Gene regulatory landscape in osteoblast differentiation
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Abstract

The development of osteoblasts, a bone-forming cell population, occurs in conjunction with
development of the skeleton, which creates our physical framework and shapes the body. In the past
two decades, genetic studies have uncovered the molecular framework of this process—namely,
transcriptional regulators and signaling pathways coordinate the cell fate determination and
differentiation of osteoblasts in a spatial and temporal manner. Recently emerging genome-wide
studies provide additional layers of understanding of the gene regulatory landscape during osteoblast
differentiation, allowing us to gain novel insight into the modes of action of the key regulators,
functional interaction among the regulator-bound enhancers, epigenetic regulations, and the complex
nature of regulatory inputs. In this review, we summarize current understanding of the transcriptional

regulation in osteoblasts, in terms of the gene regulatory landscape.



1. Introduction

The mammalian skeleton is derived from three distinct origins and formed through two distinct
modes [1]. The neural crest gives rise to the facial bones and the cranium. The paraxial mesoderm
gives rise to the parietal bone, base of the skull, and axial skeleton. The lateral plate mesoderm gives
rise to the appendicular skeleton. The two distinct modes of skeletal formation are intramembranous
ossification and endochondral ossification. Skull and facial bones develop through intramembranous
ossification, where condensed mesenchymal cells directly differentiate into bone-forming
osteoblasts. The remainder of the skeleton develops through endochondral ossification. In this
process, a cartilage mold is first formed following condensation of mesenchymal cells and then
replaced by mineralized bone tissues.

Specification and differentiation of two cell linages, chondrocytes and osteoblasts, are
coordinated during endochondral ossification. Cells in the center of the condensed mesenchyme
differentiate into proliferating chondrocytes and subsequently into pre-hypertrophic chondrocytes
and hypertrophic chondrocytes. Hypertrophic chondrocytes finally undergo calcification, forming
mineralized cartilages. Osteoblast progenitors exist in the perichondrium, a thin layer of cells that are
originated in the condensed mesenchyme and located at the periphery of cartilage. Once the
progenitors receive osteogenic inputs—mainly from the factors secreted by hypertrophic
chondrocytes—they are specified into osteoblast precursors [2, 3]. They mature into osteoblasts that
deposit the bone matrix forming the bone collar. Finally, the osteoblasts are embedded in the matrix
and work as osteocytes. The osteoblast precursors also invade into the mineralized cartilage with
vascular tissues to replace the mineralized cartilage with bone matrix [4].

In the osteoblast linage, alkaline phosphatase (Alpl) and integrin binding sialoprotein (1bsp)
are expressed in both osteoblast precursors and osteoblasts. High expression of type | collagen alpha
| (Collal) and secreted phosphoprotein 1 (Sopl, also known as osteopontin) is restricted to

osteoblasts, although Collal is also ubiquitously expressed at a low level in fibroblastic cells. Bone
3



gamma-car boxyglutamate protein (Bglap, also known as osteocalcin) is a bona-fide marker for
mature osteoblasts. Osteocytes are characterized by the expression of dentin matrix protein 1
(Dmpl), which is also expressed in odontoblasts of teeth, and sclerostin (Sost). The importance of
sclerostin in bone metabolism has been highlighted by several basic studies and the use of anti-
sclerostin antibodies for the treatment of osteoporosis [5]. Thus, the stage-specific expression of
marker genes enables us to see the process of osteoblast differentiation in its chronological order,
beginning with the epiphysis and continuing toward the diaphysis in the perichondrial region of
developing long bones.

Two transcription factors (TFs), Runx2 and Sp7/Osterix, are required for osteoblast
specification and act as master regulators of osteoblast development. RUNX2 is expressed in
perichondrial cells adjacent to columnar proliferating chondrocytes as well as osteoblasts in the bone
collar and primary spongiosa in endochondral bones, whereas 07 expression is more restricted to
cells associated with the bone collar and primary spongiosa [6, 7]. In Runx2’- mice and Sp7"" mice,
both intramembranous and endochondral bones are absent; no functional osteoblast develops in both
mutants [7, 8]. Heterozygous loss-of-function mutations of RUNX2 in humans cause cleidocranial
dysplasia, an autosomal dominant disease characterized by hypoplasia/aplasia of the clavicle, patent
fontanelles, supernumerary teeth, short stature, and other changes in skeletal patterning and growth
[9-11]. SP7 mutations have been associated with a recessive osteogenesis imperfecta [12, 13].

These two master regulators sequentially act on osteoblast precursors in the process of
osteoblast differentiation. Skeletal progenitors are initially committed to Runx2-positive osteoblast
precursors, which then transition into Runx2- and Sp7-double-positive precursors [14]. The Runx2
and §p7-double-positive precursors and their descendent give rise to osteoblasts and osteocytes,
contributing to the formation of cortical bones, trabecular bones, and bone marrow with invading
blood vessels [4]. The relationship between Runx2 and o7 is also genetically supported. Runx2 is

expressed in Yp77" mice, whereas no 7 expression is observed in Runx2”~ mice [7].
4



The process of cell fate specification and differentiation of osteoblasts have been
extensively studied through mouse genetics and biochemical approaches for the last two decades; it
turns out that the process is well organized by sequential and/or combinatorial actions of TFs,
including Runx2 and Sp7/Osterix, and signaling pathways (extensively reviewed in [15]). However,
those studies focused on local gene regulatory networks. Extensive next generation sequencer
(NGS)-based studies have uncovered modes of actions of the key TFs, functional interaction among
TF-bound enhancers, epigenetic regulations, and the complex nature of regulatory inputs over the
osteoblast genome. The NGS-based analyses include chromatin immunoprecipitation sequencing
(ChIP-seq; profiling of TF binding sites and histone modifications), RNA sequencing (RNA-seq;
profiling of gene expression), and an assay for transposase-accessible chromatin sequencing (ATAC-
seq; profiling of open chromatin regions), and so on.

In this review, with a particular focus on osteoblasts, we discuss modes of action of master
regulators and epigenetic regulations, in terms of the gene regulatory landscape recently revealed by

unbiased genome-wide studies.

2. Overview of gene regulation

The genome coordinates developmental processes through multiple layers of gene regulation. The
model is evolved from the concept of the “epigenetic landscape,” which was proposed by C.H.
Waddington in 1957 [16]. In this concept, a cell chooses its fate by following the contours of the
developmental landscape, just as a ball rolls down through valleys. In 1969, R.J. Britten and E.H.
Davidson then introduced the theory of the gene regulatory network, in which the DNA sequence-
specific regulation of gene expression underlies the genomic control of developmental processes
[17]. Thus, a deeper understanding of the gene regulatory network will be key to elucidating how the
genome encodes and executes the program to specify cell fates, induce differentiation of the

specified cells, and lead them to exert biological functions in development and maintenance of
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tissues.

Gene expression is regulated by the interaction between the basal promoter and enhancers.
The basal promoter recruits basal transcription machineries and RNA polymerase to initiate
transcription. Although the basal promoter is required for the transcriptional initiation, it is not
sufficient to achieve the transcription of a proper set of genes in proper cells with the proper timing.
Additional DNA regulatory elements known as enhancers provide the spatiotemporal regulation of
gene expression. A 72-bp repeated element in SV40 DNA was first identified as an enhancer in 1981;
the element acted as a Cis-regulatory element, which activated transcription regardless of its
orientation at several positions [18]. Thus, enhancers are currently defined as DNA sequences that
have potential to mediate the spatial and temporal pattern of gene expressions regardless of the
orientation of the sequence, i.e., forward or reverse, and the location of the sequence. They can
function at mega-base distances from the transcription start sites (TSSs), as exampled by a long-
range interaction to regulate Shh expression [19]. Trans-acting factors such as TFs and their co-
factors bind to enhancers in a sequence-specific manner. The binding regulates the transcription of

target genes in a spatiotemporally specific manner through the promoter-enhancer interaction.

3. The mode of Runx2 action in osteoblasts

Runx2 belongs to the runt-related transcription factor family. Runx2 recognizes the Runx consensus
motif on the genome through its DNA-binding domain, the runt domain. The initial link between
Runx?2 and osteoblasts was shown by a series of reports which described that it bound to an
osteoblast-specific cis-regulatory element in the promoter region of the Bglap gene [6, 20]. Runx2-
associated cis-regulatory elements had been identified in analyses of non-coding regions flanking
osteoblast genes such as Alpl, Ibsp and Sppl [21]. Three independent groups performed Runx2 ChIP-
seq studies, providing the four key findings on the Runx2 regulatory landscape in the osteoblast

program [22-24].



First, the actions of Runx2 on the genome are dynamically changed during osteoblast
differentiation. Peak distribution analysis showed that Runx2 mainly binds to distal genomic regions
at least 1 kb distant from TSSs, indicating that distal interaction is a general feature of the Runx2
action. Gene ontology analyses suggested the complexities of Runx2 functions. Wu et al. performed
clustering analysis of the Runx2 ChIP-seq peak distribution and its intensities across various time
points in an in vitro osteoblast induction culture [24]. Only a subset of Runx2 peaks, which were
highly associated with genes related to osteoblast differentiation, appeared upon osteoblast induction;
known Runx2 targets such as Runx2 itself, Ibsp, and Sp7 are included in this cluster [24]. In contrast,
another cluster of Runx2 peaks whose intensities are lost upon the induction is related to biological
functions of other lineages, including fat cell differentiation, leukocyte migration, and erythrocyte
differentiation [24]. These findings suggest that Runx2 has broader and less-specific actions than Sp7
(also see the Sp7 section in this review). As Wu et al. discussed, Runx2 may not only induce
osteoblast differentiation of progenitors, but also suppress differentiation into non-osteogenic cell
lineages by masking genomic regions related to different cell lineages [24]. Although we cannot
exclude the possibility that in vitro culture may not be biologically relevant to the osteoblast
progenitor stage, we speculate that as osteoblast differentiation proceeds, the Runx2-madiated
masking may be no longer required and somehow depleted, while Sp7 acting downstream of Runx2
is restricted to osteoblast enhancers.

Second, new Runx2-bound cis-regulatory regions were identified [22-24]. The distal cis-
regulatory elements flanking Mmp13 and Spopl were notable, given that Runx2 had been reported to
bind to the proximal elements of these genes [25, 26]. The newly found distal cis-regulatory elements
had more intense Runx2 binding signatures than the proximal elements [23, 27]. In addition, the
distal Mmp13 enhancer showed strong responsiveness to Runx2, and the deletion of the distal
enhancer using CRISPR/Cas9 dramatically suppressed Mmp13 expression in vitro [27].

Third, a Runx consensus motif was most enriched in Runx2 ChIP-seq peaks, indicating that
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Runx2 predominantly functions through this motif [22, 23] (Fig. 1). This finding is consistent with a
large number of previous studies supporting the idea that Runx2 binds to the motif. Meyer et al.
further identified C/EBPJ as a co-regulator of Runx2 on the osteoblast genome, based on the high
enrichment of the C/EBPJ motif in the Runx2 ChIP-seq data and the subsequent C/EBPP ChIP-seq
[23]. Since Runx2 and C/EBPf form a transcriptional complex and function in transactivation [28,
29], they are likely to share osteoblast enhancer modules (Fig. 1). In addition to the aforementioned
study, Meyer et al. also performed ChIP-seq for six TFs (Runx2, C/EBPJB, C/EBPa, PPARY, vitamin
D receptor (VDR), and retinoid X receptor (RXR)) in the osteogenic differentiation of mouse MSCs.
Osteoblast-related genes were accompanied by the binding of Runx2, C/EBP, VDR, and RXR,
suggesting the presence of TF “hot spots” around key genes for osteoblast identity [30] (Fig. 1).
Hotspots are genomic regions where key transcriptional regulators co-bind to form core regulatory
networks, defining cell identity [31] (Fig. 1). It remains to be elucidated where the bona-fide hotspot

is on the osteoblast genome.
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Fig. 1. Global actions of transcription factors (TFs), cofactors, and epigenetic regulators in
osteoblasts.

Multiple TFs, cofactors, and epigenetic regulators are thought to co-localize at small genomic regions
termed transcription hot spots (~400 bp) to specify osteoblasts. Key interactions obtained from ChIP-
seq studies are illustrated.



In addition to C/EBP, a number of transcriptional regulators have been identified as
cooperative factors of Runx2 by in vitro and in vivo studies, including Cbfb [32, 33], Twist [34],
Statl [35], Schnurri 3 [36], SATB2 [37], TAZ [38], MED23 [39] (also see the epigenetic landscape
section in this review), Nell-1 [40], and Zfp521 [41]. Further interaction studies by genome-wide
approaches will help to clarify their biological relevance from the viewpoint of the gene regulatory
landscape.

Lastly, epigenetic regulation may make only a small contribution to the Runx2-DNA
interaction. Integrated bioinformatic analysis on epigenome, transcriptome, and Runx2-DNA binding
profiles identified dynamic signatures of histone modifications and transcriptional profiles during
osteoblast differentiation [23, 24]. Given that Runx2 functions in a differentiation stage-dependent
manner, one can imagine that the epigenetic change determines the stage-specific Runx2 function in
osteoblast differentiation. However, Runx2 binding profiles were not correlated well with the
dynamic signatures of histone modifications and transcription. Although in vitro settings may be less
biologically relevant, the results suggest that Runx2-DNA interactions are stable during osteoblast
differentiation; other factors may modify Runx2 functions without altering Runx2-DNA interactions.
Further analyses will be needed before drawing conclusions regarding this argument. The epigenetic
landscape in osteoblasts will be discussed later.

Mesenchymal stem cells (MSCs) are shown to be a common source for osteoblasts and
adipocytes in the bone marrow. As Runx2 promotes osteoblast differentiation, one can imagine that it
in turn blocks adipocyte differentiation in terms of cell fate determination of MSCs. Meyer et al.
provided some clues to understanding the role of Runx2 in a genome-wide manner. Runx2 ChIP-seq
in mouse MSCs under either osteogenic and adipogenic conditions revealed that Runx2-binding
regions in adipocyte-directed cells were less than those in osteoblast-directed cells [30]. In addition,

they found TF “hot spots,” where approximately 30% of Runx2 peaks and 35% of PPARY peaks
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were overlapped [30], suggesting that Runx2 is somehow involved in adipogenesis together with
PPARy. Given that postnatal Runx2 deficiency led to bone marrow adiposity in mice, Runx2 may
have negative impacts on PPARy-mediated adipocyte differentiation [42]. However, the work by
Rauch et al. did not highlight Runx2 as a suppressor of adipogenesis [43]. They predicted a set of
TFs as suppressors of adipogenesis using a computational method called IMAGE, based on
transcriptome and enhancer activity data in osteogenic or adipogenic cultures of human MSCs, and
confirmed the suppressor function of predicted TFs by knockdown experiments; Runx2 was not
included in the predicted set of TFs [43]. Thus, mechanisms underlying the involvement of Runx2 in

adipogenesis are still debated.

4. The mode of Sp7/Osterix action in osteoblasts

Sp7/Osterix is classified into the Sp family of transcription factors and has been thought to function
through its binding to the Sp consensus motif, GC-box, on the genome [7]. Our Sp7 ChIP-seq study
provided further novel insight into the Sp7 regulatory landscape, the mode of Sp7 action, and an
evolutionary relationship between Sp7 and bone-forming vertebrates [44].

The Sp7-DNA association profile was obtained by Sp7 ChIP-seq in in vivo mouse primary
osteoblasts. Distribution analysis of Sp7 ChIP-seq peaks revealed that longer-range interactions (> 5
kb) were the predominant feature of the Sp7 action [44]. The sequences of Sp7 peaks were well
conserved among different vertebrate species, and the peak regions were strongly associated with
genes that were related to skeletal development and expressed in bone tissues [44]. The biological
relevance of Sp7 peaks was confirmed by correlation analysis with transcriptome data obtained from
calvarial osteoblasts of neonatal Sp7-GFP reporter mice [14].

Sp7 is known to have a highly conserved zinc finger domain. Sp family members bind to the
GC-box consensus motif, which is mainly located in promoter regions on the genome, via their zinc

finger domains [45]. ChIP-seq analysis for Sp1, Sp2, and Sp5 [46-48] and high throughput screening
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of protein-DNA bindings for Sp1, Sp3, and Sp4 [49, 50] have confirmed the mode of action. In contrast,
de novo motif analysis demonstrated the enrichment of an AT-rich motif, not the GC-box, in the Sp7
ChIP-seq peak regions [44]. The AT-rich motif resembled a homeodomain-responsive element.

This unexpected finding was supported by comparative analysis of Spl and Sp7 ChIP-seq in
the pre-osteoblastic cell line MC3T3-E1; the AT-rich motif, but not the GC-box, was again enriched in
Sp7 peaks, whereas Spl favored the GC-box [44]. Peak distribution analysis of the two data sets
revealed that the difference in genomic occupancy might underlie the difference in functions of these
two Sp members; Sp1 was mainly associated with proximal regions from TSSs of housekeeping genes,
whereas Sp7 was mainly associated with distal genomic regions of osteoblast-related genes [44]. These
results indicate that Sp7 has a mode of action distinct from those of other Sp family members, in terms
of both genomic targets and the binding manner.

Consistent with the data of the de novo motif analysis, Sp7 binding affinity to the GC-box
was much less than that of Sp1 and, in most cases, below the detection limit in biochemical analyses
[44]. Interestingly, three amino acid substitutions in the Sp7 zinc fingers to their Spl counterparts
reverted Sp7 back to a GC-box-binding factor, suggesting that the amino acid differences within the
zinc finger domain were responsible for the loss of the GC-box preference in Sp7.

In biochemical analyses, direct binding of Sp7 to the AT-rich motifs was not detected [44].
How does Sp7 interact with the AT-rich motifs on the osteoblast genome? Several lines of evidence
suggested that Sp7 was indirectly associated with the AT-rich motif on the genome through physical
interaction with homeodomain-containing DIx transcription factors. First, DIx factors are highly
expressed in osteoblasts and have been reported to contribute to osteoblast differentiation [51-53].
Second, comparison of DIx5 ChIP-seq peaks with Sp7 ChIP-seq peaks in MC3T3-El revealed that
almost 80% of Sp7-bound regions overlapped with DIx5-bound regions [44]. Third, Sp7 physically
interacted with DIx5; the Sp7 zinc finger domain and the DIx5 N-terminal domain were crucial for the

interaction [44]. Fourth, the Sp7-DIx5 complex bound to the AT-rich motif, whereas Sp7 alone did not,
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as mentioned earlier [44]. Lastly, knock-down of DIx factors in osteoblasts attenuated Sp7
engagements with the osteoblast enhancers on the genome, resulting in suppression of the Sp7 target
gene expression [44]. These data suggest that Sp7 prefers to act as a DIx co-factor rather than as a TF,
in order to execute its osteoblast program (Fig. 1). However, it remains to be investigated whether Sp7
acts as a co-factor only for DIx factors. Other homeodomain-containing TFs, such as Msx1/2, Sath2
and Alx4 are all highly expressed in osteoblasts [44]. Based on motif databases, those factors may bind
to the AT-rich motif in a similar manner [50] and may interact with Sp7. In addition, motif analysis on
Sp7 ChlP-seq data also showed the enrichment of consensus motifs for Runx2 [54], Nfatcl [55], and
other key bone regulatory factors, suggesting the integration of several regulatory inputs through the
identified cis-regulatory modules.

Given that key amino acid variants in Sp7 were responsible for the lack of its GC-box
preference, the appearance of Sp7 was examined in the evolution of Sp-family members and bone
formation [44]. The closest non-boney vertebrates (e.g., lampreys), the cephalochordates (e.g.,
amphioxus), and ascidians (e.g., tunicate) all lack Sp7-type zinc finger variants in their genome,
whereas Sp7 is present in all boney vertebrates, including cartilaginous fish, which arise from a
boney ancestor and show evidence of non-endochondral bone [44]. These data support the view that
the appearance of Sp7-like variants in the Sp family is closely coupled to the emergence of bone-
forming osteoblasts in the evolution of boney vertebrates. Sp7 may be a key evolutionary switch in
the cartilage-to-bone transition. As DIx paralogs are present in non-vertebrate chordates, Sp7 may
emerge as a stabilizer or enhancer of the pre-existing DIx functions in distinct targets to execute the
osteoblast program.

The Sp7 ChIP-seq study also identified novel genomic targets of Sp7 in osteoblasts. The
ChIP-seq data demonstrated Sp7 engagement with known osteoblast enhancers flanking Runx2 [56]
and Collal [57] as well as Sp7 engagement with a novel enhancer in Notch2 intron 1 [44]. Site-

directed mutations in AT-rich motifs within these elements suppressed their enhancer activities [44],
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suggesting that Sp7 acts on the elements through the AT-rich motif. The target gene analysis also
suggested cross-talk between Sp7 and osteogenic signaling pathways such as Notch, Hedgehog,
fibroblast growth factor (FGF), and canonical Wnt signaling. Sp7 ChIP-seq peaks were found around
Notch2, Gli2, Fgfr2, and the Kremenl [44]. These data also suggest that Sp7 is involved in fine
tuning of these signaling pathways at the transcriptional level in the osteoblast program. In this
context, Sp7 may also interact with Runx2 to execute the program. Several studies have shown their
physical interaction and synergistic functions in the transcription of osteoblast-related genes [58, 59].
In addition, de novo motif analysis in our Sp7 ChIP-seq demonstrated the enrichment of a Runx
motif as well as the AT-rich motif [44], suggesting the interaction between Sp7 and Runx2 on the
osteoblast genome. Integrative analysis of Runx2 ChIP-seq, Sp7 ChlP-seq, and transcriptional
profiling will further unravel the mode of the interaction and its biological significance in a genome-
wide manner.

As mentioned in the section of Runx2, one may also predict that Sp7 has negative impacts
on adipogenesis. However, none of in vivo or genome-wide data has clearly supported the prediction
so far, although gain of function of Sp7 was shown to repress adipogenesis in the mouse adipocyte

cell line 3T3-L1 [60].

5. Epigenetic landscape in osteoblasts

TFs recognize their consensus motifs on DNA. However, it should be noted that not all consensus
motifs of a TF are occupied on the genome even if that TF is highly expressed; TFs bind to only a
small subset of their consensus motifs on the genome. Here is an example from our Sox9 ChIP-seq
study [61]: Among more than one million Sox consensus sites on the mouse genome, only less than
1% of them showed significantly enriched Sox9 binding in chondrocytes [61]. These observations
strongly support the view that additional machinery restricts TF binding to the genome. Epigenetic

regulations, which are mainly mediated by histone modification and DNA methylation, are thought
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to underlie the machinery [62, 63]. The epigenetic landscape governs how and when key functional
elements on the genome are available in order to achieve cell-type-specific expressions of a critical
set of genes, determining cell fate and cell identity. The epigenetic landscape in the osteoblast
differentiation process has been extensively studied. Most of the studies utilized an osteoblast
induction culture of MSCs as a model system.

Although the epigenetic landscape is generally thought to be cell-type distinct, Meyer et al.
demonstrated its flexibility in osteoblast differentiation from mouse bone marrow MSCs [30]. The
epigenetic pattern of undifferentiated MSCs resembled that of osteogenic cells [30], suggesting their
default fate of the osteoblast lineage; however, these patterns were rapidly altered near adipogenesis-
related genes during adipogenic differentiation [30]. Importantly, these cells exhibited an epigenetic
plasticity between osteogenic and adipogenic conditions; even after commitment to one lineage,
epigenetic profiles could be changed into those of the counterpart [30]. The plasticity of the
epigenetic landscape may provide MSCs with flexibility in responding to multiple stimuli rather than
rigidity of commitment to specific lineages, contributing to their wide range of functions in postnatal
tissue repair and metabolism.

Consistent with the above results, Rauch et al. showed that the chromatin landscape of
human MSCs (hMSCs) was similar to that of differentiating osteoblasts, and undifferentiated MSCs
had more preestablished enhancers near osteoblast-related genes than near adipocyte-related genes
[43]. In addition, preestablished enhancers were primarily involved in osteoblast differentiation from
hMSCs, whereas de novo establishment and activation of enhancers was involved in adipocyte
differentiation [43]. The latter process showed more dramatic transcriptional changes than the former
one [43]. Thus, the epigenetic landscape in MSCs and their differentiation into the two lineages is
likely to be conserved among species.

Which histone modifications are primarily responsible for the osteoblast-distinct epigenetic

landscape? Wu et al. provided some clues that could help to answer this question through their
14



15

analyses of osteoblast differentiation from mouse bone marrow MSCs [64]. First, H3K27me3, a
histone mark associated with transcriptional repression, was generally lost upon osteoblast
differentiation, but the mark was rarely gained on genes undergoing repression during the process.
Wau et al. speculated that in osteoblast differentiation, transcriptional repression was induced by
passive mechanisms such as the absence of activation marks such as H3K36me3 and H3K27ac,
rather than an H3K27me3-mediated active mechanism [64]. Second, dynamic changes of gene
expression were indeed correlated with H3K36me3, which is associated with transcriptional
elongation, and H3K27ac [64]. These data may suggest that H3K36me3 and H3K27ac contribute
more to the construction of an osteoblast-distinct epigenetic landscape than H3K27me3. Such a
conclusion is partially supported by a report that SET-domain-containing 2 (SETD2), a
methyltransferase for H3K36, plays a key role in commitment of MSCs into the osteoblast lineage

[65].
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Fig. 2. Local actions of epigenetic regulators in the Runx2 promoter and the Sp7 promoter.
Local actions of histone modifiers, chromatin remodeling factors, and DNA demethylases play
pivotal roles in transcriptions of Runx2 and Sp7. Key actions identified mainly by in vitro
biochemical analyses are illustrated.
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Agrawal Singh et al. proposed a role of H3K27me3 in an early stage of osteoblast
differentiation from hMSCs [66]. H3K27me3 was most strikingly lost in the ZBTB locus encoding
the PLZF transcription factor, accompanied by gain of H3K27ac at the whole locus and H3K4me3 at
its TSS, in immature osteoblasts [66]. PLZF was then highly expressed in response to osteogenic
commitment and recruited to osteogenic enhancers, positively affecting lineage-specific gene
expression [66]. Identification of EZH2 (enhancer of zeste homolog 2) as an inhibitor of osteoblast
differentiation also highlights the involvement of H3K27me3 in the osteoblast epigenetic landscape
[67]. EZH2 is a polycomb group protein that catalyzes trimethylation of H3K27. Loss of function of
EZH2 promoted osteoblast differentiation of hMSCs in vitro and led to multiple skeletal defects in
mice [67].

In addition to EZH2 and SETD2, several chromatin modifiers have been implicated in
osteoblast differentiation. Histone demethylase JARID1B/KDMS5B was reported to regulate Runx2
expression, especially at the P1 promoter [68] (Fig. 2). The same group also demonstrated that
Trithorax/COMPAS-like complexes containing Wdr5 and Utx modulated the transition from
H3K4mel to H3K4me3 at the P1 promoter to promote RUNX2 expression [69] (Fig. 2). In terms of
Runx?2 activity, Mediator subunit MED23 was reported to act as a Runx2 cofactor by physical
interaction [39] (Fig. 1). Epigenetic regulations in the expression of Sp7/Osterix were studied as
well; Tetl/Tet2-mediated DNA demethylation, accompanied by SWI/SNF-dependent nucleosome
remodeling, at the Sp7 promoter is critical for Sp7 expression [70] (Fig. 2). Lastly, the
bromodomain-containing protein 4 (BRD4) is likely to play a role in osteoblast lineage commitment
by occupying osteoblast-specific enhancers with AP-1, TEAD1, and C/EBPB [71] (Fig. 1).

Thus, which histone modifications and chromatin modifiers are critical for the osteoblast
program are still debated. Epigenetic status may be regulated by different sets of histone
modifications/chromatin modifiers in different loci; the complex regulation is likely to constitute an

osteoblast-distinct epigenetic landscape.
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6. Concluding remarks

Emerging genome-wide studies have provided insight into the gene regulatory landscape, which is
made up of key transcriptional regulators and epigenetic regulations, in osteoblasts. However, current
knowledge is limited to the regulatory landscape programmed by a few key transcriptional
regulators. A clear overall picture of the landscape has not come into focus. Integrative analyses with
osteogenic pathway-related TFs, their cofactors, and the epigenetic landscape will be required to
understand the proper tuning of spatial and temporal gene regulatory networks in the dynamic
process of osteoblast differentiation. In addition, extensive GWAS studies have identified links
between the human genome and skeletal development or diseases [72, 73]. More than 90% of
disease-associated loci have been identified outside of protein-coding regions, suggesting that the
regulatory elements in non-coding regions, which are possibly involved in transcriptional activation,
could be targets in next-generation genomics. Recent GWAS studies in the bone field have
considered the higher order structure of the genome, including promoter interactome and three-
dimensional genomic landscape, in order to identify effector genes of GWAS loci [74, 75].
Accumulating knowledge on the gene regulatory landscape will provide a rich resource to connect
the regulatory variants with human diseases. Further studies will not only enable us to elucidate the
core gene regulatory network representing osteoblast identity and its dynamic differentiation process,

but will also allow us to design genome-oriented therapeutic approaches for skeletal disorders.
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