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Abstract
Phorbol 12-myristate 13-acetate (PMA) increased 1,25(OH)2D3-induced human 25
hydroxyvitamin D-24 hydroxylase (hCYP24A1) gene expression and vitamin D receptor (VDR)
binding to the hCYP24A1 promoter. It did not alter transient receptor potential cation channel,
subfamily V, member 6 (TRPV6) expression, VDR binding to the TRPV6 promoter, or VDR
binding to a crude chromatin preparation. PMA activated Extracellular signal-Regulated Kinases
(ERK) 1/2 and p38 mitogen activated protein kinases (MAPK) and inhibiting these kinases
reduced 1,25(OH)2D3-induced and PMA-enhanced hCYP24A1 promoter activity. Mithramycin A
inhibits Specific Protein (Sp) family member binding to DNA and reduced 1,25(OH)2D3-induced
and PMA-enhanced hCYP24A1 promoter activity. Sp1 or Sp3 siRNA knockdown reduced
1,25(OH)2D3-regulated hCYP24A1 promoter activity but only Sp3 siRNA reduced PMA-
enhanced hCYP24A1 promoter activity. PMA increased MAPK-dependent Sp3 phosphorylation,
Sp3-VDR interactions, and Sp3 binding to the hCYP24A1 promoter. These data suggest that
MAPK signaling contributes to 1,25(OH)2D3-induced and PMA-enhanced CYP24A1 gene
transcription by modulating Sp3 function.
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1. Introduction
The active form of vitamin D3, 1,25 dihydroxyvitamin D3 (1,25(OH)2D3) plays many
important roles in the intestine, including regulating calcium absorption efficiency (Bronner
et al., 1986), regulating intestinal immune responses (Cantorna et al., 2000; Froicu et al.,
2003), and working as a chemopreventive agent against colorectal cancer (Fedirko et al.,
2009; Fichera et al., 2007). While it is well established that 1,25(OH)2D3 regulates
biological events by binding to the vitamin D receptor (VDR) and stimulating gene
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transcription, the effect of vitamin D on these physiological functions depends on a balance
between 1,25(OH)2D3 synthesis and its subsequent degradation in target cells. 1,25(OH)2D3
is synthesized from the precursor 25(OH)D3 by the enzyme 25-hydroxyvitamin D3 1α-
hydroxylase (CYP27B1) while its degradation is regulated by the enzyme 25-
hydroxyvitamin D3 24-hydroxylase (CYP24A1) (Jones et al., 2011). 1,25(OH)2D3 is the
most potent inducer of CYP24A1 gene expression and the CYP24A1 gene is the most
responsive of all known 1,25(OH)2D3 target genes (Dwivedi et al., 2002). This potent
induction forms a natural feedback for controlling cellular 1,25(OH)2D3 levels and action
(Ly et al., 1999; Miller et al., 1995; St-Arnaud et al., 2000).

We and others have shown that phorbol 12-myristate 13-acetate (PMA) enhances
1,25(OH)2D3-mediated CYP24A1 gene expression (Armbrecht et al., 1993; Barletta et al.,
2004; Chen et al., 1993; Jiang and Fleet, 2011; Nutchey et al., 2005) and several
mechanisms have been proposed to contribute to this effect. Barletta et al. found that PMA
enhances vitamin D action on both a full-length human CYP24A1 promoter (−5500 bp) or a
minimal promoter that contained just the proximal Vitamin D responsive element (VDRE)
from the human CYP24A1 promoter (Barletta et al., 2004). This suggests that PMA directly
influences VDR function. Mutation of an Ets binding site (EBS) adjacent to the proximal
VDRE in the rat CYP24A1 promoter reduced the impact of PMA on 1,25(OH)2D3–
mediated transcription by 50% in HEK-293T cells (Nutchey et al., 2005) but not in
differentiated Caco-2 cells (Jiang and Fleet, 2011). Finally, mutation of a VSE site in the rat
(Nutchey et al., 2005) or human (Jiang and Fleet, 2011) CYP24A1 promoter reduces
1,25(OH)2D3 induced gene expression by 50% and significantly reduced the
PMA-1,25(OH)2D3 synergy. Thus, several DNA binding sites contribute to the impact of
PMA on 1,25(OH)2D3-mediated CYP24A1 gene expression. Here we have conducted
studies to identify additional DNA regulatory elements that contribute to the enhancing
effect of PMA on 1,25(OH)2D3 regulated human CYP24A1 gene regulation in intestinal
epithelial cells, a primary target for vitamin D action.

A promising candidate site for mediating the PMA effect on vitamin D-regulated expression
of the CYP24A1 gene is the GC-box. Several GC-boxes have been identified within the
human CYP24A1 promoter (Chen and DeLuca, 1995) and deletion/mutation studies
demonstrate that a GC-box at −114/-101 on the rat CYP24A1 promoter (Gao et al., 2004)
and three GC-boxes between −548 and −294 bp of human CYP24A1 promoter (Tashiro et
al., 2007) contribute to regulation of the CYP24A1 promoter by vitamin D. Specific protein
1 (Sp1) is a transcription factor which binds to GC boxes to regulate gene transcription
(Courey et al., 1989; Kadonaga et al., 1987). While Sp family members Sp1, Sp3 and Sp4
can bind to the GC box (Kolell and Crawford, 2002) with similar affinity (Li et al., 2004),
only Sp1 and Sp3 are expressed in the intestine (Hagen et al., 1992; Saffer et al., 1991; Supp
et al., 1996) and are candidate proteins for binding to the GC-box of the CYP24A1 promoter
within this tissue.

Our research shows that in the Caco-2 intestinal epithelial cell line PMA enhances
1,25(OH)2D3-mediated regulation of the CYP24A1 gene but not the TRPV6 gene.
Enhancement of 1,25(OH)2D3-mediated CYP24A1 gene expression is accompanied by
increased binding of VDR to the CYP24A1 proximal promoter region. Our data show that
both Sp1 and Sp3 contribute to 1,25(OH)2D3-induced CYP24A1 gene transcription. In
particular, we found that PMA causes ERK1/2 mediated phosphorylation of Sp3 that
increased the interaction of Sp3 with VDR and with the CYP24A1 promoter. Collectively,
this suggests a novel role for Sp3 as a modulator of vitamin D-mediated CYP24A1 gene
regulation.
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2. Experimental Procedures
2.1 Reagents

1α, 25-Dihydroxyvitamin D3 (1,25(OH)2D3) was obtained from BioMol International
(Plymouth Meeting, PA) and dissolved in ethanol. Phorbol-12-myristate-13-acetate (PMA),
Go6976 (classic PKC inhibitor), U0126 (specific inhibitor for MEK1/2), SB202190 (p38
kinase inhibitor) (all obtained from EMD Biosciences, Inc., San Diego, CA) and
Mithramycin A (Sigma-Aldrich, St. Louis, MO) were dissolved in dimethyl sulfoxide
(DMSO). Antibodies against total and phosphorylated ERK1/2 as well as total and
phosphorylated p38 were obtained from Cell Signaling Technology, Inc. (Beverly, MA).
Antibodies against VDR were from Santa Cruz Biotechnology (Santa Cruz, CA, sc-1008 for
ChIP assay) and Affinity Bioreagents (Golden, CO, 9A7 for Western blots). The Sp3
antibody was purchased from Santa Cruz Biotechnology. An antibody against phosphoserine
residues was purchased from Sigma-Aldrich, Inc.

The human CYP24A1 promoter region from −298 to +74 was amplified from human
genomic DNA by PCR with primers P1, 5’GCTAGCTTCGAAGCACACCCGGTGAA3’

and P2, 5’CTCGAGGCTGGAGCACGGGGAGGT3’ and then cloned upstream from the
firefly luciferase reporter gene in the pGL3 basic vector to create the −298 to +74 bp
hCYP24A1-luciferase construct. The PCR3.1-hVDR vector has been described previously
(Shao et al., 2001). The pRL-null renilla luciferase plasmid was from Promega (Madison,
WI).

2.2 Cell Culture and Treatment Conditions
The parental line of the human colonic adenocarcinoma cell line Caco-2 was cultured as
described elsewhere (Fleet et al., 2002). Experiments were carried out at two different cell
stages: 90% confluent (proliferating) and 11 day post-confluent Caco-2 cells (differentiated).
Differentiation was confirmed by observing high levels of expression of sucrose-isomaltase
and calbindin D9k mRNA, two markers of enterocyte differentiation (Wang et al., 2004).
Treatments were prepared with DMEM with 0% FBS media for protein studies and DMEM
plus 5% FBS media for mRNA studies.

Cells were pretreated with either vehicle (0.002% DMSO) or 100 nM PMA for 5 min (RNA,
Western, immunoprecipitation, ChIP, chromatin studies) or 10 min (siRNA, reporter gene
studies). Afterwards the cells were treated with either vehicle (0.01% ethanol) or 10 nM
1,25(OH)2D3 in the absence of PMA for various times (RNA and ChIP assay, 2 h;
chromatin assay, 1 h; reporter gene assay and siRNA studies, 4 h).

2.3 RNA Isolation and Analysis
RNA was isolated using the TriReagent method (Molecular Research Center, Inc.,
Cincinnati, OH). Total RNA (2 µg) was reverse transcribed to make cDNA and analyzed for
CYP24A1, TRPV6, calbindin D9k, sucrose, and VDR mRNA by real-time PCR using
primers and conditions previously described by our group (Cui et al., 2009b; Klopot et al.,
2006; Wang et al., 2004). Primers to detect Sp1 mRNA expression were sense 5’-
GCACAAACGTACACACACAGG-3’ and anti-sense 5’-
GGTGGTAATAAGGGCTGAAGG-3’. Primers to detect Sp3 mRNA expression were sense
5’-AAGTGACCACCTTGCCAAAC-3’ and anti-sense 5’-
CCTATCCCTGAAACAGAACC-3’.

2.4 VDR Association with Chromatin
Differentiated (15 d) Caco-2 cells treated with 10 nM 1,25(OH)2D3 or vehicle for 1 h were
used to obtain soluble and chromatin fractions as described previously (Ismail et al., 2004).
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The volume of chromatin and soluble fraction obtained for each treatment condition was
equalized and VDR and were analyzed by Western blot analysis as described below.

2.5 Western Blot Analysis
Differentiated Caco-2 cells were changed to serum free media overnight prior to treatments.
For ERK1/2 analysis, samples were harvested immediately after a 5 minute PMA treatment.
For p38 kinase analysis, medium was exchanged with serum-free DMEM containing
0.002% DMSO and cell were harvested 1 hour after PMA treatment. Cells extracts were
prepared and analyzed for total and phosphorylated ERK1/2 as published previously (Cui et
al., 2009b). Samples were also analyzed for p38 kinase using a 1:1000 dilution of primary
antibody against total or phosphorylated p38 kinase antibodies.

2.6 Bioinformatic Search for Sp1 sites in the human CYP24A1 promoter
The sequence of the human CYP24A1 promoter from region −298 to +74 bp was obtained
from Ensembl (www.ensembl.org) and a search for Sp1 sites on this sequence was
performed using the web-based programs ConSite (Sandelin et al., 2004) and Transfac
(Matys et al., 2003). Only sites identified as having a 100% match to the Sp1 positional-
weight matrix were considered (Thiesen and Bach, 1990).

2.7 Transient transfection and reporter gene assays
Caco-2 cells were seeded into 24-well plates and transfected using Liopofectamine Plus
(Invitrogen Corp., Carlsbad, California) following the manufacturer’s protocol.
Differentiated cells were transfected using a 1:10:10 ratio of DNA:Plus
reagent:Lipofectamine. Cells in each well were transfected with 300 ng −298 to +74 bp
hCYP24A1-luciferase construct, 5 ng pCR3.1-hVDR plasmid, and 8 ng pRL-null renilla
luciferase plasmid then incubated for 15 hours. Afterwards cells were pre-treated with 0, 1, 5
µM Mithramycin A for 30 min followed by 100 nM PMA or vehicle for 10 minutes. After
removing PMA, cells were treated for 4 hours with 10 nM 1,25(OH)2D3 or vehicle in the
presence or absence of Mithramycin A. After treatment, cells were collected and luciferase
activity in the samples was determined using the Dual-Luciferase Reporter Assay System
(Promega Corp., Madison, WI).

2.8 siRNA interference
Small interfering RNAs (siRNA) specific for Sp1 (ON-TARGETplus siRNA
J-026959-08-0005) or Sp3 (ON-TARGETplus siRNA J-023096-07-0005) and a control non-
targeting siRNA (D-001210-03-05) were purchased from Dharmacon (Lafayette, CO).
Caco-2 cells were seeded in antibiotic free media. When cells were 30–50% confluent, they
were transfected with siRNA at a final concentration of 100 nM using oligofectamine
(Invitrogen). For mRNA quantification, cells were harvested 48 h after siRNA transfection.
For the immunoblot of Sp3, cells were harvested 72 h after siRNA transfection. For reporter
gene assays, 48 h after siRNA transfection, cells were transfected with −298 to +74 bp
hCYP24A1-luciferase construct, pCR3.1-hVDR plasmid, and pRL-null renilla luciferase
plasmid as described above. 15 hours after transfection, cells were pre-treated with 100 nM
PMA or vehicle for 10 min followed by 4 hours treatment with vehicle or 10 nM
1,25(OH)2D3 treatment in the absence of PMA. Cells were then harvested for assessment of
luciferase activity.

2.9 Sp3 Immunoprecipitation and VDR-Sp3 Co-immunoprecipitation
Proliferating Caco-2 cells were changed to 0% FBS DMEM medium 3 hours before
treatment. Cells were pre-treated with 10 µM U0126 or vehicle for 30 min followed by
treatment with 100 nM PMA or vehicle in 5% FBS DMEM for the last 5 min. Cells were
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washed in PBS twice then lysed in a buffer containing 20 mM Tris, 150 mM NaCl, 20 mM
NaVO4, 0.5% Nonidet p40 plus protease inhibitor cocktails (Roche, Indianapolis, IN). Cell
debris was removed by centrifugation at 12,000 RPM for 20 min at 4°C. Proteins in the cell
lysate (200 µg) were immunoprecipitated with 2 µg Sp3 antibody overnight at 4°C. Immune
complexes were collected with a 50% slurry of protein G for 1 h. The protein G-
immunocomplex was washed three times and proteins were released in sample loading
buffer containing 50 mM Tris-HCl, 2% SDS, 10% glycerol, 1% β-mercaptoethanol, 12.5
mM EDTA, 0.02% bromophenol blue. Proteins were resolved on 7.5% SDS-PAGE gels,
transferred to PVDF membranes and probed with specific antibodies for phospho-serine,
Sp3, or VDR. Antigen-antibody complexes were detected using the ECL Plus Western
blotting detection reagents (Pierce, Rockford, IL).

2.10 Chromatin Immunoprecipitation
Differentiated Caco-2 cells were pretreated with either vehicle or 100 nM PMA for 5
minutes and then incubated with 10 nM 1,25(OH)2D3 or vehicle for 2 hours in the absence
of PMA. For studies examining Sp3 binding to the CYP24A1 promoter, 90% confluent
Caco-2 cells were treated with 100 nM PMA or vehicle for 30 minutes and cells were
harvested.

Chromatin immunoprecipitation was performed as we have described previously (Cui et al.,
2009b). Cells were fixed with 1.5% formaldehyde at room temperature for 15 minutes,
neutralized with 0.125 M glycine, washed with ice-cold PBS twice, and scraped from dishes.
Cell nuclei were extracted and sonicated to produce chromatin fragments from 200 bp to
1000 bp. The sonicated extract was diluted with buffer (16.7 mM Tris-HCl, pH 8.1; 150 mM
NaCl; 0.01% SDS; 1.1% Triton X-100; 1.2 mM EDTA) and pre-cleared for 1 h with 50%
slurry of Fastflow protein G (Amersham Biosciences, Piscataway, NJ) at 4°C. All
immunoprecipitations were performed overnight with 2 µg rabbit IgG (Upstate,
Charlottesville, VA), VDR, RXR, or Sp3 antibody at 4°C. Immune complexes were
collected with 50% slurry of protein G for 1 h at 4°C. The immunocomplexes were washed
and the cross-links were reversed overnight in 1% SDS, 0.1 M NaHCO3, and 0.2 M NaCl at
65 °C. DNA fragments were purified using QIAGEN QIAquick Spin Kits (Valencia, CA)
and then subjected to real-time PCR using primers reported in the literature to amplify
fragments of the proximal human CYP24A1 promoter region (−252 bp to −51 bp) (Meyer et
al., 2006).

2.11 Statistics
All quantitative data is expressed as the mean ± the standard error of the mean (SEM). RNA
and reporter gene studies were conducted with triplicate observations in each experiment
and each experiment was repeated three times. Western blot, immunoprecipitation, and ChIP
assays were conducted with single or duplicate observations in each experiment and each
experiment was repeated three times. Prior to analysis, data was tested for fitting the normal
distribution. If the data was not normally distributed, a log transformation was performed.
Statistical analysis of the data was performed by ANOVA followed by Fisher’s protected
LSD (p<0.05). P-values less than 0.05 were considered statistically significant.

3. Results
3.1 PMA enhances 1,25(OH)2D3-induced CYP24A1 but not TRPV6 gene expression in
differentiated Caco-2 cells

Previous studies have shown that PMA potentiates the effect of 1,25(OH)2D3 on CYP24A1
mRNA expression in rat intestinal epithelial cells (Koyama et al., 1994), renal cells
(Armbrecht et al., 1993) and differentiated Caco-2 cells (Jiang and Fleet, 2011). However, it
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is not clear if the effect of PMA extends to other 1,25(OH)2D3 target genes. In the
differentiated enterocytes of the small intestine, TRPV6 is a highly responsive vitamin D
target gene (Cui et al., 2009b; Meyer et al., 2007; Song et al., 2003). Pretreatment of
differentiated Caco-2 cells with 100 nM PMA for 5 min enhanced 1,25(OH)2D3-induced
CYP24A1 mRNA expression by 180% (Figure 1A). In contrast, PMA treatment had no
effect on 1,25(OH)2D3-mediated induction of TRPV6 mRNA (Figure 1B).

1,25(OH)2D3-mediated gene transcription follows ligand-activated VDR heterodimerization
with RXR and binding of the VDR-RXR complex to VDREs in DNA. VDR was found in
both the crude chromatin and soluble fractions of differentiated Caco-2 cells and
1,25(OH)2D3 treatment induced a redistribution of VDR to the chromatin fraction (Figure
2A), consistent with ligand-induced DNA binding. When cells were preincubated with PMA
prior to 1,25(OH)2D3 treatment, ligand-induced association of VDR with chromatin was not
changed (Figure 2A).

Using a ChIP assay we confirmed that 1,25(OH)2D3 treatment enhanced VDR binding to
known VDRE containing regions in both the CYP24A1 promoter (−252 to −52 bp) and the
TRPV6 gene promoter (−4.3 kb). However, PMA increased VDR binding to the CYP24A1
promoter by 67% but had no effect on VDR binding to the TRPV6 promoter (Figure 2 B).

3.2 ERK1/2 and p38 pathways are activated by PMA and these pathways contribute to both
1,25(OH)2D3-induced and PMA enhanced human CYP24A1 promoter activity

PMA is a classic PKC activator but can also activate ERK1/2 and p38 kinase (Almog and
Naor, 2008; Nomura et al., 2007). In differentiated Caco-2 cells with a quiescent kinase
signaling status, short-term PMA treatment was a potent activator of both ERK1/2 (Figure
3A) and p38 kinase (Figure 3B). Others have shown that differentiated Caco-2 cells
expression the α, γ, and δ isoforms of p38 kinase (Vachon et al., 2002). To determine the
role of ERK1/2 and p38 kinase activity in 1,25(OH)2D3-induced and PMA-enhanced human
CYP24A1 promoter activity, differentiated Caco-2 cells were transfected with a −298 to +74
bp human CYP24A1 promoter-luciferase construct. PMA treatment enhanced 1,25(OH)2D3-
induced CYP24A1 promoter activity by 200% (Figure 3C). MEK1/2/5 inhibition with
U0126 and p38α kinase inhibition with SB202190 (English and Cobb, 2002) reduced
1,25(OH)2D3-induced human CYP24A1 promoter activity by 40 and 45%, respectively
(Figure 3C). These inhibitors also reduced the enhancing effect of PMA on 1,25(OH)2D3-
induced CYP24A1 promoter activity (PMA effect on 1,25(OH)2D3-action in the absence of
inhibitors = 3-fold; in presence of U0126 = 2.5-fold; in presence of SB202190 = 1.6-fold).

3.3 A role for Sp1 and Sp3 in 1,25(OH)2D3-induced and PMA-enhanced −298 to +74 bp
human CYP24A1 promoter activity in Caco-2 cells

Eleven potential Sp1 sites were identified in the −298 to +74 bp region of the human
CYP24A1 promoter (Figure 4A). Alignment of the human and rat CYP24A1 promoters at a
70% conservation level cutoff and a 70% transcription factor score threshold showed that
the sites Sp1-5, 6, 7 and Sp1-9 are evolutionarily conserved. Mithramycin A is a competitive
inhibitor of Sp1 and Sp3 binding to GC-boxes in DNA (Ray et al., 1989). This agent caused
a dose-dependent decrease in 1,25(OH)2D3-induced hCYP24A1 promoter activity (by 40%
at 1 µM and 75% at 5 µM) and on the enhancing effect of PMA (by 31% at 1 µM and 58% at
5 µM) (Figure 4B).

Because Mithramycin A can competitively inhibit both Sp1 and Sp3 binding to the GC-box
(Ray et al., 1989) we used siRNA interference to determine the individual impact of these
Sp transcription factors on 1,25(OH)2D3-mediated and PMA-enhanced regulation of the
CYP24A1 promoter. Sp1 and Sp3 siRNA reduced their respective transcripts by 65–75%
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without influencing the transcript for the other Sp family member or the VDR (Figure 5A).
We subsequently confirmed that Sp3 siRNA reduced the protein levels of all four Sp3
isoforms: two long versions (L1 and L2) and two short versions (M1 and M2) (Sapetschnig
et al., 2004) (Figure 5B). Both Sp1 and Sp3 knockdown reduced 1,25(OH)2D3-mediated
CYP24A1 promoter activity (by 30% and 15%, respectively, p<0.05) as well as the absolute
level of CYP24A1 promoter activity after combined 1,25(OH)2D3 and PMA treatment
(Figure 5C). However, while Sp1 knockdown did not influence the fold enhancement due to
PMA (scambled siRNA control and Sp1 siRNA both = 4.2-fold increased vitamin D-
induced reporter gene activity with PMA, Figure 5C), Sp3 siRNA reduced the PMA
enhancing effect by 28% (from 315% above control in scrambled siRNA control to 228%
above control in the Sp3 siRNA group, Figure 5C). These results suggest that while both
Sp1 and Sp3 contribute to 1,25(OH)2D3-induced CYP24A1 promoter activity, Sp3 function
is necessary for a maximal enhancing effect of PMA on 1,25(OH)2D3-induced activation of
the CYP24A1 promoter. Because of this, the impact of Sp3 was studied further.

3.4 PMA induced Sp3 phosphorylation increases Sp3 interactions with VDR and the
CYP24A1 promoter

No antibody is commercially available to detect the phosphorylated form of Sp3. As a result
we examined the impact of PMA on phosphorylation of Sp3 using immunoprecipitation of
Sp3 followed by Western blot analysis with an anti phospho-serine antibody. Only the L1
isoform of Sp3 was phosphorylated in Caco-2 cells (Figure 6A). Phosphorylation of this
isoform was increased by 170% after PMA treatment and this effect was blocked by
pretreatment with the MEK1 inhibitor U0126 (Figure 6).

Using co-immunoprecipitation we found that VDR could be pulled-down in an Sp3
immunoprecipitation in the presence or absence of 1,25(OH)2D3 (data obtained in the
absence of vitamin D is presented in Figure 7). PMA treatment enhanced the VDR-Sp3
interaction and the enhancing effect of PMA treatment was blocked by the MEK1/2/5
inhibitor U0126 (Figure 7). By using a ChIP assay we found that Sp3 can bind to human
CYP24A1 promoter and that PMA treatment increased Sp3 binding to the promoter by
270% (Figure 8).

4. Discussion
CYP24A1 is the cytochrome P450 component of the enzyme 25-hydroxyvitamin D3-24-
hydroxylase that catalyzes the conversion of 1,25(OH)2D3 into a 24-hydroxylated product
and which constitutes the degradation of the vitamin D molecule (Jones et al., 2011).
Transcription of the CYP24A1 gene is strongly up-regulated by 1,25(OH)2D3 (Kerry et al.,
1996) but various kinase pathways can modulate vitamin D-mediated CYP24A1 gene
regulation, e.g. MAP kinases like ERK1/2/5 (Cui et al., 2009b; Dwivedi et al., 2002) and
protein kinase C (PKC) (Armbrecht et al., 2001; Koyama et al., 1994). Previous studies
found that 1,25(OH)2D3-regulated expression of CYP24A1 mRNA or CYP24A1 promoter-
reporter genes was enhanced by phorbol ester treatment in kidney cells (Barletta et al., 2004;
Chen et al., 1993; Nutchey et al., 2005) and in intestinal epithelial cell lines (Armbrecht et
al., 1993; Armbrecht et al., 2001; Jiang and Fleet, 2011).

Here we extend these earlier observations in several important ways. First, we make our
initial observations in differentiated cultures of Caco-2 cells that are a model for the mature,
calcium-transporting cells of the small intestine (Fleet and Wood, 1999) and that have low
basal activity of many signaling pathways and therefore permit a clearer evaluation of PMA-
induced signaling events on CYP24A1 gene transcription (Cui et al., 2009a; Cui et al.,
2009b). Second, we directly demonstrate that the impact of PMA and vitamin D mediated
gene activation does not affect all vitamin D target genes. While both the CYP24A1 and
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TRPV6 genes are strongly induced by 1,25(OH)2D3 treatment in differentiated Caco-2 cells
(Figure 1) (Fleet et al., 2002), only the induction of the CYP24A1 gene is enhanced by PMA
treatment. This enhancement is accompanied by increased binding of the VDR to the
CYP24A1 promoter (Figure 2B). In contrast, neither 1,25(OH)2D3-induced binding of VDR
to the TRPV6 promoter nor binding to a crude chromatin fraction is altered by PMA
pretreatment. This suggests that the enhancing effect of PMA on 1,25(OH)2D3-induced gene
expression is due to unique DNA sequences that permit improved recruitment of VDR to, or
stability of VDR on, the CYP24A1 promoter.

Several mechanisms have been proposed to account for the enhancing effect of PMA on
vitamin D-mediated CYP24A1 gene expression and our research extends that repertoire.
Earlier studies showed that activation of classical protein kinase C isoforms, ERK1/2, and
JNK (Nutchey et al., 2005) work in part through events occurring at DNA binding sites
within −298 bp of the transcription start site (Barletta et al., 2004; Nutchey et al., 2005), i.e.
the classical VDRE (Barletta et al., 2004), an Ets-1 binding site (EBS) downstream from the
proximal VDRE (Nutchey et al., 2005), and a VSE (vitamin D stimulatory element) located
between the proximal and distal VDREs (Jiang and Fleet, 2011; Nutchey et al., 2005) in the
CYP24A1 gene promoter. Our findings add to this foundation by demonstrating the
importance of the transcription factors Sp1 and Sp3 in 1,25(OH)2D3-induced and PMA-
enhanced activation of the human CYP24A1 gene.

Sp1 and Sp3 are ubiquitously expressed transcription factors that bind to GC-boxes with
similar affinity (Hagen et al., 1992; Saffer et al., 1991; Supp et al., 1996). We identified 11
putative GC-boxes in −298 to +74 bp regions of human CYP24A1 promoter and then used
competitive inhibition of Sp protein binding to these sites with mithramycin A to show that
one or more of these GC-boxes are important for both 1,25(OH)2D3 mediated and PMA
enhanced CYP24A1 promoter activity (Figure 4B). Recent studies have shown that p38
MAPK regulates gene expression through phosphorylation of Sp1 on threonine 453 and 739
residues leading to enhanced Sp1 binding to DNA (D'Addario et al., 2002; D'Addario et al.,
2006; Moon et al., 2006). Because of this, our initial hypothesis was that Sp1 is the
downstream target of PMA activated p38 kinase. However, while Sp1 knockdown reduced
1,25(OH)2D3-mediated CYP24A1 gene transcription it did not reduce the enhancing effect
of PMA in differentiated Caco-2 cells (Figure 5C). Dwivedi et al (Dwivedi et al., 2010)
previously reported that Sp1 contributes to 1,25(OH)2D3 mediated CYP24A1 gene
transcription in HEK-293T human embryonic kidney cells by binding to a putative GC-box
at −113 to −105 bp of the rat CYP24A1 promoter; this site corresponds to the cluster of GC-
boxes labeled Sp1-5, 6, and 7 that we predicted in the human CYP24A1 promoter (Figure
4A). They found that Sp1 effects on the rat CYP24A1 promoter are dependent upon PKCζ
mediated phosphorylation of Sp1. Although PKCζ is present in Caco-2 cells (Fichera et al.,
2007; Han et al., 1998), PKCζ is an atypical PKC isoform that is not activated by PMA
(Newton, 2001; Simboli-Campbell et al., 1994) or 1,25(OH)2D3 (Simboli-Campbell et al.,
1994) and so our data showing a lack of Sp1 involvement in the PMA enhanced activation
of the CYP24A1 gene are not in conflict with Dwivedi et al..

Synergism between nuclear receptors and Sp1 appears to be common (Schule et al., 1988)
and may account for the impact of Sp1 knockdown on vitamin D-mediated CYP24A1 gene
regulation. Several nuclear receptors can form ternary complexes with Sp1 and the GC-box
on promoters (Fleming et al., 2006; Husmann et al., 2000; Meissner et al., 2004; Owen et
al., 1998; Pipaon et al., 1999; Schule et al., 1988; Strahle et al., 1988) and Sp1-VDR
interactions are important for the regulation of the p27 and p45 genes (Cheng et al., 2006;
Huang and Hung, 2006). Other studies conducted using reporter-gene constructs assembled
from individual DNA binding sites suggest that a GC-box in close proximity to a VDRE can
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facilitate 1,25(OH)2D3 regulated gene expression (Liu and Freedman, 1994). Our data are
consistent with these earlier findings.

In contrast to the effect of Sp1 knockdown, Sp3 siRNA reduced both 1,25(OH)2D3-induced
and PMA-enhanced CYP24A1 transcriptional activity in Caco-2 cells (Figure 5C). Sp3 is
phosphorylated by ERK1/2 on serine 73 and this is critical for its ability to regulate gene
expression (Bakovic et al., 2003; Pages, 2007). Consistent with this, we found that PMA
treatment increases phospho-ERK1/2 MAPK levels leading to phosphorylation of the L1
form of Sp3 that contains this critical serine site but not the truncated Sp3 forms lacking the
N-terminal region where serine 73 resides (Figure 6). Similar to earlier studies by Bakovic et
al. (Bakovic et al., 2003) who used EMSA to show that Sp3 phosphorylation increased
binding of Sp3 to regions in the CTP: phosphocholine cytidylyltransferase (CT) alpha gene,
we found that PMA-mediated phorphorylation of Sp3 in differentiated Caco-2 cells
increased Sp3 binding to the proximal CYP24A1 promoter (Figure 8). Basal CYP24A1
expression is not enhanced by PMA alone but requires treatment with 1,25(OH)2D3 for
regulation of the CYP24A1 gene (e.g. Figure 1A). This suggests the impact of Sp3 in PMA-
treated Caco-2 cells is to influence the association of VDR with the CYP24A1 promoter.
Co-immunoprecipitation confirmed PMA could enhance Sp3-VDR associations (Figure 7)
and when coupled to our ChIP data in Figure 2, this suggests that Sp3-VDR interactions
stabilize VDR binding to the CYP24A1 promoter.

Conclusions
Our data show that the enhancing effect of PMA on 1,25(OH)2D3-induced gene expression
is limited to the CYP24A1 gene. These data support a model whereby signaling events
activated by PMA enhance VDR binding to CYP24A1 promoter. A candidate factor
mediating this effect is Sp3, a target of ERK1/2 phosphorylation that interacts with VDR
and can bind to the CYP24A1 promoter. In addition, Sp1 modulates 1,25(OH)2D3-induced
CYP24A1 gene expression through a mechanism that is not modulated by signaling
pathways activated by PMA.

Highlights

• Phorbol 12-myristate 13-acetate (PMA) enhances 1,25(OH)2D3-induced vitamin
D receptor binding to the human 25 hydroxyvitamin D-24 hydroxylase
(hCYP24A1) gene promoter and increases hCYP24A1 gene expression.

• Other vitamin D responsive genes and VDR binding sites on DNA are not
influenced by PMA.

• Specific protein (Sp) family members Sp1 and Sp3 are involved in
1,25(OH)2D3-induced and PMA-enhanced hCYP24A1 gene expression

• PMA increased Sp3 phosphorylation, Sp3-VDR interactions, and Sp3 binding to
the hCYP24A1 promoter.

• The effect of PMA on Sp3 is mitogen activated protein kinases-dependent.
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Abbreviations used

1,25(OH)2D3 1,25 dihydroxyvitamin D3

25(OH)D3 25 hydroxyvitamin D3

CYP24A1 25-hydroxyvitamin D, 24-hydroxylase

CYP27B1 1 alpha hydroxylase

TRPV6 transient receptor potential cation channel, subfamily V, member 6

Sp1 specific protein 1

Sp3 specific protein 3

VDR vitamin D receptor

MAPK mitogen activated protein kinase

MEK MAP kinase/Erk kinase kinase

ERK extracellular regulated kinase
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Figure 1. Effect of PMA on 1,25(OH)2D3-regulated expression of CYP24A1 and TRPV6 mRNA
in differentiated Caco-2 cells
Differentiated Caco-2 cells were pretreated with vehicle (DMSO) or 100 nM PMA for 5 min
followed by treatment with vehicle (EtOH) or 10 nM 1,25(OH)2D3 for an additional 2 h in
the absence of PMA. Total RNA was collected and analyzed by real time RT-PCR for (A)
CYP24A1 mRNA and (B) TRPV6 mRNA. Data are expressed as the mean±sem (n=4). Bars
with different letter superscripts are significantly different from one another (p < 0.05,
Fisher’s protected LSD). Data in each panel are representative of three independent
experiments.

Jiang and Fleet Page 15

Mol Cell Endocrinol. Author manuscript; available in PMC 2013 September 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Effect of PMA on 1,25(OH)2D3-induced recruitment of VDR to chromatin, the
CYP24A1 promoter, or the TRPV6 promoter in differentiated Caco-2 cells
Cells were preincubated with 100 nM PMA or vehicle for 5 min, after which cells were
treated for 1 h (panel A) or 2 h (panel B) with 10 nM 1,25(OH)2D3 or vehicle in the absence
of PMA. (A) Crude chromatin association assay. VDR was detected in soluble (“S”) and
chromatin (“C”) fractions by Western Blot analysis. (B) Quantitative PCR-ChIP analysis for
association of VDR with the CYP24A1 and TRPV6 promoters. Bars in panel B represent the
mean±sem (n = 3 replicates per treatment). * p < 0.05 versus the vehicle control group; # p <
0.05 versus 1,25(OH)2D3 only group.
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Figure 3. Contribution of PMA-induced activation of ERK1/2 and p38 kinase to 1,25(OH)2D3-
induced hCYP24A1 promoter activity in differentiated Caco-2 cells
(A,B) Differentiated Caco-2 cells were treated with vehicle (DMSO) or 100 nM PMA for 5
min. Cells were collected immediately (for ERK1/2 analysis) or 1 h after 5 min PMA
treatment (for p38 kinase analysis). (A) Total (T-ERK1/2) and phospho-ERK1/2 (P-
ERK1/2) levels. (B) Total (T-p38) and phospho-p38 kinase (P-p38) levels. Data are
representative of three independent experiments. Two samples were analyzed per treatment.
(C) Differentiated Caco-2 cells were transfected with a −298 to +74 bp human CYP24A1
promoter-luciferase construct. After transfection, cells were preincubated with inhibitors of
MEK 1/2 (10 µM U0126) or p38 kinase (8 µM SB202190) for 30 minutes in the presence or
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absence of 100 nM PMA for the last 10 min. Inhibitor co-treatment continued with 10 nM
1,25(OH)2D3 or ethanol vehicle for an additional 4h in the absence of PMA. Data were
expressed relative to the 1,25(OH)2D3-induced expression of the reporter gene (calculated as
1,25(OH)2D3/vehicle = 100) (mean±sem, n=4). The values with different letter superscripts
are significantly different from one another (p < 0.05, Fisher’s protected LSD). Data are
representative of three independent experiments.
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Figure 4. Competitive inhibition of Sp family member binding to DNA with Mithramycin A
reduces 1,25(OH)2D3-induced and PMA-enhanced human CYP24A1 promoter activity in
differentiated Caco-2 cells
(A) Putative Sp1 sites identified in the −298 to +74 bp region of the human CYP24A1
promoter. (B) Differentiated Caco-2 cells were transfected with a −298 to +74 bp human
CYP24A1 promoter-luciferase construct. 15 h later cells were preincubated with
Mithramycin A (Mi A, 1 or 5 µM) for 30 minutes in the presence or absence of PMA (100
nM) for the last 10 min. PMA was removed and Mithramycin treatment was continued in
the presence of 10 nM 1,25(OH)2D3 or ethanol vehicle for an additional 4 h. Data were
expressed relative to the 1,25(OH)2D3-induced expression of the reporter gene (calculated as
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1,25(OH)2D3/vehicle = 100) (mean±sem, n=4). The values with different letter superscripts
are significantly different from one another (p < 0.05, Fisher’s protected LSD). Data in panel
B are representative of three independent experiments.
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Figure 5. Effect of Sp3 or Sp1 knockdown on 1,25(OH)2D3-induced and PMA-enhanced
CYP24A1 promoter activity
Proliferating Caco-2 cells were transfected with one of three siRNAs: scrambled
((−)siRNA), Sp1, or Sp3. (A) PCR analysis of Sp1, Sp3 and VDR mRNA expression 48 h
after siRNA transfection. Data were normalized to the expression level observed in the
scrambled siRNA group (mean±sem, n=4). * = significantly different than the other groups
within a gene group (p < 0.05). (B) Western blot analysis on whole cell extracts 72 h after
Sp3 siRNA transfection. Samples were analyzed for Sp3, VDR or beta actin protein levels.
Four Sp3 isoforms were observed: L1, L2, M1 and M2. (C) CYP24A1 reporter gene
activity. 48 h after siRNA treatment cells were transfected with a CYP24A1 promoter-
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luciferase reporter gene. 15 h later cells were preincubated with PMA (100 nM, 10 min),
followed by treatment with 1,25(OH)2D3 or ethanol vehicle (10 nM, 4 h in the absence of
PMA). Reporter gene data were expressed relative to the 1,25(OH)2D3-induced expression
of the reporter gene (calculated as 1,25(OH)2D3/vehicle = 1) (mean±sem, n=4). The values
with different letter superscripts are significantly different from one another (p < 0.05,
Fisher’s protected LSD). Data in each panel are representative of three independent
experiments.
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Figure 6. Effect of PMA on Sp3 serine phosphorylation in proliferating Caco-2 cells
Differentiated Caco-2 cell were treated with vehicle (DMSO) or PMA (5 min, 100 nM) and
then harvested. An additional group of cells were pretreated with U0126 (10 µM, 30 min)
prior to PMA treatment. Sp3 was immunoprecipitated from the cell extracts and examined
by Western blot analysis for total Sp3 level (L1, L2, M1 and M2 are Sp3 isoforms) and for
phospho-serine. (A) Representative Western blot. The phospho-serine band corresponds to
the L1 Sp3 isoform, (B) Quantitative data from three repeat experiments. Bands were
quantified by densitometry and phospho-serine labeled Sp3 (L1) was normalized to the total
amount of Sp3 L1 isoform present. Data are expressed as mean±sem (n=3) of the fold
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change above non-treated levels. * Significantly different from the other two groups (p <
0.05, Fisher’s protected LSD).
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Figure 7. Effect of PMA on the interaction between Sp3 and VDR in Caco-2 cells
Proliferating Caco-2 cells were pretreated with U0126 (10 µM,, 30 min) followed by
treatment with 100 nM PMA for 5 min. Whole cell extracts were collected and Sp3 was
immunoprecipitated. Immunoprecipitated proteins were analyzed by Western blot analysis
for Sp3 and VDR (A) Representative Western blot. (B) Quantitative data from four repeat
experiments. Data are expressed as mean±sem (n=4) of the fold change above non-treated
levels. # represents significant different from all other groups (p < 0.05).
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Figure 8. Effect of PMA treatment on recruitment of Sp3 to the CYP24A1 promoter
Proliferating Caco-2 cells were treated with 100 nM PMA or vehicle for 30 min. ChIP
assays were performed with 2 µg rabbit IgG or anti-Sp3 antibody. ChIP enriched DNA was
amplified with primers recognizing the proximal CYP24A1 promoter (−252 to −52 bp).
Quantitative PCR from three independent experiments was conducted and the result is
reported as the mean+sem, n = 3. * Significantly different from all other groups (p < 0.05,
Fisher’s protected LSD).
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