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Abstract

Aims: Nijmegen breakage syndrome (NBS) is a rare autosomal recessive disorder caused

by hypomorphic mutations of NBS1. NBS1 is a member of the MRE11-RAD50-NBS1

(MRN) complex that binds to DNA double-strand breaks and activates the DNA damage

response (DDR). Nbs1 inactivation in neural progenitor cells leads to microcephaly and

premature death. Interestingly, p53 homozygous deletion rescues the NBS1-deficient

phenotype allowing long-term survival. The objective of this work was to determine

whether simultaneous inactivation of Nbs1 and p53 in neural progenitors triggered brain

tumorigenesis and if so in which category this tumour could be classified.

Methods: We generated a mouse model with simultaneous genetic inactivation of Nbs1

and p53 in embryonic neural stem cells and analysed the arising tumours with in-depth

molecular analyses including immunohistochemistry, array comparative genomic

hybridisation (aCGH), whole exome-sequencing and RNA-sequencing.

Results: NBS1/P53-deficient mice develop high-grade gliomas (HGG) arising in the

olfactory bulbs and in the cortex along the rostral migratory stream. In-depth molecular

analyses using immunohistochemistry, aCGH, whole exome-sequencing and RNA-

sequencing revealed striking similarities to paediatric human HGG with shared features

with radiation-induced gliomas (RIGs).
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Conclusions: Our findings show that concomitant inactivation of Nbs1 and p53 in mice

promotes HGG with RIG features. This model could be useful for preclinical studies to

improve the prognosis of these deadly tumours, but it also highlights the singularity

of NBS1 among the other DNA damage response proteins in the aetiology of brain

tumours.

K E YWORD S

genomic rearrangements, high-grade glioma, NBS1, P53, PDGFRA

INTRODUCTION

Genomic instability is a general trait of most cancer cells. In addition

to mutations and/or gene amplifications that are an initial requirement

for neoplastic transformation, cancer cells exhibit further features of

genomic instability, such as chromosomal aberrations and aneuploidy.1

The functional link between genomic instability and cancer is mirrored

by several genomic instability disorders such as Lynch syndrome,

Nijmegen breakage syndrome (NBS) and ataxia–telangiectasia (A-T).2

NBS is an autosomal recessive disorder caused by hypomorphic muta-

tions of NBS1 (also named NBN/Nibrin), which lead to microcephaly

and tumour predisposition.3 NBS1 is required for several essential bio-

logical processes including DNA damage response (DDR), DNA repli-

cation, DNA repair, cell cycle checkpoint control and apoptosis. NBS

patients harbour an increased risk of developing a variety of different

malignancies including lymphomas, perianal rhabdomyosarcoma4–6

and medulloblastoma.7 Moreover, NBS1 heterozygous carriers were

shown to exhibit a higher risk of developing prostate cancer and

ovarian tumours,8–10 breast cancer,11–16 melanoma,17 pancreatic

ductal adenocarcinoma,18,19 and colorectal carcinoma and larynx

cancer.16 NBS1 polymorphisms were also shown to be associated with

increased cancer risk.20 A variety of different mouse models of NBS

have been generated. Null mutation of Nbs1 causes early in utero

lethality at E3.5,21,22 but Nbs1 heterozygosity predisposes to tumour

development and irradiation-induced tumorigenesis.22 Mice expres-

sing C-terminal truncated NBS1 survive until adulthood and exhibit

many features of NBS including growth retardation and development

of thymic lymphomas.23 However, they fail to mimic the neurological

phenotype and brain tumour predisposition. In turn, a conditional

deletion model for Nbs1 in neural progenitors leads to a more severe

phenotype compared to NBS patients that include microcephaly,

ataxia and premature lethality around 3 weeks of age.24

P53 is a master regulator of the DNA damage and cellular stress

response. It controls a large number of genes involved in cell cycle

arrest, senescence and apoptosis. It eliminates somatic and stem cells

that have acquired a certain amount of genomic instability. p53 inacti-

vation was shown to trigger medulloblastoma formation in several

DDR-deficient mice such as BRCA2, XRCC4, LIG4 or XRCC2.25–27

Previously, it was shown that co-deletion of p53 substantially rescues

the microcephaly phenotype driven by NBS1 loss, but it is currently

unknown whether tumorigenesis occurs in this setting.24 To address

this important question, we conditionally deleted Nbs1 and p53

in vivo in neural stem cells using Nestin-Cre. Remarkably, we found

that simultaneous deletion of these genes led to the formation of

high-grade astrocytic tumours typically localised in the olfactory bulbs

and cortical region. To a lesser extent, medulloblastomas also arose.

Characterisation of the arising tumours showed heterogenous hyper-

activation of specific pathways that occur in the human counterpart

including PDGFRA. By systematic comparison of NBS1/P53-deficient

gliomas with the different human glioma subtypes, we discovered that

NBS1/P53-deficient HGG most closely resemble human paediatric

HGG, with characteristics of radiation-induced glioma (RIG). These

findings are consistent with the function of NBS1 in DDR and the

protection of common fragile sites (CFS). Collectively, our data

suggest a role for NBS1 in the aetiology of HGG and provide a novel

preclinical model to allow a detailed study of this tumour type.

MATERIALS AND METHODS

Mice

The Nbs1 floxed (B6;129-Nbs1 tm1Zqw), p53 knock-out

(B6.129S2-P53tm1Tyj/J), p53 floxed (FVB.129-P53 tm1Brn), Pten floxed

(B6.129S4-Pten tm1Hwu/J) were as described.24 The control group wild

type (WT) was composed of Nbs1+/+; Nbs1+/F; Nbs1F/F; p53F/�;

p53F/F; p53+/�; Nbs1+/+, p53F/F; Nbs1+/+, p53F/�; Nbs1+/+,

p53+/�; Nbs1+/+, p53F/F; Nbs1F/F, p53F/�; Nbs1F/F, p53+/�; Nbs1F/

F, p53F/F; Nbs1+/F, p53F/F; Nbs1+/F, p53F/�; Nbs1+/F, p53+/�;

Nbs1+/F, p53F/F. Mice of other experimental groups were identified

as follows: Nbs1Nes-Cre = Nbs1F/F, Nestin-Cre+/�, p53Nes-Cre = p53F/�,

Nestin-Cre+/� or p53F/F, Nestin-Cre+/�; Nbs1/p53Nes-Cre = Nbs1F/F,

p53F/�, Nestin-Cre+/� or Nbs1F/F, p53F/F, and Nestin-Cre+/�.

Key Points

• Nbs1 and p53 simultaneous deletion in Nestin-positive

neural progenitors promotes high-grade glioma.

• Nbs1 and p53 simultaneous inactivation in Nestin-positive

neural progenitors does not dramatically promote medul-

loblastoma formation.

• NBS1/P53-deficient gliomas recapitulate some of the

features of human radiation-induced high-grade glioma

(RIG).
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Histology and immunohistochemistry

Brains were collected in 4% (w/v) phosphate-buffered saline (PBS)-

paraformaldehyde (PFA) for 24 h at 4�C; 3 μm paraffin sections

were performed. Immunohistochemistry included cell conditioning

with Ventana (Ventana Medical Systems) cell conditioner 1 for

64 min, pre-primary peroxidase inhibition, incubation with OptiView

HQ Universal Linker for 12 min, incubation with OptiView HRP

Multimer for 12 min, OptiView Amplification (setting of OptiView

Amplifier and OptiView Amplifier Multimer both for 12 min) and

incubation with haematoxylin for 4 min each. The following anti-

bodies were used: Anti-γ-H2AX, anti-GFAP (Dako, Z0334), anti-SYN

(MRQ-40, Sigma-Aldrich), anti-PTEN (Cell Signaling Technology,

#9559), anti-PDGFRA (Santa Cruz, sc-338), anti-CCND1 (92G2, Cell

Signaling Technology, #2978), anti-CCND2 (D52F9, Cell Signaling

Technology, #3741). The antibody was incubated for 32 min at

37�C. Incubation was followed by Ventana standard signal amplifica-

tion, UltraWash, counterstaining with one drop of haematoxylin for

4 min, and one drop of bluing reagent for 4 min. For visualisation,

the ultraViewUniversal DAB Detection Kit (Ventana) was used.

Images were acquired on an Axioplan2 microscope (Carl Zeiss)

equipped with an AxioCamHR camera and AxioVision Version 4.8

(both Carl Zeiss) software. TUNEL staining was performed as

described.28 Magnifications are given in figure legends. For TUNEL

and γ-H2AX at least five serial sections were counted for each

mouse.

Western blot

Tumour tissues were lysed in sodium dodecyl sulftate (SDS) boiling

buffer. Samples were denatured at 95�C for 5 min and electropho-

retically separated on 4–12% Bis-Tris or 3–8% Tris–Acetate gels

(Invitrogen). Proteins were blotted onto nitrocellulose membranes

(Life Technologies). After blocking (5% milk powder, 0.05% Tween

20 in PBS) at room temperature for 1 h, the membranes were

incubated overnight at 4�C with the primary antibody in blocking

solution. The following antibodies were used in human samples:

anti-NIBRIN (Sigma, HPA001429, 1:300), anti-RAD50 (Santa Cruz,

sc-56209, 1:200), anti-MRE11 (Abcam, 12D7, 1:500), anti- β-ACTIN

(Cell Signaling Technology, #4970, 1:1000) and in mouse neural stem

cells: anti-NIBRIN (Cell Signaling Technology, #3002, 1:1000), anti-

RB1 (Cell Signaling Technology, 4H1, #9309, 1:1000), anti-DICER

(Santa Cruz, sc-136979, 1:1000), anti-PTEN (Cell Signaling Technol-

ogy, #9559, 1:1000), anti-AKT (Cell Signaling Technology, #9272,

1:1000), anti-S6-Ribosomal protein (Cell Signaling Technology,

#2271, 1:1000) and anti-β-ACTIN (Cell Signaling Technology, #4970,

1:1000). Incubation with secondary horseradish peroxidase-

conjugated anti-mouse or anti-rabbit antibody (Cell Signaling

Technology, 1:3000) for 1 h at room temperature was followed by

immunodetection with the Western Blotting Detection System

(Medac GmbH, Wedel, Germany).

Mouse HGG stem cell line isolation and culture

The isolation and the culture of HGG cell lines were performed using

the protocol to isolate and culture neural stem cells described in

Frappart et al.24

OMIC analysis

Isolation of genomic DNA and array CGH analysis were performed as

described.25 Whole-exome sequencing (WES), panel-sequencing and

RNA-sequencing were performed as described.29–32

Gene set enrichment analysis (GSEA)

Log2CPM (counts per million reads) was used for gene set enrichment

analysis with GSEA version 3.0.33,34 Specifically, we used ‘-metric

signal2noise -set_min 4 -permute gene_set’. The gene sets used were

taken from Verhaak et al35 and Cahoy et al36 and describe different

glioma subtypes.

HGG and MB databases

The website cBioportal (www.cbioportal.org) was used to identify

NBS1, MRE11A, RAD50 and ATM mutations in HGG (2242 patients)

and MB (791 patients) using the following studies37–46 and TCGA

Firehose Legacy and PanCancer Atlas. The website St. Jude Cloud

PeCan (www.stjude.cloud) was used to determine their mutations in

paediatric HGG and MB. NBS1 was found to be mutated in two out of

166 HGG patients and zero out of 693 MB patients; MRE11A was

found mutated in three out of 166 HGG patients and zero out of

693 MB patients; RAD50 was found mutated in four out of 166 HGG

patients and zero out of 693 MB patients.

Statistical analysis

GraphPad Prism 5 software was used for statistical analysis. A

two-tailed t-test was performed as indicated. p-values were based on

two-sided tests.

RESULTS

p53 inactivation in Nbs1Nes-Cre brains allows long-term
survival

We previously showed that neural stem cell-specific inactivation (via

Nestin-cre) of Nbs1 (Nbs1Nes-Cre) was lethal by postnatal day 21 (P21)

and that this phenotype could be rescued by the concomitant deletion

NBS1 AND HIGH-GRADE GLIOMAS 3 of 15
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of both p53 alleles leading to long-term survival24 (Figure 1A). This

finding suggested that loss of NBS1 in neural stem cells triggered a

p53-dependent damage response leading to cell growth arrest or

apoptosis. To dissect the mechanism underlying this rescue, we per-

formed TUNEL staining (Figure 1B,C) and indeed found a significant

drop in the number of cells undergoing apoptosis in neuro-

proliferative regions of the brain, the external granular layer (EGL) and

the cerebral cortex. This, in turn, leads to the rescue of the microceph-

aly phenotype in the cerebellum, cerebral cortex and olfactory bulbs

(Figure 1A). We hypothesized that chromosomal instability accumu-

lated due to NBS1 loss, leading to p53-mediated apoptosis as

shown previously. Interestingly, the number of γ-H2AX positive cells

in Nbs1Nes-Cre and Nbs1Nes-Cre/p53�/� brains was unchanged

(Figure 1D,E). It is likely, that in the absence of p53 and high-level

DNA damage, a senescence mechanism or cell cycle checkpoint would

be activated as observed in the NBS1-deficient skin47 or mouse

embryonic fibroblasts (MEF), to prevent the accumulation of DNA

damage.

We then monitored these animals for 10 months. However, both

the p53�/� and Nbs1Nes-Cre/p53�/� mice exhibited premature death,

often before 6 months of age and thus limited the use of the Nbs1Nes-

Cre/p53�/� mouse model to study tumorigenesis (Figure 1F). Indeed,

most of the animals developed lymphoma as previously described for

p53-deficient mice. However, 17% of Nbs1Nes-Cre/p53�/� presented

with subclinical high-grade astrocytic tumours (Figure 1G,H). There-

fore, we performed a conditional gene deletion approach to focus our

study on these brain tumours.

NBS1/P53 deficiency predisposes to high-grade
gliomas (HGG) and medulloblastoma

To overcome premature lethality, which unfortunately occurred inde-

pendent of brain tumour development, we generated a cohort of con-

ditional Nbs1/p53Nes-Cre and respective control mice to monitor them

for 10 months. The control groups were composed of WT and

p53Nes-Cre mice. Statistical analysis showed a significantly decreased

survival between Nbs1/p53Nes-Cre vs WT (p < 0.0001) or p53Nes-Cre

mice (p = 0.0002) (Figure 2A). No statistical difference was observed

between the survival of WT and p53Nes-Cre mice (p = 0.1805).

Histopathological analysis of Nbs1/p53Nes-Cre mice revealed that

reduced survival was indeed due to brain tumour development

(Figure 2B–D). Overall, tumour incidence was 68% in the Nbs1/

p53Nes-Cre group and the average age at death was 39.7 weeks

(Figure 2B). In contrast, only 17% of p53Nes-Cre mice displayed brain

tumours (Figure 2B). We found most of the tumours in the olfactory

bulbs (OB) but also in the cerebral cortex or the cerebellum

(Figure 2B,C). Conventional haematoxylin–eosin (H&E) staining for

histopathological analysis identified the vast majority of the tumours

as gliomas. They developed a fibrillary matrix, had increased nuclear

pleomorphism and a subset of multinucleated giant cells and were

mitotically active. All these features suggested that they are high-

grade astrocytic tumours. In addition, they showed diffuse infiltration

of the surrounding brain tissue, and some tumours showed microvas-

cular proliferation and/or necrosis reminiscent of glioblastoma. Fur-

ther immunophenotyping showed a lack of synaptophysin and low to

moderate GFAP immunoreactivity which were associated with poorly

differentiated gliomas (classified as HGGs) (Figure 2D). The remaining

tumours localised exclusively to the cerebellum and resembled

medulloblastoma (Figure 2C). Notably, the medulloblastomas often

developed simultaneously with HGG (Figure 2C). In contrast to Nbs1/

p53Nes-Cre, the p53Nes-Cre mice showed no medulloblastoma formation

and the few arising HGG localised to the cerebral cortex, and spared

the olfactory bulb (Figure 2B). Furthermore, systematic comparison of

cortical HGG in both genotypes did not reveal any histological differ-

ences either in terms of grading or in proliferative capacity.

Mutations of NBS1, RAD50 and MRE11A are extremely
rare events in human HGG

Our findings were consistent with several reports showing that NBS1

mutations associated with P53 mutations were found in a very small

subgroup of human HGG and medulloblastomas.48,49 To explore this

further, we analysed several databases and tumour samples at our dis-

posal to determine whether the NBS1 and P53 status could define a

subtype of tumours and could be used as biomarkers. Surprisingly, in

contradiction to former studies, cancer mutations databases such as

cBioPortal (www.cbioportal.org) or the Paediatric Cancer Genome

Project (www.stjude.cloud) did not list many NBS1, RAD50 and

F I GU R E 1 P53 inactivation rescues Nbs1Nes-Cre deleterious brain phenotype. (A) Rescue of Nbs1Nes-Cre brain defects at P21 by p53
inactivation. (B) Lack of apoptosis in Nbs1Nes-Cre, p53�/� EGL and cerebral cortex compared to Nbs1Nes-Cre EGL and cerebral cortex. Scale
bars = 20 μM. (C) the number of TUNEL-positive cells in EGL of Nbs1Nes-Cre, p53�/� brains is significantly reduced compared to the ones of
Nbs1Nes-Cre brains. Nbs1Nes-Cre (N = 3), Nbs1Nes-Cre, p53�/� (N = 2), Nbs1Ctrl (N = 4). Nbs1Nes-Cre vs Nbs1Ctrl (cerebral cortex **:p = 0.0018, EGL
****:p < 0.0001), Nbs1Nes-Cre, p53�/� vs Nbs1Nes-Cre (cerebral cortex *: p = 0.0359, EGL **:p = 0.0042), Nbs1Nes-Cre, p53�/� vs Nbs1Ctrl (cerebral
cortex *:p = 0,0181, EGL *:p = 0.0360). (D) both Nbs1Nes-Cre and Nbs1Nes-Cre, p53�/� EGL exhibit γ-H2AX foci. Scale bars = 20 μM.
(E) Quantification of γ-H2AX + cells in Nbs1Nes-Cre and Nbs1Nes-Cre, p53�/� EGL and cerebral cortex. N.s: no significant differences. Nbs1Nes-Cre

(N = 3), Nbs1Nes-Cre, p53�/� (N = 2), Nbs1Ctrl (N = 4). Nbs1Nes-Cre vs Nbs1Ctrl (cerebral cortex ***:p = 0.0009, EGL ****:p < 0.0001), Nbs1Nes-Cre,
p53�/� vs Nbs1Nes-Cre (cerebral cortex: non-significant (n.s), EGL: non-significant (n.s)), Nbs1Nes-Cre, p53�/� vs Nbs1Ctrl (cerebral cortex **:
p = 0.0027, EGL ****:p < 0.0001). (F) Survival curves of p53�/� (N = 22) and Nbs1Nes-Cre, p53�/� (N = 18) mice. No significant differences
between the survival of p53�/� and Nbs1Nes-Cre, p53�/� mice. Representative HGG in Nbs1Nes-Cre, p53�/� brains. Magnification �25, scale
bars = 600 μM (G) and �400, scale bars = 60 μM (H).

NBS1 AND HIGH-GRADE GLIOMAS 5 of 15
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MRE11A mutations in paediatric and adult brain tumours (Figure 3A).

Indeed, mutations of RAD50, NBS1 and MRE11A are found, depending

on their types, in fewer than 1% of the tumours.

To get a deeper insight, we first decided to analyse at the protein

level 50 primary human adult HGG samples. Interestingly, we found

that some of the HGGs exhibited depletion of RAD50, NBS1 or

MRE11 (Figure 3B). We were able to perform panel sequencing on

seven of these MRN-deficient tumours (Figure 3C). However,

mutations/polymorphisms of NBS1, RAD50 or MRE11A were found in

only two out of the seven sequenced tumours (NBS1 0/7, RAD50 1/7

and MRE11A 1/7) suggesting that mutations of the MRN complex

genes are extremely rare in HGG. This result is consistent with the

database of cancer mutations. Altogether, these data confirmed the

rarity of mutations in NBS1, RAD50 and MRE11A in both adult and

paediatric human HGG. Nevertheless, our data indicate that a non-

negligible percentage of HGG exhibit lower levels of MRN proteins.

Immunohistochemical (IHC) characterisation of NBS1/
P53-deficient HGG

To determine the classification of the Nbs1/p53Nes-Cre, an IHC analysis

was performed using well-known markers of the RTK (receptor tyro-

sine kinase), NTRK (neurotrophic tropomyosin–receptor kinase), p53

and RB1 pathways known to be HGG drivers (Figure 4A). The semi-

quantitative measurement of the staining was performed on 13 HGG

by a neuropathologist. A value of 0 was given for lack of expression

(basal expression in WT brain tissue) and values of 1–4 for increasing

expression. PDGFRA (Figure 4B) and phosphorylated-Met (p-Met)

(Figure 4C) were detectable in 10 out of 13 tumours (76%), CCND1

(Figure 4D) and CCND2 (Figure 4E) were found in eight out of

13 (62%) and six out of 13 (46%), respectively. Notably, all 13 tumours

overexpressed at least one of these oncogenes. In addition, we

observed partial or total depletion of PTEN (Figure 4F) in five out of

13 tumours (38%). PTEN depletion was often associated with the up-

regulation of phosphorylated-RPS6 (p-RPS6) (Figure 4H). Finally,

Dicer1 another tumour suppressor was lost in three out of 13 tumours

(23%) (Figure 4G). In parallel, western blot analysis on mouse

Nbs1/p53Nes-Cre HGG spheroid cell lines showed depletion of Rb1,

Dicer1, Akt1, Pten and up-regulation of p-RPS6 consistently with IHC

data (Figure 4I).

NBS1/P53-deficient HGG exhibit multiple genomic
rearrangements

An array comparative genome hybridization (aCGH) analysis was per-

formed in glioma tissue of this genotype to uncover chromosomal

F I GU R E 2 Nbs1/p53Nes-Cre mice develop high-grade gliomas and medulloblastoma. (A) Survival curves of WT (N = 39), p53�/� (N = 18) and
Nbs1/p53Nes-Cre (N = 51). Survival comparison: WT vs p53Nes-Cre (non-significant, n.s), WT vs Nbs1/p53Nes-Cre (p < 0.0001), p53Nes-Cre vs Nbs1/
p53Nes-Cre, (p = 0.0002). (B) Comparison of the age at death between p53Nes-Cre (N = 3) and Nbs1/p53Nes-Cre (N = 33) mice, n.s: non-significant,
and localization of the tumours in p53Nes-Cre and Nbs1/p53Nes-Cre mice. (C) Representative HGG and medulloblastoma from Nbs1/p53Nes-Cre mice.
Brain (scale bar = 1 mm), Medulloblastoma and glioma (scale bars = 100 μM) (D) immunohistochemistry of HGG from Nbs1/p53Nes-Cre: H&E
straining (scale bar = 80 μM), GFAP staining (scale bar = 200 μM), Synaptophysin staining (scale bar 60 μM).
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F I GU R E 3 Expression of NBS1, RAD50 and MRE11A in human HGG. (A) Summary of NBS1, MRE11A, RAD50 and ATM genetic alterations
in paediatric and adult HGG in cBioPortal and St. Jude PeCan databases. (B) Western-blot analysis of 50 primary human HGG indicates various
levels of expression of NBS1 (95 kDa), RAD50 (163 kDa) and MRE11 (81 kDa). (C) Panel sequencing of the primary HGGs exhibiting a low level
of RAD50, NBS1 and MRE11. Only one HGG exhibits a truncating RAD50 mutation and another HGG shows a MRE11A variant which was not
reported as pathogenic.
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deletions and amplifications. In six HGGs from Nbs1/p53Nes-Cre mice,

numerous recurrent genomic rearrangements including segmental and

total amplifications of chromosomes (Chr) 3, 4 and 5, and recurrent

Chr9, Chr12, Chr14 and Chr18 loss were detected in both cortical and

olfactory bulb tumours (Figure 5A). To identify specific chromosomal

loss and/or gain hot spots, we performed an analysis of altered probes

specifically on chromosomes 3, 4, 5, 9, 12, 14 and 18. We focused our

analysis on the genes altered in more than four out of six tumours.

Unfortunately, except for a few genes that were already found in rare

cases of human HGG such as Dcc and Pcdh9, no systematic specific or

recurrent alterations of HGG driver genes were identified (Figure 5B).

However, since we already found by IHC and western blot that the

RB, RTK, NTRK and AKT pathways were dysregulated, we decided to

specifically investigate those (Figure 5C–F). As expected, all these four

pathways were disrupted in these gliomas either by amplification of

oncogenes or loss of key tumour suppressor genes. Indeed, we found

that Rb1 localised on Chr14 was frequently lost (Figure 5C). In addi-

tion, the Ccnd1, Ccnd2 and Cdk6 genomic loci were amplified in 67%

(4/6) and 50% (3/6), respectively, of the HGGs (Figure 5C). Cdkn2a/b

was altered (gain or loss) in 50% of the HGGs. Similarly, in the AKT

pathway, Akt1 (Chr18) was altered in 100% (6/6) of the HGGs

(Figure 5D). Pten, was altered in one-third of the gliomas (2/6) similar

to what was found by IHC. Nevertheless, AKT1 despite a recurrent

loss of one allele, seems to be expressed in Nbs1/p53Nes-Cre

(Figure 4I). In contrast, Pten genomic loss was associated with

complete or partial expression loss in at least one-third of the

tumours. Consistent with this hypothesis, heterozygous inactivation

of Pten accelerated HGG development in Nbs1/p53Nes-Cre mice

(Supplementary Figure 1A,B) but without medulloblastoma formation

(Supplementary Figure 1C). In addition to Pdgfra and Egfr, amplifica-

tions of the Nras and Kras genomic loci were also found in 67% (4/6)

of the tumours (Figure 5E). Finally, Ntrk1 and Ntrk3 loci were

amplified in 50% (3/5) of the HGG analysed (Figure 5F), and in fact,

five out of six HGG exhibited amplification of either Ntrk1 or Ntrk3.

In order to identify the tumour suppressor genes localised on

Chr9, 12, 14 and 18, tumour exome sequencing was performed on

one Nbs1/p53Nes-Cre HGG. As expected, we observed similar chromo-

some loss as those found in aCGH (Figure 5G). However, very few

exonic point mutations were found, among them, Nf1 (Chr11), which

may play a role in gliomas (Figure 5H). Similarly, it was not possible to

find small sporadic exonic deletions or insertions and even careful

checking at heterozygote germline mutations and small deletions that

could become homozygote upon one chromosome loss, did not reveal

major findings on Chr9, Chr12, Chr14 and Chr18. Similar results

were obtained by sequencing one Nbs1/p53Nes-Cre, Pten+/F HGG

(Supplementary Figure 1D,E). In conclusion, despite recurrent

deletions and chromosome loss in Nbs1/p53Nes-Cre HGG, we could

not find any evidence of systematic genomic inactivation of tumour

suppressor genes. However, Nbs1/p53Nes-Cre HGG exhibit recurrent

events including disruption of the RB, p53, RTK and NTRK pathways

with overexpression of PDGFRA, Met, CCND1 and CCND2.

To complement the genomic and IHC data, RNA-sequencing of

four HGGs was performed to identify putative activating fusions using

the STAR-Fusion algorithm. We focused more specifically on gene

fusions such as ETV6::NTRK that were already shown in human HGG.

However, no common fusion signature was identified. Noticeably,

several putative fusions involving FGFR2 and JAK1 were found in

three of the HGG (Supplementary Figure 2). However, the fusions

seem to be the result of the higher genomic instability of the

NBS1-deficient HGG rather than key drivers/markers of the tumour

development.

Taken together, the IHC and genomic data indicate that

NBS1/P53 deficiency does not trigger a specific sequential inactiva-

tion of genes as was formerly observed in DDR-deficient medulloblas-

toma, but a more heterogeneous and complex set of gene alteration

leading to disruption or up-regulation of glioma-associated biological

pathways.

Expression-based characterisation of Nbs1/p53Nes-
Cre HGG

We performed a gene expression comparison between four Nbs1/

p53Nes-Cre HGG and a cohort of six, p53Nes-Cre spontaneous HGG.

Interestingly, the heat map based on the 50 top hits of both HGG sug-

gested that Nbs1/p53Nes-Cre and p53Nes-Cre HGG represent two differ-

ent entities (Figure 6A). Further analysis by gene set enrichment

(GSEA) using glioblastoma signatures from Cahoy et al36 and Verhaak

et al50 reveals that Nbs1/p53Nes-Cre HGG show enriched expression

of classical glioblastoma (Figure 6B,C), astrocytic (Figure 6D,E),

F I GU R E 4 Immunohistochemistry and western blot analysis of the Nbs1/p53Nes-Cre –HGGs. (A) Graphical abstract of the main biological
pathways known to be altered in HGG. (B) PDGFRA IHC staining in HGG, representative HGG with high or low expression of PDGFRA. (C) Semi-
quantitative measurement of PDGFRA expression in 13 Nbs1/p53Nes-Cre –HGGs. (D) p-met IHC staining in HGG, representative HGG with high or
low expression of p-met. (E) Semi-quantitative measurement of p-met expression in 13 Nbs1/p53Nes-Cre –HGGs. (F) CCND1 IHC staining in HGG,
representative HGG with high or low expression of CCND1. (G) Semi-quantitative measurement of CCND1 expression in 13 Nbs1/p53Nes-Cre –
HGGs. (H) CCND2 IHC staining in HGG, representative HGG with high or low expression of CCND2. (I) Semi-quantitative measurement of
CCND2 expression in 13 Nbs1/p53Nes-Cre –HGGs. (J) Pten IHC staining in HGG, representative HGG with high or low expression/loss of Pten.
(K) Semi-quantitative measurement of Pten expression in 13 Nbs1/p53Nes-Cre –HGGs. Pten seems to be lost in 5 out of 13 HGGs. (L) p-RPS6 IHC
staining in HGG, representative HGG with high or low expression of p-RPS6. (M) Semi-quantitative measurement of p-RPS6 expression in
13 Nbs1/p53Nes-Cre –HGGs. (N) Dicer1 IHC staining in HGG, representative HGG with high or low expression of p-RPS6. (O) Semi-quantitative
measurement of Dicer1 expression in 13 Nbs1/p53Nes-Cre –HGGs scale bars = 100 μM. (P) Western-blot analysis of mouse Nbs1/p53Nes-Cre HGG
spheroids showing depletion of Dicer1, Rb1 and Pten.
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mesenchymal (Supplementary Figure 3A,B) and MYC pathway

(Supplementary Figure 3C,D) genes. These data are consistent with

the genomic ones that suggested a mixed lineage and increased

tumour heterogeneity of the Nbs1/p53Nes-Cre HGG.

DISCUSSION

To characterise the function of NBS1 in the aetiology of brain

tumours, we conditionally inactivated it together with p53, through-

out the nervous system using Nestin-Cre. We found a high incidence

of HGG development. These HGGs recapitulated the vast majority of

the features of human HGG and recurrent biological pathway alter-

ations. Our findings suggested that the key events upon p53 loss are

the up-regulation of PDGFRA and other oncogenic factors such as

Met and CCND2. The Nbs1/p53Nes-Cre HGG resemble most of the

paediatric HGG subgroup ‘pedRTK1’ with shared features of RIGs.

It has been shown that concomitant inactivation of DDR genes

such as Brca2,27 Lig4,25 Xrcc2,25 Xrcc426 and p53 using Nestin-Cre

triggered medulloblastoma formation originating from granule cells

with an incidence of 100% by 6 months of age, indicating a particular

requirement for those proteins and DNA repair pathways during cer-

ebellar granule cell development. Surprisingly, the Nbs1/p53Nes-Cre

mice developed very few medulloblastomas that exhibit the DDR-

associated SHH signature but mainly HGG, indicating discrepancies

between NBS1 and the other DDR proteins. Several arguments could

be provided to explain this phenomenon. First, it was shown that

apoptosis and cell proliferation induced by double-strand breaks

(DSBs) resulting from Nbs1 inactivation during embryonic develop-

ment were differentially regulated in the neocortex and the cerebel-

lum by the P53/haematopoietic zinc finger (HZF) complex.51 Second,

it is likely that similar to the skin,47 the numerous DSB and P53

depletion in NBS1-deficient granule cells would trigger the enhance-

ment of a pro-inflammatory phenotype that may compensate for the

lack of apoptosis by blocking cell cycle progression and eliminating

damaged cells,52 whereas in the subventricular zones of the cortex,

either the lack of a pro-inflammatory phenotype or its effect on

promoting the proliferation of certain cell types or preventing their

differentiation would lead to tumour development. Finally, recently it

was found in an SHH-medulloblastoma model that complete deletion

of Nbs1 prevented, whereas heterozygous deletion promoted,

SHH-MB development.53

The literature contains contradictory data on NBS1 mutations in

brain tumours. Indeed, homozygous and heterozygous germ-line

NBS1 mutations were shown to predispose to medulloblastoma and

gliomas.7,54–56 However, Nbs1 heterozygous mice or with hypo-

morphic mutations22,23,57,58 do not exhibit brain tumour predisposi-

tion suggesting physiologic and genetic discrepancies in the aetiology

of brain tumours between humans and mice. Moreover, initial studies

reported relatively frequent NBS1 mutations and polymorphisms

associated with P53 mutations in sporadic medulloblastomas and

gliomas.48,49 Nevertheless, cancer genomic projects and our human

findings list only seldom sporadic mutations of NBS1, MRE11A and

RAD50 in paediatric or adult HGG and medulloblastomas.

The Nbs1/p53Nes-Cre HGGs are reminiscent of the majority of

the genetically engineered mouse models of gliomas based on p53,

Pten, Nf1 or Rb1 inactivation.59,60 However, in contrast to other

models, our model exhibits a more pronounced olfactory bulb loca-

tion that could reflect the cell of origin for this tumour entity.61 The

molecular signature with PDGFRA amplification and P53 mutations

and the embryonic pattern is reminiscent of paediatric HGG without

H3 and IDH– mutations. However, Nbs1/p53Nes-Cre HGGs failed to

fully recapitulate molecular and genetic characteristics of paediatric

HGG.62–64 Nevertheless, recent studies that focused their work on

secondary gliomas arising upon therapeutic radiation also known as

RIG were able to provide comprehensive molecular profiling of this

tumour entity and a new perspective for the Nbs1/p53Nes-Cre HGG

model.65–68 Indeed, RIGs cluster with the paediatric receptor tyro-

sine kinase 1 (pedRTK1) methylation group and exhibit frequent

P53 and CDKN2A/B loss together with PDGFRA, MET and CDK4

amplifications.65,66 In addition, an expression-based signature of RIG

defined two sub-groups: group A (proneural GBM, MYC pathway

up-regulation) and group B (mesenchymal GBM, high mutation

burden, decreased DNA repair).65 All the characteristics of ‘mesen-

chymal GBM’ and ‘decreased DNA repair’ resemble closely those of

the Nbs1/p53Nes-Cre HGGs. These findings are consistent with the

reported role of both NBS1 and P53 in preventing radiation-induced

tumours. Indeed, it was shown that heterozygous inactivation of

p53 together with Pten triggers gliomas upon radiation with multiple

genomic rearrangements including recurrent Met amplification.69,70

Similarly, Nbs1 heterozygote mice upon irradiation developed multi-

ple tumours including thyroid but surprisingly no brain tumours.22

The lack of brain tumours in Nbs1 heterozygote irradiated mice may

be explained by the advanced age of the mice at the time of irradia-

tion. Moreover, the genetic alterations observed in RIG were shown

to be associated with chromosomal fragile sites71,72 and NBS1 is

involved in the processing of those sites.73 However, we cannot

exclude that the overall high genomic instability observed in Nbs1/

p53Nes-Cre is also due to the role of NBS1 in DNA replication74,75

and DSB DDR.76

F I GU R E 5 Recurrent genomic rearrangements in Nbs1/p53Nes-Cre HGG. (A) Summary of the aCGH analysis of six Nbs1/p53Nes-Cre –HGGs
reveals recurrent chromosomes (Chr) 3, 4, 5 amplification and Chr 9, 12, 14 and 18 loss. Summary of the genomic rearrangements by aCGH
affecting the RB1 (B), AKT1 (C), RTK/RAS (D) and NTRK (E) pathways in the Nbs1/p53Nes-Cre HGGs. Each column represents a single tumour, and
each row a gene. Each red square indicates a genomic amplification whereas blue squares indicate a genomic loss. (1) HGG #1776, (2) HGG
#1855, (3) HGG #2117, (4) HGG #2069, (5) HGG #2185, (6) HGG #2274. Whole-exome sequencing of Nbs1/p53Nes-Cre HGG. (F) Exome-
sequencing of HGG#2117. (G) Point mutations summary in HGG#2117.
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F I GU R E 6 RNA-seq expression profile of Nbs1/p53Nes-Cre vs p53Nes-Cre HGG. (A) Heat map of the 50 top hits differentially expressed genes
in Nbs1/p53Nes-Cre (N = 4) vs p53Nes-Cre (N = 6) HGG. (B) GSEA of classical glioblastoma genes set in Nbs1/p53Nes-Cre (N = 4) vs p53Nes-Cre (N = 6).
(C) Heat map of the classical glioblastoma genes set differentially expressed in Nbs1/p53Nes-Cre (N = 4) vs p53Nes-Cre (N = 6) HGG. (D) GSEA of an
astrocytic gene set in Nbs1/p53Nes-Cre (N = 4) vs p53Nes-Cre (N = 6). (E) Heat map of an astrocytic gene set differentially expressed in Nbs1/p53Nes-
Cre (N = 4) vs p53Nes-Cre (N = 6) HGG.
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In summary, our study provides a comprehensive analysis of the

role of NBS1 in the aetiology of paediatric HGG/RIG and the molecu-

lar signatures that accompany the development of these HGG.
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