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ABSTRACT. The active hormonal form of vitamin Ds, la,25-dihydroxyvitamin Dy (1a,25(OH),D;), has
been described as a principal mediator of skeletal homeostasis. Treatment of rat osteosarcoma (ROS)17/2.8, an
osteoblast-like cell line, with 1a,25(OH),D; results in a ligand-dependent increase in transcription of the
bone-specific osteocalcin gene. We isolated permanent cell lines that were established by transfecting ROS
17/2.8 cells with plasmids consisting of the human osteocalcin gene promoter containing the vitamin D
responsive element linked to a bacterial B-galactosidase gene. In one of many cell lines, especially in clone
NK-31, 1a,25(OH),D; strongly stimulated B-galactosidase activity. Reverse transcription-polymerase chain
reaction analysis also showed endogenous osteocalcin gene expression and B-galactosidase gene expression in
clone NK-31 cells, which paralleled the increase in B-galactosidase activity. Using a synthetic analogue of
1a,25(0OH), D5, 24,24-difluoro-1a,25-dihydroxyvitamin Dj, we found that the levels of this activity and these
gene expressions were nearly parallel to those of 1a,25(OH),D;. 24R,25-dihydroxyvitamin D5 and 25-
hydroxyvitamin D; at high doses (concentration: 1077 M) also induced B-galactosidase activity in clone NK-31.
These cell lines, harboring the plasmid-carrying B-galactosidase gene under the control of the osteocalcin gene
promoter, may contribute to studies on the regulation by 1a,25(OH),D5 or to the development of synthetic
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analogues of 1a,25(OH),D;.
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A large number of analogues of active vitamin D; [1-3]
have been synthesized for the treatment of osteoporosis.
However, these drugs have weak effects on bone and do not
completely reverse the loss of bone mineral caused by
osteoporosis. Therefore, finding new analogues of active
vitamin D; to alleviate osteoporosis is still important.
Active vitamin Dj, 1a,25(OH)2D3”, initially stimulates
bone resorption resulting in an increase in the serum
calcium level, but at the same time also increases the level
of bone formation, with the result that the rate of bone
formation exceeds that of bone resorption. Thus, it regu-
lates the balance of bone metabolism in whole bones.
Therefore, synthetic analogues of 1a,25(OH),D; are at-
tractive candidates as new drugs for the treatment of
0Steoporosis.
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Osteocalcin is specifically synthesized by the osteoblast
and is believed to be the best marker of bone formation
[4-8]. Osteocalcin gene expression and its synthesis are
stimulated by 1a,25(OH),D5 in human and rat osteoblasts,
but not in mouse osteoblasts. Therefore, determination of
the level of osteocalcin activity is a good method of
investigating the bone-forming effect of 1a,25(OH),D;
analogues [7]. However, measuring the level of osteocalcin
synthesis is complex, time-consuming, and expensive. In
this study, we sought to establish permanent cell lines that
exhibit vitamin D hormone-dependent B-galactosidase ac-
tivity and to evaluate the effect of different synthetic
analogues of 1a,25(OH),D; on these cell lines. The
1a,25(OH),D5 responsive element (VDRE), which is
within the promoter for osteocalcin, is unresponsive to
other steroid hormones, can function as a heterologous
promoter, and includes a doubly palindromic DNA se-
quence. Active vitamin D5 activates an intranuclear recep-
tor that binds to the VDRE of the promoter region of the
osteocalcin gene and induces the promoter activity of
osteocalcin with a 7- to 9-fold elevation [8]. As B-galacto-
sidase activity is easily quantified, we constructed a plasmid
composed of the human osteocalcin gene promoter, includ-
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ing the VDRE, linked to a bacterial B-galactosidase gene.
This vector (pOST-B-gal) was used to transfect osteoblastic
ROS17/2.8 cells, and we then isolated permanent cell lines
that expressed B-galactosidase in response to exposure to
1a,25(OH),D5. In one of many cell lines, especially in
clone NK-31, a synthetic analogue of 1a,25(OH),Ds,
24,24-difluoro-1e,25-dihydroxyvitamin Ds, induced en-
dogenous osteocalcin gene expression and B-galactosidase
expression in a similar manner as 1a,25(OH),D;. These
cell lines may contribute to studies on regulation by
1a,25(OH),D5 or to the development of synthetic ana-
logues of 1a,25(OH),D;.

MATERIALS AND METHODS
Cell Culture

ROS17/2.8 is a rat osteosarcoma cell line [9, 10]. ROS17/
2.8 cells respond to 1a,25(OH),D; and parathyroid hor-
mone with a reduction in the level of type I collagen synthesis
[11-13]. ROS17/2.8 cells were maintained in minimum essen-
tial Earle’s medium supplemented with non-essential amino
acids and 10% fetal bovine serum in a humidified atmo-
sphere of 5% CO,. When several permanent cell lines were
incubated with 1a,25(OH),D; or when the NK-31 cell line
was incubated with analogues of 1a,25(OH),D;5 or other
steroids, the medium was changed to 1% fetal bovine
serum. All compounds were dissolved in ethanol, whose
concentration in the assay medium did not exceed 0.1%.

Isolation of the Human Osteocalcin Gene Promoter

The human osteocalcin gene promoter (—574/422; nucle-
otide positions are numbered relative to the cap site, with
negative numbers indicating nucleotides extending in the
5" direction) including the VDRE [8] was isolated from
human genomic DNA by use of the PCR. The amplified
DNA fragment was subcloned using a TA-cloning kit
(Invitrogen), and the resulting plasmid was termed pOST-
plasmid. DNA sequencing was performed by the dideoxy
method, and entire sequences were analyzed using DNASIS
software (Hitachi Soft).

Plasmid Constructions

A Hind IlI/Pst 1 fragment containing the B-galactosidase
gene (lacZ) of plasmid pCH110 (Pharmacia Biotech) was
initially cloned into pUCI19, and the resulting plasmid was
termed pB-gal. A Hind I1I/Xho I fragment containing the
human osteocalcin gene promoter of pOST-plasmid was
ligated into the Sma I/Sal I sites of pB-gal (pOST-B-gal).
The plasmids used in this study were purified by centrifu-
gation on a cesium chloride gradient.

Stable Cell Lines

Cells were transfected with 20 pg of pOST-B-gal and 1 g
of the plasmid pChmBpl [14] containing the hygromycin
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resistance gene by the calcium phosphate co-precipitation
method [15]. After incubation for 4 hr, the cells were
shocked with 15% glycerol for 1 min. Following incubation
for 48 hr after transfection, cells were selected in hygromy-
cin B medium (70 pg/mL). Approximately forty clones
resistant to hygromycin B were isolated. The isolated clones
were placed into 24-well plates, grown to confluence, and
then placed in minimum essential Earle’s medium contain-
ing 1a,25(OH),D;5 (107°M) for 48 hr. Subsequently, the
cells were stained at 37° with a solution of the following
composition: 0.1% X-gal, 5 mM K4[Fe(CN)i], 5 mM
K3[Fe(CN)¢l, 2 mM MgCl,, 0.02% Nonidet P-40 and 10%
sodium deoxycholate in PBS(—). The staining reactions
were performed at 37° until the contents of the wells had
turned blue. Staining was stopped by washing the cells with
PBS (—) [16]. The vitamin D responsive clones were
selected for further use.

B-Galactosidase Assay

Cells were washed once with PBS (—) and disrupted in 100
pL of lysis buffer (25 mM Tris-phosphate [pH 7.8], 2 mM
dithiothreitol, 10% glycerol, 1% Triton-X100), followed by
incubation for 10 min at room temperature. Protein was
measured by the Bradford protein assay kit (BioRad) for
normalization of the B-galactosidase activity, and enzyme
activity was determined in a reaction mixture consisting of
30 L of cell extract and 270 pL of the following solution:
ImM MgCl,, 45 mM 2-mercaptoethanol, 100 mM sodium
phosphate (pH 7.8), 0.26 mg o-nitrophenyl--D-galactopy-
ranoside). The reaction mixtures were incubated at room
temperature until a faint yellow color had developed.
Subsequently, the reaction was stopped by adding 500 pL of
IM Na,CO; to each reaction mixture, and the optical
density of the reaction mixture at a wavelength of 420 nm
was recorded [17].

Primers for RT-PCR

Osteocalcin, B-galactosidase, and B-actin gene primers for
RT-PCR were synthesized by Sawady Technologies. The
primers were RNA-specific in that the recognition sites of
the upstream and downstream primers resided in separate
exons or at intron/exon boundaries in the genomic se-
quence. The sequences of these primers are listed as follows:

osteocalcin, forward: 5'-CTGCATTCTGCCTCTCT-
GAC-3'
reverse: 5'-TGCCATAGATGCGCTTGTAT-3’
B-galactosidase, forward: 5'-GGTGATGGTGCTGCGT-
TGGAGTGA-3’
reverse: 5'-GTAGTGTGACGCGATCGGCATA-
ACC-3’
B-actin, forward: 5'-CACCCTGTGCTGCTCACCGAG-
GCC-3’
reverse: 5'-CCACACAGATGACTTGCGCTCAGG-3’
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RT-PCR of the Genes for Osteocalcin, B-Galactosidase,
and B-Actin

After incubation with 1a,25(OH),D; or 24,24-F2-
1a,25(0OH), D5 for 48 hr, total RNAs were extracted from
clones using the acid guanidium isothiocyanate method, as
previously described [18]. To degrade DNA prior to the RT
reaction, 1 pg of total RNA was treated with DNase | in a
reaction mixture containing 1 unit of DNase [ (Life
Technologies), 20 mM Tris—=HCI (pH 8.4), 2 mM MgCl,,
50 mM KCl, in a final volume of 10 pL. The RT reaction
proceeded at 37° for 60 min with 1 g of total RNA in a
reaction mixture containing 0.1 mM oligo-dT (15mer)
primer (Promega), 50 mM Tris—=HCI (pH 8.3), 40 mM KCl,
6 mM MgCl,, ImM dithiothreitol, 0.5 mM concentration
of each of the dNTPs, 40 units of ribonuclease inhibitor
(Takara), and 200 units of Super Script II reverse transcrip-
tase (Life Technologies) in a final volume of 20 pL. One
microliter of the RT reaction mixture was subjected to PCR
using the specific primers for osteocalcin, B-galactosidase,
and B-actin genes in separate tubes. The PCR mixture, a
total volume of 20 pL, contained 10 mM Tris—HCI (pH
8.3), 50 mM KClI, 1.62 mM MgCl,, 50 uM dNTP, 1 pM
concentrations of forward and reverse primers, 0.5 units of
rTaq polymerase (Takara), and 1pCi [*’P]-dCTP. PCRs
were performed for 20 cycles (for osteocalcin and B-actin)
or 24 cycles (for B-galactosidase) at 94° for 1 min, 55° for
2 min, and 72° for 3 min. Subsequently, PCR products were
loaded onto a 5% polyacrylamide gel (29:1, acrylamide/bis-
acrylamide). The gel was dried and exposed to x-ray film.
The x-ray film was developed, and the radioactive bands
were excised from the gel and measured by liquid scintilla-
tion counting. The linear range was determined in each
case, as shown in Fig. 2B.

RESULTS AND DISCUSSION

To establish a permanent cell line for monitoring the
expression of a reporter gene in response to exposure to
vitamin D hormone, we used the human osteocalcin gene
promoter carrying the vitamin D responsive element, a
sequence that has been well studied as a transcriptional
element [8, 19] that is associated with the vitamin D
receptor activated by 1a,25(OH),D; or its analogues. To
construct the reporter genes, the expression of which is
induced by 1a,25(0OH),D; analogues, we isolated the
human osteocalcin gene promoter (—575/+22) containing
the VDRE [8, 19] from human genomic DNA by PCR as
described in Materials and Methods. The amplified DNA
fragment was ligated to the bacterial B-galactosidase gene
(lacZ), and the resulting plasmid was termed pOST-B-gal.
Transient transfection assays were performed using ROS17/
2.8 cells to determine whether the B-galactosidase gene
would be expressed in ROS17/2.8 cells harboring pOST-3-
gal under the regulation of the osteocalcin gene promoter
in response to 1a,25(0OH),D;. To establish cell lines
harboring pOST-B-gal, we transfected ROS17/2.8 cells
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FIG. 1. 1e,25(0OH),D;-induced B-galactosidase activity of es-
tablished clones. ROS17/2.8 cells were co-transfected with the
test plasmid, pOST-B-gal, and pChmBp1 carrying the hygromy-
cin resistance gene and selected for resistance to hygromycin B.
The hygromycin B-resistant clones were tested with
1a,25(0H),D; (1078 M). B-Galactosidase activities in the
presence of 1a,25(0OH),Dj; relative to that of each clone in its
absence are shown. Values represent the means * SD from two
experiments, each with duplicate determinations.

with pOST-B-gal and pChmBpl carrying the hygromycin
resistance gene and selected for hygromycin B resistance.
We determined the level of B-galactosidase activity of each
hygromycin-resistant clone, and designated each as a mem-
ber of an NK clone series. Forty clones that exhibited
B-galactosidase activity in the presence of 1a,25(OH),D5
were selected.

To determine whether these clones responded to
1a,25(OH), D5 with expression of -galactosidase activity,
we cultured the clones to 80% confluence in 10% serum
medium in 24-well plates and then supplemented each well
with 1% serum medium containing la,25(OH),D5
(1073M). After a 48-hr incubation, B-galactosidase activ-
ities were measured as described in Materials and Methods.
The highest B-galactosidase activity elicited by
1a,25(OH), D5 was found in clone NK-31. In contrast, the
parental cell line, ROS17/2.8, did not yield any B-galacto-
sidase (Fig. 1). These clones responded to 1a,25(OH),D5
differently, as shown in Fig. 1, with the magnitude of the
response corresponding to the number of intact copies of
pOST-B-gal introduced into their genomes (data not
shown). In clone NK-31, 1a;,25(OH),D;5 (10~ % or 1077 M)
stimulated B-galactosidase activity in a dose-dependent
manner (Fig. 2A). Furthermore, we examined, by RT-PCR
analysis, expression of the endogenous osteocalcin gene and
B-galactosidase gene in clone NK-31 exposed to
1a,25(OH),D5. The results showed that the expressions of
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FIG. 2. Effect of 1a,25(0OH),D; or 24,24-F2-1,25(0OH),D; on clone NK-31. (A) Clone NK-31 was exposed for 48 hr to various
concentrations (0, —12, —11, —10, —9, and —8 log M, respectively) of 1&,25(0OH),D; or 24,24-F2-1e,25(0OH),D;. B-Galactosidase
activity relative to that in the absence of 1,25(0OH),D; or 24,24-F2-1«,25(0OH),D; is shown. “24,24-F2-1e,25(0OH),D;,
24,24-difluoro-1a,25-dihydroxyvitamin D5. (B) RT-PCR analysis was performed for 18 to 30 cycles to determine the linear range in
each case. One microgram of total RNA isolated from clone NK-31 that had been exposed for 48 hr to 1a,25(0OH),D; (1078 M) was
reverse transcribed using oligo-dT primers. Each transcript was amplified with the specific primers for osteocalcin-, B-galactosidase, and
B-actin genes by PCR with [>?P-dCTP]. (C) Expressions of endogenous osteocalcin gene and B-galactosidase gene induced with
increasing concentrations (0, =12, —11, —10, —9, and —8 log M, respectively) of 1&,25(OH),D; or 24,24-F2-1e,25(0OH),D; were
analyzed by RT-PCR with [*?P-dCTP]. (D) The expression levels of endogenous osteocalcin gene and B-galactosidase gene determined
by RT-PCR were quantified as described in Materials and Methods and corrected for the expression in levels of the B-actin gene.
Relative induction fold to that in the absence of 1®,25(OH),D; or 24,24-F2-1a,25(0OH),D; is shown. Values represent the means =
SD from two experiments, each with duplicate determinations.

k=]
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TABLE 1. Relative B-galactosidase activity of analogues of
vitamin D5 and other steroids

Relative B-galactosidase

Compounds activity
Control 1.02 = 0.15
la,25(0OH), D5
107°M 3.10 = 0.89
107°M 11.23 * 2.12
10°8M 14.18 = 2.24
100" M 12.56 = 1.58
24,24-F2-1a,25-(OH),D5*
1071°M 6.41 = 0.55
107°M 13.35 = 1.24
1078 M 12.21 = 2.14
1007 M 11.22 £ 1.18
24R, 25-(OH),D;7
1071°M 1.39 +£0.32
107°M 1.19 £ 0.22
1078 M 1.40 £0.16
100" M 4.63 *1.31
25-(OH)D;*
107°M 1.21 £0.42
107°M 1.05 = 0.30
1078 M 1.24 £ 0.13
100" M 531 *2.05
Dexamethasone
1071°M 0.64 +0.29
10°°M 0.62 = 0.18
1078 M 0.46 +0.11
1007 M 0.34 £ 0.25
17-B-Estradiol
1071°M 091 *0.41
107°M 1.11 = 0.24
1078 M 0.98 +0.32
100" M 1.23 = 0.17

Clone NK-31 was exposed for 48 hr to various concentrations (—10, =9, —8, and —7
log M, respectively) of analogues of vitamin D; and other steroids. Relative
B-galactosidase activities to that in the control (in the absence of analogues of
vitamin D3 and other steroids) are shown. Values are means = SD for triplicate
measurements.
*24,24-F2-1a and 25-(OH),D;, 24,24-difluoro-1a and 25-dihydroxyvitamin Ds.
124R,25-(OH),D;, 24R, 25-dihydroxyvitamin D;.
$25-(OH)Dj3,25-hydroxyvitamin Dj.

endogenous osteocalcin and B-galactosidase genes were
induced by 1a,25(OH),D; (Fig. 2, C and D to a similar
extent) as the increase in the expression of B-galactosidase
activity by the reporter gene (Fig. 2A). Using a synthetic
analogue of 1a,25(0OH), D5, 24,24-F2-1,25(OH), D5 [19-
21], we found that the level of this activity and these gene
expressions were similar to those obtained with
1a,25(0OH), D5 (Fig. 2, A, C, and D). However, 24,24-F2-
1a,25(0OH),D; at low doses (concentration: 10~ 1—1071°
M) was about two times more potent than 1a,25(OH),D5
in the reporter system. Thus, the potency of 24,24-F2-
1a,25(OH),D; is consistent with the known fact that the
effect of 24,24-F2-1a,25(OH),D5 on bone metabolism is
similar to that of 1a,25(OH),D; [20, 21]. 24R,25(OH), D5
and 25(OH)Ds, two naturally occurring products in the
metabolism of vitamin D, at high dose (concentration:
1077 M) also induced pOST-B-gal-derived B-galactosidase
activity to a degree consistent with their known affinities
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for the vitamin D receptor [22]; however, dexamethasone
and 17-B-estradiol did not induce the activity (Table 1).
Therefore, B-galactosidase  activity — stimulated by
1a,25(OH), D5 and analogues of vitamin D; are dependent
on VDRE in the reporter system. Thus, the expression of
B-galactosidase under the control of the osteocalcin gene
promoter in these cell lines may contribute to the study of
regulation by 1a,25(OH),D5 as well as to the development
of synthetic vitamin D5 analogues.
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