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The retinoid 6-[3′-(1-adamantyl)-4′-hydroxyphenyl]-2-naphthalenecarboxylic acid (AHPN) and
its active analogues induce cell-cycle arrest and programmed cell death (apoptosis) in cancer
cells independently of retinoic acid receptor (RAR) interaction. Its analogue, (E)-4-[3′-(1-
adamantyl)-4′-hydroxyphenyl]-3-(3′-acetamidopropyloxy)cinnamic acid (3-A-AHPC) selectively
antagonized cell apoptotic events (TR3/nur77/NGFI-B expression and nuclear-to-mitochondrial
translocation) but not the proliferative events (cell-cycle arrest and p21WAF1/CIP1 expression)
induced by proapoptotic AHPN and its analogues. The syntheses of 3-A-AHPC and proapoptotic
(E)-6-[3′-(1-adamantyl)-4′-hydroxyphenyl]-5-chloronaphthalenecarboxylic acid (5-Cl-AHPN) are
described. Computational studies on AHPN, AHPC, and three substituted analogues (5-Cl-
AHPN, 3-Cl-AHPC, and 3-A-AHPC) suggested reasons for their diametric effects on RAR
activation. Density functional theory studies indicated that the 1-adamantyl (1-Ad) groups of
the AHPN and AHPC configurations assumed positions that were nearly planar with the
aromatic rings of their polar termini. In contrast, in the configurations of the substituted
analogues having chloro and 3-acetamidopropyloxy groups, rather than a hydrogen, ortho to
the diaryl bonds, the diaryl bond torsion angles increased so that the 1-Ad groups were oriented
out of this plane. Docking and molecular dynamics of AHPN, AHPC, and these substituted
analogues in the RARγ ligand-binding domain illustrated how specific substituents on the
AHPN and AHPC scaffolds modulated the positions and dynamics of the 1-Ad groups. As a
result, the position of RARγ helix H12 in forming the coactivator-binding site was impacted in
a manner consistent with the experimental effect of each analogue on RARγ transcriptional
activation.

Introduction
Previously, we established that the retinoid 6-[3′-(1-

adamantyl)-4′-hydroxyphenyl]-2-naphthalenecarboxylic
acid (CD4371/AHPN, 1 in Figure 1) inhibited cancer
cell growth and induced cancer cell apoptosis (pro-
grammed cell death) by signaling pathways that did not
involve the direct interaction of AHPN with the retinoic
acid receptor subtypes (RARs) R, â, and γ,2-5 which
function as nuclear transcription factors.6 AHPN was
first reported as an RARγ-selective retinoid.1 Earlier,
Dawson and co-workers had observed that the levels of
MCF-7 anchorage-dependent cell growth inhibition by
retinoids positively correlated with their abilities to

interact with RARR, whereas their inhibition of anchor-
age-independent (clonal) growth only correlated with
their transcriptional activation of RARR.7 Fitzgerald and
co-workers extended these observations of the correla-
tion between growth inhibition by retinoids and RARR
activation to other breast cancer cell lines.8 Our inability
to observe a correlation between the inhibition of
ovarian cancer cell growth and RAR subtype activation
by AHPN and its analogues (AHPNs)9 underscored our
hypothesis that AHPN signaling in cancer cells occurred
through a pathway that did not involve the activation
of RARs by this new class of apoptosis-inducing agents.
Although the signaling pathway by which AHPN and
its analogues initiate apoptosis remains to be fully
elucidated, we found10 that it involved the intrinsic
apoptotic pathway of mitochondrial membrane potential
change, mitochondrial cytochrome c release into the
cytosol, followed by the binding of cytochrome c to the
apaf-12 complex that, in turn, activated procaspase-9.
The activated enzyme initiated a caspase cascade of cell
degradation that included irreversible morphological
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changes, DNA cleavage, nuclear fragmentation, and
other processes indicative of apoptosis.

Our efforts to define this pathway led to the further
discovery of a novel paradigm10 for the extranuclear
behavior of the nuclear receptor TR3/nur77/NGFI-B
(human/mouse/rat TR3)11-13 and retinoid X receptor
(RXR)14 that, like the RARs, functions in the nucleus
as a transcription factor. We established that AHPN and
its analogues induced the expression of TR3 and its
migration from the nucleus to mitochondria,10 where
TR3 modulated the function of the anti-apoptotic protein
Bcl-2, which typically protects mitochondria from apo-
ptotic insults.15 On interacting with TR3, Bcl-2 was no
longer able to protect the cell from apoptosis but
underwent a conformational change that promoted
apoptosis.16 We also discovered that chemotherapeutic
drugs, such as etoposide, were able to induce prostate
cancer cell apoptosis through this pathway.10

An apoptotic signaling pathway for the AHPNs that
does not involve typical RAR signaling is actually
advantageous. The retinoids currently approved for the
treatment of cancer and other proliferative diseasess
all-trans-retinoic acid (trans-RA, 4), 9-cis-RA (5), 13-cis-
RA, and Targretin/bexarotene (6)shave adverse
effects.17-29 In retinoid-treated patients, these effects
have included hypertriglyceridemia leading to pancre-
atitis, pseudotumor cerebri, RA syndrome (respiratory
failure), hypothyroidism, and teratogenesis, all of which
limit effective dosage and discourage compliance. Tran-
scriptional activation of RARγ by retinoids has been
reported to correlate with retinoid toxicity.30-33 In
addition, transformed cells often lose sensitivity to
growth inhibition by retinoids through the loss of
functional RARs, particularly RARâ, which has been
thought to function as a tumor suppressor.34-38

Recently, we identified two new apoptotic AHPNs:
6-[3′-(1-adamantyl)-4′-hydroxyphenyl]-5-chloro-2-naph-
thalenecarboxylic acid (5-Cl-AHPN, 2)39 and (E)-4-[3′-
(1-adamantyl)-4′-hydroxyphenyl]-3-chlorocinnamic acid
(3-Cl-AHPC, 9).40 Herein, by using diverse computa-
tional chemistry approaches in combination with bio-
assay results, we present a rationale for the lack of
retinoid transcriptional activity displayed by these
substituted AHPN analogues. We also report the syn-
thesis of the related antagonist, 3-(3′-acetamidopropyl-
oxy)-AHPC (3-A-AHPC, 10) in addition to that of the
apoptosis inducer 5-Cl-AHPN. Our studies showed that
3-A-AHPN blocked the apoptotic signaling pathway
induced by AHPN (1), 5-Cl-AHPN, and 3-Cl-AHPC in
cancer cells and the binding of labeled AHPN to its
putative nuclear receptor4 without impacting the ability
of AHPN and its proapoptotic analogues to induce cell-
cycle arrest2 and the expression of the cyclin-dependent
kinase inhibitor p21WAF1/CIP1.3

Design/Synthesis

Shortly after our observation of the apoptotic activity
of AHPN (1),2 we undertook the synthesis of analogues,
including 5-Cl-AHPN (2), 3-Cl-AHPC (9), and AHPC
(11), with the goal of removing retinoid activity to
reduce any adverse effects that would be associated with
transcriptional activation of the RARs. We elected to
focus on the E-cinnamic acid scaffold of AHPC for two
reasons. First, synthetic precursors to substituted cin-

namic acids were far more readily available than those
for similarly substituted naphthalenecarboxylic acids.
Second, we hypothesized that by replacing the naph-
thalenecarboxylic acid moiety of AHPN with a cinnamic
acid group we would reduce retinoid activity. Prior to
1990, we had synthesized the cinnamic acid 1541 as an
analogue of the retinoid TTNN (16).42 This strategy was
not particularly useful for retinoid design as evidenced
by the two-log higher EC50 value determined for 15 in
reversing the keratinization of vitamin A-deficient
tracheal epithelium in organ culture (TOC assay) com-
pared to that of TTNN.41 We subsequently found that
the activity of retinoids in the TOC assay41,43 correlated
with their ability to transcriptionally activate the RARs
bound to their RA-responsive elements (RAREs) in the
promoter regions of retinoid-responsive genes. There-

Figure 1. 6-[3′-(1-Adamantyl)-4′-hydroxyphenyl]-2-naphtha-
lenecarboxylic acid (AHPN, 1); AHPN analogues 5-chloro-
AHPN (5-Cl-AHPN, 2) and 5-methyl-AHPN (5-Me-AHPN, 3);
retinoic acid receptor (RAR)-selective agonist trans-retinoic
acid (trans-RA, 4); RAR and retinoid X receptor (RXR) pan-
agonist 9-cis-retinoic acid (9-cis-RA, 5); RXR-selective retinoids
Targretin (11247, 6), 11173 (7), and 11345 (8); (E)-4-[3′-(1-
adamantyl)-4′-hydroxyphenyl]cinnamic acid (AHPC, 11); AHPC
analogues 3-chloro-AHPC (3-Cl-AHPC, 9), 3-(3′-acetamido-
propyloxy)-AHPC (3-A-AHPC, 10), 3-Me-AHPC (12), 3-EtO-
AHPC (13), and 3-(3′-aminopropyloxy)-AHPC (14); RARâ,γ-
selective (E)-4-(5′,6′,7′,8′-tetrahydro-5′,5′,8′,8′-tetramethyl-2′-
naphthalenyl)cinnamic acid (15), 6-(5′,6′,7′,8′-tetrahydro-
5′,5′,8′,8′-tetramethyl-2′-naphthalenyl)-2-naphthalenecar-
boxylic acid (TTNN, 16), 5-Me-TTNN (17), 7-Me-TTNN (18),
3′-Me-TTNN (19); RARR-selective antagonist Ro41-5253 (20);
RAR-selective agonist 4-(5′,6′,7′,8′-tetrahydro-5′,5′,8′,8′-tetra-
methyl-2′-anthracenyl)benzoic acid (TTAB, 21); and RARγ-
selective antagonist 2-(5′,6′,7′,8′-tetrahydro-5′,5′,8′,8′-tetra-
methyl-2′-naphthalenyl)-2-(6′-carboxynaphthalene)-1,3-dithio-
lane (11253, 22).
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fore, we rationalized that AHPC, the cinnamic acid
analogue of AHPN, would have comparably reduced
retinoid agonist activity. This hypothesis only held for
the activation of RARR by AHPC. Transcriptional acti-
vations of RAR subtypes R, â, and γ on the (TREpal)2-
tk-CAT reporter induced by 1.0 × 10-6 M AHPC were
8%, 85%, and 103%, respectively, whereas those induced
by 1.0 × 10-6 M AHPN were 21%, 78%, and 88%.
Fortunately, because apoptosis-inducing activity was
retained by AHPC, we pursued further modifications
of the AHPC scaffold. The synthesis and apoptotic
activity of AHPC were recently reported by Cincinelli
et al.44

Introducing a methyl group at the 5- or 7-naphthalene
ring position of TTNN (16), which was ortho to the
central diaryl bond, also decreased retinoid agonist
activity, as was evidenced by the higher EC50 values for
5-Me-TTNN (17) and 7-Me-TTNN (18) in the TOC assay
compared to that of TTNN.41 The ED50 values for both
analogues in inhibiting the induction of mouse epider-
mal ornithine decarboxylase (ODC) by the tumor pro-
moter 12-O-tetradecanoylphorbol-13-acetate were also
higher than that for TTNN.45 As in the TOC assay, the
inhibitory activities of retinoids in the ODC assay45

correlated with their abilities to function as RAR trans-
criptional agonists on an RARE such as the TREpal,46

a synthetic RE6 used to evaluate the transcriptional
activation of both RAR and retinoid X receptor (RXR)
subtypes by retinoids.47-52 The 3′-methyl analogue (19)
of TTNN also had lower activity in the ODC assay.45

Moreover, by introducing a 3′-methyl group onto the
tetrahydrotetramethylnaphthalene (TTN) ring of a re-
tinoid that bound RXRs to inhibit its interaction with
the homologous RARs, we successfully obtained highly
RXR-selective retinoids such as 6-8.51-54 The use of this
strategy was also reported by other groups.55,56 On the
basis of these findings, we elected to introduce methyl
groups ortho to the diaryl bridges of AHPN (1) and
AHPC (11). Replacing the TTN ring of TTNN (16) by a
3′-(1-adamantyl)-4′-hydroxyphenyl group was also found
to reduce retinoid agonist activity.1 We combined these
features in 5-Me-AHPN (3), which at 1.0 × 10-7 M had
growth inhibitory activity approaching that of AHPN
on MCF-7 and BT-20 breast cancer cells and was also
not able to activate RARR. However, its activations of
RARâ and RARγ were enhanced.57 Thus, this strategy
for designing AHPNs lacking RAR transcriptional ac-
tivation activity required modification.

Fortunately, further work indicated that introducing
an electronegative chloro group at a position ortho to
the diaryl bond on the AHPN and AHPC scaffolds
satisfactorily reduced RAR activation activity. Both
5-Cl-AHPN (2)39 and 3-Cl-AHPC (9)40 were efficient
inducers of apoptosis but had minimal ability to activate
the RARs.39,40 Therefore, a means of blocking the ability
of an ANPN analogue to activate the RARs was avail-
able. Moreover, while neither trans-RA (4) nor 9-cis-RA
(5) was able to displace labeled AHPN4 from the
putative AHPN receptor in HL-60R cell extracts, non-
labeled AHPN (1) and 5-Cl-AHPN (2) were effective
competitive inhibitors.4 These results provided ad-
ditional evidence that AHPN and analogues such
as 5-Cl-AHPN and 3-Cl-AHPC induced cancer cell
apoptosis through a pathway that did not involve RAR
signaling.

Because access to an antagonist would facilitate
probing AHPN-signaling pathways, we also accom-
plished the design and synthesis of 3-A-AHPC (10). Its
design was based on our observation that the apoptotic
activities of AHPN analogues decreased as the length
of their substituents at the 3-cinnamyl ring and 5-naph-
thyl ring positions increased without comparable de-
creases in their abilities to compete with tritiated AHPN
for binding to the putative AHPN receptor in HL-60R
leukemia and MDA-MB-468 breast cancer cell nuclear
extracts.4 HL-60R cell apoptosis induced by 24-h treat-
ments with 1.0 × 10-6 M AHPC (11), 3-Me-AHPC (12),
and 3-EtO-AHPC (13) was 98%, 95%, and 29% respec-
tively, of the vehicle-alone treated control (Table 1). The
Fontana group has found that this leukemia cell line
was particularly convenient for assessing apoptosis
induced by AHPN analogues without the interference
of possible interactions with RARs. Standard retinoids
such as trans-RA (4) and 9-cis-RA (5) were unable to
induce apoptosis at similar concentrations because the
RARâ and RARγ proteins were absent and the RARR
mutant present was dysfunctional in competently bind-
ing standard retinoids due to the deletion of its carboxyl
terminus.58 In MDA-MB-231 breast cancer cells, which
were also resistant to growth inhibition by RAR-selec-
tive retinoids2 (data not shown), 96-h treatments with
1.0 × 10-6 M AHPC and 3-Me-AHPC produced 58% and
30% apoptosis, respectively. These results also support
a retinoid-independent signaling pathway for the
AHPNs, as well as our findings about the impact of the
substitutents ortho to their diaryl bonds on apoptosis.

Table 1. Cancer Cell Apoptosis and Growth Inhibition Activities Induced by AHPN, AHPC, and Analogues Compared to Their
Calculated Inter-Ring Dihedral Angles

apoptosis (%)a growth inhibition (%)b

HL-60R (24 h) MDA-MB-231 (96 h) H460 (144 h)

analogue 0.1 × 10-6 M 1.0 × 10-6 M 0.5 × 10-6 M 1.0 × 10-6 M 0.1 × 10-6 M 1.0 × 10-6 M anglec (deg)

AHPN (1) 78 98 26 46 20 80 31
5-Me-AHPN (3) 29 70 14 - - - 29
AHPC (11) 90 98 53 58 - - 21
3-Me-AHPC (12) 10 95 5 30 - - -
3-EtO-AHPC (13) 0 29 -d - 14 52 -
5-Cl-AHPN (2) 62 94 21 41 56 71 61
3-Cl-AHPC (9) 51 94 31 43 - - 51
3-A-AHPC (10) 0 0 0 1 - - 70

a Average of triplicates ( e 10% for HL-60R leukemia and MDA-MB-231 breast cancer apoptosis as determined by acridine orange
staining. bAverage of triplicates ( e10% for H460 lung cancer apoptosis as determined by DAPI staining. cAHPN scaffold 5-6-1′-2′ or
AHPC scaffold 3-4-1′-2′ dihedral angle determined by AM1. dNot determined.
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The synthesis of 3-Cl-AHPC (9) was previously re-
ported by our group.40 Antagonist 3-A-AHPC (10) was
synthesized by a similar route, which is shown in
Scheme 1. The challenge in the syntheses of 3-A-AHPC
and its free amine (14) was the presence of three
reactive groups (phenolic hydroxyl, carboxylic acid, and
amide) that required selective protection and deprotec-
tion so that both compounds would be accessible from
intermediate 38. For this reason, the tert-butylcarbonyl
group was used to protect the amine so that its removal
could be achieved in the presence of both benzyl and
ester protecting groups, but the amine group would
remain protected during the removal of the benzyl group
using boron tribromide at -78 °C. Briefly, the diaryl
bond of 3-A-AHPC was introduced using a palladium(0)-
catalyzed diaryl coupling of the aryl boronic acid 3739

with the protected (E)-4-bromocinnamate 31. A three-
step sequence allowed the selective removal of the
protecting groups from 38, which was immediately
transformed to 10 and its related amine (14). The latter
will be tethered to a support for use in the affinity
purification of the AHPN receptor protein from HL-60R
nuclear extracts.4 The E-cinnamyl double bond of in-
termediate 29, from which 31 was derived, was intro-
duced by the Horner-Emmons-Wadsworth olefination
of aldehyde 28 using the anion of triethyl phosphono-
acetate. Isomer 29 was readily separated from a small
amount (<5%) of the related Z-isomer by chromatogra-
phy. The overall yield of the 11-step convergent se-
quence from 23 to 10 was 12%.

The synthesis of 5-Cl-AHPN (2) is outlined in Scheme
2 and resembles that reported for 3-Cl-AHPC (9).40 The
5-chloro group of 46 was introduced specifically by
R-chlorination of ethyl 6-hydroxy-2-naphthalenecar-
boxylate (45) using sulfuryl chloride, as had been
expected because the chlorination of â-naphthol was

reported to occur at the R-position.59 Palladium-cata-
lyzed diaryl coupling of triflate 47, which was derived
from 46, with arylboronic acid 37 and deprotection
provided 5-Cl-AHPN in 22% overall yield for the six
steps beginning with 44.

Computational Studies

Ligand Determinants of Transcriptional Activa-
tion. Often, molecular determinants that affect nuclear
receptor transcriptional activation can be due to subtle
effects of the ligand on receptor conformation.60-63 Small
changes in the properties of a ligand group may signifi-
cantly alter either the binding mode of the ligand to the
receptor or the magnitude of the interaction of the
ligand with receptor binding-site residues so as to
profoundly affect conformation. Our docking and mo-
lecular dynamics studies suggested that its large 3-(3′-

Scheme 1a

a (a) EtOH, MeSO3H, PhH, reflux. (b) Br2, HOAc. (c) BnBr, Na2CO3, Me2CO, Et2O/THF, -78 °C, reflux. (d) DIBAL, THF, -78 °C;
H3O+. (e) PCC, CH2Cl2. (f) [(EtO)2P(O)CH2CO2Et, KN(SiMe3)2], -78° to 20 °C. (g) BBr3, CH2Cl2, -78 °C; H2O. (h) 33, K2CO3, Me2CO,
reflux. (i) (t-Boc)2O, Et3N, CH2Cl2, 0-20 °C. (j) 1-AdOH, H2SO4, CH2Cl2. (k) [n-BuLi, THF]; B(Oi-Pr)3; H3O+. (l) Pd(PPh3)4, aq Na2CO3,
reflux. (m) H3O+, EtOH, reflux. (n) Ac2O, py, CH2Cl2. (o) NaOH, MeOH, reflux; H3O+.

Scheme 2a

a (a) EtOH, H2SO4, reflux. (b) SO2Cl2, HOAc, 70 °C; H2O. (c)
(CF3SO2)2O, pyridine, CH2Cl2, 0-20 °C. (d) 37, Pd(PPh3)4, LiCl,
aq Na2CO3, DME. (e) BBr3, CH2Cl2, -78 °C; H2O. (f) aq NaOH,
EtOH, reflux; H3O+.
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acetamidopropoxy) group rendered 3-A-AHPC (10) in-
capable of transcriptionally activating RARγ by prevent-
ing helix H12 from forming the coactivator-binding site.
Therefore, with the binding of the coactivator protein
blocked,64 the recruitment of the multiprotein complex
responsible for gene transcription could not occur.65 The
negative effect of the 3-(3′-acetamidopropoxy) group of
3-A-AHPC on RAR activation activity was not surpris-
ing because a methyl group at the 3′-position of the TTN
ring enhanced the RXR selectivity of retinoids, and
longer 3′-alkyl groups decreased RAR transcriptional
activation in analogues of TTNN (16) and other retin-
oids.66,67 For example, Ro-41-5253 (20) having a 3′-
heptyloxy substituent was a potent RARR antagonist,66

and the 3′-butyl analogue of 11173 (7) antagonized
RXRR activation by 9-cis-RA (5).60 Further computa-
tional probing of AHPN and AHPC analogues having
similarly situated substitutents suggested that some
ortho groups prevented RAR agonism by a more subtle
means than by causing large changes in the LBD
conformation that were distinct from those caused by
AHPN (1). Our experimental results supported this
conclusion. The ortho Cl group prevented RARâ and
RARγ transcriptional activation by both 5-Cl-AHPN (2)
and 3-Cl-AHPC (9). In contrast, the similarly sized 5-
and 3-methyl groups of 5-Me-AHPN (3)57 and 3-Me-
AHPC (12), respectively, did not produce similar effects
on RARs â and γ.

To understand why chloro group substitution ortho
to the diaryl bond in AHPN analogues negatively
impacted RAR activation, whereas a methyl group did
not, computational studies were conducted using both
the structure reported for the crystalline RARγ LBD-
trans-RA (4) complex (Protein Data Bank (PDB) entry
3LBD) and small-molecule ab initio computational
methods. In these studies, electron-correlation effects
were included to accurately determine the torsional
potential surface of each compound, which depicted how
conformational energy varied as a function of torsion
angle size. Because the results of density functional
theory (DFT) calculations on the torsional energy bar-
riers of substituted biphenyls68 were in good agreement
with experimental values,69 nonlocal DFT low-energy
conformations and torsional potential surfaces were
determined for AHPN (1), 5-Cl-AHPN (2), 3-Cl-AHPC
(9), 3-A-AHPC (11), and AHPC (12). The torsional
potential surfaces were computed by parametrically
varying the diaryl bond torsion angles while fully
optimizing all other atomic positions for each step. CPK
models of the optimized lowest-energy configurations of
these AHPNs are illustrated in Figure 2A. The torsional
potential surface for each analogue was mapped as a
function of the change in the diaryl bond torsion angle
5-6-1′-2′ for AHPN and 5-Cl-AHPN and 3-4-1′-2′
for AHPC, 3-Cl-AHPC, and 3-A-AHPC, and is depicted
graphically in Figure 2B. The relaxed potential surface
scans indicated that the torsional potential surfaces of
AHPN and AHPC were significantly different from
those of the three substituted analogues. The geometry
optimization and the potential surface results implied
that the preferred shapes for low-energy conformations
of AHPN and AHPC were more planar. Therefore, we
hypothesized that if binding by a compact linear ligand
was required to induce the RARγ conformation neces-

sary for coactivator binding and transcriptional activa-
tion, the diaryl torsion angles of 5-Cl-AHPN and 3-Cl-
AHPC would have been compressed to such an extent

Figure 2. Ortho substituents affect the inter-ring (diaryl)
bond twist in AHPN (1) and its analogues. A. Comparison of
DFT geometry-optimized structures of AHPN and 5-Cl-AHPN
(2) (top row), and AHPC (11), 3-Cl-AHPC (9), and 3-A-AHPC
(10) (bottom row). Differences in inter-ring twist angles and,
consequently, structure widths are depicted. Compounds are
shown in space-filling format with C and Cl colored in green,
O in red, N in blue, and H in white. B. Low-energy inter-ring
dihedral angles reflect differences in the torsional potential
surfaces of AHPN, AHPC, and their analogues that are
modulated by substitutents ortho to the diaryl bond. Total
energy calculated for each complex as a variable of the 5-6-
1′-2′ AHPN or 5-Cl-AHPN or the 3-4-1′-2′ 3-Cl-AHPC or
3-A-AHPC torsion angle was plotted. C. Impact of substituents
ortho to the diaryl bond on torsion angles of AHPN, AHPC,
and their analogues and on their RARs R, â, and γ and RXRR
transcriptional activation activities. Notice that on the AHPN
and AHPC scaffolds that are selective for transcriptional
activation of RARâ and RARγ, the chloro group had a far
greater negative impact on receptor activation than a methyl
group.
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that the potential energies of their complexes with the
RARγ LBD would have had to rise to energetically
disfavored levels. Consequently, any binding by 5-Cl-
AHPN and 3-Cl-AHPC to the RARγ LBD would favor
‘inactive’ or antagonist-like holo-receptor configurations.
In Figure 2C, the negative correlation between torsional
angle size and RARâ and RARγ transactivation is
presented graphically for six of the analogues listed in
Table 1. As shown, RXRR was not activated by these
analogues, and RARR activation was very low or not
existent.

We used molecular dynamics to explicitly test the
hypothesis that binding of 5-Cl-AHPN (2) or 3-Cl-AHPC
(9) would induce an RARγ antagonist conformation. Our
results are presented in Figures 2 and 3. Docking of
5-Cl-AHPN into the RARγ ligand-binding pocket (LBP),
which was obtained from the X-ray crystallographic
structure of the human RARγ LBD-9-cis-RA (5) com-
plex,65 using the energy-based Larmarkian Genetic
Algorithm (LGA) produced lowest-energy configurations
in which the 5-Cl-AHPN carboxylate group interacted
with the LBD helix H5 arginine-278 (Figure 3A), as had
the 9-cis-RA carboxylate,65 and with the hydroxyl side-
chain of serine-289, which was located between the two
â-sheet regions adjacent to the LBP (data not shown).
The 3′-(1-adamantyl) (1-Ad) group of docked 5-Cl-AHPN
nestled against the LBP hydrophobic groups of tryp-
tophan-227 on helix H3 and those of isoleucine-412 and
methionine-415 on helix H12 (Figure 3A). The 9-cis-RA
â-cyclogeranylidene ring made similar contacts.65 In the
5-Cl-AHPN-docking simulation, LBD helices H11 and
H12 formed portions of “the roof” of the LBP, as was
reported for the RARγ LBD-9-cis-RA complex.65 Dock-
ing of AHPN (1) into the LBP yielded a low-energy
binding configuration comparable to that observed for
5-Cl-AHPN (Figure 3A). These results suggested to us
that the effects of the substituent ortho to the diaryl
bond could not be explained by the initial configuration
of the ligand docked in the holo-RARγ LBD complex but
resulted from time-dependent receptor-ligand complex
conformational effects.

The superposition of the 300-ps molecular dynamics
configurations resulting from the simulations of the
RARγ LBD complexes with AHPN (1) and 5-Cl-AHPN
(2) is shown in Figure 3B. Because the docked configu-
rations of AHPN and 5-Cl-AHPN overlapped signifi-
cantly at their carboxylate termini, only 5-Cl-AHPN and
the nearby LBD helical backbones in both conformations
have been displayed so that backbone differences near
the docked compounds were visible. While the position
of the helix H10 backbone of the RARγ LBD was almost
invariant in the two conformations, portions of the
backbones of helices H11 (residues 393-403) and H12
(residues 410-415) adjacent to the docked compounds
differed appreciably. These differences were also evident
on comparing the distance-time series that tracked the
AHPN and 5-Cl-AHPN-helix contact distances (Figure
3 panels C and D, respectively). Compared to the
5-hydrogen, the 5-chloro group significantly impacted
the compound shape (Figure 2A) and the torsional
potential surface (Figure 2B), both of which, in turn,
impacted the forces on helix H12 (Figure 3A) and its
conformation (Figure 3B). As a result, the time-depend-
ent conformations of their complexes with the RARγ

LBD, as reflected in the relative calculated distances
between their 1-Ad carbons and the RARγ H12 iso-
leucine-412 backbone CR (Figure 3C) and side-chain
CD1 (Figure 3D) carbons during the periods of close
contacts of each ligand with helix H12, were quite
different. The time-dependence plots for the AHPN-
helix H12 contact distances showed only the small
fluctuations characteristic of tight or compact contacts,
whereas those for the 5-Cl-AHPN-helix H12 contact
distances showed the significant structural fluctuations
indicative of a larger range of contact distances. These
results suggested that the time-dependent dynamics of
the conformations of helix H12 in the RARγ LBD when
bound by AHPN or an analogue were significantly
affected by the identity of the substituent ortho to the
diaryl bond in AHPN and its analogues.

Initial docking of 3-A-AHPC (10) to the RARγ LBD
produced low-energy configurations similar to those
observed for 3-Cl-AHPC (9) for the interactions between
the 3-A-AHPC carboxylate and the RARγ LBD arginine-
278 and serine-289. In fact, one such docked configu-
ration showed that the 3′-acetamidopropoxy group (3-
A) of 3-A-AHPC contacted the same helix H12 residues
and that the 3-A acetamido group was oriented toward
the helix H11 arginine-396 (see Figure 3B). In addition
to producing the same contacts as those of AHPN
(shown in Figure 3A), the greatly accentuated twist in
the diaryl bond of 3-A-AHPC produced nonplanar
configurations in which the orientations of its 1-Ad
group permitted close contacts with residues near and
on helix H12, including leucine-416 (Figure 3E).

In Figure 3F are shown portions of the dynamics
trajectory analyses of solvated RARγ LBD complexes
with AHPC (11) and 3-A-AHPC (10), in which periodic
boundary conditions and particle-mesh Ewald summa-
tions of electrostatic interactions were employed to
provide realistic boundary forces, the damping of surface
fluctuations, and the elimination of electrostatic poten-
tial truncation artifacts. These simulations having a
realistic boundary force, which provided fluctuation
damping at the surface of the protein, revealed that the
3-A group of 3-A-AHPC caused larger local fluctuations
in residues proximate to helix H12 than the 3-chloro
group of 3-Cl-AHPC did on the basis the 1-Ad C-
leucine-416(CD2) C distances over time (Figure 3,
panels E and F). These results were clearly analogous
to those shown for AHPN (1) and 5-Cl-AHPN (2) in
Figure 3C. While the compact shape of AHPC allowed
intimate contacts between AHPC and residues 411-416
on helix H12, the twisted shape of 3-A-AHPC produced
perturbations in local dynamics on short subnanosecond
time scales that were significant enough to cause the
transient opening of the LBP to the LBD surface to
allow the entry of “bulk” water. The greater fluctuations
evident in the distance plot for 3-A-AHPC shown in
Figure 3F and the finding that LBP opening to the
surface enabled bulk water entry suggested that the 3-A
group had perturbed local dynamics.

Biological Results

The binding of 3-Cl-AHPC (9) to the RAR subtypes
and RXRR was determined in competition radioligand-
binding experiments using the recombinant receptor
subtype LBDs and their panagonist ligand [3H]9-cis-RA.
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Figure 3. A substituent ortho to AHPN inter-ring bond affects time-dependent contacts between the 3′-(1-Ad) group and RARγ
LBD helix H12. A. Energy-based docking of 5-Cl-AHPN (2) in the RARγ LBD. The lowest energy-based docked 5-Cl-AHPN
orientation (shown in ball-and-stick format without Hs) and residue contacts in the RARγ LBP pocket are shown. The RARγ
LBD-9-cis-RA (5) 3LBD crystal structure65 was used for docking. The contacts of the 1-Ad group, including those with the isoleucine
(Ile)-412 CD1 carbon of helix H12, are shown. Atom colorations are as in Figure 2A and S is in yellow; only Hs on side-chain
heteroatoms are depicted. B. AHPN (1) and 5-Cl-AHPN have differential effects on the local RARγ LBD backbone conformation.
The 300-ps time-points of MD simulations of AHPN (white) and 5-Cl-AHPN (magenta) in the RARγ LBD were superposed. To
highlight differences, only the backbone atoms of RARγ LBD residues 371-418 and 5-Cl-AHPN are shown. The 3′-(1-Ad) and
4′-OH groups of 5-Cl-AHPN are viewed head-on. AHPN with the exception of the 3′-(1-Ad)-4′-OH-phenyl group had the same
configuration as 5-Cl-AHPN in the LBP. The conformations of helix H10 (375-392) are similar, whereas those for helices H11
(393-403) and H12 (410-415) that are proximate to the 1-adamantyl (1-Ad) contacts are perturbed in the RARγ LBP-5-Cl-
AHPN complex (magenta arrows) compared to the AHPN-bound conformation (gray arrows). C and D. Time dependence of the
distance between the helix H12 isoleucine (Ile)-412 backbone CR (C) or the side-chain CD1 (D) carbon (labeled in panel A) and
the 1-Ad carbons of AHPN (solid line) and 5-Cl-AHPN (dashed line) in simulations of AHPN and 5-Cl-AHPN bound to the RARγ
LBD are depicted graphically. E. Docking demonstrates 3-A-AHPC (10)-RARγ LBD helix H12 contacts. As a result of the larger
diaryl bond dihedral angle, the 3-A side-chain and the 1-Ad group of 3-A-AHPC contact Ile-412 and leucine (Leu)-416, respectively.
Both amino acid residues and 3-A-AHPC are represented in matchstick format with hydrogens shown in gray and other atom
colorations as in Figure 2A. F. Results of molecular dynamics on AHPC (11) and 3-A-AHPC bound to the RARγ LBD. Time
dependence of the distance between the helix H12 Leu-416 side-chain CD2 carbon and the 1-Ad carbons of AHPC (solid line) and
3-A-AHPC (dashed line). In contrast to the small fluctuations caused by close contacts between the AHPC 1-Ad and the Leu-316
CD2 carbons, large structural fluctuations resulted from the contacts between the 3-A-AHPC 1-Ad and Leu-316 CD2 carbon
atoms.

3524 Journal of Medicinal Chemistry, 2004, Vol. 47, No. 14 Dawson et al.



Compared to nonlabeled 9-cis-RA (5), 3-Cl-AHPC (both
at 1.0 × 10-6 M) only marginally displaced [3H]9-cis-
RA bound to RARR, RARâ, and RXRR (31%, 17%, and
16% displacement, respectively; Figure 4A), but quite
effectively displaced [3H]9-cis-RA bound to RARγ (83%
displacement; Figure 4A). These results suggested that
3-Cl-AHPC efficiently and selectively competed with
[3H]9-cis-RA for binding to RARγ.

The binding of a coactivator protein to its site on the
surface of a nuclear receptor permits the recruitment
of the multiprotein complex that initiates gene tran-
scription. X-ray crystallographic studies demonstrated
that on binding a ligand capable of inducing transcrip-
tional activation, the RARγ LBD underwent an ap-
preciable conformational change so that its helix H12
moved from an extended conformation to one that
formed the coactivator binding site with helices H3 and
H4 on the LBD surface.65 Thus, an RARγ agonist
induced a change in the apo-RARγ LBD conformation
to one that was more compact and protease-resistant,
which was detectable by using the differential protease
sensitivity assay (DPSA) coupled with mass spectral
identification of the peptide fragments resulting from
limited proteolysis.70 The ability of 3-Cl-AHPC (9) to
induce a conformational change in the [35S]methionine-
labeled RARγ ([35S]RARγ) LBD that was indicative of
agonist activity was evaluated by DPSA to determine
if the peptide fragments produced would be the same
as those from the LBD bound by the agonist 9-cis-RA
(5). Incubation of the LBD with 9-cis-RA (1.0 × 10-6

M) followed by partial tryptic digestion produced two
protease-resistant fragments, PF30 and PF31 (compare
Figure 4B lanes 2-6 showing the proteolysis profile of
the apo-RARγ LBD with lanes 12-16 showing that of
the holo-LBD-9-cis-RA complex). PF30 and PF31 cor-
responded to the RARγ LBD Glu173-Lys451 and Glu170-
Lys451 sequences, respectively.70 3-Cl-AHPC (5.0 × 10-6

M) also induced the formation of PF30 and PF31
(compare Figure 4B lanes 2-6 with lanes 7-11 showing
the proteolytic profile of the holo-LBD-3-Cl-AHPC
complex). Interestingly, the fragments induced by 3-Cl-
AHPC binding appeared to be somewhat less stable
to proteolytic digestion than the fragments induced by
the binding of 9-cis-RA (compare lanes 10 and 11 with
lanes 15 and 16). Nonetheless, the 3-Cl-AHPC-bound
[35S]RARγ LBD was clearly more resistant to tryptic
digestion than the apo-[35S]RARγ. Thus, the results of
the DPSA studies suggested that binding by 3-Cl-AHPC
and 9-cis-RA induced grossly similar conformational
changes within the LDB of RARγ.

The RARγ comformational change that occurred on
binding by a retinoid agonist was found to lead to the
dissociation of an apo-receptor-associated corepressor
protein such as NCoR, followed by the recruitment of a
transcriptional coactivator protein such as p300.70 There-
fore, corepressor dissociation and coactivator recruit-
ment studies were conducted to determine whether
binding by 3-Cl-AHPC (9) promoted and/or stabilized a
RARγ conformation that disfavored corepressor binding
but favored coactivator binding in a manner similar to
that of the classical RAR transcriptional agonists such
as TTAB (21).71 Both corepressor (NCoR 2110-2453)
and coactivator (p300 1-450) proteins were expressed
as glutathione S-transferase (GST) fusions in bacteria,

purified, and used as affinity matrixes for the binding
of the [35S]RARγ LBD in standard GST-pulldown ex-
periments, as we previously described.70 TTAB strongly

Figure 4. 3-Cl-AHPC (9) lacks RARγ agonist activity in vitro.
A. Competition radioligand-binding experiments. Recombi-
nant, bacterially expressed RAR subtype and RXRR LBDs
(approximately 1.0 × 10-8 M) were incubated with 1.0 × 10-9

M [11,12-3H2]9-cis-RA (43 Ci/mmol) with or without 1.0 × 10-9

M nonlabeled 9-cis-RA (5) or 3-Cl-AHPC as indicated. Bound
and free radioligand were separated by gel filtration using
Sephadex G-50. B. 3-Cl-AHPC-bound [35S]RARγ LBD is less
susceptible to protolytic degradation than the apo-LBD. DPSAs
were conducted using [35S]RARγ LBD preincubated with either
vehicle (DMSO, 0.1% v/v), 9-cis-RA (1.0 × 10-6 M), or 3-Cl-
AHPC (5.0 × 10-6 M) as indicated. The receptor was then
digested with increasing concentrations of trypsin-TPCK (10,
100, 250, 500, and 1000 µg/mL) for 15 min at 22 °C. Trypsin
was inactivated, and the digest was subjected to electrophore-
sis on a denaturing gel and autoradiography. C. 3-Cl-AHPC-
induced conformational change is not sufficient to induce either
the dissociation of corepressor from or the recruitment of
coactivator to the [35S]RARγ LBD. GST-pulldown experiments
were conducted using [35S]RARγ LBD and either GST-NCoR
2110-2453 or GST-p300 1-450 as indicated in the presence
of Me2SO (0.1% v/v), TTAB (21) (1.0 × 10-6 M), or 3-Cl-AHPC
(5.0 × 10-6 M) as indicated. [35S]RARγ bound to GST-fusion
proteins was visualized by gel electrophoresis and auto-
radiography. The radioligand binding data shown in A repre-
sents the mean ( SEM of three independent experiments. The
autoradiographs shown in B and C are representative of three
and four independent experiments, respectively.
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induced both the dissociation of GST-NCoR from
[35S]RARγ (compare lanes 1 and 2 in Figure 4C) and
the binding of GST-p300 to [35S]RARγ (compare lanes
5 and 6). In sharp contrast, 3-Cl-AHPC neither induced
the dissociation of GST-NCoR from the [35S]RARγ LBD
(compare lanes 1 and 3) nor the binding of GST-p300
to [35S]RARγ (compare lanes 5 and 7). These findings
indicate that, although 3-Cl-AHPC bound to RARγ and
enhanced its proteolytic stability, the type of RARγ LBD
conformational change caused by 3-Cl-AHPC was not
sufficient to induce either NCoR dissociation or p300
recruitment. In this respect, the behavioral profile of
3-Cl-AHPC resembled that observed for 2-(5′,6′,7′,8′-
tetrahydro-5′,5′,8′,8′-tetramethyl-2′-naphthalenyl)-2-(6′-
carboxy-2′-naphthalenyl)-1,3-dithiolane (22), which we
previously characterized as an RARγ-selective retinoid
that effectively antagonized the transactivation of RARγ
by such agonists as trans-RA (4).70 Subsequently, we
found that the lack of RAR transcriptional agonist
activity in 3-Cl-AHPC was supported by the results of
reporter assays in CV-1 cells transfected with the
(TREpal)2-tk-CAT construct and a vector for RARR, â,
or γ or RXRR. 3-Cl-APHC at 1.0 × 10-7 M and 1.0 ×
10-6 M was transcriptionally inactive (data not shown).
Similarly, both 5-Cl-AHPN (2) and 3-A-AHPC (10) at
the same concentrations were unable to effectively

activate RARγ and RXRR (Figure 5 panels A and B,
respectively).

As cancers progress to more aggressive phenotypes,
the regulatory controls that hormones and retinoids
exert on their proliferation can be lost. For example,
unlike the MCF-7 breast cancer cell line, the growth of
MDA-MB-231 and MDA-MB-468 breast cancer cell lines
is neither regulated by estrogen72 nor inhibited by
standard retinoids.2,34 Thus, the latter two cancer cell
lines represent more aggressive tumors and have been
used to evaluate compounds for apoptotic activity that
would not be mediated by retinoid-signaling pathways.
In addition, both cell lines lack functional p53,2,72 a
tumor suppressor protein involved in regulating the G1-
checkpoint of the cell cycle. p53 has been found to induce
cell-cycle arrest in part through its induction of the
expression of cell-cycle inhibitor p21WAF1/CIP1, thereby
permitting a cell to undergo repair in response to a
stress event or to commit apoptosis. The induction of
p21WAF1/CIP1 that is independent of p53 status73 is
therapeutically advantageous because in approximately
50% of tumor samples, including those from breast
cancer patients, p53 is absent or present as a nonfunc-
tional mutant.72,74,75 In the MDA-MB-231 and MDA-
MB-468 breast cancer cell lines, AHPN (1)2 and 3-Cl-
AHPC (9) were found to induce cell-cycle arrest in G0/
G1 through their posttranscriptional stabilization of
p21WAF1/CIP1 message and protein,3 followed by apopto-
sis.2,3

In both breast cancer cell lines, the antagonist 3-A-
AHPC (10) alone had no effects on cell-cycle arrest and
apoptosis induction, whereas both processes were readily
induced by AHPN (1) and its apoptotic analogues such
as 5-Cl-AHPN (2) and 3-Cl-AHPC (9). Even at a
concentration as high as 4.0 × 10-6 M, 3-A-AHPC after
48 or 72 h had only a minimal effect on the MDA-MB-
468 cell cycle as determined by counting cell numbers
(data not shown). Moreover, 3-A-AHPC at an 8-fold
higher concentration was not able to block the ability
of 0.5 × 10-6 M 3-Cl-AHPC to inhibit MDA-MB-468 cell
proliferation (Figure 6), as evidenced by its inability to

Figure 5. Transcriptional activation of RARγ by 5-Cl-AHPN
(2) and 3-A-AHPC (10) compared to trans-RA (4) and that of
RXRR compared to 9-cis-RA (5) on the (TREpal)2-tk-CAT
reporter in transfected CV-1 cells. Cells were treated with 1.0
× 10-7 M or 1.0 × 10-6 M 5-Cl-AHPC, 3-A-AHPC or trans-
RA; or 1.0 × 10-8 M or 1.0 × 10-7 M 9-cis-RA. Reporter gene
activity was normalized to that of cotransfected â-galactosidase
gene activity and expressed relative to that of 1.0 × 10-6 M
trans-RA on RARγ or 1.0 × 10-7 M 9-cis-RA on RXRR as 100%
as described in Methods. See Experimental Section for meth-
odology.

Figure 6. 3-A-AHPC (10) does not block 3-Cl-AHPC (9)-
mediated inhibition of MDA-MB-468 breast cancer cell pro-
liferation. Cells (1.0 × 106) were incubated for 24 h before the
indicated concentrations of 3-A-AHPC were added. After 2 h,
0.5 × 10-6 M 3-Cl-AHPC was added, and incubation was
continued for 72 h. Cells were then harvested, and proliferation
in the presence of 3-A-AHPC and 3-Cl-AHPC was assessed
using a colorimetric assay (see Experimental Section) and
expressed relative to that of the 3-Cl-AHPC alone-treated
control.
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halt cell-cycle arrest. Next, we examined the effect of
3-A-AHPC on the abilities of AHPN and 3-Cl-AHPC to
induce the expression of p21WAF1/CIP1 protein in MDA-
MB-468 cells (Figure 7). Alone, 3-A-AHPC had no
detectable effect on p21WAF1/CIP1 protein levels and did
not block the induction of p21WAF1/CIP1 by 3-Cl-AHPC
(Figure 7). However, 3-A-AHPC markedly inhibited
MDA-MB-468 cell apoptosis induced by 3-Cl-AHPC or
AHPN (Figure 8A). Antagonist 3-A-AHPC also inhibited
apoptosis induced by AHPN in retinoid-resistant HL-
60R leukemia cells (Figure 8B) and MDA-MB-231 breast

cancer cells (Figure 8C). Even after 72 h, 3-A-AHPC
alone had no apoptotic activity in HL-60R cells and had
only about 6% of the apoptotic activity of AHPN against
MDA-MB-231 cells, a level which we have found was
within background limits in these cells. These results
substantiate our earlier findings that AHPN and its
analogues function through two signaling pathways in
cancer cellsscell-cycle arrest and apoptosis,2,10,73,76,77 of
which only apoptosis is inhibited by the antagonist 3-A-
AHPC.

We also evaluated the effects of 5-Cl-AHPN (2), 3-Cl-
AHPC (9), and 3-A-AHPC (10) on H460 lung cancer and
LNCaP prostate cancer cell lines, both of which are
retinoid-sensitive and express wild-type p53 (Figure 9).
5-Cl-AHPN at 1.0 × 10-6 M induced their apoptosis at
36 h, which was partially suppressed (34% to 9%, and
31% to 15%, respectively) by an equal concentration of
antagonist 3-A-AHPC, as is indicated by staining for
nuclear fragmentation (Figure 9A). A 5-fold excess of
3-A-AHPC was able to decrease 1.0 × 10-6 M 3-Cl-
AHPC-induced apoptosis in H460 cells from 77% to 5%
(Figure 9B). AHPN (1), 5-Cl-AHPN, and 3-Cl-AHPC at
1.0 × 10-6 M were comparably effective at inducing

Figure 7. 3-A-AHPC (10) does not block the induction of
p21WAF1/CIP1 by 3-Cl-AHPC (9) in MDA-MB-468 breast cancer
cells. Cells were grown in the presence or absence of 0.5 ×
10-6 M 3-Cl-AHPC or 2.0 × 10-6 M 3-A-AHPC for 72 h, then
harvested. Western blots using anti-p21WAF1/CIP1 antibody were
performed3 (see experimental methods). â-Actin was used as
the loading control.

Figure 8. 3-A-AHPC (10) blocks 3-Cl-AHPC (9) and AHPN (1)-induced apoptosis in (A) MDA-MB-468 breast cancer, (B) HL-60R
leukemia, and (C) MDA-MB-231 breast cancer cell lines. Cells were grown in the presence or absence of 0.5 × 10-6 M 3-Cl-AHPC
or 0.5 × 10-6 M AHPN alone, with or without added 2.0 × 10-6 M 3-A-AHPC. Cells were harvested at 24, 48, or 72 h and acridine
orange-stained.3 Apoptotic cell numbers were determined (see methods).

Figure 9. 3-A-AHPC (10) inhibits cancer cell apoptosis induced by AHPN analogues. A. H460 lung cancer and LNCaP prostate
cancer cells were treated for 36 h with 1.0 × 10-6 5-Cl-AHPN (2) or 1.0 × 10-6 M 3-A-AHPC alone or combined, then DAPI-
stained (see methods) for visualization of nuclear morphology by fluorescence microscopy. Apoptosis levels were determined in
200-cell samples in three different fields. B. H460 cells were treated with 3-Cl-AHPC (9) (1.0 × 10-6 M) alone or combined with
3-A-AHPC (1.0 × 10-6 M, 2.5 × 10-6 M, or 5.0 × 10-6 M) or 3-A-AHPC (5.0 × 10-6) alone or vehicle alone for 36 h, then DAPI-
stained (see methods) and examined as in A to determine apoptosis.
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apoptosis in retinoid-resistant, p53-deficient H292 hu-
man lung cancer cells after a 40-h treatment (data not
shown). Thus, the apoptotic activity found for these
compounds in retinoid-refractory, p53-nonfunctional
breast cancer cells extended to similarly deficient lung
cancer cells, in addition to retinoid-sensitive breast,
lung, and prostate cancer cells.

Earlier, we established10 a novel pathway by which
prostate and lung cancer cells underwent apoptosis
induced by AHPN (1) and its apoptotic analogues,
namely induction of the expression of the nuclear
transcription factor TR3 followed by its translocation
from the nucleus to the mitochondrial membrane. The
association between TR3 and mitochondria was followed
by mitochondrial outer membrane permeabilization and
the release of mitochondrial cytochrome c into the
cytosol,15,78 leading to caspase activation and apopto-
sis.79 As indicated in Figure 10, antagonist 3-A-AHPC
(10) alone had no effect on the expression of TR3 mRNA
in H460 cells but was able to inhibit the induction of
TR3 expression by 5-Cl-AHPN (2).

By using binding assays and Scatchard analysis, we
previously demonstrated that [5,5′-3H2]AHPN, which we
had synthesized,4 bound to a novel protein(s) contained
in both HL-60R and MDA-MB-231 cell nuclear extracts.4
Our results strongly suggested that this protein was not
an RAR or RXR subtype because the RAR/RXR panago-
nist [10,11-3H2]9-cis-RA was not able to effectively

compete with AHPN (1) for binding, and 9-cis-RA (5)
did not effectively displace bound [5,5′-3H2]AHPN.4 We
next examined whether 3-A-AHPC (10) could inhibit the
binding of [5,5′-3H2]AHPN to HL-60R nuclear extracts.
As shown in Figure 11, 3-A-AHPC had efficacy similar
to that shown by AHPN in displacing the tritiated label.
Similar results were observed using 3-Cl-AHPC (9)
(data not shown). Thus, 3-A-AHPC is capable of inter-
acting with the same protein as apoptotic AHPN and
3-Cl-AHPC.

Discussion

While the configurations derived from dynamics in
model simulations of AHPN (1) and 5-Cl-AHPN (2)
docked in the RARγ LBP65 could not be characterized
as “holo” (bound) or “apo” (nonbound) in character, they
did suggest to us that dramatic differences in local
dynamics affected the recognition of a coactivator or
corepressor protein by the receptor-ligand complex. Our
computational results also suggested that small changes
in the nature of substituents ortho to the diaryl bond
in AHPN and its analogues impacted the positions of
their 1-Ad groups relative to their polar termini (Figure
2A). Thus, in contrast to hydrogen and methyl groups,
chloro groups significantly affected the inter-aromatic
ring torsional potential surfaces so that they, in turn,
altered the positions and dynamics of the 3′-(1-Ad)
groups. In contrast, the carboxylate groups in these
compounds remained anchored to the RARγ LBD helix
H5 arginine-278.

DFT energy-minimized configurations of AHPN (1),
5-Cl-AHPN (2), 3-Cl-AHPC (9), 3-A-AHPC (10), and
AHPC (11) are shown in Figure 2A. Our docking studies
suggested that (i) 5-Cl-AHPN as initially docked was
tightly packed into the LBP with close contacts to RARγ
helix H12 residues; (ii) a chloro group ortho to the diaryl
bond in an AHPN analogue produced a larger twist
angle between the aryl rings than did an ortho hydrogen
or methyl group; and (iii) the larger angle caused the
3′-(1-Ad) group to more frequently occupy positions that
resulted in unfavorable interactions with the RARγ LBD
helix H12. These in silico results suggested that both
the position of the 3′-(1-Ad) group and the effective
compound width were significantly affected by the
identity of the substituent ortho to the diaryl bond on
an AHPN or AHPC scaffold, which, in turn, influenced
the dynamics of regions in the RAR LBD that were
responsible for transcriptional response recognition.

Our experimental results supported the molecular
dynamics results. Earlier, we observed that transcrip-
tional agonist binding to the RARγ LBD produced a
more compact tertiary structure that was more resistant
to limited proteolytic digestion than that of the apo-
receptor,5 whereas binding by an antagonist produced
a more open configuration that was more sensitive to
proteolysis. The chloro group ortho to the AHPN diaryl
bond reduced the ability of the AHPN analogue 3-Cl-
AHPC (9) to interact with the RARγ LBD in terms of
both its binding affinity to RARγ and the proteolytic
stability of the resulting complex (Figure 4) compared
to that formed by a standard retinoid agonist such as
9-cis-RA (5). Although the same peptide fragments were
produced from both complexes, those from the 3-Cl-
AHPC-containing complex were found to be less stable.

Figure 10. 3-A-AHPC (10) inhibits TR3 mRNA expression
induced by 5-Cl-AHPN (2) in H460 lung cancer cells. Cells
were treated for 4 h with 5-Cl-AHPN (1.0 × 10-6 M) or 3-A-
AHPC (1.0 × 10-6 or 5.0 × 10-6 M) alone or combined. Total
mRNAs were prepared and analyzed for TR3 expression by
Northern blotting (see methods). Ethidium bromide-stained
ribosomal RNA was used as the loading control.

Figure 11. 3-A-AHPC (10) inhibits [5,5′-3H2]AHPN binding
to the AHPN receptor. Nuclear extracts were prepared from
HL-60R cells as we described.4 [3H2]AHPN (1.0 × 10-8 M,
150 000 dpm) was added to the nuclear extracts in the
presence or absence of nonlabeled AHPN (1) or 3-A-AHPC (2.0
× 10-5 M) or vehicle alone. Binding was assessed as described
in the methods.
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This result suggested that the peptides had different
tertiary structures despite their originating from the
cleavage of the same lysine-451 amide bond in the
C-terminus of RARγ (domain F). Evidently, the subtle
differences in the positions of the RARγ domain E helix
H12 that occurred on binding these ligands, which were
suggested by our molecular dynamics studies, did not
sufficiently impact the tertiary structure of domain F
so as to affect the enzymatic cleavage point but appar-
ently made a less dramatic impact. The affinity of 3-Cl-
AHPC (9) for the RARγ LBD was apparently lower than
that of 9-cis-RA because a higher concentration of 3-Cl-
AHPC was required to produce the same level of
proteolysis obtained using 9-cis-RA. Moreover, 3-Cl-
AHPC was not able to induce the dissociation of co-
repressor NCoR from the RARγ LBD or the recruitment
of coactivator p300. Thus, subtle differences in the ortho
substituent were able to control the degree of retinoid
agonist character of the AHPNs bound in the RAR LBP,
as was also evidenced by the contrasting impacts of the
ortho methyl and chloro groups on RARγ transcriptional
activation as reported by Dawson et al.57 and shown in
Figure 4, respectively, despite their similar sizes. Short
time-scale dynamics studies (Figure 3, panels C and D)
suggested that the configuration of helix H12 in RARγ
bound to 5-Cl-AHPN (2) was less compact and produced
the larger fluctuations more characteristic of those
found in the apo-RARγ LBD than that of H12 in the
RARγ LBD-AHPN (1) complex. The effect of the 3-(3′-
acetamidopropoxy) group of 3-A-AHPC on the inter-ring
torsion angle was even more pronounced (Figure 2,
panels A and B), as was its impact on the local
fluctuations of residues near and on helix H12 (Figure
3, panels E and F). Thus, these computational results
provide a distinct structure-activity linkage for our
substituted AHPN/AHPC analogues that may be har-
nessed to hamper the formation of the binding site for
RAR transcriptional coactivators and minimize RAR-
related toxic adverse effects while retaining apoptotic
activity.

In addition to their apoptotic activity in breast
cancer,2,3,80-82 lung cancer,5,77,83-86 and leukemia cell
lines,4,5,39,40,87-89 AHPN (1) and its analogues in-
hibited the growth and/or induced the apoptosis of other
cancer cell lines, including those derived from cervical,90

esophageal,91 lymphoma,92 melanoma,93,94 neuroblas-
toma,95 ovarian,9,96-98 and prostate cancers.10,99-101

AHPN-induced apoptosis in breast cancer cells was
preceded by the expression of the cyclin kinase inhibitor
p21WAF1/CIP1 and G0/G1 cell-cycle arrest and was inde-
pendent of the functional status of p53,2,3 which has
been found to be mutated or lost in approximately half
of all tumors.74,75 Thus, AHPN represents an important
progenitor for identifying more effective agents that
induce cancer cell apoptosis. This therapeutic strategy
is supported by a recent finding by the Lotan group that
lung cancer cells were far more sensitive to AHPN than
the normal cells from which they originated86 and our
own promising in vivo findings using 3-Cl-AHPC (9) in
a murine acute myelogenous leukemia model.39,40

We found that 3-A-AHPC (10) inhibited the induction
of apoptosis by AHPN (1) and 3-Cl-AHPC (9) and the
binding of both to the putative AHPN receptor in HL-
60R and MDA-MB-231 nuclear extracts. The expression

of TR3,10,16,77,98 which has an essential role in the
apoptosis-signaling pathway induced by AHPN ana-
logues, was also inhibited by 3-A-AHPC. However, 3-A-
AHPC did not suppress AHPN or 3-Cl-AHPC-induced
p21WAF1/CIP1 protein expression and cell-cycle arrest.
These results suggest to us that the inhibition of cell
proliferation, as measured by the blockade of cell-cycle
progression, and the induction of apoptosis, as measured
by cell morphological changes, that are induced by active
members of the AHPN family represent two separate
events or perhaps even separate signaling pathways.
Other evidence supporting our premise of dual path-
ways exists in reports of cancer cell line mutants in
which only one of these AHPN-sensitive pathways
operates.98,102

The identification of an antagonist of AHPN-induced
apoptosis, 3-A-AHPC (10), that is structurally and
configurationally similar to the apoptotic analogues
5-Cl-AHPN (2) and 3-Cl-AHPC (9) strongly suggests
that several earlier hypotheses on the mechanism by
which AHPN initiates apoptosis may not be valid. First,
because both the inducers and the inhibitor of apoptosis
have similarly situated phenolic hydroxyl groups, the
premise that AHPN-induced apoptosis occurs solely as
the result of nonspecific free-radical generation103,104

appears unlikely. Nonspecific mitochondrial membrane
permeabilization has also been postulated as an AHPN
signaling pathway.105,106 Our findings that 3-A-AHPC
blocks both 5-Cl-AHPN-induced apoptosis and TR3
expression are strong evidence that the apoptosis-
initiating event probably occurs upstream of any direct
effects on the mitochondrial membrane. With 3-A-AHPC
available, we now have an excellent opportunity to
dissect these separate AHPN-signaling pathways: (i)
the 3-A-AHPC-independent suppression of cell prolif-
eration by the induction of cell-cycle arrest; and (ii) the
induction of TR3-mediated apoptosis, which is blocked
by 3-A-AHPC.

Experimental Section

Chemistry. General. Starting materials were obtained
from commercial sources. Unless otherwise mentioned, during
workup procedures organic layers were washed with water and
sat. brine, dried (anhydrous Na2SO4), filtered, and concen-
trated at reduced pressure. Standard column chromatography
employed silica gel (Merck 60) as did flash chromatography
(Merck, grade 9385, 230-400 mesh). Experimental procedures
were not optimized and were typically conducted only twice.
Melting point temperatures were determined in capillary tubes
using a Mel-Temp II apparatus and are uncorrected. Fourier
transform IR spectra were obtained on powdered samples,
unless otherwise specified, using an FT-IR Mason satellite
infrared spectrophotometer. 1H NMR spectra were recorded
on a 300-MHz Varian Unity Inova spectrometer unless oth-
erwise indicated, whereas 400 MHz spectra were recorded on
a Bruker instrument. Shift values are expressed in ppm (δ)
relative to Me4Si as the internal standard. Unless otherwise
mentioned, spectra were run on compounds dissolved in
2HCCl3. MALDI-FAB mass spectra were obtained by using
an Applied Biosystems Voyager De-Pro MALDI-TOF instru-
ment at the Institute, and MALDI-FTMS high-resolution
mass spectra on an IonSpec Ultima instrument at The Scripps
Research Institute (La Jolla, CA).

Ethyl 4-Bromo-3-hydroxybenzoate (25). According to a
reported procedure,107 MeSO3H (2.0 mL) was added to 23 (5.0
g, 0.036 mol) in EtOH (10 mL) and benzene (100 mL). The
reaction mixture was heated at reflux (10 h, Dean-Stark trap),
cooled, washed (water, 5% NaHCO3, and sat. brine), dried, and
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concentrated to a solid, which was chromatographed (10%
EtOAc/hexane) to give ethyl ester 24 (5.65 g, 94%) as a white
powder, mp 71-73 °C, which was used without further
purification.

A reported procedure for 4-bromo-3-hydroxybenzoic acid108

was modified to substantially improve the yield of 25. To a
stirred solution of 24 (332 mg, 2.0 mmol) in glacial HOAc (2.0
mL) was slowly added Br2 (320 mg, 2 mmol) in HOAc (1.0 mL)
with stirring at room temperature. After stirring for 6 h,
additional Br2 (90 mg, 0.56 mmol) in HOAc (0.3 mL) was
added, and stirring was continued (14 h). Ether (50 mL) was
added, and the organic layer was washed (water, 5% NaHCO3,
and sat. brine), dried, and concentrated to an oil. Chromatog-
raphy (8% EtOAc/8% CH2Cl2/hexane) gave 25 as a white
powder (260 mg, 53%), mp 90-92 °C. TLC (17% EtOAc/
hexanes) Rf 0.47. FT-IR (CHCl3) 3388, 1695, cm-1. 1H NMR δ
1.39 (t, J ) 7.2 Hz, 3H, CH3), 4.37 (q, J ) 7.2 Hz, 2H, OCH2),
5.75 (s, 1H, OH), 7.48 (d, J ) 8.1 Hz, 1H, 6-ArH), 7.55 (d, J )
8.1 Hz, 1H, 5-ArH), 7.68 ppm (s, 1H, 2-ArH).

Ethyl 4-Bromo-3-benzyloxybenzoate (26). To a suspen-
sion of 25 (4.5 g, 18.4 mmol) and K2CO3 (4.1 g, 30 mmol) in
acetone (150 mL) under Ar was added benzyl bromide (3.4 g,
20 mmol). The mixture was heated at reflux for 15 h,
concentrated, then diluted with CH2Cl2 (100 mL), washed
(water, 1 N HCl, and brine), and dried. Concentration and
chromatography (5% EtOAc/hexane) afforded 5.2 g (84%) of
26 as a white powder, mp 50-52 °C. TLC (20% CH2Cl2/hexane)
Rf 0.35. FT-IR (CHCl3) 1722 cm-1. 1H NMR δ 1.39 (t, J ) 7.2
Hz, 3H, CH3), 4.37 (q, J ) 7.2 Hz, 2H, OCH2), 5.21 (s, 2H,
OCH2Ph), 7.39 (m, 3H, ArH), 7.50 (m, 3H, ArH), 7.63 ppm (m,
2H, ArH). MALDI-FTMS (HRMS) calcd C16H15BrNaO3 [MNa+]
357.0097, found 357.0093.

4-Bromo-3-benzyloxybenzyl Alcohol (27). To 26 (3.35 g,
10 mmol) dissolved in CH2Cl2 (25 mL) and cooled under Ar in
a dry ice-acetone bath was slowly added 20 mL of 1.0 M
DIBAL (20 mmol) in hexanes with stirring. After 2 h, the
stirred reaction mixture was diluted with 1 N HCl (20 mL)
and CH2Cl2 (50 mL), and stirring was continued for 0.5 h. The
organic layer was washed and dried. Concentration and
chromatography (9% EtOAc/hexane) afforded 2.78 g (91%) of
27 as a white solid, mp 73-75 °C. TLC (9% EtOAc/hexane) Rf

0.17. FT-IR (powder) 3383 cm-1. 1H NMR δ 4.63 (d, J ) 5.7
Hz, 2H, ArCH2O), 5.16 (s, 2H, OCH2Ph), 6.83 (d, J ) 8.1 Hz,
1H, 6-ArH), 7.00 (s, 1H, 2-ArH), 7.33-7.54 (m, 5H, ArH), 7.53
ppm (d, 1H, 5-ArH). MALDI-FTMS (HRMS) calcd C14H13-
BrNaO2 [MNa+] 314.9991, found 314.9998.

Ethyl (E)-4-Bromo-3-benzyloxycinnamate (29). To a
stirred solution of 27 (2.77 g, 10 mmol) in CH2Cl2 (30 mL)
cooled in an ice bath was slowly added PCC (3.23 g, 15 mmol).
This mixture was stirred for 5 h at room temperature before
Et2O (50 mL) was added. Filtration and concentration gave
the 3-benzyloxy-4-bromobenzaldehyde (28) as a white powder,
which was used in the next step without further purification.

To triethyl phosphonoacetate (0.33 g, 1.5 mmol) dissolved
in anhydrous Et2O (10 mL) then cooled in a dry ice-acetone
bath was added 1.5 mL of 0.91 M KN(SiMe3)2 (1.35 mmol) in
THF under Ar with stirring, which was continued for 0.5 h.
Next, 28 (0.24 g, 0.83 mmol) in Et2O (10 mL) was slowly added
to the solution with cooling in the dry ice-acetone bath. After
stirring for 1 h more, the mixture was allowed to warm to
ambient temperature, stirred overnight, poured into water (50
mL) containing HOAc (1.0 mL), and extracted into Et2O (20
mL). The extract was washed, dried, and concentrated. Chro-
matography (5% EtOAc/hexane) of the residue afforded 0.28
g (91%) of 29 as a white solid, mp 45-48 °C. TLC (9% EtOAc/
hexane) Rf 0.67. FT-IR (CHCl3) 1711, 1640 cm-1. 1H NMR δ
1.33 (t, J ) 7.2 Hz, 3H, CH3), 4.26 (q, J ) 6.9 Hz, 2H, CH2),
5.18 (s, 2H, CH2Ph), 6.39 (d, J ) 15.9 Hz, 1H, ArCHdC), 7.01
(d, J ) 8.4 Hz, 1H, 6-ArH), 7.06 (s, 1H, 2-ArH), 7.33-7.50 (m,
5H, ArH), 7.57 (d, J ) 8.4 Hz, 1H, 5-ArH), 7.58 ppm (d, J )
15.9 Hz, 1H, CdCHCO2). MALDI-FTMS (HRMS) calcd
C18H18BrO3 [MH+] 361.0434, found 361.0437.

Ethyl (E)-4-Bromo-3-hydroxycinnamate (30). A solution
of 29 (260 mg, 0.72 mmol) in CH2Cl2 (5 mL) and 1.0 M BBr3

(1.5 mmol) in CH2Cl2 (1.5 mL) was stirred at -78 °C under
Ar for 2 h, then diluted with water (10 mL) and CH2Cl2 (20
mL). The organic phase was washed, dried, and concentrated.
Flash chromatography (10% EtOAc/hexane) gave 30 as a white
powder (180 mg, 92%), mp 135-137 °C. TLC (9% EtOAc/
hexanes) Rf 0.25. FT-IR (CHCl3) 3328, 1678 cm-1. 1H NMR δ
1.34 (t, J ) 6.9 Hz, 3H, CH3), 4.27 (q, J ) 7.2 Hz, 2H, OCH2),
5.62 (s, 1H, OH), 6.42 (d, J ) 15.9 Hz, 1H, ArCHdC), 6.98 (d,
J ) 8.4 Hz, 1H, 6-ArH), 7.18 (s, 1H, 2-ArH), 7.48 (d, J ) 8.1
Hz, 1H, 5-ArH), 7.58 ppm (d, J ) 15.9 Hz, 1H, CdCHCO2).
MALDI-FTMS (HRMS) calcd C11H12BrO3 [MH+] 270.9970,
found 270.9971.

Ethyl (E)-4-Bromo-3-(3′-tert-butoxycarboxamidopro-
poxy)cinnamate (31). A suspension of 30 (320 mg, 1.18
mmol) and K2CO3 (500 mg, 3.62 mmol) in acetone (50 mL)
containing 3-(tert-butoxycarboxamido)propyl bromide (33) (480
mg, 1.98 mmol) was heated at reflux under Ar for 20 h, then
concentrated. The residue was extracted with CH2Cl2, and the
extract was washed (water, 1 N HCl, and brine) and dried.
Concentration and chromatography (10% EtOAc/hexane) of the
residue afforded 410 mg (81%) of 31 as a white powder, mp
65-67 °C. TLC (17% EtOAc/hexane) Rf 0.30. FT-IR 3425, 2980,
1706 cm-1. 1H NMR δ 1.34 (t, J ) 7.2 Hz, 3H, CH3), 1.44 (s,
9H, OC(CH3)3), 2.07 (t, J ) 6.0 Hz, 2H, 2′-CH2), 3.40 (q, J )
5.7 Hz, 2H, 3′-CH2N), 4.13 (t, J ) 5.7 Hz, 2H, 1′-CH2O), 4.26
(q, J ) 7.2 Hz, 2H, OCH2), 5.22 (s, 1H, NH), 6.47 (d, J ) 15.9
Hz, 1H, ArCHdC), 7.00 (s, 1H, 2-ArH), 7.01 (d, J ) 6.3 Hz,
1H, 6-ArH), 7.54 (d, J ) 8.7 Hz, 1H, 5-ArH), 7.60 ppm (d, J )
15.9 Hz, 1H, CdCHCO2). MALDI-FTMS (HRMS) calcd
C19H26BrNNaO5 [MNa+] 450.0886, found 450.0889.

3-Bromo-1-(tert-butoxycarbonyl)propylamine (33). A
reported procedure was applied109 to 3-bromopropylamine
hydrobromide (32) (4.4 g, 20 mmol), Et3N (3.0 mL, 20 mmol),
and di-(tert-butyl)dicarbonate (5.5 g, 25 mmol) in CH2Cl2 (20
mL) to give after workup and chromatography (5% EtOAc/
hexane) 3.95 g (83%) of 33 as a colorless liquid. TLC (17%
EtOAc/hexane) Rf 0.61. FT-IR (film) 3399, 1678 cm-1. 1H NMR
δ 1.45 (s, 9H, OC(CH3)3), 2.05 (m, 2H, 2-CH2), 3.28 (q, J ) 6.3
Hz, 2H, 1-CH2N), 3.45 (t, J ) 6.3 Hz, 2H, 3-CH2Br), 4.66 ppm
(s, 1H, NH).

Ethyl (E)-4-[3′-(1-Adamantyl)-4′-benzyloxyphenyl]-3-
[(3′-tert-butoxycarboxamido)propoxy]cinnamate (38). To
31 (321 mg, 0.75 mmol), 3-(1-adamantyl)-4-benzyloxyphenyl-
boronic acid5 (37) (362 mg, 1.0 mmol), and Pd(PPh3)4 (60 mg,
0.052 mmol) in DME (5 mL) was added under Ar with stirring
2.0 M aq Na2CO3 (1.0 mL). The reaction mixture was heated
at reflux for 20 h, cooled to room temperature, then extracted
(EtOAc). The extract was washed, dried, and concentrated.
Flash chromatography (EtOAc/hexane) of the residue gave 38
as a yellow powder (410 mg, 83%), mp 73-75 °C, which was
used without further purification in the deprotection steps to
give 10 and 14. TLC (20% EtOAc/hexane) Rf 0.30. FT-IR 3366,
1711 cm-1. 1H NMR δ 1.35 (t, J ) 6.9 Hz, 3H, CH3), 1.43 (s,
9H, OC(CH3)3), 1.72 (s, 6H, AdCH2), 1.95 (m, 2H, 2′-CH2), 2.04
(s, 3H, AdCH), 2.17 (s, 6H, AdCH2), 3.24 (d, J ) 5.4 Hz, 2H,
3′-CH2N), 4.03 (t, J ) 5.7 Hz, 2H, 1′-CH2O), 4.28 (q, J ) 6.6
Hz, 2H, OCH2), 4.55 (s, 1H, NH), 5.16 (s, 2H, OCH2Ph), 6.45
(d, J ) 15.9 Hz, 1H, ArCHdC), 7.00 (d, J ) 8.7 Hz, 1H, 5′-
ArH), 7.11 (s, 1H, 2-ArH), 7.20 (d, J ) 7.8 Hz, 1H, 6′-ArH),
7.34-7.45 (m, 5H, ArH), 7.51 (s, 1H, 2′-ArH), 7.53 (d, J ) 7.2
Hz, 2H, 5,6-ArH), 7.68 ppm (d, J ) 15.9 Hz, 1H, CdCHCO2).
MALDI-FAB calcd C42H52NO6 [MH+] 664.8, found 664.8.

Ethyl (E)-4-[3′-(1-Adamantyl)-4′-benzyloxyphenyl]-3-
(3′-acetamidopropoxy)cinnamate (40). To a mixture of 38
(400 mg, 0.6 mmol) in EtOH (10 mL) was added concentrated
HCl (1.0 mL). This mixture was heated at reflux for 1 h, then
concentrated. The residue containing the primary amine 39
was sequentially treated with CH2Cl2 (20 mL), pyridine (1.0
mL), and Ac2O (1.0 mL) and stirred overnight at room
temperature before being washed, dried (MgSO4), and con-
centrated. Flash chromatography (EtOAc/hexane) gave 40 as
a white powder (280 mg, 77%), mp 80-82 °C. TLC (67%
EtOAc/hexane) Rf 0.28. FT-IR 3293, 1716 cm-1. 1H NMR δ 1.35
(t, J ) 7.2 Hz, 3H, CH3), 1.45 (s, 2H, 2′-CH2), 1.72 (s, 6H,
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AdCH2), 2.04 (s, 6H, AdCH and COCH3), 2.15 (s, 6H, AdCH2),
3.37 (q, J ) 5.4 Hz, 2H, 3′-CH2N), 4.12 (t, J ) 5.1 Hz, 2H,
1′-CH2O), 4.28 (q, J ) 7.2 Hz, 2H, OCH2), 5.15 (s, 2H,
OCH2Ph), 5.67 (s, 1H, NH), 6.45 (d, J ) 16.2 Hz, 1H,
ArCHdC), 7.00 (d, J ) 7.8 Hz, 1H, 5′-ArH), 7.09 (s, 1H, 2′-
ArH), 7.22 (d, J ) 7.8 Hz, 1H, ArH), 7.26-7.42 (m, 5H, ArH),
7.45 (d, 1H, J ) 6.9 Hz, 1H, ArH), 7.49 (s, 1H, 2-ArH), 7.50
(d, J ) 8.1 Hz, 1H, ArH), 7.69 ppm (d, J ) 16.2 Hz, 1H,
CdCHCO2). MALDI-FTMS (HRMS) calcd C39H45NNaO5

(MNa+) 630.3190, found 630.3172.
Ethyl (E)-4-[3′-(1-Adamantyl)-4′-hydroxyphenyl]-3-(3′-

acetamidopropoxy)cinnamate (41). A solution of 40 (303
mg, 0.5 mmol) and 1.0 M BBr3 (1.5 mmol) in CH2Cl2 (1.5 mL)
and CH2Cl2 (5 mL) was stirred at -78 °C under Ar for 2 h,
then diluted with water (10 mL) and CH2Cl2 (20 mL). The
organic phase was washed, dried, and concentrated. Flash
chromatography (EtOAc/hexane) gave 41 as an off-white
powder (226 mg, 77%), mp 110-113 °C. TLC (67% EtOAc/
hexane) Rf 0.20. FT-IR 3408, 1706, 1637 cm-1. 1H NMR δ 1.35
(t, J ) 6.9 Hz, 3H, CH3), 1.44 (s, 2H, 2′-CH2), 1.77 (s, 6H,
AdCH2), 2.04 (s, 3H, AdCH). 2.08 (s, 3H, COCH3), 2.14 (s, 6H,
AdCH2), 3.38 (q, J ) 5.4 Hz, 2H, 3′-CH2N), 4.13 (t, J ) 6.3
Hz, 2H, 1′-CH2O), 4.27 (q, J ) 7.2 Hz, 2H, OCH2), 5.81 (s, 1H,
NH), 6.30 (s, 1H, OH), 6.44 (d, J ) 15.9 Hz, 1H, ArCHdC),
6.75 (d, J ) 8.1 Hz, 1H, 5′-ArH), 7.09 (s, 1H, 2′-ArH), 7.20 (d,
J ) 7.5 Hz, 1H, ArH), 7.26 (d, J ) 8.1 Hz, 1H, ArH), 7.33 (d,
J ) 8.1 Hz, 1H, ArH), 7.40 (s, 1H, 2-ArH), 7.68 ppm (d, J )
15.9 Hz, 1H, CdCHCO2). MALDI-TFMS (HRMS) calcd
C32H40NO5 (MH+) 518.2906, found 518.2892.

(E)-4-[3′-(1-Adamantyl)-4′-hydroxyphenyl]-3-(3′-acet-
amidopropoxy)cinnamic Acid (10). To a suspension of 41
(190 mg, 0.387 mmol) in MeOH (10 mL) was added NaOH (100
mg, 2.5 mmol). The mixture was stirred at reflux temperature
under Ar for 1 h, cooled to room temperature, acidified (1 N
HCl), and extracted (EtOAc). The extract was washed, dried
(MgSO4), and concentrated to afford 10 as an off-white powder
(170 mg, 94%), mp 195-199 °C. FT-IR (powder) 3400, 1691,
1632 cm-1. 1H NMR (DMSO-2H6) δ 1.73 (s, 6H, AdCH2), 1.77
(s, 3H, COCH3), 1.78 (m, 2H, 2′-CH2), 2.03 (s, 3H, AdCH), 2.10
(s, 6H, AdCH2), 3.17 (d, J ) 5.4 Hz, 2H, 3′-CH2N), 4.06 (broad
s, 2H, 3′-CH2O), 6.63 (d, J ) 15.9 Hz, 1H, ArCHdC), 6.80 (d,
J ) 8.1 Hz, 1H, 5′-ArH), 7.21 (d, J ) 8.7 Hz, 1H, ArH), 7.29
(s, 3H, ArH and 2′-ArH), 7.37 (s, 1H, 2-ArH), 7.61 (d, J ) 15.9
Hz, 1H, CdCHCO2), 7.86 (s, 1H, NH), 9.41 ppm (s, 1H, OH).
MALDI-FTMS (HRMS) calcd C30H35NNaO5 [MNa+] 512.2407,
found 512.2402.

Ethyl (E)-4-[3′-(1-Adamantyl)-4′-hydroxyphenyl]-3-(3′-
aminopropoxy)cinnamate (43). A solution of 38 (500 mg,
0.75 mmol) and 1.0 M BBr3 (1.5 mmol) in CH2Cl2 (1.5 mL)
and CH2Cl2 (20 mL) was stirred at -78 °C under Ar for 2 h,
then diluted with water (10 mL) and CH2Cl2 (20 mL). The
organic phase was washed, dried, and concentrated to give
ethyl (E)-4-[3′-(1-adamantyl)-4′-hydroxyphenyl]-3-(3′-tert-
butoxycarboxamido)propoxycinnamate (42) as a pale-yellow
solid. The solid in EtOH (20 mL) containing concentrated HCl
(1.5 mL) was heated at reflux under Ar for 2 h. The solution
was concentrated before dilution with MeOH (20 mL). NaHCO3

(200 mg) was added, and this mixture was stirred for 1 h under
Ar, then concentrated. Flash chromatography (9% MeOH/
CH2Cl2) gave 43 as a white solid (278 mg, 78%), mp 181-183
°C. TLC (9% MeOH/CH2Cl2) Rf 0.62. FT-IR 3244, 1706, 1632
cm-1. 1H NMR δ 1.34 (t, J ) 7.2 Hz, 3H, CH3), 1.76 (s, 6H,
AdCH2), 1.94 (m, 2H, 2′-CH2), 2.05 (s, 3H, AdCH), 2.15 (s, 6H,
AdCH2), 2.85 (m, 2H, 3′-CH2N), 3.74 (s, 2H, NH2), 4.09 (s, 2H,
3′-CH2O), 4.28 (q, J ) 7.5 Hz, 2H, OCH2), 5.71 (s, 1H, OH),
6.43 (d, J ) 15.9 Hz, 1H, ArCHdC), 6.62 (d, J ) 7.8 Hz, 1H,
5′-ArH), 7.08 (s, 1H, 2-ArH), 7.17 (d, J ) 7.2 Hz, 1H, ArH),
7.20 (d, J ) 8.4 Hz, 1H, ArH), 7.30 (s, 1H, 2′-ArH), 7.32 (d, J
) 7.5 Hz, 1H, ArH), 7.68 ppm (d, J ) 15.9 Hz, 1H, CdCHCO2).
MALDI-FTMS (HRMS) calcd C30H38NO4 [MH+] 476.2795,
found 476.2790.

(E)-4-[3′-(1-Adamantyl)-4′-hydroxyphenyl]-3-(3′-amino-
propoxy)cinnamic Acid (14). To a suspension of 43 (260 mg,
0.547 mmol) in MeOH (10 mL) was added NaOH (100 mg, 2.5

mmol) in water (1.0 mL). The reaction mixture was stirred at
reflux temperature under Ar for 1 h, cooled to room temper-
ature, acidified (1 N HCl), and concentrated. The resultant
solid was diluted with water (5 mL) and Et2O (10 mL), then
stirred for 1 h, filtered, and dried under vacuum to give 14 as
an off-white powder (236 mg, 89%), mp 238-240 °C. FT-IR
3381, 1686 cm-1. 1H NMR (CD3OD) δ 1.87 (s, 6H, AdCH2), 2.11
(s, 3H, AdCH), 2.13 (m, 2H, 2′-CH2), 2.24 (s, 6H, AdCH2), 3.08
(t, J ) 7.5 Hz, 2H, 3′-CH2N), 4.20 (t, J ) 6.0 Hz, 2H, 1′-CH2O),
6.56 (d, J ) 16.2 Hz, 1H, ArCHdC), 6.81 (d, J ) 8.4 Hz, 1H,
5′-ArH), 7.23 (d, J ) 8.4 Hz, 1H, 6′-ArH), 7.30 (d, J ) 8.4 Hz,
2H, ArH), 7.33 (s, 2H, 2,2′-ArH), 7.73 ppm (d, J ) 16.2 Hz,
1H, CdCHCO2). MALDI-FTMS (HRMS) calcd C28H34NO4

(MH+) 448.2482, found 448.2488.
Ethyl 5-Chloro-6-hydroxy-2-naphthalenecarboxylate

(46). A suspension of 44 (4.90 g, 26.0 mmol), in EtOH (25 mL)
was treated with concentrated H2SO4 (1.0 g), stirred for 5 days,
then heated at reflux for 1 h to complete esterification. After
removal of EtOH at reduced pressure, the ethyl ester 45 was
isolated by extraction (EtOAc), followed by washing (2 × 5%
NaHCO3 and sat. brine) and drying (MgSO4). Concentration
and crystallization afforded 45 (4.81 g, 85%), mp 109-110 °C.
TLC (EtOAc) Rf 0.83. 1H NMR (400 MHz) δ 1.47 (t, J ) 7.0
Hz, 3H, CH3), 4.47 (q, J ) 7.0 Hz, 2H, CH2), 6.13 (s, 1H, OH),
7.19 (dd, J ) 8.8 Hz, J ) 2.4 Hz, 1H, 7-NapH), 7.20 (s, 1H,
5-NapH), 7.70 (d, J ) 8.5 Hz, 1H, 8-NapH), 7.87 (d, J ) 8.3
Hz, 1H, 4-NapH), 8.01 (dd, J ) 8.6 Hz, J ) 1.8 Hz, 1H,
3-NapH), 8.54 ppm (d, J ) 0.8 Hz, 1H, 1-NapH). Anal.
(C13H12O3) C, H. MALDI-FTMS (HRMS) calcd C13H13O3

(MH+) 217.0859, found 217.0861.
R-Chlorination of 45 was conducted by modifying a reported

procedure.59 To a solution of 45 (3.62 g, 16.7 mmol) in glacial
HOAc (32 mL) was added sulfuryl chloride (2.27 g, 16.8 mmol).
The mixture heated for 2.5 h at 70 °C, then stirred at room
temperature for 36 h. Concentration, ice-bath cooling, and
filtration afforded 46 as white crystals (2.60 g, 62%), mp 139-
142 °C. TLC (20% EtOAc/benzene) Rf 0.61. 1H NMR (400 MHz)
δ 1.45 (t, J ) 5.4 Hz, 3H, CH3), 4.44 (q, J ) 5.4 Hz, 2H, CH2),
6.16 (s, 1H, OH), 7.32 (d, J ) 8.8 Hz, 1H, 7-NapH), 7.82 (d, J
) 8.8 Hz, 1H, 8-NapH), 8.07 (d, J ) 8.8 Hz, 1H, 4-NapH), 8.15
(dd, J ) 8.8 Hz, J ) 1.6 Hz, 1H, 3-NapH), 8.54 ppm (s, 1H,
1-NapH). Anal. (C13H11ClO3) C, H. MALDI-FTMS (HRMS)
calcd C13H12ClO3 (MH+) 251.0469, found 251.0473.

Ethyl 6-[3′-(1-Adamantyl)-4′-benzyloxyphenyl]-5-chloro-
2-naphthalenecarboxylate (48). To 46 (2.05 g, 8.18 mmol)
and pyridine (2.0 mL, 25 mmol) dissolved in CH2Cl2 (55 mL)
and cooled in an ice bath was added over a 5-min period
trifluoromethanesulfonic anhydride (1.7 mL, 10.1 mmol). The
reaction mixture was allowed to warm to room temperature,
stirred for 18 h, washed (2 × H2O, 10% HCl, and sat. brine),
then dried (MgSO4). Concentration afforded ethyl 5-chloro-6-
trifluoromethanesulfonyloxy-2-naphthalenecarboxylate (47) as
white crystals (2.43 g, 78%), mp 99-100 °C. TLC (25% EtOAc/
hexane) Rf 0.80, which was used without further purification
in the following step. 1H NMR δ 1.47 (t, J ) 6.9 Hz, 3H, CH3),
4.47 (d, J ) 6.8 Hz, 2H, CH2), 7.52 (d, J ) 8.9 Hz, 1H, 7-NapH),
7.97 (d, J ) 9.0 Hz, 1H, 8-NapH), 8.27 (d, J ) 8.7 Hz, 1H,
4-NapH), 8.37 (d, J ) 8.8 Hz, 1H, 3-NapH), 8.64 ppm (s, 1H,
1-NapH).

To a solution of arylboronic acid 37 (500 mg, 1.38 mmol),
triflate 47 (524 mg, 1.37 mmol), Pd(PPh3)4 (165 mg, 0.143
mmol), and LiCl (114 mg, 2.69 mmol) in dimethoxyethane (12
mL) under Ar was added 2.0 M aq Na2CO3 (1.4 mL). The
reaction mixture was heated at reflux (18 h), diluted (EtOAc
and sat. brine), and extracted (CH2Cl2). The organic extract
was dried (MgSO4) and concentrated. Flash chromatography
(5% EtOAc/hexane) of the residue and concentration provided
48 as white crystals (420 mg, 56%), mp 177-179 °C. TLC (10%
EtOAc/hexane) Rf 0.37. FT-IR (KBr) 1716 cm-1. 1H NMR (400
MHz) δ 1.47 (t, J ) 6.0 Hz, 3H, CH3), 1.74 (s, 6, AdCH2), 2.05
(s, 3H, AdH), 2.20 (s, 6H, AdCH2), 4.46 (q, J ) 7.0 Hz, 2H,
OCH2), 5.20 (s, 2, CHPh2), 7.06 (d, J ) 8.8 Hz, 1H, 5-ArH),
7.3-7.4 (m, 2, ArH), 7.4-7.5 (m, 3, ArH), 7.5-7.6 (m, 3, ArH
and 7-NapH), 7.90 (d, J ) 8.0 Hz, 1H, 8-NapH), 8.20 (dd, J )
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8.8 Hz, J ) 1.6 Hz, 1H, 3-NapH), 8.44 (d, J ) 8.8 Hz, 1H,
4-NapH), 8.62 ppm (d, J ) 1.6 Hz, 1H, 1-NapH). MALDI-
FTMS (HRMS) calcd C36H36ClO2 (MH+) 550.2275, found
550.2285.

Ethyl 6-[3′-(1-Adamantyl)-4′-hydroxyphenyl]-5-chloro-
2-naphthalenecarboxylate (49). To 48 (170 mg, 0.31 mmol)
dissolved in CH2Cl2 (30 mL) and cooled in a dry ice-EtOH
bath was added 1.0 M BBr3 (900 mmol) in CH2Cl2 (0.90 mL)
over a 2-min period. After being stirred at this temperature
for 1 h, the mixture was diluted with cold H2O (10 mL) and
allowed to warm to room temperature. The organic layer was
separated, dried (MgSO4), and concentrated to give 49 as white
crystals (101 mg, 71%), mp 256-260 °C. TLC (toluene) Rf 0.26.
1H NMR (300 MHz, CDCl3) δ 1.47 (t, J ) 7.0 Hz, 3H, CH3),
1.80 (s, 6H, AdCH2), 2.10 (s, 3H, AdCH), 2.18 (s, 6H, AdCH2),
4.47 (q, J ) 7 Hz, 2H, CH2), 4.91 (s, 1H, OH), 5.30 (s, 2H,
CH2), 6.77 (d, J ) 7.3 Hz, 1H, 5′-ArH), 7.38 (s, 1H, 2′-ArH),
7.54 (d, J ) 8.1 Hz, 2H, 7-NapH and 6′-ArH), 7.90 (d, J ) 9.6
Hz, 1H, 8-NapH), 8.19 (d, J ) 9.0 Hz, 1H, 4-NapH), 8.44 (d, J
) 9.0 Hz, 1H, 3-NapH), 8.62 ppm (s, 1H, 1-NapH). MALDI-
FTMS (HRMS) calcd C29H30ClO2 (MH+) 460.1805, found
460.1798.

6-[3′-(1-Adamantyl)-4′-hydroxyphenyl]-5-chloro-2-naph-
thalenecarboxylic Acid (2). A suspension of 49 (230 mg, 0.50
mmol) in 1.0 M NaOH in 75% aq EtOH (5 mL) was heated at
reflux for 40 min, cooled, acidified (10% HCl), then extracted
(EtOAc). The extract was washed (sat. brine), dried (MgSO4),
and concentrated to give 2 as a white powder (205 mg, 95%),
mp 282-284 °C (dec). TLC (5% MeOH/CHCl3) Rf 0.26. FT-IR
2983, 1640 cm-1. 1H NMR (300 MHz, d6-DMSO) δ 1.74 (s, 6H,
AdCH2), 2.05 (s, 3H, AdCH), 2.16 (s, 6H, AdCH2), 6.91 (d, J )
8.1 Hz, 1H, 5′-ArH), 7.24 (d, J ) 8.5 Hz, 1H, 6′-ArH), 7.27 (s,
1H, 2′-ArH), 7.62 (d, J ) 8.4 Hz, 1H, 7-NapH), 8.16 (d, J )
8.5 Hz, 2H, 4,8-NapH), 8.37 (d, J ) 9.1 Hz, 1H, 3-NapH), 8.68
(s, 1H, 1-NapH), 9.62 ppm (s, 1H, OH). MALDI-FTMS
(HRMS) calcd C27H26ClO2 (MH+) 432.1492, found 432.1502.

Computational Studies. Generation of an RARγ LBD
Model for Docking and Simulations. An all-H representa-
tion of the RARγ LBD was generated using the XLEAP module
of AMBER6110 and the 9-cis-RA (5)-bound holo-RARγ LBD
crystal structure65 (PDB entry 3LBD). The initial all-atom
model was energy-minimized with a small number of steps
(100 steepest descents plus 1900 conjugate-gradient) to remove
large initial repulsions in atomic positions as evaluated by the
AMBER force-field compared to crystal structure contacts.

Short molecular dynamics (MD) equilibration of the model
at constant temperature was performed to provide additional
structure relaxation and establish reasonable hydrogen-bond-
ing patterns in the vicinity of the LBP. The model was
equilibrated at 300 K with decreasing harmonic constraints
over a 20-ps time interval using a 1-femtosecond integration
time-step followed by a 70-ps unconstrained equilibration. All
bonds involving hydrogens were constrained using SHAKE.111

The model was then converted to a polar-H representation
using AMBER41 for energy-based docking using AUTODOCK
3.0.112

Energy-Based Docking. Energy-based docking of flexible
AHPN (1), 5-Cl-AHPN (2), 3-Cl-AHPC (9), 3-A-AHPC (10), and
AHPC (11) in the rigid RARγ model was performed using the
LGA113 approach embodied in AUTODOCK 3.0. The LGA
docking parameters were: mutation rate, 0.02; crossover rate,
0.80; maximum number of generations, 2.7 × 104; elitism, 1;
and local search frequency, 0.06. The lowest energy-binding
mode was investigated in short exploratory dynamics employ-
ing AMBER6 and an all-atom representation to examine
differential ligand effects on RARγ.114 Charge parametrization
for all ligands was derived from restrained electrostatic
potential fits derived from DFT computations at ligand
optimized geometries.115

MD Model Equilibration. MD equilibrations of the all-
atom model representations of AHPN (1), 5-Cl-AHPN (2), 3-A-
AHPC (10), and AHPC (11) docked to the RARγ LBD at
constant temperature were performed using a 1-fs integration
time-step with constraint of all bonds involving hydrogens

employing SHAKE. Coordinates were saved every 0.250 ps for
subsequent analysis. The nonbonded pair list was updated
every 10 steps. A radial screened dielectric constant (D ) r)
was employed. Production dynamics was performed for 300
ps to make initial probes of the different potential effects of
ligand groups on receptor conformation in the neighborhood
of the LBP. To permit a critical comparison of the dynamics
of AHPC and 3-A-AHPC in the RARγ LBD with reasonable
damping of surface fluctuations, following the identification
of low-energy docking modes, the docked lowest-energy con-
formations of the RARγ LBD-AHPC and 3-A-AHPC com-
plexes were solvated within a large box comprised of 4014
waters and having the initial dimensions of 70 Å × 60 Å × 60
Å. After an initial short 50-ps equilibration at constant volume
and a 100-ps equilibration at constant pressure, the system
was subjected to 300 ps of production dynamics at 300 K.
Periodic boundary conditions were employed with a particle-
mesh Ewald summation to provide realistic boundary forces
and eliminate the distorting effects of potential truncation.

Density Functional Theory (DFT) Exploration of
Inter-ring Torsional Potential Surfaces. AHPN (1), 5-Cl-
AHPN (2), 3-Cl-AHPC (9), 3-A-AHPC (10), and AHPC (11)
torsional relaxed potential surfaces were computed using the
nonlocal B3LYP DFT functional and a 6-31G** basis set.
Optimizations employed Jaguar 4.1 (Schrodinger), default self-
consistent field (SCF), and geometric convergence criteria.
Unconstrained geometry optimization was performed at each
of the parametrically varied torsional angles.

Biology. Reagents. trans-RA (4) and tryspin-TPCK were
purchased from Sigma, and [11,12-3H2]9-cis-retinoic acid (43
Ci/mmol) from Amersham. 4-(5′,6′,7′,8′-Tetrahydro-5′,5′,8′,8′-
tetramethyl-2′-anthracenyl)benzoic acid (TTAB, 21)71 and the
2-substituted 1,3-dithiolane 2270 were synthesized as pre-
viously described, as were [5,5′-3H2]6-[3′-(1-adamantyl)-4′-
hydroxyphenyl]-2-naphthalenecarboxylic acid, AHPN (1), (E)-
4-[3′-(1-adamantyl)-4′-hydroxyphenyl]-3-chlorocinnamic acid
(3-Cl-AHPC, 9), and 9-cis-RA (5).4,39,40,116,117

AHPN Analogues. Both agonists and antagonists were
dissolved in Me2SO prior to addition to media. The final
concentration of Me2SO was 0.1% for cancer and leukemia
cells. All experiments were conducted in triplicate.

Radioligand Binding and DPSA. DPSA studies using
[35S]RARγ and LBD competition radioligand-binding experi-
ments were conducted using bacterially expressed RARs (as
GST-fusion proteins) and (His)6-RXRR as described.70

GST-Pulldown Assays. Experiments were performed as
previously described using GST-p300 1-450 or GST-NCoR
2110-2453 fusion proteins and [35S]methionine-labeled hRARγ
LBD prepared by in vitro translation.70

Plasmids. Expression vectors for RARγ, RXRR, and the
reporter gene (TREpal)2-tk-CAT have been described.118

Receptor Transcriptional Activation in Cotranfected
Cells. CV-1 cells were routinely maintained in DMEM,
supplemented with 10% fetal calf serum (FCS), 100 units/mL
of penicillin, and 100 µg/mL of streptomycin. For transfection
assays, cells were seeded at 1.0 × 105 cells/mL in 24-well plates
for 16-24 h before transfection. Cells were then transfected
using the calcium chloride precipitation method119 with either
(TREpal)2-tk-CAT (200 µg) alone or with the RARγ vector (100
µg) or RXRR vector (20 µg). Cells were cotransfected with
â-galactosidase (â-gal) expression vector (pCH 110, Amersham
Biosciences) and carrier DNA (pBluescript, Stratagene) to a
final concentration of 1000 µg/well. Following transfection for
20 h, the medium was changed to DMEM containing 5%
charcoal-stripped FCS, and cells were treated for 24 h with
an AHPN analogue or retinoid. Chloramphenicol acetyl trans-
ferase (CAT) activity was normalized to â-gal activity to
standardize for transfection efficiency.

Cell Lines. Retinoid-resistant MDA-MB-231 and MDA-MB-
468 breast cancer and H292 lung cancer and retinoid-sensitive
H460 lung and LNCaP prostate cancer cell lines were obtained
from the American Type Cell Collection. Retinoid-resistant
HR-60R leukemia cells were a gift from Dr. Stephen Collins
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(University of Washington, Seattle, WA). Cells were cultured
as described below.

Cell Proliferation. MDA-MB-468 cells (1.0 × 105 cells)
were seeded in DMEM/F12 medium (Invitrogen Life Technolo-
gies) supplemented with 5% fetal bovine serum and 25 µg per
mL of gentamicin in Petri dishes or 6-well plates. After 24 h,
3-A-AHPC (10) (2.0 × 10-6 M final concentration) and/or 3-Cl-
AHPC (9) (0.5 × 10-6 M) or vehicle alone were added. Cells
were harvested at the times indicated in the figures, and living
cell numbers were assessed using a commercial colorimetric
assay for the mitochondrial dehydrogenase cleavage of water-
soluble 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (Sigma-Aldrich) according to the manufacturer’s direc-
tions. H460 and H292 lung cancer and LNCaP prostate cancer
cell lines were grown in RPMI 1640 supplemented with 10%
FCS.

Apoptosis. At 24 h after seeding with 1.0 × 105 MDA-MB-
468 cells, agonist (0.5 × 10-6 M final concentration) or
antagonist (2.0 × 10-6 M) alone or the combination was added,
and incubations were continued for 48 or 72 h. Cells were then
harvested, and the relative number of apoptotic cells was
assessed after fixing and acridine orange staining by counting
200-cell fields for the presence of nuclear fragmentation as
previously described.3

H460 cells (5 × 105) were treated with 1.0 × 10-6 M 5-Cl-
AHPN (2) or 3-Cl-AHPC (9) alone or combined with 1.0 × 10-,6
2.5 × 10-,6 or 5.0 × 10-6 M 3-A-AHPC (10). After 36 h, cells
were trypsinized, then washed with phosphate-buffered saline
(PBS, pH 7.4). After fixation with 3.7% paraformaldehyde, cells
were washed (PBS) and stained with 4,6-diamidino-2-phenyl-
indole (DAPI, 50 µg/mL) to visualize nuclei by fluorescent
microscopy.38 Cells displaying nuclear morphology character-
istic of apoptosis were scored in samples of at least 600 cells.
Apoptosis (%) was expressed as the ratio of apoptotic cells to
total cells × 100.

Western Blotting. MDA-MB-468 cells (1.0 × 105) were
treated for 72 h with a proapoptotic AHPN (0.5 × 10-6 M final
concentration) or antagonist 3 (2.0 × 10-6 M) alone or
combined. Cells were lysed, and Western blots were performed
on the lysates using anti-p21WAF1/CIP1 antibody (Transduction
Laboratories) and â-actin as the loading control as previously
described.4

RNA Preparation and Northern Blotting. Total RNA
samples were prepared by the guanidine hydrochloride/ultra-
centrifugation method.119 Total RNA (30 µg) from cancer cells
treated with or without 1.0 × 10-6 M 5-Cl-AHPN (2) alone or
combined with 1.0 × 10-6 M or 5.0 × 10-6 M 3-A-AHPC (10)
for 4 h was fractionated on 1% agarose gels. The fractionated
RNA was transferred to nylon filters and probed with 32P-
labeled TR3 LBD cDNA.118 Ethidium bromide-stained riboso-
mal RNA was used as the loading control.

Ligand Binding. Nuclear extracts were prepared from HL-
60R cells (1.0 × 105) as we previously described.4 [5,5′-3H2]-
AHPN4 (10 × 10-9 M, 150 000 dpm) was added to the nuclear
extracts in the presence and absence of 20 × 10-6 M nonlabeled
AHPN (1) or 3-A-AHPC (10) or vehicle alone. After a 90-min
incubation at 22 °C, free ligand was separated from bound
ligand on a 0.5-cm × 4.0-cm column of fine-mesh G25 Sepha-
dex (Pharmacia) by elution with binding buffer.4 The bound
fraction was counted as we described.4
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Appendix

Acromyns and/or code numbers for 6-[3′-(1-adaman-
tyl)-4′-hydroxyphenyl)]-2-naphthalenecarboxylic acid, its
analogues, and retinoids are listed in the legend for
Figure 1. Other abbreviations are 1-Ad, 1-adamantyl;
3-A, 3-(3′-acetamidopropyloxy); Bcl-2, diffuse B-cell lym-
phoma cytoprotective protein; CAT, chloramphenicol
acetyl transferase; CPK, Corey-Pauling-Kortum; CV-
1, African green monkey kidney cell line; DAPI, 4,6-
diamidino-2-phenylindole; DPSA, differential protease
sensitivity assay; DTF, density functional theory; FCS,
fetal calf serum; GST, glutathione S-transferase; LBD,
ligand-binding domain; LGA, Larmarkian Genetic Al-
gorithm; LBP, ligand-binding pocket; NCoR, nuclear
receptor corepressor protein; p21WAF/CIP1, 21-kDa wild-
type p53-activated fragment 1 or cyclin-dependent ki-
nase-2-interacting protein; p300, an acetyl transferase
and transcriptional coactivator of nuclear receptors;
PBS, phosphate-buffered saline, pH 7.4; RA, retinoic
acid; RAR, retinoic acid receptor; RXR, retinoid X
receptor; TPCK-trypsin, bovine pancreas trypsin treated
with N-(p-tosyl)-L-phenylanlanine chloromethyl ketone;
TREpal, palindromic RAR- and RXR-responsive ele-
ment; tk, thymidine kinase promoter; TTN, 5,6,7,8-
tetrahydro-5,5,8,8-tetramethyl-2-naphthalene.

Supporting Information Available: Elemental analyses
for compounds 45 and 46. This material is available free of
charge via the Internet at http://pubs.acs.org.
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