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Introduction. Retinoids regulate numerous biologi-
cal functions, including cell growth, cellular differentia-
tion, and modulation of apoptosis.’? Retinoids are
currently employed for the treatment of dermatological
diseases such as acne and psoriasis® and are being
studied in clinical trials for their potential in the
treatment of oncological diseases.*

The retinoid receptors mediate the biological effects
of retinoid ligands and are members of the superfamily
of intracellular proteins which function as ligand-
activated transcription factors. The retinoid receptors
are classified into two subfamilies: the retinoic acid
receptors (RARa, RARS, RARy) and the retinoid X
receptors (RXRa, RXRj, RXRy).5 These receptors modu-
late gene expression by binding as dimers to specific
DNA sequences, the retinoic acid response elements.52.6
The RXRs can function as homodimers or can het-
erodimerize with RAR and other members of the intra-
cellular receptor superfamily, including peroxisome
proliferator-activated receptors (PPARs), vitamin D
receptor (VDR), and thyroid hormone receptor (TR).”
Hence, RXRs play a critical role in the response of a
variety of structurally diverse hormones.

all-trans-Retinoic acid (ATRA)2 functions as the natu-
ral ligand for the RARs, while 9-cis-retinoic acid (9-cis-
RA,; see Figure 1)° has been identified as an endogenous
ligand for both RARs and RXRs. Although numerous
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RAR-selective synthetic retinoids (agonists and antago-
nists) have been described,’%'1 only recently have
synthetic compounds been reported that interact selec-
tively with the RXRs.12 Our research group has previ-
ously disclosed three related series of compounds which
selectively bind with high affinity to the RXRs and
function as potent RXR agonists. These include Tar-
gretin (LGD1069, 1, X = CHy, Y = CH, R = CHj3),12¢
the oxime-linked (tetrahydronaphthyl)benzoic acid de-
rivatives (1, X = NOH or NOCH3, Y = CH, R = CHj3),13
and LG100268 (1, X = CH;CH,, Y = N, R = CHj3).12
The RXR selectivity and potency of these retinoids were
shown to depend on the nature of the C-3 substituent
attached to the tetrahydronaphthyl moiety. For ex-
ample, analogues containing a C-3 halogen or alkyl
substituent exhibited significant RXR agonist activity.

As part of our program to further explore the impor-
tance of substituent effects on the retinoid activity of
tetrahydronaphthalene derivatives, and to expand our
program to the synthesis of 9-cis-RA analogues, we have
designed a novel series of (tetrahydrotetramethylnaph-
thyl)octatrienoic acids containing 3-alkoxy substituents
that exhibit agonist or antagonist activity depending on
the size of the substituent (see Figure 1 for position
numbering). Specifically, we have identified an inter-
esting structure—activity profile for LG100754 (2) which
suggests that this analogue is functioning as an RXR
homodimer antagonist. Based on the expansive role
that RXRs play as heterodimeric partners, both silent
and active, in the control of intracellular receptor
pathways,” such an RXR antagonist could function as
a versatile biological tool for deciphering specific com-
ponents of transcriptional responses. To our knowledge,
this report represents the first disclosure of an RXR
antagonist.

Chemistry. The synthetic RXR retinoids reported
here are geometrically defined 7-(3-alkoxytetrahydrotet-
ramethylnaphthyl)-6-cis-octatrienoic acids. Three ana-
logues in the present series (methoxy 11, ethoxy 12, and
n-propoxy 2; see Table 1) have been prepared and
analyzed for retinoid activity. The selective synthesis
for the 6-cis-triene isomer is shown in Scheme 1. The
key step, introduction of the 6-cis-double bond, is
accomplished by the stereoselective 1,4-conjugate ad-
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Figure 1. Selected RXR retinoids.

dition of dimethyl cuprate to an alkynenitrile. A similar
methodology has been recently reported for the stereo-
selective synthesis of 9-cis-RA.14

Under Friedel—Crafts conditions (AlCls/dichlorometh-
ane), phenol is alkylated and cyclized with 2,5-dichloro-
2,5-dimethylhexane to afford the tetrahydrotetrameth-
ylnaphthol intermediate 3 in 83% yield. The naphthol
is converted into the acetate which undergoes a facile
Lewis acid-catalyzed Fries rearrangement (AlICls/hex-
ane/dichloromethane/reflux) to give the acylnaphthol 4
in 78% vyield. O-Alkylation of the naphthol is ac-
complished in a routine manner by treatment with KOH
and the corresponding alkyl bromide in DMSO to
provide the keto ether 5 in 90—100% yield. The keto
ether intermediate 5 is converted into the terminal
acetylene 6 (39—57%) via a chloro enal by treatment
first with phosphorus oxychloride and sodium bicarbon-
ate in DMF followed by treatment with sodium hydrox-
ide in dioxane/water at 80 °C.1> The acetylene is
deprotonated with ethylmagnesium bromide in THF at
reflux temperature, and the anion is quenched with
phenyl cyanate to afford the acetylenenitrile 7 in 80—
85% yield.1® Methyl cuprate addition to the cyanoalkyne
selectively produces the cis-cyano olefin 8 in a 20:1 ratio
over the trans-isomer in excellent yields (94—98%).%7
The crude cyano olefin product is reduced with DIBAL
at —78 °C to provide the intermediate enal 9 in 78—
92% yield with no loss in the geometric ratio. The olefin
isomers may be separated at this or a later stage by
silica gel chromatography. The cis-enal is treated with
the lithium salt of diethyl 3-(ethoxycarbonyl)-2-meth-
ylprop-2-enylphosphonate in THF at reduced temper-
ature in a Horner—Wadsworth—Emmons olefination to
provide the trienoate ester 10 as a mixture of C-2 olefins
in a 9:1 ratio of 2-trans:2-cis. The olefination is typically
conducted in the presence of 1,3-dimethyl-3,4,5,6-tet-
rahydro-2(1H)-pyrimidinone (DMPU). The crude ester
is readily saponified with KOH/methanol to give the
trienoic acid (80—94% overall yield for two steps). The
6-cis-trienoic acid isomer (11, 12, or 2) is available as
the major product and can be readily isolated by
recrystallization or silica gel chromatography.

Biological Methods. To examine the ability of the
synthetic ligands to bind to the retinoid receptors, we
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performed ligand binding assays employing recombi-
nantly expressed RARa, RARS, RARy and RXRa, RXRg,
RXRy in a baculovirus system as described previ-
ously.%212¢18  The binding affinities (K; values) are
determined for the test retinoids by competition of 5 nM
[H]-all-trans-RA (for RARs) or [3H]Targretin ([3H]-
LGD1069; Ligand Pharmaceuticals, Inc.) (for RXRs); K;
values are determined by application of the Cheng—
Prussof method.1%2 Binding data are shown in Table 1.
To examine transcriptional activity (ECso values),
cotransfection assays are performed in CV-1 cells trans-
fected with an expression vector for each of the RAR
and RXR receptors and a luciferase reporter gene under
the control of the appropriate RAR (RAREs) or RXR
(RXRES) response elements.%219 A AMTV-TREp-Luc
reporter construct is used for the RARs, a CRBPII-tk-
Luc reporter is used for the RXRa and RXRy receptors,
and a CPRE-tk-Luc reporter is used for the RXRS
receptor.2¢6a% Compounds are tested in three separate
experiments in log dilutions from 1 x 1075to 1 x 10712
M with triplicate determinations at each concentration.
Typically, CV-1 cells are transiently cotransfected with
the receptor expression vector, the reporter plasmid, and
a f-galactosidase (RSV-3-Gal) internal control (used to
calculate transfection efficiency). The cells are incu-
bated in the presence of compound and assayed for
luciferase and pg-galactosidase activity as described
previously.®® The luciferase data are presented as
percent normalized response with the maximal response
(100%) elicited by the control retinoids (9-cis-RA for
RXRs and all-trans-RA for RARs). Standard errors for
this assay system are, on average, ca. 15% of the mean
value. Cotransfection data are shown in Table 1 and
Figures 2 and 3. To detect RXR antagonist activity (ICso
values), the cotransfection assay is carried out in the
presence of a fixed concentration of the known RXR
agonist Targretin (LGD1069). The agonist is applied
at a concentration (3.2 x 1078 M) approximate to its
ECso value.12¢20 The antagonist data for the compounds
are graphically represented as percent luciferase activ-
ity relative to this control (100% luciferase activity at
3.2 x 1078 M Targretin) and are shown in Figure 4.

Results and Discussion. RXR Activity. The 7-(3-
alkoxytetrahydrotetramethylnaphthyl)-6-cis-octatrien-
oic acids (compounds 11, 12, and 2) bind to all of the
RXRs with high affinity, yet are distinguishable by their
transactivation profiles (see Table 1 and Figures 2 and
4). The 7-(3-methoxytetrahydrotetramethylnaphthyl)-
6-cis-octatrienoic acid (11) binds with high affinity to
the RXRs (2—4 nM) and is a correspondingly potent
activator of all three RXR subtypes (5—9 nM). In fact,
compound 11 is one of the most potent RXR agonists
reported to date.

The ethoxy ether analogue 7-(3-ethoxytetrahydrotet-
ramethylnaphthyl)-6-cis-octatrienoic acid (12) has a
ligand binding affinity for the RXRs which is compa-
rable to that of the parent methoxy compound (4—17
nM). Although this compound is capable of activating
the RXRs, it is considerably less efficacious (17—31%)
than the methoxy analogue, and, in fact, analysis of the
full dose—response curve suggests that the ethoxy
compound 12 functions only as a partial agonist (see,
for example, Figure 2).

The most interesting analogue of this study is
LG100754 [7-(3-propoxytetrahydrotetramethylnaphthyl)-
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Scheme 1. Synthesis of 7-(3-Alkoxytetrahydrotetramethylnaphthyl)-6-cis-trienoic Acids

CH3 AICly
AICIS/CH C|2 hexanes/CHz(’Jl2 OH KOH/DMSO
83% 78% 90-100%
R = Me, Et, n-Propyl
0\ CN
1. POCly / DMF CN =
NaHCO3 Cul / CHalLi
2. NaOH EtMgBr THF OR THF
dioxane / H,O 80-85% G1-98%
80°C
39-57%
(cis: trans=20:1)
tOZC 020
OEt
DIBAL-H OEt
hexane / CH20I2 THF/ DMPU KOH / MeOH
'7800 n- BULI/ -78°C reflux
78-92% 80-96% (2 steps)

(2-trans: 2-cis=9:1)

11: R=Me
12: R=Et
2: R=n-Propyl

Table 1. Binding Affinity and Agonist Cotransfection Activity of 7-(3-Alkoxytetrahydrotetramethylnaphthyl)-6-cis-octatrienoic Acids

OzCi

on Retinoid Receptors

binding affinity?

Ki, nM

cotransfection activity
ECso, NM (efficacy)®

no. R RXRa. RXRB RXRy RXRa. RXRB RXRy
11 CHs 2 2 4 5 (51%) 8 (102%) 9 (68%)
12 CH,CH3 4 12 17 8 (17%) 9 (31%) 7 (25%)
2 CH,CH,CHs 8¢ 9 14¢ —d (20) — (13%) — (4%)
RAR« RARS RARy RAR« RARS RARy
11 CHs 306 400 437 40 (35%) 8 (54%) 17 (66%)
12 CH,CH3 2582 3115 4206 — (14%) 31 (27%) 121 (42%)
2 CH,CH,CH3 1791 2587 6094 — (4%) — (10%) 192 (27%)

a Binding affinities (K; values) are determined for the test retinoids by competition of 5 nM [3H]-all-trans-RA (for RARSs) or [H]Targretin
(LGD1069) (for RXRs). ® Efficacy is calculated as a percent of maximal induction normalized to 9-cis-RA for the RXRs and all-trans-RA
for the RARs. ¢ Similar K; values for LG100754 (2) are observed with [3H]-9-cis-RA: K; = 3, 10, and 12 nM for RXRa, RXRp, and RXRy,
respectively. 9 ECs is not calculated where the relative efficacy is less than 15%.

6-cis-octatrienoic acid, 2], which exhibits a very unique
RXR activity profile. LG100754 (2) retains high-affinity
binding for the RXRs (8—14 nM) yet is completely
inactive as an agonist on the RXRs (efficacy = 2—13%),
even at receptor-saturating concentrations (see Figure
2). These data imply that this analogue may function
as an RXR homodimer antagonist. Thus, we examined
the ability of LG100754 (2) to block agonist-induced
gene transcription in the CV-1 cell assay. Indeed, when
the cotransfection assay is conducted in the presence
of a fixed concentration of Targretin (LGD1069; 3.2 x
1078 nM), coadministration of LG100754 (2) produces
a concentration-dependent inhibition of transactivation

activity of the RXR agonist. At equimolar concentra-
tions of agonist and antagonist, LG100754 (2) inhibits
RXR transactivation by approximately 50%. At a 100-
fold excess, LG100754 (2) inhibits the transactivation
activity on the RXRs by 90%. LG100754 (2) functions
as an RXR antagonist for all three RXR subtypes with
an ICsp = 16, 28, and 19 nM for RXRa, RXRg, and
RXRy, respectively (see Figure 4). This unique profile
effectively establishes LG100754 (2) as the first RXR
homodimer antagonist.

We have observed identical antagonist activity for
LG100754 (2) in other RXR-based assays, such as dose-
dependent inhibition of receptor activation by other
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Figure 2. Ligand-induced transactivation of RXRa by 7-(3-
alkoxytetrahydrotetramethylnaphthyl)-6-cis-octatrienoic acids.
RXR subtypes are cotransfected into CV-1 cells along with a
reporter plasmid as described in Biological Methods. Cells are
incubated in the presence of ligand, and luciferase activity is
determined. The activity is normalized relative to the standard
9-cis-RA.
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Figure 3. Ligand-induced transactivation of RARa by 7-(3-
alkoxytetrahydrotetramethylnaphthyl)-6-cis-octatrienoic acids.
RAR subtypes are cotransfected into CV-1 cells along with a
reporter plasmid as described in Biological Methods. Cells are
incubated in the presence of ligand, and luciferase activity is
determined. The activity is normalized relative to the standard
all-trans-RA.

agonists (i.e., 9-cis-RA or LG100268!2") and concentra-
tion-dependent inhibition of Targretin-induced trans-
glutaminase expression in HL-60 cells (data not shown).
Notably, compounds 11 and 12 are strictly RXR agonists
and did not display any antagonist activity. Interest-
ingly, the corresponding all-trans analogues of the above
C-3-alkoxytetrahydrotetramethylnaphthyl trienoic acids
do not exhibit RXR antagonist activity (data not shown).?!

RAR Activity. Although the above 7-(3-alkoxytet-
rahydrotetramethylnaphthyl)-6-cis-octatrienoic acids dis-
play RXR activities, this class of retinoids has consid-
erably weaker interactions with the three RAR subtypes
in this reporter assay (see Figure 3). Compound 11 has
approximately 100-fold less binding affinity for the RAR
subtypes (306—437 nM) than the RXRs and induces only
moderate transactivation of the RARs (8—40 nM, 35—
66% efficacy). Compound 12 displays very weak binding
affinity (2.6—4 uM) for the RARs, does not induce RARq,
and is only a weak activator of RARS and RARy (31—
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Figure 4. LG100754 (2) functions as an antagonist on RXRs.
RXR subtypes are cotransfected into CV-1 cells along with a
reporter plasmid as described in Biological Methods. Cells are
treated with a fixed concentration of the RXR agonist Targre-
tin (LGD1069; 3.2 x 1078 M) in the presence of increasing
concentrations of LG100754 (2). Luciferase activity is deter-
mined and is reported relative to cells treated with Targretin
alone (100%).

121 nM, 27—-42% efficacy). LG100754 (2) also has very
low-affinity binding for the RARs (1.7-6 uM) and
displays minimal activity on RARy only (192 nM, 27%
efficacy). Overall, the 7-(3-alkoxytetrahydrotetrameth-
ylnaphthyl)-6-cis-octatrienoic acids display weak or no
activation of the RARs but exhibit very selective inter-
actions with the RXRs.

Conclusions. We have designed a series of 7-(3-
alkoxytetrahydrotetramethylnaphthyl)-6-cis-octatrien-
oic acids which displays high-binding affinities for the
RXRs and activities ranging from RXR agonist to RXR
homodimer antagonist. For this series, the nature of
the 3-alkoxy group clearly defines the agonist or an-
tagonist activity of these retinoid ligands. The data
presented here demonstrate that LG100754 (2) func-
tions as an RXR homodimer antagonist. LG100754 (2)
displays high-binding affinity for the RXRs and is a
potent inhibitor of the known RXR agonist Targretin
(LGD1069) at all three RXR subtypes. The structural
attributes of LG100754 (2) necessary for RXR ho-
modimer antagonist activity include the size of the
3-alkoxy group on the tetrahydronaphthyl moiety and
the nature of the olefin geometry at C-6. Thus, in the
6-cis-octatrienoic acid series reported here, the 3-meth-
oxy substituent imparts agonist activity, the 3-ethoxy
substituent imparts partial agonist activity, and the
3-propoxy group induces antagonist activity. Addition-
ally, for the 3-propoxy analogue, the geometry of the
trienoic acid moiety is an important structural compo-
nent for imparting RXR antagonist activity. The 6-cis-
geometry is essential for potent RXR antagonist activity,
since the all-trans-triene analogue of LG100754 does not
have significant antagonist activity.?? Studies are being
conducted to investigate the structure—activity relation-
ship (SAR) of related retinoid antagonists, as well as to
extend the SAR to other classes of retinoids.

Additionally, investigations are currently underway
to decipher the biological and therapeutic significance
of this unique retinoid modulator. Since RXRs serve
as dimeric partners in the control of numerous intra-
cellular receptor pathways, an RXR antagonist could
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function as a versatile biological tool to dissect RXR-
dependent transcriptional activities. The evidence that
LG100754 (2) functions as an antagonist suggests that
this unique ligand interacts with the RXR ligand
binding domain?® but may somehow inactivate or fail
to induce the AF-2 activation domain, possibly because
of the increased bulk of the 3-propoxy substituent.
Thus, LG100754 (2) may prevent the optimal structural
changes necessary for activating transcription. Other
transcriptional responses have been investigated with
LG100754 (2) and RXR heterodimers, and some selec-
tive interactions with certain cofactors and basal tran-
scriptional proteins have been observed.?* As is the case
for anti-estrogen and anti-androgen hormones, RXR
antagonists, such as LG100754 (2), could help define
the specific transcriptional activities necessary for
receptor activation and hormone signaling.
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