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Abstract
Intracranial aneurysm (IA), is a localized dilation of the intracranial arteries, the rupture of which is catastrophic. Hyper-
tension is major IA risk factor that mediates endothelial cell damage. Sox17 is highly expressed in intracranial vascular 
endothelial cells, and GWAS studies indicate that its genetic alteration is one of the major genetic risk factors for IA. Vas-
cular endothelial cell injury plays a vital role in the pathogenesis of IA. The genetic ablation of Sox17 plus hypertension 
induced by AngII can lead to an increased incidence of intracranial aneurysms had tested in the previous animal experi-
ments. In order to study the underlying molecular mechanisms, we established stable Sox17-overexpressing and knockdown 
cell lines in human brain microvascular endothelial cells (HBMECs) first. Then flow cytometry, western blotting, and 
immunofluorescence were employed. We found that the knockdown of Sox17 could worsen the apoptosis and autophagy 
of HBMECs caused by AngII, while overexpression of Sox17 had the opposite effect. Transmission electron microscopy 
displayed increased autophagosomes after the knockdown of Sox17 in HBMECs. The RNA-sequencing analysis shown 
that dysregulation of the Sox17 gene was closely associated with the autophagy-related pathways. Our study suggests that 
Sox17 could protect HBMECs from AngII-induced injury by regulating autophagy and apoptosis.

Keywords Intracranial aneurysm · Sox17 gene · Human brain microvascular endothelial cells · Angiotensin II · 
Autophagy · Apoptosis

Abbreviations
IA  Intracranial aneurysm
SAH  Subarachnoid haemorrhage
HBMEC  The human brain microvascular endothelial 

cell

AngII  Angiotensin II
GWAS  Genome-wide association studies
Sox  SRY Related-HMG box
VEGF  Vascular endothelial growth factor
RT  Room temperature
GFP  Green fluorescence protein
DAPI  4′,6-Diamidino-2-phenylindole
BCA  Bicinchoninic acid
ECL  Enhanced chemiluminescence
PBS  Phosphate-buffered saline
PVDF  Polyvinylidene fluoride
RIPA  Radioimmunoprecipitation assay
BSA  Bovine serum albumin
TBST  Tris–HCl-Tween
CCK-8  Cell Counting Kit-8
PBS  Phosphatebuffer saline
PBST  Phosphate buffer saline-Tween
PE  Phycoerythrin
7-AAD  Annexin-V and 7-Amino-Actinomycin
3D  3-Dimensional
P62  Nucleoporin p62
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LC3  Microtubule-associated proteins 1 light chain 
3

Bax  Bcl-2-associated X proteinand Bcl-2
Bcl-2  B-cell lymphoma 2
KEGG  Kyoto Encyclopedia of Genes and Genome

Introduction

Intracranial aneurysm (IA), a localized dilation of the 
intracranial arteries, is a common cerebrovascular dis-
ease. IA rupture can lead to life-threatening subarachnoid 
hemorrhage (SAH) [1]. At present, the underlying molecu-
lar mechanisms of IA have not been fully elucidated. Pre-
vious studies have shown that vascular endothelial cells 
are essential for maintaining the structure and integrity of 
blood vessels [2, 3], and intracranial vascular endothelial 
cell injury plays a vital role in the progression of IA [4, 5]. 
Hypertension, one of the risk factors of intracranial aneu-
rysms [6], mainly leads to vascular endothelial cell damage 
[7]. In the in vivo and in vitro experiments, angiotensin II 
(AngII) is widely used as a canonical inducer in hyperten-
sion models to trigger apoptosis and autophagy in vascu-
lar endothelial cells [8–10] and is an enhancer of vascular 
aging [9]. AngII can also be used as an inducer to establish 
an in vitro model of intracranial aneurysms [11]. Accord-
ing to a series of genome-wide association studies (GWAS) 
based on IA patient populations, the Sox17 gene was identi-
fied as one of the susceptible genes of IA [5, 12, 13]. The 
Sox (SRY Related-HMG box) gene family harbors an HMG 
box DNA-binding domain associated with SRY-related tran-
scription factors. The 20 members of the Sox family are 
evolutionarily conserved and can be divided into several 
subclasses according to the DNA-binding domain homol-
ogy, which plays an essential role in regulating tissue differ-
entiation and organoid morphologies [14]. Therefore, muta-
tions, deletions, or abnormal expression of the Sox gene can 
lead to dysplasia or other serious diseases. The SoxF sub-
class, consisting of Sox7, Sox17, and Sox18, promotes the 
cell fate determination of endothelial cells [15, 16]. Sox17 
is highly expressed in the intracranial vascular endothelial 
cells [4], and is essential for neoangiogenesis during devel-
opment and arterial integrity in adulthood [17, 18]. Previ-
ous studies have shown that knockdown of Sox17 can lead 
to impaired cell proliferation of human aortic endothelial 
cells, and genetic ablation of Sox17 combined with AngII 
treatment can cause vascular morphological abnormali-
ties and endothelial dysfunction in mice, resulting in an 
increased occurrence and rupture of intracranial aneurysms 
in mice [4]. However, the underlying molecular mechanism 
of how Sox17 alteration affects vascular endothelial cell 
injury [19], particularly under hypertension conditions, has 
not been elucidated.

Vascular endothelial growth factor (VEGF) is a secretory 
protein that acts specifically on vascular endothelial cells 
and is one of the most potent stimulators of angiogenesis 
[20]. Sox17, a critical component of the SoxF subclass, can 
potentiate angiogenesis by targeting the VEGF signaling 
pathway [21]. Decreased expression of VEGF can lead to 
autophagy of vascular endothelial cells, eventually leading 
to endothelial cell apoptosis [22]. Nevertheless, whether 
the alterations of Sox17 affect cell apoptosis and autophagy 
of vascular endothelial cells is unclear. Apoptosis is a pro-
cess of programmed cell death, and numerous studies have 
shown a synergistic relationship between apoptosis and 
autophagy [23]. Autophagy is the lysosomal degradation of 
cellular components under stress conditions to provide the 
energy needed for cell survival [24, 25]. Studies have shown 
that apoptosis and autophagy are essential for maintaining 
cellular homeostasis in mammalian cells [26, 27]. Disrupt 
balance between apoptosis and autophagy may result in vas-
cular aging and related diseases [28].

In the current study, we used AngII-stimulated human 
brain microvascular endothelial cells (HBMECs) as a cell 
model of hypertension to explore the effect of Sox17 on 
apoptosis and autophagy of HBMECs, which might reveal 
the underlying molecular mechanisms of how Sox17 affects 
IA formation.

Materials and methods

Cell culture

The human brain microvascular endothelial (HBMEC) cell 
line was purchased from Otwo Biotech (Cat# HTX1843, 
China, RRID: CVCL_U985). The cells were cultured in 
DMEM solution (Gibco, USA) supplemented with 10% 
fetal bovine serum (Gibco, USA) and 1% penicillin–strep-
tomycin (Gibco, USA) under normoxic conditions (37 ℃, 
5%  CO2) in the incubator. The culture medium was changed 
every two days. When the cell density reached more than 
80%,  the cells were washed twice in 0.01 M phosphate 
buffer saline (PBS) (HyClone) and passaged by using 0.25% 
trypsin–EDTA (Gibco, USA).

AngII‑induced hypertension HBMEC model

To establish a hypertension model, HBMECs were treated 
with AngII as previously reported [8]. AngII (Calbio-
chem, USA) was dissolved in  ddH2O and diluted with 
culture medium to obtain the working concentrations. The 
HBMECs were seeded in 96-well plates at a density of 
5 ×  104/mL and cultured for 24 h. Afterward, the cells were 
treated with different concentrations of AngII  (10–9,  10–8, 
 10–7,  10–6,  10–5 mol/L) at 37 °C in 5%  CO2 for another 24 h. 
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Finally, the appropriate concentration was selected based on 
the cell viability assay results.

Cell viability assay

Cell viability rate was measured using the Cell Count-
ing Kit-8 (CCK-8, Dojindo, Japan). After treatment with 
AngII, the cells were incubated with culture medium con-
taining 10% CCK-8 solution at 37 °C for 2.5 h. The absorb-
ance at 450 nm was then measured. Cell viability of the 
treatment groups was expressed as the percentage of viable 
cells normalized to that of the control group. Experiments 
were repeated three times. According to the result of cell 
viability, the most suitable concentration of AngII was cho-
sen for subsequent experiments.

Sox17 overexpression and knockdown

The  cells were seeded in 6-well plates at a density of 
5 ×  104/mL. Sox17 knockdown shRNA (Sox17-Kd), Sox17 
overexpression vector (Sox17-Ad), and their corresponding 
control vectors (vector-Kd and vector-Ad) were transfected 
into cells using lentivirus transfection reagent (Shanghai 
Genechem China). The cells in the 6-well plate were incu-
bated with a transfection mixture (1 mL per well) for 12 h, 
after which the medium was replaced by normal culture 
medium. Green fluorescence protein (GFP) was expressed 
in the successfully transfected cells. So the infection effi-
ciency was determined by counting GFP-expressed cells 
under a fluorescence microscope 72–96 h after virus infec-
tion. More than 90% of the cells expressing GFP would 
be considered a successful infection. After the virus infec-
tion, the cells in each group were selected with puromycin 
(Solarbio 1 μg/mL) for 48 h in a  CO2 incubator.

Western blot analysis

For protein extraction, the AngII-treated cells were col-
lected with ice-cold RIPA buffer containing protease and 
phosphatase inhibitors (Roche, Switzerland). The protein 
concentrations were measured using a BCA protein quan-
titative detection kit (Auragene Bioscience, China). Sam-
ples were adjusted to the same concentration (2 μg/μL) 
and denatured with 5 × SDS loading buffer in boiling water 
for 10 min. Total protein was separated by electrophore-
sis (200 V) until the loading dye reached the bottom of 
the gel and transferred to polyvinylidene fluoride (PVDF) 
membrane (Immobilon) at 300 mA for 60 min. Afterward, 
the PVDF membranes were blocked with TBST-containing 
5% skim milk for 3 h at room temperature. The primary 
antibodies were used overnight at 4 °C and as the follow-
ing: anti-GAPDH antibody (1:1000, CST), anti-Sox17 
antibody (1:1000, CST), anti-LC3B antibody (1:1000, 

Novus), anti-P62 antibody (1:1000, CST), anti-Beclin1 
antibody (1:1000, CST),anti-Bax antibody (1:500, Boster), 
anti-Bcl-2 antibody (1:1000, Abclonal). On the next day, 
after washing three times with TBST buffer, the membranes 
were incubated with HRP-conjugated secondary antibody 
at room temperature for 2 h. The protein bands incubated 
with enhanced chemiluminescence (ECL) detection kit 
were exposed in the ChemiDoc Touch Imaging System and 
quantified by Image Lab software. All experiments were 
performed three times.

Immunofluorescence staining

The cultured cells were seeded onto coverslips and fixed in 
4% paraformaldehyde at room temperature (RT) for 40 min. 
After washing three times in PBS, cells were permeabilized 
with 0.2% TritonX-100 in 0.01 M PBS for 15 min. Subse-
quently, the fixed cells were exposed to the blocking solu-
tion (5% BSA) and were incubated with primary antibody 
(rabbit anti-LC3B 1:250 dilution, Novus) in PBST over-
night at 4℃. After three washes in PBS, the cells were incu-
bated with anti-rabbit Alexa Fluor 594 secondary antibody 
(1:500,EARTHOX, USA) in 0.01 M PBST at room temper-
ature for 1.5 h. Afterward, a mounting medium containing 
DAPI (VECTASHIELD, USA) was dripped onto the slides 
and covered with coverslips. The slides were observed 
under a laser scanning confocal microscopy (Olympus 
FV1200, Japan). Images were captured at 200 × magnifica-
tion. Five sections of the captured images were selected 
from each slide for analysis and quantified with Image J 
software. Relative density = IOD/area. As a negative con-
trol, PBS was used to replace the primary antibody.

Detection of apoptosis by flow cytometry analysis

The cells were incubated for 48 h in a CO2 incubator. 
Cells were digested by 0.25% trypsin, and cell density was 
adjusted to 1 ×  106 /mL. Apoptosis of HBMEC cells was 
determined by flow cytometry (CytoFLEX LX; Beckman 
Coulter, Brea, CA, USA) using PE Annexin-V Apoptosis 
Detection Kit I (BD Pharmingen, USA).The cells were 
resuspended in 100μL 1 × annexin-binding buffer and then 
stained with 5μL of PE Annexin-V and 7-AAD for 15 min at 
room temperature in the dark. After the incubation, 400μL 
1 × annexin-binding buffer was added, and stained cells 
were measured by flow cytometry. The rate of apoptotic 
cells was analyzed by using CytExpert software.

Transmission electron microscopy

The treated cells were digested, centrifuged with serum-
containing PBS washing  buffer, fixed overnight with 
2.5% glutaraldehyde 4 °C, then fixed with 1% osmic acid, 
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stained with 2% uranyl acetate, then dehydrated with etha-
nol increased by gradient, acetone infiltration and finally 
embedded in epoxy resin, and cut into electron microscopy 
sample, visualized with transmission electron microscope 
machine viewing.

Transcriptome sequencing

Total RNA of Sox17 overexpression and knockdown cell 
lines and their corresponding control groups was extracted 
using Trizol reagent (Beyotime, China), and a genome-
wide transcriptomics analysis was conducted by LC-Bio 
Technology Co., Ltd (Hangzhou, China). The RNA amount 
and purity of each sample was quantified using NanoDrop 
ND-1000. The RNA integrity was assessed by Bioanalyzer 
2100 and confirmed by electrophoresis with denaturing 
agarose gel. Then use the Magnesium RNA Fragmenta-
tion Module and SuperScript™ II Reverse Transcriptase 
for reverse transcription to obtain cDNA, which were next 
used to synthesise U-labeled second-stranded DNAs with 
E. coli DNA polymerase I, RNase H and dUTP Solution. 
The average insert size for the final cDNA library was 
300 ± 50 bp after PCR. At last, we performed the 2 × 150 bp 
paired-end sequencing (PE150) on an illumina Novaseq™ 
6000. Fastp software were used to control the quality of 
offline original data, We used HISAT2 to map reads to the 
reference genome of Homo sapiens GRCh38. The mapped 
reads of each sample were assembled using StringTie with 
default parameters. The differentially expressed mRNAs 
were selected with fold change > 2 or fold change < 0.5 and 
p-value < 0.05 by R package edge R or DESeq2. Hierar-
chical clustering heatmap was generated by pheatmap R 
package. Then the KEGG enrichment analysis was per-
formed according to the differentially expressed mRNAs. 
Significantly enriched KEGG pathways were analyzed 
using the DAVID software and selected based on a thresh-
old p-value ≤ 0.05. Volcano plot was constructed using the 
ggVolcano Rpackage.

Statistical analysis

Data are expressed as mean ± SEM (n = 3). Differences 
between two groups were calculated by an unpaired t-test 
in SPSS 23.0 software. One-way ANOVA and two-way 
ANOVA followed by Tukey's post hoc test in SPSS 23.0 
software were used to determine the statistical significance 
between multiple groups when appropriate. Histograms 
were generated using GraphPad Prism8. p < 0.05 was con-
sidered statistically significant.

Results

Treatment of AngII impaired HBMEC cell viability

As the concentration of AngII increases, the cell viability 
gradually decreases (Fig. 1). Compare with control group, 
we observed an approximately 50% decline in cell viabil-
ity after  10–5 mol/L AngII treatment. This concentration 
was chosen as the intervention concentration for further 
experiments.

Construction of Sox17 stable cell line in HBMEC cell

Based on western blot analysis, Sox17 expression is up-
regulated significantly after overexpression of Sox17 gene 
(Fig. 2A), and Sox17 expression was decreased by about 
33% after the knockdown of Sox17 gene (Fig. 2B).

Effect of Sox17 on regulating the apoptosis 
of HBMEC

According to the flow cytometry assay, neither overexpres-
sion nor knockdown of Sox17 significantly affects on the 
apoptotic rate of HBMEC (Fig. 3A&B). Under the stimu-
lation by AngII, the apoptotic rate of the Sox17-Kd group 
significantly increased compared with that of the control 
group (Fig. 3A), while the Sox17-Ad group showed the 
opposite result (Fig. 3B).

Effect of Sox17 on apoptosis‑related proteins

We further investigated the changes of apoptosis-related 
proteins by western blotting. Knockdown of Sox17 

Fig. 1   The effect of different concentrations of AngII on cell via-
bility. Cell viability was measured by CCK-8 assay. Values are 
expressed as mean ± SEM (n = 3).***p < 0.001, *p < 0.05. One-way 
ANOVA with Tukey's multiple comparisons test was used. ns, not 
significant



Molecular and Cellular Biochemistry 

1 3

reduced Bcl-2 expression compared to the control group. 
No significant difference was observed in the expression 
of Bax after silencing of Sox17 (Fig. 4A). There was no 
significant change in the expression of Bax and Bcl-2 
after overexpression of Sox17 (Fig. 4B). Interestingly, 
after the AngII stimulation, the expression of Bax in the 
vector-Kd group was elevated, while the expression of 
Bcl-2 was decreased (Fig. 4A). The expression of Bax in 
the Sox17-Kd group was significantly increased compared 
with the vector-Kd group after AngII stimulation, and 
Bcl-2 was further decreased (Fig. 4A). However, under 
the AngII stimulation conditions, the expression of Bax 
and Bcl-2 in the Sox17-Ad group was steady compared to 
the vector-Ad group (Fig. 4B).

Knockdown of Sox17 induced autophagy activation 
on HBMEC

Previous investigations demonstrated that autophagy 
plays a vital role in mediating cell apoptosis. In terms of 
the anti-apoptosis effects of Sox17 after exposure to Ang 
II challenge, we analyzed the expression of Sox17 and 
autophagy-related proteins by western blotting. We found 
that the knockdown of Sox17 led to increased expression 
of LC3-II/I, decreased P62, and increased Beclin1, sug-
gesting enhanced autophagy. The expression of LC3-II/I 

in the Sox17-Kd group was significantly increased com-
pared to the vector-Kd group during AngII stimulation 
(Fig. 5A). Consistent with these findings, immunofluores-
cence also validated that knockdown of Sox17 increased 
LC3 expression (Fig. 5B). Transmission fiber glass scans 
showed many visible autophagy bodies after silencing 
of Sox17, indicating enhanced autophagy in HBMEC 
(Fig. 5C).

Ectopic expression of Sox17 suppressed HBMEC 
autophagy

To further determine the functional role of Sox17 on 
autophagy, we examined the expression of autophagy-
related proteins (P62, Beclin1, and LC3-II/I) in the Sox17-
Ad group, and overexpression of Sox17 inhibited the 
expression of LC3-II/I and Beclin1 (Fig. 6). Moreover, the 
expression of LC3-II/I in the Sox17-Ad group was signifi-
cantly reduced compared with the vector-Ad group after 
AngII stimulation. The expression of P62 was significantly 
increased (Fig. 6).

Transcriptome sequencing identified the connection 
between Sox17 and autophagy

To further illuminate the connection between Sox17 alter-
ation and autophagy, we evaluated the RNA expression 
profiles after knockdown or overexpression of Sox17. Dif-
ferentially expressed mRNA (DEmRNA) were obtained 
under the condition of fold change of > 2 or < 0.5 and 
p < 0.05. Heatmap analysis revealed differences in mRNA 
expression following overexpression of Sox17 (Fig. 7A). 
The volcano plot indicated that there were 83 up-regu-
lated mRNAs and 36 down-regulated mRNAs, including 
ATP6V1C2, GABARAPL1, KDR, THBS2, and PDPK1 
(Fig. 7C). KEGG analysis demonstrated that the DEmRNAs 
were primarily enriched in the NOD-like receptor signaling 
pathway (Fig. 7B). When Sox17 was knocked down, the 
heatmap and volcano plot illustrated 65 up-regulated genes 
and 74 down-regulated mRNA, especially ITGA11, ATF4, 
MYC, YWHAB, and FGFR4 (Fig. 7D, F). KEGG analysis 
showed that DEmRNA were mainly enriched in the PI3K-
Akt signaling pathway and SNARE interactions in vesicu-
lar transport (Fig. 7E). Interestingly, regardless of whether 
Sox17 was overexpressed or knocked down, signaling path-
ways associated with autophagy consistently ranked among 
the top 20 significantly dysregulated pathways in the KEGG 
analysis. These pathways include the PI3K/AKT pathway, 
mTOR pathway, and autophagy pathway (Fig. 7). 

Fig. 2  The establishment of Sox17 stable cell lines. A The human 
brain microvascular endothelial (HBMEC) cells were infected by 
the Sox17 overexpression (Sox17-Ad) and the corresponding EGFP 
control (vector-Ad) lentivirus. Western blotting was used to exam-
ine the overexpression of Sox17. B HBMEC cells were infected by 
the lentivirus encoding different Sox17 shRNA(Sox17-Kd) and their 
control vector (vector-Kd). Western blotting was used to examine the 
knockdown of Sox17. Data were expressed as mean ± SEM (n = 3). 
**p < 0.01, * p < 0.05, t-test
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Fig. 3  Flow cytometry was used to monitor the effect of Sox17 on 
modulating cell apoptosis. A HBMEC with different treatments were 
stained with fluorescein isothiocyanate Phycoerythrin (PE)-conju-
gated Annexin-V and 7-Amino-Actinomycin (7-AAD). Flow cytom-
etry was used to analyze the percentage of apoptosis after knockdown 
of Sox17 in the absence or presence of AngII. B Flow cytometry was 

used to analyze the percentage of apoptosis after overexpression of 
Sox17 in the absence or presence of AngII. Data were expressed as 
mean ± SEM (n = 3). *p < 0.05, ** p < 0.01, two-way ANOVA with 
Tukey's multiple comparisons test. ns not significant, AngII angioten-
sin II, control without angiotensin II
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Discussion

The formation of IA is tightly modulated by various fac-
tors, ranging from environmental factors to genetics [29]. 
To build up the connection between external and intrinsic 
elements of IA, AngII was applied in hypertension mod-
elas an inducer. We used AngII to challenge the HBMEC 
after knockdown or overexpression of Sox17 to observe 
the response in HBMEC. AngII is a vasoactive polypep-
tide that regulates various physiological functions such as 
vasoconstriction, fluid volume regulation, cardiac output, 
cell growth, and blood vessel wall integrity. The AngII type 
1 receptor (AT1R) is considered to mediate the functions 
of AngII in the system. AT1R is found in various tissues, 
including vascular smooth muscle, endothelial cells, heart, 
brain, kidney, adrenal glands, and adipose tissue. Elevated 
AngII levels are closely related to the occurrence and rup-
ture of abdominal aortic aneurysms and IA [30]. In previous 
research, AngII was used in vascular smooth muscle cell to 
explored its function, including inflammation and prolifera-
tion, which are involved in the pathology of hypertension 
and atherosclerosis [31]. Furthermore, the dysfunction of 
leukocytes, endothelium, white adipocytes and fibroblasts 
poses a risk for the development of aortic aneurysms under 
AngII induction. Reports have demonstrated that the infu-
sion of AngII leads to the activation of iNOS/NF-κB in 
inflammatory leukocytes, resulting in an increase in the ath-
erosclerotic lesion area of SHR rats [32]. Besides, white 

adipocytes and fibroblast have been reported to participate 
in the diameter regulation of the abdominal aorta follow-
ing AngII infusion through direct interactions with AT1aR 
[33, 34]. AngII effect on human aortic endothelial cells 
(HAECs) induce oxidative stress, which increases ROS 
production, produces superoxides and hydrogen peroxide, 
affecting cell viability [8].

Actually, to explore the function of endothelial cells in 
intracranial aneurysm (IA) lesions, a 3-dimensional (3D) 
casted mold with endothelial cells was built to reveal the 
comprehensive gene expression profile [35]. Besides, 3D 
culture conditions have been shown to exhibit an expres-
sion profile more similar to that observed in native tis-
sue, making it a valuable tool for investigating differential 
gene expression profiles compared to traditional 2D cul-
ture methods. 3D culture has been used in the mechanism 
research and drug development of heart disease and pulmo-
nary hypertension [36, 37]. In the future, 3D spheroid of 
IA will be developed to further explore the pathogenesis of 
IA and identify potential targets for clinical drug interven-
tions. In this study, we focus on the function of Sox17 in 
AngII induced hypertension model. Sox17 was observed 
to be specifically expressed in endothelial cells during vas-
cular development of vascular system [38]. Further studies 
confirmed the key role of Sox17 in the cardiovascular sys-
tem [15] and maintenance of the blood–brain barrier [39], 
as well as the differentiation of arteries [17, 40]. Hence, 
we chosen the HBMEC with AngII administration to build 

Fig. 4  Effect of Sox17 on AngII-induced cell apoptosis. A Western 
blotting was used to detect the expression of Bax and Bcl-2 after the 
knockdown of Sox17 in the absence or presence of AngII. B Western 
blots were used to detect the expression of Bax and Bcl-2 after over-

expression of Sox17 in the absence or presence of AngII. Data were 
expressed as mean ± SEM (n = 3). *p < 0.05, ** p < 0.01, two-way 
ANOVA with Tukey's multiple comparisons test. ns not significant, 
AngII angiotensin II, control without angiotensin II
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the cell model for observing the undying mechanisms after 
knockdown or overexpression of Sox17. Meanwhile, human 
genomic analysis has shown that the Sox17 site is one of 
the hot spots closely associated with intracranial aneurysms 

[13] and that deficiency of Sox17 leads to the formation of 
hereditary-related intracranial aneurysms induced by high 
blood pressure [4].

Fig. 5  Knockdown of Sox17 induced autophagy of HBMEC. A West-
ern blotting was used to detect the expression of P62, Beclin1, LC3 
after the knockdown of Sox17 in the absence or presence of AngII. B 
Fluorescence microscopic images of LC3 in vector-Kd and Sox17-Kd 
groups in the absence or presence of AngII. Representative images 
of LC3 (red) and DAPI (blue) (n = 3; scale bar = 100 µm). C Repre-

sentative images of transmission electron microscopy (TEM) showing 
autophagosomes in HBMECs after knockdown of Sox17, magnifi-
cation × 23,000. In the ultrastructure of the HBMEC, yellow arrows 
point to the normal mitochondria, and red arrows indicate the repre-
sentative autophagosomes. (n = 3; scale bar = 5 or 1  μm). *p < 0.05, 
** p < 0.01, two-way ANOVA with Tukey's multiple comparisons test
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To further investigate the mechanism by which the 
Sox17 gene mediates hypertensive intracranial aneu-
rysms, we established stable cell lines with knockdown 
or overexpression of Sox17 in HBMEC (Fig. 2). Subse-
quent studies have found that Sox17 knockdown exacer-
bated AngII-induced apoptosis of HBMEC (Figs.  3A, 
4A). Apoptosis refers to the programmed cell death that 
is tightly controlled to maintain cellular homeostasis, and 
apoptosis is essential for cell survival. Previous studies have 
shown that AngII causes apoptosis of vascular endothelial 
cells [8, 41]. This study confirmed that AngII could up-
regulate Bax expression and down-regulate Bcl-2 expres-
sion (Fig. 4A,B). Interestingly, the knockdown of Sox17 
alone resulted in reduced Bcl-2 expression without Bax 
expression alteration (Fig. 4A) and no effect on apopto-
sis rate (Fig. 3A). However, the overexpression of Sox17 
alone did not affect both the apoptosis-related proteins or 
the apoptosis rate (Figs. 3B, 4B). Bcl-2 plays a significant 
role in regulating apoptosis, and Bax is a pro-apoptotic pro-
tein [42]. Bcl-2 is one of the pleiotropic genes involved 
in apoptosis and autophagy [43]. Bcl-2/BclXL physically 
interacts with Beclin 1 through the BH3 domain, leading to 
Bcl-2-mediated suppression on autophagy [23, 44]. Sox17 
knockdown leads to decreased Bcl-2 protein expression and 
increased Beclin1 expression, suggesting an enhancement 
of autophagy (Figs. 4A, 5A). This evidenced the Sox17 

regulated the crosstalk between autophagy and apoptosis 
through Bcl-2 and Beclin1. Autophagy genes are involved 
in the execution of cell death. The crosstalk between apop-
tosis and autophagy is complicated [44, 45]. Apoptosis 
and autophagy are not mutually exclusive pathways. Their 
crosstalk has proved to be synergistic and confrontational. 
They shared many common molecular regulators. Under 
certain circumstances, autophagy is accompanied by cell 
death [46]. Our study found that the knockdown of Sox17 
induced autophagy and apoptosis of human brain microvas-
cular endothelial cells caused by AngII stimulation.

Autophagy plays an important role in paracrine regula-
tion of endothelial vasoactive substances, which contrib-
utes to the development of vascular biology [28]. Disrup-
tion of autophagy is involved in the pathogenesis of the 
cardiovascular disease [47]. AngII can gradually induce 
autophagy, aging, and apoptosis of human umbilical vein 
endothelial cells [9]. In this study, we found that AngII 
induced autophagy in human brain microvascular endothe-
lial cells (Figs. 5, 6). LC3 precursor is hydrolyzed by a 
cysteine protease called ATG4B and then converted to a 
proteolytic form termed LC3-I, which lacks C-terminal 
amino acids and is processed as a membrane-associated 
form termed LC3-II [48]. LC3-II/I protein ratio is an 
important indicator of autophagy [49]. Decreased expres-
sion of P62 is a canonical indicator of autophagic flux 

Fig. 6  Overexpression of Sox17 reduced Autophagy. Representative 
western blots and quantification data of P62, Beclin1, LC3 after over-
expression of Sox17. Data were expressed as mean ± SEM (n = 3). 

*p < 0.05, ** p < 0.01, two-way ANOVA with Tukey's multiple com-
parisons test. ns not significant, AngII angiotensin II, control without 
angiotensin II
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because it is involved in autophagic lysosomes degrad-
ing ubiquitinated proteins [50, 51]. The activity of the 
PI3K/AKT/mTOR pathway inhibits the autophagy pro-
cess, which is closely associated with the prosurvival sig-
nals. The mammalian target of rapamycin (mTOR) is a 
crucial modulator of autophagy [52]. It has been shown 
that mTOR regulates the expression of Sox17 in endothe-
lial cells [21]. That was supported by the transcriptome 
results, which revealed that the over expression of Sox17 

in AngII induced HBMEC resulted in the regulation of 
KDR, PDPK1 and ATP6V1C2, genes that are associated 
with PI3K/AKT/mTOR pathway. Additonally, the knock-
down of Sox17 regulated the genes ITGA11, ATF4, MYC, 
YWHAB, and FGFR4, which are involved in the PI3K/
AKT/mTOR and autophagy pathways (Fig. 7). Besides, 
we found that knockdown of Sox17 in HBMEC up-reg-
ulated LC3-II and LC3-I expression, reduced the expres-
sion of P62, and increased the number of autophagosomes 
(Fig.  5). Overexpression of Sox17 can down-regulate 
LC3-II/I expression and increase P62 protein expres-
sion (Fig. 6). This suggested that Sox17 might modulate 
autophagy in vascular endothelial cells by mediating 
autophagic flux. Interestingly, we also found that silenc-
ing of Sox17 plus AngII stimulus increased the expres-
sion of LC3-II/I protein compared to the AngII-treated 
group. Moreover, we also confirmed that overexpression 
of Sox17 in HBMEC inhibited AngII-induced autophagy 
(Fig. 6). Finally, RNA-sequencing analysis also showed 
that Sox17 is closely related to autophagy gene includ-
ing GABARAPL1 which is the essential for autophago-
some maturation with LC3s (Fig. 7). Taken together, this 
study suggests that Sox17 might regulate the process of 
autophagy.

Fig. 7  Genome-wide RNA-seq was used to examine the effect of 
Sox17 on gene expression. A Heatmap of differentially expressed 
genes in HBMECs between Sox17-Ad and vector-Ad groups. B 
KEGG enrichment of top 20 significant signaling pathways in the 
HBMECs with overexpression of Sox17. The size of the dots rep-
resents the gene number, and the color of the dots represents the 
p-value. C The volcano plot showed variance in gene expression 
concerning fold change and P-value. Each dot represents a sepa-
rate transcript: red dots represent the up-regulated differentially 
expressed transcripts, blue dots represent the down-regulated dif-
ferentially expressed transcripts, and grey dots represent not differ-
entially expressed transcripts. D Heatmap of differentially expressed 
genes in HBMECs between Sox17-Kd and vector-Kd groups. E 
KEGG enrichment of the top 20 significant signaling pathways in 
Sox17 knockdown intervened HBMECs. F The volcano plot showed 
the genes with significant changes. The pathways accociated with 
autophagy were highlighted in yellow

◂

Fig. 8  Schematic diagram illustrating the effects of Sox17 on 
HBMECs. The knockdown of Sox17 worsen the apoptosis and 
autophagy of HBMECs caused by angiotensin II, while overexpres-

sion of Sox17 had the opposite effect. The autophagosomes increased 
after the knockdown of Sox17 in HBMECs
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In summary, our study described how the Sox17 gene 
alteration affects autophagy and apoptosis of HBMECs. 
Sox17 knockdown exacerbates autophagy and apoptosis 
of human brain microvascular endothelial cells induced 
by AngII stimulation, while overexpression of Sox17 
can reverse this (Fig. 8). Our study revealed a previously 
unknown role of Sox17 in maintaining the function of 
vascular endothelial cells and demonstrated its impact on 
intracranial aneurysms. This findings suggest that Sox17 
could serves as a promising therapeutic target for intrac-
ranial aneurysms. In clinical practice, it is necessary to 
control blood pressure in patients with familial IA, par-
ticualarly those with Sox17 gene defects. However, it is 
important to note that this study was conducted solely 
in vitro and focused on only a single cell line (HBMECs), 
which may be considered a potential limitation. Future 
research should encompass in vivo studies and investi-
gations involving other cell lines to further validate and 
expand upon our findings.

Acknowledgements We would like to acknowledge Prof. Weicheng 
Liang from The Third Affiliated Hospital of Sun Yat-sen University 
for his guidance and revision. We are grateful to the technical assis-
tance provided by the core facilities of Zhejiang University Institute 
of Neuroscience. We also wish to express our appreciation to Shijia 
Chen, Shan Ye, Li Liu and Sanhua Fang, all from the Zhejiang Uni-
versity School of Medicine.

Author’s contributions Lihong Zhang and Marong Fang designed the 
study. Yanyan Wang built the model, performed, collected and ana-
lyzed the data. Qiannan Ren and Wei Qi and Nashwa Amin helped 
collect the data. Zhenzhong Li and Lihong Zhang were mainly respon-
sible for obtained funding and supervised all aspects of the project, 
Xiangjian Zhang and Xinli Bai provided technical and methodological 
support. Yanyan Wang interpreted the results and drafted the manu-
script. Lihong Zhang commented on the manuscript and edited it. All 
authors read and approved the final manuscript.

Funding This work was supported by S&T Program of Hebei, 
China (No. 20377702D) and the Project for Introducing Overseas 
Students of Hebei Province, China (No. C201851).

 Data availability The data that support the findings of this study are 
available from the corresponding author upon reasonable request.

Declarations 

Conflict of interest The authors declare no conflicts of interest.

Ethical approval All experimental procedures and protocols were 
reviewed and approved by the Research Ethics Committee of the sec-
ond hospital of Hebei Medical University in China (Approval letter 
No: 2020-R135).

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 

included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Vlak MHM, Algra A, Brandenburg R, Rinkel GJE (2011) Preva-
lence of unruptured intracranial aneurysms, with emphasis on 
sex, age, comorbidity, country, and time period: a systematic 
review and meta-analysis. Lancet Neurol 10:626–636. https:// 
doi. org/ 10. 1016/ s1474- 4422(11) 70109-0

 2. Wong BW, Marsch E, Treps L, Baes M, Carmeliet P (2017) 
Endothelial cell metabolism in health and disease: impact of 
hypoxia. EMBO J 36:2187–2203. https:// doi. org/ 10. 15252/ embj. 
20169 6150

 3. Neubauer K, Zieger B (2022) Endothelial cells and coagula-
tion. Cell Tissue Res 387:391–398. https:// doi. org/ 10. 1007/ 
s00441- 021- 03471-2

 4. Lee S, Kim IK, Ahn JS, Woo DC, Kim ST, Song S, Koh GY, Kim 
HS, Jeon BH, Kim I (2015) Deficiency of endothelium-specific 
transcription factor Sox17 induces intracranial aneurysm. Cir-
culation 131:995–1005. https:// doi. org/ 10. 1161/ CIRCU LATIO 
NAHA. 114. 012568

 5. Bakker MK, van der Spek RAA, van Rheenen W, Morel S, Bour-
cier R, Hostettler IC, Alg VS, van Eijk KR, Koido M, Akiyama 
M, Terao C, Matsuda K, Walters RG, Lin K, Li L, Millwood 
IY, Chen Z, Rouleau GA, Zhou S, Rannikmäe K, Sudlow CLM, 
Houlden H, van den Berg LH, Dina C, Naggara O, Gentric J-C, 
Shotar E, Eugène F, Desal H, Winsvold BS, Børte S, Johnsen 
MB, Brumpton BM, Sandvei MS, Willer CJ, Hveem K, Zwart 
J-A, Verschuren WMM, Friedrich CM, Hirsch S, Schilling S, 
Dauvillier J, Martin O, Jones GT, Bown MJ, Ko NU, Kim H, 
Coleman JRI, Breen G, Zaroff JG, Klijn CJM, Malik R, Dich-
gans M, Sargurupremraj M, Tatlisumak T, Amouyel P, Debette 
S, Rinkel GJE, Worrall BB, Pera J, Slowik A, Gaál-Paavola EI, 
Niemelä M, Jääskeläinen JE, von Und Zu, Fraunberg M, Lind-
gren A, Broderick JP, Werring DJ, Woo D, Redon R, Bijlenga 
P, Kamatani Y, Veldink JH, Ruigrok YM (2020) Genome-wide 
association study of intracranial aneurysms identifies 17 risk loci 
and genetic overlap with clinical risk factors. Nat Genet 52:1303–
1313. https:// doi. org/ 10. 1038/ s41588- 020- 00725-7

 6. Raisanen S, Huttunen J, Huuskonen TJ, von Und Zu, Fraunberg 
M, Koivisto T, Jaaskelainen JE, Frosen J, Lindgren A (2022) 
Use of antihypertensive medication and formation of de novo 
intracranial aneurysms. Eur J Neurol 29:2708–2715. https:// doi. 
org/ 10. 1111/ ene. 15430

 7. Dong J, Wong SL, Lau CW, Lee HK, Ng CF, Zhang L, Yao X, 
Chen ZY, Vanhoutte PM, Huang Y (2012) Calcitriol protects 
renovascular function in hypertension by down-regulating angio-
tensin II type 1 receptors and reducing oxidative stress. Eur Heart 
J 33:2980–2990. https:// doi. org/ 10. 1093/ eurhe artj/ ehr459

 8. Fu Y, Sun S, Sun H, Peng J, Ma X, Bao L, Ji R, Luo C, Gao 
C, Zhang X, Jin Y (2019) Scutellarin exerts protective effects 
against atherosclerosis in rats by regulating the Hippo-FOXO3A 
and PI3K/AKT signaling pathways. J Cell Physiol 234:18131–
18145. https:// doi. org/ 10. 1002/ jcp. 28446

 9. Shan H, Guo D, Li X, Zhao X, Li W, Bai X (2014) From 
autophagy to senescence and apoptosis in Angiotensin II-treated 
vascular endothelial cells. APMIS 122:985–992. https:// doi. org/ 
10. 1111/ apm. 12242

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/s1474-4422(11)70109-0
https://doi.org/10.1016/s1474-4422(11)70109-0
https://doi.org/10.15252/embj.201696150
https://doi.org/10.15252/embj.201696150
https://doi.org/10.1007/s00441-021-03471-2
https://doi.org/10.1007/s00441-021-03471-2
https://doi.org/10.1161/CIRCULATIONAHA.114.012568
https://doi.org/10.1161/CIRCULATIONAHA.114.012568
https://doi.org/10.1038/s41588-020-00725-7
https://doi.org/10.1111/ene.15430
https://doi.org/10.1111/ene.15430
https://doi.org/10.1093/eurheartj/ehr459
https://doi.org/10.1002/jcp.28446
https://doi.org/10.1111/apm.12242
https://doi.org/10.1111/apm.12242


Molecular and Cellular Biochemistry 

1 3

 10. Guo J, Wang Z, Wu J, Liu M, Li M, Sun Y, Huang W, Li Y, 
Zhang Y, Tang W, Li X, Zhang C, Hong F, Li N, Nie J, Yi F 
(2019) Endothelial SIRT6 is vital to prevent hypertension and 
associated cardiorenal injury through targeting Nkx3.2-GATA5 
signaling. Circ Res 124:1448–1461. https:// doi. org/ 10. 1161/ 
CIRCR ESAHA. 118. 314032

 11. Yagi K, Tada Y, Kitazato KT, Tamura T, Satomi J, Nagahiro S 
(2010) Ibudilast inhibits cerebral aneurysms by down-regulating 
inflammation-related molecules in the vascular wall of rats. Neu-
rosurgery 66:551–559. https:// doi. org/ 10. 1227/ 01. NEU. 00003 
65771. 89576. 77

 12. Foroud T, Koller DL, Lai D, Sauerbeck L, Anderson C, Ko N, 
Deka R, Mosley TH, Fornage M, Woo D, Moomaw CJ, Hornung 
R, Huston J, Meissner I, Bailey-Wilson JE, Langefeld C, Rouleau 
G, Connolly ES, Worrall BB, Kleindorfer D, Flaherty ML, Mar-
tini S, Mackey J, Rosa DLRL, F, Brown RD, Jr., Broderick JP and 
Investigators FIAS, (2012) Genome-wide association study of 
intracranial aneurysms confirms role of Anril and SOX17 in dis-
ease risk. Stroke 43:2846–2852. https:// doi. org/ 10. 1161/ STROK 
EAHA. 112. 656397

 13. Bilguvar K, Yasuno K, Niemela M, Ruigrok YM, von Und Zu, 
Fraunberg M, van Duijn CM, van den Berg LH, Mane S, Mason 
CE, Choi M, Gaal E, Bayri Y, Kolb L, Arlier Z, Ravuri S, Ron-
kainen A, Tajima A, Laakso A, Hata A, Kasuya H, Koivisto T, 
Rinne J, Ohman J, Breteler MM, Wijmenga C, State MW, Rinkel 
GJ, Hernesniemi J, Jaaskelainen JE, Palotie A, Inoue I, Lifton RP, 
Gunel M (2008) Susceptibility loci for intracranial aneurysm in 
European and Japanese populations. Nat Genet 40:1472–1477. 
https:// doi. org/ 10. 1038/ ng. 240

 14. Schepers GE, Teasdale RD, Koopman P (2002) Twenty pairs 
of sox: extent, homology, and nomenclature of the mouse and 
human sox transcription factor gene families. Dev Cell 3:167–
170. https:// doi. org/ 10. 1016/ s1534- 5807(02) 00223-x

 15. Francois M, Koopman P, Beltrame M (2010) SoxF genes: Key 
players in the development of the cardio-vascular system. Int J 
Biochem Cell Biol 42:445–448. https:// doi. org/ 10. 1016/j. biocel. 
2009. 08. 017

 16. Wegner M (2010) All purpose Sox: The many roles of Sox pro-
teins in gene expression. Int J Biochem Cell Biol 42:381–390. 
https:// doi. org/ 10. 1016/j. biocel. 2009. 07. 006

 17. Corada M, Orsenigo F, Morini MF, Pitulescu ME, Bhat G, 
Nyqvist D, Breviario F, Conti V, Briot A, Iruela-Arispe ML, 
Adams RH, Dejana E (2013) Sox17 is indispensable for acquisi-
tion and maintenance of arterial identity. Nat Commun 4:2609. 
https:// doi. org/ 10. 1038/ ncomm s3609

 18. Lee SH, Lee S, Yang H, Song S, Kim K, Saunders TL, Yoon 
JK, Koh GY, Kim I (2014) Notch pathway targets proangiogenic 
regulator Sox17 to restrict angiogenesis. Circ Res 115:215–226. 
https:// doi. org/ 10. 1161/ CIRCR ESAHA. 115. 303142

 19. Matsui T, Kanai-Azuma M, Hara K, Matoba S, Hiramatsu R, 
Kawakami H, Kurohmaru M, Koopman P, Kanai Y (2006) 
Redundant roles of Sox17 and Sox18 in postnatal angiogenesis 
in mice. J Cell Sci 119:3513–3526. https:// doi. org/ 10. 1242/ jcs. 
03081

 20. Dai J, Rabie AB (2007) VEGF: an essential mediator of both 
angiogenesis and endochondral ossification. J Dent Res 86:937–
950. https:// doi. org/ 10. 1177/ 15440 59107 08601 006

 21. Kim K, Kim IK, Yang JM, Lee E, Koh BI, Song S, Park J, Lee 
S, Choi C, Kim JW, Kubota Y, Koh GY, Kim I (2016) SoxF 
transcription factors are positive feedback regulators of VEGF 
signaling. Circ Res 119:839–852. https:// doi. org/ 10. 1161/ CIRCR 
ESAHA. 116. 308483

 22. Domigan CK, Warren CM, Antanesian V, Happel K, Ziyad S, Lee 
S, Krall A, Duan L, Torres-Collado AX, Castellani LW, Elashoff 
D, Christofk HR, van der Bliek AM, Potente M, Iruela-Arispe 
ML (2015) Autocrine VEGF maintains endothelial survival 

through regulation of metabolism and autophagy. J Cell Sci 
128:2236–2248. https:// doi. org/ 10. 1242/ jcs. 163774

 23. Eisenberg-Lerner A, Bialik S, Simon HU, Kimchi A (2009) 
Life and death partners: apoptosis, autophagy and the cross-talk 
between them. Cell Death Differ 16:966–975. https:// doi. org/ 10. 
1038/ cdd. 2009. 33

 24. Mialet-Perez J, Vindis C (2017) Autophagy in health and disease: 
focus on the cardiovascular system. Essays Biochem 61:721–732. 
https:// doi. org/ 10. 1042/ EBC20 170022

 25. Ma X, Ding WX (2021) A fluorescence imaging based-assay 
to monitor mitophagy in cultured hepatocytes and mouse liver. 
Liver Res 5:16–20. https:// doi. org/ 10. 1016/j. livres. 2020. 12. 002

 26. Mammucari C, Rizzuto R (2010) Signaling pathways in mito-
chondrial dysfunction and aging. Mech Ageing Dev 131:536–
543. https:// doi. org/ 10. 1016/j. mad. 2010. 07. 003

 27. Wu Y, Tan HWS, Lin J-Y, Shen H-M, Wang H, Lu G (2023) 
Molecular mechanisms of autophagy and implications in liver 
diseases. Liver Res 7:56–70. https:// doi. org/ 10. 1016/j. livres. 
2023. 02. 002

 28. Nussenzweig SC, Verma S, Finkel T (2015) The role of 
autophagy in vascular biology. Circ Res 116:480–488. https:// 
doi. org/ 10. 1161/ CIRCR ESAHA. 116. 303805

 29. Sun X, Liu B, Chen Y, Lv L, Ye D, Mao Y (2022) Modifiable risk 
factors for intracranial aneurysms: Evidence from genetic studies. 
Int J Stroke 17:1107–1113. https:// doi. org/ 10. 1177/ 17474 93021 
10656 40

 30. Forrester SJ, Booz GW, Sigmund CD, Coffman TM, Kawai T, 
Rizzo V, Scalia R, Eguchi S (2018) Angiotensin II signal trans-
duction: an update on mechanisms of physiology and pathophysi-
ology. Physiol Rev 98:1627–1738. https:// doi. org/ 10. 1152/ physr 
ev. 00038. 2017

 31. Huo YB, Gao X, Peng Q, Nie Q, Bi W (2022) Dihydroarte-
misinin alleviates AngII-induced vascular smooth muscle cell 
proliferation and inflammatory response by blocking the FTO/
NR4A3 axis. Inflamm Res 71:243–253. https:// doi. org/ 10. 1007/ 
s00011- 021- 01533-3

 32. Rossignoli A, Vorkapic E, Wanhainen A, Lanne T, Skogberg J, 
Folestad E, Wagsater D (2018) Plasma cholesterol lowering in 
an AngII-infused atherosclerotic mouse model with moderate 
hypercholesterolemia. Int J Mol Med 42:471–478. https:// doi. 
org/ 10. 3892/ ijmm. 2018. 3619

 33. Sakaue T, Suzuki J, Hamaguchi M, Suehiro C, Tanino A, Nagao 
T, Uetani T, Aono J, Nakaoka H, Kurata M, Sakaue T, Okura 
T, Yasugi T, Izutani H, Higaki J, Ikeda S (2017) Perivascular 
adipose tissue Angiotensin II Type 1 receptor promotes vas-
cular inflammation and aneurysm formation. Hypertension 
70:780–789. https:// doi. org/ 10. 1161/ HYPER TENSI ONAHA. 
117. 09512

 34. Poduri A, Rateri DL, Howatt DA, Balakrishnan A, Moorleghen 
JJ, Cassis LA, Daugherty A (2015) Fibroblast angiotensin II 
type 1a receptors contribute to angiotensin II-Induced medial 
hyperplasia in the ascending aorta. Arterioscler Thromb Vasc 
Biol 35:1995–2002. https:// doi. org/ 10. 1161/ ATVBA HA. 115. 
305995

 35. Ono I, Abekura Y, Kawashima A, Oka M, Okada A, Hara S, 
Miyamoto S, Kataoka H, Ishii A, Yamamoto K, Aoki T (2022) 
Endothelial cell malfunction in unruptured intracranial aneurysm 
lesions revealed using a 3D-casted mold. J Neuropathol Exp Neu-
rol 82:49–56. https:// doi. org/ 10. 1093/ jnen/ nlac1 04

 36. Zuppinger C (2019) 3D cardiac cell culture: a critical review 
of current technologies and applications. Front Cardiovasc Med 
6:87. https:// doi. org/ 10. 3389/ fcvm. 2019. 00087

 37. Morii C, Tanaka HY, Izushi Y, Nakao N, Yamamoto M, Matsub-
ara H, Kano MR, Ogawa A (2020) 3D in vitro model of vascular 
medial thickening in pulmonary arterial hypertension. Front Bio-
eng Biotechnol 8:482. https:// doi. org/ 10. 3389/ fbioe. 2020. 00482

https://doi.org/10.1161/CIRCRESAHA.118.314032
https://doi.org/10.1161/CIRCRESAHA.118.314032
https://doi.org/10.1227/01.NEU.0000365771.89576.77
https://doi.org/10.1227/01.NEU.0000365771.89576.77
https://doi.org/10.1161/STROKEAHA.112.656397
https://doi.org/10.1161/STROKEAHA.112.656397
https://doi.org/10.1038/ng.240
https://doi.org/10.1016/s1534-5807(02)00223-x
https://doi.org/10.1016/j.biocel.2009.08.017
https://doi.org/10.1016/j.biocel.2009.08.017
https://doi.org/10.1016/j.biocel.2009.07.006
https://doi.org/10.1038/ncomms3609
https://doi.org/10.1161/CIRCRESAHA.115.303142
https://doi.org/10.1242/jcs.03081
https://doi.org/10.1242/jcs.03081
https://doi.org/10.1177/154405910708601006
https://doi.org/10.1161/CIRCRESAHA.116.308483
https://doi.org/10.1161/CIRCRESAHA.116.308483
https://doi.org/10.1242/jcs.163774
https://doi.org/10.1038/cdd.2009.33
https://doi.org/10.1038/cdd.2009.33
https://doi.org/10.1042/EBC20170022
https://doi.org/10.1016/j.livres.2020.12.002
https://doi.org/10.1016/j.mad.2010.07.003
https://doi.org/10.1016/j.livres.2023.02.002
https://doi.org/10.1016/j.livres.2023.02.002
https://doi.org/10.1161/CIRCRESAHA.116.303805
https://doi.org/10.1161/CIRCRESAHA.116.303805
https://doi.org/10.1177/17474930211065640
https://doi.org/10.1177/17474930211065640
https://doi.org/10.1152/physrev.00038.2017
https://doi.org/10.1152/physrev.00038.2017
https://doi.org/10.1007/s00011-021-01533-3
https://doi.org/10.1007/s00011-021-01533-3
https://doi.org/10.3892/ijmm.2018.3619
https://doi.org/10.3892/ijmm.2018.3619
https://doi.org/10.1161/HYPERTENSIONAHA.117.09512
https://doi.org/10.1161/HYPERTENSIONAHA.117.09512
https://doi.org/10.1161/ATVBAHA.115.305995
https://doi.org/10.1161/ATVBAHA.115.305995
https://doi.org/10.1093/jnen/nlac104
https://doi.org/10.3389/fcvm.2019.00087
https://doi.org/10.3389/fbioe.2020.00482


 Molecular and Cellular Biochemistry

1 3

 38. Burtscher I, Barkey W, Schwarzfischer M, Theis FJ, Lickert H 
(2012) The Sox17-mCherry fusion mouse line allows visualiza-
tion of endoderm and vascular endothelial development. Genesis 
50:496–505. https:// doi. org/ 10. 1002/ dvg. 20829

 39. Corada M, Orsenigo F, Bhat GP, Conze LL, Breviario F, Cunha 
SI, Claesson-Welsh L, Beznoussenko GV, Mironov AA, Baci-
galuppi M, Martino G, Pitulescu ME, Adams RH, Magnusson 
P, Dejana E (2019) Fine-tuning of Sox17 and Canonical Wnt 
coordinates the permeability properties of the blood-brain barrier. 
Circ Res 124:511–525. https:// doi. org/ 10. 1161/ CIRCR ESAHA. 
118. 313316

 40. Sacilotto N, Monteiro R, Fritzsche M, Becker PW, Sanchez-Del-
Campo L, Liu K, Pinheiro P, Ratnayaka I, Davies B, Goding CR, 
Patient R, Bou-Gharios G, De Val S (2013) Analysis of Dll4 
regulation reveals a combinatorial role for Sox and Notch in arte-
rial development. Proc Natl Acad Sci USA 110:11893–11898. 
https:// doi. org/ 10. 1073/ pnas. 13008 05110

 41. Wang Y, Fan Y, Song Y, Han X, Fu M, Wang J, Cui X, Cao J, 
Chen L, Hu K, Sun A, Zhou J, Ge J (2019) Angiotensin II induces 
apoptosis of cardiac microvascular endothelial cells via regu-
lating PTP1B/PI3K/Akt pathway. In Vitro Cell Dev Biol Anim 
55:801–811. https:// doi. org/ 10. 1007/ s11626- 019- 00395-8

 42. Tian X, Shi Y, Liu N, Yan Y, Li T, Hua P, Liu B (2016) Upregula-
tion of DAPK contributes to homocysteine-induced endothelial 
apoptosis via the modulation of Bcl2/Bax and activation of cas-
pase 3. Mol Med Rep 14:4173–4179. https:// doi. org/ 10. 3892/ 
mmr. 2016. 5733

 43. Pattingre S, Tassa A, Qu X, Garuti R, Liang XH, Mizushima N, 
Packer M, Schneider MD, Levine B (2005) Bcl-2 antiapoptotic 
proteins inhibit Beclin 1-dependent autophagy. Cell 122:927–
939. https:// doi. org/ 10. 1016/j. cell. 2005. 07. 002

 44. Maiuri MC, Zalckvar E, Kimchi A, Kroemer G (2007) Self-eating 
and self-killing: crosstalk between autophagy and apoptosis. Nat 
Rev Mol Cell Biol 8:741–752. https:// doi. org/ 10. 1074/ jbc. M7028 
24200

 45. He C, Xu Y, Sun J, Li L, Zhang JH, Wang Y (2023) Autophagy 
and apoptosis in acute brain injuries: from mechanism to 

treatment. Antioxid Redox Signal 38:234–257. https:// doi. org/ 
10. 1089/ ars. 2021. 0094

 46. Kroemer G, Levine B (2008) Autophagic cell death: the story of 
a misnomer. Nat Rev Mol Cell Biol 9:1004–1010. https:// doi. org/ 
10. 1038/ nrm25 29

 47. Bravo-San Pedro JM, Kroemer G, Galluzzi L (2017) Autophagy 
and mitophagy in cardiovascular disease. Circ Res 120:1812–
1824. https:// doi. org/ 10. 1161/ CIRCR ESAHA. 117. 311082

 48. Menzies FM, Fleming A, Caricasole A, Bento CF, Andrews SP, 
Ashkenazi A, Fullgrabe J, Jackson A, Jimenez Sanchez M, Kara-
biyik C, Licitra F, Lopez Ramirez A, Pavel M, Puri C, Renna M, 
Ricketts T, Schlotawa L, Vicinanza M, Won H, Zhu Y, Skidmore 
J, Rubinsztein DC (2017) Autophagy and neurodegeneration: 
pathogenic mechanisms and therapeutic opportunities. Neuron 
93:1015–1034. https:// doi. org/ 10. 1016/j. neuron. 2017. 01. 022

 49. Tanida I (2011) Autophagy basics. Microbiol immunol. https:// 
doi. org/ 10. 1111/j. 1348- 0421. 2010. 00271.x

 50. Pankiv S, Clausen TH, Lamark T, Brech A, Bruun J-A, Outzen H, 
Øvervatn A, Bjørkøy G, Johansen T (2007) p62/SQSTM1 binds 
directly to Atg8/LC3 to facilitate degradation of ubiquitinated 
protein aggregates by autophagy. J Biol Chem 282:24131–24145. 
https:// doi. org/ 10. 1074/ jbc. M7028 24200

 51. Bjørkøy G, Lamark T, Brech A, Outzen H, Perander M, Overvatn 
A, Stenmark H, Johansen T (2005) p62/SQSTM1 forms protein 
aggregates degraded by autophagy and has a protective effect on 
huntingtin-induced cell death. J Cell Biol 171:603–614. https:// 
doi. org/ 10. 1083/ jcb. 20050 7002

 52. Heras-Sandoval D, Perez-Rojas JM, Hernandez-Damian J, 
Pedraza-Chaverri J (2014) The role of PI3K/AKT/mTOR path-
way in the modulation of autophagy and the clearance of protein 
aggregates in neurodegeneration. Cell Signal 26:2694–2701. 
https:// doi. org/ 10. 1016/j. cells ig. 2014. 08. 019

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/dvg.20829
https://doi.org/10.1161/CIRCRESAHA.118.313316
https://doi.org/10.1161/CIRCRESAHA.118.313316
https://doi.org/10.1073/pnas.1300805110
https://doi.org/10.1007/s11626-019-00395-8
https://doi.org/10.3892/mmr.2016.5733
https://doi.org/10.3892/mmr.2016.5733
https://doi.org/10.1016/j.cell.2005.07.002
https://doi.org/10.1074/jbc.M702824200
https://doi.org/10.1074/jbc.M702824200
https://doi.org/10.1089/ars.2021.0094
https://doi.org/10.1089/ars.2021.0094
https://doi.org/10.1038/nrm2529
https://doi.org/10.1038/nrm2529
https://doi.org/10.1161/CIRCRESAHA.117.311082
https://doi.org/10.1016/j.neuron.2017.01.022
https://doi.org/10.1111/j.1348-0421.2010.00271.x
https://doi.org/10.1111/j.1348-0421.2010.00271.x
https://doi.org/10.1074/jbc.M702824200
https://doi.org/10.1083/jcb.200507002
https://doi.org/10.1083/jcb.200507002
https://doi.org/10.1016/j.cellsig.2014.08.019

	Sox17 protects human brain microvascular endothelial cells from AngII-induced injury by regulating autophagy and apoptosis
	Abstract
	Introduction
	Materials and methods
	Cell culture
	AngII-induced hypertension HBMEC model
	Cell viability assay
	Sox17 overexpression and knockdown
	Western blot analysis
	Immunofluorescence staining
	Detection of apoptosis by flow cytometry analysis
	Transmission electron microscopy
	Transcriptome sequencing
	Statistical analysis

	Results
	Treatment of AngII impaired HBMEC cell viability
	Construction of Sox17 stable cell line in HBMEC cell
	Effect of Sox17 on regulating the apoptosis of HBMEC
	Effect of Sox17 on apoptosis-related proteins
	Knockdown of Sox17 induced autophagy activation on HBMEC
	Ectopic expression of Sox17 suppressed HBMEC autophagy
	Transcriptome sequencing identified the connection between Sox17 and autophagy

	Discussion
	Acknowledgements 
	References


