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4-[5H-2,3-(2,5-Dimethyl-2,5-hexano)-5-methyldibenzo-
[b,e][1,4]diazepin-11-yl]benzoic acid (HX600), as well as
its oxa- (HX620) and thia- (HX630) analogs, enhanced
the activity of retinoic acid and a receptor a (RARa)-
selective agonist Am80 in HL-60 cell differentiation
assays. HX600 synergizes with Am80 by binding to, and
transactivating through, the RXR subunit of the RXR-
RAR heterodimer. HX600 exhibited RXR pan-agonist
activity in transient transfections with a DR1-based
reporter gene and synergized with RA-bound RAR«a
and RARp in inducing transcription from a DR5-based
reporter. In addition, all three compounds at high con-
centrations acted as RAR pan-antagonists in stably
transfected RAR “reporter cells.” These efficient syn-
ergists bind only weakly with RXRs in vitro, sug-
gesting that they are RXR-RAR heterodimer-selective
activators. These HX retinoids exhibited dual func-
tionality, since they affected signalling through both
retinoid receptor families (RARs and RXRsS). o 1997
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The three retinoic acid (RAR) and three retinoid X
(RXR) receptors («, 8 and vy, and their isoforms), belong
to the nuclear receptor (NR) superfamily and act as
ligand-inducible transcriptional regulators transduc-
ing the pleiotropic effects of retinoic acids on morpho-
genesis, differentiation and homeostasis during em-
bryonal development and post-natal life. (1-3) RARs
are activated by both all-trans-retinoic acid (RA) and
9-cis-retinoic acid (9cRA), while RXRs bind to and are
activated only by 9cRA. Although RARs and RXRs can
form homodimers, heterodimerization increases the ef-
ficiency of binding to the cognate response elements.
RXR acts as a promiscuous heterodimerization part-
ner, since it also forms complexes with various other
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nuclear receptors, such as the thyroid hormone and
vitamin Dj; receptors, as well as certain “orphan” recep-
tors.

RA and several synthetic retinoids are important
therapeutic agents in the fields of dermatology and on-
cology (4,5) and various retinoids, such as receptor iso-
type-selective retinoid agonists and antagonists, have
been developed with the aims of increasing the speci-
ficity and efficiency of treatment, and reducing RA side
effects. (1,6-8) In addition, retinoids that can synergize
with other beneficial treatments (9) may lead to novel
therapeutic strategies. Recently, we reported that the
dibenzodiazepine derivative HX600 (Fig. 1) exhibits a
synergistic activity with RA, or the synthetic retinoid
Am80, in the differentiation-induction assay with hu-
man HL-60 promyelocytic leukemia cells. (10) In view
of the structural similarity between HX600 and other
synthetic retinoids, we anticipated that this synergistic
effect reflects a direct HX600-retinoid receptor interac-
tion. Several synthetic RXR-selective ligands have re-
cently been reported to synergize with RAR-selective
ligands. (11-13) Here we describe the structural and
biological properties of HX600 and characterize its in-
teraction with, and transcription regulatory effects via,
RARs and RXRs.

MATERIALS AND METHODS

Materials. HX600 was prepared similarly to the retinoid antago-
nist LE135 (an isomer of HX600). (14) Briefly, 6-bromo-1,2,3,4-tet-
rahydro-1,1,4,4-tetramethylnaphthalene was coupled with 2-nitro-
aniline in the presence of copper iodide, followed by N-methylation.
After reduction of the nitro group, N-methyl-N-(1,2,3,4-tetrahydro-
1,1,4,4-tetramethylnaphthyl)phenylenediamine was condensed with
terephthalic acid monomethyl ester chloride. The resultant amide
compound was cyclized in polyphosphoric acid, followed by ester hy-
drolysis to generate HX600 (mp 282 °C). 4-[2,3-(2,5-Dimethyl-2,5-
hexano)dibenzo[b, f][1, 4]Joxazepin-11-yl]benzoic acid (HX620, mp
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FIG. 1. Structures of retinoids and retinoid synergists.

289 °C) and 4-[2,3-(2,5-dimethyl-2,5-hexano)dibenzo[b,f][1, 4]thia-
zepin-11-yl]benzoic acid (HX630, mp 299 °C) were synthesized simi-
larly. LGD1069 was prepared as described. (15)

Differentiation-inducing assay. The human promyelocytic leuke-
mia cell line HL-60 was provided by Prof. F. Takaku (Faculty of
Medicine, University of Tokyo) in 1980, and has been maintained
since then. Differentiation-induction assays with retinoids were car-
ried out as reported previously. (14) The percentages of differentiated
cells were determined both morphologically and by NBT reduction
assay.

Competitive binding assay. The binding activities for RARs and
RXRs were measured by the nitrocellulose filter binding assay
method as described previously. (14) Recombinant receptors were
prepared as fusion proteins with the maltose-binding protein (MBP)
for RARa and S (ligand-binding domain), or with glutathione-S-
transferase (GST) for RXRs. Recombinant RARy was prepared as
described. (16) Competitive binding assays were carried out using 8
nM [*H]JAmS80 (65 Ci/mmol, Amersham) for RAR«, 20 nM [*H]JAmS80
for RAR 3, 4 nM [*H]9cRA (48 Ci/mmol, Amersham, used at 8 Ci/
mmol by dilution with cold 9cRA) for RARvy, or 10 nM [*H]9cRA for
RXRs. The Ki values of compounds were calculated according to the
following equation: Ki = 1Cso/(1+[L]/Kd), where ICs, is the concentra-
tion of competing compounds required to decrease specific binding
of the labeled compound by 50%, and [L] and Kd are the concentra-
tion and the dissociation constant of the labeled compound, respec-
tively. (17)

Transactivation assay. Ligand-regulated transactivation was as-
sayed by transient transfections and by using the stably transfected
“reporter cells” described previously. (12) Transient transactivation
assays were carried out using HeLa cells transfected with mRAR(«,
B or y) and DR5-tk-CAT or mRXR(«, $ or y) and DR1-tk-CAT, using
RA or 9cRA as the activating ligand. Reporter cell assays were car-
ried out using HelLa cells stably transfected with GAL-RARa, £ or
vy chimeras and (17mer) X 5-globin-luciferase reporters.

RESULTS

Synergism between the RAR Agonist Am80 and
HX600 in the HL-60 Differentiation Assay

Retinoids are known to induce the differentiation of
HL-60 human promyelocytic leukemia cells to mature
granulocytes and the potencies of retinoids in this
assay correlate well with other retinoid activities.
Alone, HX600 (Fig. 1) did not affect the proliferation or
differentiation of HL-60 cells (maximal concentration
tested 1 X 10°® M). However, HX600 strongly enhanced
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the differentiation-inducing activity of Am80 (Fig. 2),
since the percentage of cells differentiated by 3 x 10™*°
M Am80 (appox. 15%) was increased to 41% and 72%
in the presence of 1 X 1078 and 1 x 10~ M HX600,
respectively. (10) A similar synergy with Am80 was
seen with the oxa- (HX620) and thia- (HX630) analogs
of HX600 (Figs. 1 and 2). For comparison, we studied
the synergistic activity of LGD1069 (Fig. 1), a typical
RXR-selective retinoid, (15) in combination with Am80.
The order of the synergistic potency was LGD1069 ~
HX630 > HX620 (Fig. 2). The concentration causing
50% of the maximal synergistic effect (ECs) at 3 X
107 M Am80 was about 10°° — 10°® M for both
LGD1069 and HX630, possibly reflecting the higher
affinity of HX630 to RXR, compared with HX600 and
HX620.

Two important observations were made in these cell
differentiation assays: (i) at a concentration of 1 x 10°°
M the three azepine derivatives alone were completely
inactive, whereas LGD1069 showed a significant differ-
entiation-inducing activity; (18) (ii) the high concentra-
tion of 1 X 10°° M HX600, weakly but reproducibly,
decreased the synergistic efficiency of differentiation
by 3 x 107 M Am80. A similar, but more marked,
decrease of synergism of high-dose HX600 was ob-
served when RA was used as the retinoid, as reported
previously. (10) These results suggest that HX600, un-
like LGD1069, may possibly act as an RAR antagonist
at this high concentration.

Binding Affinities to Retinoid Nuclear Receptors
RARs and RXRs

Our previous studies showed that, as in the case of
aromatic retinoid agonists, (6) the bulky alkyl group
(2,5-dimethyl-2,5-hexano group) of HX600 is important
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FIG. 2. Synergistic effects on HL-60 cell differentiation induced
by 3 X 107 M Am80. The added compound was HX600 (@), HX620
(C0), HX630 (O), or LDG1069 (A). The vertical scale is the percentage
of differentiated cells evaluated from NBT reduction assay, and the
horizontal scale is the molar concentration of the added compound.
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TABLE 1

Receptor Binding Affinities of Retinoids and Retinoid Synergists

Ki values, X 10°° M

RARa RARS RARYy RXRa RXRS RXRYy
RA 3.3 4.1 0.04 330 54 120
9cRA No data No data 1.0 12 3.8 11
Am80 6.5 30 Not bind?® Not bind Not bind Not bind
HX600 Not bind 680 Not bind 1900 640 1000
HX620 980 320 Not bind 3800 1200 2100
HX630 900 320 Not bind 900 400 620
LGD1069 180 50 130 16 5.9 8.3

2‘Not bind’ means that 1000 fold excess of test compound did not affect the binding of the labeled compound to the receptors.

for the synergistic activity. (10) Therefore, HX600 ac-
tion was expected to be mediated by retinoid receptors.
Table 1 shows the competitive binding ability of the
retinoids used in this study, as determined with recom-
binant RARs and RXRs. In our experiments, LGD1069
is a potent ligand for all three RXRs with Ki values (5-
16 nM) similar to that of 9cRA. The three HX com-
pounds bound very weakly to all RXRs, their Ki values
being between 400 and 3800 nM. Thus, the RXR-bind-
ing affinities of these azepine derivatives are much
lower than would be expected from their maximal syn-
ergistic activities in the HL-60 assay (1 - 10 nM). HX
compounds also bound weakly to RARs, with RARS
exhibiting the highest affinity.

Transactivation Properties of HX600

In transient transactivation assays HX600 acted as
a triple RXR agonist (a pan-RXR agonist, Fig. 3a). No
RAR agonist activity of HX600 could be detected (Fig.

~~
o
=

3b). However, when HX600 (1 x 107® M) was added
together with 1 x 10°® M RA, a moderate synergistic
effect was observed in the cases of RARa and . Since
HX600 did not activate RARs, this synergism is most
likely due to the interaction of HX600 with the endoge-
nous RXRs.

The effect of HX600 on RAR-dependent transactiva-
tion was also studied by using the reporter cell system
(Fig. 4). (8) At low concentration (1 X 10~% M), HX600
further augmented the activity seen with 1 X 10™° M
RA, but at higher concentration HX600 acted in this
system rather as an antagonist of RA-induced trans-
activation. The difference from the above-described ab-
sence of RAR-antagonistic activity in the transient
transactivation experiments was not due to the use
of chimeric Gal-RARs (which act as stably expressed
activators in these reporter cells), since in transient
transfections with these same chimeras no RAR-antag-
onistic potential of HX600 could be observed (data not
shown). Thus, it is likely that the RAR-antagonistic
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FIG. 3.

(a) CAT assays in Hela cells transiently transfected with RXR/DR1-tk-CAT. The vertical scale is the transactivation relative to

that with 1 X 107° M 9cRA (100%). Added compounds were 1 X 107 M 9cRA (A), 1 x 1078 M HX600 (B), 1 X 10" M HX600 (C), or 1 X
107® M HX600 (D). (b) CAT assays in Hela cells transiently transfected with RAR/DR5-tk-CAT. The vertical scale is the transactivation
relative to that with 1 X 1078 M RA (100%). Added compounds were 1 X 1078 M RA (A), 1 X 107 M HX600 (B), or 1 X 10® M RA plus 1

X 107° M HX600 (C).
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FIG. 4. Reporter cell assays in Hela cells stably transfected with
GAL-RAR chimera and (17mer) X 5-globin-luciferase reporter. The
vertical scale is 1 X 107° M RA-induced luciferase activity (% with
respect to induction by RA only, A). Molar concentrations of added
HX600 were 1 X 108 M (B), 1 X 107" M (C), and 1 X 107®* M (D).

activity of HX600 can be observed only under condi-
tions where activator and/or reporter are limiting, i.e.
in assay systems with endogenous or stably transfected
receptors and target genes. Note that this RAR antago-
nistic potential of HX600 may limit its RXR agonist
activity-based synergism with Am80 or RA in the HL-
60 cell assay only at high ligand concentrations.

DISCUSSION

The biological actions of retinoids, such as those af-
fecting cell differentiation and proliferation, result
from the modification of the transcriptional activity of
specific gene networks and are mediated through their
cognate nuclear receptors RARs and RXRs. In keeping
with the observation of RAR-RXR heterodimer forma-
tion in vitro, recent studies have supported the concept
that complex biological functions are also controlled in
vivo by such heterodimers. (2) This notion is further
supported by the observation that RXR ligands which
exhibited very weak “retinoidal” activities on their
own, significantly increased the potency of RAR-selec-
tive ligands. (11-13)

We show here that HX600 and related compounds
(HX620 and HX630) synergize with Am80 to induce
the differentiation of HL-60 cells. This phenomenon
was also seen when RA or another synthetic retinoid
(Am555S or Ch55), was used as the RAR ligand (ref.
10, and data not shown). Interestingly, the GAL-RAR
reporter cell assays (Fig. 4) show that HX600 acts as
a RAR pan-antagonist at high concentration, while
there is a weak, but reproducible, synergy between 1
X 107° M RA and HX600 at low concentrations (around
1 X 1078 M). These observations suggested to us that
HX600 may exhibit a dual activity. Indeed, transient
transactivation assays showed that HX600 is, in addi-
tion to its RAR activity, an RXR homodimer agonist
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with the cognate DR1-tk-CAT reporter gene. Itis there-
fore likely that at low concentrations HX600 is bound
to the RXR subunit of the RXR-RAR heterodimer and
can synergize with RA-bound RAR. At higher concen-
trations HX600 can compete with RA for binding to the
RAR subunit and exert the antagonistic activity seen
in the reporter cell assays. It is interesting to note that,
while HX600 showed no agonist activity in transient
transfections, it also did not antagonize RA-induced
activity in this system as it did in the reporter cells
assays. As discussed above, the absence of an antago-
nistic effect of HX600 in the transient transfection sys-
tem is most likely due to the high concentration of re-
ceptors expressed in transfected cells. It may thus
represent a non-physiological situation, whereas the
stably transfected reporter cells are more likely to
mimic the physiological concentration of retinoid recep-
tors. It is also worth noting that HX600 can act as an
RXR agonist despite its very weak binding affinity, as
measured in vitro. Note in this context that the ligand
binding affinity was determined with recombinant re-
ceptors and that in vitro and in vivo binding affinities
may differ for a given ligand, as has recently been sug-
gested for a mutant glucocorticoid receptor. (19) Simi-
lar differences between the ligand affinity measured in
vitro and the ligand efficiency observed in vivo may
account for the observation that HX630 binds 50 - 100
times more weakly than LGD1069 to the three RXRs,
although both RXR ligands exhibit a similar synergistic
activity, which is nearly as potent as that of LGD1069
in HL-60 assays. HX compounds may interact effi-
ciently with RXRs of RXR-RAR heterodimers in vivo.

Together, our data and those of others raised the
fascinating possibility of modulating the activity of a
given RXR homo- or heterodimer in multiple ways by
choosing the appropriate synthetic retinoid: (i) RXR
ligands may synergize with RAR agonists or antago-
nists and generate some cell type specificity, (11-13) (ii)
as shown here, RXR ligands may in a concentration-
dependent manner, positively and negatively alter
RAR ligand-induced transactivation, and (iii) RXR li-
gands may distinct effects on homo- and heterodimers.
(20) In view of the possibility of dissociating the func-
tions of retinoid receptors for transactivation and
transrepression (8,21) and the existence of RAR sub-
type-specific synthetic retinoids (6-8) an exploitation of
these exciting tools may not only facilitate the analysis
of the molecular mechanisms involved in retinoid-in-
duced cell differentiation and modulation of cell prolif-
eration and apoptosis, but also pave the way to novel
concepts in the treatment of a variety of diseases in
which retinoid receptors are known to play a major
role.
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