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and repair of DSBs

II. Glioblastoma 
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III. Radiation-induced 

gliomagenesis

DNA double-strand breaks (DSBs)
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NHEJ: error-prone; occurs in G1/S/G2 HR: error-free; occurs only in S/G2



Glioblastoma –highly radioresistant brain tumors

1. PTEN

2. EGFR

3. p53

4. Arf

5. Ink4a
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RTK-PI3K-Akt

Arf- Mdm2-p53

Ink4a-RB

Ohgaki and Kleihues

Am J of Path (2007)

McLendon et al Nature (2008)



Stupp et al N Engl J Med (2005)

RT + TMZ

RT

Ionizing radiation (in conjunction with temozolomide) 

remains the mainstay of GBM therapy

IR-induced DSBs          NHEJ & HR

TMZ-induced DSBs      HR



Pre-clinical studies indicate therapeutic potential of 

SRS/immunotherapy combinations

•Multiple studies in mouse glioma models indicate that SRS synergizes with antibodies 

targeting immune checkpoints (e.g., anti-PD-1 and anti-PD-L1 antibodies)

• Multiple clinical trials evaluating the use of SRS with anti-​PD-1 antibodies in newly 

diagnosed and recurrent glioblastoma (e.g., NCT02648633 and NCT02866747)

Lim et al Nature Reviews (2018) 

GL261 cells in C57BL6J mice



GBM development from radiation exposure



Courtesy P. Saganti, NASA-

JSC

Galactic Cosmic Rays (GCR)

ÅProtons or hydrogen nuclei 

(85%)

Åa-particles or helium nuclei

(14%)

ÅHZE particles(1%)

high energy heavy ions

highly ionizing

highly penetrating 

•Cancer risk to astronauts (heavy ions)

• Particle therapy of cancers (H and C)

High (H) atomic no (Z) and energy (E) particles

grays

H2AX

1 GeV/nu Fe

53BP1

“Modulation of the DNA damage response to HZE particles by shielding.” Mukherjee et al DNA Repair (2008)

“Loss of p15/Ink4b accompanies tumorigenesis triggered by complex DSBs.” Camacho et al Carcinogenesis (2010)



Contribution of heavy ions to space radiation

From Zeitlin and Cuccinotta

H C O Ne Si Ti Fe

ÅCancer risk to astronauts on Mars missions?

ÅSecondary cancers from particle therapy?



NASA Space Radiation Res Lab

RHICNSRL

Research labs

NASA Space Radiation Laboratory

Brookhaven National Laboratory, NY



Identification of sensitive mouse models to study 

radiation-induced glioblastoma development

Sensitivity to IR-induced transformation

Ink/Arf

Cohort

Ink4a +/+ 

Arf +/+

Ink4a f/f

Arf f/f

Ink4a/Ink4b -/-

Arf f/f

Ink4a/Ink4b-/-

Arf f/f; Ptenf/+

p53/Pten
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p53 +/+ 
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p53 f/+ 
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p53 +/+ 

Ptenf/+
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X

Nestin-Cre

HZE Particles 

vs X-rays 

Deletion of floxed

alleles in the brain

floxed TSGs

(n = 40)
Nestin-Cre LacZ reporter

E15

Objective: Identify mice that do not develop spontaneous gliomas and develop high 

grade gliomas only after radiation exposure



Fe ions induce persistent DNA damage in the brain

Mock-IR 1 hr 1 day

3 day 1 month14 day 1 month
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Induction of high-grade gliomas by Fe ions (10 cGy)

10mm

Mock Fe ( 2 months)



Nestin-Cre

mice

WT Ink4a/Arf f/f Ink4ab-/-

Arf f/f

Ink4ab-/-; Arf f/f

Pten f/+

Mock irradiation 0% 0% 0% 2.5% (4 mo)

Fe ions 1 Gy 0% 10% (7.3 mo) 25% (5.5 mo) 35% (5.5 mo)

Nestin-Cre

mice

WT p53 f/+ 

Pten +/+

p53 +/+

Pten f/+

p53 f/+ 

Pten f/+

p53 f/f 

Pten +/+

p53 f/f 

Pten f/+

Mock 

irradiation

0% 0% 0% 2.5%

(14 mo)

~10%        

(3 mo)

High 

frequency

Fe ions 0.5 Gy 0% 9.1%

(13.9 mo)

2.5%

(14.1 mo)

27.5%       

(11.5 mo)

58%        

(3.5 mo)

ND

Optimal mouse models of IR-induced gliomagenesis

Ink4ab -/-; Arf f/f p53 f/+; Pten f/+

Mock n=40

Fe n=40 Mock n=40

Fe n=40

high signal : low noise



Ink4ab -/-; Arf f/f p53 f/+; Pten f/+
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Histopathological features of radiogenic 

tumors resemble human high grade gliomas



Radiation-induced tumors express cell lineage 

markers of glial origin
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Tumor neurosphere cultures from radiation-induced 

GBMs possess qualities of cancer stem cells

GL2634 (500 cells)

n=5



>3

Met

Lo
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Non-Amp

Met amplification in 42% of 

Fe-induced GBMs

Met FISH

Genomic amplification of the receptor  tyrosine kinase 

Met is a oncogenic driver in the radiogenic gliomas

Gherardi et. al.Nature

Reviews Cancer (2007)

HGF

MET



Met amplification drives Sox2 expression and 

supports a cancer stem cell phenotype
• Met signaling supports a glioblastoma stem-like phenotype via Sox2 induction (Li et al., PNAS 2011)

• Sox2 can reprogram differentiated GBM cells into induced cancer stem cells (Suva et al., Cell 2014)
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1. DNA double-strand breaks cooperate with loss of Ink4 and Arf tumor suppressors to generate glioblastomas with 

frequent Met amplification. Camacho et al. Oncogene 34:1064-72 (2015)

2. Radiation-induced DNA damage cooperates with heterozygosity of TP53 and PTEN to generate high grade 

gliomas. Todorova et al. Cancer Research (2019)
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Z NA 1 6 10 14 22 26

Energy 250 kV 150 MeV/n 293 MeV/n 255 MeV/n 238 MeV/n 664 MeV/n 600 MeV/n

LET (keV/µm) 2 0.5 13 39 79 120 174

Conclusion: even low doses of IR is gliomagenic
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Adding DNA repair defects to mouse glioma models –

potential utility for SRS/immunotherapy studies

Nes-Cre; p53 f/+; Pten f/+; Ligase 4 f/+ (NHEJ defect)

Nes-Cre; p53 f/+; Pten f/+; Brca 2 f/+  (HR defect)
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“The dual PI3K/mTOR inhibitor NVP-BEZ235 is a potent inhibitor of ATM- and DNA-PKcs-mediated DNA damage 

responses.” Mukherjee et al. Neoplasia (2012) 

NVP-BEZ235 -
Blocks NHEJ and HR

Inhibiting DNA repair in mouse glioma models –

potential utility for SRS/immunotherapy studies

“Inhibition of DNA double-strand break repair by the dual PI3K/mTOR inhibitor NVP-BEZ235 as a strategy for 

radiosensitization of GBM.” Gil Del Alcazar et al Clinical Cancer Research (2014) 



GBM recurrence after radiotherapy



Modeling GBM recurrence in mice
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GBMs are irradiated with 60 Gy

of IR which includes a 2-3 cm 

margin around the tumor

Preusser et al A Neurology (2011)

Radiation-induced genetic changes to the  tumor cell

may synergize with radiation-induced changes to the 

tumor microenvironment to drive recurrence



Senescence-Associated Secretory Phenotype (SASP)

p16Ink4a

CDK4

Cyclin D1

p53 p21

CDK4(6)

Cyclin D

DNA damage, oncogenic 
activation, oxidative stress 
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Senescent Cell
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Hypothesis: Radiation-induced senescence of 

normal brain cells in the tumor microenvironment 

promotes GBM recurrence via SASP

Astrocyte Glioma Cell

SASP

Growth Factors

Metalloproteases

ECM Components

HGF
MET

Senescence
p21

p16 RAS-MAPK

PIK3-AKT

Invasion

Stemness



IR triggers senescence of astrocytes in the brain

M o c k IR
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Pre-irradiation of the brain promotes glioma growth
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Pre-IrradiatedMock

Tumors in pre-irradiated brains are more invasive
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Pre-IrradiatedMock

DAPI/HGF DAPI/pMET DAPI/HGF DAPI/pMET

?

Does HGF secretion by senescent astrocytes promote

tumor invasion via Met activation?



Irradiated astrocytes secrete HGF and promote 

migration of glioma cells in vitro
GL261 (top)Astrocytes (bottom)

Phalloidin stainingSA-β-Gal staining
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                             w  h  h  “senolytic” 

ABT263* clears senescent cells from the brain
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SASP can support or suppress anti-tumor  immunity

Faget et al Nature Reviews (2019) 
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