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transdifferentiation via Runx2

Yue Li,1,2 Wei Jie,1,2 Yanli Qi,1,2 Mingxing Mo,1 Yaxin Lian,1 Li Yin,1 and Hui Huang1,3,*
SUMMARY

Vascular calcification (VC) is recognized as a crucial risk factor for cardiovascular diseases. Our previous
report revealed that the osteogenic transdifferentiation of vascular smooth muscle cells (VSMCs) plays
a role in this process. However, the underlying molecular mechanisms remain elusive. Notably, recep-
tor-interacting protein kinase 1 (RIPK1) has been implicated in the development of cardiovascular dis-
eases, yet its role and mechanisms in VC remain unexplored. To address this gap, we established models
using chronic kidney disease mice and calcifying VSMCs to investigate the impact of RIPK1 on VC. Subse-
quently, a RIPK1-specific inhibitor (NEC-1) was applied in both in vitro and in vivo models. Our findings
indicate significant activation of RIPK1 in calcified human arterial tissue, as well as in animal and cellular
models. RIPK1 activation promotes the osteogenic transdifferentiation of VSMCs. Treatment with the
NEC-1 substantially reduced VC. These results demonstrate that RIPK1 is a target for preventing VC.

INTRODUCTION

In recent decades, the incidence of cardiovascular diseases has increased rapidly, posing a significant threat to global public health.1,2

Vascular calcification (VC), particularly tunica media calcification, is prevalent in chronic kidney disease (CKD) patients,3–5 and its severity in-

creases with the progression of the disease.6,7 Once considered passive and degenerative, VC is now recognized as an active process that

resembles the differentiation of mesenchymal cells into osteoblasts during bone formation.8 It is widely accepted that the differentiation of

vascular smooth muscle cells (VSMCs) from a contractile to an osteogenic phenotype is a major factor in the development of VC.9

Moreover, the stability of RUNX2 plays a role in osteogenic transdifferentiation of VSMCs.10 RUNX2 is a crucial transcription factor that

plays a pivotal role in various biological processes, particularly in skeletal development and maintenance. However, the functions of

RUNX2 extend beyond its epigenetic regulatory role and also involve the regulation of its stability. The stability of RUNX2 is of paramount

importance for its biological functions. Normal cellular signaling typically includes the regulation of RUNX2 stability to ensure its proper

role in cell fate and differentiation. Therefore, understanding and studying the stability of RUNX2 are essential for a deeper comprehension

of cellular signaling pathways and the pathogenic mechanisms of related diseases. In this study, we will focus on exploring the factors and

mechanisms associated with the stability of RUNX2 to unveil its critical role in cellular regulation. In addition, vascular lesions with ruptured

calcified vessels are identified as a leading cause of acute coronary syndrome events in current clinical conditions.11 Despite its clinical sig-

nificance, there are no effective interventions for arterial calcification due to a lack of comprehensive understanding of its pathogenesis.

Receptor-interacting protein kinase 1 (RIPK1) is a key regulator of cell fate determination. RIPK1 has both kinase and scaffold functions12,13

that are independent of each other. RIPK1 is critical in regulating apoptosis and necroptosis, as well as the inflammation.14 RIPK1 kinase pro-

motes the development of apoptosis or necroptosis, depending on the cellular context andmolecules with which it interacts. Unlike its kinase

function, which promotes cell death, its scaffold function promotes cell survival by mediating the activation of nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-kB) and mitogen-activated protein kinase(MAPK) signaling pathways.15,16 Necrostatin-1 (NEC-1) is

a small-molecule inhibitor of RIPK1 kinase and has been widely used to study the role of RIPK1 in mechanistic studies of human diseases

and animal models. The general therapeutic use of RIPK1 inhibitors in treating a variety of human diseases, such as psoriasis, rheumatoid

arthritis, ulcerative colitis, and amyotrophic lateral sclerosis, is being investigated in clinical trials.17,18

This study aimed to investigate the role andunderlyingmolecularmechanismof RIPK1 in VC.Clinical samples fromCKDpatients were used to

examine the role of RIPK1 phosphorylation in calcified arteries. We explored the effect of RIPK1 on VC both in vivo and in vitro experiments, and

the underlying molecular mechanism was detailed. The results showed that RIPK1 activation promoted VC, and the small-molecule inhibitor
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Figure 1. RIPK1 was activated in calcified arterial tissue

(A and B) Expression levels and quantification analysis of RIPK1 in human arteries of indicated groups were determined by IF staining (n = 3 per group). Bar = 20 um.

(C and D) Expression levels and quantification analysis of p-S166-RIPK1 in human arteries of indicated groups were determined by IF staining (n = 3 per group).

Bar = 20 um.

(E) Expression cation analysis of p-S166-RIPK1 in mice abdominal aortic arteries of indicated groups were determined by IHC staining (n = 5 per group). Bar =

20 um.

(F and G) Western blot analysis and quantification of p-S166-RIPK1 and RIPK1 expression in mice abdominal aortic arteries (n = 6 per group). Results are

presented as mean G SEM, and analyzed using two-way ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns indicates

p > 0.05.
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NEC-1 significantly reduced VC in both in vitro and in vivomodels. These findings highlight the critical role of RIPK1 in the osteogenic transdif-

ferentiation of VSMCs, and it may serve as a potential therapeutic target for VC induced by CKD.
RESULTS

RIPK1 was activated in calcified arterial tissue

Immunofluorescence (IF) results showed that there was no significant change in total RIPK1 expression in calcified human blood vessels and

normal human blood vessels (Figures 1A and 1B), but the expression of p-S166-RIPK1, amarker of RIPK1 activation, was significantly increased
2 iScience 27, 108766, February 16, 2024



Figure 2. RIPK1 activation promotes osteogenic transdifferentiation of VSMCs

(A) VSMCs were added with DMSO or NEC-1 and then incubated with Pi (3.0 mM) for 7 days; IF staining was performed for p-S166-RIPK1. Bar = 100 um.

(B) VSMCs were exposed to Pi (3.0 mM) for 7 days and then stained for mineralization by alizarin red S.

(C) VSMCs were exposed to Pi (3.0 mM) for 7 days and then quantitative analysis of calcium content.

(D and G) VSMCs were added with DMSO or NEC-1 and then incubated with Pi (3.0 mM) for 7 days, and the downstream osteogenic markers (OPN, RUNX2) and

contractile property markers (SM22) were analyzed by western blot (n = 3 per group). p-S166-RIPK1 and RIPK1 protein expression was also detected.

(E and F) VSMCswere addedwith DMSOorNEC-1 and then incubatedwith Pi (3.0mM) for 7 days; IF stainingwas performed for RUNX2 and a-SMA. Bar = 100 um.

Results are presented as mean G SEM and analyzed using two-way ANOVA with Tukey’s Alizarin test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns

indicates p > 0.05.
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(Figures 1C and 1D). The basic information of clinical samples is shown in Table S1. The results showed that RIPK1 was activated in calcified

human blood vessels. To gain further insight into the role of RIPK1 in VC, we induced VC in wild-type (WT) mice through 2 CKDmodels (high

adenine and phosphorus [AP] model and vitamin D [VD] model). The basic conditions of WT and CKD mice are shown in Figures S1 and S2.

And immunohistochemical (IHC) staining results showed that p-S166-RIPK1 expression was significantly increased in calcified media vascular

tissues of AP-diet mice compared with normal-diet (ND) mice (Figure 1E). Moreover, western blot (WB) results also showed that the expres-

sion of p-S166-RIPK1 was significantly increased in calcified vessels, but the total RIPK1 expression level was unchanged (Figures 1F and 1G).

These data indicate that RIPK1 is activated in VC.
RIPK1 promotes high phosphate-induced osteogenic transdifferentiation of VSMCs

We performed further experiments to investigate the role of RIPK1 on VC in vitro. IF results showed that NEC-1 could significantly reduce

the expression of p-S166-RIPK1, indicating that NEC-1 inhibition was effective (Figure 2A). In vitro, we observed that treatment with Pi

(3.0 mmol/L) led to increased calcium deposition in VSMCs, but the addition of NEC-1 resulted in lower calcium deposition as confirmed

by alizarin red staining and calcium content determination (Figures 2B and 2C). Western blot analysis showed that the expression of
iScience 27, 108766, February 16, 2024 3
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Figure 3. RIPK1 activation promotes vascular calcification in vivo

(A) WT mice were intraperitoneally injected with NEC-1(1.8 mg/kg). Then these mice were treated with an adenine and phosphorus (AP) diet for 12 weeks. Then

the mice were sacrificed and aortas were collected. Alizarin red S images showing calcification in the aortas among these groups. The calcified parts of the aorta

were shown in deep purple. Scale bars: 100 mm (B) Calcium content were quantified in aortas tissue among these groups.

(C and D) Representative von Kossa staining of abdominal aorta sections (n = 4 per group). Scale bars: 100 mm.

(E and F) Representative alizarin red S of abdominal aorta sections (n = 4 per group). Scale bars: 100 mm (G and I) Analysis of osteogenic and contractile property

factor expression of aortas tissue among these groups by western blot. p-S166-RIPK1 and RIPK1 protein expression was also detected.

(H) Expression levels of RUNX2 in abdominal arteries of indicated groups were determined by IHC staining (n = 4 per group). Bar = 100 mm. Results are presented

as mean G SEM and analyzed using two-way ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns indicates p > 0.05.

ll
OPEN ACCESS

iScience
Article
p-S166-RIPK1 was significantly increased in VSMCs treated with high phosphorus, and the expression was decreased by the addition of

NEC-1, but the total RIPK1 expression level was unchanged; this suggests that RIPK1 is also activated in VSMCs calcification model induced

by high phosphorus. Moreover, inhibition of RIPK1 activity reduced the expression of osteogenic phenotypemarkers osteopontin (OPN) and

RUNX2 and increased the expression of contractile phenotype marker smooth muscle contractile protein 22a (SM22a) (Figures 2D and 2F).

The results of IF assay also showed that NEC-1 could downregulate RUNX2 expression in VSMCs calcification model, which was consistent

with the results of western blot (Figure 2E). These results suggest that RIPK1 activation can exacerbate VC in vitro, while NEC-1 administration

can significantly reduce calcification levels by inhibiting RIPK1 kinase phosphorylation.
RIPK1 activation promotes VC in vivo

To further verify the promoting effect of RIPK1 in VC, we induced VC inWTmice through 2 CKDmodels (high APmodel and VDmodel), and in

the treatment group by intraperitoneal injection of NEC-1 and Necrostatin-1s (NEC-1s). As determined by alizarin red staining of blood ves-

sels and tissue calcium content, VC was significantly aggravated in CKD model, while it was significantly reduced by NEC-1 or NEC-1s intra-

peritoneal injection (Figures 3A, 3B, S3A, and S3B). von Kossa assays and alizarin red results of the vascular ring also showed that VC was

significantly aggravated in the CKDmodel, while it was significantly reduced byNEC-1 intraperitoneal injection (Figures 3C–3F). As expected,

inhibition of RIPK1 activation could downregulate the expression of RUNX2 and upregulate the expression of SM22a and Smoothelin

(Figures 3G, 3I, S3C, and S3D). IHC results also showed that the expression of RUNX2 increased in theCKDmodel group but decreased signif-

icantly in the NEC-1 treatment group (Figure 3H). Taken together, these results indicate that RIPK1 activation plays a crucial role in promoting

VC in vivo, which can be partially reversed by the inhibition of RIPK1 activation.
RIPK1 promotes RUNX2 degradation through the ubiquitination-proteasome pathway

Osteogenic transdifferentiation of VSMCs plays a crucial role in the formation of VC. In this study, we aimed to explore the mechanism of

RIPK1 in this process. Since the osteogenic transdifferentiation of VSMCs was highly regulated by RUNX2,19,20 we investigated whether

RIPK1 regulates VC through RUNX2. The expression of RUNX2was significantly downregulated with the decrease of p-S166-RIPK1 expression

in vitro and in vivo (Figures 2D, 3E, S4A, and S4B). Additionally, overexpression of RUNX2 removed the protective capacity of NEC-

1(Figures 4A and 4B). These results demonstrated that the RIPK1 is a crucial factor that promotes the process of osteogenic transdifferentia-

tion in VSMCs by upregulating the expression of RUNX2.

In order to identify the mechanism by which RIPK1 regulates RUNX2, quantitative PCR (qPCR) was used to determine whether the tran-

scription level of RUNX2 was affected by RIPK1. The results showed no significant difference in the mRNA level of RUNX2 between the

high-phosphorus group and the NEC-1 treatment group, indicating that RIPK1 activation had no effect on the transcription level of

RUNX2 (Figure 4C). Previous studies have shown that there are many types of post-translational modifications of RUNX2 that determine

its stability. In addition, ubiquitination plays a role in this process.6,10 To determine whether RIPK1 activation affects the ubiquitination of

RUNX2, we treated VSMCs with the protein synthesis inhibitor cycloheximide (CHX) and observed the stability of RUNX2. The results showed

that the stability of RUNX2 was decreased in the NEC-1 group (Figures 4D and 4E). Proteasome inhibitor MG132 and autophagy inhibitor

3-MA were used to explore the degradation mode of RUNX2. MG132 blocked RUNX2 degradation (Figures 4F and 4G), but 3-MA did not

(Figures 4I and 4J), which proved that the degradation of RUNX2 was mediated by the proteasome rather than the lysosome. Proteasomal

degradation of proteins is often associatedwith the specific ubiquitylation of target proteins. Consequently, we investigated the level of ubiq-

uitination of RUNX2 in different groups and found that the ubiquitination level of RUNX2was downregulated in VSMCs with high-phosphorus

conditions and upregulated after NEC-1 treatment (Figure 4H), indicating that RIPK1 may affect the stability of RUNX2 via ubiquitination.

Furthermore, we explored the expression of SMURF1, an E3 ubiquitin ligase that is involved in the ubiquitination degradation of RUNX2,

as well as its interaction with RUNX2.21 We found little difference in SMURF1 expression between the control group and the NEC-1 group

(Figures 4L and 4M). However, the interaction between SMURF1 and RUNX2 was weaker in the high-phosphorus group compared to the

NEC-1 group (Figure 4K). Taken together, these data suggest that RIPK1 activation affects the stability of RUNX2 via its regulation of the

ubiquitination.
RIPK1 activation mediates the ubiquitination and degradation of RUNX2 through TAK1-AMPK pathway

To gain further insights into the mechanism by which RIPK1 activation inhibits the ubiquitination and degradation of RUNX2, we investi-

gated whether it operates via the AMPK pathway, as activated AMPK has been shown to promote the binding of SMURF1 to RUNX2,
iScience 27, 108766, February 16, 2024 5



Figure 4. RIPK1 activation inhibits RUNX2 degradation through the ubiquitination-proteasome pathway

(A) VSMCs were pretransfected with RUNX2 plasmid or vector plasmid and then exposed to Pi (3.0 mM) for 7 days. The expression of RIPK1 and RUNX2 was

analyzed by western blot.

(B) VSMCs were stained for mineralization by alizarin red S.

(C) Quantitative reverse-transcription polymerase chain reaction (RT-qPCR) analysis of RUNX2 mRNA expression in human VSMCs in indicated groups.

(D and E) RIPK1 kinase activity was inhibited in VSMCs by NEC-1 together with Pi (3.0 mM) incubation for 7 days. VSMCs were treated with Pi (3.0 mM) for 7 days

and incubated with the protein translation inhibitor CHX (0.2 mM) for the indicated times before harvest, followed by immunoblotting with the anti-RUNX2

antibody and anti-GAPDH antibody. The curve shows the stability of the protein of RUNX2.

(F andG) VSMCs addedNEC-1(10 mM)were incubated with Pi (3.0 mM) together with theMG132 (10 mM) or 3-MA (1.5 mM) for 7 days (I and J), and then the protein

translation inhibitor CHX (0.2 mM) was added for the indicated times before harvest, followed by immunoblotting with the anti-RUNX2 antibody and anti-GAPDH

antibody. The curve shows the stability of RUNX2 protein.

(H) VSMCs in different groups were immunoprecipitated with anti-RUNX2 antibody and immunoblotted with anti-ubiquitin (anti-Ub) antibody.

(K) Anti-RUNX2 IP followed byWBwith anti-RUNX2 and anti-SMURF1 antibody in VSMCs in different groups after treatment with Pi for 7days. (L andM) Analysis of

E3 ubiquitin ligase SMURF1 among these groups by western blot. Results are presented as meanG SEM and analyzed using two-way ANOVA with Tukey’s post

hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns indicates p > 0.05.
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leading to its ubiquitination and degradation.22,23 Our results showed that RIPK1 activation decreased the phosphorylation of AMPK, which

indicates its activation (Figures 5A and 5B). Moreover, transfection with siAMPK partially reversed the inhibitory effect of NEC-1 on calci-

fication and upregulated the expression level of RUNX2 protein (Figures 5C and 5D). Consistent with these results, alizarin red staining
6 iScience 27, 108766, February 16, 2024
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Figure 5. RIPK1 mediate the ubiquitination and degradation of RUNX2 through TAK1-AMPK pathway

(A and B) VSMCs added NEC-1(10 mM) were incubated with Pi (3.0 mM) for 7 days, and the downstream markers (AMPK, p-AMPK(Thr172)) and (RIPK1, p-S166-

RIPK1) were analyzed by western blot (n = 6 per group).

(C and D) VSMCs added NEC-1(10 uM) were transfected with siAMPK or siNC and then incubated with Pi (3.0 mM) for 7 days, and the RUNX2 protein expression

were analyzed by western blot (n = 6 per group).

(E) VSMCs in different groups were immunoprecipitated with anti-RUNX2 antibody and immunoblotted with anti-SMURF1 antibody(n = 3 per group).

(F) VSMCs were stained for mineralization by alizarin red S (n = 3 per group).

(G–L) VSMCs added NEC-1(10 uM) were transfected with siTAK1, LKB1, and siPp2a and then incubated with Pi (3.0 mM) for 7 days, and the AMPK and p-

AMPK(Thr172) protein expression was analyzed by western blot (n = 3 per group).

(M) TAK1 and p-AMPK(Thr172) expression was analyzed in WT and TAK1-KO VSMCs after Pi (3.0 mM) treatment by western blot (n = 3 per group).

(N and O) TAK1 and RUNX2 expression was analyzed in WT and TAK1-KO VSMCs after NEC-1 treatment by western blot (n = 3 per group).

(P andQ)Western blot analysis and quantification of TAK1 and p-AMPK(Thr172) and AMPK expression inmice abdominal aortic arteries (n= 3 per group). Results

are presented as mean G SEM and analyzed using two-way ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns indicates

p > 0.05.
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showed a similar trend (Figure 5F). In addition, we found that in the NEC-1 treatment group, knocking down AMPK significantly reduced

SMURF1 and RUNX2 binding (Figure 5E). These results suggest that inhibition of RIPK1 activation reduces RUNX2 protein expression

through the AMPK pathway.

TAK1, Lkb1, and Pp2a are known to be themajor upstream kinases responsible for AMPK phosphorylation and subsequent activation.24,25

To identify the major upstream kinases that mediate the downregulation of AMPK activity in the presence of RIPK1 activation, we performed

gene knockdown experiments. The results showed that the phosphorylation level and activity of AMPK decreased only when TAK1 was

knocked down (Figures 5G and 5H), while Lkb1 and Pp2a had no significant effect on AMPK activity (Figures 5I–5L). To further verify that

TAK1 is the main upstream kinase that activates AMPK, we successfully constructed the TAK1-knockout VSMCs line. The results showed

that AMPK activity was significantly inhibited in TAK1-knockout cells (Figure 5M), and the downregulation of RUNX2 protein expression by

NEC-1 was reversed (Figures 5N and 5O). The results were consistent in in vitro and in vivomodels. Compared with NDgroup, the expression

of TAK1 was significantly downregulated and the activation of AMPK was inhibited in the vascular tissues of the AP-diet mice (Figures 5P and

5Q). The results were consistent in in vitro and in vivomodels. Taken together, these data indicated that TAK1 was the key upstream kinase of

RIPK1 affectingAMPKactivity. Collectively, these findings suggest that RIPK1 activation increases the expression of RUNX2 through the TAK1-

AMPK pathway.

Phosphorylation of NEDD4 correlates with the activation of RIPK1

Previous studies have shown that RIPK1 interacts with TAK1.13 However, the effect of RIPK1 activity on TAK1 expression level needs to be

confirmed by further experiments. Inhibition of RIPK1 activation reversed the downregulation of TAK1 expression (Figures 6A and 6B). In addi-

tion, silencing of TAK1 reversed the downregulation of RUNX2 that was induced by the inhibition of RIPK1 activation (Figures 6C and 6D).

Further immunoprecipitation (IP) experiments demonstrated that TAK1 knockdown led to the restoration of RUNX2 ubiquitination, which

had been induced by NEC-1 (Figure 6E). This implies that the downregulation of TAK1 expression is partly due to RIPK1 activation. Further-

more, TAK1 is required for RIPK1 activation to induce the alteration of RUNX2 expression.

The regulatory mechanism of RIPK1 activation on TAK1 was further investigated. We performed experiments to measure TAK1 ubiquiti-

nation levels. The mRNA levels of TAK1 were not significantly different among the four groups (Figure 6F). And the level of TAK1 ubiquitina-

tion increased under high-phosphorus conditions, while the level of TAK1 ubiquitination decreased after treatment with NEC-1 (Figure 6G).

This suggests that the activity of RIPK1 affects the ubiquitination level of TAK1 in VSMCs.

We next investigated which E3 ubiquitin ligase mediated the protein degradation of TAK1 induced by RIPK1 activation. Previous

studies have shown that NEDD4 is an E3 ubiquitin ligase that regulates TAK1 ubiquitination and degradation.21 Consistently, NEDD4

is predicted as a primary E3 ligase for TAK1 in the UbiBrowser database (Figure S5). This was also confirmed by our results

(Figures 6H and 6I). IP assay confirmed the existence of RIPK1/NEDD4/TAK1 complex (Figure 6J). Moreover, immunocoprecipitation

results showed that inhibition of RIPK1 activation by NEC-1 could reduce the ubiquitination degree of TAK1, and the ubiquitination

degree of TAK1 was further reduced after NEDD4 knockdown (Figure 6K). In addition, we found that overexpression of NEDD4

decreased TAK1 protein expression and AMPK activity, while, with the increase of overexpression of NEDD4, the downregulation

effect of NEC-1 on RUNX2 was gradually weakened (Figures 6L and 6M). It has been reported that NEDD4 can be phosphorylated

to greatly improve its ubiquitination capacity.26 Both NEDD4 and RIPK1 were phosphorylated at high levels in VSMCs under high-

phosphorus stimulation, which were substantially reduced when RIPK1 activation was inhibited (Figure 6N). We observed a significant

correlation between the phosphorylation levels of NEDD4 and the kinase activity of RIPK1. However, further research is needed to

determine the specific mechanisms underlying their interaction.

DISCUSSION

The main finding of this study is the significant contribution of RIPK1 in VC, which was demonstrated for the time. The study uncovered a

RIPK1/RUNX2 pathway in VC, where RIPK1 activation was shown to promote VSMCs osteogenic transdifferentiation from a contractile to

an osteogenic phenotype. Mechanistically, the study showed that RIPK1 activation enhanced the ubiquitination degradation of TAK1 by
8 iScience 27, 108766, February 16, 2024
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Figure 6. Phosphorylation of NEDD4 correlates with the activation of RIPK1

(A and B) Analysis of TAK1 protein expression among these groups by western blot. p-S166-RIPK1 and RIPK1 protein expression was also detected (n = 3 per

group).

(C and D) WT and NEC-1(10 mM)-added VSMCs were incubated with Pi (3.0 mM) together with siTAK1 or siNC for 7 days, and the RUNX2 protein expression was

analyzed by western blot (n = 3 per group).

(E) Human VSMCs with Scr siRNA or TAK1 siRNA transfection, NEC-1(10 uM) supplementation, were pretreated with MG132 (10 mM). The expression of RUNX2,

Ub (ubiquitin), and GAPDH was determined by western blot analysis (Input). Immunoprecipitation was performed with RUNX2 antibody; RUNX2 and RUNX2-

bound Ub was determined by western blot analysis (n = 3 per group).

(F) Quantitative reverse-transcription polymerase chain reaction (RT-qPCR) analysis of TAK1 mRNA expression in human VSMCs in indicated groups.

(G) VSMCs in different groups were immunoprecipitated with anti-TAK1 antibody and immunoblotted with anti-ubiquitin (anti-Ub) antibody.

(H and I) Protein expression of TAK1 in VSMCs with a dose-dependent siNEDD4 and AAV-NEDD4.

(J) Precipitation and western blot analyses showing the binding of NEDD4 to TAK1 and RIPK1 using indicated antibodies in VSMCs.

(K) VSMCs in different groups were immunoprecipitated with anti-TAK1 antibody and immunoblotted with anti-ubiquitin (anti-Ub) antibody.

(L and M) Protein expression of TAK1, p-AMPK(Thr172), AMPK, and RUNX2 in VSMCs with a dose-dependent AAV-NEDD4. (N) VSMCs in different groups were

immunoprecipitated with anti-NEDD4 antibody and immunoblotted with anti-p-NEDD4 antibody. Results are presented as mean G SEM and analyzed using

two-way ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns indicates p > 0.05.
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NEDD4. Reduction of TAK1 weakens phosphorylated activation of AMPK, which in turn reduces the binding of E3 ubiquitinating enzyme

SMURF1 to RUNX2, leading to reduced degradation of RUNX2 and promoting the occurrence of VC. Treatment with the RIPK1 inhibitor

NEC-1 or NEC-1s can partially reverse this pathological process.

RIPK1 is mainly located in the cytoplasm and is a factor in the regulation of cell death signal. RIPK1 plays a role in a variety of biological

processes and has been implicated in a range of inflammatory and aging-related diseases. Studies have shown that RIPK1 plays a catalytic role

in atherosclerotic formation and inflammatory diseases.27,28 CKD is one of the typical age-related inflammatory diseases; however, the rela-

tionship between RIPK1 and VC is unclear. Using two typical CKDmodel, we reported that the level of VCwas significantly lower in theNEC-1-

and NEC-1s-treated group than in the CKD group. RIPK1 activation can promote VC induced by Pi in vitro. In our clinical study, the activated

formof RIPK1 (p-S166-RIPK1) was expressed at elevated levels in the calcified artery of patients. Therewere no significant differences in kidney

function or traditional risk factors between patients with or without VC. RIPK1 plays a role in apoptosis and inflammation andmay play a certain

role in VC. However, we did not detect significant cell death during modeling process (Figure S4C), which may be related to osteogenic re-

programming of VSMCs.

During arterial calcification, VSMCs are highly plastic under high-phosphorus or other calcification environments, and it can differentiate

into other phenotypes. These phenotypes are similar to foam cells, osteoblasts, and macrophages. A pedigree tracing study found that 98%

of osteoblasts in VC lesions were derived from VSMCs.29 Our results show that RIPK1 activation increases the expression of osteoblast protein

while decreasing the expression of contractile protein in vivo and in vitro. Taken together, these features support the hypothesis that RIPK1 is

involved in VSMCs osteoblastic phenotypic transition. There is strong evidence that the osteogenic differentiation of VSMCs is mainly regu-

lated by the transcription factor RUNX2.We found that the degree of RIPK1 activity was significantly correlated with the abundance of RUNX2

in cells. Taken together, these findings strongly suggest that RIPK1 has an integral role as a "gatekeeper" to the fate of VSMCs during lineage

reprogramming to osteochondrogenesis.

Upregulation of RUNX2 expression has been observed in VC, and its core role in VSMCs osteochondrogenic reprogramming has beenwell

documented.30,31 In the cardiovascular system, the upregulation of RUNX2 has become a regulator of cardiovascular adverse events. At pre-

sent, there has been initial progress in the treatment of RUNX2 intervention to delay VC at the animal level. Post-translational modification of

RUNX2 protein exists inmany forms. During atherosclerotic calcification, AMPKa1 can promote the pairing of RUNX2with SUMOy and reduce

its stability.32 PTEN/AKT regulates ubiquitination of RUNX2 by phosphorylating FOXO1/3 in VSMCs.33 In addition, enhanced acetylation of

RUNX2 particles can improve its stability and transcriptional activity.34,35 Our study found that the degree of RIPK1 activation has an effect on

the expression level of RUNX2protein, and this effect is achieved through TAK1-AMPKpathway affecting SMURF1 binding to RUNX2, thereby

changing the ubiquitination level of RUNX2 protein.

In this study, we found a significant correlation between the phosphorylation of the NEDD4 protein and the activation of RIPK1. This dis-

covery is consistent with previous literature that reports the phosphorylation of NEDD4 enhancing its ubiquitination capacity. While our

research provides preliminary evidence for this correlation, further experiments are required to ascertain whether the activation of RIPK1

directly enhances the ubiquitination activity of NEDD4. We propose a hypothesis that RIPK1 may indirectly affect the ubiquitination capacity

of NEDD4 by influencing its phosphorylation status. We encourage future researchers to experimentally validate this hypothesis and further

explore the potential interaction mechanisms between NEDD4 and RIPK1. These studies will contribute to a more comprehensive under-

standing of the roles of these two proteins in cellular signaling and regulation.

Overall, these results provide insights into the molecular mechanisms underlying VC and may have implications for the development of

therapeutic strategies for this condition. The study highlights the potential of targeting RIPK1 for the prevention and treatment of VC.

Limitations of the study

We found a significant correlation between the phosphorylation of the NEDD4 protein and the activation of RIPK1. However, the specific

mechanism is still unclear, which is the drawback of this study. Moreover, we did not study the effectiveness of RIPK1 inhibitors in the 5/6
10 iScience 27, 108766, February 16, 2024
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nephropathy model, which is another drawback of our study. In addition, we will further investigate the effect of RIPK1-kinase dead knockin

mutant mice, such as RIPK1-D138N or RIPK1-K45M mice, on calcification in follow-up studies.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Runx2 Proteintech Cat:#20700-1-AP

Mouse anti-a-SMA Abcam Cat:#ab5694

Rabbit anti-SM22a Abcam Cat:#ab14106

Rabbit anti-OPN ThermoFisher Cat:#PA527463

Rabbit anti-Smoothelin Abcam Cat:#74379

Rabbit anti-RIPK1 Proteintech Cat:#17519-1-AP

Rabbit anti-p-S166-RIPK1 CST Cat:#65746

Rabbit anti-p-S166-RIPK1 Proteintech Cat:AF2398

Rabbit anti-TAK1 CST Cat:#5206

Rabbit anti-Lkb1 Affinity Cat:#BF0281

Rabbit anti-Pp2a Affinity Cat:#AF4753

Rabbit anti-NEDD4 Proteintech Cat:#21698-1-AP

Rabbit anti-AMPK CST Cat:#2532S

Rabbit anti-p-AMPK(Thr172) CST Cat:#2535

Rabbit anti-SMURF1 Proteintech Cat:#55175-1-AP

Rabbit anti-Ub Proteintech Cat:A19686

Rabbit anti-GAPDH Proteintech Cat:# 60004-1-Ig

Rabbit anti-b-Actin Proteintech Cat:#66009-1-Ig

Goat Anti-Rabbit IgG(H + L) Secondary Antibidy Proteintech Cat:#B900210

Goat Anti-Mouse IgG(H + L) Secondary Antibidy Proteintech Cat:#B900120

Peroxidase-AffiniPure Goat Anti-Rabbit IgG(H + L) Jackson Cat:#111-035-003

Biological samples

Human blood vessel sample The Eighth Affiliated Hospital

of Sun Yat-sen University

N/A

Chemicals, peptides, and recombinant proteins

Lipofectamine 2000 Thermo Fisher Scientific Cat:#11668019

Lipofectamine RNAiMAX Cat:#11668019 Cat:#13778150

DNase Takara Cat:#2270A

RNasin Promega Cat:#N2115

Recombinant RNase inhibitor Takara Cat:#2313A

RNase A ThermoFishe Cat:#EN0531

Prime Script RT reagent kit Takara RR037A

Critical commercial assays

BCA Protein Assay Kit Beyotime P0012S

Prime Script RT reagent kit Takara RR037A

Fluorescent Reagent Kit v2 Assay Advanced Cell Diagnostics Cat. No. 323110

Necrostatin-1 Invivochem V0037

Necrostatin-1S Selleck 852391-15-2

MG-132 CST Cat:#2194

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

3-Methyladenine Selleck Cat:#5142-23-4

Cycloheximide CST Cat:#2112

Experimental models: Cell lines

HAoSMCs ATCC Pcs-100-012

Oligonucleotides

TAK1 siRNA RIBOBIO N/A

NEDD4 siRNA RIBOBIO N/A

AMPK siRNA RIBOBIO N/A

Pp2a siRNA RIBOBIO N/A

Lkb1 siRNA RIBOBIO N/A

Primer for RT-PCR:RUNX2 Forward:

50 - TGGTTACTGTCATGGCGGGTA-30
This paper N/A

Primer for RT-PCR:RUNX2 Reverse:

50 -TCTCAGATCGTTGAACCTTGCTA-30
This paper N/A

Primer for RT-PCR:TAK1 Forward:

50 - CCGGTGAGATGATCGAAGCC-30
This paper N/A

Primer for RT-PCR:TAK1 Reverse:

50 -GCCGAAGCTCTACAATAAACGC-30
This paper N/A

Primer for RT-PCR:GAPDH Forward:

50 - GGAGCGAGATCCCTCCAAAAT-30
This paper N/A

Primer for RT-PCR:GAPDH Forward:

50 - GGCTGTTGTCATACTTCTCATGG-30
This paper N/A

Software and algorithms

ImageJ National Institutes of Health https://imagej.nih.gov/ij/

GraphPad Prism 9.0 GraphPad Prism Software https://www.graphpad.com/

ImageLab Bio-Rad Laboratories https://chameleonimagelab.com/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Hui Huang (huanghui765@

126.com).

Materials availability

Cell lines generated in this study will be available upon request from the lead contact.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request (huanghui765@126.com).

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples

The arteries of patients were collected from The Eighth Affiliated Hospital of Sun Yat-sen University from November 2017 to January 2020.

(Ethics NO:SYSU-IACUC-2020-0043S2). Patient specific information is provided in the Table S1.

Human artery samples were collected in The Eighth AffiliatedHospital of Sun Yat-sen University, and the artery samples was removed from

patients who underwent an arterial venous fistula operation as previously described.

This study included a total of 22 individuals. Exclusion criteria were as follows: (1) patients who did not undergo chest CT examination; (2)

individuals with a history of autoimmune disorders; (3) those with a history of long-term use of immunosuppressive agents; (4) incomplete
14 iScience 27, 108766, February 16, 2024
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data. Ultimately, 15 patients were included, categorized into the control group (Ctrl) and the calcification group (VC) based on Agatston

scores. VC patients were defined as Agatston scores >0 in this study.

Assessment of thoracic aorta calcification score. Patients underwent a chest multi-detector computed tomography (MDCT) scan with stan-

dard electrocardiographically (ECG) gated protocol to evaluate thoracic aorta calcification. Agatston scores of images were blind-quantified

by 3 independent investigators with Siemens Syngo CT Workplace software according to standard criteria. The thoracic aorta refers to the

section between the ascending and descending aorta. To measure calcification scores, the CT images were reconstructed with 1 mm–thick

slices. The presence of calcification was defined as Agatston score in the present study.

Ethical approval

All the related procedures for human samples were performed with the Declaration of Helsinki and approved by Ethics Committee of Tung-

wah Hospital of Sun Yat-sen University and The Eighth Affiliated Hospital Sun Yat-sen University (2017DHLL017).

Informed consent

All participants signed informed consent before entering this study. Data obtained from research conducted in human subjects are approved

by the institutional review board or Ethics board and that informed consent was obtained as required by the study authorizing entity.

Humane animal care

All animals received humane care in compliance with the ’Principles of Laboratory Animal Care’ formulated by the National Society for Med-

ical Research and the ’Guide for the Care and Use of Laboratory Animals’ prepared by the Institute of Laboratory Animal Resources and pub-

lished by the National Institutes of Health.

Animal experiments

AP model

Malemicewere used in this study to avoid the potential interference of changing levels of hormones on VC.WTC57BL/6Jmice at 8 weeks and

weighing 20 to 25 g were purchased from the Laboratory Animal Center of Sun Yat-sen University. All mice were raised in a temperature-

controlled room on a 12-h light/dark cycle with available access to food and water. WTmice were randomly assigned to experimental groups

with at least 15 animals in each group: the control group was fed with standard normal diet (ND) and the CKD model group was fed with

special chow containing 0.2% adenine and high (1.2%) levels of phosphorus (AP). The diets of the mice were synthesized and provided by

GuangdongAnimal Experiment Center. Nec-1 was dissolved in 0.5%DMSO at a concentration of 5mg/mL and was injected intraperitoneally

at a dose of 1.8 mg/kg body weight every two days for 12 weeks (AP+NEC-1). The control group was injected intraperitoneally with normal

saline solution alone; the CKD model group was injected intraperitoneally with DMSO (AP + DMSO); the NEC-1 pretreatment group was

injected intraperitoneally with NEC-1. After 12 weeks of AP diet, the animals were analyzed to confirm the vascular calcification of aorta,

Then the mice were sacrificed and aortas were collected. The detailed protocols were shown in our previous study. The aorta was harvested

from each animal and was kept at �80�C for further use. Blood samples were collected from the eyes of the mice, and the supernatant was

centrifuged and kept at �80�C for further use.

VD model

Malemicewere used in this study to avoid the potential interference of changing levels of hormones on VC.WTC57BL/6Jmice at 8 weeks and

weighing 20 to 25 g were purchased from the Laboratory Animal Center of Sun Yat-sen University. All mice were raised in a temperature-

controlled room on a 12-h light/dark cycle with available access to food and water. WTmice were randomly assigned to experimental groups

with at least 15 animals in each group: the WT mice were fed with standard normal diet (ND). The diets of the mice were synthesized and

provided by Guangdong Animal Experiment Center. CKD model was established by intraperitoneal injection of VD solution (VD and

VD + DMSO). Nec-1s was dissolved in 0.5% DMSO at a concentration of 5 mg/mL and was injected intraperitoneally at a dose of

10 mg/kg body weight three days (VD+NEC-1s). Then the animals were sacrificed to confirm the vascular calcification of aorta after seven

days, then the aortas and kidney were collected. The detailed protocols were shown in our previous study.

METHOD DETAILS

Cell culture

Primary HAoSMCs were purchased from ATCC and cultured in DMEM containing 10% FBS supplemented with 100 U/mL penicillin,

100 mg/mL streptomycin. To induce calcification, VSMCs at 80% confluence were incubated in DMEM containing 10% FBS, 100 U/mL peni-

cillin, and 100 mg/mL streptomycin, with the addition of sodium phosphate (Pi) (Sigma) and cultured at 37�C in an incubator containing 5%

CO2 for 7 days. The final concentration of phosphorus was 3.0 mmol/L. The medium and Pi were refreshed every 2 days. The control VSMCs

were treated with DMEM containing 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin, but without Pi, and the medium was also

refreshed every 2 days. The treatment VSMCs were treated with DMEM containing 10% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin,

and Pi, with the addition of NEC-1(10uM), and the medium was also refreshed every 2 days.
iScience 27, 108766, February 16, 2024 15
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Immunofluorescence staining and immunohistochemistry

The VSMCs were first washedwith 13 PBS 3 times, and then fixedwith 4% paraformaldehyde solution for 20min. Next, the paraformaldehyde

was removed and cells were washed in PBS 3 times. Cells were permeabilized using 0.1% Triton X-. After another 3 PBS washes, cells were

incubated with 5% BSA for 30 min. Following this, the primary antibody for rabbit anti-RIPK1 (Proteintech) or rabbit anti-RUNX2 (Proteintech)

was incubated overnight at 4�C. Alexa Fluor 488、594–labeled secondary antibodies (Abcam) were incubated for 1 h at room temperature.

DAPI (Solarbio) for staining nuclei was incubated for 5 min at room temperature and then cells were washed in PBS 3 times. Imaging was

performed using Olympus IX73fluorescence microscope (Olympus). The antibody details can be found in STAR Methods.

Arteries frompatients andmice aortic tissues were formalin-fixed and further embeddedwith paraffin. For immunostaining, tissue sections

were deparaffinized in xylene and rehydrated through a graded alcohol series to distilled water. Antigen retrieval was performed by micro-

wave irradiation in ethylene diamine tetraacetic acid (EDTA). Then tissue sections were incubated with 5% normal goat serum in PBS/0.1%

Triton X-100 for 1 h at room temperature to reduce nonspecific background staining. Sections were then incubated overnight at 4�C with

primary antibody for mouse anti-a-SMA (Abcam), or rabbit anti-RUNX2 (Proteintech). For IF, binding of primary antibodies was visualized us-

ing goat anti-rabbit FITC-labeled antibody incubated for 1 h at room temperature. Nuclei were counterstained with DAPI. Prolong Gold anti-

fade reagent was used to decrease fluorescence quenching of the slides. The primary antibodies are listed in STAR Methods.
Alizarin red staining

At collection time points, mediumwas removed and cultured VSMCswere washedwith 4�CPBS 3 times (3min eachwash), and then cell layers

were fixed in 4%paraformaldehyde in PBS for 20min. Next, the paraformaldehyde was removed and the cells were washed in distilled water 3

times (2 min each wash). The cells were then exposed to Alizarin red staining solution (pH 4.2, 1%) for 30 min at room temperature, then

washed again with distilled water. Positively stained VSMCs presented a reddish color to indicate the calcification.
Quantitative real-time PCR

Total RNA was extracted from aortic tissue and VSMCs by using Trizol Reagent (Takara) according to the manufacturer’s instructions. For

mRNA quantification, a PrimeScriptRT Reagent Kit (Takara) was used for RNA reverse transcription into cDNA. Real-time PCR was performed

with SYBR Green (Takara) and data were collected and analyzed using a LightCycler 96 real-time system (Roche Diagnostics). Relative quan-

tification was calculated according to the 2DDCtmethod, with GAPDH level as a reference. The primer sequences are listed in STARMethods.
Transfection and transduction of VSMCs

For siRNA transfection, VSMCs were plated at 53 105 cells in 6-well plates. At 50% confluence, cells transfected with specific siRNA at a final

concentration of 10 nmol/L with Lipofectamine RNAiMAX Transfection Reagent (thermo Fisher) according to the manufacturer’s instructions.

After 4 h of transfection with opti-MEM, the DMEM containing 10% FBS was replaced. The full-length of the target gene cDNAwas amplified

from a mouse cDNA library using standard PCR techniques and inserted into pcDNA3.1. The siRNA are listed in STAR Methods.
Immunoprecipitation and western blot analysis

VSMCs were lysed with lysis buffer (Beyotime) together with protease and phosphatase inhibitors on ice for 20 min. The lysate was then son-

icated on ice at 10% power for 2 min. After centrifugation at 12,000g for 25 min at 4�C, the supernatant was precleared by incubation with

protein A + G magnetic beads (Millipore) and IgG (CST) for 1 h at 4�C. The samples were then place in a magnetic separator for 1 min.

The supernatant was incubated with indicated antibody overnight at 4�C on a rotating platform. Protein A + G magnetic beads were then

added to the supernatants and incubated for 2 h at room temperature. The immunocomplexes were washed 3 times with the lysis buffer,

boiled at 95�C for 10min with 23 SDS sample buffer, and analyzed byWestern blot. ForWestern blot analysis, the cells lysates or tissue pieces

were prepared by adding the lysis buffer on ice for 20 min, supplemented with protease and phosphatase inhibitors, scraping into a 1.5 mL

tube, and centrifuging for 25 min at 12,000 g at 4�C. The protein content was measured by enhanced BCA protein assay kit (Beyotime). The

proteins were boiled in loading buffer (Beyotime) at 100�C for 10 min. Equal amounts of proteins were separated on SDS-polyacrylamide gels

and transferred to PVDF membranes (Millipore). The membranes were incubated with the primary antibodies overnight at 4�C. The mem-

branes were then incubated with secondary anti-rabbit (Proteintech) or anti-mouse (Proteintech) HRP-conjugated antibody (diluted

1:10000) for 1 h at room temperature. Antibody binding was detected with ECL detection reagent (Millipore). The relative quantification

of immunoblots was analyzed by grayscale in ImageJ. The antibodies used in this study are listed in STAR Methods.
Calcium quantification

Aortic tissues without adventitia were incubated with 0.6 mol/L HCl overnight at 37�C. The supernatant of these tissues was then collected.

The cultured VSMCs were washed softly with PBS for 3 times (2 min each wash) and incubated with 0.6 mol/L HCl overnight at 4�C. The su-

pernatant was collected. Calcium content was determined by using a commercial kit (Biosino Bio-Technology and Science) according to the

manufacturer’s instructions.
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von Kossa assay

To examine aorta calcification, slides were dehydrated and rinsed rapidly in double distilled water. The vascular tissue sections were then

incubated with 5% silver nitrate solution and exposed to ultraviolet light for 1 h until color development was complete. Next, the slides

were incubated with 5% sodium thiosulfate and washed with double distilled water. The slides were photographed by microscopy (Nikon).

Calcified nodules were stained brown to black.
Study approval

All the related procedures for collection of the samples of patients were performed with the approval from the internal review and ethics

board of Sun Yat-sen University. All participants signed informed consent before entering this study. Experimental animal protocols were

approved by the Institutional Animal Care and Use Committee of Sun Yat-sen University.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with the Graphpad Prism v6.00 for Windows (GraphPad Software Inc.). Student’s t test was used to

compare 2 groups and 1-way ANOVA followed by Dunnett’s test was used for more than 2 groups. VC Agatston scores were nonnormalized

parameters, and logarithmic transformation of VC Agatston scores was used in correlation analysis (Pearson Correlation Analysis).
iScience 27, 108766, February 16, 2024 17
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