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Simple Summary: The transcription factor RUNX family plays a crucial role in the formation of
osteoblasts from bone marrow mesenchymal stem cells, contributing to bone development. How-
ever, emerging evidence suggests its involvement in tumor biology and cancer progression. In
particular, the RUNX family has been associated with osteosarcoma by regulating factors related
to tumorigenicity. As a vital molecule within the regulatory network of cancers, RUNX influences
various upstream signaling pathways and downstream target molecules. Understanding the precise
mechanisms underlying the development and prognosis of malignant tumors is essential. RUNX has
been recognized as a potential therapeutic target for bone cancer, and further research into its role
may lead to the development of new medications and improved clinical outcomes.

Abstract: The transcription factor runt-related protein (RUNX) family is the major transcription
factor responsible for the formation of osteoblasts from bone marrow mesenchymal stem cells, which
are involved in bone formation. Accumulating evidence implicates the RUNX family for its role
in tumor biology and cancer progression. The RUNX family has been linked to osteosarcoma via
its regulation of many tumorigenicity-related factors. In the regulatory network of cancers, with
numerous upstream signaling pathways and its potential target molecules downstream, RUNX is a
vital molecule. Hence, a pressing need exists to understand the precise process underpinning the
occurrence and prognosis of several malignant tumors. Until recently, RUNX has been regarded as
one of the therapeutic targets for bone cancer. Therefore, in this review, we have provided insights
into various molecular mechanisms behind the tumorigenic role of RUNX in various important
cancers. RUNX is anticipated to grow into a novel therapeutic target with the in-depth study of
RUNX family-related regulatory processes, aid in the creation of new medications, and enhance
clinical efficacy.
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1. Introduction

The age distribution of osteosarcoma (OS), the most frequent kind of primary ma-
lignant bone sarcoma, is bimodal. The biggest risk group is children and teenagers
(median age 18), followed by individuals over the age of 60. There are between three and
five cases of OS per one million people each year [1]. The long bones (femur, tibia, and
humerus) are the most common sites for bone tumor development, followed by the head,
jaw, and pelvis. This is because these regions are so close to the bone’s development plate,
also known as the metaphysis. The osteoid matrix, produced by converted osteoblastic
cells, is a defining feature of OSs. The origin of the malignant cell, however, is still a mys-
tery. Mesenchymal stem cells (MSCs) are pre-osteoblastic cells that are thought to be the
starting point for osteogenesis imperfecta (OS) [2–4]. Osteosarcoma (OS) patients have been
receiving neo-adjuvant treatment, followed by adjuvant therapy after surgery, since the late
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1970s when chemotherapies were first used to treat OS. In the French OS2006/sarcome-09
research [3], young people under the age of 25 who have cancer are treated with a com-
bination of chemotherapies including high-dose methotrexate ifosfamide and etoposide.
Doxorubicin, cisplatin, and ifosfamide, with or without high-dose methotrexate, are among
the other combinations used in cancer treatment regimens [4]. The five-year survival rate
for kids and young adults whose cancer has been contained thanks to these treatments is
78%, but it remains at just 20% for those who have metastases at diagnosis or recurrence.
There have been no major gains in survival rates over the last 40 years [4] for patients with
or without metastases. There are several organizations working to better understand and
treat OS all around the globe.

Runt-related transcription factor 2 (RUNX2) is a member of the RUNX family of tran-
scription factors, which also includes RUNX1 and RUNX3, and is documented as playing
an essential role in the regulation and control of transcription during osteogenesis, prostate
development, and skeletal growth [3–5]. Via its regulation of various signaling cascades
(e.g., MAPK and NK-B pathway macrophage reprogramming), RUNX2 has been connected
with various physiological processes including endothelial cell migration, osteogenic dif-
ferentiation, immunomodulation, chondrocyte hypertrophy, and vascular invasion [6,7].
Atherosclerosis [8], skeletal dysplasia (including cleidocranial dysplasia), and cancer [7]
have all been linked to abnormal RUNX2 expression or activity. RUNX2 is involved in
a wide variety of cancers, including gastric cancer, breast renal cell carcinoma, and os-
teosarcoma [7]. As an example, a recent study has shown [8] that the RUNX2 activation of
MMP1 significantly correlates with a poor prognosis by promoting the aggressiveness and
chemoresistance of TNBC cells. Notably, RUNX2 has been linked to both CSCs and bone
cancer growth in prior research [8]. Together, these findings point to a role for RUNX2 in
BCSCs, in the diagnosis of bone cancer, and in treatment resistance, all of which provide
credence to the hypothesis that RUNX2 might serve as a therapeutic target for anticancer
drugs in the future. The functions of RUNX2 in the development and treatment of bone
cancer were the primary foci of this review. Recent developments in the treatment of bone
cancer, from RUNX2-based therapies to the establishment of drug resistance, were also
addressed in depth. The promise of RUNX2 as a diagnostic and therapeutic target for bone
cancer has grown as more has been learned about it.

2. The RUNX Family

Gene expression regulation by the RUNX family of transcription factors has significant
effects on both embryonic development and cell differentiation. RUNX transcription factors
have been shown to be essential for the development of many different kinds of hematopoi-
etic cells. RUNX1 and RUNX3 regulate blood cell synthesis during the early phases of cell
lineage determination, whereas RUNX2 is essential for bone growth at later stages. One of
the first genes to be associated with AML was RUNX1. Mutations in this gene are common
in lymphoblastic and myeloid leukemia [9]. Hereditary platelet abnormalities have been
linked to RUNX1 deficiency. Myeloid leukemia tends to run in families, and its symp-
toms include a decrease in white blood cell counts (thrombocytopenia) and the number of
B and T lymphocytes [10]. RUNX2 is essential for the growth of bone and cartilage, and
it promotes the spread of tumors to bones [11]. RUNX2 has been linked to many differ-
ent malignancies, including melanoma, thyroid, and liver tumors [12,13]. According to
Guan et al. [14], circ RNA_102272 enhanced the cisplatin resistance of hepatocellular carci-
noma via blocking miR-326’s influence on RUNX2. In particular, it is reported that RUNX2
could significantly induce glycolysis and oxidative phosphorylation, resulting in increased
mitochondrial activity, suggesting the promoting effect of RUNX2 in accelerating tumor
cell metabolism and, in particular, in favoring the invasion and migration of leukemic cells
via mediating the interaction between glycolysis and mitochondrial respiration. In addition
to regulating cell proliferation, RUNX2 promotes the self-renewal of gastric cancer cells
and aids in tumor invasion and metastasis [15]. By binding to miR-15 family members,
repressing LDL receptor-related protein 6 expression, and boosting b-catenin signalling,
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or by binding to SFPQ (splicing factor proline and glutamine-rich) and dissociating the
SFPQ/polypyrimidine tract binding protein 2 dimer, Ji et al. [16] found that metastatic lung
adenocarcinoma transcript 1 could regulate the transcription and translation of RUNX2.
Altogether, RUNX2 appears promising as a biomarker for the early diagnosis of several
malignancies and as a therapeutic target for the treatment of patients. RUNX3 is essen-
tial for the growth and metastasis of many different forms of human cancer. Zhang et al. [17]
found that RUNX3 suppresses the development and metastasis of colorectal cancer.
Liu et al. [18] observed that RUNX3 suppressed glutamine metabolism in gastric cancer
patients. Researchers have found a link between the NO•/RUNX3/kynurenine metabolic
axis [19] and the lethality of pancreatic cancer. Therefore, the abnormal expression of
any member of the RUNX family has the potential to induce a wide range of disorders
since these members are engaged in typical physiological functions. An overview of the
Runx family, including a breakdown of where somatic mutations are located in each of the
three human RUNX genes, is shown in Figure 1.
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Figure 1. A breakdown of where somatic mutations are located in each of the three human RUNX
genes. The Runt DNA-binding domain, the activation domain (AD), the inhibitory domain (ID),
and the VWRPY motif at the extreme carboxyl terminus are shown. These domains are responsible
for interacting with the co-repressor Groucho (also known as TLE1). The relative frequency of
different amino acid changes in human cancer is shown by the bars located above each figure, and
an asterisk denotes the presence of nonsense replacement. RUNX2 is the only gene known to have
tandem repetitions of the amino acids glutamine and alanine, and these repeats are referred to as QA.
The Catalog of Somatic Mutations in Cancer was used to compile the data for this study. When it
comes to RUNX1, the majority of mutations are found in the Runt domain. These mutations often
result in a loss of the protein’s capacity to bind to DNA. In the C-terminal region, mutations are
uncommon, but when they do occur, they are linked to sporadic myelodysplastic syndrome and
acute myeloid leukemia (AML). It is possible that mutations in the C-terminal regions will also lead
to an increased incidence or risk of AML transformation193. It is not known if cancer caused by point
mutations in RUNX2 has any functional impact. Cancers of the bladder and the stomach have been
related to variations in the amino acids found in the RUNX3 gene’s Runt domain. (Image obtained
with permission [11]).

3. RUNX2’s Physiological and Pathological Functions

RUNX2 is one of the transcription factors that make up the RUNX family. Osteosar-
coma, osteoarthritis, prostatic carcinoma, breast cancer, and gastric cancer [20–25] have all
been linked to RUNX2, which also plays a role in the differentiation and maturation of
osteoblasts and chondrocytes [21,23]. Multiple cell types, such as osteoblasts, chondrocytes,
and MSCs, rely on RUNX2 for normal functioning [26]. In addition to its importance in
breast development [27], RUNX2 interacts favorably with TWIST1 to control the destiny of
cells originating from the cranial neural crest and direct the creation of the face muscles [28].
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Single-cell transcriptome analysis, cell sorting, and lineage tracing all reveal that RUNX2 is
essential for bone production and osteoblast differentiation. For example, Shu et al. [29]
created a dual-recombinase fate-mapping system to monitor the geographical and temporal
transition of skeletal progenitors during postnatal bone development. RUNX2 stimulates
the differentiation of MSCs during intramembranous ossification, leading to the formation
of anterior osteoblasts and immature osteoblasts. Furthermore, Liu and Lee [30] analyzed
the regulatory network that controls bone formation, taking into account several transcrip-
tion factors such as Msh homeobox 2, TWIST, and promyelocytic leukemia zinc-finger
protein. RUNX2 promotes trans-differentiation of terminal hypertrophic cartilage during
endochondral ossification [31]. While our knowledge of the transcriptional mechanisms
underlying osteogenesis is expanding rapidly, many questions remain about how RUNX2
contributes to skeletal development and how osteogenesis is orchestrated. RUNX2 is
essential for breast growth because it controls the expression of a number of important
mammary gland genes [32]. Since RUNX2 is expressed in both the basal and luminal cells
of the mammary gland, it is likely involved in the development of the gland. Osteopontin
was shown to be a potential RUNX2 target and to have a role in breast development in
breast epithelial cells [33,34]

4. Deregulation of RUNX2 Signaling in Osteogenesis May Lead to Oncogenesis

RUNX2 controls osteoblast lineage specification, osteoblast development, osteoblast
maturation, and osteoblast terminal differentiation via a network of interconnected path-
ways. RUNX2’s direct links to widely active developmental pathways suggest that pluripo-
tent MSCs may generate primitive osteoblast progenitor cells. In order to promote a pre-
osteoblastic phenotype, canonical Wnt factors and members of the Hh family are known to
inhibit MSCs’ differentiation into adipocytes and chondrocytes [35]. Several recent investi-
gations have shown a connection between RUNX2 and the canonical Wnt pathway, which
regulates osteoblast commitment. The beta-catenin and RUNX2-dependent activation of
the fibroblast growth factor 18 (FGF18) gene in mesenchymal stem cells (MSCs) has been
linked to the suppression of chondrogenesis and the stimulation of osteogenesis [36].

The canonical Wnt pathway plays a crucial role in osteoblast differentiation. Wnt
signaling is required to further commit osteoprogenitors to the osteoblast lineage [37], fol-
lowing the RUNX2-mediated transcriptional activation of the osterix (Osx1/SP7) gene [38].
Via its interaction with SMAD proteins induced by BMP and TGF, RUNX2 promotes dif-
ferentiation shortly after lineage commitment. By increasing osterix expression [38,39] in
RUNX2-independent osteoprogenitors, BMP2 promotes osteoblast formation. However,
the formation of the RUNX2–SMAD complex is crucial for BMP/TGF signaling to reach its
conclusion since it stimulates the transcription of late osteoblast markers [40].

Dedicated osteoblasts divide and move to new locations before becoming dormant
and fully differentiating. Canonical Wnt signaling via LRP5 [41] and indirectly via Src/ERK
and PI3K/Akt [42,43] promotes osteoblast proliferation and survival. During the G1
phase, when osteoblasts are differentiating and expanding, the protein level of RUNX2, a
transcription factor known to limit osteoblast proliferation, is highest. RUNX2 activity is
normally downregulated throughout the G1-to-S transition and the succeeding S, G2, and
M phases, but if quiescence is induced, it stays high throughout the G0 period [21]. During
mitosis, RUNX2 is found in its resting state in the active nucleolar organizing areas, where
it maintains its repression of the genes that code for ribosomal RNA [44]. The epigenetic
control of protein-encoding genes during mitosis, often known as “bookmarking” [45,46],
may involve RUNX2 in some way. In the absence of RUNX2, higher growth potential
is created in vitro, but an increase in RUNX2 causes cell cycle exit when either contact
inhibition or serum deprivation is applied [8]. The osteosarcoma cell line SAOS-2 is able
to upregulate BAX expression and induce apoptosis thanks to RUNX2 being triggered by
BMP/SMAD signaling [47].

RUNX2 not only has a favorable function in controlling cell development but also
promotes cell proliferation and survival. Maximal RUNX2 levels are required for cell
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division to proceed during the G1 phase [8]. Increased sensitivity to mitogenic signaling
via the cyclic AMP and G-protein-coupled receptor signaling pathways [48] is a result
of the RUNX2 repression of the transcription of p21/CDKN1A/WAF1/CIP1, which en-
codes a cyclin-dependent kinase inhibitor that arrests cells in G1. The nitric oxide (NO)
treatment of the MG-63 osteosarcoma cell line was shown to enhance RUNX2-mediated
BCL2 expression, which improves cell viability under oxidative stress [49], in contrast to
results that suggested that RUNX2 upregulates BAX expression in the SAOS-2 cell line [8].
Matrix metalloproteinase (MMP) gene transcription for MMP13 is upregulated in response
to NO signaling via cyclic guanosine 3′,5′ -monophosphate (cGMP) [50,51]. A possible
explanation is that RUNX2 is phosphorylated in a critical spot by protein kinase G (PKG).

Platelet-derived growth factor (PDGF), transforming growth factor (TGF), and insulin-
like growth factor (IGF) gradients are involved in chemotactic osteoblast migration during
bone formation and remodeling [52–54]. The upregulation of RUNX2 by PI3K-Akt pro-
motes this migration [55]. In the last stages of differentiation, the cell cycle exits, and
all osteoblast phenotypic markers are expressed. By inhibiting S-phase cyclin-dependent
kinases, RUNX2 enables cell cycle exit via the induction of pRB dephosphorylation [56].
Cell cycle exit at this stage requires active, hypophosphorylated pRB [57], which is bound
by RUNX2 and the transcription factor HES1 [58]. Osteocalcin is one of many late indica-
tors of osteoblast development for which transcription is coactivated by the RUNX2–pRB
complex [59]. Histone acetyltransferases (HATs) p300 and p300/cyclic AMP receptor
element-binding protein binding protein-associated factor (PCAF) [60,61] are recruited
to activate osteocalcin with the monocytic leukemia zinc finger protein (MOZ) and
the MORF [60,62]. In addition to alkaline phosphatase (AP), osteopontin (OP), bone
sialoprotein (BSP), and collagen type I (COL-1), a variety of additional indicators have
been discovered [40].

RUNX2 interacts with a broad number of corepressor proteins depending on its
phosphorylation and developmental stage. By inhibiting p21/CDKN1A/WAF1/CIP1
and osteocalcin, histone deacetylases (HDACs) 6 and 3 interact with RUNX2 to control
osteoblast formation during proliferation and terminal differentiation [48,61]. RUNX2
and other histone deacetylase (HDAC) proteins form complexes with the corepressors
mSin3a, TLE/Groucho, and Yes-associated protein (YAP) to repress the expression of
osteoblast-specific genes like osteocalcin [6,63]. HDAC4 binds RUNX2 and suppresses its
inherent DNA-binding activity [64], thereby inducing transcriptional repression. Studies
are presently undertaken to define the intricate relationship between RUNX2 and the
downstream components that regulate osteoblast development. This is important because
the proteins with which RUNX2 forms multi-subunit complexes have a large influence on
its transcriptional regulation and tissue-specific nature.

5. RUNX2 May Be an Important Player in Osteosarcoma

Once MSCs decide to become osteoblasts, RUNX2 levels rise progressively throughout
normal bone growth, reaching a peak in early osteoblasts. Over the last several years,
many investigations on osteosarcoma samples have shown abnormally high levels of
RUNX2 protein. The results of the few clinical studies that have looked at RUNX2 have
been striking. The first study we could locate documenting RUNX2 immunoreactivity in
osteosarcomas was written by Andela et al. [65], who examined 11 malignant pathologic
specimens and reported RUNX2 immunopositivity in all of them.

RUNX2 expression was linked to clinical progression indicators in patients with
osteosarcoma in three more investigations published in the last year. Comparing
22 osteosarcomas, we found that the average mRNA overexpression of RUNX2 was
3.3-fold greater in tumors that had a poor response to neoadjuvant chemotherapy
(90% necrosis) than in tumors that had a favorable response (>90% necrosis) [66]. It has
been established that RUNX2 mRNA expression is greater in cancer samples than in normal
human osteoblasts [67,68]. Won and co-workers also found that, while 23 percent of cores
(11/48) showed significant quantities of RUNX2, 60 percent of cores (29/48) showed
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low levels. High RUNX2 expression was associated with greater metastatic risk and
lower overall survival [69]. Another study compared the immunoreactivity of RUNX2 in
various patient samples and found that 65% (12/20) of biopsy samples and 73% (8/11) of
metastatic tumors were positively stained. Only 16% (4/25) of resections performed after
chemotherapy showed RUNX2 staining, according to the same research. These studies
provide preliminary evidence that RUNX2 may be useful for making prognoses [70]. Due
to RUNX2’s complex activity in growing osteoblasts, it is possible that its dysregulation
contributes to osteosarcoma pathogenesis. Regulating RUNX2 is independent of cell cycle
progression in this particular cell line.

SAOS-2 and the protein stay at relatively high levels throughout the rest of the cell
cycle despite being downregulated during the G1-to-S transition [71]. RUNX2 interacts
selectively with hypophosphorylated pRB [72] near the conclusion of osteoblast develop-
ment, heralding the start of cell cycle withdrawal. Osteosarcoma is one of the few types of
cancer in which pRB inactivation is widespread, occurring in 50–70% of tumors [68,69,71–73].
The inability of cells to exit the cell cycle in response to the RUNX2–pRB signal would
allow for the unrestricted proliferation of osteoprogenitor cells and may increase
genomic instability [74].

The p53–MDM2 pathway is also related to pRB [75], and this association may explain
why RUNX2 is important for bone health. Patients with Li–Fraumeni syndrome and their
relatives are at an increased risk for developing osteosarcoma due to abnormalities in the
p53 pathway. The loss of p53 is more important than the deletion of pRB in mice models
of osteosarcoma susceptibility [76]. The genetic perturbation of the p53–MDM2 pathway
blocks RUNX2-dependent osteoblastic development, and the loss of p53 function increases
RUNX2 accumulation during differentiation [77]. When p53 is deleted, RUNX2 protein
levels rise in numerous growth-factor-independent osteosarcoma cell lines [68,69,71–77], in
contrast to the low levels seen in primordial or immortalized osteoblasts. Samples from
patients with osteosarcoma have been shown to have amplified copies of the 6p12-6p21
genes [68,69,71–73], which may be caused by or at least contribute to the loss of p53 activity
in these tumors.

RUNX2 promotes cell cycle exit and terminal differentiation by interacting with the
cyclin-dependent kinase inhibitor p27KIP1/CDKN1B [78]. RUNX2’s cell-cycle-dependent
activity is regulated by phosphorylation by cyclin-dependent kinases (CDKs). Undiffer-
entiated osteosarcoma is characterized by low levels of the p27KIP1 protein [56]. Despite
not being published, our own aCGH investigation of 15 osteosarcoma patient samples
revealed CDKN1B loss in 9 of the 15 samples. Because of this, RUNX2 signaling relies
on the tumor suppressors pRB and p27KIP1 to successfully regulate proliferation and
induce osteoblast maturation in the absence of these factors. The loss of p53, the primary
trans-activator of this cyclin-dependent kinase inhibitor, and increased RUNX2 protein
levels (which transcriptionally block the p21CIP1/CDKN1A gene) are two potential causes
of decreased p21CIP1/CDKN1A expression [79,80]. Osteosarcoma chemotherapy and
radiation experiments demonstrate that inhibiting p21CIP1 prevents cells from entering
growth arrest and from repairing DNA after damage.

The inadequate regulation of RUNX2’s pro-differentiation and tumor suppressor
activities may prevent MSCs predisposed to the osteoblast lineage from maturing into
fully functional osteoblasts. Recently, it was shown that Notch1 indirectly downregulates
RUNX2 by increasing the expression of the cyclin D1-dependent kinase CDK4, which
ubiquitinates RUNX2. However, no functional investigations have yet connected the
inactivation of RUNX2 directly to osteosarcoma metastasis, despite the fact that there
is a connection between increased Notch signaling and lung metastatic capabilities in
osteosarcoma cell lines [81].

Despite its conventional role as a tumor suppressor, recent data suggests that RUNX2
may have a direct involvement in promoting neoplasia, especially in prostate and breast
malignancies [82]. Osteosarcomas and other malignancies may stimulate a variety of signaling
pathways, including PI3K/Akt, Wnt, BMP/TGF, MAPK/ERK, and Notch signaling [83–86].
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Overexpressing RUNX2 in implanted prostate cancer cells [5] activated genes required for
osteolytic illness, such as PTH-related protein (PTHrP) [87] and interleukin 8 (IL8) [88]. IL8
increases osteolysis by increasing osteoclast production independently of RANKL [89], in
contrast to PTHrP and RUNX2, which suppress the expression of RANKL but enhance
osteoclast formation and bone resorption. However, RANK/RANKL is overexpressed in
certain osteosarcomas [90,91], a kind of cancer that combines osteolytic and osteoblastic
processes. Researchers Akech et al. [5] found that RUNX2 overexpression in prostate cancer
activated genes involved in invasion, metastasis, and angiogenesis [5]. These results add to
the growing body of data suggesting that RUNX2 promotes metastasis in prostate cancer
cell lines [92] and in metastatic patient specimens [93]. These findings corroborate the
findings of other research [94,95] that showed that RUNX2 expression is necessary for
osteolytic illness resulting from breast cancer metastasis.

RUNX2 may act as a tumor suppressor or an oncoprotein, depending on its expression,
its environment, and its regulation. The oncogene overexpressions of RUNX2 and MYC
generate proteins that aid in cancer cell maintenance and proliferation [96]. Since galectin-3
(LGALS3) is expressed in pituitary tumors [97], it is possible that its expression is also
elevated in osteosarcomas [98]. However, owing to our limited understanding of the
repercussions of its dysregulation in osteoblasts, the involvement of this protein in bone
tumorigenesis is still unknown. The bone-remodeling hormone parathyroid hormone (PTH)
induces apoptosis in osteoblasts, although high levels of RUNX2 suppress this process [99].
The first mouse model of osteosarcoma was created by overexpressing the proto-oncogene
FOS [100]. In order to promote metastasis, the FOS protein product interacts with RUNX2
to boost the AP-1-mediated transcription of the MMP13 gene [101,102]. The role of RUNX2
in breast-cancer-mediated bone metastasis is depicted in Figure 2.
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6. Conclusions

It is crucial for healthy bone formation that the different actions of RUNX2 during
osteoblast development are properly regulated. Researchers have shown that committed
osteoprogenitor cells are unable to mature into osteocytes due to cell cycle dysregulation,
which is reminiscent of the behavior of certain types of osteosarcoma. The emergence
of well-characterized osteosarcoma cell lines and the development of mice models of
the illness demonstrate that osteosarcomas, like other malignancies, present a spectrum
of differentiation statuses. It has been established that elevated RUNX2 expression in
osteoblast progenitor cells interferes with the normal development and cell cycle control of
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osteoblasts. The carcinogenic potential of RUNX2 overexpression and the possibility that
its tumor suppressor functions are dysregulated suggest that the gain and amplification
of chromosome 6p12-p21 plays a role in the etiology of osteosarcoma. Based on our
unpublished research, we know that the genetic amplification of this protein’s DNA and
the interruption of its degradation contribute to its overexpression. The increase and
amplification of RUNX2 due to chromosome 6p12-p21 instability has been shown by several
investigations, including biopsies, to be an early event in the etiology of osteosarcoma. For a
long time, osteosarcoma’s inherent complexity has stood in the way of researchers’ attempts
to comprehend the illness, locate prognostic or predictive indicators, and create curative
therapies. Although our lab’s results suggest RUNX2 may be predictive of responses to
regular chemotherapy, further research is required to determine its cancer-specific role.
RUNX2 expression may be correlated with the efficacy of therapy for osteosarcoma tumors;
however, more patient studies are required to draw any firm conclusions. In conclusion,
RUNX2 offers promise as a prognostic factor and therapeutic target based on its well-
established activities and its frequent increase in the tissues of patients with osteosarcoma.

Author Contributions: Conceptualization, S.V. and S.S.; validation, S.V. and S.S.; formal analysis, S.V.
and S.S.; writing—original draft preparation, S.V. and S.S.; writing—review and editing, S.V. and S.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

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

References
1. Kansara, M.; Teng, M.W.; Smyth, M.J.; Thomas, D.M. Translational biology of osteosarcoma. Nat. Rev. Cancer 2014, 14, 722–735.

[CrossRef] [PubMed]
2. Mutsaers, A.J.; Walkley, C.R. Cells of origin in osteosarcoma: Mesenchymal stem cells or osteoblast committed cells? Bone

2014, 62, 56–63. [CrossRef] [PubMed]
3. Gaspar, N.; Occean, B.-V.; Pacquement, H.; Bompas, E.; Bouvier, C.; Brisse, H.J.; Castex, M.-P.; Cheurfa, N.; Corradini, N.;

Delaye, J.; et al. Results of methotrexate-etoposide-ifosfamide based regimen (M-EI) in osteosarcoma patients included in the
French OS2006/sarcome-09 study. Eur. J. Cancer 2018, 88, 57–66. [CrossRef]

4. Corre, I.; Verrecchia, F.; Crenn, V.; Redini, F.; Trichet, V. The Osteosarcoma Microenvironment: A Complex but Targetable
Ecosystem. Cells 2020, 9, 976. [CrossRef]

5. Li, Y.; Ge, C.; Franceschi, R.T. Role of Runx2 in prostate development and stem cell function. Prostate 2021, 81, 231–241. [CrossRef]
6. Westendorf, J.J. Transcriptional co-repressors of Runx2. J. Cell. Biochem. 2006, 98, 54–64. [CrossRef]
7. Zhang, Y.; Duan, X. A Novel 90-kbp Deletion of RUNX2 Associated with Cleidocranial Dysplasia. Genes 2022, 13, 1128. [CrossRef]
8. Martin, J.W.; Zielenska, M.; Stein, G.S.; van Wijnen, A.J.; Squire, J.A. The Role of RUNX2 in Osteosarcoma Oncogenesis. Sarcoma

2011, 2011, 282745. [CrossRef]
9. Miyoshi, H.; Shimizu, K.; Kozu, T.; Maseki, N.; Kaneko, Y.; Ohki, M. t(8;21) breakpoints on chromosome 21 in acute myeloid

leukemia are clustered within a limited region of a single gene, AML1. Proc. Natl. Acad. Sci. USA 1991, 88, 10431–10434.
[CrossRef]

10. Schlegelberger, B.; Heller, P.G. RUNX1 deficiency (familial platelet disorder with predisposition to myeloid leukemia, FPDMM).
Semin. Hematol. 2017, 54, 75–80. [CrossRef] [PubMed]

11. Ito, Y.; Bae, S.-C.; Chuang, L.S.H. The RUNX family: Developmental regulators in cancer. Nat. Rev. Cancer 2015, 15, 81–95.
[CrossRef] [PubMed]

12. Cecconi, D.; Brandi, J.; Manfredi, M.; Serena, M.; Carbonare, L.D.; Deiana, M.; Cheri, S.; Parolini, F.; Gandini, A.; Marchetto, G.; et al.
Runx2 stimulates neoangiogenesis through the Runt domain in melanoma. Sci. Rep. 2019, 9, 8052. [CrossRef] [PubMed]

13. Vitale, E.; Sauta, E.; Gugnoni, M.; Torricelli, F.; Manicardi, V.; Ciarrocchi, A. A multimodal integrative approach to model
transcriptional addiction of thyroid cancer on RUNX2. Cancer Commun. 2022, 42, 892–896. [CrossRef]

14. Guan, Y.; Zhang, Y.; Hao, L.; Nie, Z. CircRNA_102272 Promotes Cisplatin-Resistance in Hepatocellular Carcinoma by Decreasing
MiR-326 Targeting of RUNX2. Cancer Manag. Res. 2020, 12, 12527–12534. [CrossRef] [PubMed]

15. Matthijssens, F.; Sharma, N.D.; Nysus, M.; Nickl, C.K.; Kang, H.; Perez, D.R.; Lintermans, B.; Van Loocke, W.; Roels, J.;
Peirs, S.; et al. RUNX2 regulates leukemic cell metabolism and chemotaxis in high-risk T cell acute lymphoblastic leukemia.
J. Clin. Investig. 2021, 131, e141566. [CrossRef]

16. Ji, Q.; Cai, G.; Liu, X.; Zhang, Y.; Wang, Y.; Zhou, L.; Sui, H.; Li, Q. MALAT1 regulates the transcriptional and translational levels
of proto-oncogene RUNX2 in colorectal cancer metastasis. Cell Death Dis. 2019, 10, 378. [CrossRef]

17. Zhang, F.; Su, T.; Xiao, M. RUNX3-regulated circRNA METTL3 inhibits colorectal cancer proliferation and metastasis via
miR-107/PER3 axis. Cell Death Dis. 2022, 13, 550. [CrossRef]

https://doi.org/10.1038/nrc3838
https://www.ncbi.nlm.nih.gov/pubmed/25319867
https://doi.org/10.1016/j.bone.2014.02.003
https://www.ncbi.nlm.nih.gov/pubmed/24530473
https://doi.org/10.1016/j.ejca.2017.09.036
https://doi.org/10.3390/cells9040976
https://doi.org/10.1002/pros.24099
https://doi.org/10.1002/jcb.20805
https://doi.org/10.3390/genes13071128
https://doi.org/10.1155/2011/282745
https://doi.org/10.1073/pnas.88.23.10431
https://doi.org/10.1053/j.seminhematol.2017.04.006
https://www.ncbi.nlm.nih.gov/pubmed/28637620
https://doi.org/10.1038/nrc3877
https://www.ncbi.nlm.nih.gov/pubmed/25592647
https://doi.org/10.1038/s41598-019-44552-1
https://www.ncbi.nlm.nih.gov/pubmed/31142788
https://doi.org/10.1002/cac2.12292
https://doi.org/10.2147/CMAR.S258230
https://www.ncbi.nlm.nih.gov/pubmed/33324096
https://doi.org/10.1172/JCI141566
https://doi.org/10.1038/s41419-019-1598-x
https://doi.org/10.1038/s41419-022-04750-8


Cancers 2023, 15, 3247 9 of 12

18. Liu, H.; Xue, Q.; Cai, H.; Jiang, X.; Cao, G.; Chen, T.; Chen, Y.; Wang, D. RUNX3-mediated circDYRK1A inhibits glutamine
metabolism in gastric cancer by up-regulating microRNA-889-3p-dependent FBXO4. J. Transl. Med. 2022, 20, 120. [CrossRef]

19. Wang, L.; Tang, W.; Yang, S.; He, P.; Wang, J.; Gaedcke, J.; Ströbel, P.; Azizian, A.; Ried, T.; Gaida, M.M.; et al.
NO•/RUNX3/kynurenine metabolic signaling enhances disease aggressiveness in pancreatic cancer. Int. J. Cancer
2020, 146, 3160–3169. [CrossRef]

20. Mevel, R.; Draper, J.E.; Lie-A-Ling, M.; Kouskoff, V.; Lacaud, G. RUNX transcription factors: Orchestrators of development.
Development 2019, 146, dev148296. [CrossRef]

21. Komori, T. Regulation of Proliferation, Differentiation and Functions of Osteoblasts by Runx2. Int. J. Mol. Sci. 2019, 20, 1694.
[CrossRef]

22. Nagata, K.; Hojo, H.; Chang, S.H.; Okada, H.; Yano, F.; Chijimatsu, R.; Omata, Y.; Mori, D.; Makii, Y.; Kawata, M.; et al. Runx2
and Runx3 differentially regulate articular chondrocytes during surgically induced osteoarthritis development. Nat. Commun.
2022, 13, 6187. [CrossRef]

23. Villanueva, F.; Araya, H.; Briceño, P.; Varela, N.; Stevenson, A.; Jerez, S.; Tempio, F.; Chnaiderman, J.; Perez, C.; Villarroel, M.; et al.
The cancer-related transcription factor RUNX2 modulates expression and secretion of the matricellular protein osteopontin in
osteosarcoma cells to promote adhesion to endothelial pulmonary cells and lung metastasis. J. Cell. Physiol. 2019, 234, 13659–13679.
[CrossRef]

24. Senbanjo, L.T.; AlJohani, H.; Majumdar, S.; Chellaiah, M.A. Characterization of CD44 intracellular domain interaction with
RUNX2 in PC3 human prostate cancer cells. Cell Commun. Signal. 2019, 17, 80. [CrossRef] [PubMed]

25. Yin, X.; Teng, X.; Ma, T.; Yang, T.; Zhang, J.; Huo, M.; Liu, W.; Yang, Y.; Yuan, B.; Yu, H.; et al. RUNX2 recruits the
NuRD(MTA1)/CRL4B complex to promote breast cancer progression and bone metastasis. Cell Death Differ. 2022, 29, 2203–2217.
[CrossRef] [PubMed]

26. Chan, W.C.W.; Tan, Z.; To, M.K.T.; Chan, D. Regulation and Role of Transcription Factors in Osteogenesis. Int. J. Mol. Sci. 2021, 22, 5445.
[CrossRef] [PubMed]

27. Coffman, J.A. Runx transcription factors and the developmental balance between cell proliferation and differentiation. Cell Biol. Int.
2003, 27, 315–324. [CrossRef] [PubMed]

28. Han, X.; Feng, J.; Guo, T.; Loh, Y.-H.E.; Yuan, Y.; Ho, T.-V.; Cho, C.K.; Li, J.; Jing, J.; Janeckova, E.; et al. Runx2-Twist1 interaction
coordinates cranial neural crest guidance of soft palate myogenesis. eLife 2021, 10, e62387. [CrossRef] [PubMed]

29. Shu, H.S.; Liu, Y.L.; Tang, X.T.; Zhang, X.S.; Zhou, B.; Zou, W.; Zhou, B.O. Tracing the skeletal progenitor transition during
postnatal bone formation. Cell Stem Cell 2021, 28, 2122–2136.e3. [CrossRef]

30. Liu, T.M.; Lee, E.H. Transcriptional Regulatory Cascades in Runx2-Dependent Bone Development. Tissue Eng. Part B Rev.
2013, 19, 254–263. [CrossRef] [PubMed]

31. Qin, X.; Jiang, Q.; Nagano, K.; Moriishi, T.; Miyazaki, T.; Komori, H.; Ito, K.; Von Der Mark, K.; Sakane, C.; Kaneko, H.; et al. Runx2
is essential for the transdifferentiation of chondrocytes into osteoblasts. PLoS Genet. 2020, 16, e1009169. [CrossRef] [PubMed]

32. Owens, T.W.; Rogers, R.L.; Best, S.A.; Ledger, A.; Mooney, A.-M.; Ferguson, A.; Shore, P.; Swarbrick, A.; Ormandy, C.J.;
Simpson, P.T.; et al. Runx2 Is a Novel Regulator of Mammary Epithelial Cell Fate in Development and Breast Cancer. Cancer Res.
2014, 74, 5277–5286. [CrossRef] [PubMed]

33. Ferrari, N.; Riggio, A.I.; Mason, S.; McDonald, L.; King, A.; Higgins, T.; Rosewell, I.; Neil, J.C.; Smalley, M.J.; Sansom, O.J.; et al.
Runx2 contributes to the regenerative potential of the mammary epithelium. Sci. Rep. 2015, 5, 15658. [CrossRef] [PubMed]

34. McDonald, L.; Ferrari, N.; Terry, A.; Bell, M.; Mohammed, Z.M.; Orange, C.; Jenkins, A.; Muller, W.J.; Gusterson, B.A.;
Neil, J.C.; et al. RUNX2 correlates with subtype-specific breast cancer in a human tissue microarray, and ectopic expression of
Runx2 perturbs differentiation in the mouse mammary gland. Dis. Model. Mech. 2014, 7, 525–534. [CrossRef]

35. De Winter, T.J.J.; Nusse, R. Running Against the Wnt: How Wnt/β-Catenin Suppresses Adipogenesis. Front. Cell Dev. Biol.
2021, 9, 627429. [CrossRef]

36. 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]

37. Moorer, M.C.; Riddle, R.C. Regulation of Osteoblast Metabolism by Wnt Signaling. Endocrinol. Metab. 2018, 33, 318–330.
[CrossRef]

38. Felber, K.; Elks, P.M.; Lecca, M.; Roehl, H.H. Expression of osterix Is Regulated by FGF and Wnt/β-Catenin Signalling during
Osteoblast Differentiation. PLoS ONE 2015, 10, e0144982. [CrossRef]

39. Kim, J.-H.; Kim, M.; Hong, S.; Kim, E.-Y.; Lee, H.; Jung, H.-S.; Sohn, Y. Albiflorin Promotes Osteoblast Differentiation and Healing
of Rat Femoral Fractures Through Enhancing BMP-2/Smad and Wnt/β-Catenin Signaling. Front. Pharmacol. 2021, 12, 690113.
[CrossRef]

40. Ogasawara, T.; Kawaguchi, H.; Jinno, S.; Hoshi, K.; Itaka, K.; Takato, T.; Nakamura, K.; Okayama, H. Bone Morphogenetic Protein
2-Induced Osteoblast Differentiation Requires Smad-Mediated Down-Regulation of Cdk6. Mol. Cell. Biol. 2004, 24, 6560–6568.
[CrossRef]

41. Jacobsen, C.M.; Barber, L.A.; Ayturk, U.M.; Roberts, H.J.; Deal, L.E.; Schwartz, M.A.; Weis, M.; Eyre, D.; Zurakowski, D.;
Robling, A.G.; et al. Targeting the LRP5 Pathway Improves Bone Properties in a Mouse Model of Osteogenesis Imperfecta. J. Bone
Miner. Res. 2014, 29, 2297–2306. [CrossRef]

https://doi.org/10.1186/s12967-022-03286-x
https://doi.org/10.1002/ijc.32733
https://doi.org/10.1242/dev.148296
https://doi.org/10.3390/ijms20071694
https://doi.org/10.1038/s41467-022-33744-5
https://doi.org/10.1002/jcp.28046
https://doi.org/10.1186/s12964-019-0395-6
https://www.ncbi.nlm.nih.gov/pubmed/31331331
https://doi.org/10.1038/s41418-022-01010-2
https://www.ncbi.nlm.nih.gov/pubmed/35534547
https://doi.org/10.3390/ijms22115445
https://www.ncbi.nlm.nih.gov/pubmed/34064134
https://doi.org/10.1016/S1065-6995(03)00018-0
https://www.ncbi.nlm.nih.gov/pubmed/12788047
https://doi.org/10.7554/eLife.62387
https://www.ncbi.nlm.nih.gov/pubmed/33482080
https://doi.org/10.1016/j.stem.2021.08.010
https://doi.org/10.1089/ten.teb.2012.0527
https://www.ncbi.nlm.nih.gov/pubmed/23150948
https://doi.org/10.1371/journal.pgen.1009169
https://www.ncbi.nlm.nih.gov/pubmed/33253203
https://doi.org/10.1158/0008-5472.CAN-14-0053
https://www.ncbi.nlm.nih.gov/pubmed/25056120
https://doi.org/10.1038/srep15658
https://www.ncbi.nlm.nih.gov/pubmed/26489514
https://doi.org/10.1242/dmm.015040
https://doi.org/10.3389/fcell.2021.627429
https://doi.org/10.1038/s41598-018-31853-0
https://doi.org/10.3803/EnM.2018.33.3.318
https://doi.org/10.1371/journal.pone.0144982
https://doi.org/10.3389/fphar.2021.690113
https://doi.org/10.1128/MCB.24.15.6560-6568.2004
https://doi.org/10.1002/jbmr.2198


Cancers 2023, 15, 3247 10 of 12

42. Rangaswami, H.; Schwappacher, R.; Tran, T.; Chan, G.C.; Zhuang, S.; Boss, G.R.; Pilz, R.B. Protein Kinase G and Focal Adhesion
Kinase Converge on Src/Akt/β-Catenin Signaling Module in Osteoblast Mechanotransduction. J. Biol. Chem. 2012, 287, 21509–21519.
[CrossRef]

43. Almeida, M.; Han, L.; Bellido, T.; Manolagas, S.C.; Kousteni, S. Wnt Proteins Prevent Apoptosis of Both Uncommitted Osteoblast
Progenitors and Differentiated Osteoblasts by β-Catenin-dependent and -independent Signaling Cascades Involving Src/ERK
and Phosphatidylinositol 3-Kinase/AKT. J. Biol. Chem. 2005, 280, 41342–41351. [CrossRef]

44. Ali, S.A.; Zaidi, S.K.; Dacwag, C.S.; Salma, N.; Young, D.W.; Shakoori, A.R.; Montecino, M.A.; Lian, J.B.; van Wijnen, A.J.;
Imbalzano, A.N.; et al. Phenotypic transcription factors epigenetically mediate cell growth control. Proc. Natl. Acad. Sci. USA
2008, 105, 6632–6637. [CrossRef] [PubMed]

45. Zaidi, S.K.; Young, D.W.; Montecino, M.A.; Lian, J.B.; van Wijnen, A.J.; Stein, J.L.; Stein, G.S. Mitotic bookmarking of genes: A
novel dimension to epigenetic control. Nat. Rev. Genet. 2010, 11, 583–589. [CrossRef] [PubMed]

46. Zaidi, S.K.; Young, D.W.; Montecino, M.; van Wijnen, A.J.; Stein, J.L.; Lian, J.B.; Stein, G.S. Bookmarking the Genome: Maintenance
of Epigenetic Information. J. Biol. Chem. 2011, 286, 18355–18361. [CrossRef]

47. Li, Z.; Hong, Z.; Peng, Z.; Zhao, Y.; Shao, R. Acetylshikonin from Zicao ameliorates renal dysfunction and fibrosis in diabetic mice
by inhibiting TGF-β1/Smad pathway. Hum. Cell 2018, 31, 199–209. [CrossRef]

48. Westendorf, J.J.; Zaidi, S.K.; Cascino, J.E.; Kahler, R.; Van Wijnen, A.J.; Lian, J.B.; Yoshida, M.; Stein, G.S.; Li, X. Runx2
(Cbfa1, AML-3) interacts with histone deacetylase 6 and represses the p21CIP1/WAF1 promoter. Mol. Cell. Biol. 2002, 22, 7982–7992.
[CrossRef] [PubMed]

49. Ho, W.-P.; Chan, W.-P.; Hsieh, M.-S.; Chen, R.-M. Runx2-mediated bcl-2 gene expression contributes to nitric oxide protection
against hydrogen peroxide-induced osteoblast apoptosis. J. Cell. Biochem. 2009, 108, 1084–1093. [CrossRef]

50. Zaragoza, C.; López-Rivera, E.; García-Rama, C.; Saura, M.; Martínez-Ruíz, A.; Lizarbe, T.R.; Martín-De-Lara, F.; Lamas, S. Cbfa-1
mediates nitric oxide regulation of MMP-13 in osteoblasts. J. Cell Sci. 2006, 119, 1896–1902. [CrossRef]

51. Ortega, N.; Behonick, D.J.; Werb, Z. Matrix remodeling during endochondral ossification. Trends Cell Biol. 2004, 14, 86–93.
[CrossRef]

52. Fukuyama, R.; Fujita, T.; Azuma, Y.; Hirano, A.; Nakamuta, H.; Koida, M.; Komori, T. Statins inhibit osteoblast migration by
inhibiting Rac-Akt signaling. Biochem. Biophys. Res. Commun. 2004, 315, 636–642. [CrossRef]

53. Hughes, F.J.; Aubin, J.E.; Heersche, J.N. Differential chemotactic responses of different populations of fetal rat calvaria cells to
platelet-derived growth factor and transforming growth factor β. Bone Miner. 1992, 19, 63–74. [CrossRef]

54. Panagakos, F. Insulin-like growth factors-I and -II stimulate chemotaxis of osteoblasts isolated from fetal rat calvaria. Biochimie
1993, 75, 991–994. [CrossRef] [PubMed]

55. Fujita, T.; Azuma, Y.; Fukuyama, R.; Hattori, Y.; Yoshida, C.; Koida, M.; Ogita, K.; Komori, T. Runx2 induces osteoblast and
chondrocyte differentiation and enhances their migration by coupling with PI3K-Akt signaling. J. Cell Biol. 2004, 166, 85–95.
[CrossRef] [PubMed]

56. Thomas, D.; Johnson, S.A.; Sims, N.; Trivett, M.K.; Slavin, J.L.; Rubin, B.P.; Waring, P.; McArthur, G.A.; Walkley, C.; Holloway, A.J.; et al.
Terminal osteoblast differentiation, mediated by runx2 and p27KIP1, is disrupted in osteosarcoma. J. Cell Biol. 2004, 167, 925–934.
[CrossRef] [PubMed]

57. Berman, S.D.; Calo, E.; Landman, A.S.; Danielian, P.S.; Miller, E.S.; West, J.C.; Fonhoue, B.D.; Caron, A.; Bronson, R.;
Bouxsein, M.L.; et al. Metastatic osteosarcoma induced by inactivation of Rb and p53 in the osteoblast lineage. Proc. Natl. Acad.
Sci. USA 2008, 105, 11851–11856. [CrossRef] [PubMed]

58. Lee, J.-S.; Thomas, D.M.; Gutierrez, G.; Carty, S.A.; Yanagawa, S.-I.; Hinds, P.W. HES1 Cooperates With pRb to Activate
RUNX2-Dependent Transcription. J. Bone Miner. Res. 2006, 21, 921–933. [CrossRef] [PubMed]

59. Thomas, D.M.; Carty, S.A.; Piscopo, D.M.; Lee, J.S.; Wang, W.F.; Forrester, W.C.; Hinds, P.W. The retinoblastoma protein acts as a
transcriptional coactivator required for osteogenic differentiation. Mol. Cell 2001, 8, 303–316. [CrossRef] [PubMed]

60. Sierra, J.; Villagra, A.; Paredes, R.; Cruzat, F.; Gutierrez, S.; Javed, A.; Arriagada, G.; Olate, J.; Imschenetzky, M.; Van Wijnen, A.J.; et al.
Regulation of the bone-specific osteocalcin gene by p300 requires Runx2/Cbfa1 and the vitamin D3 receptor but not p300 intrinsic
histone acetyltransferase activity. Mol. Cell. Biol. 2003, 23, 3339–3351. [CrossRef]

61. Schroeder, T.M.; Kahler, R.A.; Li, X.; Westendorf, J.J. Histone Deacetylase 3 Interacts with Runx2 to Repress the Osteocalcin
Promoter and Regulate Osteoblast Differentiation. J. Biol. Chem. 2004, 279, 41998–42007. [CrossRef]

62. Pelletier, N.; Champagne, N.; Stifani, S.; Yang, X.-J. MOZ and MORF histone acetyltransferases interact with the Runt-domain
transcription factor Runx2. Oncogene 2002, 21, 2729–2740. [CrossRef]

63. Zaidi, S.K.; Sullivan, A.J.; Medina, R.; Ito, Y.; van Wijnen, A.J.; Stein, J.L.; Lian, J.B.; Stein, G.S. Tyrosine phosphorylation controls
Runx2-mediated subnuclear targeting of YAP to repress transcription. EMBO J. 2004, 23, 790–799. [CrossRef]

64. Vega, R.B.; Matsuda, K.; Oh, J.; Barbosa, A.C.; Yang, X.; Meadows, E.; McAnally, J.; Pomajzl, C.; Shelton, J.M.; Richardson, J.A.; et al.
Histone Deacetylase 4 Controls Chondrocyte Hypertrophy during Skeletogenesis. Cell 2004, 119, 555–566. [CrossRef]

65. Andela, V.B.; Siddiqui, F.; Groman, A.; Rosier, R.N. An immunohistochemical analysis to evaluate an inverse correlation between
Runx2/Cbfa1 and NFκB in human osteosarcoma. J. Clin. Pathol. 2005, 58, 328–330. [CrossRef]

66. Sadikovic, B.; Thorner, P.; Chilton-MacNeill, S.; Martin, J.W.; Cervigne, N.K.; Squire, J.; Zielenska, M. Expression analysis of genes
associated with human osteosarcoma tumors shows correlation of RUNX2 overexpression with poor response to chemotherapy.
BMC Cancer 2010, 10, 202. [CrossRef]

https://doi.org/10.1074/jbc.M112.347245
https://doi.org/10.1074/jbc.M502168200
https://doi.org/10.1073/pnas.0800970105
https://www.ncbi.nlm.nih.gov/pubmed/18445650
https://doi.org/10.1038/nrg2827
https://www.ncbi.nlm.nih.gov/pubmed/20628351
https://doi.org/10.1074/jbc.R110.197061
https://doi.org/10.1007/s13577-017-0192-8
https://doi.org/10.1128/MCB.22.22.7982-7992.2002
https://www.ncbi.nlm.nih.gov/pubmed/12391164
https://doi.org/10.1002/jcb.22338
https://doi.org/10.1242/jcs.02895
https://doi.org/10.1016/j.tcb.2003.12.003
https://doi.org/10.1016/j.bbrc.2004.01.104
https://doi.org/10.1016/0169-6009(92)90844-4
https://doi.org/10.1016/0300-9084(93)90150-Q
https://www.ncbi.nlm.nih.gov/pubmed/8123707
https://doi.org/10.1083/jcb.200401138
https://www.ncbi.nlm.nih.gov/pubmed/15226309
https://doi.org/10.1083/jcb.200409187
https://www.ncbi.nlm.nih.gov/pubmed/15583032
https://doi.org/10.1073/pnas.0805462105
https://www.ncbi.nlm.nih.gov/pubmed/18697945
https://doi.org/10.1359/jbmr.060303
https://www.ncbi.nlm.nih.gov/pubmed/16753023
https://doi.org/10.1016/S1097-2765(01)00327-6
https://www.ncbi.nlm.nih.gov/pubmed/11545733
https://doi.org/10.1128/MCB.23.9.3339-3351.2003
https://doi.org/10.1074/jbc.M403702200
https://doi.org/10.1038/sj.onc.1205367
https://doi.org/10.1038/sj.emboj.7600073
https://doi.org/10.1016/j.cell.2004.10.024
https://doi.org/10.1136/jcp.2004.017640
https://doi.org/10.1186/1471-2407-10-202


Cancers 2023, 15, 3247 11 of 12

67. Maruyama, Z.; Yoshida, C.A.; Furuichi, T.; Amizuka, N.; Ito, M.; Fukuyama, R.; Miyazaki, T.; Kitaura, H.; Nakamura, K.; Fujita, T.; et al.
Runx2 determines bone maturity and turnover rate in postnatal bone development and is involved in bone loss in estrogen
deficiency. Dev. Dyn. 2007, 236, 1876–1890. [CrossRef] [PubMed]

68. Tang, N.; Song, W.-X.; Luo, J.; Haydon, R.C.; He, T.-C. Osteosarcoma Development and Stem Cell Differentiation. Clin. Orthop.
Relat. Res. 2008, 466, 2114–2130. [CrossRef]

69. Won, K.Y.; Park, H.-R.; Park, Y.-K. Prognostic Implication of Immunohistochemical Runx2 Expression in Osteosarcoma. Tumori J.
2009, 95, 311–316. [CrossRef] [PubMed]

70. Kurek, K.C.; Del Mare, S.; Salah, Z.; Abdeen, S.; Sadiq, H.; Lee, S.-H.; Gaudio, E.; Zanesi, N.; Jones, K.B.; DeYoung, B.; et al.
Frequent Attenuation of the WWOX Tumor Suppressor in Osteosarcoma Is Associated with Increased Tumorigenicity and
Aberrant RUNX2 Expression. Cancer Res. 2010, 70, 5577–5586. [CrossRef] [PubMed]

71. Martin, I.A.S.; Varela, N.; Gaete, M.; Villegas, K.; Osorio, M.; Tapia, J.C.; Antonelli, M.; Mancilla, E.E.; Pereira, B.P.; Nathan, S.S.; et al.
Impaired cell cycle regulation of the osteoblast-related heterodimeric transcription factor Runx2-Cbfβ in osteosarcoma cells.
J. Cell. Physiol. 2009, 221, 560–571. [CrossRef]

72. Berman, S.D.; Yuan, T.L.; Miller, E.S.; Lee, E.Y.; Caron, A.; Lees, J.A. The retinoblastoma protein tumor suppressor is important for
appropriate osteoblast differentiation and bone development. Mol. Cancer Res. 2008, 6, 1440–1451. [CrossRef]

73. Goodrich, D.W. The retinoblastoma tumor-suppressor gene, the exception that proves the rule. Oncogene 2006, 25, 5233–5243.
[CrossRef]

74. Van Harn, T.; Foijer, F.; van Vugt, M.; Banerjee, R.; Yang, F.; Oostra, A.; Joenje, H.; Riele, H.T. Loss of Rb proteins causes genomic
instability in the absence of mitogenic signaling. Genes Dev. 2010, 24, 1377–1388. [CrossRef]

75. Zambetti, G.P.; Horwitz, E.M.; Schipani, E. Skeletons in the p53 tumor suppressor closet: Genetic evidence that p53 blocks bone
differentiation and development. J. Cell Biol. 2006, 172, 795–797. [CrossRef]

76. Walkley, C.R.; Qudsi, R.; Sankaran, V.G.; Perry, J.A.; Gostissa, M.; Roth, S.I.; Rodda, S.J.; Snay, E.; Dunning, P.; Fahey, F.H.; et al.
Conditional mouse osteosarcoma, dependent on p53 loss and potentiated by loss of Rb, mimics the human disease. Genes Dev.
2008, 22, 1662–1676. [CrossRef] [PubMed]

77. Lengner, C.J.; Steinman, H.A.; Gagnon, J.; Smith, T.W.; Henderson, J.E.; Kream, B.E.; Stein, G.S.; Lian, J.B.; Jones, S.N. Osteoblast
differentiation and skeletal development are regulated by Mdm2–p53 signaling. J. Cell Biol. 2006, 172, 909–921. [CrossRef]
[PubMed]

78. Vidal, A.; Koff, A. Cell-cycle inhibitors: Three families united by a common cause. Gene 2000, 247, 1–15. [CrossRef] [PubMed]
79. Engin, F.; Yao, Z.; Yang, T.; Zhou, G.; Bertin, T.; Jiang, M.M.; Chen, Y.; Wang, L.; Zheng, H.; Sutton, R.E.; et al. Dimorphic effects of

Notch signaling in bone homeostasis. Nat. Med. 2008, 14, 299–305. [CrossRef]
80. Shen, R.; Wang, X.; Drissi, H.; Liu, F.; O’Keefe, R.J.; Chen, D. Cyclin D1-Cdk4 Induce Runx2 Ubiquitination and Degradation.

J. Biol. Chem. 2006, 281, 16347–16353. [CrossRef]
81. Zhang, P.; Yang, Y.; Zweidler-McKay, P.A.; Hughes, D.P.M. Critical role of notch signaling in osteosarcoma invasion and metastasis.

Clin. Cancer Res. 2008, 14, 2962–2969. [CrossRef]
82. Zaidi, S.K.; Pande, S.; Pratap, J.; Gaur, T.; Grigoriu, S.; Ali, S.A.; Stein, J.L.; Lian, J.B.; Van Wijnen, A.J.; Stein, G.S. Runx2 deficiency

and defective subnuclear targeting bypass senescence to promote immortalization and tumorigenic potential. Proc. Natl. Acad.
Sci. USA 2007, 104, 19861–19866. [CrossRef]

83. Todosenko, N.; Khlusov, I.; Yurova, K.; Khaziakhmatova, O.; Litvinova, L. Signal Pathways and microRNAs in Osteosarcoma
Growth and the Dual Role of Mesenchymal Stem Cells in Oncogenesis. Int. J. Mol. Sci. 2023, 24, 8993. [CrossRef]

84. Tsai, H.-C.; Cheng, S.-P.; Han, C.-K.; Huang, Y.-L.; Wang, S.-W.; Lee, J.-J.; Lai, C.-T.; Fong, Y.-C.; Tang, C.-H. Resistin enhances
angiogenesis in osteosarcoma via the MAPK signaling pathway. Aging 2019, 11, 9767–9777. [CrossRef] [PubMed]

85. Verrecchia, F.; Rédini, F. Transforming Growth Factor-β Signaling Plays a Pivotal Role in the Interplay Between Osteosarcoma
Cells and Their Microenvironment. Front. Oncol. 2018, 8, 133. [CrossRef] [PubMed]

86. Zhang, J.; Yu, X.-H.; Yan, Y.-G.; Wang, C.; Wang, W.-J. PI3K/Akt signaling in osteosarcoma. Clin. Chim. Acta 2015, 444, 182–192.
[CrossRef] [PubMed]

87. Soki, F.N.; Park, S.I.; McCauley, L.K. The multifaceted actions of PTHrP in skeletal metastasis. Future Oncol. 2012, 8, 803–817.
[CrossRef] [PubMed]

88. Dapunt, U.; Giese, T.; Stegmaier, S.; Moghaddam, A.; Hänsch, G.M. The osteoblast as an inflammatory cell: Production of
cytokines in response to bacteria and components of bacterial biofilms. BMC Musculoskelet. Disord. 2016, 17, 243. [CrossRef]

89. Bendre, M.S.; Margulies, A.G.; Walser, B.; Akel, N.S.; Bhattacharrya, S.; Skinner, R.A.; Swain, F.; Ramani, V.; Mohammad, K.S.;
Wessner, L.L.; et al. Tumor-derived interleukin-8 stimulates osteolysis independent of the receptor activator of nuclear factor-κB
ligand pathway. Cancer Res. 2005, 65, 11001–11009. [CrossRef]

90. Branstetter, D.; Rohrbach, K.; Huang, L.-Y.; Soriano, R.; Tometsko, M.; Blake, M.; Jacob, A.P.; Dougall, W.C. RANK and RANK
ligand expression in primary human osteosarcoma. J. Bone Oncol. 2015, 4, 59–68. [CrossRef]

91. Lim, M.; Zhong, C.; Yang, S.; Bell, A.M.; Cohen, M.B.; Roy-Burman, P. Runx2 regulates survivin expression in prostate cancer
cells. Lab. Investig. 2010, 90, 222–233. [CrossRef]

92. Van der Deen, M.; Akech, J.; Wang, T.; FitzGerald, T.J.; Altieri, D.C.; Languino, L.R.; Lian, J.B.; Van Wijnen, A.J.; Stein, J.L.; Stein, G.S.
The cancer-related Runx2 protein enhances cell growth and responses to androgen and TGFβ in prostate cancer cells. J. Cell.
Biochem. 2010, 109, 828–837. [CrossRef]

https://doi.org/10.1002/dvdy.21187
https://www.ncbi.nlm.nih.gov/pubmed/17497678
https://doi.org/10.1007/s11999-008-0335-z
https://doi.org/10.1177/030089160909500307
https://www.ncbi.nlm.nih.gov/pubmed/19688969
https://doi.org/10.1158/0008-5472.CAN-09-4602
https://www.ncbi.nlm.nih.gov/pubmed/20530675
https://doi.org/10.1002/jcp.21894
https://doi.org/10.1158/1541-7786.MCR-08-0176
https://doi.org/10.1038/sj.onc.1209616
https://doi.org/10.1101/gad.580710
https://doi.org/10.1083/jcb.200601114
https://doi.org/10.1101/gad.1656808
https://www.ncbi.nlm.nih.gov/pubmed/18559481
https://doi.org/10.1083/jcb.200508130
https://www.ncbi.nlm.nih.gov/pubmed/16533949
https://doi.org/10.1016/S0378-1119(00)00092-5
https://www.ncbi.nlm.nih.gov/pubmed/10773440
https://doi.org/10.1038/nm1712
https://doi.org/10.1074/jbc.M603439200
https://doi.org/10.1158/1078-0432.CCR-07-1992
https://doi.org/10.1073/pnas.0709650104
https://doi.org/10.3390/ijms24108993
https://doi.org/10.18632/aging.102423
https://www.ncbi.nlm.nih.gov/pubmed/31719210
https://doi.org/10.3389/fonc.2018.00133
https://www.ncbi.nlm.nih.gov/pubmed/29761075
https://doi.org/10.1016/j.cca.2014.12.041
https://www.ncbi.nlm.nih.gov/pubmed/25704303
https://doi.org/10.2217/fon.12.76
https://www.ncbi.nlm.nih.gov/pubmed/22830401
https://doi.org/10.1186/s12891-016-1091-y
https://doi.org/10.1158/0008-5472.CAN-05-2630
https://doi.org/10.1016/j.jbo.2015.06.002
https://doi.org/10.1038/labinvest.2009.128
https://doi.org/10.1002/jcb.22463


Cancers 2023, 15, 3247 12 of 12

93. Ashe, H.; Krakowiak, P.; Hasterok, S.; Sleppy, R.; Roller, D.G.; Gioeli, D. Role of the runt-related transcription factor (RUNX)
family in prostate cancer. FEBS J. 2021, 288, 6112–6126. [CrossRef]

94. Wysokinski, D.; Blasiak, J.; Pawlowska, E. Role of RUNX2 in Breast Carcinogenesis. Int. J. Mol. Sci. 2015, 16, 20969–20993.
[CrossRef]

95. Pratap, J.; Wixted, J.J.; Gaur, T.; Zaidi, S.K.; Dobson, J.; Gokul, K.D.; Hussain, S.; van Wijnen, A.J.; Stein, J.L.; Stein, G.S.; et al.
Runx2 Transcriptional Activation of Indian Hedgehog and a Downstream Bone Metastatic Pathway in Breast Cancer Cells.
Cancer Res. 2008, 68, 7795–7802. [CrossRef]

96. Gabay, M.; Li, Y.; Felsher, D.W. MYC Activation Is a Hallmark of Cancer Initiation and Maintenance. Cold Spring Harb.
Perspect. Med. 2014, 4, a014241. [CrossRef] [PubMed]

97. Righi, A.; Morandi, L.; Leonardi, E.; Farnedi, A.; Marucci, G.; Sisto, A.; Frank, G.; Faustini-Fustini, M.; Zoli, M.; Mazzatenta, D.; et al.
Galectin-3 expression in pituitary adenomas as a marker of aggressive behavior. Hum. Pathol. 2013, 44, 2400–2409. [CrossRef]

98. Ahmed, H.; AlSadek, D.M.M. Galectin-3 as a Potential Target to Prevent Cancer Metastasis. Clin. Med. Insights Oncol.
2015, 9, 113–121. [CrossRef]

99. Silva, B.C.; Bilezikian, J.P. Parathyroid hormone: Anabolic and catabolic actions on the skeleton. Curr. Opin. Pharmacol. 2015, 22,
41–50. [CrossRef] [PubMed]

100. Takahashi, A.; de Andrés, M.C.; Hashimoto, K.; Itoi, E.; Otero, M.; Goldring, M.B.; Oreffo, R.O.C. DNA methylation of the RUNX2
P1 promoter mediates MMP13 transcription in chondrocytes. Sci. Rep. 2017, 7, 7771. [CrossRef] [PubMed]

101. D’Alonzo, R.C.; Selvamurugan, N.; Karsenty, G.; Partridge, N.C. Physical Interaction of the Activator Protein-1 Factors c-Fos and
c-Jun with Cbfa1 for Collagenase-3 Promoter Activation. J. Biol. Chem. 2002, 277, 816–822. [CrossRef] [PubMed]

102. Papachristou, D.J.; Papachristou, G.J.; Papaefthimiou, O.A.; Agnantis, N.J.; Basdra, E.K.; Papavassiliou, A.G. The MAPK-
AP-1/-Runx2 signalling axes are implicated in chondrosarcoma pathobiology either independently or via up-regulation of VEGF.
Histopathology 2005, 47, 565–574. [CrossRef] [PubMed]

103. Vishal, M.; Swetha, R.; Thejaswini, G.; Arumugam, B.; Selvamurugan, N. Role of Runx2 in breast cancer-mediated bone metastasis.
Int. J. Biol. Macromol. 2017, 99, 608–614. [CrossRef] [PubMed]

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/10.1111/febs.15804
https://doi.org/10.3390/ijms160920969
https://doi.org/10.1158/0008-5472.CAN-08-1078
https://doi.org/10.1101/cshperspect.a014241
https://www.ncbi.nlm.nih.gov/pubmed/24890832
https://doi.org/10.1016/j.humpath.2013.05.020
https://doi.org/10.4137/CMO.S29462
https://doi.org/10.1016/j.coph.2015.03.005
https://www.ncbi.nlm.nih.gov/pubmed/25854704
https://doi.org/10.1038/s41598-017-08418-8
https://www.ncbi.nlm.nih.gov/pubmed/28798419
https://doi.org/10.1074/jbc.M107082200
https://www.ncbi.nlm.nih.gov/pubmed/11641401
https://doi.org/10.1111/j.1365-2559.2005.02266.x
https://www.ncbi.nlm.nih.gov/pubmed/16324193
https://doi.org/10.1016/j.ijbiomac.2017.03.021
https://www.ncbi.nlm.nih.gov/pubmed/28268169

	Introduction 
	The RUNX Family 
	RUNX2’s Physiological and Pathological Functions 
	Deregulation of RUNX2 Signaling in Osteogenesis May Lead to Oncogenesis 
	RUNX2 May Be an Important Player in Osteosarcoma 
	Conclusions 
	References

