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A B S T R A C T   

The prevalence of calcific aortic valve disease (CAVD) remains substantial while there is currently no medical 
therapy available. Forkhead box O1 (FOXO1) is known to be involved in the pathogenesis of cardiovascular 
diseases, including vascular calcification and atherosclerosis; however, its specific role in calcific aortic valve 
disease remains to be elucidated. In this study, we identified FOXO1 significantly down-regulated in the aortic 
valve interstitial cells (VICs) of calcified aortic valves by investigating clinical specimens and GEO database 
analysis. FOXO1 silencing or inhibition promoted VICs osteogenic differentiation in vitro and aortic valve 
calcification in Apoe− /− mice, respectively. We identified that FOXO1 facilitated the ubiquitination and 
degradation of RUNX2, which process was mainly mediated by SMAD-specific E3 ubiquitin ligase 2 (SMURF2). 
Our discoveries unveil a heretofore unacknowledged mechanism involving the FOXO1/SMURF2/RUNX2 axis in 
CAVD, thereby proposing the potential therapeutic utility of FOXO1 or SMURF2 as viable strategies to impede 
the progression of CAVD.   

1. Introduction 

Calcific aortic valve disease (CAVD) is the prevailing heart valve 
disease in Western societies [1]. The incidence of CAVD rises signifi-
cantly with advancing age [2,3]. Given the escalating surgical demands 
among the elderly population, the imperative to develop efficacious 
pharmaceutical interventions to impede or reverse CAVD progression 
underscores the criticality of investigating the pathogenesis of CAVD. 

Currently, CAVD is regarded as a progressive and irreversible 
ailment influenced by various factors. The pathogenesis encompasses 

endothelial injury, lipid accumulation, inflammation, and even cellular 
senescence [4]. The subsequent pathological phase involves the trans-
formation of valvular interstitial cells (VICs) into myofibroblast-like and 
osteoblast-like cells [5]. Consequently, impeding the osteogenic differ-
entiation of VICs emerges as a pivotal strategy to mitigate CAVD. 

The osteogenic differentiation process of VICs involves a variety of 
regulatory mechanisms among which runt-related transcription factor 2 
(RUNX2) is recognized as the primary transcription regulator [6]. The 
PI3K/AKT signaling pathway is considered crucial for osteoblast dif-
ferentiation [7,8] and has been implicated in vascular calcification 
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through its regulation of RUNX2 [9–11]. Forkhead Box O1 (FOXO1), 
plays important role in PI3K/AKT signaling pathway [9,10], has been 
shown to have significant involvement in various disease fields [11]. 
FOXO1 not only interacts with the RUNX2 protein but also plays a role in 
atherosclerosis and vascular calcification [12–18]. However, the extent 
to which FOXO1 can regulate and interact with RUNX2 during the 
osteogenesis of VICs remains uncertain. 

This study reveals that FOXO1 is down-regulated in calcific aortic 
valves and, in vitro, it facilitates the ubiquitination and degradation of 
RUNX2 via SMAD-specific E3 ubiquitin ligase 2 (SMURF2), thereby 
impeding the osteogenic differentiation of VICs. Therefore, targeting 
FOXO1 or SMURF2 could potentially serve as an innovative therapeutic 
approach for CAVD. 

2. Methods 

2.1. Human samples and ethics 

Control non-calcified aortic valve was obtained from patients un-
dergoing cardiac transplantation due to dilated cardiomyopathy, and 
the calcified aortic valve was obtained from patients undergoing aortic 
valve replacement due to CAVD. This study complied with the Helsinki 
Declaration and was approved by the System Review Committee of 
Tongji Medical College of Huazhong University of Science and Tech-
nology. Written informed consents were obtained before surgeries. 

2.2. Western blot analysis 

Proteins were extracted using radioimmunoprecipitation assay 
(RIPA) buffer (New Cell & Molecular Biotech, WB3100) containing 
protease and phosphatase inhibitor cocktail (New Cell & Molecular 
Biotech, P002). The bicinchoninic acid (BCA) protein assay kit (Beyo-
time Biotechnology, P0011) was used to determine the protein lysate 
concentrations. For western blotting, equal quantities of proteins from 
each group were electrophoresed by 4%–12 % sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (ACE Biotechnology, ET15412Gel). 
Subsequently, the proteins were transferred onto polyvinylidene fluo-
ride (PVDF) membranes (Millipore, 03010040001) and blocked with 5 
% nonfat dry milk in Tris-buffered saline with 0.5 % Triton X-100 (TBS- 
T). The membranes were then probed with the indicated primary anti-
bodies overnight at 4 ◦C, followed by incubation with the corresponding 
secondary antibodies for 1 h. Ultimately, the protein blots were devel-
oped using the enhanced chemiluminescence (New Cell & Molecular 
Biotech, P002), and the labeled bands were quantified by Image J 1.8 
(National Institutes of Health). 

2.3. Quantitative real-time polymerase chain reaction (qRT-PCR) assay 

RNA of VICs was isolated using Total RNA Isolation Kit (Vazyme, 
RC112-01). cDNA was synthesized using the HiScript III RT SuperMix 
(Vazyme, R323-01) according to the manufacturer’s instructions. RT- 
qPCR was conducted in optical 96-well plates using SYBR qPCR Mas-
ter Mix (Vazyme, Q711-02) and a Step One Real-Time PCR System 
(Applied Biosystems, Foster City, CA, USA) according to the manufac-
turer’s instructions. GAPDH was used as the internal control. Analysis of 
relative gene expression data was carried out using the ΔΔCt method. 
All primer sequences are listed in Table S2. 

2.4. Bulk RNA sequencing analysis 

All bulk RNA sequencing (RNA-seq) rawdata of three-tricuspid aortic 
valve were downloaded from European Nucleotide Archive and their 
information is available on Gene Expression Omnibus (GSE76718, 
GSE153555 and GSE148219). Rawdata underwent quality control (via 
Fastqc0.11.9), mapping (via Hisat2 v2.2.1) and qualification (via fea-
tureCounts v2.0.1) on Linux, to obtain the count matrix. The matrix was 

then filtered with compute counts per million (cpm) > 0 (edgeR) and 
then underwent normalization and the different expressed genes (DEGs) 
were acquired (via DESeq2) on R 4.2.1. 

2.5. Single-cell RNA-seq analysis 

Previously published single cell sequencing (scRNA-seq) data from 
Gene Expression Omnibus database (GSE180278) was included for 
reanalysis. Male mice with Ldlr (n = 24) or Apoe knocked out (n = 19) 
and fed a western diet for 8–10 weeks were categorized as hyperlipid-
emia model, and wild type C57BL/6J mice (n = 30) fed with chow diet 
were selected as control in comparison. Aortic valves from mice were 
collected for scRNA sequence after sacrifice. 

Raw reads obtained from the 10 × Genomics single-cell RNA-seq 
platform were demultiplexed and mapped to the mice reference genome 
mm10 using the CellRanger software (version 3.0.2) with default pa-
rameters. Cells were removed under the condition of expressing fewer 
than 200 genes or greater than 20 % mitochondrial genes. R package 
Seurat (version 4.2.0) were used to perform dimensional reduction of 
scRNA-seq data. The “NormalizeData” and “ScaleData” function from 
Seurat was used for normalization, then followed by “FindVaria-
bleFeatures” to calculate highly variable genes. “FindInte-
grationAnchors” in the Seurat package were applied to remove batch 
effect and integrate data. 2000 genes with the highest expression and 
dispersion from each sample were determined as the integration anchors 
and used for integration. Then, cells were projected in 2D space using 
Uniform Manifold Approximation and Projection (UMAP). To identify 
differentially expressed genes (DEGs) among each cluster, the “Fin-
dAllMarkers” function from Seurat was used and non-parametric Wil-
coxon rank sum tests were set to evaluate the significance of each 
individual DEG. DEGs with adjusted P value less than 0.05 were thought 
to be significant and used in downstream analysis. Hierarchical clus-
tering and heatmap generation were performed for single cells on the 
basis of normalized expression values of marker genes curated from the 
literature or identified significant DEGs. “DimPlot” and “VlnPlot” were 
used to visualize the expression of individual genes, cells were grouped 
by their cell type as determined by analysis with Seurat. Pathway 
enrichment was performed by ‘fgsea’ R package (version 1.27.1). Gene 
set was extracted from ‘MH’ geneset in ‘msigbr’ R package (version 
7.5.1). Transcriptional factor list was download from TRRUST version 2 
(https://www.grnpedia.org/trrust/). 

Plot polish was performed by R package SCP (version 0.5.6), in 
which ‘Integration_SCP’, ‘FeatureDimPlot’, ‘RunDEtest’, ‘CellDimPlot’, 
‘AnnotateFeatures’ functions were called for modification. 

2.6. Hematoxylin and eosin (H&E) staining 

Briefly, paraffin-embedded sections of aortic valves were dewaxed 
and dehydrated. After washing with distilled water, the sections were 
then stained with Harris’ modified hematoxylin solution for 3 min. Then 
the sections were washed with running tap water for 5 min, followed by 
counterstaining in eosin alcoholic solution for 1 min. Finally, the sec-
tions were dehydrated in increasing concentrations of ethyl alcohol and 
cleared in xylene for 2 min. 

2.7. Von Kossa staining 

Generally, aortic valve leaflets were dewaxed, dehydrated and 
incubated with 5 % silver nitrate solution for 30 min. Then, the sections 
were exposed directly to bright sunshine for 1 h, washed, and treated 
with 5 % sodium sulfate for 2 min. After restaining with neutral red for 
another 3 min, the deposition of calcium salt in the aortic valve leaflets 
was observed using a light microscope. A threshold value of the reflec-
tion intensity was defined to isolate mineralized nodules from the 
background using Image J 1.8 (National Institutes of Health), and the 
total mineralized area was calculated. 
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2.8. Alizarin Red staining 

For tissue: Aortic valve leaflets were fixed in 4 % PFA overnight, then 
dehydrated by 15 % and 30 % sucrose solution, washed in distilled water 
and stained with 2 % Alizarin Red stain (Sigma-Aldrich) for 30–60 min. 
After staining, the valves were washed in distilled water again. 

For cell: After treatments, VICs were rinsed in 1 × PBS, then fixed in 
4 % PFA for 15 min at room temperature and rinsed in distilled water. 
The fixed cells were stained with 0.2 % Alizarin Red stain (Servicebio, 
G1038-100 ML) for 30 min and then washed in distilled water. For 
quantification, the area of Alizarin Red positive field was calculated 
using Image J 1.8 (National Institutes of Health) and averaged for in-
dependent biological replicates. Images were visualized and captured 
using an Olympus microscope. The calcium concentration was measured 
colorimetrically by the o-cresolphthalein method in 0.1 mol/L hydro-
chloric acid extracts from cultured VICs. The calcium content was 
expressed as microgram calcium per well of a 12 well plate. 

2.9. Immunohistochemistry staining 

Generally, after antigen retrieval, paraffin sections of aortic valve 
tissues were incubated with the primary antibody overnight at 4 ◦C, 
followed by incubation with an HRP-conjugated secondary antibody. 
Images were taken with a fluorescence microscope (Carl Zeiss, Jena, 
Germany) and merged using Image J 1.8 (National Institutes of Health). 

2.10. Immunofluorescence staining 

After being dried at room temperature for 20 min, frozen sections of 
aortic valves were fixed in 4 % PFA for 30 min and then permeabilized 
with 0.1 % Triton X-100 in PBS for another 15 min. Next, the tissues 
were incubated with the primary antibody, followed by incubation with 
fluorescently conjugated secondary antibody and counterstaining with 
4′,6-diamidino-2-phenylindole (DAPI). 

2.11. Cell culture 

Human aortic VICs were isolated from noncalcified aortic valves as 
described previously [19,20]. Briefly, after washing the aortic valves 
three times in PBS, they were digested in 1 mg/mL type I collagenase for 
12 h at 37 ◦C in 5 % CO2. Subsequently, the cell suspension was gently 
spun for 10 min at 1000 rpm, then the resuspended, separated primary 
VICs were cultured in high glucose Dulbecco’s modified Eagle’s medium 
(DMEM, Gibco, Invitrogen, Carlsbad, CA, USA) supplemented with 10 % 
fetal bovine serum (Gibco) in a humidified atmosphere with 5 % CO2 at 
37 ◦C. VICs at subcultures 3 to 5 were used for further studies. Osteo-
genic differentiation of VICs was induced in osteogenic medium (OM) 
comprising DMEM supplemented with 2 % fetal bovine serum, 1 % 
penicillin–streptomycin, 10 mmol/L of β-glycerophosphate, 0.1 μmol/L 
of dexamethasone, and 50 μg/mL ascorbic acid. Unless otherwise 
specified, OM was treated for 3 days for cellular Western blot assay, 21 
days for cellular Alizarin red staining, and 2 months for ex-vivo valves 
osteogenic differentiation model. The OM was replenished every 3 days. 
All experiments were performed on VICs from independent batches (n 
values represent different experiments). 

2.12. Experimental animals and protocols 

All animal procedures complied with the Guide for the Care and Use 
of Laboratory Animals published by the US National Institutes of Health 
(NIH Publication No. 85-23, revised 1996) and were approved by the 
Animal Care and Use Committee of Tongji Medical College. Apoe− /−

mice, were purchased from Shulaibao Biotechnology Co., Ltd. (Wuhan, 
China). 

Eight-week-old male Apoe− /− (n = 20) were randomly allocated to 2 
groups (n = 10 each group): (1) mice fed with western diet and vehicle; 

(2) mice fed with western diet supplemented with AS1842856 (10 mg/ 
kg) for 24 weeks. All the mice were housed in a pathogen-free, tem-
perature-controlled environment under a 12-h light/dark cycle. After 24 
weeks, hemodynamic parameters were determined by transthoracic 
echocardiography using an 18–38 MHZ phased-array probe (MS400) 
connected to a Vevo 2100 Imaging system under 2.5 % isoflurane 
anesthesia. After that, the mice were euthanized by intravenous injec-
tion of a lethal dose of pentobarbital sodium (100 mg/kg). Mice were 
then perfused via the left ventricle with 5 ml PBS prior to tissue 
collection. Mice hearts were carefully dissected and embedded. 

2.13. Masson’s trichrome staining 

Generally, after fixing in acetone-methanol for 10 min, the mouse 
aortic valves were immersed in a Weigert iron hematoxylin solution for 
5 min. The slides were rinsed again in running tap water for 5 min. Then, 
the sections were incubated in 0.02 % azophloxine and 0.04 % acid 
fuchsin solution for 20 min and rinsed with 1 % acetic acid solution. 
Next, they were placed in a 2.5 % phosphotungstic acid solution for 10 
min and rinsed with 1 % acetic acid solution. Finally, the sections were 
dehydrated in ethanol and xylene, cleared in toluene solutions, and then 
mounted using a quick-hardening mounting medium. The fractional 
areas of collagen fibrosis components (blue) in the aortic valve region 
were obtained using Image J 1.8 (National Institutes of Health). 

2.14. Coimmunoprecipitation (co-IP) 

Briefly, upon reaching 60–70 % confluency, VICs cultured in 100 mm 
dishes were treated with MG132 for 8 h before the indicated treatments. 
Medium was then removed and cells were washed with PBS, then lysed 
with 1 ml of chilled IP lysis buffer (New Cell & Molecular Biotech, 
P70100). Cell lysate was then collected in a 1.5 mL Eppendorf tube and 
centrifuged for 15 min at 12,000 rpm at 4 ◦C, and the supernatant was 
transferred to a new tube. The protein concentration of the supernatant 
was measured by using a BCA protein assay kit (Beyotime Biotech-
nology, P0010) to quantify protein concentration. The samples were 
then adjusted with lysis buffer to prepare 1 mg protein per IP and 20 μg 
protein per input. The IP antibody or normal IgG were bind to the 
Protein A/G PLUS Agarose (Santa Cruz Biotechnology, sc-2003) 
following the manufacturer’s instruction. Then, 1 mg of proteins was 
transferred into the beads that have been linked to IP antibody or normal 
human IgG. The samples were mixed and incubated for overnight at 4 ◦C 
with rotation at 20 rpm to perform IP. Following formation of the beads- 
antibody-antigen complex, samples were centrifuged for 5 min at 3500 
rpm at 4 ◦C to remove the supernatant. The beads were then re- 
suspended in 700 μl lysis buffer and repeated centrifugation to remove 
supernatant. After final washing, the complex pellet was re-suspended in 
100 μl 1 × electrophoresis buffer. The collected sample was then heated 
at 95 ◦C for 15 min and then subjected to SDS-PAGE analysis and 
immunoblotting. 

2.15. Adenovirus-mediated overexpression 

Recombinant adenovirus vectors of indicated gene were designed 
and purchased from WZ Biosciences Inc. (Shandong, China). VICs were 
seeded at the density of 1.0 × 105 cells/well in 6-well plates and incu-
bated with adenovirus at 50 MOI (see Figure S3 for MOI value screening 
experiment). After 48 h of incubation with adenovirus, VICs were used 
for subsequent interventions, including OM as well as others. 

2.16. Small interfering RNA-mediated silencing 

siRNAs targeting FOXO1, SMURF2 and the negative control siRNA 
(si-NC) with no definite target were designed and synthesized by Ribo-
Bio. (Guangzhou, China). The siRNA sequences are listed in Supple-
mentary Table S2. Briefly, VICs were seeded on 6-well plates 24 h prior 
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to transfection. The cells were then transfected with individual siRNAs 
using Lipofectamine 3000 (Thermo Fisher Scientific, L3000075) ac-
cording to the manufacturer’s instructions, then the cells were used for 
further experiments following cultured for an additional 48 h. 

2.17. Antibodies and reagents 

The following antibodies were used for western blotting, immuno-
histochemistry and immunofluorescence: FOXO1 (CST, 2880), p-FOXO1 
(CST, 9461), AKT (CST, 4691), p-AKT (CST, 4060), RUNX2 (CST, 8486), 
SPP1 (Proteintech, 22952-1-AP), GAPDH (Proteintech, 60004-1-Ig), 
vimentin (Proteintech, 60330-1-Ig), Flag-tag (Proteintech, 66008-4- 
Ig), His-tag (Proteintech, 10001-0-AP), HA-tag (Proteintech, 51064-2- 
AP), Myc-tag (Proteintech, 16286-1-AP), SMURF2 (Abclonal, A2278), 
goat anti-rabbit IgG (ab150077, 1:200 dilution), goat anti-mouse IgG 
(ab150115, 1:200 dilution). 

The following antibodies were used in IP: FOXO1 (Proteintech, 
66457-1-Ig), RUNX2 (Santa Cruz, sc-390715), Flag-tag (Proteintech, 
66008-4-Ig), His-tag (Proteintech, 66005-1-Ig), HA-tag (Proteintech, 
51064-2-AP), HA-tag (Proteintech, 51064-2-AP). MK2206 (Selleck, 
S1078) was used at a concentration of 1 μM for 24 h. AS1842856 
(Selleck, S8222) was used at a concentration of 3 μM for 24 h. MG132 
(Selleck, S2619) was used at a concentration of 2.5 μM for 8 h. Cyclo-
heximide (Selleck, S7418) was used at a concentration of 50 μg/μL in 
different time points within 8 h. 

2.18. Statistics analysis 

Experimental data were analysed using GraphPad Prism 8 (Graph-
Pad Software, Inc., CA, USA). Values are presented as mean ± standard 
deviation (SD). The Shapiro-Wilk normality test was used to confirm the 
normality of the data. If the data passed the normality test (alpha =
0.05), then a parametric test, such as unpaired t-test or ordinary one-way 
ANOVA was used. If the data did not pass the normality test, a non- 
parametric test was used (Mann-Whitney test). Statistical significance 
was set at P < 0.05. 

3. Results 

3.1. FOXO1 is down-regulated in VICs of human calcific aortic valves 

To investigate the expression of FOXO1 in human calcific aortic 
valves, normal aortic valves and calcified aortic valves were collected 
from cardiac transplantation and aortic valve replacement surgery (see 
Table S1 for patient characteristics). The presence of calcium deposition 
was confirmed through Von Kossa staining and Alizarin Red staining 
(Fig. 1A). Meanwhile, FOXO1 was found significantly down-regulated in 
calcified aortic valves compared with normal valves through immu-
mohistochemical staining (Fig. 1A) and immunoblotting, in contrast to 
the osteogenic markers RUNX2 and SPP1 (Fig. 1B–E). 

To further investigate the changes of FOXO1 expression in CAVD, the 
bulk RNA-seq datasets GSE76718, GSE153555 and GSE148219 were 
obtained from the NCBI GEO database (Fig. 1F). There were 648 com-
mon differentially expressed genes (DEGs) identified by the interaction 
of these three datasets (Fig. 1G), in which FOXO1, RUNX2 and SPP1 all 
showed high significance (Fig. 1H) and conformity with the experi-
mental results (Fig. 1A–E). Interestingly, FOXO1 has a strong negative 

correlation with RUNX2 (Figure S1). Furthermore, based on the valve 
scRNA-seq data of hyperlipidemia mice previously reported [21], all 
cells in valves were divided into 6 subsets including VICs, VECs, Mar-
crophage, DC, T cell, and B cell (Fig. 1I), and FOXO1 was significantly 
down-regulated in the VICs and the myofibroblast subsets highly similar 
to the VICs in the hyperlipidemias compared with the control group 
(Fig. 1J and K). Subsequently, the result was confirmed by immuno-
fluorescence staining of FOXO1 and vimentin (Fig. 1L), which is a sur-
face marker for VICs. These data suggest that the changes of FOXO1 in 
VICs may play a role in the development CAVD. 

3.2. FOXO1 inhibits osteogenic differentiation of VICs 

To investigate whether FOXO1 participate in the osteogenic differ-
entiation of VICs, the primary VICs was isolated and cultured (see 
Figure S2 for cell phenotyping) in osteogenic medium (OM). Over the 
course of osteogenic induction, the expression of FOXO1 showed a 
gradual decreased and on the contrary, RUNX2 and SPP1 gradually 
increased (Fig. 2A–D). This suggests that FOXO1 may be involved in the 
osteogenic differentiation of VICs. To further evaluate the effects of 
FOXO1 on the osteogenic differentiation of VICs, we treated VICs with 
adenovirus (Ad-FOXO1) or siRNA (siFOXO1) for 48 h to overexpress or 
silence FOXO1, followed by OM induction for 3days for immunoblotting 
and 21 days for Alizarin red staining. The results showed that FOXO1 
overexpression (Figure S3) counteracted the increased RUNX2 and SPP1 
(Fig. 2E–H) and calcium deposition (Fig. 2I–K) derived by osteogenic 
induction. Conversely, the silencing of FOXO1 (Figure S4) yielded 
contrasting effects (Fig. 2L-R). These results indicated that FOXO1 pre-
vented the osteogenic differentiation of VICs. 

3.3. FOXO1 participates in VICs osteogenic differentiation mediated by 
AKT pathway 

The AKT/FOXO1 axis has been found play an important role in a 
variety of disease processes [22]. In particular, AKT pathway has been 
reported to be associated with CAVD [23–26], but its relationship with 
FOXO1 in CAVD remains unclear. We performed gene set enrichment 
analysis (GSEA) using the DEGs in bulk RNA-seq mentioned above and 
found that PI3K/AKT signaling pathway was significantly activated in 
calcified valve tissue (Fig. 3A). Subsequently, immunofluorescence 
staining and immunoblotting confirmed that AKT phosphorylation was 
increased in calcified aortic valves (Fig. 3B–D). Meanwhile, in vitro, we 
found that the phosphorylation levels of AKT and FOXO1 significantly 
increased in the osteogenic induction (Fig. 3E–G). In order to examine 
the impact of the AKT pathway on osteogenic differentiation of VICs, we 
administered the AKT inhibitor MK2206 to VICs for 24 h prior to oste-
ogenic induction for 3 days. Immunoblotting showed that MK2206 
effectively decreased the phosphorylation levels of both AKT and 
FOXO1, and reversed VICs osteogenic differentiation induced by oste-
ogenic induction (Fig. 3H-L and Figure S5). Additionally, MK2206 
significantly reduced the VICs calcium deposition in vitro (Fig. 3M), 
suggesting that osteogenic induction facilitates osteogenic differentia-
tion through the activation of phosphorylated AKT and FOXO1 in VICs. 

Fig. 1. FOXO1 is down-regulated in VICs of human calcific aortic valves. (A) H&E, Von Kossa, Alizarin Red staining and Immumohistochemical staining of FOXO1 in 
aortic valves, scale bar: 200 μm. (B–E) Western blot of FOXO1, RUNX2 and SPP1 expression in aortic valves (n = 12 independent human aortic valves per group). (F) 
Differential gene expression analysis showing up- and down-regulated genes in calcified valves compared to normal valves across three bulk RNA-seq datasets. (G) 
Venn diagram comparing the DEGs between three bulk RNA-seq datasets. (H) Volcano plot of the 648 common DEGs which were marked by blue or red dots. (I) 
Reduction dimplot of mice aortic valves scRNA-seq. (J) Featureplot revealed a remarkable down-regulation of FOXO1 in aortic valves from mice with hyperlipidemia. 
(K) Volcano plot showed that FOXO1 represented a significant down-regulation among transcriptional factors in VIC of hyperlipidemia mice. (L) Immunofluorescence 
staining of FOXO1 and vimentin in aortic valves, scale bar: 100 μm. Values are mean ± SD. Statistical differences were determined by Mann-Whitney test (D) and 
two-tailed unpaired Student’s t-test (C and E). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Fig. 2. FOXO1 inhibits osteogenic differentiation of VICs. (A–D) Western blot analysis of protein levels in VICs with osteogenic medium at different time points (days 
0, 1, 3, 5, 7, n = 3 independent experiments). (E–H) Western blot analysis of FOXO1, RUNX2 and SPP1 in VICs with FOXO1 overexpression and osteogenic medium 
(n = 3 independent experiments). Alizarin red staining of calcium deposition (I–J) and calcium content (K) in VICs overexpressing FOXO1 (n = 3 independent 
experiments). (L–O) Western blot analysis of FOXO1, RUNX2 and SPP1 in VICs following FOXO1 silencing (n = 3 independent experiments). Alizarin red staining of 
calcium deposition (P–Q) and calcium content (R) in VICs following FOXO1 silencing (n = 3 independent experiments). Scale bar: 50 μm. Values are mean ± SD. All 
statistical differences were determined using two-tailed unpaired Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Fig. 3. FOXO1 participates in VICs osteogenic differentiation mediated by AKT pathway. (A) GSEA of bulk RNA-seq showed an up-regulation of PI3K/AKT pathway. 
(B) Immunofluorescence staining of p-AKT and AKT in aortic valves, scale bar: 200 μm. (C–D) Western blot analysis of p-AKT and AKT expression in aortic valves. (n 
= 12 independent human aortic valves per group). (E–G) Western blot analysis of protein levels in VICs with osteogenic medium at different time points (days 0, 1, 3, 
5, 7, n = 3 independent experiments). (H–L) Western blot analysis of protein levels in VICs with MK2206 and osteogenic medium (n = 3 independent experiments). 
Alizarin red staining of calcium deposition (M − N) and calcium content (O) in VICs with MK2206 and osteogenic medium (n = 3 independent experiments). Scale 
bar: 50 μm. Values are mean ± SD. Statistical differences were determined using Benjamini-Hochberg (BH)-procedure (Multiple comparison test) (A) and two-tailed 
unpaired Student’s t-test (D, F, G, I-L, N and O). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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3.4. FOXO1 inhibitor AS1842856 promotes osteogenic differentiation of 
VICs by promoting FOXO1 phosphorylation 

In order to examine the impact of FOXO1 phosphorylation on the 
osteogenic differentiation of VICs, we treated VICs with AS1842856, a 
FOXO1 inhibitor, at varying concentrations for 24 h. The results showed 
that AS1842856 promoted FOXO1 phosphorylation, and simulta-
neously, RUNX2 and SPP1 gradually increased (Fig. 4A–D). In addition, 
AS1842856 promoted the formation of calcium deposition in VICs 
induced by osteogenic medium (Fig. 4E–G). However, the pro- 
calcification effects of AS1842856 were eliminated when FOXO1 
expression was silenced (Fig. 4H-N), which indicated that the procalcific 
effect of AS1842856 is reliant on the presence of FOXO1. Furthermore, 
an ex-vivo valves osteogenic differentiation model was performed. 
Normal human aortic valves were cut into small pieces and cultured in 
osteogenic medium for 2 months with or without AS1842856. H&E, Von 
kossa, Alizarin Red staining showed that AS1842856 could significantly 
aggravate the calcium deposition in the valves (Fig. 4O-Q). These results 
indicated that FOXO1 inhibition could aggravate the calcification of 
VICs and aortic valve in vitro. 

3.5. FOXO1 inhibition aggravates aortic valve calcification in vivo 

In order to investigate the involvement of FOXO1 in the process of 
aortic valve calcification in vivo, we administered either vehicle or 
AS1842856 to Apoe− /− mice. There was no significant difference of 
aortic valve peak transvalvular jet velocity and mean transvalvular 
pressure gradient between the two groups of mice before the high 
cholesterol diet feeding (Fig. 5A–C). Following a 24-week period of 
consuming a high cholesterol diet, the efficiency of AS1842856 in the 
aortic valves was validated by immunofluorescence staining of aortic 
valves. The results showed that phosphorylation of Foxo1 was signifi-
cantly up-regulated (Figure S6), while Foxo1 expression was slightly 
down-regulated in the aortic valve leaflets (Figure S7). The down- 
regulation of Foxo1 may be related with the nuclear efflux, ubiquitina-
tion and degradation of Foxo1 after phosphorylation [27]. The mice in 
the AS1842856 group exhibited noteworthy elevations in peak trans-
valvular jet velocity and mean transvalvular pressure gradient 
(Fig. 5A–C). There were no substantial disparities observed in left ven-
tricular (LV) diameters or hemodynamic parameters between the groups 
(Table S3). Additionally, H&E, Von Kossa, Alizarin Red and Masson 
staining showed that the aortic valve leaflet of AS1842856 group mice 
demonstrated elevated levels of calcium deposition and collagen for-
mation (Fig. 5D–K). And immunofluorescence staining showed that 
Runx2 significantly up-regulated in AS1842856 group mice (Fig. 5L-M). 
These results further suggested that FOXO1 inhibition could aggravate 
aortic valve calcification in vivo. 

3.6. FOXO1 interacts with RUNX2 and promotes its ubiquitination and 
degradation 

There are several clues as to the mechanism by which FOXO1 is 
involved in valve calcification. A previous study reported that FOXO1 
could bind to RUNX2 and impede its transcriptional activity [14]. 
However, this does not provide a comprehensive explanation for the 
down-regulation of RUNX2 mediated by FOXO1 in VICs. Another study 
previously reported that the knockdown of FOXO1 resulted in the in-
hibition of RUNX2 ubiquitination and the promotion of calcification in 

vascular smooth muscle cells (VSMCs) [28]. This may explain the 
reduction of RUNX2 mediated by FOXO1. Nevertheless, the interaction 
between FOXO1 and RUNX2 in VICs remains unclear. 

To investigate the interaction between FOXO1 and RUNX2, VICs 
were simultaneously treated with Flag-tagged FOXO1 and His-tagged 
RUNX2 for 48 h. Coimmunoprecipitation (co-IP) analysis demon-
strated that exogenously overexpressed Flag-FOXO1 could bind to His- 
RUNX2 in VICs (Fig. 6A). The interaction between endogenous FOXO1 
and RUNX2 was also confirmed in VICs (Fig. 6B). Overexpression of 
FOXO1 resulted in the down-regulation of RUNX2, which was mitigated 
by the 26S proteasome inhibitor MG132 (Fig. 6C–E). Furthermore, 
FOXO1 overexpression reduced the half-life of RUNX2 (Fig. 6F and G) 
and increased RUNX2 ubiquitination in VICs (Fig. 6H). These results 
confirmed that FOXO1 could interact with RUNX2 and promote its 
ubiquitination and degradation. In addition, interestingly, we found that 
the ubiquitination of RUNX2 and interaction between FOXO1 and 
RUNX2 could be weakened by AS1842856 (Fig. 6H). 

The phosphorylation of FOXO1 has been found to promote its 
exclusion from the nucleus [14,28]. In light of this, we formulated a 
hypothesis suggesting that the regulatory effect of AS1842856 on 
RUNX2 ubiquitination may be linked to the nuclear exclusion of FOXO1. 
To confirm the hypothesis, we utilized the Nuclear and Cytoplasmic 
Protein Extraction Kit to extract the protein from VICs treated with 
AS1842856. Subsequent Western blot analysis revealed a decrease in the 
expression of FOXO1 in the nucleus, accompanied by an increase in its 
expression in the cytoplasm and however, the overall expression level of 
FOXO1 did not exhibit a significant change (Fig. 6I). Meanwhile, the 
increased RUNX2 was mainly present in the nucleus of VICs, and it was 
almost absent in the cytoplasm (Fig. 6I). In addition, immunoprecipi-
tation of FOXO1 after treatment of VICs with AS1842856 and MK2206 
showed that RUNX2 was decreased in the AS1842856 group and 
increased in the MK2206 group, further demonstrating that AKT inhi-
bition enhances the binding of FOXO1 to RUNX2. However, the binding 
of FOXO1 to RUNX2 was reduced after phosphorylation, resulting in the 
release of RUNX2.(Figure S8). Further confirmation of the 
co-localization of FOXO1 and RUNX2, as well as nuclear exclusion of 
FOXO1 was obtained through immunofluorescence staining of VICs 
(Fig. 6J). 

3.7. FOXO1 promotes SMURF2-mediated RUNX2 ubiquitination in VICs 

The above results indicate that FOXO1 facilitate the ubiquitination of 
RUNX2, but FOXO1 itself does not function as an E3 ubiquitin ligase. We 
hypothesized that FOXO1, as a transcription factor, may mediate the 
expression of some E3 ubiquitin ligases of RUNX2, thereby promoting 
the ubiquitination of RUNX2. In order to obtain the possible E3 ubiquitin 
ligase of RUNX2, we employed UbiBrowser 2.0 to perform the predic-
tion. We identified 26 possible E3 ubiquitin ligases of RUNX2, in which 
20 were predicted and 6 had been validated (Fig. 7A). We first con-
ducted validation and screening procedures on the six validated E3 
ubiquitin ligases of RUNX2. qRT-PCR analysis revealed that only 
SMURF2 exhibited significantly down-regulation after VICs were treated 
with AS1842856 (Fig. 7B). Subsequently, qRT-PCR and Western blot 
analysis demonstrated that the down-regulation of SMURF2 induced by 
osteogenic medium could be reversed by FOXO1 overexpression, and 
AS1842856 was able to further reverse the effect of FOXO1 over-
expression (Fig. 7C–E). These results suggest that SMURF2 expression is 
regulated by FOXO1. However, whether SMURF2 can mediate RUNX2 

Fig. 4. FOXO1 inhibitor AS1842856 promotes osteogenic differentiation of VICs by promoting FOXO1 phosphorylation. (A–D) Western blot analysis of protein levels 
in VICs with AS1842856 in 0, 0.5, 1, 3, 5 and 10 μM (n = 3 independent experiments). Alizarin red staining of calcium deposition (E–F) and calcium content (G) in 
VICs with AS1842856 and osteogenic medium (n = 3 independent experiments). (H–K) Western blot analysis of protein levels in VICs with FOXO1 silencing, 
AS1842856 and osteogenic medium (n = 3 independent experiments). Alizarin red staining of calcium deposition (L–M) and calcium content (N) in VICs with FOXO1 
silencing, AS1842856 and osteogenic medium (n = 3 independent experiments). (O–Q) H&E, Von Kossa and Alizarin Red staining of aortic valves treated with 
AS1842856 and osteogenic medium in vitro (n = 3 independent experiments). scale bar: 200 μm. Values are mean ± SD. All statistical differences were determined 
using two-tailed unpaired Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Fig. 5. FOXO1 inhibition aggravates aortic valve calcification in vivo. Echocardiographic date of peak transvalvular jet velocity (A–B) and mean transvalvular 
pressure gradient (C) in Apoe− /− mice treated with or without AS1842856. H&E staining (D–E), Von Kossa staining (F–G), Alizarin Red staining (H–I) and Masson’s 
trichrome staining (J–K) of aortic valve leaflets from Apoe− /− mice treated with or without AS1842856. scale bar: 200 μm or 100 μm. (L–M) Immunofluorescence 
staining of Runx2 (red) in aortic valves. DAPI was used for nuclear counterstaining (blue). scale bar: 200 μm. Values are the mean ± SD. All statistical differences 
were determined using two-tailed unpaired Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 10 independent mice per group. 
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ubiquitination in VICs remains unknown. 
To confirm the interaction between SMURF2 and RUNX2, VICs were 

simultaneously treated with Myc-tagged SMURF2 and His-tagged 
RUNX2. Co-IP analysis demonstrated that exogenously overexpressed 
Myc-SMURF2 was capable of binding to His-RUNX2 in VICs (Fig. 7F). 
The interaction between endogenous SMURF2 and RUNX2 was also 
confirmed in VICs (Fig. 7G). Overexpression of SMURF2 (Figure S9) 
resulted in down-regulation of RUNX2, which was mitigated by MG132 
(Fig. 7H). Furthermore, SMURF2 overexpression led to a shortened half- 
life of RUNX2 and increased ubiquitination of RUNX2 in VICs (Fig. 7K- 
M). In addition, we found that SMURF2 silencing (Figure S10) signifi-
cantly attenuated the FOXO1-mediated ubiquitination of RUNX2 
(Figure S11), suggesting that the regulatory effect of FOXO1 on RUNX2 

ubiquitination is SMURF2-dependent. Further confirmation of the co- 
localization of SMURF2 and RUNX2 was obtained through immunoflu-
orescence staining (Fig. 7N). Besides, Smurf2 down-regulation in calci-
fied aortic valves was confirmed by immunofluorescence staining from 
Apoe− /− mice treated with AS1842856 (Fig. 7O-P). 

3.8. FOXO1 inhibits the osteogenic differentiation of VICs by up- 
regulating SMURF2 

To further validate the role of SMURF2 in the process of VICs oste-
ogenic differentiation, rescue experiments were conducted. The results 
showed that overexpression of SMURF2 (Figure S9) prevented the pro-
moting calcific effects of AS1842856 (Fig. 8A–G), while silencing of 

Fig. 6. FOXO1 interacts with RUNX2 and promotes its ubiquitination and degradation. (A) Co-immunoprecipitation (co-IP) to detect the interaction between Flag- 
tagged FOXO1 (Flag-FOXO1) and His-tagged RUNX2 (His-RUNX2). (B) Co-immunoprecipitation (co-IP) to detect the interaction between endogenous FOXO1 and 
RUNX2. (C–E) VICs were treated with Ad-NC or Ad-FOXO1 for 48 h. Before immunoblotting, cells were treated with the 26S proteasome inhibitor MG132 for 8 h (n 
= 3 independent experiments). (F–G) Western blot analysis of RUNX2 and GAPDH in VICs treated with Ad-Control or Ad-FOXO1 for 48 h, then treated with 
cycloheximide (CHX) for 0, 0.5, 1, 4 and 8 h (n = 3 independent experiments). (H) Co-IP to detect RUNX2 ubiquitination. VICs were treated with Ad-FOXO1 and 
AS1842856 for 48 h, then treated with MG132 for 8 h. The protein lysates were immunoprecipitated with an anti-RUNX2 antibody and immunoblotted with the 
indicated antibodies. (I) Western blot analysis of FOXO1 and RUNX2 in the nuclear, cytosolic and whole-cell of VICs treated with AS1842856. (J) Immunofluo-
rescence staining of FOXO1 (Red) and RUNX2 (Green) in VICs treated with AS1842856. DAPI was used for nuclear counterstaining (blue). Scale bar: 20 μm. Values 
are mean ± SD. Statistical differences were determined using two-tailed unpaired Student’s t-test (D and E) and Two-way ANOVA followed by Bonferroni post hoc test 
(G). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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SMURF2 reversed the alleviating calcification effects of FOXO1 (Fig. 8H- 
N). Furthermore, the alleviating calcification effect was further 
enhanced by simultaneous overexpression of FOXO1 and SMURF2 
(Fig. 8O-U). 

4. Discussion 

With the trend of global population aging, the prevalence of CAVD 
keeps elevating [29], but there has been a lack of effective drug therapy 
[30]. CAVD is a complex ailment characterized by considerable het-
erogeneity [31]. Its pathogenesis encompasses endothelial damage, li-
poprotein accumulation, inflammation, and osteogenic differentiation 
of VICs [32]. FOXO1, as a classical downstream gene of PI3K/AKT 
signaling pathway, has been found play a role in cardiovascular diseases 
like atherosclerosis and vascular calcification [32]. But the relationship 
between FOXO1 and CAVD still unclear. This study presents novel 
findings, demonstrating that FOXO1 mitigates aortic valve calcification 
by means of SMURF2-mediated ubiquitination and degradation of 
RUNX2 (Graphical Abstract). 

First of all, we obtained normal and calcified aortic valves. In this 
process, the distinction between normal and calcified valves can be 
difficult since some parts may be sclerotic. This kind of valves was 
predominantly fibrotic and needs to be excluded based on the presence 
or absence of hyperechogenic calcification on echocardiography, 
otherwise it may affect the stability of the results, as we only focused on 
calcified valves. We found that FOXO1 was significantly down-regulated 
in calcified aortic valves compared with normal ones. This result was 
consistent with the bulk RNA-seq data from GEO database. Furthermore, 
we analysed the scRNA-seq data from the aortic valves of mice 
(GSE180278) and found that FOXO1 significantly down-regulated in 
VICs. During the progression of CAVD, VICs undergo osteogenic differ-
entiation, leading to the formation of calcium salt deposits and subse-
quent valve calcification [33]. That’s why we next focused on exploring 
the relationship between FOXO1 and calcification in VICs. 

While the functions of FOXO1 in osteogenesis had been reported 
previously [28,34], its role in CAVD remains uncertain. Our investiga-
tion demonstrated that the overexpression of FOXO1 reduced the 
expression of osteogenic markers RUNX2 and SPP1, as well as calcium 
deposition in VICs treated with an osteogenic medium. Conversely, the 
silencing of FOXO1 exacerbated osteogenic differentiation. These find-
ings suggest that FOXO1 exerts an anti-calcification effect in VICs, 
although the underlying mechanism remains to be elucidated. 

PI3K/AKT pathway, as a classical upstream regulator of FOXO1, has 
been reported to be associated with the progress of CAVD [23]. Elena 
Aikawa et al. found that PI3K/AKT signaling pathway was significantly 
enriched in the fibrosa of calcified aortic valve [35]. However, it was 
unclear whether FOXO1 is involved in the process of VICs osteogenic 
differentiation mediated by AKT. In the present study, we demonstrated 
that the phosphorylation of AKT was up-regulated in calcified aortic 
valves compared to normal ones. And in vitro, the phosphorylation of 
both AKT and FOXO1 were increased in VICs induced by osteogenic 
medium, which was reversed by AKT inhibitor MK2206, and the oste-
ogenic differentiation and calcium deposition of VICs were reduced 
either. These results indicated that AKT activated by osteogenic 

induction promoted the osteogenic differentiation of VICs, during which 
the phosphorylation of FOXO1 was activated by AKT. However, the role 
of FOXO1 phosphorylation in osteogenic differentiation of VICs remains 
unclear. 

AS1842856 is a specific inhibitor of FOXO1, discovered by Takeyuki 
Nagashima et al. [36]. Over the years, researchers have had different 
opinions about the effect of AS1842856 on FOXO1. In the present study, 
we demonstrated that AS1842856 promoted the Ser256 phosphoryla-
tion of FOXO1 in a dose-dependent manner. Besides, AS1842856 
significantly enhanced the expression of RUNX2 and SPP1, as well as the 
calcium deposition in VICs. Moreover, these effects were abolished upon 
silencing of FOXO1, which indicated that the function of AS1842856 
was dependent on the presence of FOXO1. Subsequently, we performed 
an ex-vivo osteogenic differentiation model, which confirmed that 
AS1842856 induced aortic valve calcification in vitro. Then we further 
confirmed that AS1842856 aggravated the aortic valves calcification in 
Apoe− /− mice. This is the first study to show that FOXO1 inhibition 
exacerbates aortic valve calcification in vitro an in vivo. 

Mechanistically, RUNX2 may be a key regulator of FOXO1 affecting 
osteogenic differentiation of VICs. There were previous findings indi-
cated that FOXO1 could bind to RUNX2 and inhibit its transcriptional 
activity [14], and FOXO1 silencing led to a decrease of RUNX2 ubiq-
uitination [28]. But how FOXO1 affects RUNX2 ubiquitination and how 
this relates to FOXO1 phosphorylation? To figure out the mechanism 
between them, we first validate the interaction between FOXO1 and 
RUNX2 through an immunoprecipitation assay. The results demonstrate 
that FOXO1 facilitated the ubiquitination and degradation of RUNX2, 
aligning with the previous findings. Intriguingly, the presence of 
AS1842856 reduced the interaction between FOXO1 and RUNX2, and 
reversed the FOXO1-mediated promotion of RUNX2 ubiquitination. We 
postulated that the observed phenomenon may be associated with the 
nuclear exclusion and phosphorylation of FOXO1. Subsequently, this 
hypothesis was confirmed through the utilization of western blot anal-
ysis and immunofluorescence staining on VICs treated with AS1842856. 
These results suggested a mechanism that FOXO1 can bind to RUNX2, 
promote its ubiquitination and degradation, and AS1842856 promote 
FOXO1 phosphorylation, resulting FOXO1 leave from RUNX2 and 
excreted out of the nucleus. 

E3 ubiquitin ligase is indispensable for protein ubiquitination [37, 
38]. Considering FOXO1 as a transcription factor in gene expression 
regulation, rather than an E3 ubiquitin ligase, we proposed that FOXO1 
may regulate some E3 ubiquitin ligases of RUNX2, thereby mediating 
the ubiquitination modification of it. Through the utilization of Ubi-
Browser 2.0 for prediction and qRT-PCR for screening, our findings 
suggest that SMURF2 may function as the E3 ubiquitin ligase connecting 
FOXO1 and RUNX2. It is noteworthy that previous studies have reported 
SMURF2’s role as an E3 ubiquitin ligase for RUNX2, regulating its 
protein degradation and promoting osteogenic differentiation [39]. This 
was further confirmed through immunoprecipitation assays conducted 
in our study. Furthermore, the present study demonstrates that SMURF2 
effectively counteracted the impact of FOXO1 on the expression of 
RUNX2 and the osteogenic differentiation of VICs, thereby suggesting 
that FOXO1 regulates RUNX2 via SMURF2. 

In summary, our findings indicate that FOXO1 was significantly 

Fig. 7. FOXO1 promotes SMURF2-mediated RUNX2 ubiquitination in VICs. (A) E3 ubiquitin ligases of SMURF2 predicted by the UbiBrowser 2.0. (B) qRT-PCR 
analysis of the predicted E3 ubiquitin ligases of RUNX2 in VICs treated with AS1842856 (n = 3 independent experiments). (C–E) qRT-PCR and Western blot 
analysis of SMURF2 in VICs treated with FOXO1 overexpression, AS1842856 and osteogenic medium (n = 3 independent experiments). (F) Co-immunoprecipitation 
(co-IP) to detect the interaction between Myc-tagged SMURF2 (Myc-SMURF2) and His-tagged RUNX2 (His-RUNX2). (G) Co-immunoprecipitation (co-IP) to detect the 
interaction between endogenous SMERF2 and RUNX2. (H–J) Western blot analysis of VICs treated with FOXO1 overexpression and MG132 (n = 3 independent 
experiments). (K–L) Western blot analysis of RUNX2 and GAPDH in VICs treated with Ad-Control or Ad-FOXO1 for 48 h, then treated with CHX for 0, 0.5, 1, 4 and 8 h 
(n = 3 independent experiments). (M) Co-IP to detect RUNX2 ubiquitination. The protein lysates were immunoprecipitated with an anti-RUNX2 antibody and 
immunoblotted with the indicated antibodies. (N) Immunofluorescence staining of SMURF2 (Red) and RUNX2 (Green) in VICs. DAPI was used for nuclear coun-
terstaining (blue). Scale bar: 20 μm. (O–P) Immunofluorescence staining of Smurf2 (red) in aortic valves (n = 10 independent mice per group). DAPI was used for 
nuclear counterstaining (blue). scale bar: 200 μm. Values are mean ± SD. Statistical differences were determined using two-tailed unpaired Student’s t-test (B, D, E, I 
and J) and Two-way ANOVA followed by Bonferroni post hoc test (L). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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down-regulated in CAVD and played a role in the osteogenic differen-
tiation of VICs by means of the AKT pathway. Moreover, FOXO1 effec-
tively mitigated aortic valve calcification and the osteogenic 
differentiation of VICs. Mechanistically, FOXO1 exhibited dual func-
tionality by interacting with RUNX2 to suppress its transcriptional ac-
tivity, while also facilitating the ubiquitination and subsequent 
degradation of RUNX2 through the up-regulation of SMURF2. This 
impact of FOXO1 was observed to diminish upon nuclear exclusion, 
which was induced by osteogenic or drug stimulation. 

The present study has several limitations. First, we identified that 
both mRNA and protein levels of FOXO1 were reduced in calcified aortic 
valves, but the reason was still unclear. AKT phosphorylation activated 
by osteogenic induction could promote FOXO1 Ser256 phosphorylation, 
which may lead to nuclear efflux, ubiquitination and degradation of 
FOXO1 [27]. However, these can’t explain why FOXO1 mRNA 
down-regulated in CAVD. In addition, FOXO1 has been reported to be 
down-regulated by type 1 interferons [40] and various of miRNAs [41, 
42], so it is speculated that the down-regulation of FOXO1 may be at the 
level of transcription and translation, however the specific mechanism 
of FOXO1 downregulation in CAVD still needs to be further studied. 
Second, the osteogenic markers used in the study have certain limita-
tions. SPP1 is one of the osteogenic marker proteins besides the key 
osteogenic transcription factor RUNX2 [43,44]. In order to mitigate the 
potential for inaccuracies stemming from the reliance on RUNX2 as the 
sole osteogenic marker, SPP1, which has shown consistent upregulation 
with RUNX2 in prior results (Fig. 1H), was included as an additional 
marker in this study. Although FOXO1 may not have a direct regulatory 
effect on SPP1, the co-expression of RUNX2 and SPP1 in cardiovascular 
calcification usually serves as a marker of osteogenic activity, suggesting 
the differentiation of cells towards an osteogenic phenotype [45,46]. 
Third, we only investigated the male mice and no female mice. 
Marie-Annick et al. mentioned that women have less valvular calcifi-
cation but more fibrosis compared with men [47]. The histopathology of 
aortic stenosis differs between sexes with a more fibrotic pattern in 
women and a more calcific pattern in men. Therefore, the male mouse 
calcification model was used in this study, while the role of FOXO1 in 
female mice requires further investigated. Finally, we only focused on 
the targets solely implicated in the calcification process. Actually, the 
pathogenesis of CAVD is not limited to the valve itself. For example, in 
chronic kidney disease patient pro-osteogenic pathways are markedly 
activated leading to CAVD [48–50]. In a network-guided multi-omics 
study, Aikawa et al. created the first integrated map of human CAVD and 
established a network of correlations between CAVD and other human 
diseases [35]. By which, we can expand our vision and investigate CAVD 
from a more comprehensive perspective in the future. 

5. Conclusions 

Our study provides new perspectives on the molecular mechanisms 
regulating RUNX2 in the development of calcific aortic valve disease 
(CAVD), and highlights the potential clinical importance of FOXO1 and 
SMURF2 in the evaluation of CAVD. 
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