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Hypermethylation of RNF125 promotes
autophagy-induced oxidative stress
in asthma by increasing HMGB1 stability

Jiapeng Hu,1 Ruiwei Ding,2 Shaozhuang Liu,3 Jia Wang,1 Jianjun Li,4,* and Yunxiao Shang1,5,*

SUMMARY

Asthma is a global chronic airway disease. The expression and role of RNF125, an
E3 ubiquitin ligase, in asthma remain uncertain. In this study, we revealed that
RNF125 was downregulated in the bronchial epithelium of mice and patients
with asthma. Rnf125 hypermethylation was responsible for the low expression
of RNF125 in primary airway epithelial cells of mice treatedwith OVA.Moreover,
we demonstrated that RNF125 could attenuate autophagy, oxidative stress, and
protect epithelial barrier in vivo and in vitro. Additionally, we identified HMGB1
as a substrate of RNF125, which interacted with the HMG B-box domain of
HMGB1 and induced degradation via the ubiquitin proteasome system, reducing
autophagy and oxidative stress. Overall, our findings elucidated that hyperme-
thylation of Rnf125 reduced its expression, which promoted autophagy-induced
oxidative stress in asthma by increasing HMGB1 stability. These findings offer a
theoretical and experimental basis for the pathogenesis of asthma.

INTRODUCTION

Asthma is a chronic airway disease that involves various cells and cell components. It is a common and

frequently occurring disease worldwide, and its incidence continues to increase. Its pathogenesis is very

complex, and its specific pathogenesis has not been elucidated. Glucocorticoids are the first-line drugs

in the treatment of asthma. However, there are many patients with hormone dependence or hormone resis-

tance, and long-term use of glucocorticoids may cause many adverse reactions, such as osteoporosis.1

Therefore, in order to develop more effective treatment strategies, it is necessary to further understand

the underlying pathogenesis of asthma.

The airway epithelium is the first barrier against pathogens and allergens,2 and is one of the main parts of

pathological changes in asthma. Airway epithelial cell barrier function is significantly impaired in patients

with asthma.3 Autophagy is a highly conserved lysosomal dependent pathway that exists in the body and

participates in a variety of biological events. It is generally believed that autophagy is over-activated in the

airway epithelium of asthma, which is one of the important factors in the occurrence and development of

the disease.4,5 A classic inhibitor of autophagy, 3-MA is reported to reduce airway hyperresponsiveness

and airway inflammation in animal models of asthma.6 At present, it is widely accepted that excessive auto-

phagy in asthma aggravates oxidative stress, which is a cardinal characteristic.7 Studies have shown that

oxidative stress is also overactivated in asthma. The oxygen free radicals in the breath condensate of asth-

matic patients are significantly higher than that of healthy control group.8 The lung tissues of asthmatic

mice also show obvious oxidative stress.9 The oxidative stress inhibitor, N-acetyl cysteine, has been re-

ported to reduce asthma symptoms.10 However, the mechanisms underlying bronchial epithelial auto-

phagy and oxidative stress in asthma remain unclear.

High-mobility group box 1 (HMGB1), a highly conserved and abundant protein, plays an important role in the

study of autophagy andoxidative stress in airway epithelial cells of asthma. HMGB1 is a starmolecule in asthma.

The expression of HMGB1 in airway epithelium and lung tissue of asthma is higher than that in the control

group.11,12 Studies have shown that HMGB1 promotes autophagy. Knockdown of HMGB1 in airway epithelial

cells inhibits autophagy.13 Meanwhile, HMGB1 is also reported to induce oxidative stress. The exposure of

bronchial epithelial cells 16HBE to HMGB1 enhances the aggravation of reactive oxygen species (ROS).14 How-

ever, the mechanism by which HMGB1 affects autophagy and oxidative stress in asthma remains unclear.
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RING finger protein 125 (RNF125) is an E3 ubiquitin ligase belonging to the RING domain family.15 Earlier

studies on RNF125 include T cell activation promotion,16 interferon signaling pathway negative regula-

tion,17 and HIV-1 replication inhibition.18 In recent years, RNF125 has been found to be involved in the

occurrence and development of inflammatory diseases. Knockdown of Rnf125 activates the NLRP3 inflam-

masome in mouse bone marrow-derived macrophages.19 In human glioma cells, knockdown of RNF125

can increase the expression of inflammatory factors, such as IL-1b and TNF-a.20 Thus, RNF125 is a protec-

tive molecule in many diseases. However, no study has evaluated the role of RNF125 in asthma. Whether

RNF125 is also a protective molecule in asthma is unknown. Therefore, we explored the expression, func-

tion, and potential mechanism of RNF125 in asthma, which may provide some insights into disease path-

ogenesis and assist in the development of therapeutics.

DNA methylation is a common chemical modification of DNA associated with gene expression program-

ming. Typically, DNA methylation occurs at CpG islands.21 Hypermethylation of the gene often leads to its

low expression, and hypomethylation leads to its high expression. Therefore, exploring the occurrence of

DNA methylation is an important way to find the cause of expression alterations. However, up to now,

whether there is a CpG island in the promotor of RNF125 and whether it could be methylated remains

unknown.

In the present study, we aimed to identify the expression of RNF125 in airway bronchial cells in asthma.

Moreover, we sought to investigate the reason for the expression alteration in asthma and the mechanisms

underlying the effects of RNF125 on autophagy and oxidative stress in asthma. We revealed the roles of

RNF125 in asthma using in vitro, in vivo, and molecular studies. It is helpful to understand the pathogenesis

of asthma from a different angle, which may provide clinical and scientific significance.

RESULTS

RNF125 was downregulated in bronchial epithelial cells of OVA-treated mice and patients

with asthma

We first evaluated RNF125 expression in asthma to identify its potential role. We established murine

models of asthma, including day 3, day 7, and day 14 groups according to the duration of ovalbumin

(OVA) inhalation. Detailed asthma model establishment was performed as follows: the mice were first

sensitized with amixture of OVA and aluminum hydroxide by intraperitoneal injection, and then challenged

with OVA by aerosol inhalation. Challenge means airway stimulated by OVA and that triggers a cascade of

reactions. Immunohistochemistry results demonstrated that RNF125 protein expression was similar in the

bronchial epithelium of OVA-treatedmice to those in the control group on day 3. However, in day 7 and day

14 groups, the expression of RNF125 in the bronchial epithelium of OVA-treated mice were significantly

lower than those in the control group. The expression of RNF125 in day 7 group was similar to that in

day 14 group (Figures 1A and 1B). Additionally, western blotting results also showed similar conclusions

(Figures 1C and 1D). Therefore, day 7 group was then chosen for further research. Then we tried to collect

clinical specimens to prove this problem from another aspect. It is very difficult to recruit subjects without

thoracic surgery, so we had to settle for second best. We recruited four asthmatic participants and four con-

trol participants with thoracic surgery for the study. To ensure that the data were as comparable as

possible, we selected samples that were as similar in age, sex, pathological type, and differentiation

degree of tumor as possible. As expected, for spirometry parameters, FEV1, FEC1%, FEV1/FVC, MMEF

75/25 was lower in asthmatic group than those in the control group. Meanwhile, bronchodilation test

was all positive in asthmatic patients (Table S1). We collected bronchial samples from asthmatic patients

and controls for immunohistochemical experiments to explore the expression of RNF125 in bronchial

epithelium. Due to limited bronchial samples, lung tissues of the same asthmatic patients and control

groups were collected for WB experiments. Immunohistochemistry results showed that the expression

of RNF125 in bronchial epithelium of the group with asthma was lower than in the control group

(Figures 1E and 1G). Western blotting results demonstrated that RNF125 was downregulated in the lung

tissues of the group with asthma (Figures 1F and 1H). Overall, these results suggested that RNF125 expres-

sion was downregulated in bronchial epithelial cells in asthma.

Hypermethylation of Rnf125 reduced its expression in OVA-treated asthmatic bronchial

epithelial cells

To investigate the reason for the low expression of RNF125 in airway epithelial cells in asthma, Rnf125 gene

was searched in UCSC. Firstly, we found there was a CpG island in the promoter region of Rnf125. Secondly,
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the core promoter region was located exactly at the CpG island. Thirdly, we roughly divided the core pro-

moter region into two regions according to the experimental detection requirements, which were called

first sequence (1s) and second sequence (2s). In the 1s, there were 6 CG positions, while in the 2s, there

were 18 CG positions (Figure 2A). We isolated primary mice tracheobronchial epithelial cells of the control

and OVA-treated mice in vivo. When separated, there were mainly two types of cells, fibroblast, and

tracheobronchial epithelial cells. Immunofluorescence showed that the isolated cells were cytokeratin

(a marker of epithelial cell) positive cells (> 95%) (Figure 2B). Pyrosequencing showed that the 1s and 2s

regions of the Rnf125 gene were hypermethylated in airway epithelial cells of OVA-treated mice compared

A B

C
D

E F

G H

Figure 1. RNF125 is downregulated in bronchial epithelial cells of OVA-treated mice and patients with asthma

(A and B) RNF125 expression in bronchial epithelial cells of OVA-treated mice and controls on day 3, 7, and 14 detected

using immunohistochemistry (n = 6). The length of the scale is 100 mm.

(C and D) Protein expression of RNF125 in lung tissues of OVA-treated mice and controls on day 3, 7, and 14 detected

using western blotting (n = 6).

(E and G) RNF125 expression in bronchial epithelial cells of asthma patients and controls detected using

immunohistochemistry (n = 4). The length of the scale is 50 mm.

(F and H) The protein expression of RNF125 in lung tissues of asthma patients and controls detected using western

blotting (n = 4). Statistical analysis—t test. Values are expressed as mean G standard deviation (*p < 0.05, ***p < 0.001,

compared with the control group).
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with those in the control group (Figures 2C and 2D). The percentage of methylation of 1s position 1, 2, 3, 4,

5, and 6 and mean of the 1s in airway epithelial cells of OVA-treated mice were higher than those in the

control group were (Figures S1A‒S1F and S1X). The percentage of methylation of 2s position 1, 2, 3, 5,

7, 8, 9, 11, 14, and 18 and mean of the 2s position in airway epithelial cells of OVA-treated mice were higher

than those in the control group, while the percentage of methylation of 2s position 4, 6, 12, 13, 15, 16, and

17 in airway epithelial cells of OVA-treated mice were still higher than those in the control group, but not

statistically significant (Figures S1G‒S1W and S1Y). The G peak before the 10th position of 2s reaction

could not reach the expected peak height, which may be due to the single-nucleotide polymorphism

(SNP) site, and the T of the 10th position was also low, so the data of position 10 were not included in

the analysis. Next, decitabine, a hypomethylating agent, was used to explore the role of hypermethylation

of Rnf125 on its expression. Immunohistochemistry results showed that RNF125 in lung tissues and bron-

chial epithelium was higher after decitabine treatment (Figures 2E and 2F). Meanwhile, western Blotting

results showed that RNF125 in lung tissues was upregulated after decitabine treatment (Figures 2G and

2H). Therefore, these results suggested that hypermethylation of Rnf125 was found in primary airway

epithelial cells of OVA-treated mice, which was the reason why RNF125 is downregulated. HMGB1 has

been reported to bind to CpG islands to induce methylation.22 We then tried to find the cause of

Rnf125 hypermethylation. HMGB1 has been reported to bind to CpG islands to induce methylation.22

Therefore, we explored the effect of HMGB1 on RNF125, and found that there was no change in the expres-

sion of RNF125 after overexpression of HMGB1 in 16HBE cells (Figures S2A–S2C). These results suggested

that HMGB1 was not the reason affecting RNF125 expression, and there were other factors involved.

Overexpression of Rnf125 alleviated lung function, inflammatory cell infiltration, and mucus

hypersecretion in vivo

To investigate the function of RNF125 in asthma, we overexpressed Rnf125 in the bronchial epithelium in

mice of day 7 group by adeno-associated virus (AAV). OVA-treated asthma mice model was established as

follows: the mice were first sensitized with a mixture of OVA and aluminum hydroxide by intraperitoneal

injection, and then challenged with OVA by aerosol inhalation. Challenge means airway stimulated by

OVA and that triggers a cascade of reactions. The expression of RNF125 in lung tissues was significantly

higher after infection with Rnf125 AAV (Figures 3A and S3A). Meanwhile, immunohistochemistry results

showed that RNF125 was significantly upregulated in the bronchial epithelium of mice infected with

Rnf125 AAV (Figures 3C and S3B). Besides the airway epithelium, overexpression of Rnf125 delivered by

adeno-associated Rnf125 increased the expression of airway smooth muscle and alveoli (Figure S3M).

These results indicated that we have successfully overexpressed Rnf125 in lung tissues. On this basis, we

conducted a series of asthma-related experiments. Lung function analysis revealed that the specific airway

resistance (sRaw) of the OVA-treated mice was higher than that of the control group, whereas that of the

RNF125 group was significantly lower than that of the OVA-treated mice but higher than that of the control

group (Figure 3B). HE staining showedmore infiltration of inflammatory cells around the airway in the OVA-

treated mice. After Rnf125 overexpression, inflammatory cell infiltration was significantly reduced. The con-

trol group showed almost no inflammatory cell infiltration (Figures 3E and S3C). PAS staining of the lungs

demonstrated that the epithelial cells of the OVA-treated mice produced more mucus than the control

group, whereas the RNF125 group showed less mucus hypersecretion than the OVA-treated mice but

was still higher than that in the control group (Figures 3F and S3D).Total and differential leukocyte counts

in bronchoalveolar lavage fluid (BALF) showed that the numbers of total leukocytes, eosinophils,

Figure 2. Hypermethylation of Rnf125 reduces its expression in asthmatic bronchial epithelial cells

(A) CpG island (blue box) was identified by the UCSC database, core promotor (orange box) was marked out around

about 100 bp above and below the TSS, 1s (green box) contains 6 CG sites, 2s (purple box) contains 18 CG sites.

(B) Cytokeratin protein expression in primary mice epithelial cells detected by immunofluorescence. The length of the

scale is 10 mm.

(C) Percentage of methylation of CG sites in 1s in OVA-treated and control mice detected by pyrosequencing.

(D) Percentage of methylation of CG sites in 2s in OVA-treated and control mice detected by pyrosequencing.

(E and F) The expression of RNF125 in bronchial epithelial cells detected using immunohistochemistry in different groups.

The length of the scale is 100 mm.

(G and H) RNF125 expression levels in lung tissues after Rnf125 overexpression in bronchial epithelial cells detected using

western blotting in different groups. Decitabine group received intraperitoneal injections of 1.5 mg/kg of decitabine 1 h

before OVA inhalation.

Detailed methods of OVA-treated asthma mice model were shown in the method. Statistical analysis—one-way ANOVA.

Values are expressed as meanG standard deviation (n = 6, *p < 0.05, **p < 0.01, ***p < 0.001, compared with the control

group; #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the OVA-treated mice).

ll
OPEN ACCESS

iScience 26, 107503, August 18, 2023 5

iScience
Article



A B

C D

FE

G

H I J K L

Figure 3. Overexpression of Rnf125 relieves asthma symptoms and alleviates autophagy, oxidative stress, and protect epithelial barrier in vivo

The 18 mice were divided into 3 groups: control mice (n = 6), OVA-treatedmice (n = 6), and Rnf125-treated mice (n = 6). Two weeks before sensitization, mice

were intratracheally administered 70 mL of mouse AAV6 (control AAV6 for control mice and OVA-treated mice or Rnf125 overexpression AAV6 for Rnf125-

treatedmice). On days 15, 22, and 29, mice were sensitized with 200 mL sensitization liquid (for OVA-treatedmice and Rnf125-treated mice), containing 50 mg

ovalbumin and 1 mg AL(OH)3 intraperitoneally or PBS (for control mice), on days 36–42, the mice were challenged with 2% OVA (for OVA-treated mice and

Rnf125-treated mice) or PBS (for control mice) inhalation for 30 min.

(A) RNF125 expression levels in lung tissues after Rnf125 overexpression in bronchial epithelial cells in vivo.
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neutrophils, lymphocytes, and macrophages in the OVA-treated mice were significantly higher than those

in the control group. Rnf125 overexpression reduced the numbers of total leukocytes, eosinophils, and lym-

phocytes, compared to those in the OVA-treated mice, but the numbers were still higher than those in the

control group (Figure 3G). These findings suggested that Rnf125 overexpression in vivo attenuated lung

function, airway inflammation, and mucus hypersecretion.

Overexpression of Rnf125 alleviated autophagy, oxidative stress, and protected airway

epithelial barrier in vivo

Autophagy is a key cellular process, which helps maintain cellular homeostasis. There is growing evidence

that autophagy is overactivated in asthma, especially in airway epithelium of asthma patients and asthma

mice4,23 and lung tissues in asthma mice,5 which contribute to its pathogenesis. Meanwhile, autophagy in-

hibitors, 3-methyladenine and chloroquine, have been shown to reduce asthma symptoms.24,25 Therefore,

we focused on autophagy. We evaluated the effect of RNF125 on autophagy in vivo. Western blotting re-

sults showed that the BECLIN1 and LC3 II/I protein expression levels were increased markedly in the lung

tissues of OVA-treated mice, whereas p62 protein expression levels were decreased in the OVA-treated

mice compared to those in the control group. These data suggested autophagy was over-activated in

the OVA-treated mice, which was widely accepted. Rnf125 overexpression in OVA-treated mice increased

the expression of Flag and p62 and reduced the expression of BECLIN1, and LC3 II/I in the lung tissues

(Figures 3H and S3E–S3H), demonstrating that RNF125 alleviated autophagy in vivo.

Meanwhile, excessive autophagy induces oxidative stress, which is a cardinal characteristic of asthma.7,26

Oxidative stress refers to the situation in which the capacity of oxidation in the body exceeds that of anti-

oxidation. Oxidative stress is over-activated in the lung tissue of asthmatic mice and asthmatic patients,

and inhibition of oxidative stress can help in the treatment of asthma.27 Then we tried to detect changes

in oxidative stress. To investigate the role of RNF125 in oxidative stress, we measured MDA, SOD, and

GSH levels in the lung tissues. MDA levels were elevated in the OVA-treated mice, whereas SOD and

GSH levels were lower in the OVA-treated mice compared to those in the control group. Overexpression

of Rnf125 significantly reduced MDA levels and increased SOD and GSH levels compared to those in the

OVA-treated mice (Figures 3J‒3L).

Meanwhile, we identified the role of RNF125 on HMGB1. Western blotting and histochemistry results

showed that the HMGB1 protein expression levels were increased markedly in the lung tissues of OVA-

treated mice and overexpression of Rnf125 in vivo decreased the expression of HMGB1 in lung tissues

(Figures 3D, 3I, and S3I). To identify the function of RNF125 in epithelial barrier, we detected the epithelial

barrier related protein ZO-1, OCCLUDIN, and CLAUDIN 1 in lung tissues. The expression of ZO-1,

OCCLUDIN, and CLAUDIN 1 were decreased in the lung tissues of OVA-treated mice compared to those

in the control group. Overexpression of Rnf125 significantly increased all these three proteins compared to

those in the OVA-treated mice (Figures 3I and S3J–S3L). Taken together, these data indicated that RNF125

reduced oxidative stress, autophagy, and enhanced epithelial barrier function in vivo.

Overexpression of RNF125 reduced autophagy, oxidative stress, and protected epithelial

barrier function in vitro

To further confirm the conclusions obtained from in vivo experiments, we transfected bronchial epithelial

cells 16HBE with a Flag-RNF125 overexpression plasmid. After transfection, the expression of RNF125

Figure 3. Continued

(B) The specific airway resistance (sRaw) in mice after Rnf125 overexpression in bronchial epithelial cells in vivo.

(C) The expression of RNF125 in bronchial epithelial cells detected using immunohistochemistry in different groups (Large magnification). The length of the

scale is 50 mm.

(D) The expression of HMGB1 in bronchial epithelial cells detected using immunohistochemistry in different groups. The length of the scale is 100 mm.

(E) Hematoxylin and eosin staining of lung tissues in different groups. The length of the scale is 100 mm.

(F) Periodic acid-Schiff staining of lung tissues in different groups. The length of the scale is 100 mm.

(G) Total and differential leukocyte counts in bronchial alveolar lavage fluid in different groups.

(H) Protein expression levels of Flag, BECLIN1, p62, and LC3 after RNF125 overexpression in vivo.

(I) Protein expression levels of HMGB1, ZO-1, OCCLUDIN, and CLAUDIN 1 after Rnf125 overexpression in vivo.

(J–L) MDA content; (K) GSH content; and (L) SOD activity of lung tissues after overexpression of Rnf125 in vivo.

Statistical analysis—one-way ANOVA. Values are expressed as mean G standard deviation (n = 6, *p < 0.05, **p < 0.01, ***p < 0.001, compared with the

OVA-treated mice).
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Figure 4. RNF125 inhibits autophagy, oxidative stress, and protect epithelial barrier function in vitro

(A) Relative mRNA expression of RNF125 in 16HBE cells after transfection with RNF125 overexpression plasmid.

(B) Protein expression levels of RNF125 after overexpression of RNF125.

(C) Ultrastructure in 16HBE cells after transfection with RNF125 overexpression plasmid. The black box represents higher magnification. Arrows represent

autophagosomes. The length of the scale is 2 mm for lower magnification and 1 mm for higher magnification.

(D) Protein expression levels of BECLIN1, p62, and LC3 after overexpression of RNF125.

(E) Protein expression levels of ZO-1, OCCLUDIN, and CLAUDIN 1 after overexpression of RNF125.

(F and G) ROS detection using fluorescence microscopy and microplate reader after overexpression of RNF125. The length of the scale is 100 mm.
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mRNA and RNF125 protein extremely increased compared to those in the control group (Figures 4A, 4B,

and S4A), indicating that RNF125 was successfully overexpressed. We then measured alterations in auto-

phagy after RNF125 overexpression in vitro. Western blotting analysis of autophagy-related proteins

showed RNF125 overexpression reduced the autophagy levels. Overexpression of RNF125 decreased

the protein expression of BECLIN1, and LC3 II/I and increased the protein expression of p62 (Figures 4D

and S4B–S4D). Transmission electron microscopic analysis revealed that RNF125 overexpression reduced

autophagosome formation in 16HBE cells (Figure 4C).

Moreover, we detected alterations in oxidative stress after RNF125 overexpression in vitro. Fluorescence

microscopy and microplate reader analyses demonstrated that RNF125 overexpression reduced ROS

levels in 16HBE cells (Figures 4F and 4G). MDA, GSH, and SOD kit analyses revealed that RNF125 overex-

pression significantly reduced MDA levels but resulted in elevated GSH and SOD levels (Figures 4H‒4J).
Then we measured alterations in epithelial barrier related proteins after RNF125 overexpression in vitro.

Overexpression of RNF125 increased the protein expression of ZO-1, OCCLUDIN, and CLAUDIN 1

(Figures 4E and S4E–S4G). Overall, these data suggested that RNF125 overexpression decreased auto-

phagy and oxidative stress and increased the epithelial barrier function in 16HBE cells.

Knockdown of RNF125 aggravated autophagy, oxidative stress, and impaired epithelial

barrier function in vitro

To further verify the results drawn from RNF125 overexpression, we transfected 16HBE cells with RNF125-

siRNA. After transfection, qPCR results showed that themRNA expression of RNF125 in the RNF125-si1 and

RNF125-si2 groups was reduced by more than 80% compared with the control group (Figure 4K). Western

blotting results showed that the protein expression of RNF125 decreased in the RNF125-si1 and RNF125-

si2 groups compared to that in the control group (Figures 4L and S4H), suggesting that the knockdown of

RNF125 was successful. Next, we evaluated alterations in autophagy after RNF125 silencing in vitro. West-

ern blotting results demonstrated that silencing RNF125 increased protein levels of LC3 II/I and decreased

protein levels of p62 (Figures 4P and S4I‒S4K). Knockdown of RNF125 in 16HBE slightly increased the

expression of BECLIN1 (The increase was small but statistically significant). Compared to the Si-NC group,

more autophagosomes were observed in the RNF125-si1 and RNF125-si2 groups, as detected by transmis-

sion electron microscopy (Figure 4M). In addition, we measured alterations in oxidative stress after RNF125

silencing in vitro. Knockdown of RNF125 significantly increased ROS levels, as detected by fluorescence

microscopy and a microplate reader (Figures 4N and 4O). We also measured MDA, GSH, and SOD levels.

Compared to the Si-NC group, there were higher MDA levels and lower GSH and SOD levels in the

RNF125-si1 and RNF125-si2 groups (Figures 4R‒4T). Moreover, we measured alterations in epithelial bar-

rier related proteins after RNF125 silencing in vitro. Knockdown of RNF125 significantly decreased ZO-1,

OCCLUDIN, and CLAUDIN 1 protein expression (Figures 4Q and S4L–S4N). Taken together, these data

indicated that RNF125 silencing increased autophagy, oxidative stress, and decreased epithelial barrier

function in vitro.

RNF125 interacted with HMGB1 via its HMG B box domain mainly in nucleus in vitro

To explore the mechanism of RNF125 reducing autophagy and oxidative stress, we overexpressed RNF125

in bronchial epithelial cells 16HBE, performed immunoprecipitation (IP) experiments, and detected

the RNF125 binding protein using mass spectrometry sequencing. Among the interacting protein of

Figure 4. Continued

(H) MDA content.

(I and J) GSH content; and (J) SOD activity after overexpression of RNF125 in 16HBE cells.

(K) Relative mRNA expression of RNF125 in 16HBE cells after silencing RNF125.

(L) Protein expression levels of RNF125 after silencing RNF125.

(M) Ultrastructure in 16HBE cells after silencing RNF125. The black box represents higher magnification and arrows represent autophagosomes. The length

of the scale is 2 mm for lower magnification and 1 mm for higher magnification.

(N and O) ROS detection using fluorescence microscopy and microplate reader after RNF125 knockdown. The length of the scale is 100 mm.

(P) Protein expression levels of BECLIN1, p62, and LC3 after RNF125 knockdown. (Q) Protein expression levels of ZO-1, OCCLUDIN, and CLAUDIN 1 after

RNF125 knockdown.

(R) MDA content.

(S and T) GSH content; and (T) SOD activity after knockdown of RNF125 in 16HBE cells.

Statistical analysis—t test (A, G, H, I, and J), one-way ANOVA (K, O, R, S, and T). Values are expressed as mean G standard deviation (n = 3, *p < 0.05,

**p < 0.01, ***p < 0.001, compared with the control group).
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RNF125, we found the RNF125 itself was in the detection results of mass spectrometry, which increased the

reliability of the results to some extent. Beyond that, however, we did not detect proteins that were known

to bind to RNF125. The top 20 biological process, cellular component, and molecular function terms of the

RNF125-interacting proteins identified by IP-Mass are shown in Figures S5A‒S5C, which suggests that

these proteins were associated with various cellular progresses, biological regulations, and bindings.

Meanwhile, the substrate of RNF125 was also analyzed using the bioinformatics database UbiBrowser.28

By intersection of substrates obtained from UbiBrowser and proteins obtained from IP-Mass, a total of

13 proteins were obtained, namely ARHGDIA, DDX17, DDX21, DDX46, DDX3X, DHX9, HMGB1, PCNA,

PRKAR2A, SERPINH1, SERPINB12, SNRNP200, SSRP1 (Figure 5A). Of these, only SERPINH1, PCNA, and

HMGB1 have been reported to be associated with asthma. Among them, HMGB1 is the most widely stud-

ied and has been reported to be highly expressed and play an important role in asthma. Therefore, we

chose HMGB1 as the downstream molecule of RNF125 for the study. HMGB1 ranked 138 among all inter-

acting protein of RNF125 (a total 538 proteins) detected by IP-Mass. Therefore, we chose HMGB1 as the

downstream molecule of RNF125 for the study, which was not reported before. First, we explored whether

RNF125 could bind HMGB1. Co-immunoprecipitation (Co-IP) results demonstrated that RNF125 could

interact with HMGB1 (Figures 5B and 5C). Immunofluorescence experiments showed that RNF125 was ex-

pressed in both nucleus and cytoplasm, while HMGB1 was expressed in nucleus. The Merge image result

showed that RNF125 and HMGB1 co-located in the nucleus, suggesting that the two may bind to each

other (Figure 5D). To confirm whether RNF125 binds to HMGB1 in the nucleus or cytoplasm, we extracted

nucleoprotein and cytoplasmic protein, respectively, for IP experiment. Co-IP results demonstrated that

RNF125 could interact with HMGB1 in the nucleus (Figure 5E). Due to low expression of HMGB1 in the cyto-

plasm of normal state, we used LPS to stimulate the aggregation of HMGB1 in the cytoplasm. Co-IP results

demonstrated that RNF125 could not interact with HMGB1 in cytoplasm (Figure 5F). To identify which

domain of HMGB1 interacted with RNF125, HMGB1 was divided into three domains: HMG A box, HMG

B box, and acidic tail domains (Figure 5G). Co-IP was performed to analyze the interaction between full-

length Myc-tagged HMGB1 or various Myc-HMGB1 truncated mutants and RNF125. The results demon-

strated that RNF125 mainly interacted with the HMG B-box domain of HMGB1 (Figure 5H). Thus, these

data indicated that RNF125 interacted with HMGB1 through the HMG B-box domain mainly in the nucleus.

RNF125 reduced HMGB1 expression in vitro

To clarify the regulatory relationship between RNF125 and HMGB1, HMGB1 protein expression was de-

tected in 16HBE cells after overexpression and knockdown of RNF125. First, the cells were transfected

with the RNF125 overexpression plasmid in a gradient. As RNF125 expression increased, HMGB1 expres-

sion gradually decreased (Figures 5I, S6A, and S6B). Then, cells were transfected with RNF125 siRNA.

Compared with those in the Si-NC group, there was a lower expression of RNF125 and higher expression

of HMGB1 in the RNF125-si1 and RNF125-si2 groups (Figures 5J, S6C, and S6D). These results suggested

that RNF125 reduced the expression of HMGB1 in vitro. Then we detected the difference of mRNA level

expression of HMGB1 between the control group and the RNF125 knockdown group in vitro. We found

that the mRNA level of HMGB1 did not change after knockdown of RNF125 in 16HBE cells (Figure 5K).

These results suggested that RNF125 did not affect the transcription level of HMGB1, and reduced the

HMGB1 protein expression, which may due to ubiquitination modification.

RNF125 reduced HMGB1 expression through the ubiquitin proteasome pathway

To explore whether RNF125 reduced HMGB1 protein levels by enhancing HMGB1 proteasome degrada-

tion, 16HBE cells were treated with the protein synthesis inhibitor cycloheximide (CHX) or a proteasome

pathway inhibitor MG132 in a time-gradient manner after overexpression or knockdown of RNF125. First,

we measured the protein degradation rate after overexpression and silencing of RNF125. With the exten-

sion of CHX use, the expression of HMGB1 in the control group, RNF125 overexpression group, and

RNF125 silencing group gradually decreased. Compared to the control group, the expression of

HMGB1 decreased more rapidly in the RNF125 overexpression group (Figures 6A and 6E). Expression

levels of HMGB1 in the RNF125-si1 and RNF125-si2 groups decreased slower than that in the control group

(Figures 6B and 6F). These results indicated that RNF125 increased the rate of HMGB1 protein

degradation.

Next, we explored the role of the proteasome degradation pathway in RNF125-induced reduction of

HMGB1. The expression of HMGB1 in the control, RNF125 overexpression, and RNF125 silencing groups

increased gradually in a time-dependent manner. The increased speed and proportion of the expression of
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Figure 5. RNF125 interacts with HMGB1 via the HMG B-box domain mainly in nucleus, and reduces HMGB1

expression in vitro

(A) Venn diagram of the intersection of molecules obtained by IP combined with mass spectrometry and RNF125

substrates predicted by UbiBrowser.

(B) HMGB1 co-immunoprecipitated with RNF125.

(C) Flag-RNF125 co-immunoprecipitated with HMGB1.

(D) The immunofluorescence double staining co-localization of RNF125 and HMGB1 in 16HBE cells. Red represents

RNF125, green represents HMGB1, blue represents the nucleus. The length of the scale is 50 mm.

(E) HMGB1 co-immunoprecipitated with RNF125 in the nucleus.

(F) HMGB1 co-immunoprecipitated with RNF125 in cytoplasm after LPS (2 mg/mL, 16h) stimulation.

(G) Schematic representation of HMGB1 functional domains.

(H) Full length Myc-tagged HMGB1 or various Myc-HMGB1 truncated mutants co-immunoprecipitated with RNF125.

(I) Protein expression levels of Flag and HMGB1 after transfection with Flag-RNF125 overexpression plasmid in a gradient.

(J) Protein expression levels of RNF125 and HMGB1 after transfection with RNF125-si1 and RNF125-si2.

(K) Relative mRNA expression of HMGB1 in 16HBE cells after silencing RNF125.

Statistical analysis—one-way ANOVA. Values are expressed as mean G standard deviation (n = 3).
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HMGB1 in the control group were lower than in the RNF125 overexpression group (Figures 6C and 6G).

However, the increased speed and proportion of the expression of HMGB1 in the control group were

greater than in the RNF125 siRNA group (Figures 6D and 6H). These data indicated that MG132 could

reverse the effects of RNF125 on the expression of HMGB1.

RNF125 degraded HMGB1 dependent on polyubiquitination partially via the K150 site

in vitro

To identify whether RNF125-induced degradation of HMGB1 was dependent on polyubiquitination, we de-

tected the ubiquitination level of HMGB1 after transfection with RNF125 overexpression wild-type plasmid,

RNF125 siRNA, and RNF125 overexpression point mutant plasmid (C72, 75A). Studies have shown that the

C72, 75A mutations of RNF125 lacks its E3 ligase activity.16,17 First, 16HBE cells were transfected with Flag-

tagged RNF125 and HA-tagged ubiquitin in the presence of the proteasome pathway inhibitor MG132. Af-

ter RNF125 overexpression, the ubiquitination level of HMGB1 was significantly increased (Figure 6I). The

cells were then transfected with RNF125 siRNA and HA-tagged ubiquitin under MG132. Compared with

those of the control group, the ubiquitination levels of HMGB1 were decreased in the RNF125 knockdown

group (Figure 6J). Moreover, Flag-tagged point mutant RNF125 was also transfected into cells, and Co-IP

results demonstrated that the ubiquitination level in the point mutant RNF125 group, which lose the func-

tion of ubiquitination, was remarkably decreased compared to Flag-tagged wild-type RNF125 (Figure 6K).

To clarify the specific sites of HMGB1 ubiquitination, we performed IP experiment to enrich HMGB1 pro-

tein, and then the sample was electrophoresed using SDS-PAGE, stained by Coomassie Brilliant Blue, and

sent to carry out mass spectrometry for ubiquitination sequencing. As shown in Figures 6L and 6M, two

sites, K30 and K150, of HMGB1 may be modified by ubiquitination. To identify the sequencing results,

we constructed two mutant plasmids, including K30R (K-R) and K150R (K-R). The wild-type plasmid and

two mutant plasmids were overexpressed in vitro. Co-IP results showed that overexpression of the K30R

mutant plasmid did not affect the ubiquitination of HMGB1 and overexpression of the K150R mutant

plasmid significantly decreased the ubiquitination of HMGB1 compared with the wild type group. It is

an important site of HMGB1 for its ubiquitination. In addition, overexpression of RNF125 partially increased

the ubiquitination of HMGB1 when K150R mutant plasmid overexpression at the same time. This suggests

that RNF125 can affect HMGB1 ubiquitination through K150, but theremay be other modification sites (Fig-

ure 6N). Therefore, these results indicated that RNF125 reduced the expression of HMGB1 in a poly-

ubiquitination-dependent manner partially through the K150 site.

The protection of autophagy-induced oxidative stress by RNF125 overexpression was

partially reversed by the overexpression of HMGB1 in vitro

To explore whether the HMGB1 played a role in the mechanism by which RNF125 protection autophagy

and oxidative stress, we overexpressed HMGB1 and RNF125 in 16HBE cells simultaneously. Firstly, we

measured autophagy alterations in vitro. Transmission electron microscopic results revealed that

Figure 6. RNF125 degraded HMGB1 dependent on polyubiquitination partially via the K150 site in vitro

(A and E) RNF125 was overexpressed to evaluate the effect of RNF125 on HMGB1 expression after CHX treatment at

various times. The change rate of HMGB1 (compared with 0 h) was compared with the control group.

(B and F) RNF125 was silenced to evaluate the effect of RNF125 on HMGB1 expression after CHX treatment at various

times. The change rate of HMGB1 (compared with 0 h) was compared with the control group.

(C and G) RNF125 was overexpressed to evaluate the effect of RNF125 on HMGB1 expression after MG132 treatment at

various times. The change rate of HMGB1 (compared with 0 h) was compared with the control group.

(D and H) RNF125 was silenced to evaluate the effect of RNF125 on HMGB1 expression after MG132 treatment at various

times. The change rate of HMGB1 (compared with 0 h) was compared with the control group.

(I) HMGB1 was purified using IP, and ubiquitination levels of HMGB1 were detected using anti-HA antibodies after

transfection with Flag-RNF125 and HA-Ub and treatment with MG132.

(J) Ubiquitination levels of HMGB1 were detected after knockdown of RNF125.

(K) Ubiquitination levels of HMGB1 were detected after transfection with RNF125 wild type plasmid or RNF125 point

mutant plasmid (C72, 75A, lack of ubiquitination function).

(L and M) HMGB1 was purified using IP, and then mass spectrometry was carried out, K30 (L), and K150 (M) may be

ubiquitinated.

(N) Flag-RNF125, Myc-HMGB1-WT, Myc-HMGB1-K30R, Myc-HMGB1-K150R were co-expressed and treated with MG132

and Myc-HMGB1 purification was carried out by IP. Ubiquitination levels of HMGB1 were assessed with anti-Ub

antibodies.

Statistical analysis—t test (E and G), one-way ANOVA (F and H). Values are expressed as mean G standard deviation (n =

3, *p < 0.05, **p < 0.01).
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Figure 7. Overexpression of HMGB1 can partially reverse the inhibition of autophagy-induced oxidative stress

caused by RNF125 overexpression in vitro

(A) Ultrastructure in 16HBE cells after overexpression of RNF125 and HMGB1. The black box represents higher

magnification, and arrows represent autophagosomes. The length of the scale is 2 mm for lower magnification and 1 mm

for higher magnification.

(B–G) Protein expression levels of Myc, Flag, BECLIN1, p62, and LC3 after overexpression of RNF125 and HMGB1.

(H–I) ROS detection using fluorescencemicroscopy andmicroplate reader after overexpression of RNF125 andHMGB1 or

BECN1. The length of the scale is 50 mm.

(J) MDA content.
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overexpression of RNF125 reduced the number of autophagosome in 16HBE cells. However, overexpres-

sion of HMGB1 during the RNF125 overexpression partially reversed the effect of RNF125 on the autopha-

gosome formation (Figure 7A). Meanwhile, we detected the autophagy-related protein in vitro. As shown in

the Figures 7B‒7G, the expression of Myc was significantly increased after Myc-HMGB1 transfected, and

the expression of Flag was significantly increased after Flag-RNF125 transfected. Overexpression of

RNF125 resulted in decreased BECLIN1 and LC3 II/I expression and increased p62 expression. Overexpres-

sion of HMGB1 during overexpression of RNF125 partially reversed the effect of RNF125 on the expression

of BECLIN1, LC3 II/I, and p62. Next, we measured the oxidative stress alterations after overexpression of

RNF125 and HMGB1 at the same time. RNF125 overexpression significantly reduced ROS and MDA levels

and increased GSH and SOD levels. Overexpression of RNF125 and HMGB1 increased the ROS and MDA

levels and decreased the GSH and SOD levels compared to those in the RNF125 overexpression group.

However, compared to the control group, the ROS andMDA levels were still lower andGSH and SOD levels

were still higher in the RNF125 and HMGB1 overexpression group (Figures 7H‒7L). These results sug-

gested that overexpression of RNF125 alleviated autophagy and oxidative stress through HMGB1.

Moreover, to explore whether autophagy played a role in the mechanism by which RNF125 protection

oxidative stress, we overexpressed BECN1 and RNF125 in 16HBE cells simultaneously. Firstly, BECN1

plasmid was transfected into 16HBE cells, and it was found that BECLIN1 protein expression was signifi-

cantly increased after BECN1 overexpression (Figures S7A and S7B). Meanwhile, compared with the con-

trol group, BECN1 overexpression could increase the autophagy level of cells (Figure S7C). Then, as shown

in the Figures 7H‒7L, overexpression of BECN1 and RNF125 increased the ROS and MDA levels and

decreased the SOD levels compared to the RNF125 overexpression group. However, the GSH levels

were seem to be lower in the overexpression of BECN1 and RNF125 groups compared to the RNF125 over-

expression group they were not statistically significant. These results indicated that autophagy could

partially reverse the protection of oxidative stress caused by overexpression of RNF125.

DISCUSSION

Asthma is a common chronic airway disease. Currently, approximately 360 million people suffer from

asthma.29 The prevalence of adult asthma in China is 4.2%, and the total number of patients is as high

as 45.7 million.30 Asthma has become an important public health problem, seriously threatening the phys-

ical and mental health of patients, and causing a huge social and economic burden. Therefore, there is an

urgent need to explore the possible pathogenesis of asthma to develop more effective treatments.

Ubiquitination is a post-translational modification process in which a substrate molecule covalently binds

to one or more ubiquitin molecules via a series of ubiquitination enzymes. E3 ubiquitin ligase is an impor-

tant enzyme in ubiquitin modification that can specifically recognize substrates and mediate ubiquitin

transfer to substrates. Ubiquitin-labeled proteins are recognized and degraded by proteasomes.31 In

asthma, ubiquitin modification plays an important role, and several E3 ubiquitin ligases reportedly affect

disease progression.32–34 RNF125 is a RING-type E3 ubiquitin ligase. In recent years, RNF125 has been

found to play an important role in several diseases, including Japanese encephalitis,20 AIDS,35 overgrowth

syndrome,36 and cancers.37,38 However, the expression and function of RNF125 in asthma remains unclear.

Therefore, we established a classical mouse model of asthma induced by OVA, and collected samples of

patients with asthma.Western blotting showed that RNF125 was downregulated in the lung tissues of OVA-

treated mice, and lung tissues of patients with asthma. Immunohistochemical localization and semi-quan-

titative results showed low expression of RNF125 in the bronchial epithelial cells of OVA-treated mice and

patients (Figure 1). These results suggested that RNF125 may be involved in the pathogenesis of asthma,

and its downregulation in bronchial epithelial cells in asthma may affect its function.

Hypermethylation of DNA core promoter regions is often the cause of low protein expression.39 DNA

methylation generally occurs at the CpG sites. Using UCSC database, we found a CpG island in the pro-

moter region of Rnf125. However, up to now, no studies have reported the methylation of Rnf125. We es-

tablished an asthma mouse model and extracted primary airway epithelial cells of OVA-treated mice. The

Figure 7. Continued

(K) GSH content.

(L) SOD activity after overexpression of RNF125 and HMGB1 or BECN1 in 16HBE cells.

Statistical analysis—one-way ANOVA. Values are expressed asmeanG standard deviation (n = 3, **p < 0.01, ***p < 0.001,

compared with the control group; #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the Flag-RNF125 group).
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methylation level of Rnf125 in airway epithelial cells of OVA-treated mice was significantly higher than that

in the control group by pyrosequencing. Next, hypomethylating agent, decitabine, treatment in vivo

increased the expression of RNF125 in lung tissues and bronchial epithelium (Figure 2). Therefore, hyper-

methylation of Rnf125was an important reason for its low expression in the asthmatic airway epithelial cells.

Then we tried to find the mechanisms that lead to RNF125 hypermethylation in asthma. We first focused on

the HMGB1 protein. It has been reported that HMGB1 binding to CpG islands of promoter induces methyl-

ation.22 However, overexpression of HMGB1 in 16HBE cells did not change the expression of RNF125, indi-

cating that HMGB1 was not a factor affecting the methylation of RNF125. Therefore, we discussed the

possible causes of RNF125 hypermethylation to provide some hints for future experiments. Methylation

is a reversible enzymatic reaction. DNA methyltransferase and DNA methylation binding proteins are

essential for methylation. DNAmethyltransferase includes DNMT1, DNMT2, DNMT3a, and DNMT3b, cata-

lyzing the methylation process.40 DNA methylation binding proteins (including MeCP2, MBD1, 2, 3, 4)

recognize methylation sites and inhibit transcription.41 The DNA demethylation process, which includes

base excision repair and nucleotide excision repair and so on,42 antagonizes the DNAmethylation process.

Therefore, an imbalance in any of these three aspects (DNA methyltransferase, DNA methylation binding

protein, and demethylation pathway) may result in hypermethylation of RNF125.

To investigate the role of RNF125 in asthma, Rnf125 was overexpressed in the lung tissues of mice by ad-

eno-associated viruses. We found that Rnf125 overexpression significantly alleviated airway hyperrespon-

siveness and reduced airway inflammation and mucus hypersecretion in vivo (Figures 3A–3G). These data

indicated that RNF125 was an anti-asthmatic molecule.

Autophagy in bronchial epithelial cells is an important characteristic of asthma. It has been reported that

the LC3 II/LC3 I ratio in the lung tissues,43 and the number of autophagosomes in bronchial epithelial cells

significantly increase in the asthma group compared to those in the control group.4 After intraperitoneal

injection of the autophagy inhibitor 3-MA or bronchial epithelial knockdown of ATG5 in asthma mice,

airway inflammation and airway hyperresponsiveness are significantly improved.6 However, the association

between RNF125 and autophagy has not yet been reported. Alterations in autophagy were detected in the

present study. We found that Rnf125 overexpression in lung tissues inhibited autophagy in vivo (Figure 3H).

Similar conclusions were drawn in vitro. Overexpression of RNF125 in 16HBE cells reduced the protein

expression levels of BECLIN1, downregulated the LC3 II/LC3 I ratio, increased p62 expression, and

reduced the number of autophagosomes (Figures 4C and 4D). Knockdown of RNF125 increased

BECLIN1 protein expression levels, upregulated the LC3 II/LC3 I ratio, decreased p62 expression, and

increased the number of autophagosomes (Figures 4M and 4P). These results suggested that RNF125 in-

hibited autophagy in asthma.

Over-activated autophagy in asthma is often accompanied by excessive oxidative stress, which is an impor-

tant factor influencing the occurrence and development of the disease. Studies have shown that the pro-

duction of MDA in lung tissues in asthma animal models is significantly higher than that in the control

group, and GSH and SOD were lower in lung tissues of the asthma group.44 Natural antioxidants have

been reported to alleviate the progression of asthma by inhibiting oxidative stress.45,46 In asthma, auto-

phagy reportedly induces oxidative stress. ATG5 knockdown inhibits oxidative stress in bronchial epithelial

cells.26 However, the relationship between RNF125 and oxidative stress remains unclear. Our study found

that overexpression of Rnf125 in lung tissues relieved oxidative stress in OVA-treated mice (Figures 3J–3L).

Consistent with this, RNF125 overexpression significantly attenuated oxidative stress in vitro, whereas

RNF125 knockdown aggravated oxidative stress (Figures 4F–4J, 4N–4O, and 4R–4T). Thus, RNF125 pro-

tected against oxidative stress in asthma and may be an important target for asthma treatment.

Airway epithelium is the first barrier of the body to resist the harmful stimulation of the internal and external

environment of the airway. The impaired airway epithelial barrier function is an important pathological

feature of asthma.2 ZO-1, OCCLUDIN, and CLAUDIN 1 are tight-junction proteins, maintaining the barrier

function of the epithelium. These proteins are all decreased in asthmatic lung tissues and airway epithe-

lium.47–50 Oxidative stress is one of the important causes of airway barrier damage. Hydrogen peroxide,

an inducer of oxidative stress, is reported to decrease the expression of ZO-1, OCCLUDIN, and

CLAUDIN 1.51 NAC, a ROS scavenger, can block the epithelial barrier dysfunction.52,53 Therefore, oxidative

stress is closely related to airway barrier function. We have found that RNF125 inhibited oxidative stress, so
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we speculated whether RNF125 could therefore affect the barrier function of airway epithelium. We

demonstrated that overexpression of Rnf125/RNF125 increases the expression of barrier related proteins

in vivo and in vitro studies, while silencing RNF125 decrease their expression in vitro. Thus, RNF125 could

protect the barrier of airway epithelium.

Based on the bioinformatics database, IP-Mass results, and related literature, HMGB1 was identified as a

potential substrate of RNF125. HMGB1, believed to be a pro-asthmatic molecule, is a highly conserved nu-

clear protein widely distributed inmammalian cells. Studies have shown that HMGB1 expression in sputum,

plasma, bronchial epithelial cells of asthma patients, and bronchial epithelial cells of asthma mice is signif-

icantly higher than those in the control groups were.12,54 After anti-HMGB1 treatment in asthma mice, the

infiltration of airway inflammatory cells and mucus secretion by epithelial cells are significantly alleviated,

and these symptoms are significantly aggravated by the bronchial administration of HMGB1 recombinant

protein.55 Therefore, we performed experiments to explore the association between E3 ubiquitin ligase

RNF125 and HMGB1. Using Co-IP experiments, we confirmed that RNF125 directly bound to HMGB1

in vitro (Figures 5A–5C). Immunofluorescence and Co-ip experiments showed that RNF125 and HMGB1 in-

teractedmainly in the nucleus (Figures 5D–5H). Next, we explored some details of the binding of RNF125 to

HMGB1. Firstly, it was further proved that RNF125 interaction with HMGB1 was dependent on its HMG

B-box domain. Studies have shown that HMGB1 can be expressed in both the nucleus and cytoplasm,

which is important for its function. Therefore, secondly, we explored whether the binding of RNF125 to

HMGB1 occurred in the nucleus or cytoplasm. By extracting nucleoprotein and cytoplasm protein sepa-

rately, we found that this binding mainly existed in the nucleus. At the same time, we explored the binding

of RNF125 to HMGB1 in asthma. Based on the aforementioned, we confirmed that RNF125 bound to

HMGB1 through its B box domain mainly in the nucleus. Then, we explored the regulatory relationship be-

tween RNF125 and HMGB1. We found that overexpression of RNF125 decreased HMGB1 protein expres-

sion, whereas knockdown of RNF125 increased HMGB1 protein expression (Figures 5I and 5J). Thus, these

results indicated that RNF125 could interact with HMGB1 mainly in the nucleus and inhibit its expression.

The ubiquitination and deubiquitination of HMGB1 are reportedly involved in the development of various

diseases. In esophageal squamous cell carcinoma, E3 ubiquitin ligase SYN1 plays an anticancer role by de-

grading the HMGB1 protein.56 In multiple myeloma, the deubiquitination enzyme USP12 deubiquitinates

HMGB1 and increase its stability, thus promoting autophagy.57 Then, we explored whether RNF125 could

ubiquitinate HMGB1. Inhibitors CHX and MG132 were used to demonstrate that RNF125 reduced HMGB1

through the ubiquitination-proteasome pathway. Furthermore, by directly detecting the ubiquitination

level of HMGB1, we demonstrated that RNF125 could ubiquitinate HMGB1. By using RNF125 point muta-

tion (ubiquitination enzyme inactivation) plasmid, we further elucidate these results. By IP-Mass and Co-IP,

we also demonstrated that a site K150 is important in HMGB1 ubiquitination by RNF125 (Figure 6). Thus,

these results suggested that RNF125 reduced HMGB1 expression through the ubiquitin proteasome

pathway partially via its K150 site, revealing a signaling pathway (RNF125/HMGB1 axis) that regulates auto-

phagy and oxidative stress in asthma.

Many studies have shown that HMGB1 is an important regulatory factor of autophagy, and that HMGB1

knockdown reduces autophagy in human bronchial epithelial cells.13 Meanwhile, HMGB1 aggravates

cellular oxidative stress, while HMGB1 siRNA transfection reduces oxidative stress.58 We demonstrated

that overexpression of HMGB1 and RNF125 simultaneously partially reversed the inhibition of autophagy

and oxidative stress caused by RNF125 overexpression. Therefore, the HMGB1 appears to be integral to

RNF125-related autophagy and oxidative stress. Then we explore whether autophagy is necessary for

RNF125 to inhibit oxidative stress. BECLIN1 is one of the most classic autophagy related proteins, and it

is widely believed that BECLIN1 can activate autophagy. At the same time, our results showed that

RNF125 could inhibit BECLIN1 expression. Thus, overexpression of BECN1 was used to induce autophagy.

We demonstrated that overexpression of BECN1 and RNF125 at the same time partially reversed the inhi-

bition of oxidative stress causedbyRNF125 overexpression (Figure 7). These results suggested that RNF125

inhibited oxidative stress partially dependent on autophagy. Therefore, based on the aforementioned, we

confirmed that RNF125 inhibited autophagy-induced oxidative stress partially dependent on HMGB1.

Overall, this study reports findings not previously reported, such as the expression and effect of RNF125 in

asthma; CpG islands in Rnf125; methylation of Rnf125; the association between RNF125 and autophagy or

oxidative stress; and the regulation and interaction of RNF125 and HMGB1.
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In this study, we found that RNF125 was downregulated in bronchial epithelial cells of OVA-treated

mice, and bronchial epithelial cells of patients with asthma, which was due to its core promoter hyper-

methylation. RNF125 interacted with HMGB1 via the HMG B-box domain mainly in the nucleus partially

via its K150 site. The downregulation of RNF125 in asthma inhibited ubiquitination of the HMGB1

protein, resulting in decreased degradation of HMGB1, increased stability, upregulated expression

of HMGB1, thereby aggravating autophagy-induced oxidative stress. Meanwhile, low expression of

RNF125 impaired bronchial epithelial barrier in asthma (graphical abstract). This study demonstrated

the expression, function, and mechanism of RNF125 in asthma. It is an in-depth study of the pathogen-

esis of asthma, and the results obtained can help us better understand its pathogenesis, find different

treatment methods, and lay a theoretical foundation to develop solutions for oxidative stress and

autophagy.

Limitations of the study

This study still has some limitations. It was difficult to collect lung tissues and bronchi from patients with

asthma, so we could only collect samples from patients undergoing surgery. Therefore, the sample size

was small, and it could only explain the problem to a certain extent. Meanwhile, due to the downregu-

lation of RNF125 in lung tissues in asthma group, we overexpressed it in vivo to explore its role.

Silencing of RNF125 is also an important pathway to investigate the role of RNF125 in vivo. However,

this was not included in our experiments. Furthermore, only one cell line, 16HBE, was used to explore

the role and mechanism of RNF125 in vitro, and the use of two or more cell lines could substantiate the

conclusion. In this study, we studied oxidative stress by overexpressing RNF125. However, overexpres-

sion of protein itself may overload the ribosome and cause stress in cells, so this is one of the limita-

tions in this study. 16HBE cell lines were used to explore the role of RNF125. However, the cell line is

immortalized and differs greatly from the primary airway epithelial cells, so the conclusions drawn in

this study may not be applicable to the primary airway epithelium, which needs further experimental

verification. Moreover, there is no cell specificity in adeno-associated viruses. RNF125 was overex-

pressed in airway epithelium, airway smooth muscle, and alveolar epithelium. Therefore, in this study,

the effect of overexpression of RNF125 on asthma may not depend solely on airway epithelium. Con-

ditional overexpression is a better choice to study the effect of RNF125 of airway epithelium in asthma.

Compared with conditional overexpression, adeno-associated virus-induced overexpression and

knockdown has its technical disadvantages. In the animal studies, female mice were selected because

they are more likely to effectively establish an asthma model. However, as male mice were not consid-

ered in the study, the applicability of our findings to them may be limited.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-LC3 Abcam Cat#ab192890; RRID: AB_2827794

Anti-BECLIN1 Abcam Cat#ab207612; RRID: AB_2692326

Anti-p62 Abcam Cat#ab109012; RRID: AB_2810880

Anti-RNF125 Abclonal Cat#A15165; RRID: AB_2762054

Anti-HA (rabbit host) Cell Signaling Technology Cat#3724; RRID: AB_1549585

Anti-Ubiquitin Cell Signaling Technology Cat#58395

Anti-HA (mouse host) GIN (Japan) Cat#GNI4110-HA

Anti-Myc (mouse host) GIN (Japan) Cat#GNI4110-MC

Anti-HMGB1 (mouse host) Novus Biologicals Cat#NBP2-27396

Anti-HMGB1 (rabbit host) Proteintech Group Cat#10829-1-AP; RRID: AB_2232989

Anti-Flag (rabbit host) Proteintech Group Cat#20543-1-AP; RRID: AB_11232216

Anti-Myc (rabbit host) Proteintech Group Cat#16286-1-AP; RRID: AB_11182162

Anti-b-actin Proteintech Group Cat#20536-1-AP; RRID: AB_10700003

Anti-ZO-1 Proteintech Group Cat#21773-1-AP; RRID: AB_10733242

Anti-OCCLUDIN Proteintech Group Cat#13409-1-AP; RRID: AB_2156308

Anti-CLAUDIN 1 Proteintech Group Cat#13050-1-AP; RRID: AB_2079881

Anti-Flag (mouse host) Sigma-Aldrich Cat#F1804; RRID: AB_262044

Chemicals, peptides, and recombinant proteins

LPS Sigma-Aldrich Cat#L2880

Ovalbumin Sigma-Aldrich Cat#A5503

DCFH-DA Sigma-Aldrich Cat#D6883

AL(OH)3 Thermo Scientific Cat#77161

RPMI-1640 medium Procell Cat#PM150110

Fetal bovine serum Bioind Cat#04-001

Pronase Solarbio Cat#P8360

DNAseI Solarbio Cat#D8071

TRIzol Reagent Takara Cat#9108

Phosphatase inhibitor Meilunbio Cat#MB12707

Phenylmethanesulfonyl fluoride Solarbio Cat#IP0280

Decitabine Selleckchem Cat#S1200

MG132 ApexBio Cat#a2585

CHX Aladdin Cat#C112766

Critical commercial assays

Wright–Giemsa stain kit Solarbio Cat#G1020

Periodic acid-Schiff kit Beyotime Cat#C0142

Malondialdehyde kit Beyotime Cat#S0131

superoxide dismutase kit Elabscinece Cat#E-BC-K020

Glutathione kit Solarbio Cat#BC1175

BCA kit Beyotime Cat#P0010

cDNA Synthesis Kit Takara Cat#RR047A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Yunxiao Shang (shangyunxiao321@163.com)

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The mass spectrometry proteomics data have been deposited to the ‘‘ProteomeXchange: http://

proteomecentral.proteomexchange.org’’ via the iProX partner repository63,64 with the dataset identifier

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SYBR PrimeScript RT-PCR Kit Takara Cat#RR820A

Genomic DNA Extraction Kit Sangon Biotech Cat#B518264

Deposited data

Mass data (RNF125 interacting protein) Beijing Protein Innovation ProteomeXchange: PXD043937; iProX: IPX0006363000

Mass data (HMGB1 ubiquitination related sites) Shanghai Applied Protein

Technology

ProteomeXchange: PXD043938; iProX: IPX0006367000

Experimental models: Cell lines

Human bronchial epithelial cell line 16HBE Xiangya School of Medicine

(Changsha, China)

Cat#HTCC23

Experimental models: Organisms/strains

Female BALB/c mice (6–7 weeks old, 17–18 g) Beijing Hfk Bioscience Co. Ltd. Cat#11002A

Oligonucleotides

Primer:human RNF125 Forward This paper 5ʹ-GTTCCTGTATTGCTACCAGTCT-3ʹ

Primer:human RNF125 Reverse This paper 5ʹ-TTCTTTTGGCTACATCAGTTGC-3ʹ

Primer:human HMGB1 Forward This paper 5ʹ-TCTTCCTCTTCTGCTCTGAGTATCG-3ʹ

Primer:human HMGB1 Reverse This paper 5ʹ-TTCGCAACATCACCAATGGACAG-3ʹ

Primer:human b-actin Forward This paper 5ʹ-CCTGGCACCCAGCACAAT-3ʹ

Primer:human b-actin Reverse This paper 5ʹ-GGGCCGGACTCGTCATAC-3ʹ

Recombinant DNA

Flag-RNF125 Han bio N/A

Myc-HMGB1 wt Sino Biological N/A

Myc-HMGB1 (1-163aa) Sino Biological N/A

Myc-HMGB1 (1-79aa) Sino Biological N/A

Myc-HMGB1 (80-215aa) Sino Biological N/A

Software and algorithms

R 3.6.3 The R Foundation https://www.r-project.org/

UCSC Navarro Gonzalez59 http://genome.ucsc.edu

Gene Ontology Ashburner et al.60 http://geneontology.org

ClusterProfiler Yu et al.61 http://bioconductor.org/packages/release/bioc/html/

clusterProfiler.html

org.Hs.e.g.,.db Carlson M et al.62 http://bioconductor.org/packages/release/data/annotation/

html/org.Hs.eg.db.html

ImageJ National Institutes of Health https://imagej.net/Fiji

GraphPad Prism 8.0 GraphPad https://www.graphpad.com/
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PXD043937 (mass data related to RNF125 interacting protein) and PXD043938 (mass data related to

HMGB1 ubiquitination related sites). The respective numbers in iProX are IPX0006363000 and

IPX0006367000. The mass data are publicly available. Accession numbers are listed in the key resources

table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics statement

All clinical specimen collection procedures were approved by ethics committee of Shengjing Hospital of

China Medical University (Shenyang, China; approval no. 2022PS546K). All animal procedures were per-

formed in accordance with the guidelines of the Chinese National Regulations for Animal Care and the

China Medical University Animal Care and Use Committee (Shenyang, China; approval no. 2022PS187K).

Participants

In the asthma group, three female patients, one male patient with asthma and three female patients, one

male control patient without asthma undergoing thoracic surgery for pulmonary masses (lung tumor) were

selected. The control group consisted of adults with an average age of 56.25 G 6.449 years. The asthma

group had an average age of 54.75 G 9.430 years. All participants were adults, and they were recruited

from China, representing individuals of Asian ethnicity. The diagnosis of asthma was based on the Global

Initiative for Asthma (GINA) guidelines.65 Excluded from this study were patients with a history of other res-

piratory diseases (such as chronic obstructive pulmonary disease, bronchiectasis, active tuberculosis, etc.);

chronic renal diseases (such as glomerulonephritis, nephrotic syndrome, Ig-A nephropathy, and renal fail-

ure); autoimmune liver disease, acute and chronic hepatitis, cirrhosis, ulcerative colitis, Crohn disease and

other chronic digestive diseases; hyperthyroidism, thyroiditis, Graves’ disease and other endocrine system

diseases; various connective tissue diseases; primary hypertension and primary pulmonary hypertension;

hemophilia, hereditary spherocytosis and other hereditary diseases; and a variety of systemic diseases

associated with autoimmunity. In the control group, three patients without asthma (with normal lung func-

tion) undergoing thoracic surgery for pulmonary masses (lung tumor) were selected. In order to ensure the

comparability of the two groups, the following criteria was implemented to screen specimens: same

gender; similar age; identical pathological tumor type; same differentiation degree of tumor.

Preparation of human lung tissues

Lung tissue specimens were obtained from lung tissue excised during thoracic surgery. Lung tissue spec-

imens were taken as far away from the tumor as possible (at least 5 cm from the lesion site), and appeared as

normal tissue. We standardized the location (surrounding tissue extending to exclude the pleural surface)

and the number (�1 cm3) of each sample to ensure a roughly equal number of pulmonary parenchyma, air-

ways, and pulmonary vessels in the sample. The excised lung tissue samples were carefully washed with

normal saline to remove blood, and dried with gauze, and immediately placed in liquid nitrogen for pres-

ervation. Specimens requiring long-term preservation were kept in a deep freeze freezer at �80� C.

Establishment of asthma mouse model and treatment

Female BALB/c mice (6–7 weeks old, 17–18 g) were supplied by Beijing Hfk Bioscience Co. Ltd. (Beijing,

China). Female mice are more prone to asthma, so we chose female mice, which is consistent with the an-

imal selection of most of the literature in asthma. All mice were housed for one week to adapt to the lab-

oratory environment. During the experimental period, the mice were housed in a standard pathogen-free

laboratory with water and food ad libitum. On days 1, 8, and 15, mice were sensitized with 200 mL sensiti-

zation liquid, containing 50 mg ovalbumin (OVA; Sigma-Aldrich, MO, USA) and 1 mg AL(OH)3 intraperito-

neally (i.p.), as previously described.(Wang et al., 2019) On days 22–24 (day 3 group) or days 22–28 (day 7

group), or days 22–35 (day 14 group), the mice were challenged with 2% OVA inhalation for 30 min, deliv-

ered using a nebulizer (DeVilbiss, KDU, USA). Decitabine group sensitized with sensitization liquid on days

1, 8, and 15, and received intraperitoneal injections of 1.5 mg/kg of decitabine 1 h before OVA inhalation,

and then challenged with 2% OVA inhalation for 30 min on days 22–28. Two weeks before sensitization,

mice were intratracheally administered 70 mL of mouse AAV6 (1 3 1012 vg/mL) supplied by Syngenbio
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(Beijing, China). In this study, AAV6 mainly included RNF125 AAV6 and control AAV6. AAV6 is a type of ad-

eno-associated virus that contains an overexpression plasmid and can infect the cells. And the Rnf125AAV6

is mouse Rnf125 AAV6. Control AAV is a type of adeno-associated virus just as Rnf125 overexpresses ad-

eno-associated viruses except that Rnf125 cannot be overexpressed. Mice were randomly divided into

three groups as follows: mice sensitized with saline water, challenged with saline water, and administered

control AAV (control group); mice sensitized with sensitization liquid, challenged with OVA, and adminis-

tered control AAV (OVA-treated mice); and mice sensitized with sensitization liquid, challenged with OVA,

and administered Rnf125 AAV (Rnf125 group).

METHOD DETAILS

Airway hyperresponsiveness

Twenty-four hours after the last challenge, airway hyperresponsiveness was evaluated using a non-invasive

lung function detection system (Dsi buxco, MN, USA). Plethysmography was used to measure the sRaw of

the mice.

Bronchoalveolar lavage fluid (BALF) collection

Mice were anesthetized with sodium pentobarbital, and BALF was collected. First, we fixed the mouse on

the operating table. The abdominal cavity was opened with ophthalmic scissors, a slit in the chest was care-

fully opened, and t the right main bronchus was ligated with thread. The trachea was carefully isolated,

0.5mL of normal saline was instilled into the trachea using a trocar three times to collect BALF. The fluid

was centrifuged (4�C, 188 3 g, 8 min) to pellet the cells, and the supernatant was obtained for chemokine

and cytokine detection. Cell counts and morphology were evaluated using a cell counting plate and

Wright–Giemsa staining (Solarbio, Beijing, China). At least 200 cells were counted independently and

typed by two researchers.

Histological evaluation

The lung tissues were fixed with 4% paraformaldehyde for 48 h, dehydrated, and embedded in paraffin.

Next, 4 mm thick sections were sliced. Hematoxylin and eosin (HE; Solarbio) staining was performed to eval-

uate airway inflammation infiltration and semi-quantitative analysis.66 Periodic acid-Schiff (PAS; Beyotime,

Shanghai, China) staining was used to detect mucus production.

Cell culture and treatment

The human bronchial epithelial cell line 16HBE, purchased from the Xiangya School of Medicine (Chang-

sha, China), was cultured in 10% fetal bovine serum (Bioind, ISR) in RPMI-1640 medium (Procell, Wuhan,

China), as previously described. (Wang et al., 2019) Small interfering RNAs (siRNAs) were used to transfect

cells to generate the siRNA-negative control (Si-NC) and RNF125-silencing (RNF125-si) groups. The

target sequences were as follows. RNF125 siRNA1: CCGUGUGCCUUGAGGUGUU and RNF125 siRNA2:

GACUUGUCAGAAGUACAUA. To form the plasmid-negative control group (Flag-NC group, Flag-tagged)

and RNF125 overexpression group (Flag-RNF125 group, Flag-tagged), either RNF125 plasmid encoding

full-length RNF125 cDNA or an empty plasmid was used to transfect cells. Cells were transfected using

Lipo3000 according to the manufacturer’s instructions. Indicated markers were detected 48 h after trans-

fection. Flag-tagged RNF125 point mutants (C72, 75A) plasmid, HA-tagged ubiquitin, Myc-tagged full-

length HMGB1, and three truncated Myc-tagged HMGB1 plasmids (containing:1–163, 1–79, and 80–215)

were constructed.

Primary murine airway epithelial cells were isolated using the following procedure. First, we sterilized the

operating table with alcohol spray and UV. Then, the animal carcasses were sprayed with alcohol. We

removed the skin around the tracheal and exposed the intact trachea. The trachea was placed into a

100 mm sterile Petri dish. The connective tissues around trachea were removed. Next, tracheas were

digested with pronase (Solarbio) solution and incubated with DNAseI (Solarbio), and the interference of

fibroblasts was eliminated by the differential adherent method.

Oxidative stress analysis

16HBE cells were incubated with 20 mMDCFH-DA (Sigma-Aldrich, USA) for 30 min. Digestion was involved

in this experiment. A fluorescence microscope (Olympus, Japan) (Cellular digestion was used in the pro-

cess) and a multi-mode microplate reader (BioTek Synergy HT, USA) were used to evaluate the expression
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of ROS. Malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione (GSH) expression were

detected using MDA (Beyotime, Shanghai, China), SOD (Elabscinece, Wuhan, China), and GSH (Solarbio,

Beijing, China) kits, respectively, according to the manufacturer’s instructions. A multimode microplate

reader was used to evaluate the results.

Western blotting, immunoprecipitation, and protein mass spectrometry

Lung samples and cells were lysed in cold immunoprecipitation buffer (Beyotime Biotechnology) con-

taining phenylmethanesulfonyl fluoride (Solarbio) and a phosphatase inhibitor (Meilunbio, Dalian,

China). The lysates were incubated on ice for 30 min and centrifuged at 12000 3 g to collect the su-

pernatant. The protein concentration was quantified using a BCA kit (Beyotime Biotechnology). For

immunoblotting, protein samples (20 mg) were electrophoresed to separate proteins of different molec-

ular weights using 10% or 12.5% sodium dodecyl sulphate-polyacrylamide gel electrophoresis and

transferred to polyvinylidene fluoride membranes. Membranes were blocked with 5% skim milk for

2 h at room temperature and incubated with primary antibodies overnight at 4�C, followed by incuba-

tion with the appropriate secondary antibodies (ZSGB-BIO, Beijing, China). Enhanced chemilumines-

cent reagent (Wanleibio Group, Inc., Shenyang, China) was used to detect chemiluminescent signals.

We used ImageJ software to determine the gray values. For IP, total protein was incubated with

1 mg primary antibody overnight at 4�C, and then incubated with 30 mL of protein A/G beads (Santa

Cruz Biotechnology, CA, USA) for 4 h at 4�C. The immunoprecipitants were electrophoresed to sepa-

rate the proteins using SDS-PAGE. Thereafter, immunoblotting and protein mass spectrometry were

performed.

RNA extraction and quantitative real-time PCR (qPCR)

Total RNA was obtained from cells using TRIzol Reagent (Takara, Japan). The RNA and a cDNA Synthesis Kits

(Takara) were used to generate complementary DNA. Next, SYBR PrimeScript RT-PCR Kit (Takara) and a

LightCycler 480 (Roche Molecular Systems, Inc.) were used to amplify the generated complementary

DNA. The sequences of human RNF125 PCR primers were 5ʹ-GTTCCTGTATTGCTACCAGTCT-3ʹ (forward)
and 5ʹ-TTCTTTTGGCTACATCAGTTGC-3ʹ (reverse). The sequences of human HMGB1 PCR primers were

5ʹ-TCTTCCTCTTCTGCTCTGAGTATCG-3ʹ (forward) and 5ʹ-TTCGCAACATCACCAATGGACAG-3ʹ (reverse).
The sequences of human b-actin PCR primers were 5ʹ-CCTGGCACCCAGCACAAT-3ʹ (forward) and

5ʹ-GGGCCGGACTCGTCATAC-3ʹ (reverse). Relative mRNA fold changes were assessed by the 2�DDCT

method.

Gene Ontology enrichment analysis

The gene functions were classified into biological process, cellular component, and molecular function

using a biological model by Gene Ontology (http://geneontology.org).60 R software version 3.6.3 was

used to conduct the data analysis. Enrichment analysis was performed using clusterProfiler package,61

ID conversion was performed using org.Hs.e.g.,.db package,62 and visualization was performed using

ggplot2 package (https://ggplot2.tidyverse.org).67Significant terms were obtained with criteria of p.adj

<0.05 and qvalue <0.2.

Immunohistochemistry and immunofluorescence

After 4% paraformaldehyde fixation and paraffin embedding, 3 mm-thick lung tissue sections were stained

with an anti-RNF125 antibody. Primary murine airway epithelial cells were seeded in 12-well culture plates

with 13 mm cell climbing slices and fixed with 4% paraformaldehyde andmethanol. For immunohistochem-

istry, a biotin-conjugated secondary antibody was used to bind to the primary antibody. For immunofluo-

rescence, 594-conjugated secondary antibodies were used to bind the primary antibody. Tissue sections

and cells were photographed using a microscope. ImageJ software (National Institutes of Health,

https://imagej.net/Fiji) was used to evaluate protein expression.

Transmission electron microscopic analysis

16HBE cells were harvested after trypsin digestion and fixed with 2.5% glutaraldehyde overnight and 1%

OsO4 for 2 h at room temperature. Dehydration, embedding, sectioning, and staining with uranium ace-

tate, lead citrate was then performed. Transmission electron microscopy was used to evaluate autophagy

levels.
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DNA methylation analysis

Firstly, DNA extraction was performed using a Genomic DNA Extraction Kit (Sangon Biotech, Shanghai,

China) according to the manufacturer’s instructions. The CpG island was obtained from ‘‘UCSC Genome

Browser database: http://genome.ucsc.edu’’,59 the criteria were as follows: length over 200 bp, %G + C

over 50, observed/expected CpG over 0.6.68 The core promoter was defined TSS +100 bp to

�100 bp.69,70 Then DNA methylation around core promoter was analyzed by pyrosequencing at the BGI

Company (Beijing Liuhe, Beijing, China).

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed at least three times in vitro and six times in vivo, and the data are pre-

sented as mean G standard deviation. Statistical analysis was conducted using GraphPad Prism 8.0 soft-

ware and SPSS 25. A t test was used to compare the means of two groups, while one-way ANOVA was

used to compare the means of a minimum of three groups. Categorical variables were analyzed with Fisher

exact test. Statistical significance was set at p < 0.05.
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