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Abstract

Background: SPI1 is a hub gene associated with intracranial aneurysms (IA) and is highly expressed in IA tissues. However, its
functional role in IA formation remains unclear. This study aimed to investigate the effect of SPI1 on IA development and its underlying
mechanisms. Methods: An in vitro IA cell model was established using Platelet-Derived Growth Factor BB (PDGF-BB)-induced
vascular smooth muscle cells (VSMCs). SPI1 expression was silenced via sh-SPI1 plasmids to assess its effects on VSMC phenotypic
switching and the Wnt pathway. The binding of SPI1 to the Wnt5a promoter was verified by chromatin immunoprecipitation (ChIP)
assays. Furthermore, to investigate whether SPI1 influences the contractile-to-synthetic phenotypic transition of VSMCs via the Wnt
pathway, the cells were treated with the Wnt5a inhibitor Box5. The in vivo effects of SPI1 knockdown were assessed using an IA mouse
model. Results: Compared with the control group, PDGF-BB treatment increased the expression of SPI1, synthetic phenotype markers
(MMP3/9), and Wnt pathway-related proteins (β-catenin and c-Myc), while reducing the expression of contractile markers (α-SMA and
SM22α) and Wnt5a. Silencing of SPI1 reversed these changes. ChIP assays further confirmed that SPI1 could bind directly to the Wnt5a
promoter. Moreover, treatment with the Wnt5a inhibitor Box5 reversed the SPI1 knockdown-induced changes in Wnt5a, β-catenin, and
c-Myc in VSMCs. In vivo, SPI1 knockdown alleviated vascular wall thickening in the cerebral artery ring of IA mice, improved the
loss of elastic fibers, and suppressed inflammatory responses. In addition, SPI1 knockdown promoted Wnt5a expression while restoring
the expression of β-catenin, c-Myc, and phenotypic markers toward control levels. Conclusion: This study suggests that SPI1 promotes
intracranial aneurysm formation by inhibitingWnt5a transcription, thereby promoting activation of the canonical Wnt/β-catenin pathway
and driving VSMC phenotypic switching toward a synthetic phenotype. In vivo, SPI1 knockdown alleviated vascular wall injury and
inflammation. These findings indicate that the SPI1/Wnt5a signaling axis may represent a potential therapeutic target for intracranial
aneurysms.
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1. Introduction
Intracranial aneurysm (IA) is a cerebrovascular dis-

ease characterized by localized abnormal enlargement of
the lumen of a cerebral artery, commonly seen in middle-
aged and elderly patients [1,2], with an incidence rate of
approximately 3% [3,4]. These aneurysms are prone to sud-
den rupture during episodes of stress, physical exertion, fa-
tigue, or other conditions associated with elevated blood
pressure. Once ruptured, they can cause acute subarach-
noid hemorrhage, which is associated with high rates of
disability and mortality [4,5,6]. Currently, the main treat-
ment strategies for IA include endovascular coil emboliza-
tion and surgical clipping [7,8]. However, these interven-
tions may also cause a range of complications and have a
relatively high recurrence rate. Therefore, elucidating the
pathogenesis of IA and the underlying molecular mecha-
nisms is of substantial importance for identifying diagnos-
tic markers and developing drugs to prevent the progression
of IA [9,10].

The pathogenesis of IA is complex, and its de-
velopment may be related to various factors, including
atherosclerosis, hypertension, and smoking [11]. These
factors contribute to endothelial injury, vascular wall de-
generation, vascular smooth muscle cell phenotypic mod-
ulation, inflammation, and cell death, leading to vascu-
lar cell loss and extracellular matrix degradation [12,13].
Among these mechanisms, vascular smooth muscle cells
(VSMCs) are the predominant cellular component of the
arterial wall and are essential for maintaining vascular wall
integrity and mechanical properties through the production
of extracellular matrix. Their structural and pathological
alterations play a fundamental role in the progression and
rupture of IA [14,15,16]. Under physiological conditions,
VSMCs mainly exhibit a contractile phenotype, which is
characterized by high expression of contractile markers
such as α-SMA and SM22α. However, when vessels are
exposed to pathological stimuli, VSMCs undergo pheno-
typic switching toward a synthetic state, accompanied by
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increased expression of the synthetic marker osteopontin
(OPN) [17,18], which leads to the significant enhancement
of cellular secretion, proliferation, and migration capabil-
ities [17]. Furthermore, the expression of matrix metallo-
proteinases (MMPs) is also significantly increased. This
phenotypic switching of VSMCs ultimately accelerates the
formation and rupture of IA [15,18]. Therefore, investigat-
ing the molecular mechanisms that regulate VSMC pheno-
typic switching may provide new insights and therapeutic
strategies for IA.

The SPI1 gene encodes PU.1, a transcription factor
from the E26 transformation-specific (ETS) family [19].
PU.1 plays a central role in regulating immune cell differ-
entiation and functional activity and has been implicated in
the pathophysiology of autoimmune disorders [20]. SPI1 is
located on chromosome 11p11.22 and functions as a key
transcriptional regulator [21]. In recent years, accumu-
lating evidence has demonstrated that SPI1 is involved in
the progression of multiple malignancies, including cervi-
cal, gastric, and liver cancers [22,23,24]. For example,
SPI1 promotes the migration and invasion of gastric can-
cer cells by upregulating NMT1 through activation of the
PI3K/AKT/mTOR signaling pathway [25], while in hepa-
tocellular carcinoma, SPI1 is recruited by LINC00324 to
promote the expression of Fas ligand, thereby facilitat-
ing tumor progression [26]. Traditionally, SPI1 has been
recognized for its role in regulating the differentiation of
hematopoietic stem cells into myeloid and lymphoid cells.
However, recent studies have extended its functional scope,
revealing that SPI1 also possesses direct pathophysiologi-
cal effects in vascular cells [27]. Notably, SPI1 has been
identified as a key immunomodulatory factor in acute my-
ocardial infarction, where its upregulation is closely asso-
ciated with increased proinflammatory immune cell infil-
tration and reduced protective immune cells. Mechanis-
tically, SPI1 directly activates the TLR4/NF-κB signaling
axis, thereby promoting cardiomyocyte apoptosis, inflam-
matory responses, and tissue fibrosis, highlighting its po-
tential as both a diagnostic biomarker and a therapeutic tar-
get through modulation of immune-inflammatory pathways
[28,29]. In addition, SPI1 has been reported to be upregu-
lated in cardiomyocytes and to play a regulatory role in the
progression of atherosclerosis [30], which is a recognized
risk factor for IA. Furthermore, analysis of Gene Expres-
sion Omnibus (GEO) datasets has identified SPI1 as a hub
gene associated with IA, with significantly elevated expres-
sion observed in IA tissues [31]. Based on these findings,
we hypothesize that SPI1 may act as a pathogenic regulator
in IA; however, further experimental validation is required
to substantiate this hypothesis.

TheWnt protein family is a class of secreted glycopro-
teins rich in cysteine residues [32]. Wnt signaling pathways
are mainly divided into canonical β-catenin-dependent
pathways and non-canonical β-catenin-independent path-
ways [33]. The non-canonical pathways primarily com-
prise the Wnt/planar cell polarity (PCP) pathway and the

Wnt/Ca2+ pathway. The Wnt/PCP pathway regulates cy-
toskeletal organization to control cell polarity and migra-
tion, whereas the Wnt/Ca²⁺ pathway modulates intracel-
lular Ca²⁺ signaling to influence cell fate determination
and motility through downstream transcriptional responses
[34]. The Wnt signaling network plays a critical regulatory
role in a wide range of pathological conditions, including
cardiovascular diseases, cancer, metabolic disorders, and
autoimmune diseases [35]. Wnt5a is a representative Wnt
ligand that predominantly activates β-catenin-independent
signaling pathways. In addition to its role in regulating
cellular development and differentiation, Wnt5a is closely
associated with various pathological processes, including
cardiovascular disease, tumor progression, metabolic ab-
normalities, tissue fibrosis, and developmental disorders
[35,36,37]. It is worth noting that Wnt5a signaling is
highly context-dependent, with its functional effects vary-
ing according to receptor composition [38,39], cellular mi-
croenvironment [40,41], and specific pathological condi-
tions [42,43]. For example, independent of Bruton’s tyro-
sine kinase (BTK), Wnt5a can activate ERK1/2 through a
ROR1/DOCK2-dependent pathway, thereby promoting the
proliferation of chronic lymphocytic leukemia cells [44]. In
vascular pathology, theWnt5a/Ror2 axis has been shown to
promote atherosclerosis by inhibiting ABCA1 and activat-
ing NF-κB signaling, leading to cholesterol accumulation
and inflammation in VSMCs [35]. Moreover, activation of
the non-canonical Wnt5a–PCP pathway by CTHRC1 reg-
ulates cardiac fibroblast-mediated scar formation, which is
essential for maintaining myocardial structural integrity af-
ter infarction [45]. Our previous work further demonstrated
that miR-374a-5p targets Wnt5a to regulate VSMC pheno-
typic switching and M2 macrophage polarization, thereby
contributing to IA progression [46]. However, the potential
connection between SPI1 and Wnt5a, and its relevance to
IA pathogenesis, remains to be elucidated.

In this present study, we aimed to characterize the ex-
pression pattern and functional role of SPI1 in IA models
and determine whether SPI1 regulates IA formation and
progression through Wnt5a-mediated Wnt signaling. To
our knowledge, these findings provide a basis for identi-
fying potential therapeutic targets and offer mechanistic in-
sights for future studies on IA prevention and treatment.

2. Materials and Methods
2.1 Cell Culture

Human cerebral vascular smooth muscle cells
(VSMCs) (CP-H116, Procell, China) were cultured in
Ham’s F-12K medium (21127022, Gibco, USA) supple-
mented with 10% fetal bovine serum (FBS) (A5670701,
Gibco, USA) and 1% dual antibiotics (15140148, Gibco,
USA) at 37°C in a humidified incubator with 5% CO2,
and cells within passage 3 were used for all experiments.
[47]. All experiments in this study were performed using
cells derived from three independent donors (biological
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triplicates) to ensure the generalizability of the results.
All cell lines were validated by STR profiling and tested
negative for mycoplasma contamination.

2.2 Cell Treatment

The cells were divided into four groups: Con-
trol, Platelet-Derived Growth Factor BB (PDGF-BB), sh-
NC, and sh-SPI1. PDGF-BB (10 ng/mL, HY-P7055B,
MCE, USA) [14,46] was added to serum-free Ham’s F-
12K medium, and the cells were incubated for 24 hours
at 37 °C to induce phenotypic switching. VSMCs in
the sh-SPI1 and sh-NC groups were transfected for 24
hours with silencing transfection reagent (sh-SPI1) or neg-
ative control transfection reagent (sh-NC), respectively,
using Lipofectamine 2000 (11668019, Invitrogen, USA).
After transfection, VSMCs were treated with or with-
out the Wnt5a inhibitor Box5 (100 μM, HY-123071,
MCE, USA) for 2 hours [46,48], with DMSO serving
as the control. The SPI1 shRNA sequence was 5′-
GCCCTATGACACGGATCTATA-3′, and the NC shRNA
sequence was 5′-GAGGAAAGGATTGAGTTTAGC-3′.

2.3 Animal Treatment

Male C57 mice (6–8 weeks old, 20-25 g) were pur-
chased fromChangsha Tianqin BiotechnologyCo., Ltd. All
mice were provided with food and water ad libitum and ac-
climated for oneweek. Inclusion criteria: healthymicewith
normal activity and no signs of infection or illness were in-
cluded. Exclusion criteria: mice that died during or within
48 hours after surgery, or showed signs of severe infection
or surgical failure, were excluded. The animals were then
randomly divided into four groups: Control, IA, sh-NC, and
sh-SPI1, with six mice in each group. No animals were ex-
cluded from the study. After acclimation, all mice except
those in the Control group underwent ligation of the left
common carotid artery and the posterior branches of the
bilateral renal arteries. One week after surgery, the mice
were anesthetized with 1% isoflurane inhalation, the scalp
was shaved and disinfected, and the animals were fixed in a
stereotaxic instrument. A 1 cm midline incision was made,
the subcutaneous fascia was dissected, and the skull was
fully exposed. The coordinates for in situ injection were set
at 1.0 mm to the right of the anterior fontanelle (X-axis),
2.5 mm posterior to the anterior fontanelle, and 5.3 mm in
depth. Elastase (1 μL, E1250, Sigma, GER) was injected
at a rate of 0.2 μL/min [49]. Concurrently, mice were pro-
vided with 1% NaCl drinking water. After model estab-
lishment, mice in the sh-NC and sh-SPI1 groups received
tail vein injections of 2 × 1011 vg adeno-associated virus
(AAV)-shNC or AAV-shSPI1, respectively. Angiotensin II
(A1042, APExBIO, USA) was subsequently administered
via intraperitoneal injection. The AAV serotype used in
this study was AAV9, which was constructed and pack-
aged by HonorGene Company. After recovery, mice were
fed a diet containing 0.12% BAPN and 8% NaCl for four

weeks. At the experimental endpoint, all mice were hu-
manely euthanized in accordance with established proto-
cols [50]. Briefly, mice were anesthetized with 5% isoflu-
rane inhalation and euthanized by cervical dislocation [51].
All animal experiments were conducted in accordance with
ARRIVE guidelines and approved by the Ethics Committee
of Changsha First Hospital.

2.4 Evaluation of Aneurysm Formation and Rupture
To assess aneurysm rupture, two researchers not in-

volved in the experimental grouping performed daily neu-
rological function assessments in the mice according to pre-
viously reported methods [52]. The scoring criteria were
as follows: 0 points (normal); 1 point (weight loss >2 g
within 24 hours); 2 points (flexion of the trunk and fore-
limbs when the tail is lifted); 3 points (rotation at rest with
normal posture); 4 points (tilting to one side at rest); and
5 points (no spontaneous activity). Mice exhibiting neuro-
logical symptoms (score ≥1) were immediately euthanized,
and the circle of Willis was examined under a microscope
post-mortem to confirm the presence of aneurysms and sub-
arachnoid hemorrhage. Asymptomatic mice were eutha-
nized after 4 weeks, and the circle of Willis was harvested
for HE and Victoria blue staining to assess the formation of
aneurysms.

2.5 Reverse Transcription Quantitative Polymerase Chain
Reaction (RT-qPCR)

Total RNA was extracted from cells or tissues us-
ing TRIzol reagent (15596026, Thermo, USA). cDNA
was synthesized using an mRNA reverse transcription kit
(CW2569, Cwbio, China) with mRNA as the template. The
resulting cDNA was mixed with the fluorescent dye Ul-
traSYBR mixture (CW2601, Cwbio, China) and subjected
to RT-qPCR with real-time fluorescence signal detection.
GAPDH was used as the internal reference gene, and the
relative expression levels of target genes were calculated
using the 2−∆∆CT method. The primer sequences are listed
in Table 1.

2.6 Western Blot (WB)
RIPA lysis buffer (AWB0136, Abiowell, China) was

used to extract total protein from brain tissue and VSMCs.
Proteins were transferred to nitrocellulose membranes af-
ter separation by electrophoresis. After blocking the mem-
branes with 5% non-fat milk powder (AWB0004, Abiowell,
China) for 90 minutes at room temperature, primary anti-
bodies were added, diluted according to the ratios shown
in Table 2, and incubated overnight at 4 °C. HRP-labeled
secondary antibodies were diluted with PBST (AWI0130,
Abiowell, China) (Table 2), and then incubated with the
membrane at room temperature for 90 minutes. The mem-
brane was incubated with ECL chemiluminescent solution
(AWB0005, Abiowell, China) for 1 minute and then im-
aged using an imaging system (ChemiScope6100, Clinx,
China). GAPDH was used as the internal reference. Im-
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Table 1. Primer sequences used in this study.
Primers Sequence Product length /bp

H-GAPDH
F ACAGCCTCAAGATCATCAGC
R GGTCATGAGTCCTTCCACGAT

104

H-SPI1
F ATCCTGAGGGGCTCTGCATTG
R ACGAGGGGAAACCCTTCCAT

104

H-MMP3
F TGAGGACACCAGCATGAACC
R ACTTCGGGATGCCAGGAAAG

248

H-MMP9
F CTGAAGGCCATGCGAACCCCA
R GCAAAGGCGTCGTCAATCACC

155

H-α-SMA
F CTATGAGGGCTATGCCTTGCC

R GCTCAGCAGTAGTAACGAAGGA
122

H-SM22α
F CCTCTGACACATGCGGCTT
R AGTCATTCCAGGTCGGCATC

114

H-Wnt5a
F AATTCTGGCTCCACTTGTTGCT
R ACATTGCACTTCCAGCCATC

88

M-GAPDH
F GCGACTTCAACAGCAACTCCC
R CACCCTGTTGCTGTAGCCGTA

122

M-SPI1
F GTGGCAGGCCCTTCGATAAA
R CTACAGGAGCCCTGGGTGAG

81

M-MMP3
F TTCTGGGCTATACGAGGGCA
R CTTCTTCACGGTTGCAGGGA

84

M-MMP9
F GCCCTGGAACTCACACGACA
R GTAGCCCACGTCGTCCACC

139

M-α-SMA
F GCCCCTGAAGAGCATCCGAC

R CCAGAGTCCAGCACAATACCAGT
179

M-SM22α
F CAGACACCGAAGCTACTCTCCT
R GACTGCACTTCTCGGCTCA

106

M-Wnt5a
F ACTTGTTGCTCCGGCCCAG

R GCGAAGGAGAAAAACGTGGC
123

Wnt5a#1
F TTTTAGTGTAGGCATTTAGC
R ATTCCAGGTGGTTCAGTC

129

Wnt5a#2
F GGGGAATACTGGCTGACC
R AGAGCCTGAAGAGGTAGAT

281

Wnt5a#3
F GGCAACGTGGGATCAGTG
R TGTAGACAGCAAGCCATA

109

ageJ software (version 1.52v, National Institutes of Health,
USA) was used to analyze the relative gray values of the
target bands.

2.7 Cell Counting Kit-8 (CCK-8) Assay
VSMCswere seeded into 12-well plates at a density of

1 × 104 cells per well. After treatment, the drug-containing
mediumwas removed, and 300 μL of CCK-8 working solu-
tion (NU679, Dojindo, Japan) was added to each well, fol-
lowed by incubation at 37 °C for 4 hours. The supernatant
was then transferred to a 96-well plate (3 replicates per
group, 0030730119, Eppendorf, GER), and the absorbance
was measured at 450 nm.

2.8 Transwell Migration Experiment
VSMCs were resuspended in serum-free medium and

added to the upper chamber of the Transwell insert (3422,
Corning, USA). Then, 500 μL of completemedium contain-

ing 10% FBS was added to the lower chamber. After incu-
bation at 37 °C for 72 hours, the cells in the upper cham-
ber were removed, and the migrated cells were fixed and
stained with crystal violet (AWC0333, Abiowell, China).
Three random fields were selected under the microscope for
photography and counting.

2.9 TOP/FOP Flash Assay
293T cells (AW-CNH086, iCell, China) were main-

tained in DMEM supplemented with 10% FBS and 1% dual
antibiotics at 37 °C in a humidified incubator with 5% CO2.
Cells within passage 5 were used for all experiments. Then,
the cells were seeded into 24-well plates and co-transfected
with TOP-Flash (WT) or FOP-Flash (MUT) reporter plas-
mids and sh-NC or sh-SPI1 (HonorGene, China). Plas-
mids were extracted using an endotoxin-free plasmid kit
(DP117, TIANGEN, China). After 48 hours of transfec-
tion, the medium was discarded, and the cells were washed
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Table 2. Antibody details of this study.
Name Item number Dilution ratio Company

SPI1 55100-1-AP 1:1000 Proteintech (USA)
MMP3 AWA58491 1:1000 Abiowell (China)
MMP9 AWA12616 1:5000 Abiowell
SM22α 10493-1-AP 1:20,000 Proteintech
Wnt5a 55184-1-AP 1:2000 Proteintech
α-SMA 14395-1-AP 1:5000 Proteintech
β-Catenin ab32572 1:5000 Abcam (UK)
C-myc ab32072 1:1000 Abcam
GAPDH 10494-1-AP 1:5000 Proteintech
PCNA 10205-1-AP 1:5000 Proteintech
HRP goat anti-mouse IgG SA00001-1 1:5000 Proteintech
HRP goat anti-rabbit IgG SA00001-2 1:6000 Proteintech

with PBS. Subsequently, 100 μL of PLB lysis buffer was
added to each well, and the cells were lysed at room temper-
ature for 15 minutes. Then, 20 μL of cell lysate was mixed
with 100 μL of LAR II reagent to measure firefly luciferase
activity using the Dual-Luciferase Reporter Assay System
(E1910, Promega, USA). The ratio of firefly to Renilla lu-
ciferase activity was calculated, and the relative luciferase
activity was normalized to the sh-NC+WT control group.

2.10 Chromatin Immunoprecipitation (ChIP) and
RT-qPCR

The cells were collected by trypsin digestion
(15090046, Gibco, USA) and fixed with 1.1% formalde-
hyde (F8775, Sigma, GER) for 10 minutes. The reaction
was then terminated with glycine (V900144, Sigma, GER).
After centrifugation and washing, the cells were resus-
pended in Buffer B/C and centrifuged again to obtain the
precipitate. Buffer D and proteinase inhibitors (AWH0645,
Abiowell, China) were added to the pellet, followed by
sonication (4 s on/6 s off, total 60 s, 20% power). The
supernatant was then collected by centrifugation. The
supernatant was mixed with ddH2O and DNA purifica-
tion slurry, denatured at 98 °C, and incubated at room
temperature. Proteinase K (P1120, Solarbio, China) was
used for stepwise digestion (55 °C/98 °C), and DNA frag-
ments were analyzed by 1.5% agarose gel electrophoresis
(111860, Biowest, ES). After sonication and dilution
with 1× ChIP Buffer, the supernatant was divided into
three groups: input, target antibody, and positive/negative
control. The antibody was then incubated overnight at
4 °C. After cleaning, the agarose beads were combined
with the sample and immunoprecipitated three times with
ChIP Buffer. The agarose beads were resuspended in DNA
purification slurry, evenly mixed with chromatin from
the input group, denatured at 98 °C, and then incubated.
After proteinase K digestion, 70 μL of supernatant was
collected. Finally, the relative expression levels of the
target gene were determined using RT-qPCR, as described
in Section 2.5. The control IgG used in the experiment was

normal rabbit IgG (30000-0-AP, Proteintech, USA), which
matched the rabbit-derived SPI1 antibody (Ab302623,
Abcam, China) used in this study. The primer sequences
are shown in Table 1.

2.11 Hematoxylin-Eosin (HE) Staining

After baking at 60 °C for 2–3 hours, the tissue sec-
tions were dewaxed by immersion in xylene (10023418,
SCRC, China) three times for 20 minutes each. They were
then successively immersed in 100%, 95%, 85%, and 75%
ethanol (W990001-1, Tianjin Zhiyuan, China) for 5 min-
utes each, followed by washing with distilled water for 5
minutes. The staining procedures were as follows: eosin
(AWI0029a, Abiowell, China) staining for 1–5 minutes,
followed by rinsing with distilled water and bluing; hema-
toxylin (AWI0001a, Abiowell, China) staining for 1–10
minutes. The sections were then dehydrated with 95%
and 100% ethanol for 5 minutes each and cleared with xy-
lene twice for 10 minutes each. Finally, the sections were
mounted with neutral resin (AWI0238a, Abiowell, China),
observed under a microscope (BA210T, Motic, China), and
photographed.

2.12 Victoria Blue Staining

After baking at 60 °C for 12 hours, tissue sectionswere
dewaxed three times in xylene, 20 minutes each. They were
then successively immersed in 100%, 95%, 85%, and 75%
ethanol for 5 minutes each, followed by washing with dis-
tilled water for 5 minutes. The sections were oxidized in
Tanake oxidant for 5 minutes and washed with tap water,
then bleached in Tanake bleaching agent for 2 minutes un-
til the oxidant was completely decolorized. The sections
were then washed twice with 70% ethanol for 10 seconds
each until no staining solution remained, followed by rins-
ing with purified water. After staining with Victoria Blue
(G1596, Solarbio, China) for 24 hours, the sections were
rinsed twice with 70% ethanol for 10 seconds each. The nu-
clei were counterstained with nuclear red staining solution
for 5–10 minutes and slightly washed with running water.
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Fig. 1. SPI1 ismarkedly overexpressed inVSMCs induced by Platelet-DerivedGrowth Factor BB (PDGF-BB). (A) SPI1 expression
in VSMCswas examined using RT-qPCR. (B) SPI1 expression in VSMCswas examined usingWB. n = 3, *p < 0.05 vs. Control. VSMCs,
vascular smooth muscle cells; RT-qPCR, reverse transcription quantitative polymerase chain reaction; WB, Western blot.

The sections were dehydrated with 95% and 100% ethanol
for 5 minutes each and then cleared in xylene twice for 10
minutes each. Finally, the sections were sealed with neutral
resin, observed under a microscope, and photographed.

2.13 Enzyme-linked Immunosorbent Assay (ELISA)
Fifty milligrams of fresh tissue were homogenized

with precooled PBS on ice, centrifuged at 5000 × g at 2–
8 °C for 5 minutes, and the supernatant was collected. In-
flammatory factor levels were measured using commercial
ELISA kits: TNF-α (KE10002, Proteintech, USA), IL-1β
(KE10003, Proteintech, USA), IL-6 (KE10007, Protein-
tech, USA), and IL-10 (KE10103, Proteintech, USA). All
steps were performed according to the manufacturer’s in-
structions, and the optical density (OD) of each well was
measured at 450 nm using an enzyme-linked immunosor-
bent assay reader (MB-530, HEALES, China).

2.14 Immunohistochemistry (IHC)
The expression of SPI1 in the circle of Willis of mice

was detected by IHC. After dewaxing, antigen retrieval, and
endogenous peroxidase blocking of tissue sections, mouse-
derived SPI1 primary antibody (66618-2-Ig, Proteintech,
USA) was added and incubated at 4 °C overnight. The
secondary antibody (AWI0629, Abiowell, China) was then
incubated at 37 °C for 30 minutes. DAB (34065, Ther-
moFisher, USA) was used for color development, hema-
toxylin (H8070, Solarbio, China) was used for counter-
staining, and the sections were dehydrated, cleared, and
sealed. Images were collected using an optical microscope
(BA210T, Motic, China).

2.15 Statistical Analysis
Data are expressed as mean ± standard deviation

(mean ± SD). The number of samples (n) represents the
number of independent biological replicates. Statistical
analyses were performed using GraphPad Prism 8. Stu-
dent’s t-test was used for comparisons between two groups,
and one-way ANOVA followed by Tukey’s multiple com-
parison test was used for comparisons among three or more
groups. A p-value < 0.05 was considered statistically sig-
nificant. Investigators performing histological evaluations
(HE staining, Victoria blue staining, IHC) and ELISA as-
says were blinded to group allocation until all data were col-
lected and analyzed. Statistical power was evaluated using
the degrees of freedom (E), calculated as the total number
of animals minus the number of groups, which falls within
the recommended range of 10–20, indicating adequate sta-
tistical power for this study. Normality and homogeneity
of variance were assessed and met prior to ANOVA. Effect
sizes and confidence intervals were not calculated.

3. Results
3.1 SPI1 is Markedly Overexpressed in VSMCs Induced by
PDGF-BB

We first established a PDGF-BB-induced VSMC IA
model and then detected SPI1 expression using RT-qPCR
and WB. The findings demonstrated that SPI1 expression
levels were higher in the PDGF-BB group than in the con-
trol group (Fig. 1A,B). This result suggests that SPI1 may
play a role in IA development; however, further studies are
required to confirm this.
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Fig. 2. SPI1 knockdown increases the PDGF-BB-induced change in VSMCs from a synthetic to a contractile phenotype. (A,C)
SPI1 expression inVSMCswas examined usingRT-qPCR. (B,D) SPI1 expression inVSMCswas examined usingWB. (E) The expression
of α-SMA, SM22α, MMP3, and MMP9 in VSMCs was examined using RT-qPCR. (F) The expression of α-SMA, SM22α, MMP3, and
MMP9 in VSMCs was examined using WB. (G) CCK-8 assay for cell proliferation. (H) Transwell assay for cell migration. Scale bar =
100 μm. n = 3, for Fig. 2A,B: *p < 0.05 vs. sh-NC; for Fig. 2C–H: *p < 0.05 vs. Control. #p < 0.05 vs. sh-NC.
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3.2 SPI1 Knockdown Increases the PDGF-BB-induced
Change of VSMCs From Synthetic to Contractile
Phenotype

To investigate the effect of SPI1 on PDGF-BB-
induced VSMCs, we first screened for effective siRNA
targets. The results of RT-qPCR and WB assays showed
that, compared with the si-NC group, all three targets were
able to downregulate SPI1 expression to varying degrees,
with si-SPI1#3 showing the most significant knockdown
efficiency (Fig. 2A,B). Therefore, it was selected for
subsequent experiments. Subsequently, the screened si-
SPI1#3 was transfected into VSMCs and grouped for treat-
ment. Both RT-qPCR and WB assays demonstrated that
SPI1 expression was downregulated in the sh-SPI1-treated
group compared with the sh-NC group, indicating success-
ful transfection of the sh-SPI1 plasmid. SPI1 knockdown
efficiency was approximately 41.23% at the mRNA level
and 46.67% at the protein level compared with the sh-NC
group (Fig. 2C,D). We then measured the levels of con-
tractile smooth muscle cell biomarkers α-SMA and SM22α,
as well as synthetic smooth muscle cell biomarkers MMP3
and MMP9, in the cells. RT-qPCR and WB analysis re-
sults showed that PDGF-BB treatment reduced α-SMA and
SM22α expression and increased MMP3 and MMP9 ex-
pression in VSMCs. However, SPI1 knockdown reversed
this trend (Fig. 2E,F). In addition, functional experimental
results indicated that SPI1 knockdown inhibited PDGF-BB-
induced VSMC proliferation (Fig. 2G) and migration abil-
ity (Fig. 2H). These results suggest that SPI1 knockdown
promotes the conversion of VSMCs from a synthetic phe-
notype to a contractile phenotype induced by PDGF-BB.

3.3 SPI1 Inhibits Wnt5a Transcription and Activates the
Wnt Pathway

To investigate whether SPI1 affects the Wnt pathway
in PDGF-BB-induced VSMCs, we used RT-qPCR and WB
to detect the expression levels of Wnt5a. The findings
demonstrated that Wnt5a levels in VSMCs decreased com-
pared with the Control group after PDGF-BB treatment.
Conversely, in PDGF-BB-induced VSMCs, Wnt5a levels
increased when SPI1 was knocked down (Fig. 3A,B). In
addition, we detected the expression of c-Myc in VSMCs.
The findings demonstrated that c-Myc levels increased
compared with the Control group after PDGF-BB treat-
ment. However, sh-SPI1 treatment reversed the PDGF-BB-
induced increase in c-Myc (Fig. 3B). To further verify the
impact of SPI1 on the activity of the canonical Wnt path-
way, we examined the nuclear–cytoplasmic distribution of
β-catenin. The WB results indicated that PDGF-BB treat-
ment promoted the nuclear translocation of β-catenin, while
SPI1 knockdown inhibited the nuclear translocation of β-
catenin (Fig. 3C). Meanwhile, the results of the TOP/FOP
flash reporter assay showed that SPI1 knockdown signifi-
cantly reduced the transcriptional activity of β-catenin (Fig.
3D). Next, we predicted the binding of the transcription fac-
tor SPI1 to the Wnt5a promoter using the JASPAR web-

site (Fig. 3E). ChIP assays revealed that sh-SPI1 treatment
significantly reduced the SPI1 enrichment signal at specific
locations (#1, #2, #3) in the Wnt5a promoter region com-
pared with the sh-NC group, demonstrating SPI1 binding
to the Wnt5a promoter (Fig. 3F). These data suggest that
SPI1 may activate the canonical Wnt pathway by suppress-
ing Wnt5a transcription.

3.4 SPI1 Knockdown Promotes PDGF-BB-induced VSMC
Contraction Phenotypic Switching Through Wnt5a

To investigate whether SPI1 promotes PDGF-BB-
induced VSMC contractile phenotypic switching through
Wnt5a, we introduced the Wnt5a inhibitor Box5. WB re-
sults showed that, compared with the sh-NC group, Wnt5a
expression was significantly downregulated, whereas β-
catenin and c-Myc expression were upregulated after Box5
treatment, while SPI1 expression was almost unaffected. In
contrast, SPI1 knockdown upregulated Wnt5a levels and
downregulated SPI1, β-catenin, and c-Myc levels. The
sh-SPI1+Box5 group reversed the changes in Wnt5a, β-
catenin, and c-Myc induced by SPI1 knockdown (Fig. 4A).
Although seemingly contradictory, the observation that
Wnt5a protein levels were significantly reduced after Box5
treatment is consistent with previous studies in which Box5
also reduced Wnt5a abundance [53,54,55]. We hypothe-
size that this effect may result from the disruption of a puta-
tive positive feedback loop, wherein activeWnt5a signaling
normally sustains its own expression. The profound inhibi-
tion of downstream signaling by Box5 could thereby lead
to transcriptional or translational suppression of Wnt5a,
ultimately manifesting as reduced protein levels. Next,
we assessed the expression of α-SMA, SM22α, MMP3,
and MMP9. Both RT-qPCR and WB results showed that
Box5 treatment alone upregulated MMP3 and MMP9 lev-
els and downregulated α-SMA and SM22α levels. In con-
trast, SPI1 knockdown increased α-SMA and SM22α lev-
els while decreasing MMP3 and MMP9 levels in VSMCs.
Similarly, these effects of SPI1 knockdown were reversed
when SPI1 knockdown was combined with Box5 treatment
(Fig. 4B,C). Furthermore, functional experiments showed
that Box5 treatment alone promoted VSMC proliferation
and migration, whereas SPI1 knockdown inhibited these
functions. Box5 treatment counteracted the inhibitory ef-
fects of SPI1 knockdown on cell proliferation and migra-
tion (Fig. 4D,E). The rapid phenotypic switching could be
related to a swift signaling-mediated mechanism. One pos-
sibility is that Box5 interferes with Wnt5a signaling, which
may in turn reduce downstream Ca2+ flux and lead to im-
mediate cytoskeletal remodeling. This provides a possi-
ble explanation for the early functional changes observed
within the 2-hour timeframe [56]. Based on the above re-
sults, we speculate that SPI1 promotes PDGF-BB-induced
VSMC phenotypic switching through Wnt5a.

8

https://www.imrpress.com


Fig. 3. SPI1 inhibits Wnt5a transcription and activates the Wnt pathway. (A) Wnt5a expression in VSMCs was examined using
RT-qPCR. (B)Wnt5a and c-Myc expression in VSMCs was examined usingWB. (C)WB detection of β-catenin expression in the nucleus
and cytoplasm. (D) TOP/FOP flash reporter assay for transcriptional activity. (E) Prediction of SPI1 binding sites in the Wnt5a promoter
using JASPAR. (F) ChIP assay confirming SPI1 binding to the Wnt5a promoter. n = 3, *p < 0.05 vs. Control. #p < 0.05 vs. sh-NC. ChIP,
Chromatin immunoprecipitation.

3.5 SPI1 Knockdown Inhibits IA Development and
Progression in the Mouse Model

We first established an IA mouse model to investi-
gate how SPI1 influences the formation and development of
IA. HE staining results showed that IA mice exhibited vas-

cular dilatation and fracture of elastic fibers in the middle
layer, whereas the control group showed no such changes.
SPI1 knockdown significantly attenuated these changes
(Fig. 5A). Further quantitative analysis of aneurysm size
showed that aneurysm size was significantly increased in
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Fig. 4. SPI1 knockdown promotes PDGF-BB-induced VSMC contractile phenotypic switching through Wnt5a. (A) Analysis of
SPI1, Wnt5a, β-Catenin, and c-Myc expression in VSMCs using WB. (B) The expression of α-SMA, SM22α, MMP3, and MMP9 in
VSMCs was assessed by RT-qPCR. (C) The expression of α-SMA, SM22α, MMP3, and MMP9 in VSMCs using WB. (D) CCK-8 assay
for cell proliferation. (E) Transwell assay to detect cell migration. Scale bar = 100 μm. n = 3, *p < 0.05 vs. sh-NC. #p < 0.05 vs. sh-SPI1.

the IA group and the sh-NC group, whereas significantly
decreased in the sh-SPI1 group (Fig. 5A). Victoria Blue
staining showed disrupted elastic fibers and reduced elas-
tic fiber content in the cerebral arterial ring of IA mice.
In contrast, the sh-SPI1 group exhibited elastic fiber mor-
phology and staining intensity similar to those of the con-
trol group (Fig. 5B). RT-qPCR analysis demonstrated that

SPI1 expression was significantly downregulated in the sh-
SPI1 group, while Wnt5a levels were increased (Fig. 5C).
WB analysis further confirmed that SPI1 knockdown pro-
moted Wnt5a expression while downregulating β-catenin
and c-Myc expression (Fig. 5D). In addition, IHC results
showed that SPI1 was highly expressed in vascular smooth
muscle cells of diseased vessels compared with the Control
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group, and the positive rate of SPI1 decreased after trans-
fection with the sh-SPI1 plasmid, indicating that the pro-
tective effect of SPI1 knockdown may act directly on vas-
cular smooth muscle cells in the diseased area (Fig. 5E).
Next, we examined the effects of SPI1 on the expression
of SM22α, α-SMA, MMP3, and MMP9 in the cerebral ar-
terial ring. Both RT-qPCR and WB results showed that
the expression levels of SM22α and α-SMA were reduced,
whereas those of MMP3 and MMP9 were increased in the
arterial rings of IA mice. SPI1 knockdown increased the
expression of SM22α and α-SMA in the arterial rings of
IA mice, while the expression levels of MMP3 and MMP9
were decreased (Fig. 5F,G). Lastly, we used ELISA to ex-
amine the regulatory effects of SPI1 on inflammatory re-
sponses in the cerebral arterial ring. The findings demon-
strated that the expression levels of the pro-inflammatory
factors IL-6, IL-1β, and TNF-α were increased compared
with the Control group, whereas the expression level of
the anti-inflammatory factor IL-10 was decreased in the IA
group (Fig. 5H). SPI1 knockdown reversed these inflam-
matory changes in the IA group. These results suggest that
SPI1 knockdown can effectively inhibit the formation and
progression of IA.

4. Discussion
It has been demonstrated that SPI1, a cancer gene

selectively activated in acute mouse erythroleukemia in-
duced by the Friend spleen focus-forming virus (SFFV)
[22], is associated with disease development in several ma-
lignant tumors. For instance, SPI1 regulates HK2 involve-
ment in the pathophysiology ofmalignant melanoma via the
AKT1/MTOR pathway [23]. SPI1 has also been identified
as a key transcriptional activator of SNHG6, which pro-
motes oncogenesis by sequestering miR-485-3p, thereby
delineating a critical SPI1-driven oncogenic pathway in
lung cancer [57]. In addition, SPI1 promotes the migra-
tion and tubulogenesis of endothelial cells by upregulating
VEGFA, underscoring its pivotal role in angiogenesis [58].
In the context of stroke, the long non-coding RNA FTX
functions as a molecular sponge for miR-342-3p, thereby
upregulating the expression of the transcription factor SPI1.
This FTX/miR-342-3p/SPI1 axis has been shown to pro-
mote angiogenesis in brain microvascular endothelial cells
[59]. Overall, existing evidence indicates that SPI1 con-
tributes to the development of several malignancies and
also plays a role in vascular biology. Our study suggests
that SPI1 facilitates IA formation, which is consistent with
previous findings. SPI1 knockdown promotes the conver-
sion of vascular smooth muscle cells from a synthetic to a
contractile phenotype in IA, while also preventing vascular
wall thickening and the loss of elastic fibers. Furthermore,
SPI1 knockdown reduces inflammatory responses. These
findings suggest that SPI1 may play a pathogenic role in
IA.

The loss and degenerative changes of vascular smooth
muscle cells are the main histopathological features of IA
[16]. In response to environmental stimuli, vascular smooth
muscle cells can undergo phenotypic switching from a con-
tractile state to a pro-inflammatory and synthetic state, and
this process is crucial to IA degeneration and rupture [60].
In the present study, SPI1 knockdown upregulated the ex-
pression of contractile markers (α-SMA and SM22α) and
downregulated the expression of synthetic markers (MMP3
and MMP9) in vitro. These findings were further validated
in vivo. Together, these results indicate that inhibition of
SPI1 promotes the phenotypic transition of vascular smooth
muscle cells from a synthetic phenotype to a contractile
phenotype. These results further underscore the critical role
of SPI1 in IA pathogenesis and suggest that it may serve as
a potential therapeutic target.

SPI1 is a transcription factor that has been shown to
reduce FTO transcriptional activity and promote glioblas-
toma growth by controlling the processing of PRI-MIR-
10A viaM6A-dependent pathways [24]. Our findings show
that SPI1 can specifically bind to the Wnt5a promoter re-
gion and suppress transcription. Knockdown of SPI1 in-
creased Wnt5a expression in VSMCs. Wnt5a, an impor-
tant member of the Wnt protein family, plays an essential
role in embryonic development by regulating fundamen-
tal cellular processes, including proliferation, differentia-
tion, apoptosis, and migration, influencing cell fate deter-
mination and polarity [61]. Wnt5a can activate the Hippo
pathway through ROR2 signaling to inhibit YAP1 activ-
ity and melanoma growth [62]. The non-canonical Wnt
and β-catenin signaling pathways are mutually antagonis-
tic and often exert reciprocal effects on each other [63].
By attaching to the Ror2 receptor, Wnt5a can effectively
inhibit the canonical β-catenin/TCF signaling cascade in-
duced by Wnt3a [64]. Wnt5a signaling also inhibits β-
catenin activity, as well as the expression of LGR5, RSPO3,
and VEGFA, thereby suppressing colon cancer cell stem-
ness [65]. Moreover, accumulating evidence highlights
the critical role of the canonical Wnt/β-catenin pathway in
regulating the phenotypic switching of VSMCs toward a
synthetic phenotype. For instance, Lyon et al. [66] de-
scribed its role in promoting VSMC proliferation, which
is a key feature of this transition. In addition, studies
on E2F5 and by Rong et al. [67] showed that interven-
tions that inhibit Wnt/β-catenin signaling, such as E2F5
downregulation or SLC6A6 overexpression, can maintain
the contractile phenotype and reduce pathological vascu-
lar remodeling [68]. Previous research has also shown
that Wnt5a can regulate the phenotypic switching of vas-
cular smooth muscle cells and thereby inhibit IA progres-
sion [46]. In our study, inhibition of Wnt5a reversed the
effects of SPI1 knockdown on the synthetic-to-contractile
phenotypic switching of VSMCs and increased β-catenin
expression. These findings suggest that SPI1 may regulate
the synthetic-contractile phenotypic switching of VSMCs
by inhibiting Wnt5a transcription and activating canonical
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Fig. 5. SPI1 knockdown inhibits IA development and progression in the mouse model. (A) HE staining was used to assess mor-
phological changes in the circle of Willis, and aneurysm size was quantitatively analyzed. Upper: Scale bar = 100 μm; Lower: scale bar
= 25 μm. (B) Elastic fibers in the cerebral arterial ring were evaluated by Victoria Blue staining. Upper: Scale bar = 100 μm; Lower:
scale bar = 25 μm. (C) RT-qPCR was used to detect the expression of SPI1 and Wnt5a. (D) WB was used to detect the expression of
β-catenin, c-Myc, Wnt5a, and SPI1. (E) IHC was used to detect SPI1 expression in the smooth muscle layer of the IA model. Upper:
Scale bar = 100 μm; Lower: scale bar = 25 μm. (F) The expression of MMP3, MMP9, α-SMA, and SM22α in the cerebral arterial ring
was examined by RT-qPCR. (G) The expression of MMP3, MMP9, α-SMA, and SM22α in the cerebral arterial ring was examined by
WB. (H) The expression levels of IL-6, IL-1β, TNF-α, and IL-10 in the cerebral arterial ring were detected by ELISA. n = 6, *p < 0.05
vs. Control. #p < 0.05 vs. sh-NC. IA, intracranial aneurysm; HE, hematoxylin and eosin; IHC, immunohistochemistry.
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Wnt signaling, thereby influencing IA development. To our
knowledge, this study provides new insights into the role of
the SPI1/Wnt5a signaling axis in regulating Wnt signaling
during IA progression.

5. Limitations
Several limitations should be acknowledged. First, ac-

tivation of the canonical Wnt pathway was primarily in-
ferred from the expression levels of β-catenin and c-Myc.
During revision, we further performed nuclear β-catenin lo-
calization analysis, which confirmed that SPI1 knockdown
inhibits β-catenin nuclear translocation and thus provides
more direct evidence. However, deeper causal validation,
such as rescue experiments using a β-catenin pathway in-
hibitor, is still lacking and warrants further investigation.
Second, the reduction in Wnt5a protein levels following
Box5 treatment complicated the interpretation of the res-
cue experiments, and the proposed positive feedback loop
hypothesis remains speculative. Further studies examin-
ing Wnt5a transcriptional changes or protein stability are
therefore needed. Third, although we supplemented the
study with functional assays assessing cell proliferation and
migration, the effects of SPI1 on VSMC contractility and
apoptosis remain unexplored. Future studies incorporating
these functional assessments would further clarify the bio-
logical consequences of SPI1-mediated phenotypic switch-
ing. Finally, the broader regulatory network of SPI1, as
well as its upstream and downstream molecular mecha-
nisms in IA pathogenesis, remains to be fully elucidated.
Future studies with larger sample sizes, additional func-
tional assays, and more comprehensive measurements of
pathway activity are warranted to further validate the role of
the SPI1/Wnt5a/β-catenin signaling axis in IA progression.

6. Conclusions
This study provides preliminary evidence that SPI1 is

significantly overexpressed in experimental IA models and
may suppress the transcription of Wnt5a by directly bind-
ing to its promoter, thereby promoting activation of the typ-
ical Wnt/β-catenin pathway, which may drive VSMCs to-
ward a synthetic phenotype and contribute to IA formation.
In vivo experiments further suggest that SPI1 knockdown
is associated with reduced vascular wall thickening, elas-
tic fiber destruction, and inflammatory responses in the IA
mouse model. Functional experiments showed that SPI1
knockdown may inhibit the proliferation and migration of
VSMCs. In addition, nuclear β-catenin localization and
TOP/FOP assays are consistent with a regulatory effect of
the classical Wnt pathway by SPI1. These findings suggest
potential novel molecular targets and therapeutic strategies
for IA.
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