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Abstract: The Vitamin D receptor (VDR) plays a key role in calcium homeostasis, as well as in
cell proliferation and differentiation. Among the large number of VDR ligands that have been
developed, we have previously shown that BXL-62 and Gemini-72, two C-20-modified vitamin D
analogs are highly potent VDR agonists. In this study, we show that both VDR ligands restore the
transcriptional activities of VDR variants unresponsive to the natural ligand and identified in patients
with rickets. The elucidated mechanisms of action underlying the activities of these C-20-modified
analogs emphasize the mutual adaptation of the ligand and the VDR ligand-binding pocket.

Keywords: structure function relationship; vitamin D; rare diseases

1. Introduction

Following skin exposure to sunlight UV-B radiation, the secosteroid prohormone
vitamin D is consecutively hydroxylated in liver and kidney to produce 1α,25-dihydroxy-
vitamin D3 (1,25D3), the biologically active form. The activities of 1,25D3 are mediated
by its binding to the Vitamin D Receptor (VDR, also termed NR1I1), a ligand-dependent
transcription factor that belongs to the nuclear receptor superfamily [1–3]. Several loss-of-
function VDR variants with impaired 1,25D3 binding have been identified in humans, and
induce Hereditary Vitamin D-Resistant Rickets (HVDRR, OMIM 277440) [4–6]. The 1,25D3
plays a key role in calcium homeostasis by promoting VDR activities in the intestines, bones
and kidneys, and is involved in a wide spectrum of biological pathways, including cell
differentiation and immune responses [1–3]. The 1,25D3 binding triggers VDR conforma-
tional changes, promoting its interaction with retinoid X receptors (RXR). The VDR/RXR
heterodimers bind to genomic locations, known as vitamin D response elements (VDRE),
within the regulatory regions of their target genes to modulate gene transcription in concert
with various co-regulatory molecules [1–3].

Several thousand 1,25D3 analogs were synthetized [7], and the crystal structures of the
VDR ligand-binding domain (LBD) in the presence of 1,25D3 and of more than 150 analogs
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were solved [8–10]. The integrated analysis of these structures highlighted that the ligand
positioning in the ligand-binding pocket (LBP) is similar, regardless of the modifications
of the agonist ligands, but selective contact points between the various ligands and the
40 residues lining the LBP are formed (reviewed in [8,9]). In particular, the residues between
the helices (H) 6 and 7 of the VDR LBD are described as being more flexible and positioned
around the side chain of the ligand, allowing for a mutual adaptation of the ligand and
the LBP.

The anti-proliferative and anti-inflammatory activities of the natural hormone are in-
creased by inverted stereochemistry (20-epi) or the addition of a moiety at C-20 [11,12]. The
crystal structures of the VDR bound to KH1060 or to MC1288, two 1,25D3 analogs bearing
a 20-epi moiety, show that these ligands form similar interactions to 1,25D3. However, a
few additional tighter interactions and the low energy conformation of the 20-epi analogs,
which result in a higher stability of the complex, are sufficient to enhance the VDR LBP
agonistic conformation [13]. In contrast, the analogs bearing a second lateral side chain at
C-20 form several additional interactions with VDR that increase the size of the LBP by
about 30%, resulting in a higher stabilization of the VDR-agonistic conformation [14,15].
Interestingly, among them, Gemini-72 (1α,25-dihydroxy-21(3-hydroxy-3-trifluomethyl4-
trifluoro-butynyl)-26,27-hexadeutero-19-nor-20S-vitamin D3) (Figure 1A), a 1,25D3 analog
with an additional rigid and fluorinated side chain, has potent anti-proliferative activi-
ties [16,17]. A structural analysis of VDR complexed to Gemini ligands revealed that they
interact with agonist-selective amino acids, and that the highly flexible H6–H7 region of
VDR adapts to dock the second lateral side chain [14,15,18,19]. In addition, Gemini-72
restores the transcriptional activity of VDRgem (L337H in zebrafish or L309H in humans),
a point-mutated VDR unresponsive to 1,25D3 [20].
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Figure 1. Structure and transcriptional activity of the C-20 modified analogs BXL-62 and Gemini-72.
(A) Chemical structures of 1,25D3 and analogs; (B) Fold change of the relative activity of a reporter
gene under the control of the promoter region of CYP24A1 in COS cells transiently transfected
with hVDR, and treated for 24 h, as indicated. The results are shown as % of the relative activity
determined in cells overexpressing WT VDR and treated with 10 nM of 1,25D3. n = 3 biological
replicates/condition. * p < 0.05 vs. vehicle. # p < 0.05 vs. a similar dose of 1,25D3.

We have previously shown that BXL-62 (16-ene-20-cyclopropyl-1,25D3) (Figure 1A)
exhibits potent transcriptional and anti-inflammatory activities [21,22]. Whereas the ad-
dition of a 16-ene modification is known to enhance the affinity for VDR by reducing
the flexibility of the vitamin D side chain [23–25], the binding mode of a compound that
presents a 16-ene and a C-20 cyclopropyl moiety was not characterized. In the present
study, by solving the crystal structure of wild type (WT)- and VDRgem-bound to BXL-62,
we identify the mechanisms underlying the high potency of the C-20-modified analogs to
induce the transcriptional activities of VDR. In addition, we show that these modifications
restore the activity of the 1,25D3-unresponsive VDR variants that induce HVDRR (i.e.,
Glu319Val, His305Gln, Trp286Arg, Leu227Pro, Ile268Thr, and Ile314Ser).
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2. Results
2.1. BXL-62 and Gemini-72 Induce the Transcriptional Activity of Point-Mutated VDR
Unresponsive to 1,25D3

To determine the VDR transcriptional activity in the presence of the C-20-derivatives of
1,25D3, we treated the COS cells transiently transfected with a human (h) VDR expression
vector and a luciferase reporter, under the control of the promoter region of the VDR target
gene, CYP24A1.

In agreement with the previous results [20], 0.1, 1, and 10 nM 1,25D3 for 24 h induced
the luciferase activity by about 2-, 10- and 50-fold, respectively, compared to the vehicle-
treated cells (Figure 1B). In contrast, Gemini-72 or BXL-62 induced it by more than 40-fold
at any tested dose (Figure 1B), showing that these two C-20 modified analogs are more
potent than 1,25D3.

Next, we investigated the potency of Gemini-72 and BXL-62 to induce the transcrip-
tional activity of various human point-mutated VDR (Figure 2A). COS cells transiently
transfected with an expression vector encoding a given hVDR variant and a luciferase
reporter under the control of the CYP24A1 promotor region were treated for 24 h with
1,25D3, Gemini-72, or BXL-62. The relative luciferase activity in the vehicle-treated cells
transfected with the various VDR variants was at least four-times higher than in the vehicle-
treated cells expressing endogenous VDR (Figure 2B), indicating that the VDR variants
are overexpressed. While at 10 nM, the 1,25D3 had no effect, the Gemini-72 and BXL-62
fully restored the transcriptional activity of hVDR Gly319Val, His305Gln, Ile268Thr, and
Ile314Ser, but not that of Trp286Arg and Leu227Pro (Figure 2B). Moreover, at 100 nM,
Gemini-72 and BXL-62 were more potent than 1,25D3 to induce the transcriptional activities
of hVDR Trp286Arg and Leu227Pro (Figure 2C,D). In addition, BXL-62 and Gemini-72 had
a similar potency to induce hVDRgem transcriptional activity at all of the doses tested,
whereas 1,25D3 had no effect (Figure 2E). These results show that the ligands bearing a
C-20 modification are more potent than 1,25D3 to induce VDR transcriptional activity, and
are sufficient to restore the activity of the VDR variants with impaired 1,25D3 binding.
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Figure 2. Transcriptional activity of point-mutated VDR. (A) VDR variants (in blue) identified in
HVDRR patients mapped onto the hVDR LBD structure in the presence of 1,25D3 (orange) (PDB
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1DB1); (B–E) Relative activity of a reporter gene under the control of the promoter region of CYP24A1
in COS cells transiently transfected or not (−) with a VDR variant. Cells were treated for 24 h with
the indicated ligand. The results are shown as fold change compared to the condition treated with
10 nM 1,25D3 and overexpressing WT VDR (B), treated with 100 nM 1,25D3 and overexpressing VDR
W286R (C) or L227P (D), and treated with 10 nM 1,25D3 and overexpressing VDRgem (E). n = 3–6
biological replicates/condition. * p < 0.05 vs. vehicle. # p < 0.05 vs. 1,25D3.

2.2. Binding Mode of BXL-62

To investigate the structural modifications induced by the addition of 16-ene and
C-20 cyclopropyl moieties to the 1,25D3 backbone, we determined the crystal structure
of the zebrafish (z) VDR LBD in complex with BXL-62. The protein was crystallized in
the presence of an excess of BXL-62, and of the human NCoA1 peptide encompassing the
second nuclear receptor LXXLL-interacting motif. The structure was solved by molecular
replacement and refined to 2.7 Å (Table S1). BXL-62 adopted a similar orientation in the
LBP as 1,25D3, and the BXL-62-bound VDR had the canonical VDR-agonist conformation
(Figure 3A; Figure S1). Even though the 16-ene moiety reduced the flexibility of the skeleton
of 1,25D3 [25], the interactions between VDR and the A-, Seco B-, and C/D- rings of BXL-62
were similar to those of 1,25D3 (Figure S1b). In addition, the hydroxyl group in C1, C3, and
C25 of BXL-62 and of 1,25D3 formed a similar interaction with zSer265 and zArg302, with
zTyr175 and zSer306, and with zHis333 and zHis423, respectively (Figure S1a). Moreover,
all of the contacts identified between zVDR and the 1,25D3 lateral side chain were conserved
in the zVDR-BXL-62 complex (Figure 3B; Table S2), as well as the additional interactions
with the residues of H6 (zVal328), loop (L) 6–7(zHis333), H7 (zLeu338, zLeu341), and H11
(zHis423) that were formed in the presence of BXL-62 (Figure 3C; Table S2). These contacts
were induced by the positioning of the side chain, as shown by the torsion angles of C16-
C17-C20-C22 (−130◦ for BXL-62 and -29◦ for 1,25D3) imposed by the 16-ene configuration
and the C-20 cyclopropyl group of BXL-62, resulting in the cyclopropyl pointing towards
H7 (Figure 3C). In addition, the distances between the C25 geminal methyl groups and the
C-terminal residues zLeu440 (loop 11–12) and zPhe448 (H12) were reduced in the presence
of BXL-62 than in the presence of 1,25D3 (Figure 3B,C; Figure S1b and Table S2). Note
that the molecular dynamics (MD) simulations indicated that the binding free energy for
the ligand binding is similar for 1,25D3- and BXL-62-bound VDR (Figure S1c). Thus, the
increased rigidity imposed by the geometry of the 16-ene configuration and of the C-20
cyclopropyl group, as well as the stronger/additional interactions, contribute to a more
stable VDR agonist conformation.
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Figure 3. Crystal structure of zVDR—BXL-62. (A) Superposition of 1,25D3, BXL-62 and Gemini-72
ligands in the crystal structures of the zVDR LBD complexes (zVDR-1,25D3: PDB 2HC4; zVDR-BXL-
62: PDB 7BNS; zVDR-Gemini-72: PDB 3O1D); (B) Close-up view of the VDR ligand-binding pocket
around the BXL-62 side chain (in blue). Residues that contact the ligand with a cutoff of 4.0 Å are
labelled. Residues that form additional or stronger contacts with BXL-62 compared to 1,25D3 are
underlined; (C) Superposition of BXL-62 (blue) and 1,25D3 (orange) side chains within the VDR
ligand-binding pocket with residues that form stronger contacts with BXL-62 than with 1,25D3 are
highlighted. * indicates the torsion angles of C16-C17-C20-C22.
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2.3. BXL-62 Stabilizes VDRgem Active Conformation

To determine whether similar structural modifications are observed in the VDR vari-
ants, BXL-62 in complex with zVDRgem (L337H) [20] was crystallized, solved, and refined
to 2.4 Å (Table S1). All of the interactions observed in the zVDR WT-BXL-62 complex were
conserved in zVDRgem-BXL-62 (Figure 4A,B), notably the specific and tighter interactions
involving the C-20 cyclopropyl moiety (Table S2). The BXL-62 interacted more strongly
with H337 of zVDRgem through the C-21 atom of the cyclopropyl than that of zVDR WT
(Figure S2). The stronger interactions formed by the side chain of BXL-62 with residues of
H6, H7, and of the C-terminus stabilized the active conformation of VDRgem, in contrast
to the 1,25D3 that exhibited weakened hydrogen bonds between 25-OH and zHis333 and
zHis423 (Figure S3).
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Figure 4. Crystal structure of zVDRgem—BXL-62, and dynamic network of ligand–amino acid
contacts in VDR complexes. (A) Superposition of BXL-62 on the crystal structures of the zVDR WT
(PDB 7BNS) and zVDRgem (PDB 7BNU) complexes; (B) Labeled zVDRgem residues correspond to
those forming hydrogen bonds with BXL-62 (red) and those underlined correspond to residues that
form stronger contacts with BXL-62 than with 1,25D3; (C,D). Contact probabilities between 1,25D3

(in orange), BXL-62 (in green) or Gemini-72 (in purple) and zVDR WT (C) and zVDRgem (D). Five
independent 100 ns molecular dynamics (MD) simulations were computed and averaged, and the
MD trajectories at the residue level interactions were analyzed with a distance threshold of 3.5 Å.

We have previously shown that Gemini-72 forms additional contacts with zVDR WT
and zVDRgem residues of H3 (zLeu255, zLeu258, and zVal262) and of C-ter (zLeu430,
zLeu440, and zPhe448) than 1,25D3, due to its large second lateral side chain [20]. To
reveal key dynamical features in the zVDR-BXL62 complex in comparison with the zVDR
LBD- Gemini-72 and -1,25D3 complexes, we performed MD simulations. The most critical
interactions between the zVDR residues and the analogs involved in the key hydrogen
bonds (i.e., zVDR zSer265, zArg302, zSer303, zSer306, zHis333, and zHis423) were similar
in the presence of the three ligands (Figure 4C). Our analysis revealed that BXL-62 and
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Gemini-72 exhibit similar profiles of averaged contact probabilities with VDRgem than
with VDR WT (Figure 4C,D). In contrast, 1,25D3 failed to stabilize the interaction with
the zVDRgem His423 (Figure 4C and Table 1). This different interaction between BXL-62
and 1,25D3 with His423 is due to the His337 having a stronger contact probability with
His423 in the zVDRgem-BXL-62 complex (Table 1). The presence of the cyclopropyl moiety
prevented the interaction between these two histidine residues, while showing an increased
interaction with His423 (Figures S4 and S5). Taken together, these results demonstrate that
the addition of the cyclopropyl to the 1,25D3 skeleton is sufficient to restore the VDRgem
agonist conformation and dynamics.

Table 1. Distance probabilities in zVDR and zVDRgem complexes. The distance criteria used implies
that at least one heavy atom from each side chain lies within 3.5 Å of distance.

His333-Lig His423-Lig His333-His423 His423-His337

zVDR WT
1,25D3 0.91 0.77 0.17 0

BXL-62 0.87 0.79 0.15 0

zVDRgem
1,25D3 0.80 0.24 0.06 0.53

BXL-62 0.65 0.79 0.21 0.07

2.4. In Vivo Effect of BXL-62

We have shown that the mice bearing the VDR L304H (VDRgem) exhibit rickets with
a more severe phenotype than the VDR-null mice. In addition, the VDRgem mice are
unresponsive to 1,25D3, but not to Gemini-72 [20]. As BXL-62 has higher anti-inflammatory
activities than 1,25D3 in mice [22], and restores VDRgem transcriptional activity in vitro,
we determined its potency to induce the activities of VDR variants in vivo. The WT and
VDRgem mice were treated orally with either vehicle or BXL-62 for 6 h, and the duodenal
transcript levels of two well-known VDR target genes (i.e., Slc37a2 and Slc30a10) were
determined (Figure 5A,B). In the vehicle-treated mice, duodenal Slc37a2 and Slc30a10
transcript levels were at-least 1.5-fold lower in VDRgem than in WT, in agreement with
the previous results [20]. In addition, they were induced by at least two-fold, 6-h after
administration of 3 or 10 µg/kg BXL-62 to the WT and VDRgem mice (Figure 5A,B). Next,
the VDRgem were treated orally for 4 days with 10 µg/kg and the serum calcium levels
were determined 24 h after the last administration. Our results show that BXL-62 increases
the serum calcium levels of VDRgem mice by three-fold (Figure 5C). Thus, BXL-62 restores
the VDRgem activities in mice.
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Figure 5. Effect of BXL-62 on intestinal VDR target gene transcript levels and serum calcium levels.
Relative duodenal transcript levels of Slc37a2 (A) and Slc30a10 (B) in wild type (white bar) and
VDRgem (black bar) mice after a 6-h oral administration of vehicle, 3, and 10 µg/kg of BXL-62. The
transcript levels of the 18S housekeeping gene were used as internal control; (C) Serum calcium levels
of VDRgem mice 24-h after 4 administrations of vehicle (oil), or 10 µg/kg BXL-62 on 4 consecutive
days. * p < 0.05 vs. vehicle. n > 3 mice/group.
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3. Discussion

In the present study, we investigated the mechanism of action underlying BXL-62
activities and unraveled the importance of the flexibility of the VDR LBP to accommodate
C-20 modified ligands.

Some analogs of 1,25D3 have been shown to restore the transcriptional activity
of a given VDR variant unresponsive to 1,25D3, thus acting as VDR variant-specific
drugs [5,26–28]. Here we show that the highly potent C-20 modified analogs, BXL-62
and Gemini-72, restore the transcriptional activities of various VDR variants affecting
1,25D3 binding, including the Leu227Pro and Trp286Arg that strongly impaired the 1,25D3-
induced VDR transcriptional activity [29,30]. In addition, we show that BXL-62 is able to
restore the transcriptional activity of the VDRgem variant, that was designed to respond
selectively to gemini ligands and to be unresponsive to 1,25D3. Whereas the VDR confor-
mational changes induced by Gemini-72 second side chain were shown to overcome the
loss of activity of 1,25D3 on VDRgem [20], the C-20 cyclopropyl moiety of BXL-62 stabilizes
the VDR LBP and enhances some of the VDR interactions, notably with zHis423. These
conformational adaptations are sufficient to restore the activities of VDR variants. Remark-
ably, we showed that four consecutive per os administrations of BXL-62 increased serum
calcium levels to a high range in VDRgem mice. However, as the dose used was 10-times
higher than the BXL-62 maximum-tolerated dose identified in wild-type mice [21,22], a
lower dose and/or a different regimen should normalize the calcemia, as observed for the
treatment with Gemini-72 [20].

Simple inverse stereochemistry at C-20 has been shown to improve the transcriptional
activity through an entropic gain of the ligand conformation, and closer contacts with
His305 (zHis333) and His397 (zHis423) [13], and 16-ene modification in 1,25D3 increases
the binding affinity for VDR [24]. Although the conformational space of BXL-62 is similar
to that of 1,25D3 and of 20-epi analogs, a mutual adaptation of the 16-ene and C-20 moiety
and the VDR LBP lead to alternate contacts. The BXL-62 side chain is rigid, due to the
structural cooperation of the 16-ene and the C-20 cyclopropyl group leading to a different
position of the side chain in the VDR pocket than 1,25D3, with the cyclopropyl group
pointing towards H7 to form specific interactions with the residues of H6-H7 and with
C-ter H11-H12. Importantly, the contacts between BXL-62 and H6-H7 of VDR are essential
for H11 repositioning through a network involving H6 (Val328), loop 6–7 (His333), and
H11 (His423). Therefore, these stronger contacts result in the stabilization of the active
VDR conformation and coactivator recruitment, even though the BXL-62 and 1,25D3 have a
similar total binding affinity for WT VDR. Of note, a similar stabilization is also observed in
the presence of Gemini-72, but does not involve similar atoms. Moreover, the MD analysis
of the VDR WT and of the VDRgem complexes identified His423 as a key dynamic residue
involved in the stabilization of the agonistic conformation. Here, we demonstrated that,
in addition to its lower CYP24A1-induced degradation due to the addition of the 16-ene,
and the activity of its 24-oxo metabolite [12,21], BXL-62 stabilized the VDR complex by
a combination of enthalpic (additional and tighter intermolecular contacts) and entropic
(rigid side chain) effects.

4. Conclusions

In summary, by combining functional, structural, and MD analysis, we highlight the
importance of a C-20 moiety to potentiate VDR activity, and provide, at atomic resolution,
mechanistic details. The geometry imposed by the 16-ene configuration and the C-20
cyclopropyl in BXL-62 is energetically more favorable and is responsible for increased VDR
interactions. Importantly, these specific properties restore the transcriptional activity of
VDR variants with impaired 1,25D3 binding.
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5. Materials and Methods
5.1. Chemicals

The 1,25D3 (a gift from Antonio Mourino), BXL-62, and Gemini-72 (a gift from Hubert
Maehr) were dissolved in ethanol at 10−2 M and stored at −20 ◦C. The compounds were
>95% pure, as determined by HPLC [21,31]. The NCoA1 (686-RHKILHRLLQEGSPS-700)
peptide was synthesized at the IGBMC peptide synthesis common facility.

5.2. Cells

The mycoplasma-free fibroblast-like cells, derived from monkey kidney tissue (COS-7)
cells (American Type Culture Collection, Manassas, VI, USA), were grown in Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with 10% fetal calf serum (FCS) and
40µg/mL gentamicin. Prior to the experiments, the cells at 80% confluency were grown for
24 h in charcoal-treated FCS medium.

5.3. Transactivation Assays

The COS-7 cells were seeded into 24-well plates (105 cells per well) and transfected
with 250 ng of the expression vector encoding the full-length human (h) VDR WT, hV-
DRgem (Leu309His) or point-mutated hVDR (i.e., His305Gln, Trp286Arg, Leu227Pro,
Ile268Thr, Ile314Ser, and Gly319Val), 500 ng of the reporter plasmid encompassing the
region−414 to−64 of the human CYP24A1 gene fused with the thymidine kinase promoter
driving the firefly luciferase reporter gene, and 250 ng of the pCH110 vector encoding
β-galactosidase [20] (used as an internal control) with the X-tremeGENE™ HP DNA Trans-
fection Reagent (Merck, Darmstadt, Germany), according to the manufacturer’s instructions.
After twenty-four hours, the cells were treated for twenty-four hours with indicated doses
of 1,25D3, Gemini-72, BXL-62, or vehicle (EtOH) and the cellular lysates were assayed for
luciferase activity, as recommended by the supplier (Perkin-Elmer, Waltham, MA, USA),
and normalized to β-galactosidase activity determined at the optical density of 420 nm.

5.4. Crystallization and Structure Determination

The expression and purification of the VDR ligand-binding domain (LBD) (residues
156–453) of the zebrafish (z) wild type (zVDRwt) and the Leu337His point-mutated (zV-
DRgem) were performed as described [20]. The purified proteins were concentrated to
3–7 mg/mL, using Amicon ultra-30 (Merck Millipore, Molsheim, France) and incubated
with a two-fold excess of BXL-62 and a three-fold excess of the coactivator NCoA1 peptide.
The crystals were obtained in 50 mM Bis-Tris pH 6.5, 1.6 M lithium sulfate and 50 mM
magnesium sulfate, cryo-protected with 20% glycerol, mounted in a fiber loop and flash-
cooled under a nitrogen flux. The data for zVDRwt and zVDRgem complexes from a
single frozen crystal were collected at 100 K on the ID29 and ID23-2 beamlines (European
Synchroton Radiation Facility, Grenoble, France), respectively. The raw data were processed
with XDS [32] and scaled with AIMLESS [33] programs. The structure was solved and
refined using Phenix [34], BUSTER [35], and iterative model building, using COOT [36].
Crystallographic refinement statistics are presented in Table S1.

5.5. Molecular Dynamics

For all of the structures, four G residues were added, using Modeler in the missing loop
(residues 191 to 250 of zVDR) of the crystal structures of the complexes. Binding free energy
decomposition calculations were performed on 100 ns molecular dynamics simulations of
each complex and repeated five times. The first 10 ns of the simulations required for system
equilibration were removed. For each complex, five independent 100 ns MD simulations
were computed and averaged, and the MD trajectories at the residue level interactions were
analyzed, with a distance threshold of 3.5 Å. The protein–ligands contacts were analyzed
by calculating the averaged contact probabilities at the end of the averaged simulations.
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5.6. Mice

The C57BL/6 J (WT) and VDRgem mice [20] from a similar genetic background were
maintained in a temperature- and humidity-controlled animal facility and fed ad libitum
(Safe diets D04, Safe, Augy, France). Ten-week-old male mice were orally administered
with 100µL of sunflower oil (Auchan, Illkirch, France), containing less than 0.01% EtOH
(vehicle). The animals were killed by cervical dislocation and the tissues were immediately
collected and frozen in liquid nitrogen. All of the animal experimental protocols were
conducted in compliance with French and EU regulations on the use of laboratory animals
for research and approved by the IGBMC Ethical Committee and the French Ministry
of Higher Education Research and Innovation (#10047-2017052615101492 and #21776-
2019082318288737).

5.7. Analysis of Transcript Levels

The total RNA was isolated using NucleoSpin kit reagents (Macherey-Nagel GmbH
& Co. KG, Hoerdt, France), according to the manufacturer’s protocols. The RNA was
quantified by spectrophotometry (Nanodrop, Thermo Fisher, Illkirch, France), and cDNA
was prepared using 2µg of total RNA, random hexamers, and SuperScript IV reverse
transcriptase (Thermo Fisher, Illkirch, France), following the manufacturer’s instructions.
Quantitative PCR (Light Cycler 480-II) was performed using the Light Cycler 480 SYBR
Green I Master X2 Kit (Roche Diagnostics, Meylan, France), according to the supplier’s
protocol. The data were analyzed using the standard curve method, following the man-
ufacturer’s protocol (Lightcycler 480 II, Roche Diagnostics, Meylan, France), and the 18S
housekeeping gene as internal control.

The set of primers were the following:
Slc37a2, 5′-TAGGGCCAGACTAGAGCCA-3′ (sense) and
5′-ACATGCTCATCTCTGCCGAC-3′ (antisense);
Slc30a10, 5′-GGTGATTCCCTGAACACCGA-3′ (sense) and
5′-ACGTGCAAAAGAACACCTCTG-3′ (antisense) and
18 S, 5′-AGCTCACTGGCATGGCCTTC-3′ (sense) and
5′-CGCCTGCTTCACCACCTTC-3′ (antisense).

5.8. Blood Sample Collection and Analysis

The blood was collected by inferior palpebral vein puncture, kept for 2 h at 4 ◦C, and
centrifuged at 400× g for 10 min at 4 ◦C. The serum calcium levels were determined using
colorimetric assays (MAK022, Sigma Aldrich, Saint-Quentin-Fallavier, France), according
to the supplier’s protocol.

5.9. Data and Statistical Analysis

Data are shown as means + SD. ANOVA followed by a post-hoc t-test were used to
evaluate the differences between the conditions. The p values < 0.05 (*) were considered
statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23158445/s1.

Author Contributions: Conceptualization, N.R. and G.L.; methodology, A.Y.B., D.R. and Y.C.; in-
vestigation, A.Y.B., D.R., Y.C., S.D., L.V. and A.V.; writing—original draft preparation, A.Y.B., D.R.,
D.M., N.R. and G.L.; writing—review and editing, D.R., N.R. and G.L.; supervision, N.R. and G.L.;
funding acquisition, N.R. and G.L. All authors have read and agreed to the published version of
the manuscript.

https://www.mdpi.com/article/10.3390/ijms23158445/s1
https://www.mdpi.com/article/10.3390/ijms23158445/s1


Int. J. Mol. Sci. 2022, 23, 8445 10 of 11

Funding: This research was funded by Agence Nationale de la Recherche (ANR-13-BSV8-0024-01
to N.R., ANR-19-CE17-0006-01 to G.L. and ANR-21-CE17-0009 to N.R. and G.L.) and by Fondation
pour la Recherche Médicale (FRM-FDT20140930978 to N.R.), and the APC was funded by Agence
Nationale de la Recherche (ANR-21-CE17-0009). This work of the Interdisciplinary Thematic Institute
IMCBio, as part of the ITI 2021-2028 program of the University of Strasbourg, CNRS and Inserm, was
supported by IdEx Unistra (ANR-10-IDEX-0002), and by SFRI-STRAT’US project (ANR 20-SFRI-0012)
and EUR IMCBio (ANR-17-EURE-0023) under the framework of the French Investments for the
Future Program.

Institutional Review Board Statement: All animal experimentations were approved by the IGBMC
Ethical Committee and the French Ministry of Higher Education Research and Innovation (#10047-
2017052615101492 and #21776-2019082318288737).

Informed Consent Statement: Not applicable.

Data Availability Statement: Atomic coordinates for the X-ray structures of zVDR LBD-BXL-62
(PDB 7BNS) and zVDRgem LBD-BXL-62 (PDB 7BNU) are available at the RCSB Protein Data Bank.

Acknowledgments: We thank H. Maehr and N. Suh for providing the BXL-62 and Gemini-72
compounds and A. Mourino for providing 1,25D3. We thank the IGBMC animal house, molecular
biology, cell culture facilities, P. Eberling for peptide synthesis, and A. McEwen for help in X-ray data
collections. We thank the staff of ESRF for assistance in using the beamlines.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

1,25D3 1α,25-dihydroxyvitamin D3
VDR vitamin D receptor
HVDRR Hereditary Vitamin D-resistant rickets
LBD ligand-binding domain
LBP ligand-binding pocket
MD molecular dynamics

References
1. Bikle, D.; Christakos, S. New aspects of vitamin D metabolism and action—Addressing the skin as source and target. Nat. Rev.

Endocrinol. 2020, 16, 234–252. [CrossRef] [PubMed]
2. Fleet, J.C. The role of vitamin D in the endocrinology controlling calcium homeostasis. Mol. Cell. Endocrinol. 2017, 453, 36–45.

[CrossRef] [PubMed]
3. Goltzman, D. Functions of vitamin D in bone. Histochem. Cell Biol. 2018, 149, 305–312. [CrossRef] [PubMed]
4. Feldman, D.; Malloy, P.J. Mutations in the vitamin D receptor and hereditary vitamin D-resistant rickets. Bonekey Rep. 2014, 3, 510.

[CrossRef] [PubMed]
5. Malloy, P.J.; Xu, R.; Peng, L.; Peleg, S.; Al-Ashwal, A.; Feldman, D. Hereditary 1,25-dihydroxyvitamin D resistant rickets due to a

mutation causing multiple defects in vitamin D receptor function. Endocrinology 2004, 145, 5106–5114. [CrossRef]
6. Rochel, N.; Molnar, F. Structural aspects of Vitamin D endocrinology. Mol. Cell. Endocrinol. 2017, 453, 22–35. [CrossRef] [PubMed]
7. Leyssens, C.; Verlinden, L.; Verstuyf, A. The future of vitamin D analogs. Front. Physiol. 2014, 5, 122. [CrossRef]
8. Belorusova, A.Y.; Rochel, N. Structural Studies of Vitamin D Nuclear Receptor Ligand-Binding Properties. Vitam. Horm. 2016,

100, 83–116. [PubMed]
9. Maestro, M.A.; Molnar, F.; Carlberg, C. Vitamin D and Its Synthetic Analogs. J. Med. Chem. 2019, 62, 6854–6875. [CrossRef]

[PubMed]
10. Yamamoto, K. Discovery of Nuclear Receptor Ligands and Elucidation of Their Mechanisms of Action. Chem. Pharm. Bull. 2019,

67, 609–619. [CrossRef]
11. Peleg, S.; Sastry, M.; Collins, E.D.; Bishop, J.E.; Norman, A.W. Distinct conformational changes induced by 20-epi analogues

of 1 alpha,25-dihydroxyvitamin D3 are associated with enhanced activation of the vitamin D receptor. J. Biol. Chem. 1995, 270,
10551–10558. [CrossRef] [PubMed]

12. Uskokovic, M.R.; Manchand, P.; Marczak, S.; Maehr, H.; Jankowski, P.; Adorini, L.; Reddy, G.S. C-20 cyclopropyl vitamin D3
analogs. Curr. Top. Med. Chem. 2006, 6, 1289–1296. [CrossRef] [PubMed]

13. Tocchini-Valentini, G.; Rochel, N.; Wurtz, J.M.; Mitschler, A.; Moras, D. Crystal structures of the vitamin D receptor complexed to
superagonist 20-epi ligands. Proc. Natl. Acad. Sci. USA 2001, 98, 5491–5496. [CrossRef]

14. Ciesielski, F.; Rochel, N.; Moras, D. Adaptability of the Vitamin D nuclear receptor to the synthetic ligand Gemini: Remodelling
the LBP with one side chain rotation. J. Steroid Biochem. Mol. Biol. 2007, 103, 235–242. [CrossRef]

http://doi.org/10.1038/s41574-019-0312-5
http://www.ncbi.nlm.nih.gov/pubmed/32029884
http://doi.org/10.1016/j.mce.2017.04.008
http://www.ncbi.nlm.nih.gov/pubmed/28400273
http://doi.org/10.1007/s00418-018-1648-y
http://www.ncbi.nlm.nih.gov/pubmed/29435763
http://doi.org/10.1038/bonekey.2014.5
http://www.ncbi.nlm.nih.gov/pubmed/24818002
http://doi.org/10.1210/en.2004-0080
http://doi.org/10.1016/j.mce.2017.02.046
http://www.ncbi.nlm.nih.gov/pubmed/28257826
http://doi.org/10.3389/fphys.2014.00122
http://www.ncbi.nlm.nih.gov/pubmed/26827949
http://doi.org/10.1021/acs.jmedchem.9b00208
http://www.ncbi.nlm.nih.gov/pubmed/30916559
http://doi.org/10.1248/cpb.c19-00131
http://doi.org/10.1074/jbc.270.18.10551
http://www.ncbi.nlm.nih.gov/pubmed/7737990
http://doi.org/10.2174/156802606777864962
http://www.ncbi.nlm.nih.gov/pubmed/16848742
http://doi.org/10.1073/pnas.091018698
http://doi.org/10.1016/j.jsbmb.2006.12.003


Int. J. Mol. Sci. 2022, 23, 8445 11 of 11

15. Huet, T.; Maehr, H.; Lee, H.J.; Uskokovic, M.R.; Suh, N.; Moras, D.; Rochel, N. Structure-function study of gemini derivatives
with two different side chains at C-20, Gemini-0072 and Gemini-0097. Med. Chem. Comm. 2011, 2, 424–429. [CrossRef]

16. Abu El Maaty, M.A.; Grelet, E.; Keime, C.; Rerra, A.I.; Gantzer, J.; Emprou, C.; Terzic, J.; Lutzing, R.; Bornert, J.M.; Laverny, G.;
et al. Single-cell analyses unravel cell type-specific responses to a vitamin D analog in prostatic precancerous lesions. Sci. Adv.
2021, 7, eabg5982. [CrossRef] [PubMed]

17. Lee, H.J.; Wislocki, A.; Goodman, C.; Ji, Y.; Ge, R.; Maehr, H.; Uskokovic, M.; Reiss, M.; Suh, N. A novel vitamin D derivative
activates bone morphogenetic protein signaling in MCF10 breast epithelial cells. Mol. Pharm. 2006, 69, 1840–1848. [CrossRef]
[PubMed]

18. Belorusova, A.Y.; Suh, N.; Lee, H.J.; So, J.Y.; Maehr, H.; Rochel, N. Structural analysis and biological activities of BXL0124, a
gemini analog of vitamin D. J. Steroid Biochem. Mol. Biol. 2017, 173, 69–74. [CrossRef] [PubMed]

19. Maehr, H.; Rochel, N.; Lee, H.J.; Suh, N.; Uskokovic, M.R. Diastereotopic and deuterium effects in gemini. J. Med. Chem. 2013, 56,
3878–3888. [CrossRef] [PubMed]

20. Huet, T.; Laverny, G.; Ciesielski, F.; Molnar, F.; Ramamoorthy, T.G.; Belorusova, A.Y.; Antony, P.; Potier, N.; Metzger, D.; Moras, D.;
et al. A vitamin D receptor selectively activated by gemini analogs reveals ligand dependent and independent effects. Cell. Rep.
2015, 10, 516–526. [CrossRef]

21. Laverny, G.; Penna, G.; Uskokovic, M.; Marczak, S.; Maehr, H.; Jankowski, P.; Ceailles, C.; Vouros, P.; Smith, B.; Robinson, M.; et al.
Synthesis and anti-inflammatory properties of 1alpha,25-dihydroxy-16-ene-20-cyclopropyl-24-oxo-vitamin D3, a hypocalcemic,
stable metabolite of 1alpha,25-dihydroxy-16-ene-20-cyclopropyl-vitamin D3. J. Med. Chem. 2009, 52, 2204–2213. [CrossRef]
[PubMed]

22. Laverny, G.; Penna, G.; Vetrano, S.; Correale, C.; Nebuloni, M.; Danese, S.; Adorini, L. Efficacy of a potent and safe vitamin D
receptor agonist for the treatment of inflammatory bowel disease. Immunol. Lett. 2010, 131, 49–58. [CrossRef] [PubMed]

23. Jung, S.J.; Lee, Y.Y.; Pakkala, S.; de Vos, S.; Elstner, E.; Norman, A.W.; Green, J.; Uskokovic, M.; Koeffler, H.P. 1,25(OH)2-
16ene-vitamin D3 is a potent antileukemic agent with low potential to cause hypercalcemia. Leuk. Res. 1994, 18, 453–463.
[CrossRef]

24. Nakagawa, K.; Sowa, Y.; Kurobe, M.; Ozono, K.; Siu-Caldera, M.L.; Reddy, G.S.; Uskokovic, M.R.; Okano, T. Differential
activities of 1alpha,25-dihydroxy-16-ene-vitamin D(3) analogs and their 3-epimers on human promyelocytic leukemia (HL-60)
cell differentiation and apoptosis. Steroids 2001, 66, 327–337. [CrossRef]

25. Yamada, S.; Yamamoto, K.; Masuno, H.; Ohta, M. Conformation-function relationship of vitamin D: Conformational analysis
predicts potential side-chain structure. J. Med. Chem. 1998, 41, 1467–1475. [CrossRef] [PubMed]

26. Futawaka, K.; Tagami, T.; Fukuda, Y.; Koyama, R.; Nushida, A.; Nezu, S.; Yamamoto, H.; Imamoto, M.; Kasahara, M.; Moriyama,
K. Transcriptional activation of the wild-type and mutant vitamin D receptors by vitamin D3 analogs. J. Mol. Endocrinol. 2016, 57,
23–32. [CrossRef] [PubMed]

27. Liu, Y.; Shen, Q.; Malloy, P.J.; Soliman, E.; Peng, X.; Kim, S.; Pike, J.W.; Feldman, D.; Christakos, S. Enhanced coactivator binding
and transcriptional activation of mutant vitamin D receptors from patients with hereditary 1,25-dihydroxyvitamin D-resistant
rickets by phosphorylation and vitamin D analogs. J. Bone Min. Res. 2005, 20, 1680–1691. [CrossRef] [PubMed]

28. Mano, H.; Nishikawa, M.; Yasuda, K.; Ikushiro, S.; Saito, N.; Sawada, D.; Honzawa, S.; Takano, M.; Kittaka, A.; Sakaki, T. Novel
screening system for high-affinity ligand of heredity vitamin D-resistant rickets-associated vitamin D receptor mutant R274L
using bioluminescent sensor. J. Steroid Biochem. Mol. Biol. 2017, 167, 61–66. [CrossRef]

29. Huang, K.; Malloy, P.; Feldman, D.; Pitukcheewanont, P. Enteral calcium infusion used successfully as treatment for a patient
with hereditary vitamin D resistant rickets (HVDRR) without alopecia: A novel mutation. Gene 2013, 512, 554–559. [CrossRef]
[PubMed]

30. Nguyen, T.M.; Adiceam, P.; Kottler, M.L.; Guillozo, H.; Rizk-Rabin, M.; Brouillard, F.; Lagier, P.; Palix, C.; Garnier, J.M.;
Garabedian, M. Tryptophan missense mutation in the ligand-binding domain of the vitamin D receptor causes severe resistance
to 1,25-dihydroxyvitamin D. J. Bone Min. Res. 2002, 17, 1728–1737. [CrossRef]

31. Maehr, H.; Lee, H.J.; Perry, B.; Suh, N.; Uskokovic, M.R. Calcitriol derivatives with two different side chains at C-20. V. Potent
inhibitors of mammary carcinogenesis and inducers of leukemia differentiation. J. Med. Chem. 2009, 52, 5505–5519. [CrossRef]
[PubMed]

32. Kabsch, W. Xds. Acta Cryst. D Biol. Cryst. 2010, 66 Pt 2, 125–132. [CrossRef] [PubMed]
33. Evans, P. Scaling and assessment of data quality. Acta Cryst. D Biol. Cryst. 2006, 62 Pt 1, 72–82. [CrossRef] [PubMed]
34. Afonine, P.V.; Grosse-Kunstleve, R.W.; Adams, P.D. A robust bulk-solvent correction and anisotropic scaling procedure. Acta

Cryst. D Biol. Cryst. 2005, 61 Pt 7, 850–855. [CrossRef] [PubMed]
35. Bricogne, G.; Blanc, E.; Brandl, M.; Flensburg, C.; Keller, P.; Paciorek, W.; Roversi, P.; Sharff, A.; Smart, O.S.; Vonrhein, C.; et al.

BUSTER Version 2.11.2; Global Phasing Ltd.: Cambridge, UK, 2011.
36. Emsley, P.; Cowtan, K. Coot: Model-building tools for molecular graphics. Acta Cryst. D Biol. Cryst. 2004, 60 Pt 12 Pt 1, 2126–2132.

[CrossRef] [PubMed]

http://doi.org/10.1039/c1md00059d
http://doi.org/10.1126/sciadv.abg5982
http://www.ncbi.nlm.nih.gov/pubmed/34330705
http://doi.org/10.1124/mol.105.022079
http://www.ncbi.nlm.nih.gov/pubmed/16533909
http://doi.org/10.1016/j.jsbmb.2016.09.015
http://www.ncbi.nlm.nih.gov/pubmed/27650654
http://doi.org/10.1021/jm400032t
http://www.ncbi.nlm.nih.gov/pubmed/23566225
http://doi.org/10.1016/j.celrep.2014.12.045
http://doi.org/10.1021/jm801365a
http://www.ncbi.nlm.nih.gov/pubmed/19309155
http://doi.org/10.1016/j.imlet.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20350569
http://doi.org/10.1016/0145-2126(94)90081-7
http://doi.org/10.1016/S0039-128X(00)00142-2
http://doi.org/10.1021/jm970761l
http://www.ncbi.nlm.nih.gov/pubmed/9554880
http://doi.org/10.1530/JME-16-0048
http://www.ncbi.nlm.nih.gov/pubmed/27154546
http://doi.org/10.1359/JBMR.050410
http://www.ncbi.nlm.nih.gov/pubmed/16059639
http://doi.org/10.1016/j.jsbmb.2016.11.008
http://doi.org/10.1016/j.gene.2012.09.078
http://www.ncbi.nlm.nih.gov/pubmed/23026218
http://doi.org/10.1359/jbmr.2002.17.9.1728
http://doi.org/10.1021/jm900780q
http://www.ncbi.nlm.nih.gov/pubmed/19685888
http://doi.org/10.1107/S0907444909047337
http://www.ncbi.nlm.nih.gov/pubmed/20124692
http://doi.org/10.1107/S0907444905036693
http://www.ncbi.nlm.nih.gov/pubmed/16369096
http://doi.org/10.1107/S0907444905007894
http://www.ncbi.nlm.nih.gov/pubmed/15983406
http://doi.org/10.1107/S0907444904019158
http://www.ncbi.nlm.nih.gov/pubmed/15572765

	Introduction 
	Results 
	BXL-62 and Gemini-72 Induce the Transcriptional Activity of Point-Mutated VDR Unresponsive to 1,25D3 
	Binding Mode of BXL-62 
	BXL-62 Stabilizes VDRgem Active Conformation 
	In Vivo Effect of BXL-62 

	Discussion 
	Conclusions 
	Materials and Methods 
	Chemicals 
	Cells 
	Transactivation Assays 
	Crystallization and Structure Determination 
	Molecular Dynamics 
	Mice 
	Analysis of Transcript Levels 
	Blood Sample Collection and Analysis 
	Data and Statistical Analysis 

	References

