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A B S T R A C T

Runt-related transcription factor-1 (Runx1) is well known for its functions in hematopoiesis and leukemia but
recent research has focused on its role in skeletal development and osteoarthritis (OA). Deficiency of the Runx1
gene is fatal in early embryonic development, and specific knockout of Runx1 in cell lineages of cartilage and
bone leads to delayed cartilage formation and impaired bone calcification. Runx1 can regulate genes including
collagen type II (Col2a1) and X (Col10a1), SRY-box transcription factor 9 (Sox9), aggrecan (Acan) and matrix
metalloproteinase 13 (MMP-13), and the up-regulation of Runx1 improves the homeostasis of the whole joint,
even in the pathological state. Moreover, Runx1 is activated as a response to mechanical compression, but
impaired in the joint with the pathological progress associated with osteoarthritis. Therefore, interpretation about
the role of Runx1 could enlarge our understanding of key marker genes in the skeletal development and an
increased understanding of Runx1 could be helpful to identify treatments for osteoarthritis. This review provides
the most up-to-date advances in the roles and bio-mechanisms of Runx1 in healthy joints and osteoarthritis from
all currently published articles and gives novel insights in therapeutic approaches to OA based on Runx1.
1. Introduction

The Runx1 protein, one of the members of the Runx family, is a
transcription factor that can directly bind to DNA. The function of Runx1
is best understood in hematopoiesis [1], but its effects on regulating
skeletal development were found recently, although the mechanisms
have not yet been fully understood. Runx1 can be expressed in the early
stage of cartilage formation [2, 3], and is essential for the condensation
and differentiation of bone marrow mesenchymal stem cells (BMSCs),
which are pluripotent stem cells that produce osteoblasts, chondrocytes
and adipocytes [4]. Moreover, Runx1 can upregulate chondrogenic genes
and suppress the expression of hypertrophic genes, indicating that Runx1
can be a promising treatment for osteoarthritis (OA), because patients
with OA often have cartilage and bone damage and abnormal skeletal
development [5]. Therefore, Runx1 is vital for skeletal development,
involving chondrogenesis and osteogenesis, and is a promising molecule
to help treat OA, and the mechanisms of Runx1 in OA can be better
understood if skeletal development is further investigated.

Osteoarthritis (OA) is one of themost common joint diseases around the
world [6, 7] and can cause synovitis, lesions of the meniscus, degeneration
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of the anterior cruciate ligament, bone turnover, such as thickened sub-
chondral plates, osteophyte formation and bone marrow lesions [8–10].
Besides, research demonstrates that adverse factors including bonemarrow
lesions, meniscal abnormalities and cartilage trauma presented in the
modern environment would further induce the occurrence and develop-
ment of OA [11]. OA is caused by the imbalance of joint tissue destruction
and repair, and can result from ectopic endochondral ossification under
chronic overloading [5, 12]. In OA, articular cartilage is characterized by
dysregulated hypertrophy and proliferation, and a loss of extracellular
matrix components such as collagen and proteoglycans [8, 13]. Type X
collagen (Col10a1), a disintegrin and metalloproteinase with thrombo-
spondinmotifs (ADAMTS), andmatrixmetalloproteinase-13 (MMP-13) are
catabolic factors and are signals of hypertrophic chondrocytes, which can
trigger cartilage degradation andmineralization [14].Anabolic factors such
as aggrecan (ACAN), type II collagen (Col2a1), and sex-determining region
Y-type high mobility group box protein 9 (Sox9) are helpful for chondro-
genesis. In healthy joints, articular homeostasis is maintained via a balance
between chondrocyte synthesis of catabolic and anabolic factors [15, 16],
while in cartilagewithOA, hypertrophic genes and chondrogenic genes are
observed to decline due to tissue loss [14, 17]. Research has found that
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Runx1 can regulate these factors and that the upregulation of Runx1
maintains joint homeostasis. Moreover, Runx1 is produced as a response to
mechanical compression, but decreases in the joint with OA due to a loss of
tissue [12].

To sum up, some reports have elucidated on the role of Runx1 during
chondrogenesis, matrix metabolism and osteoarthritis. However, there
lacks relevant summary to reorganize the achievements, therefore, in this
review, we describe the structural components and the major functions of
Runx1, and summarize the impacts of Runx1 on joints and OA that are
recently discovered. We then focus on the biomechanism of Runx1,
including the interaction with other molecular factors, the current pro-
gression of research, the potential gaps in knowledge and the potential
treatment to OA related to Runx1.

2. The overview of Runx1

2.1. The Runx family of transcription factors

The Runx transcription factor family has three members in mammals,
Runx1 (AML1/CBFα2/PEBP2αB), Runx2 (AML3/CBFα1/PEBP2αA), and
Runx3 (AML2/CBFα3/PEBP2αC) [17, 18], and is vital for hematopoiesis,
osteogenesis, neurogenesis and gastric epithelial cell growth. In humans,
Runx1, Runx2, and Runx3 are located on chromosomes 21q22.12, 6p21,
and 1p36.1 respectively [2].

The Runx gene is also called AML, CBFα and PEBP2α. The Runx gene
wasfirst namedAML,whosemutation is oneof the causes of acutemyeloid
leukemia (AML) [1, 19]. Then, a conserved sequence of 128 amino acids
was found in three proteins in mammals, which can also be seen in the
Drosophilamelanogaster segmentationgeneRunt [17, 20–22]. Therefore,
the proteins were identified as runt-related (Runx) proteins and the
domain was named the runt homology domain (RHD). Moreover, Runx is
the DNA-binding subunit of core-binding factor (CBF) or polyomavirus
enhancer-binding protein 2 (PEBP2), whose DNA-binding function can be
enhanced by combining CBFβ (also known as PEBP2β) [23, 24].

2.2. The structure of Runx1

Runx proteins have various functions in different tissues and during
different stages of development due to their structures. Runx genes have
two promoters (P1, P2), and they are triggered at distinct stages,
generating various isoforms [2, 25]. The proximal P2 promoter drives the
expression of Runx1a and Runx1b, whereas the distal P1 promoter
generates Runx1c [26]. At the N-terminus, RHD is the region that binds
to the DNA motif 5’-PuACCPuCA-30 (where Pu indicates purines) [27].
Figure 1. The structure of Runx1. The abbreviations are as follows: NT, N-terminu
alanine-rich sequence. The Runx family of transcription factors contains three membe
transcriptional functions of Runx1 are enhanced with the combination of other mol
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All Runx family members have a conserved C-terminal region containing
a nuclear matrix-targeting signal (NMTS), which is responsible for
localization to distinct subnuclear sites for specific gene regulation [22,
28, 29]. NMTS is the binding site of multiple proteins co-regulating with
Runx proteins, including Smad2 and Smad3 [22, 30]. At the
carboxy-terminus of Runx, there also has a less conserved five amino
motif (VWRPY in most cases), known as the recruitment signal for
Groucho/TLE corepressors [22, 26, 31].

The transcriptional function of Runx1 is considerably weak, but with
the combination of other coactivator molecules, such as GATA-1, ETS-1,
C/EBPα, ALY, p300, YAP, MOZ, NERF-1/2, c-Fos, and AP1, its activating
properties are enhanced, and the interaction with the SIN3A complex and
the Groucho/TLE complex has a repressive function [24–26, 32–37]
(Figure 1). Additionally, diverse posttranscriptional modifications, such
as phosphorylation [38], acetylation [39], methylation [24] and sumoy-
lation [40], all contribute to the complexity of Runx proteins [35, 36].

2.3. The functions of Runx1

Runx1 plays a critical role in many systems (Table 1). The most well-
known function of Runx1 is in hematopoiesis [22, 25], without which
nodefinitive erythroid,myeloid, ormegakaryocytic cells canbe seen [19],
the quantity of T cells and B cells would decrease [25] and abnormal
vasculature development can be seen inmany organs [41]. The expression
of Runx1 is upregulated in cardiac injury, inducing changes in cardiac cell
function and injury response through various signaling pathways, which
indicates that Runx1 can be a promising target for adverse cardiac
remodeling and heart failure [42]. Moreover, Runx1 plays an important
role in bone formation by regulating BMSC differentiation [43, 44], pro-
moting chondrogenesis and osteogenesis. Furthermore, Runx1 is involved
in the development of other tissues, such as hair follicles, the nervous
system, mammary glands, oral epithelium, and muscles [18, 22, 23,
45–48]. Runx1 contributes to nervous system development, such as the
establishment of cutaneous sensory circuits, motor circuits and the ol-
factory system [49], cell type specification and axonal targeting pro-
jections of nociceptive dorsal root ganglion neurons [50]. Runx1 is
involved inmammaryglanddevelopment, andRunx1couldbe involved in
breast tumor progression depending on Foxp3, which normally inhibits
the transcriptional activity of Runx1 [51]. Runx1 is expressed in several
epithelial tissues in the craniofacial area such as the salivary gland and
olfactory epithelium, and is detected in the dental epithelium of the bud
and cap stage tooth germs at embryonic day 13 (E13) and E14 [18]. Runx1
deletion in the hair follicle impairs the hair homeostasis cycle and blocks
hair follicle stem cells in quiescence [45].
s; CT, C-terminus; AD: activation domain; ID: inhibitory domain; QA, glutamine/
rs, and they share RHD, AD and ID domains, and C-terminus VWRPY motif. The
ecules.



Table 1. The major functions of Runx1. Runx1 is an essential transcriptional factor, playing a critical role in many systems. In addition to those listed in the table,
Runx1 has other functions that require be discovering and exploring.

System Major function References

Circulatory system Hematopoiesis Runx1 is essential for both definitive embryonic and adult hematopoiesis. [52, 53, 54]

Leukemia More than 50 Runx1 mutations, including translocations and point mutations, have been
identified as causative factors in multiple leukemias.

[19, 55]

Immune system Runx1 is involved at multiple stages of the complex cell-fatedecisions of T lymphocyte
development in the thymus, and is important for basophil development and lymphoid
tissue inducer cells.

[35]

Angiogenesis Runx1 regulated the expression of angiogenic and adhesion molecules in endothelial cells
(ECs), and increased the angiogenic activity of ECs.

[56, 57]

Nervous system Runx1 is crucial for the diversification of sensory neuron lineages, including sensory
neurons in skin epidermis and hair follicles, PNS nociceptive neuron, the neuronal tissue of
the olfactory system the homeostasis of glial populations of the CNS and the PNS.

[25, 58]

Tumorigenesis Runx1 has indirect and direct biological functions in modulating cancer metastasis,
proliferation, angiogenesis, cancer stemness and chemoresistance to anticancer drugs.

[59, 60]

Cartilage and bone Runx1 is vital for the early stages of chondrogenesis and osteogenesis, and the homeostasis
of skeleton system.

[61, 62, 70]

Hair follicles Runx1 controls timely emergence of hair follicle stem cells and proper maturation during
embryogenesis.

[63]

Mammary gland Runx1 is required for the differentiation of luminal cells and is highly expressed in the
epithelium of virgin females and post-lactation, but gradually decreases throughout
pregnancy.

[64]
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3. Impacts of Runx1 on joint and osteoarthritis

3.1. The process of chondrogenesis and osteogenesis

Chondrogenesis is a vital process through people’s lives. During
adulthood, chondrogenesis can be seen in fracture healing, and osteo-
arthritis influences the differentiation and maintenance of articular
cartilage [65]. The process starts with the aggregation and condensation
of loose mesenchyme; that is, mesenchymal stem cells (MSCs) migrate
and gather to the place where the cartilage or skeleton will be formed
[66]. MSCs, which are now recognized as chondroblasts, produce
extracellular matrix components such as Col2a1, aggrecan, and Sox9 [3,
65, 67]. Then, chondroblasts differentiate into proliferative chon-
drocytes, and some becomemature chondrocytes forming cartilage while
some gradually initiate the process of hypertrophic differentiation,
instigating endochondral ossification [65, 67].

Osteogenesis has two distinct processes. Intramembranous ossifica-
tion is achieved by the differentiation of MSCs into osteoblasts, which
mature into osteocytes and eventually form bone [25]. Alternatively,
during endochondral ossification, hypertrophic chondrocytes express
components such as Col10a1, alkaline phosphatase (ALP), and MMP13,
which lead to calcification and degradation of the cartilage matrix [68,
69]. Ultimately, osteoclasts and mesenchymal cells invade together with
blood vessels, chondrocytes undergo apoptosis, and the remaining
cartilage matrix becomes the foundation of bone formation and turn-
over [65].

3.2. Impacts of Runx1 on skeletal development

Runx1 contributes to skeletal development by mediating the onset of
mesenchymal cell differentiation toward chondrogenesis [3, 22].
Research has shown that Runx1 is expressed in the early stage of cartilage
formation [2, 3], especially in chondrocytes in superficial zones [12]. At
E12.5, Runx1 is observed in emerging cartilage, and by E14.5, Runx1 is
expressed in the perichondrium and the periosteum [2]. With the for-
mation of future bone growth plates, the expression of Runx1 remains in
immature chondrocytes of the resting zone and perichondrium [2]. The
phenotype of mesenchymal-cell-specific Runx1-deficient mice (the bone
fails to develop where Runx1 is knocked out) cooperates with the finding
that cartilage development in mice whose Runx1 is knocked out in
committed chondrocytes was normal although delayed [67, 70] revealed
that Runx1 is involved in mesenchymal condensations, but has little role
3

in the maturation of chondrocytes. Research has indicated that this
condensation process may be related to Sox proteins [67]. Moreover, the
examination of bovine articular cartilage demonstrated the highest
Runx1 level in superficial zones and the lowest Runx1 level in deep zones
[12]. In addition, Runx1 is expressed in chondrocytes with permanent
cartilage structure [2].

Runx1 impacts bone formation. Runx1 is expressed in the osteogenic
cell compartments in the craniofacial bones and the bone collar of long
bones, and its expression decreases upon terminal differentiation of os-
teoblasts [71]. In mesenchymal-cell-specific Runx1-deficient mice
(Runx1f/f/Prx1-Cre), marrow adipocytes show a significant increase
compared to the control, sternum fails to form [67], and lower bone
density, reduced bone volume and trabecular bone number can be seen
[72]. Similarly, chondrocyte-specific Runx1 knockout mice (Run-
x1f/f/Col2a1-Cre) are shorter in length, lighter in weight and lower in
bone density than wild-type mice, revealing Runx1’s impact on skeletal
development [70, 72]. Moreover, the osteogenic activity in the hyper-
trophic zone was shown by ALP staining to be decreased in 3- and
6-month-old Runx1f/f/Col2a1-Cre mouse femurs [72]. Mice specifically
deleting the Runx1 gene in the osteoblast lineage (Runx1f/f/Osx-Cre)
have decreased ossification and bone density and mandibular defects,
showing an osteoporotic phenotype [4]. Additionally, deletion of Runx1
impairs fracture healing [73, 74].

3.3. Impacts of Runx1 on skeletal muscle

Knee osteoarthritis (KOA) can be caused by reduced joint stability due
to impaired quadriceps strength [75, 76], and muscle activity differs in
OA patients compared with normal subjects [75], but whether muscle
weakness facilitates disease progression is controversial. Additionally,
aged mice lost joint afferents before developing OA [77], and anterior
cruciate ligament sensory loss may contribute to OA [78], indicating that
denervation of muscle can result in OA. Studies have shown that the
expression of Runx1 is increased in skeletal myocytes under pathological
conditions [42, 79, 80], and Runx1 is poorly expressed in innervated
muscle, but strongly induced in muscle shortly after denervation [81].
The deficiency of Runx1 leads to worsened fiber atrophy, excessive
autophagy and structural abnormalities, showing a positive effect on
skeletal muscle, although opposite to cardiac muscle [42, 81]. Over-
expression of Runx1 inhibits myogenic differentiation but promotes the
proliferation of myoblasts [82]. Therefore, Runx1 can protect the joints
by regulating the response of myocytes when injured.
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3.4. Impacts of Runx1 on osteoarthritis

Runx1 attenuates the damage of OA to the joint. The synovium is vital
for the joints because articular cartilage has no blood vessels to provide
nutrition and synovitis is one of the causes of osteoarthritis [83, 84].
Runx1 supports cell proliferation through MSCs, and the markers of
MSCs and Runx1 have the same trend during OA progression in both
cartilage and synovium [12, 84, 85]. These results indicate that Runx1
can promote the repair of joints by synovium and that Runx1 is a
compensatory response to cartilage damage, protecting articular carti-
lage maintenance. Moreover, endochondral ossification has been
considered the most important process of osteophytes, which implies
irreversible OA [9]. Runx1 enhances cartilage matrix production and
suppresses hypertrophic differentiation by regulating molecules such as
Smad, Sox, and Bapx [5, 14], thus contributing to articular cartilage
maintenance and inhibiting osteophyte formation.

The expression of Runx1 in cartilage changes during OA. Normally,
Runx1 is expressed in chondrocytes in the superficial zone of articular
cartilage and diminishes through two deeper zones [12]. As shown in the
mousemodel, Runx1 is depleted due to cell loss in progressing OA lesions,
but is induced in chondrocytes at the OA lesion boundaries [12]. In OA
tissue samples of varus kneepatients, themedial side hasmoreRunx1 than
the lateral side, and compressed bovine cartilage elevates Runx1 expres-
sion compared to normal cartilage [12]. These results demonstrate that
mechanical compression results in the upregulation of Runx1. Thus, we
hypothesized that Runx1 is produced in response to cartilage damage, but
asOA lesions progress, tissue loss occurs, andRunx1 expression decreases.
3.5. Current promising treatment for osteoarthritis related to Runx1

Researchers are dedicated to identifying disease-modifying OA drugs
(DMOADs) and several candidates for DMOAD targetingRunx1 have been
found. TD-198946 [14] and kartogenin (KGN) [86] function via Runx1
induction. In TD-198946-treated mice, Runx1, Sox proteins and Col2a1
are upregulated, while Col10a1 and matrix metalloproteinases-13
(MMP-13) are downregulated [14]. KGN can inhibit matrix breakdown
Figure 2. The binding sites of Runx1 on the promoter of genes. Runx1 can direc
have more than one Runx binding sites. The white box indicates the binding sites o
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bymatrixmetalloproteinases, andRunx1may be the downstreameffector
of KGN [86]. However, none of these methods have yet been added to the
therapeutic arsenal because the research was not conducted thoroughly
and some problems remained unsolved [85]. Furthermore, some treat-
ments are under investigation, such as the intraarticular injection of pol-
yplex nano micelles containing Runx1 mRNA in OA mice [87].

4. The mechanisms of Runx1

4.1. Runx1 can interact with the promoters of genes directly

Asa transcription factor,Runx1can interactwith thepromoters ofgenes
directly. Researchhas found that the -293/-288 site in the Col2a1promoter
contains Runx motifs and is the core responsive element of Runx1 [14]
(Figure 2). The Sox9 promoter, between nucleotides -1705 and -1700 and
between nucleotides -1047 and -1042, were identified as Runx-responsive
elements. Similarly, the Sox5 promoters (between nucleotides -1824 and
-1818) and Sox6 promoters (between nucleotides -2923 and -2918 as well
as between nucleotides -1123 and -1119) have Runx1 -binding sites [88]
(Figure 2). Additionally, the promoters of OCN [4] (Figure 2), Runx2 [4]
(Figure2), Ihh[70] (Figure2),miR-455andmiR-210[84],BMP7,Alk3and
Atf4 [72] (Figure 2) have Runx protein binding sites.
4.2. Runx1 and CBFβ in bones

Core binding factor β (CBFβ) is an essential binding partner for
Runx1, which stabilizes Runx1 by forming heterodimers, without which
Runx1 can barely be detected [89]. CBFβ provides Runx proteins with an
inhibitory domain and enhances their binding to DNA [35, 90], while it is
a nonDNA binding factor [91] (Figure 3a). In general, CBFβ plays an
important role in skeletal development, impacting the differentiation of
osteoblasts and chondrocytes.

CBFβ has an α/β structure consisting of two three-stranded β-sheets
packed on one another in a sandwich arrangement, with four peripheral
α-helices [92] and has two functional isoforms (CBFβ1 and CBFβ2), which
have different but redundant functions in skeletal development [93].
tly bind to the promoter of other genes, regulating their expression. Some genes
n the promoter while the black box indicates the coding sequence.



Figure 3. Runx1 and CBFβ. a. Runx1 protein and core binding factor β (CBFβ) form the heterodimerization of core-binding factor (CBF) and regulate the promoter of
other genes. Runx1 protein is the DNA-binding subunit and CBFβ plays the role of stablizing Runx1 and enhancing the DNA-binding function of Runx1. b. Comparison
among the control group, CBFβfl/fl/M�Cre group, and CBFβ(Δch/Δch) group. CBFβfl/fl/M�Cre, mesenchymal-cell-specific CBFβ-deficient mice including Prrx1-Cre and
Twist-Cre; CBFβ(Δch/Δch), chondrocyte-specific CBFβ-deficient mice including Sox9-Cre and Col2a1-Cre. Compared with the control group, CBFβfl/fl/M�Cre group and
CBFβ (Δch/Δch) group both have fewer and thinner trabecular bones, delayed bone development and ossification, and fewer osteoblasts. In CBFβfl/fl/M�Cre group, the
ossification reduces, the growth plates shorten, the cartilage resting zones elongate, the chondrocytes shape abnormally, and the number of osteoblasts are signifi-
cantly reduced, while that of osteoclasts remain unchanged. In CBFβ(Δch/Δch) group, the proliferative chondrocytes increase, with no hypertrophic zones.
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Mice deficient in CBFβ die of a lack of fetal liver hematopoiesis
before birth, showing its role in skeletal development [94]. In
mesenchymal-cell-specific CBFβ-deficient mice, dwarfism, skeletal
malformation, reduced calcification, and delayed ossification occur,
with multiple bone defects [94–96]. Mutant mice have smaller thoracic
cages and shorter clavicles and limbs than control mice [94, 95], and
reduced ossification can be seen in the mandible, hyoid bone, verte-
brae, forelimbs, clavicles, hindlimbs and feet [95, 96]. The growth plate
in mutant mice is shorter and showed an elongated resting zone and
shorter proliferative and hypertrophic zones, indicating a delay in
chondrocyte maturation [95, 96]. Cartilage formation of the airway has
defects while occipital bones and cervical vertebrae fail to mineralize in
embryos with CBFβ knockout [94–96]. Furthermore, the number and
thickness of trabecular bones and the number of osteoblasts are
significantly reduced, while osteoclasts are unchanged in newborn
knockout mice and the femurs from the mutant mice have irregularly
arranged and abnormally shaped chondrocytes [95, 96]. Ihh-cyclin D1
and the Ihh-PTHrP negative feedback loop may contribute to these ef-
fects [95]. In chondrocyte-specific CBFβ-deficient (CBFβ(Δch/Δch))
mice, the phenotype is similar to that of CBFβfl/fl/M�Cre mice. Mice also
have dwarfism with shortened limbs and sternal bodies, delayed ossi-
fication (observed mainly in ribs, vertebrae, hyoid bone, and thyroid
cartilage), lower bone density, and elongated but deformed growth
5

plates [97]. Moreover, endochondral bone development is delayed,
proliferative chondrocytes increased, and hypertrophic zones can
hardly be seen till E14 [98]. Interestingly, malocclusion is witnessed in
the teeth of CBFβfl/fl/M�Cre mice [97] (Figure 3b).

CBFβ is vital for Runx1 in mesenchymal cells and can stabilize Runx
proteins and promote osteoblast differentiation [94]. CBFβfl/fl/M�Cre

hindlimbs have slightly higher expression of the Runx1, 2 & 3 genes but
significantly lower expression of the Runx1, 2 and 3 proteins, while the
expression of Sox5 and Sox6 is upregulated at E15.5 [94]. Col10a1,
Osterix (Osx), MMP-13, secreted phosphoprotein-1 (SPP-1), and Indian
hedgehog (Ihh) are suppressed in CBFβfl/fl/M�Cre mice [94, 96]. More-
over, in calvarial cells, only Runx1 expression is observed to be reduced
in CBFβfl/fl/M�Cre mice and CBFβ knockout has less impact [95]. Ac-
cording to research, the expression of Sox5, Col2a1 and Runx1 increases
in chondrocytes deprived of CBFβ while that of Ihh, Cyclin D1, PTHrP-R,
Col10a1, ACAN, Runx2 and Runx3 decreases [97, 98], indicating the
compensatory role of Runx1 (Figure 3b).

4.3. The interplay among Runx proteins in bones

A given target gene may in fact be regulated by different Runx pro-
teins in different tissues [27]. There is auto and cross-regulation among
the Runx proteins and genes. In immature cartilage, only Runx1 is
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expressed while Runx2 is mainly found in hypertrophic chondrocytes,
and Runx3 is expressed in proliferating and prehypertrophic chon-
drocytes [99, 100].

The Runx2 protein regulates MMP, growth factor and extracellular
matrix protein genes [12], thus playing an essential role in chon-
drocyte differentiation, maturation, matrix degradation and subse-
quent bone formation [85, 101–103]. Its expression can be seen in
hypertrophic chondrocytes, the perichondrium and osteoblasts [84].
Ectopic hypertrophy and bone formation occur if Runx2 is expressed
in nonhypertrophic chondrocytes [101]. Moreover, Runx2-deficient
mice (Runx2�/�) have problems forming mature cartilage while the
overexpression of Runx2 in the chondrocytes of Runx2�/� mice
restore chondrocyte maturation [104]. The heterozygous mutation of
Runx2 causes cleidocranial dysplasia (CCD), featuring hypoplastic
clavicles, open fontanelles, and supernumerary teeth [94]. Runx2 was
expressed in the mesenchymal condensates of bones and tooth for-
mation [101].

Runx1 and Runx2 interact during bone development. mRNA Levels of
Runx1 and Runx2 are inversely correlated in skeletal development;
Runx2 interacts with its own promoter and the Runx1 promoter, and
small interfering RNA (siRNA)-mediated depletion of Runx2 increases
Runx1 activity [105]. Runx2 may compensate for the functions of Runx1
in sternum formation when Runx1 is deficient [3, 67], although it was
also discovered that Runx2 expression is downregulated in chondrocytes
deprived of Runx1 [70, 88]. In Runx2�/� mice, Runx1 expression in-
creases around the upper tooth germs, Meckel’s cartilage andmandibular
bone at E14.5 [71]. Runx1 can cooperate with Runx2 and promote the
commitment of mesenchymal cells to the chondrocyte lineage by
inducing the expression of Sox5 and Sox6, and Runx2 is essential for
osteochondroprogenitor cell development [67].

Runx3 is vital for chondrocyte maturation. The expression of Runx3
increases in prehypertrophic chondrocytes and decreases in hypertrophic
chondrocytes. Research has shown that chondrocytes in Runx2�/� mice
mature, although delayed, while Runx2-and Runx3-deficient (Runx2�/

�3�/�) mice have no mature chondrocytes, indicating that Runx3 is
involved in chondrocyte maturation. Additionally, Runx2�/�3�/� mice
have no expression of Ihh and are shorter in limb length [102].

4.4. The signaling pathway of Runx1 related to chondrogenesis and
osteogenesis

In Runx1f/f/Col2a1-Cre mice, chondrogenic genes (Col2a1, Sox9,
ACAN) decline while hypertrophic genes (Col10a1, MMP-13) and the
expression of osteogenic genes (Runx2, osteocalcin (OCN), osteopontin
(OPN), activating transcription factor 4 (Atf4), Osx) also decreases in
osteogenesis period [4], and the mRNA levels of Ihh, parathyroid
hormone-related peptide receptor (PTH1R) and cyclinD1, which pro-
motes cell proliferation, showed downward trends, but CBFβ and Runx3
remained unchanged [70, 72] (Figure 4a). These results suggest that
Runx1 promotes the differentiation from BMSCs to chondrocyte and
osteoblast lineage commitment. Runx1 deficiency downregulates
TGFβ/BMP signaling, with a significant decrease in the phosphorylation
ratio and the total amount of Smad1/5/8 and Smad2/3 [72] (Figure 4b).

If Runx1 is overexpressed in chondrocytes, the protein levels of Col2a1,
Sox9, ACAN, papillary thyroid carcinoma (PTC), PTH1R and Bapx1 can be
enhanced, while Sox6 is unchanged and Col10a1 and MMP-13 are down-
regulated [3, 5, 14, 70]. Therefore, cartilagematrix formation is promoted,
and chondrocyte hypertrophy and osteogenesis are inhibited. Interestingly,
adipocyte differentiation was found in chondrocytes deficient in Runx1
[70], which may be the reason for osteoporosis (Figure 4a).

There are other pathways related to Runx1 and cartilage. Protein
phosphatase 5 (PP5) can downregulate Runx1 and Runx2 by phosphory-
lating peroxisome proliferator-activated receptor γ (PPARγ) Ser-112 and
reducing the transcriptional activity of PPARγ, thus decreasing
the expression of ACAN, Col2a1, Col10a1, OPN, and OCN [106].
Furthermore, it was found that all-trans retinoic acid (ATRA), which is
6

vital for chondrocyte proliferation and differentiation, can regulate
cartilage development by the BMP2-WNT4-Runx1 pathway [107, 108].
Moreover, in chondrocytes of antler cartilage, insulin-like growth factor 1
(IGF1) was discovered to promote the proliferation activity of chon-
drocytes through insulin receptor substrate 1 (IRS1) and IRS2, whose
downstream targets were Runx1 [109] (Figure 4b).

Among these factors, Sox protein is one of the most important in
chondrogenesis, but it is not fully understood. Some research infers
that Sox9 is genetically upstream of Sox5 and Sox6, as a
decrease in Sox5 and Sox6 expression was observed when Sox9 was
knocked out [67]. The comparison of mesenchymal condensation in
mesenchymal-specific Sox9-deficient mice and mesenchymal-specific
Runx1-and Runx2-deficient mice revealed that Runx1 and Runx2 are
located between Sox9 and Sox5/6 in the genetic cascade, although it is
not clear whether Runx1 and Runx2 are direct targets of Sox9 [67].
Researchers discovered that Runx1 and Runx2 can induce Sox5, Sox6
and Sox9 proteins [14, 67], while deficiency of Runx1 downregulates
Sox9 [70]. Sox9 is upregulated by Runx1 overexpression, while Sox6 is
unchanged [5]. Additionally, a specific protein-protein interaction
between Runx1 and Sox proteins is confirmed by coimmunoprecipi-
tation (Co-IP) [5]. Therefore, we suspect that there are complex in-
terplays among Runx and Sox proteins, which may vary during
different developmental periods (Figure 4c).

Runx1 impacts osteogenesis. Bone morphogenetic proteins (BMPs),
members of the transforming growth factor β (TGF-β) superfamily, have
been shown to regulate embryonic development, differentiation and cell
function [110, 111], induce osteogenic differentiation of mouse multi-
lineage cells and promote bone formation during bone remodeling
[112]. To date, more than 20 kinds of BMPs have been identified,
among which BMP2, BMP6 and BMP7 play an important role in MSC
differentiation into osteogenesis [113]. In osteoblasts, Run-
x1/Bmp7/Alk3/Smad1/5/8/Runx2/ATF4 is a signaling pathway that
functions in bone formation [72], and Runx1 may affect the phos-
phorylation of Smad1/5/8 induced by BMP9 [114]. Moreover,
RNA-sequencing analysis shows that Runx1 promotes osteogenesis and
inhibits adipogenesis by orchestrating canonical BMP signaling, non-
canonical BMP/ERK signaling, and WNT/β-catenin signaling [43, 72].
Furthermore, Runx1 expression in preosteoclasts negatively regulates
osteoclast formation and activity [44].

4.5. The signaling pathway of Runx1 related to osteoarthritis

In cartilage with OA, Runx1 can enhance cartilage matrix production
and promote chondrocyte differentiation from MSCs at the same time
[3]. The synovial fluid microenvironment can be changed by the Runx1
protein and promote cartilage regeneration. TGF-β1 is an important
molecule in the joint and is overexpressed in inflammation. Deletion of
TGF-β receptor type II, whose ligand can be TGF-β1, in articular chon-
drocytes resulted in an osteoarthritis-like phenotype in mice [115]. It
has been discovered that the Runx1 protein in synoviocytes is stimu-
lated in KOA by transforming growth factor β1 (TGF-β1) through
Smad2/3 signaling [42, 84]. Runx1 activates relevant genes, thus
upregulating the expression of miR-455 and miR-210 in synoviocytes
whose overexpression could increase chondrogenic gene expression and
reduce hypertrophic gene expression. However, as a pluripotent cyto-
kine, TGF-β1 functions variously if injected or in healthy joints, making
it unlikely to be an ideal KOA therapeutic target [84]. Furthermore, the
interaction of the Runx1 protein with Sox5, Sox6, and Sox9 was proven
to be another way to stimulate matrix production. The levels of Col2a1
mRNA and glycosaminoglycan (GAG) are further enhanced when Sox5,
Sox6, and Sox9 are co-overexpressed with Runx1 compared with the
overexpression of Runx1 alone [5]. Additionally, researchers have
discovered that parathyroid hormone (PTH) can activate Runx1 by the
PKA signaling pathway and promote the differentiation from MSCs to
chondrocytes [116]. However, no valid evidence has shown that PKA
signaling pathway is the only pathway between PTH and Runx1, and



Figure 4. The signaling pathway of Runx1 related to chondrogenesis and osteogenesis. a. The difference in bone or chondrocytes when Runx1 is deficient or
overexpressed. In mice deficient of Runx1, proliferation factors in chondrocytes decrease, and the differentiation of bone marrow mesenchymal cells into osteoblasts
and chondrocytes is inhibited through low expression of related genes. In mice overexpressed with Runx1, the proliferation factors and chondeogenic genes increase,
thus inhibiting cell hypertrophy and promoting cell proliferation. Ihh, Indian hedgehog; PTH1R, parathyroid hormone-related peptide receptor; OCN, osteocalcin;
OPN, osteopontin; Osx, Osterix; Atf4, activating transcription factor 4; Col2a1, collagen type II; Col10a1, collagen type X; MMP-13, matrix metalloproteinase-13;
ACAN, aggrecan; Sox9, sex-determining region Y-type high mobility group box protein 9. b. Other signaling pathways related to Runx1 and bone. Transforming
growth factor-beta1 (TGF-β1) and bone morphogenetic proteins (BMPs) regulate chondrogenesis via Smad-dependent signal pathways and Runx1 helps to phos-
phorylate Smad2/3. Moreover, all-trans retinoic acid (ATRA), insulin-like growth factor 1 (IGF1), protein phosphatase 5 (PP5) can increase the expression of Runx1
through different signal pathways. Runx1 can then upregulate the expression of ACAN, Col2a1, Col10a1, OPN and OCN. c. The interplay of Runx1 and Sox proteins is
complex. Runx1 protein and Sox9 protein influence each other mutually. Sox5 and Sox6 are the downstream targets of Runx1 and Sox9.
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the molecular mechanism how PKA regulates Runx1 needs further
exploration (Figure 5).

Runx1 enhances cartilage matrix production, promotes differentia-
tion, and supresses hepertrophic differentiation in cartilage with OA.
Transforming growth factor β1 (TGF-β1) stimulates Runx1 in synovio-
cytes, thus upregulating the expression of miR-455 and miR-210 and
promoting cartilage matrix production. Parathyroid hormone (PTH) can
activate Runx1 by the PKA signaling pathway and promote the differ-
entiation from MSCs to chondrocytes. Moreover, the interaction of the
Runx1 protein with Sox5, Sox6, and Sox9 can stimulate matrix produc-
tion. Additionally, Runx1 can induce the expression of Bapx1, thus
supressing hepertrophic differentiation.

In cartilage with OA, Runx1 can suppress hypertrophic differentiation
[5, 14]. Bapx1, also known as Nkx3.2, is a suppressive factor of chon-
drocyte hypertrophy [117]. Runx1 can induce the expression of Bapx1,
although the possibility that Runx1 and Bapx1 function individually
cannot be excluded [5] (Figure 5). Our lab recently found that over-
expression of Runx1 in articular cartilage showed a protective effect by
slowing the destruction of osteoarthritis in cartilage in early osteoar-
thritis and alleviating the pathological progression of growth plate
cartilage in late osteoarthritis [121]. Runx1 could interact with trans-
membrane anterior posterior transformation 1 (TAPT1), protein RIC1
homolog (RIC1), fibroblast growth factor 20 (FGF20) to protects against
the pathological progression of OA.

5. Conclusions and perspectives

Accumulating evidence supports that Runx1 is essential for chon-
drogenesis and osteoarthritis, and the increased Runx1 is helpful to
attenuate OA, thus demonstrating that Runx1 can be a promising target
in treating OA.

However, the molecular mechanisms of Runx1 are not yet fully un-
derstood. Research has shown that all-trans retinoic acid (ATRA) can
regulate cartilagedevelopment by theBMP2-WNT4-Runx1pathway [107,
108], but whether this pathway contributes to the recovery of OA remains
unknown.Additionally, previous studies have shown that PTH,which acts
as a promoter of chondrogenic differentiation [116], can regulate many
signaling molecules, such as protein kinase C (PKC), mitogen-activated
8

protein kinases (MAPK), and Wnt signaling. However, whether and how
these molecules function during chondrogenic or osteogenic differentia-
tion needs further study. Sox protein is another vital molecule of chon-
drocytes, and the interplay of Sox proteins and Runx1 ismysterious. Some
researchers discovered that Sox9 canmediate Runx1, which induces Sox5
and Sox6 [67]. However, it was also revealed that the deficiency or
overexpression of Runx1 influences the expression of Sox9 [5].

Despite of much unknown information of Runx1 beyond the above,
Runx1 is still a promising molecule for DMOAD. Agents targeting precise
diseases based on the mechanisms of transcription factors have been
successfully applied, including modulating receptor ligand binding do-
mains, essential protein–protein interactions, transcription factor-DNA
binding with DNA binding compounds [118]. The modulation of the
oestrogen receptor (ER) andandrogen receptor (AR) are currently used for
treatment of breast cancer and prostate cancer respectively, and an in-
hibitor (AI-10-49) that disrupts the protein-protein interaction between
CBFβ-SMMHC and Runx1 has been licensed to Systems Oncology for
clinical development [119]. Additionally, Histone deacetylase (HDAC)
inhibitors that restored RA-dependent transcriptional activation, is a po-
tential transcriptional/differentiation therapy for AML [120]. Therefore,
as a transcription factor that is essential for the homeostasis of joint
cartilage and can decelerate the development of OA, Runx1 has the po-
tential to be a modulating target for OA. The exploration of modulation
can be conducted to upregulate the expression of Runx1, increase the
downstream molecule of Runx1, activate the receptor of Runx1 signal
pathway, and so on.
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