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ABSTRACT

Rheumatoid arthritis (RA) is one of the autoimmune diseases, and is affecting 2.5
million Americans in total. Among the treatment options of RA, 1a,25-dihydroxyvitamin
D3 [1,25(0OH)2D3] is the only steroidal drug used clinically for anti-inflammatory and
immune diseases. However, long-term use of 1,25(0OH)2D3 (625 pg/day) in human
would result in hypercalcemia (toxicity), and 1,25(OH)2D3 has substantial
hypercalcemic effects (toxicity) in mice at a dose as low as only 2 pg/kg. Fortunately,
during the investigation of novel metabolic pathway of vitamin D3 by cytochrome P450
enzymes, we found 20S-hydroxyvitamin D3 [20S(OH)D3] as a good lead compound.
20S(OH)D3 suppressed disease symptoms at 2 pg/kg in collagen-induced arthritis model,
and high doses of 20S(OH)D3 (up to 30 pg/kg) do not cause hypercalcemia in rats or
mice. Thus 20S(OH)D3 has the potential to be structurally optimized for providing anti-
inflammatory agents without toxicity. In this study, four series of 20S(OH)D3 analogs
have been synthesized and studied, they are C20 Gemini analogs, C24-hydroxlated
analogs, C23-hydroxlated analogs and C24 modified analogs together with their 1a-
hydroxylated derivatives.

Since D3 analogs with two symmetric side chains (Gemini analogs) result in
potent activation of the vitamin D receptor (VDR), we hypothesized that the chain length
and composition of these types of analogs also containing a 20-hydroxyl group would
affect their biological activities. In this study, we designed and synthesized a series of
Gemini 20S(OH)D3 analogs. Biological tests showed that some of these analogs are
partial VDR activators and can significantly stimulate the expression of mRNA for VDR
and VDR-regulated genes including CYP24A41 and transient receptor potential cation
channel V6 (TRPV6). These analogs inhibited the proliferation of melanoma cells with
potency comparable to that of 10,25-dihydroxyvitamin D3. Moreover, these analogs
reduced the level of interferon y and up-regulated the expression of leukocyte associated
immunoglobulin-like receptor 1 in splenocytes, indicating that they have potent anti-
inflammatory activities. There are no clear correlations between the Gemini chain length
and their VDR activation or biological activities, consistent with the high flexibility of
the ligand-binding pocket of the VDR.

Bioactive vitamin D3 metabolites 20S5,24S-dihydroxyvitamin D3
[20S,24S(OH)2D3] and 208,24 R-dihydroxyvitamin D3 [20S,24R(OH)2D3] were
chemically synthesized and confirmed to be identical to their enzymatically generated
counterparts. The absolute configurations at C24 and its influence on the kinetics of 1a-
hydroxylation by CYP27B1 were determined. Their corresponding 1a-hydroxyl
derivatives were subsequently produced. Biological comparisons of these products
showed different properties with respect to vitamin D3 receptor activation, anti-
inflammatory activity, and anti-proliferative activity, with 10,20S,24R(OH)2D3 being the
most potent compound.

The vitamin D3 metabolite, 20S,23S-dihydroxyvitamin D3, was chemically
synthesized for the first time, and identified to be the same as the enzymatically produced



metabolite. The C23 absolute configurations of both 20S,235/R-dihydroxyvitamin D3
epimers were unambiguously assigned by NMR and Mosher ester analysis. Their kinetics
of CYP27B1 metabolism were investigated during the production of their 1a-
hydroxylated derivatives. Bioactivities of these products were compared in terms of
vitamin D3 receptor activation, anti-inflammatory and anti-proliferative activities.

Four C24 modified analogs of 20S(OH)D3 were chemically synthesized and
comprehensively tested against different activities together with their 1a-hydroxyl
derivatives. Metabolism of 20S(OH)D3 analogs against cytochrome P450 27B1
(CYP27BI1, activation enzyme) and CYP24A1 (catabolism enzyme) suggested that they
are better substrates of both enzymes than 20S(OH)D3, and can be activated (1a-
hydroxylated) by CYP27B1 except 23-amide which is not a substrate but an inhibitor of
CYP27BI. Their 1a-OH derivatives were potent vitamin D receptor (VDR) agonists
comparable with 1,25(OH)2D3 although they themselves showed weak or none VDR
stimulation activity in three cell lines. To understand the molecular interactions between
these analog and VDR, two analogs together with 20S(OH)D3 and 1,25(OH)2D3 were
co-crystalized with human VDR. These analogs and 1a-OH derivatives significantly
upregulated the mRNA expression of VDR target genes, suggesting their actions via
VDR, at least partially. In addition, their anti-inflammatory activities have been
investigated in aspect of IFNy inhibition in splenocytes. This study demonstrates the
mechanisms of action of 20S(OH)D3 anlogs, is of great importance for future drug
development of anti-inflammatory agents.

From the above-mentioned studies, we learned that the introduction of 1a-
hydroxy could potentiate the anti-inflammatory activities of 20S(OH)D3 and its anlogs.
Thus it would be beneficial to further investigate the 10,20S-Dihydroxyvitamin D3
[1,20S(OH)2D3] analogs. 1,205(OH)2D3 was chemically synthesized for the first time. A
semi-reduced intermediate of the Birch reduction for 1a-OH formation was obtained for
the first time, and thus was used to propose the reaction mechanism. X-ray
crystallography analysis of the key intermediate confirmed the formation of 10-OH.
1,208(OH)2D3 binds efficiently in vitamin D receptor (VDR), being similar with its
native ligand 1a,25-dihydroxyvitamin D3 [1,25(OH)2D3]. However, their co-crystal
structures revealed differential molecular interactions of 205-OH and 25-OH in VDR,
which may help understand their biological activities. In addition, 1,205(OH)2D3
functions as a VDR agonist with stronger/comparable activities than/with 1,25(0OH)2D3
in aspects of VDR stimulation and regulating VDR downstream genes, and inhibition of
inflammatory markers. This study offers a convenient synthetic route using a novel
intermediate 1a,3p-diacetoxypregn-5-en-20-one, and provides molecular basis of design
for drug development of 1,20S(OH)2D3 and its analogs.

Overall, we have synthesized and biologically evaluated four series of
20S(OH)D3 analogs for their potential applications in anti-inflammatory diseases such as
RA. The synthetic scheme of 1,20S(OH)2D3 could pioneer future development of its
analogs. These findings will provide important guidance for the development of next
generation anti-RA agents using 20S(OH)2D3 scaffold.
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CHAPTER 1. THE ROLES OF VITAMIN D AND ITS ANALOGS IN
INFLAMMATORY DISEASES*

Introduction

The discovery of nonclassical actions, other than mineral homeostasis, of 1a,25-
dihydroxyvitamin D3 [1,25(OH)2D3] has expanded its applications. Among these, its
anti-inflammation activity has drawn more and more attention of researchers to
investigate its role in regulating the progression of inflammatory diseases. The expression
of many inflammation-related genes is regulated by 1,25(OH)2D3 through vitamin D
receptor (VDR) in a large variety of cells including immune cells such as, but not limited
to, macrophages, dendritic cells, T helper cells, and B cells. Studies of 1,25(OH)2D3 in
these immune cells have shown both direct and indirect immunomodulatory activities
affecting innate and adaptive immune responses. Moreover, 1,25(OH)2D3 can also exert
its anti-inflammation effects through regulating the biosynthesis of pro-inflammatory
molecules in the prostaglandin pathway or through nuclear factor kappa light-chain-
enhancer of activated B cells (NFxB) by affecting cytokine production and inflammatory
responses. These actions of 1,25(OH)2D3 may explain the associations between vitamin
D levels and inflammatory diseases such as rheumatoid arthritis, inflammatory bowel
disease, multiple sclerosis, asthma, type 1 diabetes, and systemic lupus erythematosus.
Although several analogs of 1,25(OH)2D3 have shown potent immunomodulatory or
anti-inflammatory activity on immune cell cultures or in animal models, no vitamin D
analog has been used in clinical research to treat inflammatory diseases. Here, we review
the relationship between vitamin D analogs and inflammation based on observations of
immune cells, prostaglandin and NF«B pathways, as well as common inflammatory
diseases.

Production and Metabolism Pathway of Active Vitamin D3

As a hormone precursor, vitamin D can be either produced endogenously in
humans or ingested from food and supplements. Vitamin D has two major functional
forms: vitamin D2 and vitamin D3. Vitamin D2 (or ergocalciferol) is a fungal-derived
form of vitamin D that can be absorbed from dietary sources ' such as mushrooms or
plants. In contrast, vitamin D3 (cholecalciferol) comes mainly from the photoconversion
reaction with assistance of ultraviolet (UV) light %; however, it can also be obtained
directly from animal sources (e.g., meat and milk). In the skin epidermis, 7-DHC is firstly
irradiated by UV light from the sun to begin a ring-opening reaction and forms
previtamin D3, which is then automatically isomerized to vitamin D3 (Figure 1-1). This
precursor is further diffused into body fluids and binds to vitamin D binding protein
(DBP) as part of the circulation system. After being transported to the liver *, vitamin D3
undergoes its first hydroxylation reaction by cytochrome P450 (CYP), CYP2R1 >4, or

* Adapted with permission. Lin Z, Li W. The roles of vitamin D and its analogs in
inflammatory diseases. Curr. Top. Med. Chem. 2016(11), 16, 1242-1261.
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Figure 1-1. Metabolism of vitamin D3.

Vitamin D can be obtained endogenously from photochemical conversion of 7DHC, or
from dietary sources such as meat, fish, and milk. The formed Vitamin D is diffused into
the circulatory system and carried by vitamin D-binding protein (DBP), then transported
to the liver where it is hydroxylated into 25(OH)D3 by 25-hydroxylase. 25(OH)D3, as
the circulating form of vitamin D3, is further hydroxylated into the active secosteroid,
1,25(0OH)2D3, by la-hydroxylase in the kidney or other targeted cells and tissues. This
active form can induce its inactivation enzyme, 24-hydroxylase, to produce 1,24,
25(0OH)3D3, which can then be successively oxidized into calcitroic acid for excretion.



CYP27A1 ° as 25-hydroxylase at the C-25 position to form the circulation form of
vitamin D3: 25-hydroxyvitamin D3 or calcidiol [25(OH)D3]. The final activation step of
vitamin D is carried out by the proximal convoluted tubule cells in the kidney ¢, where
25(OH)D3 is further hydroxylated by mitochondrial 1a-hydroxylase (CYP27B1) at the
C-1 position to give 1a,25-dihydroxyvitamin D3 or calcitriol, the hormonal form of
vitamin D. 1,25(OH)2D3 can induce expression of CYP24A1, which acts as 24-
hydroxylase to inactivate 1,25(OH)2D3 to produce 1a,24,25-trihydroxyvitamin D3
[1,24,25(0OH)3D3] 7, which further undergoes a series of oxidations and hydroxylations
to produce calcitroic acid, resulting from cleavage of side chains between C-23 and C-24
for excretion ®°. It is well known that liver cytochrome P450 is the enzyme family for
25-hydroxylation for vitamin D; however, it is still uncertain what enzyme combinations
are responsible for this step. Recently, evidence * has shown that CYP2R 17" mice had
more than a 50% reduction in 25(OH)D3, suggesting that CYP2R1 is the major, but not
exclusive, enzyme for 25-hydroxylation of vitamin D. Other than CYP2R1, five other
P450 enzymes (CYP27A1, CYP2J2/3, CYP3A4, CYP2D25 and CYP2C11) can also
catalyze 25-hydroxylation step > !°. The renal expression level of CYP27B1 is regulated
by several factors. Parathyroid hormone (PTH), hypocalcemia, and a hypophosphatemia
are major stimuli for CYP27B1 expression, which generates more 1,25(OH)2D3 to
satisfy the need for mineral ion homeostasis '!. In turn, excess production of
1,25(0OH)2D3 can negatively inhibit the expression of CYP27BI1 to limit the production
of 1,25(0H)2D3 !? and positively promote the expression and bone release of fibroblast-
growth factor 23 '3 (FGF23) to suppress the CYP27B1 gene in response to elevated
1,25(0OH)2D3 . In addition, 25(OH)D3 can be converted to 24,25-dihydroxyvitamin D3
[24,25(0OH)2D3] under hypercalcemia, low PTH level, or high FGF23 expression level
15 Although having less activity on calcemic effects, 24,25(0OH)2D3 was still proven to
play a role in regulation of intestinal calcium absorption 617,

1,25(OH)2D3 Exerts Its Effects Through Downstream Genes of Vitamin D Receptor

The active hormone 1,25(0OH)2D3 stays inactive until it binds specifically to the
VDR, which is a member of the nuclear receptor superfamily of transcription factors %,
In humans, cells express a basal level of VDR as either membrane VDR (memVDR) or
cytosolic VDR (cVDR). After binding with either form of VDR, 1,25(0OH)2D3 is then
translocated into the nucleus, where 9-cis-retinoic acid (9cRA) receptor (RXR) binds
tightly to the liganded VDR to form a VDR-RXR heterodimer '°. Before binding to
vitamin D response element (VDRE) adjacent to the target genes, this heterodimer
requires many other co-activators for the transcriptional activation step. VDR-RXR
firstly undergoes hormone-dependent phosphorylation 2°, and further binds to steroid
receptor coactivators (SRC), nuclear receptor coactivator-62 (NCoA-62), Ski-interaction
protein (SKIP), histone acetyltransferase (HAT), CREB binding protein (CBP)/p300 and
polybromo-associated BAF (PBAF) to remodel chromatin, acetylate histone and attract
the heterodimer closer to the controlled genes. Then autoacetylation occurs to SRC
resulting in the dissociation of SRC-CBP/p300-PBAF moiety from the VDRE-bound
VDR-RXR- NCoA-62-SKIP-SRC-CBP/p300-PBAF complex. This dissociation
facilitates the binding of vitamin D receptor-interacting protein 205 (DRIP205) to the



activation function 2 (AF2) on VDR and successively attracts a series of DRIPs for the
bridge formation between VDRE-VDR-RXR-NCoA-62-SKIP-DRIP205 complex and
transcriptional factor IIB (TFIIB) attached with RNA polymerase I (RNA Pol II)
transcription machine to initiate the gene transcription including CYP24A1 °2!. Once the
RNA Pol II is moving forward from the 5°- to the 3’-end of the DNA, dissociation from
the VDR-RXR coregulator complex occurs to the NCoA-62/SKIP and DRIP205, the
latter of which is replaced by thyroid hormone receptor interacting protein 1 (TRIP1) to
facilitate ubiquitination (U) of VDR for preparation of degradation. This complex
(VDRE-VDR-RXR-TRIP1-U) can get transformed to the VDRE-bound VDR-RXR-
NCoA-62-SKIP-SRC-CBP/p300-PBAF complex for rapid transcription initiation through
dissociation of TRIP1-U and re-association of corresponding coactivators such as NCoA-
62, SRC, and CBP/p300. Meanwhile, the VDRE-VDR-RXR-TRIP1-U complex can also
get decomposed by losing its ligand, 1,25(OH)2D3, through the catabolic enzyme
CYP24A1 generated from the above-mentioned gene transcription, further resulting in
dissociated VDR, RXR, and TRIP1, as the termination of VDR transcription cycle
(Figure 1-2).

1,25(OH)2D3 Regulates Inflammatory System Via Immnue Cells, Prostaglandin
Pathway and NFkB Pathway

Vitamin D and the inflammatory system were first linked after observations of
VDR expression in activated lymphocytes 2> 23, which are essential for the vertebrate
immune system. Additional studies have focused on the role of vitamin D in immune
responses. VDR is expressed in almost all immune cells of innate and adaptive immunity,
including activated CD4" and CD8" T cells, B cells, neutrophils 2%, and antigen-
presenting cells (APC) including macrophages and dendritic cells 2. The effects of
1,25(0OH)2D3 on individual immune cells are listed in Table 1-1.

The Regulatory Effects of 1,25(OH)2D3 on Macrophages

As a critical part of the innate immunity, macrophages are differentiated from
monocytes and play an important anti-inflammatory role during immune response. In
addition to decreasing immune responses by releasing cytokines, macrophages also can
help initiate adaptive immunity by recruiting corresponding lymphocytes. Several studies
have demonstrated that 1,25(OH)2D3 is able to induce the differentiation of monocytes
and monocyte-related cells to macrophages 2> 2°. Disease-associated macrophages can
also increase the level of 1,25(OH)2D3 in patients under granulomatous conditions 2> 28,
1,25(0OH)2D3 can prevent macrophages from producing inflammatory cytokines and
chemokines ?° and can stimulate production of prostaglandin E2 (suppressive cytokine)
while suppressing the granulocyte-macrophage colony stimulating factor (GM-CSF) by
binding VDR to the promotor region of the GM-CSF gene *’. Moreover, addition of
1,25(0OH)2D3 can increase the expression of macrophage-specific surface antigens and
lysosomal enzyme acid phosphatase to stimulate H>O, production, which is essential for
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Figure 1-2.  The transcriptional cycle of VDR regulated by 1,25(OH)2D3.

The generated 1,25(OH)2D3 can bind to either membrane VDR or cytosolic VDR to
form a 1,25(OH)2D3-bound VDR-RXR heterodimer after being translocated into the
nucleus. This dimer is then bound to VDRE with assistance from many other co-
activators to initiate the transcription cycle, which includes transcriptional activation,
transcriptional initiation, transcriptional suppression, transcriptional recycling, and VDR
degradation.



Table 1-1. Effects of 1,25(OH)2D3 on different immune cells.

Cell Effects of 1,25(OH)2D3 Reference

Macrophages Increase monocyte-to-macrophage differentiation. [25, 26]
Stimulate PGE2. [30]
Suppress GM-CSF. [30]
Down-regulate TLRs. [33]
Reduce MHC2. [34]
Decrease IL-6 and IL-23. [33]
Decrease TNF-a and IL-1. [37]
Increase cathelicidin, phagocytosis, and chemotaxis.  [29]
Stimulate antimicrobial response. [34]
Upregulate VDR, CYP27B1, and CYP24A1. [38]

Dendritic cells Impede T-cell/DCs interaction. [39, 40]
Decrease IL-1, IL-2, TNF-a, and INF-y. See above.
Increase IL-10 and TGF-p. See above.
Diminish T cell activation. See above.
Inhibit differentiation, maturation, activation, and
survival. [41-43]
Decrease MHC2 (CD40, CD80, and CD86). See above.
Reduce IL-12. See above.
Upregulate ILT3 and ILT4. [44]
Inhibit Th1 response indirectly. [45]
Inhibit Th17 cell induction. [37]
Affect chemokine production (increase CCL2, [43]
CCL18, and CCL22, and decrease CCL17 and See above.
CCL20). [43]
Increase maturation-induced apoptosis.

T cells: CD4" Inhibit proliferation. [48]
Inhibit INF-y. [49]
Increase IL-4, IL-5, and IL-10. [50]
Decrease 1L-17, IL-6, and I1L-23. [51, 52]
Inhibit Th17 activity. [53]

T cells: CD8* Express high level of VDR. [54]
Express 1a-hydroxylase. [55]
Reduce INF-y and TNF-a. [57]
Increase IL-5 and TGF-p. [57]

T cells: Treg Promote induction. [52, 59, 60]

Tecells: y0 T Inhibit expansion. [61, 62]
Inhibit INF-y production. [64]
Downregulate CD25. See above.
Potentiate cell death. See above.

T cells: memory  Suppress IL-17A, IL-17F, TNF-a, and 1L-22. See above.

T cells: NK Attenuate NK activity. [65]
Stimulate NK activity. [66, 67]



Table 1-1. Continued.

Cell Effects of 1,25(OH)2D3 Reference

B cells Inhibit proliferation. [69]
Upregulate p27 gene. See above.
Inhibit plasma cell generation. See above.
Inhibit memory B cell generation. See above.
Inhibit IgG and IgM secretion. [68, 69]
Induce apoptosis. [69]
Induce CYP27B1, CYP24A1, VDR, and TRPV6. [69, 70]
Induce IL-10 and CCR10. [70, 71]




antimicrobial activity *!'3? and can inhibit the expression level of toll-like receptors

(TLR) such as innate immunity receptors TLR2, TLR4, and TLR9 required for the
production of interleukin-6 (IL-6) **. In addition, 1,25(OH)2D3 can reduce the expression
of class II major histocompatibility complex (MHC2) molecules on cell surface, thereby
reducing the antigen-presenting function of macrophages to lymphocytes 3. It was also
reported that 1a-hydroxylase (CYP27B1) presented in macrophages is identical to the
renal enzyme and is regulated primarily by immune signals such as interferon-y (INF-y),
lipopolysaccharide (LPS), and viral infection 3> 3¢, In addition, 1,25(OH)2D3 can
decrease the levels of TNF-a and IL-1 7, as well as upregulate VDR, CYP27B1, and
CYP24A1 *,

The Regulatory Effects of 1,25(OH)2D3 on Dendritic Cells

Dendritic cells (DC) are a specific kind of APCs of the human immune system.
DCs are called the “messengers” between the innate and adaptive immune systems, since
they can process antigens and then “send” (present) them to T cells via cell-surface
interactions. The T cell/DCs interaction can be impeded by 1,25(0OH)2D3, resulting in
decreased production of pro-inflammatory cytokines such as IL-1, IL-2, tumor necrosis
factor-o (TNF-a)), and INF-y and increased production of IL-10 and transforming growth
factor-B (TGF-PB) *4°. Many studies have shown that 1,25(OH)2D3 is able to inhibit the
differentiation, maturation, activation, and survival of DCs. Human monocyte-derived or
mouse bone marrow-derived DCs treated with 1,25(OH)2D3 show a decreased
expression level of MHC2 molecules CD40, CD80, and CD86, as well as reduced IL-12
and increased IL-10, suggesting diminished T cell activation and possible induction of
type 1 regulatory cells producing IL-10 #'**. In another study, VDR ligands were proven
to upregulate the inhibition receptor IL-T3 and IL-T4, both of which are related to
tolerance induction **. In addition, indirect inhibition of T helper 1 (Th1) response by
1,25(OH)2D3 can be achieved by IL-12 inhibition of DCs, involving direct binding of
1,25(0OH)2D3 to both VDR and NF«B cells resulting in downregulation of 1L-12
transcription *°. DCs have also been reported to increase the expression of CYP27B1 in
vitro for the production of 1,25(0H)2D3 “¢, suggesting that 1,25(OH)2D3 may control
immune responses locally in DCs.

The Regulatory Effects of 1,25(OH)2D3 on T Cells

T cells, also called T lymphocytes, mature in the thymus, express T cell receptor
(TCR) on their surface, and are central for cell-mediated immunity. There are several
types of T cells: T helper cells (CD4" T cells), cytotoxic T cells (CD8" T cells),
regulatory T cells, memory T cells, natural killer T cells, and yd T cells, which are
potential targets of 1,25(OH)2D3 .

The Regulatory Effects of 1,25(OH)2D3 on Helper T Cells. A 5-fold increase
of the VDR expression level was observed after the activation of CD4" cells, in which
102 genes have been identified as targets of 1,25(0OH)2D3 *7. In 1985, Lemire and co-



authors reported vitamin D responses in CD4" cells, whose proliferation and cytokine
production are regulated by 1,25(0H)2D3 . [*H]thymidine assay showed a 56% reduced
incorporation in CD4" cells, suggesting the antiproliferative activity of 1,25(OH)2D3 on
CD4" cells. Once presented with antigen by MHC2 molecules of APCs, CD4" cells are
activated and divided into different subtypes (such as Th1 and Th2 cells) secreting
various cytokines, which can regulate or help immune responses. In vitro tests suggested
that 1,25(0OH)2D3 can directly inhibit cytokine secretion (INF-y) *°, while it can directly
augment Th2 cell development by promoting IL-4, IL-5, and IL-10 production *°. In
recent studies > %2, significantly decreased production of INF-y, IL-17, IL-6, and IL-23
was observed in Th17 cells, suggesting that Th17 cells are also the targets of vitamin D.
This was confirmed by another study showing that antiretinal autoimmunity can be
suppressed by inhibiting Th17 activity by 1,25(OH)2D3 3.

The Regulatory Effects of 1,25(0OH)2D3 on Cytotoxic T Cells. CD8" T cells
are also the targets for 1,25(OH)2D3 since they express higher level of VDR than other
immune cells °*, and express the 1o-hydroxylase for activation of vitamin D in mice
CDS8" cells *°>. CD8" cells are reported to mediate the suppressive effects of 1,25(0OH)2D3
in murine multiple sclerosis (MS), and experimental autoimmune encephalomyelitis
(EAE) *°. However, more recent study has revealed CDS" cells secreted less INF-y and
TNF-a, and increased IL-5 and TGF-P after treatment of 1,25(OH)2D3 °7, suggesting
1,25(0OH)2D3 act directly on CD8" cells. Another study has also reported the role of
vitamin D in CD8aa. cells, which is a variant of CD8" cells *®. VDR knockout mouse
showed reduced number of CD8aa cells with low expressed IL-10 level.

The Regulatory Effects of 1,25(0OH)2D3 on Regulatory T Cells. Regulatory T
cells (Treg), also called suppressor T cells, suppress the action and proliferation of effector
T cells and are important in treating autoimmune diseases and organ transplantation. A
previous study demonstrated that 1,25(OH)2D3 can promote the induction of
CD4"/CD25" Treg through APC DCs *°. In addition, 1,25(0OH)2D3 can increase the
expression levels of Fox2 and IL-10, which are essential for Treg induction *2. However,
later studies have revealed direct effects of 1,25(OH)2D3 on Tre cells. Jeffery and co-
authors % reported the effects of 1,25(OH)2D3 treatment on T cells to produce adaptive
Treg cells. In addition, an increased number of circulating Treg cells has been observed in
patients with systemic administration of 1,25(OH)2D3 ®!'. Moreover, topical use of
1,25(0OH)2D3 in mice can also increase the number of Treg cells 2. Interestingly, data
from a recent study ®* showed that biologically active non-DBP-bound 25(OH)D3
promotes the production of Ty in the presence of DCs in which CYP27B1 and VDR are
expressed. These Treg induction effects of 1,25(OH)2D3 suggest its immunosuppression
actions in autoimmune and inflammatory diseases.

The Regulatory Effects of 1,25(OH)2D3 on y6 T Cells, Memory T Cells, and
Natural Killer Cells. In other types of T cells, 1,25(0OH)2D3 also plays an important role
in adaptive immunity. Chen and co-authors * reported that 1,25(0OH)2D3 significantly
inhibited v T cell expansion and INF-y production and downregulates CD25 expression.
In addition, 1,25(OH)2D3 regulates signaling of yd T cells through the Akt and ERK
pathways and potentiates Ag-induced cell death at high concentrations (100 nM).



Interestingly, another study % showed suppressive effects of 1,25(0OH)2D3 on IL-17A,
IL-17F, TNF-a, and IL-22 production by memory T cells in an early rheumatoid arthritis
(RA) patient. Currently, little is known about the effect between 1,25(OH)2D3 and
natural killer (NK) cells. Early data have shown attenuated NK activity after addition of
1,25(0OH)2D3, which did not directly inhibit NK cell cytotoxicity . Conversely, more
recent results from Balogh and co-authors ¢’ suggested a stimulation role of
1,25(0OH)2D3 of NK activity through a pathway involving protein kinase C (PKC) and
extracellular calcium. Until now, unfortunately, no direct interactions between NK cells
and vitamin D have been established.

The Regulatory Effects of 1,25(OH)2D3 on B Cells

B cells, originating from bone marrow as an important type of lymphocyte of the
adaptive immune system, express B cell receptor (BCR) on their outer surface, which
allows B cells to recognize and bind to antigen. The major functions of B cells are
secreting antibodies, performing the role of APCs, developing into memory B cells, and
secreting cytokines. Many studies have revealed the influence of 1,25(OH)2D3 on
various aspects of B. 1,25(OH)2D3 inhibits the ongoing proliferation of activated B cells,
possibly through upregulation of the p27 gene expression, generation of plasma cells and
memory B cells, immunoglobulin secretion (IgG and IgM) indirectly ®® or directly ¢°. In
addition, exposing B cells to 1,25(OH)2D3 induces their apoptosis ®. Importantly,
expression of CYP27B1, CYP24A1, VDR, and TRPV6 (encoding a calcium selective
channel protein) involving metabolism and function of vitamin D were detected and
induced by adding 1,25(OH)2D3 -0, In some other studies, 3-fold expression of
activated B cell IL-10 7° and induced expression of CCR10 in terminally differentiating B
cells 7! were also observed after treatment with 1,25(OH)2D3 . These observations
suggest a comprehensive effect of 1,25(OH)2D3 on the regulation of B cells.

1,25(0OH)2D3 Modulates Inflammatory Responses via Prostaglandin Pathway

Other than the innate and adaptive immune systems, 1,25(OH)2D3 can also exert
its anti-inflammatory effects through the prostaglandin (PG) pathway 72. PGs are a type
of active lipids biosynthesized by cyclooxygenase (COX) from arachidonic acid (AA).
PGs are pro-inflammatory molecules and mediate homeostatic functions, as well as
pathogenic mechanisms including an inflammation response 7. There are two types of
COX: COX-1 and COX-2: COX-1 is constitutively expressed in almost all cells to
sustain the basal level of prostaglandins, while COX-2 is induced for prostaglandin
production through stimulation. COX-2 is the key target for the selective, nonsteroidal
anti-inflammatory drugs (NSAID), although many NSAIDs inhibit both COX-1 and
COX-2. Many studies have demonstrated the effects of 1,25(OH)2D3 in the regulation of
PGs, as discussed below.

1,25(0OH)2D3 is capable of significantly inhibiting the expression of COX-2, as
well as promoting the expression of 15-prostaglandin dehydrogenase * 7>, which
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inactivates PGs and downregulates PG receptor expression. The result is a reduced level
of prostacyclins, which are derived from PGs and are involved in inflammation. In
addition, 1,25(OH)2D3 upregulates the expression of mitogen-activated protein kinase
phosphatase-5 (MKPS5), resulting in inactivation of p38 and reduced downstream
inflammation responses such as decreased IL-6 production 7®. Moreover, data from
Krishnan and co-authors 7’ have shown that 1,25(OH)2D3 induced the downregulation of
PG receptors, leading to attenuation of PG-related inflammation responses. A detailed
mechanism of the anti-inflammatory actions of 1,25(OH)2D3 through PG pathway has
been summarized and proposed in several reports '> 7778,

1,25(OH)2D3 Modulates Inflammatory Responses via NFkB Pathway

NF«B is a family of protein found ubiquitously in almost all cell types, and is
involved in cellular responses to various stimuli such as cytokines and is important
regulators for innate immune system and inflammation process. In basal level, specific
inhibitory proteins named IkB are bound to NF«xB dimers which can be activated by pro-
inflammatory cytokines mainly through phosphorylation and degradation of kB proteins.
The obtained free NFxB can then be translocated into nucleus to activate the expression
of pro-inflammatory cytokines and other genes. Of these pro-inflammatory cytokines, IL-
8 is a key for NFkB-mediated immune responses and inflammation, since IL-8 is a potent
chemotactic factor of neutrophils and associated in many ways with the progression of
inflammatory responses "% %

Many inflammation-related cells including human lymphocytes and peripheral
blood mononuclear cells (PBMC) are the targets of 1,25(OH)2D3 8. 1,25(0OH)2D3 and
its analogs TX527 blocked NF«B activation through increased expression of IkBa in
PBMCs and macrophages %% 8!. In addition, activated NFxB is linked together with the
production of pro-inflammatory cytokine IL-8, the level of which can be decreased
through addition of 1,25(OH)2D3 in several cell lines 3% 3. It was reported that
1,25(0OH)2D3 could reduce the nuclear translocation of NFkB through its subunit p65,
resulting in suppression of NF«B activation as well as its downstream genes including
IL-8 #. Thus, 1,25(OH)2D3 can be an effective modulator in the progression of immune
responses and inflammation through NFkB-mediated pathway.

Correlations Between Vitamin D and Inflammatory Diseases

Inflammatory diseases in different tissues result from complex biological
responses to harmful stimuli. These stimuli include pathogens, cell debris, and irritants
and so on 3. Immune cells from both innate immunity and adaptive immunity, such as
macrophages, dendritic cells, T cells and B cells, are involved in such protective
responses together with blood vessels and molecular mediators . The progression of
acute inflammation is usually initiated by cells from innate immunity such as monocytes,
neutrophils and macrophages, while cells from innate and adaptive immunities
(monocytes, macrophages, T cells) are involved in inflammation . Moreover, cytokines
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such as INF-y, IL-17 and IL-13 excreted from these immune cells are considered as
major molecular regulators for inflammatory diseases . Since these immune cells and
cytokines are targets of vitamin D, exploration of correlation between vitamin D and
inflammatory disease is of great importance to explain the immunomodulatory roles of
vitamin D in related diseases.

Vitamin D Mediates Immunomodulatory Effects in Rheumatoid Arthritis

RA is a chronic, systemic, inflammatory, autoimmune disorder. RA affects
primarily joints on both sides of the body equally, beginning with a few joints and then
progressing into more joints including wrists, hands, elbows, shoulders, knees, and
ankles. RA may also develop into joint and tissue damage, which leads to severe
disability and increased mortality ¥’

The genetic VDR polymorphisms were first linked to RA when BsmlI
polymorphisms were found to be involved in the progression of osteoporosis in RA
patients *8. A higher prevalence of RA and lower 25(OH)D3 level [plasma 25(OH)D3 <
40 nmol/L] are observed in patients from northern Europe compared with those in
southern Europe ¥. Another study including 1191 RA patients, investigated the
relationship between 25(0OH)D3 and RA *°. In a subgroup of patients not taking vitamin
D supplements, PTH levels were much higher in patients with erosive arthritis; however,
no difference in 25(OH)D3 concentrations was seen. Another hypothesis from the lowa
Women’s Health Study concluded that vitamin D intake for older women is associated
with a lower risk of RA °!, while an evaluation by means of a semiquantitative food
frequency questionnaire in the Nurse’s Health Study including 722 patients with RA
found no correlation between vitamin D intake and the risk of RA °2. In addition, a
serum-bank, case-control study commented negatively on results from the lowa
Women’s Health Study, since no correlation between serum 25(OH)D3 level and
progression of RA was found *. Interestingly, in early inflammatory polyarthritis (IP)
patients, an inverse relationship between 25(OH)D3 level and disease activity was
observed, suggesting that vitamin D plays an immunomodulatory role in inflammatory
arthritis **. In an interventional pilot study in a small group of RA patients,
supplementation with active vitamin D metabolites showed no significant effect in
regulating inflammatory processes, indicating a very limited effect of vitamin D in RA %,
while a high dose of vitamin D analogues showed positive effects on disease activity and

decreased pain °°.

Further evidence linking vitamin D and RA has come from recent studies. In a
cross-sectional study, serum vitamin D insufficiency (less than 75 nM) was found in 94%
patients with RA, whereas vitamin D deficiency (less than 25 nM) was found in only
39% patients with RA. Additional data suggested an association between high prevalence
of serum vitamin D insufficiency/deficiency and rheumatic patients, regardless of type of
arthritis °7. Another study examined 101 patients with early inflammatory arthritis and
found that severe vitamin D deficiency was associated with RA while no difference was
found between the occurrence of vitamin D deficiency in RA patients and that of
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controls %, In addition, vitamin D concentration in 170 patients was found to be inversely
associated with RA disease activity, severity, and physical disability after investigating
the relationship between 25(0OH)D3 and RA *°.

Vitamin D Mediates Immunomodulatory Effects in Inflammatory Bowel Disease

Inflammatory bowel disease (IBD), a type of autoimmune diseases characterized
by the body’s own immune system attacking the digestive system, is a series of
inflammation conditions of the colon and small intestine. Two primary types are Crohn’s
disease (CD) and ulcerative colitis (UC). In an early study on 40 CD patients, data
suggested that CD patients with higher levels of disease activity are at higher risk of
vitamin D deficiency '?°. Another study found vitamin D deficiency in a high proportion
(19%) of Australian children with IBD '°!. Studies conducted in Ireland (high latitude) on
58 CD patients found that the percentages of patients with vitamin D deficiency (serum
25(0OH)D3 level less than 50 nM) during winter and summer months were 50% and 19%,
respectively '°2. However, the same data were not given for Irish people without CD;
thus, the relationship between vitamin D deficiency and CD was uncertain in this study.
In addition, vitamin D deficiency was found to be highly prevalent among children and
young adults with IBD (34.6%). This may due to their dark-skin complexion, limited
exposure to the sun, lack of vitamin D supplementation, and decreased gastrointestinal
absorption '%. Nevertheless, newly diagnosed patients with IBD already have lower
25(0OH)D3 levels compared with controls %, In a recent study, 28% and 42% of IBD
patients were found to be vitamin D deficient (less than 20 ng/mL) during
summer/autumn and winter/spring periods, respectively. Data has also shown that health
related quality of life was the highest in in UC/CD patients with serum vitamin D
concentrations of 50-59 ng/mL during either the summer/autumn period or the
winter/spring period, suggesting a positive association between higher vitamin D serum
levels and the quality of life of IBD patients '°°. In experimental IBD, vitamin D
deficiency led to severe progression of diarrhea in IL-10 knockout mice which is the
spontaneously IBD model %, Treating IL-10 knockout mice with 1,25(0H)2D3
significantly ameliorated the progression of the IBD symptoms, and 2 weeks’ treatment
with 1,25(OH)2D3 suppressed the development of experimental IBD.

Vitamin D Mediates Immunomodulatory Effects in Multiple Sclerosis

MS, an inflammatory neurodegenerative disease, is characterized by damaged
insulating covers of nerve cells in brain and spinal cord. This damage may result in the
loss of communication ability of the nervous system, sensory loss, muscle weakness,
dizziness, and even mental problems '°7- 1% A strong correlation exists between vitamin
D level and incidence of MS. In animal model, 1,25(OH)2D3 supplementation has also
shown impressive protective effects in a mouse model for MS % 110 Importantly, in
White Americans (148 patients and 296 controls), a 41% decrease in MS risk was found
for every 50-nmol/L increase in serum 25(OH)D3 levels, and there was no significant
difference between men and women (95% confidence interval, p = 0.90 for interaction),
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suggesting a strong positive association between high circulating levels of 25(OH)D3 and
lower risk of MS !, Several studies have established a correlation between outdoor
activities and a decreased risk of developing MS in Norwegian, Tasmanian, and North
American children and adolescents, which might be explained by the fact that the
increased exposure to the sun from outdoor activities can increase the 25(OH)D3

level ''*114 Indeed, vitamin D deficiency is common in patients with MS ', and serum
25(OH)D3 levels are correlated with clinical MS parameters while 1,25(OH)2D3 levels
are not directly associated with relapse rate or disease activity of MS 6. A protective
effect from vitamin D has been proposed relative to the risk of MS ''7: women with a
high-dose intake of vitamin D (more than 400 [U/day) were 40% less risky of developing
MS than those who had no supplemental vitamin D. The same study also suggested that a
dose of 1000-4000 IUs of vitamin D daily can increase the serum level of 25(OH)D3 to

a concentration higher than 99 nM, which may reduce the risk of developing MS by

62% 7.

Vitamin D Mediates Inmunomodulatory Effects in Asthma

Asthma, a chronic inflammatory disease of the airways, is characterized by
recurring symptoms including wheezing, coughing, breathlessness, and chest
tightness !'8. Although the role of vitamin D in asthma is not currently well understood,
some putative correlations between vitamin D and asthma have been reported. For
example, high prevalence of vitamin D insufficiency was seen in North American and
Costa Rican children with asthma ''% 2. In addition, vitamin D insufficiency exacerbated
the progression of severe asthma 2!, Other studies have observed a vitamin D deficiency
in children '?>12° adolescents 2% 1?7, and adults '*7-'?° with asthma higher than in
controls. Moreover, a reduced level of vitamin D metabolites was revealed by
metabolomic analysis in asthmatic children '*°. Interestingly, an age-dependent
association between vitamin D level and prevalence in asthmatic children was described
by Van Oeffelen and co-authors *!. These data together with a previous report >,
collectively, suggest a role of vitamin D in the development of asthma. Potential
mechanisms of the action of vitamin D might include promoting lung immunity,
decreasing inflammation, slowing cell cycling, reducing hyperplasia, and enhancing the
effects of exogenous steroids '*2.

Conversely, numerous studies have argued that there was no correlation between
serum vitamin D level and the occurrence of asthma. Although a high prevalence of
vitamin D insufficiency was found in Puerto Rican children with asthma, this prevalence
was comparable with that of healthy children without asthma !**. Another study including
74 children concluded that there was no significant difference between vitamin D level in
asthma patients and in a control group **. In addition, 25(OH)D3 insufficiency was
found not to be associated with airway obstruction in most asthma adults *>. In a
randomized, double-blind, placebo-controlled study on children with asthma age 6-18
years, oral administration of 14,000 units of vitamin D once weekly showed no difference
on the disease parameters compared with those in a control group Interestingly, some
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other studies '*% 137 have revealed an increased risk of asthma in association with high-
dose vitamin D supplementation (or high vitamin D levels).

Vitamin D Mediates Inmunomodulatory Effects in Type 1 Diabetes

Type 1 diabetes (T1D), also called diabetes mellitus type 1, is an autoimmune
disease involving CD4" and CD8" T cells and specific antibodies of insulin-producing [3-
cells in pancreatic islets '*¥. Although the cause of T1D is still unknown, many studies
have shown clear associations between vitamin D and T1D 314! Recent studies have
shown a similar relationship between the vitamin D level and T1D. Evidence has shown
that an increased serum 25(OH)D3 level is associated with a leveling incidence of T1D in
Finnish children '*?, a trend that may due to increased vitamin D intake in the country
since 2003. Similarly, a higher prevalence of 25(OH)D3 deficiency was observed in T1D
patients compared to controls in different populations 43146,

Although vitamin D repletion did not affect the inflammatory markers **, its metabolites,
25(0OH)D3 and 1,25(0OH)2D3, have shown some immunomodulatory effects in T1D. In
animal models, by reducing effector T cells and chemokine production of islet cells, a
high dose of 1,25(0OH)2D3 successfully reduced the incidence of diabetes '4”. Moreover,
25(OH)D3 showed inhibitory effect on dendritic cells differentiation in T1D patients,
suggesting its immunosuppresive role in the progression of T1D. In another prospective
study, T1D patients with vitamin D deficiency (or insufficiency) displayed a high level of
inflammatory markers as expected; these markers were found to be negatively associated
with serum 25(OH)D3 levels. Interestingly, after 1,25(OH)2D3 supplementation for 6
months, all inflammatory markers in serum and urine decreased significantly, suggesting
an inflammation suppressive role of 1,25(0OH)2D3 in T1D patients '*.

144

Vitamin D Mediates Inmunomodulatory Effects in Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a common autoimmune disease in which
the body’s immune system produces antibodies against its own healthy tissues. Numerous
studies have linked vitamin D with SLE. A recent study of 67 women with SLE found a
30.7% prevalence of 25(OH)D3 deficiency (less than 20 ng/mL), which was a level
higher than that of the control group '*°. Similarly, another cross-sectional study found a
55% prevalence of 25(OH)D3 insufficiency in SLE patients, while the prevalence was
only 8% in the control participants '>. Interestingly, higher levels of IL-6 were associated
with insufficient 25(OH)D3 in these patients, suggesting an immunosuppressive role for
vitamin D in the inflammation process of SLE. These statistical data are consistent with
studies that have reported a vitamin D insufficiency prevalence ranging from 38% to
96%, while the vitamin D deficiency prevalence varied from 8% to 30% '>!"!33, Other
than vitamin D levels, VDR gene polymorphism may also play a role in the risk of SLE.
A recent meta-analysis concluded that Bsml B may be a risk factor for SLE onset for the
overall populations and that the Fokl FF genotype is a risk factor in Asians for SLE
susceptibility **, This was further confirmed by a recent follow-up study, which found a
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positive association between VDR polymorphisms and SLE severity, especially for the
FokI CT and Taql TT genotypes '3, in 170 SLE patients.

Representatives of Anti-inflammatory Vitamin D Analogs

A large amount of vitamin D analogs have been synthesized during the years,
however, only a limited number of analogs have been focusing on the anti-inflammation
effects. Of these analogs that have been produced, the activities by which they are more
or less effective than the native hormone [1,25(OH)2D3] are not always known. These
analogs have largely appeared by synthetic design as well as from metabolism studies of
parent compounds. Detailed activities (compared with 1,25(OH)2D3 or not) of
representative analogs with promising anti-inflammatory potential are summarized in
Table 1-2.

BXL-62 (2)

After 6-h stimulation with LPS of peripheral blood mononuclear cells (PBMC)
from IBD patients, BXL-62 (Figure 1-3) significantly inhibited the transcription of some
key pro-inflammatory cytokines including TNF-o. (IC50 = 4.0x10712 M), IL-6 (IC50 =
7.1x107'2 M), and IL-12/23p40 (IC50 = 5.5x10°'2 M) at lower concentrations than
1,25(0OH)2D3 (compound 1, Figure 1-3), which showed IC50s at 1.9x10° M, 9.6x10°1°
M, and 7.9x10°° M, respectively. At the protein level in culture supernatants, BXL-62
inhibited secretion levels of TNF-a (IC50 < 1.0x10'2 M), IL- 6 (IC50 = 9.0x107'2 M),
and IL-12/23p40 (IC50 < 1.0 x10°'> M) with a significantly higher potency than
1,25(0H)2D3 with IC50s = 2.0x10° M, > 1.0x10"8 M, and = 6.4x107!% M, respectively.
This regulatory effect of BXL-62 on the innate immune system was further confirmed by
TLR agonist-stimulated PBMCs, in which the production of TNF-a, IL-12/23p40, and
IL-6 was significantly inhibited by BXL-62 at 1.0x10"® M. In addition, BXL-62 treatment
in unstimulated PBMCs showed greater potency on transcription of CYP24A1 (EC50 =
8.2x107'2 M) and cathelicidin antimicrobial peptide (CAMP) (EC50 = 1.7x107!' M) than
1,25(0H)2D3 (EC50 = 4.1x1071° M, 2.9x107!° M, separately). Moreover, 50% INF-y and
60% TNF-a production in lamina propria mononuclear cells (LPMCs) from IBD tissue
was inhibited by BXL-62 at 1.0x10® M. BXL-62 also had fewer hypercalcemic effects
than did 1,25(OH)2D3, and showed good efficacy on dextran sodium sulfate (DSS)-
induced colitis, suggesting a promising future for IBD treatment ', Moreover, BXL-62
showed a maximum tolerated dose (MTD) at 3.0 pg/kg while 1,25(OH)2D3 showed a
MTD of 0.3 pg/kg in an in vivo assay for calcemic activity 7.

10,25-Dihydroxy-16-ene-20-cyclopropyl-vitamin D3 (3)

As the parent compound of BXL-62, compound 3 was identified as the most
potent anti-inflammatory compound among a series of analogs in the 16-ene-20-
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Table 1-2.

Summary of the anti-inflammatory efficacies of representative vitamin D analogues.

Compound Models Effects Activity Activity (1,25D3) References
2 PBMCs Inhibit TNF-o, transcription IC50 = 4.0x10? M IC50 = 1.9x10° M [156]
Inhibit IL-6 transcription IC50 =7.1x10"> M IC50 =9.6x10"'° M See above.
Inhibit 1L-12/23p40 transcription IC50 =5.5x10"> M IC50 = 7.9x10° M See above.
Inhibit TNF-a production IC50 < 1.0x102 M 1C50 =2.0x10° M See above.
Inhibit IL-6 production IC50 =9.0x102 M IC50 => 1.0x10° M See above.
Inhibit IL-12/23p40 production IC50< 1.0 x102 M IC50 = 6.4x101° M See above.
LPMCs Inhibit 50% INF-y production 1.0x10% M - See above.
Inhibit 60% TNF-a production 1.0x10% M - See above.
DSS-induced colitis in ~ Prevent body weight loss Better than 1,25D3 Effective at 0.3 pg/kg See above.
mice
Ameliorate the bloody stool score Better than 1,25D3 Effective at 0.3 pg/kg See above.
Ameliorate disease symptoms Better than 1,25D3 Effective at 0.3 pg/kg See above.
Inhibit colon lesions Better than 1,25D3 Effective at 1 pg/kg See above.
Calcemic effect MTD =3 png/kg Effective at 0.3 pg/kg [157]
3 lymphocytes Inhibit INF-y production IC50 < 1.0x10 M IC50 =2.9x10"'"' M [157]
PBMCs Inhibit TNF-a production IC50 = 2.0x10°1* M IC50 = 8x10° M See above.
Healthy mice Calcemic effect MTD =1 pgkg MTD == 0.3 pg/kg See above.
4 PBMCs Inhibit INF-y production IC50 = 7.0x10° M 1C50 = 1.0x10° M [160]
Inhibit TNF-a secretion IC50 > 1.0x10°¢ IC50 =9.0x10° M See above.
Inhibit IL-1p secretion IC50 =9.0x107" M I1C50 <9.0x10" M See above.
Increase IL-10 Weaker than 1,25D3 at Effective at 1.0x10"1°M  See above.
1.0x10° M
Increase 1L-4 Weaker than 1,25D3 at Effective at 1.0x10"1°M  See above.
1.0x101°M
Decrease ICAM-1 and LFA-1 Effective at 1.0x10° M - [161]
Decrease MMP-9 and MMP-2 Effective at 1.0x10° M - See above.
Decrease TNF-a Effective at 1.0x10° M - See above.
Lactate dehydrogenase activity Non-toxicity Non-toxicity [160]
Induce cell death No apoptosis inductionup ~ No apoptosis induction See above.
to 1.0x10° M up to 1.0x10° M
TNBS-induced colitis Ameliorate the colitis-associated symptoms Comparable to 1,25D3 Effective at 0.2 ng/kg [162]
in mice
MPO activity Comparable to 1,25D3 Effective at 0.2 pg/kg See above.



Table 1-2.  Continued.
Compound Models Effects Activity Activity (1,25D3) References
Downregulate TNF-a and INF-y Comparable to 1,25D3 Effective at 0.2 ng/kg See above.
Upregulate IL-4 and IL-10 Comparable to 1,25D3 Effective at 0.2 ng/kg See above.
Calcemic effect No effect at 2.0 ng/kg induce calcemic effect at See above.
0.2 ng/kg
Serum creatinine level Not changed at 2.0 pg/kg Not changed at 0.2 See above.
ng/kg
5 DCs Impair DC differentiation and maturation More potent than 1,25D3 Effective at 1.0x10% M [166]
Block INF-y, IL-10 but not IL-13 production =~ More potent than 1,25D3 Effective at 1.0x10®* M See above.
Inhibit T cell proliferation More potent than 1,25D3 Effective at 1.0x10* M See above.
Modulate surface phenotype More potent than 1,25D3 Effective at 1.0x10% M [169]
Induce cell survival No effect up to 1.0x107 M No effect up to 1.0x10®  See above.
M
PBMCs Inhibit TNF-o production and downregulate ~ Effective at 1.0x101° M - [81]
NF«kB
T cell Suppress proliferation Effective at 1.0x10®° M - [170]
Decrease INF-y, IL-4 and IL-17 Effective at 1.0x10% M - See above.
Suppress cell activation Effective at 1.0x10% M - See above.
Affect global protein expression Effective at 1.0x10% M - [171]
T1D mice Prevent T1D Effective at 12.5 pg/kg - [167]
Delay T1D recurrence Effective at 10 pg/kg - [172]
DSS-induced colitis in ~ Attenuate disease severity Effective at 3 pg/kg Effective at 0.5 ng/kg [173]
mice
Calcemic level Not elevated at 3 pg/kg Elevated at 0.5 pg/kg See above.
6 Mouse T cells Inhibit proliferation Comparable to 1,25D3 Effective at 1.0x102 M [175]
keratinocytes Suppress IL-8 production Comparable to 1,25D3 Effective at 1.0x10° M See above.
Inhibit IL-6 production Effective at 1.0x10"'' M Effective at 1.0x10'M  See above.
Jurkat cells Inhibit Ap-1 transcription Slightly stronger than Effective at ~ 1.0x1077 See above.
1,25D3 M
Inhibit NF«kB transcription Effective at ~ 1.0x10% M Effective at ~ 1.0x107 See above.
M
Rats Suppress carrageenin-induced inflammation ~ Effective at 7 pg/kg - [174]
Mice inhibit NFkB activation Effective at 2.0 ng/kg - [176]
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Table 1-2.  Continued.
Compound Models Effects Activity Activity (1,25D3) References
reduce infiltration by macrophages and other  Effective at 2.0 ng/kg - See above.
TGF-B-expressing cells
reduce phosphorylated Smad2/3 and MCP-1  Effective at 2.0 ng/kg - See above.
Calcemic level Not elevated Elevated at 1.0 pg/kg [177]
7 COX-2 Inhibit COX-2 IC50 = 5.8x10° M IC50 > 1.0x10° M [178]
COX-1 Inhibit COX-1 No effect up to 1.0x10°M  No effect up to 1.0x10°  See above.
M
Macrophages Inhibit the growth IC50 = 1.0x10° M - See above.
Inhibit expression of COX-2, iNOS and IL-2  Effective at 1.0x10 M - See above.
Rats Inhibit inflammation Effective at 10 pg/kg - See above.
Inhibit expression of COX-2, iNOS and IL-2  Effective at 10 pg/kg - See above.
Chick Stimulate calcium uptake in intestinal No effect up to 1.0x10*M  Effective at 1.0x10° M [179]
epithelium
Human Calcemic effect No hypercalcemia at 45 - [180]
ng/m?/day
8 PBMC Inhibit ICAM-1, MAdACAM-1 and MMP-2, Effective at 1.0x10° M Effective at 1.0x107 M [183]
MMP-9 and MMP-3
Inhibit proliferation IC50 =4.3x10° M IC50 = 8.0x10° M [181]
Downregulate HLA-DR IC50 = 1.9x10° M IC50 = 9.6x101° M See above.
Upregulate CD14 EC50 =3.8x10° M EC50=1.4x10° M See above.
Downregulate ICAM-1 IC50 = 5.4x10""M IC50 = 4.8x1071° M See above.
Downregulate B7.1 IC50 =3.7x10'" M IC50 =9.2x101° M See above.
Inhibit IL-12 IC50 = 4.2x10° M IC50 = 5.8x10° M See above.
Inhibit TNF-o IC50 =2.2x10° M IC50 =9.1x101" M See above.
Inhibit IL-10 IC50 = 1.4x107 M IC50 = 1.5x10°% M See above.
T cell Inhibit proliferation IC50 =4.2x10°% M IC50 = 1.5x10%* M See above.
Mice Calcemic effect No effect up to 200 effective at 0.03 pg/kg/d  See above.
ng/kg/d
DCs Inhibit INF-y, TNF-q, IL-12, CD40, CD80 Effective at 1.0x10° M - [182]
and CD86
DSS-induced colitis in ~ Ameliorate disease activity Effective at 100 pg/kg/d - See above.
mice
Inhibit the production of INF-y and IL-10 Effective at 100 pg/kg/d - See above.
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Table 1-2.  Continued.
Compound Models Effects Activity Activity (1,25D3) References
9 Rat cardiac Prolong survival Effective at 0.1 pg/kg/d - [184]
transplantation
Prolong graft survival Effective at 0.1 pg/kg - [185]
Rat bone marrow Decrease CD4, CD8, MHC-II, IL-2 receptor,  Effective at 0.1 pg/kg/2d - [186]
transplantation nitric oxide 2, and NKR-P1A
Prevent graft-versus-host disease Effective at 0.1 pg/kg/2d - See above.
Rat aortic allografts Prolong survival Effective at 0.1 pg/kg/2d - [187]
10 DCs Inhibit MHC2, B7-1, B7-2 and CD40 Effective at 1.0x10"2 M Effective at 1.0x10"°M  [189]
Inhibit maturation Effective at 1.0x1071° M Effective at 1.0x10°M  [45]
11 Lukemic cells Inhibit proliferation IC50 = 1.0x10"'° M IC50 = 1.5x10° M [159]
Induce differentiation EC50 <3.2x10°1°M EC50 =3.2x10"""M See above.
12 Rats Prevent autoimmune symptoms Effective at 0.03 pg/kg/d Effective at 0.1 pg/kg/d  [190]
T cells Inhibit proliferation Comparable to 1,25D3 Effective at 1.0x10% M [191]
Lymphoma cells Inhibit growth and differentiation IC50 = 1.0x102 M 1C50 = 1.4x10° M [193]
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Figure 1-3. Representatives of developed vitamin D3 analogs with anti-
inflammatory activities.
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cyclopropyl-vitamin D3 family '%7, optimized from two classes of analogues with 16-ene

or 20-cyclopropyl modification *% 5%, By assessing its ability to inhibit production of
TNF-a and INF-y, compound 3 showed much stronger anti-inflammatory potency, with
an IC50 < 1.0x10°'7 M against INF-y production and 2.0x107'® M against LPS TNF-a
production, than that of 1,25(OH)2D3 (2.9x10"!'! M and 8x10” M, respectively).

ZK156979 (4)

The inhibitory effect of ZK156979 (22-ene-25-oxa vitamin D) against INF-y in
PBMCs showed an IC50 of 7.0x10® M with a maximum inhibition at 81% of control
values, while the IC50 of 1,25(OH)2D3 was 1.0x10°° M with a maximum inhibition rate
of 70%. However, the suppressive effects of 1,25(OH)2D3 on TNF-a and IL-1[ secretion
were slightly stronger than those of ZK156979. The IC50 of 1,25(0OH)2D3 on TNF-a was
9.0x10® M (maximum inhibition: 76% of control value), while the IC50 for ZK 156979
was > 1.0x10® M. As for IL-1 secretion at the same concentration (1.0x107> M),
1,25(0OH)2D3 gave an 82% inhibition rate, while only 60% was inhibited by ZK156979,
which gave an IC50 of 9.0x107” M. In contrast, both 1,25(OH)2D3 and ZK 156979
showed strong stimulatory effects on the anti-inflammatory cytokines IL-4 and IL-10.
1,25(0OH)2D3 at 1.0x107'° M increased 35% while ZK 156979 at 1.0x10® M increased
14% of IL-10 production. Interestingly, these two compounds showed comparable effects
at high concentration (1.0x107° M): 1,25(0H)2D3 and ZK 156979 increased 77% and
66% of IL-10 production, respectively. Similarly, 1,25(OH)2D3 and ZK156979 at a
concentration of 1.0x10'° M could also increase 34% and 18% secretion of 1L-4,
separately, and at 1.0x107> M the increase for 1,25(OH)2D3 and ZK 156979 was 80% and
64%, respectively '°. In addition, ZK 156979 was able to decrease ICAM-1 and LFA-1 at
1 uM 16,

Additional anti-inflammatory effects of ZK156979 were evaluated on a 2,4,6-
trinitrobenzene sulfonic acid (TNBS)-induced colitis model in mice '%2. Data showed that
ZK156979 was able to remarkably ameliorate the colitis-associated symptoms. This
compound reduced colitis-associated weight loss, improved clinical activity score of
colitis, and reduced the extent of the TNBS-related colon shortening, as well as colitis-
mediated increase of colon weight significantly and dose dependently. In addition, after
ZK 156979 treatment, mice colons showed a massive reduction of colitis-associated
hyperemia, necrosis, inflammation, and ulceration compared with those of ethanol-treated
controls. Moreover, ZK156979 also reduced the local production of inflammatory
mediator, myeloperoxidase (MPO), in colon at low and high concentrations (25% and
65% reduction at 0.2 pg/kg and 2.0 pg/kg, respectively). ZK156979 was also proven to
exert its anti-inflammatory effects through upregulation of anti-inflammatory cytokines
IL-4 and IL-10 and downregulation of key inflammatory cytokines INF-y and TNF-a
expression, further confirmed by rapid and specific induction of Thl-relevant
transcription factor T-beta in Thl-differentiated lymphocytes.
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TX527 (5)

TX527 (inecalcitol), together with its C20 epimer (KS532), was initially reported
to be active on growth inhibition of human breast cancer cells in vitro and in vivo, as a
potent anticancer agent '3, Successive studies have focusing mainly on its anti-
inflammatory activity assessed on different immune systems and inflammatory disease
models. At different concentrations (0.01, 0.1 and 1 nM), TX527 can exert anti-
proliferation activity and TNF-a inhibitory effect mediated via NFxB and kB
upregulation on PBMCs from CD patients ®!. In an islet transplantation survival study,
synergistic immunomodulatory effects of TX527 were proved when it was combined
with cyclosporine A (CyA) or IFN-p %4, Later studies have also shown similar
synergistic effects in T1D mice; but, in addition, increased IL-10 transcripts and
decreased mRNA of IL-2, INF-y, and IL-12 were seen in TX527-treated mice 6.
Continuous treatment of TX 527 could impair the differentiation, maturation and function
of DCs, whose cytokine profiles can be changed significantly such as down-regulated
INF-y and IL-10 '%. The same group further confirmed the immunomodulation potential
of this compound and observed its activity to prevent T1D in mouse model, and to extend
lifetime of mice after syngeneic islets grafts 7. Latter investigations were focused on its
anti-inflammation properties applying DCs %19 T cells "% 7! 'mouse diabetes
model '”? and IBD mouse model '”>.

Maxacalcitol (6)

Although 22-oxacalcitriol (OCT, 6) has been approved recently as either
monotherapy or in combination with other steroids to treat psoriasis, its anti-
inflammatory activity was found ever since 1994. In rats with carrageenin-induced
inflammation, administering OCT significantly suppressed the formation of granulation
tissue and the weight of exudates in both early and late phases of inflammation !*. In
addition, OCT inhibited the proliferation of lymphocytes, the production of IL-8 and IL-6
in keratinocytes, and expression of AP-1-dependent and NFkB-dependent genes '7°. In a
recent study, OCT inhibited the activation of NFxB, reduced infiltration by macrophages
and a number of cells expressing TGF-f, and phosphorylated Smad2/3 and MCP-1,
which are inflammatory mediators !’6. In addition, OCT did not elevate the calcemic
level in mice as compared with 1,25(OH)2D3 77, The results suggest a suppressive
action in inflammatory processes.

ILX23-7553 (7)

ILX23-7553 (1a,25-dihydroxy-16-ene-23-yne-vitamin D3) was first found to
inhibit COX-2 activity selectively with an IC50 of 5.8 nM, and then it was proved to
inhibit the proliferation of macrophage cells whose COX-2 and inflammatory mediators
like inducible nitric oxide synthase (iNOS) and IL-2 were downregulated. In an air pouch
of a rat model, it can also inhibit carrageen-induced inflammation effectively with
reduced expressions of COX-2, iNOS, and IL-2 in the tissues of the air pouch.
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Importantly, this compound did not affect the expression of COX-1, suggesting that
ILX23-7553 is a selective COX-2 inhibitor and may exert its potent anti-inflammatory
effects through the prostaglandin pathway 8. In chick, ILX23-7553 was not effective to
stimulate calcium uptake in intestinal epithelium up to 10 nM . And in human, it was
not hypercalcemic at 45 pg/m?/day '

7ZK191784 (8)

7K 191784, a non-calcemic analog of 1,25(OH)2D3, exhibited potent
immunosuppressive activity in an animal model. It inhibited proliferation of lymphocytes
and the production of TNF-a and IL-12 in monocytes. Meanwhile, treatment of
monocytes with ZK 191784 significantly reduced gene expression of MHC2, B7.1, and
intercellular adhesion molecule-1 (ICAM1) 3!, In a DSS-induced colitis model, this
compound significantly ameliorated disease symptoms. It inhibited the secretion of pro-
inflammatory cytokines INF-y and IL-6 in isolated mesenteric lymph node cells and
increased of IL-10 expression 1.4-fold in colonic tissue, whereas a decrease of 81.6% was
observed for the expression of Thl-specific transcription factor T-beta. In addition,
reduced numbers of activated CD11c¢” DCs infiltrated the colon, and decreased
production of pro-inflammatory cytokines in primary mucosal DCs were found in mice
after treatment with ZK191784 82 According to a recent study '*3, increased expression
of ICAM-1, MAdCAM-1 and MMP-2, -9 and -3 were found in tissues and PMBCs from
IBD patients cultured with ZK 191784, suggesting a therapeutic role of ZK191784 in IBD
patients.

MC1288 (9)

MC1288, 20-epi-10,25-dihydroxyvitamin D3, was tested for immunosuppressive
effects in different transplantation models. It was able to prolong survival and
significantly delay the cardiac allograft rejection 3% 135 and showed similar
immunosuppressive effects on rejection in small bowel transplantation '**, as well as a
bone marrow transplantation model '*¢. In a rat aortic allograft model, MC1288 alone or
in combination with CsA suppressed the rejection as evidenced by decreased adventitial
inflammation and intimal thickening. In addition, it inhibited proliferation of T cells and
suppression of immune cells expressing IL-2 receptor '¥7, affecting antibody production
and macrophage effector function via T cells '*8. The immunomodulatory effects of
MC1288 treatment were further confirmed by decreased expression of CD4, MHC2, IL-2
receptor, nitric oxide 2, and NKR-P1A in the liver and skin of bone marrow
transplantation rats '8¢,

R025-6760 (10)

la,25-dihydroxy-16-ene-23-yne-26,27-hexafluoro-19-nor-D3 (10) was proven to
be 100-fold more potent than 1,25(OH)2D3 as an immunosuppressor in several ways. It
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inhibited the expression levels of MHC2 and costimulatory ligands, B7-1, B7-2, and
CD40, in murine DCs without inhibiting the proliferation of DCs, but it could affect the
differentiation of DCs by reducing DC yield. Meanwhile, adding Ro25-6760 could
reduce the proliferation-induction capacity of DCs on allogeneic T cells. In contrast, no
inhibition effect was observed in cell cultures from VDR knockout mice, suggesting the
ability of R025-6760 to reduce DC function as VDR-dependent '*. Further investigations
revealed that treatment of R025-6760 on bone marrow cultures resulted in accumulated
immature DCs characterized by reduced IL-12 production and unchanged TGF-B1. In
addition, these immature DCs had a poor response to maturing stimuli such as CD40,
macrophage products, or even LPS, indicating an inhibition effect of Ro25-6760 against
DC maturity *°.

10,25-Dihydroxy-24-0xo0-16-ene vitamin D3 (11)

la,25-dihydroxy-24-oxo0-16-ene vitamin D3 is an accumulated intermediary
metabolite of its parent compound, 1a,25-dihydroxy-16-ene vitamin D3. The
accumulation of this compound is due to its resistance to further metabolism, conferring
on this compound a slower clearance compared with 1,25(0OH)2D3 . In addition, both
compounds showed promising immunosuppressive effects such as growth inhibition and
differentiation stimulation of human myeloid leukemic cell line (RWLeu-4). These
activities were several-folds more potent than 1,25(OH)2D3 .

KH1060 (12)

In mercuric chloride-induced Brown Norway (BN) rats, adding KH1060 partially
prevented autoimmune symptoms including proteinuria and serum IgE and antilaminin
antibodies in a concentration-dependent manner; however, when given together with
CyA, an additive effect leading to complete prevention of proteinuria was seen. In
addition, a combination of KH1060 and CyA significantly reduced serum IgE and
antilaminin levels '°°. It was also reported that KH1060 significantly inhibited
proliferation of T cells from UC patients, and the highest inhibition was always obtained
in the presence of KH1060 other than 1,25(0OH)2D3 or EB1089 !, In an animal study,
KH1060 was shown to effectively prevent T1D. KH1060-treated mice gave only an 11%
incidence of T1D, while the incidence of 1,25(OH)2D3 -treated and control groups were
18% and 55%, respectively 2. Together, these data suggest the immunosuppressive
activity of this noncalcemic compound, which should be further studied for its promising
potential for treating inflammatory diseases. In lymphoma cells, KH1060 inhibited cell
growth and differentiation with an IC50 of 1.0 pM, while 1,25(OH)2D3 showed its IC50
of 14 nM '3,
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Concluding Remarks

Vitamin D and its key endogenous metabolites, 25(OH)D3 and 1,25(0OH)2D3, are
associated with a variety of inflammatory diseases (Figure 1-4). Vitamin D deficiency is
a risk factor for autoimmune and inflammatory diseases, and elevated serum 25(OH)D3
level, either through vitamin D supplementation or endogenous conversion, appears to
exert anti-inflammation actions in related diseases. The relationship of vitamin D and
inflammatory diseases is associated in several ways, and administering vitamin D and its
analogs is beneficial for ameliorating the symptoms of these diseases. 1,25(OH)2D3, as
the active form of vitamin D, exerts its immunomodulatory activities and affects
inflammatory responses not only by regulating cell function at a cellular level but also by
modulating cytokine profiles on a molecular level of various cells. These cells, including
macrophages, dendritic cells, T cells, and B cells, either belonging to innate or adaptive
immunity, are essential for the immune system. Other than regulating immunity-mediated
inflammation responses, 1,25(0OH)2D3 can also be an effective modulator for
inflammation through the prostaglandin and NF«B pathways, of which the prostaglandin
pathway is the major targets of NSAIDs, emphasizing the diversity of the anti-
inflammatory potential of 1,25(OH)2D3 and its analogs. Currently, it is short of
1,25(0OH)2D3 analogs concentrating on their anti-inflammatory activities, which can be
seen from limited reporting analogs and numbered literature reports. However, some
analogs have been proven to be potent anti-inflammatory VDR agonists by a series of
positive efficacies such as inhibiting pro-inflammatory cytokine profiles, suppressing
immune cell-mediated inflammatory responses, and ameliorating symptoms in
inflammatory diseases. Moreover, it is beneficial to apply the combination therapy
strategy, vitamin D analogs and other effective therapies, since this may enhance the
efficacy or reduce the side effects of standard therapies. Therefore, we believe that there
is still promising potential for 1,25(OH)2D3 analogs awaiting more investigation for
future treatments of inflammatory diseases.
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Figure 1-4. Summary of the associations between 1,25(OH)2D3 and inflammatory
diseases.

27



CHAPTER 2. DESIGN, SYNTHESIS AND BIOLOGICAL ACTIVITIES OF
NOVEL GEMINI 20S-HYDROXY VITAMIN D3 ANALOGS*

Vitamin D3 (D3) can be metabolized by cytochrome P450scc (CYP11A1) into
20S-hydroxyvitamin D3 [20S(OH)D3]as a major metabolite. This bioactive metabolite
has shown strong antiproliferative, antifibrotic, pro-differentiation and anti-inflammatory
effects while being non-toxic (non-calcemic) at high concentrations. Since D3 analogs
with two symmetric side chains (Gemini analogs) result in potent activation of the
vitamin D receptor (VDR), we hypothesized that the chain length and composition of
these types of analogs also containing a 20-hydroxyl group would affect their biological
activities. In this study, we designed and synthesized a series of Gemini 20S(OH)D3
analogs. Biological tests showed that some of these analogs are partial VDR activators
and can significantly stimulate the expression of mRNA for VDR and VDR-regulated
genes including CYP24A1 and transient receptor potential cation channel V6 (TRPV6).
These analogs inhibited the proliferation of melanoma cells with potency comparable to
that of 1a,25-dihydroxyvitamin D3. Moreover, these analogs reduced the level of
interferon y and up-regulated the expression of leukocyte associated immunoglobulin-like
receptor 1 in splenocytes, indicating that they have potent anti-inflammatory activities.
There are no clear correlations between the Gemini chain length and their VDR
activation or biological activities, consistent with the high flexibility of the ligand-
binding pocket of the VDR.

Introduction

The production, activation and metabolism of vitamin D3 (D3) involves the
participation of a variety of tissues and organs . In the epidermis of the skin, D3 is
produced from ultraviolet (UV) irradiation causing photoconvesion of 7-
dehydrocholesterol (7DHC) to pre-D3, which undergoes thermal isomerization to D3. On
the systemic level, activation of D3 involves initial hydroxylation in the liver by a 25-
hydroxylase [cytochrome P450 2R1 (CYP2R1) or cytochrome P450 (CYP27A1)]
followed by la-hydroxylation by CYP27B1 in the kidney to form its biological active
form, 1a,25-dihydroxyvitamin D3 [1,25(OH)2D3, Figure 2-1]. 1,25(OH)2D3 acts
through the vitamin D receptor (VDR) and regulates the expression of a variety of genes
involved in immunomodulation, anti-inflammation, anti-proliferation, pro-differentiation,
anti-angiogenesis, pro-apoptosis, mineral homeostasis and vitamin D catabolism '+ 193,
One of these genes, CYP24A1, encodes D3 24-hydroxylase which sequentially oxidizes
the side chain of 1,25(OH)2D3 producing 1a,24R,25-trihydroxyvitamin D3
[1,24,25(0OH)3D3], 24-0x0-1,25(0OH)2D3, 24-ox0-10,23,25-trihydroxyvitamin D3, 23-
0x0-24,25,26,27-tetranor-10,-hydroxyvitamin D3, and finally calcitroic acid for
excretion % 196,

* Adapted with permission. Lin Z, Marepally, SR, et al. Design, Synthesis and Biological
Activities of Novel Gemini 20S-Hydroxyvitamin D3 Analogs. Anticancer. Res. 2016,
36(3), 877-886.

28



10a 10k 10c 10d 106

Figure 2-1. Chemical structures of vitamin D3 (D3), 1a,25-dihydroxyvitamin D3
[1,25(OH)2D3], 22-0xa-1a,25-dihydroxyvitamin D3 (22-0xa), 208-hydroxyvitamin D3
[20S(OH)D3] and its five Gemini analogs (10a-10e).
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We previously reported the identification and characterization of a new metabolic
pathway, in addition to the classical pathway described above, for activation of
D3 % 19719 This pathway is initiated by mammalian CYP11A1 (also known as
cytochrome P450scc) acting on D3 to produce 20S-hydroxyvitamin D3 [20S(OH)D3] as
the major product '°*2%, which can be further metabolized into di- and tri-hydroxy
products by CYP11A1 and other vitamin D-metabolizing enzymes such as CYP24A1,
CYP27A1 and CYP27B1 ° %% 20! Importantly, 20S(OH)D3 and its di- and tri-
hydroxymetabolites accumulate in vivo in the human epidermis and serum 2.
20S(OH)D3 produces a number of biological effects similar to those of 1,25(0OH)2D3,
acting as a biased agonist on the VDR %203 but lacks the calcemic effect. High doses of
20S(OH)D3 (up to 30 pg/kg) do not cause hypercalcemia in rats or mice, while
1,25(0OH)2D3 has substantial hypercalcemic effects (toxicity) at a dose as low as only 2
ng/kg 204205 Thus 20S(OH)D3 has the potential to be used at therapeutic doses without
toxicity. 20S(OH)D3 displays antiproliferative, pro-differentiation and anti-inflammatory
properties in many cell lines '°%2%6_ In addition, 20S(OH)D3 is able to inhibit the growth
of solid tumors 2°7 and leukemia >**, indicating its tumorostatic activities, and it has
shown antifibrotic activity in vitro and in vivo 2208209,

Gemini analogs of D3 are characterized by having two symmetric side chains at
C20. Many Gemini D3 analogs have been synthesized to investigate the contribution of
the extra side chain to their drug-like properties 2!%2!!. To determine the effects of chain
length and composition in the Gemini analogs also possessing a 20-hydroxyl group, we
designed and synthesized a series of 20S(OH)D3 Gemini analogs (Figure 2-2) based on
our established synthetic route 2*°. Biological activities including VDR activation,
expression of VDR-regulated genes, and inhibition of proliferation and inflammation
were investigated for these Gemini analogs by comparison of their properties with those
of positive controls.

Materials and Methods

Chemicals

The starting material pregnenolone acetate was purchased from Bosche Scientific
LLC (New Brunswick, NJ, USA) with a purity above 98% as determined by high-
performance liquid chromatography (HPLC). HPLC-grade acetonitrile was purchased
from Fisher Scientific (Hampton, NH, USA). De-ionized water was prepared by a Milli-
Q purification system for the HPLC mobile phases. Vitamin D3 (Sigma-Aldrich, St.
Louis, MO, USA) was used as standard reference to generate HPLC standard curves to
quantify small aliquots of vitamin D3 analogs.

Chemistry
All reagents and solvents for the synthesis and separation were purchased from

commercial sources and were used as received. Reactions of 5,7-diene compounds were
carried out in the dark by wrapping the flasks with aluminum foils. Moisture- or air-
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Figure 2-2.  Synthetic route for producing Gemini analogs of 20-hdroxyvitamin
Ds.

Reagents and conditions: (a) NaOH, Br>, 0°C then warmed up to r.t., overnight. (b)
H>S0O4, methanol, reflux 2 h. (¢) Acetic anhydride, pyridine, 4-dimethylaminopyridine
(DMAP), 6 h. (d) Dibromantin, azobisisobutyronitrile (AIBN), benzene: hexane (1:1),
reflux 20 min; tetra-n-butylammonium bromide (TBAB), tetrahydrofuran (THF), r.t., 75
min, then tetra-n-butylammonium fluoride (TBAF), r.t., 50 min. (e¢) Grignard reagent in
THF, THF, 0 °C then warmed up to r.t., 8 h (6c: vinyl magnesium bromide, CeClz, —=78°C
then warmed up to r.t., 24 h). (f) Ultraviolet B (UVB), diethyl ether, 15 min. (g) Ethanol,
reflux, 3 h. (h) High-performance liquid chromatography, acetonitrile:H>O.
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sensitive reactions were performed under an argon atmosphere. All reactions were
routinely monitored by thin layer chromatography (TLC) on silica gel using ethyl acetate
and hexane as mobile phases, and visualized by 5% phosphomolybdic acid in ethanol or
UV lights. Mass spectra of all compounds were obtained by a Bruker ESQUIRE-LC/MS
system (Bruker Corporation, Billerica, MA, USA) equipped with an electrospray
ionization (ESI) source. Nuclear magnetic resonance (NMR) spectra were recorded by
either a Bruker Avance III1 400 MHz or an Agilent Unity Inova 500 MHz spectrometer.
High-resolution mass spectrometry (HRMS) was carried out based on our previous
methods 2% 213 by a Waters Acquity™ ultra-performance liquid chromatography system
(Milford, MA, USA) equipped with a Waters Xevo™ G2-S quadrupole time-of-flight
mass spectrometer and an ESI source in positive mode. Ethyl acetate was used for
extraction of reaction mixtures and then dried over anhydrous Na>SOys, filtered and
removed using a rotary evaporator under reduced pressure.

Synthesis of (3S,8S,10R,138S,14S,17S)-3-hydroxy-10,13-dimethyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthrene-17-
carboxylic acid (2). Bromine (2.9 g, 18 mmol, 4.5 equiv.) was added dropwise to a
vigorously stirred solution of NaOH (2.1 g, 54 mmol, 13.5 equiv.) in 18 mL H»O at 0°C.
The mixture was stirred until all the bromine was dissolved and then diluted with 12 mL
of cold 1,4-dioxane. The resulting hypobromite solution was added slowly to a stirred
solution of 1.4 g (4.0 mmol, 1 equiv.) of pregnenolone acetate (1) in 56 mL of 1,4-
dioxane and 16 mL H>O. The reaction was monitored by TLC (ethyl acetate:
hexanes=1:4) until all pregnenolone acetate was converted to one more polar spot. After
stirring overnight, sodium sulfite (0.7 g, 18 mmol, 4.5 equiv.) solution was added to
destroy the remaining oxidizing agent. The resulting mixture was then heated to reflux
until all solid material dissolved. Acidification of the solution with concentrated HCI
furnished a white precipitate which was filtered, washed with water and dried to yield 1.2
g product (3.9 mmol, 96 %). 2'* 'TH NMR (400 MHz, Chloroform-d) & 5.19 (dd, J = 4.9,
2.2 Hz, 1H), 3.31 (tt, J=10.7, 4.8 Hz, 1H), 3.20 (p, /= 1.6 Hz, 2H), 2.19 (t, /= 9.3 Hz,
1H), 2.09 (qdd, J=13.1, 9.0, 4.0 Hz, 2H), 1.99 — 1.79 (m, 3H), 1.72 (t, /= 3.6 Hz, 1H),
1.55 (tdd, J=12.2, 6.9, 3.6 Hz, 1H), 1.42 (ddt, J=16.5, 12.7, 3.0 Hz, 2H), 1.37 - 1.23
(m, 3H), 1.12 (tdd, J=12.0, 7.8, 5.1 Hz, 2H), 1.03 — 0.88 (m, 2H), 0.86 (s, 3H), 0.84 —
0.77 (m, 1H), 0.57 (s, 3H). MS (ESI) m/z 317.1 [M-H]".

Synthesis of (3S,8S,10R,1385,14S,17S)-methyl 3-hydroxy-10,13-dimethyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthrene-17-
carboxylate (3). To the carboxylic acid 2 (1.2 g, 3.9 mmol) in methanol (50 mL) was
added concentrated sulfuric acid (0.5 mL). The mixture was heated to reflux for 4 h,
cooled to room temperature and 20 mL of saturated Na,COs added. After removing
methanol under reduced pressure, the residue was extracted with ethyl acetate (2 x 20
mL). The combined organic layer was washed with water (50 mL), dried over anhydrous
Na>SOs. Removal of ethyl acetate gave ester (3) as a white powder (1.2 g, 3.7 mmol,
97%). 'H NMR (400 MHz, Chloroform-d) § 5.36 (dt, J = 5.4, 2.0 Hz, 1H), 3.68 (s, 3H),
3.53(tt, J=11.2,4.7 Hz, 1H), 2.36 (t, /= 9.3 Hz, 1H), 2.33 — 2.17 (m, 2H), 2.17 — 2.08
(m, 1H), 2.00 (ddt, J=17.5, 4.9, 2.7 Hz, 1H), 1.84 (dddd, J=19.4, 13.8, 7.1, 3.3 Hz, 3H),
1.77 - 1.65 (m, 1H), 1.65 — 1.56 (m, 2H), 1.56 — 1.45 (m, 2H), 1.45 — 1.38 (m, 1H), 1.36
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~1.21 (m, 2H), 1.17 — 1.04 (m, 2H), 1.02 (s, 3H), 1.00 — 0.93 (m, 1H), 0.92 — 0.80 (m,
1H), 0.68 (s, 3H). MS (ESI) m/z 355.4 [M+Na]".

Synthesis of (3S,8S,10R,13S,148S,17S)-methyl 3-acetoxy-10,13-dimethyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthrene-17-
carboxylate (4). To a solution of 3 (1.2 g, 3.7 mmol) in pyridine (30 mL) acetic anhydride
(1.1 g, 11.1 mmol, 3 equiv.) and catalytic DMAP (0.05 equiv.) were added. The reaction
mixture was stirred at room temperature for 6 h, quenched with 1 N HCI (50 mL), and
filtered. The solid residue was washed with water, dried, collected to afford 4 as a white
powder (1.3 g, 3.5 mmol, 91%). 'H NMR (400 MHz, Chloroform-d) § 5.37 (dt, J= 5.1,
1.6 Hz, 1H), 4.71 — 4.50 (m, 1H), 3.67 (s, 3H), 2.40 — 2.32 (m, 2H), 2.32 — 2.25 (m, 1H),
2.22 —2.08 (m, 1H), 2.05 (s, 1H), 2.04 (s, 1H), 2.02 — 1.95 (m, 1H), 1.92 — 1.83 (m, 2H),
1.83 —1.75 (m, 1H), 1.75 - 1.67 (m, 1H), 1.67 — 1.63 (m, 1H), 1.63 — 1.53 (m, 2H), 1.53
—1.37 (m, 2H), 1.35 - 1.21 (m, 3H), 1.20 — 1.06 (m, 2H), 1.02 (s, 3H), 1.01 — 0.94 (m,
1H), 0.92 — 0.77 (m, 1H), 0.67 (s, 3H). MS (ESI) m/z 397.4 [M+Na]".

Synthesis of (3S,10R,13S,14R,17S)-methyl 3-acetoxy-10,13-dimethyl-
2,3,4,9,10,11,12,13,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthrene-17-
carboxylate (5). To a solution of compound 4 (1.3 g, 3.7 mmol) in benzene:hexanes (40
mL, 1:1, v/v), dibromantin (634 mg, 2.2 mmol, 0.6 equiv.) and 2,2’-
azobisisobutyronitrile (12 mg, 0.07 mmol, 0.02 equiv.) were added. The mixture was
refluxed for 20 min in a preheated oil bath (100°C), then cooled to 0°C and filtered to
remove insoluble material. The filtrate was concentrated to a pale-yellow oil. To this oil
were added THF (40 mL) and tetrabutylammonium bromide (298 mg, 0.925 mmol, 0.25
equiv.). The mixture was stirred at r.t. for 75 min, then was added tetrabutylammonium
fluoride (7.4 mL, 1.0 M solution in THF, 2 equiv.) and stirred for another 50 min in dark.
After addition of water (30 mL), the mixture was extracted with ethyl acetate (3 x
30 mL). The organic layer was combined, dried over Na>SO4 and concentrated. The
residue was subjected to flash chromatography (hexanes:ethyl acetate) to give S as a
white solid (620 mg, 45%). '"H NMR (400 MHz, Methanol-ds) § 5.59 (dd, J = 5.8, 2.6 Hz,
1H), 5.48 — 5.41 (m, 1H), 4.66 (tdd, J=11.4, 4.9, 3.9 Hz, 1H), 3.69 (s, 3H), 2.55 - 2.50
(m, 1H), 2.49 (q, J=2.9 Hz, 1H), 2.38 (ddd, J=14.3, 11.9, 2.3 Hz, 1H), 2.24 — 2.15 (m,
1H), 2.12 (ddd, J=12.8, 3.9, 2.5 Hz, 1H), 2.08 — 2.05 (m, 3H), 2.04 (s, 3H), 1.99 — 1.80
(m, 3H), 1.71 (ddt, J=11.4,9.8, 5.9 Hz, 2H), 1.65 — 1.52 (m, 2H), 1.39 (tt, J=14.6, 5.4
Hz, 2H), 0.97 (s, 3H), 0.63 (s, 3H). MS (ESI) m/z 395.4 [M+Na]".

General procedure for 6a, 6b, 6d and 6e. To a stirred solution of ester 5 (50-100
mg, 1.0 equiv.) in anhydrous THF (10 mL) was added the corresponding Grignard
reagent (0.5-2.0 M in THF, 5 equiv.) at 0°C protected with argon gas. The reaction
mixture was allowed to warm to r.t., stirred overnight, quenched with sat. NH4Cl and
extracted with ethyl acetate (3 x 20 mL). The organic layer was combined and washed
with sat. NaHCOs3 (20 mL), brine (20 mL) and water (20 mL), dried over anhydrous
NazS04 and concentrated. The crude mixture was subjected to flash chromatography
(hexane: ethyl acetate) to give 6a, 6b, 6d and 6e (yield 55-91%), respectively.
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Synthesis of (3S,10R,13S,14R,17S)-17-(2-hydroxypropan-2-yl)-10,13-dimethyl-
2,3,4,9,10,11,12,13,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthren-3-ol (6a). 'H
NMR (400 MHz, Chloroform-d) 6 5.58 (dd, J=15.7, 2.6 Hz, 1H), 5.40 (dt, /= 5.6, 2.8
Hz, 1H), 3.64 (tt, J=11.2, 4.2 Hz, 1H), 2.47 (ddd, /= 14.4, 4.8, 2.3 Hz, 1H), 2.28 (dddd,
J=189,11.8,5.9,3.7 Hz, 1H), 2.18 (ddt, /= 10.6, 5.7, 2.9 Hz, 1H), 1.97 (ddt, /= 9.4,
7.1,2.3 Hz, 1H), 1.93 — 1.84 (m, 2H), 1.84 — 1.67 (m, 3H), 1.67 — 1.53 (m, 2H), 1.53 —
1.39 (m, 2H), 1.39 — 1.34 (m, 1H), 1.33 (s, 3H), 1.32 — 1.22 (m, 2H), 1.22 (s, 3H), 1.2 (m,
1H), 0.95 (s, 3H), 0.78 (s, 3H). MS (ESI) m/z 353.4 [M+Na]". Yield 91%. HPLC purity >
98%. HRMS (ESI) m/z 313.2521 [M+H-H,O]" (error: -3.2 ppm).

Synthesis of (3S,10R,13S,14R,17S)-17-(3-hydroxypentan-3-yl)-10,13-dimethyl-
2,3,4,9,10,11,12,13,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthren-3-ol (6b). 'H
NMR (400 MHz, Chloroform-d) 6 5.58 (dd, J=5.8, 2.5 Hz, 1H), 5.40 (dt, /= 5.6, 2.8
Hz, 1H), 3.64 (tt, J=11.2, 4.1 Hz, 1H), 2.47 (ddd, J= 14.4, 4.8, 2.3 Hz, 1H), 2.38 —2.22
(m, 1H), 2.22 - 2.11 (m, 1H), 2.01 — 1.79 (m, 3H), 1.79 — 1.60 (m, 4H), 1.56 — 1.41 (m,
3H), 1.41 — 1.30 (m, 1H), 1.18 — 0.99 (m, 1H), 0.97 (d, /= 6.6 Hz, 2H), 0.95 (s, 3H), 0.90
(m, 2H), 0.88 (s, 2H), 0.88 — 0.85 (m, 3H), 0.81 (s, 3H), 0.79 (t, J= 7.6 Hz, 3H). MS
(ESI) m/z 381.6 [M+Na]". Yield 85%. HPLC purity > 98%. HRMS (ESI) m/z 321.2844
[M+H-H,0]" (error: 0.0 ppm).

Synthesis of (3S,10R,13S,14R,17S)-17-(3-hydroxypenta-1,4-dien-3-yl)-10,13-
dimethyl-2,3,4,9,10,11,12,13,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthren-3-
ol (6¢). To a flame-dried round bottom flask containing anhydrous CeCls (782 mg, 3.2
mmol, 13 equiv.) was added anhydrous THF (20 mL). The solution was stirred for 1 h at
room temperature under argon protection, and then cooled to -78°C and stirred for 15
min. Then a 1.0 M vinyl magnesium bromide solution in THF was added (3.2 mmol, 13
equiv.) and stirred for another 1 h at -78 °C. A THF solution (5 mL) of ester 5 (91 mg,
0.24 mmol, 1.0 equiv.) was then added and stirred for 3 h at -78°C. The reaction mixture
was then allowed to warm to room temperature, stirred for 48 h, quenched with sat.
NH4Cl (25 mL) and extracted with ethyl acetate (3 x 30 mL). The organic layer was
combined and washed with sat. NaHCO3 (30 mL), brine (30 mL) and water (30 mL),
dried over anhydrous Na,;SO4 and concentrated. The crude mixture was subjected to flash
chromatography (hexane: ethyl acetate) to give 6¢ as a white powder (74.6 mg, 0.21
mmol, 86%). 2! 'TH NMR (400 MHz, Chloroform-d) § 6.06 (dd, J=17.3, 10.7 Hz, 1H),
5.96 (dd,J=17.3,10.7 Hz, 1H), 5.57 (dd, J= 5.7, 2.5 Hz, 1H), 5.39 (dt, J= 5.6, 2.7 Hz,
1H), 5.23 (ddd, J=37.5, 17.3, 1.3 Hz, 2H), 5.06 (ddd, J=27.4, 10.7, 1.3 Hz, 2H), 3.71 —
3.55 (m, OH), 2.47 (ddd, J=14.3,4.9, 2.4 Hz, 1H), 2.28 (t, J= 12.9 Hz, 1H), 2.18 (ddd, J
=12.6,4.8,2.5 Hz, 1H), 1.95 (t, J=9.7 Hz, 1H), 1.91 — 1.80 (m, 2H), 1.79 — 1.62 (m,
3H), 1.57 (m, 1H), 1.49 — 1.38 (m, 2H), 1.34 — 1.23 (m, 3H), 1.18 (td, /= 13.0, 4.9 Hz,
1H), 0.93 (s, 3H), 0.88 — 0.82 (m, 1H), 0.73 (s, 3H). MS (ESI) m/z 377.4 [M+Na]". HPLC
purity > 98%. HRMS (ESI) m/z 337.2528 [M+H-H,0]" (error: -0.9 ppm).

Synthesis of (3S,10R,13S,14R,17S)-17-(4-hydroxyheptan-4-yl)-10,13-dimethyl-
2,3,4,9,10,11,12,13,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthren-3-ol (6d). 'H
NMR (400 MHz, Chloroform-d) 6 5.58 (dd, J=15.7, 2.5 Hz, 1H), 5.40 (dt, /= 5.6, 2.7
Hz, 1H), 3.64 (tt, /=11.3, 4.1 Hz, 1H), 2.47 (ddd, /= 14.3, 4.8, 2.3 Hz, 1H), 2.29 (ddq, J
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=13.7,11.2,2.1 Hz, 1H), 2.15 (ddd, /= 12.6, 4.8, 2.6 Hz, 1H), 2.02 — 1.92 (m, 1H), 1.92
—1.79 (m, 3H), 1.79 — 1.68 (m, 2H), 1.67 — 1.53 (m, 3H), 1.53 — 1.47 (m, 1H), 1.47 —
1.39 (m, 2H), 1.39 - 1.27 (m, 3H), 1.27 - 1.17 (m, 2H), 0.95 (s, 3H), 0.94 — 0.85 (m,
14H), 0.81 (s, 3H). MS (ESI) m/z 409.5 [M+Na]". Yield 63%. HPLC purity > 98%.
HRMS (ESI) m/z 369.3157 [M+H-H,O]" (error: 0.0 ppm).

Synthesis of (3S,10R,13S,14R,17S)-17-(5-hydroxynonan-5-yl)-10,13-dimethyl-
2,3,4,9,10,11,12,13,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthren-3-ol (6e). 'H
NMR (400 MHz, Chloroform-d) 6 5.51 (dd, J=5.8, 2.5 Hz, 1H), 5.33 (dt, /= 5.6, 2.8
Hz, 1H), 3.57 (tt, J=11.2, 4.0 Hz, 1H), 2.45 —2.34 (m, 1H), 2.22 (t, J=12.7 Hz, 1H),
2.12-2.05 (m, 1H), 1.89 (t, J=9.5 Hz, 1H), 1.85 - 1.72 (m, 3H), 1.72 — 1.61 (m, 2H),
1.61 —1.47 (m, 6H), 1.46 — 1.31 (m, 3H), 1.31 — 1.16 (m, 6H), 1.16 — 1.09 (m, 1H), 1.08
(s, 2H), 0.88 (s, 3H), 0.87 — 0.76 (m, 14H), 0.74 (s, 3H). MS (ESI) m/z 437.5 [M+Na]".
Yield 55%. HPLC purity > 98%. HRMS (ESI) m/z 397.3468 [M+H-H>0]" (error: -0.5
ppm).

General procedures for 10a-10e. An ethyl ether solution of compound (2 mg/mL)
was subjected to UVB irradiation for 15 min in a quartz tube at 75 °C, using a Rayonet
RPR- 100 photochemical reactor (Branford, CT). After removal of ethyl ether, the
residue was re-dissolved in ethanol (10 mL) and heated under reflux in dark for 3 h to
allow the conversion from the pre-D3 structure (7) to the D3 structure (10). The mixture
was then analyzed by an Agilent 1100 HPLC system (Santa Clara, CA) to optimize the
separation conditions using acetonitrile and water as mobile phases. The ethanol solution
was then concentrated to minimum volume for HPLC. The separation of D3 compound
was carried out on a preparative HPLC system. The reaction mixture (100 uL) was
injected onto a 5 um Phenomenex Luna-PFP column (250 mm X 21.2 mm) (Torrance,
CA) with mobile phases of acetonitrile and water at a flow rate of 15 mL/min using linear
gradient conditions. Fractions containing D3 compounds were combined and freeze-
dried. Yields for 10a-e 10%-18%.

Synthesis of (S,Z)-3-((E)-2-((1S,3aS,7aS)-1-(2-hydroxypropan-2-yl)-7a-
methylhexahydro-1H-inden-4(2H)-ylidene)ethylidene)-4-methylenecyclohexanol (10a).
'"H NMR (400 MHz, Chloroform-d) 8 6.15 (d, J=11.3 Hz, 1H), 5.96 (d, /= 11.2 Hz,
1H), 4.97 (dt, J=2.6, 1.4 Hz, 1H), 4.74 (d, /= 2.5 Hz, 1H), 3.88 (s, 1H), 2.75 (dd, J =
12.1,4.3 Hz, 1H), 2.56 — 2.44 (m, 1H), 2.32 (ddd, /= 13.1, 7.9, 4.8 Hz, 1H), 2.21 (dd, J
=13.1, 7.5 Hz, 1H), 2.10 (ddd, J=13.6, 8.5, 4.7 Hz, 1H), 2.05 - 1.97 (m, 1H), 1.96 —
1.88 (m, 1H), 1.88 — 1.79 (m, 1H), 1.76 — 1.52 (m, 4H), 1.45 (m, 2H), 1.25 (s, 1H), 1.23
(s, 3H), 1.17 (s, 2H), 1.13 (m, 1H), 1.12 (s, 3H), 0.63 (s, 3H). MS (ESI) m/z 353.4
[M+Na]". HPLC purity > 98%. HRMS (ESI) m/z 313.2533 [M+H-H>O]" (error: 0.6
ppm).

Synthesis of (S,Z2)-3-((E)-2-((1S,3aS,7aS)-1-(3-hydroxypentan-3-yl)-7a-
methylhexahydro-1H-inden-4(2H)-ylidene)ethylidene)-4-methylenecyclohexanol (10b).
"H NMR (400 MHz, Methanol-ds) § 6.24 (d, J=11.2 Hz, 1H), 6.04 (d, J=11.2 Hz, 1H),
5.09-5.02 (m, 1H), 4.77 (dd, J=2.8, 1.2 Hz, 1H), 3.78 (tt, J = 8.8, 4.0 Hz, 1H), 2.87
(dd, J=11.8,3.9 Hz, 1H), 2.55 (dd, J=12.9, 4.1 Hz, 1H), 2.43 (dt, J = 13.6, 5.0 Hz, 1H),
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2.26-2.16 (m, 1H), 2.16 — 2.07 (m, 2H), 2.07 — 1.92 (m, 2H), 1.92 — 1.79 (m, 1H), 1.79
— 1.61 (m, 6H), 1.61 — 1.45 (m, 6H), 1.45 — 1.35 (m, 2H), 0.93 — 0.79 (m, 1H), 0.89 (t, J
= 7.5 Hz, 1H), 0.83 (t, J= 7.5 Hz, 3H), 0.74 (s, 3H). MS (ESI) m/z 381.6 [M+Na]".
HPLC purity > 98%. HRMS (ESI) m/z 321.2842 [M+H-H,0]" (error: -0.6 ppm).

Synthesis of (S,Z2)-3-((E)-2-((1S,3aS,7aS)-1-(3-hydroxypenta-1,4-dien-3-yl)-7a-
methylhexahydro-1H-inden-4(2H)-ylidene)ethylidene)-4-methylenecyclohexanol (10c).
"H NMR (400 MHz, Methanol-ds) § 6.22 (d, J= 11.2 Hz, 1H), 6.12 — 5.96 (m, 3H), 5.22
(ddd, J=32.5,17.3, 1.7 Hz, 2H), 5.05 (dd, /= 2.8, 1.2 Hz, 1H), 5.00 (ddd, J=32.5, 17.3,
1.7 Hz, 2H), 4.76 (dd, J = 2.8, 1.2 Hz, 1H), 3.78 (tt, /=9.1, 3.9 Hz, 1H), 2.90 — 2.79 (m,
1H), 2.60 — 2.49 (m, 1H), 2.42 (dt, J=13.6, 5.0 Hz, 1H), 2.27 — 2.19 (m, 1H), 2.14
(dddd, J=13.7,10.6, 4.6, 1.6 Hz, 2H), 1.99 (q, /=9.2 Hz, 2H), 1.88 — 1.74 (m, 2H),
1.74 — 1.60 (m, 2H), 1.60 — 1.38 (m, 3H), 1.28 (td, /= 12.8, 3.9 Hz, 2H), 1.03 — 0.67 (m,
1H), 0.65 (s, 3H). MS (ESI) m/z 377.4 [M+Na]". HPLC purity > 98%. HRMS (ESI) m/z
337.2528 [M+H-H,0]" (error: -0.9 ppm).

Synthesis of (S,Z)-3-((E)-2-((1S,3aS,7aS)-1-(4-hydroxyheptan-4-yl)-7a-
methylhexahydro-1H-inden-4(2H)-ylidene)ethylidene)-4-methylenecyclohexanol (10d).
"H NMR (400 MHz, Chloroform-d) & 6.23 (d, J=11.2 Hz, 1H), 6.03 (d, /= 11.3 Hz,
1H), 5.05 (dt, J=2.6, 1.4 Hz, 1H), 4.82 (d, /= 2.5 Hz, 1H), 3.95 (s, 1H), 2.82 (dd, J =
11.7,4.1 Hz, 1H), 2.57 (dd, J=13.2, 3.8 Hz, 1H), 2.40 (ddd, J=13.1, 7.9, 4.8 Hz, 1H),
2.29 (dd,J=13.2,7.5 Hz, 1H), 2.18 (ddd, J = 13.6, 8.5, 4.7 Hz, 1H), 2.12 — 2.02 (m,
1H), 2.02 — 1.86 (m, 2H), 1.87 — 1.75 (m, 1H), 1.69 (ddd, J=11.6, 9.0, 5.6 Hz, 5SH), 1.56
(d, /=99 Hz, 3H), 1.45 - 1.27 (m, 5H), 1.27 — 1.15 (m, 2H), 1.09 (s, 1H), 0.90 (dt, J =
10.2, 7.1 Hz, 7H), 0.74 (s, 3H). MS (ESI) m/z 409.5 [M+Na]". HPLC purity > 98%.
HRMS (ESI) m/z 369.3152 [M+H-H>0]" (error: -1.4 ppm).

Synthesis of (S,Z2)-3-((E)-2-((1S,3aS,7aS)-1-(5-hydroxynonan-5-yl)-7a-
methylhexahydro-1H-inden-4(2H)-ylidene)ethylidene)-4-methylenecyclohexanol (10e).
"H NMR (500 MHz, Chloroform-d) § 6.23 (d,J = 11.2 Hz, 1H), 6.03 (d, ] = 11.3 Hz,
1H), 5.05 (s, 1H), 4.82 (s, 1H), 3.95 (s, 1H), 2.82 (d, J = 13.1 Hz, 1H), 2.57 (d, ] = 13.1
Hz, 1H), 2.39 (dd, J = 13.5, 6.6 Hz, 1H), 2.29 (dd, J = 13.2, 7.5 Hz, 1H), 2.23 — 2.11 (m,
1H), 2.06 (d, J = 15.8 Hz, 1H), 1.99 (t, ] = 9.5 Hz, 1H), 1.92 (s, 1H), 1.84 — 1.75 (m, 1H),
1.74 — 1.63 (m, 4H), 1.56 (m, 2H), 1.44 — 1.33 (m, 1H), 1.33 - 1.22 (m, 8H), 1.19(q, J =
7.2 Hz, 1H), 1.08 (s, 1H), 0.91 (q, J = 6.9 Hz, 10H), 0.74 (s, 3H). MS (ESI) m/z 437.5
[M+Na]". HPLC purity > 98%. HRMS (ESI) m/z 397.3469 [M+H-H,O]" (error: -0.3

ppm).

HPLC Conditions

An Agilent HPLC 1100 series system consisting of a binary pump, a column
oven, a degasser, a diode array detector and an autosampler was used for
chromatographic analysis. The purity check of 20S(OH)D3 analogs was carried out on a
Phenomenex Luna-PFP C18 column (5 pm, 250 mm x 4.6 mm; Phenomenex) maintained
at 25 °C. The flow rate was 1.0 ml/min. The UV absorption at 263 nm was set for
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displaying the chromatograms. Isocratic elution using water (A) and acetonitrile (B) was
as follows: 60% B for compound 10a, 70% B for compound 10b, 70% B for compound
10c, 80% B for compound 10d and 90% B for compound 10e.

Cell Culture

Dulbecco’s modified Eagle's medium (DMEM) supplemented with glucose, L-
gultamine, pyridoxine hydrochloride, 5% fetal bovine serum (FBS) and 1%
penicillin/streptomycin/amphotericin antibiotic solution (Ab) (Sigma-Aldrich, St. Louis,
MO, USA) was used to culture immortalized human keratinocytes (HaCaT). Jurkat cells
were cultured in RPMI 1640 medium supplemented with 10% FBS and 1% Ab. Eagle's
minimal essential medium (EMEM) containing 9% charcoal-stripped FBS, 100 U/ml
penicillin and 100 pg/ml streptomycin, non-essential amino acids, 2.5 mM 2-
mercaptoethanol and 2.5 mM L-glutamine was used to culture splenocytes from DBA/1
mice. All cells were cultured at 37°C in a humidified atmosphere containing 5% CO..

VDRE-luciferase Reporter Assay

Jurkat cells were purchased from American Type Culture Collection (Manassas,
VA, USA) and were transduced with lentiviral VDRE luciferase using a Cignal Lenti
VDRE Reporter (luc) Kit according to the manufacturer’s protocol (QIAGEN, Valencia,
CA, USA). The cells then went through 1-week selection under puromycin (1.0 pg/ml)
treatment. During the selection, the media were changed every other day. For the
biological test, transduced Jurkat cells were washed with PBS (1x) and then seeded in a
96-well plate (10,000 cells/well, 100 ul/well) diluted by FBS-free media. All cells were
then synchronized by a 24 h incubation. DMSO solutions (10%; 1.0 pl) of each
secosteroid were added to each well of cells with final concentrations of 1000, 300, 100,
30, 10, 3 and 1 nM, which were then incubated for another 24 h. The luciferase signal of
the cells was measured by the ONE-Glo™ Luciferase Assay System (Promega, Madison,
WI, USA) according to the manufacturer’s suggested procedure. DMSO (10%) in water
was used as the vehicle control and the final concentration of DMSO in culture media
was 0.1% during the activity test. Each concentration of analog was tested in triplicate
(n=3).

RT-PCR-based Expression Analysis

HaCaT cells were purchased from Thermo Fisher Scientific (Waltham, MA,
USA) and were cultured as described above. The RNA from HaCaT keratinocytes treated
with /0a-e, 1,25(0H)2D3, 22-Oxa-1,25(0OH)2D3 or DMSO was isolated using the
Absolutely RNA Miniprep Kit (Stratagene, La Jolla, CA, USA). Reverse transcription
(100 ng RNA/reaction) was performed with the Transcriptor First Strand cDNA
Synthesis Kit (Roche Inc., Mannheim, Germany). Real-time PCR was performed using
cDNA diluted 10-fold in sterile water and a SYBR Green PCR Master Mix. The primers
for both forward and reverse lines for VDR, CYP24A1 and TRPV6 genes were designed
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based on the mouse and rat sequences using Primer Quest software (Integrated Device
Technology, San Jose, CA, USA). Reactions (in triplicate) were performed at 50°C for 2
min, 95°C for 10 min and then 40 cycles of 95°C for 15 s, 60°C for 30 s and 72°C for 30
s. Data were collected and analyzed on a Roche Light Cycler 480. The amount of the
final amplified product for each gene was compared and normalized to the amount of -
actin as a housekeeping gene using a comparative Ct method 279,

Antiproliferative Assay

Antiproliferative assay was performed using the (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)/phenazine methosulfate
(MTS/PMS) solution (Promega, Madison, WI, USA) as per the manufacturer’s
instructions ?/7. Briefly, SKMEL-188 cells provided as a gift from Dr. Andrzej T.
Slominski were plated in on 96-well plates with Ham’s F10 media containing 5%
charcoal treated FBS (Atlanta Biologicals, Inc. Flowery Branch, GA, USA). After
overnight culture, the medium was changed to serum-free medium to synchronize the
cells for 24 h. Subsequently, the cells were incubated with compounds 10a-e for 48 h.
Finally, 20 ul of MTS/PMS solution was added to the cells and they were incubated for
another 4 h at 37°C then the absorbance was recorded at 490 nm using Cytation 5 Cell
Imaging Multi-Mode Reader (Winooski, VT, USA).

IFNy Inhibition Assay

Compounds 10a-e and 1,25(0OH)2D3 were solubilized in absolute EtOH at 10* M
and diluted to 10 M by adding EMEM as described above °’%. Splenocytes from DBA/1
mice were isolated, erythrocytes lysed by hypotonic shock, then cells were washed twice
with EMEM, and suspended at 2x10%ml in supplemented EMEM described above. To
each well of a 48-well tissue culture plate, 450 pul of the splenocytes were added. Analogs
(50 pl of the 10°® M stock), or EtOH diluted 1:100 with the above culture medium as
negative control, were added to triplicate wells and then incubated at 37°C in 5% CO: in
a humidified tissue culture incubator for 2 h, after which 1.0 pg/well of rat anti-mouse
cluster of differentiation 3 (CD3) monoclonal antibody was added. After a 72 h
incubation, supernatants from each well were harvested and analyzed by the enzyme-
linked immunosorbent assay (ELISA) to determine the levels of D-murine [IFNy (R&D
Systems, Minneapolis, MN, USA), according to the manufacturer’s instructions. The
concentration of IFNy in supernatants from cultures containing analogs were compared
with that of EtOH-treated control cultures, by ANOVA. Results are expressed as the
mean of triplicate determinations + SEM.

LAIR1 Assay by Flow Cytometry
Splenocytes from DBA/I mice were isolated /%’ and the level of expression of

LAIRI was determined following overnight culture with each analog at a concentration of
10”7 M (or ethanol as vehicle control) by multi-parameter flow cytometry using an LSRII

38



flow cytometer (BD Biosciences, San Jose, CA, USA ). Cells were labeled with
fluorochrome antibodies specific for CD4 (BD Biosciences) and for LAIR1 (eBioscience,
San Diego, CA, USA). Gating was performed on CD4" cells and the data were displayed
as mean fluorescence + standard deviation. A minimum of 10,000 cells were analyzed
from each treated sample and the final analysis was performed using Flow software (Tree
Star, Ashland, OR, USA). Results are expressed as the mean of duplicate values + SEM.

Statistical Analysis

The values are reported as the means + SD (or SE). The significance of the
differences between different treatments was estimated by unpaired, two-tailed Student’s
t-test with p<0.05 considered as being statistically significant. All statistical analyses
were performed and some of the figures were produced using GraphPad Prism 6.0
(Graph-Pad Software, San Diego, CA, USA).

Results

The designed 20S(OH)D3 analogs were synthesized starting from commercially
available pregnenolone acetate (1). Due to the sensitivity of 5,7-diene structure to light,
heat and acidic conditions, we chose to introduce the double bond at the C7 position in
later steps !°. Starting material 1 underwent haloform reaction with high yield (96%) to
give the 3-hydroxyl acid 2 following our previously published procedure 2'4. To generate
the 20-hydroxyl group, the acid of 2 was firstly esterified, with quantitative yield, by
methanol in the presence of sulfuric acid, to produce methyl ester 3. The ester was then
ready for the introduction of the same two aliphatic side chains in one Grignard reaction.
The 3-hydroxyl group on 3 was then protected to give ester 4, following our established
acetylation procedure '*>, for the introduction of C7 double bond. The 5,7-diene structure
was then introduced into 4 by free radical reaction under dibromatin/AIBN/TBAB/TBAF
conditions to provide the protected methyl ester § with acceptable yield (45%). Under
dark conditions, the Grignard reaction was carefully carried out using different Grignard
reagents in THF to introduce the two side chains to the C20 position where the 20-
hydroxyl was formed as a result. Irradiation (15 min) of the 7DHC analogs in ethyl ether
by UVB, followed by 3 hours reflux in ethanol gave D3 structures (10) together with
their parent 7DHC, pre-vitamin D3 (7), lumisterol (8) and tachysterol (9) structures as
related impurities. The separation of compounds in the reaction mixture after irradiation
was achieved by preparative HPLC using a gradient of acetonitrile in water to afford the
final D3 compounds (10) with high purity (> 98%) for biological testing.

To evaluate the capability of these analogs to interact with the VDR, a previously
established Jurkat cell line transduced with a VDRE luciferase vector construct was used
to carry out the reporter assays. We compared the activity of five analogs with that of two
positive controls [1,25(OH)2D3 and 22-Oxa-1,25(0OH)2D3] to activate the VDR via
binding to the synthetic VDRE in this construct. In preliminary studies, these analogs
lacked the ability to activate the VDR at a concentration of 0.1 uM, however, as shown in
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Figure 2-3A, all five analogs significantly activated VDR at a concentration of 1.0 pM.
The detected luciferase signal increased 31%, 20%, 27%, 20% and 33% as compared
with blank controls for compounds 10a, 10b, 10c, 10d and 10e, respectively. Compared
with 1,25(0OH)2D3 and 22-Oxa-1,25(0OH)2D3, these analogs caused weak activation of
the VDR causing 33 and 30 times less activation respectively, at 0.1 uM.

We compared the activity of the five synthetic analogs on the expression of
CYP24A1 gene in HaCaT cells to that of 1,25(OH)2D3 and 22-Oxa-1,25(0OH)2D3 . As
shown in Figure 2-3B, after 6 h treatment with 0.1 uM of each analog, relative mRNA
levels for CYP24A1 were 4.7-, 3.2-, 3.4-, 1.9- and 1.6-fold higher than that of the
negative control for analogs 10a, 10b, 10¢, 10d and 10e, respectively. In comparison,
cells treated with 0.1 uM 1,25(0OH)2D3 or 22-Oxa-1,25(0OH)2D3 showed a 366- or 370-
fold increase in mRNA for CYP24A41, respectively. Following 24 h of treatment (Figure
2-3C), the positive controls still caused greater stimulation of CYP24A41 gene expression
than did the Gemini analogs, with the degree of stimulation for all compounds being less
than at 6 h. Only 10a and 10c¢ significantly stimulated expression over that of the control
while 1,25(0OH)2D3 and 22-Oxa-1,25(OH)2D3 caused 10- and 78-fold stimulation,
respectively.

The ability of the new Gemini analogs to regulate the expression of the VDR gene
was studied using HaCaT cells. As shown in Figure 2-3D, the mRNA expression level
was stimulated by 1.4- to 3-fold by the Gemini analogs following 24 h of treatment with
0.1 uM. In addition, the two positive controls, 1,25(0OH)2D3 and 22-Oxa-1,25(OH)2D3,
also stimulated VDR expression by 1.3- and 1.7-fold, respectively, in comparison with
the negative control. Interestingly, compound 10c¢ and 10e caused significantly higher
stimulation of the expression of the VDR gene than did 1,25(OH)2D3 (p<0.05), and
analogs 10a, 10b and 10d displayed much higher stimulation of VDR expression than
both 1,25(0OH)2D3 and 22-Oxa-1,25(0OH)2D3 (p<0.01). These results suggest that the
new analogs may increase D3 catabolism, not only by mild stimulation of the expression
of the hydroxy-D3-catabolizing enzyme (CYP24A1), but also through increased
expression of its own receptor, the VDR.

A well-known target of 1,25(OH)2D3 is the stimulation of the expression of the
TRPV6 gene (encoding an intestinal calcium channel) 2. Because calcium plays an
important role in keratinocytes differentiation, we evaluated the effects of the new
Gemini 20S(OH)D3 analogs on the expression of this gene by immortalized human
epidermal keratinocytes (HaCaT cells). The mRNA levels of TRPV6 after a 24 h
treatment were increased by 1.4- and 2.6-fold on 1,25(0OH)2D3 and 22-Oxa-
1,25(0OH)2D3 treatment, respectively (Figure 2-3E). In contrast, the mRNA level for
TRPV6 was increased by 5.9-fold for analog 10a relative to the negative control, but only
by 1.5- to 2.7-fold for the other Gemini analogs, similarly to that for 1,25(0OH)2D3 and
22-Oxa-1,25(0OH)2D3 . Interestingly the analog with the shortest side chain (10a) caused
4-fold higher expression of the TRPV6 gene expression than analog 10e with the longest
side chain, indicating that the short aliphatic side chain is most favorable for regulation of
the TRPV6 gene.
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Figure 2-3. Gemini analogs of 208-hydroxyvitamin D3 [20S(OH)D3] activate the
VDR in a vitamin D response element-luciferase (VDRE-LUC) reporter assay and
regulate cytochrome P450 24A1 (CYP24A1), vitamin D receptor (VDR) and
transient receptor potential cation channel V6 (TRPV6) genes.

A: Jurkat cells transduced with a VDRE-LUC reporter construct were treated for 24 h
with Gemini analogs (10a-10e, 1.0 uM), 1a,25-dihydroxyvitamin D3 [1,25(0OH)2D3]
(0.1 uM), 22-o0xa-1,25(0H)2D3 (22-Oxa) (0.1 uM) or 10% dimethyl sulfoxide (DMSO)
(final concentration 0.1% DMSO) as a negative control. Gemini 20S(OH)D3 analogs
increased mRNA levels for CYP24A41 (B and C), VDR (D) and TRPV6 (E). HaCaT cells
were treated with 100 nM of Gemini analogs, 1,25(OH)2D3, 22-Oxa or DMSO only
(solvent) as a control. The mRNA was isolated and the real-time polymerase chain
reaction (RT-PCR) was performed using specific primers for CYP24A41, VDR and TRPV6
genes. Data are presented as mean = SE (n = 3). *p<0.05, **p<0.01, ***p<0.005
*Ax%p<0.001 compared with the control.
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One of the 20S(OH)D3 analogs, 10e, inhibited SKMEL-188 melanoma cell
proliferation with comparable potency (1.24 x 10~ M) to that seen for 1,25(OH)2D3
(1.05 x 10~ M), while analog 10d had 15-fold lower potency than 1,25(OH)2D3 .
Analogs 10a, 10b and 10c¢ displayed no significant antiproliferative activity against the
growth of SKMEL-188 melanoma cells. These results suggest that a long side chain is
required to inhibit proliferation with a potency similarly to that of 1,25(0OH)2D3 .

1,25(0OH)2D3 acts as an immunomodulatory agent and displays anti-
inflammatory activity '°> 6. Thus many analogs of 1,25(0OH)2D3 have been developed
with the hope that they can be used as anti-inflammatory agents . To test whether the
new Gemini-20S(OH)D3 analogs can exert anti-inflammatory effects, IFNy
concentrations in the medium used to culture mouse splenocytes were measured using
our established assay !°>. The Gemini analogs were tested at a concentration of 0.1 pM
(Figure 2-4B). 1,25(0OH)2D3 reduced the IFNy concentration by 60% compared to the
ethanol control. All the analogs significantly reduced IFNy levels, with the most active
compound being 10b, which caused a 62% reduction in the IFNy concentration (62%),
comparable to that seen for 1,25(0OH)2D3 .

Part of the anti-inflammatory activity of 1,25(OH)2D3 is mediated by the up-
regulation of LAIRI. LAIRI is a receptor expressed on T-cells and other immune cells
believed to down-regulate the immune response 22°. The ability of the new Gemini
analogs (100 nM) to up-regulate LAIR1 protein in splenocytes was compared with the
EtOH negative control and a 22-Oxa-1,25(OH)2D3 (22-Oxa) positive control (Figure 2-
4C). All the new Gemini analogs caused a significant increase in LAIR1 levels, generally
comparable to that seen for the 22-Oxa positive control, with the highest stimulation
being seen for analog 10e (59%). The data suggest that all the Gemini-20S(OH)D3
analogs are strong anti-inflammatory agents.

Discussion

To completely remove the 3-acetyl group on intermediate 5, at least four
equivalences of Grignard reagents were required to form the desired product 6. Among
these 7DHC analogs, 6¢ was not obtained through a normal Grignard reaction in our
initial trials due to the formation of an a,B-unsaturated ketone after the first attack of the
vinyl side chain. Fortunately, the addition of anhydrous CeCl; following a reported
procedure >'* solved this problem and we ended up with an 86% yield. Grignard reagents
with longer side chains (C>5) were used to produce more 7DHC analogs (6), however
after UVB irradiation, we were unable to separate the corresponding D3 structures from
the mixture.

The Gemini-20S(OH)D3 analogs showed similar ability to activate the VDR and
bind to a synthetic VDRE reporter construct, to their parent compound
[20S(OH)D3]reported in our previous study 2°'. Receptor activation was less than for
than classical VDR activators [1,25(0OH)2D3 and 22-Oxa-1,25(OH)2D3]. These results
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Figure 2-4.  Antiproliferative effects of Gemini 20S-hydroxyvitamin D3
[20S(OH)D3] analogs on human SKEML-188 melanoma cells and anti-
inflammatory effects on splenocytes.

A: SKEML-188 melanoma cells were treated with analogs, 1a,25-dihydroxyvitamin D3
[1,25(0OH)2D3] or dimethyl sulfoxide (DMSO) (solvent) as a control to assess their
inhibitory effects on cell growth. Gemini 20S(OH)D3 analogs reduced interferon y
(IFNy) concentration (B) and up-regulated leukocyte-associated immunoglobulin-like
receptor 1 (LAIRI) level (C) in mouse splenocytes. Splenic cells were treated by 100 nM
of Gemini analogs, 1,25(0OH)2D3, 22-Oxa or EtOH only (solvent) as a control. Data are
presented as mean + SE (n = 3). *p<0.05, **p<0.01, ***p<0.005, ****p<0.001 compared
with the control. ICsos: 1.65 x 108 M (10d), 1.24 x 10° M (10e) and 1.05 x 10° M
[1,25(OH)2D3].
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are consistent with these analogs acting as biased agonists on the VDR, similar to
20S(OH)D3 '8, where the ligand can influence the relative binding to different VDREs.

The CYP24A1 gene has two VDREs and is highly responsive to 1,25(0OH)2D3,
but poorly responsive to 20S(OH)D3 1?8201 CYP24A1 is responsible for the catabolism
of 25(0OH)D3 and 1,25(0OH)2D3 and can act on numerous vitamin D analogs * '°°.
CYP24A1 initially hydroxylates the vitamin D side chain at C24 converting
1,25(0H)2D3 into 1,24,25(0H)3D3 % %, The ability of Gemini-20S(OH)D3 analogs to
stimulate the expression of the CYP24A1 gene, although only weakly, supports that they
act through the VDR. Their inability to cause the massive induction seen with
1,25(0OH)2D3 and 22-Oxa-1,25(0OH)2D3 likely results in lower CYP24A1 protein levels
and thus lower rates of catabolism, therefore promoting prolonged action. However, the
ability of CYP24A1 to metabolize these analogs remains to be determined. Our data
show that the Gemini 20S(OH)D3 analogs stimulate the expression of the VDR gene in
HaCaT cells, suggesting they can up-regulate the basal expression level of their own
receptor, the VDR. This might be an alternate way for them to exert their biological
activities other than by directly modulating target genes, such as CYP24A 1. Moreover,
Gemini 20S(OH)D3 analogs were able to up-regulate the mRNA level of TRPV6 which
is a membrane calcium channel involved in the first step of calcium absorption in the
intestine. The expression of TRPV6 is reported to be vitamin D-dependent in mice and
humans, and is greatly decreased in animals that do not express VDR 22!, In addition,
TRPV6 is a direct target of the VDR and positively controls cell proliferation and
apoptosis resistance in prostate cancer 2?2, Investigating the modulating effects of D3
analogs on TRPV6 gene is thus very important in order to understand the correlation
between vitamin D compounds and their antiproliferative activity.

We have previously reported that 20S(OH)D3 has antiproliferative activity using
a colony-forming model. 20S(OH)D3 showed comparable inhibition of colony formation
to that by 1,25(0OH)2D3 %6223 suggesting there is a great potential to use 20S(OH)D3 as
a antitumor therapeutic agent, especially given its low calcemic activity. To evaluate the
antiproliferative activity of our Gemini analogs, we tested them on the growth of
SKMEL-188 cells. Compound 10e, and to a lesser extent 10d, had similar ICsos (Figure
2-4) to 1,25(0OH)2D3 . However, analogs with shorter side chains did not show
significant inhibitory effects, indicating that a longer aliphatic side chains is necessary for
antiproliferative activity.

IFNy, or type II interferon, is the only member in the type II class of IFN. It is
well known for its immunostimulatory and immunomodulatory effects and is critical for
both innate and adaptive immunity ??*. For this reason, IFNy is treated as a common
inflammatory marker. Our previous studies have shown that D3 metabolites down-
regulated IFNy produced by mouse splenocytes '°> %8 inhibited interleukin 17
production by mouse T-lymphocytes '® and down-regulated nuclear factor kappa-light-
chain-enhancer of activated B cells, which is a master regulator of pro-inflammatory
actions 22>226, The Gemini 20S(OH)D3 analogs caused similar decreases in IFNy
concentrations in cultured splenocytes to that of other D3 metabolites. To further validate
their anti-inflammatory effects, flow cytometric measurements of LAIR1 protein levels in
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splenocytes were made. LAIR1, also designated as CD305 (cluster of differentiation
305), is encoded by the LAIR1 gene and is an inhibitory receptor expressed in many
peripheral cells in both innate and adaptive immune systems, such as natural killer cells,
T-cells and B-cells 227228, It is an important anti-inflammatory marker due to its ability to
prevent lysis of cells recognized as self during an immune response. Together with the
inhibitory effects on IFNy, the up-regulation of LAIR1 levels confirms a role for these
analogs in the regulation of the immune responses and inflammation.

Summary

To conclude (Figure 2-5), the new Gemini 20S(OH)D3 analogs were able to
activate the VDR. Analysis of gene expression at the mRNA level showed that the
analogs regulated CYP24A41, VDR and TRPV6 genes, consistent with their effects being
mediated through activation of the VDR . In addition, these analogs displayed
antiproliferative and anti-inflammatory activity, which might also correlate with their
VDR activation process. This study suggests that Gemini 20S(OH)D3 analogs have great
potential as therapeutic agents on the immune system.

‘ CYP2441 upregulation |
‘ VDR upregulation I
VDR [ .
activation ’ TRPV6 upregulation |
AcO' HO" :
1 6a: R = Methyl 10a: R = Methyl ‘ Anti-proliferation ]
Pregnenolone acetate 6b : R = Ethyl 10b : R = Ethyl
6¢c : R = Vinyl 10c : R = Vinyl
6d : R = n-Proply 10d : R = n-Propyl [ . .
6e : R = n-Butyl 10e : R = n-Butyl ‘ Anti-inflammation |

Figure 2-5. Summary of synthesis and biological activities of Gemini 205-
hydroxyvitamin D3 [20S(OH)D3] analogs used in this study.

The synthesis starts from pregnenolone acetate to obtain 7-dehydrocholesterol (7DHC)
intermediates which were then irradiated by UVB to produce Dj structures. These
analogs likely exert their activities, including gene up-regulation, antiproliferative and
anti-inflammatory effects, through activation of the vitamin D receptor (VDR).
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CHAPTER 3. CHEMICAL SYNTHESIS AND BIOLOGICAL ACTIVITIES OF
205,24S/R-DIHYDROXYVITAMIN D3 EPIMERS AND THEIR 1A-HYDROXYL
DERIVATIVES*

Bioactive vitamin D3 metabolites 208,24 5-dihydroxyvitamin D3
[20S,24S(OH)2D3] and 208,24 R-dihydroxyvitamin D3 [20S,24R(OH)2D3] were
chemically synthesized and confirmed to be identical to their enzymatically generated
counterparts. The absolute configurations at C24 and its influence on the kinetics of la-
hydroxylation by CYP27B1 were determined. Their corresponding 10a-hydroxyl
derivatives were subsequently produced. Biological comparisons of these products
showed different properties with respect to vitamin D3 receptor activation, anti-
inflammatory activity, and anti-proliferative activity, with 10,20S,24R(OH)2D3 being the
most potent compound.

Introduction

Vitamin D3 (D3), obtained from either photoconversion of 7-dehydrocholesterol
(7DHC) in the skin or dietary sources, plays an important role in the regulation of many
physiological processes such as mineralization **, inflammation >*°, and cell proliferation
and differentiation 2*!. After entering the blood stream, D3 is carried by D3 binding
protein (DBP) and is transported to the liver where it undergoes initial hydroxylation at
C25 by the microsomal cytochrome P450 (CYP) enzyme 2R1 (CYP2R1) ? or
mitochondrial CYP27A1 2! to produce 25-hydroxyvitamin D3 [25(0OH)D3] (Figure 3-1).
25(0OH)D3, the major circulating form of D3, is further hydroxylated by 1a-hydroxylase
(CYP27B1) in the kidney to yield 1a,25-dihydroxyvitamin D3 [1,25(OH)2D3], the active
form of D3. 1,25(0OH)2D3 exerts its effects through the vitamin D receptor (VDR) as a
native ligand, and modulates the expression of many genes including that encoding
CYP24A1. CYP24A1 catalyzes the initial inactivation step of 1,25(OH)2D3 producing
la,24R,25-trihydroxyvitamin D3 [1,24,25(0OH)3D3], which is further oxidized by
CYP24A1 to calcitroic acid which is excreted * 23> 2*3. A more recently discovered
pathway of D3 activation is catalyzed by CYP11A1, with 20S-hydroxyvitamin D3
[20S(OH)D3] being the initial and major product 7 198.233-236 - Although initially
identified from in vitro studies, there is mounting evidence that this pathway occurs in
vivo 37-238 20S5(OH)D3 acts as a biased agonist on the VDR and thus displays many but
not all of the biological activities of 1,25(OH)2D3. Similar properties include promoting
the differentiation and suppressing proliferation of keratinocytes, melanocytes, fibroblasts
and melanoma cells 198216,

In contrast to 1,25(0OH)2D3, 20S(OH)D3 is a poor inducer of CYP24A1 and is
non calcemic in mice up to a dose of 60 ng/kg 2°%?2* suggesting that it might be useful as

* Adapted with permission. Lin Z, et al. Chemical synthesis and biological activities of
208S,24S/R-dihydroxyvitamin D3 epimers and their 1alpha-hydroxyl derivatives. J. Med.
Chem. 2015, 58(19), 7881-7. Copyright (2015) American Chemical Society.
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Figure 3-1. D3 conversion to 25(OH)D3, 1,25(0OH):D3, 20S(OH)D3,
20S,24R(OH)2D3 and 20S8,24S(OH):2D3.
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a therapeutic agent. In addition, 20S(OH)D3 is an antagonist or inverse agonist of RORa
and RORy in skin cells '?8. It can exert anti-inflammatory effects through upregulation of
IkB in the NFxB pathway 2% 23? or directly inhibit interleukin-17 (IL-17) production in
different cell lines '°®. Rodent models further confirm its anti-inflammatory effects where
reduced disease symptoms of scleroderma 2*° and rheumatoid arthritis are observed after
its administration'*®. Thus, the metabolism of 20S(OH)D3 by CYP24A1 and other P450s
is of great importance in understanding its actions and fate.

Predictably, both rat and human CYP24A1 are able to hydroxylate 20S(OH)D3
producing both 20,24-dihydroxyvitamin D3 [20,24(OH)2D3] isomers * ?*!. The major
isomer made by CYP24A1 is also produced from 20(OH)D3 by a different P450, yet to
be identified, in mouse liver microsomes®*>. Activity tests have shown that this isomer
and its 1a-hydroxyderivative, are more potent than the parent 20S(OH)D3, markedly
inhibiting colony formation of SKMEL 188 melanoma cells at low concentrations,
suggesting enhanced therapeutic potential as anti-proliferative agents . However, it has
not been possible to establish the absolute configurations of these isomers at C24 to
determine which is 20S,24S-dihydroxyvitamin D3 [205,24S(OH)2D3] and which is
208,24 R-dihydroxyvitamin D3 [20§,24R(OH)2D3], due to the limited amount of these
enzymatic products.

Thus, the aim of this study was to unambiguously assign the C24 configurations
to the two 205,24(OH)2D3 isomers as well as their 1a-hydroxy derivatives and to more
comprehensively evaluate their biological activities. To this end, we made both isomers
by chemical synthesis, assigned their structures by NMR and molecular modeling,
determined their differential kinetics of 1a-hydroxylation by CYP27B1, and tested their
biological activities. In addition, their 1a-hydroxy derivatives were enzymatically
synthesized and tested for comparison of their activities with their parent 20,24(OH)2D3
isomers.

Experimental Section

General Methods

All reagents and solvents for the synthesis and separation were purchased from
commercial sources and were used as received. Reactions of 5,7-diene structures were all
carried out in the dark by wrapping the flasks with aluminum foil. Moisture- or air-
sensitive reactions were performed under an argon atmosphere. All reactions were
routinely monitored by TLC on silica gel using ethyl acetate and hexane as mobile
phases, and visualized by 5% phosphomolybdic acid in ethanol or UV lights. Mass
spectra of all compounds were obtained by a Bruker ESQUIRE-LC/MS system equipped
with an ESI source. The purities of final D3 compounds, as analyzed by an Agilent 1100
HPLC system (Santa Clara, CA), were above 98%. Ethyl acetate was used for extraction
of reaction mixtures and then dried over anhydrous Na2SO4, filtered and removed by
rotary evaporator under reduced pressure. For comparison of retention times of
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enzymatically > ?*! and chemically gererated 20S5,24(OH)2D3 isomers, HPLC was carried
out with an acetonitrile in water gradient comprising 45 — 100% acetonitrile for 25 min,
then 100% acetonitrile for 15 min, or a methanol in water gradient comprising 64 — 100%
methanol for 20 min, then 100% methanol for 25 min, using a flow rate of 0.5 mL/min
and a C18 column (Grace Alltima, 25 cm x 4.6 mm, particle size 5 um).

NMR

A series of 1D and 2D NMR measurements were performed on the two
chemically synthesized isomers, 20S5,24R(OH)2D3 (isomer 1), and 20S5,24S5(OH)2D3
(isomer II), using either a Bruker Avance 111 400 MHz, with a BBO 5 mm probe with Z-
gradient (Bruker BioSpin, Billerica, MA), or a Varian Unity Inova 500 MHz
spectrometer using a 5 mm TXI probe (Agilent Technologies Inc., Santa Clara, CA,
USA). Samples (~1.5 mg) were dissolved in 0.3 mL CD30OD using 5 mm Shigemi NMR
tubes (Shigemi Inc., Allison Park, PA, USA). NMR data were collected at 25 °C.
Chemical shifts were referenced to residual solvent peaks for CD30D (3.31 ppm for
proton and 49.15 ppm for carbon).

Kinetics of Metabolism by Mouse CYP27B1

To measure the kinetics of 1a-hydroxylation by CYP27B1, substrates
[20S,24R(OH)2D3 and 20S,24S5(OH)2D3] were incorporated into phospholipid vesicles
prepared from dioleoylphosphatidylcholine and cardiolipin, as before *¢. Mouse
CYP27B1 (0.01 uM for isomer I and 0.125 uM for isomer II) was incubated for 2 min
with a range of substrate concentrations. Products were extracted with dichloromethane
and analyzed by reverse-phase HPLC on a C18 column (Grace Smart, 15 cm x 4.6 mm,
particle size 5 um) with an acetonitrile gradient comprising 45 — 100% acetonitrile for 10
min then 100% acetonitrile for 10 min, at a flow rate of 0.5 mL/min. The Michaelis-
Menten equation was fitted to the experimental data with correlation coefficients of 0.991
and 0.993 for isomers I and II, respectively. Data for Ky, and ke, are presented as mean +
standard error of the curve fit.

Enzymatic Synthesis of 1a-hydroxy-derivatives Using CYP27B1

These reactions were carried out with the 20S5,24R(OH)2D3 and 20S5,24S(OH)2D3
substrates incorporated into phospholipid vesicles using purified mouse CYP27B1, as
reported previously 2**, in a scaled up version of the incubations described above.
10,20S5,24R(OH)2D3 and 10,208,24S(OH)2D3 were purified by HPLC on a C18 column
(Grace Alltima, 25 cm x 4.6 mm, particle size 5 pm) using an acetonitrile gradient
comprising 45 — 100% acetonitrile for 25 min then 100% acetonitrile for 15 min, at a
flow rate of 0.5 mL/min.
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Cell Culture

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with glucose, L-
gultamin, pyridoxine hydrochloride, 5% fetal bovine serum (FBS) and 1%
penicillin/streptomycin/amphotericin antibiotic solution (Ab) (Sigma-Aldrich, St. Louis,
MO) was used to culture immortalized human keratinocytes (HaCaT). The same medium
using 10% FBS instead of 5% FBS was used to culture colonic Caco-2 cells. All cells
were cultured at 37 °C in a humidified atmosphere containing 5% CO:..

VDRE Reporter Assays

HaCaT and Caco-2 cells were transduced with lentiviral VDRE luciferase using a
Cignal Lenti VDRE Reporter (luc) Kit according to the manufacturer’s protocol
(QIAGEN, Valencia, CA). After one week selection by puromycin (1 pg/mL), transduced
HaCaT and Caco-2 cells were seeded in a 96-well plate (1000 cells/well) using partial
media (without FBS) and incubated for 24 h. DMSO solutions of secosteroids to be tested
were added to cells, which were then incubated for another 24 h and the luciferase signal
measured according to the manufacturer’s procedure for the ONE-GloTM Luciferase
Assay System (Promega, Madison, WI). The final concentration of DMSO was 0.1% and
0.1% DMSO was used as the vehicle control. All concentrations were tested in triplicate.

Flow Cytometry

Splenocytes from DBA/1 mice were isolated >** and the expression of LAIR-1
was determined following overnight culture with each secosteroid at a concentration of
107 M (or vehicle control) by multiparameter flow cytometry using an LSRII flow
cytometer (BD Biosciences, San Jose, CA). Cells were labeled with fluorochrome
antibodies specific for CD4 (BD Biosciences, San Jose, CA) and for LAIR-1
(eBioscience, San Diego, CA). Gating was performed on CD4 cells and the data was
expressed as mean fluorescence = SD. A minimum of 10,000 cells were analyzed from
each sample and the final analysis was performed using Flow software (Tree Star,
Ashland, OR). Values represent the mean fluorescence from two separate analyses.

IFNy Inhibition Assay

Secosteroids were solubilized in absolute EtOH at 10* M and diluted to 10 M by
adding Eagles Minimal Essential Medium (EMEM) containing 9% charcoal-stripped
fetal calf serum, 100 U/mL penicillin and 100 pg/mL streptomycin, non-essential amino
acids, 2.5 mM 2-mercaptoethanol, 2.5 mM L-glutamine >**. Splenocytes from mice were
isolated, erythrocytes lysed by hypotonic shock, washed twice with EMEM, and
suspended at a concentration for 2 x 10%/mL in EMEM described above. To each well in
a 48-well tissue culture plate, 450 pL of the splenocytes were added. Secosteroids (50 pL.
of the 10% M stock) or EtOH diluted 1:100 with the above culture medium were added to
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triplicate wells and then incubated at 37 °C in 5% COz in a humidified tissue culture
incubator for 2 h, after which 1 pg/well of rat anti-mouse CD3 MOAB was added. After
72 h culture, supernatants from each well were harvested and analyzed by ELISA for
levels of D-murine IFNy (RAD Systems, Minneapolis, MN), according to the
manufacturer’s instructions. The concentration of IFNy is supernatants from cultures
containing secosteroids were compared to the concentration of IFNy in the supernatants
of EtOH-treated control cultures, by ANOVA. Results are expressed as the mean of
triplicate determinations + SEM.

Results and Discussion

Chemistry

The detailed syntheses and spectral characterization of 20S5,24S(OH)2D3 and
20S,24R(OH)2D3 are described in the supporting information '°°. Briefly, as shown in
Figure 3-2, we started from commercially available pregnenolone acetate (1). We chose
to avoid the formation of the C7 double bond in the initial steps, due to the instability of
the 5,7-diene under light and acidic conditions. The 3-acetyl of 1 was removed under
KOH/MeOH condition and replaced by TBS. The TBS protected silyl ether 3 was treated
with allylmagnesium bromide to get the desired 20S-homoallylic alcohol 4 as a major
product >'*, in which the 20S-OH was protected with chloromethyl ethyl ether (EOMCI)
using diisopropylethylamine in DCM at r.t. Hydroboration of the protected alkene S using
9-BBN followed by NaOH/H>0O» oxidation selectively gave the primary alcohol 6, which
was then oxidized by pyridinium dichromate (PDC) in dichloromethane (DCM) into the
aldehyde 7. This aldehyde was treated with isopropylmagnesium bromide in THF to
produce the diastereomeric mixture 8, which showed two separable spots on TLC (ethyl
acetate:hexane) and gave two pure alcohols (8a, 8b) after separation by flash
chromatography. The separated alcohols were used for subsequent reactions separately to
get both 7DHC diastereomers. Removal of C3 TBS by TBAF followed by reaction with
acetic anhydride in pyridine gave the acetylated compounds 10. To produce the 5,7-diene
we used 1,3-dibromo-5,5-dimethylhydantoin (dibromantin)/AIBN/TBAB/TBAF
conditions as reported previously 2'4. To assure the stereochemistry of C3 and C24 stayed
intact, EOM deprotection under acidic condition was carried out before deacetylation.
EOM deprotection of 11 by strong acids such as HCI destroys the 5,7-diene structure,
thus the weak acid CSA in methanol was chosen to deprotect EOM slowly with 30%
yield (61% recovered). Further treatment of aqueous KOH in MeOH gave 20,24-
dihydroxyl-7DHC compounds 13. Irradiation of 7-DHC in ether by UVB light for 15
min, followed by reflux in ethanol produced vitamin D3 compounds 17a and 17b which
were further separated by preparative HPLC using acetonitrile and water as mobile
phases.
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Figure 3-2. Synthesis of compounds 17a and 17b.

Reagents and conditions: (a) ag. KOH, MeOH, r.t., 2 h. 95%. (b) TBSCI, imidazole,
DMF, r.t., overnight. 90%. (c) Allylmagnesium bromide, THF, 0 °C - r.t., overnight.
82%. (d) EOMCI, DIPEA, CHCl, r.t., overnight. 89%. (e) 9-BBN, THF, 0 °C - r.t., 24 h;
H>O, r.t., 0.5 h; NaOH, H>O, -20 °C - r.t., overnight. 76%. (f) PDC, CH2Cly, r.t., 24 h.
94%. (g) Isopropylmagnesium bromide, THF, 0 °C - r.t., 6 h. 85%. (h) TBAF, THF, r.t.,
12 h. 100%. (1) Ac20, pyridine, DMAP, 6 h. 91%. (j) Dibromantin, AIBN, Benzene:
Hexane (1:1), reflux 20 min; TBAB, THF, r.t., 75 min, then TBAF, r.t., 50 min. 44%. (k)
CSA, MeOH:DCM (1:1), 0 °C - r.t., 12 h. 30% (61% recovered). (1) aq. KOH, MeOH, 2
h. 90%. (m) UVB, Et2O, 15 min. (n) Ethanol, reflux, 3 h. (o) HPLC, ACN:H0. 13%
(steps m, n and o). Overall yield 1.6%. TBSCI: tert-butyldimethylsilyl chloride, DMF:
dimethylformamide, PDC: pyridinium dichromate, AIBN: azobisisobutyronitrile, ACN:
acetonitrile.
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HPLC Showed Matched Retention Times between Chemically Synthesized and
Enzymatically Generated Counterparts

To confirm the chemically synthesized 20,24(OH)2D3 isomers were identical
with enzymatically generated isomers, HPLC was used to compare their retention times.
As shown in Figure 3-3 and Figure S15 !>, HPLC separation was carried out using two
different solvent systems, either an acetonitrile in water gradient or a methanol in water
gradient. Under both conditions retention times of each chemically synthesized isomer
exactly matched that of the corresponding enzymatic product (see chromatograms of
spiked samples in Figure S15 '°%). Thus, the enzymatically generated isomer originally
designated as product B in the original reports of its production by CYP24A1 % 2*! is
isomer I and that designated as product C is isomer II.

Structure Assignments of Isomer I as 17a and Isomer II as 17b

Further confirmation for the same structures between the synthesized and the
original enzymatically generated isomers is provided by NMR. The NMR spectra of the
chemically synthesized 20S,24S/R(OH)2D3 isomers are identical to those of the
enzymatically generated products (Figure 3-4A, C for isomer I and Figure 3-4B, D for
isomer II) 23324 The distinct splitting patterns of the 26/27 methyl groups served as a
fingerprint between isomers I (doublet) and II (pseudo triplet) as clearly indicated in
Figure 3-4A-D. Full assignments for the 'H and '*C chemical shifts using 2D NMR for
both chemically synthesized isomers based on data of several hydroxy-derivatives of
vitamin D3 published previously were made 2*>24, These assignments are summarized in
Table S2 !>, along with previously reported assignments for the enzymatic products for
comparison 24!,

To determine the absolute configuration at C24, we analyzed the NOESY spectra.
In the NOESY spectra the relative integrals are 0.324 (isomer I), and 0.285 (isomer II) for
the crosspeaks from 24H to 26/27-Me, using the NOE integral of the geminal 19-CH: as
the internal reference (Figure 3-4E). The average distances from 24H to 26/27-Me are
3.07 A (average of 3.04 and 3.10 A), 3.44 A (average of 2.99, and 3.88 A), in 24R and
24S-configurations, respectively, based on the model structures (Figure 3-4F). Therefore,
isomer I is tentatively assigned the 24R-configuration (17a), and isomer II to the 24S5-
configuration (17b).

In addition, the 'H chemical shift patterns of the two geminal protons at C23 are
distinct between isomer I (1.75 ppm and 1.39 ppm, a difference of 0.36 ppm) and isomer
IT (1.63 ppm and 1.44 ppm, a difference of 0.19 ppm) as shown in Figure 3-4E and
HSQC spectra in supporting information (Figure S16 '°°). Due to the severe overlap
with other protons, reliable NOE integrals cannot be obtained between C24 proton and
C23 protons. However, the distances from the oxygen atom of the C24-OH group to the
two proton atoms at C23 were 2.62 A, and 3.32 A in 205,24R(OH)2D3, and 2.57 A, and
2.62 A in the 20S,245(OH)2D3 model structures (Figure 3-4F). Since the 'H chemical
shift is sensitive to the chemical environment, it is expected that difference between the
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Comparison of HPLC retention times of 20,24(OH)2D3 isomers

H), Isomer II enzymatic. Samples were analyzed by reverse phase HPLC utilizing
acetonitrile in water (A, B, E, and F) or methanol in water (C, D, G and H) gradients, as

described in the Methods.
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Figure 3-4.

"H NMR spectral comparison between biologically generated (A and

B) and chemically synthesized (C and D) 17a/b. 'H-'H NOESY spectra (E) of Isomer
I (identified as 17a) and Isomer II (17b) together with their structural models (F).
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'H chemical shifts of the two protons at C23 is larger in the 24R-configuration than that
in the 24S-configuration, consistent with our earlier tentative assignments. Collectively,
these NMR results indicate that isomers I and II, regardless of whether they were
chemically synthesized as performed in this report or were enzymatically generated as we
reported previously > 2*!, are 205,24R(OH)2D3 (17a), and 205,24S(OH)2D3 (17b),
respectively.

To further confirm the absolute configurations of C24, 8a and 8b were chosen to
be esterified to S- and R-Mosher esters separately. Analysis of the "H-NMR spectra for
8a, 8b and their Mosher esters unambiguously supported that isomer I and II had 24R and
24S configurations, respectively (Figure S1-S6 and Table S1) '*°.

Metabolism by Mouse CYP27B1

Previously we have shown that CYP27B1 can hydroxylate both 20S(OH)D3 and
20S,24R(OH)2D3 in the la-position **2* and that this modifies their biological activity
in a cell-type-dependent manner *- 2424 We therefore compared the kinetics of the
metabolism of 20S5,24R(OH)2D3 and 205,24S(OH)2D3 by mouse CYP27B1 (Table 3-1).
Each isomer was able to be 1a-hydroxylated to produce a single product, previously
identified as 10,205,24R-trihydroxyvitamin D3 in the case of 205,24R(OH)2D3 24}, and
presumed to be the 1a-hydroxy derivative in the case of 20S,24S5-dihydroxyvitamin D3
based on the high specificity for la-hydroxylation by CYP27B12**2%7 20,24R(OH)2D3
was hydroxylated with a kear 18-fold higher than that for the 24S-isomer. Thus despite its
3.2-fold higher K, 20S,24R(OH)2D3 is metabolized with a 5-fold higher catalytic
efficiency (kcaKm) than 208,24S5(OH)2D3. The efficiency of 1a-hydroxylation of
20S,24R(OH)2D3 by CYP27B1 is comparable to that of 25(0OH)D3 2%, so we predict that
this hydroxylation does occur in vivo.

VDR-induced Transcriptional Activity

To investigate the activation of the vitamin D receptor (VDR) by
20S,24R(OH)2D3 (17a) and 20S,24S(OH)2D3 (17b) together with their 1a-OH
derivatives (18a and 18b), two cell lines (HaCaT and Caco-2) were transduced by a
lentiviral VDRE luciferase reporter vector. 1,25(OH)2D3 and 22-Oxa were used as
positive controls 243, As seen from Table 3-2, both 1,25(0OH)2D3 and 22-Oxa-
1,25(0OH)2D3 (22-Oxa) showed the expected strong activations of VDRE in both cell
lines, with the EC50 values showing that 22-Oxa is more potent than 1,25(OH)2D3.
Interestingly, 17a and 17b were incapable of activating VDRE significantly at
concentrations up to 1000 nM, but their 1a-OH derivatives 18a and 18b activated VDR.
Both 18a and 18b showed higher potency than 1,25(OH)2D3 in promoting VDRE-LUC
activity, at least with respect to the synthetic promoter construct utilized in these assays.
Compound 18a is about 4~5-fold more potent than 18b and its potency is comparable
with that of 22-Oxa in both of the two cell lines tested. Interestingly, 20S5,24R(OH)2D3
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Table 3-1. Kinetics of the metabolism of the 20,24(OH):D3 isomers by mouse

CYP27B1.

Substrate Km

kcat/ Km

208,24R(OH),D3 (17a) 7.99 + 4.01
20S,24S(0OH),D3 (17b) 2.49 + 0.59

31.2+10.7 3.90
1.76 £0.15 0.71

K, mmol substrate/mol phospholipid; keat, nmol/min/nmol P450; keat /Km, min®
!(mmol/mol phospholipid)!. Data for kcat and K are + SE of the curve fit.

Table 3-2.  Biological activities of 205,24R/S(OH):D3 and their 1o-hydroxylated
derivatives using 1,25(OH)2D3 and 22-o0xa-1,25(OH)2D3 as positive controls.

LAIR (MF) TFNy(pg/mL) VDRE activation (ECso, nM)
Compound HaCaT Caco-2
Vehicle control 973 £ 95 731+ 15 N/A N/A
20S,24R(OH),D3 (17a) 1907 £198 465+5 NS NS
10,20S,24R(OH),D3 (18a) 2100+583 291 +5 64.9+1.6 66.9 +3.6
20S8,24S5(0OH).D3 (17b) 1537 £ 74 923+ 10 NS NS
10,205,24S(OH),D3 (18b) 1819+612 589+6 2709+2.6 207.9+2.1
1,25(OH),D3 1642 +£220 562+5 32154142 5152+22.4
22-oxa-1,25(0OH),D3 1511 £366 356+6 37.9+1.2 40.8+1.7

N/A: not applicable. NS: no significant activation. MF: mean fluorescence.
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(17a), which did not cause VDRE activation in these assays, proved to be more potent
than 1,25(OH)2D3 with respect to inhibiting colony formation by SKMEL 188
melanoma cells ? suggesting that there are varied (biased) effects of 20(OH)D3
metabolites towards different promoters containing vitamin D responsive elements,
which should be dependent on cofactors activities '%%.

Inhibition of IFNy Production

IFNy, the only member of type II interferons, is a critical cytokine for both innate
and adaptive immunity, and it is also a commonly used inflammation marker. We have
previously shown that both 1,25(OH)2D3 and 20S(OH)D3 downregulated IFNy
production by mouse spleen cells '*®. To evaluate the activities of the two synthesized
20,24(OH)2D3 isomers 17a/b and their 1a-OH derivatives, their inhibitory effects on
IFNy production by mouse splenocytes were evaluated. As shown in Table 3-2, all
secosteroids tested (100 nM) except 17b significantly reduced production of IFNy by
splenocytes, while 17b slightly increased production. Interestingly, 17a decreased IFNy
levels more than than 22-Oxa. With respect to the 17a/b isomers and their 1a-
hydroxyderivatives, isomers with the 24R configuration (17a and 18a) caused a greater
reduction of IFNy production, than the 245 isomers (17b and 18b), suggesting that the
24R configuration is beneficial for anti-inflammatory activity. In addition, the 1a-
hydroxy-derivatives caused greater reduction of IFNy production than their
corresponding parent compounds, which may be due to their greater potency for
activation of the VDR, as shown in Table 3-2.

Upregulation of LAIR-1

Leukocyte associated immunoglobulin-like receptors (LAIR-1) are expressed on
T cells and other immune cells and are thought to modulate T cell receptor signaling to
down regulate immune responses and autoimmunity 2*°. We have recently found that
1,25(0OH)2D3 and 20S(OH)D3 can upregulate LAIR-1 expression on T cells which may
represent a previously unrecognized mechanism by which vitamin D downregulates
autoimmunity (Myers et al., in preparation). To determine whether the anti-inflammatory
effects of 20S5,24R/S(OH)2D3 and their 1a-hydroxylation products are mediated, at least
partially, through LAIR-1 upregulation, we performed a flow cytometry study on LAIR-
1. As shown in Table 3-2, all secosteroids tested significantly increased the expression of
LAIR-1 compared to the control. The 1a-hydroxyl derivatives of the C24 isomers showed
similar stimulation as their parent compounds, while the isomers with the C24R
configuration exhibited greater stimulation LAIR-1 levels than their 24S counterparts.

Summary

20S,24S(OH)2D3 and 20S,24R(OH)2D3 were chemically synthesized for the first
time (Figure 3-5). The C24 stereochemistry of the two isomers was unambiguously
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Figure 3-5.  Brief synthetic scheme of 205,245/R(OH):D3 and their 1¢-OH
derivatives.
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assigned by NMR analysis. HPLC retention times of chemically synthesized
208,24S(OH)2D3 and 20S,24R(OH)2D3 enabled the identification of the major isomer (I)
produced from 20(OH)D3 by CYP24A1 as 20S,24R(OH)2D3 and the minor isomer (II)
as 205,24S(OH)2D3 %241 205,24R(OH)2D3 is also the isomer produced from 20(OH)D3
by an unidentified P450, distinct from CYP24A1 (which is not expressed in liver) in
mouse liver microsomes >*?. Biological studies showed that the 24R-epimer had stronger
or more potent biological activity, regardless of whether the compound was 1a-
hydroxylated or not. The 20,24(OH)2D3 isomers lacked the ability to activate VDRE
using a synthetic promotor construct, however, their 1a-OH products showed potent
VDRE-LUC activation, significantly more potent than that of 1,25(OH)2D3 and
comparable with that of or 22-Oxa. In addition, inhibition of IFNy production by
splenocytes and stimulation of LAIR-1 production indicates that that 24R-epimer is also
more active than 24S-epimer with respect to anti-inflammatory activities. The different
properties of 20S5,24S(OH)2D3 and 20S5,24R(OH)2D3 are further demonstrated by the
ability of CYP27BI1 to metabolize 20S,24R(OH)2D3 with a catalytic efficiency 5.5-fold
higher than that for 205,24S(OH)2D3, but comparable to 1,25(OH)2D3. In summary,
208S,24R(OH)2D3 displays greater biological activity than 20S,24S(OH)2D3, with la-
hydroxylation enhancing the activities of both epimers. Further investigation on the
interaction with the vitamin D receptor and subsequent signal transduction pathways
would likely explain their differential biological activities.
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CHAPTER 4. SYNTHESIS AND BIOLOGICAL EVALUATION OF VITAMIN
D3 METABOLITE 20S,23S-DIHYDROXY VITAMIN D3 AND ITS 23R EPIMER*

The vitamin D3 metabolite, 20S,23S-dihydroxyvitamin D3, was chemically
synthesized for the first time, and identified to be the same as the enzymatically produced
metabolite. The C23 absolute configurations of both 20S,235/R-dihydroxyvitamin D3
epimers were unambiguously assigned by NMR and Mosher ester analysis. Their kinetics
of CYP27B1 metabolism were investigated during the production of their 1a-
hydroxylated derivatives. Bioactivities of these products were compared in terms of
vitamin D3 receptor activation, anti-inflammatory and anti-proliferative activities.

Introduction

The classical pathway for metabolism (Figure 4-1) of vitamin D3 (VD3) starts
with hydroxylation at C25 by microsomal cytochrome P450 enzyme, CYP2R1 % or the
mitochondrial CYP27A1 ?°!, producing 25-hydroxyvitamin D3 [25(OH)D3], primarily in
the liver. 25(OH)D3 then undergoes 1a-hydroxylation in the kidney by CYP27B1
producing the active form of vitamin D3, 1a,25-dihydroxyvitamin D3 [1,25(OH)2D3].
Inactivation of 1,25(OH)2D3 mainly involves CYP24A1-catalyzed hydroxylation and
oxidation, ultimately producing calcitroic acid for excretion 2°%2%3,

An alternatively novel pathway of VD3 metabolism is initiated by
CYP11A1 %257 CYP11A1 can metabolize VD3 into several mono-, di- and tri-
hydroxylated bioactive metabolites, with 20S-hydroxyvitamin D3 [20S(OH)D3] and
208,23-dihydroxyvitamin D3 [20S,23(OH)2D3] being the most comprehensively studied
so far 2%, These two metabolites were initially produced enzymatically in vitro by
incubating VD3 with bovine CYP11A1 23* 25 Subsequent investigations detected the
formation of these metabolites from VD3 in keratinocytes, adrenal glands, and human
placenta, indicating the occurrence of these CYP11A1-mediated pathways in these cells
or tissues 2°2%, Final proof on the occurrence of this pathway in vivo was detection of
20S(OH)D3, 20S5,23(0OH)2D3 and related hydroxyl derivatives in the human epidermis
and serum >%°. Interestingly, the epidermal levels of 20S(OH)D3 and 22(OH)D3 were
higher than that of 25(OH)D3, but lower in the serum, however, at levels above those
required for biological activity as measured in vitro >>°.

The biological activities of 20S(OH)D3 and 205,23(OH)2D3 have been
demonstrated in a large number of in vitro and in vivo systems 2% 260:26! They are biased
agonists of the vitamin D receptor (VDR) and share many but not all biological actions of
1,25(0H)2D3 38 260.261 Both of them are inverse agonists on RORa and RORYy '8, They
inhibited the proliferation and stimulated differentiation of epidermal keratinocytes and

* Adapted with permission. Lin Z, et al. Synthesis and Biological Evaluation of Vitamin
D3 Metabolite 20S,23S-Dihydroxyvitamin D3 and Its 23R Epimer. J. Med. Chem. 2016,
59(10), 5102-8. Copyright (2016) American Chemical Society.
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Figure 4-1. VD3 is metabolized to 25(OH)D3 and 1,25(OH)2D3 by the classical
pathway or to 20S(OH)D3 and 20S5,23(OH):D3 by CYP11ALl.
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leukemia cells from human and mouse , and showed anti-melanoma activity
In addition, 20S(OH)D3 and 20S,23(OH)2D3 exerted their anti-inflammatory activities
through downregulation of NFkB activity in normal and immortalized keratino-

cytes 225264265 "and displayed anti-fibrotic effects on human dermal fibroblasts from
scleroderma patients and anti-fibrotic activity in animal models 2*°. 1,25(OH)2D3 is a
strong inducer of CYP24A1 which catalyzes the inactivation of vitamin D metabo-

lites 2°!, whereas 20S(OH)D3 and 20S,23(OH)2D3 are poor stimulators of CYP24A 1
expression, suggesting they are less prone to rapid metabolism by this enzyme 2%,
Moreover, while 1,25(OH)2D3 causes hypercalcemia in rats and mice, both 20S(OH)D3
and 20S5,23(OH)2D3 are non-calcemic at much higher doses (up to 30 pg/kg in

mice) 2°* 27 Thus 20S(OH)D3 and 20S,23(OH)2D3 have great potential for further
development as adjuvant therapeutic agents, especially for a wide variety of immune-
driven diseases.

While the structure of enzymatically produced 20S5,23(OH)2D3 has been
elucidated by NMR analysis 2>°, the absolute configuration at C23 has not been
determined unambiguously due to the limited amount of material available. It is well
known that the absolute configuration of molecules can have substantial impacts on their
biological activities. Therefore, the aim of this study was to: (1) synthesize both epimers
of 205,23R/S(OH)2D3 chemically and determine their absolute configurations by NMR
and Mosher ester analyses; (2) identify which epimer corresponds to the enzymatically
generated, biologically active 205,23(OH)2D3 metabolite by using HPLC and NMR; (3)
evaluate the ability of CYP27B1 to metabolize these two epimers for the production of
their 1a-OH derivatives; and (4) assess the differential biological activities for these two
epimers as well their 1a-OH derivatives with respect to VDR activation, anti-proliferative
and anti-inflammatory effects.

Experimental Section

General Procedures

See supporting information 2*® for chemistry procedures of intermediates and
final products.

HPLC

Purities (Figures S28-29 2°%) of final VD3 products (17a and 17b) were
determined by using an Agilent HPLC 1100 system and a Phenomenex Luna-PFP C18
column (5 pm, 250 mm X 4.6 mm, Torrance, CA) at 25°C and a flow rate of 1.0 mL/min.
Acetonitrile and water were used as mobile phases with a gradient comprising 40-70%
acetonitrile for 30 min. 263 nm was used to display chromatograms. The purities of 17a
and 17b were determined as >98%.
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For identifying which chemically synthesized product was identical to enzymatic
product by HPLC, retention times of chemically synthesized isomer I (17a) and isomer II
(17b) were compared with that of enzymatic 205,23(OH)2D3. HPLC was carried out on
a C18 column (Grace Alltima, 25 cm x 4.6 mm, 5 pum) with secosteroids being monitored
by a UV detector at 265 nm. Two different solvent systems were used, 64 — 100%
methanol for 20 min, then 100% methanol for 25 min or 45 — 100% acetonitrile for 25
min, then 100% acetonitrile for 25 min. The flow rate was 0.5 mL/min.

NMR

AIl NMR data were collected on a Bruker Avance II1 400 MHz NMR (Bruker
BioSpin, Billerica, MA). Samples were dissolved in 0.5 mL CDCI3 and NMR data were
collected at room temperature. TMS was used as an internal standard.

Metabolism of the C23 Epimers by CYP27B1

To measure the kinetics of 17a and 17b metabolism by CYP27B1, substrate was
incorporated into phospholipid (PL) vesicles at a range of concentrations (0.0025 — 0.07
mol/mol PL) 227!, The amount of product after a 3 min incubation with 0.1 uM mouse
CYP27B1 was determined by HPLC 27°. Kinetic parameters were determined by fitting
the Michaelis-Menten equation to the data with Kaleidagaph 4.1.1. Data for K and Keat
are presented as mean = standard error of the curve fit. This procedure was scaled up and
the incubation time extended to 1 h to produce pg amounts of the la-hydroxy derivatives
for biological testing, as described before 2’% 27!, After incubation, the product (18a or
18b) was extracted with dichloromethane, dried, and purified by HPLC on a C18 column
(Grace Alltima, 25 cm x 4.6 mm, 5 um) using an acetonitrile in water gradient at a flow
rate of 0.5 mL/min: 45 — 100% acetonitrile for 25 min then 100% acetonitrile for 25 min.
The two epimers were further purified on the same column using a methanol gradient: 46
- 100% methanol for 15 min then 100% methanol for 25 min, at 0.5 mL/min.

Cell Cultures

HaCat, Caco-2 and Jurkat cells were transduced with a lentiviral VDRE-luciferase
reporter vector as before 20129, Cells were grown in media as follows. Caco-2 cells:
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin/amphotericin antibiotic solution (Ab)
(Sigma-Aldrich, St. Louis, MO). HaCaT cells: The same medium used for caco-2 cells
with 10% FBS changed into 5% FBS. Jurkat cells: RPMI 1640 medium supplemented
with 10% FBS and 1% Ab. Splenocytes from mice: Eagles Minimal Essential Medium
(EMEM) supplemented with 9% charcoal-stripped FBS, 100 U/mL penicillin and 100
pg/mL streptomycin, non-essential amino acids, 2.5 mM 2-mercaptoethanol and 2.5 mM
L-glutamine. SKMEL-188 melanoma cells: Ham’s F10 medium supplemented with 5%
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FBS and 1% Ab. All cells were cultured at 37 °C in a humidified atmosphere containing
5% COo.

VDRE-luciferase Transcriptional Reporter Assay

HaCaT, Caco-2 and Jurkat cells were selected for one week by culturing in
medium containing additional 1.0 ug/mL puromycin. Each cell line was then plated in a
96-well plate (10,000 cells/well, 100 uL medium) using FBS-free media and incubated
for 24 h to synchronize the cells. Secosteroids at a series of concentrations were added
separately to 96-well plate (1.0 pL/well). The final concentration of DMSO was 0.1%.
Cells were incubated for another 24 h, and then 100 pL solution of ONE-Glo™
Luciferase Assay System (Promega, Madison, WI) was added to each well. After 5 min
reaction at room temperature, the luciferase signal was detected by a BioTek Synergy HT
microplate reader (BioTek Instruments, Inc., Winooski, VT, US). All concentrations of
secosteroids were tested in triplicate.

Measurement of LAIR1 Concentrations by Flow Cytometry

Splenocytes isolated from DBA/1 mice were used to measure the LAIR1 levels.
The cells were treated with each secosteroid at a concentration of 10”7 M, ethanol was
used as vehicle control. After overnight incubation, cells were labeled with specific
fluorochrome antibodies for both CD4 (BD Biosciences, San Jose, CA) and LAIR1
(eBioscience, San Diego, CA). The LAIRI level was then determined by flow cytometry
(multi-parameter) using an LSRII flow cytometer (BD Biosciences, San Jose, CA) when
gating was performed on CD4 cells. At least 10,000 cells were analyzed from each
sample. Final results were obtained from Flow software (Tree Star, Ashland, OR)

analysis. Results are expressed as the mean of quadruplicate values + standard error (n =
4).

Results and Discussion

Chemistry

The synthetic route to make 20S,23R(OH)2D3 and 205,23S(OH)2D3 is shown in
Figure 4-2. Detailed synthesis procedures and structural characterizations of
intermediates and products are listed in the supporting information 2. Briefly, the 3-
acetyl on commercially available pregnenolone acetate (1) was first replaced by TBS
protection after deacetylation under basic condition 2’2, This replacement allowed 3-
OTBS to go through later Grignard reactions and hydroboration safely and intact.
Addition of vinyl magnesium bromide to 20-ketone (3) afforded alcohol 4 with a
stereospecific 20S configuration as reported in our previous studies 2°!- 2273, The 20-OH
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Figure 4-2.  Synthesis of compounds 17 and 18.

Reagents and conditions: (a) ag. KOH, MeOH, r.t., 2 h. 94%. (b) TBSCI, imidazole,
DMEF, r.t., overnight. 92%. (c) Vinylmagnesium bromide, THF, 0 °C - r.t., overnight.
84%. (d) EOMCI, DIPEA, CH:Cl, r.t., overnight. 92%. (e) 9-BBN, THF, 0 °C - r.t., 24 h;
H>O, r.t., 0.5 h; NaOH, H20», -20 °C - r.t., overnight. 81%. (f) PDC, CH2CL, r.t., 24 h.
96%. (g) Isobutyl bromide, Mg, THF, I, 45 °C, 1 h; THF, 0 °C - r.t., 6 h. 85%. (h) TBAF,
THF, r.t., 12 h. 100%. (i) Ac20, pyridine, DMAP, 12 h. 94%. (j) Dibromantin, AIBN,
Benzene: Hexane (1:1), reflux 20 min; TBAB, THF, r.t., 75 min, then TBAF, r.t., 50 min.
39%. (k) Mont. K10, ACN, 0 °C - r.t., 12 h. 65% (35% recovered). (1) ag. KOH, MeOH,
2 h. 85%. (m) UVB, Et;0, 15 min. (n) Ethanol, reflux, 3 h. (o) HPLC, ACN:H>0. 11%
(three steps). Overall yield from step (a) to (0) is 1.5%. (p) CYP27B1 enzyme.
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was then protected by EOMCI and excess DIPEA in DCM with satisfactory yield (92%).
Intermediate 6 was obtained by 9-BBN hydroboration, and went through PDC oxidation
to give aldehyde 7, in which the aldehyde group was utilized to react with
isobutylmagnesium bromide to produce two epimers (8a and 8b) with different C23
configuration. Our initial trials to separate 8a and 8b using different solvent systems for
normal phase TLC failed to obtain pure diastereomers. Fortunately, after being treated
with TBAF, mixture 8 gave two separated spots (alcohols 9a and 9b) on TLC which were
further separated using flash column chromatography for the following reactions. Di-
acetylation of 3-OH and 23-OH on 9 afforded protected 10, which was subsequently
transformed into the 5,7-diene 7DHC structure (11) by a well-established procedure using
dibromantin/AIBN/TBAB/TBAF conditions 2*. EOM protection on C20 was removed to
keep the configurations of 3-OH and 23-OH unaffected. In this study, montmorillonite
K10 clay was found to be a neat catalyst for the removal of EOM protection at room
temperature. Hydrolysis of ester bonds under KOH/MeOH condition rapidly yielded the
7DHC structure (13). To get secosteroid structures, B-ring-opening reaction using UVB
light irradiation was carried out for 13 dissolved in ethyl ether, followed by heat induced
isomerization of pre-vitamin D3 to produce VD3 product (17a as isomer I or 17b as
isomer II). Normal phase LC was unable to separate 17 out of the reaction mixture, so
HPLC was used for the purification of 17 using acetonitrile (ACN) and water as mobile
phases. la-Hydroxylated product 18 was produced by enzymatic reaction with CYP27B1
which is highly specific for the 1a-position based on its function >’, and was purified by
HPLC.

Isomer II (17b) Showed Matched Retention Times with the CYP11A1 Product in
HPLC Chromatograms

To determine which one of the chemically synthesized 20S,23(OH)2D3 epimers
is identical to the CYP11A1 product, HPLC analysis was carried out to compare their
chromatographic behaviors. As shown in Figure 4-3, isomer II under different reverse
phase HPLC conditions (methanol: water for A and B, and acetonitrile: water for C and
D) gave the same retention times as that of enzymatically produced 20S,23(OH)2D3,
strongly suggesting that isomer Il has the same structure as the natural metabolite
discovered previously 3% 262,

In addition, our previous study has elucidated the structure of enzymatic
208,23(OH)2D3, and the NMR and UV spectra of synthetic 17b further confirmed that it
was identical to the reported natural product. For comparison, the spectra of 17a and 17b
are listed in supporting information (Figure S22-30 for spectra and Table S2 for proton
NMR chemical shift assignments) 2%¢. High-resolution MS spectra obtained using a
Waters UPLC coupled to a Xevo G2-S qTof MS system also confirmed their identical
structures, using an optimized method 2!% 276,
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Figure 4-3. Comparison of HPLC retention times of 205,23(OH)2D3 isomers
produced chemically and enzymatically.

Chemically synthesized isomer I (2 nmol) and isomer II (1 nmol) were combined (A and
C) and analyzed by HPLC in comparison to 2 nmol enzymatically synthesized
208,23(0OH).D3 (B and D). Isomer II (17b) was found to be the enzymatically produced
isomer.
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Identification of 9a Having a 23R Configuration and 9b Having a 23S Configuration
by NMR

To determine the C23 configurations of isomer I (17a) and isomer II (17b),
intermediates 9a and 9b maintaining the same C23 configurations with 17a and 17b were
used. Their NMR (1D and 2D) spectra were recorded and compared to assign their C23
configurations with assistance of molecular modeling. Their HSQC, HMBC and NOESY
spectra are shown in Figure 4-4 and Figure S1-13 2%, The assignments of their 'H and
13C chemical shifts are listed in Table S1 2%®. Six methyl signals belonging to the ring
system (18-, 19-, 21-, 26- and 27-methyls) and one from EOM protection, CH groups and
CHa groups were all identified on HSQC (Figure S11) 2%, All four quaternary carbons
(C5, C10, C13 and C20) were assigned based on their HMBC spectra (Figure S12) 28,
The assignment strategy is similar to that of previously reported di- and tri-
hydroxyvitamin D3 metabolites 226,

Distances used to distinguish the two epimers are shown in Figure 4-4. NOE
integrals of 6H to 7Hp and to 4Ho were used as internal references to calibrate other NOE
peak integrals (Figure S13) ?%®. The NOE integrals of reference protons in 9a and 9b are
comparable as seen in the middle panels of Figure 4-4B, C (or Figure S13) >%%; however,
the NOE peak integral of 23H to the centroid of 21-CHj3 in 9a (left panel of Figure 4-4B)
is 2.5 times smaller than that in 9b (left panel of Figure 4-4C). Based on the internal
reference distances, the calculated distance between 23H and the centroid of 21-CH3 in
9a (3.94 A) is larger than that in 9b (2.98 A) (Figure 4-4A). Based on the modelling
structures incorporating these NOE distance constraints, we tentatively conclude that 9a
and 9b have 23R and 23S configurations, respectively.

Further NMR evidence for the C23 stereochemistry of 9a and 9b is provided by
the chemical shifts of neighboring C22 protons as shown in the right panels of Figure 4-
4B, C. In the 23R (9a) modeled structure, 23-O and 20-O are oriented towards opposite
directions, while they are oriented towards similar directions in the 235 (9b)
configuration (Figure 4-4A). Consequently, the two germinal protons at C22 experience
a relatively similar chemical environment in 23R (9a) and a very different chemical
environment in 235 (9b). The related distances are shown in Figure 4-4A. The two C22
germinal protons showed a similar chemical shift (both are at 1.68 ppm) in 9a, but very
different chemical shifts (1.92 and 1.58 ppm) in 9b (Table S1) 28, Therefore, the
chemical shift patterns of the two protons in 22-CH> also suggest that the 23
configuration of 9a is R, and 9b is S.

Confirmation of the 23R Configuration of 9a by Mosher Ester Analysis
To confirm our tentative assignments that 9a has a 23R configuration based on the
above NMR analysis, we performed the Mosher ester analysis for 9a. In this

intermediate, there are two free OH groups, and two reactions were carried out by
transforming 9a to S- and R-Mosher 3,23-di-esters, separately (Figure 4-5). The 3-OH
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Molecular models (A) after energy minimization and the 2D NMR for
9a (23R) (B) and 9b (23S) (C).

The distance (3.94 A) between 23H and the centroid of 21-CH3 in the 23R-configuration
is longer than that of the 23S-configuration based on their NOE peak integrals. The
chemical environments for 22H, and 22Hj, are affected by 23-O and 20-O symmetrically
in the 23R-configuration, and thus they have similar chemical shifts. In contrast, these

two protons are in different environments created by the 23-O and 20-O in 235-
configuration, and thus have very different chemical shifts.
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Figure 4-5.  Synthesis of Mosher esters 19a and 19b.
Reagents and conditions: (a) (R)-Mosher acid chloride, Et;3N, DMAP, DCM, r.t.,
overnight, 80%. (b) (S)-Mosher acid chloride, EtsN, DMAP, DCM, r.t., overnight, 88%.
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has a known [3 position which makes C3 an S configuration, 3§ is thus used as an internal
reference. The 'H-NMR, 'H-'H COSY and '"F-NMR spectra of S- and R-Mosher esters
of 9a are shown in Figure S14-19 2%, The 'H chemical shifts of 2-CH; and 4-CH, were
used to verify the 3S configuration, and the 'H chemical shifts of 22-CH; and 24-CH,
were used to determine the C23 configuration. The results of Mosher ester analysis are
shown in Table 4-1. C23 of 9a was unambiguously identified as 23R according to the
chemical shifts of 22-CH» and 24-CH> in the S- and R-Mosher esters, 9b was thus
assigned as 23S. Since 17a and 17b were produced from 9a and 9b separately with intact
C23 configurations, they were assigned as 205,23 R(OH)2D3 and 20S,23S(OH)2D3,
respectively. This assignment is consistent with the NMR analyses described earlier.

Kinetics of the Metabolism of 205,23R(OH)2D3 (17a) and 208,235(OH)2D3 (17b) by
Mouse CYP27B1

CYP27BI1 plays a key role in the activation of 25(OH)D3 to 1,25(0OH)2D3 and
can also 1a-hydroxylate 20S,23(OH)2D3 which alters its biological properties 2>* 270271,
We therefore compared the abilities of mouse CYP27B1 to hydroxylate 17a and 17b
(Table 4-2). CYP27B1 specifically adds a 1a-OH group to a range of VD3 analogs
including 25(OH)D3, 20S(OH)D3, 205,24R(OH)2D3 and 20S5,24S(OH)2D3 233:269-271.275,
Using well established procedures 2’ 27!, 17b was converted to 18b by CYP27B1, as
further confirmed by using an authentic, enzymatically produced standard >7°. 17a was
presumably metabolized into its 1a-hydroxylated product based on the hydroxylation
specificity of CYP27B1 for this position 2°*27!. 17a displayed both K, and Keae values
half those for 17b, therefore the overall catalytic efficiency (Kca/Km) of CYP27B1 for
metabolism of these two epimers is approximately the same. However, the higher Kca
value for 17b indicates that CYP27B1 has a higher capacity to hydroxylate this
compound than its unnatural epimer having a 23 R-configuration when substrate
concentrations are high.

The Abilities of 205,23R(OH)2D3, 205,235(0OH)2D3 and Their 10-OH Derivatives to
Activate the VDR

The VDR is known to mediate many activities of vitamin D compounds, and has
been shown to be required for the stimulation of differentiation and CYP24A1 expression
in keratinocytes by enzymatically produced 17b 2%°. To test the differential abilities of
17a and 17b together with their 1a-hydroxylated derivatives, to activate the VDR, a
synthetic VDR transcriptional promoter (VDRE) was transduced into three different cell
lines previously used for a lentiviral VDRE-luciferase reporter assay 2°">2%°. The three
cell lines used were HaCaT cells as a model of normal human keratinocyte, Caco-2 cells
as a cancer cell model and Jurkat cells as an immune cell model. Two well-known VDR
agonists, 1,25(OH)2D3 and 22-Oxa-1,25(0H)2D3, were used as positive controls in this
assay. Both of them showed low EC50 values for VDR activation using the luciferase
reporter assay in all three cell lines (Table 4-3), with 22-Oxa-1,25(OH)2D3 being more

72



Table 4-1.  '"H-NMR chemical shifts of 9a, S- and R-Mosher esters (Ad = &S - 6R).

'"H-NMR chemical shift (ppm)
Compound 2H., 2Hp 4-CH: 22-CH: 24H’ 24H”

9a 1.84 151 226 1.68 143 1.10
19a (S-ester) 1.91 1.61 2.46 1.92 1.63  1.48
19b (R-ester) 198 1.73 2.36 1.96 1.58 1.44
Ad -0.07 -0.08 0.10 -0.04 0.05 0.04
C3of9ais S C23 of9ais R

The C3-configuration was used as an internal standard. Chemical shifts of Mosher esters
were assigned from 'H-'H COSY spectra.

Table 4-2. Kinetics of the metabolism of 20S5,23R(OH):D3 and 17b by CYP27B1.

Substrate Kmn Keat Keat/Km
20S23R(OH),D3 (17a) 2.3+0.8 1.17+=0.08 5087
208,23S(OH),D3 (17b) 52+ 1.8 2.46+022 4731

K, 10~ mol/mol phospholipid (PL); Kcat, min'; Kea/Kim, min'(mmol/mol PL)™.

73



Table 4-3.  Biological activities of 208,23R(OH)2D3, 208,235(0OH):2D3 and their
10-OH derivatives compared to 1,25(OH)2D3 and 22-o0xa-1,25(0OH):D3.

VDRE activation (ECso, nM)

LAIR1 level (MF, AU)

Compound HaCaT Caco-2 Jurkat

Vehicle control NA NA NA 766 + 22
20S,23R(OH),D3 (17a) 484 £ 28 562 + 34 653 £ 61 1481 =24
20S,23S(0OH),D3 (17b) NS NS NS 1479 + 98
10,208,23R(OH);D3 (18a) 116.9+021 171.7+3.4 30.64+0.39 1478 + 78
10,208,23S(0OH);D3 (18b) 174.8 £8.2 241.4+10 203.0+12.9 1480 + 53
1,25(0H),D3 2497+ 1.8 223.4+0.8 3.936+0.070 1355+28
22-oxa-1,25(0H),D3 159.7+3.4 1445+3.0 0.855+0.036 1479+72

NA: not applicable. NS: no significance. MF: mean fluorescence. LAIR1 levels were

measured at 100 nM of compound.
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potent than 1,25(OH)2D3. In particular, they gave low nM EC50s in Jurkat cells,
suggesting their selectivity among different cell types. Importantly, 17b was unable to
activate VDR at a concentration up to 1,000 nM, while 17a showed a strong stimulatory
effect at this concentration in all three cell lines, indicating that the 23R configuration
favors VDR activation with the synthetic VDRE used, compared to the 23S epimer. Both
1a-OH derivatives (18a and 18b) were more potent than their parent compounds,
consistent with 1a-hydroxylation causing activation, as for 25(OH)D3 2°*275, Molecular
modeling also suggests increased binding interactions of the 1a-OH derivatives (18a and
18b) to the VDR than for 17a and 17b (Figure S32) 26¢. Similarly, 18a with a 23R
configuration showed a lower EC50 value than 18b with a 23S configuration, particularly
in Jurkat cells, which is consistent with the relative potencies of 17a and 17b (parent
compounds).

Upregulation of LAIR1 Levels as a Marker of Anti-inflammatory Activity

Leukocyte-associated immunoglobulin-like receptor 1 (LAIR1), also called
CD305 (cluster of differentiation 305), is an inhibitory receptor expressed in peripheral
mononuclear cells including natural killer cells, T cells and B cells in the immune
system 2”7, This inhibitory receptor downregulates immune responses and prevents cell
lysis, thus it is recognized as an anti-inflammatory protein marker in autoimmunity 27’
Previously, we reported that 205,245/R(OH)2D3and their 1aOH-derivatives upregulate
the concentration of LAIR1, indicating their anti-inflammatory effects 26°. To test
whether 208,235/R(OH)2D3 and their 1aOH-derivatives also possess anti-inflammatory
activities, we measured LAIRI levels by flow cytometry in mice splenocytes following
treatment with these secosteroids. Table 4-3 shows that all these compounds including
the two positive controls significantly elevated the level of LAIR1 at a concentration of
100 nM. 17a, 17b, 18a and 18b showed increases comparable with that of 22-Oxa-
1,25(0OH)2D3, and these effects were stronger than that of 1,25(OH)2D3. In addition, 18a
and 18b showed similar stimulatory effects to their parent compounds (17a and 17b),
indicating that 1a-hydroxylation is not necessary for the anti-inflammatory activity of
these secosteroids. These finding are consistent with previously reported inhibitory
effects of 20S(OH)D3 and 205,23(OH)D3 on production of pro-inflammatory cytokines
by mouse and human lymphocytes 2!8 2%,

Finally, we tested the anti-proliferative activity of these compounds on SKMEL-
188 melanoma cells (Figure S33) 2. All D3 derivatives moderately inhibited growth of
melanoma cells at concentrations of 0.1-1.0 nM in a dose dependent manner, similar to
the classical 1,25(OH)2D3(the effect was statistically significant). The ICso values ranged
from 107! to 10°!° M being similar for the 20,23(OH)2D3 isomers, their 1aOH-
derivatives (18a and 18b) and 1,25(OH)2D3. However, 18a and 18b showed higher
maximal inhibition values (Figure S33) 2% suggesting that addition of a 1aOH can
potentiate the antiproliferative effect.

In this study, the bioactive VD3 metabolite 205,23S(OH)2D3 (17b) and its non-
natural epimer 20S5,23R(OH)2D3 (17a) were chemically synthesized, and their C23
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configurations were unambiguously assigned by NMR and Mosher ester analyses. 17b
was identified as the enzymatic product of VD3 metabolism by CYP11A1 2% by HPLC
and NMR. Comparison of the kinetics of 17a and 17b metabolism by CYP27B1 showed
that they have similar catalytic efficiencies for la-hydroxylation. This enzymatic 1a-
hydroxylation was exploited to make small quantities of 18a and 18b for analyzing the
effect of the 1a-hydroxyl group on biological activity. Using a synthetic VDRE construct
and a luciferase reporter assay we observed that 17a, but not 17b, could cause VDR
activation. The modest activation of the VDRE by 17a is consistent with low activation
of VDRE of CYP24A1 promoter in our previous study in keratinocytes and leukemia
cells, where involvement of the VDR was demonstrated 6% 2%°. This is also consistent
with our assessment that these compounds act as biased agonists on VDR signaling
system 2% 260-261 "and that their biological activity also involves RORs 2'¥. Both epimers
caused VDRE transcriptional activation following 1a-hydroxylation, with the 23R epimer
being more potent. These results are consistent with our previous observations on the
relative potencies of 205,24R/S(OH)2D3 2%, 23R- and 23S-epimers, 1a-hydroxylated or
not, showed somewhat different potencies in all three cell lines tested, suggesting an
enhanced interaction with the VDR/VDRE complex in immune cells, possibly due to
high expression of the VDR or high concentrations of specific coactivators in immune
cells that mediate the VDR responses, compared to the other cells tested 2°°. Interestingly,
the EC50 for 18a in Jurkat cells was six times lower than that of 18b. Analysis of the
docking of these compounds using the VDR crystal structure, further correlated their
potencies to their binding interactions with the VDR, with 1a-hydroxylation markedly
increasing the docking score. The anti-inflammatory potential of the C23 epimers was
assessed by their ability to increase LAIR1 levels and their anti-proliferative ability from
the MTS assay which measures mitochondrial activity. Results reveal that the C23
epimers, both with and without a 1a-hydroxyl group, have potent anti-inflammatory and
anti-proliferative activities, better or at least comparable with that of 1,25(OH)2D3 and/or
22-0Oxa. The lack of a requirement for 1a-hydroxylation for the anti-inflammatory
activity of the novel secosteroids is consistent with the recent discovery that they act as
inverse agonists on RORY, a driver of proinflammatory responses '%. In contrast,
addition of a 1aOH group to the novel secosteroids can increase their affinity towards the
VDR ?*! leading to improved anti-proliferative activity 2>%. The exact mechanisms and
structural requirements for these different biological activities remain to be elucidated
with further in-depth mechanistic studies.

Summary

In summary (Figure 4-6), 205,23R/S(OH)2D3 (17a/17b) and their 10-OH
metabolites (18a/18b) were synthesized for the first time, and 20§,23S(OH)2D3 (17b)
was confirmed to be the natural metabolite. These compounds showed different abilities
to activate the VDR with 18a being the most potent. They all showed anti-inflammatory
and anti-proliferative activities, although these different biological activities were not
linearly correlated, most likely due to distinct mechanisms and structural requirements
leading to these biological activities. Further biological studies of the unnatural
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metabolite, 18a, will be necessary to investigate its drug-like properties in comparison to
its natural 23S counterpart.

—_—
—_—
AcO HO
Pregnenolone acetate 7 9a:Ry=0OH,R;=H 13a:Ry=0OH,R;=H

9b:R;=H,R,=OH 13b:R; =H, R, = OH

(oH T
OH

CYP27B1
.

20S,23R(OH),D3 (17a) 20S,23S(OH),D3 (17b, Natural) 1a,20S8,23R(OH)3D3 (18a) 10,208,23S(OH);D3 (18b, Natural)
VDRE stimulation
Average EC50 (nM) 566 >1,000 106 206

Figure 4-6.  Brief synthetic scheme of 205,235/R(OH)2D3 and their 10-OH
derivatives.
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CHAPTERS. SYNTHESIS OF 20S-HYDROXYVITAMIN D3 ANALOGS AND
THEIR 1A-HYDROXYL DERIVATIVES AS POTENT VITAMIN D RECEPTOR
AGONISTS AND ANTI-INFLAMMATORY AGENTS

Natural vitamin D3 metabolite 20S-hydroxyvitamin D3 [20S(OH)D3] is anti-
inflammatory at 2 pg/kg and is not hypercalcemic (toxic) up to 60 pg/kg in mice,
suggesting its potential as a lead compound. In this study, four analogs (4, 13, 23 and 33)
of 20S(OH)D3 were chemically synthesized and comprehensively tested against different
activities together with their 1a-hydroxyl derivatives. Metabolism of 20S(OH)D3 analogs
against cytochrome P450 27B1 (CYP27BI, activation enzyme) and CYP24A1
(catabolism enzyme) suggested that they are better substrates of both enzymes than
20S(OH)D3, and can be activated (1a-hydroxylated) by CYP27B1 except 23-amide
which is not a substrate but an inhibitor of CYP27B1. Their 1a-OH derivatives were
potent vitamin D receptor (VDR) agonists comparable with 1a,25-dihydroxyvitamin D3
[1,25(0OH)2D3] although they themselves showed weak or none VDR stimulation activity
in three cell lines (Jurkat, HaCaT and Caco2). To understand the molecular interactions
between these analog and VDR, two analogs (4 and 33) together with 20S(OH)D3 and
1,25(OH)2D3 have been co-crystalized with human VDR, and data will be reported later.
These analogs and 1a-OH derivatives significantly upregulated the mRNA expression of
VDR target genes (CYP24A1 and VDR), suggesting their actions via VDR, at least
partially. In addition, their anti-inflammatory activities have been investigated in aspect
of IFNy inhibition in splenocytes. This study demonstrates the mechanisms of action of
20S(OH)D3 anlogs, is of great importance for future drug development of anti-
inflammatory agents.

Introduction

Vitamin D3 (VD3) can be obtained from either dietary sources through intestinal
absorption or endogenous production through dermal synthesis. In classical metabolism
pathway (Figure 5-1), VD3 stays in its inactive form until enzymatic conversion
(activation) happens in the liver and kidney '°°. The initial activation involves 25-
hydroxylase in the liver to produce 25-hydroxyvitamin D3 [25(OH)D3] as the circulation
form of D3. The final activation occurs in the kidney where cytochrome P450 enzyme
27B1 (CYP27B1) specifically hydroxylate 25(OH)D3 at 1a position to give 1a,25-
dihydroxyvitamin D3 [1,25(OH)2D3] as the hormonal (active) form of D3 3% 1%,
Through vitamin D receptor (VDR), 1,25(0OH)2D3 exerts its effects in mineral
homeostasis, anti-inflammation, anti-proliferation, immunomodulation, vitamin D
catabolism, pro-apoptosis, anti-pro-differentiation and anti-angiogenesis by modulating

expressions of various VDR target genes including catabolism enzyme CYP24A1 194 268,
278

A novel metabolic pathway (Figure 5-1) was previously reported by our group
for activation and metabolism of VD3 %82 and it starts with CYP11A1 acting on D3 to
produce a major hydroxylated product, 20S-hydroxyvitamin D3 [20S(OH)D3].
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OH OH

CYP27B1 25-hydroxylase CYP11A1
-

HO™ HO
1,25(0H),D; 25(0H)D; Vitamin Dy 20S(OH)D4

Figure 5-1.  Classical metabolism pathway of D3 to circulation form 25(OH)D3
and active form 1,25(OH)2D3 and novel metabolism pathway of D3 to 20S(OH)D3.
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20S(OH)D3 displays many similar activities to that of 1,25(OH)2D3 including strong
anti-proliferative, anti-leukemic, tumorostatic, anti-fibrotic and differentiation stimulation
activities 198204207, 216,225,240 pyeiated through either VDR activation '°*2" or inhibition
of RORa and RORy ?**. In addition, 20S(OH)D3 exerted anti-inflammatory activities in
vitro through inhibition of NF«B in keratinocytes 22%26%27° and in vivo suggested by
suppressive effects at a dose as low as 2 ug/kg in collagen-induced arthritis mouse
model 2*°. More importantly, 20S(OH)D3, acting as a partial agonist of VDR, is not
hypercalcemic (toxic). While 1,25(OH)2D3 showed substantial calcemic effect at 2
ng/kg, 20S(OH)D3 did not cause such toxic effect at up to 60 pg/kg in mice 2%. These
results suggest that 20S(OH)D3 is a promising lead compound for developing anti-
inflammatory agents without hypercalcemic effect.

In this study, a series of 20S(OH)D3 analogs with modified side chains were
chemically synthesized. Their abilities to be metabolized by activation enzyme CYP27B1
for biosynthesis of their 1a-OH derivatives, and by catabolism enzyme CYP24A1 were
evaluated. Two analogs (4 and 33) were chosen to co-crystalize with VDR to decipher
their differential modes of recognition in comparison with that of 20S(OH)D3 and
1,25(0OH)2D3. 1a-OH derivatives showed much stronger VDR stimulation activity,
regulatory activity of VDR target genes, and anti-inflammatory activity than the parent
analogs in vitamin D response element (VDRE)-reporter (luciferase), real-time PCR, and
IFNy inhibition assays, respetively.

Experimental

General Methods

All reagents and solvents in synthetic and separation procedure were purchased
from commercial sources and were used as received until otherwise noted. Reactions of
5,7-diene structures were all protected by wrapping the flasks with aluminum foil.
Moisture- or oxygen-sensitive reactions were performed under an argon atmosphere. All
reactions were routinely monitored by TLC on silica gel, and visualized by 5%
phosphomolybdic acid in ethanol for non-UV active compounds or UV lights for
compounds with absorption at 254 nm. Ethyl acetate was used for extraction of reaction
mixtures and then dried over anhydrous Na2SO4, filtered and removed by rotary
evaporator under reduced pressure. Mass spectra of all compounds were obtained by a
Bruker ESQUIRE-LC/MS system equipped with an ESI source. The purities of final D3
compounds, as analyzed by an Agilent 1100 HPLC system (Santa Clara, CA), were
above 98%. High-resolution MS spectra were obtained from Waters UPLC-Q/Tof-MS
system with a function of molecular formula prediction. NMR data were collected at
25 °C. Chemical shifts were referenced to residual solvent peaks of CD30D, MeOD or
acetone-d6. NMR measurements were performed on either a Bruker Avance 111 400 MHz
(Bruker BioSpin, Billerica, MA), or a Varian Unity Inova 500 MHz spectrometer
(Agilent Technologies Inc., Santa Clara, CA, USA).
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Metabolism of Analogs by CYP24A1 and CYP27B1

Rat CYP24A1, mouse CYP27B1 and adrenodoxin and human adrenodoxin
reductase were expressed in E. coli and purified as described before % 281282 To test
metabolism of each analog, they were incorporated into phospholipid vesicles made from
dioleoylphosphatidyl choline and cardiolipin by sonication, as before 2*’. The substrates
in vesicles (510 uM phospholipid) were incubated at 37 °C with either CYP24A1 (0.14
uM) or CYP27B1 (0.8 uM) in a reconstituted system containing adrenodoxin (15 uM)
and adrenodoxin reductase (0.4 uM). Samples from incubations with CYP24A1 were
extracted with dichloromethane and analysed by HPLC using a Grace Alltima C18
column, as before * 2*!. Products [except from 23,24-amide-20S(OH)D3 (33)] were
separated using an acetonitrile on water gradient (45% to 100% for 20 min then 100%
acetonitrile for 40 min at a flow rate of 0.5 ml/min). For the more polar 23,24-amide-
20S(OH)D3 (33), the acetonitrile gradient was 30% to 100% acetonitrile for 30 min then
100% acetonitrile for 20 min, at 0.5 mL/min. Products from incubations with CYP27B1
were similarly extracted with dichloromethane and analysed by reverse phase HPLC
using a Grace Smart C18 column and an acetonitrile in water gradient (10 min 45% to
100% acetonitrile then 20 min at 100% acetonitrile, at 0.5 mL/min).

VDRE Reporter Assays

Caco-2, HaCaT and Jurkat cells were cultured as previously '%%201:268.278 ‘and
were transduced with lentiviral VDRE luciferase using a Cignal Lenti VDRE Reporter
(luc) Kit according to the manufac-turer’s protocol (QIAGEN, Valencia, CA). After one
week selection by puromycin (1 pg/mL), cells were seeded in a 96-well plate (10000
cells/well/100 puL) using FBS-free medium and synchronized for 24 h. DM SO solutions
(1 pL) of secosteroids to be tested were added to cells, which were then incubated for
another 24 h. The luciferase signal was then measured according to the manufacturer’s
procedure for the ONE-GloTM Luciferase Assay System (Promega, Madison, WI). The
final concentration of DMSO was 0.1% and 0.1% DMSO was used as the vehicle control.
All concentrations were tested in triplicate.

Real Time PCR-based Gene Expression Analysis

HaCaT cells were purchased from Thermo Fisher Scientific (Waltham, MA,
USA) and were cultured as VDRE reporter assay. The RNA from HaCaT keratinocytes
treated with compounds or DMSO control was isolated using the Absolutely RNA
Miniprep Kit (Stratagene, La Jolla, CA, USA). Reverse transcription (100 ng
RNA/reaction) was performed with the Transcriptor First Strand cDNA Synthesis Kit
(Roche Inc., Mannheim, Germany). Real-time PCR was performed using cDNA diluted
10-fold in sterile water and a SYBR Green PCR Master Mix. The primers for both
forward and reverse lines for CYP24A1 and VDR genes were designed based on the
mouse and rat sequences using Primer Quest software (Integrated Device Technology,
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San Jose, CA, USA). Reactions (in triplicate) were performed at 50 °C for 2 min, 95 °C
for 10 min and then 40 cycles of 95 °C for 15 s, 60 °C for 30 s and 72 °C for 30 s. Data
were collected and analyzed on a Roche Light Cycler 480. The amount of the final
amplified product for each gene was compared and normalized to the amount of B-actin
as a housekeeping gene using a comparative Ct method °.

IFNy Inhibition Assay

Secosteroids were solubilized in absolute EtOH at 10-4 M and diluted to 10-6 M
by adding Eagles Minimal Essential Medium (EMEM) containing 9% charcoal-stripped
fetal calf serum, 100 U/mL penicillin and 100 pg/mL streptomycin, non-essential amino
acids, 2.5 mM 2-mercaptoethanol, 2.5 mM L-glutamine 2**. The concentrations of 24,24-
F»-20S(OH)D3 and 24,24-F»-1,20S(OH)2D3 solutions were 10-7 M. Splenocytes from
mice were isolated, erythrocytes lysed by hypotonic shock, washed twice with EMEM,
and suspended at a concentration for 2 x 106/mL in EMEM described above. To each
well in a 48-well tissue culture plate, 450 pL of the splenocytes were added. Secosteroids
(50 pL of the 10-6 M stock) or EtOH diluted 1:100 with the above culture medium were
added to triplicate wells and then incubated at 37 °C in 5% CO?2 in a humidified tissue
culture incubator for 2 h, after which 1 pg/well of rat anti-mouse CD3 MOAB was added.
After 72 h culture, supernatants from each well were harvested and analyzed by ELISA
for levels of D-murine IFNy (RAD Systems, Minneapolis, MN), according to the
manufacturer’s instructions. The concentration of IFNy is supernatants from cultures
containing secosteroids were compared to the concentration of IFNy in the supernatants
of EtOH-treated control cultures, by ANOVA.

Results and Discussion
Synthesis of 4 and 5

As shown in Figure 5-2, we started from pregnenolone acetate (1) which was
transformed into 7-dehydrocholesteral (7DHC) type intermediate (2) by a well-
established procedure with a 36% yield '°>26%: 278 _Grignard reaction using a self-made
Grignard reagent removed 3-acetyl, generated 20S-OH and added the modified side chain
in one step to produce 3 with a satisfactory yield (87%). To get D3 structure, 3 dissolved
in ethyl ether was irradiated UVB light to open its B-ring, followed by heat induced
isomerization to give D3 product 4 [24-DB-20S(OH)D3] with a 12% yield. Preparative
HPLC was used to purify 4 from the reaction mixture using acetonitrile (MeCN) and
water as mobile phases. 1a-Hydroxylated derivative 5 [24-DB-1,20S(OH)2D3] was
produced by CYP27B1 enzyme which specifically added 1a-OH to D3 structures based
on its function >*’, and was purified by HPLC.
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a 36% b 87% d e: 12/

Figure 5-2.  Synthesis of 20S(OH)D3 analog 4 and its 1a-OH derivative 5.
Reagents and conditions: (a) Dibromantin, AIBN, Benzene: Hexane (1:1), reflux 20 min;
TBAB, THF, r.t., 75 min, then TBAF, r.t., 50 min. (b) 5-Bromo-2-methyl-2-pentene, Mg,
THF, 1 h; THF, 0 °C - r.t., 8 h. (¢) UVB, Et20, 15 min. (d) EtOH, reflux, 3 h. (e) HPLC,
MeCN:H20. (f) CYP27BI1.
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Synthesis of 13 and 14

The synthetic route starting from 6 reported previously 2*® is shown in Figure 5-3.
Coupling of isopropyl bromine and 6 under basic condition gave 7 with a 92% yield.
After replacing 3-OTBS with 3-OAc to afford 9, 7DHC intermediate (10) was produced
by the above-mentioned procedure (38% yield). EOM deprotection (81%) and ester
hydrolysis (93%) was carried out under acidic condition (CSA) and basic condition
(KOH), separately, to afford final 7DHC intermediate 12. Similarly, D3 structure 13 [24-
Oxa-20S(OH)D3] and its 1a-OH derivative 14 [24-Oxa-1,20S(OH)2D3] were obtained
from B-ring opening reaction and enzymatic transformation, respectively.

Synthesis of 23 and 24

The overall synthetic route starting from previously reported 15 '3 is shown in
Figure 5-4. PDC oxidation of 15 gave ketone 16 with 95% yield, followed by replacing
3-OTBS with 3-OAc to afford 18 which underwent DAST fluorination to produce 19
with a 30% yield. 7DHC intermediate (20) was produced by the above-mentioned
procedure (50% yield), then underwent EOM deprotection (79%) and ester hydrolysis
(96%) under acidic condition (CSA) and basic condition (KOH), separately, to afford
final 7DHC intermediate 22. Similarly, D3 structure 23 [24,24-F2-20S(OH)D3] and its
1a-OH derivative 24 [24,24-F2-1,20S(OH)2D3] were obtained from B-ring opening
reaction and enzymatic transformation, respectively.

Synthesis of 33

The overall synthetic route using intermediate previously reported 2% is shown in
Figure 5-5. According to a previous procedure 23, 25 was oxidized into acid (26) under
mild condition without affecting the acid-sensitive TBS and EOM protection. Amide
coupling of 26 and isopropylamine to construct the side chain were catalyzed by PyBOP
with a 93% yield. After replacing 3-OTBS with 3-OAc to afford 29, final 7DHC
intermediate (32) was produced by the above-mentioned dibromatin/AIBN/TBAB/TBAF
reaction, then EOM deprotection and ester hydrolysis, with a 22% yield for three steps.
Similarly, D3 structure 33 [23,24-amide-20S(OH)D3] was obtained from the B-ring
opening reaction. Its 1a-OH derivative 34, however, was not obtained during enzymatic
transformation.

Metabolism of 20S(OH)D3 Analogs by CYP24A1

Figure 5-6 shows HPLC analysis of the products resulting from a 10 min
incubation of 20S(OH)D3, 24-DB-20S(OH)D3 (4), 24-Oxa-20S(OH)D3 (13), 24,24-F,-
20S(OH)D3 (23) and 23,24-amide-20S(OH)D3 (33) with rat CYP24A1 and reveals that
the enzyme is capable of metabolizing all five of these compounds, despite the structural
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10 1 12 13 14

Figure 5-3.  Synthesis of 20S(OH)D3 analog 16 and its 10-OH derivative 17.
Reagents and conditions: (a) Isopropyl bromine, NaH, THF, r.t., overnight. (b) TBAF,
THF, r.t., 12 h. (¢) Ac20, pyridine, DMAP, 6 h. (d) Dibromantin, AIBN, Benzene:
Hexane (1:1), reflux 20 min; TBAB, THF, r.t., 75 min, then TBAF, r.t., 50 min. (¢) CSA,
MeOH:DCM (1:1), 0 °C - r.t., 12 h. (f) ag. KOH, MeOH, 2 h. (g) UVB, Et20, 15 min. (h)
EtOH, reflux, 3 h. (i) HPLC, MeCN:H20. (j) CYP27BI.
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Figure 5-4.  Synthesis of 20S(OH)D3 analog 23 and its 1a-OH derivative 24.
Reagents and conditions: (a) PDC, CH2CI2, r.t., 24 h. (b) TBAF, THF, r.t., 12 h. (c)
Acy0, pyridine, DMAP, 6 h. (d) DAST, DCM, r.t. — 40 °C (e) Dibromantin, AIBN,
Benzene: Hexane (1:1), reflux 20 min; TBAB, THF, r.t., 75 min, then TBAF, r.t., 50 min.
(f) CSA, MeOH:DCM (1:1), 0 °C - r.t., 12 h. (g) ag. KOH, MeOH, 2 h. (h) UVB, Et,0,
15 min. (i) EtOH, reflux, 3 h. (j) HPLC, ACN:H»O. (k) CYP27BI1.
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Figure 5-5. Synthesis of 20S(OH)D3 analog 33.

Reagents and conditions: (a) NalO4, NaH2PO4, H202, MeCN:THF (10:1), 0 °C - r.t., 2
h. (b) PyBOP, isopropylamine, pyridine, 0 °C - r.t., 12 h. (c) TBAF, THF, r.t., 12 h. (d)
Acy0, Et3N, DMAP, DCM, 12 h. (e) Dibromantin, AIBN, Benzene: Hexane (1:1), reflux
20 min; TBAB, THF, r.t., 75 min, then TBAF, r.t., 50 min. (f) CSA, MeOH:DCM (1:1), 0
°C -r.t., 12 h. (g) aq. K2CO3, MeOH, 12 h; HPLC. (h) UVB, Et;0, 15 min. (i) EtOH,
reflux, 3 h. (j) HPLC, MeCN:H;O0. (k) CYP27B1. NA, not applicable.

86



500 F T T T T T
A 20(0H)D3
400 \
S
E 300}
3
g
& 200}
§ __,U['L
0 1 1 1 1 1
0 10 20 30 40 50 60
Time (min)
500 F -
B 20(OH)D3
400 20,24R(OH) D3 Sy
S
£ 300 20.25(OH)ZD3
4 20,24S(OH) D3
3 :
2 200t /
w
[}
100
0 1 1 1 1 1
0 10 20 30 40 50 60
Time (min)
800 F c T
~ 600}
>
€ RT20 | prog
2 \ RT24 Oxy-20(OH)D3
S 400} .
g
8
s RT31
200 - v /
0 1 1 1 1 1
0 10 20 30 40 50 60
Time (min)
Figure 5-6.

vesicles by rat CYP24Al.
Analogues were incorporated into phospholipid vesicles at a ratio of 0.018 mol/mol
phospholipid and incubated with rat CYP24A1 (0.14 uM) for 10 min at 37°C. Samples
were analysed by reverse-phase HPLC using an acetonitrile in water gradient as
described in the Methods. (A) Chromatogram for control incubation of 20S(OH)D3
where human adrenodoxin was omitted from the reaction. (B) Test reaction for
20S(OH)D3; (C) test reaction for 24-Oxa-20S(OH)D3 (13); (D) test reaction for 24-DB-
20S(OH)D3 (4); (E) test reaction for 24,24-F»-20S(OH)D3 (23); (F) test reaction for
23,24-amide-20S(OH)D3 (33). Arrows indicate major products not present in control
chromatograms where adrenodoxin was excluded. RT, retention time in min.
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differences. Three major products were observed with 20S(OH)D3 as substrate (Figure
5-6B) that were not present in the control (Figure 5-6A), as reported before > 2*!. These
were identified from authentic standards as 20S,25(OH)2D3, and the two C24
enantiomers of 20S,24(OH)2D3 %241 One of the C24 enantiomers, 20S,24R(OH)2D3 is
the major product and accounts for almost 70% of the total products. The action of
CYP24A1 on 24-DB-20S(OH)D3 (4) resulted in at least nine products (Figure 5-6D),
suggesting a complex pathway of metabolism. There were two major products formed
from this analog, RT27 and RT30 (indicated by arrows), which accounted for
approximately 20% and 30% of the total products, respectively. 24,24-F,-20S(OH)D3
(23) (Figure 5-6E) was converted to at least 6 different products by incubation with
CYP24A1. In contrast, 24-Oxa-20S(OH)D3 (13) tested under identical conditions
generated only one major product with a retention time of 20 min (RT20) and three minor
products (Figure 5-6D). By 10 min of incubation, almost all of 24-Oxa-20S(OH)D3 (13)
had been metabolised by CYP24A1. Three major products (indicated by arrows) and at
least three minor ones were observed for the metabolism of 23,24-amide-20S(OH)D3
(33) by CYP24A1 (Figure 5-6F).

The time courses for the metabolism of each analog by CYP24A1 revealed that
by 20 min there was 6-fold greater metabolism of 24-Oxa-20S(OH)D3 (13) than for
20S(OH)D3 (Figure 5-7). The major product of 24-Oxa-20S(OH)D3 (13) (RT20),
accounted for 71% of the total secosteroids (products and substrate) at one min and by 20
min it was 95% of all secosteroids. 24,24-F2-20S(OH)D3 (23) was initially metabolized
at a faster rate than 24-DB-20S(OH)D3 (4), 20S(OH)D3 and 23,24-amide-20S(OH)D3
(33) but the amounts of product from 24,24-F2-20S(OH)D3 (23) and 24-DB-20S(OH)D3
(4) were similar by 10 min. For the first two min, 24-DB-20S(OH)D3 (4) appears to be
metabolised at almost the same rate as 20S(OH)D3. The time course for 20S(OH)D3 in
comparison to 24-DB-20S(OH)D3 (4) and 23,24-amide-20S(OH)D3 (33), plateaued
early, with the amount of product at the end of the incubation being only 2.2-fold higher
than at one min. By 20 min, less than 15% of the 20S(OH)D3 had been metabolised.
While initially being metabolized at the lowest rate of any of the analogs, 23,24-amide-
20S(OH)D3 (33) maintained its initial rate longer with more product being present at the
end of the 20 min incubation for than any of the other analogs except 24-Oxa-
20S(OH)D3 (13) (Figure 5-7).

To determine the kinetic parameters of CYP24A1 for the metabolism of the 20-
hydroxy analogues, an incubation time of one min was chosen to obtain the initial rate
based on the time courses (Figure 5-7) and previous studies > 2%, K, values varied
greatly between the 20-hydroxy analogues (Table 5-1). 24-DB-20S(OH)D3 (4) had the
lowest Km value for CYP24A1, whereas 20S(OH)D3 displayed the highest which is over
17-fold higher than for 24-DB-20S(OH)D3 (4). 24-Oxa-20S(OH)D3 (13) and 24,24-F»-
20S(OH)D3 (23) displayed similar Ky, values, 3-4 fold lower than that for 20S(OH)D3,
while 23,24-amide-20S(OH)D3 (33) gave a K, half that of 20S(OH)D3. There was also
variation in the kea values for the metabolism of these analogues. The highest kca value
was observed for 24-Oxa-20S(OH)D3 (13) and the lowest were for 24-DB-20S(OH)D3
(4) and 23,24-amide-20S(OH)D3 (33). The resulting kea/Km values show that 24-Oxa-
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Figure 5-7. Time courses for metabolism of 20-hydroxyvitamin D3 analogs in
phospholipid vesicles by rat CYP24A1.

20S(OH)D3, 24-DB-20S(OH)D3 (4), 24-Oxa-20S(OH)D3 (13), 24,24-F»-20S(OH)D3
(23) and 23,24-amide-20S(OH)D3 (33) were incorporated into phospholipid vesicles at a
ratio of 0.018 mol/mol phospholipid and incubated with 0.14 uM rat CYP24A1 at 37 °C.
Products were analysed by HPLC.
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Table 5-1.  Kinetic data for the metabolism of the 20S-hydroxyvitamin D3
analogues by rat CYP24Al.

Substrate Kmn Keat Keat/Km
20S(OH)D3 348+94 10.1+1.2 0.29
24-DB-20S(OH)D3 (4) 20+£1.7 42+07 2.16
24-Oxa-20S(OH)D3 (13) 79+1.5 292+15 3.72

24,24-F,-20S(OH)D3 (23) 11.6+3.1 7.8+0.6 0.67
23,24-amide-20S(OH)D3 (33) 154+ 1.7 4.8+02 031

Km: mmol/mol PL, kea: min™'. 20S-hydroxyvitamin D3 analogues were incorporated into
phospholipid vesicles and incubated for one min in a reconstituted system with rat
CYP24A1 (0.14 uM) and a range of substrate concentrations. Kinetic parameters were
determined by fitting hyperbolic curves to the data using KaleidaGraph version 4.1. Data
for K and kcae are shown =+ SE from the curve fit.

90



20S(OH)D3 (13) is most efficiently metabolised by rat CYP24A1 with a value 72%
higher than for the next best analog, 24-DB-20S(OH)D3 (4). 20S(OH)D3 and 23,24-
amide-20S(OH)D3 (33) displayed similar catalytic efficiencies which were the lowest of
the analogs tested and 13-fold lower than for 24-Oxa-20S(OH)D3 (13). Thus, the
modification at C24 that were introduced to reduce the rate of their metabolism by
CYP24A1 generally had the opposite effect to increase the efficiency of their
metabolism. This can be explained in part by the presence of additional functional groups
on the side chain increasing the interaction with CYP24A1 active site, thus lowering the
Km. The known ability of CYP24A1 to hydroxylate the vitamin D side chain from C23 to
C27 depending on what prior functional groups are present 24284 provides an explanation
as to why blocking of one of two carbons on the side chain from hydroxylation does not
prevent hydroxylation at neighbouring carbons.

Metabolism of 20S(OH)D3 Analogs by CYP27B1

In order to make the la-hydroxy-derivatives of the 20S(OH)D3 enzymatically,
the ability of mouse CYP27BI1 to hydroxylate these metabolites was examined.
20S(OH)D3 analogs were incorporated into phospholipid vesicles and incubated with
CYP27B1, then the extent of their metabolism was determined by HPLC (Table 5-2). All
analogs tested except 23,24-amide-20S(OH)D3 (33) were metabolized by CYP24A1. In
each case only a single metabolite was produced, assumed to be the 1a-hydroxy-
derivative based on the known high specificity of the enzyme for the 1a-posit-
ion 243:247.281 24_0xa-20S(OH)D3 (13) showed the highest conversion to product in the
20 min incubation, with greater than 90% conversion which was 4.3 fold higher than that
observed with 20S(OH)D3. Metabolism of 24-DB-20S(OH)D3 (4) was almost twice that
of 20S(OH)D3 and metabolism of 24,24-F»-20S(OH)D3 (23) almost three fold. Thus, the
modifications to C24 and/or C25 seen in 24-Oxa-20S(OH)D3 (13), 24-DB-20S(OH)D3
(4) and 24,24-F»-20S(OH)D3 (23) enhanced their ability to be metabolized by CYP27BI.
The replacement of carbon 24 with an oxygen atom had a similar effect to adding a
hydroxyl group at C24 which we previously showed increased the catalytic efficiency of
la-hydroxylation by both increasing the kca and decreasing the Ky, relative to the values
seen for 20S(OH)D3 2%, In contrast, the introduction of an amide linkage into the side
chain, as in 23,24-amide-20S(OH)D3 (33), prevented its hydroxylation by CYP27BI. In
a separate experiment we found that when present with an equal concentration
25(OH)D3, 23,24-amide-20S(OH)D3 (33) was able to reduce the metabolism of
25(0OH)D3 from 82% to 56% in a 20 min incubation, suggesting that it can compete for
binding to the active site of CYP24A1 with 25(OH)D3 but binds in an unfavourable
position for hydroxylation.

VDRE Stimulation Activity

Using our previous established VDRE-Luciferase reporter models 201,268,278

the VDR-induced transcriptional activity of the analogs and their 1aOH derivatives were
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Table 5-2. Metabolism of the 20S-hydroxyvitamin D3 analogues by mouse
CYP27BL1.

Substrate Product (% total secosteroids)
20S(OH)D3 21.1

24-DB-20S(OH)D3 (4) 40.6

24-0Oxa-20S(OH)D3 (13) 91.3

24,24-F»>-20S(OH)D3 (23) 57.1

23,24-amide-20S(OH)D3 (33) 0

25(OH)D3 86.0

25(0H)D3+23,24-amide-20S(OH)D3 (33) (1:1) 53.0

20S-hydroxyvitamin D3 analogues were incorporated into phospholipid vesicles at a ratio
of 0.018 mol/mol phospholipid and incubated with 0.8 uM mouse CYP27B1 for 20 min
at 37 °C. Products were analysed by reverse phase HPLC using an acetonitrile in water
gradient.
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investigated in three different cell lines (Caco-2, HaCaT and Jurkat). As shown in
Table 5-3, both positive controls, 1,25(0OH)2D3 and 22-Oxa-1,25(0OH)2D3, showed
strong activity for VDR activation in all three cell lines, with 22-Oxa-1,25(0OH)2D3 being
the most active one among all tested compounds. 20S(OH)D3 analogs were unable to
significantly activate VDR except 24-DB-20S(OH)D3 (4) showing mild activity. All
1aOH derivatives displayed potent activities which were better than or comparable with
that of 1,25(OH)2D3, the native ligand of VDR, suggesting that these analogs were also
strong VDR agonists. The better activities of 10OH derivatives than their parent analogs
suggested the importance of 10OH for VDR activation, which was consistent with our
previous studies on 20S,23S/R(OH)2D3 2 and 20S,24S/R(OH)2D3 '*°. One thing
noteworthy is that 24-DB-20S(OH)D3 (4) and 24-DB-1,20S(OH)2D3 (5) having
relatively better activities stood out of the 20S(OH)D3 analogs and their 1a-OH
derivatives, respectively. Such superiority might be associated with the role of 24,25-
double bond inside the VDR binding pocket.

RT-PCR-based Expression Analysis

We compared the activity of the synthetic analogs on the expression of CYP24A41
gene in HaCaT cells to that of 1,25(OH)2D3 and 22-Oxa-1,25(OH)2D3. As shown in
Figure 5-8, after 24 h treatment with 0.1 uM of each analog, 20S(OH)D3 analogs lack
the ability to affect the mRNA levels for CYP24A41, except 24-DB-20S(OH)D3 which
showed 39.1-fold change of the control. In comparison, all three 1,20(OH)2D3 analogs
significantly increased the expression level of CYP24A1, being stronger than their parent
20S(OH)D3 analog, respectively. The cells treated with 0.1 uM 1,25(OH)2D3 or 22-Oxa-
1,25(0OH)2D3 showed a 10.4- or 82.3-fold increase in mRNA for CYP24A1, respectively.

The ability of the analogs to regulate the expression of the VDR gene was studied
using HaCaT cells. In general, the mRNA expression level was only slightly stimulated
by both 20S(OH)D3 analogs and 1,20(OH)2D3 analogs, with 23,24-amide-20S(OH)D3
being the most potent giving a 2.8-fold change among 20S(OH)D3 analogs, and with
24,24-F2-1,20S(OH)2D3 being the most potent analog giving a 3.8-fold change among
1,20(OH)2D3 analogs following 24 h of treatment with 0.1 pM. In addition, the two
positive controls, 1,25(OH)2D3 and 22-Oxa-1,25(0OH)2D3, also stimulated VDR
expression by 1.2- and 1.6-fold, respectively, in comparison with the negative control.
These results suggest that the new analogs may increase D3 catabolism, not only by mild
stimulation of the expression of the hydroxy-D3-catabolizing enzyme (CYP24A1), but
also through increased expression of its own receptor, the VDR.

Inhibitory Activity of IFNy Production
1,25(0OH)2D3 and some of its analogs can act as immunomodulatory agents and

have anti-inflammatory activities ’® 1. IFNy as an important cytokine of immune system
is a common inflammation marker. To test whether these analogs are anti-inflammatory
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Table 5-3. VDRE stimulation and anti-inflammatory activities of 20S(OH)D3
analogs and their 10-OH derivatives.

Compound VDRE stimulation (ECso = SD, nM) IFNy (ratio + SD)
Caco-2 HaCaT Jurkat

24-DB-20S(OH)D3 (4) 580.2+19.2 460.4+36.5 439.3+25.7 1.335+0.022
24-0Oxa-20S(OH)D3 (13) NS NS NS 0.824+0.031
24,24-F,-20S(OH)D3 (23) NS NS NS 0.698+0.031
23,24-amide-20S(OH)D3 (33) NS NS NS 0.628+0.014
24-DB-1,20S(OH)2D3 (5) 181.6 6.1 197.8 8.1 2374455 0.381+0.017
24-Oxa-1,20S(OH)2D3 (14) 188.0+1.9 226.5+3.5 248.4+5.0 0.628+0.008
24,24-F,-1,20S(OH)2D3 (24) 235.7+4.1 254.1+7.9 605.0+4.5 0.560+0.010
23,24-amide-1,20S(OH)2D3 (34) NA NA NA NA
1,25(0OH)2D3 465.3+20.9 305.2+12.4 31.844.5 0.397+0.049
22-Oxa-1,25(0H)2D3 42.5+1.6 40.1+1.5 2.9+0.3 0.487+0.017
Control NA NA NA 1.000+0.015

SD: standard deviation, NS: no significance, NA: not applicable.
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Figure 5-8. Time courses for metabolism of 20-hydroxyvitamin D3 analogs in
phospholipid vesicles by rat CYP24A1.

20S(OH)D3, 24-DB-20S(OH)D3 (4), 24-Oxa-20S(OH)D3 (13), 24,24-F»-20S(OH)D3
(23) and 23,24-amide-20S(OH)D3 (33) were incorporated into phospholipid vesicles at a
ratio of 0.018 mol/mol phospholipid and incubated with 0.14 uM rat CYP24A1 at 37 °C.
Products were analysed by HPLC.
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agents, IFNy inhibition assay was performed using our established assay '%>26% 278 Ag

shown in Table 5-2, positive controls 1,25(OH)2D3 and 22-Oxa-1,25(0OH)2D3 decreased
IFNy production by 60% and 51% at 100 nM, respectively. Except 24-DB-20S(OH)D3
(4), other 20S(OH)D3 analogs significantly reduced IFNy concentrations, however less
potent than 1,25(OH)2D3 and 22-Oxa-1,25(0OH)2D3. After 1a-hydroxylation, the anti-
inflammatory activities of all 1a-OH derivatives (37% to 62% inhibition) were
significantly improved as compared with their parent analogs (-34% to 30% inhibition).
Among these compounds, 24-DB-1,20S(OH)2D3 (5) was the most active one which
showed better activity than both 1,25(OH)2D3 and 22-Oxa-1,25(OH)2D3. These results
suggested that 20S(OH)D3 analogs have good anti-inflammatory effects, and such
activities can be potentiated 1a-hydroxylation.

Summary

In this study, four 20S(OH)D3 analogs with side chain modifications were
chemically synthesized, and their 1a-OH derivatives [except that of 23,24-amide-
1,20S(OH)2D3 (34)] were produced from biosynthesis of CYP27B1. Enzymatic studies
showed that CYP27BI1 can activate (1a-hydroxylate) 20S(OH)D3 analogs [except 23,24-
amide-20S(OH)D3 (33)], and CYP24A1 can metabolize all analogs, with faster rates than
20S(OH)D3 itself for both CYP27B1 activation and CYP24A1 catabolism. 20S(OH)D3
analogs showed mild to moderate VDR stimulatory, VDR downstream gene regulatory
and anti-inflammatory activities, and these activities can be significantly improved by 1a-
hydroxylation. Co-crystal structures of VDR in complex with 20S(OH)D3, 24-DB-
20S(OH)D3 (4), and 23,24-amide-20S(OH)D3 (33) are under investigation, which can
reveal their molecular interactions in the binding pocket of VDR, and in turn will be
insightful for developing novel VDR agonists as anti-inflammatory agents.
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CHAPTER 6. SYNTHESIS OF NATURAL 1A,20S-DIHYDROXYVITAMIN D3
AS A POTENT VITAMIN D RECEPTOR AGONIST

1a,20S-Dihydroxyvitamin D3 [1,205(OH)2D3], a natural and bioactive vitamin
D3 metabolite, was chemically synthesized for the first time using a 17-step scheme
designed by retrosysnthesis. A semi-reduced intermediate (14a) of the Birch reduction for
1a-OH formation was obtained for the first time, and thus was used to propose the
reaction mechanism. X-ray crystallography analysis of intermediate 15 confirmed the
formation of 1a-OH. 1,205(OH)2D3 binds efficiently in vitamin D receptor (VDR),
being similar with its native ligand 10,25-dihydroxyvitamin D3 [1,25(0OH)2D3].
However, their co-crystal structures revealed differential molecular interactions of 20S-
OH and 25-OH in VDR, which may help understand their biological activities. In
addition, 1,20S8(OH)2D3 functions as a VDR agonist with stronger/comparable activities
than/with 1,25(OH)2D3 in aspects of VDR stimulation, regulating VDR downstream
genes (VDR, CYP24A1, TRPV6 and CYP27B1), inhibiting inflammatory marker IFNy.
This study offers a convenient synthetic route using a novel intermediate 1a,3p-
diacetoxypregn-5-en-20-one (3), and provides molecular basis of design for drug
development of 1,20S(OH)2D3 and its analogs.

Introduction

The classical activation pathway of vitamin D3 (VD3) includes two key steps: 25-
hydroxylation to produce 25-hydroxyvitamin D3 [25(OH)D3], and the following 1a-
hydroxylation by cytochrome P450 27B1 (CYP27B1) to produce the active 1a,25-
dihydroxyvitamin D3 [1,25(0OH)2D3] (Figure 6-1). '°° This natural ligand of vitamin D
receptor (VDR), regulates expressions of various genes (such as its catabolism enzyme
CYP24A1) and exerts its activities through VDR. These activities include anti-
inflammation, anti-proliferation, pro-differentiation, pro-apoptosis, immunomodulation,
mineral homeostasis, anti-angiogenesis and vitamin D catabolism. 2% '+ 285 In addition,
D3 can also be activated by a novel metabolic pathway, which is initiated by CYP11A1
(P450scc) metabolizing D3 to 20S-hydroxyvitamin D3 [20S(OH)D3] as a major
product. 2*7 As an activation enzyme, CYP27B1 is able to hydroxylate 20S(OH)D3
producing the natural metabolite 1a,20S-dihydroxyvitamin D3 [1,20S(OH)2D3] in pg
scale. 246273 Alternative biosynthesis using CYP11A1 acting against commercially
available 1o-hydroxyvitamin D3 [1(OH)D3] brought up the production of 1,20S(OH)2D3
to 0.5-1 mg. 24

1,208(OH)2D3 was found to upregulate the mRNA expression of CYP24,
suggesting a role in modulating VDR downstream genes probably via VDR. 2% It also
inhibited cell growth and showed potent anti-leukemic and anti-melanoma effects, while
displaying less calcemic (toxic) effect than 1,25(OH)2D3. 198 204.207. 246 The Jack of
molecular interactions between 1,205(OH)2D3 and VDR makes it difficult to understand
the mechanism of action of 1,20S(OH)2D3, however, or to explain the differential effects
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Figure 6-1. Classical and novel metabolic pathways of vitamin D3.
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of 1,208(OH)2D3 and 1,25(0OH)2D3. The great promise of 1,20S(OH)2D3 has attracted
us to investigate it further as a therapeutic agent, but the productions of
1,205(0H)2D32% 27 and its analogs'®> ?%® have been limited by the enzymatic reactions
using either CYP27B1 or CYP11A1. The limited availability of these compounds has
greatly impeded further in-depth biological investigations, and it is thus urgent to develop
a practical synthetic scheme for 1,205(OH)2D3 and its analogs.

Experimental
Chemistry

General procedures. Reagents and solvents for the synthesis were anhydrous
(purchased or self-dried) to ensure good product yield. Solvents used for separations were
ACS chemical grade, purchased from commercial sources and used upon arrival. NH4Cl
was sublimed in our lab for Birch reduction. Reactions for light sensitive compounds
(7DHC or D3 structures) were protected from light by wrapping flasks with aluminum
foil, and were monitored under UV lights. Moisture-sensitive reactions were carried out
under argon gas in flame-dried flasks. Reactions for non-UV active compounds were
visualized on TLC by 5% phosphomolybdic acid in ethanol. All NMR data were
collected on a Bruker Avance I1I 400 MHz NMR or Varian Inova 500 MHz NMR.
Samples were dissolved in 0.5 mL CDCI3, MeOD, DMSO-d6 or actone-d6, and NMR
data were collected at r.t. TMS was sometimes used as an internal standard. Mass spectra
of compounds were provided by a Bruker LC-IT-MS system with an ESI source. High-
resolution MS spectra and extracted ion chromatogram (EIC) were provided by a Waters
UPLC Xevo G2-S QTof MS system based on our previous conditions. 2°%212-278 Ethyl
acetate, DCM, hexanes were used for extraction of reaction mixtures, washed with
aqueous Na>CO3, brine, and water, and then dried over anhydrous Na>SO4. The solution
was transferred to round-bottom flask and dried by rotary evaporator.

Synthesis of 5. 1-((3S,8S,10R,13S,148S,17S)-3-hydroxy-10,13-dimethyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-
yl)ethan-1-one. To a stirred mixture of pregnenolone acetate (4) (10.3 g, 28.8 mmol) in
methanol (150 mL) was added KoCOs (19.8 g, 143.8 mmol, 5 equiv.). The reaction
mixture was stirred overnight at room temperature. Ice water (1.9 L) was added, and the
reaction mixture was stirred for 30 min, filtered, and washed by distilled water (500 mL)
to give 5 as a white solid (8.9 g, 28.2 mmol, 98%). 'H NMR (400 MHz, Chloroform-d) &
5.35(dt,J=5.4,2.0 Hz, 1H), 3.52 (td, J=11.0, 5.5 Hz, 1H), 2.54 (t, J= 9.0 Hz, 1H),
2.38 —2.15 (m, 4H), 2.13 (s, 3H), 2.09 — 1.95 (m, 2H), 1.94 — 1.78 (m, 2H), 1.77 — 1.38
(m, 8H), 1.36 — 1.04 (m, 3H), 1.01 (s, 3H), 0.63 (s, 3H). MS (ESI) m/z 339.3 [M + Na]".

Synthesis of 6. 1-((3S,8S,10R,13S,14S,17S)-3-((tert-butyldimethylsilyl)oxy)-
10,13-dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-17-yl)ethan-1-one. To a stirred mixture of 5 (8.9 g, 28.2 mmol)
in DMF (freshly distilled over CaH>, 200 mL) was added fert-butyldimethylsilyl chloride
(8.5 g, 56.3 mmol, 2 equiv.) and imidazole (7.7 g, 112.6 mmol, 4 equiv.). The above
mixture was stirred at r.t. overnight until completion as monitored by TLC (20% EA in
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hexane). The reaction was quenched by addition of ice water (1.8 L), the precipitate was
filtered, washed with water (400 mL), and dried under vacuum to give 6 (11.9 g, 27.9
mmol, 99%) as a white solid. "H NMR (400 MHz, Chloroform-d) § 5.26 (dq, J=5.8, 1.7
Hz, 1H), 3.42 (tt, J=11.0, 4.8 Hz, 1H), 2.47 (t, /= 8.9 Hz, 1H), 2.20 (ddtd, /= 14.4, 8.7,
6.2,5.8,3.0 Hz, 1H), 2.15 - 2.08 (m, 1H), 2.06 (s, 3H), 2.03 — 1.86 (m, 2H), 1.76 (dt, J =
13.2,3.5 Hz, 1H), 1.71 — 1.31 (m, 9H), 1.26 — 0.95 (m, 4H), 0.94 (s, 3H), 0.93 — 0.87 (m,
1H), 0.83 (s, 9H), 0.57 (s, 3H), 0.00 (s, 6H). MS (ESI) m/z 453.4 [M + Na]".

Synthesis of 7. (1R)-1-((3S,8S,10R,138S,14S,17S)-3-((tert-
butyldimethylsilyl)oxy)-10,13-dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl)ethan-1-ol. To a stirred solution of 6
(11.9 g,27.9 mmol) in 100 mL DCM:MeOH (1:1), NaBH4 (1060 mg, 27.9, 1.0 equiv.)
was added at 0 °C. The reaction was allowed to reach r.t. and stirred until completion
monitored by TLC (20% EA in hexane). The mixture was added sat. NaCO3 (300 mL)
and stirred for 30 min, extracted with DCM (3 x 100 mL). The organic layer was
combined, washed with brine (100 mL) and water (2 x 100 mL), dried over anhydrous
NazS0s. The crude mixture was subjected to flash chromatography (10% ethyl acetate in
hexanes) to give 7 (11.6 g, 26.8 mmol, 96%) as a white solid. "H NMR (400 MHz,
Chloroform-d) 6 5.26 (dt, J=5.5, 1.9 Hz, 1H), 3.68 (dt, J=9.7, 5.8 Hz, 1H), 3.42 (tt, J =
11.0, 4.7 Hz, 1H), 2.29 — 2.15 (m, 1H), 2.11 (ddd, /= 13.1, 5.1, 2.3 Hz, 1H), 2.01 (dt, J =
12.5,3.5 Hz, 1H), 1.97 - 1.85 (m, 1H), 1.76 (dt, J=13.3, 3.6 Hz, 1H), 1.70 — 1.33 (m,
9H), 1.33 — 1.15 (m, 2H), 1.12 (d, /= 5.5 Hz, 1H), 1.08 (d, /= 6.1 Hz, 3H), 1.04 — 0.97
(m, 2H), 0.95 (s, 3H), 0.89 (td, J=11.1, 5.5 Hz, 1H), 0.83 (s, 9H), 0.71 (s, 3H), 0.00 (s,
6H). MS (ESI) m/z 455.4 [M + Na]".

Synthesis of 8. (1R)-1-((3S,8S,10R,138S,14S,17S)-3-((tert-
butyldimethylsilyl)oxy)-10,13-dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl)ethyl acetate. To a solution of
alcohol 7 (10.1 g, 23.4 mmol) in DCM (100 mL) was added acetic anhydride (11.9 g,
117.0 mmol, 5 equiv.), EtsN (24.3 g, 234 mmol, 10 equiv.) and catalytic DMAP (0.05
equiv.). The reaction mixture was stirred at r.t. overnight. The solvents were removed
under reduced pressure, and the resulting mixture was subjected to flash chromatography
(10% EtOAc in hexane) to give 8 (11.0 g, 23.2 mmol, 99%) as a white solid. 'H NMR
(400 MHz, Chloroform-d) 6 5.32 (dt, /J=4.9, 1.8 Hz, 1H), 4.85 (dq, J=10.4, 6.1 Hz,
1H), 3.48 (tt, J=11.0,4.7 Hz, 1H), 2.27 (ddd, J=13.7, 10.9, 2.8 Hz, 1H), 2.17 (ddd, J =
13.4,5.0,2.2 Hz, 1H), 2.02 (d, J= 7.3 Hz, 3H), 1.96 (q, /= 3.7, 2.4 Hz, 1H), 1.92 — 1.34
(m, 12H), 1.25 (ddq, J=14.7, 12.9, 8.7, 7.3 Hz, 2H), 1.16 (d, /= 6.1 Hz, 3H), 1.13 —
1.01 (m, 2H), 1.01 (s, 3H), 0.95 (dt, J=11.2, 5.8 Hz, 1H), 0.90 (s, 9H), 0.65 (s, 3H), 0.06
(s, 6H). *C NMR (101 MHz, CDCl3) § 170.44, 141.63, 120.95, 77.21, 72.88, 72.61,
56.17, 55.00, 50.26, 42.82, 42.18, 39.22, 37.40, 36.61, 32.10, 31.93, 31.77, 25.94, 24.32,
21.54,20.97, 19.95, 19.44, 18.27, 12.37, -4.57. MS (ESI) m/z 497.4 [M + Na]".

Synthesis of 9. (1R)-1-((3S,8S,10R,13S,14S,17S)-3-hydroxy-10,13-dimethyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-
yl)ethyl acetate. To a solution of ester 8 (10.4 g, 22.0 mmol) in THF (100 mL) was added
tetrabutylammonium fluoride (1.0 M in THF, 43.9 mL, 2.0 equiv.), and the mixture was
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stirred at room temperature for 12 h. The reaction mixture was quenched with sat.
NaHCOs3 (400 mL), then extracted with ethyl acetate (3 < 200 mL). The combined
organic layer was washed with brine (200 mL) and H,O (200 mL), and dried over
Na>SOs. The crude mixture resulting from removing solvents under reduced pressure was
subjected to flash chromatography (30% ethyl acetate in hexane) to give an alcohol with
quantitative yield. '"H NMR (400 MHz, Chloroform-d) § 5.35 (dt, J= 5.3, 1.9 Hz, 1H),
4.84 (dq,J=10.3, 6.1 Hz, 1H), 3.52 (q, /= 8.8, 6.1 Hz, 1H), 2.38 — 2.13 (m, 2H), 2.02
(s, 3H), 1.96 (td, J=4.9, 2.4 Hz, 1H), 1.89 — 1.78 (m, 3H), 1.78 — 1.33 (m, 9H), 1.33 —
1.18 (m, 3H), 1.16 (d, /= 6.1 Hz, 3H), 1.14 — 1.02 (m, 2H), 1.01 (d, J = 2.0 Hz, 3H), 0.96
(ddd, J=12.0, 10.7, 5.0 Hz, 1H), 0.65 (s, 3H). 3C NMR (101 MHz, CDCl3) § 170.46,
140.83, 121.48, 72.88, 71.75, 56.12, 54.98, 50.16, 42.29, 42.17, 39.18, 37.26, 36.52,
31.89, 31.76, 31.66, 25.46, 24.32, 21.54, 20.98, 19.94, 19.40, 12.38. MS (ESI) m/z 383.4
[M + Na]".

Synthesis of 10. (1R)-1-((8S,10R,13S,14S,17S)-10,13-dimethyl-3-oxo-
8,9,10,11,12,13,14,15,16,17-decahydro-3H-cyclopenta[a]phenanthren-17-yl)ethyl
acetate. A solution of 9 (5.0 g, 13.9 mmol) and DDQ (12.6 g, 55.6 mmol) in 1,4-dioxane
(250 mL) freshly dried over NaH was refluxed for 4 hours. The reaction mixture was
cooled to r.t., 40% ethyl acetate in hexane (250 mL) was added, and the mixture was
stirred for 3 min and filtered. The filtrate was dried and subjected to flash
chromatography twice (15% ethyl acetate in hexane and 15% ethyl acetate in DCM) to
afford 10 (3.7 g, 10.4 mmol, 75%) as white crystals. "H NMR (400 MHz, Chloroform-d)
06.99 (d,J=10.1 Hz, 1H), 6.17 (ddd, /=9.8, 6.1, 2.3 Hz, 2H), 5.95 (dd, J=11.5, 2.0
Hz, 2H), 4.81 (dq, J=10.5, 6.1 Hz, 1H), 2.21 (t,J=10.3 Hz, 1H), 1.96 (s, 3H), 1.90 —
1.64 (m, 3H), 1.57 (ddd, J=16.8, 9.4, 3.8 Hz, 2H), 1.38 (ddd, /= 13.0, 9.9, 3.7 Hz, 1H),
1.34 - 1.14 (m, 4H), 1.12 (s, 3H), 1.10 (d, /= 6.1 Hz, 3H), 0.92 — 0.75 (m, 1H), 0.69 (s,
3H). *C NMR (101 MHz, CDCl3) § 186.35, 170.37, 162.54, 152.90, 138.23, 128.13,
127.72, 123.81, 72.59, 54.69, 53.03, 48.40, 42.81, 41.20, 38.82, 38.01, 25.36, 23.69,
21.76,21.52,20.73, 19.88, 12.50. MS (ESI) m/z 377.5 [M + Na]".

Synthesis of 11. (8S,10R,13S,14S,17S)-17-((R)-1-hydroxyethyl)-10,13-dimethyl-
8,9,10,11,12,13,14,15,16,17-decahydro-3H-cyclopenta[a]phenanthren-3-one. To a stirred
mixture of 10 (3.0 g, 8.5 mmol) in methanol (100 mL) was added KOH (2.4 g,

42.4 mmol, 5 equiv.). The reaction mixture was stirred for 3 h at room temperature. Sat.
NaHCOs (900 mL) was added, the mixture was extracted with DCM (3 x 200 mL). The
organic layer was combined, washed with brine (200 mL) and water (200 mL), and dried
under reduced pressure. The crude mixture was subjected to flash chromatography (30%
ethyl acetate in hexane) to give 11 as a white solid (2.6 g, 8.3 mmol, 98%). '"H NMR (400
MHz, Chloroform-d) ¢ 7.09 (d, J= 10.1 Hz, 1H), 6.25 (ddd, /= 10.0, 7.8, 2.4 Hz, 2H),
6.08 —5.93 (m, 2H), 3.77 (dq, J=9.8, 6.1 Hz, 1H), 2.43 — 2.15 (m, 2H), 2.03 — 1.56 (m,
4H), 1.53 — 1.24 (m, 6H), 1.22 (s, 3H), 1.18 (d, J = 6.1 Hz, 3H), 0.89 (s, 3H). °C NMR
(101 MHz, CDCl3) & 186.35, 162.65, 153.01, 138.46, 128.08, 127.62, 123.75, 70.37,
58.08, 53.15, 48.46, 43.01, 41.25, 39.45, 38.04, 25.54, 23.96, 23.86, 21.74, 20.74, 12.39.
MS (ESI) m/z 335.4 [M + Na]".
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Synthesis of 12. (8S,10R,138S,14S,17S)-17-((R)-1-((tert-
butyldimethylsilyl)oxy)ethyl)-10,13-dimethyl-8,9,10,11,12,13,14,15,16,17-decahydro-
3H-cyclopenta[a]phenanthren-3-one. To a stirred solution of 11 (2.4 g, 7.7 mmol) in
DMF (freshly distilled over CaH», 50 mL) was added tert-butyldimethylsilyl chloride
(2.3 g, 15.4 mmol, 2 equiv.) and imidazole (2.1 g, 3.1 mmol, 4 equiv.). The above
mixture was stirred at r.t. overnight. The reaction was quenched by addition of ice water
(150 mL), and extracted with DCM (3 x 100 mL). The organic layer was combined,
washed with brine (100 mL) and water (100 mL), and dried under reduced pressure. The
crude mixture was subjected to flash chromatography (15% ethyl acetate in hexane) to
give 12 as a colorless sticky solid (3.3 g, 7.5 mmol, 97%). 'H NMR (400 MHz,
Chloroform-d) 6 7.10 (d, J = 10.1 Hz, 1H), 6.24 (ddd, J = 9.6, 7.4, 2.4 Hz, 2H), 6.11 —
5.99 (m, 2H), 3.91 — 3.66 (m, 1H), 2.37 —2.16 (m, 2H), 1.90 — 1.51 (m, 3H), 1.45 (tq, J =
8.8,4.4,4.0 Hz, 2H), 1.39 - 1.23 (m, 2H), 1.21 (s, 3H), 1.11 (d, /= 5.9 Hz, 3H), 0.93 (d,
J=0.9 Hz, 3H), 0.91 (d, /= 0.9 Hz, 9H), 0.83 (s, 3H), 0.10 (s, 6H). >*C NMR (101 MHz,
CDCl) 6 186.39, 162.81, 153.14, 138.72, 128.01, 127.53, 123.68, 70.97, 58.04, 53.33,
48.58,42.76,41.30, 39.10, 38.11, 26.07, 25.68, 25.65, 23.81, 23.73, 21.69, 20.72, 18.08,
12.13, -3.43, -3.99. MS (ESI) m/z 449.5 [M + Na]".

Synthesis of 13. (2aR,3aR,3bR,5aS,68S,8aS,8bS)-6-((R)-1-((tert-
butyldimethylsilyl)oxy)ethyl)-3b,5a-dimethyl-2a,3a,3b,3c,4,5,5a,6,7,8,8a,8b-
dodecahydro-2H-cyclopenta| 7,8 |phenanthro[3,4-bJoxiren-2-one. To a solution of 12 (2.1
g, 4.9 mmol) in methanol (44.1 mL) was added 7% methanolic KOH solution (1.47 mL)
and 30% H>O> solution (4.9 mL) at -40 °C. The mixture was allowed to warm up to 0 °C
and stirred at the same temperature for 12 h. The excess H>O, was quenched by adding
saturated Na>SO3 (100 mL). The mixture was extracted with EtOAc (3 x 100 mL). The
combined organic layers were washed with brine (100 mL), dried over Na>SO4, and
concentrated. The crude mixture was subjected to flash chromatography (15% ethyl
acetate in hexane) to provide the epoxide 13 (1.6 g, 3.6 mmol, 73%) as colorless sticky
oil. 'H NMR (400 MHz, Chloroform-d) § 6.26 — 5.99 (m, 2H), 5.66 (d, J = 1.9 Hz, 1H),
3.79 (dq,J=9.1, 5.9 Hz, 1H), 3.62 (d, /=4.1 Hz, 1H), 3.55 - 3.36 (m, 1H), 2.39 - 2.14
(m, 2H), 2.03 — 1.39 (m, 6H), 1.38 — 1.22 (m, 4H), 1.20 (s, 3H), 1.12 (d, /= 5.9 Hz, 3H),
0.91 (d, J= 0.9 Hz, 9H), 0.82 (s, 3H), 0.10 (s, 6H). '>*C NMR (101 MHz, CDCls) §
194.79, 158.98, 140.62, 127.75, 119.39, 77.20, 70.95, 59.49, 58.04, 54.74, 53.00, 46.23,
42.74,38.92, 37.45, 26.06, 25.64, 23.85, 23.73, 21.03, 18.49, 18.08, 12.00, -3.41, -3.99.
MS (ESI) m/z 465.4 [M + Na]".

Synthesis of 14a. (1S,8S,10R,13S,14S,17S)-17-((R)-1-((tert-
butyldimethylsilyl)oxy)ethyl)-1-hydroxy-10,13-dimethyl-
1,2,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-3H-cyclopenta[a]phenanthren-3-one.
A four-necked flask was equipped with a powder addition funnel, a liquid dropping
funnel, a cold-finger filled with dry ice-acetone and connected to an anhydrous NH3
source. Anhydrous N> was swept through the system for 10 min, and then ammonia (10
mL) was trapped in the flask cooled to -80 °C. Lithium wire (350 mg, 6.7 mmol, 50
equiv.) was added to the reaction mixture. After stirring for 30 min, the epoxide 13 (50
mg, 0.14 mmol) in THF (2 mL) was added drop-wise over 2 h. The cooling bath of the
flask was changed to dry ice-MeCN (-40 °C) to allow the reaction to warm up to -40 °C
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for 1 h. The flask was dipped in a -80 °C cooling bath, and sublimed NH4ClI (361 mg, 6.7
mmol, 50 equiv.) was added over 5 min. The mixture turned white and pasty. Liquid NH3
was removed via a stream of nitrogen, and the resulting residue was added to H>O (20
mL) and extracted with EtOAc (3 x 20 mL). The organic layer was washed with brine
(10 mL), dried over Na>;SOs, and concentrated. The residue was subjected to flash
chromatography (20% EtOAc in hexane) to give the 14a (major product, 39 mg, 0.09
mmol, 65%) as a colorless solid. 'H NMR (500 MHz, Chloroform-d) § 5.50 (dd, J=5.5,
2.8 Hz, 1H), 4.03 (s, 1H), 3.67 (dt, J=10.0, 6.0 Hz, 1H), 3.30 — 3.12 (m, 1H), 2.88 (dd, J
=17.5,2.4 Hz, 1H), 2.70 (dd, J= 15.6, 2.8 Hz, 1H), 2.45 (dt, J=15.4, 3.0 Hz, 1H), 2.13
(dt,J=13.1, 3.5 Hz, 1H), 2.01 — 1.88 (m, 1H), 1.62 — 1.28 (m, 10H), 1.28 — 1.13 (m,
2H), 1.11 (s, 3H), 1.01 (d, /= 6.0 Hz, 3H), 0.81 (d, /= 2.0 Hz, 9H), 0.67 (s, 3H), 0.00 (s,
6H). HRMS (ESI+) m/z 447.3289 [M + H]+ (error: -1.1 ppm).

Synthesis of 14. (1S,3R,8S,10R,13S,14S,17S)-17-((R)-1-((tert-
butyldimethylsilyl)oxy)ethyl)-10,13-dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthrene-1,3-diol. A four-necked flask was
equipped with a powder addition funnel, a liquid dropping funnel, a cold-finger filled
with dry ice-acetone and connected to an anhydrous NH3 source. Anhydrous N> was
swept through the system for 10 min, and then ammonia (150 mL) was trapped in the
flask cooled to -80 °C. Lithium wire (1.1 g, 177.6 mmol, 50 equiv.) was added to the
reaction mixture. After stirring for 30 min, the epoxide 13 (1.6 g, 3.6 mmol) in THF (40
mL) was added drop-wise over 2 h. The cooling bath of the flask was changed to dry ice-
MeCN (-40 °C) to allow the reaction to warm up to -40 °C for 1 h. The flask was dipped
in a -80 °C cooling bath, and sublimed NH4Cl (9.5 g, 177.6 mmol, 50 equiv.) was added
over at least 2 h. After the mixture turned white and pasty, liquid NH3 was removed via a
stream of nitrogen. The resulting residue was added H,O (300 mL) and extracted with
EtOAc (3 x 100 mL). The organic layer was washed with brine (100 mL), dried over
NazS0s4, and concentrated. The residue was subjected to flash chromatography (60%
EtOAc in hexane) to give 14 (970 mg, 2.2 mmol, 61%) as a colorless solid. '"H NMR
(400 MHz, Chloroform-d) 6 5.60 — 5.39 (m, 1H), 3.92 (tt, /= 11.2, 5.1 Hz, 1H), 3.79 (s,
1H), 3.73 —3.55 (m, 1H), 2.41 — 2.16 (m, 2H), 2.16 — 2.06 (m, 1H), 2.06 — 1.99 (m, 1H),
1.96 — 1.83 (m, 1H), 1.73 = 1.61 (m, 1H), 1.61 — 1.25 (m, 8H), 1.25—-1.16 (m, 1H), 1.16
—1.04 (m, 2H), 1.01 (dd, J=6.1, 1.4 Hz, 4H), 0.97 (d, J= 1.4 Hz, 3H), 0.82 (d, J= 1.5
Hz, 9H), 0.64 (d, J= 1.4 Hz, 3H), 0.00 (d, J= 1.7 Hz, 6H). *C NMR (101 MHz, CDCls)
0 137.39, 125.56, 72.98, 70.99, 66.47, 58.26, 56.30, 42.05, 41.84, 41.76, 41.41, 39.02,
38.22,31.85,31.78, 26.09, 25.74, 24.48, 23.78, 20.08, 19.50, 18.09, 12.05, -3.41, -4.02.
HRMS (ESI+) m/z 471.3273 [M + Na]+ (error: 0.6 ppm).

Synthesis of 15. (1S,3R,8S,10R,13S,14S,17S)-17-((R)-1-((tert-
butyldimethylsilyl)oxy)ethyl)-10,13-dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthrene-1,3-diyl diacetate. To a solution of alcohol
14 (725 mg, 1.6 mmol) in DCM (20 mL) was added Ac>O (1.6 g, 16.2 mmol, 10 equiv.),
EtsN (3.4 g, 32.4 mmol, 20 equiv.) and catalytic DMAP (0.05 equiv.). The reaction
mixture was stirred at r.t. for overnight. The solvents were removed under reduced
pressure, the resulting mixture was subjected to flash chromatography (10% EtOAc in
hexane) to give 15 (843.7 mg, 1.6 mmol, 98%) as a white solid, which was further
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crystalized in hexane to determine its absolute structure. 'H NMR (400 MHz,
Chloroform-d) 6 5.58 — 5.49 (m, 1H), 5.06 (d, J=3.0 Hz, 1H), 4.92 (tt,J=11.2,4.9 Hz,
1H), 3.72 (dt, J=11.8, 5.9 Hz, 1H), 2.48 (dd, /= 13.7, 5.2 Hz, 1H), 2.42 — 2.28 (m, 1H),
2.21 -2.08 (m, 3H), 2.06 (s, 3H), 2.03 (s, 3H), 2.01 — 1.91 (m, 2H), 1.91 — 1.75 (m, 1H),
1.62 (s, 3H), 1.57-1.23 (m, 6H), 1.23 — 1.11 (m, 1H), 1.11 (s, 3H), 1.08 (d, /= 5.7 Hz,
3H), 0.89 (s, 9H), 0.70 (s, 3H), 0.06 (s, 6H). '*C NMR (101 MHz, CDCl3) § 170.64,
170.59, 136.39, 125.35, 77.43, 74.91, 71.27, 69.66, 58.40, 56.55, 42.35, 42.26, 40.66,
39.23,37.55,32.09, 31.96, 31.82, 26.33, 26.04, 24.65, 24.06, 21.55, 21.35, 20.35, 19.66,
18.31, 12.22,-3.31, -3.81. MS (ESI) m/z 555.4 [M + Na]".

Synthesis of 16. (1S,3R,8S,10R,13S,14S,17S)-17-((R)-1-hydroxyethyl)-10,13-
dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthrene-1,3-diyl diacetate. To a solution of ester 15 (437 mg, 0.8
mmol) in THF (5 mL) was added TBAF (1.0 M in THF, 1.6 mL, 2.0 equiv.) and stirred at
room temperature for 48 h. The reaction mixture was quenched with sat. NaHCO3 (100
mL), then extracted with ethyl acetate (3 x 20 mL). The combined organic layer was
washed with brine (20 mL) and H>O (20 mL), dried over Na>SOs. The crude mixture
after removing solvents under reduced pressure was subjected to flash chromatography
(30% ethyl acetate in hexane) to give an alcohol with quantitative yield. "H NMR (400
MHz, Chloroform-d) & 5.47 (dd, J=5.5, 2.4 Hz, 1H), 4.99 (d, /= 3.1 Hz, 1H), 4.85 (tt, J
=11.4,5.2 Hz, 1H), 3.66 (s, 1H), 2.49 —2.36 (m, 1H), 2.28 (t, /= 13.0 Hz, 1H), 2.08 —
2.00 (m, 2H), 1.99 (d, /= 2.0 Hz, 3H), 1.96 (d, J = 2.0 Hz, 3H), 1.94 — 1.85 (m, 1H), 1.77
(t,J=12.8 Hz, 1H), 1.70 — 1.37 (m, 5H), 1.37 - 1.10 (m, 5H), 1.07 (dd, /= 6.3, 1.9 Hz,
3H), 1.03 (d, J=2.0 Hz, 3H), 1.01 — 0.93 (m, 1H), 0.82 (d, /= 2.1 Hz, 1H), 0.70 (s, 3H).
3C NMR (101 MHz, CDCl3) § 170.38, 170.31, 136.15, 125.03, 74.61, 70.46, 69.40,
58.46, 56.16,42.25,42.14, 40.42, 39.68, 37.33, 31.91, 31.67, 31.54, 25.58, 24.52, 23.72,
21.34,21.10, 20.24, 19.44, 12.37. MS (ESI) m/z 441.4 [M + Na]".

Synthesis of 3. (1S,3R,8S,10R,138S,148S,17S)-17-acetyl-10,13-dimethyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthrene-1,3-
diyl diacetate. To a DCM (10 mL) solution of 16 (200 mg, 0.5 mmol) was added dess—
martin periodinane (811 mg, 1.9 mmol, 4.0 equiv.) and stirred at room temperature for 12
h. The reaction mixture was quenched with sat. NaHCOs3 (30 mL) and stirred for 1 h, then
extracted with DCM (3 x 20 mL). The combined organic layer was washed with brine
(10 mL) and H20 (10 mL), dried over Na;SOs. The crude mixture after removing
solvents under reduced pressure was subjected to flash chromatography (30% EtOAc in
hexane) to give 3 (189 mg, 0.45 mmol, 95%) as a white solid. '"H NMR (400 MHz,
Chloroform-d) 6 5.47 (dd, J=5.4,2.4 Hz, 1H), 5.01 (d, /= 3.2 Hz, 1H), 4.86 (tt, J =
11.6, 5.1 Hz, 1H), 2.52 — 2.35 (m, 2H), 2.28 (t, /= 12.6 Hz, 1H), 2.12 (q, /= 11.4, 10.9
Hz, 1H), 2.04 (s, 3H), 2.00 (s, 3H), 1.96 (s, 3H), 1.92 (d, J= 2.8 Hz, 2H), 1.77 (t,J = 12.8
Hz, 1H), 1.69 — 1.04 (m, 10H), 1.02 (s, 3H), 0.92 — 0.72 (m, 1H), 0.55 (s, 3H). 3C NMR
(101 MHz, CDCl3) 6 209.34, 170.39, 170.34, 136.03, 124.91, 74.52, 69.30, 63.60, 56.85,
43.94,42.03,40.43, 38.69, 37.25, 31.92, 31.67, 31.56, 31.50, 24.45, 22.75, 21.33, 21.15,
20.43,19.41, 13.25. MS (ESI) m/z 439.5 [M + Na]".
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Synthesis of 17. (1S,3R,10R,13S,14R,17S)-17-acetyl-10,13-dimethyl-
2,3,4,9,10,11,12,13,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthrene-1,3-diyl
diacetate. To a solution of compound 3 (170 mg, 0.41 mmol) in sodium-dried benzene—
hexane (10 mL, 1:1) was added dibromantin (70 mg, 0.25 mmol, 0.6 equiv.) and AIBN
(2.7 mg, 0.02 mmol, 0.04 equiv.). The mixture was refluxed for 20 min in a preheated oil
bath (100 °C) and then placed in an ice bath to cool. Insoluble material was removed by
filtration and the filtrate was concentrated to yield a white solid. To a solution of this
solid in tetrahydrofuran (10 mL) was added tetrabutylammonium bromide (33 mg, 0.1
mmol, 0.25 equiv.) and stirred for 75 min at r.t. To this reaction mixture was added
tetrabutylammonium fluoride (0.8 mL of 1.0 M solution in THF, 2 equiv.) and the
resulting solution was stirred for 50 min in the dark. Sat. Na,CO3 solution (30 mL) was
added and stirred for 30 min. The mixture was extracted by ethyl acetate (3 x 30 mL).
The organic layer was dried and concentrated. The residual was subjected to flash
chromatography (20% EtOAc in hexane) to give 17 (88 mg, 0.21 mmol, 52%) as a white
solid. "H NMR (400 MHz, Methanol-d4) § 5.73 — 5.66 (m, 1H), 5.44 (dd, J=5.7, 2.8 Hz,
1H), 5.03 —4.99 (m, 1H), 4.96 (q, /= 6.0 Hz, 1H), 2.73 (t, J= 8.9 Hz, 1H), 2.63 (dd, J =
14.7,5.0 Hz, 1H), 2.57 — 2.35 (m, 2H), 2.21 (t, /= 9.8 Hz, 1H), 2.16 (s, 3H), 2.11 (s,
3H), 2.04 (s, 3H), 2.01 — 1.63 (m, 4H), 1.54 (q, J = 12.0, 8.9 Hz, 3H), 1.46 — 1.06 (m,
2H), 1.03 (s, 3H), 1.01 — 0.79 (m, 1H), 0.58 (s, 3H). 3C NMR (101 MHz, MeOD) &
212.25,172.51, 172.14, 140.91, 136.82, 122.81, 117.73, 75.91, 69.96, 64.34, 55.72,
45.52,42.39,39.24, 39.16, 36.83, 33.09, 32.12, 24.41, 23.89, 21.78, 21.70, 21.52, 16.83,
14.02. MS (ESI) m/z 437.5 [M + Na]".

Synthesis of 18. 1-((1S,3R,10R,13S,14R,17S)-1,3-dihydroxy-10,13-dimethyl-
2,3,4,9,10,11,12,13,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthren-17-yl)ethan-
I-one. To a stirred solution of 17 (20 mg, 0.048 mmol) in methanol (2 mL) was added
K>COs3 (33 mg, 0.24 mmol, 5 equiv.). The reaction mixture was stirred overnight at r.t.
The reaction mixture was dried and subjected to flash chromatography directly
(hexane:EtOAc:MeOH=60:35:5) to give 18 as a white solid (16 mg, 0.047 mmol, 98%).
"H NMR (400 MHz, Methanol-ds) § 5.68 — 5.63 (m, 1H), 5.41 (dd, J= 5.7, 2.8 Hz, 1H),
3.99 (dq,J=11.2,5.8,4.9 Hz, 1H), 3.75 (d, /= 3.2 Hz, 1H), 2.89 (t, /=9.7 Hz, 1H),
2.78 (t,J = 8.8 Hz, 1H), 2.54 — 2.41 (m, 1H), 2.38 — 2.20 (m, 1H), 2.17 (s, 3H), 2.15 —
2.05 (m, 2H), 1.96 — 1.66 (m, 4H), 1.66 — 1.48 (m, 2H), 1.31 (s, 3H), 0.94 (s, 3H), 0.60
(s, 3H). 3C NMR (101 MHz, MeOD) & 212.11, 141.09, 139.17, 122.04, 117.30, 73.09,
65.79, 64.25, 55.72,45.51, 43.29, 40.94, 39.41, 39.31, 38.70, 31.60, 24.37, 23.74, 21.44,
16.74, 13.56. MS (ESI) m/z 353.4 [M + Na]".

Synthesis of 2. (1S,3R,10R,13S,14R,17S)-17-(2-hydroxy-6-methylheptan-2-yl)-
10,13-dimethyl-2,3,4,9,10,11,12,13,14,15,16,17-dodecahydro-1H-
cyclopenta[a]phenanthrene-1,3-diol. To a flame dried flask (25 mL) containing Mg (324
mg, 135.5 mmol, 2 equiv.) and catalytic 12 was added sodium dried THF (10 mL) and 1-
bromo-4-methylpentane (1.1 g, 6.7 mmol, 1 equiv.). Under argon protection, the reaction
mixture was stirred under reflux for 1 h, and cooled to 0 °C. Then the self-made Grignard
reagent (0.35 mL, 0.235 mmol, 5 equiv.) was added to 18 (16 mg, 0.047 mmol, 1.0
equiv.) pre-dissolved in anhydrous THF (3 mL) under 0 °C. The reaction mixture was
allowed to warm to r.t., stirred overnight, quenched with sat. NH4Cl1 (10 mL), and
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extracted with ethyl acetate (3 x 5 mL). The organic layer was combined and washed
with sat. NaHCOs3 (3 mL), brine (3 mL) and water (3 mL), dried over anhydrous Na;SOs4,
and concentrated. The crude mixture was subjected to flash chromatography
(hexane:EtOAc:MeOH=60:35:5) to give product 2 (17 mg, 0.041 mmol, 87%) as a
colorless sticky solid. '"H NMR (400 MHz, Acetone-de) & 5.60 (d, J= 5.7 Hz, 1H), 5.35
(dd, J=5.9,2.9 Hz, 1H), 4.03 (d, /= 6.1 Hz, 1H), 3.76 (s, 1H), 3.72 (d, J = 2.5 Hz, 1H),
3.58 —3.49 (m, 1H), 2.92 (s, 2H), 2.44 (dd, J = 15.2, 5.1 Hz, 1H), 2.24 (dt, J=38.5, 11.7
Hz, 2H), 2.02 — 1.84 (m, 2H), 1.84 — 1.51 (m, 7H), 1.51 — 1.30 (m, 5H), 1.28 (s, 3H), 1.17
(td, J=11.3,9.3, 4.6 Hz, 4H), 0.92 (s, 3H), 0.89 (dd, J = 6.9, 2.5 Hz, 6H), 0.85 (s, 3H).
3C NMR (101 MHz, Acetone) § 141.86, 139.37, 121.14, 116.21, 74.60, 72.59, 65.01,
58.67,55.84,45.16,43.94, 42.88, 41.44, 40.59, 40.53, 40.02, 38.16, 28.67, 26.96, 23.47,
23.04, 23.00, 22.89, 22.73, 21.05, 16.63, 14.07. HRMS (ESI+) m/z 399.3265 [M + Na -
H20O]+ (error: 0.5 ppm).

Synthesis of 1. (1R,3S,Z)-5-(2-((1S,3a8S,7aS,E)-1-(2-hydroxy-6-methylheptan-2-
yl)-7a-methyloctahydro-4H-inden-4-ylidene)ethylidene)-4-methylenecyclohexane-1,3-
diol. A ethyl ether solution of 2 (17 mg, 1 mg/mL) was purged with argon gas for 10 min
and subjected to UVB irradiation for 15 min in a quartz tube with a temperature below 50
°C, using a Rayonet RPR-100 photochemical reactor (Branford, CT). The compound was
protected from light and sit in the dart at r.t. for 10 days to allow the conversion from pre-
VD3 to VD3. The mixture was dried, dissolved in EtOH, and analyzed by an Agilent
1100 HPLC system (Santa Clara, CA) to obtain an optimized the analytical condition
(50-100% MeCN, 0-30 min). The separation was carried out using a preparative HPLC
system. The reaction mixture (500 pnL) was injected by an autosampler onto a 5 pm
Phenomenex Luna-PFP column (250 mm X 21.2 mm) (Torrance, CA) with mobile phase
following the gradient (0-30 min, 40-70% MeCN) at a flow rate of 15 mL/min. Fractions
containing product was monitored by UV absorbance, collected, and dried by lyophilizer
(2.2 mg, 13%). '"H NMR (400 MHz, Methanol-d4) § 6.34 (d, /= 11.1 Hz, 1H), 6.10 (d, J
=11.2 Hz, 1H), 5.31 (s, 1H), 4.92 (s, 3H), 4.38 (d, J= 6.3 Hz, 1H), 4.15 (s, 1H), 2.88 (d,
J=12.7 Hz, 1H), 2.59 — 2.46 (m, 1H), 2.28 (dd, /= 13.4, 6.7 Hz, 1H), 2.17 — 1.96 (m,
2H), 1.90 (d, J = 6.1 Hz, 2H), 1.85 - 1.28 (m, 11H), 1.26 (s, 3H), 1.19 (t, J = 7.2 Hz, 3H),
0.91 (dd, J= 6.6, 2.0 Hz, 6H), 0.73 (s, 3H). HRMS (ESI+) m/z 399.3260 [M + Na -
H20]+ (error: -0.7 ppm).

Crystal Structure Analysis of 15

Crystallization procedure. To a clean test tube (13 < 100 mm), 18 mg of
compound 15 powder and 3 mL anhydrous n-hexane were added. The tube was shaken
until the solid was completely dissolved, then sealed with 5 layers of sealing film
(Parafilm) membrane. The resulting solution was allowed to stand in a quiet environment
for 10 days, by which time the hexane had evaporated, leaving crystals of 15.

X-ray analysis. A colorless, needle-like specimen of 15, approximate dimensions
0.438 mm x 0.050 mm x 0.015 mm, was cleaved from a longer needle. The selected
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crystal was affixed to a MiTeGen sample support with low-viscosity cryo oil, and flash
cooled to 100K for x-ray analysis on a Bruker X8 « diffractometer.

The crystal was illuminated with the X-ray beam from a Bruker [uSCu
microfocus sealed tube, and the diffraction data were measured with a Bruker Photon-100
detector. The resulting images were integrated with the SAINT software package using a
narrow-frame algorithm. Integration of the data based on a monoclinic unit cell yielded a
total of 22378 reflections to a maximum 0 angle of 68.716° (0.83 A resolution), of which
5512 were independent and 4649 (84.3%) were considered observed. The data were
complete (100.0%) to a 0 angle of 67.679° (0.83 A). A numerical absorption correction
was applied, and data were corrected for inter-frame scaling differences, via program
SADABS.

The structure was solved and refined via SHELXT and SHELXL-2014, using the
space group P21, with Z = 2 for the formula unit, C31Hs5205Si (one molecule of 15).
Hydrogen atoms were placed in idealized positions, and refined according to a riding
model. The final anisotropic full-matrix least-squares refinement converged at R1 =
5.96% for the observed data and wR2 = 12.80% for all data. The largest peak in the final
difference electron density synthesis was 0.381 e /A3 and the deepest hole was —0.299
e /A3, with an RMS deviation of 0.052 ¢ /A°.

The structure contains one unique molecule per unit cell, with nine distinct
stereocenters. The data support high confidence in the reported absolute structure, as
judged by a refined Flack parameter value of 0.02(5).

Theoretical Calculations

The calculations were performed with Gaussian 09 program. 2%¢ Structures A and
B (Figure 6-2) were optimized at B3LYP/6-31+G(d) theoretical level, 287-2%8 then
frequency calculation were performed at the same theoretical level at 195.15K. Due to
convergence problem at B3LYP/6-31+G(d), structural optimization and frequency
calculation were carried out at B3LYP/6-31G(d) theoretical level at 298.15 K for
structures A and B. Single point calculations were then performed at a higher theoretical
level with B3LYP/6-311++G(d,p) method in THF using SMD solvation model. 2% Free
energies were given by adding the solvation energy changes to the computed gas-phase
free energies. Computed structures are illustrated using CYLView. *%

The stability difference of A and B is similar to that of equatorial and axial
substituents at chair cyclohexane. The repulsion between the axial oxygen atoms decrease
the stability of conformer B.

Crystallization and Structural Analysis of 1,20S(OH)2D3-VDR Complex

cDNA encoding zZVDR LBD (156-453 AA) was subcloned into pET28b vector to
generate N-terminal His-tag fusion proteins. Purification was carried out as previously
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Figure 6-2. Structures used for calculation.
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described, including metal affinity chromatography and gel filtration 2°°. 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-1 peptide (686-
RHKILHRLLQEGSPS-698). Crystals were obtained in 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 ID23-1 beamline at
ESRF (France). The raw data were processed and scaled with the HKL2000 program
suite 2°!. The crystals belong to the space group P6522, with one LBD complex per
asymmetric unit. The structure was solved and refined using BUSTER 2°2, Phenix % and
iterative model building using COOT #**. Crystallographic refinement statistics are
presented in Table 6-1. All structural figures were prepared using PyMOL
(www.pymol.org/).

VDRE Stimulation Assay

HaCat, Caco-2 and Jurkat cells were transduced by lentiviral VDRE-reporter
(luciferase) vector. 1?3268 278 Caco-2 cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin/amphotericin antibiotic solution (Ab) (Sigma-Aldrich, St. Louis,
MO). HaCaT cells were grown in DMEM supplemented with 5% FBS and 1% Ab. Jurkat
cells were grown in RPMI 1640 medium containing 10% FBS and 1% Ab. All cells were
cultured at 37 °C in a humidified atmos-phere containing 5% CO2. All cell lines were
selected for at least one week by medium containing additional 1.0 pg/mL puromycin
before compound treatment. Each cell line was then plated in a 96-well plate (10,000
cells/100 uL medium/well) using FBS-free media and incubated for 24 h.
1,20S(OH)2D3, 1,25(0OH)2D3 and 22-Oxa-1,25(0OH)2D3 at a series of concentrations in
10% DMSO were added separately to 96-well plate (1.0 pL/well), while 10% DMSO was
used as control. After 24 h incubation, 100 puL of ONE-GIoTM Luciferase Assay System
(Promega, Madison, WI) was added to each well. After 5 min at r.t., the signal was
recorded by a BioTek Synergy HT microplate reader (BioTek Instruments, Inc.,
Winooski, VT, US). All concentrations of secosteroids were tested in triplicate.

VDR Translocation

The effects of 1,20S(OH)2D3 on VDR translocation from the cytoplasm to the
nucleus were tested on previous SKMEL-188 cells model, 2*° which was stably
transduced with pLenti-CMV-VDREGFP-pgk-puro (VDR and EGFP expressed as fusion
protein). 2°%2%7 Cells were treated with secosteroids (up to 100 nM) for 16 h followed by
fixing with 4% paraformaldehyde (PFA). Fixed cells were mounted with fluorescent-
mounting media (Dako, Carpinteria, CA, USA) and analyzed with a fluorescence
microscope. Translocation to the nucleus was determined by counting cells with a
fluorescent nucleus and the results are presented as the percentage of the total cells that
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Table 6-1.

Crystallographic data collection and refinement statistics for zZVDR
LBD in complex with 1,20S(OH):D3

Data processing Parameter

Beamline ID23-1

X-ray source detector PILATUS
oM

L (A) 1.000000

Resolution (A) 47.85-1.98
(2.051 -
1.98)

Crystal space group P 6522

Cell parameters (A) a=b=
65.936;
c=262.97

Unique reflections 24360
(2364)

Mean redundancy 2.0 (2.0)

Rsym (%) 1.54 (27.11)

Mean I/o(I) 14.92 (2.32)

completeness (%) 98 (100)

Refinement

rmsd bond length (A) 0.003

rmsd bond angles 0.62

(deg)

Reryst (%) 20.01

Rfree (%) 22.50

no. of non-H atoms

protein 1992

ligands 30

water 58

average B factor

protein 71.72

ligands 59.89

water 71.70

Ramachandran plots

favored (%) 99

allowed (%) 1.2
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displayed nuclear staining, as described previously. 2°° The data were obtained from at
least two separate experiments, with images taken randomly from at least six different
fields and counted as described. 2%%2%7

Real-time PCR Assay

HaCaT cells were seeded in 60 mm dishes (1 million/dish) in 10 mL DMEM
supplemented with 5% FBS and 1% Ab. After overnight they were cultured in FBS-free
medium for another 12 h to synchronize the cells. The media were then removed, and
compounds in DMEM (5% FBS and 1% Ab) with a concentration of 100 nM were added
to the dishes. After 24 h incubation, media were removed, and 10 mL PBS was used to
wash the dish. Cells were then detached by trypsin, centrifuged in Eppendorf tube,
washed with PBS (5 mL), and stored at -80 °C. Absolutely RNA Miniprep Kit
(Stratagene, La Jolla, CA, USA) was used to isolate the RNA, and Transcriptor First
Strand cDNA Synthesis Kit (Roche Inc., Mannheim, Germany) was used for reverse
transcription (100 ng RNA/reaction). Real-time PCR was carried out using cDNA which
was diluted 10-fold in sterile water and a SYBR Green PCR Master Mix. The forward
reverse primers for VDR, CYP24A1, TRPV6 and CYP27B1 genes were designed based
on the rat and mouse sequences using Primer Quest software (Integrated Device
Technology, San Jose, CA, USA). Reactions (n=3) were performed at 50 °C for 2 min,
95 °C for 10 min and then 40 cycles of 95 °C for 15 s, 60 °C for 30 s and 72 °C for 30 s.
Data were collected and analyzed on a Roche Light Cycler 480. Using a comparative Ct
method, 2'® the amount of the final amplified product was normalized to the amount of p-
actin as a housekeeping gene.

IFNy Inhibition Assay.

Secosteroids were solubilized in absolute EtOH at 10* M and diluted to 10° M by
adding Eagles Minimal Essential Medium (EMEM) containing 9% charcoal-stripped
fetal calf serum, 100 U/mL penicillin and 100 pg/mL streptomycin, non-essential amino
acids, 2.5 mM 2-mercaptoethanol, 2.5 mM L-glutamine >**. Splenocytes were isolated
from 7-week old C57BL/6 female mice, erythrocytes lysed by hypotonic shock, washed
twice with EMEM, suspended and cultured at a concentration for 2 x 10%/mL (500
uL/well) for 72 h in EMEM described above. To each well in a 48-well tissue culture
plate, 450 uL of the splenocytes were added. Secosteroids (50 uL of the 10-6 M stock) or
EtOH diluted 1:100 with the above culture medium were added to triplicate wells and
then incubated at 37 °C in 5% CO2 in a humidified tissue culture incubator for 2 h, after
which 1 pg/well of rat anti-mouse CD3 MOAB was added. After 72 h culture,
supernatants from each well were harvested and analyzed by ELISA for levels (pg/mL)
of D-murine IFNy (RAD Systems, Minneapolis, MN), according to the manufacturer’s
instructions. The concentration of IFNy is supernatants from cultures containing
secosteroids were compared to the concentration of IFNy in the supernatants of EtOH-
treated control cultures, by ANOVA.
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Results and Discussion

Retrosynthesis of 1,20S(OH)2D3

A retrosynthetic strategy including a common 10-OH intermediate (3) was
proposed (Figure 6-3). The D3 structure could be obtained from UVB transformation of
2, 195268278 o f which the 20S-OH and side chain could be achieved by Grignard reaction
of 3. 19201.268.278 Introduction of 1a-OH to 4 could be carried out by a multi-step
conversion similar to androstenolone. 2%

Synthesis of 1,20S(OH)2D3

The synthesis (Figure 6-4) started with deacetylation and TBS protection of
pregnenolone acetate (4) to give intermediate 6. NaBH4 treatment of 6 selectively
afforded 20R epimer as a major product which was then protected by acetyl to go through
the DDQ oxidation safely (75% yield) to produce intermediate 10. After replacing 20-
OAc with 20-OTBS, a 1a,2a-epoxide group was introduced by adding KOH and H>O»
solution to afford intermediate 13 (73%), followed by Birch reduction to give 1a,3p3-diol
14 (61%) as a major product. 2*53% To confirm 1a-OH formation, 14 was protected with
acetyl to produce 15, which was characterized by 1D and 2D NMR spectrometry and
crystalized from hexane for X-ray analysis (Cambridge Crystallographic Data Center,
code: CCDC 1527430). After removal of 20-OTBS, intermediate 16 was oxidized by
DMP to 1a,3B-diacetoxypregn-5-en-20-one (3, 95%), which was then transformed into
the 5,7-diene 7DHC intermediate (17, 52%) by a well-established procedure. 3268278
To avoid potential separation problems caused by acetyl protection during Grignard
reaction, ester hydrolysis was carried out prior to Grignard reaction (87%) to afford
10,208-7DHC (2). UVB irradiation of 2 in ether followed by vitamin D3 isomerization
afforded the desired product (1, 13% yield), which was compared with its enzymatic
counterpart after HPLC separation.

Pregnenolone acetate (4) has often been used as the starting material for 20S(OH)D3
analogs, '°>2%:278 in which la-hydroxylation was necessary to display potent VDR
stimulation activities. '°>2% Previously, the production of 1a-OH derivatives of
20S(OH)D3 analogs was completely relying on CYP27B1 biosynthesis, owing to the lack
of appropriate 10-OH intermediates. The limited amount of 1a-OH derivatives remains a
big hurdle for biological testing. Fortunately, the discovery of 10,3B-diacetoxypregn-5-
en-20-one (3) opens a possible avenue for large scale production of various

1,208(OH)2D3 analogs in the near future.
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Figure 6-4.  Synthesis of 1¢,205-dihydroxyvitamin Ds.

Reagents and conditions: (a) K2CO3, MeOH, r.t., overnight. (b) TBSCI, imidazole, DMF,
r.t., overnight. (c) NaBH4, DCM: MeOH (1:1), 0 °C - r.t., overnight. (d) Ac20, EtzN,
DMAP, DCM, r.t., overnight. (¢) TBAF, THF, r.t., 12 h. (f) DDQ, 1,4-dioxane, reflux, 4
h. (g) KOH, MeOH, r.t., 3 h. (h) TBSCI, imidazole, DMF, r.t., overnight. (i) KOH in
MeOH, 30% H>02, MeOH, -40 °C — 0 °C, 12 h. (j) Li, NH3 (1), -80 °C, 30 min; addition
of starting material in THF, -80 °C, 2 h; -40 °C, 1 h; NH4Cl, -80 °C, 2 h. (k) Ac2O, EtsN,
DMAP, DCM, r.t., overnight. (1) TBAF, THF, r.t., 48 h. (m) DMP, DCM, r.t., 12 h. (n)
Dibromantin, AIBN, benzene: hexane (1:1), reflux 20 min; TBAB, THF, r.t., 75 min;
TBAF, r.t., 50 min. (0) KoCO3, MeOH, r.t., overnight. (p) Mg, I, 1-bromo-4-
methylpentane, THF, reflux, 1 h; addition of self-made Grignard reagent, THF, 0 °C —
r.t., overnight. (q) UVB light, Et,O, 50 °C, 15 min; r.t., 10 d; HPLC, MeCN:H>O. TBSCI
= tert-butyldimethylsilyl chloride, DMAP = 4-dimethylaminopyridine, TBAF = tetra-n-
butylammonium fluoride, DDQ = 2,3-dichloro-5,6-dicyanobenzoquinone, DMP = Dess—
Martin periodinane, AIBN = azobisisobutyronitrile, TBAB = tetra-n-butylammonium
bromide.
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Proposed Mechanism for Birch Reduction of 13

In Figure 6-4, the critical step is the Birch reduction of epoxide 13. Inconsistent
yields of similar reactions were reported ranging from poor to moderate yields for this
modified version of Birch reduction, probably due to difference in synthetic procedure.
298-300 e experienced the same challenge in initial trials. Our efforts to obtain a
consistent yield at this step have shown us that the addition of NH4Cl (quenching step) is
the key to the success of this reaction. Quick addition (< 10 min) of NH4CI gave
predominantly intermediate 14a, whereas slow addition (> 2 h) afforded mainly the
desired product 14. 14a as a semi-reduced intermediate was obtained and characterized
for the first time, and sheds some light on the possible mechanisms of this stepwise
reaction (Figure 6-5).

The solvated electrons from Lithium in liquid ammonia add to the double bond to
give a radical anion. The addition of NH4Cl provides a proton to the radical anion and
also to the penultimate carbanion. Quick addition of NH4CI will totally consume
electrons and mainly form the intermediate 14a. However, slow addition of NH4Cl
afforded mainly the desired product 14 since the remaining electrons will further reduce
ketone 14a. Gaussian calculations were carried out to compare the formation of 3a- and
3B-OH, which as a result have a ratio of 1/1250 (3a-/33-OH) in polar solvent, being
consistent with our synthetic results. Understanding the mechanism helps in optimizing
the yields of this and similar reactions.

Transcriptional Activity

The ability of 1,20S(OH)2D3 to activate VDR was analysed in three cell lines
(HaCaT, Caco-2 and Jurkat) transduced with lentiviral vitamin D response elements
(VDRE) reporter (luciferase). 5201268278 Compared with 1,25(OH)2D3 and 22-Oxa-
1,25(0OH)2D3, two known VDR agonists, 1,20S(OH)2D3 showed potent transcriptional
activity with EC50s of 450.4 nM in HaCaT cells, 284.8 nM in Caco-2 cells and 19.1 nM
in Jurkat cells. Although less active than 22-Oxa-1,25(OH)2D3 in all three cell lines,
1,208(OH)2D3 is equally potent to (HaCaT and Caco-2 cells) or less potent than (Jurkat
cells) 1,25(0OH)2D3, the native ligand of VDR (Table 6-2).

X-ray Crystallographic Analysis of the zZVDR Ligand Binding Domain in Complex
with 1,208(OH)2D3

The overall structure of VDR-1,20S(OH)2D3 (Protein Data Bank, code: SMX7) is
highly homologous to the VDR-1,25(OH)2D3 structure, adopting the canonical active
conformation. When compared to the zVDR LBD-1,25(OH)2D3 structure *°!, the Ca
atoms of the zVDR LBD-1,20S5(OH)2D3 complex have a root mean square deviation of
0.25 A over 238 residues. The ligand binds similarly as 1,25(OH)2D3 (Figure 6-6 and
Figure 6-7). The 1-OH and 3-OH form similar H-bonds while the 20S-OH forms a weak
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Figure 6-5. Proposed reaction mechanisms for Birch reduction of 13.

Table 6-2.  VDRE stimulation effect of 1,20S5(OH)2D3.

Compound VDRE stimulation (ECso, nM)  IFNy production
(pg/mL)
HaCaT Caco-2 Jurkat
Control NA NA NA 710+9
1,20S(OH)2D3 450.4+14.9 284.8+13.2 19.1£0.9 383+3
1,25(0OH)2D3 421.943.1  300.2+9.2  2.1+0.1  353+11
22-Oxa- 10.5£2.6  154.5+0.8 1.2+0.1  258+2

1,25(0H),D3
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Figure 6-6. X-ray crystal structures of 1,205(OH):D3 and 1,25(OH)2D3 in complex
with zVDR LBD.
Hydrogen bonds are shown by dashed lines and hydrogen-bonding residues are labelled.
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H397
R274

Y143

S278

1,205(0OH),D4/1,25(0H),D

Figure 6-7. Molecular interactions of VDR LBD in the presence of 1,20S(OH)2D3
or 1,25(OH)2D3.

A) Details of the interactions mediated by the side chain of 1,20S(OH).D3 with residues
of the zZVDR LBD at a 4 A distance cutoff. The residues numbers correspond to hVDR.
(B) Overlay of 1,25(OH)2Ds (carbon atoms in orange and oxygen atoms in red) with
1,20S(OH)2Ds (grey) within zZVDR LBD complexes with the indication of the hydrogen
bonds formed by the ligands. The Hydrogen bonds are shown by red or yellow dashed
lines and Van Der Waals interactions by grey dashed lines.
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H-bond with His305 (3.42 A) and does not interact with His397. (Note that the residues
numbers correspond to hVDR). His305 (loop6-7) is slightly shifted to maintain this
interaction. In addition, the 205-OH forms a Van der Waals interaction with Val300.
While most of the Van der Waals interactions are maintained, the side chain and terminal
methyl groups that are differently positioned interact differently with some of the
residues (Figure 6-7). Weaker interactions are formed with Leu227 (4.1 A instead of 3.8
A with C26) and Tyr399 (4.1 A instead of 3.8 A with C27), interactions compensated by
stronger interactions with Val234 (3.9 A instead of 4.2 A with C22), and Leu412 (3.9 A
instead of 4.2 A with C27). Overall, the efficient H-bond interaction of 20S-OH with
His305 and hydrophobic contacts formed by the ligand explains its agonist activity,
however, less potent than or comparable to 1,25(OH)2D3.

VDR Translocation Activity

1,25(0H)2D3 stays inactive until it binds to cytosolic or membrane VDR.?
Translocation of 1,25(OH)2D3-bound VDR from cytoplasm to nucleus is a key step to
exert its regulatory effects. 2% % In SKMEL-188 melanoma cells transduced with pLenti-
CMVVDR-EGFP-pgk-puro, 2’ both 1,20S(OH)2D3 and 1,25(0OH)2D3 showed
stimulatory effect with ECso values of 2.14x10? and 7.87x10” nM (Figure 6-8),
respectively. The results indicate that 1,20S(OH)2D3 induces VDR translocation in a
similar fashion with 1,25(OH)2D3.

Regulatory Activity of VDR Downstream Genes

To investigate how 1,205(OH)2D3 affects VDR target genes through VDR
activation, the expression levels of VDR, CYP24A1, TRPV6 and CYP27B1 genes were
studied in HaCaT cells (Figure 6-8). 1,20S(OH)2D3 was capable of mildly upregulating
the expression (1.6-fold) of its own receptor, the VDR, while being moderately stronger
than 1,25(OH)2D3 (1.3-fold) and comparable to 22-Oxa-1,25(0OH)2D3 (1.7-fold).
1,25(0OH)2D3 is known to induce expression of vitamin D catabolism enzyme
CYP24A1. 7?7 Similarly, 1,20S(OH)2D3 strongly stimulates CYP24A41 mRNA levels
34-fold, as compared with 10-fold for 1,25(OH)2D3 and 78-fold for 22-Oxa-
1,25(OH)2D3. In addition, TRPV6 encoding an intestinal calcium channel is also a well-
known target of VDR for mineral homeostasis. 2’3 The mRNA levels of TRPV6 were
increased by 1.4-, 1.4- and 2.6-fold for 1,20S(OH)2D3, 1,25(OH)2D3 and 22-Oxa-
1,25(0OH)2D3, respectively. Moreover, VDR activation induced by its agonist inhibits the
expression of vitamin D activation enzyme CYP27B1. 21639 Ag shown in Figure 6-8
although weaker than 1,25(OH)2D3 and 22-Oxa-1,25(0OH)2D3, 1,205(OH)2D3 slightly
inhibited the expression of CYP27B1. These results indicate that 1,20S5(OH)2D3 is able to
activate VDR, and exert its effects through regulating VDR target genes in a similar
manner to 1,25(OH)2D3.
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Figure 6-8.

Biological activities of 1,20S(OH):D:s.

(A) The effect on vitamin D receptor (VDR) translocation from cytoplasm to nucleus.
Data are mean = SEM (n > 6). The dose-dependent stimulation of VDR translocation was
analysed by one-way ANOVA with #p<0.05 and ##p<0.01. The differences between
control and treatment were analyzed with Student’s t-test, where *p<0.05 and **p<0.01.
(B) 1,20S(OH).D5 regulates mRNA expression of genes VDR, CYP24A1, TRPV6 and
CYP27B1 in HaCaT cells at 100 nM after 24 h treatment (n = 3). *p< 0.05, **p<0.01 and

*#%<0.001.
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Anti-inflammatory Activity

As shown in Table 6-2, positive controls 1,25(0OH)2D3 and 22-Oxa-1,25(OH)2D3
decreased IFNy production by 50% and 64% at 1.0 nM, respectively. 1,20(OH)2D3
significantly reduced IFNy concentrations (56% reduction), being comparable with
1,25(0OH)2D3 however less potent than 22-Oxa-1,25(0OH)2D3. The results suggested that
1,20(OH)2D3 have good anti-inflammatory effect, and could serve as a lead compound
for development of 1,20(OH)2D3 analogs.

Summary

The natural vitamin D3 metabolite, 1,20S(OH)2D3 was chemically synthesized
for the first time and biologically tested. The mechanism of the critical Birch reduction in
the 10-OH synthesis was proposed for the first time; understanding this mechanism will
help optimize synthetic yields of similar 1a-OH intermediates. 1a,3p-diacetoxypregn-5-
en-20-one can serve as a common intermediate for production of other 1,20S(OH)2D3
analogs. 1,205(OH)2D3 strongly binds to and activates VDR leading to regulatory effects
similar to those of 1,25(OH)2D3 on VDR downstream genes including, but not limited
to, VDR, CYP24A1, TRPV6 and CYP27B1. The crystal structure of 1,20S(OH)2D3 in
VDR reveals differences from 1,25(0OH)2D3, with respect to their interactions, including
the important role of the efficient, H-bond mediated interaction between 20S-OH and
His305. This study provides a basis for rational design and practical synthesis of novel
1,208(OH)2D3 analogs for future drug development.
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CHAPTER 7. CONCLUSION

To conclude, the new Gemini 20S(OH)D3 analogs were able to activate the VDR.
Analysis of gene expression at the mRNA level showed that the analogs regulated
CYP24A1, VDR and TRPV6 genes, consistent with their effects being mediated through
activation of the VDR. In addition, these analogs displayed anti-proliferative and anti-
inflammatory activity, which might also correlate with their VDR activation process.
This study suggests that Gemini 20S(OH)D3 analogs have great potential as therapeutic
agents on the immune system.

20S,24S(0OH)2D3 and 20S,24R(OH)2D3 were chemically synthesized for the first
time. The C24 stereochemistry of the two isomers was unambiguously assigned by NMR
analysis. HPLC retention times of chemically synthesized 20S,24S(OH)2D3 and
20S,24R(OH)2D3 enabled the identification of the major isomer produced from
20(OH)D3 by CYP24A1 as 20S,24R(OH)2D3 and the minor isomer as
20S,24S(0OH)2D3. 20S,24R(OH)2D3 is also the isomer produced from 20(OH)D3 by an
unidentified P450, distinct from CYP24A1 (which is not expressed in liver) in mouse
liver microsomes. Biological studies showed that the 24R-epimer had stronger or more
potent biological activity, regardless of whether the compound was 1a-hydroxylated or
not. The 20,24(OH)2D3 isomers lacked the ability to activate VDRE using a synthetic
promotor construct, however, their 1a-OH products showed potent VDRE-LUC
activation, significantly more potent than that of 1,25(OH)2D3 and comparable with that
of or 22-Oxa. In addition, inhibition of IFNy production by splenocytes and stimulation
of LAIR-1 production indicates that that 24R-epimer is also more active than 24S-epimer
with respect to anti-inflammatory activities. The different properties of 20S,24S(OH)2D3
and 20S,24R(OH)2D3 are further demonstrated by the ability of CYP27B1 to metabolize
20S,24R(0OH)2D3 with a catalytic efficiency 5.5-fold higher than that for
208S,24S(OH)2D3, but comparable to 1,25(OH)2D3. In summary, 20S,24R(OH)2D3
displays greater biological activity than 20S,24S(OH)2D3, with 1a-hydroxylation
enhancing the activities of both epimers. Further investigation on the interaction with the
vitamin D receptor and subsequent signal transduction pathways would likely explain
their differential biological activities.

20S8,23R/S(OH)2D3 and their 1a-OH metabolites were synthesized for the first
time, and 20S5,23S(OH)2D3 was confirmed to be the natural metabolite. These
compounds showed different abilities to activate the VDR with 10,208,23R/S(OH)3D3
being the most potent. They all showed anti-inflammatory and anti-proliferative
activities, although these different biological activities were not linearly correlated, most
likely due to distinct mechanisms and structural requirements leading to these biological
activities. Further biological studies of the unnatural metabolite, 10,205,23R/S(OH)3D3,
will be necessary to investigate its drug-like properties in comparison to its natural 23S
counterpart.

Four 20S(OH)D3 analogs with side chain modifications on C24 were chemically
synthesized, and their 1a-OH derivatives [except that of 23,24-amide-1,20S(OH)2D3]
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were produced from biosynthesis of CYP27B1. Enzymatic studies showed that CYP27B1
can activate (1a-hydroxylate) 20S(OH)D3 analogs [except 23,24-amide-20S(OH)D3],
and CYP24A1 can metabolize all analogs, with faster rates than 20S(OH)D3 itself for
both CYP27BI1 activation and CYP24A1 catabolism. 20S(OH)D3 analogs showed mild
to moderate VDR stimulatory, VDR downstream gene regulatory and anti-inflammatory
activities, and these activities can be significantly improved by 1a-hydroxylation. Co-
crystal structures of VDR in complex with 20S(OH)D3, 24-DB-20S(OH)D3, and 23,24-
amide-20S(OH)D3 will reveal their molecular interactions in the binding pocket of VDR,
and in turn will be insightful for developing novel VDR agonists as anti-inflammatory
agents.

The natural vitamin D3 metabolite, 1,205(OH)2D3 was chemically synthesized
for the first time and biologically tested. The mechanism of the critical Birch reduction in
the 1a-OH synthesis was proposed for the first time; understanding this mechanism will
help optimize synthetic yields of similar 1a-OH intermediates. 1a,3B-diacetoxypregn-5-
en-20-one can serve as a common intermediate for production of other 1,20S(OH)2D3
analogs. 1,205(OH)2D3 strongly binds to and activates VDR leading to regulatory effects
similar to those of 1,25(OH)2D3 on VDR downstream genes including, but not limited
to, VDR, CYP24A1, TRPV6 and CYP27B1. The crystal structure of 1,20S(OH)2D3 in
VDR reveals differences from 1,25(OH)2D3, with respect to their interactions, including
the important role of the efficient, H-bond mediated interaction between 20S-OH and
His305. This study provides a basis for rational design and practical synthesis of novel
1,208(OH)2D3 analogs for future drug development.

In summary, different series of 20S(OH)D3 analogs have been synthesized in this
study. Biological tests suggest that these analogs were substrates of CYP27B1 and
CYP24A1, were able to activate VDR, regulate VDR downstream genes, and exert their
anti-inflammatory effects. Crystallography analysis of 1,20(OH)2D3 and 20S(OH)D3
analogs (will report later) showed that they are ligands of VDR, and show different
interactions in the VDR binding domain compared with 1,25(OH)D3, the native ligand of
VDR. Together with the investigations of 1,20(OH)2D3, this study provides molecular
basis of design, practical synthetic strategies, and insightful mechanisms of actions for
future development of 20S(OH)D3 and 1,20(OH)2D3 analogs as VDR agonists and anti-
inflammatory agents.
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