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a b s t r a c t

The vitamin D receptor (VDR) mediates the actions of 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) in tar-
get cells and tissues by orchestrating the expression of gene networks responsible for vitamin D-induced
phenotypes. The molecular mechanisms of these regulatory systems have been studied for decades under
the principle that transcriptional regulation occurs near the transcriptional start site of the gene. How-
ever, this now appears to be an outdated view of transcriptional control. In this study, we examined the
genome-wide chromatin immunoprecipitation on microarray (ChIP-chip) across pre-osteoblastic cells
for VDR, retinoid X receptor (RXR), RNA polymerase II, and histone H4 acetylation (H4ac). We uncovered
potential regulatory mechanisms for genes important to osteoblast biology as well as skeletal formation
under the control of 1,25(OH)2D3. We found that VDR, along with RXR and H4ac, binds to distal regions
43% of the time; and within gene introns and exons 44%, leaving only 13% of activation at traditional
promoter regions. Here, we briefly summarize our findings for all the VDR/RXR cis-acting transcrip-
tional elements (VDR/RXR cistrome) in pre-osteoblastic cells, MC3T3-E1, provide a few examples of this
ar�
rkca
istrome
,25(OH)2D3
itamin D3
pigenetics

dynamic control by VDR and 1,25(OH)2D3, and demonstrate that distal transcriptional control contributes
to the majority of vitamin D3-mediated transcription.

© 2010 Elsevier Ltd. All rights reserved.
istone acetylation
istal enhancers

. Introduction

The active metabolite of vitamin D3, 1,25-dihydroxyvitamin D3
1,25(OH)2D3), plays essential roles throughout the body in mainte-
ance of calcium and phosphate homeostasis [1]. These effects are
ost dramatic in the intestine, kidney and bone [1]. 1,25(OH)2D3,

long with the parathyroid hormone, play critical roles in the
roper mineralization of bone through its genomic actions in osteo-
lasts and osteoblasts [1]. The biological effects of 1,25(OH)2D3
re manifested by regulation of gene expression through its bind-
ng to and activation of the vitamin D receptor (VDR), a member
f the steroid hormone receptor family [2]. After activation by

,25(OH)2D3, VDR binds to DNA with its heterodimeric partner
he retinoid X receptor (RXR) to specific hexameric DNA sequence
esponse elements (VDREs) that activate transcription of nearby
enes [3,4]. These VDREs share a common sequence similarity and

� Special issue selected article from the 14th vitamin D Workshop held at Brugge,
elgium on October 4–8, 2009.
∗ Corresponding author. Tel.: +1 608 262 8229; fax: +1 608 263 9609.

E-mail address: pike@biochem.wisc.edu (J.W. Pike).

960-0760/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
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the ideal can be described as AGGTCAxxxAGGTCA [5,6]; however,
VDREs can be quite diverse in nature [7,8]. It is the diversity of
sequence of these 15 base pairs that makes predictions of active
VDREs difficult by in vitro and in silico derived methodology alone.
Methods such as multimerized elements reporter assays of in sil-
ico derived VDREs remove the regulatory element from its natural
environment and dechromatinize the surrounding sequence mak-
ing the results largely artificial. These methods, however are a
valuable validation through mutagenesis once a legitimate element
is discovered. Only an in vivo binding assay such as that obtained
by using the chromatin immunoprecipitation assay (ChIP) com-
bined with in silico analysis can yield truly biologically active VDREs
[9–11]. Through the advancement of the hybridization of ChIP DNA
to microarrays (ChIP-chip) or the massively parallel sequencing
(ChIP-seq) of ChIP DNA, all VDR/RXR cis-acting elements through-
out the genome (VDR/RXR cistrome) can be discovered similar to
current studies with the estrogen receptor [12].
In this investigation, we define the VDR/RXR cistrome for pre-
osteoblastic cells (MC3T3-E1) upon activation with 1,25(OH)2D3.
We analyzed the genome for the ability of VDR, RXR, RNA poly-
merase II (RNA Pol II) and histone H4 acetylation (H4ac) to be
recruited to specific loci and genes. We were also able to success-

dx.doi.org/10.1016/j.jsbmb.2010.02.011
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:pike@biochem.wisc.edu
dx.doi.org/10.1016/j.jsbmb.2010.02.011


mistry

f
b
w
u

2

2

A
S
H
V
C
r
C
a
E
g
l
I

2

M
f

2

C
[
t
2
u
(
l
m
u
t
d
G

2

e
i
C
b
C
u
m
w
e
t
(
9
q
v

M.B. Meyer et al. / Journal of Steroid Bioche

ully pair these results with gene expression analysis to mate DNA
inding to those genes that are differentially expressed (DE). We
ill summarize these results and offer a few examples of new reg-
latory sites for genes important in skeletal biology.

. Materials and methods

.1. Reagents

1,25(OH)2D3 was obtained from Tetrionics, Inc. (Madison, WI).
ntibodies to VDR (C-20) and RXR (DN-197) were purchased from
anta Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-tetra-acetyl
4 antibody (06-866) was acquired from Upstate (Charlottesville,
A). Anti-RNA polymerase II antibody (8WG16) was obtained from
ovance (Emeryville, CA). All quantitative real-time PCR (qPCR)
eagents (Power SYBR green) were obtained from ABI (Foster City,
A) or Fast Start SYBR Green Master Mix (w/rox) from Roche (Indi-
napolis, IN). All qPCR was conducted on the RealPlex 2.0 from
ppendorf AG (Hamburg, Germany). DNA microarrays for ChIP and
ene expression were obtained from Roche NimbleGen (Indianapo-
is, IN, Madison, WI). Primers were obtained from IDT (Coralville,
A).

.2. Cell culture

MC3T3-E1 cells were obtained from ATCC (Manassas, VA).
C3T3-E1 cells were cultured in �-MEM supplemented with 10%

etal bovine serum (FBS) from Hyclone (Logan, UT) [13].

.3. ChIP-chip analysis (ChIP coupled to DNA microarray)

ChIP assays were performed as previously described [8,14,15].
hIP-chip methodology was performed as previously described
26]. One notable exception, Roche NimbleGen’s whole genome
iling arrays for mouse (mm8) in the HD2 format (high-density
.1 million probe arrays, 24 �g of each sample (Cy5 and Cy3) were
sed for hybridization. Data were extracted using the NimbleScan
version 2.5) software (Roche NimbleGen) and normalized using
owess normalization in R. The log 2 ratios of test versus experi-

ental data were calculated for each point and peaks were called
sing CMARRT algorithms [16]. Data shown are representative of
wo or more ChIP-chip analyses performed for each experimental
esign. All data were visualized using the Generic Genome Browser,
browse (www.gmod.org/wiki/Gbrowse) [17].

.4. RNA isolation and gene expression analysis

MC3T3-E1 cells were grown to confluency and treated with
thanol vehicle (Veh) or 100 nM 1,25(OH)2D3 for 24 h prior to RNA
solation. RNA was isolated using the TRI-Reagent protocol (MRC,
incinnati, OH) and double stranded cDNA (dscDNA) was prepared
y the double stranded cDNA synthesis kit (Invitrogen, Carlsbad,
A). DscDNA was then labeled as described above in ChIP-chip
sing only Cy3 labeled dye. Labeled samples were hybridized to
ouse (mm8) 385k microarrays (Roche NimbleGen). All samples
ere completed in triplicate. Samples were processed and differ-

ntially expressed genes (DE) were determined with the moderated

-statistic [18] using the limma package in R and Arraystar v3.0
DNAstar, Madison, WI) [19,20]. We used a confidence interval of
9% and only analyzed genes with a 2-fold or greater expression.
PCR was performed using primers specific to the DE genes for
alidation (data not shown).
& Molecular Biology 121 (2010) 136–141 137

3. Results and discussion

3.1. VDR/RXR cistrome is defined by transcription factor binding
as well as markers of transcriptional activation

We established the VDR/RXR cistrome through successive
rounds of ChIP-chip using antibodies directed at VDR, RXR, RNA
polymerase II (RNA Pol II) and histone H4 acetylation (H4ac).
MC3T3-E1 cells were grown to confluency and treated with 100 nM
1,25(OH)2D3 or ethanol vehicle for 3 h prior to ChIP assay. The
output DNA was amplified, labeled and hybridized as indicated in
Section 2. Statistically significant peaks were called from the data
using the CMARRT algorithm and the peaks were tabulated in Fig. 1.
Data are represented by Veh/Input, which is the vehicle treated
cells over the assay Input cohybridization and will be referred to as
“basal” binding or ligand independent binding (LIB); or 1,25/Input,
which is the 1,25(OH)2D3 treated cells over the same Input sample
and will be referred to as “activated” binding or ligand dependent
binding (LDB). Fig. 1A shows a graphical venn diagram represen-
tation of the data listed in the table below in Fig. 1A. VDR was
found to bind the genome in the basal LIB condition (Veh/Input)
at 1325 sites; this number then increases to 8241 in the presence
of activated binding, LDB (1,25/Input). By parsing those data out
further, 7250 sites up-regulated were de novo VDR binding with
1,25(OH)2D3 treatment (1,25 only), where VDR was not bound pre-
viously. These data are similar to those that have been collected for
the estrogen receptor [12,21,22]. There is significant LIB of VDR
to the genome basally, which was unexpected, however all of the
1325 sites of basal VDR binding are also coordinated with RXR in
the LIB condition. An opposite trend was observed with RXR, which
binds basally to the DNA at many more sites than when activated
by 1,25(OH)2D3. RXR is a heterodimer partner for many transcrip-
tion factors and is involved in many cellular processes so this result
was expected [4]. It was interesting to find that many VDR bound
sites in “1,25 only” condition, were pre-marked by the presence of
RXR at those site. In fact, only 968 RXR sites arose de novo with
the 7250 sites for VDR, therefore greater than 6000 sites were pre-
bound by RXR before VDR arrived. There were similar trends for
RNA pol II and H4ac as they are important to processes independent
of 1,25(OH)2D3 activation.

For the current study, overlapping peak locations were com-
pared for three distinct groups. In Fig. 1B, peak locations were
compared for LDB VDR (1,25/Input) in combination with RXR and
RNA Pol II (left column), VDR, RXR and H4ac (right column) as
well as all 4 antibodies together (middle column). Sites were then
tabulated for the above combination and listed in Fig. 1B next to
ChIP-chip peaks. We found that there were far fewer binding sites
associated with RNA Pol II compared to that of H4ac. This is due to
the genomic distribution of these sites as diagramed in Fig. 1B. ChIP-
chip peaks were mapped to their surrounding gene locations and
were placed into the following categories: “Intron” and “Exon” refer
to the intragenic regions, “5′ near” and “3′ near” refer to the first 5 kb
upstream of the gene TSS and 5 kb downstream of the 3′ end of the
gene, and finally, “Distal” refers to an region not within the gene and
greater than 5 kb up or down stream of the gene. Distal regions are
often referred to as “enhancers”, however, we have not yet proven
transactivation capabilities for most of these elements and there-
fore will refer to them as “distal”. Binding sites that contain RNA
Pol II activity are largely found within genes or at gene promoters.
We find a smaller percentage, 23%, present at distal locations and
26% present at the promoters. Those peaks that contain RNA pol II

binding are focused at the promoters of genes and are all accompa-
nied by H4ac, as can be seen in Fig. 1A. There are only 8 peaks in the
genome that contain RNA Pol II that do not contain H4ac. Binding
sites were found more in the distal region 39% and less at the pro-
moter of genes (13%) when only VDR/RXR/H4ac were studied. This

http://www.gmod.org/wiki/Gbrowse
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Fig. 1. Summary of genome-wide ChIP-chip and gene expression studies reveal the VDR/RXR cistrome. (A) Schematic venn diagram representations of the data displayed in
the table below summarizing the number of peaks found with vehicle treatment (Veh/Input) and with 1,25(OH)2D3 treatment (1,25/Input) as well as vehicle only, 1,25 only,
and an overlap of regions from ChIP-chip data for VDR, RXR, RNA polymerase II (RNA Pol II) and histone H4 acetylation (H4ac). MC3T3-E1 cells treated for 3 h prior to ChIP with
vehicle or 100 nM 1,25(OH)2D3. (B) Overlapping peaks were tabulated for VDR/RXR/RNA Pol II (left column), VDR/RXR/RNA Pol II/H4ac (center column) and VDR/RXR/H4ac
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right column). Peaks were mapped to their surrounding genes and categorized int
within 5 kb downstream of 3′ end of gene) or Distal (any region not within the ge
urrounding gene and listed as correlated genes from ChIP-chip data. (D) Gene expr
,25(OH)2D3. These genes were then cross referenced with the genes that were ass

rouping is a better representation of all activated sites whether
hey are at the promoter or at distal sites, since H4ac associates
ith both. Interestingly however, several distal regions do contain

ome RNA Pol II binding as well. From these mapping data, we are
lso able to list all the genes that are potentially affected by these
eaks of binding activity. For example, in the right column, 5177
eaks of ChIP-chip data correspond to 3495 genes, shown in Fig. 1C.

We then performed traditional gene expression analysis on the
ouse genome using Roche Nimblegen gene expression arrays.
C3T3-E1 cells were treated with vehicle or 100 nM 1,25(OH)2D3

or 24 h. RNA was collected, processed, reverse transcribed to dou-
le stranded cDNA and hybridized to arrays as described in Section

. We found through our statistical analysis that there were 795
enes up-regulated and 221 genes down-regulated greater than 2-
old (99% CI). Fig. 1D combines these gene expression analyses with
he ChIP-chip analysis. Each subset of ChIP-chip genes were further
eparated into up- and down-regulated gene groups. We find that
agenic (Intron or Exon), 5′near (within 5 kb upstream of the 5′ end of gene), 3′near
within 5 kb of the gene at either end). (C) The peaks were mapped to their closest

analysis was performed on MC3T3-E1 cells for 24 h with either vehicle or 100 nM
d with the ChIP-chip peaks and displayed as either up- or down-regulated genes.

the most interesting target genes reside in this final grouping at
the end of Fig. 1D. Again, taking the right column, we see that 3495
ChIP-chip genes are focused down to 276 genes up-regulated and
54 genes down-regulated from the gene expression analysis. These
analyses allowed focused groups for further study. These gene
groups were also extensively studied through gene ontology (GO)
for correlation to cellular processes and interactions throughout
the genome (data not shown). A few of the largest GO terms associ-
ated with these groups of genes was that of Skeletal Formation and
Biology (GO:0001501) as well as Differentiation (GO:0030154).

3.2. Gene regulation occurs at the promoter as well as distal sites

within intergenic regions

From this GO term search, we selected a few genes to display
as an example of the power of genome-wide analyses as demon-
strated in Figs. 2 and 3. Fig. 2 shows the actual ChIP-chip raw data
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Fig. 2. ChIP-chip data for genes important for skeletal biology reveal novel enhancers at the promoter as well as distal to the TSS. (A) The genomic location for the Spp1
(Opn) gene are shown for chromosome 5 with genomic base pairs given in kilobases (k). ChIP-chip data are listed for each antibody in the basal (Veh/Input) or activated
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1,25/Input) state and are displayed as log 2 ratios (log 2R). Antibodies used are VD
ere called and are highlighted in red as described in Section 2. (B) The same analy
ith their position relative to the transcriptional start site of the gene. (For interpr

ersion of the article.)

or VDR, RXR, RNA Pol II and H4ac in MC3T3-E1 cells and is focused
n two genes that show activities at the promoter as well as in
istal regions. These are part of the data that comprised the analy-
is in Fig. 1. Statistically significant peaks are highlighted in red. In
ig. 2A, we examined the genomic region around the gene Spp1, also
nown as Opn or Osteopontin precursor. It is known that there are a
et of regulatory elements directly upstream of the Spp1 promoter
egion as shown by two distinct red peaks in the VDR Veh/Input and
,25/Input tracks [9]; highlighting an example of ligand indepen-
ent binding (LIB) of VDR that is further increased by 1,25(OH)2D3
timulation. This is also accompanied by RNA Pol II increases as
ell as H4ac in the same region. As can be seen in Fig. 2A, there

re peaks of RXR, RNA Pol II and H4ac upstream of Spp1 that are
nknown regulatory regions. We believe that these regions may
ontrol Spp1 activity and are under further investigation.

We were also able to describe distal regulation of the most clas-
ic vitamin D3-responsive gene, Cyp24a1. For nearly two decades,
yp24a1 has been believed to be transactivated solely by two prox-

mal VDREs located at −165 and −265 bp upstream of the TSS
23,24]. As can be seen in Fig. 2B, VDR is not only present at the
romoter region of the gene when stimulated by 1,25(OH)2D3,

ut also far downstream +35–41 kb from the TSS, highlighting
he ligand dependent binding (LDB). It was also found that these
nhancers recruit RXR as well as H4ac. RNA Pol II was not sig-
ificantly bound to any of these regions given its low inducible
xpression in MC3T3-E1 cells (3-fold). Through successive rounds
ue), RXR (green), RNA Pol II (orange), H4ac (brown). Statistically significant peaks
hown for the Cyp24a1 gene. Putative regulatory regions discovered are highlighted
n of the references to color in this figure legend, the reader is referred to the web

of traditional reporter analysis as well as a large (∼200 kb) BAC
clone reporter for the Cyp24a1 gene which keeps all the elements in
their natural chromatin environment, we found that these regions
worked synergistically with the promoter elements in full trans-
activation of the Cyp24a1 gene (data not shown, publication in
preparation). We have also defined putative VDREs in these regions
through pairing our techniques with in silico analysis. As can be seen
in Fig. 2B, there is also a peak of VDR activity within the gene itself
that is premarked by the presence of RXR. This site is also under
investigation for its contributing activities. These techniques were
also successfully used to investigate the autoregulation of the Vdr
gene itself [25]. We found that the human CYP24A1 gene is under
an even more complex regulation than the mouse Cyp24a1 gene
(publication in preparation).

3.3. Downstream elements within introns and exons are found to
contribute to overall gene activation

Our previous studies demonstrate the control of VDR to regulate
its own gene Vdr through several intronic regions far downstream
of the TSS [25]. Similar intronic gene regulation occurs throughout

the genome. This can be seen in Fig. 3A and B, where the genes
Rarˇ and Prkca (Protein Kinase C �) are also examined. These genes
were up-regulated by 1,25(OH)2D3 and were included as genes
important for skeletal formation as defined by the GO term group-
ing. There is little known about the mechanism of regulation by
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Fig. 3. Transcriptional control can occur within intragenic regions at introns and exons. (A) The genomic location for the Rarˇ gene are shown for chromosome 5 with
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enomic base pairs given in kilobases (k). ChIP-chip data are listed for each antibod
log 2R). Antibodies used are VDR (blue), RXR (green), RNA Pol II (orange), H4ac (b
n Section 2. (B) The same analysis is shown for the Prcka (Protein Kinase C�) gene.
ranscriptional start site of the gene. (For interpretation of the references to color in

,25(OH)2D3 of these genes to date. Utilizing our genome-wide
hIP-chip studies, however, we were able to uncover potential reg-
latory elements far downstream of the transcriptional start site
TSS). In the absence of the ChIP-chip tiling approach, these reg-
latory regions would have been difficult to discover given this
istance from the TSS. In Fig. 3A, we see a region at +91 kb from the
SS in Rarˇ that binds VDR in the activated state. This region also
hows RXR binding in the activated as well as basal states. There
oes not appear to be RNA Pol II at this putative enhancer, there is
owever, strong H4ac in this region basally with a small increase
fter hormone treatment. In Prkca, Fig. 3B, we find a set of poten-
ial elements at +127 and +122 kb from the TSS. At +127, VDR is
asally bound (LIB) and then increases upon hormone stimulation,
hich is different than the regulation at the +122 site. It is interest-

ng to note that although these two potential enhancers are only
kb away from each other, they display different binding profiles
f RNA Pol II and H4ac. In fact, RNA Pol II is strongly present at the
127 site and completely absent at the +122 site. For all peaks dis-
overed in Figs. 2 and 3, an in silico analysis has identified putative
DREs for each of the locations under the peaks.

We have demonstrated that ChIP-chip at the genome-wide level
an provide significant understanding of the VDR/RXR cistrome in

C3T3-E1 pre-osteoblastic cells. These data will be key in under-

tanding the molecular mechanisms for all genes that are regulated
y 1,25(OH)2D3 in these cells and provide a platform to study these
ifferential activities and chromatin conformations in alternative
ell types. Although, not covered in this study, the genes that are
e basal (Veh/Input) or activated (1,25/Input) state and are displayed as log 2 ratios
. Statistically significant peaks were called and are highlighted in red as described
ve regulatory regions discovered are highlighted with their position relative to the
gure legend, the reader is referred to the web version of the article.)

not regulated by 1,25(OH)2D3, but do bind VDR and RXR and accu-
mulate RNA Pol II or H4ac are a very interesting set of regulatory
elements that are very poorly understood. We believe studies such
as these hold the key to unlocking the broader mechanisms in
chromatin control during 1,25(OH)2D3 stimulation and better our
knowledge of molecular mechanisms that will lead to improved
therapeutic strategies.
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