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Abstract
Abdominal aortic aneurysm (AAA) is a serious vascular disease featured by inflam-
matory infiltration in aortic wall, aortic dilatation and extracellular matrix (ECM) 
degradation. Dysregulation of microRNAs (miRNAs) is implicated in AAA progress. 
By profiling miRNA expression in mouse AAA tissues and control aortas, we noted 
that miR-126a-5p was down-regulated by 18-fold in AAA samples, which was fur-
ther validated with real-time qPCR. This study was performed to investigate miR-
126a-5p's role in AAA formation. In vivo, a 28-d infusion of 1 μg/kg/min Angiotensin 
(Ang) II was used to induce AAA formation in Apoe-/- mice. MiR-126a-5p (20 mg/kg; 
MIMAT0000137) or negative control (NC) agomirs were intravenously injected to 
mice on days 0, 7, 14 and 21 post-Ang II infusion. Our data showed that miR-126a-5p 
overexpression significantly improved the survival and reduced aortic dilatation in 
Ang II-infused mice. Elastic fragment and ECM degradation induced by Ang II were 
also ameliorated by miR-126a-5p. A strong up-regulation of ADAM metallopeptidase 
with thrombospondin type 1 motif 4 (ADAMTS-4), a secreted proteinase that regu-
lates matrix degradation, was observed in smooth muscle cells (SMCs) of aortic tunica 
media, which was inhibited by miR-126a-5p. Dual-luciferase results demonstrated 
ADAMTS-4 as a new and valid target for miR-126a-5p. In vitro, human aortic SMCs 
(hASMCs) were stimulated by Ang II. Gain- and loss-of-function experiments fur-
ther confirmed that miR-126-5p prevented Ang II-induced ECM degradation, and re-
duced ADAMTS-4 expression in hASMCs. In summary, our work demonstrates that 
miR-126a-5p limits experimental AAA formation and reduces ADAMTS-4 expression 
in abdominal aortas.
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1  | INTRODUC TION

Abdominal aortic aneurysm (AAA) is a potential lethal vascular dis-
ease in the event of aortic rupture.1 Currently, therapies are limited 
to open surgical and less invasive endovascular repair.2 Effective 
drug-based intervention for this disease is still lacking,3 highlighting 
an urgent need to better understand the underlying mechanisms in-
volved in the formation and progression of AAA. The pathogenesis 
behind AAA is multifactorial, but it is well-known that extracellular 
matrix (ECM) degradation and loss of vascular smooth muscle cells 
(VSMCs) occur, which ultimately contribute to the weakening and of 
remodelling the aortic wall.4,5

Members of ADAM metallopeptidase with thrombospondin 
type 1 motifs (ADAMTSs) are secreted enzymes sharing a common 
multidomain structure, and participate in the degradation of ECM 
proteins during development, morphogenesis and tissue remodel-
ling.6 ADAMTS-4 is a secreted metalloproteinase which belongs to 
the ADAMTS family, and it cleaves various ECM proteins including 
brevican, versican and aggrecan in the vasculature.7 Increasing ev-
idence has revealed an involvement of ADAMTS-4 in the patho-
genesis of aneurysmal diseases. Ren and co-workers found that 
ADAMTS-4 expression was much higher in aortic tissues of pa-
tients with thoracic aortic aneurysm and dissection (TAA/D) than 
in control aortas.8 This team further demonstrated that ADAMTS-4 
deficiency attenuated angiotensin II (Ang II) infusion-induced spo-
radic TAA/D in Apoe-/- mice.9 Although these previous studies 
revealed that the elevation of ADAMTS-4 may contribute to ar-
terial aneurysm formation, its role in AAA progression is not clear. 
Interestingly, we prior established an Ang II-induced murine AAA 
model as described before,10,11 and analysed the gene expression 
profile in the aneurysmal tissues and control aortas. The microar-
ray profiling data showed a fourfold increase in ADAMTS-4 in the 
aortic tissues of AAA mice compared to control aortas (P  <  .01). 
This finding inspired us to further elucidate ADAMTS-4’s role in 
AAA formation.

MicroRNA-126a-5p (miR-126a-5p) is a 21-nt microRNA that 
has a high sequence conservation between different species. Like 
other miRNAs, it acts a negative regulator for genes by degrad-
ing mRNA and/or blocking the translation process.12 Studies on 
miR-126a-5p in AAA formation are scarce; however, several liter-
atures have revealed its involvement in artery diseases. Schober 
et al found that miR-126a-5p prevented endothelial cell function 
from hyperlipidaemia in an experimental atherosclerosis animal 
model.13 Similar protective effects of miR-126a-5p on vascular 
endothelium have also be demonstrated by Esser et al.14 In addi-
tion to analysing the mRNA profiles, our group also obtained the 
miRNA expression profiles in mouse aortic tissues. We found that 
miR-126a-5p decreased by 18-fold in AAA tissues. Interestingly, 
we noted potential binding sites on the 3’ untranslated re-
gion (UTR) of both mus and homo ADAMTS-4 for miR-126a-5p. 
Furthermore, miR-126a-5p expression was negatively correlated 
to ADAMTS-4 in the analysed aortic samples. These findings 

promoted us to study the role of the dysregulated miR-126a-5p-
ADAMTS-4 axis in AAA formation.

In this study, experimental AAA formation was induced by Ang 
II infusion in Apoe-/- mice. To explore how the down-regulated miR-
126a-5p affects AAA development, its exclusive agomirs were given 
to Ang II-infused mice. Our work shows that re-expression of miR-
126a-5p promotes the survival of mice injected with Ang II. On Ang 
II infusion, ADAMTS-4 expression increases, which is inhibited by 
miR-126a-5p. Dual-luciferase reporter results confirm that miR-
126a-5p directly targets ADAMTS-4.

2  | MATERIAL S AND METHODS

2.1 | Ethic statement

We performed the animal experiments according to the Guide for 
the Care and Use of Laboratory Animals (National Institutes of 
Health). The Ethic Committee of Dalian Medical University has ap-
proved our study.

2.2 | Ang II infusion AAA model and miRNA agomir 
administration

AAA was induced in Apoe-/- mice according to the methods re-
ported by Daugherty et al.10 In short, male Apoe-/- mice (15 weeks; 
C57BL/6J background) were infused with 1  μg/kg/min Ang II (GL 
BioChem) or normal saline (Dubang Pharmaceutical Co., Ltd) with 
Model 2004 Alzet Osmotic minipumps (Alzet) that were implanted 
subcutaneously. Mice were anaesthetized via 2%-3% isoflurane 
before surgical procedure. The formation of arterial aneurysm was 
defined by a 50% or greater dilation in the external diameter of su-
prarenal aorta.

Either miR-126a-5p (MIMAT0000137: 5’CAUUAUUACUUUU 
GGUACGCG3’) or NC agomirs (both 20 mg/kg) were intravenously 
injected into mice infused with Ang II. Four injections were per-
formed at 0, 7, 14 and 21 days post the implantation of minipumps. 
MiRNA agomirs were obtained from GenePharma. (Shanghai).

For survival test, a total of 36 mice were included (n = 6 in sham 
group, n = 12 in AAA + miR-126a-5p agomirs, n = 18 in AAA + NC 
agomirs). The mortality was recorded for 28 d. Aortic tissues from 
survived mice were used in analysis of morphological changes. 
Additional 12 mice (n = 4 per group) were subjected to analyse pro-
tein and mRNA alterations of targeted genes.

2.3 | Dual-luciferase reporter assay

Measurement of normalized firefly luciferase activity was per-
formed by using the pmirGLO Dual-Luciferase miRNA Target 
Expression Vector (Promega Corporation) as per manufacturer's 
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recommendations. Dual-luciferase reporter constructs contain-
ing the 3’UTR of ADAMTS-4 with miR-126a-5p binding sites 
were cotransfected with NC or miR-126a-5p agomirs into cells. 
Corresponding mutant 3’UTR fragments were also inserted into 
pmirGLO plasmid. Forty-eight hours post the transfection, cells 
were analysed for luciferase. For each transfection, the firefly lucif-
erase activity was normalized to renilla luciferase activity, and the 
luciferase activity was averaged from three replicates.

2.4 | Aortic diameter measurement

Mouse aortic diameters were measured via GE volusonE8 ultra-
sound system at baseline and day 28 post-aneurysm induction.

2.5 | Human aortic smooth muscle cells 
(hASMCs) and treatment

The hASMCs were obtained from Z.q.x.z Cell Research and kept in 
ScienCell smooth muscle culture medium. For some experiment, 
hASMCs were stimulated with different doses of Ang II (0.5, 1 or 
5 μM) for 12 hours or with 1 μM Ang II for 6, 12 or 24 hours.

2.6 | Lentivirus (LV) vector-mediated miRNA and 
gene expression in hASMCs

Precursor mir-126 (pre-mir-126) and anti-miR-126-5p sponge were 
inserted into lentivirus vectors, and packaged in 293T cells. The 
hASMCs were infected with LV-pre-mir-126 (MOI = 10) or LV-anti-
miR-126-5p sponge (MOI  =  10) for 72  hours, and then stimulated 
with 1 μM Ang II for 24 hours.

2.7 | RNA quantification via Real-time quantitative 
PCR (real-time qPCR)

Total RNAs were isolated and reversely transcribed into 
cDNAs via a specific adaptor primers for miR-126a-5p (5’ 
GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCC 
AACCGCGTA3’) and the control 5s (homo: 5’ GTTGGCTCTGGTGC 
A G G G T C C G A G G T A T T C G C A C C A G A G C C A A C A A A 
GCCTAC3’; mus: GTTGGCTCTGGTGCAGGGTCCGAGGTATTCG 
CACCAGAGCCAACTAGCCTTGC3’) for detection the expression of 
miR-126a-5p. For other genes, RNAs were processed into cDNA in 
presence of oligo (dT)15 and random primers. We carried the reverse 
transcription experiments by using Taq PCR MasterMix (BioTeke 
Bio). RNA expression was quantitatively analysed using SYBR Green 
miRNA assays (Sigma-Aldrich) as per the manufacturer's protocols. 
Primers used in real-time qPCR were listed in table 1. The relative 
expression levels were presented as 2−ΔΔCt.

2.8 | Western blot

Protein samples were collected from aortic tissues and hASMCs by 
using Cell lysis buffer containing 1 mM phenylmethylsulfonyl fluoride 
(Beyotime). After being separated on SDS-PAGE, proteins were trans-
ferred onto polyvinylidene fluoride (PVDF) membranes (Millipore) 
and incubated with 5% (M/V) skim milk for 60 min. Primary antibod-
ies including anti-ADAMTS-4 polyclonal antibody (PcAb) (ABclonal, 
Wuhan, China; a dilution of 1:1000), anti-collagen-I monoclonal anti-
body (McAb) (Abcam, Cambridge, MA, USA; a dilution of 1:1000) and 
anti-Elastin antibody PcAb (ABclonal, a dilution of 1:500) were used 
to probe corresponding antigens. The PVDF membranes were incu-
bated with one of the above antibodies at 4°C overnight. Thereafter, 
horseradish peroxidase (HRP)-conjugated secondary antibodies 
(Beyotime, a dilution of 1:5000) was used to incubate the membranes. 
Protein blots were visualized with BeyoECL Plus (Beyotime), and their 
intensities were detected via Gel Pro-analyzer software. The levels of 
target proteins were normalized to β-actin.

TA B L E  1   Primers

Names Sequences

MiR-126a-5p Forward: 5’ CATTATTACTTTTGGTACGCG 
3’

Reverse: 5’ GCAGGGTCCGAGGTATTC 3’

homo 5s Forward: 5’GATCTCGGAAGCTAAGCAGG 
3’

Reverse: 5’ GCAGGGTCCGAGGTATTC 3’

mus 5s Forward: 5’ CTAAAGATTTCCGTGGAGAG 
3’

Reverse: 5’ GCAGGGTCCGAGGTATTC 3’

homo ADAMTS-4 Forward: 5’ CCCAAGCATCCGCAATCC3’

Reverse: 
5’CAGGTCCTGACGGGTAAACA3’

mus ADAMTS-4 Forward:5’TGGCAAGTATTGTGAGGGC3’

Reverse: 5’GGTTCGGTGGTTGTAGGC3’

mus MMP-9 Forward:5’GCAACGGAGAAGGCAAAC3’

Reverse: 5’CACTCGGGTAGGGCAGAA3’

mus MMP-2 Forward:5’CCCCGATGCTGATACTGAC3’

Reverse: 5’CTGTCCGCCAAATAAACC3’

mus MMP-13 Forward:5’GATGAAACCTGGACAAGC3’

Reverse: 
5’CTGGACCATAAAGAAACTGA3’

mus MMP-16 Forward:5’GGACCAACAGACCGAGAT3’

Reverse: 5’CCAATACAAGGAGGCATAA3’

homo β-actin Forward:5’GGCACCCAGCACAATGAA3’

Reverse: 5’TAGAAGCATTTGCGGTGG3’

mus β-actin Forward:5’CTGTGCCCATCTACGAGGG
CTAT3’

Reverse: 
5’TTTGATGTCACGCACGATTTCC3’
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2.9 | Morphological changes

Mouse aortas were collected at day 28 post-Ang II or saline fusion, 
fixed in 4% paraformaldehyde, and embedded into paraffin, cut into 
5-μm sections and subjected to H&E staining (Solarbio; Sangon). 
Antigens were retrieved from aortic slices by citric acid. After wash-
ing with 1 × PBS for three times, tissue sections were blocked with 
goat serum for 15 min at room temperature. For immunofluorescent 
(IF) assay, tissue sections were incubated with anti-ADAMTS-4 PcAb 
(Abcam; a dilution of 1:200), anti-CD68 (Santa Cruz Biotechnology, 
Inc; a dilution of 1:50) and anti-SM-22α (Abcam; a dilution of 1:100) 
at 4°C overnight. Cy3-marked IgG (Beyotime; dilution of 1:200) was 
then used to incubate the tissue slices for 1.5 hours. Fluorescent pic-
tures were then taken under a fluorescent microscope. To stain elas-
tic laminas, aortic tissue slices were stained with Elastin van Gieson 
(EVG) reagent for 15 minutes.

2.10 | Enzyme-Linked Immunosorbent Assay 
(ELISA)

Protein levels of interleukin 6 (IL-6) and monocyte chemoattract-
ant protein-1 (MCP-1) were determined with ELISA kits (LIANKE 
Biotech).

2.11 | Statistics

GraphPad Prism software version 8.0 (GraphPad Software) was 
used to analyse all data. Values were presented as means ± SD or 
SEM. Kaplan-Meier curve followed by log-rank (Mantel-Cox) test 
was used to analyse the survival data. Data from two groups were 
analysed with Student's t test, while data from multiple groups 
were analysed with one-way ANOVA followed by Tukey's multiple 
comparisons test. Cell counts in IF staining of aortic tissues were 
analysed with Kruskal-Wallis test followed by Dunn's multiple com-
parison test. P < .05 was considered statistically significant.

3  | RESULTS

3.1 | Ang II infusion alters the expression miR-126-
5p and ADAMTS-4 in mouse aorta tissues

Ang II was infused into Apoe-/- mice for continuous 28 d via osmotic 
minipumps. On day 28, the survival mice were killed, and type III-IV 
arterial aneurysms (Figure 1A) were collected for microarray analy-
sis (n = 3). Aorta tissues from four sham-operated mice (Figure 1A) 
were collected as the control for microarray assay (n = 4). Real-time 
qPCR data illustrated that miR-126a-5p expression was significantly 
lower in AAA tissues than in control aortas (Figure 1B). ADAMTS-4 
showed opposite expression pattern to miR-126a-5p (Figure  1B). 
These data demonstrate that Ang II infusion alters the expression 

of miR-126a-5p and ADAMTS-4 to opposite directions in mouse ab-
dominal aortas. In addition, genes potentially targeted by and nega-
tively expressed (Pearson correlation coefficient <−0.7, and P value 
<.05) with miR-126a-5p in mouse aortic tissues (n = 4 for sham, n = 3 
for AAA) were listed in Table S1.

3.2 | Delivery of miR-126a-5p limits AAA formation

To mediate the overexpression of miR-126a-5p in mouse aortas, 
four intravenous injections of 20 mg/kg miR-126a-5p agomirs were 
given to mice. We noted that miR-126a-5p agomirs, but not NC ago-
mirs, significantly improved the survival of mice infused with Ang 
II (Figure 2A; P <  .05). The delivery of miR-126a-5p agomirs could 
restore miR-126a-5p expression in Ang II-infused aortas (Figure 2B). 
Data from real-time qPCR showed that miR-126a-5p overexpression 
reduced MMP-9, MMP-2 and MMP-13 expression in Ang II-infused 
aortas (Figure 3A). Further, the generation of pro-inflammatory cy-
tokines IL-6 and MCP-1 decreased following miR-126a-5 delivery in 
vivo (Figure 3B-C).

F I G U R E  1   Ang II infusion alters the expression miR-126a-5p 
and ADAMTS-4 in mouse aorta tissues Ang II was infused into 
Apoe-/- mice for continuous 28 d via osmotic minipumps. On day 
28, the survival mice were killed, and representative aortas were 
shown in (A). The expression of miR-126a-5p and ADAMTS-4 
was determined with real-time qPCR (B). P < .05 was considered 
statistically significant
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Representative longitudinal ultrasound images (Figure  4A, 
left) and the picture of whole mouse aortas (Figure  4A, right) 
revealed that Ang II-induced increase in aorta diameter was at-
tenuated by miR-126a-5p agomirs (Figure 4B). Abdominal aortas 
were then stained with H&E (Figure 4C), and EVG (Figure 4D). The 
staining images clearly indicated a degradation of elastic laminas 
in Ang II-infused aortas. As compared to AAA mice injected with 
NC agomirs, mice administrated with miR-126a-5p agomirs had 
increased layers of elastic laminas. The integrity of elastic laminas 
was also impaired by Ang II, which was protected by miR-126a-5p 
agomirs as well. Sirius red could stain collagens in yellow and red. 
As indicated in Figure  4E, miR-126a-5p agomirs attenuated the 
degradation of collagens induced by Ang II injection. These data 
together reveal a protective role of miR-126a-5p in experimental 
AAA formation.

3.3 | ADAMTS-4 increases in response to Ang II 
infusion, whereas decreases when miR-126a-5p is 
overexpressed

ADAMTS-4 mRNA and protein levels were up-regulated by Ang II 
infusion and down-regulated by miR-126a-5p overexpression in 

mouse aortic tissues (Figure 5A-B). To determine what type of cells 
expresses ADAMT-4, SMCs were marked via SM-22α and mac-
rophages were labelled with CD68. Immunofluorescent images 
showed that, in response to Ang II infusion, a strong up-regulation of 
ADAMTS-4 presented in SMCs of aortic media (Figure 5C). An eleva-
tion of ADAMT-4 was also observed in macrophages infiltrated in 
the arterial aneurysm (Figure S1). Immunofluorescent data validate 
the down-regulation in ADAMTS-4 can be induced by miR-126a-5p 
agomirs.

F I G U R E  2   MiR-126a-5p agomirs improve the survival of mice 
treated with Ang II. Kaplan-Meier curve followed by log-rank 
(Mantel-Cox) test was performed to assess the survival data (A). 
P < .05 was considered statistically significant. The expression 
levels of miR-126a-5p in mouse aortas were determined with real-
time qPCR on day 28 (B). Values were presented as means ± SEM 
(n = 4). †††P < .001

F I G U R E  3   MiR-126a-5p agomirs alter cytokine expression in 
aortic tissues. Ang II was infused into Apoe-/- mice for continuous 
28 d via osmotic minipumps. On day 28, mice were killed. mRNA 
expression levels of MMP-9, MMP-2, MMP-13 and MMP-16 were 
determined with real-time qPCR (A). Protein levels of IL-6 and MCP-
1 were determined with ELISA (B-C). Values were presented as 
means ± SEM (n = 4). †††P < .001, ††P < .01, †P < .05, nsP > 0.05
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3.4 | Leniviruses expressing pre-mir-126 reduces 
Ang II-induced elevation in ADAMTS-4 in primary 
hASMCs in vitro

In keeping with in vivo data, Ang II decreased miR-126-5p expres-
sion in a dose- and time-dependent way in hASMCs (Figure 6A-B). 
Ang II altered the expression of miR-126-5p and ADAMTS-4 towards 
opposite directions—ADAMTS-4 expression and versican degrada-
tion products markedly increased (Figure  6C-D). There were two 
potential binding sites on mus ADAMTS-4 3’UTR and one site on 
homo ADAMTS-4 3’UTR for mmu-miR-126a-5p/hsa-miR-126-5p 
(Figure  7A & C). Additional relative luciferase data demonstrated 
ADAMTS-4 as a novel target for miR-126a-5p (Figure  7 B & D). 
Moreover, Ang II-induced ADAMTS-4 up-regulation was suppressed 
by pre-mir-126 viral infection, but augmented by anti-miR-126-5p 

sponge viral infection (Figure 8A-D). MiR-126-5p increased collagen 
I generation and elastin expression, and reduced versican degrada-
tion in hASMCs treated with Ang II (Figure  8A-D). Re-expression 
of ADAMTS-4 accelerated Ang II-induced alterations in cells over-
expressing pre-mir-126 (Figure  8E-F). Such data demonstrate that 
miR-126-5p prevents ECM degradation induced by Ang II in hASMCs 
through targeting ADAMTS-4.

4  | DISCUSSION

In the present study, miR-126a-5p or NC agomirs were given to 
mice infused with Ang II intravenously. As compared to sham-op-
erated animals, mice infused with Ang II displayed classic features 
of AAA, including obvious formation of aneurysm, aortic dilatation, 

F I G U R E  4   MiR-126a-5p agomirs 
limits AAA formation in vivo. AAA 
mice were treated with miR-126a-5p 
agomirs or NC agomirs, and on day 28 
post-Ang II treatment, all mice were 
killed. Representative ultrasound images 
(longitudinal view) showing suprarenal 
aortas of Apoe-/- mice, and the maximal 
aortic diameters were recorded (A, left; 
B). Whole mouse aortas were shown 
in A (right). Values were presented as 
means ± SEM (n = 5). †††P < .001. Aortas 
were stained via H&E (C; Bar, 500 μm), 
and EVG (D; Bar, 100 μm). The deposition 
of collagens was probed with Sirius red (E; 
Bar, 50 μm). †††P < .001
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fragment and degradation of elastic laminas. These pathologi-
cal alterations were attenuated by miR-126a-5p overexpression. 
ADAMTS-4 down-regulation contributed to the anti-AAA effects 
of miR-126a-5p.

By performing fluorescence in situ hybridization (FISH) assay, 
we found that this miRNA was detectable in the normal aortic 
wall and mainly expressed in tunica media (data not shown). After 
AAA induction, its expression decreased in aortic wall. The se-
quence of mmu-miR-126a-5p and has-miR-126-5p is identical 
(5’CAUUAUUACUUUUGGUACGCG3’). The high conservation of 
miR-126(a)-5p between human and model animals endows our work 
performed in mice a clinical significance. We observed a down-regu-
lation of miR-126(a)-5p in Ang II-treated mouse aortas and hASMCs. 
Both mature miR-126a-5p (previous name: miR-126*) and miR-
126a-3p (miR-126) are generated from precursor mir-126a (pre-mir-
126a) via dicer.15 Hua et al found that Ang II reduced miR-126-3p in 
vascular SMCs in vitro.16 Such findings together with ours suggest 
that Ang II may interfere the processing of primary-mir-126 (pri-
mir-126) or pre-mir-126, thereby promoting down-regulation in both 
mature miRNAs. The sequences of miR-126-5p and miR-126-3p are 
distinctly different with each other, which makes their target gene 
profiles quite different. While the anti-AAA role of miR-126-3p has 
been reported before,17 miR-126-5p's role in AAA formation is un-
known. Inspired by our prior microarray data, we treated mice with 
miR-126a-5p agomirs to up-regulate miR-126a-5p expression in 
Ang II-infused aortas. Our work for the first time reveals that miR-
126a-5p improves the survival of mice treated with Ang II, reduces 
the degradation of elastic laminas and arrests AAA formation.

Matrix metalloproteinases (MMPs) are a family of enzymes con-
tributing to ECM degeneration and remodelling in AAA develop-
ment.18 Unlike the well-defined pathogenic role of MMPs reported 
in the development of AAA,18,19 the role of some ADAMTSs is con-
flicted in aneurysmal diseases. Vorkapic et al found that several 
members of the ADAMTS family, including ADAMTS-1, ADAMTS-4, 
ADAMTS-5, ADAMTS-8, ADAMTS-9, were down-regulated in 
human AAA tissues compared to control aortas.20 In contrast, other 
investigators observed increases in these ADAMTSs in aortic wall, 
serum or macrophage samples collected from patients with AAA.21-

23 ADAMTS-5 deficiency exacerbated aortic dilatation induced by 
Ang II,24 while ADAMTS-4 deficiency attenuated Ang II-induced 
TAA/D, inhibited proteoglycan degradation and elastin fragment.9 
As our microarray results suggested that ADAMTS-4 expression 
was negatively correlated to miR-126a-5p in aneurysms and control 
aortas in mice, we then investigated whether miR-126a-5p could 
down-regulate ADAMTS-4.

Ren and co-workers found that ADAMTS-4 overexpressed in the 
both aortic media and adventitia in mice challenged with Ang II.9 Our 
data in consistent with their study demonstrated an up-regulation of 
ADAMTS-4 aortic wall in AAA mice. Degeneration and disorganiza-
tion of the elastic media is the key histopathological feature for AAA 
development.25,26 Dysfunction of ASMCs contributes to the aortic 
dilatation and eventual rupture in progressed AAA.27 Elastic fibres 
fail to form normal elastic lamina-SMC connections due to a local 
elevation of Ang II signalling.28 Labelling cells with SM-22α antibody 
enabled us to observe an elevation of ADAMTS-4 in aortic SMCs 
in mice. By staining the elastic fibres with EVG, we observed that 

F I G U R E  5   ADAMTS-4 expression 
up-regulates in aortic SMCs upon Ang 
II infusion, whereas is decreased by 
miR-126a-5p agomirs in vivo. The mRNA 
and protein expression of ADAMTS-4 
or versican degradation products (VDP) 
were analysed with real-time qPCR 
(A) and Western blot (B). Values were 
presented as means ± SEM (n = 4). The 
protein expression levels of ADAMTS-4 
(green) and SM-22α (red, a marker for 
vascular SMCs) were also probed with 
immunofluorescent assay and quantified 
(C). Bar, 50 μm. Values were presented as 
means ± SEM (n = 6 for sham, n = 8 for 
AAA + NC agomirs, n = 9 for AAA + miR-
126a-5p agomirs).†††P < .001
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up-regulation of miR-126a-5p prevented elastin from degradation. 
We next treated hASMCs with Ang II at different doses. Ang II treat-
ment directly reduced the expression of miR-126-5p and increased 
ADAMTS-4 in cultured hASMCs. These data in agreement with our 
in vivo results suggested these two molecules as Ang II sensitive, and 
were negatively correlated. We demonstrated both mus and homo 
ADAMTS-4 as the direct and novel target for miR-126(a)-5p via du-
al-luciferase reporter assay. Additional gain- and loss-of-function 
studies performed in hASMCs exposed to Ang II further proved that 
miR-126-5p acted as a negative regulator for ADAMTS-4. In vitro, 

ADAMTS-4 overexpression attenuated the anti-ECM degradation 
effects of miR-126a-5p in aortic SMCs exposed to Ang II. Hence, it is 
plausible that ADAMTS-4 expression may overcome the miR-126-5p 
effect in vivo. Lack of in vivo delivery of ADAMTS-4 was one lim-
itation of the present study and should be performed in the future.

Of note, Ren et al9 found a colocation of ADAMTS-4 in macro-
phages infiltrated in aortas, which was supported by our findings. 
Moreover, they demonstrated the expression of ADAMTS-4 con-
tributed to enhanced infiltration of pro-inflammatory macrophages 
during arterial aneurysm formation. The correlation of ADAMTS-4 

F I G U R E  6   Ang II alters the expression 
of miR-126-5p and ADAMTS-4 towards 
opposite directions in hASMCs. Primary 
hASMCs were exposed to indicated 
doses of Ang II for 12 h, and the levels 
of miR-126-5p and ADAMTS-4 were 
determined with real-time qPCR (A & 
B). Then, cells were treated with 1 μM 
Ang II for indicated time periods, and the 
expression of miR-126-5p was determined 
(C). The protein expression of ADAMTS-4 
was determined at 24-h post 1 μM Ang II 
exposure (D). Values were presented as 
means ± SD (n = 3). †††P < .001

F I G U R E  7   ADAMTS-4 is a direct 
target for miR-126-5p. The sequence 
information of wild-type and mutant 
type ADAMTS-4 3’UTR was listed in 
(A & C). Dual-luciferase reporter assay 
was performed to analyse the binding 
between miR-126-5p and ADAMTS-4 (B & 
D). Values were presented as means ± SD 
(n = 3). ††P < .01, †††P < .001
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up-regulation with inflammation has been reported in other human 
diseases associated with inflammation.29,30 However, a previous 
study also reported an anti-inflammatory role of ADAMTS-4 in the 
central nervous system.31 Although we performed the present work 
to investigate the role of miR-126a-5p-ADAMTS-4 axis in regulation 
ECM homeostasis, to understand its role in AAA-associated inflam-
mation is needed.

MMP-9 and MMP-2 are the two most widely studied MMPs 
because of their ability to degrade elastin and collagen.19,32 
Interestingly, we noted that the expression of these two MMPs de-
creased following administration of miR-126-5p agomirs. However, 
several online databases (TargetScan, miRDB or Starbase) predict 
MMP-13 and MMP-16, but not MMP-9 and MMP-2, as potential 
targets for miR-126a-5p. These findings suggest that miR-126-5p 
may not regulate their expression directly. Reduction of MMP-9 
and MMP-2 may occur when AAA was attenuated by miR-126-5p. 
We also determined the expression of MMP-13 and MMP-16, 

and observed that only MMP-13 expression decreased following 
miR-126a-5p overexpression. Such data suggest that, aside from 
ADAMTS-4, miR-126a-5p may also attenuate ECM degradation by 
directly targeting MMPs. In addition, Ventricular Zone Expressed PH 
Domain Containing 1 (VEPH1) was identified as a novel regulator of 
phenotypic switch of vascular SMCs by our group (data not shown), 
and it was a predicted target of miR-126a-5p. To further investigate 
whether miR-126a-5p/VEPH1 axis plays a role in phenotypic transi-
tion of aortic SMCs will help to fully evaluate the anti-AAA effects 
of miR-126a-5p.

We understand that ADAMTS-1, ADAMTS-4 and ADAMTS-5 
are the major proteases responsible for the cleavage and degra-
dation of hyaluronan-binding proteoglycans,6 but not collagen I or 
elastin. However, a previous study from Hong-Brown et al showed 
that silencing of ADAMTS-1 blocked alcohol-induced degradation 
of elastin in myocytes.33 Considering the important function of 
collagen I and elastin in maintaining the integrity of aortic wall, we 

F I G U R E  8   MiR-126-5p inhibits 
Ang II-induced ECM loss and reduces 
ADAMTS-4 in hASMCs. Primary hASMCs 
were infected with pre-mir-126 or anti-
miR-126-5p sponge lentiviruses before 
Ang II stimulation (A-D). Re-expression 
of ADAMTS-4 was also mediated with 
lentiviruses (E-F). The expression levels of 
versican degradation products, collagen I, 
elastin and ADAMTS-4 were determined 
with Western blot (A-F). Values were 
presented as means ± SD (n = 3). †P < .05, 
††P < .01, †††P < .001
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further analysed their expression in Ang II-treated hASMCs. Our 
data illustrated that miR-126-5p protected collagen I and elastin 
from Ang II-induced degradation, and interestingly, ADAMTS-4 
inhibition was involved such protective effects. It has been sug-
gested that ADAMTS-4 is not able to directly cleave collagen I or 
elastin.34 We then asked why these two ECM components were 
reduced post-ADAMTS-4 overexpression. ADAMTS-4 neutraliz-
ing antibody has been demonstrated to block pro-inflammatory 
interleukin 1 (IL-1) signalling transduction in chondrocytes,35,36 
suggesting a potential pro-inflammatory role of ADAMTS-4. 
Overgeneration of pro-inflammatory cytokines, such as IL-1, 
is also one major cause for ECM degradation in aneurysm for-
mation.37 These findings together with our work imply that 
ADAMTS-4 may indirectly contribute to collagen I and elastin 
degradation by inducing inflammation.

Collectively, our work demonstrates miR-126a-5p down-reg-
ulation as a pathogenic factor in Ang II-induced AAA formation. 
Overexpression of miR-126a-5p limits murine AAA formation, in 
which ADAMTS-4 suppression is involved. This study suggests 
miR-126a-5p-ADAMTS-4 as a potential therapeutic target for AAA 
development.
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