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Transcription factors require coactivators and corepressors to modulate transcription in mammalian cells.
The vitamin D receptor (VDR) utilizes coactivators and corepressors to gain tight control over the activity
of a diverse set of genes that can regulate calcium transport, slow proliferation and promote immune

Accepted 9 August 2012 responses. We have recently established the VDR/RXR cistrome in human colon cancer cells and have

linked these binding sites to the genes that are regulated by 1a,25-dihydroxyvitamin D3 (1,25(0H),Ds).
Keywords: In additional studies described herein, we demonstrate that the coactivators SRC1, CBP and MED1 are
\C/t?lil:—seq recruited to upregulated genes to facilitate transcription as expected. SRC1 was the most highly cor-
Corepressor related to VDR/RXR binding (50%). However, we also found that corepressor molecules such as NCoR

and SMRT were present along with SRC1, CBP or MED1 at these 1,25(0H), D5 activated gene enhancers.
Interestingly, genome-wide NCoR binding mimicked VDR binding by increasing its association with VDR
binding in response to 1,25(0H), D3 treatment. Overall, these data indicate a complex role for corepressor
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and coactivator complexes in the activation or active repression of 1,25(0OH), D5 responsive genes.
This article is part of a Special Issue entitled ‘Vitamin D Workshop’.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The  steroid hormone  1a,25-dihydroxyvitamin D3
(1,25(0OH),D3) tightly regulates calcium and phosphorus homeo-
stasis [1]. 1,25(0OH), D3 acts to regulate genes through its receptor,
the vitamin D receptor (VDR), and its heterodimeric partner the
retinoid X receptor (RXR). These genes are responsible for reten-
tion of calcium in the kidney, absorption of dietary calcium in the
intestine and direct remodeling processes across the bone through
osteoblasts and bone-resorbing osteoclasts. For the regulation
of these processes, 1,25(0H),;D3 induces genes such as TRPV6,
PMCA1B, and S100G whose products are directly involved in the
transepithelial transfer of calcium from the gut lumen and SLC34A1
and SLC34A3 that facilitate phosphate uptake [2,3] and genes such
as CYP3A4, CYP3A7, CYP2B6, and ABCBI1 that function to detoxify
lithocholic acid and other secondary bile acids or are involved in
the transport and metabolism of foreign compounds [4-6]. It is
also known that 1,25(0OH), D3 exerts activity and regulation on the
VDR gene itself as well as its catabolic enzyme CYP24A1 [7,8].

Coactivators are essential for transcription initiation and are
classically believed to provide linkage from receptor complexes to
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the basal transcriptional machinery [9]. Indeed it is now known
that coactivators have catalytic domains that are responsible for
modification of the chromatin environment such as acetylation,
methylation, phosphorylation and many others [10]. The modu-
lation of these chromatin marks defines the epigenome that drives
cell-type and tissue-type specificity. Currently, there are over 300
transcriptional coregulators that have been described in the liter-
ature [11]. Coactivators, those believed to facilitate transcription,
and corepressors, those believed to inhibit transcription, have been
interchangeably described in the activation and/or repression of
genes, making characterization difficult. It has been demonstrated,
for example, that for full activation of estrogen responsive genes,
the corepressor SMRT is required in the activation complex [12].
The coactivators and corepressors are able to directly interact
with nuclear receptors like the VDR through LXXLL protein motifs
[13] and SMRT is directly involved with vitamin D-mediated tran-
scription [14] as well as other coregulatory molecules [15]. It is
believed that ligand activated receptors can change conforma-
tions and preference for coactivators based upon which ligands
are receptor bound [16]. Furthermore, post translational modifi-
cations of coactivators further diversify the activities transferred
during coactivation of genes.

Recent advances in transcription research have revealed an
extensive array of instructional epigenetic marks that are inserted
across the genome in a cell-type specific manner [17]. Some epi-
genetic marks are associated specifically with regulatory regions,
indicating that cellular phenotype is a direct consequence of the
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establishment of cell-specific enhancers by early lineage-specific
transcription factors [18,19]. Functional binding sites for the
VDR/RXR revealed transcription factor interactions as well as the
coregulator recruitment processes which identified at least some
of the consequences of these interactions at sites on the genome
[20]. In the current studies, we expanded on our recent discov-
ery of the VDR/RXR cistrome by analyzing the coactivators (SRC1,
CBP, MED1) as well as corepressors (NCoR, SMRT) involved during
1,25(0H), D3-mediated transcription. We found a high correlation
between SRC1 and CBP occupancy and transcriptional activation;
however, we also found that repressors such as NCoR and SMRT
were present in the activation complexes. These studies highlight
the complex nature of transcription and coregulatory molecules.

2. Materials and methods
2.1. Reagents

1,25(0H), D3 was obtained from Tetrionics, Inc. (Madison, WI).
Antibodies to SRC-1 (M-341, sc-8495), CBP (A-22, sc-3996), MED1
(M-255,5c-8998), NCoR (C-20, sc-1609) were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). SMRT (PA1-843) antibody
was purchased from Affinity Bioreagents (Thermo Fisher, Rockford,
IL).

2.2. Cell culture

Human LS180 CRC cells were obtained from ATCC (Manassas,
VA). LS180 cells were cultured in minimum Eagle’s medium sup-
plemented with 10% non-heat-inactivated fetal bovine serum from
Hyclone (Logan, UT), 1% non-essential amino acids, 1% sodium
pyruvate, and 1% penicillin-streptomycin from Invitrogen as previ-
ously reported [21].

2.3. Chromatin immunoprecipitation sequencing (ChIP-seq)

LS180 cells were treated for 3h with vehicle or 10-7M
1,25(0OH), D3 prior to Chromatin ImmunoPrecipitation which was
performed as described previously [21,22]. 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 or HiSeq2000 sequencers by the University of
Wisconsin - Madison DNA Sequencing Facility in the University
of Wisconsin- Madison Biotechnology Center [22]. Samples were
further processed by two methods QUEST and HOMER. Peaks were
accepted if they passed criteria of both methods. The data were ana-
lyzed with QUEST 2.4 [23] and HOMER [18] as previously reported
[22]. All data and tracks have been deposited in the Gene Expression
Omnibus (GEO) at GSE39277.

3. Results and discussion

3.1. VDR/RXR interact with coactivators to modulate
transcription

We have previously quantitated the number of DNA binding
sites for the vitamin D receptor (VDR) and its heterodimer partner
retinoid X receptor (RXR) across the LS180 (human colon adenocar-
cinoma) genome using ChIP-seq analysis (FDR<0.001) [22]. Cells
were treated with either ethanol vehicle or 1,25(0OH),; D5 for 3 h and
then subjected to the above analyses using validated antibodies to
either VDR or RXR. We determined the number of high confidence
peaks for VDR and RXR overlap in the 1,25(0H),D3 condition to
be 638 sites. A mapping analysis of peaks to surrounding genes
revealed that 98% of VDR/RXR binding sites were located within

either intergenic or intronic regions, which is consistent with find-
ings for most transcription factors [24-26].

Transcription factor nuclear receptors, such as VDR and RXR,
are known to recruit a variety of coregulatory complexes that are
essential for altering gene expression [9]. To assess the ability of
VDR to recruit these coregulatory complexes to target genes in a
genome-wide manner, we conducted individual ChIP-seq analy-
ses in LS180 cells using antibodies to the coactivators SRC1, MED1
and CBP, and to the corepressors NCoR and SMRT following treat-
ment with either vehicle or 1,25(0H),D3. Peaks were identified and
quantitated as described in [22] using QUEST and HOMER [18,23].
As can be seen in Fig. 1a, while a number of sites for each of the
coregulators was present under basal conditions, as might be antic-
ipated for these general coregulators, an overlapping yet unique
set of sites for each of these transcription factors was induced by
1,25(0OH),; D3 as well. With the exception of those for SMRT, the
total number of binding sites for all coregulators increased in the
presence of 1,25(0OH),D3. The number of binding sites for VDR
is greatly increased by 1,25(0OH),D3 treatment [22]. These data
suggest that 1,25(0H); D5 likely promotes the recruitment of not
only coactivators but also corepressors such as NCoR or SMRT to
gene targets as well. We next correlated these coregulatory sites to
the peak centers of the 638 1,25(0OH),D3-induced VDR/RXR-bound
sites. In this analysis, SRC1 peak frequency was most highly cor-
related with VDR/RXR peak frequency (50%) and the peaks were
located very near VDR/RXR peak centers. Moreover, we also found
that SRC1 tracked most closely with regulated genes of interest sug-
gesting a strong functional relationship between SRC1 and VDR.
Only the peak frequency of NCoR binding was reduced in the
presence of 1,25(0H), D3, suggesting that at some sites ligand acti-
vation of the VDR could result in corepressor displacement. Clearly,
while corepressors may function at genes to mediate repression
by 1,25(0H),D3, they may also exert coactivator function as has
been observed for the estrogen receptor (ER) [12]. These data sug-
gest that coregulators may interact uniquely at VDR/RXR-bound
sites and that these sites may display unique functional activities
as well.

Since all 638 VDR/RXR binding sites were annotated to specific
genomic locations and to their nearest gene neighbors, we linked
these gene loci to the gene expression data documented in our
previous work [22]. We then analyzed individual ChIP-seq tag den-
sities for SRC1, CBP, MED1, NCoR and SMRT (25 bp bins) across a
6 kb interval with the VDR/RXR site at its center (+3 kb). As shown
in Fig. 1c, each row of tag density represents a different VDR/RXR
peak (each peak correlates to nearest gene). Based upon tag density
of the coregulators, the data were clustered using hierarchical clus-
tering with centroid linkage and 4 clusters were identified. Data
clusters 1 and 4 contained reduced tag densities for many of the
coregulators. Indeed, only a few of the genes located adjacent to
these VDR/RXR peaks were regulated by 1,25(0H),Ds. Cluster 2, on
the other hand, contained very high tag densities that were asso-
ciated with all the coregulators and centered specifically on the
VDR/RXR peaks themselves. This cluster of sites was linked most
closely to the genes highly regulated by 1,25(0H), D3 such as those
listed in Fig. 1d. Cluster 3 represents a small number (eight) of
anomalous VDR/RXR binding sites that appeared to be unrelated
to gene loci. These data suggest that 1,25(0OH),D3 induces both
VDR/RXR binding and coregulator recruitment at specific sites and
that these sites are capable of regulating genes that are located
nearby.

3.2. c-FOS is controlled by coordinated coregulator action
The results of the above studies confirm and extend mechanis-

tic studies conducted over the past decade on several genes known
to be regulated by 1,25(0H),Dj3 in the intestine or colon, including
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