Molecular Therapy

Nucleic Acids
Original Article

AMERICAN SOCIETY of
w GENE & CELL

el THERAPY

MicroRNA-134-5p Regulates Media Degeneration
through Inhibiting VSMC Phenotypic Switch
and Migration in Thoracic Aortic Dissection
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Abnormal phenotypic switch, migration, and proliferation of
vascular smooth muscle cells (VSMCs) are hallmarks for path-
ogenesis of thoracic aortic dissection (TAD). In the current
study, we identified miR-134-5p as a critical regulator control-
ling human VSMC phenotypic switch and migration to inves-
tigate whether miR-134-5p affects human VSMC functions
and development of TAD. Using miRNA microarray of aorta
specimens from 12 TAD and 12 controls, we identified miR-
134-5p, which was significantly downregulated in TAD tissues.
With qPCR detection, we found that miR-134-5p was also
evidently decreased in human AoSMCs. Ectopic expression of
miR-134-5p obviously promoted VSMC differentiation and
expression of contractile markers, such as a-SMA, SM22a,
and MYHI11. miR-134-5p potently inhibited PDGF-BB-
induced VSMC phenotypic switch and migration. We further
identified STAT5B and ITGBI as downstream targets of miR-
134-5p in human VSMCs and proved them to be mediators
in VSMC phenotypic switch and progression of TAD. Finally,
Ad-miR-134-5p obviously suppressed the aorta dilatation and
vascular media degeneration by 39% in TAD mice after
vascular injury induced by Ang II. Our findings revealed that
miR-134-5p was a novel regulator in vascular remodeling and
pathological progress of TAD via targeting STAT5B/ITGBI
expression. Targeting miR-134-5p or its downstream mole-
cules in VSMCs might develop new avenues in clinical treat-
ment of TAD.

INTRODUCTION

Vascular remodeling is mainly characterized as intima-media thick-
ening and plays a central role in the pathological progression for aort-
opathy, such as aortic aneurysm." Thoracic aortic dissection (TAD) is
a life-threatening macro-vascular disease by virtue of its predisposi-
tion of rupture. About 40% patients with aortic dissection have no
time to reach the hospital and die immediately. In the pathogenesis
of TAD, vascular smooth muscle cells (VSMCs) are essential in
contraction and synthesis of aortic wall in response to various cellular
stimuli, which facilitates vascular remodeling.*™® With phenotype
switching, VSMCs alternate from contractile (differentiated) pheno-
type to synthetic (dedifferentiated) phenotype. Dedifferentiated
VSMCs presented elevated viability in proliferation, migration, and
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synthesis, as well as reduced expression of differentiation markers
a-SMA and SM22a.>” Pathological phenotype switching is a pivotal
factor contributing to the development of aortic aneurysm and dissec-
tion.>® Phenotype of VSMCs can be changed by numerous factors,
including growth factor, chemotactic factors, cell adhesion molecules,
extracellular matrix enzymes, and injury stimuli signal.'® Especially,
PDGF promotes the phenotypic switch to synthetic VSMCs and en-
hances cell proliferation and migration into the neointima after artery
injury."' However, the molecular mechanisms underlying the VSMC
phenotypic switch and neointima formation still remains unclear.

MicroRNA (miRNA), the endogenous 18-24 nucleotide non-coding
RNA, is a novel regulator in vascular disease via affecting VSMC func-
tions, including proliferation, apoptosis, differentiation, synthesis,
and secretion.'? As an example, miR-143/145 is involved in vascular
remodeling via affecting VSMC phenotypic switch,'>'* plasticity,"
and matrix synthesis."® The polymorphism on miR-34b/c signifi-
cantly decreased the risk of aneurysm.'” In the present study, we iden-
tified miR-134-5p as a key molecule in inhibiting aortic dissection
development via microarray screening. We further explored the
impact of miR-134-5p on VSMC phenotypic switch and migration.
Moreover, the potential molecular mechanism was investigated.
Our study provided significant novel insights into the importance
and functional complexities of miRNA for regulation of VSMC func-
tions, vascular remodeling, as well as the development of macro-
vascular diseases.

RESULTS

Differentiated Expression, Target Prediction, and Functional
Enrichment for miRNA Signature in TAD Patients

In miRNA microarray profiles, the hierarchical cluster of miRNA mi-
croarrays revealed that dissection aorta tissues had a significantly

Received 9 November 2018; accepted 8 February 2019;
https://doi.org/10.1016/j.0mtn.2019.02.021.

*These authors contributed equally to this work.

Correspondence: Zhen-Ya Shen, Department of Cardiovascular Surgery of the
First Affiliated Hospital & Institute for Cardiovascular Science, Soochow Univer-
sity, Suzhou, China

E-mail: uuzyshen@aliyun.com

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.omtn.2019.02.021
mailto:uuzyshen@aliyun.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2019.02.021&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

www.moleculartherapy.org

wesy N RSN

esy .

esy
esy
esy
esy

33333333333333333333333333333333
TITIIIIIIIIIIITIIIN NI DN DI IID DD D
SRAADOGLAGLIOUNSG IS UELSLUbbbbhiniliag
RREPNBNR AN NP 0O IINNROREBNINEIRR
P REHONIER T RN Ao IRORIIRITINIIRISING
SB P NT ST CRLPHLLOTPHPRT IO LR OWR
] G TTL HTHITT 4T A T 98 O

) € T°% < < s T

esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
I-esy
esy

de-egzl
de-/89p-4
10g-l

-35
B
Differentially expressed miRNAs

hsa-miR-770-5p

hsa-n}iR-4697-5p |

hsla—miR—4304 !

hsa-miR-590-5p H

hsal-miR-21-3p i

hsa-miR-381-3p

hsa-miR-132-3p

hsa-miR-3154

hsa-miR-513a-3p 0

hsa-miR-6832-5p |

hsa-miR-385-3p i

hsa-miR-519e-5p i

hsa-miR-498 E

hsa-miR-3923

hsa—miR—6?30—5p

hsa-miR-6881-5p H

hsa-miR-3912-5p |

hsa—miR—5s:37—5p i

hsa-miR-134-5p ,

hsa-miR-4l754 E

hsa-miR-6832-5p |

hsa-miR-4769-8p 1

hsa-miR-3713 f

60  -40 20 0 20 40

Fold change

TRl

esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy
esy

8674l

O e A N N N N A N O T G WY
BN Y2252 8RR A3R2938AQL2BIIRALELE
SN0 8823R2LAVBREELTSLEBEIGEFEILRLL®L
SHHNOPOR PR T RN ¢ @50 Dby CPIATTR DL, ;
T W 9 Q9 999w o T WANT o9 9 N (5] QT o
€ 8§ 88 888% < €38 g8 » 9 3 g
5
B
0 35
% Target Gene Sig GO
VEGFR signaling
Cell motility Ontology
Wound healing mBP
Platelet activation EcCC
ECM-receptor interaction EMF

Vascular development
Intracellular signaling
Cell junction

Focal adhesion
Trans-Golgi network

Membrane organization

Extracellular matrix
Stress fiber assembly
Glycan structures
Actin binding

Ephrin receptor binding

Ser/Thr kinase activity,
SMAD binding
PDZ domain binding
Syntaxin-1 binding
0 5 10 15
-Log 10(P value)

Target Gene Sig KEGG pathway

Endocytosis e
Melanoma . Pvalue
Platelet activation ) 0.04
Dorso-ventral axis . 0.03
ECM degeneration ® 0.02
Ubiquitin proteolysis (]
T cell receptor [ ] 001
cGMP signaling| e Count
Ras signaling ) ] 2
VEGFR signaling o ® 4
PI3K-Akt signaling P : g
PDGF signaling [ ] @10
Proteoglycans [ @12
Axon guidance .
Rap-1 signaling .
Focal adhesion [ )
Actin cytoskeleton [ J
MAPK signaling B
0.05 0.10 0.15 0.20

Rich factor

Figure 1. Differentially Expressed miRNAs, GO, and KEGG Pathway Analysis Concerning miRNA Target Genes

(A) The hierarchical cluster profiles of mMIRNA microarrays differentiate human thoracic aortic dissection from normal thoracic aortas (n = 12/group). Downregulated and
upregulated miRNAs are shown in blue and red, respectively. (B) Differentially expressed miRNAs and the corresponding fold changes. (C) Gene Ontology (GO) analysis of
miRNA target genes. The y axis is GO categories. The x axis refers to GO enrichment. (D) KEGG pathways of miRNA target genes. The y axis is pathway categories. The x axis

refers to pathway enrichment.

different miRNA expression signature from that of normal aorta tis-
sues. Overall, 22 miRNAs, including miR-770-5p, miR-19b-3p, miR-
212-3p, miR-127-3p, and miR-21-3p showed marked upregulation,
and 49 miRNAs (such as miR-4769-5p, miR-6832-5p, miR-4754,

miR-134-5p, and miR-597) exhibited evident downregulation in
TAD tissues. In miRNA functional studies, identification of their
target gene is pivotal. Thus, we performed target prediction applying
three different algorithms—TargetScan, miRNA.org, PITA. Using the
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intersection set of target genes from the three databases, the Gene
Ontology (GO) analysis were conducted (GO data are listed in
Table S2). Enrichment was related to the significance of the specific
function. For the TAD group, intersection target genes of candi-
date miRNAs showed a broad range of gene ontology. These genes
were strikingly enriched in three categories: (1) biological process
(BP): VEGFR signaling (GO: 0048010), cell motility (GO:
0048870), wound healing (GO: 0042060), platelet activation
(GO: 0030168), extracellular matrix (ECM)-receptor interaction
(GO: 0007160); (2) cellular component (CC): cell junction (GO:
0030054), focal adhesion (GO: 0005925), trans-Golgi network
(GO: 0005802), membrane organization (GO: 0045121), extracel-
lular matrix (GO: 0030314); (3) molecular function (MF): actin
binding (GO: 0003779), ephrin receptor binding (GO: 0046875),
Ser/Thr kinase activity (GO: 0043539), SMAD binding (GO:
0046332), PDZ domain binding (GO: 0030165) (Figure 1C). We
further performed the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis of target genes (PATHWAY data are
listed in Table S3). The enriched pathways were endocytosis
(path:hsa04144), melanoma (path:hsa05218), platelet activation
(path:hsa04611), dorso-ventral axis (path:hsa04320), and ECM
degeneration (path:hsa04512).

Validation of Selected miRNAs, Network Analysis of Target
miRNA-mRNA in TAD Patients

Differential miRNA expression was validated using quantitative real-
time PCR. Overall, the top six significantly downregulated miRNAs in
TAD specimens (Figure 1B) were selected for validation. The expres-
sion of tested miRNAs in new specimens consisting of normal aortas
and TAD tissues (n = 8/group) showed an agreement with microarray
data. miR-3713, miR-4769-5p, miR-6832-5p, miR-4754, miR-134-5p,
and miR-597 were strikingly lower in TAD group compared to con-
trol group. Among them, miR-134-5p was lowest expressed in TAD
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Figure 2. The miRNA-Target mRNA Network

The diamond nodes represent miRNAs, and box nodes
represent target mRNA. Arrows indicate the inhibitive
effect of miRNAs on target mRNA. Dark green nodes
describe genes related with vascular development. Pink
nodes show platelet activation genes. Yellow nodes
illustrate ECM-receptor interaction genes. Dark blue no-
des mean inflammatory genes. Purple nodes mark cal-
cium signaling genes. Light blue denotes genes without
interpretation.
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specimens with quantitative real-time PCR ex-
amination (Figure 3A). Then we chose miR-
134-5p for further functional analysis.

I Gene related with vascular development
Gene related with platelet activation
Gene related with ECM-receptor interaction
—> Targetscan g Gene related with inflammatory
—> miRTarbase g Gene related with calcium signaling
Gene related with no interpretation

To speculate the potential functional modules of
miR-134-5p, we constructed miRNA-mRNA
gene network based on datasets including
miRNA-target gene binding information and
miRNA-mRNA expression files using bio-
informatical tools-Cytoscape 3.6.1 software package (Figure 2). This
network analysis indicated that miR-134-5p had a high degree of
regulation in the miRNA gene network; 132 target genes of miR-
134-5p were upregulated and highly enriched in vascular develop-
ment, platelet activation, ECM-receptor interaction, inflammatory,
and calcium-signaling modules. Specifically, COL2AI, VEGFA,
STAT5B, SMADG, ITGBI1, and MKNKI genes were notably associated
with vascular development.

miR-134-5p Inhibits the Expression of Phenotype Marker and
Phenotypic Switch of AoSMCs In Vitro

According to the miRNA-mRNA network analysis, the target genes
of TAD-related miRNA-miR-134-5p were enriched in vascular
development and platelet activation. These bioprocesses were
consistent with the pathogenesis of TAD. Then, we investigated
the impact of miR-134-5p on aortic smooth muscle cells (AoSMCs),
the most pivotal cells in vascular pathophysiological responses of
aortic wall. With transfection of miR-134-5p mimic (50 nM), we
found a morphology change of AoSMCs. Cells were short, small,
and round before (normal synthetic VSMC morphous), while
long, thin, and polypodous after (contractile VSMC morphous)
(Figure 3B). Next, we detected the expression of contractile markers
in AoSMCs transfected with negative control (NC) or miR-134-5p
mimic. miR-134-5p overexpression significantly increased a-SMA,
SM22c, and MYHI1 expression, while CNNI was not significant
(Figure 3C). PDGEF is involved in VSMC differentiation, vascular re-
modeling, and aortic aneurysm model construction.'"'® Accord-
ingly, PDGF-BB was used in pathological VSMC models. Whether
miR-134-5p repressed PDGF-BB-induced downregulation of con-
tractile markers was measured by western blot assay. As shown
in Figures 3D and 3E, miR-134-5p overexpression markedly
increased SM22a and a-SMA protein expression at both quiescent
and PDGEF-BB-stimulated conditions. Furthermore, the increase
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exhibited a dose-dependent manner (Figure 3F). These findings
supported the viewpoint that miR-134-5p was a novel regulator
for phenotypic switch of AoSMCs.

miR-134-5p Is a Novel Regulator of Matrix Metalloproteinase
Excretion and AoSMC Migration

Concerning the pathological mechanism of TAD, VSMC dediffer-
entiation is accompanied with increased migration potential. To
corroborate the role of miR-134-5p in VSMC migration, AoSMCs
were transfected with NC and miR-134-5p mimic. In immunoflu-
orescence analysis, miR-134-5p mimic dramatically promoted the
formation of migration-related stress fiber (Figure 4A). The
expression of F-actin was significantly augmented in miR-134-
5p mimic group (NC versus miR-134-5p mimic, 24489 + 3839
versus 48780 + 2890 pixels), whereas there was no change in
cell numbers (Figures 4B and 4C). We further assessed the migra-
tion potential of AoSMCs transfected with NC or miR-134-5p
mimic by scratch-wound healing assay. As presented in Figures
4D and 4E, miR-134-5p mimic markedly inhibited the migration
of AoSMCs in contrast to the NC group with or without PDGEF-
BB-induction. In addition, we demonstrated that matrix metallo-
proteinases ADAMTS-1 and ADAMTS-7 were significantly down-
regulated by miR-134-5p overexpression. However, no alteration
was observed in MMP2, MMP9, MMP12, and ADAMTS-4 expres-

Based on the target gene prediction and

miRNA-mRNA network analysis of miR-
134-5p, we screened six target genes closely related to vascular
disease for next step of corroboration. According to the quantita-
tive real-time PCR data, STAT5B and ITGBI exhibited a striking
downregulation after miR-134-5p overexpression, while COL2A1I,
VEGFA, SMADG6, and MKNKI had no discrimination (Figure 5A).
Western blot determination further consolidated the regulation
role of miR-134-5p on STAT5B and ITGBI1 (Figures 5B and
5C). Bioinformatical prediction for binding site of target genes
and miR-134-5p indicated the 6-mer conserved sites in the 3’
UTR of STAT5B and ITGBI. In order to detect the substantial
binding and impact of miR-134-5p on targets, we constructed
luciferase reporters on the basis of pGL-3 basic backbone. Two
copies of ~100-bp wild-type (WT) or mutant 3’ UTR sequence
of STAT5B and ITGBI were inserted into pGL-3 basic plasmid af-
ter the poly(A) tail of the luciferase gene (Figures 5D, 5E, and
5G). Dual luciferase reporter assay revealed that miR-134-5p
mimic notably inhibited the relative luciferase activity of plasmid
fused with 3’ UTR-WT of STAT5B and ITGBI but was not signif-
icant for 3’ UTR mutant (Figures 5F and 5H). In contrast,
miR-134-5p antagomir dramatically enhanced relative luciferase
activity in the 3’ UTR-WT group of STAT5B and ITGBI.
These data confirmed the direct binding of miR-134-5p on the
3’ UTR of STAT5B and ITGBI and its modulation role of gene
expression.
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Figure 4. Role of miR-134-5p in AoSMC Migration
(A) Representative confocal microscopy images for stress
fiber formation in AoSMCs transfected with NC or miR-
134-5p mimic. Deep red, miR-134-5p FISH probe; green,
stress fibers (F-actin); blue, DAPI. Scale bar, 50 pm. (B)
The plot of average integral optical density for F-actin
expression in different groups, n = 5/group. Data are
means + SD. (C) Quantitative analysis of positive-staining
cell. (D) Quantification of migrated cells in different groups.
(E) Representative pictures of scratch-wound assay in
different groups with or without PDGF-BB treatment.
Scale bar, 100 um. (F) Matrix metalloproteinase expres-
sion in human AoSMCs transfected with NC or miR-134-
5p mimic were detected using quantitative real-time PCR
(n = 5). Stress fiber formation was detected by staining
cells with Alexa Fluor 488 phalloidin. *p < 0.05; **p < 0.01;
ns, not significant.

EmiR-134-5p mimic

increased ITGBI expression. Western blot
data suggested that ITGBI knockdown obvi-
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Role of STAT5B and ITGB1 in AoSMC Proliferation,
Differentiation, and Migration

Signal transducer and activator of transcription 5B (STAT5B) is a
member of STAT family of transcription factors. It is implicated in
response to growth factors and cell proliferation.”” ITGB1 is also re-
ported as a crucial mediator in cell motility, metastasis, and inva-
sion.”’ To further interpret the essential impact of STAT5B and
ITGBI in AoSMC function, we conducted the loss-of-function exam-
ination with small interfering RNAs (siRNAs). As displayed in Fig-
ures 6A and 6B, ITGBI siRNA significantly inhibited ITGBI expres-
sion with or without PDGF-BB stimuli, while PDGF-BB treatment
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12h

expression, e.g., a-SMA and SM22«a (Figures
6C and 6E). STAT5B knockdown significantly
repressed the proliferation of AoSMCs both in
basal and PDGF-BB-induced proliferative sta-
tus (Figure 6D). In addition, PDGF-BB stimu-
lated AoSMC migration was notably attenuated
by ITGBI knockdown (Figures 6F and 6G).
Taken together, these findings confirmed that
ITGBI and STAT5B were pivotal mediators in
AoSMC phenotypic switch, proliferation, and
migration. They were implicated in miR-134-
5p regulation on AoSMC function.

ENC
EmiR-134-5p mimic

miR-134-5p Suppresses Media
Degeneration and TAD Progression In Vivo
To explore whether miR-134-5p repressed
vascular lesion formation in vivo, we con-
structed TAD mouse models to observe the
vascular media degeneration in Ad-vector
and Ad miR-134-5p group. After treatment
of Angiotensin I (Ang II) peritoneal injection
and high-fat diet for 4 weeks, the TAD models were constructed. At
2 weeks in model construction, we began the Ad-vector and Ad-
miR-134-5p transduction simultaneously. While the model con-
struction finished, the TAD mice were sacrificed and thoracic aortas
were subjected to H&E staining. As shown in Figure 7A, no vascular
lesion formation was found in control group. The morphous of
VSMCs was normal, and they were in well-alignment. In contrast,
there was a substantially vascular media degeneration with mussy
filament assembly, bigger and round VSMCs, deficiency of normal
VSMC contractile apparatus, and dissection formation in aortic
dissection model + Ad-vector group. Transduction of thoracic
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Figure 5. Identification of STAT5B and ITGB1 as
Target Genes of miR-134-5p in AoSMCs

(A) Quantitative real-time PCR analysis for target gene
expression in AoSMCs transfected with miR-134-5p
mimic (normalized to NC group). (B) Western blot assay
for STAT5B and ITGB1 expression in AoSMCs trans-
fected with NC or miR-134-5p mimic. (C) Densitometric
analysis for (B). (D) The schematic of luciferase reporter
plasmids construction. Two copies of STAT5B or I[TGB1
3 UTR (100 bp) around miR-134-5p binding site were
inserted in pGL-3 basic plasmid. The theoretical miRNA-

C gParental D
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aortas with miR-134-5p, however, significantly repressed the
vascular media degeneration by ~39%, which was indicated by de-
creases of both vascular media thickness and lesion area (Figures 7B
and 7D). In compliance with the histochemical data of aortas, we
observed that Ad-miR-134-5p strikingly inhibited the progressive
dilatation of thoracic aortas by echocardiography examination (Fig-
ures 7C and 7E). In summary, miR-134-5p repressed the Ang II-in-
duced vascular remodeling and progressive dilatation in vivo, which
evidently contributed to TAD.

DISCUSSION

Despite essential progress in acknowledgment of pathogenesis of
large vessel disease, the molecular mechanism underlying the
phenotypic switch of human VSMCs remains unclear. In this
study, we identified miR-134-5p as a novel regulator in human
VSMC phenotypic switch, vascular remodeling, and TAD devel-
opment. The data revealed that miR-134-5p expression is obvi-

ITGB-3UTR-WT ITGB-3'UTR-MUT

and significantly upregulated during cell dif-
ferentiation to neurous.”’ miR-134 was also
reported to play a suppressor role in vascular
endothelial cell growth, migration, and tuber formation, which
occurred in atherosclerosis.”” However, the significance of miR-
134-5p in VSMC function and TAD development has not been
explored.

Mechanistically, we authenticated transcription factor STAT5B
and cell motility-related molecule ITGB1 as pivotal targets of
miR-134-5p in VSMCs. STAT5B is a member of STAT family.
It is implicated in response to growth factors and cell prolifera-
tion.”” ITGBI is reported as a crucial mediator in cell motility,
metastasis, Importantly, STAT5 has
confirmed as a key regulator which activation was markedly
enhanced during vascular injury.”® In vascular cells, ITGBI was
pivotal for adhesion, migration, and survival during angiogenesis.
Blocking ITGBI expression might effectively impair neovasculari-
zation.” Hypoxia-induced ITGBI high expression also triggered
vascular endothelial cell migration and angiogenesis via the

and invasion.”! been

Molecular Therapy: Nucleic Acids Vol. 16 June 2019 289


http://www.moleculartherapy.org

A B
1.5
PDGF-BB + + N - =
ITGB1 siRNA - + 5 + § “:é
NC + - + - c 1.0
L2e
o
o N
£ €051
©
Practn _ &
0-
PDGF-BB+
D
PDGF-BB + + - - -
ITGB1 siRNA - + - + 8, 607 F’=0;032
NC + + 2
- - €&
SRS
c o
a-SMA =3 407
T ®
52
SM22a o3
25 20
= X
. 30
= ©
B-actin E :S
[53
8] PDGF-BB+
E mITGB1 siRNA F
6.0- P=0.027 P=0.005 100 o
= < ! % D
0 .=
38 P=0.000 _g
c & 4.0 i
e g o
<= o
‘5_§ £
o N =
2® i o
i E 2.0 g
¢ 2 E
=
z
a-SMA SM22a a-SMA SM22a
PDGF-BB+ PDGF-BB-
G
PDGF-BB+ PDGF-BB-

PDGF-BB-

Molecular Therapy: Nucleic Acids

Figure 6. STAT5B and ITGB1 Are Involved in AoSMC
Proliferation, Phenotype Switch, and Migration

(A) Western blot assay for ITGB1 expression in AoSMCs
from different groups with or without PDGF-BB treatment.
(B) Densitometric analysis for (A). (C) Western blot assay
for contractile gene expression in AoSMCs from different
groups with or without PDGF-BB treatment. (D) The
proliferation potential of AoSMCs in NC or STAT5B siRNA
group with or without PDGF-BB treatment. (E) Densito-
metric analysis for (C). (F) Quantification of migrated cells
in different groups. (G) Representative images of scratch-
wound assay in different groups with or without PDGF-BB
treatment. Scale bar, 100 pm. Each assay was performed
in triplicate. *p < 0.05; *p < 0.01.

aNC
mlTGB1 siRNA

sNC
BSTATS5B siRNA

P=0.006
— data, overexpression of miR-134-5p in

TAD mouse models obviously suppressed
PDGF-BB-

pathological vascular remodeling such as
vascular media degeneration and dissection
2G1 sina formation.
The regulation of VSMC phenotype is pivotal
for vascular remodeling and lesion formation."
SMC phenotypic switch plays a pivotal role in
TAD.”' Increasing evidence suggested that
miRNAs, eg, miR-31, miR-143/145, and
miR-221, were critical effector molecules in
response to growth factor signaling for VSMC
phenotype regulation.””* The molecular mech-
anisms underlying the modulation of VSMC

12h

SNRK/SP1-ITGB1 axis.’® Consistent with these studies, we found
that STAT5B silence significantly inhibited human VSMC prolif-
eration. ITGBI1 deficiency obviously facilitated the expression of
VSMC differentiation markers and inhibited VSMC migration.
These functional experiments confirmed the bioinformatical pre-
diction results, such as GO and pathway analysis regarding
miRNA microarrays, that the targets were involved in vascular
pathophysiology. The strikingly downregulated miRNA in TAD-
miR-134-5p substantially repressed VSMC phenotypic switch,
proliferation, and migration via the target genes—STAT5B
and ITGBI. Then it further contributed to inhibiting vascular
lesion formation in TAD progression. In accordance with these
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phenotypic alteration by miRNAs are discrimi-
nate but invariably involved in regulating the
expression of transcription factors or key fac-
tors in signaling, for instance, serum response
factor and Kruppel-like zinc finger proteins.***
In the current study, we evaluated the impact of
miR-134-5p on its target key factors related to
vascular pathophysiology and found that miR-
134-5p did not notably interfere with the
expression of SMAD6, MKNK1, COL2A1, and
VEGFA, whereas ITGB1 was confirmed as a
mediator in the effect of miR-134-5p on
VSMC phenotypic switch. This process might occur in VSMC
through a mechanism that needs to be further investigated.

In summary, this is the first time that miR-134-5p was identified as a
pivotal regulator in human AoSMC phenotypic switch and migration
via targeting the ITGBI pathway. The expression of miR-134-5p was
substantially downregulated in AoSMCs from TAD patients, indi-
cating a pathological role of miR-134-5p in SMC dysfunctional
vascular diseases. Intriguingly, miR-134-5p ectopic expression was
shown to prevent mice from experiencing development of aorta
wall media degeneration and its associated adaptive responses, such
as aorta dilatation. Taken together, miR-134-5p/ITGBI signaling
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might be a novel therapeutic target for treatment of macrovascular
disease such as TAD.

MATERIALS AND METHODS

Subjects

Twenty thoracic aorta samples from focus of TAD patient were
collected during Bentall procedures in the Department of Cardio-
vascular Surgery, the First Affiliated Hospital of Soochow University
(December 2016-December 2017). Among them, 12 samples were
used in miRNA microarray detection, and eight samples were
applied in validation quantitative real-time PCR. Twelve normal
aorta samples were harvested from age-gender-matched patients
receiving valve replacement. The aorta status of subjects were eval-
uated using at least one imaging examination, e.g., echocardiogra-
phy, MRI, or angiography. All the subjects have signed the informed
consent form. The tests using human or animal aorta specimens
were approved by the Institutional Review Board from the First
Affiliated Hospital of Soochow University.

RNA Extraction and miRNA Microarray Analysis
Total RNA from 12 TAD patients was extracted using mirVana
miRNA isolation kit (Ambion, Austin, TX, USA) according to the

Media lesion area( X 1000pm?2)

OControl
BEModel+ Ad-vector
EModel+ Ad-miR-134-5p

Figure 7. miR-134-5p Inhibited the Media
Degeneration, Dissection Formation, and Dilatation
of Thoracic Aortas In Vivo

(A) Representative graphs of H&E staining for thoracic
aortas from mouse models in control, Ad-vector, or Ad-
miR-134-5p groups. Arrows indicated bigger, round
VSMCs in TAD model. Data are means + SD. Scale bar,
100 um. (B) Quantitative analysis of media thickness of

500 P=0.001 P=0.003

0

o %&b thoracic aortas from different groups. (C) Representative
0°<\?\c\—“§&\?<\ echocardiography images of thoracic aortas or abdom-
" g
N\"ée\é a\x?‘ inal aortas from aortic dissection models treated with
o)

W PBS, Ad-vector, or Ad-miR-134-5p, n = 10/group. (D)
Quantification for media lesion area of aortic dissection
models in different groups. (E) Plot for aortic diameter of
thoracic aortas or abdominal aortas from aortic dissection
models in different groups. *p < 0.05; **p < 0.01; ns, non-
significant.

P=0.003 P=0.031

400, —E—m—t—

300

N
=]
=]

100

manufacturer’s protocol. RNA quantification
was conducted with NanoDrop ND-2000
W (Thermo Scientific, USA), and the RNA integ-
rity was examined using Agilent Bioanalyzer
2100 (Agilent Technologies, USA). The miRNA
expression profile of aorta tissues was analyzed
by Agilent Human miRNA array (8 X 60k;
Design ID: 070156). In brief, total RNA were
amplified, dephosphorylated, denatured, and
labeled with cyanine-3-CTP (Cy3). After purify-
ing and washing, the labeled RNA were hybrid-
ized onto the microarray and scanned using the
Agilent Scanner G2505C (Agilent Technologies,
USA). Raw data was normalized, and the basic analysis was performed
by Genespring GX 12.5 software (Agilent Technologies, USA). The
threshold of screening differentiated expressed miRNAs was a fold
change > 2.0 and p value < 0.05. Target genes of miRNAs were inter-
section predicted using three different algorithms—Targetscan
(http://targetscan.org/), microRNAorg (http://microrna.org), PITA
(https://genie.weizmann.ac.il/pubs/mir07/mir07_data.html).  The
further GO and KEGG analysis were conducted with R software
(https://www.r-project.org/) to study the potential roles of target
genes.

miRNA Molecular Beacon Probe and Immunofluorescence

A custom miRNA detection probe miR-134-5p was labeled with
TYE665 (Focobio, Guangzhou, China) and used in the immunofluo-
rescence experiment. For stress fiber staining, AoSMCs were incu-
bated with Alexa Fluor 488 phalloidine (1:1000, Abcam, Cambridge,
MA, USA) in 0.17 mm coverglass-bottom dishes (30 min, room tem-
perature). Cell nuclei were stained by DAPI. Fluorescence images were
digitally captured applying Carl Zeiss LSM880 laser scanning confocal
microscope (Carl Zeiss, Jena, Germany). Average integral optical den-
sity of stress fiber was quantified from 10 visual fields by Image Pro
Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA).
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Figure 8. Schematic Diagram for the Potential Role of miR-134-5p in the Pathogenesis of Thoracic Aortic Dissection

miR-134-5p might suppress ITGB1 expression by affecting the binding of 3’ UTR. This

process was involved in AoSMC phenotypic switch and metastasis. As a result, miR-

134-5p repressed the vessel remodeling and thoracic aortic dissection via regulating /TGB7 expression.

Dual-Luciferase Reporter Assay

To validate the binding of miR-134-5p to 3’ UTR of target genes, the
reporter construct containing two copies of ~100-bp WT or mutant
3’ UTR sequences of STAT5B/ITGBI were created. Two tandem
copies of ~100-bp DNA sequences around miR-134-5p binding
site or mutant site were synthesized by GENEWIZ (Suzhou, China);
then, the sequences were inserted into pGL-3 Basic vector (Promega,
Madison, W1, USA), following the luciferase gene with BamHI and
Sall enzyme sites. Transfection of reporter constructs and pRL-TK
control plasmids into AoSMCs was performed according to the
instructions of Dual-luciferase Reporter Assay System (Promega,
Madison, WI, USA). The luciferase activity was tested by Synergy
H1 microplate reader (BioTek Instruments, Winooski, VT, USA).
Relative luciferase activity was calculated via normalization to Renilla
luciferase activity of pRL-TK.

AoSMC Scratch-Wound Healing Assay

Primary human AoSMCs were isolated from thoracic aorta media of
patients who received aortic valve replacements. These cells were
cultured in human SMC medium (Sciencell, San Diego, CA, USA)
and identified using VSMC markers (Figure S1). In this test, AoSMCs
were used at passages 3-8 and a purity over 95%. First, cells were
seeded in 35-mm dishes and starved in DMEM + 0.5% fetal bovine
serum (FBS) for 48 h. Then a linear scratch was quickly generated us-
ing 200-pL tip in the center of a dish. Cells were treated with or
without PDGF-BB (20 ng/mL, PeproTech, NJ, USA) for 12 h. The im-
ages of migrated AoSMCs were captured with an inversion fluores-
cence microscope (Olympus IX51, Tokyo, Japan). Cells/group in 10
independent visual fields were counted, and the average number
was calculated for statistical analysis.
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Quantitative Real-Time PCR Analysis and Western Blot Assay
The miRNA expression was validated using RNA-tailing quantitative
real-time PCR in accordance with the protocol of the all-in-one
miRNA detection kit (Genecopoeia, Guangzhou, China). miR-3713,
miR-4769-5p, miR-6832-5p, miR-4754, miR-134-5p, and miR-597
forward primer and universal adaptor PCR primer were obtained
from Genecopoeia (Guangzhou, China). The primers of contractile
markers, matrix metalloproteinases, and vascular development target
genes in quantitative real-time PCR assay were listed in Table S1. For
western blot assay, proteins were extracted from AoSMCs with
different treatment and subjected to immunoblotting using anti-
bodies against o-SMA, SM22a, STAT5B, ITGBI, or B-actin
(1:1000, Abcam, Cambridge, MA, USA). B-actin was used as internal
control, and Gel-Pro analyzer 4.0 software was applied in protein
quantitative densitometric analysis (Media Cybernetics, Silver Spring,
MD, USA).

TAD Model Construction

Apoe™'™ mice were purchased from Vital River Company (Bei-
jing, China). All animal experiments performed conform to insti-
tutional guidelines for laboratory animals. To construct the TAD
models, 8- to 10-week-old Apoef/ ~ mice were treated with Angio-
tensin II (Ang II) (20 mg/kg.d, Sangon, Shanghai, China) and
high-fat diet (21% butterfat, Vital River, Beijing, China) for
4 weeks. At 2 weeks of model construction, 20 pL Ad-vector or
Ad-miR-134-5p (1010 pfu/mL, Genechem, Shanghai, China)
were injected around thoracic aorta arch three times (n = 10
per group). At the end of model construction, mice were anesthe-
tized and echocardiographic detected using a Vevo2100 cardiovas-
cular ultrasound system with B mode (VisualSonics, Toronto,
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Canada). Thoracic aortas were harvested and histochemistry
stained.

Statistical Analysis

Data were presented as mean + SD. Differences between groups were
evaluated by Student’s t test (two groups) or one-way ANOVA. All
the statistical tests were two-sided and conducted using Statistical
Program for Social Science (SPSS 18.0, Chicago, IL, USA). p values
lower than 0.05 is considered as statistically significant.
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Supplemental Information can be found online at https://doi.org/10.
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