Received: 6 February 2024 Revised: 17 June 2024 Accepted: 10 July 2024

DOI: 10.1002/cac2.12595

ANCER
COMMUNICATIONS

ORIGINAL ARTICLE

Targeting N4-acetylcytidine suppresses hepatocellular
carcinoma progression by repressing eEF2-mediated
HMGB2 mRNA translation

Hailing Liu>® | LeiXu'? | ShiweiYue”?® | HongfeiSu?® | Xing Chen® |

1,2,5

Qiumeng Liu? | HuiLi* | Huifang Liang">® | Xiaoping Chen | Jiefeng He® |

Zeyang Ding? | Bixiang Zhang"*°
'Hepatic Surgery Center, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, Hubei, P. R. China

2Hubei Key Laboratory of Hepato-Pancreatic-Biliary Diseases, Tongji Hospital, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, Hubei, P. R. China

3Department of Hepatopancreatobiliary Surgery, Zhejiang Cancer Hospital, Hangzhou Institute of Medicine (HIM), Chinese Academy of Sciences,
Hangzhou, Zhejiang, P. R. China

“Department of Hepatobiliary Pancreatic Tumor Center, Chongging University Cancer Hospital, School of Medicine, Chongqing University,
Chongging, P. R. China

SKey Laboratory of Organ Transplantation, Ministry of Education, Wuhan, Hubei, P. R. China

®Department of Hepatobiliary Surgery, Key Laboratory of Hepatobiliary and Pancreatic Diseases of Shanxi Province (Preparatory), Shanxi Bethune
Hospital, Shanxi Academy of Medical Sciences, Shanxi Medical University, Taiyuan, Shanxi, P. R. China

Correspondence
Bixiang Zhang, Hepatic Surgery Center, Abstract
Tongji Hospital, Tongji Medical College, Background: N4-acetylcytidine (ac4C) represents a novel messenger RNA

Huazhong University of Science and

Technology, Wuhan, Hubei, P. R. China. (mRNA) modification, and its associated acetyltransferase N-acetyltransferase 10

Email: bixiangzhang@hust.edu.cn (NAT10) plays a crucial role in the initiation and progression of tumors by regu-
Zeyang Ding, Hepatic Surgery Center, lating mRNA functionality. However, its role in hepatocellular carcinoma (HCC)
Tongji Hospital, Tongji Medical College, development and prognosis is largely unknown. This study aimed to elucidate
Huazhong University of Science and . . ) . L.
Technology, Wuhan, Hubei, P. R. China. the role of NAT10-mediated ac4C in HCC progression and provide a promising
Email: zyding@tjh.tjmu.edu.cn therapeutic approach.

Abbreviations: ac4C, N4-acetylcytidine; acRIP-seq, acetylated RNA immunoprecipitation and sequencing; CCK-8, Cell Counting Kit-8; CDS, coding
sequence; CETSA, cellular thermal shift assay; CPTAC, The Clinical Proteomic Tumor Analysis Consortium; DARTS, drug affinity responsive targets
stability assay; DIA, data-independent acquisitio proteomics quantification; eEF2, eukaryotic Elongation Factor 2; EV71, enterovirus 71; GO, Gene
ontology analysis; HCC, hepatocellular carcinoma; HMGB2, High Mobility Group Protein B2; IC50, a half-maximal inhibitory concentration; IHC,
Immunohistochemistry; MCS, multiple cloning site; mRNA, messenger RNA; NAT10, N-acetyltransferase 10; OS, overall survival; PPI, protein-protein
interaction; qPCR, quantitative PCR; RFS, recurrence-free survival; Ribo-seq, ribosome profiling analyses; RIP, RNA immunoprecipitates; RNA-seq,
RNA sequencing; RPF, ribosome protected fragment; siRNA, small interfering RNA; SPR, surface plasmon resonance; SUnSET, Surface sensing of
translation assay; T.E, translation efficiency; TCGA, The Cancer Genome Atlas Program; TIME, tumor immune microenvironment; TUNEL, terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling; UTR, untranslated regions; VEGF, vascular endothelial growth
factor.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Author(s). Cancer Communications published by John Wiley & Sons Australia, Ltd on behalf of Sun Yat-sen University Cancer Center.

1018 wileyonlinelibrary.com/journal/cac2 Cancer Communications. 2024,44:1018-1041.


https://orcid.org/0000-0002-7022-0602
https://orcid.org/0009-0007-8284-4555
https://orcid.org/0009-0003-4739-262X
https://orcid.org/0000-0001-6874-3634
https://orcid.org/0000-0002-1609-7260
mailto:bixiangzhang@hust.edu.cn
mailto:zyding@tjh.tjmu.edu.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/cac2

LIU ET AL.

ANCER
COMMUNICATIONS

1019

Jiefeng He, Department of Hepatobiliary
Surgery, Key Laboratory of Hepatobiliary
and Pancreatic Diseases of Shanxi
Province (Preparatory), Shanxi Bethune
Hospital, Shanxi Academy of Medical
Sciences, Shanxi Medical University,
Taiyuan, Shanxi, P. R. China.

Email: hejiefeng2008@163.com

Xiaoping Chen, Hepatic Surgery Center,
Tongji Hospital, Tongji Medical College,
Huazhong University of Science and
Technology, Wuhan, Hubei, P. R. China.
Email: chenxp@tjh.tjmu.edu.cn

Funding information

State Key Project on Infection Disease of
China, Grant/Award Number:
2018ZX10723204-003-003; Tongji Hospital
(HUST) Foundation for Excellent Young
Scientist, Grant/Award Number:
2020YQO05; National Basic Research

Program of China, Grant/Award Number:

2020YFA0710700; Knowledge Innovation
Program of Wuhan-Shuguang Project,
Grant/Award Number:
2022020801020456; the first level of the
public health youth top talent project of
Hubei province, Grant/Award Number:
2022SCZ051; National Natural Science
Foundation of China, Grant/Award
Numbers: 81874065, 81874189, 82203823,
82273441

1 | BACKGROUND

Methods: The ac4C levels were evaluated by dot blot and ultra-performance
liquid chromatography-tandem mass spectrometry with harvested HCC tis-
sues. The expression of NAT10 was investigated using quantitative real-time
polymerase chain reaction, western blotting, and immunohistochemical stain-
ing across 91 cohorts of HCC patients. To explore the underlying mechanisms
of NAT10-ac4C in HCC, we employed a comprehensive approach integrating
acetylated RNA immunoprecipitation and sequencing, RNA sequencing and
ribosome profiling analyses, along with RNA immunoprecipitation, RNA pull-
down, mass spectrometry, and site-specific mutation analyses. The drug affinity
responsive targets stability, cellular thermal shift assay, and surface plasmon
resonance assays were performed to assess the specific binding of NAT10 and
Panobinostat. Furthermore, the efficacy of targeting NAT10-ac4C for HCC treat-
ment was elucidated through in vitro experiments using HCC cells and in vivo
HCC mouse models.

Results: Our investigation revealed a significant increase in both the ac4C RNA
level and NATI10 expression in HCC. Notably, elevated NAT10 expression was
associated with poor outcomes in HCC patients. Functionally, silencing NAT10
suppressed HCC proliferation and metastasis in vitro and in vivo. Mechanisti-
cally, NAT10 stimulates the ac4C modification within the coding sequence (CDS)
of high mobility group protein B2 (HMGB2), which subsequently enhances
HMGB? translation by facilitating eukaryotic elongation factor 2 (eEF2) bind-
ing to the ac4C sites on HMGB2 mRNA’s CDS. Additionally, high-throughput
compound library screening revealed Panobinostat as a potent inhibitor of
NAT10-mediated ac4C modification. This inhibition significantly attenuated
HCC growth and metastasis in both in vitro experiments using HCC cells and
in vivo HCC mouse models.

Conclusions: Our study identified a novel oncogenic epi-transcriptome axis
involving NAT10-ac4C/eEF2-HMGB?2, which plays a pivotal role in regulating
HCC growth and metastasis. The drug Panobinostat validates the therapeutic
potential of targeting this axis for HCC treatment.

KEYWORDS
N4-acetylcytidine, N-acetyltransferase 10, hepatocellular carcinoma, mRNA translation, tar-
geted therapy

(a programmed death-ligand 1 [PD-L1] inhibitor) com-
bined with bevacizumab (an angiogenic inhibitor targeting

Hepatocellular carcinoma (HCC) ranks as the fourth lead-
ing cause of cancer-related mortality worldwide, present-
ing a high fatality rate [1]. Despite recent advancements
in medical therapy for advanced HCC, the median sur-
vival rate remains below two years, even with the most
effective treatments available [2-5]. This underscores a
significant unmet need in medicine. Current therapeu-
tic approaches for advanced HCC, such as atezolizumab

vascular endothelial growth factor, VEGF), primarily tar-
get the tumor immune microenvironment (TIME) rather
than directly addressing tumor cells [6, 7]. Therefore,
there is an urgent need to identify novel biomark-
ers and therapeutic targets for HCC diagnosis and
treatment.

The N4-acetylcytidine (ac4C) modification, initially
observed predominantly in transfer RNA (tRNA) [8] and
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18S ribosomal RNA (rRNA) [9] based on earlier stud-
ies, is a highly conserved RNA modification. However,
recent research has revealed that ac4C is ubiquitously
present in human cells and plays a crucial role in the post-
transcriptional regulation of messenger RNA (mRNA)
translation and degradation [10, 11]. Furthermore, accu-
mulating evidence suggests that dysregulation of ac4C and
its unique writer, N-acetyltransferase 10 (NAT10), signifi-
cantly contribute to the pathogenesis of various diseases,
including cardiomyocyte apoptosis [12], osteoporosis [13],
HIV (Human Immunodeficiency Virus) and enterovirus
71 (EV71) replication [14, 15], oocyte development [16]
and spermatogonial differentiation failure [17]. Notably,
aberrant ac4C modification has been implicated in the pro-
gression of several solid tumors, such as bladder cancer
[18], gastric cancer [19], colorectal cancer [20] and cer-
vical cancer [21], highlighting the potential of NAT10 as
a promising therapeutic target for cancer treatment. Sev-
eral studies have suggested that NAT10 contributes to the
proliferation and metastasis of HCC cells [22-25]. Never-
theless, the precise biological implications and key mech-
anisms of ac4C modulators in HCC progression remain
enigmatic.

As one of the most prevalent mRNA modifications,
acetylation peaks were detected in several thousand HeLa
cell mRNAs using an antibody-dependent approach, with
the majority occurring within the 5’ untranslated regions
(5" UTR) and coding sequences (CDSs) [10, 11]. Acety-
lation of cytidine in the 5 UTR has been shown to
impede translation initiation, while CDS ac4C modi-
fications are postulated to enhance mRNA translation
efficiency [10]. Current understanding suggests that N4-
acetyl modification can facilitate hydrogen bonding with
guanosine, thereby augmenting interactions with cognate
tRNAs and enhancing translation elongation [11]. Despite
supporting evidence for the enrichment of ac4C within
coding sequences to bolster mRNA decoding efficiency,
the precise mechanism by which ac4C promotes mRNA
translation remains elusive. It is noteworthy that the bio-
logical significance of RNA modification hinges on specific
binding proteins that regulate pre-mRNA splicing, mRNA
decay, and translation [26]. Consequently, the identifica-
tion and characterization of ac4C-binding proteins that
directly guide distinct bioprocesses assume paramount
importance.

In this study, we aimed to investigate the role of
NATI10-ac4C and the downstream mechanism in HCC
progression. By investigating these factors, our objective
was to provide new valuable insights into the mecha-
nisms underlying HCC progression, thereby potentially
facilitating the development of novel therapeutic strategies
for HCC.

2 | METHODS

2.1 | Patient cohorts and tissues

Tumor tissues were obtained from the surgical specimen
archives of 123 HCC patients who had not undergone pre-
operative treatments at Tongji Hospital of Huazhong Uni-
versity of Science and Technology (HUST, Wuhan, China)
between 2012 and 2021. Among them, 20 frozen tissues
were utilized for ac4C dot blot, ultra-performance lig-
uid chromatography-tandem mass spectrometry (UPLC-
MS/MS), quantitative reverse transcription PCR (qRT-
PCR), and western blotting analyses, while 103 formalin-
fixed and paraffin-embedded tissues were employed for
immunohistochemistry analyses. All patients provided
written informed consent, and the study complied with rel-
evant regulations after obtaining approval from the Ethics
Committee of Tongji Hospital (HUST, Wuhan, China)
(permit number: TJ-IRB20211163).

2.2 | Animal studies

All animal care and studies were performed following
the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals and authorized by the
Ethics Committee of Tongji Hospital (HUST, Wuhan,
China) (permit number: TJH-202110006). All animal mod-
els were established according to our previous work
[27]. Panobinostat was solubilized in a solution contain-
ing dimethyl sulfoxide (DMSO, Sigma-Aldrich, Califor-
nia, USA), PEG300 (Selleck, Texas, USA), Tween 80 and
phosphate-buffered saline (PBS) at a ratio of 2:35:2:61
(v/v/v/v). All animal models were randomly assigned to
two treatment groups (5mg/kg and 10mg/kg, every other
day [qod], intraperitoneal [i.p.]) and vehicle (PBS solu-
tion with 2% DMSO, 35% PEG300 and 2% Tween 80,
qod, i.p) starting from day 4 after cell implantation. At
each final time point, mice were humanely euthanized
to obtain tumor samples, and representative tumors were
photographed.

2.3 | invitro cell-behavior assays

For the Cell Counting Kit-8 (CCK-8) assays, 3,000 cells
in 100 pL of Dulbecco’s Modified Eagle Medium (DMEM,
Gibco, USA) were evenly distributed in 96-well plates and
incubated over four consecutive days. Cell viability was
assessed using a CCK-8 assay from Beyotime Biotech-
nology (Shanghai, China), following the manufacturer’s
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protocol. For the wound-healing assays, an optimal den-
sity of 1 x 10° cells per well was established in 6-well plates.
Confluent monolayers were mechanically disrupted using
a100 pL plastic pipette tip. Healing progress was quantified
after 24 or 72 hours by analyzing the area of closure using
ImageJ] software (National Institutes of Health, USA).
For migration and invasion assays, Transwell chambers
(Corning, NY, USA) were utilized in 24-well plates con-
taining DMEM supplemented with 10% fetal bovine serum
(FBS). Specifically, for invasion assays, the chambers were
pre-coated with Matrigel. The ideal seeding density was
determined to be 20,000 cells per chamber for migra-
tion assays and 50,000 cells per chamber for invasion
assays. In the colony formation assays, 1,000 cells were
seeded in each well of 6-well plates. After a two-week
incubation period, the cells were washed with PBS, fixed
with methanol, and stained with 0.05% crystal violet (Ser-
vicebio, Wuhan, China). The colony formation rate was
calculated as follows: (Number of colonies / Number of
seeded cells) x 100%. The number of cells in each cham-
ber was also counted using ImageJ (National Institutes of
Health, USA).

24 | qRT-PCR

Total RNA was extracted using the Cell Total RNA
Isolation Kit (Foregene, Chengdu, China). First-strand
complementary DNA (cDNA) synthesis was conducted
using the HiScript® III 1st Strand cDNA Synthesis Kit
(Vazyme Biotech, Nanjing, China) and random primers.
gRT-PCR was carried out employing ChamQ™ SYBR®
gqPCR Master Mix (Vazyme Biotech, Nanjing, China). All
reactions were executed in triplicate. U6 was utilized as an
endogenous control. Relative gene expression levels were
determined using the comparative Ct (2724CT) method.
All the primer sequences are listed in Supplementary
Table SI.

2.5 | Western blot analysis

Total protein was extracted using RIPA Lysis Buffer
(Beyotime Biotechnology, Shanghai, China) supplemented
with protease inhibitor (MCE, NJ, USA). Protein concen-
trations were quantified with the BCA Protein Assay Kit
(Thermo Fisher Scientific, Massachusetts, USA). Subse-
quently, proteins were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred onto polyvinylidene fluoride (PVDF) mem-
branes (Millipore, Massachusetts, USA). The membranes
were sequentially incubated with primary antibodies and
horseradish peroxidase (HRP)-conjugated secondary anti-

bodies, and all the antibodies are listed in Supplemen-
tary Table S2. Immunoreactivity was visualized using the
enhanced chemiluminescence (ECL) chromogenic sub-
strate (Millipore, Massachusetts, USA). Signal intensities
were detected using the ChemiDoc MP Imager System
(Bio-Rad, California, USA) and quantified with Image Lab
5.2 software (Bio-Rad, California, USA).

2.6 | small interfering RNA (siRNA),
short hairpin RNA (shRNA), and plasmid
constructs

RiboBio (Guangzhou, China) designed and synthesized
all siRNA, and the siRNA sequences are listed in Supple-
mentary Table S3. NAT10 shRNA and NAT10 cDNA were
cloned into lentiviral vector pLKO.1 and pCDH lentivi-
ral vectors (AuGCT, Wuhan, China). The catalytic mutant
(aa641, G—E) was constructed based on the wild-type
NAT10, and HMGB2 cDNA was cloned into the pCDH
vector.

2.7 | Cell culture, transfection, and viral
transduction

Huh-7, Hep3B, HepG2 and HEK-293T cell lines were
purchased from the China Center for Type Culture Col-
lection (Wuhan, China). HLF was acquired from JCRB
cell bank (Tokyo, Japan). MHCC-97H and HCC-LM3 cells
were obtained from the Liver Cancer Research Insti-
tute of Shanghai Zhongshan Hospital (Shanghai, China).
SNU449, SNU182 and SNU387 cell lines were acquired
from ATCC (Manassas, VA, USA). Huh7, HEK-293T,
MHCC-97H, and HCC-LM3 cell lines were cultured in
DMEM. Hep3B and HepG2 cell lines were cultured in Min-
imum Essential Medium (MEM, Gibco, USA). SNU449,
SNU182, and SNU387 cell lines were cultured in Roswell
Park Memorial Institute (RPMI) medium (Gibco, USA).
According to the manufacturer’s protocol, the siRNAs
were transfected using GenmuteTM Reagent (SignaGen
Laboratories, Maryland, USA). GenJetTM Plus reagent
(SignaGen Laboratories, Maryland, USA) was used for cell
transfection with plasmids. Virus-containing supernatant
was collected 48 h after co-transfection of psPAX2, pMD2G
and shRNA-containing, ORF-containing or Luciferase
plasmids into HEK293T cells and added to the target
cells. 48 h later, infected cells were selected with 1 pg/ml
puromycin (MCE, NJ, USA, for the puromycin lentiviral
vectors) or 100 ug/mL geneticin (MCE, NJ, USA, for the
geneticin lentiviral vector). MHCC-97H cells expressing
luciferase (MHCC-97H-luc) were generated as described
above. All cells were cultured with 10% fetal bovine serum,
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100 U/mL penicillin, and 100ug/mL streptomycin in an
incubator with 5% CO, at 37°C.

2.8 |
RNA

Isolation of total and polyadenylated

Total RNA was isolated from HCC tissues and cul-
tured cells using the Total RNA Isolation Kit (Fore-
gene, Chengdu, China) according to the manufacturer’s
instructions. Subsequently, Turbo™ DNase I treatment
(ThermoFisher Scientific, Massachusetts, USA) was per-
formed. Polyadenylated RNA [poly(A) RNA] enrichment
was accomplished using the NEBNextR Poly(A) mRNA
Magnetic Isolation Module for LC-MS, dot blot, or acety-
lated RNA immunoprecipitation and sequencing (acRIP-
seq), following the manufacturer’s instructions. Poly(A)
RNA precipitations were carried out using 0.3mol/L
sodium acetate [pH 5.5], 15 pg/mL linear acrylamide
(ThermoFisher Scientific, Massachusetts, USA) and 2.5x
ethanol.

2.9 | Immunohistochemistry (IHC)
Immunohistochemistry (IHC) was performed to mea-
sure target protein expression according to our previous
study [27]. NAT10 staining was independently assessed
by two pathologists blinded to the clinical data. The
staining intensity was assessed using a semi-quantitative
immunoreactivity score (IRS) as previously reported [28].
Samples with an IRS of 0-6 and 8-12 were classified as
having low and high expression of NAT10, respectively.

2.10 | Luciferase reporter assay

Luciferase assay was performed using reporter lysis
buffer (catalog #E3971, Promega, Madison, USA) and
luciferase assay reagent according to the manufacturer’s
instructions. Briefly, NAT10 control and NAT10 depleted
cells were transfected with pmiRGLO, pmiRGLO-WT-5
UTR, or pmiRGLO-Mut-5" UTR in a 12-well plate. After
24 h incubation, cells were analyzed with the Dual-
Glo Luciferase Assay system (Promega, Madison, USA).
Renilla Luciferase (R-luc) was used to normalize firefly
luciferase (F-luc) activity to evaluate reporter translation
efficiency.

The CDS sequence of HMGB2 was biosynthesized Vec-
torBuilder (Guangzhou, China) and subcloned into the
dual-luciferase vector pmiGLO (Promega, USA). Three
putative ac4C recognition sites were identified in CDS.
Mutagenesis of ac4C sites (C to T) was performed using

a site-directed mutagenesis kit (Thermo Fisher, Mas-
sachusetts, USA). Luciferase activity was measured using
the Dual-Luciferase Reporter Gene Assay Kit (Promega,
Madison, USA). The firefly luciferase activity values were
normalized to the Renilla luciferase activity values that
reflect expression efficiency. The mRNA abundance was
determined as qRT-PCR of F-luc, and the translation
efficiency is defined as the quotient of reporter protein
production (F-luc/R-luc) divided by mRNA abundance
[29]. Experiments were performed three times with similar
results.

2.11 | ac4C dot blot assay

The dot blot assay was performed with an anti-ac4C anti-
body as described previously [11]. Briefly, total RNA or
mRNA with denaturation solution were initially dena-
tured at 65°C for 5 minutes, placed on ice for 5 minutes
and loaded onto Hybond-N+ membranes, which were
then cross-linked. The membrane was washed and incu-
bated with anti-ac4C antibody at 4°C overnight. Then,
the membrane was washed and incubated with a sec-
ondary antibody for 1 hour at room temperature. Finally,
the membrane was visualized using a chemiluminescent
HRP substrate. Methylene blue staining was used as the
control.

2.12 | mRNA ac4C detection and
quantification by UPLC-MS/MS

Briefly, mRNA was extracted and purified from HCC tis-
sues as described above. Briefly, 1ug of mRNA was treated
with buffer, S1 nuclease, alkaline phosphatase, and phos-
phodiesterase I, followed by incubation at 37°C. After the
digestion of RNA into nucleosides, the mixture underwent
chloroform extraction. The resulting aqueous layer was
collected for analysis using a UPLC system (ExionLC™
AD) coupled with an MS System (Applied Biosystems
6500 Triple Quadrupole). The MS system was equipped
with an ESI Turbo Ion-Spray interface and controlled by
Analyst 1.6.3 software (AB Sciex). The identification and
quantification of ac4C modification were performed using
the MetWare platform (http://www.metware.cn/) based
on the AB Sciex QTRAP 6500 LC-MS/MS platform.

2.13 | Acetylated RNA
immunoprecipitation (acRIP)

acRIP was performed as described in a previous publica-
tion [11]. Briefly, total RNA was extracted using TRIzol
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(Invitrogen, CA, USA) and fragmented by NEBNext®)
Magnesium RNA Fragmentation buffer or not. Frag-
mented RNA (10 pg) was immunoprecipitated with 1
pg anti-ac4C or IgG pre-coupled to Protein G Dyn-
abeads 6 hr at 4°C in 100 pL of RIP wash buffer
(Millipore, Massachusetts, USA) containing 40U murine
RNase inhibitor (Vazyme Biotech, Nanjing, China). Beads
were washed five times in RIP wash buffer, and elu-
tion of RNA was carried out by RNase-free Proteinase
K (50 pg, Millipore, Massachusetts, USA) digestion for
45 minutes at 55°C. The enriched RNAs were extracted
by phenol: chloroform: isoamyl alcohol (125: 24: 1)
and ethanol precipitation using 0.3 mmol/L sodium
acetate (pH 5.5) and 15 pg/mL linear acrylamide. Iso-
lated RNA fragments were subjected to one-step reverse
transcription PCR to detect ac4C-modified mRNAs of
target genes.

2.14 | acRIP-seq

acRIP-seq was performed by DIATRE Biotechnology
(Shanghai, China). Briefly, Poly(A) RNA was isolated by
two rounds of oligod(T) selection and fragmented using
NEBNext® Magnesium RNA Fragmentation buffer for 5
minutes at 94°C. The anti-ac4C antibody, Dynabeads Pro-
tein G (Invitrogen, CA, USA), and purified RNA were
incubated at 4°C for 6 hours. The immunoprecipitated
RNA was collected according to the above descript (see
Acetylated RNA immunoprecipitation). The library was
constructed using the NEBNext® Ultra™ Directional
RNA Library Prep Kit and then sent for sequencing
with the Illumina Nova Seq (Illumina, CA, USA), follow-
ing the protocol from a company (DIATRE, Shanghai,
China). MACS2 identified signal distribution (peak call-
ing). Deeptools generated peak and motif annotation
results.

2.15 | RNA sequencing

RNA was extracted and treated with DNase I. After pass-
ing quality control, libraries were generated and subjected
to sequencing using the Illumina HiSeq 4000 platform
(PE150) following the protocol provided by Epibiotek
(Guangzhou, China). The RNA-seq reads underwent
adapter removal using cutadapt (version 1.18) and were
then aligned to the human reference genome (GENCODE,
version 30) using HISAT2 (version 2.1.0) with default
parameters. The number of reads mapped to each gene was
quantified using HTSeq (version 0.11.2) with the “-m inter-
section nonempty” option. Gene expression levels were
determined as fragments per kilobase of transcript per mil-

lion mapped reads (FPKM) using the DESeq2.12 package
[30].

2.16 | Ribosome profiling

The ribosome profiling analyses (Ribo-seq) methodology
was followed as described in a previous publication [31].
Prior to collection, cells were treated with 100 mg/mL
cycloheximide for 5 minutes at 37°C. Following lysis
and RNAse I treatment to degrade unprotected mRNA
regions, intact mRNA-ribosome complexes were isolated
and sequenced using the Illumina HiSeq 4000 (SE50)
protocol provided by Epibiotek. Reads were preceded by
removing adapters. The reads that mapped to human ribo-
somal RNA, small nucleolar RNA, small nuclear RNA,
and tRNA from the GENCODE project (version 30) were
excluded. The remaining reads were aligned to the human
genome using bowtie2 (version 2.3.4.3) with the -L 10
option. The expression levels of protein-coding genes were
quantified using featureCounts (version 1.6.4) with param-
eters including -M and —-fracOverlap set at 0.4 as well as
—largestOverlap.

217 | Cross-linked RNA
immunoprecipitation assays

RNA immunoprecipitation was conducted according to
our previous study [27]. Briefly, 0.3% formaldehyde was
used to cross-link, and glycine solution was used to quench
the cells. After treatment with or without 1 U RNase T1
(Thermo Fisher, Massachusetts, USA) for 15 minutes at
24°C, the cell lysate was utilized to conduct immunopre-
cipitation in accordance with the manufacturer’s protocol
of Magna RIP™ RNA-binding Protein Immunoprecipita-
tion Kit (Millipore, Massachusetts, USA). The IP enrich-
ment ratio of a transcript was calculated as the ratio
between its abundance to its abundance in the input
sample.

2.18 | invitro transcription of
ac4C-containing RNA probes

RNA probes containing ac4C were synthesized following
the protocol from Hippo Biotechnology (Huzhou, China).
Briefly, in vitro transcription used a DNA template con-
taining the T7 promoter. This RNA oligo used ac4CTP
(MCE, NJ, USA) or CTP as the unique source of the C
site. After in vitro transcription, synthesized probes were
purified by VAHTS RNA Clean Beads (Vazyme, Nan-
jing, China) according to the manufacturer’s instructions.
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The purified RNA probes were labeled with biotin using
Pierce™ RNA 3’ End Biotinylation Kit (Thermo Fisher Sci-
entific, Massachusetts, USA). The RNA probe sequences
are listed in Supplementary Table S4.

2.19 | RNA pull-down

The RNA pull-down assay was conducted using the Pierce
MagneticRNA-Protein Pull-Down Kit (Thermo Fisher Sci-
entific, Massachusetts, USA) according to the manufac-
turer’s instructions. Briefly, up to 50pmol of ss-C and
ss-ac4C probes were mixed with 2mg of protein extract and
50uL of washed streptavidin beads. After incubation for 4
hours at 4°C and three washes, the streptavidin beads were
boiled in SDS buffer and used for western blotting.

2.20 | DIA proteomics analysis

The eluted proteins captured by streptavidin beads in ss-C
and ss-ac4C were subjected to DIA proteomics quantifi-
cation according to the protocol from SpecAlly (Wuhan,
China). The digested peptides were loaded onto a timsTOF
Pro mass spectrometer (Bruker Daltonics) coupled with
an UltiMate 3000 RSLC nano-system (Thermo Fisher Sci-
entific, Massachusetts, USA) and analyzed in diaPASEF
mode. The raw DIA data were searched against the
reviewed human database from UniProt (2020-05-10, 75074
entries) using DIA-NN software (V1.8.1). Proteins with a
llog2 FC| > 1 (fold change > 2 or < 2) and P < 0.05
(Student’s t-test) were identified as differentially expressed
proteins (DEPs). Gene ontology (GO) classification enrich-
ment of DEPs was conducted using the “cluster Profiler”
packages (significant at P < 0.05).

2.21 | Drug affinity responsive targets
stability (DARTS)

DARTS was conducted to the direct binding between
Panobinostat and NAT10 in cellular following the pub-
lished protocol [32]. Briefly, 4 x 10’ MHCC-97H cells were
lysed in M-PER (Thermo Fisher Scientific, Massachusetts,
USA) with protease inhibitor cocktail and phosphatase
inhibitor cocktail. TNC buffer (50 mmol/L Tris-HCL pH
8.0, 50 mmol/L NaCl, and 10 mmol/L CaCl,) was added
to the lysate, and the protein concentration was deter-
mined by BCA assay. Cell lysates were incubated with
varying concentrations of Panobinostat or DMSO (vehicle)
at room temperature for 1 hour, followed by digestion with
Pronase (0.4 pg/mL, 10165921001, Roche) at room temper-
ature for 30 minutes. The digestion was halted using a

protease inhibitor cocktail, and the samples were imme-
diately placed on ice. Subsequently, western blotting was
used to determine whether NAT10 was a direct target of
Panobinostat, while GAPDH served as a negative control.

2.22 | Cellular thermal shift assay
(CETSA)

To determine whether Panobinostat (LBH589) acts as a
direct ligand of NAT10 protein, CETSA was conducted with
intact MHCC-97H as published previously [33]. 1.5x107
MHCC-97H cells were collected, washed with ice-cold
1x PBS and subjected to freeze-thaw cycles with liquid
nitrogen in the lysis buffer (50 mmol/L Tris-HCl (pH
7.5), 150mmol/L NaCl, and 2mmol/L DTT) plus protease
inhibitor cocktail. After centrifugation (20,000 g, 20 min-
utes, 4°C, Eppendorf), the supernatant was incubated with
various concentrations of Panobinostat for 25 minutes and
then transferred into the Bio-Rad T100 Thermal Cycler
followed by denaturing at indicated temperatures for 3
minutes. Then the samples were centrifuged (20,000 g,
10 minutes, 4°C, Eppendorf), and the supernatant was
analyzed by western blotting assay with the NAT10 anti-
body (Abcam, Cambridge, UK) and GAPDH antibody
(Proteintech, Wuhan, China).

2.23 |
analysis

Surface plasmon resonance (SPR)

SPR analysis was performed using a Biacore x100 system
(GE Healthcare Life Sciences, Marlborough, MA, USA) to
determine the direct binding between Panobinostat and
NATIO in vitro. NAT10 protein (Origene, Rockville, MD,
USA) was immobilized onto a CM7 chip (GE Healthcare
Life Sciences, Marlborough, MA, USA) via amine cou-
pling. Panobinostat was diluted with running buffer and
subsequently loaded into the samples. Curve fitting was
performed using Biacore analysis software to obtain the
KD values of Panobinostat for NAT10.

2.24 | Polysome profiling

The polysome profiling was performed according to
the bio-protocol database (www.bio-protocol.org/e2126).
Briefly, the NAT10 control or depleted MHCC-97H cells
(six 100 mm dishes) were washed with ice-cold 1x PBS.
After removing the remaining PBS, 2mL PBS with 100
pg/ml cycloheximide (CHX, Selleck, TX, USA) was added
to cells and incubated at 37°C for 10 minutes. Then,
cells were harvested, and 1 mL of cytoplasmic extract
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was layered onto 11 mL of 10%-50% sucrose gradient and
centrifuged at 39,000 rpm in a Beckman SW-41Ti rotor
for 90 minutes at 4°C. Gradients were fractionated and
monitored at an absorbance of 254nm (Brandel, Florida,
USA). Collected fractions were subjected to western blot
for EEF2 (Abcam, Cambridge, UK), or to RT-PCR analysis
of HMGB2 transcript.

2.25 | Surface sensing of translation
(SUnSET) assay

The SUNSET assay was performed as previously described
to monitor protein synthesis by pausing with puromycin
in cells [34]. Briefly, the cells were incubated in a cul-
ture medium supplemented with puromycin (2 ug mL™)
for the indicated time periods. Proteins were extracted
from the cells, and western blotting was conducted using
anti-puromycin (EQ0001, Kerafast, Boston, USA).

2.26 | Virtual screening and molecular
docking analysis

A virtual screening method was conducted to identify pos-
sible inhibitors for NAT10. The source of the compound
database is the FDA National Drug Code Directory, which
can be accessed at https://pubchem.ncbi.nlm.nih.gov/. To
identify appropriate compounds, we established the fol-
lowing criteria: (1) molecular weight between 108 and
508 to exclude larger molecules; (2) molecular complex-
ity between 100 and 500 to eliminate difficult-to-synthesize
compounds; (3) no more than 10 hydrogen bond acceptors
and no more than 5 hydrogen bond donors in accordance
with Lipinski’s rule. The resulting compounds were sub-
jected to a 3D conformational search using RdKit, and
the energy of the conformations was calculated by MMFF
force field [35]. The input conformation for docking was
selected based on the lowest energy conformation. The
target protein NATI0 was constructed using AlphaFold
[36] predicted structure with residues 913-1025 removed.
The target protein NAT10 was constructed based on the
AlphaFold predicted structure, with residues 913 to 1025
removed. Virtual screening and docking were performed
using Autodock Vina [37], with docking sites set at cen-
ter_x =-10.72, center_y = 5.99, center_z = -24.64 and size_x
=20, size_y = 20, size_z = 20. Pymol software was utilized
for visualizing the complex structures of the top 25 small
molecules.

2.27 | Statistical analysis

Statistical analyses were conducted using GraphPad
Prism 9.5 software (San Diego, CA, USA). Appropriate

tests, including the Student’s t-test, chi-square test, and
Wilcoxon signed-rank test, were performed. X-tile (Yale
University, New Haven, CT, USA) weas utilized to deter-
mine the optimal cut-off value. Survival curves were
assessed using the Kaplan-Meier method, and any differ-
ences were evaluated through the log-rank test. Pearson
correlation analysis was used to evaluate correlations.
Statistical significance was defined as P < 0.05.

3 | RESULTS

3.1 | RNA ac4C hyperacetylation and
upregulated NAT10 correlate with poor
prognosis in HCC

To elucidate the functional roles of ac4C modification in
HCC, we initially examined the ac4C RNA levels in 20
HCC tissues and adjacent noncancerous liver tissues. Dot
blot assay revealed a significant increase in ac4C levels in
HCC tissues total RNA (Figure 1A). This finding was fur-
ther confirmed by UPLC-MS/MS analysis, which showed a
significant elevation in ac4C levels in HCC tissues mRNA
(Figure 1B). The observed increase in ac4C levels led us
to hypothesize that NAT10, the unique acetyltransferase
responsible for ac4C modification, might be dysregulated.
Consequently, we compared the mRNA levels of NAT10 in
the 20 pairs of HCC and normal liver tissues. Our analy-
sisdemonstrated that NAT10 was significantly upregulated
in HCC (Supplementary Fig. S1A), and there was a signifi-
cant correlation between NAT10 expression and ac4C RNA
levels in the 20 HCC tissues (Supplementary Fig. S1B-C).
To further validate these results, we performed a large-
scale data mining analysis across 89 cohorts of HCC
patients. Our investigation revealed notable alterations in
NAT10 mRNA levels within 62 of these cohorts. Among
them, 54 cohorts of patients showed a significant increase
in NAT10 mRNA levels in HCC tissues (Figure 1C). We next
performed gene expression analysis using data from The
Clinical Proteomic Tumor Analysis Consortium (CPTAC)
dataset which supported the upregulation of NAT10 in
HCC (Figure 1D). Consistent with these findings, the pro-
tein levels of NAT10 were significantly higher in human
HCC tissues than in their adjacent noncancerous liver
tissues by western blot (Figure 1E). Immunohistochem-
ical analysis of 103 paired samples from an HCC tissue
microarray (Tongji cohort) further confirmed the upregu-
lation of NAT10 in HCC samples (Figure 1F). Furthermore,
our data indicated that higher NAT10 expression was
significantly associated with shorter overall survival and
recurrence-free survival times in HCC patients (Figure 1G).
Subsequent analysis showed that high NAT10 expres-
sion is significantly associated with advanced clinical
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Elevated NATI10 expression correlates with poor prognosis in HCC patients. (A) Dot blot analyses of total RNA (5 ug) isolated

from HCC tissues and adjacent noncancerous liver tissues using an anti-ac4C antibody, with MB staining as loading control (left panel).
Calculation of relative ac4C contents on RNA in HCC tissues and adjacent noncancerous liver tissues (right panel, N = 20). (B) Detection of
ac4C levels on mRNA in the same 20 HCC tissues and adjacent noncancerous liver tissues by UPLC-MS/MS analysis. (C) Large-scale data
mining was used to compare the expression differences in NAT10 mRNA between HCC tissues and adjacent noncancerous liver tissues. (D)

Analysis of NAT10 protein levels in HCC and adjacent noncancerous liver tissues (N = 165) using CPTAC data. (E) NAT10 protein levels in

HCC tissues and adjacent noncancerous liver tissues measured by western blotting (N = 8). (F) Representative IHC images of NAT10
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stages in patient HCC tissues and iCluster-1 HCC sam-
ples, a molecular subtype associated with a poor prognosis
[38]. NATI10 expression gradually increases during HCC
development (Figure 1H and Supplementary Fig. SID-I,
Supplementary Tables S5-S7). Collectively, these findings
suggest that NAT10 expression is closely related to the
malignant progression of HCC.

3.2 | Knockdown of NAT10 inhibits HCC
proliferation and metastasis

To investigate the function of NAT10 in HCC, we estab-
lished stable NAT10-knockdown cell lines using cell lines
with increased levels of both NATIO expression and
ac4C modification (MHCC-97H and SNU449) (Supple-
mentary Fig. S2A). The knockdown of NAT10 significantly
decreased the ac4C content in both total RNAs and mRNAs
compared to the non-targeting control shRNA (shCtrl)
(Figure 2A). Silencing NAT10 resulted in significant inhibi-
tion of HCC cell viability (Figure 2B-C), clonogenic ability
(Figure 2D and Supplementary Fig. S2B), and soft agar
colony formation efficiency (Figure 2E and Supplemen-
tary Fig. S2C). Additionally, the wound healing migration,
transwell migration, and matrigel invasion assays revealed
that NAT10 silencing significantly suppressed the migra-
tion and invasion ability of MHCC-97H and SNU449 cells
(Figure 2F-G, Supplementary Fig. S2D-E).

Subsequently, we assessed the effect of NAT10 on HCC
proliferation and metastasis in vivo. Tumor xenograft
studies showed that silencing NATI10 significantly inhib-
ited tumor growth, as evidenced by reduced tumor
size and weight compared to tumors derived from con-
trol cells (Figure 2H). Moreover, NAT10 knockdown in
tumor xenografts led to inhibited cell proliferation and
induced apoptosis, as evidenced by Ki-67 and termi-
nal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) staining, respec-
tively (Figure 2I-J). Furthermore, in liver orthotopic-
implanted models, the volumes and number of intra-
hepatic tumor nodules were significantly reduced in the
groups inoculated with NAT10 knockdown cells com-
pared to the control group (Figure 2K). Additionally, in
a lung metastasis model established by injecting NAT10-

knockdown and negative control cells into the lateral
tail vein of nude mice, silencing of NAT10 significantly
inhibited HCC lung metastasis, as shown by biolumines-
cence imaging and the number of lung metastatic lesions
compared with the control group (Figure 2L).

Taken together, these findings indicate that NATI0 plays
a pivotal role as an oncogenic driver in HCC proliferation
and metastasis.

3.3 | Effects of NAT10 on ac4C mRNA
modification and global mRNA translation

To investigate dysregulated genes involved in ac4C modi-
fication in HCC, we performed acRIP-seq in MHCC-97H
cells with or without NAT10 knockdown (Figure 3A). The
analysis identified a total of 11,591 ac4C peaks from 4,784
ac4C-modified transcripts in control cells and 3,148 peaks
from 691 ac4C-modified transcripts in NAT10-deficient
cells (Figure 3B-C). Notably, 609 new peaks emerged in
stable NAT10 knockdown cells, while 9,052 peaks disap-
peared. The remaining 2,539 peaks were found in both
knockdown and control cells (Figure 3B). As NATI0 is
an ac4C acetyltransferase, the 9,052 unique peaks are
expected to contain genuine targets of NAT10. The ac4C
consensus motif “CXX” was enriched in the detected peaks
(Figure 3D), consistent with previous findings [11]. The
ac4C distribution patterns within both total and unique
peaks were similar in control and NAT10-deficient cells
when the RNA species were divided into CDS, 3’ UTR, 5’
UTR regions of mRNAs, and non-coding RNAs (Figure 3E
and Supplementary Fig. S3A). Subsequently, we analyzed
the differential ac4C peaks (ratio of normalized ac4C read
density [shCtrl/shNAT10], > 2) and their corresponding
transcripts by comparing the acRIP-seq data in HCC cells
with and without shNAT10. We identified 125 transcripts
displaying reduced ac4C peaks in ShNATIO0 cells (Figure 3F
and Supplementary Table S8, collectively indicating that
NAT10 mediates ac4C mRNA acetylation in HCC.

It has been reported that ac4C enhances mRNA trans-
lation efficiency [11]. Therefore, we conducted RNA-
seq and Ribo-seq to identify the downstream functional
effectors affected by NAT10-mediated ac4C modification
(Figure 3G). NATIO depletion profoundly alters the gene

expression in the Tongji cohort tissue microarray (TMA) including HCC tissues and adjacent noncancerous liver tissues (left panel); pie chart

showing percentages of cases with differential NAT10 expression profiles compared to adjacent noncancerous liver tissues (N = 103, right

panel, scale bar: 200 pm or 20 um). (G) Kaplan-Meier plot correlating NAT10 expression with patient overall and recurrence-free survival
using CPTAC, TCGA, and Tongji datasets. (H) Analysis of NAT10 expression correlation with malignant features of HCC using Tongji TMA
cohort and TCGA LIHC datasets. Statistical tests: (A, B, D) paired t test; (G) log-rank test; (H) Pearson chi-squared test (2-sided).
Abbreviations: ANL, adjacent noncancerous liver tissue; HCC, hepatocellular carcinoma; IHC, immunohistochemistry; LIHC, Liver
hepatocellular carcinoma; TCGA, The Cancer Genome Atlas; CPTAC, Clinical Proteomic Tumor Analysis Consortium; MB, methylene blue;
ac4C, N4-acetylcytidine; NAT10, N-acetyltransferase 10; mRNA, messenger RNA.
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transcriptional expression and ribosome-protected frag-
ment (RPF) abundance (Figure 3H). From RNA-seq, we
detected 635 down-regulated and 818 upregulated tran-
scripts upon NAT10 depletion (P < 0.05; [log2 fold changel
> 1) (Supplementary Table S9). From Ribo-Seq, 277 down-
regulated and 332 upregulated transcripts were identified
after NAT10 knockdown (P < 0.05; llog2 fold changel
> 1) (Supplementary Table S10). Comparing translation
efficiency (T.E) in MHCC-97H cells with or without
NATI10 deletion, we found that ac4C (-) mRNAs dis-
played elevated T.E specifically in response to NATIO
deletion (Figure 3I and Supplementary Table S11). Next,
polysome profiling revealed a significant reduction in the
assembly of 80S monosomes and polysomes in NAT10-
deficient cells (Figure 3J), indicating that depletion of
NAT10 inhibits global protein translation. Furthermore,
depletion of NAT10 substantially attenuates protein syn-
thesis, as determined using a SUnSET [34] assay (Figure 3K
and Supplementary Fig. S3B). All of these results suggest
that NAT10-mediated mRNA ac4C modification enhances
global translation efficiency in HCC.

3.4 | NATI10-mediated ac4C modification
enhances HMGB2 mRNA translation

To decipher how NAT10 interprets ac4C modifications and
modulates mRNA translation in HCC, we employed an
integrative approach, overlapping candidate genes identi-
fied from acRIP-seq, RNA-seq, and Ribo-seq to pinpoint
downstream targets (Figure 4A). Among the potential
NATI0 downstream targets (HMGB2, HIFO, PITXI1, and
STC2), HMGB2 displayed the most significant down-
regulation in response to NAT10 depletion (Figure 4B-C),
suggesting that HMGB2 could be a direct target of NAT10
in HCC cells. Our acRIP-seq and Ribo-seq data revealed
a notable reduction in ac4C enrichment in CDS and ribo-
some occupancy in NAT10-deficient cells (Figure 4D). Cor-
respondingly, NAT10 knockdown significantly decreased
HMGB2 mRNA ac4C levels and protein expression
(Figure 4E-F), while its mRNA abundance was unaf-
fected (Supplementary Fig. S4A). Intriguingly, proteasome
inhibition using MG132 failed to restore HMGB2 protein
expression in HCC cells with NAT10 silencing (Figure 4G),
indicating that NAT10-induced HMGB2 expression is not

influenced by alterations in protein degradation. Thus, we
hypothesized that the downregulation of HMGB2 protein
in NAT10-deficient cells might be attributed to differences
in translation efficiency. To verify this, we constructed the
pmirGLO-HMGB2 luciferase reporter by ligating HMGB2
CDS to the multiple cloning site (MCS). The dual luciferase
assay clearly demonstrated significantly lower translation
efficiency of HMGB2 in NAT10-deficient cells compared
to control cells (Figure 4H, Supplementary Fig. S4B-C).
Furthermore, the distribution of HMGB2 mRNAs in the
ribosome fractions showed a significant reduction in
translation-active polysomes (> 80S) of NAT10-deficient
cells compared to control cells (Figure 4I). These collec-
tive results indicate that ac4C-induced HMGB2 expression
is related to the regulation of translation.

Previous reports have highlighted the crucial role of
HMGB2 in promoting HCC progression [39, 40]. There-
fore, we conducted rescue assays to confirm the indis-
pensability of HMGB2 in NAT10-induced oncogenic trans-
formation. The overexpression of HMGB2 in NAT10-
knockdown cells significantly restored cell proliferation
and invasion in vitro (Supplementary Fig. S4D-G). Addi-
tionally, in vivo experiments demonstrated that HMGB2
fully rescued the growth of xenografts and lung metasta-
sis following NAT10 knockdown (Figure 4J-L). Our data
demonstrated that HMGB?2 is a key functional target of
NATI0. Furthermore, the clinical relevance of HMGB2 was
analyzed in the Tongji and CPTAC cohorts, revealing ele-
vated expression of HMGB2 in HCC tissues (Supplemen-
tary Fig. S4H-I). Correlation analysis further revealed a
significant association between high expression of HMGB2
and NATI10 levels in HCC (Figure 4M-N). Moreover, sur-
vival analysis illustrated that high expression of both genes
predicted the poorest overall survival (OS) and recurrence-
free survival (RFS) (Supplementary Fig. S4J-K). Together,
our findings indicate that NAT10-mediated ac4C modifica-
tion promotes HCC malignant progression by enhancing
HMGRB?2 translation.

3.5 | CDS ac4C sites of HMGB2 mRNA
enhance eEF2 binding

Acetylation of RNA may also affect the binding of
interacting proteins, similar to the recognition of

Representative images and quantitative data analysis of Ki67-positive (I) and TUNEL-positive (J) cells, (scale bar: 20 pm). (K) Representative

bioluminescence imaging of liver orthotopic implantation models (left panel) and quantification of intrahepatic metastatic nodules (right
panel) (n = 5). (L) Representative bioluminescence imaging of lung metastasis models (left panel) and quantification of lung metastatic
nodules (right panel) (n = 5). (B-G) Data shown as mean + SD, n = 3. Statistical analysis: Unpaired t tests. **P < 0.01, ***P < 0.001.
Abbreviations: MB, methylene blue; ac4C, N4-acetylcytidine; NAT10, N-acetyltransferase 10; GAPDH, Glyceraldehyde-3-phosphate
dehydrogenase; TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling; CCK-8, Cell

Counting Kit-8; SD, standard deviation.
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FIGURE 3 Effects of natl0 on ac4c mRNA modification and global mRNA translation. (A) Flow chart depicting acRIP-seq. (B) Number

of ac4C peaks identified in acRIP-seq in shCtrl and sShNAT10 MHCC-97H cells. (C) Number of ac4C-modified genes identified in acRIP-seq.
Common ac4C genes have > 1 common ac4C peak, while unique ac4C genes have no common ac4C peaks. (D) Top consensus motif
identified by HOMER with acRIP-seq peaks in MHCC-97H cells with or without NAT10 knockdown. (E) Normalized distribution of ac4C
peaks on mRNA in shCtrl and shNAT10 MHCC-97H cells. (F) Heatmaps of 125 transcripts displaying reduced ac4C peaks in shNAT10 cells.
(G) Flow chart depicting RNA-seq and Ribo-seq. (H) Heatmaps of transcript level (RNA-seq) and RPF abundance (Ribo-seq). (I) Cumulative
distribution of log2-fold changes of mRNA-normalized ribosome footprint reads (T.E) for ac4C(—) and ac4C(+) transcripts in shCtrl and
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N6-methyladenosine in RNA by specific binding pro-
teins that mediate mRNA translation [41, 42]. To identify
the proteins directly binding to ac4C modifications,
we conducted RNA affinity chromatography and data-
independent acquisition (DIA) proteomics quantification
using biotin-labeled oligonucleotides with or without
ac4C for an unbiased screen (Figure 5A-B). As a result, 123
proteins were detected with a log2 ratio of ss-ac4C/ss-C >
1 and P value < 0.05 in the ss-ac4C group (Supplementary
Table S12). Gene ontology analysis (GO) showed that the
identified proteins were mainly enriched in translation
elongation and translation, etc. (Figure 5C and Supple-
mentary Fig. S5A). Additionally, the identified proteins
were searched against the STRING protein-protein inter-
action (PPI) database for known PPIs, and the protein
nodes were grouped based on their known functions
acquired through GO analysis (Supplementary Fig. S5B).
These proteins were divided into six major sub-clusters
based on their known biological functions, including
translation, targeting to ER, Ribonucleoproteins, etc. All
of these results suggest that ac4C modification is involved
in translation.

Previous studies have demonstrated that ac4C on the
coding sequence of FUS enhances translation efficiency
without affecting mRNA levels [11]. Xiang et al. (2021) per-
formed RNA affinity chromatography and mass spectrom-
etry (MS) analyses using biotin-labeled FUS CDS oligonu-
cleotides with or without ac4C from HEK 293T lysates
[43]. In an effort to identify specific ac4C-binding proteins
responsible for translation, we performed an overlap anal-
ysis of ss-ac4C and acFUS binding proteins, which led to
the identification of eEF2 and SRP68 (Figure 5D-E). RNA
pull-down assays validated that eEF2 and SRP68 preferably
bind to ac4C-modified oligonucleotides (Figure 5F). Subse-
quently, to ascertain the involvement of eEF2 or SRP68 in
the regulation of HMGB2 translation, we initially assessed
HMGB2 expression through transient siRNA-mediated
knockdown of eEF2 and SRP68 (Supplementary Fig. S5C).
The findings revealed a significant downregulation of
HMGB?2 protein upon eEF2 depletion. Further, RNA pull-
down assays confirmed that eEF2 indeed showed a much
higher binding ability to ac4C-modified RNA (Figure 5G).
This indicates that eEF2 is a specific binding protein of
ac4C acetylated mRNA.

Additionally, RNA immunoprecipitates (RIP) of endoge-
nous eEF2 showed significant enrichment of ac4C mod-
ifications in eEF2-bound RNA (Supplementary Fig. S5D).

Moreover, NAT10 depletion correspondingly decreased the
distribution of eEF2 in 80S and polysomes (Supplementary
Fig. S5E), providing support for the notion that eEF2 serves
as an ac4C recognizer. To verify whether eEF2 participates
in ac4C acetylation of HMGB2 mRNA, RIP-qPCR was
used to investigate the interaction between HMGB2 mRNA
and eEF2. Our data showed that eEF2 was significantly
enriched in HMGB2 mRNA, and this relative enrich-
ment was significantly suppressed in NAT10-deficient cells
(Figure 5H). Overexpression of NATI10 resulted in an
upregulation of HMGB2 protein expression, which was sig-
nificantly attenuated upon eEF2 knockdown (Figure 5I).
These findings indicate that eEF2 is involved in the ac4C
modification-regulated HMGB2 expression.

To further investigate the acetylation site of HMGB2
mRNA, we employed an ac4C antibody to immunopre-
cipitate fragmented RNA from HCC cells with or without
NATI10 deficiency (Figure 5J). The results revealed that
ac4C is predominantly enriched in HMGB2 exon 1/2/3
and the 5" UTR rather than the 3’ UTR. Interestingly,
ac4C enrichment in exon 2, exon 3 and the 5 UTR was
significantly reduced in NAT10-deficient cells, while no
similar effect was observed in exon 1 (Figure 5J). Sup-
porting this, we identified one “CXX” motif in the 5’
UTR and three in exon 2 and exon 3 of HMGB2 mRNA
(Supplementary Fig. S5F). To explore the potential role
of ac4C acetylation in the HMGB2 5 UTR region, we
generated luciferase reporters containing firefly luciferase,
followed by either the wild-type HMGB2 5 UTR or a
mutant 5" UTR (C residues were mutated to T in CXX-
rich regions). The HMGB2 5’ UTR-reporter luciferase assay
revealed no significant translational difference between
control and NAT10-deficient cells for both WT-5" UTR
and mutant-5" UTR constructs (Supplementary Fig. S5G).
Next, we examined whether the three ac4C acetylation
sites in the CDS can regulate the expression and trans-
lation of HMGB2. For this purpose, we first generated
an expression construct containing only the wild-type
HMGB2 CDS. Additionally, we constructed three mutant-
type HMGB2 CDS variants (mutantl/2/3) by introducing
C to T mutations in the CXX-rich regions (Supplemen-
tary Fig. SSH). Surprisingly, our data demonstrated that the
HMGB?2 protein level was almost completely restored in
all three types of mutants (Figure 5K). To further support
this finding, we mutated the pmirGLO-HMGB?2 luciferase
reporter accordingly and performed dual-luciferase assays,
which showed that all three types of mutants attenuated

shNAT10 MHCC-97H cells (Kolmogorov-Smirnov test or two-tailed t-test). (J) Polysome profiling of shCtrl and shNAT10 MHCC-97H cells.
(K) Western blot images of SUnSET assays quantifying nascent (puromycin-labeled) peptides in shCtrl and shNAT10 MHCC-97H cells.
GAPDH used as loading control. Abbreviations: acRIP-seq, acetylated RNA immunoprecipitation and sequencing; RNA-seq, RNA

sequencing; Ribo-seq, ribosome profiling analyses; T.E, translation efficiency; ac4C, N4-acetylcytidine; NAT10, N-acetyltransferase 10;

GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; RPF, ribosome protected fragment; SD, standard deviation.
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ac4C modification enhances translation of HMGB2. (A) Schematic diagram of the strategy for pinpointing key NAT10 targets

in HCC. (B) Fold changes of transcript level (RNA-seq) and RPF abundance (Ribo-seq) of 4 downstream targets. (C) Heatmap of RPF
abundance for downstream 4 target genes and rank in ordered NAT10 targets gene list using RPF and T.E fold changes. (D) ac4C (top) and
RPF (bottom) abundances on HMGB2 mRNA transcripts in shCtrl and shNAT10 MHCC-97H cells. (E) acRIP-qPCR analysis for indicated
cells. (F) Western blot of HMGB2 protein expression in NAT10-deficient cells. (G) HCC cells were treated with 10 umol/L MG132 for 12 hours.
(H) NAT10-deficient or control cells transfected with pmirGLO-HMGB2 reporter for 24 h, and HMGB2 translation efficiency defined as
reporter protein production (F-luc/R-luc) divided by mRNA abundance [29]. (I) Relative mRNA distribution of HMGB?2 in ribosome fractions
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NATI10-suppressed translation of HMGB2 (Figure 5L and
Supplementary Fig. S5I). Taken together, our data strongly
indicate that acetylation in HMGB2 exon 2 and exon 3 is the
key site for ac4C-regulated translation of HMGB2 mRNA.

To verify whether eEF2 participates in the three iden-
tified ac4C acetylation sites of HMGB2 mRNA, we con-
ducted RIP-qPCR to investigate the interaction between
HMGB2 mRNA and eEF2. The results of RIP-PCR revealed
that eEF2 predominantly interacts with the identified
acetylation CDS region of HMGB2 mRNA rather than the
5" UTR region (Figure 5M). This interaction was further
confirmed through RNA pull-down experiments, which
verified the binding of eEF2 to the acetylation CDS region
of HMGB?2 (Figure 5N). These data strongly suggest that
eEF2 is likely responsible for the ac4C-induced translation
of HMGB2 mRNA in HCC cells.

3.6 | Identification and characterization
of Panobinostat as a NAT10-mediated ac4C
inhibitor

Remodelin has been proposed as a potential inhibitor
of NAT10, but recent studies have not provided conclu-
sive evidence regarding its inhibitory effect on NAT10-
mediated ac4C modification [44]. Consistent with pre-
vious findings, our results demonstrate that Remodelin
exhibits no significant inhibition of HCC cell ac4C mod-
ification and does not modulate the expression of HMGB2
(Supplementary Fig. S6A). This suggests that Remod-
elin may not be a specific chemical inhibitor of RNA
acetylation catalyzed by NAT10. To investigate whether
NAT10-promoted malignant phenotypes depend on its
ac4C catalytic activity, we constructed plasmids express-
ing wild-type NAT10 or its catalytic mutant (G641E), which
is known to impair the RNA acetyltransferase function
of NATI10 [15, 45]. Our analysis revealed a substantial
decrease in the ac4C level in cells expressing the catalytic
mutant NATI0 compared to wild-type cells (Figure 6A).
Importantly, we found that the ac4C catalytic activity
domain of NAT10 (G641) is indispensable for its role in

promoting the proliferation and invasion of HCC cells
(Supplementary Fig. S6B-C). Furthermore, the overexpres-
sion of the catalytic mutant NAT10 significantly attenuated
protein synthesis (Supplementary Fig. S6D). Meanwhile,
we observed that overexpression of the catalytic mutant
NATI0 had no effect on HMGB2 protein levels or mRNA
ac4C levels (Figure 6A and Supplementary Fig. S6E).

In our efforts to identify potential NATIO inhibitors,
we conducted a structure-based virtual screening to
dock FDA-approved drugs to NAT10’s catalytic pocket.
From the top 25 compounds with high docking scores
to the glycine-641 catalytic pocket, we further screened
three compounds exhibiting anti-tumor activity from the
PubChem database (Supplementary Table S13). Notably,
Panobinostat emerged as a promising candidate, exhibit-
ing potent inhibitory effects on RNA acetylation in the
initial screen (Figure 6B). As a result, we focused on
Panobinostat for further studies. Our docking models sug-
gested that Panobinostat binds tightly to NAT10 protein
and blocks its catalytic pocket (Figure 6C and Supplemen-
tary Fig. S6F). Subsequently, surface plasmon resonance
assays (Figure 6D and Supplementary Fig. S6G) showed
a high binding affinity between Panobinostat and NAT10
(KD = 8.544 uM). Additionally, Panobinostat treatment
resulted in significant shifts in the thermal stability of
NATIO protein (Figure 6E), indicating its capability to
bind to NAT10. The drug affinity responsive target stability
(DARTS) assay further confirmed their direct interactions
(Figure 6F).

Given the strong interaction between Panobinostat and
NATIO, it is plausible that Panobinostat exerts regula-
tory effects by inhibiting ac4C modification of its target
RNAs. Dot blot analysis demonstrated that Panobinostat
treatment notably decreased global ac4C abundance in
both total RNA and mRNA in a dose-dependent manner
(Figure 6G-H). Furthermore, Panobinostat treatment sig-
nificantly attenuated protein synthesis and inhibited the
expression of HMGB2 (Figure 61). Moreover, Panobinostat
led to a significant decrease in HMGB2 mRNA ac4C levels
(Figure 6J) and HMGB?2 translation efficiency (Figure 6K
and Supplementary Fig. S6H) in HCC cell. Additionally,

analyzed by qRT-PCR in shCtrl and shNAT10 MHCC-97H cells. (J) Subcutaneous xenograft model transplanted with indicated cells (n = 6,
scale bar: 1 cm). Tumor volume monitored and growth curves generated over 24 days (left panel); tumors weighed (right panel). (K) Liver
orthotopic implantation models transplanted with indicated cells (scale bar: 1,000 um). Representative bioluminescence imaging of mice (left
panel) and quantification of tumor nodules (right panel) (n = 5). (L) Lung metastasis model transplanted with indicated cells (scale bar: 1,000

um). Representative bioluminescence imaging of mice (left panel) and quantification of lung metastatic nodules (right panel) (n = 5). (M)

Representative images of NAT10 and HMGB2 protein expression in HCC tissue arrays (IN = 103) by IHC (upper panel). Pearson correlation

analysis between NAT10 and HMGB2 protein expression (lower panel). (N) Pearson correlation analysis between NAT10 and HMGB2 protein
expression using CPTAC LIHC dataset. (E) and (H) Data are shown as mean + SD, n = 3. Statistical analysis: Unpaired t-tests. *P < 0.05, **P <
0.01, ***P < 0.001. Abbreviations: ac4C, N4-acetylcytidine; NAT10, N-acetyltransferase 10; GAPDH, Glyceraldehyde-3-phosphate
dehydrogenase; CPTAC, Clinical Proteomic Tumor Analysis Consortium; qRT-PCR, quantitative real-time polymerase chain reaction;

RNA-seq, RNA sequencing; Ribo-seq, ribosome profiling analyses; T.E, translation efficiency; acRIP, acetylated RNA immunoprecipitation;
HMGB2, High Mobility Group Protein B2; IHC, immunohistochemistry; SD, standard deviation.
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FIGURE 5 CDS ac4C sites of HMGB2 mRNA enhance binding of eEF2. (A) Schematic of RNA affinity chromatography and MS
analysis. (B) Dot blot showing ac4C levels (left) and MB (right, loading controls) in ac4C/C ssRNA probes. (C) GO biological process analysis
of proteins identified in quantitative MS via the Database for Annotation, Visualization, and Integrated Discovery. (D) Venn diagram
comparing proteins identified in ss-ac4C and acFUS. (E) Volcano plot of identified proteins. Proteins significantly enriched in ss-ac4C RNA
are shown as red dots. Log2 fold change plotted on x-axis; -logl0 P value on y-axis. (F) Western blot images of endogenous eEF2 and SRP68
proteins pulled down by biotin-labeled C-Oligos and ac4C-Oligos from MHCC-97H whole cell lysates. (G) RNA pull-down assays showing
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our data showed that eEF2, enriched in HMGB2 mRNA,
was significantly suppressed in Panobinostat-treated cells
(Figure 6L). These findings collectively indicate that
Panobinostat exhibits selective binding to and occupancy
of the catalytic pocket of NAT10, thereby inhibiting ac4C
modification in target RNA transcripts.

3.7 | Panobinostat exhibits anti-HCC
efficacy in vitro and in vivo

To investigate the potential anti-HCC effects, we com-
prehensively evaluated the impact of Panobinostat on
HCC cells in vitro. Notably, Panobinostat demonstrated
a dose-dependent inhibition of MHCC-97H cell growth
(Figure 7A), with a half-maximal inhibitory concentration
(IC50) of 4.469 nmol/L Consistent with NAT10 knock-
down, Panobinostat significantly suppressed cell prolifera-
tion and invasion (Figure 7B-C). Subsequently, we assessed
Panobinostat’s anti-HCC role in vivo (Figure 7D), where it
did not induce any reduction in body weight (Supplemen-
tary Fig. S7A-C). In the subcutaneous xenograft model,
Panobinostat effectively inhibited the growth of xenograft
tumors in a dose-dependent manner (Figure 7E). To fur-
ther validate the inhibition effect of NAT10-mediated ac4C
in vivo, we examined RNA ac4C levels and HMGB2 protein
expression in xenograft tumor tissues from Panobinostat-
treated and control mice using dot blot and Western
blot, respectively. Panobinostat-treated mice exhibited a
significant decrease in ac4C levels in RNA compared
to the control mice (Figure 7F). Moreover, Panobinostat
effectively inhibited the protein expression of HMGB2 in
mice (Figure 7G). Histopathological examination further
confirmed Panobinostat’s efficacy by demonstrating its
inhibitory effect on NAT10 and HMGB2 expression in vivo
(Figure 7H). Additionally, the Panobinostat-treated group
exhibited a remarkable reduction in both the volumes
and the number of intrahepatic tumor nodules compared
to the control group (Figure 7I). Notably, Panobinostat

treatment significantly inhibited HCC cell lung metas-
tasis, as evidenced by bioluminescence imaging and the
quantification of lung metastatic lesions compared to the
control groups (Figure 7J). Collectively, these data suggest
that Panobinostat is an effective and safe leading com-
pound targeting NATI10-mediated ac4C for potential HCC
treatment.

4 | DISCUSSION

In this study, we have demonstrated a significant increase
in ac4C modification due to the upregulation of the
acetyltransferase NAT10 in HCC. Our findings have estab-
lished a causal relationship between NATI10-mediated
ac4C modification and the promotion of HCC malignancy
progression. Additionally, we have identified HMGB2
as the primary target of NAT10-mediated ac4C mod-
ification in HCC. Mechanistically, our results reveal
that eEF2 preferentially binds to the CDS ac4C motif
“CXX”, thereby promoting HMGB2 translation elonga-
tion. Furthermore, we have identified a potent NAT10
inhibitor, Panobinostat, which effectively inhibits the
malignancy progression of HCC. These results collec-
tively highlight the promising therapeutic potential of
targeting the NAT10-ac4C/eEF2-HMGB2 axis in HCC
(Figure 7K).

Previous reports have emphasized the significance of
ac4C modification in the progression of various cancers
[46, 47]. As the only known ac4C “writer” protein, NAT10
possesses both acetyltransferase and RNA-binding activ-
ities, contributing to enhanced stability and translation
efficiency of mRNA [11]. Recent studies have reported
that aberrant expression of NAT10/ac4C promotes the pro-
gression of several solid tumors, including bladder cancer
[48], gastric cancer [49], colorectal cancer [50] and cervi-
cal cancer [21]. Consistent with these findings, our study
reveals that elevated NAT10 expression induces an increase
in ac4C modification in HCC. Moreover, patients with

Western blots (left) quantified by Image Master Total Lab (right). (H) RIP-qPCR analysis of enrichment of HMGB2 mRNA on eEF2 relative to
IgG in shCtrl and sShNAT10 MHCC-97H cells. (I) Western blot analysis of HMGB2 expressions in Huh?7 cells co-transfected with NAT10 CDS
plasmid or eEF2 siRNA. (J) Schematic representation of acRIP-qPCR with fragmented RNA from cells (left). ac4C in HMGB2 mRNA
analyzed by acRIP-qPCR using fragmented RNA in MHCC-97H cells with shCtrl and shNATIO0 (right). (K) Western blot analysis on
HA-HMGB2 in MHCC-97H cells seeded in 6-well plates and transfected with either wild-type HMGB2 CDS or mutant1/2/3 HMGB2 CDS
plasmid, along with control or NAT10-deficient cells. (L) NAT10-deficient or control cells transfected with either wild-type HMGB2 CDS or
mutantl/2/3 HMGB2 CDS reporter for 24 h, and the quotient of reporter protein production defines translation efficiency of HMGB2. (M)
Binding of eEF2 with CDS or 5’ UTR in control or NAT10-deficient cells analyzed by eEF2 RIP-qPCR using fragmented RNA. (N) Western
blotting showing endogenous eEF2 proteins pulled down by biotin-labeled exon-C RNA and exon-ac4C RNA from MHCC-97H whole cell
lysates. (H, J, L-N) Data are shown as mean =+ SD, n = 3. Statistical analysis: Unpaired t-tests. *P < 0.05, **P < 0.01, ***P < 0.001.
Abbreviations: MS, mass spectrometry; ac4C, N4-acetylcytidine; MB, methylene blue; GO, Gene ontology analysis; RIP, RNA

immunoprecipitates; NAT10, N-acetyltransferase 10; HMGB2, High Mobility Group Protein B2; eEF2, eukaryotic Elongation Factor 2; CDS,

coding sequence; UTR, untranslated regions; acRIP, acetylated RNA immunoprecipitation; SD, standard deviation.
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FIGURE 6 Characterization of the NAT10 inhibitor panobinostat. (A) Western blot and dot blot were used to detect HMGB2 expression
and ac4C levels after transfection of NAT10 (WT) or G641E NATI0 mutant plasmid, respectively. (B) Flow diagram of NATI0 inhibitor
screening. (C) Three-dimensional (3D) binding model of Panobinostat in NAT10 catalytic pocket. (D) Biacore analysis revealing binding
between NAT10 protein and Panobinostat. (E) Western blots for effects of Panobinostat on thermal stabilization of NAT10 protein. CETSA
assayed in cell lysates. (F) Identification of direct binding between Panobinostat and NAT10 via DARTS assays. (G) Effects of various
concentrations of Panobinostat on global ac4C modification in MHCC-97H cells. Dot blot assays were conducted with total RNA. (H) Effects
of various concentrations of Panobinostat on poly(A)+ RNA ac4C modification in MHCC-97H cells. (I) Effects of Panobinostat on levels of
nascent (puromycin-labeled) peptides and expression of HMGB2. (J) Effects of Panobinostat on HMGB2 mRNA ac4C level using acRIP-qPCR.
(K) Effects of Panobinostat on HMGB2 mRNA translation efficiency. (L) RIP-qPCR analysis was performed to determine the enrichment of
HMGB2 mRNA on eEF2 relative to IgG in both control and Panobinostat-treated cells. (J-L) Data is shown as mean + SD, n = 3. Statistical
analysis: Unpaired t-tests. **P < 0.01, ***P < 0.001. Abbreviations: WT, wild type; ac4C, N4-acetylcytidine; NAT10, N-acetyltransferase 10;
HMGB?2, High Mobility Group Protein B2; eEF2, eukaryotic Elongation Factor 2; RIP, RNA immunoprecipitates; DARTS, drug affinity
responsive targets stability assay; CETSA, cellular thermal shift assay; SD, standard deviation.
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FIGURE 7 Panobinostat exhibits promising anti-HCC efficacy in vitro and in vivo. (A) IC50 values of Panobinostat in MHCC-97H after
48 h of treatment. (B) Effects of various concentrations of Panobinostat on colony formation abilities of MHCC-97H cells. (C) Effects of
various concentrations of Panobinostat on cell migration and invasion abilities of MHCC-97H cells (scale bars = 100 um). (D) Schematic
diagram of generation and treatment of HCC models in mice. (E) Effects of different concentrations of Panobinostat on tumor volume and
weight of subcutaneous xenograft model (n = 8, scale bar: 1 cm). (F) Effects of various concentrations of Panobinostat on ac4C level in
subcutaneous xenograft model. (G) Effects of various concentrations of Panobinostat on HMGB2 expression level in subcutaneous xenograft
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high NAT10 expression in HCC exhibit significantly worse
prognoses, substantiating NAT10’s oncogenic properties.
Silencing NATIO significantly decreased ac4C levels and
suppressed cell proliferation and invasion in HCC cells.
Correspondingly, NAT10 silencing markedly inhibited
liver tumor growth in a xenograft model and lung metasta-
sis in mouse models. Therefore, NAT10/ac4C could serve
as a potential predictive biomarker and therapeutic target
for HCC.

Previous studies have demonstrated the role of ac4C in
promoting the translation efficiency of multiple oncogene
targets in Hela cells [11]. In HCC cells, we also confirm
widespread mRNA acetylation within coding sequences,
leading to enhanced global translation efficiency. Integra-
tive acRIP-seq, RNA-seq, and Ribo-seq analysis identified
HMGB?2 as the top repressed gene in NAT10-knockdown
cells. HMGB2 has been implicated in the progression of
various cancers [51] and is notably upregulated in HCC,
contributing to malignancy progression [39, 40]. Collec-
tively, our study identifies a novel NAT10-ac4C-HMGB2
axis that plays a central role in NAT10’s protumorigenic
effect in HCC.

While it was previously believed that the N4-acetyl
group of ac4C forms an intramolecular hydrogen bond,
stabilizing a specific cytidine conformation that enhances
Watson-Crick base pairing with guanosine [52-54], our
study sheds light on the mechanism underlying ac4C’s
role in promoting translation elongation within the cod-
ing sequence region. Through mass spectrometry analysis
using acetylated and non-acetylated versions of an oligo-
RNA, we identified eEF2 and SRP68 as direct binders
exclusively to ac4C-modified RNA. Furthermore, our
results demonstrate that ac4C sites in the CDS of HMGB2
mRNA enhance eEF2 binding, thereby promoting transla-
tion elongation of HMGB2 mRNA. In this study, we have
provided initial evidence of the function of eEF2, while
SRP68 emerges as a promising recognition protein to eluci-
date the regulation of ac4C on mRNA translation in future
investigations. Additionally, previous study have revealed
that ac4C impacts mRNA stability [11], and the presence of
5" UTR ac4C within Kozak sequences promotes upstream
initiation while inhibiting canonical start codons [10]. We
speculate that RNA binding proteins are involved in this
process, and identifying the key proteins in future research

could signify a significant advancement in the field of ac4C
modification.

Regarding NAT10 inhibition, while Remodelin has
shown promising preclinical efficacy in models of
Hutchinson-Gilford Progeria Syndrome (HGPS) by
inhibiting NAT10 lysine acetyltransferase (KAT) activity
[11, 55], it does not inhibit NAT10-dependent cytidine
acetylation [44], Our data also indicate that Remodelin
does not effectively inhibit tumor cell ac4C modification
or modulate the expression of HMGB2, raising doubts
about its specificity as an RNA acetylation inhibitor for
NAT10. However, we discovered Panobinostat through
structure-based virtual screening, as a lead compound
that directly binds to NATI10’s catalytic pocket (G641)
and effectively suppresses NAT10’s ac4C acetyltransferase
activity. Notably, Panobinostat exhibits promising anti-
HCC efficacy both in vitro and in vivo with minimal side
effects, positioning it as a potential NAT10/ac4C inhibitor
for further clinical exploration.

The present study has some limitations. Firstly,
we focused solely on the single gene regulation of
NAT10/ac4C/HMGB2 and did not explore the signaling
pathways involved in NAT10 or HMGB2. Additionally,
the use of knockout (KO) mice or hydrodynamic mouse
models could provide further insights into the relationship
between NAT10/ac4C and the immune microenviron-
ment. Moreover, further identification of the binding site
of Panobinostat on NAT10 could lead to the development
of drugs with better specificity.

5 | CONCLUSIONS

In the present study, we identified that aberrant upregu-
lation of HMGB2 in HCC is triggered by NAT10-mediated
ac4C modification. As a functional target of NATIO, it
stimulates ac4C modification within the CDS of HMGB2
mRNA, thereby enhancing HMGB2 translation. Fur-
thermore, we have unveiled eEF2 as a novel reader of
ac4C-modified mRNA, demonstrating its binding to
ac4C sites within HMGB2 mRNA’s CDS and promoting
HMGB2 translation. Notably, our investigation has pin-
pointed Panobinostat as a potent NAT10-ac4C inhibitor,
effectively impeding HCC progression. In summary, our

model. (H) Representative IHC images of HMGB2 expression in subcutaneous xenograft model (scale bar: 20 um). (I) Liver orthotopic
implantation models transplanted with indicated cells (scale bar: 1000 um). Representative bioluminescence imaging of mice (left panel) and

quantification of tumor nodules (right panel) (0 mg, n = 8; 5-10 mg, n = 10). (J) Lung metastasis model transplanted with indicated cells (scale

bar: 1000 pm). Representative bioluminescence imaging of mice (left panel) and quantification of lung metastatic nodules (right panel) (n =

9). (K) Graphic illustration depicts how NAT10 modulates ac4C-mediated translation elongation to promote HCC progression. (A-C) Data is
shown as mean + SD, n = 3. Statistical analysis: Unpaired t-tests. **P < 0.01, ***P < 0.001. Abbreviations: IC50, a half-maximal inhibitory
concentration; ac4C, N4-acetylcytidine; NAT10, N-acetyltransferase 10, HMGB2, High Mobility Group Protein B2; IHC,

immunohistochemistry; SD, standard deviation.
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studies illuminate the critical role of NAT10-mediated
mRNA ac4C modification in HCC development and
highlight the therapeutic potential of NAT10/ac4C as a
target for HCC treatment.
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