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Abstract Glioblastoma (GBM) is the most common and lethal primary neoplasm in the central nervous system.
Despite intensive treatment, the prognosis for patients with GBM remains poor, with a median survival of 14-16
months. 90% of GBMs are primary GBMs that are full-blown at diagnosis without evidences of a pre-existing less-
malignant precursor lesion. Therefore, identification of the cell(s) of origin for GBM—the normal cell or cell type
that acquires the initial GBM-promoting genetic hit(s)—is the key to the understanding of the disease etiology and
the development of novel therapies. Neural stem cells and oligodendrocyte precursor cells are the two major
candidates for the cell(s) of origin for GBM. Latest data from human samples have reignited the longstanding
debate over which cells are the clinically more relevant origin for GBMs. By critically analyzing evidences for or
against the candidacy of each cell type, we highlight the most recent progress and debate in the field, explore the
clinical implications, and propose future directions toward early diagnosis and preventive treatment of GBMs.

Keywords glioblastoma; cell(s) of origin; neural stem cells; oligodendrocyte precursor cells; subventricular zone; early
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Introduction only 10% are secondary GBMs that develop from lower

Glioblastoma (also termed glioblastoma multiforme,
GBM) is the most common and lethal primary neoplasm
in the central nervous system [1]. According to World
Health Organization standards, GBM is the highest grade
(Grade 1V) astrocytoma, characterized by extreme mor-
phological, genomic and transcriptional heterogeneity
[2,3]. Highly infiltrative to surrounding normal brain
tissues, GBM cannot be completely resected by surgery,
and is resistant to conventional radiation and chemother-
apy. Consequently, the prognosis for patients with GBM
remains poor, with a median survival of 14-16 months
even after intensive treatment [1-3].

Targeting pre-neoplastic cells to prevent their transfor-
mation toward the malignant state is a promising
therapeutic strategy to circumvent the great challenges of
treating end-stage cancers. However, the vast majority of
GBMs (90%) are primary GBMs that are fully manifested
at diagnosis without radiological or histological evidences
of a pre-existing less-malignant precursor lesion, while
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grade astrocytomas (Grade II or III) [3]. Thus, identifica-
tion of the cell(s) of origin for GBM (the normal cell or cell
type that acquires the initial GBM-promoting genetic hits)
is the key to the understanding of the disease etiology [4,5].
More importantly, detailed molecular profiling of these
cell(s) of origin could potentially lead to the development
of early prognostic markers and preventive therapies for
this deadly brain cancer.

In this review, we focus on the two major candidates for
the cell(s) of origin for GBM: neural stem cells (NSCs) and
oligodendrocyte precursor cells (OPCs). Latest data from
human samples have reignited the longstanding scientific
debate over which cells are the clinically more relevant
origin for GBM [6-8]. By critically analyzing evidences
for or against the candidacy of each cell type (Table 1), we
highlight the most recent progress and debate in the field,
explore the clinical implications, and propose future
directions toward early diagnosis and preventive treatment
of GBM.

Two major candidates

NSCs are self-renewing, multipotent cells that during
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embryonic development generate all the major cell types in
the central nervous system: neurons, astrocytes, and
oligodendrocyte [9,10]. The latter two are collectively
called glial cells. A subset of NSCs persist into the
adulthood and primarily reside in restricted regions of the
brain: the subventricular zone (SVZ) of the lateral ventricle
and the subgranular zone (SGZ) of the hippocampal
dentate gyrus [9]. These adult NSCs retain remarkable self-
renewal potential and differentiation plasticity, which
continue to produce restricted types of interneurons and/
or glial cells in the adult brain [9]. In contrast, OPCs are
generally considered as lineage-restricted precursor cells
that specifically give rise to oligodendrocytes in both the
developing and adult brain [11,12]. In the adulthood, OPCs
are a slowly proliferating cell population widely distrib-
uted throughout the brain, accounting for approximately
3%—4% of cells in the gray matter and 7%—8% in the white
matter [11]. While it is still debatable whether terminally
differentiated, post-mitotic astrocytes and neurons can be
transformed into GBM [5,13,14], the replicative capacity
of both NSCs and OPCs single them out as the more likely
candidates for the cell of origin for GBM.

Evidences for or against NSCs as the cell of
origin

Aside from correlative evidences such as similarities in
marker expression between NSCs and GBM cells (e.g.,
Nestin, GFAP, and Sox2) [1,15], the strongest evidences to
support NSCs as the cell of origin come from xenograft
and genetically engineered mouse (GEM) models for
GBM. In these models, the general approach to induce
GBM is to knockdown/knockout driver tumor suppressor
genes (e.g., p53, Nfl, Cdkn2a, Pten, and RbI) and/or
overexpress driver oncogenes (e.g., Ras, EGFR, PDGF
receptors and ligands) [2,16]. By targeting these driver
genes, cultured mouse NSCs and immortalized human
NSC lines can be directly transformed to form GBMs after
intracranial transplantation into host mice [17—19]. Human
embryonic stem cell (hESC)-derived, PTEN-deficient
NSCs also exhibit glioma-like neoplastic features after
transplantation [20]. These studies on xenograft models
have established the competency of NSCs to be trans-
formed in vitro.

In vivo, GEM models provide direct evidences that
mouse NSCs in the SVZ stem cell niche can give rise to
GBM in a de novo setting. Zhu et al. reported the first true
genetic mouse model for GBM with high penetrance [21].
Using Cre/loxP system, they achieved targeted deletion of
a floxed NfI allele in hGFAPCre-expressing embryonic
NSCs and their progeny in p53 null mice. They made an
important observation that the majority of tumors arise
within the SVZ-associated areas, consistent with the
clinical findings that human GBMs are frequently

diagnosed in proximity to the SVZ [22]. The susceptibility
of neural progenitors to malignant transformation is further
confirmed by multiple murine models targeting different
combinations of driver genes [17,23-26]. However,
there are several common caveats for these studies:
(1) Mutations are introduced in embryonic or postnatal
NSCs, which is not ideal since GBM is an adult-onset
disease mostly diagnosed between the ages of 45 and 70
[27]; (2) Mutations are initially targeted to NSCs, yet as
NSCs differentiate, all of their descendants including
transit amplifying cells, neuroblasts and OPCs carry the
same mutations, making it difficult to pinpoint exactly
which progenitors directly give rise to GBM [15].
Alcantara et al. addressed the first issue by specifically
targeting p353/Pten/NfI mutations into adult NSCs [28].
They used a transgenic mouse strain carrying tamoxifen
inducible Cre (Nestin-CreER™) and induced the Cre
activity in postnatal/adult SVZ, or directly injected Cre-
expressing adenovirus into the adult SVZ. In both
scenarios mice develop GBM. In contrast, when Cre-
expressing adenovirus were injected into non-neurogenic
regions, no GBM formed. Their findings were further
confirmed by Jacques et al. [29]. For the second issue,
Wang et al. partially addressed the problem using a mutant
p53-driven GBM model [30]. In this model, they used the
accumulation of mutant p53 protein, a common feature of
human tumors, to specifically label malignant cells at all
stages of GBM development. While all the neural
progenitor cells carry the same p53 mutation, the earliest
cells that accumulate high level of mutant p53 are
restricted in the SVZ and express stem cell markers,
suggesting NSCs are the earliest cells undergoing
malignant transformation. Together, data from GEM
models support that NSCs, or more precisely SVZ NSCs,
are the cell of origin for GBM.

A recent study from human patients with GBM provides
direct genetic evidence that human GBM originates from
the SVZ [6]. In this study, Lee et al. collected triple-
matched samples of normal cortex, tumor and tumor-free
SVZ within the same brain from 55 patients. Through deep
sequencing and single-cell sequencing, they found that in
majority of patients with IDH-wildtype GBM, tumor-free
SVZ tissue contained low level GBM driver mutations that
are present at high levels in their matching tumors. The
shared mutations prove the lineage relationship between
SVZ cells and tumors, and the fact that SVZ cells lack
tumor-private mutations can be explained by two scenar-
i0s: (1) SVZ cells clonally evolve into GBM in the brain
parenchyma; or (2) GBM originate in a location distant
from the SVZ and an early GBM clone migrates into the
SVZ. To test these possibilities, they used a gene-edited,
lineage tracing mouse model to show that cells with NSC
features carrying driver mutations p53, Pten, and EGFR
could migrate out of the tumor-free SVZ and develop into
high-grade gliomas in distant brain regions, while cells in
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the cortex targeted by the same mutations could not
develop tumors nor invade the SVZ. While the mouse data
may not be definitive since these phenotypes might be
mutation-specific, it strongly favors the first scenario.
Together, their findings provide a clinically relevant
example showing that NSCs in human SVZ tissue are
the cells of origin for GBM harboring initial driver
mutations.

Despite all these evidences to support SVZ NSCs as the
cell of origin for GBM, there is one unsettled question: do
NSCs and neurogenesis actually exist in adult human
brains? Through histological analysis of markers for
precursor cells and their proliferative status on human
brain samples at different ages, Alvarez-buylla and
colleagues concluded that hippocampal neurogenesis
drops to undetectable level during childhood, and SVZ
neurogenesis fully disappears at around 18 months, long
before high-grade gliomas are diagnosed [7,31]. These
findings challenge the human relevance of mouse NSC-
derived GBM models. In contrast to these human data,
mouse NSCs undergo proliferation/neurogenesis even in
aged animals, so driver mutations in this cell population
may easily give rise to tumors. But if this population of
cells is proven not undergoing such levels of proliferation
in older adult humans, it may be a less relevant model.
However, it is at least premature at this stage to conclude
whether NSCs and neurogenesis are persistent in adult
human brains [32]. Using similar approaches, Boldrini
et al. reached an opposite conclusion that neurogenesis
persists throughout life in humans [8]. Furthermore, adult
neurogenesis in human brains has been confirmed by
multiple birth dating studies [33—35]. Unlike in rodents
where adult neurogenesis from SVZ mainly gives rise to
neurons in the olfactory bulb, it is proposed that in humans
SVZ-derived neuroblasts could migrate into the striatum,
evidenced by continuous striatal neurogenesis [33]. In
addition, in light of the findings by Lee ef al., one could
argue that even if wildtype NSCs could not persist into
adulthood, NSCs with low-level GBM driver mutations
could remain in the SVZ long after the disappearance of
wildtype NSCs and neurogenesis, and serve as the cell(s)
of origin to initiate GBM [6].

Finally, other than direct gliomagenesis from NSCs,
several studies have proposed that dedifferentiation of
astrocytes and neurons into a NSC-like state could lead to
GBM development [13,14,36]. However, these studies
either used cultured early postnatal “astrocytes”which may
not represent mature adults astrocytes in vivo, or broadly
introduced driver mutations/knockdown into many cell
types, confounding their conclusions. Indeed, a very recent
paper which rigorously tested the susceptibility of
restricted neural progenitor cells and neurons using
lineage-specific Cre strains found that a combination of
Nf1, Trp53, and Pten deletion in these cell populations is
insufficient to induce glioma formation [37].

Evidences for or against OPCs as the cell of
origin

While adult OPCs are generally considered a unipotent,
slowly proliferating population, their sheer number makes
them the largest proliferating cell pool in the brain and a
natural candidate for the cell of origin of GBM [12]. Like
NSCs, OPCs also share marker expressing profile with
GBM cells, e.g., Olig2, NG2, and O4 [1,11]. TCGA
analysis revealed OPC-signatures in proneural GBMs, in
particular the frequent amplification and mutations of
PDGFRA, an OPC-specific marker in the normal brain
critical for the regulation of OPC proliferation and
migration [38]. However, early GEM models targeting
OPCs mostly generated oligodendrogliomas [39,40]. Liu
et al. provided the first convincing evidence to demonstrate
OPCs can function as the cell of origin for GBM [41]. In
this study, they used a novel lineage tracing model termed
mosaic analysis with double markers (MADM) [42],
which can simultaneously label wildtype and mutant
(p53 and NfI double-deficient) cells generated from the
same NSCs within the same mouse brain with red and
green fluorescent reporters, respectively. By comparing the
red versus green ratio in different cell type, they were able
to show that only in the OPCs, but not in the NSCs, green
mutant cells dramatically outnumber red wildtype cells,
suggesting that while mutations were introduced in NSCs,
their descendant OPCs are the initial transformed cells
undergoing clonal expansion. However, one could argue
that cells undergoing initial expansion are not equivalent to
the cells of origin. Indeed, similar OPC and oligoden-
drocyte expansion is observed in NfI-single mutant mouse
models, yet no GBM develops, suggesting that the
expansion could be attributable to non-tumorigenic devel-
opmental defects caused by NfI mutation [43]. More direct
evidences to support the OPC-origin come from OPC-
specific conditional knockout mouse models using NG2-
Cre, inducible NG2-CreERT or retrovirus [41,44—47].
After targeted inactivation of p53, NfI, and/or Pten in
OPCs during development or in adulthood, mutant OPCs
could readily generate GBM in these models.

While these studies provide compelling evidences to
support that OPCs can be transformed in vivo, there are
issues against the hypothesis of OPC-origin. First, despite
in vitro evidences showing the plasticity of OPCs in vitro,
adult OPCs are generally considered unipotent and lack the
ability to self-renew in vivo [12]. Thus, it is difficult for an
individual adult OPC to accumulate multiple driver
mutations de novo and initiate GBM. Second, while
OPCs are distributed throughout brain regions including
both gray and white matter, GBMs are found most
commonly in the subcortical white matter of the frontal
lobes [3]. Such location preference cannot be explained by
the possibility that white matter OPCs proliferate more
than gray matter OPCs. In fact, birth dating experiments on
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human brain samples found the opposite [48]. While the
number of gray matter oligodendrocytes does not plateau
until 40 years of age, the number of white matte
oligodendrocytes reaches its peak at 9 years of age and
stays remarkably stable throughout the rest of the human
lifespan. A counter-argument is that GBM may initiate
from gray matter OPCs and expand or migrate into the
white matter/SVZ to form radiologically evident tumors, as
suggested by the MADM study [41]. To rigorously test this
hypothesis, it requires specific targeting and lineage tracing
of mutant OPCs in the gray matter, more thorough
histopathological analysis, along with deep genomic
sequencing to establish the lineage relationship.

A possible unifying model

Is there a way to reconcile all the existing data on the cell of
origin for GBM? Alcantara Llaguno et al. present an
interesting case that Ascll® neural progenitors with
targeted mutations can generate two histologically and
molecularly distinct GBM subtypes [44]. Gene expression
analysis reveals that one subtype resembles NSC-derived
GBMs and the other resembles OPC-derived GBMs.
Similarly, they reported that hGFAP-Cre-driven NSC
glioma models also develop both types of gliomas, while
NG2-Cre-driven OPC glioma models could only generate
one subtype. This study, along with others summarized in
this review, point to a possible unifying model for the
cell(s) of origin for GBM (Fig. 1): (1) Given the right
combination of driver mutations, NSCs, NPCs, and OPCs
all can be transformed; (2) NSCs in the SVZ are more
susceptible to transformation and are more likely the cells
that accumulate multiple oncogenic mutations during their
self-renewal; (3) Mutant NSCs could directly give rise to
GBMs in SVZ-associated areas, or indirectly through their
descendant progenitors including OPCs in distant brain
parenchyma, while the initial NSCs carrying low-level
driver mutations remain in the histopathologically non-
cancerous SVZ. If this model holds true, we face a
complicated scenario where there is a fine distinction
between “the cell of origin” (cells susceptible to mutations)
and “the tumor-propagating cell population” (the cells
actually giving rise to the tumor mass). The latter is
potentially more clinically relevant and could be a better
target for early tumor diagnosis and intervention.
Alternatively, as Alcantara Llaguno et al. have
suggested in their paper, it is possible that both NSCs
and OPCs are the cells of origin for GBMs, and different
cells of origin give rise to distinct GBM subtypes,
contributing to the intertumor heterogeneity of GBMs
[44]. Nevertheless, it has not been experimentally defined
which cell type(s) give rise to each of the TCGA-defined
human GBM subtypes (proneural, classical and mesench-
ymal), while there are increasing evidences showing that

genetic mutations, epigenetic changes, and the micro-
environment are the major determinants of the intertumor
diversity [49,50].

Clinical implications and future directions

We have witnessed tremendous progress on our under-
standing of the GBM cell of origin in the past decade. With
the advent of sophisticated technologies such as high-
throughput drug screening, deep sequencing, single-cell
analysis, induced pluripotent stem cells (iPSCs), organoids
and CRISPR-Cas9-based gene editing, it is time for the
field to move forward, address key clinical questions
regarding gliomagenesis, and provide novel therapeutic
strategies.

First of all, the NSC-origin model for gliomagenesis
would have distinct clinical implications compared to the
OPC-origin model. Adult NSCs, if they are further proven
to exist in the older human brain, are anatomically
restricted in the SVZ NSCs and in direct contact with the
cerebral spinal fluid. For early diagnosis and intervention,
the NSC-origin model would mean that with the develop-
ment of more specific imaging probes, we could in theory
perform high-resolution MRI scanning in the SVZ and
associated regions for a preventative GBM screening, or
test the tumor specific antigen/microRNA/ctDNA in the
cerebral spinal fluid as an early diagnostic method. For the
treatment of endstage cancer, the NSC-origin model
suggests that targeting the SVZ along with the tumor
foci could improve the overall survival, as several clinical
studies have already shown [51,52]. On the other hand,
given the widespread distribution of OPCs in the brain, the
OPC-origin model would mean that it will be very difficult
to define a specific region of interest and distinguish
abnormal OPCs from normal ones, therefore it is necessary
to perform scanning and treatment throughout the brain
with more sensitive and specific probes or drugs. Taken
together, settling the cell-of-origin debate would have
significant clinical implications on the diagnosis and
therapy.

Secondly, mouse models for the study of GBM cell of
origin are genetically and molecularly defined, subtype-
specific, and can be provided at large cohorts. These mouse
models can be particularly useful for the screening of novel
drugs targeting specific mutations or signaling pathways,
in conjunction with widely-used patient-derived xeno-
grafts models. These mouse models allow us the
opportunity to investigate the earliest stages of GBM
development. While human tumors are generally consid-
ered monoclonal, all of the current models target a large
population of tumor initiating cells. Apparently, not all of
these cells with driver mutations can give rise to GBMs.
Whether, when and how they accumulate additional
mutations, undergo clonal selections and exhibit neoplastic
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features at initial stages of malignant transformation is
largely unknown. Simultaneous single-cell RNA and DNA
sequencing, deep whole genome/exome sequencing on
bulk tissue from different brain regions, along with novel
lineage tracing techniques and reporter mouse strains,
could potentially address these questions. High-resolution
genetic and molecular characterization of incipient cells at
different stages of GBM development could make early
detection and preventative therapy possible for patients at
high risk of GBM development.

Finally, while mouse models are invaluable tools for

GBM research and drug testing, scientists need to bear in
mind some of the key limitations of these models. Most
GEM cancer models typically lack selection for genetic
instability or enough time to accumulate enough muta-
tional events mimicking the genetic heterogeneity com-
monly observed in human cancers [53]. Consequently,
tumors arising in GEM models are relatively homogeneous
and often polyclonal, in contrast to the monoclonal nature
of the majority of human cancers. This could particularly
be an issue for modeling complicated cancers like GBM,
whose extreme intra- and inter-tumor heterogeneity have
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been well documented and further elucidated by bulk and
single-cell sequencing analyses [2,16,49,54,55]. It is also
worth noting that forced introduction of multiple driver
mutations into specific cell populations itself is an artificial
setting, which does not mimic the stepwise accumulation
of mutations in cancer initiating cells or the clonal
selection process. One could argue that while these models
can generate tumors, they do not definitively demonstrate
a cell of origin, instead it reveals a cell’s capacity/
vulnerability to give rise to a tumor. As for patient-derived-
xenograft models, while they retain many features of
human cancers and are widely used for drug testing, they
cannot recapitulate the tumorigenesis process, and may
undergo mouse-specific evolutions during passaging [56].
Limitations of these existing mouse models call for the
development of novel GBM cell-of-origin models using
human-derived cells. IPSC and reprogramming technology
allows for mass production of patient-derived NSCs,
OPCs, and cerebral organoids. Through CRISPR-Cas9
based gene editing, scientists could establish a series of
engineered-human-cell-derived xenograft models, directly
interrogate the tumorigenic capacity of these human cells/
organoids with distinct driver mutations, investigate the
stepwise malignant transformation process of targeted
human cells, and test novel diagnostic markers for early
stage tumor.

In summary, with future advances in basic science,
translational and clinical research, it is hopeful that the cell
of origin for GBM could be better defined, and this deadly
cancer would one day become an early-detectable,
preventable, treatable and/or manageable disease.

Acknowledgements

This work was supported by the National Key Research and
Development Program of China, Stem Cell and Translational
Research (No. 2017YFA0106500), Distinguished Young Scientists
Program of Sichuan Province (No. 2019JDJQ0029), and Thousand
Talents Program for Young Outstanding Scientists, China.

Compliance with ethics guidelines

Xiaolin Fan, Yanzhen Xiong, and Yuan Wang declare there is no
conflict of interest. This manuscript is a review article and does not
involve a research protocol requiring approval by the relevant
institutional review board or ethics committee.

References

1. Sturm D, Bender S, Jones DT, Lichter P, Grill J, Becher O, Hawkins
C, Majewski J, Jones C, Costello JF, lavarone A, Aldape K,
Brennan CW, Jabado N, Pfister SM. Paediatric and adult
glioblastoma: multiform (epi)genomic culprits emerge. Nat Rev
Cancer 2014; 14(2): 92-107

10.

11.

12.

13.

14.

15.

. Brennan CW, Verhaak RG, McKenna A, Campos B, Noushmehr H,

Salama SR, Zheng S, Chakravarty D, Sanborn JZ, Berman SH,
Beroukhim R, Bernard B, Wu CJ, Genovese G, Shmulevich I,
Barnholtz-Sloan J, Zou L, Vegesna R, Shukla SA, Ciriello G, Yung
WK, Zhang W, Sougnez C, Mikkelsen T, Aldape K, Bigner DD,
Van Meir EG, Prados M, Sloan A, Black KL, Eschbacher J,
Finocchiaro G, Friedman W, Andrews DW, Guha A, Iacocca M,
O’Neill BP, Foltz G, Myers J, Weisenberger DJ, Penny R,
Kucherlapati R, Perou CM, Hayes DN, Gibbs R, Marra M, Mills
GB, Lander E, Spellman P, Wilson R, Sander C, Weinstein J,
Meyerson M, Gabriel S, Laird PW, Haussler D, Getz G, Chin L;
TCGA Research Network. The somatic genomic landscape of
glioblastoma. Cell 2013; 155(2): 462477

. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-

Branger D, Cavenee WK, Ohgaki H, Wiestler OD, Kleihues P,
Ellison DW. The 2016 World Health Organization Classification of
Tumors of the Central Nervous System: a summary. Acta
Neuropathol 2016; 131(6): 803—-820

. Visvader JE. Cells of origin in cancer. Nature 2011; 469(7330): 314—

322

. Zong H, Parada LF, Baker SJ. Cell of origin for malignant gliomas

and its implication in therapeutic development. Cold Spring Harb
Perspect Biol 2015; 7(5): 020610

. Lee JH, Lee JE, Kahng JY, Kim SH, Park JS, Yoon SJ, UmJY, Kim

WK, Lee JK, Park J, Kim EH, Lee JH, Lee JH, Chung WS, Ju YS,
Park SH, Chang JH, Kang SG, Lee JH. Human glioblastoma arises
from subventricular zone cells with low-level driver mutations.
Nature 2018; 560(7717): 243-247

. Sorrells SF, Paredes MF, Cebrian-Silla A, Sandoval K, Qi D, Kelley

KW, James D, Mayer S, Chang J, Auguste KI, Chang EF, Gutierrez
Al, Kriegstein AR, Mathern GW, Oldham MC, Huang EJ, Garcia-
Verdugo JM, Yang Z, Alvarez-Buylla A. Human hippocampal
neurogenesis drops sharply in children to undetectable levels in
adults. Nature 2018; 555(7696): 377-381

. Boldrini M, Fulmore CA, Tartt AN, Simeon LR, Pavlova I, Poposka

V, Rosoklija GB, Stankov A, Arango V, Dwork AJ, Hen R, Mann
JJ. Human hippocampal neurogenesis persists throughout aging.
Cell Stem Cell 2018; 22(4):589-599.¢5

. Bond AM, Ming GL, Song H. Adult mammalian neural stem cells

and neurogenesis: five decades later. Cell Stem Cell 2015; 17(4):
385-395

Kriegstein A, Alvarez-Buylla A. The glial nature of embryonic and
adult neural stem cells. Annu Rev Neurosci 2009; 32(1): 149-184
Bergles DE, Richardson WD. Oligodendrocyte development and
plasticity. Cold Spring Harb Perspect Biol 2015; 8(2): a020453
Nishiyama A, Komitova M, Suzuki R, Zhu X. Polydendrocytes
(NG2 cells): multifunctional cells with lineage plasticity. Nat Rev
Neurosci 2009; 10(1): 922

Chow LM, Endersby R, Zhu X, Rankin S, Qu C, Zhang J, Broniscer
A, Ellison DW, Baker SJ. Cooperativity within and among Pten,
p53, and Rb pathways induces high-grade astrocytoma in adult
brain. Cancer Cell 2011; 19(3): 305-316

Friedmann-Morvinski D, Bushong EA, Ke E, Soda Y, Marumoto T,
Singer O, Ellisman MH, Verma IM. Dedifferentiation of neurons
and astrocytes by oncogenes can induce gliomas in mice. Science
2012; 338(6110): 1080-1084

Stiles CD, Rowitch DH. Glioma stem cells: a midterm exam.



538

The cell(s) of origin for glioblastoma

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Neuron 2008; 58(6): 832-846

Cancer Genome Atlas Research Network. Comprehensive genomic
characterization defines human glioblastoma genes and core path-
ways. Nature 2008; 455(7216): 1061-1068

Griveau A, Seano G, Shelton SJ, Kupp R, Jahangiri A, Obernier K,
Krishnan S, Lindberg OR, Yuen TJ, Tien AC, Sabo JK, Wang N,
Chen 1, Kloepper J, Larrouquere L, Ghosh M, Tirosh I, Huillard E,
Alvarez-Buylla A, Oldham MC, Persson Al, Weiss WA, Batchelor
TT, Stemmer-Rachamimov A, Suva ML, Phillips JJ, Aghi MK,
Mehta S, Jain RK, Rowitch DH. A glial signature and Wnt7
signaling regulate glioma-vascular interactions and tumor micro-
environment. Cancer Cell 2018; 33(5): 874-889.e7

Hu B, Wang Q, Wang YA, Hua S, Sauvé CG, Ong D, Lan ZD,
Chang Q, Ho YW, Monasterio MM, Lu X, Zhong Y, Zhang J, Deng
P, Tan Z, Wang G, Liao WT, Corley LJ,Yan H, Zhang J, You Y, Liu
N, Cai L, Finocchiaro G, Phillips JJ, Berger MS, Spring DJ, Hu J,
Sulman EP, Fuller GN, Chin L, Verhaak RGW, DePinho
RAEpigenetic activation of WNT5A drives glioblastoma stem cell
differentiation and invasive growth. Cell 2016; 167(5): 1281-1295.
el8

Ligon KL, Huillard E, Mehta S, Kesari S, Liu H, Alberta JA,
Bachoo RM, Kane M, Louis DN, Depinho RA, Anderson DJ, Stiles
CD, Rowitch DH. Olig2-regulated lineage-restricted pathway
controls replication competence in neural stem cells and malignant
glioma. Neuron 2007; 53(4): 503517

Duan S, Yuan G, Liu X, Ren R, Li J, Zhang W, Wu J, Xu X, Fu L, Li
Y, Yang J, Zhang W, Bai R, Yi F, Suzuki K, Gao H, Esteban CR,
Zhang C, Izpisua Belmonte JC, Chen Z, Wang X, Jiang T, Qu J,
Tang F, Liu GH. PTEN deficiency reprogrammes human neural
stem cells towards a glioblastoma stem cell-like phenotype. Nat
Commun 2015; 6(1): 10068

Zhu Y, Guignard F, Zhao D, Liu L, Burns DK, Mason RP, Messing
A, Parada LF. Early inactivation of p53 tumor suppressor gene
cooperating with NF1 loss induces malignant astrocytoma. Cancer
Cell 2005; 8(2): 119-130

Barami K, Sloan AE, Rojiani A, Schell MJ, Staller A, Brem S.
Relationship of gliomas to the ventricular walls. J Clin Neurosci
2009; 16(2): 195-201

Zheng H, Ying H, Yan H, Kimmelman AC, Hiller DJ, Chen AJ,
Perry SR, Tonon G, Chu GC, Ding Z, Stommel JM, Dunn KL,
Wiedemeyer R, You MJ, Brennan C, Wang YA, Ligon KL, Wong
WH, Chin L, DePinho RA. p53 and Pten control neural and glioma
stem/progenitor cell renewal and differentiation. Nature 2008; 455
(7216): 1129-1133

ChenJ,LiY, Yu TS, McKay RM, Burns DK, Kernie SG, Parada LF.
A restricted cell population propagates glioblastoma growth after
chemotherapy. Nature 2012; 488(7412): 522-526

Akgiil S, Li Y, Zheng S, Kool M, Treisman DM, Li C, Wang Y,
Grobner S, Ikenoue T, Shen Y, Camelo-Piragua S, Tomasek G,
Stark S, Guduguntla V, Gusella JF, Guan KL, Pfister SM, Verhaak
RGW, Zhu Y. Opposing tumor-promoting and-suppressive func-
tions of Rictor/mTORC?2 signaling in adult glioma and pediatric
SHH medulloblastoma. Cell Rep 2018; 24(2): 463—478.¢5

Ozawa T, Riester M, Cheng YK, Huse JT, Squatrito M, Helmy K,
Charles N, Michor F, Holland EC. Most human non-GCIMP
glioblastoma subtypes evolve from a common proneural-like
precursor glioma. Cancer Cell 2014; 26(2): 288-300

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wen PY, Kesari S. Malignant gliomas in adults. N Engl J Med 2008;
359(5): 492-507

Alcantara Llaguno S, Chen J, Kwon CH, Jackson EL, Li Y, Burns
DK, Alvarez-Buylla A, Parada LF. Malignant astrocytomas
originate from neural stem/progenitor cells in a somatic tumor
suppressor mouse model. Cancer Cell 2009; 15(1): 45-56

Jacques TS, Swales A, Brzozowski MJ, Henriquez NV, Linehan
IM, Mirzadeh Z, O’ Malley C, Naumann H, Alvarez-Buylla A,
Brandner S. Combinations of genetic mutations in the adult neural
stem cell compartment determine brain tumour phenotypes. EMBO
J2010; 29(1): 222-235

Wang Y, Yang J, Zheng H, Tomasek GJ, Zhang P, McKeever PE,
Lee EY, Zhu Y. Expression of mutant pS3 proteins implicates a
lineage relationship between neural stem cells and malignant
astrocytic glioma in a murine model. Cancer Cell 2009; 15(6):
514-526

Sanai N, Nguyen T, lhrie RA, Mirzadeh Z, Tsai HH, Wong M,
Gupta N, Berger MS, Huang E, Garcia-Verdugo JM, Rowitch DH,
Alvarez-Buylla A. Corridors of migrating neurons in the human
brain and their decline during infancy. Nature 2011; 478(7369):
382-386

Kempermann G, Gage FH, Aigner L, Song H, Curtis MA, Thuret S,
Kuhn HG, Jessberger S, Frankland PW, Cameron HA, Gould E,
Hen R, Abrous DN, Toni N, Schinder AF, Zhao X, Lucassen PJ,
Frisén J. Human adult neurogenesis: evidence and remaining
questions. Cell Stem Cell 2018; 23(1): 25-30

Emst A, Alkass K, Bernard S, Salehpour M, Perl S, Tisdale J,
Possnert G, Druid H, Frisén J. Neurogenesis in the striatum of the
adult human brain. Cell 2014; 156(5): 1072—1083

Spalding KL, Bergmann O, Alkass K, Bernard S, Salehpour M,
Huttner HB, Bostrom E, Westerlund I, Vial C, Buchholz BA,
Possnert G, Mash DC, Druid H, Frisén J. Dynamics of hippocampal
neurogenesis in adult humans. Cell 2013; 153(6): 1219-1227
Eriksson PS, Petfilieva E, Bjork-Eriksson T, Alborn AM, Nordborg
C, Peterson DA, Gage FH. Neurogenesis in the adult human
hippocampus. Nat Med 1998; 4(11): 1313-1317

Bachoo RM, Maher EA, Ligon KL, Sharpless NE, Chan SS, You
MJ, Tang Y, DeFrances J, Stover E, Weissleder R, Rowitch DH,
Louis DN, DePinho RA. Epidermal growth factor receptor and
Ink4a/Arf: convergent mechanisms governing terminal differentia-
tion and transformation along the neural stem cell to astrocyte axis.
Cancer Cell 2002; 1(3): 269277

Alcantara Llaguno S, Sun D, Pedraza AM, Vera E, Wang Z, Burns
DK, Parada LF. Cell-of-origin susceptibility to glioblastoma
formation declines with neural lineage restriction. Nat Neurosci
2019; 22(4): 545-555

Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson
MD, Miller CR, Ding L, Golub T, Mesirov JP, Alexe G, Lawrence
M, O’Kelly M, Tamayo P, Weir BA, Gabriel S, Winckler W, Gupta
S, Jakkula L, Feiler HS, Hodgson JG, James CD, Sarkaria JN,
Brennan C, Kahn A, Spellman PT, Wilson RK, Speed TP, Gray JW,
Meyerson M, Getz G, Perou CM, Hayes DN; Cancer Genome Atlas
Research Network. Integrated genomic analysis identifies clinically
relevant subtypes of glioblastoma characterized by abnormalities in
PDGFRA, IDHI, EGFR, and NF1. Cancer Cell 2010; 17(1): 98-110
Weiss WA, Burns MJ, Hackett C, Aldape K, Hill JR, Kuriyama H,
Kuriyama N, Milshteyn N, Roberts T, Wendland MF, DePinho R,



Xiaolin Fan et al.

539

40.

41.

42.

43.

44,

45.

46.

47.

48.

Israel MA. Genetic determinants of malignancy in a mouse model
for oligodendroglioma. Cancer Res 2003; 63(7): 1589-1595
Lindberg N, Jiang Y, Xie Y, Bolouri H, Kastemar M, Olofsson T,
Holland EC, Uhrbom L. Oncogenic signaling is dominant to cell of
origin and dictates astrocytic or oligodendroglial tumor develop-
ment from oligodendrocyte precursor cells. J Neurosci 2014; 34
(44): 14644-14651

Liu C, Sage JC, Miller MR, Verhaak RG, Hippenmeyer S, Vogel H,
Foreman O, Bronson RT, Nishiyama A, Luo L, Zong H. Mosaic
analysis with double markers reveals tumor cell of origin in glioma.
Cell 2011; 146(2): 209221

Zong H, Espinosa JS, Su HH, Muzumdar MD, Luo L. Mosaic
analysis with double markers in mice. Cell 2005; 121(3): 479492
Wang Y, Kim E, Wang X, Novitch BG, Yoshikawa K, Chang LS,
Zhu Y. ERK inhibition rescues defects in fate specification of Nfl-
deficient neural progenitors and brain abnormalities. Cell 2012; 150
(4): 816-830

Alcantara Llaguno SR, Wang Z, Sun D, Chen J, Xu J, Kim E,
Hatanpaa KJ, Raisanen JM, Burns DK, Johnson JE, Parada LF.
Adult lineage-restricted CNS progenitors specify distinct glioblas-
toma subtypes. Cancer Cell 2015; 28(4): 429-440

Galvao RP, Kasina A, McNeill RS, Harbin JE, Foreman O, Verhaak
RG, Nishiyama A, Miller CR, Zong H. Transformation of quiescent
adult oligodendrocyte precursor cells into malignant glioma through
a multistep reactivation process. Proc Natl Acad Sci USA 2014; 111
(40): B4214-E4223

Lei L, Sonabend AM, Guarnieri P, Soderquist C, Ludwig T,
Rosenfeld S, Bruce JN, Canoll P. Glioblastoma models reveal the
connection between adult glial progenitors and the proneural
phenotype. PLoS One 2011; 6(5): €20041

Assanah M, Lochhead R, Ogden A, Bruce J, Goldman J, Canoll P.
Glial progenitors in adult white matter are driven to form malignant
gliomas by platelet-derived growth factor-expressing retroviruses. J
Neurosci 2006; 26(25): 6781-6790

Yeung MS, Zdunek S, Bergmann O, Bernard S, Salehpour M,

49.

50.

51.

52.

53.

54.

55.

56.

Alkass K, Perl S, Tisdale J, Possnert G, Brundin L, Druid H, Frisén
J. Dynamics of oligodendrocyte generation and myelination in the
human brain. Cell 2014; 159(4): 766-774

Wang Q, ef al. Tumor evolution of glioma-intrinsic gene expression
subtypes associates with immunological changes in the microenvir-
onment. Cancer Cell 2017; 32(1): 42-56.e6

Quail DF, Joyce JA. The microenvironmental landscape of brain
tumors. Cancer Cell 2017; 31(3): 326341

Evers P, Lee PP, DeMarco J, Agazaryan N, Sayre JW, Selch M,
Pajonk F. Irradiation of the potential cancer stem cell niches in the
adult brain improves progression-free survival of patients with
malignant glioma. BMC Cancer 2010; 10(1): 384

Nourallah B, Digpal R, Jena R, Watts C. Irradiating the
subventricular zone in glioblastoma patients: is there a case for a
clinical trial? Clin Oncol (R Coll Radiol) 2017; 29(1): 26-33
Alizadeh AA, Aranda V, Bardelli A, Blanpain C, Bock C, Borowski
C, Caldas C, Califano A, Doherty M, Elsner M, Esteller M,
Fitzgerald R, Korbel JO, Lichter P, Mason CE, Navin N, Pe’er D,
Polyak K, Roberts CW, Siu L, Snyder A, Stower H, Swanton C,
Verhaak RG, Zenklusen JC, Zuber J, Zucman-Rossi J. Toward
understanding and exploiting tumor heterogeneity. Nat Med 2015;
21(8): 846853

Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM,
Wakimoto H, Cahill DP, Nahed BV, Curry WT, Martuza RL, Louis
DN, Rozenblatt-Rosen O, Suva ML, Regev A, Bernstein BE.
Single-cell RNA-seq highlights intratumoral heterogeneity in
primary glioblastoma. Science 2014; 344(6190): 1396-1401

Kim J, Lee IH, Cho HJ, Park CK, Jung YS, Kim Y, Nam SH, Kim
BS, Johnson MD, Kong DS, Seol HJ, Lee JI, Joo KM, Yoon Y, Park
WY, Lee J, Park PJ, Nam DH. Spatiotemporal evolution of the
primary glioblastoma genome. Cancer Cell 2015; 28(3): 318-328
Ben-David U, Ha G, Tseng YY, Greenwald NF, Oh C, Shih J,
McFarland JM, Wong B, Boehm JS, Beroukhim R, Golub TR.
Patient-derived xenografts undergo mouse-specific tumor evolution.
Nat Genet 2017; 49(11): 15671575



	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit26
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35
	bmkcit36
	bmkcit37
	bmkcit38
	bmkcit39
	bmkcit40
	bmkcit41
	bmkcit42
	bmkcit43
	bmkcit44
	bmkcit45
	bmkcit46
	bmkcit47
	bmkcit48
	bmkcit49
	bmkcit50
	bmkcit51
	bmkcit52
	bmkcit53
	bmkcit54
	bmkcit55
	bmkcit56


