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Abstract. Thoracic aortic dissection (TAD) is a severe and 
extremely dangerous cardiovascular disease. Proliferation, 
migration and phenotypic switching of vascular smooth muscle 
cells (SMCs) are major pathogenetic mechanisms involved in 
the development of TAD. The present study was designed to 
investigate the expression and potential function of serine 
peptidase inhibitor Kunitz type 2 (SPINT2) in TAD. The 
gene expression profile data for ascending aorta from patients 
with TAD were downloaded from the GEO database with the 
accession number GSE52093. Bioinformatics analysis using 
GEO2R indicated that the differentially expressed SPINT2 
was prominently decreased in TAD. The expression levels 
of SPINT2 mRNA and protein in aortic dissection speci‑
mens and normal aorta tissues were measured using reverse 
transcription‑quantitative PCR and western blotting. SPINT2 
expression was downregulated in clinical samples from aortic 
dissection specimens of patients with TAD compared with the 
corresponding expression noted in tissues derived from patients 
without TAD. In vitro, platelet‑derived growth factor BB 
(PDGF‑BB) was applied to induce the isolated primary mouse 
aortic SMC phenotypic modulation (a significant upregulation 
in the expression levels of synthetic markers), and the SMCs 
were infected with the adenoviral vector, Ad‑SPINT2, to 
construct SPINT2‑overexpressed cell lines. SMC viability was 
detected by an MTT assay and SMC proliferation was detected 
via the presence of Ki‑67‑positive cells (immunofluorescence 
staining). To explore the effects of SPINT2 on SMC migration, 
a wound healing assay was conducted. ELISA and western 

blotting assays were used to measure the content and expres‑
sion levels of MMP‑2 and MMP‑9. The expression levels of 
vimentin, collagen I, α‑SMA and SM22α were measured using 
western blotting. The PDGF‑BB‑induced proliferation and 
migration of SMCs were recovered by SPINT2 overexpression. 
The increase in the expression levels of SPINT2 reduced the 
expression levels of active matrix metalloproteinases (MMPs), 
MMP‑2 and MMP‑9. Overexpression of SPINT2 suppressed 
SMC switching from a contractile to a synthetic type, as 
evidenced by decreased vimentin and collagen I expression 
levels along with increased α‑smooth muscle actin and smooth 
muscle protein 22‑α expression levels. Furthermore, activation 
of ERK was inhibited in SPINT2‑overexpressing SMCs. A 
specific ERK agonist, 12‑O‑tetradecanoylphorbol‑13‑acetate, 
reversed the SPINT2‑mediated inhibition of SMC migration 
and the phenotypic switching. Collectively, the data indicated 
that SPINT2 was implicated in the proliferation, migration 
and phenotypic switching of aortic SMCs, suggesting that it 
may be involved in TAD progression.

Introduction

Thoracic aortic dissection (TAD) is a complex disease that 
occurs in cardiovascular surgery (1); it is one of the most 
perilous and catastrophic aortic syndromes due to its high 
morbidity rate, acute onset and rapid progression (2). TAD is 
characterized by the tearing of the layers of the arterial wall, 
causing blood to flow within the arterial wall and pass into 
a ‘false lumen’, forming two lumens inside and outside the 
vessel, and producing a dissection in the thoracic aorta (3). 
The outcomes of surgical repair following TAD are gradually 
improving. However, the mortality rates remains high and 
thus, early and accurate diagnosis is critical to determine the 
appropriate therapy (4). 

Vascular smooth muscle cells (SMCs) are the major cell 
type within the aortic wall; dysregulation of SMC function 
contributes to the development of TAD (5). Under certain 
stimuli (such as single gene mutations and abnormal gene 
expression) (6), SMCs can transcend from a quiescent and 
differentiated state to a proliferative, migratory and remod‑
eling state, which is often characterized by their phenotype 
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switching from the contractile toward the synthetic state; 
this is considered to be a primary driver in the pathogenesis 
of TAD (7). In addition, extracellular matrix (ECM) protein 
degradation can weaken the aortic wall and destroy the 
structural integrity of the aorta, which leaves it vulnerable to 
dissection (8). Matrix metalloproteinases (MMPs) can degrade 
ECM proteins, playing an important role in ECM metabolism 
and aortic tissue remodeling, which may also be related to 
TAD progression (9). 

Serine peptidase inhibitor Kunitz type 2 (SPINT2), 
also known as hepatocyte growth factor activator inhibitor 
type‑2 (10), belongs to the Kunitz family of serine protease 
inhibitors. This protein is a potent inhibitor of hepatocyte 
growth factor (HGF) activator (HGFA) (11). HGF, also 
named scatter factor (SF), may improve cell viability and 
invasiveness, stimulate angiogenesis and function as a tumor 
progression factor (12). Met tyrosine kinase receptor is the 
HGF receptor; the HGF/Met pathway plays a prominent role 
in cell migration, survival, growth and cardiovascular remod‑
eling following tissue injury (13). Notably, SPINT2 binds to 
and inactivates HGFA, impairing the conversion of inactive 
pro‑HGF/SF into bioactive HGF/SF (14). SPINT2 may there‑
fore play an important role in cancer cell biology by regulating 
the function of HGF/SF‑activating proteases. Previously, it was 
reported that SPINT2 overexpression could suppress pro‑HGF 
activation, ECM degradation and prostate cancer cell invasion 
via its inhibitory effect on the proteolytic activity of these 
enzymes (15). SPINT2 regulates cell proliferation, migration 
and invasion via a reduction in HGFA, leading to apoptosis 
and necrosis of uterine leiomyosarcoma cells (16). Moreover, 
SPINT2 decreases cell migration and invasion abilities of 
glioma cells via downregulation of MMP‑2 expression and 
activity (17) and reduces the levels of vimentin in endometrial 
cancer cells (18). 

In the present study, dataset GSE52093, including 12 
samples (7 TAD and 5 normal ascending tissues) was obtained 
from the Gene Expression Omnibus (GEO; https://www.ncbi.
nlm.nih.gov/geo/) database and was analyzed by GEO2R 
(https://www.ncbi.nlm.nih.gov/geo/geo2r/). It was observed 
that SPINT2 expression was downregulated in the arterial 
tissues of patients with TAD. Therefore, the present study was 
designed to investigate the effects of SPINT2 on TAD progres‑
sion by examining the role of SPINT2 in the proliferation, 
migration and phenotypic switching of aortic SMCs. 

Materials and methods

Tissue specimen collection. Aortic dissection specimens 
removed from patients with TAD (n=11) during surgery for 
TAD were collected. Control aortic specimens were obtained 
from patients undergoing coronary artery bypass grafting 
(n=4). All specimens were obtained from January 2022 to 
June 2022 at the First Affiliated Hospital of Anhui Medical 
University (Hefei, China). Patients who underwent computed 
tomography scans and ultrasonic examination to confirm the 
diagnosis of TAD were enrolled in the present study, whereas 
patients with connective tissue defects, such as bicuspid 
aortic valve malformation, traumatic aneurysms, luetic 
aortic aneurysms, or a family history of aortic diseases were 
excluded. The specimens were cleared of adventitia carefully 

and subsequently used as fresh samples for western blot‑
ting and reverse transcription‑quantitative PCR (RT‑qPCR) 
analyses. And aortic dissection specimens were fixed with 4% 
paraformaldehyde for 15 min at room temperature for immu‑
nofluorescence (IF) staining. The present study was performed 
in accordance with the Declaration of Helsinki and approved 
by the Medical Ethics Committee of the First Affiliated 
Hospital of Anhui Medical University (approval no. Quick‑PJ 
2022‑14‑49). All participants signed an informed consent form 
prior to the present study.

Primary aortic SMC isolation. Male 6‑week‑old C57BL/6J 
mice weighing 18‑22 g were purchased from the Experimental 
Animal Center of the First Affiliated Hospital of Anhui 
Medical University. A total of 8 mice were used in this experi‑
ment. The animals were housed in the Experimental Animal 
Center of the First Affiliated Hospital of Anhui Medical 
University under controlled conditions (temperature, 22±2˚C; 
humidity, 40‑60%) with a 12/12 h light/dark cycle and were 
provided with a normal diet with constant air renewal. The 
animal experimental procedures were performed with the 
approval of The Experimental Animal Ethics Committee of 
Anhui Medical University (approval no. LLSC20220940). The 
mice were sacrificed by intraperitoneal injection with sodium 
pentobarbital (150 mg/kg). Approximately 5x106 primary 
aortic SMCs were isolated from one mouse as described previ‑
ously (19). Under sterile conditions, the excised aortic tissues 
were rinsed with PBS and excess tissues (such as fascia, all 
adherent fat and connective tissue) were removed using a 
surgical scalpel. The tissue pieces were digested with colla‑
genase II (Biosharp Life Sciences) for 30 min at 37˚C and the 
endothelia were gently removed. Subsequently, the cells were 
digested and collected using a mixture of collagenase II and 
elastase (Shanghai Aladdin Biochemical Technology Co., Ltd.) 
for 30 min at 37˚C. The cells were allowed to reach a fusion 
state, cell passage was performed and the collected cells were 
maintained in smooth muscle cell medium (iCell Bioscience, 
Inc.) and cultured in an incubator at 37˚C with 5% CO2. The 
SMCs used in this experiment were from the 3rd to 5th genera‑
tions. SMCs were identified by IF staining of smooth muscle 
α‑actin (α‑SMA) and smooth muscle protein 22‑α (SM22α). 

Bioinformatics analysis. The gene expression profile data for 
ascending aorta from patients with TAD were downloaded 
from the GEO database with the accession number GSE52093. 
The dataset GSE52093 was based on the platform GPL10558, 
including 12 samples (7 TAD and 5 normal ascending tissues). 
GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/) and R 
software (R Development Core Team, version 4.1.2) were 
used to screen the differentially expressed genes (DEGs) 
between TAD and normal samples; P<0.05 and |log FC|≥1.5 
were used as the screening thresholds. R packages ‘ggplot2’ 
and ‘pheatmap’ were utilized to yield the volcano plot and 
the heat map, respectively, for data visualization. The R 
software ‘cluster Profiler’ package was used to perform Gene 
Ontology (GO) functional enrichment, which was visualized 
with the chord plot. The Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway (https://www.genome.jp/kegg/) 
was analyzed by gene set enrichment analysis (GSEA) used by 
R software ‘cluster Profiler’ package.
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Cell treatment and adenoviral infection. The cells were 
treated with platelet‑derived growth factor BB (PDGF‑BB; 
GenScript) at different concentrations (0, 10, 20 and 40 ng/ml) 
for 24 h at 37˚C to test SPINT2 expression and SMC viability. 
PDGF‑BB at 20 ng/ml was selected to induce SMC phenotype 
modulation to establish the in vitro cell model. To explore 
the function of SPINT2, a 1st generation adenoviral system 
carrying the SPINT2 sequence was used to overexpress 
SPINT2 at a multiplicity of infection of 100 for 24 h in the 
isolated SMCs. The SPINT2 overexpressed sequence was 
synthesized by General Biological (Anhui) Co., Ltd. and 
ligated to the vector RedTrack‑CMV (Fenghuishengwu, Co., 
Ltd.). The AdMax system was used. 293A cells (Saibaikang 
Biotechnology Co., Ltd.; iCell‑h086) were used to package 
the adenovirus and cultured in DMEM containing 10% 
FBS at 37˚C in a 5% CO2 incubator. The 293A cells were 
cultured in a 10‑cm culture dish, with a density of ~60% for 
transfection. First, 30 µl transfection reagent Lipofectamine 
3000® (Thermo Fisher Scientific, Inc.) was diluted with 50 µl 
Opti‑MEM (Thermo Fisher Scientific, Inc.). Next, 20 µg 
plasmids were diluted with 30 µl P3000 reagent in 500 µl 
Opti‑MEM. The aforementioned two solutions were mixed 
and left at room temperature for 15 min. The mixed solution 
was transferred to the culture medium of the 293A cells, which 
were mixed and cultured in an incubator with 5% CO2 at 37˚C. 
When the plaque was ≥50% (~7 days), the cells and medium 
were collected into the centrifuge tube.

To verify the effect of SPINT2 on the activation of ERK, 
SMCs infected by adenovirus for 24 h were treated with 
100 nmol/l 12‑O‑tetradecanoylphorbol‑13‑acetate (TPA; 
Beijing Solarbio Science & Technology Co., Ltd.) prior to 
treatment with 20 ng/ml PDGF‑BB treatment.

RT‑qPCR. Total RNA was extracted from tissue specimens 
and SMCs using the TRIpure reagent (BioTeke Corporation). 
Subsequently, cDNA was synthesized using M‑murine 
leukemia virus reverse transcriptase (Beyotime Institute of 
Biotechnology) (incubate with 4 µl of RT buffer and 2 µl of 
dNTP for 50 min at 42˚C, then terminate the reaction by heating 
at 80˚C for 10 min). The PCR amplification was performed using 
SYBR Green reagent (Beijing Solarbio Science & Technology 
Co., Ltd.) on an Exicycler™ 96 Real‑Time Quantitative PCR 
instrument (Bioneer Corporation). Thermocycling condi‑
tions were as follows: Initial denaturation for 5 min at 95˚C, 
followed by 40 cycles of 10 sec at 95˚C and 10 sec at 60˚C, and 
extension at 72˚C for 30 sec. The relative expression levels of 
SPINT2 mRNA were analyzed using the 2‑ΔΔCq method (20). 
The following primer sequences were used for analysis of the 
tissue specimens: SPINT2 forward (F), 5'‑AAC GCA GCA TCC 
ACG ACT‑3' and reverse (R), 5'‑GGC ACA TTT CTT GAG GCA 
CT‑3'. The following sequences were used for the analysis of 
SMCs: SPINT2 F, 5'‑GTG AAG GCA ATG GCA ATA AC‑3' and 
R, 5'‑ATA GTA CCA GCG AGG GAA GG‑3'.

Western blotting analysis. Aorta tissues or SMCs were lysed in 
RIPA lysis buffer (Beijing Solarbio Science & Technology Co., 
Ltd.) and sonicated for 5 min at 4˚C at 14,000 rpm to extract 
the total proteins. The protein concentrations were quantified 
using the bicinchoninic protein assay kit (Beijing Solarbio 
Science & Technology Co., Ltd.). A total of 20 µg/lane protein 

samples were separated by SDS‑PAGE (Beijing Solarbio 
Science & Technology Co., Ltd.) on 10% gels and subse‑
quently transferred onto polyvinylidene fluoride membranes 
(MilliporeSigma) by electroblotting. The membranes were 
blocked in 5% (M/V) non‑fat milk powder for 1 h at room 
temperature and incubated with the primary antibodies over‑
night at 4˚C. Subsequently, the horseradish peroxidase‑labeled 
secondary antibody (1:3,000; cat. no. SE131/SE134; Beijing 
Solarbio Science & Technology Co., Ltd.) was incubated with 
the membranes at 37˚C for 1 h. The bands on the membranes 
were visualized using an enhanced chemiluminescence reagent 
(Beijing Solarbio Science & Technology Co., Ltd.). The gray 
values of the target bands were analyzed using Tanon‑5200 
Image Analysis System (Tanon Science and Technology Co., 
Ltd.). The primary antibodies included anti‑vimentin (1:1,000; 
cat. no. AF7013), anti‑collagen I (1:1,000; cat. no. AF7001), 
anti‑α‑SMA (1:1,000; cat. no. AF1032), anti‑SM22α (1:1,000; 
cat. no. AF9266), anti‑MMP‑9 (1:1,000; cat. no. AF5228), 
anti‑p‑ERK (1:500; cat. no. AF1015) and anti‑ERK (1:500; 
cat. no. AF0155) antibodies (all Affinity Biosciences). 
Additionally, anti‑MMP‑2 (1:2,000; cat. no. 10373‑2‑AP; 
Proteintech Group, Inc.) and anti‑SPINT2 (1:500; 
cat. no. sc‑398119; Santa Cruz Biotechnology, Inc.) antibodies 
were used, and GAPDH (1:20,000; cat. no. 60004‑1‑Ig; 
ProteinTech Group, Inc.) was the internal control.

3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide 
(MTT) assay. SMCs were seeded into 96‑well plates at a density 
of 4x103 cells/well. Following incubation overnight, SMCs 
were treated with different concentrations of PDGF‑BB (0, 10, 
20 and 40 ng/ml) for 24 h. Subsequently, 10 µl MTT reagent 
(Beyotime Institute of Biotechnology) was added into each well 
and incubated for an additional 4 h at 37˚C. Dimethyl sulfoxide 
(100 µl) was added to each well to terminate the reaction, until 
it was observed under an ordinary optical microscope that 
the formazan was completely dissolved. Similarly, 20 ng/ml 
PDGF‑BB or 20 ng/ml PDGF‑BB + 100 nmol/l TPA was used 
to treat SMCs for 0, 24, 48 and 72 h, and MTT reagent was used 
to detect cell proliferation. Finally, the optical density values 
at 570 nm were measured with a microplate reader (BioTek 
Instruments, Inc.). 

Wound healing assay. When the cells reached 90% conflu‑
ence, the cell medium was altered to serum‑free medium and 
10 µg/ml mitomycin C (Merck KGaA). SMCs were scratched 
using 200‑µl pipette tips. The cell surface was washed once 
with serum‑free medium to remove cell debris. Subsequently, 
the cells of each group were incubated for 0 and 24 h in an 
incubator at 37˚C with 5% CO2 and the images were captured 
using an inverted microscope (Olympus Corporation) at a 
magnification of x100. Finally, the wound healing distance of 
SMCs was calculated to measure the cell migratory ability. 
Cell migration rate=(0 h scratch width‑24 h scratch width)/0 h 
scratch width x100.

ELISA. The cell supernatants were centrifuged at 4˚C 
for 10 min at 300 x g to remove the precipitate for detec‑
tion. The mouse MMP‑2 ELISA Kit (cat. no. EM0142; 
Wuhan Fine Biotech, Co., Ltd.) and the MMP‑9 ELISA Kit 
[cat. no. EK2M09; Multisciences (Lianke) Biotech Co., Ltd.] 
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were used to evaluate the contents of MMP‑2 and MMP‑9, 
respectively according to the manufacturer's instructions.

IF staining. The sections (5 µm) of the TAD specimens were 
incubated overnight at 4˚C with the following goat anti‑mouse 
primary antibodies: SPINT2 (1:50; cat. no. sc‑398119; Santa 
Cruz Biotechnology, Inc.) and α‑SMA (1:200; cat. no. AF1032; 
Affinity Biosciences). Subsequently, they were incubated with 
fluorescein isothiocyanate (FITC)‑labeled goat anti‑mouse 
IgG (1:200; cat. no. ab6785; Abcam) and Cy3‑labeled goat 
anti‑rabbit IgG (1:200; cat. no. ab6939; Abcam) secondary 
antibodies, respectively, for 90 min at room temperature. 
SMCs were fixed in 4% paraformaldehyde for 15 min at 

room temperature and permeabilized with 0.1% Triton X‑100 
(Beyotime Institute of Biotechnology). Subsequently, the cells 
were blocked in 1% BSA (Sangon Biotech Co., Ltd.) at room 
temperature for 15 min and incubated with the following 
diluted primary antibodies: α‑SMA (1:200; cat. no. AF1032; 
Affinity Biosciences), SM22α (1:100; cat. no. AF9266; 
Affinity Biosciences), Ki‑67 (1:100; cat. no. AF0198; Affinity 
Biosciences) and vimentin (1:200; cat. no. AF7013; Affinity 
Biosciences) overnight at 4˚C. Subsequently, the samples 
were incubated with the secondary antibody, FITC‑labeled 
goat anti‑rabbit IgG (1:200; cat. no. ab6717; Abcam), at 
room temperature for 60 min. 4',6‑diamidino‑2‑phenylindole 
(Shanghai Aladdin Biochemical Technology Co., Ltd.) was 

Figure 1. DEG screening of dataset GSE52093 and bioinformatics analysis. (A) Volcano plot of the gene profiles. (B) The gene network was visualized by 
heatmap, which indicated that the expression of the identified DEGs could correctly distinguish between the TAD and normal samples. (C) Chord plot of GO 
analysis. (D) GSEA enrichment in the KEGG pathway of vascular smooth muscle contraction (hsa04270). DEG, differentially expressed gene; SPINT2, serine 
peptidase inhibitor Kunitz type 2; TAD, thoracic aortic dissection; GO, Gene Ontology; GSEA, gene set enrichment analysis; KEGG, Kyoto Encyclopedia of 
Genes and Genomes.
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used to counterstain the nuclei at room temperature for 5 min. 
The images were observed under a fluorescence microscope 
(Olympus Corporation) and imaged at x200 magnification.

Statistical analysis. GraphPad Prism 8 software (GraphPad 
Software; Dotmatics) was used for statistical analysis. All 
experiments were repeated at least three times. Quantitative 
values are presented as the mean ± standard deviation (SD). 
Comparisons between two groups were evaluated using 
unpaired Student's t‑test. The comparisons of statistical signif‑
icance among multiple groups were assessed using one‑way 
analysis of variance, with Tukey's multiple comparison test 
as the post‑hoc analysis. P<0.05 was considered to indicate 
a statistically significant difference. All experiments were 
repeated at least three times.

Results

SPINT2 expression is downregulated in TAD, and SMC 
proliferation, migration and differentiation are related to 
TAD progression. A total of 318 upregulated genes (red dots) 
and 357 downregulated genes (blue dots) were identified 
from the GSE52093 dataset in ascending aorta samples from 
patients with TAD compared with the tissues derived from 
patients devoid of TAD. The differentially expressed SPINT2 
was prominently decreased in TAD (Fig. 1A and B). In the 
GO chord plot, the top 19 GO terms of DEGs indicated that 
several biological processes, including ‘regulation of smooth 
muscle cell proliferation’, ‘regulation of smooth muscle cell 
migration’ and ‘positive regulation of vascular associated 
smooth muscle cell differentiation’ were enriched in TAD 

Figure 2. SPINT2 is expressed at low levels in aorta tissues of TAD specimens. (A) SPINT2 expression was co‑stained with α‑SMA expression in human TAD 
specimens. (B) The mRNA levels of SPINT2 in aorta tissues of patients with TAD were determined using reverse transcription‑quantitative PCR. (C) SPINT2 
protein levels of aorta tissues were analyzed by western blotting. ***P<0.001 compared with the normal group. SPINT2, serine peptidase inhibitor Kunitz 
type 2; TAD, thoracic aortic dissection; α‑SMA, α‑small nuclear actin; N, normal group; T, TAD group; DAPI, 4',6‑diamidino‑2‑phenylindole.

Figure 3. SPINT2 expression is decreased in PDGF‑BB‑cultured SMCs. SMCs were treated with different concentrations of PDGF‑BB (0, 10, 20 and 40 ng/ml) 
for 24 h. (A and B) The mRNA and protein levels of SPINT2 were measured using reverse transcription‑quantitative PCR and western blotting analyses. 
(C) SMC proliferation was detected using a 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide assay. *P<0.05, **P<0.01 and ***P<0.001 compared 
with 0 ng/ml PDGF‑BB group. SPINT2, serine peptidase inhibitor Kunitz type 2; PDGF‑BB, platelet‑derived growth factor BB; SMCs, smooth muscle cells.



LI et al:  SPINT2 IS INVOLVED IN TAD PROGRESSION6

(Fig. 1C). The GSEA result also showed the negative value 
of the enrichment score, which indicated that TAD progres‑
sion was negatively associated with ‘vascular smooth muscle 
contraction’ (Fig. 1D).

SPINT2 is expressed at low levels in aorta tissues of TAD 
specimens. In the present study, the location of SPINT2 was 
identified in aortic dissection specimens by co‑staining with 
α‑SMA. It was found that SPINT2 was mainly localized in 
the aortic SMCs (Fig. 2A). The expression levels of SPINT2 
mRNA and protein in aortic dissection specimens and normal 
aorta tissues were measured using RT‑qPCR and western blot‑
ting analyses, respectively. The results further revealed that 
SPINT2 expression was significantly lower in TAD tissues than 
that noted in normal aorta tissues (P<0.001; Fig. 2B and C).

SPINT2 expression is decreased in PDGF‑BB‑cultured 
SMCs. As shown in Fig. S1, the cells isolated from mice were 
identified as SMCs by positive α‑SMA and SM22α staining. 
Subsequently, SMCs were cultured with different concentra‑
tions of PDGF‑BB for 24 h and SPINT2 expression was 
detected. Both the mRNA and protein levels of SPINT2 were 
significantly decreased following PDGF‑BB stimulation in 
a concentration‑dependent manner (P<0.05; Fig. 3A and B). 
The MTT assay confirmed that the cell viability of SMCs was 
increased in the presence of PDGF‑BB (P<0.05; Fig. 3C).

Overexpression of SPINT2 suppresses viability and prolif‑
eration of PDGF‑BB‑treated SMCs. Initially, the SMCs were 
infected with the adenoviral vector, Ad‑SPINT2, to construct 
SPINT2‑overexpressed cell lines. The mRNA and protein 

Figure 4. Overexpression of SPINT2 suppresses viability and proliferation of PDGF‑BB‑treated SMCs. SMCs were infected with NC or SPINT2‑overexpression 
adenovirus for 24 h and subsequently cultured with 20 ng/ml PDGF‑BB for 24 h. (A and B) The mRNA and protein levels of SPINT2 were verified by reverse 
transcription‑quantitative PCR and western blotting following PDGF‑BB treatment for 24 h. (C) The SMC viability at 48 h following PDGF‑BB treatment was 
detected using a 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide assay. (D) The expression levels of Ki‑67 were determined by immunofluores‑
cence staining to evaluate the SMC proliferation (scale bar, 50 µm). *P<0.05, **P<0.01 and ***P<0.001 compared with control group. ##P<0.01 and ###P<0.001 
compared with the PDGF‑BB + Ad‑vector group. SPINT2, serine peptidase inhibitor Kunitz type 2; PDGF‑BB, platelet‑derived growth factor BB; SMCs, 
smooth muscle cells; NC, PDGF‑BB + Ad‑vector; DAPI, 4',6‑diamidino‑2‑phenylindole; Ad, adenovirus. 
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expression levels of SPINT2 were significantly increased in the 
Ad‑SPINT2 group compared with those in the control group, 
which confirmed the successful construction of the adenoviral 
model overexpressing SPINT2 (Fig. S2). To explore the effect 
of SPINT2 on SMC viability and phenotypic switching without 
PDGF‑BB, an MTT assay was conducted and the expression 
levels of SMC synthetic markers (vimentin and collagen I) 
and contractile markers (α‑SMA and SM22α) were measured 
using western blotting. As shown in Fig. S3, SPINT2 overex‑
pression has no marked effects on SMC viability or phenotypic 
switching. After treatment with 20 ng/ml PDGF‑BB for 24 h, 
the expression of SPINT2 was markedly increased in SMCs 
infected with an adenovirus overexpressing SPINT2. The 
PDGF‑BB‑induced decrease in SPINT2 was also reversed 
following infection of the cells with SPINT2 overexpres‑
sion adenovirus (P<0.001; Fig. 4A and B). PDGF receptor β 
(PDGFRβ) protein levels were determined using western blot‑
ting as shown in Fig. S4. PDGFRβ expression was higher in the 
presence of PDGF‑BB compared with the control group. The 
PDGF‑BB‑induced increase in PDGFRβ was also reversed 
following infection of the cells with SPINT2 overexpres‑
sion adenovirus. To investigate the roles of SPINT2 in SMC 
viability, an MTT assay was conducted, which confirmed that 

SPINT2 inhibited the high viability of SMCs in the presence 
of PDGF‑BB (Fig. 4C). SMC proliferation was detected via 
the presence of Ki‑67‑positive cells (IF staining). PDGF‑BB 
stimulation increased the number of Ki‑67‑positive cells. 
However, SPINT2 overexpression decreased the number of 
Ki‑67‑positive cells (Fig. 4D). The data confirmed the inhibi‑
tory effects of SPINT2 on SMC viability and proliferation.

Overexpression of SPINT2 inhibits SMC migration and 
expression of MMPs. To explore the effects of SPINT2 on 
SMC migration, a wound healing assay was conducted. 
Following stimulation of the cells with PDGF‑BB for 24 h, the 
wound healing was increased, whereas the PDGF‑BB‑induced 
SMC migration was reduced by SPINT2 (Fig. 5A). To further 
determine the mechanisms of the inhibitory effects of SPINT2 
on SMC migration, ELISA and western blotting assays were 
used to measure the content and expression levels of MMP‑2 
and MMP‑9, which are involved in SMC migration via ECM 
degradation (21). SPINT2 significantly blocked the increase in 
MMP‑2 and MMP‑9 content and expression in SMCs induced 
by PDGF‑BB (Fig. 5B and C). These results indicated that 
SPINT2 exerted inhibitory effects on SMC migration via 
MMP‑2 and MMP‑9. 

Figure 5. Overexpression of SPINT2 inhibits SMC migration and expression of MMPs. (A) Representative images and quantification of the wound healing 
assay. Scale bar, 200 µm. (B and C) The expression levels of MMP‑2 and MMP‑9 were determined using ELISA and western blotting. **P<0.01 and ***P<0.001 
compared with the control group. #P<0.05, ##P<0.01 and ###P<0.001 compared with the PDGF‑BB + Ad‑vector group. SPINT2, serine peptidase inhibitor 
Kunitz type 2; SMC, smooth muscle cells; MMP, matrix metalloproteinase; PDGF‑BB, platelet‑derived growth factor BB; Ad, adenovirus.
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Overexpression of SPINT2 prevents PDGF‑BB‑induced SMC 
phenotypic switching. To confirm the effects of SPINT2 on 
SMC phenotypic switching, the expression levels of vimentin, 
collagen I, α‑SMA and SM22α were measured using western 
blotting. The results indicated that PDGF‑BB treatment 
resulted in a significant upregulation in the protein levels 
of vimentin and collagen I, and a downregulation in the 
protein levels of α‑SMA and SM22α. However, the promo‑
tional effects of PDGF‑BB on the synthetic markers and the 
inhibitory effects on the contractile markers were mitigated 
by SPINT2 overexpression (Fig. 6A and B). Meanwhile, the 
IF assay demonstrated a similarly altered trend for vimentin 
in SMCs (Fig. 6C).

SPINT2 reverses SMC phenotypic switching induced by 
the activation of the ERK pathway. To further explore the 
mechanism by which SPINT2 regulates SMC phenotypic 
switching, the present study focused on the effect of SPINT2 
overexpression on the activation of ERK. Western blot‑
ting analysis indicated that SPINT2 markedly inhibited the 
PDGF‑BB‑induced increase in p‑ERK protein in SMCs, 
whereas the expression of ERK was not significantly different 
before or after PDGF‑BB treatment (Fig. 7A). Administration 
of TPA (an ERK agonist) attenuated the SPINT2‑mediated 
inhibition of viability in PDGF‑BB‑treated SMCs (Fig. 7B). 
In addition, TPA markedly reversed downregulation of 
MMP‑2 and MMP‑9 contents induced by SPINT2 (Fig. 7C). 
Furthermore, TPA significantly blocked the SPINT2‑mediated 

decrease in the level of vimentin and the increase in the levels 
of SM22α in PDGF‑BB‑treated SMCs (Fig. 7D and E).

Discussion

SMCs are the major cellular component of the aortic wall, and 
their dysregulation can disturb aortic function and homeo‑
stasis, leading to TAD pathogenesis (22). The results of the 
present study revealed a significant decrrease in SPINT2 
expression in the aorta tissues of patients with TAD and in 
PDGF‑BB‑induced SMCs, suggesting that SPINT2 may be 
related to the development of TAD. Furthermore, SPINT2 
overexpression suppressed PDGF‑BB‑induced SMC prolifera‑
tion, migration and MMP production, and prevented synthetic 
phenotype switching of PDGF‑BB‑induced SMCs via ERK 
activation. 

The principal function of SMCs in the body is to regu‑
late blood flow through the contraction and relaxation of the 
vessel walls (23). In response to environmental stress, SMCs 
undergo phenotype switching from a differentiated and quies‑
cent ‘contractile’ state to a highly proliferative and migratory 
‘synthetic’ state, which is considered as a major driver in 
the pathogenesis of TAD (24). It has been demonstrated that 
PDGF‑BB is a potent stimulant of SMC proliferation and 
migration (25). Both in vitro and in vivo results indicated that 
inhibition of SMC proliferation and migration by downregu‑
lation of SPINT2 expression may suppress vascular‑media 
degeneration and mitigate the loss of elastic‑fiber integrity 

Figure 6. Overexpression of SPINT2 prevents PDGF‑BB‑induced SMC phenotypic switching. SMCs were incubated with 20 ng/ml PDGF‑BB for 24 h 
following 24 h of adenoviral infection. (A) The expression levels of the synthetic proteins (vimentin and collagen I) were detected by western blotting. (B) The 
expression levels of the contractile proteins (α‑SMA and SM22α) were detected by western blotting. (C) The expression levels of vimentin were assessed by 
immunofluorescence analysis. The nuclei were stained with DAPI. Scale bar, 100 µm. ***P<0.001 compared with the control group. ###P<0.001 compared with 
the PDGF‑BB + Ad‑vector group. SPINT2, serine peptidase inhibitor Kunitz type 2; PDGF‑BB, platelet‑derived growth factor BB; SMCs, smooth muscle cells; 
α‑SMA, smooth muscle α‑actin; SM22α, smooth muscle protein 22‑α; DAPI, 4',6‑diamidino‑2‑phenylindole; Ad, adenovirus.
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in TAD (26). However, to the best of our knowledge the role 
of SPINT2 in SMC proliferation and migration has not been 
investigated to date. It was reported that SPINT2 could inhibit 
cell proliferation and migration in diverse cancer cell lines (27). 
For example, in a breast cancer cell line, the elimination of 
SPINT2 expression significantly enhanced the proliferative 
and invasive nature of the cells (28). Moreover, SPINT2 could 
inhibit cell proliferation, migration and invasion in endome‑
trial cancer (EC) cell lines. Therefore, it may be considered 
as a therapeutic target and a favorable prognostic marker for 
EC (18). Furthermore, SPINT2 suppressed the cellular invasion 
and metastasis of prostate cancer via inhibition of transmem‑
brane protease serine 2 expression (15) and regulation of 
matriptase (29). One study verified that decreased SPINT2 
expression was significantly associated with tumor invasion, 
metastasis and poor prognosis in patients with non‑small cell 
lung cancer (30). In lung cancer cells, SPINT2 repressed cell 
motility and metastasis as a novel inhibitor of plasmin (31). 
In line with previous reports, the results of the present study 
suggested that SPINT2 suppressed PDGF‑BB‑induced SMC 
viability and migration in vitro. 

 ECM degradation is mainly regarded as a key patho‑
physiological feature in TAD formation (32). MMP‑2 and 
MMP‑9, which belong to the MMP family, are important in 
ECM remodeling (33,34). In the present study, significantly 
increased expression levels of MMP‑2 and MMP‑9 were noted 
in SMCs of aorta tissues from patients with TAD, suggesting 
that MMP‑2 and MMP‑9 promote degradation of proteins 
associated with fibrosis and causing vulnerability of aorta via 
hemodynamic stress, which is involved in TAD formation. 
Previous studies verified that PDGF‑BB markedly upregulated 
the expression levels of MMP‑2 and MMP‑9 in SMCs (35,36). 
By contrast, it was shown that SPINT2 could downregulate 
MMP‑2 expression in high‑grade glioma cell lines (17). In 
the present study, the results demonstrated that the expression 
levels of SPINT2 were associated negatively with those of 
MMP‑2 and MMP‑9 in PDGF‑BB‑induced SMCs, suggesting 
that administration of SPINT2 may alleviate TAD‑stimulated 
ECM remolding and prevent the formation of TAD via down‑
regulation of MMP‑2 and MMP‑9 expression in aortic SMCs.

In TAD progression, SMCs usually present with a 
prevalent synthetic phenotype as opposed to a contractile 

Figure 7. SPINT2 regulates SMC phenotypic transition via activation of the ERK signaling pathway. (A) SMCs were incubated with 20 ng/ml PDGF‑BB for 
24 h following 24 h of adenoviral infection. The expression levels of p‑ERK and ERK in SMCs were detected by western blotting. ***P<0.001 compared with 
the control group. ###P<0.001 compared with the PDGF‑BB + Ad‑vector group. (B) SMCs were cultured with 100 nmol/l TPA following 24 h of adenoviral 
infection. SMC proliferation at 48 h following PDGF‑BB treatment was detected using a 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide 
assay. (C) Following 24 h of PDGF‑BB treatment, the expression levels of MMP‑2 and MMP‑9 were determined using ELISA. (D and E) The expression 
levels of vimentin and SM22α proteins were detected by western blotting. *P<0.05, **P<0.01 and ***P<0.001 compared with the PDGF‑BB + Ad‑SPINT2 
group. SPINT2, serine peptidase inhibitor Kunitz type 2; SMCs, smooth muscle cells; PDGF‑BB, platelet‑derived growth factor BB; p, phosphorylated; TPA, 
tetradecanoylphorbol‑13‑acetate; MMP, matrix metalloproteinase; SM22α, smooth muscle protein 22‑α; Ad, adenovirus.
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phenotype, causing an impaired contractile function and 
endothelial‑dependent relaxation of the aortic tissue (37,38). 
It was previously reported that SMCs decreased the expres‑
sion levels of contractile/differentiated markers, α‑SMA and 
SM22α, under a synthetic state (39), along with an increase 
in the expression levels of the synthetic/dedifferentiated 
marker, vimentin (40). PDGF‑BB is essential for inducing a 
dedifferentiated state of SMCs (41), and the inhibitory effects 
of SPINT2 on vimentin expression have been verified (18). 
However, the significance of SPINT2 in the regulation of 
SMC phenotypic switching requires further elucidation and 
thus, the potential effect of SPINT2 on phenotype switching 
of SMCs was further studied in vitro in the present study. 
Initially, it was found that PDGF‑BB promoted SMC dedif‑
ferentiation by conversion from a contractile to a synthetic 
state, which was consistent with previous studies (42,43). 
Moreover, SPINT2 blocked PDGF‑BB‑induced SMC 
dedifferentiation by increasing the levels of the contractile 
proteins and decreasing the levels of the synthetic markers, 
indicating that it participated in the maintenance of SMC 
contractility.

There is extensive crosstalk of the HGF/MET axis 
with numerous other signaling pathways, including growth 
factor‑dependent pathways (such as PI3K/AKT/mTOR and 
RAS/RAF/ERK) (44). ERK signaling has been implicated 
as a driver of aortic aneurysm pathogenesis by mediating 
contractile‑to‑synthetic phenotype switching of SMCs (45). 
For example, Liang et al (46) indicated that berberine 
blocked injury‑induced SMC regrowth in vitro via inactiva‑
tion of the ERK signaling pathway. In addition, IL‑11 caused 
SMC phenotypic switching to a similar extent with TGFβ1 or 
angiotensin II stimulation, via activation of ERK signaling, 
which played an important role in aortic pathobiology (47). 
It had been reported that increased cell motility that was 
associated with SPINT2 silencing was abrogated by treat‑
ment with ERK/MAPK inhibitors (10). Therefore, ERK as 
a MET‑downstream signal was investigated in the present 
study. However, whether ERK is involved in the regulation of 
SPINT2 for SMC phenotypic switching remains unknown. 
TPA acts as an activator of the ERK/MAPK signaling 
pathway. In transgenic (Eisuke) mice expressing ERK fluo‑
rescence resonance energy transfer biosensors, treatment with 
TPA resulted in a gradual increase in ERK activity, peaking 
at ~6 h (48). In A549 cells, a human lung cancer cell line, 
TPA served as a potent ERK activator that was observed to 
induce early, intense and relatively transient phosphorylation 
of ERK (49). In mouse dual specificity phosphatase 5(+/+) 
embryonic fibroblasts, the application of TPA led to an eleva‑
tion in ERK expression levels (50). MMP‑9 secretion induced 
by PDGF/IL‑1 was mediated via the ERK pathway, which 
was induced by TPA specifically (51). Therefore, TPA was 
selected as an ERK agonist to explore the effects of SPINT2 
overexpression on ERK activation in the present study. The 
results of the present study demonstrated that the expression 
of p‑ERK was downregulated by SPINT2. Activation of 
ERK using TPA partially abolished the SPINT2‑mediated 
inhibitory effect on SMC proliferation and dedifferentia‑
tion. Therefore, it was suggested that SPINT2 reversed SMC 
phenotypic switching induced by activation of the ERK 
pathway. 

The present study reported that SPINT2 levels were signifi‑
cantly downregulated in the aorta tissues of patients with TAD 
and that SPINT2 overexpression in a mouse vascular SMC 
line could inhibit cell proliferation and migration, MMP‑2 and 
MMP‑9 expression, and phenotypic switching from a contrac‑
tile to a synthetic type. These findings indicate that SPINT2 
protects against TAD development. However, the present study 
had several limitations that should be mentioned. Control aortic 
specimens obtained from patients devoid of TAD were used 
only for RT‑qPCR and western blotting. Therefore, SPINT2 
expression levels in dissection vs. control tissues were not 
compared by IF or IHC images. In future studies, if suitable 
samples are encountered, they will be collected and IF or IHC 
staining will be used to detect the SPINT2 expression levels 
in TAD lesions more intuitively. In addition, conclusions were 
drawn from cell experiments only, and it is crucial to verify 
the role of SPINT2 in TAD formation in animal experiments. 
In vivo experiments will be performed in future studies.
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