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Abstract
Background: Thoracic aortic aneurysm (TAA) is a fatal cardiovascular disease, the pathogenesis of which has not yet been 
clarified. This study aimed to identify and validate the diagnostic markers of TAA to provide a strong theoretical basis for 
developing new methods to prevent and treat this disease.
Methods: Gene expression profiles of the GSE9106, GSE26155, and GSE155468 datasets were acquired from the Gene 
Expression Omnibus (GEO) database. Differentially expressed genes (DEGs) were identified using the “limma” package in R. 
Least absolute shrinkage and selection operator (LASSO), support vector machine-recursive feature elimination (SVM-RFE), 
random forest, and binary logistic regression analyses were used to screen the diagnostic marker genes. Single-sample gene set 
enrichment analysis (ssGSEA) was used to estimate immune cell infiltration in TAA.
Results: A total of 16 DEGs were identified. The enrichment and functional correlation analyses showed that DEGs were 
mainly associated with inflammatory response pathways and collagen-related diseases. Collagen type I alpha 1 chain (COL1A1) and synaptotagmin like 2 (SYTL2) were identified as diagnostic marker genes with a high diagnostic value for TAA. 
The expression of COL1A1 and SYTL2 was considerably higher in TAA vascular wall tissues than in the corresponding normal 
tissues, and there were significant differences in the infiltration of immune cells between TAA and normal vascular wall tissues. 
Additionally, COL1A1 and SYTL2 expression were associated with the infiltration of immune cells in the vascular wall tissue. 
Single-cell analysis showed that COL1A1 in TAA was mainly derived from fibroblasts and SYTL2 mainly from cluster of 
differentiation (CD)8+ T cells. In addition, single-cell analysis indicated that fibroblasts and CD8+ T cells in TAA were 
significantly higher than those in normal arterial wall tissue.
Conclusions: COL1A1 and SYTL2 may serve as diagnostic marker genes for TAA. The upregulation of SYTL2 and COL1A1 may be 
involved in the inflammatory infiltration of the vessel wall and poor extracellular matrix remodeling, promoting the progression of TAA.
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Introduction

Thoracic aortic aneurysm (TAA) refers to the patho-
logical expansion of the thoracic aorta that exceeds 
50% of the normal diameter or the diameter is >5 cm. It 
is an extremely dangerous macrovascular disease with a 
high mortality rate.[1,2] TAAs are caused by a variety of 
complex factors, including genetics and environment. 
Joyce et al[3] found in 1964 that about 50% of patients 
with TAAs died within five years of diagnosis. The 5-
year survival rate for symptomatic aneurysms and 
asymptomatic aneurysms is about 26.9% and 58.3%, 

respectively. Recently, a study of UK administrative data 
showed that freedom from mortality at 5 years was only 
65% after thoracic endovascular aortic repair (TEVAR), 
compared with 89% in matched controls, which 
suggests that this group has a generally poorer life expec-
tancy than that of the normal population.[4,5] At present, 
some progress has been made in the research of TAA in 
genetics, proteomics, hemodynamics, and treatment 
methods; however, there is still a high mortality rate, 
and there is no clinically feasible method to prevent the 
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occurrence of aortic aneurysm.[6,7] Therefore, early diag-
nosis and identification of TAAs are important.

Current studies have shown that the pathogenesis of 
TAA may involve genetic factors, intra-arterial hemody-
namic changes, vascular wall inflammation, and extra-
cellular matrix remodeling.[8] The thoracic aorta wall 
consists of three components: Elastic fibers, smooth 
muscle cells (SMCs), and collagen. It is the basic unit of 
the structure and function of the thoracic aortic wall 
and determines its mechanical properties. Both elastin 
and collagen are load-carrying proteins at high pres-
sures and marked caliber expansion. The ratio of 
collagen to elastin basically determines the mechanical 
properties of the vessel wall.[1] Inflammatory cell infil-
tration and elevated levels of inflammatory cytokines 
have been found in aortic tissue in patients with TAA 
or mouse models, suggesting that inflammation may 
play an important role in the development of the 
disease. There is inflammatory infiltration in the wall 
of TAA, especially in the middle layer of the ruptured 
aneurysm wall, and a large number of inflammatory 
cells accumulate.[9,10] The expression of inflammation-
related genes, such as chemokines, tumor necrosis 
factor (TNF), toll-like receptor-2, and cluster of differentia-
tion 14 (CD14) antigen genes, are all upregulated in 
local aneurysm tissue.[11] In the pathophysiological 
process of many cardiovascular diseases, the expression 
and activity of matrix metalloproteinases (MMPs) are 
enhanced, and the mobilization and activation of 
inflammatory cells aggravate the inflammatory 
response of the aneurysm wall tissue and the structural 
disorder of the extracellular matrix, such as elastic 
fibers and collagen fibers, which in turn promotes the 
remodeling and swelling of the blood vessel wall.[12]

In recent years, technologies such as ribonucleic acid 
(RNA) sequencing and gene chips have continued to 
develop. While accuracy and efficiency have increased, 
technical costs have also decreased, leading to large 
disease-related databases.[13] Using bioinformatics to 
mine these databases, we can easily find genes that may 
be related to the occurrence and development of TAA. 
Compared to traditional research, it is more economical 
and effectively shortens the research cycle. Our study 
used bioinformatics and statistical methods to identify 
and validate the diagnostic markers of TAA, which 
maybe provide the theoretical basis for the development 
of a new molecular mechanism study in TAA.

Methods

Ethical approval

All procedures performed in studies involving human 
participants were in accordance with the ethical stan-
dards of the institutional research committee and with 
the 1964 Helsinki Declaration and its later amendments 
or comparable ethical standards. This study was 
approved by the Ethics Committee of Zhongshan 
Hospital, Fudan University (No. B2021-718R). Written 
informed consent was obtained from the patient before 
surgery.

Data processing and differentially expressed gene (DEG) 
screening　

Datasets (GSE9106, GSE26155, and GSE155468) from 
the Gene Expression Omnibus (GEO) database (https://
www.ncbi.nlm.nih.gov/geo/) were selected. The GSE9106 
dataset contained peripheral blood cell data from 59 TAAs 
and 34 normal aortic samples. The GSE26155 dataset 
contained 43 TAAs and 43 normal aortic sample data 
from the aortic wall tissues. The GSE155468 dataset 
contains single-cell transcriptome data from one TAA and 
one normal aortic sample from aortic wall tissues. The 
“sva” package from R language software, version 4.1.1 
(https://www.r-project.org/) was used to normalize datasets 
and the “limma” R package to identify differentially 
expressed genes (DEGs). Considering the difference 
between peripheral blood samples and aortic wall tissue 
samples, an adjusted P value <0.05 and |log2 fold change 
(FC)| >0.5 were considered statistically significant.

Enrichment and functional analysis of DEGs　

Gene Ontology (GO: included biological process, molecular 
function, and cellular component), Kyoto Encyclopedia 
of Genes and Genomes (KEGG), Disease Ontology 
(DO), and gene set enrichment analysis (GSEA) were 
performed for DEGs with “ClusterProfiler” R package 
and the gene sets “c5. go. v7.4. symbols. gmt (https://
www.gsea-msigdb.org/gsea/login.jsp)”, and “c2.cp.kegg.
v7.0.symbols.gmt (https://www.gsea-msigdb.org/gsea/
index.jsp)”. Statistical significance was set at P <0.05.

Immune analysis　

Single-sample GSEA (ssGSEA) was used to analyze the 
scores for infiltrating immune cells and immune func-
tions. Correlation heatmaps and plotting correlative 
data (“corrplot” package) were used to show the rela-
tionship between infiltrating immune cells and immune 
function.

Single-cell analysis　

In total, 1836 cells from aortic wall tissues (one TAA and 
one normal aortic sample) were included in this analysis. 
The “Seurat” package was used for quality control, statis-
tical analysis, and exploration of the data. The t-
distributed stochastic neighbor embedding algorithm was 
applied for dimensionality reduction with initial principal 
components (PCs) and cluster classification analysis across 
all cells. The “limma” package in R was used to identify 
the marker genes of each cluster with an adjusted P-
value <0.05 and |log2 [FC]| >0.5. The “SingleR” package 
was used to determine and annotate different cell clusters.

Immunofluorescence staining

For immunofluorescence, sections were prepared in the 
same manner as for immunohistochemistry (IHC), until 
primary antibody incubation. Subsequently, after over-
night incubation with an anti-Collagen I antibody 
(1:200; mouse. No. ab138492; Abcam; Shanghai, China), 
anti-CD163 antibody (1:300; rabbit. No. ab138492; 
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Abcam), and anti-SYTL2 antibody (1: 250; rabbit. No. 
ab251097; Abcam) in a humidified chamber at 4℃ , 
phosphate buffered saline (PBS) washing was performed 
three times, and fluorescein-labeled secondary anti-
bodies (sheep anti-rabbit IgG H&L, fluorescein isothio-
cyanate [FITC]; 1:1000, rabbit. No. ab6791; Abcam) and 
(Goat Anti-Mouse IgG H&L [Alexa Fluor® 488]; 1:
1000, No. ab150117; Abcam) were added and incu-
bated at room temperature for 1 h in the dark. PBS was 
used to wash sections in the dark three times. 4′-6-
diamidino-2-phenylindole (DAPI) staining solution was 
then added drop-wise, and coverslips were mounted 
onto a glass slide (Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA), which was incubated at room 
temperature for 1 min in the dark. Images were 
captured with a confocal microscope (IX-70; Olympus 
Corporation; Tokyo, Japan).

Verhoeff’s van gieson (EVG) staining

The tissue was fixed with formaldehyde solution, sliced 
in paraffin, and conventionally dewaxed to water. Wash 
with 70% ethanol and dip 15 mL of Victoria Blue B 
solution. Differentiation in 95% ethanol for a few 
seconds. Wash twice in distilled water. Dye with 
Ponceau drops for 5 min. Differentiation and dehydra-
tion with anhydrous ethanol. Soak slides with xylene to 
make them transparent and seal with a neutral adhesive. 
Microscope observation.

Statistical analysis　

Data were statistically analyzed using R language 
software, https://www.r-project.org/. Differences were 
considered statistically significant at a P value <0.05. The 
results were expressed as percentages or mean ± standard 
deviation (SD) unless otherwise noted. Data were 
analyzed using the chi-squared test, Fisher’s exact test, or 
Student’s t-test. To screen for biomarker genes in TAA, 
the support vector machine-recursive feature elimination 
(SVM-RFE) “e1071” packages algorithm, random forest 
algorithm (“randomForest” package), least absolute 
shrinkage and selection operator (LASSO) algorithm 
(“glmnet” package), and binary logistic regression were 
performed. The prediction efficiency of biomarker genes 
for TAA was tested using a neural network model, 
nomogram, cluster analysis, and receiver operating char-
acteristic curves.

Results

DEG screening　

In the GSE9106 dataset, we analyzed 59 TAA and 34 
normal samples of peripheral blood cells, and 21 DEGs 
were identified using the “limma” package between the 
two groups. In the GSE26155 dataset, we analyzed 43 
TAA and 43 normal samples of the aortic wall tissues, and 
21 DEGs were identified by using the “limma” package 
between the two groups. The cut-off values were adjusted 
to P value <0.05 and |log FC| >0.5. The flowchart of this 
study was shown in Supplementary Figure 1A, http://

links.lww.com/CM9/B669. Heatmaps and volcano plots of 
the DEGs in the two datasets were shown in Supplemen-
tary Figure 1B–E, http://links.lww.com/CM9/B669.

Enrichment and functional correlation analysis of DEGs　

Venn diagram identified the 16 common DEGs (coDEGs) 
of GSE9106 and GSE26155 from the peripheral blood 
and the arterial wall tissue, respectively [Figure 1A]. GO 
analysis of DEGs showed that the top three terms in 
biological processes included positive regulation of T 
cell differentiation in the thymus, regulation of phospha-
tidylinositol 3-kinase signaling, and regulation of T cell 
differentiation in the thymus. The cellular component 
groups included collagen trimers and the external side of 
the plasma membrane. In molecular functions, TAA was 
mainly enriched on cargo receptor activity, modified 
amino acid binding, and amide binding [Figure 1B]. 
KEGG pathway analysis revealed that the DEGs were 
mainly involved in the phosphatidylinositol 3-kinase- 
Akt kinase (PI3K-AKT) signaling pathway [Figure 1C]. 
Diseases enriched by DEGs mainly included 
Ehlers–Danlos syndrome [Figure 1D]. The GSEA results 
showed that the enriched pathways mainly involved 
chemokine signaling pathway, complement and coagula-
tion cascades, and cytokine–cytokine receptor interaction 
in TAA, but butanoate metabolism, cardiac muscle 
contraction, and oxidative phosphorylation in control 
group [Figure 1E, F]. These results suggested that inflam-
matory responses and collagen-related diseases played 
important roles in TAA pathogenesis.

Biomarker gene screening and diagnosability test

To screen diagnostic marker genes, the SVM-RFE algo-
rithm, random forest algorithm, LASSO algorithm, and 
binary logistic regression were performed. The binary 
logistic regression algorithm was used to identify four 
DEGs as diagnostic markers for TAA [Figure 2A]. Three 
genes were identified from the DEGs by using the 
Random forest algorithm as diagnostic markers [Figure 
2B,C]. Sixteen genes were identified from the DEGs by 
using the SVM-RFE algorithm as diagnostic markers 
[Figure 2D]. The LASSO logistic regression algorithm 
was used to identify four DEGs as diagnostic markers 
for TAA [Figure 2E, F]. Collagen type I alpha 1 chain 
(COL1A1) and synaptotagmin like 2 (SYTL2) were 
finally obtained from the overlap of the random 
forest, LASSO, SVM-RFE, and binary logistic regression 
analyses [Figure 2G].

COL1A1 and SYTL2 expression was considerably higher 
in the TAA vascular wall than in the corresponding 
normal tissues, and the expression of COL1A1 was posi-
tively correlated with SYTL2 [Figure 3A,B]. Nomogram 
maps were constructed to predict the probability of TAA 
using COL1A1 and SYTL2 [Figure 3C]. The calibration 
plots indicated that the nomogram performed well in 
predicting the rupture probability in patients with TAA 
[Figure 3D, E]. The area under curve (AUC, 0.95; 95% 
confidence interval [CI]: 0.93–0.97) indicated that 
COL1A1 and SYTL2 (in the nomogram model) had an 
accurate predictive value for TAA [Figure 3F]. The cali-
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bration plots indicated that the nomogram performed 
well in predicting rupture probability in patients with 
TAA. We then constructed an artificial neural network 

model using COL1A1 and SYTL2 [Figure 3G]. The 
AUC (AUC = 0.88, 95% CI: 0.81–0.94 in GSE26155 
and AUC = 0.67, 95% CI: 0.55–0.77 in GSE9106) indi-

Figure 1: Enrichment and functional correlation analysis of the DEGs of GSE9106 dataset and GSE26155 dataset. (A) Venn diagram identified the 16 common DEGs. (B) GO enrichment 
analyses of DEGs. The farther the dot was from the center of the circle, the more up-regulated the GO term was. (C) KEGG enrichment analyses of DEGs. (D) DO enrichment analysis of the 
DEGs by histogram plot. (E) GSEA analysis of the KEGG pathway terms for DEGs enriched in the normal group. (F) GSEA analysis of the KEGG pathway terms for DEGs enriched in the TAA 
group. DEGs: Differentially expressed genes; DO: Disease Ontology; GO: Gene Ontology; GSEA: Gene set enrichment analysis; KEGG: Kyoto Encyclopedia of Genes and Genomes; 
TAA: Thoracic aortic aneurysm. Biomarker gene screening and diagnosability test

Figure 2: Screen the hub genes by the four methods of analysis. (A) Binary logistic regression identification of key genes of the DEGs. The binary logistic regression algorithm was 
used to identify four DEGs (C2, COL1A1, FHL5, SYTL2) as diagnostic markers for TAA. (B) The random forest tree for the identification of key genes of the DEGs. (C) The importance of 
the variables based on the RF model. (D) A plot of biomarkers selection via SVM-RFE algorithm. (E) LASSO logistic regression identification of hub genes of the DEGs. (F) Identification 
of optimal l value based on cross-validation. (G) Venn diagram identified the key genes integrated the all identified methods above. DEGs: Differentially expressed genes; LASSO: Least 
absolute shrinkage and selection operator. TAA: Thoracic aortic aneurysm; SVM-RFE: Support vector machine-recursive feature elimination. RF: Random forest. ADAM28: A disintegrin 
and metallopeptidase domain 28; C2: Complement C2; CLEC2D: C-type lectin domain family 2 member D; CNN1: Calponin 1; COL1A1: Collagen type I alpha 1 chain; DCN: Decorin; 
EDNRB: Endothelin receptor type B; FHL5: Four and a half LIM domains 5; FOLR2: Folate receptor beta; IL7R: Interleukin 7 receptor; MSR1: Macrophage scavenger receptor 1; 
NAV3: Neuron navigator 3; NTRK2: Neurotrophic receptor tyrosine kinase 2; PTGDR: Prostaglandin D2 receptor; RASGRP1: RAS guanyl releasing protein 1; SYTL2: Synaptotagmin like 
2. EMSE: Emseble Learning.
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cated that COL1A1 and SYTL2 (in the artificial neural 
network model) produced an accurate predictive value 
for TAA [Figure 3H, I]. In addition, according to the 
expression levels of COL1A1 and SYTL2, we performed 

cluster analysis on GSE26155 and GSE9106. The clus-
tering results showed that COL1A1 and SYTL2 clearly 
divided the two datasets into two parts [Figure 3J,L]. We 
performed a chi-squared test on the clustering results, 

Figure 3: Verification of the diagnostic markers. (A) COL1A1 and SYTL2 mRNA expression in TAA compared to normal groups in the vascular wall tissue. (B) The expression levels of 
COL1A1 and SYTL2 showed the positive correlation in the vascular wall tissue. (C) The TAA nomogram was developed with the COL1A1 and SYTL2. (D) Decision curve analysis for the 
TAA nomogram. (E) Calibration curves of the TAA nomogram prediction. (F) Receiver operating characteristic analysis of the TAA nomogram. (G) The diagnosability of COL1A1 and 
SYTL2 on TAA was tested by a neural network model. (H) ROC curves indicated the diagnosability of the neural network model on the TAA in the GSE26155 set. (I) ROC curves 
indicated the diagnosability of the neural network model on the TAA in the GSE9106 set. (J,L) Cluster analysis based on COL1A1 and SYTL2 in the GSE26155 and GSE9106 datasets, 
respectively. (K, M) Histogram showed the chi-squared test on the clustering results in the GSE26155 and GSE9106 datasets, respectively. AUC: Area under curve; CI: Confidence 
interval; Con: Control group; TAA: Thoracic aortic aneurysm; ROC: Receiver operating characteristic.
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which showed that the clustering results were similar to 
the original dataset grouping results [Figure 3K, M].

Immune analysis

These results suggested that inflammatory responses and 
collagen-related diseases played important roles in TAA 
pathogenesis. We further explored the function of 
COL1A1, SYTL2, and immune cell infiltration in TAA. 
We compared the immune characteristics of TAA and 
normal samples by examining the level of immune cell 
infiltration and immune function using the GSE26155 
dataset [Figure 4A]. We analyzed the correlation 
between TAA and normal groups with immune cell infil-
tration and immune cell function [Figure 4B, D]. 
Immune cell infiltration analysis showed that activate 
dendritic cells (aDCs), B cells, CD8+ T cells, DCs, macro-
phages, mast cells, neutrophils, plasmacytoid dendritic 
cells (pDCs), T-helper cells, tumor infiltrating lympho-
cyte (TIL), and regulatory T cells (Tregs) were higher in 
patients with TAA than in normal patients [Figure 4C]. 
Immune cell function analysis showed that APC_co_stimu-
lation, CC chemokine receptor (CCR), checkpoint, cytolytic 
activity, human leukocyte antigen (HLA), inflammation-
promotion, major histocompatibility complex (MHC) class 
I, para-inflammation, T cell co-inhibition, and type I 
interferon (IFN) response were more active in patients 
with TAA than in normal subjects [Figure 4E].

In addition, we analyzed the correlation between the 
above results of immune infiltration with COL1A1 and 
SYTL2. COL1A1 was positively correlated with M2 
macrophages but significantly negatively correlated with 

CD4 naive T cells, Tregs, monocytes, and activated NK 
cells [Figure 5A]. SYTL2 was positively correlated with 
M2 macrophages, CD4 memory resting T cells, M1 
macrophages, activated mast cells, and plasma cells, but 
significantly negatively correlated with CD4 naive T 
cells, monocytes, M0 macrophages, CD8+ T cells, Tregs, 
and activated NK cells [Figure 5B].

Single-cell analysis and validation

Together with previous observations that SYTL2 and 
COL1A1 might display diagnostic markers in TAA, we 
proposed that the upregulation of SYTL2 and COL1A1 
maybe facilitates the progress of TAA. To further vali-
date our results, we downloaded the GSE155438 
dataset for single-cell analyses. Following the quality 
control standard and normalization of TAA scRNA-seq 
data, 2980 low-quality cells were excluded, and 1835 
cells were included in the analysis [Supplementary Figure 
2A, http://links.lww.com/CM9/B669]. The number of 
genes detected was significantly related to sequencing 
depth [Supplementary Figure 2B, http://links.lww.com/
CM9/B669]. A total of 16,470 corresponding genes 
were included, and variance analysis revealed 1500 
highly variable genes [Supplementary Figure 2C, http://
links.lww.com/CM9/B669]. Principal component analysis 
(PCA) was performed to identify the available dimen-
sions and screen for correlated genes [Supplementary 
Figure 2D, http://links.lww.com/CM9/B669]. We selected 
20 principal components (PCs) with an estimated 
P value <0.05 for subsequent analysis [Supplementary 
Figure 2E, http://links.lww.com/CM9/B669].

Figure 4: Analysis of immune cell infiltration in aortic wall. (A) The heat map of the immune cells and immune functions in TAA. (B, D) Correlation heat map of immune cells and 
immune functions. The size of the colored squares represents the strength of the correlation. The redder the color, the stronger the correlation. (C, E) Differential immune cell infiltration 
and immune functions between the TAA and Con group. *P <0.05; †P <0.01; ‡P <0.001. aDCs: Activate Dendritic Cells; iDCs: Immaturate Dendritic Cells; pDCs: Plasmacytoid Dendritic 
Cells; IFN: Interferon; TAA: Thoracic aortic aneurysm. NK: Natural killer; DC: Dendritic cells; TIL: Tumor infiltrating lymphocyte; Treg: Regulatory cells; Tfh: Follicular helper T cell; 
CCR: Chemokine receptors; HLA: Human leukocyte antigen; APC: Antigen-presenting cells; MHC: Major histocompatibility complex; TFN: Taxifolin; ns: No significance.
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The t-distributed stochastic neighbor embedding algo-
rithm was applied, and the cells in the human TAA were 
successfully classified into nine separate clusters. Differ-
ential expression analysis was performed, and 5234 
marker genes from all nine clusters were identified 
[Figure 5C]. According to the expression patterns of the 
marker genes, these clusters were annotated using 
singleR. Clusters 0, 1, 2, and 8 were annotated as CD8+ 
T cells, cluster 3 was annotated as macrophages, clusters 
4 and 5 were annotated as fibroblasts, cluster 6 as endo-
thelial cells, and cluster 7 as neutrophils [Figure 5D]. In 
addition, SYTL2 and COL1A1 were highly expressed in 
CD8+ T cell and fibroblast clusters, respectively [Figure 
5E]. We examined the source composition of each cell 
type, we found that the aneurysm tissues contributed 
more cells than expected in the immune cell group 
[Figure 5F]. This indicated the gain of more immune 
cells in the TAA wall, which was consistent with current 
knowledge. To test our finding, we selected highly 
expressed genes, PDGFA, PDGFB, and CAV1, as 
markers for fibroblasts to confirm the observed changes 
[Figure 6A]. Highly expressed genes, CD8A, CD8B, and 
CD28 were selected as markers for CD8+ T cells 
[Figure 6B].

To determine SYTL2 and COL1A1 expression in the 
aortas of human TAA, we collected thoracic aorta speci-
mens from six patients with TAA undergoing open 

aortic repair and aortic specimens from six control 
subjects who underwent heart transplantation for hyper-
trophic cardiomyopathy or dilated cardiomyopathy but 
did not have TAA. Immunofluorescence staining 
revealed the expression levels of COL1A1 and SYTL2 
were up-regulated in the artery wall of TAA, and the 
infiltration level of macrophages was higher than that of 
the normal control artery wall [Figure 6C, D]. EVG 
staining revealed the expression levels of collagenous 
fiber were up-regulated and disordered arrangement in 
the artery wall of TAA [Figure 6E]. These observations 
were consistent with the changes we observed in the 
present study, supporting that the upregulation of 
SYTL2 and COL1A1 might be involved in the inflam-
matory infiltration of the vessel wall and poor extracel-
lular matrix remodeling, promoting the progression of 
TAA. The results of this study were summarized briefly, 
as shown in Figure 7.

Discussion

With aging populations and changes in lifestyles, TAA 
has become an increasingly important cardiovascular 
disease.[14] The occurrence of TAA involves multiple 
factors such as arteriosclerosis, inflammation, immunity, 
and genetics. The detailed mechanism has not yet been 
explained, but it has been recognized that the aneurysm 
formation process is closely related to the destruction of 

Figure 5: Single cell analysis of aortic wall and infiltrating immune cell component analysis. (A) Correlation between COL1A1 and infiltrating immune cells and functions in TAA. 
(B) Correlation between SYLT2 and infiltrating immune cells and functions in TAA. (C) The differential analysis identified marker genes. The top 20 marker genes of each cell cluster are 
displayed in the heatmap. A total of 96 genes are listed beside the heatmap after omitting the same top marker genes among clusters. The colors from purple to yellow indicate the 
gene expression levels from low to high. (D) A t-SNE (annotated by singleR and CellMarker) plot showing all cells of aortas colored according to 9 cell types. (E) Expression levels of 
COL1A1 and SYTL2 in TAA, as well as in other clusters based on scRNA-seq data. (F) The composition of each cell type between TAA and control group was shown in the horizontal bar 
plot. TAA: Thoracic aortic aneurysm; t-SNE: T-distributed stochastic neighbor embedding. CD: Cluster of differentiation; NK: Natural killer ; Con: Control group; abs: abs function; 
cor: correlation.Single-cell analysis and validation
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connective tissue in the arterial wall caused by various 
factors.[15] By combining the expression profiles of the 
GSE9106 and GSE26155 datasets, we screened 16 

DEGs in TAA compared to normal samples. The enrich-
ment (GO-biological process terms and KEGG path-
ways) and functional correlation analyses (DO and 

Figure 6: Single-cell analysis of cell populations with high expression of COL1A1 and SYTL2, EVG and multiple immunofluorescence staining verification. (A) Relative expression of 
PDGFA, PDGFB, CAV1, and COL1A1 in all cells from all samples. Cells were projected onto a t-SNE plot. (B) Relative expression of CD8A, CD8B, CD28, and SYTL2 in all cells from all 
samples. Cells were projected onto a t-SNE plot. (C) Representative immunofluorescence images and quantification of COL1A1, SYTL2, and CD163 expression. (D) The relative 
expression level of the COL1A1, SYTL2, and CD163 by the scatter diagram. (E) EVG staining revealed the expression levels of collagenous fiber in the artery wall of TAA. 
COL1A1: Collagen type I alpha 1 chain; SYTL2: Synaptotagmin like 2; TAA: Thoracic aortic aneurysm; t-SNE: T-distributed stochastic neighbor embedding; EVG: Verhoeff’s van gieson; 
CD163: Cluster of differentiation 163; VAG: Verhoeff’s van gieson. *P <0.05; †P <0.01.

Figure 7: The brief hypothesized mechanism diagram of this study. The expression of SYTL2 in TAA vascular wall tissue and COL1A1 in fibroblasts was significantly higher than that in 
corresponding normal tissues. The upregulation of SYTL2 and COL1A1 may be involved in the inflammatory infiltration of the vessel wall and poor extracellular matrix remodeling, 
promoting the progression of TAA. TAA: Thoracic aortic aneurysm. COL1A1: Collagen type I alpha 1 chain; SYTL2: Synaptotagmin like 2.
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GSEA analyses) showed that DEGs were mainly associ-
ated with inflammatory response pathways. These 
results indicated that immune and inflammatory 
processes characterize the development of TAA, which 
was consistent with previous findings. Using machine 
learning algorithms and bioinformatics analysis, we 
screened the COL1A1 and SYTL2 genes to precisely 
predict TAA. Our results indicated that COL1A1 and 
SYTL2 may serve as biomarkers for TAA and showed a 
high diagnostic value. Moreover, our study showed that 
the expression of COL1A1 and SYTL2 was significantly 
upregulated in TAA. Analysis of immune cell infiltration 
and function showed large immune-inflammatory cell 
infiltration in TAA, and COL1A1 and SYTL2 were 
significantly correlated with immune cell infiltration and 
the activation of immune cell functions. Based on the 
single-cell analysis results, COL1A1 in TAA was mainly 
derived from fibroblasts, and SYTL2 was mainly 
derived from CD8+ T cells. In addition, single-cell 
analysis indicated that the number of fibroblasts and 
CD8+ T cells in TAA was significantly higher than that 
in normal arterial wall tissue.

Patients with TAA have clear metabolic abnormalities of 
elastic and collagen fibers, and their histopathological 
characteristics are elastic fiber sparsity; loss and fracture 
in the middle membrane to varying degrees; and 
collagen hyperplasia in the intima, middle membrane, 
and outer membrane.[16] Changes in collagen expression 
may be the stress response of the vascular endothelium 
and vascular SMCs under the action of inflammatory 
and hemodynamic factors and also one of the reasons 
for the remodeling of the vascular wall extracellular 
matrix.[17] Collagens I, III, and V and fibronectin are 
synthesized by fibroblasts. In addition, fibroblasts 
secrete MMPs and ECM-degrading enzymes, which play 
a key role in maintaining extracellular matrix homeo-
stasis.[18,19] The COL1A1 gene is located on chromo-
some 17q22 and encodes the front a1 chain of type I 
collagen fibers.[20] In recent years, it has been reported 
that there is an abnormal expression of the COL1A1 
gene during tumorigenesis, which may be related to the 
proliferation and migration of tumor cells and the prog-
nosis of tumors.[21,22] Barzaman et al[23] believe that the 
determination of carbon-terminal fragments of type I 
collagen fibers in the plasma can be used as a method 
for predicting bone metastasis of breast cancer. Li et 
al[24] found that COL1A1 can be used as a monitoring 
factor in early gastric cancer screening to predict poor 
clinical outcomes in patients. Yang et al[25] found that 
COL1A1 is highly expressed in gastric cancer tissue 
and is negatively correlated with the prognosis of 
patients, involving the extracellular matrix pathway, 
PI3K-AKT, and other pathways. White et al[26] proposed 
that TAA formation is initiated by the degradation of 
elastin, during which the intimal elastic fiber product is 
simultaneously released, which may stimulate an 
increase in the number of intimal SMCs, which in turn 
produce MMPs and collagen. Thus, the increase in 
MMPs and collagen disrupts the homeostasis of elastin 
and collagen, leading to the expansion of the thoracic 
aorta to form a TAA.

SYTL2 belongs to the SPFH domain superfamily and is 
a member of the Stomatin family.[27] SYTL2-hem is 
carried by exocytic vesicles and participates in cytotoxic 
granule exocytosis in the lymphocytes.[28] Ménasché et 
al[29] found that SYTL2-hem is carried by exocytic 
vesicles and participates in cytotoxic granule exocytosis 
in the lymphocytes. Kesari et al[30] suggested that overex-
pression of recombinant human RAB27A protein 
(Rab27A)/SYTL2 vesicles in patients with LGMD2B 
inappropriately signals CD8+ T cell-mediated killing of 
histocompatibility compatible body (MHC) class I-
expressing myofibers. Aberrant release of Rab27A/Slp2a 
vesicles by myofibers may lead to a pro-inflammatory 
milieu, culminating in immune cell-mediated myofiber 
damage. In animal models, AngII promotes vasodilation 
through the upregulation of AT1R expression in aortic 
SMCs, and enhanced AngII levels induce vascular SMCs 
to produce and secrete MCP-1, which then stimulates 
monocyte recruitment and transformation into macro-
phages.[31,32] Inflammation of the aorta resulting from 
the recruitment of inflammatory cells, elevated cyto-
kines, and increased proteolytic enzymes promote 
medial degeneration and ultimately aneurysm develop-
ment.[33] Toll-like receptors are classic pattern recognition 
receptors that play important roles in innate and adaptive 
immunity. In recent years, an increasing number of 
scholars have focused on their connection with cardiovas-
cular diseases, such as atherosclerosis, ischemia-
reperfusion injury, increased permeability of the vascular 
wall, and infiltration of inflammatory cells in the vascular 
wall, leading to arterial tumor occurrence.[34,35]

Although the experimental verification results in this 
study are consistent with the previous analysis results, 
the sample size (including single cell sample size) for 
verification is too small, a larger sample size is needed to 
further confirm the results of this study. As blood 
samples were difficult to preserve for a long time, corre-
sponding blood tissue samples were not used for verifica-
tion in this study, which was also the limitation of our 
study. The lack of in-depth research and discussion on 
the pathogenesis of COL1A1 and SYTL2 affecting TAA 
is also the limitation of this study, which needs to be 
verified and discussed by the later relevant mechanism 
research.

In conclusion, our results suggest that COL1A1 and 
SYTL2 may be related to TAA, which can be seen as the 
diagnostic markers with high diagnostic value in the 
disease. The upregulation of SYTL2 and COL1A1 may 
promote the progression of TAA. Needed more animal 
experiments and cell experiments to further verify and 
clarify the mechanism in the future study.
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