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Abstract

Background Carotid atherosclerosis is a kind of systemic atherosclerosis in the carotid arteries. It remains one of the
leading causes of ischemic stroke. However, the efficiency of treatment is insufficient. Thus, it is urgent to deepen
the understanding of the underlying mechanisms in carotid atherosclerosis, which may facilitate the development
of effective therapeutic interventions. Phenotypic switching of vascular smooth muscle cells (VSMCs) is recognized
as a central process in atherosclerosis progression. However, the key regulatory genes involved in this process during
carotid atherosclerosis are not fully understood.

Methods Three gene expression datasets, GSE43292, GSE100927, and GSE28829 were downloaded from

Gene Expression Omnibus (GEO) database, covering carotid atherosclerosis and control groups. we integrated
bioinformatics analysis with three machine learning algorithms to identify the hub genes associated with carotid
atherosclerosis. Subsequent validation using clinical specimens and murine atherosclerosis confirmed the expression
of the hub genes at both the mRNA and protein levels. Furthermore, in vitro phenotypic switching model using
human aortic smooth muscle cells (HASMCs) treated with pro-atherogenic stimuli was established to identify the
expression of hub genes and to investigate how knockdown of these hub genes in HASMCs influences VSMCs
phenotypic switching.

Results Through the integration of bioinformatics analysis and three machine learning algorithms, we identified
PALS2 and CASQ2 as consistently downregulated genes in carotid atherosclerotic plagues compared to normal
tissues. Gene interaction network analysis suggested that PALS2 and CASQ2 may cooperatively regulate calcium
homeostasis and calcification in VSMCs. This finding was further supported by consistent downregulation of both
genes in clinical atherosclerotic samples, murine atherosclerosis, and in HASMCs exposed to pro-atherogenic stimuli.
Functionally, knockdown of either gene enhanced VSMCs phenotypic switching, calcium deposition and amplifies
CREB1 phosphorylation, collectively demonstrating their protective role in mitigating atherosclerosis.
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Conclusions This study identifies PALS2 and CASQ2 as novel regulators involved in the VSMCs phenotypic switching
and calcification in carotid atherosclerosis. Both genes are consistently downregulated in atherosclerotic plaques and
function as upstream suppressors of a calcium-CREB1 calcification axis. These findings provide novel insights into
the molecular mechanisms of atherosclerosis and highlight PALS2 and CASQ2 as potential therapeutic targets for
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Introduction

Atherosclerosis is a chronic inflammatory condition
characterized by lipid accumulation, vascular dysfunc-
tion, and plaque formation [1, 2]. It is the predominant
underlying cause of carotid artery disease, which remains
one of the leading causes of ischemic stroke [3, 4]. In
recent years, the incidence of this disease has significantly
increased worldwide and shown a trend toward affecting
younger individuals [4, 5]. The management of carotid
atherosclerosis primarily encompasses a multifaceted
approach, incorporating pharmacological interventions,
surgical procedures, and lifestyle modifications. How-
ever, many patients still experience disease progression
and poor prognosis. Previous research identified vascu-
lar smooth muscle cells (VSMCs) as the key cell type in
atherosclerotic plaques [6]. During the progression of
atherosclerosis, VSMCs experience phenotypic switch-
ing, transitioning from a quiescent, low-proliferative
contractile phenotype to a highly proliferative, secretory
synthetic phenotype, with decreased expression of differ-
entiation markers like a-SMA, SM22a, and SM-MHC [7,
8]. This phenotypic switching has long been considered
of fundamental importance to atherosclerosis and plaque
stability [7, 9]. However, the mechanisms of phenotypic
switching have not yet been fully elucidated. Therefore,
identifying the hub genes involved in the phenotypic
switching of VSMCs is crucial for improving early diag-
nosis and developing more effective interventions for
carotid atherosclerosis.

The rapid advancements in bioinformatics and
machine learning have facilitated the systematic inves-
tigation of gene expression profiles in atherosclerotic
plaques [10-18]. However, the lack of robust validation
and mechanistic exploration hinders the clinical trans-
lation of the biomarkers and potential hub genes previ-
ously developed. Moreover, the functional interaction
between candidate hub genes and the phenotypic switch-
ing of VSMCs remains systematically uncharacterized,
representing a critical knowledge gap in atherosclerosis
progression.

In this study, we integrated bioinformatics analy-
sis with three machine learning algorithms to identify
PALS2 and CASQ2 as consistently downregulated genes
in carotid atherosclerotic plaques compared to nor-
mal tissues. This finding was corroborated by validation

across multiple models, including clinical atherosclerotic
samples, murine atherosclerotic aortas, and human aor-
tic smooth muscle cells (HASMCs) exposed to diverse
pro-atherogenic stimuli. Functionally, knockdown of
either gene promoted HASMCs phenotypic switch-
ing, increased calcium deposition, and amplified CREB1
phosphorylation, collectively demonstrating their pro-
tective role in mitigating atherosclerosis. Mechanisti-
cally, both genes converge on the CREBI signaling axis,
positioning them as potential biomarker candidates and
therapeutic targets for further investigation.

Methods

Data collection

The transcriptome data of carotid atherosclerosis tis-
sues were acquired from the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/geo/).
After screening, datasets GSE43292 (12 macroscopi-
cally intact tissues / 29 carotid atherosclerosis tissues),
GSE100927 (32 normal arterial tissues / 32 carotid ath-
erosclerosis tissues), and GSE28829 (13 early carotid ath-
erosclerosis tissues / 16 advanced carotid atherosclerosis
tissues) were selected for analysis. The dataset GSE43292
was designated as the training set, whereas GSE100927
and GSE28829 were utilized as the validation sets. The
R package “limma” (version 3.60.0) was employed to
mitigate batch effects in the datasets and to perform data
normalization.

Data processing and differential expression analysis

Data analysis was conducted using R (version 4.4.0),
employing the “GEOquery” package (version 2.72.0) to
extract gene expression profiles and associated clinical
data. To identify the differential expression genes (DEGs)
associated with carotid atherosclerosis, R package
“limma” (version 3.60.0) was utilized to obtain the DEGs
in carotid atherosclerosis and control samples from the
training set. A differential expression threshold was set at
P<0.01 and |Log2 Fold Change (Log2FC) | > 1. Signifi-
cantly up-regulated and down-regulated DEGs in carotid
atherosclerosis samples were visualized in the volcano
plot, created using the “EnhancedVolcano” package (ver-
sion 1.22.0) in R.
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Gene set enrichment analysis and functional enrichment
analysis

Gene set enrichment analysis (GSEA) was performed
using the “clusterProfiler” package (version 4.6.0) and the
“org.Hs.eg.db” package (version 3.16.0) to identify the
differences in pathways between carotid atherosclerosis
and controls. Gene ontology (GO) and kyoto encyclo-
pedia of genes and genomes (KEGG) pathway enrich-
ment analyses were performed by DAVID Bioinformatics
Resources 6.8 (http://david.abcc.ncifcrf.gov/). The results
were visualized with bubble and bar charts created with
the “ggplot2” package (version 3.4.1).

Machine learning

Least absolute shrinkage and selection operator
(LASSO), support vector machine recursive feature
elimination (SVM-RFE) and random forest (RF) were
employed using the “glmnet” package (version 4.1-9), the
“e1071” package (version 1.7-16) and the “randomFor-
est” package (version 4.7-1.2) to screen key genes from
the DEGs, respectively. DEGs were initially screened
using the LASSO algorithm. The optimal penalty param-
eter (\) was determined through 10-fold cross-validation,
employing the minimum mean squared error (MSE) cri-
terion to define the most parsimonious model fit. The
number of genes at the point of smallest cross-validation
error was designated as the number of disease signature
genes. In the case of SVM-RFE, a 5-fold cross-validation
strategy was implemented within the recursive feature
elimination process to rank gene importance and ascer-
tain the optimal feature subset. The algorithm produced a
cross-validation error plot, where the horizontal axis rep-
resented the number of candidate genes and the vertical
axis (“10x CV Error”) indicated the error rate following
10-fold cross-validation. Subsequently, a RF model was
constructed with 500 decision trees (ntree=500). The
optimal number of trees was identified by locating the
point of minimal cross-validation error. Gene importance
scores were calculated based on this optimized model,
and genes with importance scores>1 were selected for
further analysis. The intersection of genes identified by
all three algorithms was determined and the Venn dia-
gram was plotted using the “VennDiagram” R package
(version 1.7.3).

Gene interaction network construction

Utilizing the GeneMANIA tool (http://genemania.org/),
we developed hypothetical gene interaction networks for
20 genes, centering on the hub genes PALS2 and CASQ2.
The inner circle represents the hub genes, whereas the
outer circle comprises the predicted genes.
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Receiver Operator Characteristic (ROC) curves and
expression of target genes

Wilcoxon tests and univariate logistic regression analy-
ses were performed on carotid plaque tissues and control
samples from the GSE43292, GSE100927, and GSE28829
datasets to further validate the expression levels of the
identified target genes. Box plots and forest plots were
subsequently generated using the “ggplot2” package (ver-
sion 3.5.2) and the “forestploter” package (version 1.1.3)
for visualization respectively. Thereafter, ROC curves for
each target gene were constructed utilizing the R pack-
age “pROC” (version 1.18.5) to assess the efficacy of the
genes in differentiating between carotid atherosclero-
sis and control samples. Genes that exhibited an area
under the curve (AUC) exceeding 0.7 were subsequently
identified as potential diagnostic biomarkers for carotid
atherosclerosis.

Calibration and Decision Curve Analysis (DCA)

To evaluate the predictive performance and clinical util-
ity of the identified hub genes, calibration curves and
DCA were constructed utilizing the R package “rms”
(version 8.1-1) and “rmda” (version 1.6), respectively.
Calibration curves evaluated the agreement between pre-
dicted and observed outcomes, while DCA quantified the
net benefit across threshold probabilities.

Sample collection

Ten patients diagnosed with carotid atherosclerosis and
underwent carotid endarterectomy (CEA) at the Xuanwu
Hospital of Capital Medical University in China were
included in the study. The atherosclerotic plaques served
as the experimental group, with adjacent macroscopi-
cally normal tissues as controls. The research protocol
was approved by the Xuanwu Hospital of Capital Medi-
cal University. All experiments were conducted by the
principles and regulations formulated by the ethics com-
mittee. Every participant has signed an informed consent
form.

Mouse studies

Ldlr~/'~ mice (Cat. NO. NM-KO-210198) were purchased
from Shanghai Model Organisms Center. Animal care
and handling were conducted in accordance with the pol-
icies promulgated by the Ethics Committee of the Labo-
ratory Animal Center, Xuanwu Hospital, Capital Medical
University, China. To establish an atherosclerosis model,
select 8-week-old Ldlr~’~ mice and administer a Western
diet (D12079B, Research Diets, USA) for a duration of 16
weeks. After that, mice were euthanized for analysis.

Oil red O staining
Whole aortas were extracted from euthanized mice, with
all surrounding adipose tissues meticulously removed.
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The cleaned aortas were then fixed in 4% PFA at 4 °C
overnight. Following fixation, the aortas were longitu-
dinally sectioned and affixed to dissecting dishes with
the lumen side facing upwards. The en face aortas were
stained with 0.25% Oil Red O (ORO) for 1 h, visualized
using a stereomicroscope, and images were captured
with a camera.

HASMCs culture and induction of calcification

HASMCs were procured from Procell Technology (CP-
HO081) and cultured in a complete HASMC medium (CM-
HO081) within an incubator maintained at 37 °C and under
95% air and 5% CO2 conditions. To induce calcification,
the HASMCs were treated with calcification medium,
which consisted of high-glucose Dulbecco’s Modified
Eagle Medium (DMEM) (4.5 g/L) supplemented with
10% EBS, 10 mM p-glycerophosphate (HY-D0886, Med-
ChemExpress), and 5 mM CaCl2 (ST365, Beyotime) for a
duration of 7 days. To enhance the generalizability of our
conclusions, HASMCs were exposed to Human PDGF-
BB Recombinant Protein (PDGF-BB, 100-14B-10UG,
Thermo Fisher) at a concentration of 20 ng/mL for 48 h,
or Oxidized Low Density Lipoprotein (oxLDL, 101300,
Solarbio) at a concentration of 100 pg/mL for 7 days to
induce phenotypic switching. The medium was refreshed
every 48 h. Calcium deposition was subsequently visu-
alized using a calcium assay kit (S1063S, Beyotime) and
Alizarin Red S (ARS) staining (G1450, Solarbio).

Alizarin red staining

The calcification of HASMCs was assessed using ARS
staining in accordance with established protocols. Ini-
tially, the cultured HASMCs were washed twice with PBS
and subsequently fixed in 4% paraformaldehyde (PFA)
for 15 min. Following fixation, the paraformaldehyde was
removed, and the cells were washed three times with dis-
tilled water. The cells were then exposed in ARS staining
solution (0.2%, pH 8.3) for 30 min at room temperature,
after which they were washed again with distilled water.
Positively stained HASMCs exhibited a reddish color-
ation, indicating the presence of calcification.

Calcium content detection

Calcium concentrations were quantified utilizing a cal-
cium colorimetric assay kit (S1063S, Beyotime), fol-
lowing the manufacturer’s protocol. In brief, an equal
number of cells were cultured in 6-well plates and sub-
sequently washed with PBS. A volume of 100 pL of lysis
buffer was added to each well, and following cell lysis,
the supernatant was collected for further analysis. The
detection working solution was then added to both the
calcium standards and the samples. The plates were incu-
bated at room temperature in the dark for 10 min. Absor-
bance at 575 nm was measured using an enzyme reader
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to generate a standard curve, which was employed to cal-
culate the calcium content in the samples (pg/pL).

Quantitative real-time PCR analysis

Total RNA was isolated from human/mouse aortic tissue
and HASMC:s utilizing the Trizol Reagent (15596026CN,
Thermo Fisher Scientific) in accordance with the manu-
facturer’s protocol. Subsequently, cDNA was synthesized
from the total RNA using the Reverse Transcription Kit
(BL699A, Biosharp). Quantitative real-time PCR was
conducted employing the SYBR Green qPCR Master
Mix (HY-K0501A, MedChemExpress), and data acquisi-
tion and analysis were performed using the LightCycler
480 II system (Roche). Relative quantification was deter-
mined using the 274" method, with GAPDH serving as
the reference gene. Three independent experiments were
conducted to calculate the mean values. The sequences of
the primers used are provided in Supplemental Table S1.

Protein extraction and western blotting

Proteins from aortic tissue and HASMCs were extracted
utilizing RIPA lysis buffer supplemented with protease
inhibitor. The protein concentration was determined
using BCA standard curve. Equal amounts of protein
extracts were subjected to 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and
subsequently transferred electrophoretically to poly-
vinylidene difluoride (PVDF) membranes (Millipore).
The membranes were blocked in TBST containing 5%
skimmed milk at room temperature for 1 h. Following
three washes with TBST, the blocked membranes were
incubated with the primary antibody at 4 °C overnight.
After three consecutive 10-minute washes with TBST,
the membranes were incubated with horseradish per-
oxidase (HRP)-conjugated goat anti-rabbit or goat anti-
mouse secondary antibody for 1 h. The membranes were
then washed three additional times with TBST and devel-
oped using the ECL+ detection system. The intensity
of each strip was measured with Image] software. Anti-
bodies are used as follows: PALS2 (abs111889, 1:1000;
Absin), CASQ2 (HA721944, 1:1000; HUABIO), a-SMA
( ET1607-53, 1:10000; HUABIO), SM22«a (abs117418,
1:1000; Absin), OPN (22952-1-AP, 1:2000; Proteintech),
RUNX2(20700-1-AP,1:2000; Proteintech), and GAPDH
(60004-1-Ig, 1:5000; Proteintech).

Immunofluorescent staining

Aortic tissues were fixed in 4% PFA overnight at 4 °C
and subsequently dehydrated using 10%, 20%, and 30%
sucrose solutions for 24 h. The specimens were then
embedded in an optimal cutting temperature compound
(Sakura Finetek, USA) and sectioned at a thickness of
8 pm. HASMCs cultured on coverslips were fixed with
4% PFA for 20 min. Both fixed tissues and cells were
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permeabilized with 0.5% Triton X-100 for 15 min at room
temperature. Subsequently, 3% BSA solution was applied
to block at room temperature for 60 min. The tissues
and cells were then incubated with primary antibodies
overnight at 4 °C. The primary antibodies utilized were
PALS2 (abs111889, 1:500; Absin), CASQ2 (HA721944,
1:500; HUABIO), and a-SMA (ET1607-53, 1:500; HUA-
BIO). After washing thrice with PBS, the tissues and cells
were incubated with goat anti-mouse (RGAMO002, 1:500;
Proteintech) and goat anti-rabbit (RGAR004, 1:500; Pro-
teintech) secondary antibodies for 1 h. Nuclear labeling
was performed using DAPI. Images of the immunos-
tained sections were acquired using a confocal micro-
scope (MICA, Leica). The immunohistochemical signal
intensity and the positively stained areas of the tissue sec-
tions were assessed using Image]J software.

siRNAs-mediated gene knockdown

HASMCs were transfected with either PALS2 or CASQ2
siRNAs using Lipofectamine RNAiIMAX Transfection
Reagent (13778150, Thermo Fisher). Efficient knockdown
of the target genes was validated by both western blot-
ting and qPCR. The scramble siRNAs were also trans-
fected as negative control. The siRNAs were synthesized
by Genepharma (Suzhou, China). The siRNAs sequence
targeting PALS2 is 5-UUUGGAAUCUUCUAGCCUCT
T-3” The siRNAs sequence targeting CASQ2 is 5-AAUG
CGUUCGAAGGCUUGGTT-3!

Statistical analysis

The datasets were analyzed utilizing RStudio (version
4.5.0). Differential expression analysis was conducted
using the student’s t-test. Statistical analyses of in vitro
experiments were performed with GraphPad Prism 9.
Data are presented as mean tstandard deviation (SD).
Comparisons between two groups were made using
Student’s unpaired t-test, while analyses involving mul-
tiple groups were conducted using one-way analysis of
variance (ANOVA) followed by Tukey’s post-hoc test.
A P value of less than 0.05 was considered statistically
significant.

Results

Identification of DEGs in carotid atherosclerosis and
functional enrichment analysis

Three GEO datasets, GSE43292 (12 macroscopi-
cally intact tissues / 29 carotid atherosclerosis tissues),
GSE100927 (32 normal arterial tissues / 32 carotid ath-
erosclerosis tissues), and GSE28829 (13 early carotid
atherosclerosis tissues / 16 advanced carotid atheroscle-
rosis tissues) were analyzed. Differential expression anal-
ysis revealed a total of 89 DEGs that exhibited significant
alterations in the carotid atherosclerosis samples. Among
these, 48 genes were significantly upregulated, while 41
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genes were significantly downregulated (Supplementary
Table S2). The DEGs are visually represented through
volcano plots and heatmaps (Fig. 1A-B).

The functional enrichment analysis was subsequently
performed using GSEA, GO and KEGG pathway analy-
sis, respectively. GSEA results revealed that pathways
associated with vascular inflammation and lipid metabo-
lism, including the NOD-like receptor signaling pathway,
chemokine signaling pathway, and lipid and atheroscle-
rosis pathway, were significantly enriched in the carotid
atherosclerosis samples (Fig. 1C-D). Furthermore, the
results of GO enrichment analysis indicated that the
DEGs were significantly associated with calcium ion
homeostasis and its intracellular regulation, including the
sequestering and controlled release of calcium ions into
the cytosol, particularly from the sarcoplasmic reticu-
lum (Fig. 1E). The KEGG pathway enrichment analysis
revealed that the DEGs were significantly enriched in
pathways related to signaling molecules and interactions
(Fig. 1F).

Collectively, these findings further elucidate that the
onset and progression of atherosclerosis are intricately
linked to vascular inflammation, lipid metabolism, and
immune regulation.

Identification of potential hub genes in carotid

In order to identify the potential hub genes associ-
ated with carotid atherosclerosis, three machine learn-
ing algorithms were performed. Initially, LASSO
regression analysis was utilized for dimensionality reduc-
tion, and 5 independent genes (PALS2, FHL5, CASQ?2,
IBSP, JCHAIN) were identified (Fig. 2A). Next, the
SVM-REE algorithm was utilized to select 15 potential
biomarkers from DEGs through 10-fold cross-valida-
tion (ITGB2, PALS2, TDO2, GRIA1l, MME, ITGAM,
PRDM1, GRIA2, NEGR1, CXCL10, FREMI1, DPP4,
PCDH20, CASQ2, ATP6V0D2) (Fig. 2B). Finally, the
RF algorithm was applied to determine the 15 most
significant genes with minimal cross-validation error
(FHL5, CNN1, TDO2, CASQ2, NEGR1, PALS2, IBSP,
FABP4, CNTN4, MMRN1, DPP4, SELE, IL31RA, PLD5,
LINCO00670) (Fig. 2C). After that, the intersection of the
genes screened by three algorithms, PALS2 (MPP6) and
CASQ2, was identified as the potential hub genes for fur-
ther analysis (Fig. 2D).

To further determine the central role of PALS2 and
CASQ?2 in carotid atherosclerosis, the gene interaction
networks were generated using GeneMANIA, and 20
potential genes (CASQ1, RYR1, RYR2, TRDN, RYR3,
CLIC3, CADM3, LIN7C, EPB41L2, LIN7B, CEP128,
SNX9, CORO2A, PRKCB, RASIP1, OPTN, MRPL3, DES,
RBM10, LIN7A) that interact with PALS2 and CASQ2
were identified (Fig. 2E). These genes are predominantly
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Fig. 1 Identification of candidate genes associated with carotid atherosclerosis. A Volcano plot of DEGs in carotid artery atherosclerosis patients. B Cir-
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associated with functions related to calcium ion trans-
port and chelation.

Expression levels and diagnostic potential of PALS2 and
CASQ2

To validate the expression of potential hub genes, Wil-
coxon tests and univariate logistic regression analy-
ses were performed on the GSE43292, GSE100927, and
GSE28829 datasets. The expression levels of PALS2 and
CASQ2 were found to be significantly downregulated in
carotid plaque tissues compared to normal arterial tis-
sues. Additionally, the expression of PALS2 and CASQ2
was further decreased in advanced plaques compared
to early-stage plaques in the carotid arteries (Figs. 2F

and 3A). ROC curves were employed to evaluate the
diagnostic accuracy of these two genes across three dis-
tinct datasets. Within the training dataset (GSE43292),
the AUC values for PALS2 and CASQ2 were 0.903 and
0.895, respectively. In the validation datasets (GSE100927
and GSE28829), PALS2 exhibited AUC values of 0.876
and 0.817, while CASQ2 demonstrated AUC values of
0.871 and 0.788, respectively (Fig. 3B-C). Both genes
also showed favorable diagnostic performance in terms
of accuracy, sensitivity, and specificity (Supplemen-
tary Tables S3 and S4). Furthermore, the calibration
curves demonstrated good agreement between pre-
dicted and observed outcomes (Supplemental Fig. 1C).
DCA revealed positive net benefit across a wide range
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of threshold probabilities (Supplemental Fig. 1D). Thus,
our results demonstrated strong diagnostic potential for
these two genes, and also suggested the crucial role in
preventing carotid atherosclerosis.

Downregulation of PALS2 and CASQ2 in human carotid
atherosclerotic plaques and an animal model of
atherosclerosis

To validate the bioinformatic predictions, we initially
examined the expression levels of PALS2 and CASQ2
in clinical specimens. Human carotid atherosclerotic
plaques showed a marked downregulation of both PALS2
and CASQ2 at mRNA and protein levels compared to
adjacent normal arterial tissues (Fig. 4A-C). Immuno-
fluorescence staining results indicated that both PALS2
and CASQ2 were highly expressed in normal arte-
rial tissues, mainly in the VSMCs (Fig. 4D-E), while a

significant decrease of PALS2 and CASQ2 expression
was observed in human carotid plaques relative to the
control arterial tissues (Fig. 4D-F). To further substanti-
ate these findings in a controlled experimental setting, we
assessed their expression in an established mouse model
of atherosclerosis (Ldlr~'~ mice fed a western diet for 16
weeks). Consistent with the human data, both PALS2 and
CASQ2 were significantly downregulated at the mRNA
and protein levels in atherosclerotic aortas compared to
those from normal diet-fed control mice (Fig. 4G-M).
The consistent results obtained from both human clini-
cal samples and an experimental disease model suggest
that the alteration of PALS2 and CASQ2 expression in
VSMCs may be involved in the pathological process of
atherosclerosis.
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sclerosis datasets

Decreased expression of PALS2 and CASQ2 in phenotypic
switching of HASMCs

The phenotypic switching of VSMCs represents a path-
ological process characterized by dedifferentiation,
migration, and transdifferentiation into other cell types,
constituting a critical event in the progression of ath-
erosclerosis [8]. To better understand the potential role
of PALS2 and CASQ2 in atherosclerosis, we monitored
their expression during the process of VSMCs pheno-
typic switching. An in vitro model of HASMCs calcifi-
cation was applied to induce phenotypic switching of
HASMCs. As expected, the expression of contractile
VSMCs markers SM22a, a-SMA, and SM-MHC sig-
nificantly decreased, whereas the expression levels of
synthetic phenotype markers, OPN and RUNX2, sig-
nificantly increased after HASMCs calcification in a
time-dependent manner (Fig. 5A-C). Concurrently, the
calcium content and calcium deposition in HASMCs
progressively increased (Fig. 5D-E). Consistent with the
results in human carotid plaques and the mouse model
of atherosclerosis (Fig. 4), the expression levels of PALS2

and CASQ2 markedly decreased during VSMCs pheno-
typic switching (Fig. 5F-G). Notably, the observed down-
regulation was not confined to the calcification model.
Treatment with PDGF-BB or oxLDL also reduced PALS2
and CASQ2 expression in HASMCs (Supplemental Fig.
2A-C). The results of immunofluorescence staining fur-
ther revealed that PALS2 predominantly localized within
the nucleus of HASMCs, whereas CASQ2 was distrib-
uted across both the nucleus and cytoplasm (Fig. 5H).
Relative fluorescence intensity analysis corroborated the
reduction of expression levels of PALS2 and CASQ2 after
VSMCs phenotypic switching (Fig. 5H). Thus, the signifi-
cant decrease of PALS2 and CASQ2 expression in carotid
plaques and VSMCs phenotypic switching further sug-
gested that PALS2 and CASQ2 may be hub genes in
atherosclerosis.

Deficiency of PALS2 or CASQ2 converges on CREB1
hyperactivation to exacerbate HASMCs calcification

To clarify the causal relationship between the potential
hub genes, PALS2 and CASQ2, and atherosclerosis, we
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knock down these two genes in HASMC s, respectively — aggravate the calcium content and calcium deposition
(Supplemental Fig. 2D). Knockdown of PALS2 itself, in HASMCs treated with calcium medium (Fig. 6F-G).
but not CASQ?2, increased the protein levels of OPN  Thus, our results indicated that both PALS2 and CASQ2
and RUNX2 in HASMCs (Fig. 6A-B). Together with may play key roles in preventing HASMCs from pheno-
the induction of VSMCs calcification, either PALS2 or  typic switching in atherosclerosis, probably through dif-
CASQ2 siRNAs could further increase the expression ferent signaling pathways.

of OPN and RUNX2 at both mRNA and protein lev- To further elucidate the functional roles of PALS2 and
els in HASMCs compared to the scramble siRNAs. As CASQ2 in vascular calcification and explore the under-
expected, more reduction in the expression levels of the lying calcium ion homeostasis and its intracellular regu-
contractile markers, SM22a and a-SMA, was observed lation mechanisms, we monitored the expression of
in calcified HASMCs treated with PASL2 or CASQ2 p-CREB1/CREBI1 during the process of VSMCs pheno-
siRNAs compared to scramble siRNAs (Fig. 6A-E). typic switching. Our in vitro calcification model, utilizing
Consistently, PALS2 and CASQ2 siRNAs could further HASMCs induced by a calcification medium, revealed
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a significant increase in the levels of p-CREBI, indicat-  Discussion

ing activation of the CREB signaling pathway (Fig. 6H-I).  This study provides novel insights into the molecular
Notably, knockdown of PALS2 or CASQ2 exacerbated mechanisms underlying atherosclerosis by integrating
calcification and further elevated the expression of bioinformatics analysis with machine learning algorithms
p-CREB1/CREBI (Fig. 6J-K). and experimental validation across multiple models. Our
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findings highlight the critical role of VSMCs phenotypic
switching in disease progression and identify PALS2 and
CASQ2 as potential regulators of this process through
convergent activation of the CREB1 signaling axis, posi-
tioning them as promising candidates for further investi-
gation as diagnostic biomarkers and therapeutic targets.

The identification of 89 DEGs in carotid atheroscle-
rotic plaques compared to control artery tissues reveals
significant alterations in biological pathways associated
with disease pathogenesis. Notably, GSEA analysis dem-
onstrated strong associations with vascular inflammation
and lipid metabolism, consistent with previous studies
about the mechanisms of atherosclerosis development [2,
19, 20]. The specific enrichment of calcium ion homeo-
stasis and its intracellular regulation pathways further
suggests that impaired intracellular calcium buffering
within vascular smooth muscle cells may be a key mecha-
nism contributing to their phenotypic switching and to
the progression of plaque calcification, thereby offering
novel mechanistic insights into disease pathogenesis.
The gene interaction networks demonstrated that the
genes associated with PALS2 and CASQ2 are primarily
involved in pathways related to calcium ion transport and
chelation. Calcium homeostasis is associated with ath-
erosclerosis [21], and fluctuations of calcium ions within
VSMCs can affect cell proliferation, migration, and phe-
notypic transformation [22, 23]. This suggests that PALS2
and CASQ2 may collaboratively regulate calcium homeo-
stasis in vascular smooth muscle cells and participate in
the cellular calcification process. Notably, calcification
is a hallmark of advanced atherosclerotic plaques and
is linked to plaque vulnerability [24, 25]. These findings
support the growing recognition that calcium dysregula-
tion may play a pivotal role in vascular pathology.

In recent years, machine learning algorithms have
demonstrated superior efficacy in atherosclerosis diagno-
sis and biomarker discovery, attributed to their enhanced
predictive performance, reduced error rates, and
improved reliability when compared to traditional meth-
ods [11, 13, 26]. Therefore, we applied three machine-
learning strategies, LASSO, SVM-RFE coupled with RF,
to screen and determine the hub genes of atherosclerosis.
By intersecting the genes identified by these three algo-
rithmic approaches, we effectively reduced the number
of candidate genes, thereby enhancing the specificity and
sensitivity of the identified genetic signatures. Ultimately,
our study identified PALS2 and CASQ2 as hub genes for
carotid atherosclerosis. We consistently observed the
downregulation of both genes in human carotid plaques
across multiple independent datasets (GSE43292,
GSE100927, GSE28829), with progressive suppression in
advanced versus early-stage plaques. Furthermore, the
ROC analysis on diagnostic performance demonstrated
that PALS2 and CASQ2 could distinguish individuals
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from atherosclerosis and those without. The calibration
curves demonstrated agreement between predicted prob-
abilities and observed outcomes, indicating good model
fit. DCA revealed positive net benefit across a wide
range of threshold probabilities, supporting the potential
clinical usefulness of these genes as diagnostic markers.
Importantly, our validation in human carotid plaques and
the mouse model of atherosclerosis demonstrated sig-
nificant downregulation of both PALS2 and CASQ2 at
mRNA and protein levels, further indicating their poten-
tial protective roles against atherosclerosis pathogenesis.
The in vitro experiments provided evidence establishing
a causal relationship between PALS2 and CASQ2 and
the phenotypic switching of VSMCs. Downregulation of
these genes during calcification-induced VSMCs trans-
formation, accompanied by decreased contractile mark-
ers and increased osteogenic markers, suggests their
crucial role in preserving VSMCs contractility. Notably,
treatment with PDGF-BB or oxLDL also reduced PALS2
and CASQ2 expression in HASMCs. The observation
demonstrates that downregulation of PALS2 and CASQ2
is a common event in VSMCs phenotypic switching
induced by diverse pathological stimuli associated with
atherosclerosis. The distinct subcellular localization pat-
terns suggest PALS2 and CASQ2 have different but com-
plementary mechanisms. PALS2 and CASQ2 may play
important roles in preventing pathological calcification
by modulating intracellular calcium homeostasis, align-
ing with emerging evidence that suggests calcium dys-
regulation is a driving factor in the phenotypic switching
of VSMCs [27-29].

Previous studies have reported that PALS2 and CASQ2
were involved in the progression of several diseases.
CASQ2 (Calsequestrin 2) is a critical component of the
RyR2 macromolecular complex, precisely regulating cal-
cium-induced calcium release and preventing diastolic
leakage, where loss-of-function mutations are known to
cause catecholaminergic polymorphic ventricular tachy-
cardia type 2 (CPVT2) [30-32]. Dong et al. identified
CASQ2 as a potential atherosclerosis biomarker through
bioinformatics analysis, but it has not been clinically
validated [33]. PALS2 (also known as MAGUK P55 Sub-
family Member 6, and membrane palmitoylated protein
6, MPP6) is involved in regulating various cell signaling,
behavior, and intercellular junctions [34] and is identi-
fied as a gene signature of oncogene-induced replica-
tion stress [35]. However, no studies have indicated the
causal relationship between these two genes and the phe-
notypic switching of VSMCs as well as atherosclerosis
yet. Our findings indicate that CASQ2 serves a distinct,
context-dependent function in VSMCs as an intracellular
calcium buffer maintaining cytosolic calcium homeosta-
sis. The observed downregulation of CASQ2 in athero-
sclerotic plaques and calcified VSMCs, along with the
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exacerbation of calcification and CREB1 hyperactivation
following CASQ2 knockdown, suggests that the loss of
CASQ2 impairs calcium buffering capacity. This disrup-
tion promotes a pro-calcific, osteogenic gene program,
which represents a pathological process of structural
remodeling rather than electrical dysfunction. Similarly,
our data demonstrate that the knockdown of PALS2
exacerbates calcium deposition and amplifies CREB1
phosphorylation, mirroring the effects of CASQ2 defi-
ciency. We propose that PALS2, functioning as a scaffold
protein at cell junctions, may facilitate the maintenance
of local signaling complexes that regulate calcium influx
or interactions between the sarcoplasmic reticulum and
the plasma membrane. The disruption of PALS2 leads to
dysregulation of cytosolic calcium levels, which activates
calcium/calmodulin-dependent kinases and subsequently
results in increased phosphorylation of CREB1, thereby
promoting osteogenic gene expression [36-38]. Collec-
tively, PALS2 and CASQ2 converge on a calcium-CREB1
regulatory axis, and their combined downregulation in
atherosclerosis potentiates this pathway, accelerating dis-
ease progression.

Several limitations should be acknowledged. First, this
study is a retrospective analysis based on the GEO data-
set. While PALS2 and CASQ2 are consistently down-
regulated across human plaques, murine atherosclerosis,
and HASMCs exposed to pro-atherogenic stimuli, their
promise as biomarkers of phenotypic switching or
therapeutic response requires large-scale clinical vali-
dation. Future studies should also assess whether their
plasma or monocyte levels correlate with plaque burden,
enabling non-invasive monitoring. Second, the thera-
peutic potential of strategies aimed at restoring PALS2/
CASQ2 expression or modulating downstream CREBI1
signaling needs to be evaluated in animal models of
atherosclerosis.

Conclusions

This study identifies PALS2 and CASQ2 as novel regula-
tors of VSMCs phenotypic switching and calcification in
atherosclerosis by integrating bioinformatics, machine
learning, and multi-model experimental validation. Both
genes are consistently downregulated in atherosclerotic
plaques and function as upstream suppressors of a cal-
cium-CREBI1 calcification axis. These findings provide
new mechanistic insights into atherosclerosis pathogene-
sis and establish PALS2 and CASQ2 as potential diagnos-
tic and therapeutic candidates for future investigation.
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