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Vitamin D Target Proteins: Function and Regulation
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Abstract Recent findings have indicated that calbindin-D,gy, the first known target of vitamin D action, is present in
osteoblasts and protects against TNF and glucocorticoid induced apoptosis of osteoblastic cells. Cytokine mediated
destruction of pancreatic B cells, a cause of insulin dependent diabetes, is also inhibited by calbindin-D,gy. In calbindin-
D,g\ transfected pancreatic B cells free radical formation by cytokines is inhibited by calbindin. Thus, besides its role as a
facilitator of calcium diffusion, calbindin has a major role in protecting against cellular degeneration in different cell types.
Besides calbindin, the other known pronounced effect of 1,25(0OH),Dj5 in intestine and kidney is increased synthesis of
25(0OH)D; 24-hydroxylase (24(OH)ase) which is involved in the catabolism of 1,25(0OH),D5. We have noted that CCAAT
enhancer binding protein B (C/EBPB) is induced by 1,25(0OH),D5 in kidney and osteoblastic cells and can enhance the
transcriptional response of 24(OH)ase to 1,25(0OH),D5. These studies establish C/EBPp as a novel 1,25(0OH),D; target
gene and indicate arole for C/EBPB in 24(OH)ase transcription. These studies extend our previous studies related to factors
that affect vitamin D receptor (VDR) mediated 24(OH)ase transcription (YY1, TFIIB, CBP) and the effect of signaling path-
ways on 24(OH)ase transcription and cofactor recruitment. J. Cell. Biochem. 88: 238-244, 2003. © 2002 Wiley-Liss, Inc.
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1,25-Dihydroxyvitamin D3 (1,25(0H);D3), been reported to be involved in VDR mediated

similar to other steroid hormones, is known to
act by binding stereospecifically to the vitamin
D receptor (VDR). The liganded VDR hetero-
dimerizes with RXR and then interacts with the
vitamin D response element in the promoter
of target genes [Darwish and DeLuca, 1993;
DeLuca and Zierold, 1998]. The mechanisms
involved in VDR mediated transcription follow-
ing the binding of the VDR—RXR heterodimer
to DNA are only now beginning to be defined
[Rachez and Freedman, 2000]. TFIIB, several
TAFs as well as proteins known as p160 co-
activators (SRC-1/NcoAl, GRIP-1/TIF-2, and
ACTR/pCIP) which have histone acetylase acti-
vity and the coactivator complex DRIP (VDR
interacting proteins) which acts through the
recruitment of RNA polymerase, have recently
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transcriptional activity. Thus, in recent years
studies related to the identification of coactiva-
tors of VDR mediated transcription have been a
major focus of vitamin D research. However, in
order to obtain a more complete understand-
ing of vitamin D action, studies related to the
physiological significance of target proteins in
different systems are also of importance and
need to be a major focus. This article focuses on
research from our laboratory which combines
studies related to the functional significance
of major targets of 1,25(0H);D3 action with
studies concerning the basic molecular mechan-
ism of 1,25(0OH);D3 action in order to provide
new insight into the role of 1,25(0H);D3 in
tissues involved in maintaining calcium home-
ostasis as well as in “nonclassical” 1,25(0H),D3
target tissues.

MAJOR TARGETS OF 1,25(0OH),D;
Calbindin

Increased synthesis of the calcium binding
protein calbindin in two major target tissues
involved in maintaining calcium homeostasis,
intestine and kidney, is one of the most pro-
nounced effects of 1,25(0H);D5 known. The two
major subclasses of calbindin have previously
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been described: calbindin-Dg (a 9,000 M, pro-
tein present in mammalian intestine and in
mouse kidney) and calbindin-Dyg) (a 28,000 M,
protein present in avian intestine, mamma-
lian and avian kidney, mammalian and avian
pancreas, and mammalian to molluskan brain)
[Christakos et al., 1997]. Studies related to the
distribution of calbindin and its colocalization
with the VDR have resulted in key advances
in our understanding of the diversity of the
vitamin D endocrine system (e.g., calbindin and
VDR are colocalized not only in the absorptive
cells of the intestine, in the distal tubule of the
kidney and in osteoblasts but also in f§ cells of
the pancreas).

In previous studies, it had been proposed that
a major role for calbindin in the intestine and
kidney is to ferry calcium across the cell to the
basolateral membrane where calcium is acti-
vely transported out of the cell via the plasma
membrane calcium pump. In recent studies
using pancreatic islets from calbindin-Dygy nul-
Imutant mice and wild type mice as well as 3 cell
lines overexpressing calbindin, we found the
first clear evidence for a role of calbindin-Dyg)
in the modulation of depolarization-stimulated
insulin release and that calbindin controls in-
sulin release by regulation of intracellular
calcium [Sooy et al., 1999]. Besides its role as a
facilitator of calcium diffusion and as a modula-
tor of insulin release, we found that calbindin-
Dosi has a major role in different cell types in
protecting against apoptotic cell death. Calcium
is thought to play a critical role in apoptotic cell
death [Khan et al., 1996; Guo et al., 1997,
Christakos et al., 2000] (Fig. 1). Calcium influx,
abnormal endoplasmic reticulum (ER) calcium
regulation, and the release of calcium from ER
stores have been linked to apoptosis. Sustained
elevations in intracellular calcium result in
damage to the mitochondria. Calcium depen-
dent proteases and calcium activated endonu-
clease are also involved in apoptosis. Consistent
with this, calbindin-Dsg,, which buffers cal-
cium, can block apoptosis induced by different
proapoptotic pathways. For example, we found
that overexpression of calbindin-Dyg) in neural
cells which express mutant presenilin-1 (PS-1),
which is causally linked to familial Alzheimer’s
disease, attenuates the increase in intracellular
calcium and prevents the impairment of mito-
chondrial function observed in the presence of
PS-1 and in the absence of calbindin [Guo et al.,
1998]. Thus, one mechanism whereby calbindin
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Fig. 1. Activation of programmed cell death by calcium. A
major role for calbindin-D,gy, besides acting as a facilitator of
calcium diffusion, is to protect against apoptotic cell death in
different cell types. Recent studies from our lab indicate that
calbindin protects against cell death by different mechanisms
that include calbindin’s ability to buffer calcium. (Abbreviations:
ER, endoplasmic reticulum; PLC, phospholipase C; IP3, inositol
1,4,5 triphosphate; PIP,, phosphatidylinositol 4,5 bisphosphate;
APAF-1, apoptosis protease activating factor). Reprinted with
permission from Christakos et al. [2000].

may protect against apoptotic cell death would
be by preventing calcium mediated mitochon-
drial damage and subsequent release of cyto-
chrome c, which has been suggested to be
an apoptotic trigger. In collaboration with Dr.
Robert Nissenson, we have shown that calbin-
din, by buffering intracellular calcium, was able
to protect HEK 293 kidney cells from parathyr-
oid hormone (PTH) induced apoptosis that was
mediated by a phospholipase C dependent in-
crease in intracellular calcium [Turner et al.,
2000]. In more recent studies, we have shown
that cytokine mediated destruction of pancrea-
tic B cells, a cause of insulin dependent diabetes,
can be inhibited by calbindin-Dsyg;, [Rabinovich
et al., 2001]. Studies were done transfecting
the pancreatic  cell lines fTC-3, PHC-13, and
RIN-m5F cells with the calbindin-Dsg, gene.
In the calbindin transfected cells, the stimula-
tory effect of cytokines on lipid hydroperoxide,
nitric oxide, and peroxynitrite production were
significantly decreased. Thus calbindin-Dyg,
by inhibiting free radical formation, can protect
pancreatic islet B-cells from autoimmune des-
truction in type 1 diabetes. In addition, in recent
studies, we found that calbindin can also protect
against apoptosis of osteoblastic cells [Bellido
et al., 2000]. Stable transfection of calbindin
in osteoblastic MC3T3-E1 cells was found to
block tumor necrosis factor (TNF) induced
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apoptosis as determined by cell viability and
nuclear morphology. Our findings indicate that
calbindin is capable of binding to caspase 3, a
key mediator of apoptosis, and inhibiting
its activity and that this inhibition results in
an inhibition of TNFa induced apoptosis in
MC3T3-E1 osteoblastic cells. This study demon-
strated that although part of the antiapoptotic
properties of calbindin may result from its
ability to buffer calcium, other mechanisms,
such as inhibition of caspase activity, may also
play a significant role in the prevention of apop-
tosis by calbindin. In addition to protection
against TNF induced apoptosis, we have found
(in collaboration with T. Bellido, University
of Arkansas) that calbindin can also protect
against glucocorticoid induced bone cell apop-
tosis (Fig. 2). A further understanding of the
mechanisms involved will have important im-
plications for the therapeutic intervention of
glucocorticoid induced osteoporosis.

In summary, although calbindin was first
thought to act in the cell only as a facilitator
of calcium diffusion, it is now clear that a
major role for this protein is to protect against
cellular destruction. A further understanding
of the mechanisms whereby calbindin-Dog) at-
tenuates apoptosis will have important imp-
lications for the prevention of degeneration
in bone cells as well as other cells (including
neurons and pancreatic  cells) and, there-
fore, could prove important for the therapeu-
tic intervention of many diseases including
osteoporosis.
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Fig. 2. Calbindin-Dyg protects against dexamethasone induc-
ed cell death. Forty eight hours after transfection MLO-Y4 cells
were treated with 107° M dexamethasone for 6 h and then as-
sessed for apoptosis morphologically. The percent apoptotic
cells were significantly different (P < 0.05) compared to vehicle
only for the dexamethasone treated control cells.

25(OH)D; 24-Hydroxylase (24(OH)ase)

Besides calbindin the other known pronounc-
ed effect of 1,25(0H);D3 in intestine and kidney
is increased synthesis of 24(OH)ase. Recent
studies using 24(OH)ase knock out mice pro-
vided the first in vivo evidence for a role for
24(OH)ase in the catabolism of 1,25(0H),;Dgs
[St-Arnaud et al., 2000]. Acute administration
of 1,25(0H);D3 resulted in 20-fold greater levels
of serum 1,25(0OH)sD3 in the 24(OH)ase knock
out mice compared to genotype controls. Chronic
administration of 1,25(0OH),D5 also resulted in
a marked elevation of serum 1,25(0H);D; as
well as changes in kidney histology consistent
with hypervitaminosis D in the knock out mice.
Thus by inducing 24(OH)ase, 1,25(0H);D3 self
induces its deactivation. The cloning of the rat
and human 24(OH)ase ¢cDNA [Ohyama et al.,
1991; Chen et al., 1993], the availability of the
24(0OH)ase promoter [Chen and DeLuca, 1995;
Kerry et al., 1996] as well as the development of
the knock out mice made possible, for the first
time, studies by us and others that have result-
ed in a better understanding of this other major
target of 1,25(0OH);D3 action. Recent findings
from Dr. DeLuca’s lab indicated that although
PTH inhibits renal 24(OH)ase mRNA, the sup-
pression by PTH is not mediated by effects of
PTH on the rat 24(OH)ase promoter. PTH was
found to inhibit renal 24(OH)ase mRNA by
alteringits stability [Zierold et al., 2001]. There-
gulation of 24(OH)ase is cell type specific since
PTH enhances 24(OH)ase activity, mRNA and
transcription in osteoblastic cells [Armbrecht
et al., 1998; Yang et al.,, 2001]. It has been
suggested that the physiological significance
of the enhancement by PTH of 24(OH)ase in
osteoblastic cells may be to prevent increased
intracellular 1,25(0H)yD3 levels that may ad-
versely affect mineralization. We have found
that this enhancement is due, at least in part, to
upregulation of VDR [Yang et al., 2001]. cAMP
early repressor (ICER), which serves as a domi-
nant negative regulator of cAMP induced trans-
cription in other endocrine systems, was found
to be induced in osteoblastic cells by cAMP
and PTH and to inhibit PTH enhancement of
1,25(0OH)3D3 induced 24(OH)ase transcription
[Huening et al., 2002]. Our data indicate that
the mechanism of the inhibitory effect of ICER
involves an inhibition of protein kinase A (PKA)
induced VDR transcription and this inhibition
may be mediated in part by binding of ICER to a
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CRE-like sequence in the VDR promoter. These
findings provide evidence for the first time that
ICER has a key regulatory role in the PKA
enhancement of VDR transcription and, there-
fore, in the cross-talk between the PKA signal-
ing pathway and the vitamin D endocrine
system. In addition, we have identified YY1 as
atranscription factor involved in the repression
of 1,25(0H);D3 induced 24(OH)ase transcrip-
tion [Raval-Pandya et al., 2001]. Thus, YY1 may
prevent activation at times that do not require
24(OH)ase to be expressed. Our results suggest
that YY1 represses 24(OH)ase transcription, at
least in part, by sequestering activator proteins
involved in VDR mediated transcription. In ad-
dition, we have demonstrated a role for CBP in
the relief of repression of 24(OH)ase transcrip-
tion [Raval-Pandya et al., 2001]. Finally, we
have found that phosphatase inhibitors can
result in an enhancement of 1,25(0OH),;D3 in-
duced 24(OH)ase transcription and that this
enhancement may be due, in part, to an in-
creased interaction between the VDR and the
coactivator protein DRIP205 (VDR interacting
protein) [Barletta et al., 2002] (Fig. 3). Thus we
are now beginning, for the first time, to under-
stand the mechanisms involved in the tran-
scriptional response of the 24(OH)ase gene to
1,25(0OH);D3; and the mechanisms by which
1,25(0OH);D5 and PTH and other factors coordi-
nately regulate 24(OH)ase expression and thus
affect 1,25(0OH);Ds metabolism and the main-
tenance of calcium homeostasis.

Recently Identified Targets of
1,25(0OH),D; Action

CCAAT enhancer binding protein p (C/
EBP B). Usinggene chip array, we found that a
gene in addition to calbindin and 24(OH)ase
activated by a factor greater than 50% in mouse
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Fig. 3. Phosphorylation mediates the enhancement of VDR—
DRIP205 interaction. GST pull-down assays were performed
using GST-DRIP205 (527-970) fusion protein and equal
amounts of VDR protein from hVDR transfected COS-7 cells
treated with 1,25(OH),D5 (+D), okadaic acid (OA; 50 nM), or
1,25(0OH),D3-+0OA (OA+D) for 24 h. Western blot analysis was
performed with a monoclonal anti-VDR antibody to visualize
VDR binding.

kidney is CCAAT-enhancer binding protein
(C/EBPp). Our findings were verified by North-
ern and Western blot analyses and induction
of C/EBPB by 1,25(0H);D3; was observed in
primary murine osteoblasts, in UMR osteoblas-
tic cells as well as in mouse kidney (Fig. 4A—C).
The C/EBPs are a family of transcription fac-
tors that regulate genes of the acute phase res-
ponse as well as genes involved in cell growth,
differentiation, and cell type specific genes
[Lekstrom-Himes and Xanthopoulos, 1998].
Previous studies indicated that C/EBP family
members are expressed in kidney and osteo-
blasts and are involved in the regulation of
osteocalcin expression in osteoblasts [Zador
et al., 1998; McCarthy et al., 2000; Gutierrez
et al., 2002]. Results of Northern analysis indi-
cated that the first significant induction of
C/EBPB mRNA by 1,25(0H);D3 in UMR osteo-
blastic cells precedes the induction of 24(OH)ase
mRNA (3 h compared to 6 h), consistent with a
possible role of C/EBPp as a mediator of the
1,25(0OH);D5 response of the 24(OH)ase gene.
Since two putative C/EBPf sites were noted
in the 24(OH)ase promoter, this possibility was
tested in experiments in which COS-7 cells were
transfected with the rat 24(OH)ase promoter
(—1,367/4+74) and the human VDR in the pre-
sence or absence of C/EBPf. In dose—response
studies, we found that suboptimal 1,25(0H);D5
induction of 24(OH)ase transcription could be
enhanced a maximum of 20-fold by C/EBPf
(Fig. 4D). These findings establish C/EBPJ as a
novel 1,25(0H),D3 target gene and indicate that
C/EBP is a major transcriptional activator of
the 24(OH)ase gene. These findings also estab-
lish for the first time cooperative effects and
cross talk between the C/EBPB and VDR in
1,25(0OH)5;D3 induced transcription.
Epithelial calcium channels (ECaCs).
Only recently have apical calcium channels
in 1,25(0H);D3 responsive epithelia (distal
nephron and proximal intestine; colocalized in
the same cells as calbindin) been identified,
suggesting a mechanism for calcium entry. The
ECaC was first identified in rabbits [Hoenderop
et al., 1999] and then identified in rats as CaT2
(also known as ECaC1) and CaT1 for the chan-
nel in rat kidney and duodenum, respectively
[Peng et al., 1999, 2000]. These channels are
distinct from voltage-gated calcium channels.
Recent evidence indicated that ECaC gene
expression in intestine and kidney is induc-
ed by 1,25(0H);D3 and low dietary calcium
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Fig. 4. C/EBP B is induced by 1,25(0OH),D3 and enhances
VDR mediated 24(OH)ase transcription. C/EBP B is induced
by 1,25(0OH),D5; (Northern blot analysis of mRNA from
1,25(0H),D; treated UMR cells (1078 M; A), primary murine
osteoblasts (1078 M, 9 h; B), and the kidney of 1,25(0OH),D;
injected vitamin D deficient mice (C). D: C/EBP B enhances VDR
mediated 24(OH)ase transcription. COS cells were cotransfected
with hVDR and C/EBP B and treated with 1,25(OH),D5 for 24 h.

[Hoenderop et al., 2001; Van Cromphaut et al.,
2001; Christakos and Hediger, preliminary
studies]. These findings include studies in
VDR knock out mice that suggest that the
expression of the ECaC in intestine is strongly
vitamin D dependent [Van Cromphaut et al.,
2001]. Whether the ECaCs are regulated by
1,25(0H);D3 at the transcriptional or post-
transcriptional level and the mechanism in-
volved in the modulation by calcium of ECaC
gene expression remains to be determined.
In addition, an understanding of the relation-
ship of calbindin to the ECaC in the distal
nephron and in the absorptive cells in the
intestine should result in new insight in our
understanding of distal tubular calcium entry
and the process of vitamin D dependent intest-
inal calcium absorption.

IN SUMMARY

In addition to its role as a facilitator of calcium
diffusion, the calcium binding protein calbindin
has a major role in protecting against cel-
lular degeneration in different cell types. We
found that the mechanisms involved include
prevention of impaired mitochondrial function,
inhibition of caspase 3 activity, and inhibition of
free radical formation. A further understanding
of the mechanisms whereby calbindin protects
against apoptotic cell death will have important
implications for the prevention of cellular
degeneration. We have combined studies relat-
ed to the functional significance of target pro-
teins such as calbindin with studies related to
the mechanisms involved in regulation of target
genes by 1,25(0H);D3. We have demonstrated a
role for YY1 in the repression of VDR mediated
24(0OH)ase transcription and relief of this re-
pression by CBP. In addition, we found that C/
EBPp and phosphatase inhibitors can result
in an enhancement of 1,25(0H);D3; induced
24(OH)ase transcription. The modulation of
1,25(0OH)5;D3 action by phosphorylation is due
in part to differential preference of VDR for
coactivator proteins. The identification of new
target proteins as well as an increased under-
standing of the functional significance of target
proteins combined with an increased under-
standing of the molecular mechanisms involved
in VDR mediated transcription will be impor-
tant in order to elucidate the mechanisms by
which 1,25(0H);D3 mediates its multiple biolo-
gical effects.
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