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FAM134B deletion exacerbates apoptosis
and epithelial-to-mesenchymal transition
in rat lungs exposed to hyperoxia

HongGuo,1,2 Rong-Rong Huang,1 Shan-ShanQu,1 Ying Yao,1 Su-Heng Chen,1 Shao-Li Ding,1 and Yu-Lan Li1,3,4,*

SUMMARY

Oxygen therapy is widely used in clinical practice; however, prolonged hyperoxia exposure may result in
hyperoxic acute lung injury (HALI). In this study, we investigated the role of FAM134B in hyperoxia-
induced apoptosis, cell proliferation, and epithelial-to-mesenchymal transition (EMT) using RLE-6TN cells
and rat lungs. We also studied the effect of CeO2-NPs on RLE-6TN cells and lungs following hyperoxia
exposure. FAM134B was inhibited in RLE-6TN cells and rat lungs following hyperoxia exposure. Overex-
pressing FAM134B promoted cell proliferation, and reduced EMT and apoptosis following hyperoxia
exposure. FAM134B activation increased ER-phagy, decreased apoptosis, improved lung structure dam-
age, and decreased collagen fiber deposition to limit lung injury. These effects could be reversed by PI3K/
AKT pathway inhibitor LY294002. Additionally, CeO2-NPs protected RLE-6TN cells and lung damage
following hyperoxia exposure by ameliorating impaired ER-phagy. Therefore, FAM134B restoration is a
potential therapeutic target for the HALI. Moreover, CeO2-NPs can be used for the treatment of HALI.

INTRODUCTION

Oxygen therapy is extensively used in pulmonary disease and critical care resuscitation. However, prolonged exposure to high concentrations

of oxygen may cause oxygen toxicity, leading to hyperoxic acute lung injury (HALI) and increased mortality.1–4 The development of HALI in-

volves excessive ROS production and the release of inflammatory mediators, which induce lung epithelial cell apoptosis or necrosis.5

Alveolar type II epithelial cells (AEC2s) are progenitor cells that repair lung injury and maintain alveolar homeostasis. Hyperoxia-induced

damage to AEC2s causes HALI, which induces lung tissue fibrosis via epithelial-to-mesenchymal transition (EMT).6,7 Lung alveolar epithelial

cells differentiate into myofibroblasts, which repair damaged tissue by fibrosis, via hyperoxia-induced EMT.8,9 EMT, increased apoptosis, and

decreased cell proliferation of AEC2s are key factors contributing to HALI.7,10 However, the mechanisms underlying these factors remain un-

clear, and effective therapeutic strategies are limited.

The endoplasmic reticulum (ER), where proteins and lipids are mainly synthesized, is involved in cell remodeling via ER stress-activated

autophagy or selective ER phagocytosis.11 The ER undergoes continuous remodeling via a selective autophagy pathway, known as ER-phagy.

It was reported that hyperoxia impairs ER homeostasis in alveolar epithelial cells, resulting in HALI12; and ER homeostasis is restored in neu-

rons by promoting ER-phagy, thereby inhibiting neuronal apoptosis.13 What is the role of ER-phagy in the development of HALI, and how the

process of HALI may be influenced by interfering with ER-phagy? That is an open question.

When MAP1LC3B binds to FAM134B, an ER-phagy receptor, ER fragments are degraded by selective autophagy, and ER homeostasis is

maintained,14,15 preserving cellular function. FAM134B-mediated ER-phagy results from the activation of the ROS pathway by advanced gly-

cation end products (AGEs). FAM134B overexpression attenuates AGE-induced intracellular ROS accumulation, apoptosis, and senescence,

which are reversed by FAM134B knockdown.16 Further, FAM134B overexpression attenuated epilepsy-induced ROS levels and apoptosis in

hippocampal neurons.17 FAM134B deficiency reduced cell proliferation in breast cancer cells.18 However, whether FAM134B-mediated ER-

phagy affects hyperoxia-induced alveolar epithelial cell injury remains unknown.

Cerium oxide nanoparticles (CeO2-NPs), which possess reversible redox properties due to the interconvertibility between Ce3+ and

Ce4+,19,20 can scavenge multiple ROS21,22 and be used to treat oxidative stress-related diseases. Although CeO2-NPs can reduce hepatic

steatosis23 and exert antitumor effects,24 the biomedical mechanism underlying its effects against HALI remains unknown.

Here, we verified the role of FAM134B in hyperoxia-induced apoptosis, inhibiting cell proliferation, and EMT, as well as the biomedical

effects exerted by CeO2-NPs. In addition, we investigated, for the first time, the mechanisms by which CeO2-NPs protects against HALI.
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Figure 1. Hyperoxia exposure inhibits ER-phagy, suppresses cell proliferation, and promotes apoptosis in AEC2s cells

(A) Western blot analysis of FAM134B and LC3B following the exposure of RLE-6TN cells to 95% hyperoxia.

(B) Optical density analysis of FAM134B and LC3B (GSD, n = 3).

(C) CCK8 assessment of cell proliferation of RLE-6TN cells exposed to 95% hyperoxia and air groups; RA: room air group; Hyp: hyperoxia group (GSD, n = 3).
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RESULTS

Hyperoxia exposure inhibits ER-phagy, suppresses cell proliferation, and promotes apoptosis in AEC2s

First, we evaluated the effect exerted by different periods of hyperoxia exposure on RLE-6TN.We exposedRLE-6TN cells to 95%hyperoxia for

0, 12, 24, 48, and 72 h. During autophagy, LC3B-I is converted to LC3B-II; therefore, reduced LC3B-II expression indicates reduced autophagic

flux.25 We found that the total expression of the autophagy marker protein LC3B-II, and expression of FAM134B were reduced in a time-

dependent manner during exposure to hyperoxia. The expression levels of LC3B-II and FAM134B were significantly reduced after 48 h of

exposure to hyperoxia (Figures 1A and 1B). The viability of RLE-6TN cells in the hyperoxia (Hyp) group was significantly inhibited compared

with that of cells in the normoxia group (RA group) (Figure 1C). Western blotting indicated that in RLE-6TN cells exposed to 95% hyperoxia,

cleaved-caspase3, and Bax expression gradually increased, whereas Bcl-2 expression decreased (Figures 1D and 1E). Based on the previous

results, 48 h was selected as the time point for hyperoxia exposure for the following experiment.

To determine whether restoration of ER-phagy would reverse hyperoxia-induced damage to AEC2s, we transfected RLE-6TN cells

using FAM134B lentivirus and observed the transfection levels of lentivirus using fluorescence microscopy. Successful transfection is shown

as green fluorescence in Figure 1F. FAM134B mRNA (Figure 1G) and protein expression levels (Figures 1H and 1I) were detected

following the transfection of RLE-6TN cells with lentivirus. The results showed that FAM134B mRNA and protein levels in the LV-

FAM134B group were significantly higher than those in the other groups after 72 h, whereas the differences between the control and

empty vector groups were not statistically significant. This finding demonstrated that FAM134B-overexpressing RLE-6TN cells were suc-

cessfully established. We further investigated whether restoring ER-phagy with hyperoxia would affect apoptosis, proliferation, or migra-

tion of AEC2s.

FAM134B overexpression restored ER-phagy, increased cell viability, reduced apoptosis, and inhibited EMT in hyperoxia-

exposed AEC2s

Overexpression of FAM134B significantly increased the level of impaired ER-phagy following exposure to hyperoxia, as evidenced by

increased LC3B-II expression (Figures 2A and 2B). It also significantly attenuated apoptosis, resulting in decreased cleaved-caspase 3 and

Bax expression and increased Bcl-2 expression (Figures 2A and 2B). Overexpression of FAM134B significantly attenuated apoptosis

(Figures 2C and 2D) and increased the proliferation of RLE-6TN cells following exposure to hyperoxia (Figure 2E).

EMT results in the development of pulmonary fibrosis, which essentially involves tissue damage due to persistent inflammation.26 In the

present study, hyperoxia exposure promoted the development of EMT in RLE-6TN cells, as evidenced by decreased E-cadherin expression

and increasedN-cadherin and Vimentin expression, whereas overexpression of FAM134B significantly reversedEMT in RLE-6TN cells that had

been exposed to hyperoxia (Figures 2F and 2G). Migration of lung epithelial cells to the interstitial region and alveolar lumen is an important

step in EMT development.27 Therefore, we analyzed the effect of FAM134B overexpression on the migratory ability of RLE-6TN cells using

transwell and wound-healing assays. The results indicated that hyperoxia promoted cell migration of RLE-6TN, and the overexpression of

FAM134B effectively prevented hyperoxia-induced cell migration (Fig. 2H–K).

PI3K/AKT pathway was inhibited by hyperoxia and activated by FAM134B overexpression

Activation of the PI3K/AKT pathway is associated with increased cellular glucose metabolism and increased survival.28,29 To identify the path-

ways associated with hyperoxia-induced lung injury, we analyzed the microarray dataset, GSE125489 (global gene expression changes in the

lung of hyperoxia-exposed mice), from the Gene Expression Omnibus (GEO) database. Differentially expressed genes (DEGs) were identi-

fied, and the Database for Annotation, Visualization, and Integrated Discovery (DAVID) was used for Gene Ontology (GO) and Kyoto Ency-

clopedia of Genes and Genomes (KEGG) pathway analyses. The PI3K/AKT pathway appeared in the enrichment results (Figure 3A), and key

genes in the pathway such as CD19, ERBB2, FGF22, ITGA11, KDR, NTRK2, PDGFRA, PKN1, RPS6 were downregulated (Figure 3B). Hyperoxia

inhibits the PI3K/AKT pathway, while the activation of the pro-survival factor AKT prevents AEC2s damage in rats subjected to oxygen-

induced lung injury.30 The results of our study indicated that FAM134B overexpression significantly activated the PI3K/AKT pathway, which

had been inhibited by hyperoxia exposure (Figures 3C and 3D).

Inhibition of the PI3K/AKT pathway by LY294002 reversed increased cell viability and reduced apoptosis and EMT

inhibition in RLE-6TN cells overexpressing FAM134B

To investigate the role of PI3K/AKT in the protective effect exerted by FAM134B on hyperoxia-exposed RLE-6TN cells, we used a PI3K/AKT

pathway inhibitor, LY294002, and monitored changes in apoptosis, proliferation, and EMT in RLE-6TN cells. LY294002 significantly inhibited

Figure 1. Continued

(D) Western blot analysis of caspase3, cleaved-caspase3, Bax, and Bcl-2 in RLE-6TN cells after exposure to 95% hyperoxia.

(E) Optical density analysis of caspase3, cleaved-caspas3, Bax, and Bcl-2 (GSD, n = 3).

(F) Green GFP fluorescence in lentivirus-transfected RLE-6TN cells (scale bar: 100 mm).

(G) The expression of mRNA after lentiviral transfection overexpressing FAM134B (GSD, n = 3).

(H) Optical density analysis of FAM134B after lentiviral transfection overexpressing FAM134B (GSD, n = 3).

(I) Western blot detected the protein expression level of FAM134B after lentiviral transfection overexpressing FAM134B. *p < 0.05; **p < 0.01;

***p < 0.001,****p < 0.0001.
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Figure 2. FAM134B overexpression restored ER-phagy, increased cell viability, reduced apoptosis, and inhibited EMT in hyperoxia-exposed AEC2s

cells

(A) Western blot analysis of LC3B, caspase3, cleaved-caspase3, Bax, and Bcl-2 in RLE-6TN cells after overexpression of FAM134B.
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the effect of FAM134B overexpression on the activation of the PI3K/AKT pathway in cells exposed to hyperoxia (Figures 3E and 3F). LY294002

reversed the reduction in apoptosis (Figures 3E and 3F; Figures 4A and 4B) and the increase in cell proliferation (Fig. 4C–E) induced by

FAM134B overexpression following hyperoxia exposure. Hyperoxia promoted EMT in RLE-6TN cells, as evidenced by decreased

E-cadherin expression and increased N-cadherin and Vimentin expression. Overexpression of FAM134B reduced EMT induced by hyperoxia,

and LY294002 reversed the beneficial reduction in EMT induced by FAM134B overexpression (Figures 4F and 4G). Transwell and wound-heal-

ing assays confirmed that hyperoxia promoted the migration of RLE-6TN cells, whereas overexpression of FAM134B effectively prevented

hyperoxia-induced migration of RLE-6TN cells. However, LY294002 reversed the beneficial reduction in cell migration induced by the over-

expression of FAM134B following exposure to hyperoxia (Fig. 4H–K).

CeO2-NPs reduced apoptosis, decreased EMT, and increased the cell viability of AEC2s cells following hyperoxia exposure,

thereby protecting against the impairment of autophagy levels following hyperoxia exposure

First, we observed the properties of CeO2-NPs using electronmicroscopy (Figures 5A and 5B). Consistent with themanufacturer’s description,

the product showed good dispersion with a nanoparticle size of 3–5 nm. We then evaluated the effects of different concentrations of CeO2-

NPs on cell proliferation using CCK8 and live cell imaging, and the results showed that none of the concentrations in the range of 0–20 mg/mL

either exerted any toxic effects on cells or affected cell proliferation (Figures 5C and 5D). For subsequent experiments, we used a dose of

10 mg/mL. The valence conversion from Ce3+ to Ce4+ in CeO2-NPs provides them with the properties of nano-enzyme, which is similar to

the mechanism of action of various oxidoreductases that catalyze redox reactions in cells and tissues.31 CeO2-NPs exerted a significant

ROS scavenging effect on hyperoxia-exposed cells as detected by the DCFH-DA probe (Figures 5E and 5F). Further, CeO2-NPs reduced

apoptosis (Figure 5G, H, J, K) and EMT following hyperoxia exposure (Figures 5H and 5I).

Transwell and wound-healing assays showed that CeO2-NPs reversed hyperoxia-induced enhancement of cell migration (Fig. 6A–D) and

increased hyperoxia-exposed cell viability (Fig. 6E–G). CeO2-NPs also exerted a protective effect on the inhibition of ER-phagy levels

following hyperoxia exposure, as evidenced by the reduced downregulation of FAM134B and LC3B-II in cells following hyperoxia exposure

(Fig. 6H–J). The previous results indicated that CeO2-NPsmay exert a protective effect on hyperoxia-exposedRLE-6TN cells by protecting ER-

phagy via the attenuation of FAM134B downregulation.

To determine whether the protective effect of FAM134B is also relevant in vivo, we performed a comparative study in Sprague-Dawley rat

lungs and explored the role of CeO2-NPs in HALI.

Overexpression of FAM134B in Sprague-Dawley rat lung tissues activates P-AKT and attenuates HALI, whereas LY294002

reverses these effects

First, overexpression of FAM134B was significantly inhibited following hyperoxia exposure (Figure 7A). P-AKT was inhibited in rats following

hyperoxia exposure, and overexpression of FAM134B promoted P-AKT activation. LY294002 reversed the promotion of P-AKT after FAM134B

overexpression (Figure 7A). The lung tissues of rats in the hyperoxia group showed obvious damage, which manifested as thickening of the

alveolar wall, extensive widening of the alveolar septum, congestion and exudation of the alveolar lumen, and infiltration of inflammatory

cells. Lung injury was significantly reduced in the rats with overexpressed FAM134B, whereas the beneficial effect after FAM134B overexpres-

sion was reversed by LY294002 (Figure 7B). Hyperoxia induced collagen fiber deposition in rat lung tissues, and overexpression of FAM134B

attenuated collagen fiber deposition, whereas collagen fiber deposition was aggravated in lung tissues after LY294002 treatment (Figure 7B).

The wet/dry weight ratio of rats was significantly high following hyperoxia exposure, which decreased after overexpression of FAM134B, while

the beneficial effects of FAM134B were attenuated after LY294002 treatment (Figure 7C). Overexpression of FAM1134B promotes ER-phagy

activation (Figure 7D). We observed that the ER-phagy marker FAM134B colocalized with LC3B and presented as positive spots upon immu-

nofluorescence staining (Figure 7E). This finding revealed that LC3B and FAM134B were expressed in the ER, with LC3B upregulation upon

FAM134B overexpression (Figures 7E and 7F).

Our study indicated that FAM134B overexpression significantly activated the PI3K/AKT pathway, which had been inhibited by hyperoxia

exposure in rat lung (Figure 8A). Hyperoxia increased apoptosis (Fig. 8B-D) and EMT (Figure 8E) in rat lung tissues, and overexpression of

FAM134B attenuated these adverse effects following exposure to hyperoxia, while apoptosis was aggravated in lung tissues along with

increased EMT after LY294002 treatment.

Figure 2. Continued

(B) Optical density analysis of LC3B, caspase3, cleaved-caspase3, Bax, and Bcl-2 (GSD, n = 3).

(C) Flow cytometry determination of apoptosis in each group.

(D) Quantitative analysis of flow cytometry results (GSD, n = 3).

(E) CCK8 assessment of the effect of overexpression of FAM134B on cell proliferation exposed to 95% hyperoxia or air (GSD, n = 3).

(F) Western blot analysis of E-cadherin, N-cadherin, and Vimentin in RLE-6TN cells after overexpression of FAM134B.

(G) Optical density analysis of E-cadherin, N-cadherin, and Vimentin (GSD, n = 3).

(H) Quantification of migrating cells was performed in transwell chambers (GSD, n = 5).

(I) RLE-6TN cells were visualized using phase-contrast microscopy for the analysis of migration ability (1003 magnification; scale bar: 100 mm).

(J and K) A 48-h incubation period for RLE-6TN cells was followed by a wound-healing test (GSD, n = 3). RA: room air group; Hyp: hyperoxia group; NC: empty

vector group; OE: FAM134B overexpression group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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CeO2-NPs attenuates lung injury and inhibits hyperoxia-induced downregulation of FAM134B in SD rats

Compared with the hyperoxia group, CeO2-NPs treatment significantly alleviated hyperoxia-induced lung injury and collagen fiber deposi-

tion (Figure 9A). In addition, CeO2-NPs significantly reduced the lung wet/dry weight ratio in rats following hyperoxia exposure (Figure 9B).

Furthermore, CeO2-NPs treatment significantly attenuated apoptosis (Figures 9C and 9D) and EMT (Figure 10A) in rat lung tissue following

hyperoxia exposure.

To further investigate the mechanism of the protective effect of CeO2-NPs against lung injury in rats, we examined the expression of

FAM134B in rat lung tissues after treatment with CeO2-NPs, and the results showed that CeO2-NPs treatment partially restored the down-

regulated FAM134B following hyperoxia exposure (Figure 10B). CeO2-NPs restored the deletion of FAM134B and LC3B following hyperoxia

exposure (Figures 10C and 10D).

DISCUSSION

Prolonged inhalation of high concentrations of oxygen may cause lung injury, and eventually HALI. In a previous study, we investigated the

mechanism underlying HALI and potential protective strategies.32 Autophagy is an essential survival mechanism adopted by cells subjected

to starvation or stressful conditions.33,34 In recent years, the role of organelle-specific autophagy in the stress response has received significant

attention. The ER, which is the largest intracellular membrane structure, synthesizes proteins and lipids and maintains ionic homeostasis. ER-

phagy regulates the shape, size, and function of its contents, which constitute an important aspect of cellular adaptation to stress response.35

FAM134B is the first mammalian ER-phagy receptor to be identified.36 In the present study, we investigated the role of FAM134B in AEC2s

and rat lung tissues exposed to hyperoxia. To the best of our knowledge, this study is the first to report and provide direct evidence that

FAM134B is downregulated in hyperoxia-exposed AEC2s and rat lung tissues. When overexpressed, FAM134B, an ER-resident receptor,

directly interacts with the autophagymodifier, LC3B, and promotes ER-phagy to maintain ER degradation and ensure cellular homeostasis.37

In our study, overexpression of FAM134B in RLE-6TN cells and rat lung tissues upregulated LC3B expression. Elevated LC3B levels are report-

edly associated with the initiation of autophagy.38We suggest that overexpression of FAM134B induces the initiation of ER-phagy, which pro-

tects cells and lung tissue against damage caused by hyperoxia exposure; this was evidenced by increased LC3B expression, which decreased

apoptosis and lung tissue damage induced by hyperoxia exposure and promoted cell proliferation. Moreover, the results of our study are

consistent with those of a recent study that found that hyperoxia inhibited cellular autophagic flux in AEC2s, and partial restoration of auto-

phagic flux increased the survival of AEC2s exposed to hyperoxia.39

EMT is a biologically important tissue remodeling process, and such transformation of the terminally differentiated epithelium to amesen-

chymephenotype is closely associatedwith organ fibrosis.26 AEC2s act as a potential source ofmyofibroblasts during hyperoxia-induced EMT

in lung tissue.8 Cells that lose their epithelial phenotype become poorly attached to surrounding cells due to the loss of E-cadherin and aban-

don apical to basal polarity. To promotewound healing, epithelial features are replaced by enhanced expression of N-cadherin and Vimentin,

which facilitate cell migration. In our study, reduced E-cadherin expression and increased N-cadherin and Vimentin expression indicated hy-

peroxia-induced EMT. Selective ER-phagy is activated by delivering ER fragments to lysosomes for degradation and limiting stress-induced

ER expansion, thereby promoting cell survival,25 a process believed to play a key role in maintaining ER homeostasis. We found that over-

expression of FAM134B attenuated hyperoxia-induced EMT, indicating that ER homeostasis was critically associated with EMT.

Many studies have described the pro-survival role played by the PI3K/AKT pathway following hyperoxia exposure30,40,41 and commented

on the regulatory role played by FAM134B in the AKT pathway in hepatocellular carcinoma cells.42 Based on our bioinformatic analysis, we

hypothesized that the protective effect exerted by overexpressed FAM134B on hyperoxia-exposed cells may be achieved via the PI3K/AKT

pathway. Experimental data indicated that the PI3K/AKT pathway was significantly inhibited following hyperoxia exposure, whereas overex-

pression of FAM134B activated the PI3K/AKT pathway. Next, we investigated the association between the PI3K/AKT pathway and the pro-

tective effects exerted by FAM134B on hyperoxia-exposed cells and rat lung tissue. The results showed that the PI3K/AKT pathway inhibitor,

LY294002, reversed the protective effects exerted by FAM134B against hyperoxia exposure, as evidenced by increased apoptosis, decreased

cell proliferation, increased EMT, and aggravated lung injury. These findings revealed that the PI3K/AKT pathway was associated with the

protective effect exerted by FAM134B against hyperoxia exposure.

The beneficial ROS scavenging ability of CeO2-NPs has been demonstrated in a variety of maladies, including limb ischemia,43 acute kid-

ney injury,44 and hepatic ischemia-reperfusion injury.22 CeO2-NPs can also scavenge excess intracellular ROS generated during the inflam-

matory response.45 Hyperoxia-induced lung injury is closely associated with excessive ROS production.46 The results of the present study

confirmed the scavenging effects exerted by CeO2-NPs on excess ROS in hyperoxia-exposed RLE-6TN. Removal of excess ROS significantly

Figure 3. Hyperoxia inhibited the PI3K/AKT pathway whereas overexpression of FAM134B activated the PI3K/AKT pathway

(A) Functional and pathway enrichment results of hyperoxia-exposed lung tissue (GSE125489 dataset).

(B) Expression of key genes in the pathway.

(C) Western blot analysis of PI3K, P-PI3K, AKT, and P-AKT in RLE-6TN cells following overexpression of FAM134B.

(D) Optical density analysis of PI3K, P-PI3K, AKT, and P-AKT (GSD, n = 3).

(E) Western blot analysis of PI3K, P-PI3K, AKT, P-AKT, caspase3, cleaved-caspase3, Bax, and Bcl-2 in RLE-6TN cells overexpressing FAM134B exposed to

hyperoxia and treated with LY294002.

(F) Optical density analysis of PI3K, P-PI3K, AKT, P-AKT, caspase3, cleaved-caspase3, Bax, and Bcl-2 (GSD, n = 3). RA: room air group; Hyp: hyperoxia group; NC:

empty vector group; OE: FAM134B overexpression group; LP: LY294002 group; *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. Inhibition of the PI3K/AKT pathway by LY294002 reversed increased cell viability, and reduced apoptosis and EMT inhibition in RLE-6TN cells

overexpressing FAM134B

(A) Flow cytometry determination of apoptosis in each group.

(B) Quantitative analysis of flow cytometry results (GSD, n = 3).

(C–E) CCK8 (C,GSD, n = 3) and EdU (D–E,GSD, n = 5, scale bar:100 mm ) assay results of the effect of LY294002 on cell proliferation following overexpression of

FAM134B.

(F) Western blot analysis of E-cadherin, N-cadherin, and Vimentin.

(G) Optical density analysis of E-cadherin, N-cadherin, and Vimentin (GSD, n = 3).

(H) RLE-6TN cells were visualized using phase-contrast microscopy for the analysis of migration ability (1003 magnification; scale bar: 100 mm).

(I) Quantification of migrating cells was performed in transwell chambers (GSD, n = 5).

(J and K) A 48-h incubation period for RLE-6TN cells was followed by a wound-healing test (GSD, n = 3). RA: room air group; Hyp: hyperoxia group; NC: empty

vector group; OE: FAM134B overexpression group; LP: LY294002 group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5. CeO2-NPs reduced apoptosis, decreased EMT, and increased the cell viability of AEC2s cells following hyperoxia exposure

(A) Transmission electron microscopy image of CeO2-NPs; scale bar inset: 5 nm.

(B) The energy-dispersive X-ray (EDX) spectrum of CeO2-NPs demonstrated the presence of all essential chemical elements (Ce and O).

(C) CCK8 assessment of the cell growth with CeO2-NPs (GSD, n = 3).

(D) Live cell imaging to assess cell growth with CeO2-NPs (GSD, n = 6).

(E) The DCFH-DA probe detected the scavenging ability of CeO2-NPs on reactive oxygen species (ROS) following hyperoxia exposure (1003magnification; scale

bar: 100 mm).

(F) Mean grayscale values of the DCFH-DA probe used to detect the scavenging ability of CeO2-NPs on ROS following hyperoxia exposure (GSD, n = 5).

(G) Optical density analysis of caspase3, cleaved-caspase3, Bax, and Bcl-2 (GSD, n = 3).

(H) Western blot analysis of the effect of CeO2-NPs on the expression of caspase3, cleaved-caspase3, Bax, Bcl-2, E-cadherin, N-cadherin, and Vimentin in

hyperoxia-exposed RLE-6TN cells.

(I) Optical density analysis of E-cadherin, N-cadherin, and Vimentin (GSD, n = 3).

(J) Flow cytometry determination of apoptosis in each group.

(K) Quantitative analysis of flow cytometry (GSD, n = 3). RA: room air group; Hyp: hyperoxia group; NC: control cell group; CeO2: CeO2-NPs group; *p < 0.05,

**p < 0.01,****p < 0.0001.
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reduced apoptosis, promoted cellularity, and decreased EMT levels in hyperoxia-exposed RLE-6TN cells. CeO2-NPs showed significant pro-

tective effects against lung damage in rats exposed to hyperoxia.

Our study confirmed that preventing ER-phagy from being impaired during hyperoxia may activate the PI3K/AKT pathway, thereby pro-

tecting against HALI. Thus, CeO2-NPs may protect hyperoxia-exposed HALI by protecting ER-phagy. Further, we found that CeO2-NPs inter-

vention did not significantly downregulate FAM134B and inhibited the downregulation of LC3B in hyperoxia-exposed RLE-6N cells and rat

lung tissue. This finding suggested that CeO2-NPs may exert a protective effect on HALI by protecting ER-phagy.

Overall, our study suggests newmechanisms and protective strategies for HALI. Downregulation of the ER-phagy receptor, FAM134B, is a

key factor in HALI. FAM134B protects AEC2s and rat lung tissues exposed to hyperoxia through activation of the PI3K/AKT pathway. CeO2-

NPs prevent downregulation of FAM134B and LC3B and attenuates HALI by scavenging excess ROS after hyperoxia exposure to maintain

adequate levels of ER-phagy.

Conclusions

Our data suggest that ER-phagy is inhibited by hyperoxia-induced injury and that maintaining ER autophagic activity is an effective strategy

that protects against HALI. To the best of our knowledge, the current study is the first to report that FAM134B is involved in HALI and hyper-

oxia-induced apoptosis, proliferation, and EMT of AEC2s and demonstrate that the modulatory effect exerted by FAM134B on the PI3K/AKT

signaling pathway confers a protective effect against hyperoxia-induced injury. Furthermore, this study is also the first to report the protective

effects exerted by CeO2-NPS against HALI and clarify the underlying mechanisms involving attenuation of the downregulation of FAM134B.

Thus, the activation of FAM134B-mediated ER-phagy may provide a potential therapeutic target in the prevention of HALI. CeO2-NPs also

exert a protective effect against hyperoxia-induced injury in AEC2s and lung tissue.

Limitations of the study

First, this study did not explore whether FAM134B directly regulates the PI3K/AKT signaling pathway; and the issue of the time course of

changes in injury endpoints in control or lentiviral protected rats may be very important and is not addressed, in addition; this study did

not localize the nanoparticles in lung tissues and cells. Finally, Our data were generated using male rats starting at 6–7 weeks of age and

used an O2 concentration of 90 G 2% for 7 days; hence, results may be different when using younger or older male rats at higher or lower

hyperoxia exposure for a different duration. These elements also need to be further investigated in the future.
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Detailed methods are provided in the online version of this paper and include the following:
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d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Cell culture and processing
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B Experiment 1

B Experiment 2

d METHOD DETAILS

B Western blotting

B CCK-8 and EdU assays

B Wound-healing assay and transwell migration

B Live-cell imaging and transmission electron microscopy

Figure 6. CeO2-NPs decreased EMT, and increased the cell viability of AEC2s cells following hyperoxia exposure, thereby protecting against the

impairment of ER-phagy levels following hyperoxia exposure

(A) RLE-6TN cells were visualized using phase-contrast microscopy to analyze their migration ability (1003 magnification; scale bar: 100 mm).

(B) Quantification of migrating cells was performed in Transwell chambers (GSD, n = 5).

(C and D) A 48-h incubation period for RLE-6TN cells was followed by a wound-healing test (GSD, n = 3).

(E–G) CCK8 (E, GSD, n = 3) and EdU (F-G, GSD, n = 5, scale bar: 100 mm) assay results of the effect of CeO2-NPs on cell viability after hyperoxia exposure.

(H) Western blot analysis of FAM134B and LC3B.

(I) Optical density analysis of FAM134B (GSD, n = 3).

(J) Optical density analysis of LC3B (GSD, n = 3). RA: room air group; Hyp: hyperoxia group; CeO2: CeO2-NPs group; *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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Figure 7. Overexpression of FAM134B in SD rat lung tissues activates P-AKT and attenuates HALI, whereas LY294002 reverses these effects

(A) Immunohistochemical staining of FAM134B and P-AKT in lung tissues of different treatment groups, scale bar; 100 mm, magnification 200 3, GSD, n = 7.

(B) H&E staining and Masson staining. Scale bar; 100 mm, magnification 200 3, GSD, n = 7.

(C) Effect of different groups on lung wet/dry (W/D) ratio, GSD, n = 6.

(D) Western blot analysis of FAM134B, and LC3B, GSD, n = 3.

(E and F) Immunofluorescence staining of FAM134B and LC3B in lung tissues. Scale bar; 50 mm,magnification 400 3,GSD, n = 5. RA: room air group; NC: empty

vector group; Hyp: hyperoxia group; OE: FAM134B overexpression group; LP: LY294002 group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 8. Overexpression of FAM134B in SD rat lung tissues activates P-AKT and attenuates HALI, whereas LY294002 reverses these effects

(A) Western blot analysis of PI3K, P-PI3K, AKT, P-AKT in rat lung following overexpression of FAM134B, GSD, n = 3.

(B and C) TUNEL images of lung tissue from rat in different groups, scale bar; 100 mm, magnification 200 3,GSD, n = 5.

(D) Western blot analysis of caspase3, cleaved-caspase3, Bax, and Bcl-2 in rat lung (GSD, n = 3).

(E) Western blot analysis of E-cadherin, N-cadherin, and Vimentin in rat lung (GSD, n = 3). RA: room air group; NC: empty vector group; Hyp: hyperoxia group;

OE: FAM134B overexpression group; LP: LY294002 group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 9. CeO2-NPs attenuates lung injury in SD rats

(A) H&E staining and Masson staining after CeO2-NPs treatment. Scale bar; 100 mm, magnification 200 3, GSD, n = 7.

(B) Effect of different groups on lung wet/dry (W/D) ratio (GSD, n = 6).

(C) TUNEL images of lung tissue from rat after CeO2-NPs treatment, scale bar; 100 mm, magnification 200 3, (GSD, n = 5).

(D) Western blot analysis of caspase3, cleaved-caspase3, Bax, and Bcl-2 in rat lung (GSD, n = 3). RA: room air group; Hyp: hyperoxia group; CeO2: CeO2-NPs

group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

ll
OPEN ACCESS

14 iScience 27, 110385, July 19, 2024

iScience
Article



Figure 10. CeO2-NPs attenuates lung injury and inhibits hyperoxia-induced downregulation of FAM134B in SD rats

(A) Western blot analysis of E-cadherin, N-cadherin, and Vimentin in rat lung after CeO2-NPs treatment (GSD, n = 3).

(B) Immunofluorescence staining of FAM134B in lung tissues. Scale bar; 50 mm, magnification 200 3, GSD, n = 7.

(C) Western blot analysis of FAM134B, and LC3B (GSD, n = 3).

(D) Immunofluorescence staining of FAM134B and LC3B in lung tissues after CeO2-NPs treatment. Scale bar; 50 mm, magnification 400 3,GSD, n = 5. RA: room

air group; Hyp: hyperoxia group; CeO2-NPs group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-FAM134B antibody Proteintech Cat# 21537-1-AP; RRID: AB_2878879

anti-LC3B antibody Abmart Cat# T55992; RRID: AB_2929010

anti-caspase3 antibody Proteintech Cat# 19677-1-AP; RRID: AB_10733244

anti-Bax antibody Abmart Cat# T40051;RRID: AB_2910262

anti-Bcl-2 antibody Abmart Cat# T40056;RRID: AB_2929011

anti-E-cadherin antibody Abmart Cat# TA0131; RRID: AB_2936787

anti-N-cadherin antibody Abmart Cat# T55015; RRID: AB_2937047

anti-vimentin antibody Abmart Cat# T55134; RRID: AB_2938551

anti-PI3K antibody Abmart Cat# T40115; RRID: AB_2936324

anti-P-PI3K antibody Abmart Cat# T40065; RRID: AB_2936992

anti-AKT antibody Proteintech Cat# 60203-2-Ig; RRID: AB_10912803

anti-P-AKT antibody Proteintech Cat# 80455-1-RR; RRID: AB_2918892

anti-Beta-actin antibody Servicebio Cat# GB15003; RRID: AB_3083699

HRP-conjugated Affinipure Goat Anti-Mouse IgG Proteintech Cat# SA00001-1-A; RRID: AB_2890995

HRP-conjugated Affinipure Goat Anti-Rabbit IgG Proteintech Cat# SA00001-2; RRID: AB_2722564

Bacterial and virus strains

LV-Retreg1(FAM134B) GeneChem (Shanghai, China). GOSL0345088

AAV-Retreg1(FAM134B) GeneChem (Shanghai, China). GOSV0358136

Chemicals, peptides, and recombinant proteins

Cerium oxide nanoparticles XFNANO Cat#102847

LY 294002 GLPBIO Cat#GC15485

LY 294002 hydrochloride GLPBIO Cat#GC50009

protease inhibitor Boster Cat#AR1178

phosphatase inhibitor Boster Cat#AR1183

Critical commercial assays

RIPA buffe Boster AR0102

BCA Protein Assay Kit Boster AR1189

ECL Boster AR1197

Cell Counting Kit-8 Beyotime C0038

Reactive Oxygen Species Assay Kit Beyotime C0071S

PrimeScript RT Reagent Kit Beyotime RR047A

Trizol reagent Servicebio G3013

TB Green premix Ex Taq Takara RR820A

Annexin V-IF647/PI Cell Apoptosis Detection Kit Servicebio G1514

Masson’s Muscle Trichrome Staining Kit Solarbio G1340

TMR (red) Tunel Cell Apoptosis Detection Kit Servicebio G1502

Deposited data

Raw and analyzed data This paper GEO:GSE125489

(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, Yu-Lan Li

(liyul@lzu.edu.cn).

Materials availability

This study did not generate new unique reagents and all materials in this study are commercially available.

Data and code availability

� RNA-sequencing data was deposited at GEO and are publicly available as of the date of publication. Accession numbers are listed in

the key resources table.
� This paper does not report original code.
� 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

Cell culture and processing

The rat alveolar type II epithelial cell line RLE-6TN (BNCC337708) was obtained from BeNa Culture Collection (Beijing, China). RLE-6TN was

cultured in RPMI-1640 medium (C22400500BT, Gibco) containing 10% fetal bovine serum (AB-FBS-1050S, ABW) and 1% penicillin-strepto-

mycin (03-031-1B, BI) and incubated at 37�C in an atmosphere of 5% CO2 with 95% of either oxygen or room air (21% O2) for hyperoxic or

normoxic (control) cultures, respectively. For lentiviral transfection, FAM134B overexpressing lentivirus was designed and constructed by

GeneChem (Shanghai, China). To inhibit the PI3K/AKT pathway, cells were treated with LY294002 (GC15485, GLPBIO) at 10 mM. Cerium oxide

nanoparticles(1306-38-3, XFNANO) were used at 10 mg/mL.

Animal experiments

About three-week-old male Sprague–Dawley (SD) rats were purchased from Lanzhou University (Lanzhou, China). All experiments were

conducted in accordance with the Guidelines for Ethical Review of the National Laboratory Animal Welfare of the People’s Republic of China

(GB/T 35892-2018) and approved by the Animal Ethics Committee of the First Hospital of Lanzhou University (LDYYLL2022-216). The rats were

humanely cared for throughout the experiment. The rats were housed under controlled conditions: ad libitumaccess to food andwater, a 12-h

light/dark cycle, and a constant temperature (22�C) and humidity (45–55%). The rats were acclimatized for one week before the experiment.

Animal treatment

The adeno-associated virus (AAV)-6 vector-mediated FAM134B overexpression was designed by Genechem (Shanghai, China) and provided

in a concentration of 1012 v.g/mL, of which 150 mL was endotracheally administered to the rats after one week of adaptive feeding. Three

weeks after administration of AAV-FAM134B, rats were exposed to hyperoxia to induce HALI.

Hyperoxia-induced lung injury model

Cages (7 rats per cage) were placed in a hyperoxia exposure chamber for 7 days. The size of the chamber was 6353 445 3 305 mm and the

total flow rates of gases was 5L/min. The bottom of the chamber was lined with a CO2 absorbent (sodium absorbent). Adequate amounts of

humidified oxygen were continuously delivered to the confined chamber, and the oxygen concentration was maintained at 90 G 2% and

monitored using an oxygen monitor (ZY-12, China).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

rat alveolar type II epithelial cell line RLE-6TN BeNa Culture Collection BNCC337708

Experimental models: Organisms/strains

About three-week-old male Sprague–Dawley (SD) rats Lanzhou University LDYYLL2022-216

Software and algorithms

ImageJ software Schneider et al., 2012 https://imagej.nih.gov/ij

GraphPad Prism 9 GraphPad Prism Software, Inc https://www.graphpad.com/
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Experiment 1

In Experiment 1, rats were randomly divided into four groups (n= 7): (1) NC group, (2) HALI group, (3) HALI + AAV-FAM134B group, (4) HALI +

AAV-FAM134B + LY294002 group. Rats in the fourth group were injected intraperitoneally with LY294002 (5 mg/kg), a potent PI3K inhibitor,

dissolved in a solvent consisting of 5% DMSO +40% PEG300 + 5% Tween80 + 50% ddH2O. LY294002 was injected following hyperoxia expo-

sure once daily for 7 days. The air and hyperoxia groups were injected with equal amounts of solvent.

Experiment 2

In Experiment 2, rats were randomly divided into four groups (n = 7): (1) RA group; (2) RA + CeO2-NPs group; (3) HALI group; and (4); HALI +

CeO2-NPs group. Rats in the CeO2-NPs group were intraperitoneally injected with CeO2-NPs (0.5 mg/kg) following hyperoxia exposure once

daily for 7 days.

METHOD DETAILS

Western blotting

Following normoxic or hyperoxic incubation, we used radioimmunoprecipitation assay (RIPA) buffer (AR0102, Boster) to extract total proteins

supplementedwith amixture containing a protease inhibitor (AR1178, Boster) and a phosphatase inhibitor (AR1183, Boster). The BCA Protein

Assay Kit (AR1189, Boster) was used to measure the concentration of extracted proteins, and equal amounts of isolated proteins were sub-

jected to sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE). To facilitate blotting, the size-separated proteins were

transferred onto polyvinylidene fluoride (PVDF) membranes (IPVH00010, Millipore). The membranes were blocked with 5% BSA blocking so-

lution (SW3015, Solarbio) and incubated overnight at 4�C with the following primary antibodies: anti-FAM134B antibody (21537-1-AP, Pro-

teintech), anti-LC3B antibody (T55992, Abmart), anti-caspase3 antibody (19677-1-AP, Proteintech), anti-Bax antibody (T40051, Abmart),

anti-Bcl-2 antibody (T40056, Abmart), anti-E-cadherin antibody (TA0131, Abmart), anti-N-cadherin antibody (T55015, Abmart), anti-Vimentin

antibody (T55134, Abmart), anti-PI3K antibody (T40115, Abmart), anti-P-PI3K antibody (T40065, Abmart), anti-AKT antibody (60203-2-Ig, Pro-

teintech), anti-P-AKT antibody (80455-1-RR. Proteintech), and anti-Beta-actin antibody (GB15003, Servicebio). After washing, membranes

were incubated for 1 h with secondary antibodies (SA00001-1-A,SA00001-2, Proteintech) coupled to horseradish peroxidase. Themembranes

were observed using a membrane imaging device (Clinx, ChemiScope S6), and protein expression was assessed using the ECL western blot-

ting substrate (AR1197, Boster).

CCK-8 and EdU assays

The cells were plated in 96-well plates at a density of 3000 cells in 100 mLmediumper well. Cell viability was quantitatively assessed using aCell

Counting Kit-8 (CCK-8) (C0038, Beyotime) according to the manufacturer’s instructions. For the EdU assay, 43 104 cells were cultured in each

well of a 24-well plate and examined using an EdU kit (C0071S, Beyotime) according to the manufacturer’s instructions.

Wound-healing assay and transwell migration

Cells were grown to a density of 90–100% and then placed in different environments for culturing after wounding the cells with the tip of a

sterile pipette tip. The width of the wound was measured to estimate cell migration. Transwell plates with 8 mm membranes were used to

detect transwell migration. After resuspending in serum, 13 105 cells were inoculated in the upper chamber, and 600 mL of complete culture

medium was added to the lower chamber.

Live-cell imaging and transmission electron microscopy

RLE-6TN cells (3000 cells/well) were inoculated in 96-well culture plates. Three randomly selected fields of view were photographed and

counted under a phase contrast microscope (Olympus, Japan). Cell counting was performed using a Cytation C5 (BioTek, USA). The physical

properties of CeO2-NPs were observed by a Transmission Electron Microscope (TEM; FEI, USA).

Detection of ROS production

The level of intracellular reactive oxygen species (ROS) was determined using a commercial kit (S0033S, Beyotime) following the manufac-

turer’s instructions. RLE-6TN was incubated with the fluorescent probe 20,70-dichlorofluorescein diacetate (DCFH-DA) in the dark for

30 min at 37�C. Next, images were captured using a fluorescence microscope (Olympus, IX73).

Real-time fluorescence qPCR

The PrimeScript RT Reagent Kit (RR047A, Takara) was used for reverse transcription after extracting total RNA using Trizol reagent (G3013,

Servicebio). Quantitative PCRwas performed using a real-time PCR detection system (Bio-Rad, CFX96) and TBGreen premix Ex Taq (RR820A,

Takara). The primers used were as follows:

FAM134B (Forward: 50-GTACACTCCGCAGACAGACACTTC-30; Reverse: 50-TTTGTTCCCGTCCCATTTTCCAGAG-30); GAPDH (Forward:

50-ACCACAGTCCATGCCATCAC-30; Reverse: 50- TCCACCACCCTGTTGCTGTA-30).
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Flow cytometry

RLE-6TN cells cultured under different conditions were collected and washed twice with pre-chilled (4�C) phosphate-buffered saline (PBS).

Cells were stained using an Annexin V-IF647/PI Cell Apoptosis Detection Kit (G1514, Servicebio) according to the manufacturer’s instructions

for apoptosis testing. The cells were incubated with Annexin V and PI binding buffer and subjected to flow cytometric analysis. Annexin V was

labeledwith the fluorescent dye IF647 and used as an assay probe to detect early apoptosis. PI was also used to distinguish surviving cells from

necrotic and late apoptotic cells. The combination of Annexin V-IF647 and PI showed negative staining in living cells (Annexin V�/PI�), mono-

fluorescence positivity in early apoptotic cells (Annexin V+/PI�), and dual fluorescence positivity in late apoptotic and necrotic cells (Annexin

V+/PI+). The apoptosis rate was measured using a flow cytometer (Novo Cyte Advanteon Dx VBR, Agilent Technologies) with its accompa-

nying software.

Wet/dry lung weight ratio

The upper lobe of the right lung was taken at the end of the experiment, and after determining the wet weight of the lung, it was dried in an

oven at 60�C for 48 h. The wet/dry weight ratio was calculated.

Histopathology of lung tissue

The left lung was fixed in 4% paraformaldehyde for 24 h at room temperature and then embedded in paraffin. The paraffin-embedded lung

tissue was cut into 4 mm sections and stained with hematoxylin-eosin (H&E). Samples were analyzed by light microscopy. The degree of lung

injury was scored on a scale from 0 to 3: Grade 0, normal pulmonary appearance; Grade 1,Mild tomoderate interstitial hyperemia and neutro-

phil infiltration; Grade 2, perivascular edema formation, partial leukocyte infiltration, moderate neutrophil leukocyte infiltration; Grade 3,

Severe structural destruction of the lungs and massive neutrophilic infiltration.

Immunohistochemistry and immunofluorescence

Lung tissue sections were deparaffinized with xylene, rehydrated in graded alcohol, boiled in 0.01 M sodium citrate buffer (pH 6.0), cooled at

room temperature, and washed three times with PBS. Sections were blocked with 3% hydrogen peroxide for endogenous peroxidase and 1%

goat serum for 30 min at room temperature. Sections were then incubated with the corresponding primary antibodies at 4�C overnight. Sec-

tions were then washed and incubatedwith rat-specific horseradish peroxidase polymer anti-rabbit antibody for 30min, followed by the addi-

tion of horseradish peroxidase substrate for 3 min. The lung sections were then stained with hematoxylin. For immunofluorescence, enzyme-

labeled secondary antibodies were added after washing and incubated for 50 min at room temperature. The sections were then stained with

40,6-diamidino-2-phenylindole (DAPI). Images were observed under a fluorescencemicroscope, and the averageOD values and fluorescence

intensities were calculated using ImageJ software.

Masson trichrome staining

Lung tissue collagen fiber deposition was detected using Masson staining. Lung tissue sections were deparaffinized with xylene and then

rehydrated in graded alcohol solutions. Tissue sectionswere stainedwithMasson’sMuscle Trichrome Staining Kit (G1340, Solarbio) according

to the manufacturer’s instructions. After staining, the tissue sections were observed under a light microscope. ImageJ software was used to

quantify the areas occupied by collagen (blue), which were then divided by the total area examined (as the percentage of collagen fibers).

TUNEL staining

Apoptosis of lung cells was evaluated by terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining according

to the TUNEL TMR red kit. Lung tissue sections were stained according to the manufacturer’s instructions (G1502, Servicebio). Cells contain-

ing red particles in the nucleus after staining were considered TUNEL positive. DAPI was used to stain the nuclei. Finally, the fluorescence

signal wasmonitored under a fluorescent invertedmicroscope (Olympus, IX73). ImageJ software was used to count the fluorescence intensity.

QUANTIFICATION AND STATISTICAL ANALYSIS

Images were analyzed using ImageJ software. Experimental data were analyzed using GraphPad Prism 9. Normally distributed data are ex-

pressed as themeanG standard deviation (SD), and one-way analysis of variance (ANOVA) was performed to compare the groups. Statistical

significance was set at p < 0.05. The number of biological replicates is indicated in individual figures.
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