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Abstract: 2α-modification on the vitamin D skeleton with a 2α-(ω-hydroxyalkyl) or 2α-(ω-hydroxyalkoxy) group
improves vitamin D receptor (VDR) binding affinity, lengthens the half-life in target cells because of increased
resistance to CYP24A1 metabolism, and enhances biological activity. The introduced terminal hydroxy group
forms an additional hydrogen bond to Arg274, which is the most important amino acid residue for recognizing
the ligand hormone 1α,25-dihydroxyvitamin D3 of human VDR. According to our 2α-functionalization concept,
we synthesized several hundred vitamin D analogs, and some had selective potent biological activity, such as
bone formation (by AH-1) or anticancer activity (by MART-10), without the side-effects of vitamin D such as hy-
percalcemia. A potent hVDR antagonist NS-74c and stable 14-epi-tachysterol derivatives are also described in
this short review.
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1. Introduction

1α,25-Dihydroxyvitamin D
3

or
1α,25(OH)

2
D

3
, the most physiologically

active hormonal form of vitamin D
3
in

humans, regulates cellular proliferation
and differentiation, apoptosis, and im-
mune responses, in addition to its major
classical roles in calcium and phosphorus
homeostasis and bone mineralization.[1]
The cellular and physiological actions
of 1α,25(OH)

2
D

3
are mediated primarily

through the vitamin D receptor (VDR),
which belongs to the nuclear receptor su-
perfamily and acts as a ligand-dependent
transcription factor.[2] The biology of
VDR-[1α,25(OH)

2
D

3
] signaling involves

stimulation of intestinal calcium and phos-
phate absorption to prevent rickets, en-
hancement of bone remodeling, differenti-
ation of skin cells, and potential anticancer
actions through the control of epithelial
cell growth and differentiation. However,
the therapeutic use of 1α,25(OH)

2
D

3
is

limited because 1α,25(OH)
2
D

3
causes se-

rious side effects, such as hypercalcemia
and hyperphosphatemia, at superphysi-
ological levels. Therefore, numerous ana-
logs of 1α,25(OH)

2
D

3
have been devel-

oped, which are more efficacious, safer,
and more selective than 1α,25(OH)

2
D

3
.

Chemical modifications on the seco-ste-
roidal skeleton of 1α,25(OH)

2
D

3
, such as

eldecalcitol, maxacalcitol, tacalcitol, calci-
potriol, paricalcitol, and falecalcitriol, are
clinically used to treat osteoporosis, bone
diseases, secondary hyperparathyroidism,
and psoriasis.[1]

We synthesized several hundred vita-
minD analogs with different 2α-functional
groups, which form additional hydrogen
bonds between the ligand A-ring and
Arg274 at the VDR ligand binding do-
main (LBD), and some had strong agonist
or antagonistic activity for human VDR
(hVDR).

2. O1C3 and O2C3: Development of
Superagonists of hVDR that Form
Additional Hydrogen Bonds with
hVDR

When 1α,25(OH)
2
D

3
binds to hVDR,

six hydrogen bonds are formed between
the three hydroxy groups of 1α,25(OH)

2
D

3
and the six amino acid residues of the
LBD of hVDR. One of the most impor-
tant hydrogen bonds connects the 1α-OH
group of 1α,25(OH)

2
D

3
to the Arg274

residue of the receptor.[3] The binding af-
finity of 1α,25(OH)

2
D

3
to hVDR is 500–

1000 times stronger than that of 25-hy-
droxyvitamin D

3
[25(OH)D

3
]. The LBD

of hVDR contains water molecules from
the A-ring anchoring moiety to the sur-
face of the protein to stabilize the VDR-
[1α,25(OH)

2
D

3
] complex by forming a

hydrogen bond network with these water
molecules. This water molecule network is
called a water channel.[4] We synthesized
2α-(3-hydroxypropyl)-1α,25(OH)

2
D

3
(O1C3)[5] and 2α-(3-hydroxypropoxy)-
1α,25(OH)

2
D

3
(O2C3),[6] which have

3-times and 1.8-times higherVDR binding
affinity, respectively, than 1α,25(OH)

2
D

3
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comparing the 1H NMR and 13C NMR
chemical shifts of the correlated methy-
lene and methine H atoms of 4a and 4b
(Scheme 1).[10a]

The A-ring precursor 4a and the CD-
ring bromoolefin 5 were connected under
Trost coupling conditions. The coupling
product was deprotected and purified
with HPLC for biological evaluation
(Scheme 2).

altropyranoside 2,[11] which was available
from methyl α-D-glucoside (Scheme 1).
Compound 2 was converted to enyne alco-
hol 3, and a Mitsunobu reaction between
3 and 1H-tetrazole gave the desired pro-
tected enynes 4a and 4b in yields of 81%
and 19%, respectively. Each synthetic step
proceeded smoothly, giving good to high
yields. The chemical structures of these
two isomeric enynes were determined by

(Fig. 1).[7] X-ray co-crystallographic anal-
yses of both VDR-O1C3 and VDR-O2C3
complexes clearly revealed that the termi-
nal hydroxy group of both synthetic ligands
forms a hydrogen bond with the guanidino
group of the Arg274 residue and replaces
one of the water molecules in a hydro-
gen bond with the guanidino group of the
LBD of hVDR to stabilize the complex.[4]
Therefore, O1C3 and O2C3 form pincer-
type complexes using two OH-groups at
the 1α-position and the ω-position of the
2α-side chain with hVDR through the gua-
nidino group ofArg274 (Fig. 2). O1C3 and
O2C3 have greater biological activities in
vitro and in vivo, including transactivation
of target genes, induction of HL-60 cell
differentiation, and elevation of rat serum
calcium concentration, than those of the
natural hormone 1α,25(OH)

2
D

3
.[5,6,8]

The 2α-substituted active vitamin D
3

analogs, includingO1C3 andO2C3, are re-
sistant to metabolism by CYP24A1, which
is an inactivating enzyme of 1α,25(OH)

2
D

3
and 25(OH)D

3
, and the 2α-modified li-

gand has a long half-life in target cells.[9]
The resistance of vitamin D analogs to
CYP24A1-dependent metabolism may
prolong their biological effects.

3. AH-1: A Potent Therapeutic for
Bone Formation in vivo without
Calcemic Activity

Based on the above results, we tried to
use nitrogen atoms of an azole ring, instead
of the hydroxy group on the introduced
2α-side chain to create additional pincer-
type hydrogen bonds with theArg274 resi-
due. We studied the effects of azole rings,
such as tetrazole, triazole, and imidazole,
at the 2α-position of 1α,25(OH)

2
D

3
on

binding to hVDR and on biological activi-
ties in vitro and in vivo.

2α - [ 2 - ( Te t r a z o l - 2 - y l ) e t h y l ] -
1α,25(OH)

2
D

3
(1a: AH-1) and the re-

lated compounds 1b–1f were synthesized
(Fig. 3). AH-1 had potent binding affinity
for hVDR [67% of 1α,25(OH)

2
D

3
] and

increased transactivation activity in hu-
man osteosarcoma (HOS) cells (EC

50
10

pM) compared to that of 1α,25(OH)
2
D

3
(EC

50
26 pM). AH-1 was evaluated for its

in vivo therapeutic effect using ovariecto-
mized (OVX) rats as an osteoporosis mod-
el animal. AH-1 increased the bone min-
eral density (BMD) of spine (L4-L5) bone
mass at low doses of 0.007 and 0.02 µg/kg/
day 5 times a week for 4 weeks, without
significant side effects of increased serum
calcium, such as hypercalcemia, compared
to that of 1α,25(OH)

2
D

3
.[10]

For AH-1 synthesis, the A-ring precur-
sors of enynes, 2-substituted tetrazole 4a
and 1-substituted isomer 4b, were synthe-
sized from methyl 3-deoxy-3-C-ethenyl-

OH
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Fig. 1. Structures of 1α,25(OH)2D3 and synthetic vitamin D analogs O1C3 and O2C3 with
2α-functionalization, which have potent VDR binding affinity and biological activity as superagonists.
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Fig. 2. X-ray studies
on hVDR LBD-O1C3
complex. The A-ring
part is magnified,
and W1-3 are water
molecules in the
original hVDR LBD-
(active vitamin D3)
complex.[3] The
Protein Data Bank
accession number for
the coordinates of the
structure of the VDR
complex with O1C3 is
2HB7.[4]
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Fig. 3. Structures of AH-1 with an azole ring and related synthesized analogs. Figure reproduced
with permission of the American Chemical Society from ref. [10a].
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We examined the crystal structure of
the truncated hVDR LBD-(AH-1) com-
plex and confirmed pincer-type hydro-
gen bond formation of the 1α-OH group,
Arg274, and one of the nitrogen atoms of
the tetrazole ring of AH-1.[10,14]

We also synthesized four 2-[3-(tetrazo-
lyl)propyl]-19-nor-1α,25(OH)

2
D

3
analogs,

but these 19-nor analogs with a propyl
group instead of the ethyl group as a linker
had weak transactivation activity through
hVDR in human osteosarcoma cells (HOS
cells) (EC

50
7.3 nM, when 1α,25(OH)

2
D

3
0.23 nM).[15]

4. NS-74c: A 2α,24-Double Modified
TEI-9647 Analog and Potent hVDR
Antagonist

Antagonists are receptor-bindingmole-
cules that inhibit the actions of their respec-
tive natural ligands, and many antagonists
bind both the normal ligand binding site
and neighboring sites. The first specific
vitamin D receptor antagonists TEI-9647
and its (23R)-epimer TEI-9648, which are
25-dehydro-1α-hydroxyvitamin D

3
-26,23-

lactones, bind the normal ligand binding
site of the LBD of hVDR. TEI-9647 and
TEI-9648 were discovered by the Teijin
research group in 1999 by modifying the
side chain of a 1α,25-dihydroxyvitamin
D

3
-26,23-lactone metabolite (6)[16] derived

from 1α,25(OH)
2
D

3
in the CYP24A1-

deactivating process (Fig. 4).[17]
TEI-9647 and TEI-9648 have an

α-methylene-γ-butyrolactone part on the
sidechain,which isadehydratedformof the
natural metabolite 6, and TEI-9647 in the
23S-configration is a stronger antagonist
than TEI-9648 in the 23R-configuration.
TEI-9647 inhibits the differentiation of
HL-60 cells and suppresses the gene ex-
pression of CYP24A1 in HOS cells and in
HL-60 cells induced by 1α,25(OH)

2
D

3
.[17]

VDR antagonists may be potent therapeu-
tic agents for some diseases caused by
hypersensitivity to 1α,25(OH)

2
D

3
, such as

Paget’s disease, which is the most extreme
example of disordered bone remodeling
and the second most common bone disease
after osteoporosis in Anglo-Saxons.[18]
Studies on Paget’s disease suggest a spe-
cific increase in osteoclast sensitivity to the
differentiation activity of 1α,25(OH)

2
D

3
as

theprincipalmechanism for abnormal bone
formation.[19] TEI-9647 inhibits osteoclast
formation induced by 1α,25(OH)

2
D

3
in

Pagetic bone marrow cells.[20]
We synthesized almost 150 an-

alogs of TEI-9647 based on the
2α-functionalization concept with an
additional C24-modification to improve
both VDR binding affinity and the half-
life of TEI-9647, which contains a chemi-
cally reactive α,β-unsaturated lactone ring

O2C3 (ca. 2–4%).[9] We determined by
HPLC that the major metabolite of AH-1
by CYP24A1 was (24R)-hydroxylated-
AH-1[13] and found that it had similarVDR
binding affinity and human leukemia cell
(HL-60 cell) differentiation activity to
that of AH-1. In contrast, 1α,25(OH)

2
D

3
was metabolized by multistep monooxy-
genation reactions of CYP24A1, and the
end-product lost binding affinity for VDR.
Therefore, the greater therapeutic effects of
AH-1 compared to those of 1α,25(OH)

2
D

3
in vivo using OVX rats may be because of
higherVDR binding affinity even after me-
tabolism by CYP24A1.[12]

Initially, we thought that this potent
bone-forming activity in vivo would be
caused by the long half-life of AH-1,
because AH-1 had a 2α-substituent like
O1C3 and O2C3, which were resis-
tant to CYP24A1-deactivating metabo-
lism. However, Prof. Sakaki of Toyama
Prefectural University used a membrane
fraction prepared from recombinant E.
coli expressing human CYP24A1 in a
kinetic analysis to show that the k

cat
/K

m
(µM–1min–1) value for AH-1 was 31% of
that for 1α,25(OH)

2
D

3
,[12] which suggests

that AH-1 is not as resistant to CYP24A1-
dependent metabolism as O1C3 and

O

O

O
MeO

PhHO
OTBS

OH

TBSO

2 3

OTBS

C
N

TBSO

4a (81%)

N
C N

N

OTBS

C
N

TBSO

4b (19%)

C
N N

N

H
H

H
H

H

H

8.56 ppm

8.46 ppm

4.68-
4.82 ppm

4.47-
4.64 ppm

+

53.0 ppm 48.2 ppm

152.6 ppm

142.1 ppm

O

OCH3HO
HO

HO

HO

methyl α-D-glucoside

Mitsunobu
reagents

N N
N

H
N
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inoculated with pancreatic cancer cells,
MART-10 had 10-fold higher anti-tumor
activity than that of 1α,25(OH)

2
D

3
with-

out raising serum calcium.[33] The higher
biological activity of MART-10 occurs
because of tighter binding toVDR, which
is similar to that of 1α,25(OH)

2
D

3
, from

the 2α-(3-hydroxypropyl) group,[30a]
and because of increased resistance
to CYP24A1 degradation inside cells.
CYP24A1 is only 1% effective on
MART-10 compared to 1α,25(OH)

2
D

3
,

which results in a longer MART-10 half-
life in cells.[9a] Another unique property
of MART-10 is that it has a lower bind-
ing affinity for vitamin D binding pro-
tein (DBP) than 1α,25(OH)

2
D

3
.[34] This

lower binding affinity results in a higher
concentration of bioavailable MART-10
in circulation for translocation to vari-
ous target tissues, indicating the poten-
tial role of DBP in the effectiveness and
pharmacodynamics of vitamin D analogs
in vivo. We found that MART-10 was ei-
ther non-calcemic or less calcemic than
1α,25(OH)

2
D

3
in vivo.[32b,33] MART-11

with a 2β-(3-hydoxypropyl) group is al-
so biologically active but less potent than
MART-10.[30a,32a]

thylidene group from the natural hormone
1α,25(OH)

2
D

3
reduces the VDR binding

affinity because of the loss of hydropho-
bic interaction with the LBD of VDR. The
binding affinity of 19-nor-1α,25(OH)

2
D

3
is only 30% and 17% of 1α,25(OH)

2
D

3
for

porcine VDR[29] and calf thymus VDR,[30a]
respectively. We modified the 19-norvita-
min D skeleton with a 2α-(ω-hydroxy)al-
kyl group to improveVDR binding affinity
similar to that of O1C3, and we expected
the calcemic activity of 1α,25(OH)

2
D

3
may decrease due to removal of its
10(19)-exomethylene group.

As shown in Scheme 4, the key cou-
pling reaction of an A-ring ketone and a
CD-ring for the C5–C6 double bond was
performed by Julia-Kocienski olefina-
tion, and 2α-(3-hydroxypropyl)-1α,25-
dihydroxy-19-norvitamin D

3
(MART-10)

and its 2-epimer MART-11 were synthe-
sized.[30,31]

MART-10 has marked anti-tumor
activity, which is about 2–3 magnitudes
more active than 1α,25(OH)

2
D

3
in the

prostate, liver, pancreatic, breast, ana-
plastic thyroid, head and neck cancer
cells, and cholangiocarcinoma cells in
culture.[31–34] In a xenograft animal model

that is unstable in blood.[21,22] We investi-
gated C2α and C24-double modification
of vitamin D

3
lactone analogs of TEI-9647

and found a potent compound (23S,24S)-
25-dehydro-2α-(3-hydroxypropoxy)-24-
propyl-1α-hydroxyvitamin D

3
-26,23-

lactone (NS-74c). NS-74c had almost
1000-fold higher antagonistic activity
(IC

50
= 7.4 pM) than that of the original

TEI-9647 (IC
50
= 6.3 nM).[23] The antago-

nistic activities were assessed by the NBT-
reduction method in terms of inhibition of
HL-60 cell differentiation induced by 10
nM of 1α,25(OH)

2
D

3
. The synthetic route

is shown in Scheme 3.
The exo-methylene lactone structure is

indispensable for the antagonistic activity
of TEI-9647.[24] The LBD of the hVDR
contains two cysteine residues, Cys403
on helix 11 and Cys410 in the hinge re-
gion between helix 11 and helix 12, which
are close to the CD-ring side chain of
1α,25(OH)

2
D

3
in the hVDR-ligand com-

plex in X-ray studies.[3] These two cyste-
ines are important for antagonist activity
of TEI-9647 on VDR.[25] The nucleophilic
thiol groups of Cys403 and Cys410 may
attack the α-methylene-γ-lactone of TEI-
9647 and its analogs via 1,4-addition to
give a corresponding cysteine adduct.[26]
When the exo-methylene moiety is located
at a more favorable position to react with
Cys403 and/or Cys410 after binding, the
TEI-9647 analog has stronger VDR an-
tagonistic activity. The potent antagonistic
activity of NS-74c may occur because it is
situated in a preferable position relative to
the exo-methylene group toward the cys-
teine residues after binding the LBD of
VDR.

5. MART-10: A 2α-Modified
19-Norvitamin D3 for Cancer
Therapy

Epidemiological studies have found
that low plasma 25(OH)D levels increase
the risk of cancer.[27] The potent cellular
modulatory properties of 1α,25(OH)

2
D

3
,

including anti-proliferation, anti-invasion,
anti-angiogenesis, anti-inflammation, pro-
apoptosis, and pro-differentiation, sug-
gest that 1α,25(OH)

2
D

3
can be used as a

therapeutic agent for cancer.[1] However,
1α,25(OH)

2
D

3
can cause hypercalcemia,

and safer analogs of 1α,25(OH)
2
D

3
that

have less calcemic activity but retain anti-
proliferative activity are more attractive
therapeutic agents.

In 1990, Perlman et al. synthesized
19-nor-1α,25(OH)

2
D

3
and found that it in-

duced the differentiation of human leuke-
mia HL-60 cells in vitrowith potency com-
parable to that of 1α,25(OH)

2
D

3
, but with

little or no calcemic effect in animals.[28]
However, the removal of the 10(19)-me-
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6. Stable 14-epi-19-Nortachysterols
with High Binding Affinity for hVDR

Exposure of the skin to sunlight is
needed for the biosynthesis of vitamin
D

3
. For photolysis of 7-dehydrocholes-

terol (provitamin D
3
) in the skin, pre-

vitamin D
3
is initially produced through

a photochemical electrocyclic reaction.
Previtamin D

3
is thermodynamically

unstable and rapidly isomerized to a vi-
tamin D

3
skeleton at body temperatures

via a [1,7]-sigmatropic rearrangement.
Photosynthesized vitamin D

3
enters the

blood circulation where it forms a com-
plex with DBP. The remaining cutaneous
previtamin D

3
with a conjugate triene

system continues to be irradiated by sun-
light in thermal isomerization equilibrium
with vitamin D

3
, which results in lumis-

terol and tachysterol, and the remaining
vitamin D

3
in the skin may be converted

to 5,6-transvitamin D
3
, suprasterol I, and

suprasterol II by continuous sunlight ir-
radiation (Scheme 5).[35] We synthesized
structural modifications of tachysterol
for cell-regulating and bone-remodeling
activity without unfavorable side effects,
such as hypercalcemia and hypercalci-
uria, for chemotherapy. However, the
tachysterol structure was unstable under
normal conditions, and we found that
14-epi-tachysterol was stable enough to
modify the 2α-position.

Previtamin D
3
is a precursor of vita-

min D
3
, and photo-activated previtamin

D
3
generates tachysterol and lumisterol.

Irradiation with UV-C (254 nm) results in
a higher yield of tachysterol.[36] Although
vitamin D

3
is stable in air at ambient tem-

perature, isotachysterol, the acid-catalyzed
isomer of both vitamin D

3
and tachysterol,

is labile in air and is converted into au-
toxidation products via a free radical chain
mechanism even in the dark at ambient
temperature.[36c,d]

First, 14-epi-19-norprevitamin D
3

analogs were synthesized and compared
to 14-epi-previtamin D

3
analogs.[37,38] We

found proton-catalyzed isomerization of
synthesized 14-epi-19-norprevitamin D

3
skeletons to the stable 14-epi-19-nort-
achysterols.[39] We synthesized 14-epi-
1α,25-dihydroxy-19-nortachysterol and
its 2-substituted analogs using a Stille
coupling reaction between the A-ring pre-
cursor vinylstannane and the CD-ring tri-
flate (Scheme 6). Some A-ring precursors
in Scheme 6 were known compounds, and
the details are described previously.[37,39–41]

TheA-ring precursor enynes were con-
verted to the correspondingvinylstannanes.
Stille coupling was used to connect each
vinylstannane and CD-ring triflate, and
the coupled compounds were deprotected.
The target molecules of 14-epi-1α,25-
dihydroxy-19-nortachysterol, its 2-exo-

methylene-, 2-(3-hydroxypropyl)-, and
2-(3-hydroxypropoxy)-substituted analogs
were obtained. The 2-(3-hydroxypropyl)-
substituted analog was separated by HPLC
for the 2α- and 2β-diastereomers.[40] For
further modification on the A-ring part,
regioselective hydrogenation of the 2-exo-
methylene analog at the terminal alkene
was successfully accomplished with
Wilkinson’s catalyst to give 2-methyl sub-
stituted diastereomers, which were sepa-
rated by HPLC.[39]

The new compounds based on the
14-epi-19-nortachysterol skeleton were
more stable than tachysterol, which is
easily converted to vitamin D

3
by UV

irradiation[36b] or isomerized to isotachys-
terol and further oxidized by O

2
under

acidic conditions resulting in a complex
mixture.[36c,d] The 14-epi-19-nortachys-
terols shown in Fig. 5, except the natu-
ral trans-CD-ring version, were the first

examples of stable tachysterol analogs.
The natural type of 1α,25-dihydroxy-
19-nortachysterol was also synthesized,
but a coupling product was isolated af-
ter the Stille coupling reaction using
trans-CD-ring triflate, and the product
1α,25-dihydroxy-19-nortachysterol was
unstable and gradually decomposed even
under neutral conditions at room tem-
perature so we were unable to evaluate its
biological activity. Because the 14-epi-
CD-ring system of cis-hydrindane prefers
the C8,9-endo double bond rather than the
C7,8-exo double bond,[42] 14-epimeriza-
tion is essential to stabilize the tachysterol
skeleton.

VDR binding affinity of the synthe-
sized seven 14-epi-1α,25-dihydroxy-19-
nortachysterol analogs was tested. The
2-exomethylene analog had the highest
binding affinity for hVDR, ca. 83% af-
finity compared to the natural hormone
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hydrogen bond networks with Arg274, and
this long substituent became a steric hin-
drance in the LBD of hVDR.

7. Conclusions

We found positive effects of 2α-(ω-
hydroxyalkylation) toward 1α,25(OH)

2
D

3
on VDR binding affinity and preliminary
biological activities in vitro and in vivo,
and synthesized unique molecules such
as O1C3, O2C3, AH-1, NS-74c (TEI-
9647 analog), and MART-10. We also
studied stable 14-epi-19-nortachysterol
derivatives. According to X-ray co-crys-
tallographic analyses of hVDR-(synthetic
ligand) complexes, only 2-substituted
14-epi-19-nortachysterol analogs had dif-
ferent VDR binding.

We are investigating other types of vi-
tamin D biological activities that do not de-
pend on the VDR-signaling pathway. We
aim to separate less well-known vitamin D
function from canonical vitamin D activ-
ity, which depends on VDR binding.
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