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a b s t r a c t

A class of gene-regulatory elements called enhancers are the main mediators controlling quantitative,
temporal and spatial gene expressions. In the course of evolution, the enhancer landscape of higher
organisms such as mammals has become quite complex, exerting biological functions precisely and
coordinately. In mammalian skeletal development, the master transcription factors Sox9, Runx2 and Sp7/
Osterix function primarily through enhancers on the genome to achieve specification and differentiation
of skeletal cells. Recently developed genome-scale analyses have shed light on multiple layers of gene
regulations, uncovering not only the primary mode of actions of these transcription factors on skeletal
enhancers, but also the relation of the epigenetic landscape to three-dimensional chromatin architecture.
Here, we review findings on the emerging framework of gene-regulatory networks involved in skeletal
development. We further discuss the power of genome-scale analyses to provide new insights into ge-
netic diseases and regenerative medicine in skeletal tissues.
© 2017, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Framework of gene regulation

The sequence from gene expression to protein translation (DNA
to RNA to protein) comprises the central dogma of biology, as
these phenomena collectively mediate the biological actions of
Hojo).
se Society for Regenerative

ative Medicine. Production and ho
cells. Gene expression is initiated through activation of the basal
promoter, generally a DNA sequence less than 100 bp, in
conjunction with the transcription start site (TSS). The basal pro-
moters recruit RNA polymerases and basal transcription factors
[1]. This action is necessary to initiate the process of transcription;
however, it is not sufficient for the proper expression of the genes.
Additional regulatory elements, called enhancers, are the main
mediators specifying quantitative, spatial, and temporal regula-
tion of the gene expression.
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Fig. 2. Emerging framework of gene regulations. Transcription factors (TFs) prefer to
bind to specific DNA sequences called motifs. Multiple associations of TFs to DNA occur
at enhancers. On the genome, multiple enhancers form clusters; their distributions
differ among cell types, representing cell type-distinct signatures. Topologically asso-
ciating domains (TADs), which are defined as a three-dimensional chromatin land-
scape, have emerged as a new concept. Within a TAD, physical interactions of
enhancers and promoters frequently occur, whereas these interactions are generally
not observed across the boundary of TADs. In the boundary regions, CTCF and cohesin
are thought to be involved in the looping of the chromatin structure.
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The first enhancer described was a 72-bp tandem repeat of SV40
DNA, which was shown to function as a cis-regulatory element
activating the transcription of a cloned b-globin gene. This activa-
tionwas observed even after changing the orientation or location of
the sequence among several positions [2]. Currently, an enhancer is
defined as a noncoding DNA sequence that can drive the target
gene expression, regardless of the distance, location, or orientation
of the sequence from the target basal promoter [3]. The size of
enhancers ranges from 50 bp to 2 kb, and transcription factors bind
to enhancers through specific DNA sequences called motifs,
resulting in activation of the enhancers.

Although the basic machinery of the enhancer action is well
conserved, the enhancer landscapes differ widely among species
(Fig. 1; see the detail in Ref. [4]). In organisms with small genomes,
such as bacteria and yeast, local regulatory controls are predomi-
nant, primarily through activation of the basal promoter and/or
very few enhancers located mainly within 1 kb of the respective
genes. Invertebrate species, such as Drosophila, have relatively
complex machinery. Multiple enhancers targeting individual genes
are often observed, although the distance of enhancerepromoter
interactions is usually less than 10 kb. In contrast to these species,
vertebrae have much more complex regulation for transcription.
Enhancers can interact with target promoters over a range of 100 or
even 1000 kb. Multiple enhancers can target genes even beyond the
nearest genes. This complexity is probably due to the two rounds of
whole genome duplication, which generate paralogous genes and
additional regulators. Thus, in vitro studies such as reporter assays
using several-kilobase-long genomic fragments around the basal
promoter could cover gene-regulatory elements in invertebrates;
however, capturing the vertebrate gene-regulatory landscape was
difficult until next-generation sequencers became available.

Genome-scale studies using next-generation sequencers have
provided novel insights into gene regulations, shifting interest from
local gene regulations to multiple dimensions of the gene-
regulatory landscape that integrates primary actions of the tran-
scriptional regulators, the enhancer landscape, and the three-
dimensional chromatin architecture (Fig. 2). Uncovering this
landscape will provide new insights into the development,
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Fig. 1. Enhancer landscape in various species. A schematic model of the gene-
regulatory landscape and genome size information of yeast, Drosophila, and humans.
In yeast, many genes are regulated only by activation of the basal promoter. A few
enhancers are reported to control the target gene, but most of the enhancers are
located within a 1-kb range of the basal promoter. In Drosophila, multiple enhancers
work together to control a target gene, although the distance of enhancerepromoter
interactions is usually less than 10 kb. In mammals, including human, enhancers can
interact with target promoters over a range of 100 or even 1000 kb. The interactions
can occur beyond several of the nearest genes. Multiple enhancers likely control
quantitative, temporal, and spatial aspects of gene expression.
evolution and pathologies of organisms. In this review, we sum-
marize the emerging gene-regulatory networks involved in the
development of skeletal tissues, which both create a supportive
framework and systematically control the supply of minerals for
the body.

2. Primary mode of action of key transcription factors in
skeletal development

The mammalian skeleton is derived from cells of three origins:
the neural crest, paraxial mesoderm, and lateral plate mesoderm. It
is formed through two distinct modes of ossification: intermem-
brane ossification and endochondral ossification (see review [5]).
Regardless of the origin or the mode of ossification, key transcrip-
tion regulators are crucial for the specification and differentiation
of the skeletal cells. So far, three transcription factors, Sox9, Runx2
and Sp7/Osterix, have been identified as master regulators in
skeletal development [6e10], whereas others were identified
mainly as co-regulators of thesemaster regulators that modify their
functions or expressions at either the transcriptional or protein
level [11e13]. In this section, we briefly summarize the biological
roles of these master regulators in skeletal development and
discuss the gene-regulatory networks that have emerged from
recent genome-scale studies, particularly focusing on how the
master regulators program the regulatory networks cooperatively
with co-regulators.

2.1. Sox9-mediated chondrocyte regulatory program

Sox9 is a high-mobility group (HMG) domain-containing tran-
scription factor, closely related to the Y chromosome-encoded
testis-determining factor SRY. Mutations in SOX9 are associated
with campomelic dysplasia, in which both sex and skeletal devel-
opment are affected [14]. During skeletal development, Sox9 is
expressed in mesenchymal condensation; the Sox9-positive cells in
the condensation give rise to osteoblasts, chondrocytes, tendon
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cells, and synovium cells [15]. After the stage of mesenchymal
condensation, Sox9 expression is restricted to the chondrocyte
lineage. Sox9 is expressed in most chondrocytes throughout their
differentiation except at the terminal differentiation stage. As ex-
pected from the expression pattern in skeletal development, Sox9
activity is essential throughout the chondrocyte regulatory pro-
gram: Sox9 is necessary for mesenchymal condensation and sub-
sequent chondrocyte survival, proliferation, and hypertrophy
[7,16e19].

Sox9 target genes were identified by genomic and biochemical
approaches. The analyses identified Sox9-associated cis-regulatory
regions flanking Sox9 itself and genes encoding cartilage extracel-
lular matrix proteins and cartilage growth factors [20,21]. In addi-
tion, Sox9 ChIP-seq analyses were recently reported by three
independent groups including the present authors [22e24]. All of
these studies provided data sets of putative chondrocyte enhancers
associated with Sox9; some were verified by an in vivo reporter
assay in zebrafish [24] or a gene expression analysis in Sox9-
deficient mice [23]. The Sox9 targets included not only major
cartilage matrix genes, but also signaling pathway components
including Fgfr2 and Fgfr3, and transcriptional regulators including
Arid5a, Runx2, and Runx3. These findings expand our understand-
ing of Sox9-mediated gene-regulatory networks in chondrogenesis.

The Sox9 ChIP-seq studies provided additional insights into the
mode of Sox9 action in the chondrocyte regulatory program [24].
Previous analysis of the Sox9 peak distribution revealed two classes
of Sox9 activity on the chondrocyte genome: Class I and Class II
(Fig. 3a). Class I was defined as a TSS-associated Sox9-actionwithin
a 500-bp window from the nearest TSS [24]. In this class, Sox9 had
positive impacts on the target gene expression, likely through
proteineprotein interactions between Sox9 and components of the
basal transcriptional complex [25,26]. Class I Sox9 action is asso-
ciated with highly expressed genes including housekeeping genes,
not specifically with chondrocyte-related genes [24].
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Fig. 3. Gene-regulatory networks programming skeletal development revealed by recent C
development. Chondrocyte determinant Sox9 has two distinct modes of action. Class I is a T
around TSS regions to broadly enhance transcription. In Class II action, Sox9 binds to Sox d
determinants. Runx2 mainly binds to the consensus Runx motif on the osteoblast genome.
factor of Dlx by indirectly associating with the genome through AT-rich motifs. TSS, transcri
skeletal cells. Sox9-bound distal enhancers form super-enhancer-like clusters on the chond
clusters. AP-1 may also be involved in this context. In contrast, the gene-regulatory landsc
dividual genome-scale associations of the two key determinants have been studied. It h
associated with enhancer clusters. One study revealed co-association of Runx2 and CCAAT/
Class II was defined as the distal action of Sox9, beyond the
±500-bp range of the nearest TSS [24]. Several lines of evidence
indicate that Class II action is the predominant mode of Sox9 action
for the differentiation and maintenance of chondrocytes [24]. (1)
More than 75% of Sox9 peaks are categorized as Class II. (2) Unlike
Class I, the Class II action enriches peaks that are significantly
associated with chondrocyte-related genes. (3) The peak intensity
in Class II is higher than that in Class I. (4) Sox9 consensus motifs
are highly enriched in Class II, but not in Class I. (5) Many Class II
regions form super-enhancer-like clusters. The super-enhancer is
defined as a cluster of enhancers that is densely occupied by
transcription factors around key genes for cell identities [27]
(Fig. 3b). The presence of these enhancer modules is significantly
associated with highly expressed genes compared to typical en-
hancers in chondrocytes [24]. Taken together, these facts indicate
that the distal action of Sox9 represents distinct signatures of its
cell type-dependent actions, i.e., the execution of a chondrocyte
program in this context.

Themotif recovery analysis with Sox9 ChIP-seq data reveals that
the Sox9 action occurs mainly through the Sox dimer motif ori-
ented head-to-head with a 3- or 4-nucleotide spacer [23,24]. This
DNA preference was also evidenced by several in vitro studies [21]
including high-throughput protein-DNA interaction analyses, such
as, analysis of the systematic evolution of ligands by exponential
enrichment (SELEX) [28]. Interestingly, the enriched dimer motifs
have more than a few variations at each nucleotide position within
the predicted sequence set; many of the actual nucleotide se-
quences in Sox9 peaks were distinct from the sequence, perfectly
matching with the predicted optical dimer motif with statistical
significance [24]. Together with the formation of super-enhancer-
like clusters, this finding suggests that Sox9 favors multiple, low-
affinity binding sites. The low affinity of Sox9 to the endogenous
binding site may provide the Sox9-DNA interaction with flex-
ibilities, which maximize the biological outcome from Sox9
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imer motifs to regulate cartilage-related genes. Runx2 and Sp7/Osterix are osteoblast
Our recent Sp7 ChIP-seq study proposed a new mode of Sp7 action; Sp7 acts as a co-
ption start site; Cho, chondrocyte; Ob, osteoblast. (b) Emerging epigenetic landscape of
rocyte genome, representing chondrocyte signatures. Sox6 is involved in forming the
ape comprised of Runx2 and Sp7 in osteoblasts remains to be revealed, although in-
as not been clarified whether, like chondrocyte regulators, their binding regions are
enhancer-binding proteins (C/EBP) in the common genomic regions in osteoblasts.
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co-engagement with other transcriptional regulators. The forma-
tion of a transcriptional complex with co-regulators could change
the preferences of the primary binding motifs [29].

A number of Sox9 co-regulators in chondrocytes have been
identified by genetics, proteomics, and in vitro studies [11]. Among
them, the modes of action of Sox6 and AP-1 were further examined
in genome-scale analyses [18,23]. Sox6 is known to act as a “Sox-
trio” with Sox9 and Sox5. The amino acid sequences of the Sox6
HMG domain have 50% identity with that of Sox9 HMG [11]. Unlike
Sox9, however, Sox6 does not have a transactivation domain [11]. A
Sox6 ChIP-seq study in a rat chondrosarcoma cell line (RCS cells)
demonstrated that about half of the Sox6-binding regions were
shared with those of Sox9 on the genome, suggesting cooperative
actions in the shared regions [23]. However, the motif recovery
analysis with the Sox6 ChIP-seq data revealed the enrichment of
distinct motifs from Sox9; Sox6 favors the monomer Sox motif [23].
Thus, it still remains to be clarified how Sox9 and Sox6 cooperate in
regulating the common target genes at the molecular level. Given
that the proteineprotein interaction of these factors has not yet
been reported, theymay have an indirect interaction through other,
unknown transcriptional regulators, or they may bind to different
motifs individually within common enhancers.

AP-1 was predicted to act as a co-engagement factor in
conjunction with Sox9 by the analysis of motifs enriched in the
Class II Sox9 ChIP-seq peak region [24]. A highly enriched AP-1
motif suggested interactions between Sox9 and members of the
AP-1 family [24]. These interactions were confirmed and analyzed
in our recent report [18]. The results showed that most Sox9
binding occurs in conjunction with Jun; Jun binds either directly to
the AP-1 motif on the genome or indirectly in a complex with Sox9
[18]. Given that both Jun and Fosl2 are highly expressed within pre-
hypertrophic and hypertrophic chondrocytes, the study suggests
that these cooperative actions are involved in chondrocyte hyper-
trophy [18].

2.2. Runx2-mediated osteoblast regulatory program

Runx2 and Sp7/Osterix are master regulators in osteoblasts.
Runx2- and Sp7-null mutant mice lack all bones [8,10]. Mutations of
these genes in humans underlie genetic diseases in the skeleton.
Mutations in RUNX2 and SP7 are associated with cleidocranial
dysplasia and osteogenesis imperfecta, respectively [9,30,31]. The
expression pattern of these factors defines distinct stages of the
osteoblast differentiation. Skeletal progenitors are initially
committed to Runx2-positive osteoblast precursors; the precursors
then transition to Runx2- and Sp7-double-positive osteoblast
precursors [32]. These precursors and their descendent give rise to
osteoblasts and osteocytes, coupled with the invasion of blood
vessels for generating bone marrow [33]. Consistent with the cell
lineage hierarchy, Runx2 is genetically upstream of Sp7 [10].

Runx2 belongs to the runt-related transcription factor family.
The primary action of Runx2 is mediated by direct binding to DNA
through the Runx consensus motif. The mode of Runx2 action was
initially linked to osteoblasts through the discovery of osteoblast-
specific cis-regulatory elements in the Bglap promoter [34,35].
Prior to the emergence of genome-wide analyses, biochemical
studies identified a number of Runx2 targets including Runx2 itself,
Alpl, Ibsp, and Spp1 [36]. Runx2 ChIP-seq studies in osteoblastic cell
lines were recently conducted by three independent groups and
provided further understanding of the Runx2-mediated osteoblast
gene-regulatory networks [37e39].

First, the genome-scale studies uncovered new Runx2-mediated
cis-regulatory regions [37e39]. Notably, they identified distal cis-
regulatory elements flanking Mmp13 and Spp1. Although these
geneswere known to have proximal Runx2-binding regions [40,41],
the analysis revealed that the Runx2-DNA interaction signal was
more intense in these distal regions than in the proximal regions
[39,42]. A recently published comparative analysis of the putative
Mmp13 promoter and enhancers further highlighted the impor-
tance of the distal enhancers; the distalMmp13 enhancer had strong
responsiveness of the reporter activation to Runx2 expression and
Mmp13 expression was dramatically suppressed by the deletion of
the distal enhancer using Crispr/Cas9 technology in vitro [42].

Second, examining the Runx2-binding regions in various stages
of osteoblast differentiation provided insight into a dynamic
change of Runx2 action during differentiation. One study per-
formed clustering analysis for Runx2 binding in conjunction with
transcript profiles at various time points of an in vitro differenti-
ation culture of the pre-osteoblastic MC3T3-E1 cell line [38]. The
results showed that a subset of Runx2 peaks was highly associated
with osteoblast-related genes that were induced upon osteoblast
induction [38]. Another cluster of Runx2 peaks, which were lost
upon osteoblast induction, were related to biological functions in
other cell lineages, including fat cell differentiation, leukocyte
migration, and erythrocyte differentiation [38]. These findings
suggest that Runx2 may have broader interactions prior to osteo-
genesis or that binding at non-osteoblast targets may suppress
non-osteogenic pathways for the cell commitment [38]. Further
functional analyses are required to elucidate the inhibitory action
of Runx2.

Third, de novo motif analyses revealed a consensus Runx motif
as the most enriched sequence in the Runx2 peaks, which was
consistent with the findings of a number of biochemical studies
that Runx2 binds the consensus Runx motif [37e39]. One of these
studies also revealed the co-engagement of C/EBPb at the enhancer
modules [39]. Runx2 and C/EBPb form a transcriptional complex
and function together in transactivation [43,44]. Given that a
number of other regulators of transcription are thought to coop-
erate with Runx2, including Cbfb, Twist, Stat1, Schnurri3, SATB2,
TAZ, and Zfp521 (see reviews [13,45,46]), further genome-scale
approaches will help to illuminate these cooperative actions in
the context of the gene regulatory networks in osteogenesis.

2.3. Sp7/Osterix-mediated osteoblast regulatory program

Sp7 was identified as a member of the Sp family of transcription
factors based on the high conservation of the amino acid sequences
in the zinc finger domain. All members of this family, including the
well-studied family founder Sp1, were thought to bind to DNA
through the zinc finger domain at an Sp consensus GC-box [47].
However, our recent Sp7 ChIP-seq study in primary osteoblasts
demonstrates a mode of Sp7 action that is distinct from the pre-
vious model. De novo motif analysis identified an AT-rich motif
containing a homeodomain-response element as the most
enriched sequence in the Sp7 ChIP-seq data, whereas no enrich-
ment of the GC-box was observed in the data set [48]. This contrast
was further highlighted in a comparative analysis between the Sp1
ChIP-seq data set and the Sp7 data set in the pre-osteoblastic cell
line MC3T3E1 [48]. The motif analysis confirmed that Sp1 favors
the GC-box, whereas no AT-rich motif was enriched in the Sp1
peaks in the osteoblastic cell. In contrast, the AT-rich motif was the
most enriched in the Sp7 peaks. Peak distribution analysis further
revealed that Sp1 was mainly associated with proximal regions
from a TSS targeting housekeeping genes, whereas Sp7 was mainly
associated with distal genomic regions targeting ossification-
related genes. These indicate that Sp7 has a mode of action
distinct from those of other members of the Sp family, in terms of
both genomic targets and the associated motif.

Several lines of evidence suggest that Sp7 binds indirectly to the
AT-rich motif by forming a transcriptional complex with the Dlx
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family of homeodomain-containing transcription factors, Dlx3, 5
and 6 [48]. First, these Dlx factors are highly expressed in osteo-
blasts and are known to regulate osteoblast differentiation [49e51].
Second, a genome-scale analysis revealed that most of the Sp7-
associated genomic regions were shared with Dlx5-associated re-
gions, where the AT-rich sequence was the most enriched motif
[48]. Third, in in vitro studies, Sp7 alone did not bind to the AT-rich
motif, whereas a complex of Sp7 and Dlx5 did [48]. Forth, knock-
down of Dlx factors in osteoblasts attenuated Sp7 engagements
with the genome at the osteoblast enhancers, resulting in sup-
pression of the Sp7 target gene expression [48]. All of the data
support the notion that Sp7 acts as a Dlx co-factor, not as a tran-
scription factor in osteoblasts. However, it remains to be clarified
whether Sp7 acts as a co-factor only for Dlx factors. Msx1/2, Satb2
and Alx4 are all highly expressed in osteoblasts [48] and possibly
bind to AT-rich motifs in a similar manner based on the motif
database [52]. Given that Sp7 is expressed in pre-hypertrophic
chondrocytes and osteocytes as well as osteoblasts, its partner
may be different in distinct cell types.

Cross-species analysis also suggests an evolutionary link be-
tween Sp7's distinct mode of action and the origin of bone-forming
vertebrae. In vitro studies indicated that the zinc finger domain of
mouse Sp7 has three different amino acids from those of other Sp
family members, and the variation contributes to Sp7's distinct
role as an osteoblast determinant [48]. Cross-species analyses
comparing the sequences among different vertebrate and non-
vertebrate chordate species showed that the closest non-boney
vertebrates (e.g., lampreys), the cephalochordates (e.g., amphi-
oxus), and the ascidians (e.g., tunicate) all lack an Sp7-type zinc
finger variant in their genome [48]. In contrast, the Sp7 gene is
present in all boney vertebrate groups [48]. Considering these facts
together, the emergence of this particular Sp-family variant is likely
coupled to the evolution of species with boney vertebrae. Dlx-
related genes were likely already present, based on the identifica-
tion of paralogs in non-vertebrate chordates. Thus, Sp7 may have
functioned to stabilize or enhance the transcriptional activation of
Dlx in osteoblast targets within the skeletal regulatory genome.

The above study not only provides genome-level evidence for
known Sp7 targets, but also identified novel Sp7 targets in osteo-
blasts [48]. Sp7-associated cis-regulatory regions flanking Notch2,
Runx2, and Col1a1 have been revealed as skeletal enhancers by
analyzing transgenic mice that are engineered to express reporter
genes under the control of those cis-regulatory regions [48,53,54].
Notably, analyses of site-directed mutations in the AT-rich motifs
within these elements confirmed the suppression of the in vivo
enhancer activity of the Runx2-flanking region [53] and the Col1a1-
flanking region [55], and the in vitro activity of the Notch2-flanking
region [48], supporting the crucial contribution of AT-rich motifs to
the activity of these enhancers where Sp7 is possibly involved.

The target gene analysis also implicates Sp7 in the cross-talk
involved in the regulation of Notch, Hedgehog, Fgf, and canonical
Wnt pathways [12]. Putative Sp7 target regions are found around
Notch2, Gli2 (a transcription factor downstream of hedgehog
signaling), Fgfr2, and Kremen1 (a modulator of the canonical Wnt
pathway [56]), predicting Sp7-mediated tuning of these signaling
pathways at the transcriptional level.

In summary, emerging genome-scale analyses have been
providing new insights into the gene-regulatory networks in
skeletal development and the mode of action of key skeletal de-
terminants (Fig. 3A). However, current knowledge is limited to the
genomic landscape programmed by a few key transcriptional reg-
ulators. Knowledge of the sequential and/or developmental stage-
specific activity of signaling pathways is essential to understand-
ing the process of skeletal development (for review, see Refs.
[12,57]). Important questions remain to be answered: Namely, how
do these signaling pathways interfacewith the regulatory networks
controlled by the key skeletal determinants on the genome? To
answer this, additional ChIP-seq studies and integrative analyses
with all of these data sets will be required.

3. Epigenetic landscape

As we described early, transcription factors favor specific DNA
sequences in the enhancer regions. However, a transcription
factor's accessibility to and affinity for the motif is not equal
throughout the genome. One example is Sox9 binding to the
consensus motif in chondrocytes: the Sox dimer motif-like
sequence is located in more than one million sites throughout the
mouse genome; however, statistically enriched Sox9 binding to the
genome through the motif was observed in less than 1% of them
based on prior Sox9 ChIP-seq data [24]. One possible mechanism
explaining the discrepancy is that epigenetic regulation restricts
the action of transcription factors on the genome [58,59]. The
epigenetic landscape is mainly constituted by histone modifica-
tions and DNA methylation. Importantly, the landscape is variable
among cell-types, tissues and contexts, defining distinct enhancer
states [58,59]. The Roadmap Epigenomics Project has produced
references for the epigenetic landscape obtained frommany tissues
and cell types in mammals, mainly from humans [60]. These data
provide information on key functional elements controlling
context-dependent gene expressions by a comparative analysis
across cell types and tissues.

The epigenetic landscape is also informative to identify non-
coding regions that possibly link to genetic diseases. One example
is studies of cis-regulatory elements controlling Sox9 transcription
through the genome-scale examination of epigenetic markers in
mouse embryonic limbs [61,62]. Importantly, some of the identified
regulatory regions coincided with regions where genomic trans-
location, deletion or duplication are frequently observed in cam-
pomelic dysplasia and Pierre Robin syndrome patients [61,62].
Further loss-of-function studies for the identified loci, or more
specifically for the Sox9-binding motif within the loci, will provide
insight into the molecular mechanism of these diseases as well as
clinically relevant information.

Comparative analyses of the epigenetic landscape and tran-
script profiles before and after in vitro osteoblast induction
revealed new transcriptional regulators in osteoblasts [37]. Spe-
cifically, distinct motifs for TEAD2 (TEA domain family member 2)
and GTF2I were enriched in the H3K4me3-positive promoter re-
gions in differentiated osteoblasts but not in those in the immature
cells [37]. Loss of function of these regulators leads to impaired
mineralization of osteoblasts in vitro, suggesting the involvement
of these regulators in osteoblast maturation [37]. Further in vivo
data will be important in understanding their contribution to
physiological bone formation.

Although the epigenetic landscape features distinct cell types,
this landscape is flexible in some contexts. Meyer et al. revealed
that the epigenetic landscape representing osteoblast signatures
can be changed to that of adipocytes consistent with the alteration
of the transcript profiles from osteoblasts to adipocytes [63]. Such
plasticity of the epigenetic landscape is also observed in macro-
phages, whose cell-type-specific epigenetic landscape is likely
defined by the microenvironment [64]. Understanding the plas-
ticity of skeletal cells could provide insight into the cellular
mechanisms underlying the reprogramming of cell fates and the
potency of differentiated cells as a source of tissue regeneration.

One current limitation of the field is the use of mixed cell
populations in the acquisition of data sets. For example, the pri-
mary chondrocyte population obtained without any cell-sorting
process possibly includes mitotic chondrocytes, post-mitotic
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pre-hypertrophic chondrocytes or even some different cell types
such as fibroblasts, even though the isolation procedure is well
established. Flow cytometry analysis with primary osteoblasts
isolated from Sp7-GFP reporter mice showed that only about 20%
of cells were positive for GFP, indicating that the other 80%
comprise different cell types and/or different stages of osteoblasts
[48]. Thus, sorting a specific population by marking cells of in-
terest with reporter proteins will precisely reveal the cell type-
specific signatures. In addition, the recently developed single
cell analysis [65,66] will be a powerful tool to examine the het-
erogeneity of any given cell type. Although in vitro cell culture
helps to provide homogeneous populations, no global analysis has
been performed comparing epigenetic data sets from in vitro
cultures and those from in vivo primary cells. Thus, when a data
set is obtained from mixed cell populations in vivo or from cell
cultures, in vivo confirmation analyses are required to draw spe-
cific conclusions.

As ENCODE project pioneered and others including interna-
tional consortia continue, more epigenetic data are becoming
available. Given that various data sets are obtained from several
species, including humans, mice and rats, comparative analysis
among species will provide insights into the onset of heretofore
unknown gene-regulatory networks as well as their conservation
in evolution. Based on a comparative analysis of gene-regulatory
networks between mice and humans, Stergachis et al. proposed
an evolutionary selection of mammalian gene regulation at the
level of trans-regulatory circuitry [67]. They revealed that although
only 5% of individual DNA bases are conserved between the two
species, more than 90% conservation was observed in the regula-
tory network architectures comprised of cell type-specific key
transcriptional regulators [67]. Using iPS technology, Prescott et al.
performed a comparative analysis between humans and chim-
panzees of the epigenetic landscape in the cranial neural crest cells
and revealed species-biased enhancer clusters near loci affecting
intra-human facial variations [68]. Such cross-species analyses will
be powerful tools for identifying the origin of skeletal gene-
regulatory networks.

4. Higher-order chromatin architecture and molecular links
to genetic diseases

Three-dimensional chromatin architecture modeling has pro-
vided a new framework for understanding gene-regulatory net-
works. Recently developed methods of chromosome conformation
capture analyses such as Hi-C [69] have revealed that the chro-
mosome is segmented into self-interacting domains called topo-
logically associated domains (TADs; Fig. 2). TAD boundaries restrict
the interaction between cis-regulatory elements and the target
basal promoter within the TAD. Lupianez et al., demonstrate that
the structural variant of the genome leading disruption of TAD
boundaries underlie genetic diseases [70]. They identified TAD
boundaries flanking EPHA4 gene; the disruption of these was
associated with congenital limb malformation in humans [70]. By
utilizing CRISPR/Cas9-mediated genome editing strategy, they
created mutant mice in which the genome structural variant in
human were recapitulated in mice. The mutant mice showed the
similar pathological phenotypes to human diseases, accompanied
with the abnormality of enhancerepromoter interactions and
ectopic expression of the adjacent genes [70]. One example here is
that the disruption of a TAD boundary caused the ectopic interac-
tion of the Eph4a enhancer with the adjacent Ihh promoter, not
with the Eph4a promoter, resulting in polydactyly due to the
ectopic activation of Ihh gene [70]. These studies highlight the
molecular links between higher-order-gene regulatory network
and genetic diseases.
5. Perspectives for associating the gene-regulatory landscape
with human diseases and regenerative medicine in skeletal
tissues

As discussed in this review, gene-regulatory networks are well
organized through a different dimension of the regulatory mech-
anism. Since any of these variations can underlie disorders, it will
be informative to investigate the gene-regulatory networks
involved in disease-associated genetic variants. Genome-scale
sequence studies, such as whole-genome sequencing and
genome-wide association studies, are necessary to identify disease-
associated genomic variations in different individuals, mainly
focusing on single-nucleotide polymorphisms [71e74]. Since more
than 90% of disease-associated loci identified so far by the analysis
are localized outside of protein-coding regions, the regulatory
genes in non-coding regions that might possibly influence
enhancer-driven transcription are the most plausible targets of
interest in next-generation genomics. Regulatory components in
the genome are thought to contain distinct interaction sites for key
regulatory factors, specific epigenetic states in these sites, or the
boundary region of the genome. Thus, defining the regulatory
components in the genome will facilitate the identification of non-
coding sequence variants that are associated with regulatory
mechanisms underlying human development and disease [75].

From the viewpoint of regenerative medicine, studies of gene
regulatory network help us better understand the molecular
mechanism of tissue regeneration and gain insights into the
application of the network to clinical settings. For example, Kang
et al. identified a regeneration-related enhancer element targeting
leptin b gene. The enhancer element was conserved between fish
and mammals and activated during tissue regeneration in injury
models in zebrafish fin, heart and mouse fingers [76]. The enhancer
element enabled not only to target regenerating tissues, but also to
manipulate the potency of the regeneration by modulating
signaling pathway components [76]. Similarly, Guenther et al.
identified a distinct regulatory region of the Bmp5 locus, which was
activated upon several injury models [77]. Interestingly, a series of
Bmp5 enhancers are locally activated in different tissues in
conjunction with endogenous Bmp5 expression during develop-
mental stages [77]. However, in injury models including bone
fracture, skin wound, and lung injury, Bmp5 expression is induced
through the common enhancer region that was distinct from the
other embryonic enhancers [77]. Thus, identifying context-distinct
gene regulatory elements during tissue regeneration may be a key
to realize regenerative therapies through themanipulation of genes
or signaling pathways that enhance tissue regeneration in context-
distinct manners.

In addition to identifying key genomic regions, the recently
developed Crispr/Cas9 technology enables the manipulation of
epigenetic states at given genomic loci. For example, guide-RNA-
targeting of specific loci with nuclease-null, deactivated Cas9
(dCas) fused to the catalytic core of the acetyltransferase p300
specifically activated the targeted enhancers [78], whereas that
with dCas fused to histone demethylase suppressed their ac-
tivity [79]. Thus, the manipulation of activities of key gene-
regulatory elements, such as disease-associated loci and bone
regeneration-associated loci, may be an attractive new approach
to gene therapy for genetic disorders and regenerative medicine
in skeletal tissues.
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