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glioma models can lead to deceptive results when such char-
acteristics are not properly taken into account.
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Introduction

Clinicopathology of gliomas

Glioma is a rare cancer (6 diagnoses per 100,000 people 
annually) of the central nervous system (CNS) originating 

Abstract In theory, in vitro and in vivo models for human 
gliomas have great potential to not only enhance our under-
standing of glioma biology, but also to facilitate the devel-
opment of novel treatment strategies for these tumors. For 
reliable prediction and validation of the effects of different 
therapeutic modalities, however, glioma models need to com-
ply with specific and more strict demands than other models 
of cancer, and these demands are directly related to the com-
bination of genetic aberrations and the specific brain micro-
environment gliomas grow in. This review starts with a brief 
introduction on the pathological and molecular characteris-
tics of gliomas, followed by an overview of the models that 
have been used in the last decades in glioma research. Next, 
we will discuss how these models may play a role in better 
understanding glioma development and especially in how 
they can aid in the design and optimization of novel therapies. 
The strengths and weaknesses of the different models will 
be discussed in light of genotypic, phenotypic and metabolic 
characteristics of human gliomas. The last part of this review 
provides some examples of how therapy experiments using 
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from (precursors of) glial cells [41]. The vast majority is 
characterized by diffuse infiltrative growth into the sur-
rounding CNS parenchyma [29]. Based on the astrocytic, 
respectively, oligodendroglial phenotype of the cancer 
cells these diffuse gliomas are traditionally histopathologi-
cally typed as diffuse astrocytomas, oligodendrogliomas, 
or as mixed gliomas/oligoastrocytomas. However, the lat-
ter diagnosis is disappearing because nowadays molecular 
testing generally provides an unambiguous diagnosis of 
either astrocytic or oligodendroglial tumor (see “Molecu-
lar pathology of gliomas” and [91]). Furthermore, based on 
the presence/absence of marked mitotic activity, necrosis 
and florid microvascular proliferation (MVP) a malignancy 
grade is assigned to diffuse gliomas (World Health Organi-
zation (WHO) grade II–IV) [68, 159].

A shared characteristic of all grades of diffuse glioma 
is their extensive infiltration in the CNS parenchyma along 
white matter tracts and pre-existing blood vessels [29]. 
Surgical cure for diffuse gliomas is not available because 
complete resection cannot be achieved. Without treatment, 
survival of patients with glioblastoma (not only the most 
malignant, but also by far the most frequent glioma) is 
approximately 6–9 months after diagnosis, and even with 
current standard treatment using a combination of surgery 
irradiation and the DNA-alkylating agent temozolomide, 
survival rates remain dramatically poor [137, 138]. The 
limited progress in implementing novel, more effective 
treatment protocols for diffuse glioma sharply contrasts the 
situation of many other cancer types.

The most frequent examples of gliomas with a circum-
scribed rather than diffuse infiltrative growth pattern are 
pilocytic astrocytoma (relatively common in children and 
generally benign/WHO grade I) and different variants of 
ependymoma (occurring in both children and adults and 
with variable aggressiveness corresponding to WHO grade 
I–III) [33, 53, 153].

Molecular pathology of gliomas

Especially during the last decade, multiple studies have 
shed light on the molecular events underlying gliomagen-
esis and on their clinical relevance as diagnostic, prognos-
tic and/or predictive markers. Some of these markers are 
now incorporated in the definitions of particular glioma 
entities in the recently published, revised WHO classifica-
tion [90, 91]. Heterozygous mutations in the gene encoding 
the metabolic enzyme isocitrate dehydrogenase (IDH) are 
seen in 70–80% of grade II and III diffuse gliomas and in 
12% of glioblastomas [108, 163]. These mutations (mostly 
involving cytosolic IDH1, lesser so mitochondrial IDH2) 
have important consequences for the epigenome and cause 
extensive DNA methylation in IDH-mutant diffuse gliomas 
(‘glioma-CpG island methylator phenotype’/G-CIMP) [22, 

104]. In ‘canonical’ oligodendrogliomas, according to the 
recently published WHO classification of CNS tumors, an 
IDH1 or IDH2 mutation co-occurs with complete and com-
bined deletion of chromosome arms 1p and 19q [20, 44, 56, 
105, 164]. This complete 1p/19q codeletion not only consti-
tutes the genetic hallmark of oligodendrogliomas, but also 
an important favorable prognostic and predictive marker. 
Diffuse astrocytic tumors can be IDH mutant or wild type. 
While most IDH mutant astrocytic tumors are at clinical 
presentation WHO grade II or III, they often progress to a 
grade IV lesion (‘secondary glioblastoma’). It was recently 
shown that IDH1-mutated glioblastomas may experience 
loss of heterozygosity, resulting in absence of wild-type 
IDH1 expression [57]. It is not known yet whether and how 
heterozygosity or homozygosity for IDH mutations influ-
ences biological behavior. The vast majority of diffuse glio-
mas presenting as glioblastoma at first diagnosis are IDH 
wild type (‘primary glioblastomas’) [90, 91, 93, 105].

A number of dysregulated pathways are frequently 
operational in diffuse gliomas that may be amenable for 
pharmacologic intervention (see Fig. 1). Besides frequent 
mutations in the promoter of TERT (telomerase reverse 
transcriptase, involved in maintaining telomere length) 
[44], like in other cancer types three main pathways are fre-
quently (alone or in combination) affected in diffuse glio-
mas/glioblastomas [19]: (I) the phosphoinositide 3-kinase 
(PI3 K)/AKT pathway is often hyperactive as a result of 
activating mutations in or amplifications of genes encod-
ing the upstream receptor tyrosine kinases (RTKs) and/or 
loss of PTEN, a negative regulator of the AKT pathway; 
(II) cell cycle control pathways, e.g. caused by inactivat-
ing mutations in CDKN2A, the gene encoding the MDM2 
inhibitor p14ARF and the cyclin D1-inhibitor p16INK4A, or 
activating mutations in cyclin-dependent kinase (CDK4) 
resulting in uncontrolled progression from the G1 to the 
S-phase of the cell cycle [20, 150]; (III) inactivating muta‑
tions in TP53, prohibiting apoptosis of cells with damaged 
DNA, and resulting in uncontrolled progression of the cell 
cycle, contributing to the gradual accumulation of muta-
tions and increased intratumoral heterogeneity [134].

Of the most frequent non-diffuse gliomas, pilocytic astro-
cytomas are almost always affected by single abnormalities 
of the mitogen-activating protein kinase (MAPK) pathway 
(most frequently by KIAA1549-BRAF fusion, in other cases 
by a BRAF V600E or other mutation affecting this path-
way), indicating that this neoplasm may be a ‘one pathway’ 
disease [33]. Ependymal tumors form a very heterogeneous 
group with regard to not only location, histology and clini-
cal behavior, but also molecular characteristics. Based on 
detailed molecular analyses combined with clinicopathologi-
cal information, nine larger subgroups of ependymoma have 
been identified, some of these carrying a more grim progno-
sis while others behaving relatively indolent [24, 107].
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Intratumoral heterogeneity

Intratumoral heterogeneity was firmly established by genetic 
analysis of multiple biopsies of the same tumor, and even 
on the level of single cells by single-cell RNA-seq analysis 
[74, 109, 133, 142]. Gliomas may contain subpopulations 

of cells carrying mutually exclusive amplifications of onco-
genes EGFR and PDGFRα [130]. In line with these obser-
vations, recurrent gliomas may be genetically markedly dis-
tinct from the tumors from which they originate [71].

A number of the frequently encountered molecu-
lar aberrations in diffuse gliomas are targetable with 
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Fig. 1  Overview of oncogenic pathways in glioma and possibilities 
for pharmacological interventions, relevant for the models described 
in this article. Growth factors bind to RTKs resulting in phosphoryla-
tion and Ras/Raf and PI3 K signaling to Akt and mTOR, thus driving 
cell growth and survival. In a substantial percentage of glioblastomas 
this process is amplified by loss of the counteracting phosphatase 
PTEN. Akt also can phosphorylate MDM2 thereby stabilizing the 
protein. This stabilization causes ubiquitinylation and degradation 
of the tumor suppressor P53, unleashing cyclin D1 complex activity 
and leading to uncontrolled G1-S progression. Loss of control over 
the cell cycle is also induced by CDKN2A mutations as CDKN2A 
products, p14ARF an p16INK4A are important G1-S checkpoint pro-

teins. The PI3 K pathway (activated by phosphorylated growth fac-
tor receptor tyrosine kinases [RTKs] such as EGFR, MET or PDGR) 
may be inhibited by small molecule RTK inhibitors or antibodies 
directed against ligand binding domains of RTKs or the ligands them-
selves, thus prevent ligand-receptor interaction. The cyclin D1 path-
way (resulting in cell cycle progression from G1 to S phase) may be 
inhibited by the CDK4/6 inhibitor palbociclib. Finally, mutations in 
IDH1 or IDH2 result in mutant proteins that catalyze the conversion 
of α-KG to D-2-HG, causing the G-CIMP phenotype and a transcrip-
tional profile leading to gliomagenesis. AGI-5198 specifically inhibits 
IDH1R132H activity by binding to the catalytic site of the protein
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available drugs, examples being inhibitors of RTKs (anti-
bodies and small molecules against among others EGFR, 
MET, PDGFR [112]), inhibitors of CDK4/6 activity (pal-
bociclib [126]) and inhibitors of mutant IDH enzymes 
[124] (see Fig. 1). Despite the wealth of information on 
actionable molecular aberrations and the availability of cor-
responding targeted drugs, apart from bevacizumab (see 

“Angiogenesis inhibition in preclinical glioma models”) 
there has not been any change in approved drug-based 
treatment strategy for these cancers since the introduction 
of temozolomide. An important reason for this frustrating 
notion is the high diversity in genetic aberrations in glioma, 
combined with substantial intratumoral heterogeneity and 
the relatively low incidence of diffuse glioma, precluding 
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testing of novel targeted therapies in groups of patients of 
sufficient size. Furthermore, validated predictive biomark-
ers for novel targeted drugs are often lacking. It is thus of 
great importance to have available appropriate preclinical 
glioma models.

Preclinical glioma models

Ideally, a preclinical glioma model meets the follow-
ing requirements; I) Genetic background resembles that 
of (a subset of) human gliomas; II) Genetic, epigenetic 
and phenotypic intratumoral heterogeneity is similar to 
human glioma; III) Model involves an adequate microen-
vironment with regard to immunocompetence, presence of 
blood–brain barrier (BBB) and cell-cell interactions (both 
between tumor cells and with non-neoplastic cells) [106]; 
IV) Model is reproducible and stable over time.

In the following paragraphs we discuss currently 
employed preclinical glioma models, including their rel-
evance with respect to molecular make-up, intratumoral 
heterogeneity, tumor microenvironment, stability and their 
usefulness for testing of novel therapies. Models that will 
be discussed can be categorized as carcinogen-induced 
gliomas in animals, in vitro glioma cell cultures derived 
from human or animal gliomas, glioma xenograft models 
(subcutaneous, orthotopic), and transgenic mouse models 

(Fig. 2). Furthermore, some more ‘exotic’ glioma models 
(e.g., in zebrafish or fruit flies) will be briefly discussed.

Murine models of glioma

Ethyl‑nitrosourea (ENU)‑induced gliomas

A widely used model of diffuse glioma that was introduced 
in the 1970s is based on carcinogen-induced gliomagenesis 
(Fig. 2a). In this model, pregnant animals (mostly rat) are 
injected intravenously with a single dose of N-ethyl-nitro-
sourea (ENU) [127]. The in utero exposure of embryos to 
this DNA-damaging compound induces predominantly 
brain tumors, possibly because DNA-repair mechanisms 
are less active in the brain than in other tissues, resulting 
in higher rates of stable mutations in neural cells. Interest-
ingly, injection of ENU in adult animals does not result in 
brain tumors [129], suggesting that neural precursor cells 
in the developing brain pass through ENU-induced muta-
tions to their progeny, that will cause problems in the event 
they affect oncogenes or tumor suppressor genes. This 
model thus may well represent gliomagenesis in humans 
and allows for the identification of key driver mutations and 
their roles in glioma development in a spatial and temporal 
fashion, especially since the tumors in this model have a 
relatively long latency time (i.e., they become symptomatic 
only months after birth) [17]. Like in a subset of human 
gliomas, TP53 mutations have been identified as key cancer 
drivers in ENU-induced gliomas, resulting in genetic insta-
bility and accumulation of other mutations in oncogenes or 
tumor suppressor genes [98]. Additionally, other mutations 
that are frequently encountered in human gliomas, such 
as amplification of platelet-derived growth factor recep-
tor alpha (PDGFRα), deletion of the cell cycle regulator 
gene CDKN2A, and amplification of the EGFR gene can be 
present in these animal tumors [168], the combination of 
TP53 and PDGFRα mutations being relatively frequent in 
pediatric high grade glioma [78, 111, 116]. A recent study 
demonstrated that a Braf codon 545 mutation (V545E, 
corresponding to the human BRAF V600E mutation) is a 
frequent early event in the development of ENU-induced 
rat gliomas [156]. This mutation can occur in human dif-
fuse gliomas but is more frequently seen in ‘non-diffuse’ 
gliomas.

The ENU-induced model of gliomagenesis gives rise 
to genetically heterogeneous tumors and also involves 
a proper brain microenvironment, including an intact 
immune system and a blood brain barrier (BBB) [119], 
making it to a relevant model. One of the downsides of the 
model is the poorly reproducible character of glioma for-
mation. Consequently, experiments with this model require 
costly and time-consuming studies with high numbers of 
animals. Yet, whereas in the early days in vivo visualization 

Fig. 2  Schematic overview of in vitro and in vivo glioma models. a 
Intravenous injection of ENU into pregnant rat leads to offspring with 
a high chance of spontaneous glioma development. Resulting gliomas 
often carry mutations in oncogenes or tumor suppressor genes that 
are frequently encountered in human gliomas. ENU-induced gliomas 
have been processed to murine glioma cell lines that can be implanted 
as allografts in syngeneic animals. b GEMMs. Shown are examples 
of compound flox-ed mouse, in which the floxed modifications can 
be activated by local transduction of cells with lentiviruses encod-
ing Cre recombinase under control of ubiquitous or cell-type specific 
promoters, or by crossing with transgenic mice expressing Cre under 
control of neural- or glial-cell type-specific promoters (e.g., nestin 
or GFAP promoter). In these cases modifications occur early during 
embryonal development, unless promoter activity is made inducible. 
These glioma models are molecularly highly defined, and can be pro-
cessed to novel murine cell lines that are amenable for allografting. c 
PDGCs or PDX can be generated by preparing cell cultures of surgi-
cally obtained glioma material (nowadays mostly spheroid cultures) 
that can be implanted heterotopically (generally subcutaneously in 
the flank) or orthotopically (in the brain) of immunocompromised 
animals; alternatively, surgically obtained human glioma tissue can be 
directly implanted; ideally, an orthotopic xenograft of a diffuse high 
grade glioma/glioblastoma in the murine brain recapitulates not only 
the genotype, but also the phenotype of this tumor with e.g., florid 
microvascular proliferation (lower right image) and diffuse infiltrative 
growth in the white matter (upper right image). Of note, as illustrated 
by a xenograft derived from U87 cells, not all orthotopic glioma mod-
els show diffuse infiltration in brain parenchyma, and such models 
are less relevant for the study of glioma in the context of tumor-brain 
microenvironment interactions

◂
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of ENU-induced gliomas was impossible, current imaging 
techniques allow for therapy studies during which animals 
are longitudinally monitored. Obviously, testing of tar-
geted drugs in this model requires that these are equipotent 
against the human and murine targets.

Transgenic mouse models

The knowledge of the driver mutations that are involved in 
gliomagenesis has resulted in innovative genetically engi-
neered mouse models (GEMMs) of glioma (for systematic 
review of GEMMs, see [59]). An elegant approach made 
use of transgenic animals with GFAP-promoter-driven 
expression of tv-a, resulting in astrocyte specific expression 
of this retrovirus receptor. This makes these cells suscep-
tible to infection with avian leukosis virus-derived RCAS 
vectors that carry expression cassettes for e.g., auto-active 
EGFR variants [63]. Infection with such viruses will result 
in astrocytic EGFR hyperactivity. To allow for astrocytic 
infection, RCAS-vector producing chicken fibroblasts need 
to be intracerebrally injected, resulting in infection of cells 
neigbouring the needle track.

Another example in this category is the model created 
by transcranially injecting lentiviruses expressing Cre-
recombinase under control of the glial cell-specific GFAP 
promoter or the ubiquitously active CMV promoter, in 
LoxP-transgenic mice, conditionally lacking p53 or pten, 
and p16INK4a, and overexpressing the constitutively active 
KRASV12 mutant (Fig. 2b). In this model high-grade glio-
mas develop within weeks after Cre-administration that 
resemble human glioma with respect to phenotype and 
BBB [38]. In a recent publication Bardella et al. described 
a transgenic conditional mouse model in which mice carry-
ing a floxed Idh1 minigene, followed by an Idh1R132H allele 
were crossed with mice carrying a tamoxifen-inducible 
Pnestin-Cre transgene [7]. Upon administering tamoxifen to 
the offspring mice, Cre is selectively expressed in nestin-
positive neural progenitor cells in the subventricular zone 
(see also “Human glioma cell lines: neurosphere cultures”), 
resulting in deletion of the minigene and activation of the 
Idh1R132H allele in this alleged stem cell population. The 
resulting cells were more proliferative and displayed inva-
sive behavior, suggestive of an early gliomagenesis phe-
notype. Such models may well be further developed into 
lower grade diffuse glioma models.

GEMMs are very suitable to investigate behavior of 
genetically defined gliomas in an immune competent set-
ting and allow for studies on drug distribution to glioma 
cells in the brain, taking potential BBB restrictions into 
consideration [88, 89]. These models however lack the 
intratumor heterogeneity that is observed in human glio-
mas. Furthermore, in these models targeted drugs that are 
tested ideally must have similar activity against human and 

murine targets in order to predict therapeutic outcome in 
patients.

Murine glioma cell lines and allograft models

The unpredictable character of glioma formation in ENU-
induced models has stimulated researchers to create stable 
in vitro cell line cultures from ENU-induced rat gliomas, 
among which C6, 9L, T9, RG2, F98 and BT4C and RT-2 
(molecular characteristics reviewed in detail in [8]), but 
also from transgenic mice [132]. The GL261 mouse cell 
line was generated by intracranial injection of the alkylat-
ing agent 3-methylcholantrene into C57BL/6 mice [5, 140]. 
These murine glioma cell lines have the advantage that they 
can be implanted orthotopically in syngeneic, immunocom-
petent animals [8] allowing for the study of tumor immuno-
logical aspects. An exception is the C6 glioma model that 
was generated from an ENU-induced glioma in an outbred 
strain of Wistar rats. As a consequence, inoculation of C6 
cells in common Wistar rat strains results in an allogenic 
immune response and lack of tumor growth [10]. How-
ever, the cell lines that do grow in their syngenic hosts after 
intracerebral transplantation, develop into invasive cancers 
that have been used to investigate effects of targeted ther-
apy and radiotherapy [28].

Novel immunotherapy concepts have been introduced 
in cancer treatment, such as dendritic cell vaccination and 
immune checkpoint inhibition (reviewed in [146]). Gliomas 
are considered by some to be good candidates for dendritic 
cell (DC) vaccination [85], but the efficacy of this and of 
other immunotherapeutic approaches is currently hampered 
by the immune suppressive milieu in (patients with) glioma 
[51, 54]. Glioma allografts in immunocompetent animals 
are highly valuable models to optimize immune-modula-
tory therapies and improve immunotherapeutic protocols 
[166]. Yet, as indicated above, one has to bear in mind that 
the intratumoral heterogeneity of human gliomas is prob-
ably not fully recapitulated in animal models. Another 
drawback of these murine glioma models in the context of 
immunotherapy is that humanized antibodies for clinical 
use are immunogenic in such models, precluding repeated 
administration. This problem can partly be circumvented 
by using immune deficient animals (rats or mice), obvi-
ously not an adequate solution for studies in the field of 
immune therapy. Alternatively, immune-humanized mice 
may be used in which the mouse Ig-locus is exchanged for 
the human Ig-locus [13, 97, 167]. Clearly, in such models 
the targeting antibody should be reactive against the glioma 
target of interest. Genetic engineering of rat glioma cell 
lines aiming for expression of the human antigen of inter-
est may be helpful in this respect. An example of this latter 
approach is the evaluation of therapeutic efficacy of anti-
EGFRvIII antibodies using allografts of F98 rat glioma 
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cells overexpressing human EGFRvIII [165]. So far, spon-
taneous IDH1 mutations have not been reported in murine 
glioma cell lines, making these models less relevant for the 
study of IDH mutant human gliomas. Attempts to gener-
ate stable cell cultures from transgenic mice, expressing 
IDH1R132H in nestin-positive neural progenitor cells have 
so far also failed [7].

Models of human glioma

Human glioma cell lines: conventional cell cultures

In an attempt to work with glioma models that resemble 
as closely as possible the genetic make-up of their human 
counterparts, many research groups exploit patient-derived 
glioma cell lines. The two most widely studied cell lines, 
U87 and U251, were generated in the sixties of the last 
century from patients with a glioblastoma [114, 160]. In 
the past 4 decades experiments with these lines have been 
reported in over 2000 and 1000 publications, respectively. 
The U87 genome has recently been fully sequenced [31], 
and this effort revealed an enormous number of indels, 
copy number variations and translocations, most of which 
were probably acquired during decades of cell culture. 
Indeed, only recently the consequences of cell culture with 
fetal bovine serum for genetic instability have been recog-
nized [2, 46, 67, 144]. Still, genetic aberrations from the 
original tumors that are retained in these cell lines allow 
for the detailed study of their contribution to oncogenic 
cell signaling pathways in a controlled and reproducible 
fashion. Furthermore, such cell lines also allow for rapid 
and reproducible testing of targeted drugs in vitro, as a pre-
screen for further testing in appropriate preclinical in vivo 
models.

Of note, U87 cells have found their way to many labs in 
the world, and it may be expected that, due to genetic drift 
under serum culture conditions, there is a large number of 
subclones of U87 available that may affect experimental 
reproducibility. The need for regular cell line authentica-
tion is now widely recognized and cell line authentication 
is already required by a number of scientific journals [48].

Human glioma cell lines: neurosphere cultures

The genetic drift that is caused by culturing cells under 
serum conditions has resulted in a search for alternatives. 
In 1992, Weis and Reynolds reported that neural stem cells 
(NSC) can be stably maintained and propagated as neu-
rospheres when cultured in growth-factor defined media 
in the absence of serum [121]. A subset of surgically 
obtained gliomas can be processed to genetically stable cell 
lines by growing tumor spheroids in a similar specialized 
medium containing basic fibroblast growth factor (bFGF), 

epidermal growth factor (EGF) and neuronal viability sup-
plement B27 [6, 16, 34]. Success rates of generating neuro-
sphere cultures from gliomas is however largely dependent 
on tumor grade and IDH status. Especially generation of 
cell cultures from IDH-mutated lower grade (WHO grade 
II and III) gliomas is difficult, with only few examples 
reported in the literature [76, 92, 124]. Furthermore, con-
sidering the heterogeneous composition of human gliomas, 
it is quite likely that each patient-derived glioma spheroid 
line represents only a subset of the most aggressive cells 
from the original tumor.

This directly leads to the questions how the initiating 
glioma cells diverge into the heterogeneous population of 
progeny cells and what exactly are the initiating cells. This 
issue is still not resolved. Current ideas are that many glio-
mas originate from neural progenitor cells in e.g., the sub-
ventricular zone that during normal development differenti-
ate into neuronal and glial cells. Based on the concepts of 
stem cells in healthy tissues, these glioma stem-like cells 
(GSLCs), also called glioma-initiating cells (GICs), are 
believed to divide asymmetrically, yielding a novel stem-
like cell that is resistant to chemotherapy and radiotherapy 
and is responsible for tumor progression, and a non-stem-
like daughter cell [136]. This hypothesis would qualify 
GSLCs as the cells that are most essential, but also most 
difficult to eradicate in glioma therapies.

Interestingly, glioma spheroid cultures contain char-
acteristics of GSLCs, and may express stem cell markers 
such as CD133, Nestin, Sox2 and SSEA-1 [131]. However, 
expression of these markers varies widely, making it dif-
ficult to unequivocally define the initiating cells in gliomas. 
Furthermore, lack of expression of GSLC markers does 
not necessarily imply lack of the ability to generate tumors 
[64]. Even though in vitro and in vivo glioma models are 
promising tools for further elucidation of the molecular and 
functional characteristics of GSLCs/GICs (including iden-
tification of the best markers for recognizing these cells) 
[157], so far this has not led to broad consensus on what 
exactly GSLCs/GICs are and what their impact is in the 
pathobiology of gliomas.

When bFGF and EGF in the cell culture medium are 
replaced with serum, cells rapidly lose intercellular con-
nections within the neurospheres and undergo marked 
phenotypical changes: cells start to adhere to plastic, flat-
ten, acquire a more fibroblast appearance, and loose GSLC 
markers [82, 110]. When testing the effects of different cul-
ture conditions using the E98-model (derived from a human 
glioblastoma [30]) in our lab, upon intracerebral implanta-
tion only E98 cells cultured as neurospheres retained the 
capacity to diffusely infiltrate into the brain parenchyma, 
whereas E98 cells grown under serum conditions had lost 
this capacity (Fig. 3). Similar observations were made 
by others [82]. The exact mechanism underlying this 
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phenomenon is unclear, but may have to do with a GSLC 
population with invasive potential that is enriched in tumor 
spheroids [135, 139].

Nowadays, glioma cultures can be relatively easily mod-
ified with CRISPR/Cas9 technology, allowing for the eluci-
dation of the role of individual oncogenes and tumor sup-
pressor genes. Furthermore, it is now common practice to 
generate luciferase-expressing glioma cells, enabling longi-
tudinal non-invasive follow up of tumor development in the 
mouse brain [12, 21].

Heterotopic versus orthotopic grafts of glioma cell lines

Subcutaneous xenografting of human glioma cells in 
immunocompromised mice is a frequently used approach 
to obtain preclinical proof of concept for the efficacy of 
targeted drugs [123]. Glioma xenografts grown in the sub-
cutaneous space have the advantage that tumor develop-
ment can be followed visually and quantified in terms of 
tumor dimensions, allowing rapid testing of treatment effi-
cacy. Such experiments may yield valuable results, espe-
cially if the drugs directly act on tumor cells (e.g., inhibi-
tors of hyperactive oncogenes). Caution is however in 
place when drug activity is based on disturbing the inter-
action with the tumor microenvironment, such as in case 
of anti-angiogenic drugs or particular metabolic inhibitors. 
Subcutaneous glioma models lack the appropriate CNS 
microenvironment that has an essential role in glioma biol-
ogy. Studies with such subcutaneous models may result 
in overinterpretation of effects of angiogenesis inhibitors 
[155] (see “Angiogenesis inhibition in preclinical glioma 
models”).

Orthotopic patient‑derived xenografts

The desire to circumvent culture-related problems as 
described above combined with the increased understand-
ing that glioma biology and therapy are heavily influenced 
by interactions between cancer cells and their microenvi-
ronment have increased the interest in the use of orthotopic 
glioma xenografts. Freshly obtained surgical glioma sam-
ples can be directly injected into the brains of immune-
deficient mice using stereotactic devices or by a free-
hand procedure and maintained by serial transplantation 
[30, 76, 92]. Using such an approach we have created the 
IDH1R132H-E478 xenograft model that is genetically highly 
similar to the anaplastic oligodendroglioma from which it 
was derived [102]. RNAseq analyses of such models allows 
the discrimination of human and mouse transcripts, pre-
venting contaminating contributions of host non-neoplastic 
cell transcripts (which is an unavoidable flaw of studies on 
clinical cancer specimens).

A drawback of such glioma models is that xenografting 
is performed in immune-deficient animals and there will be 
a selection for the fastest growing cell clones resulting in 
reduced intratumor heterogeneity. Furthermore, orthotopic 
implantation of cell lines is not a guarantee for a clinically 
relevant phenotype: whereas orthotopic U251 xenografts 
have a striking phenotypic resemblance to human GBM 
[96], including diffuse infiltration in the brain parenchyma 
and palisading necrosis, U87 cells generally develop to 
bulky, sharply demarcated lesions that lack such infiltrative 
growth [29, 69] (see also Fig. 2).

In light of the highly promising results that are obtained 
with immune checkpoint inhibitors for other cancer types, 

Fig. 3  Cell culture conditions impact the phenotype of orthotopic 
E98 glioma xenografts. E98 glioma cells grown as adherent cells in 
serum-supplemented culture medium lose the capacity to grow dif-
fusely in the brain (left panel). Glioma cells are visualized via immu-
nohistochemical staining for c-MET. Note the sharp demarcation 
between tumor (growing in the leptomeninges here) and brain paren-

chyma in the left panel, whereas E98 tumor cells diffusely infiltrate in 
the brain parenchyma after passaging as neurospheres (right panel). 
Of note, photographs are representative examples from experiments 
in which E98 cells, grown as adherent cultures or spheroid cultures, 
were injected in groups of 5 mice using exactly the same injection 
procedure. Bars indicate 200 µm
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reconstituting a human immune system in xenografted 
mice will be of high importance to test these therapies for 
glioma in a preclinical setting [97, 167]. Whether patient-
derived xenograft (PDX) models can be optimized by using 
humanized mice to allow for testing of clinically available 
immune checkpoint inhibitors, remains to be seen.

Other glioma models

The vast majority of glioma models reported in the litera-
ture concerns models for diffuse gliomas, but preclinical 
models for non-diffuse gliomas such as pilocytic astrocy-
tomas and ependymomas have been reported as well (in 
vitro, heterotopic or orthotopic murine models, GEMMs) 
[55, 72, 95, 115]. Obviously, like for diffuse gliomas, in 
an ideal situation the preclinical models for such gliomas 
are reproducible and closely resemble their human counter-
parts with regard to genetic background, intratumoral het-
erogeneity and tumor microenvironment.

As generation of mouse and rat models of glioma can 
be a slow process, in vivo detection of orthotopic gliomas 
requires sophisticated equipment, and drug screenings in 
these models are time-consuming and costly endeavours, 
some more ‘exotic’ glioma models have been developed. 
A potentially interesting example is the zebrafish (Danio 
rerio) model for the study of gliomas [154, 158]. Zebrafish 
embryos are increasingly used for cancer studies since 
the discovery that pathways of tumorigenesis are simi-
lar in humans and zebrafish [66]. In a typical experiment 
hundreds of day 3 post-fertilization zebrafish embryos are 
injected with tumor cells, stained with a fluorescent mem-
brane dye. Using the pigmentation-mutated casper strain of 
zebrafish that remain transparent during life, cancer cells 
can be readily visualized using UV microscopy. Intracer-
ebral implantation of human glioma cells in zebrafish was 
shown to result in xenografts with phenotypes that were 
similar to xenografts in mouse, grown from the same cells 
[45]. The zebrafish system allows semi-high-throughput 
drug screening, e.g., by adding compounds in the water 
[158]. A potentially serious drawback of the zebrafish sys-
tem is that glioma cells need to adapt to function at 32 °C, 
with possible consequences for metabolism and activity of 
oncogenic pathways. Furthermore, one needs to take into 
account that in zebrafish the BBB starts to develop from 
day 3 post fertilization and is fully developed only at day 
15 post fertilization, and that the immune system has not 
matured in the early stages of development as well [80, 
162]. Furthermore, it is not yet clear whether the zebrafish 
accommodates growth of all sorts of glioma cells, includ-
ing the difficult-to-grow IDH mutant gliomas.

Another model of interest is the fruit fly (Drosophila 
melanogaster), a highly versatile genetic model system in 

which specific gene functions can be manipulated in a sin-
gle-cell fashion in an in vivo setting [161]. This provides 
the opportunity to investigate the effect of genetic aberra-
tions in an intact nervous system. Many molecular path-
ways, such as the RTK signaling pathways, are highly con-
served between invertebrates and humans [120]. It has been 
reported that these models may recapitulate key character-
istics of glioblastoma with regard to increased proliferation 
and migration [117].

The downsides of available experimental animal models 
of glioma has raised interest in using dogs with naturally 
occurring gliomas for testing of novel drugs and optimizing 
novel treatment concepts [81]. Although canine gliomas 
probably represent a good intermediate between murine 
models and humans, being more relevant in terms of intra-
tumoral heterogeneity and immune system, low incidence 
and lack of canine-specific molecular testing facilities, 
hamper larger studies.

A recent development has been that human fibroblasts 
after p53 knock down are converted to inducible pluripo-
tent stem cells (iPSCs) that can subsequently be differen-
tiated to neural progenitor cells to yield TP53-mutated 
NPCs. These cells can be transformed to glioma initiating 
cells by lentiviral transduction of oncogenes [128].

Glioma models and predictive medicine; a reality 
check

The exact glioma model used is an important determi-
nant for the outcome of preclinical therapeutic studies. 
After briefly underscoring the importance of the molecular 
underpinnings and of the microenvironment of the model, 
anti-angiogenic therapy and tumor-cell metabolism will 
be discussed in more detail as examples where exploita-
tion of inappropriate models may easily lead to deceptive 
information.

The importance of molecular underpinnings 
and microenvironment

Lots of (combinations of) mutations that are common in 
human glioma, are retained in human glioma cell lines. In 
vitro studies using appropriate cell lines are therefore well 
suited to investigate interactions between aberrant path-
ways and establish optimal concentrations of inhibitors, e.g. 
to achieve potential synthetic lethality [75]. A large propor-
tion of gliomas have a dysfunctional CDKN2A, the gene 
encoding the cyclin D1 inhibitor p16INK4A. These cells have 
a defective G1-S checkpoint that can however be corrected 
pharmacologically by palbociclib. This CDK4/6 inhibitor 
has recently been approved by the FDA and the European 
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Medicine Agency (EMA) for treatment of women with 
advanced breast cancer [47]. Treatment of patient-derived 
p16INK4a−/−glioma cell lines, grown as adherent cells or as 
spheroids, with palbociclib results in an effective block of 
cell cycle progression already at µmolar concentrations as 
shown by incorporation of nucleotide analogues bromo-
deoxyuridine (BrdU) and 5-ethynyl-2′-deoxyuridine (EdU) 
(Fig. 4, unpublished work). These results confirm litera-
ture data that a large percentage of patient-derived glioma 
explants respond to palbociclib [23]. However, its clinical 
usability is strongly restricted because palbociclib is a sub-
strate for P-glycoprotein (a family of ATP-dependent trans-
porter proteins in the BBB that pump out the recognized 
substrate), reducing drug distribution behind the BBB [36]. 
Once the BBB limitations are overcome (see below) palbo-
ciclib may indeed be used to improve prognosis for a large 
proportion of glioma patients.

Hyperactivity of the phosphoinositol-3-phosphate 
(PI3 K) pathway in glioblastoma is common, due to (a 
combination of) amplified or otherwise mutationally acti-
vated oncogenic RTKs, and/or loss of the phosphatase 
PTEN [27, 35]. Aberrant expression of epidermal growth 

factor receptor (EGFR) and/or the ligand-independent 
EGFR mutant EGFRvIII (a product of a genetic deletion 
resulting in loss of exons 2-7 in the mRNA) is a frequent 
phenomenon in glioblastoma [26, 60], driving growth and 
migration of tumor cells [141]. Alterations in other RTKs 
that are frequently encountered in glioblastoma are muta-
tions in PDGFRα and MET [103]. Also these mutations 
are retained in cell lines. We previously showed that tar-
geted inhibition of MET by cabozantinib is highly effec-
tive in E98 cells in vitro, blocking MET phosphorylation 
and cell proliferation with IC50 in the nmolar range. Test-
ing the same drugs in orthotopic xenografts generated from 
the same cell line resulted in increased survival of mice, yet 
did not prevent development of treatment resistant cancers 
[100]. Such differences in effects of the same drug on the 
same cell line in vitro and in vivo illustrates the important 
role of the tumor microenvironment.

The BBB is designed to protect neural tissue from toxic 
substances in the blood. In large areas of diffuse infiltra-
tive glioma this barrier also shields cancer cells from drugs. 
The BBB is composed of a relatively impermeable layer 
of endothelial cells that communicate with astrocytes via 

Fig. 4  Example of promising in vitro effect of CDKN2A-mutation 
targeting that is difficult to translate into clinical efficacy. Two differ-
ent patient-derived glioblastoma models (E98 adherent cells, N13-16 
spheroid cultures, both characterized by dysfunctional CDKN2A), 
were incubated with placebo (left panels) or with the CDK4/6 
inhibitor palbociclib (right panels). Visualization of DNA synthesis 
(S-phase of the cell cycle) with BrdU or EdU (as indicated) shows 

that palbociclib effectively prevents entry into the S-phase. Although 
such in vitro results are very promising, also because 80% of human 
glioblastomas have dysfunctional CDKN2A leading to a defective 
G1-arrest, in vivo diffuse gliomas may well be protected from palbo-
ciclib because this drug is substrate for p-glycoproteins of the BBB 
[36]
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contacts with astrocytic end feet [9, 79]. Except for creat-
ing a physical barrier, endothelial cells of the BBB express 
a large diversity of P-glycoprotein family members, mak-
ing the BBB impermeable to the vast majority of drugs 
[15, 39, 87, 89, 149]. Therefore it is of high importance 
that drugs that have been positively tested on cell lines are 
subsequently tested in appropriate preclinical models that 
have retained diffuse growth, and in which cancer cells 
may ‘hide’ behind the BBB. For drugs that cannot pass the 
BBB, there is the need to find solutions for local and con-
trolled BBB disruption, or to discover novel targeted drugs 
that are not substrate for the P-glycoprotein family of drug 
transporters [87, 89, 149]. Numerous research efforts to get 
drugs over the BBB are ongoing, including active transport 
of peptide- or antibody-coated nanoparticles [50, 73, 145]. 
Mechanical temporary and spatially restricted disruption 
of the BBB with high intensity focused ultrasound (HIFU) 
[32, 61, 77] or via stereotactic radiotherapy [4] is an alter-
native approach that may carry promise for the future but 
needs more preclinical validation.

One of the recent breakthroughs in oncology has been 
the implementation of immune checkpoint inhibitors, com-
prising antibodies against programmed death-1 (PD-1, 
nivolumab) or cytotoxic T-lymphocyte antigen-4 (CTLA-4, 
ipilimumab) on cytotoxic T-lymphocytes. These antibodies 
prevent the immune-suppressive interactions between can-
cer cells and cytotoxic T-cells, boosting anti-tumor immu-
nity [152] and have now been FDA- and EMA-approved 
or are in clinical trial for a large number of tumor types. 
With currently available glioma models, preclinical testing 
of such highly promising approaches is an enormous chal-
lenge. PDXs are unfit for this purpose, given the immuno-
compromised status of the recipient mice, and humanized 
mice are probably required for preclinical testing of these 
concepts. Syngeneic models would require that murine 
antibodies against the murine equivalents of PD-1 and 
CTLA-4 are generated, assuming that these immune check-
point systems work alike in humans and rats or mice. Pos-
sibly, ENU-induced gliomas would recapitulate human 
gliomas best with respect to genetic heterogeneity and 
immunocompetence, but as discussed above this model 
lacks reproducibility.

Angiogenesis inhibition in preclinical glioma models

Whereas most targeted therapies in oncology focus on 
aberrations in tumor cells, anti-angiogenic treatment using 
bevacizumab, one of the very few FDA-approved new 
therapies for glioblastoma in the USA, is targeting the 
interactions between tumor cells and the tumor microen-
vironment. Based on the VEGF-induced florid MVP that 
is characteristic for glioblastoma, this cancer type has his-
torically been looked at as angiogenesis-dependent, hence 

amenable for targeting with VEGF-pathway inhibitors. 
Obviously, in vitro glioma cell cultures are not suitable to 
investigate this concept. Lots of studies have concentrated 
on patient-derived glioma cell lines that were grown as sub-
cutaneous xenografts in immune-deficient mice [11, 86]. 
These studies generally yielded highly promising results, 
with tumor stabilization or even regression, whether with 
anti-VEGF antibodies or with small compound VEGF RTK 
inhibitors. Combined data from such studies and radiologi-
cal responses in phase II clinical studies for recurrent glio-
blastoma resulted in accelerated FDA-approval for beva-
cizumab as first line treatment for recurrent glioblastoma 
in 2009 [99]. Unfortunately, large phase III trials testing 
bevacizumab for newly diagnosed glioblastoma showed no 
positive effect on overall survival, often despite an initial 
radiological response [25, 52].

It is now broadly accepted that the FDA approval of 
anti-VEGF-A treatment for recurrent glioblastoma in 2009 
was at least partly based on cases showing a radiological 
pseudoresponse (resulting from ‘normalization’ of acti-
vated tumor blood vessels) rather than from a tumoricidal 
response [14, 70, 151, 152]. Of note, this phenomenon was 
demonstrated before in different animal models. For exam-
ple, VEGF-expressing melanoma metastases in the murine 
brain that were readily visible in contrast-enhanced MRI 
became invisible upon treatment with the VEGFR2 inhibi-
tor vandetanib, even while they progressed by growing in 
the space of Virchow-Robin via vessel co-option [84]. Sim-
ilarly, several studies using orthotopic models of diffuse 
glioma had shown that these tumors can grow in CNS tis-
sue independent of angiogenesis, especially cells that over-
express EGFR or MET [103, 141]. Accordingly, anti-angi-
ogenic treatment does not prevent growth of these cancers 
[101] but it can increase hypoxia and glycolysis in angio-
genic parts of glioma [58]. In this situation treatment with 
angiogenesis inhibitors diminishes contrast-enhancement 
in MRI scans without preventing diffuse infiltration in the 
brain parenchyma [100, 101], copying the phenomena seen 
in the clinic. Meanwhile, reduction of hyperpermeability of 
brain tumor microvessels by anti-VEGF-A treatment may 
have a rapid positive effect on edematous brain swelling, 
thereby temporarily improving the quality of life [37, 70].

It is important to consider the cellular principles under-
lying the different responses of subcutaneous and intracer-
ebral tumors to anti-angiogenic treatment. Tumor growth in 
the originally avascular, subcutaneous space requires that 
tumor cells can initiate transcriptional programs that rescue 
them from starvation [62]. Normally this rescue is accom-
plished by switching on hypoxia-induced transcriptional 
programs in cells that are located beyond ~ 100–200 µm 
from the most nearby blood vessel (the maximum range of 
oxygen diffusion), including expression of the chemotactic 
factor VEGF-A, leading to blood vessel growth towards the 
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tumor [125]. The situation in brain, one of the most vascu-
larized organs in the body, is entirely different. Here, dif-
fuse infiltrative glioma cells can incorporate the abundantly 
present, pre-existent brain microvessels (among others 
via vessel co-option) [40, 83] (Fig. 5). Of note, orthotopic 
implantation of glioma cells may not necessarily lead to an 
adequate phenotype for diffuse glioma. For instance, ortho-
topic implantation of U87 cells generally results in bulky, 
well-demarcated tumors with a disrupted BBB, lacking 
diffuse infiltrative growth along white matter tracts [49]. 
Anti-angiogenic studies using subcutaneous or ‘bulky’ 
orthotopic glioma models thus carry the risk of overinter-
pretation of the therapeutic results, even more so if these 
studies use drugs that do not pass the BBB.

Metabolic considerations

Another important reason to study glioma in the orthotopic 
setting relates to tumor cell metabolism [42]. In the brain, 
ubiquitous amounts of glutamine and the neurotransmitter 
glutamate are present as part of the glutamine-glutamate 
cycle (Fig. 6). Together with glucose, glutamine and/or 
glutamate may be important carbon and nitrogen donors 
for glioma cells [3], especially those with IDH mutations. 
The biology of IDH mutations has been extensively studied 
and is covered in excellent reviews e.g. [1, 18]. Whereas 
wild type IDHs produce α-KG and NADPH from isoci-
trate and NADP+, IDH mutants (mostly hotspot mutations 
IDH1R132X or IDH2R140X/IDH2R172X) consume α-KG and 

NADPH while producing the oncometabolite 2-hydroxy-
glutarate (D-2-HG) [163]. This has two important implica-
tions. Firstly, since α-KG and NADPH take important roles 
in fundamental processes such as fatty acid synthesis and 
maintenance of redox potential, expression of mutated IDH 
results in metabolic stress [147, 148]. Secondly, D-2-HG is 
an inhibitor of a large group of α-KG-dependent enzymes 
that are involved in epigenetic regulation and induces 
G-CIMP (see also “Molecular pathology of gliomas”) [43].

We previously suggested that one of the reasons for the 
unique phenotype of diffuse growth of IDH-mutated glio-
mas relates to the metabolic stress, translating into addic-
tion to glutamate as an alternative carbon source, making 
this neurotransmitter to a potential chemotactic factor [148] 
(Fig. 6). Because not all culture media routinely contain 
this non-essential amino acid, glutamate dependence would 
be incompatible with standard in vitro growth condi-
tions and could partly explain the difficulty with produc-
ing stable glioma cell cultures carrying endogenous IDH 
mutations [113]. Only in the last years a number of IDH-
mutated glioma models have become available, mostly as 
patient-derived orthotopic xenografts [76, 92, 102, 124].

The high incidence of IDH-driver mutations in gliomas, 
combined with the lack of appropriate in vitro cell cultures 
has resulted in numerous studies in which effects of IDH-
mutants are tested in cell models utilizing overexpression 
of mutated IDH. Whereas such models have proven valu-
able to investigate epigenetic phenomena and metabolic 
fluxes, they may also result in misinterpretation, depending 
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Fig. 5  Schematic overview of tumor growth via angiogenesis versus 
vessel co-option. a Schematic representation of the dogma of angi-
ogenesis-dependent growth of a tumor. When a tumor outgrows the 
capacity of the vasculature, hypoxic stress (indicated by blue cells) 

initiates sprouting angiogenesis as a rescue pathway (here presented 
as yellow vessels. b Especially in tissue with rich pre-existent vas-
culature (such as brain tissue), tumors may grow through vessel co-
option in an angiogenesis-independent fashion
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on the specific cell system and desired read-out. For exam-
ple, IDH-wild-type glioma cells routinely express the 
enzyme branched-chain amino acid transferase-1 (BCAT1) 
that converts α-KG to glutamate [143]. Together with the 
antiporter System Xc-, BCAT1 is responsible for maintain-
ing redox potential. Glutamate is secreted from the cell via 
this transporter in exchange for cystine that entails reduc-
tive power [122]. In gliomas carrying the endogenous IDH 
mutation, BCAT1 is silenced via promoter hypermethyla-
tion [94, 143]. Consequently, glutaminolysis in these can-
cers is a one-way reaction from glutamine/glutamate to 
α-KG. Introduction of a mutated IDH gene in a cell with 
wild-type IDH background will thus result in a competition 
between BCAT-1 and mutated IDH1 for α-KG, a situation 
that does not reflect the endogenous situation. Whether full 
penetrance of D-2-HG-induced epigenetic effects in engi-
neered cell lines can be achieved to the extent that the met-
abolic phenotype of clinical IDH-mutated glioma is fully 

mimicked, is an open question. Experience so far is that 
IDHmut introduction in cells results in a gradual loss of the 
mutated protein, suggestive of a selection against mutant-
expression, resulting in selective overgrowth of cells with 
no or low expression levels of the mutated protein [6, 113]. 
Introduction of mutant IDH disrupts metabolic balances 
that may result in model-specific artefacts.

Summarizing remarks

Glioma models that have been developed so far have 
greatly enhanced our understanding of glioma forma-
tion and metabolism and have contributed to the develop-
ment and implementation of novel treatment strategies. 
As a recent example, partly based on in vitro studies and 
in vivo observations in mice and rabbits, in 2015 the FDA 
approved Tumor Treating Fields (TTF) as a therapeutic 
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transferred back to the neurons. Subsequently, neurons can then con-
vert back the glutamine to glutamate, closing the glutamine-glutamate 
cycle. Glutamate can be imported by IDHmut glioma cells in order to 
supply cells with αKG as a rescue pathway
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modality for patients with newly-diagnosed glioblastoma 
(http://www.fda.gov/NewsEvents/Newsroom/PressAn-
nouncements/ ucm465744.htm) [65].

Optimal exploitation of glioma models remains chal-
lenging though. Clearly, diffuse glioma remains a difficult 
tumor to treat, not in the least because of its diffuse infiltra-
tive growth and the substantial inter- and intratumoral het-
erogeneity [118]. Up until now, creating adequate models 
for IDH mutant gliomas proves to be very difficult. Also, 
intratumoral heterogeneity of diffuse gliomas cannot be 
recapitulated to the fullest in in vitro or in vivo models. 
For several therapies the BBB (which is relatively intact in 
large parts of diffuse glioma) is a true barrier, and modeling 
this barrier is a difficult task in itself. Yet another challenge 
lies in the development of appropriate models that can be 
used to test immunotherapy; in vitro studies using cell 
lines and xenograft models in immunodeficient animals 
are inherently unfit for this purpose. So far, a preclinical 
model that perfectly recapitulates (one or another subtype 
of) human glioma does not exist. Still, the models that are 
available may be very useful, but it is of paramount impor-
tance to carefully select the most appropriate glioma model 
for a particular research question, meanwhile realizing not 
only the strengths but also the weaknesses of the model 
used.

Compliance with ethical standards 

Financial support KL is funded by KWF Grant UvA2014-6839. This 
work was in part supported by a Grant from Stichting StopHersentu-
moren and by Radboudumc. RGWV is supported by Grants from the 
National Brain Tumor Society and NIH/NCI R01 CA190121.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons license, and indicate if changes were 
made.

References

 1. Alexander BM, Mehta MP (2011) Role of isocitrate dehy-
drogenase in glioma. Expert Rev Neurother 11:1399–1409. 
doi:10.1586/ern.11.134

 2. Allen M, Bjerke M, Edlund H, Nelander S, Westermark B 
(2016) Origin of the U87MG glioma cell line: Good news and 
bad news. Sci Transl Med 8:354re353. doi:10.1126/scitrans-
lmed.aaf6853

 3. Altman BJ, Stine ZE, Dang CV (2016) From Krebs to clinic: 
glutamine metabolism to cancer therapy. Nat Rev Cancer. 
doi:10.1038/nrc.2016.71

 4. Appelboom G, Detappe A, LoPresti M, Kunjachan S, Mitra-
sinovic S, Goldman S, Chang SD, Tillement O (2016) 

Stereotactic modulation of blood-brain barrier permeability 
to enhance drug delivery. Neuro Oncol. doi:10.1093/neuonc/
now137

 5. Ausman JI, Shapiro WR, Rall DP (1970) Studies on the chemo-
therapy of experimental brain tumors: development of an exper-
imental model. Cancer Res 30:2394–2400

 6. Balvers RK, Kleijn A, Kloezeman JJ, French PJ, Kremer A, 
van den Bent MJ, Dirven CM, Leenstra S, Lamfers ML (2013) 
Serum-free culture success of glial tumors is related to specific 
molecular profiles and expression of extracellular matrix-asso-
ciated gene modules. Neuro Oncol 15:1684–1695. doi:10.1093/
neuonc/not116

 7. Bardella C, Al-Dalahmah O, Krell D, Brazauskas P, Al-Qahtani 
K, Tomkova M, Adam J, Serres S, Lockstone H, Freeman-
Mills L et al (2016) Expression of Idh1R132H in the murine 
subventricular zone stem cell niche recapitulates features of 
early gliomagenesis. Cancer Cell 30:578–594. doi:10.1016/j.
ccell.2016.08.017

 8. Barth RF, Kaur B (2009) Rat brain tumor models in experimen-
tal neuro-oncology: the C6, 9L, T9, RG2, F98, BT4C, RT-2 
and CNS-1 gliomas. J Neurooncol 94:299–312. doi:10.1007/
s11060-009-9875-7

 9. Bauer H, Traweger A (2016) Tight junctions of the blood-brain 
barrier—a molecular gatekeeper. CNS Neurol Disord Drug Tar-
gets 15:1016–1029

 10. Beutler AS, Banck MS, Wedekind D, Hedrich HJ (1999) Tumor 
gene therapy made easy: allogeneic major histocompatibility 
complex in the C6 rat glioma model. Hum Gene Ther 10:95–
101. doi:10.1089/10430349950019228

 11. Bota DA, Alexandru D, Keir ST, Bigner D, Vredenburgh J, 
Friedman HS (2013) Proteasome inhibition with bortezomib 
induces cell death in GBM stem-like cells and temozolomide-
resistant glioma cell lines, but stimulates GBM stem-like cells’ 
VEGF production and angiogenesis. J Neurosurg 119:1415–
1423. doi:10.3171/2013.7.JNS1323

 12. Bourgonje AM, Navis AC, Schepens JT, Verrijp K, Hovestad L, 
Hilhorst R, Harroch S, Wesseling P, Leenders WP, Hendriks WJ 
(2014) Intracellular and extracellular domains of protein tyros-
ine phosphatase PTPRZ-B differentially regulate glioma cell 
growth and motility. Oncotarget 5:8690–8702. doi:10.18632/
oncotarget.2366

 13. Bournazos S, DiLillo DJ, Ravetch JV (2014) Humanized mice 
to study FcgammaR function. Curr Top Microbiol Immunol 
382:237–248. doi:10.1007/978-3-319-07911-0_11

 14. Brandsma D, van den Bent MJ (2009) Pseudoprogression and 
pseudoresponse in the treatment of gliomas. Curr Opin Neurol 
22:633–638. doi:10.1097/WCO.0b013e328332363e

 15. Breedveld P, Pluim D, Cipriani G, Wielinga P, van Tellingen 
O, Schinkel AH, Schellens JH (2005) The effect of Bcrp1 
(Abcg2) on the in vivo pharmacokinetics and brain penetra-
tion of imatinib mesylate (Gleevec): implications for the use of 
breast cancer resistance protein and P-glycoprotein inhibitors to 
enable the brain penetration of imatinib in patients. Cancer Res 
65:2577–2582. doi:10.1158/0008-5472.CAN-04-2416

 16. Brewer GJ, Torricelli JR, Evege EK, Price PJ (1993) Optimized 
survival of hippocampal neurons in B27-supplemented Neu-
robasal, a new serum-free medium combination. J Neurosci Res 
35:567–576. doi:10.1002/jnr.490350513

 17. Briancon-Marjollet A, Balenci L, Fernandez M, Esteve F, Hon-
norat J, Farion R, Beaumont M, Barbier E, Remy C, Baudier J 
(2010) NG2-expressing glial precursor cells are a new potential 
oligodendroglioma cell initiating population in N-ethyl-N-nitro-
sourea-induced gliomagenesis. Carcinogenesis 31:1718–1725. 
doi:10.1093/carcin/bgq154

http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1586/ern.11.134
http://dx.doi.org/10.1126/scitranslmed.aaf6853
http://dx.doi.org/10.1126/scitranslmed.aaf6853
http://dx.doi.org/10.1038/nrc.2016.71
http://dx.doi.org/10.1093/neuonc/now137
http://dx.doi.org/10.1093/neuonc/now137
http://dx.doi.org/10.1093/neuonc/not116
http://dx.doi.org/10.1093/neuonc/not116
http://dx.doi.org/10.1016/j.ccell.2016.08.017
http://dx.doi.org/10.1016/j.ccell.2016.08.017
http://dx.doi.org/10.1007/s11060-009-9875-7
http://dx.doi.org/10.1007/s11060-009-9875-7
http://dx.doi.org/10.1089/10430349950019228
http://dx.doi.org/10.3171/2013.7.JNS1323
http://dx.doi.org/10.18632/oncotarget.2366
http://dx.doi.org/10.18632/oncotarget.2366
http://dx.doi.org/10.1007/978-3-319-07911-0_11
http://dx.doi.org/10.1097/WCO.0b013e328332363e
http://dx.doi.org/10.1158/0008-5472.CAN-04-2416
http://dx.doi.org/10.1002/jnr.490350513
http://dx.doi.org/10.1093/carcin/bgq154


278 Acta Neuropathol (2017) 133:263–282

1 3

 18. Cairns RA, Mak TW (2013) Oncogenic isocitrate dehydro-
genase mutations: mechanisms, models, and clinical oppor-
tunities. Cancer Discov 3:730–741. doi:10.1158/2159-8290.
CD-13-0083

 19. Cancer Genome Atlas Research N (2008) Comprehensive 
genomic characterization defines human glioblastoma genes 
and core pathways. Nature 455:1061–1068. doi:10.1038/
nature07385

 20. Cancer Genome Atlas Research N, Brat DJ, Verhaak RG, 
Aldape KD, Yung WK, Salama SR, Cooper LA, Rheinbay E, 
Miller CR, Vitucci M et al (2015) Comprehensive, integrative 
genomic analysis of diffuse lower-grade gliomas. N Engl J Med 
372:2481–2498. doi:10.1056/NEJMoa1402121

 21. Caretti V, Zondervan I, Meijer DH, Idema S, Vos W, Hamans 
B, Bugiani M, Hulleman E, Wesseling P, Vandertop WP et al 
(2011) Monitoring of tumor growth and post-irradiation recur-
rence in a diffuse intrinsic pontine glioma mouse model. Brain 
Pathol 21:441–451

 22. Ceccarelli M, Barthel FP, Malta TM, Sabedot TS, Salama SR, 
Murray BA, Morozova O, Newton Y, Radenbaugh A, Pagnotta 
SM et al (2016) Molecular profiling reveals biologically dis-
crete subsets and pathways of progression in diffuse glioma. 
Cell 164:550–563. doi:10.1016/j.cell.2015.12.028

 23. Cen L, Carlson BL, Schroeder MA, Ostrem JL, Kitange GJ, 
Mladek AC, Fink SR, Decker PA, Wu W, Kim JS et al (2012) 
p16-Cdk4-Rb axis controls sensitivity to a cyclin-dependent 
kinase inhibitor PD0332991 in glioblastoma xenograft cells. 
Neuro Oncol 14:870–881. doi:10.1093/neuonc/nos114

 24. Chiang JC, Ellison DW (2016) Molecular pathology of pae-
diatric central nervous system tumours. J Pathol. doi:10.1002/
path.4813

 25. Chinot OL, Wick W, Cloughesy T (2014) Bevacizumab for 
newly diagnosed glioblastoma. N Engl J Med 370:2049

 26. Chu CT, Everiss KD, Wikstrand CJ, Batra SK, Kung HJ, Bigner 
DD (1997) Receptor dimerization is not a factor in the signal-
ling activity of a transforming variant epidermal growth factor 
receptor (EGFRvIII). Biochem J 324(Pt 3):855–861

 27. Chu EC, Tarnawski AS (2004) PTEN regulatory func-
tions in tumor suppression and cell biology. Med Sci Monit 
10:RA235–RA241

 28. Chung C, Jalali S, Foltz W, Burrell K, Wildgoose P, Lindsay P, 
Graves C, Camphausen K, Milosevic M, Jaffray D et al (2013) 
Imaging biomarker dynamics in an intracranial murine glioma 
study of radiation and antiangiogenic therapy. Int J Radiat 
Oncol Biol Phys 85:805–812. doi:10.1016/j.ijrobp.2012.07.005

 29. Claes A, Idema AJ, Wesseling P (2007) Diffuse glioma growth: 
a guerilla war. Acta Neuropathol 114:443–458. doi:10.1007/
s00401-007-0293-7

 30. Claes A, Schuuring J, Boots-Sprenger S, Hendriks-Cornelissen 
S, Dekkers M, van der Kogel AJ, Leenders WP, Wesseling P, 
Jeuken JW (2008) Phenotypic and genotypic characteriza-
tion of orthotopic human glioma models and its relevance for 
the study of anti-glioma therapy. Brain Pathol 18:423–433. 
doi:10.1111/j.1750-3639.2008.00141.x

 31. Clark MJ, Homer N, O’Connor BD, Chen Z, Eskin A, Lee H, 
Merriman B, Nelson SF (2010) U87MG decoded: the genomic 
sequence of a cytogenetically aberrant human cancer cell line. 
PLoS Genet 6:e1000832. doi:10.1371/journal.pgen.1000832

 32. Cohen-Inbar O, Xu Z, Sheehan JP (2016) Focused ultra-
sound-aided immunomodulation in glioblastoma multiforme: 
a therapeutic concept. J Ther Ultrasound 4:2. doi:10.1186/
s40349-016-0046-y

 33. Collins VP, Jones DT, Giannini C (2015) Pilocytic astrocytoma: 
pathology, molecular mechanisms and markers. Acta Neuro-
pathol 129:775–788. doi:10.1007/s00401-015-1410-7

 34. Conti L, Pollard SM, Gorba T, Reitano E, Toselli M, Biella G, 
Sun Y, Sanzone S, Ying QL, Cattaneo E et al (2005) Niche-
independent symmetrical self-renewal of a mammalian tissue 
stem cell. PLoS Biol 3:e283. doi:10.1371/journal.pbio.0030283

 35. Cully M, You H, Levine AJ, Mak TW (2006) Beyond PTEN muta-
tions: the PI3 K pathway as an integrator of multiple inputs during 
tumorigenesis. Nat Rev Cancer 6:184–192. doi:10.1038/nrc1819

 36. de Gooijer MC, Zhang P, Thota N, Mayayo-Peralta I, Buil LC, 
Beijnen JH, van Tellingen O (2015) P-glycoprotein and breast 
cancer resistance protein restrict the brain penetration of the 
CDK4/6 inhibitor palbociclib. Invest New Drugs 33:1012–
1019. doi:10.1007/s10637-015-0266-y

 37. de Groot JF, Fuller G, Kumar AJ, Piao Y, Eterovic K, Ji Y, Conrad 
CA (2010) Tumor invasion after treatment of glioblastoma with 
bevacizumab: radiographic and pathologic correlation in humans 
and mice. Neuro Oncol 12:233–242. doi:10.1093/neuonc/nop027

 38. de Vries NA, Bruggeman SW, Hulsman D, de Vries HI, Zeven-
hoven J, Buckle T, Hamans BC, Leenders WP, Beijnen JH, van 
Lohuizen M et al (2010) Rapid and robust transgenic high-
grade glioma mouse models for therapy intervention stud-
ies. Clin Cancer Res 16:3431–3441. doi:10.1158/1078-0432.
CCR-09-3414

 39. de Vries NA, Buckle T, Zhao J, Beijnen JH, Schellens JH, 
van Tellingen O (2012) Restricted brain penetration of the 
tyrosine kinase inhibitor erlotinib due to the drug transporters 
P-gp and BCRP. Invest New Drugs 30:443–449. doi:10.1007/
s10637-010-9569-1

 40. de Waal RM, Leenders WP (2005) Sprouting angiogenesis ver-
sus co-option in tumor angiogenesis. EXS 94:65–76

 41. DeAngelis LM (2001) Brain tumors. N Engl J Med 344:114–
123. doi:10.1056/NEJM200101113440207

 42. DeBerardinis RJ, Chandel NS (2016) Fundamentals of cancer 
metabolism. Sci Adv 2:e1600200. doi:10.1126/sciadv.1600200

 43. Duncan CG, Barwick BG, Jin G, Rago C, Kapoor-Vazirani P, 
Powell DR, Chi JT, Bigner DD, Vertino PM, Yan H (2012) A 
heterozygous IDH1R132H/WT mutation induces genome-wide 
alterations in DNA methylation. Genome Res 22:2339–2355. 
doi:10.1101/gr.132738.111

 44. Eckel-Passow JE, Lachance DH, Molinaro AM, Walsh KM, 
Decker PA, Sicotte H, Pekmezci M, Rice T, Kosel ML, Smirnov 
IV et al (2015) Glioma Groups Based on 1p/19q, IDH, and 
TERT Promoter Mutations in Tumors. N Engl J Med 372:2499–
2508. doi:10.1056/NEJMoa1407279

 45. Eden CJ, Ju B, Murugesan M, Phoenix TN, Nimmervoll B, 
Tong Y, Ellison DW, Finkelstein D, Wright K, Boulos N et al 
(2015) Orthotopic models of pediatric brain tumors in zebrafish. 
Oncogene 34:1736–1742. doi:10.1038/onc.2014.107

 46. Ernst A, Hofmann S, Ahmadi R, Becker N, Korshunov A, Engel 
F, Hartmann C, Felsberg J, Sabel M, Peterziel H et al (2009) 
Genomic and expression profiling of glioblastoma stem cell-
like spheroid cultures identifies novel tumor-relevant genes 
associated with survival. Clin Cancer Res 15:6541–6550. 
doi:10.1158/1078-0432.CCR-09-0695

 47. Ettl J (2016) Palbociclib: first CDK4/6 inhibitor in clinical prac-
tice for the treatment of advanced HR-positive breast cancer. 
Breast Care (Basel) 11:174–176. doi:10.1159/000447417

 48. Freedman LP, Gibson MC, Ethier SP, Soule HR, Neve RM, 
Reid YA (2015) Reproducibility: changing the policies and 
culture of cell line authentication. Nat Methods 12:493–497. 
doi:10.1038/nmeth.3403

 49. Gambarota G, Leenders W, Maass C, Wesseling P, van der 
Kogel B, van Tellingen O, Heerschap A (2008) Characterisa-
tion of tumour vasculature in mouse brain by USPIO con-
trast-enhanced MRI. Br J Cancer 98:1784–1789. doi:10.1038/
sj.bjc.6604389

http://dx.doi.org/10.1158/2159-8290.CD-13-0083
http://dx.doi.org/10.1158/2159-8290.CD-13-0083
http://dx.doi.org/10.1038/nature07385
http://dx.doi.org/10.1038/nature07385
http://dx.doi.org/10.1056/NEJMoa1402121
http://dx.doi.org/10.1016/j.cell.2015.12.028
http://dx.doi.org/10.1093/neuonc/nos114
http://dx.doi.org/10.1002/path.4813
http://dx.doi.org/10.1002/path.4813
http://dx.doi.org/10.1016/j.ijrobp.2012.07.005
http://dx.doi.org/10.1007/s00401-007-0293-7
http://dx.doi.org/10.1007/s00401-007-0293-7
http://dx.doi.org/10.1111/j.1750-3639.2008.00141.x
http://dx.doi.org/10.1371/journal.pgen.1000832
http://dx.doi.org/10.1186/s40349-016-0046-y
http://dx.doi.org/10.1186/s40349-016-0046-y
http://dx.doi.org/10.1007/s00401-015-1410-7
http://dx.doi.org/10.1371/journal.pbio.0030283
http://dx.doi.org/10.1038/nrc1819
http://dx.doi.org/10.1007/s10637-015-0266-y
http://dx.doi.org/10.1093/neuonc/nop027
http://dx.doi.org/10.1158/1078-0432.CCR-09-3414
http://dx.doi.org/10.1158/1078-0432.CCR-09-3414
http://dx.doi.org/10.1007/s10637-010-9569-1
http://dx.doi.org/10.1007/s10637-010-9569-1
http://dx.doi.org/10.1056/NEJM200101113440207
http://dx.doi.org/10.1126/sciadv.1600200
http://dx.doi.org/10.1101/gr.132738.111
http://dx.doi.org/10.1056/NEJMoa1407279
http://dx.doi.org/10.1038/onc.2014.107
http://dx.doi.org/10.1158/1078-0432.CCR-09-0695
http://dx.doi.org/10.1159/000447417
http://dx.doi.org/10.1038/nmeth.3403
http://dx.doi.org/10.1038/sj.bjc.6604389
http://dx.doi.org/10.1038/sj.bjc.6604389


279Acta Neuropathol (2017) 133:263–282 

1 3

 50. Georgieva JV, Brinkhuis RP, Stojanov K, Weijers CA, Zuil-
hof H, Rutjes FP, Hoekstra D, van Hest JC, Zuhorn IS (2012) 
Peptide-mediated blood-brain barrier transport of polymer-
somes. Angew Chem Int Ed Engl 51:8339–8342. doi:10.1002/
anie.201202001

 51. Gielen PR, Schulte BM, Kers-Rebel ED, Verrijp K, Petersen-
Baltussen HM, ter Laan M, Wesseling P, Adema GJ (2015) 
Increase in both CD14-positive and CD15-positive myeloid-
derived suppressor cell subpopulations in the blood of patients 
with glioma but predominance of CD15-positive myeloid-
derived suppressor cells in glioma tissue. J Neuropathol Exp 
Neurol 74:390–400. doi:10.1097/NEN.0000000000000183

 52. Gilbert MR, Dignam JJ, Armstrong TS, Wefel JS, Blumenthal 
DT, Vogelbaum MA, Colman H, Chakravarti A, Pugh S, Won M 
et al (2014) A randomized trial of bevacizumab for newly diag-
nosed glioblastoma. N Engl J Med 370:699–708. doi:10.1056/
NEJMoa1308573

 53. Gilbert MR, Ruda R, Soffietti R (2010) Ependymomas in 
adults. Curr Neurol Neurosci Rep 10:240–247. doi:10.1007/
s11910-010-0109-3

 54. Grauer OM, Sutmuller RP, van Maren W, Jacobs JF, Bennink 
E, Toonen LW, Nierkens S, Adema GJ (2008) Elimination of 
regulatory T cells is essential for an effective vaccination with 
tumor lysate-pulsed dendritic cells in a murine glioma model. 
Int J Cancer 122:1794–1802. doi:10.1002/ijc.23284

 55. Gronych J, Korshunov A, Bageritz J, Milde T, Jugold M, Ham-
bardzumyan D, Remke M, Hartmann C, Witt H, Jones DT 
et al (2011) An activated mutant BRAF kinase domain is suf-
ficient to induce pilocytic astrocytoma in mice. J Clin Invest 
121:1344–1348. doi:10.1172/JCI44656

 56. Guan X, Vengoechea J, Zheng S, Sloan AE, Chen Y, Brat DJ, 
O’Neill BP, de Groot J, Yust-Katz S, Yung WK et al (2014) 
Molecular subtypes of glioblastoma are relevant to lower 
grade glioma. PLoS One 9:e91216. doi:10.1371/journal.
pone.0091216

 57. Gupta R, Flanagan S, Li CC, Lee M, Shivalingham B, Maleki 
S, Wheeler HR, Buckland ME (2013) Expanding the spectrum 
of IDH1 mutations in gliomas. Mod Pathol: Off J US Can Acad 
Pathol Inc 26:619–625. doi:10.1038/modpathol.2012.210

 58. Hamans B, Navis AC, Wright A, Wesseling P, Heerschap A, 
Leenders W (2013) Multivoxel (1)H MR spectroscopy is supe-
rior to contrast-enhanced MRI for response assessment after 
anti-angiogenic treatment of orthotopic human glioma xeno-
grafts and provides handles for metabolic targeting. Neuro 
Oncol 15:1615–1624. doi:10.1093/neuonc/not129

 59. Hambardzumyan D, Parada LF, Holland EC, Charest A (2011) 
Genetic modeling of gliomas in mice: new tools to tackle old 
problems. Glia 59:1155–1168. doi:10.1002/glia.21142

 60. Hatanpaa KJ, Burma S, Zhao D, Habib AA (2010) Epidermal 
growth factor receptor in glioma: signal transduction, neuropa-
thology, imaging, and radioresistance. Neoplasia 12:675–684

 61. Hersh DS, Kim AJ, Winkles JA, Eisenberg HM, Woodworth 
GF, Frenkel V (2016) Emerging applications of therapeutic 
ultrasound in neuro-oncology: moving beyond tumor ablation. 
Neurosurgery. doi:10.1227/NEU.0000000000001399

 62. Holash J, Maisonpierre PC, Compton D, Boland P, Alexander 
CR, Zagzag D, Yancopoulos GD, Wiegand SJ (1999) Vessel 
cooption, regression, and growth in tumors mediated by angi-
opoietins and VEGF. Science 284:1994–1998

 63. Holland EC (2000) A mouse model for glioma: biology, pathol-
ogy, and therapeutic opportunities. Toxicol Pathol 28:171–177

 64. Holmberg Olausson K, Maire CL, Haidar S, Ling J, Learner 
E, Nister M, Ligon KL (2014) Prominin-1 (CD133) defines 
both stem and non-stem cell populations in CNS develop-
ment and gliomas. PLoS One 9:e106694. doi:10.1371/journal.
pone.0106694

 65. Hottinger AF, Pacheco P, Stupp R (2016) Tumor treating fields: 
a novel treatment modality and its use in brain tumors. Neuro 
Oncol 18:1338–1349. doi:10.1093/neuonc/now182

 66. Huang X, Agrawal I, Li Z, Zheng W, Lin Q, Gong Z (2016) 
Transcriptomic analyses in zebrafish cancer models for global 
gene expression and pathway discovery. Adv Exp Med Biol 
916:147–168. doi:10.1007/978-3-319-30654-4_7

 67. Huszthy PC, Daphu I, Niclou SP, Stieber D, Nigro JM, Saka-
riassen PO, Miletic H, Thorsen F, Bjerkvig R (2012) In vivo 
models of primary brain tumors: pitfalls and perspectives. 
Neuro Oncol 14:979–993. doi:10.1093/neuonc/nos135

 68. Ichimura K, Narita Y, Hawkins CE (2015) Diffusely infiltrating 
astrocytomas: pathology, molecular mechanisms and markers. 
Acta Neuropathol 129:789–808. doi:10.1007/s00401-015-1439-7

 69. Jacobs VL, Valdes PA, Hickey WF, De Leo JA (2011) Cur-
rent review of in vivo GBM rodent models: emphasis on the 
CNS-1 tumour model. ASN Neuro 3:e00063. doi:10.1042/
AN20110014

 70. Jain RK (2005) Normalization of tumor vasculature: an emerg-
ing concept in antiangiogenic therapy. Science 307:58–62. 
doi:10.1126/science.1104819

 71. Johnson BE, Mazor T, Hong C, Barnes M, Aihara K, McLean 
CY, Fouse SD, Yamamoto S, Ueda H, Tatsuno K et al (2014) 
Mutational analysis reveals the origin and therapy-driven evo-
lution of recurrent glioma. Science 343:189–193. doi:10.1126/
science.1239947

 72. Johnson RA, Wright KD, Poppleton H, Mohankumar KM, 
Finkelstein D, Pounds SB, Rand V, Leary SE, White E, Eden 
C et al (2010) Cross-species genomics matches driver muta-
tions and cell compartments to model ependymoma. Nature 
466:632–636. doi:10.1038/nature09173

 73. Karim R, Palazzo C, Evrard B, Piel G (2016) Nanocarri-
ers for the treatment of glioblastoma multiforme: current 
state-of-the-art. J Control Release 227:23–37. doi:10.1016/j.
jconrel.2016.02.026

 74. Kim H, Zheng S, Amini SS, Virk SM, Mikkelsen T, Brat DJ, 
Grimsby J, Sougnez C, Muller F, Hu J et al (2015) Whole-
genome and multisector exome sequencing of primary and 
post-treatment glioblastoma reveals patterns of tumor evolution. 
Genome Res 25:316–327. doi:10.1101/gr.180612.114

 75. Kim YW, Liu TJ, Koul D, Tiao N, Feroze AH, Wang J, Powis 
G, Yung WK (2011) Identification of novel synergistic targets 
for rational drug combinations with PI3 kinase inhibitors using 
siRNA synthetic lethality screening against GBM. Neuro Oncol 
13:367–375. doi:10.1093/neuonc/nor012

 76. Klink B, Miletic H, Stieber D, Huszthy PC, Campos Valenzuela 
JA, Balss J, Wang J, Schubert M, Sakariassen PO, Sundstrom 
T et al (2013) A novel, diffusely infiltrative xenograft model of 
human anaplastic oligodendroglioma with mutations in FUBP1, 
CIC, and IDH1. PLoS One 8:e59773. doi:10.1371/journal.
pone.0059773

 77. Kobus T, Vykhodtseva N, Pilatou M, Zhang Y, McDannold N 
(2016) Safety validation of repeated blood-brain barrier disrup-
tion using focused ultrasound. Ultrasound Med Biol 42:481–
492. doi:10.1016/j.ultrasmedbio.2015.10.009

 78. Koschmann C, Zamler D, MacKay A, Robinson D, Wu YM, 
Doherty R, Marini B, Tran D, Garton H, Muraszko K et al 
(2016) Characterizing and targeting PDGFRA alterations 
in pediatric high-grade glioma. Oncotarget. doi:10.18632/
oncotarget.11602

 79. Krizbai IA, Nyul-Toth A, Bauer HC, Farkas AE, Traweger A, 
Hasko J, Bauer H, Wilhelm I (2016) Pharmaceutical targeting 
of the brain. Curr Pharm Des 22:5442–5462

 80. Lam SH, Chua HL, Gong Z, Lam TJ, Sin YM (2004) Develop-
ment and maturation of the immune system in zebrafish, Danio 

http://dx.doi.org/10.1002/anie.201202001
http://dx.doi.org/10.1002/anie.201202001
http://dx.doi.org/10.1097/NEN.0000000000000183
http://dx.doi.org/10.1056/NEJMoa1308573
http://dx.doi.org/10.1056/NEJMoa1308573
http://dx.doi.org/10.1007/s11910-010-0109-3
http://dx.doi.org/10.1007/s11910-010-0109-3
http://dx.doi.org/10.1002/ijc.23284
http://dx.doi.org/10.1172/JCI44656
http://dx.doi.org/10.1371/journal.pone.0091216
http://dx.doi.org/10.1371/journal.pone.0091216
http://dx.doi.org/10.1038/modpathol.2012.210
http://dx.doi.org/10.1093/neuonc/not129
http://dx.doi.org/10.1002/glia.21142
http://dx.doi.org/10.1227/NEU.0000000000001399
http://dx.doi.org/10.1371/journal.pone.0106694
http://dx.doi.org/10.1371/journal.pone.0106694
http://dx.doi.org/10.1093/neuonc/now182
http://dx.doi.org/10.1007/978-3-319-30654-4_7
http://dx.doi.org/10.1093/neuonc/nos135
http://dx.doi.org/10.1007/s00401-015-1439-7
http://dx.doi.org/10.1042/AN20110014
http://dx.doi.org/10.1042/AN20110014
http://dx.doi.org/10.1126/science.1104819
http://dx.doi.org/10.1126/science.1239947
http://dx.doi.org/10.1126/science.1239947
http://dx.doi.org/10.1038/nature09173
http://dx.doi.org/10.1016/j.jconrel.2016.02.026
http://dx.doi.org/10.1016/j.jconrel.2016.02.026
http://dx.doi.org/10.1101/gr.180612.114
http://dx.doi.org/10.1093/neuonc/nor012
http://dx.doi.org/10.1371/journal.pone.0059773
http://dx.doi.org/10.1371/journal.pone.0059773
http://dx.doi.org/10.1016/j.ultrasmedbio.2015.10.009
http://dx.doi.org/10.18632/oncotarget.11602
http://dx.doi.org/10.18632/oncotarget.11602


280 Acta Neuropathol (2017) 133:263–282

1 3

rerio: a gene expression profiling, in situ hybridization and 
immunological study. Dev Comp Immunol 28:9–28

 81. LeBlanc AK, Mazcko C, Brown DE, Koehler JW, Miller AD, 
Miller CR, Bentley RT, Packer RA, Breen M, Boudreau CE 
et al (2016) Creation of an NCI comparative brain tumor con-
sortium: informing the translation of new knowledge from 
canine to human brain tumor patients. Neuro Oncol 18:1209–
1218. doi:10.1093/neuonc/now051

 82. Lee J, Kotliarova S, Kotliarov Y, Li A, Su Q, Donin NM, Pas-
torino S, Purow BW, Christopher N, Zhang W et al (2006) 
Tumor stem cells derived from glioblastomas cultured in bFGF 
and EGF more closely mirror the phenotype and genotype of 
primary tumors than do serum-cultured cell lines. Cancer Cell 
9:391–403. doi:10.1016/j.ccr.2006.03.030

 83. Leenders WP, Kusters B, de Waal RM (2002) Vessel co-option: 
how tumors obtain blood supply in the absence of sprouting 
angiogenesis. Endothelium 9:83–87

 84. Leenders WP, Kusters B, Verrijp K, Maass C, Wesseling P, 
Heerschap A, Ruiter D, Ryan A, de Waal R (2004) Antiangio-
genic therapy of cerebral melanoma metastases results in sus-
tained tumor progression via vessel co-option. Clin Cancer Res 
10:6222–6230. doi:10.1158/1078-0432.CCR-04-0823

 85. Li M, Han S, Shi X (2016) In situ dendritic cell vaccination 
for the treatment of glioma and literature review. Tumour Biol 
37:1797–1801. doi:10.1007/s13277-015-3958-1

 86. Li XQ, Ouyang ZG, Zhang SH, Liu H, Shang Y, Li Y, Zhen YS 
(2014) Synergistic inhibition of angiogenesis and glioma cell-
induced angiogenesis by the combination of temozolomide and 
enediyne antibiotic lidamycin. Cancer Biol Ther 15:398–408. 
doi:10.4161/cbt.27626

 87. Lin F, Buil L, Sherris D, Beijnen JH, van Tellingen O (2013) 
Dual mTORC1 and mTORC2 inhibitor Palomid 529 penetrates 
the blood-brain barrier without restriction by ABCB1 and 
ABCG2. Int J Cancer 133:1222–1233. doi:10.1002/ijc.28126

 88. Lin F, de Gooijer MC, Hanekamp D, Chandrasekaran G, Buil L, 
Thota N, Sparidans RW, Beijnen JH, Wurdinger T, van Tellingen 
O (2016) PI3 K-mTOR pathway inhibition exhibits efficacy 
against high-grade glioma in clinically relevant mouse models. 
Clin Cancer Res. doi:10.1158/1078-0432.CCR-16-1276

 89. Lin F, de Gooijer MC, Roig EM, Buil LC, Christner SM, 
Beumer JH, Wurdinger T, Beijnen JH, van Tellingen O (2014) 
ABCB1, ABCG2, and PTEN determine the response of glio-
blastoma to temozolomide and ABT-888 therapy. Clin Cancer 
Res 20:2703–2713. doi:10.1158/1078-0432.CCR-14-0084

 90. Louis DN, Perry A, Burger P, Ellison DW, Reifenberger G, von 
Deimling A, Aldape K, Brat D, Collins VP, Eberhart C et al 
(2014) International Society of Neuropathology-Haarlem con-
sensus guidelines for nervous system tumor classification and 
grading. Brain Pathol 24:429–435. doi:10.1111/bpa.12171

 91. Louis DN, Perry A, Reifenberger G, von Deimling A, Fig-
arella-Branger D, Cavenee WK, Ohgaki H, Wiestler OD, Klei-
hues P, Ellison DW (2016) The 2016 World Health Organiza-
tion classification of tumors of the central nervous system: 
a summary. Acta Neuropathol 131:803–820. doi:10.1007/
s00401-016-1545-1

 92. Luchman HA, Stechishin OD, Dang NH, Blough MD, Chesne-
long C, Kelly JJ, Nguyen SA, Chan JA, Weljie AM, Cairncross 
JG et al (2012) An in vivo patient-derived model of endogenous 
IDH1-mutant glioma. Neuro Oncol 14:184–191

 93. Malzkorn B, Reifenberger G (2016) Practical implications 
of integrated glioma classification according to the World 
Health Organization classification of tumors of the cen-
tral nervous system 2016. Curr Opin Oncol. doi:10.1097/
CCO.0000000000000327

 94. Mayers JR, Vander Heiden MG (2013) BCAT1 defines gliomas 
by IDH status. Nat Med 19:816–817. doi:10.1038/nm.3263

 95. Meco D, Servidei T, Lamorte G, Binda E, Arena V, Ricca-
rdi R (2014) Ependymoma stem cells are highly sensitive to 
temozolomide in vitro and in orthotopic models. Neuro Oncol 
16:1067–1077. doi:10.1093/neuonc/nou008

 96. Molina JR, Hayashi Y, Stephens C, Georgescu MM (2010) 
Invasive glioblastoma cells acquire stemness and increased Akt 
activation. Neoplasia 12:453–463

 97. Morton JJ, Bird G, Refaeli Y, Jimeno A (2016) Humanized 
mouse xenograft models: narrowing the tumor-microenviron-
ment gap. Cancer Res 76:6153–6158. doi:10.1158/0008-5472.
CAN-16-1260

 98. Mukherjee J, Ghosh A, Ghosh A, Chaudhuri S (2006) ENU 
administration causes genomic instability along with single 
nucleotide polymorphisms in p53 during gliomagenesis: T11TS 
administration demonstrated in vivo apoptosis of these geneti-
cally altered tumor cells. Cancer Biol Ther 5:156–164

 99. Narayana A, Kelly P, Golfinos J, Parker E, Johnson G, Knopp E, 
Zagzag D, Fischer I, Raza S, Medabalmi P et al (2009) Antian-
giogenic therapy using bevacizumab in recurrent high-grade gli-
oma: impact on local control and patient survival. J Neurosurg 
110:173–180. doi:10.3171/2008.4.17492

 100. Navis AC, Bourgonje A, Wesseling P, Wright A, Hendriks W, 
Verrijp K, van der Laak JA, Heerschap A, Leenders WP (2013) 
Effects of dual targeting of tumor cells and stroma in human 
glioblastoma xenografts with a tyrosine kinase inhibitor against 
c-MET and VEGFR2. PLoS One 8:e58262. doi:10.1371/jour-
nal.pone.0058262

 101. Navis AC, Hamans BC, Claes A, Heerschap A, Jeuken JW, 
Wesseling P, Leenders WP (2011) Effects of targeting the 
VEGF and PDGF pathways in diffuse orthotopic glioma mod-
els. J Pathol 223:626–634. doi:10.1002/path.2836

 102. Navis AC, Niclou SP, Fack F, Stieber D, van Lith S, Ver-
rijp K, Wright A, Stauber J, Tops B, Otte-Holler I et al (2013) 
Increased mitochondrial activity in a novel IDH1-R132H 
mutant human oligodendroglioma xenograft model: in situ 
detection of 2-HG and alpha-KG. Acta Neuropathol Commun 
1:18. doi:10.1186/2051-5960-1-18

 103. Navis AC, van Lith SA, van Duijnhoven SM, de Pooter M, 
Yetkin-Arik B, Wesseling P, Hendriks WJ, Venselaar H, Tim-
mer M, van Cleef P et al (2015) Identification of a novel MET 
mutation in high-grade glioma resulting in an auto-active intra-
cellular protein. Acta Neuropathol 130:131–144. doi:10.1007/
s00401-015-1420-5

 104. Noushmehr H, Weisenberger DJ, Diefes K, Phillips HS, Pujara 
K, Berman BP, Pan F, Pelloski CE, Sulman EP, Bhat KP et al 
(2010) Identification of a CpG island methylator phenotype that 
defines a distinct subgroup of glioma. Cancer Cell 17:510–522. 
doi:10.1016/j.ccr.2010.03.017

 105. Ohgaki H, Kleihues P (2013) The definition of primary 
and secondary glioblastoma. Clin Cancer Res 19:764–772. 
doi:10.1158/1078-0432.CCR-12-3002

 106. Osswald M, Jung E, Sahm F, Solecki G, Venkataramani V, Blaes 
J, Weil S, Horstmann H, Wiestler B, Syed M et al (2015) Brain 
tumour cells interconnect to a functional and resistant network. 
Nature 528:93–98. doi:10.1038/nature16071

 107. Pajtler KW, Witt H, Sill M, Jones DT, 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. Can-
cer Cell 27:728–743. doi:10.1016/j.ccell.2015.04.002

 108. Parsons DW, Jones S, Zhang X, Lin JC, Leary RJ, Angenendt 
P, Mankoo P, Carter H, Siu IM, Gallia GL et al (2008) An inte-
grated genomic analysis of human glioblastoma multiforme. 
Science 321:1807–1812

 109. Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM, 
Wakimoto H, Cahill DP, Nahed BV, Curry WT, Martuza RL 

http://dx.doi.org/10.1093/neuonc/now051
http://dx.doi.org/10.1016/j.ccr.2006.03.030
http://dx.doi.org/10.1158/1078-0432.CCR-04-0823
http://dx.doi.org/10.1007/s13277-015-3958-1
http://dx.doi.org/10.4161/cbt.27626
http://dx.doi.org/10.1002/ijc.28126
http://dx.doi.org/10.1158/1078-0432.CCR-16-1276
http://dx.doi.org/10.1158/1078-0432.CCR-14-0084
http://dx.doi.org/10.1111/bpa.12171
http://dx.doi.org/10.1007/s00401-016-1545-1
http://dx.doi.org/10.1007/s00401-016-1545-1
http://dx.doi.org/10.1097/CCO.0000000000000327
http://dx.doi.org/10.1097/CCO.0000000000000327
http://dx.doi.org/10.1038/nm.3263
http://dx.doi.org/10.1093/neuonc/nou008
http://dx.doi.org/10.1158/0008-5472.CAN-16-1260
http://dx.doi.org/10.1158/0008-5472.CAN-16-1260
http://dx.doi.org/10.3171/2008.4.17492
http://dx.doi.org/10.1371/journal.pone.0058262
http://dx.doi.org/10.1371/journal.pone.0058262
http://dx.doi.org/10.1002/path.2836
http://dx.doi.org/10.1186/2051-5960-1-18
http://dx.doi.org/10.1007/s00401-015-1420-5
http://dx.doi.org/10.1007/s00401-015-1420-5
http://dx.doi.org/10.1016/j.ccr.2010.03.017
http://dx.doi.org/10.1158/1078-0432.CCR-12-3002
http://dx.doi.org/10.1038/nature16071
http://dx.doi.org/10.1016/j.ccell.2015.04.002


281Acta Neuropathol (2017) 133:263–282 

1 3

et al (2014) Single-cell RNA-seq highlights intratumoral het-
erogeneity in primary glioblastoma. Science 344:1396–1401. 
doi:10.1126/science.1254257

 110. Patru C, Romao L, Varlet P, Coulombel L, Raponi E, Cadus-
seau J, Renault-Mihara F, Thirant C, Leonard N, Berhneim A 
et al (2010) CD133, CD15/SSEA-1, CD34 or side populations 
do not resume tumor-initiating properties of long-term cultured 
cancer stem cells from human malignant glio-neuronal tumors. 
BMC Cancer 10:66. doi:10.1186/1471-2407-10-66

 111. Paugh BS, Zhu X, Qu C, Endersby R, Diaz AK, Zhang J, 
Bax DA, Carvalho D, Reis RM, Onar-Thomas A et al (2013) 
Novel oncogenic PDGFRA mutations in pediatric high-grade 
gliomas. Cancer Res 73:6219–6229. doi:10.1158/0008-5472.
CAN-13-1491

 112. Penne K, Bohlin C, Schneider S, Allen D (2005) Gefitinib 
(Iressa, ZD1839) and tyrosine kinase inhibitors: the wave of the 
future in cancer therapy. Cancer Nurs 28:481–486

 113. Piaskowski S, Bienkowski M, Stoczynska-Fidelus E, Stawski 
R, Sieruta M, Szybka M, Papierz W, Wolanczyk M, Jaskolski 
DJ, Liberski PP et al (2011) Glioma cells showing IDH1 muta-
tion cannot be propagated in standard cell culture conditions. Br 
J Cancer 104:968–970

 114. Ponten J, Macintyre EH (1968) Long term culture of nor-
mal and neoplastic human glia. Acta Pathol Microbiol Scand 
74:465–486

 115. Potter NE, Phipps K, Harkness W, Hayward R, Thompson D, 
Jacques TS, Harding B, Thomas DG, Rees J, Darling JL et al 
(2009) Astrocytoma derived short-term cell cultures retain 
molecular signatures characteristic of the tumour in situ. Exp 
Cell Res 315:2835–2846. doi:10.1016/j.yexcr.2009.06.003

 116. Puputti M, Tynninen O, Sihto H, Blom T, Maenpaa H, Isola J, 
Paetau A, Joensuu H, Nupponen NN (2006) Amplification of 
KIT, PDGFRA, VEGFR2, and EGFR in gliomas. Mol Cancer 
Res 4:927–934. doi:10.1158/1541-7786.MCR-06-0085

 117. Read RD, Cavenee WK, Furnari FB, Thomas JB (2009) 
A drosophila model for EGFR-Ras and PI3 K-dependent 
human glioma. PLoS Genet 5:e1000374. doi:10.1371/journal.
pgen.1000374

 118. Reardon DA, Wen PY (2015) Glioma in 2014: unravelling 
tumour heterogeneity-implications for therapy. Nat Rev Clin 
Oncol 12:69–70. doi:10.1038/nrclinonc.2014.223

 119. Reifenberger G, Bilzer T, Seitz RJ, Wechsler W (1989) Expres-
sion of vimentin and glial fibrillary acidic protein in ethylnitro-
sourea-induced rat gliomas and glioma cell lines. Acta Neuro-
pathol 78:270–282

 120. Reiter LT, Bier E (2002) Using Drosophila melanogaster 
to uncover human disease gene function and potential 
drug target proteins. Expert Opin Ther Targets 6:387–399. 
doi:10.1517/14728222.6.3.387

 121. Reynolds BA, Weiss S (1992) Generation of neurons and astro-
cytes from isolated cells of the adult mammalian central nerv-
ous system. Science 255:1707–1710

 122. Robert SM, Sontheimer H (2014) Glutamate transporters in the 
biology of malignant gliomas. Cell Mol Life Sci 71:1839–1854. 
doi:10.1007/s00018-013-1521-z

 123. Roberts WG, Delaat J, Nagane M, Huang S, Cavenee WK, Pal-
ade GE (1998) Host microvasculature influence on tumor vas-
cular morphology and endothelial gene expression. Am J Pathol 
153:1239–1248. doi:10.1016/S0002-9440(10)65668-4

 124. Rohle D, Popovici-Muller J, Palaskas N, Turcan S, Grommes 
C, Campos C, Tsoi J, Clark O, Oldrini B, Komisopoulou E 
et al (2013) An inhibitor of mutant IDH1 delays growth and 
promotes differentiation of glioma cells. Science 340:626–630. 
doi:10.1126/science.1236062

 125. Roodink I, van der Laak J, Kusters B, Wesseling P, Verrijp K, de 
Waal R, Leenders W (2006) Development of the tumor vascular 

bed in response to hypoxia-induced VEGF-A differs from that 
in tumors with constitutive VEGF-A expression. Int J Cancer 
119:2054–2062. doi:10.1002/ijc.22072

 126. Roskoski R Jr (2016) Cyclin-dependent protein kinase inhibi-
tors including palbociclib as anticancer drugs. Pharmacol Res 
107:249–275. doi:10.1016/j.phrs.2016.03.012

 127. Russell WL, Kelly EM, Hunsicker PR, Bangham JW, Maddux 
SC, Phipps EL (1979) Specific-locus test shows ethylnitrosou-
rea to be the most potent mutagen in the mouse. Proc Natl Acad 
Sci USA 76:5818–5819

 128. Sancho-Martinez I, Nivet E, Xia Y, Hishida T, Aguirre A, 
Ocampo A, Ma L, Morey R, Krause MN, Zembrzycki A et al 
(2016) Establishment of human iPSC-based models for the 
study and targeting of glioma initiating cells. Nat Commun 
7:10743. doi:10.1038/ncomms10743

 129. Slikker W 3rd, Mei N, Chen T (2004) N-ethyl-N-nitrosourea 
(ENU) increased brain mutations in prenatal and neonatal mice 
but not in the adults. Toxicol Sci 81:112–120. doi:10.1093/toxsci/
kfh177

 130. Snuderl M, Fazlollahi L, Le LP, Nitta M, Zhelyazkova BH, 
Davidson CJ, Akhavanfard S, Cahill DP, Aldape KD, Beten-
sky RA et al (2011) Mosaic amplification of multiple receptor 
tyrosine kinase genes in glioblastoma. Cancer Cell 20:810–817. 
doi:10.1016/j.ccr.2011.11.005

 131. Son MJ, Woolard K, Nam DH, Lee J, Fine HA (2009) SSEA-1 
is an enrichment marker for tumor-initiating cells in human 
glioblastoma. Cell Stem Cell 4:440–452. doi:10.1016/j.
stem.2009.03.003

 132. Sonabend AM, Yun J, Lei L, Leung R, Soderquist C, Crisman 
C, Gill BJ, Carminucci A, Sisti J, Castelli M et al (2013) 
Murine cell line model of proneural glioma for evaluation of 
anti-tumor therapies. J Neurooncol 112:375–382. doi:10.1007/
s11060-013-1082-x

 133. Sottoriva A, Spiteri I, Piccirillo SG, Touloumis A, Collins VP, 
Marioni JC, Curtis C, Watts C, Tavare S (2013) Intratumor 
heterogeneity in human glioblastoma reflects cancer evolu-
tionary dynamics. Proc Natl Acad Sci USA 110:4009–4014. 
doi:10.1073/pnas.1219747110

 134. Speidel D (2015) The role of DNA damage responses 
in p53 biology. Arch Toxicol 89:501–517. doi:10.1007/
s00204-015-1459-z

 135. Stieber D, Golebiewska A, Evers L, Lenkiewicz E, Brons NH, 
Nicot N, Oudin A, Bougnaud S, Hertel F, Bjerkvig R et al 
(2014) Glioblastomas are composed of genetically divergent 
clones with distinct tumourigenic potential and variable stem 
cell-associated phenotypes. Acta Neuropathol 127:203–219. 
doi:10.1007/s00401-013-1196-4

 136. Stopschinski BE, Beier CP, Beier D (2013) Glioblastoma can-
cer stem cells—from concept to clinical application. Cancer 
Lett 338:32–40. doi:10.1016/j.canlet.2012.05.033

 137. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ, 
Janzer RC, Ludwin SK, Allgeier A, Fisher B, Belanger K et al 
(2009) Effects of radiotherapy with concomitant and adjuvant 
temozolomide versus radiotherapy alone on survival in glio-
blastoma in a randomised phase III study: 5-year analysis of the 
EORTC-NCIC trial. Lancet Oncol 10:459–466. doi:10.1016/
S1470-2045(09)70025-7

 138. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, 
Taphoorn MJ, Belanger K, Brandes AA, Marosi C, Bogdahn 
U et al (2005) Radiotherapy plus concomitant and adjuvant 
temozolomide for glioblastoma. N Engl J Med 352:987–996. 
doi:10.1056/NEJMoa043330

 139. Sundlisaeter E, Wang J, Sakariassen PO, Marie M, Mathisen 
JR, Karlsen BO, Prestegarden L, Skaftnesmo KO, Bjerkvig 
R, Enger PO (2006) Primary glioma spheroids main-
tain tumourogenicity and essential phenotypic traits after 

http://dx.doi.org/10.1126/science.1254257
http://dx.doi.org/10.1186/1471-2407-10-66
http://dx.doi.org/10.1158/0008-5472.CAN-13-1491
http://dx.doi.org/10.1158/0008-5472.CAN-13-1491
http://dx.doi.org/10.1016/j.yexcr.2009.06.003
http://dx.doi.org/10.1158/1541-7786.MCR-06-0085
http://dx.doi.org/10.1371/journal.pgen.1000374
http://dx.doi.org/10.1371/journal.pgen.1000374
http://dx.doi.org/10.1038/nrclinonc.2014.223
http://dx.doi.org/10.1517/14728222.6.3.387
http://dx.doi.org/10.1007/s00018-013-1521-z
http://dx.doi.org/10.1016/S0002-9440(10)65668-4
http://dx.doi.org/10.1126/science.1236062
http://dx.doi.org/10.1002/ijc.22072
http://dx.doi.org/10.1016/j.phrs.2016.03.012
http://dx.doi.org/10.1038/ncomms10743
http://dx.doi.org/10.1093/toxsci/kfh177
http://dx.doi.org/10.1093/toxsci/kfh177
http://dx.doi.org/10.1016/j.ccr.2011.11.005
http://dx.doi.org/10.1016/j.stem.2009.03.003
http://dx.doi.org/10.1016/j.stem.2009.03.003
http://dx.doi.org/10.1007/s11060-013-1082-x
http://dx.doi.org/10.1007/s11060-013-1082-x
http://dx.doi.org/10.1073/pnas.1219747110
http://dx.doi.org/10.1007/s00204-015-1459-z
http://dx.doi.org/10.1007/s00204-015-1459-z
http://dx.doi.org/10.1007/s00401-013-1196-4
http://dx.doi.org/10.1016/j.canlet.2012.05.033
http://dx.doi.org/10.1016/S1470-2045(09)70025-7
http://dx.doi.org/10.1016/S1470-2045(09)70025-7
http://dx.doi.org/10.1056/NEJMoa043330


282 Acta Neuropathol (2017) 133:263–282

1 3

cryopreservation. Neuropathol Appl Neurobiol 32:419–427. 
doi:10.1111/j.1365-2990.2006.00744.x

 140. Szatmari T, Lumniczky K, Desaknai S, Trajcevski S, Hid-
vegi EJ, Hamada H, Safrany G (2006) Detailed charac-
terization of the mouse glioma 261 tumor model for experi-
mental glioblastoma therapy. Cancer Sci 97:546–553. 
doi:10.1111/j.1349-7006.2006.00208.x

 141. Talasila KM, Soentgerath A, Euskirchen P, Rosland GV, Wang 
J, Huszthy PC, Prestegarden L, Skaftnesmo KO, Sakariassen 
PO, Eskilsson E et al (2013) EGFR wild-type amplification and 
activation promote invasion and development of glioblastoma 
independent of angiogenesis. Acta Neuropathol 125:683–698. 
doi:10.1007/s00401-013-1101-1

 142. Tirosh I, Venteicher AS, Hebert C, Escalante LE, Patel AP, 
Yizhak K, Fisher JM, Rodman C, Mount C, Filbin MG et al 
(2016) Single-cell RNA-seq supports a developmental hier-
archy in human oligodendroglioma. Nature 539:309–313. 
doi:10.1038/nature20123

 143. Tonjes M, Barbus S, Park YJ, Wang W, Schlotter M, Lindroth 
AM, Pleier SV, Bai AH, Karra D, Piro RM et al (2013) BCAT1 
promotes cell proliferation through amino acid catabolism 
in gliomas carrying wild-type IDH1. Nat Med 19:901–908. 
doi:10.1038/nm.3217

 144. Torsvik A, Stieber D, Enger PO, Golebiewska A, Molven A, 
Svendsen A, Westermark B, Niclou SP, Olsen TK, Chekenya 
Enger M et al (2014) U-251 revisited: genetic drift and pheno-
typic consequences of long-term cultures of glioblastoma cells. 
Cancer medicine 3:812–824. doi:10.1002/cam4.219

 145. Tortorella S, Karagiannis TC (2014) The significance of trans-
ferrin receptors in oncology: the development of functional 
nano-based drug delivery systems. Curr Drug Deliv 11:427–443

 146. Tsiatas M, Mountzios G, Curigliano G (2016) Future per-
spectives in cancer immunotherapy. Ann Transl Med 4:273. 
doi:10.21037/atm.2016.07.14

 147. van Lith SA, Molenaar R, van Noorden CJ, Leenders WP 
(2014) Tumor cells in search for glutamate: an alternative 
explanation for increased invasiveness of IDH1 mutant gliomas. 
Neuro Oncol 16:1669–1670. doi:10.1093/neuonc/nou152

 148. van Lith SA, Navis AC, Verrijp K, Niclou SP, Bjerkvig R, Wes-
seling P, Tops B, Molenaar R, van Noorden CJ, Leenders WP 
(2014) Glutamate as chemotactic fuel for diffuse glioma cells: 
are they glutamate suckers? Biochim Biophys Acta 1846:66–
74. doi:10.1016/j.bbcan.2014.04.004

 149. van Tellingen O, Yetkin-Arik B, de Gooijer MC, Wesseling P, 
Wurdinger T, de Vries HE (2015) Overcoming the blood-brain 
tumor barrier for effective glioblastoma treatment. Drug Resist 
Updat 19:1–12. doi:10.1016/j.drup.2015.02.002

 150. Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson 
MD, Miller CR, Ding L, Golub T, Mesirov JP et al (2010) Inte-
grated genomic analysis identifies clinically relevant subtypes 
of glioblastoma characterized by abnormalities in PDGFRA, 
IDH1, EGFR, and NF1. Cancer Cell 17:98–110. doi:10.1016/j.
ccr.2009.12.020

 151. Verhoeff JJ, Stalpers LJ, Claes A, Hovinga KE, Musters GD, 
Peter Vandertop W, Richel DJ, Leenders WP, van Furth WR 
(2009) Tumour control by whole brain irradiation of anti-
VEGF-treated mice bearing intracerebral glioma. Eur J Cancer 
45:3074–3080. doi:10.1016/j.ejca.2009.08.004

 152. Verhoeff JJ, van Tellingen O, Claes A, Stalpers LJ, van Linde 
ME, Richel DJ, Leenders WP, van Furth WR (2009) Concerns 
about anti-angiogenic treatment in patients with glioblastoma 
multiforme. BMC Cancer 9:444. doi:10.1186/1471-2407-9-444

 153. Vitanza NA, Partap S (2016) Pediatric Ependymoma. J Child 
Neurol 31:1354–1366. doi:10.1177/0883073815610428

 154. Vittori M, Motaln H, Turnsek TL (2015) The study of glioma 
by xenotransplantation in zebrafish early life stages. J Histo-
chem Cytochem 63:749–761. doi:10.1369/0022155415595670

 155. Wachsberger PR, Burd R, Cardi C, Thakur M, Daskalakis C, 
Holash J, Yancopoulos GD, Dicker AP (2007) VEGF trap in 
combination with radiotherapy improves tumor control in u87 
glioblastoma. Int J Radiat Oncol Biol Phys 67:1526–1537. 
doi:10.1016/j.ijrobp.2006.11.011

 156. Wang Q, Satomi K, Oh JE, Hutter B, Brors B, Diessl N, Liu 
HK, Wolf S, Wiestler O, Kleihues P et al (2016) Braf mutations 
initiate the development of rat gliomas induced by postnatal 
exposure to N-Ethyl-N-nitrosourea. Am J Pathol 186:2569–
2576. doi:10.1016/j.ajpath.2016.05.024

 157. Wee B, Charles N, Holland EC (2011) Animal models to study 
cancer-initiating cells from glioblastoma. Front Biosci (Land-
mark Ed) 16:2243–2258

 158. Welker AM, Jaros BD, Puduvalli VK, Imitola J, Kaur B, Beat-
tie CE (2016) Standardized orthotopic xenografts in zebrafish 
reveal glioma cell-line-specific characteristics and tumor cell 
heterogeneity. Dis Model Mech 9:199–210. doi:10.1242/
dmm.022921

 159. Wesseling P, van den Bent M, Perry A (2015) Oligodendro-
glioma: pathology, molecular mechanisms and markers. Acta 
Neuropathol 129:809–827. doi:10.1007/s00401-015-1424-1

 160. Westermark B, Ponten J, Hugosson R (1973) Determinants 
for the establishment of permanent tissue culture lines from 
human gliomas. Acta Pathol Et Microbiol Scand Sect A, Pathol 
81:791–805

 161. Witte HT, Jeibmann A, Klambt C, Paulus W (2009) Modeling 
glioma growth and invasion in Drosophila melanogaster. Neo-
plasia 11:882–888

 162. Xie J, Farage E, Sugimoto M, Anand-Apte B (2010) A 
novel transgenic zebrafish model for blood-brain and 
blood-retinal barrier development. BMC Dev Biol 10:76. 
doi:10.1186/1471-213X-10-76

 163. Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA, Yuan W, 
Kos I, Batinic-Haberle I, Jones S, Riggins GJ et al (2009) IDH1 
and IDH2 mutations in gliomas. N Engl J Med 360:765–773

 164. Yang P, Cai J, Yan W, Zhang W, Wang Y, Chen B, Li G, Li S, 
Wu C, Yao K et al (2016) Classification based on mutations of 
TERT promoter and IDH characterizes subtypes in grade II/
III gliomas. Neuro Oncol 18:1099–1108. doi:10.1093/neuonc/
now021

 165. Yang W, Barth RF, Wu G, Ciesielski MJ, Fenstermaker RA, 
Moffat BA, Ross BD, Wikstrand CJ (2005) Development of a 
syngeneic rat brain tumor model expressing EGFRvIII and its 
use for molecular targeting studies with monoclonal antibody 
L8A4. Clin Cancer Res 11:341–350

 166. Zhou X, Liao Y, Li H, Zhao Z, Liu Q (2016) Dendritic 
cell vaccination enhances antiangiogenesis induced by 
endostatin in rat glioma. J Cancer Res Ther 12:198–203. 
doi:10.4103/0973-1482.151430

 167. Zitvogel L, Pitt JM, Daillere R, Smyth MJ, Kroemer G (2016) 
Mouse models in oncoimmunology. Nat Rev Cancer 16:759–
773. doi:10.1038/nrc.2016.91

 168. Zook BC, Simmens SJ, Jones RV (2000) Evaluation of ENU-
induced gliomas in rats: nomenclature, immunochemistry, and 
malignancy. Toxicol Pathol 28:193–201

http://dx.doi.org/10.1111/j.1365-2990.2006.00744.x
http://dx.doi.org/10.1111/j.1349-7006.2006.00208.x
http://dx.doi.org/10.1007/s00401-013-1101-1
http://dx.doi.org/10.1038/nature20123
http://dx.doi.org/10.1038/nm.3217
http://dx.doi.org/10.1002/cam4.219
http://dx.doi.org/10.21037/atm.2016.07.14
http://dx.doi.org/10.1093/neuonc/nou152
http://dx.doi.org/10.1016/j.bbcan.2014.04.004
http://dx.doi.org/10.1016/j.drup.2015.02.002
http://dx.doi.org/10.1016/j.ccr.2009.12.020
http://dx.doi.org/10.1016/j.ccr.2009.12.020
http://dx.doi.org/10.1016/j.ejca.2009.08.004
http://dx.doi.org/10.1186/1471-2407-9-444
http://dx.doi.org/10.1177/0883073815610428
http://dx.doi.org/10.1369/0022155415595670
http://dx.doi.org/10.1016/j.ijrobp.2006.11.011
http://dx.doi.org/10.1016/j.ajpath.2016.05.024
http://dx.doi.org/10.1242/dmm.022921
http://dx.doi.org/10.1242/dmm.022921
http://dx.doi.org/10.1007/s00401-015-1424-1
http://dx.doi.org/10.1186/1471-213X-10-76
http://dx.doi.org/10.1093/neuonc/now021
http://dx.doi.org/10.1093/neuonc/now021
http://dx.doi.org/10.4103/0973-1482.151430
http://dx.doi.org/10.1038/nrc.2016.91

	Glioma: experimental models and reality
	Abstract 
	Introduction
	Clinicopathology of gliomas
	Molecular pathology of gliomas
	Intratumoral heterogeneity

	Preclinical glioma models
	Murine models of glioma
	Ethyl-nitrosourea (ENU)-induced gliomas
	Transgenic mouse models
	Murine glioma cell lines and allograft models

	Models of human glioma
	Human glioma cell lines: conventional cell cultures
	Human glioma cell lines: neurosphere cultures
	Heterotopic versus orthotopic grafts of glioma cell lines
	Orthotopic patient-derived xenografts

	Other glioma models

	Glioma models and predictive medicine; a reality check
	The importance of molecular underpinnings and microenvironment
	Angiogenesis inhibition in preclinical glioma models
	Metabolic considerations

	Summarizing remarks
	References




