








rates, with averages of 93% (n= 4) and 78% (n= 3), respectively.
The differences in formation rates between groups were not
statistically significant (P= 0.18 and P= 1.0, respectively) (Supple-
mentary Fig. 2c). Moreover, when assessing lineage differentiation
capacity, mGBM-OCs demonstrated the ability to differentiate into
neuronal and glial lineages, similar to mGBM-TSs and control SVZ
cells (Supplementary Fig. 2d). Collectively, these results indicate
that mGBM-OCs possess self-renewal and differentiation abilities,
consistent with a stem cell-like nature38. To further support their

NSC-like identity at the molecular level, immunocytochemistry
was performed, confirming expression of established neural stem
or progenitor-associated markers, including SOX2 and CD133, in
mGBM-OCs, as well as in control SVZ cells and mGBM-TSs
(Supplementary Fig. 2e).
Next, the invasive characteristics of the three cell types were

assessed. A 3D invasion assay showed that mGBM-OCs invaded a
larger area than control SVZ cells, with a statistically significant
difference (P= 0.025), and the invasion area of mGBM-OCs was

H.-C. Oh et al.

5

Experimental & Molecular Medicine



comparable to that of mGBM-TSs (P= 0.23), demonstrating their
invasive potential (Fig. 1c, d). Together with their ability to form
tumours in vivo within the SVZ-mutation model, these findings
support the migratory capacity of mGBM-OCs from their original
location, as demonstrated by both in vitro and in vivo
experiments.

Tumour-initiating potential of mGBM-OCs varies depending
on the implantation site
We investigated whether the tumorigenic potential of mGBM-OCs
varies depending on the site of implantation. Direct striatal
implantation of mGBM-OCs into athymic nude mice failed to
generate tumours in an initial cohort (n= 10) (Fig. 1e), whereas
mGBM-TSs implanted under identical conditions consistently
formed tumours (Fig. 1e, f). Consistent with their fully transformed
tumour phenotype, human GBM-TSs gave rise to tumours
regardless of whether they were implanted into the striatum or
the SVZ39 (Supplementary Fig. 3a). The inability of mGBM-OCs to
initiate tumours was recapitulated in repeated experiments using
cells from different mice, yielding no tumour formation across the
full striatal implantation cohort (0 of 25 mice; mGBM-OC lines: S0,
445-S20, 565-S5, 586-S5; Fig. 1f and Supplementary Table 1). In
contrast, when mGBM-OCs were implanted directly into the SVZ,
11 of 29 mice (38%) developed tumours in the cortex within
5–10 weeks after implantation (Supplementary Fig. 3b). Correct
localization of the implantation site within the SVZ or ventricular
wall region was confirmed by fluorescence microscopy at 48 h
post-injection (Supplementary Fig. 3c) and at endpoint.
Control SVZ cells implanted in the same manner did not give

rise to tumours following either striatal (0 of 5, 0%) or SVZ (0 of 7,
0%) implantation (Fig. 1g). Isolation of tumorspheres derived from
SVZ-implanted mGBM-OCs and subsequent RNA-seq revealed
differential gene expression enriched for oxidative phosphoryla-
tion (adjusted P= 1.7 × 10–3) and Myc target activation (adjusted
P= 1.7 × 10–3), relative to control SVZ cells (Supplementary Fig. 4a,
b), suggesting transcriptional reprogramming associated with
tumorigenesis. Moreover, both tumorspheres derived from SVZ-
implanted mGBM-OCs and mGBM-TSs exhibited similar gene set
enrichment patterns (Supplementary Fig. 4a, b). Collectively, these
findings indicate that the tumorigenic potential of mGBM-OCs
varies depending on the implantation site and is context-
dependent.

Progressive CNAs from mGBM-OCs to mGBM-TSs
We characterized the molecular features of mGBM-OCs and
compared them with those of mGBM-TSs to gain insight into
changes associated with tumour development in this model. Bulk

RNA-seq of control SVZ cells, mGBM-OCs and mGBM-TSs from 12
mice (3 biological replicates each for control SVZ cells and mGBM-
OCs and 6 for mGBM-TSs) revealed distinct baseline transcrip-
tomics profiles among these groups (Fig. 2a). Notably, mGBM-TSs
exhibited a greater divergence from control SVZ cells, as reflected
by the increased number of DEGs, whereas mGBM-OCs showed
only a limited number of DEGs relative to control SVZ (Fig. 2b).
Most DEGs observed in mGBM-OCs overlapped with those in
mGBM-TSs (33 of 62, 53%), suggesting that transcriptional changes
are already initiated in mGBM-OCs and become progressively
amplified in mGBM-TSs (Supplementary Table 2). The full list of
shared DEGs, including log2 fold-change values and adjusted P
values for both comparisons, is provided in Supplementary Table 2.
A one-sided hypergeometric test confirmed that this overlap was
significantly greater than expected by chance (P= 7.3 × 10⁻¹³; fold
enrichment, 3.67). Nonetheless, 29 DEGs were exclusive to mGBM-
OCs and not shared with mGBM-TSs. These included Psph
(log2FC= 6.08; serine biosynthesis)40, Plod2 (log2FC= 3.21; col-
lagen cross-linking)41,42 and Psma5 (log2FC= 3.21; proteasome
activity)43,44, which were transiently upregulated in mGBM-OCs but
returned to near-baseline levels in mGBM-TSs (log₂FC= 0.30, 0.71
and 0.93, respectively; all adjusted P >0.35). This suggests that
these metabolic and matrix remodelling-related changes represent
early, transient responses to oncogenic mutations that are
subsequently replaced by distinct transcriptional programmes
during tumour progression (Supplementary Fig. 5a).
To further investigate genomic changes associated with tumour

development in this model, WGS of mGBM-OCs and mGBM-TSs was
performed. CNA analysis of these WGS data revealed widespread
chromosomal gains and losses in mGBM-TSs, whereas mGBM-OCs
displayed a relatively stable genomic landscape (Fig. 2c, d). A
recurrent gain of chromosome 11, a region syntenic to human
chromosome 7, was detected in mGBM-TSs (odds ratio 5.7,
P= 0.022), consistent with de novo amplification of the Egfr locus12

(Supplementary Fig. 5b). Additionally, analysis of sex chromosomes
revealed loss of the Y chromosome in two of three mGBM-OC
samples and three of five mGBM-TS samples (Supplementary Fig.
5c). These findings are consistent with previously described
oncogenic CNAs in human GBM11,12,45 and suggest that emerging
chromosomal instability and specific copy-number changes may be
associated with tumour progression in this model.

Genomic and molecular characteristics of putative human
GBM origin-like populations
We investigated cell populations in the SVZ from patients with
GBM to determine whether any of these populations shared
genomic and transcriptional features with mGBM-OCs identified in

Fig. 1 Characterization of putative mGBM-OCs and mGBM-TSs. a, Schematic overview of in vivo electroporation into the lateral ventricle
adjacent to the subventricular zone (SVZ) and the subsequent isolation of three cell types. A plasmid encoding single-guide RNA (sgRNAs)
targeting Trp53 and Pten, together with Cas9 and Cre recombinase, was injected into the lateral ventricle of LSL-EGFRvIII;LSL-tdTomato mice.
Cre recombinase induces EGFRvIII and tdTomato expression in targeted SVZ cells. Mouse glioblastoma origin-like cells (mGBM-OCs) were
isolated from the SVZ in the SVZ somatic mutation model, mouse glioblastoma tumourspheres (mGBM-TSs) were isolated from the resulting
tumours, and control SVZ cells from the SVZ of null mice. b, Comparison of cell proliferation across the three groups (mGBM-OCs, mGBM-TSs
and control SVZ cells) at days 0, 2, 4 and 7. The number of biological replicates for mGBM-OCs, mGBM-TSs and control SVZ cells is n= 4, 3 and
3, respectively. Data points and error bars indicate the mean and standard deviation of independent biological replicates. c, Representative
images from the 3D invasion assay acquired at 0 and 72 h after Matrigel matrix loading. Brightfield images were acquired for all groups; for
tdTomato-expressing cells (mGBM-OCs and mGBM-TSs), corresponding fluorescence images are shown. d, Invaded area was quantified using
a 3D invasion assay for the three groups. The control SVZ group included Control SVZ-C1, Control SVZ-546-C, Control SVZ-547-C and Control
SVZ-548-C; the mGBM-OC group included mGBM-OC-S0, mGBM-OC-445-S20, mGBM-OC-565-S5 and mGBM-OC-586-S5; and the mGBM-TS
group included mGBM-TS-T1, mGBM-TS-462-T10, mGBM-TS-475-T10, mGBM-TS-520-T10 and mGBM-TS-523-T10. Boxes represent the 25th,
50th (median), and 75th percentiles and whiskers extend to 1.5 times the IQR. A Kruskal–Wallis test was performed, showing a significant
difference between mGBM-OCs and control SVZ cells. Statistical significance: * P <0.05. Scale bar: 500 μm. e, Schematic illustration of the
implantation of mGBM-TSs and mGBM-OCs into the striatum or SVZ. Representative images from in vivo fluorescence imaging (tdTomato),
MRI, histology and confocal microscopy are shown. f, Kaplan–Meier overall survival curves (time to death) for mGBM-TSs, mGBM-OCs and
control SVZ cells, all implanted into the striatum. The number of mice used in each group is indicated by the respective ‘n’ value, with the full
mGBM-OC striatal implantation cohort reported as 0 of 25 mice across repeated independent experiments. Mice were followed until death or
a humane end point. g, Kaplan–Meier overall survival curves (time to death) for control SVZ cells (Control SVZ-C1) implanted in the SVZ and
striatum, respectively.
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the mouse SVZ-mutation model. A total of 140 GBM tumour
tissues, 21 tumour-free cortices and 42 pathologically confirmed
tumour-free SVZ tissues were obtained from supratotal resections
of 94 patients with GBM and subjected to whole-transcriptome
sequencing (bulk RNA-seq), together with eight SVZ tissues from
patients with non-glial tumours (control SVZ) (Fig. 3a and
Supplementary Table 3). Gene set enrichment analysis revealed

significantly increased activity in pathways related to neuronal
communication (corrected P <5 × 10–26) (Supplementary Fig. 6a) in
the tumour-free SVZ of patients with GBM compared with control
SVZ. Furthermore, the tumour-free SVZ of GBM displayed
enhanced neuronal-like properties and enrichment of migration-
associated pathways relative to GBM tumours (corrected
P <5 × 10–9) (Supplementary Fig. 6b), in line with the
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transcriptional programmes observed in mGBM-OCs. CNA analysis
based on bulk RNA-seq identified low-frequency gains of
chromosome 7 and losses of chromosome 10 in the tumour-free
SVZ of patients with GBM (6.3% for 7p gain; 6.3% for 10p loss;
3.1% for 10q loss) compared with the tumour-free cortex, and
these alterations were more prevalent in GBM tumours (35% for
7p gain; 20% for 7q gain; 54% for 10p loss; 44% for 10q loss). Such
CNAs were not observed in the control SVZ (Supplementary Fig.
6c).
To further resolve the cellular states, snRNA-seq was performed

on paired samples comprising 10 tumour-free SVZ samples, 2
tumour-infiltrated SVZ samples with matched GBM tumours, a
total of 15 GBM tumours (11 primary and 4 recurrent), and 4
tumour-free cortices, all derived from 10 patients with GBM,
together with 2 control cortices and 2 control SVZ from 3 patients
with non-glial tumours (Fig. 3a, Supplementary Fig. 7 and
Supplementary Table 4). Control (non-glial tumours) SVZ and
cortex samples were obtained through extended resections,
following principles of microscopic total resection, as previously
described46,47. Uniform manifold approximation and projection
analysis defined six clusters: NSC-like (SOX5, SOX6), AC-like
(SLC2A2, GPC5), MES-like (RUNX1, RUNX2), OPC-like (PDGFRA,
TNR), cycling cells (KNL1, TOP2A, KIF15) and angiogenic (VEGFA,
AKAP12) (Fig. 3b, c, Supplementary Fig. 8 and Supplementary
Table 5). Each cluster was consistently mapped to the correspond-
ing cell types (AC-like, OPC-like, NPC-like and MES-like) that were
identified in a previous GBM cell population classification system
(metamodule framework)32 (Supplementary Fig. 9a, b), except for
the NSC-like cluster, which spanned all four cell types and was
suggestive of progenitor-like features (Supplementary Fig. 9c–f).
EGFR and PTPRZ1, established markers associated with pro-

liferation and stemness48, were enriched in NSC-like and AC-like
clusters, whereas mature astrocyte and oligodendrocyte signa-
tures were markedly depleted (Supplementary Fig. 8a). These
EGFR-expressing and PTPRZ1-expressing states were detected in
neuropathology-confirmed tumour-free SVZ and cortex of GBM
but not in control SVZ or cortex (Fig. 3d, e and Supplementary Fig.
8b, c). In contrast, oligodendrocytes and neurons dominated
control SVZ and cortex (Supplementary Fig. 8b–e and Supple-
mentary Table 6) but constituted a smaller fraction in GBM tissues
(Fig. 3f). Cluster profiles of tumour-free SVZ from GBM were further
distinct from tumour-infiltrated SVZ (n= 2), which showed strong
similarities to the tumour profiles (Fig. 3g, h), supporting the
interpretation that these tumour-free SVZ samples were unlikely
to be contaminated by occult tumour cells and validating their
classification as non-tumour-infiltrated SVZ. To further assess intra-
patient consistency, patient-wise analyses comparing tumour-free
SVZ and matched tumour samples were performed as were
comparisons between tumour-infiltrated SVZ and matched
tumours where available (Supplementary Fig. 10a, b). Across
individual patients, AC-like, NSC-like and OPC-like populations
were enriched in tumours but only sparsely detected in tumour-

free SVZ (Supplementary Fig. 10a). In contrast, tumour-infiltrated
SVZ samples closely resembled matched tumours (Supplementary
Fig. 10b), a pattern consistently observed in the Harmony-
integrated analysis.

Presence of 7-gain or 10-loss harbouring cells in the SVZ of
human GBM
Because previous evolutionary studies have suggested that CNAs
involving chromosome 7 gain and/or chromosome 10 loss
represent early, clonally dominant events in GBM11,12, subsequent
analysis assessed whether cells harbouring these CNAs could be
detected in the neuropathology-confirmed tumour-free SVZ. CNA
analysis of snRNA-seq data, using oligodendrocytes and microglia
as controls, showed RNA-inferred signals consistent with canonical
chromosome 7 gain and chromosome 10 loss in both primary and
recurrent GBM across all six malignant clusters (AC-like, NSC-like,
OPC-like, MES-like, cycling and angiogenic) (Fig. 4a, b, Supple-
mentary Fig. 11a and Supplementary Table 7). Similar RNA-
inferred CNA signals were observed in the tumour-free SVZ of
GBM (6/10 cases, 60%), in a minor subset of cells restricted to AC-
like, NSC-like and OPC-like clusters (Fig. 4c, d), but were absent in
control SVZ and cortex from patients with non-glial tumours (Fig.
4e, f and Supplementary Table 8).
In matched SVZ–tumour pairs, CNA profiles of tumour-free SVZ

differed from those of tumour-infiltrated SVZ, which mirrored GBM
tumours in both chromosome 7/10 alterations and cluster
composition (Supplementary Fig. 11b, c and Fig. 3g, h). Given
that NSCs generate glial progenitor cells, OPCs and astrocyte
progenitor cells, as well as NPCs49, these findings implicate the
NSC-like population as a plausible origin-like candidate state in
GBM.
Chromosomal alterations in tumour-free cortex samples from

patients with GBM (n= 3) whose primary tumours exhibited
chromosome 7 gain and chromosome 10 loss were then
examined. In two cases, a minor subset of AC-like and NSC-like
cells in the tumour-free cortex harboured chromosome 7 gain and
chromosome 10 loss (Supplementary Fig. 12a, b). These alterations
differed from patterns observed in tumour-infiltrated SVZ
(Supplementary Fig. 11b, c), indicating that they were unlikely to
be solely attributable to tumour infiltration. Notably, no clear
chromosome 7 gain and/or chromosome 10 loss was detected in
the paired tumour-free SVZ of these patients (Supplementary Fig.
12a, b). In contrast, one patient exhibited no detectable CNAs in
either the tumour-free SVZ or cortex (Supplementary Fig. 12c).
Given the limited cell number and coverage of tumour-free SVZ
samples (n= 3) and the possibility of spatial heterogeneity, the
presence of CNAs that were not captured by primary snRNA-seq
cannot be excluded.
We further assessed the presence of CNA-harbouring cell

populations in the tumour-free SVZ at the DNA level. High-depth
WES (average depth of coverage = 351×) of seven matched pairs
of tumour-free SVZ and GBM tumours and of two matched pairs of

Fig. 2 Progressive copy-number alterations from mGBM-OCs to mGBM-TSs. a, Principal component analysis plot showing gene expression
patterns of the three groups: control subventricular zone (SVZ) cells, mouse glioblastoma origin-like cells (mGBM-OCs) and mouse
glioblastoma tumourspheres (mGBM-TSs). Each point represents an independent biological replicate (control SVZ, n= 3; mGBM-OCs, n= 3;
mGBM-TSs, n= 6); axis labels indicate the percentage of variance explained by each principal component (PC1, 62%; PC2, 13%).
b, Differentially expressed genes (DEGs) were defined as |log2 fold-change|> 1 and Benjamini–Hochberg adjusted P <0.05 (DESeq2 Wald test).
The number of DEGs specific to mGBM-OCs (orange), shared between mGBM-OCs and mGBM-TSs (overlap; 34 of 62 mGBM-OC DEGs, 54.8%),
and specific to mGBM-TSs (dark red) are indicated. Statistical significance of the overlap was assessed using a one-sided hypergeometric test
(P= 7.3 × 10–13; fold enrichment, 3.67), with the total number of measured genes with valid adjusted P values as the background (6,308
genes). c, Allele-specific absolute copy numbers per chromosome inferred from bulk whole-genome sequencing using Sequenza, relative to
matched normal blood from the same mouse. mGBM-OCs (n= 3) and mGBM-TSs (n= 7) are shown. d, Odds ratios (OR) illustrating
chromosome-specific copy-number alterations across all samples. Odds ratios were calculated for chromosome-level gains (red) or losses
(blue) in mGBM-TSs relative to mGBM-OCs, with error bars indicating 95% confidence intervals and a dashed line indicating OR 1.
Chromosome 11 gain includes the Egfr locus. Statistical significance: *adjusted P <0.05, ***adjusted P <0.001. Adjusted P values were obtained
by multiple-testing correction across chromosomes (see Methods).
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tumour-infiltrated SVZ and GBM tumours was conducted (Supple-
mentary Table 9). One SVZ sample (GBM-009) was termed tumour-
free by neuropathology but showed CNA patterns consistent with
tumour infiltration; therefore, it was analysed as tumour-infiltrated
SVZ. While the majority of other CNAs observed in the tumour

tissues were absent, focal amplification of chromosome 7 was
observed in three cases of tumour-free SVZ (GBM-004, GBM-006
and GBM-008) (Fig. 5a), consistent with the analysis of bulk RNA-
seq (Supplementary Fig. 6c). In the patient with matched snRNA-
seq data (GBM-008; GN3 in the snRNA-seq), focal chromosome 7
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gain in the SVZ was consistently observed across both analyses
(Supplementary Fig. 13a and Supplementary Table 7). In contrast,
tumour-infiltrated SVZ closely mirrored the CNA patterns of
tumour tissues (Fig. 5a). This result suggests that some RNA-
inferred chromosomal alterations were also detectable at the DNA
level in matched tissue samples, providing tissue-level support for
the snRNA-seq-based CNA inference (Fig. 4a–c).
Finally, the frequency of shared mutations between tumour-free

SVZ and GBM samples from patients with GBM was analysed.
Among the seven tumour-free SVZ samples, four cases harboured
a low proportion of shared mutations with their paired GBM
samples (Supplementary Fig. 13b), consistent with a previous
report15. Conversely, deep sequencing of the two tumour-
infiltrated SVZ samples revealed high tumour purity with
substantial shared mutations, as expected (Supplementary Fig.
13c). In GBM-002, no shared mutations were detected between
the tumour-free SVZ and GBM samples, yet the tumour-free SVZ
sample exhibited chromosome 7 gain and chromosome 10 loss in
the snRNA-seq data (Supplementary Fig. 13d). Despite the risk of
sampling heterogeneity, this is compatible with the possibility that
chromosomal alterations may precede somatic mutations during
tumorigenesis.
Overall, this study provides evidence that chromosomal

alterations are detectable at an early disease-associated stage in
the SVZ and become more pronounced as the disease progresses
to GBM in both mice and humans. Furthermore, it found that NSC-
like, AC-like and OPC-like cells were the main cell states showing
RNA-inferred chromosome 7 gain and/or chromosome 10 loss
signals in both human SVZ and GBM, highlighting these
populations as putative human GBM-OC-like populations (Fig. 5b).

DISCUSSION
Building on previous evidence that a subset of human GBMs can
arise from SVZ cells harbouring low-level driver mutations15,17,
several subsequent studies sought to leverage the SVZ concept to
improve patient prognosis, although with limited success10,50–52.
The frequent distant recurrences10, which develop away from the
primary tumour site and often result in worse clinical outcomes,
highlight the need to understand the SVZ as a potential origin-
associated niche and to define the specific characteristics of GBM-
associated SVZ populations. In the mouse SVZ somatic mutation
model, time-series samples were collected, and it was found that
SVZ-derived cells exhibit NSC-like features with distinct properties,
including invasive potential and context-dependent tumorigenic
potential associated with the implantation environment (Fig. 1e, f).
In human patients, SVZ-resident cell populations exhibited GBM-
associated transcriptional programmes and early chromosomal
alterations. Taken together, these cross-species analyses support
three related observations. In the mouse model, CNAs are already
detectable before overt tumour formation in mGBM-OCs. In
human patients, chromosome 7 gains and/or chromosome 10
losses are observed in the SVZ, and SVZ-resident AC-like, NSC-like
and OPC-like populations exhibit GBM-associated transcriptional
programmes and early chromosomal alterations, consistent with
origin-like features. As NSCs can differentiate into OPCs and

astrocyte progenitor cells49, the NSC-like population identified in
the present study may constitute a plausible origin-like candidate
state in GBM, and NSC-like, AC-like and OPC-like cells together
may represent a continuum of related origin-like states that share
early GBM-associated CNA patterns.
This study has several limitations. First, both mouse and

human samples were used, as these two species have different
chromosome numbers and gene arrangements, making it
challenging to directly translate the findings from mouse models
to human GBM. However, the fact that similar CNA events were
observed in both species suggests that these results are
directionally consistent across species (Fig. 2c, d). Second, the
difficulty in obtaining paired SVZ and GBM samples from human
patients limited the number of samples available for snRNA-seq.
Moreover, although mGBM-OCs from the SVZ of the somatic
mutation model were successfully cultured, attempts to culture
human ventricular spheres from the tumour-free SVZ of patients
with GBM were hampered by difficulties in obtaining and
maintaining these cells. Consequently, it was not possible to
genetically manipulate or thoroughly examine the cellular
characteristics of human ventricular spheres and, instead, their
properties were investigated using RNA-seq and DNA sequen-
cing (Figs. 3–5). Third, while RNA-inferred CNA analysis is
effective for detecting large-scale chromosomal alterations, it
has limited sensitivity for focal copy-number events; moreover,
because clonal evolution from SVZ populations to GBM was not
directly demonstrated, definitive lineage relationships between
SVZ-resident populations and fully developed tumours cannot
be established. In addition, RNA-derived copy-number inference
from single-nucleus transcriptomic data is subject to limitations,
including transcriptional noise and dropout, particularly in low-
abundance cell populations. As a result, the detection of CNAs in
rare SVZ-resident cells should be interpreted as indicative rather
than definitive, especially for ultra-low-frequency clones.
Although concordant alterations were observed in bulk WES
data, such tissue-level evidence does not by itself establish the
presence of CNAs within specific rare SVZ-resident cell popula-
tions. Future studies incorporating orthogonal approaches, such
as spatially resolved DNA-based methods or ultra-deep targeted
sequencing, will be required to more definitively validate the
presence of these CNAs within rare SVZ-resident cell popula-
tions. Fourth, genome editing using CRISPR–Cas9 and electro-
poration has been associated with DNA damage and
chromosomal instability in certain contexts53,54. Although a
relatively low CNA burden was observed in early-stage mGBM-
OCs, suggesting that major chromosomal alterations become
more prominent during tumour progression, a potential
contribution of genome-editing-associated genomic instability
cannot be fully excluded. Therefore, the progressive CNA
patterns observed from mGBM-OCs to mGBM-TSs should be
interpreted as being consistent with, rather than definitive proof
of, tumour progression, while recognizing this technical possi-
bility as a limitation. Fifth, while mGBM-OCs failed to initiate
tumours following striatal implantation, the mechanistic basis
for this difference remains unclear, as current data do not
distinguish between potential contributions from cell survival,

Fig. 3 A single-nucleus landscape of human GBM and non-glial tumour samples. Schematic illustration depicting the sampling and RNA
sequencing workflow for tumour-free subventricular zone (SVZ), primary glioblastoma (GBM), recurrent GBM and tumour-free cortex from
patients with GBM, and control SVZ and control cortex samples from patients with non-glial tumours (part a). Bulk RNA sequencing and
single-nucleus RNA sequencing (snRNA-seq) workflows are shown, with sample numbers indicated in the right panel. Uniform manifold
approximation and projection (UMAP) plots displaying identified cell subsets in primary GBM (part b), recurrent GBM (part c), tumour-free SVZ
(part d), and tumour-free cortex (part e) samples from patients with GBM based on snRNA-seq. Marker genes for each cluster were identified
using the Wilcoxon rank-sum test (Seurat FindAllMarkers). Boxplot showing the proportions of each cluster across sample types (primary GBM,
recurrent GBM, tumour-free SVZ and tumour-free cortex) (part f). UMAP plots displaying identified cell subsets in paired GBM (part g) and
tumour-infiltrated SVZ (part h) samples from patients with GBM based on snRNA-seq. Parts g and h represent a matched tumour–SVZ pair
from the same patient. AC, astrocyte; MES, mesenchymal; NSC, neural stem cell; OPC, oligodendrocyte precursor cell.
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proliferation, apoptosis, engraftment efficiency, spatial distribu-
tion or microenvironmental support. Future studies incorporat-
ing early post-implantation analyses, including short-term
survival, proliferation or apoptosis staining, spatial distribution
mapping, and quantitative engraftment assessment, will be
required to further clarify these possibilities. Importantly, the risk
of occult tumour contamination was mitigated by (1) neuro-
pathology confirmation of tumour-free SVZ and (2) explicitly
separating tumour-infiltrated SVZ samples based on concordant
cluster and CNA patterns. Nevertheless, SVZ regional assignment
in the experimental system was primarily inferred from targeted

microdissection combined with in vitro NSC-marker expression
and functional assays, rather than direct spatially resolved
validation. Although these approaches support the SVZ assign-
ment of the isolated cells, future studies using spatial
transcriptomics will be required to definitively confirm regional
assignment and fully exclude potential contributions from
adjacent regions.
In conclusion, in the mouse model, mGBM-OCs with stem-like or

progenitor-like features and context-dependent tumorigenic
potential were identified, together with progressive accumulation
of CNAs during tumour progression. In human patients, rare AC-

Fig. 4 Identification of cell populations harbouring chromosome 7 gain and/or chromosome 10 loss in human GBM. Uniform manifold
approximation and projection (UMAP) plots showing chromosome 7p and/or 7q arm gains and 10p and/or 10q arm losses in primary
glioblastoma (GBM) (part a), recurrent GBM (part b) and tumour-free subventricular zone (SVZ) (part c) samples from patients with GBM.
Colours indicate inferCNV-inferred, scaled copy-number signals for chromosome 7p/7q gains and chromosome 10p/10q losses. Signals were
visualized using a threshold of 0.5, and chromosome-arm events were called only when five or more cells per sample met the criterion (see
Methods). Bar plot showing the distribution of cell counts with chromosome 7q gain (left) or 10q loss (right) across different clusters in
tumour-free SVZ samples (part d). Counts represent cells exceeding the same inferCNV threshold used in parts a–c. UMAP plots displaying
chromosome 7 gain and chromosome 10 loss in control SVZ (part e) and control cortex (part f) from patients with non-glial tumours,
processed identically as negative controls. AC, astrocyte; MES, mesenchymal; NSC, neural stem cell; OPC, oligodendrocyte precursor cell.

H.-C. Oh et al.

11

Experimental & Molecular Medicine



Fig. 5 Copy-number alterations assessed by WES in patients with GBM. a, Copy-number alterations were inferred from high-depth whole-
exome sequencing (WES) data from nine patients with glioblastoma (GBM), including seven matched tumour-free subventricular zone (SVZ)–GBM
pairs (GBM-002–GBM-008) and two matched tumour-infiltrated SVZ–GBM pairs (GBM-001 and GBM-009). Tumour-free cortex samples were also
included from four patients (where available). For each patient, available sample types are indicated by the coloured bars on the left (tumour-free
cortex, grey; tumour-free SVZ, green; tumour-infiltrated SVZ, orange; GBM, red). The tracks show genome-wide copy-number profiles across
autosomes (chromosomes 1–22), with red indicating gains and blue indicating losses (log2 copy ratio; see Methods). Dashed boxes highlight
chromosomes 7 and 10. b, Graphical summary of this study. (1) Functional characterization of control SVZ cells, mouse glioblastoma origin-like cells
(mGBM-OCs) and mouse glioblastoma tumourspheres (mGBM-TSs) in a mouse SVZ somatic mutation model. (2) Context-dependent tumorigenic
potential associated with the SVZ microenvironment assessed by striatal versus SVZ implantation. (3) Accumulation of chromosomal alterations
during progression frommGBM-OCs to mGBM-TSs (for example,+8,+15,−16). (4) Multi-region profiling of human tumour-free SVZ, GBM and cortex
by bulk RNA sequencing (RNA-seq)/WES and single-nucleus RNA sequencing (snRNA-seq). (5) Identification of GBM-aligned SVZ stem or progenitor-
like states harbouring early aneuploidy signals, including chromosome 7 gain and/or chromosome 10 loss in tumour-free SVZ.
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like, NSC-like and OPC-like SVZ populations with GBM-associated
transcriptional programmes and early chromosomal alteration
signals were identified. It is proposed that SVZ-resident AC-like,
NSC-like and OPC-like populations may represent GBM-OCs
exhibiting early GBM-associated chromosomal alterations (Figs.
3 and 4). Importantly, while these findings are consistent with the
presence of origin-like populations in the SVZ, they do not
establish direct clonal lineage relationships between these cells
and GBM. These findings extend previous evolutionary recon-
structions11,12 that positioned chromosome 7 gain and/or
chromosome 10 loss in tumour-free tissue as an early, clonally
dominant event in GBM by localizing such alterations to
specific SVZ-resident cell states. Further studies utilizing single-
cell DNA sequencing and lineage-resolved phylogenomic
approaches to directly capture the mutation-bearing cells in
the SVZ could provide definitive evidence for the cells of origin
in GBM. A deeper understanding of these SVZ-resident GBM-
associated origin-like populations will facilitate the develop-
ment of novel therapeutic strategies targeting origin-like
populations, potentially leading to more effective treatments
for GBM.
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