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Abstract

Background. Depending on the context, therapy-induced cancer cell senescence promotes or inhibits tumor pro-
gression and recurrence, but the underlying mechanism and effects on the tumor immune microenvironment are
poorly understood.

Methods. Here, we developed senescent glioblastoma cell models in vitro via drug treatment. The protumor func-
tion of senescent cells was demonstrated by coinjection of chemotherapy-induced senescent cells with tumorigenic
GL261 cells in C57BL/6J male mice. In addition, conditioned medium coculture experiments were used to explore the
functions of senescent glioblastoma cells in vitro. Mechanistically, through a CRISPR-Cas9-based screen, we revealed
that the RNA-binding protein DDX58 was induced in senescent glioblastoma cells. By combining RNA sequencing
and protein mass spectrometry analysis, we observed that STAT1 signaling was activated. Immunoprecipitation ex-
periments were subsequently performed to identify the interaction between DDX58 and STAT1.

Results. We show that glioblastoma cells can enter a senescent state after chemotherapy. In vivo, senescent glio-
blastoma cells have a tumor-promoting function and reduce survival in male mice. Mechanistically, we found that
the RNA-binding protein DDX58 plays an important role in therapy-induced senescent glioblastoma. Inhibition
of DDX58 slowed therapy-induced senescence. The activation of DDX58 depends on the accumulation of mito-
chondrial double-stranded RNA (mtdsRNA) in the cytoplasm via the BAX protein. Moreover, DDX58 promotes
the recruitment of tumor-associated macrophages (TAMs) and their M2-like polarization by activating the STAT1-
mediated transcription of colony-stimulating factor 1 (CSF1). We also revealed that DDX58 regulates STAT1 at the
post-translational level by inhibiting the ubiquitin E3 ligase TRIM21-mediated STAT1 ubiquitination. Compared with
temozolomide (TMZ) treatment alone, treatment with fludarabine, which blocks STAT1 signaling, combined with
TMZ can more effectively reduce the recruitment of TAMs and delay tumor growth in vivo. Moreover, knockdown
of STAT1 enhances the therapeutic effect of TMZ in vivo and prolongs the survival of tumor-bearing male mice.
Conclusion. A critical mechanism for the protumor immune microenvironment mediated by therapy-induced se-
nescent glioblastoma cells, the DDX58-STAT1-CSF1 axis, may be a potential therapeutic avenue for alleviating
traditional therapy-induced glioblastoma cell senescence.
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progression in vivo.

® Chemotherapy-induced senescent glioblastoma cells are drivers of cancer

® mtdsRNA-mediated DDX58-STAT1 signaling was activated in chemotherapy-

induced senescent glioblastoma cells to promote TAM recruitment.

® Targeting STAT1 improves the therapeutic efficacy of TMZ in vivo.

Graphical Abstract.
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The Role of dsRNA-DDX58-STAT1 Signaling in Glioblastoma Cell Senescence and Macrophage Infiltration:

Mechanisms and Therapeutic Implications.

Left panel: Schematic model of the proposed role of dsRNA and DDX58 in regulating the TRIM21-mediated deg-
radation of STAT1 in senescent glioma cells. mtdsRNAs bind to DDX58 and increase its expression. DDX58 in-
creases STAT1 stability by facilitating the dissociation of TRIM21 and STAT1 and then promotes the transcription
of CSF1. Middle panel: CSF1 recruits TAMs and enhances their protumor phenotype. Right panel: Fludarabine

treatment shows antitumor efficacy by inhibiting STAT1

-mediated transcription of CSF1. Abbreviations: mtdsRNA:

Mitochondria double-stranded RNA; DDX58: Retinoic acid-inducible gene 1 protein; STAT1: Signal transducer and
activator of transcription 1; Ub, ubiquitin; CSF1: Colony stimulating factor 1;TAMs:Tumor-associated macrophages.

Importance of the Study

In different contexts, senescent cancer cells have het-
erogeneous functions. To avoid the possible side effects
mediated by the resulting senescent glioblastoma cells,
the functions and mechanisms of senescent glioblastoma
cells were characterized in this study. Here, we revealed
thatchemotherapy-induced senescent glioblastoma cells
have a tumor-promoting function and reduce survival in

male mice. We also showed that chemotherapy-induced
glioblastoma cell senescence promotes TAM recruit-
ment via mtdsRNA-mediated activation of DDX58-STAT1
signaling, leading to tumor progression. Inhibiting STAT1
in combination with TMZ treatment has a better thera-
peutic effectin vivo. These findings will help improve tra-
ditional anti-tumor treatment strategies.




Therapy-induced senescent glioblastoma cells sustain a procancer immune microenvironment

Glioblastoma (GBM) is the most aggressive and lethal
brain cancer. The standard-of-care therapy method for
primary GBM is maximal surgical resection followed
by temozolomide (TMZ) chemotherapy and radiation
therapy.! However, patient benefit from the standard
strategy is very limited. The majority of patients relapse
within a short period of time. Many factors can contribute
to poor benefit and GBM recurrence, including drug resist-
ance of inherent cancer cells and glioma stem-like cells,
tumor dormancy and tissue factor-mediated remodeling of
the immune microenvironment.2® GBM contains a highly
immunosuppressive tumor microenvironment (TME) that
promotes tumor progression and resistance to therapy,’
and the high abundance of tumor-associated macrophages
(TAMs) may be a key factor in glioblastoma immunosup-
pression.8 TAMs have phenotypic and functional plasticity,
and can be activated toward either a “classic (M1)” or an
“alternative (M2)"” phenotype.® M1-type macrophages pro-
duce proinflammatory molecules, such as tumor necrosis
factor alpha (TNF-a), which inhibit tumor growth and sup-
port T-cell activity.8'° In addition, M2 macrophages inhibit
T-cell functions and inflammatory TAM activities and pro-
mote tumor progression.’'2 Glioma cells can attract TAMs
by secreting many factors, which in turn enhance immu-
nosuppression, mainly through their transformation into
M2-type macrophages.’®"“Therefore, blocking the connec-
tion between TAMs and related cells may also be a novel
therapeutic strategy to mitigate GBM progression and
recurrence.

For the past several decades, researchers have sug-
gested that cellular senescence is primarily a physiolog-
ical response that occurs in normal somatic cells and is an
anticancer mechanism.'®'7 However, recent studies have
shown that tumor cells also undergo senescence, and that
senescent tumor cells (STCs) specifically inhibit or promote
tumor progression and recurrence, which is different from
physiological senescence.'®2' On the one hand, tumor cell
growth is halted by senescence. On the other hand, STCs
may remodel the TME to promote or inhibit tumorigen-
esis and progression through the heterogeneous SASPs.??
Previous studies have revealed that STCs can enhance
immunosurveillance and promote antitumor immunity by
activating dendritic cells and antigen-specific CD8T cells.?°
However, other studies have reported that some STCs can
mediate protumorigenic effects by secreting SASPs, to
promote the collective invasion of cancer cells and inhibit
CD8T-cell infiltration.'® In addition, recent in vivo evidence
suggests that the removal of senescent malignant cells can
hinder tumor progression and improve survival by modi-
fying the tumor ecosystem in GBM.?3 Similarly, another
study showed that radiation therapy promotes the pro-
duction of SA-BGal + GBM cells and orchestrates an immu-
nosuppressive TME by activating TAMs.?* Together, these
studies suggest that senescent tumor cells could be a key
factor in promoting GBM oncogenesis and leading to re-
currence. Regrettably, the role and mechanisms underlying
chemotherapy-induced senescent tumor cell remodeling
in the GBM immune microenvironment remain unclear.

Here, we used multiomic data integration, including
a CRISPR-Cas9-based loss-of-function screen at the
genomic level and combined transcriptome and pro-
teome analyses of senescent LN229 cells, to reveal the

targetable mechanisms by which senescent glioma cells
promote GBM progression and recurrence. Furthermore, a
senescence-targeted therapy was proposed on the basis of
traditional therapy, which can potentially be used in pre-
clinical and clinical adjuvant GBM therapy.

Materials and Methods
Ethics Statement

The related studies were approved by the institutional re-
view board of Institute of Basic Medical Sciences, Chinese
Academy of Medical Sciences (2S2023007). All the animal
studies were approved by the Institutional Animal Care Use
& Welfare Committee of the Center for Experimental Animal
Research (ACUC-A01-2022-059, ACUC-A02-2025-005).

Cell lines, in vitro culture and lentivirus

Patient-derived GBM cells (PDCs) linesT3-5, human LN229,
U87MG and murine GL261 glioma cells were used in these
studies. Lentiviruses were purchased from Shanghai
Genechem.

Intracranial tumor models and drug treatment

Male or Female C57BL/6J mice (5-6 weeks of age) were
selected for the establishment of in vivo mouse models.
GL261-luc cells or senescent GL261-luc cells were injected
into the mouse brain.The mode of drug administration and
concentration of drugs used for treatment are described in
the figures. Luciferase-expressing tumors were monitored
via the Xenogen IVIS.

p-galactosidase staining

GBM cell senescence was induced by treatment with TMZ
or DOX.The cells were stained for 3-galactosidase activity
via a SA-B-Gal Stain Kit (Solarbio, G1580).

Immunoblot

Immunofluorescence, flow cytometry and western blot
were performed in brain tissues and GBM cells. Antibodies
are listed in SupplementaryTable S3.

CRISPR screening

LN229 cells were infected with lentiviruses carrying the
pooled CRISPR knockout library. The cells were subse-
quently frozen for genomic DNA extraction and lllumina
sequencing.The results were analyzed via MAGeCK.

High-Throughput sequencing and qRT-PCR

RNA-seq and mass spectrometry analysis were per-
formed in LN229 and senescent LN229 cells. Total RNA was



http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data

Wang et al

extracted from GBM cells and senescent cells via the TRIzol
reagent (Invitrogen, Carlsbad, State of California, USA).
gRT-PCR analyses were performed on a CFX96 Real-Time
PCR Detection System (Bio-Rad). All the qPCR primers
used are listed in SupplementaryTable S4.

ChIP—gPCR

Chromatin immunoprecipitation was performed using a
Pierce Magnetic ChIP Kit (Thermo Scientific, 26157). The
DNA was purified via a DNA Clean-Up Column and veri-
fied via qPCR.The sequences of the primers used for ChIP-
qPCR are listed in SupplementaryTable S4.

Plasmid construction and siRNA transfection

The pcDNA3.1 and pcDNA4.0 Plasmids were con-
structed via a ClonExpress MultiS One Step Cloning
Kit (Vazyme C113). siRNAs were purchased from Gene
Pharma Corporation, and the sequences are listed in
SupplementaryTable S4.

Conditioned media and enzyme-linked
immunosorbent assay (ELISA)

Conditioned media were prepared from the cell super-
natants of GBM cells. Secreted CSF1/M-CSF pro-
tein levels were measured via a human macrophage
colony-stimulating factor (M-CSF) ELISA kit (CUSABIO
CSB-E04658h).

Luciferase reporter assay

Luciferase reporter assay were performed on a dual-
luciferase reporter assay system (Promega, Madison, WI,
USA). See Supplementary Materials and Methods for the
details

dsRNA-protein immunoprecipitation

dsRNA-protein immunoprecipitation were performed in
LN229 cells. For details see Supplementary Materials and
Methods.

Single-cell RNA-seq data analysis

Two datasets GSE190129 and GSE226468 were analyses in
R software. See Supplementary Materials and Methods for
the details of process.

Statistical analysis

The statistical analyses were performed via GraphPad
Prism 7.0 software. For details see Supplementary
Materials and Methods.

See Supplementary Materials and Methods for detailed
experimental procedures.

Data availability

Two single-cell sequencing (scRNA-seq) datasets were
obtained from the Gene Expression Omnibus database
under the accession codes GSE190129 (human GBM cells)
and GSE226468 (mouse TME). The data underlying Figures
4 and S4 are available in the Supplemental Tables.

Results

Therapy induced senescence-like features in
glioblastoma cells in vivo.

To investigate the features of temozolomide-induced
senescent GBM cells in vivo, a single-cell sequencing
(scRNA-seq) dataset from a patient-derived tumor xeno-
graft (PDX) model was used to analyze the status of GBM
cells after TMZ treatment.?®> Uniform manifold approxima-
tion and projection (UMAP) clustering at 0.4 resolution
identified cancer, astrocyte, oligodendrocyte, and neuron
as 4 distinct lineages with distinct gene expression signa-
tures in PDX samples, including two samples treated with
TMZ and eight untreated samples (Figure 1A-1B). We then
applied the AUCell senescence score based on three se-
nescence and two SASP gene sets (Supplementary Table
S1). The results revealed that the senescence and SASP
signature score was increased in cancer and astrocyte
cells (Figure 1C-1D and S1A). We assessed the expression
of CDKN1A, IGFBP4, IGFBP7, F3 and NFE2L2 previously
described as upregulated in cancer cells (Figure 1E). In
addition, we used another mouse scRNA-seq dataset to
analyze TME components after TMZ treatment.26 UMAP
clustering of Cd45*Cd11b* cells identified bone marrow-
derived macrophages (BMDM) and microglia as 2 distinct
clusters (Figure S1B). We observed increased expres-
sion of Cd68, Spp1 and Iba1 genes in BMDM and P2ry12,
Tmem119 in microglia cells (Figure 1F and S1C).To further
clarify the effect of TMZ on the induction of senescence,
we used GL261 cell-driven intracranial models in C57BL/6J
mice. The models with tumors were treated with TMZ
for 7 days. (Figure 1G). The results indicated that tumor
growth was significantly inhibited (Figure S1D). The ex-
pression of Cdkn1a (p21) and Cdkn2a (p16) was increased,
whereas that of Lmnb1 was decreased by TMZ treatment
in vivo (Figure S1E). Furthermore, after TMZ treatment,
we detected an increase in SPP1-, ARG1-, IBA1-positive
cells (Figure 1H-11). However, the number of microglial
cells does not appear to show significant changes (Figure
S1F-S1G). Flow cytometric analysis revealed that the pro-
portion of F4/80*Cd68* and F4/80*Cd163* myeloid cells in-
creased afterTMZ treatment (Figure S1H)

Coinjection of senescent glioblastoma cells
with tumorigenic cells promoted senescence-
associated tumor growth in vivo

To evaluate the impact of senescent GBM cells on tumor
progression in vivo, we generated GL261 murine-derived
senescent GBM cells in vitro. GL261 cells were treated
with 300 uM TMZ for 5 days or 100 nM DOX for 3 days and


http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaf107#supplementary-data

Therapy-induced senescent glioblastoma cells sustain a procancer immune microenvironment

S5
Qc
A GSE190129 B mZ o 9 23
Lo >x» =2 o o
935483538555 g
1 3BTRS EXTORQ <
Oligodendrocyte ;0 b-— — — F}.- ’l‘
Neuron —}-—— — — F —
cancer r—w — Ab*’
Astrocyte t}}“ —rFr
5 0 s 10 i A
UMAP_1 Expression Level
C FRIDMAN_SENESCENCE D SASP_Gorgoulis et al., 2019

*kkk *kkk *kkk

) 0.20 Fkkk )
0.3 ns L] CTR — []cTR
—  ns [ T™MZ 0.15 ns  ns
0.2 * 0.10 B ™z
0.1 0.05
0.0 0.00

Score
Score

@ & o @ @ A N @
& & & & & & & &

&£ F @

v 6®° ée’

(&) O

S O

o o

Senescence-related genes F

E g | BMDM

CDKN1A|[IGFBP4|IGFBP7|[ F3_|[NFE2LZ Expression ns —

N W
w b

o = N W b
Spp1 Expression
Iba1l Expression
o = N

Csf1r Expression
o N o~ O

Cd68 Expression

Cancer cluster

%k
(***i) (*i—**) (i—*ik) (***i) (*t*k) 0.4 — —_—
T™Z [ ] ° o ° [ ] 0.0 g : - R
-0.4
Percent
CTR . 20
e 40 0
«Q“ @

® 60 3 )\/ - A
L LS AP

/—‘ Inject cells TMZ/DMSO, 20mg/kg/day, 7 days

Day 5 Day 13
* SR 1 >

C57BL/6J 5 x 105 /mouse

MRI Day 6 Day 12 MRI, Sacrifice
H SPP1/DAPI ARG1/DAPI IBA/DAPI I *kk
| | < * ***  mm Control
Control @ 40+ . ° T™Z
| | 3 . * .
o . : - .}.
| | _.02_)' 204 : L1 . £ o
= " o 0 oo oge®
E?_ o e B
Tz | | et LE s
| N N N
[ L vQ”O &

Figure 1. Therapy induced senescence-like features in glioblastoma cells and alterated the immune compartment in vivo (A). UMAP plot
showing cell types from patient tumors. (B). VInPlots of the expression of glioma cell, oligodendrocyte, neuron and astrocyte cell markers in
patient tumors. (C-D). VInPlots of the difference of FRIDMAN_senescence and SASP score in patient tumors from the CTR- and TMZ-treated
groups. ****p < 0.0001 by two-tailed unpaired Student's t test (E). DotPlot of the expression of senescence-related genes. ****p < 0.0001 by
two-tailed unpaired Student’s t test. (F). VInPlots of the expression of Cd68, Csfir, Spp1 and Ibalin BMDM clusters. **p < 0.01, ****p < 0.0001 by
two-tailed unpaired Student's t test. (G). In vivo efficacy studies of TMZ in C57BL/6J mouse models with intracranial tumors. GL261 cells were
implanted into the mouse brain, and the strategy is shown. (H-I). Inmunofluorescence staining and quantitative analysis of SPP1, ARG1 and IBA1
revealed the TAM and M2-like macrophage contents on Day 13. Scale bars, 50 um. All the samples were analyzed in 3-5 fields per slice. *p < 0.05,
***p < 0.001 and ****p < 0.0001 by one-way ANOVA with Tukey’s multiple comparison test. All the data are presented as the means + SDs.
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then stained with the CellEvent Senescence Green Probe.
The results revealed that SA-BGal activity (Figure S2A) and
the expression of several SASP genes (Figure S2B) and
P21 increased (Figure S2C). Then, we coinjected senescent
GL261 cells with proliferative GL261 cells, which express
luciferase, into the intracranial region of C57BL/6J male or
female mice (Figure 2A). When equal proportions of GL261-
luc cells (2.5 x 10%) and senescent GL261-luc cells (2.5 x 10°)
were coinjected (Group 3), tumor growth was promoted in
male mice (Figure 2B). In contrast, senescent cells did not
promote tumor growth in female mice (Figure S2D-S2F).
Flow cytometric analysis revealed that the proportion of
myeloid cells was greater in Group 3 than in the control
group (Group 1) in male mice (Figure 2C-2D). Furthermore,
ARG1* and IBA1* macrophages were markedly increased
in Group 3 tumors of male mice (Figure 2E-2F). However,
senescent GBM cells exhibited no significant effect on my-
eloid and macrophage infiltration within the female TME
(Figure S2G-S2l). Furthermore, male mice in Group 3 and
Group 2 exhibited more rapid body weight reduction com-
pared to Group 1(Figure 2G). Most importantly, the pres-
ence of senescent GBM cells significantly decreased the
survival of GBM-bearing mice compared with that of con-
trol (Group 1) in male mice (Figure 2H). These data sug-
gest a potential relationship among senescent GBM cells,
tumor progression, and TAM infiltration.

Senescent glioblastoma cells promoted TAM
migration and M2-like polarization in vitro

To validate the function of senescent GBM cells in vitro,
LN229, U887MG and T3-5 cells were treated with TMZ or
DOX, which resulted in an increase in SA-BGal activity
(Figure 3A-3B), P21 upregulation (Figure 3C), Lamin B1
protein downregulation (Figure 3C) and SASP genes
upregulation (Figure 3D). In addition, the presence of TMZ
or DOX triggered a significant decrease in Ki-67 staining
in Figure S3A-S3B. Further experimental results revealed
that after treatment withTMZ or DOX, the cell-cycle was ar-
rested (Figure S3C-S3D).

To clarify whether senescent GBM cells promote TAM
migration, the conditioned medium of senescent cells
was cocultured with phorbol myristate acetate (PMA)-
induced THP-1 macrophages. When conditioned media
(CM) from TMZ- or DOX-induced senescent GBM cells
were placed in the lower chamber, more macrophages
migrated from the upper to the lower chamber (Figure
3E-3l). To explore whether senescent tumor cells affect
macrophage polarization, we directly cocultured PMA-
induced THP-1 macrophages with CM from proliferating
LN229 cells or TMZ-induced senescent LN229 cells. The
THP-1 macrophages differentiated into M2-like macro-
phages in CM from senescent LN229 cells presented in-
creased expression of mRNAs associated with M2-like
macrophages (Figure S3E). However, the expression of
mRNAs associated with M1-like macrophages was not
significantly increased (Figure S3F). Taken together, these
data further suggest that chemotherapy-induced se-
nescent GBM cells influence the recruitment and polar-
ization of macrophages, resulting in a cancer-supportive
environment.

CRISPR-Cas9-based screening for senescence-
related RNA-binding proteins in glioblastoma
cells

Senescent cells play critical roles in aging and age-related
diseases, including cancer.?” RNA-binding proteins are in-
volved in the regulation of cellular senescence, mainly at
the post-transcriptional level.?® To clarify the function of
RBPs in senescent GBM cells, we performed a CRISPR-
Cas9-based loss-of-function screen in a senescent LN229
cell model via a pooled human CRISPR knockout library
targeting 1136 RNA-binding protein-coding genes. We ex-
posed the transduced LN229 cells to 50 yMTMZ for 4 and 8
days or 100 nM DOX for 3 and 6 days, after which the cells
at specific time points were collected for deep sequencing
(Figure 4A). Compared with that of the untransduced
cells, the percentage of SA-BGal-negative cells increased
after treatment (Figure S4A). This result indicated that the
CRISPR-Cas9-mediated disruption of certain RBP genes
alleviates LN229 cell senescence. We performed sgRNA
sequencing on LN229 cells collected on Day 0, Day 4 (TMZ
treatment), Day 8 (TMZ treatment), Day 3 (DOX treatment),
and Day 6 (DOX treatment). We then analyzed the sgRNAs
that were positively enriched at Days 3, 4, 6, and 8 rela-
tive to Day 0. These positively enriched genes may serve
as potential regulators of cellular senescence (Figure 4B).
TP53, a well-established senescence related gene, and
SASP-regulating gene,?® was significantly enriched after
TMZ or DOX induction (Figure 4B) and was used as a pos-
itive control in our screening system. Interestingly, based
on the lower P-value, the double-stranded RNA-binding
protein DDX58 was identified as one of the top targets in
both positive screens (Figure 4B). To determine the role of
DDX58 in GBM cell senescence, we used small interfering
RNAs targeting DDX58 in LN229 cells, and siDDX58-2 and
siDDX58-3 resulted in highly efficient depletion (Figure
S4B). The expression of the senescence marker P21 and
the activity of SA-BGal decreased when DDX58 was de-
pleted in senescent LN229 cells (Figure 4C and S4C-S4D).
Together, these results indicate that RBP DDX58 deficiency
alleviates the senescence phenotypes of chemotherapy-
induced senescent LN229 cells.

Next, we performed RNA sequencing and protein mass
spectrometry analysis of TMZ- or DOX-treated LN229 cells
to determine the pathways that may be affected in these
cells. The results of differential gene expression analysis
revealed 2700 upregulated genes and 1171 downregulated
genes in senescent LN229 cells under treatment withTMZ,
which was a 1.5-fold change (Figure S4E). Gene Ontology
(GO) and Reactome pathway enrichment analyses revealed
a number of enriched pathways, including cell division,
regulation of the cell cycle, interferon and cytokine-related
signaling in the immune system (Figure S4F-S4G,
Supplementary Table S1). Similarly, gene set enrichment
analysis (GSEA) of TMZ-induced senescent LN229 cells
compared with proliferating cells revealed downregulation
of the mitotic-related pathways and upregulation of path-
ways involved in immune regulation (cytokine signaling,
interferon responses, and interleukin 10 signaling) (Figure
S4H). Moreover, GSEA revealed significant upregulation
of the senescence and SASP gene sets (Figure 4D). By
analyzing the proteome, we identified 1504 differentially
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Figure 2 . Coinjection of senescent glioma cells with tumorigenic cells promoted tumor growth in vivo. (A). Scheme of the
coinjection of senescent GL261-luc glioma cells with tumorigenic cells. (B). Images of the fluorescent signal from GL261-luc cells injected alone
or coinjected with GL261 cells and senescent GL261 cells were obtained via the Q-Lumi in Vivo imaging system. Graph representing the inte-
grated density over time from independent tumors. The data are presented as the means + SDs of n = 11 tumors (Group 1: GL261-luc alone),
n = 11tumors (Group 2), and n = 11 tumors (Group 3). Box and whisker plots representing the integrated density at 6 and 18 days postimplantation.
The data are the means + SDs. *p < 0.05 and ***p < 0.001 by one-way ANOVA with Tukey’s multiple comparison test. (C-D). Proportion of
F4/80 + Cd11b + myeloid cells in tumors. The data are the means + SDs. *p < 0.05 by one-way ANOVA with Tukey’s multiple comparison test.
(E-F). Immunofluorescence staining and quantitative analysis of ARG1 and IBA1 revealed the TAM and M2-like macrophage contents on Day 18
postimplantation. Scale bars, 50 pm. All the samples were analyzed in 3-5 fields per slice. “n” indicates the number of samples. The results are
presented as the means + SDs. *p < 0.05 and ****p < 0.0001 by one-way ANOVA with Tukey's multiple comparison test. (G-H). The mouse body
weights are shown in (G). The survival curves are shown in (H). The Mantel-Cox log-rank test was used for analysis, **p < 0.01 and ***p < 0.001.
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expressed proteins with a 1.5-fold change, including 901
upregulated and 603 downregulated proteins, in TMZ-
treated senescent LN229 cells (Figure S4l, Supplementary
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Figure 3. Senescent GBM cells promoted TAM migration in vitro. (A).SA-B-gal was assessed via X-gal staining in LN229 treated with 50 yM TMZ
for 5 days and 100 nM DOX for 3 days, U87MG cells treated with 100 uM TMZ for 5 days and 100 nM DOX for 3 days and in T3-5 cells treated with
300 uM TMZ for 5 days and 100 nM DOX for 3 days. Scale bar, 100 um. (B). Quantitative analysis of SA-B-gal-positive LN229, U87MG and T3-5 cells
after TMZ or DOX treatment. All the data are presented as the means + SDs. ****p < 0.0001 by one-way ANOVA with Tukey’s multiple comparison
test. (C). Western blot analysis of Lamin B1 and P21 proteins in LN229, U87MG and T3-5 cells. (D). Heatmaps depicting real-time qPCR analysis of
mRNA expression of indicated SASP genes in senescent LN229, U87MG and T3-5 cells. (E-1). THP-1 macrophages were cocultured with CM (200
pg/mL) from LN229 cells (NCM, no conditioned media; CTCM, conditioned medium from proliferating cells; and STCM, conditioned medium from
senescent cells) for 24 h or 48 h, and THP-1 macrophage migration was analyzed (F-G) via ImageJ and GraphPad Prism. The lower panel shows
images of the transwell assay. Scale bars: 2mm, 100 um. The data were analyzed in triplicate. The three groups were compared via one-way
ANOVA with Tukey’s multiple comparison test. *p < 0.05, ***p < 0.001. THP-1 macrophages were cocultured with CM (200 pg/mL) from U87MG
or senescent US7MG cells, and the results were statistically analyzed (H). **p < 0.01 by one-way ANOVA with Tukey’s multiple comparison test.
Scale bars: 2 mm, 100 pm. THP-1 macrophages were treated with CM (200 pg/mL) from T3-5 or senescent T3-5 cells, and the results were statisti-
cally analyzed (I). *p < 0.05 and ***p < 0.001 by one-way ANOVA with Tukey’s multiple comparison test. Scale bars: 2 mm, 100 ym.

Table S2). GO and pathway analysis revealed that genes re-
lated to the regulation of transcription, the innate immune
response and cell division were enriched (Figure S4J-S4K).
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A Scheme of CRISPR Screens Senecent tumor cells
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Figure 4. CRISPR-Cas9-based screen and high-throughput sequencing identifies senescence related genes and pathways (A). Schematic dia-
gram illustrating the workflow of CRISPR/Cas9 knockout library screening. (B) The enrichment score was calculated for each gene on the basis
of its prevalence in the pool of 50pM TMZ-treated LN229 cells harvested at 4 and 8 days and 100nM DOX-treated cells harvested at 3 and 6 days
after viral infection relative to Day 0. The genes detected in the library are shown as dots in the diagram; the red dots indicate some of the top 5
enriched genes in each positive screen. (C). Graph showing the percentage of SA-Bgal-positive cells. The data are presented as the means of
three biological replicates + SDs. **P < 0.01, ***P < 0.001, ****P < 0.0001 by two-tailed unpaired Student's t test. (D). GSEA graphs of RNA-seq
data from TMZ-induced senescent LN229 cells compared with untreated cells. The FRIDMAN_Senescence_UP and SASP gene lists are shown
in Supplementary Table S1. (E) A venn plot of upregulated genes and proteins (with greater than a 1.5-fold change) across the RNA sequencing
and mass spectrometry data. And the venn plot of shared genes or proteins across four inmune-related pathways. (F). The STAT1-related genes
and proteins were manually mapped from (E) via BioRender.com. (G). SA-Bgal staining of LN229 and U87MG cells. The corresponding treatment
conditions were as follows. LN229 cells, TMZ: 50 pM for 4 days, DOX: 100 nM for 3 days, Flu + TMZ: 1 uM fludarabine for 24 h followed by 50 uM
TMZ for 4 days, Flu + DOX: 1 uM fludarabine for 24 h followed by 100 nM DOX for 3 days. U87MG cells, TMZ: 100 pM for 5 days, DOX: 100 nM for
3 days, Flu + TMZ: 1 pM fludarabine for 24 h followed by 100 pM TMZ for 5 days, Flu + DOX: 1 uM fludarabine for 24 h followed by 100 nM DOX
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for 3 days. Quantitative analysis of the data in the graph represents % SA-Bgal-positive cells. The samples were analyzed with 5-9 fields per
well. ****p < 0.0001; one-way ANOVA with Tukey's multiple comparison test. Scale bar, 100 um (H). SA-Bgal staining of STAT1-depleted LN229
and UB7TMG cells treated with TMZ or DOX. Scale bar, 200 pm. (I). Graph showing the percentage of SA-Bgal positive LN229 and U87MG cells.
***p < 0.001, ****p < 0.0001; one-way ANOVA with Tukey’s multiple comparison test.

Next, we intersected genes that were upregulated by at
least 1.5-fold at both the RNA and protein levels, identifying
83 genes. We then performed pathway enrichment analysis
on these 83 upregulated genes and found four immune-
related signaling pathways to be significantly enriched.
By intersecting the differentially expressed genes cov-
ered by these four pathways, we identified 17 genes that
were upregulated in immune-related pathways (Figure 4E,
Supplementary Table S2). We then manually mapped 17
molecules, 10 of which were downstream of STAT1 (Figure
4F). These results suggest that STAT1-mediated immune-
related signaling may play an important role in senescent
GBM cells.

Fludarabine impeded glioma cell senescence
and SASP gene expression by inhibiting STAT1
signaling

To further validate the function of STAT1 in senescent cells,
we pretreated LN229 and U87MG with fludarabine (Flu),
a STAT1 inhibitor. We subsequently induced pretreated
glioma cells viaTMZ or DOX. Notably, fludarabine pretreat-
ment inhibited the upregulation of the STAT1 protein in
senescent LN229 and U87MG cells (Figure S5A-S5B). The
qPCR results revealed that the expression of several STAT1-
and SASP-related genes, including CSF1, was decreased in
the Flu plus TMZ group of LN229 and U87MG cells (Figure
S5C-S5F). Compared with those in the senescent group
(TMZ or DOX alone), the number of SA-BGal-positive cells
was lower in the fludarabine (1 uM) pretreatment (Flu plus
TMZ or DOX) group (Figure 4G). In GBM, TAMs depend on
CSF-1 for differentiation and survival by binding CSF-1 re-
ceptor (CSF-1R).3® Using the cistrome data browser data-
base, we found that STAT1 has a relatively specific binding
peak in the promoter of CSF1 (Figure S5G). STAT1 inhi-
bition abolished the binding of STAT1 around the CSF1
promoter region (Figure S5H). In addition, TMZ or DOX
treatment increased luciferase activity in LN229 cells con-
taining the CSF1 promoter (Figure S5l). ELISA analysis re-
vealed that the secretion of CSF1 protein was increased in
senescent LN229 cells (Figure S5I).To further determine the
role of STAT1 in cellular senescence, we used two small
interfering RNAs targeting STAT1 in LN229 cells (Figure
S5J). We observed that depleting STAT1 from LN229 and
U87MG cells inhibited their ability to commit to the se-
nescent phenotype (Figure 4H-4l). These data suggest that
STAT1 is a critical regulator that mediates the function of
the senescent GBM cell in immune microenvironment.

DDX58 regulated the protein stability of STAT1
via the ubiquitin E3 ligase TRIM21

Interestingly, DDX58 was also shown to be upregulated in
senescent LN229 and U87MG cells (Figure S6A-S6B). When

DDX58 was knocked down, the expression of STAT1 and
phosphorylation were decreased (Figure 5A). Conversely,
overexpression of DDX58 increased STAT1 and P21 ex-
pression (Figure 5B-5C). Therefore, we speculated that
there may be a potential regulatory relationship between
DDX58 and STAT1 in senescent cells. However, the inhi-
bition of STAT1 did not affect DDX58 mRNA expression
(Figure S6C). Similarly, knockdown of DDX58 does not
affect STATT mRNA expression (Figure S6D). We subse-
quently used cycloheximide to inhibit protein translation
after the knockdown of DDX58. The results indicated that
the knockdown of DDX58 inTMZ-induced senescent LN229
cells accelerated STAT1 protein degradation (Figure 5D).
Furthermore, after treatment with MG132, a proteasome
inhibitor, the downregulation of the STAT1 protein caused
by DDX58 knockdown in LN229 cells was rescued (Figure
5E). In addition, co-IP results indicated that DDX58 could
bind endogenous STAT1 in LN229 cells (Figure 5F). TMZ
treatment decreased the ubiquitin level of STAT1 in LN229
cells, whereas the opposite results were observed when
DDX58 was knocked down in LN229 cells (Figure 5G). To
further identify the mechanisms responsible for the ability
of DDX58 to regulate STAT1 protein stability, we screened
regulators of STAT1 ubiquitination, including USP22,
USP39 and TRIM21.3'-33 We found that the TRIM21-STAT1
interaction was decreased through TMZ treatment (Figure
5H). DDX58 overexpression also reduced the binding of
TRIM21 and STAT1 (Figure 51). Hence, DDX58 promotes
STAT1 protein stability, likely through suppressing the in-
teraction between STAT1 and TRIM21. Moreover, UniProt
database prediction revealed that the caspase recruitment
domain (CARD), helicase domain and C-terminal regulatory
domain (CTD) are the main functional domains of DDX58
(Figure 5J).To explore which domain of DDX58 plays a key
role in the upregulation of the STAT1 protein, we trans-
duced plasmids carrying various domains of DDX58 into
LN229 glioma cells and human 293FT cells. Only the CARD
of DDX58 obviously increased the protein level of STAT1
(Figure 5J). Furthermore, we performed functional veri-
fication of DDX58-overexpressing LN229 cells. CM from
DDX58-overexpressing LN229 cells promoted the migra-
tion of THP-1 macrophages, and a similar effect was also
observed after stimulation with 50 ng/mL recombinant
human CSF1. In contrast, CM from DDX58-overexpressing
LN229 cells treated with fludarabine decreased the migra-
tion of THP-1 macrophages (Figure 5K-5L). ELISA data and
gPCR analysis further validated the increase in CSF1 in
DDX58-overexpressing LN229 cells (Figure 5M and S6E).
Furthermore, our data revealed that P21, NRF2 expression
and the percentage of 3-galactosidase-positive cells were
decreased in STAT1-depleted plus DDX58-overexpressing
glioma cells (Figure S6F-S6K). Together, these data indicate
that activation of the DDX58-STAT1-CSF1 axis plays a vital
role in GBM cell senescence and remodeling the immune
microenvironment of GBM.
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Figure 5. DDX58 regulated the protein stability of STAT1 via the ubiquitin E3 ligase TRIM21 (A). Western blot analysis of the DDX58, P21, and
STAT1 proteins and their phosphorylation in DOX- or TMZ-induced senescent LN229 cells transduced with DDX58-targeting siRNAs. (B-C).
Western blot analysis of the P21, DDX58, and STAT1 proteins and their phosphorylation in LN229 (B) and U87MG (C) cells overexpressing DDX58.
(D). Protein stability assays to assess the effect of DDX58 on the STAT1 protein. DDX58-knockdown senescent LN229 cells were treated with
cycloheximide (50 pg/mL) for up to 9 h, and STAT1 and DDX58 expression was tested via western blotting. (E). LN229 cells were transfected with
DDX58 siRNA and then treated with MG132 (20 pM) for 5 h. (F). The binding between DDX58 and STAT1 was examined by co-IP and western blot-
ting. (G). LN229 cells were transiently transfected with DDX58 siRNA and then treated with TMZ or DMSQ, and the changes in the ubiquitin level
of STAT1 in LN229 cells were examined by co-IP and western blotting. All the samples were treated with 20 pM MG132 for 2 h. (H). Regulators
involved in the regulation of STAT1 ubiquitination were screened by transient transfection of LN229 cells with the His-STAT1 pcDNA 4.0 plasmid.
One sample was treated with 50 pM TMZ for 4 days. All the cells were examined via co-IP and western blotting (I). LN229 cells were transiently
transfected with the His-STAT1 plasmid, and changes in the STAT1 binding to TRIM21 in LN229 cells overexpressing DDX58 were examined via
co-IP and western blotting. (J). Schematic diagram of the DDX58/RIG-I protein domains. P21 and STAT1 protein expression and phosphorylation
by overexpressing the CARD, CTD, and helicase domains of DDX58 in LN229 and 293FT cells. (K). THP-1 macrophages were cocultured with CM
from LN229 cells (CON335, DDX58 overexpressing, DDX58 overexpressing plus fludarabine, 50 ng/mL CSF-1) for 48 h. Scale bars: 1.5 mm, 150 pm.
(L). Statistical analysis of the data in (K). The samples were analyzed in triplicate with 3 fields per well; ****p < 0.0001 by one-way ANOVA with
Tukey’s multiple comparison test. (M). ELISA analysis of CSF1 in LN229 cells overexpressing DDX58 or treated with fludarabine. Comparisons
were performed with two-tailed Student’s t tests. *p < 0.01, ***p < 0.001. All the data are presented as the means + SDs.
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Figure 6. The combination of TMZ and fludarabine inhibited the growth of glioma in vivo (A). Schematic diagram of fludarabine combined
with TMZ. Control: saline solution; Flu: fludarabine (20 mg/kg) for 3 days alone; TMZ: temozolomide (30 mg/kg) for 7 days; Flu + TMZ: 20 mg/
kg fludarabine for 3 days followed by 20 mg/kg TMZ for 7 days. (B).Graph representing the integrated density over time from independent tu-
mors. The data are presented as the means + SEMs. *p < 0.05 and **p < 0.01 by one-way ANOVA with Tukey’s multiple comparison test. (C-D).
Representative images of P21 and luciferase staining in GL261-luc-derived tumors treated with fludarabine, TMZ, or both. The white arrows in-
dicate P21 + senescent GL261 cells. Luc+/P21 + double-positive cells were quantified. ***p < 0.001 and ****p < 0.0001 by one-way ANOVA with
Tukey’s multiple comparison test. Scale bars: 40pm (E). Immunofluorescence and colocalization analysis of DDX58 and STAT1. DAPI staining was
used to visualize the nuclei. Scale bars: 60ym, 20pum (F). Immunohistochemical staining and quantitative analysis of Arg1 show the M2-like mac-
rophage (Arg1+) content. Scale bars, 50 ym. All the samples were analyzed in 3 fields per slice. The results are presented as the means + SDs.
***n < 0.001 and ****p < 0.0001 by one-way ANOVA with Tukey’s multiple comparison test.(G). MRI was performed to determine the tumor
volume, and the statistical results are shown as the means + SDs, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 by one-way ANOVA
with Tukey’s multiple comparison test. (H).Immunofluorescence staining and quantitative analysis of ARG1 content in PDX. Scale bars, 50 pm.
The results are presented as the means + SDs. *p < 0.05,**p < 0.01 and ***p < 0.001 by one-way ANOVA with Tukey’s multiple comparison test.
(I). Box and whisker plots representing the integrated density after 5 and 12 days. The data are presented as the means + SEMs of n = 9 tumors
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(shNC-CTRL), n = 9 tumors (shNC-TMZ), n = 9 tumors (shStat1-1-CTRL) and n = 9 tumors (shStat1-1-TMZ). *p < 0.05, **p < 0.01 and ****p < 0.0001
by one-way ANOVA with Tukey’s multiple comparison test. (J). K-M survival curves of shNC-CTRL (n = 10, median survival 31.5 days) and shNC-
TMZ (n = 10, median survival 40.5 days) mice treated with 20 mg/kg TMZ and K-M survival curves of Stat1-depleted GL261-derived tumor-bearing
mice treated with saline (n = 10, median survival 40.5 days) or 20 mg/kg TMZ (n = 10, median survival 45.5 days), *p < 0.05 and **p < 0.01 according

to the log-rank (Mantel-Cox) test.

TMZ treatment induced mitochondrial dsRNA
accumulation in the cytoplasm

Moreover, it is not clear how the RNA-binding protein
DDX58 is activated in therapy-induced senescent GBM
cells. DDX58 recognises and binds to intracellular double-
stranded RNA.3* We speculated that the activation of
DDX58 may be related to intracellular dsRNA. To test this
hypothesis, we performed immune costaining of J2, an
antibody used to detect dsRNA, and DDX58. The results
revealed that the protein expression and cytoplasmic
colocalization of dsRNA and DDX58 were increased in
TMZ or DOX-induced senescent LN229 cells (Figure S7A-
S7C). We also used a DDX58-agonist, 5'ppp-dsRNA, to
activate the expression of DDX58 in LN229 cells. When
DDX58 was activated, the expression of STAT1, p-STAT1
and P21 increased (Figure S7D). Immunoprecipitation with
a J2 antibody revealed the binding of dsRNA and DDX58
in LN229 cells (Figure S7E). Delivery of the J2 antibody to
senescent LN229 cells reduced the expression of DDX58
and STAT1, and the gPCR results revealed that the CSF1
mRNA level was decreased (Figure S7F-S7I). Interestingly,
previous studies have shown that mitochondria may be
a rich source of endogenous dsRNA.%® During mitochon-
drial dysregulation, mitochondrial dsRNA can gain access
to the cytosol via the Bcl2-associated X protein (Bax) and
activate dsRNA sensors.3¢To further investigate dsRNA or-
igin in senescent glioma cells, mitochondria were isolated
from GBM cells (Figure S8A-S8B).The results revealed that
TMZ or DOX treatment increased the expression of BAX
in the mitochondria and cytoplasm (Figure S8A-S8B). RT-
gPCR analysis revealed the accumulation of mitochondrial
dsRNA (mtdsRNA) in the cytoplasm afterTMZ or DOX treat-
ment (Figure S8C-S8F). Moreover, these dsRNAs showed
reduced colocalization with mitochondria in senescent
GBM cells (Figure S8G-S8J). More importantly, BAX knock-
down reduced the expression of DDX58 and STAT1 in the
cytoplasm of senescent LN229 cells (Figure S8K).The accu-
mulation of mtdsRNA in the cytoplasm was decreased in
senescent LN229 cells with BAX knockdown (Figure S8L).
These results suggest that the activation of DDX58 in se-
nescent cells may be related to the cytoplasmic enrichment
of mtdsRNA.

The combination of TMZ and fludarabine
inhibited the growth of glioblastoma in vivo

We next analyzed whether the inhibition of STAT1 affected
senescent malignant cells and reduced tumor growth
in a GL261-derived GBM model (Figure 6A). Compared
with TMZ treatment alone, combining fludarabine with
TMZ effectively inhibited GBM growth (Figure 6B). After
TMZ treatment alone, P21-positive GL261 cells were

increased in the margins of the tumors. And the com-
bination treatment reduced the number of P21-positive
GL261 cells (Figure 6C-6D). Furthermore, the cytoplasmic
colocalization of DDX58 and STAT1 was decreased in the
marginal area of the combination-treated tumors (Figure
6E). ARG1 + macrophages were markedly decreased in
the marginal area of the combination-treated tumors, but
there was no significant change inside the tumors (Figure
6F). Furthermore, we utilized intracranial orthotopic PDX
model to further evaluated the in vivo efficacy. Compared
with TMZ treatment alone, combining fludarabine with
TMZ effectively inhibited PDX growth (Figure 6G).
ARG1* macrophages were markedly decreased in the
combination-treated PDX tumors (Figure 6H).

We next assessed the impact of STAT1 depletion in
GL261 cells on the progression of tumors in vivo. STAT1-
depleted GL261-derived model mice treated with TMZ pre-
sented a lower proportion of CSF1-and ARG1-positive cells
in tumor tissue (Figure S9A-S9B). Notably, the survival
of glioblastoma-bearing mice harboring STAT1-depleted
that were treated with TMZ was significantly greater than
that of control mice treated with TMZ alone (Figure 61-J).
Moreover, to inhibit CSF-1 signaling in vivo, we used
PLX3397, a small molecule that potently inhibits the tyro-
sine kinase activity of the CSF-1 receptor (CSF-1R) (Figure
S9C). At 16 days, tumor size were smaller in mice receiving
TMZ + PLX3397 treatment than in those receiving onlyTMZ
or PLX3397 alone (Figure S9D). The proportion of CD68-
and ARG1-positive cells were decreased after PLX3397
treatment (Figure S9E-S9F). Collectively, these data indi-
cate that increased expression of DDX58 triggers the ac-
tivation of STAT1 signaling, consequently facilitating the
transcription of CSF1 in therapy-induced senescent GBM
cells. This, in turn, results in the recruitment and polariza-
tion of TAMSs, ultimately contributing to tumor progression
and recurrence.

Discussion

Therapy-induced senescent cancer cells play both ben-
eficial and detrimental roles during tumor progression
depending on the context. Here, we report the tumor-
promoting effect of therapy-induced senescent GBM cells
in mouse models. These findings are consistent with re-
cent studies showing that removal of malignant senescent
cells improved the survival of GBM-bearing mice*® and
that radiation-induced SA-BGal + GBM cells contributed
to tumor regrowth via active clonal expansion and global
reorganization of the TME.?* By coinjecting senescent
GBM cells with tumorigenic cells, we provide more direct
evidence for promoting tumor progression via therapy-
induced senescent GBM cells. However, tumor growth was
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promoted only when the relative proportion of senescent
tumor cells reached a certain level (equal to the number of
tumorigenic cells, Group 3 in Figure 2). A previous study
also revealed that the use of twice as many senescent cells
can promote tumor growth in vivo.®”’ These findings sug-
gest that the continued accumulation of senescent cells
may lead to the malignant progression and regrowth of tu-
mors in the TME.

By combining RNA sequencing and mass spectrom-
etry, we observed the activation of STAT1 signaling in
senescent LN229 cells. In TAMs, STAT1 shapes the met-
abolic program and drives the M1-like polarization of
macrophages and antitumor responses.®® Notably,
glioma stem-like cells (GSCs) evade immune suppres-
sion through downregulation of STAT1 to initiate tumor
growth, and STAT1 overexpression induces p27 transcrip-
tion and resensitizes GSCs to immune suppression.® In
our study, the inhibition of STAT1 reduced the recruitment
of macrophages by inhibiting CSF1 transcription in senes-
cent glioma cells. However, the number of ARG1 + macro-
phages (M2-like) markedly decreased in the marginal area
of the tumors after the combination of fludarabine with
TMZ, but there was no change inside the tumor. We specu-
lated that a possible reason for this phenomenon is that
fludarabine does not directly affect macrophages in vivo
but rather inhibits marginally senescent tumor cells, which
leads to a decrease in local macrophage recruitment in our
model. This could be a novel immunomodulatory function
of STAT1 in the GBM immune microenvironment. We also
observed that the inhibition of STAT1 by fludarabine or
siRNAs decreased SA-BGal activity and the expression of
P21 in TMZ or DOX-treated GBM cells in vitro. Moreover,
in the bone microenvironment, the suppression of Stat1
impedes osteoblast senescence and decreases the ex-
pression of SASPs, such as Ccl5 and Mmp9, which re-
duce age-related bone loss.*° These findings revealed
that STAT1 plays an important role in immune and senes-
cence regulation in both pathological and physiological
microenvironments.

DDX58 has previously been reported as an RNA-binding
protein that regulates the stability of target mRNAs.4142
It has also been shown to be a mediator of SASPs.*
However, we revealed that DDX58 regulates STAT1 at the
post-translational level by inhibiting the degradation of
the ubiquitin E3 ligase TRIM21-mediated STAT1. One pos-
sible reason for the activation of DDX58 is the enrichment
of intracellular dsRNA. In the antiviral immune response,
DDX58 recognizes viral dsRNA and then activates the
type-l interferon response, leading to the rapid induction
of cytokines.***%> Here, we showed that the cytoplasmic
colocalization of dsRNA and DDX58 was increased in se-
nescent cells. Cellular senescence is closely related to
mitochondrial dysfunction.*¢4’ Mitochondrial damage pro-
motes mtdsRNA efflux, activating DDX58-mediated innate
immune response in cellular senescence.*®Moreover, In
the antiviral response, the BAX protein mediates the re-
lease of mtdsRNA into the cytoplasm.3® Interestingly, we
found that the expression of the BAX protein was elevated
in the mitochondria, and mtdsRNA was also increased in
the cytoplasm under TMZ or DOX treatment. Together,
our results and those of previous studies suggest that the
mtdsRNA may be the main cause of DDX58-STAT1-CSF1

axis activation in therapy-induced senescent GBM cells.
It also reveals a key mechanism by which senescent GBM
cells mediate TAMs infiltration. It is worth noting that the
DDX58-STAT1 signaling may have certain associations and
complementarities with the previously reported roles of
NRF2 and HGE NRF2 activity determines malignant cell se-
nescent phenotype in primary GBM.23 Knockdown of STAT1
in DDX58 overexpressing cells decreased NRF2 expres-
sion.This suggests that NRF2 may be a downstream factor
for the DDX58-STAT1 axis to regulate GBM senescence.
And HGF can contribute to the SASP in senescent GBM
cells by acting on neighboring cells, which may facilitate
tumor radioresistance and recurrence.?**° We observed an
elevation in EGF expression in GBM cells overexpressing
DDX58, yet this upregulation was independent of STAT1.
So, DDX58 may directly influence the secretion of HGF and
modulate its effects on senescent GBM cells.

To assess whether STAT1-mediated inhibition of senes-
cence also has potential for clinical-related applications
in vivo, a combination treatment approach was proposed.
However, unlike the common strategy of first inducing
cancer senescence and then eliminating senescent cancer
cells,® our strategy is to first pretreat cancer cells with a
STAT1 inhibitor or depleted STAT1 and then treat them
with TMZ, which can also achieve the effect of combina-
tion therapy. Compared with fludarabine or TMZ treat-
ment alone, pretreatment with fludarabine followed by
TMZ therapy inhibited GBM growth in intracranial tumor
models. The median survival of GBM-bearing mice har-
boring STAT1-depleted that were treated with TMZ was
significantly greater than that of control mice. Although,
the efficacy of STAT1 knockout could not be visible addi-
tive with TMZ on the overall survival time. Studies have
demonstrated that STAT1 also mediates alterations in
tumor immunogenicity.’’ By knocking down STATT, it
is possible to decrease the immunogenicity of tumor
cells and impede the cytotoxic activity of T cells against
tumor cells in vivo. This suggests that the therapeutic ef-
ficacy of STAT1 inhibition may be intimately linked to
tumor immune escape mechanisms, the tumor microen-
vironment, and the adaptive mechanisms of tumor cells.
Consequently, optimizing treatment strategies and ad-
dressing immune escape remain key areas of focus for fu-
ture research. Moreover, A clinical study demonstrated that
PLX3397 (pexidartinib) treatment induced systemic CSF1
upregulation and reduced CD149™CD16* monocyte levels
in patients, confirming its CSF1R-inhibitory activity.>?
However, unlike these systemic effects, no significant
CSF1 elevation was detected in the tumor microenviron-
ment (TME) of PLX3397-treated male mice. This discrep-
ancy highlights potential interspecies differences in drug
response and translational mechanisms. Future studies
should investigate how systemic CSF1R inhibition modu-
lates the TME to optimize the clinical utility of PLX3397.

Our data collectively support the previously unidentified
concept that activation of the DDX58-STAT1-CSF1 signaling
axis during TIS is a central initiator that remodels the TME
for GBM treatment and recurrence. This information may
be critical for advancing therapeutic strategies. However,
many important issues remain to be solved, such as how to
minimize toxic side-effects. Therefore, the discovery of new
drugs that target cellular senescence is necessary.
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