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Abstract

Glioblastoma (GBM) is a lethal brain tumor composed of heterogeneous cellular populations 

including glioma stem cells (GSCs) and differentiated non-stem glioma cells (NSGCs). While 

GSCs are involved in tumor initiation and propagation, NSGCs’ role remains elusive. Here, we 

demonstrate that NSGCs undergo senescence and secrete pro-angiogenic proteins, boosting the 

GSC-derived tumor formation in vivo. We used a GSC model that maintains stemness in 

neurospheres, but loses the stemness and differentiates into NSGCs upon serum stimulation. These 

NSGCs downregulated telomerase, shortened telomeres, and eventually became senescent. The 

senescent NSGCs released pro-angiogenic proteins, including vascular endothelial growth factors 

and senescence-associated interleukins, such as IL-6 and IL-8. Conditioned medium from 

senescent NSGCs promoted proliferation of brain microvascular endothelial cells, and mixed 

implantation of GSCs and senescent NSGCs into mice enhanced the tumorigenic potential of 

GSCs. The senescent NSGCs seem to be clinically relevant, because both clinical samples and 

xenografts of GBM contained tumor cells that expressed the senescence markers. Our data suggest 

that senescent NSGCs promote malignant progression of GBM in part via paracrine effects of the 

secreted proteins.
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1. Introduction

Glioblastoma (GBM) is the most frequent malignant brain tumor in adults. The median 

survival of GBM patients is less than 2 years, because of the limited efficacy of the current 

therapies. One of the hallmarks of this devastating disease is hyper-vascularity; thus, 

targeting this feature may provide some promising results against GBM [1,2].

GBM is composed of heterogeneous cell populations with glioma stem cells (GSCs) at the 

apex of the cellular hierarchy [3]. GSCs can self-renew, form tumors, and exhibit resistance 

to radio- and chemotherapies [3–5]. Unlike GSCs, non-stem glioma cells (NSGCs), which 

are derived from GSCs, have no tumorigenic potential [3]. However, the roles of NSGCs in 

GBM propagation and therapy response remain elusive.

Recent studies in non-brain cancers have revealed unexpected roles of non-stem cancer cells 

in the disease malignancy [6–9]. In ovarian cancer, for example, non-stem cancer cells 

undergo an epithelial-mesenchymal transition-like process, accompanied by enhanced 

metastatic potential [7]. In prostate cancer, non-stem cancer cells behave as a critical 

intercellular mediator of paracrine effects on metastasis of cancer stem cells [8,9]. These 

observations suggest that similarly to other cancer types, NSGCs may play a crucial role in 

GBM development. Here, we demonstrate that NSGCs undergo senescence and secrete 

angiogenesis-related proteins, thereby promoting the growth of GSC-derived tumors in 

mouse xenografts.

2. Materials and methods

2.1. Cell culture

GSC lines, GBM146 and GBM157, were maintained under serum-free, sphere conditions as 

described [10,11]. Their differentiation into NSGCs was induced as described in 

Supplementary Materials and Methods. Sphere-forming assay was performed as described 

[10,11].

2.2. Flow cytometry

Flow cytometry was performed as described [10] with allophycocyanin-conjugated anti-

CD133 antibody (293C3; Miltenyi Biotec, San Diego, CA, USA). DNA content was 

measured by propidium iodide staining [12].

2.3. Western blot analysis

Cell lysates were prepared, and western blot analysis was performed as described [12] with 

the antibodies listed in Supplementary Materials and Methods.

2.4. RT-qPCR

Total RNA was extracted from cell cultures using the RNeasy kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions, and quantitated with the Agilent 2100 

Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Gene transcripts were detected 

by RT-qPCR as described [13].
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2.5. Mouse xenograft

The animal experiments were approved by Japanese Foundation for Cancer Research, 

Institutional Animal Care and Use Committee, and conducted in accordance with the 

institutional guidelines. GSCs were suspended in Matrigel (1:1) and subcutaneously injected 

into 6-week-old NOD/SCID mice. Three months after injection, tumors were collected for 

subsequent experiments. For the co-injection assays, 5 × 106 GSCs were mixed with 1 × 107 

differentiated NSGCs (at day 15 and 10 after serum addition for GBM146 and GBM157, 

respectively) or senescent NSGCs (at day 30 after serum addition), and mixed with Matrigel 

(1:1). These cell suspensions were subcutaneously injected into 6-week-old NOD/SCID 

mice. After three month, the length (L) and width (W) of the tumor mass were measured, 

and the tumor volume (TV) was calculated using the equation: TV = (L × W2)/2.

2.6. Immunofluorescence staining

Cells were fixed with 2 or 4% paraformaldehyde and permeabilized with 0.5% Nonidet 

P-40. Xenograft tumors were embedded in the Optimal Cutting Temperature compound and 

frozen in liquid nitrogen. The tumor section was sliced and fixed with cold methanol/

acetone. Immunofluorescence staining was performed as described [12] with the antibodies 

listed in Supplementary Materials and Methods.

2.7. Immunohistochemistry

Xenograft tumors were fixed in Mildform 10N (133–10311; Wako Pure Chemical 

Industries, Ltd., Osaka, Japan), embedded in paraffin, and sliced at 4–5 μm. Formalin-fixed, 

paraffin-embedded GBM tissue microarrays were obtained from ISU Abxis (A221V; Seoul, 

Korea) and US Biomax (GL806c; Rockville, MD, USA). Immunohistochemistry was 

performed as described [14] with the antibodies listed in Supplementary Materials and 

Methods.

2.8. Telomere and senescence assays

Population doubling assay, senescence-associated β-galactosidase (SA-β-gal) staining, 

telomere Southern blot analysis, and telomeric repeat amplification protocol (TRAP) assay 

were performed as described [12].

2.9. GeneChip microarrays

RNA was extracted, and GeneChip microarray analysis was performed as described [13]. 

The microarray data were deposited in the Gene Expression Omnibus database 

(www.ncbi.nlm.nih.gov/geo) under accession number GSE74304.

2.10. ELISA

Cells were cultured for 5 days, and the culture supernatant was assayed with Human 

Quantikine ELISA kits for IL-6, CXCL8/IL-8, VEGF and VEGF-C (R&D Systems, 

Minneapolis, MN, USA).
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2.11. HBMEC growth assay

HBMECs (ACBRI376; Cell Systems, Kirkland, WA, USA) were seeded in collagen-coated 

plates and cultured for 5 days either with the control or conditioned medium of senescent 

NSGCs, which had been cultured with 10% FBS-containing medium for 30 days. The cell 

number was counted at day 5 of the culture. Statistical evaluations were performed using the 

Welch t test. **, P < 0.001.

3. Results

3.1. GSCs lose their stemness and differentiate into NSGCs with telomerase repression 
upon serum exposure

Neurosphere cultures of GSC lines, GBM146 and GBM157, maintain the clonogenicity and 

possess tumor-propagating potential in vivo [11]. Consistent with a previous report [15], 

serum stimulation dispersed GSC neurospheres, rendering the cells adherent to the dish 

(Supplementary Fig. S1). These cells almost completely lost their stemness markers, such as 

CD133, SOX2, Nestin, and Olig2, and the sphere-forming potential by day 20 whereas GSC 

neurospheres maintained the properties (Supplementary Figs. S2–3). These observations 

confirm that GSCs lose their stemness, giving rise to NSGCs upon serum exposure.

NSGCs proliferated extensively for a week, but their growth rates decreased over passages, 

and the cells eventually ceased to proliferate (Fig. 1A). Most cancer cells become immortal 

by telomerase activation to maintain telomere length [16,17]. In GBM146 cells, telomerase 

activity was detected until day 3 after serum addition, but disappeared at day 10 (Fig. 1B). 

Consistent with this observation, the telomeres gradually shortened over passages for 35 

days (Fig. 1C). The rate of shortening was about 70 bp/population doubling, which is 

equivalent to that in telomerase-negative cells [18]. These observations suggest that the end 

replication problem induces eventual growth arrest of NSGCs.

3.2. NSGCs undergo cellular senescence

We found that the arrested NSGCs appeared enlarged and flattened (Fig. 1D and 

Supplementary Fig. S1). These morphological changes are reminiscent of senescent cells 

[19]. Fig. 1D shows that GBM146 and GBM157 cells were negative for SA-β-gal, a 

senescence marker, at day 5 after serum addition. However, frequency of the stain-positive 

cells and staining intensity gradually increased, depending on the time of serum exposure. 

By day 30, most cells were positive for SA-β-gal, and the tetraploid cell fractions were 

increased, which is another biomarker of cellular senescence (Fig. 1E).

The cell cycle inhibitory pathways are essential for senescence induction [19]. p53 and its 

downstream effector, p21, were upregulated at day 5 after serum stimulation, which was 

maintained at later time points (Fig. 1F and Supplementary Fig. S4). Moreover, RB 

dephosphorylation, which activates its cell cycle inhibitory function, was detected at day 5, 

and further enhanced at day 20 and 30 (Fig. 1F). Another senescence biomarker, p16 [19], 

was not detected (Supplementary Fig. S5).
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To exclude the possibility that senescence of NSGCs was caused by an artificial “culture 

shock” in the serum-containing medium, we exposed GBM157 GSCs to bone 

morphogenetic protein 4 (BMP4), which is often used for GSC differentiation [20]. BMP4 

almost completely abolished the CD133-positive cells, and significantly reduced the levels 

of SOX2 and Olig2 (Supplementary Fig. S6A and B). Under these conditions, the cells 

eventually stopped dividing and became enlarged, flattened and positive for SA-β-gal 

(Supplementary Fig. S6C and D). Thus, NSGCs become senescent, and this phenomenon is 

an intrinsic property of NSGCs, not caused by acute culture shock.

3.3. Senescence markers in clinical GBM samples and mouse xenografts

We next investigated whether NSGCs in a senescent state reside in vivo. First, human GBM 

tissue microarrays consisting of patient-derived primary tumor sections were subjected to 

immunohistochemistry. Glial fibrillary acidic protein (GFAP), a differentiation marker of 

GSCs [3], was expressed in wide areas of the tumors of all GBM patients (Fig. 2A). Within 

those GFAP-positive areas, DNA damage response/senescence biomarkers, including 

formation of 53BP1 foci (Fig. 2A, inset), and accumulation of p53 and p21 proteins, were 

observed in 77.0% (23/30), 81.0% (17/21), and 71.4% (15/21) of the patients, respectively 

(Fig. 2A).

Xenograft tumors derived from GBM146 and GBM157 GSCs also contained GFAP, p53 and 

p21-positive cells (Fig. 2B). Furthermore, the inflammatory cytokine, interleukin-6 (IL-6), 

which is a major secreted factor in senescent cells [19], was detected in the tumors (Fig. 2B). 

These tumors contained SA-β-gal-positive cells, suggesting that accumulation of p53 and 

p21 proteins is not simply due to DNA damage response or quiescence (Fig. 2C). 

Meanwhile, xenograft tumors derived from U251, an established p53-deficient GBM cell 

line that had no hierarchy of stem/non-stem cells, did not contain SA-β-gal-positive cells. 

The senescence markers p21 and IL-6, but not a proliferation marker Ki67, were localized 

closely around the GFAP-expressing cells (Fig. 2D), implying that some NSGCs were 

senescent. These observations support that GBM-derived senescent cells exist in vivo.

3.4. Senescent NSGCs show an angiogenesis-related response at the transcriptional level

We next monitored the gene expression profile of senescent NSGCs. By using GeneChip 

microarrays, we identified 303 and 401 upregulated probes in the senescent NSGCs derived 

from GBM146 and GBM157 compared with GSCs and differentiated/pre-senescent NSGCs, 

respectively (Fig. 3A). Since senescent cells play an important role in cancer via secreting 

humoral factors [21], we focused on secretory proteins. Fig. 3B shows that vascular 

endothelial growth factor-C (VEGF-C), which controls angiogenesis and 

lymphangiogenesis, was significantly upregulated in the senescent NSGCs. Moreover, gene 

ontology analysis revealed that angiogenesis-related categories were enriched in the 

senescent NSGCs (Fig. 3C).

3.5. Paracrine effects of senescent NSGCs promote vascular endothelial cell growth

While VEGF-C was undetected or barely detected in conditioned medium (CM) of serum-

stimulated GSCs from day 0 and 5, its level was much higher at day 30 (Fig. 4A). The level 

of VEGF-A, another major contributor to angiogenesis [22], also increased (Fig. 4A).
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Senescent cells release secretory proteins, termed senescence-associated secretory 

phenotype (SASP) factors that elicit autocrine/paracrine biological effects [21,23]. In GSCs, 

secretion of the major SASP components, IL-6 and IL-8 gradually increased by serum 

stimulation, and significant amounts were detected when the cells were fully senescent, 

although GBM146 did not secrete IL-6 (Fig. 4B). As SASP components, including IL-6 and 

IL-8, are known as angiogenesis inducers [21], senescent NSGCs may play a role in 

angiogenesis. In fact, growth of human brain microvascular endothelial cells (HBMEC) was 

increased 4–5 times by the CM of senescent NSGCs compared with the control (Fig. 4C).

3.6. Senescent NSGCs support the tumorigenic potential of GSCs

Senescent NSGCs lost tumorigenic potential when 2 × 107 GBM146 cells were 

subcutaneously injected into NOD/SCID mice (our unpublished observation). To examine 

the significance of NSGCs in vivo, we subcutaneously implanted GSCs into NOD/SCID 

mice with or without matched differentiated or senescent NSGCs (Fig. 4D). In the case of 

GBM146, GSCs alone or in combination with differentiated NSGCs did not form tumors 

under the present experimental conditions. By contrast, GSCs co-injected with senescent 

NSGCs formed tumors in two out of four mice. In the case of GBM157, GSCs alone or in 

combination with differentiated or senescent NSGCs formed tumors at comparable 

frequencies. Importantly, when co-injected with senescent NSGCs, the tumors grew much 

larger than those derived from GSCs alone or co-injected with differentiated NSGCs, 

suggesting that senescent NSGCs promote tumor formation of GSCs.

4. Discussion

We found that the serum-induced NSGCs eventually became senescent at least in part by 

telomerase downregulation and the resulting telomere shortening. In general, senescence 

occurs through the p16/RB and/or p53/p21 pathways [24,25]. Senescent NSGCs described 

here accumulated p53 and p21, but not p16, indicating that this senescence was triggered by 

the p53/p21 pathway and subsequent RB dephosphorylation. Because telomere dysfunction-

induced replicative senescence is induced primarily by activation of the p53/p21 pathway 

[26,27], it is not surprising that the senescent NSGCs did not induce p16. Of note, loss or 

mutation of CDKN2A, which encodes p16, is detected in nearly 90% of GBM cases, 

whereas loss or mutation of TP53, which encodes p53, is only observed in 30% of cases 

[28–30]. This may reflect the larger dependence of NSGC senescence on p53 rather than 

p16. Our immunohistochemical analysis also indicated that more than 70% of GBM tumors 

exhibited p53 and p21 accumulation. Because p53 and p21 rather promptly accumulated 

upon serum stimulation (Fig. 1F), this pathway would also be involved in GSC 

differentiation.

Originally, cellular senescence is recognized as an important mechanism for tumor 

suppression [31–33]. However, recent studies have demonstrated that senescent cells can 

also accelerate tumor initiation and its malignant progression through a non-cell-

autonomous effect of SASP [21,23]. In GBM, the most prominent SASP factors, IL-6 and 

IL-8, play an important role in tumor propagation by supporting GSC properties [34–36]. 

Consistently, IL-6 and IL-8 are detected in GBM primary tissues and are poor prognostic 
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markers [37,38]. We found that GSC-derived tumors express IL-6, and the IL-6-expressing 

cells were colocalized with the differentiation marker, GFAP-positive cells in the tumors. 

Furthermore, the senescent NSGCs released IL-6 and IL-8 in vitro. Established GBM cell 

lines sometimes produce IL-6 and IL-8, but they have not been acknowledged as SASP 

factors. We propose a new model in which these cytokines are produced as SASP factors 

from senescent NSGCs and contribute to GBM malignancy.

We found that senescent NSGCs also secrete VEGF-A and –C. In GBM, VEGF-A is 

necessary for angiogenesis, but it also induces GSC differentiation to endothelial cells that 

can form tumor vasculatures [39,40]. Furthermore, VEGF-A promotes GSC viability and 

tumor growth, because the agonistic VEGF receptor 2 is preferentially expressed on GSCs 

[41,42]. VEGF-C is also expressed in GBM primary tumors [43,44]. Moreover, the VEGF-C 

receptor, VEGFR3, which is mainly expressed in lymphatic vessels, has been observed in 

blood endovascular cells [43] and can promote tumor angiogenesis [45,46]. Thus, it is likely 

that VEGF-C released from senescent NSGCs plays an important role in GBM angiogenesis. 

In clinical settings, bevacizumab, an anti-VEGF-A antibody, has not displayed effects on 

GBM as expected. One possibility is that VEGF-C compromises the effect of VEGF-A 

blockade. In fact, bevacizumab induces not only VEGF-C expression in GBM cells, but also 

VEGF-C reactivity of tumor-associated endothelial cells [47]. Moreover the presence of 

lymphatic vessel in central nerve systems of brain has been recently identified [48], 

suggesting that VEGF-C may promote both angiogenesis and lymphangiogenesis in GBM. 

For these reasons, we consider that both VEGF-A and –C released from senescent NSGCs 

contribute to GBM malignancy.

Recent studies have demonstrated that NSGCs can be reprogrammed to resume the cancer 

stemness [49]. Furthermore, as shown in this study, NSGCs undergo senescence and have a 

paracrine effect on the GSC-derived tumor formation. We propose that NSGCs hold 

pathological significance in GBM malignancy in a bimodal manner, one by replenishing the 

tumor-propagating stem cells and the other by eliciting a senescence-mediated perturbation 

of the tumor microenvironment. This study sheds light on the biological significance of 

NSGCs in GBM and may help develop a therapeutic intervention against this fatal disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Non-stem glioma cells (NSGCs) undergo senescence with telomerase downregulation. (A) 

Growth curves of NSGCs. The cumulative number of population doublings in serum-

containing medium was measured. (B) Telomerase activity in GBM146 cells. (C) Telomere 

Southern blot analysis of GBM146 cells. The signal indicates the telomere restriction 

fragment, which contains both telomeric and subtelomeric sequences. Thus, the graph on the 

right shows the sum of telomere and subtelomere (several kb) lengths. (D) SA-β-gal 

staining. Blue-colored cells are SA-β-gal-positive. (E) Propidium iodide staining. Value 

indicates the percentage of cells at ploidy larger than 4N. (F) Western blot analysis of cell 

cycle-inhibitory proteins. RB gave double bands of phosphorylated (upper, inactive) and 

dephosphorylated (lower, active) proteins. pRB means inactivated RB that is phosphorylated 

at Ser 807 and 811. β-actin was used as an internal control.
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Fig. 2. 
Senescent NSGCs in clinical and xenograft GBM in vivo. (A) Immunohistochemistry of 

human GBM tissue microarray (21–30 patient-derived tissue sections on each slide). Upper 

and lower panels represent the tissue sections with low and high frequencies of positive 

cells, respectively. In the case of 53BP1, presence of multiple nuclear foci (inset in the lower 

panel of 53BP1) was judged as marker-positive. (B) Immunohistochemistry of GSC-derived 

xenograft tumors. Each panel shows the same area derived from multiple slices of a tumor. 

Arrowheads indicate the antigen-positive cells. 146 GSCs and 157 GSCs mean xenograft 

tumors derived from GBM146 and GBM157 GSCs, respectively. (C) SA-β-gal staining of 

xenograft tumors. Arrowheads indicate SA-β-gal positive cells. (D) Immunofluorescence 

staining of GSC-derived tumors. Arrowheads indicate the p21+/GFAP+, IL-6+/GFAP+, and 

Ki67+/GFAP− cells, respectively. DNA was counterstained with DAPI (blue). (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)
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Fig. 3. 
Pro-angiogenic gene expression in senescent NSGCs. (A) Gene expression profiles were 

compared between senescent NSGCs (day 30 after serum exposure) and GSCs, as well as 

between senescent NSGCs and differentiated/pre-senescent NSGCs (day 7 after serum 

exposure). Expression of 303 and 401 probes was upregulated >10-fold in the senescent 

GBM146 and GBM157 cells, respectively. (B) Signal intensities of the 10-fold-upregulated 

gene probes (only secretory protein-coding genes) in senescent NSGCs. Fold change 

indicates the ratio of signal intensity of senescent NSGCs to the average of GSCs and 

differentiated NSGCs. (C) Gene ontology (GO) analysis of the senescent NSGC-associated 

genes (P < 0.005, Fisher’s exact test).
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Fig. 4. 
Senescent NSGCs enhance HBMEC growth and GSC-derived tumor formation. (A) ELISA 

of VEGFs in the conditioned medium (CM) of GBM146 and GBM157 cells precultured in 

serum-containing medium for the indicated time periods. For CM preparation, cells were 

cultured in serum-containing medium for 5 days, and the culture supernatants were 

collected. (B) ELISA of IL-6 and IL-8 in CM prepared as in A. (C) Promotion of HBMEC 

growth by the CM of senescent NSGCs (day 30 after serum exposure). Error bars, standard 

deviations. Statistical evaluations were performed using the Welch t test. **, P < 0.001. (D) 

Promotion of GSC-derived tumor formation by senescent but not differentiated NSGCs. 

GSCs with or without differentiated/senescent NSGCs were injected subcutaneously into 

NOD/SCID mice. After three months, tumor formation and its volume were evaluated.
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