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Rupture of abdominal aortic aneurysms (AAAs) is one of the
leading causes of sudden death in the elderly population. The
osteogenic transcription factor runt-related gene (RUNX) en-
codes multifunctional mediators of intracellular signal trans-
duction pathways in vascular remodeling and inflammation.
We aimed to evaluate the roles of RUNX2 and its putative
downstream target miR-424/322 in the modulation of several
AAA progression-related key molecules, such as matrix metal-
loproteinases and vascular endothelial growth factor. In the
GEO database, we found that male patients with AAAs had
higher RUNX2 expression than did control patients. Several
risk factors for aneurysm induced the overexpression of
MMPs through RUNX2 transactivation, and this was depen-
dent on Smad2/3 upregulation in human aortic smooth muscle
cells. miR-424 was overexpressed through RUNX2 after angio-
tensin II (AngII) challenge. The administration of siRUNX2
and miR-424 mimics attenuated the activation of the Smad/
RUNX2 axis and the overexpression of several AAA progres-
sion-related molecules in vitro. Compared to their littermates,
miR-322 KO mice were susceptible to AngII-induced AAA,
whereas the silencing of RUNX2 and the administration of
exogenous miR-322 mimics ameliorated the AngII-induced
AAA in ApoE KO mice. Overall, we established the roles of
the Smad/RUNX2/miR-424/322 axis in AAA pathogenesis.
We demonstrated the therapeutic potentials of miR-424/322
mimics and RUNX2 inhibitor for AAA progression.
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INTRODUCTION
Rupture of abdominal aortic aneurysm (AAA) is one of the leading
causes of sudden death in the elderly population.1 The mortality
rate associated with ruptured AAA can reach 65.9%.2 Several cardio-
vascular risk factors, including hypertension, tobacco use, and hyper-
lipidemia, are associated with the development of both AAA and
aortic calcification (AC).3 Mechanistically, AAA is caused by
segmental weakening of the aortic wall and progressive aortic dila-
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tion, leading to the eventual rupture of the aorta, accompanied by
intense inflammation. Microcalcification and degeneration of the
elastic lamina are common pathological features of AAAs.4,5 An
increased degree of calcification has been found in patients with
symptomatic or even ruptured AAA compared with those with elec-
tively repaired AAA.6 Intimal calcification disruption is one of the
signs of instability for AAA.7 AC increases aneurysmal wall stress
and decreases the biomechanical stability of AAA.8 AC is also corre-
lated with the location of intimal tears in patients with acute aortic
dissection.9 Vascular smooth muscle cells (VSMCs) synthesize
many osteogenic factors during the development of vascular calcifica-
tion.10 The overexpression of the Runt-related gene (RUNX) has been
found in aneurysmal tissues.11 The osteogenic transcription factor
RUNX2 encodes multifunctional mediators of intracellular signal
transduction pathways that affect vascular remodeling and inflamma-
tion.12 RUNX2 is also functionally linked to the regulation of matrix
metalloproteinases (MMPs) and angiogenic factors.12 Angiotensin II
(AngII) causes rapid Smad2/3 phosphorylation and nuclear translo-
cation of p-Smad2/3 via TGF-b-independent MAPK activation.13,14

The activation of Smad-RUNX2 signaling pathway promotes osteo-
genic differentiation.15 MicroRNAs (miRNAs) are endogenous
RNA fragments that post-transcriptionally repress the expression of
target genes, usually by binding to the 30 untranslated regions
(UTRs) of mRNAs. Recent studies have indicated that miRNAs are
actively involved in the pathogenesis of AAA through the modulation
of inflammatory pathways, endothelial dysfunction, apoptosis of
VSMCs and vascular remodeling.16 Emerging evidence has demon-
strated the crucial roles of miR-424/322 (miR-322 is the murine
analog of miR-424) in several cardiovascular and respiratory
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diseases.17 miR-424/322 is also recognized as an “osteomir” that mod-
ulates calcification.18 Given the potential role of AC as a relatively late
process in the stiffening of the abdominal aorta and its association
with AAA progression, reversing calcification could have therapeutic
potential in AAAs.19 Thus, we aimed to evaluate the roles of osteo-
genic RUNX2 and downstream miR-424/322 in AAA development
by determining whether they modulate AAA-related molecules,
such as MMPs and vascular endothelial growth factor (VEGF). We
further test whether RUNX2 inhibitors and miR-424/322 mimics
can mitigate experimental AAA.

RESULTS
Several risk factors for aneurysm induce MMP expression

through RUNX2 activation in human aortic smooth muscle cells

(HASMCs)

Poorly controlled hypertension and hyperlipidemia and a high prev-
alence of smoking are associated with persistent AAA-related mortal-
ity.20 Previous studies have indicated that the continuous delivery of
AngII and nicotine can induce AAA formation in hyperlipidemic
mice.21 We examined the effects of those representative aneurysm
risk factors (i.e., AngII, oxidized PAPC [OxPAPC, a biological active
oxidized phospholipid used to mimic proinflammatory effects
induced by oxidized lipoproteins], and nicotine)22–26 on the expres-
sion of AAA-related molecules in vitro. As shown in Figure 1A, the
treatment of HASMCs with aneurysmal prone factors in clinically
relevant concentrations (i.e., AngII [1 mM], OxPAPC [10 mg/mL],
or nicotine [10 mM]) for 24 h resulted in increased Smad2/3 phos-
phorylation and RUNX2, MMP-2, MMP-9, and VEGF expression
in SMCs. The MMP-2/9 activities are shown in Figure S1. The time
dependence of the changes in Smad2/3 phosphorylation and
RUNX2 expression and expression of the downstream factors
VEGF, MMP-2, and MMP-9 in HASMCs treated with AngII
(1 mM) is shown in Figure 1B. To confirm that the AngII-induced in-
crease in MMP and VEGF expression are involved in the RUNX2 and
Smad2/3 signaling pathways, we transfected HASMCs with Smad2/3
siRNA (10 nM) and control small interfering RNA (siRNA) (10 nM)
before AngII treatment. As shown in Figure 1C, silencing of Smad2/3
effectively reduced Smad2/3 protein expression and attenuated An-
gII-induced RUNX2, MMP-2, MMP-9, and VEGF expression in
HASMCs. This result indicates that RUNX2 is regulated by the
Smad2/3 pathway. Furthermore, we found that silencing of RUNX2
reduced RUNX2 protein expression and attenuated AngII-induced
VEGF, MMP-2, and MMP-9 expression in vitro (Figures 2A and
2B). Through chromatin immunoprecipitation (ChIP) assays and
quantitative real-time -PCR, we found that AngII activated the oste-
oblast-specific elements (OSEs) of VEGF, MMP-2, and MMP-9 via
transactivation of RUNX2 (Figure 2C). The primer sequences for
MMP-2/9 and VEGF predicted by JASPAR are shown in the supple-
mental information. To confirm the results of the ChIP assays, we
constructed pNL-MMP2, pNL-MMP9, and pNL-VEGF nano lucif-
erase reporter plasmids that included the OSE promoter region and
co-transfected HEK 293 cells with these plasmids together with
plasmid cytomegalovirus (pCMV)-RUNX2 or the pCMV control
plasmid. As shown in Figure 2D, in the MMP-2, MMP-9, and
VEGF groups, the luciferase activities were significantly increased
1.8-, 1.2-, and 1.3-fold, respectively, by RUNX2 overexpression
compared with control. The data indicate that RUNX2 can bind to
the OSE promoter region of MMP2/9 and VEGF.

Silencing of RUNX2 ameliorates AngII-induced AAA in vivo

To evaluate the possible effect of RUNX2 on aneurysm formation
in vivo, we induced AAA in male apolipoprotein E knockout
(ApoE KO) mice by continuous infusion of AngII via an osmotic
minipump. Male sex is the largest nonmodifiable risk factor for
AAA; the incidence of AAA in men is estimated to be 4-5-fold higher
than it is in women, and men have a 10-fold higher risk than age-
matched women of developing an AAA.27 Consistent with previous
studies, continuous infusion of AngII in the ApoE KO mice induced
AAA development in the suprarenal aorta, as shown in Figure 3.
These mice were treated with either control siRNA or siRUNX2
(0.2 mg/kg/week). The administration of siRUNX2 significantly
reduced the incidence of AngII-induced AAA formation by 40% (Fig-
ure 3B), the external aortic diameter by 28% (Figure 3C), and the
elastin degradation grade by 53% (Figure 3D). As depicted in Fig-
ure 3E, siRUNX2 attenuated the continuous AngII infusion-induced
upregulation of MMP-2, MMP-9, and VEGF in homogenates of the
aorta. Neovascularization and infiltrates of macrophage and leuko-
cytes are involved in the development of AAA.28 We found that
silencing RUNX2 also attenuated AngII-induced neovascularization
(CD31); leukocytes (CD45, leukocyte common antigen), and macro-
phage (CD68, macrophage) infiltration and microcalcification in the
aortas (Figures S2 and S3). In addition, RUNX2 mRNA and protein
expression levels were decreased after siRUNX2 treatment (Figures
3E and 3F). The administration of siRUNX2 did not alter systolic
blood pressure, serum cholesterol, or body weight (defined as 10%
body weight loss). We searched the GEO database of the National
Center for Biotechnology Information using the key words “abdom-
inal aortic aneurysm” and “RUNX2.” The results revealed that pa-
tients with AAA had higher RUNX2 mRNA (log2) expression than
control patients (Figure 3H). Although there were no statistically sig-
nificant differences in miR-424 expression between control and AAA
patients, the AAA patients showed a rising trend (Figure 3I).29 These
findings are consistent with our hypothesis that RUNX2 has a path-
ogenic role in AAA.

miR-424mimics reduceAngII-inducedprotein overexpression in

HASMCs in vitro

As confirmation of the association between miR-424 and AngII-
induced activation of the Smad2/3/RUNX2 axis, using JASPAR on-
line software prediction, we found that several predicted OSE sites
in the promoter region of miR-424 could be transactivated (Table
S5). Using ChIP and luciferase assays, we evaluated whether
RUNX2 transactivates miR-424 promoters. As shown in Figure 4A,
quantitative real-time-PCR revealed that OSE expression associated
with miR-424 was increased �5.8-fold in AngII-induced HASMCs
in comparison with the control. At the same time, we observed a
higher level of luciferase activity in HASMCs co-transfected with
pCMV-RUNX2 plasmid and pNL-miR-424 plasmid that included
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Figure 1. AngII treatment upregulates RUNX2 expression in HASMCs through Smad 2/3 activation

(A) Protein expression in response to 24-h stimulation with agents that increase the risk of aneurysm (AngII, 1 mM; OxPAPC, 10 mg/mL; nicotine, 10 mM); n = 6. (B) Protein

expression in response to stimulation with AngII (1 mM) as a function of time. Stripping was performed in Smad2/3 and b-actin. (C) Smad2/3, RUNX2, MMP-2, MMP-9, and

VEGF protein expression after AngII treatment with or without Smad2/3 siRNA transfection (n = 5). The data are presented as the mean ± SEM. Statistical significance was

determined using 1-way ANOVA followed by a Fisher’s least significant difference test (A) and Tukey test (C), *p < 0.05.
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Figure 2. RUNX2 directly induces MMP-2/9 and VEGF expression in AngII-stimulated HASMCs

(A) RUNX2 silencing RNA effectively reduced RUNX2 protein expression (n = 6). (B) Protein expression after AngII treatment (24 h) and transfection with control siRNA (20 nM)

or siRUNX2 (20 nM) (n = 6). (C) Promoter activation of MMP-2/9 and VEGF after AngII-induction in HASMCs shown by ChIP assays with rabbit IgG and RUNX2 antibody using

quantitative real-time-PCR analysis (n = 5). (D) Promoter activation of MMP-2/9 and VEGF in RUNX2-overexpressing HEK 293 cells using a luciferase assay (n = 6). The data

are presented as the mean ± SEM. Statistical significance was determined using 1-way ANOVA followed by a Tukey’s test (B and C) or Student t test (A and D). *p < 0.05
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Figure 3. Silencing of RUNX2 attenuates AngII-induced AAA in ApoE-deficient mice in vivo

ApoE KO mice that were implanted with AngII (1,000 ng/kg/min)-loaded minipump were treated with either control siRNA or siRUNX2 (0.2 mg/kg/week) via retro-orbital

injection. (A) Representative images of the aortas. (B) Incidence of AAA and (C) external diameter of the aortas (nR 6). (D) Elastin degradation grading of the aortas (n = 6). (E)

Protein expression in the homogenates of the aortas (n = 6). (F) RUNX2 mRNA expression in the homogenates of the aortas shown by RT-qPCR (n = 6). (G) miR-322

expression in the homogenates of the aortas shown by quantitative real-time-PCR (n = 6). (H) Results of a search of the GEO database for RUNX2: control, n = 10; patients,

n = 49. (I) Results of a search of the GEO database for miR-424: control, n = 4; patients, n = 4. The data are presented as the mean ± SEM. Statistical significance was

determined using 1-way ANOVA followed by a Tukey’s test (A–G) or Student’s t test (H and I). *p < 0.05.
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Figure 4. miR-424 is transactivated through AngII-induced RUNX2 and regulates several downstream targets of RUNX2 in vitro

(A) Quantitative real-time-PCR results following a ChIP assay with rabbit IgG and RUNX2 antibody showing OSE expression associated with miR-424 expression after AngII

treatment (n = 5). (B) Promoter activation of miR-424 in RUNX2-overexpressing HEK 293 cells using a luciferase assay (n = 6). (C) miR-424 expression under AngII stimulation

with or without siRUNX2 determined by quantitative real-time-PCR (n = 4). (D) Dual-luciferase level showing binding of miR-424 and the 30UTR of target genes determined by

a luciferase assay in HEK 293 cells (n = 6). (E) Protein expression after miR-424 mimic transfection in AngII-induced HASMC (n = 6). The data are presented as the mean ±

SEM. Statistical significance was determined using Student’s t test (B and D) or 1-way ANOVA followed by a Tukey’s test (A, C, and E). *p < 0.05.
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the OSE promoter region; the luciferase activity of the co-transfected
cells showed an �1.8-fold increase in comparison with HASMCs co-
transfected with the pCMV-control plasmid (Figure 4B). To further
confirm that miR-424 could be modulated by RUNX2, we used
RNA interference to knock down RUNX2 expression in HASMCs
subjected to AngII induction. As shown in Figure 4C, silencing
RUNX2 resulted in a decrease in miR-424 expression of �3.3-fold
compared with AngII treatment. Furthermore, to investigate the
role of miR-424 expression in the Smad2/3/RUNX2 axis, we searched
the target mRNAs of miR-424 in TargetScan and miRanda online
software and found that the 30 UTRs of Smad2/3, RUNX2, MMP-2,
and VEGF could be targeted by miR-424 (Table S6). To validate
the predicted targets of miR-424, we cloned the 30-UTR fragments
with target sequences into a pNL luciferase reporter vector. The
sequences of the binding sites are shown in Table S6. As shown in
Figure 4D, the luciferase activities of the cells transfected with pNL-
Smad3 or pNL-MMP-2 were reduced by the overexpression of
miR-424. In addition, in our previous study, we found that miR-
424 binds to the 30UTR of VEGF.30 In summary, these data suggest
that Smad3, MMP-2, and VEGF mRNA may be direct targets of
miR-424. The administration of miR-424 mimics reduced the An-
gII-induced activation of Smad2/3 and overexpression of RUNX2,
MMP-2, MMP-9, and VEGF in HASMCs in vitro (Figures 4E and
S4). We did not anticipate that miR424/322 would modulate the
phosphorylation or activation Smad2/3 pathway. Our data indicate
that miR-424 is part of a negative feedback loop that controls the
Smad2/3/RUNX2 axis.

miR-322-deficient mice are susceptible to AngII-induced AAA,

and exogenous miR-322 mimics ameliorate AngII-induced AAA

As expected, significantly decreased miR-322 expression levels were
observed in the aortas of miR-322 KO mice compared to their litter-
mates (Figure 5A). To evaluate the possible effect of miR-322 on
aneurysm formation, we induced AAA by continuous infusion of An-
gII in miR-322 KO mice. The results indicate that the miR-322 KO
mice were more susceptible to AngII infusion-induced aortic expan-
sion than their littermates (Figures 5B and 5C). The AngII-infused
miR-322 KO mice had a significantly higher (60% higher) incidence
of AAA than their AngII-infused littermates (Figure 5D). In addition,
the AngII-infused miR-322 KO mice showed significantly increased
elastin degradation (Figure 5E). Increased Smad2/3, RUNX2,
MMP9, MMP2, and VEGF protein levels were also observed in the
aortas of miR-322 KO mice subjected to AngII infusion (Figure 5F).
No significant difference was observed between the two groups with
respect to changes in body weight (defined as the loss of 10% of
body weight) during the study period. Previous studies have indicated
that miR-424/322 regulates osteogenesis,31,32 and our findings also
showed that miR-322 KO mice subjected to AngII infusion exhibited
microcalcification in comparison with littermates subjected to AngII
infusion (Figure S3).

We further found that exogenous miR-322 mimics significantly
reduced the incidence of AAA formation from 80% to 50% (Fig-
ure 6B) and attenuated AngII-induced aortic expansion (Figure 6C).
662 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
As expected, exogenous miR-322 mimics attenuated the AngII-
induced elastin degradation score (Figure 6D). Exogenous miR-322
mimics not only increased miR-322 expression but also significantly
decreased MMP-2, MMP-9, Smad2/3, VEGF, and RUNX2 protein
expression in the aortas of AngII-infused ApoE KOmice (Figure 6F).
In addition, miR-322mimics attenuated AngII-induced CD31, CD45,
and CD68 expression in aortas (Figure S2). The body weight changes
in the two groups showed no significant differences during the study
period. Thus, miR-322 inhibits AAA progression through the regula-
tion of the Smad2/3/RUNX2 axis.

DISCUSSION
In the present study, we demonstrated the crucial roles of the Smad2/
3/RUNX2/miR-424/322 axis in AAA progression. Specifically, we
found that (1) miR424/322 modulates the Smad2/3/RUNX pathway
by inhibiting Smad3, MMP-2, and VEGF; (2) silencing RUNX2 and
exogenous miR-322 mimics ameliorate AngII-induced AAA forma-
tion in ApoE KO mice; and (3) RUNX2 transcriptionally activates
miR-424 expression.

In the Aneurysm Global Epidemiology Study, a positive linear rela-
tionship was found among trends in hypertension, cholesterol, and
smoking prevalence and AAA growth in patients with AAA.20 Close
correlations have been found between vascular calcification (VC) and
degeneration and inflammation of the aorta. The overexpression of
RUNX2 has been found in human aneurysmal tissues.11,33 In animal
experiments, exogenous AngII, nicotine, and hyperlipidemia have
been shown to induce RUNX2 overexpression and VC. RUNX2 is
required for the overexpression of oxidized low-density lipoprotein-
induced osteogenic factor.10 A recent study suggested that RUNX2
mediates microcalcification, further elevation of inflammatory factor
levels, and MMP expression in AngII-induced AAA.4 VSMC-specific
RUNX2 deletion inhibited AngII-induced microcalcification and
AAA formation in ApoE KO mice.4 We confirmed that RUNX2
directly promotes AAA formation through the overexpression of
VEGF and MMPs.

The role of the transforming growth factor-b (TGF-b) signaling
pathway in AAA pathogenesis is still controversial.21 Previous studies
have indicated that TGF-b inhibition augments AngII-induced
AAAs, with the majority exhibiting rupture.34 Dysregulated TGF-b
pathways have been shown to be correlated with aortic diameter in
humans and in experimental models of aneurysm formation.35

Recently, AngII was reported to cause rapid Smad2/3 phosphoryla-
tion and nuclear translocation of p-Smad2/3 via TGF-b-independent
MAPK activation.13,14 Here, we demonstrated that risk factors for
aneurysm induced RUNX2 overexpression through the activation
of Smad2/3, suggesting that AAA progression, as well as calcification,
are facilitated by the activation of the Smad2/3 pathway.

RUNX2 further promotes AAA formation by transactivating MMP-
2, MMP-9, and VEGF. MMP activation participates in the progres-
sion of both VC and AAA.36 MMP-2 and MMP-9 promote VC by
upregulating RUNX2 signaling, resulting in VSMC phenotypic



Figure 5. miR-322-deficient mice are susceptible to AngII-induced AAA

Implantation of AngII (1,000 ng/kg/min)-loaded minipumps in miR-322 KO mice and their littermates. (A) miR-322 expression in aorta homogenates (n = 5). (B) Representative

images of the aortas. (C) External diameter of the aortas (n R 5). (D) Incidence of AAA and (E) elastin degradation grading of the aortas (n = 5). (F) Protein expression in

homogenates of the aortas (n = 6). The data are presented as themean± SEM. Statistical significancewas determined using 1-way ANOVA followed by a Tukey’s test. *p < 0.05.
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Figure 6. Exogenous miR-322 attenuates AngII-induced AAA in ApoE-deficient mice in vivo

ApoE KOmice that were implanted with AngII (1,000 ng/kg/min)-loadedminipumpswere treated with either control mimics ormiR-322mimic (2mg/kg/week) via retro-orbital

injection. (A) Representative images of the aortas. (B) Incidence of AAA and (C) external diameter of the aortas (n = 6). (D) Elastin degradation grading of the aortas (n = 6). (E)

miR-322 expression in the homogenates of the aortas (n = 6). (F) Protein expression in homogenates of the aortas (n = 6). The data are presented as the mean ± SEM.

Statistical significance was determined using 1-way ANOVA followed by a Tukey’s test. *p < 0.05.
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conversion and matrix remodeling.37 The silencing of RUNX2 has
been shown to reduce pulmonary artery remodeling and prevent
calcification, thus improving pulmonary hemodynamic parameters
and right ventricular function.38

Recent advances in molecular biology have led to the identification of
several miRNAs and transcription factors that are involved in the pro-
cess of AAA formation.39 miRNAs can simultaneously modulate
many genes, often regulating individual signaling pathways at multi-
ple levels.40 We found that Smad3, MMP-2, and VEGF are targets of
miR-424/322. Previous studies have indicated that miR-424 modu-
lates bone formation and targets RUNX2 and that the downregulation
of miR-424 is associated with the osteodifferentiation of mesen-
chymal stem cells.31 Another study found that decreased miR-424
expression facilitated osteogenic differentiation, suggesting that
miR-424 inhibits alkaline phosphatase (ALP) activity, calcium depo-
sition, and Smad2/3/RUNX2 axis expression.32 Several reports have
indicated that miR-424/322 is present in endothelial cells, macro-
phages, and fibroblasts.30,34,41 We are aware that AAA development
is multifactorial in origin and that several vascular cell types may
be involved.

Consistent with these observations, our findings indicate that miR-
424/322 inhibits the expression of osteogenic markers, including
Smad2/3 and RUNX2. miR-424 actively participates in adaptation
to hypoxia and prevents acute hypoxia-induced pulmonary vascular
leakage by modulating the hypoxia-inducible factor-1 a(HIF-1a)-
VEGF axis.30,42 VEGF contributes to AAA formation by promoting
inflammation and neovascularization. VEGF overexpression in
vascular cells was found in the aneurysmal wall compared with the
normal abdominal aorta.43 Exogenous VEGF has been found to in-
crease the formation of AngII-induced aneurysms, whereas treatment
with soluble VEGF-A receptor inhibited AAA development in
mice.44,45 Recombinant VEGF protein treatment dose dependently
increases the transcriptional activity of RUNX2.46 Through the tar-
geting of Smad3, MMP-2, and VEGF, miR-424/322 exerts protective
effects against AAA progression.

No studies have shown that commonly used cardiovascular drugs
have clinical benefits with respect to AAA progression.47 Here, we
propose another pathway that offers a potential intervention site
for the medical treatment of AAA. Associations between aortic calci-
fication and aortic disease have been found.Most incidental AAAs are
below the threshold for intervention at the time of detection. In a
recent Swedish study involving ultrasonographic screening of 65-
year-old men, the prevalence of abdominal aortic aneurysms was
2.2%, whereas in earlier studies, the reported prevalence was as
high as 8% among men 65 to 80 years of age.48–50 The risk of AAA
rupture is determined by the size of the aneurysm; rupture occurs
in�2% of AAAs <4 cm in diameter and in >25% of AAAs >5 cm. Sur-
gical repair is indicated for large AAAs (diameter >5.5 cm) and when
the growth rate of AAAs exceeds 1 cm/year.51 Therefore, in addition
to current cardiovascular risk-reducing treatments, adjunctive medi-
cal therapy targeting the regulation of extracellular matrix (ECM)
metabolism is still required in clinical settings.51 Recent advances in
molecular biology have led to the identification of several miRNAs
and transcription factors that participate in the process of AAA for-
mation. Nucleic acid drugs are expected to be a novel therapeutic op-
tion for AAA.52

Limitations of the study

We are aware that AAA development is multifactorial in origin and
that several vascular cell typesmay be involved; miR424/322 is also pre-
sent in endothelial cells and in monocytes/macrophages.5,30,34,41 In the
GEO data, miR-424 expression showed a rising trend in patients with
AAA, but the difference between AAA patients and controls was not
significant. Therefore, miR-424 expression should be checked in the
clinical setting. The roles of RUNX2 and miR-424/322 in other inflam-
matory cells should be explored further. Whereas global RUNX2 KO
can be fatal, tissue-specific RUNX2 and miR-322 KO mice can be
used to further elucidate the role of this axis in AAA pathogenesis.

Conclusions

The Smad/RUNX2/miR-424/322 axis is crucial for AAA develop-
ment. RUNX2 inhibition and miR-322 mimics attenuated experi-
mental AngII-induced AAA formation in vivo.

MATERIALS AND METHODS
The data that support the findings of this study are available from the
corresponding author on reasonable request.

Gene Expression Omnibus (GEO) database

The National Center for Biotechnology Information (NCBI) GEO
database was used to assess the expression of RUNX2 and miR-424
in clinical AAA samples.53,54 The key word abdominal aortic aneu-
rysm was used in the search, and normal control and AAA samples
in the same database were identified as screening criteria for further
analysis (https://www.ncbi.nlm.nih.gov/geoprofiles/?term=aortic%
20aneurysm%2C%20RUNX2). We used microarray databases in
the search. For RUNX2 mRNA expression, the Database:
GSE57691 database was used. The microarray platform for the Data-
base: GSE57691 database is GPL10558 [ilmn_HumanHT_12_V4_0],
and the versions used are R 3.2.3, Biobase 2.30.0, GEOquery 2.40.0,
limma 3.26.8. We used an Illumina HumanHT-12 V4.0 expression
beadchip in which 10 samples from healthy donors and 49 samples
from patients with varying degrees of AAAs were included.55 Another
Database: GSE7084 database was used for miR-424 expression. The
microarray platform for the Database: GSE7084 database is GPL570
[HG-U133_Plus_2], an Affymetrix Human Genome U133 Plus 2.0
Array in which 4 samples from healthy male donors (GSM170551,
GSM170553, GSM170554, and GSM170555) and 4 samples from
male AAA patients (GSM170557, GSM170559, GSM170561, and
GSM170562) were included.29 The RUNX2 mRNA and miR-424
expression profiles were downloaded and extracted using the R GEO-
query package (GEOquery 2.40.0, limma 3.26.8) and the R Biobase
package (R 3.2.3, Biobase 2.30.0). Informed written consent was
deemed not necessary since the data were extracted from the publicly
accessible anonymous GEO database.
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Cell cultures and reagents

HASMCs were purchased from ScienCell Research Laboratories
(#6110, Carlsbad, CA, USA) and maintained in M231 medium
(#M231500) with supplemental medium (#S00725) and 5% fetal
bovine serum (#10437028). The cells were incubated at 37�C in
a 5% CO2 atmosphere. AngII (Sigma, A9525), nicotine (Sigma,
N3876), and oxidized 1-palmitoyl-2-arachidonyl-sn-glycerol-3-phos-
phocholine (OxPAPC, InvivoGen, # tlrl-oxp1) were purchased from
Sigma-Aldrich and InvivoGen. siRNA-targeting RUNX2 (siRUNX2)
and scrambled RNAwere used in the in vitro and in vivo experiments.
miR-322 mimics, interfering RNA, and all culture media were pur-
chased from Life Technologies (Carlsbad, CA, USA).

Generation of miR-322 KO mice

miR-322 KO mice were established on a C57BL/6J background using
CRISPR-Cas9 genomic editing, as previously described.30 Homozy-
gous miR-322 KO mice were obtained; they and their wild-type
(WT) littermates were used as the experimental and control groups,
respectively.

AngII-induced AAA model

Male ApoE KO mice and male miR-322 KO mice on a C57BL/6J
background were maintained on a 12 h/12 h light/dark cycle. ApoE
KO mice were obtained from The Jackson Laboratory. During the
AAA experiment, the mice were fed a high-fat diet (TestDiet,
58Y1) with food available ad libitum. Alzet osmotic minipumps
(model 2004; Alzet Scientific Products, Mountain View, CA, USA)
were implanted into the mice at 8–10 weeks of age. The pumps
were filled with solutions of AngII (Sigma Chemical, St. Louis, MO,
USA) and delivered 1,000 ng/kg/min AngII for 28 days, as previously
described.56 The pumps were placed into the subcutaneous space in
mice that had been anesthetized with Zoletil 50 (10 mg/kg)/xylazine
(0.1 mg/kg, given intraperitoneally) through a small incision in the
back, which was then closed with surgical clips. The mice were
considered adequately anesthetized when they made no attempt to
withdraw a limb after pressure was applied. At the end of the study,
the mice were euthanized by exsanguination under anesthesia. Blood
was withdrawn from the right ventricle for analysis. After careful
removal of the periaortic soft tissue, the entire aorta was perfused
with saline and excised. The aorta was then subjected to formalin fix-
ation and paraffin embedding or freezing at�80�C. The body weight
of the animals was monitored during treatment to assess side effects.
All of the experimental protocols and procedures were approved by
the Institutional Animal Care Committee of the National Defense
Medical Center (Taipei, Taiwan) and complied with the Guide for
the Care and Use of Laboratory Animals published by the US National
Institutes of Health (eighth edition, 2011).57

Delivery of siRNA-targeting RUNX2 and miR-322 in vivo

For AAA studies that used silencing by siRUNX2 and miR-322
mimics, mice were injected with RUNX2 siRNA (siRUNX2,
0.2 mg/kg/week for 4 weeks, Life Technologies, #4457298), LNA
miR-322 mimics (2 mg/kg/week for 4 weeks, Life Technologies,
#4464070) or control siRNA (Life Technologies, #4464058) and con-
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trol mimics (Life Technologies, #4464061). siRUNX2 or miR-322
mimics were complexed with a transfection reagent (Invivofectamine
3.0, IVF3005, Life Technologies) according to the manufacturer’s
guidelines to achieve the adequate suppression of target genes. Specif-
ically, solutions of siRUNX2 or miR-322 mimics in complexation
buffer were mixed with Invivofectamine 3.0 reagent, and the mixture
was incubated at 50�C for 30 min to allow the formation of com-
plexes. The mixture was then injected into the mice retro-orbitally
under adequate anesthesia.

Determination of blood pressure and serum lipid profiles

Systolic blood pressure was determined in conscious mice using a tail-
cuff apparatus (Softron BP-98A tail blood pressure system, Tokyo,
Japan). Before the formal measurement, the mice were acclimated
to the device on 2 consecutive days. The first 10 blood pressure mea-
surements were discarded. The values obtained in the following 5
consecutive measurements were recorded and averaged. Serum was
obtained by centrifugation of blood at 3,000 rpm for 10 min at
room temperature. Serum high-density lipoprotein (HDL) choles-
terol and low-density lipoprotein (LDL) cholesterol were determined
using a Siemens Dimension EXL chemistry analyzer (Siemens, Mu-
nich, Germany).

Characteristics and quantification of AAA

After perfusion fixation with cold 4% paraformaldehyde (Sigma,
441,244), the aorta was exposed under a dissecting microscope, and
the periadventitial tissue was removed from the aortic wall. The gross
appearance of the aorta was recorded via digital photography, and the
maximal external diameter of the suprarenal aorta was measured us-
ing imaging processing software (ImageJ, National Institutes of
Health). Outgrowth of >50% indicated the development of aortic
aneurysm, as previously described.58

Histology and immunohistochemistry

The harvested aortic tissues were fixed in cold 4% paraformaldehyde
for 48 h and stored in 70% ethanol for 12 h. The fixed aortas were
embedded, cut in cross-section (5 mm), and stained with hematoxylin
and eosin and Verhoeff-Van Gieson (VVG; Sigma, HT25A) for
elastin. The severity of elastin degradation was scored semiquantita-
tively, as previously described (grade 1, no degradation; grade 2, mild
degradation; grade 3, severe degradation; and grade 4, presence of
aortic rupture).59

Immunoblotting

To prepare cell protein lysates, HSAMCs were collected and lysed in
protein extraction buffer (E153A, Promega, Madison, WI, USA) con-
taining protease and phosphatase inhibitors (Roche #04693159001
and #04906837001, Roche, Basel, Switzerland). The supernatants ob-
tained by centrifugation of the lysates at 12,000� g for 15 min at 4�C
were used in western blotting. To prepare tissue protein lysates, aorta
tissue in protein extraction buffer supplemented with protease and
phosphatase inhibitors was homogenized using a homogenizer
(FastPrep-24 5G, MP Biomedicals, Santa Ana, CA, USA) and centri-
fuged at 12,000 � g for 15 min at 4�C. The supernatants were
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collected and subjected to SDS-PAGE followed by electroblotting
onto a polyvinylidene fluoride (PVDF) membrane (IPVH00010a,
Millipore, Burlington, MA, USA). The membranes were probed
with monoclonal antibodies against RUNX2 (#8486, Cell Signaling
Technology, Danvers, MA, USA), VEGF (#555036, BD Biosciences,
Franklin Lakes, NJ, USA), MMP-2 (GTX104577, GeneTex, Irvine,
CA, USA), MMP-9 (GTX100458, GeneTex) and phospho-Smad2/3
(#8828, Cell Signaling Technology). The membranes were incubated
with stripping buffer (#786-119, Geno Technology, St. Louis, MO,
USA) for 10 min at room temperature and washed with PBS 0.1%
Tween (PBST) 3 times for 5 min each in washing buffer, per the man-
ufacturer’s recommendation. After re-blocking for 1 h, Smad2/3
(#8685, CST) and b-actin (#MAB1501, Millipore) were used.
Bands were visualized using chemiluminescence detection reagents
(WBKLS0500, Millipore). Densitometric analysis was conducted
with imaging processing software (Multi Gauge, Fujifilm, Tokyo,
Japan). Target protein expression measured by immunoblotting
was determined via densitometry and is expressed relative to an inter-
nal control or as phosphorylated protein relative to total protein
expression.

ChIP assay

ChIP assays were performed as previously described.30 In brief,
confluent cells were crosslinked with 4% paraformaldehyde (Sigma,
441,244), and the crosslinking was stopped by the addition of glycerin
(Sigma, G8898). The cells were then washed with cold PBS and lysed
in FA lysis buffer. Sheared chromatin was subjected to immunopre-
cipitation with a RUNX2 antibody (#8486, Cell Signaling Technol-
ogy) or immunoglobulin G (IgG; #2729, Cell Signaling Technology)
followed by purification using Protein A/G Dynabeads
(GE17152104010150, Merck, Kenilworth, NJ, USA). Protein and
RNA were then degraded using Proteinase K (100 mg) and RNase A
(1 mg), respectively. The purified chromatin DNA was subjected to
quantitative real-time-PCR. The data are expressed as fold change
relative to IgG with RUNX2 antibody.

Primer sequences used in ChIP assays

To predict the potential RUNX2DNA-binding elements, called OSEs,
on miR-424, MMP-2, MMP-9, and VEGF, we analyzed selected hu-
man and mouse genes using the position weight matrix algorithm
from JASPAR (http://jaspar.genereg.net/) to scan the promoter re-
gions of each gene. The promoter region was defined as the region
�5,000 to 0 nucleotides from the transcription start site. The
sequences of the primers used to detect RUNX2 binding to several
potential RUNX2 binding sites in the human miR-424, MMP-2,
MMP-9, and VEGF promoter regions are shown in the supplemental
information.

Dual-luciferase reporter assay

To confirm that miR-424 binds to the predicted target mRNAs, the
30UTRs of the target mRNAs were subcloned into a pNL (Nluc) vec-
tor (#N1001, Promega). HEK 293 cells were cultured in 6-well plates
and co-transfected with 0.5 mg pNL plasmid and 50 mM miR-424
mimics using Lipofectamine 2000 (11,668, Invitrogen, Waltham,
MA, USA). To confirm the results of the ChIP assays, we constructed
pNL-MMP2, pNL-MMP9, and pNL-VEGF nano luciferase reporter
plasmids that included the OSE promoter region and co-transfected
HEK 293 cells with these plasmids together with pCMV-RUNX2 or
the pCMV control plasmid. The OSE sequences in miR-424, MMP-
2, MMP-9, and VEGF promoter regions are shown in the supple-
mental information. After incubation for 24 h, the cells were lysed,
and the nano luciferase activity was measured with a luminometer
using a dual-luciferase reporter assay system (#1610, Promega). The
ratio of nano luciferase activity to firefly luciferase activity was
calculated.
Quantitative real-time-PCR

miRNA was extracted using TRIzol reagent (15596018, Ambion,
Austin, TX, USA). cDNA was prepared using a Taqman miRNA
Reverse Transcription Kit (#4366596, Life Technologies). Primers
for miR-424 and miR-322 were prepared using a Taqman miRNA
assay (#4427975 and #4427975, Life Technologies). Quantitative
real-time-PCR was performed with Taqman and a QuantStudio 3
Real-Time PCR System (Life Technologies) according to the manu-
facturer’s instructions. The results obtained by quantitative analysis
of the quantitative real-time-PCR data for target genes and miR-
424/miR-322 are expressed as fold change relative to internal controls
or U6 expression.
Zymography

Gelatin zymography was used to determine the gelatinolytic activities
of MMP-2 andMMP-9 in aorta homogenates and in conditioned me-
dium, as previously described. Briefly, equivalent amounts of sample
were electrophoresed under non-reducing conditions in 7.5% SDS-
PAGE containing 0.1 mg/mL gelatin as substrate. The gels were
washed in a buffer containing 2.5% Triton X-100 for 1 h to remove
SDS and then incubated with a substrate buffer at 37�C for 18 h.
MMP activities were quantified by densitometry scanning. Densito-
metric analysis was conducted with imaging processing software
(Multi Gauge, Fujifilm).
Statistical analysis

All of the experiments were performed independently at least 3 times,
and all of the continuous variables are presented as the mean ± stan-
dard error of the mean (SEM). The F test for equal variance was
performed before the differences among groups were analyzed. Com-
parisons between two groups were analyzed using Student’s t test. For
multiple groups, the data were analyzed using one-way ANOVA. For
post hoc analysis, a Tukey test was applied to correct for multiple
comparisons, and a Fisher’s least significant difference test was used
for planned comparisons. Statistical significance was defined as p <
0.05. Analyses were performed using a statistical software package
(SPSS version 16.0 for Windows; SPSS, Chicago, IL, USA).
SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2021.12.028.
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