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With increasing life expectations, more and more patients suffer from fractures either
induced by intensive sports or other bone-related diseases. The balance between
osteoblast-mediated bone formation and osteoclast-mediated bone resorption is the
basis for maintaining bone health. Osterix (Osx) has long been known to be an essential
transcription factor for the osteoblast differentiation and bone mineralization. Emerging
evidence suggests that Osx not only plays an important role in intramembranous
bone formation, but also affects endochondral ossification by participating in the
terminal cartilage differentiation. Given its essentiality in skeletal development and bone
formation, Osx has become a new research hotspot in recent years. In this review, we
focus on the progress of Osx’s function and its regulation in osteoblast differentiation
and bone mass. And the potential role of Osx in developing new therapeutic strategies
for osteolytic diseases was discussed.
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INTRODUCTION

Nearly two decades ago, osterix (Osx) was first discovered by Nakashima et al. (2002). Osx, also
known as Sp7, is a zinc finger-containing osteoblast-specific transcription factor belonging to the
SP/KLF family (Nakashima et al., 2002; Suske et al., 2005). Its subcellular localization is restricted to
the nucleus (Nakashima et al., 2002). Osx is expressed in osteoblast-lineage cells, chondrocytes and
also overexpressed in various cancer tissues (Qu et al., 2019). The Osx protein is highly conserved
between human and mouse with an overall amino acid sequence identity of 95%. The transcription
factor Osx induces the expression of a slew of mature osteoblast genes such as collagen type-
I al (Collal), Osteonectin, Osteopontin, Osteocalcin, and Bone sialoprotein (Bsp) which are all
necessary for productive osteoblasts during the creation of ossified bone (Renn and Winkler, 2009).
In humans, several genome-wide association studies have demonstrated a correlation between Osx’s
certain polymorphisms and decreased bone mineral density in children and adults, and clinical
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researches revealed that Osx is associated with age-related
osteoporosis (Calabrese et al., 2017; Kemp et al., 2017; Qaseem
et al., 2017). This review aims to discuss the role of Osx in bone
formation and bone mass control, signaling pathway network of
Osx regulation, as well as Osx potential value in developing new
therapeutic strategies for osteolytic diseases.

THE STRUCTURE OF Osx

Human Osx is located at chromosome 12q13.13 while in mice,
it's located in chromosome 15q (Nakashima et al., 2002). The
initial research found that Osx gene consists of three exons and
two introns, with exon2 contains the 5'UTR and encodes a small
part of amino acids, while exon3 contains the 3'UTR and encodes
most of the protein (Nakashima et al., 2002; Gao et al., 2004).
The Osx gene has a TATA-less promoter, and Osx regulates
its own promoter through a tandem repeat CCACCC element
in its proximal promoter (Barbuto and Mitchell, 2013). The
Osx mRNA transcript is an approximately 3.2 kb sequence and
three alternatively spliced mRNA variants have been identified
with 5’RACE experiments (Gao et al., 2004). Because of the
absence of initiation codon in the exonl and the same coding
sequence between the transcript type I and type I1, they eventually
translated into the identical protein products (Gao et al., 2004).
Therefore, the Osx protein can exist as either the long isoform o
with 431 residues, derived from the transcript type I and II, or
a short isoform B with 413 residues, derived from the transcript
type IIL. As a result, protein f lacks the first 18 N-terminal amino
acids compared to protein «, and both isoforms can be visualized
on an immunoblot as bands at approximately 45 and 43 kDa,
respectively (Milona et al., 2003; Gao et al.,, 2004; Ramazzotti
et al., 2019). The difference between these two protein isoforms
is the absence or presence of exon2. In addition, the amino acid
sequence of the protein translated by Osx transcription factor
was as high as 95%, in which a transcriptional activation domain
(TAD) rich in proline and serine at N-terminal (Gao et al., 2004).
Osx protein is a sequence-specific DNA binding protein. Its
DNA-binding domain is located at the C-terminus and contains
three C2H2-type zinc finger domains, which binds to SP1 and
EKLF consensus sequences and to other G/C-rich sequences in
the target genes (Nakashima et al., 2002). The schematic diagram
of the Osx gene genome structure, mRNA transcript and its
protein isoforms was shown in Figure 1.

THE FUNCTION OF Osx IN
CONTROLLING BONE FORMATION

Up to now, it has been shown that Osx is specifically expressed
in osteoblasts and osteocytes and, albeit at lower levels, in
prehypertrophic and hypertrophic chondrocytes, while not
expressed in osteoclasts (Xing et al., 2019). Osx not only plays a
vital role in the differentiation, maturation or function of bone
cells through the regulation of different genes, but also shows
the potential role in the bone micro-environment. The schematic
diagrams were summarized in Figure 2.

The Function of Osx in Osteoblasts

Osx has been confirmed to be involved in osteoblast
differentiation, maturation and activity (Ramazzotti et al,
2019). It was reported that osteoblast differentiation does not
occur at all in Osx-null embryos (Fu et al., 2010; Zhou et al,,
2010). These studies demonstrated that Osx is essential for
embryonic skeletal development. In Osx-deficient mice, the
differentiation of runt-related transcription factor 2 (Runx2)
expressing precursor cells was arrested and unable to express
osteoblast markers (Zhou et al, 2010). When the vector
expressing Osx was transfected into C2C12 and C3HI10T1/2
cells, Osteocalcin RNA was obviously induced by Osx in these
two cell types and Collal gene expression was activated in
C2C12 cells (Nakashima et al., 2002). Inactivation of Osx mice
by CAG-CreER postnatally resulted in an arrest of osteoblast
differentiation and of new bone formation, revealing that Osx
also plays an indispensable functional role in postnatal skeletal
growth and homeostasis (Zhou et al., 2010). An Osx mutation
in zebrafish or medaka, belonging to non-mammals, resulted in
a general delay in osteoblast maturation or severe bone defects
and larval lethality (Azetsu et al., 2017; Niu et al., 2017; Yu et al,,
2017), which established a key role of Osx for bone formation in
non-mammalian species.

The Function of Osx in Osteocytes

Osx is necessary for the maturation and function of osteocytes
postnatally (Baek and Kim, 2011; Klein-Nulend et al., 2013).
Osx postnatal mutants appeared morphological osteocyte
abnormalities, unlike normal osteocytes, and the expression
levels of proteins encoded by “mineralization-related genes,
such as Dmpl, Phex, and Sost, were significantly reduced
(Zhou et al, 2010). The number of osteocytes close to
both periosteum and endosteum was decreased and osteocytes
were also markedly deformed. The mineralization process was
seriously compromised in the Osx postnatal mutants. In both
EMSA experiments and intact cells, Osx interacted with a specific
site in the sclerostin promoter and activated this promoter in
transfection assays, suggesting that Osx is also a player in mature
osteocytes (Zhou et al., 2010).

The Function of Osx in Chondrocytes

The role of Osx in chondrocytes was first reported by
Omoteyama and Takagi (2010). They investigated the in vitro
effects of Osx gene silencing in the chondrogenic cell line
ATDCS5. Osx’s shRNA down-regulated the expression of type
X collagen (Col X), distal-less homeobox 5 (DIx5) and alkaline
phosphatase (Alp) mRNA, attenuated Alp enzyme activity,
which suggests that Osx is involved in chondrogenic gene
activation and chondrocyte differentiation. As for the in vivo
effects, in Osx null mutants, there is no abnormality in the
cellular organization of the cartilage growth plate (Nakashima
et al, 2002). However, endochondral ossification completely
stopped at the hypertrophic stage in chondrocyte-specific Osx
conditional KO mice, even resulting in postnatal lethality
combined with respiratory insufficiency (Omoteyama and
Takagi, 2010; Oh et al., 2012). Massive accumulation of calcified
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FIGURE 1 | Structure of the Osx gene, its three transcripts, and two protein isoforms. (A) Human Osx (sp7) gene; (B) The Osx transcripts; (C) The Osx protein
isoforms. Open boxes represent exons and the thick line represents introns. Three alternatively spliced mRNA isoform were obtained. Because of the absence of
initiation codon in the exonl and the same coding sequence between the transcript type | and type II, they eventually translated into the identical protein products.
The transcript type Il translated into a short protein isoforms with 413 aa. These two protein isoforms differ by the absence or presence of exon2. Therefore, Osx
protein B lacks the first 18 N-terminal amino acids compared to Osx protein a. The black box represents N-terminal transcriptional activation domain (TAD) rich in
proline and serine. The striped box represents the DNA binding domain containing three C2H2 zinc finger motifs near the C-terminal.
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cartilage and diminishment of bone trabecula were observed in
Osx-floxed mice with the Col2al-Cre-ERT2 transgene, which
was caused by a delay in the development of hypertrophic
chondrocytes and their conversion to osteoblasts (Zhou et al.,
2010; Xing et al., 2019).

The Function of Osx in Osteoclasts

Although Osx is not expressed in osteoclasts, a
number of scientific studies have suggested that Osx has
different effects on osteoclasts. Receptor activator of NF-kappaB
ligand (Rankl) signaling is the major determinant of osteoclast
formation and activation, while osteoprotegerin (Opg) protects
bone from excessive resorption by binding to Rankl. Their
relative concentration is of great significance for bone mass and
strength. A research conducted by Cao et al. (2005) found that
the decrease of osteolysis was followed by Osx gene transfection,
but the transfection of Osx did not inhibit Rankl expression.
However, Zhou et al. (2010) have shown that the ratio of
Opg/Rankl expression in long bones was increased in the Osx
postnatal mutants. Consequently, the fewer overall number
and size of osteoclasts was observed in Osx postnatal-null long
bones. This contradicted result declared that more studies about
the mechanisms of Osx’s inhibiting effect on osteoclasts are

necessary. Cytokines like interleukin-8 (IL-8) and parathyroid
hormone-related protein (PTHrP) can cause bone destruction by
inducing osteoclast differentiation and activation, they were also
increased by Osx over-expression (Yao et al., 2019). An essential
transcriptional factor for osteoclast differentiation named
nuclear factor of activated T cells 1 (NFATc1) was also studied. It
forms a complex with Osx and activates Osx-dependent Colla 1
promoter, suggesting that Osx has different effects on osteoclasts
(Koga et al., 2005; Canalis et al., 2020).

The Promising Role of Osx in the
Complex Communications Among
Different Bone Cells and Its Role in the

Bone Micro-Environment

The achievement and maintenance of a healthy and stable
bone mass is accomplished through a close crosstalk among
bone cells. Increasing evidences have shown that Osx not only
performs multiple functions in different bone cells, but also
participates in the cross-talk among them. Sclerostin (Sost) and
Dickkopf-related protein 1 (Dkk1) are predominantly expressed
in osteocytes, they exhibit a suppressive effect on osteoblast
activity and function by antagonizing the Wingless-type and
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FIGURE 2 | The schematic summary of Osx’s mission in the complex
communications among different bone cells and its potential role in bone
micro-environment. Osx affects the differentiation, maturation and function by
regulating the different target genes, which were presented in the blue box.
Osx directly controls the expression of integrin B3, which plays a mediating
role in osteocyte-bone matrix interaction. The most abundant gap junction
protein Connexin43 (Cx43) was significantly regulated by Osx positively. Osx
decreases osteoblast activity by stimulating the expression of sclerostin (Sost)
and Wnt signaling pathway inhibitor Dickkopf-related protein 1 (Dkk1). Both of
them are predominantly expressed in osteocytes. And Sost also functions as
a secreted osteoclast-derived BMP antagonist to promotes osteoclast
differentiation. In addition, Osx represses adipogenesis by negatively
regulating PPARY expression and transcriptional activity, and adipocytes
suppress osteoblasts and promote bone resorption by the recruitment of
osteoclasts.

Int (Wnt) signaling pathway. Osx decreases osteoblast activity
by stimulating the expression of Sost and Dkkl. As a
secreted osteoclast-derived BMP antagonist, Sost not only
inhibits osteoblast differentiation but also promotes osteoclast
differentiation (Kusu et al., 2003). In addition to this, Osx
can activate the Sost promoter and specifically bind to a DNA
fragment located within the promoter (Cao et al.,, 2015; Zhang
Z. H. et al,, 2020). The osteocytes are surrounded by a non-
organized pericellular matrix and integrins play a mediating
role in osteocyte-bone matrix interaction. Osx directly controls
the expression of integrin B3, which regulates corticalization
for longitudinal bone growth (Moon et al., 2018). Osteoblasts
and osteoclasts can communicate with each other. Osteoclasts
produce factors called clastokines controlling osteoblasts during
the bone remodeling cycle. Matrix metalloproteinase-9 (MMP9),
predominantly produced by osteoclasts in bone, have an
important function at the injured bone absorption, healing and
bone remodeling after dental implant placement. It was reported
that MMP?9 initiates osteoclasts by removing collagen from the
demineralized bone (Liu et al., 2004; Chen et al., 2018; Zhang H.
etal., 2020). MMP?9 is the target of Osx, in which Osx is recruited
to the MMP9 promoter and binds to the CCAAT regulatory
element of MMP9 promoter. Correspondingly, it has been
clearly demonstrated that osteoblasts also affect the activity of
osteoclasts, and Osx participates in the cross-talk between them
by up-regulating factors expressed in osteoblasts such as Matrix

metalloproteinase-13 (MMP13) (Hayami et al., 2011; Nakatani
et al.,, 2016). MMP13 is expressed in hypertrophic chondrocyte
and osteoblast. It contributes significantly to differentiation of
osteoblast. Meanwhile, MMP13 also plays a significant role in
differentiation and activation of osteoclast (Hayami et al., 2011;
Pivetta et al.,, 2011; Nakatani et al., 2016). In osteoblasts, Osx
activates the MMP13 promoter activity in a dose-dependent
manner (Zhang et al., 2012). These studies suggested that Osx
is involved in the interaction of osteoblast and osteoclast by
mediating different factors. As the most abundant gap junction
protein in bone cells, Connexin43 (Cx43) participates in the
communication between adjacent cells, as well as cells and
extracellular environment (Chen et al., 2019). It was reported
that Cx43 expression was significantly repressed by the addition
of shRNA against Osx, whereas overexpression of Osx resulted
in enhanced Cx43 expression. Further studies have proven
that Osx can directly occupy the promoter region of Cx43
and subsequently increases Cx43 promoter activity in a dose-
dependent manner (Han et al., 2016a; Chen et al, 2019).
Recent studies have shown that bone marrow adipocytes not
only suppress osteoblasts, but also promote bone resorption by
the recruitment of osteoclasts, and Osx represses adipogenesis
by negatively regulating PPARy expression and transcriptional
activity (Han et al., 2016b; Li et al., 2018b).

Osx PROMOTES OSTEOGENESIS
THROUGH THE REGULATION OF
DOWNSTREAM FACTORS

The essential role of Osx in osteoblast differentiation is attributed
to its ability to regulate the expression of various osteoblast
markers such as Bsp, fibromodulin, Osteocalcin, Dkk1l and
Collal, etc. (Wu et al.,, 2007; Ortuno et al., 2013; Yang et al,
2016; Niu et al., 2017). In addition to these target genes previously
discovered, several novel downstream targets of Osx have been
identified. Zinc finger and BTB domain containing 16 (Zbtb16),
a downstream target gene of Osx, functions as a late marker of
osteoblastic differentiation and regulates osteogenesis of human
multipotent mesenchymal stromal cells (Onizuka et al., 2016).
Fibrillin-2 and periostin are also identified to be target candidates
of Osx in osteoblast differentiation (Lee et al., 2017). Besides, Osx
regulates corticalization by controlling integrin B3 expression
directly (Moon et al., 2018). Osx increases the promoter activity
of Cx43 by directly interacting with the Cx43 promoter and
subsequently upregulates the expression level of Cx43. As a
result, the expression and transcriptional activity of Cx43 were
considerably affected by Osx (Han et al., 2016a).

It is generally recognized that the canonical Osx pathway
usually involves binding to GC-box DNA elements to regulate
the transcription of target genes. Osx is able to activate Bsp
promoter reporter in a dose-dependent manner, and one GC-
rich site is required for Bsp promoter activation by Osx
directly (Yang et al., 2016). Contrary to expectation, it has been
reported that Osx acts as a transcriptional co-activator in the
distal-less homeobox (DIx) regulatory complex that binds to
AT-rich motifs (Hojo et al.,, 2016). It's obvious from this point
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that Osx can also form complexes with other transcription
factors to co-regulate downstream target genes. Osx can also
interact with Runx2 to coordinately activate the expression
of the various genes, and their synergistic effects achieve
significantly higher expression levels than those obtained with
the individual expression vectors. Collal, Sost, Ectonucleotide
pyrophosphatase/phosphodiesterase 1(Enppl) and the novel
gene unique cartilage matrix-associated protein (Ucma) have
been reported to be their coordinated target genes (Ortuno et al.,
2013; Lee Y. J. et al., 2015; Pérez-Campo et al., 2016; Gao M. et al.,
2018). The interaction of Osx and Runx2 in the regulation of
these promoters is mediated by Osx’s enhancer regions adjacent
to Spl and Runx2 DNA-binding sites, thereby synergistically
regulating those downstream genes transcription.

More notably, both Runx2 and Osx are induced by Zn?*
influx, and they transcriptionally regulated ZIP1 expression
which further leads to induction of Zn?* influx contributing
to a positive feed-forward zinc-Runx2/Osx-ZIP1 regulation loop
during osteogenic differentiation (Karieb and Fox, 2012; Fu et al,,
2018). NFATc1 forms a complex with Osx and activates Osx-
dependent Colla 1 promoter, however it does not activate Runx2-
dependent transcription. Furthermore, transcriptional regulators
such as p300, Brgl or NO66 have been shown to interact
with Osx and regulate its transcriptional activity (Ortufio et al.,
20105 Sinha et al,, 2014). It is noteworthy that Osx and NO66
histone demethylase control the chromatin of its target genes,
in which Osx acts as a molecular switch for the formation of an
active chromatin state during osteoblast differentiation, whereas
NO66 suppresses gene through histone demethylation and/or
formation of a repressor complex. Osx and NO66 work together
to achieve multi-layered control of the chromatin structure of
target genes (Sinha et al., 2010; Sinha et al., 2014).

The investigation of downstream targets of Osx contributes
to elucidate its molecular mechanism affecting osteoblast
differentiation and bone formation, thereby further promoting
the exploration of new regulatory mechanisms involving Osx.
The Osx direct and indirect downstream targeting molecules for
osteoblastic differentiation and their mode of action (MOA) were
sumarized in Table 1.

THE SIGNALING PATHWAYS CONTROL
Osx EXPRESSION

There are two main pathways which cause in the induction of Osx
gene expression, indirectly or directly (Ramazzotti et al., 2019).
We will discuss these two signaling pathways in detail below. The
overview of crosstalk pathways associated with Osx were showed
in Figure 3.

Runx2-Dependent Pathways

It has been extensively recognized that Osx functions as
downstream of Runx2, since the latter is expressed in
mesenchymal cells of Osx KO mice while Osx expression is not
observed in the absence of Runx2 (Komori, 2018). For the Runx2-
dependent pathway, it is usually activated by bone morphogenic
protein (BMP) signals (Li et al., 2017, 2018a; Lee et al.,, 2019).

TABLE 1 | The Osx direct and indirect downstream targeting molecules for
osteoblastic differentiation and their mode of action (MOA).

Target genes MOA of Osx Functions Reference(s)

Bsp By binding to specific GC-rich ~ Up- Yang et al., 2016
site directly regulation

Fibromodulin By binding to specific GC-rich  Up- Orturo et al.,
site directly regulation 2010

Sost By binding to specific GC-rich  Up- Yang et al., 2010;
site directly and activating Sost  regulation Pérez-Campo
expression with Runx2 in a etal, 2016
co-ordinated manner

Periostin By binding to specific GC-rich ~ Up- Leeetal., 2017
site directly regulation

Osteocalcin By binding to the CCAAT Up- Niger et al., 2011
sequence directly regulation

Dkk1 By enhancing Dkk1 expression  Up- Cao et al., 2015
directly regulation

Collal By binding the Sp1 boxes Up- Koga et al., 2005;
directly or forming a complex regulation  Ortuno et al.,
with NFATc1 to upregulate the 2013
Colta 1 expression indirectly

Col1a2 By binding to the second Up- Yano et al., 2014
GC-rich site directly regulation

Col5al By binding to GC-rich Up- Wu et al.,
sequence directly regulation  2010a,b

Col5a3 By binding to GC-rich Up- Wu et al.,
sequence directly regulation 2010a,b

Zbtb16 By binding to the SP1-binding  Up- Onizuka et al.,
site directly regulation 2016

Integrin B3 By binding to the integrin B3 Up- Moon et al., 2018
promoter directly regulation

Cx43 By binding to the promoter Up- Han et al., 2016a
region of Cx43 directly regulation

Vascular By binding to the promoter Up- Chen et al., 2012;

endothelial directly or regulating gene regulation  Tang et al., 2012

growth factor  expression of VEGF with

(VEGF) HIF-1a cooperatively

MMP13 By binding to the GC-rich Up- Zhang et al.,
sequence directly regulation 2012

MMP9 By binding to the CCAAT Up- Yao et al., 2019
sequence directly regulation

ZIP1 By regulating gene ZIP1 Up- Fuetal., 2018
expression of VEGF with Runx2  regulation
cooperatively

Ucma By binding to Sp1-binding sites  Up- LeeY. J.etal,
directly regulation 2015

Enpp1 By binding to Sp1-binding sites  Up- Gao M. et al.,
directly regulaton 2018

Fibrillin-2 Unknown Down- Leeetal., 2017

regulation

Interestingly, Osx was also first discovered as a BMP2 induced
gene (Lee et al., 2003). BMP2 plays a unique role in mesenchymal
stem cells (MSCs) differentiation by controlling the transition
from progenitors to Runx?>* Osx™ cells. Osx expression is not
regulated by the orchestration of the BMP signaling pathways
directly and specifically but eventually by crucial transcriptional
factors (Matsubara et al., 2008). BMP2 is proved to activate
Runx2 through Smad signaling and Runx2 in turn up-regulates
Osx expression, in which Runx2 directly binds to Osx promoter
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FIGURE 3 | The overview of crosstalk pathways associated with Osx. The signaling pathways that control Osx expression can be divided into Runx2-dependent and
Runx2-independent pathways. In regard to the Runx2 dependent pathways, the BMP/Smads/Runx2 is the canonical pathway, and Runx2 regulates Osx by Nfic,
ZIP1 indirectly or upregulate Osx directly. Meanwhile, Osx cooperate with DIx5 and Mef2 to control Runx2 reversely. As for the Runx2-independent pathway, they are
induced by BMP, TGF-g and FGF, then activate Smads, MAPK or ETS to regulate Osx directly or indirectly. The Wnt/B-catenin signaling is involved in the suppression
of Osx. What’s more, Osx has the capability of auto-regulation. Osx are also controlled by miRNAs and IncRNAs in an epigenetic manner. Generally, miRNAs act as
negative regulators and Osx conversely stimulates miRNAs. Different INcRNAs regulate Osx positively or negatively. Eventually, Osx promotes osteogenesis through

the regulation of downstream factors such as Zbtb16, Col1al, Sost, etc.

region and regulates Osx promoter activity (Xiao et al., 2004;
Pérez-Campo et al., 2016; Takarada et al., 2016). Nuclear factor
I-C (Nfic), expressed in human osteoblasts and osteoblast-like cell
lines, was found to be a new candidate gene that participate in
osteogenic differentiation. It acts as an intermediary transducer
between Runx2 and Osx in the BMP2 signaling pathway where
Runx2 is upstream of Nfic and Nfic directly controls Osx
expression (Lee et al., 2014; Zhang et al., 2015; Lee et al., 2018).
Osx is localized on the enhancer region in primary osteoblasts,
and can form an enhanceosome with DIx5 and myocyte enhancer
factor 2 (Mef2) to synergistically activate an osteoblast-specific
enhancer of Runx2, demonstrating that Osx is also involved in
the regulation of Runx2 expression (Kawane et al., 2014). These
suggest that the regulation between Osx and Runx2 works like a
positive loop indirectly.

Runx2-Independent Pathways
Despite both Runx2 and Osx control bone mineralization and
MSCs differentiation, the bone phenotype of Osx-deficient mice

differ from that of Runx2-deficient mice (Nakashima et al.,
2002; Caparros-Martin et al., 2013), indicating their distinctive
functions during the process of bone formation. Osx could even
bind and stimulate the upstream CCACCC site in its promoter
to regulate its own expression, forming a positive feedback
mechanism (Barbuto and Mitchell, 2013). It has been shown that
BMP2 and Msh homeobox 2 (Msx2) induced Osx expression
in Runx2-deficient mesenchymal cells, and the knockdown of
Msx2 blocked the induction of Osx in the Runx2-deficient
MSCs, which indicates that BMP2 regulates Osx expression
through Msx2 independently of Runx2 (Matsubara et al., 2008).
Similarly, a novel factor necessary for optimal expression of Osx
in osteoblasts, namely TGFf-induced early gene 1 (Tiegl), is
also required for BMP2 and TGFf-mediated Osx expression. It
directly regulates the expression of Osx by binding to its proximal
promoter (Subramaniam et al., 2016; Rajamannan, 2019).
According to reports, MAPK is also involved in the BMP2-
induced Osx expression (Sun et al., 2018). BMP2-mediated
enhancement of Osx mRNA transcription is achieved through
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the activation of DIx5 by p38 and extracellular signal-regulated
kinase (Erk)-mediated phosphorylation. During this process, the
DIx5 binds to the Osx promoter and recruits p300, a co-activator,
to increase the stability of Osx (Lee et al., 2003; Choi et al., 201 1a;
Xiao et al., 2015; Abdallah et al., 2018). Based on the studies
of the signaling pathways related to MAPK, the mechanism of
osteoporosis treatment is being further understood. For example,
a significant decreases in the protein levels of Runx2 and Osx
under Erk1/2, p38, or c-Jun-N-terminal kinase (JNK) signaling
inhibitor treatment in p-tricalcium phosphate (8-TCP)/Mg-Zn
composite can be observed easily, indicating that Mg? ™ in Mg-Zn
extract promotes osteogenic differentiation via p38 MAPK-
regulated Osx (Wang Z. et al., 2020).

The wingless-related integration site (Wnt) pathway
modulates bone formation through the control of progenitor cells
proliferation and differentiation (Sun et al., 2016; Jing et al., 2018;
Yang et al.,, 2020). The Wntl class activates the canonical Wnt
signaling pathway by binding to lipoprotein receptor-related
protein 5 and 6 (LRP5/6). And the canonical Wnt signaling
pathway increases the stability and accumulation of p-catenin
in the cytoplasm, therefore facilitating the entry of p-catenin
into the nucleus to promote target genes Osx transcription (Liu
etal., 2015; Nemoto et al., 2016; Shi et al., 2016). A process in the
developing facial skeleton was investigated and showed that Osx
is a transcriptional target of the fibroblast growth factors (FGFs)
pathway. Its manipulation has an immediate and strong effect
on Osx expression and FGFs directly activate Osx expression
via a shared intronic cis-regulatory module. The activity of the
FGFs pathway was modulated by Wnt/p-Catenin pathway, and
the interactions between FGFs and Wnt/pB-Catenin signaling
pathways were mediated by ETS factors (Felber et al., 2015).
Wnt3a upregulates Osx expression through activation of p38
MAPK in dental follicle cells, but p38 MAPK signaling has no
crosstalk with phosphorylation of the glycogen synthase kinase-
38 (GSK3pB) and accumulation or translocation of B-catenin
(Sakisaka et al., 2016). Osx can synchronously work with HIF-1a
to further inhibit B-catenin activity. Similarly, Osx suppresses the
activity of the canonical Wnt signaling pathway in osteoblasts by
activating the Wnt antagonist Dkk1 (Cao et al., 2015).

OTHER FACTORS IN THE BONE
MICROENVIRONMENT INTERACT WITH
Osx

The secretion of hormones and cytokines in the bone
microenvironment has a significant effect on the differentiation
of osteoblasts and osteoclasts. And these molecules interact with
Osx to influence osteogenic differentiation, which provides new
avenues to develop therapeutic strategies for osteolytic diseases.
It is well-known that estrogen (ER) deficiency has clearly
been established as seminal mechanism in the pathogenesis
of osteoporosis (Farr et al, 2019). The lack of estrogen leads
to disorders in the regulation of cytokines, growth factors
and humoral factors in the bone microenvironment. And the
molecular mechanism for the role of ER in bone cells is being
unraveled gradually. Interestingly, it has been certificated that
ER exert its function of promoting osteogenic differentiation

by elevating Osx expression (Han et al, 2020). Parathyroid
hormone (PTH) has been proved to increase the Osx expression
levels (Yang et al., 2019). Secretion of melatonin is regulated
by the suprachiasmatic nucleus of the hypothalamus. Recently,
several findings have demonstrated that melatonin regulates
Osx expression through inhibition of the ubiquitin-proteasome
system, and therefore increases Osx-mediated Alp activity, matrix
mineralization, and transcriptional activity. Furthermore, the
occupancy of Osx at the promoter of the Bsp gene is also
enhanced by melatonin. Researchers believe that melatonin may
be a potent osteogenic agent in the treatment of osteoporosis
(Machida et al,, 2006; Han et al., 2017; Choi et al., 2018;
Zhou et al., 2020). Another hormone neuropeptide Y, produced
by osteoblasts and other peripheral tissues, was also proved to
directly promote osteogenic differentiation of MC3T3-E1 cells by
upregulating Osx in vitro (Zhang B. et al., 2020).

The bone is the third most common site of metastasis for
a wide range of solid tumors. When metastatic cancer cells
invade the bone, the crosstalk between tumor cells and the
bone microenvironment disrupts the bone homeostasis. It was
reported that galectin-3, a tumor-secreted sugar-binding protein,
regulates the expression of Osx, thereby remodeling bone in
the bone microenvironment niche (Nakajima et al., 2014). Opn
released from cancer stem cells acts as a stimulator of osteogenesis
by regulating Osx (Kim et al., 2019). In addition, expressions of
two cytokines, interleukin-8 (IL-8) and parathyroid hormone-
related protein (PTHrP), that cause bone destruction by inducing
osteoclast differentiation and activation, were increased by Osx
over-expression. On the contrary, there is low IL-8 and PTHrP
expression in the tumors with Osx-knockdown cells (Yao et al.,
2019). Interleukin-10 (IL-10), a cytokine that directly increases
osteoblast differentiation and inhibits osteoclast differentiation,
is able to up-regulate Osx gene expression in osteoblasts
via mitogen-activated protein kinase (MAPK) pathway (Rios-
Arce et al.,, 2020). These results demonstrated that Osx has
potential regulatory effects on various molecules in the bone
microenvironment.

miRNAs AND IncRNAs REGULATE Osx
EXPRESSION

Osx Is Regulated by IncRNAs in an

Epigenetic Manner

Long non-coding RNAs (IncRNAs), a novel subset of non-
protein-coding RNAs with longer than 200 nucleotides was
established to regulate Osx epigenetically (Wu J. et al., 2018;
Wu R. et al, 2018; Jiang et al, 2019; Wang et al, 2019). It
was found that the regulation of osteoblast activity by Inc-
obl is dependent on Osx. Inc-obl binds Suzl2, a subunit of
the Polycomb Repressive Complex 2, to control H3K27me3
methylation at the Osx promoter, thereby effectively regulating
the Osx mRNA levels and protein levels (Sun et al., 2019).
A recent report illustrated a novel mechanism of Osx during
the osteogenic differentiation, that is, IncRNAs regulate Osx
expression via a Runx2-independent pathway. Overexpression
or knockdown of IncRNA ODIR1(Osteogenic differentiation
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miR-141, miR-637

miR-211, miR-204, miR-133a3, etc.

——— Stimulation

FIGURE 4 | Relationships between Osx, miRNAs and IncRNAs. Generally, miRNAs act as inhibitors during the regulation of Osx. These miRNAs were listed in the left
with blue. Among them, miR-322 and rmiR-510 promote Osx expression via the inhibition of Tob2 indirectly. Meanwhile, Osx also has feedback effects on the
miRNAs expression positively or negatively. These miRNAs were listed in the middle with yellow. IncRNAs (orange) control the expression of Osx in an direct or

indirect manner. As for the indirect way, miRNAs can serve as their intermediary.

—— Inhibition

inhibitory regulator 1) significantly reduced or increased the
expression levels of the mRNA and protein level of Osx in the
osteogenic differentiation of MSCs while Runx2 was not altered,
which strongly indicates that IncRNA ODIR1-mediated Osx
expression is not dependent on Runx2. Further research showed
that IncRNA ODIRI inhibits Osx transcription by altering the
modification of histone marks on Osx promoter. Increased
expression level of F-box protein 25 (FBXO25) by knockdown
of IncRNA ODIRI] in human umbilical cord-derived MSCs
promoted H2BKI120 mono-ubiquitylation which stimulated
H3K4 trimethylation, and then the transcription level of Osx
was elevated, in which both H2BK120ub and H3K4me3 form
a loose chromatin structure and induce Osx expression (He
et al,, 2019). Consequently, these studies demonstrated that Osx
has become a key regulator for researching the mechanism
of IncRNAs involved in osteogenic differentiation, and it
would be performed to develop novel therapeutic strategies
for osteoporosis.

miRNAs Participate in Epigenetic
Regulation of Osx During Osteogenic

Differentiation

As an important post-transcriptional regulator, microRNAs
(miRNAs) participate in the osteogenic differentiation of MSCs
by targeting multiple genes including Runx2, DIx, Smad4, etc.
(Landgraf et al., 2007; Huang et al., 2016). It has been proved
that miR-27a and miR-96 etc. regulate osteogenesis by targeting
Osx (As shown in Figure 4) (Zhang et al, 2011; Shi et al,
2013; Zhang et al, 2018; Jiao et al., 2019). They suppress
osteogenic differentiation by decreasing Osx expression directly.
Recently, Liu et al. (2020) have certified that Osx serves as the
direct target of miR-1827 and the inhibitive effect on osteogenic
differentiation of miR-1827 amplification was reversed by Osx
overexpression. In addition to this, some miRNAs indirectly
regulated the expression of Osx via other genes. miR-322 and
miR-510 promoted Osx expression via the inhibition of Tob2,

a negative regulator of osteogenesis that bound and mediated
the degradation of Osx mRNA (Gamez et al., 2013; Wang et al.,
2017). Interestingly, a study revealed that Osx also has feedback
effects on the miRNAs expression. It was reported that miRNA-93
is able to form a feedback loop with Osx to regulate osteoblast
mineralization (Yang et al., 2012). The details were shown in
Figure 4.

IncRNAs Interact With miRNAs to
Regulate Osx

Since both miRNAs and IncRNAs have such vital functions in
Osx-mediated osteogenic differentiation, is there a possibility
that IncRNAs interact with miRNAs to regulate Osx? Some
experimental findings correlate with this point of view. In human
bone marrow-derived MSCs, IncRNA Metastasis-associated lung
adenocarcinoma transcript-1 (MALAT1) is able to increase
Osx expression by competitively binding to miR-143 and
inhibit its expression, since miR-143 inhibits Osx expression
(Gao Y. et al, 2018). Recently, it has been also reported that
IncRNA KCNQIOT1 promotes osteogenic differentiation of
bone marrow mesenchymal stem cells (BMSCs) by sponging
miR-214 as a competing endogenous RNA via regulating
BMP2/Smad pathway (Wang et al.,, 2019). Obviously, the new
molecular mechanism of the interaction between Osx, miRNAs
and IncRNAs in regulation of osteogenic differentiation of
BMSCs still remains to be explored. For intuitive description,
Figure 4 shows the relationships between Osx, miRNAs and
IncRNAs clearly.

POST-TRANSLATIONAL MODIFICATIONS
ARE IMPORTANT FOR Osx ACTIVITY

Post-translational modification is a key cellular event in
controlling the activities of Osx during osteogenic differentiation.

Osteoblast activity is augmented in ubiquitin ligase-deficient
mice that generate adult onset osteosclerosis with increased bone
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mass, indicating that the ubiquitin-proteasome system plays a
role in osteoblast differentiation. Generally speaking, proteins
are ubiquitinated and then degraded by proteasome. Further
studies demonstrated that ubiquitination of Osx plays a key role
in osteoblast differentiation. K58 and K230 were first identified
to be the ubiquitination sites of Osx by Co-IP assays and
protein stability assays (Peng et al., 2013). Subsequently, it has
been illustrated that ring finger type E3 ubiquitin ligases Cbl-b
and c-Cbl enhance ubiquitin-proteasome-mediated degradation
of Osx by reducing the protein stability of Osx in BMP2-
stimulated C2C12 cells (Choi et al., 2015). However, Cbl-b
and c-Cbl did not affect the protein levels of other osteogenic
transcription factors such as DIx3, DIx5, and Msx2. These results
suggest that Cbl-b and c-Cbl specifically regulate the function
of Osx during osteoblast differentiation. CHIP, another novel
post-translational regulator of Osx, plays an important role in
the regulation of Osx in protein levels in osteoblast precursor
cells upon treatment with tumor necrosis factor-a (TNF-a).
Unlike the previous description, CHIP mediates the inhibition
of Osx by TNF-a in K55 and K386 ubiquitination sites of Osx
(Xie and Gu, 2015).

Phosphorylation is widely recognized as an important
regulatory pathway in skeletal development and maintenance.
Osx can be regulated post-translationally by protein kinase-
mediated  phosphorylation  including NFATcl, protein
kinase B (Akt), kinase glycogen synthase kinase-3 (GSK-3),
Peptidyl-prolyl isomerase 1 (Pinl) and Erk, etc. in osteoblast
differentiation (Koga et al., 2005; Choi et al., 2011b; Qi et al.,
2015). Akt is a member of serine/threonine-specific protein
kinase that phosphorylates Osx and its activation increases
protein stability, osteogenic and transcriptional activity of
Osx (You et al, 2011). Mammalian GSK-3, consisting of two
isoforms GSK-3a and GSK-3, plays a vital role in the functional
regulation of Osx through phosphorylation modification.
Interestingly, different GSK-3 isoforms phosphorylate Osx in a
different manner, although the catalytic domains of them exhibit
97% sequence homology. Particularly, GSK-3a phosphorylated
Osx at Ser76/80 sites and up-regulated the osteogenic activity of
Osx, whereas GSK-3p increased the stability and transactivation
activity of Osx through phosphorylation of the newly identified
site $422 (Xu et al,, 2015). Similarly, the phosphorylation of
Ser76/80 of Osx is also important for Pinl interaction and
function (Lee S. H. et al., 2015). Whats more, p38-mediated
phosphorylation of Osx at Ser-73/77 enhanced the recruitment of
coactivators and then transcriptionally active complexes formed.
Further study showed that p38-mediated phosphorylation of
Osx increases its interaction with the transcriptional coactivators
p300 and Brgl (Ortufio et al., 2010).

Like phosphorylation, acetylation is a universal modification
of proteins by increasing or decreasing the DNA binding
and transcriptional activity of transcription factors. CREB
binding protein (CBP) co-transfection contributing to Osx
acetylation significantly delayed Osx degradation and conversely,
histone deacetylase 4 (HDAC4) co-transfection involved in the
deacetylation of Osx significantly accelerated Osx degradation.
CBP interacts with Osx as a transcription coactivator in vivo,
resulting in acetylation of the two lysine residues at the

C-terminus of Osx. Further studies have shown that Osx
acetylation increases its binding to the promoter of the target
genes such as Alp, Bsp, Collal and Osteocalcin (Lu et al., 2016).
These facts demonstrated that acetylation of Osx enhances its
stability and transcription activity. And Osx activity is required
for the osteogenic differentiation of C2C12 cells. Therefore, Osx
acetylation is necessary to promote osteoblast differentiation.
Recently, the effect of Osx acetylation on the osteogenic
differentiation of vascular smooth muscle cells (VSMCs) was
also studied. After the knockdown of the histone deacetylase
Hdac9, the expression of Osx mRNA remained unchanged while
the protein expression level was significantly enhanced and then
resulted in the enhancement of VSMCs calcification in vitro. This
process may be mediated by acetylation of Osx (He et al., 2020).
It has been confirmed that both endogenous and exogenous
Osx protein can be acetylated. Generally, acetylation inhibits
DNA binding when the acetylation sites are located in the DNA
binding domain, and if they are adjacent to the DNA binding
domain, DNA binding is activated. A recent study has identified
K307 and K312 as the acetylation sites of Osx (Lu et al., 2016).
Among them, K307 is close to the C2H2 DNA binding domain
of Osx (from amino acids 309 to 376), while K312 is located at
the N-terminus of Osx’s DNA-binding domain. It is necessary
to take further exploration for understanding of the structural
changes of Osx after acetylation and the signal pathway networks
about acetylation or deacetylation of Osx, as well as any crosstalk
between acetylation and other post-translational modifications.

DNA methylation has been a hot topic of epigenetic studies
in the bone development system. The CpG dinucleotides of
the Osx promoter regions were unmethylated in osteogenic cell
lines transcribing but methylated in non-osteogenic cell lines,
suggesting that DNA methylation plays an important role in
cell type-specific expression of Osx (Lee et al., 2006; Sepulveda
et al,, 2017a). DNA demethylation is accompanied by activation
of the Osx gene during osteoblast differentiation, which involves
the release of DNA methyltransferases from the Osx promoter
(Sepulveda et al., 2017b).

THE POTENTIAL EFFICACY OF Osx FOR
THE TREATMENT OF OSTEOLYTIC
DISEASES

In the normal physiological circumstances, bone resorption
by osteoclasts and bone formation by osteoblasts maintain
a healthy balance. Once the balance of this coupled
process is broken, the molecular characteristics of the bone
microenvironment change. As a result, osteolytic lesions occur,
eliciting severe bone pain and fractures.

Osteoporosis is an osteolytic disease resulted from imbalance
in bone homeostasis. It is well-known that estrogen (ER) therapy
can significantly achieve anti-fracture efficacy, especially for
postmenopausal women (Farr et al., 2019). Osx is also involved
in osteoporosis treatment. However, ER therapy is usually
accompanied by increased risk of breast, ovarian and endometrial
cancer, which eventually leads to its diminished application
clinically. In addition, as the only drug stimulating bone
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formation approved by Food and Drug Administration (FDA),
Parathyroid hormone (PTH) has been proved to increase the
Osx expression levels. However, it is related to osteosarcoma
and can only be used for 2 years (Arumugam et al., 2019
Yang et al, 2019). Therefore, big efforts are underway to
investigate new drugs or find serendipitous effects with old
drugs in order to gain better therapy efficacy and minimize
potential harms of long-term drug exposure (Stringhetta-Garcia
et al, 2016; Qaseem et al, 2017; Haryati et al, 2018; Farr
et al., 2019; Yoon et al., 2019). Besides, some natural extracts
have been identified to promote osteogenic differentiation via
Osx in the treatment of osteoporosis (Choi et al, 2016;
Yashan et al.,, 2017; Wang et al., 2018; Chai et al.,, 2019; El-
Makawy et al., 2020). They positively regulate the transcriptional
expression and enhance the activity of Osx via different
signaling pathways. Recent research has illustrated that the initial
anabolic response after mechanical loading is based on the
activation and proliferation of Osx lineage cells, but not the
differentiation of progenitor cells (Zannit and Silva, 2019). Low
intensity pulsed ultrasound (LIPUS) has been proven successful
recoveries from non-unions, delayed unions and fracture of
the bone in both animal experiments and clinical treatments.
The underlying mechanism revealed that LIPUS-mediated
mechanism of osteogenic differentiation may be achieved via
upregulation of BMP2 expression and through activation of
the BMP/Smad canonical pathway, and then increased Osx
expression (Maung et al., 2020).

In addition to osteoporosis, Osx may be an attractive
therapeutic target for the control of other osteolytic diseases
such as osteosarcoma and bone metastasis of cancers. The
expression of Osx was decreased in murine osteosarcoma cells
compared with normal mouse osteoblasts. The transfection of
Osx into K7M2 cells altered the osteolytic morphology of the
tumors. More specifically, the expression of Osx suppressed
the osteolytic phenotype (Cao et al, 2005). Decreased Osx
expression would result in decreased osteoblast differentiation
and increased osteoclast activity leading to lytic destruction
as the tumor cells invade the normal bone. Multiple myeloma
(MM) is a malignancy to involve the skeleton with patients
developing osteolytic bone lesions. A proteasome inhibitor and
immunomodulatory drug bortezomib has been introduced
in the therapy of MM. when treatment with 10 nM of
bortezomib, an increase of Osx RNA transcription both in
normal and MM osteoblasts were observed. In the myeloma
microenvironment, bortezomib has the ability to stimulate
osteoblast differentiation by increasing Osx levels during
osteogenesis and inhibit osteoclast differentiation by reducing
the induction of osteoclast marker genes and proteins like
NFATcl (De Matteo et al., 2010; Kim et al., 2018; Wang H.
et al., 2020). On the contrary, another proteasome inhibitor
and immunomodulatory drug named lenalidomide induces
osteoblast differentiation by inhibiting the secretion of
osteoclastogenic factors which reflects the inhibitory effect
exerted on osteogenic cells, but have no effect on Runx2 and Osx
transcription (De Matteo et al., 2010). There is a strong nuclear
expression of Osx in osteoid osteomas and osteoblastomas,
while the expression of Osx in chondromyxoid fibromas and

TABLE 2 | The treatment for different osteolytic diseases by targeting Osx.

Drug and trials Disease or Mechanisms References
cells
Estrogen (ER) Osteoporosis By elevating the expressions Han et al.,
of Runx2 and Osx 2020
Parathyroid Dental pulp By activating Erk and p38 Geetal,
hormone (PTH) stem cells signaling pathways and 2020
elevating Osx expression
Pseudoshikonin|  C2C12 cells By stimulating Osx and Runx2  Choi et al.,
via the Akt and Pka signaling 2018
pathways
Gushukang (GSK) Osteoporosis By enhancing BMP2/Smads Chai et al.,
signaling pathway and 2019
elevating Osx expression
Strength training  Osteopenia By stimulating/reducing the Stringhetta-
and Raloxifene genesis and activity of Garcia et al.,
osteoblasts/osteoclasts 2016
Turnip bioactive Osteoporosis By activating Osx and El-Makawy
lipids suppressing Cathepsin Kand et al., 2020
TNF-a signaling
Remifentanil C2C12 cells By upregulating Osx and Yoon et al.,
Runx2 expression. 2019
Low intensity Periosteum- By upregulating Osx expression Maung et al.,
pulsed derived through activation of the 2020
ultrasound(LIPUS) cells BMP/Smad canonical pathway
Bortezomib Multiple By increasing Osx expression  De Matteo
myeloma and synthesizing the final et al., 2010
differentiation markers in
osteogenesis
Lenalidomide Multiple By inhibiting the secretion of De Matteo
myeloma osteoclastogenic factors etal., 2010

exerting on osteogenic cells
negatively and no effect on
Runx2 and Osx transcription

chondroblastomas are negative generally, which represent
a novel marker in assessing chondroblastic and osteoblastic
lineage differentiation of bone tumors (Dancer et al., 2010). The
potential role of Osx in chondroblastoma are required to be
explored indeeply.

Obviously, these studies suggest that Osx has become one
of the few downstream specific transcription factors directly
regulated by ER or other alternative drugs in the treatment
of osteolytic diseases as shown in Table 2. And Osx might
be a therapeutic target for osteosarcoma and other osteolytic
diseases. Therefore, we would conclude that Osx-mediated
mechanism of osteogenic differentiation points out the direction
for exploitation of novel bone disease therapy strategies.

CONCLUSION

Overall, the current literatures have demonstrated that Osx
plays a critical role in osteogenesis differentiation. In the last
10 years, the mechanism of Osx in osteoblast differentiation and
bone formation are further understood. The efforts in designing
new drugs steadily increased due to the recognition that the
significance of bone health. Noteworthy, Osx is involved in the
complex communications among different bone cells and plays a
role in the bone micro-environment. Whats more, Osx plays an
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important role in the treatment of osteolytic diseases. And Osx
may be an attractive therapeutic target for the control of other
osteolytic diseases. As more and more key genes and regulatory
mechanisms of osteolytic diseases are discovered, medication
of osteolytic diseases with new mechanisms is foreseeable in
the future. We believe that the research on Osx and osteolytic
diseases in the future will mainly focus on the following aspects:
(1) The interaction between bone formation-related protein and
Osx during osteogenic differentiation as well as their underlying
molecular mechanisms remains to be further studied; (2) The
new molecular mechanism of Osx regulated by miRNAs and
IncRNAs remains to be explored, which may provide a potential
target for the treatment of osteoporosis;(3) More effective and
safer Osx-targeted drugs are needed to be further developed for
the treatment of osteolytic diseases.
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