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Background: Dexamethasone increases vitamin D receptor and anti-proliferative effects of calcitriol.
Result: Glucocorticoid receptor binds to response elements within regulatory region of Vdr gene to drive its transcription.
Conclusion: Dexamethasone induces de novo transcription of the vitamin D receptor in a glucocorticoid receptor-dependent
manner.
Significance: A proposed mechanism by which glucocorticoids increase vitamin D receptor and calcitriol activities.

Calcitriol, the active form of vitamin D, in combination with
the glucocorticoid dexamethasone (Dex) has been shown to
increase the antitumor effects of calcitriol in squamous cell car-
cinoma. In this study we found that pretreatment with Dex
potentiates calcitriol effects by inhibiting cell growth and
increasing vitamin D receptor (VDR) and VDR-mediated tran-
scription. Treatment with actinomycin D inhibits Vdr mRNA
synthesis, indicating that Dex regulatesVDR expression at tran-
scriptional level. Real time PCR shows that treatment with Dex
increasesVdr transcripts in a time- and a dose-dependent man-
ner, indicating that Dex directly regulates expression of Vdr.
RU486, an inhibitor of glucocorticoids, inhibits Dex-induced
Vdr expression. In addition, the silencing of glucocorticoid
receptor (GR) abolishes the induction of Vdr by Dex, indicating
that Dex increases Vdr transcripts in a GR-dependent manner.
A fragment located 5.2 kb upstream of Vdr transcription start
site containing two putative glucocorticoid response elements
(GREs) was evaluated using a luciferase-based reporter assay.
Treatment with 100 nM Dex induces transcription of luciferase
driven by the fragment. Deletion of the GRE distal to transcrip-
tion start site was sufficient to abolish Dex induction of lucifer-
ase. Also, chromatin immunoprecipitation reveals recruitment
of GR to distal GRE with Dex treatment. We conclude that Dex
increases VDR and vitamin D effects by increasing Vdr de novo
transcription in a GR-dependent manner.

1�,25-Dihydroxycholecalciferol (calcitriol), the most active
metabolite of vitamin D, is a seco-steroid hormone that regu-
lates calcium homeostasis, bone development, and bone main-

tenance (1, 2). Calcitriol has potent anti-proliferative effects in a
number of human and murine cancer cell types in vitro and in
in vivo xenograft tumor models. Calcitriol inhibits growth in
breast, colon, squamous cell carcinoma, and prostate cancer
models (3). More recently, in support of calcitriol as an anti-
angiogenesis therapy, our laboratory has described that tumor-
derived endothelial cells are more sensitive to the anti-prolifer-
ative effect of calcitriol compared with non-tumor-derived
endothelial cells (4–6).
The mechanism by which calcitriol exerts its anti-prolifera-

tive action through cell cycle arrest, cell differentiation, and
induction of apoptosis varies between different tumor cell types
(7). The anti-proliferative effect of calcitriol depends on the
levels of the vitamin D receptor (VDR),3 a member of the ste-
roid receptor super family. VDR acts as a ligand-inducible tran-
scription factor. Upon binding to its ligand, calcitriol, the VDR-
calcitriol complex binds to DNA sequences called vitamin D
response elements located in regulatory regions of target genes
to either increase or decrease transcription (7, 8). VDR is
expressed in many tissues and cell types. Calcitriol plays an
important role in regulating VDR at both the transcriptional
and post-transcriptional levels. In support of a direct transcrip-
tional mechanism, functional vitamin D response elements
have been found within intronic regions of Vdr gene (9, 10).
Calcitriol up-regulation of VDR is also observed in cells where
calcitriol does not induce transcription of VDR gene; however,
the mechanisms by which calcitriol increases VDR protein in
those cells remain unknown. Calcitriol induces phosphoryla-
tion of VDR at serine residues �51 and �208 to maintain VDR
in a transcriptionally active state. In addition, phosphorylated
serine 208 has been implicated in the recruitment of co-activa-
tors to increase gene expression (11–13).
VDR expression is tightly regulated at the transcriptional

level. In addition, the complexity of VDR gene regulatory
regions makes its study challenging because of a complex 5�
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exonic region, which has partial homology between human and
mouse (14, 15). Expression of Vdr is regulated by several tran-
scription factors including VDR itself. Our group and others
have shown that treatment with glucocorticoids increases VDR
levels in adipocytes, SCC, and kidney (2, 16–18). Glucocortico-
ids are a class of steroid hormones that exert their actions
though binding to the glucocorticoid receptor (GR). GR is also
a member of the ligand-activated nuclear receptor group of
transcription factors. GR binds with high affinity to glucocorti-
coids, such as cortisol and Dex, to increase or reduce transcrip-
tion of target genes (19). Ligand-induced GR forms a
homodimer and translocates to the nucleus where it binds to
inverted repeat sequences termed glucocorticoids response ele-
ments (GREs) in regulatory regions of target genes to either
increase or decrease expression (9, 20).
The limiting factor in the use of calcitriol as a cancer therapy

agent in patients has been hypercalcemic effects (21). Gluco-
corticoids, such as dexamethasone, have anti-calcemic effects
that decrease intestinal calcium absorption and increased uri-
nary excretion of calcium (22–25). Inmice, therapeutic doses of
Dex affect expression of calcium regulatory genes including
increased expression of duodenal TRPV6 (transient receptor
potential cation channel, subfamily V member 6), CaBP-D9k
(Calbindin D9k), NCX1 (Na�/Ca2� exchanger 1), and PMCA
1b (plasma membrane Ca2�-ATPase 1b) (22).

Because of the anti-calcemic effects of Dex, our laboratory
has studied the effects of calcitriol and Dex combination to
improve calcitriol therapy and reduce the hypercalcemic effects
of calcitriol (3). We have previously shown that Dex sensitizes
the squamous cell carcinoma VII/SF (SCC) cells to the anti-
tumor effect of calcitriol, increases VDR-ligand binding, and
increases VDR protein (16, 18). Treatment with calcitriol/Dex
resulted in a greater decrease of pro-survival proteins p-ERK
and p-AKT than treatment with either calcitriol or Dex alone.
Activation of apoptosis was observed by studying cleavage of
effector caspase-3 and poly(ADP-ribose) polymerase. Cal-
citriol/Dex combination treatment further increased cleavage
of caspase-3 and poly(ADP-ribose) polymerase compared with
treatment with either calcitriol or Dex alone (16).
Our previous studies demonstrated that treatment with glu-

cocorticoids increase VDR protein expression (6, 16, 18); how-
ever, the mechanisms by which glucocorticoids affect VDR
expression remains to be determined. Recently Zella et al. (15)
used chromatin immunoprecipitation follow by microarray
technology (ChIP-on-chip) to elucidate GREs in regulatory
sequences of the mouse Vdr gene. In the current study, we
hypothesize thatVDR is a genomic target of glucocorticoids. To
better understand the regulation ofVdr gene,we examinedhow
the glucocorticoid dexamethasone induces expression of
mouse Vdr gene in the SCC cell model. We first studied how
Dex modulates anti-proliferative and VDR-mediated effects of
calcitriol. We also explored how Dex treatment increases
expression of Vdr at a transcriptional level and how it affects
expression of VDR target genes. Finally, we studied whether
Dex induces Vdr gene expression in a GR-dependent manner
through binding to a GRE located upstream of transcription
start site of Vdr.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Calcitriol (Hoffmann-LaRoche,
Nutley, NJ) was reconstituted in 100% ethanol at 2.4 mM and
stored under atmosphere of nitrogen at �80 °C. Working cal-
citriol concentrations were further diluted in ethanol for exper-
iments. Handling of calcitriol was under indirect lighting. Dex-
amethasone and RU486 (Sigma, Steinheim, Germany) were
diluted in ethanol and kept at �80 °C. Cycloheximide and acti-
nomycin D were purchased from Calbiochem-EMD (La Jolla,
CA) and dissolved to 10 mg/ml in PBS or Me2SO, respectively.
RPMI 1640 was obtained from Invitrogen. FBS was obtained
fromAtlanta Biologicals (Lawrenceville, GA). Charcoal-striped
FBS was obtained from HyClone Laboratories (Logan, UT).
PBS, penicillin, and streptomycin were obtained from Invit-
rogen. The primary antibodies rabbit polyclonal anti-VDR
(C-20), anti-GR (M-20), and mouse monoclonal anti-GR
(FiGr) antibodies were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA), rabbit anti-actin antibody was pur-
chased from Sigma, and normal rabbit IgG was purchased
from Upstate (Lake Placid, NY). Donkey anti-rabbit and
anti-mouse horseradish peroxidase-conjugated secondary
antibodies were purchased from Amersham Biosciences. A
dual-luciferase reporter assay system was purchased from Pro-
mega Corporation (Madison, WI). Transcriptor First Strand
cDNA synthesis kit (Roche Applied Science, Mannheim, Ger-
many) was used to prepare cDNA. TaqMan� Universal PCR
Master Mix and TaqMan� gene expression assays for Vdr
(Mn00437297_m1), Gr (Mn00433832_m1), p27(cdkn1b)
(Mn00438168_m1), cyclin D1 (Mn00432358_g1), p21
(Mn00432448_m1), s100g (Mn00486654_m1), and endoge-
nous control Gapdh (mouse 4352339E-0506006) were
obtained from Applied Biosystems (Carlsbad, CA).
Cell Culture—SCCSCCVII/SFmurine cells weremaintained

as previously described (18). For in vitro experiments, the cells
were cultured in RPMI 1640 medium with 12% FBS, penicillin
100 units/ml, and streptomycin 100�g/ml. The cells were incu-
bated at 37 °C, 5% CO2 and utilized within the first three pas-
sages. For luciferase reporter assays, 1 � 104 cells/well were
grown in 24-well plates using 500 �l of medium. For total RNA
and Western blot preparations, 2 � 104 cells/well were grown
in 6-well plates with 2ml of medium. Cell viability was assessed
by trypan blue dye exclusion assay using the Vi-CellTMXR cell
viability analyzer (Beckman Coulter, Brea, CA).
Western Blot Analysis—Protein lysates were recovered from

cells in lysis buffer (1%TritonX-100, 0.1% SDS, %0mMTris, pH
8.0, 150 mM NaCl, and proteases inhibitors) as previously
described (26). Lysates containing 40 �g of protein were
resolved on 10% SDS-PAGE and transferred to PVDF mem-
brane (Millipore, Bedford, MA) by Trans-Blot� SD semi-dry
electrophoretic transfer procedure. The membranes were
blocked in 5% nonfat dry milk in TBS plus 0.05% Tween 20
(TBST) blocking buffer for 30 min at room temperature. The
membranes were then incubated overnight at 4 °C in blocking
buffer with primary antibodies, VDR (1:500), GR (1:100), and
actin (1:1000). The membranes were washed five times for 5
min at room temperaturewithTBST and incubatedwith horse-
radish peroxidase-conjugated secondary antibodies as follows:
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donkey anti-rabbit (1:5,000) for VDR and actin or sheep anti-
mouse (1:5,000) for GR for 1 h at room temperature. Visualiza-
tion of the protein bands was done using the Enhanced Chemi-
luminescence Plus kit (PerkinElmer Life Sciences).
Luciferase Reporter Assay—VDR- and GR-mediated tran-

scription was assessed by using either adenovirus transduction
or Lipofectamine-based transfection. For adenoviral transduc-
tion, 1 � 104 cells/well were attached on 24-well plates for 24 h
and grown for an additional 24 h in medium containing 12%
charcoal-striped FBS. The cells were then transduced for 3 h
with adenoviruses carrying the firefly luciferase gene driven by
the CYP24.A1 or the mouse mammary tumor virus (MMTV)
promoter, along with adenovirus containing the Renilla lucif-
erase as an internal control where indicated. After 3 h of trans-
ductionwith adenoviruses, themediumwas replacedwith fresh
RPMI/12% charcoal-striped FBS containing hormones or eth-
anol as indicated for each experiment. After 24 h of induction
with either calcitriol, Dex, or EtOH control, the cells were col-
lected in passive lysis buffer as instructed by the dual luciferase
reporter assay system (Promega). Luciferase activity was mea-
sured with an integration time of 5-s using an L-max luciferase
reader (Molecular Devices, Sunnyvale, CA). For Lipofectamine
2000-based transfections, 1 � 104 cells were allowed to attach
for 24 h and followed by an additional 24 h in antibiotic-free
medium. Each well was transfected for 3 h with 1 �g of each
reporter vector and 0.2 �g of pTK-RL (Renilla luciferase con-
trol) using 2 �l of Lipofectamine 2000. The cell extracts were
obtained and processed as indicated above.
Reverse Transcription andQuantitative Real Time PCR—Af-

ter 2 � 104 cells attached for 24 h, medium was changed with
RPMI-12% charcoal-striped FBS before starting hormone
treatments as indicated for each experiment. Total RNA was
obtained using the RNeasy kit (Qiagen, Grand Island, NY)
according to manufacturer’s instructions. cDNA was obtained
from reverse transcription of 500 ng of total RNA. cDNA was
diluted 20 times in DNase/RNase-free water, and 10 �l of
diluted cDNAwas used to determine relative expression of tar-
get genes by TaqMan� gene expression assays, as listed above,
using the 7300 Real-Time PCR system (Applied Biosystems,
Carlsbad, CA).
Gene Silencing—The cells (2 � 105) were seeded in each well

of a 6-well plate. 24 h following attachment of cells, the cells
were transfected with 50 ng of siRNA targeting Gr mRNA
(Dharmacon, L-045970-01-0005), scramble siRNA (Dharma-
con,D-001810-10-20), ormock transfection using 5�l of Dhar-
mafect as instructed by the manufacturer. The cells were col-
lected after 72 h of transfection to assess GR transcription and
protein expression. To study the effects of Gr silencing on Vdr
expression, the cells were transfected with siRNA targeting Gr,
scramble, or mock for 48 h prior to treatment with 100 nM Dex
or EtOH for an additional 24 h before cells were collected to
study VDR expression by quantitative real time PCR andWest-
ern blot.
Deletion of Putative Glucocorticoid Response Elements—

GREs on the U1 fragment (proximal and distal GREs) cloned in
the pTK-Luc luciferase reporter vector, described by Zella et al.
(15), were mutated by introducing deletions with Quick-
ChangeTM site-directed mutagenesis kit (Stratagene, La Jolla,

CA). In brief, two fully complimentary primer pairs that carry
each deletion were used to amplify the original plasmid. The
primers to delete the proximal GRE were: 5�-tgggctgctgacgga-
gaaacacgtaggcg-3� (forward) and 5�-cgcctacgtgtttctccgtcagcag-
ccca-3� (reverse). Primers for deletion of the distal GRE were:
forward: 5�-tcccccaggacatgccccaatggattggcag-3� (forward) and
5�-ctgccaatccattggggcatgtcctggggga-3� (reverse). PCR products
were digested with DpnI, ligated, and transformed into Esche-
richia coli DH5a to select ampicillin-resistant colonies. Dele-
tions were confirmed by sequencing using primers 5�-ccag-
gatttgtggtgtgcttatc-3� and 5�-gatttggacaggagcctagca-3�.
ChIP Assay—Occupancy of GREs on the U1 fragment was

studied by ChIP assay using the Millipore ChIP assay kit
(Temecula, CA) with fewmodifications. In brief, 450�g of pro-
tein were immunoprecipitated with 3 �g of GR antibody or
normal rabbit IgG. After eluting and reversing cross-linking of
chromatin, associated DNA was purified using QIAquick PCR
purification kit fromQiagen.DNAwas detected by quantitative
real time PCR using assays 60 and 66 (mouse) from the Univer-
sal Probe Library (Roche Applied Science) as indicated by the
provider. See assays details in supplemental Fig. S3.

RESULTS

Dexamethasone Enhancement of Calcitriol-mediated Effects—
We determined the role of dexamethasone on mediating the
antiproliferative effects of calcitriol. The cells were pretreated
with Dex (10 and 100 nM) or EtOH control for 48 h follow by an
additional treatment with increasing concentrations of cal-
citriol (1–100 nM) or EtOH for 72-h. The cells were trypsinized,
and viable cells were counted by trypan blue dye exclusion
assay. Treatment with 10 and 100 nM Dex alone did not signif-
icantly inhibit cell growth (Fig. 1A). However, pretreatment
with Dex consistently increases the anti-proliferative effects of
calcitriol when compared with cells pretreated with EtOH. For
example, preincubation with 10 or 100 nM Dex follow by 1 nM
calcitriol reduces the number of cells to 3 � 105 or 1 � 105,
respectively, compared with 5 � 105 in the group preincubated
with EtOH. To check the levels of VDR, SCC cells were treated
for 24 h with calcitriol, Dex, or in combination. The cells were
collected in lysis buffer, and the proteins were separated by
SDS-PAGE and subjected toWestern blot. Calcitriol increased
both phosphorylated and unphosphorylated forms of VDR as
indicated by closed and open arrowheads, respectively. Dex
alone only increased the unphosphorylated form of VDR.
However, the combination treatment of Dex plus calcitriol
further increased both forms of VDR (Fig. 1B). VDR and GR
are both inducible transcription factor that binds calcitriol
or glucocorticoids, respectively, to control expression of
VDR or GR target genes. First, using luciferase reporter
assays, we found that both VDR and GR are transcriptionally
active in SCC cells (Fig. 1, C and D). Dex increases calcitriol
anti-proliferative effects and VDR expression. As a proof of
principle, we studied whether Dex can increase VDR-medi-
ated transcription of the CYP24.A1 promoter in a luciferase
reporter assay. Pretreatment with 10, 100, or 1000 nM Dex
increased VDR-mediated transcription of the CYP24.A1
promoter by �4.5-fold when induced with 1 nM calcitriol,
whereas Dex alone had minimal effect on cells that were not
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induced with calcitriol (Fig. 1E). Preincubation with other
hormones including R1881 and DHT did not sensitize cells
to induction of the CYP24.A1 promoter by luciferase
reporter assay with 10 nM calcitriol. However, preincubation
with calcitriol or Dex significantly increased the induction
CYP24.A1 promoter by 140- or 20-fold, respectively, sug-
gesting that the effect on increasing VDR-mediated tran-
scription is exclusive to calcitriol and Dex (Fig. 1F). The data
indicate that the majority of calcitriol and Dex effects were
mediated through their nuclear receptors VDR and GR.
Dexamethasone Increases VDR at the Transcriptional Level—

Dexamethasone is a glucocorticoid that binds to GR to regulate
transcription of target genes. To determine at which level Dex
regulates VDR, we preincubated SCC cells with either actino-
mycin D (ActD), which interferes with the process of transcrip-
tion, or cycloheximide (CHX), which inhibits the process of
translation, 1 h before induction with 100 nM Dex. Both ActD
and CHX abolished induction of VDR protein expression at 5
and 24 h of induction with Dex, suggesting that Dex induces
VDR protein expression by increasing Vdr transcription (Fig.
2A, upper panel). Real time PCR was used to measure the
expression of Vdr in the presence of ActD and CHX. ActD not
only prevented induction with Dex but also decreased Vdr
expression below basal levels. Unexpectedly, treatment with
CHX consistently increased the expression of Vdr (Fig. 2A,
lower panel). We next extended this approach to study how
ActD and CHX affect induction of VDR with calcitriol and cal-
citriol/Dex combination. Both ActD and CHX prevented VDR
induction with calcitriol or calcitriol/Dex combined treatment.
At the mRNA level, ActD was sufficient to inhibit Vdr tran-
scriptionwith calcitriol alone or in combinationwithDex, indi-
cating that in both cases VDR needs to be transcribed (supple-
mental Fig. S1).VdrmRNA expression increased as early as 1 h,
reaching peak expression after 3 h of 100 nM Dex treatment.
Expression of Vdr was decreased after 6 h to 7–9-fold induc-
tion, but its expression remained elevated up to 48 h (Fig. 2B).
Expression of Vdr was also studied with increasing concentra-
tions of Dex (1–1000 nM) after 6 h of Dex induction. Increasing
concentrations ofDex positively correlatedwith an increased in
Vdr expression (Fig. 2C). Therefore, Dex modulates Vdr
expression at the transcriptional level in a time- and dose-de-
pendent manner.
Dose-dependent Regulation of VDR Target Genes by Dexa-

methasone—Given that Dex increased calcitriol effects that
correlated with an increase in VDR, we sought to determine
whether Dex can modulate the expression of several VDR tar-
get genes. The expression ofGrwas minimally increased in the
presence of high concentrations of Dex (�100 nM), and the
addition of 10 nM calcitriol did not significantly increase Gr
expression (Fig. 3A). As expected, the expression of Vdr was
induced in cells pretreated with �100 nMDex, andVdr expres-
sion was further enhanced by calcitriol treatment (Fig. 3B). p27
is a cyclin-dependent kinase inhibitor protein that inhibits cell
cycle progression through G1 (6). p27 expression is up-regu-
lated by calcitriol alone in SCC. Preincubation with �100 nM
Dex further increased p27 expression with 10 nM calcitriol (Fig.
3C). Cyclin D1 regulates CDK4/6 and control G1/S transition
(27). In SCC cells, cyclin D1 was down-regulated by calcitriol.

FIGURE 1. Dexamethasone increases the anti-proliferative and VDR-medi-
ated transcriptional effects of calcitriol. A, 48 h of pretreatment with EtOH
control (E), 10 (�), and 100 (‚) nM Dex sensitizes SCC cells to calcitriol treatment
(1–100 nM). Inhibition of cell growth was assessed after 72 h of treatment of cal-
citriol by trypan blue dye exclusion viability assay. The data represent the
means � S.D. of three independent experiments. *, p � 0.05 compared with
corresponding untreated (EtOH) conditions. B, combinatory treatment with cal-
citriol (cal) and Dex increases VDR protein expression compared with treatments
with either calcitriol or Dex alone by Western blot analysis. Calcitriol increased
both phosphorylated and unphosphorylated forms of VDR (52), as indicated by
closed and open arrowheads, respectively. Dex alone only increased the unphos-
phorylated form of VDR. Calcitriol/Dex combination treatment further increased
both forms of VDR (upper panel). Densitometric analysis was performed using
ImageJ software (lower panel). The results are the means � S.D. of three inde-
pendent experiments. C, 24 h with calcitriol induces VDR-mediated transcription
of the hCYP24.A1 promoter by luciferase reporter assay. D, 24 h with Dex induces
GR-mediated transcription of the MMTV promoter by luciferase reporter assay.
E, 48 h of pretreatment with Dex potentiates VDR-mediated transcription of the
hCYP24.A1 promoter with 1 nM of calcitriol treatment for 24 h. F, 48 h of pretreat-
ment with several steroid hormones demonstrate that the potentiation of VDR-
mediated transcription with 10 nM of calcitriol for 24 h is specific to calcitriol and
Dex. Other steroid hormones do not affect VDR-mediated transcription. The sam-
ples were normalized to Renilla reporter control (C) or total protein (D–F), and the
results are expressed relative to EtOH controls. The data (C–F) are representative
of at least three independent experiments. Significance (p value) was assessed by
Student’s t test (unpaired, two-tailed). RLU, relative light unit.
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Expression of cyclinD1was further decreased by preincubating
with at least 10 nMDex (Fig. 3D). p21, a cyclin-dependent kinase
inhibitor (28, 29), was reduced by both calcitriol and Dex (Fig.
3E). The expression of S100G, which encodes for the vitamin
D-dependent protein calbindinD9K, was increased in cells pre-
treated with 10 nM Dex and dramatically induced in cells pre-
treated with �100 nM Dex follow by 10 nM calcitriol (Fig. 3F).
Taken together, the data indicate that Dex can modulate and
further enhance or decrease the expression of known VDR tar-
get genes that regulate cell cycle and mediate the anti-prolifer-
ative effects of calcitriol.
Dexamethasone Increases Vdr de Novo Transcription in a

GR-dependent Manner—GR is a hormone-dependent tran-
scription factor that mediates the expression of genes con-
trolled by glucocorticoids. To exert its genomic functions,
GR binds to glucocorticoids and forms a homodimer that
binds to GREs on the regulatory sequences of target genes.
To assess whether the increase inVdr expression depends on
GR, we first used a pharmacological approach with RU486,
an anti-glucocorticoid that binds to GR. 100 nM Dex
increased Vdr expression by 5–6-fold. Co-treatment with
100 nM Dex with different molar ratios of RU486 in SCC cells
resulted in significant inhibition of VDR at both mRNA and
protein level. An equimolar ratio of Dex and RU486 (100 nM)
was sufficient to reduce expression of Vdr to �2-fold (Fig.
4A). We next extended this approach to study how RU486
affects Vdr transcription with Dex, calcitriol, and calcitriol
and Dex combined. 1000 nM RU486 did not affect the
increase of Vdr expression with calcitriol; however, it
reduces the increase of Vdr expression with calcitriol plus

Dex to the level of Vdr expression with calcitriol alone, and
similar results were obtained at protein level (supplemental
Fig. S2A). To further ascertain whether Vdr de novo tran-
scription is GR-dependent, we silenced GR expression by
using siRNA technology. SCC cells were transfected with
siRNA that targeted GR and scramble control siRNA. The
cells were collected 72 h after transfection and used to study
GR expression at level of transcript by real time PCR (Fig. 4B,
upper panel) and at level of protein by Western blot (Fig. 4B,
lower panel). GR mRNA and protein expression were dra-
matically reduced by silencing of Gr. Next, we investigated
whether silencing of GR can affect expression of Vdr after
inducing cells with Dex. The cells were transfected with
siRNA that targeted GR and scramble control siRNA for 48 h
and treated with 100 nM Dex for an additional 24 h to study
VdrmRNA expression and VDR protein. In cells transfected
with scramble siRNA, 100 mM Dex increased Vdr mRNA
4-fold and induces VDR protein compared with EtOH treat-
ment. In contrast, the cells transfected with siRNA targeting
GR significantly abolished the expression of VdrmRNA and
protein to levels comparable with those of EtOH treatment
control (Fig. 4C). We next extended this approach to study
how siRNA-GR affects Vdr transcription with Dex, cal-
citriol, and calcitriol and Dex combined. siRNA-GR did not
affect the increase ofVdr expression with calcitriol; however,
it reduces the increase of Vdr expression with calcitriol plus
Dex closer to the level ofVdr expression with calcitriol alone,
and similar results were obtained at the protein level (sup-
plemental Fig. S2B).

FIGURE 2. Dexamethasone regulates VDR at the transcriptional level. A, actinomycin D and CHX inhibited transcription or translation of VDR. SCC cells were
pretreated with Me2SO, 10 �g/ml cycloheximide, or 10 �g/ml actinomycin D for 1 h followed by 100 nM Dex for 5 or 24 h. VDR was assessed at the transcriptional
level (lower panel) and protein (upper panel) by using real time PCR and Western blot analysis, respectively. The results are representative of three independent
experiments. B, time-dependent (0.5 to 48 h) induction of Vdr mRNA expression in SCC cells treated with ethanol vehicle control or 100 nM Dex. C, dose-de-
pendent induction of Vdr mRNA. The cells were treated for 6 h with increasing concentrations of Dex or EtOH vehicle control. TaqMan� assay was used for
relative quantitation of Vdr gene expression. The expression of the Vdr gene was normalized to mouse glyceraldehyde-3-phosphate dehydrogenase (Gapdh)
expression and expressed relative to 0 h (B) or EtOH control (C) for each of the experiments being evaluated. The data represent the means � S.D. of three
technical replicates from one representative experiment. The experiments were repeated four times.
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AGREUpstream of Vdr Promoter Drives GR-mediated Tran-
scription of Vdr Gene—Vdr gene is regulated at the transcrip-
tional level by a number of transcriptional factors that bind to
the regulatory sequences of theVdr gene (30–32). Based on the
data presented above, we next tested whether GR binds to the
regulatory sequences in the Vdr gene to drive transcription in
the presence of glucocorticoids. We used Nubiscan to find
putative GREs between the first four introns and 5 kb upstream
of Vdr gene (33). Eleven DNA fragments that include 21 GREs
were produced in pGL4.23 vector and unsuccessfully tested in
luciferase assays (34). More recently, Zella et al. (15) identified
GREs located on the Vdr gene promoter by using ChIP-on-
Chip, which may be involved in the regulation of Vdr by Dex/
GR. Particularly, one 2.238-kb region (U1) of interest, located
5.2 kb upstream from theVdr transcription start site, contained
two putative GREs and is transcriptionally active. To ascertain
the function significance of these two putative GREs in the U1
region in mediating Vdr transcription by Dex, we deleted both
putative GREs found in the U1 fragment cloned into the pTK-
Luc reporter vector. We also singly deleted each putative GRE
(distal GRE and proximal GRE) (Fig. 5A). Luciferase assays
revealed that deletion of the distal GRE in the U1 fragment
prevented transcriptional induction by Dex. Deletion of both

distal and proximal GREs also prevented transcriptional induc-
tion by Dex from the U1 fragment. However, deletion of prox-
imal GRE retained the ability of Dex to induce GR-mediated
transcription ofVdr fromU1 fragment. To study recruitment of
GR on proximal and distal GREs, we performed ChIP assay.
Treatment with Dex alone or in combination with Dex
increases GR occupancy of the distal GRE but not the proximal
GRE (40 and 90%, respectively), although calcitriol alone does
not induce GR recruitment (Fig. 5D, left panel). In contrast,
none of the hormone treatments changed GR recruitment on
the proximal GRE (Fig. 5D, right panel). Altogether, these
results suggest that the distal GRE is primarily responsible for
activating Vdr transcription in U1 fragment. To compare GR-
mediated transcription of GR, we performed real time PCR in
cells treated with different concentrations of Dex. Dex moder-
ately increasedGr expression at a concentration �100 nM (Fig.
5C, right panel). To investigate how Dex and calcitriol may
affect the expression of GR protein, we treated cells with cal-
citriol, Dex, or the combination of the two and compared GR
levels with those of EtOH vehicle control. Dex alone or in com-
bination with calcitriol decreased GR expression (Fig. 5C, left
panel). The distal GREwas compared with GREs in other genes
and to the consensus GREs previously described (Table 1). 3�

FIGURE 3. Dose-dependent regulation of VDR target genes by dexamethasone. The cells were pretreated for 48 h with increasing concentrations of Dex
or EtOH vehicle control follow by treatment for 24 h with 10 nM of calcitriol or EtOH vehicle control. Expression of VDR target genes Gr (A), Vdr (B), p27 (C), Cyclin
D1 (D), p21 (E), and S100g (F) were assessed using TaqMan� gene expression assays for relative quantitative gene expression by real time PCR. The expression
levels of the VDR target genes were normalized to mouse glyceraldehyde-3-phosphate dehydrogenase (Gapdh) expression and expressed relative to EtOH
control for each of the genes being evaluated. The data represent the means � S.D. of three independent experiments. The asterisks indicate p � 0.05
compared with EtOH pretreated, calcitriol-induced samples.
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half of the distal GRE present in U1 region (bold) was identical
to the consensus sequence TGTTCT, whereas the distal GRE is
a direct repeat with a spacer of 3 bp rather than an inverted
repeat commonly observed in the consensus GRE sequences
and the majority of GREs (Table 1).

DISCUSSION

Glucocorticoids are utilized clinically to ameliorate hyper-
calcemia in a number of clinical indications, including cal-
citriol-induced hypercalcemia (35). Although known for their
anti-inflammatory activity, glucocorticoids are often used to
manage patients withmultiple myeloma, leukemia, lymphoma,
and progressive breast and prostate cancers (3, 36–38). The
glucocorticoid dexamethasone increases VDR and the anti-
proliferative effects of calcitriol (16, 18). In this study, we dem-
onstrated the molecular mechanisms by which Dex increases
the levels of VDR and VDR-mediated effects in the SCCmodel.
Recently, Sun and Zemel (17) reported the increase of Vdr
mRNA with Dex in 3T3-L1 adipocyte model. Similarly, Dex
increases expression of renal VDR in mice (22). Our study
shows de novo transcription of Vdr by Dex that results in
increased VDR protein, increases sensitivity to calcitriol, and
potentiates VDR-mediated transcription of VDR and many
VDR target genes including p21, p27, cyclin D1, and calbindin
D9K (Fig. 6). Some response to calcitriol was observed in clini-

cal trials for leukemia and myelodysplasia, although the results
were disappointing because of hypercalcemia (39–41). Initial
clinical trials of calcitriol in prostate cancer patients indicate
some anti-cancer activity where the increase in rise of prostate-
specific antigen, a biochemical marker of progression of pros-
tate cancer, was slowed by treatment in some individuals or
declined in others (42, 43). Recently, our laboratory used high
dose intermittent calcitriol plus Dex in cancer patients and
demonstrated that combined calcitriol/Dex treatment is safe,
prevents hypercalcemia, and has an anti-tumor effect as indi-
cated by a decrease in prostate-specific antigen level (3).
The genomic effects of calcitriol are mediated through bind-

ing to theVDR. The calcitriol-VDR complexmodulates expres-
sion of target genes, including the Vdr gene itself. Homologous
up-regulation or positive autoregulation is observed in a num-
ber of cell models including prostate, colon, lung, adipocytes,
and SCC (7, 9, 44). Indeed active vitamin D response elements
have been identified within intronic sequences of the mouse
Vdr gene (10). In addition, a number of transcription factors
have been found to regulate VDR expression, including p63,
p53, and Sp1 (30–32). Up-regulation of VDR with Dex treat-
ment has been reported in several models (6, 16, 17, 22). We
cloned several fragments upstream of the Vdr transcription
start site and within introns into a luciferase reporter vector to

FIGURE 4. Dexamethasone increases de novo Vdr transcription in a GR-dependent manner. A, the anti-glucocorticoid RU486 inhibits Vdr mRNA synthesis.
The cells were treated for 24 h with 100 nM Dex alone or in combination with 1, 10, or 50 molar ratios of RU486. Expression of VDR was assessed at the
transcriptional level (upper panel) and protein (lower panel) by using real time PCR and Western blot analysis, respectively. B, silencing of GR by using siRNA. The
cells were transfected with mock, scramble siRNAs, or siRNA-GR. After 72 h, the cells were harvested, and expression of GR was assessed at the transcriptional
level (upper panel) and protein (lower panel) by using real time PCR and Western blot analysis, respectively. C, induction of Vdr by Dex was studied in cells
transfected with siRNA targeting Gr. The cells were transfected with mock, scramble siRNAs, or siRNA-GR for 48 h prior to treatment with 100 nM Dex or EtOH
vehicle control for an additional 24 h. Expression of VDR was assessed at the transcriptional level (upper panel) and protein (lower panel) by using real time PCR
and Western blot analysis, respectively. The expression of Vdr (A and C) and Gr (B) was assessed by real time PCR using TaqMan� gene expression assays.
Relative expression of Vdr (A and C) and Gr (B) gene was normalized to mouse glyceraldehyde-3-phosphate dehydrogenase (Gapdh) expression and expressed
relative to EtOH vehicle control (A) or compared with the ethanol-treated mock control (B and C). The data represent the means � S.D. of three independent
experiments.
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find active GREs. However, none of the predicted putative
GREs was active (45). Recently, by using high resolution ChIP-
on-chip, Zella et al. (15) identified four DNA regions that bind
ligandedGRwithin the vicinity ofVdr gene.Of the four regions,
only the U1 region was able to induce GR-mediated transcrip-
tion with Dex of pTK-U1 luciferase reporter vector (2–2.5-fold
compared with empty vector pTK-Luc) in a luciferase reporter
assay in MC3T3-E1 cells (15). Further examination of the
cloned U1 fragment showed that two putative GREs were pres-
ent in the U1 fragment (Table 1). We deleted each of the puta-
tive GREs (Fig. 5A), performed luciferase reporter assays and

ChIP assays, and determined that only the distal GRE is respon-
sible for GR-mediated transcription (Fig. 5,A, B, andD). In our
system, the transcription of pTK-U1 plasmidwithDexwas lim-
ited to �1.8-fold compared with empty vector. However, our
system did not require overexpression of GR as indicated by
Zella et al. (15). Treatment with Dex alone or in combination
with calcitriol for 24 h decreased GR protein, probably by
inducing proteosomal degradation (46, 47), whichmay account
for limited transcription (Fig. 5, B and C). However, long term
induction ofVdrmRNA is increased 7–9-fold (Fig. 2B) as com-
pared with the �2-fold induction in luciferase reporter assays

FIGURE 5. A GRE in the regulatory region upstream of Vdr gene drives transcriptional activation of Vdr that is mediated by dexamethasone.
A, schematic representations of Vdr gene containing the distal and proximal GREs in the U1 regulatory region. Deletions introduced on putative GREs are
shown. B, the distal GRE in U1 region drives GR-mediated transcription of Vdr by luciferase reporter assay. The cells in each well were transfected with 1 �g of
each reporter construct plus 0.2 �g of a plasmid expressing Renilla luciferase (internal control) for 16 h. The cells were induced with 100 nM Dex for 24 h. Cell
extracts were collected and used to determine firefly and Renilla luciferase activity. The data represent the means � S.D. of four independent experiments.
C, Dex treatment decreases GR expression at the protein level (right panel) but not at the transcriptional level (left panel). D, recruitment of GR to U1 regulatory
region. Dex and combined calcitriol/Dex treatments increase recruitment of GR to the distal GRE. Occupancy of GR is not significantly increased on proximal
GRE with hormone treatments. GR occupancy was determined as DNA enrichment by using real time PCR and expressed as percentage of input. The data
represent the means � S.D. of three technical replicates from one representative experiment. The experiments were repeated four times. dis, distal; prox,
proximal; TSS, transcriptional start site.
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(Fig. 5C). We may speculate that the individual contribution of
the active GRE (distal GRE) contained in U1 fragment to
increase Vdr transcription is potentiated by an orchestrated
network of all regulatory elements presentwithin the context of
the native Vdr gene.
The response to glucocorticoids is primarilymediated byGR.

GR in the presence of glucocorticoids binds to GREs and mod-
ulates expression of target genes. The TGTTCT sequence con-
tained in the distal GRE ofVdr gene was first discovered within
the chicken lysozyme promoter and the MMTV promoter by
performing DNase I protection assays with GR (48–50). Anal-
ysis of a number ofGRbinding sequences reported in genes that
are regulated by glucocorticoids contain a GRE consensus

sequence which has an inverted repeat with a spacer of 3 bp
(Table 1). Recently, studies have found that only half of GR
binding sequences correspond to the GRE consensus sequence
as inverted repeat of the exanucleotide TGTTCT. Indeed, 40%
of GR binding sequences contain only the hexanucleotide and
the majority of these genes are glucocorticoid-inducible genes
(48). The active GRE within the regulatory regions of the Vdr
gene we describe here contains the precise consensus sequence
TGTTCT. However, the 15-nucleotide GRE described here is
an imperfect directed repeat containing a 3-bp spacer (Table 1).
Autoregulation of hormone receptors and cross-regulation

with other nuclear receptors play an important role in modu-
lating cellular responses to different hormonal signals. Cross-
talk between nuclear receptors can be unilateral or reciprocal
and can modulate expression of nuclear receptors at both the
transcriptional or post-transcriptional levels (9). In our current
study, we found that Dex increases VDR by increasing tran-
scription of Vdr gene in a GR-dependent manner. Increased
VDR levels with Dex have also been shown in adipocytes and
kidney and endothelial cells derived from tumors (6, 17, 22). In
support of cross-talk between VDR and GR signaling axes, it
was reported that calcitriol positively affects glucocorticoid
production in human adipocytes through increasing 11�-hy-
droxysteroid dehydrogenase type 1, which promotes the con-
version of the glucocorticoid precursor, cortisone, to cortisol
(51).More recently, the same group reported an increase inVdr
expression with Dex treatment and increased production of
glucocorticoids with calcitriol treatment using the 3T3-L1 adi-
pocytemodel (17). These findings and our observations suggest
a positive feedback between GR and VDR, where glucocortico-
ids bind to GR to directly increase Vdr transcription. In sum-
mary, we demonstrated that dexamethasone increases VDR at
the transcriptional level in a GR-dependent manner and that
liganded GR with Dex binds to an imperfect directed repeat on
the distal U1 regulatory regions of mouse Vdr.
Understanding the cross-talk between VDR and GR signal-

ing axes is of crucial importance to the design of new therapies
that include calcitriol and dexamethasone. Regulation of Vdr
expression by Dex has been recently reported in the intestine
where long term Dex treatment leads to a reduction in expres-
sion of Vdr (22). Those findings may correlate with the role of
Dex preventing calcitriol hypercalcemic effects. Future direc-
tions will include studying how Dex modulates VDR-mediated
expression of calcium processing genes in the mouse intestine.
These studies will elucidate tissue specific effects of glucocor-
ticoids and its role in preventing calcitriol-induced hypercalce-
mia by reducing calcium absorption in the intestine, whereas
Dex potentiates calcitriol anti-proliferative effects in tumors.
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