1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2018 October 01.

-, HHS Public Access
«

Published in final edited form as:
J Steroid Biochem Mol Biol. 2017 October ; 173: 69-74. do0i:10.1016/j.jsbmb.2016.09.015.

Structural analysis and biological activities of BXL0124, a gemini
analog of vitamin D

Anna Y. Belorusoval, Nanjoo Suh?3, Hong Jin Lee?, Jae Young So?, Hubert Maehr?, and
Natacha Rochell”

1Department of Integrated Structural Biology, IGBMC (Institute of Genetics and of Molecular and
Cellular Biology), 1 rue Laurent Fries, lllkirch, France / Centre National de la Recherche
Scientifique (CNRS) UMR 7104, llikirch, France / Institut National de la Santé et de la Recherche
Médicale (INSERM) U964, llikirch, France / Université de Strasbourg, Strasbourg, France

2Department of Chemical Biology, Ernest Mario School of Pharmacy, Rutgers, The State
University of New Jersey, Piscataway, NJ 08854, USA

SRutgers Cancer Institute of New Jersey, New Brunswick, NJ 08903, USA

Abstract

Gemini analogs of calcitriol, characterized by the extension of the C21-methyl group of calcitriol
with a second chain, act as agonists of the vitamin D receptor (VDR). This second side chain of
gemini is accommodated in a new cavity inside the VDR created by the structural rearrangement
of the protein core. The resulting conformational change preserves the active state of the receptor
and bestows gemini compounds with biological activities that exceed those of calcitriol. Of
particular interest are gemini’s anti-cancer properties, and in this study we demonstrate anti-
proliferative and tumor-reducing abilities of BXL0124 and BXL0097, differing only by the
presence or absence, respectively, of the methylene group on the A ring. BXL0124 acts as a more
potent VDR agonist than its 19-nor counterpart by activating VDR-mediated transcription at lower
concentrations. In a similar manner, BXL0124 is more active than BXL0097 in growth inhibition
of breast cancer cells and reduction of tumor volume. Structural comparisons of BXL0097 and
BXL0124, as their VDR complexes, explain the elevated activity of the latter.
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Introduction

Breast cancer is a complex progressive disease with multiple subtypes and varying clinical
outcomes. Ductal carcinoma in situ (DCIS) is an early, non-malignant lesion of the breast
and recognized as a precursor of invasive breast cancer. A cancerous stem-cell-like
population has the capacity to drive malignant progression to invasive ductal carcinoma
(IDC), manifest by transgression of cancerous growth through the ductal lining and initiating
metastasis and resistance to conventional therapies (Morrison et al. 2008). Calcitriol (1a.,25-
dihydroxy vitamin D3 or 1a,25(0H),D3) and its analogs, particularly gemini compounds,
can act as inhibitors of breast cancer progression by retarding or preventing the transition of
DCIS to IDC (Wahler et al. 2014). Indeed, gemini reveal multifunctional activities that
include inhibition of different types of breast carcinogenesis without displaying
hypercalcemic toxicity and with potencies that are 10 to 100 fold higher than those of
calcitriol (Lee et al. 2008; Pazos et al. 2014). Initial synthesis procedure of gemini analogs
was described in (Norman et al. 2000). A novel synthetic methodology for gemini
compounds was recently described (Pazos et al. 2016). Among the gemini analogs
investigated in breast cancer models, BXL0124 (Figure 1) has been shown to be a potent
agent for the prevention of different types of human breast cancer; it modifies cancer stem
cell subpopulations into less stem-like differentiated cells, it inhibits mammosphere
formation and suppresses mammary tumor growth in animals (Lee et al. 2006; So et al.
2011; Lee et al. 2010; Wahler et al. 2014; So et al. 2015).

Similarly to calcitriol, gemini compounds act in conjunction with the vitamin D nuclear
receptor (VDR). We previously reported the crystal structures of the VDR ligand-binding
domain (LBD) in complex with the parental gemini bearing two identical side chains and
several of its derivatives (Ciesielski, Rochel, and Moras 2007; Huet et al. 2011; Maehr et al.
2013). A common feature of gemini compounds is their ability to induce a conformational
change of the protein core by creating a new cavity that accommodates the second, saturated
side chain obtained by C21 elongation. Most significantly, this structural rearrangement
preserves the active state of the agonist-bound LBD.

The present study gains insights into the structure-activity relationships of BXL0124 and
BXL0097 (Figure 1). Both compounds are closely related to cholecalciferol wherein the side
chain of cholecalciferol was modified by a 23-triple bond and the six hydrogen atoms at
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positions 26 and 27 were replaced with fluorine atoms, and the position 21 was extended
with a (3-hydroxy-3-trideuteromethyl-4,4,4-trideuterobutyl) group, thus maintaining the
20(R) configuration of cholecalciferol (Maehr et al. 2009). These chemical alterations were
selected to prevent or retard biological degradation initiated by 24-hydroxylation thus
extending the half-life of the compound. In contrast to BXL0097 which has a 19-nor A-ring,
BXL0124 maintains the methylene group at position 19 of calcitriol. The 19-nor analogs
have the advantage of enhanced chemical stability due to the absence of the triene function.
Interestingly, binding of 19-nor-calcitriol to the VDR has been shown to be only 30% of that
of calcitriol while the effects on HL60 differentiation were similar and calcemic effects were
reduced (Bouillon et al. 1993; Perlman et al. 1990). Although numerous 19-
nor-1,25(0OH),D3 analogs have been synthesized and their crystal structures solved
[reviewed in (Belorusova and Rochel 2014)], there is no structural comparison of agonists
differing only by the presence or absence of the C19 methylene group.

In this study we examine and compare the biological activities of BXL0124 and BXL0097.
We show that both ligands are more potent in VDR-mediated transcriptional activation and
in inhibition of breast cancer cell proliferation than the calcitriol, with BXL0124 displaying
slightly higher activity than BXL0097. Importantly, BXL0124 is more effective in the
suppression of mammary tumor growth than BXL0097. We further report the crystal
structure of the zebrafish zZVDR LBD in complex with BXL0124 explaining elevated
potency of this compound.

Material and Methods

Compounds

Calcitriol was purchased from Sigma, and all gemini compounds (>95% purity) (Figure 1)
were prepared as described (Maehr et al. 2009). All compounds were used in ethanol
solutions.

Crystallization and structure determination

cDNA encoding zVDR LBD (156-453 AA) was cloned into the pET28b vector to generate
N-terminal His-tag fusion protein. Purification was carried out as previously described,
including metal affinity chromatography and gel filtration (Ciesielski, Rochel, and Moras
2007). The protein was concentrated using Amicon ultra-30 (Millipore) to 3-7 mg/ml and
incubated with a two-fold excess of ligand and a three-fold excess of the coactivator SRC-2
peptide (686-KHKILHRLLQDSS-698). Crystals were obtained in a solution containing 50
mM Bis=Tris pH 6.5, 1.6 M lithium sulfate and 50 mM magnesium sulfate. Protein crystals
were mounted in a fiber loop and flash-cooled under a nitrogen flux after cryo-protection
with 20% glycerol. Data collection from a single frozen crystal was performed at 100 K on
the ID30 beamline at ESRF (France). The raw data were processed and scaled with the
HKL2000 program suite (Otwinowski and Minor 1997). The crystals belong to the space
group P6522, with one LBD complex per asymmetric unit. The structure was solved and
refined using BUSTER (version 2.11.2. Cambridge, United Kingdom: Global Phasing Ltd
(Bricogne et al. 2016)), Phenix (Adams et al. 2010) and iterative model building using
COOT (Emsley and Cowtan 2004). Crystallographic refinement statistics are presented in
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Supplementary Table 1. All structural figures were prepared using PyMOL
(www.pymol.org).

The MCF10DCIS.com line was provided by Dr. Fred Miller at the Barbara Ann Karmanos
Cancer Institute (Detroit, MI). MCF10DCIS.com cells were maintained in DMEM/F12
medium supplemented with 5% horse serum, 1% penicillin/streptomycin, and 1% HEPES
solution at 37°C and 5% CO». The cells were passed every 3 to 4 days. MCF-7 cells were
acquired from ATCC. MCF-7 cells were maintained in DMEM/F12 supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin at 37°C and 5% CO,. 17- Estradiol
supplementation for MCF-7 cells was purchased from Sigma Aldrich (St. Louis, MO) and
dissolved in ethanol. HEK293 EBNA cells were maintained in DMEM medium
supplemented with 5% fetal bovine serum, 40 ug/mL gentamycin and 1 mg/mL geneticin
G418 at 37°C and 5% CO».

Transient Transfection and Luciferase Reporter Gene Assays

HEK293 EBNA cells plated into 24-well plates at 10° cells per well were cotransfected with
150 ng of the expression plasmid pSG5-hVDR, 150 ng of the reporter plasmid pLuc-MCS
(Stratagene, La Jolla, USA) containing the proximal promoter region (-414 to -64) of the
human CYP24A1 gene, 3 ng of the pRL plasmid (Promega, Madison, USA) containing the
Renilla luciferase gene (transfection and cell viability control), and 697 ng of the carrier
plasmid pBluescript (Stratagene). Transfection was performed with jetPEI (PolyPlus
Transfection, Illkrich, France) according to the manufacturer’s instructions. Six hours after
transfection, test-compounds were added. Cells were harvested after eighteen hours of
incubation with ligands. The amounts of reporter gene product (firefly luciferase) and
constitutively expressed Renilla luciferase produced in the cells were measured using Dual-
Luciferase® Reporter Assay System (Promega) on a luminometer plate reader LB 96P
(Berthold Technologies). Luminescence of firefly luciferase values were normalized to the
Renilla luciferase activity. Luciferase activities were expressed as relative units of light
intensity.

Cell proliferation assay

The assay protocol of cell proliferation is reported previously (Lee et al. 2008). For cell
proliferation assay, MCF10DCIS cells were incubated with compound-containing
DMEM/F12 medium supplemented with 5% horse serum medium for three days. MCF-7
cells were incubated with phenol-red free RPMI medium supplemented with 5% charcoal
stripped fetal bovine serum and 17p-estradiol (100 pM) for three days. One microCi of
[3H]-thymidine was added to each well three hours before the harvest. Incorporation of
[3H]-thymidine into the cells was analyzed with a liquid scintillation spectrometer
(Beckman Coulter).

Xenograft tumor studies

The detailed protocol of xenograft tumor studies is reported previously (So et al. 2011). In
brief, MCF10DCIS.com cells (one million cells per mouse) were injected in the mammary
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fat pad of severe combined immunodecifiency (SCID) mice. Vehicle control (0.1 mL) and
gemini vitamin D compounds BXL0097 or BXL0124 (0.1 pg/kg body weight in 0.1 mL
vehicle) were injected intraperitoneally daily from day three until the termination of the
experiment. For in vivo animal experiments, compounds were diluted in cremophore/PBS
(1:8, v/v). At autopsy, mammary tumors were measured and weighed. All animal studies
were done in accordance with an institutionally approved protocol.

Results and Discussion

BXL0124 shows transcriptional activity higher than its 19nor counterpart

Transcriptional activities of BXL0097 and BXL0124 were evaluated and compared to the
activity induced by calcitriol in HEK 293 EBNA cells transiently transfected with an
expression vector encoding the full-length hVDR and a luciferase reporter plasmid
encompassing the promoter region of the VDR target gene /CYP24A1. We found that VDR
transcriptional activity is induced by the ligand BXL0124 at lower doses as compared to
BXL0097 and calcitriol (Figure 2): this compound was able to activate transcription of the
hCYP24A1 promoter at 10712 M, which is one order of magnitude higher in comparison
with BXL0097.

MCF10DCIS and MCF7 cell growth inhibition by BXL0124 and BXL0097

We determined the growth inhibitory effects of BXL0124 and BXL0097 on the cell
proliferation of breast cancer cells, the ER-positive breast cancer cell line, MCF7 cells, and
MCF10DCIS.com cells, a xenograft model of ER-negative mammary tumors that
correspond to a basal-like breast tumor subtype. Both BXL0097 and BXL0124 are superior
inhibitors of cell growth when compared to calcitriol, with BXL0124 being more active than
BXL0097 (Figure 3). Both BXL0097 and BXL0124 showed subnanomolar ranges of 1C50
values in the growth inhibition of the two breast cancer cell lines, which were 10-fold or
better than that of 1,25(OH),D3.

BXL0124 inhibits MCF10DCIS human breast cancer xenograft tumor growth in SCID mice

Gemini analogs have been shown to prevent estrogen-receptor positive and negative
mammary tumorigenesis without displaying hypercalcemic toxicity and to suppress
mammary tumor growth in mice (Wahler et al. 2014; So et al. 2011). We now have
compared the effects of BXL0124 and BXL0097 on MCF10DCIS human breast cancer
xenograft tumor growth in SCID mice. Animals treated with BXL0124 are normocalcemic
as previously shown for BXL0097 (Lee et al. 2008) and BXL0124 (Lee et al. 2010), and
showed a significant reduction in tumor volume, with the effect larger than for the animals
treated with BXL0097 (Table 1), suggesting that BXL0124 is more active in tumor reduction
than its 19-nor analog.

Structural analysis of the BXL0124-VDR LBD complex

To characterize the molecular mechanisms underlying the enhanced activity of BXL0124,
the crystal structure of zebrafish zZVDR LBD in complex with BXL0124 and SRC-1
coactivator peptide was solved at 2.5 A resolution. Data collection and refinement statistics
are summarized in Supplementary Table 1. The complex preserves the general fold and
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canonical active agonist; the Ca. atoms of the complex have a rmsd of 0.5 A when compared
to the zZVDR LBD-calcitriol structure [PDB ID: 2HC4] and of 0.3 A when compared to the
zVDR LBD-BXL0097 [PDB ID: 301E].

Positioning of BXL0124 ligand within the LBP is identical to that of BXL0097 (Figure 4A),
although the trideuteromethyl containing side arm is more loosely positioned as seen from
the weak electron density map (Supplementary Figure 1) of some atoms of this side chain.
The side-chain containing the trifluoromethyl groups adopts the orientation of the natural
chain of calcitriol and the trideuteromethyl-containing side chain occupies the additional
pocket, created by the reorientation of the side chain at Leu337, similar to the zVDR LBD-
gemini complexes (Ciesielski, Rochel, and Moras 2007; Huet et al. 2011). Thus, the
previously observed propensity of the LBD to accommodate the unsaturated side chain
containing the trifluoromethyl groups in the parental pocket, regardless of the gemini
configuration at C20, is sustained.

The hydroxyl groups of BXL0124 form similar hydrogen bonds as the zVDR LBD bound to
BXL0097. More specifically, 1-OH interacts with Ser265 and Arg302, 3-OH with Tyr175
and Ser306 and the hydroxyl group of the trifluoromethyl-containing side chain with His333
or His423 (Figure 4C). Similarly to BXL0097, the trifluoromethyl groups form additional
interactions explaining the increased biological activities of these gemini derivatives
compared to the parental compound. These additional interactions involve Leu255 (H3),
Val262 (H3), Tyrd27 (H11), Leu430 (H11), Leu440 (H12), Val444 (H12) and Phe448 (H12).
Although the two trideuteromethyl groups of BXL0124 adopt slightly different orientation
than those of BXL0097, they engage similar contacts. The A-, seco B-, C-, and D-rings
present conformations which are similar to those observed in the presence of the natural
ligand. The main observed difference between BXL0124 and BXL0097 structures is the C19
methylene group which is present in BXL0124 and absent in BXL0097. The C19 atom in
BXL0124 interacts with residues of helix H3, namely Leu261 (3.7 A) and Ser265 (3.1 A),
and these interactions are not observed in the BXL0097 complex (Figure 4B). Analysis of
the average temperature factors on the overall structure of the zZVDR LBD in complex with
BXL0124 and its comparison with the BXL0097 complex reveal stabilization of helix H3,
but also additional stabilization of helix H12 and of the coactivator peptide in the presence
of BXL0124 (Figure 5). While the additional contacts between fluorine atoms and
hydrophobic residues of H3, H11 and H12 stabilize in a significant manner the agonist
conformation of VDR and explain the superagonist potency of these compounds, the 19-
methylene group on the A-ring provides additional stabilization of the agonist conformation
of the complex, thus explaining the enhanced activity of this ligand.

Conclusion

In this structure-function study, we have compared two related gemini compounds,
BXL0124 bearing the 19-methylene group and its 19-nor counterpart BXL0097. We have
shown that both analogs are potent superagonist ligands. Both compounds contain
trifluoromethyl groups introduced at the terminus of one of the side chain, and these fluorine
atoms are involved in the specific additional interactions stabilizing VDR H12 and
contribute to the increased transactivation properties and pro-differentiating action in cancer
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cells. Moreover, BXL0124 is more active than BXL0097 in the different functional assays
we performed. The methylene group at position 19 on the A-ring in BXL0124 forms
additional interaction that stabilize helices H3 and H12 thus further stabilizing the agonist
conformation of the complex.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
O Potent anticancer activity of BXL0124, a VDR agonist.
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BXL0124 is more transcriptionally active than its 19nor counterpart.

O The methylene group at position C-19 in BXL0124 stabilizes the VDR
agonist conformation.
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Callcitriol (1,25-(OH),D5) BXLO0124 BXL0097

Figure 1.
Chemical structures of calcitriol and gemini analogs, BXL0124 and BXL0097.
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Figure 2.
Agonistic properties of BXL0124 and BXL0097 in VDR-mediated transcription. Transient

transfection assays with expression vectors encoding full-length VDR protein were
performed in HEK293 EBNA cells in order to evaluate transcriptional activity of the
receptor on the hCYP24A1 promoter controlling luciferase reporter gene in response to
increasing amounts of tested compounds or vehicle. Normalized amount of the expressed
luciferase is presented in relative light units (RLU) intensity. Data are presented as mean +
standard error of the mean.
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Figure 3.
Dose-dependent inhibition of cell proliferation by calcitriol (1,25(0OH),D3) (triangle) and

gemini analogs, BXL0124 (square) and BXL0097 (circle) in (A) MCF10DCIS cells and (B)
MCEF-7 cells. The calculated IC50 for the inhibitory effect in MCF10DCIS of 1,25(0H),D3,
BXL0097 and BXL0124 are 2.65 nM, 0.56 nM and 0.23 nM, respectively and in MCF-7 24
nM, 0.36 nM and 0.19 nM, respectively.
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Figure 4.
Crystal structure of zZVDR LBD-BXL0124 complex. (A) Overlay of BXL0124 (orange) and

BXL0097 (grey) within VDR LBPs. (B) Enhanced visualization of the interactions formed
by the C19 methylene group of BXL0124. (C) Details of interactions between LBP and
BXL0124. Hydrophobic and van der Waals interactions (grey), and polar contacts (red) are

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2018 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Belorusova et al.

Page 14

displayed at 4.0 A cut-off (dotted lines). Amino acids with major contribution are named.
Oxygen and fluorine atoms are shown in red and cyan, respectively.
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A

CoA

Figure 5.
The C19 methylene group stabilizes the overall structure of the complex as shown by the B-

factor plot on the overall structure of the VDR-BXL0124 complex (A) in comparison to
VDR-BXL0097 (B). The secondary structural elements are colored by B-factors on a
relative scale: highest B-factors, red; lowest, blue.
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