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Abstract. Phenotype switching of vascular smooth muscle 
cells (VSMCs) is a pathological process in various vascular 
diseases. Canopy FGF signaling regulator 2 (CNPY2) has 
previously been found to be abnormally expressed in ApoE‑/‑ 
mice and aortic endothelial cells, indicating it may have 
an important role in vascular diseases. The present study 
aimed to determine the role and mechanism of CNPY2 in 
VSMC phenotype switching. Following stimulation with 
platelet‑derived growth factor type BB (PDGF‑BB), the 
expression of CNPY2 in VSMCs was detected using reverse 
transcription‑quantitative PCR and western blot analysis. 
Subsequently, to explore the regulatory effects of CNPY2 on 
VSMCs, CNPY2 expression was knocked down by transfection 
with short hairpin RNA and cell viability, proliferation, migra‑
tion and phenotypic transformation indicators were detected. 
Western blot analysis was also used to detect the phosphory‑
lation of Akt/mTOR/GSK‑3β pathway‑associated proteins 
downstream of CNPY2. In addition, pretreatment with the Akt 
pathway activator SC79 was performed to further explore the 
regulatory mechanisms of CNPY2. The results revealed that 
CNPY2 expression was upregulated in PDGF‑BB‑stimulated 
VSMCs. In addition, the knockdown of CNPY2 inhibited 
PDGF‑BB‑induced VSMC hyperproliferation, cell cycle 
arrest, migration and phenotypic transformation, as well 
the activation of Akt/mTOR/GSK‑3β pathway‑associated 
proteins. Pretreatment with SC79 significantly reversed the 
inhibitory effects of CNPY2 knockdown on the proliferation, 
cell cycle arrest, migration and phenotypic transformation of 

the model cells. In summary, the present study indicates that 
CNPY2 regulates the abnormal proliferation, migration and 
phenotypic transformation of PDGF‑BB‑stimulated VSMCs 
via activation of the Akt/mTOR/GSK‑3β signaling pathway.

Introduction

Atherosclerosis (AS) involves the coronary and peripheral 
arteries and can have consequences such as ischemia of the 
lower limbs and myocardium, or chronic heart failure (1). 
Atherothrombosis represents the terminal manifestation 
of this pathology. Plaque rupture or erosion and the intimal 
thickening of blood vessels cause occlusion, which may cause 
patients to experience claudication, myocardial infarction, 
stroke and other symptoms (2). Lower extremity atheroscle‑
rotic occlusive disease (ASO) is the most common type of 
peripheral vascular obliterans. ASO has an incidence rate of 
12‑14% in the global population, and ~200 million individuals 
worldwide are known to have ASO, which is life‑threatening 
in certain cases (3). The first‑line treatments for occlusion 
are percutaneous transluminal angioplasty and stent place‑
ment (4,5); however, in‑stent restenosis or intimal hyperplasia 
after interventional therapy remain a challenge. Therefore, 
understanding the pathogenesis of occlusion is the focus of 
current research.

Previous studies have revealed that vascular smooth 
muscle cell (VSMC) phenotype switching is a pathological 
process in various vascular diseases, including AS, postopera‑
tive restenosis and aneurysms (6‑8). Phenotypic regulation is 
a prerequisite for VSMC proliferation and migration from the 
capsular media to the arterial wall intima. The major mani‑
festations of this process include the transformation of cells 
from a contractile (differentiated) to a synthetic (proliferative) 
phenotype (9). Contractile VSMCs are spindle‑shaped and 
function as arterial elastic constrictors. Smooth muscle cell 
(SMC)‑specific differentiation proteins, such as α‑smooth 
muscle actin, smooth muscle 22α and calmodulin, are the 
major components that contribute to the contractility of the 
cells (10). By contrast, the synthetic phenotype is characterized 
by the reduced expression of SMC‑specific markers, increased 
osteopontin (OPN) expression and transformation to a rhom‑
boid cell morphology, accompanied by increased proliferation 

CNPY2 governs PDGF‑BB‑treated vascular smooth muscle 
cell proliferation, migration and phenotypic transformation 

via the Akt/mTOR/GSK‑3β signaling pathway
HOUQI SUN1,  XUEJIE WANG2,  LING MA3,  XU LI4,  WENJING JIN5  and  YONGBIN YANG1

Departments of 1Interventional Medicine, 2Hypertension, 3General Medicine, 4General Surgery and 
5Medical Imaging, Bazhou People's Hospital, Korla, Xinjiang 841000, P.R. China

Received August 29, 2023;  Accepted January 12, 2024

DOI: 10.3892/etm.2024.12485

Correspondence to: Dr Yongbin Yang, Department of 
Interventional Medicine, Bazhou People's Hospital, 56 Renmin 
East Road, Korla, Bayingolin Mongol Autonomous Prefecture, 
Xinjiang 841000, P.R. China
E‑mail: yangyb830428@163.com

Key words: canopy FGF signaling regulator 2, atherosclerotic 
occlusive disease, proliferation, migration, phenotypic transformation, 
Akt/mTOR/GSK‑3β signaling



SUN et al:  ROLE OF CNPY2 IN ASO2

and migration capabilities, and the secretion of extracellular 
matrix components (11). Additionally, under the action of risk 
factors, such as high pressure, lipid deposition, inflammation 
and infection, vascular endothelial structure and function are 
impaired, which leads to the synthesis and release of vasoac‑
tive substances and cytokines (12), particularly platelet‑derived 
growth factor (PDGF). PDGF type BB (PDGF‑BB) is one of 
the first factors discovered to promote the phenotypic transfor‑
mation of VSMCs (13). PDGF‑BB acts on VSMC membrane 
receptors and activates various intracellular signal transduc‑
tion pathways, including the Ras/Raf/MEK/ERK, PI3K/Akt, 
NF‑κB and JAK2/STAT3 pathways, thereby producing a 
dedifferentiation effect (10). In addition, basic fibroblast 
growth factor and epidermal growth factor are also able to 
induce VSMC phenotypic transformation (14). Exploring the 
mechanisms responsible for the abnormal proliferation, migra‑
tion and phenotypic transformation of VSMCs may provide an 
effective strategy for the treatment of arterial occlusion.

Canopy FGF signaling regulator 2 (CNPY2) is a cytoplasmic 
secreted protein that is widely expressed in various tissues 
and organs, and is a member of the canopy family, which also 
includes CNPY1, 3 and 4. Recently, it has been demonstrated 
that CNPY2 is an angiogenic growth factor (15). CNPY2 has 
also been found to be abnormally highly expressed in ApoE‑/‑ 
mice and oxidized low‑density lipoprotein‑stimulated mouse 
aortic endothelial cells. In the former, it was found to aggravate 
the atherosclerotic process via the induction of vascular endo‑
thelial cell damage through the activation of protein kinase 
R‑like endoplasmic reticulum kinase signaling (16). In addi‑
tion, the hypoxia response element upstream of the CNPY2 
promoter can bind to hypoxia‑inducible factor‑1α and thereby 
promote the migration and proliferation of SMCs and tissue 
angiogenesis when induced by hypoxia (17). Considering that 
arterial occlusion can lead to chronic hypoxia in the limbs or 
organs, it is reasonable to hypothesize that CNPY2 is involved 
in the proliferation, migration and phenotypic transformation 
of VSMCs.

When platelets come into contact with the injured vessel 
wall, PDGF is released which drives intimal layer prolifera‑
tion and leads to occlusion (18). The present study aimed to 
examine the potential changes in the expression of CNPY2 in 
response to PDGF, and to determine the effects of CNPY2 on 
the proliferation, migration and phenotypic transformation of 
VSMCs, as well as the underlying mechanisms.

Materials and methods

Cells, cell culture and treatments. Human VSMCs (T/G 
HA‑VSMC cell line; passage 2) were purchased from Shanghai 
Jinyuan Biotechnology Co., Ltd. (cat. no. JY524) and cultured in 
Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo 
Fisher Scientific, Inc.) containing 10% fetal bovine serum 
(FBS; Gibco; Thermo Fisher Scientific, Inc.) and 100 U/ml 
penicillin and 0.1 mg/ml streptomycin (Gibco; Thermo Fisher 
Scientific, Inc.) at 37˚C with 5% CO2. VSMCs were passaged 
at 1:2, and passages 3‑5 were used for the experiments. A 
concentration of 20 ng/ml PDGF‑BB (MilliporeSigma) was 
used to stimulate the VSMCs at 37˚C for 24 h. In addition, in 
certain experiments the cells were pre‑treated with the Akt 
activator SC79 (MilliporeSigma) at 10 µM for 2 h (19).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from the cells using VeZol reagent (cat. 
no. R411; Vazyme Biotech Co., Ltd.). The HiScript II 1st 
Strand cDNA synthesis kit (cat. no. R211; Vazyme Biotech 
Co., Ltd.) was used to reverse transcribe the isolated RNA 
into cDNA according to the manufacturer's protocols. qPCR 
was then performed using synthetic primers and AceQ® qPCR 
SYBR Green Master Mix (cat. no. Q111‑02; Vazyme Biotech 
Co., Ltd.) with a Stepone™ Software v2.3 Detection System 
(Thermo Fisher Scientific, Inc.). The conditions were 95˚C for 
30 sec, and 40 cycles of 95˚C for 5 sec, 55˚C for 10 sec and 72˚C 
for 15 sec. The mRNA levels of CNPY2 were normalized to 
those of GAPDH and calculated using the 2‑ΔΔCq method (20). 
The primer sequences (5'‑3') were as follows: CNPY2, forward, 
TAG TGG GCC GGA ATG GAG AA and reverse, AAA CTT 
GAG GGT GCC GCT AA; GAPDH, forward, GAC TCA TGA 
CCA CAG TCC ATG C and reverse, AGA GGC AGG GAT GAT 
GTT CTG.

Western blot analysis. Proteins were extracted from the 
cells (5x106) using RIPA lysis buffer (Beyotime Institute 
of Biotechnology). The protein concentration of the extract 
was determined using a BCA kit (Beyotime Institute of 
Biotechnology). A total of 30 µl protein/lane was then 
separated using 10% SDS‑PAGE and transferred to PVDF 
membranes (SEQ00010; MilliporeSigma). After blocking 
the membranes with bovine serum albumin (BSA; 5%, 
v/v; Elabscience Co., Ltd.) at room temperature for 2 h, the 
membranes were incubated overnight at 4˚C with primary 
antibodies against CNPY2 (PA5‑100135; 1:1,000; Invitrogen; 
Thermo Fisher Scientific, Inc.), OPN (22952‑1‑AP; 1:2,000; 
Proteintech), smooth muscle actin (SMA; 14395‑1‑AP; 1:3,000; 
Proteintech), F‑actin (MA1‑80729; 1:500; Invitrogen; Thermo 
Fisher Scientific, Inc.), phosphorylated (p‑)Akt (66444‑1‑Ig; 
1:20,000; Proteintech), Akt (60203‑2‑Ig; 1:20,000; 
Proteintech), p‑mTOR (67778‑1‑Ig; 1:5,000; Proteintech), 
mTOR (28273‑1‑AP; 1:5,000; Proteintech), p‑GSK‑3β 
(67558‑1‑Ig; 1:5,000; Proteintech), GSK‑3β (22104‑1‑AP; 
1:4,000; Proteintech) and GAPDH (PA1‑16777; 1:5,000; 
Invitrogen; Thermo Fisher Scientific, Inc.). The membranes 
were washed with TBST (0.05% Tween 20), and then incu‑
bated for 120 min at room temperature with secondary 
antibodies (cat. nos. 31460 and 31430; 1:100,000; Invitrogen; 
Thermo Fisher Scientific, Inc.). Enhanced chemilumines‑
cence Western Blotting Substrate (32109; Pierce; Thermo 
Fisher Scientific, Inc.) was used to visualize the bands, and 
the density of the protein bands was semi‑quantified using 
ImageJ software version 1.8.0 (National Institutes of Health).

Cell transfection. To inhibit CNPY2, the two human 
CNPY2‑targeting pRNAT‑U6.1/Neo short hairpin RNAs 
(shRNAs; 1 µg; sh‑CNPY2#1 and sh‑CNPY2#2; Guangzhou 
Ribobio Co., Ltd.) were respectively transfected into cells 
using Lipofectamine 2000® (Invitrogen; Thermo Fisher 
Scientific, Inc.). Cells transfected with the same plasmid 
carrying non‑targeting shRNAs served as the negative control 
(sh‑NC). Target sequences were as follows: sh‑CNPY2#1, 
CGA ACA GAT CTT TGT GAC CAT; sh‑CNPY2#2, CTT TGC 
AGT AAG CGA ACA GAT; and sh‑NC, TTC TCC GAA CGT 
GTC ACG T. Complexes of Lipofectamine and shRNA in 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  27:  197,  2024 3

serum‑free DMEM were added to VSMCs at ~70% confluence. 
Knockdown efficacy was determined 48 h after transfection at 
37˚C (21).

Cell Counting Kit‑8 (CCK‑8) assay. The cells were plated in 
96‑well plates (1x103/well) and then subjected to the afore‑
mentioned treatments. Then, 100 µl CCK‑8 solution (Dojindo 
Laboratories, Inc.) was added to the cells for 2 h, after which 
the optical density was measured at 450 nm using a microplate 
reader (Thermo Fisher Scientific, Inc.).

5‑Ethynyl‑2'‑deoxyuridine (EdU) staining. The cells were 
plated in six‑well plates (1x105/well) and subjected to treatment. 
The cells were then incubated at 37˚C in 20 µM EdU solution 
from an EdU Cell Proliferation Image Kit (cat. no. KTA2030; 
Abbkine Scientific Co., Ltd.) for 2 h, and fixed in 4% formal‑
dehyde for 30 min at room temperature (22). The cells were 
permeated by 0.3% Triton X‑100 for 10 min and subsequently 
exposed to reaction solution (Abbkine Scientific Co., Ltd.) for 
30 min, followed by DAPI staining (cat. no. E607303; Sangon 
Biotech Co., Ltd.) for 30 min at room temperature. Images 
were captured and analyzed using an inverted fluorescence 
microscope (Axio Observer Z1; Zeiss AG).

Flow cytometry analysis. The cells were plated in six‑well 
plates (1x105/well) and were then subjected to treatment. 
The Cell Cycle Assay Kit (cat. no. E‑CK‑A351; Elabscience 
Biotechnology, Inc.) was used for analysis of the cell cycle. 
Cells were harvested after digestion with 0.25% trypsin 
(Vazyme Biotech Co., Ltd.), and the supernatant was 
discarded. The cells were washed with ice‑cold PBS and 
collected after centrifugation at 850 x g for 5 min at 4˚C. 
Precooled 70% ethanol was used to immobilize the cells 
at 4˚C for 2 h and then the cells were washed with PBS. 
Subsequently, the cells were incubated with RNase reagent 
for 30 min at 37˚C and propidium iodide for 30 min at 4˚C 
in the dark (23). The cell cycle status was then assessed 
using flow cytometry (BD Bioscience; excitation wave‑
length 488 nm) and analyzed using FlowJo version 10 
software.

Transwell migration assay. The treated VSMCs (1x104/well) 
in serum‑free DMEM were plated in the upper chambers of 
24‑well Transwell plates (pore size, 8.0 µm; Corning, Inc.) 
and the lower chambers were supplemented with 10% FBS 
in DMEM. Following 24 h of incubation at 37˚C, the cells 
on the lower surface of the Transwell membranes were fixed 
with 4% formaldehyde for 20 min and stained with 0.1% 
crystal violet at 25˚C for 15 min (24). The migratory cells 
were observed under a light microscope (BX51W; Olympus 
Corporation).

Wound healing assay. A cell layer of the treated VSMCs 
were scratched using a pipette tip to form a straight 
scratch wound. The cel l layer was incubated with 
serum‑free DMEM for 24 h. Images of the wound were 
captured using a light microscope (BX51W; Olympus 
Corporation) at 0 and 24 h. Cell migration was analyzed 
using ImageJ software version 1.8.0 (National Institutes 
of Health).

Immunofluorescence (IF) analysis. The treated cells were fixed 
with 4% paraformaldehyde at room temperature for 10 min 
and blocked with 1% BSA (MilliporeSigma) at room tempera‑
ture for 30 min, followed by overnight incubation with F‑actin 
primary antibody (MA1‑80729; 1:20; Invitrogen; Thermo 
Fisher Scientific, Inc.) at 4˚C, and then incubation with goat 
anti‑mouse Alexa Fluor™ 488 secondary antibody (A‑11001; 
1:2,000; Invitrogen; Thermo Fisher Scientific, Inc.) at room 
temperature for 1 h. Cell nuclei were then stained with DAPI 
for 5 min at room temperature. Six random high‑power fields 
were selected, and images were obtained using a fluorescence 
microscope (Axio Observer Z1).

Statistical analysis. Data are presented as the mean ± SD 
(n≥3). Statistically significant differences between experi‑
mental parameters among the groups were analyzed using 
one‑way ANOVA followed by Tukey's test or by unpaired 
Student's t‑test using GraphPad Prism Software Version 6.0 
(Dotmatics). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Knockdown of CNPY2 inhibits the PDGF‑BB‑induced 
proliferation and cell cycle of VSMCs. After stimulation 
of the VSMCs with PDGF‑BB, the expression of CNPY2 
was detected using RT‑qPCR and western blot analysis. The 
results revealed that compared with the untreated control 
group, the expression of CNPY2 in the PDGF‑BB‑stimulated 
cells was significantly increased (Fig. 1A). A CNPY2 inter‑
ference plasmid was then constructed, and the transfection 
efficacy was detected using RT‑qPCR and western blot 
analysis (Fig. 1B). Since the interference efficiency achieved 
with sh‑CNPY2#2 was stronger than that of sh‑CNPY2#1, 
sh‑CNPY2#2 was selected for use in the follow‑up experi‑
ments and is henceforth referred to as sh‑CNPY2. CCK‑8 
and EdU assays were used to detect cell viability and prolif‑
eration, respectively. The results revealed that the viability 
and proliferative ability of cells in the PDGF‑BB group 
were increased compared with those in the control group. 
In addition, cell viability and proliferation in the PDGF‑BB 
+ sh‑CNPY2 group were decreased compared with those in 
the PDGF‑BB + sh‑NC group (Fig. 1C and D). Flow cyto‑
metric analysis revealed that the number of cells in the G0/G1 
phase decreased, and that in the S phase increased following 
stimulation with PDGF‑BB, indicating that the cells were 
proliferating. In the PDGF‑BB + sh‑CNPY2 group compared 
with the PDGF‑BB + sh‑NC group, the number of cells in 
the G0/G1 phase increased, while that of cells in the S phase 
decreased, indicating that sh‑CNPY2 blocked cell prolifera‑
tion (Fig. 1E and F).

Knockdown of CNPY2 inhibits the PDGF‑BB‑induced migra‑
tion and phenotypic transformation of VSMCs. The results of 
wound healing and Transwell assays revealed that the migra‑
tory ability of the VSMCs significantly increased following 
stimulation with PDGF‑BB, and the knockdown of CNPY2 
expression significantly attenuated the PDGF‑BB‑induced 
migration of the cells (Fig. 2A and B). When observed under 
a microscope, it was observed that following stimulation with 
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PDGF‑BB, the morphology of the VSMCs flattened and the cell 
bodies increased in size, exhibiting a low degree of differentia‑
tion. However, compared with those in the PDGF‑BB + sh‑NC 

group, the cell bodies of the PDGF‑BB + sh‑CNPY2 group 
were normalized and exhibited a high degree of differentiation 
(Fig. 2C). The IF staining of cytoskeletal F‑actin also showed 

Figure 1. Knockdown of CNPY2 attenuates the PDGF‑BB‑induced proliferation and cell cycling of VSMCs. (A) Following the stimulation of VSMCs with 
PDGF‑BB, the expression of CNPY2 was detected using RT‑qPCR and western blot analysis (n=5). **P<0.01 and ***P<0.001 vs. control. (B) CNPY2 interfer‑
ence plasmids were constructed, and the transfection efficacy was detected using RT‑qPCR and western blot analysis (n=5). **P<0.01 and ***P<0.001 vs. sh‑NC. 
(C) Cell Counting Kit‑8 assay was used to detect cell viability (n=5). (D) EdU staining was used to detect cell proliferation and representative images are shown 
(magnification, x200; n=3). (E) Quantification of cell cycle distribution using flow cytometry, and (F) representative flow cytometry plots for the cell cycle 
analysis (n=5). ***P<0.001 vs. control; ##P<0.01 and ###P<0.001 vs. PDGF‑BB + sh‑NC. CNPY2, canopy FGF signaling regulator 2; PDGF‑BB, platelet‑derived 
growth factor type BB; VSMCs, vascular smooth muscle cells; RT‑qPCR, reverse transcription‑quantitative PCR; EdU, 5‑ethynyl‑2'‑deoxyuridine; sh, short 
hairpin; NC, negative control.
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that the cell morphology was flattened following stimulation 
with PDGF‑BB, and revealed that the content of myofilaments 
and structural proteins decreased. However, in comparison 

with the contents of myofilaments and structural proteins 
in the PDGF‑BB + sh‑NC group, those in the PDGF‑BB + 
sh‑CNPY2 group were increased (Fig. 2D). Western blot 

Figure 2. Knockdown of CNPY2 inhibits the PDGF‑BB‑induced migration and phenotypic transformation of VSMCs. (A) Wound healing (scale bar, 100 µm) 
and (B) Transwell assays (scale bar, 50 µm) were used to detect the migration ability of the VSMCs (n=3). (C) Images of cell morphology were captured 
(magnification, x100; n=3). (D) Immunofluorescence staining was used to detect cytoskeletal F‑actin (magnification, x200; n=3). (E) Western blot analysis of 
phenotypic transformation‑associated proteins (n=5). ***P<0.001 vs. control; #P<0.05, ##P<0.01 and ###P<0.001 vs. PDGF‑BB + sh‑NC. CNPY2, canopy FGF 
signaling regulator 2; PDGF‑BB, platelet‑derived growth factor type BB; VSMCs, vascular smooth muscle cells; sh, short hairpin; NC, negative control; OPN, 
osteopontin; SMA, smooth muscle actin.
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analysis demonstrated that in the PDGF‑BB group compared 
with the control group, the expression of OPN was significantly 
increased, while that of SMA and F‑actin was significantly 
decreased. In addition, in the PDGF‑BB + sh‑CNPY2 group, 
OPN expression was significantly decreased while SMA and 
F‑actin expression was significantly increased compared with 
that in the PDGF‑BB + sh‑NC group (Fig. 2E).

CNPY2 activates the Akt/mTOR/GSK‑3β signaling pathway. 
Western blot analysis of the proteins in the Akt/mTOR/GSK‑3β 
signaling pathway revealed that the ratios of p‑Akt, p‑mTOR 
and p‑GSK‑3β protein levels to those of the respective total 
proteins in the cells was significantly increased following stim‑
ulation with PDGF‑BB. However, the knockdown of CNPY2 
expression significantly inhibited the PDGF‑BB‑induced 
upregulation of p‑Akt, p‑mTOR and p‑GSK‑3β protein levels 
(Fig. 3).

CNPY2 regulates the PDGF‑BB‑induced abnormal 
proliferation, migration and phenotypic transformation of 
VSMCs via the activation of Akt/mTOR/GSK‑3β signaling. 
To further explore the regulatory mechanisms of CNPY2, the 
cells were pretreated with the Akt activator SC79. The results 
of CCK‑8 and EdU staining revealed that the cell viability 
and proliferative capacity of the PDGF‑BB + sh‑CNPY2 + 
SC79 group were significantly increased compared with 
those of the PDGF‑BB + sh‑CNPY2 group (Fig. 4A and B). 
Also, f low cytometric analysis demonstrated that the 
cell cycle and cell proliferation were accelerated in the 
PDGF‑BB + sh‑CNPY2 + SC79 group compared with the 
PDGF‑BB + sh‑CNPY2 group (Fig. 4C). The results of the 
wound healing and Transwell assays indicated that the migra‑
tory abilities of the VSMCs were significantly increased 
in the PDGF‑BB + sh‑CNPY2 + SC79 group compared 
with the PDGF‑BB + sh‑CNPY2 group (Fig. 5A and B). 
In addition, IF staining demonstrated that the content of 
myofilaments and structural proteins in the PDGF‑BB + 
sh‑CNPY2 + SC79 group was reduced compared with that 
in the PDGF‑BB + sh‑CNPY2 group (Fig. 5C). Furthermore, 
western blotting indicated that OPN expression in the 
PDGF‑BB + sh‑CNPY2 + SC79 group was significantly 

increased compared with that in the PDGF‑BB + sh‑CNPY2 
group, while SMA and F‑actin expression was significantly 
decreased (Fig. 5D).

Discussion

In the present study, PDGF‑BB was used to stimulate VSMCs 
in order to explore the regulatory mechanisms of their prolif‑
eration, migration and phenotypic transformation. Following 
its release in response to vascular injury, PDGF‑BB serves 
as a critical stimulating factor and is a major regulator of 
VSMC growth and proliferation (25). In the present study, 
following the stimulation of VSMCs by PDGF‑BB, it was 
found that cell viability, proliferation and migration were 
significantly increased, and phenotypic transformation 
occurred. Additionally, upregulated CNPY2 expression 
was observed in PDGF‑BB‑stimulated VSMCs. Although 
a previous study has investigated the potential function of 
CNPY2 in AS, it only found that CNPY2 aggravated oxidized 
low‑density lipoprotein‑induced cellular inflammation and 
apoptosis (16), and did not reveal its pivotal role in VSMC 
phenotypic switching. Given that VSMC phenotypic switching 
plays a decisive role in lipoprotein retention, plaque forma‑
tion and postoperative restenosis (26), elucidation of the role 
of CNPY2 in VSMC phenotypic switching is important as it 
highlights the significance of this factor in the pathology of 
diseases associated with AS. A previous study demonstrated 
that the proliferation of white blood cells and endothelial cells 
in CNPY2 knockout mice was significantly less than that in 
non‑knockout mice, resulting in impaired angiogenesis in 
the mice (27). Furthermore, the study found that endogenous 
CNPY2 expression was significantly reduced in the cardiac 
tissue of patients with end‑stage heart failure compared with 
that of control patients. These studies indicate that CNPY2 
mediates the maintenance of normal myocardial function and 
has an active role in repair after cardiac injury. Therefore, 
in ASO, it is necessary to maintain its level of expression; 
CNPY2 expression that is too low or too high is not conducive 
to a healthy vascular environment.

In the present study, after knocking down CNPY2, proteins 
associated with the downstream Akt/mTOR/GSK‑3β signaling 

Figure 3. CNPY2 knockdown inhibits activation of the Akt/mTOR/GSK‑3β signaling pathway in PDGF‑BB‑treated vascular smooth muscle cells. Western blot 
analysis of Akt/mTOR/GSK‑3β signaling pathway‑associated proteins (n=5). ***P<0.001 vs. control; ###P<0.001 vs. PDGF‑BB + sh‑NC. CNPY2, canopy FGF 
signaling regulator 2; PDGF‑BB, platelet‑derived growth factor type BB; sh, short hairpin; NC, negative control; p‑, phosphorylated; t‑, total.
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pathway were evaluated and this signaling pathway was found 
to be activated. The addition of the Akt signaling pathway acti‑
vator SC79 significantly attenuated the inhibitory effects of 
CNPY2 knockdown on PDGF‑BB‑induced VSMC prolifera‑
tion, migration and phenotypic transformation. Based on these 
results, the present study reveals for the first time, to the best 
of our knowledge, that Akt/mTOR/GSK‑3β signaling medi‑
ates the regulation of VSMC phenotypic switching by CNPY2. 
However, previous studies have revealed the regulation of Akt 
signaling by CNPY2 in other disease models. For example, 

one study showed that hypoxia‑induced CNPY2 promotes 
the glycolysis of cervical cancer cells via activation of the 
Akt pathway (28). In another, CNPY2 was shown to enhance 
epithelial‑mesenchymal transformation in non‑small cell 
lung cancer via activation of the Akt/GSK‑3β pathway (29). 
The involvement of Akt signaling in ASO has also been 
demonstrated, as microRNA‑21 was found to be upregulated 
in the arteries of ASO injury rat models, and was shown to 
regulate the function of VSMCs through the Akt and ERK1/2 
pathways (30). Previous studies have also revealed that Akt 

Figure 4. CNPY2 knockdown‑induced reductions in the PDGF‑BB‑induced proliferation and cell cycling of vascular smooth muscle cells are attenuated 
by activation of the Akt signaling pathway. (A) Cell Counting Kit‑8 assay was used to detect cell viability (n=6). (B) EdU staining was used to detect cell 
proliferation (magnification, x200; n=3). (C) Cell cycle analysis was performed using flow cytometry (n=5). ***P<0.001 vs. control; ###P<0.001, vs. PDGF‑BB; 
@P<0.01 and @@P<0.001 vs. PDGF‑BB + sh‑CNPY2. CNPY2, canopy FGF signaling regulator 2; PDGF‑BB, platelet‑derived growth factor type BB; EdU, 
5‑ethynyl‑2'‑deoxyuridine; sh, short hairpin; SC79, Akt pathway activator.
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signaling contributes to the triggering of platelet activation 
and thrombosis (31,32). The investigation of strategies to block 
Akt signaling may provide a solution to arterial occlusion. In 

addition, the discovery of the potential regulatory mechanism 
of CNPY2 in VSMCs may lead to CNPY2 becoming a disease 
marker or a target for new therapies.

Figure 5. CNPY2 knockdown‑induced reductions in the PDGF‑BB‑induced phenotypic transformation of VSMCs are attenuated by activation of the Akt 
signaling pathway. (A) Wound healing (scale bar, 100 µm) and (B) Transwell assays (scale bar, 50 µm) were performed to detect the migration ability of the 
VSMCs. (C) Immunofluorescence staining was used to detect cytoskeletal F‑actin (magnification, x200; n=3). (D) Western blot analysis was used to detect the 
expression of phenotypic transformation‑associated proteins (n=5). ***P<0.001 vs. control; ###P<0.001 vs. PDGF‑BB; @P<0.01 and @@P<0.001 vs. PDGF‑BB + 
sh‑CNPY2. CNPY2, canopy FGF signaling regulator 2; PDGF‑BB, platelet‑derived growth factor type BB; VSMCs, vascular smooth muscle cells; sh, short 
hairpin; OPN, osteopontin; SMA, smooth muscle actin; SC79, Akt pathway activator.
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In conclusion, the present study demonstrates that CNPY2 
regulates the abnormal proliferation, migration and phenotypic 
transformation of PDGF‑BB‑stimulated VSMCs by activating 
the Akt/mTOR/GSK‑3β signaling pathway. However, this 
regulatory mechanism of CNPY2 is based on in vitro experi‑
ments only, and in vivo experiments and the analysis of clinical 
tissues are required to fully uncover its features in the future.
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