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Abstract

Commitment of Runx2-expressing precursor osteoblasts to functional osteoblasts and then
osteocytes is triggered by Osterix (Osx), which activates its target genes in those cells during bone
formation. It is not yet known whether Osx has a role in remodeling the chromatin architecture of
its target genes during the transition from preosteoblast to osteoblast. In testing the hypothesis that
Osx is indispensable for active chromatin architecture, we first showed that in Osx-null calvarial
cells occupancy of the transcriptional activators including Wdr5, c-Myc and H2A.Z at the Osx-
target gene Bsp was very markedly decreased. The levels of methylation of lysines 4 and 36 and
acetylation of histone H3, markers for active chromatin, were also reduced at the Bsp gene in these
cells. In contrast, occupancy of the transcriptional repressors HP1 and the NO66 histone
demethylase, previously identified as an Osx-interacting protein, was increased at the Bsp gene in
Osx-null calvarial cells. Furthermore, the Bsp promoter was hypermethylated in embryonic stem
(ES) cells and in E9.5 embryos but was markedly hypomethylated in the calvaria of E18.5
embryos, coinciding with robust Bsp expression. In contrast, CpG methylation in the Bsp promoter
remained high in Osx-null calvaria compared to Osx-wild type calvaria. Our data also revealed
that NOG66 interacted with DNMT1A and HDAC1A as well as HP1, which are known to control
the histone and DNA methylation. In addition, HP1 stimulated the demethylase activity of NO66
for its substrates H3K4me3 and H3K36me3. Our findings strongly suggest that in the absence of
Osx, the chromatin of Osx-target genes is transcriptionally inactive. We propose that Osx is a
molecular switch for the formation of an active chromatin state during osteoblast differentiation,
whereas NOG66 helps gene repression through histone demethylation and/or formation of a
repressor complex resulting in multi-layered control of the chromatin architecture of specific
osteoblast genes.
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INTRODUCTION

Three transcription factors, Runx2, Osterix (Osx) and p-catenin, have an essential role in
osteoblast differentiation and bone formation (1-6). Runx2 is an early, largely osteoblast-
specific transcription factor and is required for formation of preosteoblasts, which express
early marker genes including Akp and Collal. Osx triggers preosteoblasts to differentiate
into osteoblasts by activating later markers including Bsp and Oc genes as well as up-
regulation of Collal. Osx is also needed for the final differentiation of osteoblasts into
osteocytes and activates osteocyte-specific markers such as Sost, Dmp1, and Phex (7). In
Osx-null embryos, no bone formation takes place and expression of osteoblast-specific
genes is severely reduced or absent (6:8). Osx is thus essential for bone formation during
embryonic development. Our recent findings strongly suggest that inactivation of the Osx
gene postnatally almost completely inhibits bone formation, causes massive accumulation of
unresorbed cartilage matrix beneath the growth plate, and produces marked defects in the
maturation and function of osteocytes. Hence, Osx continues to play essential roles in bone
formation and bone homeostasis in the adult (7:9:10),

Besides the absolute necessity of specific transcription factors for the expression of bone-
specific genes, chromatin proteins are also needed in the regulatory network of gene
transcription in bones. These proteins regulate the activities of transcription factors as well
as histone modifications including acetylation, methylation, phosphorylation, sumoylation,
and ubiquitination (1:12). We have shown recently that the JmjC-domain NO66 interacts
with Osx and can negatively regulate the transcriptional activity of Osx in reporter assays.
NO66 displays histone demethylase activity with dual specificity for H3K4me and
H3K36me, two markers of active transcription (3). Knock-down of NO66 in preosteoblast
MC3T3 cells accelerates Osx-target gene expression. In addition, during differentiation of
MC3T3 cells, occupancy of NO66 at Osx-target genes decreases whereas that of Osx
increases. We speculate that the transition of Osx-target genes from inactive to active
transcriptional states involves interactions between Osx and NO66 and that NO66 has a role
in controlling the levels of H3K4 and H3K36 methylation in the chromatin of these genes
(13). NOB6 is highly conserved in eukaryotes and is present in both the granular part of the
nucleolus and in the nucleoplasm (14).

DNA methylation at CpG dinucleotides is a heritable epigenetic change that occurs
throughout the genome and often inversely correlates with gene expression. Repressor
protein methyl-CpG-binding protein (MECP2) interacts with methylated DNA and then
allows the binding of other repressors such as HP1, histone deacetylases (HDACS), and Co-
Rest, thus forming inactive chromatin that is likely to be inaccessible for further interactions
with basal and specific transcription factors (1>-18). Histone methylation and DNA
methylation are interdependent in controlling the chromatin state during gene transcription
(19). Other studies have shown that functional interaction between HP1 and DNMT1A leads
to increased DNA methylation, resulting in gene silencing (2%21). DNA methylation-induced
transcriptional repression is often associated with developmental genes prior to their
activation. Subsequent activation of these genes at particular stages of development is
needed for proper cellular differentiation and tissue morphogenesis (22). Osteoblast-specific
genes are also developmentally expressed, and the function of these genes is required at
specific stages such as proliferation, differentiation, and maturation of osteoblasts during
bone formation. Whether or not DNA methylation plays an important role in regulation of
Osx-target genes during mouse bone development remains elusive. Previous studies
indicated that the promoters of genes such as DIx5, Osx, Oc and Alp as well as osteocyte
marker Sost are hypomethylated in osteoblast cells that express these genes but are
hypermethylated in non-osteogenic cells, which do not express these genes (23-29).
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Even if Osx has an essential role in activation of the genetic program of osteoblast
differentiation, we do not currently know whether Osx is needed for chromatin remodeling
of osteoblast-specific genes during osteoblast differentiation in order to form a
transcriptionally active chromatin environment. In the present study, we showed that in Osx-
null mouse embryo calvarial cells, which do not express Bsp and Oc genes despite the
expression of early transcription factor Runx2, chromatin of the Osx-target Bsp gene was
associated with several repressors including NO66, HP1, and MeCP2 as well as low levels
of histone methylation and acetylation at residues that contain high levels of these
modifications during active transcription. Our results indicate that the Bsp promoter in
mouse calvaria was hypermethylated before activation of this gene or before onset of
osteoblast differentiation. Our data strongly suggest that during activation of osteoblast
genes at the onset of differentiation, Osx plays a crucial role in remodeling the chromatin
into a transcriptionally favorable state. Our findings provide mechanistic insights into the
epigenetic transition of repression to activation of Osx-target genes during osteoblast
differentiation.

MATERIALS AND METHODS

Isolation and culture of primary osteoblasts from Osx-wild type (wt) and Osx-null embryos

Heterozygous Osx(*/~) mice and homozygous Osx-null~/ =) mice were generated as
previously described (6). Mouse embryos were obtained by timed pregnancy. Calvaria were
isolated and treated with collagenase P (1 mg/ml) and dispase (2 mg/ml) in a-MEM for 15
min at 37°C. The first two digests were discarded, and cells obtained after the third digestion
were collected, plated, and maintained in complete media supplemented with ascorbate and
B-glycerol phosphate whenever needed. Osx-null cells were plated in 12-well plate and
transfected with 1pg of Osx expression vector. After transfection and confluency, mock and
transfected Osx-null cells and Osx-wt cells (as controls) were cultured in differentiating
media for 7 days. Extracellular matrix deposition was analyzed by staining with Alizarin
Red S. Cells were viewed under a microscope and photographed with the 20X objective.

Chromatin immunoprecipitation and quantitative real-time PCR

Chromatin immunoprecipitation (ChIP) was performed as previously described (13). After
being cross-linked with 1% formaldehyde for 20 min and washed with cold phosphate-
buffered saline (PBS), cells were homogenized in hypotonic buffer (25 M HEPES, pH 7.9,
1.5 mM MgCly, 10 mM KCI, 0.1% NP-40, 1 mM DTT, 0.5 mM PMSF, and protease
inhibitor cocktail). Nuclei were collected by centrifugation at 1500 g for 5 min at 4°C and
then resuspended in nuclear lysis buffer (50 mM HEPES pH 7.9, 140 mM NacCl, 1 mM
EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, 0.1% SDS, 0.5 mM PMSF, and protease
inhibitor cocktail) followed by sonication and then centrifugation. Sonicated chromatin was
diluted with lysis buffer and used for immunoprecipitation with antibodies preconjugated to
magnetic protein G-coated beads (Invitrogen). After overnight incubation at 4°C with
rotation, the beads were washed and reverse cross-linked at 65°C for 5 h, and then DNA was
purified with an EZ-ChIP kit (Millipore). Quantitative PCR reactions were performed in
triplicate with region-specific primers, purified DNA, and SYBR green | PCR master mix
(Applied Biosystems). Results were computed as percentage of antibody bound per input
after control 1gG values were subtracted.

Genomic DNA isolation, bisulfite approach, and DNA methylation

Mouse tissues were dissolved in lysis buffer containing 50 mM Tris (pH 8.0), 100 mM
NaCl, 1% SDS and 50 mg/ml proteinase K by incubation at 55°C overnight. DNA was
extracted with phenol-chloroform and once with chloroform and then precipitated with
ethanol. Bisulfite treatment of genomic DNA (1 pg) was done with a Methyl Collector DNA
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kit (Active Motif). Converted DNA was amplified by JumpStart RedTag (Sigma) with
primers designed to anneal to only converted DNA template. PCR products were directly
sequenced with the same primers.

Expression of recombinant proteins and histone demethylase activity

Human NOG66 (full-length and a fragment of amino acids 168-641) and HP1a cDNAs were
cloned into the pET23 vector (Novagen). Proteins were expressed in BL21(DE3) cells upon
induction with 0.2 mM IPTG overnight at room temperature and then purified by Ni-NTA
agarose (Qiagen). Demethylation reactions were carried out by incubating 2-5 g of purified
protein NOG66 and its truncated variant (168-641) with 5-7 g calf thymus bulk histones
(Sigma) in 20 pl demethylase buffer (50 mM HEPES [pH 7.9], 150 mM NacCl, 100 uM
ferrous sulphate, 1 mM ketoglutarate, and 2 mM ascorbate). Reactions were carried out at
37°C for 1-3 h, and samples were separated using SDS-PAGE and then immunoblotted.

RESULTS

Osx-null cells remain undifferentiated during in vitro osteoblast differentiation conditions

In Osx-null embryos, Runx2-expressing precursor cells are arrested in their differentiation
into osteoblasts, and consequently no expression of Bsp and Oc is observed. Runx2 is
expressed in Osx-null mice, but Osx is not expressed in Runx2-null embryos, clearly
indicating that Osx is downstream of Runx2 activation at least during embryonic
development. In this study, we first asked whether osteoblasts markers can be activated in
Osx-null cells upon prolonged culture in osteogenic media. Calvarial cells from Osx-wt and
Osx-null embryos at E18.5 were cultured in osteogenic media for 0, 8, and 12 days.
Consistent with our previous in vivo results (%), Figure 1A and B indicate that stimulation of
alkaline phosphatase (Akp) and Bsp in Osx-wt calvarial cells occurred, but no Bsp
expression was observed in Osx-null cells even under prolonged culture of these cells in
osteogenic media. Because Osx-null cells are arrested in their differentiation and no
expression of Bsp gene was observed, we then overexpressed Osx in these cells to examine
whether the osteoblast phenotype could be rescued in Osx-null cells. Our data showed that
Osx-null cells transfected with Osx could be differentiated into osteoblasts and produced
extracellular matrix, similar to Osx-wt cells, as visualized by Alizarin Red staining (Fig 1C).
However, mock transfected Osx-null cells remained osteoblast-arrested and undifferentiated,
and no Alizarin Red staining in these cells was observed. Furthermore, levels of endogenous
Bsp were also increased in Osx overexpressing Osx-null cells. Expression of Flag-HA-Osx
in Osx-null cells and increased level of Bsp in these cells are shown in Suppl. Fig. 1. These
observations suggest that Osx-null cells remained undifferentiated even after prolong culture
in osteogenic media and thus Osx is required for osteoblast differentiation during in vitro
cell culture conditions in which precursor osteoblasts can be differentiated into mature and
functional osteoblasts.

Repression of Bsp in Osx-null cells is associated with increased occupancy of NO66
histone demethylase

The JmjC-domain-containing NO66 is an Osx-interacting protein and a histone demethylase
specific for H3K4me3 and H3K36me3. NOG66 inhibits the Osx-dependent activation of Osx-
target promoters in reporter assays and inhibits expression of these target genes in
osteoblasts. In differentiating MC3T3 cells induced by BMP2, interaction of NO66 with the
Bsp and Oc genes decreases while that of Osx increases with concomitant expression of
these genes (13). Those studies suggest the hypothesis that activation by Osx might cause the
removal of NO66 from Osx-target genes. One prediction from this hypothesis would be that
in Osx-null cells, the occupancy of NO66 would be maintained at a high level. We tested
this prediction by comparing the occupancy of NO66 in Osx-wt and Osx-null calvarial cells.
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ChIP experiments showed that the occupancy of Osx at the Bsp gene was observed only in
Osx-wt cells, but not in Osx-null cells (Fig. 2A, Left). Interestingly, the NO66 occupancy
was markedly higher at the Bsp gene in Osx-null cells than in Osx-wt cells, indicating that
NO66 remains present at the Osx-target Bsp in the absence of Osx when this gene is
repressed (Fig 2B, Left). In addition, there was no apparent change in levels of NO66 in
Osx-null cells as shown by western blot (Fig 2C). The Osx occupancy at control genes
including Pactin, cyclin B1(ccn bl), and grp as well as that of NO66 at factin was observed
at background level, indicating the specificity of our ChIP experiments (Fig 2A and B,
Right). Furthermore, when Osx-wt calvarial cells were cultured in osteogenic media for 8
days and Bsp expression was induced (Fig. 1B), occupancy of Osx at the Bsp gene increased
particularly at the P2 site, but that of NO66 remarkably decreased in the Bsp chromatin (Fig.
2D). These results suggest that 1) interactions of NO66 with Osx-target Bsp were associated
with osteoblast-arrested precursor cells when Bsp expression was repressed, 2) depletion of
NO66 from the Bsp occurred during expression of this gene and osteoblast differentiation,
and 3) when Osx occupancy increased, the levels of NO66 occupancy at the target sites
decreased. We speculate that Osx-mediated activation is needed to displace NO66 from Bsp
gene and most likely from other Osx-target osteoblast genes, which might facilitate
activation of these genes in osteoblasts.

Inactivation of Osx prevents active histone methylation and acetylation to take place in the
chromatin of the Osx-target Bsp gene

Runx2 and Osx are both essential for expression of Bsp and Oc during mouse embryonic
development. In Runx2-expressing Osx-null embryos, no expression of Bsp and Oc occurs
(6), thus raising an important question of whether chromatin architecture of these genes is
transcriptionally favorable. To address this, we examined the occupancy of chromatin
modifying activities at chromatin segments of the Bsp gene in Osx-wt and Osx-null calvarial
cells. ChIP assays showed that the occupancy of lysine 4 methyl transferase (Wdr5) at the
two chromatin fragments of the Bsp promoter was significantly decreased in the Osx-null
cells compared to Osx-wt cells (Fig. 3A). Wdr5 is a BMP-2-inducible gene and its protein
product is a positive regulator of osteoblast differentiation (28). The levels of trimethylated
lysine 4 (H3K4me3) were also decreased at the Bsp gene in Osx-null cells compared to Osx-
wt cells (Fig. 3B). As expected, H3K4me3 levels were enriched within 1 kb of the Bsp-
proximal promoter in Osx-wt cells compared to the rest of the gene. Furthermore, the levels
of H3K36me3 within the coding region of the Bsp gene were significantly decreased in Osx-
null cells (Fig. 3C). Consistent with our previous studies, increased occupancy of NO66
within the coding region of the Bsp gene is inversely correlated with that of H3K36me3.
This indicates that lower levels of H3K36me3 might be due to the presence of NO66 within
the coding region of the Bsp gene. Moreover, levels of H3 acetylation at lysine 9/16, which
remain high in active chromatin, were almost undetectable at the Bsp promoter in Osx-null
cells and were significantly enriched in Osx-wt cells (Fig. 3D). Levels of H3K27me3 in the
promoter and coding regions of the Bsp gene were not changed in Osx-null cells compared
to Osx-wt cells (Fig 3E). These results of ChIP experiments are based on limited intragenic
regions; further genome-wide analysis of the distribution of histone methylation in
osteoblast genes during bone formation will elucidate the role of histone methylation as well
as that of Runx2 and Osx in the chromatin architecture of osteoblast genes. Nevertheless,
our results clearly indicate that Bsp remains repressed in the absence of active histone
methylation and acetylation together in parallel to increased occupancy of NO66, which
demethylates active marks lysine 4 and 36 (13), within promoter and coding regions of the
chromatin of Bsp in Osx-null cells.
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c-Myc induces osteoblast differentiation through positive regulation of Osx activity

Transcription factor c-Myc induces osteoblast differentiation by first targeting Runx2
expression and then other osteoblast markers including Akp and Oc (2%). However, the
regulatory role of c-Myc on Osx activity in the transcriptional program of Osx-target genes
has not been tested. To address this, we co-transfected c-Myc and Osx and showed in
reporter assays that co-transfection enhanced the Osx-dependent activity of the Bsp and Oc
promoters (Fig. 4A and B). c-Myc alone, however, had little effect on the basal activity level
of these promoters. Consistent with our previous studies, NO66 inhibited Osx-dependent
stimulation as well as c-Myc-stimulated Osx activity of the Bsp promoter (Fig. 4A). ChIP
assays showed that c-Myc interacted with the chromatin of the Bsp promoter only in Osx-wt
osteoblasts, but not in Osx-null cells (Fig. 4C). Interactions of c-Myc at the proximal
promoter region (P4) appeared to be very specific when compared to that at other regions.
Note that c-Myc interacted with the same chromatin segments of the Bsp gene (P4) with
which Osx also interacted (see Fig. 2A and D). As was the case for Osx-null cells, we found
that despite high levels of c-myc expression in osteoblast-arrested Osx-null embryos (30), c-
Myc did not interact with the Bsp gene in these cells. Taken together, we conclude that this
failure of c-Myc to interact with the Bsp gene in Osx-null cells could be due to the absence
of Osx, which causes an inactive chromatin structure. Furthermore, our results identified c-
Myc as a positive modulator of Osx-dependent gene activation.

Hypermethylation of the Bsp promoter inversely correlates with Bsp expression in
developing mouse calvarial bone

DNA methylation plays unequivocally important roles in the regulation of developmentally
expressed genes by regulating chromatin structure and function. To test the likelihood that
DNA methylation also regulates the expression of osteoblast genes, we first identified the
sites of DNA methylation in the Bsp promoter and then analyze CpG methylation during
mouse embryonic development. Analysis of the genomic sequence of the mouse Bsp gene
using the Methyl Express software (ABI) identified a cluster of 19 CpG sites that formed a
potential CpG island within the DNA segment located between —2.4 and —1.5 kb in the
region surrounding Bsp and 12 other CpG sites between the gene’s proximal promoter and
first intron (1.5 to +0.2 kb). Figure 5A illustrates these methylatable CpG sites. No
information is available yet on whether these CpG sites are methylated and contribute to the
regulation of Bsp expression.

Genomic DNA was prepared from mouse ES cells, E9.5 embryo heads, and E13.5 and
E18.5 calvaria. We also prepared DNA from E18.5 calvaria of osteoblast-arrested Osx-null
embryos. These stages correspond to early embryogenesis (ES cells), osteoblast progenitor
cells (E9.5), preosteoblasts (E13.5), and mature osteoblasts in calvarial bone (E18.5). Using
several primer sets covering —2.4 to + 0.2 kb (from I to IV, Figure 5A), we amplified
bisulfite-treated genomic DNA fragments and then sequenced the products. Conversion of
non-CpG cytosine to thymidine after PCR amplification (indicated with red label T, Panel
B) indicated that bisulfite treatment was very efficient to identify methylated cytosines
(arrows in Fig. 5C-H). Using this approach, we found that 31CpG sites in the Bsp promoter
were methylated in mouse ES cells. Representative chromatograms of cytosine methylation
in region 1V are shown in Figure 5C-H.

Analyses of DNA methylation specifically in promoter segment IV, which harbors essential
cis-regulatory elements for Bsp expression, revealed that five CpG sites (Fig. 5C and D,
indicated with arrow) in region IV were completely methylated in ES cells and in whole-
head embryos (E9.5). In contrast, these CpG sites were noticeably hypomethylated in E13.5
and E18.5 mouse calvaria because both cytosine and thymidine peaks were present at these
CpG sites (compare C peaks of sites 1-7 in ES cells and in E9.5 embryos with those of

J Bone Miner Res. Author manuscript; available in PMC 2015 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sinha et al.

Page 7

E18.5 embryos). These data indicate that inheritable methylated cytosines in Bsp gene from
early embryogenesis had undergone DNA demethylation during calvarial bone
development. For instance, CpG methylation at site 7 was completely lost in calvaria of
E18.5 embryos (Panel F), when Bsp is robustly expressed. Our results suggest that
demethylation of the Bsp promoter begins in osteo-chondro progenitors during mesenchyme
condensation (around E11) and continues until the chromatin of the Bsp gene becomes
amenable to induction of expression in differentiating osteoblasts. The promoter
hypomethylation was much more apparent at embryonic stage E18.5 than at E13.5, further
indicating that DNA methylation restricts Bsp expression in precursor osteoblasts or prior to
osteoblast differentiation. Figure 5H shows that the Bsp promoter is still hypermethylated in
adult brain and liver tissues, which lack Bsp expression.

Promoter methylation persists in Osx-null cells that do not express Bsp

Association

Although our approach for detecting cytosine methylation does not permit rigorous
quantitative analysis, the peak height ratio of C to T at a specific CpG site could be
considered an indirect measurement of the methylation level. The presence of both cytosine
and thymidine at a CpG site indicates that methylated cyosine became progressively
demethylated to cytosine which gets converted to thymidine after bisulfite treatment (Fig 5,
compare mosaics of C/T at site 7 in ES cells, E9.5 embryos, E13.5, E18.5 embryos and
E18.5 Osx-null embryo). Further DNA demethylation of these CpG sites was relatively
slower in E18.5 Osx-null calvaria than in E18.5 Osx-wt calvaria. The levels of methylation
in some areas of E18.5 calvaria of Osx-null embryos were similar to those in E13.5 calvaria
of Osx-wt embryos. These observations suggest that DNA methylation in the Bsp promoter
persists in Osx-null calvaria (compare panels E, F and G, and Suppl Fig. 2 and 3). Osx
begins to be expressed around E13.5 and is followed at E15.5 by expression of Bsp in
osteoblasts of developing calvaria (31). Moreover, several CpG sites (for example 8-10,12—
14; Suppl Fig. 2 and 3) were noticeably demethylated in Osx-wt calvaria when compared to
those in ES cells and Osx-null calvaria at E.18.5. These findings further suggest that from
ES cell stage to E18.5 embryo calvaria, DNA demethylation of the Bsp gene has progressed
more in Osx-wt than in Osx-null calvaria. Our data indeed suggest that although DNA
demethylation of the Bsp promoter is Osx-independent event and normally continues prior
to Osx expression when Bsp is repressed; further DNA demethylation is likely to continue
during development coinciding with Bsp expression during osteoblast differentiation.
Continued DNA demethylation of the Bsp promoter in Osx-wt calvaria might be a
developmental process coupled with recruitment of transcription factors including Osx to the
target sites of the chromatin during initiation of Bsp expression. We speculate that in Osx-
null calvaria DNA methylation in the Bsp gene may contribute to establishing an inactive
chromatin state.

of epigenetic regulators MeCP2, HP1, and H2A.Z regulates Bsp expression

DNA methylation mediates gene repression through a sequential process, first by
interactions of methyl CpG-binding proteins (MeCP2) with methylated DNA and then by
formation of a repressor complex including HP1 and HDACs at the target gene. These steps
lead to chromatin compaction and gene silencing (32). To gain further insights into the
epigenetic control of Bsp expression by DNA methylation, we examined the occupancies of
MeCP2, HP1 and H2A.Z in the chromatin of the Bsp gene in Osx-wt and Osx-null calvarial
cells. Figure 6 shows that the occupancy of MeCP2 and HP1 at the Bsp gene was higher in
Osx-null cells than Osx-wt cells (Fig. 6A and B). In contrast, occupancy of H2A.Z at the
proximal promoter (core) and in the coding region (P5+) of the Bsp gene was significantly
decreased in Osx-null cells (Fig. 6C). Note that H2A.Z occupancy inversely correlates with
DNA methylation because interaction of H2A.Z with the promoter protects DNA from
further methylation during transcription initiation (33:34). Together, these data are consistent
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with previous reports and our hypothesis that the higher levels of MeCP2 and HP1 and the
lower levels of H2A.Z at the Bsp gene in Osx-null calvarial cells were most likely due to
higher DNA methylation of this gene in these cells than in Osx-wt cells.

It is clear from the above data that repression of the Bsp gene in Osx-null cells was
correlated with DNA methylation and increased interactions of the repressors NO66, HP1,
and MeCP2 with the Bsp gene. We also performed a co-immunoprecipitation to demonstrate
interactions between NO66 and HP1a in Osx-wt calvarial cells (Fig. 6D, Top), consistent
with an earlier report indicating the co-localization of NO66 and HP1a at heterochromatic
regions within the cell (14). In addition, in HEK293 cells stably transfected with a Flag-
NO66-encoding expression vector, NO66 also interacted with endogenous DNMT1a and
HDAC1 (Fig. 6D), suggesting the hypothesis that NO66 could form a repressor complex
with these epigenetic regulators at Osx-target genes. HP1a was reported to interact with the
drosophila KDM4 histone demethylase and to stimulate its activity for lysine 36 (%9).
Similar to this our data also indicate that HP1a stimulated the NO66 demethylase activity
for H3K4me3 and H3K36me3 as substrates (Fig. 6E, lane 4 and 5). Further NO66 variants
(168-641) that have an intact JmjC domain also exhibited demethylase activity toward
lysine 4 and 36 (Fig. 6F, lane 1-3), and this activity was inhibited in the presence of Osx.
Altogether, NO66 and HP1a might act as co-repressors for Osx-target genes in
preosteoblasts to demethylate H3K4me and H3K36me. We also speculate that interactions
of Osx at its target genes in expression of those genes during osteoblast differentiation might
trigger the local removal of NO66 from chromatin and/or inhibit the demethylase activity of
NO66.

Collectively, these findings support our hypothesis that both DNA methylation and histone
demethylation of lysines 4 and 36 contribute to the transcriptionally inactive chromatin state
of the Bsp gene in Osx-null calvarial cells. Our data provide evidence that NO66 plays a
very significant role in epigenetic control of Osx-target genes.

Discussion

We present evidence that Osx, a downstream target of Runx2, is required for the formation
of transcriptionally active chromatin at the Bsp gene during the differentiation of
preosteoblasts to osteoblasts. We have shown previously that Osx is required for activation
of osteoblast markers including Col1al, Bsp, OC, and osteocyte genes Sost, Dmp1l, and
DKkk1. Expression of these genes in Osx-null embryos is either absent or markedly reduced.
In this study, we examined the Osx-mediated mechanisms in gene activation during the
transition of precursor osteoblasts to differentiating osteoblasts. We emphasize that
expression of the Bsp is epigenetically controlled by histone and DNA methylation. The
mechanism underlying the transition from repression to activation of Bsp and likely other
Osx-target genes during osteoblast differentiation is based on our observations that include
DNA demethylation, removal of a repressor complex from chromatin, recruitment of
activators, and chromatin-modifying activities.

Several lines of evidence support the hypothesis that in Osx-null calvarial cells, the
chromatin state of the Osx-target genes is markedly different from that of Osx-wt calvarial
cells. In absence of Osx, the occupancy of the transcriptional activators and active chromatin
modifiers including histone methylation and acetylation at specific sites in the Bsp gene,
tested in this study, is abolished in Osx-null cells but not in Osx-wt cells. In contrast,
occupancy of inactive chromatin modifiers including NO66, HP1, and MeCP2 in the Bsp
gene is relatively high in osteoblasts-arrested Osx-null compared to Osx-wt cells. Further
genome-wide analysis using a ChIPSeq approach to reveal other interactions sites of Osx as
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well as histone methylation in their target osteoblast genes will help us better understand the
regulation of those target genes in osteoblasts.

We also demonstrated the reduced levels of histone H3K9/16 acetylation and of active
histone methylation marks H3K4me3 and H3K36me3 within promoter and coding regions
in the chromatin of the Bsp gene. We further observed a markedly lower occupancy of the
transcriptional activators c-Myc and Wdr5 as well as that of H2A.Z in Osx-null calvarial
cells. In contrast, a much higher occupancy of the repressor proteins NO66, HP1 and
MeCP2 was observed in the chromatin of the Bsp gene. Moreover, in Osx-null calvaria,
DNA demethylation at specific CpG sites in the Bsp promoter was delayed compared to that
normally observed during Bsp expression in Osx-wt calvarial bone. Taken together, our
results strongly suggest the hypothesis that in the absence of Osx, osteoblast target Bsp and
most likely other genes are repressed because of an inability of Wdr5 and c-Myc to maintain
stable interactions with chromatin and because the histone-modifying enzymes for
acetylation and methylation cannot get recruited to these sites for transcription activation.
Therefore, Osx acts as a molecular switch to trigger chromatin remodeling from an inactive
to an active transcriptional state in osteoblasts (see Fig 7 for a proposed model). This
chromatin remodeling also likely promotes localized DNA demethylation. It is also possible
that additional mechanisms contribute to the control of chromatin remodeling of Osx-target
genes. Our experiments were performed with ex vivo calvarial cells isolated from Osx-null
E18.5 embryos (representing Runx2-expressing Osx-null preosteoblasts), and from Osx-wt
E18.5 embryos, (representing Runx2- and Osx-expressing osteoblasts). Although Runx2 acts
as upstream of Osx and is expressed in Osx-null calvarial cells but Runx2 cannot
compensate for the functional loss of Osx. Indeed, interactions of both Runx2 and Osx with
the chromatin of the Bsp and Oc genes in Osx-wt osteoblasts are likely needed for the
optimal expression of these genes in osteoblasts.

We have shown here that the process that prevents Bsp activation in the absence of Osx
includes the maintenance of DNA methylation and that of demethylated H3K4me3 and
K36me3 as well as interactions of repressors with the Bsp gene. Because HP1 stimulated the
demethylase activity of NO66, the interactions of NO66 and HP1 at the Bsp gene in Osx-
null cells may help maintain the demethylated state of H3K4 and H3K36. Our data further
suggest the hypothesis that Osx expression in osteoblasts could trigger the removal of NO66
as well as that of HP1and that of other potential repressors (including HDAC1) from the Bsp
gene, thereby allowing interactions of c-Myc, Wdr5, and H2A.Z as well as other unknown
factors with the chromatin of this gene during transcription. Several HDACs have been
reported to negatively regulate Runx2 activity and osteoblast differentiation (36). Notably, c-
Myc has the ability to potentiate Osx activity and its interactions with the Osx-target Bsp
gene in osteoblasts appear to depend largely on Osx, because no interactions of c-Myc
occurred at the Bsp gene in Osx-null cells.

Hypermethylation of the Bsp promoter was observed in ES cells and is epigenetically
inherited in subsequent developmental stages up to a point that, however, largely precedes
Bsp expression. Histone and DNA methylation produce epigenetic repressive marks and are
interlinked in gene repression. Previous studies have shown that HP1 interacts with DNMT1
in vitro and in vivo and induces DNMT1 activity, resulting in increased DNA methylation
(%9). Also DNMT1A interacts with histone methyltransferase (G9a) or SUV39H1, and this
interaction coordinates trimethylation of lysine 9, through which HP1 interacts with
chromatin (37). In Osx-null calvaria, increased DNA methylation in the Bsp promoter
compared to that in Osx-wt, coupled with increased occupancies of MeCP2 and HP1,
supports the view that DNA methylation might further potentiate the restriction in Bsp
expression in these Osx-null cells. Increased levels of H2A.Z in the chromatin of the Bsp
gene in Osx-wt cells maintain active transcription of this gene. Based on these observations,
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we speculate that upon Osx expression in Osx-wt cells, although not an Osx-dependent
event, erasure of DNA methylation in other Osx-target genes might continue, which should
allow formation of a transcriptionally active chromatin state. This is also seen in the case of
the Sost promoter which is methylated in osteoblasts but is demethylated and actively
expressed in osteocytes (2°).

In summary, we have presented three important observations regarding the epigenetic
control of expression of the Osx-target Bsp gene during osteoblast differentiation. First, Osx
is needed for osteoblasts differentiation in vitro and is crucial for chromatin remodeling
during gene activation; second, the osteoblast-specific Bsp gene is methylated prior to its
activation in osteoblasts; and third, in addition to demethylation of the active lysines 4 and
36 marks, NO66 likely forms a strong repressor complex, through interactions with HP1,
DNMT1, and HDACL, at Osx-target genes in osteoblasts, causing further repression of these
genes. Although our analysis of transcriptional regulators was limited to a few sites within
the chromatin of the Bsp gene, we speculate that similar mechanisms may control chromatin
remodeling of other Osx-target genes in the transition from gene repression to activation
during osteoblast differentiation.
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Fig. 1.

Osx is required for osteoblasts differentiation in culture upon osteogenic medium. (A-B)
Quantitative RT-PCR for Akp and Bsp mRNAS in Osx-wt (Wt) and Osx-null calvarial cells
cultured in osteogenic media for the indicated number of days. (C) Alizarin Red S staining
for matrix deposition in Osx-wt, Osx-null and overexpressed Osx-null cells which were
grown in differentiation media containing ascorbic acid and p-glycerol phosphate for 7 days.
After staining, plates were photographed microscopically with a 20X objective and a
representative of three independent plates is shown.
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Fig. 2.

Higher levels of NO66 occupancy in the chromatin of the BSP gene in Osx-null calvarial
cells compared to Osx-wt cells. (A) ChIP assays for the occupancy of Osx and (B) for NO66
occupancy in chromatin fragments of the Bsp gene in Osx-wt and Osx-null calvarial cells.
Osx occupancy at the Bsp gene in Osx-null cells or at promoters of the control genes is
above the background owing to non-specific binding of the Osx antibody with genomic
material. ChlPed DNA samples derived from Osx and NO66 antibodies were amplified
within the promoter regions of Bactin, cyclin B1 (ccn bl), and grp genes to indicate the
specificity of the ChIP. (C) Western blots for Osx and NO66 levels in Osx-wt and Osx-null
calvarial cells. B-actin served as loading control. (D) ChIP assays for Osx and NOG66 after
Osx-wt cells were cultured in the presence or absence of osteogenic media for 8 days (in -
induced, un - uninduced). The ChIP data are presented as a percentage of input after
subtracting control IgG values. Error bars represents standard error of the mean of triplicate
gPCR of representative ChIP assays. Schematic of the Bsp gene is shown with primers
(indicated as P1 —P5) used in this study for PCR amplification.
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Chromatin of the Bsp gene lacks the active marks of histone methylation and acetylation in
absence of Osx. (A-E) ChIP assays for the occupancy of Wdr5, H3K4me3, H3K36me3,
H3K9/16Ac, and H3K27me3 at chromatin segments of the Bsp gene in Osx-wt (Wt) and
Osx-null (mt) calvarial cells as indicated in the panels. ChIP data for Wdr5 occupancy are
presented as fold enrichment over control rabbit 1gG values in the promoter of the Bsp gene.
ChIP data for methylation and acetylation are normalized with occupancy of total histone
H3 at the respective sites after subtracting control rabbit IgG values. Site-specific primers
used in this study are described above.

J Bone Miner Res. Author manuscript; available in PMC 2015 April 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Sinha et al.

A

Luciferase / B-Gal

Page 16

1.5]
Bsp-Luc C anti-c-myc

1.0+

0.5+

% bound / input

Wt mt Wt mt Wt mt Wt mt

Osx - + - - + - + + + + + + P1 P2 P4 P12
NO66 - - + - + + - - - + + +

CMyc - - - 2x - + 1x 2x 3x 1x 2x 3x

Luciferase / B-Gal

0.59  1kb-Oc-luc

0.4+

0.3

0.2+

0.1

0.0-
Osx - 1x 2x3x 4x - 1x2x 3x 4x

cmye _ . . - - 4+ + + + +

Fig. 4.

Transcription factor c-Myc potentiates Osx-dependent Bsp activation through interactions
with the Bsp gene. (A) Reporter assay using the 2-kb mouse Bsp promoter after transfection
with Osx and c-Myc expression vectors in HEK293T cells in dose-dependent manner as
indicated (100ng for Osx and 1x=100ng for c-Myc). Co-transfection of NO66 (200ng
plasmid) inhibited Osx-dependent Bsp promoter activity. (B) Reporter assay using the 1.1kb
mouse osteocalcin promoter after transfection with Osx and c-Myc expression vectors in
HEK?293T cells (1x=25ng for Osx, and 200ng for c-Myc). The error bars represent standard
error of the mean of at least triplicate experiments. The P value (<0.05) for statistical
difference was calculated using one way ANOVA test and was indicated by asterisks. (C)
Interaction of c-Myc with Bsp gene occurred only in the presence of Osx. ChIP assays for c-
Myc occupancy at the chromatin segments of the Bsp gene in Osx-wt (wt) and Osx-null
calvarial cells. Data were analyzed as described above.
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Fig. 5.

DNA methylation in the Bsp promoter is significantly lost preceding the Bsp expression in
Osx-wt calvaria but not in Osx-null calvaria. (A) Schematic of the Bsp promoter showing
CpG sites (indicated with diamond) within the —2.4 kb to +0.2 kb region. PCR products for
the region I1-1V were generated after bisulfite-treated DNA template and sequenced. (B)
Bisulfite approach showing conversion of unmethylated cytosine to thymidine but not
methylated cytosine. (C-G) Sequencing chromatogram of PCR products of region |
amplified from bisulfite-treated DNA isolated at developmental stages of Osx-wt and Osx-
null calvaria, as indicated in the Panel. Arrow indicates methylated cytosine undergoes DNA
demethylation. (H) No DNA demethylation occurs in non-osseous brain and liver tissues of
E18.5 embryos, which lacked Bsp expression, as shown by sequencing (Region 1, site 7).
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Fig. 6.

Increased occupancy of MeCP2 and HP1 but not H2A.Z at the Bsp gene in Osx-null
calvarial cells. (A—C) ChlIP assays for occupancy of MeCP2, HP1, and H2A.Z at chromatin
segments of the Bsp gene in Osx-wt (Wt) and Osx-null calvarial cells. ChIP data for MeCP2
and HP1a occupancy are presented as fold enrichment over control rabbit IgG values and
for H2A.Z as % bound/input after subtracting control rabbit 1gG values. Site-specific
primers P2 and P4 are within the promoter and P5+ within the coding region of the Bsp
gene. (D) Panel 1, Coimmunoprecipitation of endogenous HP1a in the lysates of Osx-wt
calvarial cells with NOG66 antibody followed by western blot with HP1a antibody. Panel 2—
4, Purification of Flag-NO66 from nuclear extract of Flag-NO66 expressing HEK293 cells
with anti-Flag M2 agarose (Sigma) and then elution with 3X Flag peptides, followed by
separation of eluate on SDS-PAGE and western blot with antibodies as indicated in the
panel. (E) HP1a stimulates H3K4me3 and H3K36me3 demethylation by the NO66
demethylase. The demethylation reaction was carried out with E. coli expressed NOG66 (full-
length) and HP1a using calf-thymus bulk histones as substrates. Lower amount of NO66
that showed no demethylase activity was used in this reaction (1x equivalent to 1-2 pg). (F)
Osx inhibits the NO66-dependent demethylation of H3K4me3 and H3K36me3 in a reaction
that contained E. coli-expressed His-NO66 (168-641) and His-Osx (1-225). His-NO66
(168-641) that contained an intact JmjC domain also exhibited demethylase activity.
Samples were run on the same gel and relevant lanes were shown (Panel E and F).
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Fig. 7.

Osx is required for chromatin relaxation and stable interactions of transcriptional regulators
during activation of its target genes in osteoblasts. A proposed model for the molecular role
of Osx in chromatin remodeling of its target Bsp gene is depicted based on our results
presented in this study.
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