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STING is significantly increased in high-grade glioma with high risk of recurrence
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ABSTRACT

In this study, we aimed to comprehensively characterize the potential relationships among the frequently
mutated genes, well-known homologous recombination repair (HRR) proteins, and immune proteins in
glioma from a clinical perspective. A total of 126 surgical tissues from patients initially diagnosed with
glioma were included. The genetic alterations were tested using the targeted next-generation sequencing
technique. The expression of HRR proteins, immune proteins, and genetic alteration-related proteins were
detected using immunostaining. Integrated analysis showed that ATRX is positively correlated with STING
in high-grade glioma (HGG) with wild-type ATRX and IDH1. Then, a relapse predictive risk-scoring model
was established using the least absolute shrinkage and selection operator regression algorithms. The
scores based on the expression of ATRX and STING significantly predict the recurrence for glioma patients,
which further predict the survival for specific subgroups, characterized with high expression of RAD51 and
wild-type TERT. Moreover, STING is significantly higher in patients with high relapse risk. Interestingly,
STING inhibitors and agonists both suppress the growth of HGG cells, regardless of their STING levels and
STING pathway activity, whereas RAD51 inhibitor B02 is found to exclusively sensitize HGG cells with high
expression of STING to temozolomide in vitro and in vivo. Overall, findings in the study not only reveal that
ATRX is closely correlated with STING to drive the relapse of HGG, but also provide a STING-guided
combined strategy to treat patients with aggressive gliomas. Translation of these findings will ultimately
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improve the outcomes for ATRX and IDH1 genomically stratified subgroups in HGG.

Introduction

Around 80% of malignant brain tumors are diagnosed as
glioma." Previously, the World Health Organization (WHO)
has classified gliomas by grades based on their pathological
features, with grades I and II representing low-grade glioma
(LGQG), and grades IIT and IV representing high-grade glioma
(HGG).” Presently, they suggest that molecular phenotypes
should be integrated into their classification to guide more
precise treatments.” However, recurrence, which appears
within 6-9 months after initial diagnosis, is still the most lethal
factor causing poor survival in glioma.’

The genetic landscape in glioma has been mapped for dec-
ades, with telomerase reverse transcriptase (TERT), tumor
protein p53 (TP53), isocitrate dehydrogenase 1/2 (IDH1/2),
alpha-thalassemia, mental retardation, X-linked (ATRX) fre-
quently mutated in adult glioma* and H3-3A commonly
mutated in pediatric glioma.” Multiple studies have been per-
formed to interpret the clinical significance of these mutations.
For instance, ATRX mutations are strongly correlated with
IDH mutations and TP53 mutations, which are mutually
exclusive to mutations in the promoter of TERT (TERTPRT)®
In addition, genetic alterations have been reported to play
crucial roles in modulating DNA damage repair (DDR),
immune response, cell growth, and chemosensitivity in
glioma,” however, there are still no integrated studies focusing

on characterizing their complex relationships from clinical
perspectives.

Emerging evidence support that alterations of DDR factors
result in distinct immune phenotypes and cytokine profiles in
glioma. For instance, upon intrinsic and extrinsic DNA damage,
the cytosolic DNA induces the activation of cyclic GMP-AMP
synthase (cGAS)-stimulator of interferon genes (STING), also
known as TMEM173, signaling to trigger the production of type
I interferons (IFNs) and pro-inflammatory cytokines through
IFN regulatory factor-3 (IRF3) and NF-«B activation in tumor
immune microenvironment (TIME), which is a well-known
pathway mediating the crosstalk between DDR, specifically the
homologous recombination repair (HRR), and immune
responses in solid tumors.” However, the complex features
among them in glioma have not been clinically studied.

Herein, in this study, we performed an integrated study of
clinicopathology, frequent mutations of ATRX, IDH1, H3-3A,
and TERT'®', mutation-related proteins ATRX and IDHI
(R132H), HRR proteins RAD51 and yH2AX, and immune
proteins cGAS, STING, and PD-L1 in glioma to comprehen-
sively characterize their relationships, and further explored their
potential treatments. Interestingly, our data showed that ATRX
is positively correlated with STING in HGG with wild-type
ATRX and IDHI1 (ATRX"Y/IDH1"), rather than that in LGG
with mutant ATRX and IDH1 (ATRX™"Y/IDH1™"). Then,
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a relapse predictive risk-scoring model was successfully estab-
lished using the least absolute shrinkage and selection operator
regression (LASSO) algorithm based on the expression of ATRX
and STING. The scores significantly predict the recurrence for
glioma patients, which are externally validated using datasets
from the Chinese Glioma Genome Atlas (CGGA). Moreover,
the scores specifically predict survivals for patients with high
expression of RAD51 and wild-type TERT (TERT"'). And
STING is also highly increased in patients with high relapse
risk. Results from therapeutic explorations demonstrated that
both STING inhibitors and agonists significantly suppress the
growth of HGG cells, regardless of their STING levels and
STING pathway activity, whereas RAD51 inhibitor B02 exclu-
sively sensitizes HGG cells with high expression of STING to
temozolomide (TMZ) treatments in vitro and in vivo. Overall,
findings in the study not only reveal that ATRX is closely
correlated with STING to drive the relapse of HGG, but also
provide a STING-guided combined strategy to treat patients
with aggressive gliomas. Translation of these findings will ulti-
mately improve the outcomes for ATRX and IDH1 genomically
stratified subgroups in HGG.

Materials and methods
Study population, follow-up, and ethics

The archived formalin-fixed paraffin-embedded (FFPE) blocks
of surgical samples from patients primarily diagnosed with
glioma during their first visit to Wuhan Central Theater
Command General Hospital (CTCGH) between January 2015
and December 2019 were included in the study. Accordingly,
a total of 126 FFPE blocks with one block per patient were
finally included. The postoperative follow-up of survival and
relapse status was performed by clinicians in March 2022, with
a median follow-up period of 59 months. And 55 patients were
out of contact. The clinicopathological information was
retrieved from the hospital electronic information system.
This study was approved by the Institutional Research Ethics
Committee of CTCGH (Protocol no. [2022]009-01).

Cell culture and treatments

The HGG cell lines U87, U251, LN229, H4, A172, T]J905, and
SW1783 were all commercially purchased from the BeNa
Culture Collection (BNCC®, CN), which were most recently
authenticated using the short-tandem repeat profiling
approach in 2021 and periodically tested mycoplasma negative.
Cells were all cultured in Dulbecco Modified Eagle Medium
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin in a humidified incubator with 5% CO, at 37°C.
In the study, H4 cells were pre-treated with vehicle (0.1%
DMSO) or 10 uM diABZI for 6 h or 10 uM SN-011 for 12 h,
U87 and A172 cells were pre-treated with vehicle or 1puM
diABZI or 10 uM SN-011 for 6 h.

Targeted next-generation sequencing

The genomic alterations of ATRX, IDHI, H3-3A at exon
regions and of TERT®T were commercially tested by

Homgen® (Shanghai, CN) with targeted next-generation
sequencing (NGS) technique. In brief, the genomic DNA
(n=126) was extracted from above FFPE blocks using the
AllPrep DNA/RNA FFPE kit (#80234, QIAGEN, Germany),
which was then sonicated into 200-350 bp in length.
According to the manufacturer's most recent protocol
(V3-20220313, Homgen®, Shanghai, CN), the sequencing
library was prepared, concentrated, hybridized with JY4
probe panel, captured with ProbeCap® SA beads, washed
and purified in turn. Finally, the library was quantified
using the 2100 bioanalyzer (Agilent, USA) and sequenced
on the Novaseq 6000 Fellcell-S4PE150 platform (Illumina,
USA). The FASTQ files were then aligned to the hgl9 gen-
ome, and the mutations were called according to the manu-
facturer's standard bioinformatics pipeline (Homgen®, CN).
Noteworthy, the original FASTQ files of all the specimens
were deposited in the National Genomics Data Center
(NGDC) under the accession number PRJCA012429.

Tissue microarray construction and immunostaining

One core per FFPE block with sufficient glioma cells was
constructed on a tissue microarray (TMA). Afterward, the
TMA block was continuously sliced into 3-5-pm-thick slides
for downstream immunohistochemistry (IHC) staining, which
were automatically performed on the Benchmark Ultra instru-
ment (Roche, USA). Finally, the proteins were stained brown
with HRP-mediated reaction of 3,3-diaminobenzidine. The
detailed information of primary antibodies used for IHC assays
was summarized in Table S2.

In terms of expression interpretation, the immunoreactive
score (IRS), a multiplication product of the percentage of
positive tumor cells and intensity of staining,® was calculated
based on assessments from two independent pathologists.
Additionally, the expression of ATRX, RADS51, cGAS,
STING, YH2AX, and H3K27me3 was further considered as
low or high when IRS<5 or IRS>5, while the IDHI1
(R132H) was defined as negative when IRS =0, otherwise it
was positive according to the receiver operator characteristic
(ROC) curve analysis of its prediction for IDH1*"**" mutation.
As for PD-LI, its expressions were considered negative or
positive when the combined positive score (CPS) <1%
or>1%.°

Public datasets

The genetic mutations of ATRX and IDHI1 in glioma tissues
with survival data were downloaded from cBioPortal
database.'” The RNA-seq data of ATRX and STING shown as
RSEM from two independent cohorts with recurrence status
were downloaded from CGGA (CGGA_325 and
CGGA_693).'""?

Correlation matrix analysis and establishment of relapse
predictive risk-scoring model

The correlation matrix analysis of all the protein levels shown
as IRS was performed using the Corrplot package (version
0.92) in R studio with specific arguments (sig.level = 0.05, insig



= ‘blank’, order = ‘hclust’, addrect = 4). The LASSO regression
algorithm was used to establish the best scoring model predict-
ing the relapse risk using the glmnet package (version 4.1-4) in
R Studio. The risk score was calculated following the formula:
risk score = Y| Coef (i) * exp(i), with Coef (i) meaning the
coefficient of each variable and exp (i) representing the expres-
sion level of the corresponding variable.

In vivo therapeutic tumor-bearing animal study

Thirty male NOD SCID mice aged 6 to 7 weeks were ordered
from Ziyuan Co., Ltd (Hangzhou, CN) and maintained at
Chedun Co., Ltd (Shanghai, CN) for the in vivo therapeutic
experiments according to the Laboratory Animal License
approved by Shanghai Science and Technology Commission
[SCXK(Shanghai)2022-0001]. The mice were randomly
divided into two groups, namely LN229 group (n=15) and
H4 group (n = 15), respectively. Afterward, 5x 10° LN229 or
H4 cells per mice mixed with matrigel were subcutaneously
injected into the right flanks of mice in the indicated groups.
When the tumor volumes (0.5 x length x width?) reached to
around 100 mm?®, the mice with LN229 or H4 cells were further
divided into three subgroups intraperitoneally administered
with indicated drugs twice per week, vehicle (n =5), 50 mg/kg
TMZ (n=5)," 50 mg/kg TMZ plus 25 mg/kg B02 (n=5)."*
The body weights (g) and tumor volumes (mm?®) were recorded
accordingly. Finally, the study was terminated when tumor
volumes in the vehicle group reached the ethical approved
maximum volume of 2000 mm®, and the xenografts were
kindly removed, weighted, and pictured according to the
approved protocol (SH9H-2022-A326-SB) by the Laboratory
Animal Ethics Committee of Shanghai Ninth People’s
Hospital, Shanghai Jiao Tong University School of Medicine.

Statistics

In this study, the ROC curve was used to assess the predictive
reliability. The univariate and multivariate Cox regression
analysis was performed to identify independent prognostic
markers. The Students’ t-test and the one-way ANOVA test
were applied to study the difference in groups (n=2) and
groups (n = 3), respectively. The Kaplan-Meier (KM) curve
was used to analyze the OS difference between the two groups.
The Chi-square (Xz) test was used to evaluate the categorical
data. Statistical analysis was performed using either GraphPad
Prism version 8.0 or SPSS statistics (version 25.0). The signifi-
cance was considered when the two-sided p < 0.05, which was
further classified into four levels, p < 0.05, p < 0.01, p <0.001,
and p < 0.0001.

Results
Multi-facet characteristics of the study population

In the study, a total of 126 surgical FFPE blocks from glioma
patients with one block per patient were included. However, 55
patients were out of contact. Accordingly, the population was
then defined as the overall cohort with 126 patients and the
discovery cohort with 71 patients who had the follow-up
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information (Figure 1). The representative low and high
expressions of the studied proteins are shown in Figure SI1A.

Immunostaining of ATRX and IDH1 (R132H) has been
suggested as surrogate markers for ATRX and IDH1®'?*"
mutations, respectively.'”> In line with these reports, our data
also support that ATRX'™®® significantly predicted for ATRX
frameshift mutations (ATRX™), which contribute to its protein
loss,'® with an area under the curve (AUC) of 0.7433 (Figure
S1B, p=0.0008). While IDH1 (R132H)™® predicted for its
IDH1®*"** with an AUC of 0.7933 (Figure S1C, p < 0.0001),
consolidating the accuracy of our evaluation system.

In the overall cohort, 42.1% patients were diagnosed with
LGG, while 57.9% were with HGG (Table S3). Noteworthy,
8.7% pediatric gliomas were also included in the study.
Interestingly, the HRR proteins were highly expressed in glio-
mas, shown to be 86.2% tissues with high expression of
YH2AX, 76.8% with high expression of RAD51, and 60.8%
with high expression of ATRX (Table S3), implicating that
the HRR factors are promising targets. Contrary to the HRR
proteins, the immune proteins were lowly expressed, shown to
be 87.4% tissues with low expression of cGAS, 75.0% with low
expression of STING, and up to 93.9% with negative PD-L1
(Table S3), suggesting that cGAS and PD-LI targeted immu-
notherapies possibly benefit limited glioma patients, except for
STING. Of note, the frequency of genetic mutations of ATRX,
IDHI1, H3-3A, and TERT"®" were same as previous reports,”
shown as 31.0% tissues with TERT*®" mutations, 34.9% with
ATRX™", 28.6% with IDHI™", and 6.3% with H3-3A™"
(Table S3). Additionally, the above multi-faceted features in
the discovery cohort were not statistically different from those
in the overall cohort (Table S3). Taken together, the character-
istics of our studied population are consistent with those of
glioma patients worldwide.

ATRX and STING are highly expressed in HGG
characterized with wild-type ATRX and IDH1

Next, our integrated analysis showed that ATRX and STING
were significantly downregulated in glioma tissues with mutant
ATRX (ATRX™"), compared to those with wild-type ATRX
(ATRX™) (Figure 2a, p =0.001 for ATRX, and p = 0.0056 for
STING). More specifically, the downregulation of ATRX was
attributed to ATRX™ mutations (Figure 2b, p=0.0018),
whereas the decrease in STING was induced by missense
mutations of ATRX (ATRX™") (Figure 2b, p=0.0325).
Similarly, the expressions of ATRX and STING were both
significantly lower in tissues with IDH1™"" than those with
IDH1™ (Figure 2¢, p=0.0005 for ATRX, and p =0.0104 for
STING). In line with data in Figure S1C, IDH1 (R132H) was
highly expressed in tissues with IDH1™"" (Figure 2c, p=
0.0012). However, ATRX and STING were not differentially
expressed in tissues with TERT™ and TERT"®*" mutations
(Figure 2d). Previous studies have reported that the mutations
of ATRX and IDH1 are mutually exclusive to TERT mutations
in glioma,’® therefore, we propose that the downregulation of
ATRX and STING is also exclusive to ATRX and IDHI
mutations.

Subsequently, the overall cohort was stratified into four
subgroups based on the genetic alterations of ATRX and
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Figure 1. Work flowchart of this clinical and translational study.

IDHI1, namely ATRX"Y/IDH1", ATRX""/IDH1™", ATRX™"/
IDH1Y, ATRX™/IDH1™"". Interestingly, ATRX and STING
were both significantly downregulated in tissues with
ATRX™YIDH1™", compared to those with ATRX"/IDH1™"
(Figure 2e, p=0.0003 for ATRX, and p=0.0161 for STING).
Further analysis revealed that ATRX and IDHI1 genetically
stratified subgroups were closely correlated with WHO grade
(p=0.015), ATRX (p=0.001), STING (p = 0.041), and IDH]1
(R132H) (p <0.0001) (Figure 2f and Table 1). In particular,
ATRX™Y/IDH1™" was enriched in LGG, while ATRX"Y/
IDHI1" was common in HGG (Figure 2g and Table 1). And
the prognostic results from cBioportal'® showed that patients
with ATRX"'/IDH1"" had poorer survival rates than those with
ATRX™/IDH1™"" (Figure 2h, hazard ratio [HR] = 4.134, 95%
confidence interval [CI]: 3.679 to 4.645, p <0.0001). Taken
together, we speculate that the high expression of ATRX and
STING in HGG characterized with ATRX"/IDH1™, which is
categorized as glioblastoma (GBM) by WHO,'” possibly con-
tributes to glioma malignant progression.

ATRX and STING are positively correlated to drive the
relapse in GBM

Afterward, the mutual correlation analysis among HRR pro-
teins, immune proteins, and genetic alteration-related proteins
revealed two closely correlated clusters, one was composed of
ATRX and STING, the other one was composed of YH2AX,

RAD51, and H3K27me3 (Figure 3a). Moreover, STNG was
significantly upregulated in glioma tissues with ATRX"®",
compared to those with ATRX'Y (Figure 3b, p =0.0007).
Previous studies have shown that deficiency of ATRX results
in a reduced adaptive immune response, marked by the down-
regulation of cGAS-STING signaling in response to radiation
in sarcoma.'® However, in our study, cGAS was not correlated
with STING, suggesting that the positive correlation between
ATRX and STING is independent of cGAS in GBM. In addi-
tion, the polycomb-group protein EZH2 has been previously
demonstrated to promote RAD5I1-mediated HRR via
H3K27me3 to enhance the proliferation of glioma,'® therefore,
the close correlation among YH2AX, RAD51, and H3K27me3
identified in our study supports their oncogenic regulations
from clinical perspectives. Further integrated analysis showed
that the positive regulation between ATRX and STING was
exclusive to tissues with ATRX"Y/IDH1"' (Figure 3c, p =
0.0089). Taken together, our data support the idea that ATR
and STING positively regulating each other independent of
cGAS is exclusive to GBM patients.

Next, a LASSO risk-scoring model predictive of relapse
based on the expression of ATRX and STING in the discovery
cohort was successfully established with the coefficients of
—0.045194 and 0.037555 for ATRX and STING, respectively.
The ROC curve showed that the risk scores significantly pre-
dicted the relapse with an AUC of 0.686 (Figure 3d, p = 0.0071).
Moreover, results from univariate and multivariate Cox
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Figure 2. ATRX and STING are both highly expressed in HGG with wild-type ATRX and IDH1. (a). The bar plots showing the different expression of indicated proteins in
tissues with ATRX"* or ATRX™". The IRS values are shown as mean + STD. **p < 0.01. (b). The bar plots showing the different expression of ATRX and STING in tissues
with different types of ATRX mutations. mis, missense; fs, frameshift; del, deletion. The IRS values are shown as mean + STD. *p < 0.05, **p < 0.01. (c). The bar plots
showing the different expression of indicated proteins in tissues with IDH1** or IDH1™". The IRS values are shown as mean = STD. *p < 0.05, **p < 0.01, ***p < 0.001.
(d). The bar plots showing the different expression of indicated proteins in glioma tissues with TERT* or TERT"™". The IRS values are shown as mean + STD. (e). The bar
plots showing the different expression of ATRX and STING in ATRX and IDH1 genetically stratified glioma subgroups. The IRS values are shown as mean + STD. *p < 0.05,
***p < 0.001. (f). The heatmaps showing the features of clinicopathology, genetic alterations, immune proteins, and HRR proteins in ATRX and IDH1 genetically stratified
glioma subgroups. (g). The bar plots showing the frequency of ATRX and IDH1 genetically stratified cases in LGG and HGG. (h). The KM survival curves showing the
different OS rates between glioma patients from cBioportal database with ATRX""/IDH1"* and ATRX™"/IDH1™",

regression analysis revealed that the WHO grade and the risk
score were two independent prognostic markers for glioma
patients (Figure 3e, p <0.0001 for WHO grade, p =0.039 for
risk score), as validated by the KM survival curve that the
5-year OS rate of glioma patients with high risk was signifi-
cantly lower than those with low risk (Figure 3f, 15% vs 55%,
HRpigh/tow = 2.610, 95% CI: 1.197 to 5.694, p = 0.006).
Additionally, two glioma cohorts from CGGA with recur-
rence status (CGGA_325 and CGGA_693) were used to exter-
nally validate the above findings. As shown in Figure S2A, the
ROC curve showed that the risk scores based on the expression
of ATRX and STING from CGGA_325 significantly predicted
the recurrence with an AUC of 0.5789 (p =0.027). And the
median survival time of patients with high risk was signifi-
cantly shorter than those with low risk (Figure S2B, 15 months
vs 40 months, HRupigh/tow = 2.079, 95% CI: 1.504 to 2.875, p <
0.0001). Similarly, the scores from CGGA_693 also signifi-
cantly predicted the recurrence with an AUC of 0.6028

(Figure S2C, p <0.0001). And the median survival time of
patients with high risk was significantly shorter than those
with low risk (Figure S2D, 28 months vs 60 months,
HRpigh/low = 1.398, 95% CI: 1.142 to 1.712, p=0.0017).
Overall, our findings highlight that the high expression of
ATRX and STING is closely correlated to drive the recurrence
in GBM, thus leading to poorer survival for these patients.

STING targeted therapies are promising in HGG cells
independent of STING levels and STING pathway
activation

For the sake of precision therapies, we further analyzed the
differential prognosis of the above risk scores in clinicopatholo-
gical and molecular stratified subgroups. As shown in Figure 4a,
the risk scores showed different prognosis in RAD51, ATRX,
TERT alteration, and IDHI alteration stratified subgroups.
However, the interacted p-values between the risk scores and
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Table 1. Characteristics of clinicopathology, genetic alterations, immune, and DDR proteins in ATRX and IDH1 genomically stratified subgroups in the

overall cohort.

ATRX"YIDHT™ ATRX™/IDH1™* ATRX™/IDH1"* ATRX"‘“‘/IDH] mut X test pval

Total N (%) 68 (54.0%) 14 (11.1%) 22 (17.5%) 2 (17.5%)

Sex 68 (1 00.0%) 14 (1 00.0%) 22 (100.0%) 22 (100.0%)

Male 1 (60.3%) 8 (57.1%) 14 (63.6%) 15 (68.2%)

Female 27 (39.7%) 6 (42.9%) 8 (36.4%) 7 (31.8%) 0.895
Age 68 (1 00.0%) 14 (1 00.0%) 22 (100.0%) 22 (1 00.0%)

Child 7 (10.3%) 0 (0.0%) 2 (9.1%) 2 (9.1%)

Adult 48 (70.6%) 13 (92 9%) 16 (72.7%) 19 (86 49%)

Older 3(19.1%) 1(7.1%) 4 (18.2%) 1 (4.5%) 0.467
WHO stage 68 (100.0%) 14 (1 00.0%) 22 (100.0%) 22 (100.0%)

LGG 25 (36.8%) 5 (35.7%) 7 (31.8%) 16 (72.7%)

HGG 43 (63.2%) 9 (64.3%) 15 (68.2%) 6 (27.3%) 0.015
yH2AX'RS 2 (91.2%) (78 6%) 18 (81.8%) 18 (81.8%)

Low 0 (16.1%) 1(9.1%) 2 (11.1%) 2 (11.1%)

High 52 (83.9%) 10 (90.9%) 16 (88.9%) 16 (88.9%) 0.871
RAD51'"S 68 (100.0%) 14 (1 00.0%) 21 (95.5%) 22 (1 00.0%)

Low 12 (17.6%) 3 (21.4%) 6 (28.6%) 8 (36.4%)

High 56 (82.4%) 1 (78.6%) 15 (71.4%) 14 (63.6%) 0.298
ATRXRS 68 (1 00.0%) 14 (100.0%) 21 (95.5%) 22 (100.0%)

Low 7 (25.0%) 7 (50.0%) 9 (42.9%) 16 (72.7%)

High 1 (75.0%) 7 (50.0%) 12 (57.1%) 6 (27.3%) 0.001
cGASR 60 (88.2%) 9 (64.3%) 16 (72.7%) 8 (81.8%)

Low 4 (90.0%) 8 (88.9%) 14 (87.5%) 14 (77.8%)

High 6 (10.0%) 1(11.1%) 2 (12.5%) 4 (22.2%) 0.594
STING'™® 7 (83.8%) 10 (71.4%) 16 (72.7%) 17 (77.3%)

Low 8 (66.7%) 7 (70.0%) 13 (81.3%) (1 00.0%)

High 9 (33.3%) 3 (30.0%) 3 (18.8%) 0 (0.0%) 0.041
PD-L1<% 6 (82.4%) 9 (64.3%) 15 (68.2%) 18 (81.8%)

Negative 0 (89.3%) 9 (1 00.0%) (100,0%) 18 (1 00.0%)

Positive 6 (10.7%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0.188
H3K27me3'"® 9 (86.8%) 10 (71.4%) 17 (77.3%) 19 (86.4%)

Low 7 (28.8%) 4 (40.0%) 7 (41.2%) 1 (57.9%)

High 2 (71.2%) 6 (60.0%) 10 (58.8%) 8 (42.1%) 0.144
IDH1(R132H)"®® (91 2%) 10 (71.4%) 17 (77.3%) 20 (90.9%)

Negative 61 (98 4%0 3 (30.0%) 16 (94.1%) 11 (55.0%)

Positive 1(1.6%) 7 (70.0%) 1 (5.9%) 9 (45.0%) <0.0001
TERT'RT 68 (100.0%) 14 (1 00.0%) 22 (100.0%) 2 (1 00.0%)

WT 48 (70.6%) 9 (64.3%) 13 (59.1%) 7 (77.3%)

Mut 20 (29.4%) 5 (35.7%) 9 (40.9%) 5 (22.7%) 0.585
H3F3A 68 (100.0%) 14 (100.0%) 22 (100.0%) 22 (100.0%)

WT 65 (95.6%) 14 (1 00.0%) 19 (86.4%) 20 (90.9%)

Mut 3 (4.4%) 0 (0.0%) 3 (13.6%) 2 (9.1%) 0.305

pval, p-value; LGG, lower-grade glioma; HGG, higher-grade glioma; IRS, immunoreactive score; WT, wild-type; Mut, mutated; PRT, promoter; DDR, DNA

damage repair.

above factors revealed that the scores independently predicted
the survival for glioma patients characterized with high expres-
sion of RAD51 (p = 0.004) and TERT" (p = 0.004). Of note, the
risk scores were significantly higher in HGG tissues (p = 0.028)
and in tissues with a high expression of STING (p <0.0001),
which was further supported by data from CGGA_325 (Figure
S2E, p<0.0001) and CGGA_693 (Figure S2F, p<0.0001).
Accordingly, we speculate that DDR inhibitors and STING-
related therapies might be promising in treating HGG patients
with high risks of recurrence.

By examining the basic expression of STING in a panel of
HGG cells (Figure 4b), we divided them into high expression
models (STING"#") (H4, A172, and SW1783) and low expres-
sion models (STING™") (U87, U251, LN229, and TJ905) for
following therapeutic explorations. Firstly, we investigated the
responses of STING™®" and STING™" cells to STING agonist
diABZI, which has a half maximal effective concentration
(ECso) of 130 nM for human STING,* and STING inhibitor
SN-011, which competes with cyclic dinucleotide for the bind-
ing pocket of the STING dimer to block its activation with an
ICso of 76 nM.*" Results from cell viability assays showed that
the STING™#" cells tended to be more sensitive to diABZI than

STING'" cells (Figure 4c). However, data from colony forma-
tion assays (CFAs) revealed that the diABZI significantly inhib-
ited the growth of both STNG™¢" (H4) and STING'" (U87)
cells (Figure 4d, p =0.0158 for vehicle vs 1 pM and p =0.0019
for vehicle vs 5 uM in H4 cells, while p = 0.0395 for vehicle vs
1 uM and p = 0.0141 for vehicle vs 5 uM in U87 cells), suggest-
ing that the diABZI is an effective anti-cancer drug for HGG
patients regardless of STING levels. More interestingly,
although there was no difference in the responses of
STINGM#" and STING™" cells to SN-011 (Figure 4e), data
from CFAs demonstrated that SN-011 also significantly sup-
pressed the growth of STING"" and STING'" cells (Figure 4f,
p =0.0405 for H4 cells and p =0.0051 for U87 cells). Overall,
we believe that STING targeted therapies are possibly promis-
ing in suppressing the growth of HGG cells independent of
STING levels.

Furthermore, we detected the STING pathway activation
related inflammatory genes using qRT-PCR assays, including
TBK1, LKBI, IRF3, CXCL10, IFNBI, TRAF3, NF-xB, IFIT3, and
IL-6, and its activation-related proteins, phosphorylated STING
(pSTING and S366) and TBK1 (pTBK1 and S172), using western
blotting assays,>* in response to STING targeted treatments. Data
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Figure 3. ATRX is positively correlated with STING to drive the relapse of HGG with wild-type ATRX and IDH1. (a). The matrix showing the mutual correlations among
indicated proteins in the overall cohort. Blank grids mean p > 0.05, while colored grids mean p < 0.05. Corr_r, correlation coefficient. (b). The bar plots showing the
different expression of STING in tissues with ATRX™" or ATRX™". The IRS values are shown as mean + STD. ***p < 0.001. (c). The bar plots showing the differential
expression of STING in ATRX and IDH1 genomically stratified subgroups with ATRX"S" and ATRX'®". The IRS values are shown as mean + STD. **p < 0.01. (d). The ROC
curve evaluating the predictive capability of relapse risk scores in the discovery cohort. AUC = 0.6860, **p < 0.01. (e). The forest plot showing the univariate and
multivariate cox regression analysis used to identify independent prognostic markers in the discovery cohort. (f). The KM survival curves showing the different OS rates
between patients with low_risk and high_risk scores in the discovery cohort. **p < 0.01.

from qRT-PCR assays showed that the STING agonist diABZI
dramatically induced upregulation of all the inflammatory genes
in H4 cells (Figure 5a, *p < 0.05, **p < 0.01, **p < 0.001 and ***p
<0.0001), whereas the STING inhibitor SN-011 not only down-
regulated IFIT3, but also upregulated IFNBI and TRAF3 in H4
cells (Figure 5b, *p < 0.05, **p < 0.01, **p < 0.001). However, data
from western blotting assays showed that the STING agonist
obviously induced the activation of STING pathway by reducing
the expression of STING, rather than affecting ATRX and cGAS
levels, in STING proficient H4 and A172 cells (Figure 5c,d,
p=0.013 for STING, p=0.009 for pSTING, and p <0.0001 for
pTBK1 in H4 cells, p = 0.024 for STING, p =0.003 for pSTING,
and p =0.024 for pTBK1 in A172 cells), whereas the SN-011 had
no obvious effects on the STING pathway activation due to the low
activation of STING pathway in these cells (Figure 5e,f).
Unexpectedly, the diABZI and SN-011 both signifi-
cantly induced upregulation of STING pathway related
inflammatory genes in STING deficient U87 cells, includ-
ing IRF3, TRAF3, NF-xB, IFIT3, and IL-6 in response to
diABZI (Figure 5g, *p<0.05, **p<0.01, ***p<0.001),
andTBK1, TRAF3, NF-xB, and IL-6 in response to SN-
011 (Figure 5h, *p<0.05, **p<0.01, ****p<0.0001).
However, results from western blotting assays showed

that the STING pathway, ATRX and cGAS levels were
not all significantly affected by these treatments
(Figure 5i,j). Taken above all, we believe that STING
targeted therapies are possibly promising in suppressing
the growth of HGG cells independent of STING levels and
STING pathway activation. In addition, ATRX possibly
acts as an upstream regulator for STING independent of
c¢GAS in HGG cells. Further mechanistic studies will help
warrant our hypothesis in the future.

RAD51 inhibitor B02 exclusively sensitizes HGG cells
with high expression of STING to temozolomide in vitro
and in vivo

Next, we explored the potential therapies of DDR inhibitors in
STING"®" and STING'™ HGG cells, including PARPi
Olaparib, ATRi AZD6738 (AZD), RAD51i B02, and TMZ.
Interestingly, data from cell viability assays revealed that the
STING™¢" cells were more resistant to TMZ than STING™"
cells (Figure S3A, p=0.029), while there was no significant
difference in the responses to other DDR inhibitors used as
monotherapies (Figure S3B-D).
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Figure 4. The STING targeted therapies are both promising in suppressing the growth of HGG cells regardless of STING levels. (a). The multiplex forest plot showing the
correlation and differential prognosis of risk scores in clinical and molecular features stratified subgroups. (b). The representative western blotting results showing the
expression of indicated proteins in HGG cells (left panel). The GAPDH normalized relative expression of STING from at least three independent experiments is shown as
mean =+ STD (right panel). (c). The survival curves showing the responses of indicated HGG cells to STING agonist diABZI. Data from at least three independent assays are
shown as mean + STD. (d). The representative colony formation results of indicated HGG cells in response to different concentrations of diABZI, taking the vehicle treated
cells as controls. Data from three independent experiments are shown as mean + STD. *p < 0.05, **p < 0.01. (e). The survival curves showing the responses of indicated HGG
cells to STING inhibitor SN-011. Data from at least three independent assays are shown as mean + STD. (f). The representative colony formation results of indicated HGG cells
in response to SN-011, taking the vehicle treated cells as controls. Data from three independent experiments are shown as mean + STD. *p < 0.05, **p < 0.01.

Then, triggered by the above clinical findings that the relapse
risk scores specifically predicted the survivals for HGG patients
with high expression of RAD51, we further investigated the com-
bined therapeutic effects of B02 and TMZ. Surprisingly, cell
viability results showed that the RAD51i B02 significantly sensi-
tized the STING"®" HGG cells to the TMZ treatment (Figure 6a-
¢), while it exhibited few effects on the STING®Y HGG cells
(Figure 6d,e). Moreover, data from CFAs confirmed that the
combined therapeutic effects of B02 and TMZ were exclusive to
STING"" cells (Figure 6f,g, p = 0.0158), while the STING'" cells
(U87 and LN229) were dramatically sensitive to TMZ (Figure 6h-
k, p <0.0001), consistent with the above cell viability results. Then,
we further performed the in vivo therapeutic study using NOD
SCID mice subcutaneously planted with LN229 (STING"") or H4
(STING"®") cells, respectively. Most excitingly, although TMZ
and TMZ plus B02 significantly inhibited the growth of H4 cells
(Figure 7a,b, p = 0.0025 for TMZ vs Vehicle, while p < 0.0001 for

TMZ plus B02 vs Vehicle), TMZ plus B02 showed a more obvious
inhibitory activity than TMZ (Figure 7a,b, p = 0.0248 for TMZ vs
TMZ plus B02). In addition, all the above results were further
supported by the weights of xenografts resected at the end of the
study (Figure 7c, p = 0.0445 for Vehicle vs. TMZ, p = 0.0004 for
Vehicle vs. TMZ plus B02, while p = 0.0473 for TMZ vs TMZ plus
B02). However, the growth (Figure 7d,e) and tumor weights
(Figure 7f) of LN229 cells were not statistically different among
Vehicle, TMZ, and TMZ plus B02 groups. Of note, both TMZ and
TMZ plus B02 were not toxic to the mice, supported by their
stable body weights (Figure 7g,h). Taken together, we propose that
STING levels will help guide a novel therapeutic strategy to treat
patients diagnosed with ATRX"/IDH1"" HGG. However, further
studies elucidating the complex regulatory loops among ATRX,
STING, and RAD51 will help warrant a more precise manipula-
tion of the novel combined therapy in treating specific subgroups
of aggressive gliomas.
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Figure 5. The STING targeted therapies are both promising in suppressing the growth of HGG cells regardless of STING pathway activation. (a—b). The bar plots showing
the differential expressions of STING-related inflammatory genes in H4 cells tested by qRT-PCR assays in response to diABZI (a) and SN-011 (b). Data from three
independent experiments are shown as mean + STD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (c,d). The representative western blotting results of indicated
proteins in H4 and A172 cells treated with vehicle or diABZI (c). The actin normalized expression of indicated proteins from at least three independent assays are shown
as mean = STD (d). *p < 0.05, **p < 0.01 and ****p < 0.0001. (ef). The representative western blotting results of indicated proteins in H4 and A172 cells treated with
vehicle or SN-011 (e). The actin normalized expression of indicated proteins from at least three independent assays are shown as mean + STD (f). (g,h). The bar plots
showing the differential expressions of STING related inflammatory genes in U87 cells tested by qRT-PCR assays in response to diABZI (g) and SN-011 (h). Data from three
independent experiments are shown as mean + STD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. (i,j). The representative western blotting results of indicated
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as mean £ STD.
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Figure 6. RAD51 inhibitor B02 significantly sensitizes HGG cells with high expression of STING to TMZ in vitro. (a—c). The survival curves showing the responses of STING
proficient A172 (a), SW1783 (b) and H4 (c) cells to TMZ treatments with or without 2 uM RAD51 inhibitor B02. Data from at least three independent experiments are
shown as mean + STD. (d-e). The survival curves showing the responses of STING deficient U87 (d) and LN229 (e) cells to TMZ treatments with or without 2 uM RAD51
inhibitor B02. Data from at least three independent experiments are shown as mean =+ STD. (f-k). The representative colony formation results of H4 cells (f), U87 cells (h)
and LN229 cells (j) in response to different combined treatments of B02 and TMZ. The vehicle treated cells (0 uM B02 + 0 pM TMZ) normalized fold changes of H4 cells
(g), U87 cells (i) and LN229 cells (k) from three independent experiments are shown as mean + STD (g). *p < 0.05.



H4 xenografts

Ha

ONCOIMMUNOLOGY

e0e t o . i
E
1500 5
% = TMZ+B02 5920 e Vehicle
g | |-
T™Z 3 1000 * % 2 - TMZ+B02
N ¥ 210
§ 500 :I ¥ @
‘ ‘ @ TMZ+B02 .
0 0+ T T T T 1
i 0 5 10 15 20 25 PR 14 16 18 20 22 24
T T R R AR B R I R O e e Days post injection & '\\k,‘/ﬂ’ Days post injection
O Y@Y gelifnnesz20 &®
d. e. f h.
LN229 xenografts LN229 LNZ28 LN229
. \
“ ” ’ d Vehicle 1000 -~ Vehicle 1500 30 y Y7y
- TMZ _
8004 -+ TMz+BO2 5 5
& E 3
’ £ z 10001 . = 209 o venice
. ‘ ™Z £ 600 e 2 |= ™
° 2
£ s - TMZ+B02
3 400 § 500 Es| 2 10
s £ @
200 =
e Q ’ TMZ+B02
o 0 0 T T T T 1
20 25 30 35 10 15 20 25 30 35

WWWWWWWWWWWWMWN 0 5 10 15
0 1em 2 3 4 5 6 7 8 9 10 1
YaY

-4

Days post injection

Days post injection

Figure 7. B02 exclusively sensitizes HGG cells with high expression of STING to TMZ in vivo. (a). Image of H4 (STING™") xenografts from NOD SCID mice administered
with vehicle (n =5), 50 mg/kg TMZ (n = 5) and 50 mg/kg TMZ plus 25 mg/kg BO2 (n = 5), respectively. (b). The growth curves of H4 xenografts in response to indicated
treatments, shown by the tumor volumes (mm?3). (c). The tumor weights of H4 xenografts in figure 7A. (d). Image of LN229 (STING'™%) xenografts from NOD SCID mice
administered with vehicle (n=5), 50 mg/kg TMZ (n=5) and 50 mg/kg TMZ plus 25 mg/kg BO2 (n =5), respectively. (e). The growth curves of LN229 xenografts in
response to indicated treatments, shown by the tumor volumes (mm?>). (). The tumor weights of LN229 xenografts in figure 7D. (g-h). The body weights of H4 (g) and
LN229 (h) bearing NOD SCID mice in response to indicated treatments. BIack arrows indicate the therapeutic administration. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001.

Discussion

In summary, our integrated study highlights a non-canonical
role of STING in gliomagenesis that is different from its well-
documented function in tumor immunosurveillance.?
Expressions of ATRX and STING are significantly higher
and closely correlated with each other in a positive manner
in HGG characterized with ATRX""/IDH1"", which is classi-
fied as ATRX""**)/IDH"" GBM.? Moreover, the relapse risk
scores based on the expression of ATRX and STING at both
transcriptional and translational levels specifically predict
poor survivals for HGG patients, characterized by high
expression of HRR protein RAD51 as well as STING.
Guided by these clinical findings, our therapeutic studies
highlight that RAD51 inhibitor B02 specifically sensitizes
HGG cells with high expression of STING to TMZ treat-
ments, while the STING targeted strategies are promising in
treating HGG cells regardless of STING levels and STING
pathway activation.

Enormous studies have confirmed an overlap of somatic
mutations between ATRX and IDH in glioma,'® which
accounts for 17.5% in our overall cohort (Table 1). ATRX™"
is known to cause its protein loss,'® a deficiency of which has
been reported to reduce the adaptive immune responses by
downregulating the cGAS-STING signaling to increase sensi-
tivity of sarcoma cells to TVEC, an oncolytic herpes virus that
is currently FDA approved for the treatment of aggressive
melanomas.'® In glioma, we found that the expression of
STING is significantly reduced in ATRX™"" tissues, specifically
those with ATRX™* mutations. Besides, its expression is also

downregulated in IDH1™" tissues, but not in tissues with

TERT'®'. Further integrated analysis showed that, similar to
ATRX, its high expression is exclusive to GBM patients.
Previous studies have also supported our above findings that
STING, tested by IHC staining, is highest in GBM tissues than
other glioma types, including normal brain tissues.”* Their
therapeutic studies with GBM explants have shown that the
STING agonist ADU-S100 significantly increases the STING
pathway related immune responses, shown to be inflammatory
macrophages, neutrophils, and natural killer populations.**
However, our data showed that both STING inhibitor SN-
011 and STING agonist diABZI significantly inhibit the growth
of STING deficient and proficient HGG cells, although cells
with high expression of STING seem to be more sensitive to
diABZI treatments. Mechanistically, SN-011 and diABZI both
obviously induce upregulation of STING pathway related
inflammatory genes in HGG cells, regardless of whether the
STING pathway is activated. It seems that the STING targeted
therapies in HGG cells are more complex than we have ima-
gined. Further preclinical studies are required to deeply
uncover their underlying mechanisms before putting them
into clinical practice.

It is known that most of the lethal anti-cancer agents are
ineffective in treating aggressive GBMs due to the existence of
blood-brain barrier. According to our results from CFAs, we
see that the diABZI effectively suppresses the growth of GBM
cells at much lower concentrations than SN-011; therefore, we
think that the diABZI is a more appropriate STING targeted
therapy for GBM patients. Of note, our western blotting data
also suggest that the diABZI significantly induces the activation
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of the STING pathway by downregulating the expression of
STING, which is in line with findings from other teams.*
Therefore, it will be beneficial to elucidate its underlying
mechanisms to guide a more precise design of STING agonists
in the future.

Clinically, multiple DDRi chemotherapies have been inves-
tigated to remodel the TIME by activating STING-
inflammatory signaling, thus improving the efficacy of cancer
immunotherapy. For instance, the PARP inhibitors including
niraparib, olaparib, rucaparib, and ATR inhibitors including
M6620, AZD6738, BAY1895344 have been widely used to
facilitate the PD-1/PD-L1/CTLA-4 targeted immunotherapeu-
tic responses in multiple solid tumors.” In this study, our data
demonstrate that the responses of HGG cells with low and high
expression of STING are not significantly different from
PARPi, ATRi, and RAD51i when they are used as monothera-
pies. Guided by the differential prognosis of relapse risk scores
in glioma patients with high expression of RAD51, we found
that RAD51i B02 specifically sensitizes STING proficient HGG
cells to TMZ treatment in vitro and in vivo, providing
a STING-guided combined therapy for specific subgroups in
HGG. Further mechanistic studies uncovering the direct rela-
tionships among ATRX, STING, and RAD51 will help ensure
appropriate translations of the above phenotype findings in
precise diagnosis and treatment of gliomas, specifically the
aggressive GBM.

Although a non-canonical role of STING, positively corre-
lated with ATRX in driving the relapse of GBM, has been
uncovered from clinical perspectives, there are still some lim-
itations in our study. Firstly, the sample size of the discovery
cohort used to construct the relapse predictive risk-scoring
model is relatively small, a larger cohort is required to further
warrant its predictive reliability. Secondly, this is a single-
center retrospective study, where clinically registered prospec-
tive studies from multi-centers will help to ensure the clinical
translation of the relapse predictive model. Thirdly, further
mechanistic studies elucidating the direct regulations among
ATRX, RAD5I, and STING are still required to ensure the
precise manipulation of the STING-guided therapy in treating
GBM with high relapse risk. In summary, our findings in this
study not only highlight that ATRX is closely correlated with
STING to drive the relapse of HGG, but also provide a STING-
guided combined strategy to treat these patients. Translation of
these findings will ultimately improve the outcomes for ATRX
and IDH1 genomically stratified subgroups in HGG.
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