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ABSTRACT

Retinole acid (RA) and its synthetic analogues, retinoids, have shown
promising results in the prevention of epithelial carcinogenesis and in the
treatment of acute promyelocytic leukemia and various proliferatile skin
disorders. Retinoid action on gene regulation is mediated by three distinct
nuclear retinole acid receptor subtypes, RA receptors a, 0, and ->. The

existence of multiple RA receptors has raised the possibility that receptor
subtype-specific retinoids with reduced side effects can be developed. To

analyze the activity of retinoids at the molecular level, we used a receptor
activation assay. RA and 22 retinoids were compared on the three receptor
subtypes. We found the a receptor to be least sensitive to activation by
RA and the y receptor to be most sensitive. Compared with RA, one of
the retinoids showed increased activity for the a and ,? receptors. Three
retinoids revealed no gene activation activity and showed no antagonistic
effects when assayed in the presence of RA. Surprisingly, several of the
retinoids were efficient activators of the ÃŸand 7 receptors but poor
activators or nonactivators of the a receptor. Our data demonstrate that
the three RA receptor subtypes have differential ligand activation speci
ficities and that the design of receptor subtype-selective retinoids is

possible.

INTRODUCTION

RA3 and its synthetic analogues (retinoids) affect processes

as diverse as growth, differentiation, morphogenesis, reproduc
tion, and vision (for a review, see Refs. 1-3) and suppress and
reverse malignant transformation induced by either chemical
carcinogens or ionizing radiation (4, 5). The beneficial effects
of retinoids in the treatment of cancer patients is best reflected
by a recent clinical study by Hong et al. (6). The synthetic
retinoid 13-c/'s-retinoic acid (isotretinoin), administered in high

doses, significantly reduced the occurrence of second primary
tumors in patients with squamous cell carcinomas of the head
and neck. The full potential of retinoids as chemopreventative
agents has been hampered by their undesirable systemic side
effects (7) and teratogenicity (8). Although many synthetic
retinoids have been evaluated (9), analysis of the structure-
activity relationships has been difficult because of the differ
ences in activities of individual retinoids observed in the various
in vitro and in vivo test systems (9, 10). These differences cannot
be explained solely by pharmacokinetic arguments and probably
result from different modes of retinoid action in the various
systems.

The recent discovery of nuclear RARs (11-16) as mediators
of RA action on gene regulation provides us with the opportu
nity to investigate the effects of retinoids at the molecular level.
The RARs belong to a large family of ligand-activated transcrip-
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tion factors that interact specifically with cognate DNA ele
ments (i.e., hormone response elements; for a review see Refs.
17 and 18). Three retinoic acid receptors, RARÂ«, ÃŸ,and 7,
encoded by distinct genes, have been identified in humans (li
lo). In addition, a related group of receptors (RXRa, ÃŸ,7) was
isolated, which are activated by retinoids as well (19). From
each of the three RAR genes a number of receptor isoforms
can be generated that contain different amino terminal se
quences but are identical in their DNA- and ligand-binding
domains (15, 16, 20-23). The identification of this complex
variation in RARs suggests that many of the diverse biological
effects of retinoids may be due to their differential receptor
affinities, combined with different temporal and spatial expres
sion patterns of receptor subtypes and isoforms (24-26).

To elucidate the molecular mechanisms underlying retinoid
transcriptional activity and to develop more specific retinoids
having fewer undesirable side effects, we investigated the pos
sibility of identifying receptor-selective retinoids as well as
antagonists. To achieve this goal, an assay system was devel
oped in which retinoids were evaluated for their transcriptional
activation capabilities. Because apparently all mammalian cell
lines contain endogenous RARs (Ref. 27),4 hybrid receptors
were constructed that consist of the ligand-binding domain and
the carboxy-terminal portion of either RARa, ÃŸ,or 7, and the
DNA-binding domain and amino-terminal portion of the ER.
These hybrid receptors showed retinoid specificities identical
to those of the wild-type RARs (28). RA and 22 conformation-
ally restricted retinoids were evaluated for their transcriptional
activation activity. The identification of several retinoids with
receptor subtype-selective activity patterns shows for the first
time that RARs can be activated differentially and that the
development of receptor-specific retinoids is possible.

MATERIALS AND METHODS

Chemicals. All-/rani-retinoic acid (Rl of Fig. 3) was purchased from
Sigma Chemical Co. (St. Louis, MO). (Â£)-4-[2-(5,6,7,8-Tetrahydro-
5,5,8,8-tetramethyl-2-naphthalenyl)propenyl]benzoic acid (R2) was
prepared by the method of Loeliger et al. (29). The following retinoids
(R3-R10), which are analogues of R2, were prepared by similar meth
ods, which are described elsewhere (30, 31): (Â£>4-[2-(5,6,7,8-tetrahy-
dro-5,5-dimethyl-2-naphthalenyl)propenyljbenzoic acid (R3) (30); (Â£)-
7-[1-(4-carboxyphenyl)propen-2-yl]-3,4-dihydro-2//-1 -benzothiopyran
(R4) (30); (E)-4-[2-(5,6,7,8-tetrahydro-8,8-dimethyl-2-naphtha-
lenyl)propenyl]benzoic acid (R5) (30); (Â£>6-[l-(4-carboxy-
phenyl)propen-2-yl]-4,4-dimethyl-3,4-dihydro-2//-1 -benzopyran (R6)
(31); (E)-6-[l-(4-carboxyphenyl)-4,4-dimethylpropen-2-yl]-3,4-
dihydro-2//-1 -benzothiopyran (R7) (31); (Â£)-4-[2-(3-f-butyi-4-methoxy-
phenyl)propenyl]benzoic acid (R8) (30); (Â£)-4-|2-[4-(3-methylbu-
tyl)thiophenyl]propenyl|benzoic acid (R9) (30); and (Â£)-4-[2-(4,5,6,7-
tetrahydro-4,4-dimethylbenzo[6]thienyl)propenyl] benzoic acid (RIO)
(30). (Â£)-4-[l-(5,6,7,8-Tetrahydro-5,5,8,8-tetramethyl-2-naphtha-
lenyl)propen-2-yl]benzoic acid (RII) was prepared as described (32).
(Â£)-6-[2-(4-Carboxyphenyl)propenyl]-4,4-dimethyl-3,4-dihydro-2//-l-
benzothiopyran (R12) was prepared by a similar method (30). The
syntheses of retinoids R13 and R14 have not been previously reported

4 Unpublished observations.
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and so will be described here. (E)-4-[l-(5,6,7,8-Tetrahydro-5,5,8,8-
tetramethyl-4-methoxy-2-naphthalenyl)propen-2-yl]benzoic acid (R 13)
(30) was prepared by the following route: (a) introduction of function
ality at the 4-position of the tetrahydronaphthalene ring by nitration
(HNO3, H2SO4, MeNO2, 0Â°C;79%) of ethyl 5,6,7,8-tetrahydro-5,5,8,8-

tetramethyl-2-naphthalenecarboxylate (33) at the 3-position, followed
by reduction [H2, Pd(C), Et2O] and acetylation (Ac2O, pyridine, Et2O;
100%) to give the amid, and nitration (NO2BF4, MeCN, 0-20Â°C;74%)

at the 4-position, cleavage (KOH, aq. EtOH; aq. HC1; 97%) of the
acetyl group, removal of the 3-amino group by deamination (n-
C6H,3ONO, CF3CO2H/EtOH; H3PO2; 81 %), and reduction [H2, Pd(C),
EtOH; 100%] of the 4-nitro group to the amine to give 4-amino-5,6,7,8-
tetrahydro-5,5,8,8-tetramethyl-2-naphthalenecarboxylic acid; (b) con
version of the 2-carboxylic acid function to the phosphonium salt by
reduction (LiAlH4, tetrahydrofuran, 20Â°C;aq. NaOH), acetylation

(Ac2O, pyridine, Et2O), hydrolysis of the benzyl acetate (K2CO3,
MeOH, 20Â°C;76% overall) to the alcohol, and treatment with (C6H5)3P
(xylene, 80Â°C;89%); (c) formation of the propen-2-yl bond system by
Wittig reaction (-10Â°C to 20Â°C;58%) of the ylid derived from treat
ment of the phosphonium salt with n-BuLi (tetrahydrofuran, -35Â°Cto
â€”10Â°C)and ethyl 4-acetylbenzoate, and Chromatographie separation

(35% EtOAc/hexane, silica gel; 41%) of the Â£isomer; (d) hydrolysis
(KOH, aq. diethyleneglycol, 40Â°C;aq. HC1; 83%) of the acid and amine

protecting groups; and (e) introduction of the 4-methoxy group by
nonaqueous diazotization (n-C6H13ONO, CF3CO2H/EtOH) and
aqueous thermal decomposition (aq. NaOH; aq. H2SO4) of the resultant
diazonium salt to give the phenol, which was purified as the ethyl ester
(CH3CHN2, Et2O; 56% overall), followed by methylation of the phenol
under phase-transfer conditions (Me2SO4, (n-Bu)4NI, 50% aq. NaOH,
CH2C12;94%) (34), and ester hydrolysis (NaOH, aq. MeOCH2CH2OH,
20Â°C;aq. HC1; 100%). This rather complex route was employed because

of the availability of the starting materials and was not process develo
ped. (Â£)-4-[3-(5,6,7,8-Tetrahydro-5,5,8,8-tetramethyl-2-naphthal-
enyl)-2-buten-2-yl]benzoic acid (R14), ÃranÃ-4-[2-(5,6,7,8-tetrahydro-
5,5,8,8-tetramethyl-2-naphthalenyl)cyclopropyl]benzoic acid (R 15),
and 4-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-anthracenyl)benzoic
acid (R16) were synthesized as described (32), as were (4-(4-azido-
5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-anthracenyl)benzoic acid
(R 17) and (Â£>3-azido-4-[2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-
naphthalenyl)propenyl]benzoic acid (R19) (35).

4-(5,6,7,8-Tetrahydro-5,5,8,8-tetramethyI)naphtho[2,3-b]thiophen-
2-yl)benzoic acid (R18) was prepared from the methyl ester of the
corresponding 3-bromo analogue, which was used as an intermediate
in another synthesis. This intermediate was obtained by (a) introduction
of ring functionality by Friedel-Crafts alkylation of benzo[Â¿>]thiophene
with toluene (A1C13,CH2C12,80*C) (36) at the 2-position to give the 4-

methylphenyl and 2-methylphenyl isomers, followed by Chromato
graphie isolation of the 4-methylphenyl compound (20%) and bromi-
nation (CHC13; 92%) at the 3-position of its benzo[6]thiophene ring,
and cyclialkylation (cat. A1C13,CH2C12, -10Â°C; 44%) of the resultant

2-aryl-3-bromobenzo[2>]thiophene with 2,5-dichloro-2,5-dimethylhex-
ane; and (b) conversion of the methyl group to the methyl ester by
radical bromination [A'-bromosuccinimide, (C6H5CO2)2,CC14,hu), dis

placement of the benzylic bromide by acetate (CH3CO2K, HCONMe2;
70%), and transesterification to give the benzyl alcohol (K2CO3, EtOH,
80Â°C;45% overall), which was oxidized using Corey's procedure
(Mn02, NaCN, HOAc, MeOH, 20Â°C;90%) (37) to give the methyl
ester. The 3-bromo group was removed by hydrogenolysis [H2, Pd(C),
Et3N, EtOAc; 95%), and the methyl ester removed (KOH, aq. EtOH;
aq. H2SO4; 100%) to give R18.

6-(5,6,7,8-Tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl)-2-
naphthalenecarbo xylic acid (R20), 6-(5,6,7,8-tetrahydro-3,5,5,8,8-pen-
tamethyl-2-naphthalenyl)-2-naphthalenecarboxylic acid (R22), and 6-
(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl)-5-methyl-2-
naphthalenecarboxylic acid (R23) were synthesized as described (32),
using methodology that was also employed to synthesize 6-(5,6,7,8-
tetrahydro-8,8-dimethyl-2-naphthalenyl)-2-naphthalenecarboxylic acid
(R21) (30). All retinoids were fully characterized ('H nuclear magnetic

resonance spectrometry, infrared and UV spectroscopy, melting point,
and elemental analysis) and were of at least 99% purity by high-

performance liquid chromatography. Stock solutions (10 2 M) in di
methyl sulfoxide were maintained at -20Â°C. Dilutions were made in

cell culture medium prior to usage.
Transient Transfection. For all transient transfection assays we used

green monkey kidney cells (CV-1 ) grown in Dulbecco's modified Eagle's

medium supplemented with 10% fetal calf serum. The fetal calf serum
had been pretreated with charcoal (12 mg/ml serum) to remove reti
noids. Transient transfections using the calcium phosphate precipita
tion procedure were performed as described (Ref. 28 and references
therein) with the following modifications. Cells (7 x IO4)were seeded
in a volume of 1 ml/well in 24-well tissue culture plates (Costar,
Cambridge, MA). In each well, transfection mixtures contained a total
of 1 /jg supercoiled plasmid DNA including 50 ng of receptor expression
vector and 100 ng of reporter plasmid for each well to be transfected.
Cotransfection of 300 ng /3-galactosidase expression vector pCHllO
(Pharmacia, Piscataway, NJ) served to correct for variation in transfec
tion and harvesting efficiency. After overnight incubation, medium
exchange, and retinoid treatment for 24 h, lysates were obtained by
three in situ freeze-thaw cycles. Cell debris was removed by centrifu-
gation. Quantitation of CAT activity was performed with a sensitive
extraction-liquid scintillation procedure described elsewhere (Ref. 28
and references therein). Linearity of the assays with time and ratio of
CAT: /3-galactosidase activity was established.

Hybrid Receptor Constructs. RAR/3 was previously referred to as
RARÂ«(14). Isolation of RAR7 (21), as well as the isolation of the
RARÂ«ligand-binding domain and the construction of ER-RAR hybrid
receptors using the polymerase chain reaction, have been described
(28). Briefly, standard polymerase chain reactions (10 cycles, denatu-
ration at 94'C for 1.5 min, annealing for 2 min at 37'C, elongation for
2 min at 72"C) were carried out using 1 Mg of the corresponding

receptor complementary DNA cloned in pBluescript (Stratagene, La
Jolla, CA). The oligonucleotide primers were synthesized according to
the complementary DNA sequence but contained an artificially intro
duced endonuclease restriction site (i.e., BamHl site). As a common
link-up site of the NH2-terminal estrogen receptor half and the COOH-
terminal half of the RAR subtypes, we have chosen a site in the hinge
region, 71 bases upstream of the beginning of the ligand-binding
domain.

RESULTS

RAR Hybrid Receptors Show Subtype Differential Response.
Because mammalian cell lines generally contain various
amounts of endogenous RARs (27, 38), it is often impossible
to distinguish activation of the transgene by the endogenous
receptor(s) from activation by the cotransfected target RAR.
Hybrid receptors that contain the ligand-binding domains of
RARs and the DNA-binding domain of the less ubiquitously
expressed receptor allow the usage of a hybrid receptor-specific
reporter gene for measuring retinoid activities that cannot be
activated by endogenous RARs. An example is shown in Fig.

ÃŸRARE tk-CAT ERE tk-CAT

RA RA

Fig. 1. Reporter gene response to endogenous RAR activity of CV-1 cells. CV-
1 cells were transiently transfected with either the ÃŸRARE-tk-CAT(38) or the
ERE-tk-CAT reporter gene (41), treated for 24 h with RA as indicated, and
assayed for CAT activity as described in "Materials and Methods."
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1, CV-1 cells reveal endogenous RAR activity when transfected
with a reporter construct containing the ÃŸRARE(38) but not
when a reporter gene is used that contains an ERE. Therefore,
we employed hybrid receptors that contained the DNA-binding
domain and amino-terminal half of the human ER linked to
the ligand-binding domain and carboxy-terminal portion of the
three different RAR subtypes a, ÃŸ,or 7, in order to be able to
rigorously determine receptor-specific retinoid activities. Do
main swapping among nuclear receptors is possible because the
ligand-binding domains of nuclear receptors maintain their
specificity when linked to the DNA-binding domains of other
receptors (14,39) and even when linked to members of different
transcription factor families (40). In addition we previously
demonstrated that hybrid receptors containing the RAR ligand-
binding domain were activated specifically by RA and other
retinoids (28, 39). The linkage site for all the hybrid-receptor
constructs was at an introduced restriction site in the hinge
region located between the DNA-binding and ligand-binding
domains as described in "Materials and Methods." As the

reporter gene, a CAT construct (ERE-tk-CAT) was used that
contained an ERE at the â€”105position of the herpes simplex

virus tk promoter (41).
Transcriptional activation of the three hybrid receptors by

RA at concentrations ranging from 0.1 nM to 1 IÂ¿Mshowed a
differential response (Fig. 2A). The y and ÃŸreceptors were the
most sensitive and the a receptor the least sensitive. In addition,
all three receptors showed different basal level activities in the
absence of ligand, with y having the highest and a the lowest
level of constitutive activity. Both results are consistent with
data obtained for the wild-type receptors (16, 21). To compare
the retinoid activities in the transcriptional activation assay, the
data were normalized by subtraction of the basal level activity
and by expressing the amount of transcriptional activation as a
percentage of the activation obtained with each receptor at 10~6

M RA (Fig. 2B).
The fact that the three hybrid receptors yielded distinct

induction profiles indicated that the structural differences ob
served in their ligand-binding domains confer differential re
sponsiveness to RA. These data suggested to us the possibility
of finding retinoids with enhanced selective responsiveness to
one of the receptors.

Synthetic Retinoids Reveal Receptor-Selective Activation Pro
files. We compared the receptor-mediated transcriptional acti
vation activity of 22 retinoids with that of RA. These retinoids
were conformationally restricted analogues of RA in which
selected bonds of the polyolefinic chain of the retinoid skeleton
were incorporated into aromatic ring systems. Because these
compounds have fewer degrees of freedom, they provide more
useful information about the geometry of the ligand-binding
site than the more conformationally flexible RA. The structures
of these analogues, which are shown in Fig. 3, fall into two
general classes, the 4-substituted benzoic acids R2-R19 having
the 11,13-double bonds of RA replaced by a phenyl ring and
the 6-substituted 2-naphthalenecarboxylic acids R20-R23 hav
ing the 9,11,13-double bond system of RA replaced by a naph
thalene ring. All analogues have an aromatic ring (phenyl or
thienyl) replacing the 5,7-double bond system. Modifications
in the /3-cyclogeranylidene ring included removal of the gem-
dimethyl groups at the 1- and 4-positions of the ring, replace
ment of carbons at these positions with more polar atoms
(oxygen and sulfur), and species having the 2-3 and 1-6 bonds
broken. Other modifications were made in the region of the 9-
double bond, where the methyl group was shifted to the adjacent
10-posi t ion. an additional methyl group was placed at the 10-
position, the bond system was replaced by a cyclopropyl ring,

10 ' 10 Â° 10

RA cone. (M)

Fig. 2. Retinole acid-dependent transcriptional activation of ER-RAR hybrid
receptors. CV-1 cells were transiently transfected with expression plasmids for
the hybrid receptors ER-RARÂ«,ÃŸ,or y, the reporter gene ERE-tk-CAT, and (for
internal standardization) with the tÃ-galactosidaseexpression plasmid p( III 10.
Cells were treated subsequently for 24 h with increasing concentrations of RA, as
indicated, and were assayed for CAT activity. A, dose-response curve for receptor-
mediated transactivation by RA. Points, average of five experiments; B, receptor
activation expressed as a percentage of maximal induction (measured at 10 " \i

RA) after constitutive receptor activity was substracted.

or the incorporation of the bond system into a phenyl or thienyl
ring. The effect of increased steric bulk on biological activity
was assessed using methoxy, azido, and methyl group substit-
uents at various aromatic ring positions.

The transactivation assay results are summarized in Fig. 3.
The data represent the average of three independent experi
ments, and the SD at retinoid concentrations that resulted in
substantial (>25%) receptor activation typically did not exceed
10%. To ensure that the hybrid receptors faithfully represented
RAR subtype specificity we also evaluated all retinoids for their
activity with RAR/3 and observed no substantial differences
from ER-RAR0 (data not shown). One of the retinoids, R16,
showed clearly increased activity for the 0-receptor and a slight
but significant increase for the a-receptor compared with that
of RA (Fig. 4A). The high activity was consistent with high
activities reported for R16 in other in vitro systems (9). Three
retinoids (R9, R14, and R23) displayed no gene activation
activity, which again was consistent with their lack of activity
in in vitro assay systems (9). When these compounds were
assayed in the presence of RA, they did not display any antag
onist activity either, suggesting that their affinity for the recep
tors is low (data not shown).

Several retinoids displayed differential activity for the three
receptors. Generally, the greater differences in transcriptional
activation activity were observed between ÃŸand a and between
y and a. The strongest examples are R15, R19, R20, and R22,
which were efficient activators of the ÃŸand y receptors at
critical concentrations but poor activators or nonactivators ofthe a receptor (Fig. 4B). In contrast, activation of ÃŸby 10~7
and 10~6 M R21 was 2-fold higher than that for the a or 7

receptor (Fig. 4C). This was the only example in the two series
tested in which the activation pattern of 7 was clearly closer to
that of a than to .1 In general, our studies indicated that the
transcriptional activation assay described here will permit the
identification of retinoids with differential receptor activation
activity. Receptor activation was dependent on retinoid concen
tration, except in two cases (R7 and R13), in which activationof the ÃŸreceptor was higher at IO"7M than at IO"6M.
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Fig. 3. Summary of transcriptional activa
tion characteristics of RA and 22 retinoids.
Structures of RA (Rl) and the retinoids R2 to
R23 are shown. The receptor activation capac
ities were evaluated as described in Fig. 2.
Retinoid-induced receptor activation is ex
pressed as a percentage of maximal induction
by RA after constitutive receptor activity was
substracted. The activation values were divided
into five activity groups, as indicated by the
sizes of the columns: <20%, 21-40%, 41-60%,
61-80%, and >81%. The data represent the
average of three experiments. One hundred %
receptor activation represents the activity observed for each receptor in the presence of 10~6

M RA.

DC retinoid cone (M)
RETINOID 2 10'Â°109 10 8 10 7 10 10'Â° 109 10e 107 106

roroptcr activation ('

â€¢ â€¢
<20 21-40 41-60 61-80 >81

DISCUSSION

We have analyzed here retinoids as inducers of retinoic acid
receptor subtypes, as measured by gene activation. To facilitate
the interpretation of the retinoid induction data, we have em
ployed hybrid receptors in the transcriptional activation assay
that contain the NH2-terminal half of the ER and COOH-

terminal half of the different RAR subtypes. When compared
to wild-type RARs we observe no significant difference in the
response of these hybrid receptors to RA and the 22 retinoids
tested. Thus, at the molecular level, this system is likely to
measure the major biological activity of individual RARs. Sur
prisingly, by having tested only a limited number of compounds,
we were able to obtain clear evidence that individual retinoids
can have striking differences in their activation capacity for the
different receptor subtypes. This may at least partially explain
the different activity profiles in various biological assays ob
served previously for the same retinoids (10). The variations in
different assay systems may thus reflect the activities of distinct
RARs or various combinations of them. In our transcriptional
activation assay we used green monkey kidney CV-1 cells. Many

other cell lines can certainly be used. It will be of interest to see
whether cellular factors, including the retinoid binding proteins
CRBP and CRABP and retinoid-modifying enzymes present in
some cell lines, can influence the transcriptional activation
capacity of certain retinoids. From enzymatic activities positive
as well as negative effects can be expected. For CRABP, recent
evidence indicates that it may reduce the effective intracellular
concentration of RA (42); thus similar effects can be expected
for other CRABP-binding retinoids.

Although the three-dimensional structure of the RAR ligand-
binding pockets has not yet been elucidated, analysis of the
sequence homology of the RARs indicates that the ligand-

binding domains of RARi and ÃŸare more closely related to
each other than to RARa (11-16). This finding is consistent
with our observation that some of these retinoids showed acti
vation profiles that were more similar and higher for RAR/3
and 7 than for RARa. Interestingly, the inverse situation in
which a compound showed higher activity with RARa than
with ÃŸand y was not found. These results suggest that at least
for the compounds analyzed here, the ÃŸand 7 receptor ligand-
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B

Fig. 4. Dose-response curves for retinoids. The receptor activation patterns were evaluated with the ER-RAR hybrid receptors (Â«,0, y) as described for Rl in Fig.
2. One hundred % receptor activation represents the activity measured in the presence of IO"6M RA. A, retinoid R16; A, receptor subtype specific retinoid R15, R19,

R20, and R22; C, retinoids R21.

binding domains are more tolerant of the tetraene chain-mod
ified retinoids than is the a receptor ligand-binding domain.
The ligand-binding domain of the RARs has been conserved
almost completely during mammalian evolution, showing a 99
to 100% identity between human and mouse (20). Thus, the
differences in retinoid activities appear to correlate with the
minor structural differences in this domain among the receptor
subtypes. Northern blot and in situ hybridization analysis dem
onstrated ubiquitous expression of RARa, whereas RAR/3 and
y expression is spatially and temporally regulated (26-28). The
availability of RAR/3/7-specific retinoids allows the biological
functions of the ubiquitously expressed RARÂ« to be distin
guished from those of RAR/3 and y.

Our study indicates that receptor-selective retinoids can be
identified. RARa appears to be far more sensitive to variations
in the structural geometry of the retinoids in the 4-substituted
benzoic acid and 6-substituted 2-naphthalenecarboxylic acid
classes than RAR/? and RAR7 are. Modifications at the 4-
position of the retinoid skeleton appear to contribute to this
selectivity. An independent study, analyzing modifications of
6'-substituted naphthalene-2-carboxylic acid analogues in more
detail, has also revealed striking selectivity of this class of c/'.v-

RA analogues for RAR/3 and RAR7 over RARa.5 Our results

are also consistent with other reports of receptor selectivity.
For example, benzoic acid R2 is reported to have 50% of the
binding affinity for recombinant RARa and 70% of the affinity
for RAR/3 that RA has (43). R2 was also found to induce RAR/3
mRNA in S91-C2 melanoma cells less efficient than RA (44).
This is consistent with our results that show R2 as a less
efficient activator than RA of these two receptors. 2-Naphtha-
lenecarboxylic acid R20, which we found is less effective than
RA at RARa and RAR/3 activation, is also reported to bind to
both recombinant receptors less efficiently (43). In addition,
our most efficient transcriptional activator, R16, had the high
est binding affinity among 13 retinoids evaluated (43). RA and
R2 were also among a series of eight retinoids evaluated for
stimulation of RAR-dependent transcription using a retinoic
acid-responsive reporter gene (TRE3-tk-CAT) in cotransfected

*G. Graupner, G. Malle, G. Lang, M. PruniÃ©ras,and M. Pfahl. 6'-Substituted
naphthalene-2-carboxylic acid analogs, a new class of retinoic acid receptor
subtype-specific ligands. Biochem. Biophys. Res. Commun., in press, 1991.

CV-1 cells (45). Although clear differences in activation activi
ties of compounds for RAR subtypes were observed, the reti
noids analyzed were active with all three receptor subtypes.

In conclusion, our molecular approach has yielded results
that allow us to further select and develop receptor-specific
retinoids. Such compounds will be valuable tools for the dissec
tion of the complex biological pathways of RA action. The
efficacy of retinoids as anticancer drugs is best reflected by two
recent studies, one showing the prevention of second primary
carcinomas in patients with squamous cell carcinomas of the
head and neck (6), the other showing complete remissions in
patients with acute promyelocytic leukemia upon treatment
with retinoic acid (46). However, intolerable side effects due to
relatively high doses and length of the treatment led to high
dropout rates. This underscores the importance of developing
better tolerated retinoids which might be accomplished by the
usage of receptor subtype-specific retinoids. Together with the
knowledge of the receptor distribution in normal and diseased
tissue, receptor-specific retinoids may in the future permit the
design of efficient retinoid therapies with minimal side effects.
The test systems described here can be easily extended to other
retinoid receptors such as the RXRs, which appear to be acti
vated by RA derivatives rather than by RA itself ( 19).
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