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Abstract—Retinoids are analogues of all-trans-retinoic acid, a powerful hormone that mediates many fundamental biological pro-
cesses. Cancer and other serious hyperproliferative diseases are attractive therapeutic targets for retinoids, but the therapeutic use of
retinoids is limited due to severe toxicity. We report here the design of retinoid receptor-a specific ligands with growth inhibitory
activity in breast cancer cell lines, and which do not cause the cutaneous toxicity associated with the currently available nonselective

retinoid agonists.
© 2002 Elsevier Science Ltd. All rights reserved.

Retinoids are analogues of all-frans-retinoic acid
(ATRA), a powerful hormone that is capable of med-
iating many fundamental biological processes, including
cell proliferation and differentiation and apoptosis.!
Thus, retinoids have biological properties that suggest
potential therapeutic uses in the treatment and pre-
vention of cancer. Indeed, commercially available
retinoids, including ATRA, have been approved for
the treatment of some cancers.? Unfortunately, the
longer term use of retinoids, particularly in the
treatment of premalignant lesions, is severely limited
by serious side effects such as mucocutaneous toxi-
city, hypertriglyceridemia, and headache.® In order
for retinoids to reach their full therapeutic potential
in treating cancer and other serious diseases, new
compounds with reduced toxicity and improved
therapeutic indices must be discovered.

Retinoids induce their powerful biological effects by
binding to and activating nuclear receptors. There are six
known retinoid receptors, the retinoic acid receptors—
RARGa, B and y—and the retinoid X receptors—RXRa, B,
and y. ATRA binds with high affinity to all three RARs
but does not bind to the RXRs.* A geometric isomer of
ATRA, 9-cis-retinoic acid, is the putative hormone for
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the RXRs, and it binds to both RXRs and RARs with
high affinity.’ In biological systems, RARs and RXRs
form functional RAR-RXR heterodimers which are
effectively activated by RAR-specific agonists but not
by RXR-specific agonists. Upon binding an RAR ago-
nist, these RAR-RXR heterodimers, which are asso-
ciated with specific response elements in the promoter
regions of retinoid responsive genes, recruit co-activator
proteins to the receptor and induce gene transcription.
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It is now evident that each of the RAR subtypes can
activate distinct sets of genes. In addition, it is known
that the tissue distribution of the RAR subtypes is not
uniform, and that distinct RAR subtypes are expressed
in different tissues. For example, it is known that the
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most abundant receptor in the skin is RAR,.° and
studies strongly suggest that the mucocutaneous toxicity
caused by retinoids is through activation of RAR,.”
These factors imply that retinoids that specifically acti-
vate a single RAR subtype will elicit a narrower range
of biological effects in fewer tissues than nonselective
retinoids. Thus, it may be possible to design RAR sub-
type specific compounds that have increased beneficial
biological effects and decreased toxicity relative to non-
selective retinoids. Such compounds with improved
therapeutic indices will be much more useful for the
treatment of retinoid responsive diseases than the cur-
rently available nonselective retinoid drugs.

Several groups have reported compounds that specifi-
cally activate either the RAR or RXR families of
receptors.® In addition, several compounds with mod-
erate selectivity for two of the three RAR subtypes have
been described.® Among the first RAR subtype selective
retinoids discovered was the amide linked compound,
Am-580, which was reported by Shudo and co-workers
in 1988.° This compound has higher affinity for the
RAR, subtype than for RARg or RAR,. The amide
linker group is a key structural feature for the RAR,
selectivity displayed by these arotinoids. This is pre-
sumably due to a favorable hydrogen-bonding interac-
tion between the amide group of the ligand and the
hydroxyl group on serine 232 residue present in the ligand
binding pocket of RAR,,.!° The space occupied by serine
232 in RAR, is occupied by lipophilic alanine residues in
RARg and RARY, leading to destabilized protein-ligand
interactions and decreased binding affinities. We recently
reported on AGN 193836, an amide-linked compound,
that has true pharmacological specificity (> 1000-fold) in
binding affinity for RAR, over RARp and RAR,.!! In
cotransfection assays, AGN 193836 transactivates
exclusively through RAR,, and is completely inactive at
RARg and RAR,. We have continued to develop this
series of compounds and report here the discovery of 4
(AGN 195183), a compound with improved RAR,
binding selectivity relative to AGN 193836. The struc-
ture—activity relationships displayed by these com-
pounds are also examined. Compound 4 inhibited the
growth of breast cancer cell lines, and was inactive in an
in vivo model of topical irritation.

The mono-and di-fluorinated retinoids, 1 and 2, were
prepared from tetralin carboxylic acid 5° by a three step
protocol as shown in Scheme 1.'2 Tetralin 5 was
refluxed in thionyl chloride to convert the carboxylic
acid to an acid chloride. This compound was reacted

X
CO.H
COoH 0 2
a,b,c
— N F
H
5 1 (X = H), AGN 193312

2 (X = F), AGN 193931

Scheme 1. Synthesis of mono- and difluorobenzoic acid compounds 1
and 2: (a) SOCl,, reflux; (b) ethyl 2-fluoro-4-aminobenzoate or ethyl
2,6-difluoro-4-aminobenzoate, pyridine, CH,Cl,, 82-90%; (c) NaOH,
EtOH; H*, 80-93%.

immediately with either ethyl 2-fluoro-4-aminobenzoate
or ethyl 2,6-difluoro-4-aminobenzoate!! and pyridine to
produce the corresponding amide derivatives. The ester
group was then hydrolyzed under standard conditions
(NaOH, ethanol) to produce the desired retinoid analo-
gues, 1 (X=H) and 2 (X=F).

Scheme 2 shows the synthesis of compounds 3 and 4.
The known aryl bromide 6'3 was subjected to a lithium-
halogen exchange reaction, and the resulting anion was
quenched with carbon dioxide to give carboxylic acid 7
after acidic workup. Compound 7 was treated as above
with thionyl chloride and ethyl 2,6-difluorobenzoate to
form amide analogue 8. The methyl protecting group
was then removed by treating 8 with boron tribromide,
producing compound 9. Compound 9 was then hydro-
lyzed under the usual conditions to give retinoid analo-
gue 3. Alternatively, compound 9 was chlorinated with
sulfuryl chloride to give compound 10, which was then
hydrolyzed to carboxylic acid 4.

Table 1 summarizes the RAR binding and transactiva-
tion data of these compounds, which were tested as
previously described.!'* These compounds had no bind-
ing or transactivation activity at the RXRs (data not
shown). Am-580 binds to RAR, with about 35-fold
higher affinity than to RARp and about 105-fold higher
affinity than to RAR,. In transactivation assays, Am-
580 is able to fully activate all three RAR subtypes, and
it is moderately more potent at RAR, (ECso=2 nM)
than at RARp (9 nM) and RAR,, (19 nM). A significant
improvement in binding selectivity was achieved with
the monofluorobenzoic acid, compound 1. This com-
pound is about 190-fold selective in binding to RAR,
than to RARg, and almost 500-fold selective in binding
to RAR, than to RAR,. Similar to Am-580, compound
1 is about 5-fold more potent in activating RAR, than
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Scheme 2. Synthesis of RAR,-specific retinoid agonists 3 and 4: (a)
t-BuLi, THF, —78°C; CO,; H30™, 93%; (b) SOCI,, reflux; (c) ethyl
2,6-difluoro-4-aminobenzoate, pyridine, CH,Cl,, 85%; (d) BBrs,
CH,Cl,, —78-25°C, 92%; (¢) NaOH, EtOH; H*, 85-90%; (f)
SO,Cl,, CH,Cl,, Et,0, 25°C, 70%.
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Table 1. RAR transcriptional activation and competitive binding data for RAR,-selective retinoid agonists'#

Compd RAR bind. Ky (nM) RAR Trans. ECsy (nM) (% efficacy)

o B Y o p Y
ATRA 14 11 16 240 (100) 38 (100) 6 (100)
Am 580 36 1400 3800 2 (101) 9 (105) 19 (80)
193836 4 6400 > 104 290 (50) NA NA
1 2% 380* 990* 8 (69) 45 (78) 350 (85)
2 7* 1470* 5600%* 94 (81) > 1000 (25) NA
3 3 >10* 5600 112 (77) > 1000 (10) >1000 (10)
4 3 >10° >10° 200 (80) NA NA

Values represent the mean of three determinations. Errors in this assay are approximately 15% of the mean value. NA indicates <10% efficacy at
the highest dose tested (1 pM). Efficacy (%) is the percent transcriptional activity of a compound at the highest dose tested relative to transcriptional

activity produced by 1 pM ATRA.

RARg in the transactivation assay. More significantly,
compound 1 activates gene transcription through RAR,
with >40-fold higher potency than through RAR,,. The
difluorobenzoic acid, compound 2, was even more
selective than compound 1, having Ky values of 7 nM at
RAR, and 1470 nM (210-fold selectivity) at RARg and
5600 nM (800-fold selectivity) at RAR,. In terms of
transcriptional activity, compound 2 is a full agonist of
RAR,-mediated gene transcription, having an ECsy of
94 nM. This compound has only partial agonist activity
at RARg at the highest dose tested (1000 nM), and it
has no transcriptional activity at RAR.,. Thus, the
diflurobenzoic acid moiety is a key structural unit
necessary for achieving high selectivity in the binding
and transactivation assays.

We mentioned earlier that the hydrogen-bonding char-
acteristics of the amide group in these compounds are
responsible for maintaining strong binding to RAR,
while destabilizing binding to RARg and RAR,. We
wished to examine if this property could be exploited
further by introducing a hydrogen-bonding group adja-
cent to the amide linker in the tetrahydronaphthalene
moiety. To this end, compound 3, which has a hydroxyl
group in the a-position relative to the amide group, was
synthesized. Indeed, compound 3 binds to RAR, with
very high affinity, having a Ky value of 3 nM, while
being unable to bind to RARg and binding only very
weakly (Kq=5600 nM) to RAR,. Furthermore, com-
pound 3 maintained full transcriptional activity through
RAR,, with an ECs, value of 112 nM, but only acti-
vated RARg and RAR, with about 10% efficacy at the
highest dose (1000 nM) tested. Another beneficial
structural modification was to add halogens (Cl and Br)
to the C18 position (ATRA numbering) to further
improve RAR,, selectivity. Like AGN 193836, which is
substituted with bromine in the CI18-position, com-
pound 4, which is substituted with chlorine, has true
pharmacological specificity for RAR, over RARg and
RAR, in the binding assays. Compound 4 binds to
RAR,, with high affinity, having a K4 value of 3 nM,
and it does not bind to either RARg or RAR,, even at
doses as high as 100 uM. In the transactivation assays,
compound 4 activates RAR,, exclusively, with an ECs,
value of 200 nM. Compound 4 was unable to induce
transcriptional activity through either RARg or RAR,
at the doses tested. To our knowledge, compound 4 is
the most selective RAR,, agonist known.

We then determined the growth inhibitory properties of
compound 4 in two human breast cancer cell lines,
T-47D, which is estrogen receptor (ER) positive, and
SK-BR-3, which is ER negative. Both of these cell lines
are known to express relatively high levels of RAR, and
should be responsive to RAR,-specific agonists.!’
Compound 4 inhibited of the growth of T-47D cells by
approximately 60% with an ICs, value of 1.4 nM. By
comparison, ATRA inhibited the growth of T-47D cells
by about 70% with an ICs, value of 200 nM. In SK-BR-
3 cells, 4 was even more efficacious showing 93%
growth inhibition with an ICs, value of 11 nM. This
compares well with ATRA, which induced 99% growth
inhibition with an ICsy value of approximately 2 nM.
These data indicate that RAR,-specific ligands such as 4
are potentially useful for the treatment of breast cancer.

With regard to retinoid toxicity, we wanted to deter-
mine if RAR,-specific agonists such as 4 had any
advantage over RAR,-selective compounds such as
Am-580. We tested 4 and Am-580 in our previously
described topical irritation assay, a clinically relevant in
vivo model of retinoid toxicity.?® In this assay, the reti-
noids were applied at a dose of 1000 nmol/25 g to the
backs of hairless mice for an 8 day period. The severity
of the induced topical toxicity was scored from 0 to 21
(0=no irritation, 21=severe irritation) based on the
amount of flaking, abrasion and body weight loss
observed in each animal. As can be seen from the data
summarized in Table 2, Am-580 caused severe topical
irritation at this dose whereas 4 caused no topical irri-
tation whatsoever. Thus, the topical toxicity caused by
RAR, subtype specific agonists such as 4 is very differ-
ent from that caused by compounds with only moderate
RAR,, subtype selectivity.

In summary, we have described the synthesis and struc-
ture—activity relationships of new RAR,-selective ago-
nists which led to the discovery of the RAR,-specific
agonist 4. We have shown that this compound is a
potent growth inhibitor of the ER positive and ER
negative human cancer breast cell lines, T-47D and
SK-BR-3, respectively. In addition, in a hairless mouse
model of retinoid induced topical irritation, compound
4 was non-toxic while Am-580 caused severe topical
irritation. This confirms our hypothesis that compounds
with true RAR subtype specificity will have very differ-
ent biological properties than RAR subtype selective or
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Table 2. Compound 4 and ATRA inhibit growth of the human
breast cancer cell lines, T-47D and SK-BR-3,'> compound 4 does not
cause the topical irritation induced by the RAR,-selective retinoid,
Am-5803°

Compd T-47D SK-BR-3 Topical irritation
1Cs (nM) 1Cs (nM) score
(% efficacy) (% efficacy) (0-21)
ATRA 200+71 (74) 1.7+0.5 (99) ND#
Am 580 ND? ND? 16+1
4 1.44+1.8 (57) 11+7 (93) 0+0

AND, not determined. Efficacy (%) is the percent inhibition of BrdU
incorporated in dividing cells at the highest dose tested (1 uM) relative
to vehicle control.

non-selective retinoid agonists. Such compounds will
have improved therapeutic indices relative to the non-
selective retinoids currently available and greater utility
in treating cancers and other serious retinoid responsive
diseases. Compound 4 (AGN 195183) is currently in
Phase I/I1A clinical trials in cancer patients.
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