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Human glioblastoma arises from subventricular 
zone cells with low-level driver mutations
Joo Ho Lee1,8, Jeong eun Lee1,2,8, Jee Ye Kahng1,3, Se Hoon Kim4, Jun Sung Park1, Seon Jin Yoon5, Ji-Yong Um6, Woo Kyeong Kim1, 
June-Koo Lee1, Junseong Park5, eui Hyun Kim5, Ji-Hyun Lee5, Joon-Hyuk Lee3, Won-Suk Chung3, Young Seok Ju1,  
Sung-Hong Park1,6, Jong Hee Chang5, Seok-Gu Kang5,9* & Jeong Ho Lee1,7,9*

Glioblastoma (GBM) is a devastating and incurable brain tumour, 
with a median overall survival of fifteen months1,2. Identifying 
the cell of origin that harbours mutations that drive GBM could 
provide a fundamental basis for understanding disease progression 
and developing new treatments. Given that the accumulation of 
somatic mutations has been implicated in gliomagenesis, studies 
have suggested that neural stem cells (NSCs), with their self-renewal 
and proliferative capacities, in the subventricular zone (SVZ) of the 
adult human brain may be the cells from which GBM originates3–5. 
However, there is a lack of direct genetic evidence from human 
patients with GBM4,6–10. Here we describe direct molecular genetic 
evidence from patient brain tissue and genome-edited mouse 
models that show astrocyte-like NSCs in the SVZ to be the cell of 
origin that contains the driver mutations of human GBM. First, we 
performed deep sequencing of triple-matched tissues, consisting 
of (i) normal SVZ tissue away from the tumour mass, (ii) tumour 
tissue, and (iii) normal cortical tissue (or blood), from 28 patients 
with isocitrate dehydrogenase (IDH) wild-type GBM or other types 
of brain tumour. We found that normal SVZ tissue away from the 
tumour in 56.3% of patients with wild-type IDH GBM contained 
low-level GBM driver mutations (down to approximately 1% of 
the mutational burden) that were observed at high levels in their 
matching tumours. Moreover, by single-cell sequencing and laser 
microdissection analysis of patient brain tissue and genome editing 
of a mouse model, we found that astrocyte-like NSCs that carry 
driver mutations migrate from the SVZ and lead to the development 
of high-grade malignant gliomas in distant brain regions. Together, 
our results show that NSCs in human SVZ tissue are the cells of 
origin that contain the driver mutations of GBM.

The patients enrolled in our study underwent supra-total resection 
or other surgical resection of tumours located primarily in the temporal 
lobe, providing access to normal SVZ tissue away from the tumour 
mass, under the assistance of a magnetic resonance imaging (MRI)-
based navigation11 (Fig. 1a, b and Extended Data Fig. 1d). To examine 
somatic mutations in normal SVZ tissue away from the tumour mass, 
we collected 55 triple-matched tissue specimens, including (i) patho-
logically and radiographically normal SVZ tissue with a safe distance 
from the tumour (Table 1), (ii) tumour tissue, and (iii) unaffected nor-
mal cortical tissue (or blood), from 28 patients with GBM, IDH-wild-
type glioma, IDH-mutant glioma, or other types of brain tumours, such 
as meningioma and brain metastases (Fig. 1a, b and Extended Data 
Fig. 1). In addition, we collected the triple-matched tissues from two 
patients in whom GBM had invaded SVZs as a positive control. In total, 
we examined 97 tissue samples, along with detailed clinical information 
for each of the 30 patients (Supplementary Table 1).

We performed deep sequencing of all triple-matched samples, 
including deep whole-exome sequencing (WES) (average depth 

of 391×) in 38 samples and deep targeted sequencing of two hot-
spot mutations c.−124C>T and c.−146C>T of telomerase reverse 
transcriptase (TERT) promoter (average depth of 1,230,967×) in 91 
samples and 79 glioma-related genes (see Methods) annotated by 
the Cancer Genome Atlas12,13 (average depth of 601×) in 18 samples 
(Supplementary Tables 1, 2). Among tissues analysed with deep WES, 
we identified an average of 23.0 somatic mutations in each tumour-
free SVZ specimen and 80.7 in each tumour specimen, compared to 
an average of 4.3 somatic mutations in normal brain and blood tis-
sue. We discovered that 42.3% of the patients (11 out of 26) had at 
least one somatic mutation in the coding or TERT promoter region of 
tumour-free SVZs that was shared with the matched tumour (Fig. 1c 
and Extended Data Figs. 2a, 3a). Deep WES in the eight patients 
revealed that an average of 15.6 somatic mutations per individual was 
shared between matched tumour and tumour-free SVZ tissue. The 
shared somatic mutations in the tumour-free SVZ and the matched 
tumour tissue were found only in patients with IDH-wild-type GBM 
and not with other types of brain tumour (Fig. 1d and Extended Data 
Figs. 2b, c, 3b). More surprisingly, 81.8% (9 out of 11) of the patients 
with IDH-wild-type GBM who had somatic mutations shared between 
SVZ and tumour tissue contained low-level driver mutations in TERT 
promoter or cancer-driving genes, such as EGFR, PTEN and TP53 in 
their tumour-free SVZ tissues (Table 1). Moreover, in the 9 patients, 
75.3% of somatic mutations found in tumour tissues were also acquired 
only in the tumour, as tumour-private mutations. Meanwhile, deep 
WES in the patients with GBM-invaded SVZ showed that tumour- 
private somatic mutations in the GBM-invaded SVZs accounted for 
only 6.3% of all somatic mutations found in the matched tumour 
(Fig. 1e and Extended Data Fig. 3c). We further analysed the patterns 
of copy number variations (CNVs) in all chromosomes using deep 
WES data in the patients with IDH-wild-type GBM who had driver 
mutations in tumour-free SVZ tissue. Consistent with the patterns of 
somatic single nucleotide variation (SNVs) and indels, we noted that 
most structural abnormalities in chromosomes from tumour tissue 
were not present in tumour-free SVZ tissues (Extended Data Fig. 2e, f).  
Meanwhile, we also confirmed that low-frequency of epidermal growth 
factor receptor (EGFR) amplification as a driver CNV was shared between 
these two tissues, using quantitative PCR (qPCR) and fluorescence in situ 
hybridization (FISH) (Extended Data Fig. 2d, g). Together, these data 
indicated that patients with IDH-wild-type GBM contain low-level driver 
mutations in tumour-free SVZs, and also acquire most somatic mutations 
as tumour-private mutations during the development of cancer.

The low-level driver mutations in the tumour-free SVZs, which were 
found at high levels in the matched tumour tissue, can be explained 
by two scenarios: micro-invasion of cells harbouring driver mutations 
from GBM into SVZs, or clonal evolution of cells harbouring driver 
mutations from the SVZ to GBM (Fig. 2a). The distribution of shared 
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driver mutations and tumour-private mutations in a single cell isolated 
from tumour and tumour-free SVZ tissue can reveal the evolutionary 
direction of mutated clones. To examine which of these scenarios is 
correct in GBM, we performed single-cell cloning or isolation with 
targeted sequencing in tumours carrying shared driver mutations with 
SVZ tissue in patients with IDH-wild-type GBM. From a bulk cul-
ture of the tumour (GBM245) containing the shared mutations with 
tumour-free SVZ, we grew 24 single-cell-derived clonal cell popula-
tions that form a single sphere. We then performed sequencing of 6 
shared mutations and 7 tumour-private mutations of each single clone 
(Fig. 2b). None of the single clones had only shared mutations without 
tumour-private mutations. Furthermore, using fluorescence-activated 
cell sorting (FACS), we performed single-cell sequencing from the 
tumours (Extended Data Fig. 4). The results of single-cell sequencing  
were also consistent with the single-cell cloning (Extended Data 
Fig. 5a). To examine the distribution of mutations in the ancestor clones  
isolated from tumour-free SVZs, we further performed single-cell sorting  
and sequencing from the tumour-free SVZ in patient GBM187. 
Therein, a few clones (similar to the mutational burden) harbouring the 
shared mutations lacked the tumour-private mutations; the other clones 

had normal alleles at both sites (Extended Data Fig. 5b). Therefore, we 
deduced that the cells containing driver mutations in tumour-free SVZ 
tissue away from the tumour clonally evolve to GBM.

Next, we sought to determine which cell types in tumour-free SVZs 
harbour the mutations driving GBM. The human SVZ is known to 
comprise three anatomically distinct layers: the ependymal layer, hypo-
cellular gap, and astrocytic ribbon14. Of these three layers, the glial 
fibrillary acidic protein (GFAP)-positive, astrocytic ribbon in the SVZ 
contains astrocyte-like stem cells3,14. We performed immunostaining 
and laser capture microdissection in order to isolate separately the three 
layers of SVZ in two patients with GBM (Fig. 2c and Extended Data 
Fig. 5c): these two patients had anatomically intact, tumour-free SVZs 
with low-level TERT promoter C228T mutations. Next, we performed 
deep site-specific amplicon sequencing of the TERT promoter in 
enriched cells of each layer. Interestingly, compared to deep sequencing  
results in bulk genomic DNA, significant enrichment of the TERT 
promoter mutation was noted only in GFAP-positive, astrocyte-like 
stem cells from the astrocytic ribbon layer (Fig. 2d and Extended Data 
Fig. 5d). Together, these results suggested that astrocyte-like stem cells 
from the astrocytic ribbon of the SVZ harbour driver mutations and 
clonally evolve to tumours away from the SVZ in patients with GBM.

Notably, the TERT promoter mutations were found in all of the 
patients with IDH-wild-type GBM  that had driver mutations in 
tumour-free SVZ tissue (Extended Data Fig. 3a and Extended Data 
Table 1). To understand how often TERT promoter mutations occur 
in the NSCs niche of ‘normal’ or ‘non-cancer’ aged brain, compared 
to IDH-wild-type GBM, we performed deep sequencing of TERT 
promoter mutation sites in the non-cancer hippocampus, including 
the dentate gyrus (another NSC niche in the human brain15,16) from  
6 individuals without dementia and 43 patients with Alzheimer’s disease,  
with an average age of 84 years. Whereas 56.3% (9 out of 16) of our 
patients with IDH-wild-type GBM had TERT promoter mutations in 
tumour-free SVZ tissue, 6.1% (3 out of 49) of the normal brain spec-
imens had TERT promoter mutations, with variant allele frequencies 
(VAFs) ranging from 1.2 to 7.0%, thereby suggesting that TERT pro-
moter mutations can be acquired in the NSCs of normal or non-cancer 
aged brain with much lower rates than those in IDH-wild-type GBM 
(Extended Data Fig. 5e).

To examine the aetiology of somatic mutations in tumour-free SVZs, 
we attempted to analyse genetic signatures17 of the somatic mutations 
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Fig. 1 | Deep sequencing analysis of somatic mutations in tumour-
free SVZ tissue and matching tumour tissue from patients with GBM. 
a, Schematic presentation of the experimental design of this study, 
comprising deep sequencing analysis of triple-matched tissues followed by 
biological validation. b, Sampling sites determined with brain MRI of all 
30 patients. c–e, Variant allele frequency (VAF) scatterplots of mutations 
from the triple-matched samples. A single point represents an individual 
somatic mutation found in each sample. Mutations private to SVZ (x axis), 
private to tumour (y axis) or shared between two tissues are shown as 
a function of the VAF of the mutation. Red dots indicate cancer-driver 
mutations (see Methods). Representative VAF scatterplots of mutations 
from the patients with IDH-wild-type (WT) GBM (c), IDH-mutant (mut) 
GBM (d), and IDH-wild-type GBM-invaded SVZ (e). fs, frameshift.

Table 1 | Clinical and molecular data for patients with GBM

Patient no.
Distance 
(SVZ-tumour) Sex/age

Shared mutations (SVZ → tumour)

SNV, indel (VAF) TERT (VAF)
CNV (fold 
change)

GBM26 13.4 mm F/70 EGFR:p.A289V 
(3% → 48%) 
PTEN:p.V317fs 
(2% → 35%)

C228T  
(1% → 37%)

EGFR  
(5 → 137)

GBM187 18.8 mm M/67 TP53:p.C176Y 
(7% → 92%)

C228T  
(2% → 42%)

−

GBM245 7.2 mm M/73 TP53:p.E285K 
(13% → 82%)

C228T  
(6% → 52%)

−

GBM276 5.3 mm M/60 − C228T  
(2% → 33%)

EGFR  
(3 → 18)

GBM499 7.6 mm M/60 EGFR:p.A289V 
(4% → 29%)

C228T  
(1% → 38%)

EGFR  
(7 → 83)

GBM520 26.6 mm M/44 RB1:p.K202fs 
(19% → 39%)

C228T  
(22% → 36%)

EGFR  
(10 → 21)

GBM1255 6.8 mm M/53 N/A C228T  
(1% → 32%)

N/A

GBM1256 4.3 mm F/67 N/A C250T  
(5% → 22%)

N/A

GBM1395 3.3 mm M/71 N/A C228T  
(1% → 40%)

N/A

Patients had IDH-wild-type GBM and carried shared driver mutations between tumour-free 
SVZs and their matching tumour. N/A, not applicable (that is, SNV and CNV analyses were not 
performed). ‘−’ denotes no CNV found in the analysis.
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found in tumour-free SVZ, tumour and GBM-invaded SVZ (Fig. 2f, g 
and Extended Data Fig. 5f). For the three tissue types, signatures 1 and 
5, which are found in almost all human cancer and normal tissues18,19, 
were the two dominant mutational signatures (Fig. 2e). Signature 1 is 
thought to arise as the result of spontaneous deamination of 5-methyl 
cytosine to thymine18; signature 5 has a broad mutational spectrum 
resulting from unknown processes. Notably, although somatic muta-
tions attributable to signature 5 were similar in number, most additional 
somatic mutations in the two neoplastic tissue types were caused by 
signature 1 (Fig. 2e and Extended Data Fig. 5g). The enrichment of 
signature 1 in the neoplastic tissues may reflect the much higher cell 
turnover rate in GBM than in tumour-free SVZ tissue, which would be 
consistent with previous findings18,20.

Next, we tested whether low-level somatic mutations in the NSCs 
of the SVZ could indeed lead to the formation of GBM away from the 
mutation-arising SVZ in vivo. To do so, we generated a mouse model of 
p53 (also known as Trp53), Pten and Egfr mutations in NSCs from the 
SVZ through genome editing: these mutations were recurrent driver 
mutations found in the tumour-free SVZ tissues from the  patients with 
GBM. To confine the driver mutations in NSCs within a focal area of 
the SVZ, we performed electroporation of a Cre-containing CRISPR–
Cas9 vector into the frontal SVZ of one side in mice (Fig. 3a). This 
single vector expressed Cas9 and Cre recombinase with high efficient 
single-guide RNAs (sgRNAs) that target p53 and Pten in the SVZs of 
loxP-stop-loxP (LSL)-EGFRviii; LSL-tdTomato mice (Extended Data 
Fig. 6a, b). We found that tdTomato-positive cells were localized to the 
SVZ upon co-staining with markers for NSCs after electroporation 
(Extended Data Fig. 6c, d). Moreover, 90% of the electroporated mice 
(9 out of 10) developed brain tumours with the presence of the target 

mutations (a median survival of 20 weeks), whereas no brain tumours 
were found in control mice (Fig. 3b and Extended Data Fig. 6e, g, i, j). 
Haematoxylin and eosin (H&E) and immunostaining of these tumours 
highlighted the classical features of high-grade and highly proliferative 
glioma (Fig. 3e and Extended Data Fig. 6f, h). These results supported 
the notion that somatic driver mutations in NSCs of the SVZ hold the 
capacity to stimulate the development malignant glioma.

Next, to examine the time and spatial relationships between the 
occurrence of mutations in SVZs and the formation of glioma, we 
analysed the progress of glioma development over time. To do this, 
we obtained serial sections of mouse brain tissue after electropora-
tion. In doing so, we discovered that tdTomato-positive cells migrated 
from the SVZ to the dorsolateral-caudal cortex and the olfactory bulb 
(Fig. 3b and Extended Data Fig. 7a, b). Notably, in genome-edited mice 
(n = 18), cells harbouring driver mutations that migrated to the olfac-
tory bulb properly differentiated to mature neurons and did not lead 
to glioma development, whereas cells that migrated to the dorsolateral- 
caudal cortex did (Fig. 3c, e, and Extended Data Fig. 8c, d). The  
tdTomato-positive cells proliferated throughout serial sections from 
p53, Pten and Egfr mutated mice (Extended Data Fig. 7c). In particular, 
tdTomato-positive cells increased markedly in number over time in the 
distant cortical region away from the mutation-arising SVZ (Fig. 3f, g).  
Furthermore, we also noted that 67% of the gliomas developed in a 
distant region away from the mutation-arising SVZ (Fig. 3h–j). In 
the mice with gliomas in a distant region, the mutation-arising SVZs 
still maintained normal cytoarchitecture (Fig. 3d and Extended Data 
Fig. 8a, b), similar to the tumour-free SVZs from  patients with GBM. In 
addition, to examine the possibility of whether cells harbouring shared 
driver mutations spread to the SVZ at a very early stage of disease, we 
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immunohistochemical image (‘targeting’) exhibits three individual layers: 
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structure. Scale bars, 100 µm. d, The VAFs of TERT C228T mutations in 
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mutation types are displayed on the horizontal axis, and the vertical axis 
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introduced p53, Pten and Egfr mutations into the cortex (Extended 
Data Fig. 8e). After the stereotactic injection, we noted neither spread 
of cells to the SVZ nor statistically significant proliferation of cells, 
compared to the mouse model carrying driver mutations in SVZ, which 
was consistent with previous reports4,8 (Extended Data Fig. 8f–k). Next, 
using immunostaining of tdTomato-positive cells migrating from the 
SVZ, we also confirmed oligodendrocyte-precursor cells (OPCs) is the 
major cell type contributing to the formation of glioma, consistent with 
the previous reports10,21 (Extended Data Fig. 9). These results strongly 
support our model from which we suggest that NSCs carrying low-level 
driver mutations migrate from the SVZ and lead to the development of 
high-grade malignant gliomas in distant brain regions through aberrant 
growth of OPC lineage.

Our study identified the cell of origin harbouring driver mutations 
in GBM and the aetiology of somatic mutations in the SVZ. Although 
our sequencing data from patients might be also compatible with 
another scenario in which an early GBM clone migrates in the SVZ 
rather than the tumour originates from SVZ, the mouse data showed 
that this would be less likely. This study provides insights that could be 
beneficial to the development of new therapeutic strategies for GBM, 
as well as the potential role of low-level somatic mutations in other 
human brain disorders22. Indeed, NSCs harbouring driver mutations 
have been highlighted as potential targets for preventing the recur-
rence of GBM7,23,24. In addition, our results suggest that TERT pro-
moter mutation, which was found at low levels in all of the tumour-free 
SVZ specimens harbouring driver mutations, may be the earliest and 

a common genetic event by which NSCs in the SVZ, which have lim-
ited self-renewal capability, are able to avoid replicative senescence, 
thereby increasing their chances of acquiring other driver mutations 
over time5,20,25. Furthermore, increasing evidence implicates low-level 
somatic mutations in the brain in various neurological disorders22,26,27. 
Our study indicates that the NSC niches of the human brain, includ-
ing the SVZ, may be a mutational source for brain somatic mutations 
associated with these conditions.
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Fig. 7a, b). CSF, cerebrospinal fluid. b, Representative images of serial 
sections from mice at 13 and 16 weeks after electroporation. Scale bars, 
500 µm. Sections were obtained at the middle of the olfactory bulb, 0.7, 
−1, −2.5 and −3.5 mm apart from bregma. c–e, Representative images  
of immunostaining or H&E staining in P53/PTEN/EGFR mutant mice 
with high-grade glioma in the caudal cortex. Scale bars, 100 µm.  
c, Representative immunohistochemical staining of tdTomato- and  
NeuN-positive neurons in the olfactory bulb. d, H&E staining highlights 

normal cytoarchitecture in the SVZ. e, H&E staining of tumour mass  
indicates the high grade-glioma with necrosis (N) in a distant region.  
f, Schematic showing the imaging analysis of tdTomato-positive cells in  
the caudal cortical region (−2.5 mm and −3.5 mm apart from bregma).  
g, Quantification of the relative intensities of tdTomato signals in the caudal 
cortical regions at each time point, compared to mutation-arising SVZ tissue 
at POD2. Control indicates wild-type mouse injected with plasmid containing 
sgRNA for the lacZ gene with the expression Cas9 and Cre recombinase. 
*P = 0.0001, **P = 0.00004 (relative to control; n = 6 for each time point for 
control and mutant mice), Student’s two-tailed t-test. Error bars represent 
mean ± s.e.m. h, i, Representative images of histology (h) and MRI (i) 
showing distant tumours. Scale bar, 200 µm. j, Summary of the locations of 
the tumour. Rostral parts include the serial section at 0.7 and −1 mm apart 
from bregma. The numbers in the table indicate the number of mice.
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METhodS
Subject ascertainment. Individuals with GBM who had undergone supratotal 
resection thereof since 2013 at Severance Hospital were enrolled in this study. All 
enrolled patients were diagnosed newly with GBM, as well as oligodendroglioma, 
metastatic brain tumour and meningioma. They had no previous history of sur-
gery, chemotherapy, or radiotherapy. The presurgical and surgical practices were 
performed as described in previous reports28,29. Preoperative, high-resolution,  
contrast-enhanced, T1-weighted axial MRI was obtained for each patient on the day 
of surgery to localize the anatomical location and margin of the tumour. Tumour 
specimens were acquired from multiple areas in the primary tumour within the 
T1 contrast enhance margin avoiding massive necrosis areas. With the help of 
5-aminolevulinic acid (5-ALA), the tumour was resected until the fluorescence 
of the tumour could not be seen. The patients with brain tumours enrolled in 
our study underwent supra-total resection or other surgical resection of tumours 
located primarily in the temporal lobe, providing access to normal SVZ tissue 
away from the tumour mass, under the assistance of an MRI-navigation system 
(Fig. 1b and Extended Data Fig. 1d). During supratotal resection of glioblas-
toma, the lateral ventricle was opened, and characteristics of the area were care-
fully observed. Depending on the status of fluorescence from inside the wall of 
the ventricle, the specimens were biopsied carefully, precluding intraventricular  
haemorrhage. During this procedure, we noted the exact locations of each sample 
by comparing intraoperative sites and the computed location from the MRI-assisted 
navigator. Three-dimensional diameters were measured between the subventricular 
biopsy point and the nearest tumour wall from the site using US Food and Drug 
Administration (FDA)-approved medical imaging software, Aquarius intuitive edi-
tion 4.4.12 (TeraRecon), by pointing out those areas on preoperative T1-enhanced 
images postoperatively (Table 1 and Extended Data Fig. 1a). Direct distance was cal-
culated in millimetres. Tumour-free SVZ tissue was resected at a safe distance from 
the tumour margin on reconstructed three-dimensional MRI images, ranging from 
5.3 to 33.3 mm. After collecting the samples, microscopic tumour-involvement  
in the histological exam was evaluated by an experienced neuropathologist 
according to World Health Organization (WHO) 2016 grading criteria30. The 
histopathological exam included H&E staining and immunohistochemical stain-
ing for GFAP, the proliferation marker Ki67, EGFR and p53. O6-methylguanine 
DNA methyltransferase (MGMT) promoter methylation status was analysed by 
methylation-specific PCR for the MGMT promoter gene. Isocitrate dehydroge-
nase 1 (IDH1) mutations were analysed by PCR followed by Sanger sequencing or 
peptide nucleic acids real-time PCR using PNA Clamp IDH1 Mutation Detection 
Kit (Panagene). SVZ tissue stained with H&E was also used to confirm correct 
sampling and tumour-free status (Extended Data Fig. 1b, c). Brain specimens of 
other types of tumour were obtained from the resected tissue of meningioma, met-
astatic tumour, and low-grade oligodendroglioma as part of a planned surgery. 
The sampling protocol for the other types of tumours was the same as for GBM. 
Brain tissues of aged post-mortem human brains from non-cancer individuals 
and patients with Alzheimer’s disease were obtained from the Netherlands Brain 
Bank (Meibergdreef 47, 1105 BA Amsterdam; Project ID: Lee-835). Hippocampal 
tissue including the dentate gyrus was isolated by laser capture microdissection 
(Carl Zeiss) of multiple Nissl-stained tissue slides. The study was performed with 
informed consent according to protocols approved by Institutional Review Boards 
of Severance Hospital and KAIST, as well as the Committee on Human Research.
Gene expression microarray datasets and subtype classification. Total RNA 
was extracted from GBM tumour samples using a Qiagen RNeasy kit (Qiagen) 
according to the manufacturer’s protocol. Expression profiles were obtained using 
an Illumina HumanHT-12 v4 Expression BeadChip. Raw data were variance stabi-
lizing transformed, normalized with the quantile normalization method using R/
Bioconductor lumi package, and then standardized into [0, 1] by (values − min)/
(max − min). The four gene signatures of GBM (obtained from R. G. W. Verhaak by 
personal communication or established in a previous study31) were projected onto 
the gene expression data. To determine the subtypes of samples, enrichment scores 
for each subtype were generated using single sample gene set enrichment analysis  
(ssGSEA)32 (http://software.broadinstitute.org/cancer/software/genepattern/ 
modules/docs/ssGSEAProjection/4).
Deep WES in patient tissues. Genomic DNA was extracted with either the 
QIAamp mini DNA kit (Qiagen) for freshly frozen brain tissues or the Wizard 
Genomic DNA Purification Kit (Promega) for blood following the manufacturers’ 
instructions. Each sequenced sample was prepared according to Agilent library 
preparation protocols (Agilent Human All Exon 50 Mb kit). Libraries underwent 
paired-end sequencing on an Illumina HiSeq 2000 and 2500 instrument (average 
read depth of 391×) according to the manufacturer’s protocol. The analysis-ready 
bam files from Fastq files were generated according to the ‘best practices’ workflow 
designed by the Broad Institute. In brief, raw sequences were aligned from the fastq 
file to reference genome using BWA (http://bio-bwa.sourceforge.net) to generate 
sam files. We converted these sam files to bam files and conducted the marked 
duplicate using Picard (http://broadinstitute.github.io/picard). Then, indel artefacts 

in these bam files were cleaned up using RealignerTargetCreator and IndelRealigner 
in GATK analysis tools (http://www.broadinstitute.org/gatk/download).  
Next, we performed base quality score recalibration using BaseRecalibrator in 
GATK analysis tools for the accurate variant calling.
Deep sequencing of glioma-related genes. We designed hybrid capture probes 
for 79 glioma-related genes using SureDesign online tools (Agilent Technologies) 
(Supplementary Table 2). Glioma-related genes included TCGA GBM exome 
sequencing results of significantly mutated genes (allele frequency > 2%)12 and 
meaningful genomic data (driver genes and functional pathways involved in 
grade II or III glioma) from large cohorts of grade II and III gliomas from Japan 
(JPN) and The Cancer Genome Atlas Research Network (TCGA) Consortium13. 
Target capture was carried out according to the manufacturer’s protocol (Agilent 
Technologies) with modification. In brief, genomic DNA (>200 ng) was sheared, 
and the DNA fragments were end-repaired, extended with an ‘A’ on the 3′ end, 
ligated with paired-end adaptors, and amplified (6 cycles). Adaptor-ligated librar-
ies were hybridized for 24 h with biotinylated oligonucleotide RNA baits and 
enriched with streptavidin-conjugated magnetic beads. The final libraries were 
further amplified for 16 cycles with PCR and sequenced on an Illumina HiSeq 2500 
sequencer (median read depth of 655×). Then, we generated an analysis-ready 
bam file using GATK best practice data cleanup pipeline. These bam files were 
converted to pileup files using Samtools (http://samtools.sourceforge.net).
Bioinformatic analysis. SNVs and indels were detected with Strelka (https://sites.
google.com/site/strelkasomaticvariantcaller/) algorithms33 from the matched 
tumour-normal or SVZ-normal samples. From the Strelka output, we filtered out 
possible unreliable calls by applying the following criteria: (i) excluding those with 
<20 total read depths, (ii) excluding those with >4 variant reads in the matched 
normal, and (iii) excluding those with <15 variant reads with a < 10% variant 
frequency in the tumour or SVZ. All SNVs and indels were annotated for their 
genomic context and effect using Oncotator (http://portals.broadinstitute.org/onco-
tator/)34. We retained variants only for the protein-coding region, splice site and 
untranslated region (UTR) for further analysis. Mutations were additionally anno-
tated for their presence in the list of significantly mutated genes from the TCGA12.

To detect CNVs in WES data, we used the recently developed algorithm cop-
ywriteR35, which can be applied to sequencing data obtained from target enrich-
ment. This algorithm can extract copy-number information by using uniformly 
distributed ‘off-target’ sequence reads. We calculated the number of reads mapping 
to genome-wide consecutive 20-kb windows (bins) to obtain the depth of coverage.
Site-specific amplicon sequencing of mutations in TERT promoter. We designed 
a target region to flank C228T and C250T mutations in TERT promoter36, cor-
responding to c.−124C>T and c.−146C>T of TERT. This region was ampli-
fied by PCR using the following primers including index sequences: forward 
5′-AGCACCTCGCGGTAGTGG-3′, reverse 5′-GTCCTGCCCCTTCACCTT-3′; 
or forward 5′-GTCCTGCCCCTTCACCTT-3′, reverse 5′-CAGCGCTGCCTGAA 
ACTC-3′. This region was amplified by PCR using targeted primers, including six 
base-pair index sequences. PCR was performed using PrimeSTAR GXL (Takara) 
high-fidelity DNA polymerase under optimized thermal conditions. Then, we per-
formed DNA library preparation according to the TruSeq DNA sample preparation 
guide. In brief, end repair and addition of 3′A overhangs were performed using 
the TruSeq DNA kit (Illumina). Indexed TruSeq adaptors were ligated accord-
ing to the manufacturer’s protocol and purified with AMPure beads (Agencourt 
Bioscience). DNA fragments of 386 bp (274 bp of DNA plus 55 bp of adaptors with 
57 bp of index) were excised from agarose gel and purified using the Mini elute gel 
extraction kit (Qiagen). Then, we performed enrichment of DNA fragments that 
had adaptor molecules on both ends to amplify the amount of DNA in the library 
using PCR primer cocktail and master mix (Illumina). To verify fragment size 
and the quality of the amplified libraries, individual aliquots were run on a 2100 
Bioanalyzer (Agilent). Libraries were pooled and sequenced on a Hiseq sequencer 
(IlluminaSA) (median read depth of 917,384×). Then, we sorted raw sequences 
from the Hiseq sequencer by index to generate patient-specific fastq files using 
in-house transcripts. We aligned sorted sequences to reference genomes using 
BWA (http://bio-bwa.sourceforge.net) to generate sam files. We converted these 
sam files to bam files using Picard (http://broadinstitute.github.io/picard).
Validation sequencing of candidate variants. To validate the candidate variants, 
we used Sanger sequencing of PCR-amplified DNA for variants. Primers for PCR 
amplification were designed with Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/) 
(Supplementary Table 3)37. PCR was performed using PrimeSTAR GXL (Takara) 
high-fidelity DNA polymerase under optimized thermal conditions. PCR products 
were evaluated on agarose gels. Sanger sequencing was performed using Big Dye 
Terminator reactions and subsequent loading on an Applied Biosystems 3730xl 
DNA analyser (Applied Biosystems). For the candidate variants with low variant 
frequency <10% or undetermined in Sanger sequencing, we used site-specific 
amplicon sequencing as described above. We validated 104 (11.0%) out of 946 
GBM-related mutations and randomly selected mutations, of which mutational 
burdens ranged from 1.9% to 99.1%. (Supplementary Table 3). Of validated targets, 

© 2018 Springer Nature Limited. All rights reserved.

http://software.broadinstitute.org/cancer/software/genepattern/modules/docs/ssGSEAProjection/4
http://software.broadinstitute.org/cancer/software/genepattern/modules/docs/ssGSEAProjection/4
http://bio-bwa.sourceforge.net
http://broadinstitute.github.io/picard
http://www.broadinstitute.org/gatk/download
https://sites.google.com/site/strelkasomaticvariantcaller/
https://sites.google.com/site/strelkasomaticvariantcaller/
http://portals.broadinstitute.org/oncotator/
http://portals.broadinstitute.org/oncotator/
http://bio-bwa.sourceforge.net
http://broadinstitute.github.io/picard
http://bioinfo.ut.ee/primer3-0.4.0/


Letter reSeArCH

we confirmed 96 out of 104 mutations. Our overall validation rate of 92.3% com-
pares favourably with many recent cancer sequencing studies12,38 VAF calculated 
by site-specific amplicon sequencing replaced VAF of WES to analyse the clonal 
relationship between SVZs and tumours. The false variants negative for the vali-
dation sequencing were excluded for further analysis.
qPCR. qPCR was performed using iQ SYBR Green Supermix (Biorad) in the ther-
mal cycler system (CFX-96, Biorad) following the manufacturer’s protocol. The 
presence of CNVs was confirmed using specific primers for the EGFR sequence 
and two reference sequences (RNase P, LDHA) designed using Primer3 (http://
bioinfo.ut.ee/primer3-0.4.0/)37(Supplementary Data Table. 4). Thermal cycling 
of a two-step real-time PCR protocol with a melt curve step was used with some 
modification. Thermal cycling consisted of one cycle with initial denaturation and 
enzyme activation at 95 °C for 3 min, followed by 40 cycles at 95 °C for 10 s and 
annealing and extension at 55–60 °C for 30 s. In each assay, normal control DNA 
from normal human saliva and non-template controls were included. Each sample 
was run in triplicate in separate tubes to allow for EGFR quantification relative 
to RNase P and LDHA. The relative fold changes, compared to blood or normal 
brain tissue, were determined using the relative normalized expression method 
calculated by CFX Manager Software (Biorad).
Fluorescence in situ hybridization. Dual-colour FISH analysis of EGFR amplifica-
tion was performed on paraffin section samples. The FISH analysis was carried out 
using the Vysis LSI EGFR SpectrumOrange/CEP 7 SpectrumGreen Probes (Abbott 
Molecular Inc.). Hybridizations were performed according to the manufacturer’s 
instructions. Counterstaining of nuclei was carried out using DAPI. Fluorescent 
signals were detected using a photomicroscope equipped with a set of appropriated 
filters. The positive control was a surgical sample of glioblastoma that had been 
confirmed as exhibiting EGFR amplification.
Single-cell cloning preparation with subsequent Sanger sequencing. Bulk 
tumour spheres were derived from the tumour specimen of patient GBM245 using 
a modification of previous methods for tumour spheres isolation from human 
brain cancers13,14. In brief, the cell isolation procedure was performed within  
60 min of tumour removal. The surgical specimen was minced and dissociated 
with a scalpel in DMEM/F-12 (Mediatech) and then passed through a series of 
100-µm nylon mesh cell strainers (BD Falcon). Cell suspensions were washed 
twice in DMEM/F-12 and cultured in complete tumour sphere media composed 
of DMEM/F-12 containing B27 supplements (1×; Invitrogen), 20 ng ml−1 of basic 
fibroblast growth factor (bFGF; Sigma), 20 ng ml−1 of epidermal growth factor 
(EGF; Sigma), and 50 U ml−1 penicillin, 50 mg ml−1 streptomycin39,40. Tumour 
sphere clonal lines were derived by dissociating the bulk culture to single cells, 
and re-plating them at limiting-clonal dilution. Single spheres were then manually 
picked with the help of a dissecting microscope under sterile conditions, and each 
progressively expanded41.

For subsequent Sanger sequencing, genomic DNA from each single sphere 
was extracted with the QIAamp micro DNA kit (Qiagen) following the manu-
facturers’ instructions. Nested PCR amplification for Sanger sequencing was 
performed to detect total 13 mutations (Supplementary Table 5). The targeted 
mutations included 6 shared mutations and 7 tumour-private mutations which 
were detected in WES of bulk DNA from patient GBM245. Sanger sequencing 
was performed using Big Dye Terminator reactions and subsequent loading on an 
Applied Biosystems 3730xl DNA analyser (Applied Biosystems).
Single nuclei isolation with subsequent Sanger sequencing. Single nuclei were 
isolated from fresh frozen tumour samples according to a previous report42. In 
brief, tissue samples were placed in NST-DAPI buffer (800 ml NST buffer (146 nM 
NaCl, 10 mM Tris base (pH 7.8), 1 mM CaCl2, 21 mM MgCl2, 0.05% (w/v) BSA and 
0.2% (v/v) NP-40), 200 ml of 106 mM MgCl2, and 10mg of DAPI) and teased apart 
and homogenized with scalpels. After free nuclei were confirmed visually using 
fluorescence microscopy, nuclei stained with DAPI were analysed by FACS (Moflo 
Astrios EQ, Beckman Coulter). Single nuclei from the DAPI-positive population 
were sorted into 96-well plates containing 20 µl of 1× PCR buffer (Qiagen). The 
nuclei-sorted wells were surrounded by PCR buffer control wells containing only 
buffer, except for nuclei. After sorting, single nuclei were confirmed visually in 
randomly selected wells.

For subsequent Sanger sequencing, we selected representative shared driver 
and tumour-private mutations with a high variant allele frequency in tumour 
samples. Then, using Primer337, we designed two primer sets to flank the sites of 
tumour-private and shared mutations (Supplementary Table. 5). These regions 
were amplified from each single well by multiplex PCR using the two primer sets, 
using HotStarTaq DNA polymerase (Qiagen) under optimized thermal condi-
tions. After that, we performed nested PCR for each well using the first multiplex 
amplification results. The PCR success rate was 90%. The DNA fragments were 
excised from agarose gel and purified using the MEGAquick spin total fragment 
DNA purification kit (Intron), following Sanger sequencing.
LCM with subsequent site-specific amplicon sequencing. Formalin-fixed,  
paraffin-embedded tissue sections from tumour-free SVZ were collected and placed 

on glass slides. The slides were deparaffinized with xylene and rehydrated. Heat-
induced antigen retrieval was performed with 90 °C for 20 min in Tris-EDTA buffer 
(10 mM Tris Base, 1 mM EDTA solution, 0.05% Tween 20, pH 9.0). The stain-ready 
slides were blocked in PBS-GT (0.2% gelatin and 0.2% Triton X-100 in PBS) for 1 h  
at room temperature and stained with mouse antibody to GFAP (1:500; G3893, 
Sigma) and rabbit antibody to S100β (1:500; ab52642, Abcam). Samples were then 
washed in PBS and stained with the secondary antibodies, Alexa Fluor 488-con-
jugated to rabbit (1:500 dilution; Invitrogen) and Alexa Fluor 555-conjugated to 
mouse (1:500 dilution; Invitrogen). Samples were washed in PBS again and incu-
bated in PBS with 300 nM DAPI (Invitrogen, USA).

After performing immunofluorescence staining with GFAP, S100β antibodies, 
and DAPI, the ependymal layer, hypocellular gap, and dense ribbon of cell bodies in 
SVZs were identified14, microdissected with the PALM laser capture system (Carl 
Zeiss), and collected in adhesive caps (Carl Zeiss). Genomic DNA was extracted 
from collected cells using a QIAamp micro kit (Qiagen). The target region flanking 
C228T mutation of TERT promoter was amplified by PCR using targeted primers 
and high-fidelity PrimeSTAR GXL DNA polymerase (Takara). Amplified PCR 
product was purified using the MEGAquick spin total fragment DNA purification 
kit (Intron). Then, we carried site-specific amplicon sequencing as described above.
Analysis of mutation signature. To determine the contributions of mutational 
process, we performed a multiple regression approach, deconstructSigs43, to extract 
signatures based on the COSMIC signature framework (http://cancer.sanger.ac.uk/
cosmic/signatures). To increase detection power and exclude false-positive signa-
ture detection, all somatic SNVs from each patient group were pooled together 
and used as inputs to deconstructSigs. Total inputs of mutations were 276 from 
12 tumour-free SVZs, 855 from nine GBMs, 64 from one GBM-invaded SVZ.
CRISPR–Cas9 and Cre-expressing constructs to model p53, Pten and EGFR 
mutations. The pU6-(BbsI)_CBh-Cas9-T2A-BFP plasmid was obtained as a gift 
from R. Kuehn (Addgene plasmid 64323)44. sgRNAs targeting p53 (sgP53) and Pten 
(sgPTEN) were designed using CRISPRtool (http://crispr.mit.edu) to minimize 
potential off-target effects. sgRNA candidates for p53 and Lacz were designed as 
described in a previous report10. The sgRNA sequences are listed in Supplementary 
Table 6. Oligonucleotides containing each sgRNA sequence were synthesized 
(Cosmogenetech) and annealed in vitro with a thermocycler. pU6-(BbsI)_CBh-
Cas9-T2A-BFP was digested with BbsI and ligated with the annealed oligonucleo-
tides. The genome-editing test with plasmids containing sgRNAs was performed as 
previously described45. In brief, Neuro-2a cells were transfected with the plasmids 
carrying sgRNAs candidates using jetPRIME transfection reagent (Polyplus). After 
2 days, genomic DNA was extracted from the treated cells using the Qiamp mini 
DNA kit (Qiagen) and used as a template for PCR amplification of target regions. 
We then performed T7 Endonuclease I assay (NEB) to test the genome-editing 
efficiency of sgRNA candidates. Mutation frequencies were calculated as previously 
described on the basis of the band intensities with ImageJ software and the follow-
ing equation45: mutation frequency (%) = 100 × (1 − (1 − fraction cleaved)1/2).

To generate a single vector containing sgRNAs targeting p53/Pten, Cas9, and 
Cre recombinase, we amplified P2A-Cre with AAV:ITR-U6-sgRNA(backbone)-
pEFS-Rluc-2A-Cre-WPRE-hGHpA-ITR (a gift from F. Zhang, Addgene plasmid 
60226)46, and then switched T2A-BFP to P2A-Cre in the pU6-(BbsI)_CBh-Cas9-
T2A-BFP plasmid. Next, we amplified pU6-sgP53, pU6-sgPTEN and switched 
pU6-(BbsI) to pU6-sgP53-pU6-sgPTEN in pU6-(BbsI)_CBh-Cas9-P2A-Cre plas-
mid to generate pU6-sgP53-pU6-sgPTEN_CBh-Cas9-P2A-Cre plasmid (sgTP-
Cas9-Cre). In addition, we inserted sgLacz to pU6-(BbsI)_CBh-Cas9-P2A-Cre to 
generate sgLacz-Cas9-Cre.
Mouse care and information. All mouse experiments were approved by and 
performed according to the guidelines of the Institutional Animal Care and 
Use Committee (IACUC) of the KAIST. Mice with LSL-tdTomato (The Jackson 
Laboratory), LSL-Cas946 (The Jackson Laboratory), and LSL-EGFR viii47 alleles 
were maintained on a C57BL/6 strain and FVB strain background. They were 
housed in isolator cages with free access to food and water. The housing room was 
located in a specific-pathogen-free condition maintained at a constant temperature 
of 23 °C on a 12-h light–dark cycle with lights off at 19:00. The health status of mice 
was examined regularly by the veterinarians and investigators. Disease-specific 
survival end point was met when the mice died or met the criteria for euthanasia 
under the IACUC protocol. The criteria for euthanasia were: (i) severe weight loss 
of more than 20%, (ii) severe neurological impairment including paralysis, seizure 
and hunched posture with impaired motor power, or (iii) head bulging sign.
In vivo electroporation. Neonate, 2–3-day-old pups (P2–P3) were anaesthetized 
by hypothermia (over 5 min) and fixed to a support using an adhesive plaster. As a 
general positional marker, a virtual line connecting the right eye with lambda was 
used and a capillary needle was inserted at about one-third the length of this line 
from the eye. The right lateral ventricle was injected at a depth of 2 mm from the 
skull with 1 µl of plasmid solution (2 µg µl−1, containing 1% Fast Green). Injection 
success was achieved with the Fast-Green staining visualizing the shape of the 
lateral ventricle. Only successfully injected animals were subjected to five electrical  
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pulses (100 V, 50 ms, separated by 950 ms intervals) using the ECM830 electro-
porator (BTX-Harvard apparatus) and 1-mm tweezer electrodes (CUY650P1, 
Nepagene). The positive electrode was positioned ahead of the eye, and the nega-
tive was placed in the opposite position on the ventral side. After electroporation, 
mice were placed on a 37 °C heating plate until they fully recovered and were 
returned to their mother. The transfected cells expressing tdTomato were mainly 
located on the rostral–dorsolateral side in the anterior horn of the lateral ventricle 
at post-injection 2 days. However, the transfected cells decreased gradually to the 
caudal direction and disappeared at the coronal section of the rostral head of the 
hippocampus.
Stereotaxic injection of AAV5 into the cortex. To generate a single vector contain-
ing sgRNAs targeting p53, Pten and Cre recombinase, we inserted sgP53-sgPTEN 
to AAV:ITR-U6-sgRNA(backbone)-pCBh-Cre-WPRE-hGHpA-ITR (a gift from 
F. Zhang, Addgene plasmid 60229)46. To prepare adeno-associated virus (AAV) 
targeting astrocytes, we co-transfected pAAV5 capsid plasmid, virus assembly 
helper plasmid (pAd deltaF6, purchased from UPENN Vector Core), and target 
plasmids to HEK293T cells using polyethylenimine (1 mg ml−1). Before transfec-
tion, fetal bovine serum (FBS; Gibco)-containing DMEM (Gibco) was replaced 
with serum-free media. After transfection (6 h), the media was replaced again 
into FBS-containing DMEM. Transfected cells were incubated for 72 h. Collected 
cells were resuspended in 50% fresh DMEM and 0.04% DNase I (Worthington) 
in nuclease-free water, and then lysed with a series of three freeze and thaw cycles. 
Cellular debris and AAV-containing supernatant were segregated by centrifugation, 
and supernatant was collected. AAV was collected by polyethylene glycol-mediated 
purification48.

For stereotaxic injection, three-week-old mice were anaesthetized by intra-
peritoneal injection of Tribromoethanol (Avertin), and positioned in a stereotaxic 
frame (Stoelting). Injections were performed unilaterally using a capillary needle 
with 100 nl of virus solution at a flow rate of 25 nl min−1 using a syringe pump 
(KD Scientific Inc.). After the injection, the pipette was left in place for 3 min, 
before being slowly withdrawn. Coordinates for injections were −1, 1.7 and 1 (in 
mm: caudal, lateral and ventral to bregma). After the injection, mice were placed 
on a 37 °C heating plate until they fully recovered and were returned to their cages.
Image analysis of mouse brain. The brains of treated mice were obtained, fixed in 
freshly prepared phosphate-buffered 4% paraformaldehyde, cryoprotected over-
night in 30% buffered sucrose, and made into gelatin-embedded tissue blocks 
(7.5% gelatin in 10% sucrose/phosphate buffer) stored at −80 °C. We defined five 
distinct coronal section points to analyse the distribution of tdTomato-positive cells 
as follows: the middle of the olfactory bulb, about 0.7, −1, −2.5 and −3.5 mm apart 
from bregma. Cryostat-cut sections (25-µm thick) at those section points were 
collected and placed on glass slides. For H&E staining, cryostat-cut sections were 
collected at a thickness of 4 µm. The slides were then stained with the following 
antibodies: rabbit antibody to Nestin (1:500 dilution; ab27952, Abcam), rabbit 
antibody to GFAP (1:500 dilution; z0334, DAKO), rabbit antibody to oligodendro-
cyte transcription factor 2 (OLIG2; 1:400 dilution; AB910, Millipore), rat antibody 
to platelet-derived growth factor receptor α (PDGFRα; 1:200 dilution; 14-4321, 
eBioscience), mouse antibody to S100β (1:500 dilution; ab52642, Abcam), rat anti-
body to myelin basic protein (MBP; 1:500 dilution; MAB386, Millipore), rabbit 
antibody to Ki67 (1:200 dilution; ab15580, Abcam), and mouse antibody to Ki67 
(1:200 dilution; BD556003, BD Bioscience). DAPI included in mounting solution 
(P36931, Life Technology) was used for nuclear staining. We obtained images 
using a Zeiss LSM510 confocal microscope. Fluorescence intensities reflecting 
the distribution of tdTomato-positive cells were converted into grey values and 
measured using ImageJ software (http://rsbweb.nih.gov/ij/).
Mouse MRI. The mice were initially anaesthetized by inhalation of 5% isoflurane 
in an air/O2 mixture, and then placed in a cradle for MRI scans, with a respiratory 
mask connected to 1.5% isoflurane in an air/O2 mixture. MRI experiments were 
performed on an a 3T MRS 3000 scanner (MR Solutions) with a birdcage mouse 
head coil. T1-weighted and T2-weighted images were respectively acquired with 
spin echo (SE) and fast spin echo (FSE) sequences for investigation of anatomi-
cal and pathological conditions. Scan parameters were as follows: time to repeat/
echo time = 550/11 ms (SE) and 3,000/68 ms (FSE), field of view = 22 × 22 mm2, 
matrix size = 256 × 256 (SE) and 256 × 248 (FSE), slice thickness = 1 mm, number 
of slices = 19, and scan time = 9 min 23 s (SE) and 9 min 18 s (FSE).
Validation sequencing of mutated p53, Pten and EGFR in mouse samples.  
We dissected gross mass tumours with a scalpel and micro-dissected the  
tdTomato-positive cells in the olfactory bulb with laser-microdissection. 
Genomic DNA was extracted from the tumours using the QIAamp mini DNA 
kit (Qiagen) and from the microdissected samples using QIAamp micro kit 
(Qiagen). We designed primers to amplify the target regions of p53 and Pten in 
the mouse genome (p53, forward 5′-AGGTAGGGAGCGACTTCACC-3′ and 
reverse 5′-TAAGGATAGGTCGGCGGTTC-3′; Pten, forward 5′-AGACCA 
TAACCCACCACAGC-3′ and reverse 5′-TACACCAGTCCGTCCCTTTC-3′). After 

amplification of the target regions, we performed site-specific amplicon sequencing 
as described above. To measure the frequencies of indels in the target regions, we used 
the Cas-Analyzer algorithm (http://www.rgenome.net/cas-analyzer/#!)49.

For the identification of EGFRviii expression in tumours, RNA was extracted 
from tumour and untreated brain tissue using RNeasy Mini Kit (Qiagen). 
Then, cDNA was generated from the extracted RNA using SuperScript II 
(Invitrogen). To amplify EGFRviii from the cDNA, we designed primers 
annealing to human EGFR exons 1 and 8. The sequences of the primers are 
as follows: forward, 5′-CCCAGGCACTTGATGATACTC-3′ and reverse, 
5′-CTTGCTTTGGGTGGAGAGTT-3′. The PCR conditions were as follows: 98 °C 
for 2 min; 35 times (98 °C for 10 s, 60 °C for 15 s, 68 °C for 30 s); hold at 4 °C. Then, 
the amplicon was analysed by electrophoresis on 2% agarose gel.
Statistical analyses. Data are presented as a mean ± s.e.m. Results were analysed 
with a t-test, ANOVA or Fisher’s exact test where appropriate using GraphPad 
Prism version 6 (GraphPad Software, Inc.). Survival data for mice were analysed 
with Kaplan–Meier analysis. All P values less than 0.05 were considered statisti-
cally significant. All experiments related to the use of animals or a source of cells 
were subjected to randomization. Sample sizes were predetermined based on the 
variability found in preliminary and similar experiments. Researchers were not 
blinded to allocation during experiments and outcome analysis.
Reporting summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this paper.
Data availability. All datasets generated and/or analysed during the current study 
are presented in this article or the accompanying Source Data or Supplementary 
Information files, or are available from the corresponding authors upon reasonable 
request. WES data in the current study have been deposited in the NCBI Sequence 
Read Archive (SRA) with accession number SRP145073.
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Extended Data Fig. 1 | Radiological and histological confirmation of 
sampling and tissues from patients with IDH-wild-type GBM. a, The 
distance between the tumour-margin and the sampling site of SVZ tissue 
was measured using 3D-reconstruced MRI images. b, H&E staining of the 
GBM tumour shows pseudopalisading necrosis. Scale bar, 200 µm. c, H&E 
staining of the SVZ tissue away from the tumour shows tumour-free status 

with intact architecture. Scale bar, 200 µm. Radiological and histological 
confirmation was performed in all 30 patients. d, Pre-operation brain 
MRI of a patient with IDH-wild-type GBM shows the locations of 
sampling sites of tumour and tumour-free SVZ tissue. Multiple samplings 
from tumour-free SVZs were performed in two patients (GBM187 and 
GBM499).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | VAF scatterplots of SNV and indels, and 
patterns of CNVs of matched tumour and tumour-free SVZ tissue. 
a–c, Scatterplots from seven patients with IDH-wild-type GBM with 
tumour-free SVZ (a), meningioma with tumour-free SVZ (b), anaplastic 
oligodendroglioma, and IDH-mutant with tumour-free SVZ (c). Shared 
and private somatic mutations in paired SVZ and tumour (x and y axes, 
respectively) tissue specimens are indicated as a function of the VAF. A 
single point represents an individual mutation. Red dots indicate cancer-
driver mutations (see Methods). d, Quantitative analysis of CNVs in EGFR 
in patients with IDH-wild-type GBM who harboured driver mutations 
thereof in tumour-free SVZ. The bar graph shows relative fold changes in 

EGFR copy numbers in patients GBM26, GBM187, GBM245, GBM276, 
GBM499 and GBM520 (relative to the matched normal control) based on 
qPCR. e, Genome-wide CNV plots for patients with IDH-wild-type GBM 
and matching tumour-free SVZs harbouring shared mutations in WES. 
Red and blue boxes indicate shared and tumour-private CNVs between 
tumour-free SVZ and tumour, respectively. f, Genome-wide CNV plots 
for a patient with IDH-wild-type GBM and a GBM-invaded SVZ. g, EGFR 
amplification was found at the cellular level through FISH of the tumour-
free SVZ specimen from one patient (GBM520). FISH was performed in 
patients GBM26, GBM276, GBM499 and GBM520. EGFR and control 
probes were red and green, respectively. Scale bars, 10 µm.
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Extended Data Fig. 3 | VAFs of nonsynonymous somatic mutations in 
glioma-related genes from triple-matched samples of 23 patients with 
GBM and other types of brain tumour. a, VAFs of mutations in patients 
with IDH-wild-type GBM and tumour-free SVZs. b, VAFs of mutations in 

other types of brain tumour with tumour-free SVZs. c, VAFs of mutations 
in patients with IDH-wild-type GBM and GBM-invaded SVZs. The 
lengths of the bars are proportional to the VAF (the scale bar under the last 
column applies to all columns).
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Extended Data Fig. 4 | Schematic of the experimental procedures for 
single-cell sequencing of tumour-private mutations and shared driver 
mutations in frozen tissue. Nuclei are isolated from homogenized tissue 
and stained with DAPI. Flow cytometry sorts DAPI-stained nuclei as 

a single nucleus into each well of a 96-well plate, which is confirmed 
by fluorescent microscopy. Then, single-cell PCR followed by Sanger 
sequencing is performed.
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Extended Data Fig. 5 | Identification of the chronological order and 
clonal evaluation between SVZ and tumour. a, b, Single-cell sequencing 
of tumours and tumour-free SVZ. Single-cell Sanger sequencing of 
tumour-private and shared driver mutations (left) and a summary of 
the sequencing results (right) in the tumours (a) and in the tumour-free 
SVZ (b) from patients who had somatic mutations shared between SVZ 
and tumour tissue. The numbers in the tables on the right indicate the 
number of sequenced clones. c, d, LCM of the three layers that make up 
the SVZ, followed by site-specific amplicon sequencing. c, LCM in patient 
GBM187 captured approximately 30 nuclei from each defined structure. 
Scale bar, 100 µm. d, Site-specific amplicon sequencing reveals increases in 
C228T mutant allele frequency from the bulk DNA to the micro-dissected 
astrocytic ribbon, whereas the mutation was not found in the other micro-

dissected regions. Control reflects a randomly micro-dissected region 
from the same tumour-free SVZ specimen. e, The frequency of patients 
harbouring TERT promoter mutations. Numbers indicate the number 
(percentage) of patients. Deep-target sequencing of TERT promoter 
mutations (C228T and C250T) was performed. Non-cancer aged brain 
refers to autopsy samples of the hippocampus from non-cancer aged 
control brain tissues with an average age of 84 years. *P = 0.005, Fisher’s 
exact test. f, Mutation spectra incorporating the substitution type of 
mutations in the GBM-invaded SVZ. The mutation types are displayed 
on the horizontal axis, and the vertical axis indicates the fractions of 
mutations attributed to a specific mutation type. g, The number of 
mutations contributing to each mutation signature.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Development of high-grade glioma in genome-
edited mice harbouring P53/PTEN/EGFR mutations in the SVZ.  
a, The map of a single vector expressing Cas9 and Cre recombinase with 
the sgRNAs targeting p53/Pten. b, In vitro screen of sgRNAs targeted to 
p53 and Pten in the Neuro-2a cell line by transient transfection and T7E1 
assay. c, Immunostaining image of markers for neural stem cells at 3 days 
after electroporation of the vector in P53/PTEN/EGFR-mutant mice; the 
image highlights the localization of tdTomato-positive cells along the 
SVZ co-stained with GFAP or nestin. Scale bars, 50 µm. d, A scatter dot 
graph showing the percentage of tdTomato-positive cells co-stained with 
nestin or GFAP (P53/PTEN/EGFR-mutant mouse: n = 5; mean ± s.e.m.). 
e, A Kaplan–Meier survival graph of mice (n =  10 mice in each group). 
P = 0.000063, log-rank test. f, Representative H&E-stained images reflect 

the classical features of high-grade glioma, such as necrosis (Fig. 3e), 
microvascular proliferation (M), and mitoses (arrow). Scale bars, 100 µm. 
g, Representative MRI images of the bulk tumours formed in the 3 mice 
after 16 weeks. h, Immunostaining of various high-grade glioma-related 
markers, including nestin, GFAP, OLIG2, S100β, MBP and Ki67, as well as 
the neuronal maker NeuN, in tumours (n = 4 tumours). Scale bars,  
50 µm. i, The bar graph shows the percentage of sequencing reads with 
indels in one high-grade glioma from mutant mice, using site-specific 
amplicon sequencing of the CRISPR targeting region in p53 and Pten.  
j, Detection of EGFRviii (360 bp) in tumours from P53/PTEN/EGFR-
mutant mice using quantitative PCR with reverse transcription (qRT–
PCR). Actb was used as an internal control (n = 3 mice with tumours).
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Extended Data Fig. 7 | The formation of glioma as observed in serial 
sections of mouse brain. a, Images from the P53/PTEN/EGFR-mutant 
mice show that the tdTomato-positive cells initially locate in the rostral 
SVZ, where mutations are edited. Over time, these cells migrate to distant 
cortical regions and proliferate to form the tumour. b, Images from wild-
type mice at 16 weeks after the electroporation of the plasmid containing 
sgRNA for lacZ gene with the expression of Cas9/Cre as a control. In 
panels a and b, section points were the middle of the olfactory bulb at 0.7, 
−1, −2.5 and −3.5 mm apart from bregma; time intervals were 2 days,  

8 weeks, 13 weeks and 16 weeks after electroporation. Scale bars, 500 µm.  
c, Quantification of tdTomato signal intensities corresponding to the 
average of cortical regions from four serial sections in the affected side. 
Section points were 0.7, −1, −2.5 and −3.5 mm apart from bregma. 
Control indicates the wild-type mouse electroporated with the plasmid 
containing sgRNA for the lacZ gene with the expression of Cas9/Cre. 
*P = 0.007, **P = 0.0002 (n = 6 for control and mutant mice at each time 
point), Student’s two-tailed t-test. Error bars represent mean ± s.e.m.
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Extended Data Fig. 8 | The normal cytoarchitecture of the SVZ and 
olfactory bulb containing mutation-carrying cells and viral injection 
targeting driver mutations in the cortex. a, b, Immunostaining of S100β 
(a, ependymal cell marker), GFAP and nestin (b, stem-cell marker) in 
mutation-arising SVZ tissue from the mice with high-grade glioma in 
the distant cortical region (n = 6 mice with tumours). c, Targeted deep 
sequencing of TP53 and PTEN in tdTomato-positive neurons laser-
captured from the olfactory bulb. The tdTomato-positive cells in the 
olfactory bulb were labelled with yellow dots in LCM images (targeting). 
Labelled cells were micro-dissected (LCM). d, Deep amplicon sequencing 
of CRISPR target sites showed that tdTomato-positive cells in the olfactory 
bulb contained P53/PTEN mutations. Scale bar, 50 µm. LCM and 
sequencing were repeated in 3 mice. e, Experimental scheme showing  
the procedure for viral injection of AAV5 containing sgRNAs for p53 and 
Pten genes, with the expression of Cas9 and Cre recombinase into the SVZ 

in LSL-EGFRviii; LSL-Cas9-GFP mice. f, g, Representative images  
of the injection site in the cortex at 1 week and 6 weeks after viral  
injection. Virus-expressing cells are GFP-positive. Scale bar, 500 µm.  
h, Quantification of the number of GFP-positive cells at the representative 
image. The section points were the sites where the highest number of GFP-
positive cells are found (mice at 1 week: n = 3, mice at 4–6 weeks: n = 5). 
Not significant (NS), Student’s two-tailed t-test. Error bars represent 
mean ± s.e.m. i, Images from mouse at 6 weeks after viral injection to 
cortex. No signal was found in the distant brain as well as the SVZ.  
j, Images from mouse at 6 weeks after electroporation to the SVZ. For 
panels d and e, section points were 0.7, −1, −2.5 and −3.5 mm apart from 
bregma (mice at 1 week: n = 3, mice at 4–6 weeks: n = 5). Scale bars,  
500 µm. k, Representative immunohistochemical images of GFAP-, 
OLIG2-, NeuN-, and GFP-positive cells at 1 week after viral injection) mice 
at 1 week: n = 3, mice at 4–6 weeks: n = 5). Scale bars, 100 µm. 
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Extended Data Fig. 9 | Aberrant growth of OPC lineage in the distant 
region. a, The scatter dot graph shows the percentage of cells positive 
for various NSC-derived cell lineage markers, such as NeuN for neurons, 
MBP for oligodendrocytes, GFAP for astrocytes, and PDGFRα and 
OLIG2 for oligodendrocyte-progenitor cells (OPCs). The average of four 
representative cortical regions at the caudal cortex (−3.5 mm apart from 
bregma) away from the mutation-arising SVZ were analysed (n = 6  
for control and mutant mice). Error bars represent mean ± s.e.m.  
b, Representative immunostaining images of OLIG2-, PDGFRα-,  

GFAP- and tdTomato-positive cell regions at the caudal cortex  
(−3.5 mm apart from bregma). White arrows indicate tdTomato-positive 
cells co-stained with OLIG2 or PDGFRα. Scale bars, 50 µm. n = 6 mice c, 
Immunostaining of Ki67, a marker of proliferation, and cell-type markers 
PDGFRα, OLIG2 and GFAP in P53/PTEN/EGFR-mutant mice before the 
formation of a visible glioma. White arrows indicate Ki67-positive cells. 
Scale bars, 50 µm. n = 3 mice. d, Illustration of the progress of migration 
and tumour development via the aberrant growth of OPCs.
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Extended data Table 1 | VAFs of TERT promoter mutations of 30 patients with GBM and other types of brain tumour
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Single sample gene set enrichment analysis v4: Freely available for academic purpose. 
Methods paragraph 2 
BWA v.0.7.15, Picard v.1.82, GATK analysis tools v.3.3: Freely available for academic purpose. 
Method paragraph 3, 4, 7 
Strelka v.1 : Freely available for academic purpose. Methods paragraph 5 
Integrative Genomic Viewer v.2.3: Freely available for academic purpose. Text paragraph 
3 
Oncotator v.1.5: Freely available for academic purpose. Methods paragraph 5 
CopywriteR v.2.12.0 : Freely available for academic purpose. Methods paragraph 6 
Primer3 v.0.4.0: Freely available for academic purpose. Methods paragraph 8 
CFX Manager software v.3.1: from Bio-Rad(USA). Methods paragraph 9 
DeconstructSig v.1.8.0: Freely available for academic purpose. Method paragraph 17 
CRISPRtool (no version): Freely available for academic purpose. Methods paragraph 18 
ImageJ v.1.50: Freely available for academic purpose. Methods paragraph 24 
Cas-Analyzer (no version): Freely available for academic purpose. Methods paragraph 26 
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GraphPad Prism version 6: from GraphPad Software, Inc. USA. Methods paragraph 
28

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers 
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

All datasets generated and/or analysed during the current study are presented in this article or the accompanying Source Data or Supplementary Information files, 
or are available from the corresponding authors upon reasonable request. Whole-exome sequencing data in the current study have been deposited in the NCBI 
Sequence Read Archive with accession ID SRP145073. 

Field-specific reporting
Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Human sample: To our knowledge, our cohort consisting of 28 patients with triplematched 
samples including tumor-free subventricular zone (SVZ), matched tumor, 
and normal brain (or blood) is the largest one for the deep sequencing based 
genomic assessment of tumor-free SVZ. No statistical methods were used for predetermining sample sizes.  
Animal: Preliminary experiments were performed when possible to determine 
requirements for sample size, taking into account resources available and ethical, 
reductionist animal use.

Data exclusions Human sample : Yes. Criteria was established prior to data collection (Manuscript 
paragraph 1 and Method paragraph 1). 
Individuals with GBM who had undergone subtotal resection thereof since 2013 at Severance Hospital were enrolled in this study. All enrolled 
patients were diagnosed newly with GBM, as well as oligodendroglioma, metastatic brain tumor, and meningioma. They had no previous 
history of surgery, chemotherapy, or radiotherapy for brain.  
Animal : No data was excluded from the analysis

Replication All attempts at replication were successful. Whole exome sequencing of human was validated with independent high-throughput target 
sequencing (See Method). All key animal experiments were performed in up to 6 independent experiments. 

Randomization All animal were assigned to groups randomly. 

Blinding Human genetics: Investigators were not blinded to group allocation.  Importantly, the bioinformatic 
analyses were performed using the same computer codes.  
Animal study: Tracing the genotypes and the type of experiments was required for investigators to manage the mouse. However, Investigators 
were blinded to perform quantification of signal (Figure 3g, Extended Data Fig. 5d, 6c).

Reporting for specific materials, systems and methods
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Materials & experimental systems
n/a Involved in the study

Unique biological materials

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Commercial antibodies targeted were used.  

Primary antibodies to  
GFAP (1:500; G3893, Sigma)  
S100β (1:500; ab52642, Abcam). 
Nestin (1:500 dilution; ab27952, abcam) 
GFAP (1:500 dilution; z0334, DAKO) 
Olig2 (1:400 dilution; AB910, Millipore) 
Platelet-derived growth factor receptor a (PDGFRA) (1:200 dilution; 14-4321, eBioscience) 
S100β (1:500 dilution; ab52642, Abcam) 
Myelin basic protein(MBP) (1:500 dilution; MAB386, Millipore) 
Ki67 (1:200 dilution; ab15580, Abcam) 
Ki67 (1:200 dilution; BD556003, BD bioscience). 
 
Secondary antibodies to 
Alexa Fluor 488-conjugated to rabbit (1:500 dilution;  A-11034, Invitrogen)  
Alexa Fluor 488-conjugated to mouse (1:500 dilution; A32723, Invitrogen) 
Alexa Fluor 555-conjugated to rabbit (1:500 dilution;  A32727, Invitrogen)  
Alexa Fluor 555-conjugated to mouse (1:500 dilution; A32732, Invitrogen).  

Validation Primary antibodies were validated by 
immunoflouresence and also validated by the manufacturers. 

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) ATCC® CCL-131™ (https://www.atcc.org/products/all/CCL-131.aspx)

Authentication We purchased Neuro-2a directly from ATCC. The supplier, ATCC, authenticate the cell line.

Mycoplasma contamination We tested weekly for mycoplasma contamination using e- 
Myco plus Mycoplasma PCR Detection kit (Intron, Korea). All cell lines were mycoplasma-negative.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Mice with loxp-stop-loxp-tdTomato (The Jackson Laboratory, USA), loxp-stop-loxp-Cas921 (The Jackson Laboratory, USA), and 
loxp-stop-loxp-EGFR viii (NCI mouse repository, USA) alleles were maintained on a Mus musculus specie, C57BL/6 strain and FVB 
strain background.  All mice were used without sex discrimination. P2-3 pups were used for the electroporation, and 3-week-old 
mice were used for the virus injection.

Wild animals This study did not use wild animals.

Field-collected samples This study did not involve samples collected from the field.

Human research participants
Policy information about studies involving human research participants

Population characteristics The number of patients were 30. Median age was 58 years (range, 34-79). The numbers of male and female were 23 and 7, 
respectively. They had no previous history of brain cancer except glioma, IDH-mutant. They had no previous history of anti-
cancer treatment except patients with metastatic cancer. 
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Recruitment The study was performed with informed consent according to protocols approved by Institutional Review Boards of Severance 
Hospital and KAIST, as well as the Committee on Human research. The brain tumor patients enrolled in our study underwent 
supra-total resection or other surgical resection of tumors located primarily in the temporal lobe, providing access to normal SVZ 
tissue away from the tumor mass. 

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Tissue samples were placed in NST-DAPI buffer [800 ml of NST buffer {146 nM NaCl, 10 mM Tris base (pH 7.8), 1 mM CaCl2, 21 
mM MgCl2, 0.05% (wt/vol) BSA and 0.2% (vol/vol) NP-40}, 200 ml of 106 mM MgCl2, and 10mg of DAPI] and teased apart and 
homogenized with scalpels. After free nuclei were confirmed visually using fluorescence microscopy, nuclei stained with DAPI 
were analyzed by FACS (Method, paragraph 13 and Extended Fig. 7)

Instrument Data were acquired on Moflo Astrios EQ (Beckman Coulter, USA)

Software Summit (Beckman Coulter, USA)

Cell population abundance Sorted samples were >98% pure

Gating strategy Intact nuclei were gated on FSC/ SSC- height and width, DAPI- width and area. (Extended Fig. 7)

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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