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Abstract: The transcription factor Runx2 plays a crucial role in regulating osteogenic differentiation
and skeletal development. This factor not only controls the expression of genes involved in bone
formation, but also interacts with signaling pathways such as the Notch pathway, which are essential
for body development. However, studies have produced conflicting results regarding the relationship
between Runx2 and the Notch pathway. Some studies suggest a synergistic interaction between
these molecules, while others suggest an inhibitory one, for example, the interplay between Notch
signaling, Runx2, and vitamin D3 in osteogenic differentiation and bone remodeling. The findings
suggest a complex relationship between Notch signaling and osteogenic differentiation, with ongoing
research needed to clarify the mechanisms involved and resolve existing contradictions regarding
role of Notch in this process. Additionally, there is increasing evidence of contradictory roles for
Runx2 in various tissues and organs, both under normal conditions and in pathological states. This
diversity of roles makes Runx2 a potential therapeutic target, offering new directions for research. In
this review, we have discussed the mechanisms of osteogenic differentiation and the important role
of Runx2 in this process. We have also examined its relationship with different signaling pathways.
However, there are still many uncertainties and inconsistencies in our current understanding of these
interactions. Additionally, given that Runx2 is also involved in numerous other events in various
tissues, we have tried to comprehensively examine its functions outside the skeletal system.

Keywords: Runx2; osteogenic differentiation; notch signaling pathway; calcification; tissue specificity
of Runx2

1. Introduction

The transcription factors of the RUNX family are characterized by their conservative
Runt domain, first studied in the runt gene in Drosophila melanogaster, which plays an
important role in development during embryogenesis [1,2]. Subsequently, the elucidation
of the functions of a member of this Runx2 family in vivo by different research groups
led to the conclusion that Runx2 plays a crucial role in osteoblast differentiation and
bone formation [3,4]. According to these studies, mice with a homozygous mutation in
Runx2 died immediately after birth, while they completely lacked bone formation, but
cartilage developed almost normally. Mice with a heterozygous mutation in the Runx2 gene
developed clavicular cranial dysplasia, which is characterized by defects in the skull bones,
complete or partial absence of clavicles, as well as additional teeth and low growth [4–6].

Osteogenic differentiation occurs during bone formation with direct (intramembra-
nous) ossification, when mesenchymal cells differentiate and form bone tissue, or indirect
(endochondral) ossification, when cartilage is replaced by bone tissue [7]. There are also sep-
arate processes of bone remodeling, regeneration, and growth that take place throughout a
person’s life. Osteogenesis is primarily characterized by calcification of the extracellular
matrix (ECM), which normally occurs in human bones, teeth, and cartilage and serves to
strengthen these tissues [8]. However, calcification can also occur in other tissues—aging
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or certain diseases and injuries can lead to the formation of calcium deposits in soft tissues
and organs, as well as in the cardiovascular system [9].

During intramembranous ossification, Runx2 regulates the differentiation of mes-
enchymal cells into osteoblasts, which produce ECM. This ECM then mineralizes, forming
an ossification center. The proliferation of the ossification center around capillaries and
other cells leads to the formation of red bone marrow, while osteoblasts in the surface layer
become the periosteum [10]. In contrast, during endochondral ossification, the transcrip-
tion factor Runx2 triggers the maturation of cartilage chondrocytes and promotes their
proliferation by inducing Indian hedgehog (Ihh); then, Runx2 induces transdifferentiation
of terminal hypertrophied chondrocytes into osteoblast progenitors [11].

During remodeling, the old bone is resorbed and a new one is formed [12]. The main
types of cells controlling bone remodeling are osteoclasts, osteoblasts, and osteocytes [9].
Osteoclasts, multinucleated macrophages that are responsible for the resorption of damaged
or old bone, acidify the problem area of the bone, thereby effectively dissolving minerals,
and then remove degraded components from the cell [13,14]. To form a new bone, calcium
and orthophosphate-containing compounds are isolated from the bloodstream by osteoblasts,
cells of mesenchymal origin, which, in turn, deposit a structural ECM called an osteoid,
consisting mainly of type I-oriented collagen fibers. This osteoid is then mineralized.
Some non-collagen proteins and other small molecules are also secreted into the osteoid
to regulate the mineralization process [15]. Many osteoblasts further differentiate into
osteocytes, which are cells with dendritic processes located within the mineralized osteoid.
Runx2 and other transcription factors control osteoblast differentiation [16–18].

Next, we consider the mechanisms of osteogenic differentiation, primarily the effect of
Runx2 on its molecular targets at different stages of osteogenic differentiation, as well as the
relationship of this factor with the main interacting signaling pathways: Wnt, TGFβ/BMP,
FGF, vitamin D3, and Notch.

However, Runx2 has not only been observed in osteogenesis—it plays an important
role in other processes (both normal and pathological) in various organs and tissues. A
separate chapter of this review is devoted to the tissue specificity of Runx2.

2. Mechanisms of Osteogenic Differentiation

Osteoblasts originate from mesenchymal stem cells (MSCs) [19]. Mesenchymal pro-
genitors are able to differentiate in the osteo-, chondro-, and adipogenic directions, or
into myoblasts. Interestingly, mature osteoblasts retain some surface markers of MSCs,
including CD90 and the intercellular adhesion molecule ICAM-1 [20].

Osteoblasts have a pronounced ability to synthesize ECM. The commitment of mes-
enchymal progenitors and preosteoblasts is regulated by the transcription factor Runx2,
which is considered the main regulator of osteogenic osteoblast differentiation and bone
formation. This regulation is also influenced by its target gene BGLAP, which encodes the
protein osteocalcin (OCN). OCN interacts with ECM and leads to its mineralization [21].
Differentiation occurs in three stages, and each stage is determined by a distinct set of
molecular markers [22].

During osteogenic differentiation of rat bone marrow MSCs, the level of the Runx2
transcription factor decreases, while the Osterix transcription factor accumulates in cells.
The peak of Osterix expression was recorded on the 14th day of cell culture, which in-
dicates that it is a late marker of osteogenic cell transition [23]. Osteogenesis in vitro is
initiated by several factors, for example, using dexamethasone, which triggers the Wnt/β-
catenin-dependent expression of Runx2 [24], Osterix, and other proteins of the extracellular
matrix of bones [25]. And the synthesis of Col1 is controlled by ascorbic acid and β-
glycerophosphate [26]. In addition to inducing osteogenic differentiation, Runx2 also
inhibits the differentiation of MSCs towards the adipogenic lineage [27]. BMP2 can also
induce Osterix expression independently of Runx2 [28].

After the commitment process, MSCs differentiate into preosteoblasts. A preosteoblast
has the shape of an ellipse with an elongated nucleus and is capable of proliferation. They
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express Runx2, D1x5, MSX2, P2Y4, and P2Y14 [29,30], as well as several osteoblast markers
such as ALP, Col1, and OPN, and their expression increases as cells mature.

The regulation of osteoblasts and the control of their maturation are provided, among
other things, by microRNA molecules. MicroRNA production systematically increases
from the moment of induction of osteogenic differentiation until the 6th day of cultivation.
During this period, a dynamic increase in the level of microRNAs can be observed, which
continues until the 12th day of osteogenic cell differentiation [31]. In addition, microRNAs
have been shown to activate the expression of pro-osteogenic markers such as Runx2 and
Osterix, as well as the gene responsible for producing ALP. Therefore, microRNAs have
osteoinductive and regulatory effects while inhibiting adipogenic differentiation in mouse
and human cells [31].

Mesenchymal progenitors can differentiate into immature osteoblasts, which are
controlled by Runx2 and Osterix, as well as β-catenin. β-catenin enhances the expression of
Runx2 [32]. Osterix, containing a zinc finger domain, is an osteoblast-specific transcription
factor and triggers the expression of genes involved in mineralization in both immature
and mature osteoblasts. It also controls the balance of chondrocytes and osteoblasts in the
tissue and inhibits the differentiation of chondrocytes [33].

Immature osteoblasts produce certain proteins that prevent their differentiation into
chondrocytic and adipocytic lines, including alkaline phosphatase (ALP), type I collagen
(Col1), bone sialoprotein (BSP), and osteopontin (OPN, SPP1), and genes encoding these
proteins are targets for Runx2 binding [32,34].

ALP is an early marker of differentiation, which plays an important role in calcifica-
tion [34]. Col1 mediates cell adhesion, proliferation, and differentiation of the osteoblast
phenotype and, therefore, can be considered as an early marker of osteodifferentiation [35].
Bone sialoprotein is a non-collagenous protein that plays a role in the process of calcium
deposition into the ECM. It could also be used as a marker of osteoblast differentiation [36].
OPN is an adhesive glycophosphoprotein that is released in bones by osteoblasts and os-
teoclasts [35]. Together with BSP, OPN is necessary not only for the mineralization process,
but also for the regeneration of mineralized tissue [37,38]. Additionally, OPN has been
shown to inhibit vascular calcification [39].

OCN is the most abundant non-collagenous protein found in bones and can serve
as a suitable marker of osteogenic maturation [40]. It is considered a later indicator of
osteogenic differentiation and an endpoint in the regeneration of hard tissues [35]. When
mature osteoblasts are finally embedded in the bone matrix and become osteocytes, they
express high levels of OCN [32]. In order to continue bone maturation, Runx2 expression is
suppressed, as it inhibits the maturation of osteoblasts and maintains them in an immature
state [41]. Consequently, ALP expression decreases, while OCN expression increases [42].

Osteocytes release fibroblast growth factors (FGFs), bone morphogenetic proteins
(BMPs), receptor activator of nuclear factor kappa-B ligand (RANKL), osteoprotegerin
(OPG), and sclerostin (SOST). The most common paracrine factors causing the induction
of osteogenic cell differentiation are BMP-1, FGF, insulin-like growth factor (IGF), and
stromal cell-derived factor 1 (SDF-1) [43,44]. The activity of osteoblasts is regulated by
FGF and BMP, and osteoclast differentiation is induced by RANKL [45]. OPG inhibits
osteoclastogenesis and protects the skeleton from excessive bone resorption by binding to
RANKL and thus preventing activation of the RANK receptor [46]. There is evidence that
the OPG–RANK–RANKL system controls the migration of cancer cells, thus contributing
to the development of bone metastases [47]. Thus, osteocytes control bone resorption and
deposition, affecting the activity of osteoclasts and osteoblasts [45].

All of the above regulatory features of osteogenic differentiation are inherent in cells in
a normal state. In addition, there are processes of age-related and pathological calcification,
during which changes/violations of the mechanisms of normal regulation occur, in which
the transcription factor Runx2 plays the same key role (see the Section 4 of this review).
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Thus, Runx2 is a regulator of osteogenic cell differentiation in normal conditions
during the development and maintenance of tissue homeostasis, as well as pathological
tissue changes, for example, during vascular calcification [48].

3. Runx2

The Runx2 protein belongs to the RUNX family of transcription factors, which in-
cludes three members: Runx1, Runx2, and Runx3. All of them contain a Runt DNA-binding
domain that has a length of 128 amino acids [49]. This domain is responsible for DNA
binding and heterodimerization with the non-DNA binding β-subunit (CBFβ)—this com-
plex is more stable and enhances the activity of Runx, thereby stimulating the activity of
osteoblasts (in the case of binding to Runx2) [1,49,50].

The expression of the Runx2 gene is regulated by two promoters, and this leads to
the formation of two different mRNA isoforms [41]. Type I and type II isoforms of Runx2
have similar functions, although they differ in their dependency on the CBFβ cofactor [51].
Initially, it was believed that the type I isoform was specific to T-cells [49], while the
type II isoform was considered specific to osteoblasts [6,21,52]. However, it has been
shown that both types of Runx2 protein are expressed in normal osteoblasts and terminal
hypertrophied chondrocytes, and only the type I isoform is expressed in undifferentiated
mesenchymal stem cells, preosteoblasts, and chondrocyte progenitors [53].

Both isoforms also exist in lung tissue, while the type I isoform can be found in
the heart, brain, spleen, and skeletal muscles [54]. In addition, there is evidence of a
type III isoform of Runx2 mRNA in mice and rats. It has the same reading frame as the
type II isoform, but the initiation of translation occurs at different sites [21,55,56]. All
three isoforms of Runx2 participate in the stimulating effect of osteoblast differentiation,
although their specific functions are not fully understood [55]. The type II mRNA isoform
inhibits osteoblast maturation, affecting the synthetic abilities of cells, and also reduces the
differentiation potential of osteoblasts in mice. The type I isoform has a weaker inhibitory
effect on osteoblast maturation and further transition to osteocytes [51].

The study of heterozygous and homozygous models of Runx2 mutant mice showed
that Runx2 also plays a significant role in the expression of osteoblast-specific genes [21].
For example, Runx2 triggers the expression of osteocalcin (BGLAP) by binding to the
OSE2 element of the BGLAP promoter region. Other marker genes of osteoblasts, such
as ALP, Col1, BSP, and OPN, also have OSE2-like elements that are similarly regulated by
Runx2 [41,57,58].

The data obtained after CHIP sequencing demonstrated that the Runx2 factor binds
to the distal region of the enhancer and the proximal region of the promoter of the target
gene [59,60]. Using the example of SPP1, the Chip-seq data demonstrate a classic target of
the Runx2 transcription factor, since it has several binding sites near the SPP1 promoter [61].
In addition, several additional Runx2 protein binding sites were identified at the SPP1 locus.
This confirms the idea that Runx2 targets genes are potentially regulated by multiple sites,
most often located distally from the promoters of these genes. Runx2 also regulates the
distal enhancer of the SP7 gene, which encodes Osterix. Chromatin with osteoblast-specific
affinity was also detected [62].

It is known that the activity and expression of the Runx2 gene could be regulated by a
number of hormones and cytokines. For example, an increased dose of glucocorticoids leads
to osteoporosis in mice and humans, and, in particular, to inhibition of Runx2 [63]. And
proinflammatory cytokines, although they do not directly affect Runx2, have a negative
effect on osteoblast differentiation and lead to increased osteoclastogenesis [64]. It is also
known that Runx2 is capable of autoregulation of its expression [41]. In addition, several
complex pathways have been discovered that affect the activity and expression of the Runx2
gene, which we will consider further.
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3.1. Wnt/LRP5/β-Catenin Signalling Pathway and Runx2

The Wnt/LRP5/β-catenin signaling pathway is crucial for osteoblast differentiation and
bone mass maintenance [65–68]. Wnt ligands, binding to the Frizzled receptor and LRP5/6
coreceptors, stabilize cytosolicβ-catenin, preventing its phosphorylation—nonphosphorylated
β-catenin moves to the nucleus and regulates the expression of target genes, thereby stim-
ulating osteoblast proliferation [69]. Mutations in LRP5 can lead to an increase or decrease
in bone mineral density [70]. Studies show that β-catenin and Lef1 (the nuclear effector of
this signaling pathway) synergistically modulate the activity of Runx2 [71]. Moreover, SFRP1,
acting as a soluble modulator of Wnt signals, can disrupt osteoblast functions due to the
destabilization of β-catenin. Mice without SFRP1 demonstrate enhanced Wnt signaling, as
well as a high bone mass phenotype characterized by 2-5-fold activation of Runx2 promoter
activity, 7-8-fold induction of endogenous Runx2 mRNA, and a significant increase in OCN
levels. All of the above indicates that Runx2 is a target of canonical Wnt signaling during
bone formation [72,73]. In general, in vitro and in vivo studies have shown that blocking the
secretion of Wnt pathway ligands in mature osteoblasts disrupts the processes of osteogenic
differentiation and bone formation [74].

3.2. TGFβ/BMP/Smads Signaling Pathway and Runx2

Opposite effects on osteogenesis are attributed to the TGFβ and BMP factors. Bone
morphogenetic proteins (BMP) are necessary for the rapid formation of the skeleton in
newborn animals. Overexpression of BMP antagonists by osteoblasts of postnatal mice
leads to osteopenia, bone fragility, and spontaneous fractures [75,76]. Recombinant human
BMP2 induces osteoblast phenotype in both the non-osteogenic mouse pluripotent cell
line C3H10T1/2 and C2C12 mesenchymal progenitor cells [77,78], and also stimulates
osteoblast maturation of the rat osteoblast progenitor cell line ROB-C26 [79]. TGFβ, in turn,
can inhibit osteoblast differentiation depending on its stage: TGFβ stimulates proliferation
and early differentiation of osteoblasts, but inhibits terminal differentiation [80].

The mechanism of the BMP2 factor is described as follows: in vitro studies show that
BMP2 binds to BMP receptors to phosphorylate proteins Smad 1, 5, and 8, then forms a
complex with Smad 4. This complex binds to target genes and modifies their expression
to stimulate multipotent cells to differentiate into osteoblasts [81–83]. A similar signaling
mechanism operates in the case of TGF-β, but instead of phosphorylation of the Smad 1,
5, and 8 proteins after they bind to receptors, the Smad 2 and Smad 3 proteins become
activated.

BMP does not seem to induce Runx2 expression in MSCs, although it is often assumed
that Smad proteins directly regulate Runx2 expression; however, the mechanism of their
interaction is not entirely clear. It is assumed that BMP signaling promotes Dlx5 expression
in osteoblasts, and Dlx5 then induces Runx2 expression in osteoprogenitors. Further, Runx2
and the Smad complex can physically interact in MSCs, jointly regulating the transcription
of target genes, and thus, it is possible that Runx2 affects the implementation of BMP
functions, and not vice versa [84].

3.3. FGFs and Runx2

Another family of growth factors is known as a positive regulator of Runx2
expression—fibroblast growth factors (FGFs) [85]. Accelerated bone formation and os-
teoblast proliferation were observed in mice carrying the Pro250Arg activating mutation
at the Fgf 1 receptor (Fgfr1). In addition, this mutation led to increased expression of
Runx2 and other osteodifferentiation genes compared to wild-type mice. It was also shown
that in vitro treatment of C3H10T1/2 cells with FGF2 and FGF8 ligands induced Runx2
expression. On the other hand, Runx2 is able to induce the expression of Fgfr1, Fgfr2, and
Fgfr3 through direct regulation of their promoters [86].
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3.4. 1,25-(OH)2-Vitamin D3 Signaling Pathway and Runx2

1,25-(OH)2-vitamin D3 (VD3) induces the expression of Runx2 in human bone cells [87]
and enhances the activation of the BGLAP gene in rat osteoblasts through its nuclear
receptor, VDR. The BGLAP gene promoter contains three Runx2 recognition sites—A,
B, and C. Sites A and B are located on the sides of the vitamin D-responsive element
(VDRE). Mutations of these sites lead to the elimination of VD3-dependent enhancement
of osteocalcin transcription, which indicates a functional relationship between VDR and
Runx2 factors [88].

However, in studies on MC3T3-E1 and ROS 17/2.8 cell lines that expressed VDR,
the activity of the Runx2 promoter was significantly reduced by VD3, and this effect
was eliminated by mutation of the VDRE site in the Runx2 promoter. Similarly, forced
expression of VDR in ROS 24.1 cells led to a sharp decrease in the activity of the Runx2
promoter [89]. In vitro studies also showed that deletion in the VDR gene enhanced
osteoblast differentiation, including increased alkaline phosphatase activity, mineralized
matrix formation, BSP expression, and an increase in the number of colony-forming units
of osteoblasts (CFU-OB). These data may indicate that VDR plays a negative role in the
differentiation of osteoblasts in vitro [90].

More recent work on the study of the effects of VD3 and VDR has demonstrated that
VD3 can be both a stimulating and an inhibitory agent in osteogenesis processes, and
this depends on the level of VDR and the availability of VD3 to cells [91]. In this study,
the effects of physiological and pharmacological doses of VD3 on cranial osteoblasts of
mice with three different genetic features characterized by normal VDR levels, overex-
pression of VDR, and knockout of VDR were compared. The researchers concluded that
the early stages of osteoblast differentiation and VCM mineralization do not depend on
the VD3/VDR system; however, VDR may be especially important in the late stages of
differentiation—cells with VDR knockout showed a low level of expression of markers of
mature osteoblasts/osteocytes during long-term cultivation under conditions of osteogenic
differentiation, whereas cells with overexpression of VDR had more mature phenotypes. At
the same time, the pharmacological dose of VD3 reduced the level of VCM mineralization
in cells with normal and elevated VDR levels, while it did not change that in cells with
knockout. However, under different conditions, the relative level of Runx2 mRNA did
not change, although the mRNA level of some osteogenic genes, for example, osteocalcin,
differed significantly.

The connection between Runx2 and the above-mentioned signaling pathways during
osteogenic differentiation has been extensively studied [11,69,84,92]; however, there are still
some gaps in our understanding of the mechanisms underlying their interaction. Questions
remain regarding the impact of these pathways on Runx2 in proliferating cells, and it is
unclear whether BMP regulates Runx2 or vice versa. It is also puzzling to have opposite
data on the effects of vitamin D3 and its receptor on cell differentiation. Meanwhile, there
is another significant signaling pathway known to be associated with Runx2. However, the
exact mechanisms by which this pathway affects Runx2 function and osteogenic processes
remain unclear.

3.5. Notch Signaling Pathway and Its Effect on Osteogenic Differentiation

There is conflicting evidence regarding the role of the Notch signaling pathway in
stimulating or inhibiting osteogenic differentiation and, therefore, the association between
Notch and Runx2.

Pathological calcification of the aortic valve is a common cause of heart disease among
adults. Its incidence increases with age, and this is often associated with a bicuspid aortic
valve present in 1–2% of the population [93]. Despite this, the exact mechanisms of aortic
valve calcification, as well as the origin of the development of a bicuspid rather than
tricuspid aortic valve, are poorly understood. It has been shown that autosomal dominant
mutations in Notch1 cause a spectrum of abnormalities in the development of the aortic
valve and its severe calcification [94]. From the data obtained during the study, it was
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noted that Notch1 suppressed the activity of Runx2 in the developing aortic valves of mice:
Hrt repressors, which are activated by the Notch1 signal, suppressed the transcriptional
activity of Runx2 (Figure 1a). However, with a certain mutation of Notch1, an increase in
the luciferase activity of Runx2 was observed, that is, its expression was increased.
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transcription of a gene associated with osteodifferentiation. “Created in BioRender. Malashicheva, A.
(2024) https://BioRender.com/g44l299”.

Hankenson and colleagues have shown that canonical Notch signaling in bone marrow
MSCs can initiate osteoblastogenesis [95]. In addition, the option of direct interaction
between Runx2 and RBPJ, the Notch signal modulator, is not excluded. It was noted that
the concentration of Notch ligands increased to the stage of cell mineralization on the 10th
day of osteogenic differentiation. Suppression of Runx2 expression using siRNA led to a
decrease in ALP levels on the 3rd day of osteodifferentiation, despite stimulation of the
cells by the Jagged1 and BMP2 proteins, which also inhibited the mineralization of human
osteoblasts on the 10th day of differentiation. However, the affinity of RBPJ to the Runx2
promoter was not detected using the CHIP-seq method in osteodifferentiated human MSCs
on day 3, while the ability of RBPJ to bind to the ALP and Osterix promoters was detected. It
has also been shown that the administration of DBZ, a gamma secretase inhibitor necessary
for blocking Notch activation in vivo, negatively impacts bone regeneration in mice, even
with an implant containing BMP2. Therefore, if we are discussing BMP–Notch crosstalk, it
is reasonable to investigate the Runx2–Notch interaction, as this study suggests that there
may be intermediaries involved in signal transmission.

Studies of differentiation and hypertrophy of mouse chondrocytes and ATDC5 chon-
drogenic cells have shown that the Notch signaling pathway plays a crucial role in their
proliferation and differentiation: Overexpression of NICD, the intracellular domain of
Notch, induced the arrest of the G0/G1 phase of the cell cycle and subsequent differentia-
tion of chondrocytes, as determined by flow cytometry [96]. There was also a significant
decrease in the expression of the early chondrogenic marker, SOX-9, and the expression
of regulators and markers of chondrocyte hypertrophy, Runx2, ALP, and Mmp13, was
enhanced in NICD-expressing cells. In contrast, treatment with a Notch inhibitor, DAPT,
reduced both endogenous and BMP2-induced phosphorylation of SMAD 1/5/8, and
knockdown of these SMADs disrupted NICD-mediated differentiation of chondrocytes.
Taken together, these results demonstrate that the Notch signaling pathway induces cell

https://BioRender.com/g44l299
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cycle arrest, thereby initiating chondrocyte hypertrophy through BMP/SMAD-mediated
regulation. In another study analyzing the differentiation of rat chondrocytes treated with
the exogenous recombinant Jagged1 protein, the Notch ligand, an increase in the expression
of Runx2 was found at both the mRNA and protein levels, while treatment with DAPT led
to a decrease in the expression of Runx2 [97].

The role of the transcription factors Hes and Hey, which are Notch targets, has been
studied in different in vivo models. Transgenic mice overexpressing Hes1 exhibited os-
teopenia (low bone density) due to impaired osteoblast function. Conversely, deletion in
Hes1 in mature osteoblasts led to an increase in the volume of trabecular bone, the number
of osteoblasts, and the rate of mineral attachment [98]. The skeletal phenotype of transgenic
mice, in which Hey1 was universally absent or overexpressed, was also analyzed. Hey1
deficiency led to moderate osteopenia and an increase in the number and activity of osteo-
clasts cultured ex vivo. Overexpression of Hey1 led to distinctly progressive osteopenia
and inhibition of osteoblast functions ex vivo. In both Hey1-deficient and overexpressed
mice, males were less affected than females [99].

Hes1 is known to be co-expressed with Runx2 in osteoblastic cells, and Runx2 and
Hes1 physically interact [100,101]. In osteoblastic cells, Hes1 was found to enhance basal
and 1,25-(OH)2-vitamin D3-induced transcription of OPN (Figure 1b). This enhancement
was suppressed by AML-1/ETO, a Runx2 inhibitor. Immunoprecipitation assays have
shown that Hes-1 and Runx2 interact and that 1,25-(OH)2- vitamin D3 may enhance this
interaction. Together, these data determine the intersection of three pathways—osteogenic
differentiation under the control of the Runx2, 1,25-(OH)2-D3 pathway and Notch signaling,
and, consequently, their important role in the processes of osteogenic differentiation and
bone remodeling [102].

In vitro, a dose-dependent mechanism of action of the Notch signaling pathway was
discovered in stimulating osteogenic differentiation of MSCs of adipose tissue [103]. Os-
teogenic differentiation was induced in the presence of one of the components of the Notch
signaling pathway—NICD, Jag1, Dll1, and Dll4, after dosing with lentiviral transduction.
It was demonstrated that osteogenic differentiation was enhanced with NICD and Jag1
transduction in a dose-dependent manner; however, a high dose of both NICD and Jag1
reduced the effectiveness of osteogenic differentiation. NICD dose-dependently increased
the activity of CSL luciferase reporter, but a high dose of NICD caused a decrease in reporter
activity. A high dose of both Notch components, NICD and Jag1, induced apoptosis. In
co-culture experiments, where only half of the cells were transduced with either NICD or
Jag1, osteogenic differentiation increased dose-dependently only with NICD, while cells
transduced with Jag1 differentiated almost equally regardless of dose.

Analysis of the luciferase activity of the Runx2 and SPP1 promoters in interstitial
valve cells and adipose tissue MSCs showed a subtle dose dependence in response to
Notch induction and the initiation of osteogenic differentiation, which suggests a direct
relationship between the level of Notch activation, the expression of these genes, and the
corresponding osteogenic induction [104].

All these data may explain the existing contradictions about the role of the Notch sig-
naling pathway in osteogenic differentiation, but, since the dependence of these processes
on the dose of the components of the Notch signaling pathway is still being studied, the
mechanisms remain unclear.

4. The Tissue Specificity of Runx2: Is Runx2 Truly Only a Pro-Osteogenic Factor as It
Has Been Suggested to Be?

It is noteworthy that the functional role of Runx2 differs in various cells and tissues,
implying that the mechanisms by which Runx2 exerts its functions also differ (Figure 2).
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4.1. The Effect of Runx2 on Dental Development

Runx2 regulates the mineralization of cells not only in bones, but also in the teeth.
FGF4-dependent activation of Runx2 in the epithelium of the tooth germ leads to the
launch of FGF3 in the mesenchymal tissue in mice [105,106]. Although Dkk1 expression
in osteogenic precursor cells of condensed mesenchyme on day 12 of embryonic tooth
development is Runx2-dependent, Runx2 is not required for BMP4-induced expression of
Dkk1 in the mandible on day 11. The data demonstrate that FGF induces all genes involved
in this process, including Dkk1 and Dusp6, which explains the absence of FGF4 in Runx2
mutants. However, Dkk1 expression depends on Runx2, which indicates that Runx2 may
play a role in FGF signal transmission in the dental tissue of mouse embryos [107].

4.2. The Effect of Runx2 on Peripheral Nerve Regeneration

Although Runx2 is best known for its role in bone formation, it has other uses as
well. For example, single-cell RNA sequencing has shown that Runx2 has a positive effect
on Schwann cells, which are associated with peripheral nerves in mice [108]. It was also
confirmed that, after damage to the distal nerve in rats, overexpression of Runx2 was
observed in Schwann cells in contact with the nerve.

Additionally, it was found that the regulation of Runx2 in mouse Schwann cells is
carried out by signaling pathways such as TGF-β1 and FGF5, which interact with Runx2 in
other tissues of the body [109]. Activation of these signaling molecules was detected in the
regenerating site of a damaged nerve and was associated with the initiation of regenerative
processes within cells and tissues.

In response to FGF5 activation, Schwann cells produced Runx2 protein at a higher
rate; however, TGF-β1 suppressed Runx2 production. This was confirmed by data showing
inhibition of Runx2 transcription in response to TGF-β1 activation in rats in vivo [110].

In addition to triggering regeneration in case of damage to the peripheral nerves,
Runx2 is also required for the dedifferentiation and reprogramming of Schwann cells into
mesenchymal progenitors. This process is regulated by the c-jun protein [109]. In human
osteoblasts, c-jun also interacts with Runx2 only as an AP1 dimer, together with c-Fos as
a transcription coactivator [41]. Moreover, Runx2, which is not expressed during nerve

https://BioRender.com/t84w530
https://BioRender.com/t84w530
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development, is involved in repeated myelination after injury, enhancing the expression of
genes encoding myelin proteins in rats (Mpz, Mbp) [109].

4.3. The Effect of Runx2 on Angiogenesis

Another role of Runx2 has been found in human endothelial cells, and it is associated
with their proliferation and cell cycle control. In the G2 and M phases, the level of endoge-
nous Runx2 protein and DNA-binding activity specifically decrease, which suppresses cell
proliferation and delays the cell cycle in humans [111]. The target genes of Runx2—vascular
endothelial growth factor (VEGF), angiopoietin-1 (Ang-1), BSP, OPN, and matrix metallo-
proteinases (MMPs)—promote the differentiation, migration, and invasion of endothelial
cells during angiogenesis [112], which is crucial for tumor growth and metastasis. Runx2 is
a potential therapeutic target for bone metastasis due to its role in regulating the behavior
of tumor cells and stroma in humans [113]. Inhibition of Runx2 can directly affect tumor
cells or disrupt the tumor microenvironment [114].

4.4. The Effect of Runx2 on Oncogenesis

Recently, there has been increasing evidence that Runx2 has oncogenic properties in
various types of cancer. Data indicate that Runx2 may play a critical role in the development
of malignant tumors, metastasis, angiogenesis, proliferation, and resistance to antitumor
drugs [115]. It is known that metastasis and low sensitivity to chemotherapy in human
osteosarcoma correlate with overexpression of Runx2 [116]. In melanoma, Runx2 enhances
tumor invasion and metastasis via the PI3K/AKT signaling pathway [117]. Runx2 was
highly expressed in cells and tissues of human esophageal carcinoma, and it also activated
the PI3K/AKT and ERK signaling pathways, contributing to tumor growth and progres-
sion [118]. Dysregulation of RUNX genes, including Runx2, can lead to genome instability
and disruption of DNA repair mechanisms in both leukemia and single tumors in hu-
man [119]. Using breast cancer cells, it has been shown that Runx2 is associated with tumor
progression, its spread, and poor prognosis of the disease. It regulates the properties of can-
cer stem cells and promotes oncogenesis through the process of epithelial-to-mesenchymal
transition [120]. In general, all of these different sources note the overexpression and
oncogenicity of the Runx2 factor in various types of cancers.

4.5. The Effect of Runx2 on the Development of Fibrosis

In the liver, Runx2 is an activator for stellate cells in human fibrosis, and Runx2
knockdown in mice leads to a decrease in fibrotic processes in the organ [121]. In addition,
it is known that Runx2 contributes to the development of vascular fibrosis in diabetes
mellitus in mice in vivo [122]. A study on the tissues of the aortic valve of the heart of mice
demonstrated that when animals consumed food with a high content of cholesterol and
fats, the expression of Runx2 increased, accompanied by an increase in the production of
ECM, in particular Col1, while calcification did not occur [123].

Ultimately, Runx2 may be one of the options for therapeutic targets in the treatment
of fibrosis.

4.6. The Effect of Runx2 on Immune Cells

Increased expression of Runx2 at the β-selection stage in the developing mouse thymus
led to an increase in the number of immature CD8+ T cells [124]. And in human natural
killers (NK cells), it was found that the transcription factor Runx2 positively regulated their
generation, affecting progenitors and inducing an increase in the expression of β-subunit
of the interleukin-2 receptor (IL-2Rβ) [125]. In addition, Runx2 plays a role in the fixation
of NK cells in tissues, that is, it leads to an increase in resident NK.

4.7. The Effect of Runx2 on the Development of Spinal Tissues

There is also a study that suggests that Runx2 plays a crucial role in the growth and
development of intervertebral disc tissues during the postnatal period in mice. It has been
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established that a signaling molecule known as Ihh (Indian hedgehog) plays a significant
role in maintaining the proliferation and differentiation of cartilage cells [126]. Ihh signaling
is essential for the formation of spinal structures, particularly the nucleus pulposus and
outer fibrillar ring. Runx2 regulates Ihh expression, and it is a critical factor in determining
the fate and differentiation of progenitor cells into pre-chondrocytes within the central
pulposus tissue of mice [127].

4.8. The Relationship Between Pathological Calcification and the Runx2 Transcription Factor

If physiological calcification occurs during bone formation to strengthen tissues, patho-
logical calcification does not have a clear function and is thought to be associated with
tissue abnormalities or with impaired metabolic levels of serum calcium and phosphate
ions [128–131].

Previously, it was believed that vascular calcification was a passive process caused by
the deposition of minerals from the circulation, especially in patients with mineral imbalance.
However, pathological calcifications are currently associated with osteo/chondrodifferentiation
of human cells in the affected areas [132]. Osteo/chondrocytic transformation of vascular
smooth muscle cells and stem cells both in vitro and in vivo is accompanied by increased
regulation of the transcription factors Runx2, Osterix, MSX2, and SOX-9, which are centrally
involved in osteoblast differentiation and chondrocyte maturation. It is also known that
in case of thoracic aortic aneurysm in endothelial cells, in response to mechanical stress,
the transcription level of the proosteogenic factor BMP2 increases, which stimulates the ex-
pression of osteogenes in vascular smooth muscle cells. An increase in BMP2 levels in an
aortic aneurysm may indicate that signaling pathways responsible for pathological vascular
calcification contribute to the development of an aneurysm in humans [133,134].

In addition, there are experimental models of a bioengineered valve for rats through
which Runx2 expression is suppressed in the endothelium of heart valves, which leads to
inhibition of the calcification of heart valve tissue [135].

In general, various discussions have been going on about vascular calcification for
a long time. Recently, the mechanisms of calcification in different human arteries have
been analyzed, and it has been revealed that the mechanisms of calcification in the tib-
ial and coronary arteries may have common risk factors, as well as specific molecular
differences [136]. However, Runx2 levels were significantly increased in the tibial artery
and in the human aorta, but not in the coronary artery, indicating that the mechanisms
of pathological ossification differ in different vascular tissues. Aortic stenosis associated
with pathological calcification of the aortic valve was studied on cells derived from patients
with bicuspid or tricuspid valves [137]. It was revealed that the calcification mechanisms
are different in these patients, and the Notch signaling pathway plays an important role in
these processes.

5. Conclusions

Runx2 undoubtedly performs various functions in different cells and tissues of the
body. Despite the fact that Runx2 has traditionally been known as the main regulator of
normal osteogenic cell differentiation, the answer to the question of why this happens
lies in the study of the mechanisms of interaction between Runx2 and its protein and
gene targets. It is important to understand at what level and how Runx2 regulates these
processes: at the level of transcription, translation, or through numerous post-translational
modifications. Additionally, there are numerous unanswered questions regarding the
processes in which Runx2 plays a direct role. Although Runx2 is generally recognized as a
factor primarily responsible for basal bone formation, it also has the potential to regulate
the cell cycle and, in some instances, lead to pathological calcifications and oncogenic
and fibrotic alterations in various cells and tissues. An intricate interplay between Runx2
and various signaling pathways underscores the significance of this factor for the proper
functioning of the organism. It is evident that the interaction between Runx2 and the
Notch signaling pathway occurs at multiple levels. However, the exact mechanism of
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how specific processes are regulated at the molecular level remains uncertain and requires
further investigation. Runx2 represents a significant area of research interest and has the
potential to become a valuable therapeutic target for many pathologies.

Author Contributions: Conceptualization, A.M.; investigation, E.G. and K.A.; writing—original draft
preparation, E.G., K.A. and A.M.; writing—review and editing, A.M.; supervision, A.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the grant of Russian Science Foundation # 23-15-00320
«Mechanisms of regulation of osteogenic differentiation in normal conditions and in cardiovascular
pathology» (Anna Malashicheva).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Kagoshima, H.; Shigesada, K.; Satake, M.; Ito, Y.; Miyoshi, H.; Ohki, M.; Pepling, M.; Gergen, P. The Runt Domain Identifies a

New Family of Heterometric Transcriptional Regulators. Trends Genet. 1993, 9, 338–341. [CrossRef]
2. Nüsslein-Volhard, C.; Wieschaus, E. Mutations Affecting Segment Number and Polarity in Drosophila. Nature 1980, 287, 795–801.

[CrossRef]
3. Komori, T.; Yagi, H.; Nomura, S.; Yamaguchi, A.; Sasaki, K.; Deguchi, K.; Shimizu, Y.; Bronson, R.T.; Gao, Y.-H.; Inada, M.; et al.

Targeted Disruption of Results in a Complete Lack of Bone Formation Owing to Maturational Arrest of Osteoblasts. Cell 1997,
89, 755–764. [CrossRef]

4. Otto, F.; Thornell, A.P.; Crompton, T.; Denzel, A.; Gilmour, K.C.; Rosewell, I.R.; Stamp, G.W.H.; Beddington, R.S.P.; Mundlos, S.;
Olsen, B.R.; et al. Cbfa1, a Candidate Gene for Cleidocranial Dysplasia Syndrome, Is Essential for Osteoblast Differentiation and
Bone Development. Cell 1997, 89, 765–771. [CrossRef]

5. Lee, B.; Thirunavukkarasu, K.; Zhou, L.; Pastore, L.; Baldini, A.; Hecht, J.; Geoffrey, V.; Ducy, P.; Karsenty, G. Missense Mutations
Abolishing DNA Binding of the Osteoblast-Specific Transcription Factor OSF2/CBFA1 in Cleidocranial Dysplasia. Nat. Genet.
1997, 16, 307–310. [CrossRef]

6. Mundlos, S.; Otto, F.; Mundlos, C.; Mulliken, J.B.; Aylsworth, A.S.; Albright, S.; Lindhout, D.; Cole, W.G.; Henn, W.; Knoll, J.H.M.;
et al. Mutations Involving the Transcription Factor CBFA1 Cause Cleidocranial Dysplasia. Cell 1997, 89, 773–779. [CrossRef]

7. Lobov, A.; Malashicheva, A. Osteogenic Differentiation: A Universal Cell Program of Heterogeneous Mesenchymal Cells or a
Similar Extracellular Matrix Mineralizing Phenotype? Biol. Commun. 2022, 67, 32–48. [CrossRef]

8. Boskey, A.L. Mineralization of Bones and Teeth. Elements 2007, 3, 385–391. [CrossRef]
9. Vidavsky, N.; Kunitake, J.A.M.R.; Estroff, L.A. Multiple Pathways for Pathological Calcification in the Human Body. Adv. Healthc.

Mater. 2021, 10, 2001271. [CrossRef]
10. Hartmann, C.; Yang, Y. Molecular and Cellular Regulation of Intramembranous and Endochondral Bone Formation During

Embryogenesis. In Principles of Bone Biology; Elsevier: Amsterdam, The Netherlands, 2020; pp. 5–44. ISBN 978-0-12-814841-9.
11. Komori, T. Whole Aspect of Runx2 Functions in Skeletal Development. Int. J. Mol. Sci. 2022, 23, 5776. [CrossRef]
12. Xiao, W.; Wang, Y.; Pacios, S.; Li, S.; Graves, D.T. Cellular and Molecular Aspects of Bone Remodeling. In Frontiers of Oral Biology;

Kantarci, A., Will, L., Yen, S., Eds.; S. Karger AG: Basel, Switzerland, 2016; Volume 18, pp. 9–16. ISBN 978-3-318-05479-8.
13. Teitelbaum, S.L. Bone Resorption by Osteoclasts. Science 2000, 289, 1504–1508. [CrossRef]
14. Cappariello, A.; Maurizi, A.; Veeriah, V.; Teti, A. The Great Beauty of the Osteoclast. Arch. Biochem. Biophys. 2014, 558, 70–78.

[CrossRef]
15. Reznikov, N.; Hoac, B.; Buss, D.J.; Addison, W.N.; Barros, N.M.T.; McKee, M.D. Biological Stenciling of Mineralization in the

Skeleton: Local Enzymatic Removal of Inhibitors in the Extracellular Matrix. Bone 2020, 138, 115447. [CrossRef]
16. Graves, D.T.; Oates, T.; Garlet, G.P. Review of Osteoimmunology and the Host Response in Endodontic and Periodontal Lesions.

J. Oral Microbiol. 2011, 3, 5304. [CrossRef]
17. Jiao, H.; Xiao, E.; Graves, D.T. Diabetes and Its Effect on Bone and Fracture Healing. Curr. Osteoporos. Rep. 2015, 13, 327–335.

[CrossRef]
18. Karsenty, G. Transcriptional Control of Skeletogenesis. Annu. Rev. Genom. Hum. Genet. 2008, 9, 183–196. [CrossRef]
19. Rutkovskiy, A.; Stensløkken, K.-O.; Vaage, I.J. Osteoblast Differentiation at a Glance. Med. Sci. Monit. Basic Res. 2016, 22, 95–106.

[CrossRef]
20. Krasnova, O.; Neganova, I. Assembling the Puzzle Pieces. Insights for in Vitro Bone Remodeling. Stem Cell Rev. Rep. 2023,

19, 1635–1658. [CrossRef]
21. Ducy, P.; Zhang, R.; Geoffroy, V.; Ridall, A.L.; Karsenty, G. Osf2/Cbfa1: A Transcriptional Activator of Osteoblast Differentiation.

Cell 1997, 89, 747–754. [CrossRef]
22. Stein, G.S.; Lian, J.B.; Wijnen, A.J.V.; Stein, J.L.; Montecino, M.; Javed, A.; Zaidi, S.K.; Young, D.W.; Choi, J.-Y.; Pockwinse, S.M.

Runx2 Control of Organization, Assembly and Activity of the Regulatory Machinery for Skeletal Gene Expression. Oncogene 2004,
23, 4315–4329. [CrossRef]

https://doi.org/10.1016/0168-9525(93)90026-E
https://doi.org/10.1038/287795a0
https://doi.org/10.1016/S0092-8674(00)80258-5
https://doi.org/10.1016/S0092-8674(00)80259-7
https://doi.org/10.1038/ng0797-307
https://doi.org/10.1016/S0092-8674(00)80260-3
https://doi.org/10.21638/spbu03.2022.104
https://doi.org/10.2113/GSELEMENTS.3.6.385
https://doi.org/10.1002/adhm.202001271
https://doi.org/10.3390/ijms23105776
https://doi.org/10.1126/science.289.5484.1504
https://doi.org/10.1016/j.abb.2014.06.017
https://doi.org/10.1016/j.bone.2020.115447
https://doi.org/10.3402/jom.v3i0.5304
https://doi.org/10.1007/s11914-015-0286-8
https://doi.org/10.1146/annurev.genom.9.081307.164437
https://doi.org/10.12659/MSMBR.901142
https://doi.org/10.1007/s12015-023-10558-6
https://doi.org/10.1016/S0092-8674(00)80257-3
https://doi.org/10.1038/sj.onc.1207676


Biomolecules 2024, 14, 1392 13 of 17

23. Pokrovskaya, L.A.; Nadezhdin, S.V.; Zubareva, E.V.; Burda, Y.E.; Gnezdyukova, E.S. Expression of RUNX2 and Osterix in Rat
Mesenchymal Stem Cells during Culturing in Osteogenic-Conditioned Medium. Bull. Exp. Biol. Med. 2020, 169, 571–575.
[CrossRef]

24. Karner, C.M.; Long, F. Wnt Signaling and Cellular Metabolism in Osteoblasts. Cell. Mol. Life Sci. 2017, 74, 1649–1657. [CrossRef]
25. Igarashi, M.; Kamiya, N.; Hasegawa, M.; Kasuya, T.; Takahashi, T.; Takagi, M. Inductive Effects of Dexamethasone on the Gene

Expression of Cbfa1, Osterix and Bone Matrix Proteins During Differentiation of Cultured Primary Rat Osteoblasts. J. Mol. Histol.
2003, 35, 3–10. [CrossRef]

26. Gupta, A.; Leong, D.T.; Bai, H.F.; Singh, S.B.; Lim, T.-C.; Hutmacher, D.W. Osteo-Maturation of Adipose-Derived Stem Cells
Required the Combined Action of Vitamin D3, β-Glycerophosphate, and Ascorbic Acid. Biochem. Biophys. Res. Commun. 2007,
362, 17–24. [CrossRef]

27. Enomoto, H.; Furuichi, T.; Zanma, A.; Yamana, K.; Yoshida, C.; Sumitani, S.; Yamamoto, H.; Enomoto-Iwamoto, M.; Iwamoto, M.;
Komori, T. Runx2 Deficiency in Chondrocytes Causes Adipogenic Changes in Vitro. J. Cell Sci. 2004, 117, 417–425. [CrossRef]

28. Matsubara, T.; Kida, K.; Yamaguchi, A.; Hata, K.; Ichida, F.; Meguro, H.; Aburatani, H.; Nishimura, R.; Yoneda, T. BMP2 Regulates
Osterix through Msx2 and Runx2 during Osteoblast Differentiation. J. Biol. Chem. 2008, 283, 29119–29125. [CrossRef]

29. Harada, S.; Rodan, G.A. Control of Osteoblast Function and Regulation of Bone Mass. Nature 2003, 423, 349–355. [CrossRef]
30. Zippel, N.; Limbach, C.A.; Ratajski, N.; Urban, C.; Luparello, C.; Pansky, A.; Kassack, M.U.; Tobiasch, E. Purinergic Receptors

Influence the Differentiation of Human Mesenchymal Stem Cells. Stem Cells Dev. 2012, 21, 884–900. [CrossRef]
31. Lin, Z.; He, H.; Wang, M.; Liang, J. MicroRNA-130a Controls Bone Marrow Mesenchymal Stem Cell Differentiation towards the

Osteoblastic and Adipogenic Fate. Cell Prolif. 2019, 52, e12688. [CrossRef]
32. Komori, T. Regulation of Osteoblast Differentiation by Transcription Factors. J. Cell. Biochem. 2006, 99, 1233–1239. [CrossRef]
33. Liu, Q.; Li, M.; Wang, S.; Xiao, Z.; Xiong, Y.; Wang, G. Recent Advances of Osterix Transcription Factor in Osteoblast Differentiation

and Bone Formation. Front. Cell Dev. Biol. 2020, 8, 601224. [CrossRef] [PubMed]
34. Chen, Y.-P.; Chu, Y.-L.; Tsuang, Y.-H.; Wu, Y.; Kuo, C.-Y.; Kuo, Y.-J. Anti-Inflammatory Effects of Adenine Enhance Osteogenesis in

the Osteoblast-Like MG-63 Cells. Life 2020, 10, 116. [CrossRef] [PubMed]
35. Mortada, I.; Mortada, R. Dental Pulp Stem Cells and Osteogenesis: An Update. Cytotechnology 2018, 70, 1479–1486. [CrossRef]

[PubMed]
36. Xia, B.; Wang, J.; Guo, L.; Jiang, Z. Effect of Bone Sialoprotein on Proliferation and Osteodifferentiation of Human Bone

Marrow-Derived Mesenchymal Stem Cells in Vitro. Biologicals 2011, 39, 217–223. [CrossRef] [PubMed]
37. Icer, M.A.; Gezmen-Karadag, M. The Multiple Functions and Mechanisms of Osteopontin. Clin. Biochem. 2018, 59, 17–24.

[CrossRef]
38. Sodek, J.; Ganss, B.; McKee, M.D. Osteopontin. Crit. Rev. Oral Biol. Med. 2000, 11, 279–303. [CrossRef]
39. Speer, M.Y.; McKee, M.D.; Guldberg, R.E.; Liaw, L.; Yang, H.-Y.; Tung, E.; Karsenty, G.; Giachelli, C.M. Inactivation of the

Osteopontin Gene Enhances Vascular Calcification of Matrix Gla Protein–Deficient Mice. J. Exp. Med. 2002, 196, 1047–1055.
[CrossRef]

40. Brennan-Speranza, T.C.; Conigrave, A.D. Osteocalcin: An Osteoblast-Derived Polypeptide Hormone That Modulates Whole
Body Energy Metabolism. Calcif. Tissue Int. 2015, 96, 1–10. [CrossRef]

41. Bruderer, M.; Richards, R.; Alini, M.; Stoddart, M. Role and Regulation of RUNX2 in Osteogenesis. Eur. Cell. Mater. 2014,
28, 269–286. [CrossRef]

42. Vimalraj, S. Alkaline Phosphatase: Structure, Expression and Its Function in Bone Mineralization. Gene 2020, 754, 144855.
[CrossRef]

43. Sobacchi, C.; Palagano, E.; Villa, A.; Menale, C. Soluble Factors on Stage to Direct Mesenchymal Stem Cells Fate. Front. Bioeng.
Biotechnol. 2017, 5, 32. [CrossRef]

44. Wang, R.; Liu, W.; Du, M.; Yang, C.; Li, X.; Yang, P. The Differential Effect of Basic Fibroblast Growth Factor and Stromal
Cell-derived Factor-1 Pretreatment on Bone Morrow Mesenchymal Stem Cells Osteogenic Differentiation Potency. Mol. Med. Rep.
2017, 17, 3715–3721. [CrossRef]

45. Compton, J.T.; Lee, F.Y. A Review of Osteocyte Function and the Emerging Importance of Sclerostin. J. Bone Jt. Surg. 2014,
96, 1659–1668. [CrossRef]

46. Boyce, B.F.; Xing, L. Biology of RANK, RANKL, and Osteoprotegerin. Arthritis Res. Ther. 2007, 9, S1. [CrossRef]
47. Baud’huin, M.; Duplomb, L.; Velasco, C.R.; Fortun, Y.; Heymann, D.; Padrines, M. Key Roles of the OPG–RANK–RANKL System

in Bone Oncology. Expert Rev. Anticancer. Ther. 2007, 7, 221–232. [CrossRef]
48. Chen, Y.; Zhao, X.; Wu, H. Arterial Stiffness: A Focus on Vascular Calcification and Its Link to Bone Mineralization. Arterioscler.

Thromb. Vasc. Biol. 2020, 40, 1078–1093. [CrossRef]
49. Ogawa, E.; Maruyama, M.; Kagoshima, H.; Inuzuka, M.; Lu, J.; Satake, M.; Shigesada, K.; Ito, Y. PEBP2/PEA2 Represents a

Family of Transcription Factors Homologous to the Products of the Drosophila Runt Gene and the Human AML1 Gene. Proc.
Natl. Acad. Sci. USA 1993, 90, 6859–6863. [CrossRef]

50. Golling, G.; Li, L.-H.; Pepling, M.; Stebbins, M.; Gergen, J.P. Drosophila Homologs of the Proto-Oncogene Product PEBP2/CBFβ
Regulate the DNA-Binding Properties of Runt. Mol. Cell. Biol. 1996, 16, 932–942. [CrossRef]

51. Kanatani, N.; Fujita, T.; Fukuyama, R.; Liu, W.; Yoshida, C.A.; Moriishi, T.; Yamana, K.; Miyazaki, T.; Toyosawa, S.; Komori, T.
Cbfβ Regulates Runx2 Function Isoform-Dependently in Postnatal Bone Development. Dev. Biol. 2006, 296, 48–61. [CrossRef]

https://doi.org/10.1007/s10517-020-04931-5
https://doi.org/10.1007/s00018-016-2425-5
https://doi.org/10.1023/B:HIJO.0000020883.33256.fe
https://doi.org/10.1016/j.bbrc.2007.07.112
https://doi.org/10.1242/jcs.00866
https://doi.org/10.1074/jbc.M801774200
https://doi.org/10.1038/nature01660
https://doi.org/10.1089/scd.2010.0576
https://doi.org/10.1111/cpr.12688
https://doi.org/10.1002/jcb.20958
https://doi.org/10.3389/fcell.2020.601224
https://www.ncbi.nlm.nih.gov/pubmed/33384998
https://doi.org/10.3390/life10070116
https://www.ncbi.nlm.nih.gov/pubmed/32707735
https://doi.org/10.1007/s10616-018-0225-5
https://www.ncbi.nlm.nih.gov/pubmed/29938380
https://doi.org/10.1016/j.biologicals.2011.04.004
https://www.ncbi.nlm.nih.gov/pubmed/21600786
https://doi.org/10.1016/j.clinbiochem.2018.07.003
https://doi.org/10.1177/10454411000110030101
https://doi.org/10.1084/jem.20020911
https://doi.org/10.1007/s00223-014-9931-y
https://doi.org/10.22203/eCM.v028a19
https://doi.org/10.1016/j.gene.2020.144855
https://doi.org/10.3389/fbioe.2017.00032
https://doi.org/10.3892/mmr.2017.8316
https://doi.org/10.2106/JBJS.M.01096
https://doi.org/10.1186/ar2165
https://doi.org/10.1586/14737140.7.2.221
https://doi.org/10.1161/ATVBAHA.120.313131
https://doi.org/10.1073/pnas.90.14.6859
https://doi.org/10.1128/MCB.16.3.932
https://doi.org/10.1016/j.ydbio.2006.03.039


Biomolecules 2024, 14, 1392 14 of 17

52. Stewart, M.; Terry, A.; Hu, M.; O’Hara, M.; Blyth, K.; Baxter, E.; Cameron, E.; Onions, D.E.; Neil, J.C. Proviral Insertions Induce
the Expression of Bone-Specific Isoforms of PEBP2αA (CBFA1): Evidence for a New Myc Collaborating Oncogene. Proc. Natl.
Acad. Sci. USA 1997, 94, 8646–8651. [CrossRef]

53. Sudhakar, S.; Katz, M.S.; Elango, N. Analysis of Type-I and Type-II RUNX2 Protein Expression in Osteoblasts. Biochem. Biophys.
Res. Commun. 2001, 286, 74–79. [CrossRef] [PubMed]

54. Xiao, Z.; Simpson, L.G.; Quarles, L.D. IRES-dependent Translational Control of Cbfa1/Runx2 Expression. J. Cell. Biochem. 2003,
88, 493–505. [CrossRef] [PubMed]

55. Harada, H.; Tagashira, S.; Fujiwara, M.; Ogawa, S.; Katsumata, T.; Yamaguchi, A.; Komori, T.; Nakatsuka, M. Cbfa1 Isoforms
Exert Functional Differences in Osteoblast Differentiation. J. Biol. Chem. 1999, 274, 6972–6978. [CrossRef]

56. Xiao, Z.S.; Thomas, R.; Hinson, T.K.; Quarles, L.D. Genomic Structure and Isoform Expression of the Mouse, Rat and Human
Cbfa1/Osf2 Transcription Factor. Gene 1998, 214, 187–197. [CrossRef]

57. Ge, C.; Xiao, G.; Jiang, D.; Franceschi, R.T. Critical Role of the Extracellular Signal–Regulated Kinase–MAPK Pathway in
Osteoblast Differentiation and Skeletal Development. J. Cell Biol. 2007, 176, 709–718. [CrossRef]

58. Vimalraj, S.; Arumugam, B.; Miranda, P.J.; Selvamurugan, N. Runx2: Structure, Function, and Phosphorylation in Osteoblast
Differentiation. Int. J. Biol. Macromol. 2015, 78, 202–208. [CrossRef]

59. Meyer, M.B.; Benkusky, N.A.; Pike, J.W. The RUNX2 Cistrome in Osteoblasts. J. Biol. Chem. 2014, 289, 16016–16031. [CrossRef]
60. Meyer, M.B.; Benkusky, N.A.; Pike, J.W. Selective Distal Enhancer Control of the Mmp13 Gene Identified Through Clustered

Regularly Interspaced Short Palindromic Repeat (CRISPR) Genomic Deletions. J. Biol. Chem. 2015, 290, 11093–11107. [CrossRef]
61. Sato, M.; Morii, E.; Komori, T.; Kawahata, H.; Sugimoto, M.; Terai, K.; Shimizu, H.; Yasui, T.; Ogihara, H.; Yasui, N.; et al.

Transcriptional Regulation of Osteopontin Gene in Vivo by PEBP2αA/CBFA1 and ETS1 in the Skeletal Tissues. Oncogene 1998,
17, 1517–1525. [CrossRef]

62. Hojo, H.; Saito, T.; He, X.; Guo, Q.; Onodera, S.; Azuma, T.; Koebis, M.; Nakao, K.; Aiba, A.; Seki, M.; et al. Runx2 Regulates
Chromatin Accessibility to Direct the Osteoblast Program at Neonatal Stages. Cell Rep. 2022, 40, 111315. [CrossRef]

63. Frenkel, B.; White, W.; Tuckermann, J. Glucocorticoid-Induced Osteoporosis. In Glucocorticoid Signaling; Wang, J.-C., Harris, C.,
Eds.; Springer: New York, NY, USA, 2015; Volume 872, pp. 179–215. ISBN 978-1-4939-2894-1.

64. Abdelmagid, S.M.; Barbe, M.F.; Safadi, F.F. Role of Inflammation in the Aging Bones. Life Sci. 2015, 123, 25–34. [CrossRef]
[PubMed]

65. Kato, M.; Patel, M.S.; Levasseur, R.; Lobov, I.; Chang, B.H.-J.; Glass, D.A.; Hartmann, C.; Li, L.; Hwang, T.-H.; Brayton, C.F.; et al.
Cbfa1 -Independent Decrease in Osteoblast Proliferation, Osteopenia, and Persistent Embryonic Eye Vascularization in Mice
Deficient in Lrp5, a Wnt Coreceptor. J. Cell Biol. 2002, 157, 303–314. [CrossRef]

66. Day, T.F.; Guo, X.; Garrett-Beal, L.; Yang, Y. Wnt/β-Catenin Signaling in Mesenchymal Progenitors Controls Osteoblast and
Chondrocyte Differentiation during Vertebrate Skeletogenesis. Dev. Cell 2005, 8, 739–750. [CrossRef]

67. Hill, T.P.; Später, D.; Taketo, M.M.; Birchmeier, W.; Hartmann, C. Canonical Wnt/β-Catenin Signaling Prevents Osteoblasts from
Differentiating into Chondrocytes. Dev. Cell 2005, 8, 727–738. [CrossRef]

68. Mbalaviele, G.; Sheikh, S.; Stains, J.P.; Salazar, V.S.; Cheng, S.-L.; Chen, D.; Civitelli, R. Beta-Catenin and BMP-2 Synergize to
Promote Osteoblast Differentiation and New Bone Formation. J. Cell. Biochem. 2005, 94, 403–418. [CrossRef]

69. Chen, Q.; Shou, P.; Zheng, C.; Jiang, M.; Cao, G.; Yang, Q.; Cao, J.; Xie, N.; Velletri, T.; Zhang, X.; et al. Fate Decision of
Mesenchymal Stem Cells: Adipocytes or Osteoblasts? Cell Death Differ. 2016, 23, 1128–1139. [CrossRef]

70. Westendorf, J.J.; Kahler, R.A.; Schroeder, T.M. Wnt Signaling in Osteoblasts and Bone Diseases. Gene 2004, 341, 19–39. [CrossRef]
71. Kahler, R.A.; Westendorf, J.J. Lymphoid Enhancer Factor-1 and Beta-Catenin Inhibit Runx2-Dependent Transcriptional Activation

of the Osteocalcin Promoter. J. Biol. Chem. 2003, 278, 11937–11944. [CrossRef]
72. Gaur, T.; Lengner, C.J.; Hovhannisyan, H.; Bhat, R.A.; Bodine, P.V.N.; Komm, B.S.; Javed, A.; Van Wijnen, A.J.; Stein, J.L.; Stein,

G.S.; et al. Canonical WNT Signaling Promotes Osteogenesis by Directly Stimulating Runx2 Gene Expression. J. Biol. Chem. 2005,
280, 33132–33140. [CrossRef]

73. Wang, F.-S.; Lin, C.-L.; Chen, Y.-J.; Wang, C.-J.; Yang, K.D.; Huang, Y.-T.; Sun, Y.-C.; Huang, H.-C. Secreted Frizzled-Related
Protein 1 Modulates Glucocorticoid Attenuation of Osteogenic Activities and Bone Mass. Endocrinology 2005, 146, 2415–2423.
[CrossRef]

74. Zhong, Z.; Zylstra-Diegel, C.R.; Schumacher, C.A.; Baker, J.J.; Carpenter, A.C.; Rao, S.; Yao, W.; Guan, M.; Helms, J.A.; Lane,
N.E.; et al. Wntless Functions in Mature Osteoblasts to Regulate Bone Mass. Proc. Natl. Acad. Sci. USA 2012, 109, E2197–E2204.
[CrossRef]

75. Devlin, R.D.; Du, Z.; Pereira, R.C.; Kimble, R.B.; Economides, A.N.; Jorgetti, V.; Canalis, E. Skeletal Overexpression of Noggin
Results in Osteopenia and Reduced Bone Formation. Endocrinology 2003, 144, 1972–1978. [CrossRef]

76. Wu, X.-B.; Li, Y.; Schneider, A.; Yu, W.; Rajendren, G.; Iqbal, J.; Yamamoto, M.; Alam, M.; Brunet, L.J.; Blair, H.C.; et al. Impaired
Osteoblastic Differentiation, Reduced Bone Formation, and Severe Osteoporosis in Noggin-Overexpressing Mice. J. Clin. Investig.
2003, 112, 924–934. [CrossRef]

77. Katagiri, T.; Yamaguchi, A.; Ikeda, T.; Yoshiki, S.; Wozney, J.M.; Rosen, V.; Wang, E.A.; Tanaka, H.; Omura, S.; Suda, T. The
Non-Osteogenic Mouse Pluripotent Cell Line, C3H10T1/2, Is Induced to Differentiate into Osteoblastic Cells by Recombinant
Human Bone Morphogenetic Protein-2. Biochem. Biophys. Res. Commun. 1990, 172, 295–299. [CrossRef]

https://doi.org/10.1073/pnas.94.16.8646
https://doi.org/10.1006/bbrc.2001.5363
https://www.ncbi.nlm.nih.gov/pubmed/11485310
https://doi.org/10.1002/jcb.10375
https://www.ncbi.nlm.nih.gov/pubmed/12532326
https://doi.org/10.1074/jbc.274.11.6972
https://doi.org/10.1016/S0378-1119(98)00227-3
https://doi.org/10.1083/jcb.200610046
https://doi.org/10.1016/j.ijbiomac.2015.04.008
https://doi.org/10.1074/jbc.M114.552216
https://doi.org/10.1074/jbc.M115.648394
https://doi.org/10.1038/sj.onc.1202064
https://doi.org/10.1016/j.celrep.2022.111315
https://doi.org/10.1016/j.lfs.2014.11.011
https://www.ncbi.nlm.nih.gov/pubmed/25510309
https://doi.org/10.1083/jcb.200201089
https://doi.org/10.1016/j.devcel.2005.03.016
https://doi.org/10.1016/j.devcel.2005.02.013
https://doi.org/10.1002/jcb.20253
https://doi.org/10.1038/cdd.2015.168
https://doi.org/10.1016/j.gene.2004.06.044
https://doi.org/10.1074/jbc.M211443200
https://doi.org/10.1074/jbc.M500608200
https://doi.org/10.1210/en.2004-1050
https://doi.org/10.1073/pnas.1120407109
https://doi.org/10.1210/en.2002-220918
https://doi.org/10.1172/JCI15543
https://doi.org/10.1016/S0006-291X(05)80208-6


Biomolecules 2024, 14, 1392 15 of 17

78. Lee, K.-S.; Kim, H.-J.; Li, Q.-L.; Chi, X.-Z.; Ueta, C.; Komori, T.; Wozney, J.M.; Kim, E.-G.; Choi, J.-Y.; Ryoo, H.-M.; et al. Runx2 Is a
Common Target of Transforming Growth Factor B1 and Bone Morphogenetic Protein 2, and Cooperation between Runx2 and
Smad5 Induces Osteoblast-Specific Gene Expression in the Pluripotent Mesenchymal Precursor Cell Line C2C12. Mol. Cell. Biol.
2000, 20, 8783–8792. [CrossRef]

79. Yamaguchi, A.; Katagiri, T.; Ikeda, T.; Wozney, J.M.; Rosen, V.; Wang, E.A.; Kahn, A.J.; Suda, T.; Yoshiki, S. Recombinant Human
Bone Morphogenetic Protein-2 Stimulates Osteoblastic Maturation and Inhibits Myogenic Differentiation in Vitro. J. Cell Biol.
1991, 113, 681–687. [CrossRef]

80. Bonewald, L.F.; Dallas, S.L. Role of Active and Latent Transforming Growth Factor β in Bone Formation. J. Cell. Biochem. 1994,
55, 350–357. [CrossRef]

81. Derynck, R.; Zhang, Y.E. Smad-Dependent and Smad-Independent Pathways in TGF-β Family Signalling. Nature 2003,
425, 577–584. [CrossRef]

82. Nishimura, R.; Kato, Y.; Chen, D.; Harris, S.E.; Mundy, G.R.; Yoneda, T. Smad5 and DPC4 Are Key Molecules in Mediating
BMP-2-Induced Osteoblastic Differentiation of the Pluripotent Mesenchymal Precursor Cell Line C2C12. J. Biol. Chem. 1998,
273, 1872–1879. [CrossRef]

83. Yamamoto, N.; Akiyama, S.; Katagiri, T.; Namiki, M.; Kurokawa, T.; Suda, T. Smad1 and Smad5 Act Downstream of Intracellular
Signalings of BMP-2 That Inhibits Myogenic Differentiation and Induces Osteoblast Differentiation in C2C12 Myoblasts. Biochem.
Biophys. Res. Commun. 1997, 238, 574–580. [CrossRef]

84. Rahman, M.S.; Akhtar, N.; Jamil, H.M.; Banik, R.S.; Asaduzzaman, S.M. TGF-β/BMP Signaling and Other Molecular Events:
Regulation of Osteoblastogenesis and Bone Formation. Bone Res. 2015, 3, 15005. [CrossRef]

85. Zhou, Y.-X. A Pro250Arg Substitution in Mouse Fgfr1 Causes Increased Expression of Cbfa1 and Premature Fusion of Calvarial
Sutures. Hum. Mol. Genet. 2000, 9, 2001–2008. [CrossRef] [PubMed]

86. Kawane, T.; Qin, X.; Jiang, Q.; Miyazaki, T.; Komori, H.; Yoshida, C.A.; Matsuura-Kawata, V.K.D.S.; Sakane, C.; Matsuo, Y.; Nagai,
K.; et al. Runx2 Is Required for the Proliferation of Osteoblast Progenitors and Induces Proliferation by Regulating Fgfr2 and
Fgfr3. Sci. Rep. 2018, 8, 13551. [CrossRef]

87. Maehata, Y.; Takamizawa, S.; Ozawa, S.; Kato, Y.; Sato, S.; Kubota, E.; Hata, R.-I. Both Direct and Collagen-Mediated Signals Are
Required for Active Vitamin D3-Elicited Differentiation of Human Osteoblastic Cells: Roles of Osterix, an Osteoblast-Related
Transcription Factor. Matrix Biol. 2006, 25, 47–58. [CrossRef]

88. Paredes, R.; Arriagada, G.; Cruzat, F.; Villagra, A.; Olate, J.; Zaidi, K.; Van Wijnen, A.; Lian, J.B.; Stein, G.S.; Stein, J.L.; et al.
Bone-Specific Transcription Factor Runx2 Interacts with the 1α,25-Dihydroxyvitamin D 3 Receptor to Up-Regulate Rat Osteocalcin
Gene Expression in Osteoblastic Cells. Mol. Cell. Biol. 2004, 24, 8847–8861. [CrossRef]

89. Drissi, H. 1,25-(OH)2-Vitamin D3 Suppresses the Bone-Related Runx2/Cbfa1 Gene Promoter. Exp. Cell Res. 2002, 274, 323–333.
[CrossRef]

90. Sooy, K.; Sabbagh, Y.; Demay, M.B. Osteoblasts Lacking the Vitamin D Receptor Display Enhanced Osteogenic Potential in Vitro.
J. Cell. Biochem. 2005, 94, 81–87. [CrossRef]

91. Yang, D.; Anderson, P.H.; Wijenayaka, A.R.; Barratt, K.R.; Triliana, R.; Stapledon, C.J.M.; Zhou, H.; Findlay, D.M.; Morris, H.A.;
Atkins, G.J. Both Ligand and VDR Expression Levels Critically Determine the Effect of 1α,25-Dihydroxyvitamin-D3 on Osteoblast
Differentiation. J. Steroid Biochem. Mol. Biol. 2018, 177, 83–90. [CrossRef]

92. Ahmadi, A.; Mazloomnejad, R.; Kasravi, M.; Gholamine, B.; Bahrami, S.; Sarzaeem, M.M.; Niknejad, H. Recent Advances on
Small Molecules in Osteogenic Differentiation of Stem Cells and the Underlying Signaling Pathways. Stem Cell Res. Ther. 2022,
13, 518. [CrossRef]

93. Siu, S.C.; Silversides, C.K. Bicuspid Aortic Valve Disease. J. Am. Coll. Cardiol. 2010, 55, 2789–2800. [CrossRef]
94. Garg, V.; Muth, A.N.; Ransom, J.F.; Schluterman, M.K.; Barnes, R.; King, I.N.; Grossfeld, P.D.; Srivastava, D. Mutations in NOTCH1

Cause Aortic Valve Disease. Nature 2005, 437, 270–274. [CrossRef] [PubMed]
95. Wagley, Y.; Chesi, A.; Acevedo, P.K.; Lu, S.; Wells, A.D.; Johnson, M.E.; Grant, S.F.A.; Hankenson, K.D. Canonical Notch Signaling

Is Required for Bone Morphogenetic Protein-Mediated Human Osteoblast Differentiation. Stem Cells 2020, 38, 1332–1347.
[CrossRef]

96. Shang, X.; Wang, J.; Luo, Z.; Wang, Y.; Morandi, M.M.; Marymont, J.V.; Hilton, M.J.; Dong, Y. Notch Signaling Indirectly Promotes
Chondrocyte Hypertrophy via Regulation of BMP Signaling and Cell Cycle Arrest. Sci. Rep. 2016, 6, 25594. [CrossRef]

97. Xiao, D.; Bi, R.; Liu, X.; Mei, J.; Jiang, N.; Zhu, S. Notch Signaling Regulates MMP-13 Expression via Runx2 in Chondrocytes. Sci.
Rep. 2019, 9, 15596. [CrossRef]

98. Zanotti, S.; Smerdel-Ramoya, A.; Canalis, E. HES1 (Hairy and Enhancer of Split 1) Is a Determinant of Bone Mass. J. Biol. Chem.
2011, 286, 2648–2657. [CrossRef]

99. Salie, R.; Kneissel, M.; Vukevic, M.; Zamurovic, N.; Kramer, I.; Evans, G.; Gerwin, N.; Mueller, M.; Kinzel, B.; Susa, M. Ubiquitous
Overexpression of Hey1 Transcription Factor Leads to Osteopenia and Chondrocyte Hypertrophy in Bone. Bone 2010, 46, 680–694.
[CrossRef]

100. McLarren, K.W.; Lo, R.; Grbavec, D.; Thirunavukkarasu, K.; Karsenty, G.; Stifani, S. The Mammalian Basic Helix Loop Helix
Protein HES-1 Binds to and Modulates the Transactivating Function of the Runt-Related Factor Cbfa1. J. Biol. Chem. 2000,
275, 530–538. [CrossRef]

https://doi.org/10.1128/MCB.20.23.8783-8792.2000
https://doi.org/10.1083/jcb.113.3.681
https://doi.org/10.1002/jcb.240550312
https://doi.org/10.1038/nature02006
https://doi.org/10.1074/jbc.273.4.1872
https://doi.org/10.1006/bbrc.1997.7325
https://doi.org/10.1038/boneres.2015.5
https://doi.org/10.1093/hmg/9.13.2001
https://www.ncbi.nlm.nih.gov/pubmed/10942429
https://doi.org/10.1038/s41598-018-31853-0
https://doi.org/10.1016/j.matbio.2005.09.001
https://doi.org/10.1128/MCB.24.20.8847-8861.2004
https://doi.org/10.1006/excr.2002.5474
https://doi.org/10.1002/jcb.20313
https://doi.org/10.1016/j.jsbmb.2017.09.005
https://doi.org/10.1186/s13287-022-03204-4
https://doi.org/10.1016/j.jacc.2009.12.068
https://doi.org/10.1038/nature03940
https://www.ncbi.nlm.nih.gov/pubmed/16025100
https://doi.org/10.1002/stem.3245
https://doi.org/10.1038/srep25594
https://doi.org/10.1038/s41598-019-52125-5
https://doi.org/10.1074/jbc.M110.183038
https://doi.org/10.1016/j.bone.2009.10.022
https://doi.org/10.1074/jbc.275.1.530


Biomolecules 2024, 14, 1392 16 of 17

101. McLarren, K.W.; Theriault, F.M.; Stifani, S. Association with the Nuclear Matrix and Interaction with Groucho and RUNX Proteins
Regulate the Transcription Repression Activity of the Basic Helix Loop Helix Factor Hes1. J. Biol. Chem. 2001, 276, 1578–1584.
[CrossRef]

102. Shen, Q.; Christakos, S. The Vitamin D Receptor, Runx2, and the Notch Signaling Pathway Cooperate in the Transcriptional
Regulation of Osteopontin. J. Biol. Chem. 2005, 280, 40589–40598. [CrossRef]

103. Semenova, D.; Bogdanova, M.; Kostina, A.; Golovkin, A.; Kostareva, A.; Malashicheva, A. Dose-Dependent Mechanism of Notch
Action in Promoting Osteogenic Differentiation of Mesenchymal Stem Cells. Cell Tissue Res. 2020, 379, 169–179. [CrossRef]

104. Kostina, A.; Lobov, A.; Semenova, D.; Kiselev, A.; Klausen, P.; Malashicheva, A. Context-Specific Osteogenic Potential of
Mesenchymal Stem Cells. Biomedicines 2021, 9, 673. [CrossRef]

105. D’Souza, R.N.; Åberg, T.; Gaikwad, J.; Cavender, A.; Owen, M.; Karsenty, G.; Thesleff, I. Cbfa1 Is Required for Epithelial-
Mesenchymal Interactions Regulating Tooth Development in Mice. Development 1999, 126, 2911–2920. [CrossRef]

106. Åberg, T.; Wang, X.-P.; Kim, J.-H.; Yamashiro, T.; Bei, M.; Rice, R.; Ryoo, H.-M.; Thesleff, I. Runx2 Mediates FGF Signaling from
Epithelium to Mesenchyme during Tooth Morphogenesis. Dev. Biol. 2004, 270, 76–93. [CrossRef]

107. James, M.J.; Järvinen, E.; Wang, X.-P.; Thesleff, I. Different Roles of Runx2 During Early Neural Crest–Derived Bone and Tooth
Development. J. Bone Miner. Res. 2006, 21, 1034–1044. [CrossRef]

108. Chen, B.; Banton, M.C.; Singh, L.; Parkinson, D.B.; Dun, X. Single Cell Transcriptome Data Analysis Defines the Heterogeneity of
Peripheral Nerve Cells in Homeostasis and Regeneration. Front. Cell. Neurosci. 2021, 15, 624826. [CrossRef]

109. Hu, R.; Dun, X.; Singh, L.; Banton, M.C. Runx2 Regulates Peripheral Nerve Regeneration to Promote Schwann Cell Migration and
Re-Myelination. Neural Regen. Res. 2024, 19, 1575–1583. [CrossRef]

110. Clements, M.P.; Byrne, E.; Guerrero, L.F.C.; Cattin, A.-L.; Zakka, L.; Ashraf, A.; Burden, J.J.; Khadayate, S.; Lloyd, A.C.; Marguerat,
S.; et al. The Wound Microenvironment Reprograms Schwann Cells to Invasive Mesenchymal-like Cells to Drive Peripheral
Nerve Regeneration. Neuron 2017, 96, 98-114.e7. [CrossRef]

111. Qiao, M.; Shapiro, P.; Fosbrink, M.; Rus, H.; Kumar, R.; Passaniti, A. Cell Cycle-Dependent Phosphorylation of the RUNX2
Transcription Factor by Cdc2 Regulates Endothelial Cell Proliferation. J. Biol. Chem. 2006, 281, 7118–7128. [CrossRef]

112. Sun, L.; Vitolo, M.; Passaniti, A. Runt-Related Gene 2 in Endothelial Cells: Inducible Expression and Specific Regulation of Cell
Migration and Invasion. Cancer Res. 2001, 61, 4994–5001.

113. Blyth, K.; Cameron, E.R.; Neil, J.C. The Runx Genes: Gain or Loss of Function in Cancer. Nat. Rev. Cancer 2005, 5, 376–387.
[CrossRef]

114. Fidler, I.J. The Pathogenesis of Cancer Metastasis: The “seed and Soil” Hypothesis Revisited. Nat. Rev. Cancer 2003, 3, 453–458.
[CrossRef]

115. Lin, T.-C. RUNX2 and Cancer. Int. J. Mol. Sci. 2023, 24, 7001. [CrossRef]
116. Vega, O.A.; Lucero, C.M.J.; Araya, H.F.; Jerez, S.; Tapia, J.C.; Antonelli, M.; Salazar-Onfray, F.; Las Heras, F.; Thaler, R.; Riester,

S.M.; et al. Wnt/β-Catenin Signaling Activates Expression of the Bone-Related Transcription Factor RUNX2 in Select Human
Osteosarcoma Cell Types. J. Cell. Biochem. 2017, 118, 3662–3674. [CrossRef]

117. Pulica, R.; Cohen Solal, K.; Lasfar, A. Role of RUNX2 in Melanoma: A New Player in Tumor Progression and Resistance to
Therapy. In Melanoma; Lasfar, A., Cohen-Solal, K., Eds.; IntechOpen: London, UK, 2021; ISBN 978-1-83880-878-5.

118. Lu, H.; Jiang, T.; Ren, K.; Li, Z.L.; Ren, J.; Wu, G.; Han, X. RUNX2 Plays an Oncogenic Role in Esophageal Carcinoma by Activating
the PI3K/AKT and ERK Signaling Pathways. Cell. Physiol. Biochem. 2018, 49, 217–225. [CrossRef]

119. Krishnan, V. The RUNX Family of Proteins, DNA Repair, and Cancer. Cells 2023, 12, 1106. [CrossRef]
120. Zhang, P.; Liu, L.; Zhang, L.; He, X.; Xu, X.; Lu, Y.; Li, F. Runx2 Is Required for Activity of CD44+/CD24-/Low Breast Cancer

Stem Cell in Breast Cancer Development. Am. J. Transl. Res. 2020, 12, 2305–2318.
121. Zhong, L.; Zhao, J.; Huang, L.; Liu, Y.; Pang, X.; Zhan, K.; Li, S.; Xue, Q.; Pan, X.; Deng, L. Runx2 Activates Hepatic Stellate Cells

to Promote Liver Fibrosis via Transcriptionally Regulating Itgav Expression. Clin. Transl. Med. 2023, 13, e1316. [CrossRef]
122. Raaz, U.; Schellinger, I.N.; Chernogubova, E.; Warnecke, C.; Kayama, Y.; Penov, K.; Hennigs, J.K.; Salomons, F.; Eken, S.; Emrich,

F.C.; et al. Transcription Factor Runx2 Promotes Aortic Fibrosis and Stiffness in Type 2 Diabetes Mellitus. Circ. Res. 2015,
117, 513–524. [CrossRef]

123. Chen, J.; Lin, Y.; Sun, Z. Deficiency in the Anti-aging Gene Klotho Promotes Aortic Valve Fibrosis through AMPK A-mediated
Activation of RUNX 2. Aging Cell 2016, 15, 853–860. [CrossRef]

124. Vaillant, F.; Blyth, K.; Andrew, L.; Neil, J.C.; Cameron, E.R. Enforced Expression of Runx2 Perturbs T Cell Development at a Stage
Coincident with β-Selection. J. Immunol. 2002, 169, 2866–2874. [CrossRef]

125. Wahlen, S.; Matthijssens, F.; Loocke, W.V.; Taveirne, S.; Kiekens, L.; Persyn, E.; Ammel, E.V.; Vos, Z.D.; Munter, S.D.; Matthys, P.;
et al. The Transcription Factor RUNX2 Drives the Generation of Human NK Cells and Promotes Tissue Residency. eLife 2022,
11, e80320. [CrossRef] [PubMed]

126. Maeda, Y.; Nakamura, E.; Nguyen, M.-T.; Suva, L.J.; Swain, F.L.; Razzaque, M.S.; Mackem, S.; Lanske, B. Indian Hedgehog
Produced by Postnatal Chondrocytes Is Essential for Maintaining a Growth Plate and Trabecular Bone. Proc. Natl. Acad. Sci. USA
2007, 104, 6382–6387. [CrossRef] [PubMed]

127. Liao, L.; Jiang, H.; Fan, Y.; Lu, R.S.; Wei, C.; Takarada, T.; He, S.; Chen, D. Runx2 Is Required for Postnatal Intervertebral Disc
Tissue Growth and Development. J. Cell. Physiol. 2019, 234, 6679–6687. [CrossRef]

https://doi.org/10.1074/jbc.M007629200
https://doi.org/10.1074/jbc.M504166200
https://doi.org/10.1007/s00441-019-03130-7
https://doi.org/10.3390/biomedicines9060673
https://doi.org/10.1242/dev.126.13.2911
https://doi.org/10.1016/j.ydbio.2004.02.012
https://doi.org/10.1359/jbmr.060413
https://doi.org/10.3389/fncel.2021.624826
https://doi.org/10.4103/1673-5374.387977
https://doi.org/10.1016/j.neuron.2017.09.008
https://doi.org/10.1074/jbc.M508162200
https://doi.org/10.1038/nrc1607
https://doi.org/10.1038/nrc1098
https://doi.org/10.3390/ijms24087001
https://doi.org/10.1002/jcb.26011
https://doi.org/10.1159/000492872
https://doi.org/10.3390/cells12081106
https://doi.org/10.1002/ctm2.1316
https://doi.org/10.1161/CIRCRESAHA.115.306341
https://doi.org/10.1111/acel.12494
https://doi.org/10.4049/jimmunol.169.6.2866
https://doi.org/10.7554/eLife.80320
https://www.ncbi.nlm.nih.gov/pubmed/35793229
https://doi.org/10.1073/pnas.0608449104
https://www.ncbi.nlm.nih.gov/pubmed/17409191
https://doi.org/10.1002/jcp.27410


Biomolecules 2024, 14, 1392 17 of 17

128. Ghadially, F.N. As You Like It, Part 3: A Critique and Historical Review of Calcification as Seen with the Electron Microscope.
Ultrastruct. Pathol. 2001, 25, 243–267. [CrossRef]

129. Majno, G.; Joris, I. Cells, Tissues, and Disease: Principles of General Pathology, 2nd ed.; Oxford University Press: New York, NY, USA,
2004; ISBN 978-0-19-514090-3.

130. Kumar, V.; Abbas, A.K.; Aster, J.C.; Perkins, J.A.; Robbins, S.L.; Cotran, R.S. Robbins and Cotran Pathologic Basis of Disease, Student
Consult, 9th ed.; Elsevier, Saunders: Philadelphia, PA, USA, 2015; ISBN 978-0-8089-2450-0.

131. Tan, A.C.S.; Pilgrim, M.G.; Fearn, S.; Bertazzo, S.; Tsolaki, E.; Morrell, A.P.; Li, M.; Messinger, J.D.; Dolz-Marco, R.; Lei, J.; et al.
Calcified Nodules in Retinal Drusen Are Associated with Disease Progression in Age-Related Macular Degeneration. Sci. Transl.
Med. 2018, 10, eaat4544. [CrossRef]

132. Shanahan, C.M. Mechanisms of Vascular Calcification in Renal Disease. Clin. Nephrol. 2005, 63, 146–157. [CrossRef]
133. Ignatieva, E.; Kostina, D.; Irtyuga, O.; Uspensky, V.; Golovkin, A.; Gavriliuk, N.; Moiseeva, O.; Kostareva, A.; Malashicheva,

A. Mechanisms of Smooth Muscle Cell Differentiation Are Distinctly Altered in Thoracic Aortic Aneurysms Associated with
Bicuspid or Tricuspid Aortic Valves. Front. Physiol. 2017, 8, 536. [CrossRef]

134. Rutkovskiy, A.; Lund, M.; Siamansour, T.S.; Reine, T.M.; Kolset, S.O.; Sand, K.L.; Ignatieva, E.; Gordeev, M.L.; Stensløkken, K.-O.;
Valen, G.; et al. Mechanical Stress Alters the Expression of Calcification-Related Genes in Vascular Interstitial and Endothelial
Cells. Interact. Cardiovasc. Thorac. Surg. 2019, 28, 803–811. [CrossRef]

135. Yu, W.; Zhu, X.; Liu, J.; Zhou, J. Biofunctionalized Decellularized Tissue-Engineered Heart Valve with Mesoporous Silica
Nanoparticles for Controlled Release of VEGF and RunX2-siRNA against Calcification. Bioengineering 2023, 10, 859. [CrossRef]

136. Ibragimova, A.G.; Stanishevskiy, Y.M.; Plakkhin, A.M.; Zubko, A.V.; Darvish, N.A.; Koassary, A.K.; Shindyapina, A.V. Com-
parative Analysis of Calcified Soft Tissues Revealed Shared Deregulated Pathways. Front. Aging Neurosci. 2023, 15, 1131548.
[CrossRef]

137. Kostina, A.; Shishkova, A.; Ignatieva, E.; Irtyuga, O.; Bogdanova, M.; Levchuk, K.; Golovkin, A.; Zhiduleva, E.; Uspenskiy, V.;
Moiseeva, O.; et al. Different Notch Signaling in Cells from Calcified Bicuspid and Tricuspid Aortic Valves. J. Mol. Cell. Cardiol.
2018, 114, 211–219. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/019131201300343874
https://doi.org/10.1126/scitranslmed.aat4544
https://doi.org/10.5414/CNP63146
https://doi.org/10.3389/fphys.2017.00536
https://doi.org/10.1093/icvts/ivy339
https://doi.org/10.3390/bioengineering10070859
https://doi.org/10.3389/fnagi.2023.1131548
https://doi.org/10.1016/j.yjmcc.2017.11.009

	Introduction 
	Mechanisms of Osteogenic Differentiation 
	Runx2 
	Wnt/LRP5/-Catenin Signalling Pathway and Runx2 
	TGF/BMP/Smads Signaling Pathway and Runx2 
	FGFs and Runx2 
	1,25-(OH)2-Vitamin D3 Signaling Pathway and Runx2 
	Notch Signaling Pathway and Its Effect on Osteogenic Differentiation 

	The Tissue Specificity of Runx2: Is Runx2 Truly Only a Pro-Osteogenic Factor as It Has Been Suggested to Be? 
	The Effect of Runx2 on Dental Development 
	The Effect of Runx2 on Peripheral Nerve Regeneration 
	The Effect of Runx2 on Angiogenesis 
	The Effect of Runx2 on Oncogenesis 
	The Effect of Runx2 on the Development of Fibrosis 
	The Effect of Runx2 on Immune Cells 
	The Effect of Runx2 on the Development of Spinal Tissues 
	The Relationship Between Pathological Calcification and the Runx2 Transcription Factor 

	Conclusions 
	References

