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A B S T R A C T   

Endothelial dysfunction is the initial process of atherosclerosis. Heat shock protein 90 (Hsp90), as a molecular 
chaperone, plays a crucial role in various cardiovascular diseases. Hsp90 function is regulated by S-nitrosylation 
(SNO). However, the precise role of SNO-Hsp90 in endothelial dysfunction during atherosclerosis remains un-
clear. We here identified Hsp90 as a highly S-nitrosylated target in endothelial cells (ECs) by biotin switch assay 
combined with liquid chromatography-tandem mass spectrometry (LC-MS/MS). The elevation of SNO-Hsp90 
was observed in atherosclerotic human and rodent aortas as well as in oxidized LDL (oxLDL)-treated ECs. In-
hibition of inducible nitric oxide synthase (iNOS) or transfection with Hsp90 cysteine 521 (Cys521) mutation 
plasmid decreased the level of SNO-Hsp90 in oxLDL-cultured ECs. Coimmunoprecipitation and proximity liga-
tion assay demonstrated that SNO-Hsp90 at Cys521 suppressed the interaction between Hsp90 and activator of 
Hsp90 ATPase activity 1 (AHA1), but promoted the association of Hsp90 and cell division cycle 37 (CDC37). 
Hsp90 Cys521 mutation increased endothelial nitric oxide synthase (eNOS) activity and inhibited nuclear factor 
kappa-B (NF-κB) signaling, thereby increasing nitric oxide (NO) bioavailability and alleviating endothelial 
adhesion, inflammation and oxidative stress in oxLDL-treated ECs. Also, administration of endothelial-specific 
adeno-associated viruses of Cys521-mutated Hsp90 significantly mitigated vascular oxidative stress, macro-
phage infiltration and atherosclerosis lesion areas in high fat diet-fed ApoE-/- mice. In conclusion, SNO-Hsp90 at 
Cys521, that serves as a conformational switch, disrupts Hsp90/AHA1 interaction but promotes recruitment of 
CDC37 to exacerbate atherosclerosis.  
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1. Introduction 

Atherosclerosis is a chronic inflammatory disease and initially 
caused by endothelial dysfunction. Endothelial cells (ECs), continuously 
locating in the lumen of blood vessels, act as a pivotal regulatory node 
for homeostatic vascular network. Endothelial dysfunction involves 
upregulation of chemokines and adhesion molecules, the focal perme-
ation, recruitment of circulating monocytes into the intima to become 
foam cells, ultimately leads to formation of atherosclerotic lesion [1,2]. 

Nitric oxide (NO), as a gasotransmitter, is essential for maintaining 
the vascular homeostasis [3]. Except for the conventional function in 
mediating vasodilation, it is acknowledged that NO can react with 
reactive cysteine thiols of target proteins to form nitrosothiols, termed as 
S-nitrosylation (SNO)-a covalent posttranslational modification [4]. It is 
well verified that SNO mediated by NO is crucial for cardiovascular 
system homeostasis via regulating enzymatic activity, protein-protein 
interaction (PPI) or signal transduction of targeted proteins [5–7]. For 
all that, the precise role of SNO in the endothelial dysfunction and 
atherosclerotic cardiovascular disease requires in-depth investigation. 

Heat shock protein 90 (Hsp90), as a molecular chaperone, functions 
as promoting the maturation, structural maintenance and proper regu-
lation of specific client proteins involved for instance enzymatic activity 
and signal transduction to further participate in diverse cellular pro-
cesses in cardiovascular system [8,9]. The interaction of Hsp90 with 
distinct client proteins is regulated by posttranslational modifications, 
including phosphorylation, acetylation, SUMOylation and also S-nitro-
sylation [10,11]. Our previous studies have demonstrated that S-nitro-
sylation of Hsp90 (SNO-Hsp90) modulates its interaction with 
downstream chaperones to aggravate cardiac hypertrophy and fibrosis 
[12,13]. Although SNO-Hsp90 induces the inhibition of its ATPase and 
chaperone activity [14,15], the precise role and mechanism of 
SNO-Hsp90 in endothelial dysfunction and atherosclerosis remain 
unclear. 

In this study, using biotin switch assay combined with liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) for detection 
of S-nitrosylated proteins and determination of S-nitrosylated sites, we 
identify that Hsp90 is also a S-nitrosylated target in endothelium. By 
selectively site-directed mutagenesis of S-nitrosylated cysteine residue 
in Hsp90 protein, we illustrate a mechanism by which the S-nitro-
sylation at Cys521 breaks Hsp90 conformational cycle equilibrium to 
decrease NO bioavailability and facilitate adhesion, inflammation and 
oxidative stress in endothelium to exacerbate atherosclerosis. 

2. Materials and methods 

2.1. Experimental animals 

Male apolipoprotein E knockout (ApoE-/-) mice of 4 or 8 weeks old 
were purchased from the Changzhou Cavens Laboratory Animal Co. Ltd. 
(Changzhou, China), and housed at a constant temperature (22 ± 1 ◦C) 
and 55–60% relative humidity under a 12-h light/dark cycle with free 
access to food and water. 

Endothelial-enhanced adeno-associated virus (AAVendo) packaging 
was achieved according to a protocol from Yu Huang (Chinese Univer-
sity of Hong Kong, China) [16]. The shuttle RGDLRVS-AAV9-cap 
plasmid was a gift from O. J. Müller (Universität Heidelberg, Ger-
many). The AAVendo driving the expression of wild-type Hsp90 
(AAVendo-Hsp90-WT) or Cys521 S-nitrosylation site-mutated Hsp90 
(AAVendo-Hsp90-C521A, Cys521 mutated to alanine) was constructed by 
Kunshan Renyuan Biotechnology Company (Suzhou, China). Male 
ApoE-/- mice of 4 weeks old were injected with AAVendo-Hsp90-WT or 
AAVendo-Hsp90-C521A via tail veins at a dose of 5 × 1011 GC/mouse. 
Four weeks after injection, mice were fed a normal chow (NC) or a high 
fat diet (HFD) for eight weeks. All animal experiments were approved by 
the Committee on Animal Care of Nanjing Medical University and were 
conducted according to the NIH Guidelines for the Care and Use of 

Laboratory Animals. All studies involving animals are reported in 
accordance with the ARRIVE guidelines. 

2.2. Human artery specimens 

Human atherosclerotic artery samples were obtained from patients 
undertaking coronary artery bypass grafting or carotid endarterectomy. 
Non-atherosclerotic artery samples were obtained from patients under-
going aortic valve replacement. Informed consent was obtained from 
each patient prior to surgery. All studies involving human samples were 
approved by the Ethics Committee of the Affiliated Drum Tower Hos-
pital of Nanjing University Medical School. 

2.3. Cell culture and treatment 

Human umbilical vein endothelial cells (HUVECs) were isolated from 
umbilical cords according to a previously described method [17] and 
were cultured in complete endothelial cell medium (ECM) (ScienCell, 
Carlsbad, USA) supplemented with 5% fetal bovine serum (FBS), 1% 
endothelial cell growth medium supplement mix (ECGS) and 1% pen-
icillin/streptomycin. HUVECs within seven passages were used in vitro 
studies. EA.hy926 endothelial cell line was purchased from the Cell 
Bank of the Chinese Academy of Sciences (Shanghai, China) and main-
tained in DMEM (Gibco, Carlsbad, USA) supplemented with 10% (v/v) 
FBS (Gibco, Carlsbad, USA). Primary mouse aortic endothelial cells 
(MAECs) were isolated from the aorta of wild-type or iNOS-/- mice. In 
brief, aortas were quickly collected and transferred into HBSS (Gibco). 
Then, the aortas were longitudinally opened to expose the endothelium 
and cut into small segments, which were placed onto gelatin-coated 
plates. After five days, the aortic segments were removed, and endo-
thelial cells were resuspended. MAECs were cultured in ECM and used 
between passages two and five. Confluent cells (80–85%) were incu-
bated with oxidized LDL (oxLDL; 100 μg/mL; Yiyuan Biotechnology, 
China). 

2.4. Plasmid transfection 

The plasmid containing HA-tagged Hsp90-WT was purchased from 
Addgene (Cambridge, MA). Single mutation at Cys521 to Ala (Hsp90- 
C521A, Haibio, Shanghai, China) was confirmed by DNA sequencing. 
Plasmids were transfected into 75% confluent HUVECs and EA.hy926 
cells with Lipofectamine 3000 reagent (Invitrogen, Carlsbad, USA). 
After 4–6 h of transfection, medium was changed to fresh ECM, and cells 
were maintained for an additional 24 h before use in experiments. 

2.5. Biotin switch assay 

S-nitrosylation of Hsp90 (SNO-Hsp90) was determined by biotin 
switch assay with S-nitrosylation Protein Detection Assay Kit (Cayman 
Chemical; item No. 10006518) as described previously [7]. Briefly, cell 
lysates were incubated with blocking buffer for 30 min to block free 
thiols and proteins were precipitated with cold acetone at − 20 ◦C for 1 h. 
Then, the S-nitrosothiols were reduced to free thiols with reducing 
buffer (Vitamin C, Vc) and labelled with biotin. Samples without 
reducing buffer incubation were used as negative controls (-Vc). The 
biotinylated proteins were purified by incubating with avidin-coupled 
agarose beads (Thermo Scientific) overnight at 4 ◦C. The SNO-Hsp90 
level was detected by western blotting with anti-Hsp90 or anti-HA 
antibody. 

2.6. Mass spectrometry for S-nitrosylated proteins identification 

Cell lysates from endothelial cells incubated with oxLDL (100 μg/mL, 
24 h) were blocked with N-ethylmaleimide and labelled with biotin- 
maleimide. Then, the biotinylated proteins were immunoprecipitated 
with avidin-coupled agarose beads and trypsinized (using a 1:50 ratio of 
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protein:trypsin) for liquid chromatography with tandem mass spec-
trometry (LC-MS/MS) analysis performed by the Analysis Center, 
Nanjing Medical University. 

2.7. RNA-sequence analysis 

HUVECs transfected with Hsp90-WT or Hsp90-C521A, followed by 
oxLDL treatment (100 μg/mL, 24 h) were extracted for RNA isolation by 
TRIzol™ Reagent (Invitrogen). The concentration and integrity of RNA 
were assessed using Qubit Fluorometer (Invitrogen) and Bioanalyzer 
2100 system (Agilent), respectively. The 23S and 16S rRNA was 
depleted using a MICROB Express kit (Ambion). Genomic DNA was 
removed with two digestions using amplification-grade DNase 1 (Invi-
trogen). cDNA libraries were generated using NEB Next Ultra Direc-
tional RNA Library Prep Kit (NEB) following the manufacturer’s 
instructions. Then, the library was used for sequencing with the Illumina 
sequencing technology on an Illumina Hiseq2500. 

2.8. Proximity Ligation Assay (PLA) 

The interactions of Hsp90 with AHA1 or CDC37 in HUVECs were 
detected by Duolink® Proximity Ligation Assay Kit (Sigma). Endothelial 
cells were transfected with Hsp90-WT or Hsp90-C521A, followed by 
oxLDL treatment (100 μg/mL, 24 h), and then fixed, permeabilized and 
incubated with primary antibodies such as in immunofluorescence as-
says. The following steps were performed as recommended by the 
manufacturer of PLA Kit. Quantification of fluorescence intensity was 
performed by using ImageJ software. 

2.9. En face analysis of atherosclerosis and plaque histology 

Mouse aortas were collected from the base ascending aorta to the 
iliac bifurcation. Atherosclerosis lesion in whole aortas was detected by 
Oil Red O (ORO) staining. The sections from the aortic roots of each 
mouse were stained with ORO to show the atherosclerotic lesion. The 
plaque areas were quantified with ImageJ software. 

2.10. Assessment of endothelium-dependent relaxation 

Endothelium-dependent relaxation was detected by wire myograph 

(DMT-620 M, Denmark). Briefly, isolated mouse aortic ring segments 
were incubated in organ baths containing warmed (37 ◦C), oxygenated 
Kreb’s solution and stretched to a resting tension of 9.8 mN for 1 h. After 
equilibration for 60 min, aortic ring segments were precontracted by 
adding 80 mM KCl for 15 min, and washed by Krebs’ solution. Then, 
norepinephrine (NE, 0.1 μM) was added for vasoconstriction. Once NE- 
induced steady tension, acetylcholine (Ach, 10− 9-10− 5 M) was added 
cumulatively to induce endothelium-dependent relaxation. Relaxation 
at each concentration was calculated as the percentage of force gener-
ated in response to NE. 

2.11. Monocyte adhesion assay 

THP-1 cells were cultured in RPMI 1640 medium supplemented with 
10% FBS. For adhesion assay, THP-1 cells were first labelled with CM-Dil 
(2.5 μg/mL) for 10 min and then incubated with HUVECs with different 
treatments for 60 min at 37 ◦C. Nonadherent THP-1 cells were washed 
away with PBS for 3 times. Fluorescence images of adherent THP-1 cells 
were captured and analyzed using ImageJ software to estimate the 
number of adherent monocytes. 

2.12. Monocyte transmigration assay 

HUVECs were cultured in 3-μm-pore-size Transwell chambers (Mil-
lipore) to form a confluent monolayer with complete ECM containing 
5% FBS by different treatments. THP-1 cells were labelled with CM-Dil 
(2.5 μg/mL) for 10 min and then added onto upper chamber and 
allowed to migrate over for 4 h. The migrated THP-1 cells were collected 
and counted from the lower chamber with fluorescence intensity 
measured by a plate reader (Spectramax M2, Molecular Devices, CA, 
USA). 

2.13. Measurement of cyclic GMP (cGMP) level 

cGMP levels in HUVECs were measured using the Cyclic GMP 
Complete ELISA Kit (Abcam), following the manufacturer’s instructions 
and the OD absorbance was read by a plate reader (Spectramax M2, 
Molecular Devices). 

2.14. Immunofluorescence staining 

Sections or cells were fixed with 4% paraformaldehyde, per-
meabilized with 0.3% Triton X-100, blocked with 5% BSA, and then 
incubated with indicated antibodies against HA (Santa Cruz, California, 
USA), AHA1 (Abcam, Cambridge, UK), CDC37 (Abcam) or CD68 (CST, 
MA, USA) overnight at 4 ◦C. Alexa Fluor® 488- or 594-conjugated 
fluorescent secondary antibodies (Life Technologies, Thermo Fisher 
Scientific) were incubated at 37 ◦C for 1 h, and nuclei were counter-
stained with DAPI (Santa Cruz). Images were captured using a confocal 
microscope (Zeiss LSM 410, Oberkochen, Germany). 

2.15. Measurement of ROS formation 

Superoxide production in endothelial cells or aorta sections was 
detected with dihydroethidium (DHE) (Beyotime Biotechnology, 
China). Briefly, cells or tissue samples were incubated with DHE (1 μM) 
for 30 min. Fluorescence was detected with an OLYMPUS BX53 fluo-
rescence microscope. 

2.16. Detection of superoxide dismutase (SOD) and NADPH oxidase 
(NOX) activity 

The endothelial SOD and NOX activity were measured to assess 
intercellular oxidative stress with commercial kits (Jiancheng Bioengi-
neering Ltd, China) according to the manufacturer’s instructions. 

Table 1 
The primer sequences used in this study.  

mouse Icam1 Forward: GTGATGCTCAGGTATCCATCCA 
Reverse: CACAGTTCTCAAAGCACAGCG 

mouse Vcam1 Forward: AGTTGGGGATTCGGTTGTTCT 
Reverse: CCCCTCATTCCTTACCACCC 

mouse Sele Forward: ATGCCTCGCGCTTTCTCTC 
Reverse: GTAGTCCCGCTGACAGTATGC 

mouse Ccl2 Forward: TTAAAAACCTGGATCGGAACCAA 
Reverse: GCATTAGCTTCAGATTTACGGGT 

mouse Cxcl2 Forward: GGCGGTCAAAAAGTTTGCCT 
Reverse: TTCTTCCGTTGAGGGACAGC 

mouse Gapdh Forward: AGGTCGGTGTGAACGGATTTG 
Reverse: TGTAGACCATGTAGTTGAGGTCA 

human ICAM1 Forward: TGACCGTGAATGTGCTCTCC 
Reverse: TCCCTTTTTGGGCCTGTTGT 

human VCAM1 Forward: AATGCCTGGGAAGATGGTCG 
Reverse: GATGTGGTCCCCTCATTCGT 

human SELE Forward: TGATCTTTCCCGGAACTGCC 
Reverse: TGGTGAGGTGTGCTCATTCC 

human CCL2 Forward: TTTGCTTGTCCAGGTGGTCC 
Reverse: GATCTCAGTGCAGAGGCTCG 

human CXCL2 Forward: TCTCTGCTCTAACACAGAGGGA 
Reverse: AGATCAATGTGACGGCAGGG 

human CXCL8 Forward: TTCTCAGCCCTCTTCAAAAACT 
Reverse: ACTCCAAACCTTTCCACCCC 

human GAPDH Forward: GGAGCGAGATCCCTCCAAAAT 
Reverse: GGCTGTTGTCATACTTCTCATGG  
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2.17. Detection of malondialdehyde (MDA) level 

The serum MDA level in HFD-fed ApoE-/- mice with AAVendo-Hsp90- 
WT or AAVendo-Hsp90-C521A injection was measured with commercial 
kits (Beyotime Biotechnology) according to the manufacturer’s 
instructions. 

2.18. Western blotting 

Equal amounts of protein were resolved in 8% or 10% SDS-PAGE and 
western blotting analysis was performed as previously described [5]. 
Primary antibodies included anti-Hsp90 antibody (Abcam), anti-iNOS 
antibody (CST), anti-eNOS antibody (CST), anti-p-eNOS antibody 
(CST), anti-GSNOR antibody (Abcam), anti-Trx antibody (Abcam), 
anti-HA antibody (Santa Cruz), anti-AHA1 antibody (Abcam), 
anti-CDC37 antibody (Abcam), anti-IκB antibody (Abcam), anti-p-IκB 
antibody (Abcam), anti-p65 antibody (Abcam), anti-p-p65 antibody 
(Abcam) and anti-GAPDH (CST). Band intensities were analyzed by 
ImageJ software. 

2.19. Coimmunoprecipitation 

Proteins of mouse aortic tissue or endothelial cells were extracted in 
lysis buffer containing 40 mM HEPES (pH 7.4), 2 mM EDTA, 10 mM 
pyrophosphate, 10 mM glycerophosphate, 0.5% Triton and 1% protease 
inhibitor cocktail. Supernatants were harvested by centrifugation at 
12000 g for 10 min. Whole-cell lysates (50 μL) were loaded as input 
sample. The remaining cell lysates were incubated with indicated anti-
body overnight at 4 ◦C, followed by precipitation with protein A/G- 
agarose beads for 4 h at 4 ◦C. All samples were subjected to SDS-PAGE 
separation and western blotting with the indicated antibodies. 

2.20. Real-time quantitative PCR (qPCR) analysis 

Total RNA was extracted with Trizol (Takara Bio, Shiga, Japan) and 
converted to cDNA using HiScript II Q RT SuperMix for qPCR Kit 
(Vazyme, Nanjing, China). The purity of total RNA was evaluated based 
on the absorbance ratio at 260 and 280 nm. Real-time quantitative PCR 
reactions was performed by SYBR Green (Vazyme) on a QuantStudio 
qPCR System (Thermo Fisher Scientific Inc). The primer sequences used 
for qPCR are listed in Table 1. 

Fig. 1. SNO-Hsp90 levels are signifi-
cantly increased in atherosclerotic 
aortas and oxLDL-treated endothelial 
cells. A: Liquid chromatography-tandem 
mass spectrometry (LC–MS/MS) scans of 
S-nitrosylated proteins in endothelial 
cells were performed. Representative 
LC–MS/MS spectra showed a target 
modification site (Cys521) in the peptide 
fragmentation of Hsp90. B: The SNO- 
Hsp90 levels in non-atherosclerotic 
(Non-AS) or atherosclerotic (AS) ar-
teries from patients were detected by 
biotin switch. (n = 3 for Non-AS, n = 5 
for AS, ***P < 0.001). C: Eight-week-old 
ApoE-/- mice were fed with high fat diet 
(HFD) for eight weeks. The SNO-Hsp90 
levels in mice aortas were detected by 
biotin switch. (n = 6, ***P < 0.001). D: 
HUVECs were treated by oxidized LDL 
(oxLDL; 100 μg/mL) for 24 h. The SNO- 
Hsp90 levels were detected by biotin 
switch. (n = 6, ***P < 0.001).   
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2.21. Statistical analysis 

All values are presented in the figures as mean ± standard error of 
the mean (SEM), with *P < 0.05, **P < 0.01, ***P < 0.001. Unpaired 
two-tailed Student’s t-test was used for comparisons between two groups 
when data passed normality and equal variance test, otherwise Man-
n–Whitney U test was used. Differences among groups were evaluated 
using one-way ANOVA followed by Turkey’s post-hoc test. All graphs 
and statistical analyses were performed by GraphPad Prism 8. 

3. Results 

3.1. SNO-Hsp90 is elevated in atherosclerotic aortas and oxLDL-treated 
ECs 

To discover the S-nitrosylated protein targets that may participate in 
atherosclerosis, first, we purified the S-nitrosylated proteins from ECs 
exposed to oxLDL through biotin switch and then scanned the S-nitro-
sylated proteins by LC-MS/MS analysis. The result showed that Hsp90 
was identified as a highly S-nitrosylated protein upon oxLDL treatment 
(Fig. 1A). For further verification, we assessed the SNO-Hsp90 in arteries 
from patients with atherosclerosis and found that the level of SNO- 

Hsp90 was significantly increased in atherosclerotic samples (Fig. 1B). 
Then, we fed ApoE-/- mice with HFD for eight weeks to induce athero-
sclerosis and detected the level of SNO-Hsp90 in mouse aortas. The 
result showed that, compared with control groups, the SNO-Hsp90 was 
obviously elevated in atherosclerotic ApoE-/- mice (Fig. 1C). Meanwhile, 
the elevation of SNO-Hsp90 was also observed in oxLDL-treated 
HUVECs (Fig. 1D). These results reveal that the endothelial S-nitro-
sylation of Hsp90 is increased in atherosclerosis. 

3.2. iNOS contributes to the S-nitrosylation of Hsp90 at Cys521 

The cellular S-nitrosylation of proteins is strictly regulated by several 
enzymes. Three isoforms of nitric oxide synthase (NOS) - neuronal NOS 
(nNOS), inducible NOS (iNOS) and endothelial NOS (eNOS) derived NO 
promotes the protein S-nitrosylation [18]. Besides, thioredoxin (Trx) 
and S-nitrosoglutathione reductase (GSNOR) are two main enzymes 
known to mediate the de-nitrosylation through converting nitrosothiol 
(-SNO) to sulfydryl (-SH) by reduction reactions [19,20]. To explore the 
upstream enzyme that is responsible for the elevation of SNO-Hsp90 in 
atherosclerosis, we detected the expression of these enzymes in 
oxLDL-treated ECs. Compared with control groups, iNOS expression was 
significantly increased and eNOS activity (showed by phosphorylated 

Fig. 2. iNOS mediates the S-nitrosylation of Hsp90 at Cys521. A: HUVECs were treated by oxLDL (100 μg/mL) for 24 h. The levels of iNOS, p-eNOS, eNOS, 
GSNOR and TRX were detected by Western blot. (n = 5, ***P < 0.001). B: HUVECs were pre-incubated with 1400W (an iNOS inhibitor, 10 μM) for 1 h followed by 
treatment with oxLDL for 24 h. The SNO-Hsp90 levels were detected by biotin switch. (n = 5, ***P < 0.001). C: Primary mouse aortic endothelial cells (MAECs) were 
isolated from WT and iNOS-/- mice, followed by oxLDL treatment for 24 h. The SNO-Hsp90 levels were detected by biotin switch. (n = 3, **P < 0.01). D: Construction 
of mutagenesis Hsp90 plasmids by substituting the Cys521 with the non-nitrosylable alanine. E: EA.hy926 endothelial cells were transfected with Hsp90-WT or 
Hsp90-C521A plasmids for 24 h, followed by exposure to oxLDL for 24 h. The SNO-Hsp90 levels were detected by biotin switch. (n = 6, ***P < 0.001). 
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eNOS) was reduced upon oxLDL treatment, whereas Trx and GSNOR 
protein levels were unchanged (Fig. 2A). Moreover, we found that both 
1400W (an iNOS inhibitor) treatment and iNOS knockout reversed the 
elevated SNO-Hsp90 induced by oxLDL in ECs (Fig. 2B and C), sug-
gesting the enhanced SNO-Hsp90 in endothelium is triggered by iNOS 
under pathological condition. The peptide of Hsp90 identified by mass 
spectrometry showed that Hsp90 S-nitrosylation occurs at the Cys521 
(Fig. 1A). For further verification, we constructed mutagenesis plasmids 
by substituting Cys521 of Hsp90 with the non-nitrosylable alanine 
(C521A) (Fig. 2D). ECs were transfected with Hsp90-WT and 
Hsp90-C521A, followed by oxLDL treatment. The biotin switch assay 
showed that Cys521 mutation totally inhibited the increased 
SNO-Hsp90 induced by oxLDL (Fig. 2E), confirming that Cys521 is the 
SNO site of Hsp90. 

3.3. SNO-Hsp90 at Cys521 reduces endothelial NO bioavailability via 
Hsp90/AHA1/eNOS pathway 

The defective phosphorylation of eNOS is a hallmark of endothelial 

dysfunction [21], while the activation of eNOS in ECs is dependent on 
the association between Hsp90 and its primary chaperone-AHA1 [22]. 
Co-IP assay showed the decreased interaction of Hsp90 and AHA1 was 
reversed by Cys521 mutation in oxLDL-cultured ECs (Fig. 3A). Hsp90 
contains an N-terminal ATP-binding domain, a C-terminal dimerization 
domain and a middle domain that is known to bind the different client 
proteins [23]. AHA1 binds to the middle domain of Hsp90 [24] and the 
S-nitrosylation occurs at Cys521, that locates in the middle domain of 
Hsp90, which explains the repressive binding of AHA1 to Hsp90 after 
S-nitrosylation. The results of proximity ligation assay and immunoflu-
orescence also showed that, compared with Hsp90-WT transfected ECs, 
Cys521 mutation enhanced the association of Hsp90 and AHA1 upon 
oxLDL stimulation (Fig. 3B and Fig. S1). Meanwhile, oxLDL treatment 
suppressed the phosphorylation of eNOS in Hsp90-WT transfected ECs 
and this effect was abolished by Cys521 mutation (Fig. 3C). NO/soluble 
guanylate cyclase (sGC)/cyclic guanosine monophosphate (cGMP) 
signaling is essential for endothelial cell function. Our data showed that 
Hsp90 Cys521 mutation could prevent the decrease of cGMP content 
under oxLDL treatment (Fig. 3D). Taken together, these results 

Fig. 3. Cys521 S-nitrosylation restrains Hsp90 and AHA1 interaction to inhibit eNOS activity. Endothelial cells were transfected with Hsp90-WT or Hsp90- 
C521A plasmids for 24 h, followed by exposure to oxLDL for 24 h. A: Lysates from EA.hy926 endothelial cells were immunoprecipitated with an anti-AHA1 anti-
body and blotted with anti-HA(Hsp90) and anti-AHA1 antibody. An aliquot of total lysate was analyzed for HA(Hsp90) and AHA1 expression. (n = 5, *P < 0.05). B: 
Specific interactions (red spots) of Hsp90 with AHA1 in HUVECs were determined by proximity ligation assay (PLA). (Blue: DAPI, Scale bars = 20 μm, n = 3, *P <
0.05, **P < 0.01). C: The expression of p-eNOS and eNOS in HUVECs was detected by Western blot. (n = 5, **P < 0.01). D: The cGMP levels in HUVECs were 
measured by Cyclic GMP Complete ELISA Kit. (n = 5, *P < 0.05, ***P < 0.001). E: Schematic diagram showed that SNO-Hsp90 inhibits the Hsp90/AHA1 interaction 
to decrease eNOS phosphorylation. 
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demonstrate that SNO-Hsp90 at Cys521 inhibits the interaction of 
Hsp90 and AHA1, thereby suppressing the eNOS phosphorylation to 
decrease NO bioavailability in ECs (Fig. 3E). 

3.4. SNO-Hsp90 at Cys521 induces endothelial adhesion, inflammation 
and oxidative stress via Hsp90/CDC37/NF-κB signaling 

To further investigate the effect and mechanism of SNO-Hsp90 on 
atherosclerotic endothelial dysfunction, we performed RNA-sequencing 
(RNA-seq) analysis in oxLDL-treated ECs with Hsp90-WT or Hsp90- 
C521A transfection to scan the differentially expressed genes. There 
were 121 genes with significantly differential expression among WT, 
WT + oxLDL and C521A + oxLDL groups (Fig. 4A). GO biological pro-
cesses analysis showed that these genes mainly related to cytokine- 
mediated signaling, cell-cell adhesion, IκB kinase/NF-κB signaling, in-
flammatory and immune response (Fig. 4B). KEGG pathway analysis 
further revealed that NF-κB signaling was the most dominating pathway 
regulated by SNO-Hsp90 (Fig. 4C). 

The function of Hsp90 depends on proceeding through a cycle of 
conformational changes by recruiting either AHA1 or CDC37 circularly 
[25]. CDC37, as another crucial co-chaperone of Hsp90, is essential for 
assembly of Hsp90/CDC37/IKK complex to further mediate NF-κB 
signaling activation [26,27]. Our result showed that oxLDL increased 
the interaction of Hsp90 with CDC37 in Hsp90-WT-transfected but not 
Hsp90-C521A-transfected ECs (Fig. 4D). The proximity ligation assay 
showed that, compared with Hsp90-WT transfected ECs, Cys521 muta-
tion inhibited the association of Hsp90 and CDC37 upon oxLDL stimu-
lation (Fig. 4E). The similar phenomenon was also observed by 
immunofluorescence (Fig. S2). Meanwhile, the phosphorylated IκB and 
p65 (subunit of NF-κB) levels (Fig. 4F), as well as the nuclear p65 level 
(Fig. 4 G) were increased after oxLDL stimulation in 
Hsp90-WT-transfected but not in Hsp90-C521A-transfected ECs, 
demonstrating the SNO-Hsp90 at Cys521 promotes the interaction of 
Hsp90 and CDC37 to activate NF-κB signaling (Fig. 4H). The expressions 
of cellular adhesion molecules and inflammatory factors modulated by 
NF-κB play pivotal roles in inflammation response and oxidative stress 
[28,29]. We found that Hsp90 Cys521 mutation abolished the upregu-
lation of intercellular adhesion molecule 1 (ICAM-1), vascular cell 
adhesion molecule 1 (VCAM-1), selectin-E (SELE), C–C motif chemokine 
ligand 2 (CCL2), C-X-C motif chemokine ligand 2 (CXCL2) and C-X-C 
motif chemokine ligand 8 (CXCL8) induced by oxLDL in ECs (Fig. 5A). 
OxLDL treatment significantly increased the adhesion and trans-
migration of monocytes to ECs, which were attenuated by Cys521 mu-
tation (Fig. 5B and C). Cys521 mutation also increased endothelial SOD 
activity (Fig. 5D), mitigated NOX activity (Fig. 5E) and decreased 
intracellular MDA level (Fig. 5F) under oxLDL treatment. Meanwhile, 
the DHE staining and electron paramagnetic resonance (EPR) analysis 
revealed that Cys521 mutation decreased the endothelial ROS level 
upon oxLDL stimulation (Fig. 5G and Fig. S3). These results demonstrate 
that the S-nitrosylation of Hsp90 at Cys521 promotes the interaction of 
Hsp90 and CDC37 to activate NF-κB signaling, further mediating the 
endothelial adhesion, inflammatory response and oxidative stress. 

3.5. Inhibition of SNO-Hsp90 by Cys521 mutation alleviates 
atherosclerosis in ApoE-/- mice 

To verify the effect of SNO-Hsp90 on atherosclerosis in vivo, ApoE-/- 

mice were injected with endothelial cell-enhanced AAV vector 
(AAVendo) containing Hsp90-WT or Hsp90-C521A and subjected to 
normal chow (NC) or HFD (Fig. 6A). Biotin switch assay showed deliv-
ering AAVendo-Hsp90-C521A significantly inhibited the aortic SNO- 
Hsp90 after HFD treatment (Fig. 6B). Accordingly, Hsp90 Cys521 mu-
tation reversed the suppression of endothelial Hsp90/AHA1 interaction 
and the promotion of Hsp90/CDC37 complex formation in atheroscle-
rotic mice (Fig. S4 and Fig. S5). Compared to AAVendo-Hsp90-WT, Hsp90 
Cys521 mutation alleviated the impairment in endothelium-dependent 
relaxation in HFD-fed ApoE-/- mice (Fig. 6C). Meanwhile, AAVendo- 
Hsp90-C521A-delivered mice exhibited less atherosclerotic lesions than 
AAVendo-Hsp90-WT, as showed by Oil Red O staining of whole aortas 
and aortic roots (Fig. 6D and E). Delivery of AAVendo-Hsp90-C521A also 
reduced macrophage infiltration in aorta roots from HFD-fed ApoE-/- 

mice (Fig. 6F). Hsp90 Cys521 mutation attenuated ROS level both in 
aortic rings (Fig. 6G and Fig. S6) and in plaques of aortic roots (Fig. S7), 
decreased serum MDA level (Fig. 6H) and reduced the expressions of 
adhesion molecules and inflammatory cytokines in aortas (Fig. 6I). In 
addition, Cys521 mutation had no effect on lipid metabolism in 
atherosclerotic ApoE-/- mice (Table 2). These data verify that inhibition 
of SNO-Hsp90 by Cys521 mutation significantly improves endothelial 
function to protect against atherosclerosis. 

4. Discussion 

Physiologically, NO maintains endothelial homeostasis, while by 
pathological stimulus, excessive NO production from iNOS and higher 
reactive oxide species lead to the high-level ONOO− , which could 
nitrosylate target proteins to cause nitrative stress and aggravate cellular 
stress. Our and other groups have proved several S-nitrosylated proteins 
in endothelium that contribute to endothelial dysfunction [7,30–32]. 
Here, we identified Hsp90 as another S-nitrosylated target in endothelial 
cells by LC-MS/MS. Our previous study demonstrated the precise role of 
SNO-Hsp90 at Cys589 in cardiac remodeling [12,13]. Interestingly, we 
found that the S-nitrosylation occurs at Cys521 in endothelium, sug-
gesting the distinguishing effect of S-nitrosylation in different cellular 
environments, like phosphorylation occurring at different amino acids 
of Hsp90 by disparate manners to mediate diverse cellular processes 
[10]. Analogously, the S-nitrosylation of Akt at Cys296/344 in endo-
thelium damages cardiac function after myocardial infarction [33]. 
While S-nitrosylation occurring at Cys224 of Akt in skeletal muscle is 
involved in insulin resistance during diabetes [34]. However, the un-
derlying regulatory mechanisms for different S-nitrosylated sites in 
proteins under disparate conditions are waiting for further explorations. 
We here investigated the pathophysiological effect of SNO-Hsp90 at 
Cys521 on endothelial function and atherosclerosis. 

Hsp90, a molecular chaperone, is in charge of the structural matu-
ration, stability and activation of its client proteins, including enzymes, 
signaling kinases and transcription factors [35]. The biological function 
of Hsp90 is ATP-dependent and relies on its co-chaperones [36]. AHA1, 
one of co-chaperones of Hsp90, acts as an ATPase activator, that plays a 
crucial role in Hsp90 chaperone machinery [37]. Post-translational 

Fig. 4. Cys521 S-nitrosylation promotes Hsp90 and CDC37 interaction to activate NF-κB signaling. Endothelial cells were transfected with Hsp90-WT or 
Hsp90-C521A plasmids for 24 h, followed by exposure to oxLDL for 24 h. A: RNA-sequence analysis identified the 121 genes with significantly differential expression 
between WT, WT + oxLDL and C521A + oxLDL groups. B: The GO analysis for these 121 genes in biological processes. C: The KEGG analysis for these 121 genes in 
signaling pathway. D: Lysates from EA.hy926 endothelial cells were immunoprecipitated with an anti-CDC37 antibody and blotted with anti-HA(Hsp90) and anti- 
CDC37 antibody. An aliquot of total lysate was analyzed for HA(Hsp90) and CDC37 expression. (n = 5, ***P < 0.001). E: Specific interactions (red spots) of Hsp90 
with CDC37 in HUVECs were determined by proximity ligation assay (PLA). (Blue: DAPI, Scale bars = 20 μm, n = 3, *P < 0.05). F: The expression of p-IκB, IκB, p-p65 
and p65 in HUVECs was detected by Western blot. (n = 5, *P < 0.05). G: Nuclear extracts prepared from HUVECs were subjected to western blotting analysis for 
detecting the nuclear localization of p65. (n = 3, *P < 0.05, **P < 0.01). H: Schematic diagram showed that SNO-Hsp90 promotes the interaction of Hsp90 and 
CDC37 to activate NF-κB signaling pathway. 
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Fig. 5. Cys521 mutation attenuates the endothelial adhesion, inflammation and oxidative stress upon oxLDL treatment. Endothelial cells transfected with 
Hsp90-WT or Hsp90-C521A plasmids for 24 h, followed by exposure to oxLDL for 24 h. A: The mRNA levels of ICAM1, VACM1, SELE, CCL2, CXCL2 and CXCL8 in 
HUVECs were detected by qPCR. (n = 5, *P < 0.05, **P < 0.01, ***P < 0.001). B: The representative images and quantification of THP-1 monocytes adhesion to 
HUVECs. (Scale bars = 200 μm n = 5, ***P < 0.001). C: The quantification of THP-1 monocytes transmigration to HUVECs. (n = 5, **P < 0.01, **P < 0.001). D: The 
SOD activity in HUVECs was detected by SOD assay kit. (n = 5, ***P < 0.001). E: The NOX activity in HUVECs was detected by NOX assay kit. (n = 5, *P < 0.05, 
***P < 0.001). F: The MDA level in HUVECs was detected by MDA assay kit. (n = 3, **P < 0.01). G: The ROS level in HUVECs was detected by DHE staining. 
Recombinant SOD (2000 U/mL, 50 μL) was incubated for 3 h as a control. (Scale bars = 200 μm n = 3, **P < 0.01, ***P < 0.001). 
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modifications in Hsp90 are able to influence its binding affinity to AHA1 
by allosteric regulation [11]. It is reported that SUMOylation of Hsp90 at 
Lys178 facilitates recruitment of AHA1 [38]. The phosphorylation of 
Hsp90 at different threonines or tyrosines is proved to enhance 
Hsp90/AHA1 interaction [24,39,40], while S-nitrosylation at cysteines 
in Hsp90 has been shown to reduce the binding affinity of AHA1 to 
Hsp90 [14,15]. Our findings identify a novel S-nitrosylated site-Cys521 
of Hsp90, that serves as a conformational switch. Cys521 locates at the 
middle domain of Hsp90, which is also the binding domain to combine 
AHA1 directly [41]. We confirm that substituting the Cys521 with the 
non-nitrosylable alanine abolished the effect of SNO-Hsp90 on inhibit-
ing Hsp90/AHA1 interaction. In consideration of the essentiality of as-
sociation between Hsp90 and AHA1 in eNOS activation [22,42], the 
SNO-Hsp90 at Cys521 is responsible for the impairment in eNOS acti-
vation upon pathological stimulus. The Hsp90 chaperone machinery 
relies on the conformational cycle of sequential association and disso-
ciation of AHA1 and CDC37 [43]. On account of the inhibition of Hsp90 
ATPase activity by CDC37, AHA1 and CDC37 do not bind to Hsp90 
simultaneously [44,45]. There is evidence that phosphorylation at ty-
rosines of Hsp90 disrupts the Hsp90/CDC37 complex and promotes 
AHA1 recruitment [25]. Interestingly, our data reveals that S-nitro-
sylation of Cys521 suppresses Hsp90 and AHA1 interaction, but pro-
motes CDC37 recruitment. Usually, CDC37 binds to Hsp90 to regulate 
the activity of client kinases [46,47]. The RNA-seq data showed that 
SNO-Hsp90 mainly contributes to the activation of NF-κB signaling. The 
formation of Hsp90/CDC37 complex is important for the recruitment of 
IKK and the subsequent activation of NF-κB signaling [26,48], and our 
results are consistent with the hypothesis that S-nitrosylation at Cys521 
facilitates the formation of Hsp90/CDC37 complex to activate NF-κB 
signaling, further aggravating endothelial adhesion and inflammation 
response. 

Taken together, our results show that the SNO-Hsp90 levels are 
increased in atherosclerotic human and murine aortas, as well as in 
oxLDL-treated ECs. The elevated SNO-Hsp90 levels in endothelium are 
triggered by upregulated iNOS expression under pathological condi-
tions. SNO-Hsp90 at Cys521 inhibits the association of AHA1 and 
Hsp90, leading to the inactivation of eNOS and impairment of vasodi-
lation. Meanwhile, SNO-Hsp90 at Cys521 promotes the interaction of 
CDC37 and Hsp90, further activating NF-κB signaling pathway and 

inducing endothelial adhesion, inflammation response and oxidative 
stress, ultimately leading to endothelial dysfunction and the develop-
ment of atherosclerosis. The inhibition of SNO-Hsp90 levels by Cys521 
mutation could increase NO bioavailability, attenuate endothelial 
adhesion, inflammation and oxidative stress, thereby mitigating endo-
thelial dysfunction and protecting against atherosclerosis. Our findings 
reveal a novel regulatory mechanism for Hsp90 function and provide a 
therapeutic strategy for atherosclerosis. 
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