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Abstract: This paper aims to explore how recombinant human erythropoietin (rHuEPO) regulates the proliferation 
and migration of vascular smooth muscle cells (VSMCs). After rHuEPO was used to treat VSMCs, the miR-26a-5p 
expression in the cells was quantified using qPCR. The cell proliferation, apoptosis, the cell cycle, and the invasion 
and migration were quantified using CCK-8, flow cytometry, and Transwell, respectively. The PTEN signaling pathway 
proteins were determined using Western blot (WB). The regulatory relationship between miR-26a-5p and PTEN in 
the cells was analyzed. rHuEPO can inhibit the proliferation, invasion, and migration of VSMCs, and it can increase 
their apoptotic rate. It can increase miR-26a-5p expression in the cells thereby reducing the PTEN expression. It can 
increase the miR expression, thereby inhibiting the cells’ proliferation, invasion, and migration, and increasing their 
apoptotic rate. It can inhibit and reduce the PTEN expression, thereby inhibiting the cells’ proliferation, invasion, and 
migration, and increasing their apoptotic rate. A dual luciferase reporter gene assay (DLRGA) confirmed the targeted 
relationship of miR-26a-5p with PTEN. VSMCs in the miR-26a-5p-mimics + PTEN-inhibitor group were not different 
from those in the si-NC group in terms of their proliferation, invasion, migration, and apoptosis, but their malignant 
phenotypes remarkably increased, and their apoptotic rate was remarkably reduced compared with the miR-26a-
5p-mimics group. In conclusion, rHuEPO promotes the proliferation and migration of VSMCs through miR-26a-5p 
and the PTEN signaling pathway.
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Introduction

Vascular smooth muscle cells (VSMCs) exert  
a crucial function in the pathogenesis of vari-
ous cardiovascular diseases [1], because their 
proliferation and migration are the most criti- 
cal reasons for disease progression [2]. More- 
over, their growth and migration lead to vari- 
ous harmful stimuli, resulting in pathological 
and physiological arterial remodeling as well  
as plaque formation, thereby causing vascular 
thickening and narrowing and blood flow ob- 
struction. Eventually, cardiovascular diseases 
occur [3]. As a glycoprotein hormone that stim-
ulates erythroid cells to proliferate, differenti-
ate, and survive [4], recombinant human eryth-
ropoietin (rHuEPO) has a great effect on tissue 

development and protection, and its known 
anti-apoptotic effect improves the neurodevel-
opmental outcomes of premature infants [5,  
6]. According to Park et al., this hormone can 
lead to hypertrophy and hyperplasia, and it can 
induce VSMCs to proliferate. Erythropoietin 
(EPO) expression can induce the cells to migra- 
te and invade by activating NF-kB to bind to 
AP-1 and through MMP-9 expression [7]. In this 
study, the proliferation and migration mecha-
nisms of VSMCs were integrated to explore the 
potential regulatory mechanism of rHuEPO, so 
as to find new therapeutic targets for VSMCs.

As non-coding RNA molecules, miRNAs that 
regulate gene expression through a variety of 
mechanisms can control smooth muscle cell 
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phenotypes and arterial contractility [8, 9]. 
Studies have reported that they play a crucial 
and regulatory role in VSMCs. For example, 
miR-362-3p inhibits the cells from proliferat- 
ing and migrating by targeting ADAMTS1 [10], 
and miR-26a-5p may be involved in the calls’ 
disease progression. According to Tan et al., 
miR-26a is an important regulator for the neo-
intimal hyperplasia of VSMC functions [11],  
and its up-regulation before β-GP therapy can 
inhibit VSMC calcification by targeting CTGF, 
according to Wu et al. [12]. PTEN is a phospha-
tase whose overexpression inhibits cell migra-
tion, which can be enhanced by antisense PT- 
EN [13]. This phosphatase plays a big role in 
inducing cell cycle arrest, programmed cell ap- 
optosis, and cell physiological behaviors (such 
as migration and adhesion) [14]. Moreover, its 
abnormally high expression in VSMCs sugge- 
sts that it may be involved in the pathological 
process of the cells [15].

The regulatory mechanisms of rHuEPO, miR-
26a-5p, and PTEN in VSMCs have been rarely 
studied, and whether rHuEPO plays a protec- 
tive role by mediating miR-26a-5p and PTEN 
remains to be further explored.

Methods

Cell culture and transfection

Purchased from ATCC, United States, the VS- 
MCs (BNCC332960) were placed in an RPMI 
1640 medium [10% fetal bovine serum (FBS)] 
and cultured in an incubator (37°C, 5% CO2).

Main instruments and reagents

The PMI 1640 medium (UFC11875) was pur-
chased from Shanghai Junrui Biotechnology 
Co., Ltd. The DMEM medium (BH-S3208) was 
purchased from Shanghai Bohu Biotechnology 
Co., Ltd. The TRIzol kits (hz81027-501) were 
purchased from Shanghai Huzhen Industrial 
Co., Ltd. The reverse transcription kits were 
purchased from GeneCopoeia, USA. The Pri- 
meScript RT Master Mix (YT378-XQM) was pur-
chased from the Beijing Biolab Science and 
Technology Co., Ltd. The RIPA buffer (R1176) 
was purchased from the Shanghai Shifeng 
Biological Technology Co., Ltd. The BCA protein 
assay kits (JK-201) were purchased from the 
Shanghai Jingke Chemical Technology Co., Ltd. 
The PTEN (H00005728-P01) was purchased 

from the Shanghai Kemin Biological Technolo- 
gy Co., Ltd. The secondary antibody (C-8250) 
was purchased from the Shanghai Caiyou 
Industry Co., Ltd. The Lipofectamine™ 2000 
(11668019) was purchased from the Shang- 
hai Mito Biological Technology Co., Ltd. The 
dual luciferase reporter gene assay (DLRGA) 
kits (CDLG-4997) were purchased from Wu- 
han Purity Biotechnology Co., Ltd. The Pierce™ 
Magnetic RNA-Protein Pull-Down Kits (20164) 
were purchased from Shanghai Beinuo Bio- 
technology Co., Ltd. Annexin V-FITC (DXT-130-
097-928) was purchased from the Shanghai 
Kemin Biological Technology Co., Ltd. The 
CCK-8 kits (IC-CCK8-Hu) were purchased from 
Shanghai Yubo Biotech Co., Ltd. Transwell kit 
(Transwell) was purchased from BioGenius, 
Shanghai, China. The flow cytometer was pur-
chased from BD, USA. The multifunctional 
microplate reader (DLK0001622) was pur-
chased from BioTek, USA. All the primers were 
designed and synthesized by Sangon Biotech 
(Shanghai) Co., Ltd.

qRT-PCR

The TRIzol kit was used to draw RNA from the 
VSMCs, whose purity, concentration, and in- 
tegrity were determined using an UV spectro-
photometer and agarose gel electrophoresis. 
The drawn RNA was reversely transcribed into 
cDNA based on the instructions of the reverse 
transcription kit (Thermo Fisher Scientific). A 
SYBR Premix Ex Taq TM kit (Takara Biotechno- 
logy Co., Ltd.) was used for the reaction on a 
PCR instrument (ABI, 7500 PCR instrument), 
with GAPDH or U6 as an internal reference 
(Table 1). The Conditions for the PCR amplifi- 
cation and cycle were pre-denaturation (95°C, 
10 min), denaturation (95°C, 15 s), and anne- 
aling/extension (60°C, 60 s), cycling 40 times. 
The data were obtained after 3 repeated ex- 
periments, and the relative expression was  
calculated using 2-ΔΔCT.

Western blotting (WB)

The cultured cells were lysed with a RIPA buf- 
fer, and the protein concentration was mea-
sured with a BCA protein assay kit. The pro- 
tein was separated with 12% SDS-PAGE to 
transfer it to the PVDF membrane (0.22 μm) 
after its concentration was adjusted to 4 μg/
μL. The membrane was sealed in 5% skim- 
med milk (2 hours), and then mixed with PTEN 
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(1:1000) for sealing (4°C) overnight. After 
cleaning it to remove the primary antibody, it 
was mixed with the secondary antibody [goat 
anti-rabbit (1:5000)] labeled by horseradish 
peroxidase, incubated at 37°C (1 hour), and 
then rinsed three times with PBS (5 min each 
time). Finally, it was luminesced with the ECL 
reagent and it was developed after the ex- 
cess liquid on it was blotted dry with filter  
paper. The protein bands were scanned, and 
their gray values were analyzed in Quantity 
One, with GAPDH as the internal reference.

CCK-8 to determine the cell proliferation

A CCK-8 assay kit was used for the quantifica-
tion. The cells were collected after a 24-hour 
transfection, then adjusted to 4×106 cells/well, 
and finally inoculated on a 96-well plate. After 
24-, 48-, 72-, and 96-hours of culturing, the 
CCK-8 solution (10 μL) and the basic medium 
(DMEM, 90 μL) were added to each well for 
2-hours of culturing at 37°C. Next, the optical 
value (OD) value in each group was measured 
at 450 nm using a microplate reader.

The cell migration and invasion experiments

The cells were first digested with trypsin, and 
then resuspended in a serum-free medium. 
200 μL of the resuspension was taken out for 
the cell migration assay, with approximately 
5×104 cells placed in the upper chamber of  
the Transwell. Next, another 200 μL of the re- 
suspension was taken out for the cell invasion 
assay, with the lower chamber of the 6-well 
plate (containing approximately 5×104 cells) 
added to the FBS-containing medium (1 mL). 
After the 24-hour conventional culture, the  
cells in the upper chamber of the Transwell 
were wiped off with cotton swabs, and those 
migrating to the lower one were stained with 
4% paraformaldehyde and 0.1% crystal violet. 
After the Transwell chamber was dried, the 
membrane was prepared and the film was 
sealed. The cells penetrating the membrane 

were observed and counted under an optical 
microscope. Three repeated experiments were 
conducted.

The cell apoptosis experiment

According to the apoptosis kit instructions for 
the Annexin V-FITC/PI double staining, flow cy- 
tometry was used to determine the cell apop-
totic rate in each group. After being digested 
with trypsin and cleaned twice with PBS, they 
were collected into centrifuge tubes. A buffer 
solution (1 mL) was added with the Annexin-V-
FITC labeling solution (20 μL) and the PI rea- 
gent (20 μL), and then it was incubated in the 
dark (at room temperature for 5 min). The flow 
cytometer was used for the quantification. The 
experiment was conducted three times to ob- 
tain the average value.

Dual luciferase reporter gene assay (DLRGA)

TargetScan was used to predict the binding 
sites of miR-26a-5p and PTEN. Subsequently, a 
fragment of the PTEN 3’-untranslated region 
(3’-UTR) containing the predicted binding site 
wild type (PTEN Wt) or the mutant (PTEN Mut) 
was cloned on the vectors. After DNA sequ- 
encing for verification, the plasmids (miR-26a-
5p-mimics, NC-mimics) were transfected into 
the VSMCs based on the Lipofectamine™ 2000 
instructions (Invitrogen, USA). The cells were 
collected after the 48-hour transfection. The 
dual luciferase reporter gene assay system 
(DLR® (Promega Corporation)) was used for the 
analysis.

Statistical analysis

In this study, SPSS 20.0 was used to statisti-
cally analyze the collected data. GraphPad 7 
was used to plot the required figures. Com- 
parison between two groups were conducted 
using t tests, and comparisons between mul- 
tiple groups were conducted using one-way 
analyses of variance, and the post hoc pairwi- 
se comparisons were conducted using LSD-t 

Table 1. Primer sequences
Forward Reverse

miR-26a-5p 5’-GGATCCGCAGAAACTCCAGAGA-3’ 5’-TTGGAGGAAAGACGATTTCCGT-3’
U6 5’-CTCGCTTCGGCAGCACA-3’ 5’-AACGCTTCACGAATTTGCGT-3’
PTEN 5’-ACCAGTGGCACTGTTGTTTCAC-3’ 5’-TTCCTCTGGTCCTGGTATGAAG-3’
GAPDH 5’-CCGTATTCAGCATTCTATGCTCTC-3’ 5’-TGGATACACACTCTGGGGCT-3’
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tests. When P<0.05, the difference was statis-
tically significant.

Results

The effects of rHuEPO on biological functions

The effects of rHuEPO on the biological func-
tions of the treated VSMCs were studied. The 
cells had remarkably lower proliferation, inva-
sion, and migration, but a remarkably higher 
apoptotic rate in the rHuEPO group compared 
with the control group (P<0.05). See Figure 1.

The effects of rHuEPO on miR-26a-5p and the 
PTEN signaling pathway

To determine whether rHuEPO affected miR-
26a-5p and the PTEN signaling pathway, the 
miR-26a-5p and p-PTEN expressions in the 
rHuEPO and control groups were determined. 
Compared with the control group, the miR-26a-

5p expression increased remarkably, but the 
p-PTEN content was remarkably decreased in 
the rHuEPO group (P<0.05). See Figure 2.

The effects of miR-26a-5p on the biological 
functions

After transfection with the miR-26a-5p-mimics 
and after transfecting miR-NC into VSMCs, the 
miR-26a-5p expression in the miR-26a-5p-mi- 
mics group was remarkably higher than it was 
in the miR-NC group (P<0.05). Additionally, the 
cells had remarkably reduced proliferation, in- 
vasion, and migration, but a remarkably incre- 
ased apoptotic rate in the miR-26a-5p-mimics 
group compared with the miR-NC group (P< 
0.05). See Figure 3.

Effects of PTEN on biological functions

After transfection with the PTEN-inhibitor and 
si-NC into VSMCs, the PTEN mRNA expression 

Figure 1. The effects of rHuEPO on biological func-
tions. A. Cells had remarkably lower proliferation 
in the rHuEPO group compared with the control 
group. B. Cells had remarkably lower invasion in the 
rHuEPO group compared with the control group. C. 
Cells had remarkably lower migration in the rHuEPO 
group compared with the control group. D. Cells had 
remarkably higher apoptosis in the rHuEPO group 
compared with the control group. E. A flow cytom-
etry map. F. A cell migration map. Note: * indicates 
a comparison between two groups, P<0.05.
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was inhibited and remarkably lower in the 
PTEN-inhibitor group compared with the si-NC 
group (P<0.05). Additionally, the cells had re- 
markably reduced proliferation, invasion, and 
migration, but a remarkably higher apoptotic 
rate in the PTEN-inhibitor group compared with 
the si-NC group (P<0.05). See Figure 4.

The targeted relationship between miR-26a-5p 
and PTEN

According to the above results, miR-26a-5p 
may mediate the effects of rHuEPO on the 
PTEN signaling pathway. Therefore, we deter-
mined the possible targets using the predic- 

Figure 2. The effects of rHuEPO on the miR-26a-5p and PTEN signaling pathways. A. The miR-26a-5p expression 
was remarkably higher in the rHuEPO group. B. The miR-26a-5p expression was remarkably lower in the rHuEPO 
group. C. Corresponding protein figure. Note: * indicates a comparison between two groups, P<0.05.

Figure 3. The effects of miR-26a-5p on the biological func-
tions. A. The cells had remarkably higher miR-26a-5p ex-
pression in the miR-26a-5p-mimics group compared with 
the miR-NC group. B. The effects of miR-26a-5p on VSMC 
proliferation. C. The effects of miR-26a-5p on VSMC inva-
sion. D. The effects of miR-26a-5p on VSMC migration. E. 
The effects of miR-26a-5p on VSMC apoptosis. F. A flow cy-
tometry map. G. A cell migration map. Note: * indicates a 
comparison between two groups, P<0.05.
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tion software to explore the possible biological 
functions of miR-26a-5p. There was a comple-
mentary pairing region between miR-26a-5p 
and the PTEN sequence, which indicates that 
PTEN is the target gene of miR-26a-5p. After 
transfection with the miR-26a-5p-mimics, the 
PTEN-Wt fluorescence activity was remarkably 
reduced (P<0.05). Compared with the miR-NC 
group, the expression and content of PTEN in- 
creased remarkably in the miR-26a-5p-mimics 
group (P<0.05). See Figure 5.

Rescue experiment

After co-transfection with the miR-26a-5p-mi- 
mics + PTEN-inhibitor into VSMCs, their bio- 
logical functions were determined. The cells in 
the miR-26a-5p-mimics + PTEN-inhibitor group 
were not different from those in the si-NC gro- 
up with respect to their proliferation, invasion, 
migration, and apoptosis, but their malignant 
phenotypes increased remarkably, and their 
apoptotic rates were remarkably reduced com-
pared with the corresponding values in the miR-
26a-5p-mimics group. See Figure 6.

Discussion

The proliferation and differentiation of VSMCs 
lead to the development and progression of 
restenosis and other cardiovascular diseases 
[16, 17], important for maintaining vascular 
tone and vascular remodeling [18]. The cells 
sense the tension stress, applied force, and 
structure, thereby affecting the pathological 
and physiological responses of the vascular 
system [19]. Therefore, we will focus on finding 
new therapeutic targets for VSMCs.

rHuEPO is a hematopoietic cytokine, and half  
of its molecular weight consists of sugar moi-
eties that protect it from degradation. rHuEPO 
regulates red blood cell production by binding 
to specific membrane receptors and preventing 
the hypoxia-induced apoptosis of erythroid pro-
genitor cells [20]. More and more scholars have 
reported on this cytokine in treating VSMCs. 
For instance, rHuEPO treatment induces chang-
es in pressure factors, increases cytosolic cal-
cium in platelets and VSMCs, and changes the 
calcium ion influx, which contributes to the con-

Figure 4. The effects of PTEN on the biological func-
tions. A. The cells had a remarkably lower PTEN expres-
sion in the PTEN-inhibitor group compared with the si-NC 
group. B. The effects of PTEN on VSMC proliferation. C. 
The effects of PTEN on VSMC invasion. D. The effects 
of PTEN on VSMC migration. E. The effects of PTEN on 
VSMC apoptosis. F. A flow cytometry map. G. A cell migra-
tion map. Note: * indicates a comparison between two 
groups, P<0.05.
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traction of arteriole blood vessels [21]. This tre- 
atment functions as a growth promoting factor 
of VSMCs through the activation of phospholi-
pase C cascade and the expression of protoon-
cogenes [22]. In our study, VSMCs treated by 
rHuEPO had remarkably lower proliferation, in- 
vasion, and migration, but a remarkably higher 
apoptotic rate compared with the correspond-
ing values in the control group. This indicates 
that rHuEPO treatment can inhibit VSMCs from 
proliferating, invading, and migrating, but it in- 
creases their apoptotic rate.

miRNAs regulate a variety of biological and 
pathological processes such as cell prolifera-
tion and differentiation, and their imbalance 
usually leads to cell function decline and dis-
ease progression [23]. Therefore, miRNAs are 
crucial to VSMC development and proliferation. 
For example, miR-32 regulates the calcification 
of VSMCs by targeting the PTEN/Akt/RUNX2 

axis [24]. Therefore, we first analyzed the miR-
26a-5p and PTEN expressions in VSMCs after 
rHuEPO treatment. rHuEPO can increase miR-
26a-5p expression, but it reduces the expres-
sion of PTEN phosphorylation in cells. Previous 
studies have confirmed that various drugs for 
VSMC therapy exert a protective function th- 
rough the PTEN signaling pathway. According  
to Chen et al., the miR-132 targeting of this 
pathway may be an important regulator for 
mediating VSMC differentiation by cilostazol 
[25]. We speculated that rHuEPO might medi-
ate this pathway to improve VSMC proliferation 
and migration, so we quantified its relevant 
indicators for verification. In our study, rHuEPO 
was found to increase miR-26a-5p expression. 
rHuEPO-treated VSMCs were transfected with 
miR-26a-5p-mimics and a PTEN-inhibitor, and 
the cell proliferation, invasion, and migration 
were inhibited after the transfection with miR-
26a-5p. This suggests that up-regulating the 

Figure 5. Targeted relationship between miR-26a-5p and PTEN. A. The binding site of miR-26a-5p and PTEN. B. DL-
RGA results. C. The effects of the miR-26a-5p-mimics on PTEN. D. A protein map of the miR-26a-5p-mimics’ effects 
on PTEN. Note: * indicates a comparison between two groups, P<0.05.
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Figure 6. Rescue experiment. A. Cell prolifera-
tion in the miR-26a-5p-mimics + PTEN-inhibitor 
group. B. Cell invasion in the miR-26a-5p-mim-
ics + PTEN-inhibitor group. C. Cell migration in 
the miR-26a-5p-mimics + PTEN-inhibitor group. 
D. Cell apoptosis in the miR-26a-5p-mimics + 
PTEN-inhibitor group. E. A flow cytometry map. 
F. A cell migration map. Note: * indicates a com-
parison between two groups, P<0.05.
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miR-26a-5p expression can inhibit the malig-
nant phenotypes of VSMCs and improve their 
apoptosis. rHuEPO can inhibit PTEN express- 
ion and down-regulate its phosphorylation 
level. VSMCs had remarkably lower prolifera-
tion, invasion, and migration, but improved ap- 
optosis after transfection with TPEN. This indi-
cates that miR-26a-5p and PTEN may be po- 
tential targets for VSMC therapy. Based on the 
above research results, rHuEPO has a great 
effect on the PTEN signaling pathway during 
VSMC therapy. It inhibits VSMCs from prolifer- 
ating, invading, and migrating, and it improves 
their apoptosis by regulating this pathway. 
Finally, we confirmed through DLRGA that PT- 
EN is the target gene of miR-26a-5p, and the 
PTEN-Wt fluorescence activity was remarkably 
reduced after miR-26a-5p overexpression. The 
PTEN expression was remarkably reduced after 
its transfection with the miR-26a-5p-mimics, 
indicating that there is a targeted regulatory 
relationship between this miR and PTEN. In 
addition, we further verified the relationship 
through co-transfection experiments. The VS- 
MCs in the miR-26a-5p-mimics + PTEN-inhibi- 
tor group were not different from those in the 
si-NC group in terms of their proliferation, in- 
vasion, migration, and apoptosis, but their ma- 
lignant phenotypes increased remarkably, and 
their apoptotic rate was remarkably reduced 
compared with the corresponding values in  
the miR-26a-5p-mimics group. This once again 
confirms the targeted regulatory relationship.

This study found the regulatory mechanism of 
rHuEPO in VSMCs, and revealed that miR-26a-
5p and PTEN may become potential therapeu-
tic targets for the disease. However, there is 
still room for improvement. First of all, we can 
carry out tumor formation in nude mice and 
supplement whether there is a dose-depend- 
ent relationship between rHuEPO and the re- 
gulatory mechanism. Moreover, we can analy- 
ze additional potential mechanisms of rHuEPO 
using bioinformatics, and collect more types 
(cell lines) and different types of (serum) sam-
ples, so as to verify our research results.
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