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RESEARCH PAPER

Vascular smooth muscle cell-derived hydrogen sulfide promotes atherosclerotic 
plaque stability via TFEB (transcription factor EB)-mediated autophagy
Zhenzhen Chen a,*, Chenxi Ouyang b,*, Haizeng Zhang a, Yuanrui Gu b, Yue Deng a, Congkuo Du c, 
Changting Cui a, Shuangyue Li a, Wenjie Wang a, Wei Kong d, Jingzhou Chen a, Jun Cai a, and Bin Geng a

aHypertension Center, State Key Laboratory of Cardiovascular Disease, National Center for Cardiovascular Diseases, Fuwai Hospital, Chinese 
Academy of Medical Sciences and Peking Union Medical College, Beijing, China; bDepartment of Vascular Surgery, Fuwai Hospital, Chinese 
Academy of Medical Sciences and Peking Union Medical College Beijing, Beijing, China; cInstitute of Hypoxia Medicine, Wenzhou Medical 
University, Wenzhou, Zhejiang, China; dDepartment of Physiology and Pathophysiology, School of Basic Medical Sciences, Peking University Health 
Science Center, Beijing, China

ABSTRACT
Vascular smooth muscle cells (VSMCs) contribute to plaque stability. VSMCs are also a major source of 
CTH (cystathionine gamma-lyase)-hydrogen sulfide (H2S), a protective gasotransmitter in athero-
sclerosis. However, the role of VSMC endogenous CTH-H2S in pathogenesis of plaque stability and 
the mechanism are unknown. In human carotid plaques, CTH expression in ACTA2+ cells was 
dramatically downregulated in lesion areas in comparison to non-lesion areas. Intraplaque CTH 
expression was positively correlated with collagen content, whereas there was a negative correlation 
with CD68+ and necrotic core area, resulting in a rigorous correlation with vulnerability index 
(r = −0.9033). Deletion of Cth in VSMCs exacerbated plaque vulnerability, and were associated with 
VSMC autophagy decline, all of which were rescued by H2S donor. In ox-LDL treated VSMCs, cth 
deletion reduced collagen and heightened apoptosis association with autophagy reduction, and vice 
versa. For the mechanism, CTH-H2S mediated VSMC autophagosome formation, autolysosome for-
mation and lysosome function, in part by activation of TFEB, a master regulator for autophagy. 
Interference with TFEB blocked CTH-H2S effects on VSMCs collagen and apoptosis. Next, we demon-
strated that CTH-H2S sulfhydrated TFEB at Cys212 site, facilitating its nuclear translocation, and then 
promoting transcription of its target genes such as ATG9A, LAPTM5 or LDLRAP1. Conclusively, CTH-H2 
S increases VSMC autophagy by sulfhydration and activation of TFEB, promotes collagen secretion 
and inhibits apoptosis, thereby attenuating atherogenesis and plaque vulnerability. CTH-H2S may act 
as a warning biomarker for vulnerable plaque.
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Introduction
Atherosclerosis is characterized by intimal plaques and cho-
lesterol accumulation in the arterial walls, and which is 
a leading cause of death in the world, because of “vulnerable” 
plaque rupture [1]. Vascular smooth muscle cells (VSMCs) 
play an essential role in atherogenesis and have been consid-
ered beneficial for plaque stability [2,3]. Inflammation and 
lipotoxic stimulates VSMCs phenotypic switching to secret 
more extracellular matrix including collagen product, which 
is the main source of fibrous cap [4,5]. Loss of VSMCs is 
involved in necrosis, apoptosis, senescence and macroauto-
phagy/autophagy of VSMCs, leading to fibrous cap thinning, 
necrotic core formation and calcification [2,4]. Autophagy is 
an intracellular adaptive response for lysosome-mediated 
degradation of damaged cytosolic material. In human athero-
sclerotic plaque, autophagy occurs in all main cell types [6], 
including VSMCs [7]. VSMC autophagy associated with intra-
cellular calcium homeostasis [8], apoptosis [9] and extracel-
lular matrix secretion [10]. VSMC-specific deletion of Atg7 in 

apoe-knockout mice promoted plaque development and cell 
death [11]. Pharmacological-induced moderate autophagy 
increased plaque stability by inhibition VSMC senescence 
[12], plaque lipid accumulation and necrotic core formation 
[13]. Therefore, triggering VSMC autophagy is an effective 
therapeutic target for vulnerable plaque.

Hydrogen sulfide (H2S), mainly generated by CTH/CSE 
(cystathionine gamma-lyase) in cardiovascular tissues, is 
a protective gasotransmitter in atherosclerosis [14]. In an 
apoe−/− atherosclerosis mouse model, aortic CTH-H2 
S content was downregulated [15]. Consistently, global cth 
knockout exacerbated atherosclerosis by elevating inflamma-
tion and oxidative stress [16]. By contrast, the H2S donor- 
sodium hydrosulfide hydrate (NaHS) or GYY4137 had an 
anti-atherogenesis effect by inhibiting endothelial inflamma-
tion and foam cell formation [15,17,18]. VSMCs are the major 
source of CTH-H2S in the arterial tissues, and VSMC 
CTH-H2S content was also correlated with autophagy to 
reduce high glucose-induced injury [19]. Therefore, whether 
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VSMC endogenous CTH-H2S mediates plaque stability, and 
whether via triggering autophagy remains unknown, as does 
the underlying mechanism.

In the present study, we compared the CTH protein 
expression of atherosclerotic plaque with that of non-lesion 
area in patients, and correlation between relative CTH protein 
quantitation and the plaque stability. Using VSMC-specific 
cth-deletion mice, we investigated the role of VSMC-derived 
CTH-H2S in plaque stability, and then addressing on TFEB 
(master regulator of autophagy) sulfhydration to clarify the 
underlying mechanism.

Results

CTH protein expression in ACTA2-positive cells positively 
correlated with plaque stability

To clarify the correlation between VMSC-derived CTH-H2 
S with plaque stability, we collected human plaque’s slices, 
then performed the CTH, ACTA2/α-SMA immunofluores-
cence staining, CD68 histochemical and Masson staining. 
Here, we demonstrated that CTH protein level in ACTA2- 
positive cells of plaque dramatically decreased comparison to 
the self-non-lesion region (Figure 1A). Consistently, the 
downregulation of CTH in ACTA2+ cells also confirmed in 
aortic root plaque of atherosclerotic mice (Figure S1A). In 
cultured human aortic smooth muscle cells (HASMCs), oxi-
dized low-density lipoprotein (ox-LDL) also decreased CTH 
mRNA (Figure S1B) and protein expression (Figure S1C) in 
a dose-dependent manner. In line with CTH downregulation, 
ox-LDL (150 μg/ml) lowered endogenous H2S generation by 
H2S-fluorescence probe (mito-HS) tracking (Figure S1D). 
Therefore, these data highlighted VSMC endogenous 
CTH-H2S downregulation associated with atherogenesis.

More intriguing, we confirmed that CTH protein expres-
sion dramatically decreased in vulnerable plaque comparison 
to stable plaque (characterized as small percentage of CD68+ 

area, low necrotic core area, high percentage of ACTA2+ area 
and great collagen volume fraction) (Figure 1B). Pearson 
correlation analysis showed intraplaque CTH protein level 
positively correlated with ACTA2+ area (Figure 1C) and col-
lagen volume fraction (Figure 1D), whereas negatively corre-
lated with CD68+ area (Figure 1E) and necrotic core area 
(Figure 1F). Surprisingly, intraplaque CTH level showed 
high coefficient of association with vulnerability index 
(counted by [(CD68+ area + necrotic core area)/(ACTA2+ 

area + collagen volume)]; r = −0.9033; Figure 1G). Taken 
together, these data suggested that intraplaque CTH expres-
sion greatly associated with plaque stability in patients.

VSMC-specific cth deletion exacerbated plaque 
progression and vulnerability

To clarify the pathophysiological relevance of VSMC endo-
genous CTH-H2S in plaque stability, we generated VSMC- 
specific cth knockout mice (cthSMC-/-) by loxp-Cre system 
(Figure S2A). Identification the homozygote mice, we cul-
tured primary VSMCs and confirmed cth deletion (Figure 
S2B-C), and which lost about 75.7% H2S generation (Figure 

S2D). By PCSK9 overexpression and Paigen diet feeding, we 
generated atherosclerosis mouse model association with eleva-
tion of plasma PCSK9 (Figure S2E). En-face Oil Red 
O staining showed that aortic plaques increased about 76% 
(including 78% in aorta arch, 79.2%in thoracic aorta (TA) and 
87.3% in abdominal aorta (AA), respectively) in cthSMC-/- mice 
comparison to Cthflox/flox mice (Figure 2A–B and Figure S2F). 
Consistently, aortic root plaque area also increased about 58% 
in cthSMC-/- mice (52.00 ± 12.38% vs 32.90 ± 11.62%, 
Figure 2C). However, there were no statistical difference in 
the plasma lipid profiles (total triglyceride, total cholesterol, 
LDL and HDL cholesterol) (Figure S2G). All these phenotyp-
ing changes were partly rescued by supplementation H2 
S donor-NaHS (20 mg/kg/day). Thus, the loss of function 
experiments first clarified that VSMC derived CTH-H2 
S system involved in pathogenesis of atherosclerotic plaque.

To investigate the deletion of Cth in VSMCs in plaque 
stability, the necrotic core, Masson staining for fibrous con-
tent, CD68 and ACTA2 immunohistochemical staining were 
performed. In line with plaque size increasing, Cth deficiency 
in VSMCs also heightened the intraplaque necrotic core area 
about 52.8% (32.60 ± 6.09 vs 21.33 ± 8.63, Figure 2D), CD68+ 

area about 47.8% (23.35 ± 5.17 vs 15.80 ± 3.69), but reduced 
collagen volume fraction about 31% (69.00 ± 23.5 vs 
100 ± 21.1) (Figure 2E), resulting in elevation the vulnerability 
index about 39.7% (25.93 ± 6.97 vs 18.56 ± 7.43) (Figure 2F). 
All these vulnerable plaque phenotypes were greatly attenu-
ated by NaHS supplementation (Figure 2D–F), furthermore 
confirmation the VSMC-derived CTH-H2S essential modula-
tion in plaque stability.

Cth deficiency reduced plaque stability association with 
VSMC autophagy decline.

Moderate VSMC autophagy is benefit for plaque stability. To 
investigate whether the VMSC Cth deficiency-induced vulner-
able plaque is due to autophagy reduction, we first measured 
the autophagy marker-LC3 expression in the plaque. In 
patient’s plaque, LC3 and ACTA2 double-positive cells dra-
matically reduced about 68.12%, comparison to non-lesion 
area (Figure 3A). The intraplaque autophagy declining also 
confirmed in ACTA2-positive cells of mouse model 
(Figure 3B). In cthSMC-/- mice, intraplaque autophagy in 
ACTA2-positive cells was lower than that of Cthflox/flox mice 
(LC3 fluorescence staining reduction about 76.74%, 
Figure 3C); observation of autophagosomes by transmission 
electron microscopy also confirmed it (Figure S3A), and all of 
which was partly rescued by NaHS (Figure 3C).

For confirmation, we cultured HASMCs, and evaluation 
the autophagy markers (ATG5, BECN1, LAMP1 and TFEB) 
mRNA expression under ox-LDL stimulation (Figure S3B). 
According to the dose-dependent response, we selected ox- 
LDL (150 μg/ml) as a stimulator. What is more, cth deletion 
reduced autophagy marker genes mRNA expression (Figure 
S3C). Indeed, ox-LDL induced HASMC phage-like phenotype 
(lipid-deposition), and which was lowered by H2S donor, but 
aggravated by cth knockout or its inhibitor (PPG) (Figure 4A). 
VSMC apoptosis and collagen secretion are essential for pla-
que stability. Therefore, we firstly demonstrated that ox-LDL 
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Figure 1. Patient’s intraplaque CTH expression negatively correlated with plaque vulnerability. Immunofluorescent staining for CTH (green) and ACTA2 (red) in non- 
lesion area and lesion area of patient’s carotid plaques (A), IgG as negative control. Scale bar: 50 μm. Immunofluorescent staining of CTH, immunohistochemical 
staining of CD68, ACTA2 and Masson staining in stable plaque and vulnerable plaque of human (B), the yellow continuous line indicates the area of necrotic core, NC: 
necrotic core. IgG as negative control. Scale bar from left to right: 50 μm, 50 μm, 50 μm and 500 μm. Pearson correlations between CTH expression and ACTA2 (% 
area) (C), collagen volume fraction (D), CD68 (% area) (E), necrotic core (% area) (F) and vulnerable index (G). Vulnerable index was counted by (CD68+ area + necrotic 
core area)/(ACTA2+ area + collagen volume). N = 18/group.
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Figure 2. VSMC-specific cth deletion exacerbated plaque vulnerability. Using loxp-cre recombinase system, we generated a SMC-specific cth knockout mouse. 
Atherosclerosis mouse model was generated using PCSK9 overexpression in liver by injection adeno-associated virus rAAV8-D377Y-mPCSK9 then feeding Paigen diet 
for 16 weeks. While sacrifice, aortic en face Oil-red O staining was performed (A), and plaque area in different location was presented as a percentage of total area. 
AA: abdominal aorta; TA: thoracic aorta (B). Plaque size in aortic root was also evaluated by Oil-red O staining, Scale bar: 200 μm (C). The yellow line showed the size 
of necrotic core of aortic root plaque by H&E staining, Scale bar: 200 μm (D). In aortic root plaque, immunohistochemical staining CD68 and ACTA2 (IgG as negative 
control), Masson staining for collagen fraction. FC: fibrous cap; NC: necrotic core. Scale bar: 50 μm; *P < 0.05; **P < 0.01 (E). The vulnerable index changes in aortic 
root plaque (F). In this figure, black circle presented Cthflox/flox group; red circle presented cthSMC-/- group; blue circle present cthSMC-/-+NaHS group. Cthflox/flox group: 
N = 13; cthSMC-/- group: N = 14; cthSMC-/-+NaHS group: N = 13.
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heightened the HASMC apoptosis beyond 2 folds, and which 
were attenuated by NaHS, and aggravated by PPG 
(Figure 4B). Deletion of Cth per se did not induce, but 
increase ox-LDL-induced VSMC apoptosis (Figure 4C). In 
line with VSMC apoptosis, ox-LDL also decreased COL1 
(collagen, type I) expression, and which was also partly res-
cued by NaHS but aggravated by PPG (Figure 4D and Figure 
S4A). Accordingly, cth knockout also enlarged COL1 expres-
sion declining in basal and ox-LDL stimulated condition 

(Figure 4E and Figure S4B). Collectively, these in vitro data 
indicated that VSMC endogenous CTH-H2S contributed to 
plaque stability by modulation VMSC apoptosis and collagen 
secretion.

In keeping with VSMC apoptosis and collagen secretion 
changes, LAMP1 and LC3-II:LC3-I also declined by ox-LDL, 
and which were reversed by NaHS or Cth overexpression, 
but aggravated by knockdown Cth (Figure 4F–H and Figure 
S4C-H). Using GFP-mRFP-LC3 adenovirus to track the 

Figure 3. Autophagy changes in intraplaque ACTA2 cells of patients and mouse model. LC3 immunofluorescent staining (green) was used for evaluation autophagy, 
ACTA2 (red) as reference. Nuclei stained by DAPI. The carotid plaque (lesion) and non-plaque area (non-lesion) of patients, scale bar: 75 μm, N = 7 (A). normal and 
atherosclerotic plaque of aortic root of mice, scale bar: 25 μm, N = 8 (B). Intraplaque autophagy changes in Cthflox/flox, cthSMC-/- and cthSMC-/-+NaHS groups, scale bar: 
25 μm, N = 6 (C). All IgG as negative controls.
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Figure 4. CTH-H2S-modulated VSMC apoptosis, collagen secretion and phage-like phenotype associated with autophagy. Exposed to ox-LDL (150 µg/ml) for 24 h, the 
effect of H2S donor NaHS (100 μM, 2 h) and CTH inhibitor PPG (100 μM, 24 h) on lipid droplet accumulation in HAMSCs (the upper panel) (N = 12); in isolated mouse 
VSMCs, the effect of cth knockout on lipid droplet accumulation both with and without ox-LDL (150 µg/ml, 24 h) in contrast with WT VSMCs (the lower panel) 
(N = 24). scale bar: 25 μm (A). ox-LDL induced apoptosis was analyzed by flow cytometry when pharmacological interference CTH-H2S in HASMCs (N = 6) (B), or cth 
knockout in mouse primary VSMCs (N = 6) (C). ox-LDL impaired VSMC COL1 expression was measured by Western blot in HASMCs (D) or Cth-deficient VSMCs (E). 
Autophagy makers-LAMP1, LC3-I:LC3-II protein expression were assayed after NaHS treatment (F), Cth overexpression (G) and Cth knockdown (H) response to ox-LDL. 
mRFP-GFP-LC3 adenovirus were transfected to monitor autophagy flux in HASMCs while pharmacological interference CTH-H2S. Yellow puncta presented 
autophagosomes numbers, red puncta presented autolysosomes formation, scale bar: 25 μm (I). Transmission electron microscope showed the autophagosomes 
in wild type or cth knockout VSMCs response to ox-LDL (150 µg/ml, 24 h) stimulation, red arrows indicate autophagosome, scale bar: 1 μm (J).
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autophagy flux, we demonstrated that NaHS reversed but 
PPG exacerbated ox-LDL induced autophagy flux lowering 
(Figure 4I and Figure S5A). In comparison to wild-type 
VSMCs, deletion of Cth also exacerbated the ox-LDL- 
induced lipid storage (Figure S5B), autophagy flux inhibition 
(Figure S5C) and autophagosome decline (Figure 4J and 
Figure S5D-E). On the contrary, the phenotypes of lipid 
deposition and autophagy inhibition in cth knockout 
VSMCs were partly rescued by NaHS (Figure S5B-C). The 
above results suggested that CTH-H2S mediating VSMC 
apoptosis and collagen secretion in part linking with VSMC 
autophagy.

CTH-H2S mediated autophagosome, autolysosome 
formation and lysosome function.

Autophagy is a dynamic process including phagophore, auto-
phagosome formation, autolysosome formation and lysosome 
clearance. To investigate the potential target of CTH-H2S on 
autophagy, 3-methyladenine (3-MA)-a selective autophago-
some formation inhibitor, and chloroquine (CQ)-a autopha-
gosome-lysosome fusion inhibitor were used. As Figure 5A 
showed, 3-MA significant inhibited, whereas CQ aggravated 
Cth overexpression-induced elevation of LC3-II:LC3-I 
(Figure 5A and Figure S6A). The effect was further confirmed 
by tracking autophagy flux (Figure 5B). When there was 
deletion of Cth, 3-MA aggravated LC3-II:LC3-I reduction 
but CQ promoted LC3-II:LC3-I accumulation (Figure 5C 
and Figure S6B). The autophagy flux also confirmed it 
(Figure 5D). These findings suggested CTH not only 
increased autophagosomes formation but further promoted 
autophagosome-lysosome fusion during autophagy 
procession.

Lysosome function as cleaning the intracellular waste to 
guarantee the cell viability. By LAMP1 immunofluorescence 
staining (Figure 5E and Figure S6C) and LysoTracker Red 
staining (Figure 5F and Figure S6D), we found that ox-LDL 
reduced lysosome numbers. cth deletion exacerbated lysosome 
reduction and inhibited its maturation (characterized as its 
distribution from perinucleus to cytoplasm). An acidic envir-
onment in lysosome is required to maintain its function. 
Using LysoSensor to track the pH values of lysosomes, we 
demonstrated that NaHS (4.69 vs 5.36) can effectively block 
the elevation of pH value by ox-LDL (5.36 vs 4.76; Figure 5G). 
In contrast, CTH inhibitor-PPG (5.99 vs 5.36; Figure 5G) or 
cth deletion (6.06 vs 5.65; Figure 5H) heightened the pH value 
of lysosome. Therefore, CTH-H2S deficiency impaired lyso-
some biogenesis and biological function. These results indi-
cated that autophagosome, autolysosome and lysosome 
function involved in the regulation of CTH-H2S on VSMC 
autophagy.

CTH-H2S modulated VSMC autophagy by sulfhydrating 
and activating TFEB.

CTH-H2S modulated most processes of VSMC autophagy, 
which are controlled by a master transcription factor, TFEB 
(transcription factor EB). This also led us to investigate 
whether CTH-H2S regulates TFEB. In keeping with 

alterations of autophagy, intraplaque TFEB protein expression 
and its nuclear translocation were downregulated in ACTA2- 
positive cells of cthSMC-/- mice, and which was partly rescued 
by NaHS (Figure 6A). In vitro, NaHS also rescued the ox-LDL 
-reduced TFEB activity in Cth deficient VSMCs (Figure S7A). 
In HASMCs, genomic modification by overexpression or 
knockout of Cth (Figure S7B), or pharmacological interfer-
ence by NaHS or PPG confirmed the CTH-H2S promoting 
TFEB nuclear translocation (Figure 6B and Figure S7C-D). 
Next, we knocked down TFEB using siRNA (Figure S7E-G) 
and overexpress TFEB using plasmid (Figure S7H-J). TFEB 
knockdown blocked the NaHS protection on lipid deposition, 
autophagy flux (Figure 6C and Figure S7K-L), autophagy 
markers, COL1 expression (Figure 6D and Figure S7M) and 
cell apoptosis (Figure 6E); vice versa, overexpression TFEB 
attenuated the autophagy changes, COL1 expression and cell 
apoptosis by PPG (Figure 6F–H and Figure S7N-O). These 
data indicated that TFEB contributed to the regulation of 
CTH-H2S on VSMC autophagy, thereby collagen secretion 
and apoptosis.

The post-translational modification of TFEB such as phos-
phorylation, modulates TFEB activity. To investigate the 
mechanism of CTH-H2S action, we detected S-sulfhydration 
(a specific chemical modification by H2S at cysteine residue) 
of TFEB. By blast, TFEB contained a conserved cysteine 
residue in helix-loop-helix domain (Figure S8A). Next, we 
confirmed the H2S donor sulfhydrates TFEB (human) at the 
cys212 site (Figure 7A). Association with sulfhydration, TFEB 
nuclear translocation increased, and which was blocked by 
DTT (sulfhydration remover) (Figure 7B). Overexpression 
Cth increased, but cth knockout lowered TFEB sulfhydration 
(Figure 7C) and its nuclear translocation (Figure 7D), suggest-
ing this chemical modification dependent on CTH. Mutation 
cysteine into serine at 212 site, abolished TFEB sulfhydration 
(Figure 7E), and which also blocked the H2S effect on TFEB 
nuclear translocation (Figure 7F). Taken together, these 
results suggested that H2S sulfhydrated TFEB to facilitate 
TFEB activity.

TFEB sulfhydration regulated autophagy, lysosome 
biogenesis and lipid metabolism-related gene 
transcription

To address whether the TFEB sulfhydration promoted its 
functional translocation and the precise target genes, we per-
formed chromatin immunoprecipitation followed by high- 
throughput sequencing (ChIP-Seq) in cth-deleted VSMCs or 
C212S mutation of HEK-293 cells. By clustering TFEB occu-
pied peaks within ± 3.0 kb from the center of transcription 
start sites (TSS), removing TFEB sulfhydration (C212S muta-
tion) markedly restrained TFEB occupancy genes compared 
with wild type (Figure 8A); Whereas Cth deficiency slightly 
increased TFEB occupancy genes (Figure 8B). Then we iden-
tified 20,381 specific peaks in wild type TFEB group compar-
ison to C212S mutation TFEB; and 14,195 specific peaks in 
wild type primary mouse VSMCs comparison to cth deletion 
VSMCs. By cross-analysis these peaks and corresponding 
genes, total 3,326 sufhydrated-TFEB modulated genes were 
identified (Figure 8C). Gene ontology (GO) analysis showed 
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Figure 5. CTH-H2S regulated autophagosome, autolysosome formation and lysosome function. 3-methyladenine (3-MA)-a selective autophagosome formation 
inhibitor, and chloroquine (CQ)-a autophagosome-lysosome fusion inhibitor were used for blocking autophagosome or autolysosome formation. After AdCth 
transfection for 24 h, HASMCs were pre-treated with 5 mM 3-MA for 1 h or treated with 200 μM CQ for 2 h. 3-MA blocking and CQ heightening the overexpressed 
CTH-induced LC3 protein accumulation (A) and autophagy flux elevation, scale bar: 25 μm (B). Effect of 3-MA and CQ on cth-deletion induced LC3 protein reduction 
(C) and autophagy flux blocking (D), scale bar: 10 μm. After ox-LDL (150 µg/ml, 24 h) treatment in primary mouse VSMCs, LAMP1 immunofluorescence staining (E), 
scale bar: 25 μm; or LysoTracker Red showed the numbers and location of lysosomes in VSMCs, scale bar: 10 μm (F). IgG as negative control. HASMCs (N = 8) (G) or 
mouse primary VSMCs (N = 8) (H) were labeled with LysoSensor, pH values were calculated by pH standard calibration while pharmacological or genomic 
modification CTH-H2S.
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Figure 6. CTH-H2S regulated VSMC autophagy by activating TFEB. TFEB immunofluorescence staining in intraplaque ACTA2-positive cells of Cthflox/flox (N = 4), cthSMC-/- 

(N = 6) and cthSMC-/- +NaHS mice (N = 5) (A). IgG as negative control. Exposed to ox-LDL (150 µg/ml) for 24 h, the effect of H2S donor NaHS (100 μM, 2 h) and CTH 
inhibitor PPG (100 μM, 24 h) on TFEB expression and nuclear translocation in ox-LDL-stimulated HASMCs (B). IgG as negative control. In HASMCs, Knockdown TFEB by 
siRNA transfection (100 nM, 24 h) effects on NaHS (100 μM, 2 h) modulating VSMC phage-like phenotype and autophagy flux changes (C), COL1 and autophagy 
markers expression (D), and VSMC apoptosis (N = 6) (E). On the contrary, overexpressed TFEB by plasmid transfection (2 μg, 24 h) partly rescued PPG-induced 
(100 μM, 24 h) phage-like phenotype, autophagy flux decrease (F), COL1 and autophagy markers expression decrease (N = 5) (G), and VSMC apoptosis increase 
(N = 6) (H). *P < 0.05, ** P < 0.01. All scale bar: 25 μm.
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that these genes enriched in autophagy, response to acidic PH, 
calcium ion transport and lipid catabolic process (Figure 8D– 
E). Among these genes, we selected genes association with 
autophagosome (ATG9A), lysosome biogenesis (LAMP5) and 
cholesterol metabolism (LDLRAP1) for next analysis. Using 
integrative genomics viewer screenshots of selected genes 
tracks, we showed that TFEB C212S mutation (Figure 8F) 
and cth knockout (Figure 8G) decreased TFEB binding to 
the promoter of these genes. By Discriminative Regular 

Expression Motif Elicitation (Figure S8B) predicted the bind-
ing domain of TFEB, we analyzed the promoter of these genes 
and designed the primers, then validated these TFEB binding 
to occupancy genes downregulated by ChIP-qPCR (Figure 
S8C-D). NaHS enhanced the mRNA expression of ATG9A, 
LAPTM5 and LDLRAP1, and which was reversed by TFEB 
knockdown (Figure 8H). On the contrary, PPG treatment 
reduced ATG9A, LAPTM5 and LDLRAP1 expression, which 
was reversed by WT pTFEB but not pTFEBC212S transfection 

Figure 7. H2S sulfhydrated TFEB and facilitated TFEB activity. Modified biotin switch assay measured sulfhydrated-TFEB (SHY-TFEB) (N = 3) (A). In HAMSCs, NaHS 
(100 μM, 2 h) increased but DTT (200 μM, 2 h) removed TFEB sulfhydration on its nuclear translocation. IgG as negative control, N = 7 (B). The effect of Cth 
overexpression by AdCth transfection (25 MOI, 24 h) (N = 5) or cth knockout (N = 4) on TFEB sulfhydration (C), association with TFEB nuclear translocation (D). N = 7, 
IgG as negative control. The C212S mutation TFEB plasmid (2 μg, 24 h) transfected into HASMCs, the NaHS-induced SHY-TFEB (N = 5) (E) and its nuclear translocation 
(N = 7) (F) were measured. IgG as negative control. All scale bar: 25 μm.
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Figure 8. Sulfhydrated TFEB promoted autophagy, lysosome biogenesis and lipid metabolism related gene expression. Heat map of TFEB-occupied genes based on 
TFEB signal around TFEB peak center, in C212S mutation TFEB (could not be sulfhydrated) cells (A) and sulfhydrated TFEB reduced VSMCs (cth knockout) (B). Venn 
diagram to show peak numbers in different groups (upper panel), and modification sulfhydrated-TFEB (cth knockout and C121S mutation) changed genes, analysis 
overlapped genes suggesting conserved sulfhydrated-TFEB occupied genes (lower panel) (C). Gene Ontology (GO) analysis of sulfhydrated-TFEB target genes in C212 
mutation cells (D) and cth knockout VSMCs (E). Visualization of ChIP-Seq results for three representative TFEB occupied genes (ATG9A, LAPTM5 and LDLRAP1) by 
Integrative Genomics Viewer (IGV) in C212 mutation cells (F) and cth knockout VSMCs (G). Knockdown TFEB by siRNA transfection (100 nM, 24 h) effects on NaHS 
(100 μM, 2 h) modulating mRNA changes of ATG9A, LAPTM5 and LDLRAP1 in HASMCs. N = 6 (H). The effect of transfection WT or C212S mutation TFEB (2 μg, 24 h) on 
PPG-regulated mRNA levels of ATG9A, LAPTM5 and LDLRAP1 in 293A cells. N = 6 (I).
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(Figure 8I), indicating that CTH induced these genes expres-
sion in an TFEB-dependent manner. Taken together, our data 
provide the direct evidence that sulfhydrates TFEB directly 
regulates autophagosome, lysosome biogenesis and cholesterol 
metabolism.

Discussion

The present study first identified that human intraplaque 
CTH level is closely correlated with plaque vulnerability 
(r = 0.9033). Furthermore, CTH-H2S dramatically downregu-
lated in intraplaque ACTA2-positive cells from patients, 
atherosclerotic mice, or ox-LDL–stimulated VSMCs. 
Deletion of Cth in VSMCs exacerbated size of plaque, lowered 
plaque stability due to the reduction of autophagy, all of 
which was partly rescued by H2S donor supplementation. 
For the mechanism, we demonstrated that CTH-H2 
S sulfhydrated TFEB to activate its transcription activity, 
modulating autophagosome formation, lysosome biogenesis, 
and cholesterol metabolism-related gene expression, then 
regulated autophagy procession and lysosome function.

Plaque stability tightly linked with cerebrovascular and 
cardiovascular events. Many studies addressed on the biomar-
kers for plaque stability such as microcalcification [20], 
inflammation [21], microRNAs [22]. More and more studies 
demonstrated that VSMCs function contributed to the plaque 
stability. VSMCs proliferation and migration per se promote 
the progress of plaque [23]. Conversely, VSMCs secreted 
extracellular matrix (COL1 and COL3) majorly contribution 
to the formation of fibrous cap [24]; but MMP2 (matrix 
metallopeptidase 2) and MMP9 degraded extracellular matrix, 
to promote VSMCs proliferation and migration and make 
fibrous cap thinner [25]. Of course, VSMC apoptosis, necro-
sis, senescence and autophagy attribute to plaque’s progres-
sion and stability and well discussed in the reviews [4,5]. 
Here, we evaluated patient’s intraplaque CD68+ area, necrotic 
core area, ACTA2+ area and collagen fraction thereby count-
ing the vulnerable index, and demonstrated that intraplaque 
CTH protein level negatively correlated with vulnerable index. 
Surprisingly, the correlation coefficient is beyond 0.9 although 
it is just a small sample study. This is a very novel potential 
marker for plaque stability. How to define the cut values, how 
to transfer the clinical using need more works in the future.

Here, we found that CTH-H2S was downregulated in 
VSMCs and VSMC-derived cells of human and mouse plaque, 
consistent with the changes in aortic tissues of the apoe−/− 

atherosclerotic mouse model [15]. As an essential foam-cell 
inducer, ox-LDL decreased CTH expression in human umbi-
lical vein endothelium [26] or phosphorylated CTH at ser377 
to reduce its enzyme activity [27], thus decreasing H2 
S generation. Similarly, ox-LDL dose-dependently reduced 
CTH mRNA and protein expression and H2S production in 
HASMCs. For the mechanism, ox-LDL induced DNA methy-
lation in the promoter of CTH gene [28], and DNA demethy-
lase-TET2 protected it [26]. Therefore, at least, the 
hypercholesterolemia impaired CTH-H2S system causing the 
loss of H2S protection in plaque progression.

Global knockout of Cth or cth-apoe double-knockout mice 
exacerbated atherosclerosis development [16]. By contrast, H2 

S donor or overexpression of Cth has anti-atherogenesis 
effects [15,17,29]. CTH-H2S is expressed in endothelium 
[30], and deletion of Cth in endothelium promoted plaque 
development and endothelial inflammation by lowering 
human antigen R sulfhydration [27]; however, H2 
S sulfhydrated SIRT1 inhibited endothelial inflammation, 
then reduced atherosclerosis [18]. VSMCs are the largest 
component in the vascular wall; they play a critical role in 
atherosclerotic development and plaque stability [4]. VMSCs 
are also a major source of H2S by CTH catalysis [31]. For 
pathophysiological relevance, knockout of Cth in VSMCs lost 
75% of H2S generation and exacerbated atherosclerosis pro-
gression, increased the necrotic core and reduced the fibrous 
cap of plaque, which was further confirmed by H2S donor 
rescue. Our results first clarified the essential role of VSMC 
endogenous CTH-H2S in plaque stability.

Autophagy is a process of clearing damaged organelles and 
proteins, maintaining intracellular metabolic homeostasis. 
Many studies demonstrate that H2S is an activator of auto-
phagy to play a protective role in endocrine, cardiovascular 
and other diseases [32]. H2S activated multiple signal cascades 
such as PI3K-AKT-MTOR, AMPK-MTOR and STK11/LKB1- 
STRAD-CAB39/MO25, inducing autophagy to alleviate hepa-
tic ischemia/reperfusion, nonalcoholic fatty liver disease and 
cancer [33–35]. In cardiovascular system, H2S increased auto-
phagy by the PI3K-AKT pathway reducing myocardial fibro-
sis [36]. Exogenous H2S inhibited KEAP1 ubiquitination to 
induce autophagy-related protein expression, then exerted 
antioxidant effect on the cardiomyocytes of diabetic rats 
[37]. High glucose and palmitate induced rat aortic endothe-
lial cells apoptosis. H2S donor decreased mitochondrial frag-
ments via MFN2 and provoked mitophagy to repress rat 
aortic endothelial cells apoptosis [38]. In line with previous 
study, we found that H2S also plays a protect role in ox- 
LDL–induced VSMCs via provoking autophagy. Here, we 
firstly confirmed that VSMC autophagy was reduced in pla-
que of patients and mice, since of VSMC autophagy has 
a protective role in plaque stability [5]. VMSC-specific knock-
out of Cth further decreased autophagy and aggravated plaque 
vulnerability. In VMSC, high concentration of ox-LDL 
(>60 μg/ml) induced a foam cell-like phenotype and reduced 
autophagy [9]. Consistently, by loss- and gain-of-function 
experiments, we demonstrated that CTH-H2S had anergic 
effects of ox-LDL. These findings support that Cth deficiency 
in VSMCs accelerated plaque vulnerability in part by mediat-
ing autophagy.

Autophagy is a lysosome-dependent process [39,40]. Here, 
we demonstrated that CTH-H2S in VMSCs modulated auto-
phagosome formation, autophagosome–lysosome fusion and 
lysosome degradation by using inhibitors and detecting lyso-
some pH value. For the mechanism, we investigated a core 
transcription factor, TFEB, a master regulator of lysosome 
biogenesis and autophagy [41]. TFEB has benefit for athero-
sclerosis by inhibiting endothelial inflammation [42], modu-
lating VSMC proliferation and migration [43], and reducing 
foam-cell formation from VSMCs [44] and macrophages [45]. 
Here, we found that TFEB expression in ACTA2–positive 
cells were reduced in cthSMC-/− mice, which was rescued by 
H2S donor treatment. In HASMCs, CTH-H2S blocked the 
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effect of ox-LDL on TFEB expression, nuclear translocation 
and autophagy. In addition, H2S or PPG actions on autophagy 
flux, collagen secretion and cell apoptosis were blocked by 
genomic interference of TFEB. These results indicate that 
CTH-H2S activated VSMC autophagy then attenuated cell 
apoptosis and increased collagen secretion by modulating 
TFEB.

TFEB activity is mediated by post-translational modifica-
tion [46,47]. MTORC1 can phosphorylate TFEB at serine 
142 and 211, promote its binding to YWHA/14-3-3 protein 
and then inhibit its nuclear translocation [47,48]. Thus, H2 
S inhibition of MTORC1 [49] might dephosphorylate 
TFEB, then enhance its activity. On the other hand, we 
identified a novel post-translational modification, sulfhy-
dration, at the Cys212 site of TFEB. By pharmacological 
and genomic modification, we demonstrated that TFEB 
Cys212 sulfhydration enhanced its nuclear translocation; 
removal of sulfhydration or mutation of the Cys212 site 
decreased TFEB activity. Subsequently, ChIP-seq revealed 
that C212S mutation (removing sulfhydration) or lowered 
sulfhydration (cth knockout) reduced TFEB binding activ-
ity, then ChIP-qPCR confirmed 3 target genes, including 
ATG9A (autophagosome formation-related), LAPTM5 
(lysosome biogenesis) and LDLRAP1 (LDL receptor cyto-
plasm tail binding protein, a gene of autosomal recessive 
hypercholesterolemia). On association with TFEB activation 
by H2S, its own transcription was also upregulated by 
a self-feedback loop [50]. Thus, sulfhydration is a novel 
post-translational modification of TFEB for its activity 
and expression.

In conclusion, the present study revealed the essential role 
of VSMC endogenous CTH-H2S in atherosclerotic develop-
ment and plaque stability. On translational medicine aspect, 
some nanoprobe such as SPP1/osteopontin antibody-based 
nanoprobe could be used for noninvasive evaluation vulner-
able plaque [51]; thus, CTH antibody-based probe might be 
also designed and used. For therapeutics, some H2S-releasing 
donors such as SG1002 for heart failure are in phase I clinical 
trials [52], ATB-346 for anti-inflammation in a phase II clin-
ical trial [53] showed some beneficial effects. Our work offers 
a further possibility of these drugs for atherosclerosis therapy 
and treating vulnerable plaque.

Materials and methods

Human atherosclerotic plaque samples

Human atherosclerotic plaque specimens were obtained from 
the 18 patients undergoing off-pump coronary artery bypass 
grafting-carotid endarterectomy surgery at the Department of 
Cardiovascular Surgery, Fuwai Hospital. The study was 
approved by Fuwai Hospital Ethics Committee and performed 
in accordance with the ethical standards. The patient clinical 
characteristics are summarized in Table S1. Tissue samples 
were used for immunofluorescence, immunohistochemistry 
or other staining.

Mice and atherosclerotic models

We generated VSMC-specific cth knockout mice by loxp-Cre 
system. All mice were inbred in a C57BL/6 background. Loxp 
sites flank exon 2 and exon 3 of the Cth gene. Cthflox/flox mice 
were crossed with Tagln-Cre mice to generate smooth muscle 
cell-specific cth knockout mice (cthflox/flox-TaglnCre/+) and Cre 
recombinase negative littermates mice (Cthflox/flox-Tagln+/+) 
were used as controls. Age-matched littermate controls and 
condition knockout male mice were used for experiments. For 
atherosclerotic models [54], 8- to 10-weeks-old male mice 
were given a single tail vein injection of adeno-associated 
virus rAAV8-HCRApoE/hAAT-D377Y-mPCSK9 (5 × 1011 

vector genome copies/injection diluted in 200 μl sterile saline 
solution) (WZBioscience Inc, AV208001-AV8). The athero-
sclerosis model design and execution complied with the 
guideline [55]. Following, mice were intraperitoneal injected 
with normal saline or NaHS (2 mg/kg bodyweight) (Sigma- 
Aldrich, 161,527) every day on Paigen diet (Shanghai Hongbai 
Technology Co., Ltd, D1209C) for 16 weeks. Animal were 
maintained under controlled temperature and a 12-h light/ 
dark cycle with free access to water and diet. All animal 
protocols complied with all relevant ethical regulations and 
were approved by the Institutional Animal Care and Use 
Committee, the Experimental Animal Center, Fuwai 
Hospital, National Center for Cardiovascular Diseases, China.

Immunofluorescence and immunohistochemical staining

For immunofluorescence staining, VSMCs, aortic root, aorta 
frozen sections or cells were fixed with 4% paraformaldehyde 
(Solarbio, P1110) for 15 min, permeabilized with 0.1% Triton 
X-100 (Sigma-Aldrich, 9002–93-1) in PBS (Sigma-Aldrich, 
806,552), rinsed, incubated in 0.5% BSA (Sigma-Aldrich, 
V900933) in PBS for 30 min, and then aortas were incubated 
with specific primary antibody at 4°C overnight in incubation 
buffer containing 1% BSA. Primary antibodies were used as 
follows: anti-ACTA2 (Abcam, ab7817), anti-TFEB (Abcam, 
ab2636) or anti-LC3B (Abcam, ab48394). After washing 3 
times with PBS, slices were incubated with Alexa Fluor 488- 
(Abcam, 150,077) or Alexa Fluor 594- conjugated secondary 
antibodies (Abcam, ab150116) for 1 h at room temperature. 
Fluorescent signals were detected using Leica confocal laser 
scanning microscopy.

For immunohistochemistry staining, human and mice pla-
ques paraffin sections were dewaxed with xylene (Sango 
Biotech, A530011-0500) and ethanol (InnoChem 
Technology, A60719) before rehydration. Then, slices infil-
trated into 3% H2O2 (Lovibond, ET512380) to quench endo-
genous peroxidase, then transferred into heat sodium citrate 
buffer (95°C) by pressure cooker. After 5 min, the slides were 
blocked in 1% BSA for 30 min at 37°C and incubated with 
primary antibodies against CD68 (Abcam, ab955) and ACTA2 
(Abcam, ab7817) overnight at 4°C. The next day, HRP- 
conjugated secondary antibodies (Gene-Protein Link, 
P03S02L and P03S01) were added. After developing the 
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color by incubation with diaminobenzidine, slices were coun-
terstained with hematoxylin (Beyotime, C0107).

Vulnerability index

Vulnerability index was calculated as reported previously [56]. 
Briefly, Vulnerability index = Unstable parameter/stable para-
meters. Unstable parameters are the sum of CD68+ area plus 
necrotic core area; stable parameters are the sum of ACTA2+ 

area and collagen volume.

Atherosclerotic lesion analysis

For quantification of atherosclerotic lesion, Oil Red 
O (Sigma-Aldrich, 01018)-positive lesion surface areas on 
en face preparation of whole aorta were measured. Briefly, 
aorta from root to the abdominal area was dissected and 
fixed with formalin, and followed by removing the connec-
tive tissues carefully. Then, the entire aorta was opened 
longitudinally, pinned en face, stained with Oil Red O, 
and photographed with digital camera. Atherosclerosis 
lesion at the aortic root was studied in tissue cross- 
sections. The base of the heart including the most proximal 
part of the ascending aorta was excised and embedded in O. 
C.T. compound (SAKURA, 4583). The tissue piece was 
oriented to have all three aortic valves in the same geo-
metric plane. The portion containing the aortic root was cut 
consecutively into 8 μm sections, starting from the commis-
sures of the aortic cusps. To assess the atherosclerotic lesion, 
necrotic core and fibrosis cap, sections were stained with Oil 
red O, H&E staining (Beyotime, C0105S) and Masson 
(LEAGENE, DC0032). The stained specimens were evalu-
ated by light microscopy.

Cellular H2S product assay.

To measure intracellular H2S levels, HASMCs cells were trea-
ted with ox-LDL (Yiyuan Biotechnologies, YB002) for 2 h, 
then washed three times with PBS. 10 μM synthesized mito- 
HS (H2S fluorescence probe) was added and cells were con-
tinuously cultured for 1 h in a dark box in a CO2 incubator 
[57]. Fluorescence images were acquired by confocal 
microscopy.

Quantification of lipid levels

Blood samples were collected into heparin-coated tubes. The 
samples were centrifuged at 3,000 x g for 15 min to obtain 
plasma that was used for determination. Total plasma choles-
terol (CHO) (BioSino, 000180), triglycerides (TGs) (BioSino, 
000220), low density lipoprotein cholesterol (LDL-C) 
(BioSino, 020245), and high-density lipoprotein cholesterol 
(HDL-C) levels (BioSino, 020235) were determined using 
assay kits.

For cellular lipid deposition, cells were staining with HCS 
LipidTOX (Invitrogen, H34476). Images were scanned by 
Leica confocal laser scanning microscopy; positive spot area 
statistics was performed by using the Opera Phenix High- 

Content Screening System and Harmony software from 
Perkin Elmer.

Primary mouse VSMCs isolation

Male mice (5- to 6-weeks old) were anesthetized and whole 
aortas were quickly dissected. After removal of adventitial 
connective tissues and luminal endothelial cells, the aortas 
were cut into pieces of approximate 1 mm2 and digested in 
10 mL of Dulbecco’s modified Eagle’s medium (DMEM; 
Thermo Fisher Scientific, C11995500BT) containing 1 mg/ 
mL collagenase II (Thermo Fisher Scientific, 17,101–015) for 
4 h at 37°C. The VSMCs were collected by centrifuge at 800 
x g for 10 min. Cells were resuspended with DMEM and 
planted in 10-cm dish for culturing. Medium was changed 
every 2 days, and cells at passages 3 to 8 were used.

Cell culture and treatment

Human aortic smooth muscle cells (HASMCs) were pur-
chased from ScienCell (6110), HASMCs cultured with smooth 
muscle cell medium (ScienCell, 1101) containing 2% fetal 
bovine serum. Primary mouse VSMCs were cultured in 
Dulbecco’s modified Eagle’s medium containing 10% fetal 
bovine serum. All cells were cultured and maintained at 
37°C and 5% CO2. For cell treatment, NaHS (Sigma-Aldrich, 
161,527), PPG (Sigma-Aldrich, P7888), 3-MA (Sigma-Aldrich, 
M9218) and CQ (Sigma-Aldrich, H0915) were used in this 
study. Cells were treated with NaHS (100 μM, 2 h) or PPG 
(100 μM, 24 h). For determining the effect of autophagy 
inhibitor, cells were pre-treated with 5 mM 3-MA for 1 h or 
treated with 200 μM CQ for 2 h.

Cell apoptosis analysis

Cell apoptosis was detected by FITC AnnexinV apoptosis 
detection kit (BD Biosciences, 556,547). Briefly, cells were 
washed with cold PBS twice and resuspend cells in 1× binding 
buffer, and then added 5 μl FITC-ANXA5/annexin V and 5 μl 
propidium iodide to every tube. After 15-min incubation at 
room temperature in the dark, cells were analyzed by flow 
cytometry.

Transfection

siRNA and scrambled siRNA-negative control were synthe-
sized by Biolino biotechnologies lnc (Beijing, China). The si- 
TFEB sequences are as follows: sense 5’- 
GGAGGACGCAGUGAACAUATT-3’; antisense 5’- 
UAUGUUCACUGCGUCCUC- CTT-3’. For transient trans-
fection, cell lines were seeded at 60% confluency. Transfection 
experiments were performed with 100 nM siRNA or 2 μg 
TFEB plasmid (ORIGENE, RC207153) using Lipofectamine 
3000 (Invitrogen, L3000015) according to the manufacturer’s 
guidelines. Cth overexpressed and shCth adenovirus were 
constructed by WZBioscience (Shandong, China). 25 MOI 
was used for 24 h.
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Autophagy flux determination

For detecting autophagy flux, mRFP-GFP-LC3 adenovirus 
(HanBio, HB-AP2100001) was used. VSMCs were transfected 
with mRFP-GFP-LC3 (25 MOI) for 24 h. The fresh complete 
medium was changed and cells were viewed under 
a fluorescence microscope. For image requirement, the GFP 
and mRFP dots was scanned by Leica confocal laser scanning 
microscopy. Statistical analysis was performed by the Opera 
Phenix High-Content Screening System and Harmony soft-
ware (Perkin Elmer).

Lysosomal pH determination

Lysosomal pH was detected by using LysoSensor Yellow/Blue 
DND-160 (Invitrogen, L7545). In brief, cells were labeled with 
3 mmol/L LysoSensor Yellow/Blue DND-160 in culture med-
ium at 37°C for 5 min. After washing twice with cold PBS, 
immediately analyzed by using a microplate reader (excita-
tion, 360 nm; emission, 451 and 518 nm). Quantification of 
lysosomal pH involved a ratio (emission 451:emission 518) 
according to pH calibration.

Transmission electron microscopy

Aorta was cut into small pieces about 1 cm2 and then 
immersed in 2.5% glutaraldehyde-PBS overnight. For treat-
ment, cells were washed with PBS 3 times after digestion, 
and the supernatant discarded. 2.5% glutaraldehyde was 
added in the pellet. After washing with 0.1 M imidazole 
buffer, tissue pieces were post-fixed with 1% osmium tetr-
oxide in 0.1 M imidazole buffer at 4°C, dehydrated through 
a graded series of ethanol solutions, rinsed in propylene 
oxide (InnoChem Technology, A36774), and embedded in 
epoxy resin (Santa Cruz, sc-214,554). Ultra-thin sections 
(50 nm) were prepared and stained with 1% uranyl acetate 
(SERVA, 7,787,002) and 0.25% lead citrate (BioRuler, 
RH109410). Finally, these sections were examined and 
visualized under a transmission electron microscope. To 
quantify autophagosomes, four micrographs were taken 
with systematic random sampling from each sample and 
taken the average. For each experimental group, at least 
six samples were counted. The number of autophagosomes 
were counted from each micrograph manually by three 
investigators.

Nuclear/cytosol fractionation

Nuclear and cytosol fractionation isolation is finished by assay 
kit (APPLYGEN, P1200). When cells reach 90% confluence, 
detach the cells by tyrosinase. Collected and centrifuged the 
cells. Cytosol extraction buffer was added in packed cell. After 
incubation and centrifugation, the supernatant was cytosol 
extract. Added cold nuclear extraction buffer into the pellet 
containing crude nuclei, the supernatant fraction contains the 
proteins extracted from nuclear after centrifugation. The 
nuclear and cytosol were resuspended in SDS sample buffer, 
and the fractions were subjected to Western blot analysis.

Biotin switch assay

The assay was performed as described with modification 
[18]. Briefly, VSMCs treated with H2S or DTT (Sigma- 
Aldrich, 10,197,777,001), then homogenized in RIPA lysis 
buffer (Sigma-Aldrich, USA). The homogenates were cen-
trifuged at 14,000 x g (4°C) for 15 min. The supernatant 
was collected and protein was quantified by BCA assay 
(Thermo Fisher Scientific, 23,227). Primary anti-TFEB 
antibody (2 μg) was added into the protein lysis (1 mg/ 
mL) containing protein G beads (Invitrogen, 10004D) and 
rotated incubation overnight at 4°C. Beads were washed 
with PBS 3 times, then blocked with HEN buffer (contain-
ing 2.5% SDS [Beyotime, ST626] and 20 mM methyl 
methanethiosulfonate [MMTS; BioRuler, RH102923]) at 
50°C for 20 min. MMTS was removed by precipitating 
proteins with acetone (Sigma-Aldrich, 904,082) at – 20°C 
for 20 min. After acetone removal, protein was resus-
pended in HENS buffer (containing 1% SDS), and 4 mM 
biotin-HPDP (LDBIO, 2329–250) was added for incuba-
tion for 4 h at room temperature. Biotinylated-protein was 
pulled down by streptavidin magnet beads (Beyotime, 
P2151) and eluted by SDS-PAGE loading buffer and sub-
jected to Western blot analysis.

Western blot analysis

Cells were extracted in RIPA buffer (Solarbio, R001) sup-
plemented with complete protease inhibitor cocktail 
(Thermo Fisher Scientific, TF267510). Protein (40 μg) 
was separated on SDS-PAGE and transferred into nitro-
cellulose membrane (Pall Corporation, 66,485). Membrane 
was blocked, then incubated in the presence of specific 
primary antibodies at 4°C overnight. Matching secondary 
horseradish peroxidase (HRP)-conjugated IgG was applied 
and immunoreactive protein bands were detected using 
Western blot luminol reagent (Merck, WBKLS0500). 
Antibodies used included anti-TFEB (Abcam, ab2636), 
anti-LC3B (Abcam, ab48394), anti-LAMP1 (Abcam, 
ab24170), anti-SQSTM1/p62 (Abcam, ab56416), anti-CTH 
(Proteintech, 60,234-1-lg), anti-ACTB (Abcam, ab8227) 
and anti-GAPDH (Abcam, ab75423).

RNA isolation and quantitative real-time polymerase 
chain reaction

Total RNAs were isolated using Trizol (Thermo Fisher 
Scientific, 15,596,018) according to the manufacturer’s 
instructions. A total of 2 μg of RNA was reverse-transcribed 
into cDNA. Following reverse transcription (Invitrogen, 
K1622), qRT-PCR was performed using SYBR Green PCR 
master mix (YEASEN, 11202ES08) on an ABI 7300 
Sequence Detection System with the following conditions: 
50°C for 2 min and then at 95°C for 10 min, followed by 40 
cycles of amplification (95°C for 15s; 60°C for 30s; 80°C for 
30s). GAPDH was used as the endogenous normalizer. The 
primers used were listed in Table S2.
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Chromatin immunoprecipitation sequencing (ChIP-seq)

ChIP assays were performed using chromatin immunopreci-
pitation kit (Merck, 17–10,086). Cells were cross-linked to final 
1% formaldehyde for 10 min, followed by quenching with 
125 mM glycine for 5 min at room temperature, and by 
washing with tris-buffered saline (TBS; Gene-Protein Link, 
P05B03). The pellets were resuspended in cell lysis buffer 
(10 mM Tris-HCl, pH 7.5, 10 mM NaCl, 0.5% NP-40 
[Solarbio, N8031]) and incubated on ice for 10 min. Cross- 
linked chromatin was sonicated into 200-bp to 500-bp frag-
ments. After centrifuging, the clean supernatant was incubated 
with 4 μg of anti-TFEB antibody overnight at 4°C. Beads were 
washed extensively with ChIP buffer, high-salt buffer, LiCl2 
buffer and TE buffer. Bound chromatin was eluted and 
reverse-crosslinked at 65°C overnight. DNA was recovered by 
RNase A and proteinase K treatment, phenol-chloroform 
extraction and ethanol precipitation. Then the DNA was pur-
ified using spin columns. After preparing ChIP library, the size 
and quality of the DNA was confirmed by Aglient 2100 bioa-
nalyzer. Then the ChIP library were sequenced on an Illumina 
NextSeq 500 sequencers. Enrichment was confirmed by tar-
geted real-time PCR in positive genomic loci. The primer 
sequences are listed in Table S3.

For analysis of ChIP-seq results, Raw reads were filtered to 
obtain high-quality clean reads by removing sequencing adap-
ters, short reads (length <50 bp) and low-quality reads using 
Cutadapt (v1.9.1) and Trimmomatic (v0.35). Then FastQC is 
used to ensure high reads quality. The clean reads were 
mapped to the mouse genome (assembly GRCm38.p6) using 
the Bowtie2 (v2.2.6) software. Peak detection was performed 
using the MACS (v2.1.1) peak finding algorithm with 0.01 set 
as the p-value cutoff. Annotation of peak sites to gene features 
was performed using the ChIPseeker R package. For func-
tional enrichment analysis, gene annotation file was retrieved 
from Ensembl genome browser databases (http://www. 
ensembl.org/index.html). To annotate genes with gene ontol-
ogy (GO) terms, ClusterProfiler (R package) was used.

Statistical analysis

Data are presented as mean with standard deviation (SD). 
Differences between two groups were evaluated with 
unpaired Student’s t-test. For three or more groups, data 
were compared by one-way ANOVA followed by Tukey 
post-hoc analysis. Comparisons including two factors were 
performed by two-way ANOVA. Repeated measures on the 
same animals were analyzed using two-way mixed-effects 
ANOVA. All statistical analysis involved using GraphPad 
Prism v8.0.2. P < 0.05 was considered statistically 
significant.
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