100 xl. After dilution with
1.4 ml of Phenol Red-free DMEM, the liposomes were added to
the cells and 8 h later 1.5ml of Phenol Red-free DMEM
supplemented with 209, (v/v) charcoal-treated FCS together
with ligand or solvent were also added. The cells were harvested
8 h after initiation of the treatment.

CAT assays were performed as described [27]. Protein concen-
trations were determined by the Bradford method (Bio-Rad) and
transfection efficiency was determined by S-galactosidase activity.

Abbreviations used: RARs, retinoic acid receptors; RXRs, retinoid X receptors; RA, retinoic acid; CAT, chloramphenicol acetyltransferase; usp,
ultraspiracle gene; FCS, fetal-calf serum; DOTAP, N-[1-(2,3-Dioleoloxy)propyl]-N,N,N-trimethylammonium methylsulphate; DMEM, Dulbecco's modified

Eagle's medium.
* To whom correspondence should be addressed.
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Figure 1 Dose response to all-frans- and 9-c/s-RA of RAR and RXR transactivation in SL-3 cells

Cells were transfected with the SRARE—{—CAT reporter construct [9] and with expression vectors for RARe (a, f), for RXRa (b, d) or for both (¢, e). The cells were treated with increasing
concentrations of all-trans-RA (a—¢) or 9-cis-RA (d—1). Dose responses to 9-cis-RA were in the presence of indicated concentrations of all-frans-RA. CAT activities were determined 16 h later (after
40 h, as indicated in a—¢). Each data point represents the mean of triplicates; S.D. was always < 10%.

In vitro translation of retinoid receptors and DNA-binding assays

Linearized cDNAs for RARa and RXRa were transcribed in
vitro as recommended by the supplier (Promega). Samples (5 ug)
of each RNA were mixed with 175 ul of rabbit reticulocyte
lysate, 100 units of RNasin and 20 uM complete amino acid
mixture (all from Promega) in a total volume of 250 xl and
incubated at 30 °C for 180 min. The RA response element
(BRARE) probe was prepared by double digestion of the res-
pective reporter plasmid with HindIII and BamHI, purification
by gel electrophoresis and labelling by a fill-in reaction using [c-
32P]JdCTP and T7 DNA polymerase (Pharmacia). Samples (5 ul)
of receptors translated in vitro were preincubated with ligand for
10 min at room temperature in a total volume of 20 ul of binding
buffer [10 mM Hepes (pH 7.9), 80 mM KCl, 1 mM dithiothreitol,
0.2 ug/ul poly(dI/dC) and 59, (w/v) glycerol]. Then about 1 ng
of labelled probe (25000 c.p.m.) was added and the incubation
was continued for 30 min. The protein-DNA complexes were
resolved on a 5%, non-denaturing polyacrylamide gel at room
temperature in 0.5 x TBE (45 mM Tris/45 mM boric acid/1 mM
EDTA, pH 8.3) and a Kodak XAR film was exposed to the dried
gel.

RESULTS AND DISCUSSION

The study of the activation of an individual retinoid receptor in
mammalian cells is hampered by the fact that most of them
express high levels of both RARs and RXRs. We found that
Drosophila SL-3 cells [28] are an appropriate system: (i) they are
devoid of endogenous RARs and RXRs, (ii) they do not respond
to retinoids, and (iii) they seem not to express sufficient amounts

of endogenous proteins that might be capable of forming
heterodimers with RARSs [22], such as the ultraspiracle (usp) gene
product [29-31]. Thus the three retinoid response pathways
could be reconstituted individually by transfecting SL-3 cells
with selected receptor expression plasmids together with the RA
response element of the human RAR 2 promoter [25] driving the
expression of the CAT reporter gene. We studied the tran-
scriptional activation of these pathways by dose-response curves
to all-trans- and 9-cis-RA. The responses of RARa (Figure 1a),
of RXRa (Figure 1b) or of both together (Figure 1c) to all-zrans-
RA after 40 h of stimulation reached a plateau at about 1 M,
corresponding to about 10-, 5- and 20-fold induction of CAT
activity respectively. On shortening stimulation time to reduce
isomerization of retinoids, only RAR«- and RARa-RXRa-
transfected cells responded to all-trans-RA (Figures 1a and 1¢)
and yielded for both a stimulation of about 10-fold, whereas cells
expressing RXRa showed no significantly increased CAT activity
(Figure 1b). These results confirm previous observations [11,23]
that all-trans-RA does not bind and activate RXRs. The observed
activation of RXRs at 40 h of stimulation may be, therefore, due
to partial isomerization of all-frans-RA into 9-cis-RA. Conse-
quently, for further experiments only short-term stimulations
(16 h) were applied.

The dose-response curve of RXRa induced by 9-cis-RA
showed saturation of CAT activity at 1 M (Figure 1d), and even
the co-presence of 1 uM all-trans-RA provided the same results.
This confirms that there was no isomerization from all-zrans-RA
into 9-cis-RA. The transactivation of RARa—RXRa by 9-cis-RA
showed saturation at 0.5 uM (Figure le). In the presence of 1 uM
all-trans-RA the stimulation was increased from 10-fold (in the
absence of all-frans-RA) to 20-fold, confirming our previous
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Figure 2 Ligand-dependent transactivation of RARs and RXRs overexpressed in CV-1 cells

Cells were transfected with the SRARE——CAT reporter construct and with the expression vectors for RARa, for RXRe, or for both, as indicated. The transfected cells were treated for 8 h with
the indicated ligand concentrations. The columns indicate the means of triplicates and the bars are S.D.s.

RAR«
RXRa
1 uM all-trans-RA
1 uM 9-cis-RA =

|
o+
I+ o+
+ 011+
++ 1+
o+
I+ +
+ 0+
+ o+ +
L+ o+
I+ + +
+ 1+ +
+ + + +

., L B T X T T . ¥F .7 T

—waeBBED

-

Figure 3 Analysis of the ligand-dependent binding of RARs and RXRs
translated in vitro

A band-shift analysis was performed using RARac and RXRa translated in vitro (preincubated
with 9-cis-RA, all-frans-RA or solvent, as indicated) and the SRARE probe. The specificities of
the shifted bands were proved by comparison with unprogrammed lysate (first lane). The
triangle indicates RXR homodimers with slightly higher mobility than RAR homo- and
heterodimers (arrow).

observation [22] that RAR-RXR-driven gene activity is maximal
in the presence of both ligands.

Interestingly, RAR-driven gene activity was not induced by 9-
cis-RA (Figure If), although this isomer binds to RARs with the
same affinity as all-trans-RA [32]. This also indicates that under
these experimental conditions there is little or no isomerization
of 9-cis-RA into all-trans-RA. Furthermore, the CAT activity of
all-trans-RA-induced RARs was decreased in a dose-dependent
manner by 9-cis-RA, showing an EC,, of about 100 nM. The
antagonistic effect of 9-cis-RA was also tested in African Green
Monkey kidney (CV-1) cells that show only low endogenous
expression of retinoid receptors. We found that induction time
should not extend over 8 h to sufficiently diminish isomerization
of the ligands in this cell line (results not shown). Stimulations
with different retinoid concentrations were performed after co-

transfection of expression vectors for RAR«, for RXRa, or for
both. Experiments performed in parallel with co-transfected
parental expression vector provided a background of endogenous
receptor activity, which was subtracted from that derived with
overexpressed receptors. Figure 2 shows the respective stimu-
lation factors. The all-frans-RA-induced activity of overexpressed
RARa was decreased in a dose-dependent manner by 9-cis-RA.
This reproduced the antagonistic effect of 9-cis-RA in the
mammalian system. The diminished isomerization was demon-
strated by the inability of all-trans-RA to induce overexpressed
RXRa. As also observed in the Drosophila system, CV-1 cells,
transfected with both RARa and RXRa, showed increased
stimulation when exposed to both ligands than with either alone.

In a similar experimental system [20] all-trans-RA, as well as
9-cis-RA, was reported to be an inducer of RARs, which was
probably due to isomerization by long-term stimulation, as two
stable analogues of 9-cis-RA showed nearly no induction. The
computer modelling of these two compounds demonstrated their
close similarity to the 9-cis-RA structure, suggesting that they
bind to RARs also, which supports our finding of the antagonistic
effect of 9-cis-RA.

In order to study the effects of ligands on DNA binding in vitro
we performed gel-shift experiments with RARs and RXRs in the
presence or absence of the two retinoids (Figure 3). RAR«a
translated in vitro yielded a specific but weakly retarded complex
that was not affected by all-trans-RA, whereas 1 uM 9-cis-RA
decreased its stability. In the presence of all-frans-RA, 9-cis-RA
weakens this complex. The position of the complex in the gel is
nearly identical to that of RXR homodimers or RAR-RXR
heterodimers (compare also [22]). Since RARs do not bind as
monomers to DNA (results not shown), it is very likely that the
observed complex represents RAR homodimers and not two
independently binding monomers. As reported previously [21],
the DNA-binding affinity of RXR homodimers was increased by
9-cis-RA but not affected by all-trans-RA, whereas the affinity of
RAR-RXR heterodimers for DNA was not influenced by the
ligands.

Synthetic retinoids have been reported that selectively bind
RAR«, but do not activate the receptor in a transactivation
assay [33]). We found that the natural retinoid 9-cis-RA displays
similar characteristics to these RARa-selective antagonists in
Drosophila as well as in the mammalian system. This antagonistic
action is in contrast with the role of 9-cis-RA as activator of the
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two retinoid signalling pathways mediated by RXR homodimers
and RAR-RXR heterodimers, and provides further evidence for
the in vivo relevance of a third pathway that may be mediated by
RAR homodimers.

As reported recently [32], 9-cis-RA does induce the trans-
activation of a monomer of a chimeric receptor composed of the
GAL4 DNA-binding and the RAR« hormone-binding domain,
suggesting that binding of 9-cis-RA to full-length RARs does not
inhibit transactivation. However, the bent structure of 9-cis-RA
possibly induces a conformational change of the RAR protein
core thereby decreasing its ability to dimerize and, therefore,
reducing its affinity to DNA.

The dual function of 9-cis-RA, either as antagonist for RARs
or agonist for RXRs, appears to be a further regulatory
mechanism explaining the pleiotropic effects of retinoids in the
control of cell growth and differentiation. In vivo isomerization
of 9-cis-RA makes it probably unsuitable for clinical trials;
however, its stable synthetic analogues should be of therapeutic
interest.

We would like to thank Drs. K. Rose, A. Hiigin, K. M. Miiller and M. Becker-André
for critical reading of the manuscript and Dr. C. Apfel for 9-¢is-RA. This investigation
was supported, in part, by the Swiss National Science Foundation (grant no.
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