
 

 

 
Society of Medical Education & Research 

 

2021, Volume 1, Page No: 193-118 

ISSN: 3108-4834 

 

Influence of OASL on Oxaliplatin-Triggered Immunogenic Cell Death in Gastric Cancer 

Through the cGAS-STING Signaling Pathway 

Laura Katherine Mitchell1, Hannah Olivia Brooks1*, David Andrew Collins2, Peter Jonathan 

Moore2, Samuel Edward Wright3, Oliver Thomas Green³ 

1Department of Oncology, University of Oxford, Oxford, United Kingdom. 
2Cancer Research UK Cambridge Institute, University of Cambridge, Cambridge, United Kingdom. 

3Institute of Cancer Research, London, United Kingdom. 

*E-mail  h.brooks.oncology@gmail.com 

 

 

This study explores the regulatory role of 2'-5' oligoadenylate synthetase-like (OASL) in modulating oxaliplatin (OXA)-induced 

immunogenic cell death (ICD) in gastric cancer (GC) via the cGAS-STING signaling pathway. Silencing OASL resulted in 

increased ICD expression, whereas its overexpression suppressed these effects. Transcriptomic profiling of OASL-knockdown 

and control GC cells treated with OXA demonstrated marked enrichment in the cGAMP-mediated second messenger pathway. 

As a key upstream enzyme, cGAS generates the second messenger cGAMP, which directly activates STING. Mechanistic 

investigations confirmed that OASL regulates OXA-induced ICD in GC cells through the cGAS-STING pathway. Co-

immunoprecipitation and immunofluorescence assays revealed a direct interaction between OASL and cGAS proteins. These 

findings were further corroborated in an in vivo mouse model. Collectively, the data indicate that OASL modulates OXA-

induced ICD via cGAS-STING, influencing chemosensitivity, and highlight OASL as a potential target for enhancing OXA 

efficacy in GC treatment. 

Keywords: Gastric cancer, Oxaliplatin, Immunogenic cell death, cGAS-STING signaling pathway, 2'-5' oligoadenylate 

synthetase-like 

Introduction 

Gastric cancer (GC) ranks as the fifth most prevalent 

malignancy globally and is the fourth leading cause of 

cancer-related mortality, with high incidence in China [1, 

2]. Despite advances in both basic and clinical research, 

including novel chemotherapeutic regimens, targeted 

therapies, and immunotherapies, prognosis for GC 

patients remains unsatisfactory [3-6]. Chemotherapy 

continues to be a cornerstone in the management of 

advanced GC [7]. Although OXA-based regimens 

improve survival outcomes, clinical response rates 

remain limited to approximately 40–67% [8, 9], and the 

development of drug resistance is a major challenge. 

Evidence suggests that modulating specific molecular 

pathways can restore OXA sensitivity in GC cells. For 

instance, JUNB enhances resistance via MAPK pathway 

activation, reversible with ERK/MEK inhibitors [10]; 

EphA2 mediates resistance through EMT induction, 

which can be reversed by gene silencing [11]; at the 

epigenetic level, METTL3 maintains CD133+ stem cell 

resistance by promoting DNA base excision repair and 

stabilizing PARP1 mRNA [12, 13]. Additionally, 

autophagy regulation via the LINC00641/miR-582-5p 

axis contributes to OXA resistance, and its inhibition 

increases OXA cytotoxicity [14]. However, these 

markers are not yet widely applied in clinical settings [15, 

16], underscoring the need for in-depth molecular studies 

of GC. 
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The 2′-5′ oligoadenylate synthetase (OAS) family, an 

interferon-stimulated gene group, comprises OAS1, 

OAS2, OAS3, and ubiquitin-like OASL. Unlike other 

family members, OASL lacks enzymatic synthetase 

activity but possesses an N-terminal oligoadenylate-like 

domain and two C-terminal ubiquitin-like domains 

essential for its antiviral function [17-20]. Emerging 

evidence indicates that OASL is critical for immune 

regulation and drug metabolism [21-23]. Recent studies 

have linked OASL to cancer progression and prognosis, 

including in breast [24], pancreatic [25], and cervical 

cancers [26]. Previous work from our group 

demonstrated that OASL promotes proliferation, 

invasion, and migration while inhibiting apoptosis in GC 

cells, functioning as an oncogene in GC development 

[27]. OASL also appears to influence chemotherapeutic 

sensitivity, as observed in lung cancer, suggesting that its 

modulation could enhance drug efficacy [28]. Moreover, 

OAS family members have been identified as key genes 

in trastuzumab-resistant GC [29], highlighting OASL’s 

potential role in maintaining treatment responsiveness. 

Beyond direct cytotoxicity, OXA exerts anti-tumor 

effects by modulating immune responses, including ICD 

induction, STAT pathway modulation, and tumor 

microenvironment regulation [30-35]. Based on these 

insights, we hypothesized that OASL could play a pivotal 

role in governing OXA sensitivity in GC through 

immunogenic mechanisms. In this study, GC cells 

subjected to OASL knockdown or overexpression were 

treated with OXA, revealing that OASL suppression 

enhanced ICD, whereas overexpression inhibited it. 

Subsequent mRNA sequencing of OASL-knockdown 

and control GC cells treated with OXA for 24 hours 

demonstrated significant enrichment in cGAMP-

mediated signaling, suggesting that OASL influences 

OXA-induced ICD via the cGAS-STING pathway. 

These findings provide a rationale for targeting OASL to 

improve chemotherapeutic responses in GC. 

Materials and Methods  

Cell culture 

Gastric cancer (GC) cell lines AGS, MKN45, and 

HGC27 were obtained from Cobioer (Nanjing, China) 

and maintained in RPMI 1640 medium (BasalMedia, 

Shanghai, China) supplemented with 10 percent fetal 

bovine serum (FBS) in a humidified incubator at 37°C 

with 5% CO₂. Cells were treated with oxaliplatin (OXA, 

S1224, Selleck, China), the STING inhibitor H151 

(S6652, Selleck, China), or the STING agonist diABZI 

(Compound 3, S8796, Selleck, China) as indicated. 

Cell transfection 

siRNAs targeting OASL (si-OASL: 

CCATCACGGTCACCATTGT) and STING (si-STING: 

GGUCAUAUUACAUCGGAUA), along with a 

negative control siRNA (si-NC), were purchased from 

RiboBio (Guangzhou, China). OASL cDNA was cloned 

into the pcDNA3.1 vector (Tsingke Biotechnology, 

Beijing, China). AGS and MKN45 cells were transfected 

with si-OASL or si-NC, while HGC27 cells were 

transfected with empty vector or pcDNA3.1-OASL using 

Lipofectamine 2000 (Invitrogen, USA). Transfection 

efficiency was evaluated 48 hours later using RT-qPCR 

and western blotting. 

Cell viability assay (CCK-8) 

AGS, MKN45, and HGC27 cells were seeded in 96-well 

plates at a density of 5×10³ cells per well. Following 

treatment, CCK-8 reagent (Beyotime, Shanghai, China) 

was added and incubated for 2 hours, after which 

absorbance at 450 nm was measured using a Bio-Rad 

microplate reader (USA). 

Apoptosis analysis by flow cytometry 

Cells were washed with PBS and digested with 0.25% 

trypsin. After centrifugation at 1000 g for 5 minutes, cells 

were resuspended in PBS and counted. A total of 2×10⁵ 

cells per well were incubated with 195 μL Annexin V-

FITC binding solution, followed by 5 μL Annexin V-

FITC and 10 μL propidium iodide (PI). After 20 minutes 

incubation in the dark at 37°C, apoptosis was quantified 

by flow cytometry. 

Flow cytometric analysis of surface calreticulin (CRT) 

AGS, MKN45, and HGC27 cells were seeded in 6-well 

plates and harvested post-treatment. Cells were washed 

twice with cold PBS and incubated with primary anti-

CRT antibody at 4°C for 60 minutes in the dark. After 

washing, fluorophore-conjugated secondary antibody 

was added for 30 minutes at room temperature, followed 

by two additional PBS washes. Cells were resuspended 

in 300–500 μL PBS and analyzed by flow cytometry. 

Dendritic cell (DC) co-culture and maturation assay 

Human DCs were differentiated from peripheral blood 

mononuclear cells (PBMCs) via density gradient 

centrifugation and cultured in RPMI-1640/10% FBS 
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with GM-CSF (50 ng/mL) and IL-4 (20 ng/mL) for 5 

days. Conditioned media were collected from AGS, 

MKN45, and HGC27 cells transfected with si-OASL or 

OASL and treated with 40 μM OXA for twenty four 

hours. DCs were exposed to 50% conditioned media for 

24 hours at 37°C with 5% CO₂, and maturation was 

assessed by flow cytometric detection of CD80 and 

CD86 surface expression. 

Western blotting 

Proteins were extracted using RIPA lysis buffer 

(Beyotime, Shanghai, China), quantified with a BCA 

assay kit (Beyotime, Shanghai, China), separated by 10 

percent SDS-PAGE, and transferred to PVDF 

membranes. Membranes were incubated overnight at 4°C 

with primary antibodies and then with HRP-conjugated 

secondary antibodies (ab205718, Abcam, USA) for 2 

hours at room temperature. Protein bands were visualized 

using ECL (Beyotime, Shanghai, China) and quantified 

with ImageJ. Primary antibodies included: OASL 

(ab229136, Abcam, UK), cGAS (ab224144, Abcam, 

UK), STING (ab252560, Abcam, UK), IRF3 (ab245341, 

Abcam, UK), CRT (ab227444, Abcam, UK), HSP70 

(ab194360, Abcam, UK), HSP90 (ab203126, Abcam, 

UK), CD8 (ab316778, Abcam, UK), GAPDH (10494-1-

AP, Proteintech, USA), p-STING (AP1369, ABclonal, 

CN), p-TBK1 (AP1026, ABclonal, CN), and p-IRF3 

(AP0995, ABclonal, CN). 

Co-immunoprecipitation (Co-IP) 

Cells were collected 48 hours post-transfection, washed 

with cold PBS, lysed on ice for 30 minutes, and sonicated 

for 3 minutes. After centrifugation, the supernatant was 

incubated with Protein A/G PLUS Agarose (15 μL, 

Beyotime, Shanghai, China) for 1 hour at 4°C. 

Antibodies (1.5 μg) were added to lysates and incubated 

for 1 hour at 4°C, followed by overnight incubation with 

Protein A/G agarose beads (40 μL) at 4°C. Beads were 

washed four times, boiled with loading buffer, and 

analyzed by western blot. 

ELISA 

Cell supernatants were collected and analyzed for 

HMGB1 levels using the corresponding ELISA kit 

(Beyotime, Shanghai, China) according to the 

manufacturer’s instructions. 

Extracellular ATP measurement 

ATP released into the culture medium was quantified 

using a colorimetric ATP detection kit (Beyotime, 

Shanghai, China) following treatment. 

Lactate dehydrogenase (LDH) assay 

Cell culture supernatants were collected, and LDH levels 

were measured using an LDH detection kit (Beyotime, 

Shanghai, China) as per the kit protocol. 

Immunofluorescence 

Cells were fixed with 4 percent paraformaldehyde for ten 

minutes, permeabilized with 0.5% Triton X-100 for 

twenty minutes at room temperature, blocked, and 

incubated with primary antibodies for 1 hour. After 

labeling with fluorescent secondary antibodies, nuclei 

were counterstained with DAPI, and cells were 

visualized and imaged under a fluorescence microscope. 

Mouse tumor model 

Twenty male C57/BL6 mice (6–8 weeks old) were 

obtained from Jinan Pengyue Experimental Animal 

Breeding Co. Ltd. and maintained under SPF conditions 

with sterilized feed and autoclaved water. After one week 

of acclimatization in a controlled environment, mice 

were randomly divided into four experimental groups (n 

= 5 per group): sh-NC, sh-OASL, OXA + sh-NC, and 

OXA + sh-OASL. The sh-OASL construct 

(GAGTGTGACTAACAGAGTACC) was sourced from 

RiboBio (Guangzhou, China). 

MFC cells transfected with the appropriate constructs 

were adjusted to 1.5×10⁶ cells/mL, and 0.2 mL of the cell 

suspension was injected subcutaneously into the right 

axilla of each mouse. Tumor formation was confirmed 

when the diameter reached approximately 0.5 cm. OXA 

treatment was administered intraperitoneally at 10 mg/kg 

every 2 days (0.2 mL per dose), calculated based on the 

human-to-mouse surface area conversion factor 

(0.002:6). Tumor dimensions were recorded every three 

days using the formula: volume = (length × width²)/2. 

Mice were euthanized on day 15, and tumors were 

excised, weighed, photographed, and sectioned: one 

portion for protein extraction and western blot, one for 

TUNEL staining, and the remaining tissue for CD8 

immunohistochemistry. 

Statistical analysis 

All data analyses were performed with GraphPad Prism 

17. Results are presented as mean ± standard deviation 

(SD). Student’s t-test was applied to compare differences 
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between two groups, and statistical significance was 

defined as P < 0.05. Experiments were conducted in 

triplicate. 

Results and Discussion 

Oxaliplatin triggers immunogenic cell death in gastric 

cancer 

Impact of oxaliplatin on GC cell growth and apoptosis 

AGS, MKN45, and HGC27 cells were treated with a 

range of OXA concentrations (0, 5, 10, 20, 40, 80, 160 

μM) for 24, 48, and 72 hours. CCK-8 assays revealed a 

clear time- and dose-dependent suppression of cell 

proliferation (Figure 1a). Flow cytometry using Annexin 

V-FITC/PI staining showed a significant increase in 

apoptotic cell populations after 48 hours of treatment 

with 0–40 μM OXA (P < 0.001; (Figure 1b)), confirming 

OXA’s pro-apoptotic effect. 

 
a) 

 
b) 

Figure 1. Effect of OXA on the proliferation and 

apoptosis of GC cells 

(a) AGS,MKN45, and HGC27 cells were treated with 

OXA at various concentrations (0, 5, 10, 20, 40, 80, 

and 160 μM) for 24, 48, and 72 hours. The 

proliferation of GC cells was assessed using the 

CCK-8 assay. (b) AGS,MKN45,and HGC27 cells 

were treated with OXA at various concentrations (0, 

10, 20, and 40 μM) for 48 hours. The apoptosis rates 

of GC cells were measured using flow cytometry 

with the Annexin-FITC/PI double staining method. 

The values indicate the mean±standard deviation 

(SD) of three independent experiments.Statistical 

significance is indicated as follows: "ns" indicates no 

statistically significant difference, "*" indicates P < 

0.05, "#" indicates P < 0.01, and "▲" indicates P < 

0.001. 

Oxaliplatin-induced ICD in GC cells 

ICD is characterized by the extracellular release of 

DAMPs such as calreticulin (CRT), HMGB1, and ATP. 

GC cells exposed to OXA (0, 10, 20, 40 μM) for 48 hours 

demonstrated dose-dependent CRT translocation from 

the cytoplasm to the plasma membrane, observed via 

immunofluorescence (Figures 2a and 2b). ELISA 

assays of cell culture supernatants showed elevated 

HMGB1 (P < 0.01) and ATP (P < 0.001) in treated 

groups compared to untreated controls (Figures 2c and 

2d). Western blotting further indicated dose-dependent 

upregulation of HSP70 and HSP90 proteins (P < 0.001; 

(Figure 2e)). 

 
a) 

 
b) 
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c) d) 

 
e) 

Figure 2. OXA induces immunogenic cell death in 

GC cells 

(a) AGS cells were treated with OXA at various 

concentrations (0,10,20, and 40 μM) for 48 hours. 

The changes in CRT were observed via 

immunofluorescence. (b) AGS cells were treated with 

OXA at various concentrations (0,10,20,and 40 μM) 

for 48 hours.The expression level of CRT on cell 

membrane was measured using flow cytometry with 

dead cells,and a statistical chart was generated. 

(c) AGS cells were treated with OXA at various 

concentrations (0,10,20,and 40 μM) for 48 hours. The 

content of HMGB1 in the cell supernatant was 

measured using ELISA, and a statistical chart was 

generated.(d) AGS cells were treated with OXA at 

concentrations(0,10,20,and 40 μM) for 48 hours. The 

ATP content in the supernatant was quantified using 

ATP assay kit, and a statistical chart was generated. 

(e) AGS, MKN45, and HGC27 cells were treated 

with OXA at various concentrations (0,10,20,and 40 

μM) for 48 hours. Western blot analysis was 

performed to assess the expression levels of HSP70 

and HSP90 proteins, and a statistical chart was 

generated.The values indicate the mean±standard 

deviation (SD) of three independent experiments. 

Scale bar: 100 μm. Statistical significance is 

indicated as follows: "ns" indicates no statistically 

significant difference, "*" indicates P < 0.05,"**" 

indicates P < 0.01, and "▲" indicates P < 0.001. 

OASL attenuates oxaliplatin-induced ICD 

Modulation of apoptosis by OASL 

To assess the relationship between OXA and OASL 

expression, AGS, MKN45, and HGC27 cells were 

treated with increasing OXA concentrations (0, 10, 20, 

40 μM) for 48 hours. Western blot analysis revealed a 

dose-dependent increase in OASL protein levels (P < 

0.001; (Figure 3a)), while RT-qPCR confirmed 

corresponding elevations in OASL mRNA (P < 0.05; 

(Figure 3b)). 

The functional role of OASL in OXA-induced 

cytotoxicity was evaluated next. Knockdown of OASL in 

AGS and MKN45 cells followed by OXA treatment (0–

40 μM) for 48 hours led to significantly higher apoptotic 

rates compared with control cells, as measured by 

Annexin V-FITC/PI flow cytometry (P < 0.05; (Figure 

3c)). LDH release assays corroborated the enhanced 

cytotoxicity in OASL-deficient cells (P < 0.05; (Figure 

3e)). Conversely, overexpression of OASL in HGC27 

cells exposed to 40 μM OXA resulted in reduced 

apoptosis and LDH release (P < 0.05; (Figures 3d and 

3e)). Collectively, these data indicate that OASL 

suppresses OXA-induced apoptosis and diminishes GC 

cell chemosensitivity. 

 
a) 

 
b) 
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c) d) 

 
e) 

Figure 3. The Effect of OASL on OXA-induced 

apoptosis in GC cells 

(a) AGS, MKN45, and HGC27 cells were treated 

with OXA at various concentrations (0,10,20, and 40 

μM) for 48 hours. The μWm estern blot analys10i0sμ 

was performed to assess the protein expression levels 

of OASL in GC cells, followed by statistical analysis. 

(b) AGS, MKN45, and HGC27 cells were treated 

with OXA at various concentrations (0,10,20,and 40 

μM) for 48 hours. RT-PCR was then utilized to 

measure OASL mRNA expression levels in the GC 

cells, followed by statistical analysis. (c) AGS cells 

underwent OASL knockdown and were subsequently 

treated with OXA at different concentrations 

(0,10,20,and 40 μM) for 48 hours. The apoptosis rate 

was measured by flow cytometry using the Annexin 

FITC/PI double staining method, and a statistical 

analysis of the apoptosis rate was conducted. (d) 

HGC27 cells were overexpressed with OASL and 

then treated with 40 μM OXA for 48 hours. Flow 

cytometry (using the Annexin FITC/PI double 

staining method) was employed to measure the 

apoptosis rate of AGS cells, along with the 

generation of a statistical chart reflecting the 

apoptosis rate. (e) Statistical graphs showed LDH 

content in AGS and MKN45 

cells after OASL knockdown, followed by treatment 

with OXA at various concentrations (0,10,20,and 40 

μM) for 48 hours, as well as in HGC27 cells after 

OASL overexpression followed by treatment with 40 

μM OXA for 48 hours. The values indicate the 

mean±standard deviation (SD) of three independent 

experiments.Statistical significance is indicated as 

follows: "ns" indicates no statistically significant 

difference, "*" indicates P < 0.05, "**" indicates P < 

0.05, and "▲" indicates P < 0.001. 

 

Impact of OASL on oxaliplatin-induced immunogenic 

cell death in gastric cancer 

To investigate the role of OASL in OXA-triggered ICD, 

AGS and MKN45 cells were treated with 40 μM OXA in 

combination with si-OASL for 48 hours, whereas 

HGC27 cells received 40 μM OXA along with OASL 

overexpression for the same duration. Western blot 

analysis confirmed that OXA treatment led to a marked 

upregulation of OASL in both experimental models (P < 

0.01). 

The influence of OASL on ICD-associated DAMPs was 

further examined in AGS and MKN45 cells. Cells were 

divided into four groups: control, OXA alone, OXA+si-

NC, and OXA+si-OASL, with OXA applied at 40 μM for 

48 hours. Analysis revealed that knockdown of OASL 

significantly enhanced ICD markers, including CRT 

accumulation on the cell membrane, elevated 

extracellular HMGB1 and ATP levels, and increased 

intracellular HSP70 and HSP90 expression compared 

with the OXA+si-NC group (P < 0.05; (Figures 4a–4e)). 

Similar trends were observed in MKN45 cells (P < 0.05). 

Conversely, overexpression of OASL in HGC27 cells 

treated with 40 μM OXA for 48 hours resulted in a 

substantial reduction of these ICD-associated DAMPs (P 

< 0.05). Collectively, these findings indicate that OASL 

acts as a negative regulator of OXA-induced ICD in 

gastric cancer cells. 

 
a) 
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b) 

 
c) 

 
d) 

 
e) 

Figure 4. OASL can reduce OXA-induced 

immunogenic cell death in GC cells 

(a) AGS cells were treated with 40 μM OXA 

combined with si-OASL for 48 hours, and changes in 

CRT were observed using immunofluorescence. (b) 

AGS cells were treated with 40 μM OXA combined 

with si-OASL for 48 hours, the expression level of 

CRT on cell membrane was measured using flow 

cytometry with dead cells,and a statistical chart was 

generated. (c)AGS cells were treated with 40 μM 

OXA combined with si-OASL for 48 hours, and the 

statistical plot of HMGB1 content in cell supernatant 

of cell culture medium was detected using ELISA 

assay. (d) AGS cells were treated with 40 μM OXA 

combined with si-OASL for 48 hours, and statistical 

plot of ATP content in cell supernatant of cell culture 

medium was detected using ATP kit. (e) AGS and 

MKN45 cells were treated with 40 μM OXA in 

combination with si-OASL for 48 hours, and HGC27 

cells were treated with 40 μM OXA in combination 

with overexpression of OASL for 48 hours. The 

expression levels of HSP70 and HSP90 protein in 

AGS,MKN45, and HGC27 cells were determined by 

Western blot, and statistical graphs were obtained. 

The values indicate the mean±standard deviation 

(SD) of three independent experiments.Scale bar: 100 

μm. Statistical significance is indicated as follows: 

"*" indicates P < 0.05, "**" indicates P < 0.01, and 

"***" indicates P < 0.001. 

OASL suppresses oxaliplatin-induced ICD via the cGAS-

STING pathway 

Previous data suggested that OASL promotes 

proliferation, migration, and invasion of GC cells while 

inhibiting ICD, thereby reducing sensitivity to OXA. To 

elucidate the underlying molecular mechanisms, we 

focused on the potential involvement of the cGAS-

STING signaling pathway. 

Identification of downstream pathways via mRNA 

sequencing 

To explore the mechanisms by which OASL inhibits 

ICD, mRNA sequencing was performed on MKN45 cells 

comparing OXA+si-NC versus OXA+si-OASL 

treatment. Differential gene expression was visualized 

using a heatmap (Figure 5a) and a volcano plot revealed 

1,243 significantly dysregulated genes (Figure 5b). 

Reactome pathway enrichment indicated a strong 

association with the cGAMP second messenger pathway, 

highlighting the central role of cGAS-mediated cGAMP 

production and subsequent STING-dependent immune 

activation (Figure 5c). These data suggest that OASL 

modulates ICD through the cGAS-STING pathway. 

  
a) b) 
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c) 

 
d) 

 

e) 

 
f) 

 
g) 

Figure 5. OASL regulates the expression of key 

proteins in the cGAS-STING signaling pathway 

(a) All the detected mRNA expression levels were 

visualized using the heatmap(n=3). (b) The 

Intervention up-regulated and down-regulated mRNA 

were displayed in groups using a volcano map. (c) 

Reactome enrichment analysis of the differential 

mRNA.Reactome enrichmentanalysis of the 

differentially expressed genes showed significant 

enrichment in intracellular signaling by second 

messenger,The cGAS recognizes and binds DNA in 

the cytoplasm, catalyzes the synthesis of ATP and 

GTP into cGAMP; cGAMP acts as a second 

messenger to bind and activate STING. 

(d) AGS, MKN45, and HGC27 cells were treated with 

OXA at various concentrations (0,10,20, and 40 μM) 

for 48 hours, and the expression levels of key proteins 

of the cGAS-STING signaling pathway were 

determined by Western blot.(e) AGS and MKN45 

cells were treated with 40 μM OXA combined with si-

OASL for 48 hours, HGC27 cells were treated with 40 

μM OXA in combination with overexpression of 

OASL for 48 hours, and the expression levels of key 

proteins of the cGAS-STING signaling pathway were 

determined by Western blot.(f)AGS and MKN45 cells 

were treated with 40 μM OXA combined with si-

OASL for 48 hours, HGC27 cells were treated with 40 

μM OXA in combination with overexpression of 

OASL for 48 hours, and then co-culture with immature 

DC cells, and the expression level of CD86/CD80 on 

the surface of DC cells were detected using by flow 

cytometry,and statistical graphs were obtained. The 

values indicate the mean±standard deviation (SD) of 

three independent experiments.Statistical significance 

is indicated as follows: "***" indicates P < 0.001. 

Modulation of key cGAS-STING proteins by OASL 

To examine the connection between OXA and the cGAS-

STING pathway, AGS, MKN45, and HGC27 cells were 

treated with escalating doses of OXA (0, 10, 20, 40 μM) 

for 48 hours. Western blot analysis demonstrated dose-

dependent increases in cGAS, STING, IRF3, P-STING, 

P-TBK1, and P-IRF3 protein levels relative to untreated 

controls (P < 0.05; (Figure 5d)), confirming that OXA 

activates the cGAS-STING signaling cascade. 

Next, the impact of OASL on pathway activation was 

assessed. AGS and MKN45 cells transfected with si-

OASL or controls were treated with 40 μM OXA for 48 

hours. Knockdown of OASL led to enhanced expression 
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of cGAS, STING, IRF3, P-STING, P-TBK1, and P-IRF3 

compared to OXA+si-NC cells (P < 0.05; (Figure 5e)). 

Conversely, HGC27 cells overexpressing OASL 

exhibited decreased levels of these proteins following 

OXA treatment (P < 0.05; (Figure 5f)). 

To evaluate functional consequences on immune cells, 

immature dendritic cells (DCs) were co-cultured for 24 

hours with GC cells treated as above. In OASL-

knockdown AGS and MKN45 cells, DCs displayed 

significantly elevated CD86/CD80 surface expression 

compared with OXA+si-NC (P < 0.001; (Figure 5g)). In 

contrast, DCs co-cultured with OASL-overexpressing 

HGC27 cells showed reduced CD86/CD80 expression 

relative to the OXA+Vector group (P < 0.001; (Figure 

5g)). 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 6. OASL-dependent cGAS-STING signaling 

pathway to regulate OXA-induced immunogenic cell 

death 

(a) AGS and MKN 45 cells were treated with 40 μM 

OXA in combination with si-OASL and si- STING 

for 48 hours,the expression levels of CRT protein in 

AGS and MKN45 cells were determined by Western 

blot. (b) AGS and MKN45 cells were treated with 40 

μM OXA in combination with si- OASL and si-

STING for 48 hours,the statistical plots of HMGB1 

content in cell supernatants were detected using 

ELISA assay.(c) AGS and MKN45 cells were treated 

with 40 μM OXA in combination with si-OASL and 

si-STING for 48 hours,the statistical plots of ATP 

content in cell supernatant detected using ATP kit.(d) 

AGS and MKN 45 cells were treated with 40 μM 

OXA in combination with si-OASL and si-STING 

for 48 hours, and the expression levels of key 

proteins of the cGAS-STING signaling pathway were 
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determined by Western blot. (e) AGS and MKN 45 

cells were treated with 40 μM OXA in combination 

with si-OASL and supplemented with H151(an 

inhibitor of the cGAS-STING signaling pathway) for 

48 hours, the statistical plots of HMGB1 content in 

cell supernatants of cell culture medium were 

detected using ELISA assay. (f) HGC27 cells were 

treated with 40 μM OXA combined with 

overexpressed OASL and supplemented with 

Compound 3 (an activator of the cGAS-STING 

signaling pathway) for 48 hours, statistical plot of 

ATP content in cell supernatant of cell culture 

medium was detected using ATP kit. The values 

indicate the mean±standard deviation (SD) of three 

independent experiments.Statistical significance is 

indicated as follows: "*" indicates P < 0.05, "**" 

indicates P < 0.01, and "***" indicates P < 0.001. 

 

Collectively, these findings indicate that OASL 

negatively regulates the cGAS-STING pathway, thereby 

modulating ICD and downstream anti-tumor immune 

activation in response to OXA in gastric cancer cells. 

OASL requires the cGAS-STING pathway to modulate 

oxaliplatin-induced ICD 

To determine whether OASL suppresses OXA-induced 

ICD through the cGAS-STING pathway, rescue 

experiments were conducted. AGS and MKN45 cells 

were divided into five groups: control, OXA alone, 

OXA+si-NC, OXA+si-OASL, and OXA+si-OASL+si-

STING, with OXA applied at 40 μM for 48 hours. 

Compared to the OXA+si-OASL group, co-silencing 

STING resulted in reduced CRT protein levels (P < 

0.001; (Figure 6a)) and decreased extracellular HMGB1 

and ATP (P < 0.05; (Figures 6b and 6c)). Additionally, 

the protein levels of STING, P-STING, P-TBK1, and P-

IRF3 were significantly diminished in the OXA+si-

OASL+si-STING group (P < 0.05; (Figure 6d)). 

Further validation was performed by combining 

pharmacological modulators of the pathway. AGS and 

MKN45 cells were treated with OXA (40 μM) under 

various conditions: control, OXA, OXA+si-NC, 

OXA+si-OASL, OXA+OASL, and OXA+si-

OASL+H151 (STING inhibitor). HMGB1 release and 

HSP70/HSP90 expression were measured. Addition of 

H151 reduced HMGB1 in the supernatant and decreased 

HSP70/HSP90 expression compared to OXA+si-OASL 

(P < 0.001; (Figure 6e)). Conversely, in HGC27 cells 

overexpressing OASL, treatment with the STING agonist 

Compound 3 increased HMGB1 release and 

HSP70/HSP90 expression relative to OXA+OASL (P < 

0.001; Figure 6f). These findings indicate that OASL’s 

regulation of OXA-induced ICD is dependent on cGAS-

STING signaling. 

 
a) 

 
b) 

Figure 7. OASL binds to cGAS proteins to inhibit 

the cGAS-STING signaling pathway 

(a) Co-IP results plots for OASL and cGAS(n=3).(b) 

Immunofluorescence plots verifying the binding of 

OASL and cGA by adding OXA treatment to AGS 

and MKN cells(n=3). Scale bar: 100 μm. 

OASL interacts directly with cGAS to modulate the 

cGAS-STING pathway 

To further explore the mechanism by which OASL 

inhibits the cGAS-STING pathway, co-

immunoprecipitation (Co-IP) assays were performed, 

demonstrating a direct interaction between OASL and 

cGAS proteins (Figure 7a). Immunofluorescence 

analysis in OXA-treated AGS and MKN45 cells revealed 

enhanced colocalization and increased expression of 

OASL and cGAS compared with untreated controls 

(Figure 7b), suggesting that OASL physically associates 

with cGAS to modulate downstream signaling. 
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d) 

 
e) 

 
f) 

 
g) 

 
h) 
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i) 

Figure 8. A mouse tumor-bearing model verified that 

knockdown of OASL improved OXA- induced ICD 

in GC cells 

(a) In vivo tumorigenesis of MFC cells with sh-OASL 

in mice.(b) Vernier calipers measured the length and 

width of subcutaneous tumor-bearing tissue of 

inoculated mice from 12d after inoculation, and plot 

the growth curve of tumor-bearing tissue.(c) Weight 

statistical plot of the tumors.(d) Apoptosis and 

statistics of mouse tumor-bearing tumors detected by 

TUNEL staining.(e) CD8 expression and statistics of 

mouse tumor bearing by immunohistochemical 

fluorescence staining.(f) Expression and statistical 

plots of key proteins of cGAS-STING signaling 

pathway determined by Western blot.(g) Expression 

and statistical plots of the CRT and HSP70 and HSP90 

proteins associated with ICD were determined by 

Western blot.(h)The expression level of CRT on cell 

membrane was measured using flow cytometry with 

dead cells. (i) The simulation diagram illustrating the 

mechanism how OASL exerts its biological effects. 

The values indicate the mean±standard deviation (SD) 

of three independent experiments.Scale bar: 20 μm. 

Statistical significance is indicated as follows: "***" 

indicates P < 0.001. 

In vivo verification of OASL’s role in oxaliplatin-induced 

ICD 

To validate the in vitro findings, C57/BL6 mice were 

subcutaneously injected with MFC cells transfected with 

either sh-OASL or sh-NC and treated with or without 

OXA. Four experimental groups were established: sh-

NC, sh-OASL, OXA+sh-NC, and OXA+sh-OASL. 

Tumor growth was significantly slower in the sh-OASL 

group compared with sh-NC, and OXA+sh-OASL 

exhibited the most pronounced tumor reduction (P < 

0.05; (Figures 8a and 8b)). Tumor weights mirrored this 

trend, with sh-OASL and OXA+sh-OASL tumors being 

significantly lighter than their respective controls (P < 

0.01; (Figure 8c)). 

Apoptosis assessed by TUNEL staining revealed 

increased numbers of TUNEL-positive cells in sh-OASL 

and OXA+sh-OASL tumors compared to controls (P < 

0.01; (Figure 8d)). Immunofluorescence for CD8+ T 

cells showed enhanced infiltration in sh-OASL and 

OXA+sh-OASL groups relative to sh-NC and OXA+sh-

NC groups (P < 0.01; (Figure 8e)). 

Western blot analysis of tumor tissues confirmed that sh-

OASL increased cGAS, STING, and IRF3 protein 

expression compared to controls, and this effect was 

further enhanced in combination with OXA (P < 0.001; 

(Figure 8f)). Similarly, ICD markers CRT, HSP70, and 

HSP90 were elevated in sh-OASL and OXA+sh-OASL 

tumors, and flow cytometry corroborated enhanced CRT 

surface exposure (P < 0.05; (Figure 8g)). 

Collectively, these in vivo results demonstrate that 

knockdown of OASL potentiates cGAS-STING pathway 

activation, enhances OXA-induced ICD, and improves 

chemosensitivity in gastric cancer. 

Gastric cancer (GC) is a prevalent malignant tumor of the 

digestive system that poses a serious threat to human 

health. Currently, the primary treatment for GC is 

surgical resection, often supplemented with radiotherapy 

and chemotherapy, alongside integrated targeted and 

immunotherapies. According to the CSCO guidelines, 

first-line treatment for advanced GC relies on 

chemotherapy as the central component, which can be 

combined with immunotherapy or targeted therapy 

depending on individual clinical circumstances; thus, 

chemotherapy remains essential for managing advanced 

GC [7]. Oxaliplatin (OXA) is one of the most frequently 

administered platinum-based chemotherapeutic agents, 

acting by forming platinum-DNA adducts that block 

tumor cell replication and transcription. However, 

clinical use of OXA has revealed frequent and rapid 

development of drug resistance [36]. While 

chemotherapy can effectively reduce tumor burden or 

temporarily eliminate tumors, prolonged administration 

often results in multidrug resistance (MDR), a major 

factor contributing to treatment failure in GC patients 

[37, 38]. Consequently, strategies to overcome OXA 

resistance and enhance chemosensitivity remain a critical 

challenge. 
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Building on antitumor immunological principles, we 

hypothesized that OASL plays a key role in regulating 

OXA chemosensitivity. To elucidate this mechanism, we 

first assessed whether OXA could induce apoptosis in 

GC cells in vitro. Our findings demonstrated that OXA 

inhibited proliferation and promoted apoptosis in GC 

cells. We then investigated whether immunogenic cell 

death (ICD) occurred during OXA-induced apoptosis. 

ICD is largely mediated by damage-associated molecular 

patterns (DAMPs), such as CRT exposure on the cell 

surface, HMGB1 release, and ATP secretion, which 

activate antigen-presenting cells and subsequently trigger 

effector T cell-mediated antitumor responses [39]. In this 

study, we observed that the immune response was closely 

linked to CRT, HMGB1, and ATP, while HSP70 and 

HSP90 functioned as molecular chaperones [40-42]. 

Previous studies have shown that bortezomib and 

anthracyclines can induce surface expression of HSP70 

and HSP90, serving as carriers for antigenic peptides 

[43]. Consistently, our results revealed that OXA 

increased HSP70 and HSP90 expression in a dose-

dependent manner in GC cells, confirming that OXA 

induces ICD in a dose-dependent fashion. 

To further investigate the role of OASL, we modulated 

its expression in GC cells treated with OXA and 

measured DAMP release. Knockdown of OASL 

significantly enhanced OXA-induced ICD, whereas 

OASL overexpression suppressed it. These results 

indicate that OASL negatively regulates OXA-induced 

ICD, underscoring its critical role in maintaining 

chemosensitivity in GC cells. 

To clarify the molecular mechanism by which OASL 

inhibits OXA-induced ICD, we conducted mRNA 

sequencing of MKN45 cells in si-NC+OXA and si-

OASL+OXA groups. Differential expression and 

Reactome pathway enrichment analyses revealed 

significant involvement of second messenger signaling 

pathways. Notably, in 2011, Russell E. Vance’s team 

identified that STING directly senses c-di-GMP as a 

DNA sensor in animal cells [44], and subsequent 

research in 2013 demonstrated that cGAMP can act as a 

second messenger to activate STING, with cGAS 

functioning as the upstream synthetic enzyme of cGAMP 

[45]. 

The composition and activation of the cGAS-STING 

signaling axis are now well-characterized: cytosolic 

double-stranded DNA (dsDNA) binds to cGAS, 

catalyzing the synthesis of cGAMP from ATP and GTP. 

Subsequently, cGAMP activates STING, which 

translocates to the Golgi apparatus and assembles the 

TBK1-STING-IRF3 complex, ultimately inducing type I 

interferon production [46, 47]. The cGAS-STING 

pathway serves as the principal sensor for cytosolic 

DNA-mediated immune responses [48] and is 

increasingly recognized for its pivotal role in antitumor 

immunity. Based on these insights, we hypothesized that 

OASL exerts its regulatory effects through modulation of 

the cGAS-STING pathway. 

To investigate the functional interplay between OASL 

and cGAS-STING, we first observed that OXA treatment 

upregulated cGAS, STING, IRF3, P-STING, P-TBK1, 

and P-IRF3 in GC cells in a dose-dependent manner. 

Notably, OASL knockdown potentiated OXA-induced 

pathway activation, whereas OASL overexpression 

attenuated it, confirming OASL’s inhibitory role. Rescue 

experiments further substantiated this mechanism: (1) the 

STING inhibitor H151 reduced HMGB1 release and 

HSP70/HSP90 expression relative to OXA+si-OASL 

(P<0.05); (2) activation of cGAS-STING via Compound 

3 increased these ICD markers compared with 

OXA+OASL (P<0.05); and most importantly, (3) dual 

knockdown of OASL and STING (OXA+si-OASL+si-

STING) reversed ICD indicators, significantly lowering 

CRT exposure, ATP/HMGB1 release, and 

phosphorylation of STING/TBK1/IRF3 compared with 

OXA+si-OASL (P<0.05). Collectively, these data 

demonstrate that OASL modulates oxaliplatin 

chemosensitivity in GC by controlling ICD through the 

cGAS-STING signaling pathway. 

To further elucidate the regulatory mechanism of OASL 

on cGAS, we confirmed a direct interaction between 

OASL and cGAS proteins via co-immunoprecipitation 

and immunofluorescence, consistent with previous 

reports showing that OASL binds the DNA sensor cGAS 

during DNA viral infection, thereby inhibiting interferon 

induction and enhancing viral replication [49]. 

Increasing evidence indicates that tumor-infiltrating 

lymphocytes (TILs) are closely associated with overall 

survival in GC, with high TIL levels significantly 

reducing recurrence and mortality [50-52]. CD8+ TILs, 

as the main component of TILs, are key mediators of 

antitumor immunity [53] and serve as potential 

prognostic biomarkers in immune checkpoint therapies 

for GC. In vivo, OASL knockdown synergized with 

OXA treatment to activate the cGAS-STING pathway, 

enhance ICD, and markedly increase CD8+ T-cell 

infiltration within TILs, directly linking enhanced ICD to 

augmented TIL infiltration. Importantly, OXA 
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effectively induced ICD in tumor-bearing mice, and 

OASL knockdown further amplified this effect. 

While established mechanisms of OXA resistance in GC 

include JUNB-mediated MAPK hyperactivation, 

EphA2-driven EMT, METTL3-dependent DNA repair 

and stemness, and LINC00641-regulated autophagy, our 

study identifies a distinct immunosuppressive axis 

mediated by OASL. Unlike these intrinsic tumor 

adaptations, OASL suppresses ICD by directly binding to 

cGAS and inhibiting the cGAS-STING pathway, thereby 

blocking dendritic cell maturation and CD8+ T-cell 

infiltration. This immune-evasion mechanism differs 

from epigenetic or autophagic resistance pathways, 

which primarily enhance cell survival. Importantly, 

OASL knockdown combined with oxaliplatin restored 

ICD in vivo, highlighting a potential strategy to 

complement existing approaches targeting conventional 

resistance mechanisms. 

Conclusion 

In summary, OASL functions as a critical inhibitor of the 

cGAS-STING pathway, suppressing OXA-induced ICD 

in GC cells and thereby reducing chemosensitivity to 

oxaliplatin. 
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