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Abstract 

Hepatoblastoma (HB) is the most common malignant liver tumor in children, with limited treatment 
options. The N4-acetylcytidine (ac4C) modification, an important mRNA post-transcriptional 
modification catalyzed by N-acetyltransferase 10 (NAT10), plays a crucial role in the initiation and 
progression of tumors. However, its impact on the development and prognosis of HB is largely unknown. 
This study demonstrates that NAT10 is notably upregulated in HB. NAT10 inhibition suppressed HB 
proliferation and metastasis in vitro and in vivo. Mechanistically, Yes-associated protein 1 (YAP1) induced 
NAT10 transcription by binding to its promoter, which stimulates the ac4C modification within the 3' 
untranslated region (3' UTR) of glucose-6-phosphate dehydrogenase (G6PD) and enhancing its mRNA 
stability. YAP1/NAT10/G6PD axis resulted in enhanced pentose phosphate pathway (PPP) to promote 
proliferation and metastasis of HB. Moreover, said NAT10-mediated oncogenic effect could be 
significantly attenuated by a NAT10 inhibitor (Remodelin) both in vitro experiments and in vivo HB mouse 
models. Overall, our findings revealed the oncogenic role of NAT10 in regulating HB growth and 
metastasis, which can be a potential therapeutic target for human HB. 
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Introduction 
Hepatoblastoma (HB) represents the predomi-

nant pediatric hepatic malignancy, predominantly 
affecting children under four years of age and 
demonstrating aggressive biological behavior [1, 2]. 
Currently, the main treatment strategies for 
hepatoblastoma involve multimodal therapies, 
primarily including surgery and chemotherapy [3]. In 
certain cases, liver transplantation is combined with 
these treatments [4]. Nevertheless, the prognosis for 

affected patients remains poor, characterized by high 
recurrence rates and an array of side effects [5]. 
Therefore, there is an urgent need for the 
identification of novel biomarkers and therapeutic 
targets for the diagnosis and treatment of HB. 

N4-acetylcytidine (ac4C) is a highly conserved 
chemical modification that is ubiquitously present in 
both eukaryotic and prokaryotic RNAs, including 
tRNA, rRNA, and mRNA [6, 7]. This modification has 
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been implicated in a variety of human diseases, 
particularly cancer [8, 9]. N-acetyltransferase 10 
(NAT10) is the first acetyltransferase which is 
responsible for ac4C mRNA modification, primarily 
located in the nucleus, and is crucial for cell growth, 
differentiation, and the stability and the translation 
efficiency of mRNA [10, 11]. Previous studies have 
demonstrated that NAT10 expression is significantly 
increased in various cancer cells and tissues, 
correlating with the occurrence and progression of 
different malignancies [10, 12]. For example, 
NAT10-mediated ac4C modification directly targets 
COL5A1, with NAT10 promoting gastric cancer 
metastasis [13]. Additionally, in cervical cancer, 
NAT10-mediated ac4C modification upregulates the 
expression of FOXP1, thereby reprogramming the 
glycolytic metabolic pathway to promote malignant 
progression of cervical cancer [14]. These findings 
suggest that NAT10-mediated ac4C modification 
plays a crucial part in cancer initiation and 
progression, but its specific mechanisms in 
hepatoblastoma remain unclear. 

Metabolic reprogramming is a significant 
indicator of cancer progression, essential for cancer 
cell growth and energy acquisition [15]. Pentose 
phosphate pathway (PPP), as a component of cellular 
metabolism, is a major pathway in glucose catabolism 
[16]. PPP produce ribose for de novo nucleotide 
synthesis [17]. And it also generates reduced forms of 
nicotinamide adenine dinucleotide phosphate 
(NADPH), which are utilized for lipid synthesis and 
reactive oxygen species (ROS) detoxification [17]. 
Numerous studies indicate that PPP is abnormally 
activated in the progression of various cancers, 
particularly with significant overexpression of its key 
rate-limiting enzyme, Glucose-6-phosphate 
dehydrogenase (G6PD), promoting cancer cell growth 
and metastasis [16, 18, 19]. However, the underlying 
mechanisms of ac4C in regulating PPP and biological 
function in HB are still poorly understood. 

Yes-associated protein 1 (YAP1) is a 
transcriptional co-activator that acts as a key effector 
in the Hippo signaling pathway, playing an essential 
part in cell growth and organ development [20, 21]. 
The studies have shown that YAP1 is overexpressed 
and activated in various cancers and tumor cells [22, 
23]. For example, YAP1 enhances the expression of 
SOX12 by upregulating FOXP4 in gastric cancer, 
thereby regulating cancer cell stemness and 
promoting tumor initiation and progression [22]. 
Notably, YAP1 also plays a crucial part in 
reprogramming of glucose metabolism in breast 
cancer cells [24]. However, the role of YAP1 in 
hepatoblastoma has been minimally studied, and its 
impact on metabolic reprogramming in 

hepatoblastoma cells requires in-depth research. 
In this study, we demonstrated that NAT10 

could promote the malignant progression of 
hepatoblastoma both in vitro and in vivo, mediating 
ac4C modification to upregulate G6PD expression 
and activate PPP. Additionally, NAT10 was primarily 
positively regulated by the upstream YAP1 signaling 
pathway and activated PPP, thereby influencing the 
metabolic reprogramming in hepatoblastoma, further 
promoting cancer cell proliferation, invasion, and 
metastasis. Furthermore, we discovered that the 
NAT10 inhibitor Remodelin effectively inhibited the 
malignant progression of hepatoblastoma. Overall, 
our findings indicates that NAT10 is a promising 
therapeutic target for conquering resistance in 
hepatoblastoma treatment. 

Materials and Methods 
Cell culture and treatment  

HepG2, Huh6, HepT1, L-02 and other cell lines 
are derived from cell bank of Chinese Academy of 
Sciences. All cells were cultured in DMEM medium 
supplemented with 10% FBS. They were cultured in a 
incubator at 37 ºC with 5% CO2.Cells were cultured to 
60%-80% confluence and then treated them with the 
Nuc, Nac, Verteporfin, Remodelin, and Fluasterone 
for drug treatments. 

Plasmids and cell transfection 
The complete sequences of YAP1 were 

connected into the overexpression construct 
(pcDNA3.1). Sh-NAT10, Sh-G6PD, Sh-YAP1, and 
control sh-NC were compounded by GenePharma. 
Lipofectamine 3000 for cell transfection was used as 
the reagent. When the cell confluence reaches about 
60%, mixing the plasmid with the transfection reagent 
and adding them to cells together, then continuing to 
culture them in an incubator at 37 ºC with 5% CO2. 

qRT-PCR assay 
According to the instructions of the 

manufacturer, RNA from HB cells will be extracted 
using Trizol reagent (Ambion). Then, using a reverse 
transcription kit to convert the obtained RNA into 
cDNA samples. GAPDH was selected as the reference 
gene, and qRT-PCR amplification was performed by 
SYBR Green Mix (Genepharma), configured to obtain 
data. Finally, the relative expression of desired genes 
was figured out by using the 2−ΔΔCt calculation 
method. 

Western blot assay 
The protein samples of HB cells were lysed by 

using RIPA lysis buffer and protease inhibitors on ice 
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for 45 min, followed by centrifugation at 12,000 rpm 
for 12 min. The next, SDS was added for denaturation. 
Next, adding the protein marker and an equal amount 
of protein samples onto a 10% Tris-Bis gel, setting the 
working voltage to 110V. Afterward, using skim milk 
to block at room temperature for 2 h. Then, rabbit 
NAT10 (1:2000; Abcam), rabbit YAP1(1:1000; Abcam) 
and rabbit G6PD (1:1000; Abcam) were incubated at 
4 ºC overnight. GAPDH was selected as the internal 
reference gene. Finally, chemiluminescence was 
performed and imaging was taken. 

Cell proliferation assays 
5×103 HB cells were seeded into a 96-well plate, 

and CCK-8 solution was added at different time 
points of cell culture, followed by incubation for 2 h. 
The absorbance was detected by using a microplate 
reader at 450 nm. HB cells were seeded into a 24-well 
plate and cultured in an incubator at 37 °C for 24 h 
with 5% CO2 before using an EDU detection kit to 
conduct the assay. For the colony formation assay, 
1×103 HB cells will be seeded into a 6-well plate. After 
incubation in an incubator at 37 °C for 14 d with 5% 
CO2, the cells were gently washed with PBS, then 
fixed with 4% paraformaldehyde for 25 min, the next, 
dyed with 0.5% crystal violet for 40 min, and finally, 
counting the number of colonies. 

Cell migration assays 
For the Transwell assay, 1×106 HB cells were 

seeded into the upper chamber of a 24-well 
polycarbonate Transwell. Then, 20% culture medium 
was placed in the lower chamber. After growing for 
12 h, the migrating cells on the surface were fixed 
with 4% paraformaldehyde and then dyed with 0.5% 
crystal violet. Finally, counting the number of stained 
cells by using an inverted microscope. For the wound 
healing assay, HB cells were seeded into a 6-well plate 
until confluence reaches 100%. Scratching the cell 
layer was necessary by using A 200 μL pipette tip. 
After that, the cells were cultured for 48 h. Finally, 
photographs were taken using an inverted 
microscope. 

Immunohistochemical (IHC) analysis 
The HB tissue samples were fixed by using 4% 

paraformaldehyde and then embedded in paraffin. 
After deparaffinization and rehydration of the section, 
the samples were soaked in 3% H2O2 and then sealed 
with 5%FBS at 37 ºC for 25 min. Rabbit NAT10 
antibody (1:2000; Abcam) and Rabbit Ki67 antibody 
(1:2000; Abcam), and Rabbit G6PD antibody (1:1000; 
Abcam) were incubated at 4 ºC overnight, followed by 
Goat anti-Rabbit IgG (1:2000, Beyotime) as secondary 
antibody, incubated for 1h. The signals were analysed 
with a light microscope. 

RNA sequencing  
RNA libraries were constructed from each 

experimental group, including three biological 
replicates per sample. The sequencing platform 
utilized for poly(A) and RNA isolation, library 
construction, and sequencing was the MGISEQ- 
2000RS. Gene expression profiles were analyzed 
based on read count data. Using SAMtools (v1.7) and 
HTSeq-count (v0.9.1), expression values and 
transcription levels for each gene were estimated. 
Differentially expressed genes were identified using 
DESeq2 (v1.30.1), where a significance threshold of P 
≤ 0.05 and an absolute fold change of ≥ 1 were 
applied. 

ROS and GSH assay 
According to the instructions of the 

manufacturer, ROS and GSH in HB cells was 
measured by using a kit. After the cells have fully 
adhered, incubate for 30 minutes following the 
addition of the corresponding reagents as specified in 
the manual. The next, using trypsin digested the cells 
and centrifuging them at 1000 rpm. Finally, the step 
was resuspending the cells using PBS and analyzing 
for fluorescence intensity using flow cytometry. 

Lipid drop detection 
First, the HB cells on the cell slide were fixed 

with 4% paraformaldehyde for 15 min, then dyed 
with BODIPY 493/503 for 30 min. The next, the 
samples were dyed with DAPI for 6 min at 37 ºC, and 
then washed with PBS at least 3 times. Finally, the 
images were captured by confocal microscope and the 
lipid droplet content was quantitatively and 
statistically analyzed by ImageJ software. 

acRIP-seq and acRIP-qPCR 
Anti-ac4C antibody or IgG were used to incubate 

RNA fragments, and ac4C modified RNA will be 
eluted using N-acetyl-cytidine sodium salt for ac4C 
enrichment analysis through qPCR. 

mRNA stability assay 
After incubating HB cells with actinomycin D, 

RNA will be extracted from the HB cells, and 
RT-qPCR will be performed to calculate the half-life of 
G6PD mRNA to assess mRNA stability. 

Dual-luciferase assay 
First, the cDNA fragment containing the NAT10 

promoter region was amplified by PCR and then 
connected into the pGLO luciferase reporter plasmid. 
HB Cells with the silence of YAP1 were seeded in a 
24-well plate and cultured overnight, followed by 
using Lipofectamine 3000 transfection of the 
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recombinant construct into the cells. Finally, the kit 
was used to detect luciferase activity. 

Chromatin immunoprecipitation-qPCR assay 
Starting with the EZ ChIP kit according to the 

instructions of the manufacturer. The HB cells are 
cross-linked and formed into balls, and the lytic 
supernatant is treated ultrasonically. Protein G beads, 
10 μg anti-YAP1 antibody or 10 μg rabbit IgG 
antibody were used to incubate the supernatant to 
detect the pulled and purified DNA fragments. 

Animal studies 
All animal experiments were conducted in 

accordance with the guidelines approved by the 
Animal Ethics Committee of Zhongshan Hospital, 
Fudan University (WYYY-AEC-2023-083). BALB/c 
nude mice (4-6 weeks old; 20.0 +/- 2.0g; Male) bought 
from Shanghai Jiesijie Laboratory animal Company, 
and kept under specific pathogen free conditions. 
Transfected with sh-NAT10 or sh-NC cells (2×105 cells 
per mouse, 0.2mLPBS) were injected subcutaneously 
into the lower back of mice. The next important step 
was measuring tumor size every 7 days and tumor 
mass after 28 days. Using a vernier caliper measured 
the tumor volume size (mm3) and it was calculated as: 
volume=length×width2×0.5. When the tumor 
diameter reached 5mm, the mice were randomly 
divided into treatment group with 5 mice in every 
group. The mice were killed at 28 days, and the 
tumors were dissected. The paraffin-embedded 
sections were dewaxed and stained with H&E and 
IHC. 

Statistical analysis  
GraphPad Prism 8 software was used for the 

statistical and analysis of the experiment results 
during the study. Data were expressed as mean ± 
standard, the experiments were statistically 
significant when P < 0.05. P values are indicated as 
follows: *(p < 0.05), **(p < 0.01) and *** (p < 0.001). 

Results 
NAT10 expression is upregulated in 
hepatoblastoma, promoting HB cell 
proliferation and metastasis in vitro 

To investigate NAT10 expression in 
hepatoblastoma (HB) tissues, we analyzed data from 
the TCGA and GSE131329 databases. The results 
demonstrated a significant increase in NAT10 
expression in HB tissues (Fig. 1A, B). To validate these 
findings, we assessed NAT10 expression levels in HB 
cell lines using quantitative real-time polymerase 
chain reaction (qRT-PCR) and Western blot analysis. 

As anticipated, NAT10 expression was markedly 
elevated in HepT1, Huh6, and HepG2 cells (Fig. 1C, 
D). This indicated that NAT10 expression was 
significantly increased in HB tumor tissues and cell 
lines. We subsequently examined the role of NAT10 in 
HB cell proliferation and invasion by transfecting 
three independent shRNAs into Huh6 and HepG2 
cells (Fig. S1A, B). CCK-8 and colony formation assays 
revealed that NAT10 knockdown significantly 
reduced the proliferative capacity of HB cells (Fig. 1E, 
F). Moreover, Transwell assays indicated that the 
invasion and migration capabilities of HB cells were 
markedly compromised following NAT10 
knockdown (Fig. 1G, H). Collectively, these results 
suggest that NAT10 promotes HB cell proliferation 
and invasion in vitro. 

NAT10 promotes HB cell proliferation and 
metastasis in vivo  

To further assess the tumorigenic potential of 
NAT10 in vivo, HB cell lines (shNC and shNAT10) 
were subcutaneously transplanted into nude mice. 
Our findings revealed that NAT10 knockdown 
significantly inhibited HB tumor growth (Fig. 2A). 
Tumor volumes were monitored weekly, with growth 
curves plotted accordingly. The results indicated that 
tumors from NAT10-knockdown groups were 
significantly smaller (Fig. 2B). On day 28, the mice 
were euthanized, and subcutaneous tumors were 
excised and weighed, confirming that NAT10 
knockdown led to markedly reduced tumor weights 
(Fig. 2C). Notably, we performed immunohisto-
chemical staining to further analyze the xenografted 
HB tumor tissues. The results indicated that Ki-67, 
N-cadherin, and Vimentin expression levels in HB 
tumor tissues were enormously lower when NAT10 
was knocked down, indicating a marked reduction in 
the proliferation and invasion capabilities of HB cells 
(Fig. 2D). Interestingly, we also performed HE 
staining on the lung tissues of the nude mice, the 
number of lung metastases was notedly reduced 
following NAT10 knockdown (Fig. 2E). In summary, 
our findings indicated that NAT10 promoted HB cell 
proliferation and metastasis in vivo. 

NAT10 upregulates the pentose phosphate 
pathway (PPP) in HB  

To further elucidate the role of NAT10 in HB 
cells, we conducted transcriptomic sequencing on 
Huh6 cells with NAT10 knockdown compared to 
control cells. The volcano plot illustrated that Huh6 
cells with downregulated NAT10 exhibited 
downregulation of 516 genes and upregulation of 423 
genes (Fig. 3A). KEGG and GSEA revealed that 
NAT10 knockdown primarily affected the pentose 
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phosphate pathway (PPP) in HB cells (Fig. 3B, C). 
Given the significance of the PPP in cellular 
metabolism, we performed metabolomic sequencing 
on HB cells with and without NAT10. The heatmap 
indicated that NAT10 knockdown led to significant 
downregulation of specific metabolites in the PPP and 
nucleotide metabolism pathways (Fig. 3D). 

Previous researches have indicated that PPP is a 
glucose oxidation pathway that serves as the main 
source of 5-phosphoribose and nicotinamide adenine 
dinucleotide phosphate (NADPH) [25]. Furthermore, 
NADPH plays a crucial part in fatty acid synthesis 
and reactive oxygen species (ROS) clearance pro-
cesses. Notably, NADPH is vital for the production of 
GSH, which is a major scavenger of ROS [26]. To 
further verify whether NAT10 knockdown affected 
the PPP in HB cells, we measured the levels of ROS, 
NADPH, and GSH in HB cells. The results from the 
assay kits indicated that after NAT10 knockdown, the 
ROS levels significantly increased in both Huh6 and 
HepG2 cells, while the NADPH and GSH levels 

significantly decreased (Fig. 3E-G and Fig. S2A, B). 
It is noteworthy that we also assessed the fatty 

acid level in HB cells using Bodipy staining. As 
expected, knocking down NAT10 significantly 
reduced fatty acid levels in Huh6 and HepG2 cells 
(Fig. 3H and Fig. S2C). Research indicates that 
excessive ROS accumulation can lead to cellular DNA 
damage. Subsequently, we assessed the proliferation 
capacity and DNA damage of HB cells using the EDU 
assay. The results indicated that knocking down 
NAT10 decreased the proliferation capacity and 
caused DNA damage in HB cells (Fig. 3I and Fig. 
S2D). We then treated the HB cells whose NAT10 was 
knocked down with the nucleophile Nuc and the 
reactive oxygen scavenger Nac. The results indicated 
that combined treatment with Nuc and Nac resulted 
in significantly higher viability in HB cells compared 
to either single treatment or untreated groups (Fig. 
S2E, F). Overall, these findings further confirmed that 
knocking down NAT10 affected the PPP in HB cells, 
thereby weakening the cell's proliferation ability. 

 

 
Figure 1. NAT10 expression is upregulated in hepatoblastoma, promoting HB cell proliferation and metastasis. (A) Validation of high NAT10 expression in HB 
using the TCGA database. (B) Prediction of high NAT10 expression in HB from the GSE131329 dataset. (C) qRT-PCR detected NAT10 expression in HB cell lines. (D) Western 
blot detected NAT10 protein expression levels in HB cell lines. (E-F) CCK-8 and the colony formation assays validated the decreased proliferation capability of NAT10-deficient 
HB cells. (G-H) The Transwell assays showed reduced migration and invasion capabilities in NAT10-deficient cells. Data information: In all relevant panels, ns, no significant; *P 
< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; two-tailed t-test. Data are presented as mean ±SD and are representative of three independent experiments. 
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Figure 2. NAT10 promotes HB cell proliferation and metastasis in vivo. (A) Knockdown of NAT10 effectively inhibited the growth of subcutaneous HB tumors in 
nude mice. (B) Weekly monitoring of tumor volumes and plotting of tumor growth curves. (C) Tumors were excised and weighed after 28 days. (D) IHC staining of tumor 
sections showed significantly decreased expression of Ki-67, N-cadherin, and Vimentin in NAT10-deficient HB cells. (E) The number of lung metastases from HB tumors was 
significantly reduced following NAT10 knockdown. Data information: In all relevant panels, ns, no significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; two-tailed t-test. 
Data are presented as mean ±SD and are representative of three independent experiments. 

 

NAT10 mediates ac4C modification to 
upregulate G6PD expression  

The recent study has shown that NAT10 
mediated ac4C mRNA acetylation in hepatocellular 
carcinoma (HCC) [27]. To further investigate the 
genes which took part in ac4C modification in HB, we 
conducted acRIP-seq on HB cells whose NAT10 was 
knocked down and the control cells. The results 
indicated that when RNA was categorized into 
mRNA coding sequences (CDS), 3' UTR, 5' UTR 
regions, and non-coding RNAs, the distribution 
patterns of ac4C in control HB cells and NAT10 
knockdown HB cells exhibited similarity (Fig. 4A). 
Additionally, the ac4C motif "CXX" was enriched in 
the identified peaks (Fig. 4B). The next, we conducted 
a combined analysis of acRIP-seq and RNA-seq 
results, identifying a total of 219 differentially 
expressed genes (Fig. 4C). We performed KEGG 
pathway enrichment analysis on the intersecting 
genes, which revealed significant changes in the PPP 
pathway in HB cells after knocking down NAT10 (Fig. 
4D). It is well-known that G6PD is an important 
enzyme in the PPP pathway that is crucial for 
NADPH generation [28]. We then assessed G6PD 
expression in HB cells post-NAT10 knockdown using 
qRT-PCR and Western blot analysis. The results 
showed that G6PD expression was reduced in HB 
cells after NAT10 knockdown (Fig. 4E, F). 

Furthermore, we treated HB cells with radiolabeled 
actinomycin D at various time points to analyze the 
mRNA stability of G6PD through qRT-PCR. As 
expected, G6PD mRNA stability was significantly 
decreased following NAT10 knockdown in HB cells 
(Fig. 4G).  

To further examine how NAT10 affects G6PD 
expression in HB cells, we conducted a detailed 
analysis of the acRIP-seq results. The peak graph 
indicated that the ac4C enrichment of G6PD was 
significantly reduced in HB cells whose NAT10 was 
knocked down (Fig. 4H). In addition, the luciferase 
assay indicated that knocking down NAT10 led to a 
reduction in the luciferase activity within the ac4C 
peak region of G6PD mRNA, while no such 
attenuation was observed in the cytidine-mutated 
region (Fig. 4I and Fig.S3C). To validate whether 
G6PD mRNA is a direct target of ac4C modification in 
HB cells, we also performed acRIP-qPCR and the 
results were consistent with previous expectations, 
G6PD ac4C modification levels were significantly 
lower in HB cells after NAT10 knockdown (Fig. S3A). 
Notably, analysis of the TCGA database and HB 
tumor tissue samples revealed a positive relevance 
between NAT10 and G6PD expression (Fig. S3B). In 
summary, these findings indicate that in HB, NAT10 
mainly enhances G6PD expression through ac4C 
modification. 
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Figure 3. NAT10 upregulates the pentose phosphate pathway in HB cells. (A) Transcriptomic sequencing of NAT10-deficient HB cells and the corresponding volcano 
plot. (B-C) KEGG and GSEA pathway enrichment analysis. (D) Metabolomic sequencing of NAT10-deficient HB cells and the corresponding heatmap. (E) Flow cytometry analysis 
of ROS levels in NAT10-deficient HB cells. (F) Kit analysis of NADPH content and generation levels in NAT10-deficient HB cells. (G) Kit analysis of GSH generation levels in 
NAT10-deficient HB cells. (H) BODIPY analysis of lipid synthesis levels in NAT10-deficient HB cells. (I) EDU assay for measuring the proliferation capacity of NAT10-deficient 
HB cells. Data information: In all relevant panels, ns, no significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; two-tailed t-test. Data are presented as mean ±SD and are 
representative of three independent experiments. 

 



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

2871 

NAT10 promotes the malignant progression 
of HB by upregulating the G6PD-dependent 
PPP 

To ensure the successful execution of subsequent 
functional experiments, we established stable G6PD 
knockdown cell lines in Huh6 and HepG2 cells (Fig. 
5A, B). We then assessed the impact of G6PD on the 
functionality of HB cells by evaluating the 
proliferation and invasion levels of the 

G6PD-deficient HB cells. The results indicated that 
G6PD knockdown significantly reduced the 
proliferation and invasion capabilities of HB cells, 
indicating the critical role of G6PD in HB progression 
(Fig. 5C, D, and Fig. S4A-D). Next, to explore changes 
in the PPP in G6PD-deficient HB cells, we utilized kits 
to measure ROS levels, NADPH content, and GSH 
generation in the HB cells.  

 

 
Figure 4. NAT10 mediates ac4C modification to upregulate G6PD expression. (A) Pie chart of ac4C distribution. (B) Motif description. (C) Venn diagram of 
intersecting ac4C sequencing and transcriptome sequencing. (D) KEGG pathway enrichment analysis of the intersecting genes. (E-F) qRT-PCR and Western blot detected G6PD 
expression after NAT10 knockdown. (G) Decreased stability of G6PD mRNA after NAT10 knockdown. (H) Peak graph of ac4C modification. (I) Dual-luciferase assay detected 
fluorescence intensity after NAT10 knockdown. Data information: In all relevant panels, ns, no significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; two-tailed t-test. 
Data are presented as mean ±SD and are representative of three independent experiments. 
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Figure 5. NAT10 promotes the malignant progression of HB by upregulating the G6PD-dependent PPP pathway. (A-B) qRT-PCR and Western blot detected 
analyses of G6PD knockdown effects. (C-D) The colony formation and Transwell assays assessed the proliferation and migration capabilities of G6PD-deficient HB cells. (E-G) 
Detection of ROS levels, NADPH content and generation levels, and GSH generation levels in G6PD-deficient HB cells using kits. (H) Western blot and qRT-PCR detected G6PD 
expression levels after NAT10 overexpression and G6PD knockdown. (I) The colony formation assay showed that G6PD knockdown suppresses the increase in proliferation 
ability induced by NAT10 overexpression. (J-L) G6PD knockdown inhibit ed the enhanced tumor growth resulting from NAT10 overexpression. (M) Immunohistochemistry 
examining the expressions of G6PD and Ki-67. Data information: In all relevant panels, ns, no significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; two-tailed t-test. Data 
are presented as mean ±SD and are representative of three independent experiments. 
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Notably, following G6PD knockdown, ROS 
levels significantly increased, while NADPH content 
and generation, as well as GSH production, were 
markedly decreased (Fig. 5E-G and Fig. S4E, F). These 
findings suggest significant inhibition of the PPP 
pathway in G6PD-deficient cells. 

To further investigate the association between 
NAT10 and G6PD in HB cells, we attempted to knock 
down G6PD in HepT1 cells overexpressing NAT10. 
The result indicated that overexpression of NAT10 
significantly enhanced the G6PD expression in HepT1 
cells using Western blot (Fig. 5H). Furthermore, after 
G6PD knockdown, G6PD expression of in NAT10- 
overexpressing HepT1 cells was significantly down-
regulated (Fig. 5H). Subsequently, we assessed the 
proliferation and invasion levels of G6PD-deficient 
HepT1 cells with NAT10 overexpression. The results 
indicated that the number of colonies formed by 
HepT1 cells was significantly lower in the 
G6PD-deficient with NAT10 overexpression group, 
indicating a marked reduction in cell proliferation 
ability. Furthermore, when compared to the group 
with NAT10 overexpressed, the number of invasive 
and migratory cells of of G6PD-deficient with NAT10 
overexpression was markedly decreased (Fig. 5I and 
Fig. S4G). Furthermore, when NAT10 was 
simultaneously overexpressed and G6PD was 
downregulated, the levels of ROS significantly 
decreased, while the content of NADPH and GSH 
increased markedly (Fig. S4H-I). 

Next, to study the tumorigenic capacity of G6PD 
in vivo, we subcutaneously transplanted HepT1 
cell-shNC, HepT1 cell-NAT10, and HepT1 
cell-NAT10-shG6PD into nude mice and monitored 
the tumor sizes timely (Fig. 5J). We also measured 
tumor volumes every seven days and plotted tumor 
growth curves. Ultimately, on day 28, we sacrificed 
the nude mice and excised the tumor tissues for 
weighing. The results revealed that knocking down 
G6PD significantly inhibited the promoting effect of 
NAT10 overexpression on tumor growth in the nude 
mice (Fig. 5K, L). Notably, these results indicated that 
G6PD could promote the proliferation, invasion, and 
migration abilities of HB cells both in vitro and in vivo. 
Finally, we conducted immunohistochemical staining 
to further analyze the HB tumor tissues. The results 
indicated that in tumor tissues with NAT10 
overexpression and G6PD knockdown, the G6PD and 
Ki-67 expression were significantly lower (Fig. 5M). In 
summary, we found that NAT10 primarily promotes 
the occurrence and progression of HB by 
upregulating the G6PD-dependent PPP. 

YAP1 regulates NAT10 expression and 
activates PPP, thereby promoting malignant 
progression of HB 

To elucidate potential upstream signaling 
pathways regulating NAT10 expression, we treated 
hepatoblastoma (HB) cells with various 
small-molecule inhibitors and assessed NAT10 
expression via qRT-PCR. The data indicated that 
inhibiting YAP1 significantly reduced NAT10 
expression, suggesting that the YAP1 signaling 
pathway may regulate NAT10 (Fig. 6A). To further 
validate this hypothesis, we utilized two independent 
shRNAs to knock down YAP1 in Huh6 and HepG2 
cells. Successful knockdown was confirmed by 
significantly decreased YAP1 expression relative to 
control groups (Fig. 6B, C). Cell proliferation assays 
demonstrated that YAP1-deficient HB cells exhibited 
markedly reduced proliferative capability, 
underscoring the importance of YAP1 in HB growth 
(Fig. S5A, B). Additionally, wound healing assays 
revealed decreased migration rates and distances for 
YAP1 knockdown cells compared to controls (Fig. 
S5C). 

To further investigate the association between 
YAP1 and NAT10, we successfully constructed a 
dual-luciferase reporter vector containing the NAT10 
promoter. The results indicated that the fluorescence 
intensity of HB cells whose YAP1 was knocked down 
decreased significantly, indicating a dramatic 
reduction in NAT10 expression (Fig. 6D). 
Additionally, we performed ChIP-qPCR and found 
that YAP1 could bind to the NAT10 promoter, further 
supporting the idea that YAP1 regulates NAT10 
expression (Fig. 6E). Next, we aimed to explore 
whether YAP1 knockdown would affect the PPP in 
HB cells. We used kits to measure the levels of ROS, 
NADPH content and generation and GSH generation 
to observe changes in the PPP. The results indicated 
that ROS levels were significantly elevated in 
YAP1-deficient HB cells, while NADPH content and 
generation level and GSH generation level were all 
significantly decreased, suggesting that the YAP1 
signaling pathway is critical for the PPP in HB cells 
(Fig. 6F-H and Fig. S5D, E). Notably, we conducted 
experiments on NAT10-deficient HepT1 cells with 
YAP1 overexpression, followed by Western blot to 
assess changes in the expression of NAT10 and YAP1. 
The results indicated that YAP1 overexpression could 
restore YAP1 and NAT10 expression in 
NAT10-deficient HepT1 cells, indicating that YAP1 is 
very important for NAT10 (Fig. 6I). Additionally, we 
performed cell proliferation and invasion experiments 
using NAT10-deficient HepT1 cells with YAP1 
overexpression. The results indicated that 
overexpressing YAP1 enhanced the proliferative and 
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invasive capacity of HB cells, but knocking down 
NAT10 inhibited the enhancement of cell proliferation 
and invasion induced by YAP1 overexpression (Fig. 
6J, K). Besides, when NAT10 was simultaneously 
overexpressed and G6PD was downregulated, the 

levels of ROS significantly decreased, while the 
content of NADPH and GSH increased markedly (Fig. 
S5G-I). Overall, YAP1 is crucial for the expression of 
NAT10 in HB cells and acts as a potential upstream 
signal regulating its expression. 

 

 
Figure 6. YAP1 regulates NAT10 expression and activates PPP, thereby promoting malignant progression of HB. (A) Measurement of NAT10 expression levels 
in HB cells treated with different small molecule inhibitors of signaling pathways using qRT-PCR. (B-C) Western blot and qRT-PCR detected the effectiveness of YAP1 
knockdown. (D-E) Dual-luciferase reporter assay and ChIP-PCR demonstrated that YAP1 binded to the NAT10 promoter. (F-H) Kit assays detected ROS levels, NADPH 
content and generation levels, and GSH generation levels in YAP1-deficient HB cells. (I) Western blot detected NAT10 and YAP1 expression levels after NAT10 knockdown and 
YAP1 overexpression. (J-K) The colony formation and Transwell assays showed that NAT10 knockdown inhibited the enhancement of proliferation and migration induced by 
YAP1 overexpression. Data information: In all relevant panels, ns, no significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; two-tailed t-test. Data are presented as mean 
±SD and are representative of three independent experiments. 
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The NAT10 inhibitor Remodelin effectively 
inhibits the malignant progression of HB  

The observed proliferation-promoting role of 
NAT10 in HB cells suggests its potential as a 
therapeutic target. To evaluate this, we treated HB 
cells with varying concentrations of the NAT10 
inhibitor Remodelin and assessed cell proliferation. 
The results demonstrated that Remodelin 
significantly inhibited HB cell proliferation (Fig. 7A, B 
and Fig. S6A, B). Additionally, Transwell assays 
indicated that Remodelin treatment markedly 
impaired HB cell invasion and migration (Fig. 7C, D). 
Overall, the NAT10 inhibitor Remodelin significantly 
suppressed the proliferation, invasion, and metastatic 
abilities of HB cells in vitro. In addition, our research 
has shown that NAT10 upregulated the PPP in HB 
cells. To further validate the impact of Remodelin on 
the PPP of HB cells, we used kits to measure NADPH 
content and generation level and GSH generation 
level in HB cells. Notably, Remodelin significantly 
reduced the NADPH content and GSH generation 
level in HB cells, indicating that Remodelin could 
suppress the PPP in HB cells to some extent (Fig. 7E, F 
and Fig. S6C, D). 

Lastly, we validated the therapeutic efficacy of 
Remodelin in vivo. Huh6 cells were subcutaneously 
transplanted into nude mice, which were monitored 
weekly for tumor size while receiving treatments with 
the YAP1 inhibitor Verteporfin, the NAT10 inhibitor 
Remodelin, and the G6PD inhibitor Fluasterone. All 
three inhibitors exhibited significant therapeutic 
effects, markedly inhibiting tumor growth (Fig. 7G). 
Notably, we performed HE staining and 
immunohistochemistry for further analysis of the HB 
tumor tissues. As expected, the Ki-67 level in the HB 
tumor tissues of nude mice treated with Remodelin 
was significantly reduced, suggesting that the NAT10 
inhibitor has good therapeutic potential in vivo (Fig. 
7H). Moreover, we assessed the toxicity of remodeline 
in various human normal cell types, and the results 
indicated that, within a certain concentration range, 
remodeline does not exert significant toxic side effects 
on humans (Fig. 6E).  

In conclusion, our findings establish NAT10 as 
an effective therapeutic target for HB, with Remodelin 
demonstrating promising potential to inhibit 
malignant progression, thereby providing a novel 
strategy for HB treatment. 

Discussion 
HB is a common malignant liver tumor in 

children, often occurring in infants under 4 years of 
age [29]. Currently, treatment strategies primarily 
include surgery and chemotherapy, sometimes 

combined with liver transplantation [3]. However, the 
side effects of chemotherapy are significant, and 
prognosis for patients is poor, highlighting the urgent 
need for effective and less harmful treatment options. 
Metabolic reprogramming is an important marker of 
cancer progression, facilitating cancer cell growth, 
energy acquisition, and utilization [3]. Therefore, 
studying the metabolic characteristics of HB cells may 
lead to new drug targets and treatment strategies, 
representing a new trend in research. 

Previous researches have indicated that NAT10 
plays a significant part in various malignant tumors, 
including cervical cancer [14], gastric cancer [13], and 
bladder cancer [12]. NAT10 is highly expressed in 
multiple cancers and primarily takes part in several 
cellular biological processes through its 
acetyltransferase activity [13, 30]. In this study, we 
found that NAT10 plays a critical part in the metabolic 
reprogramming of cancer cells. Through clinical data 
analysis and both in vitro and in vivo experiments, we 
observed that NAT10 significantly promotes the 
occurrence and progression of HB. Notably, analyses 
of transcriptomic and metabolomic sequencing results 
from HB cells with NAT10 knockdown indicated that 
NAT10 was crucial for the PPP in cancer cells. PPP is 
an alternative metabolic pathway to glycolysis that 
not only provides nucleotide precursors necessary for 
cell proliferation but also generates substantial 
NADPH for cellular lipid synthesis and antioxidant 
defense [31, 32]. In addition, using a detection kit, we 
observed that the ROS levels in NAT10-deficient HB 
cells increased, while the generation of NADPH and 
GSH was significantly reduced, further validating our 
sequencing results. In summary, our research 
demonstrates that NAT10 promotes the proliferation 
of HB cells by activating PPP. 

The ac4C modification is a highly conserved 
RNA modification, and NAT10 is currently known as 
the only enzyme capable of catalyzing the ac4C 
modification [10, 33]. By jointly analyzing ac4C 
sequencing and transcriptomic sequencing results, we 
found that genes overlapping in these analyses were 
primarily enriched in the PPP through KEGG 
pathway enrichment analysis. G6PD is an important 
rate-limiting enzyme in the PPP, essential for the 
production of ribose and NADPH [34]. G6PD is 
overexpressed in different cancers, including gastric 
cancer [35], bladder cancer [36], and breast cancer [37]. 
However, studies on G6PD in HB are limited. 
Notably, we discovered that knocking down NAT10 
in HB cells significantly reduced G6PD expression. 
Furthermore, the ac4C modification level and stability 
of G6PD mRNA were reduced in NAT10-deficient HB 
cells, suggesting that G6PD may be a direct target 
gene of NAT10.  
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Figure 7. The NAT10 inhibitor Remodelin effectively inhibits the malignant progression of HB. (A-B) The cell proliferation assays showed that Remodelin 
inhibited cell proliferation capacity. (C-D) The Transwell assay showed that Remodelin inhibited cell invasion and migration capacity. (E-F) Kits detected NADPH content and 
generation levels, and GSH generation levels in HB cells treated with Remodelin. (G-H) In situ tumor experiments and immunohistochemistry showed that Remodelin effectively 
inhibited tumor growth in nude mice. Data information: In all relevant panels, ns, no significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; two-tailed t-test. Data are 
presented as mean ±SD and are representative of three independent experiments. 
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Figure 8. The schematic diagram depicts the regulation of the YAP1/NAT10/G6PD axis on tumor cells.   

 
Previous researches have shown that NAT10 

inhibits ferroptosis by stabilizing the mRNA of 
ferroptosis suppressor protein 1 (FSP1) through ac4C 
modification, promoting the progression of colorectal 
cancer [38]. This indicates that NAT10-mediated ac4C 
modification is conducive to cancer occurrence and 
progression. Additionally, we validated that NAT10 
expression is positively correlated with G6PD 
expression by using the TCGA database and clinical 
tissue samples. Consistent with the results from 
NAT10 knockdown in HB cells, we found that ROS 
levels in G6PD-deficient HB cells increased, and the 
generation of NADPH and GSH was significantly 
reduced, indicating that the PPP was inhibited. 
Interestingly, knocking down G6PD inhibited HB 
tumor growth both in vitro and in vivo. Thus, our 
results suggest that NAT10 activates the PPP and 
promotes malignant progression of HB by 
upregulating the expression level of G6PD through 
mediating ac4C modification. 

YAP is a major effector of the Hippo tumor 
suppressor pathway and is crucial for cell growth, 
maintenance of tissue homeostasis, and organ 
development [39]. YAP1 is overexpressed in multiple 
cancers and plays an important part in promoting 
epithelial-mesenchymal transition, invasion, and 

metastasis of cancer cells [40, 41]. Our study found 
that treatment of HB cells with the YAP1 inhibitor 
Verteporfin significantly reduced the expression of 
NAT10. We further validated the interaction between 
YAP1 and the NAT10 promoter using dual-luciferase 
assays and ChIP-qPCR. Interestingly, the 
overexpression of YAP1 effectively restored NAT10 
expression in NAT10-deficient HB cells. Additionally, 
we discovered that the PPP was suppressed in 
YAP1-deficient HB cells. Previous studies have 
indicated that YAP and TAZ are involved in 
metabolic regulatory processes, such as promoting 
glycolysis and glutaminolysis, and their expression is 
also regulated by substances like glucose and fatty 
acids [24, 42, 43]. Finally, we confirmed that the 
Verteporfin could inhibit the proliferation of HB cells 
and tumor growth to some extent, both in vitro and in 
vivo. Overall, our research indicates that NAT10 
expression is regulated by the YAP1, and that the 
YAP1 inhibitor Verteporfin has a significant effect on 
HB treatment. 

Conclusions 
In summary, our study reveals that NAT10 is 

regulated by the upstream signal YAP1 and promotes 
the malignant progression of HB by mediating ac4C 
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modification to upregulate the expression of G6PD 
and activate the PPP (Fig 8). Additionally, the NAT10 
inhibitor Remodelin significantly inhibits the 
proliferation capability of HB cells both in vitro and in 
vivo. Therefore, our findings underscore the potential 
of targeting NAT10 as an important treatment 
strategy for HB, providing new insights for 
overcoming resistance and developing novel 
therapeutic approaches.  
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