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Abstract
CYP24A1 functions in vitamin D target tissues to degrade 1,25-dihydroxyvitamin D3
(1,25(OH)2D3). Thus, the concentration of this enzyme and the regulation of its expression is a
primary determinant of the overall biological activity of 1,25(OH)2D3 within cells. The principle
regulator of CYP24A1 expression is 1,25(OH)2D3 itself, which functions through the vitamin D
receptor to upregulate the transcriptional activity of the Cyp24a1 gene. In this report, we explore
the mechanism of this regulation using recently developed ChIP-chip and ChIP-seq techniques
that permit an unbiased search for enhancer elements that participate in this transcriptional control.
Our studies both confirm a regulatory region defined earlier and located proximal to the
transcriptional start site (TSS) of mouse Cyp24a1 (−160 nt and −265 nt) and identify a novel
intergenic region located downstream of the transcription unit that contains two enhancers (+35 kb
and +37 kb) that facilitate 1,25(OH)2D3-dependent upregulation of Cyp24a1 expression.
Interestingly, while C/EBPβ also binds under basal conditions to a site located immediately
upstream of the Cyp24a1 promoter (−345 nt), occupancy by this factor is strikingly increased
following 1,25(OH)2D3 treatment. The locations and activities of these regulatory regions that
mediate 1,25(OH)2D3 actions were confirmed in mice in vivo. We conclude that the mechanism
through which 1,25(OH)2D3 induces the CYP24A1 enzyme, thereby autoregulating its own
destruction, involves both promoter-proximal as well as downstream-distal enhancers. These
findings highlight new concepts regarding the molecular mechanism of action of 1,25(OH)2D3 and
other hormonal regulators.
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Introduction
CYP24A1, otherwise known as the 25-hydroxyvitamin D3-24-hydroxylase, is a
mitochondrial P450-containing enzyme that functions exclusively in vitamin D target tissues
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to degrade 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), the hormonal form of this vitamin (1).
Evidence for this activity derives from early studies of CYP24A1 that demonstrated
preferential substrate selectivity for both 25-hydroxyvitamin D3 (25OHD3) and
1,25(OH)2D3, yet higher affinity of the enzyme for the latter metabolite (1). This hypothesis
has been strengthened more recently through studies which show that genetic removal of the
Cyp24a1 gene in mice results in a phenotype characterized by highly elevated circulating
levels of 1,25(OH)2D3 that are coincident with exaggerated and prolonged vitamin D target
gene activation and which exhibit a reduced ability to metabolize exogenously administered
1,25(OH)2D3 (2, 3). Interestingly, the importance of CYP24A1 in humans has been
confirmed most recently in studies which demonstrated that mutations in the coding regions
of the CYP24A1 gene that prevent 24-hydroxylase activity are responsible for idiopathic
hypercalcemia in infants (4). Given that 1,25(OH)2D3, via its ability to rapidly induce
Cyp24a1 expression, is the primary regulator of CYP24A1 abundance (1), these features
suggest that the enzyme’s primary physiologic function is not simply to limit the extent and
duration of response to 1,25(OH)2D3 when the hormone’s circulating levels are
physiologically or pathologically elevated, but is likely also to confine intracellular levels of
1,25(OH)2D3 within a range appropriate for individual tissue response.

Interestingly, basal levels of expression of Cyp24a1 are also determined in a tissue/cell type-
specific manner by many additional factors. In the kidney, for example, Cyp24a1 expression
is controlled by both PTH (1, 5) and FGF23 (6), two hormones that are intimately involved
in coordinating not only the renal production of 1,25(OH)2D3 but also its participation in
regulating calcium and phosphorus homeostasis. In other tissues, Cyp24a1 expression can
also be regulated by systemic glucocorticoids (7), estrogens (8), and retinoid ligands (9) and
a myriad of additional local factors as well (1). Thus, the set point for control of intracellular
1,25(OH)2D3 degradation is influenced by cellular vitamin D hormone levels but can also be
modulated in a cell-specific fashion by other factors. The influence of this set point on
1,25(OH)2D3 activity is exemplified most strikingly in disease states such as chronic
kidney-mineral bone disease (CK-MBD) (10, 11) or in various cancers (12–19). In these
situations, increased basal Cyp24a1 expression is capable of blunting cellular response to
1,25(OH)2D3 (by increasing the rate of cellular degradation) and in some cases by
conferring tissue resistance to even high levels of the circulating hormone. Thus, Cyp24a1 in
the context of cancer may represent an oncogene, as its protein product is capable of
reducing the anti-tumor response to 1,25(OH)2D3 (12). Surprisingly, however, whether in
the parathyroid gland or in tumor cells, little is known of either the factors or the
mechanisms that function under these or other circumstances to upregulate basal Cyp24a1
expression. Despite this critical lack of understanding, the result is clear; increased Cyp24a1
expression in cells limits the actions of 1,25(OH)2D3 and thus impacts both normal as well
as pathological cell function.

The cloning of the CYP24A1 cDNA by Ohyama and colleagues (20) and subsequent
identification of the Cyp24a1 promoter (21) set the stage for early molecular studies that
focused on understanding how 1,25(OH)2D3 regulated the expression of Cyp24a1. These
studies suggested that 1,25(OH)2D3 induced Cyp24a1 expression in trans through the
vitamin D receptor (VDR), the transcription factor that mediates virtually all of the
transcriptional regulating activity of 1,25(OH)2D3 (22), and in cis through a promoter-
proximal regulatory region that contains two closely spaced 15 bp vitamin D responsive
elements (VDREs) with which the receptor interacts (23–25). VDR binding to these as well
as VDREs for other vitamin D modulated genes is dependent upon heterodimer formation
with retinoid X receptor (RXR) which forms an active unit to recruit coregulatory protein
complexes that facilitate the entry of RNA polymerase II (RNA pol II) into pre-initiation
complexes at the Cyp24a1 promoter (26–28). The promoter-proximal regulatory region also
contains DNA binding sites for other transcription factors including CREB, C/EBP, GR, and
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ETS1 (29–31). Recently, however, we have shown using ChIP-chip analysis that the
regulatory activity of 1,25(OH)2D3 and its receptor is not restricted to the promoter-
proximal region of Cyp24a1, but rather extends to include clusters of regulatory elements
located downstream of the Cyp24a1 genes as well (32). In this report, we characterize these
regulatory features of the mouse gene further using ChIP-seq analysis, and demonstrate
additional properties both in cells in culture and in mice in vivo. These findings support new
concepts of transcriptional regulation by not only 1,25(OH)2D3, but other modulators of
gene expression as well.

Materials and methods
Reagents

General biochemicals were obtained from Fisher Scientific (Pittsburg, PA) and Sigma
Chemical Co (St. Louis, MO). 1,25(OH)2D3 was obtained from SAFC Pharma (Madison,
WI). α-MEM was purchased from Invitrogen Corp (Carlsbad, CA). Antibodies to VDR
(C-20, SC-1008), RXR (ΔN-197, SC-774), and C/EBPβ (C-19, SC-150) were purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Antibodies to tetra-acetylated
histone H4 (06–866) were obtained from Upstate (Charlottesville, VA). All quantitative
real-time PCR (qPCR) reagents (Power SYBR green) were obtained from ABI (Foster City,
CA).

Cell culture procedures
Mouse osteoblastic MC3T3-E1 cells were obtained from ATCC (Manassas, VA).
(Manassas, VA). Cells were cultured in α-MEM supplemented with 10% fetal bovine serum
(FBS) obtained from Hyclone (Logan, UT). Cells were sub-cultured to confluency and then
treated with either vehicle (0.1% ETOH) or 10−7 M 1,25(OH)2D3 in 0.1% ETOH for 3 hr
prior to harvest. Our earlier studies established the time and concentration of 1,25(OH)2D3
(10−7 M) necessary for maximal VDR/RXR binding to the MC3T3-E1 genome (33). This
high concentration, utilized by many other investigators as well, is required to overcome the
restrictive ability of vitamin D binding protein to limit entry of the hormone into cells in
vitro, as documented recently (34, 35).

Mouse experimentation
C57BL/6 mice were obtained from Harlan (Madison, WI) and maintained in the
Biochemistry Animal Care facility at the University of Wisconsin-Madison. Mice were
maintained on a standard purified diet (AIN-76A) obtained from Research Diets (New
Brunswick, NJ). All animal experiments were conducted according to protocols on file with
the University of Wisconsin-Madison Research Animal Resource Center (RARC) and
approved by IACUC of this institution. Mice were treated by intraperitoneal injection with
either propylene glycol (Gallipot, St. Paul, MN) or 1,25(OH)2D3 (10 ng/g bw) in propylene
glycol. Total duodenal tissue (4 cm) from the intestine and both kidneys were harvested after
1 hr for ChIP and 0, 3 or 6 hrs for RNA analysis. The validity of this approach and the time
points and concentration of hormone have been established in previous studies (36).

RNA analysis
RNA was isolated from mouse intestine and kidney using TRIZOL reagent. Samples were
reverse transcribed using Superscript III Reverse Transcription kit from Invitrogen
(Carlsbad, CA) and analyzed using primer sets to mouse Cyp24a1 and β-actin.
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Chromatin immunoprecipitation (ChIP) coupled to ChIP-chip and ChIP-seq analysis
ChIP and ChIP-chip analyses were performed as described in depth previously (32, 37, 38).
ChIP-seq analysis was also performed as described in earlier studies (39). Briefly, ChIP-
DNA was prepared and amplified using the Illumina ChIP-seq DNA preparation kit
(1003473, #11257047 RevA), clusters formed and sequenced on the Illumina GAIIx
sequencers by the University of Wisconsin-Madison DNA Sequencing Facility in the
University of Wisconsin-Madison Biotechnology Center. DNA clusters were generated
using either a Standard Cluster Generation kit (ver. 4) on an Illumina cluster station
(Illumina, San Diego, CA), [for all samples sequenced before April, 2010] or using a cBot
Single Read Cluster Generation kit on an Illumina cBot (Illumina) [after April, 2010]
according to the manufacturer’s instructions, to obtain an average of 2.0×107 clusters for
each lane on a flowcell. All sequencing runs for 36mers were performed on an Illumina
Genome Analyzer IIx or Illumina HiSeq 2000 using the Illumina Sequencing kit (ver. 4).
Fluorescent images were analyzed using the Illumina base-calling pipeline 1.6.0 to obtain
FASTQ formatted sequence data. Sequences were mapped to the mouse genome (NCBI37/
mm9) using BOWTIE (Bowtie 0.12.5 –-q – best – m 1) (40). Further data analysis was
performed using QuEST and HOMER packages (41, 42). Genome-wide data will be
published elsewhere.

Bioinformatic and statistical analysis
Positive peak regions were interrogated further using the Genomatix Software Suite (43, 44)
as well as HOMER (42). Motif analysis (de novo and known), was performed using the
HOMER software.

Results
1,25(OH)2D3 induces VDR/RXR binding at promoter-proximal and downstream-distal sites
within the Cyp24a1 gene locus

Previous studies using ChIP-chip analysis revealed that in addition to 1,25(OH)2D3-induced
VDR binding near the promoter for both mouse and human Cyp24a1, DNA-bound VDR
could also be identified at multiple intergenic sites located downstream of the Cyp24a1
transcription units as well (32). Importantly, while neither the locations of these clusters nor
their number were conserved across the two species, their contributions to the regulation of
CYP24a1 expression by 1,25(OH)2D3 were verified using large, stably integrated DNA
segments containing mouse and human CYP24A1 gene loci in context with their individual
regulatory regions. To confirm and extend these findings in mouse bone cells, we treated
MC3T3-E1 cells with either vehicle or 1,25(OH)2D3 for 3 hr, subjected the cells to
chromatin immunoprecipitation (ChIP) using antibodies to either VDR or RXR and then
evaluated the co-precipitated DNA using deep sequencing techniques (ChIP-seq). This
concentration of 1,25(OH)2D3 as well as the time point selected was selected for maximal
response, as indicated earlier (33). Sequenced segments were mapped to the mouse genome
(NCBI37/mm9) using Bowtie and further processed with QuEST and HOMER. The results
in Figure 1 document the abundance of these sequenced segments (normalized to 107 reads)
for each condition across a segment of chromosome 2 containing the Cyp24a1 gene locus, as
illustrated in the figure. Importantly, they demonstrate that 1,25(OH)2D3 induces VDR and
RXR co-occupancy at both a region near the transcriptional start site of the Cyp24a1 gene
and at two regions located intergenically +35 kb and +37 kb downstream of the TSS as well.
This finding confirms VDR binding at both proximal and downstream sites across the mouse
Cyp24a1 locus but also extends the observation to include co-occupancy with RXR as well.
The results are therefore consistent with the emerging theme of gene regulation which
suggests that many, if not most, genes are regulated by multiple enhancers located at
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intronic or intergenic sites which are frequently 10’s if not 100’s of kilobases from the
promoters they regulate (32, 39, 45).

DNA sequences within the VDR/RXR binding regions confirm the presence of motifs
representative of VDREs

ChIP-seq analysis provides DNA sequence resolution that is far superior to that of ChIP-
chip analysis. Thus, we searched the sites of VDR/RXR binding at both the TSS and in the
two sites downstream of the gene for VDREs. As can be seen in Figure 1, VDR/RXR
binding at the TSS coincides with two VDREs, one positioned at −161 nt (AGGTGA GTG
AGGGCG) and the other located slightly upstream at −280 nt (GGTTCA GCG GGTGCG).
These sequences represent highly conserved mouse versions of those identified functionally
in the rat gene by Ohyama and colleagues (46) and the human CYP24a1 gene by Zierold
and colleagues (25) and likely represent the binding sites responsible for VDR and RXR co-
localization in these ChIP-seq analyses. Investigation of the two regions located downstream
of the Cyp24a1 gene also revealed several VDRE-like motifs likely responsible for VDR/
RXR binding at these sites. They include a potential VDRE at −35 kb (TCAACC CAG
TGACTC) read on the opposite strand, and a motif at −37 kb (AGGGCA CTG AGTTCT)
read on the forward strand. Interestingly, all four motifs retain a highly conserved G residue
at position 9 within the VDRE sequence itself. These results are consistent with the concept
that has emerged using genome-wide approaches that the predominant, although not
exclusive, structural VDRE motif is represented by two hexanucleotide repeats separated by
three base pairs (39, 47). DNA motifs capable of binding other transcription factors were
also evident in these regions (data not shown).

Residual C/EBPβ binding near the Cyp24a1 promoter region is enhanced by 1,25(OH)2D3

Previous studies by Christakos and colleagues identified a DNA sequence immediately
upstream of the mouse Cyp24a1 TSS that is activated by C/EBPβ (7, 29). Interestingly, co-
localization of C/EBPβ at sites of VDR/RXR activity represents a more general
phenomenon, since recent genome-wide studies suggest that a very high percentage of
enhancers that binds VDR/RXR contains C/EBPβ binding motifs and interacts directly with
C/EBPβ (39, 48, 49). To explore this observation further, we conducted a ChIP-seq analysis
of C/EBPβ in MC3T3-E1 cells examined the binding of C/EBPβ at the Cyp24a1 locus in the
presence and absence of 1,25(OH)2D3. As can be seen in Figure 2, C/EBPβ binds in
untreated bone cells near the Cyp24a1 TSS immediately upstream of the more distal VDRE.
This site (located at −353 nt) contains a binding motif (TTGCACAATCG) that is similar to
that of a C/EBPβ consensus element (Figure 2). Interestingly, 1,25(OH)2D3 treatment not
only induces VDR/RXR binding, but strongly upregulates C/EBPβ occupancy at its
respective binding site at the Cyp24a1 gene as well. As the upregulation of C/EBPβ binding
in response to 1,25(OH)2D3 also occurs frequently at other vitamin D target genes, for
example at the Tnfsf11 (Rankl) gene (49), we speculate that both VDR/RXR and C/EBPβ
may comprise a functional complex that together orchestrates the recruitment of additional
protein components that are necessary for upregulation of genes such as Cyp24a1. The
specific role of C/EBPβ in this putative complex, however, remains to be defined. Despite
this uncertainty, C/EBPβ does not represent a residual or inducible component of all
Cyp24a1 enhancers to which the VDR binds (39). Thus, as seen in Figure 2a, C/EBPβ does
not appear to bind to the two downstream enhancers at −35 kb and −37 kb. This observation
suggests the possibility that these downstream regulatory elements may function differently
from those located near the Cyp24a1 promoter. It is also consistent with the concept that
regulatory regions of genes are capable of binding multiple transcription factors, and that the
interactions between these factors are critical to the modulation of gene expression.
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1,25(OH)2D3 induces VDR binding at similar sites across the Cyp24a1 locus in mice in vivo
and promotes both RNA pol II recruitment and histone H4 acetylation

Based upon the above characterization of elements that participate in 1,25(OH)2D3-
mediated upregulation of Cyp24a1 expression in bone cells, we examined in a final set of
experiments the ability of 1,25(OH)2D3 to induced VDR binding to those same sites on the
mouse genome in vivo. Accordingly, mice were subjected to a single IP injection of either
vehicle (polypropylene glycol) or 1,25(OH)2D3 (10 ng/g bw in polypropylene glycol). Both
duodenal and kidney tissues were extracted 1 hr later and subjected to chromatin
immunoprecipitation using antibodies to VDR, RNA pol II or tetra-acetylated histone H4.
The immunoprecipitated DNA was then amplified and samples co-hybridized to a set of
microarrays containing tiled 70-mer oligonucleotides that spanned the mouse Cyp24a1 gene
locus at 100 bp resolution from +100 kb to −100 kb relative to the Cyp24a1 TSS (ChIP-chip
analysis). Vehicle samples were co-hybridized to the arrays with un-precipitated input
samples to establish baseline activity whereas 1,25(OH)2D3-treated samples were co-
hybridized to the arrays with vehicle treated samples to establish increased levels of VDR,
RNA pol II or histone H4 acetylation. As can be seen in Figure 3a, while baseline VDR
binding is not evident across the Cyp24a1 gene in ChIP samples derived from intestinal and
only modestly evident in kidney tissue of vehicle-treated mice, 1,25(OH)2D3 strongly
upregulated VDR binding when compared to baseline activity at sites near the promoter as
well as at sites located +35 kb and +37 kb downstream. Typical of ChIP-chip analysis,
however, overall basal activity is much noisier and VDR binding at these sites is much
broader than that identified by ChIP-seq analysis (37, 48, 49). It is clear, nevertheless, that
1,25(OH)2D3 induces VDR binding in all the regions identified as a result of the cell culture
studies, thereby confirming the binding capabilities of the downstream enhancers in vivo. To
assess whether this binding activity leads to a functional outcome, we also examined the
effects of VDR binding on histone H4 acetylation and on the recruitment of RNA pol II,
activities that generally correlate with increased transcriptional output. As can also be seen
in Figure 3a, 1,25(OH)2D3 strongly induces a rapid increase in both RNA pol II recruitment,
a requirement for the synthesis of transcripts and in histone H4 acetylation, indicative of
chromatin decondensation necessary for transcriptional upregulation. Interestingly, RNA pol
II recruitment was not limited to the Cyp24a1 promoter, but can be seen dispersed across the
Cyp24a1 transcription unit, as expected, and also broadly at the downstream enhancers. The
recruitment of RNA pol II to enhancers may represent a mechanism to facilitate an increase
in the local concentrations of the enzyme (50), although alternatively it may serve to induce
the transcription of non coding RNAs that may play a role in gene regulation (51). Histone
H4 acetylation manifests an extended pattern as well. We assume that all of these events
precede the upregulation of Cyp24a1 mRNA that can be measured in intestine and kidney as
early as 3 hr following 1,25(OH)2D3 treatment, as documented in Figure 3b. Collectively,
these data support the idea that as in bone cells in culture, the upregulation of Cyp24a1
expression by 1,25(OH)2D3 in both the intestine and kidney is initiated through VDR
occupancy at both promoter-proximal and downstream-distal sites across the Cyp24a1 gene
itself which leads to chromatin consequences that are associated with transcriptional
upregulation.

Discussion
The results described in this report document a mechanism whereby 1,25(OH)2D3 induces
Cyp24a1 upregulation in mouse cells. Using ChIP-chip and ChIP-seq techniques, we show
that the VDR/RXR heterodimer binds both to promoter proximal elements defined in earlier
studies (23) as well as to distal sites located intergenically +35 and +37 kb downstream of
the Cyp24a1 transcription unit (32). Each of these sites contained DNA sequence motifs that
are similar to VDRE consensus elements and likely represented the sites to which the VDR
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binds in these studies. We also discovered that 1,25(OH)2D3 strongly induced C/EBPβ
binding at an element near the Cyp24a1 promoter that is similar to that identified previously
in the human CYP24A1 gene (29). Collectively, these data establish an increased
complexity with regard to how 1,25(OH)2D3 regulates Cyp24a1 expression, and identify
additional enhancers that could participate, based upon the characteristic of modularity, in
the gene’s basal expression as well as its upregulation by factors other than 1,25(OH)2D3.

Direct evidence that activity at these sites contributed to mouse Cyp24a1 upregulation was
established previously using large recombinant BAC clones containing the entire Cyp24a1
gene locus together with a luciferase reporter inserted into the final 3′ non coding exon (32).
In these studies, a natural locus as well as several additional versions containing mutations
or deletions in both the promoter-proximal as well as downstream-distal enhancers were
stably integrated into the MC3T3-E1 cell line and their basal and 1,25(OH)2D3-inducible
activities assessed. The results suggest that mutation of the promoter proximal VDREs and
deletion of the downstream enhancers both reduced but did not eliminate the ability of
1,25(OH)2D3 to upregulate the reporter activity associated with the clonal segments.
However, coupling both sets of mutations resulted in complete loss of regulatory capacity by
1,25(OH)2D3. Future studies are focused upon evaluating the putative VDREs located in the
downstream enhancers. Final confirmation, however, will necessitate creating enhancer-null
mutations in the mouse genome in vivo and exploring the consequence of these mutations
on the biologic phenotype of the resulting mice (52, 53).

The location of distal enhancers raises the question as to how they function within the cell.
Recent studies using multiple versions of chromosome confirmation capture (3C) analysis
suggests that distal enhancers are likely to be located in the nucleus in situ near the
promoters they regulate, and that the large intervening segments of the DNA are looped out
(54, 55). Indeed, studies using 3C analysis suggested that the downstream cluster of
enhancer in the human CYP24A1 gene were located structurally in close proximity to the
gene’s promoter (32). Thus, distal enhancers might be capable of directly modulating the
promoters they regulate. Studies have also suggested that many enhancers produce both
short and long RNA transcripts (51, 56, 57). While some of these RNA transcripts may
provide regulatory function, either in cis or in trans, alternative explanations for this
transcription phenomenon is that this transcriptional activity is essential for modulating
chromatin structure. In the human CYP24A1 gene, we have noted both the recruitment of
RNA pol II to these downstream regions as well as the synthesis of long RNA transcripts
(data not shown), although their function remains to be determined. Finally, we note an
abundance of histone H4 acetylation across the Cyp24a1 locus. These covalent epigenetic
modifications to histones likely function to facilitate an open chromatin structure, providing
enhanced access of transcription factors to the gene’s regulatory machinery (58). Although
the co-regulatory proteins that mediate this activity remain unknown for the mouse gene,
histone acetyltransferases such as SRC1 and CBP were shown to be recruited to all the
regulatory regions of the human CYP24A1 gene (32).

ChIP-seq analysis revealed residual C/EBPβ occupancy near the Cyp24a1 promoter that was
strikingly increased in response to 1,25(OH)2D3. While the interaction of C/EBPβ at this
site in the human gene was identified earlier (7, 29), the inducibility of this binding by
1,25(OH)2D3 suggests that this unique transcription factor may play a key role in Cyp24a1
expression. Interestingly, recent genome-wide studies of 1,25(OH)2D3 induced VDR/RXR
binding suggest that C/EBPβ is a frequent participant in the regulation of many of the genes
that are induced by 1,25(OH)2D3 (39). One possible role is that C/EBPβ may facilitate
chromatin modifications that are imposed by nucleosome remodeling complexes, as
suggested by Christakos and colleagues (59). Regardless of function, however, the question
arises as to the mechanism by which 1,25(OH)2D3 induces C/EBPβ binding to specific
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target genes such as Cyp24a1. This phenomenon is not likely to be due to upregulation of C/
EBPβ protein levels, which are delayed relative to the upregulation of DNA binding. It is
possible that C/EBPβ may represent a component of a preformed complex that contains the
VDR/RXR heterodimer. Alternatively, the DNA binding and functional capabilities of C/
EBPβ might be directly induced by 1,25(OH)2D3 via the latter’s ability to activate directly
one or more of the protein kinases that are known to regulate C/EBPβ activation and/or
phosphorylation (60). Perhaps a careful time course of both C/EBPβ and VDR binding
following 1,25(OH)2D3 treatment might resolve whether one or the other of these
possibilities is correct, although this would not be a trivial undertaking.

Recent studies have suggested that the human CYP24a1 gene contains SNPs that affect
vitamin D metabolism and are associated with increased cancer risk (61–63). As none of
these SNPs are located in the 12 exons that encode CYP24A1, it seems likely that these
correlations, if correct, may simply influence the expression of the gene. One SNP in
particular has been identified in the promoter-proximal region of the human gene (64).
Molecular biological studies suggest that this SNP influences the basal activity of CYP24A1
expression, although these studies involve artificial DNA constructs and are very difficult to
interpret. This SNP particular was not located within either the two VDREs or in the C/
EBPβ binding site, however, and therefore has not been informative with respect to
functional mechanism. The discovery of additional regulatory elements downstream of the
CYP24A1 gene defines new regions that will have to be explored and imposes additional
complexity in linking single SNPs in this gene locus mechanistically to the expression of
CYP24A1.

In summary, we have shown using ChIP-seq analysis that 1,25(OH)2D3 induces Cyp24a1
expression via promotion of VDR/RXR at promoter-proximal and downstream-distal
enhancers as well as upregulation of C/EBPβ binding at a site near the promoter and
immediately upstream of the VDREs. Both local as well as distal sites were confirmed using
ChIP-chip analysis in mouse intestine and kidney in vivo following treatment with
1,25(OH)2D3. These studies expand our understanding of how 1,25(OH)2D3 induces
Cyp24a1, which plays a key role at the local level in the regulation of the biological activity
of 1,25(OH)2D3. On a more fundamental level, however, they support emerging genome-
wide studies of 1,25(OH)2D3 action which suggest that vitamin D target genes are regulated
through the VDR/RXR heterodimer by multiple enhancers that are frequently located at
remote sites, but which converge on the promoters they regulate via DNA looping.
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Highlights

• 1,25(OH)2D3 regulates the expression of Cyp24a1 through multiple proximal
and distal enhancers.

• Activation induces VDR and RXR binding to VDREs located in each of the
enhancers.

• 1,25(OH)2D3 co-induces binding of C/EBPβ to the enhancer located near the
promoter.

• Similar vitamin D regulated enhancers are utilized in vivo in mouse intestine
and kidney.
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Figure 1.
ChIP-seq analysis of VDR and RXR binding at the mouse Cyp24a1 gene locus. MC3T3-E1
cells were treated with either vehicle or 1,25(OH)2D3 (10−7 M) for 3 hr and then subjected
to ChIP-seq analysis using antibodies to either VDR or RXR. The genomic interval on
mouse chromosome 2 and the location of the Cyp24a1 transcription unit (12 exons)
including the direction of transcription (arrow) is shown at the top. An infrequently utilized
promoter for the gene Pfdn4 and the direction of its transcription (not regulated by
1,25(OH)2D3) is also shown. Tracks indicate tag densities (normalized to 107 reads) for
vehicle-or 1,25(OH)2D3-treated VDR or RXR binding. Note the scale for peak height is
different for each track (shown in red) to highlight VDR and RXR peak activities. DNA
sequences for the putative VDREs located promoter distal (two validated VDREs) and
single VDREs at +35 and +37 kb found at the peak height are indicated below the tracks.
TSS, transcriptional start site.
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Figure 2.
Chip-seq analysis of C/EBPβ binding at the mouse Cyp24a1 gene locus. MC3T3-E1 cells
were treated as in Figure 1 and then subjected to ChIP-seq analysis using antibody to C/
EBPβ. Normalized tag densities for VDR and RXR are shown for reference together with
tag densities for C/EBPβ across the indicated interval. A C/EBPβ response element located
immediately upstream of the Cyp24a1 promoter is indicated below the tracks. Additional
illustrative details are identical to those in Figure 1.
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Figure 3.
ChIP-chip analysis of VDR binding, RNA pol II recruitment, and histone H4 tetra-
acetylation levels at the Cyp24a1 gene locus in the intestine and kidney of mice in vivo. A)
C57BL/6 mice were administered a single dose (IP) of either vehicle or 1,25(OH)2D3 (see
Materials and Methods), sacrifice 1 hr later and utilized to obtain total duodenum and total
kidney. Tissues were subjected to ChIP-chip analysis using antibodies to VDR, RNA pol II,
or tetra-acetylated histone H4 (H4Ac). A schematic diagram and additional details of the
mouse Cyp24a1 gene locus are as shown in Figure 1. Individual VDR, RNA pol II and tetra-
acetylated H4 hybridization tracks for both intestine and kidney from vehicle and
1,25(OH)2D3 treated single mice are indicated. Data represent the log2 ratio of fluorescence
obtained following co-hybridization of vehicle-treated vs input samples (basal activity) or
1,25(OH)2D3-treated vs vehicle-treated samples (1,25(OH)2D3 induced activity). Tracks are
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representative of several separate experiments. B) Total RNA obtained from duodenal or
kidney tissues of mice treated as above for 0, 3 or 6 hr were evaluated for Cyp24a1 mRNA
activity by RT-PCR analysis and normalize to β-actin. n= 5, ± se.
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