
Primary brain tumours consist of a diverse group of 
neoplasms that are derived from various different cell 
lineages. Much like those arising from other anatomic 
sites, tumours of the central nervous system (CNS) have 
historically been classified on the basis of morphological 
and, more recently, immunohistochemical features with 
less emphasis on their underlying molecular pathogen‑
esis. The past two decades, however, have seen striking 
advances in basic brain tumour biology, especially with 
regard to malignant glioma and medulloblastoma, the most 
common CNS cancers of adults and children, respectively. 
As described more extensively below, malignant gliomas 
consist of a broad range of histological entities, the plu‑
rality of which respond poorly to standard therapeutic 
regimens. For instance, patients with glioblastoma, the 
most prevalent and most aggressive glioma variant, have a 
median survival of only 15 months1,2. And although radia‑
tion and chemotherapy have been more successful in com‑
bating childhood medulloblastoma, with 5‑year survival 
rates now as high as 70–80%3, the long‑term side effects 
of these conventional treatment modalities can be severe.

The detailed molecular characterization of malignant 
glioma and medulloblastoma has not only more accu‑
rately defined specific subgroupings in individual mor‑
phological categories, but has also laid the groundwork 
for the successful augmentation of standard treatment 
regimens with rationally designed, targeted therapies. 
Similarly, and on a more sobering note, increased under‑
standing of the molecular and cellular heterogeneity 
inherent to these tumour classes has also emphasized  
the formidable therapeutic challenges still remaining.

Morphological classification
Although microscopic descriptions of brain tumours 
began in the early nineteenth century, the classifica‑
tion scheme developed by Bailey and Cushing4 in 1926 
formed the foundation on which much of modern patho‑
logical diagnosis still rests. Their system proposed that 
the evolution of CNS neoplasms from glial or neuronal 
precursors arrested at particular developmental stages 
and therefore led directly to concepts such as histogenesis 
and cell of origin. Further refinements, most notably by 
Kernohan5 and Ringertz6, led ultimately to the World 
Health Organization (WHO) classification, which was 
first formalized in 1979 (Ref. 7) and updated in 2007 
(Ref. 8). In addition to a morphological grouping of brain 
tumours on the basis of presumed histogenesis, the WHO 
schemes have been notable for their grading of individual 
tumour classes (I, II, III and IV) as a means of reflect‑
ing anticipated biological behaviour. In this way, higher 
grade tumours (grades III and IV), in the absence of 
treatment, are expected to follow a more aggressive clini‑
cal course than their lower grade counterparts (grades I 
and II). Additionally, although the WHO classification 
does remain firmly grounded in morphological criteria, 
relevant molecular information regarding the different 
tumour classes has been integrated over time.

Most gliomas (presumably derived from either 
mature glia or their less differentiated precursors 
(fIG. 1)) diffusely infiltrate surrounding brain tis‑
sue and together represent a broad diagnostic group, 
which the WHO divides into astrocytic, oligodendro‑
glial and mixed (oligoastrocytic) categories8 (fIG. 2a). 
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Malignant glioma
Diffuse glioma of astrocytic, 
oligodendroglial or mixed 
lineage with a World Health 
Organization grade of either III 
or IV.

Glial
Pertaining to glia, the 
non-neuronal support cells in 
the nervous system.

Neuronal
Pertaining to neurons, the 
primary functional unit of  
the nervous system.

Histogenesis
The origin of a tissue or tumour 
especially with regard to its 
development and formation.
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Abstract | Malignant brain tumours continue to be the cause of a disproportionate level of 
morbidity and mortality across a wide range of individuals. The most common variants in the 
adult and paediatric populations — malignant glioma and medulloblastoma, respectively — 
have been the subject of increasingly intensive research over the past two decades that has 
led to considerable advances in the understanding of their basic biology and pathogenesis. 
This Review summarizes these developments in the context of the evolving notion of 
molecular pathology and discusses the implications that this work has on the design of new 
treatment regimens.
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Variant III deletion
Pathogenic deletion mutant of 
EGFR involving exons 2–7 that 
leads to a constitutively active 
truncated protein.

Additionally, the presence of histological features such 
as nuclear atypia, increased proliferation, microvascu‑
lar proliferation and necrosis typically result in higher 
grade classification as either anaplastic glioma or gliob‑
lastoma. Glioblastoma is the most malignant variant 
of diffuse glioma and, although the generally reliable 
expression of protein markers such as glial fibrillary 
acid protein (GFAP) has historically placed it in the 
confines of the astrocytic class, its precise histogenesis 
remains unclear despite considerable advances in the 
understanding of its basic biology (discussed below). 
Further complicating matters, it has long been known 
that glioblastomas may evolve from lower grade astro‑
cytic neoplasms over time (secondary glioblastoma), 
although most of these tumours seem to arise de novo 
(primary glioblastoma)9–12.

Medulloblastoma is the archetypal primitive neuro‑
ectodermal tumour (PNeT), which is thought to arise 
from immature neuronal precursors in the cerebellum 
(fIG. 1), and is histologically characterized by closely 
packed small round blue cells, typically exhibiting 
notable mitotic activity. Although all medulloblastoma 
variants carry the most aggressive WHO designation 
(grade IV), their distinct morphological features have 
been associated with substantial differences in biological 
behaviour (fIG. 2b). For instance, the nodular or desmo‑
plastic subtype and closely related medulloblastoma 
with extensive nodularity (MBeN) are associated with 
relatively favourable prognoses in young children13,14, 
whereas the large cell/anaplastic variant tends to exhibit 
a more aggressive clinical course with a higher incidence 
of metastatic disease in the neuraxis15–18. Recent work 
has demonstrated, perhaps not surprisingly, that many 
of the histopathological and clinical distinctions between 
the aforementioned medulloblastoma and glioma 

subcategories are grounded in variability at the molecu‑
lar level, conclusions that have been further bolstered by 
experiments in mouse model systems (BOX 1).

Molecular pathology: diffuse glioma
Numerous molecular abnormalities have been linked 
with the underlying biology of diffuse glioma (fIG. 3). 
Mutations in the Tp53 tumour suppressor gene were 
first implicated in gliomagenesis almost 20 years ago 
owing to the increased development of gliomas (most 
commonly astrocytomas) in patients with the rare 
cancer‑predisposing disorder li–Fraumeni syndrome, 
which is caused by mutations in Tp53 (Refs 19,20). 
Subsequent investigations found Tp53 mutations to be a 
frequent characteristic of sporadic low‑grade astrocytic 
tumours and secondary glioblastomas21. By contrast, 
primary glioblastomas were initially associated with 
genomic amplifications and activating mutations in 
the epidermal growth factor receptor (EGFR) locus22–24, 
the most frequent of these being the variant III deletion 
(vIII) that was found in 20–30% of all primary glio‑
blastomas and 50–60% of those also exhibiting EGFR 
amplification25,26.

Contemporaneously, a substantial number of oligo‑
dendroglial tumours (60–90%) were found to exhibit 
a combined loss of chromosome arms 1p and 19q, a 
genomic abnormality that interestingly predicted less 
aggressive biological behaviour and a relatively robust 
response to chemotherapy27–29. Despite the fact that 
1p/19q deletion analysis is frequently used in the diag‑
nosis and management of oligodendroglial neoplasms, 
the precise identity of the presumed tumour suppressors 
resident in these genomic loci remains elusive30.

In more recent years, additional cancer‑related genes 
and signalling networks have been directly implicated 
in glioma pathogenesis (fIG. 3). The retinoblastoma (Rb) 
tumour suppressor pathway has been shown to be defec‑
tive in a significant number of high‑grade gliomas of 
both astrocytic and oligodendroglial lineage, whether by 
inactivating mutations in RB1 itself or amplification of 
its negative regulators cyclin‑dependent kinase 4 (CDK4) 
and, less frequently, CDK6 (Refs 31–34). Analogously, 
amplification of the p53 antagonists MDM2 and MDM4 
have also been found in distinct subsets of Tp53‑intact 
glioblastomas, as have mutations and/or deletions in 
the CDKN2A locus that encodes both INK4A and ARF, 
which are crucial positive regulators of RB and p53, 
respectively. Moreover, recent genome‑wide association 
screens have identified single nucleotide polymorphisms 
(SNPs) in the CDKN2A and adjacent CDKN2B loci as 
risk factors for glioma development35,36. These studies 
have also associated SNPs in other genes, such as regu‑
lator of telomere elongation helicase 1 (RTEL1) and 
telomerase reverse transcriptase (TERT) with increased 
glioma incidence, providing the research community 
with a new set of molecular targets for investigation. 
These findings emphasize the importance of perturbed 
cell cycle regulation through the disruption of the p53 
and Rb pathways in glioma pathogenesis. Mouse mod‑
elling has provided further evidence in this regard by 
demonstrating that functional loss of either RB or p53 in 

 At a glance

• Malignant gliomas and medulloblastomas — the most common brain tumours 
affecting adults and children, respectively — remain responsible for a 
disproportionate level of morbidity and mortality among cancer patients.

• The morphological histopathology traditionally used for the subclassification of these 
brain tumour variants is gradually giving way to more molecularly grounded criteria 
that better reflect the underlying biology.

• Recent integrated genomics has further implicated specific molecular networks in 
the pathogenesis of gliomas and medulloblastomas. These most prominently include 
receptor tyrosine kinase (RTK) signalling through the Ras–MAPK and 
PI3K–AKT–mTOR pathways, Wnt signalling and sonic hedgehog (SHH) signalling, 
along with the cell cycle-regulating RB and p53 pathways.

• Expression analysis has recently defined transcriptional subclasses for both malignant 
gliomas and medulloblastomas that seem to be driven by distinct abnormalities in 
core signalling pathways. Such findings suggest that tumours in a particular 
molecular subgroup would preferentially respond to different targeted therapies.

• Malignant gliomas and medulloblastomas also exhibit heterogeneity at the cellular 
level, with subpopulations of tumour cells harbouring stem-like properties rendering 
them more resistant to therapy. Such stem-like pools seem to reside in specialized 
microenvironments that actively maintain their biological characteristics.

• Treatment challenges posed by malignant gliomas and medulloblastomas remain 
considerable, and many derive from the molecular and cellular heterogeneity inherent 
to these tumour variants. They include innate and acquired resistance and the 
obstacle to effective drug delivery posed by the blood–brain barrier.
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various experimental contexts can directly drive glioma 
formation, decrease disease‑free latency and/or increase 
tumour grade37–46.

The involvement of receptor tyrosine kinases (RTKs) 
in addition to eGFR in gliomagenesis has also been 
repeatedly demonstrated. Most notably, enhanced 
signalling through platelet‑derived growth factor 
receptor‑α (PDGFRα) has been found to be a common 
feature of low‑grade astrocytic and oligodendroglial 
tumours along with a significant subset of glioblastoma 
(discussed below)47,48. Although activating mutations 
in pDGFRA are uncommon49, frequent co‑expression 
of both the receptor and its ligand, most commonly 
PDGFB, indicates the potential for autocrine or para‑
crine loops boosting oncogenic signalling through the 
PDGF network. Similar findings regarding hepatocyte 
growth factor (HGF) and its RTK MeT (also known as 
HGFR) have also been reported for glioma50. Therefore, 
enhanced RTK signalling, whether driven by somatic 
mutagenesis or otherwise, seems to be a foundational 
oncogenic event in the plurality of malignant gliomas, 
the effects of which are probably mediated in large part 
through oncogenic PI3K–AKT–mTOR and Ras–MAPK 
signalling downstream. underscoring this fact is the not 
infrequent dysregulation in malignant gliomas of molec‑
ular components in these downstream networks51,52, the 
most common of which is functional loss of the tumour 
suppressor pTEN, the primary negative regulator of 
PI3K–AKT–mTOR signalling27,53. Mouse modelling has 
unequivocally verified a central role for RTK biology in the 
pathogenesis of malignant glioma, whether signalling is 
perturbed at the level of the RTK itself37,38,54–59 or the down‑
stream effector (such as KRAS and/or AKT)54,60,61. On a 

related note, targeted deletions of the neurofibromatosis 
type 1‑associated tumour suppressor neurofibromin 1 
(NF1), a negative regulator of Ras signalling, have also 
been shown to drive gliomagenesis in mice41,46,62,63. 
Finally, PTeN loss seems to uniformly facilitate glioma 
formation across several mouse systems37,38,44,58,62.

Integrated genomics and subsequent advances. The 
widespread implementation of comparative genomic 
hybridization (CGH) has resulted in more comprehen‑
sive analyses of the molecular aberrations underlying 
gliomagenesis, as well as insights into their biological 
heterogeneity64–71. CGH profiling of primary and sec‑
ondary glioblastomas, for instance, has shown strikingly 
distinct patterns of copy number alteration (CNA), while 
also demonstrating that secondary glioblastomas them‑
selves consist of two subgroups in which the clinical 
progression times differ significantly66. Coupling array 
CGH with additional genomic techniques has allowed 
for increasingly robust, unbiased queries into the iden‑
tities and functional characteristics of glioma‑relevant 
genes68,69,71. Some efforts have been considerably aided 
by multi‑institutional cooperative projects such as the 
cancer genome atlas (TCGA), which has so far accumu‑
lated expression, CNAs and sequencing data from hun‑
dreds of histologically confirmed glioblastomas, with 
additional samples and testing modalities (such as global 
DNA methylation analysis) currently in progress. These 
studies have confirmed the importance of the many 
glioma‑associated genes, including those described 
above, and precisely quantified the extent to which they 
harbour abnormalities such as mutation, amplification 
and deletion.

In the context of core signalling pathways, striking 
patterns emerge. For instance, although the Ras and 
AKT isoforms themselves are mutated and amplified, 
respectively, in only 2% of glioblastomas (2 of 91 and 2 
of 91), components of the Ras–MAPK and PI3K–AKT–
mTOR signalling pathways are affected in the plurality 
(88%; 80 of 91) of analysed tumours, with pTEN rep‑
resenting the most commonly altered gene in either 
pathway (deleted and/or mutated in ~36% (33 of 91) of 
all cases)68. Intriguingly, mutations and/or deletions in 
NF1 are present in 15–18% of sporadic glioblastomas, 
a much higher number than previously realized68,71, 
and they seem to cluster with a specific glioma subtype 
(discussed below). The p53 and RB tumour suppressor 
networks are also disrupted in similarly high propor‑
tions of glioblastoma: 87% (79 of 91) and 78% (71 of 91), 
respectively68. Such data reinforce the importance of 
these oncogenic molecular pathways in gliomagenesis, 
and correlate well with abundant mouse modelling data. 
Furthermore, computational analyses of the abundant 
genomic information have led to the development of 
more effective prognostic stratification algorithms72.

Integrated genomic analysis has also facilitated the 
identification and characterization of additional genes 
involved in glioma pathogenesis. Recently, missense 
mutations in isocitrate dehydrogenase 1 (IDH1) were 
found in a significant number of glioblastomas that tend 
to occur mostly in younger patients with more protracted 

Figure 1 | The neuroglial lineage tree. Self-renewing, common progenitors are 
thought to produce committed neuronal and glial progenitors that eventually 
differentiate into mature neurons, astrocytes and oligodendrocytes. Although the 
precise cells of origin for diffuse glioma variants and medulloblastoma remain largely 
unknown, a selection of likely candidates for each (dashed arrows) is indicated.
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clinical courses71. These point mutations are restricted 
exclusively to the R132 residue in the active site region of 
the protein in which they disrupt hydrogen bonding with 
its substrate71,73. Interestingly, a separate group of gliomas 
harbour mutations in the IDH1 homologue IDH2 at the 
analogous residue (R172). Further investigations have 
shown that mutations in IDH1 and IDH2 are present 
in high proportions of grade II and III astrocytic and 
oligo dendroglial tumours (72–100%) along with secon‑ 
dary glioblastomas (85%), but are largely absent in primary 
glioblastomas (5%)73,74. Additionally, IDH mutations are 
associated with other genomic abnormalities that  
are typically seen in lower grade diffuse gliomas, such as 
Tp53 mutation and 1p/19q deletion; they are also mutually 
exclusive with EGFR amplification and chromosome 10 
loss, and multivariate analysis suggests that they are 
independent favourable prognostic markers73,75. These 
findings suggest that, although IDH mutations probably 
contribute to the early evolution of low‑grade gliomas 
(including those that subsequently progress to higher 
grade lesions), they seem to have no role in the underly‑
ing biology of de novo glioblastoma, further emphasizing 
the fundamental differences in pathogenesis between 
these two broad diagnostic categories.

The mechanisms by which mutations in IDH genes 
mediate gliomagenesis are still largely unknown. 
However, one recent study has demonstrated that loss of 
IDH1 function through point mutation induces hypoxia 
inducible factor 1α (HIF1α)76, a component of the 
hypoxia‑responsive transcription factor complex that has 
been implicated in angiogenesis and tumour growth77. By 
contrast, another recent report has shown that mutant 
IDH1 proteins exhibit a gain‑of‑function phenotype 
by generating R(‑)‑2‑hydroxyglutarate (2HG), a toxic 
metabolite associated with an increased risk of malignant 
brain tumours in patients with inherited errors of 2HG 
metabolism78. Although much remains to be studied, the 
identification of IDH mutations in diffuse gliomas, and 
more recently in acute myeloid leukaemia79, has provided 
new therapeutic targets and emphasized the increas‑
ingly compelling link between cancer biology and basic  
metabolic processes.

Genomics has also revealed connections between 
gliomagenesis and microRNA (miRNA) biology. It has 
recently been shown that amplification of miR‑26a‑2 
leads to the overexpression of miR‑26a in ~12% of 
glioblastomas, promoting gliomagenesis through direct 
repression of PTeN, RB and MAP3K2 (Refs 80,81).  

Figure 2 | Current World Health Organization (WHO) classifications for diffuse glioma and medulloblastoma.  
a | Schematic showing the classification of diffuse gliomas of astrocytic and oligodendroglial lineages. Representative 
micrographs for each tumour class are given. The hallmark histological features of glioblastoma, microvascular 
proliferation (black arrowhead) and pseudopalisading necrosis (black arrows) are also indicated. b | Representative 
micrographs of medulloblastoma histological variants. Differentiated nodules (black arrows) and mitotic figures (black 
arrowheads) are indicated.
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By contrast, the p53‑induced miR‑34a, which is typically 
downregulated in glioblastoma, suppresses gliomagenesis 
by directly targeting the expression of the aforementioned 
oncoproteins MeT and CDK6, along with Notch receptor 1 
and Notch receptor 2, which seem to have crucial roles 
in glioma stem cell survival and proliferation (discussed 
below)82. Several other miRNAs have also been impli‑
cated in glioma formation, including miR‑21, miR‑7, 
miR‑124a, miR‑137, miR‑221, miR‑222 and the miR‑181 
family, with their individual functions reflecting the wide 
range of mRNAs targeted by each83. miRNA‑based regu‑
lation of the numerous molecular pathways involved in 
gliomagenesis is undoubtedly complex and this active 
area of research should produce numerous additional 
candidates for therapeutic targeting in the near future.

Transcriptional profiling: glioma subclasses. The gene 
expression profiles of malignant gliomas have been the 
subject of several published studies. Initial investiga‑
tions demonstrated that gliomas of different histological 
classes exhibit relatively distinct transcriptional pro‑
files that can outperform conventional morphological 
analysis84,85. These studies were followed by others that 
established transcriptional variance between subgroups 
of glioblastoma and correlated these findings with differ‑
ences in clinical outcome86–88. This work not only revealed 
an unrealized complexity in the underlying biology of 
glioblastoma, but also implicated new genes in glioma‑
genesis, such as fatty acid binding protein 7 (FABp7) and 
ASpM87,89.

Other transcriptionally based classification schemes 
have uncovered intriguing links between glioma biol‑
ogy and neuroglial developmental stages88,90,91 (TABLe 1). 
The first of these segregated a cohort of malignant glio‑
mas, comprised of both WHO grade III and IV varie‑
ties, into three subclasses: proneural, proliferative and 
mesenchymal, the gene expression signatures of which 

resembled those of fetal and adult brain; haematopoietic 
stem cells; and various soft tissues (including bone, syn‑
ovium, smooth muscle and fetal astrocytes), respectively. 
Remarkably, nearly all WHO grade III tumours (65 of 73) 
fell into the proneural category, along with a subset of 
glioblastomas occurring in younger patients with pro‑
longed disease courses. Moreover, recurrent tumours, 
although mostly retaining their initial transcriptional 
subclassification, seemed to significantly shift their 
mRNA signatures towards the mesenchymal profile. 
On this note, recent work has identified a set of ‘master 
regulator’ transcription factors, the most important of 
which are signal transducer and activator of transcrip‑
tion 3 (STAT3) and CCAAT/enhancer binding protein‑β 
(C/eBPβ), which seem to mediate the expression of 
the mesenchymal phenotype and so enhance glioma 
aggressiveness92.

Additional clustering analysis using transcrip‑
tional data from TCGA has established similar, if not 
entirely overlapping, patterns in primary glioblastomas. 
Proneural‑like and mesenchymal‑like signatures have 
been identified along with additional patterns labelled 
classic and neuronal (TABLe 1). Remarkably, integrating 
these findings with copy number, transcriptional, 
sequencing and proteomic data effectively correlates 
glioblastoma subgroups with characteristic disturbances 
in defined core signalling networks90,91. The classic, 
proneural and mesenchymal categories are strongly 
associated with genomic abnormalities in either EGFR 
(25–30%), pDGFR, IDH1 or IDH2 (25–30%), or NF1 
(30–40%) (TABLe 1). Interestingly, not all tumours in each 
group, and in some cases only a minority, exhibit actual 
somatic alterations in the relevant subclass‑defining gene. 
For example, the proneural subclass contains the most 
tumours with alterations in pDGFRA and IDH1, but 
also includes many cases that are characterized by MET 
amplification and even includes a small number of EGFR‑
mutated tumours. This kind of transcriptional grouping 
suggests that, despite genomic heterogeneity, gliomas 
with similar expression profiles are fundamentally driven 
by alterations in the same basic signalling networks and 
may therefore be susceptible to the same class of targeted 
therapeutics. Indeed, exhaustive western blot analysis 
seems to confirm this conjecture90, and robust mouse 
models of each subclass (TABLe 1) should provide a valu‑
able resource for further evaluation. Finally, on a more 
foundational level, the existence of molecularly defined 
subgroups of glioblastoma raises the question of whether 
these categories actually represent separate disease enti‑
ties rather than the expression of minor variability in a 
single tumour class, especially if each is fundamentally 
driven by its own distinct underlying biology.

Molecular pathology: medulloblastoma
Numerous investigations have implicated components 
of the sonic hedgehog (SHH) signalling cascade in 
medulloblastoma pathogenesis93. The binding of SHH 
to its receptor patched (PTCH1) relieves tonic inhibi‑
tion on the downstream effector smoothened (SMO) 
and allows the release of the Gli family of transcrip‑
tion factors from inhibitory protein complexes that 

 Box 1 | Modelling brain tumours in mice

Correctly identifying which of the many molecular abnormalities in brain tumours 
actually drive neoplastic processes requires disease-relevant experimental systems 
both in vitro and in vivo. The increasingly widespread use of genetically engineered 
mouse models (GEMMs) over the past decade has provided invaluable insights in this 
regard181. Incorporating basic and conditional transgenic and knockout technologies, 
GEMMs have allowed for precision testing of several candidate oncogenes and tumour 
suppressors in various appropriate cellular contexts, both singly and in combination. 
Furthermore, the use of virally mediated somatic gene transfer in many of these 
systems has provided a more faithful recapitulation of focal tumorigenesis rather than 
the field cancerization that is more akin to tumour-predisposing syndromes such as 
neurofibromatosis.

Numerous GEMMs have been produced to date, particularly for malignant glioma, 
and are perhaps most notable for their wide variation in genetic design and driving 
oncogenic mechanism. For example, effective strategies to model glioma have so far 
included combined loss of neurofibromin 1 (NF1) and p53 (Refs 41,46,62,63), RB 
depletion43,44, augmented RTK signalling37,42,55,57,174,182 and targeted activation of the 
Ras–MAPK pathway38,54,56,58,60,61. Such heterogeneity, as recent data continue to 
emphasize, accurately reflects the cellular and molecular characteristics of human 
brain tumours. In this way, the large number of available GEMMs, each with their 
distinct underlying genetics, offers an invaluable resource for preclinical studies, as 
targeted therapeutics designed to treat specific glioma or medulloblastoma subclasses 
can be tested in the most biologically relevant model systems.
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typically include suppressor of fused (SuFu) (fIG. 4). 
Genomic alterations in components of the SHH sig‑
nalling pathway, specifically inactivating mutations 
of pTCH1 and SUFU and/or activating mutations of 
SMO, have been found in ~15% of sporadic medullo‑
blastomas94–97. Additionally, germline mutations in 
pTCH1 cause Gorlin’s syndrome, a rare congenital con‑
dition that is characterized by an increased incidence 
of several tumour types, including medulloblastoma98. 
SHH signalling is known to drive proliferation in the 
granule neuron precursors of the cerebellum, and 
pathway dysregulation resulting from genomic altera‑
tions of its components presumably drives medullob‑
lastoma formation through analogous downstream 
effects99. Mouse modelling has further demonstrated 
the sufficiency of SHH signalling to generate medul‑
loblastomas in multiple cell types in the develop ing 
hindbrain (discussed below)100,101. On this note, acti‑
vating the SHH pathway through various genetic strat‑
egies remains the causative mechanism underlying the 
plurality of mouse medulloblastoma models that have 
been produced to date100–113.

Dysregulation of the Wnt pathway has also been 
linked to the development of medulloblastoma. Wnt 
ligand binds to its receptor frizzled (FZD) leading to 
the release of its downstream effector β‑catenin from 
an inhibitory complex that includes the tumour sup‑
pressor adenomatous polyposis coli (APC) and the 
axin proteins (fIG. 4). Subsequent nuclear accumula‑
tion of β‑catenin is thought to mediate its tumorigenic 

functions, presumably through the activation of target 
genes such as MYC, cyclin D1 (CCND1) and Re1‑
silencing transcription factor (REST), which have 
established roles in cellular proliferation, differentia‑
tion and inhibition of apoptosis114,115. Approximately 
20% of sporadic medulloblastomas harbour mutations 
in ApC, AXIN1, AXIN2 or CTNNB1 (which encodes 
β‑catenin)116–120, and a similarly sized fraction (18%) 
has separately been shown to exhibit nuclear β‑catenin 
immunostaining114. Furthermore, Turcot’s syndrome, 
which is caused by mutations in ApC, is character‑
ized by an increased incidence of medulloblastoma 
and other neuroepithelial tumours. Finally, medullob‑
lastomas that are driven by increased Wnt signalling, 
as shown by nuclear β‑catenin staining, may follow a 
relatively favourable clinical course121. Although in vivo 
models of Wnt pathway‑driven medulloblastomas have 
yet to emerge, one group has successfully generated  
supratentorial PNeTs using, in part, exogenously augmented 
β‑catenin expression122.

loss of chromosome 17p, typically in association with 
gain of 17q (forming isochromosome 17q: i(17)(q10)) 
is the most common genetic lesion in medulloblastoma, 
occurring in 30–50% of cases123–129. Although the pre‑
cise mechanism by which this genomic abnormality 
contributes to tumorigenesis and its prognostic impor‑
tance remain unclear, the common deletion region of 
17p13.2‑13.3 includes several confirmed and putative 
tumour suppressor genes, including Tp53, the loss of 
which could presumably facilitate neoplastic behaviour. 
Germline defects in Tp53, resulting in li–Fraumeni syn‑
drome, have been correlated with increased medullo‑
blastoma incidence19, and although Tp53 mutations in 
sporadic medulloblastomas are not particularly com‑
mon, they seem to confer poor clinical outcome125,130. 
Additionally, Trp53 loss dramatically enhances medullo‑
blastoma formation in SHH pathway‑driven mouse 
models112,131,132.

Genomic amplification of MYCN and MYC charac‑
terizes a subset of clinically aggressive medulloblasto‑
mas that tend to exhibit large cell/anaplastic histological 
features130,133. It has recently been demonstrated that the 
oncogenic miRNA cluster, miR‑17–92, is a downstream 
target of MyC, the expression of which seems to be asso‑
ciated with a wide range of tumour types134. Also, MyC 
or MyCN overexpression facilitates medulloblastoma 
formation in mice, a characteristic shared with other 
oncoproteins such as AKT, insulin‑like growth factor 2 
(IGF2) and BCl‑2 (Refs 102,107,110,135).

The erbb family of RTKs, insulin‑like growth factor 1 
receptor (IGF1R) and PDGFR have also been directly 
implicated in medulloblastoma pathogenesis, with 
IGF1R and PDGFR implicated by their association with 
poor prognosis115,136. One group has documented eRBB2 
overexpression in a large proportion of medulloblasto‑
mas (28%)137, in which it is thought to promote tumori‑
genesis by activating the Ras–MAPK and AKT pathways 
and by promoting the expression of pro‑metastatic genes 
such as S100 calcium binding protein A4 (S100A4), CCL5 
(also known as RANTES) and MAp2K5 (also known as 
MEK5)138,139. Additionally, deletion mutants of ERBB4 

Figure 3 | Schematic of molecular pathways implicated in the pathogenesis of 
glioma. Downstream oncogenic signalling through receptor tyrosine kinases (RTKs) 
such as epithelial growth factor receptor (EGFR) and platelet-derived growth factor 
receptor (PDGFR) is mediated by the PI3K–AKT–mTOR and Ras–MAPK networks. Defects 
in the p53 and RB tumour suppressor pathways are also common. Proteins exhibiting 
alterations at the genomic level that define molecular subclasses of malignant glioma are 
also indicated: EGFR (red), PDGFR (blue) and NF1 (green). CDK, cyclin-dependent kinase; 
NF1, neurofibromin 1; PDK1, 3-phosphoinositide-dependent protein kinase 1; PIP

2
, 

phosphatidylinositol-4,5-bisphosphate; PIP
3
, phosphatidylinositol-3,4,5-trisphosphate.
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Atypical teratoid/rhabdoid 
tumour
An aggressive brain tumour 
variant that occurs in young 
children and is characterized 
by loss of the transcription 
factor integrase interactor 1 
(INI1).

have been found in childhood medulloblastomas140, and 
overexpression of erbb proteins has been correlated with 
unfavourable clinical outcome141–143.

Transcriptional profiling: medulloblastoma subclasses. 
As analogous studies have accomplished for glioma, glo‑
bal transcriptional analyses of medulloblastoma have 
both emphasized and better conceptualized the molec‑
ular heterogeneity inherent to this cancer type. Initial 
efforts in this regard demonstrated gene expression pat‑
terns in medulloblastoma that were distinct from other 
CNS tumours with similar histological features, such as 
supratentorial PNeT and atypical teratoid/rhabdoid tumour 
(AT/RT)144. Furthermore, transcriptional profiles were 
found to be predictive of clinical outcome and implied 
tumour cell lineage136,144. On a separate note, one study 
found that PDGFR and Ras–MAPK signalling correlated 
with metastatic medulloblastoma, supplementing their 
array analysis with confirmatory experiments in vitro136.

More recently, two integrated genomic investiga‑
tions have revealed distinct transcriptional subclasses of 
medulloblastoma that also harbour genomic alterations 
in oncogenic signalling pathways145,146. Both have identi‑
fied subgroups centred around dysregulated SHH and 
Wnt signalling that are also characterized by genomic 
alterations in pathway‑relevant genes (TABLe 2). More spe‑
cifically, the SHH‑associated group includes all analysed 
tumours with mutations in pTCH1 and SUFU, and the 
Wnt‑associated group contains all tumours with muta‑
tions in CTNNB1. Additional subclasses are less precisely 
defined but seem to be somewhat distinct with regard 
to their associated chromosomal abnormalities, patient 
age distribution and gene expression‑related develop‑
mental signatures. Interestingly, medulloblastomas 

with desmoplastic histology mainly cluster in the SHH 
group, confirming an association that has previously been 
made94. As with similar analyses carried out for glioma, 
these studies indicate that transcriptional variation in 
medulloblastoma may reflect basic differences in onco‑
genic signalling, and in this way invite the implementation 
of subclass‑specific targeted therapy.

Cancer stem cells and cells of origin
Any discussion of molecular and cellular heterogeneity 
within individual tumours must include the ‘cancer stem 
cell’ (CSC) hypothesis, which proposes that neoplastic 
processes are heavily dependent on a small population 
of CSCs that possess the distinct properties of self‑
renewal, multipotency and resistance to conventional 
therapy147. In this scheme, the CSC pool and its unique 
characteristics are thought to contrast sharply with the 
bulk of tumour cells of which the lineage is more speci‑
fied and proliferative capacity presumably more lim‑
ited. Although considerable controversy still surrounds 
the existence, behaviour and even the nomenclature of 
CSCs, populations of cells with stem‑like properties have 
been identified across several solid and liquid tumours, 
including brain cancers148–150.

In both human glioblastomas and medulloblastomas, 
the expression of the neural stem cell marker CD133 
(also known as prominin 1) has been associated with 
both tumour initiation capacity and radioresistance149–152. 
Initial reports indicated that as few as 100 CD133+ cells 
collected from either glioblastoma or medulloblastoma 
could form xenografted tumours in immunocompro‑
mised mice, in sharp contrast to the 105 CD133– cells 
required for the same phenotype150. Although more 
recent investigations have called into question the unique 

Table 1 | Molecular subclasses of malignant glioma from different studies

analysis of WHO 
grade III and IV 
glioma variants88

analysis 
of primary 
glioblastomas91

analysis of primary glioblastomas, 
some WHO grade II and III gliomas 
and secondary glioblastomas90

Canonical 
genomic 
aberration

relevant mouse 
model

Proneural Proneural PDGF • PDGFR 
amplification 
or mutation

• IDH1 or IDH2 
mutation

Localized PDGFB 
expression 
combined with 
genetically 
engineered 
tumour 
suppression 
loss174

Mesenchymal* Mesenchymal NF1 NF1 deletion or 
mutation

Localized 
deletion of Nf1 
and Trp53 in the 
mouse SVZ63

Classical EGFR EGFR 
amplification 
or mutation

Localized EGFR 
vIII expression 
combined with 
genetically 
engineered 
tumour 
suppressor loss59

Subclass not 
defined in this study

Neural Unclassified Unknown None

*The relationship between the mesenchymal clusters as defined by Phillips et al.88, and subsequent studies, is not as precisely defined 
as it is for the proneural clusters. EGFR, epidermal growth factor receptor; IDH, isocitrate dehydrogenase; NF1, neurofibromin 1; 
PDGF, platelet-derived growth factor; SVZ, subventricular zone; vIII, variant III; WHO, World Health Organization.
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tumour‑initiating properties of the CD133+ subpopula‑
tion153,154, CD133 expression has been linked with poor 
clinical outcome155. Furthermore, it has been argued that 
the discordant results between studies regarding the 
stem‑like properties of the CD133+ compartment could 
be attributed to differences in the handling and culture 
of primary tissue samples, factors that dramatically alter 
both the biological behaviour of tumour cells and their 
expression of surface markers such as CD133 (Ref. 155). 
It also remains to be seen whether CD133 expression by 
stem‑like cells is dependent on the molecular subclass of 
the brain tumour in question.

Related to these ideas is the increasing evidence 
that CSCs require a specialized microenvironment for 
the maintenance of their characteristics156, similar in 
many ways to normal, non‑neoplastic stem cell popu‑
lations. Indeed, it has been known for some time that 
stem cells in the adult brain reside specifically in the  
sub granular zone (SGZ) of the hippocampus and the sub ‑ 
ventricular zone (SVZ)157,158, where underlying capillary 
networks seem to provide both the signals and nourish‑
ment that are required for their support159. It has recently 
been shown that CSCs from various brain tumours, 
including glioblastoma and medulloblastoma, exist in a 
perivascular niche that is analogous to that of their non‑
neoplastic counterparts160. Stem‑like cells from human 
brain tumours migrate towards, and intimately interact 
with, endothelial cells in three‑dimensional co‑cultures. 
Furthermore, transplantation of these brain tumour CSCs 
with endothelial cells enhances orthotopic tumour 
formation in immunocompromised mice, but 
endothelial cell depletion in xenografts hinders their 
growth160. Additional work has demonstrated that 
CD133+ cells from glioblastomas secrete high levels 

of vascular endothelial growth factor (VeGF), which 
further supports an interactive, functional relation‑
ship between brain tumour CSCs and the surrounding 
microvasculature161.

Various proteins and signalling cascades that are 
involved in both tumorigenesis and the maintenance of 
non‑neoplastic stem cell pools have been implicated in 
the biology of brain tumour CSCs. These include many 
of the signalling pathways discussed above along with the 
transcription factors OCT4 (also known as POu5F1), 
oligodendrocyte lineage transcription factor 2 (OlIG2) 
and BMI1 (Ref. 162). Recent work suggests that the SHH 
pathway may have an important role in the establishment 
of the CSC niche in gliomas. Abundant SHH is secreted 
by perivascular astrocytes in human and mouse glioblas‑
tomas and downstream Gli activity correlates well with 
tumour grade163. Similarly, molecular cues responsive to 
cellular hypoxia, particularly the actions of HIFs, also 
seem to affect the behaviour of CSCs and the maintenance 
of the stem cell microenvironment. experimental deple‑
tion of HIFs in glioma CSCs inhibits self‑renewal and 
survival in vitro and tumour initiation potential in vivo164. 
Furthermore, HIF2α, the transcriptional targets of which 
include pOU5F1 (Ref. 165), induces stem‑like behaviour 
and enhances tumorigenic potential when transduced 
into non‑stem cells derived from human gliomas166.

The Notch pathway has repeatedly been linked to the 
biology of normal neural stem cells as well as glioma 
CSCs167. ligand binding to the Notch receptor results 
in its cleavage and the release of the Notch intracellular 
domain (NICD), the subsequent nuclear translocation of 
which activates various target genes. The Notch pathway 
is activated in human and mouse gliomas, and forced 
expression of NICD both induces the stem cell marker 
nestin and cooperates with KRAS to induce expansion of 
the SVZ in vivo168. Furthermore, increased Notch signal‑
ling enhances the efflux of cytotoxic drugs through ABC 
transporters such as ABCG2, a recognized property of 
stem‑like tumour cells that contributes to their resist‑
ance to conventional therapies169,170. using fluorescent 
Hoechst dye, which is also an ABCG2 substrate, stem 
cells can be effectively sorted by fluorescence‑activated 
cell sorting (FACS) from brain tumours as a ‘side popula‑
tion’ (SP) that exhibits a lower level of fluorescence than 
their non‑stem cell‑like counterparts in the ‘main pop‑
ulation’ (MP)170,171. NICD overexpression increases SP 
cell number, with Notch pathway inhibition having the 
opposite effect170. extending these findings is a recent 
study demonstrating that nitric oxide (NO), which is 
secreted by the tumour vasculature, induces Notch sig‑
nalling and augments the SP fraction in PDGF‑driven 
gliomas, providing a mechanism by which specific 
molecular cues can maintain the stem‑like character in 
the perivascular niche172.

The AKT pathway has also been identified as a major 
effector of stem‑like behaviour in malignant brain 
tumours. Increasing AKT signalling through pTEN loss 
increases SP cell number in mouse glioblastomas, at 
least partially through the direct activation of ABCG2 
(Ref. 171). Furthermore, in mouse medulloblastoma mod‑
els, activation of the PI3K–AKT–mTOR pathway seems 

Figure 4 | The molecular networks implicated in the 
pathogenesis of medulloblastoma. Dysregulated 
signalling through the sonic hedgehog (SHH) and Wnt 
pathways has been implicated in distinct subclasses of 
medulloblastoma. Specific proteins in the SHH and Wnt 
pathways exhibiting alterations at the genomic level are 
shown in red and green, respectively. MYC (blue) 
amplification has been associated with the large cell/
anaplastic medulloblastoma variant. APC, adenomatous 
polyposis coli; DSH, dishevelled; FZD, frizzled;  
GSK3β, glycogen synthase kinase-3β; PTCH1, patched;  
SMO, smoothened; SUFU, suppressor of fused.
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to contribute to the relative resistance of perivascular 
CSCs to therapeutic irradiation173. Combining small 
molecule AKT pathway inhibitors with radiotherapy 
significantly decreases the survival of this resistant stem 
cell‑like pool, indicating a promising avenue for future 
treatment strategies. Supporting these findings, another 
group has recently reported that pTEN loss and Tp53 
deletion are crucial for the maintenance of self‑renewal 
in neural stem cells and seem to mediate these effects at 
least in part through the induction of MYC45.

The link between stem cell biology and brain cancer 
has implications for nascent tumorigenesis and the cells 
responsible for the initiation of the neoplastic process. 
More specifically, it is not clear whether malignant brain 
tumours primarily arise from pluripotent stem cells, 
their more differentiated progeny, or both. Once again, 
increasingly sophisticated in vivo modelling systems 
have allowed researchers to begin addressing this ques‑
tion by carefully restricting oncogenic events to small 
subpopulations of cells within individual mouse brain 
tumours. Although informative (if somewhat conflict‑
ing) observations have been made, the data seem to indi‑
cate a considerable degree of complexity underlying this 
issue that predictably echoes the cellular and molecular 
heterogeneity of the tumour types in question.

For medulloblastoma, two groups have recently dem‑
onstrated that dysregulated SHH signalling is sufficient 
to generate tumours from multiple distinct precursor 
cell populations. Indeed, driving oncogenesis in either 
neural stem cells or more differentiated granule neu‑
ron precursors yields medulloblastomas with roughly 
equal penetrance, although the precise positioning of 
each tumour does seem to depend on the anatomical 
distribution of its pool of initiating cells100,101. These data 
indicate that although various cell types of cerebellar lin‑
eage are competent to produce medulloblastomas given 
the appropriate oncogenic stimulus, a certain degree of 
heterogeneity in the resulting tumours can probably be 
attributed to differences in cell of origin.

Analogous experiments in glioma mouse models 
have used viral transduction methods for the precise 
localization of oncogenic stimuli to specific cellular sub‑
populations. In one study, cre recombinase‑expressing 

adenovirus (adeno‑cre) was used to functionally silence 
Nf1, Trp53 and/or pten in targeted foci in the brains of 
mice with floxed alleles for each tumour suppressor63. 
Stereotactic injection of adeno‑cre into the SVZ invar‑
iably yielded high‑grade astrocytomas, and application 
of the virus into either the cerebral cortex or striatum had 
minimal results, suggesting that tumour suppressor loss 
in stem‑like progenitor cells is both necessary and suf‑
ficient for gliomagenesis. Contrasting sharply with these 
findings are results from more recent investigations using 
retrovirus‑mediated PDGFB expression in either adult 
mice or newborn pups that were deficient in Cdkn2aINK4A, 
Cdkn2aARF and/or Trp53 (Refs 174,175). These studies 
demonstrated that driving PDGFB expression in nestin+ 
progenitor cells, mature GFAP+ astrocytes or commit‑
ted oligodendroglial precursors is sufficient to generate 
gliomas. Moreover, gliomas were generated with equal 
penetrance regardless of whether retrovirus was delivered 
into the SVZ, cerebral cortex or cerebellum174. Similarly, 
another group has effectively induced high‑grade gliomas 
in the mouse striatum by driving eGFR vIII expression in 
combination with Cdkn2a and pten loss59, providing 
another example of gliomagenesis derived from a non‑
stem‑like cellular pool. The discrepancies in these studies 
indicate that several different cell types probably harbour 
tumorigenic potential and that their ability to initiate 
neoplasia may depend on the precise mechanisms gov‑
erning the underlying oncogenic stimulus (that is, RTK 
signalling compared with tumour suppressor loss) and/or 
the molecular subclass of the tumour in question.

To further complicate this issue, additional work 
has suggested that evolving brain cancers may incor‑
porate large numbers of nominally non‑neoplastic 
cells that are not derived from their cell of origin, and 
that such recruited elements proliferate and substan‑
tially contribute to the pathogenicity of the tumour 
mass as a whole176. Such data argue that determining 
the precise cellular origins of brain tumours, although 
fascinating from an academic standpoint, may be less 
relevant to the development of effective treatment reg‑
imens than a fundamental understanding of the strik‑
ing cellular and molecular complexity that evolves in 
these neoplasms over time.

Table 2 | Molecular subclasses in medulloblastoma*

Subclass Genomic 
characteristics

Histology expression characteristics Median patient 
age (range)

Mouse 
models

A Wnt signalling: 
CTNNB1 mutations

Classic Notch and PDGF signalling, 
and increased expression of 
cell cycle proteins

10.4 years (6–20) None

B SHH signalling: 
PTCH1 or SUFU 
mutations

Enriched for 
desmoplastic and 
LC/A

Notch and PDGF signalling, 
and increased expression of 
cell cycle proteins

3.0 years (1.5–35.3) Yes 
(many)

C i(17q), -8, -X, +18 Classic Neuronal markers 7.2 years (3.7–25.6) None

D i(17q), -8, -X, +18 Classic or some 
LC/A

Neuronal markers and 
photoreceptor markers

5.9 years (3–16.6) None

E -X, +18 Classic or some 
LC/A

Cell cycle proteins and 
photoreceptor markers

3.8 years (2–15) None

*Adapted from data in Kool et al.145. CTNNB1, β-catenin; LC/A, large cell/anaplastic; PDGF, platelet-derived growth factor;  
PTCH1, patched; SHH, sonic hedgehog; SUFU, suppressor of fused.
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Conclusions: implications for therapy
As our understanding of the intricacies of glioma and 
medulloblastoma biology has progressed, so too has the 
hope that such breakthroughs will lead to more effective, 
less toxic, rationally conceived therapeutics. For both dis‑
ease entities, the mainstays of nonsurgical treatment are 
notable in their uniformity, consisting of a combination 
of radiation and cytotoxic chemotherapy. However, as the 
functional determinants driving brain tumorigenesis con‑
tinue to be elucidated, revealing among other things the 
remarkable cellular and molecular heterogeneity discussed 
above, the opportunities for more targeted, individualized 
intervention seem to be increasing rapidly.

Indeed, initial efforts towards the stratification of 
patients with brain tumours into molecularly determined 
treatment groups have already begun. The discovery that 
promoter methylation and transcriptional silencing of 
O‑6‑methlylguanine‑DNA methyltransferase (MGMT) 
results in improved chemosensitivity of glioblastomas 
has now been widely applied as a prognostic indicator for 
malignant glioma. MGMT repairs O‑6‑methylguanine 
DNA damage that is induced by alkylating agents such 
as temozolomide (currently the mainstay of anti‑glioma 
chemotherapy), and strategies to overcome this resist‑
ance mechanism are the focus of numerous studies177,178. 
Also relevant to this discussion is the recent finding that 

glioblastomas driven by eGFR vIII may preferentially 
respond to the eGFR inhibitor erlotinib when PTeN 
expression is retained179, and so forming a molecular 
subgroup that is presumably more amenable to targeted 
therapeutics. These two examples foreshadow what will 
hopefully constitute a paradigm shift in the treatment of 
brain cancer to a model in which patients will be strati‑
fied by molecular characteristics into treatment groups 
before the initiation of more personalized, biologically 
grounded therapies. The challenge now becomes how  
to most efficiently and effectively segregate tumours into 
treatment‑relevant subgroups, and the development of 
the necessary biomarkers for this purpose.

Innate and acquired resistance to therapeutic regi‑
mens will probably continue to frustrate efforts to com‑
bat brain cancer, as will issues of drug delivery (BOX 2). 
In this regard, molecularly targeted therapies have been 
shown to suffer from the same deficiencies as their more 
conventional counterparts, as a recent report describing 
a case of widely metastatic medulloblastoma demon‑
strates180. In this instance, a tumour known to express a 
PTCH1‑W844C mutant (that leads to the pathological 
activation of SHH signalling) was treated with a spe‑
cific SMO inhibitor. Although this intervention initially 
resulted in dramatic remission, the tumour rapidly 
recurred in ~3 months having acquired a point mutation 
in SMO that rendered it refractory to the drug. Striking 
examples of acquired resistance mechanisms such as this 
abound in the literature, are not unique to brain tumours 
and illustrate the need for combinatorial regimens that 
are directed at multiple components of disease‑implicated 
pathways simultaneously. Furthermore, the presence of 
stem‑like cells in both glioma and medulloblastoma 
probably contributes to resistance phenotypes, and 
argues for the direct targeting of this cellular subpopu‑
lation, perhaps through the inhibition of Notch and/or 
PI3K–AKT–mTOR signalling, in conjunction with more 
conventional cytotoxic therapies.

In conclusion, although numerous challenges remain, 
notable progress in the molecular characterization of 
malignant glioma and medulloblastoma has paved the 
way for more rationally based treatment strategies that 
target specific genes and proteins. How best to imple‑
ment these promising new therapies, particularly in what 
combinations and patient groups, should be the subject of 
intensive translational research in the years to come.

 Box 2 | Treatment challenges: the blood–brain barrier

Achieving adequate delivery of drugs to the malignant cells in brain tumours remains a 
vexing problem. Indeed, recent work indicates that failure to adequately circumvent the 
blood–brain barrier (BBB) seems to be at least partially responsible for the lack of 
tangible progress in the implementation of targeted therapeutics183. And although the 
BBB does seem to be somewhat disrupted in the abnormal vascular networks 
characterizing most malignant brain tumours184, it frequently remains intact along the 
infiltrating edges of the neoplasms where the plurality of recurrences tend to occur185.

Various strategies have been designed to overcome this problem and are receiving 
considerable attention from the biomedical community186. Simply increasing the 
dosage of some drugs provides one option, although this is obviously limited by toxicity 
profiles. Other strategies involve the conjugation of therapies to lipophilic moieties or 
other vectors (such as antibodies, peptides and viruses), or packaging drugs in carrier 
systems such as liposomes, micelles and dendrimers. Co-administration with inhibitors 
of BBB drug-efflux transporters such as ABCG2 is another possibility. Additionally, 
more invasive approaches such as convection enhanced delivery (CED), for which the 
anticancer agent is infused directly into the tumour by a catheter or implanted 
therapies consisting of therapy-infused reservoirs or matrices are also the subject of 
active research.
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