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Purpose: This study aims to investigate the mechanism of action of arsenic-based agents against hepatocellular carcinoma (HCC) and 
to identify effective drug targets for HCC treatment.
Methods: Huh7 and HepG2 cells treated with NaAsO2 were assessed for cell viability, pyroptosis, migration, and invasion after 
undergoing lentiviral transfection. An orthotopic liver tumor model was established and divided into a model group and a treatment 
group. Proteins associated with QRICH1, PRMT1, cGAS-STING, and the classical pyroptosis pathway were quantified using Western 
blotting. The intracellular expression and localization of PRMT1 and NLRP3 in HCC were analyzed through cellular immunofluorescence. 
Co-immunoprecipitation (Co-IP) was performed to examine the protein interactions between PRMT1 and cGAS, as well as between STING 
and NLRP3. Chromatin immunoprecipitation (ChIP) was used to confirm QRICH1 enrichment in the PRMT1 promoter region.
Results: NaAsO2 treatment significantly inhibited the proliferation of Huh7 and HepG2 cells and effectively blocked their migration and 
invasion capabilities, while promoting cellular pyroptosis. Quantitative polymerase chain reaction(QRCR) and ChIP assays confirmed 
that NaAsO2 regulates PRMT1 expression by down-regulate QRICH1 binding in the PRMT1 promoter region. Additionally, NaAsO2 
decreased the expression of the QRICH1-PRMT1 complex and upregulated the cGAS-STING signaling pathway, activating the 
downstream NLRP3-dependent classical pyroptosis pathway. Overexpression of QRICH1 reversed these effects.
Conclusion: NaAsO2 inhibits the expression of the QRICH1-PRMT1 axis, activates cGAS-STING signaling pathway transduction, 
and induces pyroptosis in HCC cells, thereby increasing the infiltration of immune cells in liver cancer tissues.
Keywords: HCC, QRICH1, PRMT1, cGAS-STING, pyroptosis, NaAsO2

Introduction
Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related deaths worldwide.1–3 While surgical 
treatment is the standard approach for early-stage liver cancer, many patients are diagnosed with advanced HCC, 
rendering surgical interventions impractical.4,5 The introduction of tumor immunotherapy into clinical practice has 
opened new possibilities for treatment, as it can target and eliminate tumors while causing minimal harm to surrounding 
healthy tissues.6 However, the effectiveness of immunotherapy in HCC often falls short of expectations. This issue 
primarily arises from the tumor microenvironment associated with HCC, which tends to be “cold” resulting in reduced 
immunogenicity of HCC-derived tumors.7–9 Consequently, there is a significant need for innovative combination therapy 
approaches that can enhance the effectiveness of immunotherapy for HCC. One promising strategy is to increase the 
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immunogenicity of HCC tumors. Inducing immunogenic cell death (ICD) through specific therapies or agents can help 
convert non-immunogenic cells into an immunogenic state.10–12 Arsenic formulations, which have their roots in 
traditional Chinese medicine, have a long history of therapeutic application. Since the 1970s, arsenic trioxide has been 
successfully used to treat patients with acute promyelocytic leukemia (APL) globally. Furthermore, it has been tested in 
clinical trials for solid tumors, showing encouraging initial results in foundational studies related to liver cancer.13,14 

Scientists have gradually come to understand and validate the influence of arsenic on tumor cell behavior and its potential 
role in stimulating anti-tumor immunity.15 The ability of HCC tumor cells to release antigens and enhance the activation 
of anti-tumor immune responses has become a key and complex issue in immunotherapy research.

Pyroptosis is a regulated form of cell death that is associated with an inflammatory response. It facilitates the release 
of antigens and activates the body’s adaptive immune response against tumors.16,17 Among the various inflammasomes, 
NLRP3 is one of the most extensively studied and plays a crucial role in the classical pyroptosis pathway.

Current studies indicate that NLRP3 inflammasome-mediated classical pyroptosis can significantly inhibit the 
development of HCC. Furthermore, existing literature has reported a correlation between NLRP3 and tumor immuno
genicity in HCC.18 These findings suggest that the NLRP3-mediated classical pyroptosis pathway may be essential in 
liver cancer treatment by influencing tumor immunogenicity. Therefore, this research aims to elucidate the specific 
mechanism by which arsenic activates NLRP3 inflammasomes to induce pyroptosis in HCC.

Recent studies have indicated that the cGAS-STING pathway can regulate the signal transduction of NLRP3 inflamma
somes. However, this pathway is typically inactive in tumor cells. The mechanisms by which intratumorous cGAS-STING 
signaling is inhibited, allowing tumors to evade immune surveillance and promote tumorigenesis, remain unclear. Notably, 
post-translational modification of cGAS can regulate the enzymatic activity of cGAS in immune cells and tumor cells.

Post-translational modifications refer to the alterations of amino acid side chains that regulate the structure and function of 
proteins following biosynthesis. Methylation is among the most prevalent and critical of these modifications.19 In recent years, 
the relationship between protein arginine methylation and cancer progression has become increasingly evident. PRMT1 
significantly contributes to post-translational modifications and is overexpressed in various cancer types. The development of 
inhibitors targeting PRMT1 has opened new avenues for treating solid tumors and hematologic malignancies.20 Recent studies 
indicate that the arginine methyltransferase PRMT1 methylates cGAS at the conserved Arg 133 residue, preventing cGAS 
dimerization and inhibiting cGAS-STING signaling in cancer cells.21 This finding provides a theoretical basis for PRMT1’s 
role in mediating arginine methylation of cGAS, thereby inhibiting cGAS-STING signaling and exerting anti-tumor effects. 
Furthermore, it prompts consideration of whether a similar mechanism exists in HCC, potentially influencing its development.

QRICH1 has been shown to play a regulatory role in endogenous cellular stress (ERS), as demonstrated in a 2021 study 
published in Science.22 Furthermore, You et al identified QRICH1 as a key protein within the PERK-eIF2α signaling pathway, 
which mediates apoptosis in the context of ERS.23 Building on this foundation, the research group targeted QRICH1 to 
investigate the potential mechanisms of arsenic-mediated apoptosis in HCC. Based on the results of this study, we conclude 
that QRICH1 significantly promotes apoptosis in HCC induced by arsenic.24 However, research on the biological functions of 
QRICH1 in tumorigenesis and progression is still limited, and its role in tumor immunotherapy remains unexplored. While 
arsenic has shown potential therapeutic effects on solid tumors, including advanced HCC,25–27 through modulation of 
QRICH1 expression, further investigations are necessary to determine whether QRICH1-targeted therapies can effectively 
inhibit cancer cell development, as the underlying mechanisms are still unclear.

Consequently, our study identifies the QRICH1-PRMT1 regulatory axis as a critical factor influencing the efficacy of 
immune surveillance. We use this as a foundation to investigate how PRMT1 inhibition can facilitate tumor pyroptosis and 
enhance lymphocyte infiltration and activation within the tumor microenvironment through a cGAS-dependent mechanism. 
Our findings may offer valuable insights for identifying effective drug targets to combat the development of HCC.

Materials and Methods
Reagents and Antibodies
Sodium arsenite (NaAsO2) was sourced from Shandong West Asia Chemical Industry Co., LTD. in China. RU.521, a 
selective inhibitor targeting cGAS, was acquired from MedChemExpress, in China. Matrigel was obtained from BD 
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Biosciences located in San Jose, CA, United States. N-Diethylnitrosamine (DEN) was provided by Shanghai Aladdin 
Biochemical Technology Co. The Cell Counting Kit-8 (CCK-8) was procured through Solarbio based in Beijing, China, 
with the Immunoprecipitation Kit being sourced from Diane in Wuhan, China. The Cellular Pyroptosis Detection Kit was 
supplied by KeyGEN BioTECH in Nanjing, China, while the Pierce Magnetic CHIP Kit was purchased from Thermo in 
the USA. The antibodies utilized in this research included rabbit anti-QRICH1 from Abcam in Cambridge, UK, rabbit 
anti-PRMT1 and cGAS from ZEN Biotechnology in Chengdu, China, rabbit anti-STING from Wuhan Proteintech 
Biotechnology in China, mouse anti-cleaved caspase-1 from Abmart in Shanghai, China, and rabbit anti-GSDMD 
(NT), NLRP3, and GAPDH from HuaAn Biotechnology in Hangzhou, China. Furthermore, encoding shRNA- 
QRICH1 and Oe-QRICH1-specific lentiviral vectors were obtained from GENE in Shanghai, China.

HCC Animal Models
Forty 4–6 week old Balb/c male mice were selected, acclimatized, and fed for one week, and then divided into model 
mice (n=30) and normal control mice (n=10) using the randomized numerical table method. The model mice were 
injected intraperitoneally with DEN (100 mg/kg) once, followed by 24 injections of CCl4 (dissolved in olive oil) twice a 
week at 0.5 mL/kg to induce an animal model of HCC. Control mice were injected intraperitoneally with an equal 
amount of olive oil. This procedure is in accordance with previously published methods.28 Changes in the body weight of 
the mice were recorded once a week during the experiment. After 13 weeks, three mice from the model group and three 
from the control group were randomly selected and euthanized by cervical dislocation. Paraffin sections of the liver were 
prepared for HE staining to evaluate liver damage and the development of in situ tumors. Upon confirming the formation 
of in situ tumors in the liver, the model mice were randomly divided into two groups: the model group and the treatment 
group. Mice in the treatment group (n = 6) received a total of 10 injections of sodium arsenite (NaAsO2), with three 
injections per week at a dosage of 5 mL/kg administered intraperitoneally. The model animals (n = 6) were treated with 
an equivalent volume of phosphate-buffered saline (PBS) for the same duration. Following the completion of the drug 
administration, all mice were sacrificed via cervical dislocation. Liver tissues were harvested from both the model and 
treatment groups, while normal liver tissues were collected from the control group.

H&E Staining
Freshly excised mouse liver tissues were fixed in 4% paraformaldehyde, dehydrated, and embedded in paraffin. The 
samples were then sectioned into 4 μm thick slices. Following this process, the sections were stained using an H&E 
staining kit and subsequently analyzed pathologically.

Immunohistochemistry
Paraffin-embedded liver sections (4 μm) were deparaffinized, and the tissue sections underwent antigen retrieval using 
citrate buffer. The sections were subsequently immersed in 3% hydrogen peroxide solution, for a duration of 30 min to 
inhibit endogenous peroxidase activity, followed by blocking with 5% fetal bovine serum for 1 h. The relevant primary 
antibodies were then incubated overnight at 4°C.The corresponding secondary antibodies were incubated for 2 h at room 
temperature. The color reagent was prepared according to the DAB color development kit instructions. After the color 
reaction was halted, the nuclei were counterstained with Hematoxylin staining solution, and the sections were dehydrated 
and mounted. Finally, the slides were examined and imaged using a standard light microscope (Olympus, Japan) to 
observe changes in the corresponding indicators.

Cell Culture and Transfection
Human hepatoma cell lines Huh7 and HepG2 were purchased from Shanghai Cell Bank, Chinese Academy of Sciences. 
Both cell lines were seeded in Dulbecco’s modified eagle medium (DMEM) containing 10% fetal bovine serum and 1% 
penicillin-streptomycin. The cells were cultured at 37 °C in an incubator with 5% CO2, and the cells were subcultured at 
80% to 90% cell density. Huh7 and HepG2 cells were transfected with lentiviral vectors encoding shRNA-QRICH1 and 
Oe-QRICH1 specific lentiviral vectors, and then the stably transfected clonal cell lines were screened with medium 
supplemented with 4 μg/mL puromycin.

Journal of Hepatocellular Carcinoma 2025:12                                                                                    https://doi.org/10.2147/JHC.S505266                                                                                                                                                                                                                                                                                                                                                                                                    599

Zhang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Cell Counting Kit-8 Assay
The anti-proliferative effects of NaAsO2 were assessed using the Cell Counting Kit-8 (CCK-8) assay. In summary, cells 
(5 × 103) were seeded into 96-well plates, allowing them a period of 24 h to adhere prior to treatment with NaAsO2. 
Afterward, the cells were exposed to a range of NaAsO2 concentrations (0, 5, 10, 20, 40, 80, 120, and 160 μmol/L) for a 
duration of 24 h. Following this exposure, A total of 10 μL of CCK-8 reagent was introduced to every well, followed by 
incubating the cells for a duration of 2 h. The absorbance was then recorded at 450 nm utilizing a spectrophotometer 
(BioRad, Hercules, United States). The IC50 value for NaAsO2 was calculated using GraphPad Prism software (version 
9.0.0, GraphPad Software, La Jolla, CA, United States).

Wound Healing Assay
A wound healing assay was conducted to evaluate the effect of NaAsO2 on the migration of HCC cells. In this 
experiment (5×103) cells were seeded into 6-well plates and allowed to grow until a confluent monolayer was 
established. A sterile micropipette tip (200 μL) was then used to create a wound in the cell layer. After treatment with 
either 0 μmol/L or 40 μmol/L NaAsO2 for a period of 24 h, the HCC cells were observed and photographed using a 
microscope at 40x magnification.

Transwell Assay
To study cell invasion and migration in vitro, 24-well transwell plates were used, each consisting of upper and lower 
chambers made from sterile polycarbonate with an 8 μm pore size. In the cell invasion assay, the upper chambers were 
coated with 200 µL of Matrigel, while this step was not performed for the migration assay. After treating the cells with 
either 0 µmol/L or 40 µmol/L NaAsO2 for 24 h, the cells that migrated through the pores were stained with crystal violet. 
These cells were then photographed and quantified at 40x magnification.

Immunofluorescence
The procedure for tissue sections was partially the same as that for immunohistochemical staining, except that tissue 
sections were permeabilized with 0.5% Triton X-100 before antigen retrieval. The secondary antibodies used were 
fluorescently labeled secondary antibodies. For cell experiments, the corresponding number of cell slides were placed in 
12-well plates, and cells were seeded in the plates at a density of 1×104 cells/well. The cells were cultured in the 
incubator (37°C, 5% CO2) for 24 h and the corresponding drugs were added to continue the culture 24 h. The cells were 
permeabilized with 0.5% Triton X-100 for 30 min at room temperature and blocked in 5% fetal bovine serum for 1 h. 
Next, the corresponding antibodies (200μL/well) were added and incubated overnight at 4°C. The next day, the primary 
antibody was recovered and the fluorescent secondary antibody was incubated for 1 h at room temperature in the dark. 
Finally, the slides were taken out and inverted onto the slide, which had been added with about 10 μL anti-fluorescence 
quench agent (containing DAPI). The slides were observed and photographed by laser confocal microscope (×40).

Flow Cytometry
The pyroptosis data for HCC cells treated with 0 µmol/L or 40 μmol/L NaAsO2 were gathered using standard flow 
cytometry (NovoCyte, Agilent, Santa Clara, CA, United States). An assay for cellular pyroptosis detection was 
employed, following the manufacturer’s guidelines carefully. In summary, cells were grown in 6-well plates at a density 
of 1×105 cells per well before the NaAsO2 solution was introduced. After the treatment, cells from each group were 
harvested, washed with cold phosphate-buffered saline (PBS), and then prepared with a binding buffer. Following this, 
the cells were stained using Annexin V-APC/PI solution, and the results were analyzed quantitatively with the flow 
cytometer. The statistical analysis of the data was conducted using the proprietary software NovoExpress® 1.4.1.

Western Blot Analysis
Huh7 and HepG2 cells were treated with 0 µmol/L or 40 μmol/L NaAsO2 for 24 h, followed by two washes with pre- 
cooled PBS. Subsequently, 200 μL of a cell lysate mixture (Solarbio, cell lysate: protease inhibitor ratio of 99:1) was 
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added and incubated on ice for 15 min. The cell suspension was then collected using a cell spatula and transferred to a 1.5 
mL EP tube. Cells were lysed by sonication and centrifuged at 12,000 rpm for 25 min; the precipitate was discarded, and 
the supernatant was collected. Protein concentration was quantified using the BCA method, and the protein sample was 
denatured by adding Protein Sampling Buffer and heating at 100°C for 10 min. Standard sodium dodecyl sulfate gel 
electrophoresis was performed on the total protein extracts, which were subsequently transferred to a polyvinylidene 
difluoride (PVDF) membrane. The membranes were blocked with 5% skimmed milk for 1.5 h and washed three times for 
5 min each with Tris Buffered Saline containing Tween-20 (TBST). They were then stained overnight at 4°C with the 
corresponding primary antibodies. The following day, the PVDF membranes were washed with TBST and incubated with 
secondary antibodies for 1 hour at room temperature. The PVDF membranes containing proteins were treated with an 
enhanced chemiluminescence reagent, and ImageLab software was utilized to observe the protein bands. The developed 
images were analyzed using Image J for gray value quantification.

Protein Immunoprecipitation
Huh7 cells were treated with 40 μmol/L of NaAsO2 for 24 h. Magnetic beads coated with antibodies against PRMT1 and 
STING were used to immunoprecipitate proteins from the cell lysates. The resulting precipitates were then analyzed 
using Western blotting.

Chromatin Immunoprecipitation
Chromatin Immunoprecipitation (ChIP) was performed using Huh7 cells, following established protocols. The cells were 
treated with either 0 μmol/L (control) or 40 μmol/L of NaAsO2 prior to the ChIP procedure, using a kit from Thermo Fisher 
Scientific (Waltham, MA, United States). First, the Huh7 cells were cross-linked with 1% formaldehyde, followed by lysis 
in sodium dodecyl sulfate lysis buffer. The resulting lysate was sonicated and then centrifuged at 9,000 × g to obtain DNA 
fragments ranging from 200 to 1,000 base pairs. For immunoprecipitation, the following antibodies were used: QRICH1 
(1:50), rabbit IgG (1:50), and anti-RNA polymerase II (1:50). Additionally, an input control without antibodies was 
included in the experiment. Detection of both input DNA and ChIP DNA was carried out using quantitative polymerase 
chain reaction (qPCR). The primer sequences for the PRMT1 promoter used in ChIP-qPCR were as follows: Forward: 
5’-TCAGACAGGGAGCGGGTGCT-3’ and Reverse: 5’-AGGGACAACTTTCACGTGTCACT-3’.

Statistical Analysis
GraphPad Prism 8.0 statistical software was employed to analyze the data in this study. Quantitative data are expressed as 
mean ± standard deviation. T-tests were utilized for comparisons between two groups, while one-way ANOVA was used 
for assessing differences among multiple groups. P value of less than 0.05 signifies a statistically significant difference in 
the results.

Results
DEN Induces in vivo Formation of HCC in Mice, While NaAsO2 Treatment Down- 
Regulates QRICH1 and up-Regulates Pyroptosis Levels, Thereby Increasing Tumor 
Immunogenicity
During the modeling period, the body weights of the mice were recorded weekly. The results showed that the body 
weight of the model group decreased compared to that of the normal control group, with observable signs of depression 
and reduced mobility. In the treatment group, a temporary increase in body weight was noted following the start of drug 
administration at week 13. However, there was no significant improvement in the mental status or mobility of the mice 
(Figure 1A).

Histological characteristics of mouse liver and evaluation of hepatic index: Naked eye observations revealed that the 
livers of the Control group mice appeared reddish, smooth, and had a soft texture. In contrast, the livers of the Model 
group mice were dark red, with a greasy feel, rough surfaces, noticeable granularity, and a tough texture. The liver index 
in the Model group was significantly elevated compared to the Control group. Mice in the group administered with 5mg/ 
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Figure 1 DEN induces in vivo formation of HCC in mice, while NaAsO2 treatment down-regulates QRICH1 and up-regulates pyroptosis levels, thereby increasing tumor 
immunogenicity. (A) Body weight change curve of mice. (B and C) Histological characterization of mouse liver and evaluation of hepatic indices. Representative images of liver pictures 
and liver-weight ratios are shown. (D) Assessment of liver injury and primary liver cancer progression by H&E staining. Shown are H&E sections and representative images. 
(E) Immunohistochemical staining to detect the expression of CD4+ and CD8+ cells in the liver of mice. Representative IHC stained liver sections. (F and G) Effect of NaAsO2 on the 
expression levels of QRICH1, PRMT1, cGAS, STING and pyroptosis-related proteins in HCC as detected by Western blot expression levels in HCC. Representative Western blot 
images from three independent replicate assays are exhibited. n = 6 animals per experimental group. Data are exhibited as mean ± standard deviation. ns, not significant. 
Notes: *P < 0.05, **P <0 0.01, ***P < 0.001, ****P < 0.0001.
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kg NaAsO2 had livers that appeared yellowish with diffuse white pitting. The surface roughness of these livers was less 
pronounced compared to the Model group, The surface roughness of these livers was less pronounced compared to the 
model group and the liver indices were not significantly different from the model group (Figure 1B and C).Histological 
examination using HE staining revealed that the liver lobule structure in the normal control group was intact and the 
hepatocytes were neatly arranged. In contrast, liver tissues from the model group showed disordered arrangements of 
hepatocytes, along with swelling, degeneration, indistinct cell boundaries, increased cellular heterogeneity, and signifi
cantly enlarged nuclei. The histopathological condition of the liver in the treatment group did not differ from that of the 
model group (Figure 1D). Immunohistochemical analysis demonstrated a significant increase in the infiltration of CD4+ 
and CD8+ T-cells in the treatment group compared to the model group (Figure 1E).

Western blot analysis indicated that the expression levels of QRICH1 and PRMT1 in liver tissues were reduced in the 
treatment group relative to the model group. In contrast, the expression of cGAS-STING and proteins associated with the 
classical pyroptosis pathway was elevated (Figure 1F and G). In summary, an in situ HCC model in mice was 
successfully established using DEN in combination with CCl4. Treatment with NaAsO2 enhanced the immune infiltra
tion of CD4+ and CD8+ lymphocytes within the HCC tissues and induced pyroptosis in mouse HCC cells. We speculate 
that the increased infiltration of immune cells, which may effectively combat the progression of HCC following NaAsO2 
treatment, is associated with the downregulation of QRICH1 and the upregulation of cGAS-STING and pyroptosis- 
related proteins.

NaAsO2 Suppresses HCC Cell Growth
In previous studies conducted by our group, we demonstrated that NaAsO2 inhibits the overgrowth of HepG2 cells and 
induces apoptosis via QRICH1. To further elucidate the mechanism by which NaAsO2 impedes HCC development, we 
treated HCC cell lines Huh7 and HepG2 with varying concentrations of NaAsO2 for 24 h. The CCK-8 assay for cell 
proliferation revealed that the growth of NaAsO2-treated HCC cells was significantly inhibited (Figure 2A), with an IC50 
of 40 μmol/L. Therefore, NaAsO2 at a final concentration of 40 μmol/L was selected for subsequent experiments, 
maintaining an exposure time of 24 h. In wound healing, migration, and transwell assays, NaAsO2 reduced the migration 
and invasion capabilities of HCC cells in vitro (Figure 2B–D). Furthermore, Western blot analysis indicated that NaAsO2 
downregulated the protein expression of QRICH1 and PRMT1 in HCC cells, while also upregulating the expression 
levels of cGAS, STING, and proteins associated with the classical pyroptosis pathway (Figure 2E and F). These findings 
suggest that NaAsO2 downregulates QRICH1 and modulates the cGAS-STING pathway, leading to the activation of the 
classical pyroptosis pathway.

Interaction Between PRMT1 and cGAS, STING, and NLRP3 in HCC Cells
In Huh7 cells, chromatin immunoprecipitation (ChIP) assays revealed that treatment with NaAsO2 resulted in a decreased 
level of QRICH1 enrichment in the promoter region of PRMT1 (Figure 3A). Co-immunoprecipitation (Co-IP) analysis 
further illustrated the complex protein interactions among QRICH1, PRMT1, cGAS, STING, and NLRP3 in HCC cells. 
This analysis showed direct interactions between QRICH1 and PRMT1, as well as between PRMT1 and the proteins cGAS, 
STING, and NLRP3 (Figure 3B). To explore the relationship between pyroptosis and the cGAS-STING signaling pathway 
further, HCC cells were treated with the cGAS inhibitor RU.521 (1 µmol/L). The resulting data demonstrated a significant 
reduction in the expression levels of cGAS and STING proteins in HCC, along with a notable decrease in the levels of 
proteins associated with the classical pyroptosis pathway (Figure 3C–F). Our results suggest that the inhibition of cGAS 
effectively reverses the NLRP3-dependent classical pyroptosis triggered by NaAsO2 in HCC. In summary, NaAsO2 
induces pyroptosis in HCC cells by suppressing the QRICH1-PRMT1 axis, which in turn influences the cGAS-STING 
signaling pathway.
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Figure 2 NaAsO2 suppresses HCC cell growth. (A) The proliferation of Huh7 and HepG2 cells following NaAsO2 treatment was assessed using the CCK8 assay. Experiments were 
repeated thrice. Representative results from three independent replicate assays are shown. (B–D) The effects of NaAsO2 treatment on migration, invasion and scratch healing in Huh7 
and HepG2 cells were verified. Representative pictures of invaded HCC cells from three independent replicate assays are exhibited. All cells were observed under an inverted 
microscope with a 40-fold objective lens. (E and F) Western blotting was employed to examine the expression of the QRICH1-PRMT1 axis, the cGAS-STING signaling pathway, and 
classical pyroptosis-related proteins. Representative Western blot images from three independent replicate assays are exhibited. Data are exhibited as mean ± standard deviation. 
Notes: *P < 0.05, **P <0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3 Interaction between PRMT1 and cGAS, STING, and NLRP3 in HCC Cells. (A) Displays the assessment of QRICH1 enrichment within the promoter region associated 
with PRMT1 in Huh7 cells subjected to NaAsO2 treatment, evaluated through chromatin immunoprecipitation coupled with quantitative polymerase chain reaction. (B) Examines 
the interactions between PRMT1, cGAS, STING, and NLRP3 in Huh7 cells treated with sodium arsenite, employing protein immunoprecipitation alongside Western blot analysis. 
(C–F) Investigate the levels of proteins linked to the cGAS-STING signaling pathway and classical pyroptosis pathway utilizing Western blotting. Representative Western blot images 
from three independent replicate assays are exhibited. Data presents as mean ± standard deviation with three replicates. ns, not significant. 
Notes: *P < 0.05, **P < 0.01,***P < 0.001, ****P < 0.0001.
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The Expression Regulation of QRICH1 Affects NaAsO2’s Inhibitory Impact on the 
Migration and Invasion of HCC
To further clarify the function of QRICH1 in the process of NaAsO2-induced pyroptosis, we initially transfected Huh7 
and HepG2 cells using lentiviral vectors that carried QRICH1-specific shRNA and Oe-QRICH1, respectively. After a 72 
h incubation, green fluorescence was visualized through fluorescence microscopy (Figure 4A), and the transfection 
efficiency was evaluated by Western blot analysis (Figure 4B). The findings revealed a significant reduction in QRICH1 
expression in HCC cells that received sh-QRICH1 transfection, while a notable increase was observed in HCC cells 
transfected with Oe-QRICH1. Both Huh7 and HepG2 cells underwent the same treatment (40 μmol/L NaAsO2). During 
the migration and Transwell invasion assays, cells in the QRICH1 silencing group demonstrated an intensified inhibition 
of HCC cell migration and invasion triggered by NaAsO2, whereas a contrasting effect was detected in the QRICH1 
overexpression group (Figure 4C and D). These results indicate that decreased QRICH1 levels can hinder the migration, 
and invasion of HCC cells, while the overexpression of QRICH1 may partially alleviate the inhibitory effects of NaAsO2 
on HCC cell migration, and invasion.

Knockdown of QRICH1 Activated the cGAS-STING Signaling Axis in HCC, While 
Overexpression of QRICH1 Partially Reversed This Effect
The levels of QRICH1, PRMT1, cGAS, and STING proteins were assessed using Western blot analysis. The results 
showed a decrease in QRICH1 and PRMT1 protein levels, along with an increase in cGAS and STING protein levels in 
the knockdown group (Figure 5A and B). In contrast, the opposite trend was observed in HepG2 cells that overexpressed 
QRICH1 (Figure 5C and D). Changes in PRMT1 protein expression (red) were further confirmed through immuno
fluorescence (Figure 5E and F). These findings indicate that QRICH1 knockdown downregulates the expression of 
PRMT1 in HCC cells while simultaneously activating the cGAS-STING signaling pathway. Notably, overexpression of 
QRICH1 mitigated the effects induced by NaAsO2 to some extent.

Knockdown of QRICH1 Exacerbated Pyroptosis in HCC, While Overexpression of 
QRICH1 Effectively Reduced NaAsO2-Induced Pyroptosis in HCC Cells
Flow cytometry analysis demonstrated that knocking down QRICH1 promoted NaAsO2-induced pyroptosis in Huh7 
cells. Conversely, an opposite effect was observed in the QRICH1 overexpression group (Figure 6A). Subsequently, 
classical pyroptosis-related proteins were analyzed using Western blot, revealing a increased in these protein levels in the 
knockdown group. In contrast, decrease levels of pyroptosis-related proteins were detected in HepG2 cells that over
expressed QRICH1 (Figures 6B–E). These changes in NLRP3 protein expression (red) were further confirmed through 
immunofluorescence (Figure 6F and G). These data suggest that a reduction in QRICH1 levels can activate the classical 
NLRP3-dependent pyroptosis pathway, whereas QRICH1 overexpression can mitigate NaAsO2-induced pyroptosis to 
some extent.

Discussion
Liver cancer, ranked among the top eight most common cancers globally, is characterized by its aggressive nature and 
high propensity for recurrence and metastasis, contributing to over 60% of newly diagnosed cancer cases and cancer- 
related deaths. HCC is the predominant form of liver cancer and a leading cause of cancer mortality.29 Despite the 
availability of various treatment options for early-stage HCC, many patients receive their diagnosis at more advanced 
stages, leading to a reduced selection of treatments and a grim prognosis.30 While arsenic has shown initial promise in 
treating solid tumors, whether used alone or in conjunction with other therapies, its effectiveness in addressing liver 
cancer remains limited.31,32

Recently, immunotherapy has emerged as a rapidly evolving tactic for managing advanced HCC.6 Accumulating evidence 
indicates that the innate immune system plays a crucial role in immune surveillance and the efficacy of immunotherapy for 
liver cancer.33 The predominant tumor-infiltrating lymphocytes within the tumor microenvironment (TME) include CD4+ T 
helper cells and effector CD8+ T cells, with CD8+ T cells, in particular, being pivotal in the elimination of malignant cancer 
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cells.34 The infiltration of immune cells into the TME is essential for the strength of the body’s anti-tumor immune response; 
however, low immunogenicity remains a central challenge that hinders the advancement of tumor immunotherapy. 
Theoretically, human cancers can be classified into two primary types: “hot” and “cold” tumors. “Cold” tumors show minimal 

Figure 4 The expression regulation of QRICH1 affects NaAsO2’s inhibitory impact on the migration and invasion of HCC. (A) Lentivirus encoding QRICH1-specific shRNA 
and Oe-QRICH1 was used to transfect the Huh7 and HepG2 cell lines, with green fluorescence observed through fluorescence microscopy 48 to 72 h after transfection. All 
cells were observed under an inverted microscope with a 40-fold objective lens. (B) Western blot analysis was utilized to evaluate the effects of QRICH1 overexpression in 
Huh7 and HepG2 cells, alongside the outcomes of QRICH1 inhibition. Representative Western blot images from three independent replicate assays are exhibited. (C) 
Transwell assay was performed to determine the migration capabilities of the cells. (D) Transwell assay was conducted to assess the invasion capacities of the cells. For panel 
(C and D) Representative pictures of invaded HCC cells from three independent replicate assays are exhibited. Data presents as mean ± standard deviation with three 
replicates. 
Notes: **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 5 Knockdown of QRICH1 activated the cGAS-STING signaling axis in HCC, while QRICH1 overexpression partially reversed this effect. (A–D) Protein levels of 
QRICH1, PRMT1, cGAS, and STING in cells were determined by Western blot. Representative Western blot images from three independent replicate assays are exhibited. 
(E and F) PRMT1 expression was measured using laser confocal technique. The cells were observed under a confocal microscope (×400 magnification). Data presents as 
mean ± standard deviation with three replicates. 
Notes: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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immune cell infiltration and are typically resistant to immune checkpoint inhibitors (ICIs).35,36 Recent investigations have 
increasingly shown that arsenic agents might trigger immunogenic cell death in tumor cells.37 This phenomenon involves a 
series of molecular processes, beginning with the extracellular release of immunostimulatory factors by tumor cells, such as 

Figure 6 Continued.
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adenosine triphosphate (ATP), DAMPs, high-mobility group box 1 (HMGB1), and inflammatory mediators play a crucial role 
in immune responses. When these immunostimulatory components are released, they are recognized by pattern recognition 
receptors (PRRs) present on antigen-presenting cells, including macrophages and dendritic cells (DCs). This recognition 
enables the presentation of these factors on their surfaces, thereby enhancing the body’s anti-tumor immune mechanisms. 
Currently, a variety of therapeutic approaches are employed alongside immune checkpoint inhibitors (ICIs) to enhance the 
attraction of immune cells and convert “cold” tumors into “hot” tumors.36,38–40

Pyroptosis is a distinct form of inflammatory programmed cell death characterized by the activation of caspases, the 
cleavage of gasdermin (GSDM), the disruption of cellular membranes, and the rapid release of DAMPs along with pro- 
inflammatory cytokines.41–43 Research indicates that the significant release of DAMPs and pro-inflammatory cytokines 
resulting from pyroptosis effectively stimulates the immune response.44 Among the various pathways involved in 
pyroptosis, the classical pyroptosis pathway has garnered the most attention. In this regard, the NLRP3 inflammasome, 
one of the most extensively researched inflammasomes, is vital. Recent investigations have revealed that activating 
NLRP3 inflammasome-mediated pyroptosis can considerably hinder the progression of HCC. Moreover, it has been 
observed that the components of the NLRP3 inflammasome are markedly downregulated in HCC cells, leading to a 
reduction in the pyroptosis process within HCC cells and tissues.18

Taking this into account, it is crucial to pursue additional research regarding the influence of the NLRP3 inflamma
some on HCC progression. The way in which the NLRP3 inflammasome-GSDMD axis regulates the pyroptosis pathway 
presents a novel strategy for enhancing the efficacy of immunotherapy. In this context, the NLRP3 inflammasome serves 
as a vital molecular detector that identifies inflammatory signals within the organism. When activated, it leads to the 
release of cytokines IL-1β and IL-18 through GSDMD cleavage, which subsequently forms pores in the cell membrane 
and initiates pyroptosis.45 This mechanism significantly affects tumor development and progression. Therefore, gaining a 
more profound understanding of the unique roles played by the NLRP3 inflammasome and GSDMD-mediated pyroptosis 

Figure 6 Knockdown of QRICH1 exacerbated pyroptosis in HCC, while overexpression of QRICH1 effectively reduced NaAsO2-induced pyroptosis in HCC cells. 
(A) Double staining of cells was assessed using flow cytometry. Representative pictures from three independent replicate assays are exhibited. (B–E) The protein levels of 
classical pyroptosis-related in the cells were analyzed by Western blot. Representative Western blot images from three independent replicate assays are exhibited. (F and G) 
NLRP3 expression was evaluated using laser confocal microscopy. The cells were observed under a confocal microscope (×400 magnification). The scale is 20 µm; Data presents 
as mean ± standard deviation. 
Notes: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
Abbreviation: PI: Propidium iodide.
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in HCC is essential for elucidating the mechanisms behind tumorigenesis and for creating targeted therapeutic strategies. 
Our research revealed that NaAsO2 increased the infiltration of cytotoxic T lymphocytes (CTLs) in primary HCC 
samples. In vitro experiments further confirmed that NaAsO2 treatment effectively restrained the proliferation, migration, 
and invasion of HCC cells. Notably, we observed that NaAsO2 could provoke pyroptosis in HCC cells both in vivo and 
in vitro, which supports our initial hypothesis. These findings offer new insights into the ways in which NaAsO2 
influences HCC treatment.

Protein post-translational modifications (PTMs) are critical for enhancing proteome diversity and sustaining cellular 
homeostasis. Among these modifications, arginine methylation, which remains underexplored, has garnered significant 
attention in recent years. As research progresses, accumulating evidence suggests a close relationship between arginine 
methylation and cancer progression. A deeper understanding of the epigenetic regulatory role of arginine methylation in 
disease initiation and progression has paved the way for new strategies in drug discovery and targeted therapy. Among 
the various arginine methyltransferases, PRMT1, the most prominent member in mammals, has rapidly emerged as a 
focal point of research. However, the intricate nature of arginine methylation means that the mechanisms underlying the 
potential therapeutic benefits of PRMT1 inhibition are not yet fully understood. Recent studies suggest that PRMT1 is 
involved in the methylation of cGAS-STING in cancer cells, with PRMT1 directly methylating cGAS and consequently 
suppressing cGAS-STING signaling, which facilitates immune evasion in tumors. This finding lays a theoretical 
groundwork for evaluating PRMT1 as a possible target in immunotherapy.

Considering that PRMT1-mediated methylation partially suppresses the basal activity of the cGAS-STING signaling 
pathway in tumors, inhibiting PRMT1 is expected to improve the immunogenicity within the TME of cancer patients. To 
further elucidate the regulatory relationship between PRMT1 and the cGAS-STING pathway, as well as pyroptosis in HCC, 
we confirmed the protein interactions among PRMT1, cGAS, STING, and NLRP3 using a Co-IP assay. Subsequently, we 
treated HCC cells with the cGAS inhibitor RU.521, and the results aligned with our expectations: RU.521 diminished sodium 
arsenite-induced pyroptosis in HCC, with its effect positively correlated with the activation of the cGAS-STING pathway.

In summary, our definition of the PRMT1-cGAS-STING signaling axis offers a novel perspective on how the 
inhibition of PRMT1 activates the cGAS-STING signaling pathway and its downstream associated molecules. This 
mechanism suggests that the activation of pyroptosis may initiate an anti-tumor immune response, thereby presenting 
new ideas and potential targets for the treatment of HCC.

In a prior investigation, we demonstrated that sodium arsenite can promote apoptosis and inhibit the growth of HCC by 
downregulating the protein level of QRICH1 and initiating the apoptosis pathway associated with endoplasmic reticulum 
stress.24 In the current research, we discovered that sodium arsenite can showcase a tumor-suppressive effect by reducing the 
expression of QRICH1 in HCC. QRICH1, which is a transcription factor featuring a CARD domain, has gained considerable 
attention recently and plays a crucial regulatory role in the signaling pathway associated with endoplasmic reticulum stress. 
We affirmed the direct regulatory connection between QRICH1 and PRMT1 through ChIP assays. Hence, we suggest a 
potential mechanism regarding the down-regulation of QRICH1 following treatment with arsenite in HCC; this process would 
lead to the demethylation of PRMT1 on cGAS, subsequently activating the cGAS-STING pathway, thus triggering the NLRP3 
inflammasome activation, while also enhancing the infiltration and functional efficacy of cytotoxic T lymphocytes. To validate 
this hypothesis, we created stably transfected cloned cell lines employing lentiviral vectors that encode shRNA-QRICH1 (sh- 
QRICH1) and overexpress QRICH1 (Oe-QRICH1). The findings indicated that the down-regulation of QRICH1 expression 
could stimulate the cGAS-STING signaling pathway by inhibiting PRMT1 and promote pyroptosis in HCC, while the 
increase in QRICH1 expression could partially reverse this effect.

In this study, we found that sodium arsenite can exert a tumor suppressive effect by inhibiting QRICH1 expression in HCC. 
QRICH1, a transcription factor with a CARD domain, has received much attention in recent years and plays an important 
regulatory role in the ERS signaling pathway. We verified the direct regulatory relationship between QRICH1 and PRMT1 
through ChIP experiments. Therefore, we propose a potential mechanism of QRICH1 down-regulation after treatment with 
arsenide on HCC, which will eliminate the methylation of PRMT1 on cGAS, activate the cGAS-STING pathway, and then 
induce the activation of NLRP3 inflammasome, while enhancing the infiltration and effector function of cytotoxic T lympho
cytes. To confirm this hypothesis, we constructed stable transfected cloned cell lines using lentiviral vectors encoding shRNA- 
QRICH1 and Oe-QRICH1. The results showed that down-regulation of QRICH1 expression could activate the cGAS-STING 
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signaling pathway by inhibiting PRMT1 and induce pyroptosis of HCC, while up-regulation of QRICH1 expression could 
reverse this trend to some extent.

In conclusion, we propose a mechanism through which NaAsO2 inhibits the expression of QRICH1, regulates the activation 
of the PRMT1-mediated cGAS-STING pathway, induces pyroptosis in HCC cells, and enhances the immunogenicity of the HCC 
tumor microenvironment, thereby inhibiting HCC. Our findings underscore that targeting QRICH1 may represent an effective 
strategy to slow HCC progression and immune evasion, thereby offering new avenues for cancer immunotherapy.

Conclusion
NaAsO2 reduces PRMT1 expression via the down-regulation of QRICH1, which diminishes the methylation of cGAS 
and facilitates the activation of the cGAS-STING pathway. This results in pyroptosis in HCC and enhances the 
immunogenicity of HCC, fostering cell death in HCC.
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