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ABSTRACT
Phorbol-12-myristate-13-acetate (PMA), a protein kinase C (PKC) activator, canmodulate 1a, 25 dihydroxyvitamin D3 (1,25(OH)2D3)-induced

expression of the 24-hydroxylase (CYP24A1) gene but this has not been studied in differentiated enterocytes, a primary 1,25(OH)2D3 target

cell. We found that in differentiated Caco-2 cells, an established model of the mature absorptive epithelial cell, PMA significantly enhanced

1,25(OH)2D3-induced human CYP24A1 (hCYP24A1) mRNA accumulation and hCYP24A1 promoter-luciferase reporter gene activation by

150%. Reporter gene studies further identified the region between �298 and þ74 bp in the hCYP24A1 promoter as critical for the PMA

enhancing effect and chromatin immunoprecipitation (ChIP) analysis showed that PMA enhanced 1,25(OH)2D3-induced binding of vitamin D

receptor to this region. PMA can activate PKC, ERK1/2, and p38 MAP kinases and inhibition of these signaling pathways reduced both

1,25(OH)2D3-induced hCYP24A1 gene transcription and the enhancing effect of PMA. The PMA enhancing effect on 1,25(OH)2D3 action was

evident in a minimal promoter with three osteocalcin VDREs and was reduced after mutation of a putative vitamin D stimulatory site in the

hCYP24A1 promoter. In contrast, mutation of a Ets binding site (EBS) in the hCYP24A1 promoter had no impact on 1,25(OH)2D3 action or the

PMA enhancing effect. These data suggest that in the differentiated enterocyte PMA-induced activation of several signaling pathways

contribute to 1,25(OH)2D3-induced hCYP24A1 gene expression through multiple regulatory motifs within the proximal hCYP24A1 promoter.
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1,25-d ihydroxyvitamin D3 (1,25(OH)2D3), the biolog-

ically active form of vitamin D, plays impor-

tant roles in several aspects of intestinal function, including

stimulation of calcium absorption in small intestine [Bronner et al.,

1986], regulation of intestinal immune responses [Cantorna et al.,

2000; Froicu et al., 2003] and as a chemopreventive agent against

colorectal cancer [Fichera et al., 2007; Fedirko et al., 2009]. The

action of 1,25(OH)2D3 is mediated through transcriptional activation

of target genes via binding of ligand-activated vitamin D receptor

(VDR)-retinoic acid X receptor (RXR) heterodimers to vitamin D

response elements (VDRE) [Pike et al., 2007].

The molecular action of 1,25(OH)2D3 depends on a balance

between synthesis and degradation of the hormone. 1,25(OH)2D3 is

synthesized from the precursor 25(OH)D3 by the cytochrome P450

enzyme 25-hydroxyvitamin D3 1a-hydroxylase (CYP27B1) while

its degradation is regulated by the mitochondrial cytochrome P450

enzyme, 25-hydroxyvitamin D3 24-hydroxylase (CYP24A1). The

most powerful inducer of CYP24A1 gene expression is 1,25(OH)2D3

[Omdahl et al., 2002]. This effective regulatory system forms a

natural negative feedback loop for controlling cellular 1,25(OH)2D3

levels and actions [Miller et al., 1995; Ly et al., 1999; St-Arnaud

et al., 2000].

Others have shown that the phorbol-12-myristate-13-acetate

(PMA) enhances the effect of 1,25(OH)2D3 on CYP24A1 mRNA level

in rat renal cells [Chen et al., 1993] and intestinal epithelial cells

[Armbrecht et al., 1993]. PMA has traditionally been utilized as a

Journal of Cellular
Biochemistry

ARTICLE
Journal of Cellular Biochemistry 113:1599–1607 (2012)

1599

Grant sponsor: National Institutes of Health; Grant number: DK054111.

Yan Jiang’s present address is Department of Molecular and Integrative Physiology, 524 Burrill Hall, 407 S. Goodwin
Ave., Urbana, IL 61801.

*Correspondence to: James C. Fleet, PhD, Department of Nutrition Science, Purdue University, 700West State St., West
Lafayette, IN 47907-2059. E-mail: fleet@purdue.edu

Received 6 July 2011; Accepted 5 December 2011 � DOI 10.1002/jcb.24028 � � 2011 Wiley Periodicals, Inc.

Published online 15 December 2011 in Wiley Online Library (wileyonlinelibrary.com).



tool to activate the protein kinase C (PKC) signaling pathway. PKC

inhibitors such as H-7, stauroporin, and bisindolylmaleimide I (BIS)

block the enhancing effect of PMA on 1,25(OH)2D3 action in rat

intestinal epithelial cells [Koyama et al., 1994; Armbrecht et al.,

2001]. However, in addition to its effects on PKC, PMA can also

activate other kinases. Thus other signaling pathways in addition to

PKC might contribute to the effect of PMA on vitamin D-mediated

CYP24A1 regulation.

The human CYP24A1 (hCYP24A1) promoter has two functional

VDRE located on the anti-sense strand at positions �293/�272

(distal VDRE, VDREd) and �172/�143 (proximal VDRE, VDREp)

[Chen and DeLuca, 1995]. Studies have identified other regions in

the promoter that can modulate the transactivation of the CYP24A1

gene by 1,25(OH)2D3 including putative AP-1 sites between the two

VDREs [Chen and DeLuca, 1995], C/EBP binding sites in the distal

promoter [Dhawan et al., 2005], an Ets-1 binding site (EBS)

downstream of the proximal VDRE in the rat CYP24A1 promoter

[Dwivedi et al., 2000; Cui et al., 2009] and a vitamin D stimulatory

element (VSE site) on the rat CYP24A1 promoter [Nutchey et al.,

2005]. However, the existence and roles of these sites in the

hCYP24A1 promoter have not been examined.

In the present study, we found that in addition to PKC, PMA can

activate the mitogen activated protein kinases (MAPK) ERK1/2 and

p38 kinase in differentiated Caco-2 cells. Our data show that all three

signaling pathways contribute to 1,25(OH)2D3-induced and PMA-

enhanced effects on hCYP24A1 gene expression. We also identify a

sequence in the hCYP24A1 promoter that is similar to the VSE site in

rat CYP24A1 promoter and show that it partially accounts for the

synergistic effects of PMA on 1,25(OH)2D3-induced hCYP24A1 gene

expression.

MATERIAL AND METHODS

REAGENTS

1,25(OH)2D3 (BioMol International, Plymouth Meeting, PA) was

dissolved in ethanol. PMA (PKC activator), Go6976 (classic PKC

inhibitor), U0126 (specific inhibitor for MEK1/2), SB202190 (p38

kinase inhibitor) were obtained from EMD Biosciences, Inc. (San

Diego, CA) and 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).

CELL CULTURE AND TREATMENTS

The parental line of the human colonic adenocarcinoma cell

line Caco-2 was obtained from American Type Culture Collection

(HTB-37, Rockville, MD) and was cultured as described elsewhere

[Fleet et al., 2002]. Experiments on differentiated Caco-2 cells

were carried out at 15 days in culture (11 days post confluent).

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].

Treatment solutions were prepared with medium containing 0%

FBS for protein expression studies and 5% FBS for mRNA and

reporter gene studies.

In studies for mRNA analysis or western blot analysis, cells were

first pretreated with either 100 nM PMA or vehicle (0.002% DMSO)

for 5min and the cells then were treated for an additional 2 h with

either 10 nM 1,25(OH)2D3 or vehicle (0.01% ethanol) in the absence

of PMA. For kinase inhibitor studies, cells were first pretreated with

either vehicle (0.1% ethanol) or various kinase inhibitors, including

2 or 10mM Go6976, 10mM U0126, or 8mM SB202190 for 30min.

Afterwards cells were treated with PMA (5min), followed by

1,25(OH)2D3 (2 h treatment) in the presence or absence of inhibitors

but with PMA removed.

RNA ISOLATION AND ANALYSIS

RNA was isolated using TriReagent following the manufacturer’s

instructions (Molecular Research Center Inc., Cincinnati, OH). Total

RNA (2mg) was reverse transcribed to make cDNA and analyzed by

real-time PCR using primers and conditions previously described by

our group [Wang et al., 2004; Klopot et al., 2006].

CHROMATIN IMMUNOPRECIPITATION

Differentiated Caco-2 cells were pretreated with either vehicle or

100 nM PMA for 5min and then incubated with 10 nM 1,25(OH)2D3

or vehicle for 2 h in the absence of PMA. Chromatin immunopre-

cipitation (ChIP) was performed as we have described previously

[Cui et al., 2009]. This study was repeated twice.

WESTERN BLOT ANALYSIS

Differentiated Caco-2 cells were changed to serum-free media

overnight, pretreated with U0126 (10, 20, or 100mM, 30min) or

Go6976 (2 or 10mM, 30min) and then treated with 100 nM PMA or

vehicle in the presence of the inhibitors for 5min. For ERK1/2

analysis, samples were harvested immediately after the 5min PMA

treatment. For p38 kinase analysis, medium was replaced with

serum-free medium containing 0.002% DMSO and harvested 1 h

after PMA treatment. Cells were prepared and cell lysates (45mg)

were analyzed for phosphorylated ERK1/2 and p38 kinase as using

methods we have previously described [Cui et al., 2009]. After

detection of phosphoproteins, the membrane was stripped and re-

probed for total ERK1/2 or p38 kinase. Antigen–antibody complexes

were detected using the ECL Plus western blotting detection reagents

(Pierce, Rockford, IL).

PLASMIDS

The �5,500 to �22 bp hCYP24A1 promoter luciferase construct

(�5,500 to �22 bp hCYP24A1-luciferase) was a gift from Dr. Sylvia

Christakos [Barletta et al., 2004]. The hCYP24A1 promoter region

from �298 to þ74 was amplified from human genomic DNA via

PCR and this fragment was then cloned upstream from the firefly

luciferase reporter gene into the pGL3 basic vector to create the

�298 to þ74 bp hCYP24A1-luciferase construct. A reporter gene

construct containing three copies of the VDRE from the mouse

osteopontin gene (3X VDRE-luciferase) was provided by Dr. Sunil

Nagpal (Eli Lilly and Company, Indianapolis, IN). A promoterless

pRL-null Renilla luciferase vector was purchased from Promega

(Madison, WI).

Mutations were made in the �298 to þ74 bp hCYP24A1-

luciferase reporter gene in EBS site between �138 and �130 bp
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[Dwivedi et al., 2000] or in the putative VSE site�192 to�184 bp of

the hCYP24A1 promoter using the Quikchange XL site-directed

mutagenesis kit (Stratagene) following the manufacturer’s instruc-

tions to create the reporter gene constructs hCYP24A1 mEBS-

luciferase and hCYP24A1 mVSE-luciferase. Primers for mutating

the EBS site were 50CTCACCTCGCTGACTCCAAAATCCTTCC
ACCCCCCCCTCCA30 and 50GGAGGGGGGGGTGGAAGGATTTTG
GAGTCAGCGAGGTGAG30; Primers for mutating the VSE were:

50CGCCCAGCGAACATAGCCCAAGCTTCCCCAGGCCCGGACGCCC30

and 50GGGCGTCCGGGCCTGGGGAAGCTTGGGCTATGTTCGCTGGG
CG30 (letters underlined are the mutated sequence). The mutations

were verified by sequencing at the Purdue Genomics Core Facility.

REPORTER GENE ASSAY

Cells seeded in 24-well plates were transfected using Liopofectamine

Plus (Invitrogen Corp., Carlsbad, CA) following the protocol

provided by the manufacturer. Serum-free OPTImem medium

(Invitrogen) was used for transfection studies. Differentiated

Caco-2 cells were transfected using a 1:10:10 ratio of DNA:Plus:-

Lipofectamine. In vector comparison studies, cells were transfected

with 300 ng (per well) of following vectors, �5,500 to �22 bp

hCYP24A1-luciferase, �298 to þ74 bp hCYP24A1-luciferase (wild-

type, mEBS, mVSE versions) or 3� VDRE-luciferase for 15 h. Five

nanograms (per well) pRL-null renilla luciferase plasmid was co-

transfected in all experiments for normalization of transfection

efficiency. A vector for expression of human VDR, PCR3.1-hVDR

[Shao et al., 2001], was co-transfected at 5 ng per well to facilitate

the hCYP24A1 promoter response. Fifteen hours after transfection

cells were pre-incubated with 100 nM PMA or vehicle (0.002%

DMSO) for 10min followed by treatment with ethanol vehicle

(0.01%) or 10 nM 1,25(OH)2 D3 for an additional 4 h in the absence of

PMA. After treatment, cells were collected in 1� passive lysis buffer

(Promega Corp., Madison, WI) and luciferase activity in the samples

was determined using the Dual-Luciferase Reporter Assay System

(Promega Corp., Madison, WI) with a luminometer (TD-20/20,

Turner Design).

STATISTICAL ANALYSIS

Data are expressed as the mean� the standard error of the mean

(SEM). The data were tested for fitting a normal distribution. If the

data were not normally distributed a log transformation was

performed and normalization of the distribution confirmed.

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.

RESULTS

PMA ENHANCES 1,25(OH)2D3-INDUCED HCYP24A1 GENE

EXPRESSION IN DIFFERENTIATED CACO-2 CELLS

After 2 h 1,25(OH)2D3 treatment significantly increased hCYP24A1

mRNA levels (6.5-fold, Fig. 1A). Treatment with PMA alone has

no effect on hCYP24A1 mRNA expression. However, pretreatment

with PMA, followed by 1,25(OH)2D3 treatment resulted in a 17-fold

increase in hCYP24A1 mRNA level that was 2.6-fold higher

(P< 0.05) than the effect of 1,25(OH)2D3 alone. The effect of PMA on

Fig. 1. A: Effect of PMA on 1,25(OH)2D3-induced CYP24A1 mRNA expres-

sion in differentiated Caco-2 cells. Cells were pretreated for 5min with 100 nM

PMA followed by treatment for 2 h with 10 nM 1,25(OH)2D3 or vehicle in the

absence of PMA. Data are expressed as mean� sem (n¼ 4) with the vehicle

treated group as a reference value (100). B: Effect of PMA on 1,25(OH)2D3-

induced association of VDR and RXR on the proximal human CYP24A1 gene

promoter in differentiated Caco-2 cells. ChIP assays were performed with non-

immune rabbit immunoglobulin (IgG), or antibodies against VDR or RXR. ChIP

enriched DNA was amplified with primers recognizing the proximal CYP24

promoter (�252 to �52 bp). C: Effect of PKC inhibition on PMA enhanced

CYP24A1 induction by 1,25(OH)2D3. Cells were pretreated with 10mM

Go6976 for 30min and 100 nM PMA was added for the last 5min. Afterwards

inhibitor and PMA were removed and cells were treated with 10 nM 1,

25(OH)2D3 or vehicle in the absence of PMA. Data are expressed relative to

the 1,25(OH)2D3-induced expression of CYP24A1 (calculated as 1,25(OH)2D3/

vehicle¼ 100). Bars with different letter superscripts are significantly differ-

ent from one another (P< 0.05, Fisher’s protected LSD). Data are representa-

tive of three independent experiments.
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vitamin D-induced CYP24A1 mRNA induction was associated with

an increase in VDR and RXR binding to the CYP24A1 proximal

promoter (Fig. 1B). PMA is a well-established regulator of protein

kinase C (PKC) isoforms so we examined whether the enhancement

of 1,25(OH)2D3-mediated hCYP24A1 mRNA level by PMA was

dependent upon PKC. Treatment with PMA and the PKC inhibitor

Go6976 had no impact on the low, basal expression of hCYP24A1

mRNA in differentiated Caco-2 cells (data not shown). However, the

induction of hCYP24A1 mRNA by 1,25(OH)2D3 was reduced 73% by

Go6976 (10mM) and the enhancement of this induction by PMAwas

reduced by 60% (Fig. 1B).

PMA INDEPENDENTLY ACTIVATES ERK1/2 AND p38 MAPK IN

DIFFERENTIATED Caco-2 CELLS

Others have shown that in addition to classic and novel isoforms of

PKC, PMA can also activate ERK1/2 and p38 kinase [Nomura et al.,

2007; Almog and Naor, 2008]. We confirmed that short-term

treatment with 100 nM PMA can activate both ERK1/2 (Fig. 2A,B)

and p38 kinase (Fig. 2C,D). While ERK1/2 activation occurred within

5min, the activation of p38 kinase was seen 1 h after the PMA

treatment. This suggests that p38 is a downstream signal of another

PMA-regulated signal transduction pathway(s).

Go6976 did not inhibit PMA-induced ERK1/2 (Fig. 2B) but

partially reduced p38 kinase activation by PMA (Fig. 2D)

demonstrating full (ERK1/2) or partial (p38 kinase) independence

of these effects from PKC activation. Pretreatment with the MEK

inhibitor U0126 (10, 20, or 100mM) completely abolished PMA-

induced ERK1/2 activation and partially reduced p38 kinase

activation by PMA (Fig. 2A,C). This suggests that PMA-activated

ERK1/2 is MEK-dependent, whereas the activation of p38 kinase has

both MEK-dependent and MEK-independent components.

INHIBITION OF P38 KINASE AND ERK1/2 REDUCES

1,25(OH)2D3-INDUCED AND PMA-ENHANCED hCYP24A1

mRNA GENE EXPRESSION IN DIFFERENTIATED Caco-2 CELLS

We next investigated whether PMA-induced activation of p38

kinase or ERK1/2 are involved in the enhancing effect of PMA on

1,25(OH)2D3-induced hCYP24A1 gene expression. Treatment with

PMA and various inhibitors had no impact on the low, basal

expression of hCYP24A1 mRNA in differentiated Caco-2 cells (data

not shown). However, the induction of hCYP24A1 mRNA by

1,25(OH)2D3 (2 h, 10 nM) was significantly reduced 65% by the MEK

inhibitor U0126 (Fig. 3A) and 67% by p38 kinase inhibitor

SB202190 (Fig. 3B). Consistent with data in Figure 1, PMA enhanced

1,25(OH)2D3-mediated hCYP24A1 mRNA accumulation by>3-fold.

Both the MEK and p38 kinase inhibitors reduced the synergistic

effect of PMA on 1,25(OH)2D3-induced hCYP24A1 mRNA accumu-

lation by approximately 40%. Although U0126 did not reduce the

activation of a �298 to þ74 bp hCYP24A1 promoter-luciferase

reporter gene construct by 1,25(OH)2D3 alone (Fig. 3C), this

inhibitor, as well as the p38 kinase inhibitor SB202190,

reduced the enhancing effect of PMA on 1,25(OH)2D3-induced

hCYP24A1 promoter activity. These data demonstrate that the

impact of PMA mediated through the MAPK kinase signaling

pathway on the hCYP24A1 mRNA is occurring at the transcriptional

level.

THE �298 TO R74 BP HCYP24A1 PROMOTER CONTAINS THE

ELEMENTS NECESSARY FOR ENHANCEMENT OF 1,25(OH)2D3

TRANSACTIVATION BY PMA

To determine which regions of the hCYP24A1 promoter are critical

for the synergy between PMA and 1,25(OH)2D3 in regulating

hCYP24A1mRNA expression, reporter gene studies were done using

Fig. 2. Effect of PMA on MAPK activation in differentiated Caco-2 cells. A,B: Effect of MEK (U0126) or PKC inhibition (Go6976) on PMA-induced ERK1/2 phosphorylation.

Cells were treated with inhibitors or vehicle for 30min and PMA or vehicle was added for the last 5min. Proteins fromwhole cell extracts were isolated and analyzed for total and

phosphorylated ERK1/2. C,D: Effect of MEK (U0126) or PKC inhibition (Go6976) on PMA-induced p38 kinase phosphorylation. Cells were pretreated with inhibitors or vehicle

for 30min and PMA or vehicle was added for the last 5min. Inhibitor treatments were continued for an additional 1 h in the absence of PMA. Proteins from whole cell extracts

were isolated and analyzed for total and phosphorylated p38 kinase. Data are representative of three independent experiments. Number on the bottom is the ratio between

phosphorylated and total protein levels.
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two hCYP24A1 promoter constructs: �5,500 to�22 bp hCYP24A1-

luciferase and �298 to þ74 bp hCYP24A1-luciferase. Both

constructs contain the two previously identified functional VDREs,

at �172/�143 bp and at �293/�273 bp [Chen and DeLuca, 1995]

and �5,500 to �22 bp hCYP24A1-luciferase also contains putative

VDREs reported to occur at �4,000 bp [Sinkkonen et al., 2005].

Regardless of the promoter length, 1,25(OH)2D3 induced a similar

28-fold increase in reporter gene activity. This indicates that

elements within the �298 bp hCYP24A1 promoter are sufficient

for 1,25(OH)2D3 to stimulate the hCYP24A1 gene transcription.

Similarly, treatment with PMA enhanced 1,25(OH)2D3-induced

hCYP24A1 promoter activity by twofold on both constructs (Fig. 4).

This demonstrates that PMA also utilizes DNA sequences that are

within the �298 bp promoter to modify 1,25(OH)2D3 effects on

hCYP24A1 gene transcription. This is consistent with previous

research showing the proximal �316 bp of the hCYP24A1 promoter

is sufficient for the synergistic effect of PMA on 1,25(OH)2D3-

induced expression of the hCYP24A1 gene in COS-7 cells [Barletta

et al., 2004].

SPECIFIC PROMOTER ELEMENTS ARE REQUIRED FOR THE

ENHANCING EFFECT OF PMA ON 1,25(OH)2D3-MEDIATED

hCYP24A1 GENE TRANSCRIPTION

We first investigated whether PMA modulates vitamin D action

through the VDRE required for 1,25(OH)2D3-mediated hCYP24A1

gene transcription. To do this we compared the impact of PMA on

1,25(OH)2D3-induced activation of the �298 to þ74 bp hCYP24A1

promoter-luciferase and a minimal 3� VDRE-promoter-luciferase

constructs. As expected, the induction of the minimal promoter by

1,25(OH)2D3 was lower than that seen for the natural promoter

(Fig. 5). However, the impact of PMA on 1,25(OH)2D3-induced

transcription occurred on both the minimal 3� VDRE and natural

Fig. 3. Inhibitors of ERK1/2, classic PKC, and p38 kinase independently

reduce 1,25(OH)2D3-induced and PMA-enhanced CYP24A1 gene expression

in differentiated Caco-2 cells. A, B: Cells were preincubated with inhibitors (A:

10mM U0126, B: 8mM SB202190) for 30min and PMA (100 nM) or vehicle

was added for the last 5min. Afterwards inhibitor treatment was continued

with 10 nM 1,25(OH)2D3 or ethanol vehicle for an additional 2 h in the absence

of PMA. C: Cells were transfected with a �298 to þ74 bp hCYP24A1

promoter-luciferase reporter gene. Fifteen hours after transfection, cells

were pre-treated with or without inhibitors (10mM U0126,8mM

SB202190) for 30min and PMA (100 nM) or vehicle was added for the last

10min. Afterwards inhibitor treatment was continued with 10 nM

1,25(OH)2D3 or ethanol vehicle for an additional 4 h in the absence of

PMA. Data are expressed as mean� sem (n¼ 4) relative to the

1,25(OH)2D3-induced expression of CYP24A1 (calculated as 1,25(OH)2D3/

vehicle¼ 100). Bars with different letter superscripts are significantly differ-

ent from one another (P< 0.05, Fisher’s protected LSD). Data in each panel are

representative of three independent experiments.

Fig. 4. The proximal CYP24A1 promoter contains the elements necessary for

enhancement of 1,25(OH)2D3 transactivation by PMA. Differentiated Caco-2

cells were transfected with one of two different hCYP24A1 promoter-lucifer-

ase plasmids (�298 to þ74 bp or �5,500 to �22 bp). Fifteen hours after

transfection, cells were pre-treated with 100 nM PMA for 10min followed by

10 nM 1,25(OH)2D3 for 4 h in the absence of PMA. Data are expressed as

mean� sem (n¼ 6) relative to the 1,25(OH)2D3-induced expression of the

�298 to þ74 bp hCYP24A1 promoter (calculated as 1,25(OH)2D3/

vehicle¼ 100). Bars with different letter superscripts are significantly differ-

ent from one another (P< 0.05, Fisher’s protected LSD).
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hCYP24 promoter, demonstrating that at least part of the PMA

effect is mediated through events directly on the VDRE. In addition,

the effect of PMA on the minimal promoter was not as strong

as that observed on the natural promoter construct (43% lower,

Fig. 5). This suggests that while some of the PMA effect is mediated

through the VDRE, other sequences in the promoter are also

required.

We subsequently tested the role of two previously described

CYP24A1 promoter elements, an Ets Binding Site (EBS) [Dwivedi

et al., 2000] and a VSE [Nutchey et al., 2005].

By aligning the rat and hCYP24A1 promoters, we identified a

conserved EBS site located on the hCYP24A1 promoter at �138/

�130 bp (Fig. 6A). Consistent with our previous report using the

rat CYP24A1 promoter [Cui et al., 2009], mutation of the EBS on

hCYP24A1 promoter did not alter 1,25(OH)2D3-induced reporter

gene activity in differentiated Caco-2 cells. In addition, EBS

mutation had no effect on PMA enhanced hCYP24A1 reporter gene

activation (Fig. 6B).

A VSE site located at �171/�163 bp of rat CYP24A1 promoter

(50TGTCGGTCA30) has been shown to be vital for the synergy

between PMA and 1,25(OH)2D3 [Nutchey et al., 2005]. Aligning

promoter sequences from the �298 to þ74 bp region of rat and

hCYP24A1 promoters revealed 65% identity between two sequences

and revealed a putative VSE site in hCYP24A1 promoter at positions

�192 to �184 bp (50-CCCCGGTCA-30) (Fig. 6A). When this putative

VSE site was mutated in the hCYP24A1 promoter construct,

1,25(OH)2D3-induced expression was reduced by 69% and the PMA

enhancing effect was reduced by 56% (Fig. 6C).

Fig. 5. The enhancement of PMA is partially mediated through VDREs in the

CYP24A1 promoter. Differentiated Caco-2 cells were transfected with a�298

to þ74 bp human CYP24A1 promoter-luciferase or 3� osteopontin VDRE

thymidine kinase-luciferase (3� VDRE) reporter gene construct. Fifteen hours

after transfection cells were pre-treated with 100 nM PMA for 10min

followed by vehicle or 10 nM 1, 25(OH)2D3 for 4 h in the absence of PMA.

Data are expressed as mean� sem (n¼ 4) relative to the 1,25(OH)2D3-induced

expression of the �298 hCYP24A1 promoter (calculated as 1,25(OH)2D3/

vehicle¼ 100). Bars with different letter superscripts are significantly differ-

ent from one another ( P< 0.05, Fisher’s protected LSD). Data are representa-

tive of three independent experiments.

Fig. 6. A VSE site but not the EBS site is involved in 1,25(OH)2D3-induced

and PMA-enhanced human CYP24A1 promoter activity in differentiated Caco-

2 cells. A: Schematics showing the location of the EBS (Ets protein binding site)

and VSE (vitamin D stimulation element) in the rat and human CYP24A1

promoters. Differentiated Caco-2 cells were transfected with wild type (WT),

EBS mutated (B, mEBS) or VSE mutated (C, mVSE) �298 to þ74 bp human

CYP24A1 promoter-luciferase reporter gene constructs. Fifteen hours after

transfection, cells were pre-treated with 100 nM PMA for 10min followed by

10 nM 1, 25(OH)2D3 for 4 h in the absence of PMA. Data are expressed as

mean� sem (n¼ 6) relative to the 1,25(OH)2D3-induced expression of the

wild-type �298 to 74 bp hCYP24A1 promoter (calculated as 1,25(OH)2D3/

vehicle¼ 100). In (A), (�) represents significantly different from the

1,25(OH)2D3-induced group within each reporter gene construct ( P< 0.05,

Fisher’s protected LSD). In (B), bars 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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DISCUSSION

In this report, we have demonstrated that a short 5min pre-

treatment with PMA enhances the transcriptional regulation of the

hCYP24A1 gene induced by 1,25(OH)2D3 within differentiated

cultures of the human intestinal cell line, Caco-2 (Fig. 1). This is

consistent with earlier observations by the Armbrecht group

documenting that 1,25(OH)2D3-regulated expression of CYP24A1

mRNA was enhanced by phorbol ester treatment (last 30min–2 h in

a 7–24 h 1,25(OH)2D3 treatment period) in primary rat renal cells

[Chen et al., 1993], in the rat renal cell line NRK-52E [Armbrecht

et al., 1997], and in the intestinal crypt cell-like (i.e., undifferenti-

ated) lines IEC-6 and IEC-18 derived from the rat ileum [Armbrecht

et al., 1993; Armbrecht et al., 2001]. Phorbol esters also enhance

1,25(OH)2D3-regulated induction of a rat CYP24A1-promoter

reporter gene in HEK 293T human embryonic kidney cells (2 h

pretreatment followed by 22 h with 1,25(OH)2D3 [Nutchey et al.,

2005]) as well as 1,25(OH)2D3-regulated induction of a hCYP24A1-

promoter reporter gene in COS-7 and LLCRK-1 pig kidney cells (24 h

co-treatment with phorbol ester and 1,25(OH)2D3 [Barletta et al.,

2004]). Our studies are novel in that we are the first to report phorbol

ester-enhanced, 1,25(OH)2D3-induced accumulation of hCYP24A1

mRNA and induction of a hCYP24A1 promoter-reporter gene in

differentiated human intestinal cells (a primary vitamin D target

cell) and because we used short treatment periods (5min PMA prior

to 2–4 h with 1,25(OH)2D3) to minimize the potential for secondary

effects due to prolonged treatment periods. In addition, our ChIP

analysis demonstrates that the enhancing effect of PMA is due at

least in part to enhanced binding of VDR and RXR to the human

CYP24A1 promoter (Fig. 1B).

The phorbol ester PMA is a natural analog of the potent PKC

activator diacylglycerol (DAG) [Newton, 2001]; it activates both

classical and non-classical isoforms of PKC. Because of this, PMA-

elicited cellular responses are often attributed to activation of PKC

signaling pathways. Consistent with this, we (Fig. 1B) and others

[Nutchey et al., 2005] have shown that inhibitors of classical PKC

isoforms with Go6976, Calphostin C, and GF109203X reduce, but do

not eliminate either 1,25(OH)2D3-mediated accumulation of

hCYP24A1 mRNA or the enhancement of this induction by PMA.

Using dominant negative expression vectors for the PKC isoforms a,

b1, d, and e, Nutchey et al. [2005] showed that the effect of

1,25(OH)2D3 on rat CYP24A1 gene transcription was dependent

upon PKC b1 while all the isoforms tested contribute to the

enhancing effect of PMA. However, their ability to suppress PMAs

enhancing effect using PKC inhibitors was incomplete. This suggests

that PMA-induces events in addition to activating PKC that

modulate vitamin D-induced CYP24A1 gene expression.

Our data show that PMA treatment activated the MAPK family

members ERK1/2 and p38 kinase. Others have previously shown that

ERK1/2 is activated by PMA in HEK293T cells [Nutchey et al., 2005];

this is likely due to activation of RasGRP, an exchange factor for

Ras/Rap1 that contains the DAG-binding C1 domains first identified

in PKC [Duncia et al., 1998; Kazanietz, 2002]. The induction of p38

kinase by PMA was delayed and could be partially blocked by

inhibitors of MEK1/2 and conventional PKC, indicating additional

kinases may contribute to p38 kinase activation after PMA

treatment. One such kinase could be PKCd, a novel PKC activated

by PMA that can phosphorylate p38 kinase in HT-1080 cells

[Hwang, 2010].

When we examined the role of the two MAP kinase pathways on

1,25(OH)2D3-mediated hCYP24A1 gene transcription, we found that

inhibitors of p38 kinase a/b and MEK1/2 each partially suppress the

enhancement of vitamin D action by PMA. While chemical

inhibitors of kinases can lack specificity, our findings are consistent

with other approaches. Nutchey et al. [2005] previously showed

that constructs expressing dominant negative versions of ERK1 or

MKK4 could reduce the effects of PMA on 1,25(OH)2D3-mediated

induction of a rat CYP24A1 promoter reporter gene construct. They

viewed the data from the dominant negative MKK4 construct as

supportive of a role for JNK in the PMA enhancing effect. However,

since MKK4 can also directly phosphorylate p38 kinase [Dhana-

sekaran and Premkumar, 1998], these data are also consistent with

our observation that inhibition of p38 kinase can significantly

reduce the PMA enhancing effect of 1,25(OH)2D3 on the hCYP24A1

promoter.

The effects of PMA are presumably mediated through the

phosphorylation of transcription factors or their co-activators which

then work through specific elements in the DNA to regulate

hCYP24A1 gene transcription. We conducted additional studies to

determine the DNA binding regions that were affected by PMA

treatment. Others have identified a C/EBP binding site at�964 bp in

the rat CYP24A1 promoter [Dhawan et al., 2005] and a putative AP-

1 binding site at �1,166 bp in the hCYP24A1 promoter [Chen and

DeLuca, 1995]. However, neither of these distal binding sites is

necessary for the enhancing effect of PMA. Similar to findings

previously reported by others [Barletta et al., 2004; Nutchey et al.,

2005], we found that 1,25(OH)2D3-mediated expression of a�298 bp

and a�5,500 bp hCYP24A1 promoter construct were each enhanced

twofold by PMA pretreatment. Within the �298 bp hCYP24A1

promoter there are several potential regulatory regions where PMA

could influence transcription.

First, the hCYP24A1 promoter contains two vitamin D responsive

elements (VDRE) (at �172/�143 bp and �293/�272 bp) [Chen and

DeLuca, 1995]. Our data show that PMA enhanced 1,25(OH)2D3-

mediated expression on both a minimal 3� osteopontin VDRE-

luciferase reporter gene construct as well as the�298 bp hCYP24A1

promoter construct. Although the effect of PMA was lower on the

minimal 3� VDRE reporter gene, this indicates there are effects of

PMA mediated in part through the VDR interactions with its

traditional binding site. Similarly, Barletta et al. [2004] found

that PMA had the same enhancing effect on vitamin D action on

both a full-length hCYP24A1 promoter (�5,500 bp) and a minimal

promoter that contained the proximal VDR from the hCYP24A1

promoter. This suggests that either VDR binding to the VDRE or

assembly of the transcriptional complex on the CYP24A1 promoter

is sensitive to phosphorylation events dependent upon PMA.

However, Barletta et al. [2004] reported that PMA did not alter the

VDRE binding ability of nuclear extracts from vitamin D-treated

LLCPK-1 cells. This suggests that the impact of PMA-mediated

phosphorylation may be through co-activators. We have previously

shown that the co-activator MED1 is phosphorylated by ERK1/2 and

is necessary for 1,25(OH)2D3-mediated CYP24A1 gene expression in
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differentiated Caco-2 cells [Cui et al., 2009]. Since ERK1/2 is one of

the signaling pathways activated by PMA treatment in differentiated

Caco-2 cells (Fig. 2), we propose that the synergy between PMA and

1,25(OH)2D3 through VDRE site is mediated through the recruitment

of ERK1/2 phosphorylated MED-1 to the CYP24A1 promoter or its

function at the promoter. Consistent with this hypothesis, Misra

et al. [2002] previously showed that MED-1 (also called PBP or

DRIP205) is subject to MAPK-dependent phosphorylation and that

this enhanced the transcriptional potential of PPARg in HeLa cells.

However, MED-1 phosphorylation did not increase the interaction

between MED-1 and PPARg or with its heterdimeric partner RXR

[Misra et al., 2002] nor does PMA treatment alter the interaction

between MED-1 and VDR in HEK 293T cells [Barletta et al., 2004].

This suggests MED-1 phosphorylation contributes to 1,25(OH)2D3-

mediated expression of hCYP24A1 by enhancing interactions of

the VDR-RXR-MED-1 complex with the basal transcription unit

containing RNA polymerase II. This hypothesis remains to be tested.

Another potential site that could be influenced by MAPK

signaling is the EBS at �128/�116 previously characterized in the

rat CYP24A1 promoter [Dwivedi et al., 2000; Cui et al., 2009]. Ets

binding to the EBS is dependent upon ERK5-mediated phosphory-

lation of Ets-1 at threonine 38 [Dwivedi et al., 2002] and mutation of

the core EBS motif reduces 1,25(OH)2D3-dependent regulation of the

rat CYP24A1 promoter by 50% in COS-1 cells [Dwivedi et al., 2000]

and by 40% in proliferating Caco-2 cells [Cui et al., 2009]. In

proliferating cultures of HEK-293T cells, mutation of the EBS site in

the rat CYP24A1 promoter reduced the impact of PMA on

1,25(OH)2D3–mediated transcription by 50% [Nutchey et al.,

2005]. The hCYP24A1 promoter has an EBS site at �138/�130

(50-TCCATCCTCC-30) that is identical to the rat EBS. However,

mutation of human EBS had no effect on either 1,25(OH)2D3-

induced nor PMA-enhanced hCYP24A1 promoter activity in the

non-proliferating, differentiated cultures of Caco-2 cells we used for

these experiments. We previously reported that the EBS has no role

in 1,25(OH)2D3-mediated induction of the rat CYP24A1 promoter in

differentiated Caco-2 cells [Cui et al., 2009]. Our new data extend

this observation to the regulation of the human CYP24A1 promoter.

In addition, because the EBS is not involved in the PMA enhanced

regulation of the human CYP24A1 promoter in differentiated Caco-

2 cells, our data suggest that ERK5 is not activated by PMA in

differentiated Caco-2 cells.

A final sequence we tested was the VSE site previously

characterized as important for the enhancing effects of PMA on

vitamin D-regulated expression of the rat CYP24A1 promoter in

COS-1 cells [Nutchey et al., 2005]. Nutchey et al. [2005] showed that

mutation of the VSE site in rat CYP24A1 promoter reduced

1,25(OH)2D3 induction of the gene by 50% and led to an almost

complete loss of the PMA/1,25(OH)2D3 synergy. Kumar et al. [2010]

previously identified the same putative VSE in the human CYP24A1

as our alignment revealed. However, Kumar et al.[2010 found that

the human VSE was not necessary for vitamin D induced expression

of a human CYP24A1 reporter gene in the absence of PMA in rat

osteoblast-like ROS17/2.8 cells and in human embryonic kidney

HEK293T cells. In contrast, we found that mutating the human VSE

site reduced 1,25(OH)2D3-induced activation of the hCYP24A1

promoter by 70% and strongly suppressed (but did not eliminate) the

enhancing effect of PMA on 1,25(OH)2D3-induced hCYP24A1 gene

expression. Nutchey et al. [2005] used EMSA to show that the VSE

site in the rat CYP24A1 promoter can specifically bind to a nuclear

protein complex from HEK-293T cells; this binding was present in

nuclear extracts from untreated cells and it was not altered by

treatment with PMA, 1,25(OH)2D3 or the two compounds combined.

Although PMA can function through the AP-1 complex in other

cellular contexts and the VSE site shares sequence identity with the

binding site for the AP1 family member c-Jun, supershift

assays using antibodies against the AP-1 family members c-Jun,

Jun B, Jun D, c-Fos, Fos B, Fra-1, and Fra-2 and to the cAMP-

responsive-element-binding proteins ATF2 and CREB-1 revealed

these do not bind the VSE in the rat promoter [Nutchey et al., 2005].

Thus, although our data support the importance of the VSE as a

modulator of vitamin D action on the hCYP24A1 gene, the

transcription factor mediating this effect is still unknown. We

examined a VSE positional weight matrix built from the rat and

human sequences for similarity to other known transcription factor

binding sites using JASPAR [Wasserman and Sandelin, 2004]. The

GGTCA sequence in the VSE site (CCCCGGTCA) was identical to the

proximal half-site of both the PPAR gamma and Estrogen Receptor

binding sites, but monomeric binding of these nuclear receptors to

DNA is not likely. The VSE site also showed similarity to the binding

site for ROR alpha (AT/ANN
A/GGGTCA). This transcription factor can

be phosphorylated on serine 35 by PKC alpha in HCT116 cells [Lee

et al., 2010] so it is a candidate that deserves further testing for its

ability to enhance vitamin D-induced CYP24A1 gene regulation in

response to PMA treatment.

In summary, our data both confirm and extend observations

regarding the enhancement of 1,25(OH)2D3-mediated CYP24A1

induction by PMA. First, we show that modulation of vitamin D-

induced CYP24A1 gene regulation by PMA extends to a primary

vitamin D target cell—the differentiated intestinal absorptive

epithelial cell. Next, we show that three signaling pathways, classic

PKC, ERK1/2, and p38 kinase each contribute to the 1,25(OH)2D3/

PMA synergism on the hCYP24A1 gene. We also identified a VSE

site in the hCYP24A1 gene promoter that is functionally similar to

the one previously identified in the rat CYP24A1 gene promoter and

we demonstrate that events occur on the VDRE and the VSE within

the �298 bp hCYP24A1 promoter are necessary for the enhancing

effect of PMA on vitamin D-mediated hCYP24A1 gene transcription.

In contrast, the EBS that binds Ets-1 does not participate in the PMA

effect in non-proliferating, differentiated Caco-2 cells.
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