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ABSTRACT

Objective: Metabolic dysfunction-associated steatotic liver disease (MASLD) and metabolic dysfunction-associated steatohepatitis (MASH) are
characterized by excessive triglyceride accumulation in the liver. However, due to an incomplete understanding of its pathogenesis, more efforts
are needed to identify specific and effective treatments. N4-acetylcytidine (ac4C) is a newly discovered RNA modification to regulate mRNA. N-
acetyltransferase 10 (NAT10) has not been fully explored in MASLD and MASH.

Methods: The clinical relevance of NAT10 was evaluated based on its expression in various mouse and human models of MASLD and MASH.
Acetylated RNA immunoprecipitation sequencing and mRNA stability assays were used to explore the role of NAT10 in regulating ac4C modi-
fication and expression of target genes. Genetically engineered mice were employed to investigate the role of NAT10 in MASLD and MASH
progression.

Results: Hepatic NAT10 expression was significantly increased in multiple mice and humans of MASLD and MASH. Genetic knockout of NAT10
protected mice from diet-induced hepatic steatosis and steatohepatitis, whereas overexpression of NAT10 exacerbated high-fat-diet-induced liver
steatosis. Mechanistically, NAT10 binds to Srebp-7¢ mRNA, promoting its stability and expression, thereby upregulating lipogenic enzymes.
Treatment with Remodelin, a NAT10-specific inhibitor, effectively ameliorates liver steatosis and dyslipidemia in a preclinical mouse model.
Conclusions: Our findings indicate that NAT10 could regulate lipid metabolism in MASLD and MASH by stabilizing Srebp-7¢c mRNA and
upregulating lipogenic enzymes. This study highlights the role of NAT10 and RNA acetylation in the pathogenesis of MASLD and MASH. Thus, our

findings suggest a promising new therapeutic approach, such as the use of NAT10 inhibitor, for treating metabolic liver disease.
© 2024 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION dysfunction-associated steatohepatitis (MASH), which can further

progress into liver fibrosis, cirrhosis and hepatocellular carcinoma
Metabolic dysfunction-associated steatotic liver disease (MASLD), [1,2]. Global epidemiology of liver cancer from 2010 to 2019 showed
originally known as non-alcoholic fatty liver disease (NAFLD), has that MASH is the fastest growing cause of liver cancer [3,4]. Therefore,
become the most common chronic liver disease worldwide due to its  insights into the pathogenesis of MASLD and MASH are of crucial
high prevalence [1,2]. MASLD includes simple steatosis and metabolic  importance for identifying new therapeutic targets.
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MASLD and MASH are mainly attributed to the disturbance in hepatic
triglyceride (TG) homeostasis, that is, an overabundance of de novo
lipogenesis (DNL) or uptake of fatty acids, exceeding the capacity for
fatty acid oxidation and very-low-density lipoprotein secretion [5,6].
DNL is a multifaceted metabolic process converting acetyl-CoA into TG
through multiple chemical reactions. At the molecular level, the rate of
DNL is controlled by sterol regulatory element-binding protein 1c
(SREBP-1c), a master transcription factor upregulating most of rate-
limiting enzymes for DNL, including fatty acid synthase (FASN),
stearoyl-CoA desaturase 1 (SCD1) and acetyl-CoA carboxylase 1 (ACC1)
[7—9]. The role of increased lipogenesis in liver steatosis has been well
acknowledged by decades of studies [10]. Notably, expression levels of
SREBP-1c¢ are significantly increased in the livers from patients with
MASLD and MASLD mouse models [10]. At the transcription level,
Srebp-1c mRNA expression is upregulated by several transcription
factors, such as the nuclear receptor LXRot [11]. Our previous studies
also identified some new transcription factors that transcriptionally
regulate SREBP-1c expression, including Sox4, YY1-FXR-SHP axis and
FOXA3-Per1 axis [12—14]. In addition, at the protein level, SREBP-1c
protein is stabilized by HDAC1 through the desuccinylation, which
contributes to the pathogenesis of hepatic steatosis under endotoxin
challenge or inflammatory status [15]. Moreover, recent studies
including ourselves demonstrated that RNA modification is also an
important mechanism for regulating SREBP-1c expression and MASLD.
For instance, we found that YTHDC2, a reader protein of N6-
methyladenosine (m6A) modification, could bind to Srebp-7¢ mRNA
to decrease its stability, thereby inhibiting its expression [16]. YTHDC2 is
downregulated in patients with MASLD and MASLD mice, contributing
to the upregulation of SREBP-1c and lipogenic enzymes [16].
N4-acetylcytidine (ac4C) acetylation is a newly identified modification in
eukaryotic mRNAs [17], but its biological significance remains largely
unexplored. Until now, N-acetyltransferase 10 (NAT10) serves as the
sole key catalytic enzyme involved in mRNA acetylation. Recent studies
showed that NAT10 expression and RNA ac4C levels were elevated in
cardiac remodeling models and patients with cardiac hypertrophy [18].
NAT10 inhibition could attenuate Ang ll-induced cardiomyocyte hy-
pertrophy and cardio fibroblast activation [18]. Besides, NAT10-
mediated ac4C acetylation of Tfec mRNA promotes cardiomyocyte
apoptosis following myocardial infarction [19]. Additionally, NAT10 was
shown to acetylate and stabilize Co/5a7 mRNA, thereby promoting
epithelial-to-mesenchymal transition and metastasis [20]. These find-
ings collectively underscore the roles of NAT10 in cardiovascular dis-
eases and tumorigenesis. However, the roles of ac4C acetylation and
NAT10 in other human diseases, especially in the regulation of MASLD
and MASH pathogenesis, remains poorly understood.

In the present study, we demonstrate that ac4C RNA modification and
NAT10 is involved in the regulation of hepatic lipid metabolism. Our
results showed that NAT10-mediated acetylation of Srebp-7¢ mRNA
promotes its mRNA stability and expression, contributing to MASLD and
MASH. Pharmacological suppression of NAT10 by Remodelin could
improve liver steatosis and dyslipidemia in a preclinical mouse model of
MASLD.

2. MATERIALS AND METHODS

2.1. Animal experiments

8-week-old C57BL/6 male mice were obtained from Shanghai Ling-
chang Biotechnology Co., Ltd. (Shanghai, China). NAT10 flox/flox mice
(Strain No. T007971) mice, Albumin-Cre mice (Strain No. T003814),
db/db mice (Strain No. T002407) and ob/ob mice (Strain No. T001461)
were obtained from Gempharmatech Co., Ltd (Nanjing, China). Liver-

specific NAT10 knockout mice were generated by crossing NAT10
flox/flox mice with Albumin-Cre mice. High-fat diets (HFD) containing
60% kcal from fat, 20% kcal from carbohydrates, and 20% kcal from
protein were purchased from Research Diets (Catalog D12492, New
Brunswick, New Jersey, USA). MASH mice model was established by
HFHC diets (also called GAN diets, 40% kcal fat, 20% kcal fructose,
and 2% cholesterol; Catalog D09100310, Research Diets). To phar-
macologically suppress NAT10 in vivo, mice were treated with daily
intraperitoneal injection of Remodelin (20 mg/kg, Catalog S7641,
Selleck, China) or vehicle control for 16 days. The animal experiments
were reviewed and approved by the Animal Care Committees of
Shanghai Jiao Tong University School of Medicine.

2.2. Human samples

All participants underwent physical examinations, blood biochemical
tests, and ultrasound assessments at Zhongshan Hospital, Fudan
University. Normal liver tissues were obtained during gallbladder
exclusion excision surgery performed for gallbladder stones. Diagnosis
of MASLD was based on the presence of >5% hepatic steatosis.
Exclusion criteria encompassed known acute or chronic viral hepatitis,
excessive alcohol consumption, use of pharmacological treatments
(hepatic protectants or hepatotoxic agents), chronic kidney disease,
severe cardiovascular or cerebrovascular disease, significant gastro-
intestinal disorders or gastrointestinal surgery, and history of malig-
nant tumors. Written informed consent was obtained from each
participant. The human study was approved by the Human Research
Ethics Committee of Zhongshan Hospital and conducted in accordance
with the 1975 Declaration of Helsinki.

2.3. Adenovirus and adeno-associated virus

Recombinant adenovirus (Ad-) used for liver-specific overexpression of
NAT10, was constructed by cloning the full-length mouse Nat70 cDNA
into GV176 adenoviral vector (CMV-MCS) (GeneChem, Shanghai,
China). To knockout NAT10 in the livers of adult mice, NAT10 flox/flox
mice were administered with adenovirus containing Cre recombinase.
Adenovirus containing GFP (Ad-GFP) was used as negative controls.
Mice were administered 1 x 10° pfu of purified Ad or 1 x 10'" pfu of
purified AAV, respectively. All viruses were purified by cesium chloride,
dialyzed in PBS containing 10% glycerol and administered to mice via
tail vein injection.

2.4. Liver triglyceride contents

Liver triglyceride contents were measured using commercial Kits
purchased from Applygen company (Catalog E1025, Beijing, China)
according to the manufacturer’s instructions. Briefly, 50 mg of mouse
liver tissues were placed into the lysis solution and thoroughly
grounded. The homogenates were subsequently heated in a 70 °C
water bath for 10 min and centrifuged at 2000 rpm for 5 min. Su-
pernatants were collected and measured by spectrophotometer.

2.5. Plasma biochemical measurements

After anesthesia, blood was collected from mice posterior orbital
venous plexus into anticoagulant tubes, and centrifuged at 3000 rpm
for 15 min to assemble the supernatant. Plasma triglyceride (TG), total
cholesterol (TC), alanine transaminase (ALT), and aspartate trans-
aminase (AST) levels were measured using commercial kits following
the manufacturer’s instructions (Kehua, Shanghai, China).

2.6. Histology analysis, F4/80 staining, and Sirius red staining
The liver tissues were placed in 10% neutral-buffered formalin (Cat-
alog G1101, Servicebio, Wuhan, China), embedded in paraffin, and cut
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into 5 um sections for staining. Liver fibrosis was evaluated by Sirius
red staining as well as Masson’s trichrome staining. For Oil Red 0
staining, frozen sectioned liver tissues were stained with Qil Red O
according to standard procedures. For F4/80 immunohistochemical
staining, the sections were incubated with 3% H,0, at room tem-
perature for 30 min to quench the endogenous peroxidase activity and
then blocked in 3% BSA for 1 h. Tissues were cultivated with anti-F4/
80 antibody (1:1000, Catalog GB11027, Servicebio, Wuhan, China) and
Ly6g staining (1:1000, Catalog GB11229, Servicebio, Wuhan, China)
overnight at 4°C and then incubated with an HRP-conjugated sec-
ondary antibody (1:200, Catalog GB1213, Servicebio). Images were
assessed and quantitated by ImageJ software.

2.7. RNA isolation and quantitative real-time PCR

Total RNA was isolated from mouse liver tissues and cell lysates using
commercial kits from Promega (Catalog LS1040, Beijing, China). First-
strand cDNA was synthesized from total RNA using the Reverse
Transcription System (Catalog RR036A, Takara Biotechnology, Japan).
Oligo dT was used to prime cDNA synthesis. To analyze expression
levels of target genes, quantitative real-time PCR (qRT-PCR) was
performed by SYBR Green Premix Ex Taq (Catalog RR820A, Takara
Biotechnology, Japan) on LightCycler 480 (Roche, Basel, Switzerland).
Relative quantification analysis of gene expression was performed
based on the 2~2ACt method and normalized to the expression level of
housekeeping gene Rplp0. The primer sequences for real-time qPCR
are listed in Supplementary Table S1.

2.8. Protein extraction and Western blot

Mouse liver proteins were extracted using RIPA lysis buffer, and protein
concentrations were quantified using commercial kits (Catalog
A53225, ThermoFisher, USA). All protein samples were equally sub-
jected to 10% SDS polyacrylamide gels, transferred to polyvinylidene
difluoride membranes by electrophoresis, incubated with primary and
secondary antibodies, and finally visualized by a chemiluminescence
detection kit (Catalog WBKLS0500, Millipore, USA). The following
primary antibodies were used: anti-GAPDH antibody (1:5000, Catalog
60004-1-Ig, Proteintech, China), anti-B-Actin (1:2000, Catalog 66009-
1-lg, Proteintech, China), anti-NAT10 antibody (1:2000, Catalog
ab194297, Abcam, UK), anti-SREBP1 antibody (1:2000, Catalog sc-
365513, Santa Cruz, USA), anti-o-Tubulin (1:2000, Catalog 11224-1-
AP, Proteintech, China). Quantitation of immunoblots was assessed by
Image J software.

2.9. RNA-sequencing and acRIP-Sequencing

acRIP-seq and RNA-seq analysis (CloudSeq Inc., Shanghai, China)
were performed on liver tissues from four db/db mice and four lean
mice, respectively. Total RNAs were depleted with rRNA by Ribo-zero
(lllumina) and then subjected to immunoprecipitation with the Gen-
SeqTM ac4C-IP Kit (GenSeq Inc., China) following the manufacturer’s
instructions. Briefly, RNAs were randomly fragmented to ~ 200 nt by
RNA Fragmentation Reagents. Protein A/G beads were coupled to the
ac4C antibody by rotating at room temperature for 1 h. The RNA
fragments were incubated with the bead-linked antibodies and rotated
at 4 °C for 4 h. The RNA/antibody complexes were then digested with
Proteinase K and the eluted RNAs were purified by phenol: chloroform
extraction. RNA libraries for immunoprecipitation and input samples
were then constructed with NEBNext® Ultra Il Directional RNA Library
Prep Kits (New England Biolabs, Inc., USA) by following the manu-
facturer’s instructions. Libraries were qualified using Agilent 2100
bioanalyzer and then sequenced in a HiSeq platform (lllumina). Paired-
end reads were harvested from lllumina HiSeq 4000 sequencer and
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were quality controlled by Q30. After 3’ adaptor-trimming and low-
quality reads removed by cutadapt software (v1.9.3). First, clean
reads of all libraries were aligned to the reference genome (MM10) by
Hisat2 software (v2.0.4). Acetylated sites on RNAs (peaks) were
identified by MACS software. Differentially acetylated sites were
identified by diffReps. These peaks identified by both software over-
lapping with exons of mRNA were figured out and chosen by home-
made scripts. Subsequently, proprietary program was used to select
sites that overlap with the exons of protein-coding genes. The stringent
default screening criteria included a P-value threshold of <0.0001 and
a minimum Fold Change of >2. We conducted a Gene Ontology (GO)
functional analysis to explore the potential functions of mRNAs iden-
tified as differentially enriched. This analysis categorized the genes
based on their biological processes, molecular functions, and cellular
components. Astringent threshold of P value less than 0.05 was used
to determine statistical significance, ensuring that the inferred func-
tions are robust and reliable. Visualization of DMMS alignment was
performed through the Integrative Genomics Viewer (IGV, http://www.
broadinstitute.org/igv/) according to the manufacturer’s instructions.

2.10. RNA immunoprecipitation

RNA Immunoprecipitation (RIP) experiments were performed using
Magna RIP RNA-Binding Protein Immunoprecipitation Kits (Catalog 17-
700, Millipore, Bedford, MA, USA) according to the manufacturer’s
instructions. Briefly, harvested Hepa1-6 cells were lysed with RIP lysis
buffer on ice and then incubated with anti-NAT10 antibody (Catalog
ab194297, Abcam, UK), anti-ac4C antibody (Catalog ab252215,
Abcam, UK) or IgG antibody (Catalog 637712, Millipore, Bedford, MA,
USA) overnight at 4 °C. Immunoprecipitated RNAs were isolated by
TRIzol reagents (Invitrogen, CA, USA) and analyzed by qRT-PCR. The
primer sequences of Srebp-1c were as following: Forword:5'-
CTGGTGAGTGGAGGGACCAT-3/, Reverse:5’-GACCGGTAGCGCTTC
TCAAT- 3'.

2.11. mRNA lifetime

Srebp-1¢ mRNA stability was determined in Hepa1-6 cells transfected
with Ad-NAT10 or Ad-GFP for 12 h and WT/LKO mouse primary he-
patocyte in the presence of actinomycin D (5 pg/ml) (Catalog A9415,
Sigma—Aldrich, Saint Louis, USA) for 6 h, 3 h and 0 h, respectively.
Then, total RNAs were isolated by TRIzol and expression levels of
transcripts of interest were detected by gRT-PCR. With the treatment of
actinomycin D, the mRNA transcription was turned off and the
degradation rate of mRNA (Kdecay) was estimated by the following
equation: In (C/Cp) = —Kgecayt, in which t is transcription inhibition
time (h), while C and CO represent mRNA quantity at time t and time 0.
The degradation of Srebp-7¢ mRNA followed a first order kinetics and
the half-life was calculated by t1/2 = In2/Kgecay, Whereas the Kgecay
values were extracted from the exponential trendlines (line of best fit).

2.12. Mouse primary hepatocytes

Mouse primary hepatocytes were isolated from 8- to 10-week-old
mice using a collagenase buffer. Liver tissues were homogenized and
filtered to create a cell suspension, and then centrifuged to separate
the supernatant from the cell pellet. The pellet enriched with primary
hepatocytes was mixed with a Percoll purification solution and
centrifuged at 700 g for 10 min to eliminate cellular debris. The su-
pernatant was subjected to repeated centrifugation at 500 g for 5 min
to harvest non-parenchymal cells (NPCs). The freshly isolated hepa-
tocytes were resuspended in DMEM supplemented with 10% FBS,
100 U/ml penicillin, and 100 pg/ml streptomycin (1% Pen-Strep), and
plated at a density of 0.4 x 108 cells per well in a 6-well plate. 24 h
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later, hepatocytes were treated with palmitic acid (200 pM) and
infected with adenovirus or transfected with either siRNA targeting
Srebp-1c or a negative control siRNA (NC).

2.13. siRNA transfection

For knockdown experiments in hepatocytes, cells were transfected
with Ad-GFP plus negative control siRNA, Ad-NAT10 plus negative
control siRNA, or Ad-NAT10 plus siRNA targeting Srebp-1c using a
transfection reagent (Lipo3000, Invitrogen, CA, USA). The sequences of
siRNAs were: negative control: 5’-UCUCCGAACGUGUCACGUTT-3’;
Srebp-1c: 5'-GCGGCUGUU GUCUACCAUATT-3'.

2.14. Measurement of liver hydroxyproline contents

Hydroxyproline levels were determined utilizing a commercial assay kit
(K226-100, Biovision). Liver tissues were homogenized in distilled
water and subjected to hydrolysis with 10 N NaOH at 120 °C for 1 h.
Following hydrolysis, 10 N HCI was added to neutralize the remaining
NaOH. The mixture was then centrifuged at 10,000 g for 5 min to
separate the supernatant. The supernatant was analyzed for absor-
bance at 560 nm using a microplate reader, following the manufac-
turer’s protocol. The hydroxyproline contents were calculated from the
absorbance values and normalized to the total protein contents.

2.15. Statistics

Data are presented as mean & SEM. All statistical analysis was per-
formed with GraphPad Prism Software (version 10, GraphPad, USA).
Statistical differences between two groups were analyzed using the
two-tailed unpaired t-test. One way ANOVA was used to compare more
than two groups containing one factor. Pearson correlation analysis
was used to analyze the correlation between gene expression levels
and clinical parameters. A significance threshold of P < 0.05 was
adopted. Statistical significance is displayed as *P < 0.05,
**P < 0.01, or ***P < 0.001.

3. RESULTS

3.1.
mice
To explore whether ac4C RNA modification was involved in the MASLD
pathogenesis, we performed acRIP-Seq together with RNA-Seq using
mRNA samples from the livers of /ean and leptin receptor-deficient (db/
db) mice. AcRIP-Seq revealed that ac4C acetylation was elevated in db/
db mice in CDS (58.43% vs. 61.32%), stop codon (10.92% vs.
10.52%), and 5’-UTR (7.53% vs. 6.77%) and 3’-UTR (2.99% vs.
3.34%) (Supplementary Figure 1A). acRIP-Seq identified a substantial
amount of acetylation peaks, characterized by the typical ‘CXXCXXCXX’
motif [17], enriched in the vicinity of the CDS in mRNAs
(Supplementary Figure 1A and B). Further analysis revealed distinct
acetylation patterns with 9262 ac4C peaks (1857 protein-coding
transcripts) in db/db mice and 6679 ac4C peaks (1265 protein-
coding transcripts) in /ean mice unique to each group, which
covered 9568 ac4C peaks (5479 protein-coding transcripts)
(Supplementary Figure 1C). Through intersection analysis of acRIP-Seq
and RNA-Seq, we found that 466 genes were overlapped and signif-
icantly differentially expressed at both mRNA levels and ac4C modi-
fication levels. Interestingly, mRNA levels and ac4C modification levels
of 275 genes were upregulated, suggesting that these genes might be
targets of ac4C modification (Supplementary Figure 1D). Gene ontology
(GO) analysis further found that these genes are enriched in the lipid
metabolic process and lipid biosynthesis (Supplementary Figure 1E).
Utilizing the Integrative Genomics Viewer (IGV) software, we

ac4C RNA modification is increased in the livers of MASLD

investigated the acetylation patterns of lipid metabolism-associated
genes. We observed a substantial increase in the acetylation levels
of several genes involved in lipogenesis, including Srebf1 (encoding
SREBP-1c¢), Fasn, Scd1, Acc1 (Supplementary Figure 1F—I). Together,
these results suggest that ac4C mRNA modifications are involved in
the regulation of hepatic lipid metabolism. This regulation might be
responsible for the abnormal expression of lipogenic genes in the livers
of MASLD mice.

3.2. NAT10 expression is elevated in MASLD and MASH mice

Our sequencing data suggested a potential role of altered ac4C mRNA
acetylation patterns in predisposing hepatocytes to enhanced lipo-
genesis and, eventually, steatosis.

We firstly evaluated the expression and cellular localization of NAT10,
the sole enzyme responsible for ac4C mRNA acetylation, in the liver.
Western Blots showed that NAT10 is mainly expressed in hepatocytes
(Supplementary Figure 2A). We also examined NAT10 expression in
human livers using public scRNA-seq dataset (GSE158723), which
showed that NAT10 expression is primarily expressed in hepatocytes
(Supplementary Figure 2B). Then, we examined the expression level of
NAT10 in db/db mice, ob/ob mice and HFD diet-fed C57BL/6 mice,
which were widely used as mouse models of MASLD [21—24]. The
liver samples of these mice have been used in our previous studies
[16,25]. Quantitative real-time PCR (QRT-PCR) and western blots found
that mRNA and protein levels of NAT10 were elevated in the livers of
db/db mice, ob/ob mice and high-fat diet (HFD) fed mice, compared
with their corresponding control mice (Figure 1A—F). Besides, previous
studies including ourselves showed that long-term consumption of
high-fat diet containing high cholesterol and high fructose (HFHC), also
known as GAN diet, could induce MASH in mice, which mimics the
pathology of patients with MASH [24—26]. As a result, expression
levels of NAT10 were significantly upregulated in the livers of HFHC
diet-induced MASH mice (Figure 1G and H). Collectively, multiple
mouse models highlight that the upregulation of NAT10 is a conserved
feature in MASLD and MASH.

3.3. NAT10 expression is increased in patients with MASLD

We next examined NAT10 expression in patients with MASLD. mRNA
expression levels of Nat70 and Srebp-1c were significantly elevated in
individuals with MASLD, compared to normal livers (Figure 2A and B).
Pearson correlation analysis further revealed that expression levels of
Nat10 and Srebp-1c were significantly and positively correlated
(Figure 2C). Besides, correlation analysis suggested a significant and
positive correlation between Nat70 mRNA levels and hepatic TG
contents (Figure 2D), as well as plasma TG and ALT levels (Figure 2E
and F). Furthermore, expression levels of Nat70 were also significantly
correlated with the expression of inflammatory genes, including Tnfa,
II1b and 116 (Figure 2G—I). Taken together, our data indicate that he-
patic Nat70 is elevated in patients with MASLD and positively corre-
lated with clinical characteristics.

3.4. Hepatocyte-specific NAT10 knockout mice are protected from
HFD-induced liver steatosis

The abnormal expression of NAT10 in MASLD/MASH mice and patients
with MASLD suggested that it may play a role in regulating hepatic lipid
metabolism. Therefore, to examine the role of NAT10 in vivo, 8-week-
old loxP-flanked NAT10 mice (NAT10 flox/flox) were fed a HFD diet for
10 weeks and then delivered with adenovirus containing Cre recom-
binase by tail-vein injection (Ad-Cre, Figure 3A). Adenovirus containing
GFP was used as a negative control (Ad-GFP, Figure 3A). 2 weeks later,
mice were sacrificed for subsequent analysis. A significant reduction in
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Figure 1: NAT10 expression is elevated in MASLD and MASH mice. (A, B) Relative mRNA expression and protein levels of NAT10 in the livers of db/db and /ean mice. n = 8.
(C—D) Relative mRNA expression and protein levels of NAT10 in the livers of ob/ob and lean mice. n = 4. (E—F) Relative mRNA expression and protein levels of NAT10 in the livers
from HFD diet-induced MASLD mice or control mice. n = 4—6. (G—H) Relative mRNA expression and protein levels of NAT10 in the livers from HFHC diet-induced MASH mice or
control mice. n = 6. All data were shown as the mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

NAT10 expression levels was detected in the livers of mice injected
with Ad-Cre compared to those injected with Ad-GFP (Figure 3B and C).
In parallel, delivery of Ad-Cre did not affect NAT10 expression in
skeletal muscle and white adipose tissues (Figure 3C). Although body
weights, adipose tissues and food intake were not affected
(Supplementary Figure 3A—F), liver weights and liver-to-body weight
ratio were significantly reduced in the Ad-Cre injected mice (Figure 3D
and E). Hepatic and plasma TG content was also reduced in mice with
NAT10 deficiency (Figure 3F and G). Histology analysis also showed

that HFD diet-induced hepatic steatosis was substantially attenuated in
mice with NAT10 deficiency (Figure 3H).

To further determine the role of NAT10 mice in MASLD, NAT10 flox/flox
mice were mated with Albumin-Cre mice to generate liver-specific
NAT10 knockout mice, which will henceforth be referred to as
NAT10 LKO (Figure 3l). Cre-negative NAT10 flox/flox littermates were
employed as controls (hereinafter referred to as wild-type, WT). In the
livers of LKO mice, NAT10 expression was reduced compared to WT
mice (Figure 3J and K). WT and LKO mice were fed a HFD for 12
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weeks. While body weights, adipose tissues and food intake were
comparable (Supplementary Figure 3G—L), liver weights, liver-to-body
weight ratio, and hepatic and plasma TG contents were significantly
decreased in the LKO mice (Figure 3L—O0). Histology analysis
confirmed that lipid accumulation was reduced in the livers of NAT10
LKO mice (Figure 3P). Taken together, these results indicate that liver-
specific suppression of NAT10 could protect mice from HFD-induced
liver steatosis.

3.5. Hepatocyte-specific NAT10 knockout mice are protected from
HFHC-induced MASH

We further tested the possible role of NAT10 in long-term HFHC diet-
induced MASH. NAT10 flox/flox mice were fed a HFHC diet for 20
weeks and then administered with Ad-Cre or Ad-GFP to knockout
NAT10 expression in the liver (Figure 4A and B). While body weights
were comparable between two groups of mice (Figure 4C), liver
weights and liver-to-body weight ratio were significantly reduced in the
Ad-Cre injected mice (Figure 4D and E). Hepatic and plasma TG
contents, and plasma total cholesterol levels were reduced in mice
with NAT10 deficiency (Figure 4F—H). Plasma ALT and AST levels
were also decreased, indicative of improved liver injury (Figure 41 and

J). Hepatic TG accumulation in NAT10-deficient mice was also
confirmed by hematoxylin and eosin (H&E) and Oil Red O staining
(Figure 4K). Besides, F4/80, Masson, and Sirius red staining indicated
that hepatic inflammation and fibrosis were significantly alleviated by
NAT10 deficiency (Figure 4K—N). Hydroxyproline contents were
reduced in the HFHC-fed mice administered with Ad-Cre, suggesting
that NAT10 deficiency improved collagen deposition in the liver
(Figure 40). Besides, genes associated with hepatic inflammation,
neutrophil infiltration, and fibrogenesis were reduced (Figure 4P
and Q). Collectively, these results demonstrated that inhibition of
NAT10 in the liver could improve MASH, suggesting that NAT10 plays
an important pathogenic role in MASH progression.

3.6. NAT10 overexpression aggravated hepatic lipid deposition in
mice under high-fat-diet condition

To complement the loss-of-function approach, two approaches were
used to explore whether liver-specific overexpression of NAT10 can
promote liver steatosis. C57BL/6 mice were administered with
adenovirus (Ad-) carrying either NAT10 or GFP via tail vein injection. As
shown in Supplementary Figure 4A—H, no significant differences were
observed in body weight, liver weight, liver/body weight ratio, levels of
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%P < 0.001.

liver TG, serum TG, total cholesterol and liver histopathology, between
Ad-GFP and Ad-NAT10 mice under the normal chow diet. Then,
C57BL/6 male mice were fed a HFD diet for 6 weeks and then
administered with Ad-NAT10 or Ad-GFP. 2 weeks later, mice were
sacrificed for analysis (Figure 5A). Protein levels of NAT10 were
specifically elevated in the livers of mice administered with Ad-NAT10
compared with Ad-GFP groups (Figure 5B). Although body weights,
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adipose tissues and food intake were not affected (Supplementary
Figure 5A—F), liver weights and liver-to-body weight ratio were
significantly increased in mice with NAT10 overexpression (Figure 5C
and D). Besides, hepatic and plasma TG contents and plasma ALT
levels were elevated in Ad-NAT10-injected mice (Figure 5E—G). His-
tology analysis showed that Ad-NAT10-infected mice developed he-
patic steatosis as depicted by H&E and Qil Red O staining (Figure 5H).
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On the other hand, adeno-associated virus (AAV)-mediated gene
transduction was used. AAV-mediated gene expression is known to
avoid immune response and can be expressed in liver for several
months [27]. C57BL/6 mice were administered with AAV8 containing
Nat10 gene or GFP driven by a liver thyroid hormone-binding globulin

promoter through tail-vein injection. Mice were kept on a HFD diet and
sacrificed at 4 weeks post-injection (Figure 51 and J). Although body
weights, adipose tissues and food intake were comparable
(Supplementary Figure 5G—L), liver weights, liver-to-body weight ra-
tio, hepatic and plasma TG contents, plasma ALT and lipid droplet
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accumulation in AAV-NAT10 mice were also significantly increased as
compared to control mice (Figure 5K—P). Taken together, these data
indicate that NAT10 overexpression could aggravate liver steatosis in
mice under high-fat-diet condition.

3.7. NAT10 increased the expression and mRNA stability of Srebp-
1c

We next determined the intrinsic mechanism by which NAT10 promotes
liver steatosis. Our ac4C-Seq suggested that RNA acetylation is involved
in the regulation of genes related to lipid biosynthesis (Supplementary
Figure 1E). Besides, mRNA levels of Nat70 and Srebp-7c are posi-
tively and significantly correlated in human livers (Figure 2C). To clarify
the potential target(s) of NAT10, we conducted RIP-seq using liver
samples from mice injected with AAV-NAT10 or AAV-GFP. A pro-
nounced elevation in NAT10 binding transcripts was observed and
mainly localized to the coding sequences (CDS) and 3’ -untranslated
regions of genes (3’-UTR) (Supplementary Figure 6A and B). GO analysis
further indicated that these NAT10-binding genes were involved in lipid
metabolism pathways (Supplementary Figure 6C). Notably, the distri-
bution of NAT10-binding regions of lipogenic genes, including Srebf1,
Fasn, Accl1, and Scd1, was upregulated by NAT10 overexpression
(Figure 6A and Supplementary Figure 6D—F). Consistently with the RIP-
seq results, RNA immunoprecipitation using a NAT10 antibody resulted
in an 18-fold enrichment of Srebp-7¢ mRNA. Similarly, ac4C RIP-qPCR
detected a marked enrichment, suggesting a strong physical binding of
NAT10 and ac4C with Srebp-7¢ mRNA (Figure 6B and C). Additionally,
we observed a significant increase in the ac4C modification of the
Srebp-1c gene in mouse primary hepatocytes overexpressing NAT10
(Figure 6D). Thus, all of these data suggest that NAT10 might regulate
Srebp-1c mRNA modification and expression.

In agreement with our hypothesis, mRNA expression levels of Srebp-1c
and its target genes, including Fasn, Scd1 and Acc? were reduced in
mice with NAT10 suppression (Figure 6E and G). Downregulation of
SREBP-1¢ was further confirmed by western blots (Figure 6F and H).
On the other hand, expression levels of Srebp-1c, Fasn, Scd1 and Acc1
were increased in the livers of mice expressing Ad-NAT10 or AAV-
NAT10 (Figure 6l—L). These results indicate that Srebp-7c is a
target of NAT10.

To further confirm the regulatory relationship between SREBP-1c¢ and
NAT10 in vitro, we isolated mouse primary hepatocytes (MPHs) from
wild-type and liver-specific NAT10 knockout (LKO) mice. Cellular TG
contents and expression levels of lipogenic genes were lower in MPHs
from NAT10 LKO mice (Supplementary Figure 7A—C). In addition,
MPHs from C57BL/6 mice were infected with adenovirus containing
NAT10 or GFP. Accordingly, cellular TG contents and expression levels
of lipogenic genes were increased in MPHs overexpressing NAT10
(Supplementary Figure 7D—F).

Besides, we detected a downregulation of genes involved in fatty acid
[B-oxidation (Mcad, Acox1, Ppara, Cptia) in the livers of NAT10
knockout mice (Supplementary Figure 8A and B). In agreement, lipid
oxidation-related genes were upregulated in the livers of mice
expressing Ad-NAT10 or AAV-NAT10 (Supplementary Figure 8C and
D). Seahorse assays demonstrated that extracellular respiration
(ECR) and fatty acid oxidation (FAO) were significantly reduced in the
absence of NAT10 (Supplementary Figure 8E—H). We speculate that
the reduction of fatty acid oxidation in the livers of NAT10-deficient
mice might be attributed to the lower lipogenesis and lipid contents.
Afterwards, we examined the impacts of NAT10 on the mRNA lifetime
of Srebp-1c. Hepa1-6 cells were transfected with Ad-NAT10 or Ad-GFP
and harvested at different time points upon treatment with actinomycin
D, an inhibitor of transcription. Overexpression of NAT10 led to an

extended lifetime of Srebp-7¢ mRNA (Figure 6M). We also compared
Srebp-1c mRNA lifetime in primary hepatocytes isolated from NAT10
WT and LKO mice. Compared with WT hepatocytes, Srebp-7¢c mRNA
lifetime was reduced in hepatocytes from NAT10 LKO mice (Figure 6N).
In conclusion, NAT10 could bind with Srebp-1¢c mRNA to catalyze
acetylation modification, thereby increasing its mRNA stability and
expression, which in turn upregulates lipogenic enzymes to promote
MASLD and MASH.

To clarify if SREBP-1c is required for NAT10’s effects, we used siRNA
to knockdown SREBP-1c expression in MPHs. We found that knock-
down of SREBP-1c largely attenuated the effects of NAT10 on
increasing cellular TG contents (Figure 60—Q). Thus, we speculate that
NAT10’s lipid synthetic effects were, at least in part, dependent on
SREBP-1c. In conclusion, our results demonstrated that NAT10 could
bind with Srebp-1c mRNA to catalyze acetylation modification, thereby
increasing its mRNA stability and expression, which in turn upregulates
lipogenic enzymes to promote MASLD and MASH.

3.8. Therapeutic effects of suppressing NAT10 in treating MASLD
in mice

Based on the results from genetic inactivation and overexpression, we
speculate that pharmacologic suppression of NAT10 may provide a
novel strategy to treat MASLD. Remodelin was used as an inhibitor of
NAT10 to perform in vivo experiments in several newly studies [18,28].
Thus, C57BL/6 mice were fed on a HFD for 8 weeks to induce MASLD
and then treated with daily intraperitoneal injection of Remodelin or
vehicle control for another 16 days (Figure 7A). The dosage of 20 mg/
kg was used according to a recent study, which was also performed in
a mouse model [18]. Interestingly, Remodelin treatment gradually
reduced body weight in HFD mice (Figure 7B and C), which might be
attributed to smaller adipose depots in brown adipose tissues and
epididymal white adipose tissue (Supplementary Figure 9A—D). Be-
sides, Remodelin significantly reduced liver weights (Figure 7D), liver
TG contents, plasma TG and TC levels (Figure 7E—G). Macroscopic
appearance and histology analysis of liver sections by H&E staining
confirmed that hepatic steatosis was substantially improved in
Remodelin-treated HFD mice (Figure 7H). In the group treated with
Remodelin, there was a marked decrease in inflammatory cell infil-
tration, as demonstrated by F4/80 and Ly6g staining. In parallel, a
reduction in collagen deposition was observed, evidenced by Masson’s
trichrome and Sirius Red staining. Inflammatory cell infiltration was
reduced as shown by F4/80 and Ly6g staining (Supplementary
Figure 9E). Besides, collagen deposition, as shown by Masson and
Sirius Red staining, was also reduced by Remodelin (Supplementary
Figure 9E). At the molecular level, Remodelin reduced expression
levels of Srebp-7c and lipogenic enzymes (Figure 71 and J). Further-
more, mRNA levels of genes associated with liver inflammation and
fibrosis were reduced in mice treated with Remodelin (Supplementary
Figure 9F). These results indicate that pharmacological suppression of
NAT10 could ameliorate MASLD and related pathologies in mice.

4. DISCUSSION

NAT10-mediated ac4C was identified as a novel RNA modification to
regulate translation efficiency and stability of mRNAs [17,29,30].
However, its pathogenic roles in human diseases remain largely un-
explored. In the present study, we found that NAT10, an ac4C catalytic
enzyme reader, was upregulated in the livers of multiple mouse
models of MASLD and MASH. Furthermore, we identified NAT10 as a
novel regulator of hepatic steatosis through catalysis of ac4C modifi-
cation and promoting the mRNA stability of Srebp-1c. This is supported
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Figure 6: NAT10 increases the expression and mRNA stability of Srebp-Tc. (A) Integrative Genomics Viewer (IGV) tracks displaying the NAT10 binding region of Srebf7 from
RIP-seq. (B) Enrichment showing the binding of NAT10 on the mRNA of Srebp-7c in Hepai-6 cells determined by RNA immunoprecipitation (RIP). IgG was used as a negative
control. n = 3. (C) RIP assays showing the binding of ac4C on the mRNA of Srebp-7c in Hepal-6 cells. IgG was used as a negative control. n = 3. (D) The enrichment of the
binding of ac4C on the mRNA of Srebp-1c. Mouse primary hepatocytes were infected with Ad-GFP or Ad-NAT10 and subjected to RNA immunoprecipitation (RIP) assays. n = 3. (E
and F) Relative mRNA levels of lipid synthesis genes and protein levels of SREBP-1c¢ in the livers of NAT10 flox/flox mice infected with Ad-Cre or Ad GFP. (G and H) Relative mRNA
levels of lipid synthesis genes and protein levels of SREBP-1c in the livers of NAT10-WT and NAT10-LKO mice. (I and J) Relative mRNA levels of lipid synthesis genes and protein
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Figure 7: Remodelin improves liver steatosis in preclinical mouse model. (A—J) C57BL/6 mice were fed on a HFD for 8 weeks and then treated with daily intraperitoneal
injection of Remodelin or vehicle control (Control) for another 16 days. n = 7. (A) Experimental design of two groups of mice. (B) Body weight curve during treatment. (C) Body
weight at the experimental endpoint. (D) Liver weight. (E) Liver TG contents. (F and G) Plasma TG and TC levels. (H) Representative macroscopic appearance and histology analysis
by H&E and Oil Red 0 staining. Scale bar, 50 pum. (I) Relative mRNA levels of lipid synthesis genes in the livers. (J) Protein levels of SREBP-1c in the livers. All data were shown as

the mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.01.

by multiple lines of evidence. First, hepatic NAT10 is upregulated in
multiple MASLD and MASH mice models. NAT10 expression is also
elevated in the livers of patients with MASLD and significantly corre-
lated with clinical characteristics. Second, hepatic NAT10 deficiency
reduced TG accumulation in the livers of MASLD mice, while its
overexpression significantly exacerbated HFD-induced liver steatosis.
NAT10 deficiency improved TG retention-related liver inflammation,
injury and fibrosis in MASH mice. Third, NAT10 could catalyze ac4C
modification of Srebp-7¢ mRNA to increase its stability and expression.
Consequently, NAT10 increases the mRNA and protein levels of
SERBP-1¢, thus upregulating lipogenic enzymes to promote liver
steatosis. Therefore, our findings identify a NAT10-dependent pathway
that promotes MASLD and MASH.

NAT10 is a member of the Gen5-related N-acetyltransferase (GNAT)
family and contains 1025 amino acids with a molecular weight of
116 kDa [31]. There are three conserved structural domains in the
NAT10 protein: the N-terminal acetylase structural domain, the ATP/
guanosine triphosphate (GTP) binding motif, and the ATPase structural
domain [17,32]. NAT10 functions as a writer for ac4C, regulating the
expression of ac4C-modified target genes through translation or RNA
stability [33—36]. Recent studies have shown that NAT10 is upregu-
lated in several types of tumors and its expression is correlated with
the expansion and proliferation of cancer cells. For example, NAT10/
ac4C/FOXP1 regulatory axis promotes malignant progression and fa-
cilitates immunosuppression by reprogramming glycolytic metabolism
in cervical cancer [37]. Besides, lysine 2-hydroxyisobutyrylation and
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enhanced protein stability of NAT10 in esophageal squamous cell
carcinoma promotes cancer metastasis in an ac4C-dependent manner
[38]. N4-Acetylcytidine drives glycolysis addiction in gastric cancer via
NAT10/SEPT9/HIF-1alpha positive feedback loop [39]. These studies
highlighted the dynamic and reversible ac4C modification on specific
mRNAs as a potential intervention for cancer. In this study, we focused
on the association of ac4C modification with MASLD pathogenesis by
profiling the ac4C landscape in the livers of db/db and lean mice.
Subsequent combined analysis of acRIP-Seq and RNA-Seq revealed
simultaneous elevation of ac4C modification and mRNA levels in genes
involved in lipid metabolism and lipogenesis in db/db mice, indicating a
strong relationship between the altered ac4C acetylation and increased
lipogenic genes expression.

The translational significance of our study is that treatment of
Remodelin, an NAT10 inhibitor, could improve liver steatosis and
dyslipidemia in a mouse model of MASLD, although intensive studies
are still warranted to fully assess the therapeutic effects and safety in
larger animals. Besides, we noticed that Remodelin treatment could
gradually reduce body weights and adipocyte size in obese mice
(Figure 7B and Supplementary Figure 9 A—D), suggesting that sys-
temic administration of Remodelin may induce metabolic changes in
other tissues like BAT and eWAT. Therefore, whether suppression of
NAT10 in BAT and eWAT is responsible for the reduced body weights
deserves further research. Collectively, our findings using a preclinical
mouse model demonstrate the therapeutic potential of Remodelin in
improving MASLD. We propose that hepatocyte-specific delivery of
NAT10 inhibitor or siRNA/shRNA may provide more effective strategies
for treatment MASLD.

Several limitations in our study should be pointed out. First, we could
not exclude the possibility that NAT10 may regulate hepatic lipid
metabolism by other mechanisms, in addition to increasing SREBP-1¢
expression. RNA pull down might help to explore more downstream
target genes for NAT10 in the liver. Additionally, NAT10 may also
regulate the redistribution of lipids within the liver. Spatial tran-
scriptomics would be required to explore this issue. Second, NAT10
has been shown to regulate the inflammatory process in neutrophils
[40], which is an important component in the development of chronic
liver diseases [41,42]. Thus, the molecular mechanism by which
NAT10 regulates the inflammatory response and collagen deposition in
MASH requires future work. Finally, our study demonstrated that
Remodelin could ameliorate liver steatosis and inflammation in HFD-
induced MASLD mice. However, none of diets can perfectly mimic
the pathogenesis of human MASH [43]. Thus, the therapeutic effects of
Remodelin on MASH should be further examined by additional models,
such as GAN diet- and CD-HFD-induced MASH.

In summary, our gain- and loss-of-function studies demonstrate that
NAT10 plays a critical role in liver steatosis and the development of
MASLD and MASH through ac4C modification of Srebp-71c mRNA.
Together, this work provided evidence that suppressing the expression
or function of NAT10 may provide a new therapeutic approach for
treating MASLD and MASH.
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