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ABSTRACT
Mark Vitucci Molecular Characterization of Murine Models of Astrocytoma
(Under the direction o€. Ryan Miller M.DPh.D.)

Astrocytomas are some of the most lethal diffuse gliomas, and glioblastoma (GBM, Grade IV
astrocytoma) has a median survival of12 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 bamedthe datafrom these studiesand 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 importantlit 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 braiim adult mice We define the requirements for astrocytoma initiation
and the effect they have on gene expression and copy number. Stochastic progressiongmbah
astrocytoma (HGA) and GBM are characterized by detegtionontrastenhancing MRI, rapid growth,
genotypedependent 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 cultur¢o create G1/Slefective astrocytes with activatddrasand/or Ptendeletion.



We examined hwa theseindividual and combined mutations affected gene expression and phenotypic
hallmarks of astrocytomtumorigenesigncludingcell growth migration, and invasion. Combined
disruption of MAPK anBI3K signaling led to the most aggressive, invasvecytes(TRPith stem-

like and proneural expression profilesheseTRP astrocytes were confirmed to have stem cell
propertiesin vitroandin viva After orthotopic injection into syngeneic mice, these TRP astrocytes
formed HGA with high incidencdart latency, and reproducible survival, supporting its utility as a
preclinical model. We replicated standard of c&BM treatment consisting eadiation with

concurrent temozolomidand showed that TRP allografts were susceptible to radiatiomdiut
temozolomide. Similar to TRP astrocyitesitro, the allograft HGA expression profiles were proneural,
but after radiation treatmenmostwere most similar to the mesenchymal subtype. Overall, this
research defines the requirements for astrocytoma in adulrine astrocytes and raises important
guestions about whether mutations, cell type, or location determines molecular subtype. Wimpeve
several models which will be useful to further elucidate the molecular nuances of astrocytoma and their
effects on initiation, progression, and signaling pathsvay hese models will also serve as the basis for
future subtype specific preclinical modeh which to develop novel gene signatures, biomarkers, and

molecularly targeted therapies.
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CHAPTER |

Introduction

GENE EXPRESSION RROE OF GLIOMAS: MERG GENOMIBND HISTOPATHOLOGQICA
CLASSIFICATION FEBRBONALIZED THERAPY

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 clest#ifin systems based on
microscopic morphology. Although DNA microafbaged gene expression profiling (GEP) remains
unlikely in the near term to completely replace morphological classification of primary brain tumors,
specifically the diffuse gliomasEB has confirmed that significant molecular heterogeneity exists within
the various morphologicalgefined gliomas, particularly glioblastoma (GBM). Herein we provide a ten
year progress report on human glioma GEP, with a focus on development of diagrabstic 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

!A version of this work was previouglyblished a%/itucci M, Hayes DN, Miller CR. Gene expression
profiling of gliomas: merging genomic and histopathological classification for personalised therapy. Br J
Cancer. 2011;104(4):5453.

2 A version of this work was previously publishe®abmidRS, Vitucci M, Miller CR. Genetically
engineered mouse models of diffuse gliomas. Brain Res Bull. 2012;8841):72



gliomagenesis, a prerequisifor 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 foundatiorafpradiis,
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 predions, a variety of transformative technologies have been developed
over the last four decadeselectron microscopy, molecular biology, immunohistochemistry, and
guantitative RTPCR; to refine traditional cancer classification or as outright replacemefitse 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 ()G 2 G KF Ny Sadaa GKS LIR26SNI 2F O2YLINBKSY:
technologies to make the classification of tumors vastly more informative. This challenge is intended to
lay the groundwok for changing the basi@emphasis added) of tumor classification from morphological
G2 Y2t SOdzf  NJ OKF NF OGSNRAGAOA DE

The response from the cancer research community has been intense: nearly 14,000 publications
have utilized DNA microarrays for genom&le 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 morphologicallgfined cancers and that potentially ctiaily
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 guidelif@scotype Dx®) for clinical use in breast cancer

2.



This discordance between scientific productivity andichl 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 anaysis, and levels of evidence required for clinical use. A number of excellent review articles have
discussed these and other impediments to implementing GEP clin@ally Herein, we review a
decade of DNA microarrdyased 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 infidegtclinicallyrelevant
molecular subtypes of gliomas. We will then primarily focus on studies that have examined the

prognostic impact of mukgene signatures for the most deadly glioma, glioblastoma (GBM).

Morphological classification of glioms

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 theggumed developmental counterparts by
light microscopy. This system has been refined periodically, culminating in the current World Health
Organization (WHO) schen8. Seven gliomas are currently recognized as distinct clinicopathological
entities, each characterized by cytological amthunohistochemial evidence of differentiation along
astrocytic, oligodendroglial, or both glial lineages (Td¢ Further refinement into distinct
prognostic groups is dictated by histological gradintvjilbbased on morphological features associated
with more aggessive biology, including mitoses, microvascular proliferation, and ne¢sis
Molecular and genetic features constitute an additional level of detail utilized not only to diagnostically
differentiate among these entities, but increasingly to prediatical outcomes and response to

adjuvant therapies.



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 #&6 confidence intervals of Kapiiteier 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 statisgd.()

(7). Using these two measurements, prognostic variability is least pronounced in astrocytic ghignas (
1.1A), particularly GBM, and is substantially higher in mixéd. (1.B) and pure oligodendrogliaF{g.

1.1Q gliomas. Prognostic variability is stgpronounced among the lower grade gliomg&( 1.D, B.

For these gliomas in particular, accurate classification and prognostication have become increasingly
dependent on molecular assays. The most notable test deteetieladion of chromosomal armip

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
morphologicallyambiguous grade Il and Il gliomas remairallelnging, even among experienced
neuropathologistg6, 7). Clearlymore objective, molecular methodsif diagnostic discrimination

among gliomas are needed.

The clinicopathological variables central to the WHO 2007 classificaittient age at diagnosis,
differentiation (cytology), histological grade, and 1p19edetetion status account for 7880 percent of
the prognostic variability among each of the three major types of gliomas, based on the CTiadkx (

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 individuakipats, this example clearly illustrates that

existing clinicopathological factors account for the vast majority of prognostic variability in gliomas. Itis



in this contextg the ability to provide prognostic information independent of established facttnat

the clinical utility of GEP must be defin@®l The key for clinical implementation of GEP will therefore
be to quantify the remaining 280% of prognostic variability by one of two means: 1) itdi=GEP as a
diagnostic adjunct to more accurately classify morphologieatipiguous gliomas, or 2) to identify

prognostically distinct molecular subtypes within otherwise morphologit¢adiyjogeneous gliomas.

Molecular classification of gliomas

The earlkest GEP studies utilized class comparison to identify differentially expressed genes among
morphologicallydefined gliomas. Such genes were found in-gpade versus higlyrade astrocytomas
(8), highgrade oligodendrogliomas versus GBW10), primary versus secalary GBM11-13), adult
versus pediatric GBNL4), or a variety of morphologicaligefined glioma subtype(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 gradeThese studies confirmed that morphological differences among
gliomas are reflected at the mRNA transcript level and that differentiadhressed genes could be
utilizedto distinguish among morphologicati¢fined subtypes. However, discordance between
morphological diagnosis and GEEfined molecular subtype was frequent, likely due in part to inclusion
of difficult-to-classify, morphologicallgmbiguous gliomas.

Nutt, Louis, and colleagues provided a glimpse of the potential clinical utility of GiaRaasillary
diagnostic test for more accurate glioma classificat@n These investigators identified genes
significantly correlated with either morphologically classical GBM or anaplastic oligadgiodra in a
training set of 21 tumors and built a class prediction model that showed 86% accuracy in assigning 29
diagnosticallychallenging GBM and anaplastic oligodendrogliomas to their respective diagnostic

categories. More importantly, a statistioaBlignificant difference in overall survival for the GER not



the morphologicallydefined groups was found, suggesting that GEP may provide more accurate
classification and prognostication, particularly for morphologieathbiguous gliomas. Thesedings

were confirmed by Shirahata and colleag(#8), who identified 168 differentialbexpressedjenes

from PCR array data on 32 GBM and anaplastic oligodendrogliomas and a weighted voting algorithm to
develop a 67gene diagnostic assay with 96.6% accuracy in distinguishing between these two
prognosticallydistinct highgrade gliomas using the publisth Nutt datase{(9) for validation.

Li, Fine, and colleagues provided the first report of a comprehensive, molecular classification of all
gliomas(16). These authors utilizevo unsupervised machine learning methods on a large training set
(N=159) of WHO gradelV gliomas from all three histological categories. Guided only by molecular
data, without influence of prior morphological diagnosis, they identified six hieraithicested
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 (GA1l, GA2, GB1, and GB2). These data confirmed
that morphological differences among gliomee reflected at the mRNA transcript level. Survival
analyses showed that the O and G main groups and the OA and OB subgrodgp®t@nors, 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 GBM17), while that of the six subgroups was confirmed in the REMBRANDT and Phillips, et
al. datasés consisting of all seven gliom@ds, 19). However, the concordance between GiRfined
subtypes and histopathological diagnoses was not assessed and multivariate survival analyses with
known prognostic factors were not conducted.

Inretrospect, 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 discriminafmywer of GEP wi&vis morphological

classification. Moreover, the relatively small sample sizes and lack of data on known prognostic



covariates precluded comprehensive multivariable analyses. Particularly for the earlier studies, the
prognostic impacbf GEP signatures could not be validated in large, external dat@getsortunately,

most data have been deposited in publicadlyailable online repositories, including the Gene Expression
Omnibus and REMBRANQ@Y). These data have already beertinmental in both novel hypothesis
driven, mechanistic studig20) and subsquent GEP studies described below. Only through collection
of GEP data on a sufficient number of all seven morphologidafiped gliomas will it be possible to
assess whether GEP will be diagnostically robust enouggptacemorphology as théasisfor glioma

classification.

GEP identifies prognosticaligistinct molecular subtypes of gliomas

A number of GEP studies have identified prognostich$iiinct molecular subtypes of gliomas. In
2004, Freije, Nelson, and colleagues analyzed 74 gliomasfénar histological types and identified 595
differentially-expressed genes that correlated with overall surv{2d). Hierarchical clustering showed
four molecular subtypes (labeled HC1A, HC1B, HC2A, and HC2B) that segregated into two distinct
(P=0.0001) survival clusters (SC): SC1 (93% HC1A/B and 62&BiM)nand 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 datas€) 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 neurogg@@gisuggesting a more
differentiated phenotype. In contrast, the poor survival subtypes were enriched for proliferation (HC2A)
and extracellular matrix/invasierelated (HC2B) genes. A similar list of survietated genes
implicated in neurogenesis was identified by Liang, g@8), who also showed that GBM could be

divided into two prognostically distinct moleculsubtypes (median overall survival 2.1 vs. 0.3 y).



In 2006, Phillips, Aldape, and colleagues analyzed 7é&gnéglie astrocytomas and identified 108
differentially-expressed genes significantly associated with overall suiii8grl 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
nonD. a¥ YR 3aad20AFGSR gAGK aA3ayAFAOLIyilifte Y2NB Fl &
independent of histological grade. In contrast, theljfepative and mesenchymal gene signatures were
enriched for proliferationand extracellular matrix/invasiorelated genes, similar to the Frieje HC2A
and HCAZ2B 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 gradd tliomas is HC1A/proneural, and 2)
HC1A/proneural GBM may be more prognostically favorable.

Using published datasets and new GEP data on 86 GBM, a subsequergmalsis by Lee, et al.
utilized 377 differentiallyexpressed genes that divided GBM into four distinct subtypes on hierarchical
clustering: HC1A/proneural, HC2A/proliferative, HC2BAnebymal, and a fourth with hybrid
HC2A/HC2B features termed ProMg2d). Survival analysis confirmed the more favorable prognosis of
HC1A/proneural GBM versus the remaining three mokacsiibtypes (median 1.4 vs. 0.9 y). With this
larger dataset of 267 GBM, the authors also confirmed an association first identified by Pt)ips
namely that the mean age at diagnosis of proneural GBM patients was significantly younger (51 vs. 55y,
P=0.02). Moreover, in multivariable analyses, only molecular subtype, but not age, was significantly
associated with overall survival. These datggast 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 showf&ble 11, GBM with oligodendroglial features occur in



younger patients and have a significantly prolonged alfeurvival compared to their GBM
counterparts (P<0.0001). Similarly, another morphological variant of GBM, small ce(6;BM
characterized by frequent gains of chromosom&&FEFRand loss of chromosome 10TEN is
morphologically similar to the progstically more favorable anaplastic oligodendroglioma but lacks
1p19q codeletion. The recent recognition of these morphological patterns of GH3)) prognostically
distinct from anaplastic oligoastrocytoma and anaplastic oligodendroglioma, respectively, raises the
possibilie G KI G SFNIASNI aéidzRASa gSNBE aO2yidl YAYlFGSRE gAl
addition, at least two significant design flaws were common in these st(@lids 1)subtypespecific
signature genes were identified using heterogeneous training sets composed of various histological
subtypes (e.g. anaplastic astrocytoma and GBM) with known differences in overall sdrablall (1)

and 2) signature genes were definedsbd 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 GERefined subtypes and overall survival were a consequence of @lecton

for outcomerelated geneg3). To avoid the first problem, future studies should ideally define
prognostic signatures in morphologicaland hence prognosticallyomogeneous 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 morpholeayigaidyious
cases into established diagnostic categories will be impbidaality 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 singlénstitution study conducted to dat@5), Gravendeel and colleagues afid molecular
subtypes for 276 gliomas of all histological types. Using 5,000 genes withwaghlyle expression,
these authors identified six molecular subtypes with distinct prognoses. GBM larg&g%a)3ell into

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



clusters (9, 16, 17) (median overall survival 0.7 vs. 2.1y). Cluster 9 consisted primarily (86%) of
oligodendroglial neoplasms and the vast majority (82%) appropriately harbored conipidd loss
of-heterozygosity (LOH). Notably, the prognostically superior cluster 17 (median overall survival 3.3 and
2.1y for all C17 gliomas and GBM, respectively) significantly (97%) overlapped with the Phillips
proneural subtype, suggesting that detien of a subgroup of GBM with improved prognosis and
transcriptional profiles similar to lower grade gliomas was not a consequence of prior selection of
outcomerelated geneg18). Notably cluster 22 was enriched (38%) for secondary GBM, tumors that
progress from lower grade precursors, arise in younger pati@tand featurd HD 1Imutations(26),
but lackEGFRmplification(5). These findings confirm those from a previous study that demonstrated
distinct molecular profiles in primary versuscendary GBM11). Clusters 18 and 23 contained
predominantly GBM (78 and 86%, respectively) and showed significant overlap with Phillips proliferative
(52%) and mesenchymal (93%) subty(&. Upon analysis of da{d7) from the definitive phase I
clinical trial that established concomitant chemoradiothgyaand adjuvant temozolomide as the
standardof-care for newlydiagnosed GBM patien{28), these clusters were found to selectively
benefit from combined chemoradiation versus radiation alone. Importantly, multivariate analysis
included most known prognostic factors, includange, gender, histological type, grade, KPS, surgery,
chemotherapy EGFRmplification, 1p19q status, an®H1mutation (26). Only molecular subtype, KPS,
YR 3ISYRSNI 6SNBE AAIYATFAOIYGZI AYRSLISYRSyld LINRIYy2al
molecular subtyping may be more prognostically accurate than haggical classification. Moreover,
these authors validated the prognostic significance of their signatures in four independent d4fa&ets
18, 19, 29).

The TCGA, establishbg the U.S. National Cancer Institute and National Human Genome Research
Institute in December 2005 with the missionddy RS NE G F yYRAY 3 aiKS Y2t SOdz I NJ 6

GKS LK AOFGAZ2Y 2F 3 S¢c2ydGBM ghlitd fisstcandgpelfcd shudy/ taged I A S5 3 ¢
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on its uniformly poor prognosis and limited treatment options. As part of this amdtitutional project,
we analyzed 200 GBM on three different GEP platfqfiifs Unsupervised hierahical cluster analysis
defined four subtypes, termed proneural, neural, classical, and mesenchymal based on functional gene
annotation and prior conventio(iL8). 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 dA& <&
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) relaito Phillips mesenchymal/proliferative GBM subtypes (1.0 and 0.6
y, respectively, P=0.03). These findings suggest that subtyping based on progfiasid, but not
GAYOGNARYAAOEST dzyadzLISNIWA&ASR 3ISyS aAdyl (laphBnasisYl & ARS
However, similar to previous finding®5), the TCGA classical and mesenchymal subtypes showed
AAAYATFAOlIylte AYLINROSR 20SNIfft adaNBAGIE | FGSNI O2y
chemotherapy (P=0.02), suggesting that these subtypes may be particularly sensitive to DNA damaging
agens. These hypotheses will be tested further in two ongoing phase lll clinical trials conducted by the
Radiation Therapy Oncology Group (RTOG), as discussed below.

Capitalizing on the unprecedented level of molecular data available for these ti{g8)rsve
identified recurrent genomic aberrations in each molecular subtype. The classical subtype was
characterized by frequerEGFRmplification and EGFRvIII mutatio@)KN2Aeletion, and a lack of
TP53mutations, while themesenchymal subtypeas characterized b\MF1, TP53 andPTENnutations.
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 differentié@ynrespectively
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(Cameron Brennan, personal communication). Moreover, pseudopalisading necrosis and to a lesser
extent florid microvascular proliferation are frequent in mesenchy@BM, but the proneural subtype
typically lacksiecrosis. 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 subtyp, which like previous studi€¢&8, 24) was found in younger patients, harbored
frequentPDGFRAmplification and mutations itDH1 TP53 andPIK3CAPIK3R Lsuggesting
susceptibility to PDGFRand PI3Kargeted therapies. A recent proteomic analysis confirmed pretein
and phosphorylatiodevel signaling abnormalities in the EGFR, PDGFR, and NF1 pathways in classical,
proneural, and mesenchymal subtypesGBM, respectively, further suggesting that these GBM
subtypes may be uniquely susceptible to targeted agézd

A recent TCGA effort utilized methylation profiling to identify a GBM CpG island methylator
phenotype (GCIMP) in a significant fraction (29%) of proneural GBM, particularly secoiidbid,
mutation-positive GBM thaprogressed from lower grade tumo¢30). This implies that @IMP might
be common in lowegrade gliomas, the vast majority of which cluster with the proneural molecular
subtype of GBM18, 25). To further investigate this hypothesis, Noushmehr and colleagues analyzed
eight GCIMP gene regions in seven hypermethylated loci in an independent cohort of 152 WHO grade Il
and Il gliomas by a MethyLight reaahe PCR assay and found 46% of astmogs and 93% of
oligodendrogliomas to be-GIMPRpositive. Furthermore, €IMPRpositive GBM patients were younger
(median 36 vs. 59 y, P<0.0001) and survived longer thaiMEnegative GBM of both proneural and
non-proneural subtypes (median overall swaii 2.9 vs. 0.8 and 1.0 y, P=7E Importantly, GCIMP
positivity was independent of age and histological grade on multivariable analysis. These findings
suggest that &CIMP defines a subset of proneural GBM and can be utilized to further refine égpress
defined subtypes. The eaccurrence of &CIMPIDH1mutation positivity in the proneural,

neurogenesiselated subtype further suggests thlidH1mutation and/or GCIMP may confer
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neoplastic susceptibility to a common neuron/oligodendrocyte precursotdalligin (22), a hypothesis
supported by the comparative expression profiling data that showed enrichment of gepessed in

purified, cultured murine oligodendrocytes in proneural GEM).

Clinical implementation of GEP for glioma classification

GEPbased diagnostic tests are currently being evaluated in prospectivdpnaized clinical trials in
breast cance(2). Similar progress in clinical neuwacology has recently been mad Based upon a
previous report(18), Colman, Aldape, and colleagy@4) identified a consensus 3@ene signature from
four independent datasets and from this set chose 9 geA€(1 CHI3L1EMP3 GPNMBIGFBP2
LGALSDOLIGZ2PDPNandRTN) based on their survival correlation and technical compatibility, for
development ofa quantitative, reverse transcriptiepolymerase chain reaction assay. Based on the
logistical difficulties in obtaining fresh frozen tumors for DNA microabased assays, such an assay is
absolutely critical for successful clinical implementation vigitmalin-fixed, paraffirembedded (FFPE)
GBM, which constitute the vast majority of clinical samples. The prognostic impact ofghie rofile
was uniformly associated with both progressiftee and overall survival and independent of clinical
(age anl KPS) and molecular factors, includw@MTmethylation status. This assay is currently being
tested in two prospective, randomized, phase lll clinical trials conducted by the RTOG. RTOG0525 is
investigating the use of dosatensive adjuvant temozolordé versus standardf-care(28) in patients
stratified on the basis diIGMTpromoter methylation status. Prospectiveianked FFPE tissue from
this trial will be retrospectively analyzed using thgéne predictor to confirm its prognostic significance
relative toMGMTstatus ina uniformlytreated patient population. RTOGO0825 is investigating the
benefit of adjuvant bevacizumab, a humanized, @amtjiogenesis monoclonal antibody, to standafe
care and will prospectively randomize patients on the basis of M&&MTmethylationstatus and the 9

gene assay. The study will address, as a secondasga@nt the hypothesis that mesenchymal GBM

13



will selectively benefit from the addition of bevacizumab to standafrdare. Results from these
important clinical trials are expected 20112012. 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 standafrdare versus nouve

molecularly targeted agents.

Conclusion
As we have outlined above and summarized@ablel.2, tremendous progress in DNA microarray
based GEP of gliomas has been made over the past decade. In the next decageneeation
sequencing technologiesich as RNAeq(32) promise to accelerate the pace and depth of discovery,
further strengthening GEP as a method for cancer classificatiorrdwtlglidetermining transcript
identity, structure, and abundance at the sindfase level. Yet while GEP has provided significant
insights into the molecular heterogeneity of morphologicalfined gliomas, its role in clinical nedro
oncology stilremgfa (2 0S SadlofAaKSR® ¢tKdzaz GSy @eSINB | F
Golaidte Y2NB AYF2NNIGAQDS Ot FaaArATAOLGAR2Y aeadasSye 7
that GEP and the established morphological classification symtermomplementary, not mutually
exclusive. The most clinically appropriate uses of GEP will be as a diagnostic adjunct to more accurately
classify morphological@gmbiguous gliomas and the identification of molecular subtypes within
otherwise morphologially-homogeneous gliomas. There has been substantial progress in defining
molecular subtypes of GBM. However, unlike commere#algilable genomic tests for breast cancer,
molecular subtyping in GBM is unlikely to be utilized for risk stratificationid@e & KA a § dzy2 NDa f )

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 mergerfgenomic and histopathological classification bodes well for the future of

personalized medicine in newancology.

GENETICALENGINEERED MOUSE NEDS OF DIFFUSE GLASGM

Summary

Over the last decade, geneticaiypgineered mouse models have been extensively used to dissect
the geneticrequirements 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 assas$idelity 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 biologfields 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 tum(@& 34). They are classified clinically
into three histological subtypes and malignancy gra@&s36) and together account for more than 80%
of all malignant brain tumors in the Y%/7). Gliomas represent some of the most devastating and
difficult-to-treat of all human cancers. In fact, medsurvival for glioblastoma (GBM), the most
common and biologicallgggressive glioma, has not improved significantly over the last four decades

and still averages 125 months(37, 38). Currently, standard therapy for newtljagnosed 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
median overall survival compared to radiation alone, but invariably fails to prevent tumor recurrence
(28). Although effective treatment is complicated by the bldardin barrier and the intrinsic resistance

of tumor cells to radiation and cytotoxic chemothergB@), development of more successful treatment
regimens has largely been impaired by the lack of understandigtionha biology. Geneticailly
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 geneticand cell and molecular biology of glioma initiation and progression, but also
for the development of novel therapies (reviewed49-46)).

In thisreview, 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 ealitonomous intracellular ghaling 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 modesystems.

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, fiferation rate, prognosis, and
therapeutic responsé47, 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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lineageq35). Histological grading {IV') based upon the presence of morphological features associated
with more aggressive biology, including mitoses, microvascular proliferation, and necrosis, yields further
refinement into distinct prgnostic group$36, 48), with WHO grade IV GBM representing the most
malignant glioma. Two distinct neoplastic progression pathways for GBM have been redogniz
primary GBM constitute over 95% of all GBM and arise without evidence of a prewaaisting lower
grade glioma, and secondary GBM develop through progression frorgriase or anaplastic gliomas.
Though histopathologically indistinguishable, theleanllar pathology of primary and secondary GBM
differs(35). Primary GBM are chacterized by frequenEGFRmplification and® TENnmutations,

whereas secondary GBM typically cont@if?’53mutations andVIDM2 gene amplification$35). Both
frequently harbor DNA copy number and sequeadnormalities in G1 cell cycle checkpoint pathway
genes (64% i49) and 87% i{29)), includingRB1 CDK4CCNI (cyclin D1), an€DKN24p16™“), and
PISK/PTEN/AKT pathway genes (50¢49nhand 53% ir{29)), includingPTENoss of heterozygosity and

PIK3CAnutation (29, 49).

Molecular genetic classification of human gliomas

Over the last decade, molecular genetic analyses have identified significant molecular heterogeneity
within various morphologicalidefined human gliomas and have helped identify biologically distinct
humanglioma subtype$48). For instance, gene expression profiling via microarrays has been used to
identify genes differentially expressed between GBM and anaplastic oligodendrogBoht),
prognostically distinct molecular subtypes of anaplastic astrocytoma and (GBS, 21), and
molecular subtypes of all diffuse gliom@s, 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) projeft7, 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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signalhg pathways: cell cycle, mitogenic (receptor tyrosine kinase (RTKpupnval (PIS#TEN), and
TP53 pathwayél 7, 29, 30). Notably, specific genomic abnormalities were associated with one of four
molecular subtypes (proneural, neural, classical, and mesenchymal), and the mesenchymal andl classica
subtypes showed improved survival after intense adjuvant thefagy Proneural GBM contained a
subset of tumors that shared a genomic hypermethylation phenotyjtle lewer grade gliomas,
occurred in younger patients, showed improved overall survival, and were associate®iith
mutations(30). Taken together, these reports have convincingly shown the biological heterogeneity
within human GBM. However, profiling human tumor samples only providestia perspective of
ASYy2YAO TSN GA2ya yR Olyy2i &8Si NBIRAf& RAFFSN
FNRY aLIl aaSyaSNE S@Syda GKI (0. 2\Die@ debistedmth y3 vy S2 LI | &
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 lovgrade gliomas and secoary GBM have been proposed to be
involved in glioma initiatiori26, 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 glidnas
46). Although model design, cellular targets, and specific genetic modifications vary considerably, the
entire morphological speatim 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 tuwr cells with the functional properties of normal stem cells, namely unlimited
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seltrenewal and multiineage differentiation potentia51). 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) withikéStEoperties(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 immunodeficien(G#lice

Subsequent work showed that CD133+ BTSC from human GBM displayed enhanced DNA repair capacity
relative to CD133cells and resistance to radiatiam vitroandin vivo(55). Moreover, the percentage of
CD133 immunoreactive cells in WHO grad¥ igliomas has been shown to inversely correlate with
progressioAree and overall survival as well as the titeerecurrence for grades Il and Il glion(&s).

Despite debte over the suitability of xenotransplantation assays (see below), the poorly characterized
function of CD133 and controversy over its use to prospectively identify human(BASGe 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 unigukése 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 celf-origin for gliomas may be a true NSC or a more termisthiffgrentiated

glial cell that has reacquired N8k properties through dalifferentiation (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 investigatibaedate
(61, 62). Itis widely accepted that identification of the differences and similarities between the cell(s)

from which a tumor arises (cell(s) of origand their normal counterparts would permit development of
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new therapeutic approaches to overcome the lack of success with currently available treatments
(reviewed in(63)). In support of the hyothesis that gliomas arise from cells with N&E properties,
developmentallyimportant transcription factors required for NSC galhewal and multipotency have
been shown to be reactivated in gliomas (reviewe@®#)) and gene expression signatures in GBM have
been shown to match developmental templatds, 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 plaeenchyma of the striatum. The SVZ
contains astrocytdike stem cells, which can be identified by the astroglial marker GFAP. Thus, the SVZ
is widely viewed as a potential source of glioma initiating ¢€88s65-67). In support of this hypothesis,

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

ventricular wal(68). However, more research is required to establish thati@hships between CSC

and NSC and whether the latter can serve as cell(s) of origin for gliomas (revie@8dbih 62, 69).

Recently, support for the NSE mrogenitor cell origin of both astrocytom#s7, 70) and

oligodendrogliomag71) has been obtained using GEMM. Most glioma GEMM have utilized human glial
FAONREE I NE | OAR LINRGSAY 0KDG®), dll of Bhiclf &eattive/irTEmuiphd { mn n i
cell types in the developing and adult brain. It would be highly delsita target specific

subpopulations of stem or progenitor cells to further define their potential for tumor initiation and
maintenance. More specific lineagestricted promoters that have been utilized in

neurodevelopmental genetic fate mapping anceliige tracing studies will be important tools for

addressing these issues in the futym, 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 pathvergeted are required to achieve
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accurate modeling of human gliomés). In general, glioma GEMM have been constructed using seven
design strategies: 1) traditional knockout models in which exons of artsoppressor gene are

deleted; 2) knockn 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 oncogenespstially 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 naransgenic animals or cell typpecific gne transfer in transgenic
animals engineered to express the cognate viral receptor under control of a cebpgnific promoter;

5) spatially restricted induction of conditional genetic events through viral vector delivery of a DNA
recombinase; 6) contibnal models in which genetic events are induced throughsmikific expression

of a DNA recombinase using cell tygecific promoters; and 7) conditional, systemic induction models
that employ cell typespecific expression of dreigducible DNA recombase activity. Choice of model
design influences the timing and cellular targets of genetigatiuced oncogenesis, specifically during
development or adulthood, as well as experimental tractability, i.e. how easily the model system is
manipulated in las 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 GEMMtilized knockout or conventional transgenic strategi4®). In contrast to
the majority of cancers that develop sporadically, these models more accurately mimic inherited tumor
predisposition syndrome® iwhich initiating mutations are present throughout the body. Although
some of these GEMM showed increased susceptibility to gliomagenesis, embryonic or eangtpbst
lethality, widespread neoplasia in various organ systems, incomplete penetrancé4<df@BEMM

develop tumors of interest), and long latency (time to development of tumors of interest) posed
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significant hurdles to investigation of orgapecific genetic mechanisms of neoplasia. For example,
homozygous deletion d?ten one of the most frquently mutated genes in human gliomés$), proved

to be embryonically lethal, whereas heterozygous loss induced tumors ergmplastic changes in
colon, gonads, prostate, skin, and thyroid, but not the bk@i). Similarlyink4a/Arfdeletion produced
largely sarcomas or lymphomas, but no brain tum(@g. One of the first GEMM that specifically
developed gliomas utilized simultaneous (cis) deletion ofNMFleand Trp53tumor suppressor genes

(76). Spatial restriction of transgenic oncogene expression usingpific reglatory elements
improved, but did not completely eliminate these problems. Transgenic expression of the oneegene
Srcfrom a murine GFAP promoter uniformly led to perinatal astrogliosis, but only 14% subsequently
developed lowgrade astrocytomas , leadirthe authors to conclude thatSrcalone was insufficient for
astrocytoma initiation77, 78). Simultaneous inactivation pRb, p107, and p130 in hGFAP+ cells
engineered to express artidrminal SV40 large T antigen;J truncation mutant transgene led to
perinatal death from neurodevelopmental abnormalities in 10 of 13 founder (Ti@e hGFARlirected
expressiorof constitutively active HRAS alone rapidly induced-dpade astrocytomas in 86500% of

mice and these tumors invariably progressed to highde astrocytomas upon spontaneous acquisition

of karyotypic abnormalitie€80), Trp53mutation, or loss of INK4&r PTENbrotein expressiorf80-82).

Several groups have utilized viral gene transfer to spatially restrict induction of oncogenesis. The
advantages and disadvantages of this modelingaagh have been reviewed in detail elsewhé4é,
83). The main advantages to this approach are the targeting of somatic cellgliraanhals 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 leukemiretrovirus (MoMuLV) to delivé?dgfbo t 5DCi  LINR G SAYy 0 Ay {2

cells in the forebrains of newborn mouse puypg4d), which resulted in tumors with a wide rangé
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histologies, 149 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 enginediedxpress its cognate receptor, tva, typically with

spatial restriction to specific cell types using either hGFAP or nestin promotéra (B Ntva,

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

and latency dictated by the oncogene(s) delivered and the cell types targeted. For example, RCAS
YSRAI GSR SELINB&aaAz2y 2F t5DCI AytolghgrdlSNI DC! tb 2N y
oligodendroglionas, with histological grade, penetrance, and latency depending on the injected viral
dose(86, 87). In contrast, RCA&livery of constutively active KRAS and AKdrbduced GBM in ~25%

of injected mice when targeted to nestin+ cells, but did not initiate gliomagenesis when targeted to
GFAP+ cell88, 89). In both of these model systems, concomitant loss of one or bidtha/Arfalleles
accelerated tumor progressin, generally with increased penetrance and shorter latgB88y90).

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 detalil
elsewhere(46, 91), these models employ mic€fedrivers) engineered to express a transgenic DNA
recombinase, mostly commonly the bacteriophage Cre enzyme, driven kspeelfic regulatory
elements. Whereas embryonic lethality in conventional transgenic and knockout mice precluded
investigation of may 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 gematifications during
development. Crossbreeding with a transgenic-@ieer mouse or somatic induction via viral delivery
of Cre thus permitted investigation of tissseecific genetic mechanisms of neoplasia. An additional
advantage of this latter tehnique has been the targeting of spatiabynd biologicallydistinct areas of

the brain(70).
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A variety of conditional glioma GEM models have been descrideg. of the first utilized (f; to
selectivelyinactivate pRbp107, and p130 in GFAP+ c€N9). Whereas embryonic expression of
conventional transgenic GFAR, 6+ & f SGKI £ 3 02 y RA (-dchCredriveSrtuctniS & 4 A 2 v
WHO grade Ill anaplastic astrocytomas, with decreased latency upon simultaneous, conditional,
heterozygous deletion oPten Similar results were obtained upon somatic inductioR@hnloss
through stereotactic injection of retroviral (MSCG®jeinto floxed GFAH,,/ Ptenmouse brains, where
~75% developed GB[@2). Conditional deletion of thalf1 tumor suppressor, a negative regulator of
RAS signaling drfrequent mutational target in human GB(29), specifically in GFAP+ astrocytes
resulted in development of optic nerve astrocyton(88). When combined with loss dfrp53(94) or
Pten(95), conditionalNfl deletion in GFAP+ cells resulted in progression to-giglde gliomas,
including GBM, with complete penetrance. The conditional modeling approach has recently been
extended to include oncogenes. In particular, conditional transgenicexmession of vid-type EGFR
or a constitutively active extracellular domain truncation mutanE@FRevents frequently found in
human GBM29), resulted in de novo GBM formation withiAl2 weeks of adenovirdlremediated
recombination in the presence, but nabsence, of simultaneous deletionlok4a/Arfand Pten(96).

The newestevelopment in glioma GEMM modeling has been the use of-thdigcible Credrivers,
which permit tight spatial as well as temporal control of somatic recombination. The most common
system utilizes Cre recombinase genetically fused to a mutated estrogeptog ligandbinding domain
(Cré"™5(97), an enzyme that remains unresponsive to endogenous estrogens such as e8@diolit
is activated upon systemic administration (intraperitoneal injection) of the synthetiogstr 4
hydroxytamoxifen (4OHT). This system requires minimal technical expertise and provides control over
the timing of genetic induction. We have utilized this system with a GE&P driver that directs
gene expression in GFAP+ cells throughoetrturoaxis, with no activity in neastrocytic cell

populations(99), anda series of six GEMM with conditional alleles that inactivate BB &hd/or PTEN
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and/or constitutively activate KRAS specifically in adult astrog¢®s All models with inactivated RB
(T2 expression) were ly penetrant and resulting tumorshowed the histopathological features of
human astrocytomas, including perineuronal and perivascular satellitosis. A similar approach using
conditional deletion oPtenand Trp53 with or withoutRbldeletion, in GFAP+elis resulted in
development of higklgrade (WHO grade IIl and V) astrocytorfid¥) 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 sopisticated molecular technologies, such as Higtoughput, genomewide
microarraybased analyses and genomicsgquencing, crosspecies comparisons between GEMM and
their corresponding human cancers have recently become feasible. As previously disgessenic
techniques have identified heretofore unrecognized molecular heterogeneity in otherwise histologically
homogeneous tumor types, including gliomas such as @GBM Thus, the next gemation of cancer
GEMM will require not only standard comparative histopathology, but genomic molecular analyses to
ARSYUAFROIG OB%aa oAUK ALISOAFAO Y2t SOdz | NJ ddzo G & LISa
Integration of mouse modeling and bioinfoatics 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 GEMIY).

With the exception of one recent study described below, comprehensive, gemademolecular
characterization of the majority of glioma GEMM has yet to be performed. However, progress has been
made in othe 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 andguileaefined differentially

expressed genes between wiigpe murine prostate and a transgerityc-driven prostate cancer
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GEMM and identified a subset of theseMry Gdriven human prostate cancers that-eapressed’IM1,

a kinase known to cooperate witt1YCin tumorigenesig102). A similar type of comparison using a
Krasdriven lung cancer GEMM identifiedk& A®xpression signature in humamig adenocarcinomas
that was unidentifiable based ddRASnutational status alon€103). Wong and colleagues performed
gene expression profiling on primackbtdeficientKrasmutated GEM lung cancemnd their
corresponding spontaneous metastases to define a metastasis signature that showed prognostic
significance in human lung adenocarcinomas and identify a subset ofdgfiBignt human cancers that
may be amenable to combined inhibition of SRC, FABH MEK signaling pathwafl®4). These
findings suggest that genomic analyses of GEMM tumors can be used to discover novel genes co
expressed with signature mutations in human cancers.

LY Iy STTF2NIFAGZ RSEAAYSF28d §2d S OdafadcaidinandagHCE)L.ISa 2 F |
Thorgeirssorand colleagues performed comparative gene expression profiling of seven GEMM and two
molecularlydefined, prognosticallgistinct subtypes of human HGI5). They discovered three
GEMM with expression profilesmilar 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 expi@sgrofiles similar to either basdike 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
basallike and hereditaryBRCATeficient breast cancerd.07).

Two recently published reports have utilized comparative genomics to study human gliomas. The
TCGA utilized@anscriptomal profiles of fluorescesactivated cell sorting (FAG)rified neurons,
astrocytes, and oligodendrocytes from a transgenic GEM that expressed enhanced green fluorescent
LINEGSAY FTNRY (@D, a{GEM préviousiNmsed i inéinddevelopmental fate mapping

studies(109), to identify potential lineage relationships among the four distinct molecular subtypes of
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human GBM17). Baker and colleagues performed micr@grbased gene expression profiling and
copy number analysis on two GEMM of adult highde astrocytomas with conditional inactivation of
Ptenand Trp53 with or without concomitanRbldeletion (100). The murine tumors cluster into three
groups that show similarity to moleculastiefined subtypes of human GB{ll7, 18). Notably, brain
regior, but not genotypespecific signatures were evideintthese murine tumors, suggesting that
regional differences in gene expression profiles within the adult Kddif), or possibly the cell(s) of
origin, may dictate molecular subtympecification.Regardless, this first comparative genomics
between GEMM and human glioma represents a significant miletbll®. However, more
comparative genomicstudies using of GEMM and human tumors, similar in design to the one cited
above for breast cancéL07), will be required to define the role of different cell(f)arigin or brain
regions on molecular subtypgpecification 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 humant A 2 YIF aX odzi I f a2 -BXKBE ARSHAYXIT ADI ail &

these subtypes for future translational studies.

Glioma GEMM in translational cancer research: experimental therapeutics

Preclinical cancer drug development has relied upon immunodeficimnuse xenografts of human
tumor cell lines since the 195012 113). For gliomas in particular, cell lines such as U8TM&
have been widely used in both subcutanes 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 (reviewedig)). However, there are several serious
flaws with this approach. Thmost important shortcomings are the requirement for immunodeficient
host and genetic and phenotypic divergence from the original tumor &itgitro cell culture(115).

Moreover, these systems apoorly predictive of drug efficacy (reviewed4%)) and iltsuited for
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continued use in prioriting drugs for clinical development, particularly for molecularly defined tumor
subtypes. Although much has been written about the promise of GEMM in this regaddl6, 117),

they remain experimentally less amenable to therapy stuids8) and their utility in prioritizing drug
candidates for human clinical trighas not been systematically examinderogress has been hampered
by variable penetrance and latenityvivag the requirement for small animal imaging to monitor
spontaneous GEM tumor development, and the lack of GEM tumor cell culture systeimsifos 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 imagiimgJuding conventional magnetic resonance imaging
(119 and bioluminescence imagirf§j20-122), to longitudinally monitor the growth of GEM gliomas and
investgate the efficacy of either standard cytotoxic drugs like TMZ) or novel targeted agentfl21,
122). However, these GEMM have yet to be used to define chemotherapeutic efficacy ofcspecif

molecular subtypes of gliomas.

Non-germline glioma GEMM for experimental therapeutics

Recently, norgermline GEMM (nGEMM) have been proposed as an important resource for
translational and preclinical experimental therapeutics studies due to theibfliyj speed and reduced
cost (reviewed irf123)). These models utilize germline GEM as the sourspatific genetically
engineered cell populations, including stem/progenitor and termindifferentiated cells, and
orthotopic implantation into syngeneic, immunocompetent hosts to investigate the cellular and
molecular requirements for tumor initiationnal maintenance. Cortical injection lok4a/Artnull neural
stem cells (NSC) or primary astrocytes transfected with an activated EGFR into SCID mice produced

invasive, higkgrade astrocytomas within 2 montl{$24). Similarly, injection dhk4c/Trp53null
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cerebellar granular precursor cells (CGPCSs) into the coftexdemice produced medulloblastomas

with gene expression profiles similar to those that arose spontaneously in thes€X@BM While these
two examples illustrate the utility of n"GEMM, these studies suffer from one issue that has plagued
conventional human tumor xenograft studies, specifically the use of immunodeficient recipiéhts

To overcome this issue, we have recently developed a completely syngeneic nGEMM(40stenich
should prove to be more amenable to preclinical experimental therapeutics studies than conventional

GEMM.

Summary and conclusions

Major improvements in GEM modelinger 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
develgpmental neure 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 malesubtypes of gliomas.
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Figure 11. Overall survival of patients with newhdiagnosedgliomas.Overall survival of patients with newtliagnosed gliomagrouped
on the basis of the two main components of the WHO classification system: differentiation (cytastgrytic (A), mixed oligoastrocytic (B),
or oligodendroglial (C); and histological gradHO grade Il (D), lll (E), or IV (F). Clinicof@gical parameters, statistics, and abbreviations

are listed in Tablé.1.
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Table 1.1Prognostic 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
I 1 W, Prognostic HR P value nl 2N
factor C*
Astrocytomas
DA, A2 AA, A3 GBM, A4
N 78 161 748 Grade 1.9 <0.001 0.61
M(ey‘)j'a” S 10.0 2.2 0.9 Age** 1.9 <0.001 0.08
95% ClI 6.9-13.0 1.7-2.7 0.81.0 All (N=987) 0.69
Mean age 33 39 57
_G‘re_\dlng Mitoses MVP + necrosis
criteria
Oligoastrocytomas
GBMO,
OA, MOA2 AOA, MOA3 MOAG ™
N 400 218 71 1p19q codel 2.6 <0.001 0.54
Mgg'a” S 11.1 3.9 2.2 Age** 2.1 <0.001 0.15
95% Cl 9.015.0 2.84.6 1.33.4 Grade 2.2 0.007 0.10
Mean age 38 42 48 All (N=559) 0.79
.G”?d'”g Mitoses + MVP Necrosis
criteria
Oligodendrogliomas
ODG, 02 AO, O3
N 395 273 1p19q codel 2.1 0.020 0.54
Mgg'a” S 16.4 8.8 Age** 2.4 <0.001 0.17
95% CI 12.921.1 6.5ND Grade 2.5 0.004 0.03
Mean age 40 44 All (N=539) 0.74
Grading Mitoses + MVP +
criteria necrosis
All diffuse gliomas
N 2344 1p19q codel 1.9 0.002 0.63
Mgg'a” S 2.9 Age** 18 <0.001 0.13
95% CI 2.53.6 Cytology 1.7 <0.001 0.04




(4

Mean age 46 Grade 2.0 <0.001 0.03
All (N=1363) 0.83

Abbreviations: anaplastic astrocytomas (AA, A3); anaplastic oligodendroglioma (AO -@3gtioo (codel); confidence interval (Cl); diffuse
astrocytoma (DA, A2); hazard ratio (HR); glioblastoma (GBM, A4); glioblastoma with oligodendroglial feature3, (KABK4); mixed
oligoastrocytoma (OA, MOAZ2); mixed anaplastic oligoastrocytoma (AOA, MOAZ3); microvascular proliferation (MVP); olidateadf@DG);
overall survival (OS); years (y).

Data from adult patients){20 y) with newly diagnosed gliomas at Washington University School of MedicineZ@09 And(Miller et al,
2006).

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

** Age at diagnosis trichotomized as follows40, 4360,x60 y(Miller et al, 2006)

***Note that GBMO (MOAA4) 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 prognisisiset al, 2007)



€e

Table 1.2 Summary of gliomaioroarray studies

Table 2. Summary of glioma microarray studies

Gliomas Analyzed

Signature

Reference ; N Total - Genes Biological Process or
Dataset Histology’ ) Source Findings ) Molecular Subtype
Rickman, 2001 19 PA, 21 GBM 40 1 Distinguishes PAnd GBM. 360
T 7 03, 14 GBM 21 1 Distinguishes O3 and GBM.
Nutt, 2003 15 nonclassic O3 29 1 86% predictive accuracy for morphologicalipbiguous cases. 19
14 nonclassic GBM 1 Improved prognostic stratification vs. histological classification.
Shai, 2003 5 A2, 302, 18 priGBM, 9 secGBM 35 1 Distinguishes among histological subtypes. 170
1 1
van den Boom, T ¢ *H zMOZS ahtw Tor 16 1 Correlates with malignant progression. 66
2003 V 9 A2, 10 A3, 17 priGBM, 7 secGBI 43 1 Progressiorassociated signature confirmed. 9
. 1 Confirmed findings ddhai, 200&ndvan den Boom, 2003 9 Angiogenesis
Godard, 2003 T 12 A2, 14 priGBM, 5 secGBM st 1 Distinguishes A2/secGBM and priGBM. 13 Immune response
V 12 A2, 4 pri GBM, 4 secGBM 20 1 93% prediction accuracy. 72
4 A2 9 A3, 802 1103, 46 priGBI 1 Distinguishes priGBM and n@BM astrocytomas. 58 Cell cycle
Tso, 2006 ! 14 ’secGéM Ao pr 92 1 Distinguishes secGBM and R@&BM astrocytomas. 21 ECM
1 84% predictive accuracy for 88nilarlytreated priGBM and secGBM. 79
1 Distinguishes 2 molecular subtypes of pediatric GBM based cARativation 1437
status.
32 pediatric GBM P L
Faury, 2007 7 adult GBM 39 1 Distinguishes pediatric and adult GBM. 1569 orilios. 2006
1 Distinguishesmong Ragkt + pediatric GBM and adult GBM. 108 niips,
proliferative
T 12 03, 20 GBM 32 1 Distinguishes O3 and GBM. 168
. 1 96.6% predictive accuracy.
Shirahata, 2007 . T . ) . . -
: \% 22 03, 28 GBM 50 200[\31utt, 1 Improved prognostic stratification vs. histological classification, confiriNintt, 67
2003
) . ’ . . 54 GO
52 A2, 29 A3, 55 GBM, 11 02, 11 1 Defined 6 hierarchicalipested molecular subtypes with 3 distinct prognoses.
T 03, 1 MOA2 159 T 92% dicti 69 OAOB
X 6 predictioraccuracy. 352 GALGA2GBIGE2
7 A2, 18 A3, 68 GBM, 12 02, 9 O: .
Li, 2000 \ 7 MOA2, 68 gliomas 187 1 Reproduced six molecular subtypes.
Phillios 1 Prognostic significance confirmed.
\% 21 A3, 55 GBM 76 2006 ps, 1 O subtype perfectly overlappeehillips proneural GBM, but with 2 distinct
prognoses.
\ 265 GBM 265 TCGA 1 Prognostic significance confirmed.
1 Defined 4 molecular subtypes with 2 distinct prognoses. dp T Survival
T 8 A3,7 02,9 03,50 GBM 74 1 Improved prognostic stratification vhistological classification. 45 P HC1A; neurogenesis
Freije, 2004 1 Prognostic independence from patient age and histological grade. HC1E synaptic
- transmission } )
\% 22 03, 28 GBM 50 g 1 Prognostic independence fropatient age and histological grade. 344 HC2A proliferation
A0 HC28 ECM
Liang, 2005 2 02,4 MOA2, 25 GBM 31 Defined 2 prognostic GBM subtypes, 1 similar to HC1A Faije, 2004 70 Survival
T 21 A3, 55 GBM 76 1 Defined 3 molecular GBM subtypes with 2 distipgignoses. 35M nyrt
Nutt Survival
Phillips, 2006 \% 22 03, 28 GBM 50 2003 i Prognostic significance validated. Eiglr;fil:;serleg;ﬁiir;?ess
. 1 Prognostic independence from patient agred histological grade. 35
Mesenchymat ECM
\Y 31A3,1 %28133 03, 7MOA3, 13 184 1 89% of 73 WHO grade Il gliomas are proneural. ymak
1 Proneural subtype correlates with younger age at diagnosis.
T yn D.a FTNRBY ¢ta? 80 1 Prognostic independence from patient age aiGMTmethylation. 18 HOX, selfenewal
phase II/1l clinical trials 1 HOXAA3IY Il (dzNBE 1 a820AF SR 6AGK NBaAad 10 EGFR
Murat, 2008 N Oo'je'le'
A% 35 A3, 9 03, 102 GBM 146 Phillips 1 Prognostic independence from patient age and histological grade. 18 HOX, selfenewal

2006




Mischel,

1%

2003
Nutt .
! Survival
ZOOShai ) . ) HClAPror)eura{I
! 1 Defined 4 molecular GBM subtypes: 3 frbneije, 2004nd 1 hybrid ProMes. HC2AProliferative
86 GBM 2003 i ! . pchprl
Lee, 2008 181 GBM fro ; tudi 267 Ereii 1 Proneural subtype correlates with younger age at diagnosis. 377 (Pro)
nprevious studies reije, o :
2004 1 Prognostic independence from patient age. HC2BMesenchymal
. (Mes)
Rich, ProMes
2005
Phillips,
2006
1 5SFAYSR ¢ aA ydubigpes with GigtinctrpognSsesdzt - NJ
1 Cluster 9 prognostically favorable, enriched for oligodendroglial neoplasms.
. 8 PA, 13 A2, 16 A3, 106 priGBM, £ 76 1 S:ﬁitpesr‘127oggg)r:10es:irt;?lly intermediate, histologically diverse, overlapped with
SecGBM, 8 02, 44 03, 3 MOA, 25 MO# 1 Clusters 18 and 23 prognostically ine, enriched for GBM, overlapped with
Phillips, 2006roliferative and mesenchymal.
1 Prognostic independence from Karnofsky performance status and gender.
Gravendeel, 2009 v 80 GBM 80 203"8”"“" 1 /tdaGSNE My FyR Ho aStSO0GAGSte 08y 5000
Phillips,
76 gliomas 2006
\% 296 gliomas rl\_/llaiggs 1 Prognostic significance confirmed.
236 GBM an, 2009
TCGA
1 5SFAYSR n GAYGNARYy&AO¢ Y2t SOdz F NJ &d:
1 Proneural: frequenPDGFRAmplification and mutations itDH1, TP53 and
PIK3CAPIK3R1
T 200 GEM 200 TCGA 1 Clasgical: frequerEGFRmplification, EGFRvIII mutations, sBBKN2A
deletions.
1 Mesenchymal: frequent mutations NF1, TP53 andPTEN Proneurak,
1 TCGA proneural, Phillips proneural, and Freije HC1Aapve neurogenesis
1 TCGA mesenchymal, Phillips mesenchymal, and Freije HC2B overlap. Neuralg synaptic
Verhaak, 2010 TCGA 840 transmission
Phillips, 1 Prognostic significance in five datasets with both GBM and lower grade glior Classicat EGFR
173 GBM 2006 1 Molecular subtypes reproducible in four independent datasets. Mesenchymag
21 A3, 56 GBM Sun, 1 Proneural subtype correlates with younger age at diagnosis. immune response
Vv 23 A3, 36 02/3, 76 GBM 499 2006 1 Molecular subtypecopy number correlations confirmed Beroukhim, 2007
44 GBM Beroukhi dataset.
70 GBM m, 2007 1 Intensive therapy benefitted classical and mesenchymal GBM from TCGA ar
Murat, Murat, 2008
2008
1 GBM CpG island methylator phenotype@BVIP) i29% of proneural GBM.
T 272 GBM 272 TCGA 1 G-CIMP correlated with younger age at diagnosis and more favorable progno 1503
Noushmehr, L ! ] .
2010 1 Prognostic independence from patient age and histological grade.
60 and 92 WHO grade Il and Il 1 G-CIMP positivity in WHO gradiélll astrocytomas (45%) and
Vv 3 152 . . 8
gliomas oligodendrogliomas (93%).
Nutt,
2003
Freije,
T 110 GBM 110 2004 1 Defined consensus 3@ene signature using top 200 surviasisociated genes 38
Nigro, from each of four datasets.
2005
Colman, 2010 Phillips, Survival
2006
1 Selected 9 genes based on survival correlation and techrocapatibility with
Vv 68 GBM with FFPE tissues 68 FFPE tissues.
1 Prognostic significance confirmed for both progresdiee and overall survival. 9
v 101 GBM from patients treated 101 1 Prognostic independence froMGMTmethylation status in the 101 GBM

with standardof-O NB ¢ a %K - v validation dataset.




1 Prognostic independence from patient age and Karnofsky performance statu
both validation datasets.

Studies listed in order of appearance in teat. *See Table.1 for histological subtype abbreviations. Abbreviations: concomitant temozolomide/radiation
GKSNIY LR |yR FR2d@lIyld GSY21 2t 2YARS o0c¢a¥%k- wtlhta®noT RI l(mainfixéd, padflsrbgdded NI A y
(FFPE); primary GBM (priGBM); secondary GBM (secGBM).
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Table 1.3 Diffuse glioma GEMM

Genetic modificatio(s) in key signaling pathways

Cellof-origin Ref(s
< RB RTK PI3K TP53 rOthe (©)
GFAP+ KRAS™" (126)
Al INK4A/ARF FIGROS (127)
GFAP+ RB1- PTEN JpPs3 (100
/-
Nestin+ or 'NAE‘;A t 5DC] AKEMyT 60 IGFB (86,87, 90,
2D = -
GFAP+ A KRAS! P2 128
GFAP+ INK4A/ARF KRAS'?Y JpPss (129
12
V-Ha-Ras
GFAP+ EGERVI (80-82, 130)
gESAtg‘: or KRAS? AKEMYFN M-60 MYC (88, 89, 131)
Nestin+ or INK4A/ARTE 7 EGFRUVIII TP53 132
GFAP+ CDK4 bFGF "
. mid
GFAP+ middle T de T (133
. 20 PTEN
Nestin+ KRAS' AKEMyr) W80 (139
GFAP+ NF1” PTEN" P8 (95)
PTEN"
GFAP+ RB (Ti21) KRAS™" - (40)
. v-erbB TP53
{mnnit INK4A/ARE 12 HaRas ol (71,135
All NF1" P93 (76, 136)
GFAP+ RB1" V-SIC P93 (77, 78)
gﬁi}g‘: or INK4A/ARF KRA&'?° AKEMyrn M-60 89)
g'ﬁitg‘: or INK4Aor ARF KRA&!?° AKEMyrn M-60 (137)
12 /-
V-HaRas PTEN
Sl EGFRVIII PTEN (82)
GFAP+ RB (Ti21) PTEN P58 (79,92
EGFR i
Collal+ INK4A/ARF EGRRVI PTEN (96)
/-
GFAP+ k‘lg AP (94)

36




CHAPTER

Progression fromow- to high-grade astrocytoma is characterized by transcriptontedterogeneity
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 V), have a median survivabah{238). 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 faredtiate between
various histological subtypes of gliomas, including-¢pade and higigrade gliomas and primary and
secondary GBM (reviewed 48)). The Cancer Genome Atlas (TCGA) wlibhzeay 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 chedkphaeceptor tyrosine kinase (RTK) signaling, and TP53 signaling
(29). TCGA also examined the genomic hetenaity of primary GBM and defined four transcriptomal
subtypesg proneural, neural, classical, and mesenchy(td) ¢ that were similar to subtypes previously
identified in multiple histological subtypes of glion{as, 18, 25). Putative oncogenic driver mutations
were enriched in each GBM subtype, but none werdesive. 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 twindtiating mutations, ad

the genetic and epigenetic mutations that transformed cells acquire during malignant progression.
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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 braimthis regard, genetically engineered

mouse (GEM) models have proven critical in understanding the genetic and cellular basis of GBM
pathogenesis (reviewed {139). A number of GEM models with core signaling pathway mutations
have established the roles of these genes in astrocytomatioiti@and/or progression.

Most astrocytoma GEM models disrupted the G1/S checkpoint @itkg2aInk4a/Arf) orRbl
deletionmutations. Functional inactivation of three Rb family proteins in embryonic/neonatal mice led
to astrocytoma tumorigenesis that wascelerated in a Ptenull background79) and focal, somatic
Ptendeletion increased angiogenesis and invasion in this m@agl Others showed that conditional
deletion ofPtenand Trp53in adult murine astrocytes led to development of higtade astrocytomas
(HGA) with shortened latency in the presencdibfldeletion, but hat Rbland Ptendeletions failed to
produce astrocytomas in the absencelop53deletions(100). To activate the MAPK pathway, most
GEM models used constitutively activatéchsor Nfl deletion. Nf1 deletion alone is insufficient to
initiate astrocytoma tumorigenesi®4, 140), but Kras activation in embryonic/neonatal neural
progenitors inefficiently produces lograde astrocytomas (LGA)6). In contrast, Kras activation
requires additional oncogenic mutations, suchsta/Arfwith or without Trp53 Ptendeletions, to
form HGA in adult GFABbsitive astrocyte$129). To activate the PI3K pathway, the majority of GEM
models usedPtendeletion. Whereas deletinBtenin embryonic and adult mouse brains does not
produce astrocytomagl00, 141), Ptencooperates withTrp53and Nfl deletion in embryorg and adult
neural stem cells to produce HG0).

However, because no oncogenic driver mutations are exclusive to any of the four human GBM
subtypes, it is difficult to classify GEM as subtgpecific models based solely on their oncogenic driver

mutations. Therefore, it remains unclear how the majoafyGEM recapitulate the underlying
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molecular features of the human disease, including genavit® gene expression, copy number, and
mutational landscapes. Studies comparing expression profiles of GBM GEM to their human
counterparts have only recently beg to emergg100, 142-145) and only one of these examined
genomic copy humber abnormalities (CN2Q0). Furthermore, all three of these reports only examined
tumors harvested from terminallgged mice. Thus, the molecular features of astrocytoma initiation
and progression in adult mice have yetbe 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 mutded 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 (K¥&Sand/or Ptendeletion) mutations in G1/Sheckpoint
defective adult mouse astrocytes wiFARCreER99). We examined the influence of cell of origin,
specifically with regard to regional astrocyte heterogeneity in the adult mouse @rd6), on the

genomic heterogeneity of astrocytomas before and after malignant progression
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MATERIALS AND METHODS
Geneticallyengineered mice
Heterozygou§ gGZ%, (79), Kra$'??*™(147), GFARCreER99), andRosa2&dTomatomice
(148) as well as homozygourter”™"*F(149), p53”F"F(150), Rb1>*"**(150), andNf1**"**"(151) mice
were mantained on a C57/BI6 background. PCR genotyping was performed as previously d€g6ribed
99, 147-151). All experimental animals were >94% C57/BI6. Animal studies were approved by the
University of North Carolina Institutional Animal Care and Use Committee.
Tamoxifen indwetion
Cremediated 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. KaplaWMeier plots and logank analysegvere conducted in Stata 12 (College
{dFGA2YZT ¢ 00 [ 2YLI NRAaz2ya +Fd h X nonp 6SNBE O2yaa
Histopathological evaluation
Serial sagittal sections (4 um) of formdiixed, paraffin embedded brains were stained with
hematoxylin and eosin (H&Bh a Leica Autostainer XL (Buffalo Grove, IL). Histopathological grading
was performed according to WHO 2007 criteria for human astrocytdb)amd defined as LGA (WHO
grade Il) or HGA (WHO grade lll 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, brais, and olfactory bulb regions with Aperio ImageScope

using the Allen Brain Atlas as a refereft®2). Quantification of nuclei was performed as previously
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described with the following modificatior{¢53). The Aperio color deconvolution v9 algorithm was used

to quantify the area occupied by hematoxypositive nuclei in each region or3lserial sagittal brain

sections per mouse (medn9, SEM 0.4). Because LGA was detected in the cerebellum of 1 of 282

(0.4%) 40Hinduced, GFAEreER mice with T, R, and/or P alleles examined histologically (T2lkles S

and 2.5), the cerebellum was excluded from further analyses. Percent nucleanareaalculated as
hematoxylinpositive 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 \d-type C57BI/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 distaslated effects wereevident for

the cortex, diencephalon, and brainstem by linear regression (EBC®x n dH M0 X h C. y dzOf St N.
significantly decreased after 300 um lateral to sagittal midline. Therefore, only sections within the
mediatmost 300 um were used for manpmetric 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. S6ABWmeANOVARKn dmp 0 I elai¢SUIGB T 2 NS NJ
burden was calculated as the regional nuclear area for eackoe@hng mouse (N=19, Figs. 2B, S6D,

and Table &1) relative to the mean for all netumor bearing genotypes (N=25, Fig.68B and Table

2.1). The effects of initiating genotypad brain region on LGA burden in Figs. 2B and S6A were

analyzed using twavay ANOVA and the effects of genotype for each of the four regions iR.61y.

were analyzed using ongay ANOVA in GraphPad Prism 5 (San Diego, CA).

Genetic lineage tracing anthte mapping
GFAFCreERRosa2&dTomatowith or without TgGZ%y; Kra$*?®*™ pter™*®were induced

with 40HT at 3.5 m of age (mean 105, SD 38 d) as described above. PhenotypiecslpevBIiEAP
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CreERRosa2&dTomatomice were sacrificed 7 d (N=8)d GFAFRCreER; Rosa2&dTomatq TgGZ%:;
Kra$'?*™ pteri’** micewere sacrificed approximately 3 w (N=3, mean 18.7 d) and 2 m (N=2, mean 60
d) postinduction. All mice received a single intraperitoneal injection with EdU (5mg/kg) 4 h before
perfusion. Mice were perfused with 4% paraformaldehyde and their brains were immersion fixed in 4%
paraformaldehyde overnight. Fixed brains were embedded in agarose and sagittal$s@{ioms cut

using a Leica VT1000S vibratome.

Immunofluorescencestaining

Floating brain sections were permeabilized and blocked for 1 h using phosphate buffered saline
(PBS) with 0.5% Tritor2¥0, 0.01 M glycine, and 5% goat serum. Primary antibodies were added for 18
h in staining buffer (PBS with 0.1% Triteh®0and 0.5% bovine serum albumin) using the following
concentrations: BLBP (rabbit 1:1000, Millipore, #4BIN GFAP (chicken 1:2000, Aves, #GFAP), GFAP
(rabbit 1:1000, DAKO, #Z0334)}6Ki(mouse 1:1000, Cell Signaling Technologies, #9449S), MAP2
(chicken 11000, Thermo #PA16751), NeuN (mouse 1:500, Chemicon, #MAB377), NSE (chicken 1:250,
AbCam, #ab39369), P16 (mouse 1:500, Santa Cruz664¢, Sox2 (rabbit 1:500, Chemicon, #ab5603),
and SV40 T antigen (mouse, 1:100, Calbiochem, #DP02). Sectionsyaetdwice with wash buffer
(PBS with 0.1% Triton200) and then washed twice for 30 min. Slices were stained for 4 h with DAPI
(1:2000) and the following secondary antibodies: Alexa Fluor 488r&@btiit A11034, antmouse
A11029, and antthicken A1103, 1:1000), Alexa Fluor 568 (ardibbit A11036, 1:1000), Alexa Fluor 633
(anti-mouse, A21236, 1:500) and Alexa Fluor 647 {atbit A21071 and antthicken, A21103, 1:500).
EdU was detected using the Invitrogen GIclEdU Cell Proliferation Assay18838) according the
YIydzFl OGdzZNENRE AyaidNuHzOGA2yao {SOGA2ya 6SNB ¢ aKS

acquired using a Zeiss LSM 710 confocal microscope (Thornwood, NY).
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Immunofluorescence quantification
Four random images of the cortediencephalon, 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, from3\redlicate mice per
genotype and time point examined. TdTomasmd DARpositive nuclei were counted using ImageJ
and their ratio was calculated to determine the percent tdTomptsitive cells for each image. The
mean percent tdTomatgositive cells + SEM from 36 imagesvas then calculated for each brain
region. The percent Edpbsitive cells were calculated similarly fron8 onsecutive sagittal sections
(mean 1.6, SEM 0.4 sections/mouse), located approximately 0.875 mm lateral to midline, for each
mouse brain. The #dcts of genotype and time from induction on % tdTomdteig.2.2C) or EdU
positive cells (Fi@.2D) were analyzed using tweay ANOVA in GraphPad Prism 5. To determine GFAP
CreER recombination efficiency and specificity for astrocytes, the percerabB&8Mpositive
astrocytes and Newdositive neurons in the cortex, diencephalon, brainstem, and olfactory bulb that
were tdTomato/BLBRand tdTomato/NeuNdouble positive were determined from2 random

images/region in a sagittal brain slice from a 4@htiuicedGFARCreERRosa2&dTomatomouse.

Microarrays
Total DNA or RNA was isolated from flash frozen brains or tumors (T2le&£%, 2.8, and
£.13) using DNeasy® or RNeasy® Mini Kits (Qiagen, Valencia, CA). RNA quality was confirmed on an
Agilert 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 mQ@Hdridduction were
hybridized to Agilent Whole Mouse Genome 4x44K microarrays2@4 Wwhile tumors and brains from
terminally sacrificed mice were hybridized to 4x44K82846Aper the manufacturer's protocol.

Stratagene Universal Mouse Reference RNA (Agilent, #740100) wgbrodized to each array as a
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reference. DNA was hybriéid to Agilent Mouse 244A microarray84415A)sing a pooled DNA

reference made from wildype C57/BI6 and syngeneic, phenotypically wyde littermates. DNA

labeling and hybridization were performed in the UNC LCCC Genomics Core using Agilent CGH ULS

PNR (G202t @dodm FOO0O2NRAY3I (2 YIydzZFIlI OldzZNBNRA Ay aidNHz

Microarray Scanner (G2565CA). Images were analyzed using Agilent Feature Extraction Software.

Microarray analyses

All original raw microarray data are pidally 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 chdhBdls Replicate probes
were collapsed to genes by averaging. Further analysespegefermed in R (R Development Core
Team, http://www.Rproject.org). For the 2 m LGA cohort, 78 olfactory bulb and prosencephalon
samples (Table23l) from eight microarray batches were combined in Comi§af®) using a parametric
adjustment to remove batch effects and form a data matrix on which all further analyses were
performed. Fortythree HGA (Table2$) from three microarray batches were analyzed similarly.
Probes were annotated withene symbols using Agilent eArray
(https://earray.chem.agilent.com/earray). Cluster v3.0 and JavaTreeview were used for hierarchical
clustering analysed 56, 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 ConsensusClustétBRsvith 1000 iterations
and an 80% resample rate and gave identical results using 2000 and 5000 genes. Core subtype
membership was verified by silhouette width analydig 160). ClaNC was used to define a 600 gene

classifier (200 per subtype) to distinguish among threeS$IHGA subtyp€$61). Single sample Gene
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Set Enrichment Analysis (sSSGSEA) was performed as previously dedd&ihéa3). For human TCGA

GBM signatures, the 250 genes most highly expressed in each subtype, as determined by TCGA in one
versus rest comparisons, weused(17). The murine neural lineage dataset GSE9566 was downloaded
from NCBI GEO. Neural lineaggeecific gene signatures were the top 500 genes associataceath

cell type(108). The luman lowergrade astrocytoma dataset GSE35158 was downloaded from NCBI
GEO and signature genes were taken from Tablgé & Gorovets, et a[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
Lowessnormalized data were analyzed and plotted using the R script SWITCtdhavith
alpha=16 and Fthresh=12. Probe level analysis dPtaerlocus indicated that loss of exon 5 was
detectable in LGA with deletdeiten suggesting tumor cell density was sufficient to detect potential
CNA in LGA. Raw Agilent 244A copy number data @8E2292{00) was downloadedrom NCBI

GEO, normalized, and analyzed similarly.

Prediction of TCGA GBM subtypes in GEM HGA
TCGA GBM subtypes of 42 core TR(P) HGAZRig) Bere predicted using the murine
orthologs of the TCGA GBM ClaNC 840 gene clagsifjd63). Murine HGA and TCGA GBM mRNA
expression data were combined using Distance Weighted Discrimination (@98p) 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 (GSE&SFERZN17, and
GSE?29458; Tabl@.$1) (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 originahanuscripts as covariates. Hierarchical clustering and single
sample prediction of S$3 HGA subtypes using the ClaNC 600 gene classifier defined in the discovery set

were performed on the validation set.

Significance analysis of microarrays (SAM)
Genessignificant to LGA versus normal brain or LGA with and withouf¥Pagere determined
by one versus rest SAM with a false discovery rate (FDR) of 0.001 (Z.8pleG&nes significant to each
murine HGA subtype were determined by one versus rest SAMRIIR of 0.001, 0.01, and 0O for S1, S2,
and S3, respectively (Tabl2.$y. FDR were chosen in order to define 1-2000 of the most significant

differentially expressed genes.

G1/S checkpoint (RB pathway) mutations in human GBM
Data from 236 TCGA humaB& with aCGH, sequencing, and mRNA and protein expression
data were analyzed using the cBio Cancer Genomics Rbéfal Copy number abnormalities were
determined by GISTIC 2.0; mRNA and protein expresssoargs beyond + 2 were considered

AIYATFAOLYy o CA&KSND& S E loirrenteSoaniuiual ex8usifity. LIS NF 2 NY S R
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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} genar in 98% of adult human
GBM in the TCGA dataset (Fig1ly Reduce®RBIMRNA or protein expression, inactivating mutations,
or copy humber losses trend towards-oocurrence with similar alterations in its pocket protein family
membersRBLIor RBL2 suggesting that functional compensation amongst these proteins may require
elimination to disrupt the G1/S checkpoint in the absenc€DKN2ACDKN2RIterations, which occur
in 6870% of casesRbldeletion in adult GFAPositive mouse brain cells faito initiate astrocytoma
tumorigenesis, in both the presence and absence of concomRgerideletion (100). However,
inactivation of all three Rb family proteins (Rb1, p107, p130)heXpression in GFABbsitive
embryonic brain cells is sufficient for LGA development and tumoeggjerns accelerated when
combined with heterozygouBtendeletion (79). We have recently shown that,Jexpression ablates
the G1S checkpoint in murine astrocyt€$63). It remains unknown whether functional ablation of Rb
family members in the adult mouse brain is sufficient for astrocytoma developarahtvhether
concomitantPtenloss 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

transgenicGFARCreERnice (99).

GFARCreER targets astrocytes in multiple regions of the adult mouse brain

Genetic lineage tracing in 3 m ad@EARCreERRosa2&dTomatomice showed that 40HT induced
recombination throughout the brain (Figd1, 2.2). Multiplex immunoflucescence showed that
recombination occurred in 59 £ 2% of BLRRitive astrocytes in the cortex, diencephalon, and
brainstem (Fig.33). In contrast, only 0.2 + 0.1% of Nepd&itive neurons in these regions-co

expressed tdTomato (Fig2.8).
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Ablation of all Rb family members is sufficient for tumorigenesis in adult murine astrocytes
GFAFCreER,; + Pter™™*mice were induced to genera8FARCreER,,+ Pteri” mice
(hereafter referred to as T and TPrespectively). T and TP {TBnd 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 throughothe brain (Fig2.2A, 2.5). In contrastPtendeletion alone was insufficient
for tumorigenesis, as P mice displayed no hypercellularity, nuclear atypia, or abnormal brain
architecture (TableZ1), consistent with a previous repgt00). Quantification of nuclei showed that T
and P"" mice had similar overall hypercellularity, but different regional LGA distribution (Fgs. 2

5).

Kras’**°potentiates tumorigenesis in G1/8efective adult murine astrocytes

Because RTK genes sucle@d-R, PDGFRA, ERBB@METare commonly ogrexpressed,
amplified, or mutationally activated in human GBM and uniformly activate Ras sig(i8®gwe used
a conditionaKra$*?’knockin allele to model the downstream RABAPK pathway activation elicited
by RTK gene altations. KRA®nutations occur in only 2% of human GE&A8), but KRASNd other
RAS/RABenes are gained and overexpressed in both human GBM and ce(lllg8:469) and the
negative RAS regulatdi1is deleted or mutationally inactivated in 17% of GE¥). Kras, but not
other Ras isoforms, is activated uphifil deletion in murine astrocytes, and Kfa&phenocopieNfl
deletionin vitroandin vivo(170). Moreover, we have recently shown that Kf&8potentiates MAPK
signaling, growth, migration, and invasion of GilfSective murine astrocytes expressing;Tn vitro

and facilitates developmentfdsBM in syngeneic mouse braii$3).
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Kra§?’has been shown to inefficiently induce LGA in neonatal mouse neural progefii#@s To
investigate whether Kr&3”®alone was tumorigenic or cooperated with Rb family and/or Pten
dysfunction in adult murine astrocytes, we cross&8ARCreERKra$ "%+ T,,, + Pted™”*"mice,
induced recombination, and sacrificed R, RP, TR, and TRP mice at 2 m after induction. In this context,
Kra$*?Palone or in combination witfPtendeletion was insufficient for tumorigenesis, as R and RP mice
displayed no increased calérity and had normal brain architecture (Fig.63\B and Table23l). Both
TR and TRP mice developed neurologically asymptomatic LGA with 100% incidencgFigs5R In
contrast toPtendeletion, Kra§"?"significantly increased LGA burden imiEe (18% in TR versus 11% in
TP (Figs2.2B, 2.5, 2.6D). TRPmice had the highest LGA burden and 25% harbored anaplastic
astrocytomas (WHO Grade Ill) after 2 m (RIgEAB, 8.5, 2.6D). ANOVA showed that both initiating
genotype and brain ragn significantly affected tumor burden. These findings demonstrate that
Kra$'*°potentiates tumorigenesis in Gl&fective astrocytes and th&tendeletion further increases

LGA burden throughout the adult mouse brain.

Ablation of all Rb family membes is required for tumorigenesis in adult murine astrocytes
Rbideletion,Rb1;Pterco-deletion + Kra%'® or Nf1 + Rb1+ Ptenco-deletion showed no evidence
of tumorigenesis in adult astrocytes. In contrast, similar to TR(P), all T middfivitiPtendeletions
developed astrocytomas (Fig2.%, Table S2). Collectively, these results demonstrate tRdil
deletion alone is insufficient for tumorigenesis, even in the presence of activating MAPR{#naisif1
deletion) and PI3KPtendeletion) pathwaymutations. 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}fad Nf1 deletionhave similar

tumorigenic effects in G1/8efective, adult murine astrocytes.
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TRPtransformed astrocytes maintain their astrocytic identity and develop into hypercellular foci
over time

In order to fate map transformed astrocytes, we used fluorescent tjpageacing withGFARCreER
Rosa2a&dTomatocrossed with TRPmice. TRP significantly increased tdTomato cell density fréfr 4
in the normal cortex, diencephalon, brainstem, and olfactory bulb at 7 d #8728 and 4247% in these
regions 21 and 60 dt&f induction (Fig2.2C, 2.8, 2.9). A temporal increase in perineuronal
satelitosis, a histopathological hallmark of human astrocytomas, was also evident 2HQsargl
2.11D). Furthermore, these cells expressed (Fig. 8.11AB) and the astrocigt markers BLBP (Fig.
S.11C) and Gfap (data not shown) and hypercellular foci developed by 60 2(Eid=)S A single pulse
labeling with EdU showed increased proliferation of tdTormadsitive cells in all brain regions over
time (Fig2.2D, 2.9). K-67 staining showed that proliferation was heterogeneous at 60 e6@Ea CV).
Hypercellular foci had-fold increased proliferation relative to surrounding diffuse astrocytoma (Fig.
.11DE). These results show that TRP initiates tumorigenesis in dstracyour 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 proferation develop suggests that that these foci progress to HGA upon stochastic

acquisition of additional mutations.

T(RP) LGA transcriptomes have K&&8oncogenic driverand astrocyte locatiorspecific
signatures

To understand how Rb, Kras, and Ptefectftumorigenesis at the molecular level, we examined
gene expression and copy number in high tumor burden areHfactory bulbs and forebrains
harvested from mice at 2 m after induction (Tab®1$. Principal components analysis (PCA) showed

separdion of normal olfactory bulb, normal forebrain, and LGA in both regions. Moreover, LGA with
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and without Kra8'*°grouped separately in both locations (F2BA), but there was n&ras$**effect in
non-tumor olfactory bulbs (Fig. 3B). Consensus cluggg¢l58) of transcriptome data confirmed the
distinction between brain regions and LGA with or without R¥&%Fig. 8.12). Notably, there were
minimal and infrequent copy number alterations (CNA) in LGA, including thos&ra&H?°(Fig.
2.13A). These findgs demonstrate that T(RP) LGA have not acquired signifibégtand their

transcriptomes have Kr&¥°oncogenic driverand astrocyte locatiospecific signatures.

T(RP) LGA transcriptomes recapitulate subtypes of-@BiM astrocytomas

Significance arwgsis of microarray (SAM)71) was conducted to identify genes differentially
expressed between T(RP) LGA and normal brain (T2Be $ene ontology (GO) analysis showed that
the most highly expressed LGA genes functioned in multiple celldyetd&points (FigSLl3B). We
confirmed aberrant G1/S signaling by performing p16 immunofluorescence. At5 m, p16 is normally
absent in wildtype cortical murine astrocytes, but is expressed in neu(@ig). Unlike wildtype mice,
TRP induced p16 expression in transformed astrocytes, consistent with microarray data.{Big. S
Upregulation of G1/S checkpoint genes is consistent with Rb pathway disruption in T(RP) LGA. SAM and
GO analysis of LGA witkrsus without Kra&?°showed that the most highly expressed genes were
enriched in immune response and cell membrane biology (T&bB.STo determine if this Kras®
signature was differentially expressed among human astrocytomas, we assessedchsent in non
GBM human astrocytomdd64). The Krd&?Psignature was highly expressed in the jgt®blastoma
(PG) subtype (Fig-3C), which has shorter survival thaauroblastic and early progenitdike subtypes,
contains mostly HGA (anaplastic astrocytomas), and has a genomic landscape similar to GBM, including
frequent EGFRimplification andCDKN2&nd chromosome 1ATEN deletions(164). Taken together,
these data suggested that murine LGA with R¥&svould rapidly progress to HGA and show worse

survival than LGA without Ki&4P
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LGA with Kra8"Pstochastically progress to HGA and acquire CNA

To determine whether LGA progress to HGA, we induced recombination in eela@Ag
genotypes and aged mice until neurological morbidity. Astrocytoma incidence was 100% for-all six T
containing genotypedg.2.4A). LGA in T and TP mice infrequently progressed tegnégle anaplastic
astrocytoma (WHO Grade lll), but none of these mice exhibited neurological symptoms when sacrificed
up to 18 m after induction. Furthermore, terminal T and TP LGA contfémednd infrequent CNA (Fig.
2.51). Taken together with the twmonth LGA aCGH data (Fig.1SA), these results indicate that T(P)
LGA rarely acquire CNA regardless of their age.

In contrast, TR mice frequently progressed to HGA, including GBMN.4AYy.and median survival
was 4.5 m after induction. (Fig4B). These results indicate that while Rb family dysregulation is
required to initiate tumorigenesis in adult murine astrocytes, Kf&4acilitates progression to HGA.
Furthermore, deletingPten in TRP"and TRP mice resulted in frequent HGA progression. Although the
frequencies of HGA in TRP mice were not statistically different froltéRgleletion led to increased
incidence of GBM, which all contained pseudopalisading necrosis, lely microvascular proliferation
(Figs2.4A, 2.15,25AF). 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 2Hi§).S

The variable survival in TR(P) miceHGA suggested that progression occurred stochastically. We
therefore monitored the development of HGA in TRiRice with contrastenhanced magnetic
resonance imaging (MRI) over time. HGA, but not LGA were visible &ydl'2weighted MRI and
enhancel with gadolinium. Therefore, contrast enhancement (EigA) was used as a surrogate for
histological progression. All mice had MiRtletectable LGA (Fig.5B-F), but also developed focal,

contrastenhancing HGA (Fig.5B-F) at 35 m after induction.Onset was variable, but HGA growth and
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lethality were uniformly high (Fi@.5GH). These findings suggest that TRP LGA progress into rapidly
proliferating, lethal HGA upon the stochastic acquisition of additional mutations.

Because HGA had variable ehand 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 (FR§53L). All three genotypes had prevalenpy number
gains throughout chromosome 6, which contains the established oncodgnaédras andMet.

Among Rb, RTK/MAPK/PI3K, and Trp53 pathway g€nad2 Statl, Met, Braf, Kras Rafl, andMdm4

were gained in 20% of HGA. Other notable, but less frequent CNA were galfgfiofErbb2, Pdgfrb,
andPik3caoncogenes and loss Bten, Cdkn2a, and TrpS@mor suppressors (Tabl@$). TRP HGA

had the lowest frequency of these CNA. Similar chromosomal distritsiGbCNA were evident in TR

and TRP HGA, but CNA were more frequent in TR HGA (Eit6)S Only 3 HGA (7%) had no CNA and

all were from TRPmice with short, 1.2.1 m survivals, including one asymptomatic TRP®use

sacrificed for inclusion irhe 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 heterogeeity 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.Z&17) Silhouette width analys{$60) identified 42 core HGA samples with expression
profiles most representative of each subtype (FRJ18D). HGA subtype did not correlate with initiating
oncogenic mutations (Tabl28). Similarly, o Ptendeletionrelated effect was evident in LGA
transcriptomes (Fig2.3AB and 3.12), suggesting thatendeletion does not significantly contribute to
transcriptomal heterogeneity either before or after malignant progression in this model. Whereas

initiating genotype correlated with survival (FA¥B), HGA subtype did not (Fig.18A). However,
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HGA subtype correlated with brain region (F318B). Subtype 1 (S1) tumors were primarily located in
the brainstem (72%), some of which developed esphytic 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@isitive astrocytes in different
brain regions give rise to transcriptomally distinct HGA.

Moreover, HGA transcriptomes were distinct from their genotypatched LGA counterparts (Fig.
S218C). 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 negenotypematched human LGA and H@EA, 13, 15) and
suggest that the secondary mutations acquired during malignant progression significantly influence

astrocytoma transcriptomes.

Murine HGA phenocopy human HGA transcriptomal sulatyp

A classifier consisting of 600 genes, the 200 most representative of each subtype, correctly
predicted subtype with 0% cross validation and error rates 26¢, Table £9). In order to further
characterize these subtypes, we examined differentiedgressed genes using SAM 1) and defined

their biological functions using gene ontology analyses (Tabld)S Immune and cytokine response,

(s}

NET. LI dKgles yR SEGNI OStfdzZA I NJ YFEGNRE 3SySa ¢
subtype was similar to human mesenchymal HGA18). We therefore predicted the human GBM
subtype of individual murine HGA using the &#he TCGA classifier and found that 94% of S1 HGA
were predicted as mesenchymal GBM (FA8C, .19, and TableZ8). S1 HGA were also enriched in a
cultured murine astrocyte signatui@08) (Fig.2.6E), similar to human mesenchymal GBM).

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 signat(ré3) and a murine oligodendrocyte precursor
signature(108), similar to human proneural GB{l7).

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, respectivelalbwere enriched in a murine
neuronal signaturé108). 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
S1S3 HGA subtypes (Tab8. Six of these HGA pairs were analyzed by aCGH and none contained
identical genomic copy number landscapes (TaBl&)S Together, these data suggest that CNA
acquired stochastically during malignant progression signifigaantribute to HGA transcriptomal

heterogeneity.

Validation of S1S3 HGA subtypes in different adult GEM HGA models

S1S3 HGA subtypes were validated in an independent test set of transcriptome data from adult
GEM HGA models with different initiatingangenic mutation$100, 142, 144). The 60@ene classifier
showed similar expression in both the discovery and test sets ggsB). 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 GBMrespectively [fig.2.6D, Table &11). Two datasets contained normal brain samples and
these clustered with neural S3 HGA. This finding recapitulates the clustering of humagsopastic

brain with neural GBNM17).

Deletion of p53 affects the CNA landscapes of murine HGA upon malignant progression
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Because HGA from both TR(P) &id/Pten/p53triple KO(100) models reproduce multiple human
GBM subtypes, we compared their CNA landscapdd./Pten/p53riple KO HGA harbored CNA in all
autosomes, but thelromosomal pattern of CNA was more restricted in TR(P) HGAZR2Q).S
Because the role of p58 maintenance of genomic integrity is well establislied), we hypothesized
that p53deletion contributed to the difference between genomic landscapes in these models. To test
this hypothesis, we bred a flodg@53allele into T(RP) mice (Tabl2.&2). At 26 m after induction, all
T(RP)53" mice harbored LGA and 4/14 had progressed to HGA @E2{)S Similar to T(RP) mice
without p53 deletion (Fig.2S13A), T(RM)53" astrocytomas harvested 2 m after induction were largely
devoid of CNA (Fig282). In contrast to T mice without KFa&in which LGA failed to progress (Fig.
24A) and lacked CNA even when aged over a yea2(biy.at 11 m after induction, a T;pB3nouse
developed GBM with widespread CNA similaRtul/Pten/p53riple KO HGA (Fig223). These data
support the conclusion that heterozygopS3deletion results in widespread genomic instability during

malignant progression.
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DISCUSSION

In this stdy, 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 gradeastrocytoma (LGA) initiation throughout
the brain, but Kra&'?® deletions ofRb1 Nf1, andPten and double and triple combinations of these
mutations were insufficient for tumorigenesis. LGA transcriptomes were distinct from histologically
normal brainsand clustered by anatomic brain region and Kt&status. We identified a Kr&&®2
associated immune response signature that was enriched in thglklastoma subtype of human
lower-grade astrocytomas. When aged to neurological morbidity, mice Rlitipathway 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 &andependent 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 ssibégiec
signatures Single sample prediction using human GBM subggezific 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 transcriptomaygeb.

The role of Rb family proteins in astrocytoma initiation and progression

In contrast to previous studies that inactivated Rb family proteins in embryonic(i#fiter
conditionally deletedRblin adult mouse brain€l00), we found that inactivation of the Rb family of
pocket proteing; Rb1, Rbl1/p107, and Rbl2/p18Qith T;,; was sufficient to initiate astrocytoma
tumorigeness in adult murine astrocytes. DeletionRblalone could not substitute for;J; or combine

with Kra§'?® Nf1 deletion, orPtendeletion to initiate tumorigenesis. Together, this evidence suggests
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that functional compensation amongst Rb pocket protemsdersRbldeletion 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 acqte RB pathway mutations. AlthougBLIandRBLZre infrequently mutated, their
decreased expression tends to-oocur with inactivatindRBlmutations in human GBM that lack
CDKN2ACDKNZ2Bhutations. These findings suggest that functional compensatiomastdrb family
proteins may require elimination to disrupt the G1/S checkpoint in both humans and mice. \hile T
was sufficient for initiationRB1mutations are generally thought to be a late event during malignant
glioma progression in humai($75). Whether these findings reflect a fundamental differencén®en
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 @filing showed that LGA are distinct from nraimorigenic brains and can be separated
into two subtypes based on Kfd4", but notPtendeletion. These data suggest that in GiléSective
adult murine astrocytes, Kra¥°has greater effect on gene exmsion tharPtendeletion and are
consistent with a recent study in which multiple fragments of individual human GBM were sequenced to
examine clonal evolutioflL76). The authors suggest that PTEN loss is a late event in human GBM
progression and occurs afterimary 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 murigpesahd
its potential human counterpart the pre-glioblastoma subtype predicted to become GBIt is
that murine LGA have relatively silent genomes, but humargticblastomas 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 pr&BM, but it is noteworthy that gene expression indicates LGA with GBM
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potential before progression. Addnally, 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 geniortumor progression and survival. Progression and
adaptation studies would only be possible in humans with detailed fallpgy and long survival of
patients with A2 makes such studies logistically difficult. In contrast, this murine LGA model paovides

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 subtypespecific features can be used to realize the potential of targeted therapy and
personalized medicinfl6-18, 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 differémbdseand
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 specific®§). As a result, direct
comparisons between models, cells, and transcriptomes are difficult.

Proneurallike murine HGA and GBM have been described in a model that embryonically deleted
p53/Nflwith GFAP, Nestin, or NG2Cre in fluorescently labeled ce{ls43), a model that employs PDGF
and Creexpressing viral injections inr®w floxedPtenor Pten/p53mice(142), and a GFARreERIriven
adult GEM with floxed®ten/p53+ floxedRb1(100). Here, adult GFA#iven Sroneuratike 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 prondikeHGA progress similarly in
embryonic and adult GEM, ihat 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
proneuraliike HGA despite confirmation that GFERe 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-@ég\#/e proliferation and tumorigenesis occurs in
the inner region of the olfactory bulb where the RMS depoddagoing studies involve a detailed origin
and fate characterization of these cells.

We also described S1 mesenchyiiled HGA which often occurred in the brainstem and expressed
signatures resembling cultured astrocytes. MesenchylikalHGA have beeredcribed in two other
adult HGA modetsthe Baker group deleteBten/p53+ Rblin GFARositive cell{100), and the Verma
group injected lentivirus expressing Hf&snd p53shRNA into SVZ, cortex, and hippocampus of GFAP
Cre, mice or into the cortex of Sytke micg144). However, when Nesti€re mice were used
hippocampal injections generated newtide HGA. The result of different subtypes based on alternate
Credrivers 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 includéfd deletion, oten 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 neulie HGA that occurred in the cortex, diepbalon, brainstem, and
olfactory bulb. S3 neurdike HGA had the most heterogenous transcriptomeguron signature genes
were enriched in S3 HGA, but individual HGA also highly expressed OPC, astrocyte, and oligodendrocyte
signatures. Similar transcrighal heterogeneity existed in neurblke HGA from the Verma group even

though all those HGA were initiated in the same location in N&Stenmicg144). These two examples
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of neuratlike 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 postraiastrocytes rather than from glial progenitors

migrating from the SV@A.77), we suspect that cortical and brainstem HGA arise from locally transformed
astrocytes ad not NSC.

The classical GBM subtype has been more difficult to reproduce in GEM. We andtigrs
showed a few tumors that predicted as classical, but these are part of tpedB2ural subtype rather
than a unique group like human classical GBM. However, classical GBM mighktddtype that can
be more easily defined by its oncogenic mutations bec&LBEN2Aoss,EGFRain, andEGFRcreased
expression are nearly universal in classical GBM. Unfortunately comprehensive analysis was precluded
in the adult HGA GEM that used #eegenetic drivers because it lacked a bigpecific promoter and
transcriptome analysi€6).

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 ottencers 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 GEKB). Yet despite different Crérivers,
initiating mutations, and degrees of CNA;SA GFAEre 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 dd, contribute to genomewide 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 transaniigcubtypes 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
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diversity of three recent aduGEM 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 conditionsti@cgtoma
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 wiloa 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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Figure2.1. GFARCreER mediates recombinatighroughout the brain Genetic lineage tracing a
GFARCreERRo0sa2é&dTomatomouse at 7 d after induction. DAPI (A, D), tdTomato (B, E), and merged
(C, G). Only cells in neurogenic brain regions (par€l$rbm the boxed region in B), including thezSV
and rostral migratory stream, incorporate EdU (F).

63



A i B .
100‘ 3?30- ECTX EBS

80 g 25- DI BPOFB
] B 50
= 60 a
g | § 15
= 40- =

- -g 10-‘ ﬂ j
204 % 5-
E x J
0- +/= o= - - 0- - -
T TP TP TR TRP*" TRP T TP TR TRP
N Mice 5 6 5 7 9 8 N Mice 5 5 6 3
50 D 30
= 40/ ~29]
» 2]
= ~— 20-
3 301 2]
*3 ; O 151
-] 20_ + o
E] 3 104
[ w
0- 0
CTX DI BS OFB CTX DI BS OFB SVZ

Figure 22. Effects of initiating genotype and brain region on LGA tumorigenesidl mice
harbored LGA (blue) and only 25% of TiRftce 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-tyjé controls (Fig.26). Tand TP
mice had similar overall hypercellularity, but regional distribution differed: Mite harbored
significantly greater OFB LGA (emay ANOVA=0.002). Regional differences were not evident
between TP and TR or TR and TRmut both initating genotype and brain region significantly affected
LGA burden overall (twavay ANOVAR<0.002). Genetic lineage tracimgGFARCreERR0sa26
tdTomato(green) andsFAFCreEERosa2e&tdTomatgTRP” (red, blue) mice at 7 (green), 21 (red), and
60 (blue) cshowed an increase in tdTomat(C) and proliferating, Edpbsitive cells (D) over time in all
four brain regions. Only tdTomafuositive cells in the subventricular zone (SVZ) proliferated in the
presence and absence of TRPBoth initiating genotypéime and brain region significantly affected
tdTomato and EdWpositive cell density (twavay ANOVA<0.0001).
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Figure2.3. LGA transcriptomes show driver mutatieand brain regiorassociated signatures.

Principal component analysis (PCA) shtvas normal (black) and LGZontaining (red, blue)
olfactory bulbs (OFB) and forebrains (FB) have distinct transcriptomes, as phenotypicayyp&vitdce
(normal brains, Table S) clustered separate from T, TR, TP, TRP LGA (A). Transcriptomes GfTGFB and
LGA with (red) and without (blue) Kfa&are also distinct. Although OFB transcriptomes from
histologically normal mice with (black with red outlines) and without (black)*Kfasere
indistinguishable, the transcriptomes of OFB LGA with%{¥sed) were distinct from those without
(blue) (B). A Kr8%"related OFB LGA gene signature was enriched in thglklastoma (PG), but not
the neuroblastic (NB) or early progenitlike (EPL) subtypes of human rRGBM astrocytomas.
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Figure2.4. KasG12D facilitates malignant progression to HGRistopathological examination of
brains from aged mice (A) showed that only2® of T, TP, and TP mice harbored HGA (all A3). In
contrast, 7176% of TR, TRPand TRP mice harbored HGA [ChguaredPXn dnams ¢ wot 0
developed in 35, 54, and 62% of TR, TRihd TRP mice (ChisquaredP=0.065, TRPvs. TR). Whereas
TR, TRP, and TRP mice developed HGrelated neurological morbidity and showed significantly
decreased mdian survivals of 4.5, 4.0, and 2.8 m, respectively-(aogP < 0.009 for all pairwise
comparisons), all T, TRand TP mice were neurologically asymptomatic when sacrificetbm after
induction.
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Figure2.5. LGA stochastically progress to rafyigbroliferative, lethal HGA after acquisition of CNA.
Gadolinium contrast enhancing (A)ppositive (B) HGA (C) develop focally in the context of
widespread LGA (C, D, E). A representative GBM with microvascular proliferation (F) frdfh a TRP
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