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Abstract

Orally bioavailable SERDs may offer greater systemic drug exposure, improved clinical efficacy,
and more durable treatment outcome for patients with ER-positive endocrine-resistant breast
cancer. We report the design and synthesis of a boronic acid modified fulvestrant (5, ZB716),
which binds to ERa competitively (ICsg = 4.1 nM) and effectively downregulates ERa in both
tamoxifen-sensitive and tamoxifen-resistant breast cancer cells. Furthermore, It has superior oral
bioavailability (AUC = 2547.1 ng-h/mL) in mice, indicating its promising clinical utility as an oral
SERD.
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INTRODUCTION

Fulvestrant, the only FDA approved selective estrogen receptor downregulator (SERD), is
indicated for estrogen receptor positive (ER+), metastatic breast cancer in postmenopausal
women following progression on prior endocrine therapy.1~3 Because of its poor oral
bioavailability, fulvestrant is administered by intramuscular injection (im) at a monthly dose
of 250 mg, which takes over 3 months to reach steady-state serum concentration and has
negatively impacted its widespread clinical applications.* Moreover, even at a later approved
dose of 500 mg, the peak blood concentration of fulvestrant remains below a modest 25
ng/mL in the FINDER1 and FINDER2 clinical trials,3 suggesting that its optimal efficacy
in patients may not have been achieved.? In addition, in the 500 mg regimen, the steady-state
fulvestrant concentration in patient blood still takes one month to establish. However, the
promising clinical utility of fulvestrant and the increasing understanding of its mechanism of
action have motivated the development of orally bioavailable SERDs.

Attempts to make orally bioavailable steroidal SERDs have been reported where fulvestrant-
like compounds were designed and synthesized with modifications made primarily to the
long alkyl chain to increase polarity and solubility.5-8 However, such designs failed to
address the main problem that is responsible for the poor bioavailability of fulvestrant. It has
been well-documented that fulvestrant undergoes rapid and extensive O-glucuronidation®10
and O-sulfation1:12 to form polar phase 11 metabolites that are inactive and water-soluble.
Four UDP-glucuronosyltransferase 1A (UGT1A) enzymes have been identified that
glucuronidate fulvestrant at position 3, accounting for over 90% of metabolic inactivation
and clearance of fulvestrant via glucuronidation.® Likewise, sulfotransferases SULT1A and
SULT1C were found to catalyze sulfate conjugation with fulvestrant at C-3 position, also
leading to the rapid excretion of fulvestrant as sulfate conjugate from systemic circulation.1!
Meanwhile, nonsteroidal SERDs with oral bioavailability have also been reported, as
evidenced by two recent candidates (GDC-810, (£)-3-(4-((£)-2-(2-chloro-4-fluorophenyl)-1-
(1H-indazol-5-yl)but-1-en-1-yl)phenylacrylic acid) and AZD9496, (£)-3-(3,5-difluoro-4-
((1R.3R)-2-(2-fluo-ro-2-methylpropyl)-3-methyl-2,3,4,9-tetrahydro-1 AH-pyrido[3,4-
flindol-1-yl)phenyl)acrylic acid) being evaluated in phase | clinical trials.23:14 These
molecules share a common cinnamic acid moiety with efficacy and safety profiles eagerly
awaited from the course of phase | and I1 clinical trials.1>16
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Indeed, phase Il metabolic inactivation and clearance are common biotransformation
pathways that often render drugs like fulvestrant inaccessible to target tissues.1217-19 On the
basis of this understanding and previous studies in our laboratory,20-22 we envisioned a
solution in which the 3-OH group of fulvestrant is replaced by a boronic acid group (Figure
1). We have observed that the boronic acid derivatives of antiestrogenic compounds such as
4-hydroxytamoxifen and endoxifen significantly reduced first pass metabolism of
hydroxylated drug molecules, leading to their enhanced bioavailability in the systemic
circulation.?1.22 Therefore, we anticipate that this modification can minimize
glucuronidation and sulfation while retaining sufficient binding affinity of the steroidal
moiety of fulvestrant to confer its SERD properties. We report the synthesis and
comprehensive evaluation of fulvestrant-3 boronic acid (5, ZB716), a novel, orally
bioavailable steroidal SERD. We show that 5 binds to ER with high affinity and exerts its
antiestrogenic effect on ER-expressing breast cancer cells. We also demonstrate that in both
tamoxifen-sensitive and tamoxifen-resistant breast cancer cells, 5 potently inhibits cell
proliferation and effectively degrades the hormone receptor protein in a dose-dependent
manner. Moreover, 5 is shown to have far superior oral bioavailability in mice when
compared to fulvestrant by subcutaneous injection (sc), suggesting that it can serve as a
promising drug for breast cancer patients with progressing disease after prior endocrine
therapy.

RESULTS

Chemistry

Starting from 17-acetyl S-deoxo fulvestrant (1), the target compound 5 was prepared through
a four-step synthetic route (Scheme 1). Briefly, esterification of 1 with triflic anhydride
provided its triflate (2), which was reacted with bis(pinacolato)diboron in the presence of
palladium(I1) acetate and tricyclohexylphosphine to produce 3-pinacolyl boronate ester (3).
After removal of 17-acetyl group under basic condition, deacetyl boronate ester (4) was
oxidized with mCPBA to give the final product 5 as colorless crystals.

Compound 5 is a Potent Antiestrogen that Blocks ER Signaling in ER Positive
Breast Cancer Cells—To determine if 5 acts as an antiestrogen, we used the T47D-kb-
Luc stably transfected human breast cancer cell reporter gene assay23 where the
antiestrogenic potency of 5was determined by its ability to inhibit the activity of estradiol
(E2). Data were normalized relative to the activity of E2 control. The T47D-kb-Luc cells are
stably transfected with an artificial gene from the firefly that is only induced if estrogens
bind and activate the ER to induce the gene product (luciferase). As shown in Figure 2, the
inhibitory effect of 5 on E2-induced luciferase demonstrates a dose-dependent manner,
completely blocking the estrogen response element (ERE) activity at 1 nM. Moreover, 5 was
found comparable to fulvestrant in its potency as an antagonist of ER.

To further elucidate the effects of 5 on estrogen signaling, we performed a real-time PCR
study on five ER regulated genes, namely EGR3, PDZK1, PGR, TFF1, and WISP1. These
genes are well-known to be responsive to the ER.24-31 As shown in Figure 3, the marked
upregulation of these genes upon E2 treatment and the near-complete suppression of their
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expression upon treatment of 5 demonstrate its potent antagonistic activity, which is very
similar to fulvestrant in comparison.

Compound 5 is Effective in Blocking Tamoxifen-Resistant Breast Cancer Cell
Growth—To test the potency of 5 against hormone-resistant breast cancer cells, we
determined its ICsq values in MCF-7, T47D, and their tamoxifen-resistant variants, MCF-7/
TamR and T47D/PKCa. MCF-7/TamR, has been maintained in our lab by prolonged
treatment of MCF-7 with 4-hydroxytamoxifen (4-OHT),32 and T47D/PKCa cells were
characterized previously.33:34 Cells were treated with vehicle or six different concentrations,
ranging from 10710 to 1075 M of 4-OHT, fulvestrant, or 5 for 5 days before counting of
survived cells. Results in Table 1 demonstrate that 5 shows the nM level potency as
fulvestrant or 4-OHT against the proliferation of MCF-7 and T47D cells (dose-dependent
cell inhibition curves can be found in Supporting Information). Like fulvestrant, 5 is highly
active against the tamoxifen-resistant variants MCF-7/TamR and T47D/PKCa, in contrast to
4-OHT, which is much less effective in the resistant variants.

Compound 5 Binds to ERa with High Affinity (IC5q = 4.1 nM)—To determine the
binding affinity of 5 to estrogen receptor alpha (ERa), a competitive displacement binding
assay was performed in which 5 competes with a fluomone ligand and the percent
displacement was quantitatively correlated to the fluorescence intensity from the displaced
tracer. Figure 4 shows the competitive binding curves of 5, fulvestrant, and 17 B-estradiol,
with 1C5q values measured at 4.1 nM for 5 and 3.0 nM for fulvestrant. As measured by the
ability to displace endogenous ER ligand, 5 exhibits a near equal binding affinity toward ER
as compared to fulvestrant.

Compound 5 Downregulates ERa with an ICgq of 12.7 nM—We next determined its
ability to degrade ERa as compared to fulvestrant. T47D and its tamoxifen-resistant variant
T47D/PKCa cells were treated with increasing concentrations of 5 or fulvestrant. In the
dose range of 0.03-14M both 5 and fulvestrant downregulated ER at greater than 50% level
in the two cell lines tested (Figure 5). To measure the dose required to downregulate 50% of
ER expression level, the treatment dose range was then lowered to 1-27 nM. In T47D cells,
5 downregulated ERa expression at an 1Cg of 7.8 nM vs fulvestrant at 9.3 nM. In the
tamoxifen-resistant T47D/PKCa cells, 1Csq of 5 was 12.7 vs 8.5 nM of fulvestrant. These
results confirm that 5 is as potent as fulvestrant in its action as a SERD (Supporting
Information, page S8).

Compound 5 is Orally Bioavailable in Mice—To verify if oral administration of 5 can
achieve a therapeutically effective drug concentration that is systemically available, we
conducted pharmacokinetic studies of 5 in mice. After a single oral dose of 8.3 mg/kg, blood
samples were collected from mice and resulting plasma were analyzed for concentration of 5
atl, 3, 6, 24, and 48 h after drug administration. Shown in Figure 6 are plasma total drug
concentrations achieved after oral administration. 5 afforded over 160 ng/mL peak
concentration, a level far exceeding that achieved by fulvestrant when given by sc injection
to mice, providing definitive evidence that oral bioavailability of 5 is superior.
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It is important to note that, upon the basis of our previous studies with the boronic
derivatives of 4-hydroxytamoxifen and endoxifen,21:22 we initially anticipated a significant
amount of 5 to be converted to fulvestrant both in vitro and in vivo. However, PK studies
revealed that 5 remained as the predominant form in mice plasma, with fulvestrant
accounting for only about 10% of the total active ingredients (Table 2). Its metabolic
stability was later confirmed in vitro when the compound was dissolved first in ethanol then
diluted in culture media for an extended period of time. These observations suggest that the
bulk of the SERD activities of 5 is primarily attributable to itself, not its metabolite,
fulvestrant.

DISCUSSION AND CONCLUSIONS

Compound 5 has been tested in key in vitro assays to confirm that it has all the major
characteristic activities as a SERD. The ERE luciferase assay using a stably transfected ER+
breast cancer cell line, T47D-kb-Luc, demonstrates that 5 acts as a potent antiestrogen. In
the presence of estradiol at 10711 M, 5 inhibited the estrogen mediated gene expression
activities, as measured by the relative luciferase unit, in a dose-dependent manner. This
represents the first critical test that determined whether 5 can counteract estrogen in
blocking ER regulations in breast cancer cells. Notably, the ability to do so by 5 closely
matches that of fulvestrant (Figure 2), confirming that the modified compound retains the
antiestrogenic activity of the steroidal SERD.

Considering that patients who experience disease progression upon tamoxifen or aromatase
inhibitor (Al) therapy can still benefit from SERD therapy, it is important to ascertain
whether 5 is efficacious in endocrine-resistant breast cancer cells. To this end, we prepared
two tamoxifen-resistant variants of ER+ breast cancer cell lines. MCF-7/TamR was derived
from the wide-type MCF-7 cells after long-term exposure to 4-hydroxytamoxifen over 12
months.24 The PKCa overexpressing cell line was derived from T47D and had been
demonstrated to be resistant to antiestrogens.2>:26 The fact that 5 strongly inhibited
endocrine-resistant variants of breast cancer cell lines clearly demonstrates the lack of cross-
resistance to this SERD.

By design, 5 was intended to possess comparable, if slightly reduced binding affinity to the
estrogen receptor. In the ERE luciferase assays, analysis of ER regulated gene expression at
the mRNA level and the antiproliferative assays in tamoxifen-resistant breast cancer cells,
there were preliminary signs of 5 showing modestly attenuated potency, as reflected in its
ICsq values as compared to fulvestrant. Thus, a reliable determination of the competitive
binding activity of 5 is critical to confirming its mode of action. Indeed, it has largely
retained the high ERa binding affinity with an ICsq value of 4.1 nM, indicating that
replacing the 3-hydroxy group with the boronic acid, the main site of glucuronidation and
sulfate conjugation, did not significantly diminish the binding capacity.

The hallmark of a SERD is its ability to downregulate the estrogen receptor through binding
to the ER and marking it for ubiquitination and proteasomal degradation. This necessary
property of SERDs, however, may not coincide with their proven antiestrogenic activities.
The next assay on ER downregulation by Western blot confirms that 5 is not only effective
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in degrading the estrogen receptor in tamoxifen-sensitive breast cancer cells (T47D) but also
in tamoxifen-resistant ones (T47D/PKCa) in a dose-dependent manner, with potencies
comparable to fulvestrant.

The ultimate measure of the potential clinical utility of 5 as an oral SERD rests on its oral
bioavailability. A pharmacokinetic study in mice provided critical data demonstrating a high
plasma concentration of 5 after a single oral dose. Compared to fulvestrant, the drug
exposure of 5 as measured by total plasma level is over 10 times higher than fulvestrant
administered by subcutaneous injection, suggesting that 5 may offer high oral bioavailability
in the clinical setting. This dramatic enhancement in oral bioavailability is clearly furnished
by the boronic acid moiety that substituted the 3-hydroxyl group of fulvestrant. We have
shown in previous studies?122 that replacement of a phenolic hydroxyl group with a boronic
acid or its precursor pinacolate significantly increased oral bioavailability by avoiding first
pass metabolism. While the exact mechanism by which boronic acid prevents rapid
clearance is not completely understood, previous studies suggest that boronic acids have a
strong tendency to form reversible complexes with 1,2- and 1,3-diol groups common in
sugar molecules and glycoproteins.32:36 Such reversible, covalent complexes between
boronic acid and a diol group not only facilitate the enrichment in plasma due to the
abundance of molecules containing the diol groups but also make the boronic acid moiety
inaccessible to glucuronidation, thereby markedly reducing first pass metabolic clearance.
Indeed, this unique property of boronic acid has recently been exploited for an enhanced
delivery of insulin for treatment of diabetes.3’

Taken together, our drug design strategy and the results from specific biological and
pharmacokinetic studies allow us to conclude that the structural modification on C-3
position of fulvestrant by introducing a boronic acid moiety, designed to block first pass
metabolism, has largely retained the pharmacological properties of fulvestrant, as it is shown
to behave as a potent antiestrogen that inhibits ER-dependent breast cancer cell growth
through tight binding to ER. Moreover, 5 also targets tamoxifen-resistant breast cancer cells
by a combination action of distinct ER binding and ER downregulation as a SERD. More
importantly, with all the distinct features of a SERD, 5 has proven to afford high oral
bioavailability as an effective steroidal oral SERD for further evaluation in the clinic.

EXPERIMENTAL SECTION

Chemicals and Reagents

All reagents, solvents, and analytical standards were purchased from Sigma-Aldrich (St.
Louis, MO), Fisher Scientific (Fairfield, NJ), AK Scientific (Union City, CA), and
CombiPhos Catalysts (Princeton, NJ) and were used as received. 1H NMR spectra were
recorded on a Bruker Fourier 300 MHz FT-NMR spectrometer. 13C NMR spectra were
obtained on an Agilent 400-MR NMR spectrometer, and the data was processed using
MestReNova NMR software (School of Chemistry, University of Bristol, Bristol, UK).
Chemical shifts are reported as parts per million (ppm) relative to TMS. Specific rotation
was determined with an AUTOPOL 111 polarimeter (Rudolph Research Analytical, NY).
HRMS spectra data were collected on a Thermo LTQ Orbitrap-XL mass spectrometer in
positive ion mode. The tested compound was confirmed to be >95% pure by HPLC.
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(7R, 8R, 9S, 13S, 14S, 17S )-13-Methyl-7-(9-((4,4,5,5,5-
pentafluoropentyl)thio)nonyl)-3-
(((trifluoromethyl)sulfonyl)oxy)-7,8,9,11,12,13,14,15,16,17-decahydro-6H-
cyclopenta[a]-phenanthren-17-yl Acetate (2)—Starting from 1, the intermediate 2
was prepared with triflic anhydride and pyridine in DCM at —10 °C, which has been
reported recently.38

(7R, 8R, 9S, 13S, 14S, 17S)-13-Methyl-7-(9-((4,4,5,5,5-
pentafluoropentyl)thio)nonyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxa-borolan-2-
yI)-7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta-[a]phenanthren-17-yl
acetate (3)—This procedure has also been reported in our previous work.38

(7R, 8R, 9S,13S, 14S, 17S)-13-Methyl-7-(9-((4,4,5,5,5-
pentafluoropentyl)thio)nonyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxa-borolan-2-
y-7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta-[a]phenanthren-17-ol
(4)—To a solution of 0.60 g (0.81 mmol) of boronate ester (3) in 4 mL of CH30H/THF (1:1,
v/v), 0.15 g (2.68 mmol) of KOH in CH30H (2 mL) was added slowly at 0 °C. The resultant
mixture was stirred at room temperature for 4 h. After neutralization with acetic acid to pH
7.0, the solvent was removed under vacuum. The residue was purified by a flash column
chromatography (pet. ether/ethyl acetate) to give 0.44 g of 4 (yield, 78%) as colorless
crystals. 1TH NMR (DMSO-ds, 300 MHz): 7.39 (d, J= 7.8 Hz, 1H), 7.35 (s, 1H), 7.28 (d, J=
7.8 Hz, 1H), 4.49 (br, 1H), 3.54 (t, /= 8.4 Hz, 1H), 2.85-2.70 (m, 2H), 2.59-2.26 (m, 4H),
2.29 (m, 4H), 1.95-1.05 (m, 38H), 0.84 (m, 2H), 0.66 (s, 3H). 13C NMR (DMSO-g, 100
MHz): 143.4, 136.7, 134.9, 132.0, 125.8, 83.8, 80.5, 46.5, 43.3, 41.8, 39.0, 37.2, 34.3, 33.1,
31.2,30.4,30.3,29.7,29.5, 29.4, 29.3, 28.9, 28.8 (t, /= 21 Hz), 28.5, 27.9, 27.2, 25.5, 25.1,
25.0,22.7,20.7, 11.7. ESI/MS (m/2): 701.4 (M + H)™*.

((TR,8R,9S,13S,14S,17S)-17-Hydroxy-13-methyl-7-(9-((4,4,5,5,5-
pentafluoropentyl)sulfinyl)nonyl)-7,8,9,11,12,13,14,15,16,17-deca-hydro-6H-
cyclopenta[a]phenanthren-3-yl)boronic Acid (5)—To a solution of 0.40 g (0.57
mmol) of 4in 10 mL of DCM (10 mL), 0.13 g (0.75 mmol) of mCPBA was added at 0 °C.
The resultant mixture was stirred at 0 °C until the starting material completely disappeared
on TLC. The reaction solution was diluted with 50 mL of DCM, washed with saturated
Nay,COs3, and dried with MgSO4. After filtration and concentration under vacuum, the
residue was purified by a flash column chromatography (DCM/CH30H) to give final
product 5 (yield, 70%) as colorless crystals. It decomposed at higher than 230 °C. [a]p?° =
73 (¢=0.43, CH30H). IH NMR (DMSO-dg, 300 MHz):7.87 (s, 2H), 7.50 (d, /= 7.8 Hz,
1H), 7.45 (s, 1H), 7.23 (d, /= 7.8 Hz, 1H), 4.50 (br, 1H), 3.55 (t, /= 8.4, 1H), 2.89-2.63 (m,
6H), 2.45-2.24 (m, 4H), 1.95-1.10 (m, 26H), 0.87 (m, 2H), 0.67 (s, 3H). 13C NMR (DMSO-
0, 100 MHz): 141.7, 136.4, 134.1, 131.8, 125.2, 80.5, 51.4, 49.7, 46.5, 43.4, 41.9, 39.0,
37.3,34.5,33.2,30.3,29.8, 29.4, 29.2, 29.1, 29.0 (t, /= 21 Hz), 28.5, 28.0, 27.2, 25.5, 22.7,
22.5,14.5, 11.7. HRMS (ESI*): calcd for C3pH49BF504S (M + H)* 635.3365, found
635.3364.
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The MCF-7 and T47D cell lines were originally purchased from ATCC (Manassas, VA) and
were routinely maintained in phenol red-free DMEM medium supplemented with 5% FBS,
4 mM glutamine, 1 mM sodium pyruvate, 100 1U/mL penicillin, 100 wg/mL streptomycin,
and 0.25 pg/mL amphotericin. Cultures were maintained in 5% carbon dioxide at a
temperature of 37 °C. For growth assays in the presence of E2 and either fulvestrant, 4-OHT,
or 5, MCF-7, MCF-7/TamR, T47D, and T47D/PKCa cells were plated in six-well plates at a
density of 50000/well in 5% FBS DMEM medium. The cells were then treated with
fulvestrant, 4-OHT, or 5 separately at six different doses ranging from 10710 to 107> M for 5
days, while equal volumes of DMSO were used as vehicle controls. Viable cell numbers
were counted with a Z series Coulter Counter instrument (Beckman-Coulter) following
manufacturer’s instructions. The ratio of drug treated viable cell numbers to vehicle treated
viable cell numbers was defined as survival ratio where the control has the survival ratio of
100%. 1Cgq values were obtained from dose—response curves for all treatments.

Luciferase Assay

T47d-kb-Luc stably transfected human breast cancer cell reporter gene assay was used to
determine the antiestrogenic activities of 5. The T47d-kb-Luc cells are stably transfected
with an artificial gene from the firefly that is only induced in the cells if estrogens bind and
activate the ER to induce the gene product (Luciferase) that is then measured with a
quantitative enzyme assay that produces light. Antagonist activities were measured by the
samples ability to inhibit the activity of estradiol, the natural estrogen. Data were then
normalized relative to the activity of the estradiol control, and determinations were
performed for three concentrations of the samples in quadruplicate in at least three separate
experiments.

ER Binding Assay

Estrogen receptor binding determinations are performed using the LanthaScreen TR-FRET
assay from Life Technologies. This method is a version of the Life Technologies Polar
Screen ER FP method that uses recombinant ER and competition with a fluormone ligand.
Binding assays will include 6-10 concentrations of test compounds that span the I1Csq and
are done in quadruplicate.

Western Blot of ER Downregulation

T47D and T47D/PKCa were plated at a density of 200000 cells/60 mm dish. Media
containing the same drug concentrations as the growth curve assay were added on the day
following plating (day 0) and allowed to incubate for 5 days for Western blot. Media with
the tested compound was changed every other day. Cells were lysed, snapped frozen in
liquid nitrogen, and stored at =80 °C until assay for ERa. Media were removed and dishes
were washed with 1x DPBS. Lysates were made by adding 150 gL of complete lysis
solution and scraping cells into a 1.5 mL micro-centrifuge tube. Lysates were placed on a
rotisserie at 4 °C for 30 min and then spun at 4 °C at 12000 rcf for 10 min. Supernatants
were assayed for protein content, snap-frozen, and stored at —80 °C if not run immediately.
Then 50 g of protein was subjected to Western blot protocol. Membranes were blocked and
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then incubated with 1:200 dilution of ERa antibody at 4 °C overnight followed by 1:10000
dilution of secondary antibody for 1 h at room temperature. They were then imaged on a
LICOR infrared scanner.

Pharmacokinetic Study (Sampling and Analysis)

Female C57BL/6 mice were used for the pharmacokinetic study on 5. Mice (/7= 5) were
given oral gavage containing PBS and ethanol-dissolved 5 or fulvestrant by sc injection at a
single dose of 8.3 mg/kg. After drug administration, blood samples were collected from the
orbital sinus of the mice at various time points with each group of mice subjected to only
one sampling. Murine blood was collected with a capillary into 1.5 mL microcentrifuge
tubes containing 0.1 mL of 10% EDTA anticoagulant. Plasma was then separated from cell
pellets by centrifugation in a refrigerated centrifuge at 4 °C and transferred to a separate
tube. Plasma samples were frozen at —80 °C until analysis.

HPLC-MS/MS Analysis of Plasma Samples

Plasma samples were extracted with chloroform/methanol (2:1) using traditional Folch
method for lipid extraction. Methanol (1 mL) and chloroform (2 mL) were added to each
plasma sample followed by addition of 5 ng trans-Tamoxifen-13C2, 5N to each sample as the
internal standard. The mixtures were stored at —20 °C overnight. Next the samples were
sonicated for 5 min and centrifuged with a Thermo Scientific Heraeus Megafuge 16
centrifuge. The top layer was transferred to another test tube. The bottom layer was washed
with 1 mL of chloroform/methanol (2:1) and centrifuged, and the solvent was transferred
and combined with previous washings. HPLC grade water (0.8 mL) was added to the
extracts. After vortexing, the mixture was centrifuged. The bottom layer was dried out with
nitrogen and resuspended in 100 /i of HPLC grade acetonitrile. An aliquot of 10 L sample
was injected onto a Hypersil Gold column (50 mm x 2.1 mm; particle size 1.9 gm, Thermo
Scientific) on a Dionex Ultimate 3000 UPLC system equipped with a TSQ Vantage triple
quadrupole mass spectrometer for analysis. A binary mobile phase (A, water with 0.05%
formic acid; B, acetonitrile with 0.05% formic acid) was used to achieve the gradient of
initial 30% B for 1 min and then to 80% B at 8 min, to 100% B at 9 min, and returned to
30% B for 4 min. The flow rate was controlled at 0.6 mL/min. The settings of HESI source
were as follows: spray voltage (3200 V), vaporizer temperature (365 °C), sheath gas
pressure (45 psi), auxiliary gas pressure (10 psi), capillary temperature (330 °C). Nitrogen
was used as the sheath gas and axillary gas. Argon was used as the collision gas.

RT-PCR Analysis

MCEF-7 cells were seeded onto 6-well plates in DMEM supplemented with 5% FBS. On the
following day, media were replaced with phenol red-free DMEM supplemented with 5%
CS-FBS for 48 h. Cells were then treated with vehicle, E2, 5 + E2, or fulvestrant + E2 for 48
h. Total RNA was extracted from the cells and 4 g of RNA was reverse-transcribed into
cDNA in the presence of gene-specific oligonucleotide primers, and quantitative RT-PCR
was performed using the manufacturer’s protocols for the Human Breast Cancer and
Estrogen Receptor Signaling RT2 Profiler PCR Array (Qiagen). Relative gene expressions
were calculated by using the 2722¢ method, in which Ctindicates the fractional cycle

J Med Chem. Author manuscript; available in PMC 2017 July 06.
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number where the fluorescent signal reaches detection threshold. The normalized ACtvalue
of each sample, calculated using a total of five endogenous control genes (18S rRNA,
HPRT1, RPL13A, GAPDH, and ACTB), was used to determine fold change values for
genes in treated relative to control samples.

Ethical Considerations and Statistical Analysis

All animal experiments were approved by Xavier’s Institutional Animal Care and Use
Committee. The facilities and laboratory animals program of Xavier University are
accredited by the Association for the Assessment and Accreditation of Laboratory Animal
Care. Statistical analyses were performed using Microsoft excel software. Pharmacokinetic
data analyses were performed using the PK software.3?
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Figure 1.
Design strategy of fulvestrant-3 boronic acid (5).
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Figure 2.

Antiestrogenic effects of 5 on T47D-kb-Luc cells in the presence of 0.01 nM of estradiol

(E2). The concentrations of tested samples are 0.1, 1, and 10 nM, respectively. Data is
represented as the mean + SD (%) of three independent experiments.
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Effect of 5 on estrogen regulated genes, EGR3, PDZK1, PGR, TFF1, and WISP1.

J Med Chem. Author manuscript; available in PMC 2017 July 06.

Page 16

W EGR3
®m PDZK1
» PGR
mTFF1
= WISP1




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Liuetal.

% displacement

Page 17

=10

10+

204
30 Fulvestrant: I1C,,=3.0nM
- ; Compound 5: IC;, = 4.1 nM

sod @ 17B-Estradiol
& Fulvestrant
% Compound 5

e
.o
004 0 @0 skl iecccsccgiRernn

0.01 e - TIE S 1 100
Concentration (nM)

Figure 4.
Competitive binding curves of estradiol, fulvestrant, and 5to ERa.
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Figureb.

Western blots showing ERa protein expression dramatically downregulated by fulvestrant
(A) and 5 (B) in a dose-dependent manner.
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Oral Compound 5 vs. s.c. Fulvestrant at the Single Dose of 8.3 mg/kg
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Figure®6.

Pharmacokinetics of 5 in mice.
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5

Scheme 1. Synthetic Route for Fulvestrant-3 Boronic Acid®

4(a) Triflic anhydride, pyridine in DCM, —-10 °C; (b) bis(pinacolato)-diboron, Pd(OAc),, and
tricyclohexylphosphine in CH3CN, 80 °C; (¢) KOH in CH30H and THF; (d) meta-
chloroperoxybenzoic acid in DCM, 0 °C.
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Table 1

Effects of 5 on Proliferation of Breast Cancer Cells

1Cs0 (MM)
cell line 4-OHT fulvestrant 5
MCF-7 0.0033  0.0015 0.0032
T47D 0.024 0.0012 0.0061
MCF-7/TamR 22 0.044 0.069
T47D/PKCa  0.54 0.042 0.037
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Table 2

Pharmacokinetic Parameters of Orally Administered 5 in Mice

PK parameters 5 fulvestrant
ti (h) 235 14.0
Crnax (ng/mL) 169.8 15.2
AUC (ng-h/mL)  2547.1 158.4
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