Journal of Cellular Biochemistry 112:2030-2045 (2011)

The Mouse RANKL Gene Locus is Defined by a Broad
Pattern of Histone H4 Acetylation and Regulated
Through Distinct Distal Enhancers
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ABSTRACT

RANKL is a stromal cell-derived tumor necrosis factor (TNF)-like factor that plays a primary role in osteoclast formation and function. Recent
studies suggest that 1,25(0H),D5 induces Rankl expression via vitamin D receptor (VDR) interaction at several enhancers located up to 76 kb
upstream of the gene’s transcriptional start site (TSS). In the current studies, we explored these interactions further using ChIP-chip and RNA
analysis. We confirm VDR and RXR binding to the five enhancers described previously and identify two additional sites, one located within
the Rankl coding region. We also show that RNA polymerase Il is recruited to these enhancers, most likely through transcription factors TBP,
TFIIB, and TAF};250. Interestingly, the recruitment of these factors leads to the production of RNA transcripts, although their role at present is
unknown. We also discovered that histone H4 acetylation (H4ac) marks many upstream Rankl enhancers under basal conditions and that H4ac
is increased upon 1,25(0H),D; treatment. Surprisingly, the hormone also induces C/EBPR binding across the Rankl locus. C/EBPB binding
correlates directly with increased H4ac activity following 1,25(0H),D; treatment. Finally, elevated H4ac is restricted to an extended region
located between two potential insulator sites occupied by CTCF and Rad21. These data suggest a mechanism whereby 1,25(0H),D; functions
via the VDR and C/EBPB to upregulate Rankl expression. J. Cell. Biochem. 112: 2030-2045, 2011. © 2011 Wiley-Liss, Inc.
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S keletal remodeling in adults occurs via the opposing actions
of bone-forming osteoblasts and bone-resorbing osteoclasts
[Harris and Heaney, 1969]. Osteoclasts represent terminally
differentiated, multinucleated cells of the monocyte-macrophage
lineage [Teitelbaum, 2000]. Osteoclastogenesis is orchestrated by a
number of growth factors, steroidal components, and cytokines
[Suda et al., 1999]. Many of these regulatory factors are secreted by
adjacent cells that include stromal cells and cells of the osteoblast
lineage. While multiple components are critical for bone remodel-
ing, the aberrant production of many of them can be pathological
and lead to focal and/or systemic bone disease [Mundy, 2000].
Although a number of factors participate in osteoclastogenesis,
the molecule that is considered to be both necessary and sufficient

for this process in vivo and in vitro is receptor activator of NF-kB
ligand (RANKL). RANKL is a TNF-like factor that is expressed on the
surface of stromal cells and osteoblasts as well as numerous other
cell types [Lacey et al., 1998]. RANKL interacts with receptor
activator of NF-«kB (RANK) and is required for not only osteoclast
differentiation, but also for the cell’s full bone-resorbing activity
and for its survival [Jimi et al., 1999a]. Evidence for the essentiality
of RANKL and its receptor in osteoclast formation is most strongly
supported by the skeletal phenotypes of both Rankl- and Rank-null
mice. Neither strain is capable of producing osteoclasts in vivo [Hsu
et al., 1999; Kong et al., 1999] and both lead to an osteoclast-
dependent failure of tooth eruption and severe systemic osteope-
trosis. The expression of Rankl is modulated by a myriad of factors,
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many of which are essential for physiologic bone turnover. These
include the two hormones integral to calcium homeostasis, 1,25-
dihydroxyvitamin D5 (1,25(0H),D;) [Takahashi et al., 1988b] and
parathyroid hormone (PTH) [Groyer et al., 1987; Liu et al., 1998]. In
addition, expression of Rankl is also induced by the inflammatory
cytokines IL-1(3 [Jimi et al., 1999b], TNFq, IL-6 [Tamura et al., 1993;
Romas et al., 1996], and the prostaglandin PGE, both in vitro and in
vivo [Wani et al., 1999]. Thus, enhanced expression of RANKL
results in osteopathy’s ranging from osteolytic disease caused by
metastatic cancer to systemic osteoporosis.

Kitazawa et al. were the first to explore the regulation of the Rankl
gene at the molecular level [Kitazawa and Kitazawa, 2002; Kitazawa
et al., 2003]. These studies, using Rankl proximal promoter
constructs, revealed a modest response to both vitamin D and
glucocorticoids following transfection into mouse ST2 stromal cells.
These studies led to the identification of several regulatory elements
for the vitamin D receptor (VDR) and the glucocorticoid receptor
(GR) [Kitazawa and Kitazawa, 2002; Kitazawa et al., 2003]. Neither
we nor O’Brien and colleagues, using larger promoter-reporter
constructs containing up to 7 kb of 5'-flanking DNA relative to the
Rankl gene, were able to confirm these modest inductions using
either 1,25(0H),D; or dexamethasone [O'Brien et al., 2002; Fan et al.,
2004; Kabe et al., 2005]. Further exploration of the Rankl locus
using ChIP-chip analysis, however, revealed that 1,25(0H),D; was
capable of inducing strong VDR and RXR binding to five enhancers
designated D1-D5 and located —16 (D1), —22 (D2), —60 (D3), —69
(D4), and —76 (D5) kb upstream of the gene’s transcriptional start
site (TSS) [Kim et al., 2007b]. The D1, D2, and D5 regions each
displayed inducible reporter activity in transfection assays whereas
the TSS was relatively inactive [Kim et al., 2007b]. Further studies,
by us and O’Brien and colleagues demonstrated that these regions,
particularly an extended region around D5 termed D5b also
mediated the actions of cAMP/forskolin/PTH and the gp130
cytokine OSM as well [Fu et al, 2006; Kim et al, 2007b].
Importantly, deletion of this extended D5 region reduced the
response to both 1,25(0H),D; and PTH in the contexts of both a large
BAC clone containing the entire mouse RANKL gene locus in cell
culture [Fu et al., 2006] and of the mouse genome in vivo [Galli et al.,
2008]. In the latter case, cells derived from D5-null mice displayed
not only reduced response to the two hormones, but also a detectable
bone phenotype. In addition to the modest response to 1,25(0H),D;
and the glucocorticoids identified by Kitazawa and colleagues
[Kitazawa and Kitazawa, 2002; Kitazawa et al., 2003], subsequent
studies of the proximal Rankl promoter suggested that this region
was also capable of mediating response to prolactin, CART, and heat
shock proteins [Srivastava et al., 2003; Roccisana et al., 2004;
Elefteriou et al., 2005]. The ability of these regulators to modulate
Rankl expression from the five distal enhancers has not been
examined.

Deciphering transcriptional mechanisms is central to the
development of therapies designed to inhibit Rankl mRNA
production in a cell type-specific manner. In the current studies,
we further explored the capacity of 1,25(0H),D; to induce Rankl,
focusing upon both the properties of VDR/RXR binding to
previously identified enhancers and the mechanisms through which
they regulate transcription [Kim et al., 2006a]. Thus, these studies

provide important new insight into the overall structure of the
mouse Rankl gene and its regulation by 1,25(0H),D;.

REAGENTS

General biochemicals were obtained from Fisher Scientific
(Pittsburgh, PA) and Sigma Chemical Co. (St. Louis, MO).
1,25(0H),D; was obtained from Solvay (da Weesp, The Netherlands).
Oligonucleotide primers were obtained from IDT (Coralville, IA).
Anti-VDR (sc-1008), -TBP (TFIID) (sc-273), -TFIIB (sc-225X), -
TAF;250 (sc-17134), and -C/EBPB (sc-150) antibodies were
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Anti-tetra-acetyl (K5, K8, K12, and K16) H4 antibody (06-866) and
anti-CTCF antibodies (07-729) were obtained from Millipore
Corporation (Billerica, MA). Anti-RNA polymerase II antibody
(BWG16, MMS-126R) and antibody to RNA polymerase II
phosphorylated at Ser-5 in the C-terminal domain (CTD) (H14,
MMS-134R) were obtained from Covance (Princeton, NJ). Anti-
Rad21 (AB-992) was obtained from Abcam (Cambridge, MA).
AffiniPure Rabbit Anti-Mouse IgM, . chain-specific secondary
antibody was obtained from Jackson ImmunoResearch Laboratories,
Inc (West Grove, PA). Rabbit anti-Goat IgG (G4018) was obtained
from Sigma (St. Louis, MO). Lipofectamine Plus was obtained from
Invitrogen Corporation (Carlsbad, CA).

CELL CULTURE

Mouse ST2 osteoblastic cells were cultured in MEMa (GIBCO,
12000-022) supplemented with 10% heat-inactivated FBS
(HyClone, Logan, Utah) and 100U/ml Pen/10U Strep (HyClone).
RAW?264.7 cells were grown in DMEM (12800-066) with 1.5g/L
NaHCO;, 10% defined FBS (Hyclone) and 1x HEPES (15630-080).
All ligands were added in ethanol (0.1% maximum final
concentration).

RNA ISOLATION/MRNA ANALYSIS

Total RNA was isolated using TriReagent obtained from MRC
(Cincinnati, OH) as previously described with the addition of a
secondary precipitation step with LiCl. Isolated RNA was reverse
transcribed using the SuperScript III RNase H reverse transcriptase
kit from Invitrogen (Carlsbad, CA) and subjected to PCR or RT-PCR
analysis. Primers used include mouse B-actin (forward, 5'-
TGTTTGAGACCTTCAACACCC-3', reverse, 5-CGTTGCCAATAGT-
GATGACCT-3'). Primers for mRNA spanned exon-exon boundaries
whenever possible. Real-time PCR (qPCR) was performed using
Eppendorf Mastercycler Realplex with Power SYBR GREEN (ABI).
Relative expression levels were determined from a standard curve of
serial dilutions of cDNA from 1,25(0H),D;-treated ST2 cells.

FRACTIONATION OF NUCLEAR AND CYTOPLASMIC RNA

ST2 cells were treated with vehicle or 1,25(0H),D; for 6 h. Cells were
trypsinized and washed with cold PBS. The cell pellet was
resuspended in Buffer 1 (10mM Tris (pH 7.5), 140 mM NaCl,
5mM KCL, 1% NP-40, 1 mM dithiothreitol, and 2 U/pl RNase Out
(Invitrogen)). Cells were lysed on ice for 10 min and nuclei were
collected by centrifugation at 270x g for 5 min. Nuclear pellets were
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washed once with Buffer 1 to remove cytoplasmic carryover. The
supernatant from the initial centrifugation (cytoplasmic fraction)
was cleared at 14,000xg for 5min at 4°C to remove residual
contamination. RNA from the nuclear and cytoplasmic fractions was
then isolated using TriReagent using a sample:TriReagent ratio of at
least 1:10. The abundance of transcripts was evaluated using
standard PCR. All primer sequences are available upon request.

RNA ANALYSIS ON TILING ARRAYS

The abundance of the RNA transcripts generated at or surrounding
the Rankl gene locus was evaluated using the ChIP-chip tiling
arrays. Total RNA was isolated as described above. Nine micrograms
of DNasel-treated RNA was used to generate dscDNA using the
Invitrogen Superscript Double-Stranded c¢DNA Synthesis Kit
according to the protocol supplied by NimbleGen Arrays User’s
Guide: Gene Expression Analysis v3.0. The protocol was modified to
include a DNasel treatment and the use of a combination of random
hexamers and oligo-(dT) as primers for first strand synthesis.
Sonicated genomic DNA was labeled with Cy3 and the dscDNA
samples were labeled with Cy5 as described in the NimbleGen
labeling protocol. Six micrograms each of Cy3-labeled genomic
DNA and Cy5-labeled dscDNA were co-hybridized to the custom
microarray.

SIRNA STUDIES

All small interfering RNA (siRNA) duplexes were obtained from
Dharmacon RNA Technologies (Lafayette, CO). ST2 cells were seeded
into six-well plates at a concentration of 1.5 x 10° cells/well and
transfected approximately 24 h later using Lipofectamine Plus in
serum and antibiotic-free medium. Twenty nanomolar m VDR siRNA
(D-058923-01), non-targeting siRNA pool (D-001206-13), or a
Rankl siRNA (M-050280-000) were used for transfection. After
transfection, the cells were cultured in medium supplemented with
10% FBS for 48 h prior to treatment with 10~7 M 1,25(0H),D, for 6 h.
RNA isolation and real-time PCR analysis were carried out as
described above.

CHROMATIN IMMUNOPRECIPITATION (CHIP) ASSAY

Chromatin immunoprecipitation was performed as described
previously [Kim et al., 2005a; Kim et al., 2006b; Kim et al.,
2007b]. Briefly, ST2 cells were treated for 6 h with vehicle or the
indicated experimental conditions. The cells were washed twice with
PBS and then cross-linked for 15 min with 1.5% formaldehyde/PBS.
Following isolation, the cell extracts were sonicated to prepare
chromatin fragments (average DNA size of 500-600bp DNA as
assessed by agarose gel electrophoresis) using a Fisher Model 100
Sonic Dismembranator at a power setting of 2. Pre-cleared samples
were then subjected to immunoprecipitation using either a
control IgG antibody or the indicated experimental antibody. The
precipitated DNA was washed, the cross-links were reversed and the
DNA fragments purified using Qiagen QIAquick PCR Purification
Kits (Valencia, CA). The isolated DNA (or DNA acquired prior to
precipitation (input) was subjected to quantitative RT-PCR (qRT-
PCR) using primers designed to amplify fragments of the murine
Rankllocus and/or amplified for ChIP-chip microarray analysis. All

primer sequences used for amplification of ChIP DNA gene segments
are available upon request.

CHIP-CHIP MICROARRAY ANALYSIS

Output DNA from the ChIP assay was amplified using a ligation-
mediated PCR protocol optimized by Ren [Ren et al.,, 2000] and
Farnham [Ren et al., 2000; Oberley and Farnham, 2003] and then
assayed for integrity and signal generation (data not shown). These
samples were then labeled according to the manufacturer’s ChIP-
chip labeling recommendation (NimbleGen Systems, Madison, WI).
Briefly, experimental or reference DNA samples (1.5png) were
labeled with 1 0.D. of 5'-Cy5 or 5'-Cy3 random nonamer wobble
primers (TriLink BioTechnologies, San Diego, CA), respectively. Six
micrograms of each labeled sample were combined with 2Xx
Hybridization Buffer and Hyb Component A (NimbleGen Systems),
denatured at 95°C for 5min and then hybridized to custom
NimbleGen DNA microarrays overnight at 42°C using X1 mixer lids
(NimbleGen Systems) and a MAUI hybridization system (BioMicro,
Salt Lake City, UT). Our custom arrays were designed to tile across
the mouse Rankl transcription unit from the gene’s downstream to
its upstream neighbors, a span of almost 500 kb. The 385k feature
array contained many additional genes that are not considered here.
All oligonucleotide sequences for the array were generated using
NimbleGen's design standard, Tm-balanced oligomers (50- to 75-
mers) with an approximate spacing of 70 bp. Low complexity and
repeat regions were excluded from tiling. Following hybridization,
arrays were washed using a Hybridization Kit (NimbleGen Systems)
and scanned at 5pm using the GenePix 4000B Scanner (Axon/
Molecular Devices, Sunnyvale, CA). Data and peaks were extracted
and analyzed using the NimbleScan (version 2.4) software. The log,
ratios, where log,(n) = In(n)/In(2) = log(n)/log(2) of a control versus
experimental test were calculated for each point. Peaks were called
and statistically evaluated using NimbleScan algorithms (version
2.4).

REAL-TIME PCR ANALYSIS

ChIP assays were analyzed using the Eppendorf Mastercycler
Realplex with Power SYBR GREEN (ABI). Two micro liters of eluted
ChIP samples were analyzed in a 25 pl reaction with primers at a
final concentration of 100 nm. All dissociation (melt) curves yielded
appropriate single peaks.

PLASMIDS

The pCH110-B-galactosidase (pCH110-Bgal) reporter plasmid and
the pcDNA-hVDR vector were previously described [Yamamoto
et al., 2003]. The parent thymidine kinase (TK) and luciferase (luc)
vector pTK-luc was utilized in subsequent cloning efforts. The
cloning of mRLD1 (—16.4 to —15.2), mRLD2 (—23.1 to —21.5),
mRLD3 (—60.4 to —59.3), mRLD4 (—69.0 to —68.1), and mRLD5
(76045 to —74973) into the pTK-luc vector were previously
described [Kim et al., 2007b]. These segments were also cloned
into the promoter-less pGL3 vector to generate pGL3-mD1, pGL3-
mD2, pGL3-mD3, pGL3-mD4, pGL3-D5a, pGL3-D5b, and pGL3-
D5a/b. mD5a, mD5b, and mD5a/b were also introduced into pGL3 in
the reverse orientation to generate pGL3-mD5aR, pGL3-mD5bR, and
pGL3-mD5a/bR.
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TRANSIENT TRANSFECTION ASSAYS

ST2 cells were seeded into 24-well plates at appropriate densities
and cultured in a-MEM containing 10% FBS. Cells were transfected
24h later with Lipofectamine Plus (Invitrogen) in serum and
antibiotic-free medium. Individual wells were transfected with
250ng of a luciferase reporter vector, 50ng of pCH110-Bgal
reporter plasmid, and 50ng of pcDNA-hVDR (the latter was
routinely transfected with all luciferase reporters unless otherwise
indicated). After transfection, the cells were cultured for 48h in
medium supplemented with 10% FBS and then for an additional 24 h
with or without 1077 M 1,25(0H),D;. Cells were harvested and the
lysates assayed for luciferase and P-galactosidase activities as
previously described [Yamamoto et al., 2003]. Luciferase activity
was normalized to B-galactosidase activity in all cases.

CHIP/CHIP ANALYSIS REVEALS MULTIPLE VDR/RXR BINDING SITES
IN THE MOUSE RANKL GENE LOCUS

Previous studies using ChIP-chip analysis revealed the presence of
five highly conserved regions in the Rankl gene locus that bound the
VDR and mediated the actions of 1,25(0H),D; [Kim et al., 2007b].
These regions, termed mRLD1-mRLD5, together with three addi-

tional regions (mRLD6, mRLD7, and mRLIn2a) are depicted in a
schematic of the mouse Rankl gene locus located on chromosome 14
(Fig. 1A). Applying improvements in tiled-array design made since
we first explored this gene by ChIP-chip analysis, we re-examined
VDR and RXR binding at this locus in the absence and presence of
1,25(0H),D;. ST2 cells were treated with vehicle or 1,25(0H),D; for
6h and subjected to ChIP-chip analysis. Data tracks from these
analyses represent the log, ratios of fluorescence obtained from
vehicle-treated samples precipitated with antibody to VDR or
control IgG (VDR vs. IgG) (basal VDR) and from 1,25(0H),D5-
treated samples precipitated with the same antibodies (VDR ;5 vs.
IgG) (inducible VDR) (Fig. 1B). We focused upon regulatory regions
identified within the Rankl transcription unit and upstream of the
TSS. The complete data tracks are documented in supplemental
Figure S1. Peaks identified using NimbleScan 2.4 at an FDR of <0.05
are shown in red (see Materials and Methods section). Data obtained
on chromosome 14 from nucleotides 77,226,400 to 77,741,622 had
no significant VDR binding in untreated and 1,25(0H),D;-treated
cells (data not shown). VDR was undetectable at the Rankl gene
locus in the absence of 1,25(0H),D;, but was strongly induced at
multiple sites in its presence (Fig. 1B). These data confirm our
previous studies which demonstrated VDR localization to mRLD1-
mRLD5 in response to 1,25(0H),D;, but also reveal several

A
(Mb)77.000 77.016 77.032 77.048 77.064 77.080 77.096 77.112 77.128 77.140
Chr 14 8kb
Exon 5 43 2 1
Tnfsf11g | T N e e
Enhancers In2za  TSS D1 D2 D7 D3 D4 D5 D6
Bvpr
o 367 Veh vs IgG
g
g,v 0.0—‘—11—"7‘—‘ W it sl PR i
- 2.0~
o 367 1,25 vs IgG
3
;vo.o—u-l-lmu Al mhmmm..i‘_ _uJ'ﬂL ok ik
2 204
RXR
c - 3.6 Veh vs IgG
gwo_o_q...LH]l.....l_u PO "R RGN | NIRRT AR NY N T T
o
-2.0-
o 367 1,25 vs IgG
B
ag_o_lLljhu.Ll alk mm_ﬂmjuum_n _.IA."LL _u._u.l.L..h_
o
2,04

Fig. 1. ChIP-chip analysis reveals localization of VDR and RXR to the Rank/ gene locus in response to 1,25(0H),D;. ST2 cells were treated with vehicle or 1,25(0H),D; for 6 h
and then subjected to ChIP analysis using antibodies to VDR, RXR, or IgG as described in Materials and Methods section. (A) The upper track depicts the Rankl/ gene locus.
Nucleotide positions (Mb) are shown on chromosome 14 (February 2006 assembly) while the Rank/ gene and the positions of the distal enhancer regions are indicated below the
chromosomal position and designated by descending blue bands. (B) Interaction of VDR with the Rankl gene locus in response to vehicle or 1,25(0H),D3. Data tracks represent
the log, ratios of fluorescence obtained from (1) a vehicle-treated sample precipitated with antibodies to either VDR or IgG (VDR vs. IgG) (basal, upper track) and (2) an
1,25(0H),D;-treated sample precipitated with antibodies to either VDR or IgG (VDR 5 vs. I1gG) (total inducible VDR, lower track). Only relevant data segments are shown.
(C) Interaction of RXR with the Rankl gene locus in response to 1,25(0H),D; as described in (B). All peaks highlighted in red are statistically significant (FDR < 0.05).
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additional sites, one designated mRLD7 at —40kb and one in Rankl
intron2 at +10kb designated mRLIn2a. VDR motifs are predicted in
each of the peak regions detected by ChiP-chip analysis as
annotated in supplemental Table I. RXR occupancy at the Rankl
locus in untreated and 1,25(0H),D;-treated cells was conducted in
the same manner described for VDR. Statistically significant peaks
of RXR were detected at the mRLD5 region. Pronounced, yet
statistically insignificant enrichments were also detected at the
mRLD2 and mRLD3 regions in untreated cells. RXR binding was
profoundly upregulated at each of the VDR-occupied enhancers
(mRLD1-mRLD5, and perhaps at mRLD7) in the presence of ligand
(Fig. 1C). Neither VDR nor RXR could be detected at the TSS
regardless of treatment. We conclude that 1,25(0H),D; is required
for VDR binding at enhancers in the Rankl locus. RXR binding, on
the other hand, is enhanced together with the VDR at most sites in
response to 1,25(0H),D5, but is pre-bound at mRLD5 and perhaps at
mRLD2 and mRLD3. The latter is not surprising, since RXR is a
strong DNA binding protein that forms both homo- and hetero-
dimers with various nuclear receptors (NR) that are activated by
intracellular ligands [Mangelsdorf and Evans, 1995].

1,25(0H),D; INDUCES THE RECRUITMENT OF RNA POLYMERASE Il
(RNA POL I1) TO SITES OF VDR OCCUPANCY AT THE RANKL LOCUS
Genome-wide ChIP-chip and ChIP-seq analyses have shown that
RNA pol I is often associated not only with transcriptional start sites
but with distal enhancers and intergenic sites as well [Kim et al.,
2005b; Feng et al., 2008; Gilchrist et al., 2009]. Indeed, our studies
using ChIP-chip analysis revealed that RNA pol II accumulated at
several Rankl enhancers in the presence of 1,25(0H),D; [Kim et al.,
2007b]. To explore further sites of RNA pol II binding across the
entire Rankl gene locus, we conducted ChIP-chip analyses from
genomic samples derived from ST2 cells treated for 6 h with either
vehicle or 1,25(0H),D;. We assayed RNA pol II occupancy using the
8WG16 RNA pol II antibody, which preferentially recognizes hypo-
phosphorylated RNA pol II, although this antibody does recognize
RNA pol II that is partially phosphorylated at the CTD [Jones et al.,
2004]. We focused the data at the regulatory sites identified within
the Rankl transcription unit and upstream of the TSS (Fig. 2A). Only
minor peaks of RNA pol Il were detected outside of the regulatory
regions shown (supplemental Fig. S2). In the absence of
1,25(0H),D3, significant levels of RNA pol II were detected at the
mRLD2 and a statistically insignificant enrichment was observed at
the TSS (Fig. 2B, upper track). 1,25(0H),D; induced a striking
increase of RNA pol II at the mRLD2 and mRLD5 enhancers and a de
novo increase at additional sites including mRLIn2a, mRLD3, and
mRLD4 (Fig. 2B, lower track). Modest increases were also observed at
mRLD1 and the TSS. The transition of RNA pol II from a stalled to an
elongation-competent polymerase involves phosphorylation of
Serine 5 in the carboxyl terminal domain (CTD) [Marshall et al.,
1996; Lin et al., 2002]. To determine whether RNA pol II at the Rankl
enhancers was phosphorylated at this site, we conducted a direct
ChIP analysis of these genomic regions using the H14 antibody
specific for phosphoserine 5 in the CTD of RNA pol II (PS5). Like
hypo-phosphorylated RNA pol II, the PS5 RNA pol II was also
detected predominantly at mRLD2 and mRLD5 in untreated ST2 cells
(Fig. 2C). PS5 RNA pol II was also strikingly upregulated at mRLD1,

mRLD2, and mRLD5 in 1,25(0H),D;-treated ST2 cells, mirroring the
pattern of RNA pol II occupancy (Fig. 2D). Surprisingly, RNA pol II
occupancy at the TSS was lower than at the enhancers. We also
examined the RNA pol Il promoter (RPII215) as a control in ST2 cells.
While both hypo-phosphorylated and PS5 RNA pol II were detected
at this promoter, neither were upregulated with 1,25(0H),D;
treatment (Fig. 2E). While neither form of RNA pol II was detected
at the Rankl locus (TSS or mRLD5) in an irrelevant cell line
(RAW264.7), both forms of RNA pol IT were observed at the RPII215
promoter (Fig. 2F and G). These studies reveal that RNA pol IT is pre-
bound to the mRLD2 and the mRLD5 Rankl distal enhancers yet
strikingly elevated at almost all of the Rankl enhancer regions
following treatment with 1,25(0H),D5.

TBP, TFIIB, AND TAF,250 ARE RECRUITED TO MRLD2, MRLD5, AND
THE MRLIN2A REGIONS IN THE RANKL LOCUS

Pre-initiation complex (PIC) assembly at promoters is a sequential
process initiated by TATA binding protein (TBP) binding directly to
the DNA. TAF;250 represents a subunit of TFIID and has been
implicated in RNA pol II promoter selection [Verrijzer et al., 1995].
TAF;250 acts as a scaffold for the assembly of the basal
transcriptional machinery and bridges activators to the PIC
[Wassarman and Sauer, 2001]. TAF;250 retains kinase [Dikstein
et al.,, 1996], histone acetyltransferase [Mizzen et al., 1996], and
ubiquitin-activating and -conjugating activities [Pham and Sauer,
2000]. TFIIB provides a subsequent bridge between TBP and RNA pol
II. To explore the underlying mechanism responsible for both the
presence and inducibility of RNA pol II at the Rankl locus and in
particular at the upstream enhancers, we treated ST2 cells with either
vehicle or 1,25(0H),D; and conducted a ChIP-chip analysis using
antibodies to TBP, TFIIB, or TAF;250. In untreated ST2 cells, no
significant TBP is detected at the regulatory regions (Figs. 3A and B,
upper track). TBP is recruited to In2a, D2, D5, and D6 at statistically
significant levels, and is elevated at the TSS upon 1,25(0H),D;
treatment (Fig. 3B, lower track). Significant but low levels of TFIIB
were detected at the TSS and D2 in untreated cells and TFIIB was
enriched at In2a, D3, D4, and D5 with 1,25(0H),D; treatment
(Figs. 3A and C). TAF;;250 was detected at significant levels at In2a
and D2 in untreated cells and was relatively unchanged with
1,25(0H),D; treatment (Fig. 3D). Figure 3 documents the results we
obtained for each of these transcription factors at discrete sites
across the locus. The complete analysis is seen in supplemental
Figure S2. Interestingly, significant levels of TFIIB (Fig. 3C) and
TAF250 (Fig. 3D) but not TBP (Fig. 3B) binding were observed in the
absence of ligand, only in association with mRLD2, a finding similar
to that observed for RNA pol II. Levels of these transcription factors
were increased in response to 1,25(0H),Ds5. Thus, while levels of TBP,
TFIIB and perhaps TAF;;250 were upregulated at mRLD2 and in the
case of TFIIB induced at mRLD4 and mRLD5, these transcription
factors were not present in significant amounts at the other regions.
Surprisingly, only statistically insignificant levels of TBP, TFIIB, and
TAF;;250 were present at the TSS, a finding similar to that for RNA
pol II. This may be a reflection of the sensitivity of the ChIP-chip
assay, as others have noted a similar lack of PIC components at
active promoters with ChIP-chip assays [Kim et al., 2005b]. Our
studies suggest a relationship between RNA pol II and TBP, TFIIB
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Fig. 2.  ChlP—chip analysis reveals recruitment of S-5 phosphorylated RNA pol Il at the Rankl gene locus in response to 1,25(0H),Ds. ST2 cells were treated as in Figure 1 and then
subjected to ChIP analysis using antibodies to hypo-phosphorylated RNA pol Il (pol 1I), pol Il phosphorylated at serine-5 (PS5) or 1gG. (A) Schematic of the Rankl locus as in
Figure 1A. (B) Recruitment of RNA pol Il to the Rankl gene locus in response to 1,25(0H),D5. Data tracks represent the log, ratios of fluorescence obtained from (1) a vehicle-treated
sample precipitated with antibodies to either RNA pol Il or IgG (RNA pol Ilp, vs. IgG) (basal) and (2) an 1,25(0H),D;-treated sample precipitated with antibodies to either RNA pol Il
or IgG (RNA pol Il 55 vs. 1gG) (total inducible). Only relevant data segments are shown. All peaks highlighted in red are statistically significant (FDR < 0.05). (C) ST2 cells were
treated with vehicle or (D), 1077 M 1,25(0H),D; for 6h and then subjected to direct ChIP assay using antibodies to hypo-phosphorylated RNA pol Il (pol 1) or serine-5
phosphorylated (PS5) RNA pol Il. Class-specific IgGs were used as controls (RNA pol II, IgG; PS5, ascites). Precipitated DNA was analyzed by q-PCR and the products quantitated
using a standard curve consisting of dilutions of the corresponding input DNA. Code to locations of primer sites (TSS, D or IS) is identified in Figure 6A. (E) gPCR analysis of RNA pol
Il and PS5 recruitment to the RPII215 promoter in untreated and 1,25(0H),D;-treated ST2 cells. (F) and (G) gPCR analysis of RNA pol Il and PS5 recruitment to the mRLD5 and TSS
regions of the Rankl locus or to the RPII215 promoter in control RAW264.7 macrophage cells, respectively. All results represent the average of three independent experiments =+ SD.
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Detection of components of the pre-initiation complex at mRLD2 and mRLD5 in response to 1,25(0H),D3 at the Rankl gene locus. ST2 cells were treated as in Figure 1

and then subjected to ChIP analysis using antibodies to TBP, TFIIB, TAF;250. (A) Schematic of the Rankllocus as in Figure 1A. (B), (C), and (D) Recruitment of TBP, TFIIB, TAF,250
under treatment conditions as described in Figure 1B. Only relevant data segments are shown. All peaks highlighted in red are statistically significant (FDR < 0.05).

and TAF};250 at the Rankl locus. Although it is unclear why TBP,
TFIIB, TAF;250, and RNA pol II are only weakly detected at the TSS,
it suggests that the upstream enhancers in the Rankl locus may play
a key role in the recruitment of the basic transcriptional apparatus.

THE MRLD5 REGION OF THE MOUSE RANKL GENE EXHIBITS
1,25(0H),D;-DEPENDENT ENHANCER ACTIVITY IN THE CONTEXT
OF A HETEROLOGOUS PROMOTER

Recent studies have suggested that the level of transcription across
genomes is much greater than previously measured. Indeed, as much
as 90% of the human genome, by some estimates, is believed to be
transcribed [Birney et al., 2007]. The presence of RNA pol I together
with transcription factors such as TBP, TFIIB, TAF;250 at many of
the Rankl enhancers prompted us to examine whether these regions
possessed independent “promoter” activity and whether they were
also capable of transcription. To assess the former, we transfected
promoter-less constructs containing mRLD1-mRLD4, mRLD5a,

mRLD5b, and mRLD5a/b into ST2 cells and examined both their
basal and inducible activities in response to 1,25(0H),D;
(Fig. 4A and B). We also examined the activity of mRLD5a,
mRLD5b, and mRLD5a/b cloned in the reverse orientation (R)
(Fig. 4B). mRLD1-mRLD3 and mRLD4 display limited basal activity
and are not induced by 1,25(0H),D; (Fig. 4B). mRLD5b displayed
higher basal activity but was similarly resistant to 1,25(0H),D;
(Fig. 4B). mRLD1 and mRLD2, but not mRLD5b, have been shown to
contain vitamin D response elements (VDRE) and to mediate the
activity of 1,25(0H),D; when cloned into pTK-luc reporter
constructs, although induction levels were modest [Nerenz et al.,
2008]. Both mRLD5a and mRLD5a/b were induced by 1,25(0H),D;
(Fig. 4B). These same segments were also inducible in the reverse
orientation (Fig. 4B). Like mRLD5b, reversed mRLD5b was similarly
unresponsive to 1,25(0H),D; (Fig. 4B). Given this promoter-like
activity, we conclude that the enhancer segments of the Rankl locus
may be capable of producing RNA transcripts. The absolute
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described in the Materials and Methods section. Each point represents the normalized RLU average &= SEM of a triplicate set of transfections. These data are representative of

three or more replicate experiments.

activities of the forward constructs were similar, however, to
constructs in which the D segments were cloned upstream of the
mouse Rankl minimal promoter.

EXPRESSION OF RANKL RNA TRANSCRIPTS CAN BE DETECTED ON
TILED MICROARRAYS

Based upon the above observations, we explored the possibility that
RNA might be produced at these regions in the Rankllocus. As a first
approach, we isolated total RNA from vehicle- or 1,25(0H),D;-
treated ST2 cells, generated dscDNA from these samples, labeled this
DNA with Cy5 and co-hybridized the samples with Cy3-labeled
sonicated genomic DNA for normalization on the same tiled
microarrays used for ChIP-chip analysis. Little RNA expression
was detected across the Rankl locus (Fig. 5A) when derived from
vehicle-treated ST2 cells (Fig. 5B); however, RNA was detected at
housekeeping genes on the custom chip (data not shown). A striking
upregulation of transcripts was detected, however, when RNA was

isolated from cells treated for 6 h with 1,25(0H),D; (Fig. 5C). This
increase corresponded to the upregulation of Rankl observed using
RT-PCR analysis (data not shown). Upregulation was not observed at
Akap11, the gene located approximately 200kb immediately
upstream of Rankl (Fig. 5D and E). No increase in intergenic
transcription was observed at any of the upstream regulatory
regions, despite the fact that intergenic transcription at other sites on
the custom microarray was apparent (data not shown). Analysis of
RNA derived exclusively from either cytoplasmic or nuclear
preparations led to similar results. We conclude from these studies
that transcription from the upstream enhancers, if present, is likely
to be of low abundance and perhaps sensitive to degradation.

EXPRESSION OF TRANSCRIPTS FROM THE ENHANCER REGIONS OF
THE RANKL LOCUS

As a result of the above analysis, we searched for the presence of
intergenic transcripts using traditional and more sensitive RT-PCR.
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Evaluation of RNA transcription across the Rankl locus using tiled DNA microarrays. (A) Schematic of the mRankl/ locus. (B)-(E) dscDNA was generated from RNA

isolated from ST2 cells treated for 6 h with either vehicle or 1,25(0H),D; (107 M). dscDNA and total genomic DNA were labeled with Cy5 and Cy3, respectively, and co-
hybridized to custom microarrays identical to those used for ChIP-chip analysis. (B) and (C) Analysis across the Rankl gene locus. (D) and (E) Analysis across the neighboring

Akap11 gene locus.

cDNA was synthesized from DNasel-treated RNA isolated from
vehicle or 1,25(0H),D;-treated ST2 cells using a combination of
oligo-(dT) and random hexamers as primers. The cDNA was
evaluated using primer sets located within and between the
regulatory regions (Fig. 6A). Dose-dependent 1,25(0H),D;-inducible
RNA transcripts were observed using primers to mRLD1, mRLD2,
mRLD4, and mRLD5, but not to any of the intervening sequences (IS)
(Fig. 6B). Importantly, RNA was detected using primers to both
Rankl and Cyp24al, the latter a strongly induced target for
1,25(0H),D;. Importantly, the induction of these RNAs were
sensitive to increasing concentrations of actinomycin D (ActD)
(0.5, 1, and 5 pg/ml) indicating that the transcripts accumulate as a
result of transcriptional activation and not stabilization (Fig. 6B).
Moreover, RNase treatment of the samples prior to cDNA synthesis
prevented detection (data not shown). Further analysis using a series
of PCR primers suggested that the transcript produced at mRLD5 was
at least 1.8 kb in size (data not shown). Since open reading frames
were not apparent in the mRLD 1-mRLD5 regions, we conclude that
these transcripts likely represent noncoding RNAs (ncRNAs).

THE INTERGENIC TRANSCRIPT ORIGINATING FROM THE MRLD5
REGION IS NOT SPLICED TO THE RANKL MRNA TRANSCRIPT
Given the above properties, it is possible that the upstream
enhancers we have identified represent distal promoters for the
Rankl gene. Thus, RNA transcribed from these regions might
comprise unprocessed components of a primary transcript from the
Rankl gene and contain exons that are linked directly to the mature
Rankl mRNA. While no evidence exists in either the literature or
current databases to support this hypothesis and transcription
between the distal enhancers has not been detected, we explored this
possibility by examining the impact of Rankl mRNA knock down on
the levels of the transcript measured upstream. We focused our
attention on mRLD5, since this region manifests the most robust
transcriptional activity despite the low abundance of RNA
transcripts. We hypothesized that if an upstream exon and the
authentic Rankl mRNA were linked, degradation of the authentic
transcript would result in a decrease in upstream exon abundance.
The reverse experiment, although perhaps more attractive, was not
feasible due to a lack of sufficient information regarding the mRLD5

203 8 THE MOUSE RANKL CHROMATIN DOMAIN

JOURNAL OF CELLULAR BIOCHEMISTRY



A

(Mb) 77.040
L

77.056 77.072 77.088 77.104 77.120 77.136 77.192
1 1 1 1 1 1 1
T T 11 — | ] TTTI1 I P
S8 IS1 D1 | D2 ah 1S4 D3 | D4a| D5 17 150k
Chr 14 1S2 IS5 1S6
B Actinomycin D N |
1,25(0H),D, - 10 9 -8 7 - - - 7 7 .7

Cyp24

Rankl
-150k
IS7
D5
IS6
D4
IS5
D3
IS4
D2
IS2
D1
IS1

B-actin

Fig. 6.

RNA transcripts are generated from the intergenic regulatory regions of the Rankl locus. ST2 cells were treated for 6 h with vehicle, increasing concentrations of

1,25(0H),D; (10~ '° to 1077 M) or increasing concentrations of ActD (0.5, 1, or 5 wg/ml) in the absence or presence of 10~7 M 1,25(0H),D5. RT-PCR analysis was used to detect
transcripts generated from Rankl and Cyp24a1 or from Rankl enhancers and intervening regions. (A) Schematic of the regions across the Rankl locus examined by PCR. (B)
Detection of RNA transcripts. Cyp24a1l mRNA was examined as a positive control. These results are representative of three or more similar experiments.

transcript itself. Accordingly, we either mock transfected, or
transfected ST2 cells with a non-specific control siRNA or Rankl
siRNA. After 48 h, we treated the cells for 6 h with either vehicle or
1,25(0H),D; and then examined total RNA for levels of Rankl,
mRLD5 and control Vdr transcripts using qRT-PCR. RANKL siRNA
treatment effectively reduced both basal and 1,25(0H),D;-inducible
levels of Rankl mRNA (Fig. 7A). Neither mRLD5 nor VDR transcript
levels were influenced by this maneuver (Fig. 7B and C). Indeed, if
anything, mRLD5 levels were increased. This analysis suggests that
neither the mRLD5 transcript nor an exon derived from this
transcript is spliced to the Rankl mRNA. Similarly, attempts to
measure an mRLD5/Rankl junction by PCR using primers to the

mRLD5 region and within the Rankl mRNA did not detect an
mRLD5/Rankl transcript (data not shown). Thus, we conclude that
the mRLD5 transcript is not spliced to mRankl mRNA and that
mRLD5 does not represent an upstream promoter. Interestingly,
while no transcripts have been detected at mRLD5, an expressed
sequence tag (est) contained within the mRLD1 (accession numbers
BG794861 and BG796385) and mRLD2
CR516436) regions have been identified. This also supports our
contention that the mRLD regions do not represent distal Rankl
promoters.

To further explore the nature of the transcript produced at the
mRLD5 region, we isolated RNA from the crude nuclear and

(accession number

JOURNAL OF CELLULAR BIOCHEMISTRY

2039

THE MOUSE RANKL CHROMATIN DOMAIN



A [T- 1,25(0H),D; m+ 1,25(0H),D,] B

(@]

1.5 3 2
RANKL D5 VDR
£ . = £ —~
e D 2.254 g 2154
<E M £ = <<
> 235 >
Z2 2 g 159 R
Ew 2 E ER
z 3™ 5 52
s 3 = o2 0754 S Xo.5-
® a
0 " L 04 04
Mock NT Rankl Mock NT Rankl Mock NT Rankl
D Total Cyto Nuclear
126 - + - + -
Actin I— — — — — h—‘
Cyp24| —
Rankl l — - q
D5 |

Cyp24intron | s

Fig. 7.

The mRLD5 transcript is not linked to the expression of Rankl mRNA and is localized to the nucleus. Knockdown of Rankl mRNA does not affect the level of mRLD5

transcripts. ST2 cells were transfected with 20 nM nontargeting (NT) siRNA or Rankl siRNA. After 48 h, the cells were treated with 10~7 M 1,25(0H),D5. Total RNA was isolated
and the relative concentrations of transcripts for (A) mRankl, (B) mRLD5, and (C) VDR (a control gene) were assayed by qRT-PCR. The results represent the average of three
independent experiments & SEM. (D) mRLD5 transcripts are predominantly localized to the nucleus. ST2 cells were treated with either vehicle or 1077 M 1,25(0H),D5 for 6 h
and then used directly to isolate total RNA or to obtain cytoplasmic or nuclear enriched fractions from which RNA was isolated. The relative abundance of transcripts for g-actin,
Cyp24a1,a Cyp24al intron, Rankl and the mRLD5 enhancer was then assessed using primers documented in Materials and Methods section. These results are representative of at

least three similar experiments.

cytoplasmic fractions and contrasted the abundance of RNA
transcripts for both Rankl and mRLD5. Transcripts for B-actin,
Cyp24al (exon to exon) and a Cyp24al intron were used as controls.
While Rankl mRNA is distributed in cytoplasmic and nuclear
fractions, as might be expected of typical mRNAs, transcripts from
mRLD5 appear largely nuclear (Fig. 7D). The quality of the
fractionation procedure is highlighted by the almost exclusive
localization of the Cyp24al intron in the nucleus. These results
suggest that the mRLD5 transcript is not exported from the nucleus.
While we hypothesize that these transcripts may play a role in Rankl
gene expression, their low abundance has prevented further analysis
of their function.

1,25(0H),D; INDUCES HISTONE H4 ACETYLATION (H4AC) AT THE

REGULATORY REGIONS OF THE RANKL LOCUS

Acetylation of multiple sites on histone tails is generally, although
not always, associated with transcriptional activation [Brownell and
Allis, 1996]. We previously used ChIP coupled with standard PCR to
evaluate H4ac at limited sites within the Rankl locus in a time-
dependent manner following 1,25(0H),D; treatment [Kim et al.,
2007b]. These assays were limited, however, as they did not
provide perspective across the entire gene locus. To explore this
phenomenon further, we treated ST2 cells with either vehicle or
1,25(0H),D; and performed ChIP-chip analysis using an antibody to

tetra-acetylated H4. Data tracks from these analyses represent the
log, ratios of fluorescence obtained from (1) vehicle-treated samples
precipitated with antibody to H4ac or control IgG (H4acy.p, vs. IgG)
(basal H4ac) and (2) 1,25(0H),D;-treated samples precipitated with
antibody to H4ac or control IgG (H4ac, 55 vs. IgG) (total induced
H4ac) (Fig. 8A and B). Although Rankl expression is undetectable in
ST2 cells in the absence of 1,25(0H),D5, many sites across the gene
were significantly acetylated (Fig. 8B, upper track). Interestingly,
many of these sites highlight the regions to which the VDR and its
partner RXR bind upon treatment including mRLD2 and mRLD5.
Basal H4ac levels are observed at the TSS and at specific sites
within the next 150 kb of the upstream intergenic sequence. On the
other hand, basal H4ac was not detected downstream for over
+330kb, demonstrating that basal acetylation is restricted to the
Rankl locus. Importantly, 1,25(0H),D; treatment induces a striking
upregulation in H4ac at all of these sites and de novo at mRLD1,
mRLD7, and perhaps others (Fig. 8B, upper and lower tracks).
Substantial levels of H4ac exist at many of the Rankl distal
enhancers prior to induction by 1,25(0H),D;, suggesting that
these regions may be epigenetically marked and thus retain
conformations accessible to regulatory proteins such as the VDR.
Clearly, however, H4ac upregulation upon 1,25(0H),D; treatment
indicates a role for the VDR/RXR heterodimer in this event across
the locus.
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ChIP-chip analysis reveals a large domain of basal and 1,25(0H),D3-inducible H4ac and C/EBPB across the mRank! locus and whose limits are defined by occupied CTCF

and Rad21 sites. ST2 cells were treated as in Figure 1 and then subjected to ChIP analysis using antibodies to tetra-acetylated H4, C/EBP@, CTCF, Rad21, or IgG. A, Schematic of
the Rankl locus as in Figure 1A. (B) Detection of H4ac across the Rankl locus in response to vehicle or 1,25(0H),D5. Data tracks represent the log, ratios of fluorescence obtained
from (1) a vehicle-treated sample precipitated with antibodies to either H4ac or 19gG (H4ac,en vs. 1gG) (basal) and (2) an 1,25(0H),D;-treated sample precipitated with
antibodies to either H4ac or 1gG (H4ac, 5 vs. 1gG) (total inducible H4ac). (C) Detection of binding sites for C/EBPB. Data tracks represent the log, ratios of fluorescence obtained
from (1) a vehicle-treated sample precipitated with antibodies to either C/EBPB or IgG (C/EBPB,cp, vs. 19G) (basal) and (2) an 1,25(0H),D;-treated sample precipitated with
antibodies to either C/EBP or 1gG (C/EBP 5 vs. IgG) (total inducible C/EBPB). (D) Detection of binding sites for CTCF. Data tracks represent the log, ratios of fluorescence
obtained from (1) a vehicle-treated sample precipitated with antibodies to either CTCF or IgG (CTCF,., vs. IgG) (basal) and (2) an 1,25(0H),D;-treated sample precipitated with
antibodies to either CTCF or IgG (CTCF; ,5 vs. IgG) (total inducible CTCF). The positions of the most striking CTCF sites are highlighted in drop-down bars. (E) Detection of binding
sites for Rad2 1. Data tracks represent the log, ratios of fluorescence obtained from (1) a vehicle-treated sample precipitated with antibodies to either Rad21 or IgG (Rad21,.p, vs.
1gG) (basal) and (2) an 1,25(0H),D;-treated sample precipitated with antibodies to either Rad21 or IgG (Rad21, 5 vs. IgG) (total inducible Rad21). In all tracks, peaks

highlighted in red are statistically significant (FDR < 0.05).

C/EBPB OCCUPIES MRLD5 AND IS RECRUITED TO ADDITIONAL SITES
IN RESPONSE TO 1,25(0H),D; INDEPENDENTLY OF VDR
OCCUPANCY

1,25(0H),D; treatment of osteoblastic and kidney cells increases C/
EBPB mRNA and protein levels and knockdown of C/EBPB blunts
1,25(0H),D;-mediated transcriptional activation of Cyp24al [Dha-
wan et al., 2005]. Our own RT-PCR, microarray and Western blot
analyses suggest that 1,25(0H),D; induces expression of C/EBPB as
well (data not shown). In addition, C/EBPB-null mice display
delayed boned development which show defects in chondrocyte
maturation and osteoblast differentiation [Tominaga et al., 2008].
Based upon these observations, we explored the possibility that in
addition to its direct activation of the VDR, 1,25(0H),D; might also
induce C/EBPB binding to the Rankl locus. ST2 cells were treated
with either vehicle or 1,25(0H),D; and lysates subjected to ChIP-
chip analysis using an antibody to C/EBPB. Figure 8C documents the
data tracks from these analyses under the following conditions: (1)

vehicle-treated samples precipitated with antibody to C/EBPB or
control IgG (C/EBPB,y, vs. IgG) (basal C/EBPB) and (2) 1,25(0H),D5-
treated samples precipitated with antibody to C/EBP or control IgG
(C/EBPB, 15 vs. IgG) (total induced C/EBPR). The presence of C/EBPR
was detected in untreated ST2 cells at the Rankl TSS and
prominently at the mRLD5 region (Fig. 8C, upper track).
1,25(0H),D; treatment also induced a striking increase in C/EBPB
binding at multiple sites throughout this locus (Fig. 8C, lower track).
These sites included not only those bound to the VDR, but many
additional sites as well. Since C/EBP and VDR binding sites overlap
but are not identical, it seems likely that C/EBPB may play an
independent role at the Rankl gene locus. Importantly, C/EBPB
binding outside these regions was almost completely absent (data
not shown), indicating a high specificity for C/EBP@ at the Rankl
locus. Interestingly, this pattern of C/EBPB occupancy closely
reflected the pattern of H4ac observed following treatment with
1,25(0H),D3, indicating that the activation of Rankl gene expression
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may be mediated not only by the VDR, but also by C/EBP as well. In
addition, C/EBPB binding motifs are predicted at each of the
regulatory regions (supplemental Fig. S3 and Table I). Thus, VDR
and C/EBPB may act cooperatively in response to 1,25(0H),D; to
regulate the expression of the Rankl gene.

CTCF OCCUPIED SITES DEFINE THE BOUNDARIES OF THE RANKL
CHROMATIN DOMAIN

Elevated levels of H4ac highlight a region that begins at the 3’ end
of the Rankl gene and extends upstream over 210kb, ending
approximately 20 kb downstream of the neighboring gene Akap11
(Fig. 8A and B). As indicated earlier, the ability of 1,25(0H),D; to
induce an increase in H4ac and to promote C/EBPRB binding is
restricted to this region. To determine whether this extended region
defined the complete Rankl gene locus, we searched for sites
occupied by CTCF across this region. ST2 cells were treated with
either vehicle or 1,25(0H),D; and then subjected to ChIP-chip
analysis using an antibody to CTCF. CTCF data tracks are shown
from these analyses under the following conditions: (1) vehicle-
treated samples precipitated with antibody to CTCF or control IgG
(CTCFyep, vs. IgG) (basal CTCF) and (2) 1,25(0H),D;-treated samples
precipitated with antibody to CTCF or control IgG (CTCF, ,5 vs. IgG)
(total induced CTCF) (Fig. 8D). As can be seen, prominent CTCF
binding activity was observed immediately downstream of the
3" UTR (CTCF1) and at the upstream boundary of inducible H4ac
activity (CTCF2) (Fig. 8D). 1,25(0H),D; had no effect on the level or
the location of CTCF binding. The CTCF2 also aligns with the
most distal of the induced C/EBPB binding sites. Both CTCF sites
represent regions of high H4ac and contain sequences predicted to
bind CTCF by Genomatix (supplemental Fig. S3 and Table I). Several
CTCF sites were also observed within these boundaries, perhaps
highlighting the multiple activities defined earlier for CTCF
[Filippova, 2008]. Recently, Rad21, A component of the cohesin
complex, has been shown to co-occupy CTCF sites [Wendt et al.,
2008; Wendt and Peters, 2009]. We therefore conducted Rad21
ChIP-chip in the same manner at CTCF as described above. Similar
to results of others, the “major” CTCF peaks were co-occupied by
Rad21, whereas “minor” Rad21 peaks were present at D2, D3, and
D4 independently of CTCF (Fig. 8E). Each site was confirmed
through ChIP-chip analysis in other mouse cell lines and at highly
conserved regions in the human genome as well (data not shown).
While we have not proven that these CTCF sites function directly as
insulators, the limited activity that occurs outside these sites
supports the hypothesis that this region of over 200 kb defines the
Rankl locus.

The central importance of RANKL to the formation of osteoclasts
and to the bone remodeling process in the adult skeleton is
highlighted by the absence of such bone resorbing cells and a
striking osteopetrotic phenotype in the Rankl —/— mouse [Kong
et al, 1999]. While numerous systemic agents regulate the
expression of Rankl, perhaps the most important are PTH [Liu
et al., 1998; Kondo et al., 2002] and 1,25(0H),D; [Takahashi et al.,

1988a]. Our previous studies identified a complex mechanism
whereby the expression of Rankl is modulated by both of these
hormones and involves multiple enhancers located —16 to —76 kb
upstream of the gene’s TSS [Kim et al., 2006b; Kim et al., 2007b]. In
this report, we explore this mechanism of activation further using
ChIP-chip analysis, an approach that allowed us to scan the entire
Rankl gene locus for not only 1,25(0H),D;-induced VDR binding
activity, but for changes in histone modification and for the
presence of other factors resulting from this binding activity. Our
results both confirm and significantly extend the observations we
previously reported.

The present studies confirm previously discovered Rankl
enhancers for the VDR and RXR at mRLD1-mRLD5 and identify
new sites of action at mRLD7 and mRLIn2a. mRLIn2a is the first
regulatory region to be found within the Rankl transcription unit.
These sites display characteristics similar to those identified for
mRLD 1-mRLD5 including an ability to recruit RNA pol II and to
mediate an increase in H4ac in response to 1,25(0H),D;. A new site
identified as mRLD6 as well as mRLD7 and mRLIn2a also bind
1,25(0H),D;-induced C/EBPR (see Discussion section below).

Our studies have revealed several significant insights regarding
the general actions of the vitamin D hormone. First, it has been
suggested that the VDR/RXR heterodimer is normally bound to
regulatory elements at gene targets in the absence of 1,25(0H),D;
where it functions to suppress gene expression via the recruitment of
co-repressors [Perissi et al., 1999]. Thus, the role of the hormone is
not to promote DNA binding, but rather to induce a conformational
change in the receptor that causes the dismissal of bound co-
repressors and the recruitment of co-activators, similar to that
suggested for RAR, TR, and PPAR [Perissi et al., 1999]. Our results,
which emerged from an examination of VDR and RXR binding at the
Rankl locus in the absence and presence of 1,25(0H),D;, do not
support this hypothesis. Thus, we find that the VDR is highly
dependent upon 1,25(0H),D; for DNA binding activity. RXR, on the
other hand, although strongly induced to bind to Rankl enhancers
by 1,25(0H),D, is present at several of the enhancers in the absence
of the hormone. We suggest that pre-bound RXR may mark sites for
potential VDR binding. Alternatively, it is possible that RXR is
bound at sites in the Rankl locus as a heterodimer with another
nuclear receptor partner. Despite our results at the Rankl locus,
however, it is premature to conclude that identical results will
emerge for all VDR target genes. Certainly, each gene is unique both
with respect to the VDREs to which the VDR binds and to its
surrounding chromatin environment. It is also likely that VDR
concentrations may impact ligand-independent binding as well.
Indeed, we and others have detected the VDR at other genes in the
absence of ligand, albeit at lower levels [Kitagawa et al., 2003;
Ewing et al., 2007]. Genome-wide studies will be necessary to
determine to what extent this principle holds at a complete cellular
collection of VDR target genes. Our preliminary studies at this level
suggest that the degree to which unliganded VDR and RXR binds to
multiple gene targets is highly context dependent.

Second, we were surprised to find that in addition to the VDR,
1,25(0H),D5 also induced significant C/EBPR binding at the Rankl
enhancers. This binding activity was extensive, and was observed at
all the VDR occupied regions and at additional sites. All of these sites
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contained potential C/EBP response elements, although none have
been explored for functionality. C/EBPB binding activity is also
found at other 1,25(0H),D; target genes, including those for
Cyp24al and the Vdr itself [Dhawan et al., 2005]. Thus, Christakos
and colleagues, for example, demonstrated that cotransfection of C/
EBPp together with the Cyp24al and VDR gene promoters enhance
overall reporter activity in bone cells [Dhawan et al., 2005]. Our
observations are unique, as they show that the actions of
1,25(0H),D; can directly increase endogenous C/EBPB binding at
a target gene. Studies of Cyp24al and other genes using the ChIP-
chip approach indicate that Rankl is not the only gene target
activated by 1,25(0H),D; in this manner (data not shown). The
involvement of C/EBPR in 1,25(0H),D;-induced gene expression
adds an unexpected dimension to this hormone’s actions. Thus,
it is clear that 1,25(0H),D; can enhance transcription at certain
target genes by inducing not only the VDR, but C/EBPB as well.
Interestingly, these data also raise the possibility that C/EBPR alone
may mediate 1,25(0H),D; activity at genes that are responsive
exclusively to C/EBPB and not directly to the VDR. Finally,
this transcription factor is also a direct target of protein kinase-
mediated signal transduction pathways known to directly phosphor-
ylate C/EBPB at multiple sites [Trautwein et al., 1993]. Thus,
activation of C/EBPB could potentiate 1,25(0H),D; response under
some circumstances, but dampen the response in others. The
mechanism through which 1,25(0H),D; induces C/EBPB binding at
the Rankl gene (and to other genes) is unknown. While 1,25(0H),D5
promotes an upregulation of C/EBPB mRNA in bone cells [Dhawan
et al., 2005], it is unclear whether this upregulation is sufficient to
enhance C/EBPB DNA binding at target genes or to activate the
protein. 1,25(0H),D; is also known to activate membrane-associated
kinases [Zanello and Norman, 2006]. Thus, C/EBPB binding at the
Rankl locus may be induced by 1,25(0H),D;-dependent phosphor-
ylation of C/EBPB and then potentiated by the ability of the hormone
to promote a secondary upregulation of the gene as well. Regardless,
increased H4ac levels at the sites to which C/EBPB binds in the
absence of the VDR suggests that this factor is transcriptionally active.

Our initial studies indicated that RNA pol II is recruited to the
Rankl locus, although the site-specific nature of direct ChIP assays
provided limited detail [Kim et al., 2007b]. Our ChIP-chip studies
provide much greater insight, however. RNA pol II is present at
mRLD2 and mRLD5 but not the TSS. Following treatment,
elongation-competent RNA pol II is increased at these enhancers
and is also induced at the other sites. Surprisingly, limited
occupancy was discovered at the TSS. Perhaps RNA pol II recruited
to the TSS becomes rapidly engaged, thus preventing detection. RNA
pol II occupancy at the Rankl enhancers is accompanied by the
recruitment of TBP, TFIIB and TAF;250. The recruitment of these
factors together with RNA pol Il at mRLIn2a suggests that this region
does not represent an RNA pol Il transcription pause site, in contrast
to our earlier suggestion, but rather an intronic enhancer element.
Our findings also suggest that while Rankl enhancers are promoter-
like, they are not simply alternative Rankl promoters. This
hypothesis is supported by the overall transcriptional activities
manifested by these regions in transient transfection studies and by
the detection of noncoding nuclear RNA transcripts that appear to be
synthesized from these regions. The functional role of this class of

RNAs remains to be identified, although several RNAs, including
HOTAIRE, are known to manifest regulatory control at adjacent
genes [Rinn et al.,, 2007; Guttman et al., 2009]. Due to the low
abundance of the RNAs identified here, however, we have not yet
been able to ascribe a function.

ChIP-chip analysis has enabled us to examine both the basal and
inducible acetylation state of H4 at the Rankllocus. Previous studies
using site-directed ChIP analysis suggested differences in H4ac
across the locus, although we were unable to place these differences
in a high-resolution context [Kim et al., 2007a]. The results obtained
here indicate that specific regions of the Rankl locus are defined by
increased levels of H4ac under conditions in which the gene is not
expressed. Interestingly, this basal H4ac activity is localized to many
of the enhancers for the Rankl gene. Importantly, 1,25(0H),D;
treatment causes a significant upregulation of H4ac across the locus.
This upregulation appears to be initiated at all sites to which the VDR
binds, but also at sites to which C/EBPB binds as well. The broad
nature of the induced H4ac across the locus and its definition by the
CTCF sites defines the overall locus of the Rankl gene. These
observations suggest the possibility that this region represents an
important chromatin domain whose overall architecture may be
altered through extensive transcription factor binding. Future
studies using chromosome conformation capture (3C) techniques
will be necessary to define directly the interrelationships that might
exist and whether they are altered upon treatment with 1,25(0H),D;.
Despite this, the presence of both basal and inducible acetylation at
H4 supports our suggestion that these distal regions play a central
role in Rankl activation.

In summary, we have shown that 1,25(0H),D; induces the Rankl
gene via simultaneous induction of two transcription factors at
multiple enhancers, the bulk of which are located significant
distances upstream of the Rankl TSS. Transcription factor binding
induces the recruitment of not only RNA pol II, but basal
transcriptional machinery as well. The presence of these factors is
likely responsible for the production of small amounts of noncoding
RNA that emanate for these sites. We also show that regions that
bind VDR and C/EBPB also undergo an increase in H4ac. Finally,
virtually all activity induced by hormone is confined to a region
between two occupied CTCF/Rad21 sites, suggesting that these sites
represent the boundaries of the Rankl locus.
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