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ABSTRACT	 Objective: Clinical use of stimulator of interferon genes (STING) agonists has challenges due to poor responsiveness and variable 
efficacy. Therefore, identifying tumor types that are sensitive to these agents and clarifying the underlying mechanisms are essential.
Methods: In vitro screening was performed to identify tumor types that are sensitive to STING agonists. The non-nucleotide agonist, 
SR-717, and the macrocyclic agonist, E7766, were compared for efficacy. Complementary in vivo and in vitro studies, including 
gene-knockout models, HMGN2-knockout Neuro-2A and CT-2A cells apoptosis assays, and murine tumor models, were then 
performed. These experiments focused on the mechanism by which SR-717 mediates antitumor effects and emphasized the role of 
STING signaling-induced high-mobility group nucleosome-binding protein 2 (HMGN2). In addition, the potential of HMGN2 as a 
prognostic biomarker was assessed.
Results: Neuroblastomas and glioblastomas, two nervous system tumors, were shown to be sensitive to STING agonists. SR-717 
exhibited greater antitumor efficacy compared to E7766. Mechanistic studies indicated that STING agonists promote apoptosis 
through activation of the intrinsic STING-signal transducer and activator of transcription 1 (STAT1)-HMGN2 axis within tumor 
cells. Ectopic expression of HMGN2 in melanoma cells, which naturally lack HMGN2, led to significant apoptosis. Furthermore, 
analysis of The Cancer Genome Atlas and Gene Expression Omnibus databases revealed positive correlation between elevated 
HMGN2 expression and patient survival, supporting the utility of HMGN2 as a prognostic biomarker.
Conclusions: This study clarified the mechanism underlying the potent antitumor activity of SR-717 in nervous system tumors 
through activation of the STING-STAT1-HMGN2 signaling pathway and demonstrated that SR-717 has superior efficacy compared 
to E7766. In addition, HMGN2 was shown to exhibit translational potential as a prognostic biomarker for patient survival.
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Introduction

The rapid advances in immunotherapy in recent years 
have attracted growing research interest in the regulatory 

mechanisms underlying innate immunity1. Among these 
mechanisms, the cyclic GMP-AMP synthase (cGAS)-stim-
ulator of interferon genes (STING) signaling pathway has 
emerged as a pivotal cascade in innate immune modula-
tion2-4. Activation of the cGAS-STING pathway triggers the 
robust induction of type I interferons (IFNs) and initiates 
a coordinated release of pro-inflammatory cytokines and 
chemokines5-9. These factors enhance the functionality of 
immune cells, including dendritic cells (DCs) and T lympho-
cytes10-14. Emerging evidence highlights tumor cell-intrinsic 
roles associated with STING activation. Endogenous stimu-
lation of this pathway induces autophagy, suppresses tumor 
progression, and inhibits metastasis, consequently prolong-
ing survival in murine tumor models15. These multifaceted 
immunomodulatory and direct antitumor properties suggest 
STING agonists as promising therapeutic candidates for can-
cer treatment16.
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Despite promising preclinical efficacy, a significant gap 
exist between the anticipated potential and actual clini-
cal outcomes of STING agonists17-19. Notably, inter- and 
intra-tumoral heterogeneity may substantially contribute 
to this discrepancy20,21. However, previous studies have 
predominantly focused on STING agonist-mediated immu-
nomodulation within the tumor microenvironment, largely 
neglecting the intrinsic regulatory effects on tumor cells22-

24. Although preclinical studies have confirmed that STING 
agonists effectively control glioblastoma and neuroblastoma 
progression in mouse models by remodeling the immune 
microenvironment and inducing NOD-like receptor ther-
mal protein domain associated protein 3 (NLRP3) inflam-
masome-mediated pyroptosis25-27, clinical trials targeting 

nervous system tumors are lacking. Currently, there is a 
lack of clinical trial data supporting the safety and efficacy 
of STING agonists, as well as evidence clearly identifying 
which patients may benefit from STING agonist treatment. 
Therefore, clarifying tumor cell-intrinsic STING activation 
mechanisms and identifying molecular characteristics of 
STING-sensitive tumors are key to advancing clinical trans-
lation in nervous system tumors.

HMGN2 is a member of the high-mobility group nucle-
osome-binding (HMGN) protein family, which consists of 
five members (HMGN1, HMGN2, HMGN3, HMGN4, and 
HMGN5)28. Accumulating evidence indicates that HMGN2 
functions as a tumor suppressor in several cancers. For exam-
ple, overexpression of HMGN2 in hepatocellular carcinoma 
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STING agonists face the challenge of poor responsiveness to clinical oncology treatment, the specific
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The STING-STAT1-HMGN2 axis plays a critical role in the therapeutic efficacy of STING agonists in
nervous system tumors. Targeting this axis may represent a promising strategy to expand the
application of STING agonists and effectively control the progression of nervous system tumors.
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Study flow  Antitumor effects of STING agonists on nervous system tumors via tumor-intrinsic STING/STAT1-mediated HMGN2 expression.
Part 1 shows that STING agonists exert significant inhibitory effect on the progression of nervous system tumors after in vitro screening of 
various tumors and subsequent in vivo validation. Part 2 shows that treatment with STING agonists activates the endogenous STING signal-
ing in nervous system tumors, promotes the phosphorylation of the downstream transcription factor STAT1, and upregulates the intracellular 
expression of HMGN2 in tumor cells. Furthermore, overexpression of HMGN2 activates the intrinsic apoptotic pathway, thereby inducing 
tumor cell apoptosis. Part 3 shows that high expression of HMGN2 in a variety of human malignant tumors can effectively prolong patient 
survival, which highlights the therapeutic potential of STING agonists targeting HMGN2. ***, P < 0.001; STING, stimulator of interferon genes; 
HMGN2, high-mobility group nucleosome-binding domain 2; STAT1, signal transducer and activator of transcription 1.
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results in reduced proliferation and enhanced apoptosis29. 
In addition to cell-intrinsic roles, HMGN2 also functions as 
an extracellular antitumor effector molecule secreted by acti-
vated CD8+ T cells, through which HMGN2 is translocated 
into tumor cells and mediates dose-dependent tumor-killing 
effects30. These findings collectively suggest that HMGN2 
exhibits broad antitumor activities across various cancers. 
However, the precise mechanisms underlying its antitumor 
effects are complex and warrant further investigation.

This study demonstrated that SR-717, a STING agonist, 
exhibits distinctive and potent antitumor efficacy against nerv-
ous system tumors. Further analysis revealed that this efficacy 
primarily resulted from the direct effects of the STING agonist 
on tumor cells. SR-717 activates the intrinsic STING/STAT1 
pathway within nervous system tumor cells, thereby increas-
ing HMGN2 expression, promoting apoptosis, and inhibiting 
tumor growth. Clinical data analysis also indicated a strong 
correlation between HMGN2 expression and STING path-
way activity with elevated HMGN2 levels corresponding to 
improved patient prognosis. Collectively, these findings offer 
novel insights into the mechanisms underlying STING agonist 
therapy for nervous system tumors.

Materials and methods

Mice

Specific pathogen-free (SPF) A/J, C57BL/6J, Rag−/−, and NSG 
mice, 4–6 weeks old and weighing 24–26 g, were purchased 
from SPF (Beijing) Biotechnology Co., Ltd. [License No.: SCXK 
(Beijing) 2016-0002]. Animal experiments were approved by 
the Animal Ethics Committee of the General Hospital of the 
Chinese People’s Liberation Army. Breeding and experimental 
conditions complied with relevant national regulations regard-
ing animal experimentation, health inspections, and quarantine.

Cells and cell culture

CT-26, MC38, Neuro-2A, CT-2A, 4T1, B16f10, and LLC 
tumor cells were obtained from the American Type Culture 
Collection [ATCC] (Manassas, VA, USA). Cells were cultured 
in DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA, 
USA) or RPMI-1640 medium (Gibco) supplemented with 10% 
fetal bovine serum [FBS] (Gibco), 100 U/mL penicillin (MCE, 
Shanghai, China), and 100 mg/mL streptomycin (MCE). All 
cell cultures were free from contamination by the operator.

Subcutaneous tumor model in mice

Neuro-2A, CT-2A, and B16F10 cells (2 × 105 or 5 × 105 
cells/100 μL of PBS) were subcutaneously injected into the 
abdomen of A/J, C57BL/6, Rag−/−, or NSG mice. Treatment 

with 30 mg/kg of SR-717 or 4 mg/kg of E7766 began 6 d after 
tumor cell injection, as illustrated in Figures S1F and S2H.

STING agonists

SR-717 (HY-131454; MCE, Shanghai, China) was used at a con-
centration of 10 μM (Neuro-2A, IC50 = 11.64 μM; and CT-2A, 
IC50 = 10.2 μM; Figure S1A, B)31 for in vivo experiments, and  
administered at a dose of 30 mg/kg32 for in vivo studies.

E7766 (HY-111999A; MCE) was used at a concentration of 
4.9 μM for in vitro studies and at a dose of 4 mg/kg for in vivo 
studies33.

Apoptosis assay

Tumor cells were seeded in 6-well plates and incubated over-
night to allow attachment. The medium was then replaced 
with complete culture medium containing 10 μM SR-717 or 
4.9 μM E7766. After 48 h of culture, cells were collected by 
trypsinization and stained using an Annexin V-FITC staining 
kit (BioLegend, San Diego, CA, USA). Apoptotic cells (FITC-
positive) were quantified by flow cytometry.

Quantitative RT-qPCR

Total RNA was extracted using TRIzol reagent (Thermo 
Fisher Scientific, Waltham, MA, USA). Reverse transcrip-
tion was performed using ReverTra Ace qPCR RT Master 
Mix (Toyobo, Osaka, Japan), following the manufacturer’s 
instructions. qPCR was performed using SYBR Green Real-
time PCR Master Mix (Toyobo) on a 7500 Fast Real-Time PCR 
system with a 96-well block (Applied Biosystems, Waltham, 
MA, USA). Data were normalized to GAPDH expression. The 
primer sequences are listed in Table S1.

Western blot

Cells were rinsed twice with ice-cold PBS and lysed using 
RIPA buffer (YangGuangBio, Beijing, China) containing pro-
tease inhibitors (MCE, Shanghai, China). Protein concentra-
tions in the lysates were measured using the bicinchoninic acid 
assay and adjusted with extraction reagent. Western blotting 
was performed using the antibodies listed in Table S2. Band 
intensity was analyzed using ImageJ software (NIH, Bethesda, 
MD, USA) and normalized to GAPDH.

Immunohistochemistry (IHC)

Tumor tissues were fixed, dehydrated, embedded in paraffin, 
and sectioned. Sections were incubated overnight at 4°C with 
primary antibody against HMGN2 (10953-1-AP; Proteintech, 
Wuhan, China). Sections were then incubated with horserad-
ish peroxidase (HRP)-conjugated goat anti-rabbit IgG for 2 h,  
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followed by visualization with Diaminobenzidine [DAB]. 
Hematoxylin counterstaining was performed for 1 min. 
Immunohistochemical staining and histopathologic assess-
ments were analyzed under a microscope.

RNA sequencing

Neuro-2A and CT-2A cells were treated with 10 μM SR-717 
for 48 h. Total RNA was extracted using TRIzol reagent 
(T9424; Sigma, St. Louis, MO, USA). RNA sequencing and 
data analysis were performed by Novogene (Shanghai, China). 
Gene Ontology (GO) and differential gene expression analyses 
were performed.

Cell Counting Kit-8 (CCK-8)

Cell viability was measured using the CCK-8 assay (Vazyme, 
Nanjing, China). Cell suspensions were seeded into 96-well 
flat-bottomed plates (Vazyme). After treatment with 10 μM 
SR-717 for 48 h at 37°C in 5% CO2, 10 μL of CCK-8 solution 
was added and incubated for an additional 3 h. Absorbance 
was measured at 450 nm using a microplate reader (Thermo 
Fisher Scientific, Waltham, MA, USA).

RNA interference

Murine STING, STAT1, and control small-interfering RNAs 
(siRNAs) were obtained from Genomeditech (Shanghai, 
China). Cells were transfected with 50 pmol/mL of siRNA 
oligonucleotides using Lipofectamine 3000 (Invitrogen, 
Waltham, MA, USA). The primer sequences are provided in 
Table S3.

HMGN2 knockout (KO) cell lines

Murine Neuro-2A and CT-2A cells underwent HMGN2 KO 
using the Lonza 4D-Nucleofector™ kit (VCA-1003; Lonza, 
Basel, CH). Briefly, 5 × 105 cells were harvested, washed 
twice with PBS, and resuspended in electroporation buffer 
containing 2 μg of Cas9 protein and 2 μg of HMGN2 sin-
gle-guide RNA (sgRNA). Electroporation was performed 
using the EO-137 program (Lonza) following the manufac-
turer’s instructions. The cells were transferred to pre-warmed 
complete medium immediately after electroporation. KO 
efficiency was verified by western blot 4 d post-electropo-
ration. The sgRNA sequence targeting mouse HMGN2 was 
GGGGAAAGCTGACGCCGGGA.

Overexpression of HMGN2

HEK293T cells were seeded in 75 cm2 flasks (Vazyme, Nanjing, 
China) and transfected with 10 μg of lentiviral vectors 

(Genomeditech Shanghai, China) encoding HMGN2 or GFP 
(negative control) to establish stable HMGN2-overexpressing 
cell lines. The medium was replaced after 48 h and viral super-
natants were collected and filtered through 0.45-μm syringe 
filters (Millipore, Billerica, MA, USA). Neuro-2A, CT-2A, 
and B16F10 cells were incubated with lentiviral supernatants 
for 24 h and selected using 2 μg/mL of puromycin (Sigma) 
according to the manufacturer’s protocol. Cells transduced 
with the HMGN2 lentivirus were designated the HMGN2-OE 
group, cells transduced with GFP lentivirus served as the vehi-
cle group, and untreated cells served as the control group.

Chromatin immunoprecipitation-quantitative 
PCR (ChIP-qPCR)

Neuro-2A and CT-2A cells were processed using the Simple 
ChIP® Plus Sonication Chromatin IP kit (56,383; CST, 
Danvers, MA, USA). Chromatin was incubated overnight at 
4°C with anti-STAT1 antibody (CST), while normal IgG anti-
body (CST) served as the negative control. RT-PCR analysis 
was performed as previously described. The primer sequences 
are listed in Table S4.

Prognostic analysis of HMGN2

The bulk RNA-seq data and clinical information of patients 
in this study were sourced from The Cancer Genome Atlas 
Colon Adenocarcinoma (TCGA-COAD), TCGA-kidney 
renal clear cell carcinoma (KIRC), TCGA-glioblastoma mul-
tiforme (GBM), TCGA-cervical squamous cell carcinoma and 
endocervical adenocarcinoma (CESC), and TCGA-pancreatic 
adenocarcinoma (PAAD) cohorts, which include 254 cases of 
colon cancer, 521 cases of clear cell renal cell carcinoma, 58 
cases of glioblastoma, 283 cases of cervical cancer, and 176 
cases of pancreatic cancer. The data were downloaded using 
the TCGA biolinks R package and normalized to transcripts 
per million (TPM). The TPM data were log2-transformed 
before proceeding with further analysis to enhance the sta-
tistical stability of the data and reduce the uneven variance. 
The GSE49710 dataset from the Gene Expression Omnibus 
(GEO) database was included for subsequent analysis due to 
the lack of sequencing data for neuroblastoma in the TCGA 
database. GSE49710 contains microarray data and clinical 
information for 498 neuroblastoma cases with gene anno-
tations based on the GPL16876 platform. Batch correction 
was performed using the normalizeBetweenArrays from the 
limma R package (url) to ensure the reliability and compara-
bility of the experimental results before further analysis, given 
the potential batch effects between samples that could lead to 
systematic differences.

Survival analysis was performed using the survival R pack-
age (url); the survfit function was used to model Kaplan–
Meier survival curves. The surv_cutpoint function from the 
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survminer package was used to automatically select the opti-
mal cut-off value by maximizing the log-rank test statistic, 
dividing continuous variables into two groups to determine 
the best threshold for survival data grouping comparisons.

All the above analyses were performed using R software 
(version 4.4.1).

Statistical analysis

Data are presented as the mean ± standard error of the mean. 
Statistical analyses were performed using GraphPad Prism 
(version 10.0; GraphPad Software, San Diego, CA, USA). 
Survival analyses were performed using the survival package 
in R software (version 4.4.1). An unpaired two-tailed Student’s 
t-test or one-way ANOVA with the Bonferroni multiple com-
parison correction or one-way ANOVA with Tukey’s honestly 
significant difference test for multiple comparisons were 
applied for normally distributed data. The Wilcoxon matched-
pairs signed-rank test for paired comparisons or the Kruskal–
Wallis test for multiple groups was utilized for non-normally 
distributed data. Tumor growth was analyzed using repeat-
ed-measures ANOVA. The Spearman’s correlation test was 
used to determine correlations.

Results

STING agonists exhibit potent antitumor 
activity against nervous system tumors

Drug sensitivity assays were performed using SR-717, a potent 
non-nucleotide small-molecule STING agonist, and E7766, 
a macrocyclic-bridged STING agonist, on 6 tumor cell lines, 
including Neuro-2A (neuroblastoma) and CT-2A (glioblas-
toma), to identify tumor types sensitive to STING agonists. 
CCK-8 cell proliferation assays showed significant suppres-
sion of Neuro-2A and CT-2A cell proliferation following 48 h 
of continuous exposure (Figure 1A). In contrast, the remain-
ing four tumor lines, including colorectal cancer CT-26, exhib-
ited no significant cytotoxicity (Figure S1C). These findings 
indicate intrinsic sensitivity of neural-origin tumors to STING 
pathway activation.

Apoptosis assays performed after a 48-h exposure to SR-717 
or E7766 showed that both agonists effectively induced apop-
tosis in Neuro-2A and CT-2A cells (Figures 1B and S1D). 
Similar results were confirmed in human Neuroblastoma 
(NB) SH-SY5Y and Glioblastoma (GB) U87 cell lines (Figure 
S1E). Murine tumor models using were established via sub-
cutaneous injection of Neuro-2A and CT-2A cells into the 
inguinal region of A/J and C57BL/6 mice to evaluate direct 
antitumor activity in vivo (Figure S1F). SR-717 intratumoral 
injections started on day 6 after implantation and continued 
every 3 d for 3 cycles. This regimen resulted in significant 
tumor suppression (Figure S1G).

Experiments were performed using Rag−/− mice deficient in 
T and B cells (Figure S1H) and NSG mice deficient in T, B, 
and NK cells (Figure 1C) to determine whether the antitu-
mor activity of STING agonists requires immune cells. SR-717 
maintained antitumor activity in both nervous system tumor 
models under severe immunodeficiency conditions, although 
efficacy was reduced compared to immunocompetent hosts. 
Treatment of tumor-bearing NSG mice with E7766 also effec-
tively suppressed tumor growth, although to a lesser extent 
compared to SR-717 (Figure S2A).

Collectively, STING agonists demonstrated significant anti-
tumor capabilities in tumors derived from the nervous system 
and the activity partially occurred independent of immune 
cells.

STING agonists mediate apoptosis in nervous 
system tumors via HMGN2 upregulation

RNA sequencing analysis was performed on Neuro-2A and 
CT-2A cells treated with SR-717 for 48 h to clarify the molecular 
mechanisms responsible for reduced tumor cell viability. This 
analysis aimed to identify common gene expression changes 
following STING pathway activation. Differential gene expres-
sion analysis revealed 80 shared genes significantly upregulated 
in SR-717-treated cells compared to controls. Annotation of 
the top 20 significantly upregulated genes identified HMGN2 
as a candidate gene of interest (Figure 1D). HMGN2 was pri-
oritized due to pronounced upregulation and an established 
apoptotic role in tongue squamous cell carcinoma30. We there-
fore hypothesized that HMGN2 mediates the antiproliferative 
effects of SR-717 on Neuro-2A and CT-2A cells.

Experiments were performed to confirm whether STING 
activation increases HMGN2 expression in Neuro-2A and 
CT-2A cells. RT-qPCR (Figures 1E and S2B) and western blot-
ting (Figures 1F and S2C) demonstrated that treatment with 
SR-717 or E7766 significantly upregulated HMGN2 expres-
sion at the mRNA and protein levels. These results suggested 
that increased HMGN2 expression is a common response to 
STING activation.

Additional experiments were performed to confirm 
whether apoptosis induced by STING agonists in nerv-
ous system tumor cells is mediated by HMGN2. First, sta-
ble HMGN2-overexpressing cell lines were established and 
transfection efficiency was verified by western blot analysis 
after 48 h (Figure S2D). Both SR-717 treatment and plasmid- 
driven HMGN2 overexpression significantly increased apop-
tosis in Neuro-2A and CT-2A cells (Figure 2A, B). Conversely, 
STING agonists failed to induce apoptosis effectively 
when HMGN2 was knocked out (Figures S2E and 2C,D). 
Re-expression of HMGN2 restored sensitivity to STING ago-
nists (Figures S2F and 2E, F). Further analysis showed that 
HMGN2 overexpression induced apoptosis via enhanced 
cleavage of caspase-3 (Figure S2G).
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NSG mouse models bearing HMGN2-KO Neuro-2A and 
CT-2A tumors were established to verify these findings in 
vivo (Figure S2H). IHC staining of tumor tissues confirmed 
that STING agonists exert a stable regulatory effect on intra-
tumoral HMGN2 in mouse tumor models (Figure S2I). 
HMGN2 deletion significantly impaired the tumor growth 
inhibition induced by STING agonists, which was consistent 
with the in vitro results (Figures 2G,H and S3A–F). However, 
restoring HMGN2 expression reinstated the antitumor effects 
of STING agonists (Figures 2I and S3G–I).

In conclusion, STING agonists activated the STING sig-
naling pathway in neural tumor cells, resulting in increased 

HMGN2 expression, subsequent apoptosis, and inhibition of 
tumor progression.

HMGN2 has a crucial role in the antitumor 
effects of STING agonists

Additional tumor cell lines were treated with SR-717 to fur-
ther confirm the role of HMGN2 in STING agonist-mediated 
tumor suppression. The untreated-Neuro-2A cells served as 
the control group, while non-small cell lung cancer exhibited 
high basal HMGN2 expression. Murine melanoma B16F10 
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cells showed minimal basal HMGN2 expression. Notably, 
SR-717 treatment did not significantly alter HMGN2 levels 
in LLC or B16F10 cells (Figure 3A). Western blot analysis 
confirmed low basal expression of HMGN2 in B16F10 cells, 
characterizing B16F10 cells as an HMGN2-deficient cell line 
(Figure 3B).

Flow cytometry analysis showed that SR-717 treatment did 
not induce apoptosis in LLC and B16F10 cells, which was con-
sistent with the HMGN2 expression profiles (Figure 3C). NSG 

mice bearing B16F10 tumors were treated with SR-717 for three 
cycles to validate this observation in vivo. As hypothesized, no 
significant differences in tumor growth occurred between the 
treatment and control groups under the condition of HMGN2 
deficiency (Figure 3D). HMGN2-overexpressing B16F10 cells 
were generated to clarify the underlying mechanism and trans-
fection efficiency was confirmed by RT-qPCR and western blot 
(Figure 3E, F). Flow cytometry confirmed that ectopic HMGN2 
expression strongly induced apoptosis in these cells (Figure 3G).
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of tumor volume on the indicated days after the mice were treated with SR-717 at a dose of 30 mg/kg (n = 5). (D) Genes that were upregu-
lated in the CT-2A- and Neuro-2A SR-717-treated groups (n = 80) were selected and the top 20 were chosen for presentation (|log 2FC| ≥ 1, 
P < 0.05). (E) RT-qPCR analysis of HMGN2 gene mRNA levels in Neuro-2A and CT-2A cells after SR-717 treatment. (F) Western blot of STING 
pathway and HMGN2 expression in Neuro-2A and CT-2A cells upon SR-717 treatment. The bars represent the mean ± S.D. of 3 replicates 
(***P < 0.001, ****P < 0.0001, as determined by ANOVA with Tukey’s honestly significant difference test for multiple comparisons). Control 
group was untreated, SR-717 group was treated with SR-717, E7766 group was treated with E7766.
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Figure 2  STING agonists mediate apoptosis in nervous system tumors via HMGN2 upregulation. (A) FACS analysis of apoptosis levels in 
Neuro-2A cells with vehicle and HMGN2 overexpression. (B) FACS analysis of apoptosis levels in CT-2A cells with vehicle and HMGN2 overex-
pression. (C) FACS analysis of apoptosis levels in Neuro-2A cells treated with vehicle, vehicle+SR-717, HMGN2-KO, and HMGN2-KO+SR-717. 
(D) FACS analysis of apoptosis levels in CT-2A cells treated with vehicle, vehicle+SR-717, HMGN2-KO, and HMGN2-KO+SR-717. (E) FACS 
analysis of apoptosis levels in Neuro-2A cells treated with vehicle, vehicle+SR-717, HMGN2-KO+HMGN2+SR-717, and HMGN2-KO+SR-717.  
(F) FACS analysis of apoptosis levels in CT-2A cells treated with vehicle, vehicle+SR-717, HMGN2-KO+HMGN2+SR-717, and HMGN2-
KO+SR-717. (G) Quantification of Neuro-2A tumor volume on the indicated days after the mice were treated with vehicle, vehicle+SR-717, 
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HMGN2-KO, and HMGN2-KO+SR-717 (n = 5). (H) Quantification of Neuro-2A tumor volume on the indicated days after the mice were treated 
with vehicle, vehicle+E7766, HMGN2-KO, and HMGN2-KO+E7766 (n = 5). (I) Quantification of Neuro-2A tumor volume on the indicated days 
after the mice were treated with vehicle, vehicle+SR-717, HMGN2-KO+SR-717, and HMGN2-KO+HMGN2+SR-717 (n = 5). The bars represent 
the mean ± S.D. (ns represents non-significant differences between the vehicle and HMGN2-KO+SR-717 groups, ***P < 0.001 for the differ-
ence between the vehicle and vehicle+SR-717 groups, and between the vehicle and HMGN2-KO+HMGN2+SR-717 groups, as determined 
by ANOVA with Tukey’s honestly significant difference test for multiple comparisons). (ns, 0.05, *P < 0.05, ***P < 0.001, ****P < 0.0001, as 
determined by ANOVA with Tukey’s honestly significant difference test for multiple comparisons). Vehicle group was treated with empty vec-
tor, HMGN2-OE group was treated with HMGN2-overexpressing lentiviral vectors, Vehicle+SR-717 group was obtained by treating Vehicle 
group with SR-717, HMGN2-KO group was treated with HMGN2 knockout sgRNA/Cas9 expression plasmids, HMGN2-KO+SR-717 group was 
obtained by treating the HMGN2-KO group with SR-717, HMGN2-KO+HMGN2+SR-717 group was established by performing HMGN2 over-
expression in the HMGN2-KO group, followed by treatment with SR-717, Vehicle+E7766 was obtained by treating Vehicle group with E7766, 
HMGN2-KO+E7766 was obtained by treating the HMGN2-KO group with E7766.
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Figure 3  HMGN2 plays a crucial role in the antitumor effects of STING agonists. (A) RT-qPCR of HMGN2 in five cell types with or without 
SR-717 treatment. (B) Western blot of STING pathway and HMGN2 expression in five cell types upon SR-717 treatment. (C) FACS analysis of 
apoptosis levels in LLC and B16f10 cells upon control and SR-717 treatment. (D) Images of tumors in the B16f10 cell subcutaneous models; 
quantification of tumor volume on the indicated days after the mice were treated with SR-717 at a dose of 30 mg/kg (n = 5). (E) RT-qPCR 



Cancer Biol Med Vol 23, No 1 January 2026� 145

NSG mice implanted with HMGN2-overexpressing B16F10 
cells exhibited significantly suppressed tumor growth. Notably, 
SR-717 treatment further enhanced tumor suppression, 

possibly by improving macrophage activity, which was con-
sistent with previous results in Neuro-2A and CT-2A tumor 
models (Figure 3H).

analysis of HMGN2 gene mRNA levels in B16f10 cells after SR-717 treatment. (F) Western blot of HMGN2 overexpression in B16f10 cells. 
(G) FACS analysis of apoptosis levels in B16f10 cells upon vehicle and HMGN2 overexpression. (H) Images of tumors in the B16f10 cells subcu-
taneous model; quantification of tumor volume on the indicated days after the mice were treated with vehicle, vehicle+SR-717, HMGN2-OE, 
and HMGN2-OE+SR-717 (n = 5). The bars represent the mean ± S.D. (ns, 0.05, *P < 0.05, ***P < 0.001, ****P < 0.0001, as determined by 
ANOVA with Tukey’s honestly significant difference test for multiple comparisons). Control group was untreated, SR-717 group was treated 
with SR-717,  Vehicle group was treated with empty vector, HMGN2-OE group was treated with HMGN2-overexpressing lentiviral vectors, 
EVT group was treated with empty vector, OE group was treated with HMGN2-overexpressing lentiviral vectors, Vehicle+SR-717 group was 
obtained by treating Vehicle group with SR-717, HMGN2-OE+SR-717 group was obtained by treating HMGN2-OE group with SR-717.
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Collectively, these findings identified HMGN2 as a critical 
mediator of STING agonist-induced tumor suppression.

STING agonists upregulate HMGN2 via 
STAT1

The precise mechanism underlying STING pathway-mediated 
regulation of HMGN2 expression has not been established. 
STING knockdown experiments were performed in Neuro-2A 
and CT-2A cells to clarify the mechanism (Figure S4A), fol-
lowed by SR-717 treatment. Genetic deletion of STING com-
pletely abolished SR-717-induced HMGN2 upregulation, 
confirming direct regulation of HMGN2 expression by the 
STING pathway (Figure 4A).

Bioinformatics analyses were performed to identify poten-
tial regulators of HMGN2 given the involvement of multiple 
transcription factors downstream of STING (Figure 4B). 
Intersection analysis identified STAT1 as the most probable 
transcription factor regulating HMGN2. Further analysis 
using the JASPAR database predicted multiple STAT1-binding 

sites within the HMGN2 promoter (Figures 4C and S4B), 
suggesting transcriptional regulation by STAT1. In addition, 
previous studies by Du et al. confirmed that STAT1 in nervous 
system tumors is regulated through the cGAS-STING-type I 
interferon signaling axis34.

Subsequent experiments were performed to verify whether 
STAT1 directly binds to the HMGN2 promoter to regulate 
transcription. ChIP-qPCR analysis demonstrated STAT1 bind-
ing to multiple sites in the HMGN2 promoter region (Figure 
4D). In addition, STING agonist treatment elevated phospho-
rylated STAT1 levels, corresponding to increased HMGN2 
expression. Conversely, STAT1 KO markedly decreased 
HMGN2 expression (Figures 4E and S4C–E). These findings 
support a model in which STAT1 mediates HMGN2 expres-
sion downstream of STING activation.

Flow cytometry analysis was performed to confirm the 
functional importance of the STING-STAT1-HMGN2 axis 
in apoptosis induction in neural tumor cells (Figure 4F). 
STAT1 KO significantly reduced STING-induced apoptosis. 
This finding validated the critical role of STAT1 in apoptosis 
mediated by the STING signaling pathway and highlighted the 
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Figure 4  STING agonists upregulated HMGN2 via STAT1. (A) Western blot of STING and HMGN2 expression in Neuro-2A, Neuro-2Asting-KD, 
CT-2A, and CT-2Asting-KD cells with or without SR-717 treatment. (B) HMGN2 upstream transcription factors prediction based on five data-
bases. (C) Transcription factor binding sites were predicted using JASPAR databases. (D) ChIP-qPCR was used to detect the binding of STAT1 
to the HMGN2 promoter in Neuro-2A and CT-2A cells. IgG was applied as a negative control. (E) Western blot analysis of HMGN2, p-STING, 
STING, p-STAT1, and STAT1 proteins in Neuro-2A and CT-2A cells treated with vehicle, vehicle+SR-717, si-STAT1, or si-STAT1+SR-717. 
(F) FACS analysis of apoptosis levels in Neuro-2A and CT-2A cells treated with vehicle, vehicle+SR-717, STAT1-KD, and STAT1-KD+SR-717. 
The bars represent the mean ± S.D. of triplicates. (ns, 0.05, *P < 0.05, ***P < 0.001, as determined by ANOVA with Tukey’s honestly significant 
difference test for multiple comparisons). Control group was untreated, SR-717 group was treated with SR-717, igG group was non-specific 
IgG (negative control), Site 1 group was target site Site 1, Site 2 group was target site Site 2, Vehicle group was treated with empty interfering 
RNA, Vehicle+SR-717 group was obtained by treating Vehicle group with SR-717, STAT1-KD group was treated with interfering RNA, STAT1-
KD+SR-717 group was obtained by treating the STAT1-KD group with SR-717.
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functional importance of the STING-STAT1-HMGN2 axis in 
nervous system tumors.

Taken together, activation of STING signaling in nervous 
system tumor cells induced apoptosis through the STAT1-
mediated upregulation of HMGN2.

HMGN2 expression correlates with survival in 
multiple malignancies

To explore clinical relevance, public databases were analyzed 
to determine associations between STING and HMGN2 
expression. Analysis of public data for GBM, NB, and mela-
noma revealed significant correlations between STING and 
HMGN2 transcript levels (Figure 5A–C). Furthermore, sur-
vival analysis using data from TCGA indicated that elevated 

HMGN2 expression correlated positively with better patient 
outcomes in NB and GBM (Figure 5D,E). This positive corre-
lation extended to melanoma, in which high HMGN2 expres-
sion was associated with superior patient survival (Figure 5F). 
However, the lack of anti-tumor efficacy observed in the 
B16F10 murine melanoma model might be attributed to 
species-specific differences in HMGN2 expression between 
murine and human melanoma cells.

Analyses were expanded to include pancreatic cancer, 
colorectal cancer, cervical cancer, and clear cell renal car-
cinoma to test the broader applicability of this observa-
tion. Consistently, high HMGN2 expression correlated with 
improved survival across these cancer types (Figure 5G–J).

In summary, HMGN2 expression was shown to be signif-
icantly correlated with STING expression and may serve as a 
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predictive biomarker for STING agonist efficacy. Patients with 
elevated HMGN2 expression are likely to benefit substantially 
from STING agonist therapies, leading to improved survival 
outcomes.

Discussion

As promising candidates for cancer immunotherapy, the 
clinical translation of STING agonists has been limited by 
restricted efficacy and potential pro-tumorigenic effects 
observed in certain models35-37. Therefore, identifying tumor 
types sensitive to STING agonists and clarifying the under-
lying mechanisms is essential to facilitate clinical applica-
tion38,39. This is the first study to show that the STING agonist, 

SR-717, exhibits distinct antitumor activity against nervous 
system tumors, including NB and GBM. Although minimal 
differences were observed in cell-based assays, parallel in vivo 
comparisons using mouse models showed that the non-nu-
cleotide agonist, SR-717, had superior antitumor efficacy 
compared to the macrocyclic agonist, E7766. This enhanced 
efficacy primarily depended on activation of the intrinsic 
STING signaling pathway within tumor cells, not solely the 
previously recognized activation of innate immune cells, 
resulting in increased expression of the novel downstream 
target, HMGN2, and subsequent induction of apoptosis.

Currently, effective treatments for NB and GBM remain 
inadequate, primarily due to the unique immunosuppressive 
microenvironment40. This microenvironment, dominated 
by myeloid cells and characterized by limited lymphocyte 
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infiltration, renders conventional immunotherapies largely 
ineffective. This observation prompted the exploration of ther-
apeutic approaches directly targeting tumor cells. Validation 
using mouse models with different degrees of immunode-
ficiency (Rag−/− and NSG mice) confirmed that the direct 
cytotoxic effects of SR-717 on nervous system tumors were 
independent of adaptive immune responses. However, the 
more pronounced efficacy observed in immunocompetent 
mice indicated that an intact immune might provide an impor-
tant supportive role, potentially through residual macrophages 
that clear apoptotic cells and release inflammatory factors. 
This finding suggested a rationale for future combination 
immunotherapy.

Mechanistically, a major breakthrough of this study was the 
identification of HMGN2 as a novel direct downstream tar-
get of the STING signaling pathway. Functional experiments 
demonstrated that elevated HMGN2 expression was suffi-
cient to induce tumor cell apoptosis. In addition, HMGN2 
expression induced by STING activation in nervous system 
tumor cells (Neuro-2A and CT-2A) strictly depended on 
the presence of the STING protein. Further analysis uncov-
ered a non-canonical STING signaling pathway: STING acti-
vation directly regulated HMGN2 transcription via STAT1 
rather than solely through the Interferon Regulatory Factor 3 
(IRF3)/IFN axis, thereby enhancing caspase-3 cleavage and 
apoptosis. This newly identified STING-STAT1-HMGN2 
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axis provides critical insight into the molecular mechanism 
by which STING agonists induce direct tumor-cell apoptosis 
and expands the current understanding of STING biology by  
identifying potential targets for developing novel therapeutic 
strategies against nervous system tumors (Figure 6).

Another significant implication of this study was the iden-
tification of HMGN2 as a potential prognostic biomarker. 

HMGN2 expression was less influenced by immune cell infil-
tration within the tumor microenvironment compared to 
IFN-β and is predominantly regulated by the intrinsic STING/
STAT1 pathway within tumor cells. Therefore, HMGN2 
may reflect apoptotic potential and tumor malignancy more 
accurately and specifically, potentially improving prognos-
tic assessments for nervous system tumors. However, further 
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validation in large-scale clinical cohorts is necessary, particu-
larly through direct comparisons with established biomarkers, 
such as IFN-β.

Based on these findings, future research can be expanded 
in two directions: 1) exploring combination therapies given 
that SR-717 directly induces tumor cell death and potentially 
modifies the tumor microenvironment. For instance, combin-
ing SR-717 with immune checkpoint inhibitors (PD-1/PD-L1 
blockers) may yield synergistic effects of direct tumor killing 
and immune suppression reversal, which is especially suitable 
for immunologically “cold” nervous system tumors; 2) devel-
oping targeted drug-delivery systems to overcome issues asso-
ciated with systemic administration of STING agonists, such 
as rapid metabolism and insufficient targeting. Delivering sys-
tems utilizing nanotechnology or tumor-specific antigens can 
enhance SR-717 accumulation at tumor sites, improving thera-
peutic efficacy, minimizing systemic toxicity, and accelerating 
clinical translation.

Conclusions

Overall, the current study demonstrated that STING ago-
nists can induce tumor cell apoptosis via activating the 

STING-STAT1-HMGN2 signaling pathway, thereby exerting 
a potent antitumor effect in nervous system tumors. In vivo 
experiments further confirmed that the therapeutic efficacy 
of SR-717 is significantly superior to E7766. In addition, 
HMGN2 may serve as a prognostic biomarker for predicting 
patient survival outcomes, with extremely high translational 
application value.
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