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Graphical abstract

This study indicates that NEDD4-1 is a suppressor of APAP-induced liver injury and

functions by regulating the degradation of voltage-dependent anion channel 1.
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Abstract Acetaminophen (APAP) overdose is a major cause of liver injury. Neural
precursor cell expressed developmentally downregulated 4-1 (NEDD4-1) is an E3
ubiquitin ligase that has been implicated in the pathogenesis of numerous liver diseases;
however, its role in APAP-induced liver injury (AILI) is unclear. Thus, this study aimed
to investigate the role of NEDDA4-1 in the pathogenesis of AILI. We found that NEDD4-
1 was dramatically downregulated in response to APAP treatment in mouse livers and
isolated mouse hepatocytes. Hepatocyte-specific NEDD4-1 knockout exacerbated
APAP-induced mitochondrial damage and the resultant hepatocyte necrosis and liver
injury, while hepatocyte-specific NEDD4-1 overexpression mitigated these
pathological events both in vivo and in vitro. Additionally, hepatocyte NEDD4-1
deficiency led to marked accumulation of voltage-dependent anion channel 1 (VDACI)
and increased VDACI oligomerization. Furthermore, VDACI1 knockdown alleviated
AILI and weakened the exacerbation of AILI caused by hepatocyte NEDD4-1
deficiency. Mechanistically, NEDD4-1 was found to interact with the PPTY motif of
VDACI1 through its WW domain and regulate K48-linked ubiquitination and
degradation of VDACI. Our present study indicates that NEDD4-1 is a suppressor of
AILI and functions by regulating the degradation of VDACI.

KEY WORDS Acetaminophen; NEDD4-1; VDACI; Liver injury; Hepatotoxicity;
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1. Introduction

Acetaminophen (APAP), also called paracetamol, is a widely used analgesic that is safe
at therapeutic doses!=. However, APAP induces various degrees of liver damage when
ingested at supratherapeutic doses or misused by at-risk individuals, and APAP
overdose is currently the most frequent cause of drug-induced acute liver injury in many
countries>*>. APAP-induced liver injury (AILI) accounts for 39% and 57% of acute
liver failure cases in the USA and UK, respectively™*°.

The hepatotoxicity of APAP stems from its reactive metabolite, N-acetyl-p-
benzoquinone imine (NAPQI)®’. When APAP overdose occurs, excessive NAPQI
generated by cytochrome p450 enzymes (CYPs, mainly CYP2E1) rapidly depletes
glutathione (GSH) and binds to intracellular proteins, especially mitochondrial
proteins®?, resulting in mitochondrial damage, adenosine triphosphate (ATP) depletion,
nuclear DNA damage and, ultimately, necrotic cell death in hepatocytes®!!. These
pathological events are mutually promoted and thus lead to severe or even irreversible
liver failure. Therefore, strategies for AILI therapy should target a key factor that is
involved in prominent pathogenic pathways to ultimately inhibit multiple pathological
features.

Ubiquitination is a posttranslational modification process that is accomplished via

a sequential enzymatic catalytic cascade!'>"1

and requires an E3 ubiquitin ligase, which
is the primary determinant of substrate specificity for ubiquitination'*"'7. By regulating
intracellular protein fate, ubiquitination governs practically all aspects of cellular
function and modulates cellular physiological and pathological processes'>'%. Hence,
it is constructive to discover key ubiquitination-related modulators implicated in the
pathological mechanisms of AILI. Neural precursor cell expressed developmentally
downregulated 4-1 (NEDD4-1), a member of the homologous to the E6-AP COOH
terminus (HECT) E3 ubiquitin ligase family, is characterized by a C-terminal HECT
domain, four WW repeats and an N-terminal C2 domain'®. Studies have shown that
NEDDA4-1 targets many ubiquitination substrates via interactions with its WW domains
and regulates diverse cellular physiological processes, including endocytosis,
inflammasome activation, cell growth and proliferation, and autophagy'®. Notably,
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aberrant expression of NEDD4-1 is associated with multiple human diseases™“*, such



as endotoxic shock?®, liver regeneration disorder®*, ischemia/reperfusion injury?!->>26,

and cancer’>?’. However, to the best of our knowledge, no prior study has reported the
role of NEDD4-1 in AILI.

In the current study, we reveal that NEDD4-1 is a key suppressor of APAP-induced
mitochondrial damage, necrosis and liver injury. Mechanistically, NEDD4-1 directly
interacts with voltage-dependent anion channel 1 (VDACI1) and mediates its K48-
linked polyubiquitination and subsequent degradation, thereby protecting against

APAP-induced mitochondrial damage, necrosis and liver injury.

2. Materials and methods
2.1. Animals and treatment
Experimental animal protocols were approved by the Ethics Committee for Animal
Care and Use of Jilin University (permit number: SY202008007; Changchun, China).
The animals were treated humanely according to Laboratory animal-the guidelines for
ethical review of animal welfare (GB/T 35892-2018, China). Wild-type (WT)
C57BL/6N mice were purchased from Cyagen Biosciences (Suzhou, China). Mice with
the floxed Nedd4-1 alleles (Flox; on a C57BL/6N background) were also purchased
from Cyagen Biosciences. Hepatocyte-specific Nedd4-1 knockout (HepKO; on a
C57BL/6N background) mice were generated by mating Flox mice with albumin-Cre
mice (Cyagen Biosciences). Although it is now increasingly recognized that crossing
Flox mice with albumin-Cre mice will not generate pure hepatocyte specific knockout
mice since albumin is expressed in bipotent fetal liver progenitor cells that give rise to
both hepatocytes and biliary cells?®, albumin-Cre mice is still widely used and
acceptable for generating hepatocyte specific knockout mice today?*-*!. All experiments
described in this report used male mice aged 4-8 weeks. Mice were housed in a
temperature (23 £ 2 °C) and humidity (40 = 5%) controlled specific pathogen-free
facility with a 12 h/12 h dark/light photocycle. Food and water were provided ad libitum.
For modeling AILI mouse models, mice were fasted overnight to reduce hepatic
GSH levels before APAP injection. APAP (IA0030; Solarbio, Beijing, China) was
dissolved in warm saline (0.9% NaCl; 55 °C), cooled to 37 °C, and injected
intraperitoneally at a dose of 300 or 600 mg/kg. Animals were sacrificed 6, 12, or 24 h
after APAP administration. Liver and serum samples at each indicated time point were

collected for further experiments.



2.2. Analysis of serum parameters

Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), lactate
dehydrogenase (LDH) activities, and high mobility group box 1 (HMGBI)
concentration were measured using the ALT activity assay kit (MAKO052; Sigma—
Aldrich, St. Louis, MO, USA), AST activity assay kit (MAKO55; Sigma—Aldrich),
LDH activity assay kit (MAKO066; Sigma—Aldrich), and mouse HMGB1 ELISA kit
(NBP2-62767, Novus Biologicals, Littleton, CO, USA) according to the

manufacturer’s protocols, respectively.

2.3. Hematoxylin and eosin (H&E) and immunohistochemical (IHC) staining

H&E and IHC staining were performed in paraffin-embedded liver sections. Briefly,
liver samples were fixed in 4% paraformaldehyde overnight, dehydrated, cleared, and
embedded in paraffin. The waxes were sectioned serially at 3—5 um thickness. After
deparaftinization and rehydration, standard H&E staining was carried out to visualize
the pattern in necrotic areas of the liver. The VDACI1 expression profiles in mice liver
samples were determined by incubating the liver sections with anti-VDACI primary
antibodies. Histological features were observed and captured under a light microscope
(Olympus Corporation, Tokyo, Japan). The details of antibodies are listed in Supporting

Information Table S1.

2.4. Protein extraction and Western blotting

Total protein was extracted from liver tissue or cells, and prepared for Western blotting
according to manufacturer’s instructions (POO13K; Beyotime Institute of
Biotechnology, Shanghai, China). Mitochondrial and cytosolic fractions used for
Western blotting were isolated from fresh liver tissue or hepatocytes using a
mitochondria isolation kit (MP-007; Invent Biotechnologies, Eden Prairie, MN, USA)
according to manufacturer’s instructions. Protein abundance of each molecular was

determined by Western blotting as previously described2. The details of antibodies are

listed in Table S1.

2.5. RNA extraction and quantitative real-time polymerase chain reaction

Protocol for quantitative real-time polymerase chain reaction was the same as described



previously>>??, Briefly, total RNA was extracted using RNAiso Plus (D9108, TaKaRa
Biotechnology, Dalian, China) according to manufacturer’s instructions.
Complementary DNA was reverse-transcribed from 1 pg total RNA using a reverse
transcription kit (RR047A, TaKaRa Biotechnology). Relative mRNA expression of
target genes was detected using the TB Green Premix Ex Taq II (RR82LR, TaKaRa
Biotechnology) on the 7500 Real-Time PCR System (Applied Biosystems, Bedford,
MA, USA). The relative expression of target genes was normalized to reference gene

(Actb) using 27*2CT method*. Primer sequences are listed in Supporting Information

Table S2.

2.6. Cell isolation, culture, and treatment

Mouse primary hepatocytes were isolated from 6- to 8-week-old male mice (C57BL/6N
background) as previously described?>-
anesthetized and perfused in sifu with D-HBSS (PB180322; Procell Life Science &

Technology, Wuhan, China) containing 5 mmol/L EDTA and then HBSS (PB130824;

, with modification. Briefly, mice were

Procell Life Science & Technology) containing 0.5 mg/mL collagenase type IV
(17104019; Gibco, Grand Island, NY, USA) via the portal vein. The cell suspension
was filtered through a 70-um cell strainer (431751; Corning, NY, USA) and centrifuged
at 50 x g for 5 min at 4 °C. After that, the cell pellets were resuspended and mounted
over a cushion of 25% Percoll (17089101; Cytiva Sweden AB, Uppsala, Sweden) to
eliminate non-parenchymal cells. The obtained hepatocytes were washed with DMEM
(SH30021.01; HyClone, Logan, UT, USA) and then cultured with William’s E medium
(PM151213; Procell Life Science & Technology) containing 10% fetal bovine serum
(FBS; FB15015; Clark Bioscience, Richmond, VA, USA) in a 37 °C incubator with 5%
COz and humidified atmosphere. Endothelial cells, cholangiocytes and stromal cells
were isolated based on bilio-vascular tree isolation procedure as previously described?’.
In situ perfusion of the liver was performed as described above. The digested liver was
acquired and placed in pre-chilled DMEM. Liver parenchyma was mechanically
detached and discarded. The remaining bilio-vascular tree was minced and digested in
DMEM containing 0.075 mg/mL collagenase P (11213865001; Roche, Indianapolis,
IN, USA), 0.02 mg/mL DNase I (D8071; Solarbio, Beijing, China), 3% FBS, 1 mg/mL
bovine serum albumin, 1% HEPES and 1% Penicillin—Streptomycin at 37 °C. The

digested bilio-vascular fragments were collected on top of a 40-um cell strainer



(352340; Corning) and digested in 0.05% Trypsin-EDTA containing 0.02 mg/mL
DNase I at 37 °C. Endothelial cells and cholangiocytes were isolated through a
magnetic selection method using CD31 microbeads (130-097-418; Miltenyi Biotec,
San Diego, CA, USA) and EpCAM microbeads (130-105-958; Miltenyi Biotec),
respectively. Enriched stromal cell fraction was collected after excluding endothelial
cells and cholangiocytes. 293T cell lines were purchased from the Cell Bank of Type
Cultural Collection of Chinese Academy of Sciences (Shanghai, China), and cultured
in DMEM (SH40007.01; HyClone) supplemented with 10% FBS at a 37 °C incubator
with 5% COa.

To detect the effect of APAP on NEDD4-1 in vitro, primary hepatocytes were
treated with different concentrations (0, 5, 10, or 20 mmol/L) of APAP for 12 h, or 10
mmol/L. APAP for different times (0, 3, 6, or 12 h). To mimic APAP-induced
hepatotoxicity in vitro, primary hepatocytes were treated with 10 mmol/L APAP for 12
h. To overexpress NEDD4-1 or knockdown VDACI in vitro, hepatocytes were infected
with adenovirus expressing mouse Nedd4-1 gene sequence (Ad-NEDD4-1) or
adenovirus expressing short hairpin RNA (shRNA) targeting mouse Vdacl gene (Ad-
shVDACT) at a multiplicity of infection of 50 for 3648 h, respectively. To inhibit the
lysosomal degradation pathway of proteins, hepatocytes were treated with lysosome
inhibitor chloroquine (CQ; 50 pumol/L) for 6 h before harvest. To inhibit the
proteasomal degradation pathway of proteins, hepatocytes were treated with
proteasome inhibitor MG132 (10 umol/L) for 10 h before harvest. To inhibit c-Jun N-
terminal kinase (JNK) signaling, hepatocytes were pretreated with 20 pmol/L
SP600125 2 h before APAP treatment. For coimmunoprecipitation assays, 293T cells
were transfected with the indicated plasmids for 24-48 h using Lipofectamine 3000
(L3000015; Invitrogen, Carlsbad, CA, USA).

2.7. Immunofluorescence assay

For immunofluorescence, cells were fixed with 4% paraformaldehyde at room
temperature for 15 min, washed twice with PBS, and then permeabilized with 0.1%
Triton X-100 for 1 h. After washing with PBS twice, cells were incubated with primary
antibodies diluted in PBS containing 5% bovine serum albumin overnight at 4 °C. Cells
were then washed three times for 5 min with Tris-buffered saline-Tween 20, and

incubated with corresponding fluorescent secondary antibodies. Subsequently, cells



were washed twice with Tris-buffered saline-Tween 20, and then stained with DAPI.
Cells were observed by a laser scanning confocal microscopy (Olympus FluoView 1200;
Olympus Corporation). Fluorescence line profile and co-localization analyses were

performed with Fiji software®®. The details of antibodies are listed in Table S1.

2.8. RNA sequencing (RNA-seq) and data processing

For the RNA-seq analysis, total RNA was extracted from liver samples of APAP-
treated Flox or APAP-treated HepK O mice. Libraries were constructed from total RNA
and paired-end sequencing was performed on an [llumina Novaseq 6000 (Illumina, San
Diego, CA, USA). Raw sequencing data were quality-controlled with Cutadapt and
FastQC program. Reads were matched to reference genome sequences
(mm10/GRCm38) using HISAT2 (version 2.1.0). Fragment per kilobase of transcript
per million mapped reads mapped value was estimated by StringTie (version 1.3.4d).
Differential gene expression analysis was performed using DEseq2 (version 1.2.10)
according to the following two criteria: (1) folding change > 2 and (2) false discovery
rate < 0.05. The hierarchical clustering analysis was performed to analyze global
sample distribution profiles by constructing a clustering tree based on data from RNA-
seq by R function hclust. Gene set enrichment analysis (GSEA) was performed using
the R package ReactomePA (version 1.30.0) with default parameters. Gene sets with P
values < 0.05 were considered statistically significant. RNA-seq data generated in this
study have been deposited in the Gene Expression Omnibus public database under

accession number GSE199353.

2.9. Measurement of viable and dead cells

Calcein-AM/propidium iodide (PI) double staining kit (40747ES76; Yeasen
Biotechnology, Shanghai, China) was utilized for simultaneous fluorescence staining
of viable and dead cells. This kit contains Calcein-AM and PI solutions, which stain
viable and dead cells, respectively. After treatment as indicated in results, cells were
stained according to manufacturer’s instruction. Firstly, washing cells with 1x assay
buffer three times to remove residual esterase activity. After that, cells were incubated
with the working solution (2 pmol/L Calcein-AM and 4.5 umol/L P in 1x assay buffer)
for 20 min at 37 °C, protected from light. Following incubation, cells were washed

gently with 1x assay buffer three times, and then visualized by a laser scanning confocal



microscopy (Olympus FluoView 1200).

2.10. Adeno-associated virus 8 (AAVS8) injection

The AAVS delivery system was constructed by Vigene Bioscience (Jinan, China). For
NEDD4-1 overexpression, mice were injected with AAV8-TBG (a genetic delivery
system containing hepatocyte-specific promoter TBG and exhibiting high specificity
and transfection efficiency in hepatocytes) carrying the full length mouse Nedd4-1 gene
sequence (AAV8-NEDD4-1). For VDAC1 knockdown, mice were injected with AAVSE
vectors bearing shRNA targeting mouse Vdacl gene (AAV8-shVDACL1). Mice were
injected in the lateral tail vein with 200 uL of virus containing 2.5 x 10'' AAVS vector

genomes. The shVdacl sequences are listed in Supporting Information Table S3.

2.11. Transmission electron microscopy

Primary hepatocytes were fixed in 2.5% glutaraldehyde overnight at room temperature.
Then, cells were post-fixed in potassium ferrocyanide—osmium tetroxide for 1 h and
dehydrated in a bath with increasing concentrations of ethanol. After embedding and
slicing, cells were staining with uranyl acetate and lead citrate. Sections were observed

under a H-7650 transmission electron microscope (Hitachi Limited, Tokyo, Japan).

2.12. Detection of liver reactive oxygen species (ROS) content and ATP content

The content of ROS in liver tissue was measured using the tissue ROS test kit (HR8821;
BioRab, Beijing, China) according to manufacturer’s instructions and normalized to
protein concentration. Briefly, fresh liver tissue was homogenized in cold buffer and
centrifuged (100 x g) for 5 min at 4 °C. The supernatant was used to analyze ROS
content. Add 200 pL of supernatant and 2 pL of dihydroethidium probe to a 96-well
plate, and mix them well. Plate was incubated at 37 °C for 30 min in dark, and then
read on a Molecular Devices SpectraMax Gemini EM (Molecular Devices, Sunnyvale,
CA, USA) at Aexe = 510 nm and Aemi = 610 nm.

The content of ATP in liver tissue was measured using the ATP
colorimetric/fluorometric assay kit (K354-100; BioVision, Milpitas, CA, USA)
according to manufacturer’s instructions and normalized to protein concentration.
2.13. Seahorse assay

Oxygen consumption rate (OCR) was measured using the Seahorse XFe 24 Analyzer
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(Agilent Technologies, Santa Clara, CA, USA). 3 x 10* hepatocytes per well were
plated as a monolayer culture in Seahorse cell plates. To perform the mitochondrial
stress test, 2 pmol/L oligomycin, 1.5 umol/L FCCP, and 1 pmol/L antimycin A + 1

umol/L rotenone were added as indicated.

2.14. Measurement of intracellular mitochondrial membrane potential and
mitochondrial ROS (mtROS)

Intracellular mitochondrial membrane potential and mtROS production were visualized
using the JC-1 mitochondrial membrane potential assay kit (C0008; Applygen
Technologies, Beijing, China) or the MitoSOX Red Mitochondrial Superoxide
Indicator (40778 ES50; Yeasen Biotechnology) according to manufacturer’s instruction,
respectively. To measure intracellular mitochondrial membrane potential, cells were
incubated with 10 pg/mL of JC-1 working solution for 20 min at 37 °C, protected from
light. To measure intracellular mtROS, cells were incubated with 4.5 pmol/L of
MitoSOX working solution for 10 min at 37 °C, protected from light. After incubation,
cells were washed gently three times with warm buffer, and then visualized by a laser

scanning confocal microscopy (Olympus FluoView 1200).

2.15. VDACI cross-linking assay

To detect the oligomeric forms of VDACI, chemical cross-linking of cells was
performed as described previously***°. Briefly, hepatocytes were washed twice with
PBS, harvested, and incubated with 0.5 mmol/L EGS (21565, ThermoScientific,
Waltham, MA, USA) in PBS (pH 7.4) at 30 °C for 20 min. The pellet was lysed in NP-
40 lysis buffer by sonication on ice. Samples were subjected to SDS-PAGE and
immunoblotting using anti-VDACT antibody.

2.16. Plasmid construction

WT and truncated fragments of mouse Nedd4-1 were amplified from mouse
complementary DNA and cloned into the pcDNA3.1-HA vector. WT fragments of
mouse Vdacl were amplified from mouse complementary DNA and cloned into the
pEnCMV-3 x Flag vector. Mutant fragment of mouse NEDD4-1 (NEDD4-1%3%5) and
PPTY deletion fragment of mouse VDAC1 (VDACI1APPTY) were generated using Q5
Site-Directed Mutagenesis Kit (E0554S; New England BioLabs, Ipswich, MA, USA).
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Each construction was verified by sequencing (Comate Bioscience, Changchun, China).

2.17. Coimmunoprecipitation (Co-IP) assay

293T cells were lysed in ice-cold NP40 lysis buffer supplemented with a protease
inhibitor cocktail, and centrifuged (12,000 x g) at 4 °C for 10 min. The cell lysates were
used for immunoprecipitation with Pierce Crosslink Immunoprecipitation Kit (26147,
Thermo Scientific), anti-Flag M2 affinity gel (A2220, Sigma—Aldrich), or anti-HA
affinity gel (E6779, Sigma—Aldrich). The obtained beads were washed five times with
lysis buffer, and the immunoprecipitates were obtained by boiling in 2% loading buffer
at 95 °C for 5 min, or eluted by 100 pg/mL HA peptide (12149; Sigma—Aldrich). Finally,
the immunoprecipitates and whole cell lysates were subjected to immunoblotting using
the indicated primary antibodies and corresponding secondary antibodies. The details

of antibodies are listed in Table S1.

2.18. Measurement of cell viability
Cell viability was detected using cell counting kit-8 (C0038; Beyotime Institute of

Biotechnology) according to manufacturer’s instructions.

2.19. Statistical analysis

Data were generated from multiple repeats of different biological experiments and were
analyzed using the appropriate statistical analysis methods. Statistical significance of
Kaplan—Meier survival curves was analyzed by log-rank test. The correlation between
two parameters was analyzed by the Pearson correlation analysis. Statistical
significance of the rest of data was calculated using the two-tailed unpaired Student ¢
test, or ANOVA with Bonferroni correction. Results are presented as the mean +
standard error of mean (SEM). P value < 0.05 is considered statistically significant.
Statistics were performed using GraphPad Prism software (Version 6; GraphPad
Software Inc., La Jolla, CA, USA) and Statistical Package for the Social Sciences
(SPSS) software (Version 19.0; SPSS Incorporated, Chicago, IL, USA).

3. Results
3.1. Hepatocyte NEDD4-1 expression is dramatically downregulated in AILI and

negatively correlates with liver injury severity
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To explore the potential role of NEDD4-1 in AILI, 6- to 8-week-old male C57BL/6N
mice were administered either a nonlethal (300 mg/kg) or lethal (600 mg/kg) dose of
APAP over different durations by intraperitoneal injection. Administration of APAP
resulted in hepatic injury, as indicated by highly increased serum ALT and AST
activities (Supporting Information Fig. S1A and S1B). Typical features of liver injury
and centrilobular hepatocellular necrosis were also observed by H&E staining in APAP-
treated mice (Fig. S1C).

The protein (Fig. 1A and B) and mRNA (Fig. 1C) abundances of NEDD4-1 were
markedly reduced in time- and dose-dependent manners in the livers of APAP-
challenged mice. In addition, hepatic Nedd4-1 mRNA expression was negatively
correlated with serum ALT and AST activities, as determined by Pearson correlation
analysis (Fig. 1D and E). Due to the cellular heterogeneity of liver tissue, we analyzed
a publicly available single-cell RNA-seq dataset derived from normal human livers
(GSE192742; https://www.livercellatlas.org/index.php)*! and found that NEDD4-1 was
predominantly expressed in hepatocytes and, to a lesser extent, in cholangiocytes,
endothelial cells, and stromal cells (Fig. S1D). These four types of cells were thus
isolated from the livers of mice administered saline or APAP. The NEDD4-1 protein
abundance was lower in hepatocytes but not in other cell types from APAP-treated mice
(Fig. S1E), suggesting that APAP overdose selectively decreases the abundance of
NEDDA4-1 in hepatocytes. Similarly, in vitro, APAP treatment downregulated NEDDA4-
1 expression in WT hepatocytes in time- and dose-dependent manners (Fig. 1F and G;
Fig. S1F). The decrease of NEDD4-1 abundance in APAP-treated mouse primary
hepatocytes was also confirmed by immunofluorescence analyses (Fig. 1H). These
results suggest a potential regulatory role of NEDD4-1 in APAP-induced hepatotoxicity.

Insert Fig. 1

3.2. Hepatocyte NEDD4-1 deficiency exacerbates APAP-induced liver injury and
necrosis

To understand the role of NEDD4-1 in the liver and the mechanism by which its
downregulation contributes to AILI pathogenesis, we generated mice with hepatocyte-
specific Nedd4-1 knockout (hereafter referred to as HepKO mice) (Supporting
Information Fig. S2A). Western blot analysis confirmed the specific knockout of

NEDDA4-1 in the livers of HepKO mice (Fig. S2B). Unchallenged HepKO mice were
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healthy and fertile without noticeable gross phenotypes and demonstrated no significant
differences in body weight (Fig. S2C) and the liver weight/body weight ratio (Fig. S2D)
compared with those of their Flox counterparts. However, under challenge with 300
mg/kg APAP, NEDDA4-1 loss led to more severe liver injury, as indicated by the higher
serum ALT (Fig. 2A), AST (Fig. 2B), and LDH (Fig. 2C) activities. In addition,
hepatocyte NEDD4-1 deficiency evidently exacerbated the APAP-induced increase in
the serum level of HMGBI1 (Fig. 2D), a nuclear protein released extracellularly from
necrotic cells****, H&E staining (Fig. 2E) and evaluation of gross liver appearance (Fig.
S2E) further confirmed the enhancement of APAP-induced liver injury and necrosis in
APAP-treated HepKO mice. In particular, HepKO mice had a much lower survival rate
than Flox mice after treatment with a lethal dose (600 mg/kg) of APAP (Fig. 2F). In
addition, identical protein abundances of CYP2EI (Fig. S2F) and GSH levels (Fig. S2G)
were observed in the livers of APAP-treated Flox and HepKO mice, indicating
unaffected APAP metabolism. Taken together, these results indicate that hepatocyte-
specific NEDD4-1 deficiency exacerbates APAP-induced liver injury and necrosis.

To gain better insight into the pathological alterations initiated by hepatocyte
NEDDA4-1 deficiency in the AILI setting, we performed RNA-seq using liver samples
from APAP-treated Flox and HepKO mice. Unsupervised hierarchical clustering
showed that liver samples from these two groups were clearly separated (Supporting
Information Fig. S3A), with 1201 upregulated and 736 downregulated genes (Fig. 2G,
Supporting Information Table S4) in the APAP-treated HepKO group. GSEA revealed
that the upregulated genes were associated with the chemokine, inflammasome, DNA
damage, tumor necrosis factor signaling, and cell death pathways (Fig. 2H, red; Fig.
S3B). In addition, mitochondrial function-related genes associated with fatty acid
oxidation and mitochondrial translation were downregulated (Fig. 2H, gray; Fig. S3B).
These RNA-seq data further demonstrate the negative effects of NEDD4-1 deficiency
on AILL

For further in vitro experiments, hepatocytes were isolated from HepKO and Flox
mice (Supporting Information Fig. S4) and were then exposed to APAP. NEDD4-1
deletion in hepatocytes markedly exacerbated APAP-induced hepatocyte death, as
determined by Calcein-AM/PI double staining (Fig. 2I), an LDH release assay (Fig. 2J)
and measurement of the HMGB1 concentration in the culture medium (Fig. 2K). Taken

together, these in vivo and in vitro results reveal that loss of hepatocyte NEDD4-1
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exacerbates APAP-induced liver injury and necrosis.

Insert Fig. 2

3.3. Overexpression of hepatocyte NEDD4-1 alleviates APAP-induced liver injury and
necrosis

To further confirm the function of hepatocyte NEDD4-1 in AILI, we generated mice
with hepatocyte NEDD4-1 overexpression using AAV8 delivering hepatocyte-specific
promoter TBG and full-length Nedd4-1 gene sequence (AAVS8-NEDD4-1), and
examined their response to APAP treatment (Supporting Information Fig. S5A).
Western blot analysis confirmed the overexpression of NEDD4-1 in the livers of AAV 8-
NEDD4-1-injected mice (Fig. S5B). The similar levels of CYP2E]1 protein abundance
(Fig. S5C) and GSH depletion (Fig. S5D) indicated that APAP metabolism was not
influenced by AAV8-NEDDA4-1 injection. Compared to AAV8-Control-injected mice,
AAV8-NEDD4-1-injected mice showed alleviation of liver injury and necrosis in
response to APAP challenge, as indicated by the decreased necrotic area (Fig. 3A);
decreased serum ALT (Fig. 3B), AST (Fig. 3C) and LDH (Fig. 3D) activities; and
reduced serum HMGBI1 level (Fig. 3E). Moreover, AAV8-mediated hepatocyte
NEDD4-1 overexpression was sufficient to increase the mouse survival rate upon
administration of a lethal dose (600 mg/kg) of APAP (Fig. 3F).

For in vitro experiments, primary hepatocytes obtained from WT mice were
transfected with adenovirus containing the NEDD4-1 plasmid or control vector (Fig.
S5E) and then exposed to APAP. Consistent with the in vivo results, APAP-induced cell
death was also alleviated by NEDD4-1 overexpression in primary hepatocytes, as
indicated by the decreased cell death rate (PI positive cells %; Fig. 3G), level of LDH
release (Fig. 3H), and concentration of HMGBI in the culture medium (Fig. 3I). Based
on the combined in vivo and in vitro results, we conclude that hepatocyte NEDD4-1
overexpression ameliorates APAP-induced liver injury and necrosis.

Insert Fig. 3

3.4. NEDD4-1 mediates APAP-induced hepatocyte mitochondrial damage

Our RNA-seq data demonstrate an enhanced defect in mitochondrial function in APAP-
treated HepKO mice. Therefore, we investigated the influence of NEDD4-1 on
mitochondrial homeostasis in the setting of AILI by determining the ATP and ROS

contents, mitochondrial ~membrane potential, mitochondrial = membrane
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permeabilization, etc. APAP-induced hepatic ATP depletion (Fig. 4A), ROS
overproduction (Fig. 4B), and cytosolic leakage of mitochondrial intermembrane
proteins (apoptosis-inducing factor [AIF], endonuclease G [Endo G] and cytochrome ¢
[Cyt C]; Fig. 4C) were aggravated by hepatocyte NEDD4-1 knockout in vivo, indicating
that hepatocyte NEDD4-1 deficiency exacerbated APAP-induced mitochondrial
damage. Conversely, overexpression of hepatocyte NEDD4-1 by AAV8-NEDD4-1
injection caused a beneficial improvement in APAP-induced mitochondrial damage
(Supporting Information Fig. S6A-S6C).

In vitro, transmission electron microscopy revealed mitochondrial swelling and
damage in APAP-treated Flox hepatocytes, which was even worse in APAP-treated
HepKO hepatocytes (Fig. 4D). In addition, upon APAP treatment, HepKO hepatocytes
displayed greater increases in the cytosolic release of mitochondrial intermembrane
proteins (AIF, Endo G and Cyt C) than Flox hepatocytes (Fig. 4E). OCR measurements
obtained by a Seahorse assay demonstrated that the impairment of basal respiration,
ATP production and maximal respiration induced by APAP exposure were further
aggravated by hepatocyte NEDD4-1 ablation, revealing a more severe defect in
mitochondrial function (Fig. 4F). JC-1 staining, which is used to visualize the
mitochondrial membrane potential by detecting fluorescence, indicated that NEDD4-1
ablation in primary hepatocytes aggravated the APAP-induced collapse of the
mitochondrial membrane potential (Fig. 4G). Meanwhile, MitoSOX staining was
performed to evaluate mtROS production in vitro and showed that knockout of
NEDDA4-1 in hepatocytes increased APAP-induced overproduction of mtROS (Fig. 4H).
In contrast, transfection of NEDD4-1 adenovirus into WT primary hepatocytes
significantly mitigated APAP-induced mitochondrial damage, as evidenced by the
Seahorse assay (Fig. S6D), JC-1 staining (Fig. S6E), and MitoSOX staining (Fig. S6F).

In summary, these gain- and loss-of-function studies in vivo and in vitro show that
hepatocyte NEDD4-1 at least partially mediates APAP-induced hepatocyte
mitochondrial damage.

Insert Fig. 4

3.5. Knockdown of VDACI mitigates the enhanced AILI events caused by hepatocyte
NEDDA4-1 deficiency

The striking effect of NEDD4-1 on mitochondrial intermembrane protein leakage in the
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setting of AILI prompted us to investigate the influence of NEDD4-1 on proteins related
to mitochondrial membrane permeabilization. Intriguingly, under APAP treatment,
hepatocyte NEDD4-1 ablation increased the mitochondrial translocation of
phosphorylated JNK (P-JNK) and the protein abundance of mitochondrial VDACI, but
had a negligible influence on the protein abundance of mitochondrial bel-2-associated
X (Bax) and cyclophilin D (CYPD) (Fig. 5A). In contrast, NEDD4-1 overexpression
resulted in the opposite trends in the protein levels of mitochondrial P-JNK and VDAC1
in APAP-treated primary hepatocytes (Supporting Information Fig. S7A).

Since NEDD4-1 markedly influenced the VDACI1 protein abundance in the setting
of AILI, we sought to determine whether VDACI participates in the regulation of
NEDD4-1 in AILI pathogenesis. First, the expression profile of hepatic VDACI in the
setting of AILI was determined. Results showed that the VDACI1 protein abundance
was markedly increased in the livers of APAP-challenged mice (Fig. 5B and C) and in
APAP-treated primary hepatocytes (Fig. S7B), although VDAC1 mRNA expression did
not differ significantly (Fig. 5D), suggesting that the increase in the VDACI protein
abundance upon APAP treatment was not due to changes in transcription.

To further elucidate the role of VDACI in NEDD4-1-regulated AILI, VDACI1 was
silenced in Flox and HepKO mice via tail vein injection of AAV8-shVDACI, and the
mice were then exposed to APAP (Supporting Information Fig. S8A). The silencing
efficiency of AAV8-shVDACI1 in HepKO mice was validated by Western blotting (Fig.
S8B). AAV8-shVDACI injection did not affect the CYP2E1 protein abundance (Fig.
S8C) and GSH depletion (Fig. S8D), indicating unaffected APAP metabolism.
Nevertheless, AAV8-shVDACI injection significantly alleviated liver injury and
necrosis both in APAP-treated Flox mice and in APAP-treated HepKO mice compared
with their corresponding controls, as indicated by H&E staining (Fig. 5SE); serum ALT
(Fig. 5F), AST (Fig. 5G), LDH activities (Fig. SH); HMGBI levels (Fig. 51); and gross
liver appearance (Fig. S8E). Consistent with these findings, the reduction in the survival
rate was ameliorated by VDACI1 knockdown (Fig. 5J). Moreover, hepatic
mitochondrial damage was alleviated by injection of AAV8-shVDACI (Fig. 5K and L).
Notably, the mitochondrial translocation of P-JNK induced by NEDD4-1 deficiency
under APAP exposure was reduced by VDACI1 knockdown, suggesting that VDACI
may function cooperatively with JNK (Fig. SM). Collectively, these results show that
knockdown of VDACI effectively alleviates APAP-induced mitochondrial damage,
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liver injury and necrosis. More importantly, the enhanced AILI events caused by
hepatocyte NEDD4-1 deficiency were also weakened by VDAC! knockdown in vivo.
These in vivo phenomena were also evaluated in vitro in HepKO hepatocytes treated
with APAP and Ad-shVDACI (Fig. S8F). Under APAP exposure, the cell death rate (PI
positive cells %; Fig. 6A), LDH release (Fig. 6B) and HMGBI1 concentration in the
culture medium (Fig. 6C) were lower in the Ad-shVDAC1 group than in the Ad-
shControl group. Furthermore, mitochondrial damage enhanced by hepatocyte
NEDD4-1 knockout was also mitigated by VDAC1 knockdown under APAP treatment
in vitro, as determined by a Seahorse assay (Fig. 6D), JC-1 staining (Fig. 6E), and
MitoSOX staining (Fig. 6F). These data indicate that knockdown of VDACI protects
against the enhancement of APAP-induced pathological events resulting from
hepatocyte NEDD4-1 deficiency in vitro.
Insert Figs. 5 and 6

As arecent study revealed that VDAC] oligomerization mediates APAP toxicity*’,
we further investigated whether NEDD4-1 affects VDACI1 oligomerization in APAP
toxicity. In vitro experiments showed that NEDD4-1 knockout promoted APAP-
induced VDACI1 oligomerization (Supporting Information Fig. S9A), which was
reduced by NEDD4-1 overexpression (Fig. S9B). These results indicate that NEDD4-
1 regulates VDACT oligomerization in APAP toxicity.

3.6. Identification of VDACI as a functional ubiquitination substrate of NEDD4-1
Since the increase in the VDACI protein abundance upon APAP treatment was not due
to transcriptional changes, we rationally deduced that in the setting of AILI, VDACI is
regulated through proteasomal degradation via the E3 ubiquitin ligase NEDD4-1. As
expected, NEDD4-1 overexpression significantly decreased the protein abundance of
VDACI, and this effect was blocked by the proteasome inhibitor MG132 but not by the
lysosome inhibitor CQ, emphasizing that NEDD4-1 regulates the proteasomal
degradation of VDACI (Fig. 7A).

The interaction of exogenous NEDD4-1 with VDAC1 was demonstrated by
reciprocal Co-IP (Fig. 7B, C). Consistently, intracellular colocalization of endogenous
NEDD4-1 and VDACI1 was further observed in primary hepatocytes via an
immunofluorescence colocalization assay (Fig. 7D). Subsequently, molecular mapping

assays using WT and truncated fragments of NEDD4-1 revealed that the WW domain
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of NEDD4-1 is responsible for its interaction with VDACI1 (Fig. 7E). Moreover,
missing PPTY motif in VDACI1 abolished its interaction with NEDD4-1 (Fig. 7F).
Taken together, these results clarify that NEDD4-1 binds to the PPTY motif of VDACI1
through its WW domain.

Next, we investigated whether NEDD4-1 promotes the ubiquitination of VDACI.
As shown in the ubiquitination assays, NEDD4-1 significantly facilitated the
ubiquitination of VDAC!1 (Fig. 7G and H), but the NEDD4-1**5 mutant lacking
ubiquitin ligase activity did not (Fig. 7H). These results indicate that NEDD4-1-
catalyzed ubiquitination of VDACI1 depends on its E3 ubiquitin ligase activity.
Screening for potential lysine ubiquitination types revealed that both WT and K480
(ubiquitin with the intact Lys48 residue only) ubiquitin but not K60, K110, K270,
K330, or K630 (Fig. 71) could be linked to VDAC1 by NEDD4-1. Moreover, NEDD4-
1 failed to link K48R ubiquitin (ubiquitin with mutation of Lys48) to VDACI (Fig. 7J).
Investigation using a K48 linkage-specific anti-ubiquitin antibody further confirmed
that NEDD4-1 facilitated K48-linked ubiquitination of VDACI (Fig. 7K). In summary,
the present data indicate that NEDD4-1 directly interacts with VDACI and
predominantly promotes K48-linked ubiquitination of VDACI, eventually resulting in
its degradation.

Insert Fig. 7

Accordingly, we propose a signaling mechanism in which VDACI is targeted as
a degradation substrate of NEDD4-1 to mediate hepatocyte mitochondrial damage and
necrosis during AILI (Fig. 8).

Insert Fig. 8

4. Discussion

Hepatotoxicity limits the clinical utility of APAP, although it remains the most
ubiquitous over-the-counter antipyretic and analgesic worldwide®. APAP hepatotoxicity
accounts for several fold more deaths related to acute liver failure than hepatotoxicity
from all other prescription drugs combined’. However, there is currently no standard
antidote to treat AILI except for N-acetylcysteine, which has certain limitations.
Therefore, exploring the mechanisms by which APAP causes toxicity is essential to
combat AILI with appropriate therapies. Here, we identified NEDD4-1 as a new and
robust suppressor of AILI that functions to maintain hepatocyte mitochondrial

homeostasis and protect against hepatic necrosis. Furthermore, VDAC1 was identified
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as a degradation substrate protein that mediates the downstream protective effects of
NEDD4-1 against AILI. Considering these results, targeting the NEDD4-1-VDACI1
axis could be a feasible therapeutic strategy for AILI.

The E3 ubiquitin ligase NEDD4-1 has attracted extensive attention in recent
decades for its vital role in regulating a diverse range of physiological processes and
human diseases!*??. Accumulating evidence has validated the protective effect of
NEDD4-1 against tissue injury, such as hepatic and cardiac ischemia/reperfusion
injury?!>>26, However, the role of NEDD4-1 in regulating drug-induced liver injury has
not been described previously. Here, we found that hepatic NEDD4-1 expression was
dramatically downregulated in AILI. Notably, HepKO mice showed higher mortality
and more severe liver injury upon APAP overdose, while mice overexpressing NEDD4-
1 exhibited alleviation of the response to APAP exposure, identifying NEDD4-1 as
exerting protective effects against AILI. In addition, this conclusion was also supported
by our in vitro findings.

AILI has a complex pathogenesis that involves multiple pathogenic events. The
initiating event begins with the generation of NAPQI"#4¢, which then binds covalently
to proteins, especially mitochondrial proteins. Widespread covalent binding results in
cellular oxidative stress, mitochondrial dysfunction, DNA fragmentation, etc.,
culminating in necrosis and liver injury!'*’#8 In this study, the RNA-seq data suggest
that NEDD4-1 deficiency is implicated in multiple pathogenic pathways (oxidative
stress, mitochondrial dysfunction, DNA damage and cell death) during AILI
progression, all of which are closely related to mitochondria—the primary intracellular
organelle targeted by APAP*. In particular, our loss- and gain-of-function experiments
further demonstrated that NEDDA4-1 at least partially mediates APAP-induced
hepatocyte mitochondrial damage and necrosis. Therefore, mitochondrial damage is a
critical pathological event in NEDD4-1 deficiency-mediated exacerbation of APAP
hepatotoxicity.

The mitochondrial outer membrane is a functional barrier that physically separates
mitochondria from the cytosol and orchestrates mitochondrial homeostasis®. VDACI
is the most abundant gatekeeper in the mitochondrial outer membrane and forms pores
that control the exchange of metabolites, nucleotides, ions, and small molecules
between mitochondria and the cytosol®'">3. Genetic alteration, abnormal expression,

translocation, oligomerization and ubiquitination of VDACI regulate various cellular
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pathological processes, such as mitochondrial outer membrane permeabilization,
mitochondrial DNA release, mitochondrial intermembrane protein release, mtROS
production, and cell death’>°*% All of these pathological processes have been
validated to be major players in the pathogenesis of AILI, foreshadowing VDACI may
participate in AILI progression. Indeed, our results provided evidence for the elevation
of VDACI abundance as a result of AILI, which was supported by mitochondrial
proteomic data®’. It is noteworthy that VDAC is sometimes used as a mitochondrial
reference protein. Nevertheless, our findings and those of other functional studies>®¢?
of VDACI suggested that the usage of VDAC as a mitochondrial reference protein
should be exercised cautiously or validated in different contexts. Here, our subsequent
experiments show that VDACI participates in AILI progression and that its abnormal
accumulation is at least partially responsible for NEDD4-1 deficiency-mediated
exacerbation of AILI. Specifically, in our study, VDAC1 knockdown significantly
alleviated mitochondrial damage, necrosis and liver injury, which is most likely
achieved through decreasing VDAC]1 oligomerization as a recent study ascertained®.
Mechanistically, we demonstrate that NEDD4-1 binds to the PPTY motif of VDACI1
through its WW domain, subsequently catalyzing K48-linked ubiquitination of VDACI
and ultimately resulting in VDACI1 degradation. A recent study concerning drug
resistance in melanoma cells during cancer therapy further supported the idea that
VDAC]1 is a degradation substrate of NEDD4-1°8. Taken together, our data indicate that
targeting VDACI for degradation is the primary cellular mechanism by which NEDD4-
1 performs a beneficial function in AILI.

Among the complex molecular networks coordinating APAP hepatotoxicity, INK
is a star molecule due to its comprehensive regulation of mitochondrial homeostasis.
Activation and mitochondrial translocation are the prerequisites for JNK to exert its
detrimental effects on AILI progression (Supporting Information Fig. S10)%-, Our
study showed that ablation of hepatocyte NEDD4-1 enhanced the APAP-induced
mitochondrial translocation of activated JNK, which was reduced by silencing of
VDACI. Convincing evidence indicates that VDAC1 mediates the cytosolic transport
of superoxide anion and peroxynitrite®’, whose presence in the cytosol enables the
activation of JNK, ultimately amplifying mitochondrial dysfunction®®. Thus, JNK may
act as one of the executors responding to NEDD4-1-VDACIT axis in the setting of AILI.

However, further research on the exact regulatory mechanism linking the NEDD4-1—
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VDACI axis and JNK translocation is required.

5. Conclusions

Overall, the present study identifies that by facilitating ubiquitination-mediated
degradation of VDACI in hepatocytes, NEDD4-1 attenuates AILI (Fig. 8). This fact
makes NEDD4-1-VDACI axis a promising target for AILI therapy. Our collective
findings provide further insights into AILI progression and offer new possibilities for

therapies targeting this disease and its related pathologies.
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Figure captions

Figure 1 Hepatocyte NEDD4-1 expression is dramatically downregulated in AILI and
negatively correlates with liver injury severity. (A, B) Representative Western blots of
indicated proteins in livers of mice. (C) The mRNA expression of Nedd4-1 in livers of
mice. (D, E) Pearson correlation analyses showing the correlations between Nedd4-1
mRNA level and ALT activity (D), or AST activity (E); n = 38. (F, G) Representative
Western blots of indicated proteins in primary hepatocytes treated with 10 mmol/L
APAP for different times (3, 6 or 12 h), or different concentrations (5, 10 or 20 mmol/L)
of APAP for 12 h. (H) Representative confocal images of primary hepatocytes treated
with vehicle or 10 mmol/L APAP for 12 h. Scar bar, 10 um. Experiments A—E were
performed on mice treated with saline, or 300 mg/kg APAP for 6, 12 or 24 h, or 600
mg/kg APAP for 24 h; n = 6-9 per group. Data are presented as the mean = SEM; *P <
0.05.



Figure 2 Hepatocyte-specific deficiency of NEDD4-1 exacerbates APAP induced
hepatotoxicity in vivo and in vitro. (A—D) Serum ALT (A), AST (B), LDH (C) activities,
and HMGBI1 levels (D) of mice. (E) Representative H&E-stained images (left) and
necrotic area quantification (right) of mouse liver sections. Scale bar, 200 um. (F)
Survival rate of Flox (n = 18) or HepKO (n = 20) mice treated with 600 mg/kg APAP
for 72 h. (G, H) RNA-seq was conducted on total RNA isolated from livers of Flox or
HepKO mice treated with 300 mg/kg APAP for 24 h; n = 3 per group. Volcano plot (G)
shows the differentially expressed genes (1201 genes were up-regulated and 736 genes
were down-regulated in APAP-treated HepKO mice). GSEA (H) shows the gene sets
that the differentially expressed genes significantly enriched. (I) Representative images
(left) and quantification (right) of Calcein-AM (green) and PI (red) double-stained
primary hepatocytes. Scale bar, 200 um. (J, K) LDH release (J) and HMGBI level (K)
in the culture medium of primary hepatocytes. Experiments A—E were performed on
Flox or HepKO mice treated with saline or 300 mg/kg APAP for 24 h; n = 5-8 per group.

Experiments [-K were performed on primary hepatocytes isolated from Flox or HepKO



mice, with vehicle or APAP (10 mmol/L for 12 h) treatment. Data are presented as the
mean = SEM; *P < 0.05, **P < 0.01.

Figure 3 Hepatocyte NEDD4-1 overexpression alleviates APAP-induced
hepatotoxicity in vivo and in vitro. (A) Representative H&E-stained images (left) and
necrotic area quantification (right) of mouse liver sections. Scale bar, 200 um. (B-E)
Serum ALT (B), AST (C), LDH (D) activities, and HMGBI1 level (E) of mice. (F)
Survival rate of AAV8-Control (n = 15) or AAV8-NEDD4-1 (n = 13) infected mice,
with 600 mg/kg APAP treated for 72 h. (G) Representative images (left) and
quantification (right) of Calcein-AM (green) and PI (red) double-stained primary
hepatocytes. Scale bar, 200 um. (H, I) LDH release (H) and HMGBI1 level (I) in the
culture medium of primary hepatocytes. Experiments A—E were performed on AAVS8-
Control or AAVS-NEDDA4-1 infected mice, with saline or 300 mg/kg APAP treated for
24 h, n = 5-8 per group. Experiments G-I were performed on primary hepatocytes
transfected with Ad-Vector or Ad-NEDD4-1, with vehicle or APAP (10 mmol/L for 12
h) treatment. Data are presented as the mean = SEM; *P < 0.05, **P < 0.01.



Figure 4 Hepatocyte-specific deficiency of NEDD4-1 exacerbates APAP induced
mitochondrial damage in vivo and in vitro. (A, B) ATP (A) and ROS (B) contents in
livers of mice. (C) Representative Western blots of indicated proteins in the cytosolic
and mitochondrial fractions of liver lysates from mice. (D) Representative transmission
electron microscopy micrographs of primary hepatocytes. Scale bar, 2 um. (E)
Representative Western blots of indicated proteins in the cytosolic and mitochondrial
fractions of cell lysates. (F) Seahorse assays show the OCR and corresponding
statistical results in primary hepatocytes. (G) Representative JC-1-stained images (left)
and quantification of mitochondria depolarization (right) in primary hepatocytes. Scale
bar, 100 pum. (H) Representative MitoSOX Red-stained images (right) and
quantification (left) in primary hepatocytes. Scale bar, 200 pm. Experiments A—C were
performed on Flox or HepKO mice treated with saline or 300 mg/kg APAP for 24 h; n

4



= 6 per group. Experiments D—H were performed on primary hepatocytes isolated from
Flox or HepKO mice, with vehicle or APAP (10 mmol/L for 12 h) treatment. Data are
presented as the mean = SEM; *P < 0.05, **P < 0.01.

Figure 5 Knockdown of VDACI mitigates the enhanced AILI events caused by
hepatocyte-specific NEDD4-1 deficiency in vivo. (A) Representative Western blots of
indicated proteins in the cytosolic and mitochondrial fractions of liver lysates from Flox
or HepKO mice treated with 300 mg/kg APAP for 24 h. (B) Representative Western
blots of indicated proteins in the cytosolic and mitochondrial fractions of liver lysates
from mice treated with saline or 300 mg/kg APAP for 6, 12 or 24 h. (C) Representative
[HC staining (left) and quantification (right) in mice treated with saline or 300 mg/kg
APAP for 24 h; n = 3 per group. Scar bar, 200 pm. (D) The hepatic mRNA expressions
of Vdacl in mice treated with saline or 300 mg/kg APAP for 24 h; n = 8 per group. (E)
Representative H&E-stained images (left) and necrotic area quantification (right) of
mouse liver sections. Scale bar, 200 um. (F-I) Serum ALT (F), AST (G), LDH (H)
activities, and HMGBI levels (I) of mice. (J) Survival rate of AAV8-shControl (n = 11)
or AAV8-shVDACI (n=11) infected HepKO mice in response to a lethal dose of APAP
(600 mg/kg) for 72 h. (K, L) ATP (K) and ROS (L) contents in the livers of mice. (M)

Representative Western blots of indicated proteins in the cytosolic and mitochondrial
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fractions of liver lysates from AAV8-shControl or AAV8-shVDACI infected HepKO
mice, with 300 mg/kg APAP treated for 24 h. Experiments E-I, K and L were performed
on AAV8-shControl or AAV8-shVDACI infected Flox or HepKO mice, with 300
mg/kg APAP treated for 24 h; n = 5-6 per group. Data are presented as the mean = SEM;
*P <0.05, **P <0.01, n.s., not significant.

Figure 6 Knockdown of VDACI mitigates the enhanced APAP-induced pathological
events triggered by hepatocyte-specific NEDDA4-1 deficiency in vitro. (A)
Representative images (left) and quantification (right) of Calcein-AM (green) and PI
(red) double-stained primary hepatocytes. Scale bar, 200 um. (B, C) LDH release (B)
and HMGBI1 level (C) in the cell culture medium. (D) Seahorse assays showed the OCR
(top) and corresponding statistical results (bottom) in primary hepatocytes. (E)
Representative JC-1-stained images (left) and quantification of mitochondria
depolarization (right) in primary hepatocytes. Scale bar, 100 um. (F) Representative
MitoSOX Red-stained images (left) and quantification (right) in primary hepatocytes.
Scale bar, 200 pum. Experiments A—F were performed on HepKO hepatocytes
transfected with Ad-shControl or Ad-shVDAC1, with 10 mmol/L. APAP treated for 12
h. Data are presented as the mean + SEM; *P < 0.05, **P < 0.01, n.s., not significant.
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Figure 7 VDACI is a ubiquitination substrate of NEDD4-1. (A) Representative
Western blots of indicated proteins in the mitochondrial fractions of primary
hepatocytes transfected with Ad-Vector or Ad-NEDD4-1 (left) or treated with vehicle
or 10 mmol/L APAP for 12 h (right), with DMSO or MG132 or CQ treatment. (B, C)
Representative Western blots of indicated proteins after IP with anti-HA affinity gel (B)
or anti-Flag affinity gel (C), and Western blots of indicated proteins in the cell lysates
of 293T cells transfected the indicated plasmids, with MGI132 treatment. (D)
Representative confocal images (left) and fluorescence line profile (right) of primary
hepatocytes stained with NEDD4-1 (red), VDACI (green), and DAPI (blue). Scale bar,
30 um. (E) Schematic (left) of mouse WT and various truncated forms of NEDD4-1
and representative Western blots (right) for Co-IP analyses in 293T cells transfected
with the indicated plasmids, with MG132 treatment. (F) Schematic (top) of mouse
VDACI and representative Western blots (bottom) for Co-IP analyses in 293T cells
transfected with the indicated plasmids, with MG132 treatment. (G) Representative
Western blots of ubiquitinated or total VDACI protein after IP with anti-VDACI1

antibody, and Western blots of indicated proteins in the cell lysates of 293T cells
7



transfected the indicated plasmids, with MG132 treatment. (H-J) Representative
Western blots of indicated proteins after IP with anti-Flag affinity gel, and Western
blots of indicated proteins in the cell lysates of 293T cells transfected the indicated
plasmids, with MG132 treatment. (K) Representative Western blots of K48-Ub-
linkaged or total VDACIT protein after IP with anti-VDAC] antibody, and Western blots
of indicated proteins in the cell lysates of 293 T cells transfected the indicated plasmids,

with MG132 treatment.

Figure 8 Schematic representation modeling that the E3 ubiquitin ligase NEDD4-1
suppresses AILI in mouse by targeting VDACI for degradation.



























