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Functional Role of VDR in the Activation of
p27"'"! by the VDR/Sp1 Complex
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Abstract Our previous study demonstrate that vitamin D3 induces the binding of vitamin D3 receptor (VDR) to Sp1
transcription factor and stimulates p27*"P" expression via the Sp1 consensus sequences in the promoter. Both VDR and Sp1
are transcriptional activators, it is unclear which protein functions as the transcription component of the VDR/SpT1
complex. To address this issue, we constructed the AF-2 deletion mutant of VDR and tested the effect of vitamin D3 on
p275PT expression. In consistent with our previous results, we found that expression of wild-type VDR in SW620 colon
cancer cells, which expressed very low level of endogenous VDR, increased vitamin Ds-stimulated p27""P' promoter
activity and protein expression. On the contrary, expression of AF-2 deletion mutant had little effect. DNA affinity
precipitation assay (DAPA) showed that both wild-type and deletion mutant of VDR bound to the DNA probe
corresponding to the Sp1 binding site in the p275"" promoter in a vitamin D3-dependent manner indicating deletion of AF-
2 domain does not affect the interaction between VDR and Sp1. Chromatin immunoprecipitation (CHIP) assay also
confirmed that VDR and its AF-2 deletion mutant bound to p275"*" promoter in vivo. We found that deletion of AF-2
domain abolished the interaction of coactivators SRC-1 and DRIP205 with VDR. Taken together, our results suggest that
VDR functions as the transactivation component of the VDR/Sp1 complex to trigger gene expression. J. Cell. Biochem. 98:

1450-1456, 2006. © 2006 Wiley-Liss, Inc.
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The steroid hormone 1o, 25-Dihydroxyvita-
min D3 (vitamin D3) is involved in the regulation
of a numerous cellular processes including cell
differentiation, growth, and apoptosis [Deluca
and Cantorna, 2001; Gurlek et al., 2002;
Johnson et al., 2002]. The biological effect of
vitamin D3 is mediated via the vitamin Dj
receptor (VDR). Binding of vitamin Dj to its
cognate receptor promotes the formation of
VDR/retinoid X receptor (RXR) heterodimer
and the heterodimer then binds with the
vitamin D3 response element (VDRE) in the
promoter of target genes to trigger gene tran-
scription [Kato, 2000; Khorasanizadeh and
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Rastinejad, 2001]. In addition to classic genomic
action, vitamin D3 can activate several intra-
cellular signaling pathways such as extracellu-
lar signal-regulated kinases (ERKSs), c-Src
kinase, and phosphorlipases in a non-genomic
fashion [Buitrago et al., 2000; Boyan et al., 2002;
Christakos et al., 2003; Schwartz et al., 2003].

Recent studies demonstrate that nuclear
receptors, instead of direct binding to the
response element, may interact with other
transcription factors to activate gene transcrip-
tion. For example, 17B-estradiol (E,) stimulates
the formation of estrogen receptor (ER)/Spl
complex and activates gene expression via the
GC-rich Spl site [Sun et al., 1998; Safe, 2001].
Similarly, progesterone and androgen receptor
may stimulate p21V*"! via the Spl consensus
site by interacting with Sp1 [Owen et al., 1998;
Lu et al., 2000].

We are interested in the mechanism of the
anti-proliferative effect of vitamin Ds. A pre-
vious study showed that vitamin D3 upregu-
lated p27%P! a typical cyclin-dependent kinase
(CDK) inhibitor to inhibit cell cycle progression
at the G1/S transition [Inoue et al., 1999]. The
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authors also indicated that activation of p27%P?
by vitamin D3 is mediated via Spl and NF-Y
binding sites localized within the —555/—512
region of the promoter. We extended the results
of this work and found that vitamin D3 induced
formation of the VDR/Sp1 complex and acted via
the Spl binding site in the promoter region to
stimulate p27%"P! expression [Huang et al.,
2004]. Our data suggest that Sp1 constitutively
binds p27¥P! promoter and functions as an
anchor protein to recruit VDR to stimulate
p27¥P! expression after vitamin D treatment.
However, whether VDR indeed functions as the
transactivation component of the VDR/Spl
complex has not been clarified. In this study,
we address the function of VDR in the VDR/Sp1
complex.

MATERIALS AND METHODS

Expression Vectors, Reporter Plasmids, Reagents,
and Cell Culture

CMV-VDR expression vector was obtained
from Dr. Freedman [Towers et al., 1993].
Human p27¥P! promoter-luciferase construct
were kindly provided by Dr. Sakai [Minami
et al., 1997]. Sp1, SRC-1, DRIP205, and p27¥iP!
antibodies were purchased from Santa Cruz
(Santa Cruz, CA). Anti-VDR antibody was
obtained from Biomol (Polymouth Meeting,
PA). Lipofect AMINE was obtained from Invi-
trogen (Carlsbad, CA) and luciferase assay
system was obtained from Promega (Madison,
WI). Vitamin D3 was purchased from Calbio-
chem. SW620 human colon cancer cells were
cultured in DMEM/F12 medium containing
10% charcoal-treated fetal calf serum (FCS)
and antibiotics.

Construction of AF-2 Deletion Mutant of VDR

The AF-2 deletion mutant was generated
from the CMV-VDR expression vector, which
contained full-length VDR (1,281 bp) by dele-
tion the C-terminal 165-bp nucleotides. The
sequence of the deletion mutant was verified by
direct sequencing.

Promoter Activity Assays

Promoter activity assays were performed as
described previously [Huang et al., 2004]. In
brief, cells were plated onto 6-well plates at the
density of 100,000 cells/well and grown over-
night. Cells were co-transfected with 2 pg of
p27¥P! promoter-luciferase plasmid and 1 pg of

wild-type or AF-2 deletion mutant of VDR
expression vectors. After transfection, cells
were cultured in 10% charcoal-treated FCS
medium for 24 h followed by stimulation with
vehicle (0.5% DMSO) or vitamin D3 (10 nM) for
another 48 h. Luciferase activity was deter-
mined by using a reporter assay system (Pro-
mega) and normalized for protein concentration
in cell lysate. Data of three independent experi-
ments were expressed as mean + SD. Paired
results were evaluated by the Student’s ¢-test
and P-value <0.05 was considered significant.

Immunoprecipitation and Immunoblotting

For immunoblotting, cells were harvested in
a lysis buffer and equal amount of cellular
proteins was subjected to SDS-polyacrylamide
gel electrophoresis (SDS—PAGE) as described
previously [Pan and Hung, 2002]. Proteins were
transferred to nitrocellulose membranes and
blots were probed with different primary anti-
bodies followed by horseradish peroxidase-
labeled secondary antibodies. Enhanced chemi-
luminescence reagent was used to depict the
protein bands on the blots. For immunoprecipi-
tation, cellular proteins (200 pg) were incubated
with anti-VDR antibody at 4°C for 2 h and the
immunocomplex was collected by protein A/G
agarose. Proteins were released by boiling in
SDS—PAGE loading buffer and then subjected
to SDS—-PAGE analysis. Immunoblotting was
performed by probing the blots with anti-SRC-1
or anti-DRIP205 antibody to detect the interac-
tion between VDR and cofactors.

DNA Affinity Precipitation Assay (DAPA)

We identified and quantified the proteins
bound to a sequence-specific DNA probe by
using DNA—-protein binding assays. Biotinated
DNA probe was used to interact with nuclear
proteins and the DNA—protein complexes were
then precipitated by streptavidin-coated beads.
After centrifugation, the pelleted beads were
collected and washed, and proteins bound to the
DNA probe were eluted by SDS—PAGE loading
buffer and separated by 7.5% polyacrylamide
gels. The separated proteins were analyzed by
immunoblotting. The sequence of DNA probe
used in this study is: 5'-CGAGCCTCGGCG-
GGGCGGCTCCCGCCGCCGCAACCAATGG-
ATCT-3' corresponding to the —555/—512
region of human p27¥"! promoter. Preparation
of nuclear extracts and DAPA assays were
performed as described previously [Huang
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et al., 2004]. Nuclear proteins bound to the DNA
probe were separated by SDS—-PAGE and
immunoblotting was done to investigate the
proteins that bound to the DNA probe.

Chromatin Immunoprecipitation (CHIP) Assay

Cells were transfected with wild-type or AF-2
deletion mutant of VDR expression vectors.
After transfection, cells were cultured in 10%
charcoal-treated FCS medium for 24 h followed
by stimulation with vehicle (0.5% DMSO) or
vitamin D3 (10 nM) for another 48 h. Cells were
fixed with 1% formaldehyde at 37°C for 10 min,
washed with ice-cold PBS with protease inhibi-
tors (1 mM phenylmethylsulphonyl fluoride,
1 pg/ml aprotinin, and 1 pg/ml pepstatin A),
scraped and pelleted by centrifugation at 4°C.
Cells were resuspended in lysis buffer (1% SDS,
10 mM EDTA, and 50 mM Tris-HCI, pH 8.1),
incubated for 10 min on ice, and sonicated to
shear DNA. After sonication, lysate was cen-
trifuged for 10 min at 13,000 rpm at 4°C. The
supernatant was diluted in CHIP dilution
buffer (0.01% SDS, 1% Triton X-100, 2 mM
EDTA, 16.7 mM Tris-HCI, pH 8.1, 167 mM
NaCl, and protease inhibitors). Anti-VDR anti-
body was added to the supernatant and incu-
bated overnight at 4°C with rotation. The
immunocomplex was collected by protein A/G
agarose and washed sequentially with low salt
washing buffer (0.1% SDS, 1% Triton X-100,
2 mM EDTA, 200 mM Tris-HCI, pH 8.1, and
150 mM NaCl), high salt buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 200 mM Tris-HCI,
pH 8.1, and 500 mM NaCl), LiCl washing buffer
(0.25 M LiCl, 1% NP40, 1% deoxycolate, 1 mM
EDTA, and 10 mM Tris-HCI, pH 8.1), and finally
1x TE buffer (10 mM Tris-HCl and 1 mM EDTA,
pH 8.0). The immunocomplex was eluted by
elution buffer (1% SDS, 0.1 M NaHCO3;, and
200 mM NaCl) and the cross-links were rever-
sed by heating at 65°C for 4 h. After reaction, the
samples were adjusted to 10 mM EDTA, 20 mM
Tris-HC], pH 6.5, and 40 pg /ml Proteinase K,
and incubated at 45°C for 1 h. DNA was
recovered and was subjected to PCR amplifica-
tion by using the primers specific for the
detection of the —690/—455 region which con-
tained the Sp1 transcription factor binding sites
of human p27¥®! promoter. The sequences for
the primers are: sense 5'-CAGGTTTGTTGG-
CAGCAG TA-3/, antisense 5'-GGAGGCTGAC-
GAAGAA GAAA-3'. The predicted size for the
PCR product is 235 bp.

RESULTS

Construction and Expression of VDR AF-2
Deletion Mutant

We first deleted the AF-2 domain of full-
length VDR cDNA to create the AF-2 deletion
mutant and checked whether the AF-2 deletion
mutant could be expressed in SW620 cells. As
demonstrated in Figure 1, SW620 cells have
very few endogenous VDR. Wild-type or AF-2
deletion mutant of VDR was detected after
transfection of expression vectors. However,
the protein level of AF-2-deleted VDR was about
a half of that of wild-type VDR. The reason for
this difference is unknown. Previous studies
have indicated that VDR was degraded via the
ubiquitin/proteasome pathway [Li et al., 1999].
Itis possible that deletion of AF-2 may affect the
synthesis or stability of VDR. Transfection of
cells with double amount of AF-2 deletion
mutant plasmid produced similar protein level
of mutant VDR compared to that of wild-type
VDR-transfected cells. Therefore, we used dou-
ble amount of mutant plasmid to transfect cells
in our subsequent experiments.

Deletion of AF-2 Domain Reduced Vitamin
Ds-Induced p27""P' Promoter Activity
and Protein Expression

We next tested the effect of vitamin D3 on the
p27¥PL promoter activity in cells expressing
wild-type or mutant VDR. Our results showed
that vitamin D3 stimulated a 2.4-fold increase of
the p27¥P1 promoter activity in cells trans-
fected with VDR expression vector. However, no
increase was observed in cells transfected
with AF-2-deleted mutant expression vector
(Fig. 2A). Western blot analysis also confirmed
that vitamin Ds-induced increase of p27¥P!
protein was not observed in cells transfected
with VDR AF-2 deletion mutant (Fig. 2B). These
data strongly suggest that VDR functions as the

Wide type VDR ——» e —
AF-2 deletion VDR ——» ——
Transfection [+ VDR AF-2
deletion

Fig. 1. Expression of VDR and its AF-2 deletion mutant in
SW620 cells. Cells were transfected with control vector (C), VDR
expression vector (VDR), or AF-2 deletion mutant for 48 h. Cells
were harvested and subjected to Western blot analysis to
investigate the VDR protein level.
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Fig. 2. Effect of AF-2 deletion on vitamin Ds-increased p27 P!
promoter activity and protein expression. A: Cells were co-
transfected with p275®' promoter-luciferase construct and VDR
or AF-2 deletion mutant expression vector for 24 h and incubated
with vehicle (=) or 10 nM of vitamin D5 (+) for another 48 h.
Promoter activity was assayed and results of three independent
experiments were expressed as mean =+ SD. Promoter activity of
cells treated without or with vitamin D3 was compared by the
Student’s t-test. *represented P-value <0.05. B: Cells were
transfected with VDR or AF-2 deletion mutant expression vector
for 24 h and incubated with vehicle (=) or 10 nM of vitamin D3
(+) for another 48 h. Cellular proteins were extracted and the
expression of p275iP! protein was examined by Western blot
analysis.

transcactivation component of the VDR/Spl
complex.

Deletion of AF-2 Domain of VDR does not
Affect its Interaction With Sp1
In Vitro and In Vivo

Although the aforementioned results suggest
that VDR functions as the trans-activation
component of the VDR/Spl complex. However,
we cannot rule out the possibility that deletion
of AF-2 may lead to disrupt of the interaction
between VDR and Spl and reduce vitamin Ds-
stimulated p27¥®! promoter activity. There-
fore, we investigated the binding of VDR AF-2
deletion mutant with Spl. We performed DAPA
assay to study the binding of VDR and its
deletion mutant to the response element loca-
lized within the —555/—512 region of the p275P1
promoter. As shown in Figure 3A, we found that

Spl bound to the DNA probe as expected since
the DNA probe contains binding site for this
transcription factors. The binding affinity of
Spl to the DNA probe was not significantly
changed after treatment of vitamin D3. How-
ever, treatment of vitamin D3 obviously
increased a 3—4 fold (expressed as the density
ratio of VDR/Spl) of the binding of wild-type
VDR to the DNA probe (Fig. 3A,B). A similar
increase of the interaction between AF-2 dele-
tion mutant was also found after incubation of
vitamin Ds. These results indicate that deletion
of AF-2 domain does not affect the interaction
between VDR and Spl. To verify that VDR
and its AF-2 deletion mutant indeed bound to
the —555/—512 region of human p27¥®! promo-
ter in vivo, we performed CHIP assay with
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Fig. 3. Bindingof VDR and its AF-2 deletion mutant to the DNA
probe corresponding to the —555/—512 region of human p275!
promoter. A: SW620 cells were transfected with VDR or AF-2
deletion mutant expression vector for 24 h and incubated with
vehicle (=) or 10 nM of vitamin D3 (+) for another 48 h. Nuclear
proteins were incubated with 6 pg of biotinated DNA probe and
45 ul of 4% streptavidin-coated beads (Sigma) at room
temperature for 1 h with shaking. Proteins bound to the beads
were eluted and separated by SDS—-PAGE. Western blot analysis
was performed as described above to investigate the proteins that
bound to the DNA probe. B: The density of each band in the
immunoblot was measured and the VDR/Sp1 ratio of a typical
experiment was shown.
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anti-VDR antibody to precipitate VDR. As
demonstrated in Figure 4A, VDR was found to
be physically associated with the promoter
region of p27¥P! in cell extracts precipitated
by VDR-specific antibody. Density measure-
ment indicated a about threefold increase of
VDR/input control ratio was observed after
vitamin D3 treatment (Fig. 4B). A similar
increase was also observed in SW620 cells
transfected with AF-2 deletion mutant. Preci-
pitation with anti-p57¥"2 antibody did not give
any specific band [Huang et al., 2004 and data
not shown]. Therefore, AF-2 deletion mutant of
VDR could bind to the p27%®! promoter in vivo.
Taken together, deletion of AF-2 domain of VDR
does not affect its interaction with Spl.

A Vitamin D, - +

AF 2 deletion VDR — =

Vitamin D, - + - +

VDR  Wild type AF-2 deletion

Fig. 4. Association of VDR and its AF-2 deletion with p27*P’
promoter in vivo. A: SW620 cells were transfected with VDR or
AF-2 deletion mutant expression vector for 24 h and incubated
with vehicle (=) or 10 nM of vitamin D3 (+) for another 24 h. DNA
and binding proteins were cross-linked with 1% formaldehyde.
Nuclear lysate was prepared and incubated with anti-VDR
antibody. The immuno-complex was precipitated with protein A/
G agarose and DNA was then recovered and was subjected to
PCR amplification by using the primers specific for the detection
of the —690/—455 region which contained the Sp1 binding sites
of human p27%"" promoter. The sequences for the primers are:
sense 5-CAGGTTTGTTG GCAGCAGTA-3/, antisense 5’'-
GGAGGCTGACGAAGAAGAAA-3" and the predicted size for
the PCR product is 235 bp. B: The density of each band in the gel
was measured and the VDR/input control ratio of a typical
experiment was shown.
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Deletion of AF-2 Attenuated the Binding of
VDR With Coactivators

Nuclear receptors require coactivators to
stimulate gene transcription. If VDR indeed
functions as the transcription component of the
VDR/Spl complex, it is reasonable to speculate
that reduction of transcriptional activity of the
VDR/Spl complex might be caused by the
disruption of the interaction between VDR and
coactivators. Therefore, we investigated the
interaction of VDR and coactivators by immu-
noprecipitation/immunoblotting assay. Indeed,
our results indicated that wild-type VDR inter-
acted with SRC-1 and DRIP205, two typical
coactivators for VDR. However, these two
coactivators could not be co-immunoprecipi-
tated with AF-2 deletion mutant (Fig. 5). Taken
together, our data suggest that deletion of AF-2
domain of VDR abolishes its interaction with
coactivators and reduces the transcriptional
activity of the VDR/Sp1 transcription complex.

DISCUSSION

Steroid hormones exert their biological
actions mainly via the nuclear receptor-
mediated control of target genes. However,
recent studies demonstrate that steroid hor-
mones may act via other transcription factors
to activate target genes. Two pioneer studies

IP: VDR
IB: SRC-1 and DRIP205

SRC1 e | " s

DRIP20S —p [« =

Transfection VDR VDR AF-2 AF-2
¥itamin D, = + - +

Fig. 5. Deletion of AF-2 abolishes the interaction between VDR
and coactivators. SW620 cells were transfected with VDR or AF-
2 deletion mutant expression vector for 24 h and incubated with
vehicle (=) or 10 nM of vitamin D5 (+) for another 24 h.
Immunoprecipitation was performed by anti-VDR antibody and
protein A/G agarose beads were added to pellet the antigen-
antibody complex. VDR-associated proteins were eluted and
subjected to Western blot analysis by probing the blots with anti-
SRC1 or -DRIP205 antibody to detect the interaction between
VDR and coactivators.
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demonstrated that ER interacted with AP1
transcription factors to activate gene expression
[Gaub et al., 1990; Weisz and Rosales, 1990].
Subsequently, ER had also been shown to bind
with Spl protein to induce cathepsin D expres-
sion in MCF-7 breast cancer cells [Krishnan
et al., 1994]. More recently, a number of studies
confirmed the results of these works and
demonstrated that E, stimulated a number of
target genes including E2F, c-fos, and bcl-2
through one or more GC-rich Spl binding sites
[Duanetal., 1998; Wanget al., 1998; Donget al.,
1999]. These studies establish a new model
by which steroid hormones activate gene
expression and provide a new concept that
steroid hormone can stimulate the expression
of genes in which no consensus hormone
response elements are identified in their pro-
moters.

We have provided the first evidence that VDR
may physically interact with Spl to activate
p27¥P! promoter via a GC-rich Sp1 site. Inter-
estingly, two recent studies also demonstrate
that VDR interacts with STAT-1 and B-catenin
to modulate gene expression [Palmer et al.,
2001; Vidal et al., 2002]. These results strongly
support the notion that VDR may activate gene
transcription via interaction with other tran-
scription factors and the number of target
genes, which can be regulated by vitamin Dj is
larger than originally thought. However, the
molecular mechanism by which VDR enhances
Spl-mediated transactivation is unclear. Two
possible models for the functional interaction
between VDR and Spl can be suggested. First,
VDR may increase the stability of Sp1—GC-rich
DNA interaction and trigger the expression of
target genes via the Spl transactivation
domain. Second, Spl may serve as an anchor
protein for VDR. After binding, VDR may
recruit the transcription apparatus by its own
transactivation domain to induce gene expres-
sion. Our data support the second model by
demonstrating that deletion of AF-2 domain of
VDR does not affect VDR/Spl interaction but
obviously reduce the transcriptional activity of
the VDR/Spl complex on the activation of
p27¥PL A recent study also showed that ER is
the transcription component of the ER/Spl
complex and AF-1 and -2 domains are important
for the activation of gene expression via the ER/
Spl complex [Kim et al., 2003]. Results of ours
and others studies suggest that nuclear recep-
tor functions as the transcription component of

the nuclear receptor/transcription factor com-
plex.

Because vitamin D3 plays an important role
in the regulation of phosphorous and calcium
homeostasis, cell growth, differentiation, and
apoptosis, it is possible that vitamin D3 may
control some of genes that involved in these
physiological processes via the VDR/Sp1 com-
plex and identification of these target genes will
be helpful for the understanding of the biologi-
cal action of vitamin Ds.
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