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Although numerous studies have shown potent antiproliferative and differentiation-inducing effects
of 1,25-dihydroxyvitamin D, (1,25-(OH),D;) and its analogs on cells not directly related to bone
metabolism, only few reports focussed on the effects of these analogs on bone. We compared the
action of several recently developed analogs with that of 1,25-(OH),D; on human (MG-63) and rat
(ROS 17/2.8) osteoblast-like cells and on in vitro bone resorption. In MG-63 cells the analogs EB1089
and KH1060 were about 166,000 and 14,000 times more potent than 1,25-(OH),D, in stimulating type
I procollagen and 100 and 6,000 times more potent in stimulating osteocalcin production, respect-
ively. Also in ROS 17/2.8 cells EB1089 and KH1060 were most potent in inducing osteocalcin synthesis.
In vitro bone resorption was 2.3 and 17.5 times more potently stimulated by EB1089 and KH1060,
respectively. In MG-63 cells, 1,25-(OH),D; and the analogs inhibited cell proliferation, whereas both
1,25-(OH),D, and the analogs stimulated the growth of ROS 17/2.8 cells. Differences in potency could
neither be explained by affinity for the vitamin D receptor nor by a differential involvement of
protein kinase C in the action of the analogs. Together, these data show that also in bone the analogs
EB1089 and KH1060 are more potent than 1,25-(OH),D, but that the potency of the analogs compared
to 1,25-(OH),D, is dependent on the biological response. On the basis of these observations it can be
concluded that the reported reduced calcemic effect i» vivo is not the result of a decreased
responsiveness of bone to these analogs. Lastly, in view of eventual clinical application of 1,25-
(OH),D;-analogs, the observed stimulation of in vitro bone resorption and growth of an osteosar-
coma cell line warrant in vivo studies to further examine these effects.
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INTRODUCTION

The central role of vitamin D in the regulation of
calcium and bone metabolism is well established [1]. In
addition, in 1981, Abe et al. [2] demonstrated that
1,25-dihydroxyvitamin D; (1,25-(OH),D,) inhibited
the proliferation and stimulated the differentiation of
mouse myeloid leukemia cells. This finding was prom-
ising for the use of 1,25-(OH),D; in the treatment of
hyperproliferative diseases and immunological dis-
orders [3]. However, the high doses of 1,25-(OH),D,
needed to achieve these non-classical effects may
lead to undesirable side-effects on calcium metabolism
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(hypercalcemia, hypercalciuria). This has prompted
the development of 1,25-(OH),D;-analogs with potent
cell growth regulating properties but relative low cal-
cemic activity [4-8]. Hitherto the in vitro effects of
these analogs were mostly studied in cells not directly
related to bone and calcium metabolism. Therefore,
knowledge on their effects on bone and bone cells is
limited and mainly restricted to the analogs MC902
and 22-oxa-calcitriol (OCT) [9-13]. In the present
study we have analyzed the effects of 1,25-(OH),D, and
several of its analogs with side-chain modifications on
osteoblast-like cells and on iz vitro bone resorption and
compared their potencies. These analyses may provide
insights into whether the in viwo reduced calcemic
activity observed reflects a decreased responsiveness of
the skeleton to these analogs.

337



338

MATERIALS AND METHODS
Reagents

Non-radioactive 1,25-(OH),D, and the 1,25-
(OH),D;-analogs MC903, CB966, EB1089, KH1049
and KH1060 were generously provided by Dr L.
Binderup, Leo Pharmaceuticals, Ballerup, Denmark.
OCT was a gift from Dr N. Kubodera, Chugai
Pharmaceutical Co., Ltd, Tokyo, Japan. Chemical
structures are depicted in Fig. 1. The sterols were
dissolved in absolute ethanol and stored at —20°C at a
concentration of 107*M. [23,24-*H]1,25-(OH),D,
(120 Ci/mmol) and “*Ca were obtained from Amersham
International, Amersham, U.K.. Alpha minimal
essential (¢t MEM) and neutral red were from Sigma
Chemical Co., St Louis, MO, U.S.A. The rat osteo-
calcin antiserum was a generous gift of Professor R.
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Bouillon, Katholiecke Universiteit Leuven, Leuven,
Belgium. Penicillin, streptomycin and L-glutamine
were from Gibco Life Technologies Ltd., Paisley,
Scotland. Fetal calf serum (FCS) was from Sera-Tech,
St Salvator, Germany. Biggers Gwatkin-Judah (BG])
medium was made using reagents from Merck,
Darmstadt, Germany. 1-O-hexadecyl-2-O-methyl-
rac-glycerol (AMG) was purchased from Bachem AG,
Bubendorf, Switzerland. All other reagents were of the
best grade commercially available.

Cells

Human osteoblast-like MG-63 cells were generously
provided by Professor R. Bouillon, Katholicke
Universiteit Leuven, Leuven, Belgium. The rat osteo-
blast-like osteosarcoma cell line ROS 17/2.8 and the
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Fig. 1. Chemical structures of 1,25-(OH),D;, MC9%03, CB966, EB1089, KH1049, KH1060 and OCT.
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non-osteoblast-like osteosarcoma cell line ROS 25.1
were a gift from Dr S. B. Rodan, Merck, Sharp &
Dohme Research Laboratories, West Point, U.S.A.
The cells were cultured in « MEM supplemented with
2mM L-glutamine, 100 units/ml penicillin, 100 ug/ml
streptomycin, 0.1% D-glucose plus the indicated con-
centration FCS or charcoal-treated FCS (CT-FCS).

Osteocalcin measurements

The cells were seeded in 24-well culture plates at a
density of 40,000 cells/cm? and cultured for 24 h IMG-
63) or 48 h (ROS 17/2.8) in a MEM plus 109, FCS.
Next, the medium was replaced by « MEM with 29,
CT-FCS and the cells were cultured in the absence
or presence of various concentrations of 1,25-(OH),D,
or its analogs. After 24 h medium was collected and
osteocalcin content was determined. Osteocalcin
measurements in medium of ROS 17/2.8 cells were
performed according to the method described by
Verhaeghe et al. [14]. Osteocalcin measurements in
the medium of MG-63 cells were performed by RIA
(Incstar, Stillwater, MN, U.S.A)).

Type I procollagen measurements

MG-63 cells in t MEM + 109% FCS were seeded in
24-well culture plates at a density of 40,000 cells/cm?.
After 24 h medium was replaced by c MEM with 29,
CT-FCS and the various concentrations of 1,25-
(OH),D; or its analogs. After 24 and 48 h media were
collected and analyzed for type I procollagen by RIA
(Orion Diagnostica, Espoo, Finland).

Proliferation assay

Cell proliferation was studied using the neutral red
assay described by Lowik et al. [15]. The absorbance
of neutral red is proportional to the number of viable
cells. In short, 1000 MG-63 cells/cm? and 3000 ROS
17/2.8 or ROS 25.1 cells/cm? were seeded in a 96 wells
plate and cultured for 24 h in «a MEM plus 109, FCS.
After 24 h the medium was replaced by a MEM with
2%, CT-FCS with or without various concentrations of
1,25-(OH),D, or 1,25-(OH),D,-analogs. After 3 days
medium was replaced by new medium with or without
the addition of the various analogs. After 6 days SO ul
of a neutral red solution (0.5 mg/ml in 0.9%, NaCl) was
added to each well for a 90 min incubation. Next, the
medium was removed, the wells were washed twice
with 100 ul phosphate-buffered saline and the neutral
red was extracted from the cells with 100 ul 0.05 M
NaH,PO, in 509% ethanol. The absorption was
measured at 540 nm (630 nm reference filter) in a
microplate reader (Bio-Rad 450). All measurements
were performed in quadruplicate and expressed as the
percentage of control optical density values.

Bone resorption assay

The in vitro bone resorption assay was performed
with 17-day-old fetal mouse radiifulnae, using a
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method based on the fetal rat limb explant assay
described by Raisz [16]. By injecting the mother on day
16 of gestation with 30 uCi of *Ca, the fetal radii/ulnae
were labelled tn utero. After explantation on day 17 the
radii/ulnae were precultured for 24 h in 400 ul of BG]J
medium with 5% CT-FCS at 37°C, to reduce free
exchangeable calcium. Next, the medium was changed
to BGJ] medium supplemented with 5%, CT-FCS with
or without various concentrations of 1,25-(OH),D; or
analogs. After 3 days the medium was replaced by fresh
medium, i.e. with or without 1,25-(OH),D; or the
analogs. The “Ca content of the medium at 3 and 6
days of culture and of the 59, formic acid extracts
of the bones were measured by liquid scintillation
counting and used to calculate the total **Ca and the
cumulative percentage “°Ca released.

VDR binding studies

Competitive receptor binding assays were performed
as previously described [17]. Receptor protein was
prepared by cytosolic extraction on ice of MG-63 and
ROS 17/2.8 cells with a hypertonic buffer consisting
of 10mM Tris-HCl, 300mM KCl, 1mM EDTA,
SmM dithiothreitol, 10 mM sodiummolybdate and
0.19, Triton X-100 (pH 7.4). After centrifugation at
100,000 g for 1h at 4°C, the cytosolic extracts
(250 ul + 1 mg protein/ml) were incubated at 0°C with
0.5nM [23,24-’H]1,25-(OH),D, and increasing con-
centrations of non-radioactive 1,25-(OH),D, or 1,25-
(OH),D;-analogs. After 3h the bound and free
[23,24-°H]1,25-(OH),D, were separated by charcoal
adsorption. Concentrations of 1,25-(OH),D; or the
analogs at which half-maximal displacement of [23,24-
3H]1,25-(0H),D, was achieved were calculated.

DNA measurements

DNA measurements were performed according to
the method of Karsten and Wollenberger [18].

Statistical analysis

The data shown are the mean of at least two indepen-
dent experiments each consisting of 2—4 separate cul-
tures. For clarity purposes standard deviations were
not depicted in the figures. In all cases standard
deviations were smaller than 109%,.

RESULTS

Effect of 1,25-(OH),D; and 1,25-(OH),Dsanalogs on
osteocalcin production by MG-63 and ROS 17/2.8 cells

In both cell lines 1,25-(OH),D, and the analogs
stimulated osteocalcin production in a dose-dependent
manner (Fig. 2). Besides differences in ED, in MG-63
cells but not in ROS 17/2.8 cells, also a difference in
maximal response was detected. The maximal stimu-
lation of osteocalcin production by the compounds with
the lowest ED,, (KH1060, EB1089, KH1049) was
about twice that of 1,25-(OH),D;, OCT, and CB966
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Fig. 2. Effect of 1,25-(OH),D; and 1,25-(OH),D,-analogs on

osteocalcin production in MG-63 (A) and ROS 17/2.8 cells (B).

The cells were stimulated with 1,25-(OH),D, or the 1,25-

(OH),D,-analogs for 24 h and osteocalcin was measured as
described in Materials and Methods.

[Fig. 2(A): 1,25-(OH),D;, OCT, EB1089, KH1060].
Except for KH1060 and KH1049, the ROS 17/2.8 cells
appeared to be more sensitive for 1,25-(OH),D, and the
analogs than the MG-63 cells (Table 1).

Effect of 1,25-(OH),D; and 1,25-(OH),D s-analogs on
type I procollagen production by MG -63 cells

The effect on type I collagen synthesis was assessed
by measuring the concentration of carboxyterminal
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propeptide of type I procollagen [19] in the medium
of MG-63 cells after 24 and 48 h treatment with
1,25-(OH),D; or its analogs. Figure 3 shows the
dose-response curves after 48 h of incubation with
1,25-(OH),D; and the most potent analogs. KH1060
and EB1089 were about 14,000 and 166,000 times,
respectively, more potent than 1,25-(OH),D,. The
ED,,’s were 7 x 10" M and 6 x 107 M for KH1060
and EB1089, respectively, and 1 x 107 M for 1,25-
(OH),D;. Only a slight effect of the sterols could be
detected after 24 h of culture (data not shown).

Effect on the proliferation of MG-63 cells and ROS
17/2.8 cells

The proliferation of the human osteoblast-like cell
line MG-63 was inhibited by 1,25-(OH),DD; and the
analogs tested. No significant difference in maximum
inhibitory effect (approx. 459%,) between 1,25-(OH),D;
and the analogs was found. Figure 4(A) shows
dose-response curves of 1,25-(OH),D;, OCT, EB1089
and KH1060 after 7 days of culture. The EDy’s and
the potencies relative to 1,25-(OH),D; (at EDy,) for
these and the other analogs are summarized in Table 1.
KH1060 was the most effective analog (EDs, was
4x107“*M compared to 1x10®*M for 1,25-
(OH),D;). KH1049 and EB1089 were also more potent
than 1,25-(OH),D;; 25 and 200 times respectively,
whereas the other analogs were equipotent or only
slightly more potent (Table 1).

In contrast to MG-63 cells, the growth of the rat
osteoblast-like cells ROS 17/2.8 was not inhibited but
stimulated by 1,25-(OH),D, and the analogs tested.
The proliferation was stimulated in a dose-dependent
manner and no significant difference in maximum effect
between 1,25-(OH),D; and the analogs was observed
[Fig. 4(B)]). EB1089 and KH1060 were the most potent,
reaching 509, growth stimulation at 1 x 10~* M and
1 x 10~'2 M, respectively, compared to 2 x 107° M for
1,25-(OH),D; (Table 1). Changing culture conditions
(serum free and serum containing medium) and seeding
density did not change the effect of 1,25-(OH),D, and
the analogs (data not shown). The observed stimulation
of the proliferation by 1,25-(OH),D, and the analogs
was confirmed by cell counts using a Coulter counter
(Sysmex-Toa, model F-300, Kobe, Japan).

Effect of 1,25-(OH),D; and 1,25-(OH ),D ;-analogs on
in vitro bone resorption

1,25-(OH),D; and all analogs tested stimulated
in vitro bone resorption in a dose-dependent manner,
both after 3 and 6 days of culture. Figure 5 shows the
in vitro bone resorption activity of 1,25-(OH),D; and
the analogs OCT, EB1089, KH1049 and KH1060 after
6 days of culture. In Table 2 the concentrations of the
sterols leading to a half-maximal “Ca release after 6
days of culture and the relative potency compared to
the EDj, of 1,25-(OH),D, are presented. There was no
difference in EDg;-values between 3 and 6 days of
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Table 1. Effects of 1,25-(OH),D; and 1,25-(OH),D j-analogs on osteocalcin production and cell proliferation and their
affinity for the VDR

MG-63 cells ROS 17/2.8 cells

Osteocalcin Growth Osteocalcin Growth

production inhibition Relative affinity  production stimulation Relative affinity
Compound ED,, (M)* ED,, (M) for the VDR ED,, (M) ED,, (M) for the VDR
1,25-(OH),D, 6x 10" (1)t 1 x 10-8 (1) 11 4x10712(1)  2x10°1°(1) 1
OCT 6 x 1071 (1) 3 x10°°(3) 0.15 5% 1072 (0.8) 6 x 10719 (0.3) 0.08
MC903 ND 1 x 1078 (1) 0.21 4 %1072 (1) ND 0.33
CB966 2x 10719 (3) 2x107°%(5) 0.70 2x 10712 (2) ND 0.80
EB1089 6 x 1072 (100) 5 x 10! (200) 0.71 1 x 107* (400) 1 x 10~ (20,000) 0.80
KH1049 2x 1072 (300) 6 x 1072 (1660) 0.22 1x 10712 (4) ND 0.19
KH1060 1 x 107'3 (6000) 4 x 10~'* (250,000) 0.29 1x 1072 (40) 1 x 10712 (200) 0.20

The effect of 1,25-(OH),D, and the analogs on the production of osteocalcin was measured by RIA. Cell proliferation was
determined by the neutral red assay after 6 days of culture in the presence of 1,25-(OH),D, or the analogs. Binding to the VDR
was measured in cytosolic extracts by displacement of [23,24-°H]-1,25-(OH),D;. *The concentration needed to achieve the
half-maximal effect of 1,25-(OH),D;, is designated as ED,,. +The potency of the analogs (at EDy,) was calculated in relation
to that of 1,25-(OH),D,. tResults are expressed as relative affinity (at half-maximal displacement) in comparison with
1,25-(OH),D,. The data are the mean of three independent experiments. ND, not determined.

culture (data not shown). KH1049, KH1060 and
EB1089, analogs with a far more potent effect on
extracellular matrix synthesis and cell proliferation,
were also more potent than 1,25-(OH),D, in inducing
in vitro bone resorption (35, 17.5 and 2.3 times more
potent, respectively), whereas CB966 and OCT were
equipotent to 1,25-(OH),D,.

Ability of the 1,25-(OH).D yranalogs to compete with
1,25-(OH),D; for binding to the VDR

In view of the potent effects of some analogs, the
ability to bind to the VDR from MG-63 and ROS
17/2.8 cells was examined. Displacement studies per-
formed with cytosolic extracts demonstrated that all
analogs exhibited lower affinity for the VDR compared
to 1,25-(OH),D, (Fig. 6). In both cell types similar
results were obtained (Table 1).

Effect of 1,25-(OH ),D ; and KH 1060 on the proliferation
of ROS 25.1 cells

Regarding the very potent effects of some analogs
and their reduced affinity for the VDR we further
examined the role of the VDR. The ROS 25.1 cell line
is a non-osteoblast-like rat osteosarcoma cell line with
no detectable VDR expression. The growth of ROS
25.1 cells was not affected by neither 1,25-(OH),D, nor
by the potent regulator of proliferation in both MG-63
and ROS 17/2.8 cells, KH1060. In addition, as ex-
pected, no effects on osteocalcin production by 1,25-
(OH),D; or the analogs OCT, KH1049, EB1089 and
KH1060 were observed (data not shown).

Role of protein kinase C in 1,25-(OH),D; and 1,25-
(OH ),D ;analogs stimulated osteocalcin production

Considering the dissociation between VDR binding
and biological activity and the fact that protein kinase
C (PKC) has been shown to play a role in 1,25-(OH),D,

action in bone [20] an attempt was made to investigate
a differential involvement of PKC in the action of
1,25-(OH),D; and the analogs. To examine the role of
PKC in the stimulation of osteocalcin production we
cultured the ROS 17/2.8 cells with various concen-
trations of 1,25-(OH),D, or analogs, in combination
with AMG (25 uM), a specific inhibitor of PKC. In
both the 1,25-(OH),D; and analogs incubated cells
AMG decreased the maximal osteocalcin production to
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Fig. 3. Effect of 1,25-(OH),D; and 1,25-(OH),D;-analogs on

the production of type I procollagen by MG-63 cells after 48 h

of incubation. Medium was evaluated for type I procollagen
content by RIA as described in Materials and Methods.
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Fig. 4. Effect of 1,25-(OH),D; and 1,25-(OH),D,-analogs on
the proliferation of MG-63 (A) and ROS 17/2.8 cells (B). The
effects on cell proliferation were studied using the neutral red
assay. See Materials and Methods. The data represent the
mean percentage of control optical density values.

a similar extent (4409, inhibition). AMG did not
cause a shift in ED,, values (data not shown).

DISCUSSION

The present study demonstrates that in bone the
same analogs are more potent compared to 1,25-
(OH),D, than, as has been reported before, in cells not
directly related to bone and calcium metabolism. How-
ever, the potency of the analogs compared to 1,25-
(OH),D; is dependent on the biological response. For
example, the analogs KH1060 and EB1089 are far more

Gert-Jan C. M. van den Bemd et al.

80
60 -
[a)
W
7]
<
w
&‘ 40 -
5 - 0= 1,25(0H),D,
3* —e— OCT
20 —&— EB1089
—o— KH1080
—a— KH1048
0 . r . - . :
0 -12 -10 -8

LOG [VITAMIN D,] (M)
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culture. For details see Materials and Methods.

potent stimulators of type I procollagen and osteocalcin
synthesis than 1,25-(OH),D,, whereas the differences
in EDy, for the stimulation of bone resorption are less
marked. This observation indicates that, at least in an
in vitro situation, for these analogs the balance between
stimulation of bone matrix proteins synthesis and bone
resorption is in favor of bone formation (Table 3). One
may hypothesize that both analogs may direct the
osteoblast to a more mature phenotype with higher
bone formation capabilities without affecting bone re-
sorption in a similar way. The shift in the balance
between bone resorption and bone formation in favor
of bone formation is an interesting characteristic for a
possible application in metabolic bone diseases.
Although the use of 1,25-(OH),D,/derivatives is

Table 2. Stimulation of in vitro bone resorption by 1,25-
(OH),D; and the analogs after 6 days of culture

Potency relative

Compound ED,, (M) to 1,25-(OH),D,
1,25-(OH),D, 7 x 1071 1

CB966 7% 101 1

oCT 6 x 101 1.2
EB1089 3x 101 23
KH1060 4x10°12 17.5
KH1049 2% 10712 35

The in vitro bone resorptive activity of 1,25-OH),D, and the analogs
was determined by measuring “’Ca-release from pre-labelled
radiifulnae from fetal mice.

*The concentration needed to achieve the half-maximal effect of
1,25-(OH),D, is designated as EDy,. Te EDy, values are the mean
of three independent experiments.
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still controversial [21-23], several studies have shown
positive effects of vitamin D metabolites, e.g. 1,25-
(OH),D,, in the treatment of metabolic bone diseases
[24, 25]. Treatment with vitamin D compounds has
been shown to reduce bone mineral loss [26, 27] and to
reduce vertebral fracture rates [28].

In vivo studies have demonstrated that some of these
analogs have a reduced calcemic activity [4-8, 29].
However, despite a favorable balance between bone
resorption and bone formation, both EB1089 and
KH1060 still exert an increased in vitro bone resorptive
activity compared to 1,25-(OH),D,;. Therefore, the
present data show that the reduced calcemic activity of
the analogs tn vivo is not the result of a decreased
responsiveness of bone to these analogs. Considering
tn vivo application of 1,25-(OH),D, analogs to inhibit
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tumor cell growth the present observations are import-
ant in view of the relationship between stimulated bone
resorption and increased risk for bone metastases [30].
Also, in patients with malignant tumors and active
Paget’s disease the first metastases were found in the
pagetic bone lesions with high bone resorption and
formation [31, 32].

In relation to the use of 1,25-(OH),D;-analogs as
antitumor agents the observed stimulation of ROS
17/2.8 cell growth by 1,25-(OH),D, and the analogs is
also significant. The more so, since Yamaoka et al. [33]
reported that 1,25-(OH),D; promoted the growth of
tumors arising from intracutaneous inoculations of
athymic nude mice with ROS 17/2.8 cells. Further-
more, 1,25-(OH),D, also stimulated the formation of
skin tumors in mice treated chronically with 7,12-
dimethylbenz[a]anthracene [34]. With low concen-
trations of 1,25-(OH),D,, stimulation of in vitro cell
proliferation has been described before [35-38].
Although at higher 1,25-(OH),D; concentrations
growth inhibition is usually observed, some studies also
reported at these concentrations a stimulation of cell
proliferation [9, 39,40]. It has been argued that the
observation of growth stimulation is due to culture
conditions or cell density [41,42]. However, in our
hands, experiments performed in serum free conditions
and in 29, CT-FCS containing medium resulted in
similar effects and no relationship between seeding
density and the 1,25-(OH),D, effects on proliferation
could be demonstrated. Another explanation for the
differential actions of 1,25-(OH),D; on cell prolifer-
ation might be the large heterogeneity within the ROS
17/2.8 cell line [34, 43—45]. In contrast to ROS 17/2.8
cells, with MG-63 cells a growth inhibition was ob-
served. Interestingly, in both cells the same analogs
were, although opposite, the most potent growth regu-
lators. This different growth regulation does not reflect
a general difference between these cell lines because in
both cell lines 1,25-(OH),DD, and the analogs stimulated
the osteocalcin production.

All analogs examined have a lower affinity for the
VDR in comparison with the natural ligand. Despite a
decreased VDR affinity, the analogs were equipotent or
far more potent in their biological responses. Other
studies also reported a dissociation between receptor

Table 3. Ratio of the ED 4,5 for stimulation of in vitro bone resorption and stimulation
of extracellular matrix synthesis

Bone resorption/

Bone resorption/ Bone resorption/

osteocalcin osteocalcin Type I procollagen
Compound MG-63 cells ROS 17/2.8 cells MG-63 cells
1,25-(OH),D, 0.1 17.5 0.007
OCT 0.1 12.1 ND
EB1089 5 3000 500
KH1060 40 40 5.7

A ratio > 1 indicates stimulation of the synthesis of the extracellular matrix proteins at lower
concentrations than stimulation of bone resorption whereas a ratio <1 indicates the

opposite situation. ND, not determined.
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affinity and biological activity [8, 12, 46—49]. There-
fore, it can be concluded that VDR affinity is not
predictive for the biological activity of the 1,25-
(OH),D;-analogs. Posner et al. [47] suggested that the
biological action of the analogs they tested is not
regulated via binding to the VDR. However, the find-
ings of others [33, 38, 50] and our own results obtained
with VDR deficient ROS 25.1 cells underline that
presence of the VDR is essential for biological activity
of 1,25-(OH),D, and the analogs. In addition, Carlberg
et al. [51] recently demonstrated that the analogs
studied in the present paper are able to activate gene
reporter systems both via the VDR homodimer—and
the VDR-retinoid X receptor heterodimer pathway. In
this respect it is tempting to speculate about a 1,25-
(OH),D;- or analog-specific induction of homo- or
heterodimer formation. A possible higher sensitivity of
the VDR target genes for one of these signalling
pathways might then explain the observed differences
in potency between 1,25-(OH),D, and the analogs.

Although the exact role of vitamin D binding protein
(DBP) is not clear, its presence can affect 1,25-(OH),D,
action. On the one hand it is known that DBP decreases
the free concentration of 1,25-(OH),D, in the circula-
tion. In both in vive [52, 53] and i vitro studies [54, 55]
DBP was shown to limit the access of 1,25-(OH),D, to
the target cells. Therefore, analogs with low affinity for
DBP, and thus a high free concentration, may have
more potent cellular effects. On the other hand, the
unbound sterol is less protected against degradation
and cleared more rapidly. For OCT the low DBP
affinity has been put forward as an explanation for the
decreased calcemic effect in vivo [56]. However, the
differences in potency between 1,25-(OH),D; and the
analogs we observed cannot solely be explained by a
lower affinity for DBP, since both equipotent (OCT)
and much more potent analogs (EB1089 and KH1060)
exhibit diminished affinity for DBP compared to 1,25-
(OH),D, [51, 56]. Also, studies performed with differ-
ent cellular conditions, e.g. in the absence or presence
of serum, resulted in similar differences in potency
between 1,25-(OH),D; and the analogs (our unpub-
lished observations).

Since the observed increased potency in biological
responses could not be explained by a stronger affinity
for the VDR and probably not by a lower affinity for
DBP, other non-classical mechanisms of action might
play a role. As we have reported earlier [20], PKC is
involved in the action of 1,25-(OH),D, in bone and
bone cells. AMG, a specific inhibitor of PKC, inhibited
the 1,25-(OH),D; stimulated osteocalcin production in
ROS 17/2.8 cells and in non-transformed isolated fetal
rat osteoblasts. In the current study we investigated the
role of PKC in the action of 1,25-(OH),D,-analogs on
osteocalcin production in ROS 17/2.8 cells. The find-
ing that AMG inhibited the 1,25-(OH),D, and 1,25-
(OH),D;-analogs stimulated osteocalcin production to
the same extent without a shift in EDs,, suggests that
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the PKC signalling pathway is not differently regulated
by 1,25-(OH),D; and the analogs. In other words,
activation of PKC by the 1,25-(OH),D,-analogs cannot
account for the large difference in potency compared
to 1,25-(OH),D, in the stimulation of osteocalcin
production.

Although the mechanism(s) underlying the differen-
tial changes in biological potencies remains unknown,
the present data show that modifications in the side-
chain of the 1,25-(OH),D, molecule can lead to analogs
with enhanced potential in osteoblast-like cells and on
in vitro bone resorption. Lengthening of the side-chain,
especially in combination with the introduction of
double bonds (EB1089) or an altered stereochemistry at
position C-20 and substitution of an oxygen atom at
C-22 (KH1060, KH1049) results in 1,25-(OH),D,-
analogs with enhanced biological activity within osteo-
blast-like cells. Furthermore, the analogs EB1089 and
KH1060 exhibit characteristics that might be promis-
ing for the application of 1,25-(OH),D;-analogs in case
of metabolic bone diseases. The increase in bone re-
sorption induced by these analogs and the observed
stimulation of the proliferation of an osteosarcoma cell
line by 1,25-(OH),D, and the analogs urges caution in
the systemic application of these compounds in the
treatment of hyperproliferative disorders like cancer
and points out that further investigations on long term
in vivo and in vitro responses are required.

REFERENCES

1. Reichel H., Koeffler H. P. and Norman A. W.: The role of the
vitamin D endocrine system in health and disease. New Engl. J.
Med. 320 (1989) 980-991.

2. Abe E., Miyaura C., Sakagami H., Takeda M., Konno K,
Yamazaki T., Yoshiki S. and Suda T.: Differentiation of mouse
myeloid leukemia cells induced by 1a,25-dihydroxyvitamin D;.
Proc. Natn. Acad. Sci. U.S.A. 78 (1981) 4990-4994.

3. Walters M. R.:. Newly identified actions of the vitamin D
endocrine system. Endocrine Rev. 13 (1992) 719-764.

4. Colston K. W., Mackay A. G., James S. Y., Binderup L.,
Chander S. and Coombes R. C.: EB1089: a new vitamin D
analogue that inhibits the growth of breast cancer cells 7z vivo and
in vitro. Biochem. Pharmac. 44 (1992) 2273-2280.

S. Mathiasen I. S., Colston K. W. and Binderup L.: EB 1089, a
novel vitamin D analogue, has strong antiproliferative and differ-
entiation inducing effects on cancer cells. . Steroid Biochem.
Molec. Biol. 46 (1993) 365~371.

6. Binderup L. and Bramm E.: Effects of a novel vitamin D
analogue MC903 on cell proliferation and differentiation in vitro
and on calcium metabolism n vivo. Biochem. Pharmac. 37 (1988)
889-895.

7. Abe J., Takita Y., Nakano T., Miyaura C., Suda T. and Nishii
Y.: A synthetic analogue of vitamin D,, 22-oxa-1a,25-dihydrox-
yvitamin D, is a potent modulator of in vive immunoregulating
activity without inducing hypercalcemia in mice. Endocrinology
124 (1989) 2645-2647.

8. Binderup L., Latini S., Binderup E., Bretting C., Calverley M.
and Hansen K.: 20-epi-vitamin D, analogues: a novel class of
potent regulators of cell growth and immune responses. Biochem.
Pharmac. 42 (1991) 1569-1575.

9. Marie P. J., Connes D., Hott M. and Miravit L.: Comparative
effects of a novel vitamin D analogue MC-903 and 1,25-
dihydroxyvitamin D,; on alkaline phosphatase activity,
osteocalcin and DNA synthesis by human osteoblastic cells
in culture. Bone 11 (1990) 171-179.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

25.

26.

27.

28.

29.

30.

31.

32.

In Vitro Effects of 1,25-(OH),D;-Analogs on Bone

Valaja T., Mahonen A., Pirskanen A. and Mienpdi P. H.:
Affinity of 22-oxa-1,25(OH),D, for 1,25-dihydroxyvitamin D
receptor and its effect on the synthesis of osteocalcin in human
osteosarcoma cells. Biochem. Biophys. Res. Commun. 169,
629-635.

Evans D. B., Thavarajah M., Binderup L. and Kanis J. A.:
Actions of calcipotriol (MC903), a novel vitamin D, analog, on
human bone-derived cells: comparison with 1,25-dihydroxyvita-
min D,. §. Bone Miner. Res. 6 (1991) 1307-1315.

Pernalete N., Mori T., Nishi Y., Slatopolsky E. and Brown A.
J.: The activity of 22-oxacalcitriol in osteoblast-like (Ros 17/2.8)
cells. Endocrinology 129 (1991) 778-784.

Pols H. A. P., Birkenhiger J. C., Schilte J. P., Bos M. P. and
Van Leeuwen J. P. T. M.: The effects of MC903 on 1,25-
(OH),D;, receptor binding, 24-hydroxylase activity and i vitro
bone resorption. Bone Miner. 14 (1991) 103-111.

Verhaeghe J., Van Herck E., Van Bree R., Van Assche F. A. and
Bouillon R.: Osteocalcin during the reproductive cycle in normal
and diabetic rats. §. Endocr. 120 (1989) 143-151.

Loéwik C. W. G. M., Alblas M. J., van de Ruit M., Papapoulos
S. E. and van der Pluijm G.: Quantification of adherent and
nonadherent cells cultured in 96-well plates using the supravital
stain neutral red. Analyt. Biochem. 213 (1993) 426-433.

Raisz L. G.: Bone resorption in tissue culture. Factors influenc-
ing the response to parathyroid hormone. ¥. Clin. Invest. 44
(1965) 103-116.

Pols H. A. P., Birkenhiger J. C., Schilte J. P. and Visser T. J.:
Evidence that self-induced metabolism of 1,25-dihydroxyvitamin
D; limits homologous up-regulation of its receptor in rat os-
teosarcoma cells. Biochim. Biophys. Acta 970 (1988) 122-129.
Karsten U. and Wollenberger A.: Improvement in the ethidium
bromide method for direct fluorometric estimation of DNA and
RNA in cell and tissue homogenates. Analy:. Biochem. 77 (1977)
464-470.

Melkko J., Niemi S., Risteli L. and Risteli J.: Radioimmuno-
assay for the carboxyterminal propeptide of human type I
procollagen (PICP). Clin. Chem. 36 (1990) 13291332,

Van Leeuwen J. P. T. M., Birkenhiger J. C., Van den Bemd
G. J. C. M., Buurman C. J., Staal A., Bos M. P. and Pols
H. A. P.: Evidence for the functional involvement of protein
kinase C in the action of 1,25-(OH),D, in bone. ¥. Biol. Chem.
267 (1992) 12,562-12,569.

Parfitt A. M.: Use of calciferol and its metabolites and analogues
in osteoporosis. Drugs 36 (1988) 513-520.

Bikle D. D.: Role of vitamin D, its metabolites, and analogs in
the management of osteoporosis. Ostzeoporosis 20 (1994) 759-775.
Fujita T.: Vitamin D in the treatment of osteoporosis. Proc. Soc.
Exp. Biol. Med. 199 (1992) 394-399.

. Gallagher J. C,, Jerpbak C. M., Jee W. S. S., Johnson K. A,

DeLuca H. P. and Riggs B. L.: 1,25-dihydroxyvitamin D;;: short-
and long-term effects on bone and calcium metabolism in
patients with postmenopausal osteoporosis. Proc. Natn. Acad.
Sci. U.S.A4. 79 (1982) 3325-3329.

Riggs B. L. and Nelson K. L.: Effect of long term treatment with
calcitriol on calcium absorption and mineral metabolism in
postmenopausal osteoporosis. ¥. Clin. Endocr. Metab. 61 (1985)
457-461.

Aloia J. F., Vaswani A., Yeh J. K., Ellis K., Yasumura S. and
Cohn S. H.: Calcitriol in the treatment of postmenopausal
osteoporosis. Am. J. Med. 84 (1988) 401-408.

Gallagher J. C. and Goldgar D.: Treatment of postmenopausal
osteoporosis with high doses of synthetic calcitriol: a randomized
controlled study. Ann. Int. Med. 113 (1990) 649-655.

Tilyard M. W., Spears G. F. S., Thomson J. and Dovey S.:
Treatment of postmenopausal osteoporosis with calcitriol and
calcium. New Engl. . Med. 326 (1992) 357-362.

Veyron P., Pamphile R., Binderup L. and Touraine J-L.: Two
novel vitamin D analogues, KH1060 and CB966, prolong skin
allograft survival in mice. Transplant Immun. 1 (1993) 72-76.
Orr F. W, Kostenuik P., Sachez-Sweatman O. H. and Singh G.:
Mechanisms involved in the metastasis of cancer to bone. Breast
Cancer Res. Trear. 25 (1993) 151-163.

Agha F. P, Norman A., Hirschl S. and Klein R.: Paget’s disease.
Coexistence with metastatic carcinoma. N. Y. State §. Med. 76
(1976) 734-735.

Powell N.: Metastatic carcinoma in association with Paget’s
disease of bone. Br. ¥. Radiol. 56 (1983) 582-585.

33.

34.

3s.

36.

37.

38.

39.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

345

Yamaoka K., Marion S. L., Gallegos A. and Haussler M. R.:
1,25-dihydroxyvitamin D, enhances the growth of tumors in
athymic mice inoculated with receptor rich osteosarcoma cells.
Biochem. Biophys. Res. Commun. 139 (1986) 1292-1298.

Wood A. W., Chang R. L., Huang M-T., Baggiolini E.,
Partridge J. J., Uskokovic M. and Conney A. H.: Stimulatory
effect of 1a,25-dihydroxyvitamin D, on the formation of
skin tumors in mice treated chronically with 7,12-dimethyl-
benz(a)anthracene. Biochem. Biophys. Res. Commun. 130 (1985)
924-931.

Majeska R. J. and Rodan G. A.: The effect of 1,25-(OH),D; on
alkaline phosphatase in osteoblastic osteosarcoma cells. ¥. Biol.
Chem. 257 (1982) 3362-3365.

Freake H. C., Marcocci C., Iwasaki J. and Maclntyre I.:
1,25-Dihydroxyvitamin D, specifically binds to a human breast
cancer cell line (T47D) and stimulates growth. Biochem. Biophys.
Res. Commun. 101 (1981) 1131-1138.

Mangelsdorf D. J., Koeffler H. P., Donaldson C. A, Pike J. W.
and Hausler M. R.: 1,25-Dihydroxyvitamin D,-induced differ-
entiation in a human promyelocytic leukemia cell line (HL-60):
receptor mediated maturation to macrophage-like cells. ¥. Cell.
Biol. 98 (1984) 391-398.

Dokoh S., Donaldson C. A. and Haussler M. R.: Influence of
1,25-dihydroxyvitamin D; on cultured osteogenic sarcoma cells:
correlation with the 1,25-dihydroxyvitamin D, receptor. Cancer
Res. 44 (1984) 2103-2109.

Van Auken M., Buckley D., Sorensen A. M., Ray R., Holick M.
F. and Baran D. T.: Comparison of effects of 1a,25 Dihydroxyvi-
tamin D, and a novel bromoester analog on rat osteosarcoma
cells. ¥. Bone Miner. Res. 9 (1994) (Supp):A478 (Abstr).

. Ishida H., Bellows C. G., Aubin J. E. and Heersche J. N. M.:

Characterization of the 1,25-(OH),D;-induced inhibition of bone
nodule formation in long-term cultures of fetal rat calvaria cells.
Endocrinology 132 (1993) 61-66.

Rodan G. A. and Rodan S. B.: Expression of the osteoblastic
phenotype. In Bone and Mineral Research (Edited by W. A.
Peck). Elsevier, Amsterdam (1984) Vol. 2, pp. 244-285.
Eisman J. A.: 1,25-dihydroxyvitamin D, receptor and role of
1,25-(OH),D; in human cancers. In Vitamin D: Basic and
Clinical Aspects (Edited by R. Kumar). Martinus Nijhoff pub-
lishers, Boston (1984) pp. 365-383.

Grigoriadis A. E., Petkovich P. M., Ber R., Aubin J. E. and
Heersche J. N. M.: Subclone heterogeneity in a clonally-derived
osteoblast-like cell line. Bone 6 (1985) 249-256.

. Spiess Y. H., Price P. A,, Deftos J. L. and Manolagas S. C.:

Phenotype-associated changes in the effects of 1,25-dihydroxyvi-
tamin D; on alkaline phosphatase and bone GLLA-protein of rat
osteoblastic cells. Endocrinology 118 (1986) 1340-1346.
Majeska R. J. and Rodan G. A.: The effect of 1,25-(OH),D; on
alkaline phosphatase in osteoblastic osteosarcoma cells. . Biol.
Chem. 257 (1982) 3362-3365.

Calverley M. ]J., Grue-Serensen G., Bretting C. and Binderup
L.: Chemistry and Biology of highly active 22-oxy analogues of
20-epi calcitriol with very low binding affinity to the vitamin D
receptor. Ninth Workshop on Vitamin D, Orlando, Florida (1994)
C-59 (Abstr).

Posner G. H., Nelson T. D., Guyton K. Z. and Kensler T. W.:
New vitamin D; derivatives with unexpected antiproliferative
activity: 1-(hydroxymethyl)-25-hydroxyvitamin D, homologs.
J. Med. Chem. 35 (1992) 3280-3287.

Vink-van Wijngaarden T, Pols H. A. P., Buurman C. J., van den
Bemd G. J. C. M,, Dorssers L. C. J., Birkenhiger J. C. and van
Leeuwen J. P. T. M.: Inhibition of breast cancer cell growth by
combined treatment with vitamin D, analogs and tamoxifen.
Cancer Res. 54 (1994) 5711-5717.

Abe J., Morikawa M., Miyamoto K., Kaiho S., Fukushima M.,
Miyaura C., Abe E., Suda T. and Nishii Y.: Synthetic analogues
of vitamin D, with an oxygen atom in the side chain skeleton.
FEBS Lett. 226 (1987) 58-62.

Eisman J. A, Barkla D. H. and Tutton P. J. M.: Suppression
of in vive growth of human cancer solid tumor xenografts by
1,25-dihydroxyvitamin D;. Cancer Res. 47 (1987) 21-25.
Carlberg C., Mathiasen I. S., Saurat J.-H. and Binderup L.: The
1,25-dihydroxyvitamin D, (VD) analogues MC903, EB1089 and
KH1060 activate the VD receptor: homodimers show higher
ligand sensitivity than heterodimers with retinoid X receptors.
J. Steroid Biochem. Molec. Biol. 51 (1994) 137-142.



346

52.

53.

54.

Gert-Jan C. M. van den Bemd et al.

Brown A. J., Finch J., Grieff M., Ritter C., Kubodera N., Nishii
Y. and Slatopolsky E.: The mechanism for the disparate actions
of calcitriol and 22-oxacalcitriol in the intestine. Endocrinology
133 (1993) 1158-1164.

Dusso A. S., Negrea L., Gunawardhana S., Lopez-Hilker S.,
Finch J., Mori T., Nishii Y., Slatopolsky E. and Brown A. J.: On
the mechanisms for the selective action of vitamin D analogs.
Endocrinology 128 (1991) 1687-1692.

Vanham G., Van Baelen H., Tan B. K. and Bouillon R.: The

55.

56.

effect of vitamin D analogs and of vitamin D-binding protein on
lymphocyte proliferation. ¥. Sterotd Biochem. 29 (1988) 381-386.
Bikle D. D. and Gee E.: Free, and not total, 1-25-dihydroxyvi-
tamin D regulates 25-hydroxyvitamin D metabolism by kerati-
nocytes. Endocrinology 124 (1989) 649-654.

Okano T., Tsugawa N., Masuda S., Takeuchi A., Kobayashi T.
and Nishii Y.: Protein-binding properties of 22-oxa-1a,25-
dihydroxyvitamin D,, a synthetic analogue of 1a,25-dihydroxy-
vitamin D,. §. Nutr. Sci. Vitaminol. 35 (1989) 529-533.



