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ABSTRACT
YBX1, a DNA-/RNA-binding protein, is implicated in various diseases, yet its role in intimal hyperplasia (IH) remains unclear. 
This study investigates YBX1's function in rat aortic smooth muscle cells (RASMCs) through knockdown experiments. Results 
show that YBX1 knockdown reduces cell proliferation and migration while inducing apoptosis. ELISA and western blot anal-
yses revealed increased levels of the anti-inflammatory factor IL10 and markers for phenotypic transformation, Calponin and 
Myocardin. Transcriptome sequencing identified 1598 differentially expressed genes (DEGs), with 347 upregulated and 1251 
downregulated. Upregulated DEGs were linked to pathways like ECM–receptor interaction and Wnt signalling, while downreg-
ulated genes involved cell cycle and p53 signalling. Additionally, 629 significant alternative splicing events were noted, primarily 
affecting pathways related to cell division and migration. Integrated analysis of YBX1-bound RNAs and RNA-seq data high-
lighted key DEGs, such as CCNB1 and TPM1, which are crucial for vascular cell behaviour. This study underscores YBX1's vital 
role in RASMCs and suggests potential therapeutic targets for IH treatment.

1   |   Introduction

Intimal hyperplasia (IH) is an abnormal cell aggregation phe-
nomenon observed in various developments of vascular remodel-
ling diseases [1]. Vascular remodelling diseases refer to vascular 
wall thickening and lumen stenosis caused by endothelial dam-
age, proliferation of vascular smooth muscle cells (VSMCs), 
deposition of extracellular matrix (ECM) and other cardiovas-
cular diseases, including atherosclerosis, venous occlusion and 
synthetic vascular grafts, in-stent restenosis and coronary an-
gioplasty [2, 3]. This process is closely related to the increase in 

cell count. Therefore, its formation is usually related to the ac-
tivation of vascular cells [4, 5]. There are several types of cells 
related to the development and continuation of this IH process, 
mainly VSMCs, adventitia fibroblasts, endothelial progenitor 
cells and bone marrow–derived progenitor cells, which originate 
from different intima [6]. VSMCs are crucial for the progression 
of endometrial sclerosis and the development of neointimal hy-
perplasia [7]. Finally, the IH process will affect the function of 
target organs to varying degrees. There are many studies on the 
mechanism of vascular IH, such as endothelial cell injury [8], mi-
gration and proliferation of VSMCs [9], lipid deposition formation 
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[10], inflammatory response and formation of autoimmune com-
plexes [6, 11]. However, due to the complexity of its pathogenesis, 
it has not been thoroughly elucidated to this day.

RNA-binding proteins (RBPs) play very important roles in the 
process of co-transcription and post-transcriptional regulation, 
mainly by combining with RNA, affecting the production, mod-
ification, splicing, stability, transportation, intracellular localiza-
tion, translation and degradation of mRNA. RBPs play important 
regulatory roles in almost all physiological and pathological sit-
uations [12, 13]. Among them, the YBX1 protein, also known as 
YB-1, has both DNA and RNA functions and is involved in many 
cellular processes, including regulation of transcription and 
translation, regulation of pre-mRNA splicing, DNA repair and 
mRNA packaging and stability [14, 15]. Recent studies demon-
strated that YBX1 is a 5-methylcytosine (m5C) reader that rec-
ognises m5C sites and recruits other proteins to stabilise mRNA 
levels [16, 17]. YBX1 can also regulate the transcription process as 
a DNA-binding protein [18–20]. The function of YBX1 in VSMCs 
has been preliminarily studied [21–23], but there is still limited 
research on how it functions as an RBP. Therefore, it is necessary 
to conduct in-depth research on the regulatory targets of YBX1, 
which can help deepen the understanding of its functional mech-
anism in vascular intimal hyperplasia.

Based on previous research, we speculate that YBX1 plays an im-
portant role in vascular intimal hyperplasia and that it may affect 
the occurrence and development of vascular intimal hyperpla-
sia in rat aortic smooth muscle cells (RASMCs) by affecting the 
expression of target genes and alternative splicing. In this proj-
ect, we knocked down YBX1 by small hairpin RNA (shRNA) in 
RASMCs and obtained transcriptome sequencing data (RNA-seq) 
affected by YBX1. The potential target genes for expression levels 
and alternative splicing patterns regulated by YBX1 in RASMC 
and their functions were analysed. Meanwhile, we also explored 
the RNA immunoprecipitation and sequencing (RIP-seq) data of 
YBX1 using the published dataset GSE159153 [24]. By integrat-
ing the RNA-seq and RIP-seq datasets, we deeply explored the 
underlying mechanisms of how YBX1 regulates gene expression 
and alternative splicing. In summary, we highlight the important 
functions of YBX1 in IH and identified the potential downstream 
targets of YBX1, which can be used as candidate therapeutic tar-
gets for IH and other cardiovascular diseases in the future.

2   |   Materials and Methods

2.1   |   shRNA Information

All lentivirus shRNA duplexes were purchased from 
Genepharma (Suzhou, China), non-targeting control shRNA 
(shNC): 5′-TTCTCCGAACGTGTCACGT-3′ (sense) and shRNA 
targeting Ybx1 (shYbx1): 5′-ATGCGCGTCGACCACAGTATT-3′ 
(sense). The lentiviral vector used in this study was LV-3 
(pGLVH1/GFP + Puro).

2.2   |   Cell Culture and Transfections

RASMC cells (CP-R076, Procell, Wuhan, China) were cul-
tured at 37°C with 5% CO2 in an appropriate complete growth 

medium (CM-R076, Procell Life Science & Technology Co. 
Ltd., China) with 10% foetal bovine serum (FBS) (10091148, 
Gibco, China), 100 μg/mL streptomycin and 100 U/mL penicil-
lin (SV30010, Hyclone, USA). RASMCs were infected by the 
shYbx1 and shNC lentivirus duplexes with MOI = 300. Stable 
cell lines were obtained by screening with 2 μg/mL puromy-
cin, and cells were harvested for RT-qPCR and western blot 
analyses.

2.3   |   Assessment of Gene Expression by RT-qPCR

The cDNA synthesis was done by reverse transcription kit 
(R323-01, Vazyme, China) at 42°C for 5 min，37°C for 15 min 
and 85°C for 5 s performed on the thermocycler (T100, Bio-Rad, 
USA). qPCR was performed on the ABI QuantStudio 5, followed 
by denaturing at 95°C for 10 min, 40 cycles of denaturing at 95°C 
for 15 s and annealing and extension at 60°C for 1 min. Each 
sample had three technical replicates. The concentration of each 
transcript was then normalised to GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) and mRNA level using the 2−ΔΔCT 
method for analysis [25]. Comparisons were performed with 
the paired Student's t-test by using GraphPad Prism software 
(Version 8.0, San Diego, CA). Primers for PCR experiments are 
presented in Table S1.

2.4   |   Western Blot

RASMC cells were lysed in ice-cold RIPA buffer (PR20001, 
Proteintech, China) supplemented with a protease inhibitor 
cocktail (4693116001, Sigma, USA) and incubated on ice for 
30 min. Samples were boiled for 10 min in boiling water with 
protein loading buffer (P1040, Solarbio, China), loaded onto a 
10% SDS-PAGE gel and transferred onto 0.45 mm PVDF mem-
branes (ISEQ00010, Millipore, USA). The PVDF membranes 
were then blocked for 1 h at room temperature and incubated 
overnight at 4°C with primary antibodies against YBX1 (anti-
YBX1, 1:1000, antibody produced in rabbit, ab239875, Abcam, 
UK) and GAPDH (1:5000, antibody produced in mouse, 
60004-1-lg, Proteintech, China), followed by an incubation 
with horseradish peroxidase-conjugated secondary antibody 
(anti-rabbit, 1:10,000, SA00001-2, Proteintech, China, or anti-
mouse, 1:10,000, AS003, ABclonal, China) for 45 min at room 
temperature. Then, membranes were visualised using the en-
hanced ECL reagent (P0018FM, Beyotime, China) through 
chemiluminescence.

2.5   |   Cell Proliferation Assay

The cell proliferation assay was conducted using a Cell Counting 
kit-8 (CCK-8, HY-K0301, MCE, Shanghai, China). Briefly, 
RASMC cells were seeded at 35,000 cells/well in 24-well cul-
ture plates. Cells treated with an equal volume of phosphate-
buffered saline (PBS) served as controls and vials without cells 
were used as blank controls. Following cultured for 24 h, 10 μL 
CCK-8 solution was added to the culture medium and incubated 
for an additional 3 h. Subsequent to this, the optical density 
of the cells was measured with a microplate reader (ELX800, 
BioTek, USA) at an absorbance of 450 nm. The cell proliferation 
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rate was calculated using the following formula: proliferation 
rate = (experimental OD value − blank OD value)/(control OD 
value − blank OD value) × 100%.

2.6   |   Annexin V Apoptosis Assay

To detect tumour cell apoptosis, an Annexin V-Alexa Fluor647/
PI apoptosis detection kit (40304ES60, YEASEN, China) was 
used according to the manufacturer's instructions. Specifically, 
MDA-MB-231 cells were seeded into six-well plates, cultured for 
48 h and transfected with siRNA of SF3B6. Cells treated with an 
equal volume of PBS served as a control. The treated and control 
cells were mixed with 5 μL Annexin V-Alexa Fluor647 and 10 μL 
of 20 μg/mL PI reagents. The cells were then incubated at room 
temperature in the dark for 10–15 min. Then the samples were 
subjected to flow cytometry (FACSCanto, BD, USA) analysis to 
detect cell apoptosis levels.

2.7   |   Cell Migration Assay

In vitro migration assays were performed using transwell cham-
bers (3422, Corning, USA). A total of 5 × 104 RASMC cells in 
0.2 mL serum-free medium were added to the transwell cham-
bers with an 8 μm filter and then the chambers were inserted in 
a medium with 600 uL 10% FBS (10091148, Gibco, China) serv-
ing as a chemoattractant in the lower chamber and incubated 
for 24 h at 37°C and 5% CO2. Cells remaining on the upper mem-
brane surface of the inserts were then removed with a cotton 
swab, and the total number of cells that migrated into the lower 
chamber was fixed by 4% paraformaldehyde (P0099, Beyotime, 
China) for 30 min and then stained with 0.1% crystal violet 
(C0121, Beyotime, China). The migrating cells were observed 
and counted using an inverted microscope (MF52-N, Mshot, 
China) at 200× magnification.

2.8   |   ELISA Assays of IL-10

Following incubation with the ligands, the concentrations of 
rat IL-10 in the culture medium were determined by the use of 
ELISA in accordance with the manufacturer's instructions.

2.9   |   RNA Extraction and Sequencing

RNA-seq assays were performed by Wuhan Ruixing 
Biotechnology Co. Ltd. For each sample, 1 μg of total RNA 
was treated with RQ1 DNase (M6101, Promega, USA) to re-
move DNA before being used for directional RNA-seq library 
preparation by VAHTS Universal V8 RNA-seq Library Prep 
Kit for Illumina (NR605, Vazyme, China). The mRNAs were 
captured by VAHTS mRNA Capture Beads (N401, Vazyme, 
China). Fragmented RNAs were converted into double-strand 
cDNA. Following end repair and A tailing, the DNAs were li-
gated to VAHTS RNA Multiplex Oligos Set 1 for Illumina (N323, 
Vazyme, China). The ligated products were amplified, purified, 
quantified and stored at −80°C before sequencing. The strand 
marked with dUTP (the second cDNA strand) was not ampli-
fied, allowing strand-specific sequencing.

For high-throughput sequencing, the libraries were prepared fol-
lowing the manufacturer's instructions and applied to Illumina 
NovaSeq 6000 system for 150 nt paired-end sequencing.

2.10   |   RNA-Seq Raw Data Clean and Alignment

Raw reads containing more than 2-N bases were first discarded. 
Then, adaptors and low-quality bases were trimmed from raw se-
quencing reads using FASTX-Toolkit (Version 0.0.13). The short 
reads less than 16 nt were also dropped. After that, clean reads 
were aligned to the mRatBN7.2 genome by HISAT2 [26], allowing 
four mismatches. Uniquely mapped reads were used for counting 
number of gene reads and FPKM calculation (fragments per ki-
lobase of transcript per million fragments mapped) [27].

2.11   |   Differentially Expressed Genes (DEGs) 
Analysis

The R bioconductor package DESeq2 [28] was utilised to screen 
out the DEGs. The p-value < 0.05 and fold change > 1.5 or < 0.67 
were set as the cut-off criteria for identifying DEGs.

2.12   |   Alternative Splicing Analysis

The alternative splicing events (ASEs) and regulated alternative 
splicing events (RASEs) between the samples were defined and 
quantified by using the ABLas pipeline as described previously 
[29]. In brief, ABLas detection of 10 types of ASEs was based 
on the splice junction reads, including exon skipping (ES), al-
ternative 5′ splice site (A5SS), alternative 3′ splice site (A3SS), 
mutually exclusive exons (MXE), mutually exclusive 5′ UTRs 
(5pMXE), mutually exclusive 3′ UTRs (3pMXE), cassette exon, 
A3SS&ES and A5SS&ES.

To assess RBP-regulated ASE, the Student's t-test was performed 
to evaluate the significance of the ratio alteration of AS events. 
Those events that were significant at P-value cut-off correspond-
ing to a false discovery rate cut-off of 5% were considered as 
RBP-regulated ASEs.

2.13   |   RIP-Seq Data Analysis

The accession number of the Gene Expression Omnibus (GEO) 
database was GSE159153. Public sequencing data were ob-
tained from the Sequence Read Archive (SRA). SRA Run data 
files were transformed into fastq format with the NCBI SRA 
Tool fastq-dump. Low-quality bases were discarded using the 
FASTX-Toolkit (v.0.0.13). Then, the clean reads were analysed 
with FastQC.

After reads were aligned onto the genome with HISAT2 [26], 
the unique comparison on the genome was finally obtained, 
and the comparison result of PCR duplicates was removed. 
Then, two software programs, Piranha and ABLIRC, were 
used to perform peak calling. Piranha has been described else-
where [30]. ‘ABLIRC’ strategy was used to identify the bind-
ing regions of GRCh38 on the genome as previously described 
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[29]. The process of peak calling was as follows: first, the 
whole genome was scanned with a window of 5 bp and a step 
of 5 bp from the beginning of each chromosome. A peak was 
identified by requiring that the depth of the first window was 
2.5 times for eight consecutive windows on the genome or the 
median depth was greater than 50. When the depth of eight 
consecutive windows was less than 4% of the maximum depth 
of this peak, the peak ended. At the same time, reads on each 
gene were randomly distributed to each gene for 500 times, 
and the frequency of peak depth of each peak was counted, so 
as to conduct significance analysis on the identified peak and 
screen out the peak with significant peak (p-value < 0.05) or 
peak with maximum depth of a certain degree (≥ 10). Then, 
with the input samples as the control, the abundance differ-
ence analysis was conducted for the locations of these peaks, 
and the peak with IP abundance greater than four times (ad-
justable parameter) of input abundance was screened as the 
final combination peak. The target genes of IP were finally 
determined by the peaks, and the binding motifs of the IP pro-
tein were called by HOMER software [31].

2.14   |   RIP-qPCR Experiment

RASMCs were lysed in ice-cold wash buffer (1 × PBS, 0.5% 
SDS, 0.5% NP-40 and 0.5% sodium deoxycholate) supplemented 
with a 400 U/mL RNase inhibitor (2313A, Takara, Japan) and 
protease inhibitor cocktail (B14001, Bimake, China) and in-
cubated on ice for 30 min. We added RQ I (M6101, Promega, 
USA) to a final concentration of 0.1 U/μL and incubated in a 
heat block for 30 min at 37°C. The mixture was then vibrated 
vigorously and centrifuged at 13,000× g at 4°C for 15 min to 
remove cell debris.

For immunoprecipitation, the supernatant was incubated 
overnight at 4°C with 5 μg YBX1 antibody (Y0396-200UL, 
Sigma, USA) and control IgG antibody (AC005, ABclonal, 
China). The immunoprecipitates were further incubated with 
protein A/G Dynabeads (26162, Thermo Scientific, USA) for 
2 h at 4°C. After applying to the magnet and removing the su-
pernatants, the beads were washed six times with NT buffer 
(50 mM Tris 7.4, 150 mM NaCl, 1 mM Mgcl2, 0.05% NP-40). 
The beads were resuspended in elution buffer (50 mM Tris 8.0, 
10 mM EDTA and 1% SDS). The suspension was incubated for 
30 min in a heat block at 70°C to release the immunoprecip-
itated RBP with RNA and vortex. We removed the magnetic 
beads on the separator, transferred the supernatant to a clean 
1.5 mL microfuge tube, added Proteinase K (B600169-0002, 
Sangon Biotech, China) into the 10% input (without immu-
noprecipitatation) and immunoprecipitated YBX1 with RNA, 
with a final concentration of 1.2 mg/mL. The suspension was 
incubated for 120 min at 55°C. The RNA was purified with 
phenol:chloroform:isopentyl alcohol (25:24:1, pH < 5) reagent 
(p1011, Solarbio, China). RIP-qPCR was performed following 
the RT-qPCR experiment.

2.15   |   Functional Enrichment Analysis

To sort out functional categories of DEGs, Gene Ontology (GO) 
terms and KEGG pathways were identified using the KOBAS 

2.0 server [32]. Hypergeometric test and Benjamini–Hochberg 
FDR controlling procedure were used to define the enrichment 
of each term.

3   |   Results

YBX1 knockdown inhibits cell proliferation, apoptosis and cell 
metastasis of RASMC cells.

As YBX1 plays important roles in gene expression and mul-
tiple biological processes [14], we decided to explore how 
YBX1 modulates the phenotype and gene expression pattern 
of RASMCs. We knocked down Ybx1 expression in RASMCs 
using short hairpin RNA (shRNA). After transfecting shRNA 
into RASMCs, we found the RNA level of Ybx1 was signifi-
cantly repressed in shYbx1 samples compared with that in NC 
samples (Figure  1A). This inhibition of Ybx1 was also con-
firmed by the WB experiment with an obvious difference be-
tween shYbx1 and shNC samples (Figure 1B), indicating the 
successful knockdown of Ybx1. We then assessed the cellular 
phenotype difference between these two groups. The cellular 
viability of RASMCs was significantly decreased in shYbx1 
samples, while the apoptotic level was significantly increased 
in shYbx1 samples (Figure 1C,D), suggesting that Ybx1 knock-
down repressed the growth and viability of RASMCs, which 
was consistent with previous results in cancer cells [33]. 
Meanwhile, we detected that IL10, which can repress proin-
flammatory responses and maintain the integrity and homeo-
stasis of tissue epithelial layers [34], was increased in shYbx1 
samples by the ELISA test (Figure 1E). Further experiments 
demonstrated that shYbx1 significantly repressed the migra-
tion capacity of RASMCs (Figure  1F). Finally, we analysed 
the expression pattern of phenotypic transformation mark-
ers of VSMCs, including calponin (CNN1) and myocardin 
(MYOCD), which participate in the differentiation and phe-
notypic switching of smooth muscle cells [35, 36]. We found 
these two markers were significantly increased in shYbx1 
samples (Figure  1G), indicating that the differentiation of 
RASMCs was enhanced by shYbx1. In summary, these results 
showed that Ybx1 significantly modulates the phenotypes of 
RASMCs, which is probably associated with the IH phenome-
non in vascular diseases.

3.1   |   YBX1 Regulates Expression of Genes 
Associated With IH in RASMC Cells

To further illustrate how YBX1 modulates the phenotypes 
of RASMCs, we performed global transcriptome sequencing 
analysis (RNA-seq) for the identification of downstream tar-
gets of YBX1. By calculating all the expressed genes, principal 
component analysis (PCA) illustrated a clear separation be-
tween shYbx1 and shNC samples at the first component, which 
can explain 48.5% of total variation (Figure 2A), indicating a 
global transcriptome difference induced by shYbx1. Then we 
performed DEG analysis and identified the DEG set with two-
fold change and 0.05 FDR as thresholds. It is very interesting 
that shYbx1 resulted in more downregulated DEGs (1251) than 
upregulated DEGs (347), suggesting that shYbx1 repressed the 
expression of a large part of genes (Figure  2B). Meanwhile, 
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FIGURE 1    |    Ybx1 knockdown inhibits cell proliferation and metastasis, and promotes apoptosis of RASMC cells. (A) RT-qPCR showing expres-
sion of Ybx1 mRNA in Ybx1 knockdown RASMC cells. (B) YBX1 protein detection by western blot in Ybx1 knockdown RASMC cells. (C) RASMC 
cells were transfected with either vector control or shRNA-Ybx1 for 24 h, and cell viability was determined by the CCK-8 assay. (D) Effect of Ybx1 
knockdown on apoptosis regulation in RASMC cells. Apoptosis was detected by an Annexin V-Fluor647/PI flow cytometric apoptosis assay. (E) An 
ELISA assay was performed to examine the expression levels of IL10 in vector control and Ybx1 knockdown RASMC cells. (F) The migration capac-
ity of vector control and Ybx1 knockdown RASMC cells was tested with transwell assays. Scale bar: 50 μm. (G) Western blot showing the increased 
expression levels of myocardin and calponin in shYbx1 samples. The right panel was the quantitative result of greyscale values. Student's t-test, N = 3; 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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FIGURE 2    |     Legend on next page.
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the upregulated and downregulated DEGs also showed a con-
sistent expression pattern among the three replicates of both 
shYbx1 and shNC (Figure 2C). By performing KEGG enrich-
ment analysis for upregulated and downregulated DEGs, we 
found that upregulated DEGs were enriched in protein diges-
tion and absorption, adrenergic signalling in cardiomyocytes, 
ECM–receptor interaction, Wnt signalling pathway and focal 
adhesion pathways (Figure 2D). For downregulated DEGs, cell 
cycle, cell adhesion molecules (CAMs), cellular senescence, 
Epstein–Barr virus infection and phagosome were the top en-
riched pathways (Figure 2E). The enriched GO BP pathways for 
upregulated and downregulated DEGs also demonstrated sim-
ilar pathways in the KEGG analysis (Figure S1). The enriched 
cell cycle pathway for downregulated DEGs was consistent 
with the decreased proliferation level of RASMCs by shYbx1 
(Figure  1C). At the same time, the enriched ECM-associated 
pathways, including ECM–receptor interaction and CAMs, 
were also the molecular causes of IH [37]. Finally, we selected 
several DEGs that were highly associated with the pathogen-
esis or development of vascular diseases to illustrate their 
dysregulated expression levels between shYbx1 and shNC sam-
ples, including Lmod1, Fzd2, Fzd6, Lims2, Ppp1r12b, Chek1 
and Serpine1 (Figure  2F). In summary, these results suggest 
the profound transcriptional regulation of YBX1 in RASMCs 
and its potential function in IH formation.

3.2   |   YBX1 Regulates Alternative Splicing of Genes 
Associated With IH in RASMCs

Previous studies also reported the primary RNA splicing influ-
ence of YBX1 in multiple conditions [15, 21]. Thus, we investi-
gated the alternative splicing pattern and change between shYbx1 
and shNC samples. We analysed splicing changes following Ybx1 
knockdown and identified the novel, known and total AS events. 
A5SS, A3SS, IntronR, ES and cassetteExon were the top five AS 
types (Figure 3A). The most significant AS event was intron re-
tention among the 629 significantly regulated AS events (RASEs) 
between shYbx1 and shNC samples (Figure 3B). The clear sepa-
ration between shYbx1 and shNC was found by plotting and clus-
tering the AS ratio of these RASEs (Figure 3C). To analyse the 
functions of these RASE genes (RASGs), GO biological process 
analysis revealed that RASGs were significantly enriched in cyto-
kinesis, mitotic nuclear division, regulation of cell migration and 
other pathways (Figure  3D), indicating that these RASGs may 
also contribute to the altered cell proliferation and migration of 
RASMCs by shYbx1. We finally presented four RASEs/RASGs 
that were associated with the proliferation and migration of cells, 
including Crem, Pik3r1, Tcf3 and Rhoc (Figure 3E). Then we per-
formed RT-qPCR to validate these RASEs. The RT-qPCR results 
showed that the ratio of the Rhoc A5SS event was significantly 

decreased in shYbx1 samples, consistent with changes in RNA-
seq (Figure 3F). In summary, these results demonstrated that the 
YBX1-modulated AS profile can also influence the phenotypes of 
RASMCs and participate in the development of IH.

3.3   |   YBX1 Binds and Regulates mRNA Expression 
in RASMC Cells

To further investigate the potential regulatory role of YBX1 as 
an RBP, we downloaded and re-analysed a set of RIP-seq data 
(GSE159153) for YBX1-Flag in HEK293T cells [24]. The abun-
dance profile of identified genes was distinct between YBX1-IP 
and input samples (Figure  S2A). After identifying the bound 
peaks by YBX1, we found that the peaks were mainly from CDS 
and intron regions (Figure S2B), and showed significant overlap 
between the two replicates (Figure S2C, p-value = 0, hypergeo-
metric test). Functional enrichment analysis of YBX1-bound 
RNA genes showed that they were mainly enriched in cell cycle 
and RNA processing–associated pathways (Figure S2D,E). Then 
we integrated YBX1-bound genes with the DEGs identified from 
our RNA-seq data and found 353 overlapped genes (Figure 4A), 
suggesting that YBX1 interacts with the RNAs of these genes to 
affect their expression or even function in RASMCs. Meanwhile, 
we found that most of these overlapped DEGs were downregu-
lated in shYbx1 samples (Figure 4B). We performed GO func-
tional enrichment analysis on these 353 genes and showed that 
these genes were mainly enriched in pathways related to cell 
cycle and proliferation, such as cell division, mitotic nuclear di-
vision and chromosome segregation (Figure 4B). By plotting the 
DEG number in each pathway, we found that all the DEGs were 
downregulated by shYbx1 except one in cytokinesis (Figure 4C). 
Next, we focused on the top genes associated with disease. 
According to previous reports, the functions of CCNB1, CCND1, 
RRM2, CDK1 and PTTG1 may be related to cell proliferation and 
migration [38, 39], and all expressions of them were significantly 
downregulated following YBX1 knockdown and were validated 
by RT-qPCR (Figure 4D–H), which implies YBX1 plays an im-
portant role in IH. The distribution maps of reads showed that 
YBX1 binds to the RNA of CCNB1 and CCND1 (Figures 4I and 
S2F), which were further validated by RIP-qPCR in RASMCs 
(Figures 4J and S2G). Above all, the results demonstrated that 
YBX1 can regulate gene expression by binding to their tran-
scripts, which were associated with the pathogenesis of IH.

3.4   |   YBX1 Binds to and Regulates mRNA 
Alternative Splicing in RASMCs

Additionally, we want to decipher how YBX1 influences the AS pat-
tern of its bound transcripts. Then we combined peak genes bound 

FIGURE 2    |    YBX1 regulates gene expression in RASMC cells in intima hyperplasia. (A) Principal component analysis (PCA) of samples after 
normalising expression levels of all genes. The ellipse for each group is the confidence ellipse. (B) Volcano plot showing all differentially expressed 
genes (DEGs) between shYbx1 and NC samples. Red indicates genes with upregulated expression. Blue indicates genes with downregulated ex-
pression. (C) Hierarchical clustering heat map showing expression levels of all DEGs. DEGs were clustered on the basis of K-means. (D) Bubble plot 
exhibiting the most enriched KEGG analysis of upregulated genes. (E) Bubble plot exhibiting the most enriched KEGG analysis of downregulated 
genes. (F) Bar plot showing the expression pattern and statistical difference of DEGs from RNA sequencing. Error bars represent mean ± SEM. N = 3; 
**p-value < 0.01, ***p-value < 0.001.
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by YBX1 from RIP-seq and RASGs from RNA-seq, and found 
241 overlapped RASGs that were YBX1 regulated (Figure 5A, p-
value = 1.96e−10, hypergeometric test), indicating that YBX1 can 
modulate the AS pattern of genes by binding to their transcripts. 
By analysing the types of overlapped RASEs, we found A5SS and 
A3SS were the most prevalent types according to their classifi-
cation (Figure  5B). Among the YBX1-bound RASEs, we found 
that the A5SS event of Tpm1 was significantly suppressed by 
shYbx1, and we validated this AS event by RT-qPCR (Figure 5C). 
TPM1, whose expression was modulated by microRNA-21, can 

significantly regulate the proliferation and migration of VSMCs 
[40]. To have a clear visualisation of the bound density of YBX1 on 
the TPM1 transcript, we plotted the mapped reads density of RIP-
seq on TIM1 transcript and found two obviously enriched binding 
sites of YBX1 on TPM1 (Figure 5D). To confirm the binding ability 
of YBX1 on the TPM1 transcript, we performed a RIP-qPCR ex-
periment in RASMCs and validated the significant YBX1–TPM1 
interaction for the two binding sites (Figure 5E). In summary, our 
results highlight the AS regulatory function of YBX1 by binding to 
RNA transcripts, which is tightly associated with IH development.

FIGURE 3    |    YBX1 regulates gene alternative splicing in RASMC cells in intima hyperplasia. (A) The bar plot shows the number of all alternative 
splicing events (ASEs). X-axis: all ASE number. Y-axis: the different types of AS events. (B) The bar plot shows the number of all significant regu-
lated alternative splicing events (RASEs) between shYbx1 and NC samples. X-axis: all RASE numbers. Y-axis: the different types of AS events. (C) 
Hierarchical clustering heat map showing expression levels of all RASEs. DEGs were clustered on the basis of K-means. (D) Bubble plot exhibiting 
the most enriched GO biological process results of the regulated alternative splicing genes (RASGs). (E)The schematic diagrams depict the struc-
tures of RASEs (top). RNA-seq validation of the splicing ratio profile of the splicing event from Crem, Pik3r1, Tcf3 and Rhoc. Error bars represent 
mean ± SEM. N = 3; ***p-value < 0.001, **p-value < 0.01, *p-value < 0.05. (F) The bar plot showing the RT-qPCR results for A5SS RASE of Rhoc. Error 
bars represent mean ± SEM. N = 3; ****p-value < 0.0001.
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FIGURE 4    |     Legend on next page.
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4   |   Discussion

Many reports have shown that alternative splicing and dysregu-
lation of the cell cycle promote the occurrence and progression 
of multiple diseases. However, there are few studies on RBPs re-
lated to IH. Recent studies proved that vascular injury activates 
the RBP ILF3 of VSMC, which promotes intima formation [41]. 
LncPSR and arteridin regulate the gene expression and pheno-
typic transition of VSMCs by forming complexes with YBX1 
[42]. In this study, we demonstrated that YBX1 can act as both 
a transcriptional regulator and a splicing factor to modulate 
the cellular phenotypes of RASMCs, probably participating in 
the pathogenesis of intimal hyperplasia. At the same time, by 
integrating the RNA binding profile of YBX1, we predicted the 
underlying mechanism by which YBX1 affects gene expression 
and alternative splicing. In summary, these results highlight the 
important roles of YBX1 in RASMCs and its influence on IH 
formation and development.

After the knockdown of Ybx1 in RASMCs, we found that shYbx1 
inhibited cell proliferation and migration, promoted apoptosis and 
increased the expression of the anti-inflammatory factor IL10. 
One recent study demonstrated that YBX1 was highly expressed 
in human endothelial cells and was increased in murine plaques 
compared to wild-type vessels [43]. IL10 inhibits smooth muscle 
cell activation and reduces IH [44, 45], consistent with our experi-
mental results. YBX1 knockdown caused expression changes in a 
large part of the genes. Upregulated genes were mainly enriched 
in ECM–receptor interaction, Wnt signalling pathway, focal ad-
hesion, vascular smooth muscle contraction and other pathways, 
while downregulated genes were primarily enriched in cell cycle, 
CAM, p53 signalling pathway and other pathways. As a DNA-
binding protein and RBP, we showed that shYBX1 affected the 
expression of many genes. Among them, LMOD1 may affect the 
phenotypic transformation of smooth muscle cells [46]. FZD2 and 
FZD6 play an important role in Wnt signalling, regulating epithe-
lial–mesenchymal transformation (EMT) and tumour progres-
sion [47, 48]. LIMS2, PPP1R12B, CHEK1 and SERPINE1 are all 
associated with cell migration and invasion [49, 50]. Based on the 
above cognition, YBX1 may have an important function in IH by 
modulating related biological processes through interacting with 
other molecules [42]. In summary, YBX1 may affect the cell pro-
liferation and migration of RASMCs by regulating the expression 
of these genes, thereby affecting the progression of IH.

There are lots of differential ASEs regulated by shYBX1, yield-
ing the RNA binding ability of YBX1. The GO functions of 
these RASGs are enriched in cytokinesis; transcription; DNA-
templated, mitotic nuclear division and other pathways, most 
of which were related to cell cycle. CREM, RHOC, PIK3R1 and 

TCF3 are involved in the regulation of proliferation and or apop-
tosis of VSMCs [51–53]. Finally, we integrated the RIP-seq data 
of YBX1 to identify its binding targets. Although the RIP-seq 
and RNA-seq datasets did not come from the same cell line and 
can bring discrepancy for the findings, we detected hundreds of 
genes that were bound by YBX1 and showed significant differ-
ence at expression or alternative splicing levels, indicating that 
YBX1 has profound influence on its bound targets, thus modu-
lating the pathogenesis or development of IH. Meanwhile, we 
performed RIP-qPCR experiment on RASMCs and validated 
YBX1 binding ability on several transcripts, confirming the po-
tential regulation of YBX1 on its bound transcripts.

The overlapped DEGs and RASGs of RIP-seq and RNA-seq 
were mainly enriched in cell cycle–related pathways. The 
DEGs CCNB1, CCND1, PLK1, RRM2, CDK1 and PTTG1 and 
the RASG TPM1 both affect the proliferation of cells and are 
associated with IH [54–56]. CCND1 may also participate in the 
proliferation and migration of VSMCs in vitro and intimal hy-
perplasia in vivo [57]. Cyclin-dependent protein kinases (CDKs), 
including CDK1, have been extensively discussed in the pro-
liferation and migration of VSMCs, as well as their inhibitors 
[58]. PTTG1 is a regulator of VSMC migration and phenotype 
through MAPK signalling [59]. TPM1, whose AS pattern was 
modulated by YBX1, participates in the proliferation and migra-
tion of VSMCs [60]. Another study also demonstrated that the 
DHX9 and YBX1 complex can modulate the AS pattern of KLF5 
mRNA, thus altering the phenotypic transformation of VSMCs 
and involving aortic dissection disease [21], suggesting a possi-
ble regulatory manner for YBX1 in AS by interacting with other 
proteins. These results together indicate that YBX1 influences 
the proliferation and apoptosis of RASMCs by regulating the 
expression and alternative splicing of cell cycle–related genes 
through interactions with other key factors, yielding the essen-
tial functions and therapeutic potential of YBX1 in IH.

Although we have preliminarily confirmed the role of YBX1 
in IH, more complete and rational experimental studies on the 
mechanism of its function are lacking. For instance, we have 
not conducted animal model and comprehensive molecular ex-
periment verification, and we have not thoroughly investigated 
how YBX1 regulates downstream targets to affect the occur-
rence and even the progress of intimal hyperplasia. The two sets 
of sequencing data we analysed were not from the same cell or 
even the same species, which may have made our conclusions 
less accurate.

In conclusion, we suggest that YBX1 may influence the progres-
sion of intimal hyperplasia by regulating the expression and al-
ternative splicing of genes related to cell migration and the cell 

FIGURE 4    |    YBX1 binds and regulates mRNA expression in RASMC cells. (A)Venn diagram showing the overlap of DEGs and RIP-seq. (B) 
Bubble plot exhibiting the most enriched GO biological process results of the overlapping DEGs. (C) The bar plot showing the number of up-or 
downregulated genes in (B). (D–H) Bar plot showing the expression pattern and statistical difference of DEGs for six important genes. Error bars 
represent mean ± SEM. N = 3; ***p-value < 0.001. (I) YBX1 binding peak genes of CCNB1. IGV-Sashimi plot showing the peak reads and binding sites 
across mRNA; the green and red panels represent the positions of peaks. Reads distribution of the bound gene is plotted in the upper panel and the 
transcripts of each gene are shown below. (J) Bar plot showing the relative binding enrichment of YBX1 on Ccnb1 transcript. Error bars represent 
mean ± SEM. N = 3; ****p-value < 0.0001.
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FIGURE 5    |    YBX1 binds and regulates mRNA alternative splicing in RASMCs. (A) Venn diagram showing the overlapped genes between YBX1-
bound genes and RASGs. (B) The bars show the distributed number of overlapped RASEs. (C) Bar plot showing the expression pattern and statistical 
difference of Tpm1 A5SS by RNA-seq (left panel) and RT-qPCR (right panel) experiments. Error bars represent mean ± SEM. N = 3; *p-value < 0.05; 
****p-value < 0.0001. (D) YBX1 binds to the mRNAs of TPM1. IGV-Sashimi plot showing binding sites across mRNA. The peak ranges are highlight-
ed with pink or green colours. (E) Bar plot showing the relative binding enrichment of YBX1 on Tpm1 transcript. Error bars represent mean ± SEM. 
N = 3; ****p-value < 0.0001.
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cycle. Furthermore, our study provides a reliable basis for the 
investigation of the function of YBX1 in intimal hyperplasia.
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