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Stress granules promote DNA damage repair through the
G3BP1/NAT10/ATF3 axis to facilitate nasopharyngeal carcinoma
progression
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Aberrantly enhanced DNA damage repair contributes to therapy resistance and poor prognosis in nasopharyngeal carcinoma (NPC),
but its regulatory mechanisms remain unclear. Stress granules (SGs) mediate tumor stress adaptation, yet their role in NPC DNA
damage repair is unknown. Here, we show that SGs are significantly enriched in NPC cells under stress, and the SG core protein
G3BP1 is highly expressed in NPC tissues (n= 111), correlating with metastasis and poor survival. Mechanistically, under stress,
N-acetyltransferase 10 (NAT10)-catalyzed N4-acetylcytosine (ac4C) modification targets mRNAs of DNA repair genes (ATF3, LIG1,
RNF168) to SGs, protecting them from degradation. Upon stress relief, these mRNAs are released for translation, enhancing DNA
damage repair. The G3BP1/NAT10/ATF3 axis is critical for NPC DNA repair and metastasis, as blocking this axis (via G3BP1 depletion,
NAT10 inhibitor remodelin, or ATF3 knockout) inhibits tumor growth and metastasis in vitro and in vivo. This study uncovers a novel
ac4C-dependent mechanism by which SGs regulate DNA damage repair in NPC, identifying the G3BP1/NAT10/ATF3 axis as a
potential therapeutic target for improving NPC prognosis.
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INTRODUCTION
Nasopharyngeal carcinoma (NPC) is a malignant epithelial tumor
originating from the inner layer of the nasopharyngeal mucosa,
characterized by high invasiveness and metastatic tendency [1].
Despite significant advances in radiotherapy and chemotherapy
techniques in recent years, leading to improved local control rates,
patients with advanced NPC still face clinical challenges of
treatment resistance and distant metastasis [2]. Recent studies
have found that this treatment resistance may be closely
associated with adaptive survival mechanisms activated by tumor
cells under stress conditions [3]. During tumorigenesis and
progression, a more hostile microenvironment is created due to
“uncontrolled proliferation” and “detachment from the basement
membrane for metastasis,” manifesting as high metabolic demand,
oxidative stress, hypoxia, and nutrient deprivation, among others
[4]. Notably, compared to normal cells, highly malignant tumor
cells exhibit more efficient response strategies, effectively counter-
acting and rapidly adapting to various stressors to evade cell death
[5]. This suggests that tumor cells may possess unique regulatory
systems that reshape the intracellular environment to cope with
stress. Therefore, elucidating the mechanisms by which NPC cells
survive under stress conditions is of great significance for reversing
tumor cell fate and enhancing treatment sensitivity.
When cells are under stress conditions, such as hypoxia,

oxidative stress, radiation, chemotherapy, or nutrient deprivation,

they can assemble a membrane-less organelle through liquid-
liquid phase separation (LLPS), known as stress granules (SGs) [6,
7]. Ras GTPase-activating protein-binding protein 1 (G3BP1) is a
core component of the SG [8]. As a central regulatory hub in the
SG network, G3BP1 acts as a molecular switch that senses dynamic
changes in the concentration of free intracellular RNA, thereby
triggering LLPS and SG assembly [9]. Furthermore, SG is closely
associated with cellular biological processes and participates in
the onset and progression of various human diseases, such as
neurodegenerative diseases and malignant tumors [10–12]. It is
noteworthy that the mRNAs sequestered in SGs may play a
significant role in tumor pathogenesis. It has been reported that
SG can capture pre-existing or translationally stalled mRNA [13, 14]
and maintain cellular homeostasis by stabilizing mRNA and
regulating the expression of pro-survival genes through the
redistribution of intracellular resources under stress conditions
[15, 16]. Additionally, in tumor cells, the formation of SG is thought
to contribute to cellular stress resistance, which can promote
tumor cell survival and drive malignant progression [17, 18].
However, the specific functions of these mRNAs in regulating cell
fate decisions remain unclear.
To date, significant progress has been made in identifying

multiple important types of RNA modifications, such as N6-
methyladenosine (m6A), pseudouridine (Ψ), 5-methylcytidine
(m5C), and N4-acetylcytidine (ac4C) [19]. These modifications play
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key roles in regulating mRNA stability, transcription processes, and
translation efficiency, thereby influencing various cellular and
biological processes [20]. As the sole acetylation event in mRNA
modifications, ac4C abundance is comparable to m7G yet remains
understudied [21]. N-acetyltransferase 10 (NAT10), which contains
both an acetyltransferase domain and an RNA-binding domain, is
currently the only identified enzyme known to catalyze ac4C
modification [22]. Notably, it was found that high levels of ac4C
modification promote mRNA accumulation in the SGs [23].
Additionally, ac4C modulates mRNA stability and translation
efficiency to enhance the hypoxic tolerance of gastric cancer cells
[24]. These findings provide new insights into the function and
consequences of mRNA acetylation, as well as the mechanisms
underlying RNA localization in SGs.
This study reveals the core mechanism by which SG promotes

NPC progression: under varying survival stress conditions, SG
dynamically assembles to specifically enrich ac4C-modified mRNA,
implementing precise “sequestration-release” regulation. This
mechanism plays a pivotal role in sustaining tumor cell survival.

MATERIALS AND METHODS
Cell culture
Human NPC cell lines (C666-1, TW03(+), CNE2) were cultured at the Institute
of Otolaryngology-Head and Neck Surgery, Nantong University Affiliated
Hospital (Jiangsu Province, China). All cell lines were confirmed
mycoplasma-free and validated through short tandem repeat analysis.
Human NPC cell lines were cultured in RPMI 1640 medium (#01-100-ACS;
Biological Industries Israel Beit-Haemek, Kibbutz Beit-Haemek, Israel)
supplemented with 10% fetal bovine serum (FBS) (#04–001-1ACS; Biological
Industries Israel Beit-Haemek) and 1% penicillin-streptomycin Eagle’s
medium (Biological Industries Israel Beit-Haemek). Cells were grown at
37 °C in 5% CO₂. The cisplatin-resistant CNE-2/DDP cell line was established
by chronically exposing the parental CNE-2 cells to gradually increasing
concentrations of cisplatin, up to 1.0 μg/mL, over a period of 7 months.

Transfection of lentiviral vectors
Perform transfection according to the previously established protocol [25].
In short, lentiviral vectors and their respective negative controls were
generated using the GeneChem software (Shanghai, China). The full-length
coding sequence (CDS) of the human G3BP1 gene (NCBI: NM_005754.4)
was cloned into the multiple cloning site of the lentiviral overexpression
vector pGLV-cmv-mcs-ef1-puro to generate the recombinant plasmid
pGLV-cmv-G3BP1-ef1-puro. Gene editing was performed using the CRISPR-
Cas9 system with the Lenti-Cas9-puro vector, which carries a puromycin
resistance gene and a GFP marker for tracking transfection efficiency.
Following transduction, stable cell pools were selected using puromycin.
The minimum lethal concentration of puromycin was determined by
treating cells with a concentration gradient (e.g., 1, 2.5, 5, and 10 μg/mL)
for 48 h. Subsequently, stable monoclonal cell lines were established via
96-well plate limited dilution, and the majority of the selected clones
exhibited uniform expression upon validation. The target sequences are
provided in Supplementary Table 3.

Western blot
Western blotting was performed using whole-cell lysates. The protein
concentration was quantified using a BCA assay kit (cat: 23327, Thermo
Fisher Scientific, USA). Protein samples were separated by polyacrylamide
gel electrophoresis, transferred to nitrocellulose membranes (cat:
ISEQ00010, Millipore, USA), and blocked with blocking buffer. The
membranes were then incubated with primary antibodies overnight. The
primary antibodies used were as follows: anti-G3BP1 (cat: 13057-2-AP,
Proteintech, China), anti-NAT10 (cat: ab194297, Abcam, UK), anti-ATF3 (cat:
A13469, ABclonal, China), anti-PARP16 (cat: ab154510, Abcam, UK), anti-
PARP10 (cat: 26072-1-AP, Proteintech, China), anti-Cleaved Caspase 3
(cat:25128-1-AP, Proteintech, China), anti-Cleaved PARP (cat: 9541, Cell
Signaling Technology, USA), anti-Caspase 3 (cat: ab32351, Abcam, UK),
anti-LIG1 (cat: A1858, ABclonal, China), anti-RNF168 (cat: 21393-1-AP,
Proteintech, China), and anti-β-actin (cat: ab8226, Abcam, UK). After
washing, the membranes were incubated with HRP-conjugated secondary
antibodies. Protein bands were visualized using an ECL chemiluminescent

substrate (cat: P0018S, Beyotime, China) and analyzed using ImageJ
software.

Immunofluorescence assay
Seed cells at a density of 5 ×10⁴ cells per well in 15mm glass-bottom cell
culture dishes (cat: 354469, Corning, USA). After 24 h, wash the cells three
times with phosphate-buffered saline (PBS; cat: 10010023, Gibco, USA).
Then, fix the cells with 4% paraformaldehyde (cat: BL539A, Biosharp, China)
for 20min at room temperature. Deparaffinize 6-μm paraffin-embedded
tissue sections and perform antigen retrieval by heating the slides in Tris-
EDTA buffer (pH 9) for 20min using a Lab Vision PT Module (Thermo Fisher
Scientific). After fixation, wash the cells three times with PBS. Permeabilize
the cells by incubating them with 0.2% Triton X-100 (cat: ST795, Beyotime,
China) for 10min at room temperature. After permeabilization, wash the
cells three times with PBS. Incubate the cells with primary antibodies
overnight at 4 °C. Use the following primary antibodies: anti-G3BP1 (cat:
ab56574, Abcam, UK), anti-TIA-1 (cat: K109466P, Solarbio, China), anti-
MARylation (cat: MABE1076, Millipore, USA), and anti-ac4C (cat: ab252215,
Abcam, UK). The next day, wash the cells three times with PBS and then
incubate them with appropriate fluorescently labeled secondary anti-
bodies (e.g., cat: A-11008 and A-11001, Thermo Fisher, USA) for 1 h at room
temperature in the dark. Finally, mount the samples using an anti-fade
mounting medium containing Hoechst dye (cat: 62249, Thermo Fisher
Scientific, USA) and image them using fluorescence microscopy.

Cell counting Kit-8
Cell proliferation assays were performed using the CCK-8 assay kit (cat:
C0037, Beyotime, China). The procedure was as follows: cell suspensions
were seeded into 96-well culture plates (cat: 4515, Corning, USA) and
incubated in a 37 °C, 5% CO₂ incubator. After the cells adhered, 10 μL of
CCK-8 solution was added to each well, and the plates were incubated for
1–4 h. The optical density (OD) at 450 nm was then measured using a
microplate reader at time points of 0, 12, 24, 36, and 48 h. Wells containing
only culture medium and CCK-8 solution without cells were used as the
blank control. All experiments were performed in triplicate to ensure data
reliability.

Real-time tracking of SG dynamics in live cells and in vivo
using the small-molecule probe TASG
Cells were seeded in glass-bottomed 96-well plates and cultured
overnight. They were first stained for 3 h with a medium containing
2.0 μM TASG probe (cat: P001, Shenzhen Shenlan Technology, China)
before being subjected to different stress conditions. Wash away excess
probes and drugs with culture medium. Finally, the sample was imaged
using a laser scanning confocal microscope/fluorescence microscope.
Under excitation at 561 nm, the TASG probe exhibits fluorescence emission
in the range of 600–650 nm, allowing for the observation of SGs.

Transmission electron microscope
After centrifugation, the supernatant was discarded, and the cell pellet was
collected. The pellet was resuspended and fixed in 2.5% glutaraldehyde at
4 °C for 3 h, followed by low-temperature storage for transport. A 2% low-
melting-point agarose solution was prepared and, after cooling to an
appropriate temperature, thoroughly mixed with the fixed cell pellet. The
mixture was transferred to an embedding mold, cured overnight at 37 °C,
and then polymerized at 60 °C for 48 h. Ultrathin sections (60–80 nm) were
cut from the fixed specimens using an ultramicrotome and lifted onto 150-
mesh copper grids. Finally, the sections were double-stained with uranyl
acetate and lead citrate and observed under a transmission electron
microscope for image data collection.

Cell proliferation assay
Cells in the logarithmic growth phase were seeded at a density of 5 × 10³
cells per well in a 96-well plate. After cell adhesion, the EdU assay was
performed following the manufacturer’s instructions for the Cell-Light EdU
Apollo 567 In Vitro Kit (cat: C10310-1, RiboBio, China). Briefly, cells were
incubated with EdU-containing medium for 2 h, fixed, and then subjected to
fluorescent staining. EdU-positive cells were observed and counted under a
fluorescence microscope, and the cell proliferation rate was calculated. Each
experimental group was set up in triplicate, and the entire experiment was
repeated three times independently to ensure data reliability.

T. Yue et al.

2226

Oncogene (2026) 45:2225 – 2236



Tissue microarray samples
NPC tissue microarrays were used by Shanghai Tufei Biotechnology to examine
G3BP1, NAT10, and ATF3 expression. All tissue microarray samples used in this
study were provided by our collaborating institutions: the Affiliated Hospital of
Nantong University and Shanghai Tufei Biotechnology Co., Ltd. The study
protocol was approved by the committees for ethical review of research at the
Affiliated Hospital of Nantong University. The clinical features of NPC patients
are shown in Supplementary Table 1. The prognostic significance of G3BP1,
NAT10, and ATF3 was assessed using Kaplan–Meier analysis. Before survival
analysis, X-tile software (V.3.6.1, Rimm Lab, Yale School of Medicine) was used
to define low and high expression levels of G3BP1, NAT10, and ATF3.

Immunohistochemistry
Formaldehyde-fixed paraffin-embedded (FFPE) sections were initially dried
at 60 °C for 1.5–2 h, followed by dewaxing in xylene twice for 15min each.
Sections were then rehydrated by sequential immersion in graded ethanol
solutions (100%, 95%, 80%, 70%) and finally in distilled water. Subsequently,
antigen retrieval was performed by boiling the sections on slides in sodium
citrate buffer. To block endogenous peroxidase activity, sections were
treated with 3% hydrogen peroxide, followed by overnight incubation with
the primary antibody at 4 °C. The secondary antibody was then applied at
room temperature for 1 h, followed by DAB color development and
counterstaining with hematoxylin. Two pathologists independently scored
protein expression in a blinded fashion. In short, the percentage of tumor
cells exhibiting positive staining was designated as follows: 1 (positivity <
10%), 2 (10% < positivity ≤ 30%), 3 (30% < positivity ≤ 70%), and 4 (positiv-
ity > 70%). Staining intensity was graded as follows: 1 (no staining), 2 (pale
yellow), 3 (brown), and 4 (brown-red). The staining index was calculated by
multiplying the proportion of positive tumor cells by the staining intensity.
The following primary antibodies were used: G3BP1 (cat:66486-1-Ig,
Proteintech, China), Ki67 (cat: 28074-1-AP, Proteintech, China), NAT10 (cat:
13365-1-AP, Proteintech, China), ATF3 (cat: A13469, ABclonal, China).

Mouse
Four- to six-week-old male athymic nude mice were purchased from the
Laboratory Animal Center of Nantong University (Jiangsu, China). All
animal experiments were conducted in accordance with the guidelines of
the Nantong University Laboratory Animal Center and were approved by
the Jiangsu Provincial Laboratory Animal Management Committee
(Approval No: SYXK(SU)2007-0021).

Nude mouse in vivo model
Mice were randomly assigned to each experimental group, with five mice
per group. Each mouse received a subcutaneous injection of 1 × 10⁶ NPC
cells from different treatment groups. Animals were monitored every
3 days for survival and tumor formation. Four weeks after injection, mice
were euthanized, tumors were excised, and tumor volumes were
measured. To investigate the role of differently treated NPC cells in lung
metastasis, we established a mouse tumor metastasis model by injecting
2 × 10⁶ luciferase-labeled CNE2 cells, treated under different conditions,
into the tail veins of 8-week-old nude mice, with five mice per group. Over
a 5-week period, lung metastases were monitored by BLI using the IVIS
Lumina Series III (Caliper Life Sciences, Mountain View, CA, USA).

Spot imprinting experiment
First, take 5–10 μg of the RNA sample, denature it at 75 °C for 5min, and then
immediately place it in an ice bath for 1min. Spot the denatured RNA sample
onto a 0.45 μm pore size nylon membrane (Biodyne PALL). Subsequently, two
crosslinking treatments were performed using the Stratalinker 2400 UV
crosslinker (parameter settings: self-crosslinking mode, 120,000 μJ, 25–50 s).
Membrane blocking was performed using a 0.1% PBST solution containing 5%
skim milk powder at room temperature for 1 h. The incubation condition for
the ac4C antibody was overnight at 4 °C (cat: ab252215, Abcam diluted
1:1000). After three 5-min washes with PBST, the membrane was incubated
with HRP-labeled rabbit secondary antibody (1:10,000) at room temperature
for 1 h. After washing, perform exposure detection using the Hyperfilm ECL
development system for the appropriate duration. Finally, stain the membrane
with 0.01% methylene blue for 1 h, then wash with RNase-free water for 1 h.

Acetylated RNA immunoprecipitation sequencing
Acetylated RNA immunoprecipitation sequencing (acRIP-seq) and down-
stream data analysis were performed by Guangzhou Epigenomics

Technology Co., Ltd. acRIP-seq was carried out on control and 36-h
starvation C666-1 cells, with three independent biological replicates per
group. Briefly, total RNA was extracted using TRIzol reagent (cat:
15596018CN, Thermo Fisher Scientific, USA). 100 μg of RNA was
fragmented to 100–200 nt by incubation with 10× RNA Fragmentation
Buffer (100mM Tris-HCl, 100mM ZnCl₂, nuclease-free H₂O) at 70 °C for
5 min. The reaction was stopped by adding 0.5 M EDTA to a final
concentration of 50mM. Fragmented RNA was immunoprecipitated with
anti-ac4C monoclonal antibody at 4 °C for 2 h following the manufacturer’s
instructions of the EpiTM ac4C Immunoprecipitation Kit (cat: R1815,
Epibiotek, China). Input (non-IP) and ac4C-IP samples were used to
construct libraries using an automated workflow and subjected to 150-bp
paired-end sequencing on an Illumina NovaSeq 6000.

RNA sequencing
RNA sequencing (RNA-seq) and data analysis were performed by
Guangzhou Epigenomics Technology Co., Ltd. RNA-seq was performed
on cells from the control group and the 36-h starvation group of C666-1,
with three independent biological replicates per group. Following the
instructions, library preparation was performed using the VAHTS Stranded
mRNA-seq Library Preparation Kit (cat: NR612-02, Vazyme Biotech, China)
with Illumina NovaSeq 6000 V2, followed by computational analysis.

Extraction of SG RNA and ac4C RIP-seq
The extraction of the SG core refers to these two papers [26, 27]. In brief,
C666-1 cells stably expressing G3BP1-GFP were cultured to ~80%
confluence and then subjected to either 36 h of starvation or 1 h of
NaAsO₂ treatment to induce stress granule formation. Cells were
subsequently harvested by centrifugation, rapidly frozen in liquid nitrogen,
and stored at −80 °C. Cell pellets were resuspended in SG lysis buffer
containing protease/nuclease inhibitors. After repeated pipetting to lyse
cells, SG core pellets were enriched by centrifugation at 18,000 × g for
20min at 4 °C. Following washing, pellets were resuspended in 300 μL lysis
buffer. The lysate was pretreated twice with dynabeads, magnetic beads,
to remove nonspecific binders. Subsequently, anti-N4-acetylcytidine (ac4C)
antibody (cat: ab252215, abcam,UK) was added and incubated at 4 °C for
1 h or overnight. After centrifugation to remove excess antibody, 60 μL of
magnetic beads were added and incubated at 4 °C for 3 h. The magnetic
bead complexes were sequentially washed with three detergent buffers
(containing NaCl, urea, etc.). Finally, RNA was released by proteinase K
digestion (37 °C for 15min) and extracted using the Trizol method for
subsequent analysis. Extraction of SG RNA and ac4C RIP-seq analysis were
performed by Guangzhou Epigenomics Technology Co., Ltd.

Real-time quantitative PCR analysis
First, extract total RNA from NPC cells using the TRIzol reagent
(cat:15596018, Thermo Fisher Scientific, USA) according to the manufac-
turer’s instructions. Subsequently, RNA was reverse transcribed into cDNA
using a reverse transcription kit (cat: K1622, Thermo Fisher Scientific, USA).
qPCR amplification was performed using SYBR Green premix reagent (cat:
04913914001, Roche, CH). Primer sequences are listed in Supplementary
Table 4.

RNA fluorescence in situ hybridization
The experiment was performed according to the manufacturer’s instruc-
tions (cat: H0101, GENESEED, China). First, 5 × 10⁴ cells were seeded into a
15mm glass-bottom dish. After cell adhesion, cells were fixed with 4%
paraformaldehyde at room temperature for 15min and rinsed thoroughly
with PBS. Membrane permeabilization and blocking were performed
sequentially with Solution A (15min), Solution B (15min), and Solution C
(15min). After PBS washing, samples were refixed with 4% paraformalde-
hyde for 10min and rinsed. Pre-hybridization was performed by incubating
the samples in hybridization buffer at 55 °C for 2 h. The RNA FISH probe
mix-Cy3 was purchased from Gien Biotechnology Co., Ltd. For probe
hybridization, the probe was diluted 1:50–1:200 in hybridization buffer,
denatured at 85 °C for 3 min, and immediately transferred to an ice bath.
After equilibration at 37 °C, the probe mixture was applied to the samples
and hybridized in the dark at 37–42 °C for 18–72 h. After hybridization,
samples were washed with 1× Washing Buffer at 42 °C for 2 min, followed
by a room-temperature wash for 8 min. For subsequent immunofluores-
cence staining, samples were incubated sequentially with a primary
antibody against G3BP1 (cat: 13057-2-AP, Proteintech, China) and the
corresponding secondary antibody. Finally, slides were mounted with a
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DAPI-containing anti-fade mounting medium in the dark for 15min,
observed under a fluorescence microscope, and images were captured for
analysis.

Comet assay
Single-cell gel electrophoresis was performed using the DNA Damage
Comet Assay Kit (cat: KGA1302, KeyGEN, China) according to the
manufacturer’s instructions. A 1% normal-melting-point agarose base layer
(100 μL) was cast first. A second layer consisting of 75 μL 0.7% low-melting-
point agarose mixed with ~10⁴ cells was added. After solidification, a third
layer of 75 μL 0.7% low-melting-point agarose was applied. The slides were
immersed in pre-chilled lysis buffer and incubated at 4 °C for 3 h. They were
then placed in freshly prepared alkaline electrophoresis buffer for 1 h,
followed by electrophoresis at 25 V and 300mA for 20min. Slides were
neutralized by three 10-min washes in 0.4 M Tris buffer (pH 7.5) at 4 °C. Each
gel was stained with 20 μL propidium iodide (PI) solution, covered with a
coverslip, and incubated in the dark for 10min. DNA was visualized as red
fluorescence (excitation 515–560 nm) under a fluorescence microscope,
enabling clear identification of nuclear and migrated DNA.

CHIP assay
ChIP experiments were performed using a commercial ChIP assay kit
(Thermo Fisher Scientific, #27177). The specific procedure is as follows:
C666-1 cells in the growth phase were fixed with formaldehyde and
subjected to ultrasonication to fragment chromatin. Subsequently, DNA-
protein complexes were immunoprecipitated using antibody-conjugated
agarose beads. Subsequent steps included crosslink reversal and DNA
purification. Finally, 10 μL of the resulting PCR product was analyzed by gel
electrophoresis. Primer sequences are listed in Supplementary Table 5.

Multivariate regression analysis
Based on a predefined set of covariates, a full model incorporating all
variables was constructed. For survival data, the Cox proportional hazards
model was employed, with its proportional hazards assumption validated.
Model results were reported as adjusted hazard ratios with 95%
confidence intervals. Multivariate regression analysis was used to control
for confounding effects, and all statistical analyses were performed using
SPSS software.

Data analysis
Statistical analyses were performed using Prism V.6 (Boston, Massachu-
setts, USA) and SPSS V.19.0 (IBM, USA). Experimental data were derived
from at least three independent experiments and are presented as
mean ± standard deviation. Spearman’s rank correlation coefficient was
used for correlation analysis. Statistical significance was determined using
two-tailed t-tests and one-way analysis of variance (ANOVA), with
significance levels denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001.

RESULTS
Protein mono-ADP-ribosylation partially regulates SG
formation
To investigate the effects of different stress conditions on SG
formation in NPC, we simulated adverse survival conditions in the
tumor microenvironment by subjecting cells to nutrient depriva-
tion and hypoxia treatment [4]. The results showed that the
expression level of G3BP1, a core regulatory protein of SG, was
significantly upregulated under both starvation and hypoxia stress
conditions (Fig. 1A, B). Further immunofluorescence (IF) staining
analysis revealed that both SGs core proteins, G3BP1 and TIA-1,
formed distinct granular aggregates in cells under starvation or
hypoxia stress, compared to unstressed controls, indicating wide-
spread SGs formation. (Fig. 1C, D and Supplementary Fig. S1A–F).
Transmission electron microscopy (TEM) further revealed that both
the diameter and number of SGs were significantly increased in
cells subjected to starvation treatment (Fig. 1E, F). Critically, and
consistent with our in vitro observations, IF staining of tissue
sections from NPC patients confirmed the presence of SGs within
the tumor microenvironment (Supplementary Fig. S1G). This

finding suggests that adverse environmental stressors within the
tumor microenvironment may induce the formation of SGs.
Given that mono-ADP-ribosylation (MARylation) is critical for

multiple stress responses [28], we therefore explored its impact on
SGs assembly and maintenance. MARylation is a reversible post-
translational modification catalyzed by members of the poly ADP-
ribose polymerase (PARP) family [29]. This process participates in
regulating various physiological and pathological processes, includ-
ing DNA damage repair and cellular stress responses, by transferring
a single ADP-ribose subunit from the donor nicotinamide adenine
dinucleotide (NAD+) to the target protein [30–32]. Within the PARP
family, most members are monoenzymes primarily responsible for
mediating the MARylation of substrates and are mainly localized in
the cytoplasm [33]. Moreover, PARP overexpression has been shown
to induce SG assembly [34, 35], suggesting that MARylation may
play a crucial role in the dynamic regulation of SG.
To investigate the role of MARylation in stress granule assembly,

we treated cells with the pan-PARP inhibitor OUL232 [36], which
effectively targets multiple PARP family members including
PARP10 and PARP16 and concomitantly reduced the stress-
enhanced MAR-specific IF signal (Supplementary Fig. S1H–J). IF
analysis demonstrated that treatment with either OUL232 or
Compound C108, a G3BP2 inhibitor [37], significantly reduced the
percentage of cells positive for SG (Fig. 1G, H, Supplementary Figs.
S1K, S2A–F). Concordantly, OUL232 blunted the stress-induced
rise of the SGs scaffold protein G3BP1 (Supplementary Fig. S1M, N)
and reduced SGs fusion events tracked by live-cell fluorescent
probes (Fig. 1I). Further validation through knockdown of other
individual PARP members revealed that downregulation of both
PARP10 and PARP14 similarly suppressed SGs formation in NPC
cells (Supplementary Fig. S2G). Collectively, these findings
demonstrate the pivotal role of single ADP-ribosylation in
regulating SGs formation in NPC cells.
EdU and CCK-8 assays revealed that under stress conditions,

NPC cells treated with either Compound C108 or OUL232
exhibited reduced proliferative capacity (Supplementary Fig.
S3A–C, F) and showed a marked increase in the expression of
apoptosis markers, including Cleaved PARP, Cleaved Caspase-3,
and caspase-3 (Supplementary Fig. S3D, E). Furthermore, these
treatment groups exhibited a relatively higher DNA tail percen-
tage, indicating that inhibition of stress granule assembly also
impairs DNA damage repair (Supplementary Fig. S3G, H). These
results indicate that MAR-mediated stress granule formation
represents not merely a stress response, but a critical adaptive
mechanism that supports the survival of NPC cells under adverse
conditions.

The SG core protein G3BP1 promotes NPC progression and
predicts poor prognosis
To further investigate the clinical significance of G3BP1, immuno-
histochemical (IHC) staining and G3BP1 expression analysis were
performed on NPC tissue microarrays (n= 111). As shown in Fig.
2A–C, upregulation of G3BP1 was positively correlated with distant
metastasis (Supplementary Table 1). Analysis based on IHC scores
and TNM staging revealed that patients with stage III and IV had
significantly higher G3BP1 expression levels than those with stage I
(Fig. 2D). Furthermore, patients whose scores ranged from 9 to 16
were classified as having high G3BP1 expression (n= 61), whereas
those with scores of 1–8 were classified as low expression (n= 50).
Kaplan–Meier survival analysis indicated that patients with high
G3BP1 expression had a significantly shorter overall survival (Fig.
2E). These findings indicate that the SG core protein G3BP1
promotes NPC progression and is associated with poor prognosis.
To further explore whether G3BP1 promotes NPC progression,

a mouse xenograft model was established by implanting control
cells, G3BP1-overexpressing cells, and Compound C108-treated
C666-1 cells. Overexpression was achieved by infection with
green fluorescent protein (GFP)-tagged G3BP1 lentivirus, and
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efficiency was validated by western blot analysis (Supplementary
Fig. S2H, I). In the xenograft model, mice implanted with
Compound C108-treated cells exhibited significantly smaller
tumor volume and weight, as well as a reduced proportion of
Ki67-positive cells, compared with the control group (Fig. 2F–J).
Conversely, G3BP1-overexpressing xenografts demonstrated
enhanced tumorigenic capacity and a higher Ki67 index (Fig.
2F–J). Furthermore, immunofluorescence analysis of tumor tissue
sections from nude mice revealed that the G3BP1-
overexpressing group exhibited the highest proportion of cells
containing stress granules, whereas the group treated with
Compound C108 showed the lowest percentage of SG-positive
cells (Fig. 2K, L). Overall, our in vivo data reveal that G3BP1 is
essential for driving NPC proliferation.

Stress-induced ac4C modification mediated by NAT10
promotes mRNA localization to SGs
SGs are enriched with ac4C-modified RNA, and this enrichment
increases significantly under oxidative stress [23]. Acetylation of RNA
may influence mRNA localization within the SG by regulating the
translation release process of mRNA from the ribosome [38]. These
findings provide new avenues for research into the biological
functions of mRNA acetylation. Consistent with this observation, both
NAT10 expression levels and ac4C modification abundance increased
under stress conditions of starvation or hypoxia (Fig. 3A–C),
exhibiting a sustained upward trend as stress duration prolonged
(Fig. 3D–F). Notably, upon removal of the stress conditions, both
NAT10 expression and ac4C modification levels gradually returned to

baseline states (Fig. 3D–H). To validate the functional reversibility and
translation dependency of ac4C-associated SGs, we established a
hypoxia-induced model and co-administered the translation inhibitor
CHX during stress recovery. Results demonstrated that CHX
treatment accelerated the dissolution of SGs during the recovery
phase, indicating that their dissolution process depends on active
translation (Supplementary Fig. S4A, B). This confirms the reversible
nature of ac4C-enriched granules. These results indicate that ac4C
acetylation is a dynamic response to cellular stress, being specifically
upregulated during stress, which implies a crucial role for this
modification in regulating cellular stress responses.
IF showed that under non-stress conditions, ac4C was primarily

localized to the nucleolus, consistent with its role in basal RNA
metabolism. However, under starvation or hypoxia, ac4C exhibited
significant colocalization with G3BP1 (Fig. 3I, J and Supplementary
Fig. S4E). This stress-induced relocalization suggests that ac4C-
modified RNAs are actively recruited to SGs to meet the cell’s
demand for RNA protection under adverse conditions. To
investigate the effect of NAT10 on SG composition, we generated
a NAT10 knockout C666-1 cell line using CRISPR-Cas9 technology
and validated the knockout efficiency by Western blot (Supple-
mentary Fig. S4C, D). Comparing WT and NAT10 KO cells revealed
that both forms can form SG under stress conditions, but NAT10
deficiency resulted in significantly reduced levels of ac4C
modification within SGs (Fig. 3K, L and Supplementary Fig. S4F,
G). These findings indicate that under nutritional deprivation or
hypoxic stress conditions, ac4C modification can be recruited
specifically to SGs, promoting the targeted transport of acetylated

Fig. 1 MARylation is essential for SG assembly. Stress culture conditions: Hypoxia treatment: Cells were placed in sealed culture containers
provided by Mitsubishi Corporation and cultured under 1% O₂ conditions for 24 h. Starvation treatment: Cells were cultured for 24 h in amino
acid-free 1640 basal medium. A Western blot analysis detected the expression of SG core protein G3BP1 in C666- 1 and TW03(+) cells across
the control group and various stress groups (starvation 24 h and hypoxia 24 h). B Perform quantitative analysis of Western blot results using
ImageJ software (one-way ANOVA). C TW03(+) cells under control and stress conditions (24 h starvation and 24 h hypoxia), showing
representative IF images of G3BP1 (green) and DAPI (blue). Scale bar, 20 μm. D Quantify the mean area of SGs in each cell using ImageJ
software (one-way ANOVA). E Transmission electron microscopy analysis of SGs under control vs. 24 h starvation conditions. Scale bar, 2 μm.
F Quantify the mean area of SGs in each cell using ImageJ software (one-way ANOVA). G Representative IF images of SG formation in cells
treated with OUL232 (3.4 µM, 24 h) or compound C108 (4 µM, 48 h) under stress conditions. Scale bar, 20 μm. H Quantify the percentage of cell
with SG using ImageJ software (one-way ANOVA). I TASG monitors the dissipation process of SG. Scale bar, 20 μm. All experiments were
repeated three times. Data are expressed as mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001.
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RNA to SGs. Notably, depletion of NAT10 does not affect SG
formation or its morphological characteristics, suggesting that
ac4C modification primarily contributes to the precise localization
of mRNA within SGs rather than being essential for SG assembly.
In summary, NAT10-mediated ac4C modification plays a crucial
role in the subcellular localization of mRNA, enabling the selective
enrichment of specific mRNAs into SGs under stress conditions.
To investigate the regulatory role of ac4C-modified mRNA

mediated by NAT10 in NPC survival, we established a subcutaneous
xenograft model in nude mice. WT cells or NAT10 KO C666-1 cells
were subcutaneously implanted into male nude mice. One week
post-implantation, one group of C666-1 cell-implanted experimental
mice received intraperitoneal injections of the NAT10-specific inhibitor
remodelin (20mg/kg) every other day for 4 weeks [39]. Data indicated
that compared with the shNC control group, tumor growth was
significantly suppressed in both the NAT10 knockdown group and the
remodelin group. This was demonstrated by a reduction in tumor
volume and weight (Fig. 3M, N) and confirmed by decreased Ki-67
staining, indicating a low cell proliferation rate (Supplementary Fig.
S4H). These results demonstrate the pivotal role of the NAT10-ac4C
axis in the NPC stress response, highlighting its potential as a target
for novel RNA-modification-based antitumor therapies.

Under stress conditions, ATF3, RNF168, and LIG1, which are
involved in DNA damage repair, preferentially respond to
ac4C acetylation modification
To further investigate the biological function of mRNA acetylation
modifications in SGs, we performed a combined analysis of

acetylated RNA immunoprecipitation sequencing (acRIP-seq) and
mRNA sequencing (mRNA-seq) using control and 36-hour starved
C666-1 cells to identify potential ac4C-modified mRNA targets
recruited during stress in NPC (Fig. 4A). Evaluation of ac4C
modifications revealed a substantial increase in the enrichment of
ac4C motifs under stress conditions, particularly the “CXXCXXCXX”
motif (Fig. 4B). We observed the accumulation of ac4C sites near
translation initiation sites under stress, with most sites located
within coding sequences (Fig. 4C). The wild-type (WT) group
exhibited 4902 unique ac4C modification peaks and 3,555 unique
ac4C genes, while the starvation group showed 29,296 unique
ac4C modification peaks and 10,458 unique ac4C genes (Fig. 4D,
E). Gene ontology analysis revealed that differentially expressed
genes in the starvation-treated group were significantly enriched
in multiple biological processes, including DNA damage repair
pathways such as mismatch repair (Supplementary Fig. S5A).
Furthermore, correlation analysis of gene expression profiles
revealed significant upregulation of DNA damage response
(DDR) mRNAs, including Activating Transcription Factor 3 (ATF3),
Ring Finger Protein 168 (RNF168), and DNA Ligase 1 (LIG1), with
ATF3 showing the most pronounced difference (Fig. 4F). This
finding was further supported by Integrated Genomics Viewer
(IGV) profiles, which showed a marked increase in ac4C modifica-
tion peaks on the LIG1, RNF168, and ATF3 genes (Fig. 4G and
Supplementary Fig. S5B).
Notably, through integrated analysis of acRIP-seq and mRNA-

seq data, we identified a total of 42 differentially expressed genes
(|log2FC| > 1, FDR < 0.05), including 23 hyperacetylated up-

Fig. 2 The SG core protein G3BP1 promotes NPC progression and predicts poor prognosis. A Representative IHC staining of G3BP1 in NPC
tissue chips (n= 111, scale bar, 200 µm). B The statistical comparison of G3BP1 scores between the two groups (Student’s t test). C A receiver
operating characteristic (ROC) curve was plotted to validate the predictive accuracy of G3BP1 expression in metastatic nasopharyngeal
carcinoma (ROC AUC= 0.7482). D Statistical comparisons of G3BP1 expression levels across different clinical stages (one-way ANOVA).
E Patients were divided into high-expression and low-expression groups based on the median level of G3BP1 expression. Overall survival was
compared between the two groups using Kaplan–Meier analysis (log rank test). F Macrographic image of an NPC xenograft tumor.
G, H Analysis of weight and volume of xenograft tumors derived from NPC across different experimental groups. I IHC detection of Ki67
expression. Scale bar, 50 μm. J Quantification of IHC staining for Ki67 expression was conducted using One-way ANOVA.
K Immunofluorescence staining of G3BP1 in tumor tissue sections from nude mice. L Quantify the percentage of cell with SG using
ImageJ software (one-way ANOVA). Data are expressed as mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001.
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regulated genes (Fig. 4H). More importantly, we extracted RNA
from SGs for ac4C RIP-seq analysis and integrated the results with
the aforementioned acRIP-seq and RNA-seq data. This revealed
that ATF3, which is highly modified by ac4C, not only showed
significant upregulation under stress conditions but was also
enriched in SGs (Fig. 4H and Supplementary Fig. S5C). Further
validation via SG ac4C RIP-qPCR verified the stress-dependent
association of ATF3, LIG1, and RNF168 mRNAs with SGs (Fig. 4I and
Supplementary Fig. S5D, E). These findings suggest that under
stress conditions, ATF3 may be recruited to SGs through NAT10-
mediated ac4C acetylation, thereby facilitating a rapid and robust
cellular stress response.

Remobilization of SG-stored mRNAs for DNA repair after
stress resolution
Given that SGs selectively enrich and protect untranslated mRNAs
and regulatory proteins under stress, releasing these mRNAs to
resume translation upon stress resolution [40], we observed
through RNA immunofluorescence experiments that ATF3,
RNF168, and LIG1 colocalized with SGs under starvation condi-
tions. This colocalization was lost upon stress resolution (Fig. 5A, B
and Supplementary Fig. S6A). Notably, the expression levels of key
repair factors ATF3, LIG1, and RNF168 were significantly upregu-
lated following stress resolution (Fig. 5C, D and Supplementary
Fig. S6B, C). Concurrently, comet assay results demonstrated that
the percentage of DNA tails decreased significantly after stress
resolution compared to during stress, indicating reduced DNA

damage (Fig. 5G, H). These findings suggest that, following stress
resolution, mRNAs stored within SGs are released and translated.
These DDR-related mRNAs may promote NPC cell survival by
participating in DNA damage repair processes. Further studies
revealed that both NAT10 gene knockout and treatment with
OUL232 or Compound C108 resulted in significantly reduced
expression of ATF3, LIG1, and RNF168 during the stress recovery
phase (Fig. 5E, F and Supplementary Fig. S6D–F). Additionally,
these treatment groups exhibited a relatively high percentage of
DNA tails (Fig. 5G, H). These findings suggest that NAT10-
dependent ac4C modification may promote the targeting of
DNA damage repair-related mRNAs to the SGs, ensuring their
stable storage under stress. Moreover, MARylation may influence
mRNA protection efficiency by regulating SG assembly. When
these mechanisms are disrupted, the mRNAs encoding key repair
factors cannot be effectively sheltered during stress, leading to
impaired translation restart after stress resolution and conse-
quently compromising DNA damage repair capacity.

The G3BP1/NAT10/ATF3 axis is highly expressed in NPC tissues
and positively correlates with disease progression
Given that ATF3 is a transcription factor, we first used the JASPAR
database to predict its potential binding sites in the promoters of
LIG1 and RNF168 (Supplementary Fig. S7A). To confirm this
bioinformatic prediction, we performed chromatin immunopreci-
pitation followed by qPCR (ChIP-qPCR). The results demonstrated
significant enrichment of ATF3 at these predicted promoter

Fig. 3 Stress-induced ac4C modification mediated by NAT10 promotes mRNA localization to SGs. A Western blot detection of NAT10
expression levels under stress conditions. B Quantification of western blot results using ImageJ software (one-way ANOVA). C Dot blot analysis
of mRNA ac4C modification abundance in C666-1 cells under stress conditions (starvation and hypoxia). D Dot blot analysis of mRNA ac4C
modification abundance in TW03(+) cells at different hypoxia durations. EWestern blot detection of NAT10 expression levels in C666-1 cells at
different starvation time points. F Quantification of western blot results using ImageJ software (one-way ANOVA). G Western blot detection of
NAT10 expression levels during stress and after stress relief. H Quantification of western blot results using ImageJ software (one-way ANOVA).
I IF analysis of the colocalization between ac4C and the SG core protein G3BP1 under different stress conditions (starvation 24 h and hypoxia
24 h) Scale bar, 20 μm. J Pearson correlation analysis revealed the co-localization of SG (G3BP1) with ac4C under different stress conditions
(starvation and hypoxia). K Knockout of NAT10 in C666-1 cells, followed by IF detection of the co-localization between ac4C and SGs under
stress conditions. L Pearson correlation analysis revealed the co-localization of SG (G3BP1) with ac4C under stress conditions in NAT10-
knockout C666-1 cells. M Macroscopic images of NPC xenograft tumors. N Analysis of the weight and volume of NPC-derived xenograft
tumors across different experimental groups (one-way ANOVA). All experiments were repeated three times. Data are expressed as
mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001.
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regions (Supplementary Fig. S7B), providing direct evidence for its
physical association with these target genes. To further investigate
the clinical significance of the G3BP1/NAT10/ATF3 axis, we
performed immunohistochemical analysis on tissue microarrays
comprising 111 samples of NPC. Based on staining scores and
TNM staging, the results demonstrated significantly higher
expression levels of NAT10 and ATF3 in stage III and IV patients
compared to those in stage I (Fig. 6A–C). Furthermore, the
upregulation of NAT10 and ATF3 expression was positively
correlated with distant metastasis and tumor recurrence (Fig. 6D,
E and Supplementary Fig. S7C–F). Kaplan–Meier survival analysis
revealed that high expression of NAT10 and ATF3 was significantly
associated with poorer overall survival in NPC patients (Fig. 6F, G).
Using immunohistochemical scoring, we confirmed that ATF3
positively correlates with NAT10 and G3BP1, while NAT10
positively correlates with G3BP1 (Fig. 6H, I and Supplementary
Fig. S7G). Multivariable Cox regression analysis identified the
G3BP1/NAT10/ATF3 axis as an independent prognostic factor, with
the composite Gene Score (sum of G3BP1, NAT10, and
ATF3 scores) showing a significant association with overall survival
(HR= 1.044, 95% CI 1.001–1.090, p= 0.043). This result indicates
that each unit increase in the Gene Score corresponds to an
approximate 4.4% increase in mortality risk (Supplementary Table
2). In the metastasis model, G3BP1 overexpression significantly
promoted lung metastasis, as indicated by enhanced biolumines-
cence signals. In contrast, the metastatic burden was markedly
suppressed by G3BP1 overexpression in combination with ATF3
knockout, NAT10 knockout, or treatment with compound C108
(Fig. 6J, K). Furthermore, to investigate the role of this axis in
therapeutic resistance, we established a cisplatin-resistant NPC cell

line (CNE-2/DDP) through chronic, stepwise exposure of parental
CNE-2 cells to cisplatin. In subcutaneous xenograft models,
treatment with C108 effectively resensitized CNE-2/DDP tumors
to cisplatin (Fig. 6L–N). Collectively, these data demonstrate that
stress granule-mediated activation of the G3BP1/NAT10/ATF3 axis
plays a pivotal role in DNA damage repair. This axis not only drives
tumor progression and metastasis but also contributes to cisplatin
resistance in NPC—thus representing a potentially valuable
prognostic biomarker for NPC.

DISCUSSION
SG assembly is a dynamically regulated process influenced by
multiple factors, including external stress stimuli, post-
translational protein modifications, RNA modifications, and inter-
molecular interactions [23, 41–44]. Increasing evidence indicates
that aberrant regulation of SGs is closely associated with the onset
and progression of various human diseases, including NPC [45].
The formation of SGs can help cancer cells adapt to stressful
conditions such as chemotherapy, hypoxia, and nutrient depriva-
tion, enhancing their survival capacity by inhibiting apoptosis and
promoting metabolic reprogramming [46]. However, little is
known about the impact of SG components on NPC progression.
Our study shows that G3BP1, as a key assembly factor of SGs, plays
an important pro-cancer role in NPC. Further research reveals that
ac4C-modified mRNAs of ATF3, RNF168, LIG1, and others
preferentially localize to SGs under stress conditions. Following
tumor neovascularization and the concomitant alleviation of
cellular stress, a subset of the sequestered mRNAs within SGs is
released. The subsequent translation of these mRNAs contributes

Fig. 4 ATF3 preferentially responds to ac4C acetylation modification in DNA damage repair under stress conditions. A Heatmap
combining acRIP-seq and RNA-seq data illustrates the differential expression of ac4C-associated RNAs in C666-1 cells between the control and
starvation groups. B Sequence analysis of motifs highly enriched within ac4C peaks in acRIP-seq. C The predominant distribution of ac4C
peaks is observed in the coding sequence (CDS) region. D Quantify the number of ac4C peaks present in wild-type (WT) and starved C666-1
cells using ac4C-seq. E Quantification of ac4C-modified transcripts in C666-1 cells using the ac4C-seq method in the wild-type (WT) and
starvation groups. F Ac4C quadrant distribution diagram, emphasizing hyperacetylation of upregulated genes. G The Integrative Genomics
Viewer displays the distribution of ac4C peaks from acRIP. H Bioinformatics analysis workflow for stress downstream targets. I SG ac4C RIP-
qPCR analysis confirmed that stress conditions elevated the ac4C modification level of ATF3 mRNA, and this induction was abolished by
NAT10 knockout. Data are expressed as mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001.
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to DNA damage repair, thereby ultimately promoting NPC survival
and malignant progression (Fig. 7).
Previous studies have established that MARylation of ribosomal

proteins suppresses translation initiation by stabilizing eIF6-
ribosome interactions [47]. Given that SGs are membrane-less
organelles specifically formed by LLPS of mRNA-protein com-
plexes following translational stalling [47], we initially hypothe-
sized that MARylation provides the essential biochemical trigger
for SG nucleation by rapidly modifying components of the
translation machinery during early cellular stress. Interestingly,
consistent with previous findings [35, 48], our data demonstrate
that genetic ablation of mono-ADP-ribosyltransferases (mono-
ARTs) PARP10 and PARP14, or pharmacological inhibition of their
catalytic activity, significantly attenuates SG assembly in NPC cells,
establishing MARylation as a critical “molecular switch” governing
SG biogenesis. Consequently, inhibition of MARylation likely
compromises stress adaptation, thereby enhancing chemosensi-
tivity. Future proteomic interrogation of SG-associated MARylated
substrates and functional characterization of PARP10/14-specific
signaling networks will be instrumental in delineating the full
regulatory scope of this axis and may reveal novel therapeutic
targets for circumventing SG-mediated drug resistance.
Current research on stress-induced SGs primarily focuses on

their assembly-disassembly kinetics, while studies on SG compo-
nents remain limited. As RNA biology advances, researchers have
discovered that mRNA—characterized by rapid metabolism and a
short half-life—serves not only as a “messenger” but also carries
multiple post-transcriptional modifications [19]. Notably, under
oxidative stress, ac4C-modified RNA shows significant enrichment
within SGs (~4.2-fold), whereas other common mRNA

modifications, such as m6A and m7G, do not exhibit comparable
accumulation [23]. This specific enrichment pattern implies that
ac4C may uniquely regulate the targeted transport of mRNA to
SGs under stress conditions. In contrast, m5C modification,
characterized by low abundance and limited dynamic regulation,
primarily contributes to basal cellular homeostasis and appears
less directly involved in rapid stress-responsive regulation
compared to ac4C [49]. Furthermore, ac4C has been shown to
directly enhance mRNA translational efficiency [38, 50]. Given the
well-established link between SG formation and translational
arrest, we hypothesize that ac4C may influence mRNA recruitment
to SGs by modulating its translational status. It is noteworthy that
although m6A modification has been reported to facilitate mRNA
localization to SGs through interactions with YTHDF proteins,
recent studies indicate that m6A plays a limited role in the
recruitment of endogenous mRNAs to SGs [51–53], further
underscoring the potential uniqueness of ac4C in this pathway.
This discovery provides a novel perspective for understanding the
dynamic regulatory mechanisms of SGs. Under stress conditions,
both NAT10 protein expression and ac4C modification abundance
increased significantly. However, gene knockout experiments
revealed that the absence of NAT10 does not affect SG formation,
indicating that ac4C-modified RNA is a crucial component of SGs
but not an essential factor for their formation.
To further explore the biological functions of mRNA acetylation

in SG, we performed acRIP-seq and RNA-seq analyses, which
elucidated the roles of ac4C-modified mRNAs in SG biology. Under
stress conditions, genes associated with DNA damage repair—such
as ATF3, RNF168, and LIG1—exhibit significantly elevated levels of
high ac4C modification. This finding suggests that ac4C

Fig. 5 Following stress resolution, mRNA stored in SGs resumes translation, actively participates in DNA damage repair, and promotes
the survival of NPC cells. A Colocalization of ATF3 and SGs during RNA fluorescence in situ hybridization under stress conditions and after
stress resolution. B Pearson correlation analysis revealed the colocalization of ATF3 and SGs during RNA fluorescence in situ hybridization
under stress conditions and after stress resolution. C Western blot detection of ATF3 protein expression in TW03(+) cells under stress
conditions and after stress resolution. D Quantification of western blot results using ImageJ software (one-way ANOVA). E Western blot
detection of ATF3 protein expression in C666-1 cells under stress conditions, post-stress recovery, and in post-stress recovery groups treated
with NAT10 knockout, OUL232, or Compound C108. F Quantification of western blot results using ImageJ software (one-way ANOVA).
G Representative comet assay images showing DNA damage in each experimental group. H Analysis of DNA damage assessed by the comet
assay. All experiments were repeated three times. All data are expressed as mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 6 The G3BP1/NAT10/ATF3 axis is highly expressed in NPC tissues and positively correlates with disease progression. A Representative
IHC staining of NAT10 and ATF3 in NPC tissue chips (n= 111, scale bar, 200 µm). B–G Statistical analysis of the correlation between both NAT10
and ATF3 expression levels and clinical stage, metastasis, and survival duration, respectively. H, I Correlation between ATF3 and NAT10, and
ATF3 and G3BP1 levels in NPC tissues. J Mice were injected via the tail vein with cells overexpressing G3BP1 (CNE2-luc cells), cells
overexpressing G3BP1 with ATF3 knockout, cells overexpressing G3BP1 with NAT10 knockout, CNE2-luc cells treated with Compound C108,
and CNE2-luc cells. Lung metastasis visualization represents five independent experiments. K Average fluorescence intensity. Data are
expressed as mean ± standard deviation. L Macroscopic images of NPC xenograft tumors. M–N Analysis of the weight and volume of NPC-
derived xenograft tumors across different experimental groups (one-way ANOVA). *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 7 Schematic diagram showing how NPC enhances survival capacity by recruiting ac4C-modified DNA damage repair genes into SGs.
Left panel: Under stress, translation stalls at ribosomes. At this stage, ac4C-modified DNA damage repair genes are preferentially recruited into
SGs for protection. Right panel: Upon stress resolution, these protected genes are released from SGs to repair accumulated DNA damage,
thereby promoting NPC cell survival.
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modification may play a key role in cellular stress responses by
regulating the stability or translation efficiency of specific mRNAs.
In fact, our further research revealed that under stress conditions,
ac4C modification mediates the localization of DNA damage repair-
related mRNAs such as ATF3, RNF168, and LIG1 to SGs, thereby
achieving selective protection of these mRNAs. Interestingly, this
colocalization exhibits dynamic reversible characteristics. We
propose that upon stress relief, the release of these mRNAs from
SGs and subsequent reactivation of their translation serves to
boost DNA damage repair mechanisms, ultimately leading to a
reduction in DNA damage. This discovery not only reveals a novel
mechanism by which RNA modifications regulate gene expression
through spatial localization but also lays the groundwork for
understanding the subcellular compartmentalization functions
within the epigenome. Notably, severe DNA damage persisted
after stress relief in cells treated with OUL232, Compound C108, or
NAT10 knockout. This suggests that the synergistic effect between
MARylation and NAT10 underscores the significance of cross-talk
between protein post-translational modifications and RNA mod-
ifications in regulating SG function. Specifically, MARylation
maintains the structural integrity of SG, while ac4C ensures the
precise recruitment of DDR mRNA. Together, they form the
molecular basis for cellular stress adaptation.
Our study establishes the G3BP1/NAT10/ATF3 axis as a key driver

of NPC progression. Clinically, its overexpression is significantly
correlated with advanced clinical stage (IV), distant metastasis,
lymph node metastasis, and unfavorable overall survival in NPC
patients. Mechanistically, we demonstrated that G3BP1 fosters
NPC tumor growth both in vitro and in vivo. Notably, inhibition of
SG assembly effectively restores cisplatin sensitivity in tumor
models, underscoring its dual function in promoting malignant
progression and conferring chemoresistance. Taken together,
these findings establish the G3BP1/NAT10/ATF3 axis not only as a
potent oncogenic pathway in NPC but also as a promising
therapeutic target for overcoming cisplatin resistance.
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