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NCOR1 maintains the homeostasis of vascular smooth muscle
cells and protects against aortic aneurysm
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Phenotypic modulation of vascular smooth muscle cells (VSMCs) plays critical roles in the pathogenesis of aortic aneurysm (AA). The
function of nuclear receptor corepressor1 (NCOR1) in regulation of VSMC phenotype and AA is unclear. Herein, using smooth
muscle NCOR1 knockout mice, we demonstrated that smooth muscle NCOR1 deficiency decreased both mRNA and protein levels
of contractile genes, impaired stress fibers formation and RhoA pathway activation, reduced synthesis of elastin and collagens, and
induced the expression and activity of MMPs, manifesting a switch from contractile to degradative phenotype of VSMCs. NCOR1
modulated VSMC phenotype through 3 different mechanisms. First, NCOR1 deficiency increased acetylated FOXO3a to inhibit the
expression of Myocd, which downregulated contractile genes. Second, deletion of NCOR1 derepressed NFAT5 to induce the
expression of Rgs1, thus impeding RhoA activation. Third, NCOR1 deficiency increased the expression of Mmp12 and Mmp13 by
derepressing ATF3. Finally, a mouse model combined apoE knockout mice with angiotensin II was used to study the role of smooth
muscle NCOR1 in the development of AA. The results showed that smooth muscle NCOR1 deficiency increased the incidence of
aortic aneurysms and exacerbated medial degeneration in angiotensin II-induced AA mouse model. Collectively, our data illustrated
that NCOR1 interacts with FOXO3a, NFAT5, and ATF3 to maintain contractile phenotype of VSMCs and suppress AA development.
Manipulation of smooth muscle NCOR1 may be a potential approach for AA treatment.
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INTRODUCTION
Phenotypic modulation of vascular smooth muscle cells (VSMCs) is
a critical process that are implicated in the pathogenesis of many
vascular diseases, including atherosclerosis, aortic aneurysm (AA),
and hypertension [1–3]. VSMCs are a group of highly specialized
cells that are responsible for structure maintenance and contrac-
tion of blood vessels. In response to different environmental
stimuli, VSMCs exhibit different phenotypes such as contractile,
synthetic, and degradative phenotypes [4, 5]. Transcriptional or
epigenetic reprogramming has been identified as a switch in
governing VSMC plasticity [6] and targeting gene regulatory
apparatus has emerged as an effective strategy in manipulating
phenotypes of VSMCs. Although a multitude of transcriptional
factors or epigenetic enzymes have been demonstrated to play
essential roles in phenotypic switching [7–9], transcriptional
regulation of phenotypic plasticity of VSMCs is still incompletely
understood and more targets that effectively modulate pheno-
types of VSMCs remain to be identified.

Nuclear receptor corepressor1 (NCOR1) is a master transcrip-
tional coregulator through modifying the acetylation of histones
or transcription factors in different cell types [10]. It has been
shown that NCOR1 suppressed the activity of PPARβ/δ and ERRα
in myotubes and is indispensable for modulating muscle function
[11]. In macrophages, NCOR1 exacerbates insulin resistance of
obese mice through repressing LXR [12] and protects against
atherosclerosis by repressing PPARγ [13]. Moreover, recent studies
have established that NCOR1 is strongly associated with
cardiovascular diseases. Cardiomyocyte NCOR1 has been shown
to interact with MEF2 to repress cardiac hypertrophy [14].
Macrophage NCOR1 deficiency attenuates myocardial infarction
injury and neointimal hyperplasia [15]. However, the role of
NCOR1 in VSMCs and vascular diseases such as AA have remained
unknown.
To determine the function of NCOR1 in VSMCs, we first

generated VSMC NCOR1 knockout (SNKO) mice and investigated
the impact of NCOR1 deficiency on contractile genes, contractility,
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and extracellular matrix degradation of VSMCs. Subsequently, we
unveiled the underlying mechanism how NCOR1 regulated the
activities of transcription factors FOXO3a, NFAT5, and ATF3 in
VSMCs. Finally, we investigated the role of smooth muscle NCOR1
in AngII-induced AA using SNKO mice.

RESULTS
Smooth muscle NCOR1 deficiency downregulates contractile
genes
Western blotting analysis showed that the level of NCOR1 was
significantly higher in aortas of AngII-infused mice than those of
vehicle-infused mice (Supplemental Fig. 1A and 1B), suggesting
the importance of NCOR1 in vascular pathology. To further
understand the function of NCOR1 in the vasculature, we
generated smooth muscle-specific NCOR1 knockout (SNKO) mice
by crossing floxed Ncor1 mice [11] with SM22α-CreER mice [16].
Deletion of NCOR1 was induced in SNKO mice by administration
of tamoxifen (Supplemental Fig. 1C). As expected, both mRNA
level and protein level of NCOR1 decreased significantly in aortas
of SNKO mice compared to littermate control (LC) mice
(Supplemental Fig. 1D, E). Efficient deletion of NCOR1 in isolated
vascular smooth muscle cells (VSMCs) was demonstrated at mRNA
level by QRT-PCR (Supplemental Fig. 1F), and at protein level by
western blotting analysis and immunofluorescence staining
(Supplemental Fig. 1G, 1H).
We next investigated the effects of NCOR1 deficiency on gene

expression in VSMCs. RNA sequencing (RNA-seq) detected 948
induced genes and 821 repressed genes in VSMCs isolated from
SNKO mice compared to those from LC mice (Fig. 1A). Pathways
related to smooth muscle contraction, cell adhesion, and
regulation of actin cytoskeleton were highly enriched in the
downregulated genes (Fig. 1B). Accordingly, Myocd and contrac-
tile genes including Acta2, Cnn1, Myl9, and Myh11 were down-
regulated in SNKO VSMCs (Fig. 1C). QRT-PCR results further
revealed that expression of contractile genes was markedly
suppressed in SNKO VSMCs compared to LC VSMCs (Fig. 1D).
Consistently, results of immunofluorescence staining indicated
that protein levels of α-SMA, Calponin1, MLC2, SMMHC, and
SM22α were decreased in SNKO VSMCs (Fig. 1E and Supplemental
Fig. 2). Western blotting analysis also demonstrated that SNKO
VSMCs had less expression of contractile proteins compared to LC
VSMCs (Fig. 1F, G). Moreover, QRT-PCR analysis revealed that
expression of contractile genes and Myocd was downregulated in
aortas from SNKO mice compared to LC mice (Fig. 1H). Consistent
with the results in primary VSMCs, Ncor1 knockdown using siRNA
(Supplemental Fig. 3A) strikingly decreased the level of contractile
genes in human smooth muscle cells (hSMCs) (Supplemental
Fig. 3B–D). Conversely, expression of contractile genes was
markedly induced by NCOR1 overexpression using lentivirus in
hSMCs (Supplemental Fig. 3E, F). Taken together, these data
demonstrated a crucial role of NCOR1 in regulating contractile
genes in VSMCs.

Deficiency of NCOR1 impairs RhoA signaling pathway in
VSMCs
Activation of RhoA facilitates phosphorylation of myosin light
chain (MLC2), which directly leads to the contraction of VSMCs
[17], and then increases actin polymerization and stress fiber
formation in VSMCs [18]. To evaluate the impact of NCOR1
deficiency on RhoA activation, VSMCs isolated from LC and SNKO
mice were first treated with angiotensinII (AngII) to induce the
formation of stress fibers. Immunofluorescence staining of F-actin
showed that less elongated cells with well-defined stress fibers
were observed among SNKO VSMCs compared to LC VSMCs
(Fig. 2A, B). Western blotting analysis illustrated that deletion of
NCOR1 significantly inhibited activation of RhoA in VSMCs with or
without AngII stimulation (Fig. 2C, D). Similar results were obtained

in VSMCs treated with lysophosphatidic acid (LPA) (Supplemental
Fig. 4A, B). Consistently, markedly suppressed phosphorylation of
MLC2 was detected in SNKO VSMCs compared to LC VSMCs within
a 10-minute time course of stimulation by AngII (Fig. 2E, F) or
phenylephrine (PE) (Supplemental Fig. 4C, D). Similar suppression
on MLC2 phosphorylation was observed in hSMCs transfected
with Ncor1 siRNA (Supplemental Fig. 4E, F). Furthermore, we
examined phosphorylation of MLC2 in LC and SNKO aortas
incubated with AngII or PE ex-vivo. Results of western blotting
indicated that SNKO aortas had less phosphorylation of MLC2
compared to LC aortas (Fig. 2G, H and Supplemental Fig. 4G–I).
Collectively, these data suggested that NCOR1 deficiency inhibited
the contractility and stress fiber formation of VSMCs by impairing
RhoA signaling pathway.

Smooth muscle NCOR1 deficiency promotes degradation of
extracellular matrix
In addition to contractile capacity, VSMCs acquire important
secretory properties to ensure the synthesis of extracellular matrix
and maintain the structure of vascular wall [19]. Gene ontology
term enrichment analysis of RNA-Seq results revealed that NCOR1
deficiency in VSMCs downregulated the expression of genes
highly enriched in terms related to extracellular matrix organiza-
tion and cell adhesion (Fig. 3A). Synthetic genes such as Eln, Mfap4
and Col1a1 were dramatically suppressed in SNKO VSMCs (Fig. 3B).
It has been shown that matrix metalloproteinases (MMPs) play
critical roles in degradation of extracellular matrix [20]. Interest-
ingly, the expression of Mmp3, Mmp12, Mmp13, and Mmp27 were
markedly increased in SNKO VSMCs (Fig. 3B). Consistently, QRT-
PCR analysis demonstrated that NCOR1 deletion markedly
decreased the expression of Eln, Col1a1, Col6a1, and Col16a1,
and significantly increased the expression of Mmp3, Mmp12, and
Mmp13 in VSMCs (Fig. 3C). Results of western blotting further
revealed that the protein level of elastin was reduced and the
levels of MMP3, MMP12, and MMP13 were elevated in SNKO
VSMCs compared to LC VSMCs with or without AngII stimulation
(Fig. 3D, E). Immunofluorescence staining illustrated that SNKO
VSMCs had less expression of elastin compared to LC VSMCs with
or without AngII treatment (Fig. 3F, G). MMP activities, evaluated
by in situ zymography (DQ gelatin), were induced in SNKO VSMCs
compared to LC VSMCs with or without AngII stimulation (Fig. 3H,
I). Accordingly, QRT-PCR results illustrated suppressed expression
of Eln, Col6a1, and Col16a1, and increased expression of Mmp3,
Mmp12 and Mmp13 in aortas of SNKO compared to LC mice
(Fig. 3J). These results indicated that NCOR1 deficiency promoted
degradation of extracellular matrix by suppressing synthetic genes
and inducing MMPs. In addition, gene ontology term enrichment
analysis of RNA-Seq results revealed upregulation of genes
associated with inflammatory response and innate immune
response in SNKO VSMCs (Supplemental Fig. 5A). Expression of
genes related to immune response was substantially increased in
SNKO compared to LC VSMCs (Supplemental Fig. 5B) and most of
these genes were involved in macrophage activation, such as
Lgals3, Tlr1, and JAK3, indicating that NCOR1 deficiency promoted
VSMCs to acquire macrophage markers and exhibit proinflamma-
tory phenotype. Therefore, NCOR1-deficient VSMCs shared similar
characteristics with Tsc1-deficient VSMCs that were termed as
degradative VSMCs [21].

FOXO3a mediates the suppressive effects of NCOR1 deficiency
on contractile genes
We next explored the mechanism how NCOR1 regulated the
expression of contractile genes. Serum response factor (SRF) and
its coactivators Myocd, Mrtfa, and Mrtfb, are the main regulators
of contractile genes in VSMCs [7, 22]. QRT-PCR analysis indicated
that deletion of NCOR1 did not affect the expression of SRF in
VSMCs (Supplemental Fig. 6A). In addition, no interaction was
observed between NCOR1 and SRF in VSMCs according to
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Fig. 1 Deficiency of nuclear receptor corepressor 1 (NCOR1) downregulates contractile genes in vascular smooth muscle cells (VSMCs).
A Volcano plot of RNA-seq data showing significantly induced genes (948) or repressed genes (821) in VSMCs isolated from smooth muscle-
specific NCOR1 knockout (SNKO) mice versus VSMCs from littermate control (LC) mice. The threshold for induced genes was fold change
(FC) > 2 and that for repressed genes was FC <−2; false discovery rate (FDR) < 0.05 and P value < 0.05 for both induced and repressed genes.
B Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of downregulated genes (SNKO vs LC). C Heatmap presentation of
RNA-Seq results displaying relative expression of contractile genes. D QRT-PCR analysis of contractile genes and Myocd in VSMCs isolated
from LC or SNKO mice. E Representative immunofluorescence staining of α-SMA, Calponin1, MLC2, and SMMHC in VSMCs. Scale bar: 50 μm.
F Representative western blotting analysis of a-SMA, Calponin1, MLC2, SMMHC, and Myocardin in VSMCs. α-tubulin was used as a loading
control. The samples were from the same experiment and gels/blots were processed in parallel. G Quantification of western blotting results.
H QRT-PCR analysis of contractile genes and Myocd in aortas of LC and SNKO mice. n= 6:6 for Acta2, Cnn1, Myl9, Myh11; n= 6:5 for Myocd.
The experiments were repeated for three times (D, E, and G). Values are expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001
determined by Student’s t-test. α-SMA indicates smooth muscle actin α2; MLC2 myosin light chain 2, SMMHC smooth muscle myosin
heavy chain.
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Co-immunoprecipitation (Co-IP) analysis (Supplemental Fig. 6B).
Interestingly, NCOR1 deficiency significantly suppressed the
expression of Myocd (Fig. 1D) and did not affect the expression
of Mrtfa and Mrtfb (Supplemental Fig. 7). Thus, it was more likely
that NCOR1 deletion inhibited expression of contractile genes by
downregulating Myocd. It has been demonstrated that Myocd is
a transcriptional target of MEF2, TEAD and FOXO in VSMCs [23].
Previous study has revealed that FOXO3a is recruited and

deacetylated by HDAC3/NCOR1 complex to activate gene
expression [24]. Acetylation of FOXO neutralizes the positive
charges of lysine residues of forkead DNA-binding domain,
interferes the interaction between the positively charged basic
residues of FOXO and negatively charged residues of DNA chain,
and thus reduces the DNA-binding affinity and transcriptional
activity of FOXO [25]. Therefore, we hypothesized that NCOR1
deficiency increased acetylation of FOXO3 to inhibit Myocd and

Fig. 2 Deficiency of NCOR1 impairs RhoA signaling pathway in VSMCs. A Representative immunofluorescence staining of F-actin to detect
stress fibers in VSMCs treated with vehicle (0.9% sodium chloride) or angiotensin II (AngII, 1 μM) for 2 h. Boxed areas are shown in higher
magnification by inset images. Scale bar: 100 μm. B Quantification of cell roundness factor of VSMCs. Each circle represents a single cell.
C Representative western blotting analysis of active RhoA in lysate pulldowns of VSMCs treated with vehicle or AngII (1 μM) for 10min.
Rhotekin-binding domain was used as a bait for the pulldowns. Total RhoA was used as a loading control. D Quantification of western blotting
results as Active RhoA/Total RhoA. E Representative western blotting analysis of phosphorylation and total protein levels of myosin light chain
2 (MLC2) in VSMCs treated with AngII (1 μM) for indicated time periods. α-tubulin was used as a loading control. The samples were from the
same experiment and gels/blots were processed in parallel. F Quantification of western blotting results as p-MLC2(ser19)/MLC2, p-MLC2(ser19)/α-
tubulin, and MLC2/α-tubulin. G Representative western blotting analysis of phosphorylation and total protein levels of MLC2 in thoracic aortas
taken from LC or SNKO mice and treated with vehicle or AngII (1 μM) for 20min ex-vivo. GAPDH was used as a loading control. The samples
were from the same experiment and gels/blots were processed in parallel. Thoracic aortas from 2 to 3 mice were pooled as one sample.
H Quantification of western blotting results as p-MLC2(ser19)/MLC2 and p-MLC2(ser19)/GAPDH. n= 4:4:6:6. Data from three independent
experiments were presented in B, D, and F. Values are expressed as mean ± SEM. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001
determined by 2-way ANOVA with Bonferroni post-tests.
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consequently contractile gene expression. We first identified a
putative FOXO3 binding site on the promoter of Myocd using
FIMO software (Fig. 4A) and then performed chromatin immu-
noprecipitation (ChIP) using antibodies against NCOR1 and
FOXO3a in VSMCs. The results revealed that both NCOR1 and
FOXO3a were enriched within the binding region on the
promoter of Myocd (Fig. 4B). Co-IP analysis demonstrated that
NCOR1 interacted with FOXO3a (Fig. 4C). Increased acetylation of
FOXO3a was observed in SNKO VSMCs compared to LC VSMCs
(Fig. 4D), as well as in VSMCs treated with acetylase inhibitors—
nicotinamide and trichostatin A (Supplemental fig. 8). In line with
this, results of ChIP indicated that NCOR1 deficiency reduced the
enrichment of FOXO3a binding at the promoter of Myocd
(Fig. 4E). These results together suggested that NCOR1 interacted
with FOXO3a to regulate expression of Myocd in VSMCs.
Moreover, QRT-PCR analysis revealed that FOXO3a knockdown
(Fig. 4F) significantly suppressed expression of contractile genes

in hSMCs (Fig. 4G). Results of western blotting showed that
FOXO3a knockdown decreased levels of a-SMA, Calponin1, MLC2,
SMMHC, and Myocardin in hSMCs (Fig. 4H, I). Taken together,
these data implied that NCOR1 deficiency inhibited expression of
contractile genes through impairing the transcriptional activity of
FOXO3a.

NFAT5 mediates the impacts of NCOR1 deficiency on RhoA
activation in VSMCs
We went on to investigate how NCOR1 regulated RhoA. QRT-PCR
analysis demonstrated that NCOR1 deficiency did not affect the
expression of angiotensin II type 1a receptor (Agtr1a), the receptor
for AngII, or α-adrenergic receptor (Adra1a), Adra1b and Adra1d,
the receptors for phenylephrine, in VSMCs (Supplemental Fig. 9).
Further analysis of RNA-seq data revealed that NCOR1 deficiency
induced a group of genes enriched in a term related to GTPase
activator activity (Fig. 5A), including Rgs1 and Rgs2 that were

Fig. 3 Deficiency of NCOR1 promotes degradation of extracellular matrix in VSMCs. A Gene ontology analysis of downregulated genes in
primary VSMCs (SNKO vs LC) determined by RNA-seq. MF indicates molecular function; CC, cellular component; BP, biological process.
B Heatmap presentation of RNA-Seq results displaying relative expression of matrix metalloproteinases and synthetic genes identified in Gene
Ontology analysis. C QRT-PCR analysis of Eln, Col1a1, Col6a1, Col16a1, Mmp3, Mmp12, and Mmp13 in VSMCs. D Representative western
blotting analysis of elastin, MMP3, MMP12, and MMP13 in VSMCs treated with vehicle or AngII (1 μM) for 24 h. GAPDH was used as a loading
control. The samples were from the same experiment and gels/blots were processed in parallel. E Quantification of western blotting results.
F Representative immunofluorescence staining of elastin in VSMCs treated with vehicle or AngII (1 μM) for 24 h. Boxed areas are shown in
higher magnification by inset images. Scale bar: 200 μm. G Quantification of elastin expression as mean fluorescence intensity (MFI).
H Representative immunofluorescence images of in situ zymography (DQ gelatin) assessing MMP activities in VSMCs treated with vehicle
(0.9% sodium chloride) or AngII (1 μM) for 24 h. Boxed areas are shown in higher magnification by inset images. Scale bar: 200 μm.
I Quantification of MMP activities using relative fluorescence units (RFU) in VSMCs. J QRT-PCR analysis of Eln, Col6a1, Col16a1, Mmp3, Mmp12,
and Mmp13 in aortas of LC and SNKO mice. n= 4:5 for Eln, n= 5:5 for Col6a1 and Col16a1, n= 5:6 for Mmp3, n= 4:4 for Mmp12, n= 6:6 for
Mmp13. The experiments were repeated for three times (C, E, G, and I). Values are expressed as mean ± SEM. ns, not significant, *P < 0.05,
**P < 0.01, ***P < 0.001 determined by Student’s t-test (C and J) or 2-way ANOVA with Bonferroni post-tests (E, G and I). Eln indicates elastin;
Col1a1 indicates collagen type I alpha 1; Col6a1 indicates collagen type VI alpha 1; Col16a1 indicates collagen type XVI alpha 1.
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reported to inhibit vascular contraction in mice [26, 27]. Knock-
down of Rgs1 in VSMCs (Fig. 5B) blocked the impairment of active-
RhoA in SNKO VSMCs (Fig. 5C). Analysis of transcription factor-
binding motif revealed a TGGAAA motif for NFAT that was highly
enriched on promoters of Rgs1, Rgs2. There are five members in
the NFAT family, NFAT1-NFAT5 [28]. Each of these five members
was knocked down in LC and SNKO VSMCs (Supplemental Fig. 10A
and Fig. 5D) to examine which member mediated the impacts of
NCOR1 deficiency. Results of QRT-PCR analysis demonstrated that
knockdown of NFATs had no effect on Rgs2 expression (Supple-
mental Fig. 10B). However, knockdown of NFAT5 or NFAT2
hindered the upregulation of Rgs1 in SNKO VSMCs (Fig. 5E and
Supplemental Fig. 10C). Co-IP analysis illustrated interaction
between NCOR1 and NFAT5 but not NFAT2 (Fig. 5F and
Supplemental Fig. 10D). Thus, we next explored the possibility
that NFAT5 mediated the effect of NCOR1 on Rgs1. As expected, a

putative NFAT5 binding site was identified on the promoter of
Rgs1 (Fig. 5G). ChIP analysis demonstrated enrichment of both
NCOR1 and NFAT5 in the binding region on the Rgs1 promoter
(Fig. 5H). Consistently, ChIP results showed that NCOR1 deficiency
increased the acetylation of Histone 3 and Histone 4 of the Rgs1
promoter in VSMCs (Figs. 5I, 5J), indicating chromatin opening and
accessibility. These results together suggested that NCOR1
deficiency induced Rgs1 expression and inhibited activation of
RhoA through NFAT5 in VSMCs.

ATF3 mediates the impacts of NCOR1 deficiency on expression
of Mmp12 and Mmp13 in VSMCs
It has been reported that ATF3 binds to AP-1 binding motif to
regulate the transcription of Mmp13 directly [29]. We next
examined whether ATF3 mediated the impact of NCOR1
deficiency on the expression of MMPs in VSMCs. QRT-PCR analysis

Fig. 4 FOXO3a mediates the impacts of NCOR1 deficiency on contractile genes. A Schematic illustration of putative FOXO3 binding region
on the promoter of mouse Myocd. Forward primer (fwd) and reverse primer (rev) for ChIP assay were indicated by arrows. B ChIP analysis
showing enrichment of NCOR1 and FOXO3a on the promoter of Myocd in VSMCs. ChIP products were amplified using regular PCR and
analyzed by gel electrophoresis. C Co-immunoprecipitation analysis of NCOR1 and FOXO3a in VSMCs. D Representative analysis of FOXO3a
acetylation in VSMCs isolated from LC or SNKO mice. Antibodies against Ac-Lys (ac-K) were used for immunoprecipitation. E ChIP analysis of
enrichment of FOXO3a on the promoter of Myocd in VSMCs isolated from LC or SNKO mice. ChIP products were analyzed using qPCR. QRT-
PCR analysis of Foxo3a (F) and contractile genes (G) in human smooth muscle cells (hSMCs) transfected with control siRNA (siCTL) or Foxo3a
siRNA (siFoxo3a) for 48 h. H Representative western blotting analysis of FOXO3a, α-SMA, Calponin1, MLC2, SMMHC, and Myocardin in hSMCs
transfected with control siRNA or Foxo3a siRNA for 72 h. α-tubulin was used as a loading control. The samples were from the same experiment
and gels/blots were processed in parallel. I Quantification of western blotting results. The experiments were repeated for three times
(B–D, F, G, and I). Data from three independent experiments were presented in E. Values are expressed as mean ± SEM. ns, not significant,
*P < 0.05, **P < 0.01, ***P < 0.001 determined by Student’s t-test.
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showed that knockdown of ATF3 in VSMCs (Fig. 6A) attenuated
the upregulation of Mmp12 and Mmp13, resulting in significantly
lower expression of these two genes in SNKO VSMCs (Fig. 6B), but
did not affect the expression of Mmp3 in either LC or SNKO VSMCs
(Supplemental Fig. 11). Putative AP-1 binding sites were identified
on the promoter of both Mmp12 and Mmp13 (Fig. 6C). ChIP assays
verified the enrichment of NCOR1 and ATF3 in the AP-1 binding
regions of Mmp12 and Mmp13 (Fig. 6D). Co-IP analysis demon-
strated that NCOR1 interacted with ATF3 in VSMCs (Fig. 6E).
Increased acetylation of Histone 3 and Histone 4 were also
detected by ChIP assays on the promoters of Mmp12 and Mmp13
in SNKO VSMCs compared to LC VSMCs (Fig. 6F, G). Collectively,
these data indicated that NCOR1 deficiency induced expression of
Mmp12 and Mmp13 through ATF3 in VSMCs.
So far, we demonstrated that FOXO3a, NFAT5 and ATF3 all

mediated functions of NCOR1 in VSMCs. We further determined
whether they had direct relationships with each other. QRT-PCR
analysis revealed that knockdown of any one of these three
transcription factors did not affect the expression of the other two
(Supplemental Fig. 12A–C). Co-IP analysis did not detect any
interaction among them in VSMCs (Supplemental Fig. 12D–F).

These results together indicated that there was no direct
relationship among FOXO3a, NFAT5, and ATF3 in VSMCs. There-
fore, we proposed a working model to illustrate the mechanisms
how NCOR1 regulated phenotypic switch of VSMCs (Supplemental
Fig. 13).

Deficiency of smooth muscle NCOR1 exacerbates AngII-
induced AA formation in mice
We next investigated the impacts of smooth muscle NCOR1
deficiency on the development of aortic aneurysm. SNKO mice
were crossed with hyperlipidemic ApoE−/− mice to obtain double
knockout mice. The incidence of abdominal AA was markedly
increased in SNKO ApoE−/− mice compared to LC ApoE−/− mice
after infusion of AngII (1200 ng/kg/min/) for 4 weeks (Fig. 7A, B).
Consistently, ultrasound analysis showed that maximal diameters
of suprarenal abdominal aortas were significant larger in SNKO
ApoE−/− mice compared to LC ApoE−/− mice after AngII infusion
(Fig. 7C, D). Noninvasive tail-cuff blood pressure (BP) measurement
demonstrated that NCOR1 deficiency did not affect the systolic BP
and slightly decreased the diastolic BP of ApoE−/− mice infused
with AngII (Supplemental Fig. 14A–C), demonstrating that NCOR1

Fig. 5 NFAT5 mediates the impacts of NCOR1 deficiency on RhoA activation in VSMCs. A Heatmap presentation of RNA-Seq results
displaying relative expression of genes regulating GTPase activator activity in VSMCs isolated from LC or SNKO mice. B QRT-PCR analysis of
Rgs1 in VSMCs transfected with control siRNA (siCTL) or Rgs1 siRNA (siRgs1) for 48 h. C Representative western blotting analysis of active RhoA
in lysate pulldowns of LC or SNKO VSMCs transfected with control siRNA or Rgs1 siRNA for 48 h and then treated with AngII (1 μM) for 10min.
Rhotekin-binding domain was used as a bait for the pulldowns. Total RhoA was used as a loading control. QRT-PCR analysis of NFAT5 (D) and
Rgs1 (E) in VSMCs transfected with control siRNA (siCTL) or NFAT5 siRNA (siNFAT5) for 48 h. F Co-immunoprecipitation analysis of NCOR1 and
NFAT5 in VSMCs. G Schematic illustration of putative NFAT5 binding region on the promoter of mouse Rgs1. Forward primer (fwd) and reverse
primer (rev) for ChIP assay were indicated by arrows. H ChIP analysis showing enrichment of NCOR1 and NFAT5 on the promoter of Rgs1 in
VSMCs. ChIP products were amplified using regular PCR and analyzed by gel electrophoresis. ChIP analysis of enrichment of acetylated-
Histone 3 (Ac-H3) (I) and acetylated-Histone 4 (Ac-H4) (J) on the promoter of Rgs1 in VSMCs isolated from LC or SNKO mice. ChIP products
were analyzed using qPCR. The experiments were repeated for three times (B–H). Data from two independent experiments were presented in
I and data from three independent experiments were presented in J. Values are expressed as mean ± SEM. ns, not significant, *P < 0.05,
**P < 0.01, ***P < 0.001 determined by Student’s t-test (B, I and J) or 2-way ANOVA with Bonferroni post-tests (D and E).
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deficiency did not exacerbate AA by increasing blood pressure.
Additionally, both the right ventricular systolic blood pressure (RVSP)
and aortic media wall thickness were comparable between LC and
SNKO ApoE−/− mice infused with AngII (Supplemental Fig. 14D–F).
Nevertheless, NCOR1 deficiency exacerbated AngII-induced elastin
degradation in abdominal aortas, which was demonstrated by van-
Gieson staining (Fig. 7E–F). Immunofluorescence staining illustrated

that the levels of α-SMA, Calponin1, and SMMHC were drastically
lower in abdominal aortas of SNKO ApoE−/− mice compared to LC
ApoE−/− mice after AngII infusion (Fig. 7G). In addition, higher MMP
activities were observed in abdominal aortas of SNKO ApoE−/− mice
than those of LC ApoE−/− mice (Fig. 7H, I). Similar results were
obtained in thoracic aortas of LC ApoE−/− mice and SNKO ApoE−/−

mice (Supplemental Fig. 15). Western blotting analysis demonstrated
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that smooth muscle NCOR1 deletion decreased the level of
elastin and increased the levels of MMP3, MMP12, and MMP13 in
aortas after AngII infusion (Fig. 7J, K). QRT-PCR results revealed
that expression of Col1a1, Col3a1, Col6a1, Col8a1 and Col16a1
was markedly suppressed in aortas of SNKO ApoE−/− mice
(Fig. 7L). Interestingly, expression of inflammatory genes, includ-
ing Tnf-α, Il1β, Il6, Ccl2, Nos2, and Cxcl1, was upregulated in
aortas of SNKO ApoE−/− mice compared to LC ApoE−/− mice
(Supplemental Fig. 16A). Accordingly, media of abdominal aortas
of SNKO ApoE−/− mice manifested more expression of Mac-2, a
marker of macrophage, compared to those of LC ApoE−/− mice
after AngII infusion (Supplemental Fig. 16B, C). Furthermore, QRT-
PCR analysis revealed that smooth muscle NCOR1 deficiency
decreased the expression of Myocd and increased the expression
of Rgs1, Mmp12 and Mmp13 in aortas from ApoE−/− mice infused
with AngII (Supplemental Fig. 17A). Results of ChIP assays using
aortas of ApoE−/− mice infused with AngII illustrated that NCOR1
and FOXO3a were enriched within the binding region on the
promoter of Myocd, NCOR1 and NFAT5 were enriched within the
binding region on the promoter of Rgs1, and NCOR1 and ATF3
were enriched within the AP-1 binding regions on the promoters
of Mmp12 and Mmp13 (Supplemental Fig. 17B–E). These in vivo
data further supported the mechanism that NCOR1 regulated
VSMC phenotype through FOXO3a, NFAT5 and ATF3. Collectively,
these results indicated that smooth muscle NCOR1 plays a
protective role against the development of aortic aneurysm.

DISCUSSION
The function of NCOR1 in VSMCs and vascular diseases has been
largely unknown. In the current study, we discovered a central role
of NCOR1 in maintaining the homeostasis of VSMCs. NCOR1
deficiency decreased the contractility of VSMCs through down-
regulation of contractile genes and upregulation of Rgs1 that
inhibited RhoA activation. NCOR1 deficiency also reduced the
production of elastin and collagens and induced the secretion of
MMPs, which promoted extracellular matrix degradation. Addi-
tionally, absence of NCOR1 increased the expression of innate
immunity markers in VSMCs. Therefore, NCOR1 deficiency induced
VSMC to switch from a contractile phenotype to a degradative
phenotype. Mechanistically, NCOR1 interacted with FOXO3,
NFAT5, and ATF3 to regulate contractile genes, Rgs1, and MMPs,
respectively. Finally, NCOR1 deficiency in VSMCs increased the
incidence of AA in mice through impairing vascular contractility
and worsening medial degeneration.
This study has identified NCOR1 as a crucial regulator of VSMC

phenotypic switch. VSMCs adopt different phenotypes to adapt to
different environments. Traditionally, quiescent VSMCs acquire a
contractile phenotype that expresses a repertoire of contractile
genes such as Acta2, Myh11, and Cnn1 and is responsible for
vascular contraction [30]. Upon pathological stimuli, VSMCs
transdifferentiate to a synthetic phenotype that exhibits high
rates of proliferation and migration, and secrets more extracellular
matrix, to participate in vascular repair [4]. A recent study has
described a degradative phenotype of VSMCs induced by chronic

mTOR activation, and characterized by decreased contractile and
synthetic functions, as well as increased proteolysis, endocytosis,
phagocytosis, and lysosomal clearance [21]. Herein, we demon-
strated that NCOR1 was a novel regulator that controlled the
phenotypic switch between contractile and degradative VSMCs.
NCOR1 deficiency resulted in a degradative phenotype of VSMCs
with suppression of contractile genes and impairment of
contractility, degradation of extracellular matrix, as well as
induction of innate immune response. Therefore, NCOR1 is
required for maintaining the homeostasis of VSMCs.
NCOR1 regulates phenotypic switch of VSMCs through modify-

ing activities of FOXO3, NFAT5, and ATF3. Previous studies have
reported that the FOXO family is associated with contraction of
VSMCs. For instance, FOXO4 represses contractile genes via
interacting with Myocardin and inhibiting its activity [31].
Phosphorylated FOXO3 inhibits Myocd expression in VSMCs [32].
In the current study, we identified a new regulatory mechanism
that NCOR1 deacetylated FOXO3 to increase its transcriptional
activity and promote Myocd expression, emphasizing the crucial
role of NCOR1 in regulating FOXO3 activity. In addition, we
unveiled that NFAT5 mediated suppressive effect of NCOR1
deficiency on contractility of VSMCs. NFAT5 is a hypertonic stress-
sensitive transcription factor and has been demonstrated to play
an important role in phenotypic modulation of VSMCs through
upregulating AngII-induced Acta2 expression and promoting
PDGF-BB-stimulated migration of VSMCs [33]. In this study, we
revealed the importance of the NFAT5/NCOR1 complex in
regulating contractility of VSMCs through the Rgs1/RhoA axis.
Moreover, we identified ATF3 as a transcription factor that
mediated the impacts of NCOR1 deficiency on expression of
MMPs in VSMCs. ATF3 belongs to AP-1 family [34] and has been
reported to regulate Mmp13 in chondrocytes [29]. It has been
demonstrated that NCOR1 is recruited by cJun, another member
in the AP-1 family, to the promoter of Mmp12 in macrophages
[35]. Similarly, our data indicated that NCOR1 interacted with ATF3
to repress the expression of Mmp12 and Mmp13 in VSMCs.
Collectively, we demonstrated that NCOR1 is a core regulator in
VSMCs through modulating activities of multiple transcription
factors.
Our results have provided new evidence that NCOR1 not only

has suppressive effects but also exhibits transcriptional activa-
tion on gene expression. NCOR1 has been demonstrated to be a
corepressor and repress gene expression in many cell types,
including myocytes, adipocytes, macrophages, T cells, and
cardiomyocytes [11–14, 36, 37]. It has been reported that
NCOR1 exerts its function via deacetylase [10, 38]. Our data
demonstrated that NCOR1 not only regulated acetylation of
histone but also modified acetylation of transcription factors in
VSMCs. NCOR1 suppressed Rgs1, Mmp12, and Mmp13 by
deacetylating histone 3 and histone 4 on their promoters.
Conversely, NCOR1 activates Myocd expression through dea-
cetylating FOXO3a. These results have painted a new layer to
the mechanism of NCOR1 in transcriptional regulation, adding
to its central role as a multifaceted master regulator of gene
transcription.

Fig. 6 ATF3 mediates the impacts of NCOR1 deficiency on Mmp12 and Mmp13 expression in VSMCs. QRT-PCR analysis of Atf3 (A), Mmp12
and Mmp13 (B) in VSMCs transfected with control siRNA (siCTL) or Atf3 siRNA (siAtf3) for 48 h. C Schematic illustration of putative AP-1
binding regions on the promoters of mouse Mmp12 and Mmp13. Forward primer (fwd) and reverse primer (rev) for ChIP assay were indicated
by arrows. D ChIP analysis showing enrichment of NCOR1 and ATF3 in putative AP-1 binding regions on the promoters of Mmp12 and Mmp13
in VSMCs. ChIP products were amplified using regular PCR and analyzed by gel electrophoresis. E Co-immunoprecipitation analysis of NCOR1
and ATF3 in VSMCs. The samples from the same experiment were loaded onto 2 parallel gels for detecting NCOR1 and ATF3. ChIP analysis of
enrichment of acetylated-Histone 3 (Ac-H3) (F) and acetylated-Histone 4 (Ac-H4) (G) on the promoters of Mmp12 and Mmp13 in VSMCs
isolated from LC or SNKO mice. ChIP products were analyzed using qPCR. The experiments were repeated for three times (A, B, D, and E). Data
from two independent experiments were presented in F and data from three independent experiments were presented in G. Values are
expressed as mean ± SEM. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001 determined by 2-way ANOVA with Bonferroni post-tests (A and
B) or Student’s t-test (F and G).
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Finally, we have demonstrated that smooth muscle NCOR1
plays a crucial role in the development of AA. AA is a fatal disease
that accounts for about 200,000 deaths per year worldwide [39].
Since there is no efficient pharmacological treatment to AA, it is
essential to identify novel targets and strategies to restrain this

deadly disease. Although thoracic AA and abdominal AA exhibit
distinct pathologies, phenotypic switching of VSMCs is an
initiating factor for both AAs [2]. Therefore, modulating VSMC
phenotypes is a promising strategy for intervention of AA. It is
traditionally considered that synthetic and proinflammatory

Fig. 7 Deficiency of smooth muscle NCOR1 exacerbates aortic aneurysm in mice. A Representative images of dissected aorta of LC ApoE−/−

and SNKO ApoE−/− mice infused with vehicle (0.9% sodium chloride) or AngII (1200 ng kg−1 min−1) for 4 weeks. Scale bar: 1 mm. B Incidence
of aortic aneurysm (AA) in mice. n= 7:7:16:18. C Representative ultrasound images assessing maximal diameters of suprarenal abdominal
aortas after infusion with vehicle or AngII for 4 weeks. The yellow arrows indicate the edges of the aorta. D Quantification of maximal
diameters of suprarenal abdominal aortas. n= 7:7:16:18. E Representative van Gieson staining of elastin in cross-sections of suprarenal
abdominal aortas from LC ApoE−/− and SNKO ApoE−/− mice infused with AngII for 4 weeks. The lower two panels are the larger magnification
of the upper two corresponding panels. Scale bar: 200 μm. F Quantification of elastin degradation grade. n= 17:16. G Representative
immunofluorescence staining of α-SMA, calponin1, and SMMHC in cross-sections of suprarenal abdominal aortas from LC ApoE−/− and SNKO
ApoE−/− mice infused with AngII. Boxed areas are shown in higher magnification by inset images. Scale bar: 200 μm. H Representative
immunofluorescence images of in situ zymography (DQ gelatin) assessing MMP activities in aortas of LC ApoE−/− and SNKO ApoE−/− mice
infused with AngII for 4 weeks. Scale bar: 200 μm. I Quantification of MMP activities using relative fluorescence units (RFU) in aortas. n= 7:5.
J Representative western blotting analysis of Elastin, MMP3, MMP12, and MMP13 in aortas of LC ApoE−/− and SNKO ApoE−/− mice infused
with AngII for 4 weeks. GAPDH was used as a loading control. The samples were from the same experiment and gels/blots were processed in
parallel. K Quantification of western blotting results. n= 4:4 for MMP3, n= 5:5 for Elastin and MMP12, n= 6:6 for MMP13. L QRT-PCR analysis
of Col1a1, Col3a1, Col6a1, Col8a1, and Col16a1 in aortas of LC ApoE−/− and SNKO ApoE−/− mice infused with AngII for 4 weeks. n= 4:4. Values
are expressed as mean ± SEM. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001 determined by 2-way ANOVA with Bonferroni post-tests (D)
or Student’s t-test (F, I, K and L).

L.-J. Du et al.

627

Cell Death & Differentiation (2023) 30:618 – 631



phenotypes contribute to AA formation [40, 41]. The present study
demonstrated that deletion of smooth muscle NCOR1 exacer-
bated AA formation in a classical mouse model. Smooth muscle
NCOR1 deficiency decreased levels of contractile proteins,
suppressed the expression of elastin and collagen, increased
MMP expression and activity, and elevated inflammation in aortas
of mice with AA, reflecting the degradative phenotype observed
in NCOR1-deficient VSMCs. Therefore, it is plausible to intervene
AA by targeting NCOR1 in VSMCs.
In conclusion, NCOR1 is a master regulator in modulating VSMC

phenotypes and AA development. Mechanistically, NCOR1 con-
trols phenotypic switch of VSMCs through interactions with
transcription factors FOXO3a, NFAT5, and ATF3. These data have
revealed novel functions of smooth muscle NCOR1 and provided
mechanistic insights on how smooth muscle NCOR1 regulates AA.
These findings suggest that smooth muscle NCOR1 may be a
potential therapeutic target for AA by modulating phenotypes
of VSMCs.

METHODS
Animals
Smooth muscle-specific Ncor1 knockout (SNKO) and littermate control (LC)
mice were generated by crossing Ncor1 floxed mice [11] with SM-creERT2

mice [16]. Double knockout (SNKO ApoE−/−) mice were obtained by
breeding SNKO mice to ApoE−/− mice (Shanghai Model Organisms). Five-
week-old SNKO and SNKO ApoE−/− mice were intraperitoneally injected
with tamoxifen (1 mg per mouse per day, Sigma-Aldrich) for five
consecutive days to induce Ncor1 deletion. Tamoxifen-treated LC and LC
ApoE−/− mice were used as controls. All mice were kept in a C57BL6
background. Eight- to twelve-week-old male mice were used for
experiments. Mice with the same genotype were allocated randomly into
different experimental groups. Investigators were blinded to the group
allocation when assessing the results of animal studies.

Cell culture
Mouse primary vascular smooth muscle cells (VSCMs) were isolated as
previously described [42]. Briefly, 8-week-old male mice were sacrificed
and aortas were excised. After the adventitia and intima were removed
from the medial, the aortas were scissored into small pieces and digested
with collagenase II (1 mg/ml, Worthington) and elastase (1 mg/ml,
Worthington) at 37 °C for 1 h. Digestion was stopped by adding culture
media containing Dulbecco’s Modified Eagle Medium/Nutrient Mixture F12
(DMEM/F-12) (Thermo Fisher Scientific) supplemented with 20% fetal
bovine serum (Gibco) and 1% penicillin-streptomycin (Gibco). After
centrifugation, VSMCs were maintained in culture media supplemented
with gentamicin/amphotericin (Gibco) for 7 days. VSMCs were used for
experiment at passage 4–6. VSMCs were identified by positive for α-SMA
(Supplemental Fig. 1H) and negative for CD90 (Supplemental Fig. 18).
Ncor1 deletion was induced by adding 4-hydroxytamoxifen (4-OHT) (1 μM,
Sigma-Aldrich) into the media.
Human vascular smooth muscle cells (hSMCs) were obtained from ATCC

(PCS-100-012). NIH/3T3 fibroblast cell line was obtained from ATCC (CRL-
1658). hSMCs and NIH/3T3 cells were cultured in DMEM/F-12 (Thermo
Fisher Scientific) supplemented with 10% fetal bovine serum (Gibco) and
1% penicillin-streptomycin (Gibco).
All cell cultures were maintained at 37 °C in a humidified, 5% CO2

atmosphere.

RNA sequencing
Primary VSMCs were isolated from 3 LC mice and 3 SNKO mice and treated
with 4-OHT to induce Ncor1 deletion. VSMCs from 3 technical replicates
per group were harvested and subjected to total RNA extraction using
TRIzol reagent (Thermo Fisher Scientific). RNA sequencing was performed
by WuXi NextCODE (Shanghai, China) using HiSeq X Ten (Illumina). Clean
reads were mapped to mouse genome. Differentially expressed genes
(DEGs) were analyzed using DESeq and defined by the p-value < 0.05,
FDR < 0.05 and fold change >2 or <−2. Gene Ontology (GO) analysis and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were
applied to identify enriched functional annotations and pathways for DEGs.
The Molecular Signatures Database (MSigDB, Broad Institute) was used to
assess the enrichment of common conserved putative cis-regulatory

elements of DEGs and predict transcription factors according to a
previously described protocol [24]. FIMO (Find Individual Motif Occur-
ences) (https://meme-suite.org/meme/tools/fimo) was used to predict
binding site of transcription factors on target genes [43].

Immunofluorescence staining
For cell morphology analysis, VSMCs plated on glass coverslips were
incubated with 4-OHT dissolved in serum-free media for 72 h, and then
treated with vehicle (0.9% sodium chloride) or AngII (1 μM, Sigma-Aldrich)
for 2 h. Subsequently, VSMCs were fixed in 4% formaldehyde for 15min
and rinsed in PBS for 3 times (5 min each time). After being incubated in
blocking buffer containing 5% goat serum and 0.3% TritonX-100 in PBS at
37 °C for 1 h, VSMCs were stained with phalloidin coupled to Alexa Fluor
488 (8878, Cell Signaling Technology) at room temperature for 15min to
detect F-actin, then rinsed once with PBS. The coverslips were finally
mounted with ProLongTM Gold Antifade Mountant with DAPI (P36931,
Thermo Fisher Scientific) and cell images were captured using a
fluorescent microscope (Leica). For quantification of the cell roundness,
formula (4 x Area)/ [π x (Major axis)2] was used according to a protocol
previously described [44].
For immunofluorescence staining of VSMCs, after being treated with 4-

OHT, VSMCs grown on coverslips were fixed in 4% formaldehyde for
15min and washed with PBS for 3 times, and then incubated in blocking
buffer at 37 °C for 1 h. Subsequently, VSMCs were stained with primary
antibodies at 4 °C overnight and fluorochrome-conjugated secondary
antibodies (Thermo Fisher Scientific) at room temperature for 2 h the next
day. The coverslips were mounted with ProLongTM Gold Antifade
Mountant with DAPI (P36931, Thermo Fisher Scientific) and images were
acquired using a fluorescent microscope (Leica).
For immunofluorescence staining of aortas, paraformaldehyde-fixed

thoracic or abdominal aortas were embedded in paraffin and sectioned at
a thickness of 5 μm. Cross-sections of aortas were subsequently subjected
to antigen retrieval treatment after being deparaffinized and rehydrated.
After being incubated in blocking buffer at 37 °C for 1 h, the aortic sections
were stained with primary antibodies at 4 °C overnight and then with
fluorochrome-conjugated secondary antibodies (Thermo Fisher Scientific)
at room temperature for 2 h. The nuclei were stained with ProLongTM Gold
Antifade Mountant with DAPI (P36931, Thermo Fisher Scientific) and the
sections were viewed with a fluorescent microscope (Leica).
The following primary antibodies were used: anti-α-SMA (BM0002,

Boster bio-tech), anti-Calponin 1 (17819, Cell Signaling Technology), anti-
MLC2 (3672, Cell Signaling Technology), anti-SMMHC (for VSMCs, sc-6956,
Santa Cruz Biotechnology), anti-SMMHC (for aortic tissue, ab53219,
Abcam), anti-SM22α (ab14106, Abcam), anti-Elastin (sc-58756, Santa Cruz
Biotechnology), anti-NCOR1 (5948, Cell Signaling Technology), anti-Mac-2
(14-5301-81, eBioscience) and anti-CD90 (sc-53456, Santa Cruz
Biotechnology).

Quantitative RT-PCR
Total RNA was isolated from mouse VSMCs, hSMCs, or aortas using TRIzol
reagent (Thermo Fisher Scientific), and complementary DNA (cDNA) was
synthesized using reverse transcription kits (Takara) according to the
manufacturer’s instruction. Quantitative RT-PCR was performed on a Light
Cycler 480 II (Roche) using cDNA, TB Green Premix (Takara), and specific
primers. Expression of target genes was normalized to that of gapdh.
Specific primer sequences are available upon request.

Plasmid and Lentivirus Infection
Mouse NCOR1-flag plasmid was kindly provided by Dr. Johan Auwerx. The
full-length of the coding region with flag tag was subcloned into pHAGE-
fEF1a-IRES-ZsGreen vector to make pHAGE-NCOR1-flag plasmids, which
were co-transfected with lentivirus packaging plasmids into HEK-293FT
cells using lipofectamine 2000 (Thermo Fisher Scientific) to produce
NCOR1 overexpression lentivirus. Empty pHAGE plasmids were used to
produce control lentivirus. Supernatants were harvested 48 h after
transfection and passed through a 0.22 μm filter. hSMCs were infected
with lentivirus for 72 h.

RhoA activity
VSMCs isolated from LC and SNKO mice were incubated with 4-OHT in
serum-free media for 48 h. After treatment, active-RhoA in VSMCs was
examined using RhoA Pull-Down Activation Assay Biochem Kit (BK036,
Cytoskeleton) according to the manufacturer’s instruction. Briefly, Rhotekin
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beads were used to pull down active-RhoA as Rhotekin is a Rho effector
protein that comprises the rho binding domain (RBD), which has a high
affinity for active GTP-bound form of RhoA [45]. The amount of active RhoA
was then determined by western blot using RhoA specific antibodies.

Matrix Metalloproteinase (MMP) activity
MMP activity was assessed using in situ zymography as previously
described [41]. Briefly, freshly frozen sections of aortas or VSMCs cultured
on coverslips were incubated with quenched fluorescein-conjugated
gelatin substrate (DQ gelatin, D12054, Thermo Fisher Scientific) in
zymography buffer (50 mmol/L Tris-HCl, 150mmol/L NaCl, 5 mM CaCl2,
pH 7.6) for one hour according to the manufacturer’s instruction. The
gelatin colocalized with active MMP yields green fluorescence after being
degraded. The nuclei were stained with ProLongTM Gold Antifade
Mountant with DAPI (P36931, Thermo Fisher Scientific) and images were
captured using a fluorescent microscope (Leica). Active MMPs were
assessed by quantifying the green fluorescence intensity.

Western blotting analysis
Total protein was exacted from mouse VSMCs, hSMCs or aortas using RIPA
buffer supplemented with protease inhibitor cocktail (Med Chem Express)
and phenylmethylsulfonylfluoride (PMSF, Sigma-Aldrich). Protein samples
were separated by SDS-PAGE and transferred onto PVDF membranes. After
being blocked with 5% non-fat dry milk, the membrane was sequentially
incubated with primary antibodies and HRP-conjugated secondary
antibodies. Immunoblots were visualized using ECL Western Blotting
Substrates (Thermo Fisher Scientific). For western blots presented in the
same figure panel, protein samples from the same experiment were
loaded onto parallel gels when indicated in the figure legends. Full-length
uncropped original western blots were provided in Supplementary file.
For assessment of phosphorylation level of MLC2 in aortic tissues,

thoracic aortas or abdominal aortas were excised from LC and SNKO mice,
and connective tissues were removed from the aortas. After being
equilibrated in Krebs solution (in mM: NaCl 118, KCl 4.6, NaHCO3 25, CaCl2
2.5, MgSO4 1.2, KH2PO4 1.2, glucose 12, pH 7.4) for 30min, the aortas were
incubated with vehicle (0.9% sodium chloride), AngII (1 μM, Sigma-Aldrich)
or phenylephrine (PE) (1 μM, Sigma-Aldrich) for 20min. Subsequently, the
aortas were snap frozen in liquid nitrogen, and protein was exacted for
western blotting analysis.
The following primary antibodies used for western blotting: anti-α-SMA

(19245, Cell Signaling Technology), anti-Calponin 1 (17819, Cell Signaling
Technology), anti-MLC2 (3672, Cell Signaling Technology), anti-SMMHC
(ab53219, Abcam), anti-Myocardin (bs-9472R, Biosynthesis Biotech),
antiphospho-MLC2 (3671, Cell Signaling Technology), anti-Elastin (sc-
58756, Santa Cruz Biotechnology), anti-MMP3 (ab52915, Abcam), anti-
MMP12 (sc-390863, Santa Cruz Biotechnology), anti-MMP13 (ab39012,
Abcam), anti-GAPDH (KC-5G4, KangChen Bio-tech), anti-α-tubulin (T6199,
Sigma-Aldrich), anti-FOXO3a (2497, Cell Signaling Technology), and anti-
NCOR1 (5948, Cell Signaling Technology).

Chromatin Immunoprecipitation (ChIP) and Co-
immunoprecipitation (Co-IP)
ChIP experiments were performed in aortas or VSMCs isolated from LC
mice, SNKO mice, or wild-type mice using a ChIP-IT High Sensitivity Kit
(53040, Active Motif) according to the manufacturer’s protocol. ChIP
products were analyzed using quantitative PCR (qPCR). Enrichments of
FOXO3a, acetyl-Histone H3, or acetyl-Histone H4 on target genes detected
by ChIP was presented as ratios of qPCR products in proximal regions
(normalized to input) to those in distal regions. The following antibodies
were used: anti-NCOR1 (sc-515934X, Santa Cruz Biotechnology), anti-
FOXO3a (720128, Thermo Fisher Scientific), anti-NFAT5 (ab3446, Thermo
Fisher Scientific), anti-ATF3 (33593, Cell Signaling Technology), anti-acetyl-
Histone H3 (06-599, Millipore), anti-acetyl-Histone H4 (39925, Active Motif),
and IgG (sc-2025, sc-2027, Santa Cruz Biotechnology). The following
primers for predicted binding regions (proximal regions) were used:
Myocd (proximal) F: 5′-TGGTTGGATCCTTCAGCTG-3′,
Myocd (proximal) R: 5′-CTCTGTGAAACATGAAAAAGAAAG-3′;
Rgs1 (proximal) F: 5′-GAAGTAGCATTAAAAAACAGAATG-3′,
Rgs1 (proximal) R: 5′- TGTCTACACCACTGTGGTGTC-3′;
Mmp12 (proximal) F: 5′-GAGTGATGAATTAGACAATGGT-3′,
Mmp12 (proximal) R: 5′-TTAAAGCCCCACTTTATATAAC-3′;
Mmp13 (proximal) F: 5′- ACAAACCACACTTAGGAAGAA-3′,
Mmp13 (proximal) R: 5′- AGCAGTGCCTGGAGTCTC-3′.

The following primers for distal regions were used:
Myocd (distal) F: 5′- CTATGCTCTGTCTCCAGAGACA-3′,
Myocd (distal) R: 5′- CAGAGATTTTGACCATGTAAATT-3′,
Rgs1 (distal) F: 5′- CGATGATAAGCACTTTCTTGG-3′,
Rgs1 (distal) R: 5′- CCTGTCAAGTTGACAGTTTAACTT-3′,
Mmp12 (distal) F: 5′- TGTTCTTGGATTCAGTTTGCA-3′,
Mmp12 (distal) R: 5′- AACACCACCTAACTTGTTCTATGA-3′,
Mmp13 (distal) F: 5′- CTGTAGATGTACATCCCTGGAG-3′,
Mmp13 (distal) R: 5′- CATATTGATAGAACACTGTTCACT-3′ .
Co-IP analyses were performed in VSMCs isolated from wild-type mice

according to the protocol previously described [46] with small modifica-
tions. Briefly, whole-cell lysates were incubated with antibodies against
NCOR1 (sc-515934X, Santa Cruz Biotechnology), FOXO3a (2497, Cell
Signaling Technology), NFAT5 (sc-398171, Santa Cruz Biotechnology),
ATF3 (33593, Cell Signaling Technology) or normal mouse IgG (sc-2025,
Santa Cruz Biotechnology) with rotation at 4°C overnight, followed by
immunoprecipitation with protein A/G magnetic beads (HY-K0202, Med
Chem Express) at 4 °C for 4 h. After being washed with PBS containing 0.3%
TritonX-100 for 5 times, the immunoprecipitates were eluted in 1 X loading
buffer (Takara) and boiled at 95 °C for 10min. The samples were used for
western blotting analysis with the following antibodies: NCOR1 (sc-
515934X, Santa Cruz Biotechnology), anti-FOXO3a (2497, Cell Signaling
Technology), anti-NFAT5 (sc-398171, Santa Cruz Biotechnology), anti-ATF3
(33593, Cell Signaling Technology), anti-SRF (5147, Cell Signaling
Technology), and anti-NFAT2 (sc-7294, Santa Cruz Biotechnology).
For evaluation of FOXO3a acetylation in VSMCs, total cell-lysates from

VSMCs isolated from LC and SNKO mice or from VSMCs treated with or
without trichostatin A (an inhibitor of HDAC class I/II) and nicotinamide (an
inhibitor of Sirt1) were immunoprecipitated with antibodies against with
acetylated- lysine (9441, Cell Signaling Technology) at 4 °C overnight,
followed by incubation with protein A/G magnetic beads (HY-K0202, Med
Chem Express) at 4 °C for 4 h. Samples were eluted in 1X loading buffer
(Takara) and acetylation of FOXO3 were assessed using western blotting
analysis with antibodies against FOXO3a (2497, Cell Signaling Technology).

siRNA transfection
VSMCs or hSMCs were transfected with small interfering RNA (siRNA) using
lipofectamine 2000 (Thermo Fisher Scientific) according to the manufac-
turer’s instruction. siRNA targeting Ncor1, Foxo3a, Nfatc1, Nfatc2, Nfac3,
Nfatc4, Nfat5, or Atf3 was synthesized by GenePharma (Shanghai, China)
and the siRNA sequences were as follows:
siRNA for mouse Ncor1, GAAAUCCCACGGCAAGAUA;
siRNA for human Ncor1, GCTCTCAAAGTTCAGACTCTT;
siRNA for human Foxo3a, GACGAUGAUGCGCCUCUCU;
siRNA for mouse Nfatc1, TGAACCTCTCACGCTACAG;
siRNA for mouse Nfatc2, GAACCGATCGCACATAAGG;
siRNA for mouse Nfatc3, ATTGAGAAGTACAGTATCA
siRNA for mouse Nfatc4, ATTCAGACATTGAGCTACG
siRNA for mouse Nfat5, CCAGUUCCUACAAUGAUAACACU
siRNA for mouse Atf3, CACCCUUUGUCAAGGAAGATT
Commercial siRNA (sc-36409, Santa Cruz Biotechnology) was used to

target mouse Rgs1.

AngII-induced Abdominal Aortic Aneurysm Model
Abdominal aortic aneurysm (AAA) mouse model was established as
previously described [47]. Briefly, 12-week-old LC ApoE−/− mice and SNKO
ApoE−/− mice were infused with AngII (1200 ng kg−1 min−1, Sigma-
Aldrich) or vehicle (0.9% sodium chloride) via Alzet mini-osmotic pumps
(model 2004, DURECT) for 4 weeks. The criterion for occurrence of AAA was
that the external diameter of suprarenal aortas increased by 50% or greater
compared with that of suprarenal aortas from vehicle-infused mice [48].
AAA incidence was quantified 4 weeks after implantations of pumps.

Ultrasound
B-mode ultrasound imaging was performed to measure the abdominal
aortic diameters using a Vevo2100 Ultrasound system (Visual Sonics)
according to the protocol previously described [49].

Measurements of Blood Pressure (BP) and Right Ventricular
Systolic Pressure (RVSP)
Mouse BP was measured using tail-cuff BP-2000 Blood Pressure Analysis
System (Visitech Systems) as previously described [50]. Briefly, mice were
trained for 1 week to adapt the BP measurement condition. After training,
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BP was measured daily for 3 consecutive days per week, and data were
presented as the mean of 3 BP measurements. For each measurement,
twenty cycles were taken and at least ten consecutive readings per mouse
were recorded and averaged.
Mouse RVSP was monitored using radiotelemetry according to the

protocol described previously [51] with modifications. In brief, mouse was
anesthetized with 2% isoflurane and the heart was exposed at the fourth
intercostal space using two blunt forceps. The right ventricle was
punctured with a 22G syringe needle and the pressure transmitter (HD-
X10, Data Sciences International) was carefully inserted into the right
ventricle using a vessel canulation forceps after removing the needle.
Pressures were recorded every 10 seconds for 1–2min.

Histological analysis
Paraformaldehyde-fixed and paraffined-embedded sections of thoracic
aortas were stained with hematoxylin and eosin. Media thickness was
measured using ImageJ software (National Institutes of Health).
Paraffin sections (5 μm) of abdominal aortas were used for elastin Van

Gieson staining. Elastin degradation was graded as previously described
[48]. Based on the standard for elastin degradation score, aortas with no
degradation were scored as 1, those with mild degradation were scored as
2, those with severe degradation were scored as 3, and aortic ruptures
were scored as 4.

Statistical analysis
All data were presented as mean ± SEM. Statistical analyses were performed
using Prism (GraphPad Software). Unpaired Student’s t-test was used to make
comparisons of parameters between two groups. Multiple comparisons were
analyzed by 2-way ANOVA followed by Bonferroni post hoc test. A value of
p≤ 0.05 was considered statistically significant.

DATA AVAILABILITY
Original data of RNA-sequencing are available from the NCBI Gene Expression
Omnibus (GEO) database under accession number GSE185635.
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