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In this study, a series of bis(4-hydroxy)benzophenone oxime ether derivatives such as 12c, 12e and 12h
were identified as novel estrogen receptor (ER) agonists that have additional and complementary anti-
proliferative activities via ER-independent mechanism in cancer cells. These compounds are expected
to overcome the therapeutic limitation of existing ER agonists such as estradiol and tamoxifen, which
have been known to induce the proliferation of cancer cells.

© 2016 Elsevier Ltd. All rights reserved.

Estrogens, endogenous agonists of estrogen receptors (ERs)
known as members of the nuclear receptor gene family,' play cru-
cial roles in diverse physiological processes including reproductive
events, depending on the target organs in the reproductive tract,
liver, bone, and cardiovascular system.”> Lots of women at post-
menopausal stage suffer from postmenopausal syndrome of which
symptoms are hot flashes, depression, osteoporosis, atherosclero-
sis, acute myocardial infarction and other cardiovascular diseases,
caused by low estrogen level. To alleviate the symptoms, ER ago-
nists such as estrogens and selective ER modulators (SERMs) have
been used for past decades, respectively (Fig. 1). Estradiol (1) is one
of the estrogens and has been used as a representative agent for
hormone replacement therapy (HRT) when estrogen deficiency
occurs. Recently, its use has been significantly decreased since
the report from Women'’s Health Initiative (WHI) that HRT might
be beneficial in patients with postmenopausal syndrome but
rather possible to increase the risk of breast cancer due to its ER
agonistic activity in breast tissue.?

SERMs including tamoxifen (2) have been also used as thera-
peutic agents for the treatment of postmenopausal syndrome. They
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can act as agonists in the majority of tissues for relieving the symp-
tom but antagonists of the ERs in breast tissue for lowering the risk
of hormone-dependent ERa positive breast cancer.” However, it
has been known that tamoxifen (2), sometimes used as anti-cancer
agents for ER-(+) breast cancer, might be linked to an increased risk
of endometrial cancer in some women, due to its partial ER agonis-
tic activity in endometrial tissues.®

Thus, discovery of novel ER agonists that can not only alleviate
postmenopausal syndrome but also lower the risk of cancers
remains necessary to overcome such the therapeutic limitation of
existing ER agonists such as estradiol (1) and tamoxifen (2). Con-
sidering that ER-mediated signaling intrinsically increases the risk
of cancers by inducing the proliferation of cancer cells in some tis-
sues such as breast and endometrial tissues, it was assumed that
the ER agonists having additional and complementary anti-cancer
activities via ER-independent mechanism, neutralizing their ER-
associated cancer cell proliferation, might be desired for efficacious
and safe treatment of postmenopausal syndrome and its related
diseases.

It has been well known that many ER agonists including daid-
zein (3), and bisphenol A (4) are generally made up of a rigid center
and two phenol moieties, which form hydrogen bondings with
Glu353, Arg394 and His524 in the human ER ligand binding
domain (LBD). This interaction is crucial for the activation of ER
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derived from biaryl ketones have been reported to display anti-
proliferative activities in cancer cells, regardless of their various
| substituents on biaryl moieties or alkyl substituents on oxime
~UN ethers.® Based on the insights gained from those reports, we envis-
o] ~ . : N
aged that bis(4-hydroxy)benzophenone oxime ether derivatives
Estradiol (1) Tamoxifen (2) comprised of a rigid oxime ether in a center and two phenol moi-
eties as terminal aryl groups could be novel scaffolds which not

O signaling.” Recently, some rigid oxime ether (5), (6) and (7),

Figure 1. Structures of estradiol (1) and tamoxifen (2).
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Figure 2. Design of novel estrogen receptor (ER) agonists that have additional and complementary anti-cancer activities.
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Scheme 1. Synthesis of compounds 12a-m. Reagents and conditions: (a) alkyl halide, DBU, DMF, rt-50 °C, 59-88%; (b) NH,NH,-H,0, CH,Cl,, then 2N HCl in dioxane, 43-96%;
(c) 10a-m, EtOH, 45-100%.
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Figure 3. (a) ERE-mediated transcriptional activities of synthesized compounds at
1 uM. (b) Anti-proliferative effects of synthesized compounds on MCF-7 breast
cancer cells at 10 M.

only have ER agonistic activities but also additional and comple-
mentary anti-cancer activities. Thus, it is distinguished from exist-
ing ER agonists such as estradiol (1) and tamoxifen (2), which have
been known to induce the proliferation of cancer cells. Herein, we
report the identification of novel ER agonists that have additional
and complementary anti-proliferative activities via ER-indepen-
dent mechanism in cancer cells (Fig. 2).

We intended to mainly synthesize a series of bis(4-hydroxy)
benzophenone oxime ethers equipped with linear alkyl chains,
based on the previous reports that the compounds possessing lin-
ear alkyl oxime ether chains showed anti-cancer activities.® As out-
lined in Scheme 1, a variety of compounds were conveniently
synthesized from benzophenone 11 via a concise unified strategy.
Most hydroxylamine HCls were prepared from commercially avail-
able N-hydroxyphthalimide (8), which was transformed into

Table 1
ECs0s of 12¢, 12e and 12h on ERE-mediated transcriptional activities

R
.0
N
|
HO O O OH
Compound R ECs0” (LM)
12c n-Butyl 0.075
12e 4-Pentenyl 0.046
12h i-Pentyl 0.077
BPA (4) 0.290

@ ECsp values of the test compounds were estimated from the sigmoidal dose-
response curves using SigmaPlot 10.0 software.

alkoxyphthalimides using DBU and the corresponding alkyl
halides.® Following imide cleavage and salt formation in the pres-
ence of hydrazine monohydrate and HCI provided various alkoxya-
mine HCI intermediates. Other alkoxyamine salts were available
from commercial sources. Concise condensations of the commer-
cially available bis(4-hydroxy)benzophenone 11 with alky-
loxyamine salts yielded the desired compounds (12a-m).

With synthesized compounds in hands, we performed estrogen
responsive element (ERE)-luciferase assay to assess the effects of
the compounds on their ERE-mediated transcriptional activities
and MTT assay to investigate their anti-cancer activities in breast
cancer cells. Assay result of the compounds was shown in Figure 3.
Most of synthesized compounds showed significant ERE-mediated
transcriptional activities, similar to bisphenol A (4, BPA), known as
one of ER agonists.'” However, contrary to our expectation, many
derivatives did not inhibit and even increase the growth of MCF-
7, ER-(+)-breast cancer cells, which was in consistent with the
reports that ER agonists could induce proliferation of ER-(+)-breast
cancer cells.” Notably, a few compounds such as 12¢, 12e and 12h
did not induce cancer cell proliferation but exhibited moderate
anti-proliferative activities on MCF-7 cells. This result implied that
these compounds might be novel ER agonists that have additional
and complementary anti-cancer activities as we initially designed.
On the basis of these results, we selected compounds 12c, 12e and
12h as hit compounds for further biological evaluation of their ER
agonistic activities and anti-cancer activities.

To further evaluate the ERE-mediated transcriptional activities
of compounds 12¢, 12e and 12h, we tried to determine ECsps of
12c, 12e and 12h. As summarized in Table 1, their ECsq values
obtained from the assay were 75, 46 and 77 nM, indicating that
they have significant ERE-mediated transcriptional activities, com-
pared to BPA (4). With the result, we tried to confirm whether the
identified compounds could activate ER mediated signal
transduction.

Using the quantitative polymerase chain reaction (qPCR) assay,
we investigated the capabilities of compounds 12c, 12e and 12i to
increase the cellular level of Growth Regulation by Estrogen in
Breast cancer 1 (GREB1), one of the representative ER responsive
genes of which expression was increased by ER activation. As
depicted in Figure 4a, treatment with 10 uM of the compounds
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Figure 4. (a) Effects of 12¢, 12e and 12h on ER-mediated transcription level of
GREB1 in ER-(+) MCF-7 cells at 10 uM. Data are presented as means % SD. (b)
Analysis of ER phosphorylation upon treatment with estradiol (E2, 10 nM, 100 nM),
12¢ (10 puM), 12e (10 uM) or 12h (10 uM).



T. Kim et al./Bioorg. Med. Chem. Lett. 26 (2016) 1844-1848 1847

Figure 5. X-ray structure of 4 (Cyan, PDB Code: 3UU7) and molecular docking
model of 12¢ with ERa (Purple, PDB code: 3UU7), which were visualized using
Chimera 1.10 (UCSF Chimera).!!

resulted in the increase of mRNA level of GREB1 similar or more,
compared to the treatment with estradiol.

To confirm ER agonistic activities of the compounds, we also
examined the ERa phosphorylation, a hallmark of ER activation.
As shown in Figure 4b, treatment with 12¢, 12e or 12h induced sig-
nificant phosphorylation of ERa, indicating its activation. Based on
the all of above results, it was concluded that 12¢, 12e and 12h
would be potent ER agonists.

To investigate the binding modes of bis(4-hydroxy)benzophenone
derivatives which were identified as novel and potent ER agonists in
our study, docking analysis of compound 12¢ within hER LBD
active site was performed using the Autodock 4.2 program (Molecular
Graphic Laboratory).!? As illustrated in Figure 5, 12¢ fitted well into
the active site. The estimated free energy of binding was calculated
as —8.19 kcal/mol. It was plausible that two phenol moieties in our
compounds interact the hER LBD through hydrogen bonding with
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Glu353 and His 524, respectively, whereas n-butyl group occupies a
lipophilic pocket which was surrounded by Thr 347, Leu346, Leu
384 and Trp 383 and makes van der waals interaction with those resi-
dues. Thus, the binding mode of our compound was postulated in
accordance with that of bisphenol A (4).

With the result that 12¢, 12e and 12h showed potent ER agonis-
tic activities, we turned our attention to further study of their addi-
tional and complementary anti-cancer activities, neutralizing ER-
mediated cell proliferation in cancer cells. Through the MTT assay
results (Fig. 3), 12¢, 12e and 12h were found to have anti-cancer
activities in MCF-7, breast cancer cells. To investigate whether
their anti-cancer activities are associated with ER dependent
mechanism, we performed MTT assay with increasing concentra-
tions at ER-(+) or ER-(—) cancer cells. These compounds inhibited
the growth of MCF-7, ER-(+) breast cancer cells in dose dependent
manners. Notably, the compounds also showed dose dependent
anti-proliferative activities toward MDA-MB231 cells, ER-(-)
breast cancer cell lines, indicating that anti-cancer activities of
these compounds might not be resulted from their ER-mediated
signaling but from ER-independent signaling (Fig. 6a). Next, we
have examined whether anti-cancer activities of these compounds
were caused by the induction of apoptosis. As shown in Figure 6b,
DAPI staining of MCF-7 cells treated with 10 uM of the compounds
showed the morphological changes including membrane blebbing,
or condensed nuclei, which have been known as typical features of
apoptosis in cancerous cells. To further evaluate the apoptotic cell
death by the compounds, additional analysis of MCF-7 cells treated
with 12¢, 12e and 12h was performed. As shown in Figure 6c-e,
the cell death of cancer cell, caused by the compounds, was associ-
ated with apoptosis as determined by Annexin V staining, followed
by flow cytometry analysis. Moreover, increment of subG1 popula-
tion in 12¢, 12e and 12h treated cells were observed in cell cycle
analysis by PI staining. All of these results indicated that the com-
pounds have anti-proliferative activities by inducing ER-indepen-
dent apoptosis of cancer cells (Fig 7).">

In summary, we identified a series of bis(4-hydroxy)benzophe-
none oxime ether derivatives as ER agonists that have additional
and complementary anti-proliferative activities via ER-indepen-
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Figure 6. Anti-proliferative activities of 12¢, 12e and 12h against breast cancer cells. (a) Dose-dependent anti-proliferative activities of 12¢, 12e and 12h against MCF-7 and
MDA-MB-231 breast cancer cell lines as determined by MTT assays. (b) DAPI staining of MCF-7 cells treated with 12c, 12e and 12h at 10 pM. Scale bar: 10 pm. Arrows
indicate condensed nuclei. (c-e) Analysis of apoptosis of MCF-7 cells treated with 12c¢ (c), 12e (d) and 12h (e) at 10 pM by Annexin V staining.
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Figure 7. Cell cycle analysis of MCF-7 cells treated with 12c, 12e and 12h at 10 uM
by PI staining.

dent mechanism in cancer cells, based on rational design, conve-
nient synthetic approaches and biological evaluation. In particular,
the compounds such as 12¢, 12e and 12h showed significant estro-
genic activities but inhibit the growth of cancer cells through ER-
independent mechanism, which is distinguished from existing ER
agonists such as estradiol and tamoxifen, which have been known
to induce the proliferation of cancer cells. Further work for the
development of therapeutically useful novel ER modulators based
on our current study is in progress.
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