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Abstract  

Objective: To investigate the impact of radiation-induced senescent tumor microenvironment on 

the proliferation and aggressiveness of GBM, as well as its underlying mechanism. 

Methods: Pre-irradiate astrocytes or mice for the in vitro and in vivo establishment of senescent 

environments. Simulate the impact of the senescent microenvironment on GBM by treating tumor 

cells with conditioned medium and utilizing a xenograft tumor model, followed by observation 

and documentation of the biological characteristics of tumor cells and survival time of mice. The 

anti-senescence drug was used to eliminate senescent cells in the brain of mice after radiation. 

Results: Astrocytes can be obviously stained by β-galactosidase staining after exposed to X-ray, 

and the expression of P16 and P21 genes is significantly upregulated. Cell viability assay, 

transwell invasion assay and wound healing assay demonstrated that GBM cells treated with 

senescence medium exhibited enhanced proliferation, increased migration and invasion 

capabilities compared to those treated with normal medium. Irradiated mice displayed larger 

tumor volume 20 days after tumor implantation and shorter survival times than mice in control 

group. Administration of navitoclax reduced tumor volume and extended survival time in mice.  

The transcriptome sequencing and protein detection identified IL6 as the exclusive highly 

expressed senescence secretion phenotype in senescence medium, which activates the 

JAK2-STAT3 signaling pathway in tumor cells. 

Conclusion: The tumor microenvironment, consisting of non-neoplastic cell senescence induced 

by radiotherapy and its secretory phenotype, can facilitate the proliferation and invasion of GBM, 

indicating the favorable role of senescent cells in the recurrence of residual GBM. This process is 

mediated through the activation of JAK2-STAT3 signaling pathway by SASP factor IL6. 

Anti-senescence drugs may emerge as a novel adjunctive therapeutic approach to delay GBM 

recurrence. 

Key words: Glioblastoma, Radiotherapy, Senescent cell, Senescence-associated secretory 

phenotype, IL6 
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Glioblastoma (GBM) is an extremely aggressive and malignant brain tumor in the central nervous 

system, presenting significant treatment challenges due to its rapid growth, invasive nature, and 

resistance to conventional therapies[1, 2]. Despite aggressive management involving maximal safe 

surgical resection followed by radiation therapy (60 Gy/30 fractions) with concomitant and 

adjuvant temozolomide, patients inevitably experience disease recurrence, with a median 

progression-free survival of less than 2 years[3, 4].  

 

Explanations for GBM recurrence and improved treatment strategies may necessitate a more 

profound understanding of radiation-induced alterations in the tumor microenvironment. Radiation 

can directly impact the structure of the DNA double helix, and subsequently activating DNA 

damage sensors to induce apoptosis, necrosis and senescence[5]. Consequently, it is common to 

observe rapid tumor volume reduction during early stages of radiation therapy. However, 

subsequent recurrent tumors frequently emerge within the irradiation range, exhibiting accelerated 

growth, heightened aggressiveness and resistance to treatment[1, 6-9]. Presumably, specific 

alterations induced by radiation within the tumor microenvironment may contribute to GBM 

recurrence while conferring higher aggressiveness and treatment resistance[9]. We propose that 

radiation-induces senescence in non-neoplastic brain cells within the tumor microenvironment 

facilitates GBM recurrence. 

 

Cell senescence is a highly heterogeneous state of growth arrest characterized by resistance to 

apoptotic stimuli and increased secretion of chemokines, cytokines, and growth factors[10]. The 

stability of the cell cycle arrest relies on the cyclin-dependent kinase (CDK) inhibitors p16 and 

p21 and whose elevated expression serves as a marker for senescence detection[11]. Another 

important feature of senescent cells is upregulation of the lysosomal enzyme β-galactosidase 

activity, which can be visualized using β-galactosidase staining and is commonly used for 

detecting senescent cells[12]. Senescent cells secrete growth factors, interleukins, extracellular 

matrix (ECM) components, and ECM-modifying metalloproteases that together create a complex 

and variable senescence-associated secretory phenotype (SASP)[13, 14]. Studies have shown that 

stromal cells senescence can promote the growth of tumor cells in breast, lung, liver, and skin 

cancer through SASP[15, 16]. Radiation has been found to induce senescence in astrocytes with a 

predisposition to undergo this process[17]. Therefore, exploring the tumor-promoting potential 

and mechanisms of radiation-induced non-neoplastic cell senescence and its associated secretory 

phenotype in GBM is warranted. Using in vitro induced senescent cell models and xenografted 

orthotopic tumor mice models, We demonstrated that irradiation-induced senescence of 

non-neoplastic cells promotes proliferation and invasion of GBM cells via activation of 

JAK2-STAT3 signaling pathway by the secreted SASP factor IL6. Importantly, we show that this 

detrimental effect can be mitigated by administration of navitoclax—an anti-senescence 

drug—providing a novel adjunctive therapeutic approach for delaying and treating GBM 
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recurrence. 

 

Materials and Methods 

 

Radiation induced astrocytes senescence 

Normal Human Astrocyte (NHA) cell line were purchased from the Chinese Academy of Sciences 

Typical Culture Preservation Committee Cell Bank (CAS Shanghai Cell Bank) and cultured in 

H-DMEM (Servicebio, G4511) medium containing 10% fetal bovine serum (FBS, PAN Seratech, 

ST30-3302) and 1% streptomycin mixture (100X, Servicebio, GP2308019) at 37°C in a 

constant-temperature incubator with 5% CO2. NHA cells were induced to senescence by 

irradiation with a dose of 10 Gy using an X-Ray irradiator (X-RAD 320, Precision X-ray) when 

the cells reached approximately 100% confluence in 10cm petri dish. Control cells were 

mock-irradiated. The senescence phenotype was detected through β-galactosidase staining and 

analysis of P16 and P21 gene expression at day 7 post-irradiation, during which the medium was 

changed twice. At day 8 post-irradiation, after incubating the cells for 24 hours with serum-free 

media, the medium from both irradiated (conditional medium, CM) and non-irradiated (normal 

medium, NM) cells was harvested. The medium was filtered with a 40um cell filter, followed by 

centrifugation at 1000×g for 20 minutes to collect the supernatant (Fig 1). Finally, the complete 

medium was prepared by supplementing the supernatant with 10% fetal bovine serum. 

 

Senescence-associated β-galactosidase staining 

The experiment was conducted following the protocol of β-galactosidase staining kit (Solarbio, 

G1580). Cell staining was performed according to the adherent cell staining protocol. Briefly, cells 

were washed with PBS and fixed at room temperature with β-Gal fixing solution (1ml/ well in 

6-well plate) for 15 minutes. The fixing solution was then removed and cells were washed again 

with PBS three times. Subsequently, the dyeing working solution (1ml/well in the 6-well plate) 

was added and cells were incubated overnight in a non-carbon dioxide incubator at 37℃. 

Observation made using an ordinary optical microscopy. Tissue section staining followed the 

frozen section staining protocol which included similar processes as cell staining: washing, fixing, 

washing, staining and observation. ImageJ software was used for senescent cell counting. 

  

Cell Viability Assay 

The proliferation capacity of human GBM cell lines U251(Procell, CL-0237) and A172(Procell, 

CL-0012) cultured in CM and NM was evaluated by CCK-8 assay. The experiment followed the 

CCK-8 kit (YEASEN,C8102040) protocol. Cells were seeded at a density of 5×103 cells per well 

in a 96-well plate and incubated in different media for 3 days. The cell viability was assessed at 

24-hour intervals until the culture wells were fully populated. For detection, 10 μl of CCK-8 

reagent was added to each well and incubated at 37℃ for 2 hours. Subsequently, the absorbance at 
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450 nm was measured using a spectrophotometer. 

 

Transwell Invasion Assay 

The invasion ability of U251 cells and A172 cells was evaluated through transwell invasion assay. 

Matrigel was melted at 4℃ and diluted to a concentration of 1 mg/mL in culture medium without 

FBS one day prior to use. CM and NM were separately added into the lower chamber of the 

24-well transwell plate. Subsequently, 100 μL of matrigel (1mg/mL) was added into the upper 

chamber and incubated for 4h until it polymerized. Then, U251 cells and A172 cells were seeded 

into the upper chamber at a density of 2×105 cells per well in 200 µL of serum-free medium. The 

culture system was then incubated for 24 hours in an incubator. Cells were fixed with 4% 

paraformaldehyde for 2 minutes, permeabilized with 100% methanol for 20 min, and stained with 

Wright’s Giemsa solution for 15 minutes at room temperature. The stained cells were imaged via 

microscopy. 

 

 

Wound Healing Assay 

The migration ability of U251 cells and A172 cells in CM and NM was evaluated by Wound 

Healing Assay. Cells were seeded at a density of 5×105 cells per well in six-well plates. 

Subsequently, three scratches were made on the monolayer of cells using a 200-μL sterile pipette 

tip, and cells were washed thrice with PBS to eliminate cellular debris. To ensure the uniformity of 

each scratch, the cells were initially observed under a microscope at 0 h as the control condition. 

Finally, the treated cells were observed and imaged via microscopy, and the migration distance 

was calculated using ImageJ software. 

 

Immunofluorescence staining 

The expression of ki67 protein in U251 cells treated with different media was detected through 

immunofluorescence staining to evaluate the cellular proliferation capacity. A circular slide was 

placed inside a 6-well plate and sterilized under ultraviolet light for 30 minutes before inoculating 

U251 cells into the plate. After one week of culture in the two mediums, the slides covered with 

cells were removed and utilized for immunofluorescence staining. Cells were washed three times 

with PBS at 4°C, fixed with 4% paraformaldehyde for 15 min, and then immersed three times (5 

min each time) in PBS containing 0.1% TritonX-100. Subsequently, the cells were incubated 

overnight at 4℃ in a wet box with ki67 primary antibody (Servicebio, GB111141), followed by 

incubation with a fluorescent secondary antibody (Fitc-labeled Goat Anti-Rabbit IgG, Servicebio, 

GB22303) for 1 hour. After dark staining with DAPI (Servicebio, GDP1024) for 3 minutes, 

samples were incubated with an antifade mounting medium and coverslipped accordingly. ki67 

proteins were labeled with green fluorescence, while DAPI was labeled with blue fluorescence.     
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RNA extraction and qRT-PCR 

We extracted total RNA from irradiated and non-irradiated NHA cells and from conditioned 

medium treated U251 and A172 cells. RNA was extracted by RNAiso Plus (Takara, No.9109) 

according to the manufacturer's instructions. Add 50ul of enzyme-free water and measure the 

RNA concentration (IMPLEN, NanoPhotometer N50). cDNA synthesis was performed using 

HiScriptⅣRT SuperMix for qPCR (Vazyme, R423-00) following the manufacturer’s instructions. 

Quantitative PCR was performed to analyze gene expression using 2*ChamQ Universal SYBR 

(Vazyme, Q711-02) according to the manufacturer's instructions. All samples were amplified in 

bipartite. Measurements were standardized to GAPDH housekeeping gene.  

 

RNA-seq of NHA and U251 

RNA samples from cells are subject to rigorous quality control through Agilent 2100 bioanalyzer: 

Accurate detection of RNA integrity. All samples showed RNA integrity of >7.5. RNA-seq 

libraries were prepared using the NEBNext Ultra II RNA Library Prep Kit for Illumina (New 

England Biolabs, no. E7775) according to the manufacturer's instructions. After the library 

inspection is qualified, different libraries are carried out Illumina sequencing after pooling 

according to the effective concentration and requirements of target data volume. Image data from 

high-throughput sequencers were converted into sequence data (reads) by CASAVA base 

recognition. The index of the reference genome was constructed using HISAT2 v2.0.5, and the 

paired end clean reads were compared with the reference genome using HISAT2 v2.0.5. 

FeatureCounts (1.5.0-p3) is used to quantify gene expression levels.The DESeq2 software (1.20.0) 

was used for differential expression analysis between the two comparison combinations. Statistical 

enrichment of differentially expressed genes in the KEGG pathway was analyzed using 

clusterProfiler (3.4.4) software. 

 

Protein extraction and Western blotting 

Western blotting (WB) was performed to detect p-JAK2(Cell signaling: JAK2, 3230T; p-JAK2, 

4406T) and p-STAT3(Cell signaling: STAT3, 9139T; p-STAT3, 9145T) proteins activated by IL6 

in U251 cells after treated by CM. Briefly, proteins were extracted from cells using RIPA lysis 

buffer (Servicebio, G2002) supplemented with PMSF (Servicebio, G2008) and a phosphatase 

inhibitor (Servicebio, G2007), and protein levels were quantified using a BCA protein assay kit 

(Beyotime, P0009) according to the manufacturer's instructions. The proteins were then separated 

by 10% SDS-PAGE gels and transferred onto PVDF membranes. After blocking with fastest 

sealing fluid (HYCEZMBIO, HYC00811) at room temperature for 1 hour, the membranes were 

incubated with primary and secondary antibodies before being soaked in enhanced. Finally, 

membranes were soaked in enhanced ECL reagents (Servicebio, G2014) and protein bands were 

detected using a UVP BioSpectrum Imaging System. The intensities of protein bands were 

quantified with ImageJ software.  
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ELISA 

The SASP factors with significant differences in qRT-PCR results were quantitatively detected in 

culture medium, including IL6 (ELK biotechnology, ELK1156), IL1b (ELK biotechnology, 

ELK1270), MMP1 (ELK biotechnology, ELK2183), FGF2 (ELK biotechnology, ELK1258), 

CXCL2 (ELK biotechnology, ELK2079). The experiments followed the kits protocols. The 

absorbance measured at a wavelength of 450 nm using the standard substance concentration was 

utilized to generate the curve. The concentrations of the unknown samples were subsequently 

determined from the absorbance curve by employing the slope and intercept obtained from it.  

 

Tissue frozen section 

The brain samples of mice and GBM samples from patients (Department of Neurosurgery, 

Zhongnan Hospital, Wuhan University) were processed into frozen sections for subsequent 

staining. After washing with PBS, the GBM samples was fixed in 4% paraformaldehyde for 24 

hours, followed by dehydration in 20% sucrose solution for 48 hours. Mice were perfused with 4% 

paraformaldehyde and their brains were dissected out, then fixed and dehydrated as previously 

described. The tissue was embedded in O.C.T. compound (SAKURA, 4583) and frozen in the 

cryostat microtome (RWD, Minux FS800). Once both the embedding agent and the tissue had 

completely frozen to a white ice state, the tissue could be sliced into sections at a thickness of 20 

micrometers. The sections were stained with hematoxylin and eosin (H&E; 0.1–0.5%). Finally, we 

observed and imaged the stained sections under an inverted microscope. 

 

 

Animal studies 

BALB/c nude mice (6–8 weeks in age, female) were purchased from Wanqian Jiahe Experimental 

Animal Farm in Wuhan, which are immune-deficient mice without thymus and can be implanted 

with xenogenic tumors. Cranial irradiation was performed using an X-ray device (X-RAD 320, 

Precision X-ray), with the mice placed in a lead box that exposed only their brains. To prevent oral 

mucositis, which has been observed in C57BL/6J mice when directly irradiated on the tongue with 

higher doses, the radiotherapy dose was limited to 10 Gy[18]. Control mice underwent anesthesia 

and sham irradiation. In order to investigate the development and temporal changes of 

radiation-induced senescent cells in the brain of live mice, the brains of irradiated mice at different 

time points (0d, 2d, 7d, 14d, 21d, 28d ,35d ,42d ,49d) were dissected and stained with β

-galactosidase. Senescent cells were quantified using ImageJ software. 

The U251 tumor cells (300,000 per mouse) were implanted into the right striatum of mouse brain 

48 hours after irradiation. Daily observations were made on the mice's condition and weight. At 

day 20 post-implantation, an enhanced CT scan was performed to measure tumor size in the 

mouse brain. Mice were killed when they met near-death or humanitarian endpoints, including 
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hunchback and lethargy, seizures, and weight loss exceeding 20 percent. To investigate the impact 

of radiation-induced senescent cells on tumor growth, mice received daily oral gavage of 

anti-senescence drug navitoclax (Shanghai yuanye Bio-Technology Co., Ltd, S81105) at a dose of 

50 mg/kg in corn oil starting 24 hours after cranial irradiation for a minimum duration of 25 days. 

The control group received vehicle alone. All animal studies were performed under protocols 

approved by Experimental animal Welfare Ethics Committee, Zhongnan Hospital of Wuhan 

University (ZN2022179). 

 

Enhanced CT on brain of mice 

In order to assess the growth of the orthotopic xenograft tumor in the mouse brain, an enhanced 

CT scan of the mouse brain was conducted on the 20th day post-implantation, enabling acquisition 

of a three-dimensional image and real-time volume measurement of the tumor. The CT equipment 

used for this study was NEMO Micro CT (NMC-200) manufactured by PINGSENG Healthcare 

Kunshan Inc. Prior to imaging, mice were anesthetized with 1% pentobarbital sodium and 

administered a tail vein injection of 300ul iopanol solution. Subsequently, mice were promptly 

positioned prone on a CT bed equipped with a nose cone for continuous anesthesia using 

isoflurane. Image acquisition software called Cruiser (PINGSENG Healthcare Kunshan Inc) 

facilitated capturing images according to a predefined scanning program in approximately 6 

minutes. Post-processing of acquired images was performed using Avatar software (PINGSENG 

Healthcare Kunshan Inc). 

 

Statistics 

Statistical analyses were performed by using independent-samples t-test with GraphPad Prism 

(GraphPad 8 Software). Data were expressed as mean ± SD. Kapla-Meier functions were used to 

illustrate survival profiles of mice.Statistical significance was defined as P < 0.05. 

 

Results 

 

Radiation induced cellular senescence 

In this study, we confirmed the occurrence of radiation-induced senescence in astrocytes. The 

identification of cellular senescence primarily relied on β-galactosidase staining and the 

expression analysis of P21 and p16 genes. NHA cells were subjected to β-galactosidase staining 7 

days after exposure to a dose of 10Gy irradiation or mock-irradiation. Following irradiation, 

almost all the cells exhibited evident staining, while those in the mock-irradiation group remained 

largely unstained (Fig2, A). Furthermore, NHA cells displayed significant higher levels of P21 and 

P16 gene expression post-radiation treatment than mock-irradiation (Fig2, B). To investigate the 

duration of radiation-induced cellular senescence in mouse brains, we assessed and quantified 

senescent cells at various time points following irradiation. The results revealed that the number of 
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senescent cells peaked between 2 to 7 days after irradiation before gradually declining, and the 

number of senescent cells was still higher than that of non-irradiated mice at 49 days (Fig2, C, D). 

In addition, we conducted further assessment of cellular senescence in human GBM specimens 

and observed a significantly higher presence of senescent cells in recurrent tumors (all of which 

underwent complete radiation therapy) compared to primary tumors (Fig2, E). 

 

Senescent astrocyte culture medium promotes tumor proliferation and invasiveness 

We administered astrocytes with a dosage equivalent to that used in animal experiments and 

obtained conditioned media to mimic the tumor microenvironment consisting of senescent cells 

and their secretory phenotypes. The conditioned medium (as described above), which contains 

SASP, was collected on day 8 post-irradiation. U251 cells and A172 cells were treated with CM or 

NM. CCK-8 assay revealed that GBM cells exhibited faster proliferation rate following treatment 

with CM (Fig3, A, B). Correspondingly, both RNA and protein levels in tumor cells showed 

increased ki67 expression in CM group (Fig3, C, D). Furthermore, wound healing assays and 

transwell invasion assays were employed to assess migration and invasion abilities of tumor cells, 

yielding similar results: scratches were repaired more rapidly in CM group (Fig3, E, F, G), while 

more cells migrated through matrigel and pores in transwell upper chamber compared to those in 

NM group (Fig3, H). 

 

Radiation induced senescent microenvironment can promote GBM proliferation 

In order to mitigate immune rejection of human tumor cells in mice, immunodeficient 

BABLc-nude mice were selected. Anti-senescence drugs were administered to eliminate senescent 

cells in the brains of mice. Based on different treatment methods, the mice were divided into four 

groups: control group, radiation group, radiation combined dose group, and dose group. At 20 

days post-tumor implantation, enhanced CT was utilized to measure tumor size in each group and 

late software processing was employed to present the three-dimensional shape of the tumor for 

understanding tumor spread and predicting aggressiveness. Additionally, the survival time of the 

mice was recorded. Enhanced CT at 20 days after implantation revealed that tumors volume in the 

radiation group measured 76.0±31.4 mm3 compared to 26.8±14.2 mm3 in the control group 

(Fig4,A,C;Table1). Notably, the tumor volume in the radiation combined dose group (38.3±16.5 

mm3) was significantly smaller than that of the radiation group (Fig4,A,C;Table1). 

Three-dimensional reconstructions of the tumors showed the most irregular shape in the radiation 

group, potentially indicating a more aggressive nature. This observation was further confirmed 

through H＆E staining, where an indistinct boundary between the tumor and normal brain tissue 

was observed alongside increased necrosis and angiogenesis within the tumor tissue in the 

radiation group (Fig4, B). Survival analysis demonstrated that survival time for mice in the 

radiation group (22.3±1.7 days) was significantly shorter than that recorded for control group 

(26.7±3.1 days; Fig4, F; Table1). Furthermore, survival time was prolonged in the radiation 
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combined dose group(27.1±3.3 days) compared with radiation group(Fig4, G; Table1). However, 

no significant prolongation of survival time occurred when comparing dose group with control 

group (Fig4, E; Table1). 

 

Senescent cell secretory factor IL6 activates JAK2-STAT3 pathway in GBM cells 

We performed transcriptome sequencing of NHA cells at 7 days post-irradiation and compared the 

expression profiles of their differentially expressed genes with senescent cells[19], revealing 17 

up-regulated SASP factors(Fig5,A,C). Subsequent qRT-PCR confirmed high expression levels of 

IL6, IL1b, MMP1, CXCL2, and FGF2 in NHA cells after irradiation (Fig5, B). Further protein 

detection in conditioned medium specifically identified IL6 as the only differentially expressed 

SASP factor (Fig5, D). Transcriptome sequencing analysis was conducted on U251 cells treated 

with CM or NM (Fig5, E). The differentially expressed genes were initially filtered based on a 

logFC≥1.5 and adjP < 0.05, and subsequently imported into the STRING database to construct a 

protein-protein interaction (PPI) network, which was then visualized using Cytoscape. Hub genes 

were identified using Cytohubba and CytoNCA plugins in Cytoscape. The Cytohubba plugin was 

used to extract the top 10 genes based on the maximum group centrality calculation method (Fig5, 

F). Additionally, we identified 9 genes based on a topological property analysis of betweenness 

centrality using CytoNCA plugin (Fig5, G). The intersection of the two methods resulted in eight 

differential genes (Fig5, H). Our qRT-PCR validation of eight genes showed differential 

expression of CSF3, CSCL3, and CCL20(Fig5, J), followed by validation of the co-enrichment 

pathway of the three genes (Fig5, I). The JAK2-STAT3 signaling pathway activated by IL6 was 

discovered. WB experiment results revealed high expression levels of p-JAK2 and p-STAT3 

proteins in U251 after CM treatment (Fig5, K, L). 

 

Discussion 

 

Radiation induces non-neoplastic cell senescence  

Radiation therapy is an indispensable treatment modality for management of the majority of 

cancers, and is considered the standard of care for GBM. Although intensity-modulated radiation 

therapy can accurately deliver radiotherapy to irregular tumor areas, minimize damage to normal 

brain tissue, while maximize radiation dose in tumor areas, brain damage caused by radiation is 

still widely recorded, and tumor recurrence is inevitable eventually[20, 21]. In addition, studies 

have reported that human glioma cells exhibit rapid recurrence, greater proliferation and invasion 

capabilities after radiotherapy[8, 9]. There are two possible explanations for this phenomenon: (1) 

Irradiation fails to eliminate all tumor cells; (2). Radiation may induce tumor-promoting changes 

in the tumor microenvironment. Cell senescence is a common alteration in tumor 

microenvironment after irradiation. Radiation can directly damage biological macromolecules 

such as DNA, proteins and lipids within cells while generating a large number of free radicals and 
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activating intracellular signaling molecules, which ultimately activities P53-P21 and p16-RB 

signaling pathways leading to cell cycle inhibition and a state of long-term stagnation and 

non-division - senescent cells[22-24]. Our study validated the occurrence of radiation-induced cell 

senescence, characterized by a peak in senescent cell numbers 2-7 days post-radiation followed by 

a gradual decline in vivo. However, in human subjects undergoing radiation therapy, the multiple 

exposure leads to persistent generation of senescent cells.β-galactosidase staining of tumor 

specimens from patients further confirmed an increased presence of senescent cells following 

radiation therapy.  

 

Senescent microenvironment promotes the proliferation and invasion of GBM 

The relationship between senescent cells and tumors remains uncertain. Earlier studies have 

demonstrated that cellular senescence can be induced by tumorigenesis itself as a protective 

mechanism against cancer development by preventing proliferation of mutated DNA-carrying 

cells[25, 26]. Senescence-associated growth arrest is perceived as an effective strategy to impede 

cancer progression[27]. Moreover, SASP factors can stimulate the immune surveillance 

mechanism and enhance the tumor suppressive function of senescent cells by directing the 

immune system towards generating an anticancer response[28]. However, subsequent studies have 

shown that SASP may exert pro-tumor effects. Inflammatory SASP factors secreted by senescent 

cells may inadvertently promote various aspects of tumorigenesis including cancer cell 

proliferation, migration, invasion, angiogenesis, epithelial-mesenchymal transition, and 

immune-mediated clearance[29]. In this study, a senescence microenvironment composed of 

senescent non-tumor cells and their secretory factors SASP was constructed by pre-irradiating 

cells and mouse brains to simulate the changes in tumor microenvironment induced by radiation 

therapy. GBM cells exhibited enhanced proliferation and invasion capabilities both in vitro and in 

vivo, resulting in reduced survival time for living animals. It indicates that cell senescence induced 

by radiotherapy can promote the rapid proliferation and invasion of residual GBM cells, and the 

clinical manifestation is a more aggressive disease recurrence. Navitoclax is a potent BCL-2 

inhibitor with a high affinity for anti-apoptotic BCL-2 protein family (including BCL-XL, BCL-2, 

and BCL-w), which interferes with the interaction between pro-apoptotic and anti-apoptotic 

proteins of the BCL-2 family[30, 31]. It can inhibit senescent cells by blocking the anti-apoptotic 

proteins necessary for the survival of senescent cells. Notably, treatment with navitoclax improved 

intracranial tumor size and survival time in mice, providing a novel therapeutic direction for 

delaying GBM recurrence. 

 

SASP promotes tumor proliferation by activating the JAK2-STAT3 signaling pathway 

The mechanism underlying the promotion of GBM proliferation by senescent microenvironment 

remains unclear. Our findings demonstrate that the SASP factor IL6 activates the JAK2-STAT3 

signaling pathway in tumor cells, leading to an up-regulation of nuclear DNA replication and 
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subsequent promotion of tumor proliferation. The JAK-STAT signaling pathway is mainly 

composed of cell surface receptor, JAK (janus kinase) protein family and STAT (signal 

transduction and activator of transcription) proteins[32]. Upon binding to the receptor, various 

cytokines/growth factors can phosphorylate and activate JAK, and then phosphorylate the 

downstream transcription factor STAT, which enters the nucleus as a dimer to regulate cell 

proliferation, differentiation and apoptosis[32]. JAK2-STAT3 is a major member of JAK-STAT 

signaling pathway and STAT3 has a potential carcinogenic effect (proto-oncogene). IL6 serves as 

an important ligand in the JAK2-STAT3 signaling cascade[32, 33]. Numerous studies have 

demonstrated that IL6 acts as a SASP factor, promoting both tumor growth and invasion[15, 

34-36]. Blocking antibodies against IL6 restore tumor aggressiveness while recombinant IL-6 

enhances the aggressiveness of pretumor epithelial cells co-cultured with non-senescent 

fibroblasts. Through mediating STAT3 activation, IL-6 drives the transcription of various MMPs 

that positively influence cancer aggressiveness by facilitating extracellular matrix degradation and 

enabling cancer cell dissemination from primary sites[34, 35]. Remarkably, among 17 senescence 

expression profiled SASP factors we examined in astrocyte senescence media, IL6 emerged as the 

most dominant one. Therefore, activation of JAK2-STAT3 signaling pathway by IL6 represents an 

important mechanism through which senescent cells promote GBM proliferation (Fig6). 

 

Conclusion 

The tumor microenvironment, consisting of non-neoplastic cell senescence induced by radiation 

therapy and its secretory phenotype, can facilitate the proliferation and invasion of GBM, 

indicating the favorable role of senescent cells in the recurrence of residual GBM. This process is 

mediated through the activation of JAK2-STAT3 signaling pathway by SASP factor IL6. 

Anti-senescence drugs may emerge as a novel adjunctive therapeutic approach to delay or treat 

GBM recurrence. 
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Figure Legends 

 

Figure 1. Conditioned medium acquisition and treatments on tumor cells. 

 

Figure 2. (A) β-galactosidase staining on NHA cells 7 days after radiation and mock-radiation. 

(B) mRNA expression levels of P16 and P21 genes in U251 and A172. (C,D) β-galactosidase 

staining of mouse brain tissue at different time points after radiation and trend diagram of 

senescent cell number. (E) β-galactosidase staining of human tumor specimens. Cases 1,2 and 3 

were primary GBM; Cases 4,5, and 6 were recurrent GBM and received radiotherapy. 

 

Figure 3. (A,B) Absorbance changes of U251 and A172 cells in different media treatment (CM 

or NM). (C) Immunofluorescence images showed ki67 protein expression in U251 cells treated 

with different media (CM or NM). (D) mRNA expression levels of ki67 gene in U251 and A172 

cells treated with different media (CM or NM). (E,F,G) Wound healing assay. Migration rate 

=(initial scratch area - final scratch area)/ initial scratch area. (H) Transwell invasion assay. 

 

Figure 4. (A,C) The enhanced CT image of the mouse brain was taken 20 days after 

implantation, and the image at the lower right was three-dimensional. The radiation group (Rad) 

had the largest tumor volume. (B) H&E staining of mouse brain tissue. (D,E,F,G,H) 

Kaplan-Meier survival curves of mice in different treatment groups. 

 

Figure 5. (A,C) Heat map and Volcano plot of NHA senescence secretion spectrum between 

Rad group and Mock-Rad group. (B) qRT-PCR results of differential genes in senescence 

secretion spectrum. (D) The expression of senescence secretory spectrum protein in culture 

medium(CM or NM) was detected by ELISA. (E) Transcriptome sequencing differential gene 

volcano plot of U251 cells under different media treatment(CM or NM). (F) 10 genes were 

extracted by Cytohubba plugin based on the maximum group centrality calculation method. (G) 9 

genes were extracted by CytoNCA plugin based on a topological property analysis of betweenness 

centrality. (H) The Venn diagram shows the intersection of the two methods. (I) KEGG pathway：

The red circle shows the signal pathway we verified. (J) qRT-PCR verified the sequencing results 

of the differential genes. (K) WB: JAK2-STAT3 signal pathway. (L) ImageJ calculates the protein 

band gray value. 

 

Figure 6. Radiation-induced senescent non-neoplastic cells secreted SASP factor IL6, which 

activated JAK2-STAT3 signaling pathway in tumor cells, and promoted the proliferation and 

invasion of GBM. 
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Table 1 The tumor volume and survival time of mice 

 

 

Notes: RAD: Radiation. 

Dose: Anti-senescence drug, navitoclax. 

       

 

 Tumor volme in 20th day after 

implantation（mm3） 

Survival time after implantation 

（days） 

Control group 26.8±14.2 26.7±3.1 

RAD group 76.0±31.4 22.3±1.7 

RAD＆dose group 38.3±16.5 27.1±3.3 

Dose group 24.4±14.0 28.7±4.5 
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