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ABSTRACT 
 

Mark Vitucci: Molecular Characterization of Murine Models of Astrocytoma 
(Under the direction of C. Ryan Miller M.D., Ph.D.) 

 
 
Astrocytomas are some of the most lethal diffuse gliomas, and glioblastoma (GBM, Grade IV 

astrocytoma) has a median survival of 12-15 months with therapy.  The last decade has seen increased 

efforts to define the molecular landscape of human GBM, and led to a focus on genetic abnormalities 

within the receptor tyrosine kinase (RTK), RB cell cycle, and P53 signaling pathways.  Genetically-

engineered mouse (GEM) models have been designed based upon the data from these studies and have 

helped determine some of the requirements for gliomagenesis depending on the cellular and 

developmental context.  Despite these efforts gliomagenesis requirements and progression are not 

completely defined, and more importantly, it is often unclear which molecular subtype is modeled by 

these GEM.  In this work, we employ GEM with conditional, inducible mutations in the RB cell cycle, 

MAPK, and PI3K pathways to effect astrocytoma initiation followed by stochastic progression in 

astrocytes throughout the brain in adult mice.  We define the requirements for astrocytoma initiation 

and the effect they have on gene expression and copy number.  Stochastic progression to high-grade 

astrocytoma (HGA) and GBM are characterized by detection via contrast-enhancing MRI, rapid growth, 

genotype-dependent survival, acquisition of copy number abnormalities (CNA), and gene expression 

subtypes that resemble human GBM.  These subtypes correlate with brain region rather than original 

genotype.   

 In parallel, we isolated astrocytes from pups containing the same genetic mutations and induced 

recombination in culture to create G1/S-defective astrocytes with activated Kras and/or Pten deletion. 
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 We examined how these individual and combined mutations affected gene expression and phenotypic 

hallmarks of astrocytoma tumorigenesis including cell growth, migration, and invasion.  Combined 

disruption of MAPK and PI3K signaling led to the most aggressive, invasive astrocytes (TRP) with stem-

like and proneural expression profiles.  These TRP astrocytes were confirmed to have stem cell 

properties in vitro and in vivo.  After orthotopic injection into syngeneic mice, these TRP astrocytes 

formed HGA with high incidence, short latency, and reproducible survival, supporting its utility as a 

preclinical model.  We replicated standard of care GBM treatment consisting of radiation with 

concurrent temozolomide and showed that TRP allografts were susceptible to radiation but not 

temozolomide.  Similar to TRP astrocytes in vitro, the allograft HGA expression profiles were proneural, 

but after radiation treatment most were most similar to the mesenchymal subtype.  Overall, this 

research defines the requirements for astrocytoma in adult murine astrocytes and raises important 

questions about whether mutations, cell type, or location determines molecular subtype.  We develop 

several models which will be useful to further elucidate the molecular nuances of astrocytoma and their 

effects on initiation, progression, and signaling pathways.  These models will also serve as the basis for 

future subtype specific preclinical models in which to develop novel gene signatures, biomarkers, and 

molecularly targeted therapies. 
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CHAPTER I  

Introduction 

 

GENE EXPRESSION PROFILING OF GLIOMAS:  MERGING GENOMIC AND HISTOPATHOLOGICAL 
CLASSIFICATION FOR PERSONALIZED THERAPY1,2 
 

Summary 

The development of DNA microarray technologies over the past decade has revolutionized 

translational cancer research.  These technologies were originally hailed as more objective, 

comprehensive replacements for traditional histopathological cancer classification systems based on 

microscopic morphology.  Although DNA microarray-based gene expression profiling (GEP) remains 

unlikely in the near term to completely replace morphological classification of primary brain tumors, 

specifically the diffuse gliomas, GEP has confirmed that significant molecular heterogeneity exists within 

the various morphologically-defined gliomas, particularly glioblastoma (GBM).  Herein we provide a ten 

year progress report on human glioma GEP, with a focus on development of clinical diagnostic tests to 

identify molecular subtypes uniquely responsive to adjuvant therapies.  Such progress may lead to a 

more precise classification system that accurately reflects the cellular, genetic, and molecular basis of 

                                                           
 
1A version of this work was previously published as Vitucci M, Hayes DN, Miller CR. Gene expression 

profiling of gliomas: merging genomic and histopathological classification for personalised therapy. Br J 
Cancer. 2011;104(4):545-53. 

 
2 A version of this work was previously published as Schmid RS, Vitucci M, Miller CR. Genetically 

engineered mouse models of diffuse gliomas. Brain Res Bull. 2012;88(1):72-9 
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gliomagenesis, a prerequisite for identifying subsets uniquely responsive to specific adjuvant 

therapies and ultimately in achieving individualized clinical care of glioma patients.   

 

Introduction 

Morphological evaluation of cancers by light microscopy has been the foundation for diagnosis, 

prognostication, and therapeutic stratification for well over a century.  Yet patients with morphologically 

identical tumors can have significantly different clinical outcomes.  To address the pressing medical need 

for more accurate outcome predictions, a variety of transformative technologies have been developed 

over the last four decades ς electron microscopy, molecular biology, immunohistochemistry, and 

quantitative RT-PCR ς to refine traditional cancer classification or as outright replacements.  The newest 

such technology, DNA microarrays, was introduced in 1995, and its potential clinical utility in oncology 

was quickly recognized.  In fact, the Director of the U.S. National Cancer Institute issued a challenge to 

the scientific community in 1999 (1) ǘƻ άƘŀǊƴŜǎǎ ǘƘŜ ǇƻǿŜǊ ƻŦ ŎƻƳǇǊŜƘŜƴǎƛǾŜ ƳƻƭŜŎǳƭŀǊ ŀƴŀƭȅǎƛǎ 

technologies to make the classification of tumors vastly more informative.  This challenge is intended to 

lay the groundwork for changing the basis (emphasis added) of tumor classification from morphological 

ǘƻ ƳƻƭŜŎǳƭŀǊ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎΦέ 

The response from the cancer research community has been intense:  nearly 14,000 publications 

have utilized DNA microarrays for genome-wide gene expression profiling (GEP) in all aspects of cancer 

research, from basic to translational to clinical.  GEP has unequivocally established that significant 

molecular heterogeneity exists within morphologically-defined cancers and that potentially clinically-

relevant molecular subtypes can be identified.  Yet to date, only two molecular diagnostic tests 

developed using DNA microarrays have either been approved by the U.S. Food and Drug Administration 

(MammaPrint®) or incorporated into practice guidelines (Oncotype Dx®) for clinical use in breast cancer 

(2).   
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This discordance between scientific productivity and clinical implementation over the course of a 

decade is not unexpected, given the stringent sample requirements, pace of technology development, 

data volume and complexity, continually evolving data analysis techniques, lack of defined best practices 

for analysis, and levels of evidence required for clinical use.  A number of excellent review articles have 

discussed these and other impediments to implementing GEP clinically (2-4).  Herein, we review a 

decade of DNA microarray-based GEP on the most common and biologically aggressive group of primary 

brain tumors, the diffuse gliomas (hereafter referred to simply as gliomas).  The discussion will revisit 

morphological classification and address the potential role of GEP in identifying clinically-relevant 

molecular subtypes of gliomas.  We will then primarily focus on studies that have examined the 

prognostic impact of multi-gene signatures for the most deadly glioma, glioblastoma (GBM).   

   

Morphological classification of gliomas 

Bailey and Cushing established the first diagnostic classification system for primary brain tumors in 

1926, based upon their understanding of the histogenetic basis of brain development and the 

morphological resemblance of primary brain tumors to their presumed developmental counterparts by 

light microscopy.  This system has been refined periodically, culminating in the current World Health 

Organization (WHO) scheme (5).  Seven gliomas are currently recognized as distinct clinicopathological 

entities, each characterized by cytological and immunohistochemical evidence of differentiation along 

astrocytic, oligodendroglial, or both glial lineages (Table 1.1).  Further refinement into distinct 

prognostic groups is dictated by histological grading (II-IV) based on morphological features associated 

with more aggressive biology, including mitoses, microvascular proliferation, and necrosis (6).  

Molecular and genetic features constitute an additional level of detail utilized not only to diagnostically 

differentiate among these entities, but increasingly to predict clinical outcomes and response to 

adjuvant therapies. 
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The prognostic power of the current WHO glioma classification has facilitated its widespread 

adoption for clinical patient management.  However, it has long been recognized that individual patients 

within each diagnostic category can have vastly different outcomes that are not otherwise accounted for 

by established prognostic factors, including age, Karnofsky performance status (KPS), and therapy.  This 

prognostic variability can be visualized using the 95% confidence intervals of Kaplan-Meier survival 

curves (Fig. 1.1).  The extent to which prognostic factors account for outcome variability in multivariate 

Cox proportional hazards models can be quantified with metrics such as Harrell's C statistic (Table 1.1) 

(7).  Using these two measurements, prognostic variability is least pronounced in astrocytic gliomas (Fig. 

1.1A), particularly GBM, and is substantially higher in mixed (Fig. 1.1B) and pure oligodendroglial (Fig. 

1.1C) gliomas.  Prognostic variability is most pronounced among the lower grade gliomas (Fig. 1.1D, E).  

For these gliomas in particular, accurate classification and prognostication have become increasingly 

dependent on molecular assays.  The most notable test detects co-deletion of chromosomal arms 1p 

and 19q, a genetic signature and favorable prognostic factor strongly associated with oligodendroglial 

differentiation (7).  Yet even with ancillary molecular testing, classification of a subset of 

morphologically-ambiguous grade II and III gliomas remains challenging, even among experienced 

neuropathologists (6, 7).  Clearly, more objective, molecular methods for diagnostic discrimination 

among gliomas are needed.    

The clinicopathological variables central to the WHO 2007 classification - patient age at diagnosis, 

differentiation (cytology), histological grade, and 1p19q co-deletion status - account for 70-80 percent of 

the prognostic variability among each of the three major types of gliomas, based on the C index (Table 

1.1).  Inclusion of additional clinical factors (e.g. KPS, therapy) not otherwise available in this 

retrospective dataset would likely account for even more of the prognostic variability.  Despite the 

inability to accurately predict outcomes for individual patients, this example clearly illustrates that 

existing clinicopathological factors account for the vast majority of prognostic variability in gliomas.  It is 
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in this context ς the ability to provide prognostic information independent of established factors - that 

the clinical utility of GEP  must be defined (3).  The key for clinical implementation of GEP will therefore 

be to quantify the remaining 20-30% of prognostic variability by one of two means:  1) utilizing GEP as a 

diagnostic adjunct to more accurately classify morphologically-ambiguous gliomas, or 2) to identify 

prognostically distinct molecular subtypes within otherwise morphologically-homogeneous gliomas. 

 

Molecular classification of gliomas 

The earliest GEP studies utilized class comparison to identify differentially expressed genes among 

morphologically-defined gliomas.  Such genes were found in low-grade versus high-grade astrocytomas 

(8), high-grade oligodendrogliomas versus GBM (9, 10), primary versus secondary GBM (11-13), adult 

versus pediatric GBM (14), or a variety of morphologically-defined glioma subtypes (12, 13, 15).  Using 

primarily hierarchical clustering on differentially expressed genes, transcriptomal profiles of individual 

tumors were shown to be most similar to those from the same diagnostic category, i.e. gliomas of 

similar differentiation and grade.  These studies confirmed that morphological differences among 

gliomas are reflected at the mRNA transcript level and that differentially-expressed genes could be 

utilizedto distinguish among morphologically-defined subtypes.  However, discordance between 

morphological diagnosis and GEP-defined molecular subtype was frequent, likely due in part to inclusion 

of difficult-to-classify, morphologically-ambiguous gliomas.   

Nutt, Louis, and colleagues provided a glimpse of the potential clinical utility of GEP as an ancillary 

diagnostic test for more accurate glioma classification (9).  These investigators identified genes 

significantly correlated with either morphologically classical GBM or anaplastic oligodendroglioma in a 

training set of 21 tumors and built a class prediction model that showed 86% accuracy in assigning 29 

diagnostically-challenging GBM and anaplastic oligodendrogliomas to their respective diagnostic 

categories.  More importantly, a statistically significant difference in overall survival for the GEP- but not 
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the morphologically-defined groups was found, suggesting that GEP may provide more accurate 

classification and prognostication, particularly for morphologically-ambiguous gliomas.  These findings 

were confirmed by Shirahata and colleagues (10), who identified 168 differentially-expressed genes 

from PCR array data on 32 GBM and anaplastic oligodendrogliomas and a weighted voting algorithm to 

develop a 67-gene diagnostic assay with 96.6% accuracy in distinguishing between these two 

prognostically-distinct high-grade gliomas using the published Nutt dataset (9) for validation. 

Li, Fine, and colleagues provided the first report of a comprehensive, molecular classification of all 

gliomas (16).  These authors utilized two unsupervised machine learning methods on a large training set 

(N=159) of WHO grade II-IV gliomas from all three histological categories.  Guided only by molecular 

data, without influence of prior morphological diagnosis, they identified six hierarchically nested 

subtypes, divided into two main categories (O and G).  The first category contained two subgroups (OA 

and OB) and the second had four nested subgroups (GA1, GA2, GB1, and GB2).  These data confirmed 

that morphological differences among gliomas are reflected at the mRNA transcript level.  Survival 

analyses showed that the O and G main groups and the OA and OB subgroups of O-type tumors, but not 

the four G subgroups, were prognostically distinct.  Importantly, the prognostic impact of the two main 

subgroups was confirmed in an independent dataset from The Cancer Genome Atlas (TCGA) consisting 

entirely of GBM (17), while that of the six subgroups was confirmed in the REMBRANDT and Phillips, et 

al. datasets consisting of all seven gliomas (18, 19).  However, the concordance between GEP-defined 

subtypes and histopathological diagnoses was not assessed and multivariate survival analyses with 

known prognostic factors were not conducted.  

In retrospect, the aforementioned studies utilized small (N<100 per diagnostic category), ostensibly 

convenience cohorts of previously banked, frozen gliomas.  As such, individual studies were statistically 

underpowered to assess the diagnostic discriminatory power of GEP vis-à-vis morphological 

classification.  Moreover, the relatively small sample sizes and lack of data on known prognostic 
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covariates precluded comprehensive multivariable analyses.  Particularly for the earlier studies, the 

prognostic impact of GEP signatures could not be validated in large, external datasets (4).  Fortunately, 

most data have been deposited in publically-available online repositories, including the Gene Expression 

Omnibus and REMBRANDT (19).  These data have already been instrumental in both novel hypothesis-

driven, mechanistic studies (20) and subsequent GEP studies described below.  Only through collection 

of GEP data on a sufficient number of all seven morphologically-defined gliomas will it be possible to 

assess whether GEP will be diagnostically robust enough to replace morphology as the basis for glioma 

classification.  

 

GEP identifies prognostically-distinct molecular subtypes of gliomas 

A number of GEP studies have identified prognostically-distinct molecular subtypes of gliomas.  In 

2004, Freije, Nelson, and colleagues analyzed 74 gliomas from four histological types and identified 595 

differentially-expressed genes that correlated with overall survival (21).  Hierarchical clustering showed 

four molecular subtypes (labeled HC1A, HC1B, HC2A, and HC2B) that segregated into two distinct 

(P=0.00011) survival clusters (SC):  SC1 (93% HC1A/B and 62% non-GBM) and SC2 (76% HC2A/B and 89% 

GBM) with 4.8 and 0.6 year (y) median overall survival, respectively.  Prognostic significance was 

confirmed in the independent Nutt dataset (9) and multivariate analysis showed that survival cluster 

was independent of patient age and histological grade.  Functional annotation of the gene lists showed 

that HC1A subtype tumors were enriched for genes involved in neurogenesis (22), suggesting a more 

differentiated phenotype.  In contrast, the poor survival subtypes were enriched for proliferation (HC2A) 

and extracellular matrix/invasion-related (HC2B) genes.  A similar list of survival-related genes 

implicated in neurogenesis was identified by Liang, et al. (23), who also showed that GBM could be 

divided into two prognostically distinct molecular subtypes (median overall survival 2.1 vs. 0.3 y). 
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In 2006, Phillips, Aldape, and colleagues analyzed 76 high-grade astrocytomas and identified 108 

differentially-expressed genes significantly associated with overall survival (18).  Hierarchical and k-

means clustering with those genes showed three distinct subtypes termed proneural, proliferative, and 

mesenchymal based upon functional annotation of representative genes.  Like Frieje HC1A, the 

proneural subtype was defined by genes implicated in neurogenesis, composed predominantly (69%) of 

non-D.aΣ ŀƴŘ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƳƻǊŜ ŦŀǾƻǊŀōƭŜ ƳŜŘƛŀƴ ƻǾŜǊŀƭƭ ǎǳǊǾƛǾŀƭ όоΦс ǾǎΦ Җ мΦо ȅύΣ 

independent of histological grade.  In contrast, the proliferative and mesenchymal gene signatures were 

enriched for proliferation- and extracellular matrix/invasion-related genes, similar to the Frieje HC2A 

and HCA2B subtypes, respectively.  Prognostic significance of molecular subtype was validated in an 

independent cohort of 184 gliomas of various histological types.  Taken together, these results suggest 

that 1) the molecular subtype of a majority of WHO grade II-III gliomas is HC1A/proneural, and 2) 

HC1A/proneural GBM may be more prognostically favorable. 

Using published datasets and new GEP data on 86 GBM, a subsequent meta-analysis by Lee, et al. 

utilized 377 differentially-expressed genes that divided GBM into four distinct subtypes on hierarchical 

clustering:  HC1A/proneural, HC2A/proliferative, HC2B/mesenchymal, and a fourth with hybrid 

HC2A/HC2B features termed ProMes (24).  Survival analysis confirmed the more favorable prognosis of 

HC1A/proneural GBM versus the remaining three molecular subtypes (median 1.4 vs. 0.9 y).  With this 

larger dataset of 267 GBM, the authors also confirmed an association first identified by Phillips (18), 

namely that the mean age at diagnosis of proneural GBM patients was significantly younger (51 vs. 55 y, 

P=0.02).  Moreover, in multivariable analyses, only molecular subtype, but not age, was significantly 

associated with overall survival.  These data suggest a molecular basis for the known association of 

younger age with improved overall survival in GBM patients.   

However, it is of critical note that none of these prognostic studies distinguished among recognized 

morphological variants of GBM.  As shown in Table 1.1, GBM with oligodendroglial features occur in 
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younger patients and have a significantly prolonged overall survival compared to their GBM 

counterparts (P<0.0001).  Similarly, another morphological variant of GBM, small cell GBM (6), 

characterized by frequent gains of chromosome 7 (EGFR) and loss of chromosome 10q (PTEN), is 

morphologically similar to the prognostically more favorable anaplastic oligodendroglioma but lacks 

1p19q codeletion.  The recent recognition of these morphological patterns of GBM (5, 6), prognostically-

distinct from anaplastic oligoastrocytoma and anaplastic oligodendroglioma, respectively, raises the 

possibilitȅ ǘƘŀǘ ŜŀǊƭƛŜǊ ǎǘǳŘƛŜǎ ǿŜǊŜ άŎƻƴǘŀƳƛƴŀǘŜŘέ ǿƛǘƘ ǘǳƳƻǊǎ  ƪƴƻǿƴ ǘƻ ƘŀǾŜ ŘƛŦŦŜǊŜƴǘ ǇǊƻƎƴƻǎŜǎΦ  Lƴ 

addition, at least two significant design flaws were common in these studies (3, 4): 1) subtype-specific 

signature genes were identified using heterogeneous training sets composed of various histological 

subtypes (e.g. anaplastic astrocytoma and GBM) with known differences in overall survival (Table 1.1) 

and 2) signature genes were defined based upon their association with outcome in training sets and 

their prognostic significance was reanalyzed in independent test sets, raising the possibility that the 

correlation between GEP-defined subtypes and overall survival were a consequence of prior selection 

for outcome-related genes (3).  To avoid the first problem, future studies should ideally define 

prognostic signatures in morphologically- and hence prognostically-homogeneous cohorts of gliomas.  

Moreover, consensus diagnosis among multiple, experienced neuropathologists and/or utilization of 

ancillary molecular testing such as 1p19q status for accurate assignment of morphologically-ambiguous 

cases into established diagnostic categories will be important quality control measures.   

The second problem is likely mitigated by two recently published studies that have identified the 

HC1A/proneural subset of GBM using gene signatures defined completely by unsupervised methods.  In 

the largest single-institution study conducted to date (25), Gravendeel and colleagues defined molecular 

subtypes for 276 gliomas of all histological types.  Using 5,000 genes with highly-variable expression, 

these authors identified six molecular subtypes with distinct prognoses.  GBM largely (73-86%) fell into 

three clusters (18, 22, and 23) and these tumors showed inferior prognosis relative to GBM in other 



 10 

clusters (9, 16, 17) (median overall survival 0.7 vs. 2.1 y).  Cluster 9 consisted primarily (86%) of 

oligodendroglial neoplasms and the vast majority (82%) appropriately harbored combined 1p19q loss-

of-heterozygosity (LOH).  Notably, the prognostically superior cluster 17 (median overall survival 3.3 and 

2.1 y for all C17 gliomas and GBM, respectively) significantly (97%) overlapped with the Phillips 

proneural subtype, suggesting that detection of a subgroup of GBM with improved prognosis and 

transcriptional profiles similar to lower grade gliomas was not a consequence of prior selection of 

outcome-related genes (18).  Notably, cluster 22 was enriched (38%) for secondary GBM, tumors that 

progress from lower grade precursors, arise in younger patients (6), and feature IHD1 mutations (26), 

but lack EGFR amplification (5).  These findings confirm those from a previous study that demonstrated 

distinct molecular profiles in primary versus secondary GBM (11).  Clusters 18 and 23 contained 

predominantly GBM (78 and 86%, respectively) and showed significant overlap with Phillips proliferative 

(52%) and mesenchymal (93%) subtypes (18).  Upon analysis of data (27) from the definitive phase III 

clinical trial that established concomitant chemoradiotherapy and adjuvant temozolomide as the 

standard-of-care for newly-diagnosed GBM patients (28), these clusters were found to selectively 

benefit from combined chemoradiation versus radiation alone.  Importantly, multivariate analysis 

included most known prognostic factors, including age, gender, histological type, grade, KPS, surgery, 

chemotherapy, EGFR amplification, 1p19q status, and IDH1 mutation (26).  Only molecular subtype, KPS, 

ŀƴŘ ƎŜƴŘŜǊ ǿŜǊŜ ǎƛƎƴƛŦƛŎŀƴǘΣ ƛƴŘŜǇŜƴŘŜƴǘ ǇǊƻƎƴƻǎǘƛŎ ŦŀŎǘƻǊǎ ƛƴ ǘƘƛǎ ŘŀǘŀǎŜǘ όtҖлΦлнύΣ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ 

molecular subtyping may be more prognostically accurate than morphological classification.  Moreover, 

these authors validated the prognostic significance of their signatures in four independent datasets (16, 

18, 19, 29). 

The TCGA, established by the U.S. National Cancer Institute and National Human Genome Research 

Institute in December 2005 with the mission of ǳƴŘŜǊǎǘŀƴŘƛƴƎ άǘƘŜ ƳƻƭŜŎǳƭŀǊ ōŀǎƛǎ ƻŦ ŎŀƴŎŜǊ ǘƘǊƻǳƎƘ 

ǘƘŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ƎŜƴƻƳŜ ŀƴŀƭȅǎƛǎ ǘŜŎƘƴƻƭƻƎƛŜǎΣέ selected GBM as its first cancer type for study, based 
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on its uniformly poor prognosis and limited treatment options.  As part of this multi-institutional project, 

we analyzed 200 GBM on three different GEP platforms (17).  Unsupervised hierarchical cluster analysis 

defined four subtypes, termed proneural, neural, classical, and mesenchymal based on functional gene 

annotation and prior convention (18).  Significant overlap in molecular subtypes was found for TCGA 

mesenchymal/Phillips mesenchymal/Freije HC2B and TCGA proneural/Phillips proneural/Freije HC1A 

(18, 21).  Unlike previous studies, the TCGA proneural subtype was not associated with improved 

prognosis in the TCGA dataset consisting solely of GBM, but was in the validation datasets (18, 19) 

containing lower grade gliomas.  Conversely, reanalysis of the TCGA GBM data with Phillips molecular 

subtype designations confirmed a slightly more favorable prognosis of the Phillips proneural GBM 

(median overall survival 1.2 y) relative to Phillips mesenchymal/proliferative GBM subtypes (1.0 and 0.6 

y, respectively, P=0.03).  These findings suggest that subtyping based on prognosis-defined, but not 

άƛƴǘǊƛƴǎƛŎέΣ ǳƴǎǳǇŜǊǾƛǎŜŘ ƎŜƴŜ ǎƛƎƴŀǘǳǊŜǎ Ƴŀȅ ƛŘŜƴǘƛŦȅ ŀ ǎǳōǎŜǘ ƻŦ D.a ǿƛǘƘ ƳƻǊŜ ŦŀǾƻǊŀōle prognosis.  

However, similar to previous findings (25), the TCGA classical and mesenchymal subtypes showed 

ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƳǇǊƻǾŜŘ ƻǾŜǊŀƭƭ ǎǳǊǾƛǾŀƭ ŀŦǘŜǊ ŎƻƴǾŜƴǘƛƻƴŀƭ ŎƘŜƳƻǊŀŘƛŀǘƛƻƴ ƻǊ җ ŦƻǳǊ ŎȅŎƭŜǎ ƻŦ ŎȅǘƻǘƻȄƛŎ 

chemotherapy (P=0.02), suggesting that these subtypes may be particularly sensitive to DNA damaging 

agents.  These hypotheses will be tested further in two ongoing phase III clinical trials conducted by the 

Radiation Therapy Oncology Group (RTOG), as discussed below. 

Capitalizing on the unprecedented level of molecular data available for these tumors (29), we 

identified recurrent genomic aberrations in each molecular subtype.  The classical subtype was 

characterized by frequent EGFR amplification and EGFRvIII mutations, CDKN2A deletion, and a lack of 

TP53 mutations, while the mesenchymal subtype was characterized by NF1, TP53, and PTEN mutations.  

Consensus neuropathological review of a subset of TCGA cases has shown that the proneural, classical, 

and mesenchymal subtypes are enriched for GBM with oligodendroglial features, small cell GBM, and 

gliosarcoma (a morphological variant of GBM with mesenchymal differentiation (6)), respectively 
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(Cameron Brennan, personal communication).  Moreover, pseudopalisading necrosis and to a lesser 

extent florid microvascular proliferation are frequent in mesenchymal GBM, but the proneural subtype 

typically lacks necrosis.  These findings suggest that mesenchymal GBM may be uniquely susceptible to 

angiogenesis inhibitors, a hypothesis currently being tested in the RTOG 0825 trial discussed below.  The 

proneural subtype, which like previous studies (18, 24) was found in younger patients, harbored 

frequent PDGFRA amplification and mutations in IDH1, TP53, and PIK3CA/PIK3R1, suggesting 

susceptibility to PDGFRA- and PI3K-targeted therapies.  A recent proteomic analysis confirmed protein- 

and phosphorylation-level signaling abnormalities in the EGFR, PDGFR, and NF1 pathways in classical, 

proneural, and mesenchymal subtypes of GBM, respectively, further suggesting that these GBM 

subtypes may be uniquely susceptible to targeted agents (20). 

A recent TCGA effort utilized methylation profiling to identify a GBM CpG island methylator 

phenotype (G-CIMP) in a significant fraction (29%) of proneural GBM, particularly secondary, IDH1 

mutation-positive GBM that progressed from lower grade tumors (30).  This implies that G-CIMP might 

be common in lower-grade gliomas, the vast majority of which cluster with the proneural molecular 

subtype of GBM (18, 25).  To further investigate this hypothesis, Noushmehr and colleagues analyzed 

eight G-CIMP gene regions in seven hypermethylated loci in an independent cohort of 152 WHO grade II 

and III gliomas by a MethyLight real-time PCR assay and found 46% of astrocytomas and 93% of 

oligodendrogliomas to be G-CIMP-positive.  Furthermore, G-CIMP-positive GBM patients were younger 

(median 36 vs. 59 y, P<0.0001) and survived longer than G-CIMP-negative GBM of both proneural and 

non-proneural subtypes (median overall survival 2.9 vs. 0.8 and 1.0 y, P=7E-7).  Importantly, G-CIMP 

positivity was independent of age and histological grade on multivariable analysis.  These findings 

suggest that G-CIMP defines a subset of proneural GBM and can be utilized to further refine expression-

defined subtypes.  The co-occurrence of G-CIMP/IDH1 mutation positivity in the proneural, 

neurogenesis-related subtype further suggests that IDH1 mutation and/or G-CIMP may confer 
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neoplastic susceptibility to a common neuron/oligodendrocyte precursor cell-of-origin (22), a hypothesis 

supported by the comparative expression profiling data that showed enrichment of genes expressed in 

purified, cultured murine oligodendrocytes in proneural GBM (17). 

 

Clinical implementation of GEP for glioma classification 

GEP-based diagnostic tests are currently being evaluated in prospective, randomized clinical trials in 

breast cancer (2).  Similar progress in clinical neuro-oncology has recently been made.  Based upon a 

previous report (18), Colman, Aldape, and colleagues (31) identified a consensus 38-gene signature from 

four independent datasets and from this set chose 9 genes (AQP1, CHI3L1, EMP3, GPNMB, IGFBP2, 

LGALS3, OLIG2, PDPN, and RTN1) based on their survival correlation and technical compatibility, for 

development of a quantitative, reverse transcription-polymerase chain reaction assay.  Based on the 

logistical difficulties in obtaining fresh frozen tumors for DNA microarray-based assays, such an assay is 

absolutely critical for successful clinical implementation with formalin-fixed, paraffin-embedded (FFPE) 

GBM, which constitute the vast majority of clinical samples.  The prognostic impact of this 9-gene profile 

was uniformly associated with both progression-free and overall survival and independent of clinical 

(age and KPS) and molecular factors, including MGMT methylation status.  This assay is currently being 

tested in two prospective, randomized, phase III clinical trials conducted by the RTOG.  RTOG0525 is 

investigating the use of dose-intensive adjuvant temozolomide versus standard-of-care (28) in patients 

stratified on the basis of MGMT promoter methylation status.  Prospectively-banked FFPE tissue from 

this trial will be retrospectively analyzed using the 9-gene predictor to confirm its prognostic significance 

relative to MGMT status in a uniformly-treated patient population.  RTOG0825 is investigating the 

benefit of adjuvant bevacizumab, a humanized, anti-angiogenesis monoclonal antibody, to standard-of-

care and will prospectively randomize patients on the basis of both MGMT methylation status and the 9-

gene assay.  The study will address, as a secondary end-point, the hypothesis that mesenchymal GBM 
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will selectively benefit from the addition of bevacizumab to standard-of-care.  Results from these 

important clinical trials are expected in 2011-2012.  In summary, molecular subtyping now has the 

potential to become a readily implemented clinical test that may guide future treatment decisions, 

particularly in identifying those patients most likely to benefit from standard-of-care versus novel, 

molecularly targeted agents.  

 

Conclusion 

As we have outlined above and summarized in Table 1.2, tremendous progress in DNA microarray-

based GEP of gliomas has been made over the past decade.  In the next decade, next-generation 

sequencing technologies such as RNA-seq (32) promise to accelerate the pace and depth of discovery, 

further strengthening GEP as a method for cancer classification by directly determining transcript 

identity, structure, and abundance at the single-base level.  Yet while GEP has provided significant 

insights into the molecular heterogeneity of morphologically-defined gliomas, its role in clinical neuro-

oncology still remaiƴǎ ǘƻ ōŜ ŜǎǘŀōƭƛǎƘŜŘΦ  ¢ƘǳǎΣ ǘŜƴ ȅŜŀǊǎ ŀŦǘŜǊ ǘƘŜ 5ƛǊŜŎǘƻǊΩǎ /ƘŀƭƭŜƴƎŜΣ ǘƘŜ ƴŜŜŘ ŦƻǊ ŀ 

άǾŀǎǘƭȅ ƳƻǊŜ ƛƴŦƻǊƳŀǘƛǾŜ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ǎȅǎǘŜƳέ ŦƻǊ ƎƭƛƻƳŀǎ ǎǘƛƭƭ ŜȄƛǎǘǎΦ  Lƴ ǘƘƛǎ ǊŜǾƛŜǿΣ ǿŜ ƘŀǾŜ ŀǊƎǳŜŘ 

that GEP and the established morphological classification system are complementary, not mutually 

exclusive.  The most clinically appropriate uses of GEP will be as a diagnostic adjunct to more accurately 

classify morphologically-ambiguous gliomas and the identification of molecular subtypes within 

otherwise morphologically-homogeneous gliomas.  There has been substantial progress in defining 

molecular subtypes of GBM.  However, unlike commercially-available genomic tests for breast cancer, 

molecular subtyping in GBM is unlikely to be utilized for risk stratification due ǘƻ ǘƘƛǎ ǘǳƳƻǊΩǎ ƭƛƳƛǘŜŘ 

prognostic variability.  Rather, as illustrated by the RTOG clinical trials, molecular subtyping in GBM 

shows promise in identifying subsets that may be uniquely responsive to specific adjuvant therapies.  
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Thus, the recent merger of genomic and histopathological classification bodes well for the future of 

personalized medicine in neuro-oncology. 

 

GENETICALLY-ENGINEERED MOUSE MODELS OF DIFFUSE GLIOMAS 

Summary 

Over the last decade, genetically-engineered mouse models have been extensively used to dissect 

the genetic requirements for neoplastic initiation and progression of diffuse gliomas.  While these 

models faithfully recapitulate the histopathological features of human gliomas, comparative genomic 

analyses are increasingly being utilized to comprehensively assess their fidelity to recently identified 

molecular subtypes of these tumors.  Future progress with these models will rely on incorporating 

insights not only from oncogenomics studies of cancer, but also from the developmental neuroscience 

and stem cell biology fields to design accurate and experimentally tractable models for use in 

translational cancer research, particularly for experimental therapeutics studies of molecularly defined 

subtypes of gliomas. 

 

 

 

Introduction 

Diffuse gliomas are the most common primary brain tumors (33, 34).  They are classified clinically 

into three histological subtypes and malignancy grades (35, 36) and together account for more than 80% 

of all malignant brain tumors in the US (37).  Gliomas represent some of the most devastating and 

difficult-to-treat of all human cancers.  In fact, median survival for glioblastoma (GBM), the most 

common and biologically-aggressive glioma, has not improved significantly over the last four decades 

and still averages 12-15 months (37, 38).  Currently, standard therapy for newly-diagnosed GBM patients 
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consists of surgical resection followed by fractionated radiotherapy with concomitant and adjuvant 

temozolomide (TMZ) chemotherapy, a regimen that results in a modest, three month improvement in 

median overall survival compared to radiation alone, but invariably fails to prevent tumor recurrence 

(28).  Although effective treatment is complicated by the blood-brain barrier and the intrinsic resistance 

of tumor cells to radiation and cytotoxic chemotherapy (39), development of more successful treatment 

regimens has largely been impaired by the lack of understanding of glioma biology.  Genetically-

engineered mouse models (GEMM) of gliomas that faithfully recapitulate the genetics and biology of 

their human counterparts have therefore emerged as an essential experimental tool not only for the 

investigation of the genetics and cell and molecular biology of glioma initiation and progression, but also 

for the development of novel therapies (reviewed in (40-46)). 

In this review, we will briefly describe our current understanding of the pathology and genetics of 

human gliomas and how this knowledge has fueled development of GEMM, particularly with regard to 

the genes involved in dysregulated cell-autonomous intracellular signaling pathways in human gliomas 

and the cell(s) from which they may arise.  We will then review the advantages and disadvantages of 

existing glioma GEMM, and lastly, identify recent and new directions for translational research using 

these important model systems. 

 

 Histopathological classification of human gliomas 

Modeling human gliomas in mice must carefully aim to approximate the complex genetics and 

biology of both the human tumor and its microenvironment.  Gliomas show marked heterogeneity in 

their cellular morphology and identity, differentiation potential, proliferation rate, prognosis, and 

therapeutic response (47, 48).  Based upon the latest World Health Organization (WHO) classification, 

gliomas are grouped into seven distinct clinicopathological entities by cytological and 

immunohistochemical evidence of differentiation along astrocytic, oligodendroglial, or both glial 
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lineages (35).  Histological grading (II-IV) based upon the presence of morphological features associated 

with more aggressive biology, including mitoses, microvascular proliferation, and necrosis, yields further 

refinement into distinct prognostic groups (36, 48), with WHO grade IV GBM representing the most 

malignant glioma.  Two distinct neoplastic progression pathways for GBM have been recognized: 

primary GBM constitute over 95% of all GBM and arise without evidence of a previously-existing lower-

grade glioma, and secondary GBM develop through progression from low-grade or anaplastic gliomas.  

Though histopathologically indistinguishable, the molecular pathology of primary and secondary GBM 

differs (35).  Primary GBM are characterized by frequent EGFR amplification and PTEN mutations, 

whereas secondary GBM typically contain TP53 mutations and MDM2 gene amplifications (35).  Both 

frequently harbor DNA copy number and sequence abnormalities in G1 cell cycle checkpoint pathway 

genes (64% in (49) and 87% in (29)), including RB1, CDK4, CCND1 (cyclin D1), and CDKN2A (p16INK4A), and 

PI3K/PTEN/AKT pathway genes (50% in (49) and 53% in (29)), including PTEN loss of heterozygosity and 

PIK3CA mutation (29, 49). 

 

 Molecular genetic classification of human gliomas 

Over the last decade, molecular genetic analyses have identified significant molecular heterogeneity 

within various morphologically-defined human gliomas and have helped identify biologically distinct 

human glioma subtypes (48).  For instance, gene expression profiling via microarrays has been used to 

identify genes differentially expressed between GBM and anaplastic oligodendroglioma (9, 10), 

prognostically distinct molecular subtypes of anaplastic astrocytoma and GBM (17, 18, 21), and 

molecular subtypes of all diffuse gliomas (16, 25).  Most molecular characterization efforts though have 

focused solely on GBM.  In the largest molecular profiling effort conducted to date, The Cancer Genome 

Atlas (TCGA) project (17, 29) has generated a comprehensive molecular catalog of human GBM and 

confirmed that recurrent genomic abnormalities occur in genes involved in four key intracellular 
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signaling pathways: cell cycle, mitogenic (receptor tyrosine kinase (RTK)), pro-survival (PI3K-PTEN), and 

TP53 pathways (17, 29, 30).  Notably, specific genomic abnormalities were associated with one of four 

molecular subtypes (proneural, neural, classical, and mesenchymal), and the mesenchymal and classical 

subtypes showed improved survival after intense adjuvant therapy (17).  Proneural GBM contained a 

subset of tumors that shared a genomic hypermethylation phenotype with lower grade gliomas, 

occurred in younger patients, showed improved overall survival, and were associated with IDH1 

mutations (30).  Taken together, these reports have convincingly shown the biological heterogeneity 

within human GBM.  However, profiling human tumor samples only provides a static perspective of 

ƎŜƴƻƳƛŎ ŀƭǘŜǊŀǘƛƻƴǎ ŀƴŘ Ŏŀƴƴƻǘ ȅŜǘ ǊŜŀŘƛƭȅ ŘƛŦŦŜǊŜƴǘƛŀǘŜ ƳƻƭŜŎǳƭŀǊ ƎŜƴŜǘƛŎ άŘǊƛǾŜǊǎέ ƻŦ ƎƭƛƻƳŀƎŜƴŜǎƛǎ 

ŦǊƻƳ άǇŀǎǎŜƴƎŜǊέ ŜǾŜƴǘǎ ǘƘŀǘ ƻŎŎǳǊ ŘǳǊƛƴƎ ƴŜƻǇƭŀǎǘƛŎ ǇǊƻƎǊŜǎǎƛƻƴ (50).  While sophisticated 

bioinformatic analyses can provide critical clues to possible cell(s) of origin and the genetics of tumor 

initiation and progression, experimental models are required to definitively address these important 

issues.  GEMM are uniquely suited to fill this need.  For example, the heterozygous IDH1/2 mutations 

frequently found in the majority of low-grade gliomas and secondary GBM have been proposed to be 

involved in glioma initiation (26, 49), a question GEM modeling is ideally suited to address. 

To date, GEMM have defined the importance in neoplastic initiation and progression of the 

frequently-altered genes in four key intracellular signaling pathways observed in human gliomas (40, 

46).  Although model design, cellular targets, and specific genetic modifications vary considerably, the 

entire morphological spectrum of diffuse gliomas has been recapitulated in these model systems (Table 

1.3). 

 

Human gliomas and the cancer stem cell hypothesis 

The cancer stem cell (CSC) hypothesis postulates that tumor initiation and maintenance is governed 

by a subpopulation of tumor cells with the functional properties of normal stem cells, namely unlimited 
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self-renewal and multi-lineage differentiation potential (51).  GBM was among the first solid cancers 

where evidence of a hierarchy of phenotypically distinct tumor cells was identified.  Employing principles 

and methods from the study of normal and neoplastic hematopoiesis, several groups identified a 

subpopulation of GBM cells (brain tumor stem cells, BTSC) with NSC-like properties (52, 53).  Moreover, 

these BTSC could initiate tumors that phenotypically resembled the GBM from which they were isolated 

upon orthotopic injection of as few as 100 BTSC into the brains of immunodeficient mice (54).  

Subsequent work showed that CD133+ BTSC from human GBM displayed enhanced DNA repair capacity 

relative to CD133- cells and resistance to radiation in vitro and in vivo (55).  Moreover, the percentage of 

CD133 immunoreactive cells in WHO grade II-IV gliomas has been shown to inversely correlate with 

progression-free and overall survival as well as the time-to-recurrence for grades II and III gliomas (56).  

Despite debate over the suitability of xenotransplantation assays (see below), the poorly characterized 

function of CD133 and controversy over its use to prospectively identify human BTSC (57), the CSC 

hypothesis has transformed glioma research in at least two ways:  1) in contrast to the stochastic model 

of tumorigenesis in which all tumor cells are assumed capable of initiating and maintaining 

tumorigenesis, it suggests that BTSC are unique in these capabilities and thus their specific therapeutic 

targeting will be required for prevention of tumor recurrence and improving patient outcomes; and 2) it 

suggests that the elusive cell-of-origin for gliomas may be a true NSC or a more terminally-differentiated 

glial cell that has reacquired NSC-like properties through de-differentiation (57-60). 

 

Developmental neurobiology and the glioma cell(s) of origin 

Though recent scientific and technical advances have yielded much progress, cellular targets for 

glioma initiation, progression, and maintenance remain the focus of intense investigation and debate 

(61, 62).  It is widely accepted that identification of the differences and similarities between the cell(s) 

from which a tumor arises (cell(s) of origin) and their normal counterparts would permit development of 



 20 

new therapeutic approaches to overcome the lack of success with currently available treatments 

(reviewed in (63)).  In support of the hypothesis that gliomas arise from cells with NSC-like properties, 

developmentally-important transcription factors required for NSC self-renewal and multipotency have 

been shown to be reactivated in gliomas (reviewed in (64)) and gene expression signatures in GBM have 

been shown to match developmental templates (17, 27). 

The largest germinal region in the adult brain resides in the subventricular zone (SVZ), located 

between the ependymal layer of the lateral ventricles and the parenchyma of the striatum. The SVZ 

contains astrocyte-like stem cells, which can be identified by the astroglial marker GFAP.  Thus, the SVZ 

is widely viewed as a potential source of glioma initiating cells (59, 65-67).  In support of this hypothesis, 

a recent clinical study has found that 93% of gliomas contacted at least one region of the lateral 

ventricular wall (68).  However, more research is required to establish the relationships between CSC 

and NSC and whether the latter can serve as cell(s) of origin for gliomas (reviewed in (58, 61, 62, 69).  

Recently, support for the NSC or progenitor cell origin of both astrocytomas (67, 70) and 

oligodendrogliomas (71) has been obtained using GEMM.  Most glioma GEMM have utilized human glial 

ŦƛōǊƛƭƭŀǊȅ ŀŎƛŘ ǇǊƻǘŜƛƴ όƘDC!tύΣ ƴŜǎǘƛƴΣ ƻǊ {мллʲ ǇǊƻƳƻǘŜǊǎ ό¢ŀōƭŜ м.3), all of which are active in multiple 

cell types in the developing and adult brain.  It would be highly desirable to target specific 

subpopulations of stem or progenitor cells to further define their potential for tumor initiation and 

maintenance.  More specific lineage-restricted promoters that have been utilized in 

neurodevelopmental genetic fate mapping and lineage tracing studies will be important tools for 

addressing these issues in the future (72, 73). 

 

Glioma GEMM design 

It has become evident that overall design, the targeted cells and their inherent differentiation 

capacity, and the specific genetic modification(s) and pathways targeted are required to achieve 
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accurate modeling of human gliomas (46).  In general, glioma GEMM have been constructed using seven 

design strategies: 1) traditional knockout models in which exons of a tumor suppressor gene are 

deleted; 2) knock-in models whereby oncogenes are replaced by mutant, constitutively active alleles 

within their native locus, under control of endogenous promoter elements; 3) transgenic models in 

which expression of an oncogene is spatially restricted to specific cell types through use of a cell type-

specific promoter; 4) spatially restricted induction models that employ localized viral delivery to induce 

either somatic gene transfer in non-transgenic animals or cell type-specific gene transfer in transgenic 

animals engineered to express the cognate viral receptor under control of a cell type-specific promoter; 

5) spatially restricted induction of conditional genetic events through viral vector delivery of a DNA 

recombinase; 6) conditional models in which genetic events are induced through cell-specific expression 

of a DNA recombinase using cell type-specific promoters; and 7) conditional, systemic induction models 

that employ cell type-specific expression of drug-inducible DNA recombinase activity.  Choice of model 

design influences the timing and cellular targets of genetically-induced oncogenesis, specifically during 

development or adulthood, as well as experimental tractability, i.e. how easily the model system is 

manipulated in labs with variable technical capabilities, which in turn influences model dissemination 

through the research community and the utility of GEM for preclinical studies. 

 

Dissecting the genetics of glioma initiation and progression in GEMM 

The first glioma GEMM utilized knockout or conventional transgenic strategies (46).  In contrast to 

the majority of cancers that develop sporadically, these models more accurately mimic inherited tumor 

predisposition syndromes in which initiating mutations are present throughout the body.  Although 

some of these GEMM showed increased susceptibility to gliomagenesis, embryonic or early post-natal 

lethality, widespread neoplasia in various organ systems, incomplete penetrance (<100% of GEMM 

develop tumors of interest), and long latency (time to development of tumors of interest) posed 
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significant hurdles to investigation of organ-specific genetic mechanisms of neoplasia.  For example, 

homozygous deletion of Pten, one of the most frequently mutated genes in human gliomas (29), proved 

to be embryonically lethal, whereas heterozygous loss induced tumors or pre-neoplastic changes in 

colon, gonads, prostate, skin, and thyroid, but not the brain (74).  Similarly Ink4a/Arf deletion produced 

largely sarcomas or lymphomas, but no brain tumors (75).  One of the first GEMM that specifically 

developed gliomas utilized simultaneous (cis) deletion of the Nf1 and Trp53 tumor suppressor genes 

(76).  Spatial restriction of transgenic oncogene expression using cell-specific regulatory elements 

improved, but did not completely eliminate these problems.  Transgenic expression of the oncogene v-

Src from a murine GFAP promoter uniformly led to perinatal astrogliosis, but only 14% subsequently 

developed low-grade astrocytomas , leading the authors to conclude that v-Src alone was insufficient for 

astrocytoma initiation (77, 78).  Simultaneous inactivation of pRb, p107, and p130 in hGFAP+ cells 

engineered to express an N-terminal SV40 large T antigen (T121) truncation mutant transgene led to 

perinatal death from neurodevelopmental abnormalities in 10 of 13 founder mice (79).  hGFAP-directed 

expression of constitutively active HRAS alone rapidly induced low-grade astrocytomas in 85-100% of 

mice and these tumors invariably progressed to high-grade astrocytomas upon spontaneous acquisition 

of karyotypic abnormalities (80), Trp53 mutation, or loss of INK4A or PTEN protein expression (80-82). 

 

Several groups have utilized viral gene transfer to spatially restrict induction of oncogenesis.  The 

advantages and disadvantages of this modeling approach have been reviewed in detail elsewhere (46, 

83).  The main advantages to this approach are the targeting of somatic cells in adult animals and 

experimental flexibility, specifically the ability to transfer multiple genes, either simultaneously or 

sequentially, in specific regions of the brain.  One of the original GEMM employing this design strategy 

utilized Maloney murine leukemia retrovirus (MoMuLV) to deliver Pdgfb όt5DCʲ ǇǊƻǘŜƛƴύ ƛƴǘƻ ŘƛǾƛŘƛƴƎ 

cells in the forebrains of newborn mouse pups (84), which resulted in tumors with a wide range of 
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histologies, 14-29 week latency, and 40% penetrance.  More recently, GEMM utilizing avian retroviral 

(RCAS) vectors have been generated.  In contrast to the traditional retroviral system, RCAS requires the 

use of conventional transgenic GEM engineered to express its cognate receptor, tva, typically with 

spatial restriction to specific cell types using either hGFAP or nestin promoters (G-tva or N-tva, 

respectively) (85).  Histologically diverse gliomas form in these GEMM, with tumor type, penetrance, 

and latency dictated by the oncogene(s) delivered and the cell types targeted.  For example, RCAS-

ƳŜŘƛŀǘŜŘ ŜȄǇǊŜǎǎƛƻƴ ƻŦ t5DCʲ ƛƴ ŜƛǘƘŜǊ DC!tҌ ƻǊ ƴŜǎǘƛƴҌ ŎŜƭƭǎ ȅƛŜƭŘŜŘ ƭƻǿ- to high-grade 

oligodendrogliomas, with histological grade, penetrance, and latency depending on the injected viral 

dose (86, 87).  In contrast, RCAS-delivery of constitutively active KRAS and AKT1 produced GBM in ~25% 

of injected mice when targeted to nestin+ cells, but did not initiate gliomagenesis when targeted to 

GFAP+ cells (88, 89).  In both of these model systems, concomitant loss of one or both Ink4a/Arf alleles 

accelerated tumor progression, generally with increased penetrance and shorter latency (89, 90). 

Conditional GEMM, the latest models developed to explore the genetic mechanisms of glioma 

initiation and progression, more faithfully mimic sporadic tumor development.  As reviewed in detail 

elsewhere (46, 91), these models employ mice (Cre-drivers) engineered to express a transgenic DNA 

recombinase, mostly commonly the bacteriophage Cre enzyme, driven by cell-specific regulatory 

elements.  Whereas embryonic lethality in conventional transgenic and knockout mice precluded 

investigation of many important genes in gliomagenesis, conditional GEMM utilized oncogenes 

preceded by transcriptional stop elements flanked (floxed) by Cre recognition sequences (loxP sites), or 

floxed exons of tumor suppressor genes, to phenotypically silence these genetic modifications during 

development.  Crossbreeding with a transgenic Cre-driver mouse or somatic induction via viral delivery 

of Cre thus permitted investigation of tissue-specific genetic mechanisms of neoplasia.  An additional 

advantage of this latter technique has been the targeting of spatially- and biologically-distinct areas of 

the brain (70). 
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A variety of conditional glioma GEM models have been described.  One of the first utilized T121 to 

selectively inactivate pRb, p107, and p130 in GFAP+ cells (79).  Whereas embryonic expression of 

conventional transgenic GFAP-T121 ǿŀǎ ƭŜǘƘŀƭΣ ŎƻƴŘƛǘƛƻƴŀƭ ŜȄǇǊŜǎǎƛƻƴ ǳǎƛƴƎ ŀ ʲ-actin Cre-driver induced 

WHO grade III anaplastic astrocytomas, with decreased latency upon simultaneous, conditional, 

heterozygous deletion of Pten.  Similar results were obtained upon somatic induction of Pten loss 

through stereotactic injection of retroviral (MSCV)-Cre into floxed GFAP-T121/Pten mouse brains, where 

~75% developed GBM (92).  Conditional deletion of the Nf1 tumor suppressor, a negative regulator of 

RAS signaling and frequent mutational target in human GBM (29), specifically in GFAP+ astrocytes 

resulted in development of optic nerve astrocytomas (93).  When combined with loss of Trp53 (94) or 

Pten (95), conditional Nf1 deletion in GFAP+ cells resulted in progression to high-grade gliomas, 

including GBM, with complete penetrance.  The conditional modeling approach has recently been 

extended to include oncogenes.  In particular, conditional transgenic over-expression of wild-type EGFR 

or a constitutively active extracellular domain truncation mutant of EGFR, events frequently found in 

human GBM (29), resulted in de novo GBM formation within 5-12 weeks of adenoviral-Cre-mediated 

recombination in the presence, but not absence, of simultaneous deletion of Ink4a/Arf and Pten (96). 

The newest development in glioma GEMM modeling has been the use of drug-inducible Cre-drivers, 

which permit tight spatial as well as temporal control of somatic recombination.  The most common 

system utilizes Cre recombinase genetically fused to a mutated estrogen receptor ligand-binding domain 

(CreERT2) (97), an enzyme that remains unresponsive to endogenous estrogens such as estradiol (98), but 

is activated upon systemic administration (intraperitoneal injection) of the synthetic estrogen 4-

hydroxy-tamoxifen (4OHT).  This system requires minimal technical expertise and provides control over 

the timing of genetic induction.  We have utilized this system with a GFAP-CreERT2 driver that directs 

gene expression in GFAP+ cells throughout the neuroaxis, with no activity in non-astrocytic cell 

populations (99), and a series of six GEMM with conditional alleles that inactivate RB (T121) and/or PTEN 
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and/or constitutively activate KRAS specifically in adult astrocytes (40).  All models with inactivated RB 

(T121 expression) were fully penetrant and resulting tumors showed the histopathological features of 

human astrocytomas, including perineuronal and perivascular satellitosis.  A similar approach using 

conditional deletion of Pten and Trp53, with or without Rb1 deletion, in GFAP+ cells resulted in 

development of high-grade (WHO grade III and IV) astrocytomas (100) which acquired widespread 

genomic copy number abnormalities during tumor progression (see Section 9 below). 

 

Glioma GEMM in translational cancer research:  comparative oncogenomics 

With the advent of sophisticated molecular technologies, such as high-throughput, genome-wide 

microarray-based analyses and genomic re-sequencing, cross-species comparisons between GEMM and 

their corresponding human cancers have recently become feasible.  As previously discussed, genomic 

techniques have identified heretofore unrecognized molecular heterogeneity in otherwise histologically 

homogeneous tumor types, including gliomas such as GBM (48).  Thus, the next generation of cancer 

GEMM will require not only standard comparative histopathology, but genomic molecular analyses to 

ƛŘŜƴǘƛŦȅ άōŜǎǘ-Ŧƛǘέ D9aa ǿƛǘƘ ǎǇŜŎƛŦƛŎ ƳƻƭŜŎǳƭŀǊ ǎǳōǘȅǇŜǎ ƻŦ ǘƘŜƛǊ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ƘǳƳŀƴ ŎŀƴŎŜǊǎΦ  

Integration of mouse modeling and bioinformatics has been proposed to investigate coordinate gene 

regulation, discovery of novel biomarkers, and development of targeted drug therapy based upon 

prominent cancer signaling pathways in molecularly defined GEMM (101). 

With the exception of one recent study described below, comprehensive, genome-wide molecular 

characterization of the majority of glioma GEMM has yet to be performed.  However, progress has been 

made in other tumor types and these studies provide a blueprint for future work using glioma GEMM.  

In the most straightforward analyses, cancer GEMM have been validated by showing similar patterns of 

co-expressed genes as their human counterparts.  Sawyers and colleagues defined differentially 

expressed genes between wild-type murine prostate and a transgenic Myc-driven prostate cancer 
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GEMM and identified a subset of these in MYC-driven human prostate cancers that co-expressed PIM1, 

a kinase known to cooperate with MYC in tumorigenesis (102).  A similar type of comparison using a 

Kras-driven lung cancer GEMM identified a KRAS expression signature in human lung adenocarcinomas 

that was unidentifiable based on KRAS mutational status alone (103).  Wong and colleagues performed 

gene expression profiling on primary Lkb1-deficient/Kras-mutated GEM lung cancers and their 

corresponding spontaneous metastases to define a metastasis signature that showed prognostic 

significance in human lung adenocarcinomas and identify a subset of LKB1-deficient human cancers that 

may be amenable to combined inhibition of SRC, PI3K, and MEK signaling pathways (104).  These 

findings suggest that genomic analyses of GEMM tumors can be used to discover novel genes co-

expressed with signature mutations in human cancers. 

Lƴ ŀƴ ŜŦŦƻǊǘ ǘƻ ŘŜŦƛƴŜ άōŜǎǘ-Ŧƛǘέ D9aa ŦƻǊ ƳƻƭŜŎǳƭŀǊ ǎǳōǘȅǇŜǎ ƻŦ ƘŜǇŀǘƻŎŜƭƭular carcinoma (HCC), 

Thorgeirsson and colleagues performed comparative gene expression profiling of seven GEMM and two 

molecularly-defined, prognostically-distinct subtypes of human HCC (105).  They discovered three 

GEMM with expression profiles similar to human HCC with better prognosis and two GEMM similar to 

the subtype with poor prognosis.  This same experimental design was subsequently applied to breast 

cancer (106), where several GEMM showed gene expression profiles similar to either basal-like or 

luminal subtypes of human breast cancer.  Subsequent comparative GEMM/human gene expression 

profiling has suggested luminal, but not basal progenitor cells to be the likely cell of origin for sporadic 

basal-like and hereditary BRCA1-deficient breast cancers (107). 

Two recently published reports have utilized comparative genomics to study human gliomas.  The 

TCGA utilized transcriptomal profiles of fluorescent-activated cell sorting (FACS)-purified neurons, 

astrocytes, and oligodendrocytes from a transgenic GEM that expressed enhanced green fluorescent 

ǇǊƻǘŜƛƴ ŦǊƻƳ ǘƘŜ {мллʲ ǇǊƻƳƻǘŜǊ (108), a GEM previously used in neurodevelopmental fate mapping 

studies (109), to identify potential lineage relationships among the four distinct molecular subtypes of 
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human GBM (17).  Baker and colleagues performed microarray-based gene expression profiling and 

copy number analysis on two GEMM of adult high-grade astrocytomas with conditional inactivation of 

Pten and Trp53, with or without concomitant Rb1 deletion (100).  The murine tumors cluster into three 

groups that show similarity to molecularly-defined subtypes of human GBM (17, 18).  Notably, brain 

region-, but not genotype-specific signatures were evident in these murine tumors, suggesting that 

regional differences in gene expression profiles within the adult brain (110), or possibly the cell(s) of 

origin, may dictate molecular subtype-specification.  Regardless, this first comparative genomics 

between GEMM and human glioma represents a significant milestone (111).  However, more 

comparative genomics studies using of GEMM and human tumors, similar in design to the one cited 

above for breast cancer (107), will be required to define the role of different cell(s) of origin or brain 

regions on molecular subtype-specification of human gliomas.  The extensive GEMM resources of the 

developmental neuroscience community will thus be critical not only for defining the cell of origin for 

specific molecular subtypes of human ƎƭƛƻƳŀǎΣ ōǳǘ ŀƭǎƻ ǘƘŜ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ άōŜǎǘ-Ŧƛǘέ ƎƭƛƻƳŀ D9aa ƻŦ 

these subtypes for future translational studies. 

 

Glioma GEMM in translational cancer research:  experimental therapeutics 

Preclinical cancer drug development has relied upon immunodeficient mouse xenografts of human 

tumor cell lines since the 1950s (112, 113).  For gliomas in particular, cell lines such as U87MG (114) 

have been widely used in both subcutaneous and orthotopic xenograft experiments because of their 

reproducible growth rates and uniformly high penetrance, which enables generation of large tumor-

bearing cohorts for experimental therapeutics (reviewed in (42)).  However, there are several serious 

flaws with this approach.  The most important shortcomings are the requirement for immunodeficient 

host and genetic and phenotypic divergence from the original tumor after in vitro cell culture (115).  

Moreover, these systems are poorly predictive of drug efficacy (reviewed in (45)) and ill-suited for 
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continued use in prioritizing drugs for clinical development, particularly for molecularly defined tumor 

subtypes.  Although much has been written about the promise of GEMM in this regard (45, 116, 117), 

they remain experimentally less amenable to therapy studies (118) and their utility in prioritizing drug 

candidates for human clinical trials has not been systematically examined.  Progress has been hampered 

by variable penetrance and latency in vivo, the requirement for small animal imaging to monitor 

spontaneous GEM tumor development, and the lack of GEM tumor cell culture systems for in vitro drug 

screening. 

With their highly penetrant, short latency tumor development in the appropriate anatomical 

location of immunocompetent hosts, the latest glioma GEMM overcome some of these shortcomings.  

Multiple groups have utilized small animal imaging, including conventional magnetic resonance imaging 

(119) and bioluminescence imaging (120-122), to longitudinally monitor the growth of GEM gliomas and 

investigate the efficacy of either standard cytotoxic drugs like TMZ (120) or novel targeted agents (121, 

122).  However, these GEMM have yet to be used to define chemotherapeutic efficacy of specific 

molecular subtypes of gliomas. 

 

Non-germline glioma GEMM for experimental therapeutics 

Recently, non-germline GEMM (nGEMM) have been proposed as an important resource for 

translational and preclinical experimental therapeutics studies due to their flexibility, speed and reduced 

cost (reviewed in (123)).  These models utilize germline GEM as the source of specific genetically-

engineered cell populations, including stem/progenitor and terminally-differentiated cells, and 

orthotopic implantation into syngeneic, immunocompetent hosts to investigate the cellular and 

molecular requirements for tumor initiation and maintenance.  Cortical injection of Ink4a/Arf-null neural 

stem cells (NSC) or primary astrocytes transfected with an activated EGFR into SCID mice produced 

invasive, high-grade astrocytomas within 2 months (124).  Similarly, injection of Ink4c/Trp53-null 
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cerebellar granular precursor cells (CGPCs) into the cortex of nude mice produced medulloblastomas 

with gene expression profiles similar to those that arose spontaneously in these GEM (125).  While these 

two examples illustrate the utility of nGEMM, these studies suffer from one issue that has plagued 

conventional human tumor xenograft studies, specifically the use of immunodeficient recipients (45).  

To overcome this issue, we have recently developed a completely syngeneic nGEMM system (40) which 

should prove to be more amenable to preclinical experimental therapeutics studies than conventional 

GEMM. 

 

Summary and conclusions 

Major improvements in GEM modeling over the last decade have produced a variety of glioma 

GEMM that faithfully recapitulate the genetics and biology of their human counterparts.  Coupled with 

increasingly sophisticated histopathological and comparative genomic analyses, insights from 

developmental neuro- and stem cell biology will fuel development of the next generation of 

experimentally tractable GEMM not only to further define the cellular and molecular basis of 

gliomagenesis, but to develop novel targeted therapeutics for specific molecular subtypes of gliomas.
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Figure 1.1.  Overall survival of patients with newly-diagnosed gliomas. Overall survival of patients with newly-diagnosed gliomas grouped 
on the basis of the two main components of the WHO classification system:  differentiation (cytology) - astrocytic (A), mixed oligoastrocytic (B), 
or oligodendroglial (C); and histological grade - WHO grade II (D), III (E), or IV (F).  Clinicopathological parameters, statistics, and abbreviations 
are listed in Table 1.1.
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Table 1.1. Prognostic utility of the WHO 2007 classification for diffuse gliomas 

 

Table 1.  Prognostic utility of the WHO 2007 classification for diffuse gliomas 

 WHO Grade  Multivariate analysis 

 II  III  IV  
Prognostic 
factor 

HR P value 
ɲ/ ƻǊ hǾŜǊŀƭƭ 

C* 

Astrocytomas 

 DA, A2  AA, A3  GBM, A4   

N 78  161  748  Grade 1.9 < 0.001 0.61 
Median OS 

(y) 
10.0  2.2  0.9  Age** 1.9 <0.001 0.08 

95% CI 6.9-13.0  1.7-2.7  0.8-1.0  All (N=987) 0.69 
Mean age 33  39  57      
Grading 

criteria 
  Mitoses  MVP ± necrosis      

Oligoastrocytomas 

 OA, MOA2  AOA, MOA3  
GBM-O, 

MOA4***  
     

N 400  218  71  1p19q codel 2.6 <0.001 0.54 
Median OS 

(y) 
11.1  3.9  2.2  Age** 2.1 < 0.001 0.15 

95% CI 9.0-15.0  2.8-4.6  1.3-3.4  Grade 2.2 0.007 0.10 

Mean age 38  42  48  All (N=559) 0.79 
Grading 

criteria 
  Mitoses ± MVP  Necrosis      

Oligodendrogliomas 

 ODG, O2  AO, O3        

N 395  273    1p19q codel 2.1 0.020 0.54 
Median OS 

(y) 
16.4  8.8    Age** 2.4 <0.001 0.17 

95% CI 12.9-21.1  6.5-ND    Grade 2.5 0.004 0.03 

Mean age 40  44    All (N=539) 0.74 
Grading 

criteria 
  

Mitoses ± MVP ± 
necrosis 

       

All diffuse gliomas 

N 2344  1p19q codel 1.9 0.002 0.63 
Median OS 

(y) 
2.9  Age** 1.8 <0.001 0.13 

95% CI 2.5-3.6  Cytology 1.7 <0.001 0.04 
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Mean age 46  Grade 2.0 <0.001 0.03 

   All (N=1363) 0.83 

Abbreviations:  anaplastic astrocytomas (AA, A3); anaplastic oligodendroglioma (AO, O3); co-deletion (codel); confidence interval (CI); diffuse 
astrocytoma (DA, A2); hazard ratio (HR); glioblastoma (GBM, A4); glioblastoma with oligodendroglial features (GBM-O, MOA4); mixed 
oligoastrocytoma (OA, MOA2); mixed anaplastic oligoastrocytoma (AOA, MOA3); microvascular proliferation (MVP); olidodendroglioma (ODG); 
overall survival (OS); years (y). 

Data from adult patients (җ 20 y) with newly diagnosed gliomas at Washington University School of Medicine (1977-2009 and (Miller et al, 
2006)).   

* Harrell's C statistic for the multivariable Cox proportional hazards model with all factors (C) or ɲC for each individual factor in the model 
(Miller et al, 2006). 

** Age at diagnosis trichotomized as follows:  Җ 40, 40-60, җ 60 y (Miller et al, 2006). 
***Note that GBM-O (MOA4) is not currently recognized as a distinct clinicopathological entity by the WHO; instead, it is considered a 

morphological pattern of GBM with a slightly more favorable prognosis (Louis et al, 2007). 
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Table 1.2 Summary of glioma microarray studies 
 

Table 2.  Summary of glioma microarray studies 

Reference 

Gliomas Analyzed  Signature 

Dataset Histology* 
Total 
(N) 

Source  Findings 
Genes 

(N) 
Biological Process or 
Molecular Subtype 

Rickman, 2001  19 PA, 21 GBM 40   ¶ Distinguishes PA and GBM. 360  

Nutt, 2003 

T 7 O3, 14 GBM 21   ¶ Distinguishes O3 and GBM. 

19  
V 

15 nonclassic O3 
14 nonclassic GBM 

29   
¶ 86% predictive accuracy for morphologically-ambiguous cases. 

¶ Improved prognostic stratification vs. histological classification. 

Shai, 2003  5 A2, 3 O2, 18 priGBM, 9 secGBM 35   ¶ Distinguishes among histological subtypes. 170  

van den Boom, 
2003 

T 
с !нΣ н ah!н Ҧ п ǎŜŎD.aΣ н !оΣ н 

MOA3 
16   ¶ Correlates with malignant progression. 66 

 

V 9 A2, 10 A3, 17 priGBM, 7 secGBM 43   ¶ Progression-associated signature confirmed. 9 

Godard, 2003 
T 12 A2, 14 priGBM, 5 secGBM 31   

¶ Confirmed findings of Shai, 2003 and van den Boom, 2003. 

¶ Distinguishes A2/secGBM and priGBM. 

9 
13 

Angiogenesis 
Immune response 

V 12 A2, 4 pri GBM, 4 secGBM 20   ¶ 93% prediction accuracy.  72  

Tso, 2006  
4 A2, 9 A3, 8 O2, 11 O3, 46 priGBM, 

14 secGBM 
92   

¶ Distinguishes priGBM and non-GBM astrocytomas. 58 Cell cycle 

¶ Distinguishes secGBM and non-GBM astrocytomas. 21 ECM 

¶ 84% predictive accuracy for 25 similarly-treated priGBM and secGBM. 79  

Faury, 2007  
32 pediatric GBM 

7 adult GBM 
39   

¶ Distinguishes 2 molecular subtypes of pediatric GBM based on Ras-Akt activation 
status. 

1437 
 

¶ Distinguishes pediatric and adult GBM. 1569 

¶ Distinguishes among Ras-Akt ± pediatric GBM and adult GBM. 108 
Phillips, 2006 

proliferative 

Shirahata, 2007 

T 12 O3, 20 GBM 32   ¶ Distinguishes O3 and GBM. 168 

 
V 22 O3, 28 GBM 50 

Nutt, 
2003 

 
¶ 96.6% predictive accuracy. 

¶ Improved prognostic stratification vs. histological classification, confirming Nutt, 
2003. 

67 

Li, 2009 

T 
52 A2, 29 A3, 55 GBM, 11 O2, 11 

O3, 1 MOA2 
159   

¶ Defined 6 hierarchically-nested molecular subtypes with 3 distinct prognoses.  

¶ 92% prediction accuracy. 

54 
69 
352 

G-O 
OA-OB 

GA1-GA2-GB1-GB2 

V 
7 A2, 18 A3, 68 GBM, 12 O2, 9 O3, 

7 MOA2, 68 gliomas 
187   ¶ Reproduced six molecular subtypes. 

 
 

V 21 A3, 55 GBM 76 
Phillips, 

2006 
 
¶ Prognostic significance confirmed. 

¶ O subtype perfectly overlapped Phillips proneural GBM, but with 2 distinct 
prognoses. 

V 265 GBM 265 TCGA  ¶ Prognostic significance confirmed.  

Freije, 2004 

T 8 A3, 7 O2, 9 O3,50 GBM 74   

¶ Defined 4 molecular subtypes with 2 distinct prognoses. 

¶ Improved prognostic stratification vs. histological classification. 

¶ Prognostic independence from patient age and histological grade. 

рфрҦ
44 

Survival 
HC1A ς neurogenesis 
HC1B ς synaptic 

transmission 
HC2A ς proliferation 
HC2B ς ECM 

V 22 O3, 28 GBM 50 
Nutt, 

2003 
 ¶ Prognostic independence from patient age and histological grade. 344 

Liang, 2005  2 O2, 4 MOA2, 25 GBM 31   ¶ Defined 2 prognostic GBM subtypes, 1 similar to HC1A from Freije, 2004. 70 Survival 

Phillips, 2006 

T 21 A3, 55 GBM 76   ¶ Defined 3 molecular GBM subtypes with 2 distinct prognoses. 
млуҦ

35 
Survival 

Proneural ς neurogenesis 
Proliferative ς cell cycle 
Mesenchymal ς ECM 

V 22 O3, 28 GBM 50 
Nutt, 

2003 
 ¶ Prognostic significance validated. 

35 

V 
31 A3, 1 O2, 13 O3, 7 MOA3, 132 

GBM 
184   

¶ Prognostic independence from patient age and histological grade. 

¶ 89% of 73 WHO grade III gliomas are proneural. 

¶ Proneural subtype correlates with younger age at diagnosis. 

Murat, 2008 

T 
ул D.a ŦǊƻƳ ¢a½κ·w¢Ҧ¢a½ 
phase II/III clinical trials 

80   
¶ Prognostic independence from patient age and MGMT methylation. 

¶ HOX ǎƛƎƴŀǘǳǊŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǊŜǎƛǎǘŀƴŎŜ ǘƻ ¢a½κ·w¢Ҧ¢a½Φ 

18 
10 

HOX, self-renewal 
EGFR 

V 35 A3, 9 O3, 102 GBM 146 

Freije, 
2004 

Phillips, 
2006 

 ¶ Prognostic independence from patient age and histological grade. 18 HOX, self-renewal 
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Lee, 2008  
86 GBM  

181 GBM from previous studies 
267 

Mischel, 
2003 

Nutt, 
2003 

Shai, 
2003 

Freije, 
2004 

Rich, 
2005 

Phillips, 
2006 

 

¶ Defined 4 molecular GBM subtypes:  3 from Freije, 2004 and 1 hybrid ProMes. 

¶ Proneural subtype correlates with younger age at diagnosis. 

¶ Prognostic independence from patient age. 

рфрҦ
377 

Survival 
HC1A-Proneural 
HC2A-Proliferative 

(Pro) 
HC2B-Mesenchymal 

(Mes) 
ProMes 

Gravendeel, 2009 

T 
8 PA, 13 A2, 16 A3, 106 priGBM, 53 

secGBM, 8 O2, 44 O3, 3 MOA2, 25 MOA3 
276   

¶ 5ŜŦƛƴŜŘ с άƛƴǘǊƛƴǎƛŎέ ƳƻƭŜŎǳƭŀǊ subtypes with distinct prognoses. 

¶ Cluster 9 prognostically favorable, enriched for oligodendroglial neoplasms. 

¶ Cluster 17 prognostically intermediate, histologically diverse, overlapped with 
Phillips, 2006 proneural. 

¶ Clusters 18 and 23 prognostically inferior, enriched for GBM, overlapped with 
Phillips, 2006 proliferative and mesenchymal. 

¶ Prognostic independence from Karnofsky performance status and gender. 
5000  

V 80 GBM 80 
Murat, 

2008 
 ¶ /ƭǳǎǘŜǊǎ му ŀƴŘ но ǎŜƭŜŎǘƛǾŜƭȅ ōŜƴŜŦƛǘǘŜŘ ŦǊƻƳ ¢a½κ·w¢Ҧ¢a½Φ 

V 

76 gliomas 
 

296 gliomas 
236 GBM 

 

Phillips, 
2006 

Li, 2009 
Madhav

an, 2009 
TCGA 

 ¶ Prognostic significance confirmed. 

Verhaak, 2010 

T 200 GBM 200 TCGA  

¶ 5ŜŦƛƴŜŘ п άƛƴǘǊƛƴǎƛŎέ ƳƻƭŜŎǳƭŀǊ ǎǳōǘȅǇŜǎΤ ƴƻǘ ǇǊƻƎƴƻǎǘƛŎ ƛƴ ¢/D! ŘŀǘŀǎŜǘΦ 

¶ Proneural: frequent PDGFRA amplification and mutations in IDH1, TP53, and 
PIK3CA/PIK3R1. 

¶ Classical: frequent EGFR amplification, EGFRvIII mutations, and CDKN2A 
deletions. 

¶ Mesenchymal: frequent mutations in NF1, TP53, and PTEN. 

¶ TCGA proneural, Phillips proneural, and Freije HC1A overlap. 

¶ TCGA mesenchymal, Phillips mesenchymal, and Freije HC2B overlap. 
840 

Proneural ς 
neurogenesis 

Neural ς synaptic 
transmission 

Classical ς EGFR 
Mesenchymal ς 

immune response 

V 

173 GBM 
21 A3, 56 GBM 

23 A3, 36 O2/3, 76 GBM 
44 GBM 
70 GBM 

499 

TCGA 
Phillips, 

2006 
Sun, 

2006 
Beroukhi

m, 2007 
Murat, 

2008 

 

¶ Prognostic significance in five datasets with both GBM and lower grade gliomas. 

¶ Molecular subtypes reproducible in four independent datasets. 

¶ Proneural subtype correlates with younger age at diagnosis. 

¶ Molecular subtype-copy number correlations confirmed in Beroukhim, 2007 
dataset. 

¶ Intensive therapy benefitted classical and mesenchymal GBM from TCGA and 
Murat, 2008. 

Noushmehr, 
2010 

T 272 GBM 272 TCGA  

¶ GBM CpG island methylator phenotype (G-CIMP) in 29% of proneural GBM. 

¶ G-CIMP correlated with younger age at diagnosis and more favorable prognosis. 

¶ Prognostic independence from patient age and histological grade. 

1503 

 

V 
60 and 92 WHO grade II and III 

gliomas 
152   

¶ G-CIMP positivity in WHO grade II/III astrocytomas (45%) and 
oligodendrogliomas (93%). 

8 

Colman, 2010 

T 110 GBM 110 

Nutt, 
2003 

Freije, 
2004 

Nigro, 
2005 

Phillips, 
2006  

 
¶ Defined consensus 38-gene signature using top 200 survival-associated genes 

from each of four datasets. 
38 

Survival 

V 68 GBM with FFPE tissues 68   
¶ Selected 9 genes based on survival correlation and technical compatibility with 

FFPE tissues. 

¶ Prognostic significance confirmed for both progression-free and overall survival. 9 

V 
101 GBM from patients treated 

with standard-of-ŎŀǊŜ ¢a½κ·w¢Ҧ¢a½ 
101   

¶ Prognostic independence from MGMT methylation status in the 101 GBM 
validation dataset. 



 

 

3
5 

¶ Prognostic independence from patient age and Karnofsky performance status in 
both validation datasets. 

Studies listed in order of appearance in the text.  *See Table 1.1 for histological subtype abbreviations.  Abbreviations:  concomitant temozolomide/radiation 
ǘƘŜǊŀǇȅ ŀƴŘ ŀŘƧǳǾŀƴǘ ǘŜƳƻȊƻƭƻƳƛŘŜ ό¢a½κ·w¢Ҧ¢a½ύΤ ŘŀǘŀǎŜǘ ǘȅǇŜǎΥ ǘǊŀƛƴƛƴƎ ό¢ύΣ ǾŀƭƛŘŀǘƛƻƴ ό±ύΤ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ƳŀǘǊƛȄ ό9/aύΤ ŦƻǊmalin-fixed, paraffin-embedded 
(FFPE); primary GBM (priGBM); secondary GBM (secGBM).
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Table 1.3.  Diffuse glioma GEMM 
 

   

Cell-of-origin 

Genetic modification(s) in key signaling pathways 

Ref(s) 
RB RTK PI3K TP53 

Othe
r 

GFAP+  KRAS
G12D

    (126) 

All INK4A/ARF
-
 FIG-ROS     (127) 

GFAP+ RB1
-/ -

 
 

PTEN
-/ - TP53

-/ -
 

 (100) 

Nestin+ or 
GFAP+ 

INK4A
-/ - 

ARF
-/ - 

INK4A/ARF
-/ -

 

t5DCʲ 
KRAS

G12D Akt-Myr-ɲмм-60  
IGFB

P2 
(86, 87, 90, 
128) 

GFAP+ INK4A/ARF
-/ -

 KRAS
G12V

  
TP53

-/ -  (129) 

GFAP+  
12

V-Ha-Ras 
EGFRvIII 

   (80-82, 130) 

Nestin+ or 
GFAP+ 

 KRAS
G12D

 Akt-Myr-ɲмм-60  MYC (88, 89, 131) 

Nestin+ or 
GFAP+ 

INK4A/ARF
+/- or -/ - 

CDK4 
EGFRvIII 

bFGF 
 

TP53
+/-

 
 (132) 

GFAP+ middle T   
mid

dle T 
 (133) 

Nestin+  KRAS
G12D 

 
PTEN

-/ -
 

Akt-Myr-ɲмм-60  
  (134) 

GFAP+  NF1
+/- 

 PTEN
+/-

 
TP53

+/-
 

 (95) 

GFAP+ RBf (T121) KRAS
G12D

 
PTEN

+/-
 

PTEN
-/ -

 
  (40) 

{мллʲҌ INK4A/ARF
+/-

 
v-erbB 

12
V-Ha-Ras 

 
TP53

+/-
 

 (71, 135) 

All  NF1
+/-

  
TP53

+/-
 

 (76, 136) 

GFAP+ RB1
+/-

 v-src  
TP53

+/-
 

 (77, 78) 

Nestin+ or 
GFAP+ 

INK4A/ARF
-
 KRAS

G12D
  Akt-Myr-ɲмм-60    (89) 

Nestin+ or 
GFAP+ 

INK4A
-
 or ARF

-
 KRAS

G12D
  Akt-Myr-ɲмм-60    (137) 

GFAP+  
12

V-Ha-Ras 
EGFRvIII  

PTEN
+/- 

PTEN
-/ -

 
  (82) 

GFAP+ RBf (T121)  PTEN
+/-

 
TP53

+/-
 

 (79, 92) 

Col1a1+ INK4A/ARF
-/ -

 
EGFR 

EGFRvIII 
PTEN

-/ - 
  (96) 

GFAP+  
NF1

+/-  

NF1
-/ - 

 
 

TP53
-/ -

 
 (94) 
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CHAPTER II 

Progression from low- to high-grade astrocytoma is characterized by transcriptomal heterogeneity 
and genomic number copy changes.  

 
INTRODUCTION 

Diffuse astrocytomas, the most common brain cancers, are characterized by extensive 

morphological, molecular, genomic, and biological heterogeneity.  Patients with the most frequent 

histological subtype, glioblastoma (GBM, WHO Grade IV), have a median survival of 12-15 m (138).  The 

dismal survival of GBM patients has fueled research to define its sources of heterogeneity.  Numerous 

studies within the last decade have shown that gene expression profiling can differentiate between 

various histological subtypes of gliomas, including low-grade and high-grade gliomas and primary and 

secondary GBM (reviewed in (48)).  The Cancer Genome Atlas (TCGA) utilized array comparative 

genomic hybridization (aCGH) and DNA sequencing to define commonly mutated genes in primary GBM 

and concluded that GBM tumorigenesis requires genetic alterations in three core signaling pathways: 

the RB regulated G1/S cell cycle checkpoint, receptor tyrosine kinase (RTK) signaling, and TP53 signaling 

(29).  TCGA also examined the genomic heterogeneity of primary GBM and defined four transcriptomal 

subtypes ς proneural, neural, classical, and mesenchymal (17) ς that were similar to subtypes previously 

identified in multiple histological subtypes of gliomas (16, 18, 25).  Putative oncogenic driver mutations 

were enriched in each GBM subtype, but none were exclusive.  These data suggest that factors other 

than driver mutations may significantly contribute to GBM transcriptomal heterogeneity.  Such factors 

include the differentiation state and fate potential of the cells harboring tumor-initiating mutations, and 

the genetic and epigenetic mutations that transformed cells acquire during malignant progression.

 



 

38 
 

Defining the sources of genomic heterogeneity in GBM requires tractable model systems where 

oncogenic driver mutations and their cellular targets can be experimentally defined to induce de novo 

tumorigenesis in the complex microenvironment of the brain.  In this regard, genetically engineered 

mouse (GEM) models have proven critical in understanding the genetic and cellular basis of GBM 

pathogenesis (reviewed in (139)).  A number of GEM models with core signaling pathway mutations 

have established the roles of these genes in astrocytoma initiation and/or progression. 

Most astrocytoma GEM models disrupted the G1/S checkpoint using Cdkn2a (Ink4a/Arf) or Rb1 

deletion mutations.  Functional inactivation of three Rb family proteins in embryonic/neonatal mice led 

to astrocytoma tumorigenesis that was accelerated in a Pten-null background (79) and focal, somatic 

Pten deletion increased angiogenesis and invasion in this model (92).  Others showed that conditional 

deletion of Pten and Trp53 in adult murine astrocytes led to development of high-grade astrocytomas 

(HGA) with shortened latency in the presence of Rb1 deletion, but that Rb1 and Pten deletions failed to 

produce astrocytomas in the absence of Trp53 deletions (100).  To activate the MAPK pathway, most 

GEM models used constitutively activated Kras or Nf1 deletion.  Nf1 deletion alone is insufficient to 

initiate astrocytoma tumorigenesis (94, 140), but Kras activation in embryonic/neonatal neural 

progenitors inefficiently produces low-grade astrocytomas (LGA) (126).  In contrast, Kras activation 

requires additional oncogenic mutations, such as Ink4a/Arf with or without Trp53/Pten deletions, to 

form HGA in adult GFAP-positive astrocytes (129).  To activate the PI3K pathway, the majority of GEM 

models used Pten deletion.  Whereas deleting Pten in embryonic and adult mouse brains does not 

produce astrocytomas (100, 141), Pten cooperates with Trp53 and Nf1 deletion in embryonic and adult 

neural stem cells to produce HGA (70). 

However, because no oncogenic driver mutations are exclusive to any of the four human GBM 

subtypes, it is difficult to classify GEM as subtype-specific models based solely on their oncogenic driver 

mutations.  Therefore, it remains unclear how the majority of GEM recapitulate the underlying 
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molecular features of the human disease, including genome-wide gene expression, copy number, and 

mutational landscapes.  Studies comparing expression profiles of GBM GEM to their human 

counterparts have only recently begun to emerge (100, 142-145) and only one of these examined 

genomic copy number abnormalities (CNA) (100).  Furthermore, all three of these reports only examined 

tumors harvested from terminally-aged mice.  Thus, the molecular features of astrocytoma initiation 

and progression in adult mice have yet to be characterized using genomic methods. 

There are at least three potential sources of genomic heterogeneity in GBM: the oncogenic 

mutations that initiate tumorigenesis and drive malignant progression, the intrinsic biology and fate 

potential of the mutated cell (the cell of origin), and the developmental stage during which 

transformation occurs.  In the current report, we used conditional, inducible GEM models to target 

constitutive RTK effector pathway (KrasG12D and/or Pten deletion) mutations in G1/S checkpoint-

defective adult mouse astrocytes with GFAP-CreER (99).  We examined the influence of cell of origin, 

specifically with regard to regional astrocyte heterogeneity in the adult mouse brain (146), on the 

genomic heterogeneity of astrocytomas before and after malignant progression.
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MATERIALS AND METHODS 

Genetically-engineered mice 

Heterozygous TgGZT121 (79), KrasG12D+/lsl (147), GFAP-CreER (99), and Rosa26-tdTomato mice 

(148) as well as homozygous PtenloxP/loxP (149), p53loxP/loxP (150), Rb1loxP/loxP (150), and Nf1loxP/loxP (151) mice 

were maintained on a C57/Bl6 background.  PCR genotyping was performed as previously described (79, 

99, 147-151).  All experimental animals were >94% C57/Bl6.  Animal studies were approved by the 

University of North Carolina Institutional Animal Care and Use Committee. 

Tamoxifen induction 

  Cre-mediated recombination in adult mice at approximately 3 m of age was induced with 1 mg 

of 4-hydroxytamoxifen (4OHT) (Sigma, St. Louis, MO) per day for five consecutive days by 

intraperitoneal injection.  Kaplan-Meier plots and log-rank analyses were conducted in Stata 12 (College 

{ǘŀǘƛƻƴΣ ¢·ύΦ  /ƻƳǇŀǊƛǎƻƴǎ ŀǘ ʰ Җ лΦлр ǿŜǊŜ ŎƻƴǎƛŘŜǊŜŘ ǎƛƎƴƛŦƛŎŀƴǘΦ 

Histopathological evaluation 

Serial sagittal sections (4 µm) of formalin-fixed, paraffin embedded brains were stained with 

hematoxylin and eosin (H&E) on a Leica Autostainer XL (Buffalo Grove, IL).  Histopathological grading 

was performed according to WHO 2007 criteria for human astrocytomas (5) and defined as LGA (WHO 

grade II) or HGA (WHO grade III and IV (GBM)) by CRM, who was blinded to initiating genotype, 

induction status, and survival. 

 

Quantification of LGA burden 

H&E stained slides were scanned on an Aperio ScanScope XT (Vista, CA) using a 20X objective 

and the resulting svs files were imported into an Aperio Spectrum web database.  Brains were manually 

segmented into cortex, diencephalon, brainstem, and olfactory bulb regions with Aperio ImageScope 

using the Allen Brain Atlas as a reference (152).  Quantification of nuclei was performed as previously 
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described with the following modifications (153).  The Aperio color deconvolution v9 algorithm was used 

to quantify the area occupied by hematoxylin-positive nuclei in each region on 1-3 serial sagittal brain 

sections per mouse (mean 1.9, SEM 0.4).  Because LGA was detected in the cerebellum of 1 of 282 

(0.4%) 4OHT-induced, GFAP-CreER mice with T, R, and/or P alleles examined histologically (Tables S2.1 

and S2.5), the cerebellum was excluded from further analyses.  Percent nuclear area was calculated as 

hematoxylin-positive pixels divided by total region pixels for each section and graphed as mean ± SEM.  

Because regional nuclear density could be affected by the distance of the section from the sagittal 

midline, the brains from three wild-type C57Bl/6 mice were completely serially sectioned and every odd 

numbered section was scanned and analyzed as described above.  The distance from midline was 

estimated using the Allen Brain Atlas.  Although no significant distance-related effects were evident for 

the cortex, diencephalon, and brainstem by linear regression (Fig. S2.6C, PҗлΦнмύΣ hC. ƴǳŎƭŜŀǊ ŘŜƴǎƛǘȅ 

significantly decreased after 300 µm lateral to sagittal midline.  Therefore, only sections within the 

medial-most 300 µm were used for morphometric analyses in Figs. 2B and S6.  No significant differences 

in nuclear density of the cortex, diencephalon, brainstem, or olfactory bulb were evident in genotypes 

with histologically normal brains (N=25, Figs. S6AB, one-way ANOVA PҖлΦмрύΣ ǘƘŜǊŜŦƻǊŜ Ǌelative LGA 

burden was calculated as the regional nuclear area for each LGA-bearing mouse (N=19, Figs. 2B, S6D, 

and Table S2.1) relative to the mean for all non-tumor bearing genotypes (N=25, Fig. S2.6AB and Table 

S2.1).  The effects of initiating genotype and brain region on LGA burden in Figs. 2B and S6A were 

analyzed using two-way ANOVA and the effects of genotype for each of the four regions in Fig. 2.6D 

were analyzed using one-way ANOVA in GraphPad Prism 5 (San Diego, CA). 

 

Genetic lineage tracing and fate mapping 

GFAP-CreER; Rosa26-tdTomato with or without TgGZT121; KrasG12D+/lsl; Pten+/loxP were induced 

with 4OHT at 3.5 m of age (mean 105, SD 38 d) as described above.  Phenotypically wild-type GFAP-
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CreER; Rosa26-tdTomato mice were sacrificed 7 d (N=3) and GFAP-CreERT2; Rosa26-tdTomato; TgGZT121; 

KrasG12D+/lsl; Pten+/loxP mice were sacrificed approximately 3 w (N=3, mean 18.7 d) and 2 m (N=2, mean 60 

d) post-induction.  All mice received a single intraperitoneal injection with EdU (5mg/kg) 4 h before 

perfusion.  Mice were perfused with 4% paraformaldehyde and their brains were immersion fixed in 4% 

paraformaldehyde overnight.  Fixed brains were embedded in agarose and sagittal 50 µm sections cut 

using a Leica VT1000S vibratome. 

 

Immunofluorescence staining 

 Floating brain sections were permeabilized and blocked for 1 h using phosphate buffered saline 

(PBS) with 0.5% Triton X-100, 0.01 M glycine, and 5% goat serum.  Primary antibodies were added for 18 

h in staining buffer (PBS with 0.1% Triton X-100 and 0.5% bovine serum albumin) using the following 

concentrations: BLBP (rabbit 1:1000, Millipore, #ABN-14), GFAP (chicken 1:2000, Aves, #GFAP), GFAP 

(rabbit 1:1000, DAKO, #Z0334), Ki-67 (mouse 1:1000, Cell Signaling Technologies, #9449S), MAP2 

(chicken 1:1000, Thermo #PA1-16751), NeuN (mouse 1:500, Chemicon, #MAB377), NSE (chicken 1:250, 

AbCam, #ab39369), P16 (mouse 1:500, Santa Cruz, #sc-1661), Sox2 (rabbit 1:500, Chemicon, #ab5603), 

and SV40 T antigen (mouse, 1:100, Calbiochem, #DP02).  Sections were rinsed twice with wash buffer 

(PBS with 0.1% Triton X-100) and then washed twice for 30 min. Slices were stained for 4 h with DAPI 

(1:2000) and the following secondary antibodies: Alexa Fluor 488 (anti-rabbit A11034, anti-mouse 

A11029, and anti-chicken A11039, 1:1000), Alexa Fluor 568 (anti-rabbit A11036, 1:1000), Alexa Fluor 633 

(anti-mouse, A21236, 1:500) and Alexa Fluor 647 (anti-rabbit A21071 and anti-chicken, A21103, 1:500).  

EdU was detected using the Invitrogen Click-iT EdU Cell Proliferation Assay (#C10338) according the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ  {ŜŎǘƛƻƴǎ ǿŜǊŜ ǿŀǎƘŜŘ ŀƴŘ ƳƻǳƴǘŜŘ ƻƴǘƻ Ǝƭŀǎǎ ǎƭƛŘŜǎΦ  LƳŀƎŜǎ ǿŜǊŜ 

acquired using a Zeiss LSM 710 confocal microscope (Thornwood, NY). 
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Immunofluorescence quantification 

Four random images of the cortex, diencephalon, brainstem, and olfactory bulb, and two images 

of the subventricular zone (SVZ), were taken using a 20X objective from each of three consecutive 

sagittal sections, located approximately 1.35 mm lateral to midline, from N=2-3 replicate mice per 

genotype and time point examined.  TdTomato- and DAPI-positive nuclei were counted using ImageJ 

and their ratio was calculated to determine the percent tdTomato-positive cells for each image.  The 

mean percent tdTomato-positive cells ± SEM from 24-36 images was then calculated for each brain 

region.  The percent EdU-positive cells were calculated similarly from 1-3 consecutive sagittal sections 

(mean 1.6, SEM 0.4 sections/mouse), located approximately 0.875 mm lateral to midline, for each 

mouse brain.  The effects of genotype and time from induction on % tdTomato- (Fig. 2.2C) or EdU-

positive cells (Fig. 2.2D) were analyzed using two-way ANOVA in GraphPad Prism 5.  To determine GFAP-

CreER recombination efficiency and specificity for astrocytes, the percentages of BLBP-positive 

astrocytes and NeuN-positive neurons in the cortex, diencephalon, brainstem, and olfactory bulb that 

were tdTomato/BLBP- and tdTomato/NeuN-double positive were determined from 2-5 random 

images/region in a sagittal brain slice from a 4OHT-induced GFAP-CreER; Rosa26-tdTomato mouse. 

 

Microarrays 

Total DNA or RNA was isolated from flash frozen brains or tumors (Tables S2.1, S2.5, S2.8, and 

S2.13) using DNeasy® or RNeasy® Mini Kits (Qiagen, Valencia, CA).  RNA quality was confirmed on an 

Agilent Bioanalyzer (RNA Integrity Number > 7) and labeled using the Agilent Low RNA Input Linear 

Amplification Kit (Santa Clara, CA).  RNA from mouse brains harvested 2 m after 4-OHT induction were 

hybridized to Agilent Whole Mouse Genome 4×44K microarrays (G4122F) while tumors and brains from 

terminally sacrificed mice were hybridized to 4x44Kv2 (G4846A) per the manufacturer's protocol.  

Stratagene Universal Mouse Reference RNA (Agilent, #740100) was co-hybridized to each array as a 
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reference.  DNA was hybridized to Agilent Mouse 244A microarrays (G4415A) using a pooled DNA 

reference made from wild-type C57/Bl6 and syngeneic, phenotypically wild-type littermates.  DNA 

labeling and hybridization were performed in the UNC LCCC Genomics Core using Agilent CGH ULS 

PǊƻǘƻŎƻƭ ǾΦоΦм ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ  aƛŎǊƻŀǊǊŀȅǎ ǿŜǊŜ ǎŎŀƴƴŜŘ ƻƴ ŀƴ !ƎƛƭŜƴǘ 5b! 

Microarray Scanner (G2565CA).  Images were analyzed using Agilent Feature Extraction Software. 

 

Microarray analyses 

All original raw microarray data are publically available at both the UNC Microarray Database 

(http://genome.unc.edu) and the NCBI GEO (GSE49269).  Microarray data was normalized using Lowess.  

Analyses were performed on data present in at least 70% of experimental samples using genes with an 

absolute signal intensity of at least 10 units in both the Cy3 and Cy5 channels (154).  Replicate probes 

were collapsed to genes by averaging.  Further analyses were performed in R (R Development Core 

Team, http://www.R-project.org).  For the 2 m LGA cohort, 78 olfactory bulb and prosencephalon 

samples (Table S2.1) from eight microarray batches were combined in CombatR (155) using a parametric 

adjustment to remove batch effects and form a data matrix on which all further analyses were 

performed.  Forty-three HGA (Table S2.5) from three microarray batches were analyzed similarly.  

Probes were annotated with gene symbols using Agilent eArray 

(https://earray.chem.agilent.com/earray).  Cluster v3.0 and JavaTreeview were used for hierarchical 

clustering analyses (156, 157).  Genes were median centered and the 2000 and 5000 most variable 

genes across all samples were identified by median absolute deviation (MAD) scores.  Consensus 

clustering (158) was performed using the R package ConsensusClusterPlus (159) with 1000 iterations 

and an 80% resample rate and gave identical results using 2000 and 5000 genes.  Core subtype 

membership was verified by silhouette width analysis (17, 160).  ClaNC was used to define a 600 gene 

classifier (200 per subtype) to distinguish among three (S1-S3) HGA subtypes (161).  Single sample Gene 
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Set Enrichment Analysis (ssGSEA) was performed as previously described (162, 163).  For human TCGA 

GBM signatures, the 250 genes most highly expressed in each subtype, as determined by TCGA in one 

versus rest comparisons, were used (17).  The murine neural lineage dataset GSE9566 was downloaded 

from NCBI GEO.  Neural lineage-specific gene signatures were the top 500 genes associated with each 

cell type (108).  The human lower-grade astrocytoma dataset GSE35158 was downloaded from NCBI 

GEO and signature genes were taken from Table S2.3 of Gorovets, et al. (164).  For comparison to 

human gene sets, mouse genes were converted to the human orthologs using the MGI database 

(ftp://ftp.informatics.jax.org/pub/reports/index.html#orthology). 

 

Array CGH analyses 

Lowess-normalized data were analyzed and plotted using the R script SWITCHdna (165) with 

alpha=16 and Fthresh=12.  Probe level analysis of the Pten locus indicated that loss of exon 5 was 

detectable in LGA with deleted Pten, suggesting tumor cell density was sufficient to detect potential 

CNA in LGA. Raw Agilent 244A copy number data from GSE22927 (100) was downloaded from NCBI 

GEO, normalized, and analyzed similarly.   

 

Prediction of TCGA GBM subtypes in GEM HGA 

TCGA GBM subtypes of 42 core TR(P) HGA (Fig. S2.15) were predicted using the murine 

orthologs of the TCGA GBM ClaNC 840 gene classifier (17, 163).  Murine HGA and TCGA GBM mRNA 

expression data were combined using Distance Weighted Discrimination (DWD) (166).  Heat maps were 

limited to the 840 classifier genes and samples were ordered according to their predicted subtype. 
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GEM HGA validation set analyses 

Three adult murine HGA datasets were downloaded from NCBI GEO (GSE22927, GSE35917, and 

GSE29458; Table S2.11) (100, 142, 144).  Data were limited to 8105 genes common to all three datasets 

and batch effects were removed using parametric adjustment in CombatR using the TCGA GBM subtype 

predictions determined in the original manuscripts as covariates.  Hierarchical clustering and single 

sample prediction of S1-S3 HGA subtypes using the ClaNC 600 gene classifier defined in the discovery set 

were performed on the validation set. 

 

Significance analysis of microarrays (SAM) 

Genes significant to LGA versus normal brain or LGA with and without KrasG12D were determined 

by one versus rest SAM with a false discovery rate (FDR) of 0.001 (Table S2.3).  Genes significant to each 

murine HGA subtype were determined by one versus rest SAM with FDR of 0.001, 0.01, and 0 for S1, S2, 

and S3, respectively (Table S2.9).  FDR were chosen in order to define 1000-2000 of the most significant 

differentially expressed genes. 

 

G1/S checkpoint (RB pathway) mutations in human GBM 

Data from 236 TCGA human GBM with aCGH, sequencing, and mRNA and protein expression 

data were analyzed using the cBio Cancer Genomics Portal (167).  Copy number abnormalities were 

determined by GISTIC 2.0; mRNA and protein expression Z-scores beyond ± 2 were considered 

sƛƎƴƛŦƛŎŀƴǘΦ  CƛǎƘŜǊΩǎ ŜȄŀŎǘ ǘŜǎǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǘƻ ŀǎǎŜǎǎ Ŏƻ-occurrence or mutual exclusivity. 
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RESULTS 

G1/S cell cycle checkpoint genes are mutated in virtually all human GBM 

Significant alterations in G1/S cell cycle checkpoint (RB pathway) genes occur in 98% of adult human 

GBM in the TCGA dataset (Fig. S2.1).  Reduced RB1 mRNA or protein expression, inactivating mutations, 

or copy number losses trend towards co-occurrence with similar alterations in its pocket protein family 

members RBL1 or RBL2, suggesting that functional compensation amongst these proteins may require 

elimination to disrupt the G1/S checkpoint in the absence of CDKN2A/CDKN2B alterations, which occur 

in 68-70% of cases.  Rb1 deletion in adult GFAP-positive mouse brain cells fails to initiate astrocytoma 

tumorigenesis, in both the presence and absence of concomitant Pten deletion (100).  However, 

inactivation of all three Rb family proteins (Rb1, p107, p130) by T121 expression in GFAP-positive 

embryonic brain cells is sufficient for LGA development and tumorigenesis is accelerated when 

combined with heterozygous Pten deletion (79).  We have recently shown that T121 expression ablates 

the G1/S checkpoint in murine astrocytes (163).  It remains unknown whether functional ablation of Rb 

family members in the adult mouse brain is sufficient for astrocytoma development and whether 

concomitant Pten loss accelerates tumorigenesis in this developmental context.  To study the individual 

and combined loss of Rb family and Pten activity in adult mouse brains, we used conditional, inducible 

transgenic GFAP-CreER mice (99). 

 

GFAP-CreER targets astrocytes in multiple regions of the adult mouse brain 

Genetic lineage tracing in 3 m adult GFAP-CreER; Rosa26-tdTomato mice showed that 4OHT induced 

recombination throughout the brain (Figs. 2.1, S2.2).  Multiplex immunofluorescence showed that 

recombination occurred in 59 ± 2% of BLBP-positive astrocytes in the cortex, diencephalon, and 

brainstem (Fig. S2.3).  In contrast, only 0.2 ± 0.1% of NeuN-positive neurons in these regions co-

expressed tdTomato (Fig. S2.4). 
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Ablation of all Rb family members is sufficient for tumorigenesis in adult murine astrocytes 

GFAP-CreER;T121 ± PtenloxP/loxP mice were induced to generate GFAP-CreER;T121 ± Pten-/ - mice 

(hereafter referred to as T and TP-/ -, respectively).  T and TP (TP+/- and TP-/ -) mice were sacrificed 2 m 

after induction and the effects of these mutations on astrocytoma initiation and penetrance were 

analyzed.  All mice remained neurologically asymptomatic, but histopathological analysis showed 100% 

incidence of LGA throughout the brain (Figs. 2.2A, S2.5).  In contrast, Pten deletion alone was insufficient 

for tumorigenesis, as P mice displayed no hypercellularity, nuclear atypia, or abnormal brain 

architecture (Table S2.1), consistent with a previous report (100).  Quantification of nuclei showed that T 

and TP-/ - mice had similar overall hypercellularity, but different regional LGA distribution (Figs. 2.2B, 

S2.5). 

 

KrasG12D potentiates tumorigenesis in G1/S-defective adult murine astrocytes 

Because RTK genes such as EGFR, PDGFRA, ERBB2, and MET are commonly overexpressed, 

amplified, or mutationally activated in human GBM and uniformly activate Ras signaling (168), we used 

a conditional KrasG12D knock-in allele to model the downstream RAS-MAPK pathway activation elicited 

by RTK gene alterations.  KRAS mutations occur in only 2% of human GBM (29), but KRAS and other 

RAS/RAF genes are gained and overexpressed in both human GBM and cell lines (168, 169) and the 

negative RAS regulator NF1 is deleted or mutationally inactivated in 17% of GBM (29).  Kras, but not 

other Ras isoforms, is activated upon Nf1 deletion in murine astrocytes, and KrasG12D phenocopies Nf1 

deletion in vitro and in vivo (170).  Moreover, we have recently shown that KrasG12D potentiates MAPK 

signaling, growth, migration, and invasion of G1/S-defective murine astrocytes expressing T121 in vitro 

and facilitates development of GBM in syngeneic mouse brains (163). 
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KrasG12D has been shown to inefficiently induce LGA in neonatal mouse neural progenitors (126).  To 

investigate whether KrasG12D alone was tumorigenic or cooperated with Rb family and/or Pten 

dysfunction in adult murine astrocytes, we crossed GFAP-CreER;KrasG12D+/lsl ± T121 ± PtenloxP/loxP mice, 

induced recombination, and sacrificed R, RP, TR, and TRP mice at 2 m after induction.  In this context, 

KrasG12D alone or in combination with Pten deletion was insufficient for tumorigenesis, as R and RP mice 

displayed no increased cellularity and had normal brain architecture (Fig. S2.6AB and Table S2.1).  Both 

TR and TRP mice developed neurologically asymptomatic LGA with 100% incidence (Figs. 2.2A, S2.5).  In 

contrast to Pten deletion, KrasG12D significantly increased LGA burden in T mice (18% in TR versus 11% in 

TP-/ -) (Figs. 2.2B, S2.5, S2.6D).  TRP-/ - mice had the highest LGA burden and 25% harbored anaplastic 

astrocytomas (WHO Grade III) after 2 m (Figs. 2.2AB, S2.5, S2.6D).  ANOVA showed that both initiating 

genotype and brain region significantly affected tumor burden.  These findings demonstrate that 

KrasG12D potentiates tumorigenesis in G1/S-defective astrocytes and that Pten deletion further increases 

LGA burden throughout the adult mouse brain. 

 

Ablation of all Rb family members is required for tumorigenesis in adult murine astrocytes 

Rb1 deletion, Rb1;Pten co-deletion ± KrasG12D, or Nf1 ± Rb1 ± Pten co-deletion showed no evidence 

of tumorigenesis in adult astrocytes.  In contrast, similar to TR(P), all T mice with Nf1 ± Pten deletions 

developed astrocytomas (Fig. S2.7, Table S2.2).  Collectively, these results demonstrate that Rb1 

deletion alone is insufficient for tumorigenesis, even in the presence of activating MAPK (KrasG12D or Nf1 

deletion) and PI3K (Pten deletion) pathway mutations.  Rather, they suggest that inhibition of all three 

Rb family proteins is required to ablate the G1/S checkpoint and initiate astrocytoma tumorigenesis in 

adult murine astrocytes.  These results also demonstrate that KrasG12D and Nf1 deletion have similar 

tumorigenic effects in G1/S-defective, adult murine astrocytes. 
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TRP-transformed astrocytes maintain their astrocytic identity and develop into hypercellular foci 

over time 

In order to fate map transformed astrocytes, we used fluorescent lineage tracing with GFAP-CreER; 

Rosa26-tdTomato crossed with TRP+/- mice.  TRP significantly increased tdTomato cell density from 4-6% 

in the normal cortex, diencephalon, brainstem, and olfactory bulb at 7 d to 18-27% and 42-47% in these 

regions 21 and 60 d after induction (Fig. 2.2C, S2.8, S2.9).  A temporal increase in perineuronal 

satelitosis, a histopathological hallmark of human astrocytomas, was also evident (Figs. S2.10 and 

S2.11D).  Furthermore, these cells expressed T121 (Fig. S2.11AB) and the astrocytic markers BLBP (Fig. 

S2.11C) and Gfap (data not shown) and hypercellular foci developed by 60 d (Fig. S2.11E).  A single pulse 

labeling with EdU showed increased proliferation of tdTomato-positive cells in all brain regions over 

time (Fig. 2.2D, S2.9).  Ki-67 staining showed that proliferation was heterogeneous at 60 d (43-52% CV).  

Hypercellular foci had 5-fold increased proliferation relative to surrounding diffuse astrocytoma (Fig. 

S2.11DE). These results show that TRP initiates tumorigenesis in astrocytes in four distinct brain regions, 

that transformed cells maintain their astrocytic identity, and that proliferation and histopathological 

hallmarks of human astrocytomas increase over time.  The fact that hypercellular areas with markedly 

increased proliferation develop suggests that that these foci progress to HGA upon stochastic 

acquisition of additional mutations. 

 

T(RP) LGA transcriptomes have KrasG12D oncogenic driver- and astrocyte location-specific 

signatures 

To understand how Rb, Kras, and Pten affect tumorigenesis at the molecular level, we examined 

gene expression and copy number in high tumor burden areas - olfactory bulbs and forebrains - 

harvested from mice at 2 m after induction (Table S2.1).  Principal components analysis (PCA) showed 

separation of normal olfactory bulb, normal forebrain, and LGA in both regions.  Moreover, LGA with 
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and without KrasG12D grouped separately in both locations (Fig. 2.3A), but there was no KrasG12D effect in 

non-tumor olfactory bulbs (Fig. 3B).  Consensus clustering (158) of transcriptome data confirmed the 

distinction between brain regions and LGA with or without KrasG12D (Fig. S2.12).  Notably, there were 

minimal and infrequent copy number alterations (CNA) in LGA, including those with KrasG12D (Fig. 

S2.13A).  These findings demonstrate that T(RP) LGA have not acquired significant CNA, and their 

transcriptomes have KrasG12D oncogenic driver- and astrocyte location-specific signatures. 

 

T(RP) LGA transcriptomes recapitulate subtypes of non-GBM astrocytomas 

Significance analysis of microarray (SAM) (171) was conducted to identify genes differentially 

expressed between T(RP) LGA and normal brain (Table S2.3).  Gene ontology (GO) analysis showed that 

the most highly expressed LGA genes functioned in multiple cell cycle checkpoints (Fig S2.13B).  We 

confirmed aberrant G1/S signaling by performing p16 immunofluorescence.  At 5 m, p16 is normally 

absent in wild-type cortical murine astrocytes, but is expressed in neurons (172).  Unlike wild-type mice, 

TRP induced p16 expression in transformed astrocytes, consistent with microarray data (Fig. S2.14).  

Upregulation of G1/S checkpoint genes is consistent with Rb pathway disruption in T(RP) LGA.  SAM and 

GO analysis of LGA with versus without KrasG12D showed that the most highly expressed genes were 

enriched in immune response and cell membrane biology (Table S2.3).  To determine if this KrasG12D 

signature was differentially expressed among human astrocytomas, we assessed its enrichment in non-

GBM human astrocytomas (164).  The KrasG12D signature was highly expressed in the pre-glioblastoma 

(PG) subtype (Fig. 2.3C), which has shorter survival than neuroblastic and early progenitor-like subtypes, 

contains mostly HGA (anaplastic astrocytomas), and has a genomic landscape similar to GBM, including 

frequent EGFR amplification and CDKN2A and chromosome 10 (PTEN) deletions (164).  Taken together, 

these data suggested that murine LGA with KrasG12D would rapidly progress to HGA and show worse 

survival than LGA without KrasG12D. 
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LGA with KrasG12D stochastically progress to HGA and acquire CNA 

To determine whether LGA progress to HGA, we induced recombination in all LGA-bearing 

genotypes and aged mice until neurological morbidity.  Astrocytoma incidence was 100% for all six T-

containing genotypes (Fig. 2.4A).  LGA in T and TP mice infrequently progressed to high-grade anaplastic 

astrocytoma (WHO Grade III), but none of these mice exhibited neurological symptoms when sacrificed 

up to 18 m after induction.  Furthermore, terminal T and TP LGA contained few and infrequent CNA (Fig. 

2.5I).  Taken together with the two-month LGA aCGH data (Fig. S2.13A), these results indicate that T(P) 

LGA rarely acquire CNA regardless of their age. 

In contrast, TR mice frequently progressed to HGA, including GBM (Fig. 2.4A), and median survival 

was 4.5 m after induction. (Fig. 2.4B).  These results indicate that while Rb family dysregulation is 

required to initiate tumorigenesis in adult murine astrocytes, KrasG12D facilitates progression to HGA.  

Furthermore, deleting Pten in TRP+/- and TRP-/ - mice resulted in frequent HGA progression.  Although the 

frequencies of HGA in TRP mice were not statistically different from TR, Pten deletion led to increased 

incidence of GBM, which all contained pseudopalisading necrosis, but rarely microvascular proliferation 

(Figs. 2.4A, S2.15, 2.5A-F).  TRP+/- and TRP-/ - mice survived a median of 4.0 and 2.8 m, respectively (Fig. 

2.4B), and HGA occurred in all brain regions except cerebellum (Fig. S2.15). 

The variable survival in TR(P) mice with HGA suggested that progression occurred stochastically.  We 

therefore monitored the development of HGA in TRP+/- mice with contrast-enhanced magnetic 

resonance imaging (MRI) over time.  HGA, but not LGA were visible by T1- and T2-weighted MRI and 

enhanced with gadolinium.  Therefore, contrast enhancement (Fig. 2.5A) was used as a surrogate for 

histological progression.  All mice had MRI-undetectable LGA (Fig. 2.5B-F), but also developed focal, 

contrast-enhancing HGA (Fig. 2.5B-F) at 3-5 m after induction.  Onset was variable, but HGA growth and 
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lethality were uniformly high (Fig. 2.5G-H).  These findings suggest that TRP LGA progress into rapidly 

proliferating, lethal HGA upon the stochastic acquisition of additional mutations. 

Because HGA had variable onset and grew rapidly after initial MRI identification, we performed copy 

number analysis to investigate genomic instability.  Array CGH of 41 terminal TR(P) HGA detected 

abnormalities throughout the genome (Fig. 2.5J-L).  All three genotypes had prevalent copy number 

gains throughout chromosome 6, which contains the established oncogenes Braf, Kras, and Met.  

Among Rb, RTK/MAPK/PI3K, and Trp53 pathway genes, Ccnd2, Stat1, Met, Braf, Kras, Raf1, and Mdm4 

were gained in >20% of HGA.  Other notable, but less frequent CNA were gains of Egfr, Erbb2, Pdgfrb, 

and Pik3ca oncogenes and loss of Pten, Cdkn2a, and Trp53 tumor suppressors (Table S2.6).  TRP-/ - HGA 

had the lowest frequency of these CNA. Similar chromosomal distributions of CNA were evident in TR 

and TRP+/- HGA, but CNA were more frequent in TR HGA (Fig. S2.16).  Only 3 HGA (7%) had no CNA and 

all were from TRP-/ - mice with short, 1.9-2.1 m survivals, including one asymptomatic TRP-/ - mouse 

sacrificed for inclusion in the 2 m cohort that harbored a grossly visible mass.  These results suggest that 

most HGA acquire CNA during malignant progression. 

 

Gene expression profiling identifies three HGA subtypes that correlate with astrocyte location 

In order examine the heterogeneity of murine HGA gene expression, we performed microarray-

based expression profiling on 43 terminal TR(P) HGA and identified three subtypes using consensus 

clustering (Fig. S2.17)  Silhouette width analysis (160) identified 42 core HGA samples with expression 

profiles most representative of each subtype (Fig. S2.17D).  HGA subtype did not correlate with initiating 

oncogenic mutations (Table S2.8).  Similarly, no Pten deletion-related effect was evident in LGA 

transcriptomes (Figs. 2.3AB and S2.12), suggesting that Pten deletion does not significantly contribute to 

transcriptomal heterogeneity either before or after malignant progression in this model.  Whereas 

initiating genotype correlated with survival (Fig. 2.4B), HGA subtype did not (Fig. S2.18A).  However, 



 

54 
 

HGA subtype correlated with brain region (Fig. S2.18B).  Subtype 1 (S1) tumors were primarily located in 

the brainstem (72%), some of which developed as exophytic masses that extended into the fourth 

ventricle.  Subtype 2 (S2) tumors were primarily located in the olfactory bulb (50%).  Subtype 3 (S3) 

tumors were located in all brain regions.  These results suggest that GFAP-positive astrocytes in different 

brain regions give rise to transcriptomally distinct HGA. 

Moreover, HGA transcriptomes were distinct from their genotype-matched LGA counterparts (Fig. 

S2.18C).  This finding confirms that, despite identical initiating oncogenic mutations, progression from 

LGA to HGA is associated with significant transcriptomal changes.  These results are consistent with the 

transcriptomal differences between non-genotype-matched human LGA and HGA (12, 13, 15) and 

suggest that the secondary mutations acquired during malignant progression significantly influence 

astrocytoma transcriptomes. 

 

Murine HGA phenocopy human HGA transcriptomal subtypes 

A classifier consisting of 600 genes, the 200 most representative of each subtype, correctly 

predicted subtype with 0% cross validation and error rates (Fig. 2.6A, Table S2.9).  In order to further 

characterize these subtypes, we examined differentially expressed genes using SAM (171) and defined 

their biological functions using gene ontology analyses (Table S2.11).  Immune and cytokine response, 

NF-Ƭ. ǇŀǘƘǿŀȅΣ ŀƴŘ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ƳŀǘǊƛȄ ƎŜƴŜǎ ǿŜǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŜȄǇǊŜǎǎŜŘ ƛƴ {мΣ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ǘƘƛǎ 

subtype was similar to human mesenchymal HGA (17, 18).  We therefore predicted the human GBM 

subtype of individual murine HGA using the 840-gene TCGA classifier and found that 94% of S1 HGA 

were predicted as mesenchymal GBM (Figs. 2.6C, S2.19, and Table S2.8).  S1 HGA were also enriched in a 

cultured murine astrocyte signature (108) (Fig. 2.6E), similar to human mesenchymal GBM (17). 

Cell cycle, proliferation, and RNA processing genes were significantly expressed in S2 HGA.  The 

majority (75%) of S2 HGA were predicted as proneural GBM using the TCGA classifier.  S2 HGA also 
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expressed a previously identified proliferation signature (173) and a murine oligodendrocyte precursor 

signature (108), similar to human proneural GBM (17). 

Genes highly expressed in S3 HGA were enriched in synaptic transmission, ion channel and 

glutamate signaling, and other neuronal processes.  TCGA classifier predicted 65, 29, and 6% of S3 HGA 

as human neural, proneural, and mesenchymal GBM, respectively, and all were enriched in a murine 

neuronal signature (108).  These results imply that the transcriptomes of S3 HGA are the most 

heterogeneous, but are most similar to human neural GBM. 

Seven TR(P) mice developed two distinct HGA in different brain regions; of these, four had different 

S1-S3 HGA subtypes (Table S2.8).  Six of these HGA pairs were analyzed by aCGH and none contained 

identical genomic copy number landscapes (Table S2.7).  Together, these data suggest that CNA 

acquired stochastically during malignant progression significantly contribute to HGA transcriptomal 

heterogeneity. 

 

Validation of S1-S3 HGA subtypes in different adult GEM HGA models 

S1-S3 HGA subtypes were validated in an independent test set of transcriptome data from adult 

GEM HGA models with different initiating oncogenic mutations (100, 142, 144).  The 600-gene classifier 

showed similar expression in both the discovery and test sets (Figs. 2.6AB).  Furthermore, test set 

samples clustered by both predicted human GBM and mouse HGA subtypes.  Similar to the results with 

TR(P) HGA, S1, S2, and S3 HGA in the test set were primarily predicted as mesenchymal, proneural, and 

neural GBM, respectively (Fig. 2.6D, Table S2.11).  Two datasets contained normal brain samples and 

these clustered with neural S3 HGA.  This finding recapitulates the clustering of human non-neoplastic 

brain with neural GBM (17). 

 

Deletion of p53 affects the CNA landscapes of murine HGA upon malignant progression 
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Because HGA from both TR(P) and Rb1/Pten/p53 triple KO (100) models reproduce multiple human 

GBM subtypes, we compared their CNA landscapes.  Rb1/Pten/p53 triple KO HGA harbored CNA in all 

autosomes, but the chromosomal pattern of CNA was more restricted in TR(P) HGA (Fig. S2.20).  

Because the role of p53 in maintenance of genomic integrity is well established (174), we hypothesized 

that p53 deletion contributed to the difference between genomic landscapes in these models.  To test 

this hypothesis, we bred a floxed p53 allele into T(RP) mice (Table S2.12).  At 2-6 m after induction, all 

T(RP);p53+/- mice harbored LGA and 4/14 had progressed to HGA (Fig. S2.21).  Similar to T(RP) mice 

without p53 deletion (Fig. S2.13A), T(RP);p53+/- astrocytomas harvested 2 m after induction were largely 

devoid of CNA (Fig. S2.22).  In contrast to T mice without KrasG12D in which LGA failed to progress (Fig. 

2.4A) and lacked CNA even when aged over a year (Fig. 2.5I), at 11 m after induction, a T;p53+/- mouse 

developed GBM with widespread CNA similar to Rb1/Pten/p53 triple KO HGA (Fig. S2.23).  These data 

support the conclusion that heterozygous p53 deletion results in widespread genomic instability during 

malignant progression. 
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DISCUSSION 

In this study, we genetically disrupted Rb, Ras, and Pten signaling in adult murine astrocytes and 

systematically investigated tumorigenesis in all relevant genotype combinations.  Functional ablation of 

the Rb family of pocket proteins was sufficient for low-grade astrocytoma (LGA) initiation throughout 

the brain, but KrasG12D, deletions of Rb1, Nf1, and Pten, and double and triple combinations of these 

mutations were insufficient for tumorigenesis.  LGA transcriptomes were distinct from histologically 

normal brains and clustered by anatomic brain region and KrasG12D status.  We identified a KrasG12D-

associated immune response signature that was enriched in the pre-glioblastoma subtype of human 

lower-grade astrocytomas.  When aged to neurological morbidity, mice with Rb pathway and Kras + 

Pten dysfunction developed contrast enhancing HGA with variable latency, rapid growth kinetics, and 

CNA in Rb, RTK/MAPK/PI3K, and Trp53 pathway genes.  Three transcriptomal HGA subtypes were 

identified and subsequently validated in an independent test set of HGA from adult GEM models with 

different initiating oncogenic mutations.  These murine HGA subtypes phenocopy human GBM 

transcriptomes and were enriched for similar biological processes and showed human subtype-specific 

signatures.  Single sample prediction using human GBM subtype-specific genes, single sample gene set 

enrichment, and hierarchical clustering with combined mouse and human expression data, confirmed 

the similarities between murine HGA and human GBM transcriptomal subtypes. 

 

The role of Rb family proteins in astrocytoma initiation and progression 

In contrast to previous studies that inactivated Rb family proteins in embryonic mice (79) or 

conditionally deleted Rb1 in adult mouse brains (100), we found that inactivation of the Rb family of 

pocket proteins ς Rb1, Rbl1/p107, and Rbl2/p130 ς with T121 was sufficient to initiate astrocytoma 

tumorigenesis in adult murine astrocytes.  Deletion of Rb1 alone could not substitute for T121 or combine 

with KrasG12D, Nf1 deletion, or Pten deletion to initiate tumorigenesis.  Together, this evidence suggests 
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that functional compensation amongst Rb pocket proteins renders Rb1 deletion insufficient for 

astrocytoma initiation in adult murine astrocytes, even when paired with MAPK or PI3K pathway 

mutations.  G1/S cell cycle checkpoint function is critical for cell growth regulation; thus, virtually all 

human GBM acquire RB pathway mutations.  Although RBL1 and RBL2 are infrequently mutated, their 

decreased expression tends to co-occur with inactivating RB1 mutations in human GBM that lack 

CDKN2A/CDKN2B mutations.  These findings suggest that functional compensation amongst Rb family 

proteins may require elimination to disrupt the G1/S checkpoint in both humans and mice.  While T121 

was sufficient for initiation, RB1 mutations are generally thought to be a late event during malignant 

glioma progression in humans (175).  Whether these findings reflect a fundamental difference between 

mice and humans or indicate an unappreciated role for functional compensation amongst Rb pocket 

proteins in human gliomas remains unclear. 

We provide the first report of murine LGA gene expression and CNA data in adult, conditional GEM.  

Expression profiling showed that LGA are distinct from non-tumorigenic brains and can be separated 

into two subtypes based on KrasG12D, but not Pten deletion.  These data suggest that in G1/S-defective 

adult murine astrocytes, KrasG12D has greater effect on gene expression than Pten deletion and are 

consistent with a recent study in which multiple fragments of individual human GBM were sequenced to 

examine clonal evolution (176).  The authors suggest that PTEN loss is a late event in human GBM 

progression and occurs after primary genetic events such as RB and RAS pathway mutations.  Murine 

LGA transcriptome analysis also distinguished between the profiles of LGA that would frequently 

progress to HGA versus those that would not.  One notable difference between this murine subtype and 

its potential human counterpartτthe pre-glioblastoma subtype predicted to become GBM (164)τis 

that murine LGA have relatively silent genomes, but human pre-glioblastomas have genomic copy 

number profiles similar to GBM.  The lack of CNA may be attributable to fewer A3 in mice at 2 m versus 

many A3 in human pre-GBM, but it is noteworthy that gene expression indicates LGA with GBM 
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potential before progression.  Additionally, we showed that, regardless of time after induction or 

genotype, all LGA genomes were relatively absent of CNA.  These data suggest that transcriptomal 

signatures may be better conserved across species than patterns of chromosomal instability or 

mutations.   

A detailed genomic and transcriptomal characterization of murine LGA can be used as a foundation 

for further studies.  This model is particularly suited to examining the effects of standard radiotherapy 

and temozolomide on histological and genomic tumor progression and survival.  Progression and 

adaptation studies would only be possible in humans with detailed follow-ups, and long survival of 

patients with A2 makes such studies logistically difficult.  In contrast, this murine LGA model provides a 

unique opportunity to examine treatment induced biological responses in a reasonable timeframe. 

 

Modeling human subtypes and the influence of the cell of origin 

Human GBM have been characterized based on their transcriptomal variation with the ultimate 

hope that subtype-specific features can be used to realize the potential of targeted therapy and 

personalized medicine (16-18, 25).  Using GEM to determine the cellular origin(s) of the four 

transcriptomal GBM subtypes has been complicated by the fact that a variety of different methods and 

genes are used to drive GEM tumorigenesis, and that many GEM employ GFAP or Nestin Cre drivers in 

the developmental context where they have overlapping cellular specificity (139).  As a result, direct 

comparisons between models, cells, and transcriptomes are difficult. 

Proneural-like murine HGA and GBM have been described in a model that embryonically deleted 

p53/Nf1 with GFAP-, Nestin-, or NG2-Cre in fluorescently labeled cells (143), a model that employs PDGF 

and Cre-expressing viral injections in 6-8 w floxed Pten or Pten/p53 mice (142), and a GFAP-CreER-driven 

adult GEM with floxed Pten/p53 + floxed Rb1 (100).  Here, adult GFAP-driven S2 proneural-like HGA 

often occurred in the olfactory bulb and all S2 HGA were enriched in an OPC signature, suggesting a 
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potential cell of origin.  If OPC are the origin it indicates that proneural-like HGA progress similarly in 

embryonic and adult GEM, in that initiating mutations occur in NSC but OPC are the tumorigenic cell 

lineage (143).  However, we cannot yet determine the specific cell of origin for olfactory bulb S2 

proneural-like HGA despite confirmation that GFAP-Cre targets SVZ cells, but we suspect they originate 

from neural stem cells of the SVZ that travel through the RMS in addition to local olfactory bulb 

astrocytes.  TRP brains have RMS tumors, and GFAP-positive proliferation and tumorigenesis occurs in 

the inner region of the olfactory bulb where the RMS deposits.  Ongoing studies involve a detailed origin 

and fate characterization of these cells. 

We also described S1 mesenchymal-like HGA which often occurred in the brainstem and expressed 

signatures resembling cultured astrocytes.  Mesenchymal-like HGA have been described in two other 

adult HGA modelsτthe Baker group deleted Pten/p53 ± Rb1 in GFAP-positive cells (100), and the Verma 

group injected lentivirus expressing HrasV12 and p53-shRNA into SVZ, cortex, and hippocampus of GFAP-

Cre, mice or into the cortex of Syn1-Cre mice (144).  However, when Nestin-Cre mice were used 

hippocampal injections generated neural-like HGA.  The result of different subtypes based on alternate 

Cre-drivers indicates that subtle differences in GFAP and Nestin hippocampal cellular specificity lead to 

transcriptomally distinct HGA even when using identical tumorigenic driver genes.  Notably, none of 

these mesenchymal mouse models included Nf1 deletion, often thought to be a hallmark of 

mesenchymal GBM.  Together, these three adult HGA models show that a variety of driver mutations in 

astrocytes and neurons can form mesenchymal HGA. 

Lastly, we described S3 neural-like HGA that occurred in the cortex, diencephalon, brainstem, and 

olfactory bulb.  S3 neural-like HGA had the most heterogenous transcriptomesτneuron signature genes 

were enriched in S3 HGA, but individual HGA also highly expressed OPC, astrocyte, and oligodendrocyte 

signatures.  Similar transcriptomal heterogeneity existed in neural-like HGA from the Verma group even 

though all those HGA were initiated in the same location in Nestin-Cre mice (144).  These two examples 
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of neural-like HGA suggest hippocampal NSC and differentiated astrocytes as potential sources.  We 

have yet to define the origin of S1 or S3 HGA, but based on the knowledge that most cortical astrocytes 

in mice originate from local proliferation of postnatal astrocytes rather than from glial progenitors 

migrating from the SVZ (177), we suspect that cortical and brainstem HGA arise from locally transformed 

astrocytes and not NSC. 

The classical GBM subtype has been more difficult to reproduce in GEM.  We and others (100) 

showed a few tumors that predicted as classical, but these are part of the S2-proneural subtype rather 

than a unique group like human classical GBM.  However, classical GBM might be one subtype that can 

be more easily defined by its oncogenic mutations because CDKN2A loss, EGFR gain, and EGFR increased 

expression are nearly universal in classical GBM.  Unfortunately comprehensive analysis was precluded 

in the adult HGA GEM that used these genetic drivers because it lacked a brain-specific promoter and 

transcriptome analysis (96). 

Determining how astrocytoma cells of origin, initiating mutations, acquired genomic changes, and 

microenvironment contribute to HGA and GBM has been difficult in part because human GBM 

transcriptomes have not been as instructive as other cancers such as medulloblastoma, where, human 

subtype signatures suggested key driver mutations, which were later confirmed to drive subtype 

specificity when initiated in specific cells of origin in GEM (178).  Yet despite different Cre-drivers, 

initiating mutations, and degrees of CNA, S1-S3 GFAP-Cre TR(P) HGA cover the transcriptomal diversity 

present in previous HGA GEM.  These data suggest that while initiating oncogenic drivers and/or 

acquired CNA, no doubt, contribute to genome-wide transcription, the promoter driving the model, and 

thus brain region and/or cell of origin, play a more prominent role in defining murine HGA subtype.   

In summary, this is the first study to validate murine glioma transcriptome subtypes using a test set 

composed of adult glioma models with diverse oncogenic mutations.  It shows inherent heterogeneity 

that reproduces both the transcriptomal diversity of human GBM and encapsulates the transcriptomal 



 

62 
 

diversity of three recent adult GEM GBM cohorts, each with distinct combinations of oncogenic 

mutations and putative cells of origin.  This study builds on previous GEM genomic analysis to suggest 

that there can be multiple GBM cells of origin and that to discover the conditions for astrocytoma 

transcriptomal heterogeneity researchers must understand the cellular context of tumorigenic 

mutations.  Advances using developmental neurobiology and lineage tracing to identify brain cellular 

hierarchies should facilitate this task.  It will allow researchers to further define the requirements for 

subtype specificity by targeting initiating mutations in different cellular lineages within spatially distinct 

brain regions. 
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Figure 2.1.  GFAP-CreER mediates recombination throughout the brain  Genetic lineage tracing in a 

GFAP-CreER;Rosa26-tdTomato mouse at 7 d after induction.  DAPI (A, D), tdTomato (B, E), and merged 
(C, G).  Only cells in neurogenic brain regions (panels D-G from the boxed region in B), including the SVZ 
and rostral migratory stream, incorporate EdU (F).
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Figure 2.2. Effects of initiating genotype and brain region on LGA tumorigenesis.   All mice 

harbored LGA (blue) and only 25% of TRP-/ - mice had progressed to HGA (red) at 2 m after induction (A).  
Nuclear density in the cortex (CTX), diencephalon (DI), brainstem (BS), and olfactory bulb (OFB) was 
examined for each genotype and compared to phenotypically wild-type controls (Fig. S2.6). T and TP-/ - 
mice had similar overall hypercellularity, but regional distribution differed: TP-/ - mice harbored 
significantly greater OFB LGA (one-way ANOVA P=0.002).  Regional differences were not evident 
between TP-/ - and TR or TR and TRP-/ -, but both initiating genotype and brain region significantly affected 
LGA burden overall (two-way ANOVA P<0.002).  Genetic lineage tracing in GFAP-CreER;Rosa26-
tdTomato (green) and GFAP-CreER;Rosa26-tdTomato;TRP+/- (red, blue) mice at 7 (green), 21 (red), and 
60 (blue) d showed an increase in tdTomato- (C) and proliferating, EdU-positive cells (D) over time in all 
four brain regions.  Only tdTomato-positive cells in the subventricular zone (SVZ) proliferated in the 
presence and absence of TRP+/-.  Both initiating genotype/time and brain region significantly affected 
tdTomato- and EdU-positive cell density (two-way ANOVA P<0.0001). 
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Figure 2.3.  LGA transcriptomes show driver mutation- and brain region-associated signatures.  
Principal component analysis (PCA) shows that normal (black) and LGA-containing (red, blue) 

olfactory bulbs (OFB) and forebrains (FB) have distinct transcriptomes, as phenotypically wild-type mice 
(normal brains, Table S) clustered separate from T, TR, TP, TRP LGA (A).  Transcriptomes of OFB and CTX 
LGA with (red) and without (blue) KrasG12D are also distinct.  Although OFB transcriptomes from 
histologically normal mice with (black with red outlines) and without (black) KrasG12D were 
indistinguishable, the transcriptomes of OFB LGA with KrasG12D (red) were distinct from those without 
(blue) (B).  A KrasG12D-related OFB LGA gene signature was enriched in the pre-glioblastoma (PG), but not 
the neuroblastic (NB) or early progenitor-like (EPL) subtypes of human non-GBM astrocytomas. 
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Figure 2.4.  KrasG12D facilitates malignant progression to HGA.   Histopathological examination of 

brains from aged mice (A) showed that only 17-21% of T, TP+/-, and TP-/ - mice harbored HGA (all A3).  In 
contrast, 71-76% of TR, TRP+/-, and TRP-/ - mice harbored HGA [Chi-squared PҖлΦллмΣ ¢wόtύ ǾǎΦ ¢όtύϐΦ  D.a 
developed in 35, 54, and 62% of TR, TRP+/-, and TRP-/ - mice (Chi-squared P=0.065, TRP-/ - vs. TR).  Whereas 
TR, TRP+/-, and TRP-/ - mice developed HGA-related neurological morbidity and showed significantly 
decreased median survivals of 4.5, 4.0, and 2.8 m, respectively (Log-rank P < 0.009 for all pairwise 
comparisons), all T, TP+/-, and TP-/ - mice were neurologically asymptomatic when sacrificed 7-19 m after 
induction. 
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Figure 2.5. LGA stochastically progress to rapidly proliferative, lethal HGA after acquisition of CNA.   

Gadolinium contrast enhancing (A), T121-positive (B) HGA (C) develop focally in the context of 
widespread LGA (C, D, E).  A representative GBM with microvascular proliferation (F) from a TRP+/- 






























































































































































































































































































































































































































































































