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Deletion of the distal Tnfsf11 RL-D2 enhancer that contributes to
PTH-mediated RANKL expression in osteoblast lineage cells
results in a high bone mass phenotype in mice
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Abstract

Receptor activator of nuclear factor-xB ligand (RANKL) is a TNF-like cytokine that is necessary
for osteoclast formation and survival. Elevated RANKL synthesis is associated with both increased
osteoclast number and bone resorption. Earlier studies identified an enhancer 76 kb upstream of
the 7nfsf11transcriptional start site (TSS) termed RL-D5 or the distal control region (DCR) that
modulates RANKL expression in response to PTH, 1,25(0OH),D3 and an array of cytokines. Mice
lacking RL-D5 exhibit high bone mass associated with decreased RANKL expression in bone,
spleen, and thymus. In addition to RL-D5, genome-wide studies have identified 9 additional
Tnfsf11 enhancers residing upstream of the gene’s TSS, which provide RANKL cell type-
specificity and responsiveness to local and systemic factors. ChIP-chip analysis has revealed
inducible VDR and CREB binding at an enhancer termed RL-D2 23 kb upstream of the 7nfsf11
TSS in osteoblastic ST2 cells. Herein, we use ChlP-seq analysis to confirm this finding and delete
this enhancer from the mouse genome to determine its physiological role in vivo. RL-D27/~
primary stromal cells showed decreased RANKL-induction by both forskolin and 1,25(0OH),D3 ex
vivo. Consistent with this, the PTH induction of RANKL expression was significantly blunted in
RL-D27/~ mice in vivo. In contrast, lack of RL-D2 had no effect on 1,25(0OH),D3 induction of
RANKL in vivo. Similar to the results seen in RL-D5~/~ mice, lack of RL-D2 led to decreased
skeletal RANKL expression, resulting in decreased osteoclast numbers and a progressive increase
in bone mineral density. Lack of RL-D2 increased cancellous bone mass in femur and spine, but
did not alter femoral cortical bone thickness. These results highlight the role of distal enhancers in
the regulation of RANKL expression by PTH and perhaps 1,25(0OH),Ds3, and suggest that the RL-
D2 and RL-D5 enhancers contribute in either an additive or synergistic manner to regulate bone
remodeling.
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INTRODUCTION

Receptor activator of nuclear factor-«B ligand (RANKL) is a multifunctional cytokine that
participates in a variety of physiological processes such as organ development (1-3), control
of fever and body temperature (), lymphocyte differentiation ), and mammary gland
development ). One of the most significant roles of RANKL is to regulate bone remodeling
and calcium homeostasis by controlling osteoclast formation and survival (1:7:8). Mice that
lack RANKL, or its receptor RANK, cannot form osteoclasts and thus, have osteopetrosis
and a blockade in tooth eruption, illustrating the necessity of RANKL for osteoclast
formation (). In addition to defects emerging from the lack of osteoclast formation, animals
that lack RANKL also fail to develop mammary glands and lymph nodes (.8),

As expected from its diverse roles, RANKL is expressed in a wide array of cell types that
contribute to differential functions of RANKL. RANKL expression in chondrocytes is
important for resorption of the calcified cartilage to produce the bone marrow cavity in long
bones of growing mice () whereas, osteocytic RANKL is the major functional source of
RANKL for physiological bone remodeling in adult mice (410, Moreover, while B or T cell
RANKL does not appear to participate in physiological bone remodeling in adult mice, B
cell RANKL plays a role in B cell differentiation and in the cancellous bone loss associated
with loss of sex steroids ). An increase in RANKL leads to increased osteoclast formation
and survival, thus leading to increased bone resorption. Consistent with this, increased
RANKL has been associated with a number of pathological conditions such as
hyperparathyroidism (1112) and arthritis (1314). Thus, the mechanisms that mediate
transcriptional control of RANKL leading to cell type-specific expression and regulation are
of great biological importance in many physiological and pathophysiological conditions.

Initial transcriptional studies examining the 1,25(OH),D3 and parathyroid hormone (PTH)
regulation of 7nfsf11 expression focused on 7nsfs11’s modulatory control by elements
located near the promoter region of the gene (1516), These earlier studies were either
inconclusive or unsuccessful, largely as a result of the limitations of the approach. Our
application of recently developed genome-wide methods for defining the transcriptional
landscape of genes (17:18); however, has revealed that 7777511 is regulated by at least 10
different distal enhancers (19-2%). These enhancers extend up to 155 kb upstream of the
gene’s transcriptional start site (TSS) and are bound by various transcription factors
associated with pathways that control RANKL expression as summarized in Fig. 1. The
number, distal nature, and diverse activities of these enhancers are consistent with the
regulatory features of many genes whose products are involved in diverse transcriptional
control. Perhaps as important, we have recently shown that a DNA segment beginning 46 kb
downstream to 178 kb upstream of the 7nfsf11 gene and containing all of these elements is
capable of expressing RANKL in an endogenous tissue-specific and regulated fashion, and
rescues the phenotype of the RANKL null mice in a comprehensive fashion (26). Although
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this latter study does not define the individual roles of the internal features of the 7nfsfi1
gene, the studies collectively highlight the unexpected complexity of RANKL regulation.

Six of the RANKL enhancers, termed RL-D1 to RL-D4 and RL-D6 and RL-D7 were
identified in osteoblast cell lines (19:22.24.27) and are suggested to regulate RANKL
expression in mesenchymal lineage cells. In contrast, three of the RANKL enhancers,
termed RL-T1 to RL-T3, were identified in T cell lines (2328) and suggested to play roles in
transcriptional regulation of RANKL in certain hematopoietic lineage cells. The RL-D5
enhancer, however, is bound by transcription factors in both osteoblasts and T cell

lines (21.23.28,29) This enhancer has been identified by us and others as a multifunctional
component that regulates transcriptional control of RANKL in response to PTH,
1,25(0H),D3 and interleukin 6 (IL-6)-type cytokines both in vitro and in vivo (19:21.29.30),
Importantly, lack of this enhancer in the mouse genome decreased RANKL expression in
bone, spleen, and thymus and led to an age-dependent high bone mass phenotype (12:30), R-
D5 was also shown to play a role in secondary hyperparathyroidism- and lactation-induced
increase in RANKL expression (12). However, the physiological and tissue-specific roles of
the remaining RANKL enhancers have yet to be defined.

RL-D2 is a RANKL enhancer located 23 kb upstream of the 7nsfsf12 TSS (19, Chromatin
immunoprecipitation on microarray (ChlP-chip) analysis in osteoblastic ST2 cells has shown
inducible binding of vitamin D receptor (VDR), retinoid X receptor (RXR), runt-related
transcription factor 2 (Runx2), and cAMP response element-binding protein (CREB) within
this enhancer (19.21)_ In addition, ChIP-chip analysis has shown that parts of the
transcriptional machinery such as TATA-binding protein (TBP), Transcription Factor Il B
(TFIIB), transcription initiation factor TFIID 250 kDa subunit (TAF250), and RNA
polymerase 11 (RNA pol I1) are recruited to this enhancer in an inducible manner (2227 This
DNA segment was also marked by the enhancer histone signature modifications H4ac and
H3K9ac in osteoblastic ST2 cells (), but not in 2b4.11 T cell hybridomas or in primary
CD4* T cells (33), Together, these results suggest that RL-D2 plays a role in transcriptional
control of RANKL specifically in cells of mesenchymal origin, although in vivo studies are
necessary to validate this hypothesis. Herein, we confirm the binding of VDR, RXR, and
CREB to this enhancer in a pre-osteoblastic cell line (MC3T3-E1). We then delete this
enhancer from the mouse genome to assess its contribution to both cell type-specific and
hormonal regulation of RANKL expression and to examine its role during physiologic
perturbation in vivo. We show that while both PTH- and 1,25(0OH),D3- induction of
RANKL expression are blunted as a result of the lack of RL-D2 ex vivo, only the PTH
induction of RANKL expression was blunted in vivo. In addition, mice that lack RL-D2
exhibited lower RANKL expression in bone, bone marrow, and spleen, but not in thymus or
isolated lymphocytes. This decrease in skeletal RANKL caused RL-D2 null mice to display
decreased bone resorption and a resultant high bone mass phenotype that progressed with
age.
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MATERIALS AND METHODS

Reagents

Minimum Eagle’s medium alpha (¢MEM) and Hank’s balanced salt solution were
purchased from MediaTech/cellgro (Manassas, VA); Fetal bovine serum (FBS), and
penicillin-streptomycin-L-glutamine (PSG) were purchased from Hyclone (Logan, UT); and
ascorbic acid was purchased from Sigma Aldrich (St. Louis, MO). Cultured MC3T3-E1
cells were treated with 1,25(0OH),D4 obtained from SAFC Global (Madison, WI1), forskolin
(Fsk) purchased from Sigma Aldrich (St. Louis, MO) or oncostatin M (OSM) purchased
from R&D Systems (Minneapolis, MN). PTH (1-84) used for the in vivo injections were
purchased from Bachem California Inc. (Torrance, CA). The VDR (C-20, sc-1008, lot
A0912) and RXR (N-197, sc-774, lot G2310) antibodies used for chromatin
immunoprecipitation (ChIP) were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). The phosphorylated CREB (pCREB) (Ser 133, 06-519) antibody used for ChIP
was purchased from Millipore (Darmstadt, Germany).

Generation of mutant mice

D2KO mice were produced by GenOway (Strasbourg, Fr). Briefly, D2KO mice were created
by replacing the 2.1 kb RL-D2 enhancer with a targeting vector consistent of a floxed Neo
selection cassette flanked by 7.2 kb left homology arm and 2.5 kb right homology arm. The
7.2 kb left homology arm was produced by PCR amplification of 3 kb proximal and 4.2 kb
distal regions using genomic C57BL/6 ES cell DNA and 7nfsf11 BAC as templates,
respectively. The right homology arm was PCR amplified using genomic C57BL/6 ES cell
DNA as template. The resultant PCR products were cloned into a vector to produce the
targeting vector containing the Neo selection cassette flanked by the left and right homology
arms. Sequencing was utilized at every step of the targeting vector assembly to control the
quality. The linearized targeting vector was used to electroporate ES cells. The ES cells
targeted by homologous recombination were identified by positive selection using G418
treatment, followed by confirmation via PCR and southern blot analysis of the homology
arms. Two correctly targeted ES cell clones were injected into C57BL/6 blastocyts to create
chimeric mice. Injected blastocyts were then re-implanted into OF1 pseudo-pregnant
females and allowed to develop. The neo cassette was removed by crossing the germ line
transmitting chimeric mice with mice ubiquitously expressing Cre recombinase. The animals
were genotyped using the forward primer 5-TCAGAAGTTGCGCACGGTCAGC-3’ and
reverse primer 5-ACAGATCTGCGGCCGCTCTAGTA-3'. Mice heterozygous for the RL-
D2 enhancer (D2*/7) were used as breeders to obtain the experimental animals RL-D2*/*
(D2WT) and RL-D27/~ (D2KO) mice. In all experiments, RL-D2 wild type (D2WT)
littermates were used as controls for RL-D2 knock out (D2KO) mice.

Animal Studies

The animals were housed in high density ventilated caging in the Animal Research Facility
of University of Wisconsin-Madison. The husbandry rooms were monitored for 12 hour
light/dark cycles, 72°F temperature and 45% humidity. To induce RANKL expression in
vivo, animals were injected intraperitoneally with 10 ng/g of body weight (bw) 1,25(0OH),D3
(in propylene glycol) or 230 ng/g bw PTH (1-84) (in phosphate buffered saline). The
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animals were stratified to vehicle or treatment groups according to their body weight. The
littermate controls were injected with a similar volume of appropriate vehicle. Animals were
sacrificed and tissues collected 6 hours (hrs) after 1,25(0OH),D3 or 1 hour (hr) after PTH
injection. All injections and tissue collections were performed in the procedure rooms in the
Research Animal Facility of University of Wisconsin-Madison. All animal studies were
reviewed and approved by the Research Animal Care and Use Committee of University of
Wisconsin-Madison.

Primary Stromal Cell Cultures

Femoral bone marrow was isolated using Hank’s isolation medium (MEMa with Hank’s
Salts supplemented with 10% non-heat inactivated FBS and 1% PSG). The isolated cells
were plated into 12 well plates with a density of 5x106 cells/well in 1 ml osteogenic culture
media (MEMa without phenol red, supplemented with 10% non-heat inactivated FBS, 1%
PSG and 50 ug/ml ascorbic acid). Cells were differentiated and cultured to 90% confluency
(8 to 10 days) by changing the top half of the culture media every 2 days. At ~90%
confluency, cells were washed with phosphate buffered saline (PBS), all of the media was
replaced with fresh culture media containing vehicle or treatments. In order to induce
RANKL expression, differentiated osteoblastic stromal cell cultures were treated with 25
ng/ml of OSM in PBS, 1078 M 1,25(0OH),Ds in ethanol, or 1076 M for forskolin in dimethy!
sulfoxide (DMSO) for 24 hrs. Following 24 hrs treatment, RNA was isolated from cultured
cells using Trizol Reagent (Life technologies, Grand Island, NY) according to the
manufacturer’s instructions.

Primary stromal cell cultures for chromatin immunoprecipitation (ChIP) were prepared as
follows. Femoral and humoral bone marrow cells were isolated using osteogenic culture
media (MEMa without phenol red, supplemented with 10% non-heat inactivated FBS, 1%
PSG and 50 pg/ml ascorbic acid) and plated at a density of 1x108 cells/well in 10 ml of
culture media. Cells cultured to 90% confluency (9 days) in osteogenic medium by changing
the top half of the culture media every 2 days for the first week, followed by daily complete
media change beginning at day 7. At day 9, cells were washed with phosphate buffered
saline (PBS) and fresh culture media containing DMSO or 1075 M forskolin (Fsk) was
added.

Chromatin immunoprecipitation (ChiP)

ChIP-gPCR analysis was performed in triplicate as previously described (22). Following
hormonal treatment as described above, the primary cell cultures were cross-linked for 15
min with 1.5% formaldehyde in PBS and the reaction was quenched using 1.25 M glycine.
Cell extracts were collected in PBS and chromatin fragments prepared via sonication.
Samples were then pre-cleared over night, followed by immunoprecipitation using either a
control 1gG or pCREB (ser 133) antibody. After washing, the protein-DNA crosslinks were
reversed and the DNA fragments were purified using a QlAquick PCR kit (Qiagen,
Valencia, CA). Quantitative RT-PCR was performed using Fast Start Universal Sybr green
(Roche Applied Science, Indianapolis, IN) and primers designed to amplify the control
region 30kb upstream of Mmp13TSS, as well as the RL-D2, RL-D4 and RL-D5 enhancer
regions of the 7nfsf11 locus.
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ChlP followed by sequencing (ChlP-seq)

ChlIP-seq data processing and statistical evaluation were performed as previously

described 1), Briefly, pre-osteoblastic MC3T3-E1 cells were treated for 1 hr with vehicle or
1076 M Fsk; or for 3 hrs with vehicle or 10~/ M 1,25(0H),D5 (32,33). After fixation,
samples were subjected to immunoprecipitation using either a control IgG antibody or
experimental antibody (pCREB (ser 133), VDR and RXR antibodies listed under
“Reagents” section). All sequencing data are publically available in the Gene Expression
Omnibus database: GSE62981 and GSE51515 (32:33),

Bone Mineral Density (BMD) and pCT Analysis

BMDs were measured and analyzed by dual x-ray absorptiometry (DEXA) with a PIXImus
densitometer (GE-Lunar Corp, Madison, W1) as previously described (34). Lumbar vertebrae
4 (L4) and femurs were fixed in 10% Millonig’s Modified Buffered Formalin (Leica
Biosystems, Richmond, IL) for 24 hrs and gradually dehydrated through a series of ethanol
solutions into 100% ethanol. MicroCt analysis of the processed femurs and L4s were
performed by Yale Core Center for Musculoskeletal Disorders (New Haven, CT).

Gene Expression

Dissected tissues were frozen immediately in liquid nitrogen, and stored at —80°C. Frozen
tissues were homogenized in Trizol Reagent (Life technologies, Grand Island, NY) and
RNA was isolated according to the manufacturer’s instructions. Lymphocytes were isolated
and their RNA was recovered as previously described (34). RNA (1pg) was used as a
template to synthesize cDNA using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA). RNA isolation and cDNA production was performed
in a blinded fashion. Relative mMRNA levels were determined via multiplex TagMan
quantitative reverse transcription-PCR (RT-PCR) using VIC labeled Mouse ACTB and FAM
labeled TagMan gene expression assays (Applied Biosystems, Foster City, CA). The
following TagMan Gene Expression probes (Applied Biosystems, Foster City, CA) were
used for RT-PCR: RANKL ( 7nfsf11, Mm00441906), CtsK (Ctsk, Mm00484039), OPG
(Tnfrsf11b, Mm01205928), IL-6 (//6, Mm00446190), Cyp27b1 (Mm01165918), Cyp24al
(Mm00487244) and mouse ACTB (Actb, 4352341E). Relative mRNA levels were calculated
using the ACt method (39,

Blood chemistry

Cardiac blood was collected at the time of sacrifice. Collected blood was maintained at room
temperature for 30 minutes followed by centrifugation at 6000 rpm for 12 minutes to obtain
serum. Soluble RANKL (sSRANKL) content in the serum was measured using an R&D
Systems Quantikine Mouse RANKL kit (Cat. No. MTRO00) according to the manual
provided by the manufacturer. Serum calcium was measured using Bioassay Systems
QuantiChrom™ Calcium Assay Kit (Cat. No. DICA-500). Bone related degradation products
from C-terminal telopeptides of type | collagen (CTX-I) and collagen type | propeptide
(P1INP) were measured in serum using RatLaps™ CTX-1 (Cat. No. AC-06F1) and Rat/
Mouse P1NP assay (Cat. No. AC-33F1) according to the manufacturer’s directions. Cardiac
blood was collected in 0.5M EDTA containing tubes and plasma was isolated by
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centrifugation at 6000 rpm for 12 minutes. Plasma parathyroid hormone (PTH) levels were
measured using a mouse PTH (1-84) ELISA kit (Cat. No. 60-2305, Immutopics, San
Clemente, CA) according to the manufacturer’s directions.

Statistical Evaluation

Data were analyzed using GraphPad Prism 4 software (GraphPad Software, Inc., La Jolla,
CA). All values are reported as the mean * standard deviation (S.D.) and differences
between group means were evaluated using Two-Way ANOVA or Student’s #test as
indicated in the figure legends. To determine if the differences in RANKL mRNA levels
(Fig. 3) or BMDs (Fig. 6) between the wild type and knockout mice increase with age, we
performed two factor factorial with interactions using SAS software (SAS Institute Inc.,
Cary, NC).

RESULTS

VDR, RXR or pCREB bind RL-D2 in an inducible manner

We previously employed ChIP-chip analysis in ST2 osteoblasts using antibodies to VDR
and RXR to identify six distal enhancers of 7nfsf11termed RL-D1 to RL-D5 and RL-D7
(Fig. 1A) (19). Subsequent direct ChIP analysis using antibodies to phosphorylated CREB
(pCREB) revealed that this transcription factor also bound strongly to RL-D2 and RL-

D5 (21.29), Further examination of the RL-D5 region via transcriptional reporters or BAC
deletion methodologies showed that this enhancer was an important regulator of RANKL
expression in response to 1,25(0H),D3 and PTH (19.21.24.29) Examination of the RL-D2
region with similar methodologies; however, showed little to no regulation of RANKL by
this region. Based upon these studies, we queried ChlP-seq analyses performed previously in
the pre-osteoblast cell line MC3T3-E1 (32:33) to confirm our previous findings. As is seen in
Figure 1B, VDR and RXR bound to five of the previously identified enhancers, namely RL-
D2 to RL-D5 and RL-D7, in response to 1,25(0OH);D3 in MC3T3-EL1 cells. ChIP-seq
analysis in the MC3T3-E1 cell line also showed that upon forskolin treatment, pPCREB
bound to three of the previously identified RANKL enhancers, namely RL-D2, RL-D4 and
RL-D5, confirming our earlier findings in ST2 cells (Fig. 1C).

RL-D2 participates in PTH and 1,25(OH),D3 regulation of RANKL

In order to determine whether RL-D2 plays a role in transcriptional regulation of 7nfsf11,
we removed this enhancer from the mouse genome using standard methods of homologous
recombination. We then isolated bone marrow from RL-D2 enhancer deleted (D2KO) mice
as well as RL-D5 enhancer deleted (D5KO) mice and their corresponding wild type (WT)
littermates (D2WT or D5WT), and differentiated the adherent stromal cell populations ex
vivo into osteoblast-like cells. Both, D5KO and D2KO cells expressed significantly less
RANKL compared to their wild type controls (Fig. 2A). Twenty four hour treatment of these
differentiated stromal cells with oncostatin M (OSM) and forskolin (Fsk), but not
1,25(0OH),D3, increased interleukin 6 (IL-6) expression to similar levels in cultured D5KO
or D2KO cells and their WT controls (Sup. Fig. 1A), suggesting that all cells were
differentiated and treated similarly. As has previously been reported (29:39), |ack of RL-D5
blunted the OSM-, Fsk- and 1,25(0OH),D3-induced increase in RANKL expression (Fig.
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2A). However, lack of RL-D2 blunted only Fsk- and 1,25(OH),Ds-induced increases in
RANKL expression (Fig. 2A).

To determine whether RL-D2 regulates RANKL expression in response to PTH and
1,25(0OH),D3 in vivo, we injected 8-week-old female D2KO mice and their control
littermates with a single dose of either PTH or 1,25(0OH),D3. Expression of RANKL was
measured 1 hr after PTH injection and 6 hrs after 1,25(0OH),D3 injection. PTH injection
increased control IL-6 mMRNA levels and 1,25(0OH),D3 decreased OPG mRNA levels
similarly in all mouse strains, suggesting equivalent injection in all genotypes (Sup. Fig. 1B,
C). As can be seen in Figure 2B, lack of RL-D2 significantly blunted the PTH-induced
increase in RANKL mRNA in bone marrow and bones of D2KO mice. However, we were
unable to detect a blunting of the 1,25(0OH),D3-induced RANKL expression in D2KO bone
marrow or in any of the D2KO bones measured (Fig. 2C). These results suggest that RL-D2
plays a significant role in induction of RANKL expression by PTH; however, its
contribution to 1,25(0OH),D3 induction of RANKL expression in vivo appears limited.

Lack of RL-D2 leads to lower skeletal RANKL expression

We then measured RANKL mRNA levels in several bones, lymphoid tissues, and bone
marrow of D2KO mice and their control littermates up to 48 weeks (w) of age. At 5w of age
RANKL expression in D2KO mice was similar to that of their littermate controls in all
tissues measured (S. Fig. 2A). In contrast, skeletal RANKL expression in D2KO males at
8w was significantly lower compared to littermate controls (Fig. 3A). However, only
vertebral RANKL was lower than WT controls in female D2KO mice (Fig. 3B). Animals
that lack RL-D5 also displayed a 20-40% decrease in bone RANKL expression at 20w as
previously reported 39, Similar to DSKO mice, RANKL mRNA levels in tibia, vertebra,
and femur shafts of D2KO mice of both sexes were 20-40% lower compared to the WT
controls at 24w (Fig. 3C, D) and 30-50% lower compared to the WT controls at 48 w (Fig.
3E, F). Interestingly the difference in RANKL mRNA levels at 24w and 48w was most
pronounced in D2KO femur shafts enriched in osteoblasts and osteocytes (Fig. 3C—F). These
results suggest that RL-D2 contributes to RANKL expression in bone and especially in
osteoblasts and osteocytes.

Spleen and thymus RANKL mRNA levels in D5KO mice were 50% and 25% lower
compared to littermate controls at 1 and 5 months (m) of age, respectively (30). Unlike
D5KO mice, D2KO mice did not show decreased thymus RANKL mRNA levels at any age
(S. Fig. 2A, Fig. 3A-F), although a 20-30% decrease in spleen RANKL expression was
observed at 48w of age (Fig. 3E-F). In addition, RANKL expression in the bone marrow of
D2KO mice was 30-40% lower than littermate controls at all ages measured (Fig. 3A-F). In
order to determine if lower RANKL expression levels in spleen and bone marrow of D2KO
mice were a result of loss of RL-D2 mediated control of lymphocyte RANKL expression,
we isolated lymphocytes from bone marrow and spleens of 24w old female D2KO mice and
measured RANKL mRNA levels. As can be seen from S. Fig. 3, lack of RL-D2 did not alter
RANKL mRNA levels in either T or B cells. These results suggest that RL-D2 participates
in RANKL expression in spleen and bone marrow, perhaps by contributing to RANKL
expression of mesenchymal lineage cells residing within these tissues.
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D2KO mice have decreased bone remodeling

Osteocyte RANKL has been shown to be the functional source of RANKL supporting
osteoclast formation in adult bones ). Since lack of RL-D2 decreased RANKL expression
significantly in femur shafts of D2KO mice (Fig. 3A-F), we next assessed whether the
decrease in RANKL expression in these mice affected osteoclast formation. As shown in
Fig. 4A-E and consistent with lower RANKL levels, mRNA levels of osteoclast marker
gene Cathepsin K (CtsK) were lower in the bones of D2KO mice, suggesting that these
enhancer deleted mice displayed lower osteoclast numbers. Despite the strong reduction in
RANKL expression in 48w old female D2KO mice, a decrease in CtsKk mRNA levels was
not significant (Fig. 4F); however, this may be due to the low animal numbers examined at
this age.

Consistent with the decrease in osteoclast maker gene CtsK, D2KO mice had lower
circulating levels of collagen type 1 cross-linked C-telopeptide (CTX-I) compared to their
littermate controls (Fig. 5B). Moreover, due to coupling between bone resorption and
formation, D2KO mice also manifested lower bone formation represented by a decrease in
circulating levels of type 1 procollagen (N-terminal) (PN1P) levels (Fig. 5C). Taken
together, our results suggest that D2KO mice exhibit decreased bone resorption leading to
decreased bone remodeling. Interestingly, despite the decreased bone resorption and thus,
decreased release of calcium from the skeletal stores, D2KO mice retain serum calcium
levels similar to that of their wild type littermates (Fig. 5D). Consistent with the
observations in D5KO mice, wild type and D2KO mice have similar plasma PTH levels
(Fig. 5E). Moreover, kidney mRNA levels of 1a-hydroxylase (Cyp27b1), which synthesizes
the active form of vitamin D3, and Cyp24a1, which initiates the degradation of active form
of vitamin D3 (Figure 5F, G), are similar in wild type and D2KO mice. Together, these
results suggest that intestinal absorption and renal reabsorption of calcium are adequate to
maintain calcium homeostasis of D2KO mice under basal conditions.

Mice lacking RL-D2 have high bone mass phenotype specific to the cancellous
compartment

To determine potential changes in bone mass of D2KO mice, the bone mineral density
(BMD) of these enhancer deleted mice and their wild type littermate controls were measured
at 5, 8, 24 and 48 weeks of age. At all time points, the body weights of the D2KO mice and
their control littermates were similar (S. Fig. 2C, D). It has been shown that at 1m of age,
female D5KO mice have higher vertebral BMD (12:30), However, this parameter in female
D2KO mice was not different from controls at any of the sites measured (S. Fig. 2B). In
contrast, by 8w the BMD of both male and female D2KO mice was statistically higher than
that of their wild type littermate controls in a fashion analogous to that of D5KO mice (Fig.
6A, D)(12:30) 1mportantly, BMD differences between D2KO mice and D2WT mice of both
sexes became more pronounced with age (Fig. 6B, C, E and F) and statistical comparison of
the difference between WT and D2KO mice utilizing two factor factorial with interactions
suggested that the skeletal phenotype of D2KO mice progresses in an age dependent manner.
D5KO mice have also been shown to exhibit higher cancellous bone volume without
changes to cortical bone 12), Similar to the D5KO mice and in agreement with the BMD
data, uCt analysis at 12 months of age showed an increase in cancellous bone volume in
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femur and spine of D2KO animals (Fig. 7A, E, F and K). Consistent with decreased bone
remodeling in the cancellous bone compartment, the increased cancellous bone volume of
the D2KO mice was associated with increased trabecular number (Fig. 7B, G) and decreased
trabecular spacing (Fig. 7C, H) without a change in trabecular thickness (Fig. 7D, I).
Moreover, as with D5KO mice (12), cortical thickness at the femoral midshafts was
nevertheless similar in both D2KO and D2WT mice (Fig. 7J, L). Together, these results
suggest that lack of RL-D2 leads to decreased bone remodeling in the cancellous bone
compartment causing increased cancellous bone volume without an effect on cortical bone.

Lack of RL-D2 does not alter pCREB binding to RL-D4 or RL-D5

We have recently shown that lack of an enhancer can alter transcription factor binding to
other enhancers that coregulate the same gene (36). ChIP-seq analysis has shown that Fsk
treatment induces pCREB binding to RL-D2, RL-D4 and RL-D5 (Fig. 1C). Because both
RL-D2 and RL-D5 regulate RANKL expression via PTH and mice that lack either of these
enhancers have similar phenotypes, we asked whether RL-D2 might regulate PTH induction
of RANKL, at least in part, through enhancer interaction by altering pCREB binding to RL-
D5. Bone marrow was isolated from femurs and humeri of WT and D2KO mice and then
differentiated to an osteoblastic phenotype ex vivo in osteogenic medium. These cells
express RANKL in a PTH-, Fsk- and 1,25(0OH),Ds-inducible manner (Fig. 2 and data not
shown). The differentiated primary cells were then treated with vehicle or Fsk for 1 hr and
ChIP analysis was performed using the pCREB antibody. Quantitative RT-PCR utilizing
primers within the RL-D2 region showed inducible pCREB binding in wild type cells; ChIP
signal for the DNA segment corresponding to RL-D2 was absent in D2KO cells, confirming
this regions’ absence in the D2KO mice from which they were obtained (Fig. 8B).
Consistent with the ChIP-seq data on osteoblastic MC3T3 cells (Fig. 1C), Fsk treatment
induced pCREB binding specifically to RL-D2, RL-D4 and RL-D5 in the wild type cells
(Fig. 8 B-D), but not in negative control region (=30k region of Mmp13gene) (Fig. 8A).
However, basal and inducible pCREB binding was not altered in cells that lacked RL-D2
(Fig. 8 B-D), suggesting that the phenotype of the D2KO mice is not due to alterations in
pCREB binding to RL-D4 or RL-D5. It is worth noting that basal pPCREB binding is higher
in direct ChIP-gPCR than in ChIP-seq assessments, due in part to an increase in sensitivity
in the former assay. The conclusion, however, is identical in both cases.

DISCUSSION

Recent advances in genome wide studies have significantly altered our understanding of the
regulatory landscapes of most genes. We now know that many genes are regulated through
multiple enhancers that are frequently located several kilobases distant from their
transcriptional start sites and interact not only with promoters but with each other as well to
orchestrate transcriptional regulation (37-39). 7nfsf11 represents a classic example of this
type of complex transcriptional regulation. Previous studies in our laboratory and others
have led to the identification of ten 7n/sf11 enhancers that are located up to 155 kb upstream
of the gene’s TSS (19-24.28.29) One of the 7nfsf11 enhancers termed RL-D5 and located 76
kb upstream of the gene’s TSS represents a multifunctional enhancer that mediates RANKL
expression in response to PTH, 1,25(0H),D3 and IL-6-type cytokines 1929, Herein, we
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show that RL-D2, which is located 23 kb upstream of the 7nfsf11TSS, also mediates PTH-
induction of RANKL expression in c/s. Lack of either RL-D2 or RL-D5 blunts the PTH-
induced increase in RANKL expression in vivo, suggesting that both RL-D2 and RL-D5
contribute to the PTH-modulated increase in RANKL transcription. Consistent with this
finding and the concept that PTH plays a central and ambient role in regulating bone
remodeling, mice that lack RL-D2 exhibit lower RANKL mRNA levels in bones, bone
marrow, and spleen. Importantly, lower RANKL mRNA levels in D2KO mice are associated
with decreased osteoclast numbers and bone resorption as indicated by decreased osteoclast
marker gene expression and circulating bone resorption markers. Similar to the previous
observation in RL-D5 null mice 12:30), D2KO mice exhibit a progressive increase in bone
mass beginning at 8w of age. This increase in bone mass in D2KO mice is due to changes in
cancellous bone architecture without a change in cortical bone thickness. These results
together with previous findings in D5KO mice indicate that RL-D2 and RL-D5 play
overlapping roles in the regulation of 7nfsf11 expression by PTH, and allow a prediction
that deletion of both enhancers might fully compromise PTH action in 7nfsf11 expression.

In addition to mediating PTH regulation of RANKL, ChIP and ChIP-seq analyses in
multiple osteoblast or pre-osteoblast cell lines have shown that VDR and RXR bind to RL-
D2 in an inducible manner (19:32), suggesting a role for RL-D2 in mediating 1,25(OH),D3
induction of RANKL. Consistent with this observation, lack of RL-D2 blunted the
1,25(0OH),D3-induced increase in RANKL expression in ex vivo stromal cell cultures.
However, we were unable to detect a blunting of the 1,25(0OH),D3 induction of RANKL in
vivo. This may be due to the role of RL-D2 in mediating the 1,25(0OH),D3 response of
RANKL in a small population of cells that do not contribute to a significant increase in
RANKL expression observed in whole bone. Alternatively, the role of RL-D2 in mediating
the activity of 1,25(0OH),D3 on RANKL expression may be restricted temporally or spatially
to specific skeletal or other sites or limited hierarchically to accelerated bone resorption
contexts characteristic of prolonged dietary calcium deficiency or other specific disease
states.

With current advances in genome-wide analysis of transcription factor binding, DNase |
hypersensitivity, histone modifications and DNA methylation, it has becoming quite clear
that most genes are regulated through multiple enhancers 37-40), Several models have been
proposed to explain the mechanisms through which groups of enhancers may work together
to regulate gene expression (4142). One such model suggests the looping of the DNA to
bring multiple enhancers at a locus together with the gene promoters they regulate to
mediate transcription (1), Using chromatin conformation capture (3C) assays, we have
confirmed at several transcriptional loci including that of Cyp24a143) and Mmp13 39 that
distant enhancers converge at their respective promoters to allow transcriptional control of
these genes. Interestingly, we have recently shown that the deletion of one of several
enhancers that controls Mmp13expression can alter transcription factor binding at other
enhancers in this transcriptional locus and their activities as well 36). We show here,
however, that both basal and PTH-inducible pCREB binding at the 7nfsf11 enhancers RL-
D4 and RL-D5 enhancers is unaffected by deletion of the RL-D2 enhancer. Since deletion of
RL-D2 or RL-DS5 results in a reduction in PTH-sensitive RANKL induction in both
enhancer deleted mouse strains, these data support the idea that these two enhancers perform
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an additive rather than cooperative or synergistic function to regulate PTH mediated
expression of 7nfsf11. It is important to note, however, that our results represent only
binding and not activity measurements, and we have not determined at this point whether
these enhancers influence each other’s activity(s) or whether their multiple activities are
integrated at the level of the 7nfsf11 promoter. Thus, it remains of considerable interest to
identify the mechanisms through which the multiple RANKL enhancers co-regulate
expression of the Tnfsfl1gene.

RANKL is expressed in a wide range of cell types including, but not limited to, osteoblast-
lineage cells and lymphocytes. We have recently shown that a DNA segment spanning 46 kb
downstream to 178 kb upstream of the 7nfsf11 TSS is capable of producing RANKL mRNA
in a cell-type specific fashion in vivo (34). Our genome-wide studies using cell lines from
mesenchymal and hematopoietic lineages have suggested that while RL-D5 is an enhancer
active in both of these lineages, other enhancers such as RL-T1 or RL-D2 are each active
only in one of the two lineages (19.20.23), Consistent with our genome-wide in vitro studies,
mice that lack RL-D5 have a 50% decrease in spleen and a 25% decrease in thymus RANKL
expression (39, due in part to lower RANKL expression in lymphocytes 44). However, in
this study we show that the decrease in splenic RANKL expression (25-30%) in the RL-D2
enhancer deleted mice is much less than that observed in spleen tissues from D5KO mice, an
effect that is not due to a reduction in lymphocyte RANKL expression. Moreover, unlike
D5KO mice, thymic RANKL expression remains unaltered in D2KO mice. We also show
that the lower RANKL levels seen in bone marrow or spleens of D2KO mice are not due to
decreased lymphocyte RANKL. These results suggest that RL-D2 is indeed inactive in
hematopoietic lineage cells and that the lower RANKL expression in these tissues is likely
due to lower synthesis of RANKL expression in mesenchymal lineage cells that reside
within these tissues.

As previously mentioned, it is known that the functional source of RANKL during growth is
the chondrocyte and during adulthood is the osteocyte (910), The most striking decrease in
RANKL levels in D2KO mice was observed in femur shafts enriched in osteoblasts and
osteocytes (up to 60% decrease). While it is possible that RL-D2 may contribute to
hypertrophic chondrocyte RANKL transcription, the fact that the significant decrease in
skeletal RANKL levels and the resultant high bone mass phenotype becomes evident at only
8w of age and that this phenotype progresses with age, suggests that altered RANKL
expression in chondrocytes in D2KO and D5KO mice may not be significant. Thus, it is
more likely that RL-D2 is responsible for mediating RANKL expression in osteocytes rather
than chondrocytes. While transcriptional control of this physiologically relevant source of
RANKL is very important, it is not possible currently, due to technical restraints to
determine the contribution of these RANKL enhancers to hypertrophic chondrocyte
expression in vivo. On the other hand, ex vivo cultures of primary chondrocytes or
transformed chondrocyte cell lines such as ATDC5 (49, that go under hypertrophy, could
represent important resources in understanding the regulation of chondrocyte RANKL
expression in the future.

RANKL is produced as a transmembrane protein that can be cleaved into a soluble
form (46:47) While measuring soluble RANKL (SRANKL) is a common practice in
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pathological conditions, the source or the physiological importance of the soluble form of
RANKL is unknown. It has previously been shown that animals that lack osteocyte and
osteoblast RANKL have normal levels of circulating SRANKL (9. As seen herein,
circulating SRANKL is unchanged in D2KO mice as well (Fig. 5A). However, all mouse
strains that lack osteocyte RANKL(®) or RL-D2 regulation of RANKL have high bone mass
phenotypes. These results suggest that mesenchymal cells are not a significant source of
circulating SRANKL and point to the importance of local production of membrane-bound
RANKL.

Overall, the results described herein indicate that the RL-D2 and RL-D5 enhancers exhibit
both overlapping as well as distinct functional roles in the regulation of RANKL expression,
particularly as they relate to mediating the activity of PTH on this gene. Given the individual
common role of both of these enhancers, we speculate that simultaneous deletion of both
enhancers would likely lead to complete abrogation of PTH regulation of this gene in vivo.
Recent studies provide data suggesting that PTH may regulate RANKL expression via an
element located 1 to 2 kb upstream of the 7n/sf11 promoter 48). While it is possible that
PTH action may occur independent of CREB activation (4950), as suggested in this specific
report by Obri et al., this finding is in contrast to earlier studies that have shown that the
activation of CREB is indeed central to the induction of 7nfsf11 by PTH (51-53) Thus, it is
noteworthy that pCREB binding in our ChlP-seq analyses was neither present nor induced
by forskolin within the interval between the 7nfsf11 promoter and its upstream RL-D2
enhancer located at =23 kb (Fig. 1C). Additional studies have shown that a number of other
RANKL regulators also modulate the expression of this gene through promoter proximal
elements (45.54-56) Unfortunately, none of these activities have been confirmed using more
recent unbiased ChIP-seq analyses together with more contemporary enhancer
methodologies. Interestingly, we have recently observed that CRISPR/Cas9 mediated
deletion of the mouse 7nfsf11 gene region from —0.5 kb to —8 kb in osteoblastic cells had no
effect on PTH, 1,25(0OH),D3 or IL-6 mediated regulation of RANKL expression (Meyer,
Onal, and Pike, unpublished). While this finding will require confirmation in vivo, we argue
that traditional methods that define regulation out of genomic context are prone to error and
that the regulation of RANKL expression in osteoblast lineage cells is mediated exclusively
through the upstream distal elements that we have defined. Regardless, our results confirm
and extend our understanding of the functional roles of two distal enhancers for the 7nfsf11
gene in vivo.

In summary, both RL-D2 and RL-D5 are required for the PTH regulation of RANKL
transcription and lack of either of these enhancers causes a decrease in bone remodeling that
leads to a high bone mass phenotype. While RL-D5 is a multifunctional enhancer that is
active in multiple lineages, PTH and 1,25(0OH),D3 regulation of RANKL transcription
through RL-D2 appears to be restricted to cells of the mesenchymal lineage. These results
highlight the complex nature of RANKL transcriptional control and point out the importance
of identifying the physiological roles of unique gene enhancers in vivo.
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Figure 1. Transcriptional landscape of murine Tnfsf11 gene in response to forskolin or
1,25(0OH),D3 treatments in MC3T3-E1 cells

A, Schematic structure of the 7nfsf11 gene indicating the previously identified enhancer
regions (D1-D7 and T1-T3), transcription factors ()CREB, Runx2, STAT3/STATS5, and
cFOS) and nuclear receptors (VDR/RXR) capable of binding to these enhancers, as well as
signaling pathways stimulating these interactions (shown in parenthesis). B, ChlP-seq tag
density (normalized to 107 tags) for VDR and RXR binding in MC3T3-E1 cells after 3 hrs
of 1077 M 1,25(0OH),D5 (1,25D3) or vehicle (veh) treatment. C, ChIP-seq tag density
(normalized to 107 tags) for pCREB binding in MC3T3-E1 cells after 1 hr of 1075 M
forskolin (Fsk) or vehicle (veh) treatment.

J Bone Miner Res. Author manuscript; available in PMC 2017 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Onal et al.

Page 19

A Primary Stromal Cell Culture Primary Stromal Cell Celture
T 451 5 757
3 7 3 -
< | poswT - < | 2
@ HD5KO
£ £
| # COD2WT - #
£ 157 Op2ko £ %
< # <
o # # o #
h OSM Fsk 1,25D; Veh OSM Fsk 1,25D;
B. [(0D2wWT [ID2KO
5 L5 Calvaria Tibia Femur Shaft Bone Marrow
= 1 *
g 20 % 12 % 18 * 5 * 21
< 15
z 8 12 10 14
[
£ 10 # # # #
o ¥ 4 % 6 ¥ 5 % 7 #
0 *
2l [l A
VPTH VPTH VPTH VPTH VPTH VPTH VPTH VPTH VPTH VPTH
c. [(0D2wT [ID2KO
aIvarla Tibia Femur Shaft Bone Marrow
)
:9 4.5
<
Z 3.0 |_L‘ |J_‘
[
£
415
X
2
<
1S V D3 V D3 V D3 V D3 vV D3

Figure 2. Fsk and PTH increase RANKL expression via RL-D2 and RL-D5 enhancers
A, Ex vivo primary stromal cultures of DSWT, D5KO, D2WT and D2KO cells were treated

with vehicle (Veh), 25 ng/ml of OSM, 10~6 M forskolin (Fsk) or 1078 M 1,25(0H),D3
(1,25D3) for 24 hrs. RANKL mRNA expression in the treated cultures were measured by
quantitative RT-PCR and normalized to beta-actin mRNA expression (n=3-4 wells/group).
B-C, Eight-week-old female D2KO mice and their wild type littermates (D2WT) were
injected with 230 ng/g bw of PTH (B) or 10 ng/g bw of 1,25(0OH),D3 (D3) (C) or their
corresponding vehicle (V). The animals were sacrificed and tissues collected 6 hrs after
1,25(0OH),D3 injection or 1hr after PTH injection. B-C, RANKL mRNA levels in lumbar
vertebra 5 (L5), calvaria, tibia, femur shafts, and bone marrow were measured by
quantitative RT-PCR and normalized to beta-actin mRNA levels (n=4-6 animals/group). All
values represent mean fold change relative to wild type vehicle-treated group. A, Statistical
comparisons were accomplished using student’s #test. B-C, Statistical comparisons were
accomplished using Two-Way ANOVA. *, p<0.05 effect of treatment within the same
genotype; #, p<0.05 effect of genotype within the same treatment.
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Figure 3. D2KO mice have lower RANKL expression in skeletal tissues and bone marrow
Skeletal and lymphoid tissues were collected from littermate D2WT and D2KO male (A, C,

E) and female (B, D, F) mice at 8w (A,B), 24w (C&D) and 48w (E&F) of age. A-F,
RANKL mRNA levels of tibia (Tib), lumbar vertebra 5 (L5), femur shafts (FS), thymus
(Thy), spleen (Spl), and bone marrow (BM) were measured by quantitative RT-PCR and
normalized to beta-actin mMRNA levels. All values represent mean fold change relative to
RANKL mRNA levels of the same tissue of D2WT group + SD. A-D, At 8 and 24w of age,
n=5-11 animals/group. E-F, At 48w of age n=3-6 animals/group. All statistical
comparisons were accomplished using student’s #test. *, p<0.05 compared to wild type
controls.
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Figure 4. D2KO mice exhibit decreased osteoclast maker gene expression
Bones were collected from littermate D2WT and D2KO male (A, C, E) and female (B, D,

F) mice at 8w (A,B), 24w (C&D) and 48w (E&F) of age. Cathepsin K (CtsK) mRNA levels
in tibia (Tib) and lumbar vertebra 5 (L5) were measured by quantitative RT-PCR. All values
represent mean fold change relative to Ctsk mRNA levels of the D2WT group = SD. A-D,
At 8w and 24w of age, n=5-11 animals/group. E-F, At 48w of age n=3-6 animals/group.
All statistical comparisons were performed using student’s #test. *, p<0.05 compared to
wild type controls.
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I

I

Figure 5. Lack of RL-D2 leads to decreased bone remodeling but D2KO animals maintain

normal serum calcium levels

A, Circulating soluble (s) RANKL was measured in serum of 8w- and 24w-old female mice.
B-E, Serum CTX-I (B), PANP (C), calcium (D) and plasma parathyroid hormone (PTH) (E)
levels were measured in 24w-old female mice. F-G, Kidney Cyp27b1 (F) and Cyp24al (G)
MRNA levels of 24w-old female mice were measured by quantitative RT-PCR. All values
represent mean = SD of 5-9 animals/group. All statistical comparisons were performed
using student’s #test. *, p<0.05 compared to wild type controls.
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Figure 6. D2KO mice have high bone mass phenotype that becomes more pronounced with age
A-F, Femoral, vertebral and global Bone Mineral Density (BMD) of male (A-C) and female

(D-F) D2KO and their wild type littermate mice was measured by PIXImus densitometer at
8w (A,D), 24w (B-E), and 48w (C-F) of age. A-F, At 8w (A-D) and 24w (B-E), all values
represent mean + SD of 5-11 animals/group, and (C-F) at 48w n=3-6 animals/group. All
statistical comparisons within the same age group were performed using student’s #test. *,
p<0.05 compared to wild type controls.
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Figure 7. Lack of RL-D2 impacts cancellous, but not cortical, bone structure
UCt analysis of lumbar vertebrae 4 (L4) (A-E) and femurs (F-L) of male D2KO and their

wild type littermates were performed at 12m of age. A-J, bone volume over tissue volume
(BVITV), trabecular number (Th.N), trabecular separation (Th.Sp) and trabecular thickness
(Th.Th) were measured in cancellous bones in L4 and femur. E, pCt image of cancellous
bone in L4. J, cortical thickness (Ct.Th) was measured in femoral midshafts. K-L, pCt
images of half femur (K) and dorsal view of the cortical bone in femoral midshaft (L). All
statistical comparisons were accomplished using student’s #test. *, p<0.05 compared to wild
type controls.
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Figure 8. Lack of RL-D2 does not alter pCREB binding to RL-D4 or RL-D5
Femoral and humoral bone marrow of 9 week-old female D2WT and D2KO animals were

isolated (18 mice/genotype). 108 cells were plated in 10 cm plates and differentiated for 9
days in osteogenic culture medium. Eighteen 10cm plates of each genotype were treated
with vehicle (DMSO) or 10M Fsk for 1h. ChIP with 1gG and pCREB was performed in
triplicate, each replicate containing cells from six 10cm plates per genotype per treatment.
A-D, pCREB binding at target sites was quantified by quantitative RT-PCR with primers
targeted to —30k region of Mmp13 gene (control region) (A), D2 region (B), D4 region (C)
and D5 region (D). Data are displayed as Quantity normalized to Input in triplicate £ SD.
Statistical comparisons were performed using Two-Way ANOVA. *, p<0.05 effect of
treatment within the same genotype; #, p<0.05 effect of genotype within the same treatment.

J Bone Miner Res. Author manuscript; available in PMC 2017 February 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Reagents
	Generation of mutant mice
	Animal Studies
	Primary Stromal Cell Cultures
	Chromatin immunoprecipitation (ChIP)
	ChIP followed by sequencing (ChIP-seq)
	Bone Mineral Density (BMD) and μCT Analysis
	Gene Expression
	Blood chemistry
	Statistical Evaluation

	RESULTS
	VDR, RXR or pCREB bind RL-D2 in an inducible manner
	RL-D2 participates in PTH and 1,25(OH)2D3 regulation of RANKL
	Lack of RL-D2 leads to lower skeletal RANKL expression
	D2KO mice have decreased bone remodeling
	Mice lacking RL-D2 have high bone mass phenotype specific to the cancellous compartment
	Lack of RL-D2 does not alter pCREB binding to RL-D4 or RL-D5

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8

