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ABSTRACT:
High-grade astrocytoma remains a significant challenge to the clinician and 
researcher alike. Intense study of the molecular pathogenesis of these tumors has 
allowed identification of frequent genetic alterations and critical core pathways 
in this disease. The use of novel mouse genetic tools to study the consequence of 
specific mutations in brain has led to the development of multiple representative 
genetically engineered mouse models that provided novel insights into gliomagenesis. 
As we learn more about the biology of high-grade astrocytoma from the study of 
these models, we anticipate that our improved understanding will eventually 
lead to greater success in clinical trials and improved outcome for patients. 

INTRODUCTION

High-Grade Astrocytomas (HGAs) are among the 
most aggressive and deadly malignancies in man. Unlike 
most cancers, these primary central nervous system (CNS) 
tumors do not achieve their lethality by metastatic spread 
to secondary organs, leading to overwhelming tumor 
burden and multiorgan failure in patients. The devastating 
effects of HGAs can be traced to multiple contributing 
factors. 1) The brain is encased within a solid cranial 
vault such that progressive tumor expansion leads not 
only to specific neurological signs and symptoms but 
also to generalized CNS depression and dysfunction. 2) 
Tumors are often localized within or adjacent to critical 
brain structures making complete surgical resection 
neurologically devastating and therefore impossible. 3) 
HGAs are highly invasive such that even in cases where 
complete radiographic resection is achieved local and/or 
distant microscopic spread of tumor cells at the time of 
diagnosis usually leads to rapid tumor regrowth. 4) Tumor 
cells and in particular glioma stem-like cells exhibit a high 
degree of radio and chemoresistance due to both intrinsic 
(eg. tumor heterogeneity, rapid mutational adaptation) 
and extrinsic (eg. blood-brain barrier) mechanisms. As a 
consequence, despite contemporary multimodal therapy 
that includes aggressive surgery, maximally delivered 

radiotherapy and temozolomide, median overall survival 
for glioblastoma, the most advanced form of HGA, is 15-
18 months, a dismal prognosis which has not significantly 
improved in several decades [1, 2]. It would appear 
that further incremental improvements in neurosurgery, 
radiation therapy and conventional chemotherapy will 
have minimal impact on this disease. Therefore novel 
therapeutic modalities and agents are desperately required 
to improve patient outcome.

This persistently bleak clinical outlook for HGA has 
led to the viewpoint that the traditional laboratory models 
used to study disease biology and to conduct pre-clinical 
trials are not adequately representative of the human 
condition. Concurrently, technical advancements in the 
manipulation of mouse genetics have resulted in the recent 
development of several novel genetically engineered 
mouse models (GEMMs) for HGA. Accumulating 
evidence suggests that these models faithfully recapitulate 
the histology and molecular biology of HGA and therefore, 
they may provide new insights towards understanding 
the aggressive nature of this malignancy and lead to the 
development and testing of novel therapeutic strategies. 
Herein, we review the main concepts that define HGA 
molecular pathology, present a selection of GEMMs 
that echo these concepts and outline directions in which 
translational applications are being applied.
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CORE PATHWAY MUTATIONS IN HIGH-
GRADE ASTROCYTOMAS

Gliomas are diffusely infiltrating tumors of the 
CNS that encompass a spectrum of histologically distinct 
but overlapping neoplasms. The current World Health 
Organization (WHO) classification scheme reflects 
this heterogeneity and segregates tumors according to 
their grade and predominant histological features [3]. 
Astrocytic tumors are the largest histological group 
and can occur at all grade levels from 1 to 4. Grade 1 
astrocytoma, also referred to as pilocytic astrocytoma 
appears to have a molecular etiology unrelated to other 
astrocytic tumors and behaves clinically as a distinct 
entity [4]. The remaining grades of astrocytomas lie 
along a spectrum of histopathology demonstrating 
progressively more aggressive features that culminate in 
grade 4 tumors known as glioblastoma [3]. Low grade or 
diffuse astrocytomas are grade 2 tumors that frequently 
undergo malignant transformation leading to disease 
recurrence in patients as HGAs (grade 3 or 4). Less 
than 10% of glioblastomas arise in this manner, and are 
termed secondary glioblastomas. Primary glioblastomas 
comprise the vast majority of glioblastomas, and occur in 
the absence of an antecedent low grade lesion. Genome-
wide and integrative genomic analyses have resulted in 
the identification of molecularly defined and biologically 
distinct tumor subgroups.

Many frequently mutated tumor suppressor genes 
and oncogenes in HGA are associated with recurrent 
chromosomal aberrations. Notable examples include loss 
of heterozygosity (LOH) and inactivating point mutations 
of the tumor suppressor genes TP53 [5, 6] and PTEN 
[7, 8], homozygous deletions of CDKN2A [9-11], and 
amplification with or without activating mutations of the 
oncogene EGFR [12, 13]. More recently, investigators 
used genome-wide approaches to catalog the genetic 
changes in HGA [14, 15]. These groundbreaking studies 
have led to the current concept that most if not all HGAs 
are characterized by dysregulation of three core pathways: 
the receptor tyrosine kinase (RTK)/phosphatidylinositol 
3’-kinase (PI3K)/AKT axis, p53 signaling and RB-
mediated control of cell cycle progression (Figure 1). 
These studies also validated the importance of NF1 
inactivation in non-syndromic HGA and identified novel 
players in gliomagenesis, such as PIK3R1 and IDH1 
whose mechanism of action is the subject of intense 
investigation [16].

The RTK/PI3K/AKT pathway regulates many 
aspects of cellular physiology including proliferation, 
protein translation, cell size, cell survival, cell migration 
and motility, all of which have been implicated in 
the malignant phenotype (Figure 1) [17]. The precise 
outcome of pathway activation is strictly context 
dependent and it is not entirely clear which of these 
effects are most important during gliomagenesis. This 

pathway is targeted for mutational activation at multiple 
nodes [14, 15]. Amplifications and activating mutations 
of the RTK genes EGFR, PDGFRA, ERBB2 and MET 
are seen in 59% of HGAs. The EGFR gene is by far the 
most commonly activated oncogene in HGA. Another 
commonly targeted node in this pathway is the production 
of the secondary messenger molecule phosphatidylinositol 
(3,4,5)-trisphosphate (PIP3). Three critical genes 
regulating this process are targeted for mutation: PIK3CA 
and PIK3R1, which encode the catalytic and regulatory 
subunits of Class 1A PI3K respectively, and PTEN, the 
gene encoding the lipid phosphatase that opposes PI3K 
activity. Together, these genes are mutated in 49% of 
HGAs. Mutations and homozygous deletions of the 
NF1 gene are present in 18% of tumors [14, 15]. NF1 
contains a GTP-ase activating protein (GAP) domain and 
is thought to exert tumor suppressive activity primarily 
by inactivation of RAS proteins. Interestingly, neither 
study found significant activating mutations of RAS or 
RAF family members, which are commonly targeted 
oncogenes in tumors driven by RAS/MAPK signaling 
such as pilocytic astrocytoma, lung and colon carcinomas 
and melanoma [4, 18-20]. This suggests that the primary 
outcome of NF1 inactivation may be to boost PI3K/AKT 
signaling via crosstalk between pathways, which has been 
demonstrated in glioma GEMMs (see below). Finally, 
members of the AKT family are infrequently targeted 
for gene amplifications. Notably, there is an absence of 
mutations in downstream effectors of AKT suggesting 
that multiple effectors of the pathway may play critical 
roles in gliomagenesis. Alternatively, such mutations 
may have a net deleterious effect on tumor growth due 
to the existence of feedback inhibition circuits. These 
are all potentially critical considerations when selecting 
appropriate inhibitors of the RTK/PI3K/AKT pathway for 
HGA therapy.

TP53 is the most commonly mutated tumor 
suppressor gene in human cancer. The P53 pathway 
regulates the critical checkpoint that detects oncogenic 
stress and DNA damage, which if unresolved leads to 
cellular senescence or apoptosis (Figure 1). In HGA, 
the TP53 gene along with genes encoding regulators 
of p53 stability (MDM2, MDM4 and CDKN2A which 
encodes p19ARF) are targeted in at least 87% of cases 
[14]. Therapeutic strategies aimed at stabilizing p53 via 
inhibition of MDM2 and/or MDM4 are predicted to be 
effective in tumors with intact p53 function, therefore 
characterization of specific pathway mutations is 
potentially important.

The RB family, and in particular phosphorylation 
of its primary member RB1, regulates the cell cycle 
checkpoint at the G1/S boundary (Figure 1). The INK4 
family of proteins negatively regulates the phosphorylation 
of RB by suppressing a complex containing D-type 
Cyclins and the Cyclin-dependent kinases CDK4 or 
CDK6. While RB1 itself is deleted or mutated in 11% of 



Oncotarget 2012; 3:  67 - 7769www.impactjournals.com/oncotarget

PIP2
PIP2

PIP3
RTK

P85 P110

PTEN

NF1
AKT

ARF

MDM

P53

INK4

CDK CyclinD

RB

RB

E2F E2F

Proliferation
Survival
Protein
  translation

Senescence
Apoptosis

Cell cycle
progression

RTK (59%):
EGFR (45%)
ERBB2 (8%)
PDGFRA (13%)
MET (4%)

RAS

NF1 (18%)
RAS (2%):
KRAS (1%)
NRAS (1%)

PI3K (15%):
PIK3CA (7%)
PIK3R1 (9%)

PTEN (36%)

AKT (2%):
AKT1 (1%)
AKT3 (1%)

CDKN2A (50%)

MDM (20%):
MDM2 (14%)
MDM4 (7%)

TP53 (35%)

INK4 (53%):
CDKN2A (52%)
CDKN2B (47%)
CDKN2C (2%)

CDK/Cyclin (18%):
CDK4 (18%)
CDK6 (1%)
CCND2 (2%)

RB1 (11%)

RTK/RAS/PI3K signaling
aberrations in 88%

RB signaling
aberrations

in 78%

p53 signaling
aberrations

in 87%

O

O

O

HO

HO

OH

OH
O

O

O

HO

OH
O

O

HO

OH

OH

isocitrate α-ketoglutarate 2-hydroxyglutarate

IDH1 IDH1* IDH1 (13%)

NADP+ NADP+NADPH NADPH

Metabolic
derangement?

Figure 1: Frequency of pathway mutations in high-grade astrocytoma. The frequency of mutations affecting intermediates 
of several pathways is indicated in parentheses. Proteins whose genes are amplified or have an activating mutation are represented in red 
while those whose genes are deleted or have an inactivating mutation are in blue. The proteins are grouped according to the core pathways 
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HGAs, its upstream regulation is more frequently targeted 
with CDKN2A and CDKN2B, which encode INK4A and 
INK4B respectively, being homozygously deleted in 47% 
of tumors [14]. CDK inhibitors under development would 
not be expected to have an effect on tumors in which RB1 
or downstream effectors are mutated.

Using an unbiased approach to sequence nearly 
all of the protein-coding exons in the genome, Parsons 
et al. identified novel mutations in the IDH1 gene in 
11% of HGAs (Figure 1) [15]. Strikingly, these tumors 
were all secondary glioblastomas and the presence of 
mutations was associated with a better overall outcome. 
Subsequent characterizations of much larger cohorts 
of patients have confirmed these associations and 
clearly implicate IDH1 mutation and to a lesser extent 
mutations in the mitochondrial isoform, IDH2, as an 
early event in gliomagenesis [21, 22]. Interestingly, the 
overwhelming majority of mutations occur at a single 
amino acid residue (R132 in IDH1 and R172 in IDH2) 
which appears to confer a neo-catalytic activity to these 
proteins. While the native enzyme catalyzes the oxidative 
decarboxylation of isocitrate to α-ketoglutarate, the mutant 
form is able to catalyze the reduction of α-ketoglutarate to 
2-hydroxyglutarate in an NADPH-dependent process [23, 
24]. At present, the mechanism of mutant IDH1-initiated 
gliomagenesis is not known, however the consequences 
of its neo-catalytic activity to cellular metabolic pathways 
that may promote oncogenesis have been discussed [25, 
26].

GENE EXPRESSION SIGNATURES IN 
HIGH-GRADE ASTROCYTOMAS

Whole transcriptome analysis has emerged as an 
important method to compare tumor samples and may 
lead to improved patient stratification and determination 
of prognosis. This method was used to define expression 
signatures that distinguish HGA patients according to 
differential survival outcomes in two independent studies 
[27, 28]. In both cases, a subgroup of tumors, termed 
Proneural, expresses genes associated with neurogenesis 
and was found to have a significantly better survival 
compared to the remaining tumors. Poor outcome 
tumors can be subdivided into at least two groups: one 
expressing markers of angiogenesis and mesenchymal 
cells (Mesenchymal subgroup) while another expresses 
an abundance of genes associated with mitosis and 
proliferation (Proliferative subgroup). Building on 
these results, Verhaak et al. analyzed the multiplatform 
glioblastoma data from the Cancer Genome Atlas 
Research Network [29]. Unsupervised gene expression 
analysis identified similar Proneural and Mesenchymal 
HGA subgroups along with two other subgroups which 
they termed Neural and Classical. A recent comparison of 
subgroups defined by these two approaches demonstrated 
that the subgroups with the strongest identity were the 

Proneural and Mesenchymal signatures [30]. Integrated 
analysis of gene expression signatures and genomic 
mutation data [14] showed that the majority of tumors 
with IDH1 mutations as well as PDGFRA amplifications 
and activating mutations clustered with the Proneural 
subgroup [29]. In contrast, NF1 mutations, LOH and 
loss of expression were more highly associated with 
Mesenchymal tumors. Finally, the Classical subgroup was 
characterized by frequent amplifications and mutations 
of the EGFR gene (including the EGFRvIII variant) and 
strikingly, by the absence of TP53 mutations. The mutual 
exclusivity of HGAs with PDGFR-α expression, EGFR 
expression and loss of NF1 was also seen in a targeted 
proteomic study [31].

Ultimately, the goals of genome-wide and integrative 
genomic analyses are to provide a template for accurate 
molecular classification of HGA that will be highly 
predictive for prognosis and can be used to stratify patients 
for optimal therapy.

PEDIATRIC HIGH-GRADE GLIOMAS ARE 
RELATED BUT MOLECULARLY DISTINCT 
FROM ADULT HGA

While the same WHO criteria apply to the 
classification of pediatric high-grade gliomas (HGGs), 
several differences in the clinical behavior of patients hint 
at fundamental differences that may exist in tumor biology. 
1) Malignant transformation of low-grade astrocytomas 
in children has been described but appears to occur at a 
much lower frequency than observed in adult patients 
[32]. 2) A significant proportion of pediatric HGGs occur 
in the brainstem (diffuse intrinsic pontine glioma) or in 
the thalamus (bithalamic glioma) [4], locations rarely 
encountered in adults. 3) The addition of temozolomide 
to standard irradiation confers a survival advantage albeit 
modest to adults with HGA while this does not appear to 
be the case in children [33]. Directed analyses of genes 
commonly mutated in adult HGA revealed that mutations 
and losses of TP53 [34] and CDKN2A [35] occur with 
relative frequency while mutations and losses of PTEN 
and in particular amplifications of the EGFR gene are 
rare in pediatric HGG [36]. These observations were 
largely corroborated in large genome-wide analyses of 
chromosomal aberrations [37-40]. The most common 
focal amplification and deletion respectively were high-
level amplification of PDGFRA (14%) and homozygous 
deletion of CDKN2A (16%). IDH1 hotspot mutations are 
not common in pediatric HGG [39, 41]. Overall, unlike 
adult tumors there is a lack of high frequency genetic 
targets in pediatric HGG.

Unsupervised gene expression analysis identified 
three subgroups corresponding to the Proneural, 
Proliferative and Mesenchymal subclasses seen in adult 
HGA [39]. However, with the exception of PDGFRA 
amplifications which clustered in the Proliferative 
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subgroup (and not in the Proneural group as in adults) 
there was little correlation between focal genetic 
aberrations and specific subgroups. Furthermore, copy 
number alterations targeting genes within core pathways 
were clearly present in pediatric HGG at lower frequency 
than in adult tumors. This suggests that these tumors 
utilize alternative mechanisms to dysregulate the pathways 
or that core pathways play a diminished role in pediatric 
HGG. Collectively, these studies show similar gene 
expression-defined subgroups in pediatric and adult HGGs 

that are driven by a different set of low-frequency genetic 
events in children.

MODELING CORE PATHWAY MUTATIONS 
IN HGA

As our understanding of genetic abnormalities 
underlying HGAs becomes more comprehensive, 
increasingly complex GEMMs have been developed to 
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Abbreviations: SVZ – subventricular zone; HGA – high-grade glioma; PNET – primitive neuroectodermal tumor; ONB – olfactory 
neuroblastoma; MB – medulloblastoma; NA – not assessed; NPC – neural progenitor cell; OPC – oligodendrocyte progenitor cell; 

PN – Proneural; Prolif – Proliferative; Mes - Mesenchymal

Table 1: Comparison of genetically engineered mouse models
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investigate the contribution and interplay between driver 
mutations (Table 1). Several models have addressed the 
relative contribution of core pathways in gliomagenesis. 
By using an inducible GFAP-CreER conditional mouse 
line that drives loxP-dependent recombination in 
astrocytes and adult neural precursors, cooperativity 
between the three tumor suppressor genes, Trp53, Pten 
and Rb1, for gliomagenesis was explored in the context of 
the adult brain [42]. This study demonstrated that deletion 
of Pten alone or in combination with Rb1 was unable to 
initiate glioma formation. In contrast, Trp53 deletion in 
conjunction with loss of the Pten or Rb1 tumor suppressor 
gene resulted in high frequency HGA, while deletion of 
Trp53 alone resulted in HGA with low frequency and 
with prolonged latency. The importance of concurrent 
dysregulation of the three core pathways was confirmed as 
HGAs resulting from targeted deletion of Trp53 and Pten 
acquired secondary mutations in Rb pathway genes while 
Pi3k/Akt pathway activation was seen in tumors arising 
from Rb1 and Trp53 conditional ablation. Accordingly, 
mice engineered with targeted deletion of all three tumor 
suppressor genes developed HGA with a significantly 
reduced latency.

Using a different approach to target tumor suppressor 
genes for deletion in post-natal neural progenitor cells 
resulted in divergent results. Cre-expressing adenovirus 
was directly injected into the lateral ventricle of mice 
carrying various combinations of floxed tumor suppressor 
gene alleles [43]. Only the combination of Trp53 and 
Pten co-deletion resulted in the development of HGA 
in mouse brains whereas combined deletion of Trp53 
and Rb1 or all three together generated primitive neuro-
ectodermal tumors (PNETs). Interestingly, overexpression 
of Cdk4 was present in the Trp53; Pten deleted HGAs 
demonstrating that Rb-mediated regulation of cell-
cycle progression is a core pathway in these tumors. 
The selective advantage for the development of PNET 
in this setting likely reflects a less specific manner in 
which cells are targeted for Cre-mediated recombination. 
Indeed, accumulating experimental evidence indicates 
that different types of brain tumors, and even different 
subgroups within a histological diagnosis, arise as a 
consequence of specific driver mutations occurring in 
specific susceptible cell populations [44, 45]. It follows 
that for relatively promiscuous driver mutations such as 
loss of Trp53, Rb1 or Pten, the cell being targeted as well 
as the developmental context in which mutations occur, 
are likely to be critical determinants of the resulting tumor 
type.

The importance of developmental context is apparent 
in a study in which an intragenic deletion of Trp53 in 
embryonic neural stem cells was mediated by a GFAP-Cre 
transgene [46]. HGAs were primarily observed however, 
a discernible fraction of tumors that developed were 
medulloblastomas, likely arising from progenitor cells 
targeted in the developing mouse brain. In agreement with 

the two previously mentioned studies the HGAs described 
in these mice also demonstrated dysregulation of the Rb 
and RTK/Pi3k/Akt pathways. 

The contributions of various intermediates of the 
RTK/Pi3k/Akt pathway have been explored in GEMMs. 
Consistent with the finding that Pten deletion alone does 
not lead to gliomagenesis, activation of other pathway 
intermediates on their own is similarly inefficient at 
initiating HGAs. Neither virally-induced expression 
of the activated EGFR variant, EGFRvIII [47], nor 
PDGF-B in adult neural progenitor cells [48] was 
sufficient on their own to initiate HGA. However, when 
coupled with germ-line deletion of Cdkn2a and deletion 
of Pten in the striatum, EGFRvIII expression resulted 
in robust tumor formation [47]. Likewise, germ-line 
deletion of Cdkn2a or Trp53 coupled with expression of 
PDGF-B efficiently initiated HGAs in adult mice [48]. 
Underscoring the differences between adult and pediatric 
tumor biology, when PDGF-B was expressed by targeted 
viral transduction into neonatal neural progenitors, many 
mice developed low grade gliomas while a small number 
harbored HGGs [49]. The proportion and aggressiveness 
of HGGs were greatly enhanced by germ-line loss of the 
Cdkn2a gene but not by Trp53 deletion.

The role of the Nf1 tumor suppressor gene in 
gliomagenesis has also been investigated using GEMMs. 
Conditional ablation of the gene in the developing brain 
using a GFAP-Cre driver mouse line was insufficient to 
initiate gliomagenesis [50] however, when paired with 
germ-line or conditional deletion of Trp53, malignant 
gliomas were efficiently produced [51, 52]. As in the other 
models discussed, tumors in this context demonstrated 
Rb pathway dysregulation as demonstrated by robust 
expression of Cdk4 and Cyclin D1 [52]. Interestingly, the 
Pi3k/Akt pathway was significantly activated in Nf1-null 
HGAs implying crosstalk between these downstream RTK 
effectors. Furthermore, loss of the Pten tumor suppressor 
enhanced gliomagenesis in this model [51]. These 
investigators subsequently showed that deletion of Nf1 and 
Trp53 with or without Pten loss in adult neural progenitors 
gave rise to HGAs [53]. 

Collectively, these results support the notion that 
three core pathways play critical roles in human and 
mouse HGA. The experimental evidence that loss of 
p53 function, but not Pten or Rb, contributes to early 
stages of gliomagensis in mice is consistent with the 
elevated incidence of astrocytomas in individuals with Li-
Fraumeni syndrome but neither in Pten Hamartoma Tumor 
Syndrome (PHTS) nor in patients with germline RB1 
mutations [54-56]. Furthermore, mutations in TP53, but 
not PTEN or RB1, are found in low-grade astrocytomas 
prior to malignant transformation [57]. Therefore, loss 
of TP53 would appear to be an early mutation in both 
primary and secondary glioblastoma.
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GEMMS RECAPITULATE MOLECULAR 
PATHOLOGY OF HGAS

All of the GEMMs described reproduce human 
histological features characteristic of aggressive HGAs. 
However, molecularly targeted therapies are now the 
focus of many clinical HGA trials with the expectation 
that they will eventually augment or replace our current 
treatment regimens. It is therefore critically important 
for preclinical models of the disease to mirror not only 
the histology of human astrocytomas but also their 
molecular pathology. To address this, tumors arising from 
adult mouse brains with targeted deletions of Trp53 and 
Pten or Trp53, Pten and Rb1 were subjected to genome-
wide molecular profiling [42]. These analyses revealed 
striking similarities to human HGAs at both the genomic 
and transcriptomic levels. Array comparative genomic 
hybridization (aCGH) identified focal as well as large-
scale chromosomal amplifications and losses characteristic 
of human HGAs. Focal amplifications included those 
targeting the RTK genes Met, Pdgfra and Egfr and genes 
encoding the upstream Rb regulators Cdk4, Cdk6 and 
Ccnd1. Meanwhile, gene expression analyses segregated 
tumors into three subgroups with significant identity to 
the Proneural, Proliferative and Mesenchymal subgroups 
defined by human glioblastoma gene expression studies 
[28, 29].

It is particularly interesting to note that in these 
murine astrocytomas, multiple mutations within core 
pathways were frequently observed [42]. RTK gene 
amplifications were noted in both Trp53 and Pten as well 
as in Trp53, Pten and Rb1 mutated tumors. Importantly, 
these amplifications appeared to drive maximal signaling 
through the Pi3k pathway suggesting that ablation of 
Pten function, the principal negative regulator of Pi3k 
signaling, is not sufficient to activate the pathway. HGAs 
with concurrent mutations of PTEN and RTK genes have 
been noted in several studies [14, 58]. Furthermore, 
several murine astrocytomas were characterized by 
co-amplifications of more than one RTK gene [42], a 
phenomenon that has also been appreciated in human 
tumors [14, 59, 60]. In similar observations, multiple 
mutations affecting Rb pathway signaling were observed 
in both mouse [42] and human HGAs [14, 59]. These 
observations have important implications for the selection 
of targeted agents and suggest that pathway inhibition 
at multiple nodes may be required to achieve maximal 
therapeutic effect.

A recent study employed a retrovirus encoding 
PDGF-B and the Cre recombinase which was directly 
injected into the subcortical white matter of adult mice 
[61]. HGAs arose efficiently in mice in which Pten or 
the combination of Pten and Trp53 were conditionally 
targeted. Gene expression analyses revealed that all 
tumors expressed a signature strongly associated with the 
Proneural subgroup which is consistent with PDGFRA 

amplified tumors in adults [29, 31]. The authors also 
used the mouse HGA expression profiles to identify two 
groups of patients with Proneural tumors with significantly 
different survival outcomes [61].

These studies demonstrate that GEMM HGAs can 
recapitulate not only tumor histology accurately but also 
their molecular pathology. Depending on their design, the 
models can replicate a spectrum of human HGA subtypes 
or phenocopy specific ones [42, 61]. As GEMMs are 
increasingly incorporated into preclinical therapeutic 
trials [62], a comprehensive understanding of each one’s 
molecular characteristics will be required to translate the 
results into effective clinical trial designs.

USING GEMMS TO TRACE THE CELL-OF-
ORIGIN OF HGAS

GEMMs offer a unique opportunity to analyze 
the early events of gliomagenesis which cannot be 
accurately determined in studies of human tumors or with 
xenograft models. Careful analysis of early time points 
in these mouse models coupled with clever tools to trace 
transformed cells has resulted in a refined understanding 
of the cell-of-origin of astrocytomas. By analyzing cells 
that accumulate mutant p53 soon after Cre-mediated 
recombination, Wang et al. suggest that HGAs in their 
model originate from the Gfap-positive neural precursor 
cell (NPC) in the subventricular zone and/or from Olig2-
expressing progenitor-like cells most commonly found in 
the corpus callosum [46].

However, a recent report utilized the same GFAP-
Cre driver line in conjunction with an elegant genetic tag 
to label cells that had undergone homozygous deletion 
of Trp53 and Nf1 [63]. These investigators demonstrated 
that while tumor suppressor deletion occurred in the NPC, 
these cells remained quiescent until after differentiation 
into oligodendrocyte precursor cells (OPCs) when they 
acquired a proliferative phenotype associated with cellular 
transformation. Similarly, the OPC was also implicated as 
the transforming cell type in experiments where mutant 
cells were retrovirally labeled [61]. Interestingly, in the 
latter study, viral injections were targeted to subcortical 
white matter and not to the subventricular zone. Clearly, 
GEMMs using both virally delivered Cre and mouse Cre-
expressing lines have demonstrated that HGAs can arise 
outside of the canonical adult neural progenitor cell niches 
[42, 47, 48]. The nature of the tumor initiating cell has yet 
to be rigorously investigated in these models.

These results highlight the differences in 
experimental approach between the various GEMMs 
and what we can learn from their use (Table 1). Targeted 
delivery of viruses to specific brain regions can be used to 
label relatively few cells and may be an ideal approach to 
identify and study certain tumor initiating cells. However, 
tumors initiating from deep seated regions of the brain or 
from less common sites or cell types may not be efficiently 
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targeted by this approach. The use of Cre mouse lines like 
GFAP-Cre that have activity in the vast pool of embryonic 
neural stem cells allow for the study of early events of 
tumorigenesis in these cells and their derivatives. Due 
to this embryonic activity, there is a strong bias in these 
models for transformation of the embryonic neural stem 
cell population over more mature cell types. The GFAP-
CreER driver line allows for widespread and unbiased 
genetic manipulation in mature astrocytes and progenitor 
cells from all regions of the central nervous system and 
has revealed tumor formation in non-proliferative zones 
such as the cortex, brain stem, cerebellum and spinal 
cord. It is important to note that human HGAs arise 
predominantly in these non-proliferative regions of the 
brain. However, identifying the cell-of-origin in these 
models is challenging and will require additional genetic 
markers. Further study of these different GEMMs will 
continue to contribute to our understanding of HGA 
initiation and progression.

THE PROSPECTS FOR HGA GEMMS TO 
IMPACT PATIENT OUTCOME

HGA continues to be one of the most challenging 
malignancies that patients and clinicians face. It is clear 
that substantial improvements in neurosurgical techniques, 
perioperative care and delivery of radiotherapy have 
failed to appreciably improve patient outcome [57]. 
Likewise, conventional chemotherapy has only succeeded 
in producing a modest clinical impact. As molecularly 
targeted therapy continues to make inroads in the practice 
of contemporary clinical oncology, it is anticipated that 
these approaches will also prove beneficial for HGA. 
Preclinical investigations will have maximal impact 
if they employ a series of molecularly characterized 
animal models that are collectively representative of gene 
expression and pathway mutation subgroups (Figure 2). 
Only by systematically testing new molecularly targeted 
agents against the panel of models will we understand 
how pharmacologic pathway manipulations differentially 
impact the biology of HGA subgroups. Such studies could 

Figure 2: Framework for translational research using genetically engineered mouse models (GEMMs) for high-grade 
astrocytoma (HGA). Tumors arising in HGA GEMMs are subjected to genome-wide analyses (array comparative genomic hybridization, 
gene expression, microRNA expression). The status of signaling pathways are determined by western blots or immunohistochemistry. 
These data are analyzed integratively and can be compared to similar data obtained from human HGAs to identify critical driver mutations, 
pathways and biomarkers of disease. Candidate genes can be validated in novel GEMMs while biomarkers can be queried either 
retrospectively or prospectively in clinical trials. Identified pathways with known inhibitors can be tested in the GEMMs using various 
readouts of efficacy. Promising agents or combinations are carried forward into clinical trials. These in turn will lead to banking and further 
studies of HGA tumor samples.
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be facilitated by increased cooperation between industry 
and academia as well as between different investigators 
working with GEMMs. We anticipate that the knowledge 
gained from such efforts will help predict which 
combinations of agents may be beneficial for specific 
patient subgroups and lead to clinical trials testing these 
concepts.

Perhaps more importantly, comparative and cross-
species analyses of tumors arising from the various 
models will help elucidate biological details about 
HGAs that will be informative for patient selection 
and stratification during these trials (Figure 2). Future 
investigations may address how mutations at multiple 
nodes of a pathway cooperate during gliomagenesis, the 
contribution of frequent HGA-associated mutations, such 
as IDH1 R132 which has not been modeled to date, and 
the identification of biomarkers of disease that can be 
used for predicting response to treatment and to follow 
tumor burden. GEMMs represent powerful tools with the 
potential to elucidate HGA biology and to inform the next 
generation of clinical trials. The judicious use of multiple 
models will accelerate these discoveries and offer hope to 
HGA patients who continue their fight for survival against 
vanishing odds.

ACKNOWLEDGMENTS

This work was supported by NIH grants 
P01CA096832 and R01CA135554 to SJB, and by 
ALSAC. LMLC is a St. Baldrick’s Foundation Scholar 
and a recipient of a Distinguished Scientist Award from 
the Sontag Foundation. We apologize to those colleagues 
whose work we have not cited due to limited space.

REFERENCES

1. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn 
MJ, Janzer RC, Ludwin SK, Allgeier A, Fisher B, Belanger 
K, Hau P, Brandes AA, Gijtenbeek J, Marosi C, Vecht CJ, 
Mokhtari K et al. Effects of radiotherapy with concomitant 
and adjuvant temozolomide versus radiotherapy alone on 
survival in glioblastoma in a randomised phase III study: 
5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 
2009; 10:459-466.

2. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher 
B, Taphoorn MJ, Belanger K, Brandes AA, Marosi C, 
Bogdahn U, Curschmann J, Janzer RC, Ludwin SK, 
Gorlia T, Allgeier A, Lacombe D et al. Radiotherapy plus 
concomitant and adjuvant temozolomide for glioblastoma. 
N Engl J Med. 2005; 352:987-996.

3. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK (eds.): 
WHO classification of tumours of the central nervous 
system, 4th Edition edn. Lyon: IARC; 2007.

4. Dunham C. Pediatric brain tumors: a histologic and genetic 
update on commonly encountered entities. Semin Diagn 

Pathol. 2010; 27:147-159.
5. Chung R, Whaley J, Kley N, Anderson K, Louis D, Menon 

A, Hettlich C, Freiman R, Hedley-Whyte ET, Martuza R, 
et al. TP53 gene mutations and 17p deletions in human 
astrocytomas. Genes Chromosomes Cancer. 1991; 3:323-
331.

6. Nigro JM, Baker SJ, Preisinger AC, Jessup JM, Hostetter 
R, Cleary K, Bigner SH, Davidson N, Baylin S, Devilee 
P, et al. Mutations in the p53 gene occur in diverse human 
tumour types. Nature. 1989; 342:705-708.

7. Li J, Yen C, Liaw D, Podsypanina K, Bose S, Wang SI, 
Puc J, Miliaresis C, Rodgers L, McCombie R, Bigner SH, 
Giovanella BC, Ittmann M, Tycko B, Hibshoosh H, Wigler 
MH et al. PTEN, a putative protein tyrosine phosphatase 
gene mutated in human brain, breast, and prostate cancer. 
Science. 1997; 275:1943-1947.

8. Steck PA, Pershouse MA, Jasser SA, Yung WK, Lin H, 
Ligon AH, Langford LA, Baumgard ML, Hattier T, Davis 
T, Frye C, Hu R, Swedlund B, Teng DH, Tavtigian SV. 
Identification of a candidate tumour suppressor gene, 
MMAC1, at chromosome 10q23.3 that is mutated in 
multiple advanced cancers. Nat Genet. 1997; 15:356-362.

9. Giani C, Finocchiaro G. Mutation rate of the CDKN2 gene 
in malignant gliomas. Cancer Res. 1994; 54:6338-6339.

10. Jen J, Harper JW, Bigner SH, Bigner DD, Papadopoulos 
N, Markowitz S, Willson JK, Kinzler KW, Vogelstein B. 
Deletion of p16 and p15 genes in brain tumors. Cancer Res. 
1994; 54:6353-6358.

11. Schmidt EE, Ichimura K, Reifenberger G, Collins VP. 
CDKN2 (p16/MTS1) gene deletion or CDK4 amplification 
occurs in the majority of glioblastomas. Cancer Res. 1994; 
54:6321-6324.

12. Libermann TA, Nusbaum HR, Razon N, Kris R, Lax I, 
Soreq H, Whittle N, Waterfield MD, Ullrich A, Schlessinger 
J. Amplification, enhanced expression and possible 
rearrangement of EGF receptor gene in primary human 
brain tumours of glial origin. Nature. 1985; 313:144-147.

13. Nishikawa R, Ji XD, Harmon RC, Lazar CS, Gill GN, 
Cavenee WK, Huang HJ. A mutant epidermal growth 
factor receptor common in human glioma confers enhanced 
tumorigenicity. Proc Natl Acad Sci U S A. 1994; 91:7727-
7731.

14. Cancer Genome Atlas Research Network. Comprehensive 
genomic characterization defines human glioblastoma genes 
and core pathways. Nature. 2008; 455:1061-1068.

15. Parsons DW, Jones S, Zhang X, Lin JC, Leary RJ, 
Angenendt P, Mankoo P, Carter H, Siu IM, Gallia GL, 
Olivi A, McLendon R, Rasheed BA, Keir S, Nikolskaya T, 
Nikolsky Y et al. An integrated genomic analysis of human 
glioblastoma multiforme. Science. 2008; 321:1807-1812.

16. Reitman ZJ, Yan H. Isocitrate dehydrogenase 1 and 2 
mutations in cancer: alterations at a crossroads of cellular 
metabolism. J Natl Cancer Inst. 2010; 102:932-941.

17. Chow LM, Baker SJ. PTEN function in normal and 



Oncotarget 2012; 3:  67 - 7776www.impactjournals.com/oncotarget

neoplastic growth. Cancer Lett. 2006; 241:184-196.
18. Dienstmann R, Martinez P, Felip E. Personalizing therapy 

with targeted agents in non-small cell lung cancer. 
Oncotarget. 2011; 2:165-177.

19. Fearon ER. Molecular genetics of colorectal cancer. Annu 
Rev Pathol. 2011; 6:479-507.

20. Ko JM, Fisher DE. A new era: melanoma genetics and 
therapeutics. J Pathol. 2011; 223:241-250.

21. Hartmann C, Meyer J, Balss J, Capper D, Mueller W, 
Christians A, Felsberg J, Wolter M, Mawrin C, Wick W, 
Weller M, Herold-Mende C, Unterberg A, Jeuken JW, 
Wesseling P, Reifenberger G et al. Type and frequency 
of IDH1 and IDH2 mutations are related to astrocytic and 
oligodendroglial differentiation and age: a study of 1,010 
diffuse gliomas. Acta Neuropathol. 2009; 118:469-474.

22. Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA, 
Yuan W, Kos I, Batinic-Haberle I, Jones S, Riggins GJ, 
Friedman H, Friedman A, Reardon D, Herndon J, Kinzler 
KW, Velculescu VE et al. IDH1 and IDH2 mutations in 
gliomas. N Engl J Med. 2009; 360:765-773.

23. Dang L, White DW, Gross S, Bennett BD, Bittinger MA, 
Driggers EM, Fantin VR, Jang HG, Jin S, Keenan MC, 
Marks KM, Prins RM, Ward PS, Yen KE, Liau LM, 
Rabinowitz JD et al. Cancer-associated IDH1 mutations 
produce 2-hydroxyglutarate. Nature. 2009; 462:739-744.

24. Jin G, Reitman ZJ, Spasojevic I, Batinic-Haberle I, Yang J, 
Schmidt-Kittler O, Bigner DD, Yan H. 2-hydroxyglutarate 
production, but not dominant negative function, is 
conferred by glioma-derived NADP-dependent isocitrate 
dehydrogenase mutations. PLoS One. 2011; 6:e16812.

25. Kloosterhof NK, Bralten LB, Dubbink HJ, French PJ, van 
den Bent MJ. Isocitrate dehydrogenase-1 mutations: a 
fundamentally new understanding of diffuse glioma? Lancet 
Oncol. 2011; 12:83-91.

26. Wolf A, Agnihotri S, Guha A. Targeting metabolic 
remodeling in glioblastoma multiforme. Oncotarget. 2010; 
1:552-562.

27. Freije WA, Castro-Vargas FE, Fang Z, Horvath S, 
Cloughesy T, Liau LM, Mischel PS, Nelson SF. Gene 
expression profiling of gliomas strongly predicts survival. 
Cancer Res. 2004; 64:6503-6510.

28. Phillips HS, Kharbanda S, Chen R, Forrest WF, Soriano 
RH, Wu TD, Misra A, Nigro JM, Colman H, Soroceanu 
L, Williams PM, Modrusan Z, Feuerstein BG, Aldape 
K. Molecular subclasses of high-grade glioma predict 
prognosis, delineate a pattern of disease progression, and 
resemble stages in neurogenesis. Cancer Cell. 2006; 9:157-
173.

29. Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, 
Wilkerson MD, Miller CR, Ding L, Golub T, Mesirov 
JP, Alexe G, Lawrence M, O’Kelly M, Tamayo P, Weir 
BA, Gabriel S et al. Integrated genomic analysis identifies 
clinically relevant subtypes of glioblastoma characterized 
by abnormalities in PDGFRA, IDH1, EGFR, and NF1. 

Cancer Cell. 2010; 17:98-110.
30. Huse JT, Phillips HS, Brennan CW. Molecular 

subclassification of diffuse gliomas: Seeing order in the 
chaos. Glia. 2011; 59:1190-1199.

31. Brennan C, Momota H, Hambardzumyan D, Ozawa T, 
Tandon A, Pedraza A, Holland E. Glioblastoma subclasses 
can be defined by activity among signal transduction 
pathways and associated genomic alterations. PLoS One. 
2009; 4:e7752.

32. Broniscer A, Baker SJ, West AN, Fraser MM, Proko E, 
Kocak M, Dalton J, Zambetti GP, Ellison DW, Kun LE, 
Gajjar A, Gilbertson RJ, Fuller CE. Clinical and molecular 
characteristics of malignant transformation of low-grade 
glioma in children. J Clin Oncol. 2007; 25:682-689.

33. Cohen KJ, Pollack IF, Zhou T, Buxton A, Holmes EJ, 
Burger PC, Brat DJ, Rosenblum MK, Hamilton RL, Lavey 
RS, Heideman RL. Temozolomide in the treatment of high-
grade gliomas in children: a report from the Children’s 
Oncology Group. Neuro Oncol. 2011; 13:317-323.

34. Pollack IF, Finkelstein SD, Burnham J, Holmes EJ, 
Hamilton RL, Yates AJ, Finlay JL, Sposto R. Age and TP53 
mutation frequency in childhood malignant gliomas: results 
in a multi-institutional cohort. Cancer Res. 2001; 61:7404-
7407.

35. Newcomb EW, Alonso M, Sung T, Miller DC. Incidence 
of p14ARF gene deletion in high-grade adult and pediatric 
astrocytomas. Hum Pathol. 2000; 31:115-119.

36. Pollack IF, Hamilton RL, James CD, Finkelstein SD, 
Burnham J, Yates AJ, Holmes EJ, Zhou T, Finlay JL. Rarity 
of PTEN deletions and EGFR amplification in malignant 
gliomas of childhood: results from the Children’s Cancer 
Group 945 cohort. J Neurosurg. 2006; 105:418-424.

37. Barrow J, Adamowicz-Brice M, Cartmill M, MacArthur 
D, Lowe J, Robson K, Brundler MA, Walker DA, Coyle 
B, Grundy R. Homozygous loss of ADAM3A revealed 
by genome-wide analysis of pediatric high-grade glioma 
and diffuse intrinsic pontine gliomas. Neuro Oncol. 2011; 
13:212-222.

38. Bax DA, Mackay A, Little SE, Carvalho D, Viana-Pereira 
M, Tamber N, Grigoriadis AE, Ashworth A, Reis RM, 
Ellison DW, Al-Sarraj S, Hargrave D, Jones C. A distinct 
spectrum of copy number aberrations in pediatric high-
grade gliomas. Clin Cancer Res. 2010; 16:3368-3377.

39. Paugh BS, Qu C, Jones C, Liu Z, Adamowicz-Brice M, 
Zhang J, Bax DA, Coyle B, Barrow J, Hargrave D, Lowe 
J, Gajjar A, Zhao W, Broniscer A, Ellison DW, Grundy 
RG et al. Integrated molecular genetic profiling of pediatric 
high-grade gliomas reveals key differences with the adult 
disease. J Clin Oncol. 2010; 28:3061-3068.

40. Qu HQ, Jacob K, Fatet S, Ge B, Barnett D, Delattre O, 
Faury D, Montpetit A, Solomon L, Hauser P, Garami 
M, Bognar L, Hansely Z, Mio R, Farmer JP, Albrecht S 
et al. Genome-wide profiling using single-nucleotide 
polymorphism arrays identifies novel chromosomal 



Oncotarget 2012; 3:  67 - 7777www.impactjournals.com/oncotarget

imbalances in pediatric glioblastomas. Neuro Oncol. 2010; 
12:153-163.

41. Pollack IF, Hamilton RL, Sobol RW, Nikiforova MN, 
Lyons-Weiler MA, Laframboise WA, Burger PC, Brat DJ, 
Rosenblum MK, Holmes EJ, Zhou T, Jakacki RI. IDH1 
mutations are common in malignant gliomas arising in 
adolescents: a report from the Children’s Oncology Group. 
Childs Nerv Syst. 2011; 27:87-94.

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

43. Jacques TS, Swales A, Brzozowski MJ, Henriquez NV, 
Linehan JM, Mirzadeh Z, C OM, Naumann H, Alvarez-
Buylla A, Brandner S. Combinations of genetic mutations 
in the adult neural stem cell compartment determine brain 
tumour phenotypes. EMBO J. 2010; 29:222-235.

44. Gibson P, Tong Y, Robinson G, Thompson MC, Currle DS, 
Eden C, Kranenburg TA, Hogg T, Poppleton H, Martin J, 
Finkelstein D, Pounds S, Weiss A, Patay Z, Scoggins M, 
Ogg R et al. Subtypes of medulloblastoma have distinct 
developmental origins. Nature. 2010; 468:1095-1099.

45. Johnson RA, Wright KD, Poppleton H, Mohankumar KM, 
Finkelstein D, Pounds SB, Rand V, Leary SE, White E, 
Eden C, Hogg T, Northcott P, Mack S, Neale G, Wang 
YD, Coyle B et al. Cross-species genomics matches driver 
mutations and cell compartments to model ependymoma. 
Nature. 2010; 466:632-636.

46. Wang Y, Yang J, Zheng H, Tomasek GJ, Zhang P, 
McKeever PE, Lee EY, Zhu Y. Expression of mutant p53 
proteins implicates a lineage relationship between neural 
stem cells and malignant astrocytic glioma in a murine 
model. Cancer Cell. 2009; 15:514-526.

47. Zhu H, Acquaviva J, Ramachandran P, Boskovitz 
A, Woolfenden S, Pfannl R, Bronson RT, Chen JW, 
Weissleder R, Housman DE, Charest A. Oncogenic EGFR 
signaling cooperates with loss of tumor suppressor gene 
functions in gliomagenesis. Proc Natl Acad Sci U S A. 
2009; 106:2712-2716.

48. Hambardzumyan D, Amankulor NM, Helmy KY, Becher 
OJ, Holland EC. Modeling Adult Gliomas Using RCAS/t-
va Technology. Transl Oncol. 2009; 2:89-95.

49. Dai C, Celestino JC, Okada Y, Louis DN, Fuller GN, 
Holland EC. PDGF autocrine stimulation dedifferentiates 
cultured astrocytes and induces oligodendrogliomas and 
oligoastrocytomas from neural progenitors and astrocytes 
in vivo. Genes Dev. 2001; 15:1913-1925.

50. Bajenaru ML, Zhu Y, Hedrick NM, Donahoe J, Parada 
LF, Gutmann DH. Astrocyte-specific inactivation of 
the neurofibromatosis 1 gene (NF1) is insufficient for 
astrocytoma formation. Mol Cell Biol. 2002; 22:5100-5113.

51. Kwon CH, Zhao D, Chen J, Alcantara S, Li Y, Burns 
DK, Mason RP, Lee EY, Wu H, Parada LF. Pten 
haploinsufficiency accelerates formation of high-grade 

astrocytomas. Cancer Res. 2008; 68:3286-3294.
52. Zhu Y, Guignard F, Zhao D, Liu L, Burns DK, Mason 

RP, Messing A, Parada LF. Early inactivation of p53 
tumor suppressor gene cooperating with NF1 loss induces 
malignant astrocytoma. Cancer Cell. 2005; 8:119-130.

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

54. Eng C: PTEN Hamartoma Tumor Syndrome (PHTS). In: 
GeneReviews [internet]. Edited by Pagon RA, Bird TD, 
Dolan CR, Stephens K, 2010/03/20 edn. Seattle: University 
of Washington; 1993.

55. Lohmann DR, Gallie BL: Retinoblastoma. In: GeneReviews 
[Internet]. Edited by Pagon RA, Bird TD, Dolan CR, 
Stephens K, 2010/03/20 edn. Seattle: University of 
Washington; 1993.

56. Schneider K, Garber J: Li-Fraumeni Syndrome. In: 
GeneReviews [Internet]. Edited by Pagon RA, Bird TD, 
Dolan CR, Stephens K, 2010/03/20 edn. Seattle: University 
of Washington; 1993.

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

58. Ohgaki H, Kleihues P. Population-based studies on 
incidence, survival rates, and genetic alterations in 
astrocytic and oligodendroglial gliomas. J Neuropathol Exp 
Neurol. 2005; 64:479-489.

59. Paugh BS, Broniscer A, Qu C, Miller CP, Zhang J, 
Tatevossian RG, Olson JM, Geyer JR, Chi SN, da Silva NS, 
Onar-Thomas A, Baker JN, Gajjar A, Ellison DW, Baker 
SJ. Genome-wide analyses identify recurrent amplifications 
of receptor tyrosine kinases and cell-cycle regulatory genes 
in diffuse intrinsic pontine glioma. J Clin Oncol. 2011; 
29:3999-4006.

60. Snuderl M, Fazlollahi L, Le LP, Nitta M, Zhelyazkova 
BH, Davidson CJ, Akhavanfard S, Cahill DP, Aldape 
KD, Betensky RA, Louis DN, Iafrate AJ. Mosaic 
Amplification of Multiple Receptor Tyrosine Kinase Genes 
in Glioblastoma. Cancer Cell. 2011; 20:810-817.

61. Lei L, Sonabend AM, Guarnieri P, Soderquist C, Ludwig 
T, Rosenfeld S, Bruce JN, Canoll P. Glioblastoma models 
reveal the connection between adult glial progenitors and 
the proneural phenotype. PLoS One. 2011; 6:e20041.

62. Pitter KL, Galban CJ, Galban S, Tehrani OS, Li F, Charles 
N, Bradbury MS, Becher OJ, Chenevert TL, Rehemtulla 
A, Ross BD, Holland EC, Hambardzumyan D. Perifosine 
and CCI 779 co-operate to induce cell death and decrease 
proliferation in PTEN-intact and PTEN-deficient PDGF-
driven murine glioblastoma. PLoS One. 2011; 6:e14545.

63. Liu C, Sage JC, Miller MR, Verhaak RG, Hippenmeyer S, 
Vogel H, Foreman O, Bronson RT, Nishiyama A, Luo L, 
Zong H. Mosaic analysis with double markers reveals tumor 
cell of origin in glioma. Cell. 2011; 146:209-221.


