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Abstract

Despite successful therapeutic strategies in the prevention and treatment of arteriosclerosis, the 

cardiovascular complications remain a major clinical and societal issue worldwide. Increased 

vascular calcification promotes arterial stiffness and accelerates cardiovascular morbidity and 

mortality. Upregulation of the Runt-related transcription factor 2 (Runx2), an essential osteogenic 

transcription factor for bone formation, in the cardiovascular system has emerged as an important 

regulator for adverse cellular events that drive cardiovascular pathology. This review discusses the 

regulatory mechanisms that are critical for Runx2 expression and function, and highlights the 

dynamic and complex cross-talks of a wide variety of posttranslational modifications (PTMs), 

including phosphorylation, acetylation, ubiquitination, and O-GlcNAcylation, in regulating Runx2 

stability, cellular localization and osteogenic transcriptional activity. How the activation of an array 

of signaling cascades by circulating and local microenvironmental factors upregulates Runx2 in 

vascular cells and promotes Runx2-mediated osteogenic trans-differentiation of vascular smooth 

muscle cells (VSMC) and expression of inflammatory cytokines that accelerate macrophage 

infiltration and vascular osteoclast formation is summarized. Furthermore, the increasing 

appreciation of a new role of Runx2 upregulation in promoting VSMC phenotypic switch, and 

protein modulation by O-GlcNAcylation and Runx2-dependent repression of SMC-specific gene 

expression are discussed. Further exploring the regulation of this key osteogenic transcription 

factor and its new perspectives in the vasculature will provide novel insights into the 

transcriptional regulation of VSMC phenotype switch, reprograming and vascular inflammation 

that promote the pathogenesis of arteriosclerosis.
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INTRODUCTION

The flexibility and elasticity of healthy arteries enable proper distribution of oxygen and 

nutrients to all organs in the body. Vascular homeostasis and normal vascular tones are 

attributed largely to the contractile feature of vascular smooth muscle cells (VSMC), the 

major cells in the tunic media of the elastic arteries. Dysregulation of VSMC proliferation, 

migration, senescence, differentiation and trans-differentiation promotes medial and intimal 

thickening and arterial stiffening1. Thickening and stiffening of the arterial walls are 

characteristics of arteriosclerosis, which is often associated with atherosclerosis and 

represents an independent risk factor that predicts adverse cardiovascular outcomes in aging 

populations and patients with diabetes mellitus, hypertension, chronic kidney disease (CKD) 

and atherosclerosis1. On the other hand, metabolic disorders and cardiovascular 

complications further accelerate arteriosclerosis2. Increased vascular calcification has been 

demonstrated in aging arteries as well as in patients with various cardiovascular and 

metabolic complications, leading to arterial stiffening and increased risk of cardiovascular 

morbidity and mortality 3–7.

Emerging studies in the last two decades have provided molecular, cellular and genetic 

evidence uncovering vascular calcification as an active cell-driven process featuring 

osteogenic differentiation of vascular cells. In particular, mineralization of VSMC 

contributes significantly to the development of vascular calcification in the tunica media as 
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well as atherosclerotic intima, which reduces arterial elasticity and increases arterial 

stiffening8, 9. The high plasticity of VSMC allows the phenotypic transition from the 

contractile to a synthetic phenotype, featuring down regulation of the SMC-specific 

contractile proteins, such as smooth muscle α-actin (SMA, Acta2), SM22α (Tagln) and 

smooth muscle cell myosin heavy chain (SMMHC, Myh11). VSMC share a similar 

mesenchymal origin to the bone-forming osteoblasts. During the osteogenic trans-

differentiation of VSMC, downregulation of SMC marker genes is associated with 

upregulation of the key osteogenic transcription factors for osteoblast formation, resulting in 

increased expression of “bone markers” in VSMC, such as osteocalcin (OC), collagen type I 

alpha 1 (Col1α1), bone sialoprotein (osteopontin, OPN) and alkaline phosphatase (ALP) 
10–12, which promotes the transformation of VSMC into bone-like cells.

Among the key regulators for osteogenic differentiation and calcification of VSMC, ample 

evidence has demonstrated that the Runt-related transcription factor 2 (Runx2/CBFα1/

AML3) is an essential and sufficient regulator for osteogenic differentiation and calcification 

of vascular cells. A causal role of the Runx2 in promoting calcification and matrix protein 

production has been demonstrated in vascular cells 10, 12, 13. Importantly, the expression of 

Runx2 is low in healthy vasculature, but markedly increased Runx2 in calcified arteries in 

animal models and human subjects with atherosclerosis, diabetes mellitus and CKD14–17. 

From the studies of two independently generated SMC-specific Runx2 deletion mouse 

models, Giachelli’s group and our group have demonstrated that SMC-specific Runx2 

deficiency inhibits intimal calcification in atherosclerosis-prone mice as well as medial 

calcification in CKD mice16, 18. Of note, SMC-specific Runx2 deficiency did not affect 

basal VSMC phenotype and normal vascular development 16, 18, which is consistent with the 

observations of normal cardiovascular systems in the Runx2 global knockout mice19, 20. The 

potent inhibitory effects of Runx2 deficiency on VSMC calcification in vitro as well as 

medial and intimal vascular calcification in vivo have supported a definitive role of VSMC 

and SMC-specific expression of Runx2 in the development of vascular calcification12, 16, 18.

This review discusses the important structure and function relationship of Runx2, its 

regulation of VSMC reprograming and inflammation that contributes to the pathogenesis of 

arteriosclerosis, highlighting the crucial function determined by both the post-translational 

modification mechanisms and the interaction of Runx2 with key regulatory signals.

Runx2 expression and structure: lessons learned from bone biology

The Runx2 transcription factor is indispensable for both osteoblast differentiation and 

chondrocyte maturation, thus it is essential for the development of bone and cartilage19–21. 

Ablation of Runx2 or Runx2 osteogenic activity in mice results in defects in skeletal 

development 19–21. In humans, mutations of RUNX2 cause cleidocranial dysplasia (CCD), 

an autosomal dominant disorder characterized by hypoplastic or absent clavicles, large 

fontanelles, dental anomalies, delayed skeletal development or other skeletal 

abnormalities22, 23. The defects in bone and tooth development resulting from the Runx2 

deficiency in mouse and human subjects; and the transcriptional regulation of Runx2 on an 

array of osteoblast-specific matrix proteins, including OC, Col1α1, osteopontin, and bone 

Chen et al. Page 3

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



matrix metalloproteinase 13 (MMP-13), have established the essential role of Runx2 as the 

master osteogenic transcription factor and marker for osteoblast differentiation24–26.

• Runx2 expression and functional domains—The human RUNX2 gene is located at 

the short arm of chromosome 6 at position 21.1 (6p21.1)27; and the murine Runx2 gene is 

located on chromosome 1728. Expression runx2 is transcriptionally regulated by two 

promoters, the distal P1 promoter and the proximal P2 promoter (Figure 1A). The P1 
promoter drives expression of type II runx2 transcript encoded by the exon 1–8 that is 

mainly expressed in bone progenitor cells and upregulated during bone formation29; while 

the P2 promoter drives expression of type I runx2 transcript encoded by the exon 2–8 that is 

expressed in both osteogenic and non-osteogenic mesenchymal tissues30. Consistently, mice 

defective of the runx2-P1 promoter exhibit CCD-like symptoms with severe defects in 

skeletal and tooth development 29. A conserved syntenic linkage has been identified between 

Runx2 and the suppressor of Ty3 homolog (Supt3h) gene, a ubiquitously expressed gene that 

is constitutively transcribed in the opposite direction using a promoter in the first intron of 

Runx231, 32. Studies by Stein and colleagues have demonstrated a bone-differentiation-

specific regulation of the Supt3h promoter on the Runx2-P1 promoter via direct association, 

thus driving Runx2 transcription. The binding sites for several transcriptional co-factors 

have been identified in the Runx2 promoters, which regulate the runx2 transcription and thus 

promote osteogenesis33–35. For instance, binding of a homeodomain transcription factor 

Dlx5 to the Runx2-P1 promoter increases Runx2 transcription35. In contrast, binding of the 

homeodomain containing transcription factors Msx2 to the Dlx5 binding sites on the Runx2-
P1 promoter inhibits Runx2 transcription35, suggesting differential regulation of runx2 
expression via different transcriptional factors. Binding of other transcriptional factors, such 

as estrogen receptor alpha and TWIST1, a basic helix-loop-helix transcription factor to the 

Runx2-P2 promoter has also been found to increase Runx2 transcription36, 37. In addition, 

Runx2 binds to its own promoter via the OSE2, a cis-acting element originally identified as 

a Runx2-binding site on the osteocalcin promoter, and regulates its own expression25. 

Therefore, the Runx2 regulation is complex, dynamic and context-dependent.

All the three Runx family members, Runx1, Runx2, and Runx3, share a 128-amino acids 

long evolutionarily conserved “Runt-homology domain” (RHD, Figure 1B). RHD is 

responsible for Runx DNA binding and heterodimerization with the core binding factor β 
(PEBP2/CBFβ). The non-DNA binding β subunit enhances the DNA binding affinity of 

Runx proteins and prevents Runx2 proteins from proteolytic degradation by the ubiquitin-

proteasome system38–40. In addition, Runx2 proteins contain a glutamine-alanine (QA) 

domain, consisting of 23 glutamine repeats and 17 alanine repeats, and the proline-serine-

threonine (PST) rich domain located in the C-terminus of the RHD domain. Both QA and 

PST function as transactivation domains28, 41. Runx2 binding to a number of other 

transcription factors has been shown to regulate the transcriptional activity of Runx2, 

including TWIST42, sex-determining region Y-box 9 (Sox9)43, Yes-associated protein 

(YAP)44 and Smads 45, 46 (Figure 2). TWIST interacts with the Runx2 DNA-binding domain 

via the Twist box that inhibits Runx2 osteogenic function during skeletal development in 

mice42. The highly conserved last five amino acids at the Runx2 C-terminus, the VWRPY 

motif, serve as a transcriptional repression motif via mediating the interaction of Runx2 with 
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the transcriptional repressor transducin-like Enhancer of split 2 (TLE2), a mammalian 

homologue of Groucho in Drosophila41, 47.

A nuclear localization signal (NLS) consisting of a 9-amino-acid motif is identified to 

mediate nuclear translocation and function of Runx241. Mutations in the Runx2 NLS 

impairs Runx2 nuclear localization and function, resulting in CCD in patients48. Binding of 

Runx2 to non-activated signal transducer and activator of transcription 1(STAT1) inhibits 

nuclear translocation of Runx2, thus decreasing Runx2 in the nucleus and attenuating Runx2 

osteogenic transactivity49. Accordingly, STAT1 deficiency increased Runx2 DNA-binding 

activities in osteoblasts, resulting in accelerated osteoblast differentiation and enhanced bone 

formation in mice49. Furthermore, a nuclear matrix targeting signal (NMTS) consisting of 

38 amino acids in the PST domain is determined to direct Runx2 to the nuclear matrix. 

Deficiency in the Runx2 NMTS domain does not affect nuclear localization of Runx2 or 

Runx2-DNA binding, but impairs nuclear matrix localization of Runx2 and its osteogenic 

transcriptional activity50, 51. In BMP2-induced osteoblast formation, binding of Smad 1 and 

Smad 5 to the Runx2 NMTS domain facilitates nuclear matrix localization of Runx2 and 

enhances Runx2 transcriptional activity, while the disruption of the Runx2-Smad binding 

impairs BMP2-mediated osteoblast differentiation51–53.

The importance of the C-terminal Runx2 functional domains in the commitment and 

progression of the osteoblast differentiation is further supported by the impaired bone 

formation in the Runx2 mutant mice with the exon 8 ablation51. Although containing the 

intact Runx2 RHD DNA binding domain, the Runx2 exon 8 truncation in mice results in 

bone defects and embryonic lethality similarly to the Runx2 null mutant mice19–21. 

Accordingly, these studies have demonstrated the importance of the C-terminal regulatory 

domains in mediating the osteogenic transcriptional activity of Runx2, and Runx2-

dependent osteogenesis.

• Post-translational modifications of Runx2—The osteogenic function of Runx2 is 

controlled by multifaceted regulatory mechanisms. In addition to the regulation of 

expression of Runx2, post-translational modifications (PTMs) of Runx2 interface with 

different factors to control Runx2 transcriptional activity spatiotemporally. The discussions 

below highlight several well-characterized PTMs, including phosphorylation, acetylation, 

ubiquitination and O-GlcNAcylation, and their impacts on Runx2 stability, nuclear 

localization, and its ability to bind to DNA and other co-factors that are essential for the 

Runx2 transcriptional activity (Figure 2).

- Runx2 Phosphorylation: Phosphorylation is the most common PTM on many proteins, 

which is regulated by a wide variety of kinases that add a phosphate group to an amino acid, 

and protein phosphatases that catalyze the cleavage of the phosphodiester bond and remove 

the phosphate group. Protein phosphorylation leads to conformational and functional 

changes of proteins, as well as their physical interactions with other molecules. 

Phosphorylation of Runx2 has been demonstrated to be an important regulatory mechanism 

for Runx2 osteogenic transactivity and osteoblast formation in vitro and skeleton 

development in mice54–56. Many important kinases positively regulate phosphorylation of 

Runx2 and its function, such as the extracellular signal-regulated kinase (ERK)/mitogen-
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activated protein kinase (MAPK) and p38 MAPK-mediated phosphorylation of Runx2 

increases Runx2 transcriptional activity that is critical for osteoblast formation in vitro and 

skeletal development in vivo54–56. In human bone marrow stromal cells, elevated Runx2 

phosphorylation, but not Runx2 transcription or protein expression, is highly associated with 

increased Runx2 transcriptional activity during the in vitro osteoblast differentiation57. 

Multiple kinase-selective phosphorylation sites have been identified on the serine and 

threonine residues on Runx2. The serine 301 (Ser301) and Ser319 within the Runx2 PST 

domain as well as Ser43 and Ser510 are activated by the ERK/MAPK signaling pathway. 

Mutations of Runx2 Ser301 and Ser319 inhibit MAPK-induced Runx2 activation, 

osteoblast-specific gene expression and osteoblast differentiation58. The p38 MAPK induces 

Runx2 phosphorylation on Ser28, Ser244, Ser472 and Ser395 in addition to Ser301 and 

Ser319 59. Homeodomain-interacting protein kinase 3 (HIPK3) mediates Runx2 

phosphorylation on Ser301, Ser319, and threonine 326 (Thr326), which is critical for Runx2 

transactivation and the expression of Runx2-targeted osteogenic marker, osteocalcin, in 

C3H10T1/2 multipotent osteoprogenitors60. In addition, protein kinase B (AKT) induces 

Runx2 phosphorylation on Ser203, Thr205, and Thr207 within the RHD, which increases 

Runx2 binding to DNA and promotes Runx2 transcriptional activity61. Furthermore, protein 

kinase Cδ (PKCδ) has been shown to phosphorylate Runx2 on Ser247, which plays an 

important role in mediating fibroblast growth factor-increased Runx2 transcriptional activity 

and Runx2 expression62.

On the other hand, phosphorylation on Runx2 at Ser104 inhibits Runx2 transcriptional 

activity, by abolishing the heterodimerization of Runx2 with CBFβ and reducing Runx2 

stability63, 64. In addition, the phosphorylation of Ser451 resides within the C-terminal 

transcription inhibition domain of Runx2 is associated with reduced Runx2 activity, as 

mutation of Ser451 did not affect Runx2 protein levels but markedly enhances Runx2 

transcriptional activity63. Similarly, glycogen synthase kinase 3 beta (GSK3β)-regulated 

Runx2 phosphorylation on Ser369, Ser373, and Ser377 inhibits Runx2 activity and bone 

formation65. Furthermore, phosphorylation of Ser540 in the C-terminus of Runx2 is required 

for the Sox9-mediated degradation of Runx266. Taken together, Runx2 phosphorylation in 

the different Runx2 functional domains, including RHD, PST and the transcriptional 

inhibitory domain, differentially affect Runx2 stability, and Runx2 binding to its targeting 

DNA and other proteins that are critical for Runx2 transcriptional activity. Therefore, it is 

important to understand how the different kinases are coordinated to regulate Runx2 in a 

spatiotemporal manner to execute its function as the master osteogenic regulator.

- Runx2 Acetylation: Protein PTM by acetylation is a reversible modification catalyzed by 

lysine acetyltransferases, which transfers acetyl group from acetyl coenzyme A (Ac-CoA) 

onto lysine residues of histones, transcription factors and other proteins67. Acetylation of 

histone proteins, controlled by the histone acetyltransferases (HATs) that add acetyl group 

onto protein and histone deacetylases (HDACs) that remove the acetyl group, and reduces 

DNA affinity of histones within the chromatin structure, leading to increased DNA binding 

to transcription factors. In addition, HATs catalyzes lysine acetylation of non-histone 

proteins, such as transcription factors, which regulates the stability and DNA binding of the 

transcription factors. Acetylation of Runx2 by the p300, a transcriptional co-activator with 
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HAT activity, has been shown to increase Runx2 stability as well as enhance Runx2 

osteogenic transcriptional activity and osteoblast differentiation. In bone morphogenetic 

protein 2(BMP-2)-induced osteoblast differentiation, BMP-2-activated Smads promote 

binding of Runx2 to the p300, resulting Runx2 acetylation by p300 that protects Runx2 from 

degradation by proteasome68. In addition, BMP-2 activated ERK/MAPK signaling pathway 

increases the expression of p300, which in turn induces Runx2 acetylation that enhances 

Runx2 stability and transactivity53. Similarly, FGF2-induced ERK/MAPK kinase activation 

promotes Runx2 phosphorylation at S301 residue that facilitates Runx2 acetylation and 

increases Runx2 stability and activity69. In addition, parathyroid hormone (PTH)-induced 

Runx2 phosphorylation increases Runx2-mediated recruitment of p300 to the promoter of 

MMP-13, which facilitates acetylation of histone 4 (H4) and H3 by p300 that further 

promotes MMP-13 gene expression70.

On the other hand, HDACs can bind directly to Runx2 and act as corepressors of Runx2 for 

its transcriptional activities. Several HDACs, such as HDAC 1, 3 and 6, catalyze 

deacetylation of Runx2 that mediates Runx2 ubiquitination and degradation, leading to 

reduced Runx2 transcriptional activity and inhibited osteoblast differentiation 71–73. 

Similarly, deacetylation of Runx2 by HDAC 4 and 5 facilitates ubiquitination-mediated 

Runx2 degradation68. Consistently, inhibitors for HDACs are shown to increase Runx2 

acetylation and promote osteoblast differentiation in vitro as well as bone formation in 
vivo68, 74. Therefore, acetylation represents one of the key PTMs on Runx2 that regulates 

Runx2 stability and transcriptional activity, which is essential for the differentiation of 

osteoblasts and skeleton development.

- Runx2 ubiquitination: Ubiquitination-mediated protein degradation plays an important 

role in maintaining Runx2 protein stability in osteoblasts75. Regulated by a cascade of E1 

ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes, and E3 ubiquitin ligases 

that bind to specific target proteins, protein polyubiquitination mediates the degradation by 

the proteasome76. Among several identified Runx2-associated E3 ubiquitin ligases (Figure 

2), Smad ubiquitin regulatory factor 1 (Smurf1) plays a major role in promoting Runx2 

polyubiquitination and subsequent proteasomal degradation in osteoblasts77, 78. 

Overexpression of Smurf1 in osteoblasts in mice inhibits osteoblast differentiation and 

postnatal bone formation77. In contrast, Smurf1 deficiency in mice renders increased 

osteoblast activities in response to BMP-2 signaling and age-dependent increase in bone 

mass78. These studies have determined the molecular regulation and function of Runx2 PTM 

by ubiquitination in osteoblasts, and uncovered Smurf1 as the first E3 ubiquitin ligase in 

regulating Runx2 degradation in osteoblasts and bone formation. Additional E3 ubiquitin 

ligases that are associated with poly-ubiquitination-mediated Runx2 degradation and 

inhibited osteoblast differentiation include the homologous to E6AP C-terminus (HECT) 

domain E3 ligase Smurf2 and WWP1, the U-box E3 ligase C-terminus of Hsc70-interacting 

protein (CHIP), and the RING E3 ligase SCFSkp268, 7980, 81. In contrast, a recent report has 

shown that WWP2 E3 ligase-mediated Runx2 mono-ubiquitination is linked to increased 

Runx2 transcription activity during osteoblast differentiation 82.

Runx2 phosphorylation on Ser472 by cyclin D1-CDK4 also mediates Runx2 ubiquitination 

and degradation, suggesting a link between Runx2 phosphorylation and its ubiquitination83. 
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In addition, Runx2 acetylation by p300 inhibits Smurf1-mediated ubiquitination and 

degradation, possibly by competing for the same lysine residues on Runx2, supporting a link 

between Runx2 acetylation and ubiquitination68. Furthermore, Runx2 phosphorylation on 

Ser294 promotes Runx2 acetylation, leading to inhibition of ubiquitination-mediated Runx2 

degradation, increased Runx2 stability and Runx2 transcriptional activity 69. Therefore, 

complex and dynamic PTMs crosstalk in the regulation of Runx2. The spatiotemporal 

subcellular localization, proximity and activity of the respective catalytic PTM enzymes may 

collectively determine the effects of the Runx2 PTMs on Runx2 stability and its 

transcriptional activity during osteoblast differentiation and bone formation. Uncovering the 

mechanistic details should guide the design of precise modulation of Runx2, thus providing 

new targets for precision medicine.

- Runx2 O-GlcNAcylation: Protein PTM by O-linked β-N-acetylglucosamine (O-GlcNAc), 

O-GlcNAcylation, has emerged as an important PTM mechanism, which regulates multiple 

cellular signals and functions in different tissues to maintain cellular homeostasis in 

response to changes in nutrients and environmental cues84, 85. Different from the classic N-

glycosylation and O-glycosylation, O-GlcNAcylation is a dynamic modification on serine or 

threonine residues of proteins by a single sugar moiety GlcNAc, which is tightly controlled 

by two specific enzymes, the sugar adding O-GlcNAc transferase (OGT) and the sugar-

removing O-GlcNAcase (OGA). Overall protein O-GlcNAcylation levels are elevated during 

in vitro osteoblast differentiation of MC3T3-E1 cells; and increased O-GlcNAcylation by 

OGA inhibition enhances Runx2 transcriptional activity and expression of the Runx2 target 

gene, osteocalcin86. Similarly, OGA inhibition also enhances BMP-2-induced osteoblast 

differentiation and Runx2 transcriptional activity in MC3T3-E1 cells87. In vivo 
administration of OGA inhibitor increases expansion in the growth plate height and in the 

hypertrophic zone height, supporting a role played by increased O-GlcNAcylation in 

promoting chondrogenic differentiation88. Of note, O-GlcNAcylation positively regulates 

osteoblast differentiation but not osteoclast differentiation in vitro as demonstrated by using 

inhibitors for OGA and OGT respectively89. Immunoprecipitation of Runx2 with a pan-O-

GlcNAc antibody has determined a direct O-GlcNAc modification on Runx2, which may 

contribute to increased Runx2 transcriptional activity in MC3T3-E1 cells with elevated O-

GlcNAcylation87. Three potential O-GlcNAc modification sites, including Ser32, Ser33, and 

Ser371 on human RUNX2 protein expressed in the HEK293 cells, have been identified 

using tandem mass spectrometry87. The impact of O-GlcNAcylation on these potential 

residues on Runx2 structure and function remains unknown, which merits further 

investigation and validation in a relevant biological systems. As mentioned above, multiple 

Runx2 PTMs by phosphorylation, acetylation and ubiquitination may interplay to 

collectively affect Runx2 stability and Runx2 transcriptional activity. Accordingly, the 

putative O-GlcNAcylation at Ser371 residue, located in the C-terminal PST region that 

mediates multiple Runx2 PTMs and Runx2 interactions with several important co-

transcriptional factors, may also contribute to the regulation of Runx2 by other PTMs and 

thus becomes a central regulatory hub. In particular, as O-GlcNAcylation and 

phosphorylation may occur on the same or adjacent serine or threonine residues on many 

proteins90, it is likely that Runx2 O-GlcNAcylation at Ser371 may affect Runx2 

phosphorylation on several sites identified within the Runx2 PST domain. Furthermore, 
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increased O-GlcNAcylation has been shown to activate many important signaling pathways 

for Runx2 PTMs, such as ERK/MAPK, p38 MAPK and AKT, highlighting a potentially 

complex and dynamic PTM regulatory network. Additional studies are required to elucidate 

the precise O-GlcNAcylation of Runx2 and their impact on other PTMs, and the cumulative 

effects on Runx2 transcriptional activity, which will uncover novel regulatory mechanisms 

of Runx2 and Runx2-dependent biological function.

Overall, multifaceted modifications of Runx2 by PTMs crosstalk to fine-tune Runx2 

dynamic interactions with other proteins spatiotemporally, which may be executed by 

forming distinct functional complexes that regulate Runx2 stability, nuclear localization, 

binding to target genes and transcriptional co-factors that are critical for the Runx2-directed 

osteogenic transcriptional activity.

Functional regulation of Runx2 in arteriosclerosis

An important role of Runx2 in the cardiovascular system has begun to be uncovered, as 

emerging studies have revealed a positive correlation of Runx2 upregulation with vascular 

calcification, stiffness and atherosclerosis in humans and mouse models14–16. In vitro cell 

culture studies have further determined an essential role of the Runx2 upregulation in 

calcification of multiple vascular cells, including calcifying vascular cells, VSMC, 

endothelial cells and vascular progenitor cells12, 91–93. In VSMC, increased expression 

Runx2 alone is sufficient to promote VSMC osteogenic differentiation calcification12. 

Although the precise Runx2 domains that are essential for its pro-calcification function in 

VSMC, the Runx2 interacting proteins and the mode of action remain elusive, lessons 

learned from bone biology have been instrumental to guide our understanding of the 

signaling pathways that contribute to the Runx2 upregulation in the vasculature. In 

particular, the major signaling pathways that converge to the Runx2 upregulation to 

stimulate osteoblast differentiation, such as the BMP-2, ERK/MAPK and PI3K/AKT 

signaling pathways, induce expression, PTMs and transcriptional activity of Runx2 in 

VSMC that promote the pathogenesis of vascular calcification and arteriosclerosis. The 

regulation of Runx2 in VSMC and their contribution to Runx2-dependent VSMC osteogenic 

differentiation and calcification, vascular inflammation and formation of bone resorbing 

osteoclast-like cells, as well as VSMC phenotypic switch are discussed below (Figure 3).

• Runx2 upregulation and PTMs promote vascular calcification—Induction of 

Runx2 by multiple local and circulating factors, including oxidized lipids, high glucose, and 

imbalanced phosphate/calcium contents from metabolic disorders promote VSMC 

calcification, which is associated with the progression of atherosclerosis, diabetes mellitus 

and CKD6, 12, 92, 94, 95. A common feature underlying the Runx2 upregulation by these 

stimuli is the increase in oxidative stress, leading to activation of multiple pro-osteogenic 

signals, including AKT, MAPK and BMP2 signaling pathways. Activation of AKT signaling 

pathway plays a major role in upregulating Runx2 and promoting VSMC calcification in 
vitro and vascular calcification in atherosclerosis, diabetes and CKD12, 16, 17, 96, 97. 

Inhibition of AKT signaling by a pharmacological inhibitor blocks oxidative stress and high 

glucose-induced Runx2 upregulation and calcification in VSMC12. Similarly, inhibiting 

AKT activation by blocking O-GlcNAcylation of AKT attenuates the Runx2 upregulation, 
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Runx2 osteogenic transcriptional activity and VSMC calcification 17. Furthermore, Runx2 

knockdown attenuates constitutively activated AKT-promoted VSMC calcification, 

supporting a definitive role of AKT-induced Runx2 upregulation in driving osteogenic 

differentiation and calcification in VSMC. Increased forkhead box protein O (FoxO) 1/3 

phosphorylation and nuclear exclusion by AKT activation mediate AKT-induced Runx2 

upregulation via inhabiting Runx2 ubiquitination and subsequent degradation12, 97. 

Although the regulatory mechanisms and the specific E3 ligase(s) that are responsible for 

poly-ubiquitination-mediated Runx2 degradation in VSMC await further investigations, 

these studies have established an important role of AKT/FoxO1/3 signaling pathways in 

regulating Runx2 PTM by ubiquitination, which contributes to the osteogenic transcription 

function of Runx2 in VSMC. Additionally, Runx2 modulation by the small ubiquitin-like 

modifiers (SUMOylation), a process similar to ubiquitination, is associated with AMP 

kinase alpha1-regulated VSMC calcification98.

Induction of Runx2 transcriptional activity by the activation of p38 MAPK in VSMC has 

been shown to promote VSMC calcification in vitro and vascular calcification in 

atherosclerosis-prone ApoE−/− mice in vivo99. Increased binding of Runx2 to 

phosphorylated p38 MAPK is associated with increased Runx2 transcriptional activity, 

suggesting p38 MAPK may directly phosphorylate Runx2 and thus enhance Runx2 

transcriptional activity99. Importantly, knockdown of p38 MAPK inhibits Runx2 

transcriptional activity and VSMC calcification99. As a variety of environmental and 

intrinsic signals, including oxidative stress, extracellular matrix, mechanical loading, and 

BMP-2 signals activate the p38 MAPK signaling pathway in VSMC, the p38 MAPK-

induced upregulation and transcriptional activity of Runx2 may represent an important 

regulatory mechanism for Runx2 osteogenic function in VSMC and Runx2-driven VSMC 

calcification.

The potent pro-osteogenic effects by the BMP-2 signalling axis have also been well 

established in VSMC. Activation of BMP2 signalling by lipid, glucose metabolism and 

inflammatory cytokines upregulates Runx2 and promotes osteogenic differentiation of 

VSMC, as well as medial and intimal calcification in animal models of diabetes and 

atherosclerosis100–103. Studies from the Towler’s group have demonstrated the important 

regulation of the BMP-Msx2-Wnt signaling axis in promoting vascular calcification104. 

However, the mechanisms underlying BMP-2-induced Runx2 upregulation in VSMC is not 

fully understood. In osteoblasts, direct interaction of Runx2 with the BMP-2-activated 

Smads, Smad 1, 5 and co-Smad, Smad4 via the Runx2 NMTS domain directs the stable 

nuclear matrix localization of the Runx2 complexes that is essential for Runx2 osteogenic 

transactional activities51, 52. The Smad1 and Smad5 also mediate Runx2 acetylation which 

protects against ubiquitination-dependent Runx2 degradation and thus increases Runx2 

transcriptional activity53. Additionally, BMP-2 induces activation of the ERK/MAPK 

signaling pathways that are important for Runx2 phosphorylation. The MAPK signaling 

pathways-mediated Runx2 phosphorylation enhances binding of Runx2 to other co-factors, 

including the coregulatory Smad proteins in osteoblast differentiation105, 106; while 

pharmacological inhibitors of the MEK/ERK abolish Runx2-Smad1 binding53, indicating 

the importance of Runx2 phosphorylation for its binding to the BMP-2 regulated Smads. 

Given the similarity between Runx2-regulated osteogenic differentiation process in bone and 
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VSMC, it is possible that the effects of BMP-2-induced Runx2 upregulation may be 

mediated by enhanced Runx2 phosphorylation that controls Runx2 stability and its 

interactions with the BMP-2 specific Smad 1 and 5. Identifying such regulation is necessary 

to define the BMP-2 regulated Runx2 upregulation and Runx2 osteogenic transcriptional 

activity in VSMC that determines vascular calcification.

The essential functional domains that are responsible for Runx2-dependent VSMC 

calcification have not been fully elucidated. By generating SMC-specific Runx2 exon 8 

deletion mice, we have determined the definitive role of Runx2 exon 8 in regulating VSMC 

osteogenic differentiation and vascular calcification in the atherosclerosis-prone ApoE−/− 

mice 16. These results are consistent with the critical function of Runx2 exon 8 in regulating 

osteoblast differentiation and bone formation51. Therefore, future investigations to elucidate 

the mechanisms underlying Runx2 exon 8-mediated osteogenic transcriptional activity of 

Runx2 in VSMC will provide precise molecular insights into Runx2-dependent vascular 

calcifications.

• Runx2 upregulation induces vascular inflammatory and mineral resorbing 
signals—Besides its osteogenic transcriptional activity to induce the expression of bone 

and matrix proteins that directly promotes VSMC osteogenic differentiation and 

calcifications, the Runx2 transcription factor has been shown to regulate inflammatory 

molecules and osteoclast regulators in VSMC, suggesting multilateral regulations of 

vascular Runx2 on arteriosclerosis. This is particularly enlightening since macrophage 

infiltration and inflammation play a central role in the pathogenesis of 

atherosclerosis107, 108.

In response to oxidative stress and inflammatory cytokines by infiltrated inflammatory cells, 

VSMC produce increased amount of pro-inflammatory molecules, such as monocyte 

chemoattractant protein-1 (MCP-1), its primary receptor C-C chemokine receptor type 2 

(CCR2), and osteopontin. Concurrent with VSMC osteogenic differentiation and 

calcification, Runx2 induces the expression of osteopontin, an important inflammatory 

regulator in the vasculature109, 110. We have shown that SMC-specific Runx2 deletion 

inhibits oxidative stress-induced expression of MCP-1 and CCR2 in VSMC16, supporting 

the regulation of MCP-1/CCR2 expression by the Runx2 transcription factor. The MCP-1/

CCR2 signal axis is critical for infiltration of monocytes/macrophages in arterial walls in 

mice111, 112. Consistently, macrophage infiltration is blocked by the SMC-specific Runx2 

ablation in the atherosclerosis-prone ApoE−/− mice16. We have further uncovered the 

regulation of Runx2 on the expression of receptor activator of nuclear factor kappa-B ligand 

(RANKL) in VSMC via its binding to the promoter of RANKL gene. Using a co-culture 

system, we demonstrated a direct effect of VSMC-expressed RANKL in inducing 

macrophage infiltration. Consistently, increased macrophage infiltration is shown in 

atherosclerotic lesions in the ApoE−/− mice with deficiency of osteoprotegrin (OPG), a 

RANKL decoy receptor, supporting a role of RANKL in accelerating macrophage 

infiltration in vivo113. As infiltrated monocytes/macrophages produce inflammatory 

cytokines and oxidative stress that can further stimulate the Runx2 expression by VSMC, the 

inhibition of both macrophage infiltration and inflammatory molecules in the SMC-specific 
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Runx2 deficient mice highlights an important role of VSMC-derived Runx2 in regulating the 

interplay between VSMC and macrophages that exuberate vascular inflammation.

The pro-inflammatory feature of the increased RANKL in VSMC contributes to enhanced 

vascular calcification in atherosclerosis, although RANKL deficiency does not block 

oxidative stress-induced calcification of VSMC114. In the RANKL transgenic mice, 

increased RANKL expression induces soft tissue calcification, while inhibition of RANKL 

by a monoclonal antibody against RANKL inhibits vascular calcification115. Additionally, 

the RANKL/RANK system is crucial for the formation of bone-resorbing osteoclasts from 

monocytic precursors116. We have demonstrated that increased RANKL in the calcified 

atherosclerotic lesions is associated with increased osteoclast-like cells in the 

atherosclerosis-prone ApoE−/− mice16, 114. Consistently, the OPG deficient mice exhibit 

accelerated vascular calcification and increased osteoclast-like cells in the calcified 

lesions117, 118. Inhibition of Runx2-dependent RANKL expression in VSMC attenuates 

vascular osteoclast formation in the SMC-specific Runx2 deficient mice, as well as 

differentiation of osteoclast-like cells from macrophages in a VSMC and macrophage co-

culture system16, 114. Accordingly, RANKL may not only serve as a chemoattractant that 

induces macrophage infiltration but also act as a signal to facilitate macrophage 

differentiation into osteoclast-like cells in the vicinity of calcified VSMC. The presence of 

osteoclast-like cells in close apposition to the calcified lesions in human and mouse 

atherosclerotic arteries16, 114, 117, 119, 120 supports the coupling between Runx2-regulated 

VSMC calcification and RANKL-induced formation of vascular osteoclasts in the calcified 

atherosclerotic lesions, resembling the interplay of osteoblasts and osteoclasts in regulating 

bone remodeling.

Therefore, upregulation of Runx2 in VSMC greatly accelerates the development and 

progression of arteriosclerosis via multilateral mechanisms, including directly promoting 

osteogenic differentiation and calcification of VSMC, as well as inducing formation of 

mineral-resorbing vascular osteoclast-like cells via macrophage infiltration and vascular 

inflammation, which further accelerate vascular calcification and arterial stiffness.

• Runx2 upregulation enhances SMC phenotypic switch—The pathophysiological 

function of Runx2 in VSMC remains elusive. Runx2 regulation on cell lineage commitment 

has been linked to the binding of Runx2 to the promoters of cell fate-regulated target genes 

that exhibit distinct Runx2-dependent modification in histone acetylation and 

methylation121. In addition, Runx2 also control cell proliferation and lineage commitment 

by repressing RNA Pol I-mediated ribosomal RNA (rRNA) synthesis via forming complexes 

with the RNA Pol I transcription factors and thus affecting local chromatin histone 

modifications122. The observations of both enhanced rRNA transcription and protein 

synthesis by the Runx2 deficiency and repressed rRNA synthesis by the Runx2 upregulation 

suggest that Runx2 may control lineage-specific ribosomal biogenesis122. In normal and 

healthy arteries and isolated VSMC, the expression of Runx2 is very low12, 16, 123. 

Furthermore, Runx2 deficiency does not affect either the basal expression of SMC marker 

genes in VSMC, or vascular structure and function in mice12, 16, 18. However, the 

upregulated Runx2 is evident in atherosclerosis and vascular calcification, which is inversely 
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correlated with the expression of SMC markers12, 14–16, 18, 124, suggesting that the Runx2 

upregulation plays a key regulatory role in vascular pathology.

In cultured VSMC, upregulated Runx2 directly induces VSMC calcification, concomitantly 

with decreased expression of SMC markers, indicating that the Runx2 upregulation drives 

VSMC phenotypic switch and trans-differentiation of VSMC into “bone-like” cells. In 

support of this notion, overexpression of Runx2 has been shown to repress myocardin-

induced SMC differentiation125; and expression of myocardin-induced SMC genes is 

enhanced in the Runx2 null cells125. Consistently, we have demonstrated that Runx2 

deficiency in VSMC blocks oxidative stress-induced repression of SMC markers, indicating 

the role of the Runx2 upregulation in mediating oxidative stress-induced VSMC de-

differentiation16.

The inhibitory effects of the Runx2 upregulation on myocardin-induced expression of SMC 

marker genes in C3H10T1/2 cells is mediated via direct binding of Runx2 to the serum 

response factor (SRF). The Runx2/SRF binidng disrupts the formation of the 

myocardin/SRF complex, which is the master transcription complex that determines the 

expression of SMC marker genes125. In VSMC, oxidative stress induces downregulation of 

myocardin and upregulation of Runx212, leading to reduced myocardin/SRF binding that 

decrease myocardin-dependent expression of SMC marker genes, but enhanced Runx2/SRF 

binding increases expression of Runx2-dependent osteogenic genes126. Therefore, SRF 

serves as an important co-transcription factor for Runx2 in regulating SMC phenotypic 

switch and osteogenic transdifferntation, via tilting the balance of SRF/myocardin binding 

toward SRF/Runx2 binding.

Runx2 also interacts with krüppel-like factor 4 (KLF4), and such interaction increases 

osteogenic transcription activity of Runx2 and promotes VSMC calcification127. KLF4 is a 

member of the zinc-finger class of transcriptional regulators, it represses SMC phenotype by 

inhibiting the binding of myocardin and SRF to the promoters of SMC marker genes128–130. 

Increased KLF4 has been shown to promote high phosphate-induced VSMC osteogenic 

differentiation and calcification129. Accordingly, upregulation of both KLF4 and Runx2 in 

SMC contributes to SMC phenotypic switch via repressing the activity of the master SMC 

transcription factors myocardin/SRF; and their interaction further facilitates the osteogenic 

transdifferentation of VSMC.

It is important to note that Runx287 and the master SMC regulators, myocardin and SRF131, 

can be directly modified by O-GlcNAcylation. In VSMC and arteries from diabetic mice, 

increased O-GlcNAcylation upregulates Runx2 and downregulates SMC markers17. Studies 

in human SMC show that the expressions of SRF/myocardin and KLF4 are inversely 

regulated by O-GlcNAcylation inhibition132. Accordingly, increased O-GlcNAcylation may 

promote SMC phenotypic switch by modulating these key transcription regulators of SMC 

marker genes. As O-GlcNAcylation appears to be the “integrated sensor” for oxidative and 

metabolic stress in the vasculature6, it is necessary to define the precise O-GlcNAc 

modificaiton domains on Runx2, SRF/myocardin and KLF4 that are essential for their 

precise regulations of SMC phenotype. In addition, KLF4 can modulate histone acetylation 

via the recruitment of p300133; and Runx2 acetylation by p300 enhances Runx2 stability and 
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transactivity53. Therefore, further studies of the spaciotemporal regulation of the Runx2 and 

KLF4 by PTMs, including O-GlcNAcylation, and their interplay in modulating chromation 

structure as well as the recruitment of SMC-specific transcription complex on the promoters 

of the SMC marker genes will provide new molecualr insights into the function of Runx2 in 

regulating SMC phenotype switch and the development of vascular disease.

Conclusions and Prospective

The Runx2 upregulation in the cardiovascular system has emerged as an important mediator 

for adverse cellular events that drive vascular pathology. Lessons learned from the bone 

biology have facilitated our understanding of the Runx2 gene, Runx2 protein structure and 

the multilateral genetic, epigenetic and PTM regulatory mechanisms that control Runx2 

expression and transcriptional activity. Studies in the cardiovascular system have now 

established the indispensable function of upregulated vascular Runx2 in promoting vascular 

calcification, a Runx2-dependent cell-driven process resembling osteogenic differentiation 

of the bone-forming osteoblasts. As elucidated in the osteoblast-mediated osteogenic 

differentiations, the Runx2–P1 promoter that drives the osteogenic specific differentiation 

displays conserved three-dimensional chromatin structure with the syntenic Supt3h 
promoter. Therefore, comprehensive analysis of Supt3h expression and its interaction with 

Runx2-P1 on the chromatin structure map during VSMC osteogenic differentiation and 

calcification should reveal fundamental regulation of Runx2-P1 expression in VSMC.

Activation of osteogenic signaling pathways in the vascular system, including ERK/MAPK, 

AKT and BMP-2, induces Runx2 upregulation and PTMs, such as phosphorylation, 

acetylation, ubiquitination, O-GlcNAcylation. The Runx2 PTMs crosstalk spatiotemporally 

to control Runx2 stability, nuclear localization as well as the Runx2 binding to its co-factors 

and target DNA, which is critical for Runx2 osteogenic transcriptional activity and vascular 

calcification. It has also been recognized that opposite regulations of Runx2 in bone and 

vascular cells by local and circulating factors and the microenvironments contribute to 

increased vascular calcification and decreased bone mineral density, the bone-vascular 

mineral paradox often seen in patients with CKD and atherosclerosis (reviewed by Chen et 

al)7. For instance, Runx2 expression and transcriptional activity is inversely regulated by 

oxidative stress in bone cells and vascular cells, leading to opposite mineralization 

outcomes12, 134, 135. Therefore, it is important to dissect the distinct signaling pathways that 

uniquely upregulate Runx2, and maybe more importantly, the Runx2 PTMs and its 

transcription co-factors in the vascular cells that determines vascular calcification, which 

may provide molecular insight into new targets for therapeutic strategies to prevent the 

Runx2 upregulation in vascular cells.

Uncovering the role of Runx2 in regulating expression of inflammatory molecules and 

infiltration of macrophages in the vasculature has shed light on Runx2-mediated vascular 

inflammation that accelerates the pathogenesis of vascular disease. The SMC-specific Runx2 

deletion in the ApoE−/− mice attenuates infiltration of CD68-positive macrophages into the 

atherosclerotic lesions, which has not only supported the significant contribution of VSMC 

to vascular inflammation, but also highlighted the function of VSMC-expressed Runx2 in 

regulating the expression of inflammatory cytokines that mediate the crosstalk between 
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VSMC and macrophages. Of particular interest, Runx2-regulated expression of RANKL by 

VSMC functions as a chemoattractant that induces macrophage/monocyte migration towards 

VSMC; and further induces the differentiation of the macrophage/monocyte into bone-

resorbing osteoclast-like cells. It is unknown whether the vascular osteoclasts are derived 

form a specific subset of macrophages, and how these vascular osteoclasts may contribute to 

the pathogenesis of vascular calcification and atherosclerosis. The advance in the single-cell 

technologies, such as single-cell RNA sequencing, offers a powerful tool and a new 

opportunity to dissect Runx2-mediated crosstalk between VSMC, its surrounding specific 

macrophage subsets and other immune cells or unknown cell types in arteriosclerosis.

There is an increasing appreciation of a new role of Runx2 in regulating SMC phenotypic 

switch, as compelling evidence has revealed the repressing of SMC contractile markers by 

the Runx2 upregulation, although Runx2 deficiency in SMC does not affect basal expression 

of SMC marker genes and SMC phenotype. t is conceivable that low expression level of 

Runx2 in normal VSMC restricts its function, while upregulation of Runx2 by the pro-

osteogenic signals in the vasculature enables its transcriptional reprogramming. Runx2 has 

been shown to regulate cell proliferation and lineage commitment by binding to the 

promoters of specific cell fate-regulated target genes as well as controlling lineage-specific 

ribosomal biogenesis. The identification of the binding of Runx2 with key SMC phenotype 

regulators, such as SRF and KLF4, and its repression of the expression of SMC marker 

genes via disrupting the function of the master SMC transcription complex SRF/myocardin 

has provided molecular insights into the regulation of Runx2 on SMC phenotype switch. It 

remains to be determined how the Runx2 upregulation in VSMC and Runx2 PTMs, 

particularly O-GlcNAcylation of Runx2, may affect chromatin structure, histone acetylation/

methylation, and the recruitment of SMC-specific transcription factors that determine SMC-

specific gene expression. Studies to uncover Runx2-dependent genome-wide chromatin 

accessibility and formation of the transcriptional complex on SMC-specific marker genes 

will provide important new insights into the molecular regulation of Runx2 on SMC 

phenotypic switch.

Lastly, it is also important to recognize the heterogeneities of VSMC, as several 

subpopulations of VSMC have been observed in the atherosclerotic plaques. Whether Runx2 

is upregulated in all VSMC or exclusively in selective VSMC subpopulations is unknown. 

How the specific VSMC subpopulations drive phenotypic switch, vascular calcification, and 

production of inflammatory cytokines remain to be elucidated. VSMC phenotypic 

transformation is linked to a wide variety of vascular pathologies, including vascular 

calcification, stiffness and atherosclerosis, leading to increased cardiovascular morbidity and 

mortality. Further investigations are warranted to address these unanswered questions, which 

should provide new breakthroughs in the understanding of Runx2-dependent transcriptional 

reprogramming of vascular cells and their contributions to the development of 

arteriosclerosis.
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ABBREVIATIONS:

Ac-CoA acetyl coenzyme A

AKT protein kinase B

ALP alkaline phosphatase

ApoE apolipoprotein E

BMP-2 bone morphogenetic protein-2

CCD cause cleidocranial dysplasia

CKD chronic kidney disease

CBFβ core binding factor β

Col 1 type 1 collagen

ERK extracellular signal-regulated kinase

FoxO forkhead box protein O

GSK3β glycogen synthase kinase 3 beta

HATs histone acetyltransferases

HDACs histone deacetylases

HIPK3 Homeodomain-interacting protein kinase 3

KLF4 krüppel-like factor 4

MAPK mitogen-activated protein kinases

MMP 13 matrix metalloproteinases-13

NLS nuclear localization signal

NMTS nuclear matrix targeting signal

OGA O-GlcNAcase

OGT O-GlcNAc transferase

O-GlcNAcylation O-linked β-N-acetylglucosamine modification

OPN osteopontin

OPG osteoprotegrin

PKCδ protein kinase Cδ
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PST proline-serine-threonine

PTMs posttranslational modifications

PTH parathyroid hormone

RANKL receptor activator of nuclear factor kappa-B ligand

RHD runt-homology domain

rRNA ribosomal RNA

RANKL receptor activator of nuclear factor kappa-B ligand

Runx2 Runt-related transcription factor 2

SMA smooth muscle α-actin

SMMHC smooth muscle cell myosin heavy chain

Smurf1 Smad ubiquitin regulatory factor 1

Sox9 sex-determining region Y-box 9

SRF serum response factor

Supt3h suppressor of Ty3 homolog

STAT1 signal transducer and activator of transcription 1

TLE2 transducin-like Enhancer of split 2

VSMC vascular smooth muscle cells

YAP Yes-associated protein
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HIGHLIGHTS

This review covers the Runx2 regulatory mechanisms and its function in modulating 

VSMC osteogenic differentiation, vascular inflammation and VSMC phenotypic switch 

that contribute to the pathogenesis of arteriosclerosis, and highlights:

• The key transcriptional regulation of Runx2, the critical Runx2 functional 

domains and their essential role in osteogenic differentiation and bone 

formation.

• The dynamic and complex cross-talks between a wide variety of 

posttranslational modifications (PTMs), including phosphorylation, 

acetylation, ubiquitination and O-GlcNAcylation, in regulating Runx2 

stability, cellular localization and osteogenic transcriptional activity.

• The activation of ERK/MAPK/p38, BMP-2 and AKT signaling cascades in 

the upregulation of Runx2-mediated osteogenic differentiation and 

calcification of VSMC.

• VSMC-derived Runx2 in the regulation of inflammatory cytokines, 

infiltration of macrophages and formation of vascular osteoclast-like cells.

• The emerging role of upregulation of Runx2 in modulating VSMC 

phenotypic switch.
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Figure 1. RUNX2 gene and protein structure.
A) RUNX2 gene structure. Two major RUNX2 isoforms are transcribed from the P1 and P2 

promoters respectively, indicating by the ATG start codons, which are encoded by exon 1–8 

(type II) or exons 2–8 (type I). The DNA binding Runt homology domain (RHD) is encoded 

by exons 2–5. B) RUNX2 protein structure. In addition to the RHD domain, RUNX2 

proteins contain a glutamine/alanine (QA) rich region, a nuclear-localization signal (NLS), a 

proline/serine/threonine (PST) rich region, a nuclear matrix targeting signal (NMTS), and a 

C-terminal VWRPY domain for TLE/Groucho interactions.
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Figure 2. Runx2 interaction with various cytosolic and nuclear proteins that regulate its post-
translational modification, cellular localization and stability, and transcriptional activity.
The binding proteins of the Runt-related transcription factor 2 (Runx2) regulate Runx2 

posttranslational modifications (PTMs), including phosphorylation, ubiquitination, 

acetylation and O-GlcNAcylation are shown (top left); Runx2 nuclear translocation, DNA 

binding and transcriptional activities are highlighted (top right). The key regulators for 

Runx2 PTMs and Runx2 transactivity are shown in the respective box. In addition, binding 

of Runx2 to the CBF consensus sequence TGT/cGGT on the target genes, via its Runt-

homology domain, regulates the transcription of the target genes (bottom).
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Figure 3. Upregulation of Runx2 in vascular cells promotes vascular calcification, inflammation, 
smooth muscle cell phenotypic switch that accelerates arteriosclerosis.
In response to local and circulating stimuli, activation of pro-osteogenic signals induce 

upregulation of the Runt-related transcription factor 2 (Runx2) and its post-translational 

modifications (PTMs), which increase Runx2 transcriptional activity. Upregulation of Runx2 

in vascular smooth muscle cells (VSMC) induces osteogenic differentiation and VSMC 

calcification; and increases the expression of inflammatory cytokines that promotes 

infiltration of macrophages and the differentiation of vascular osteoclasts. In addition, 

upregulation of Runx2 in VSMC represses the expression of SMC specific marker genes, 

enhancing SMC phenotypic switch. Ultimately, Runx2-induced molecular and cellular 

changes in VSMC promotes the development of vascular calcification, atherosclerosis and 

arterial stiffness.
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