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Abstract

A complex network of transcription factors contributes to the establishment and maintenance of
the osteoblastic phenotype. Although relatively few transcription factors, such as Runx2 and
osterix, are essential to the process of osteoblastic differentiation, others serve the purpose of fine-
tuning in response to various environmental and hormonal cues. The nuclear receptor (NR)
superfamily of transcription factors are involved in numerous aspects of bone biology. In this
study, we characterized the expression pattern of the entire NR superfamily in differentiating
primary murine calvarial cells in order to identify novel NR regulatory patterns. Dynamic patterns
of NR expression were observed throughout the differentiation process. Interestingly, retinoic acid
receptor-related orphan receptor B(~Ror3) expression was markedly suppressed at later stages of
differentiation. To gain further insight into the function of NRs in bone biology, the NR
superfamily was also profiled in mouse bone marrow precursor cells isolated from either young (6
month) or aging, osteoporotic (18—-22 month) mice. Of interest, RorB was potently overexpressed
in the aged cohort. Collectively, these data provided evidence that Ror expression is inversely
correlated with osteogenic potential, suggesting Rorp may be an important and unexplored
regulator of osteogenesis. To validate this hypothesis, a cell model stably expressing Rorgin
mouse osteoblastic MC3T3-E1 cells was produced (MC3T3-Rorp). These cells displayed
markedly suppressed bone nodule formation as well as reduced osteocalcinand osterix gene
expression. Since these genes are Runx2 targets, we reasoned that Rorf may interfere with Runx2
activity. Consistent with this, transient transfection analysis demonstrated that Rorp inhibited
Runx2-dependent activation of a Runx2-reporter construct. In summary, our data provide a
comprehensive profile of NR expression during osteoblast differentiation and identify Rorp as a
novel regulator of osteogenesis and potentially of age-related bone loss through antagonism of
Runx2 activity.
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Introduction

Osteoblast differentiation is a complex, multistep process involving the coordinate actions of
numerous genes and proteins. It is initiated through the induction and secretion of a variety
of extracellular matrix components that eventually become mineralized (1). Many of the
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genes controlling this process have been identified using molecular, cellular and animal
models (2,3). Transcription factors such as Runx2 and osterix are considered master
controller genes in bone, as deletion of either in mice results in a dramatic phenotype where
the cartilaginous skeleton fails to ossify during embryonic development, leading to a
complete lack of mineralized bone (4-7). Perturbations in the process of osteoblast
differentiation lead to diseases such as osteoporosis, and understanding the molecular
mechanisms that modulate this process will undoubtedly lead to the generation of more
effective treatment modalities.

Nuclear receptors (NRs) are a large group of ligand-inducible transcription factors that
regulate many facets of mammalian physiology. Alterations in NR signaling have been
implicated in diseases such as diabetes, heart disease, cancer and osteoporosis (8-11). This
family includes receptors for steroid and thyroid hormones, as well as retinoids and vitamin
D. In addition, there exists a large group of NRs that lack identified ligands and are termed
orphan receptors (12). NRs share several functional and structural domains: a highly
variable N-terminal transactivation function, a central zinc finger DNA binding domain and
a C-terminal ligand binding domain involved in ligand binding, dimerization and
transactivation. The molecular function of NRs is typically achieved through the modulation
of gene expression at the transcriptional level, through either direct protein-DNA
interactions via NR response elements, or indirectly through protein-protein interactions
with other DNA-bound transcription factors (13). Examination of the phenotypes in mouse
models deficient for select members of the NR superfamily have revealed alterations in bone
metabolism, establishing bone as an endocrine-sensitive organ. However, the complete gene
expression patterns of the NR superfamily throughout normal osteoblast differentiation have
not been extensively characterized.

In this report, we investigated the expression patterns of the entire NR superfamily during
the process of osteoblastic differentiation in a primary mouse calvarial osteoblast system and
in an aging mouse model of bone loss. The data reveal significant alterations in NR
expression throughout osteoblast differentiation and with aging, as well as identify novel
genes which may play important roles in bone metabolism. As a result of this analysis, we
identify RorBas an important and previously unrecognized regulator of osteogenesis.

Materials and Methods

Cell culture and differentiation

Isolation of primary mouse calvarial osteoblasts and bone marrow stromal cells from
C57BL/6 mice were as previously described (14). Cells were maintained in c MEM growth
medium (Invitrogen, Carlsbad, CA) supplemented with 1X antibiotic/antimycotic
(Invitrogen) and 10% (v/v) fetal bovine serum (Hyclone, Logan, UT). For the osteoblast
differentiation assays, passage 4 cells were plated at a density of 10% cells/cm? in 6-well
plates (Corning Incorporated Life Sciences, Lowell, MA) in c MEM growth medium (n=4).
At confluence the media was replaced with growth medium supplemented with 50 mg/L
ascorbic acid and 10 mM p-glycerophosphate (Sigma-Aldrich, St. Louis, MO). MC3T3-E1
mouse osteoblasts were cultured and treated identically to the primary mouse calvarial
osteoblasts except the osteoblast differentiation medium was supplemented with 100 pg/mL
recombinant Bmp2 (R&D Systems, Minneapolis, MN) unless otherwise noted in the text.
U20S cells were cultured as previously described.

Alizarin red staining

Alizarin red staining was done as previously described (14). Briefly, cells were washed in
1X PBS and fixed in 3.75% paraformaldehyde overnight at room temperature. Following
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two 1X PBS washes, the cells were stained with 1.2% Alizarin red (v/v) (Sigma-Aldrich) pH
4.2 for 20 minutes. The cells were extensively washed with 1X PBS and scanned.

RNA isolation and quantitative RT-PCR (QPCR)

Total cellular RNA was harvested at the indicated times following induction of osteoblast
differentiation using QIAzol Lysis Reagent and RNeasy Mini Columns (Qiagen, Valencia,
CA). DNase treatment was performed to degrade potential contaminating genomic DNA
using an on-column RNase-free DNase solution (Qiagen). Three pg of total RNA was used
in a reverse transcriptase (RT) reaction using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems by Life Technologies, Foster City, CA) according to
manufacturer instructions. The RT reactions were diluted 1:5 and 1 pl used in a 10 .l total
reaction volume for real-time quantitative PCR (QPCR) using the QuantiTect SYBR Green
PCR Kit (Qiagen) and the ABI 7900HT Fast Real-Time PCR System (Applied Biosystems).
All primers were designed using Primer Express® Software Version 3.0 (Applied
Biosystems). The nuclear receptor, bone marker and reference gene primer sequences used
in this study can be found in Supplemental Tables 1-3, respectively.

Normalization for variations in input RNA was performed using a panel of 9 reference genes
[18S, glucose-6-phosphate dehydrogenase (G6pdh), glyceraldehyde-3-phosphate
dehydrogenase (Gapdh), hypoxanthine guanine phosphoribosyl transferase (Hprt), ribosomal
protein L13A (Rpl13A), polymerase (RNA) Il (DNA directed) polypeptide A (Polr2a),
TATA binding protein (Thp), tubulin alpha 1a (Tuba.la) and p2-microglobulin (B2m)]
using the geNorm algorithm to select the 3 most stable reference genes (15,16). The PCR
Miner algorithm was used to correct for variations in amplification efficiencies (17). The
median cycle threshold (Ct) for each gene in each sample was normalized to the geometric
mean of the median Ct of the reference genes as determined by the geNorm algorithm using
the formula; 2(reference Ct-gene of interest € Tha regylting ACt for each gene was used to
calculate relative gene expression changes between samples. Analysis of gene expression in
hematopoietic lineage negative (lin-) bone marrow cells, a mesenchymal-enriched cell
fraction (18) from young (6 month) and aged (18-22 month) mice (Fig. 4), was performed
using cDNA samples (n=7-8) derived from a previous study in our laboratory using the
methods described therein (19).

Hierarchal clustering and tree analysis

Unsupervised cluster analysis was performed essentially as previously described (20).
Briefly, the mean gene expression fold-changes for each gene were adjusted using log
transformation to center the data around 0 and normalized to set the magnitude of the control
value (day 0) for each gene to 1 using Gene Cluster 3.0 (http://rana.Ibl.gov/eisen/). The
adjusted data were clustered by calculating Pearson’s centered correlation coefficients
followed by average linkage analysis in the Gene Cluster 3.0 program. Expression heatmaps,
which visually describe the cluster results, were generated using TreeView (http://
rana.lbl.gov/eisen/). The red shades represent genes upregulated and green shades represent
genes downregulated relative to the control value (Supplemental Fig. 1).

Production of the MC3T3-GFP and —RorB-GFP cell models

A Rorg expression construct, pPCMV6-Rorg (Origene, Rockville, MD), was cloned as an
EcoRI/MIul fragment into a vector coexpressing GFP under the control of an internal
ribosome entry sequence (data not shown). A vector expressing only GFP was used as a
control. These vectors were electroporated into MC3T3-E1 cells using the Neon
Transfection System (Invitrogen) and selected with 400 ug/mL G418 antiobiotic
(Invitrogen). Following 2 weeks of cell selection and expansion, fluorescence-activated cell
sorting was used to isolate the GFP-expressing population (essentially as described in (21))
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and the cells were again expanded resulting in the MC3T3-GFP and MC3T3-Ror-GFP cell
models.

Transient transfection

U20S cells were plated in 6-well plates at a density of 2.6 x 10 cells/cm? the day before
transfection. Five-hundred (500) ng of pPCMV6-Rorg (Origene), p6OSE2-Luc (22), and
pCMV-Cbfal/Runx2 (4) constructs each were transiently transfected (n=6) using X-
tremeGENEDQ transfection reagent (Roche Diagnostics, Indianapolis, IN). Following
incubation at 37°C for 48 hours, cells were harvested in 1X Passive Lysis Buffer and equal
quantities of protein extracts were assayed using Luciferase Assay Reagent on a GloMax®
96 Microplate Luminometer (Promega, Madison, WI). Protein concentrations were
determined using a BCA Protein Assay Kit (Thermo Scientific, Rockford, IL).

siRNA Studies

MC3T3-E1 cells were transfected in 24-well plates at a density of 2.6 x 10* cells/cm? using
HyperFect Transfection Reagent (Qiagen) with either a non-specific sSiRNA control
(Allstars Negative Control siRNA) or a mouse-specific Rorp siRNA (Qiagen) at a
concentration of 33 nM according to the manufacturer’s protocol. Following incubation at
37°C for 48 hours, cells were collected and QPCR analysis was performed as described
above.

Statistical Analyses

Results

Calculations and statistical analyses were performed using Microsoft ® Office Excel 2003
(Microsoft Corporation, Redmond, WA). The data are presented as the mean + standard
error (SE) and comparisons between groups were performed on the log-transformed data
using Student’s ~test. All p-values < 0.05 were considered statistically significant.

Osteoblastic differentiation of primary mouse calvarial cells is associated with increases
in bone marker and osteocytic gene expression

Primary mouse calvarial cells were chosen for this study since they represent a well known
osteoblast model system that exhibits robust mineralization and increases in bone marker
gene expression following induction of differentiation by ascorbate and B-glycerophosphate.
Differentiation was induced at confluence and samples collected at day 0, 7, 10 and 16 and
assayed for calcium deposition by Alizarin red staining and osteoblast gene expression by
quantitative PCR (QPCR). Robust Alizarin red-positive nodule formation is observed at day
10 and 16 following the induction of differentiation (Fig. 1A), indicative of a highly
mineralizing cell population. Gene expression profiles of classic osteoblast marker genes
[(alkaline phosphatase, osteocalcin, osteopontinand collagen, type I, alpha (Collal)]
involved in formation of the secreted glycoprotein matrix were increased compared to day 0O
(Fig. 1B), confirming the production of a highly osteogenic cell population. Transcriptional
regulation of osteoblastic differentiation is a tightly controlled process involving Runx2,
osterix and DIx5/6 (2,3,14), and as is observed in Fig. 1C, expression of these genes is
increased at nearly all timepoints. Due to the high expression of these bone marker genes at
day 16, we surmised these cells may be starting to exhibit an osteocytic phenotype.
Remarkably, large increases in the well-established osteocytic markers dentin matrix protein
1(Dmpl), fibroblast growth factor 23 (Fgr23), matrix extracellular phosphoglycoprotein
(Mepe), phosphate regulating endopeptidase homolog, X-linked (Phex) and sclerostin (Sost)
were observed at the later stages of differentiation (Fig. 1D). Collectively, these data
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indicate that differentiation of primary mouse calvarial cells leads to marked increases in
mineralization, as well as activation of genes involved in osteoblast and osteocyte biology.

Expression of the NR superfamily during osteoblastic differentiation

Previous analyses of NR superfamily expression have been performed on the adipocytic cell
line 3T3-L1 during differentiation (23), on an array of mouse tissues (24), during
macrophage activation (25) and on a differentiating ES cell population (20). As a first step
to understanding the influence of osteoblastic differentiation on NR gene expression, we
examined the mMRNA expression patterns of the 49 NRs during the first 24 hours following
addition of osteoblast differentiation media. Analysis of the entire NR superfamily revealed
that 35 were expressed at either 2 or 24 hours following osteoblastic induction; whereas 14
were not expressed at any timepoint using the previously published threshold cutoff of Ct >
33 (23). The expression patterns of the NRs were subjected to hierarchal cluster analysis and
a heatmap was generated, further subdividing the genes as either upregulated or
downregulated (Supplemental Fig. S1A). Those genes exhibiting statistical significance
(p<0.05) and a fold-change = 1.5 compared to time O were reassayed using QPCR on an
expanded timecourse (0, 2, 6, 12, and 24 hours) to generate a more detailed profile of gene
expression. Comparison of the temporal patterns of NR gene expression revealed a group of
four transiently upregulated genes at 2 hours, including nerve growth factor-induced gene B
(Ngfib), neuron-derived orphan receptor 1 (Norl), peroxisome proliferator-activated
receptor gamma (Ppary), and retinoic acid receptor alpha (Rara) (Fig. 2A). It is of interest
that Ppary, the main controller of adipogenesis (26), is induced at 2 hours followed by
downregulation by 24 hours of osteogenic media treatment. Another group of genes
exhibited biphasic expression during the timecourse, which includes /iver X receptor alpha
(Lxra), RarB, farnesoid X receptor (Fxra), constitutive androstane receptor (Car) and
retinoic acid receptor-related orphan receptor beta (Ror) that are suppressed at 2 hours and
upregulated at 24 hours (Fig. 2B). Genes upregulated primarily at 24 hours were observed
including vitamin D receptor (Vdr), Rory, estrogen-related receptor gamma (Erry), thyroid
hormone receptor beta (TrB) and estrogen receptor (En-a and —g (Fig. 2C). The genes
transiently downregulated at 2 hours include Rev-erb-a/3, chicken ovalbumin upstream
promoter transcription factor 2 (Couptf2), as well as classic group 3 receptors such as
androgen receptor (Ar) and mineralocorticoid receptor (Mr) (Fig. 2D). Collectively, these
data demonstrate that significant NR gene expression changes occur very early in the
process of osteablastic differentiation that may set the stage for modulated sensitivity to
specific hormonal or nutritional influences.

To characterize transcriptional regulation of NR expression at later stages of osteoblastic
differentiation, the expression patterns of the NRs at 7, 10 and 16 days following
osteoblastic induction were determined using QPCR and the data subjected to hierarchal
cluster analysis and a heatmap generated (Supplemental Fig. S1B). Examination of the
temporal expression pattern in late differentiating osteoblasts revealed that 36 were
expressed late in osteoblastic differentiation, whereas 13 were not expressed. Further
examination of the expressed NRs revealed that only 5 genes [Pr, Vadl, Rory, Era, and Trg]
were significantly upregulated late in differentiation using the expanded timecourse (Fig.
3A). Prwas induced 217-fold at day 16 but was undetectable at all earlier timepoints,
suggesting that Armay have functions limited to the late-osteoblastic and/or osteocytic
phenotype. Upregulation of Valr (20-fold), Era (3.1-fold) and 778 (1.6-fold) which have
reported roles in bone biology (27), was also observed late in osteoblastic differentiation.
Rory, whose role in osteoblast differentiation is unknown, was upregulated 8.4-fold. Most
remarkable is the observation that 78% (28/36) of the expressed genes were downregulated
at the later timepoints including all members of the Rar (NR1B), Rxr(NR2B), and Ppoar
(NR1C) gene families, which have known roles in the support of adipogenesis (28,29).
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Strikingly, significant downregulation of Erry (16-fold), Fxra (9.5-fold), Ar(2.1-fold), and
ErB (6.7-fold) was observed, some of which have known functions in osteoblasts (Fig. 3B).
Of particular interest, Rorg expression drastically declined to undetectable levels at day 7-
10 and returns to ~40% of control at day 16. A similar temporal Rorp expression profile was
observed in primary bone marrow stromal cells (Supplemental Fig. S2). Rorg gene
expression was not detectable in osteoclast cultures (data not shown). Collectively, these
data clearly demonstrate that significant changes in NR expression occur during late
osteoblastic differentiation, mostly downregulation, which may be important in osteoblast
and/or osteocyte function.

Expression of the NR superfamily and in mouse hematopoietic lineage negative (lin-) bone
marrow precursors derived from young and aged mice

Although characterization of NR gene expression during calvarial osteoblast differentiation
yielded interesting and important results regarding the function of these receptors in this /n
vitro system, understanding which NRs are important in regulating osteogenesis in a more
physiological system is imperative. We therefore characterized NR gene expression changes
associated with age-related bone loss in mice. A previous study in our laboratory (19)
analyzed the bone marker gene expression patterns of cells isolated from the lineage
negative (lin-) population in femoral bone marrow of young (6 month) and aged (18-22
month) mice. In this study, the aged mice had marked reductions in bone mass and in
osteoblast numbers on bone-surfaces, consistent with an age-related impairment in
osteogenesis (19). The bone marrow lin- cells represent a population depleted of the
hematopoietic cell lineage, which have been shown to be highly enriched for
osteoprogenitor cells which mineralize in vitro, form bone in vivo, and express bone-related
genes, thereby providing a useful cell population for evaluation of effects of aging on
osteoblast progenitor cells (18). Therefore, we applied our QPCR methodology to these
samples (n=7-8) and surprisingly found only 5 NRs with statistically significant gene
expression changes in aged mice when compared to young mice (Fig 4). Significant
upregulation of Erra (3.8-fold), Lxra (3.1-fold), Rev-erba (3.6-fold) and Rev-erbs (1.6-
fold) was observed. Interestingly, all these NRs are associated with either age-related bone
loss or the support of adipogenesis (30-37). Rorg, a gene originally thought to have actions
limited to the central nervous system, retina and in circadian rhythms (38), was induced 53-
fold.

RorB expression is inversely correlated with osteoblast differentiation

Examination of the calvarial osteoblast and aged mouse datasets revealed that Rorg exhibits
a gene expression pattern inversely correlated with osteogenic potential in both models.
Therefore to verify this phenomenon in an independent system, the mouse MC3T3-E1
osteoblastic cell line was differentiated with or without 100 ng/mL Bmp2 (to strongly induce
osteoblastic differentiation in this model) for 14 days. As seen in Fig. 5, Rorf3 expression
declines 2.5- and 20-fold with differentiation media (DM) or DM + Bmp2, respectively. It is
interesting that the amount of mineral formed and the degree of RorB suppression are also
inversely correlated (e.g. more Rorf suppression associated with more robust
mineralization).

Stable RorB expression in MC3T3-EL1 cells results in impaired mineralization and
suppressed Runx2 function

To directly test whether Rorp inhibits cell mineralization, two cell models were produced in
MC3T3-E1 mouse osteoblasts which stably express either GFP (control) or Ror-GFP.
Following transfection, the cells were antibiotic selected and high GFP-expressing cells
were isolated using fluorescence-activated cell sorting, resulting in two cell models:
MC3T3-GFP (control) and MC3T3-RorB-GFP (Fig. 6A). QPCR analysis of these two cell
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models revealed a 2.5-fold overexpression of Rorin MC3T3-RorB3-GFP cells (Fig. 6B),
confirming stable genomic integration and expression of the Rorf transgene. To determine
the amount of RorB expression during osteoblastic differentiation in these models, MC3T3-
GFP and MC3T3-RorB-GFP cells were treated with either growth or osteoblastic
differentiation media for 14 days. QPCR analysis demonstrated that Rorf expression
declines 2.5-fold with osteoblastic differentiation medium in the control MC3T3-GFPcell
model (Fig. 6C), confirming our previous data in other models (Fig. 3B and 5). The identical
experiment in the MC3T3-Rorf-GFP model resulted in increased Ror expression levels
that do not decline during osteoblast differentiation (Fig. 6C), providing an ideal model to
test whether decreased Rorp expression is prerequisite for osteoblast differentiation in the
absence of gross overexpression. Indeed, mineralization capacity of the MC3T3-Ror3-GFP
model following 14 days of differentiation is severely inhibited, as compared to the MC3T3-
GFP control model (Fig. 7A). QPCR analysis of two classic bone marker genes, osteocalcin
and osterix, revealed significant inhibition of differentiation-induced expression in the
MC3T3-RorB-GFP model (Fig. 7B). Analysis of other bone marker genes, such as alkaline
phosphatase, osteopontin, Runx2and Colla 1, did not significantly change (data not shown),
demonstrating that RorB-dependent inhibition of mineralization may affect a small, but
important, subset of bone regulatory genes. RNA interference (RNAI) assays using a Ror3-
specific SiRNA resulted in a 54% reduction of Rorp mRNA and concomitantly increased
expression of osterix by 55% (Fig. 7C). Contrary to the Rorf overexpression data (Fig. 7B),
osteocalcin expression was not significantly changed with the Rorg siRNA (data not
shown). Since osterix is a direct transcriptional target of Runx2 (6,22), we reasoned that
Rorp may antagonize Runx2 transcriptional activity. To test this possibility, cells were
transiently transfected with the Runx2-dependent reporter construct p6OSE2-Luc (4) in the
presence of Runx2and/or RorB. As expected, Runx2 transfection alone resulted in a 17-fold
increase in reporter activity (Fig. 7D). Cotransfection of Rorg significantly attenuated the
ability of Runx2 to activate the reporter, indicating that Rorp-dependent inhibition of Runx2
function may contribute to the observed inhibition of mineralization in the MC3T3-Rorp-
GFP cell model.

Discussion

Osteoblast differentiation involves the concerted action of large number of transcription
factors and regulatory molecules (14). Osteoblasts originate from multipotent mesenchymal
stem cells which commit to the osteoblastic lineage following the actions of Runx2 and
osterix, as loss of either of these transcription factors inhibits osteoblastic mineralization
resulting in the inability of the cartilaginous skeleton to ossify during embryonic
development (4-7). However, other transcriptional regulatory networks are important in
mediating endocrine and nutritional signals, which influence osteoblastic mineralization and
therefore bone formation. Nuclear receptors (NRs) are a large class of intracellular proteins
that act as sensors, translating environmental signals into meaningful transcriptional
responses. Therefore, it is important to characterize the expression patterns of NRs during
osteoblast differentiation in order to gain an understanding of the potential NRs involved,
which may lead to drug targets to combat age-related bone loss and osteoporosis. We used a
QPCR screening approach to identify NRs with unique expression patterns in both primary
mouse calvarial cells and preosteoblastic bone marrow cells isolated from young (6 month)
and aged (18-22) mice. Using this approach we identified Rorg as a novel regulator of
osteogenesis.

Primary mouse calvarial cells were chosen since they are a well known mineralizing
osteoblast model system, thereby representing an excellent system to study NR gene
regulation in the context of osteoblastic mineralization. These cells exhibited robust
mineralization and stimulation of classic bone marker gene expression following the
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induction of differentiation. Interestingly, the osteocyte-associated genes Sost, Dmp1,
Fgf23, Mepe and Phex were expressed at later stages of differentiation. Although expression
of these genes was surprising, since calvarial osteoblasts are not considered an osteocytic
model, it is not unprecedented. For example, Sostis expressed at later stages of
differentiation coinciding with the expression of the osteogenic marker, osteocalcin (39).
Furthermore, Mepe expression is low in proliferating MC3T3-E1 cells but is dramatically
increased during the mineralization stage when stimulated with Bmp2 (40). Although the
primary goal of this study was to characterize NR gene expression during osteoblastic
differentiation, the upregulation of a few genes (e.g. £ra, Vdrand Pr) at the very late stages
of osteoblastic differentiation may provide important clues into the function of the
corresponding proteins in the osteocyte.

We have previously demonstrated decreased bone mass and a marked reduction in
osteoblast numbers on bone surfaces in the mice from which we obtained the lin- bone
marrow cells (19). In the current study, we observed statistical increases in relatively few
NR genes: Erra, Lxra, Rev-erbalB, and Rorg. It is interesting that 4 of these NRs
(excluding Rorp) are known to be involved in adipogenesis (31-34,36), suggesting that this
may play a role in the decreased bone mass and increased fat acquisition associated with
aging. In addition, a major finding of this study is the identification of Rorg as a novel
regulator of osteogenesis. We observed that Ror levels dramatically decreased during
osteoblastic differentiation of both calvarial and MC3T3-E1 osteoblasts and that Rorg levels
were significantly increased (53-fold) in the preosteogenic lin- cells in the bone marrow of
aged mice. This indicates that RorB expression is inversely correlated with osteogenic
potential and further suggests that suppression of RorB may be prerequisite for osteoblastic
mineralization to occur. Our data supports this hypothesis since stable Rorg expression in
MC3T3-E1 osteoblasts inhibited mineralization and expression of osteocalcinand osterix.

No data exists concerning the function of Rorgin bone. RorB was originally shown to
exhibit a restricted pattern of expression limited to certain regions of the brain and retina
(41). Generation and analysis of a Rorg-null mouse model demonstrated behavioral, motor,
and visual defects, as well as decreased male fertility (42-45). Interestingly, characterization
of Rora-deficient mice uncovered several bone-related abnormalities, including thin, long
bones (46). This provides precedence that some Rorfamily members may participate in
bone physiology. However, the bone phenotype of Rorg-null mice has not been studied. The
suppression of Rorp expression during osteoblast differentiation, coupled with marked
increase with aging suggests an inhibitory role of Rorgin bone; thus, examination of the
skeletal phenotype of Rorg null mice would be of interest.

Mechanistically, Rorg shares a typical NR domain organization containing a DNA-binding
domain, N- and C-terminal transactivation domains and ligand binding domain (47). It
regulates gene transcription through direct binding to a specific DNA response element
through its centrally located zinc-finger binding motif (48,49). Unlike most members of the
NR family, Rorp fails to dimerize with itself or the obligate heterodimer partner Rxr, and
therefore acts as a monomer (50). The retinoid, all-frans retinoic acid (ATRA), was shown to
specifically bind the Ror ligand-binding pocket (51) and shown to repress transcriptional
activation of Ror, demonstrating that Rorf has ligand-independent activities that are
relieved through ATRA binding; however, this activity was shown to be cell type specific.

Our observation that Rorp potently inhibits Runx2 transactivation suggests that it may
influence bone biology at a fundamental level, however the precise mechanism used by
Rorp to mediate Runx2 inhibition is unknown. It is conceivable that it involves protein
interactions between Rorp and Runx2 and that these interactions inhibit normal Runx2
function. Examination of the literature for evidence of other nuclear receptors that interact
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with Runx2 revealed that ERa interacts with Runx2 through its DNA-binding domain,
suppressing the transactivation potential of Runx2 (52). Whether Rorp uses a similar
mechanism will require studies to characterize the molecular relationship between Rorp and
Runx2. Furthermore, since Rorp itself binds DNA it is also possible that Runx2-independent
actions involving specific Rorp-regulated genes may be an important component to its
function in osteoblasts, however no data exists on Rorp target genes in osteoblasts.

In further support that Rorp may exert some of its anti-osteogenic function through Runx2
inhibition, we observed attenuated gene expression of the known Runx2-dependent genes
osteocalcinand osterix in the MC3T3-RorB-GFP cell model during differentiation.
Suppression of RorB using RNAI resulted in enhanced expression of osterix, consistent with
Rorp-dependent Runx2 antagonism, but surprisingly, osteocalcin gene expression was
unaffected. This may be partially explained by the modest Rorp knockdown (54%) or by the
relatively short experimental timecourse (48 hours). However, this data is consistent with
our observation that Rorg overexpression incompletely inhibited osteocalcin while
completely attenuating osterix gene expression, suggesting that osterix may be more
sensitive to Rorp levels than osteocalcin. Examination of the long-term effects of Ror
suppression on both gene expression and differentiation will require development of stable
ShRNA cell lines or osteoblast-specific deletion of Rorgin mice.

In summary, we have characterized the NR temporal gene expression profile in a
differentiating osteoblast model system and in bone marrow osteoprogenitor cells of aged
mice and identified Rorp as a novel transcription factor important for the suppression of
osteoblastic differentiation, possibly through the inhibition of Runx2 activity. This is the
first demonstration of Rorp expression and function in any bone-related system and
therefore identifies a novel NR important for the regulation of bone formation. Further
characterization of the function of Rorf in bone may define it as a potential clinical target to
combat age-related osteoporosis.
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Fig. 1.

Bone-marker and osteocytic gene expression during differentiation of primary mouse
calvarial osteoblasts. (A) Osteoblastic differentiation of primary mouse calvarial osteoblasts
was induced at confluence and mineralization was determined by Alizarin red stain at the
indicated timepoints. QPCR analyses of genes involved in, (B) forming the extracellular
bone matrix, (C) osteoblastic transcriptional regulation, and (D) osteocyte biology were
performed from samples harvested at the indicated timepoints (n=4). The bars represent
fold-induction relative to the expression at day 0 for each gene. The data are presented as the
mean + SE and an asterisk (*) represents statistical significance of p < 0.01 (Student’s #
test).
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Expression of NRs early in osteoblastic differentiation. QPCR analysis of NRs regulated at a
> 1.5-fold threshold (upregulated or downregulated) and containing at least one statistically
significant timepoint (p < 0.05) was conducted in primary mouse calvarial osteoblasts
collected at 0, 2, 6, 12, and 24 hours following induction of osteoblastic differentiation
(n=4). The genes were grouped by their expression characteristics; (A) upregulated at 2
hours, (B) NRs displaying a biphasic response, (C) upregulated from 6 to 24 hours, and (D)
downregulated from 2 to 24 hours. Figure legends within each graph describe the graph
labels. Strictly for figure clarity, SEs and p-values have been omitted but the data conform to
the above statistical standards (= 1.5-fold threshold and p < 0.05, at least at one timepoint).
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Fig. 3.

Expression of NRs late in osteoblastic differentiation. Osteoblastic differentiation of primary
mouse calvarial osteoblasts was induced at confluence and harvested at 0, 7, 10 and 16 days
(n=4) and QPCR performed as in Fig. 2. The genes were grouped by their expression
characteristics; (A) upregulated at 7-16 days or (B) downregulated at 7-16 days. Figure
legends within each graph describe the graph labels. Strictly for figure clarity, SEs and p-
values have been omitted but the data conform to the above statistical standards (= 1.5-fold
threshold and p < 0.05, at least at one timepoint).
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NR expression in bone marrow lin- cells in aged mice. Samples from a previous study (19),
from which cDNAs from the lin- cell population in femoral bone marrow of young (6
month) and aged (18-22 month) mice were generated, were analyzed for expression of the
NR superfamily using QPCR (n=7-8). Only those genes exhibiting statistically significant
expression changes (p < 0.05, Student’s #test) are indicated. The bars represent fold-
induction relative to the young mouse cohort. The data are presented as the mean + SE and
p-values are indicated.
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Fig. 5.

Rorp gene expression decreases with increasing mineralization of MC3T3-E1 mouse
osteoblasts. Parallel sets of MC3T3-E1 cells were treated for 14 days with either growth
media (C), standard osteoblast differentiation media (DM, described in “Materials and
Methods”), or DM supplemented with 100 ng/.g bone morphogenetic protein (BMP)-2
(DM + BMP2). Bone nodule formation was determined using Alizarin red stain and Rorf
gene expression quantified using QPCR (n=4). The data are presented as the mean + SE and
an asterisk (*) represents statistical significance of p < 0.01 (Student’s #test) compared with
growth media (C) alone.
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Fig. 6.

Development of a constitutive, Rorp-expressing cell system in MC3T3-E1 mouse
osteoblasts. (A) A GFP or Ror3-GFP expression vectors were stably transfected into mouse
MC3T3-E1 osteoblasts. Following two weeks of G418 antibiotic selection, the cells were
sorted based on GFP positivity using fluorescence-activated cell sorting (FACS) and
expanded. (B) MC3T3-GFPand MC3T3-Rorp-GFP cells were assayed for Rorf expression
using QPCR (n=4). (C) MC3T3-GFPand MC3T3-Ror3-GFP cells were plated and treated
at confluence with either growth medium or osteoblast differentiation medium for 14 days
and harvested. Rorg expression was assayed using QPCR (n=4). The data are presented as
the mean + SE and an asterisk (*) represents statistical significance of p < 0.05 (Student’s #
test).
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Fig. 7.

Rorp expression inhibits osteoblast differentiation through suppression of Runx2 function.
(A) MC3T3-GFP and MC3T3-RorB-GFP cells were plated and treated at confluence with
either growth medium (GM) or osteoblast differentiation medium (DM) for 14 days and
bone nodule formation was determined using Alizarin red staining. (B) Identically treated
cells were prepared and osteocalcin and osterix expression was assayed using QPCR (n=4).
A single asterisk (*) represents significance of p < 0.01 compared to GM within each cell
model and double asterisks (**) represents significance of p < 0.01 compared to MC3T3-
GFP DM (Student’s #test). (C) MC3T3-EL1 cells were transfected with either a non-specific
siRNA control (Cont) or a mouse-specific RorBsiRNA (Rorp) and cells harvested 48 hours
later. Ror3 and osterix expression was assayed as in panel B. A single asterisk (*) represents
significance of p < 0.01 compared to the control siRNA (Student’s £test). (D) U20S cells
were transiently transfected (n=6) with the indicated plasmids and harvested 72 hours later.
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Luciferase and protein assays were performed. The data are presented as the mean = SE. A

single asterisk (*) represents significance of p < 0.01 compared to vector alone and double
asterisks (**) represents significance of p < 0.01 compared to Runx2 alone (Student’s #test).
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