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Abstract: Aortic dissection (AD) is a serious threat to human health; however, the cause of this condition has not 
yet been fully elucidated. In this study, we found significantly increased expression of phospho-Smad2/3 and phos-
pho-ERK in AD tissues and downregulated expression of miR143 and miR145 in AD tissues. Knockdown of the 
miR143/145 gene cluster induced phenotypic switching of vascular smooth muscle cells (VSMCs) and activation of 
the TGF-β1 signaling pathway. When the TFG-β1 signaling pathway was blocked by pretreatment with an LY364947 
inhibitor, expression of miR143 and miR145, and VSMC phenotypic markers were not affected by knockdown of 
the miR143/145 gene cluster. Immunohistochemical staining of aortic tissues donated by AD patients and organ 
donors showed decrease alpha-smooth muscle actin (α-SMA) expression in pathological tissue, while osteopontin 
(OPN) expression increased and the arrangement of smooth muscle cells in the tunica media was dysregulated. In 
conclusion, our study suggests that downregulated expression of the miR143/145 gene cluster promotes phenotyp-
ic switching of VSMCs via the TGF-β1 signaling pathway. This may play an important role in the pathogenesis of AD.
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Introduction

Aortic dissection (AD) occurs when blood 
breaches the tunica intima of the aorta via a 
tear, rendering the vascular stratum vulnerable 
to separation and degeneration [1]. Despite 
advances in treatments, AD remains a medical 
emergency wherein rapid intervention is re- 
quired to avoid mortality.

Many studies have suggested that smooth 
muscle cells (SMCs) play a pivotal role in the 
development of arterial diseases owing to their 
function in vascular wall remodeling. Other 
studies have demonstrated that aortic tunica 
media SMCs transition from a contractile to a 
synthetic phenotype during AD/aneurysm in a 
process known as “phenotypic switching” [2, 
3]. Currently, however, the exact mechanisms 
underlying AD remain elusive.

MicroRNAs (miRNAs) represent a class of small 
(20-25 nucleotides) noncoding RNAs that are 
essential post-transcriptional modulators of 

gene expression. These molecules coordinate 
and integrate multiple regulatory pathways 
involved in cellular differentiation, proliferation, 
homeostasis, and organ development [4]. 
Several lines of evidence implicate miRNAs as 
essential regulators of vascular smooth muscle 
cell (VSMC) development, differentiation, and 
contractile function [5-7]. To date, evidence 
suggests that the miRNA-143/145 gene cluster 
can direct VSMC fate and regulate differentia-
tion in favor of the contractile versus the syn-
thetic and proliferative phenotype [7-10]. 
MiR145 is the most highly expressed miRNA in 
arteries and its expression is attenuated in 
experimental models of vascular injury and in 
human atherosclerosis and aneurysms [11-13]. 
Transient local overexpression of miR145 has 
been demonstrated to limit formation of the 
neointima in response to vascular injury [12]. It 
has been suggested that miR145 regulates 
VSMC differentiation via several mechanisms, 
including, but not limited to, KLF4, myocardin, 
calmodulin kinase IIδ, angiotensin-converting 
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enzyme, and, more recently, actin polymeriza-
tion [5].

The TGF-β superfamily of secreted growth fac-
tors comprises 33 ligands that, despite exhibit-
ing pronounced structural similarities, function 
as regulators of a variety of divergent process-
es both during embryogenesis and later on in 
adult homeostasis [14]. Dysregulation of TGF-
β1 signaling has been identified as the basis for 
cancer, cardiovascular, fibrotic, and skeletal 
diseases [15-18]. In addition, developmental 
processes are recapitulated during tissue 
homeostasis regulation and become aberrant 
during disease development. In this study, we 
demonstrate that VSMC-specific downregula-
tion of the miR143/145 gene cluster promotes 
phenotypic switching of VSMCs via the TGF-β1 
signaling pathway. These data strengthen the 
translational basis for novel miRNA-based gene 
therapy in AD and related disorders.

Materials and methods

Immunohistochemistry

Pathological aortic tissues were obtained from 
patients (n = 10) who underwent ascending 
aorta replacement, while normal tissues were 
obtained from donors who had no aortic dis-
ease (n = 10). The baseline characteristics of 
these AD patients and organ donors are pre-
sented in Table 1. Tissue samples were fixed in 
4% paraformaldehyde/0.1 M phosphate buff-
ered saline (PBS) (pH 7.4) for 24 h. Next, the 

1015; Abcam), α-SMA (Clone: ab5694; Abcam), 
and OPN (Clone: ab91655; Abcam). Stained 
slides were then incubated for 1 h at 37°C with 
approximately 50 mL HRP-conjugated goat 
antirabbit immunoglobulin G antibody and 
developed with diaminobenzidine substrate. 
Finally, slides were stained with hematoxylin 
and dehydrated with a graded alcohol series 
and xylene. Immunohistochemical analysis was 
conducted as previously described [19].

Human aortic smooth muscle cell culture and 
identification

Human aortic smooth muscle cells (HASMC) 
were purchased from ATCC (PCS-100-012). 
HASMCs were first identified by staining tissues 
with an immunofluorescent monoclonal anti-
body targeting the alpha-smooth muscle actin 
(α-SMA) marker (Clone: ab5694; Abcam, Engl- 
and) as previously described [20] (Supple- 
mentary Figure 1). HASMCs were then incubat-
ed in DMEM containing 10% FBS, 1% penicillin 
streptomycin mixture, 2 mM glutamine, 50 mg/
mL gentamycin, and 50 mg/mL amphotericin-B 
at 37°C in a 5% CO2 atmosphere.

Lentivirus-mediated knockdown of 
miR143/145 gene cluster exression and 
TGF-β1 blockade

A recombinant lentivirus designed to transfer 
puromycin resistance was generated using a 
three-plasmid cotransfection system in human 
embryonic kidney 293T (HEK 293T) cells, as 

Table 1. Characteristics of the aortic dissection patients and organ 
donors

Aortic dissection group Organ donor group
Age (year) 50.24 ± 6.58 46.36 ± 5.74
Male/female (n) 6/4 8/2
Weight (kg) 66.42 ± 9.55 58.57 ± 10.06
Type of aortic disease (n) 10 0
    Type A aortic dissection 10 0
    Type B aortic dissection 0 0
    Marfan Syndrome 0 0
    Thoracic aortic aneurysm 0 0
Comorbidities (n) 10 0
    Hypertensive disease 10 0
    Diabetes mellitus 2 0
    Heart disease 0 0
    COPD 0 0
    Renal insufficiency 0 0

fixed tissue was dehydrated 
using a gradient alcohol 
series, embedded in paraffin 
and sectioned (4 µm). Se- 
ctions were then dewaxed, 
hydrated with gradient alco-
hol, and antigen-retrieval was 
performed using the micro-
wave oven method before 
hydration with 3% hydrogen 
peroxide to remove endoge-
nous oxidase activity. Pre- 
pared slides were incubated 
overnight at 4°C with app- 
roximately 50 mL (1:100  
dilution) of the following  
antihuman primary antibod-
ies: phospho-Smad2/3 (Clo- 
ne: ab63399; Abcam, UK), 
phospho-ERK (Clone: ab20- 
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previously described [21]. Virus titers were de- 
termined based in p24 levels using a Quick- 
Titer Lentivirus Titer Kit (Cell Biolabs, San 
Diego, CA, USA). The virus titers were approxi-
mately 7 × 104 ± 2.5 × 104 transfection units/
mL (mean ± SD) in 16 preparations. Trans- 
duction efficiency was determined by reverse 
transcription polymerase chain reaction (RT- 
PCR) (Figure 2).

To study the impact of TGF-β1 signaling path-
way inhibition, cells were pretreated with 10 
mM LY364947 (Selleck) 30 min before lentivi-
rus treatment.

RNA extraction and RT-PCR

Total RNA was extracted from treated/untr- 
eated HASMCs using RNAiso Plus reagent 

Figure 1. Immunohistochemical staining showing decreased α-SMA expression in the pathological tissues, while the 
OPN, phospho-Smad2/3 and phospho-ERK expression increased significantly (A and B); Western blot showing the 
same trend in proteins expression (C and D); RT-PCR analysis suggesting that downregulated expression of miR143 
and miR145 in the AD tissues (E); HE staining showing the aortic tissue are disintegrated and fractured and disor-
dered (F). (Data represent means ± SD (n = 10); *P < 0.05, **P < 0.01).

Figure 2. RT-PCR analysis after lentivirus transduc-
tion showing significant downregulation of miR143 
and miR145, the vehicle had no effect on the expres-
sion of miR143 and miR145. (Data represent means 
± SD (n = 3); **P < 0.01).
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(Takara, Japan) and used as a template from 
which complementary DNA was reverse tran-
scribed using a First Strand complementary 
DNA Synthesis Kit (Takara). MiR levels were 
subsequently determined by quantitative, 
SYBR Green-based real-time polymerase  
chain reaction (PCR; ABI 7500). The U6 gene 
was used as the control housekeeping gene. 
Data were normalized against the U6 gene  
and relative expression was calculated using 
the 2-ΔΔCt method as previously described [22]. 
The primers and their sequences are listed in 
Table 2.

Western blotting

Aortic tissues/cells were rinsed twice with PBS, 
and protein was extracted with ice-cold lysis 
buffer containing 1% protease inhibitor mixture 
(Sigma, USA) as previously described [23]. 
Protein concentration was determined with a 
BCA Protein Assay Kit (Takara) compatible  
with a detergent-protein assay (Perkin Elmer). 
Equal amounts of protein were resolved by 
sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis, transferred onto polyvinyli-
dene fluoride membranes, and blocked with  
5% nonfat milk for 1 h. Membranes were then 
incubated overnight at 4°C, with primary anti-
bodies for the detection of Smad2/3 (Clone: 
#8685S; Cell Signaling Technology), phospho-
Smad2/3 (Clone: ab63399; Abcam), ERK (Clo- 
ne: ab54230; Abcam), phospho-ERK (Clone: 
ab201015; Abcam), α-SMA (Clone: ab5694; 
Abcam), and osteopontin (OPN, Clone: ab91- 
655; Abcam). Subsequently, membranes were 
incubated with a secondary antibody (LI-COR, 
USA) for 1 h and blot signals were revealed by 
addition of an enhanced chemiluminescence 
reagent (Odyssey).

mine significance across multiple groups. A 
P-value < 0.05 was considered to indicate sta-
tistical significance. All graphs were fitted with 
Sigma Plot Version 10.0 software.

Results

The TGF-β1 pathway is activated during AD

Immunohistochemistry and western blotting 
analyses showed a significant increase in  
the expression of phospho-Smad2/3 and  
phospho-ERK (Figure 1A-D), thereby indicat- 
ing that the TGF-β1 pathway is activated during 
AD.

The miR143/145 gene cluster is downregu-
lated during phenotypic switching of VSMCs in 
AD

The expression of the miR143/145 gene  
cluster and phenotypic switching of VSMCs  
during AD was verified by immunostaining of 
α-SMA and OPN contractile and synthetic  
phenotypic markers. Our data showed de- 
creased expression of α-SMA in the tunica 
media of the pathological aortic tissues,  
while OPN expression was increased sig- 
nificantly compared with the normal group 
(Figure 1A and 1B). Furthermore, HE stain- 
ing and EVG staining showed that the elas- 
tic fibers in the middle layer of the aortic tis- 
sue were disintegrated, fractured and di- 
sordered (Figure 1F and Supplementary Figure 
2). We also performed quantitative-PCR (q- 
PCR) analysis of the expression of miR143  
and miR145 in AD samples. These data show- 
ed significant downregulation of miR143 and 
miR145 in the pathological specimens (Figure 
1E).

Table 2. The primers used for different target miRNAs
Gene Primer sequences
miR143 RT-primer 5’-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCCAGAGAT-3’

Forward-primer 5’-ACACTCCAGCTGGGGGTGCAGTGCTGCAT-3’
Reverse-primer 5’-TGGTGTCGTGGAGTCG-3’

miR145 RT-primer 5’-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAGGGATTC-3’
Forward-primer 5’-ACACTCCAGCTGGGGTCCAGTTTTCCCAGGA-3’
Reverse-primer 5’-TGGTGTCGTGGAGTCG-3’

U6 RT-primer 5’-AACGCTTCACGAATTTGCGT-3’
Forward-primer 5’-CTCGCTTCGGCAGCACA-3’
Reverse-primer 5’-AACGCTTCACGAATTTGCGT-3’

Statistical analyses

Data were expressed 
as mean ± standard 
deviation (SD). Pair- 
ed and/or unpaired 
Student’s t-tests were 
used to evaluate the 
significance of differ-
ences between the 
means of two groups, 
while analysis of vari-
ance (ANOVA) was 
performed to deter-
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Knockdown of the miR143/145 gene cluster 
in VSMCs activates the TGF-β pathway and 
induced phenotypic switching in vitro

To determine the ability of miR143/145 gene 
cluster downregulation to activate the TGF-β1 
pathway and trigger downstream phenotypic 
switching, we treated HASMCs in vitro, with len-
tivirus. Thereafter, we performed western blot 
analysis of the expression of Smad2/3, phos-
pho-Smad2/3, ERK, phospho-ERK, α-SMA, and 
OPN. Expression of phospho-Smad2/3 and 
phospho-ERK was significantly increased 
(Figure 3A and 3B), while α-SMA was downreg-
ulated post-treatment with lentivirus. In con-
trast, OPN expression was markedly increased 
(Figure 3C and 3D).

The TGF-β1 pathway mediates pheno-
typic switching of VSMCs downstream of 
miR143/145 gene cluster

To verify the impact of the TGF-β1 pathway on 
phenotypic switching of VSMCs during down-
regulation of miR143/145 gene cluster, we pre-

VSMCs during the formation of AD, in a process 
mediated by the TGF-β1 signaling pathway.

Cells respond to changes in the microenviron-
ment by altering many cellular programs, includ-
ing cell survival, proliferation, differentiation, 
metabolism, interactions with other cells, and 
numerous homeostatic loops. VSMCs switch 
from a contractile to a synthetic phenotype in 
response to cues in the local environment, in a 
process known as phenotypic modulation or 
switching. We demonstrated greater expres-
sion of OPN, and reduced α-SMA expression, in 
the media of specimens taken from tissues 
undergoing AD compared with the levels in non-
pathological controls, thereby indicating that  
a phenotypic switch had taken place. This 
result is consistent with that reported by 
Lesauskaite et al., [2] who also observed phe-
notypic switching of VSMCs in AD/aneurysm  
tissues. Detection of the expression of 
miR143/145 gene cluster in aortic tissues 
showed significantly reduced expression of 
miR143 and miR145 in the pathological sam-
ples. Following lentivirus-mediated knockdown 

Figure 3. Downregulation of the miR143/145 gene cluster caused a decrease 
in the activity of the TGF-β1 signaling pathway and phenotypic switching of 
the VSMC. After knockdown of the miR143/145 gene cluster, the expres-
sion of phospho-Smad2/3 and phospho-ERK was significantly decreased (A 
and B); expression of the contractile phenotype marker of VSMC, α-SMA, de-
creased, while expression of the synthetic phenotype marker OPN increased 
(C and D). (Data represent means ± SD (n = 3); **P < 0.01).

treated HASMCs with a spe-
cific inhibitor of the TGF-β1 
pathway immediately before 
the addition of lentivirus.  
Our western blotting data 
showed that TGF-β1 expres-
sion was almost completely 
inhibited (Figure 4A and 4B). 
Furthermore, the TGF-β1 in- 
hibitor did not affect the ex- 
pression of miR143/145 ge- 
ne cluster (Figure 5). Western 
blotting revealed increased 
expression of α-SMA, althou- 
gh this effect did not reach 
the level of statistical signifi-
cance (Figure 4C and 4D), 
while OPN expression decre- 
ased (Figure 4C and 4D).

Discussion

In this study, we discovered a 
possible mechanism underly-
ing AD. We showed that the 
miR143/145 gene cluster, an 
important regulator of VSMC 
differentiation, can induce 
the phenotypic switching of 
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of the miR143/145 gene cluster in VSMCs in 
vitro, western blot analysis revealed elevated 

lar pathologies and cardiovascular diseases, 
such as arteriovenous malformations, aneu-
rysms, atherosclerosis, cardiac fibrosis, va- 
scular remodeling of the retina, and valvular 
heart disease [30]. Here, we found that the 
expression of phospho-Smad2/3 and phos- 
pho-ERK was increased in tissues undergo- 
ing AD, suggesting that the TGF-β1 pathway 
was also activated. In addition, downregula- 
tion of the miR143/145 gene cluster signifi-
cantly enhanced the expression of phospho-
Smad2/3 and phospho-ERK in HASMCs in 
vitro. Expression of OPN was also increased 
under these conditions. Because the expres-
sion of OPN tended to increase despite pre-
treatment with an inhibitor of the TGF-β1 pa- 
thway before lentivirus-mediated of the 
miR143/145 gene cluster, these data indicate 
the involvement of the TGF-β1 pathway in the 
phenotypic switching of aortic VSMCs induced 
by downregulation of the miR143/145 gene 
cluster.

Figure 4. LY364947 maintains the contractile phenotype of VSMC. Activation 
of the TGF-β1 pathway was blocked by the inhibitor, LY364947 (A and B), and 
OPN was significantly decreased, while there were no significant changes in 
α-SMA (C and D). (Data represent means ± SD (n = 3); **P < 0.01).

Figure 5. LY364947 does not affect the expression 
of the miR143/145 gene cluster. Expression of 
miR143 and miR145 was unaffected by blockade of 
TGF-β1 pathway activation. (Data represent means ± 
SD (n = 3); P > 0.05).

expression of OPN, and 
decreased α-SMA expres- 
sion. These results suggest 
that downregulation of the 
miR143/145 gene cluster 
induced switching of VSMCs 
from the contractile to the 
synthetic phenotype.

MiRNAs induce the differenti-
ation of VSMCs in numerous 
cell culture models [24-29]. 
Kimberly et al. demonstrated 
that the miR143/145 gene 
cluster regulates the fate of 
VSMCs in regards to process-
es such as proliferation, dif-
ferentiation, and migration 
[9]. However, few studies have 
examined the pathways un- 
derlying the differentiation of 
VSMCs induced by miRNAs. 
Therefore, we aimed to char-
acterize the phenotypic re- 
sponse of VSMCs to downreg-
ulation of the miR143/145 
gene cluster. TGF-β has a 
wide range of biological func-
tions in vitro and in vivo, 
including the regulation of cell 
growth and phenotypes, and 
inhibition of tumor growth. 
TFG-β1 pathway dysregula-
tion in humans causes vascu-
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VSMC dysfunction leads to a variety of arterial 
diseases in humans, including atherosclerosis, 
AD/aneurysm, cancer, and Alzheimer’s disease 
[6, 31-34]. AD is an acute and catastrophic con-
dition, and a serious threat to human health. 
The normal aorta contains an elastic layer 
(mainly composed of SMCs), and a layer of elas-
tic fibers that links the continuous frame struc-
ture. This arrangement, however, along with the 
morphology of the fibrous layer was irregular in 
AD samples. The formation of AD and the char-
acteristic degeneration of the aortic media 
involve damage and loss of the elastic fibers, 
phenotypic switching and loss of SMCs, and 
accumulation of proteoglycan material. How- 
ever, the pathogenesis of AD is likely to be mul-
tifaceted, with other researchers reporting acti-
vation of inflammation genes, degradation of 
extracellular matrix proteins, and upregulated 
transformation and transcription, while genes 
encoding the extracellular matrix, cell adhesion 
proteins, and cytoskeleton proteins are down-
regulated, thereby indicating that the develop-
ment of AD is promoted by inflammatory 
responses [35-37]. In this study, we aimed to 
demonstrate the mechanism underlying the 
phenotypic switching of VSMCs during the 
development of AD. For this, we knocked down 
the miR143/145 gene cluster by lentivirus, 

pathway occurred before or after onset of the 
pathogenesis of AD. Experimentation using a 
miR143/145 gene cluster-knockdown animal 
model will be critical in verifying our findings.

In summary, we have shown that downregula-
tion of the miR143/145 gene cluster affects 
the expression of TGF-β1 signaling pathway 
proteins in human aortic VSMCs and promotes 
phenotypic switching of VSMCs. These out-
comes may represent another mechanism by 
which downregulation of miR143/145 gene 
cluster induces VSMC phenotypic modulation 
during the pathogenesis of AD. Our study impli-
cates the miR143/145 gene cluster as an 
attractive target for strategies aiming to pre-
vent the formation of AD.
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Supplementary Figure 1. HASMC were identified by immunofluorescence staining of α-SMA protein.

Supplementary Figure 2. EVG staining showed that the elastic fibers (black) in the aortic dissection specimen col-
lapsed and collagen (red) deposition increased compared with the normal aortic specimen.  


