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Abstract

Calbindin-Dygi has been reported to be a facilitator of calcium diffusion and to protect against
apoptotic cell death. Most recently we found that the presence of calbindin-D,gy results in reduced
calcium influx through voltage-dependent L-type Ca?* channels and enhanced sensitivity of the
channels to calcium dependent inactivation. Co-immunoprecipitation and GST pull down assays
indicate that calbindin-D,gy interacts with the C-terminus of the L-type calcium channel alpha;
subunit (Cay1.2). This is the first report of the binding of calbindin to a calcium channel and
provides new insight concerning mechanisms by which calbindin acts to modulate intracellular
calcium. Besides calbindin, another major target of 1,25(0OH),D3 is 24(OH)ase, which is involved
in the catabolism of 1,25(0OH),D3. We reported that C/EBPJ is a major transcriptional activator of
24(OH)ase that cooperates with CBP/p300 in regulating VDR mediated 24(OH)ase transcription.
Recently we found, in addition to p160 coactivators, that SWI/SNF complexes (that facilitate
transcription by remodeling chromatin using the energy of ATP hydrolysis) are also involved in
VDR mediated 24(OH)ase transcription and functionally cooperate with C/EBP in regulating
24(OH)ase. These findings define novel mechanisms that may be of fundamental importance in
understanding how 1,25(0OH),D3 mediates its multiple biological effects.
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1. Introduction

Vitamin D is a principal factor that maintains calcium homeostasis and is required for bone
development and maintenance [1]. Vitamin D is currently recommended as a dietary
supplement for all patients with osteoporosis or decreased bone mass and has been reported
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to prevent bone loss and decrease fracture incidence [2,3]. In addition, numerous studies
have indicated an interrelationship between vitamin D and health beyond bone including
effects on preventing or at least partially protecting against certain autoimmune diseases and
inhibition of proliferation of cancer cells [1,4,5]. However, in spite of the importance of
vitamin D, our understanding of vitamin D action has remained incomplete. It is known that
the hormonally active form of vitamin D, 1,25dihydroxyvitamin D3 (1,25(0OH),D3),
heterodimerizes with the retinoid X receptor and interacts with the vitamin D response
element (VDRE) in the promoter of target genes [1,4,5]. The mechanisms involved in VDR
mediated transcription are now being defined. TFIIB, several TATA binding protein
associated factors (TAFs) as well as the p160 coactivators that include SRC-1, SRC-2 and
SRC-3 that have histone acetylase (HAT) activity have been reported to be involved in VDR
mediated transcription [1,4-6]. VDR mediated transcription is also mediated by the
coactivator complex DRIP (vitamin D receptor interacting protein) that acts through
recruitment of RNA polymerase 11 holoenzyme [6,7]. In addition, a number of promoter
specific transcription factors have been reported by our lab and others to modulate VDR
mediated transcription [8-11]. Thus we are only now beginning to understand the multiple
factors and mechanisms involved in VDR mediated transcription. Further questions that
need to be addressed are 1) what additional cofactors are necessary and sufficient for VDR
mediated transcription? 2) what are the cofactor dynamics in VDR mediated transcriptional
regulation? 3) what are the mechanisms involved in the integration of extracellular signals
and 1,25(0OH),D3 action? This article focuses on research from our laboratory related to a
further understanding of the molecular mechanisms of 1,25(0OH),D3 action. In addition our
recent findings related to the biological significance of calbindin are also discussed.

2. Materials and methods

For electrophysiological measurements, standard whole cell patch clamp techniques were
used as previously described [12,13]. For the glutathione S-transferase (GST) fusion protein
pull-down assay, fusion proteins containing fragments of a11.2 (GST-a4. N-terminus 1-154
and GSTay C-terminus (1509-1905) were obtained from Geoffrey Pitt, Columbia Medical
School. CBP and C/EBPp antisera were obtained from Santa Cruz Biotechnology. Phospho-
C/EBP antibody, Thr188 MAPK site was purchased from Cell Signaling Technology. For
transcriptional assays, promoter constructs containing regions of the rat 24(OH)ase promoter
linked to chloramphenicol acetyltransferase or the human 24(OH)ase promoter region
(—5500/-22) linked to the luciferase reporter gene were used [14,15]. Transcription assays
were performed by standard protocols [10,16]. COS-7 cells, C33A cells and SW13 cells
were obtained from American Type Culture Collection. MC3T3-E1 cells were from Riken
Cell Bank, Tsukuba, Japan. Stable transfection of RIN-38 cells with calbindin-D,gy has been
described [13]. pCMV-Brm and pCMV-mutant Brm expression vectors were obtained from
M. Yaniv.

3. Results and discussion
3.1 Calbindin

One of the most pronounced effects of 1,25(0OH),D3 known is increased synthesis of the
calcium binding protein, calbindin, the first identified target of 1,25(OH),D3 action in
intestine and kidney. It has been suggested that the role of calbindin is to facilitate vitamin D
dependent transcellular movement of calcium in the intestinal or renal cell (see review,
Christakos et al. [17]). However studies from our lab and others have shown that calbindin
also has a major role in protecting against apoptotic cell death in different cell types (see
review, [18]). Sustained elevations in intracellular calcium result in damage to the
mitochondria and cell death. Calcium dependent proteases and calcium activated
endonucleases are also involved in apoptosis. Calbindin, by buffering calcium, can block
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apoptosis. We have also shown that the antiapoptotic effects of calbindin involve inhibition
of caspase 3, a common downstream effector of multiple apoptotic signaling pathways
[19,20]. GST pull down assays indicated that calbindin-Dogy directly binds to caspase 3
[19,20]. Besides the inhibitor of apoptotic proteins, calbindin-D,gy is the only other natural
endogenous inhibitor of caspase 3.

In brain and pancreas, calbindin-Dogy is colocalized with L-type calcium channels [21,22].
In duodenum and jejunum calbindin-Dgy is colocalized with the epithelial calcium channel
TRPV6 and in the kidney calbindin-D5gy is colocalized with the epithelial calcium channel
TRPVS5 [23]. In previous studies using renal luminal membrane vesicles, we reported that
calbindin-Dogy enhanced apical calcium entry [24], identifying for the first time a causal link
between calbindin-Dogy and apical calcium entry. In addition, in neuronal cells and
pancreatic beta cells calbindin-Dogy has been shown to modulate evoked calcium transients
[17]. However the exact mechanisms involved in the modulation of intracellular calcium by
calbindin-Dogy are not known. Direct binding of calmodulin to L-type calcium channels has
been reported to be a key step in the autoregulation of L-type channels [25]. Recent studies
have indicated that calmodulin also binds to the C terminus of TRPV6 and modulates
TRPV6 activity [26]. In addition, calcium binding proteins other than calmodulin have been
shown to bind calcium channels, suggesting differential adjustment of calcium influx
through calcium channels by different calcium binding proteins [27,28]. In our continuing
efforts to understand the role of calbindin, we examined mechanisms involved in the
modulation of intracellular calcium by calbindin-Dagy in the beta cell line RINr104-38
(RIN-38). We found that calbindin-Dogy reduces calcium influx through voltage dependent
L-type calcium channels and enhances sensitivity of the channels to calcium dependent
inactivation (Fig. 1; [13]). Calbindin-D,gx was also found to interact with the C-terminus of
the ay subunit (Ca,1.2) of the L-type calcium channel (1509-1905) which includes the
calmodulin binding site (Fig. 1C). This is the first report of the binding of calbindin to a
calcium channel. The calcium independent binding of calbindin to the C-terminus, similar to
what has been reported for other calcium binding proteins that bind to a region of the C-
terminus that overlaps with the region of calmodulin binding [27,28], suggests that calbindin
may be tethered to this region. Multiple calcium binding proteins may be important for fine
tuning calcium channel activity. The exact calbindin binding site in the C-terminus and
whether calbindin and calmodulin compete for binding regions remain to be determined. In
addition, although preliminary studies are suggestive, it will be important to determine
whether calbindin can bind to the epithelial calcium channels and affect their activity. Thus
we no longer think of calbindin as a calcium binding protein whose principal function is to
facilitate calcium transport. Calbindin-Dogy has a major role both in modulating calcium
channel activity and in protecting against apoptotic cell death.

3.2 25(0OH)D3 24-Hydroxylase (24(OH)ase)

Besides calbindin, the other known pronounced effect of 1,25(0OH),D3 in intestine and
kidney is increased synthesis of 24(OH)ase. Charcterization of 24(OH)ase null mutant mice
provided the first in vivo evidence for a role for 24(OH)ase in the catabolism of
1,25(0OH),D3 [29]. Since 24(OH)ase is the gene most transciptionally responsive to
1,25(0OH), D3, is regulated by other hormones and signaling pathways as well as by
1,25(0OH),D3 and is present in different tissues, the 24(OH)ase gene serves as a good model
to study the genomic mechanism of 1,25(0OH),D3. We recently reported that CCAAT
enhancer binding protein beta (C/EBPp), which is induced by 1,25(0OH),Dj3 in kidney and
osteoblastic cells, is a major transcriptional activator of the 24(OH)ase gene. Our findings
indicate functional cooperation between C/EBP proteins, CBP (CREB binding protein) and
VDR in regulating 24(OH)ase [10]. We also found cooperation between protein kinase C
and VDR in the regulation of 24(OH)ase [30]. Our results indicate that the protein kinase C
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enhancement of 1,25(0OH),D3 stimulated 24(OH)ase transcription may be due, in part, to an
increase in VDR concentration and may also be mediated through changes in
phosphorylation of VDR coregulators [30]. In addition, using the human 24(OH)ase
promoter, we found that transcriptional activation of VDR from patients with HYDRR
(1,25(0OH),D3 resistant rickets; mutant H305Q) can be enhanced by inhibition of
phosphatase 1 and 2A (Fig. 2A; [16]). At least partial rescue of the transcriptional activity is
correlated with enhanced interaction between the mutant VDR and DRIP205 [16]. In
addition, inhibition of phosphatase [treatment with okadaic acid (OA; 50 nM)] induces
phosphorylation of CBP and C/EBP (Fig. 2B-D). Phosphorylation of CBP by OA was
shown by Western blot analysis. Treatment of COS-7 cells, UMR 106 cells (Fig. 2B) and
MC3T3-E1 osteoblastic cells (not shown) with OA (50 nM) consistently resulted in the
appearance of a slower migrating form of CBP. The slower migrating form was no longer
detected after subsequent incubation with phosphatase (Fig. 2B, upper panel), providing
evidence for the first time that OA results in the phosphorylation of CBP. OA also results in
enhanced interaction between GRIP-1 and CBP as indicated by GST pull down assays (Fig.
2C). Immunoblotting with antibodies against a synthetic phosphopeptide corresponding to
residues surrounding Thr 188 (a conserved mitogen activated protein kinase (MAPK)
consensus site in C/EBPp) showed that OA also promotes the phosphorylation of C/EBPf
(Fig. 2D). The MEK inhibitor, UO126 prevented the phosphorylation of C/EBP, suggesting
that the phosphorylation involves OA activated MAPK signaling (Fig. 2D, right panel).
Studies using immunocytochemistry and fluorescence microscopy indicate that OA can also
promote the nuclear accumulation of C/EBPp (Fig. 2E). Thus enhanced transcriptional
activity by inhibition of phosphatase may be mediated by increased coactivator binding as
well as by nuclear accumulation and phosphorylation of specific VDR cofactors. Further
studies examining phosphorylation of VDR coactivators by different cellular signaling
pathways and the effects on cofactor dynamics in VDR mediated transcriptional regulation
will be important for understanding how coactivators mediate different physiological
functions of VDR.

Recently, we found, in addition to p160 activators, that SWI/SNF complexes (that facilitate
transcription by remodeling chromatin using the energy of ATP hydrolysis) are also
involved in VDR mediated 24(OH)ase transcription and functionally cooperate with C/
EBPS in regulating 24(OH)ase. Each SWI/SNF complex contains one of two homologous
ATPases, Brahma (Brm) and Brahma/related gene 1 (Brg-1) [31]. We found using the Brm
and Brg-1 deficient cell lines, SW13 and C33A, that VDR mediated activation of 24(OH)ase
transcription is markedly reduced but can be restored preferentially by Brm (Fig. 3; A, B). In
addition mutant Brm inhibits C/EBPB mediated enhancement of 1,25(OH),Ds3 induced
24(OH)ase transcription and immunoprecipitation experiments using MC3T3-E1 cells
indicate that Brm can interact with C/EBP (Fig. 3; C, D) . Chromatin immunoprecipitation
(ChlP) using MC3T3-EL1 cells showed the association of Brm as well as C/EBPJ with the C/
EBP site in the 24(OH)ase promoter. The effect of SWI/SNF is not specific for 24(OH)ase
since mutant Brm or mutant Brg-1 (that can act as dominant negative inhibitors) can inhibit
VDR mediated OPN transcription. Together these findings reveal a role for SWI/SNF in
VDR mediated transcription and suggest that the interaction between C/EBPp and SWI/SNF
may also be an important determinant in the C/EBPB mediated enhancement of 24(OH)ase
transcription.

In summary, these findings define novel mechanisms that may be of fundamental
importance in understanding how 1,25(0OH),D3 mediates its multiple biological effects.
Understanding the function of target proteins as well as the multiple cofactors involved in
VDR mediated transcription will lead in the future to the selective modulation of specific
1,25(0OH),D3 responses in specific target tissues.
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Calbindin-Do,gyx modifies voltage gated calcium currents in RIN-38 cells and binds to the C-
terminal domain of the a4 subunit (Ca,1.2) of the L-type calcium channel. A. Whole cell
recordings from control and calbindin expressing cells. B. Current-voltage relationship
illustrating peak current amplitudes from control (filled circles) and calbindin-expressing
(open circles) cells. Note in the presence of calbindin Ca2* current amplitudes are smaller.
C. Binding of calbindin-D,gy to GST tagged al.2 fragment 1509-1905 but not to the N
terminal fragment 1-154.
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Fig. 2.

Partial activation of mutant VDR (H305Q) by phosphorylation and phosphorylation of
coactivators mediated by okadaic acid (OA). A. COS-7 cells were transfected with the
h24(OH)ase promoter and WT VDR or mutant VDRs (H305Q, E420K). Cell were treated
with vehicle (—D), 1078M 1,25(0H),D3 (+D), 50 nM OA or 1,25(0H),D3 + OA (OA + D).
Note partial rescue of transcription of H305Q by phosphorylation. The E420K mutant
(mutation in the coactivator binding site) was unresponsive to 1,25(OH),D3 in the presence
or absence of OA. B. Phosphorylation of CBP by OA treatment in COS-7 cells transfected
with CBP were treated with vehicle (C), OA (50 nM), 1,25(0OH),D3 (D) or 1,25(0OH),D3
analog RO-262198 (A1) for 4h. UMR 106 cells were also treated with OA for 4h. C. GST
pull down assay. Note enhanced interaction between GRIP-1 and CBP after OA treatment.
D. Phosphorylation of C/EBPp by OA and inhibition of C/EBPJ phophorylation by the
MEK inhibitor UO126 (10 uM). E. Immunocytochemistry using C/EBPJ antiserum and
fluorescence microscopy indicate that OA promotes nuclear accumulation of C/EBPS in
UMR 106 osteoblastic cells 2h after treatment.
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SWI/SNF chromatin-remodeling complexes cooperate with VDR in the regulation of
24(OH)ase transcription. A. COS-7 cells were transfected with the same concentration of
VDR (0.02 ug). Note the responsiveness of the 24(OH)ase promoter to 1,25(0H),D3 is
markedly reduced in the Brm andBrg-1 deficient cell lines SW13 and C33A. B.
1,25(0OH),D3 induced 24(OH)ase transcription can be restored by Brm. C. Inhibition of C/
EBPp enhancement of 24(OH)ase transcription. D. Immunoprecipitation (ip, Brm antibody;
Western blot, C/EBP antibody) using MC3T3-E1 cells indicate that Brm can bind to C/

EBPP.
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