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Harnessing brain development to understand brain tumours
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ABSTRACT

Brain tumours are the commonest solid neoplasms in children,
accounting for one quarter of all childhood cancers. Our growing
knowledge of basic developmental mechanisms has significantly
contributed to understanding the pathogenesis of these tumours and
is beginning to impact clinical decisions on how children with these
diseases are treated.
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Introduction

Brain development is characterised by the neatly orchestrated
interplay of intrinsic and extrinsic cellular cues. These cues elicit a
broad array of cell processes including proliferation, differentiation,
communication, migration and death that together define
spatiotemporal diversity within the developing brain. Paediatric brain
tumours comprise temporally and topographically distinct subtypes
(Fig. 1, Table 1). Thus, the roots of these diseases have long been
suspected to lie in specific cell lineages within the developing brain.
Cross-species genomic analyses of human tumours and developing
mouse brain, coupled with genetic mouse modelling, have implicated
specific cell lineages as the origin of a number of childhood brain
tumours and have shown how deregulated developmental mechanisms
play a role in the pathogenesis of these tumours. Here, we focus
on three of the most common and challenging paediatric brain
tumours — medulloblastoma, ependymoma and diffuse intrinsic
pontine glioma (DIPG) — as examples of how understanding of
developmental lineages and mechanisms has advanced significantly
our understanding of these devastating cancers.

Medulloblastoma

Medulloblastoma, a malignant hindbrain tumour, was once
considered a single entity. However, extensive genome-wide
DNA and RNA sequencing by numerous groups have since
divided medulloblastoma into four subgroups, each with distinct
origins, genomic drivers and clinical outcomes (for a recent review
see Hovestadt et al., 2020). SHH-medulloblastoma, which are fatal
within 5 years in 25% of cases, contain activating mutations in the
SHH pathway and arise from cerebellar granule neuron progenitor
cells (Marino et al., 2000; Yang et al., 2008). In contrast, WNT-
medulloblastoma are curable even when metastatic, contain
activating mutations in CTNNBI and arise from mossy fibre
precursor cells of the lower rhombic lip (Gibson et al., 2010). Single
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cell sequencing of the developing mouse hindbrain has validated
these earlier findings and provided insights into the origins of the
two other medulloblastoma subtypes — group 3 and 4
medulloblastoma (Hovestadt et al., 2019; Vladoiu et al., 2019).
Cells of group 3 medulloblastoma, which kill around half of all
patients, resemble nestin® cerebellar progenitor cells; whereas cells
of group 4 medulloblastoma, a subgroup containing complex
genetic and epigenetic drivers (Badodi et al., 2017; Northcott et al.,
2009) and which is fatal in 25% of cases within 5 years of diagnosis,
resemble the cerebellar unipolar brush (UBC) lineage. Of note, cells
with developmental signatures reminiscent of nestin® and UBC*
progenitors coexist within a proportion of group 3 and 4
medulloblastoma, suggesting overlap in lineage origins of these
less well-defined subgroups (Hovestadt et al., 2019).

Demonstrating that the different subgroups of medulloblastoma
arise within distinct hindbrain lineages has provided a road map
for understanding the pathogenesis, diagnosis and treatment of
these tumours. For example, genetic mouse modelling has shown
that Ddx3x — one of the most frequently mutated genes in
medulloblastoma — regulates hindbrain development by controlling
Hox expression and restricts the susceptibility of different hindbrain
lineages to the mutations that drive WNT- or SHH-medulloblastoma
(Patmore et al.,, 2020). The distinct developmental origins of
medulloblastoma are also now considered during patient diagnosis:
radiological location of medulloblastoma in the midline attached to
the dorsal brainstem or lateral cerebellar hemisphere supports a
diagnosis of WNT- or SHH-medulloblastoma, respectively.
Ongoing research is targeting malignant processes in transformed
mossy fibre and granule neuron lineages as potential new treatments
of medulloblastoma.

Ependymomas

Ependymomas, the third most common type of childhood brain
tumour, arise throughout the central nervous system (CNS) and
display distinct, site specific, clinical behaviours. Similar to studies
of medulloblastoma, cross-species transcriptome studies of
ependymoma and developing mouse brain pinpointed radial glia
in different regions of the CNS as candidate cells of origin
of forebrain, hindbrain and spinal ependymoma (Taylor et al.,
2005). Targeting topographically discrete radial glia in mice
with mutations observed in the corresponding type of human
ependymoma generated accurate models of ependymomas,
validating radial glia lineage as the origin of the disease (Johnson
et al.,, 2010; Mohankumar et al., 2015). Recent comparisons of
single cell RNA sequences of developing mouse brain and human
tumours have confirmed that ependymomas are transcriptionally
related to radial glial progenitors (Vladoiu et al., 2019). Gene
enhancer, super enhancer and transcriptome profiling have also
identified radial-glia-derived progenitor cells committed to the
ependymal lineage — the ciliated epithelial cells that line the
ventricles — as potential cells of origin of ependymoma (Mack et al.,
2018). Extensive genome-wide DNA sequencing, methylome and
transcriptome studies of large numbers of human ependymomas
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Fig. 1. Genetically defined paediatric brain tumours occur at specific CNS locations. In the forebrain (A), YAP1 fusion (EPN_ST_YAP1) and C110rf95
fusion, e.g. C110rf95-RELAFYS (EPN_ST_RELA), ependymomas and subependymoma (EPN_ST_SE) arise within the radial glia lineage in the lateral ventricles,
whereas histone mutant gliomas are found at the midline (HGG H3 K27M) and in the hemispheres (HGG H3 G34R/V). In the hindbrain (B), ependymoma A
(EPN_PF_A), B (EPN_PF_B) and subependymoma (EPN_PF_SE) as well as certain forms of medulloblastoma (WNT-MB, SHH-MB and G3/G4-MB) arise from
various progenitor populations in the cerebellum or in the wall of the 4th ventricle. In contrast, histone mutant gliomas arise in the pons (HGG H3 K27M) and WNT
medulloblastoma arise in the dorsal brainstem from mossy fibre precursors. The spinal cord (C) is the site of subependymoma (EPN_SP_SE), as well as spinal
(EPN_SP), MYC amplified (EPN_SP_MYC) and myxopapillary ependymomas (EPN_SP_MPE). Figure created with BioRender.com.

have further subclassified the disease into nine molecular
subgroups, three each in the forebrain, hindbrain and spine
(Ghasemi et al., 2019; Mack et al., 2014; Pajtler et al., 2015;
Parker et al., 2014; Witt et al., 2011).

The intersection of developmental and cancer biology is
shedding light on how the different subtypes of ependymoma
develop and could be better treated. A common emerging theme is
the corruption of normal neural lineage development. For example,
the most lethal form of hindbrain ependymoma lacks recurrent
genetic mutations but represses neural differentiation through
extensive methylation of developmentally regulated genes (Mack
et al, 2013). Conversely, the deadliest form of forebrain
ependymoma is driven by a highly-penetrant C11orf95-RELA
translocation (Pajtler et al., 2015; Parker et al., 2014) that appears to
drive heterogenous populations of aberrantly differentiating,
malignant forebrain lineages (Liu et al., 2020). Thus, ongoing
studies are seeking to understand whether aberrant differentiation
might be blocked or reversed for therapeutic gain, either by the use
of epigenetic modifiers or direct inhibition of the C110rf95-RELA
fusion oncogene.

Diffuse intrinsic pontine glioma

DIPG is a highly malignant brainstem tumour of young children,
characterized by a unique H3K27M mutation. DIPG shares an
active chromatin state with oligodendroglial progenitor cells (OPCs)
at key lineage markers, including Olig2, suggesting an origin within
this lineage (Nagaraja et al., 2019). In keeping with this observation,
introduction of the defining H3K27M mutation into OPCs, but not

more undifferentiated neural progenitor cells, was shown to drive
DIPG in mice, suggesting that differentiation into an early
oligodendroglial precursor is essential for DIPG tumorigenesis
(Larson et al., 2019; Nagaraja et al., 2019). Olig2" progenitors have
been shown also to act as a cell of origin of glioblastoma (Ligon et al.,
2007; Liu et al., 2011), a molecularly unrelated adult malignant brain
tumour that occurs throughout the CNS. Thus, Olig2" progenitors may
be transformed by different oncogenic events to form distinct types of
brain tumour. The degree of similarity between these temporally and
spatially discrete Olig2* progenitors and their relative susceptibility to
transformation remains to be determined.

The microenvironment

The brain microenvironment, in particular the perivascular
neural stem cell niche, has been implicated extensively in
medulloblastoma, ependymoma and glioma development and
maintenance (Calabrese et al., 2007; Hambardzumyan et al.,
2015; Cheng et al., 2013). Other cell-cell interactions are also
emerging as important elements of brain tumour biology. For
example, in a manner that mimics the control of OPC proliferation
and differentiation by electrical activity (Gibson et al., 2014; Mitew
et al., 2018), glutamatergic-stimulated BDNF and neuroligin 3
release from neurons has been shown to promote DIPG cell
proliferation (Venkatesh et al., 2015). Cross-talk between neurons
and malignant cells has since emerged as a process promoting the
proliferation and maintenance of an array of brain tumours as well as
carcinomas that have metastasized to the brain, raising the intriguing
possibility that such electrical stimulation might prove a novel
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Table 1. Key features of most common pediatric brain tumours

Incidence 5 year

Histological (per 100,000 survival Malignancy

diagnosis Cell of origin population) rate Typical location grade Key characteristics

Pilocytic astrocytoma ~ Unknown 8.2 97% Cerebellum, Predominantly Single driver BRAF

brainstem, optic low-grade rearrangement
pathway

Medulloblastoma Cerebellar progenitor 5.1 71% WNT tumours arise High-grade WNT, SHH, G3 and G4
cells and mossy fibre outside the molecular subgroups have
precursor cells cerebellum from distinct lineage origins.

mossy fibre WNT tumours are uniformly
precursor cells. curable.

The other three The other three subtypes are
subtypes arise less curable.
from within the
cerebellum.

Ependymoma Radial glia progenitor 2.9 72% Brain and spinal cord  Low- and high- Forebrain, hindbrain and
cells grade spinal cord tumours are

genetically and
molecularly distinct

Diffuse intrinsic Oligodendroglial 1-2 2% Brainstem (H3K27M High-grade Histone H3K27M mutations

pontine glioma progenitor cells mutant gliomas
occur also in other
midline structures)

Craniopharyngioma Remnants of 1.7 98% Base of the brain, Low-grade Papillary (BRAFv600E) and
craniopharyngeal duct above the pituitary adamantinous (CTNNB1
epithelium gland mutations) subtypes

Germ cell tumours Unclear, possibly 1.5 65% Midline, around the Predominantly Germinomas and
ectopic primordial pituitary gland and high-grade non-germinomatous
germ cells or the pineal gland tumours
pluripotent stem cells

Choroid plexus Choroid plexus cellsand 1.2 80% Inthe ventricles of the ~ Predominantly p53, Myc, Notch mutations

tumours progenitors

brain low-grade

Sources: Stiller et al., 2019; Louis, et al., 2017; National Registry of Childhood Tumours/Childhood Cancer Research Group, http:/www.ccrg.ox.ac.uk/datasets/

registrations.shtml.

therapeutic target (Venkatesh et al., 2019; Venkataramani et al.,
2019; Zeng et al., 2019).

Perspectives

These studies and the many others that could not be cited in this
short opinion piece, provide compelling evidence that brain tumours
arise from deregulated developmental processes. Knowledge of the
processes that regulate normal development has therefore proved
increasingly important to understand brain tumour pathogenesis.
We are beginning to see a clear impact of these discoveries on the
diagnosis and management of patients with brain tumours. The
challenge ahead is now to harness this knowledge to design
molecularly driven, risk-stratified clinical trials to eventually
improve patient care.

Competing interests
The authors declare no competing or financial interests.

Funding

S.M. is funded by Brain Tumour Research, Cancer Research UK and Barts Charity.
R.J.G. is funded by Cancer Research UK, the Brain Tumour Charity and the US
National Cancer Institute.

References

Badodi, S., Dubuc, A., Zhang, X., Rosser, G., Da Cunha Jaeger, M., Kameda-
Smith, M. M., Morrissy, A. S., Guilhamon, P., Suetterlin, P., Li, X.-N. et al.
(2017). Convergence of BMI1 and CHD7 on ERK signaling in Medulloblastoma.
Cell Rep. 21, 2772-2784. doi:10.1016/j.celrep.2017.11.021

Calabrese, C., Poppleton, H., Kocak, M., Hogg, T. L., Fuller, C., Hamner, B., Oh,
E. Y., Waleed Gaber, M., Finklestein, D., Allen, M. et al. (2007). A perivascular
niche for brain tumor stem cells. Cancer Cell 11, 69-82. doi:10.1016/j.ccr.2006.11.
020

Cheng, L., Huang, Z., Zhou, W., Wu, Q., Donnola, S., Liu, J. K., Fang, X., Sloan,
A. E., Mao, Y., Lathia, J. D. et al. (2013). Glioblastoma stem cells generate
vascular pericytes to support vessel function and tumor growth. Cel/ 153, 139-152.
doi:10.1016/j.cell.2013.02.021

Ghasemi, D. R., Sill, M., Okonechnikov, K., Korshunov, A, Yip, S., Schutz,
P. W,, Scheie, D., Kruse, A., Harter, P. N., Kastelan, M. et al. (2019). MYCN
amplification drives an aggressive form of spinal ependymoma. Acta Neuropathol.
138, 1075-1089. doi:10.1007/s00401-019-02056-2

Gibson, P., Tong, Y., Robinson, G., Thompson, M. C., Currle, D. S., Eden, C.,
Kranenburg, T. A., Hogg, T., Poppleton, H., Martin, J. et al. (2010). Subtypes of
medulloblastoma have distinct developmental origins. Nature 468, 1095-1099.
doi:10.1038/nature09587

Gibson, E. M., Purger, D., Mount, C. W., Goldstein, A. K., Lin, G. L., Wood, L. S.,
Inema, |, Miller, S. E., Bieri, G., Zuchero, J. B. et al. (2014). Neuronal activity
promotes oligodendrogenesis and adaptive myelination in the mammalian brain.
Science 344, 1252304. doi:10.1126/science.1252304

Hambardzumyan, D. and Bergers, G. (2015). Glioblastoma: defining tumor
niches. Trends Cancer 1, 252-265. doi:10.1016/j.trecan.2015.10.009

Hovestadt, V., Smith, K. S., Bihannic, L., Filbin, M. G., Shaw, M. L.,
Baumgartner, A., DeWitt, J. C., Groves, A., Mayr, L., Weisman, H. R. et al.
(2019). Resolving medulloblastoma cellular architecture by single-cell genomics.
Nature 572, 74-79. doi:10.1038/s41586-019-1434-6

Hovestadt, V., Ayrault, O., Swartling, F. J., Robinson, G. W., Pfister, S. M. and
Northcott, P. A. (2020). Medulloblastomics revisited: biological and clinical
insights from thousands of patients. Nat. Rev. Cancer 20, 42-56. doi:10.1038/
s41568-019-0223-8

Johnson, R. A., Wright, K. D., Poppleton, H., Mohankumar, K. M., Finkelstein,
D., Pounds, S. B, Rand, V., Leary, S. E. S., White, E., Eden, C. et al. (2010).
Cross-species genomics matches driver mutations and cell compartments to
model ependymoma. Nature 466, 632-636. doi:10.1038/nature09173

Larson, J. D., Kasper, L. H., Paugh, B. S., Jin, H., Wu, G., Kwon, C.-H., Fan, Y.,
Shaw, T. I, Silveira, A. B., Qu, C. et al. (2019). Histone H3.3 K27M accelerates
spontaneous brainstem glioma and drives restricted changes in bivalent gene
expression. Cancer Cell 35, 140-155.e7. doi:10.1016/j.ccell.2018.11.015

Ligon, K. L., Huillard, E., Mehta, S., Kesari, S., Liu, H., Alberta, J. A., Bachoo,
R. M., Kane, M., Louis, D. N., Depinho, R. A. et al. (2007). Olig2-regulated

3

DEVELOPMENT


https://doi.org/10.1016/j.celrep.2017.11.021
https://doi.org/10.1016/j.celrep.2017.11.021
https://doi.org/10.1016/j.celrep.2017.11.021
https://doi.org/10.1016/j.celrep.2017.11.021
http://dx.doi.org/10.1016/j.ccr.2006.11.020
http://dx.doi.org/10.1016/j.ccr.2006.11.020
http://dx.doi.org/10.1016/j.ccr.2006.11.020
http://dx.doi.org/10.1016/j.ccr.2006.11.020
http://dx.doi.org/10.1016/j.cell.2013.02.021
http://dx.doi.org/10.1016/j.cell.2013.02.021
http://dx.doi.org/10.1016/j.cell.2013.02.021
http://dx.doi.org/10.1016/j.cell.2013.02.021
https://doi.org/10.1007/s00401-019-02056-2
https://doi.org/10.1007/s00401-019-02056-2
https://doi.org/10.1007/s00401-019-02056-2
https://doi.org/10.1007/s00401-019-02056-2
https://doi.org/10.1038/nature09587
https://doi.org/10.1038/nature09587
https://doi.org/10.1038/nature09587
https://doi.org/10.1038/nature09587
https://doi.org/10.1126/science.1252304
https://doi.org/10.1126/science.1252304
https://doi.org/10.1126/science.1252304
https://doi.org/10.1126/science.1252304
http://dx.doi.org/10.1016/j.trecan.2015.10.009
http://dx.doi.org/10.1016/j.trecan.2015.10.009
https://doi.org/10.1038/s41586-019-1434-6
https://doi.org/10.1038/s41586-019-1434-6
https://doi.org/10.1038/s41586-019-1434-6
https://doi.org/10.1038/s41586-019-1434-6
https://doi.org/10.1038/s41568-019-0223-8
https://doi.org/10.1038/s41568-019-0223-8
https://doi.org/10.1038/s41568-019-0223-8
https://doi.org/10.1038/s41568-019-0223-8
https://doi.org/10.1038/nature09173
https://doi.org/10.1038/nature09173
https://doi.org/10.1038/nature09173
https://doi.org/10.1038/nature09173
https://doi.org/10.1016/j.ccell.2018.11.015
https://doi.org/10.1016/j.ccell.2018.11.015
https://doi.org/10.1016/j.ccell.2018.11.015
https://doi.org/10.1016/j.ccell.2018.11.015
https://doi.org/10.1016/j.neuron.2007.01.009
https://doi.org/10.1016/j.neuron.2007.01.009
http://www.ccrg.ox.ac.uk/datasets/registrations.shtml
http://www.ccrg.ox.ac.uk/datasets/registrations.shtml
http://www.ccrg.ox.ac.uk/datasets/registrations.shtml

SPOTLIGHT

Development (2021) 148, dev193342. doi:10.1242/dev.193342

lineage-restricted pathway controls replication competence in neural stem cells
and malignant glioma. Neuron 53, 503-517. doi:10.1016/j.neuron.2007.01.009

Liu, C., Sage, J. C., Miller, M. R., Verhaak, R. G. W., Hippenmeyer, S., Vogel, H.,
Foreman, O., Bronson, R. T., Nishiyama, A., Luo, L. et al. (2011). Mosaic
analysis with double markers reveals tumor cell of origin in glioma. Cell 146,
209-221. doi:10.1016/j.cell.2011.06.014

Liu, S. J., Magill, S. T., Vasudevan, H. N., Hilz, S., Villanueva-Meyer, J. E.,
Lastella, S., Daggubati, V., Spatz, J., Choudhury, A, Orr, B. A. et al. (2020).
Multiplatform molecular profiling reveals epigenomic intratumor heterogeneity in
Ependymoma. Cell Rep. 30, 1300-1309.e5. doi:10.1016/j.celrep.2020.01.018

Louis, D. N., Ohgaki, H., Wiestler, O. D. and Cavenee, W. K. (ed.) (2017). WHO
Classification of Tumours of the Central Nervous System. IRAC WHO
Classification of Tumours, Revised 4th Edition, Vol. 1. World Health Organization.

Mack, S. C., Witt, H., Wang, X., Milde, T., Yao, Y., Bertrand, K. C., Korshunov, A.,
Pfister, S. M. and Taylor, M. D. (2013). Emerging insights into the ependymoma
epigenome. Brain Pathol. 23, 206-209. doi:10.1111/bpa.12020

Mack, S. C., Witt, H., Piro, R. M., Gu, L., Zuyderduyn, S., Stiitz, A. M., Wang, X.,
Gallo, M., Garzia, L., Zayne, K. et al. (2014). Epigenomic alterations define lethal
CIMP-positive ependymomas of infancy. Nature 506, 445-450. doi:10.1038/
nature13108

Mack, S. C., Pajtler, K. W., Chavez, L., Okonechnikov, K., Bertrand, K. C., Wang,
X., Erkek, S., Federation, A., Song, A., Lee, C. et al. (2018). Therapeutic
targeting of ependymoma as informed by oncogenic enhancer profiling. Nature
553, 101-105. doi:10.1038/nature25169

Marino, S., Vooijs, M., van Der Gulden, H., Jonkers, J. and Berns, A. (2000).
Induction of medulloblastomas in p53-null mutant mice by somatic inactivation of
Rb in the external granular layer cells of the cerebellum. Genes Dev. 14,
994-1004.

Mitew, S., Gobius, l., Fenlon, L. R., McDougall, S. J., Hawkes, D., Xing, Y. L.,
Bujalka, H., Gundlach, A. L., Richards, L. J., Kilpatrick, T. J. et al. (2018).
Pharmacogenetic stimulation of neuronal activity increases myelination in an
axon-specific manner. Nat. Commun. 9, 306. doi:10.1038/s41467-017-02719-2

Mohankumar, K. M., Currle, D. S., White, E., Boulos, N., Dapper, J., Eden, C.,
Nimmervoll, B., Thiruvenkatam, R., Connelly, M., Kranenburg, T. A. et al.
(2015). An in vivo screen identifies ependymoma oncogenes and tumor-
suppressor genes. Nat. Genet. 47, 878-887. doi:10.1038/ng.3323

Nagaraja, S., Quezada, M. A., Gillespie, S. M., Arzt, M., Lennon, J. J., Woo, P. J.,
Hovestadt, V., Kambhampati, M., Filbin, M. G., Suva, M. L. et al. (2019).
Histone variant and cell context determine H3K27M reprogramming of the
enhancer landscape and oncogenic state. Mol. Cell 76, 965-980.e12. doi:10.
1016/j.molcel.2019.08.030

Northcott, P. A., Nakahara, Y., Wu, X., Feuk, L., Ellison, D. W., Croul, S., Mack,
S., Kongkham, P. N., Peacock, J., Dubuc, A. et al. (2009). Multiple recurrent
genetic events converge on control of histone lysine methylation in
medulloblastoma. Nat. Genet. 41, 465-472. doi:10.1038/ng.336

Pajtler, K. W., Witt, H., Sill, M., Jones, D. T. W., Hovestadt, V., Kratochwil, F.,
Wani, K., Tatevossian, R., Punchihewa, C., Johann, P. et al. (2015). Molecular

classification of ependymal tumors across all CNS compartments,
histopathological grades, and age groups. Cancer Cell 27, 728-743. doi:10.
1016/j.ccell.2015.04.002

Parker, M., Mohankumar, K. M., Punchihewa, C., Weinlich, R., Dalton, J. D., Li,
Y., Lee, R., Tatevossian, R. G., Phoenix, T. N., Thiruvenkatam, R. et al. (2014).
C110rf95-RELA fusions drive oncogenic NF-xB signalling in ependymoma.
Nature 506, 451-455. doi:10.1038/nature13109

Patmore, D. M., Jassim, A., Nathan, E., Gilbertson, R. J., Tahan, D., Hoffmann,
N., Tong, Y., Smith, K. S., Kanneganti, T.-D., Suzuki, H. et al. (2020). DDX3X
suppresses the susceptibility of hindbrain lineages to Medulloblastoma. Dev. Cell
54, 455-470.e5. doi:10.1016/j.devcel.2020.05.027

Stiller, C. A., Bayne, A. M., Chakrabarty, A., Kenny, T. and Chumas, P. (2019).
Incidence of childhood CNS tumours in Britain and variation in rates by definition
of malignant behaviour: population-based study. BMC Cancer 19, 139. doi:10.
1186/s12885-019-5344-7

Taylor, M. D., Poppleton, H., Fuller, C., Su, X, Liu, Y., Jensen, P., Magdaleno, S.,
Dalton, J., Calabrese, C., Board, J. et al. (2005). Radial glia cells are candidate
stem cells of ependymoma. Cancer Cell 8, 323-335. doi:10.1016/j.ccr.2005.
09.001

Venkataramani, V., Tanev, D. |., Strahle, C., Studier-Fischer, A., Fankhauser, L.,
Kessler, T., Korber, C., Kardorff, M., Ratliff, M., Xie, R. et al. (2019).
Glutamatergic synaptic input to glioma cells drives brain tumour progression.
Nature 573, 532-538. doi:10.1038/s41586-019-1564-x

Venkatesh, H. S., Johung, T. B., Caretti, V., Noll, A., Tang, Y., Nagaraja, S.,
Gibson, E. M., Mount, C. W., Polepalli, J., Mitra, S. S. et al. (2015). Neuronal
activity promotes glioma growth through Neuroligin-3 secretion. Cell 161,
803-816. doi:10.1016/j.cell.2015.04.012

Venkatesh, H. S., Morishita, W., Geraghty, A. C., Silverbush, D., Gillespie, S. M.,
Arzt, M., Tam, L. T., Espenel, C., Ponnuswami, A., Ni, L. et al. (2019). Electrical
and synaptic integration of glioma into neural circuits. Nature 573, 539-545.
doi:10.1038/s41586-019-1563-y

Vladoiu, M. C., EI-Hamamy, l., Donovan, L. K., Farooq, H., Holgado, B. L.,
Sundaravadanam, Y., Ramaswamy, V., Hendrikse, L. D., Kumar, S., Mack,
S. C. et al. (2019). Childhood cerebellar tumours mirror conserved fetal
transcriptional programs. Nature 572, 67-73. doi:10.1038/s41586-019-1158-7

Witt, H., Mack, S. C., Ryzhova, M., Bender, S., Sill, M., Isserlin, R., Benner, A.,
Hielscher, T., Milde, T., Remke, M. et al. (2011). Delineation of two clinically and
molecularly distinct subgroups of posterior fossa ependymoma. Cancer Cell 20,
143-157. doi:10.1016/j.ccr.2011.07.007

Yang, Z.-J., Ellis, T., Markant, S. L., Read, T.-A., Kessler, J. D., Bourboulas, M.,
Schiiller, U., Machold, R., Fishell, G., Rowitch, D. H. et al. (2008).
Medulloblastoma can be initiated by deletion of patched in lineage-restricted
progenitors or stem cells. Cancer Cell 14, 135-145. doi:10.1016/j.ccr.2008.07.003

Zeng, Q., Michael, I. P., Zhang, P., Saghafinia, S., Knott, G., Jiao, W., McCabe,
B. D., Galvan, J. A., Robinson, H. P. C., Zlobec, I. et al. (2019). Synaptic
proximity enables NMDAR signalling to promote brain metastasis. Nature 573,
526-531. doi:10.1038/s41586-019-1576-6

DEVELOPMENT


https://doi.org/10.1016/j.neuron.2007.01.009
https://doi.org/10.1016/j.neuron.2007.01.009
https://doi.org/10.1016/j.cell.2011.06.014
https://doi.org/10.1016/j.cell.2011.06.014
https://doi.org/10.1016/j.cell.2011.06.014
https://doi.org/10.1016/j.cell.2011.06.014
https://doi.org/10.1016/j.celrep.2020.01.018
https://doi.org/10.1016/j.celrep.2020.01.018
https://doi.org/10.1016/j.celrep.2020.01.018
https://doi.org/10.1016/j.celrep.2020.01.018
https://doi.org/10.1111/bpa.12020
https://doi.org/10.1111/bpa.12020
https://doi.org/10.1111/bpa.12020
https://doi.org/10.1038/nature13108
https://doi.org/10.1038/nature13108
https://doi.org/10.1038/nature13108
https://doi.org/10.1038/nature13108
https://doi.org/10.1038/nature25169
https://doi.org/10.1038/nature25169
https://doi.org/10.1038/nature25169
https://doi.org/10.1038/nature25169
https://doi.org/10.1038/s41467-017-02719-2
https://doi.org/10.1038/s41467-017-02719-2
https://doi.org/10.1038/s41467-017-02719-2
https://doi.org/10.1038/s41467-017-02719-2
https://doi.org/10.1038/ng.3323
https://doi.org/10.1038/ng.3323
https://doi.org/10.1038/ng.3323
https://doi.org/10.1038/ng.3323
https://doi.org/10.1016/j.molcel.2019.08.030
https://doi.org/10.1016/j.molcel.2019.08.030
https://doi.org/10.1016/j.molcel.2019.08.030
https://doi.org/10.1016/j.molcel.2019.08.030
https://doi.org/10.1016/j.molcel.2019.08.030
https://doi.org/10.1038/ng.336
https://doi.org/10.1038/ng.336
https://doi.org/10.1038/ng.336
https://doi.org/10.1038/ng.336
https://doi.org/10.1016/j.ccell.2015.04.002
https://doi.org/10.1016/j.ccell.2015.04.002
https://doi.org/10.1016/j.ccell.2015.04.002
https://doi.org/10.1016/j.ccell.2015.04.002
https://doi.org/10.1016/j.ccell.2015.04.002
https://doi.org/10.1038/nature13109
https://doi.org/10.1038/nature13109
https://doi.org/10.1038/nature13109
https://doi.org/10.1038/nature13109
https://doi.org/10.1016/j.devcel.2020.05.027
https://doi.org/10.1016/j.devcel.2020.05.027
https://doi.org/10.1016/j.devcel.2020.05.027
https://doi.org/10.1016/j.devcel.2020.05.027
https://doi.org/10.1186/s12885-019-5344-7
https://doi.org/10.1186/s12885-019-5344-7
https://doi.org/10.1186/s12885-019-5344-7
https://doi.org/10.1186/s12885-019-5344-7
https://doi.org/10.1016/j.ccr.2005.09.001
https://doi.org/10.1016/j.ccr.2005.09.001
https://doi.org/10.1016/j.ccr.2005.09.001
https://doi.org/10.1016/j.ccr.2005.09.001
https://doi.org/10.1038/s41586-019-1564-x
https://doi.org/10.1038/s41586-019-1564-x
https://doi.org/10.1038/s41586-019-1564-x
https://doi.org/10.1038/s41586-019-1564-x
https://doi.org/10.1016/j.cell.2015.04.012
https://doi.org/10.1016/j.cell.2015.04.012
https://doi.org/10.1016/j.cell.2015.04.012
https://doi.org/10.1016/j.cell.2015.04.012
https://doi.org/10.1038/s41586-019-1563-y
https://doi.org/10.1038/s41586-019-1563-y
https://doi.org/10.1038/s41586-019-1563-y
https://doi.org/10.1038/s41586-019-1563-y
https://doi.org/10.1038/s41586-019-1158-7
https://doi.org/10.1038/s41586-019-1158-7
https://doi.org/10.1038/s41586-019-1158-7
https://doi.org/10.1038/s41586-019-1158-7
https://doi.org/10.1016/j.ccr.2011.07.007
https://doi.org/10.1016/j.ccr.2011.07.007
https://doi.org/10.1016/j.ccr.2011.07.007
https://doi.org/10.1016/j.ccr.2011.07.007
https://doi.org/10.1016/j.ccr.2008.07.003
https://doi.org/10.1016/j.ccr.2008.07.003
https://doi.org/10.1016/j.ccr.2008.07.003
https://doi.org/10.1016/j.ccr.2008.07.003
https://doi.org/10.1038/s41586-019-1576-6
https://doi.org/10.1038/s41586-019-1576-6
https://doi.org/10.1038/s41586-019-1576-6
https://doi.org/10.1038/s41586-019-1576-6

