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Retinoids Selective for Retinoid X Receptor 
Response Pathways 

Jiirgen M. Lehmann, Ling Jong, Andrea Fanjul, 
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Marcia I. Dawson,* Magnus Pfahl* 
Retinoids have a broad spectrum of biological activities and are useful therapeutic agents. 
Their physiological activities are mediated by two types of receptors, the retinoic acid 
receptors (RARs) and the retinoid X receptors (RXRs). RARs, as well as several related 
receptors, require heterodimerization with RXRs for effective DNA bindii~g and function. 
However, in the presence of 9-cis-retinoic acid, a ligand for both RARs and RXRs, RXRs 
can also form hornodimers. A series of retinoids is reported that selectively activates RXR 
homodimers but does not affect RAR-RXR heterodimers and thus demonstrates that both 
retinoid response pathways can be independently activated. 

Retinoic acid (RA) and its natural and 
synthetic analogs (retinoids) affect a wide 
array of biological processes. Retinoids are 
used in the treatment of many skin diseases 
(1) and are promising drugs for several 
cancers (2). Consistent with their broad 
biological activity pattern, retinoids have a 
variety of side effects, including teratoge- 
nicity, that limit their therapeutic poten- 
tial. Specific retinoids with restricted bio- 
logical activities may have fewer side ef- 
fects. We have designed and synthesized 
several retinoids that selectively activate 
RXRs by inducing the formation of RXR 
homodimers. Although it was previously 
thought that both RARs and RXRs func- 
tion as homodimers, evidence now indi- 
cates that RARs require heterodimerization 
with RXRs for effective DNA binding and 
function (3-9). RXRs also bind several 
other ligand-regulated receptors, including 
thyroid hormone receptors and vitamin D, 
receptor (3-9). In addition, in the presence 
of 9-cis-retinoic acid (9-cis-RA) , RXRs 
form homodimers that have response ele- 
ment specificities that are distinct from 
those of RAR-RXR heterodimers (1 0), in- 
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dicating that the two RA response path- 
ways activate distinct sets of genes. Because 
it binds both RARs and RXRs with high 
affinity (1 1), 9-cis-RA is a very potent 
activator of RAR-RXR heterodimers (1 0). 
Thus, 9-cis-RA should elicit very broad 
biological responses. Here, we define a class 
of retinoids that activates only the RXR 
homodimer. 

We used the TREpal-tk reporter gene 
(12), which is activated by both RAR-RXR 
heterodimers and RXR homodimers (1 0) , 
in a transient transfection assay (13) to 
evaluate compounds for the induction of 
RXR activity. When the RXR expression 
vector was cotransfected with the TREpal- 
tk reporter gene into African green monkey 
kidney (CV-1) cells, all-trans RA did not 
efficiently activate the reporter, whereas 
9-cis-RA did (10). Preliminary evaluation 
of a series of retinoids indicated that several 
showed activity with cotransfected RXR. 
The pharmacophoric elements of these 
retinoid structures were then combined and 
further modified to produce a subset of 
retinoids (Fig. 1A) whose activation pro- 
files for RXR were similar to that of 9-cis- 
RA (Fig. 2A). Although none of these 
compounds revealed activity at M, 
the two most potent retinoids, SR11217 
and SR11237, showed activities similar to 
9-cis-RA at M. The induction profiles 
were similar to that of a reporter gene 
carrying CRBPII [the RA response element 
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(RARE) (14) of the cytoplasmic retinol- 
binding protein 111, which is activated by 
RXR homodimers but not RAR-RXR het- 
erodimers (10) (Fig. 2B). Thus, our syn- 
thetic retinoids appear to be effective acti- 
vators of RXRa. Because ligand binding 
correlates well with transactivation (1 I), i t 
can be expected that SR11217 and SR- 
11237 also bind to RXR with high af?inity. 

These retinoids activated both TREpal 

and CRBPII reporter genes. The ketal 
SR11237 was the most active, followed by 
the isopropylidenyl retinoid SR112 17, the 
hemithioketal SR11235, and the thioketal 
SR11234. The dithiane SR11203 and diox- 
ane SR11236 were the least active. Confor- 
mational analysis (Fig. 1B) indicates that 
the spatial orientations of the lipophilic 
head and carboxyl terminus of these retin- 
oids were similar to those of 9-cis-RA and 

Fig. 1. RXR M i m e r - s e -  A 
Wive retinoids. (A) Struc- 

sni1~01 n, K 1 qcn&n,s 
SR11217 R,K= 

turn. (B) Orthogonal views 
of structural overlaps of 
9-cis-RA (blue) and SR- 
11203 (yellow), SR11217 
(green), and SR11237 (red). 
We generated the confor- 
mations by using RANDOM 
SEARCH in 5.5; Tri- 
pos Associates, St. Louis, 
M i r i .  M i n i w g y  
confcmati i  were corn 
pared by superimposition of 
similar atoms using the pro- 
gram's FIT opt i i .  

Flg. 2. Profiles of RXRa- 
dependent transactivation 
of reporter constructs (A) 
TREpal-tk-CAT (10) and 
(B) CRBPII-tk-CAT (10) by 
(0) Qcis-RA or retinoids 
(0) SR11203, (0) SR- 
11217, (*) SR11234, (e) 
SR11235, (W) SR11236, 
and (+I SR11237. Results 
of a representative experi- 
ment are shown. In four 
independent experiments, 
induction profiles did not 
vary significantly. We nor- 
malized CAT activii for 
transfection and harvest- 
ing efficiency by measur- 
ing the enzymatic activity 
(pCH110, Pharrnacia). 

-mN 

derived from the cotransfected pgalactosidase expression plasmid 

Flg. 3. Gel retardation assays. Retinoids 
SR11217 and SR11237 induce RXR homodimer 
binding to TREpal. In vitro synthesized RXRa 
was incubated (first column contains no RXRa) 
in the presence of 32P-labeled TREpal either 
without retinoid (-) or with (a) Qcis-RA 
M) or (b) SR11217, (c) SR11237, or (d) 
SR11231 (each at concentrations 1 0-8, 1 0-7, 
lo-= M, indicated by rising slope) for 30 min 
and then analyzed. Retinoid SR11231 neither 
induces RXR homodimer binding nor functions 
as a transcriptional activator of RXR and served 
here as negative control. Solid arrow indicates 
the specifc RXR homodimer complex. Open 
arrow marks nonspecific band observed with 
unprogrammed retriculocyte lysate (visible in 
all lanes). 

that activity could be related to the length 
and volume of the substituent group 
(CRR') linking the tetrahydronaphthalene 
and phenyl ring systems. A ring size of five 
or fewer atoms was necessary for optimal 
activity and receptor selectivity. Lengthy 
substituent groups reduced activity and 
smaller groups reduced receptor selectivity 
(1 5). Although the isopropylidene group of 
SR11217 was perpendicular to the plane of 
the ketal ring of SR11237, the lengths of 
both groups were similar. The methyl group 
of SR11217 that points toward the tetrahy- 
dronaphthalene ring overlapped the 19- 
methyl of  9-cis-RA. 

The ligand 9&-RA specifically acti- 
vates RXRu by inducing RXRot homodimer 

Flg. 4. Transcriptional activation by RARa, 
RARB, RXR-homodimers, and Ma-RXRa het- 
erodimers induced by RA (filled bar), 9-cis-RA 
(open bar), SR11217 (shaded bar), and 
SR11237 (striped bar). CV-1 cells were co- 
transfected with 100 ng of reporter plasmid (A) 
CRBPI-&-CAT, (8) BRARE-tk-CAT, (C) CRBPII- 
tk-CAT, and @) apoAl-tk-CAT. Retinoids were 
applied at 5 x M. Results of a represen- 
tative experiment are shown. In four indepen- 
dent experiments, induction profiles did not 
vary significantly. CAT activity was normalized 
to B-galactosidase activii. 
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formation (1 0). We investigated the retin- 
oid-induced RXR homodimer binding to 
the TREpal by gel retardation assay (1 6). In 
the absence of 9-cis-RA, RXR did not bind 
to this response element (Fig. 3). Retinoids 
SR11217 and SR11237 induced RXR ho- 
modimer binding to the response element 
in a concentration-dependent manner. 
Retinoid SR11203, which behaved as a 
weak activator in the transient transfection 
assays, .induced weak RXR binding (1 7), 
whereas the strongest activators, SR11217 
and SR11237, induced homodimer binding 
very effectively, as judged from the strength 
of the band induced (Fig. 3 ) .  Retinoid 
SR11231, which did not activate the RXR 
homodimer (1 7), was not able to induce 
RXR homodimer binding, either. Similar 
results were obtained with the CRBPII- 
RARE and the apolipoprotein A1 (apoA1)- 
RARE (17). 

To analyze whether these retinoids were 
selective for RXR homodimers, we used 
reporter constructs carrying either the rat 
cytoplasmic retinol-binding protein I 
(CRBPI) gene RARE (1 8 ) ,  which is only 
bound and activated by RAR-RXR het- 
erodimers (10); the RARP2 gene promoter 
RARE (19), which is most effectively 
bound by heterodimers but also activated to 
some degree by RXR homodimers (1 0); the 
CRBPII-RARE, which is activated only by 
RXR homodimers (10) and on which RAR 
represses RXR activity (14, 17); or the 
apoAI gene RARE (20), which is bound 
and activated by RAR-RXR heterodimers 
as well as by RXR homodimers. Each re- 
porter construct was cotransfected with 
RARa, RARP, RXRa, or RXRa and 
RARa together (13). The retinoids were 
analyzed at a concentration of 5 x lop7 M 
(a dose shown to yield almost full induc- 
tion, Fig. 2). The retinoids activated only 
RXR homodimers, but not RAR-RXR het- 
erodimers (Fig. 4). Like 9-cis-RA, both 
SR11217 and SR11237 were strong activa- 
tors of the CRBPII-RARE. However, in 
contrast to 9-cis-RA, they did not induce 
the CRBPI-RARE, which is activated only 
by the RAR-RXR heterodimer (Fig. 4). 
Thus, although SR11217 and SR11237 be- 
haved very similarly to 9-cis-RA on the 
CRBPII-RARE, they showed no response 
on the CRBPI-RARE, on which 9-cis-RA is 
the optimal activator. The PRARE was 
slightly activated by SR11217 and 
SR11237, consistent with the relatively low 
affinity of RXR homodimers for this re- 
sponse element (10). The apoAI-RARE 
was most effectively activated by RAR- 
RXR heterodimers in the presence of 9-cis- 
RA, as observed previously (1 0). In addi- 
tion to the activity found in CV-1 cells, a 
significant and RXR-specific activation by 
retinoids SR112 17 and SR11237 was seen 
in various other cell lines, including Hep 

0 2  cells, where a high response was seen. 
When cotransfected alone, RARa, RARP, 
and RARy were not activated significantly 
by any of the synthetic retinoids on any of 
the response elements tested (Fig. 4) (1 7). 
Heterodimers that RARa and RARP form 
with endogenous RXR-like proteins in CV- 1 
cells were also unresponsive to these retin- 
oids. 

These retinoids thus specifically induce 
RXR homodimer formation and activate 
RXR homodimers, but not RAR-RXR het- 
erodimers. These retinoids allow the specif- 
ic activation of RXR-selective response 
pathways but do not induce RAR-depen- 
dent response pathways. They should pro- 
vide a more restricted physiological re- 
sponse than previously available RA iso- 
mers and may be useful for elucidation of 
retinoid response pathways. Pathological 
conditions and biological pathways that are 
only affected by pharmacological doses of 
RA (21), where RA may induce RXR 
homodimer formation (lo), could also be 
responsive to this class of retinoids. 
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Arachidonylethanolamide, an arachidonic acid derivative in porcine brain, was identified 
in a screen for endogenous ligands for the cannabinoid receptor. The structure of this 
compound, which has been named "anandamide," was determined by mass spectrometry 
and nuclear magnetic resonance spectroscopy and was confirmed by synthesis. Anan- 
damide inhibited the specific binding of a radiolabeled cannabinoid probe to synaptosomal 
membranes in a manner typical of competitive ligands and produced a concentration- 
dependent inhibition of the electrically evoked twitch response of the mouse vas deferens, 
a characteristic effect of psychotropic cannabinoids. These properties suggest that anan- 
damide may function as a natural ligand for the cannabinoid receptor. 

T h e  psychoactive constituent of cannabis, but thus far it has not provided insight into 
A9-tetrahydrocannabinol (A9-THC) (I) ,  the protein's physiological role(s). The 
binds to a specific G protein-coupled recep- abundance and anatomical localization of 
tor in the brain (2). Sequence information the receptor in the brain (5), together with 
on the cannabinoid receptor is available the behavioral effects of A9-THC (6), are 
from cloned rat (3) and human (4) genes, consistent with roles in the control of 

SCIENCE * VOL. 258 18 DECEMBER 1992 




