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1  | INTRODUC TION

Senescence, one of the main risk factors contributing to vascular 
dysfunction and the progression of vascular diseases,1,2 is charac-
terized by the gradual decline in physiological functions occurring 
at both cellular and organic levels.3 Cellular senescence is known as 
replicative senescence, with an irreversible cell cycle arrest char-
acteristic, while organic senescence is a kind of reduced stress re-
sponse and increases homoeostatic imbalance, resulting in a variety 

of disorders, including cardiovascular disease, obesity, diabetes, 
neurodegeneration and neoplastic diseases.3,4 DNA damage caused 
by intrinsic and extrinsic stress factors can induce premature senes-
cence and activate many markers similar to those in replicative se-
nescence, known as “stress-induced premature senescence”.5

Yes-associated protein (YAP), a major effector of the Hippo sig-
nalling pathway, plays important roles in the regulation of develop-
ment, homoeostasis, regeneration and so forth. YAP can translocate 
into the nucleus and interact with transcription factors to regulate 
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Abstract
Yes-associated protein (YAP), a major effector of the Hippo signalling pathway, is 
widely implicated in vascular pathophysiology processes. Here, we identify a new 
role of YAP in the regulation of vascular senescence. The inhibition or deficiency 
and overexpression of YAP were performed in human umbilical vein endothelial 
cells (HUVECs) and isolated vascular tissues. Cellular and vascular senescence was 
assessed by analysis of the senescence-associated β-galactosidase (SA-β-gal) and 
expression of senescence markers P16, P21, P53, TERT and TRF1. We found that 
YAP was highly expressed in old vascular tissues, inhibition and knockdown of YAP 
decreased senescence, while overexpression of YAP increased the senescence in 
both HUVECs and vascular tissues. In addition, autophagic flux blockage and mTOR 
pathway activation were observed during YAP-induced HUVECs and vascular senes-
cence, which could be relieved by the inhibition and knockdown of YAP. Moreover, 
YAP-promoted cellular and vascular senescence could be relieved by mTOR inhibi-
tion. Collectively, our findings indicate that YAP may serve as a potential therapeutic 
target for ageing-associated cardiovascular disease.
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the expression of target genes when the Hippo pathway is inactive. 
Whereas when the Hippo pathway is active,YAP is phosphorylated, 
resulting in cytoplasmic retention and proteolytic degradation.6-8 
Previous studies have discovered that YAP exerts important ef-
fects in the regulation of cellular senescence, in addition to cell 
proliferation and apoptosis, but the effects vary with different 
cells.9-12 Additionally, YAP is found widely implicated in vascular 

physiopathology processes,13,23 such as modulating the activation 
of endothelial cellular and vascular inflammation, the hallmark of 
senescence.14,15

Recently, it has been found that YAP could activate the mam-
malian target of rapamycin (mTOR), a critical regulator of regulat-
ing life span and ageing.3,16 In addition, many studies indicated that 
YAP modulates autophagy by interacting with TANK-binding kinase 

F I G U R E  1   Expression of YAP in 
young and old vascular tissues. A, 
SA-β-gal staining was performed to 
analyse vascular senescence degree from 
ageing (13 mo) and young (1 mo) rats. 
B, Western blot was used to analyse 
the expression of PYAP and YAP and 
senescence markers P16 and P53 in 
vascular tissues from ageing and young 
rats. C, The semi-quantification of YAP. D, 
The semi-quantification of PYAP. E, The 
semi-quantification of P16. F, The semi-
quantification of P53. All experiments 
were repeated three times, and data are 
expressed as mean ± SEM. *P < 0.05 vs 
young group

F I G U R E  2   Inhibition of YAP pharmacologically attenuates cellular senescence. A, To build a cellular senescence, HUVECs were cultured 
for 6 days in 0.5 μg/mL LPS after incubating with DMEM for 12 h. Cellular senescence was assessed by analysis of SA-β-gal in HUVECs 
treated with 0.1 mg/mL verteporfin for 6 d. B, Western blot was preformed to analyse PYAP, YAP, P16, P21 and P53 in HUVECs treated 
with or without 0.1 mg/mL verteporfin in the presence of 0.5 μg/mL LPS for 6 d. C, SA-β-gal-positive cell percentage. D-H, The semi-
quantification of the proteins in panel C, respectively. I, Immunofluorescence attaining was used to ascertain the localization of YAP. The 
nuclei were labelled with DAPI (blue staining); YAP is red (IgG(H + L)Cy3). J, Expression of indicated proteins was analysed by immunoblot in 
nuclear and cytoplasmic protein extractions from HUVECs treated with or without 0.1 mg/mL verteporfin in the presence of 0.5 μg/mL LPS 
for 6 d. All experiments were repeated at least three times, and data are expressed as mean ± SEM, *P < 0.05 vs Ctrl group, #P < 0.05 vs LPS 
group



172  |     PAN et al.



     |  173PAN et al.



174  |     PAN et al.

1(TBK1) in the cytoplasm or regulating Armus and other members 
of this family, which plays a major role in senescence process.17-24 
However, whether autophagy and mTOR signalling pathway are in-
volved in the senescence promoting effect of YAP remains unclear. 
Here, we identify a novel function of YAP in regulation of vascular 
senescence and investigate the potential mechanism underlying the 
senescence promoting effect.

2  | MATERIAL S AND METHODS

2.1 | Cell culture

HUVECs were cultured in 4.5 g/L Dulbecco's modified Eagle's me-
dium (DMEM) with 10% foetal bovine serum and 1% antibiotics 
in a 5% CO2 atmosphere at 37°. Lipopolysaccharide (LPS, Abcam, 
USA) was used to induce cellular senescence. After incubating 
(6  ×  106 cells per well, 6-well plate) with DMEM for 12  hours, 
HUVECs were cultured for 6 days in 0.5 μg/mL LPS (DMEM with 
5% foetal bovine serum and 1% antibiotics in a 5% CO2 atmos-
phere at 37°C).

2.2 | Silencing RNA knockdown and 
adenovirus infection

The YAP adenovirus (Ad-YAP, pAdeno-MCMV-HA-YAP-IRES2-
EGFP) and negative control adenovirus (pAdeno-MCMV-3Flag-
IRES2-EGFP) were designed and constructed by Obio technology 
(Shanghai, China), and the transfection was performed following 
manufacturer's protocol. YAP siRNA (siYAP; Obio technology; China) 
of 50 pmol and Lipofectamine® 3000 reagent (Life Technologies) of 
2  μL were, respectively, added to 150  μL medium without serum 
and antibiotic and incubated at room temperature for 5  minutes. 
The above 2 solutions were mixed well for 20 minutes at room tem-
perature. Then, cells were incubated with the transfection complex 
solution for 6  hours at 37°C, and re-incubated in complete me-
dium for an additional 18  hours at 37°C. The synthetic sequence 
of siYAP is as follows: siYAP#1:GCGTAGCCAGTTACCAACA; 
siYAP#2:CAGTGGCACCTATCACTCT; siYAP#3:GGTGATACTATCAA 
CCAAA. Control siRNA is a non-targeting 20-25 nt siRNA (Scramble; 
Obio technology; China) designed as a negative control.

2.3 | Animal experiments

Animal experiments were approved by the Institutional Animal Care 
and Use Committee at Southern Medical University and carried out 
in accordance with the UK Animals Act, 1986 and associated guide-
lines. All animals used in this experiment were specific pathogen-
free Sprague-Dawley (SD) rats from the Laboratory Animal Research 
Center of Southern Medical University (Guangzhou, China) and were 
maintained in an air-conditioned room under controlled lighting, 
temperature and humidity with free access to standard rodent chow 
and water.

Animas treated with Ad-YAP: 4-week-old SD rats first were ran-
domly assigned to the following four groups (n = 4 for each group): 
0 PFU group, 6.32  ×  104 PFU group, 6.32  ×  105 PFU group and 
12.64 × 105 PFU group. Next, the rats in control group were treated 
with phosphate-buffered saline (PBS), while the rats in the Ad-YAP 
group were treated with PBS and Ad-YAP in the tail vein. Finally, rats 
were killed under anaesthesia by pentobarbital sodium and the sec-
tion of aorta from the ascending aorta to the common iliac arteries 
was dissected after 4 weeks.

Culture and stimulation of vascular tissues: the vascular tissues 
were isolated from rats weighting 220-250 g, and then, the vascular 
tissues were cultured for 6 days in 0.5 μg/mL LPS (DMEM with 5% 
foetal bovine serum and 1% antibiotics in a 5% CO2 atmosphere at 
37°) to induce vascular senescence. Transfection with Ad-YAP: YAP 
adenovirus (Ad-YAP, pAdeno-MCMV-HA-YAP-IRES2-EGFP) was 
performed following manufacturer's protocol.

2.4 | Immunofluorescence  
staining

HUVECs were seeded into coverslips and first permeabilized 
with 0.1% Triton X-100 after fixed with 4% paraformaldehyde for 
30 minutes. Then, the cells were washed and blocked with 1% BSA 
for 30  minutes. Next, the cells were incubated overnight at 4°C 
with a primary antibody: anti-YAP (1:100, Boster, China) and anti-
P53 (1:100, Abcam, USA). After incubation with secondary anti-
body (1:100, Bioworld Technology, China) at room temperature for 
2  hours, the cell nuclei were stained with DAPI (Beyotime, China, 
1 μg/mL). Immunofluorescence was detected by using confocal laser 
scanning microscope (Leica sp8, Germany).

F I G U R E  3   Knockdown of YAP inhibits cellular and vascular senescence. A, SA-β-gal staining was used to analyse senescence degree 
in HUVECs transfected with YAP siRNA (siYAP#1, siYAP#2, siYAP#3) or negative control siRNA (non-targeting 20-25 nt siRNA) for 6 h. B, 
SA-β-gal-positive cell percentage. C, Western blot was preformed to analyse PYAP, YAP, P16, P21 and P53 in cells transfected with YAP 
siRNA (siYAP#1, siYAP#2, siYAP#3) or negative control siRNA for 6 h. D-G, The semi-quantification of the proteins in panel C respectively. 
H, Western blot was used to analyse YAP and senescence markers P16, P21 and P53 in vascular tissues treated with YAP siRNA (siYAP#1, 
siYAP#2, siYAP#3) or negative control siRNA for 6 h. I-J, The semi-quantification of the proteins in panel H, respectively. K, Expression of 
indicated proteins was analysed by immunoblot in nuclear and cytoplasmic protein extractions from in HUVECs treated with or without YAP 
siRNA (siYAP#1, siYAP#2, siYAP#3) or negative control siRNA for 6 h. L-M, The semi-quantification of the proteins in panel H, respectively. 
All experiments were repeated at least three times, and data are expressed as mean ± SEM, *P < 0.05 vs Ctrl group, #P < 0.05 vs LPS group
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2.5 | Western Blot analysis

Total protein was extracted from HUVECs or isolated vascular tissue 
using RIPA buffer with protease and phosphatase inhibitors. Nuclear 
and cytoplasmic protein were extracted from HUVECs using Nuclear 
Extraction Kit (BestBio BB-3102, China). Protein concentrations were 
measured via BCA™ Protein Assay Kit (Thermo Fisher Scientific, USA). 
Protein was separated by sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes. 
PVDF membranes were blocked by 5% skim milk in Tris-buffered sa-
line at room temperature for 2  hours and then incubated with the 
following primary antibodies overnight at 4°C: anti-p16, anti-P21, 
anti-P53 (Abcam, USA); anti-YAP, anti-PYAP (Boster, china); anti-
mTOR, anti-P-mTOR (Ser2448), anti-P62, anti-Beclin1, anti-LC3B (Cell 
Signaling Technology, USA); anti-β-actin (Bioworld technology, China); 
and anti-β-tubulin, anti-LaminB (wanleibio, China). All primary anti-
bodies were diluted in 1:1000. The membranes next were washed and 
incubated with secondary antibodies (1:8000, Bioworld technology, 
China) at room temperature for 2 hours. Protein signals on the bands 
were visualized by the enhanced chemiluminescence (Thermo Fisher 
Scientific, Waltham, USA). Protein expression levels were quantified 
by densitometry using ImageJ 64 software, and the relative protein 
expression was compared with β-actin.

2.6 | SA-β-gal staining

The senescence Cells Histochemical Staining Kit (Beyotime C0602) 
was used to evaluate senescence following manufacturer's instruc-
tions. Firstly, cells or tissues were incubated with fixation buffer for 
10  minutes at room temperature. And then, samples were washed 
and incubated with staining mixture (containing X-gal) at 37°C for 
24-30 hours. Senescence degree was next detected by a fluorescence 
microscope (Leica Dmi8, Germany). Finally, the numbers of SA-β-gal-
positive cells were counted by ImageJ software in a blinded manner.

2.7 | Evaluation of fluorescent LC3 puncta

Adenovirus of tandem fluorescent mRFP-GFP-LC3 was designed and 
constructed by Hanbio Biotechnology (Shanghai, China). After trans-
fection with mRFP-GFP-LC3, autophagosomes (AP) were labelled 
yellow (mRFP and GFP) whereas autolysosomes (AL) were labelled 

red (mRFP only). Briefly, HUVECs firstly were cultured on coverslips 
and then treated with adenovirus of tandem fluorescent mRFP-GFP-
LC3(MOI = 15) for 24 hours, and cells were then washed with PBS, 
fixed with 4% paraformaldehyde, mounted with a reagent containing 
DAPI as the method in previous study25 and detected using confocal 
laser scanning microscope (Leica sp8, Germany). Lastly, the numbers 
of APs (yellow dots) and ALs (red dot) were counted manually.

2.8 | Statistical analysis

All data were analysed by SPSS 21.0 software and expressed as 
mean  ±  standard error of the mean (SEM). Statistical differences 
were evaluated using Student's test or one-way analysis of variance 
(ANOVA), followed by the Tukey-Kramer HSD post hoc test for mul-
tiple comparisons. P < 0.05 was considered as significant statistically 
differences.

3  | RESULTS

3.1 | YAP is highly expressed in old vascular tissues

To determine the difference in YAP expression, the vascular tissues 
from young and ageing rats were attained. SA-β-gal staining was 
firstly used to examine the senescence in vascular tissues. As shown 
in Figure 1A, vascular tissues obtained from ageing rats showed sig-
nificantly higher β-gal staining than those from young rats. Then, 
senescence markers P16 and P53 were used to determined vascular 
senescence by Western blot and the results showed that P16 and 
P53 were elevated significantly in old vascular tissue (Figure 1B,E-
F). Interestingly, we found YAP was highly expressed in old vascular 
tissues (Figure 1B-D). Taken together, our results suggest that YAP 
expression has positive correlation with vascular senescence.

3.2 | Inhibition of YAP 
pharmacologically or genetically attenuates 
cellular and vascular senescence

To evaluate the potential roles of YAP in vascular senescence, we 
first treated HUVECs with YAP inhibitor verteporfin, a compound 
reported to interfere with YAP binding to the TEAD transcription 

F I G U R E  4   YAP accelerates cellular and vascular senescence. A, SA-β-gal staining was used to analyse senescence degree in HUVECs 
treated with 0.5 μg/mL LPS for 6 d or Ad-YAP for 12 h or co-treated with both. B, Western blot was used to analyse PYAP, YAP, P16, 
P21, P53, TERT and TRF1 in HUVECs treated 0.5 μg/mL LPS for 6 d or Ad-YAP for 12 h or co-treated with both. C, SA-β-gal-positive cell 
percentage in plane A. D-J, The semi-quantifications of the proteins of plane B, respectively. K, Immunofluorescence attaining was used 
to ascertain the localization of YAP and P53 in HUVECs treated with Ad-GFP or Ad-YAP for 12 h. The nuclei were labelled with DAPI (blue 
staining; P53 are red (IgG(H + L)Cy3); YAP is white (Alexa Fluor 647). Scale bar = 25 μm. L, Expression of indicated proteins was analysed 
by immunoblot in nuclear and cytoplasmic protein extractions from HUVECs treated with 0.5 μg/mL LPS for 6 d or Ad-YAP for 12 h or co-
treated with both. M, Rats were treated with YAP adenovirus in different concentration gradients for 4 wk. SA-β-gal staining was used to 
analyse vascular senescence degree. All experiments were repeated at least three times, and data are mean ± SEM,*P < 0.05 vs Ctrl group, 
#P < 0.05 vs LPS group
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factors which interact with coactivator YAP and mediate down-
stream gene expression.11,26 To build a model of cellular and organic 
senescence, the stressor used in this study was LPS, an experimental 
stressor has been found to induce oxidative stress senescence and 
accelerate the expression of YAP in human and mouse endothelial 
cells.27 Our results showed that HUVECs treated with LPS exhibited 
significantly increased β-gal-positive cells than the control group, 
and cells treated with LPS and verteporfin showed significantly de-
creased β-gal-positive cells than LPS group (Figure 2A,C). In addition, 
HUVECs treated with LPS showed significantly up-regulation of YAP 
and senescence markers P53, P21 and P16, while cells treated with 
LPS and verteporfin displayed significantly down-regulation of YAP, 
P53, P21 and P16 (Figure 2B,D-H). Since nuclear YAP plays a critical 
role in regulating its target genes to exert biological functions, immu-
nofluorescence staining showed that LPS augmented the localiza-
tion of YAP into the nucleus, which could be inhibited by verteporfin 
(Figure 2I-J). Collectively, these results illustrated that inhibiting YAP 
pharmacological activity decreases cellular senescence.

We next delivered siRNA specifically targeting YAP in HUVECs to 
further assess the effects of YAP on senescence. We found HUVECs 
treated with YAP siRNA showed decreased β-gal staining (Figure 3A-
B) and significantly down-regulation of YAP, P53, P21 and P16 
(Figure 3C-G,K). In addition, LPS + scramble group showed increased 
senescence markers similarly to LPS, and the Ctrl and Ctrl + scram-
ble showed similar senescence (Figure S1A-C). These results sug-
gesting YAP knockdown attenuated the senescence of HUVECs. We 
also performed similar experiments in vascular tissues and found 
that the vascular tissues treated with YAP siRNA expressed lower 
expression of YAP, P53, P21 and P16 (Figure 3H-J,L-M), indicating 
that YAP knockdown inhibited vascular senescence.

3.3 | Overexpression of YAP accelerates cellular and 
vascular senescence

To ascertain the effect of YAP overexpression on senescence, Ad-
YAP was delivered into HUVECs. We found HUVECs co-treated 
with Ad-YAP showed more β-gal staining (Figure  4A,C) and dis-
played significantly higher expression of YAP and senescence mark-
ers P53, P21 and P16 (Figure 4B,D-H,K-L). Additionally, Western 
blot experiment was performed to determine the telomere ac-
tivity, a well-accepted marker of cellular senescence, which was 
affected by YAP. The telomere structure and length stabilization 
were associated with telomerase reverse transcriptase (TERT) and 
telomeric-associated protein TRF1.28 Our results showed HUVECs 

treated with Ad-YAP displayed significantly lower TERT and TRF1 
than LPS group and control group (Figure  4B,I-J). Furthermore, 
we added different concentrations of Ad-YAP into rats to deter-
mine the effects of YAP overexpression on vascular senescence. 
As shown in Figure 4E, β-gal staining fold change was related to 
Ad-YAP concentrations and the vascular tissue size changed in a 
concentration-dependent manner (Figure  4M), which was con-
sistent with prior studies that YAP plays an important role in cell 
proliferation and organism size.11 Collectively, those in vitro and 
in vivo results supported that overexpression of YAP accelerates 
cellular and vascular senescence.

3.4 | Autophagy and mTOR are involved in YAP 
promoting cellular and vascular senescence

Previous studies have discovered that YAP regulates autophagy 
by actin depolymerization to control proliferation.22,29 Therefore, 
the level of autophagy was examined by Western blot in HUVECs. 
The results revealed that HUVECs treated with LPS showed up-
regulation of Beclin1, LC3Ⅱ, LC3Ⅱ/Ⅰ and P62, while inhibiting YAP 
pharmacologically and genetically decreased the expression of 
Beclin1, LC3Ⅱ, LC3Ⅱ/Ⅰ and P62 (Figure 5A-D). Similar results were 
observed in vascular tissue treated with YAP siRNA (Figure 5E-F). 
Next, we examined the autophagic flux by detecting the numbers 
of autophagosomes (APs) and autolysosomes (ALs) in the presence 
and absence of chloroquine, which inhibits lysosomal acidifica-
tion and prevents autophagosome-lysosome fusion.30 We found 
HUVECs treated with Ad-YAP displayed similar effects to LPS, in-
cluding accumulated APs and few ALs accompanying with higher 
expression of YAP, P53, P21 and P16. However, cells co-treated 
with chloroquine showed no alterations with significance in the 
numbers of APs and ALs and the expression of YAP, P53, P21 and 
P16 (Figure 6A-F), suggesting that autophagic flux blockage occurs 
during YAP promoting senescence. In addition, we found that YAP 
knockdown attenuated autophagic flux blockage in HUVECs, with 
more ALs, less APs and decreased expression of YAP, P53, P21 and 
P16 of (Figure  6A-B,E). Collectively, these findings showed that 
autophagic flux blockage occurred during YAP promoting senes-
cence, which can be relieved by YAP inhibition.

Noticeably, prior works had proved that mTOR pathway plays 
an important role in regulating life span and ageing.3 In addition, 
YAP could regulate mTOR pathway by PTEN, an upstream nega-
tive regulator of mTOR.16,31-33 Herein, we investigated mTOR signal 
activity in YAP promoting senescence and found that HUVECs or 

F I G U R E  5   Impaired autophagy occurred during YAP promoting cellular and vascular senescence. A, Western blot was preformed to 
analyse the expression of Beclin1, LC3Ⅱ, LC3Ⅰ and P62 in HUVECs treated with or without 0.1 mg/mL verteporfin in the presence of 0.5 μg/
mL LPS for 6 d. B, The semi-quantifications of the proteins of plane A, respectively. C, Western blot was used to analyse YAP, p-mTOR 
(Ser2448), mTOR, Beclin1, LC3Ⅱ, LC3Ⅰ and P62 expression in HUVECs with or without YAP siRNA (siYAP#1, siYAP#2, siYAP#3 for 6 h) in the 
presence of LPS (0.5 μg/mL LPS for 6 d). D, The semi-quantifications of the proteins of plane C, respectively. E, Western blot was preformed 
to analyse p-mTOR (Ser2448), mTOR, LC3Ⅱ, LC3Ⅰ and P62 in isolated vascular tissue with or without YAP siRNA (siYAP#1, siYAP#2, siYAP#3 
for 6 h) in the presence of LPS (0.5 μg/mL for 6 d). F, The semi-quantifications of the proteins of plane E, respectively. All experiments were 
repeated at least three times, and data are expressed as mean ± SEM, *P < 0.05 vs Ctrl group, #P < 0.05 vs LPS group
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vascular tissue treated with siRNA-YAP showed down-regulated 
ratio of p-mTOR to mTOR (Figure 5C-F), and cells treated with Ad-
YAP showed up-regulated ratio of p-mTOR to mTOR (Figure 7B,F). 
Then, we inhibited mTOR activity with rapamycin to ascertain the 
roles of mTOR in YAP promoting senescence. The results showed 
that vascular tissues treated with rapamycin displayed less β-gal 
staining with significance (Figure 7A), and lower expression of YAP, 
P53, P21, P16, TERT and TRF1 (Figure 7E-L), suggesting that inhibi-
tion of mTOR activity down-regulates YAP expression and partially 
rescued YAP-induced senescence. In addition, the autophagic flux 
blockage was partly relieved by mTOR inhibition (Figure  7C-D,F). 
Taken together, these findings illustrated that mTOR activity is es-
sential for YAP promoting senescence.

4  | DISCUSSION

This study verified the important role of YAP in regulating vas-
cular senescence for the first time. Here, we found that: (a) YAP 
was highly expressed in old vascular tissues and its level was cor-
related with the up-regulation of senescence markers including 
P16 and P53; (b) inhibition of YAP pharmacologically or genetically 
decreased senescence, while overexpression of YAP increased the 
senescence in both HUVECs and vascular tissues; (c) autophagic 
flux blockage and mTOR signal activation occurred during YAP-
induced senescence, which could be relieved by the inhibition and 
knockdown of YAP in HUVECs and vascular senescence. (d) YAP-
promoted cellular and vascular senescence could be rescued by 
mTOR inhibition.

Prior works had documented the effectiveness of YAP in cellular 
senescence. However, the effects of YAP on senescence are quite 
different in various cells. For example, some scholars found that 
down-regulation of YAP in IMR90 tumour cells increased cell senes-
cence 11; others also found that up-regulation of YAP in Werner syn-
drome-derived fibroblasts could accelerate cellular senescence,10 
which is consistent with our study that up-regulation of YAP in 
HUVECs and vascular tissues accelerates senescence. It comes to 
the key question of our study—how YAP modulates cellular and vas-
cular senescence.

Autophagy is a complex intracellular dynamic process that de-
livers cytoplasmic constituents for degradation into lysosomes,34 
which is essential in mediating proper vascular function, as its role 

in cell survival and smooth muscle cell phenotype and prolifera-
tion.35 In addition, it was reported that autophagic flux is impaired 
during senescence-associated disease such as atherosclerosis.30,36 
Moreover, it has been found that YAP regulates autophagy by actin 
depolymerization to control proliferation.17 Therefore, the level of 
autophagy was examined in our study, and we found that autophagic 
flux blockage occurred during YAP promoting senescence, which 
could be relieved by YAP inhibition in HUVECs and vascular tissues, 
suggesting that autophagic flux blockage is involved in the promot-
ing effect of YAP on vascular senescence.

Studies over the past decade have uncovered a critical role for 
mTOR pathways and Hippo pathways as key players regulating organ 
size through their respective roles in the modulation of cell growth 
(size) and cell number (proliferation). In addition, the Hippo-YAP path-
way is an upstream regulator of mTOR.31,37-39 More importantly, in-
creasing mTOR activity perturbs the ability of the whole organism to 
cope with stress, causing premature senescence and ageing.37 Here, 
we investigated the mTOR signalling alteration in YAP-promoted se-
nescence, and we found that YAP deficiency decreased mTOR ac-
tivity while YAP overexpression increased mTOR activity. We next 
inhibited mTOR activity with rapamycin to ascertain the effects of 
mTOR on YAP promoting senescence. We found that, by inhibiting 
mTOR, YAP-promoted cellular and vascular senescence could be res-
cued, and the autophagic flux blockage during YAP promoting senes-
cence was also relieved. Collectively, these results illustrated that 
mTOR signalling pathway plays a vital role in YAP promoting vascu-
lar senescence. In addition, YAP-mTOR may mediate vascular senes-
cence by inhibiting autophagic flux. Furthermore, prior studies have 
found that mutually regulating effects exist between mTOR and YAP, 
which could be found in YAP-promoted senescence here.16,31,39,40 
Considering the complicated modulation among YAP, mTOR and au-
tophagy, it needs further experiments to prove the clear YAP-mTOR-
autophagic flux signalling axis.

As far as the existing results are concerned, our study indicated 
that up-regulation of YAP could accelerate vascular senescence. In 
addition, autophagic flux blockage and mTOR activation were ob-
served during YAP-induced vascular senescence, which could be re-
lieved by YAP inhibition and knockdown. Moreover, YAP-promoted 
vascular senescence could be rescued by mTOR inhibition. These 
findings here provide a novel mechanism of cellular and vascular 
senescence, and suggest YAP may serve as a potential therapeutic 
target in ageing-associated cardiovascular disease treatment.

F I G U R E  6   Autophagic flux was impaired during YAP promoting cellular senescence. A, Western blot was preformed to analyse the 
expression of LC3Ⅱ, LC3Ⅰ, P62, YAP, P53, P21 and P16 in HUVECs co-treated with or without Chloroquine (CQ, 10 mol/L for 24 h) in the 
presence of YAP siRNA (siYAP#1, siYAP#2, siYAP#3 for 6 h). Experiments were repeated three times. B, The semi-quantifications of the 
proteins of plane A, respectively. Data are expressed as mean ± SEM, *P < 0.05 vs Ctrl group, #P < 0.05 vs LPS group. C, Western blot was 
preformed to analyse the expression of LC3Ⅱ, LC3Ⅰ, P62, YAP, P53 and P16 in HUVECs co-treated with or without CQ (10 mol/L for 24 h) 
in the presence of Ad-YAP. All experiments were repeated at least three times. D, The semi-quantifications of the proteins of plane C, 
respectively. Data are expressed as mean ± SEM, *P < 0.05 vs Ctrl group, #P < 0.05 vs Ad-YAP group. E, Tandem fluorescent mRFP-GFP-LC3 
adenovirus was subjected to HUVECs to detect the numbers of APs in the presence and absence of CQ (10 mol/L) for 24 h. The nuclei were 
labelled with DAPI (blue staining); GFP dots are green; mRFP dots are red; YAP is white (Alexa Fluor 647). Scale bar = 10 μm. Experiments 
were repeated three times. F, Quantitative analysis of APs (yellow dots) and ALs (red dot) in plan E by counting manually; N = 30-50 nuclei 
per group. Data are expressed as mean ± SEM,*P < 0.05 vs Ctrl group, #P < 0.05 vs LPS group
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