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m6A Modification of Profilin-1 in Vascular Smooth 
Muscle Cells Drives Phenotype Switching and 
Neointimal Hyperplasia via Activation of the 
p-ANXA2/STAT3 Pathway
Xiao-Fei Gao ,* Ai-Qun Chen ,* Hao-Yue Tang ,* Xiang-Quan Kong ,* Huan Zhang, Zhi-Mei Wang , Wei Lu , Li-Guo Wang, 
Feng Wang , Wen-Ying Zhou , Yue Gu , Guang-Feng Zuo , Zhen Ge, Jun-Jie Zhang , Shao-Liang Chen

BACKGROUND: In-stent restenosis is characterized by a significant reduction in lumen diameter within the stented segment, primarily 
attributed to excessive proliferation of vascular smooth muscle cells (VSMCs) and neointimal hyperplasia. PFN1 (profilin-1), an 
actin-sequestering protein extensively studied in amyotrophic lateral sclerosis, remains less explored in neointimal hyperplasia.

METHODS: Utilizing single-cell RNA sequencing alongside data from in-stent restenosis patients and various experimental in-
stent restenosis models (swine, rats, and mice), we investigated the role of PFN1 in promoting VSMC phenotype switching 
and neointimal hyperplasia.

RESULTS: Single-cell RNA sequencing of stenotic rat carotid arteries revealed a critical role for PFN1 in neointimal hyperplasia, 
a finding corroborated in stented swine coronary arteries, in-stent restenosis patients, PFN1SMC-IKO (SMC-specific PFN1 
knockout) mice, and PFN1 overexpressed mice. PFN1 deletion was shown to suppress VSMC phenotype switching and 
neointimal hyperplasia in PFN1SMC-IKO mice subjected to a wire-injured model. To elucidate the observed discordance in 
PFN1 mRNA and protein levels, we identified that METTL3 (N6-methyladenosine methyltransferase) and YTHDF3 (YTH 
N6-methyladenosine RNA binding protein F3; N6-methyladenosine–specific reader) enhance PFN1 translation efficiency 
in an N6-methyladenosine–dependent manner, confirmed through experiments involving METTL3 knockout and YTHDF3 
knockout mice. Furthermore, PFN1 was mechanistically found to interact with the phosphorylation of ANXA2 (annexin 
A2) by recruiting Src (SRC proto-oncogene, nonreceptor tyrosine kinase), promoting the phosphorylation of STAT3 (signal 
transducer and activator of transcription 3), a typical transcription factor known to induce VSMC phenotype switching.

CONCLUSIONS: This study unveils the significance of PFN1 N6-methyladenosine modification in VSMCs, demonstrating its role 
in promoting phenotype switching and neointimal hyperplasia through the activation of the p-ANXA2 (phospho-ANXA2)/
STAT3 pathway.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Percutaneous coronary intervention with drug-eluting 
stent implantation stands as a primary treatment 
for obstructive coronary artery disease. Despite 

its efficacy, in-stent restenosis (ISR) remains a preva-
lent cause of stent failure, primarily attributed to the 
excessive proliferation of vascular smooth muscle cells 
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(VSMCs) and neointimal hyperplasia.1,2 Our previous 
studies3,4 revealed that target lesion revascularization due 
to neointimal hyperplasia–induced myocardial ischemia 
occurred in over 5% of cases within 3 years after the 
index procedure. Employing single-cell RNA sequencing 
(Sc-RNA-seq) of stenotic rat carotid artery, we identified 
various cell types and their interrelations, in line with previ-
ous studies,5,6 emphasizing the pivotal role of VSMC phe-
notype switching in neointimal hyperplasia development.7

In this study, we utilized Sc-RNA-seq to investi-
gate differentially expressed genes at the VSMC level 
between stenotic and normal carotid arteries.7 The 
candidate VSMC phenotype–related protein, PFN1 
(profilin-1), a 14- to 17-kDa actin-sequestering protein 
extensively studied in amyotrophic lateral sclerosis but 
less explored in the cardiovascular field,8,9 displayed 
increased protein expression in ISR patients and experi-
mental ISR models. In addition, PFN1 exhibited a signif-
icant rise in N6-methyladenosine (m6A) levels, the most 
prevalent internal mRNA modification. PFN1 knockout 
demonstrated reduced VSMC proliferation, migration, 
and phenotypic switching in vitro, accompanied by a 
corresponding attenuation of neointimal hyperplasia 
in vivo. Furthermore, we uncovered that PFN1 binds 
to ANXA2 (annexin A2), increasing p-ANXA2 (phos-
pho-ANXA2) expression and subsequently activating 
STAT3 (signal transducer and activator of transcrip-
tion 3), thereby promoting VSMC phenotypic switching. 
These findings highlight, for the first time, the role of 
PFN1 m6A modification in VSMC, promoting phenotype 
switching and neointimal hyperplasia through the acti-
vation of the p-ANXA2/STAT3 pathway.

METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request. 
Moreover, the Sc-RNA-seq data produced in the course of this 
study have been deposited into the Gene Expression Omnibus 
database under the accession number GSE174098.

Animals
The animal protocols and procedures were granted approval by 
the Animal Care and Use Committee of Nanjing First Hospital, 
Nanjing Medical University. Furthermore, all animals were housed 
in a temperature-controlled environment with a 12-hour light/
dark cycle and provided with free access to fresh water and food. 
In this study, we used male rats to minimize potential interference 
from estrogen-related hormonal disturbances on the results.

In this study, we utilized genetically modified mice to inves-
tigate the roles of specific genes in our research. The floxed 
PFN1 mice (with LoxP [locus of X-over P1] sites flanking 
exon 2; CKOCMP-18643-PFN1-B6J-VA) and YTHDF3 (YTH 
N6-methyladenosine RNA binding protein F3)-global knock-
out mice (with LoxP sites flanking exon 3; KOCMP-229096-
YTHDF3-B6N-VA) were obtained from Cyagen Biosciences. 
In addition, the floxed METTL3 (m6A methyltransferase) 
mice (with LoxP sites flanking exon 2-3; NM-CKO-190006, 
C57BL/6Smoc-METTL3tm1(flox)Smoc) were sourced from 
Shanghai Model Organisms Center. MYH11-CreERT2 (myosin, 
heavy polypeptide 11, smooth muscle-cyclization recombinase-
estrogen receptor-Tamoxifen), Tagln (transgelin)-Cre (cycliza-
tion recombinase), and C57BL/6J mice were acquired from 
Cyagen Biosciences.

Rat Carotid Artery Balloon Injury
Male Sprague-Dawley rats weighing between 200 and 250 g 
were used for the carotid artery balloon-injury model. Briefly, a 
Fogarty balloon embolectomy catheter (12A0602F, Edwards 
Lifesciences) was introduced through the incision in the right 
external carotid artery. The balloon was inflated and withdrawn 
with rotation for 5 repetitions. After 4 weeks, the rats were 
humanely euthanized, and the carotid arteries were collected 
for further experimental analysis.

Nonstandard Abbreviations and Acronyms

ANXA2	 annexin A2
HRP	 horseradish peroxidase
ISR	 in-stent restenosis
m6A	 N6-methyladenosine
METTL3	� N6-methyladenosine 

methyltransferase
p-ANXA2	 phospho-annexin A2
PASMC	� primary mice aorta smooth 

muscle cell
PDGF-BB	� platelet-derived growth 

factor-BB
PFN1	 profilin-1
PFN1SMC-IKO	 SMC-specific PFN1 knockout
rAAV	� recombinant adeno-associated 

virus
RIP	 RNA immunoprecipitation
Sc-RNA-seq	 single-cell RNA sequencing
VSMC	 vascular smooth muscle cell

Highlights

•	 We have identified that PFN1 (profilin-1) knockout 
plays a crucial role in preventing neointimal hyperpla-
sia by effectively inhibiting vascular smooth muscle 
cells’ proliferation, migration, and phenotypic switching.

•	 The PFN1 N6-methyladenosine modification in vas-
cular smooth muscle cells is a key contributor to the 
observed discordance between PFN1 mRNA and 
protein expression.

•	 Our findings indicate that PFN1 actively promotes 
vascular smooth muscle cell phenotype switching 
and neointimal hyperplasia by orchestrating the 
activation of the p-ANXA2 (phospho-annexin A2)/
STAT3 (signal transducer and activator of transcrip-
tion 3) pathway.
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Murine Carotid Artery Wire Injury
Male 8-week-old mice were utilized for the carotid artery wire-
injury model. Briefly, a guidewire (0.015-inch diameter; C-SF-
15-15, Cook Medical LLC) was introduced through the incision 
in the right external carotid artery and pulled back to the carotid 
bifurcation in a rotating fashion for 5 repetitions. After 4 weeks, 
the mice were humanely euthanized, and the carotid arteries 
were collected for further experimental analysis.

Recombinant Adeno-Associated Virus Injection
A recombinant adeno-associated virus (rAAV) serotype 2/9 
encoding Cre-inducible PFN1 (rAAV serotype 2/9-CMV 
[cytomegalovirus]-DIO [double-floxed inverse orientation]-PFN1-
IRES [internal ribosome entry site]-mCherry-WPRE [woodchuck 
hepatitis virus posttranscriptional regulatory element]-hGh pA) 
and the control virus (rAAV serotype 2/9-CMV-DIO-mCherry-
WPRE-hGh pA) were injected to Tagln-Cre mice via tail vein 
(5e11 vg/mouse). The wire-injury operations for mice were per-
formed 2 weeks after the rAAV injection. The rAAV packaging 
was performed by BrainVTA (Wuhan, China).

Swine-Stented Coronary Artery
Sections of swine-stented coronary arteries were generously pro-
vided by the laboratory of MicroPort Co. Ltd. (Shanghai, China). 
According to the laboratory’s protocol, the left anterior descend-
ing artery of a swine underwent balloon injury initially, followed 
by the deployment of a drug-eluting stent (rapamycin-coated). 
Subsequently, after a 12-week period, coronary angiography was 
conducted to confirm the occurrence of significant ISR.

Cell Culture
Primary mouse VSMCs were isolated from the thoracic aortas of 
10-week-old male mice (PASMCs [primary mice aorta smooth 
muscle cells]) by collagenase digestion. Isolated VSMCs were 
maintained in low-glucose DMEM (Dulbecco’s modified eagle 
medium; Gibco BRL, Grand Island, NY) containing 10% fetal 
bovine serum (Gibco BRL, Grand Island, NY), and cells at pas-
sages 5 to 8 were used for further experiments.

Elastin Van Gieson Staining
Elastin Van Gieson staining was performed on 5-µm cryosec-
tions from murine carotid arteries. Cryosections were stained 
with Verhoeff Hematoxylin for 30 minutes, destained with 2% 
ferric chloride solution, and counterstained with Van Gieson 
solution (0.05% acid fuchsin in picric acid) for 65 s. Then, they 
were washed with ethanol, fully cleared with xylene, and sealed 
with neutral resin.

Immunohistochemical Staining
Sections were pretreated with heat-induced epitope retrieval in 
pH 6.0 10-mM sodium citrate buffer containing 0.05% tween-
20 at 95 °C for 30 minutes. After quenching endogenous 
peroxidases with 3% H2O2 and blocking with 4% goat serum 
phosphate-buffered saline (PBS), sections were incubated 
with primary antibodies (Major Resources Tables) overnight 
at 4 °C. Sections were incubated with biotinylated secondary 
antibodies and streptavidin conjugated to HRP (horseradish 

peroxidase; BL050A, Biosharp). Finally, 3,3’-diaminobenzidine 
was used for chromogenic staining (BL732A, Biosharp).

Immunofluorescence Staining
Cryosections were fixed in 4% paraformaldehyde in PBS for 
10 minutes and permeabilized with 0.1% Triton X-100 (in 
PBS). After blocking with 5% BSA for 1 hour, cryosections 
were incubated with primary antibodies (Major Resources 
Tables) overnight. Then, they were washed with PBS and 
labeled with FITC (fluorescein 5-isothiocyanate) or CY3 
(sulfo-cyanine3) conjugated antibodies (Major Resources 
Tables). Finally, they were washed and sealed with 4ʹ,6-
diamidino-2-phenylindole Fluoromount-G (36308ES11, 
Yeasen). We used a Zeiss LSM-880 Meta laser confocal 
microscope with ×40 or ×63 oil to take pictures.

Migration Assay
Wound-healing and transwell migration assays were used to eval-
uate the migration of VSMCs. Cultured PASMCs were plated at 
90% confluence in 6-well culture plates overnight. Subsequently, 
cells were manually wounded by scraping with a 200-μL pipette 
tip, followed by stimulation with PDGF-BB (platelet-derived 
growth factor-BB; 20 μg/L). Microscopic images were captured 
at 0 and 18 hours after the assay. For the transwell migration 
assays, ≈1×104 cells/well were seeded into a 24-well transwell 
plate (Corning). Following overnight incubation, cells were stim-
ulated with PDGF-BB (20 μg/L). After 12 hours, cells on the 
upper surface were removed, and migrated cells on the lower 
surface were stained with 0.5% crystal violet for 10 minutes. Cell 
migration was observed under light microscopy.

Proliferation Assay
Cell Counting Kit-8 and 5-ethynyl-20-deoxyuridine assays were 
used to evaluate the proliferation of VSMCs. For the Cell Counting 
Kit-8 assay, ≈5×103 cells/well were seeded into a 96-well plate 
overnight. Following stimulation with PDGF-BB (20 μg/L), Cell 
Counting Kit-8 solution (C0037, Beyotime) was added to each 
well and incubated for 2 hours at room temperature. Proliferation 
levels were assessed by measuring absorbance at 450 nm using 
a microplate reader. In the 5-ethynyl-20-deoxyuridine assay, 
around 2×104 cells/well were seeded into a 24-well plate over-
night. After stimulation with PDGF-BB (20 μg/L), cell media 
was changed, and fresh media containing 10-μM 5-ethynyl-
20-deoxyuridine (C0071S, Beyotime) was added. After a 2-hour 
incubation, cells were washed with PBS and fixed using 4% 
paraformaldehyde in PBS for 15 minutes. Hoechst stain was 
used to stain cell nuclei for 10 minutes. Image acquisition was 
automated using an Olympus microscope.

m6A mRNA Immunoprecipitation
A commercial riboMeRIP m6A Transcriptome Profiling Kit 
(C11051, Ribobio) was utilized following the manufacturer’s 
instructions. In brief, total RNA was extracted using TRIzol and 
fragmented using RNA fragmentation buffer. Magnetic beads 
A/G were washed in immunocoprecipitation (IP) buffer and 
then incubated with the m6A-specific antibody (5 μg/IP) for 
30 minutes. The beads were washed with IP buffer, and 100-
ng RNA was added to the beads along with RNase inhibitor 
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Figure 1. Single-cell RNA sequencing reveals that PFN1 (profilin-1) plays a critical role in neointimal hyperplasia.
A, Schematic diagram of balloon-injury procedure in rat right carotid arteries and flow chart of single-cell suspension. B, Distribution of balloon-
injured and sham groups in vascular smooth muscle cells (VSMCs) and 6 clusters based on gene expression similarity. C, Expression and 
distribution of ACTA2, S100A4 (S100 calcium-binding protein A4), and PFN1 in each single cell of VSMCs. D, Violin plot visualizing the distribution 
of ACTA2, S100A4, and PFN1 mRNA expression and its probability density. E, Representative immunoblots and relative quantification analysis of 
PFN1 protein in rat carotid arteries (n=6 per group). F, Representative images showing double immunostaining for PFN1 (red) and α-SMA (actin 
alpha 2, smooth muscle, aorta; green) of rat carotid arteries in sham group and balloon-injured group (n=6 per group). G, Representative images 
showing immunohistochemistry for PFN1 of rat carotid arteries in sham group and balloon-injured group (n=6 per group). Scale bar, 50 µm. ACTA2 
indicates actin alpha 2, smooth muscle, aorta; GEM, gel beads in emulsions; and tSNE, t-distributed stochastic neighbor embedding.
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Figure 2. Multiple in vivo models confirm the participation of PFN1 (profilin-1) in neointimal hyperplasia.
A, Representative images showing immunohistochemistry for α-SMA (actin alpha 2, smooth muscle, aorta) and PFN1 in in-stent restenotic (ISR) 
area in swine (n=6). Scale bar, 1 mm. B, Serum quantification of PFN1 protein concentration from no-ISR patients (n=35) and ISR patients 
(n=35). Data are presented as box-and-whisker plots, with 75th and 25th percentiles; bars represent maximal and minimal values. Statistical 
comparison: unpaired t test. C, Correlation between serum PFN1 level and lumen area loss in 35 ISR patients; statistical comparison: Pearson 
correlation analysis. D, Representative immunoblots of PFN1 protein in murine carotid arteries in sham group and wire-injured group (n=6 per 
group). E, Representative images showing double immunostaining for PFN1 (red) and α-SMA (green) in uninjured and wire-injured murine carotid 
arteries (n=6 per group). Scale bar, 50 µm. F, Representative images showing immunohistochemistry for PFN1 in uninjured and (Continued )
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and IP buffer. The mixture was tumbled at 4 °C for 2 hours. 
After washing with elution buffer (5× IP buffer, 20-mM m6A, 
RNase inhibitor, nuclease-free water), the m6A IP RNAs were 
recovered by ethanol precipitation. The final RNA sample was 
resuspended in 10 μL of water.

RNA Immunoprecipitation
METTL3 and YTHDF3 RNA immunoprecipitation (RIP) 
was performed with a Magna RIPTM RNA-Binding Protein 
Immunoprecipitation Kit (17-700, Millipore) according to the 
manufacturers’ instructions. Briefly, cell lysate was collected 
using RIP lysis buffer. Then, protein A/G magnetic beads were 
incubated with control IgG antibody (30000, Proteintech), 
METTL3 antibody (15073, Proteintech), or YTHDF3 antibody 
(25537, Proteintech) at room temperature for 30 minutes. Next, 
cell lysate was incubated with a bead-antibody mixture at 4 °C 
for 4 hours (10% as input). The samples were digested with 
proteinase K (HY-108717, MCE) to isolate the immunoprecipi-
tation RNA and then analyzed by qPCR (quantitative PCR).

GST Pull-Down Assay
For analyzing of exogenous binding of PFN1 and ANXA2, 
cultured PASMCs were lysed in cell lysis buffer (P0013, 
Beyotime) containing 1× protease inhibitor (HY-K0010, MCE). 
The lysate was incubated with 10 μg of purified GST (glutathi-
one S-transferase) and GST-PFN1 protein. The GST protein 
was purified using IPTG (isopropyl-beta-D-thiogalactopyrano-
side; HY-15921, MCE), and the bound ANXA2 was detected 
through Western blot analysis.

Statistics
The results are expressed as mean±SEM. Statistical analyses, 
including unpaired t test, 1-way ANOVA, and Pearson corre-
lation analysis, were used as appropriate. Differences with a 
significance level of P<0.05 were considered statistically sig-
nificant. Data were analyzed using SPSS (version 26.0) and 
GraphPad Prism, version 9.0.1 (GraphPad Software). For sc-
RNA-seq data, detailed statistical analysis methods are out-
lined in the figure legends and our previous study.7

RESULTS
sc-RNA-Seq Revealed That PFN1 Plays a 
Critical Role in Neointimal Hyperplasia
In our study, sc-RNA-seq sequencing was conducted 
using 10× Genomics technology in a rat carotid artery 
balloon-injury model to investigate the mechanisms 
underlying neointimal hyperplasia.7 Focusing on VSMCs, 

we performed gene enrichment analysis, and visualized 
and classified these cells into 6 distinct clusters (Fig-
ure 1A and 1B). In addition, we displayed the top 200 
differentially expressed genes (Table S1) in VSMCs 
between rat stenotic carotid artery and normal artery in 
Figure S1A. Notably, genes associated with VSMC phe-
notypic switching, including ACTA2 (actin alpha 2, smooth 
muscle, aorta; contractile phenotype) and S100A4 
(S100 calcium-binding protein A4; synthetic phenotype), 
exhibited differential expression (Figure 1C and 1D). Of 
particular interest, the mRNA expression of PFN1 was 
found to decrease in the balloon-injured group, sug-
gesting its involvement in VSMC phenotypic switching 
(Figure 1C and 1D; Figure S1B). However, Western blot 
analysis revealed an elevated protein level of PFN1 in 
balloon-injured carotid arteries compared with the sham 
group (Figure 1E; Figure S1C). Immunofluorescence 
and immunohistochemistry further confirmed PFN1’s 
specific expression in VSMCs within rat carotid arter-
ies, with higher expression in the balloon-injured group 
compared with sham group (Figure 1F and 1G). PFN1 
was localized in VSMCs expressing α-SMA, reinforcing 
its association with neointimal hyperplasia progression 
(Figure 1F). In summary, our findings indicate differential 
expression of PFN1 between normal carotid arteries and 
vessels with neointimal hyperplasia.

Multiple In Vivo Model Confirmed the 
Participation of PFN1 in Neointimal Hyperplasia
Immunohistochemistry revealed significant expres-
sion of PFN1 in the vicinity of SMC-rich neointima and 
peri-strut areas of the swine coronary stent (Figure 2A). 
Serum samples from 35 patients with ISR and 35 patients 
without ISR, 1 year after coronary stent implantation, 
were collected (Table S2). Serum PFN1 expression was 
significantly higher in patients with ISR compared with 
those without ISR (9.181±1.330 versus 4.286±0.586 
ng/mL; P=0.0012; Figure 2B). Importantly, the serum 
PFN1 level appeared to exhibit a linear trend with late 
lumen area loss, an indicator of the degree of restenosis 
(R²=0.2166; P=0.0006; Figure 2C). We also used a wire-
injured mouse model, and Western blot analysis revealed a 
significant increase in PFN1 protein levels in wire-injured 
carotid arteries (Figure 2D; Figure S2A), while RT-qPCR 
(quantitative real-time PCR) found no significant differ-
ence in PFN1 mRNA levels between 2 groups (Figure 
S2B). Immunofluorescence and immunohistochemistry 

Figure 2 Continued.  wire-injured murine carotid arteries (n=6 per group). Scale bar, 50 µm. G, Representative images of elastin Van Gieson 
(EVG)–stained carotid artery sections from PFN1flox/flox and PFN1SMC-IKO (SMC-specific PFN1 knockout) mice underwent wire injury (n=10 per 
group). Scale bar, 50 µm. The right images show the quantification of intimal and medial area, and the ratio of intimal to medial area (n=10 per 
group). H, Representative images of EVG-stained carotid artery sections from PFN1WT and PFN1SMC-OE mice underwent wire injury (n=8 
per group). Scale bar, 50 µm. The right images show the quantification of intimal and media area, and the ratio of intimal to media area (n=8 
per group). All data are presented as mean±SEM; statistical comparison: unpaired t test. rAAV indicates recombinant adeno-associated virus 
serotype. CMV indicates cytomegalovirus; Con, control group; CreERT2, cyclization recombinase-estrogen receptor-Tamoxifen; DIO, double-
floxed inverse orientation; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IRES, internal ribosome entry site; MYH11, myosin, heavy 
polypeptide 11, smooth muscle; and sPFN1, serum profilin-1.
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Figure 3. PFN1 (profilin-1) deletion suppresses vascular smooth muscle cell (VSMC) proliferation, migration, and phenotype switching.
A, Representative immunofluorescence staining showing the distribution of SMMHC (myosin, heavy polypeptide 11, smooth muscle) 
protein (green) and S100A4 (S100 calcium-binding protein A4) protein (red) in wire-injured carotid arteries from PFN1F/F (PFN1flox/flox)  
and PFN1−/− (PFN1SMC-IKO [SMC-specific PFN1 knockout]) mice (n=6 per group). B, Representative immunoblots and relative 
quantification analysis of PFN1 protein in primary mice aorta smooth muscle cells (PASMCs) stimulated with or without PDGF-BB 
(platelet-derived growth factor-BB; n=4). Statistical comparison: 1-way ANOVA with Tukey post hoc tests. C, Cell viability measured 
in PASMCs from PFN1F/F and PFN1−/− mice stimulated with PDGF-BB or not (n=4). Statistical comparison: 1-way ANOVA with Tukey 
post hoc tests. D, Representative immunofluorescence staining showing 5-ethynyl-20-deoxyuridine (EdU)–positive (Continued )
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demonstrated that wire-injured carotid arteries expressed 
higher levels of PFN1 protein, particularly in the region of 
neointimal hyperplasia (Figure 2E and 2F), compared with 
the sham group.

Moreover, we generated PFN1SMC-IKO (SMC-specific 
PFN1 knockout) and control mice (PFN1flox/flox without 
tamoxifen induction; Figure S2C). Immunofluorescence 
of these mice after wire injury on carotid arteries dem-
onstrated that PFN1 was localized in VSMCs expressing 
SMMHC (myosin, heavy polypeptide 11, smooth mus-
cle), and PFN1 knockout in PFN1SMC-IKO mice attenuated 
wire injury–induced neointimal hyperplasia compared 
with PFN1flox/flox mice (Figure S2D). Elastin Van Gie-
son staining supported that PFN1SMC-IKO mice exhibited 
a marked 50% decrease in intimal area and intimal/
medial ratio compared with PFN1flox/flox mice (Figure 2G). 
Furthermore, elastin Van Gieson staining revealed that 
PFN1SMC-OE mice with SMC-specific overexpression of 
PFN1 (Figure S3A and S3B) exhibited a significant pro-
motion of neointimal hyperplasia compared with PFN1WT 
mice after wire injury on carotid arteries (Figure 2H). 
Neither knockout nor overexpression of PFN1 changed 
the baseline phenotype of VSMCs without injury in vivo 
(Figure S3C and S3D). Thus, our findings confirm the 
participation of PFN1 in neointimal hyperplasia via vari-
ous in vivo models.

PFN1 Deletion Suppresses VSMC Proliferation, 
Migration, and Phenotype Switching
As previously reported, VSMC phenotype switching is a 
key mechanism in neointimal hyperplasia.5–7,10–12 Com-
pared with wire-injured PFN1flox/flox mice, immunofluo-
rescence staining showed an increase in SMMHC and 
a decrease in S100A4 (Figure 3A) in PFN1SMC-IKO mice. 
PDGF-BB has been proposed to be an important stimu-
lus to promote VSMC differentiation.13,14 In vitro, PASMC 
were stimulated with PDGF-BB, resulting in an increase 
in PFN1 protein expression over the culture period 
(Figure 3B).

Subsequently, we isolated primary VSMCs from the 
aorta arteries of PFN1SMC-IKO and PFN1flox/flox mice. CCK8 
kit assay indicated that PFN1 deletion impaired PDGF-
BB–induced proliferation (Figure 3C), and 5-ethynyl-
20-deoxyuridine incorporation assays demonstrated 

that PFN1 deletion delayed proliferation in PDGF-BB–
stimulated PASMCs (Figure 3D). Moreover, PDGF-BB–
stimulated PASMCs from PFN1SMC-IKO mice exhibited 
less migration than PFN1flox/flox mice (Figure 3E). The 
migration capability was further assessed by F-actin dis-
tribution, revealing numerous filopodia in the gap regions 
of PDGF-BB–stimulated PASMCs from PFN1flox/flox 
mice, while filopodia were scarce in PFN1SMC-IKO mice 
(Figure 3F). PFN1 deletion also reduced the invasive-
ness of VSMCs, as validated by transwell chamber assay 
(Figure 3G).

Immunofluorescence staining illustrated differen-
tial expression of VSMC contractile markers (including 
SM22α [transgelin2] and SMMHC) and synthetic mark-
ers (including vimentin and S100A4) after PDGF-BB 
stimulation, and PFN1 deletion reversed the PDGF-BB–
induced VSMC phenotype switching from contractile to 
synthetic (Figure 3H and 3I). Thus, the current data dem-
onstrate that PFN1 deletion suppresses VSMC prolifera-
tion, migration, and phenotype switching in both in vivo 
and in vitro models.

m6A Methylation Regulates the Translation 
Efficiency of PFN1 mRNA
In contrast to the protein level (depicted in Figure 3B), 
the mRNA level of PFN1 remained unaltered following 
PDGF-BB treatment (Figure 4A), hinting at potential 
posttranscriptional modifications. Although the protein 
level of PFN1 decreased over time after the protein 
translation inhibitor cycloheximide stimulation, no dif-
ference emerged between the control and PDGF-BB–
treated groups (Figure 4B). Subsequently, actinomycin-D 
was used to evaluate RNA degradation efficiency, reveal-
ing no discernible difference between the control and 
PDGF-BB–treated groups (Figure 4C). In addition, 
stability analysis using doxorubicin for both DNA and 
RNA demonstrated no significant difference between 
the 2 groups (Figure 4D). Furthermore, ribosome profil-
ing of different RNA fractions from PDGF-BB–treated 
PASMCs indicated that PFN1 mRNA was enriched in 
translation-active polysomes compared with the control 
group (Figure 4E).

Both PDGF-BB–pretreated and PDGF-BB–untreated 
PASMCs were subsequently treated with rapamycin, 

Figure 3 Continued.  cells (green) and Hoechst (blue) in PASMCs from PFN1F/F and PFN1−/− mice stimulated with PDGF-BB or not (n=4). 
Statistical comparison: unpaired t test. E, Representative images showing wound-healing assay results in PASMCs from PFN1F/F and PFN1−/− 
mice stimulated with PDGF-BB (n=4). Statistical comparison: unpaired t test. F, Representative immunostaining images showing expression 
of F-actin (red) and 4ʹ,6-diamidino-2-phenylindole (DAPI; blue) in PASMCs from PFN1F/F and PFN1−/− mice stimulated with PDGF-BB (n=4). 
G, Representative images showing transwell assay results in PASMCs from PFN1F/F and PFN1−/− mice stimulated with PDGF-BB (n=4). 
Statistical comparison: unpaired t test. H, Representative immunostaining images showing expression of contractile marker proteins (SM22α  
[transgelin2] and SMMHC; green) and synthetic marker proteins (vimentin and S100A4; red) in PASMCs from PFN1F/F and PFN1−/− mice 
stimulated with PDGF-BB (n=4). Statistical comparison: unpaired t test. I, Representative immunoblots and quantification analysis of SM22α, 
SMMHC, vimentin, and S100A4 in PASMCs from PFN1F/F and PFN1−/− mice stimulated with PDGF-BB (n=4). Statistical comparison: 
unpaired t test. Scale bar, 50 µm. All quantitative data are expressed as mean±SEM. CreERT2 indicates cyclization recombinase-estrogen 
receptor-Tamoxifen; Myh11, myosin, heavy polypeptide 11, smooth muscle; and SM22α, transgelin2.
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an inhibitor of cap-dependent but not cap-independent 
translation. No obvious differences in PFN1 levels were 
observed between PDGF-BB–pretreated and PDGF-
BB–untreated PASMCs (Figure S4). Thus, these data 
posited that m6A methylation, recognized as the most 
prevalent mRNA modification,15–18 might regulate PFN1 
translation efficiency. To validate this hypothesis, we indi-
vidually silenced METTL3 (a key m6A methyltransferase) 
and ALKBH5 (a key m6A demethylase) in vitro to manip-
ulate m6A methylation abundance. Our data indicated 
that silencing METTL3 led to a decrease in PFN1 protein 
levels (Figure 4F), whereas silencing ALKBH5 resulted 
in an increase in PFN1 protein levels (Figure 4G). These 
findings suggest a positive correlation between m6A 
methylation levels and PFN1 protein expression.

METTL3 Facilitates the Translation of m6A-
Modified PFN1 mRNA
A dot-blot assay revealed an elevated overall expression 
level of transcripts with m6A methylation, particularly in 
PASMCs treated with PDGF-BB (Figure 5A). We also 
found that METTL3 exhibited the most prominent altera-
tion in PASMC upon PDGF-BB stimulation (Figure S5A; 
Figure 5B). Moreover, immunohistochemistry assays 
illustrated increased METTL3 expression in neointimal 
hyperplasia arteries compared with normal arteries in 
both the rat balloon-injury model and the murine wire-
injury model (Figure 5C). However, RT-qPCR data indi-
cated that the knockdown of METTL3 did not affect the 
mRNA level of PFN1 (depicted in Figure 4F). In addition, 

Figure 4. N6-methyladenosine (m6A) methylation regulates the translation efficiency of PFN1 (profilin-1) mRNA.
A, RT-qPCR (quantitative real-time PCR) assay assessing the mRNA level of PFN1 in primary mice aorta smooth muscle cells (PASMCs) 
stimulated with or without PDGF-BB (platelet-derived growth factor-BB; n=5). Statistical comparison: unpaired t test. B, Representative 
immunoblots and quantification analysis of PFN1 protein in cycloheximide (CHX)-treated PASMCs stimulated with PDGF-BB or not (n=4). 
C, RT-qPCR assay assessing the mRNA level of PFN1 in actinomycin-D (Act-D)–treated PASMCs stimulated with PDGF-BB or not (n=4). 
D, Representative immunoblots and quantification analysis of PFN1 protein in doxorubicin (DOX)-treated PASMCs stimulated with PDGF-BB 
or not (n=4). E, Polysome profiling of PASMCs stimulated with PDGF-BB or not. PFN1 mRNA in different ribosome fractions was extracted 
and subjected to qPCR analysis. F, PASMCs were transected with si-NC or si-METTL3 (N6-methyladenosine methyltransferase), followed 
by stimulation with PDGF-BB or not. Representative immunoblots and quantification analysis of PFN1 protein and PFN1 mRNA (n=4). 
Statistical comparison: unpaired t test. G, PASMCs were transected with si-NC or si-ALKBH5, followed by stimulation with PDGF-BB or not. 
Representative immunoblots and quantification analysis of PFN1 protein and PFN1 mRNA (n=4). Statistical comparison: unpaired t test. All 
quantitative data are expressed as mean±SEM. Con indicates control group.
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Figure 5. METTL3 (N6-methyladenosine methyltransferase) facilitates the translation of N6-methyladenosine (m6A)–modified 
PFN1 (profilin-1) mRNA.
A, RNA m6A dot-blot assays assessing m6A levels of total mRNA in primary mice aorta smooth muscle cells (PASMCs) stimulated with PDGF-
BB (platelet-derived growth factor-BB) or not (n=3). B, Representative immunoblots and relative quantification analysis of METTL3 protein 
in PASMCs stimulated with or without PDGF-BB (n=4). Statistical comparison: 1-way ANOVA with Tukey post hoc tests. C, Representative 
immunohistochemistry of METTL3 in sham group, balloon-injured rat carotid arteries (left), and wire-injured murine carotid arteries (right; 
n=6). D, PASMCs were transfected with si-NC or si-METTL3, followed by stimulation with PDGF-BB or not. Representative immunoblots and 
quantification analysis of PFN1 protein (n=3). Statistical comparison: 1-way ANOVA with Tukey post hoc tests. E, RNA (Continued )
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silencing METTL3 in PASMCs using si-RNA resulted in 
a decrease in PFN1 protein levels (Figure 5D).

To investigate the direct regulation of PFN1 expres-
sion by METTL3, we performed RIP and confirmed the 
binding between METTL3 protein and PFN1 mRNA, 
with PDGF-BB significantly enhancing their interaction 
(Figure 5E). Furthermore, m6A-RIP sequencing revealed 
m6A peaks in coding sequence regions, specifically from 
Chr11:70651847 to 70654650 (Figure 5F; Figure S5B 
and S5C), with the GGAC motif in the coding sequence 
identified by Hypergeometric Optimization of Motif 
EnRichment (Figure 5G). We also constructed a PFN1 
plasmid to disrupt the GGAC motif with a synonymous 
mutation and a normal PFN1 plasmid with the same vec-
tor (Figure 5H). Western blot analysis revealed higher 
PFN1 expression in PASMCs with the wild-type PFN1 
plasmid transfection compared with mutant PFN1 plas-
mids (Figure 5I; Figure S6A). Evaluation of m6A modi-
fication in wild-type PFN1 and mutant PFN1 showed 
lower levels in mutant PFN1 than in wild-type PFN1 with 
exogenous overexpressing METTL3 (Figure 5J).

Collectively, these findings suggest that m6A modi-
fications of PFN1 mRNA regulate the expression of 
PFN1 protein, with METTL3 playing a crucial role in 
this regulatory process. Subsequently, we investigated 
whether METTL3 regulates PFN1 in vivo by generating  
METTL3SMC-IKO mice and conducting wire-injured surgery 
on carotid arteries (Figure S6B and S6C). Elastin Van Gie-
son staining of these mice with wire-injured model indi-
cated that METTL3SMC-IKO delayed neointimal hyperplasia 
compared with METTL3flox/flox (Figure 5K), and immuno-
histochemistry in carotid arteries of METTL3SMC-IKO mice 
demonstrated lower expression of PFN1 (Figure 5L). 
Overall, these data indicate that METTL3 facilitates the 
translation of m6A-modified PFN1 mRNA.

YTHDF3 Promotes PFN1 Translation Efficiency 
in an m6A-Dependent Manner
To identify potential m6A-specific readers, we observed 
significant changes in YTHDF3 expression in PASMCs 
treated with PDGF-BB (Figure 6A). Consistent with this, 

sc-RNA-seq data revealed elevated YTHDF3 mRNA 
levels in VSMCs from balloon-injured rat carotid arter-
ies (Figure 6B; Figure S7A). Western blot assay dem-
onstrated a more substantial reduction in PFN1 protein 
levels with si-YTHDF3 compared with si-YTHDF1 (Fig-
ure 6C). In addition, the immunohistochemistry assay 
revealed a higher level of YTHDF3 protein in the wire-
injured murine carotid artery compared with the sham 
group (Figure 6D). To confirm the association between 
the higher expression of YTHDF3 and m6A methylation, 
RIP experiments using an m6A antibody as the recruiter 
showed enhanced binding between YTHDF3 and m6A-
modified transcripts in PDGF-BB–treated PASMCs 
(Figure 6E).

Furthermore, reducing YTHDF3 expression in 
PASMCs resulted in a decrease in PFN1 protein with-
out altering its mRNA level (Figure S7B). YTHDF3 
RIP analysis also indicated a significantly higher PFN1 
protein level in this YTHDF3 fragment in PDGF-BB–
treated PASMCs (Figure 6F). Finally, different RNA 
fractions isolated from PASMCs by ribosome profil-
ing demonstrated that silencing METTL3 or YTHDF3 
significantly reduced translation-active polysomes 
induced by PDGF-BB (Figure 6G). In addition, we gen-
erated heterozygous or homozygous YTHDF3 knock-
out mice (YTHDF3+/− or YTHDF3−/−; Figure S7C; 
Figure S8) and found a remarkedly decreased expres-
sion of PFN1 in the carotid arteries from YTHDF3−/− 
mice compared with YTHDF3+/− mice, as detected by 
immunohistochemistry (Figure 6H). In summary, these 
findings collectively suggest that YTHDF3 promotes 
PFN1 translation efficiency in an m6A-dependent 
manner.

PFN1 Activates ANXA2/STAT3 Signaling 
Pathway to Promote VSMC Phenotype 
Switching
To screen for target proteins interacting with PFN1, 
ANXA2 emerged as a prominent candidate in the 
qualitative results of CO-IP (co-immunoprecipitation) 
and liquid chromatography-tandem mass spectrometry 

Figure 5 Continued.  immunoprecipitation (RIP)-qPCR analysis of PFN1 enrichment in PASMCs using the antibody of METTL3 or IgG 
heavy chain simulated with PDGF-BB or not, respectively (n=4). Statistical comparison: 1-way ANOVA with Tukey post hoc tests. F, m6A 
peaks enriched in coding sequence region of PFN1 gene from m6A-RIP-seq data. m6A enrichment of PFN1 coding sequence region markedly 
decreased when silencing METTL3 in PASMCs pretreated with PDGF-BB (n=1). G, Consensus sequence motif identified with differentially 
enriched m6A sites determined by a Hypergeometric Optimization of Motif EnRichment software. H, Schematic representation of m6A motif 
position in PFN1 mRNA. Schematic representation of wide-type (WT) and mutated (Mut) PFN1 (GAACG to GAATG) to investigate m6A roles 
on PFN1 protein expression. I, Representative immunoblots and relative quantification analysis of PFN1 protein in PASMCs transfected with 
WT-PFN1 and Mut-PFN1 plasmids for 48 hours (n=4). Statistical comparison: 1-way ANOVA with Tukey post hoc tests. J, The m6A level of 
PFN1 was detected using m6A-RIP-qPCR in HEK293T cells with cotransfection of human plasmids (n=3). Statistical comparison: 1-way 
ANOVA with Tukey post hoc tests. K, Representative images of elastin Van Gieson (EVG)–stained carotid artery sections from wire-injured 
METTL3flox/flox and METTL3SMC-IKO mice (n=7 per group). Scale bar, 50 µm. The right images show the quantification of the intimal area of carotid 
arteries from wire-injured METTL3flox/flox and METTL3SMC-IKO mice. Each dot represents a single mouse (n=7 per group). L, Representative 
images showing immunohistochemistry for PFN1 in carotid arteries from METTL3SMC-IKO and METTL3flox/flox mice (n=7). Scale bar, 50 µm. All 
quantitative data are expressed as mean±SEM. CreERT2 indicates CreERT2, cyclization recombinase-estrogen receptor-Tamoxifen; and 
Myh11, myosin, heavy polypeptide 11, smooth muscle. 
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Figure 6. YTHDF3 (YTH N6-methyladenosine RNA binding protein F3) promotes PFN1 (profilin-1) translation efficiency in an  
N6-methyladenosine (m6A)–dependent manner.
A, RT-qPCR (quantitative real-time PCR) assay assessing mRNA expression in primary mice aorta smooth muscle cells (PASMCs) stimulated 
with PDGF-BB (platelet-derived growth factor-BB) or not (n=4). Statistical comparison: unpaired t test. B, Expression and distribution of 
YTHDF3 mRNA in every single cell of vascular smooth muscle cells (VSMCs) in single-cell RNA sequencing database. C, PASMCs were 
transfected with si-NC, si-YTHDF1, or si-YTHDF3. Representative immunoblots and quantification analysis of PFN1 protein (n=4). Statistical 
comparison: 1-way ANOVA with Tukey post hoc tests. D, Representative immunohistochemistry for YTHDF3 in uninjured and wire-injured 
murine carotid arteries (n=6). E, m6A-IP analysis of PASMCs stimulated with PDGF-BB or not for 24 hours using antibodies of m6A or IgG 
heavy chain, respectively (n=3). Statistical comparison: 1-way ANOVA with Tukey post hoc tests. F, RNA immunoprecipitation (RIP)-qPCR 
analysis of PASMCs stimulated with PDGF-BB or not for 24 hours using the antibody of YTHDF3 or IgG heavy chain (n=3). Statistical 
comparison: 1-way ANOVA with Tukey post hoc tests. G, Polysome profiling of PDGF-BB–pretreated/PDGF-BB–untreated PASMCs 
transfected with si-NC, si-METTL3 (m6A methyltransferase), and si-YTHDF3. PFN1 mRNA in different ribosome fractions was extracted 
and subjected to qPCR analysis. H, Representative images showing immunohistochemistry for PFN1 in carotid arteries from YTHDF3+/− 
and YTHDF3−/− mice (n=6). Scale bar, 50 µm. All quantitative data are expressed as mean±SEM. Con indicates control group; and IP, 
immunocoprecipitation.
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Figure 7. PFN1 (profilin-1) activates ANXA2 (annexin A2)/STAT3 (signal transducer and activator of transcription 3) signaling 
pathway to promote vascular smooth muscle cell (VSMC) phenotype switching.
A, Primary mice aorta smooth muscle cells (PASMCs) were stimulated with PDGF-BB (platelet-derived growth factor-BB) for 24 hours. The graph 
below shows the secondary mass spectrum of ANXA2 identified by mass spectrometry. B, Pull-down assays to pull down proteins interacting 
with PFN1. C, HEK293T cells were transfected with Myc-PFN1 and Flag-ANXA2 plasmids, and CO-IP (co-immunoprecipitation) analysis using 
Myc-PFN1 and IgG as the bait. D, HEK293T cells were transfected with Myc-PFN1 and Flag-ANXA2 plasmids, and CO-IP analysis using Flag-
ANXA2 and IgG as the bait. E, Representative images showing double immunostaining for PFN1 (red) and ANXA2 (green) in PDGF-BB–treated 
PASMCs (n=3) and wire-injured murine carotid arteries (n=6). F, Representative immunoblots and relative quantification analysis of PFN1 and 
p-ANXA2 (phospho-ANXA2)/t-ANXA2 protein in PASMCs from PFN1F/F and PFN1−/− mice (n=4). Statistical comparison: (Continued )



Basic


 
Sciences





 - 

VB
Gao et al PFN1 Promoting VSMC Phenotype Switching

2556    December 2024� Arterioscler Thromb Vasc Biol. 2024;44:2543–2559. DOI: 10.1161/ATVBAHA.124.321399

in PASMCs treated with PDGF-BB (Table S3; Fig-
ure 7A). We utilized a GST pull-down assay confirming 
the interactions between PFN1 and ANXA2 (Fig-
ure 7B). CO-IP analysis also confirmed that PFN1 was 
coimmunoprecipitated with ANXA2 (Figure 7C and 
7D). Immunofluorescence images demonstrated the 
colocalization of PFN1 and ANXA2, particularly in the 
neointima (Figure 7E). ANXA2 and its Tyr23 (tyrosine 
site 23)-phosphorylated form (Tyr23 p-ANXA2) have 
been implicated in cell transformation, metastasis, and 
angiogenesis.19 In this study, first, Western blot analysis 
revealed significantly decreased expression of Tyr23 
p-ANXA2 in PASMCs from PFN1SMC-IKO mice compared 
with PFN1flox/flox mice (Figure 7F; Figure S9A). Immuno-
histochemistry assay also showed a higher expression 
of Tyr23 p-ANXA2 in mice wire-injured carotid artery 
(Figure 7G). In addition, exogenous PFN1 overexpres-
sion promoted the phosphorylation of ANXA2 (Tyr23) 
in PASMCs (Figure 7H; Figure S9B). Prediction of the 
interaction probabilities through the GRAMM website 
suggested that PFN1 had a stronger binding affinity 
for ANXA2 than p-ANXA2 (Tyr23; Figure 7I).

Moreover, silencing PFN1 using si-RNA resulted in 
the reduction of phosphorylated ANXA2 in the cyto-
plasm of PASMCs (Figure 7J; Figure S9C). A typical 
signaling pathway ANXA2/STAT320,21 could be silenced 
upon PFN1 silencing (Figure 7J and 7K; Figure S9D). 
To identify whether PFN1 promotes the phosphorylation 
of ANXA2 (Tyr23) directly, we constructed an ANXA2 
mutant plasmid (Y23A [replace site 23 tyrosine with 
alanine]) and performed CO-IP. Importantly, PFN1 sig-
nificantly promoted the tyrosine phosphorylation of wild-
type-ANXA2 but not Y23A-ANXA2 (Figure 7L). Thus, 
the PFN1 protein could not phosphorylate ANXA2 
directly unless dependent on classical tyrosinase. Src 
(SRC proto-oncogene, nonreceptor tyrosine kinase) is 
well known to act as the main tyrosinase of ANXA2, 
and its phosphorylated form, pp60Src, promotes the 

phosphorylation of ANXA2, especially at the Tyr23 
site.22–24 We found a higher expression of Src in PASMCs 
treated with PDGF-BB, and PFN1 could not regulate 
Src directly (Figure S9E). More importantly, the tyrosine 
phosphorylation of wild-type-ANXA2 promoted by PFN1 
could be inhibited by PP2 (an Src family kinase inhibi-
tor; Figure 7M; Figure S9F). The CO-IP assay also con-
firmed that Tyr23 ANXA2 binds to STAT3 (Figure 7N). 
More importantly, overexpression of PFN1 in PASMCs 
promoted phenotype switching, and it could be reversed 
by transferring si-ANXA2 (Figure 7O). Together, these 
results suggest a novel molecular mechanism, whereby 
PFN1, through m6A modification in VSMC, promotes 
phenotype switching by activating the p-ANXA2/STAT3 
pathway (Figure 8).

DISCUSSION
Despite decades of research on VSMC, our understand-
ing of the mechanisms underlying VSMC phenotype 
switching remains incomplete, hindering effective pre-
vention or treatment of neointimal hyperplasia. In this 
context, we propose several novel findings: (1) elevated 
levels of PFN1 protein are observed in patients with ISR 
and experimental ISR models involving swine, rats, and 
mice; (2) PFN1 m6A modification in VSMCs contributes 
to the discordant relationships between PFN1 mRNA 
and protein expression; (3) PFN1 knockout reduces the 
VSMC proliferation, migration, and phenotypic switching 
in vitro; in addition, it attenuates neointimal hyperplasia 
in vivo, underscoring the critical role of PFN1 in driving 
pathological changes associated with ISR; and (4) PFN1 
promotes VSMC phenotype switching and neointimal 
hyperplasia by activating the p-ANXA2/STAT3 pathway. 
These findings collectively provide valuable insights that 
could pave the way for novel approaches in the preven-
tion and therapeutic intervention of ISR, addressing a 
longstanding challenge in cardiovascular research.

Figure 7 Continued.  unpaired t test. G, Immunohistochemistry for p-ANXA2 in uninjured and wire-injured murine carotid arteries (n=6). H, 
Representative immunoblots of PFN1 and p-ANXA2/t-ANXA2 protein in PASMCs transfected with Ad-vector or Ad-oe-PFN1 for 48 hours 
(n=4). I, The spatial conformation of PFN1 and t-ANXA2/p-ANXA2 and their interface residues visualized via the molecular visualization PyMOL 
software. J, Representative immunoblots of PFN1, p-ANXA2/t-ANXA2, and p-STAT3/t-STAT3 protein in separated cytoplasmic and nuclear 
proteins from PDGF-BB–untreated/PDGF-BB–pretreated PASMCs transfected with si-NC and si-PFN1 (n=4). Statistical comparison: 
1-way ANOVA with Tukey post hoc tests. K, Representative immunoblots and relative quantification analysis of PFN1, p-ANXA2/t-ANXA2, 
and p-STAT3/t-STAT3 protein in PDGF-BB–untreated/PDGF-BB–pretreated PASMCs transfected with si-NC and si-PFN1 (n=4). Statistical 
comparison: 1-way ANOVA with Tukey post hoc tests. L, Myc-PFN1 plasmid with Flag-ANXA2 (wild-type) or Flag-ANXA2 (Y23A [replace 
site 23 tyrosine with alanine]) plasmid cotransfected into HEK293T cells, and CO-IP analysis using phosphorylated-Tyr antibody and IgG as 
the bait. M, Myc-PFN1 and Flag-ANXA2 (wild-type) plasmids cotransfected into HEK293T cells untreated or pretreated with PP2 (pp60Src-
specific inhibitor, 10 μM) for 24 hours. CO-IP analysis using phosphorylated-Tyr antibody and IgG as the bait. N, Myc-PFN1 plasmid with Flag-
ANXA2 (wild-type) or Flag-ANXA2 (Y23A) plasmid cotransfected into HEK293T cells. Cell lysates immunoprecipitated with anti-Flag antibody 
and analyzed by immunoblotting with anti-STAT3 antibody. O, Ad-oe-PFN1, si-ANXA2, and their negative control cotransfected into PASMCs 
for 48 hours. RT-qPCR (quantitative real-time PCR) assay assessing mRNA expression of contractile markers (TAGLN [transgelin] and 
MYH11 [myosin, heavy polypeptide 11, smooth muscle]) and synthetic markers (vimentin and S100A4 [S100 calcium-binding protein A4]). 
Statistical comparison: 1-way ANOVA with Tukey post hoc tests. Scale bar, 50 µm. All quantitative data are expressed as mean±SEM. Flag 
indicates Flag-tag DYKDDDDK; Myc, Myc-tag EQKLISEEDL; oe, overexpression (plasmid); p-STAT3, phospho-signal transducer and activator 
of transcription 3 protein; t-ANXA2, total annexin A2 protein; Ad, adenovirus; t-STAT3, total signal transducer and activator of transcription 3 
protein; and Tyr, tyrosine.
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While PFN1 has been extensively studied in amyo-
trophic lateral sclerosis, its involvement in cardiovascu-
lar diseases has been limited by small sample sizes and 
less rigorous study designs.8,9,25,26 In our study, we initially 
identified PFN1 at the VSMC level through Sc-RNA-seq 
data and subsequently validated it in patients with ISR 
and various experimental ISR models. Furthermore, our 
study confirmed that PFN1 knockout attenuated VSMC 
proliferation, migration, and phenotypic switching in vitro 
and reduced neointimal hyperplasia in vivo. These find-
ings align with previous studies, suggesting that PFN1 
may contribute to VSMC migration and hyperproliferation, 
potentially playing a role in chronic hypertension27,28 and 
asthma.29,30 In our study, we not only identified PFN1 at 
the VSMC level through Sc-RNA-seq but also validated 
its presence in multiple experimental models and clinical 
samples. Importantly, our study established a causal rela-
tionship between PFN1 and VSMC phenotypic switching–
induced neointimal hyperplasia, contributing to a deeper 
understanding of PFN1’s role in vascular pathology.

A key discovery in our current study revolves around 
the distinct expression patterns of PFN1 mRNA and 

protein, attributed to PFN1 m6A modification. Interest-
ingly, the stability of PFN1 mRNA, transcription effi-
ciency, and protein stability remained unchanged, while 
the translation efficiency of PFN1 exhibited a signifi-
cant increase. Currently, m6A is recognized as the most 
prevalent posttranscriptional RNA modification, playing 
a role in various biological processes.15–18,31 Given the 
involvement of m6A dynamics in PFN1 during neurogen-
esis32 and predictions from the SRAMP database, we 
hypothesized that PFN1 might undergo m6A methyla-
tion. Indeed, our validation data demonstrated that the 
protein expression of PFN1 was markedly inhibited in 
METTL3 or YTHDF3 knockout mice, indicating that 
the translation of PFN1 is regulated by METTL3 and 
YTHDF3 in an m6A-dependent manner. We also iden-
tified and validated the m6A methylation site of PFN1 
with the GGAC motif in the coding sequence. While we 
have identified the sites involved, admittedly, the roles 
of other writers and readers in regulating the function 
of m6A RNA in neointimal hyperplasia have not been 
fully elucidated. Our next study will specifically focus on 
addressing this aspect.

Figure 8. Proposed working model of PFN1 (profilin-1) in vascular smooth muscle cell (VSMC) in the context of atherosclerosis.
Upon stimulation, VSMCs exhibit enhanced PFN1 translation efficiency via N6-methyladenosine (m6A) methyltransferase METTL3 (m6A 
methyltransferase) and the m6A-specific reader protein YTHDF3 (YTH N6-methyladenosine RNA binding protein F3) in an m6A-dependent 
manner. It has been mechanistically determined that the upregulation of PFN1 protein expression leads to the recruitment of Src (SRC 
proto-oncogene, nonreceptor tyrosine kinase), which, in turn, facilitates the phosphorylation of ANXA2 (annexin A2). This promotes the 
phosphorylation and nuclear translocation of STAT3 (signal transducer and activator of transcription 3), thereby inducing phenotypic switching 
in VSMCs. Src indicates SRC proto-oncogene, nonreceptor tyrosine kinase.
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An intriguing finding in this study is that the mRNA 
levels of PFN1 in rats decrease, while protein levels 
increase, yet no reduction in PFN1 mRNA levels was 
observed in mice. In fact, m6A methylation leads to an 
increase in protein levels by promoting mRNA translation, 
during which the absolute levels of mRNA may decrease, 
remain unchanged, or increase.15–18,33 Therefore, the con-
centration of mRNA is not constant; the key to its role in 
increasing protein levels lies in promoting mRNA transla-
tion through the action of methyltransferases, demethyl-
ases, and m6A-binding proteins. Moreover, we confirmed 
an elevation of PFN1 protein levels through several ISR 
models, which are more crucial determinants of pheno-
typic outcomes. The observed decrease in PFN1 mRNA 
in rats and the unchanged levels in mice within this study 
might be attributed to species-specific and model varia-
tions, which warrant further investigation.

The identification of PFN1 as a key regulator in VSMC 
phenotype switching and neointimal hyperplasia also 
revealed its direct modulation of the p-ANXA2/STAT3 
pathway. ANXA2, a Ca2+ phospholipid-binding protein, 
is well-established for its role in cell signaling trans-
duction, influencing processes such as cell adhesion, 
migration, and proliferation.34 The interaction between 
PFN1 and ANXA2, validated both in vivo and in vitro, 
highlights PFN1’s role in influencing cellular processes 
related to cell adhesion, migration, and proliferation. In 
our study, the observed increase in Src and ANXA2 in 
VSMCs treated with PFN1 suggests a potential com-
plex formation involving PFN1, Src, and ANXA2. Further 
experiments, notably with a Src inhibitor, demonstrated a 
significant attenuation in the phosphorylation of ANXA2 
at the tyrosine 24 site. The involvement of Src kinase–
induced phosphorylation of ANXA2 further emphasizes 
the complexity of PFN1-mediated signaling.

CONCLUSIONS
Our study provided a significant advancement in under-
standing vascular biology by uncovering the pivotal role 
of PFN1 in VSMC phenotype switching and neointimal 
hyperplasia. The intricate interplay between PFN1, m6A 
modification, and the p-ANXA2/STAT3 pathway unrav-
els novel molecular mechanisms underlying ISR.
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