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Abstract 

Rationale: The introduction of combination therapy utilizing tyrosine kinase inhibitors (TKIs) and 
immune checkpoint inhibitors for advanced hepatocellular carcinoma (HCC) has significantly altered the 
management of affected patients. However, the absence of predictive biomarkers to identify those who 
would derive the greatest benefit from this combination therapy underscores the necessity for further 
enhancements in its efficacy.  
Methods: In this study, we performed a proteomic analysis on surgical specimens from patients who 
either responded to or did not respond to combination therapy with sorafenib and programmed death-1 
(PD-1) monoclonal antibody (mAb). We employed in vitro experiments, including immunocytochemistry, 
co-immunoprecipitation, and transmission electron microscopy, to elucidate the mechanism of 
DNASE1L3-induced PANoptosis. Additionally, we assessed the function of DNASE1L3 in combination 
therapy using a mouse liver orthotopic tumor model and clinical samples. 
Results: Our findings indicated that the levels of deoxyribonuclease 1 like 3 (DNASE1L3) were 
significantly elevated in the cohort of patients who responded to treatment, correlating with the 
sorafenib-induced programmed cell death (PCD) of HCC cells. Further experimentation revealed that 
DNASE1L3 facilitated the generation of double-strand deoxyribonucleic acid (dsDNA) breaks and 
activated the absent in melanoma 2 (AIM2) pathway during sorafenib-induced HCC cell death, ultimately 
culminating in PANoptosis. Moreover, DNASE1L3-induced PANoptosis augmented the activation of 
anti-tumor immunity within the tumor microenvironment (TME), thereby enhancing the efficacy of the 
combination therapy involving sorafenib and PD-1 mAb. 
Conclusion: Our findings offer valuable insights into the mechanisms underlying DNASE1L3's role in 
sorafenib sensitivity and position DNASE1L3 as a promising predictive biomarker and target for 
improving outcomes in combination therapy for HCC. 
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Introduction 
The treatment of hepatocellular carcinoma 

(HCC) has recently evolved to incorporate targeted 
therapy alongside immunotherapy [1, 2]. Sorafenib, a 
well-known tyrosine kinase inhibitor (TKI), has 
served as a first-line treatment for advanced HCC for 

over a decade [3]. In recent years, the combination of 
sorafenib with programmed death-1 (PD-1) 
monoclonal antibody (mAb) immunotherapy has 
gained widespread clinical application, resulting in 
enhanced efficacy of immunotherapy and improved 
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patient outcomes [4]. Nevertheless, certain patients 
continue to exhibit inherent resistance to this 
combination therapy [5, 6]. Therefore, it is essential to 
address the pressing challenge of increasing the 
efficacy of this treatment. 

Sorafenib has been shown to inhibit tumor 
angiogenesis by targeting vascular endothelial growth 
factor receptor (VEGFR) [7]. Additionally, it directly 
induces programmed cell death (PCD) in tumor cells 
[8]. One specific form of PCD, termed PANoptosis, 
has emerged as an immunogenic process exhibiting 
characteristics akin to pyroptosis, apoptosis, and 
necroptosis [9]. In recent years, the role of PANoptosis 
in tumors has garnered increasing attention [10]. 
Bioinformatics studies indicate that HCC tissues with 
elevated expression of PANoptosis-related genes 
demonstrate a more robust response to 
immunotherapy and are enriched in pathways 
associated with DNA damage, drug metabolism, 
cytokines, and immune receptors [11]. Consequently, 
enhancing the immunogenic PCD of tumor cells 
presents a promising strategy for improving the 
effectiveness of combination therapy. 

Deoxyribonuclease 1 like 3 (DNASE1L3) belongs 
to the deoxyribonuclease 1 family, which is 
responsible for cleaving nuclear chromosomal DNA 
in an internucleosomal manner, independent of 
proteolytic assistance [12-15]. This enzymatic activity 
generates nucleosome-sized DNA fragments and 
double-strand DNA (dsDNA) breaks during 
apoptosis [14]. However, the precise role of 
DNASE1L3 in other forms of cell death remains to be 
elucidated. In recent years, the involvement of 
nucleases in tumor biology has garnered considerable 
attention. Previous studies have shown that 
DNASE1L3 expression is significantly downregulated 
in various tumors [16, 17], with particularly lower 
expression levels detected in HCC tissues compared 
to adjacent normal tissues. Furthermore, DNASE1L3 
has been demonstrated to inhibit HCC cell 
proliferation by reducing glycolysis and promoting 
apoptosis [18]. Additionally, DNASE1L3 contributes 
to tumor immunity; bioinformatic analyses reveal a 
positive correlation between DNASE1L3 and the HCC 
immune signature, as well as immune cell infiltration 
within the tumor microenvironment (TME) [19]. 
Moreover, the inhibition of DNASE1L3 disrupts the 
formation of apoptosis-associated speck-like protein 
(ASC) and the release of inflammatory factors [20]. 
Nonetheless, further experimental validation and 
exploration of the underlying mechanisms are 
essential. There is also a correlation between 
DNASE1L3 expression and treatment outcomes in 

HCC; higher levels of DNASE1L3 are associated with 
improved overall survival following radical resection 
[21]. Besides, DNASE1L3 enhances the sensitivity of 
HCC cells to etoposide and sorafenib, although the 
mechanisms underlying this effect remain unclear [22, 
23]. Therefore, elucidating the function and 
mechanisms of DNASE1L3 in HCC treatment and 
TME immunity is of paramount importance. 

In this study, we employed proteomic analysis to 
examine surgical specimens from HCC patients who 
either responded or did not respond to treatment with 
sorafenib in combination with a PD-1 mAb. Our 
results indicate that DNASE1L3 may represent a 
promising target for enhancing the efficacy of this 
combination therapy in HCC. 

Results  
DNASE1L3 expression correlates with 
improved survival and treatment response in 
HCC 

To investigate the relationship between tumor 
biomarkers and the prognosis of combination therapy 
involving sorafenib and PD-1 mAb, we performed a 
proteomics analysis on surgical specimens obtained 
from eight patients who received this treatment. 
These patients were categorized into two groups: the 
clinically responsive group and the poor-responsive 
group, based on the Response Evaluation Criteria in 
Solid Tumors Version (RECIST) 1.1 criteria [24] 
(Figure S1A). Our analysis of differentially expressed 
proteins revealed that 1031 proteins were significantly 
upregulated in the treatment-responsive group 
(Figure 1A and Figure S1B), with DNASE1L3 
identified as one of the most notably upregulated 
proteins (Figure 1B). DNASE1L3 is actively involved 
in cell death by degrading DNA to produce 
nucleosome-sized dsDNA. Furthermore, Gene 
Ontology (GO) analysis indicated a significant 
enrichment in pathways associated with PCD, DNA 
damage and binding, and immune cell activation in 
the responsive group (Figure 1C). Given these 
findings, we are keen to further explore the potential 
positive role of DNASE1L3 in enhancing the efficacy 
of sorafenib in combination with PD-1 mAb. 

The expression of DNASE1L3 has been reported 
to be significantly downregulated in various tumors 
[16]. In this study, we investigated DNASE1L3 protein 
expression in 12 pairs of cancerous and adjacent 
non-cancerous tissues from HCC patients. Our 
findings demonstrated that DNASE1L3 expression 
was significantly lower in cancer tissues compared to 
adjacent non-cancerous tissues (Figure S1C).  
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Figure 1. DNASE1L3 expression in HCC tissue of combination therapy with sorafenib and PD-1 mAb. (A) Heatmaps showing the expression of DEPs between 
responsive tumor group (R) and poor-responsive tumor group (PR). (B) Volcano plot of the −Log10 p value against the Log2 [fold-change (Log2 FC) of the DEPs. Dots are 
colored by logFC. Vertical dotted lines indicate |log2 FC| = 2, and horizontal dotted line indicates adjusted p value = 0.05. (C) GO enrichment up analysis of DEPs between 
responsive tumor group and poor-responsive tumor group. (D) Log2 median centered intensity of DNASE1L3 in different stages of HCC from the Wurmbach liver dataset. (E) 
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Kaplan-Meier survival curve based on the relative expression of DNASE1L3 in liver cancer tissue from the TCGA database. (F) Representative GSEA of differentially expressed 
genes (DEGs) from liver cancer tissues with high or low expression of DNASE1L3 in the TCGA database. (G and H) IF assays were used to verify the expression of DAPI (blue), 
DNASE1L3 (green), CD45 (purple) and CD8 (yellow) for the HCC surgical specimens from responsive and poor-responsive patients to sorafenib monotherapy and combination 
therapy. αPD-1 represents PD-1 mAb. Scale bars in overall images (left) is 100 μm, and in enlarged images (right) is 50 μm. Images with separated channels are below. 

 
Further analysis of The Cancer Genome Atlas 

(TCGA) database revealed that DNASE1L3 is among 
the most downregulated genes in HCC (Figure S1D), 
with its expression progressively decreasing as HCC 
stages advance (Figure 1D). To elucidate the role of 
DNASE1L3 in HCC, we categorized RNA-seq raw 
data from 424 liver hepatocellular carcinoma (LIHC) 
samples obtained from the TCGA database into two 
groups: the top 100 samples with high DNASE1L3 
expression and the top 100 samples with low 
DNASE1L3 expression (Figure S1E-G). Our results 
indicated that HCC patients with high DNASE1L3 
expression experienced significantly longer survival 
compared to those with low DNASE1L3 expression 
levels (Figure 1E). Additionally, we observed 
upregulations of apoptosis and immune-related 
pathways in patients exhibiting high DNASE1L3 
expression (Figure 1F). Furthermore, our analysis of 
the liver cancer database suggests that higher 
expression of DNASE1L3 is positively correlated with 
better prognosis following both sorafenib therapy and 
immunotherapy (Figure S1H, I). These findings are 
corroborated by proteomic data, indicating that 
DNASE1L3 may play a crucial role in enhancing the 
prognosis of HCC treatment. 

Previous studies have indicated the mechanisms 
of PCD induced by sorafenib in HCC cells, including 
apoptosis and ferroptosis, [25, 26]. To further 
investigate the role of DNASE1L3 in the context of 
sorafenib monotherapy, we collected eight surgical 
specimens: four from patients who exhibited a 
positive response to sorafenib and four from those 
who did not respond. Immunofluorescence (IF) 
staining revealed that DNASE1L3 expression levels in 
HCC cells were significantly higher in both the 
sorafenib monotherapy and combination therapy 
responding groups compared to the poor-responding 
group. Furthermore, the proportion of CD8+ T cells 
was also elevated in the responding group (Figure 1G, 
H and S1J, K). These results suggest that DNASE1L3 
expression in HCC cells may correlate with the 
efficacy of sorafenib treatment and may exert a 
beneficial influence on the TME. 

DNASE1L3 enhances the sensitivity of HCC 
cells to sorafenib-induced cell death 

To investigate the specific role of DNASE1L3 in 
the treatment of HCC, we overexpressed DNASE1L3 
(LV-D) in two HCC cell lines with low expression 
levels, namely MHCC97-H and PLC/PRF/5. 
Additionally, we knocked down DNASE1L3 (Sh-D) in 

HepG2 cells (Figure S2A-G). Our findings indicated 
that the modulation of DNASE1L3 expression, 
through both overexpression and knockdown, did not 
affect the proliferation rates of HCC cells (Figure 
S2H-K). However, we observed that overexpression 
of DNASE1L3 significantly decreased the 
half-maximal inhibitory concentration (IC50) of 
sorafenib in HCC cells (Figure 2A and Figure S2L). 
Conversely, the knockdown of DNASE1L3 resulted in 
a slight increase in the IC50 of sorafenib treatment 
(Figure 2B), suggesting that DNASE1L3 may enhance 
the sensitivity of HCC cells to sorafenib. To further 
elucidate the type of cell death induced by sorafenib 
in relation to DNASE1L3, we employed specific 
inhibitors targeting various cell death pathways. 
Notably, the apoptosis inhibitor Z-VAD-FMK 
partially inhibited sorafenib-induced cell death in the 
control group. In LV-D HCC cells, the induction of 
cell death by sorafenib was also partially inhibited by 
Z-VAD-FMK, as well as by the necroptosis inhibitor 
necrostatin and the pyroptosis inhibitor ac-FLTD- 
CMK. Moreover, the combination of these three 
inhibitors significantly reduced sorafenib-induced cell 
death (Figure 2C and S2M). Cell viability assays 
indicated that the survival of control PLC/PRF/5 
HCC cells (LV-veh) after sorafenib treatment was only 
partially restored by Z-VAD-FMK. In control 
MHCC97-H HCC cells, necrostatin also led to a 
modest improvement in survival post-sorafenib 
treatment, although its effect was less pronounced 
than that of Z-VAD (Figure 2D). In contrast, LV-D 
HCC cells exhibited a partial increase in cell survival 
following sorafenib treatment with all three death 
inhibitors, and their combination significantly 
enhanced cell viability (Figures 2D and S2N). Based 
on these results, we hypothesized that DNASE1L3 
enhance the sensitivity of HCC cells to sorafenib by 
promoting multiple forms of cell death, collectively 
referred to as PANoptosis. 

Given that DNASE1L3 is a secreted protein with 
enzymatic activity both intracellularly and 
extracellularly, we investigated the levels of 
DNASE1L3 protein in the culture supernatants of 
LV-D and LV-veh cells. Our findings revealed that the 
DNASE1L3 protein level in the culture supernatant of 
LV-D cells was significantly higher than that in 
LV-veh cells. Furthermore, we observed a 
down-regulation of DNASE1L3 secretion in LV-D 
cells following treatment with sorafenib compared to 
the untreated condition (Figure 2E).  
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Figure 2. DNASE1L3 enhances the sensitivity of HCC cells to sorafenib. (A and B) CCK8 sensitivity analysis with sorafenib concentration gradient from 0 μM to 60 
μM in LV-veh, LV-D MHCC97-H HCC cells (A) and sorafenib concentration gradient from 0 μM to 40 μM in ShNC, Sh-D HepG2 HCC cells (B). IC50 was calculated below. (C 
and D) Cell toxicity (C) and viability (D) assessments of LV-veh, LV-D MHCC97-H HCC cells treated or not treated with 20 μM sorafenib for 48 h in combination with the 
apoptosis inhibitor Z-VAD-FMK (VAD, 25 μM), the necroptosis inhibitor necrostatin (Nec, 20 μM), and the pyroptosis inhibitors Ac-FLTD (20 μM). (E) DNASE1L3 level in 
MHCC97-H cells culture supernatant was detected though ELISA assay. The sorafenib group were treated with 20 µM sorafenib for 48 h. (F) The supernatant of LV-D 
MHCC97-H cells was collected after 48 h incubation and used to incubate MHCC97-H cells with sorafenib (20 µM) for 48 h. The relative cell viability was detected with CCK-8 
assay. (G and H) MHCC97-H (G) and PLC/PRF/5 cells (H) were incubated with DNASE1L3 recombinant protein (2 ng/mL) and sorafenib (20 µM) for 48 h. The relative cell 
viability was detected with CCK-8 assay. (I) Photographs of the excised tumors from nude mice injected LV-veh, LV-D H22 and Hepa1-6 mouse liver cancer cells subcutaneously. 
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(J and K) Statistical analysis of the tumor volumes (mm3) of H22 model (J) and Hepa1-6 model (K). Sorafenib treatment was applied beginning at the time pointed by the arrow. 
(L) Representative H&E and IHC staining images (left panel) of DNASE1L3 and TUNEL in the Hepa1-6 subcutaneous tumor in nude mice with or without sorafenib. Scale bar = 
100 μm. (M) Quantification of the apoptotic index (TUNEL staining) was on the right panel. IntDen is the abbreviation of integrated density. The data in (A-D, K, M) are 
representative of three independent experiments, while the data in (E-H, J) are representative of four independent experiments and (E-H) have five replication wells. All the data 
are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns represents no significant difference. 

 
Notably, culturing LV-veh cells with LV-D cell 

culture supernatants did not affect their sensitivity to 
sorafenib (Figure 2F). Moreover, the introduction of 
recombinant DNASE1L3 protein into HCC cell 
culture supernatants had no influence on the cell 
death induced by sorafenib (Figure 2G, H). These 
results suggest that DNASE1L3 enhances 
sorafenib-induced cell death primarily dependent on 
its intracellular functions. Next, we overexpressed 
DNASE1L3 in mouse liver cancer cells H22 and 
Hepa1-6 (Figure S2O-R), and injected them 
subcutaneously into nude mice. The overexpression 
of DNASE1L3 did not significantly affect the growth 
of subcutaneous tumors. However, after treatment 
with sorafenib, the subcutaneous tumors in the LV-D 
group were significantly smaller compared to those in 
the LV-veh group (Figure 2I-K). Moreover, the 
TUNEL assay results indicated a significant increase 
in dsDNA breaks in the LV-D group compared to the 
LV-veh group (Figure 2L, M). These findings suggest 
that DNASE1L3 plays a critical role in enhancing the 
sensitivity of HCC to sorafenib. 

DNASE1L3 promotes sorafenib-induced 
PANoptosis in HCC cells 

To investigate whether DNASE1L3 promotes 
sorafenib-induced death via the PANoptosis pathway 
in HCC cells, we conducted a series of experiments. 
Firstly, we observed that the level of apoptosis in 
LV-D HCC cells was significantly higher compared to 
LV-veh HCC cells following sorafenib treatment 
(Figure 3A-C and Figure S4A). In addition, LV-D 
HCC cells displayed more pronounced mitochondrial 
damage, characterized by mitochondrial 
vacuolization, cristae breakage, a reduced number of 
mitochondria, and decreased membrane potential, 
after sorafenib treatment (Figure 3D, S3A-C, and S4B). 
The Seahorse assay and adenosine triphosphate (ATP) 
assay revealed that the mitochondrial oxygen 
consumption rate (OCR) and ATP production levels 
were significantly lower in LV-D HCC cells compared 
to the LV-veh group after sorafenib treatment (Figure 
3E, F, and S3D-F). Moreover, the expressions of 
apoptosis, pyroptosis, and necroptosis-related 
proteins were remarkably upregulated in LV-D HCC 
cells, while they were slightly downregulated in Sh-D 
HCC cells following sorafenib treatment (Figure 3G-I, 
L and S3G-I, L). The enzyme activities of caspase-1, a 
crucial protein in the pyroptosis pathway, and 
caspase-3, an essential protein in the apoptosis 

pathway, were significantly higher in LV-D HCC cells 
compared to LV-veh HCC cells after sorafenib 
treatment (Figure 3J, K). Furthermore, we assessed the 
levels of mitochondrial lipid reactive oxygen species 
(ROS) following sorafenib treatment and observed 
that lipid ROS levels were marginally elevated in 
LV-veh HCC cells compared to LV-D HCC cells 
(Figure S3J, K). Given that lipid ROS is crucial for 
ferroptosis [27], these findings suggest that ferroptosis 
may not play a role in DNASE1L3-induced 
PANoptosis. 

The assembly of the PANoptosome is a critical 
process during the early stages of PANoptosis. In our 
study, we identified the presence of the 
PANoptosome in sorafenib-treated LV-D HCC cells, 
which was composed of essential PANoptotic 
proteins, including Pyrin, receptor-interacting protein 
kinase 1 (RIPK1), and caspase-8 (Figure 3M and S4C). 
Co-immunoprecipitation (Co-IP) experiments further 
demonstrated the assembly of these key proteins in 
LV-D HCC cells, revealing an increased interaction 
following sorafenib induction (Figure 3N). 
Subsequently, we assessed cell morphology using 
electron microscopy at various time points after 
sorafenib treatment. At 48 h, LV-D HCC cells 
exhibited characteristics of inflammatory cell death, 
such as cell membrane rupture, cytoplasmic 
vacuolization, organelle disruption, and chromosome 
condensation. In contrast, LV-veh HCC cells 
displayed features of apoptotic cell death, including 
membrane budding, the formation of apoptotic 
vesicles, and nuclear condensation (Figure S3M and 
S5D). These findings suggest that LV-D HCC cells are 
more prone to undergo inflammatory PCD, known as 
PANoptosis, upon sorafenib induction, whereas 
LV-veh HCC cells are more likely to undergo 
apoptosis. 

DNASE1L3 mediates PANoptosis through its 
deoxyribonuclease activity 

The function of DNASE1L3 was initially thought 
to be linked to its deoxyribonuclease activity [28]. 
Consequently, we examined the expression of 
phosphorylated H2AX histone protein (γH2AX), 
which serves as a marker for dsDNA breaks. Our 
analysis revealed that γH2AX expression was 
elevated in LV-D HCC cells compared to LV-veh HCC 
cells. Following sorafenib induction, γH2AX levels in 
LV-D HCC cells increased rapidly within 24 h, 
followed by a gradual decline.  
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Figure 3. DNASE1L3 facilitates sorafenib-induced PANoptosis in HCC cells. (A-C) FCM (A) and quantification analysis (B and C) with Annexin V/PI staining 
evaluating the percentages of live cells among the LV-veh and LV-D MHCC97-H HCC cells with or without sorafenib (20 μM, 48 h). (D) Electron microscope images of LV-veh 
and LV-D MHCC97-H HCC cells treated with or without sorafenib (20 μM, 24 h). Mitochondria were represented by orange arrows. Scale bar = 1 μm. (E) Seahorse assay 
detected OCR after drug supplement including oligomycin, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), rotenone (R) and antimycin A (A). (F) ATP detection 
in LV-veh and LV-D MHCC97-H HCC cells treated with sorafenib (20 μM, 24 h). (G-I) Western blotting analysis of apoptosis-related proteins (G), pyroptosis-related proteins 
(H), and necroptosis-related proteins (I). (J and K) Enzyme activities of caspase-1 (J) and caspase-3 (K) in LV-veh and LV-D MHCC97-H HCC cells treated with sorafenib (20 μM, 
24 h). (L) Quantification of the western blotting analysis. (M) IF assay represented Pyrin (green), RIPK1 (red), caspase-8 (purple) and DAPI (blue) in LV-veh and LV-D MHCC97-H 
HCC cells treated with sorafenib (20 μM, 24 h). The co-expression assembled spot is PANoptosome. Scale bar = 10 μm. (N) Co-IP assay showed the combination of Pyrin, 
RIPK1, caspase-3 and caspase-8 in LV-veh and LV-D MHCC97-H HCC cells with or without sorafenib (20 μM, 24 h). The data in (B, C, E, F, J, K, L) are representative of three 
independent experiments. All the data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns represents no significant difference. 
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In contrast, LV-veh HCC cells exhibited a slower 
increase in γH2AX expression, which then decreased 
sharply after 48 h (Figure 4A, B). Electron microscopy 
images and observed pathological features, such as 
mitochondrial swelling in LV-D HCC cells at 24 h, 
suggest that significant PANoptosis occurred at 48 h. 
Conversely, LV-veh HCC cells displayed considerable 
apoptosis at 60 h. Therefore, we hypothesize that 
DNASE1L3 actively cleaves chromatin DNA into 
nucleosome-sized fragments following sorafenib 
induction, rendering the DNA incapable of effective 
repair and leading to cell death. To further verify this 
hypothesis, RNA-seq analysis was conducted on 
sorafenib-treated LV-D and LV-veh MHCC97-H HCC 
cells, revealing a significant inhibition of the cellular 
nucleosome repair pathway upon DNASE1L3 
overexpression (Figure 4C). Additionally, dsDNA 
staining demonstrated substantial dsDNA 
aggregation in the cytoplasm of LV-D HCC cells after 
sorafenib treatment, further corroborating our 
hypothesis (Figure 4D). 

To confirm the role of DNASE1L3 in promoting 
the initiation of PANoptosis through its deoxy-
ribonuclease activity, we created a mutant DNASE1L3 
protein with inactivated deoxyribonuclease function. 
The deoxyribonuclease activity of DNASE1L3 is 
contingent upon its enzymatic activity domain, 
located within amino acids 194-231. Previous studies 
have identified a mutant DNASE1L3 protein in the 
population, characterized by a mutation at position 
206, where arginine (R) is substituted with cysteine 
(C). This alteration results in the loss of 
deoxyribonuclease activity and is associated with the 
development of autoimmune diseases, such as lupus 
erythematosus [29, 30] (Figure S5A). We 
overexpressed the DNASE1L3 protein containing the 
mutated amino acid (LV-R206C) in HCC cells and 
observed a significantly lower expression of γH2AX 
compared to LV-D HCC cells, which was more akin to 
the expression levels seen in LV-veh HCC cells 
(Figure S5B, C). This finding suggests a loss of 
deoxyribonuclease activity in the mutant DNASE1L3 
protein. Furthermore, we noted that 
PANoptosis-related proteins were drastically 
upregulated in LV-D HCC cells, while no significant 
differences were observed between LV-R206C and 
LV-veh HCC cells (Figure 4E-H and S5D-G). 
Additionally, we found no accumulation of dsDNA in 
LV-veh and LV-R206C HCC cells (Figure S5H). 
LV-R206C HCC cells also displayed significantly 
reduced levels of apoptosis and mitochondrial 
damage compared to LV-D cells, aligning more 
closely with the characteristics of LV-veh cells (Figure 
4I-K and S5I). Moreover, we did not detect significant 
formation of PANoptosome in LV-R206C HCC cells 

(Figure 4L). Co-IP assays further supported these 
findings, demonstrating a markedly reduced 
interaction among PANoptosis-related proteins in 
LV-R206C cells compared to LV-D HCC cells (Figure 
4M). Collectively, these results indicate that the 
absence of deoxyribonuclease function in DNASE1L3 
is ineffective in inducing PANoptosis in HCC cells. 

DNASE1L3 mediates PANoptosis through 
activating the AIM2 pathway 

The massive accumulation of dsDNA in the 
cytoplasm of cells triggers the activation of 
cytoplasmic DNA sensors, initiating a cascade of 
downstream innate immune pathways [31]. Our 
analysis of RNA-seq data revealed significant 
activation of cytoplasmic DNA sensor pathways and 
pattern recognition receptor pathways in LV-D HCC 
cells (Figure 5A, B). Furthermore, GO analysis 
demonstrated activation of inflammatory and 
interferon (IFN) pathways in LV-D HCC cells (Figure 
5C), suggesting that DNASE1L3 may play a role in 
activating cytoplasmic DNA sensors. Notably, 
cytoplasmic dsDNA receptors, such as cyclic 
GMP-AMP synthase (cGAS) and absent in melanoma 
2 (AIM2), can localize to the nucleus to detect 
damaged DNA [32, 33]. To validate whether 
DNASE1L3 enhances the activation of these 
cytoplasmic receptors, we examined the protein 
expressions associated with the stimulator of 
interferon response cGAMP interactor 1 (STING1) 
pathway and the AIM2 pathway. The expression 
levels of proteins related to the cGAS-STING1 
pathway and AIM2 pathway were found to be higher 
in LV-D HCC cells compared to LV-veh HCC cells 
following sorafenib treatment (Figure 5D, E). 
Interferon regulatory factor 3 (IRF3), a downstream 
molecule of the cGAS-STING1 pathway, translocates 
to the nucleus upon phosphorylation by 
phosphorylated TANK-binding kinase 1 (p-TBK1) 
[34]. We observed significant nuclear translocation of 
IRF3 in LV-D HCC cells after sorafenib stimulation 
(Figure 5F). Additionally, AIM2 oligomerizes upon 
recognition of cytoplasmic dsDNA and subsequently 
polymerizes with ASC to form an inflammasome [35]. 
In LV-D HCC cells, we observed colocalization and 
polymerization of AIM2 with ASC, resulting in the 
formation of clusters (Figure 5G).  

Recent studies have demonstrated that AIM2 
serves as an initial protein in PANoptosis, forming the 
PANoptosome in conjunction with Pyrin, RIPK1, and 
other proteins [36] (Figure 5H). We observed the 
co-localization of Pyrin, RIPK1, and AIM2 in LV-D 
HCC cells, suggesting the formation of the 
PANoptosome (Figure 5I and S6A).  
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Figure 4. DNASE1L3 promotes sorafenib-induced PANoptosis of HCC cells. (A and B) The time-dependent expression of γH2AX in LV-veh and LV-D MHCC97-H 
HCC cells after sorafenib (20 μM) (A) was quantified (B). (C) Representative GSEA in RNA-seq from LV-veh and LV-D MHCC97-H HCC cells. (D) IF staining of dsDNA (green), 
DNASE1L3 (red) and DAPI (blue) in LV-veh and LV-D MHCC97-H HCC cells treated with sorafenib (20 μM, 24 h). Scale bar = 20 μm. (E-H) Western blotting analysis of 
apoptosis-related proteins (E), pyroptosis-related proteins (F), necroptosis-related proteins (G) in LV-veh, LV-D and LV-R206C MHCC97-H HCC cells treated with sorafenib 
(20 μM, 24 h), and the quantification of western blotting (H). (I-K) FCM (I) and quantification analysis (J and K) with Annexin V/PI staining evaluating the percentages of positive 
cells among the LV-veh, LV-D and LV-R206C MHCC97-H HCC cells with or without sorafenib (20 μM, 48 h). (L) IF assay represented Pyrin (green), RIPK1 (red), caspase-8 
(purple) and DAPI (blue) in LV-veh, LV-D and LV-R206C MHCC97-H HCC cells treated with sorafenib (20 μM, 24 h). The co-expression assembled spot is PANoptosome. Scale 
bar = 10 μm. (M) Co-IP assay of Pyrin, RIPK1, caspase-3 and caspase-8 in LV-veh, LV-D and LV-R206C MHCC97-H HCC cells treated with or without sorafenib (20 μM, 24 h). 
The data in (B, H, J, K) are representative of three independent experiments. All the data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns represents no 
significant difference. 
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This finding was further corroborated by the 
Co-IP assay, which indicated the presence of these 
protein complexes (Figure 5J). Previous research has 
also reported that AIM2 can directly bind to dsDNA 
via its oligonucleotide-binding (OB) domain [37]. 
Additionally, we observed the co-localization of 
γH2AX with the PANoptosome (Figure S6B). 
Furthermore, the Co-IP assay confirmed that AIM2 
can bind to γH2AX and other PANoptotic proteins in 
sorafenib-treated LV-D HCC cells (Figure S6C). 

Given that DNASE1L3 also activates the 
cGAS-STING1 pathway, we investigated its potential 
influence on the PANoptosis pathway. We performed 
cellular IF staining and observed that cGAS did not 
co-localize with the PANoptosome (Figure S6D), a 
finding further supported by the Co-IP assay (Figure 
S6E). Previous studies have indicated that the 
cGAS-STING1 pathway enhances the expression of 
major histocompatibility complex class I (MHC I) 
molecules [38]. Our bioinformatics analysis revealed 
that patients with high DNASE1L3 expression 
exhibited a significantly elevated antigen-presenting 
pathway involving MHC I molecules compared to 
those with low DNASE1L3 expression (Figure S6F). 
Furthermore, we detected increased MHC I 
expression in LV-D HCC cells compare to LV-veh 
HCC cells (Figure S6G, H). These results suggest that 
DNASE1L3 may promote PANoptosis by activating 
the AIM2 pathway through enhanced dsDNA 
production. Additionally, it may also stimulate the 
cGAS-STING1 pathway to augment the 
antigen-presenting function via MHC I molecules. 

Knockdown of AIM2 reduces PANoptosis 
induced by DNASE1L3 in HCC cells 

To validate our findings, we conducted 
experiments to knock down AIM2 and STING1 in 
LV-D and LV-veh HCC cells (Figure S7A, B). Our 
results indicated that the expression of 
PANoptosis-related proteins was elevated in 
sorafenib-treated LV-D cells. However, following the 
knockdown of AIM2, this expression was diminished 
and did not significantly differ from that observed in 
LV-veh cells (Figure 6A-D). Furthermore, our IF 
experiment revealed no evident formation of 
PANoptosomes in LV-D cells post-AIM2 knockdown 
(Figure 6E and S7C). This finding was corroborated by 
our Co-IP experiment, which demonstrated that the 
knockdown of AIM2 diminished the formation of the 
PANoptosis complex (Figure 6F). Conversely, the 
knockdown of STING1 in LV-D HCC cells resulted in 
a decrease in the expression of MHC I, without 
impacting the expression of PANoptosis-related 
proteins (Figure S7D-G). This suggests that the 

cGAS-STING1 pathway may not significantly 
contribute to DNASE1L3-promoted PANoptosis. 
Additionally, we established a subcutaneous tumor 
model in nude mice following the knockdown of 
AIM2 in LV-D and LV-veh mouse liver cancer cells. 
Our observations revealed that the knockdown of 
AIM2 decreased the sensitivity of LV-D mouse liver 
cancer cells to sorafenib, while exerting no significant 
effect on LV-veh cells (Figure 6G, H). Overall, our 
results suggest that DNASE1L3 enhances PANoptosis 
in HCC cells via the AIM2 pathway, and that 
knockdown of AIM2 attenuates PANoptosis induced 
by DNASE1L3. 

DNASE1L3 promotes inflammatory pathways 
and immune cells infiltration in TME 

PANoptosis, a form of inflammatory PCD, 
initiates the release of cellular contents and 
inflammatory factors, thereby activating the 
inflammatory response within the TME [9]. Our 
RNA-seq analysis demonstrated a significant 
upregulation of inflammatory factors and innate 
immune pathways in LV-D HCC cells (Figure 7A-C). 
Additionally, bioinformatics analysis revealed that 
patients exhibiting high expression levels of 
DNASE1L3 had significantly elevated inflammatory 
factor pathways compared to those with low 
DNASE1L3 expression (Figure 7D). To investigate the 
role of DNASE1L3 in the TME, we performed liver 
orthotopic tumor implantation experiments using 
immune-competent C57BL/6 or BALB/c mice. 
Notably, in contrast to the previous subcutaneous 
tumor model using nude mice, the growth rate of 
LV-D orthotopic tumors was significantly lower than 
that of LV-veh orthotopic tumors, with this difference 
becoming even more pronounced following sorafenib 
treatment (Figure 7E-G). These findings suggest that 
DNASE1L3 may influence the proliferation of liver 
cancer cells through immune mechanisms within the 
TME. To further elucidate this, we evaluated the 
release of inflammatory factors in LV-D and LV-veh 
HCC cells. Specifically, we quantified the levels of 
four inflammatory factors—Interleukin 18 (IL18), IL1
β , IFN β 1, and IL6 — associated with the 
cGAS-STING1 and AIM2 pathways. Our results 
indicated a significant increase in these inflammatory 
factors in LV-D HCC cells compared to LV-veh HCC 
cells, with this difference being even more 
pronounced after sorafenib treatment (Figure S8A-E). 
Consistent results were also observed in the levels of 
these inflammatory factors in the orthotopic tumors of 
mice (Figure 7H-K). 
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Figure 5. DNASE1L3 activates AIM2 and cGAS-STING1 pathway. (A and B) Representative GSEA in RNA-seq from LV-veh and LV-D MHCC97-H HCC cells with 
sorafenib (20 μM, 24 h). (C) GO enrichment analysis of upregulated DEGs between LV-veh and LV-D MHCC97-H HCC cells. (D and E) Western blotting analysis of 
cGAS-STING1 and AIM2 pathway-related proteins in LV-veh and LV-D MHCC97-H HCC cells with sorafenib (20 μM, 24 h). (F) IF staining of IRF3 (red) and DAPI (blue) in 
LV-veh and LV-D MHCC97-H HCC cells with sorafenib (20 μM, 24 h). Scale bar = 10 μm. (G) IF staining of expression of AIM2 (green), ASC (red) and DAPI (blue) in LV-veh 
and LV-D MHCC97-H HCC cells with sorafenib (20 μM, 24 h). Scale bar = 10 μm. (H) The diagrammatic drawing of AIM2-related PANoptosome formation. (I) IF assay of Pyrin 
(green), RIPK1 (red), AIM2 (purple) and DAPI (blue) in LV-veh and LV-D MHCC97-H HCC cells treated with sorafenib (20 μM, 24 h). The co-expression assembled spot 
represents PANoptosome. Scale bar = 10 μm. (J) Co-IP assay showed the combination of Pyrin, RIPK1, AIM2 and caspase-8 in LV-veh and LV-D MHCC97-H HCC cells with or 
without sorafenib (20 μM, 24 h). The data in (E) are representative of three independent experiments. All the data are presented as mean ± SD. *p < 0.05, **p < 0.01, ns 
represents no significant difference. 
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Figure 6. Knockdown of AIM2 attenuates DNASE1L3-induced PANoptosis. (A-D) Western blotting analysis of apoptosis-related proteins (A), pyroptosis-related 
proteins (B), necroptosis-related proteins (C) in LV-veh and LV-D MHCC97-H HCC cells with sorafenib (20 μM, 24 h), and the quantification of western blotting (D). (E) IF assay 
of RIPK1 (green), γH2AX (red), AIM2 (purple), and DAPI (blue) in ShNC, ShAIM2, LV-veh, and LV-D MHCC97-H HCC cells treated with sorafenib (20 μM, 24 h). The 
co-expression assembled spot represents PANoptosome. Scale bar = 10 μm. (F) Co-IP assay of Pyrin, RIPK1, AIM2, and caspase-8 in ShNC, ShAIM2, LV-veh, and LV-D 
MHCC97-H HCC cells with or without sorafenib (20 μM, 24 h). (G) Photographs of the excised tumors from nude mice injected with ShNC, ShAim2, LV-veh, and LV-D H22 
mouse liver cancer cells subcutaneously. (H) Statistical analysis of the tumor volumes (mm3) of the H22 cells mouse model. Sorafenib treatment was applied beginning at the time 
pointed by the arrow. The data in (D) are representative of three independent experiments. The data in (H) are representative of four independent experiments. All the data are 
presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns represents no significant difference. 
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Figure 7. DNASE1L3-induced PANoptosis promotes anti-tumor immunity in TME. (A) GO enrichment analysis of DEGs between LV-veh and LV-D MHCC97-H 
HCC cells. (B and C) Representative GSEA in RNA-seq from LV-veh and LV-D MHCC97-H HCC cells. (D) GO enrichment analysis of DEGs from liver cancer tissues with high 
or low expression of DNASE1L3 in the TCGA database. (E) Photographs of the excised livers from LV-veh and LV-D Hepa1-6 and H22 liver cancer cells constructed liver 
orthotopic tumor implantation mouse model. (F and G) Statistical analysis of the tumor weight (g) of the Hepa1-6 model (F) and H22 model (G). (H-K) The mouse inflammatory 
factors in liver orthotopic tumor with sorafenib treatment including IL18, IFNβ1, IL6, and IL1β were detected by ELISA. Statistical analysis was calculated per tumor weight. (L-U) 
Immune phenotyping was performed using FCM using the indicated cell markers in LV-veh and LV-D Hepa1-6 liver cancer cells constructed liver orthotopic tumors, collected 
at day 35. The data in (F, G) are representative of three independent experiments. The data in (H-U) are representative of four independent experiments. All the data are 
presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns represents no significant difference. 
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Based on the aforementioned results, we 
investigated the impact of DNASE1L3 expression in 
liver cancer cells on immune cell infiltration within 
the TME. Our study utilized mice with orthotopic 
tumors, and we observed a variety of inflammatory 
cell types. Notably, our findings indicated that the 
populations of CD4+ T cells, CD8+ T cells, natural 
killer (NK) cells, and macrophages were significantly 
elevated in LV-D orthotopic tumors compared to 
LV-veh orthotopic tumors (Figure 7L-U and S8F). 
These results suggest that DNASE1L3 enhances the 
release of pro-inflammatory factors and facilitates the 
infiltration of anti-tumor immune cells following 
sorafenib treatment. As a consequence, this promotes 
the establishment of a more conducive anti-tumor 
TME and contributes to the inhibition of tumor 
growth. 

DNASE1L3 enhances the efficacy of sorafenib 
combined with PD-1 monotherapy which is 
attenuated by knockdown of AIM2 

We also investigated the relationship between 
DNASE1L3 and AIM2 concerning the survival of 
HCC patients. Bioinformatics analysis revealed that 
patients exhibiting high expressions of both 
DNASE1L3 and AIM2 genes experienced the longest 
survival times, whereas those with low expressions of 
both genes had the shortest survival (Figure 8A). This 
finding suggests that the concurrent high expression 
of DNASE1L3 and AIM2 may be linked to improved 
prognosis. Conversely, patients with high expressions 
of both DNASE1L3 and STING1 did not display a 
significant survival advantage when compared to 
patients with elevated DNASE1L3 expression and low 
STING1 expression (Figure S9A). 

In addition, we established a liver orthotopic 
tumor implantation mouse model to investigate the 
effects of sorafenib monotherapy, PD-1 mAb therapy, 
and the combination of both treatments. After 
confirming the formation of orthotopic tumors 
through in vivo imaging, we administered these 
therapies to the mice and monitored changes in tumor 
size and survival (Figure S9B). Our results indicated 
that orthotopic tumors overexpressing DNASE1L3 
exhibited greater responsiveness to the combination 
of sorafenib and PD-1 mAb, as evidenced by reduced 
tumor weight and extended survival compared to the 
monotherapy group (Figure S9C-E). Conversely, the 
knockdown of AIM2 in the LV-D group resulted in 
increased tumor weight and decreased survival, 
suggesting that DNASE1L3 enhances the efficacy of 
the combination therapy via the AIM2 pathway. We 
also assessed the impact of PD-1 monotherapy; 
notably, the overexpression of DNASE1L3 
significantly improved the efficacy of both sorafenib 

monotherapy and αPD-1 monotherapy, with the most 
pronounced effect observed in the combination 
therapy (Figure 8B-D). However, after αPD-1 
monotherapy, we did not observe a significant 
increase in anti-tumor immune factors within the 
tumor tissue when compared to the untreated group. 
This finding implies that αPD-1 monotherapy does 
not enhance efficacy through the direct promotion of 
anti-tumor immune factor release in the 
microenvironment, contrasting with the mechanism 
of action noted with sorafenib (Figure S9F-I). 
Furthermore, IF staining of tumor tissues in the 
combination therapy group revealed that CD8+ T cell 
infiltration was higher in tissues with elevated 
expression of DNASE1L3 and AIM2, whereas the 
knockdown of AIM2 led to a significant reduction in 
CD8+ T cell numbers. Tumors exhibiting low 
expression of DNASE1L3 demonstrated minimal 
CD8+ T cell infiltration (Figure 8E).  

On the side, we assessed CD8+ T cell infiltration 
across the untreated, sorafenib monotherapy, αPD-1 
monotherapy, and combination therapy groups. Our 
analysis revealed that CD8+ T cell infiltration was 
more pronounced in the groups exhibiting high 
expression levels of DNASE1L3 and AIM2, with the 
most significant difference observed in the 
combination therapy group (Figure S9J-M and S10A, 
B). This finding suggests that DNASE1L3 plays 
critical a role in enhancing the immune TME, 
particularly within the context of combination 
therapy for HCC. Based on these results, we conclude 
that elevated expression of DNASE1L3 and AIM2 
improve the efficacy of sorafenib in conjunction with 
PD-1 mAb therapy, resulting in significant tumor 
growth inhibition and extended survival in mice. 

Discussion  
The role of deoxyribonucleases in tumor 

immunity and therapy is of significant interest; 
however, it remains largely underexplored. Notably, 
high expression levels of DNASE1L3 are positively 
correlated with improved prognosis in HCC, yet its 
impact on treatment outcomes in HCC has not been 
thoroughly investigated. Yang et al. demonstrated that 
DNASE1L3 is associated with longer survival 
following radical resection of HCC [21]. Furthermore, 
Guo et al. reported that the inhibition of DNASE1L3 in 
HCC cells increased resistance to sorafenib, although 
the underlying mechanisms were not explored [23]. In 
this study, we identify DNASE1L3 as a biomarker 
indicative of better prognosis for patients undergoing 
sorafenib combined with PD-1 mAb therapy in HCC, 
and elucidate the mechanisms involved.  
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Figure 8. DNASE1L3 improves the effectiveness of combination therapy with sorafenib and PD-1 mAb. (A) Kaplan-Meier survival curve based on the relative 
expression of DNASE1L3 and AIM2 in liver cancer tissues from the TCGA database. (B) Photographs of the excised livers from H22 liver cancer cells constructed liver orthotopic 
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tumor implantation mouse model treated by sorafenib monotherapy, αPD-1 monotherapy and combination therapy with sorafenib and αPD-1. (C) Survival curve of H22 liver 
cancer cells constructed liver orthotopic tumor implantation mouse model treated by sorafenib monotherapy, αPD-1 monotherapy and combination therapy with sorafenib and 
αPD-1. (D) Statistical analysis of the tumor weight (g) of H22 liver cancer cells constructed liver orthotopic tumor implantation mouse model treated by sorafenib monotherapy, 
αPD-1 monotherapy and combination therapy with sorafenib and αPD-1. (E) IF assay was used to verify the expression of DAPI (blue), DNASE1L3 (green), AIM2 (yellow) and 
CD8 (red) for the H22 liver cancer cells constructed liver orthotopic tumor implantation mouse model treated by combination therapy with sorafenib and αPD-1. Scale bars in 
overall images (left) is 100 μm, and in enlarged images (right) is 50 μm. Images with separated channels are below. The data in (C) are representative of six independent 
experiments. The data in (D) are representative of four independent experiments. All the data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns represents no 
significant difference. 

 
Our findings suggest that DNASE1L3 functions 

as a deoxyribonuclease, activating the AIM2 pathway 
through the generation of dsDNA which in turn 
triggers inflammatory PCD known as PANoptosis. 
Additionally, our analysis of liver cancer datasets 
indicates that DNASE1L3 is positively correlated with 
improved prognosis for both sorafenib and αPD-1 
monotherapy. Currently, the available liver cancer 
datasets do not provide information on the prognosis 
of combination therapies; thus, we plan to establish a 
cohort to address this gap in the future. Overall, our 
study offers insights into potential biomarker 
molecules for predicting outcomes of combination 
therapy in advanced HCC and clarifies the 
mechanism by which DNASE1L3 promotes 
PANoptosis in HCC cells. 

 Targeted therapy combined with 
immunotherapy represents a promising strategy for 
tumor treatment. However, many patients do not 
respond to this therapeutic approach, and the 
underlying reasons for this lack of response have not 
been thoroughly investigated [39]. Our study 
performed a proteomic analysis on HCC tissues from 
patients who either responded or did not respond to 
sorafenib in conjunction with PD-1 mAb therapy. We 
identified that DNASE1L3, a specific protein, was 
significantly upregulated. Previous research has 
demonstrated that other DNA enzymes, such as three 
prime repair exonuclease 1 (TREX1) and 
Deoxyribonuclease 2 (DNASE2), facilitate dsDNA 
degradation and inhibit cGAS-STING1 pathway 
activation [40, 41]. However, our experiments 
indicated that HCC cells overexpressing DNASE1L3 
exhibit accelerated DNA cleavage and accumulate 
higher levels of dsDNA in the cytoplasm following 
sorafenib treatment. We hypothesize that this 
discrepancy may be attributed to the distinct types of 
DNASE involved and the diverse products resulting 
from cleavage. Unlike other DNASEs, DNASE1L3 
performs different functions both intracellularly and 
extracellularly. It primarily digests macromolecular 
chromosome fragments, including apoptotic vesicles 
and exosomes, in the extracellular space to mitigate 
the formation of autoantibodies. Mutational 
inactivation of DNASE1L3 is a prevalent cause of 
autoimmune diseases, such as lupus erythematosus 
[42]. Conversely, DNASE1L3 predominantly 
functions intracellularly to cleave chromatin DNA 

into nucleosome-length (166 bp) dsDNA fragments 
during cell death [43, 44]. In our study, we 
concentrated on a detailed investigation of the 
intracellular function of DNASE1L3; however, we did 
not explore its extracellular effects within the TME in 
this research. These extracellular effects will be 
addressed in future studies. 

DNA is typically localized within the nucleus as 
chromatin. The release of damage-associated 
molecular patterns (DAMPs) during early cell death 
can significantly influence the type of cell death [45, 
46]. Our study found that DNASE1L3 induces the 
production of dsDNA, which activates the 
cytoplasmic sensors AIM2 and cGAS, initiating 
PANoptosis. Cytoplasmic dsDNA sensors are 
conserved mechanisms that detect endogenous 
nucleic acids during microbial infection or cell death, 
thereby initiating innate immune signaling pathways 
[47, 48]. Common sensors include AIM2 [35], cGAS 
[49], Toll-like receptor 9 (TLR9) [50], and others. TLR9 
is primarily located in immune cells such as dendritic 
cells (DCs), B cells, and macrophages, where it 
recognizes the prevalence of non-methylated 
cytosine-guanine (CpG) motifs in bacterial and viral 
DNA [51]. In contrast, AIM2 and cGAS bind directly 
to dsDNA in a sequence-independent manner, with 
AIM2 recognizing dsDNA lengths greater than 80 
base pairs (bp) and cGAS recognizing lengths above 
45 bp [32, 35]. Our experiments demonstrated that 
both AIM2 and cGAS-STING1 pathways were 
activated; however, knockdown of AIM2 resulted in 
decreased PANoptosis, while knockdown of STING1 
did not significantly affect PANoptosis. Previous 
studies have explored the crosstalk between AIM2 
and STING1 pathways, indicating that the 
cGAS-STING1 pathway can enhance the expression of 
AIM2 and caspase-1 through IFNγ [52]. Conversely, 
other studies suggest a suppressive interaction 
between the cGAS-STING1 and AIM2 pathways [53]. 
Nevertheless, further validation is required to confirm 
these findings. 

One reason for the low efficacy of immuno-
therapy in HCC is its reduced immunogenicity, often 
referred to as a 'cold tumor' [54]. A critical challenge 
in enhancing the effectiveness of immunotherapy lies 
in identifying methods to increase the immuno-
genicity of HCC and convert it into a 'hot tumor' [55]. 
Transitioning tumor cell death from low 
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immunogenic apoptosis to high immunogenic cell 
death appears promising in this context [56]. Previous 
research has predominantly concentrated on the 
effects of sorafenib on apoptosis in HCC cells [25]. 
However, in HCC cells that overexpressing 
DANSE1L3, sorafenib induces PANoptosis rather 
than apoptosis. PANoptosis, an inflammatory form of 
PCD, results in the release of pro-inflammatory 
factors. Furthermore, dsDNA activates the 
cGAS-STING1 pathway, which promotes the 
expression of downstream MHC I molecules and 
enhances the immunogenicity of HCC cells. In a liver 
orthotopic tumor implantation mouse model, we 
observed that LV-D tumors exhibited a higher 
presence of anti-tumor immune cells and 
demonstrated improved prognosis when treated with 
a combination of sorafenib and PD-1 mAb. 
Nevertheless, the role of PANoptosis within the TME 
has not been extensively investigated. In future 
studies, we aim to further examine the characteristics 
of PANoptosis in the TME and establish a link 
between PANoptosis and anti-tumor immunity. 

Our findings present a novel strategy to enhance 
the effectiveness of anti-HCC therapy. However, it is 
important to acknowledge several limitations of this 
study. Firstly, sorafenib, as a TKI, targets multiple 
pathways within tumors [57]. While we observed a 
correlation between the expression of DNASE1L3 and 
PCD in HCC cells, additional research is necessary to 
investigate the angiogenesis-related pathways within 
the TME. Secondly, DNASE1L3 is known to be 
secreted extracellularly, and existing studies suggest 
its role in the formation of extracellular traps [58]. 
Thus, the extracellular function of DNASE1L3 in the 
TME warrants further exploration. Thirdly, the 
relationship between PANoptosis and metabolic rate 
remains ambiguous. Previous literature has indicated 
that DNASE1L3 inhibits glycolysis [18], and our 
experiments also revealed that the overexpression of 
DNASE1L3 significantly disrupts the oxidative 
respiratory chain in response to sorafenib induction. 
However, the role of PANoptosis in the metabolism of 
HCC cells requires further investigation. Lastly, we 
encountered limitations in sample selection due to the 
scarcity of biopsy samples from patients undergoing 
systemic treatment and those receiving adjuvant 
therapy for HCC. Consequently, we focused on cases 
of primary tumors and early recurrences for this 
study, which may raise concerns regarding tumor 
heterogeneity. Some studies suggest that early 
recurrence is more likely a consequence of 
micrometastasis from the primary tumor [59], and 
that organoids derived from primary tissue can be 
utilized to screen for sensitive therapeutic agents 
following recurrence [60]. Moving forward, we will 

continue to collect data from patients undergoing 
adjuvant therapy and aim to expand our sample size 
to further validate these findings. 

In conclusion, our study has identified 
DNASE1L3 as a potential biomarker for predicting 
the sensitivity of combination therapy that involves 
sorafenib and immunotherapy in HCC. Additionally, 
we have explored the underlying mechanism by 
which DNASE1L3 enhances the efficacy of this 
combination therapy through the activation of 
AIM2-mediated PANoptosis. Collectively, our 
findings indicate that heightening DNASE1L3 may 
represent a promising therapeutic strategy for 
improving the antitumor efficacy of combination 
therapy in the treatment of HCC. 

Materials and methods 
Human surgical specimens 

This study utilized a variety of human surgical 
specimens, including eight primary HCC tumors from 
patients who underwent combination therapy with 
sorafenib and PD-1 mAb, eight primary HCC tumors 
from patients treated exclusively with sorafenib, and 
twelve pairs of primary HCC tumors compared to 
adjacent normal tissues. Importantly, there was no 
overlap among the patients in the three cohorts. To 
identify effective biomarker molecules associated 
with both combination therapy and sorafenib 
monotherapy, we performed a retrospective analysis 
of patients who were hospitalized for radical surgery 
for HCC at the Second Affiliated Hospital of the Army 
Medical University between January 2019 and 
December 2021. The inclusion criteria were as follows: 
(1) Clinically confirmed HCC based on clinical criteria 
or histological examination; (2) Radical resection of 
primary HCC tumors with retained samples for 
testing; (3) Early recurrence, defined as occurring 
within two years, resulting in unresectable tumors; (4) 
Presence of at least one measurable tumor lesion 
according to the RECIST 1.1 criteria; (5) Patients 
received regular treatment for a minimum of six 
months, with accessible clinical data from medical 
records; (6) No history of other malignant cancers. 
Based on these criteria, we identified eight patients 
receiving combination therapy and eight patients 
receiving sorafenib monotherapy, categorizing them 
into responding and poor-responding groups 
according to the RECIST 1.1 criteria. The use of 
clinical specimens in this study was approved by the 
Ethical Review Board of the Second Affiliated 
Hospital ethics committee.  

Cell culture and treatment 
Human liver cell lines L-02 (Cat#BFN608006124), 

WRL68 (Cat#BFN608007148), HCC cell lines 
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BEL-7402 (Cat#BFN60800694), SMMC-7721 (Cat# 
BFN60800687), and mouse liver cancer cell lines H22 
(Cat#BFN608007276) were purchased from BluefBio 
(China). Human HCC cell lines HepG2 (Cat# 
SCSP-510), HuH-7 (Cat#SCSP-526), MHCC97-H 
(Cat#SCSP-5092), HCCLM3 (Cat#SCSP-5093), 
PLC/PRF/5 (Cat#TCHu119), Hep3B (Cat# 
SCSP-5045), and mouse liver cancer cell lines Hepa1-6 
(Cat#SCSP-512) were obtained from the Cell Bank of 
Chinese Academy of Sciences (CAS). All cell lines 
used in this study were authenticated and tested for 
mycoplasma contamination. Cell passages with a 
value of less than ten were utilized. Except for H22, all 
cell lines were cultured in DMEM (Cat#11965092, 
Gibco, USA) supplemented with 10% fetal bovine 
serum (Cat#A3160902, Gibco, USA) and 
penicillin/streptomycin (10000 U/ml, Cat#15070063, 
Thermo scientific, USA) in a 5% CO2 atmosphere at 
37°C.  

Animal experiments 
All animal experimental protocols were 

approved by the Army Medical University Animal 
Ethics Committee, under Animal Ethics Number 
AMUWEC20224407. The protocols strictly adhered to 
the National Institutes of Health guidelines 
concerning animal welfare. For the subcutaneous 
tumor model in nude mice (Cat#401, Vital River, 
China), H22 and Hepa1-6 mouse liver cancer cells 
(5×105 cells of H22 and 1×106 cells of Hepa1-6) were 
injected subcutaneously into the lower right flank of 
male BALB/c nude mice aged 6–8 weeks. In the H22 
subcutaneous tumor model, sorafenib treatment (5 
mg/kg) (Cat#HY-10201, MedChemExpress, USA) 
was administered intraperitoneally on days 9, 12, and 
15 post-injection. In the Hepa1-6 subcutaneous tumor 
model, sorafenib was administered intraperitoneally 
on days 12, 15, and 18 post-injection. Tumor diameter 
and width were measured every three days, and 
tumor volumes were calculated using the formula V = 
π/6 × L × W × H (where V is volume, L is length, W is 
width, and H is height). For the liver orthotopic tumor 
implantation mouse model, H22 and Hepa1-6 
subcutaneous tumors were cut into small pieces (1 
mm³) and implanted separately into the livers of 
BALB/c (Vital River, China) and C57BL/6 (Vital 
River, China) mice after anesthesia with pentobarbital 
sodium (Cat#57-33-0). Following six days of H22 
orthotopic tumor implantation and twenty-five days 
of Hepa1-6 orthotopic tumor implantation, in vivo 
imaging analysis was conducted to assess the volume 
of the orthotopic tumors. Subsequently, sorafenib (5 
mg/kg), PD-1 (Cat#BE0273, BioXcell) (200 µg per 
mouse), and a combination therapy of sorafenib and 
PD-1 antibody were administered intraperitoneally 

three times (every three days) prior to sacrifice. 

Proteomics analyses 
Proteins were extracted from surgical specimens 

of HCC and subsequently subjected to label-free 
quantitative proteomics analysis (Jingjie PTM BioLab 
Co. Inc., China). Following this, a comprehensive 
bioinformatics analysis was conducted on all 
identified proteins, which included quantification of 
protein expression and differential expression 
analysis. Furthermore, the functions of the proteins 
were classified through GO and KEGG enrichment 
analyses, focusing on the differentially expressed 
proteins (DEPs). 

Statistical analysis 
Statistical analyses were conducted using Prism 

software (version 9.00, GraphPad). Data are presented 
as mean ± SEM. Normality and lognormality were 
assessed using the Shapiro-Wilk test. An unpaired 
t-test was employed to compare the means of two 
groups exhibiting normal (or approximately normal) 
distributions. For comparisons involving more than 
two groups at different time points, two-way ANOVA 
with appropriate multiple comparison corrections 
(Dunnett’s or Tukey’s test) was utilized. Survival 
curves were analyzed using the Kaplan–Meier 
method, complemented by the log-rank test. 
Nonlinear fit analysis was applied in inhibition 
experiments, and IC50 values were derived from 
Best-fit estimates. All statistical tests were two-tailed, 
with statistical significance set at p values < 0.05. 
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TLR9: toll-like receptor 9; TME: tumor micro-
environment; TREX1: three prime repair exonuclease 
1; VEGFR: vascular endothelial growth factor 
receptor; γH2AX: phosphorylated H2AX histone 
protein; DEPs: differentially expressed proteins. 

Supplementary Material  
Supplementary materials and methods, figures and 
tables. https://www.thno.org/v14p6798s1.pdf  

Acknowledgements 
Funding 

National Science Foundation of China (No. 
82203544 to J.W.). Major International (Regional) Joint 
Research Program of the National Natural Science 
Foundation of China (No. 81920108027 to Y.L.), 
Funding for Chongqing Young and Middle-Aged 
Medical Excellence Team (to Y.L.). 

Ethics approval and consent to participate 
All human specimens utilized in this study were 

sourced from the Second Affiliated Hospital of the 
Army Medical University. The Ethical Review Board 
of the Second Affiliated Hospital granted approval for 
the use of these clinical specimens, under Ethics 
Number 2024-097-01. Additionally, all animal 
experimental protocols received approval from the 
Army Medical University Animal Ethics Committee, 
assigned Animal Ethics Number AMUWEC20224407. 

Consent for publication 
All authors declare to approve the publication. 

Availability of data and material 
Analyses of DNASE1L3 expression in liver 

cancer were conducted using data retrieved from 
TCGA (http://www.cbioportal.org/publicportal/). 
Gene Set Enrichment Analysis (GSEA, version 4.0.3) 
was employed for pathway analysis. The proteomic 
data has been submitted to the iProX database, with 
the project ID IPX0008460000. RNA sequencing data is 
available online at https://dataview.ncbi.nlm.nih 
.gov/object/PRJNA1091552?reviewer=455t5mpr1bj3
qfucs0igitoda7. The data generated in this study can 
be found in the main article and its supplementary 
materials, or can be requested from the corresponding 
authors. 

Author contributions 
Y.L., H.Z. and S.Y. conceptualized and designed 

the study. J.W., Y.C. and Y.X. performed the 
experiments. J.W. and Y.Z. analyzed the data. Y.L., 

S.Y. and J.W. acquired the fundings. J.Z. and S.Y. 
collected the HCC surgical specimens. Y.L., S.Y. and 
J.W. administrated the project. R.R. and Y.C. assisted 
with data analysis. J.W. generated the figures and 
wrote the original draft of manuscript. Y.L and S.Y. 
revised the manuscript and supervised this study. All 
authors have read and approved the article. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1.  Rimassa L, Finn RS, Sangro B. Combination immunotherapy for 

hepatocellular carcinoma. J Hepatol. 2023; 79: 506-15. 
2.  Sangro B, Sarobe P, Hervás-Stubbs S, Melero I. Advances in immunotherapy 

for hepatocellular carcinoma. Nat Rev Gastroenterol Hepatol. 2021; 18: 525-43. 
3.  Mu M, Huang C-X, Qu C, Li P-L, Wu X-N, Yao W, et al. Targeting 

ferroptosis-elicited inflammation suppresses hepatocellular carcinoma 
metastasis and enhances sorafenib efficacy. Cancer Res. 2024; 84:841-54. 

4.  Yuen VW-H, Chiu DK-C, Law C-T, Cheu JW-S, Chan CY-K, Wong BP-Y, et al. 
Using mouse liver cancer models based on somatic genome editing to predict 
immune checkpoint inhibitor responses. J Hepatol. 2023; 78: 376-89. 

5.  Chiang H-C, Lee Y-C, Chang T-T, Lin Y-J, Wu H-T, Wang C-T, et al. 
Real-world effectiveness of sorafenib versus lenvatinib combined with pd-1 
inhibitors in unresectable hepatocellular carcinoma. Cancers (Basel). 2023; 15: 
854. 

6.  Peng T-R, Wu C-C, Chang S-Y, Chen Y-C, Wu T-W, Hsu C-S. Therapeutic 
efficacy of nivolumab plus sorafenib therapy in patients with unresectable 
hepatocellular carcinoma. Int Immunopharmacol. 2022; 112: 109223. 

7.  Tran NH, Muñoz S, Thompson S, Hallemeier CL, Bruix J. Hepatocellular 
carcinoma downstaging for liver transplantation in the era of systemic 
combined therapy with anti-vegf/tki and immunotherapy. Hepatology. 2022; 
76: 1203-18. 

8.  Chen P, Dong Z, Zhu W, Chen J, Zhou Y, Ye Q, et al. Noncanonical regulation 
of hoil-1 on cancer stemness and sorafenib resistance identifies pixantrone as a 
novel therapeutic agent for hepatocellular carcinoma. Hepatology. 2024; 
80:330-45.  

9.  Zhou L, Lyu J, Liu F, Su Y, Feng L, Zhang X. Immunogenic 
panoptosis-initiated cancer sono-immune reediting nanotherapy by iteratively 
boosting cancer immunity cycle. Adv Mater. 2024; 36: e2305361. 

10.  Yi X, Li J, Zheng X, Xu H, Liao D, Zhang T, et al. Construction of panoptosis 
signature: Novel target discovery for prostate cancer immunotherapy. Mol 
Ther Nucleic Acids. 2023; 33: 376-90. 

11.  Song F, Wang C-G, Mao J-Z, Wang T-L, Liang X-L, Hu C-W, et al. 
Panoptosis-based molecular subtyping and hpan-index predicts therapeutic 
response and survival in hepatocellular carcinoma. Front Immunol. 2023; 14: 
1197152. 

12.  Liu QY, Ribecco M, Pandey S, Walker PR, Sikorska M. Apoptosis-related 
functional features of the dnasei-like family of nucleases. Ann N Y Acad Sci. 
1999; 887: 60-76. 

13.  Napirei M, Wulf S, Eulitz D, Mannherz HG, Kloeckl T. Comparative 
characterization of rat deoxyribonuclease 1 (dnase1) and murine 
deoxyribonuclease 1-like 3 (dnase1l3). Biochem J. 2005; 389: 355-64. 

14.  Han DSC, Ni M, Chan RWY, Chan VWH, Lui KO, Chiu RWK, et al. The 
biology of cell-free DNA fragmentation and the roles of dnase1, dnase1l3, and 
dffb. Am J Hum Genet. 2020; 106: 202-14. 

15.  Watanabe T, Takada S, Mizuta R. Cell-free DNA in blood circulation is 
generated by dnase1l3 and caspase-activated dnase. Biochem Biophys Res 
Commun. 2019; 516: 790-5. 

16.  Chen J, Ding J, Huang W, Sun L, Chen J, Liu Y, et al. Dnase1l3 as a novel 
diagnostic and prognostic biomarker for lung adenocarcinoma based on data 
mining. Front Genet. 2021; 12: 699242. 

17.  Liu J, Yi J, Zhang Z, Cao D, Li L, Yao Y. Deoxyribonuclease 1-like 3 may be a 
potential prognostic biomarker associated with immune infiltration in colon 
cancer. Aging (Albany NY). 2021; 13: 16513-26. 

18.  Xiao Y, Yang K, Liu P, Ma D, Lei P, Liu Q. Deoxyribonuclease 1-like 3 inhibits 
hepatocellular carcinoma progression by inducing apoptosis and 
reprogramming glucose metabolism. Int J Biol Sci. 2022; 18: 82-95. 

19.  Deng Z, Xiao M, Du D, Luo N, Liu D, Liu T, et al. Dnase1l3 as a prognostic 
biomarker associated with immune cell infiltration in cancer. Onco Targets 
Ther. 2021; 14: 2003-17. 

20.  Keyel PA. Dnases in health and disease. Dev Biol. 2017; 429:1-11. 
21.  Wang S, Ma H, Li X, Mo X, Zhang H, Yang L, et al. Dnase1l3 as an indicator of 

favorable survival in hepatocellular carcinoma patients following resection. 
Aging (Albany NY). 2020; 12: 1171-85. 

22.  Boulares AH, Zoltoski AJ, Sherif ZA, Yakovlev AG, Smulson ME. The 
poly(adp-ribose) polymerase-1-regulated endonuclease dnas1l3 is required for 



Theranostics 2024, Vol. 14, Issue 17 
 

 
https://www.thno.org 

6817 

etoposide-induced internucleosomal DNA fragmentation and increases 
etoposide cytotoxicity in transfected osteosarcoma cells. Cancer Res. 2002; 62: 
4439-44. 

23.  Guo D, Ma D, Liu P, Lan J, Liu Z, Liu Q. Dnase1l3 arrests tumor angiogenesis 
by impairing the senescence-associated secretory phenotype in response to 
stress. Aging (Albany NY). 2021; 13: 9874-99. 

24.  Llovet JM, Lencioni R. Mrecist for hcc: Performance and novel refinements. J 
Hepatol. 2020; 72: 288-306. 

25.  Zhang X, Wu L, Xu Y, Yu H, Chen Y, Zhao H, et al. Microbiota-derived ssl6 
enhances the sensitivity of hepatocellular carcinoma to sorafenib by 
down-regulating glycolysis. Cancer Lett. 2020; 481: 32-44. 

26.  Li Y, Yang W, Zheng Y, Dai W, Ji J, Wu L, et al. Targeting fatty acid synthase 
modulates sensitivity of hepatocellular carcinoma to sorafenib via ferroptosis. 
J Exp Clin Cancer Res. 2023; 42: 6. 

27.  Stockwell BR. Ferroptosis turns 10: Emerging mechanisms, physiological 
functions, and therapeutic applications. Cell. 2022; 185: 2401-21. 

28.  Boulares AH, Zoltoski AJ, Contreras FJ, Yakovlev AG, Yoshihara K, Smulson 
ME. Regulation of dnas1l3 endonuclease activity by poly(adp-ribosyl)ation 
during etoposide-induced apoptosis. Role of poly(adp-ribose) polymerase-1 
cleavage in endonuclease activation. J Biol Chem. 2002; 277: 372-8. 

29.  Skaug B, Guo X, Li YJ, Charles J, Pham KT, Couturier J, et al. Reduced 
digestion of circulating genomic DNA in systemic sclerosis patients with the 
dnase1l3 r206c variant. Rheumatology (Oxford). 2023; 62:3197-204. 

30.  Ueki M, Takeshita H, Fujihara J, Iida R, Yuasa I, Kato H, et al. 
Caucasian-specific allele in non-synonymous single nucleotide 
polymorphisms of the gene encoding deoxyribonuclease i-like 3, potentially 
relevant to autoimmunity, produces an inactive enzyme. Clin Chim Acta. 2009; 
407: 20-4. 

31.  Nozaki K, Li L, Miao EA. Innate sensors trigger regulated cell death to combat 
intracellular infection. Annu Rev Immunol. 2022; 40: 469-98. 

32.  Hopfner K-P, Hornung V. Molecular mechanisms and cellular functions of 
cgas-sting signalling. Nat Rev Mol Cell Biol. 2020; 21: 501-21. 

33. Baatarjav C, Komada T, Karasawa T, Yamada N, Sampilvanjil A, Matsumura T, 
et al. Dsdna-induced aim2 pyroptosis halts aberrant inflammation during 
rhabdomyolysis-induced acute kidney injury. Cell Death Differ. 2022; 29: 
2487-502. 

34.  Cai Z, Zhang M-X, Tang Z, Zhang Q, Ye J, Xiong T-C, et al. Usp22 promotes 
irf3 nuclear translocation and antiviral responses by deubiquitinating the 
importin protein kpna2. J Exp Med. 2020; 217: e20191174. 

35.  Lugrin J, Martinon F. The aim2 inflammasome: Sensor of pathogens and 
cellular perturbations. Immunol Rev. 2018; 281: 99-114. 

36.  Oh S, Lee J, Oh J, Yu G, Ryu H, Kim D, et al. Integrated nlrp3, aim2, nlrc4, 
pyrin inflammasome activation and assembly drive panoptosis. Cell Mol 
Immunol. 2023; 20: 1513-26. 

37.  Fernandes-Alnemri T, Yu J-W, Datta P, Wu J, Alnemri ES. Aim2 activates the 
inflammasome and cell death in response to cytoplasmic DNA. Nature. 2009; 
458: 509-13. 

38.  Kim H, Kim H, Feng Y, Li Y, Tamiya H, Tocci S, et al. Prmt5 control of 
cgas/sting and nlrc5 pathways defines melanoma response to antitumor 
immunity. Sci Transl Med. 2020; 12: eaaz5683. 

39.  Zhu S, Zhang T, Zheng L, Liu H, Song W, Liu D, et al. Combination strategies 
to maximize the benefits of cancer immunotherapy. J Hematol Oncol. 2021; 14: 
156. 

40.  Takahashi A, Loo TM, Okada R, Kamachi F, Watanabe Y, Wakita M, et al. 
Downregulation of cytoplasmic dnases is implicated in cytoplasmic DNA 
accumulation and sasp in senescent cells. Nat Commun. 2018; 9: 1249. 

41.  Tani T, Mathsyaraja H, Campisi M, Li Z-H, Haratani K, Fahey CG, et al. Trex1 
inactivation unleashes cancer cell sting-interferon signaling and promotes 
anti-tumor immunity. Cancer Discov. 2024; 14:752-65. 

42.  Sisirak V, Sally B, D'Agati V, Martinez-Ortiz W, Özçakar ZB, David J, et al. 
Digestion of chromatin in apoptotic cell microparticles prevents 
autoimmunity. Cell. 2016; 166:88-101. 

43.  Errami Y, Naura AS, Kim H, Ju J, Suzuki Y, El-Bahrawy AH, et al. Apoptotic 
DNA fragmentation may be a cooperative activity between caspase-activated 
deoxyribonuclease and the poly(adp-ribose) polymerase-regulated dnas1l3, 
an endoplasmic reticulum-localized endonuclease that translocates to the 
nucleus during apoptosis. J Biol Chem. 2013; 288: 3460-8. 

44.  Han DSC, Lo YMD. The nexus of cfdna and nuclease biology. Trends Genet. 
2021; 37: 758-70. 

45.  Kroemer G, Galassi C, Zitvogel L, Galluzzi L. Immunogenic cell stress and 
death. Nat Immunol. 2022; 23: 487-500. 

46.  Zindel J, Kubes P. Damps, pamps, and lamps in immunity and sterile 
inflammation. Annu Rev Pathol. 2020; 15: 493-518. 

47.  Wu J, Chen ZJ. Innate immune sensing and signaling of cytosolic nucleic acids. 
Annu Rev Immunol. 2014; 32: 461-88. 

48.  Yu L, Liu P. Cytosolic DNA sensing by cgas: Regulation, function, and human 
diseases. Signal Transduct Target Ther. 2021; 6: 170. 

49.  Zhang Z, Zhou H, Ouyang X, Dong Y, Sarapultsev A, Luo S, et al. Multifaceted 
functions of sting in human health and disease: From molecular mechanism to 
targeted strategy. Signal Transduct Target Ther. 2022; 7: 394. 

50.  Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity: 
Update on toll-like receptors. Nat Immunol. 2010; 11: 373-84. 

51.  Kumagai Y, Takeuchi O, Akira S. Tlr9 as a key receptor for the recognition of 
DNA. Adv Drug Deliv Rev. 2008; 60: 795-804. 

52.  Kumpunya S, Thim-Uam A, Thumarat C, Leelahavanichkul A, Kalpongnukul 
N, Chantaravisoot N, et al. Cgas deficiency enhances inflammasome activation 
in macrophages and inflammatory pathology in pristane-induced lupus. Front 
Immunol. 2022; 13: 1010764. 

53.  Corrales L, Woo S-R, Williams JB, McWhirter SM, Dubensky TW, Gajewski TF. 
Antagonism of the sting pathway via activation of the aim2 inflammasome by 
intracellular DNA. J Immunol. 2016; 196: 3191-8. 

54.  Donne R, Lujambio A. The liver cancer immune microenvironment: 
Therapeutic implications for hepatocellular carcinoma. Hepatology. 2023; 77: 
1773-96. 

55.  Dong L-Q, Peng L-H, Ma L-J, Liu D-B, Zhang S, Luo S-Z, et al. Heterogeneous 
immunogenomic features and distinct escape mechanisms in multifocal 
hepatocellular carcinoma. J Hepatol. 2020; 72: 896-908. 

56.  Galluzzi L, Buqué A, Kepp O, Zitvogel L, Kroemer G. Immunogenic cell death 
in cancer and infectious disease. Nat Rev Immunol. 2017; 17: 97-111. 

57.  Tang W, Chen Z, Zhang W, Cheng Y, Zhang B, Wu F, et al. The mechanisms of 
sorafenib resistance in hepatocellular carcinoma: Theoretical basis and 
therapeutic aspects. Signal Transduct Target Ther. 2020; 5: 87. 

58.  Lacey KA, Serpas L, Makita S, Wang Y, Rashidfarrokhi A, Soni C, et al. 
Secreted mammalian dnases protect against systemic bacterial infection by 
digesting biofilms. J Exp Med. 2023; 220: e20221086. 

59.  Imamura H, Matsuyama Y, Tanaka E, Ohkubo T, Hasegawa K, Miyagawa S, et 
al. Risk factors contributing to early and late phase intrahepatic recurrence of 
hepatocellular carcinoma after hepatectomy. J Hepatol. 2003; 38: 200-7. 

60.  Wu H, Wang W, Zhang Y, Chen Y, Shan C, Li J, et al. Establishment of 
patient-derived organoids for guiding personalized therapies in breast cancer 
patients. Int J Cancer. 2024; 155: 324-38. 

 


