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Abstract la,25-Dihydroxyvitamin D3 (1 a,25-(OH),D3) has been shown to increase cytosolic calcium and 
inositol triphosphate levels in rat osteosarcoma cells (ROS 17/23) and to increase nuclear calcium in these cells. To 
determine the mechanism(s) of Ia,25-(OH),D3-induced changes in nuclear calcium, the effect of the hormone on 
phospholipid metabolism in isolated osteoblast nuclei was assessed. 1 ~ ~ , 2 5 ( 0 H ) ~ D ~ ,  20 nM, increased inositol 
triphosphate levels in the nuclei after 5 min of treatment. The biologically inactive epimer, 1 P,25-(OH)2D3, had no 
significant effect on inositol triphosphate levels. ATP, 1 mM, also increased inositol triphosphate levels in the isolated 
nuclei after 5 min. 1 ~ ~ , 2 5 - ( 0 H ) ~ D ~ ,  20 nM, increased calcium in the isolated nuclei in the presence but not in the 
absence of extranuclear calcium within 5 min. Nuclear calcium was also increased within 5 min by ATP, 1 mM, and 
inositol triphosphate, 1 mM. The effect of ATP on nuclear calcium was not additive with 1 (Y,25-(OH)@3, suggesting that 
these two agents increase nuclear calcium in these osteoblast-like cells by similar mechanisms. In summary, 
1 c~ ,25 - (0H)~D~ and ATP rapidly increase inositol triphosphate levels in nuclei isolated from ROS 17/2.8 cells. The 
hormone, the nucleotide, and the inositol phospholipid increase nuclear calcium. Thus, the 1 a,25-(OH)*D3 and ATP 
effects on nuclear calcium may be mediated by changes in phospholipid metabolism in the nuclei of these osteoblast- 
likecells. c 1995 Wiley-Liss, tnc. 
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Recent studies suggest that la,25-dihydro+- 
tamin D3 (1a,25-(OH),D3) exerts its effects in 
cells by genomic and nongenomic mechanisms. 
In osteoblasts, concentrations of 10 pM to 20 
nM of the hormone have been shown to increase 
cellular calcium [Lieberherr, 19871, modulate 
calcium currents [Caffrey and Farach-Carson, 
1989; Farach-Carson et al., 19911, and activate 
phospholipase C [Civitelli et al., 1990; Grosse et 
al., 19931 and the Na+/H+ antiport [Jenis et 
al., 19931 within seconds to minutes. The 1a,25- 
(OH),D3-induced increments in cellular calcium 
occur in clonal rat osteosarcoma cells lacking 
the vitamin D receptor, indicating that these 
rapid effects are mediated through a signalling 
system that does not involve the classic nuclear 
vitamin D receptor [Baran et al., 19911. More- 
over, these nongenomic effects of la,25-(OH)& 
have a functional significance in the osteoblast- 
like cells. The nongenomic actions modulate the 
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hormone-induced increments in osteocalcin and 
osteopontin mRNA steady-state levels [Jenis et 
al., 19931 and in osteocalcin gene transcription 
[Baran et al., 19921. 

The nuclear membrane contains calcium per- 
meability barriers and transport systems that 
are hormonally sensitive [Waybill et al., 19911. 
k~,25-(OH)@~ rapidly increases calcium levels 
in isolated hepatic nuclei [Baran et al., 19891. In 
addition, the hormone rapidly and specifically 
increases nuclear calcium levels in osteoblast- 
like cells as well as in their isolated nuclei [So- 
rensen et al., 19931. These increments in nuclear 
calcium are observed in nuclei isolated from 
osteoblast-like cells that lack the classic nuclear 
vitamin D receptor indicating that the classic 
receptor is not required for the rapid actions of 
1a,25-(OH),D3 on nuclear calcium [Sorensen et 
al., 19931. 

ATP also increases calcium levels in rat osteo- 
blast-like cells [Kumagai et al., 1989, 1991; Rei- 
mer and Dixon, 19921 and in nuclei isolated 
from hepatocytes [Baran et al., 1989; Nicotera 
et al., 19891. Like la,25-(OHIzD3 [Civitelli et al., 
1990; Grosse et al., 19931, the ATP-induced 
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increase in cellular calcium in osteoblast-like 
cells is accompanied by the generation of inositol 
phosphates [Kumagai et al., 19911. 

In this study, we show that l ~ i , 2 5 - ( O H ) ~ D ~ ,  
ATP, and inositol triphosphate increase calcium 
levels in nuclei isolated from rat osteosarcoma 
cells (ROS 17/2.8). In addition, both the hor- 
mone and the nucleotide stimulate the genera- 
tion of inositol triphosphate in the nuclear enve- 
lope. Since the effects of l ~ i , 2 5 - ( O H ) ~ D ~  and 
ATP on nuclear calcium are not additive, the 
data suggest that both agents may alter nuclear 
calcium through a mechanism involving inositol 
phosphates. 

MATERIALS AND METHODS 
Cell Cultures 

Osteoblast-like rat osteosarcoma cells, ROS 
17/23  (generously supplied by Dr. G. Rodan, 
Merck Sharp Dohme, West Point, PA), were 
grown in culture medium consisting of DMEM: 
F12 (50:50) plus 10% fetal calf serum. 

Cells were grown for 6-7 days and harvested 
for experiments by trypsinization with 0.25% 
trypsin and 0.002% EDTA and by sedimentation 
at 1 O O g  for 8 min. Cell numbers were assessed 
by counting an aliquot of cells in a hemocytom- 
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eter, and viability was determined by trypan 
blue dye exclusion. 

Isolation of Nuclei by Hypotonic Swelling 

Rat osteosarcoma cells, ROS 17/2.8, were 
washed in an isotonic buffer consisting of 125 
mM KC1, 30 mM Tris/HCl (pH 7.91, 5 mM 
MgC12, and 10 mM betamercaptoethanol (BME). 
The cells were centrifuged and resuspended in 1 
ml per lo7  cells of ice cold hypotonic swelling 
buffer (10 mM KC1,30 mM Tris/HCl [pH 7.93 5 
mM MgC12, and 10 mM BME). The cells were 
allowed to swell for 20 min on ice and then 
Dounce homogenized with a tight fitting pestle 
for 15 strokes. There was a 100% recovery of the 
nuclei originally present; 95-98% of these nuclei 
were intact viewed at 100-fold magnification 
[Baran et al., 1989; Sorensen et al., 19931. 

Anion Exchange Chromatography of Water 
Soluble lnositol Phosphates 

ROS 17/2.8 cells were exposed to 3H-inositol 
(50 pM) (specific activity 23.4 Ciimmole). Nu- 
clei were isolated as described above. At 18 h, 
the incorporation of 3H-inositol into the nuclear 
envelope had plateaued (Fig. 1). 
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Fig. 1. 
mean of 2 experiments. 

Time course of the incorporation of 3H-inositol into the nuclear envelope. Values represent the 
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Nuclei 1 x lo7 per ml were suspended in a 
HEPES buffered salt solution containing 50 nM 
calcium and treated with LiCl 10 mM for 10 
min. la,25-(OH)2D3, 20 nM, lp,25-(OHI2D3, 20 
nM, or ATP, 1 mM, were added to the nuclei for 
5 min. Nuclei were centrifuged at  50g for 1 min, 
and the supernatant was removed before 0.75 
ml of CHC13/CH30H/HC1 (100:50:1) was added 
to 5 x lo6 nuclei to quench the reaction. This 
solution was vortexed and kept at 3°C overnight. 

Separation of phases. After 24 h, the solu- 
tion was separated by centrifugation at 200g for 
20 min and the supernatant was removed from 
the protein pellet. Three volumes of H 2 0  were 
added to the supernatant to separate the phases 
at 4°C. The upper, aqueous layer from each 0.5 
ml of cell pellet, containing free inositol and 
inositol phosphates, was removed and neutral- 
ized to pH 7.0 before being applied to Dowex 
columns (Bio-Rad, Hercules, CA) in the formate 
form. 
Analytic procedure. Water-soluble inositol 

phosphates were separated by anion-exchange 
chromatography on 0.8 ml Dowex 1 x 8 columns 
in the formate form [Baran et al., 19881. Of the 
applied radioactivity, 8 0 4 5 %  was recovered. Af- 
ter the columns were equilibrated, two 5 ml 
fractions of H 2 0  eluted the free inositol; three 5 
ml fractions of 5 mM sodium borate and 60 mM 
sodium formate eluted the glycerophosphoryli- 
nositol (GPI); three 5 ml fractions of 5 mM 
sodium borate and 180 mM sodium formate 
eluted the inositol phosphate UP); two 5 ml 
fractions of 0.1 M formic acid and 0.4 M ammo- 
nium formate eluted the inositol bisphospho- 
nate (IP2); and three 5 ml fractions of 0.1 M 
formic acid and 1 M ammonium formate eluted 
the inositol triphosphate (IP3). 

Optiflour (5 ml; Packard, Meriden, CT) was 
added to each fraction collected and the radioac- 
tivity determined in a Beckman LS6OOOSC liq- 
uid scintillation spectrometer (Wakefield, MA). 

Determination of Calcium Levels In Isolated 
Nuclei 

Nuclei (107/ml) were loaded with 1 FM Fura 2 
Ah4 (Molecular Probes, Eugene, OR) for 60 min 
at 4°C [Nicotera et al., 19891. Nuclei were 
washed, resuspended, and equilibrated at 37°C 
under an atmosphere of 95% 02:5% C02 for 15 
rnin [Sorensen et al., 19931. Nuclear calcium 
was calculated using the 340/380 fluorescence 
ratio of Fura 2 loaded nuclei. 

Statistical Analyses 

Values represent the mean * SEM of 4-6 
observations from separate experiments. Prob- 
ability of difference for phospholipid changes 
was determined by the paired t-test. Differences 
among several groups were assessed by Dun- 
can's test for multiple comparisons. 

RESULTS 

la,25-(OHI2D3, 20 nM, significantly increased 
3H-inositol triphosphate (3H-IP3) levels in the 
nuclear envelope after 5 rnin (65 f 14 vs. 
77 k 15cpm/5 x 106nuclei,P < 0.01)whileno 
effect was seen after 15 s of treatment (43 * 7 
vs. 38 k 10 cpm/5 x lo6 nuclei) (Fig. 2). This 
effect was relatively specific since the vitamin D 
epimer, 1p,25-(OH)zD3, 20 nM, did not increase 
3H-IP3 levels in the nuclei (57 2 11 vs. 48 2 8 
cpm/5 x lo6 nuclei). Similarly, ATP, 1 mM, sig- 
nificantly increased 3H-IP3 levels in the nuclear 
envelope after 5 rnin (70 2 12 vs. 86 k 6 cpm/ 
5 x lo6 nuclei, P < 0.05) but not after 15 s of 
treatment (74 * 3 vs. 73 * 1 cpm/5 x lo6 nu- 
clei) (Fig. 2). 

la,25-(OH)2D3, 20 nM, gradually increased 
calcium levels in the isolated nuclei, with in- 
creased fluorescence noted after 3 min (Fig. 3). 
After 5 min of treatment, the hormone signifi- 
cantly increased nuclear calcium levels (123 * 7 
vs. 219 * 28 nM, P < 0.01). 1a,25-(OH)zD3 in- 
creased calcium levels in isolated nuclei only in 
the presence of extranuclear calcium. Chelation 
of calcium with EGTA prevented the hormone- 
induced increase in nuclear calcium (140 ? 6 vs. 
130 2 4 nM). ATP, 1 mM, also gradually in- 
creased fluorescence intensity in the isolated 
nuclei with changes apparent after 2 min (Fig. 
4). By 5 min, both ATP, 1 mM, and IP3, 1 mM, 
significantly increased nuclear calcium (con- 
trol = 168 * 8 nM; ATP = 223 * 16 nM*; 
IPS = 247 * 18 nM*; P < 0.05 compared to con- 
trol). The effects of la,25-(OH)zD3, 20 nM, and 
ATP, 1 mM, on nuclear calcium were not addi- 
tive (Table I). The hormone increased nuclear 
calcium levels by 78% while the nucleotide in- 
creased levels by 83%. The combination of la,25- 
(OH)2D3 and ATP increased nuclear calcium 
levels by 59%. 

DISCUSSION 

The results of this study demonstrate that 
1a,25-(OH)zD3 and ATP rapidly alter phospho- 
lipid metabolism in isolated nuclei. la,25- 
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Fig. 2. 
15 and 300 secs; (B) ATP (1 mM) at 15 and 300 secs. 

Nuclear 3H-inositol-triphosphate levels as affected by (A) 1 a,25-dihydroxyvitamin D3 (20 nh l )  at 

TABLE I. Effect of la, 25Dihydroxyvitamin 
DS, ATP, and the Combination on Nuclear 

Calcium Levels 

Calcium 
(nM) 9% Increase 

- Control 123 ? 6 
la,25-dihydroxyvitamin 

ATP 

la,25-dihydroxyvitamin 

D3 (20 nM) 219 2 25* 78 

(1 mM) 225 ? 29* 83 

D3 + ATP 196 2 21* 59 

*P < 0.05 compared to control by Duncan’s test for multiple 
comparisons. 

(OHI2D3 has previously been reported to in- 
crease the production of 3H-IP3 in ROS 17/23  
cells, presumably by increasing phospholipase C 
activity in the plasma membrane [Civitelli et al., 
19901. This effect occurred within 10 s of hor- 
mone addition. More recently, la,25-(OH)2D3, 
10 pM to 1 nM, has also been shown to increase 
3H-IP3 accumulation in freshly isolated mouse 
osteoblasts by 1 2 4 0 %  [Grosse et al., 19931. 
Similar degrees of accumulation were noted af- 
ter stimulation with 24,25-(OH)2D3 and 25- 
(OHI2D3, suggesting a direct interaction of vita- 
min D metabolites with membrane secosteroid 
recognition sites [Grosse et al., 19931. la,25- 
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(OH)2D3 also activates phospholipase C and in- 
creases 3H-IP3 production in rat enterocytes [Li- 
eberherr et al., 19891, rat colonic epithelium 
[Wali et al., 1990, 19921, human colonic carci- 
noma cells [Tien et al., 19931, murine keratino- 
cytes [Tang et al., 19871, and avian myoblasts 
[Morelli et al., 19931. In contrast, the hormone 
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Fig. 3. 
Dj, 20 nM, on fluorescence measured at 340 nm in Fura 2 
loaded intact nuclei. Calcium values listed in the text are 
calculated by usinga ratio of the 340/380fluorescence measure- 
ments. A and B refer to 2 experiments performed on separate 
days. The numbers above each bar refer to time in minutes, 
while the letters designate control (C) or 1 a,ZS-Dihydroxyvita- 
min D? (D) treated nuclei. 
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appears to activate phospholipase A2 in hepato- 
cytes [Baran et al., 1988,1990; Baran and Kelly, 
19881 and their nuclei [Baran et al., 19891, and 
chondrocytes [Schwartz et al., 19881. Thus, vari- 
ous doses of the secosteroid have been shown to 
alter phospholipid metabolism in a variety of cell 
types by activation of either phospholipase C or 
phospholipase A2. 

ATP has also been previously shown to in- 
crease phospholipid turnover in a variety of cell 
types. The nucleotide increases 3H-IP3 in UMR- 
106 cells [Kumagai et al., 19911, Ehrlich ascites 
tumor cells [Dulyak, 19861, and human amnion 
cells [Kooy et al., 19891 within 30 s. 

In the present report, we show that 1a,25- 
(OH)2D3 increases 3H-IP3 levels by 20% in iso- 
lated nuclei of rat-osteoblast-like cells. In con- 
trast to intact osteoblasts, where an effect of 
1~1,25-(oH)~D~ on 3H-IP3 levels was observed 
within 30 s [Civitelli et al., 1990; Grosse et al., 
19931, we saw no increase in 3H-IP3 in the nuclei 
at that time but observed the increment after 5 
min (Fig. 2). The effect of la,25-(OH)2D3 is 
relatively specific since lp,25-(OH)2D3 had no 
effect on 3H-IP3 levels. Similarly, ATP increases 
3H-IP3 levels in the nuclei of the ROS 1712.8 
cells after 5 min. Like the la,25-(OH)zD3 effect 
on phospholipid turnover, the nucleotide action 
is observed only after 5 min of treatment (Fig. 
2). This contrasts with the more rapid (30 s )  
effect of ATP on 3H-IP3 production in intact 
osteoblasts [Kumagai et al., 19911. These differ- 
ences are not methodologic in nature, since we 
also observe increases in 3H-IP3 levels in intact 
ROS 1 7 / 2 3  cells treated with la,25-(OH)zD3 
within 15 s (data not shown). Thus, variations 
in response time may reflect differences in the 
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Fig. 4. Time course of the effect of ATP, 1 mM, fluorescence measured at 340 nm in Fura 2 loaded intact 
nuclei in a single representative experiment. The numbers above each bar refer to time in minutes, while 
the letters designate control (C) or ATP (A) treated nuclei. 
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recognition sites on the plasma membrane and 
nuclei, differences in phospholipid turnover at 
the two sites, or alterations in turnover induced 
during the process of nuclei isolation. Although 
the most likely source of IP, in these studies is 
the nuclear envelope, the results do not rule out 
possible generation of IP3 from intranuclear 
sites. 

The phospholipid environment has been pos- 
tulated to be important in the regulation of 
nuclear function [Cocco et al., 1989; Divecha et 
al., 19911. The inositol phospholipids in particu- 
lar have been shown to modulate RAS gene 
activity during mitogenic stimulation [Berezney 
et al., 1979; Tsai et al., 19891 and to stimulate 
the initiation of DNA synthesis in rat liver cells 
[Hill et al., 19891. Nuclear specific phosphatidyl- 
inositol lipid breakdown has been shown to play 
a direct role in DNA synthesis in HeLa cells 
work and Majerus, 19941. Phospholipid phos- 
phorylation takes place in isolated rat liver nu- 
clei [Capitani et al., 1989, 19901. This may be 
related to  signals to  the genetic apparatus [Capi- 
tani et al., 19891 and/or interaction with the 
genetic apparatus in the nuclear matrix [Cocco 
et al., 1980; Payrastre et al., 19921. 

The nuclear membrane has a calcium pump 
that is similar to that of the endoplasmic reticu- 
lum [Layini et al., 19921. In addition, nuclei bind 
IP, and posses an IP3 sensitive calcium pool 
[Nicotera et al., 1990; Malriya et al., 19901. Our 
results indicate that IP3 increases nuclear cal- 
cium levels in Fura 2 loaded isolated nuclei. The 
observation that the increase in nuclear calcium 
after treatment with both la,25-(OH)zD3 and 
ATP is similar to that noted after treatment 
with either agent alone, and after treatment 
with IP,, suggests that inositol triphosphates 
mediate the hormone and nucleotide-induced 
increments in nuclear calcium. It has recently 
been reported that inositol tetrakisphosphate 
also binds to  rat liver nuclei and plays an impor- 
tant role in nuclear calcium uptake [Koppler et 
al., 19931. Thus, is appears that the inositol 
phosphates play a role in the regulation of 
nuclear calcium uptake and that the phospholip- 
ids themselves may be partly regulated by the 
hormonal and nucleotide environment. 

In conclusion, it is apparent that 1a,25- 
(OH)2D3 exerts rapid effects at both the cellular 
and subcellular level. The hormone-induces 
changes in nuclear phospholipid metabolism and 
nuclear calcium within 5 min. Phospholipid me- 
tabolism has been linked to the regulation of 

gene expression. Likewise, the rapid nonge- 
nomic actions of la,25-(OH)zD3 modulate the 
hormone-induced increments in gene transcrip- 
tion. The 1~~,25-(OH)~D~-mediated changes in 
nuclear IP3 and calcium movement may play a 
role in modulating the hormone’s control of 
gene expression. These studies suggest that both 
la,25-(OH)zD3 and ATP increase nuclear cal- 
cium by increasing nuclear IP3 levels. Further 
studies evaluating the time course of these ef- 
fects and employing inhibitors of phospholipase 
C may assist in proving this relationship. 
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