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The 1,25-Dihydroxy-vitamin D3 Receptor Is Phosphorylated in Response to
1,25-Dihydroxy-vitamin D3 and 22-Oxacalcitriol in Rat Osteoblasts, and by Casein

Kinase I, in Vitro'
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ABSTRACT: Weanalyzed the endogenous nuclear 1,25-dihydroxy-vitamin D (1,25(OH),D;) receptor (VDR)
inrat osteosarcoma (ROS 17/2.8) cells and present biochemical evidence that it is a phosphoprotein. When
ROS 17/2.8 cells are labeled metabolically with [**S]methionine, treatment with 10-8 M 1,25(OH);D;
elicits a decrease in the electrophoretic mobility of immunoprecipitated VDR in denaturing polyacrylamide
gels, a property characteristic of phosphorylated proteins. Similar labeling of cells with [32P]orthophosphate
results in a rapid (=30 min), 1,25(OH),D;-dependent incorporation of 32P into a 54-kDa VDR species that
comigrates with the slower migrating receptor species extracted from [**S}methionine-labeled ROS 17/2.8
cells that have been exposed to 1,25(OH),D;. Alkaline phosphatase treatment of immunoprecipitated
VDR from 1,25(OH),D;-treated cells converts the form of the VDR with reduced mobility to the faster
migrating species present in 1,25(OH),D;-deficient cells. Incubation of ROS 17/2.8 cells with the non-
hypercalcemic 1,25(OH),D; analog, 22-oxacalcitriol (OCT), produces a level of VDR phosphorylation
similar to that elicited by 1,25(OH),D; treatment. Transient transfection of osteosarcoma cells with a
reporter vector containing a vitamin D responsive element derived from the rat osteocalcin gene yields
equivalent transcriptional activation in the presence of either 1,25(OH),D; or OCT. Further experiments
performed at various 1,25(OH),D; concentrations to assess the relationship between receptor phosphorylation
and transcriptional activity in intact cells showed a positive correlation between these two parameters,
indicating that the 1,25(OH),D; hormone stimulates VDR phosphorylation and transcriptional activation
in parallel. Finally, highly purified casein kinase II (CK-II) phosphorylates the VDR in a 1,25(0H),;D;-
independent, in vitro reaction. Comparison of the migration in denaturing gel electrophoresis of in vivo
and in vitro phosphorylated VDR reveals a different electrophoretic mobility of the CK-II-phosphorylated
receptor, suggesting that CK-II-mediated phosphorylation may be distinct from that occurring in response
to 1,25(OH),D; or OCT. We speculate that hormone-dependent phosphorylation of the VDR may be
required for transcriptional activation, while hormone-independent, CK-1I-mediated phosphorylation may

play a role in the modulation of receptor activity.

The 1,25-dihydroxy-vitamin Dj receptor (VDR)! is a rare,
labile protein which is a member of a large superfamily of
receptors, including those for steroid hormones, thyroid
hormone, and retinoic acid (Evans, 1988; Haussler et al.,
1988a). The receptor binds 1,25-dihydroxy-vitamin D;
(1,25(OH);Ds) with high affinity, localizes to and becomes
tightly associated with the nucleus, and regulates the activity
of target genes such as intestinal calcium binding protein
(Christakos et al., 1989) and osteocalcin (Pike, 1990).

A number of members of the steroid/thyroid hormone
receptor superfamily are reported to be phosphoproteins,
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including the progesterone receptor (Dougherty et al., 1982),
glucocorticoid receptor (Housley & Pratt, 1983), thyroid
hormone receptor (Goldberg et al., 1988), estrogen receptor
(Auricchioet al., 1987), and androgen receptor (Goueli et al.,
1984), as well as the VDR itself (Haussler et al., 1988b;
McDonnell et al., 1989; Brown & DeLuca, 1990; Jones et al.,
1991). Several studies have examined the phosphorylation of
steroid hormone receptors, in vivo, and have found, in the case
of the glucocorticoid receptor (Ortiet al., 1989), progesterone
receptor (Logeat et al., 1985), estrogen receptor (Denton et
al.,1992),and VDR (Pike & Sleator, 1985), that a component
of the phosphorylation is hormone-dependent. These obser-
vations suggest that phosphorylation may play a functional
role in the hormone-elicited actions of these receptors.

Other studies have focused on which kinases may catalyze
receptor phosphorylation by examining phosphorylation re-
actions in vitro. The progesterone (Weigel et al., 1981),
glucocorticoid (Singh & Moudgil, 1985), and 1,25(0OH),D;
receptors (Jurutka et al., 1993a) can be effectively phospho-
rylated in vitro by cAMP-dependent protein kinase (PK-A).
Another kinase of potential significance in terms of steroid
hormone receptor phosphorylation is casein kinase II (CK-
IT). This predominantly nuclear-localized kinase (Krek et
al., 1992) is present in a wide variety of eukaryotic cells
(Tuazon & Traugh, 1991) and is known to phosphorylate
nuclear oncogene products and a number of proteins involved
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in gene expression, including RNA polymerases I and II
(Dahmus, 1981; Stetler & Rose, 1982), topoisomerases I and
II (Durban et al.,, 1985; Ackerman et al., 1988), c-myc
(Liischer et al., 1989), c-myb (Liischer et al., 1990), and max
(Berberich & Cole, 1992). The c-erbAa-encoded thyroid
hormone receptor also appears to be a substrate for CK-II in
vitro (Glineur et al., 1989).

The functional significance of steroid and thyroid hormone
receptor phosphorylations is unknown, but may involve any
of the following: (i) modulation of hormone binding; (ii)
nuclear localization; (iii) specific DN A binding; (iv) association
with a receptor auxiliary factor; (v) transcriptional control;
and (vi) receptor recycling/processing. In an effort to
characterize this post-translational modification biochemi-
cally, we have investigated phosphorylation of the VDR
utilizing osteoblast-like rat osteosarcoma (ROS 17/2.8) cells
(Majeska et al., 1980). Earlier studies of VDR phosphoryl-
ation examined the mouse (Pike & Sleator, 1985), chicken
(Brown & DeLuca, 1990), and human (McDonnell et al.,
1989; Jones et al., 1991) receptors. These previous reports
demonstrated 1,25(OH);D; hormone-dependent phosphoryl-
ation of the endogenous mouse VDR in cultured fibroblasts
(Pike & Sleator, 1985) and of the endogenous chicken VDR
inembryonic chick duodenal organ culture (Brown & DeLuca,
1990), the latter post-translational modification taking place
prior to significant 1,25(OH);D;-induced calcium binding
protein (M, 28 000) mRNA accumulation. We demonstrate
here that the endogenous rat VDR (rVDR), present in
relatively high concentrations in ROS 17/2.8 cells, is rapidly
phosphorylated in vivo by a hormone-dependent mechanism
and that in vivo phosphorylation induced by either the natural
1,25(0OH),D; hormone or the analog 22-oxacalcitriol (OCT)
is correlated positively with the transcriptional activity of VDR.
Also, r'VDR is a substrate for CK-II, in vitro, but this reaction
is apparently independent of the presence of 1,25(OH);D3.
We hypothesize that multisite phosphorylation of VDR may
bean obligatory and/or regulatory step in the pathwayleading
to VDR-mediated transcriptional regulation of target genes.

MATERIALS AND METHODS

Reagents. All reagents were of electrophoresis and/or
ultrapure molecular biology grade. Purified CK-II isolated
from bovine testis was a gift from Drs. D. W. Litchfield and
E.G. Krebs (Department of Pharmacology and Biochemistry,
Howard Hughes Medical Institute, University of Washington).
OCT waskindly provided by Drs. Y. Nishiiand J. Abe, Chugai
Pharmaceutical Co., Ltd. (Toshima-ku, Tokyo, Japan).

Cell Culture. ROS 17/2.8 cells were cultured in Dulbecco’s
modified Eagle medium and Ham’s F-12 (DMEM/F12, 1:1)
supplemented with 10% fetal bovine serum (FBS), 100 ug/
mL streptomycin, and 100 units/mL penicillin. The cells
were incubated in 60-mm culture dishes in a humidified
incubator at 37 °C.

Metabolic Labeling. ROS 17/2.8 cells (7 X 10°/60 mm
plate) were incubated for 16 h as described above. The cells
were then washed twice with 5 mL of methionine-free or
phosphate-free DMEM/F12 followed by incubation in 2.0
mlL/plate of either methionine-free or phosphate-free DMEM/
F12 supplemented with 2% dialyzed FBS, 0.5 mCi of
(35S]methionine (New England Nuclear, Boston, MA, trans-
lation grade, 1100 Ci/mmol), or 0.5 mCi of [3?PJorthophos-
phate (New England Nuclear, Boston, MA, carrier-free, 8 500
9120 Ci/mmol) and various concentrations of 1,25(OH),D3,
10-8 M OCT, or ethanol (vehicle) control. The labeling was
carried out forupto4 hat 37 °C. The cells were then washed
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twice in 5 mL of Tris-buffered isotonic saline, pH 7.5, in
preparation for processing.

Preparation of Cellular Lysates. Cells were lysed directly
on plates by incubation in 1.0 mL of high-salt lysis buffer (0.3
MKC], 10 mM Tris-HCI (pH 7.4), 1.0 mM EDTA, 0.3 mM
ZnCl,, 0.5% Triton X-100, and 5 mM DTT) for 5 min. The
lysates from 35S-labeled cells were cleared by centrifugation
at 170000g for 30 min, while lysates from 32P-labeled cells
were cleared by centrifugation at 16000g for 30 min.

Immunoprecipitationand Gel Electrophoresis. Cell lysates
were immunoprecipitated with anti-VDR 4A 54y monoclonal
antibody (mAb) linked to Sepharose beads (Pike et al., 1983).
Typically, 500-xL aliquots of lysate were incubated with 10
uL of 4A5y~Sepharose (=~1 mg of mAb/mL) overnight at 4
°C with gentle shaking. Control reactions to identify
nonspecific binding to 4ASy—Sepharose contained a severalfold
excess of free 4A5y mAb. The Sepharose beads were then
washed extensively with detergent-based wash buffers, es-
sentially as described previously (Mangelsdorf et al., 1987).
The washed beads were either further utilized for in vitro
reactions (kinase or phosphatase) or resuspended in 30 uL of
2 X FSB (4% SDS, 10% B-mercaptoethanol, 0.125 M Tris-
HCI (pH 6.8), and 20% glycerol), boiled for 4 min, and
electrophoresed on 10% SDS—polyacrylamide gels as described
by Laemmli (1970). The gels were fixed in 30% methanol/
10% trichloroacetic acid/10% acetic acid, washed in water,
impregnated with fluor (1 M sodium salicylate), dried, and
fluorographed at -70 °C on Kodak X-OMAT AR film.

InVitro Kinase and Alkaline Phosphatase Reactions. Cells
(2 X 10%) grown in the absence of 1,25(OH),D3; were lysed
and immunoprecipitated as described above. After extensive
washing, the beads were washed twice in KTMD-0.15 (0.15
M KCl, 50 mM Tris-HCI (pH 7.4), 15 mM MgCl,, 5 mM
DTT), resuspended in 35 uL of KTMD-0.15, and incubated
for 2 h with 108 M 1,25(OH),Ds or ethanol, followed by
incubation with 40 uCi of [y-32P]JATP (ICN, Irvine, CA, 25
Ci/mmol, 8 pCi/uL) and 6 X 10~ unit of highly purified
CK-II for 30 min at 30 °C. One unit of CK-II is defined as
the amount of enzyme that catalyzes the transfer of 1.0 umol
of phosphate per min to a synthetic peptide substrate at 30
°C (Litchfield et al., 1990).

Alkaline phosphatase reactions utilized immunoprecipi-
tated, [33S]methionine-labeled VDR. The washed beads were
resuspended in 40 uL of water, 5 uL of 10X phosphatase
buffer (Promega Corp., Madison, WI), and 50 units calf
intestinal alkaline phosphatase (Promega Corp.) and incubated
for various times at 37 °C. The beads were washed again and
subjected to electrophoresis as described above.

Cell Transfections and Transcription Assays. Transcrip-
tional activity of the VDR was measured in ROS 17/2.8 cells
(5 X 105 cells/60 mm plate) which had been transfected by
calcium phosphate-DNA coprecipitation (Kingston, 1990)
with a reporter vector (5 ug/plate) containing the vitamin D
responsive element (VDRE) within approximately 1100 base
pairs of the 5’-flanking DNA from the rat osteocalcin gene
(rBGPGH), linked upstream of the human growth hormone
gene (Terpening et al., 1991). Asa control, a similar reporter
vector containing only the osteocalcin core promoter and 146
base pairs of 5'-flanking DNA (without the VDRE) was
utilized (P2AGH). Cells were treated for 24 h following
transfection with either various concentrations of 1,25-
(OH);D3, 108 M OCT, or ethanol vehicle. Medium was
then assayed for human growth hormone by radioimmunoassay
using a kit from Nichols Institute Diagnostics (San Juan
Capistrano, CA).
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FIGURE 1: Hormone-dependent, in vivo phosphorylation of VDR
isolated from ROS 17/2.8 cells. ROS 17/2.8 cells were labeled
metabolically with 0.5 mCi of [*S]methionine (lanes 1 and 2) or 0.5
mCi of [*P]orthophosphate (lanes 3 and 4) and treated with 10~
M 1,25(OH),D; (lanes 1 and 3) or ethanol vehicle (lanes 2 and 4)
for 4 h as described in Materials and Methods. Cell lysates were
immunoprecipitated with mAb 4AS5y—Sepharose and subjected to
10% SDS-PAGE. The arrowheads indicate the positions of the
hyperphosphorylated (upper arrow) and hypophosphorylated (lower
arrow) forms of rVDR.

RESULTS

Hormone-Dependent Phosphorylation of VDR. The phos-
phorylation of VDR was examined in ROS 17/2.8. These
cells express a relatively high level of endogenous receptor
(=15 000 receptors/cell) and therefore represent a useful
system in which to study VDR phosphorylation. ROS 17/
2.8 cells were labeled metabolically with [**S]methionine in
the presence and absence of 1,25(OH),D3 (Figure 1, left
panel). When VDR from untreated cells was immunoex-
tracted with anti-VDR mAb 4AS+ linked to Sepharose, the
resulting autoradiogram displayed two prominent 33S-labeled
protein bands, one migrating at ~54 kDa and the other band
migrating at ~43 kDa (lane 2). We have previously reported
(Jones et al., 1991) that the 43-kDa protein is not VDR-
related because its intensity is not reduced in the presence of
excess free 4A5y mAb during solid-phase immunoprecipi-
tation. Incontrast,theintensity of the 54-kDa species is greatly
reduced when excess free anti-VDR antibody competes for
binding with the solid-phase antibody [data not shown; see
also Jones etal. (1991)], confirming that this species (and not
the labeled protein at 43 kDa) is the rVDR. In the presence
of 10-#M 1,25(OH),D; (lane 1), the 54-kDa band was partially
converted to a slower migrating form (=56 kDa), a charac-
teristic observation for many phosphoproteins such as the
retinoblastoma gene product p105 (Buchkovich et al., 1989;
DeCaprio et al., 1989) and c-fos (Barber & Verma, 1987).
In order to determine whether this observation represented a
phosphorylation event, ROS 17 /2.8 cells were similarly labeled
with [32P]orthophosphate in the absence and presence of 10-#
M 1,25(OH);D3. Immunoextraction of VDR revealed that
the majority of 32P incorporation into the receptor protein
band was dependent on the hormone, as seen in the right-
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FIGURE 2: Phosphatase treatment of in vivo phosphorylated VDR.
ROS 17/2.8 cells were labeled metabolically with 0.5 mCi of
[**S]methionine in the absence (lane 1) or presence (lanes 2-6) of
10* M 1,25(0H);D; for 4 h. Cell lysates were immunoprecipitated
with mAb4AS5y-Sepharoseand incubated in either the absence (lanes
1, 2, and 5) or presence (lanes 3, 4, and 6) of calf intestinal alkaline
phosphatase (50 units) for 0—60 minat 37 °C, as described in Materials
and Methods. The arrows indicate the positions of the hyperphos-
phorylated (upper arrow) and hypophosphorylated (lower arrow)
forms of rVDR.

hand panel of Figure 1 (compare lanes 3 and 4). This
phosphorylated VDR species also comigrated with the slower
migrating VDR extracted from 3*S-labeled cells treated with
the 1,25(OH);D; hormone (compare lanes 1 and 3). Taken
together, these observations indicate that the rVDR apparently
is hyperphosphorylated in response to 1,25(OH),D; and that
this phosphorylation reduces the electrophoretic mobility of
the receptor in denaturing polyacrylamide gels.

Additional Analysis of VDR Phosphorylation. Inorder to
confirm biochemically that the hormone-dependent modifi-
cation of the r'VDR and subsequent gel retardation properties
are coincident with phosphorylation of the receptor, a
phosphatase experiment was performed. VDR was isolated
by immunoprecipitation with 4A5+y-Sepharose from ROS 17/
2.8 cells that were labeled metabolically with [33S]methionine.
The slower migrating, putatively hyperphosphorylated form
of the receptor isolated from 1,25(0OH),Ds-treated cells was
converted to a faster migrating, hypophosphorylated form by
exposure to calf intestinal alkaline phosphatase for increasing
incubation times (Figure 2). Thus, hyperphosphorylated
rVDR isolated from cells exposed to 1,25(0OH),D; hormone
can be transformed enzymatically to a hypophosphorylated
form which comigrates with receptor isolated from untreated
cells. Thesedataunequivocally demonstratethat the hormone-
dependent retardation of rVDR migration in denaturing
polyacrylamide gels is the result of receptor phosphorylation.

We next examined the time frame in which hormone-
dependent phosphorylation occurs, beginning with hormone
incubations as early as 30 min which is the approximate interval
required for 1,25(OH),D5 binding and receptor localization



Phosphorylation of the Rat Vitamin D Receptor

kDa—l 2 3 4 5 6 "7
4 L B
66—
WS aaae S 4 VDR
45—
31
1,25 - + + + + + o+
FreemAb - - - - - - +
Time(hr) 4 05 1 2 3 4 4

FIGURE 3: Time course of hormone-dependent, in vivo phosphoryl-
ation of VDR isolated from ROS 17/2.8 cells. ROS 17/2.8 cells
were labeled metabolically with 0.5 mCi of [32P]orthophosphate for
4hfollowed by treatment with ethanol (lane 1) or 10* M 1,25(OH);D;
for 0.5, 1, 2, 3, and 4 h (lanes 2-7). Cell lysates were immunopre-
cipitated with mAb 4A5y—Sepharose as described in Materials and
Methods. Lane 7 included an excess of soluble 4A 5y mAb to assess
nonspecific binding to the 4A5y—Sepharose and should result in
selective disappearance of the rVDR band. The arrow indicates the
position of the rVDR.

to the nucleus. When ROS 17/2.8 cells were labeled
metabolically with [32P)orthophosphate and treated with 1078
M 1,25(0OH);D; for varying times, the immunoextracted VDR
was phosphorylated within 30 min, with maximum 32P
incorporation occurring at 2-3 h (Figure 3). Interestingly,
mRNA levels for osteocalcin, a bone matrix protein synthesized
by osteoblasts, are elevated 4-8 h following exposure to
1,25(0OH),D; in ROS 17/2.8 cells (data not shown) and in
ROS 17/2cells (Fraser & Price, 1990); nuclear runon analysis
has revealed that a 1,25(OH);Ds;-mediated increase in
osteocalcin transcription can be detected in as little as 1 hand
is maximally stimulated at 3 h in ROS 17/2 cells (Pan &
Price, 1986). Thus, phosphorylation of rVDR in vivo is an
early event which precedes 1,25(OH),Ds-induced osteocalcin
mRNA accumulation and correlates temporally with the
activation of osteocalcin gene transcription, suggesting that
receptor phosphorylation may play a functional role in the
biological actions of 1,25(OH),D; in bone cells.
Phosphorylationof and Transcriptional Activationby VDR.
Employing a novel 1,25(OH),D; analog, plus dose-response
studies with the native hormone, we then determined whether
there was more than a mere temporal relationship between
in vivo phosphorylation of the rVDR and the ability of the
receptor to activate transcription. VDR was first immu-
noextracted from ROS 17/2.8 cells labeled metabolically with
[32P]orthophosphate (Figure 4A) in the presence of ethanol
control (lanes 1 and 2), 10 M 1,25(OH),D; (lanes 3 and 4),
or 108 M OCT (lanes 5 and 6), a potent synthetic analog of
1,25(0OH);D; with in vivo bioeffects that differ from those of
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FIGURE 4. (A) Phosphorylation of the VDR in ROS 17/2.8 cells
treated with 1,25(OH),D; or OCT. ROS 17/2.8 cells were labeled
metabolically with 0.5 mCi of [32P]orthophosphate and treated with
ethanol (lanes 1 and 2), 10* M 1,25(OH);D; (lanes 3 and 4), or 10-®
M OCT (lanes 5 and 6) for 4 h as described in Materials and Methods.
Cell lysates were immunoprecipitated with mAb 4A5y-Sepharose
and subjected to 10% SDS-PAGE. The arrowhead indicates the
position of rVDR. (B) VDRE-mediated transcriptional activation of
a reporter gene in transfected ROS 17/2.8 cells in response to
1,25(OH),D; or OCT. ROS 17/2.8 cells (5 X 10° cells/plate) were
transfected by calcium phosphate-DNA coprecipitation with a
1,25(0OH),Ds-responsive reporter vector (5 ug/plate) containing 1100
base pairs of the 5'-flanking DNA from the rat osteocalcin gene
(rBGPGH) or only the rat osteocalcin core promoter as a control
(P2AGH) linked upstream of the human growth hormone gene. After
transfection, the cells were treated with ethanol, 10 M 1,25(0OH),D;,
or 10-* M OCT for 24 h. The medium was then assayed for human
growth hormone by radioimmunoassay. The values (mean @ SD)
represent three independent experiments, each with triplicate samples
in the various treatment groups.

1,25(0OH),D; (Abeetal., 1989). Analysis by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
clearly demonstrated that the level of phosphorylation of rVDR
and its migratory position in the denaturing polyacrylamide
gel were nearly identical upon binding to and activation by
either the 1,25(OH),D; hormone or its OCT analog (Figure
4A, compare lanes 3 and 4 to lanes 5 and 6), while very little
phosphorylation was detectable in the absence of either ligand
(lanes 1 and 2).
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FIGURE 5: (A) Phosphorylation of the VDR in ROS 17/2.8 cells
treated with increasing concentrations of 1,25(0OH),D;. ROS 17/
2.8 cells were labeled metabolically with 0.5 mCi of [*2P]ortho-
phosphate and treated with either ethanol (lane 1) or the indicated
concentration of 1,25(OH),D; (lanes 2-4) for 4 h as described in
Materials and Methods. Cell lysates were immunoprecipitated with
mAb 4AS5y-Sepharose and subjected to 10% SDS-PAGE. The
arrowhead indicates the position of rVDR. (B) VDRE-mediated
transcriptional activation of a reporter gene in transfected ROS 17/
2.8 cells in response to increasing concentrations of 1,25(0OH);,D;.
ROS 17/2.8 cells (5 X 10° cells/plate) were transfected by calcium
phosphate-DNA coprecipitation with a reporter vector (5 ug/plate)
containing 1100 base pairs of the 5-flanking DNA from the rat
osteocalcin gene linked upstream of the human growth hormone gene.
After transfection, the cells were treated with either ethanol or the
indicated concentration of 1,25(OH),D5 for 24 h. Medium was then
assayed for human growth hormone by radioimmunoassay. The
values (mean £ SD) represent three independent experiments, each
with triplicate samples in the various treatment groups.

In addition, ROS 17/2.8 cells were transfected with a
reporter vector consisting of approximately 1100 base pairs
of 5’-flanking DNA from the rat osteocalcin gene (Terpening
et al., 1991), which contains a vitamin D responsive element
(VDRE). Treatment of these transfected cells with either
108 M 1,25(0OH);D; or 10-# M OCT resulted in equivalent
levels of VDRE-dependent transcriptional activation of a
human growth hormone reporter gene (Figure 4B), while cells
treated with ethanol vehicle or cells transfected with a reporter
vector lacking the VDRE displayed only basal levels of
transcriptional activity (Figure 4B). In a similar set of
experiments, the degree of phosphorylation of the rVDR
(Figure 5A) and its ability to activate transcription (Figure
5B) were monitored in response to increasing doses of the
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natural 1,25(OH),Dsligand. Both the level of phosphorylation
in vivo and the ability of VDR to activate transcription of a
reporter vector increased in parallel in response to higher
concentrations of 1,25(0OH),D;  Therefore, these results
demonstrate a positive correlation between VDR phospho-
rylation and transcriptional stimulation in terms of activation
by two chemically distinct vitamin D receptor ligands, as well
as with respect to the presumed level of 1,25(OH);D3-occupied
receptor.

Phosphorylation of VDR, in Vitro, by Casein Kinase II.
An analysis of the deduced amino acid sequence of the r'VDR
(Burmester et al., 1988) for the presence of theoretical
consensus recognition sites for several protein kinases revealed
a number of minimal CK-II consensus recognition sites of the
type (Ser/Thr)-X-X-(Asp/Glu)-X-(Asp/Glu) (Marinetal.,
1986), where either the +3 or the +5 position possesses an
acidic residue, while classical consensus sites for several other
major protein kinases were not present. Most intriguing were
two clusters of CK-II sites in the hormone binding domain,
one consisting of Ser 178, 180, 188, and 198 and Thr 187 and
the other cluster including Ser 261 and 273 and Thr 250 and
275. The more N-terminal group of theoretical sites overlaps
a domain corresponding to one that has previously been
reported to include a major phosphorylation region of the
human VDR (hVDR) in transfected ROS 17/2.8 cells (Jones
et al., 1991). Therefore, we tested the ability of the rVDR
to serve as a substrate for a highly purified preparation of
CK-II. The VDR was immunoextracted from non-hormone-
treated ROS 17/2.8 cells, and the mAb-Sepharose-VDR
complex was incubated with 108 M 1,25(OH),D; for 2 h
followed by the addition of 6 X 10~% unit of CK-II. As shown
in Figure 6, the rVDR is an efficient substrate for CK-II in
vitro. The 3?P-labeled band that appears at ~28 kDa
represents autophosphorylation of the CK-II 8-subunit (Hath-
away & Traugh, 1982), and its intensity is not reduced by
inclusion of excess free 4A5y mAbin the immunoprecipitation
reaction (data not shown). Quantitative densitometric scan-
ning of the [*P]VDR images depicted in Figure 6 and in
repeat experiments indicates that the presence of 1,25(0OH),D5
does not appear to significantly modulate VDR phosphoryl-
ation (Figure 6, compare lanes 3 and 4). Incubation of the
rVDR with 1,25(OH),D; prior to immunoprecipitation also
reveals no significant effect of the hormonal sterol on rVDR
phosphorylation by CK-II (data not shown). Furthermore,
incubation of partially purified rVDR in solution, free from
the mAb-Sepharose complex, with CK-II results in efficient,
1,25(0OH),D; hormone-independent phosphorylation (data not
shown).

Finally, we addressed the potential relationship between
rVDR phosphorylation in intact cells and that catalyzed by
CK-II, in vitro, by examining the electrophoretic mobility of
invivoand in vitro phosphorylated receptor. 3*S-labeled VDR
was immunoextracted from ROS 17/2.8 cells incubated in
the absence or presence of hormone; as expected, the receptor
phosphorylated in response to 1,25(OH),D; in intact cells was
retarded in its migration compared to hypophosphorylated
VDR extracted from ethanol-treated cells (Figure 7A, lanes
1and 2). However, theinvivo phosphorylated receptor species
(lane 2) migrated slightly more rapidly in these denaturing
polyacrylamide gels than did VDR phosphorylated by CK-I1
in vitro (lane 3), suggesting either a different distribution of
target sites for CK-II or a more extensive phosphorylation of
VDR by this enzyme in vitro. Because the perceived
differences in migration were very small between the
1,25(0OH),D;-dependent hyperphosphorylated receptor in
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FIGURE 6: Phosphorylation of immunopurified rVDR by CK-II.
Lysates were prepared from ROS 17/2.8 cells (2 X 10%) grown in
theabsence of 1,25(0OH),D;,and VDR was immunoprecipitated with
mAb 4A5~y as described in Materials and Methods. The immuno-
precipitates were resuspended in 35 uL of KTMD-0.15 (kinase buffer)
and incubated with 108 M 1,25(OH),D; (lanes 2 and 4) or ethanol
(lanes 1 and 3) for 2 h, followed by incubation with 40 uCi of
[¥-2P]ATP in the absence (lanes 1 and 2) or presence (lanes 3 and
4) of 6 X 10* unit of purified CK-II for 30 min at 30 °C. The
immunoprecipitates were then washed and subjected to 10% SDS—~
PAGE. The arrow indicates the position of the rVDR.

intact cells and that resulting from reaction with CK-II in
vitro, an independent repeat experiment was carried out and
the lanes were organized differently to allow clear visual
resolution of the various species of receptor. Results from
this additional experiment (Figure 7B) again revealed that
the VDR phosphorylated by CK-II invitro (lane 2) consistently
displayed retarded migration as compared to the in vivo
phosphorylated receptor species (lane 3). These observations
suggest that the pattern of CK-II-catalyzed in vitro phos-
phorylation may be distinct from that occurring in response
to 1,25(0OH);D3 or OCT in vivo.

DISCUSSION

Receptor phosphorylation by several distinct kinases is an
important regulatory mechanism central to a number of signal
transduction pathways. Many DNA binding proteins have,
in recent years, been identified as important targets for
regulation by phosphorylation (Hunter & Karin, 1992). The
VDR belongs to this general class of DNA binding proteins,
and in the present study, we present the first extensive
biochemical evaluation of phosphorylation of this receptor
isolated from the rat osteosarcoma osteoblast-like cell line,
ROS17/2.8. Furthermore, we have also evaluated the effects
of OCT, an analog of 1,25(OH),D; which contains an oxygen
atom substituted for the methylene group at carbon 22, on
VDR phosphorylation. While OCT binds tothe VDR in ROS
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17/2.8 cells with a K4 value that is indistinguishable from
that of 1,25(0OH),D3 (Pernalete et al., 1991) and can inhibit
parathyroid hormone mRNA levels as effectively as the natural
1,25(OH);D; hormone (Brown et al., 1989), this analog is at
least 100 times less calcemic than 1,25(OH),D3 in mice (Abe
et al., 1989). Interestingly, we have observed that both of
these ligands induce a similar level of phosphorylation of the
rVDR and can elicit a comparable increase in VDRE-
dependent transcriptional activity by the receptor. Further-
more, both rVDR phosphorylation and the transcriptional
activity of the receptor increase identically in response to
escalating levels of 1,25(OH),D;. These observations suggest
not only that hormone-dependent phosphorylation may be an
important component of the molecular pathway leading to
gene activation but also that VDR phosphorylation is probably
not responsible for the differential biological actions of
1,25(0OH),D; and OCT. Thus, these studies confirm and
extend those of Morrison and Eisman (1991), who reported
that 1,25(OH);D; and OCT similarly induce human osteo-
calcin transcription. Taken together, the data therefore point
to other mechanisms for the selective actions of OCT, such
as different binding characteristics for the serum vitamin D
binding protein, rapid clearance from the circulation, and
possibly differential target tissue metabolism and/or catab-
olism.

We have also clearly demonstrated that the rVDR is
phosphorylated in vitro by CK-1I, either in the absence or
presence of 1,25(OH),D; (Figure 6), and analysis of the in
vitro phosphorylated receptor by SDS-PAGE (Figure 7)
reveals that this hormone-independent phosphorylation may
be distinct from that taking place in response to the
1,25(0OH);D; or OCT ligands. However, we cannot exclude
the possibility that 1,25(OH),D;-dependent phosphorylation
of VDR represents a subset of the total phosphorylation array
which occurs as a result of CK-II-catalyzed hyperphospho-
rylation. To address this question, future studies will be
required, including phosphopeptide mapping of VDR phos-
phorylated by CK-II in vitro and of phosphorylated receptor
extracted from intact cells treated with 1,25(0OH),Ds.

Although our present data relate to VDR in ROS 17/2.8
cells, we have previously examined the human VDR in
transfected ROS 17/2.8 cells and found that it is also a
phosphoprotein. Deletion analysis of the hVDR in these
transfected cells revealed that a major phosphorylation site(s)
resides between residues Met 197 and Val 234 (Jones et al.,
1991). One theoretical CK-II consensus recognition site,
namely, the amino acid corresponding to Ser 203 in the human
VDR (Ser 198 in rVDR), is located in this domain in all
known VDR sequences, suggesting that the VDR may also
be phosphorylated by CK-II in vivo. However, in a separate
study (Jurutka et al., 1993b), we found that the major amino
acid phosphorylated by CK-II in this domain of the hVDR
is Ser 208, which is not conserved across all species and
corresponds toan asparagineresidueinthe rVDR. Inaddition,
when compared to rVDR (Figures 1 and 3), the phosphoryl-
ation of hVDR is less dependent on the presence of the
1,25(0OH),D3 hormone (McDonnell et al., 1989; Jones et al.,
1991), probably because of the more quantitatively significant,
albeit hormone-independent, phosphorylation of Ser 208 in
hVDR (Jurutka et al., 1993b). These observations suggest
that thesites of rVDR phosphorylation may be at least partially
distinct from those of the hWDR. We have also reported that
the hVDR is phosphorylated on Ser 51, a conserved residue
located between the two tetrahedrally coordinated zinc DNA
binding fingers, by protein kinase C-3 in vitro and in the
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FIGURE 7: (A) Comparison of in vivo and in vitro phosphorylation of rVDR. VDR from [**S]methionine-labeled ROS 17/2.8 cells treated
with ethanol (lane 1) or 10# M 1,25(OH),D; (lane 2) for 4 h was immunoprecipitated as in Figure 1 or phosphorylated by CK-II, in vitro,
as in Figure 6 (lane 3). The resulting immunoprecipitates were subjected to 10% SDS-PAGE as described in Materials and Methods. The
three arrows indicate the position of in vivo hypophosphorylated (lane 1), in vivo hyperphosphorylated (lane 2), or in vitro CK-11-phosphorylated
VDR (lane 3). (B) Independent analysis of in vivo and in vitro phosphorylation of VDR. VDR was isolated and analyzed as in A. The order
of lanes 2 and 3 in A was intentionally reversed in B to permit a more definitive visual evaluation of the relative migration of the receptor
species. The three arrows indicate the position of in vivo hypophosphorylated (lane 1), in vitro CK-II-phosphorylated (lane 2), or in vivo

hyperphosphorylated VDR (lane 3).

presence of activators of protein kinase C in vivo (Hsieh et
al., 1991). The effect of protein kinase C activators on the
phosphorylation of rVDR is currently under investigation in
our laboratory. Thus, while there are differences in the
deduced amino acid sequence of the rat (Burmester et al.,
1988), chicken (Haussler et al., 1988b), and human (Baker
et al., 1988) VDRs, the ability of these receptors to be
phosphorylated by both hormone-dependent and -independent
mechanisms has clearly been retained, as demonstrated by
the present study and previous work from our laboratory (Hsieh
et al., 1991; Jones et al., 1991; Jurutka et al., 1993a,b) and
from two different laboratories (Brown & DeLuca, 1990;
McDonnell et al., 1989).

In the case of other members of the steroid /thyroid hormone
receptor superfamily, both the glucocorticoid and progesterone
receptors are phosphorylated in vivo in the absence of their
ligands, while addition of ligand results in hyperphosphoryl-
ation (Hoeck et al., 1989; Orti et al., 1989; Logeat et al.,
1985; Sullivan et al., 1988). Examination of the residues
phosphorylated in the mouse glucocorticoid (Bodwell et al.,
1991) and chicken progesterone receptors (Denneret al., 1990),
invivo, reveals that four of these seven sites in the glucocorticoid
receptor and all three of the sites in the progesterone receptor
fit the criteria of sites for either the p34<dc2 catalytic subunit
(Draetta, 1990; Hall et al., 1991) or the mitogen-activated
protein kinases (Boulton etal., 1991; Rossomandoetal., 1991).
In addition, phosphorylation of the progesterone and thyroid
hormone receptors in vitro by PK-A is independent of the

presence of the cognate hormone (Hurd et al., 1989; Goldberg
et al., 1988). These studies suggest that ligand-dependent
and -independent phosphorylation may be a common feature
of several members of the steroid/thyroid hormone receptor
superfamily, including the VDRs, and they imply that a
functional role may be associated with these post-translational
modification events.

Relatively few studies have established a direct link between
steroid hormone receptor phosphorylation and function.
However, recent reports have suggested that phosphorylation
of the human thyroid 81 (Lin et al., 1992) and glucocorticoid
receptors (Rangarajan et al.,, 1992) increases their DNA
binding activity, while phosphorylation of the human estrogen
receptor may influence DNA binding (Denton et al., 1992)
or transcriptional activation (Ali et al., 1993). Furthermore,
it is intriguing to note that with the glucocorticoid, proges-
terone, and estrogen receptors, which possess a ligand-induced
component of total phosphorylation, almost all of the residues
which are hyperphosphorylated in response to the cognate
hormone are localized to regions defined previously as
transcriptional activation domains (Hoeck & Groner, 1990;
Bodwell et al., 1991; Denner et al., 1990; Ali et al., 1993).

Given the following observations, (i) a temporal relationship
exists within osteoblasts between hormone-dependent phos-
phorylation of the rVDR (Figure 3) and the induction of
transcription of the rat osteocalcin gene (Fraser & Price, 1990),
(ii) ligand-induced phosphorylation is localized to transcrip-
tional activation domains of other steroid hormone receptors,
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(iii) ligands that are chemically and biologically distinct induce
phosphorylation of the rVDR in concert with their activation
of osteocalcin transcription (Figure 4), and (iv) the extent of
rVDR phosphorylation correlates well with the ability of the
receptor to stimulate transcription (Figure 5), we speculate
that phosphorylation of the VDR in response to 1,25(OH),D5
or OCT may be an integral element in the mechanism of
VDR-dependent transcriptional activation. Incontrast, CK-
II-mediated phosphorylation, which is not linked to the
presence of the 1,25(OH);,D3 hormone (Figure 6) and is likely
regulated by CK-II-associated signal transduction pathways,
may play a role in signal transduction “cross-talk” modulation
of receptor activity. Infact, our preliminary findings (Jurutka
et al., 1992) indicate that CK-II-catalyzed phosphorylation
of human VDR in COS-7 cells overexpressing CK-II elicits
enhanced 1,25(OH);D;-dependent transcriptional activity of
the receptor.

Further studies to identify the specificaminoacidsinrVDR
that are phosphorylated by 1,25(OH),D; hormone-dependent
and -independent kinases, followed by site-directed mutational
analysis of these residues, should result in a comprehensive
understanding of the contribution of each of these phospho-
rylation events to VDR activity. The results reported in the
present study should facilitate further evaluation and eluci-
dation of the role of VDR phosphorylation and of its functional
relevance to the mechanism of 1,25(OH),D;-mediated gene
regulation in bone cells.
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