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ABSTRACT: Retinoids are potent forms of vitamin A and are
involved in a broad range of physiological processes and the
pharmacological effects of retinoids are primarily mediated by the
retinoic acid receptors (RARs) and the retinoid X receptors
(RXRs). Several natural and synthetic RAR modulators have
proven to be clinically useful for a number of therapeutic indica-
tions including cancer, psoriasis, and diabetes. Unfortunately,
these agents lead to a number of significant side effects. Most
synthetic retinoid ligands are based on the retinoid scaffold and
thus have similarities to the natural ligand with all previously
disclosed RAR ligands having a carboxylic acid that makes a critical
ionic bridge within the ligand binding domain of the receptors.
The potential therapeutic value offered from RAR modulation
provides the impetus to identify novel ligands based on unique
scaffolds that may offer improved toxicity and pharmacokinetic
profiles. Here we describe the identification of an atypical RAR
inverse agonist that represents the first non-acid, non-retinoid
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direct modulator of RAR receptor subfamily. SR-0065 functions as a pan-RAR inverse agonist suppressing the basal activity of
RAR«, RARS, and RARY, as well as inhibiting agonist-induced RAR activity. SR-0065 treatment enhanced receptor interaction with
a peptide representative of the corepressor SMRT, and in cells SR-0065 enhances recruitment of SMRT to the promoter of the
RARYy dependent gene, Cyp26A1. The acid form of SR-0065, SR-1758, was inactive in all assays. Thus, SR-0065 represents a new
class of non-acid, non-retinoid RAR modulator that may be used as a point to initiate development of improved RAR-targeted drugs.

etinoids are a group of natural or synthetic derivatives of

vitamin A that include all-trans, 9-cis, and 13-cis retinoic
acids. Retinoic acids (RAs) are the most potent biologically
active forms of vitamin A and are involved in a broad range
of physiological processes including reproduction and develop-
ment, cell growth and cancer,” vision,” spermatogenesis,3 inflam-
mation,” and neural patterning.” The ability of retinoids to
modulate differentiation and proliferation of a number of cell
types has put emphasis on understanding their function in a wide
range of cancers. The pharmacological effects of retinoids are
primarily mediated by two subfamilies of nuclear receptors: the
retinoic acid receptors (RARs) and the retinoid X receptors
(RXRs). Each of these two classes of receptors contains three
major isotypes, @, f and y, which are encoded by separate genes
that are highly conserved across vertebrates, suggesting that each
receptor performs unique functions.’ RARs activate transcription
in a ligand-dependent manner by binding to DNA as an obligate
heterodimer with RXR. RXR can form “permissive” heterodi-
mers with a number of nuclear receptors where RXR-selective
ligands (rexinoids) can activate transcription of the heterodimer
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on their own. However, the RAR/RXR heterodimer is consid-
ered “non-permissive” and requires the binding of RAR ligands
to activate the heterodimer. Thus, the RAR/RXR heterodimer is
silent in the absence of RAR ligand.” The actions of RARs are
stimulated by the binding of cognate natural ligands and syn-
thetic ligands. Ligand activation drives physical interactions with
coregulatory proteins (corepressors and coactivators) and bind-
ing to retinoic acid response elements (RAREs) present in the
promoter or enhancer regions of target genes.® These consensus
site DNA sequences generally consist of two directly repeated
half sites of AGGTCA separated by two or five base pair spacers
(DR2 or DRS elements).’

Small molecules targeting RAR action have demonstrated some
success as therapeutic agents for a wide range of diseases.'® Several
natural and synthetic RAR modulators have proven to be clinically
useful for a number of therapeutic indications including cancer,
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Figure 1. (A) Synthetic non-retinoid pan-RAR inverse agonist SR-03000000065. (B) Gal4 nuclear receptor profiling of SR-0065. RAR@, RARf, and
RARYy transactivation is repressed by SR-0065 in a Gal4 NR library selectivity panel. A UAS luciferase reporter construct was reverse-transfected into
HEK293T cells along with Gal4 NR clones or a Gal4-VP16 clone as a constitutively active positive control. After 4 h, cells were treated with 5 M SR-
0065 or DMSO only and incubated for 20 h. The luciferase activity of each construct was measured and normalized first to the DMSO only treated
samples, then the fold change in signal of each NR construct compared to the constitutively active Gal4-VP16 was calculated (n = 3).

psoriasis, and diabetes.” For instance, the use of retinoids that are
pan-specific for all RAR isotypes such as all-trans retinoic acid
(ATRA) has been very successful in the treatment of patients with
acute promyelocytic leukemia (APL) by inducing differentiation
of leukemic cells. However, these pan-retinoids are teratogenic and
can lead to a number of undesired side effects such as increases in
serum triglycerides and bone toxicity presumably due to their pan-
specific activation of all RAR isoforms. In addition, several atypical
synthetic analogues of retinoic acid have emerged recently that
show promise as anticancer drugs due to their antiproliferative and
pro-apoptotic effects in vitro. Atypical retinoids such as CD437 and
N-[4-hydroxyphenyl Jretinamide (4-HPR) are being evaluated in a
number of preclinical trials to determine efficacy against a variety
of cancers; however, certain activities of CD437 and 4-HPR have
been reported to be independent of RAR or RXR binding.'"'* In
addition, the retinoid-related molecules MX781, AGN 194310,
and ST1926 have demonstrated potent antiProliferative activities
against large panels of human tumor cells."* "¢ Most synthetic
retinoid ligands are based on the retinoid scaffold and thus have
structural similarities to the natural ligand. All previously published
RAR ligands have a carboxylic acid moiety that is known to make a
critical ionic bridge with an arginine residue within the ligand
binding domain of the receptors.

In a recent NIH Roadmap sponsored MLSCN screen for
SE-1 modulators, a novel dual SF-1/RAR inverse agonist was
discovered based on an isoquinolinone scaffold."” Subsequent
structure—activity relationship (SAR) studies identified com-
pounds devoid of SF-1 inhibition as well as inhibition against
all other 48 nuclear hormones in the panel, but still active against
all RAR-subtypes (MLPCN probe report for compound 22:
SID = 46499854 submitted 10/22/2007). Here we provide
detailed characterization of SR-03000000065 [SR-006S,
MLO018 (SID46499846/CID23640021), Figure 1A] as an atypi-
cal RAR inverse agonist. Using cell-based luciferase reporter
assays we demonstrate the ability of SR-0065 to repress transac-
tivation of a UAS reporter using Gal4 fusion constructs of
all RAR isoforms in HEK293T cells. Moreover, SR-0065 was
also able to repress endogenous RAR-dependent transactivation
of a native RAR response element in F9 cells. In addition, we
show that SR-0065 competes with two pan-specific RAR ago-
nists, all-trans retinoic acid (ATRA) and 4-[(E)-2-(5,6,7,8-tetra-
hydro-5,5,8,8-tetramethyl-2-naphthalenyl)-1-propenyl |benzoic
acid (TTNPB) to inhibit the induction of mRNA for RAR0. and
RARy target genes in F9 cells. Furthermore, SR-0065 enhanced
interactions between RARy and the corepressor SMRT in both
an in vitro biochemical Lanthascreen assay as well as in cells in a
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ChIP/reChIP assay looking at SMRT recruitment to an endo-
genous RARY target gene promoter.

As SR-0065 is an ester, conversion to the corresponding acid
was monitored by LC—MS/MS following extended incubation
of compound in cells. Although minimal conversion was ob-
served, we independently synthesized and evaluated the acid
form of SR-006S in the assays described above.

Results clearly show that the acid form of SR-0065 was inactive
on all RAR isoforms in both cellular and biochemical assays.
Taken together, these results indicate that SR-0065 is a novel
atypical pan-RAR inverse agonist that represents the first
non-acid, non-retinoid direct modulator of the RAR receptor
superfamily.

B RESULTS AND DISCUSSION

Using cell-based assays with a panel of Gal4-NR fusion
constructs of all 48 human nuclear receptors to characterize
selectivity, Roth et al. determined that one of the two identified
SF-1 modulators also demonstrated robust repressive activity
against all three isoforms of the retinoic acid receptor (RAR)."
This was especially intriguing given the fact that these small
molecules were based on an isoquinolinone scaffold and did not
possess the hallmarks of typical RAR ligands. Preliminary SAR
studies were performed on this compound to produce two
compounds that were devoid of SF-1 activity but retained potent
pan-specific RAR activity.

We focused on a single compound, SR-006S (Figure 1A), to
characterize its function as a pan-specific RAR inverse agonist.
The specificity of the compound was assessed using a library of
Gal4 tagged human nuclear receptors. HEK293T cells were
reverse-transfected with Gal4-NR fusion constructs of all 48
human NRs as well as a Gal4-VP16 construct along with a
luciferase reporter gene driven by the UAS response element.
We performed cell-based screening assays using Gal4-NR-LBD
constructs of all three RAR isoforms and the UAS-luciferase
reporter. Following 4 h of transfection, constructs were treated
with DMSO only or 5 M of SR-0065 and allowed to incubate
for 20 h prior to reading of the luciferase signal to measure effects
of compound on transcription. Signals were normalized to
DMSO first and then plotted as fold change relative to GAL4-
VP16, which is our constitutively active control for nonspecific
transcriptional and cytotoxic effects of the compound. Figure 1
illustrates that SR-006S treatment induced a significant and
selective repressive effect on the transactivation of all three
isoforms of RAR while showing virtually no effects on any of
the other 48 nuclear receptors from the library.

Having confirmed this result, we then evaluated the dose-
dependent effects of treatment of HEK293T cells with SR-0065.
Constructs for each of the three isoforms of RAR were cotrans-
fected into 293T cells with a UAS-luciferase reporter and then
treated with four different concentrations of SR-0065 (10 uM,
3 uM, 1 uM, 300 nM) and incubated for 18 h. The RAR-depen-
dent transactivation of the UAS-luciferase reporter was reduced
up to 80% for all three isoforms of RAR in a dose-dependent
manner (Figure 2A). Subsequently, full dose—response experi-
ments were performed and ICso of 0.36, 0.45, 0.70 uM were
determined for RARQ, -f3, and -y, respectively. In control cells
transfected with GAL4-VP16 and the UAS-luciferase reporter,
SR-0065 displayed no repression of GAL4-VP16-dependent
transactivation, suggesting that repression induced by SR-0065

is not a result of nonspecific luciferase effects or cellular toxicity
(data not shown).

To determine whether SR-0065 could compete with pan-specific
RAR agonists to repress transactivation of reporter, 293T cells were
cotransfected with Gal4-RARQ-LBD, Gal4-RARS-LBD, or Gal4-
RARy-LBD, and the UAS-luciferase reporter. Following transfec-
tion, cells were preincubated with four different concentrations of
SR-0065 (10 #M, 3 uM, 1 uM, 300 nM) for 30 min prior to
addition of either 1 nM all-trans retinoic acid (ATRA) or 1 nM
4-[(E)-2-(5,6,7,8-tetrahydro-S5,5,8,8-tetramethyl-2-naphthalenyl)-
1-propenyl]benzoic acid (TTNPB), both potent pan-specific RAR
agonists. Treatment of HEK293T cells with 1 nM ATRA induced
RARO-dependent transactivation 1.73 fold, RARS-dependent
transactivation 1.6 fold, and RARy-dependent transactivation
2.1 fold over DMSO only treatment. Moreover, treatment of
HEK293T cells with 1 nM TTNPB induced RARQ.-dependent
transactivation 1.9 fold, RARS-dependent transactivation 1.9 fold,
and RARy-dependent transactivation 2.3 fold over DMSO only
treatment (Data not shown). Figure 2B and C demonstrate a
dose-dependent repression of RAR-dependent transactivation of
the UAS-luciferase gene by all three isoforms of RAR in the presence
of either ATRA or TTNPB with a maximum repression between
40 and 60% at 10 4M concentration of SR-0065. Due to the high
affinity of both ATRA and TTNPB for the RAR receptors, only
1 nM concentrations of each was sufficient to induce RAR isoform
specific transactivation in HEK293T cells. Even though the fold
induction was modest, we were able to see significant repression of
that induction at the highest concentration of SR-0065. This
suggests that SR-0065 can compete with endogenous pan-specific
RAR agonists to repress RAR-dependent transactivation.

Having demonstrated that SR-0065 functions as a pan-specific
repressor of RAR-dependent reporter gene transactivation using
Gal4 fusion constructs in 293 T cells, we evaluated the ability of
SR-0065 to modulate RAR-dependent transactivation of endo-
genous RAR in F9 murine embryonal carcinoma cells. F9 cells
have been used extensively as a cell autonomous model system to
study RA signaling and can be differentiated into three distinct
cell types upon treatment with RA."® Moreover, these cells
express both RARal and RARy in high abundance, whereas
RARp expression is low. However, upon treatment with ATRA,
it has been documented that expression of all three isoforms of
RAR is significantly increased, which subsequently leads to
dramatic induction of RAR target genes from all three
isoforms.'*?° These experiments were performed by transfecting
F9 cells with a luciferase reporter gene driven by a multimerized
RAR response element containing five directly repeated half sites
of AGGTCA found on the promoters of RAR target genes.
Following transfection, cells were treated with 10 #M SR-0065,
300 nM of the agonist ATRA, 1 uM AGN 193109, a pan-specific
RAR antagonist, or DMSO vehicle control. Figure 3A shows that
treatment of F9 cells with SR-0065 repressed transactivation of
the RARE by 30% compared to the pan-specific RAR antagonist
AGN 193109 that repressed it 50%. As expected the F9 cells
responded to treatment with the agonist ATRA by showing a
2-fold increase in transactivation compared to the DMSO vehicle
control. Next, dose—response curves were generated for F9 cells
transfected with the RARE and then treated with increasing
doses of ATRA, AGN 193109 or SR-0065 (Figures 3B—D).
From these data, an estimated ICs, value of 940 nM was
calculated for SR-0065 (Figure 3D).

To further evaluate the effects of SR-0065 on endogenous
RAR-dependent transcription, mRNA expression levels for three
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Figure 2. Constitutive and ATRA- and TTNPB-mediated activation of RARs is dose dependently repressed by SR-0065. HEK293T cells were
cotransfected with UAS-luciferase along with Gal4-RAR@ or Gal4-RARf or Gal4-RARy. The cells were pretreated for 30 min with various concentration
of SR-0065 before treatment with either vehicle (A), 1 nM ATRA (B), or 1 nM TTNPB (C) for 20 h. The luciferase activity measured was normalized to
cells treated with vehicle only. Each data point was performed in at least 5 replicates and is represented as mean £ SEM.

different RAR response genes were determined following treat-
ment with 10 #M SR-006S. Several reports have identified RAR
isoform specific gene expression by using mutant F9 cells with
each of the RAR isoforms selectively knocked out and monitor-
ing subsequent loss of gene expression directly related to the
missing RAR isoform.'™"” We chose three genes identified in
these studies, CRABPII, RARf3, and Cyp26A1, to monitor effects
on RAR-, RARS-, and RARy-dependent gene transactivation,
respectively, by the putative inverse agonist SR-0065. Similar to
our cell-based assays, we evaluated the ability of SR-0065 to
compete with pan-specific agonists ATRA and TTNPB and
repress mRNA expression of RARQ.-, RARS-, and RARy-depen-
dent genes. F9 cells were either treated with 1 nM ATRA, 1 nM
TTNPB for 18 h or pretreated with 10 #M SR-006S for 3 h prior
to treatment with 1 nM ATRA or 1 nM TTNPB for an additional
18 h. Following incubation with compound, mRNA was har-
vested, and RT-PCR was performed measuring expression of
CRABPII, RARS, and Cyp26Al. Figure 4A shows that mRNA
expression of the RARO-dependent gene CRABPII was in-
creased 2.8 fold following treatment with ATRA and 2.5 fold
following treatment with TTNPB. Pretreatment with SR-0065
reduced induction by ATRA 50% (2.8—1.4 fold) and induction
with TTNPB 42% (2.4—1.4 fold). For the RARy-dependent
gene Cyp26Al, mRNA expression levels increased 26 fold
following ATRA treatment and 94 fold following TTNPB

treatment. The induced expression of the Cyp26Al gene by
these pan-specific agonists was reduced 50% (26—13-fold) for
ATRA induced cells and 36% (94—62 fold) for TTNPB-induced
cells following pretreatment with SR-0065. (Figure 4B). Interest-
ingly, pretreatment with SR-0065 did not impede the ATRA and
TTNPB induced expression of RARS in contrast to our cell based
assays (Figure 4C). This inconsistency could be explained by the
fact that the RARf gene is activated mainly by RARf protein in an
autoregulatory fashion, and there is very little basal expression of
RARS in F9 cells without treatment with ATRA.'® Therefore,
there may not have been a high enough level of endogenous RARf
protein expressed in the cell to bind to SR-006S in the preincuba-
tion stage prior to activation of expression by ATRA to impede the
activation. Taken together, however, these data suggest that SR-
0065 is capable of competing with two potent pan-specific RAR
agonists, ATRA and TTNPB, to repress endogenous expression of
RAR@ and RARY specific genes to a similar degree.

To investigate whether SR-0065 could repress ATRA, or
TTNPB-induced expression of RARQ, -f3, and -y target genes in
ahuman cell line, experiments were performed using HepG2 cells.
Previously it has been shown that HepG2 cells express all three
RAR isoforms and that RAR-dependent genes can be induced
in these cells by treatment with either ATRA or TTNPB.*'
During long incubations of SR-0065 in cells it was determined
that a small fraction of the compound, which is an ester, can be
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Figure 3. Cell-based reporter assays in F9 cells demonstrates the repressive effect of SR-0065 on RAR-dependent transactivation. F9 cells were
transfected with a luciferase reporter construct driven by a multimerized RAR response element. (A) F9 cells treated with 300 nM ATRA, 1 «uM AGN, 10
UM SR-0065, or DMSO alone following transfection with RARE luciferase reporter. Unpaired ¢ tests were performed to determine significance of data,
and asterisk (*) indicates p < 0.0001. Each dose treatment was performed at n = 6. (B) Dose—response curve in F9 cells transfected with RARE following
treatment with ATRA in the range (300 nM to 1 pM). Each dose treatment was performed at n = 6, and data were normalized as fold change over signals
obtained in DMSO only treatment. EC50 value for ATRA activation calculated at 430 pM. (C) Dose—response curve in F9 cells transfected with RARE
following treatment with AGN193109 in the range (1 #M to 300 pM). Each dose treatment was performed at n = 6, and data were normalized as fold
change over signals obtained in DMSO only treatment. ICs, value for AGN 193109 repression calculated at 20 nM. (D) Dose—response curve in F9 cells
transfected with RARE following treatment with SR-006S in the range (10 #M to 300 pM). Each dose treatment was performed at n = 6, and data were
normalized as fold change over signals obtained in DMSO only treatment. ICs, value for SR-0065 repression calculated at 939 nM.

converted into its acid form. Thus we synthesized the acid form of
the compound (SR-1758, Figure SA) and evaluated it in cells along
with a commercial pan antagonist AGN193109. HepG2 cells were
treated with 10 uM SR-0065, 10 uM SR-1758, or 1 uM
AGN193109 for 3 h prior to stimulation with either 20 nM ATRA
or 10 nM TTNPB. Similar to observations in F9 cells, SR-0065 was
able to reduce ATRA-induced expression of CRABPII by 30% and
TTNPB-induced CRABPII expression by 50% (Figure SB). In
addition, SR-006S competed with ATRA and TTNPB to suppress
activation of the RARS gene by 40% and 67%, respectively
(Figure SC). Finally, SR-0065 was able to compete with ATRA
and TTNPB to repress activation of the RARy target gene
Cyp26A1 by 47% and 44%, respectively (Figure SD). In contrast,
SR1758 was not able to repress gene expression following
stimulation with ATRA or TTNPB. The commercial pan antago-
nist AGN and SR-0065 had comparable repressive activity on
ATRA- and TTNPB-dependent activation of RAR target genes;
however, AGN was slightly more effective than SR-0065 in all
cases. These results demonstrate that SR-0065S is indeed a pan
RAR inverse agonist of human and mouse RARs.

To further demonstrate that SR-0065 and not its acid form,
SR-1758, is the active molecule HEK293T cells cotransfected
with Gal4 constructs of RARQ, RARS and RARY and the UAS
luciferase reporter were treated with vehicle, 200 nM ATRA, 1
UM AGN 193109, 10 uM SR-0065, or 10 uM SR-1758. Figure 6

622

illustrates that, as previously shown, treatment of cells with 10
UM SR-006S resulted in a significant reduction in UAS luciferase
reporter gene activity for all three RAR isoforms comparable to
the pan RAR antagonist, AGN 193109. However, SR-1758 had
no inhibitory effect on the expression of the UAS luciferase
reporter indicating that the acid form of the compound is not
active as an RAR inverse agonist.

Having demonstrated the inhibitory effects of SR-0065 on RAR-
dependent gene transcription in both cell-based reporter assays and
qPCR, we next investigated potential mechanisms of action of this
non-acid, non-retinoid compound. Following the canonical model
for nuclear receptor activation, it has been shown that binding of
agonists to RAR isoforms stabilizes formation of the RAR/RXR
heterodimer and induce conformational changes that inhibit
corepressor and facilitate coactivator interactions to potentiate
transactivation of target genes.22 Conversely, inverse agonists can
function to abrogate nuclear receptor transactivation of target
genes by retaining or enhancing the interaction between RAR
and corepressor proteins such as NCoR and SMRT, thus prevent-
ing interaction with coactivators. SMRT has been known as a
potent corepressor of RAR-dependent gene transactivation. There-
fore, we examined the ability of SR-0065 to bind to RAR and recruit
SMRT in a Lanthascreen FRET biochemical assay. These assays
were performed using the Lanthascreen TR-FRET RARy core-
pressor assay kit (Invitrogen) where GST-tagged RARy was

dx.doi.org/10.1021/cb100396s |ACS Chem. Biol. 2011, 6, 618-627
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three biological replicates.

incubated with 10 #M SR-0065, 10 uM SR-1758, the acid form of
the compound, or DMSO vehicle control along with a SMRT
peptide containing an LXXLL receptor interaction domain. Fol-
lowing 4 h of incubation, the FRET signal was determined
measuring the signal generated between the Terbium-labeled
anti-GST antibody and the fluorescein-labeled SMRT peptide.
Figure 7A shows that treatment of GST-RARY with SR-0065 led to
a significant interaction of the SMRT peptide as compared to
vehicle control that was not observed upon treatment with the acid
form of the compound, SR-1758. These results demonstrate that
SR-0065 treatment leads to interaction of the corepressor SMRT
with RARy. Moreover, these data corroborate our findings from
the cell based assays that SR-0065 is active as non-acid, non-
retinoid RAR inverse agonist whereas the acid form (SR-1758) is
unable to stimulate interaction with corepressor.

Having established that SR-0065 is able to directly bind RARy
and induce recruitment of the corepressor SMRT in our cor-
epressor recruitment assay, we wanted to examine whether the
same recruitment of corepressor could be observed on RARy
target genes. To do this, we performed a sequential chromatin
precipitation (Re-Chip, Active Motif) assay in F9 cells to
investigate the amounts of both RARy and the corepressor
SMRT bound to the promoter of the RARy-specific gene

Cyp26Al, following treatment of the cells with ATRA or SR-
0065. Following treatment with 10 #M ATRA, 10 4M SR-006S, or
vehicle alone for 24 h, F9 cells were harvested and DNA
was prepared using a shearing method as described in the
manufacturer’s protocol. The first chromatin precipitation was
performed on all DNA samples using anti-RARy antibody. This
was followed by a second immunoprecipitation using anti-acetyl
histone H3 antibody, anti-SMRT antibody, or control antirabbit
IgG. PCR was performed on these fractions using primers to the
promoter of Cyp26Al containing the RARY consensus binding
site. Figure 7B shows that, as expected, equivalent Cyp26A1 gene
promoter was immunoprecipitated from all samples with anti-
RARy antibody. Interestingly, when the second immunoprecipita-
tion was performed on these samples using the anti-SMRT
antibody, the amount of Cyp26A1l complex immunoprecipitated
increased following treatment of cells with SR-006S compared to
vehicle alone. Moreover, there is a significant decrease in the
amount of Cyp26A1 complex immunopreciptated by anti-SMRT
following incubation with the agonist ATRA. These results are
consistent with the known mechanisms of nuclear receptor
activity where agonists and inverse agonists bind to receptors
and alter their conformation to induce recruitment of coactiva-
tors or corepressor, respectively.””>> Taken together with our
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Figure 5. SR-0065 and not SR-1758 competes with the RAR agonists ATRA and TTNPB to inhibit activation of RARQ, RARS and RARY target genes in
human HepG2 cells. (A) Structure of SR-1758, the acid form of SR-006S. (B) mRNA expression levels of the RAR target gene CRABPII in HepG2 cells
following treatment with 20 nM ATRA, 10 nM TTNPB, or combinations of these agonists with 10 M SR-0065, 10 #uM SR-1758, or 1 uM AGN193109.
SR-0065 but not the acid form, SR-1758, was able to significantly repress the ability of these agonists to activate this RARQ specific gene target comparable to
the pan-specific antagonist AGN193109. (C) mRNA expression levels of the RARS target gene RARS in HepG2 cells following treatment with 20 nM
ATRA, 10 nM TTNPB, or combinations of these agonists with 10 #M SR-0065, 10 #M SR-1758, or 1 uM AGN193109. SR-0065 but not the acid form, SR-
1758, was able to significantly repress the ability of these agonists to activate this RARS specific gene target comparable to the pan-specific antagonist
AGN193109. (D) mRNA expression levels of the RARy target gene Cyp26A1 in HepG2 cells following treatment with 20 nM ATRA, 10 nM TTNPB, or
combinations of these agonists with 10 #M SR-0065, 10 #M SR-1758, or 1 uM AGN193109. SR-0065 but not the acid form, SR-1758, was able to
significantly repress the ability of these agonists to activate this RARS specific gene target comparable to the pan-specific antagonist AGN193109.
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Figure 6. SR-1758 does not inhibit RAR-dependent gene transcription. HEK293T cells were cotransfected with UAS-luciferase and Gal4-RAR®. or
Gal4-RARp or Gal4-RARy. The cells were treated with 200 nM ATRA, 1 uM AGN193109, 10 uM SR-0065, or 10 uM SR-1758 and incubated for 20 h.
The luciferase activity measured was normalized to cells treated with vehicle only. Each data point was performed at n = 6 and is represented as mean +
SEM. Unpaired ¢ tests were performed to determine significance of data. * = p < 0.0001.

Lanthascreen TR-FRET data, these results strongly indicate that retinoids are RAR agonists; however, there have been some
SR-0065 is an RAR inverse agonist that alters the receptor’s RAR antagonists that have also been synthesized. In some
conformation, which in turn enhances recruitment of corepressors cancers such as prostate cancer, pan-specific antagonists of
like SMRT to repress transactivation of RAR-dependent genes. RAR such as AGN194310 demonstrated much more significant

Summary. A number of synthetic retinoids have been devel- antiproliferative and pro-apoptotic effects than any RAR natural
oped as potential therapeutics for a variety of cancers. These are or synthetic agonist."® However, all of the synthetic retinoid
often referred to as atypical retinoids because they are based on related molecules identified to date that have been shown to bind
the retinoic acid structure and have been shown to bind and to and modulate RAR transactivation functions share close
transactivate RARs. Many of these compounds have been structural similarities with retinoic acid. Specifically they contain
approved for the treatment of a number of diseases such as a terminal carboxylic acid moiety or can be derivatized to form
cancer, acne, and psoriasis.” The majority of these atypical this moiety known to be important in the interaction of RAR with
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Figure 7. SR-006S treatment leads to increased recruitment of the corepressor SMRT to RARY in both Lanthascreen TR-FRET assays as well as ChIP/
ReChIP analysis. (A) Lanthascreen TR-FRET corepressor recruitment assay was used to determine ligand-dependent recruitment of the corepressor
SMRT to RARy. Here, 5 nM GST RARYLBD, 5 nM Tb-Anti GST antibody, and 800 nM fluorescein-labeled SMRT peptide was incubated with either
10 uM SR-006S, 10 uM SR-1758, or DMSO vehicle only for 4 h at RT in the dark as described in Methods. Following incubation, fluorescence
measurement was taken with Ex = 340 nm, Em1 = 490 nm, and Em2 = 520 nm. FRET measurements were determined by dividing the readings from
520 nm/490 nm. FRET signals for compound treatments were normalized to fold change over vehicle only. Treatment with SR-0065 resulted in
significant recruitment of the SMRT peptide compared to vehicle only. In contrast, the acid form, SR-1758, was not able to recruit peptide compared to
vehicle only. (B) ChIP/reChIP analysis of the RARY target gene Cyp26A1 in F9 cells. F9 cells were plated at 30% confluence 24 h prior to treatment with
10 uM ATRA, 10 uM SR00659 or vehicle only for 24 h and then harvested for Re-ChIP assay. Re-ChlIP assays were performed as described in Methods
using anti-RARy for the first immunoprecipitation step followed by anti-SMRT in the second immunoprecipitation. Antirabbit IgG was used as a
negative control and anti-acetyl-histone H3 was used as a positive control in this experiment. Treatment with the RAR agonist ATRA resulted in
significant loss of SMRT occupancy on the Cyp26A1 promoter, whereas treatment with SR-0065 demonstrated a significant increase in recruitment of
SMRT compared to DMSO-only treatment consistent with its function as an RAR inverse agonist. Densitometry analysis was performed to calculate

percent input for ChIP signal using anti-SMRT ab for each condition. (DMSO = 109%, ATRA = 41%, SR-006S5 = 191%).

retinoids. A few atypical retinoids known as arotinoids do not
contain this group but are also believed to mediate antiprolifera-
tive and pro-apoptotic effects on cells by RAR-independent
mechanisms.” Here we have demonstrated that SR-0065 is a
novel non-acid, non-retinoid atypical pan RAR inverse agonist.
Using cell-based luciferase reporter assays, we demonstrated the
ability of SR-0065 to repress RAR-dependent transactivation of
reporter genes using Gal4 fusion protein as well as endogenous
native RARs using RARE. In addition, qPCR experiments were
performed showing the ability of SR-0065 to compete with two
pan-specific RAR agonists, ATRA and TTNPB, to inhibit the
induction of mRNA for RAR and RARY target genes in F9 and
HepG2 cells. Moreover, SR-0065 leads to significant interaction
of RAR with a peptide representative of the corepressor SMRT in
a Lanthascreen TR-FRET biochemical assay, and SR-0065 leads
to significant recruitment of SMRT to RARY in cells as deter-
mined by ChIP/ReChIP. Finally, we confirmed that the acid
form of SR-0065 is not able to repress RAR-dependent gene
transactivation or recruit the corepressor SMRT. Taken together,
the data suggests that SR-0065 functions as an RAR inverse
agonist through direct interaction with the receptor given its
ability to compete with pan-specific agonists to modulate coacti-
vator/corepressor interactions with RAR both in vivo and in vitro
and the subsequent abrogation of RAR-dependent gene induc-
tion. This isoquinolone derivative represents a novel non-acid,
non-retinoid scaffold that may provide advantages for bioavail-
ability and pharmacokinetics over the retinoid-like ligands as they
are further developed as chemical probes and potential thera-
peutics to modulate RAR mediated functions.

B METHODS

NR-Gal4 Library Screen. HEK 293T cells were transiently reverse
transfected in batches with 25 ng/well plasmid DNA encoding the GAL4-
tagged nuclear receptor, GAL4-VP16 or pBIND as well as 50 ng/well
GAL4::UAS reporter pGL4.13 (Promega, Madison, WI) DNA using
Fugene6 transfection reagent (Roche) (3:1) in 384-well microtiter plates
containing 40 #L of culture medium (DMEM (Invitrogen) supplemented
with 10% charcoal-stripped FBS (Hyclone)). After 4 h of transfection,
cells were treated with S uM (final concentration) SR-006S for 20 h prior
to addition of 40 uL of BriteLite (PerkinElmer) to determine the level of
luciferase in each well. Each GAL4-NR sample was first normalized to the
average value of 26 DMSO-treated wells on the plate. Subsequently, the
fold change of these normalized values from each GAL4-NR or GAL4-
VP16 compared to the average of 3 pBIND samples treated with each
compound was calculated. To determine the effect of each on the GAL4-
NR or GAL4-VP16 activity, the mean of the values for each GAL4-NR or
GALA4-VP16 treated with each compound (n = 3) was scored, and this
activity was plotted using Spotfire software (Tibco).

Luciferase Reporter Assays with Gal4 Constructs of RAR.
Luciferase reporter assays were conducted using a pBind Gal4-tagged
RARa/f/y LBD construct and UAS luciferase reporter cotransfected
into HEK293T cells. Reverse transfections were performed in bulk using
1 x 10° cells in 6 cm plates, 3 ug of total DNA in a 1:5 receptor to
reporter ratio with FuGene6 in a 1:3 DNA: lipid ratio. Following 24 h of
reverse transfection, cells were recovered and replated in 384-well plates
at a density of 10,000 cells/well. The cells were treated with after 4 h of
replating as described in figure legends. Following an additional 20 h of
incubation, luciferase activity was measured by BriteLite plus using an
Envision multilabel plate reader (Perkin-Elmer).
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Luciferase Reporter Assays with the Native RARE. F9 mouse
teratocarcinoma cells were plated in Dulbecco’s Modified Eagle Medium
(DMEM) at a density of 200,000 cells/plate in 10 cm gelatin-coated
plates (Becton Dickenson), and 24 h following seeding were transfected
with 6 ug of a luciferase reporter driven by an RAR-DRS response
element (Panomics, LRO068) using Lipofectamine 2000 (1:3.3 DNA:
lipid ratio). Following an additional 24 h post-transfection, cells were
plated in a 384-well format at a density of 15,000 cells/well with
6 replicate wells for every condition of compound or vehicle treatment.
Four hours after replating, fixed concentrations of compound were
added including all-trans retinoic acid (ATRA) (1 uM), AGN 193109
(1 uM), SR-0065 (10 uM), or DMSO vehicle control. For experiments
evaluating the non-acid form of SR-0065, compound treatments in-
cluded all-trans retinoic acid (ATRA) (200 nM), AGN 193109 (1 uM),
SR-0065 (10 uM), SR-1758 (10 uM), or DMSO vebhicle control. Cells
were incubated with compounds for 18 h prior to measuring luciferase
activity with Brite-Lite plus (Perkin-Elmer). For dose—response experi-
ments, procedure was identical except for compound addition was in the
range (1 4M to 300 pM) for both ATRA and AGN193109 and (10 uM
to 1 nM) for SR-006S.

Quantitative RT-PCR Experiments. F9 cells were grown in
6-well plates at a density of 150,000 cells/well. Twenty-four hours post
plating, cells were treated with either DMSO only, 1 nM ATRA, 1 nM
TTNPB, or combinations of 10 #M SR-0065 and either 1 nM ATRA or
1 nM TTNPB. For competition experiments, cells were pretreated with
SR-0065 for 3 h prior to media change, with additional 10 M SR-0065
and either 1 nM ATRA or 1 nM TTNPB. All treatments were performed
in biological replicates of three. Twenty-four hours following compound
addition, cells were harvested and RNA was isolated using the RNA-Easy
Minikit (Qiagen) per manufacturer’s instruction. Following RNA
isolation, 3 mg of RNA from each replicate sample was converted to
c¢DNA by RT-PCR using the High Capacity Reverse Transcription kit
(Applied Biosystems). Gene expression levels were quantified for RAR
target genes from all three isoforms of RAR using the following primers:
CrabPII(RARQ) Forw- §'-CCTCCTGGAGCCGAGAACT-3, Rev- §'-
GGTGCACACAACGTCATCATCTG-3'; RARB(RARS) Forw- 5'- GA
TCCTGGATTTCTACACCG-3, Rev- S CACTGACGCCATAGTGG
TA-3'; Cyp26A1(RARy) Forw- §'-GAAACATTGCAGATGGTGCTT
CAG-3/, Rev- 5'-CGGCTGAAGGCCTGCATAATCAC-3. Mouse GA
PDH was used as a control for basal gene expression, and quantitative PCR
was performed using these primers and Power Cyber Green (Applied
Biosystems) in conjunction with the 7900 HT Fast Real-Time PCR
System (Applied Biosystems. All data was normalized to GAPDH levels.

HepG2 cells were grown in 12-well plates at a density of 80,000 cells/
well. Twenty-four hours post plating, cells were treated with either DMSO
only, 20 nM ATRA, 10 nM TTNPB or combinations of 10 #M SR-0065,
10 M SR-1758 or 1 uM AGN 193109 with either 20 nM ATRA or 10 nM
TTNPB. For competition experiments, cells were pretreated with 10 #M
SR-006S, 10 uM SR-1758, or 1 uM AGN193109 for 3 h prior to media
change containing an additional 10 #M SR-0065, 10 #M SR-1758, or 1
uM AGN193109 with either 20 nM ATRA or 10 nM TTNPB. All
treatments were performed in biological replicates of three. Twenty-four
hours following compound addition, cells were harvested and RNA was
isolated using the RNA-Easy Minikit (Qiagen) per manufacturer’s
instruction. Following RNA isolation, 3 mg of RNA from each replicate
sample was converted to cDNA by RT-PCR using the High Capacity
Reverse Transcription kit (Applied Biosystems). Gene expression levels
were quantified for RAR target genes from all three isoforms of RAR using
the following primers: hCrabPII(RARa) Forw- §'-GGTTGGGGAG-
GAGTTTGAGG-3, Rev- $§-CTCGGACGTAGACCCTGGTG-3';
hRARSB(RARSB) Forw- §'- GCAGAGCGTGTCATTACCTTGAA-3,
Rev- S'GTGAGATGCTAGGACTGTGCTCT-3'; hCyp26A1(RARY)
Forw- §'-"TTTGGAGGACACGAAACCAC-3/, Rev- 5'-CAGCATGAA
TCGGTC-3'. Human GAPDH was used as a control for basal gene

expression and quantitative PCR was performed using these primers and
Power Cyber Green (Applied Biosystems) in conjunction with the 7900
HT Fast Real-Time PCR System (Applied Biosystems. All data was
normalized to GAPDH levels.

Lanthascreen TR-FRET RARy Corepressor Recruitment
Assay. Assay was performed per manufacturer protocol. Briefly, all
experiments were performed in black 384-well low-volume plates
(Greiner) in dark at RT. The final assay volume was 18 L. All dilutions
were made in assay buffer (TR-FRET buffer C). The final DMSO
concentration was 1%. A mix of S nM GST-RARy-LBD, 5 nM Tb-Anti
GST antibody, 800 nM fluorescein-labeled SMRT peptide, and 10 uM
SR-0065, 10 M SR-1758, or DMSO vehicle was added to the wells.
Each ligand treatment was performed with n = 4 and assay incubated for
4 h in dark prior to assay read. The plates were read on PerkinElmer
Viewlux ultra HTS microplate reader and the FRET signal determined
by excitation at 340 nm and emission at 520 nm for Terbium and 490 nm
for fluorescein. Data analyzed using GraphPad Prism software (La Jolla,
CA) and FRET signal determined for all treatments by dividing 520 nm/
490 nm signals. Graphs plotted as fold change of FRET signal for
compound treatment over DMSO only treatment.

ChIP/Re-ChIP Experiments. F9 cells were plated at 30% con-
fluence one day before the drug treatments. The cells were treated with
vehicle, 10 uM ATRA, 10 M SRO06S for 24 h and then harvested for Re-
ChIP assay. Re-ChlIP assays were performed by using the kit from Active
Motif. Anti-RARg (Santa Cruz) was used to do the first immunoprecipita-
tion for all the samples. The second immunoprecipitaion was performed
by using antirabbit IgG (Millipore), anti-acetyl Histone H3 (Millipore)
or anti-SMRT (Santa Cruz). The Cyp26Al primers used in PCR are
CGCGGAACAAACGGTTAAAG (forward) and CTTTATAAGGCC
GCCCAGGTTAC (Reverse). Percent input for ChIP signal with anti-
SMRT antibody was calculated by densitometry.
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