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MicroRNA-221 promotes proliferation and migration of pulmonary 
arterial smooth muscle cells (PASMCs) by targeting tissue 
inhibitor of metalloproteinases-3 (TIMP3)
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Background: Aberrant vascular smooth muscle cell (VSMC) proliferation and migration play an important 
role in the development of cardiovascular diseases including pulmonary arterial hypertension (PAH). 
MicroRNAs (miRNAs, miRs) have been considered to be implicated in the progression of PAH pathogenesis. 
In this study, we aim to clarify the role of miR-221 on proliferation and migration of pulmonary arterial 
smooth muscle cells (PASMCs) and identify the target genes involved in this biological process. 
Methods: PASMCs were isolated from the pulmonary arteries of male Sprague-Dawley (SD) rats. Cell 
proliferation of PASMCs was detected by 5-ethynyl-2'-deoxyuridine (EdU) assay. Cell migration was 
determined by a scratch wound assay. Quantitative real-time PCR was used to determine the expression of 
miR-221 while western blot analysis was used to determine the expression of TIMP3. Luciferase assay was 
used to confirm that TIMP3 was a direct target gene of miR-221. Monocrotaline (MCT) induced-PAH rat 
model was established and miR-221 and TIMP3 levels were checked in lung tissue and PASMCs from PAH 
rats. 
Results: miR-221 was able to promote the proliferation and migration PASMCs. TIMP3 were negatively 
regulated by miR-221 at the protein level in PASMCs. In addition, TIMP3 was identified to be a direct 
target gene of miR-221 in PASMCs based on luciferase assays. TIMP3 knockdown abolished the inhibitory 
effect of miR-221 inhibitor on PASMCs proliferation and migration, suggesting TIMP3 mediated the effects 
of miR-221 in PASMCs. Finally, we found that miR-221 was increased while TIMP3 was down-regulated in 
PASMCs in MCT-treated rats.
Conclusions: In conclusion, miR-221 promotes PASMCs proliferation and migration by targeting 
TIMP3. MiR-221 and TIMP3 could be potential therapeutic targets for the treatment of PAH. 
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Introduction 

Pulmonary arterial hypertension (PAH) is a multifactorial 
disease with a poor prognosis, which can lead to increased 
right ventricular afterload and ultimately right heart 
failure and death (1,2). It is well recognized that aberrant 
proliferation of vascular smooth muscle cells (VSMCs) is a 
key cellular event in the pathogenesis of many proliferative 
vascular diseases such as PAH, which results in the 
narrowing or occlusion of the pulmonary vessels (3). Since 
current therapies for PAH are primarily vasodilators, novel 
therapies for PAH are highly needed.

MicroRNAs (miRNAs, miRs) are a class of endogenous, 
small, non-coding RNAs that negatively regulate gene 
expression by targeting at the 3'-untranslational regions 
(UTRs) of mRNAs for gene degradation or translational 
inhibition (4). MiRNAs have multiple cellular functions 
including regulation of cell metabolism, development, 
proliferation and death (5-7). MiR-221 belongs to the miR-
221/222 family and has been reported to play an important 
role in multiple cancer types (8,9). Moreover, miR-221 
has been found to regulate essential physiological vascular 
processes (9-11). In VSMCs, platelet-derived growth factor 
(PDGF)-induced miR-221 expression leads to the inhibition 
of several cell cycle regulators such as p27Kip1, p57Kip2 
and c-kit (9,10). Nevertheless, potential target genes of 
miR-221 are still needed to be identified so as to get a 
further understanding of its function in the pathogenesis of 
a variety of proliferative vascular diseases.

Tissue inhibitor of metalloproteinases-3 (TIMP3), a 
member of the tissue inhibitor of metalloproteinases (TIMP) 
family, was originally characterized as a tumor suppressor 
and a potent inhibitor of angiogenesis. Through matrix 
metalloprotein (MMP)-dependent or MMP-independent 
manner, it regulates multiple physiological functions 
such as proliferation, apoptosis as well as migration. Low 
expression of TIMP3 has been found to facilitate tumor 
growth, angiogenesis, invasion, and metastasis and suppress 
apoptosis (12-14). In addition, TIMP3 is a newly identified 
target gene of miR-221 in variety cancer cells such as breast 
cancer, colorectal cancer and hepatocellular carcinoma 
(15,16). However, the relationship between TIMP3 and 
miR-221 in pulmonary arterial smooth muscle cell (PASMC) 
has not been determined. In this study, we aim to clarify 
the role of miR-221 on proliferation and migration of SMC 
originated from pulmonary artery and determined potential 
target genes involved in this biological function. We present 
the following study in accordance with the ARRIVE 

reporting checklist (available at http://dx.doi.org/10.21037/
cdt-20-328).

Methods

Animals

This study was performed under a project license (No. 
IACUC-1803019) granted by institutional ethics board 
of Nanjing Medical University, in compliance with the 
guidelines on humane use and care of laboratory animals 
for biomedical research published by National Institutes of 
Health (No. 85-23, revised 1996).

Cell culture

The PASMCs were obtained from the pulmonary arteries 
of male Sprague-Dawley (SD) rats (5 weeks old) by a tissue-
sticking method. Briefly, the healthy rats were sacrificed 
by cervical dislocation. After removal of adventitia and 
endothelia, pulmonary artery was cut into small pieces and 
moved to cell culture bottle. The PASMCs were determined 
by immunostaining of α-smooth muscle actin (α-SMA, Sigma-
Aldrich, St. Louis, MO, USA). The basic culture medium 
consisted of Dulbecco’s modification of Eagle’s medium-F12 
(DMEM-F12) supplemented with 5% fetal bovine serum 
(FBS) while the starvation medium with 1% FBS. Cells 
between passages 3 and 6 were used for experiments.

Human embryonic kidney 293T cells were purchased 
from the American Type Culture Collection (ATCC, 
Washington D.C., USA) and were cultured in DMEM 
supplemented with 5% FBS. 

Cell transfection

Before transfection, PASMCs were starved for 8 hours for 
cycle synchronization. Lipofectamine 2000 reagent was used 
to transfect miR-221 mimics (50 nM, Ribobio, Guangzhou, 
China), miR-221 inhibitors (100 nM, Ribobio, Guangzhou, 
China) and their negative controls into the different groups 
according to the instructions. SiRNA-TIMP3 (50 nM, 
Ribobio, Guangzhou, China) was transfected into PASMCs 
to deplete TIMP3. SiRNA-TIMP3 sequence was as 
follows: sense 5'-3' GCUAUC-AGUCCAAACACUATT; 
anti-sense 5'-3' UAGUGUUUGGACUGAUAGCTT. 
SiRNA-NC sequence was  as  fol lows:  sense 5'-3' 
UUCUCCGAACGUGUCACGUTT, anti-sense 5'-3': 
ACGUGACACGUUCGGAGAATT.

http://www.baidu.com/link?url=vrf743SCs2_d4YhaDmFFLXlGUQQmE5cNN3bfhBIMoQ04YlvvZOGpPHwH7Jsumx3CRdaJlBPfocJwT0-YSjSS1KiwOQF1RvNXMjQdw7YOO8CPSgS6a9q6HAORUrMJLwf-
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EdU cell proliferation assay

PASMCs are stimulated by PDGF-BB (20 ng/mL) for  
24 hours and then incubated with miR-221 inhibitor,  
miR-221 mimics and their controls respectively for  
24 hours. The proliferation of PASMCs was detected 
by 5-ethynyl-2'-deoxyuridine (EdU) assay. Briefly, EdU 
was added to the medium 8 hours before harvest so it 
was incorporated into replicating DNA. Then cultured 
cells were washed three times by PBS and fixed with 4% 
paraformaldehyde for 20 min; 0.2% Triton X-100 was used 
to permeabilise the nuclear membrane and PBS containing 
10% goat serum was used to block the cells for 1 hour at room 
temperature. PASMCs were then incubated with α-smooth 
muscle actin antibody (Sigma, St. Louis, MO) at 1:500 
overnight. After washing with PBS for three times, PASMCs 
were stained by Cell-Light™ EdU Apollo®488 in vitro 
Imaging Kit (Life Technologies, NewYork USA) according to 
the instructions. Nuclei were stained with 4',6-diamidino-2-
phenylindole (DAPI). Finally, the cell images were captured 
with Nikon eclipse Ti microscope and the number of EdU 
positive cells was analyzed by Image J software.

Cell migration

Cell migration was determined by a scratch wound assay as 
previously described (17). Briefly, PASMCs were cultured 
in six well plates in starvation medium and wounded with a 
sterile pipette tip to generate a cell-free gap of 1 mm width, 
and the wound location in the culture dish was marked as 
described. Cells were photographed to record the wound 
width at 0 h. After that, cells were treated according to 
requirement; 24 hours later, photographs will be taken again 
at the marked wound location for migration measurement. 

Quantitative real-time PCR 

Total RNA was extracted from cell samples using the 
miRNeasy Mini Kit (Qiagen, Hilden, Germany). The 
expression of miR-221 was measured by quantitative 
real-time PCR according to the manufacturer’s protocol 
(Ribobio, Guangzhou, China). As an internal control, U6 
was used for miRNA template normalization and GADPH 
was used for protein-coding RNA template normalizations. 

Western blot analysis

Proteins were extracted from cultured cells and protein 

expression levels were determined by western blot analysis. 
Briefly, equal amounts of protein were subjected to sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). Standard western blot analysis was conducted using 
TIMP3 antibody (1:500 ProteinTech), and glyceraldehyde-
3-phosphate dehydrogenase (GADPH) antibody (1:5,000 
dilution; Cell Signaling) as a loading control.

Luciferase assay

A construct in which a fragment of the 3'-UTR of TIMP3 
mRNA containing the putative miR-221 binding sequences 
was cloned into pmiR-RB-Report, which was a firefly 
luciferase reporter construct (Ribobio, Guangzhou, China). 
Human embryonic kidney 293T cells (ATCC, Washington 
D.C., USA) were seeded into 96-well plates and co-
transfected with TIMP3-3'UTR-Luc (1 μg) and miR-221 
mimic (50 nM) by Lipofectamine 2000. In addition, the 
construct with mutated fragment of the 3'-UTR of TIMP3 
containing disturbed miR-221 binding sequences was 
used as a negative control. Following 48 hours incubation, 
luciferase activity was measured on a scintillation counter 
by a dual-luciferase reporter system (GeneCopoeiaTM, luc-
Pair TM Duo-Luciferase Assay kit 2.0, USA).

Monocrotaline (MCT) induced-PAH model

Adult male SD rats purchased from Beijing Weitong Lihua 
Experimental Animal Limited Liability Company weighting 180 
to 220 g were used in this study. Rats were administered with 
an intraperitoneal injection of MCT (60 mg/kg Sigma-Aldrich) 
to induce PAH or received vehicle as control. Hemodynamic 
studies were carried out 28 days after MCT or vehicle injection 
after which the rats were euthanized for lung tissues collection.

Hemodynamic studies

Rats were anesthetized with 10% chloral hydrate 
intraperitoneally and ventilated with room air. Right 
ventricular systolic pressure (RVSP) were then measured in 
open-chest rats with a pressure-conductance catheter (model 
1.4F Millar SPR-671) inserted into the right ventricle. RV 
pressures were recorded digitally by a signal processor (AD 
Instruments, USA).

Histological examination

Lung sections were embedded in 4% paraformaldehyde at 



649Cardiovascular Diagnosis and Therapy, Vol 10, No 4 August 2020

© Cardiovascular Diagnosis and Therapy. All rights reserved. Cardiovasc Diagn Ther 2020;10(4):646-657 | http://dx.doi.org/10.21037/cdt-20-328

4 ℃ overnight and then were stained with haematoxylin 
and eosin (H&E). Image J software was used to quantify the 
medial wall thickness and area. Small arteries ranging from 
25 to 100 μm were measured under microscope at ×400 
magnification. The medial wall thickness was calculated as 
previously described. Briefly, the medial thickness (MT) 
was defined as the distance between the external and 
internal elastic laminae. The external diameter (ED) and 
inner diameter (ID) were measured. Percent wall thickness 
was calculated as (ED − ID)/ED. Percent wall area was 
calculated as [(total vessel area) − (lumen internal area)]/
(total vessel area). Sections were randomly selected and the 
observers were blinded. 

Statistical analyses

Data were expressed as mean ± standard deviation (SD). 
The statistical significance was assessed by using one-way 
analysis of variance (ANOVA) followed by Bonferroni’s 
post hoc test for multiple-group comparisons. Differences 
between two groups were using a paired-sample Student’s 
t-test. P<0.05 was considered statistically significant. 

Results

MiR-221 regulates cell proliferation

To clarify the effect of miR-221 on PASMCs proliferation, 
100 nM miR-221 inhibitor or 50nM miR-221 mimic and 
their respective control were transfected into PASMCs. 
EdU assay revealed that miR-221 inhibitor decreased 
PASMCs proliferation whereas miR-221 mimics increased 
EdU positive cells (Figure 1A). In addition, migration 
determined by the scratch wound assay showed that miR-
221 inhibitor could inhibit migration while miR-221 mimics 
was found to promote migration of PASMCs (Figure 1B).

TIMP3 is a target gene of miR-221 in PASMCs

As a member of the tissue inhibitor of TIMP family, 
TIMP3 can facilitate tumor growth, angiogenesis, invasion, 
and metastasis and suppress apoptosis. TIMP3 expression 
was augmented by miR-221 inhibitor and was reduced 
by miR-221 mimics, indicating that TIMP3 expression 
was negatively regulated by miR-221 (Figure 2A). As 
TIMP3 has been proved to be a target gene for miR-
221 in tumor cells, in order to verify whether it is the 
target gene of miR-221 in PASMCs, a pmiR-RB-Report 
construct containing a fragment of the 3'-UTR of TIMP3 

mRNA with the putative miR-221 binding sequences (wt) 
or with the mutated miR-221 binding sequences (mutant) 
was constructed (Figure 2B). Co-transfected with pmiR-
RB-Report-TIMP3-3'UTR luciferase construct and miR-
221 mimics decreased the luciferase activity in PASMCs as 
compared with mutant construct and NC mimic (Figure 2C).

MiR-221 promotes the proliferation of PASMCs by 
targeting TIMP3

TIMP3 siRNA was designed and synthesized to interfere 
TIMP3 protein expression and the knockdown effect was 
evaluated by western blot analysis (Figure 3A). TIMP3 
knockdown abolished the inhibitory effect of miR-221 
inhibitor on PASMCs proliferation (Figure 3B). In contrast, 
TIMP3 knockdown failed to provide further enhancive 
effects on miR-221 mimics-induced PASMCs proliferation 
(Figure 3C). These data demonstrate that miR-221 
promotes PASMCs proliferation through downregulation 
of TIMP3.

MiR-221 promotes the migration of PASMCs by targeting 
TIMP3

As shown in Figure 4, TIMP3 knockdown abrogated 
the inhibitory effect of miR-221 inhibitor on PASMCs 
migration (Figure 4A). However, TIMP3 knockdown did 
not further aggravate the effects of miR-221 mimics on 
PASMCs migration (Figure 4B). These data indicate that 
miR-221 promotes PASMCs migration mainly via targeting 
TIMP3.

MiR-221 regulates TIMP3 in lung tissues in established 
PAH model

A single injection of MCT can induce PAH, with RVSP 
values of 58.64±6.47 mmHg in our experiment (Figure 5A).  
Meanwhile, H&E staining indicated the remodeling of 
pulmonary vessels, which was evaluated by the arterial MT 
and area (Figure 5A). All the data above suggested that 
PASMCs were in a more proliferative state in PAH rats. As 
miR-221 is highly expressed in VSMCs, especially in cells 
with high proliferation ratio, we speculated that it might 
be increased in MCT-treated lung tissues. Total RNA was 
extracted from lung tissues, miR221 and TIMP3 expression 
were determined by qRT-PCR. To our surprise, compared 
with the control group, the expression of miR-221 had 
no significant difference whereas TIMP3 was decreased 
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Figure 1 miR-221 promotes proliferation and migration of pulmonary artery smooth muscle cells (PASMCs). (A) miR-221 mimics promotes 
PASMCs proliferation while miR-221 inhibitor attenuates that as determined by EdU assay (green indicates proliferating nuclear marked as 
EdU positive, red indicated cells stained with α-SMA, blue indicates nuclear stained with DAPI). (B) miR-221 mimics promotes PASMCs 
migration while miR-221 inhibitor attenuates that as determined by the scratch wound assay. n=6 per group. Data were expressed as mean ± 
SD. Differences between two groups were accessed using a paired-sample Student’s t-test. *, P<0.05; **, P<0.01.
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Figure 2 TIMP3 is a target gene of miR-221 in PASMCs. (A) TIMP3 can be negatively regulated by miR-221 at the protein level as 
determined by western blotting. n=6 per group. (B) Diagram of luciferase reporter system for miR-221 and the seed sequences or mutated 
seed sequences in the 3'UTR of TIMP3. (C) Co-transfected with pmiR-RB-Report-TIMP3-3'UTR luciferase construct and miR-221 
mimic decreased the luciferase activity in PASMCs compared with co-transfected with mutant construct and NC mimic. n=6 per group. 
Data were expressed as mean ± SD. Differences between two groups were accessed using a paired-sample Student’s t-test. The statistical 
significance was assessed by using one-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test for multiple-group 
comparisons. **, P<0.01.
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Figure 3 miR-221 mediates PASMCs proliferation via targeting TIMP3. (A) TIMP3 siRNA decreases TIMP3 protein expression in 
PASMCs. n=4 per group. (B) TIMP3 knockdown abrogates the inhibitory effect of miR-221 inhibitor on PASMCs proliferation evaluated 
by EdU assay (green indicates proliferating nuclear marked as EdU positive, red indicates cells stained with α-SMA, blue indicates nuclear 
stained with DAPI). n=6 per group. Scale bar, 200 μm; (C) TIMP3 knockdown fails to provide further enhancive effect on miR-221 mimic 
stimulated PASMCs proliferation. n=6 per group. Scale bar, 200 μm. Data were expressed as mean ± SD. Differences between two groups 
were using a paired-sample Student’s t-test. The statistical significance was assessed by using one-way analysis of variance (ANOVA) 
followed by Bonferroni’s post hoc test for multiple-group comparisons. **, P<0.01; ***, P<0.001.
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Figure 4 miR-221 mediates PASMCs migration via targeting TIMP3. (A) TIMP3 knockdown abolishes the inhibitory effect of miR-221 
inhibitor on PASMCs migration. n=6 per group. (B) TIMP3 knockdown fails to provide additional effect on miR-221 mimic stimulated 
PASMCs migration. n=6 per group. Data were expressed as mean ± SD. The statistical significance was assessed by using one-way analysis of 
variance (ANOVA) followed by Bonferroni’s post hoc test for multiple-group comparisons. *, P<0.05; **, P<0.01.
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Figure 5 miR-221 and TIMP3 expression in MCT-induced PAH rats. (A) A single injection of MCT developed pulmonary hypertension 
which is determined by increased RVSP (above). The increased arterial medial thickness and area (below) in lung indicate the PASMCs 
proliferation in PAH. The arrows indicate the small arteries. n=6 per group; H&E assay; scale bar, 50 μm. (B) QRT-PCR showed that the 
expression of miR-221 remains unchanged in MCT-treated lung tissues, whereas TIMP3 mRNA decreased dramatically. n=6 per group. (C) 
PASMCs were obtained from PAH rats and shows a higher proliferation rate which is determined by EdU assay (green indicates proliferating 
nuclear marked as EdU positive, red indicated cells stained with α-SMA, blue indicates nuclear stained with DAPI). n=6 per group. Scale bar,  
100 μm. (D) qRT-PCR shows that miR-221 is up-regulated while TIMP3 is down-regulated in PASMCs in MCT-treated rats. n=6 per 
group. Data were expressed as mean ± SD. Differences between two groups were using a paired-sample Student’s t-test. *, P<0.05; **, 
P<0.01; ***, P<0.001.
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dramatically in MCT-treated lung tissues (Figure 5B). To 
further determine the expression of miR-221 and TIMP3 in 
PASMCs, cells were obtained from the pulmonary arteries 
of PAH rats by a tissue-sticking method. As we expected, 
PASMCs from PAH rats had a higher proliferation rate 
which was determined by EdU assay (Figure 5C). Besides, 
qRT-PCR showed that miR-221 was increased while 
TIMP3 was down-regulated in PASMCs in MCT-treated 
rats (Figure 5D), suggesting that TIMP3 may be a target of 
miR-221 in PASMCs of PAH rats. 

Discussion

Increased proliferation and migration of VSMCs in small 
vessels are critical components of pathophysiology in many 
proliferative cardiovascular diseases, including PAH (1,3). 
Inhibition of proliferation and migration of VSMC are 
critical for treating PAH. Increasing evidence shows that 
miRNAs are involved in the regulation of almost all major 
cellular functions, such as cell differentiation, apoptosis as 
well as proliferation and migration (18,19). Here in this 
study we found that miR-221 could promote PASMCs 
proliferation and migration, suggesting that inhibition of 
miR-221 might represent a novel therapy for PAH. 

Aberrant expression of miR-221 has been reported 
in many pathological conditions including cancer, 
metabolic disease (20) and cardiovascular disease (21). It 
can also promote the shift of M2-macrophages to a pro-
inflammatory function (22). Besides, cell-specific effects 
of miR-221 have been reported in vessels as well (10). In 
VSMCs, miR-221 promotes proliferation, migration and 
decreased apoptosis while in endothelial cells miR-221 has 
opposite effects (10). In the present study, we found that 
miR-221 could significantly increase the proliferation and 
migration of PASMCs. Interestingly, we found that in lung 
tissues of PAH rats, miR-221 was not changed. However, in 
PASMCs isolated from PAH rats, miR-221 was significantly 
increased. These data demonstrated that miR-221 might 
promote PASMCs proliferation and migration in PAH. 

TIMP3 is an extracellular matrix (ECM) bound protein 
regulating metalloprotease and angiogenic receptors (23).  
The changes of TIMP3 have been linked to tissue 
inflammation, fibrosis, and repair (23,24). TIMP3 can 
protect myocardial infarction by enhancing angiogenesis 
and inhibiting early proteolysis (25). In heart, TIMP3 
deficiency leads to serious myocardial fibrosis but does not 
result in hypertrophy (26). TIMP3 can also inhibit smooth 
muscle cells proliferation and migration (27). Of note, we 

found that miR-221 level was not changed in PAH lung 
tissues but TIMP3 was decreased, which might be caused 
by the difference in abundance of these molecules between 
specific cells types in lung tissues. Importantly, according 
to the fact that miR-221 was increased while TIMP3 was 
down-regulated in PASMCs in MCT-treated rats, TIMP3 
might be a target gene of miR-221 in PASMCs. Here we 
also found that TIMP3 inhibit PASMCs proliferation and 
migration. MiR-221 could negatively regulate TIMP3 
in PASMCs. Besides, TIMP3 knockdown abolished 
the inhibitory effect of miR-221 inhibitor on PASMCs 
migration and proliferation while TIMP3 knockdown failed 
to provide additional effects on miR-221 mimics-stimulated 
PASMCs migration and proliferation. These findings in this 
study indicated that TIMP3 is a target of miR-221, which 
enhances PASMCs proliferation and migration mainly 
through downregulating TIMP3. 

Several limitations should be highlighted. Firstly, there 
was a lack of miR-221 and TIMP3 functional experiment  
in vivo. The miR-221 or TIMP3 knockout mice will help 
further clarify their effects in the progress of PAH. Secondly, 
the pathological changes in PAH locates in the pulmonary distal 
arteries, however, PASMCs used in our study were obtained 
from pulmonary trunk. In situ hybridization may be helpful 
to determine the expression level of miRNA-221 on the small 
pulmonary lesions. Nevertheless, our study provides direct 
evidence that miR-221 participates in the progress of PAH by 
targeting TIMP3, thus providing a potential therapy for PAH. 

Conclusions

In conclusion, we found miR-221 enhances PASMCs 
proliferation and migration mainly by targeting and 
downregulating TIMP3. These findings suggest that miR-
221 and TIMP3 might be two novel therapeutic targets for 
treating PAH. 
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