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A B S T R A C T   

Vascular endothelial cells (ECs) senescence plays a crucial role in vascular aging that promotes the initiation and 
progression of cardiovascular disease. The mutation of Grb10-interacting GYF protein 2 (GIGYF2) is strongly 
associated with the pathogenesis of aging-related diseases, whereas its role in regulating ECs senescence and 
dysfunction still remains elusive. In this study, we found aberrant hyperexpression of GIGYF2 in senescent 
human ECs and aortas of old mice. Silencing GIGYF2 in senescent ECs suppressed eNOS-uncoupling, senescence, 
and endothelial dysfunction. Conversely, in nonsenescent cells, overexpressing GIGYF2 promoted eNOS- 
uncoupling, cellular senescence, endothelial dysfunction, and activation of the mTORC1-SK61 pathway, which 
were ablated by rapamycin or antioxidant N-Acetyl-L-cysteine (NAC). Transcriptome analysis revealed that 
staufen double-stranded RNA binding protein 1 (STAU1) is remarkably downregulated in the GIGYF2-depleted 
ECs. STAU1 depletion significantly attenuated GIGYF2-induced cellular senescence, dysfunction, and inflam-
mation in young ECs. Furthermore, we disclosed that GIGYF2 acting as an RNA binding protein (RBP) enhances 
STAU1 mRNA stability, and that the intron region of the late endosomal/lysosomal adaptor MAPK and mTOR 
activator 4 (LAMTOR4) could bind to STAU1 protein to upregulate LAMTOR4 expression. Immunofluorescence 
staining showed that GIGYF2 overexpression promoted the translocation of mTORC1 to lysosome. In the mice 
model, GIGYF2flox/flox Cdh-Cre+ mice protected aged mice from aging-associated vascular endothelium- 
dependent relaxation and arterial stiffness. Our work discloses that GIGYF2 serving as an RBP enhances the 
mRNA stability of STAU1 that upregulates LAMTOR4 expression through binding with its intron region, which 
activates the mTORC1-S6K1 signaling via recruitment of mTORC1 to the lysosomal membrane, ultimately 
leading to ECs senescence, dysfunction, and vascular aging. Disrupting the GIGYF2-STAU1-mTORC1 signaling 
cascade may represent a promising therapeutic approach against vascular aging and aging-related cardiovascular 
diseases.   
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1. Introduction 

Cardiovascular diseases (CVDs) are the leading cause of mortality 
and morbidity all over the world. Along with the changing lifestyles and 
aging population, the prevalence of CVDs tends to rise, imposing a heavy 
economic burden on society. Aging is the biological process of age- 
dependent progressive decline in intrinsic physiological functions [1, 
2]. Endothelial cell (ECs) senescence has been gaining recognition as a 
primary risk contributor to the pathogenesis of CVDs [3]. Vascular ECs 
are a single layer of flattened squamous epithelial cells located on the 
intravascular surface, which not only serve as a protective barrier be-
tween blood and the vessel wall/tissue, but also synthesize and release a 
variety of vasoactive substances, such as the vasodilator nitric oxide 
(NO) and the constrictor angiotensin II (Ang II), to moderate vascular 
function and maintain vascular homeostasis [4]. Senescent ECs can 
cause endothelial dysfunction as manifested by a range of molecular 
changes, e.g., increased reactive oxygen species (ROS) production, 
decreased NO generation, and enhanced intercellular cell adhesion 
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) 
secretion and pro-inflammatory cytokines, which are the common 
pathological triggers for the initiation and development of CVDs [5]. A 
substantial body of basic and clinical evidence has indicated that 
endothelial nitric oxide synthase (eNOS)-uncoupling in ECs results in 
decreased NO bioavailability and increased oxidative stress, thereby 
causing or exacerbating endothelial dysfunction and vascular aging [6]. 

The human Grb10-interacting GYF protein 2 (GIGYF2) gene, also 
termed TNRC15, is mapped in chromosome 2q36.1 with 72 exons 
encoding a protein of 1299 amino acids. GIGYF2 comprises a highly 
conserved GYF structural domain that interacts with the N-terminal end 
of the Grab10 bridging protein via the GYF region [7]. The functional 
studies reveal that GIGYF2 is an integral component of the translation 
repression complex and represses mRNA translation in a 4EHP-depend-
ent and independent manner [8,9]. A multitude of current genome-wide 
screens and linkage analyses demonstrate that GIGYF2 is a candidate 
gene for aging-related diseases Parkinson’s disease (PD) [10-12]. 
GIGYF2− /− mice display perinatal mortality, and Gigyf2+/- mice mani-
fest an early-onset age-related neurodegenerative phenotype [13]. Mu-
tants of the Gyf gene, whose product in Drosophila is homologous to 
GIGYF1 (Grb10-interacting GYF protein 1) and GIGYF2 in mammals, 
also exhibit an early-onset mortality rate and neurodegeneration-related 
mobility deficits [14]. Moreover, aberrant expression of GIGYF2 may 
contribute to the occurrence of aging-related diseases and 
diabetes-related cognitive impairment through a negatively regulated 
IGF1R signaling pathway [15]. These studies implicate that GIGYF2 may 
exert a unique function in other aging-related diseases. Whereas, the 
role of GIGYF2 in aging-related vascular diseases has been scarcely 
documented. 

The mechanistic target of rapamycin complex 1 (mTORC1) func-
tioning as a molecular hub and intracellular energy sensor plays a vital 
role in regulating various cellular processes [16]. The ribosome S6 
protein kinase (S6K1), a serine/threonine kinase, is a classical down-
stream target of mTORC1 and can be phosphorylated and activated by 
mTORC1. Furthermore, S6K1 phosphorylates its substrate ribosome S6 
protein, which promotes the initiation and processes of protein trans-
lation [17]. There is overwhelming evidence that the mTORC1-S6K1 
pathway mediates a wide range of cellular functions including ECs 
senescence [18], and mammalian life span [19]. In Drosophila, Gyf 
(ortholog of GIGYF2) deficiency has been found to markedly suppress 
the phosphorylation of the mTORC1 substrate S6K1 [14]. On the basis of 
these, we are inspired to investigate the causal role of GIGYF2 in 
mTORC1 activation linking to the ECs senescence and vascular aging in 
mammals. 

In the present study, we reveal a novel mechanism of GIGYF2 that 
leads to ECs senescence, dysfunction, and inflammation through the up- 
regulation of staufen double-stranded RNA binding protein 1 (STAU1), 
which activates the late endosomal/lysosomal adaptor MAPK and mTOR 

activator 4 (LAMTOR4)-mTORC1-S6K1 signaling axis via the recruit-
ment of mTORC1 to the lysosomal membrane. This study yielded a 
promising therapeutic target for the treatment of vascular aging and 
aging-related CVDs. 

2. Methods 

2.1. Materials 

All reagents used were from the following sources: rabbit antibodies 
against phospho-RPS6-Ser235/236 (#2317s), phospho-p70 S6 Kinase- 
Thr389 (#9234s), mTOR (#2983s), and PCNA (#PC10) were pur-
chased from Cell Signaling (Danvers, USA); rabbit antibodies against 
GIGYF2 (24790-1-AP), STAU1 (14225-1-AP), and p70 S6K (14485-1- 
AP) were from Proteintech (Wuhan, China); mouse antibodies against 
HA (ab18181) and LAMP1 (ab253630) were from Abcam (Cambridge, 
UK); mouse antibody against β-actin (TA811000) was from Origene 
(Cambridge, UK); anti-mouse IgG-HRP (EK010) and anti-rabbit IgG-HRP 
(EK020) secondary antibodies were purchased from Xian Zhuangzhibio 
Biological Technology Co., Ltd (Xi’an, China); goat anti-rabbit IgG (H +
L) secondary Antibody Alexa Fluor® 488 conjugate and goat anti-mouse 
IgG (H + L) secondary antibody Alexa Fluor® 594 conjugate were from 
Invitrogen/Thermo Fisher Scientific (Waltham, MA USA). N-Acetyl-L- 
cysteine (NAC, C8460), X-gal (X1010), and acetylcholine (Ach, 60-31-1) 
were purchased from Solarbio (Solarbio, Beijing, China); Rapamycin 
(53123-88-9) was from Aladin Reagent (Shanghai, China); phenyleph-
rine (61-76-7), and sodium nitroprusside (SNP, 13755-38-9) were pur-
chased from Macklin Inc. (Macklin, Shanghai, China); ROS Assay Kit 
(S0033S), diaminofluorescein-FM diacetate (DAF-FM DA) (S0019), and 
dihydroethidium (DHE, S0063) were purchased from Biyuntian 
Biotechnology Institute (Shanghai, China); Protein A/G agarose beads 
(Sc-2003) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA); 
The pmirGLO Dual-Luciferase expression vector was purchased from 
Promega (Madison, WI, USA). All cell culture media and materials were 
purchased from Gibco (Gibco, USA). 

2.2. Cell culture and lentivirus transduction 

Human umbilical vein endothelial cells (HUVEC) and senescent cells 
were prepared as previously described [18]. Briefly, 1×104 cells per cm2 

were seeded in petri dishes coated with 1% gelatin and cultivated in 
RPMI-1640 complete medium supplemented with 5% fetal calf serum 
(FCS), 1% penicillin/streptomycin, and Endothelial Cell Growth Me-
dium SupplementPack (C-39210, Promocell) at 37 ◦C in a 95% air and 
5% CO2 atmosphere. Cells of passages 1-3 (P1 to P3) were defined as 
young cells. Young cells were further split in a ratio of 1-3 continuously 
over the course of several weeks until replicative senescence was 
observed as determined by SA-β-gal staining (P9 to P12). In this study, 
non-senescent endothelial cells are referenced as “young cells” [18]. The 
model of S6K1 driving endothelial cells senescence was performed as 
described by Rajapakse et al. [18]. Lentivirus was used to transduce cells 
for gene silencing or overexpression as described previously [18]. 
THP-1 cells were grown in RPMI-1640 containing 10% heat-inactivated 
fetal bovine serum (HIFBS) and 1% penicillin/streptomycin [20]. 

2.3. Generation of expression vectors 

To generate the corresponding lentivirus, the pLKO.1-TRC plasmid 
with targeted shRNA sequences for knockdown or PLJMI plasmid with 
STAU1 gene sequences for overexpression and packaging plasmid 
(psPAX2) and envelope plasmid (pMD2.G) were co-transfected with 
HEK293T cells using Lipo6000™ Transfection Reagent. The transfected 
HEK293T cells were cultured for 24h and 48h, and the supernatant was 
collected and centrifuged (1000 rpm, 5 min) to obtain virus particles. 
Then, cells were infected with lentivirus and screened cells carrying the 
corresponding antibiotic resistance gene in a culture medium containing 
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2 μg/ml puromycin. The HA-GIGYF2 gene was amplified from template 
plasmid PX459-HA-GIGYF2 by polymerase chain reaction (PCR) using 
the following primer pairs, HA-HGIGYF2-F: 5′-CGCTAGCGCTACCGG-
CACCATGGCCTACCCATATGATG -3′ and the reverse primer: 5′- 
TCGAGGTCGAGAATTTCAGTAGTCATCCAACGTCTCGA -3’. The STAU1 
gene was amplified from HUVECs genomic DNA via PCR, using the 
forward primer: 5′-CGCTAGCGCTACCGGCACCATGAAACTTG-
GAAAAAAACCA-3′ and the reverse primer: 5′-CCGAGGTCGA-
GAATTTCAGCACCTCCCACACACAG -3’. 

The targeting sequences for hGIGYF2-shRNA, hSTAU1-shRNA and 
hLAMTOR4-shRNA are indicated in boldface below (only the sense 
strand is shown): pLKO.1-hGIGYF2-1-F: 5′-CCGGCACAGTA-
CACTCCATTCAGTACTCGAGTACTGAATGGAGTGTACTGTGTTTTTG-3′ 
pLKO.1-hSTAU1-F: 5′-CCGGGCCTGCAGTTGAACGAGTAAACTC-
GAGTTTACTCGTTCAACTGCAGGCTTTTTG-3’; pLKO.1-hLAMTOR4-F: 
CCGGGTCTGTGGTCTTTGGAGAACACTCGAGTGTTCTCCAAAGACCA-
CAGACTTTTTG. 

2.4. Senescence-associated β-galactosidase (SA-β-gal) staining 

SA-β-galactosidase staining was performed two days post- 
transduction as previously described [18]. Briefly, the cells were 
rinsed twice with phosphate-buffered saline (PBS), fixed in 4% of 
formaldehyde for 10-15 min at room temperature, and incubated with 
freshly prepared SA-β-gal staining solution (1 mg/ml X-gal, 40 mM citric 
acid, 150 mM sodium chloride, 2 mM magnesium chloride dissolved in 
phosphate buffer, 5 mM potassium ferrocyanide, 5 mM potassium 
ferricyanide, pH 6.0) at 37 ◦C in a CO2-free atmosphere for overnight 
(12-16 h). The stained senescent cells were detected and quantified 
under a regular light microscope. Senescent cells were determined by 
the percentage of SA-β-gal-positive cells. 

2.5. Immunoblotting 

Proteins were separated by SDS-polyacrylamide gels (10%) and 
electrophoretically transferred to polyvinylidene difluoride membranes 

(BioRad Laboratories, Hertfordshire, UK). After blocking with 5% 
skimmed milk in tris buffered saline with tween 20 (TBST), the mem-
branes were first incubated with the corresponding primary antibodies 
overnight at 4 ◦C. Then, the membranes were washed three times with 
phosphate-buffered saline with tween 20 (PBST), and corresponding 
anti-mouse or anti-rabbit HRP conjugated secondary antibodies were 
applied for 1.5 h at room temperature. Proteins bands were visualized by 
enhanced chemiluminescence (ECL) and quantified the level of proteins 
using the ImageJ software (National Institute of Health, Bethesda, MD, 
USA). 

2.6. Quantitative real-time reverse transcription PCR (qRT-PCR) analysis 

Total RNA from cells or aortas was extracted using the TRIzol 
extraction method (Solarbio, China) following the manufacturer’s in-
structions. Total RNA (1 μg) was reversed transcribed into cDNA using 
the TransScript® One-Step gDNA Removal and cDNA Synthesis Super-
Mix (Beijing Quanshijin Biotechnology Co., Ltd., Beijing, China) as 
described. The target genes were amplified using the PerfectStart Green 
qPCR SuperMix on the Bio-Rad CFX96 RealTime PCR system (Bio-Rad, 
US). The oligonucleotide primer sequences are listed in Table 1. 

2.7. Immunofluorescence staining 

Cells grown plated onto coverslips were fixed with 4% para-
formaldehyde for 15 min, permeabilized using 0.2% Triton X-100 in PBS 
for 5 min, and blocked with blocking buffer using 1 X PBS with 5% BSA 
and 0.3% Triton X-100 for 1 h. Primary antibodies were incubated in 
cells overnight at 4 ◦C, followed by Alexa Fluor-labeled secondary an-
tibodies for 1 h at room temperature in the dark. All images were ac-
quired through Leica TCS SP5 confocal laser microscope at the same 
exposure and magnification. 

2.8. ROS and NO analysis 

ROS and NO production in cultured endothelial cells were examined 

Table 1 
List of primers used for qRT-PCR.  

Target gene Forward Reverse 

hGIGYF2 ATCTTCCTCTGGACACCACG GTCGCCGAAGAATTTCCTCC 
hIL-6 GGCACTGGCAGAAAACAACC GCAAGTCTCCTCATTGAATCC 
hMCP-1 GATCTCAGTGCAGAGGCTCG TGCTTGTCCAGGTGGTCCAT 
hTNF-α CCCAGGGACCTCTCTCTAATCA GCTACAGGCTTGTCACTCGG 
hVCAM-1 CGAACCCAAACAAAGGCAGA ACAGGATTTTCGGAGCAGGA 
hICAM-1 GATTCTGTGCCCACAGTAAGGC TGGTCACAGAGCCACCTTCTTG 
hGAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 
hNLRP3 AAGGGCCATGGACTATTTCC GACTCCACCCGATGACAGTT 
hPPARG AGCCTGCGAAAGCCTTTTGGTG GGCTTCACATTCAGCAAACCTGG 
hSTAU1 TGCACTTAAACGGAACTTGCC AATCGGATTGATCCCCTGGC 
hEMP2 ATTCTCTGCTGCATCGCCTT CGTAGCTGCCTTCTCTGGTC 
hTXNIP AGATCAGGTCTAAGCAGCAGAACA CCATATAGCAGGGAGGAGCTTC 
hSERP1 GAAGATGGTCGCCAAGCAAAG TCTTCGGGGGCATTTCTCG 
hUCP2 CTACAGCCAGCGCCCAGTA TCAGTACGCACCATGGTCAGA 
hESR2 ATGGAGTCTGGTCGTTGAAGG TAACACTTCCGAAGTCGGCAGG 
hDKK1 TCCGAGGAAAATTGAGGAA CCTTCTTGTCCTTGGTGTGA 
hGBP2 AATTAGGGGCCCAGTTGGAAG AAGAGACGGTAACCTCCTGGT 
hLAMTOR4 AGTGCCATCTCTGAGCTGGTCA CTGCCTCTTCACCACAAACACC 
hp21 AGGTGGACCTGGAGACTCTCAG TCCTCTTGGAGAAGATCAGCCG 
hp16INK4A CTCGTGCTGATGCTACTGAGGA GGTCGGCGCAGTTGGGCTCC 
hSIRT1 TAGACACGCTGGAACAGGTTGC CTCCTCGTACAGCTTCACAGTC 
hSIRT6 TGGCAGTCTTCCAGTGTGGTGT CGCTCTCAAAGGTGGTGTCGAA 
mGIGYF2 AGATGCAGCACCTCCAGTACCA TCTTCAGAGCCTGGAACTGCTG 
mSIRT1 GGAGCAGATTAGTAAGCGGCTTG GTTACTGCCACAGGAACTAGAGG 
mSIRT6 CAGTACGTCAGAGACACGGTTG GTCCAGAATGGTGTCTCTCAGC 
mp21 TCGCTGTCTTGCACTCTGGTGT CCAATCTGCGCTTGGAGTGATAG 
mp16INK4A TGTTGAGGCTAGAGAGGATCTTG CGAATCTGCACCGTAGTTGAGC 
mGAPDH CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG 
mSTAU1 GCTCCTTACAGAACGAGGTCTTC TCTCAGCAGCATTACGCTTGGC 

h: human; m: mouse. 
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by staining cells with ROS and NO assay kits in accordance with the 
manufacturer’s instructions, respectively. Briefly, the cells were washed 
twice with PBS and then incubated with an appropriate volume of 
diluted DCFH-DA (10 μM) in serum-free culture medium and DAF-FM 
DA (5 μM) in dilution supplied with the kit at 37 ◦C for 20 min in the 
dark. PBS was used to wash the cells three times to sufficiently remove 
the unbound DCFH-DA and DAF-FM DA, followed by observation by 
fluorescence microscopy (Olympus, Tokyo, Japan). Meanwhile, for 
quantitative detection of ROS and NO, the cells were cultured in 96-well 
plates, and respectively incubated with DHE (5 μM) diluted in PBS and 
DAF-FM DA (5 μM) diluted in the dilution solution for 20 min at 37 ◦C. 
Then, cells were washed with PBS to adequately remove unbound dyes, 
and quantified ROS and NO levels by reading the absorbance at exci-
tation/emission wavelengths of 535/610 nm and 495/515 nm from a 
hybrid multi-mode microplate reader (Synergy H1, BioTek) [21]. 

2.9. Monocyte adhesion to endothelial cells 

Monocyte labeling and adhesion assays were employed as previously 
described [20]. The human monocyte line THP-1 was pre-cultured in 
RPMI-1640 containing 10% heat-inactivated fetal bovine serum 
(HIFBS), then labeled with 5 μM CFDA-SE in PBS for 8 min at 37 ◦C. The 
labeled THP-1 cells were washed twice with PBS, suspended in RPMI 
1640 medium containing 10% FBS. The experimental HUVECs were 
pretreated with low-serum RPMI-1640 medium containing 0.2% FBS for 
12 h, and then incubated with CFDA-SE labeled THP-1 cells at 37 ◦C for 
1 h. Non-adherent THP-1 cells were gently washed twice with PBS, and 
adherent THP-1 cells were fixed with 3.7% paraformaldehyde. The 
signals were observed and captured by fluorescence microscopy, and the 
number of adherent THP-1 cells was quantified by Image J software. 

2.10. mRNA stability assay 

To measure mRNA decay rates, cells were treated with Actinomycin 
D (10 μg/ml) post transfection, and harvested in TRIzol at 0, 2, 4, and 6 h 
after treatment. Subsequently, qRT-PCR assays were carried out to 
measure the percentage of remaining mRNA of the target gene. The 
mRNA levels were normalized to GAPDH. 

2.11. RNA immunoprecipitation 

Cells were washed briefly in ice-cold PBS and lysed on ice for 30 min 
with lysis buffer (40 mM HEPES pH 7.5, 120 mM NaCl, 1 mM EDTA, 10 
mM pyrophosphate, 10 mM glycerophosphate, 0.3% CHAPS) supple-
mented with protease inhibitors (GLPBIO). Next, the cells were scraped, 
and centrifugated at 10,000×g for 15 min at 4 ◦C to remove debris, and 
the supernatant was transferred to a new 1.5 ml microcentrifuge tube. 
1% of the supernatant sample was mixed with 490 μl TRIzol for the RNA 
input control. Lysates were pre-cleared with protein A/G agarose beads 
(Santa Cruz) and incubated with primary antibodies for 2 h at 4 ◦C 

followed by an incubation with 20 μL A/G beads overnight at 4 ◦C with 
gentle rotation. The immunoprecipitates were collected by centrifuga-
tion at 2500 rpm for 5 min at 4 ◦C and washed 3-4 times with washing 
buffer (50 mM HEPES pH 7.5, 40 mM NaCl, 2 mM EDTA). Subsequently, 
the beads containing the immunoprecipitated samples were resus-
pended in 500 μl of TRIzol, and subjected to qRT-PCR analysis. 

2.12. Luciferase activity assay 

Luciferase activity assay was performed using the Dual-Luciferase 
Assay Kit (Promega, USA) according to manufacturers’ manuals. The 
wild-type and mutant LAMTOR 4 DNA fragments (Table 2) were cloned 
into the pmirGLO Dual-Luciferase Vector (Promega, USA) between the 
Xba I and Sac I restriction sites, and co-transfected with the pLJM1- 
STAU1 plasmid into 70% confluent HEK-293T cells using Lipo6000™ 
transfection reagent. 48 h post transfection, the cells were lysed using 
1X passive buffer, and centrifuged (12,000 rpm) at 4 ◦C for 10 min. 
Subsequently, the supernatant was collected and the luciferase activity 
was measured on a BioTek microplate reader. 

2.13. Animals 

GIGYF2 conditional knockout mice (GIGYF2flox/flox Cdh-Cre+ mice) 
on the background of C57/BL6 were generated in endothelial cells using 
the Cre-loxP system [22]. Briefly, female GIGYF2flox/flox mice were first 
crossed with male mice carrying the Cdh5-Cre allele to generate 
GIGYF2flox/+; Cdh5-Cre mice, which were then mated again with 
GIGYF2flox/flox mice to obtain GIGYF2flox/flox; Cdh5-Cre mice. Genotyp-
ing was performed by PCR. Genomic DNA from mouse tails was 
extracted and PCR was performed using the KAPA mouse genotyping kit 
(Kapa Biosystems, Wilmington, USA) according to the manufacturer’s 
instructions. PCR primers used were: 5′-AATTAAAGGCAGACCTAG 
CAGGTGGAGG-3′ (forward) and 5′-TAGCACCGC AGACTGCTATC-
TATTCCTG (reverse) for loxP sequence, 5′-GCGGTCTGGCAGTAA 
AAACTATC-3′ (forward) and 5′-GTGAAACAGCATTGCTGTCACTT-3′ 
(reverse) for Cdh5-Cre. All mice had ad libitum access to food and water 
and were maintained within a temperature (22 ◦C~25 ◦C), humidity 
(50%), and light (12 h light/dark cycle) controlled room. At least 7 male 
mice in each group of young WT-mice (2 to 3 months old), young 
GIGYF2flox/flox Cdh-Cre+ mice (2 to 3 months old), old WT-mice (20 to 
24 months old) and old GIGYF2flox/flox Cdh-Cre+ mice (20 to 24 months 
old) were anesthetized with 2% isoflurane, and humanely euthanized by 
cervical dislocation. The thoracic aorta of the mice was isolated and 
carefully cleaned of perivascular fat, and subjected to en face staining, 
vascular tone determination or directly snap frozen in liquid nitrogen 
and stored at -80 ◦C until further immunoblot analysis. All animal ex-
periments were conducted under the approval of local authorities 
(NWU-AWC-20220202 M) and carried out in accordance with the 
guidelines from Directive 2010/63/EU. 

Table 2 
List of DNA fragments of wild-type and mutant sequences.  

Position Target DNA fragments 

chr7:100151697-100151717,chr7 hSTAU1-LAMTOR4-WT-F1: 5′-GTTTTTTTGTTTGTTTGTTTTTTTTTAAGATAGAGT-3′ 
hSTAU1-LAMTOR4-WT-R1： 5′-CTAG ACTCTATCTTAAAAAAAAACAAACAAACAAAAAAACAGCT-3′ 
hSTAU1-LAMTOR4-MUT-F1： 5′-GTTTTTTTGTTTGTTTGTTTTTCAATTCGATAGAGT-3′ 
hSTAU1-LAMTOR4-MUT-R1： 5′-CTAG ACTCTATCGAATTGAAAAACAAACAAACAAAAAAACAGCT-3′ 

chr7:100152017-100152037,chr7 hSTAU1-LAMTOR4-WT-F2: 5′-AGTTATTTTAAAGGAGGAATCAGTATATCTTGCTAA-3′ 
hSTAU1-LAMTOR4-WT-R2： 5′-CTAGTTAGCAAGATATACTGATTCCTCCTTTAAAATAACTAGCT-3′ 
hSTAU1-LAMTOR4-MUT-F2： 5′-AGTTATTTTAAAGCATTCCTCAGTATATCTTGCTAA-3′ 
hSTAU1-LAMTOR4-MUT-R2： 5′-CTAGTTAGCAAGATATACTGAGGAATGCTTTAAAATAACTAGCT-3′ 

chr7: 100152437-100152457,chr7 hSTAU1-LAMTOR4-WT-F3: 5′-AAAAAAGAAGTGGATTGGGAAGGAGGTGGATAAGGA-3′ 
hSTAU1-LAMTOR4-WT-R3： 5′-CTAGTCCTTATCCACCTCCTTCCCAATCCACTTCTTTTTTAGCT-3′ 
hSTAU1-LAMTOR4-MUT-F3： 5′-AAAAAAGAAGTGGACAATCCAGGAGGTGGATAAGGA-3′ 
hSTAU1-LAMTOR4-MUT-R3： 5′-CTAGTCCTTATCCACCTCCTGGATTGTCCACTTCTTTTTTAGCT-3′ 

The bases in bold are the predicted binding sites of STAU1 protein and LAMTOR4 RNA. 
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2.14. En face confocal detection of ROS and NO in mouse aortas 

The production of ROS in mouse aorta was assessed by DCFH-DA and 
DHE staining, and NO generation was evaluated by DAF-FM DA stain-
ing. Briefly, mice aortas cleaned of perivascular fat tissue were cut into 
rings 3 mm in length, and equilibrated in pre-warmed Krebs buffer at 
37 ◦C for 30 min continuously aerated with 95% O2 and 5% CO2. After 
equilibration, the aortas were incubated with DCFH-DA (10 μM), DHE 
(5 μM) or DAF-FM DA (5 μM) reagents for 30 min, respectively, pro-
tected from light. The aorta was then washed three times with Krebs 
buffer, fixed with 4% paraformaldehyde for 30 min, and counterstained 
with DAPI (300 nmol/L) for 3 min. After washing with Krebs buffer, the 
aortas were carefully cut longitudinally and mounted En face (endo-
thelial layer side down) on a slide with a drop of Vectashield mounting 
medium, and then covered with a coverslip for endothelial layer imag-
ing. Fluorescence was analyzed with a Leica DM6000 confocal micro-
scope within a few hours of preparation, with a Z-shaped scan of each 
sample, and images were collected after the signal was observed at the 
top of the sample (endothelial layer on the lumen boundary). Images 
stained with DCFH, DHE, DAF-FM and DAPI were quantified using 
Image J. 

2.15. Aortic ring vasodilatory response 

Endothelium-dependent and independent relaxations were per-
formed as previously described [23]. Briefly, the aortas were isolated, 
immediately placed in ice-cold Krebs buffer, and followed by careful 
removal of surrounding adipose tissue. The aortas were cut into 3-4 mm 
rings and mounted in a Multi-Myograph System (620 M, DMT, 
Denmark). The vascular ring was pre-constricted with KCl (60 mM) or 
phenylephrine (1 μM), and after the constriction reached a plateau, 
cumulative doses of acetylcholine (ACh, 10-10-10-5 M) or sodium nitro-
prusside (SNP, 10-10-10-5 M) were added to evaluate vasodilation 
response. Vasodilation was expressed as percent relaxation. 

2.16. Pulse wave velocity (PWV) assessment 

Noninvasive aortic PWV in mice was measured using the Vevo 3100 
ultrasound imaging platform (FUJIFILM VisualSonics) as previously 
described [24]. Briefly, mice were anesthetized for approximately 1-3 
min in an anesthesia induction chamber filled with 2% isoflurane. 
Anesthesia was maintained via a dedicated nasal cone (1.5% isoflurane), 
and the mice were coated with conductive paste on the four limbs in a 
supine position secured on a heating plate (~37 ◦C) to maintain body 
temperature. Remove abdominal hair of mice with depilatory cream and 
coat it with acoustic coupling gel. Velocity signals from the transverse 
aortic arch and abdominal aorta were obtained using a 10-MHz pulsed 
Doppler probe (Indus Instruments, Webster, TX) and collected using a 
Doppler signal processing workstation. Aortic PWV was calculated by 
dividing the separation distance between the two measurement sites by 
the transit time of the flow wave. 

2.17. Measurement of blood pressure (BP) 

Systolic blood pressure (SBP) and diastolic blood pressure (DBP) 
were monitored by the CODA® non-invasive BP monitoring system 
(Kent Scientific) using a volume-pressure recording (VPR) [25,26]. The 
mice were handled gently and well-trained to minimize handling stress 
for VPR tail-cuff measurement. No indication of stress was observed 
during BP testing. Blood pressures were measured at least 20 times per 
mouse at each time point until a steady state was reached, and the final 
value was calculated by the average of 10 repeats. 

2.18. Statistical analysis 

Results data are presented as mean ± SEM. In all experiments shown, 

the “n” represents the number of individual animals used or the number 
of individual experiments when conducted with cultured cells. Statisti-
cal significance between the data of two groups and more than two 
groups was analyzed by student’s paired t-test or Analysis of variance 
(ANOVA) with multiple-comparison Bonferroni correction test. Statis-
tical analysis was conducted using GraphPad Prism 9 software (Graph-
Pad Software Inc.). The asterisks represent a significant difference 
between the data (*p < 0.05, **p < 0.01, ***p < 0.001). 

3. Results 

3.1. Senescent endothelial cells exhibit endothelial dysfunction and 
elevated expression of GIGYF2 

ECs senescence is strongly associated with endothelial dysfunction 
and vascular aging [20]. As compared to non-senescent HUVECs (i.e., 
young cells), the number of SA-β-gal positively stained cells and mRNA 
expression levels of cyclin-dependent Kinase (CDK) inhibitors (p21, 
p16) were significantly elevated in senescent HUVECs (Figs. S1A–B), 
while the anti-aging gene markers SIRT1 and SIRT6 expression were 
significantly decreased (Fig. S1B). Meanwhile, senescent HUVECs dis-
played endothelial dysfunction phenotypes, including increased ROS 
(DCFH-DA staining and quantitative DHE signal), reduced NO (DAF-FM 
DA staining and quantitative DAF-FM DA signal) production 
(Figs. S1C–D), enhanced expression of pro-inflammatory cytokines 
(IL-6, TNF-α, and MCP-1), adhesion molecules (ICAM-1 and VCAM-1) 
(Fig. S1E) and elevated adhesion of THP-1 monocytes on endothelial 
cells (Fig. S1F). PCNA staining confirmed the decreased proliferation 
capability in senescent ECs (Fig. S1G). Strikingly, senescent HUVECs 
showed higher expression of GIGYF2 protein and mRNA in comparison 
with young cells (Figs. S1H–I), indicating its aberrant expression may be 
an event that contributes to HUVECs senescence. 

3.2. GIGYF2 depletion in senescent ECs ameliorated endothelial 
senescence, dysfunction, and inflammation 

Although GIGYF2 expression is significantly up-regulated in senes-
cent ECs, whether this event is implicated with ECs senescence and 
dysfunction remains mysterious. For this, GIGYF2 was depleted in se-
nescent HUVECs by lentivirus-mediated shRNA targeting GIGYF2, as 
validated by immunoblotting and qRT-PCR, respectively (Fig. 1A and B). 
In GIGYF2-depleted senescent HUVECs, we observed that GIGYF2 
depletion significantly reduced the number of SA-β-gal positive cells 
(Fig. 1C), p21 and p16 mRNA expression (Fig. 1D) and ROS production 
(Fig. 1E and F), and conversely enhanced SIRT1 and SIRT6 mRNA 
expression (Fig. 1D) and NO production (Fig. 1E and F). In addition, 
GIGYF2 knockdown in senescent HUVECs reduced the mRNA levels of 
cytokines IL-6, TNF-α and MCP-1 (Fig. 1G) and the mRNA levels of 
adhesion molecules ICAM-1 and VCAM-1 (Fig. 1G), and suppressed the 
adhesion of THP-1 monocytes on endothelial cells (Fig. 1H). Further-
more, PCNA immunostaining showed that the decreased proliferation 
was also prevented by silencing GIGYF2 in senescent HUVECs (Fig. 1I), 
demonstrating a causal role of GIGYF2 in ECs senescence, endothelial 
dysfunction as well as inflammation. 

3.3. GIGYF2 overexpression in young ECs promotes cellular senescence, 
endothelial dysfunction, and mTORC1 activation 

To further confirm the role of GIGYF2 in promoting vascular endo-
thelial cell senescence and endothelial dysfunction, we overexpressed 
GIGYF2 in young ECs. As verified by immunoblotting and qRT-PCR 
(Fig. 2A and B), GIGYF2 overexpression leads to a significant increase 
in the number of SA-β-gal positive cells (Fig. 2C), and mRNA expression 
of p21 and p16 (Fig. 2D), and decrease in SIRT1 and SIRT6 mRNA 
expression (Fig. 2D), as well as eNOS-uncoupling, i.e., reduced NO level 
and increased intracellular ROS production (Fig. 2E and F). Following 
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treatment with the eNOS inhibitor L-NAME (1 mM, 1 h), GIGYF2- 
induced eNOS-uncoupling could be abolished (Fig. 2E and F). The 
mRNA expression levels of IL-6, TNF-α, MCP-1, ICAM-1 and VCAM-1 
(Fig. 2G) and monocyte adhesion to endothelial cells (Fig. 2H) were 
also remarkably enhanced, while cell proliferation capability is 

significantly reduced (Fig. 2I) in response to GIGYF2 overexpression in 
young endothelial cells. These results provide evidence for a definite 
role of GIGYF2 in promoting ECs senescence, dysfunction, and inflam-
mation. A large body of contributions has identified mTORC1 signaling 
intimately linked to cellular senescence mediates organismal aging [27], 

Fig. 1. GIGYF2 depletion in senescent ECs ameliorates endothelial senescence, dysfunction, and inflammation. Senescent HUVECs were transduced with pLKO.1- 
control (Con) or pLKO.1-GIGYF2 shRNA lentivirus. (A) Immunoblotting analysis of GIGYF2 silencing efficiency in senescent HUVECs. Bar graphs on the right 
represent the quantification of the relative level of GIGYF2 protein level normalized to β-actin. (B) qRT-PCR analysis of GIGYF2 silencing efficiency in senescent 
HUVECs. (C) SA-β-gal staining. Quantifications of SA-β-gal positive cells are shown on the right. (D) qRT-PCR analysis of the mRNA expression of p21, p16, SIRT1 
and SIRT6. (E) DCFH-DA staining for detection of ROS and DAF-FM DA staining for detection of NO. Quantifications of DCFH-DA and DAF-FM DA signals are shown 
right the images. (F) Quantification of DHE and DAF-FM DA fluorescence intensity by a hybrid multi-mode microplate reader. (G) qRT-PCR analysis of the expression 
of pro-inflammatory cytokines IL-6, TNF-α, MCP-1, and adhesion molecules VCAM-1 and ICAM-1 level. (H) CFDA-SE fluorescence labeled THP-1 monocyte adhesion 
to endothelial cells. The bar graphs on the right represent quantifications of the adhered monocytes. (I) Representative images of PCNA staining. Quantitation of the 
PCNA-positive staining is shown on the right. Statistical differences were examined by unpaired Student’s t-test. n = 3–5. Data are presented as mean ± SEM. *p <
0.05, **p < 0.01, ***p < 0.001 between the indicated groups. Scale bar = 0.1 mm. 
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which prompts us to investigate whether GIGYF2 mediates ECs senes-
cence through the activation of the mTORC1-S6K1 signaling axis. 
Indeed, overexpressing GIGYF2 in the young HUVECs significantly en-
hances the phosphorylation expression levels of mTORC1 downstream 
substrates S6K1 (S6K1-T389) and S6 proteins (S6-S235/236) as 
confirmed by immunoblotting (Fig. 2J). Conversely, in senescent 
HUVECs, silencing GIGYF2 remarkably reduces the expression levels of 
S6K1-T389 and S6-S235/236 (Fig. 2K). In addition, similar results were 
also observed in HEK 293T cell line (Figs. S2A–B). Together, these re-
sults prompted us to presume that the GIGYF2 modulating 
mTORC1-S6K1 signaling axis may govern ECs senescence, dysfunction, 
and inflammation. 

3.4. Rapamycin ameliorates cell senescence evoked by GIGYF2 in young 
ECs 

To validate the above presumption, we examined the effects of 
mTORC1 inhibitor rapamycin (RAPA) treatment on GIGYF2-induced 
ECs senescence, dysfunction as well as inflammation in young endo-
thelial cells. As confirmed by immunoblotting, RAPA significantly re-
presses GIGYF2-induced mTORC1-S6K1 activation (Fig. 3A). 
Meanwhile, we observed that the cellular senescence evoked by GIGYF2 
in young cells was blockaded by RAPA treatment, which was envisioned 
by the reduced SA-β-gal positive cells (Fig. 3B) and p21 and p16 mRNA 
expression, and enhanced SIRT1 and SIRT6 mRNA expression (Fig. 3C). 
Furthermore, eNOS-uncoupling and pro-inflammatory responses caused 
by GIGYF2 overexpression, i.e., the elevated intracellular ROS genera-
tion, decreased NO production (Fig. 3D and E), enhanced mRNA 
expression levels of IL-6, TNF-α, MCP-1, VCAM-1 and ICAM-1 (Fig. 3F), 
and increased THP1 monocyte adhesion to endothelial cells (Fig. 3G) 
were all prevented by RAPA. GIGYF2 overexpression resulted in pro-
liferation arrest, which was also ablated by RAPA (Fig. 3H). Accord-
ingly, these results demonstrate that GIGYF2 promotes eNOS- 
uncoupling, cellular senescence, dysfunction and inflammation via 
triggering the mTORC1-S6K1 signaling pathway. 

3.5. Inhibition of eNOS-uncoupling by NAC prevented GIGYF2-induced 
cells senescence and dysfunction 

eNOS-uncoupling has been extensively reported to induce endothe-
lial dysfunction and vascular aging [28]. Next, we are interested to 
explore if recoupling eNOS function is able to prevent GIGYF2-induced 
endothelial cell senescence and dysfunction. For this purpose, ROS 
scavenger NAC as an antioxidant was employed to reverse 
GIGYF2-induced eNOS-uncoupling as verified by the reduction of ROS 
generation and enhanced bioavailability of NO (Figs. S3A–B). Mean-
while, in GIGYF2-overexpressed young HUVECs, we observed that NAC 
significantly reduced the positive cell number of SA-β-gal staining 
(Fig. S3C), the mRNA expression levels of p21, p16, IL-6, MCP-1, TNF-α, 
ICAM-1 and VCAM-1 (Figs. S3D–E), and the monocyte adhesion to 
endothelial cells (Fig. S3F) in comparison with GIGYF2 per se group. 
Furthermore, reduced SIRT1 and SIRT6 mRNA expression levels and 

PCNA-positive staining upon GIGYF2 overexpression were also blocked 
by NAC (Fig. S3D and Fig. S3G). These results reveal that re-coupling 
eNOS protects against GIGYF2-indued ECs senescence and endothelial 
dysfunction. 

3.6. STAU1 modulates GIGYF2-induced mTORC1 activation 

To gain further insight into the underlying mechanism by which 
GIGYF2 activates the mTORC1-S6K1 signaling axis to promote eNOS- 
uncoupling, endothelial cell senescence as well as senescence-related 
dysfunction, we performed transcriptome sequencing on two groups of 
wild-type and GIGYF2− /− HUVECs. As shown in Fig. S4A, the volcano 
map characterized the overall distribution of downregulated- and 
upregulated-differentially expressed genes (DEGs). The heat maps 
showed the top 29 upregulated- and downregulated- DGEs (Fig. S4B-C), 
respectively. To validate the RNA-seq results, we selected the top ten 
DEGs (EMP2, SERP1, NLRP3, GBP, UCP2, STAU1, PPARG, ESR2, DKK1 
and TNXIP) with significant differences for qRT-PCR validation. It is 
worth noting that nine DEGs apart from PPARG appear to be consistent 
with the transcriptome sequencing results, of which, STAU1 showed the 
most pronounced alteration (Fig. S4D). Therefore, we imply that 
GIGYF2 induces mTORC1-S6K1 signaling activation via the up- 
regulation of STAU1, thereby modulating ECs senescence and endo-
thelial dysfunction. 

Next, to verify our hypothesis, we carried out lentivirus-mediated 
STAU1 depletion in young HUVECs with GIGYF2 overexpression. As 
shown in Fig. 4A, the increase in S6K1-T389 and S6-S235/236 induced 
by GIGYF2 was prevented by STAU1 knockdown. In parallel, over-
expression of GIGYF2 promoting endothelial cells senescence and 
senescence-induced dysfunction and inflammation, i.e., increased 
number of positively stained cells for SA-β-gal (Fig. 4B), elevated p21 
and p16 mRNA expression and intracellular ROS generation (Fig. 4C-E), 
decreased SIRT1 and SIRT6 mRNA expression and NO production 
(Fig. 4C-E), enhanced mRNA expression levels of IL-6, TNF-α, MCP-1, 
ICAM-1 and VCAM-1 (Fig. 4F), elevated monocyte adhesion to endo-
thelial cells (Fig. 4G), and reduced of PCNA-positive staining (Fig. 4H) in 
young HUVECs, was also attenuated by silencing STAU1. Notably, as 
compared to young HUVECs, we observed that both STAU1 mRNA and 
protein expression were up-regulated in senescent HUVECs 
(Figs. S5A–B). In addition, silencing GIGYF2 markedly reduced the 
S6K1-T389 and S6-S235/236 expression levels in senescent HUVECs, 
which could be restored by STAU1 overexpression (Fig. S6A). Further-
more, overexpressing STAU1 ablated the protective effects that silencing 
GIGYF2 attenuated HUVECs senescence (Figs. S6B–C), eNOS- 
uncoupling (Figs. S6D–E), the mRNA expression levels of IL-6, TNF-α, 
MCP-1, VCAM-1 and ICAM-1 (Fig. S6F) and monocyte adhesion to 
endothelial cells (Fig. S6G), and enhanced cell proliferation capability 
evaluated by PCNA positive staining (Fig. S6H). Collectively, these data 
provide firm evidence to support our above-mentioned hypothesis that 
the GIGYF2-STAU1-mTORC1 signaling axis contributes to endothelial 
senescence, dysfunction, and inflammation. 

Fig. 2. GIGYF2 overexpression promotes cellular senescence and activates mTORC1 in young ECs. Young HUVECs were transduced with pLJM1-EJMP as control 
(Con) or pLJM1-HA-GIGYF2 to overexpress GIGYF2 gene. (A) Immunoblotting analysis of GIGYF2 overexpression in young HUVECs. Bar graphs on the right show 
quantifications of GIGYF2/β-actin protein level. (B) qRT-PCR analysis of GIGYF2 overexpression in young HUVECs. (C) SA-β-gal staining. Quantifications of SA-β-gal 
positive cells are shown on the right. (D) qRT-PCR analysis of the mRNA expression of p21, p16, SIRT1 and SIRT6. (E) Cells with GIGYF2 overexpression were pre- 
treated with eNOS inhibitor L-NAME (1 mmol/L, 1 h), and DCFH-DA staining for detection of ROS and DAF-FM DA staining for detection of NO. Quantifications of 
DCFH-DA and DAF-FM DA signals are shown right the images. (F) Quantification of DHE and DAF-FM DA fluorescence intensity by a hybrid multi-mode microplate 
reader. (G) qRT-PCR analysis of the mRNA expression of cytokines IL-6, TNF-α, MCP-1, and adhesion molecules VCAM-1 and ICAM-1. (H) CFDA-SE fluorescence 
labeled THP-1 monocyte adhesion to endothelial cells. Bar graphs show quantifications of the adhered monocytes. (I) Representative images of PCNA staining. 
Quantitation results of the PCNA-positive staining are shown on the right. (J) Immunoblotting analysis of S6-S235/236, S6, S6K1-T389 and S6K1 expression levels. 
The bar chart shows the quantifications of signals on the right. (K) Senescent HUVECs were transduced with pLKO.1-control (Con) or pLKO.1-GIGYF2 shRNA, and 
immunoblotting analysis of S6-S235/236, S6, S6K1-T389 and S6K1 expression levels. The bar chart shows the quantifications of signals on the right. Statistical 
differences were examined by unpaired Student’s t-test. n = 3–5. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 between the indicated 
groups. Scale bar = 0.1 mm. 
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Fig. 3. Rapamycin reverses cell senescence evoked by GIGYF2 overexpression in young ECs. Young HUVECs were transduced with pLJM1-EJMP as control (Con) or 
pLJM1-HA-GIGYF2 to overexpress GIGYF2. One group of GIGYF2-overexpressed HUVECs was treated with rapamycin (RAPA, 20 ng/ml) for 2 h. (A) immunoblotting 
analysis of S6-S235/236, S6, S6K1-T389 and S6K1 expression levels. (B) SA-β-gal staining. Bar graphs represent quantifications of SA-β-gal-positive cells. (C) qRT- 
PCR analysis of the mRNA expression of p21, p16, SIRT1 and SIRT6. (D) DCFH-DA staining for the detection of ROS and DAF-FM DA staining for the detection of NO. 
Quantifications of DCFH-DA and DAF-FM DA signals are shown right the images. (E) Quantification of DHE and DAF-FM DA fluorescence intensity by a hybrid multi- 
mode microplate reader. (F) qRT-PCR analysis for cytokines IL-6, TNF-α, MCP-1, and adhesion molecules VCAM-1 and ICAM-1 mRNA levels. (G) CFDA-SE fluo-
rescence labeled THP-1 monocyte adhesion to endothelial cells. Bar graphs show quantifications of the adhered monocytes. (H) Representative images of PCNA 
staining. Quantitation results of the PCNA-positive staining are shown on the right. Statistical differences were examined by one-way ANOVA. Data are presented as 
mean ± SEM. n = 3–5. *p < 0.05, **p < 0.01, ***p < 0.001 between the indicated groups. Scale bar = 0.1 mm. 
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Fig. 4. Silencing STAU1 inhibits GIGYF2-induced mTORC1-S6K1 activation along with reduced cell senescence and improved endothelial function. Young HUVECs 
with GIGYF2 overexpression were transduced with pLJM1-EJMP as control (con) or pLJM1-HA-GIGYF2 alone or pLJM1-HA-GIGYF2 plus pLKO.1-STAU1 shRNA. (A) 
Immunoblotting analysis of STAU1, S6-S235/236, S6, S6K1-T389 and S6K1 protein expression. The bar graphs on the right show quantifications of protein levels. (B) 
SA-β-gal staining. Bar graphs represent quantifications of SA-β-gal-positive cells shown below. (C) qRT-PCR analysis of the mRNA expression of p21, p16, SIRT1 and 
SIRT6. (D) DCFH-DA staining for the detection of ROS and DAF-FM DA staining for the detection of NO. Quantifications of DCFH-DA and DAF-FM DA signals are 
shown right. (E) Quantification of DHE and DAF-FM DA fluorescence intensity by a hybrid multi-mode microplate reader. (F) qRT-PCR analysis of the expression of 
pro-inflammatory cytokines IL-6, TNF-α, MCP-1, and adhesion molecules VCAM-1 and ICAM-1. (G) CFDA-SE fluorescence labeled THP-1 monocyte adhesion to 
endothelial cells. Bar graphs show quantifications of the adhered monocytes. (H) Representative images of PCNA staining. Quantitation results of the PCNA-positive 
staining are shown on the right. Statistical differences were examined by one-way ANOVA. n = 3–5. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p 
< 0.001 between the indicated groups. Scale bar = 0.1 mm. 
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3.7. GIGYF2 as an RNA-binding protein (RBP) enhances STAU1 mRNA 
stability 

However, the question still needs to be answered regarding the na-
ture of GIGYF2 up-regulating STAU1 expression. Given the fact that 
GIGYF2 is an RNA-binding protein (RBP) involved in regulating the 
mRNA stability [9,29], and our data that GIGYF2 depletion reduces 
STAU1 mRNA expression level in HUVECs, we thus propose that GIGYF2 
as an RBP binding to STAU1 mRNAs enhances STAU1 mRNA stability. 
Indeed, RNA immunoprecipitation (RIP) confirmed the binding of 
GIGYF2 protein to STAU1 mRNA (Fig. S7A). To further elucidate the 
specific binding between GIGYF2 and STAU1 mRNA, we truncated the 
ORF of human GIGYF2 (1-1320) into three fragments GIGYF2 A (1-495), 
GIGYF2 B (496-742) and GIGYF2 C (743-1320) to explore their specific 
binding domain by RIP (Fig. S7B). The RIP assay showed that GIGYF2 
WT (1-1320) with full length and GIGYF2 A (1-495), but not GIGYF2 B 
and GIGYF2 C, bound with STAU1 mRNA (Fig. S7C), which demon-
strates that the STAU1 mRNA specifically interacts with the region of 
GIGYF2 spans residues 1-495 containing the eIF4E-homologous protein 
(4EHP) and Menin binding motif (MBM) binding motifs. Subsequently, 
we performed mRNA stability assays to determine the effects of GIGYF2 
knockdown or overexpression on the stability of STAU1 mRNA. 
qRT-PCR analysis showed that silencing GIGYF2 remarkably reduced 
STAU1 mRNA (Fig. S7D), conversely hyperactive GIGYF2 expression 
enhances the STAU1 mRNA stability (Fig. S7E), demonstrating a stabi-
lizing effect of GIGYF2 protein on STAU1 mRNAs in human endothelial 
cells. 

3.8. LAMTOR4 mediates STAU1-mTORC1 signaling cascade 

Next, we asked how STAU1 activates mTORC1. The Ragulator 
complex plays a vital role in anchoring Rag GTPase to the lysosomal 
surface to activate the mTORC1 pathway. A protein encoded by the late 
endosomal/lysosomal adaptor and MAPK and MTOR activator 4 
(LAMTOR4) gene as a novel Ragulator component is essential for the 
mTORC1 activation [30]. Here, we found that silencing STAU1 
down-regulated LAMTOR4 mRNA expression in senescent HUVECs 
(Fig. 5A). Considering that STAU1 is also an RBP that has been reported 
to bind to gene RNA to regulate gene expression [31,32], we performed 
RIP assay to precipitate LAMTOR4 mRNA with STAU1 antibody, con-
firming that STAU1 as an RBP can bind to LAMTOR4 mRNA (Fig. 5B). 
POSTAR3 database shows three potential binding motifs of STAU1 
(Fig. 5C), and three binding sites and sequences with LAMTOR4 intron 
regions (Fig. 5D). Accordingly, we presume that STAU1 binding to 
LAMTOR4 intron region boosts LAMTOR4 expression, which in turn 
induces mTORC1 activation. Luciferase reporter assays confirmed this 
presumption that the WT1 region (chr7:100151697-100151717 region) 
but not WT1-MUT, WT2 regions (chr7:100152017-100152037) and 
WT3 regions (chr7:100152437-100152457) of LAMTOR4 intron could 
bind to STAU1 protein (Fig. 5E). Furthermore, the immunoblotting 
assay demonstrated that LAMTOR4 knockdown protected against the 
mTORC1-S6K1 activation caused by GIGYF2 overexpression (Fig. 5F). In 
line with immunofluorescence staining results, we also found that 
overexpressing GIGYF2 significantly promoted the translocation of 
mTORC1 to lysosome (LAMP1), which could be blockaded by silencing 
LAMTOR4 (Fig. 5G). These results suggest that the GIGYF2-STAU1 
signaling axis drivers the mTORC1-S6K1 pathway activation through 
up-regulating the expression of LAMTOR4 that facilitates the trans-
location of mTORC1 to lysosome. 

3.9. Endothelial-specific GIGYF2 knockout mice are protected from aging- 
associated vascular aging and dysfunction 

Accumulating studies indicated that endothelial cell senescence is 
strongly associated with aging-associated vascular dysfunction [33], we 
therefore further investigated whether the GIGYF2-mediated 

endothelial cell senescence contributes to the aging-related vascular 
aging and dysfunction in vivo. Here, we established vascular endothelial 
GIGYF2-specific knockout mice by crossing GIGYF2flox/flox mice with 
transgenic mice expressing Cre under the control of the 
endothelial-specific Cdh5 promoter (Fig. 6A). Homozygous endothelial 
GIGYF2-specific knockout (GIGYF2flox/flox Cdh-Cre+) mice were 
screened and validated by PCR genotyping of genomic DNA from tail 
tissue (Fig. 6B). Co-immunofluorescence staining verified a significantly 
up-regulated GIGYF2 expression in the aortic endothelial cells of old 
mice as compared to young mice, and the potent knockout efficiency of 
GIGYF2 in the aortic endothelial cells of GIGYF2flox/flox Cdh-Cre+ mice 
(Fig. 6C). Moreover, as compared to young WT mice, we observed that 
the protein expression levels of GIGYF2, STAU1, S6-S235/236, and 
S6K1-T389 were significantly upregulated in the aorta of old WT mice 
(Fig. 6D), which was conversely ablated in the aorta of old GIGYF2-
flox/flox Cdh-Cre+ mice (Fig. 6D). Also, the aging-associated increases in 
mRNA expression levels of GIGYF2, STAU1, p21 and p16 (Figs. S8A–C), 
and the decreases in SIRT1 and SIRT6 mRNA expression (Fig. S8C) were 
prevented in the aorta of aged GIGYF2flox/flox Cdh-Cre+ mice 
(Figs. S8A–C). Furthermore, en face fluorescence confocal microscopy 
demonstrated that the increase in ROS production (Fig. 6E and Fig. S8D) 
and the decrease in NO generation (Fig. 6F) in old WT mice were also 
suppressed in old GIGYF2flox/flox Cdh-Cre+ mice. To further assess the 
loss of endothelial GIGYF2 gene on vascular endothelial function, we 
isolated mouse aorta for ex vivo functional assay. When compared to 
young WT mice, the endothelium-dependent relaxations in response to 
acetylcholine (Ach) were significantly impaired in old WT mice 
following the stimulation of vascular contractile agent either with KCl 
(Fig. 6G) or with phenylephrine (Fig. S9A). Strikingly, the old 
GIGYF2flox/flox Cdh-Cre+ mice exhibited significant amelioration of 
endothelium-dependent relaxation to Ach (Fig. 6G and Fig. S9A). 
Whereas, endothelium-independent relaxations in response to the NO 
donor SNP under endothelial GIGYF2 depletion were not influenced in 
old mice (Fig. 6H and Fig. S9B). With age, arteries tend to become stiffer 
with elevated pulse wave velocity (PWV), which can raise blood pres-
sure [34]. As compared to the young WT animal (Young-WT), we 
observed that PWV, systolic and diastolic blood pressures were signifi-
cantly elevated in the old mice (Old-WT) (Figs. S9C–E). Of note, 
endothelial-specific GIGYF2 knockout (Old-GIGYF2flox/flox Cdh-Cre+) 
remarkably ablated the age-associated increase in PWV (Fig. S9C) rather 
than blood pressure ( 

Figs. S9D–E) in old mice. 

3.10. Targeting GIGYF2 by ridaifen B alleviates endothelial cells 
senescence and dysfunction 

Ridaifen B (RID-B), a derivative of tamoxifen derivatives, has been 
reported to bind to the GIGYF2 protein to inhibit AKT-related pathways 
[35]. Here, we found that RID-B treatment significantly suppressed the 
protein expression levels of GIGYF2, S6K1-T389 and S6-S235/236 in 
senescent HUVECs (Fig. S10A). In parallel, the qRT-PCR analysis 
showed that the mRNA expression levels of GIGYF2 and STAU1 were 
also reduced in senescent HUVECs with RID-B treatment (Figs. S10B–C). 
Additionally, upon RID-B treatment in senescent HUVECs, SA-β-gal 
positive cells (Fig. S10D), p21 and p16 mRNA expression (Fig. S10E), 
ROS production (Figs. S10F–G), and the mRNA levels of inflammatory 
cytokines (IL-6, TNF-α, MCP-1, ICAM-1 and VCAM-1) (Fig. S10H) were 
also significantly decreased, while SIRT1 and SIRT6 mRNA expression 
(Fig. S10E), and NO production levels were increased (Figs. S10F–G). 
Moreover, treating the ex vivo isolated aorta of old mice with RID-B was 
shown to improve endothelial function, i.e., reduced superoxide anion 
production (Fig. S10I) and enhanced NO generation (Fig. S10J). These 
results indicate that disruption of GIGYF2 expression by RID-B could 
attenuate endothelial cells senescence, dysfunction and inflammatory 
responses, in turn improving aging-related vascular aging. 

F. Niu et al.                                                                                                                                                                                                                                      



Redox Biology 65 (2023) 102824

12

Fig. 5. LAMTOR4 mediates STAU1-mTORC1 signaling cascade. Senescent HUVECs were transduced with pLKO.1-control (Con) or pLKO.1-GIGYF2 shRNA. (A) qRT- 
PCR analysis of LAMTOR4 mRNA expression. (B) RIPs were performed using control immunoglobulin G (IgG) or rabbit polyclonal antibody directed against STAU1. 
qRT-PCR analysis of co-precipitated LAMTOR4 mRNAs normalized to GAPDH. (C) POSTAR3 shows the potential binding motifs of LAMTOR4 mRNA with STAU1. 
(D) Binding regions of STAU1 and LAMTOR4 mRNA predicted by POSTAR3 database. (E) Luciferase reporting assay confirmed STAU1 binding to LAMTOR4 RNA 
regions chr7:100151697-100151717). (F) Young HUVECs with GIGYF2 overexpression were transduced with pLJM1-EJMP as control (con) or pLJM1-HA-GIGYF2 
alone or pLJM1-HA-GIGYF2 plus pLKO.1- LAMTOR4 shRNA. Immunoblotting analysis of S6-S235/236, S6, S6K1-T389 and S6K1 expression levels. (G) Immuno-
fluorescence staining of mTOR (red), and LAMP1 (green) followed by counterstaining with DAPI (blue). The images with white outlines in the corner are the en-
largements of the selected area of corresponding pictures. n = 3. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 between the indicated 
groups. n.s. not significant. Scale bar = 0.1 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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Fig. 6. Endothelial-specific GIGYF2 knockout ameliorates age-associated vascular dysfunction in mice. (A) Schematic diagram of generating vascular endothelial 
GIGYF2-specific knockout mice by utilizing the Cre-loxP recombination system. (B) Agarose gel image of PCR-genotyping of genomic DNA obtained from various 
types of mice. (C) Immunofluorescence staining of GIGYF2 (green) and CD31 (red) in the aortic endothelial cells of young WT, old WT, and old GIGYF2flox/flox Cdh- 
Cre+ (GIGYF2-CKO) mice (n = 7 per group). (D) Immunoblotting assay detects the protein expression levels of GIGYF2, STAU1, S6-S235/236 and S6K1-T389 in 
young-WT, old-WT, and old-GIGYF2-CKO mice (n = 5 per group). The bar graphs on the right represent the quantifications of protein level. (E) Representative images 
of confocal microscopic en face detection of endothelial ROS (DCFH-DA staining) and (F) NO production (DAF-2DA staining) followed by DAPI counterstaining in 
young WT and GIGYF2-CKO mice and old WT and GIGYF2-CKO mice (n = 9 per group). Quantification of the DCFH-DA and DAF-2DA signals on the right. The cut 3- 
4 mm aortic rings from each mouse were pre-constricted with KCl (60 mM), and then subject to (G) endothelium-dependent relaxations to acetylcholine in aortas (n 
= 5 per group), and (H) endothelium-independent relaxations in response to the NO-donor sodium nitroprusside (SNP) in aortas of young WT, young GIGYF2-CKO 
mice, old WT and old GIGYF2-CKO mice (n = 5 per group). GIGYF2-CKO mice refer to endothelial GIGYF2-specific knockout mice. Data are presented as mean ±
SEM. *p < 0.05, **p < 0.01, ***p < 0.001 between the indicated groups. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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4. Discussion 

The onset of endothelial cell senescence leading to endothelial 
dysfunction, is widely recognized as a primary risk factor for cardio-
vascular disease occurrence. The phenotype of endothelial cell senes-
cence is characterized by a weakened cell proliferation ability, an 
acquisition of senescence-associated secretory phenotype (SASP), and 
decreased production of NO and increased ROS caused by eNOS- 
uncoupling. However, the molecular mechanisms of endothelial cell 
senescence and aging-associated endothelial dysfunction have yet to be 
fully understood. Here, we revealed for the first time that GIGYF2 as an 
RBP promotes endothelial cell senescence, dysfunction, and inflamma-
tion through the up-regulation of STAU1 that activates the LAMTOR4- 
mTORC1-S6K1 signaling cascade in primary endothelial cells, thereby 
contributing to vascular dysfunction and aging. These findings provide 
insights into the GIGYF2-STAU1-mTORC1 signaling axis as a potential 
therapeutic target for the treatment of aging-related cardiovascular 
disease. 

In our current study, we observed hyper-expression of GIGYF2 in 
senescent human endothelial cells and aortas of aged mice. Silencing 
GIGYF2 in senescent HUVECs or conditional knockout of GIGYF2 in the 
endothelial cells of old mice attenuated cellular senescence and reju-
venated vascular function, e.g., reduced endothelial senescence 
markers, enhanced endothelial or vascular NO generation, decreased 
endothelial or vascular ROS production and inflammatory responses, 
and ameliorated arterial stiffness and endothelium-dependent relaxa-
tion to acetylcholine. Whereas, endothelial-specific GIGYF2 deficiency 
failed to prevent age-associated blood pressure elevation in old mice, 
suggesting that GIGYF2 depletion may affect other blood pressure 
modulators to counteract the effect of reduced arterial stiffness. 
Consistently, overexpressing GIGYF2 in young HUVECs resulted in 
cellular senescence, inflammation as well as endothelial dysfunction. 
These results from cultured cells and mice models provide conclusive in 
vitro and in vivo evidence for a causal role of GIGYF2 in promoting 
endothelial cell senescence, endothelial dysfunction, and vascular aging. 
Here, for the first time, we disclose the role of GIGYF2 in the modulation 
of cellular senescence in endothelial cells and vascular aging. Previous 
studies have demonstrated that the mutations and abnormal expression 
of GIGYF2 are strongly associated with aging-related diseases such as 
Parkinson’s disease, and diabetes-associated cognitive impairment [10, 
36]. However, the molecular mechanism that GIGYF2 mediates these 
neurodegenerative diseases still remains elusive. On the basis of our 
findings, it is thus tempting to speculate that GIGYF2 might regulate 
cognitive impairment via the governance of neural cells’ senescence. 
Nevertheless, whether this is true still requires further investigation. 

Additionally, our study also demonstrated that GIGYF2 promoting 
eNOS-uncoupling modulates endothelial senescence and function. 
eNOS-uncoupling resulting in superoxide anion generation instead of 
NO causes has previously been reported to contribute to endothelial cell 
senescence and dysfunction in vascular diseases [20]. Here, we show 
that exogenous overexpression of GIGYF2 triggers eNOS-uncoupling 
with concomitant induction of cellular senescence in young endothe-
lial cells. The superoxide anion resulting from GIGYF2-induced eNO-
S-uncoupling is inhibited by the eNOS activity inhibitor L-NAME. 
Moreover, in senescent endothelial cells, depleting GIGYF2 is able to 
recouple eNOS to enhance NO production and alleviate ROS generation, 
which is also accompanied by inhibition in cellular senescence, in-
flammatory factors, and endothelial adhesion molecules. Further ex-
periments show that abolishment of ROS with the antioxidant NAC in 
non-senescent cells upon GIGYF2 overexpression not only restores 
eNOS function but also suppresses GIGYF2-induced senescence and 
SASP. In line with in vitro results, endothelial GIGYF2-conditional 
knockout in aged mice also exhibits improved eNOS-uncoupling 
compared to WT-aged mice. These findings reveal a positive regulato-
ry crosstalk between eNOS-uncoupling and oxidative stress. The ROS 
generated from eNOS-uncoupling is required to maintain the persistent 

eNOS-uncoupling with subsequently reduced NO and augmented ROS 
generation, which is one of the central underlying mechanisms of 
endothelial senescence and dysfunction [20,37]. Here, we uncovered a 
novel function of endothelial GIGYF2 in the regulation of vascular aging 
linked to eNOS-uncoupling, which was not previously reported. 

There is substantial evidence that persistent signaling of mTORC1 
accelerates cells senescence and integrates various vascular-related 
signaling including oxidative stress and pro-inflammatory responses 
all of which can lead to endothelial dysfunction [27,38]. S6K1, a critical 
downstream of mTORC1, also has been reported to be constitutively 
active in senescent endothelial cells and aortas of aged rodents to pro-
mote eNOS-uncoupling and endothelial senescence [18]. In a previous 
study, it was demonstrated that mTORC1-S6K1 activation upregulates 
eNOS monomer and reduces eNOS dimer/monomer ratio, in turn 
contributing to mTORC1-induced eNOS uncoupling in endothelial cells 
[18]. Strikingly, here we found that overexpression of GIGYF2 activates 
the mTORC1-S6K1 signaling axis in young endothelial cells. In senescent 
endothelial cells, we previously found that there was more hyperactive 
mTORC1-S6K1 signaling compared to young cells [20]. Here, we 
demonstrate that depletion of GIGYF2 markedly blockades this cellular 
senescence-associated mTORC1 activation, which results in the 
amelioration of cellular senescence, endothelial function as well as in-
flammatory response. Consistently, inhibition of the mTORC1 pathway 
with RAPA has been demonstrated to suppress GIGYF2-induced senes-
cence, pro-inflammatory response, and enhance proliferative capacity. 
The results for the first time demonstrate a critical role of GIGYF2 in the 
activation of the mTORC1-S6K1 pathway resulting in the promotion of 
endothelial cell senescence. Consistent with our data, Giovannone et al. 
found that the loss of Drosophila CG11148 (ortholog of mammalian 
GIGYF2) had evident suppressive effects on mTORC1 signaling as evi-
denced by the down-regulated phosphorylation of mTORC1 substrate 
S6K1 in Gyf-null mutant tissues [14]. Additionally, the phosphorylation 
of mTORC2 substrate AKT was also reduced with less extent upon 
GIGYF2 deficiency, indicating GIGYF2 may mediate mTORC2-AKT 
signaling axis [14]. A previous study also characterized that the 
required for cell differentiation1 homolog (RQCD1) protein interacting 
with GIGYF1 and GIGYF2 is implicated in the regulation of AKT acti-
vation in breast cancer cells [39]. In contrast, a most recent study report 
indicates that GIGYF2 inhibiting pro-survival AKT/Bax/Caspase-3 
signaling contributes to MMP-9 mediated cell migration in glioma cells 
[40]. In mammalian brains, GIGYF2 has been reported to enhance 
IGF-1-induced extracellular signal-regulated kinase 1/2 (ERK1/2) 
phosphorylation through modulation of insulin-like growth factor-1 
(IGF-1) receptor trafficking [41]. Extensive studies have demonstrated 
that both AKT and ERK1/2-related pathways are strongly implicated 
with the regulation of cellular senescence [42,43]. Thus, additional 
work will be necessary to further explore whether GIGYF2 promotes 
endothelial cell senescence and dysfunction through the modulation of 
other pathways. 

A further important novel finding of our study is that GIGYF2 as an 
RBP promoting STAU1 expression results in mTORC1 activation, 
endothelial cells senescence, dysfunction, and pro-inflammatory re-
sponses. Firstly, we demonstrate that GIGYF2 up-regulates STAU1 
mRNA expression via enhancing its mRNA stability, which is evidenced 
by the fact that overexpression of GIGYF2 in young cells promotes the 
STAU1 mRNA stability, whereas silencing GIGYF2 attenuates the STAU1 
mRNA decay in senescent cells. Despite our still incomplete under-
standing of how GIGYF2 stabilizes STAU1 mRNA, some mechanistic 
evidence cues are surfacing. The RIP experiment confirmed the binding 
of GIGYF2 to STAU1 mRNA. Moreover, truncated ORFs of GIGYF2 with 
diverse motifs demonstrate that GIGYF2 A (1-495) composing 4EHP 
binding and MBM motifs specifically interacts with STAU1 mRNA. 
Nevertheless, the exact binding sites between GIGYF2 and STAU1 mRNA 
still require further investigation. As reported, RPBs mediate mRNA 
expression through their association with 5′UTR or 3′UTR non-coding 
regions that have been revealed to modulate pre-mRNA splicing, RNA 
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stability, RNA localization, and translation [44]. It has been reported 
that GIGYF2 as an RBP interacting with the 5’ cap-binding protein 4EHP 
mediates post-transcriptional repression of mRNAs [9]. On the other 
hand, we found that silencing STAU1 prevents GIGYF2-induced 
mTORC1-S6K1 pathway activation, endothelial cell senescence and 
dysfunction in young endothelial cells, and overexpressing STAU1 re-
verses the protective effects that depleting GIGYF2 improves endothelial 
cells senescence and function in senescent endothelial cells. STAU1, a 
highly conserved and multifunctional double-stranded RBP, is involved 
in a variety of biological processes including cell proliferation [45], 
migration [46], differentiation [47], apoptosis [48], stress response 
[49], and autophagy [50]. It has been recently reported that exogenous 
expression of STAU1 sufficiently activates the mTOR pathway in pros-
tate cancer cells and patient-derived cell fibroblast cells, respectively 
[51]. In non-transformed skeletal muscle cells, STAU1 downregulation 
can activate autophagy in an mTOR-dependent manner [32]. Also, a 
clinical study demonstrates that an increased STAU1 expression is 
strongly associated with the highly phosphorylated mTOR in fibroblast 
cells and spinal cord tissues from amyotrophic lateral sclerosis (ALS) 
patients [50]. In our animal model, conditional knockout of GIGYF2 in 
endothelial cells also shows reduced STAU1 expression, S6K1 and S6 
phosphorylation levels. Together, these above findings further support 
our concept that the GIGYF2 activates mTORC1 signaling pathway via 
upregulating STAU1, which in turn promotes endothelial cell senes-
cence, endothelial function, and inflammation. 

Next, we further answered the question that how STUA1 activates 
the mTORC1-S6K1 pathway in endothelial cells. Notably, in this study, 
we uncover another important novel finding that LAMTOR4 is upregu-
lated by STAU1 through its interaction with an intron region of LAM-
TOR4, which promotes the translocation of mTORC1 to lysosome 
(LAMP1), ultimately leading to mTORC1 activation in endothelial cells. 
Our study demonstrates that STAU1 as an RBP with UUUUAA motif 
binding with the intron region (chr7:100151697-100151717) of LAM-
TOR4 controls the LAMTOR4 mRNA expression. This is evidenced by the 
fact that the mutation of binding sites fails to interact with STAU1 and 
that silencing STAU1 gene in senescent endothelial cells lowers the 
LAMTOR4 mRNA expression level. STAU1 has been reported to play 
critical roles in RNA localization [52], splicing [53], stability [54], 
translation [55], and decay [56]. As the binding sites between STAU1 
and LAMTOR4 are located in the intron region of LAMTOR4, we imply 
that STAU1 controls LAMTOR4 mRNA expression via regulating the 
splicing of LAMTOR4 mRNA. Nevertheless, this hypothesis warrants 
further experimental confirmation. It is well accepted that activation of 
mTORC1 requires the recruitment of mTORC1 to the lysosomal mem-
brane through the Ragulator-Rag complex [57,58]. Thus, LAMTOR4 as 
one component of the Ragator complex is also involved in the mTORC1 
activation [59,60]. In agreement with this notion, here we observe that 
LAMTOR4 deficiency blocks the activation of the mTORC1-S6K1 
pathway and the recruitment of mTORC1 to lysosomal membrane 
caused by GIGYF2 overexpression. Together, these data point to a role 
for LAMTOR4 in modulating the GIGYF2-STAU1-mTOC1 signaling axis 
to regulate endothelial cell senescence and endothelial dysfunction. 

Finally, the above results urge us to assess whether disrupting 
GIGYF2 by chemical inhibitors or genetic deficiency improves vascular 
aging and aging-associated endothelial dysfunction. Ridaifen B (RID-B), 
a novel tamoxifen derivative, has been reported to bind directly with 
GIGYF2 protein to suppress IGF1R and AKT signaling pathways [15,35]. 
In this study, we show that RID-B treatment inhibiting GIGYF2-induced 
mTORC1 activation is accompanied with amelioration of cellular 
senescence, endothelial dysfunction, and inflammation in senescent 
endothelial cells with concomitant suppression of mTORC1-S6K1 
pathway and reduction of STAU1 expression level. Ischemia is closely 
associated with endothelial cell dysfunction [61], in the middle cerebral 
artery occlusion (MCAO) rat model, consistently, tamoxifen treatment 
has been shown to reduce ischemic damage following middle cerebral 
artery occlusion via improving endothelial cell function [62]. In the ex 

vivo model, we confirm that RID-B markedly improves the endothelial 
function of cultured aortic rings isolated from WT-aged mice as 
compared to the non-treated group. Furthermore, in comparison with 
old WT mice, endothelial-specific GIGYF2 knockout mice have also been 
shown to ameliorate aging-associated vascular endothelium-dependent 
relaxation. These results substantially support the notion that disrupt-
ing GIGYF2 could improve cellular senescence-associated endothelial 
dysfunction or aging-associated vascular dysfunction. Intriguingly, we 
found that the expression of GIGYF2 was reduced with RID-B treatment 
in senescent endothelial cells. In line with previous studies, tamoxifen 
has been reported to downregulate the expression levels of genes ETV4 
and ETV5 in benign breast tissue [63]. Nevertheless, the underlying 
mechanism of RID-B mediating GIGYF2 expression still deserves further 
investigation. 

5. Conclusion 

In summary, our work discloses that GIGYF2 serving as an RBP en-
hances the mRNA stability of STAU1 that upregulates LAMTOR4 
expression through binding with its intron region, which activates the 
mTORC1-S6K1 signaling pathway via the recruitment of mTORC1 to the 
lysosomal membrane, ultimately leading to endothelial cell senescence, 
dysfunction, and vascular aging. Disrupting the GIGYF2-STAU1- 
mTORC1 signaling axis may represent a promising therapeutic 
approach against vascular aging and aging-related cardiovascular 
diseases. 
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Abbreviations 

ECs vascular endothelial cells 
CVDs cardiovascular disease 
GIGYF2 the mutation of Grb10-interacting GYF protein 2 
RAPA rapamycin 
NAC N-Acetyl-L-cysteine 
STAU1 staufen Double-Stranded RNA Binding Protein 1 
RBP RNA binding protein 
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LAMTOR4 late endosomal/lysosomal adaptor and MAPK and MTOR 
activator 4 

LAMP1 lysosome 
NO nitric Oxide 
Ang II angiotensin II 
ROS reactive oxygen species 
ICAM-1 intercellular cell adhesion molecule-1 
VCAM-1 vascular cell adhesion molecule-1 
eNOS endothelial nitric oxide synthase 
PD Parkinson’s disease 
mTORC1 mechanistic target of rapamycin complex 1 
S6K1 ribosome S6 protein kinase 
GIGYF1 Grb10-interacting GYF protein 1 
HUVEC human umbilical vein endothelial cells 
SNP sodium nitroprusside 
Ach acetylcholine 
SASP senescence-associated secretory phenotype 
RID-B Ridaifen B 
ALS amyotrophic lateral sclerosis 
IL-6 interleukin 6 
MCP-1 monocyte chemotactic protein-1 
TNF-α tumor Necrosis Factor 
GAPDH glyceraldehyde 3-phosphate dehydrogenase 
NLRP3 nod-like receptor thermal protein domain associated protein 3 
PPARG peroxisome proliferative activated receptor 
EMP2 epithelial Membrane Protein 2 
TXNIP thioredoxin Interacting Protein 
SERP1 stress Associated Endoplasmic Reticulum Protein 1 
UCP2 uncoupling Protein 2 
ESR2 estrogen Receptor 2 
DKK1 dickkopf WNT Signaling Pathway Inhibitor 1 
GBP2 guanylate Binding Protein 2 
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