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Abstract

The recently published comprehensive profiles of genomic alterations in glioma have led to a
refinement in our understanding of the molecular events that underlie this cancer. Using state-of-
the-art genomic tools, several laboratories have created and characterized accurate genetically
engineered mouse models of glioma based on specific genetic alterations observed in human
tumors. These /n vivo brain tumor model s faithfully recapitul ate the histopathology, etiology, and
biology of gliomas and provide an exceptional experimental system to discover novel therapeutic
targets and test therapeutic agents. This review focuses on mouse models of gliomawith a special
emphasis on genetically engineered models devel oped around key genetic glioma signature
mutations in the PDGFR, EGFR and NF1 genes and pathways. The resulting animal models have
provided insight into many fundamental and mechanistic facets of tumor initiation, maintenance
and resistance to therapeutic intervention and will continue to do so in the future.

Introduction

Histological and malignant profiling: glioma grades

Gliomas comprise a heterogeneous group of neoplasms that differ in location,
morphological features, tendency for progression, and response to therapy. Histological
grading according to Kernohan (Kernohan et al. 1949) and Ringertz (Ringertz 1950)
dominated until 1993, when the World Health Organization (WHO) grading system was
established classifying gliomas into grades I-1V (Huse and Holland 2010; Kleihues et al.
1995). WHO grade | gliomas generally behave in a benign fashion and can often be
surgically resected without recurrence. Grade I1-1V gliomas constitute the diffuse infiltrating
gliomas and range in malignant character. Grade Il tumors are categorized as astrocytomas,
oligodendrogliomas, or mixed oligoastrocytomas, depending on the cells' resemblance to
astrocytes or oligodendrocytes. Grade 111 gliomas are more aggressive and include
anaplastic astrocytomas and oligodendrogliomas. Grade IV gliomas, also known as
glioblastoma multiforme (GBM), are the most aggressive subtype. GBMs either develop de
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novo (primary glioblastoma) or as lower grade gliomas that exhibit increasing malignancy
over time (so-called secondary glioblastoma) (Hesselager and Holland 2003).

Transcriptional and proteomic profiling: glioma subgroups

DNA, RNA, and protein analyses of gliomas suggest that they are not a single tumor type,
but fall into several distinct molecular subtypes. Studies published by multiple groups using
avariety of technologies have come to similar conclusions regarding the number and nature
of these molecular subtypes of glioma. One such study used correlative expression profiling
to subdivide gliomas into groups based on similarities to known cell types. The resulting
groups were termed Proneural, Proliferative and Mesenchymal (Phillips et al. 2006). A more
recent analysis of The Cancer Genome Atlas (TCGA) data also identified several subclasses
of glioma, termed Proneural, Neural, Classical, and Mesenchymal, that are strongly
associated with genomic abnormalitiesin PDGFR, IDH1/IDH2, EGFR, or NF1 respectively
(TCGA 2008; Verhaak et al. 2010). In athird report, a combination of proteomic and
genomic analyses was used to subdivide tumors into three subclasses based on signal
transduction pathway activation and genetic alterations. This study also resulted in the
identification of the NF1, EGFR and PDGFR classes (Brennan et a. 2009). In summary, the
dataindicate that there are three distinct glioma subtypes that show either EGFR activation
associated with amplification or mutation of receptor, PDGF-pathway activation, which is
associated with PDGF ligand expression at the protein level and PDGFR amplification in
half of the cases, or loss of NF1 expression. These signaling subtypes strongly correlate with
distinct genomic and expression patterns.

The history of animal models of glioma

Although /n vitro studies using human cell lines have been informative (Alley et a. 1988),
cell culture experiments have inherent limitations including the inability to model invasion,
angiogenesis, metastasis and the role of microenvironment in drug response. Therefore,
many different anima modeling systems have been created to study tumor biology, and for
usein preclinical trials to develop treatment modalities for this disease. These /n vivo
modeling systems fall into two basic categories: those that implant tumor cells into recipient
mice and those that create tumorsin mice de novo.

Implantation models can either be allografts where tumor cells derived from a given species
are implanted back into the same species, or xenografts where tumor cells from a different
species are implanted into immunosuppressed mice. X enograft models can either be
orthotopic (in the original site) or heterotypic (non-autochthonous site). The traditional
allograft models uses cell lines that have been passaged and maintained in tissue culture for
several decades. The tumors generated from these cell lines cultured in the presence of
animal serum tend to not show the classical histologic appearance of human gliomas (Lee et
al. 2006a), and they have not been predictive for response in preclinical trials. Studies of 31
cytotoxic cancer drugsin various preclinical cancer models demonstrated that murine
allograft models show limited utility in predicting Phase |1 clinical trial performance
(Voskoglou-Nomikos et al. 2003).

Recently, with the development of the cancer stem cell field, xenograft models of glioma
have been modified and improved substantially. The use of orthotopic xenograft models has
yielded valuable information on important aspects of GBM biology. For example, orthotopic
GBM models have shed light on the sensitivities of different cell populations to the
oncogenic activities of various genes (Bachoo et al. 2002). Tumor cells derived from freshly
isolated human glioma tumors, when cultured in conditions optimized for cancer stem cell
growth and injected orthotopically, more closely mirror the phenotype and genotype of the
primary tumor than when cultured in serum-containing medium (Lee et al. 2006a). These
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tumors typically recapitulate the diffuse invasion of glioma cellsinto the normal brain
structures, but do not exhibit the microvascular proliferation or pseudopalisading necrosis
seen in human GBM. Moreover, seria passage of these cellsin mice can lead to changesin
tumor phenotype, suggesting that the progression from lower grade tumor to GBM may be
modeled in such systems (Wang et al. 2009a). Several groups are currently using these
modern xenograft models in preclinical testing. The advantage to such systemsis that they
are derived from human gliomas. These orthotopic models have also alowed for
experiments aimed at studying the biology of GBM cancer stem cells (Dirks 2007; Dirks
2006; Singh et al. 2004a; Singh et a. 2003; Singh et al. 2004b) and have recently been
utilized to recreate certain aspects of the microenvironment and cellular heterogeneity seen
in human tumors (Inda et al. 2010).

Two major criticisms of xenograft models are: 1) the absence of afunctional immune
system in these animals and 2) the experimental methods by which these tumors are seeded.
Most orthotopic xenograft glioma models are performed using human glioma cells injected
intracranially in immunocompromised mice. It is becoming clear that cancer formation and
progression involve immune surveillance-escaping paradigms, which, in an
immunocompetent host, select for cancer developmental processes that are not represented
in axenograft system. In addition, DNA repair defects in these immunocompromised host
mice can limit their capacity to tolerate novel treatments, including radiation therapy
(Biedermann et al. 1991). Another potential drawback of xenograft modelsistheinitiation
of tumorigenesis by injection of alarge number of cellsinto the recipient animals. This
method of tumor initiation differs considerably from spontaneous tumor development, which
is generally thought to involve the initial transformation of asingle cell that acquires
additional genetic hitsasit evolves /n situ. In light of these criticisms and with improved
genetic tools at hand, many researchers have turned to the creation and utilization of model
systems that may better represent key aspects of tumor biology.

A second approach to modeling cancer in animalsis to use genetically engineered mouse
models (GEMMs) with a close genetic resemblance to human disease. These GEMMs have
played akey rolein the study of cancer. First, they provide appropriate materials for
comparative onco-genomic studies, which are aimed at identifying additional genesthat are
altered in the devel opment of cancer. Second, these GEMMs have been used to validate the
functionality of specific genesin tumorigenesis. GEMMs can also be used to analyze
cooperative gene networks with specifically engineered mutations, thus allowing for the
assignment of genetic lesions into defined pathways and the testing of drugs targeting these
activities.

GEMMSs of brain tumors

Although genetic modeling of gliomasin mice may superficially appear to be similar to
modeling these tumors by implanting cell lines, there are important fundamental differences.
Genetic models of glioma address the molecular causality for tumor initiation, progression,
therapeutic response and histology. In thisway, GEMMs have greatly contributed to our
understanding of the molecular pathways responsible for tumor initiation, progression, and
metastasis, and have expanded our knowledge of the role of the microenvironment in tumor
biology. These models have shed light on the mechanistic role that oncogenes and tumor
suppressor genes play in these processes. Studies with GEMMs have also improved our
understanding of the role of individual genes and their mutated counterpartsin
tumorigenesis, as well as the cooperation between mutations in tumor development.

Thefirst germline GEMMs for brain tumors were murine models that over-expressed viral
oncogenes (Brinster et al. 1984). Subsequently, germline modification strategies for gain-
and loss-of -function were developed for specific cellular genes. These lines of mice are
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maintained as populations, and the oncogenic ateration is maintained in a Mendelian
fashion. In many ways, germline modification strategies mimic human heritable cancer
predisposition syndromes. These model s reduce the threshold for transformation and lead to
the emergence of tumors from a population of genetically atered cells. As such, they feature
genetic alterations that can contribute to cancer formation, rather than = alterations that are
sufficient for cancer formation from normal cells. A germline alteration that is sufficient to
convert normal cellsto tumor in 100% of affected cells would generally be embryonically
lethal and could not be maintained as aline of mice. In the majority of human cancers, most
mutations occur somatically in asingle cell or small group of specific cell types, and the
identity of the mutation-bearing cell is one determinant of the characteristics of the resulting
tumor cells (Kinzler and V ogelstein 1996).

Over time, genetic models evolved to more complex strategies where multiple genes could
be gained or lost in specific cells and at specific developmental time points. Conditional
strategies were developed that allow for the control of gene expression in both a tissue- and/
or time-specific manner (Macleod and Jacks 1999; Talmadge et a. 2007). For example, tet-
regulatable or cre-inducible alleles of genes can alow for the control of the timing, duration,
and tissue compartment of gene expression or inactivation. In addition, several methods for
somatic cell gene transfer have been developed using retroviral or adenoviral vectors
delivering cre recombinase. The RCAS/tv-a system is based on use of areceptor for
subgroup A avian leukosis virus (TVA) that allows multiple genes to be introduced
somatically into a single mouse strain by using retroviral infection by subgroup A avian
sarcoma leukosis viruses (ASLVs) (Federspiel et al. 1994). Replication-competent ALV
splice acceptor (RCAS) viral vectors were derived from ASLV's; this vector is genetically
modified to accept insertion of various oncogenes of interest (Greenhouse et al. 1988). All
of the above-mentioned strategies have been used to generate brain tumor models.

Severa brain tumor models have been developed by altering the signaling pathways that are
disrupted in human gliomas such as those including Rb, RAS and AKT (Guha 1998; Henson
et a. 1994; Holland et a. 2000; Ueki et al. 1996). Given the high frequency with which pRB
function isimpaired in human astrocytomas, a transgenic astrocytoma model was developed
by tissue-specific inactivation of the Rb family proteins via the expression of SV40 T
antigen (Danks et a. 1995), and later afragment of the SV40 T antigen (T121), which
effectively inactivates the Rb pathway, expressed under control of the GFAP promoter.
When this geneis expressed later in devel opment, nearly 100% of the mice develop lethal
anaplastic astrocytomas within 10 months (Xiao et al. 2002). Furthermore, in this model, the
combination of prerrinactivation induces increased tumor cell survival and invasion along
with angiogenesis (Xiao et al. 2005).

To study the role of RAS signaling in gliomagenesis, transgenic lines were generated where
congtitutively active Ras (V12Ras) was expressed under the control of a human GFAP
promoter. To investigate the importance of Ras gene dosage, a series of transgenic lines
(GFAP-V12Ha ra9 with varying Ras expression levels were created. For instance, mice with
extremely high V12Ha-rasexpression and activity died of multifocal GBM within 2 weeks
after birth. Moderately elevated levels of V12Ha-rasexpression leads to astrocytomas of
varying grades in 95% of animals, with 50% of these mice devel oping astrocytomas by 3
months of age (Ding et al. 2001; Shannon et a. 2005). GFAP-v-src transgenics have also
been generated. These mice formed abnormal nests of proliferating astrocytes by 2 weeks
after birth that evolved into overt malignant astrocytomas of the brain and spinal cord in
14% of mice by 65 weeks of age (Weissenberger et a. 1997). The RCAS/tv-a system has
been used to transfer constitutively active mutant forms of K-Ras and Akt to nestin-
expressing neural progenitor cells (Holland et al. 2000). Activation of Ras or Akt alone does
not lead to tumor formation, and the combination of Ras and Akt isinsufficient to induce
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tumors from GFAP-expressing astrocytes. This result demonstrated the importance of both
activation of certain signaling cascades and the differentiation status of the cell of origin.
The difference in tumorigenic potential of Ras in transgenics versus the somatic specific
gene transfer method is most probably aresult of secondary mutations that are occurring in
transgenics. For example, when /nk4a-Arf null mice were crossed with Ntv-aor Gtv-a
transgenic mice and infected with RCAS-KRas, they developed brain tumors with a
sarcoma-like histology. This result impliesthat Rasis able to cooperate with either Akt
activation (below) or /nk4a-Arfloss to produce gliomas with different histological features
(Uhrbom et al. 2002; Uhrbom et a. 2005). The combination of RCAS/fv-aand Cre/Lox
systems alows for the generation of Ras-driven gliomas that are deficient for PTEN (Hu et
al. 2005). However, the gain-of-function component of the tumor models mentioned above
is not driven by the specific genes or mutations that are found in gliomasin human, but
rather by genes that are components of the signaling pathways activated in gliomas. Human
gliomas most frequently achieve the activation of these signaling pathways via the activation
of upstream receptor tyrosine kinases (RTKs). These models are relevant for studying the
pathways that drive gliomas, despite the fact that activation of these signaling pathwaysis
achieved by different means in human gliomas.

Postnatal, somatic cell mouse models of the three main subsets of human GBM

Ideally, anima models would mimic the human tumor in as many aspects as possible,
including histology, tumor biology and the specific genetic aterations found in gliomas. In
the next section we will discuss GEMMs that are driven by the genes known to be key
driversfor each subtype of glioma described for human; the NF1, EGFR and PDGFR
classes (Brennan et al. 2009; Phillips et al. 2006; Verhaak et al. 2010). These three classes
are distinct and show either EGFR activation associated with amplification or mutation of
receptor, PDGF-pathway activation, which is mainly ligand-driven, or loss of Nf-1
expression. There are mouse GEMMs matching each human group.

Mouse models of PDGF-driven gliomas

Platelet-derived growth factor (PDGF) was discovered in whole blood serum and was absent
in cell free plasma; it was originally purified from human platel ets (Heldin and Westermark
1990). Later, it was shown that PDGF is also produced by a number of other cell types,
including macrophages, epithelial and endothelial cells. Reports followed showing that
PDGF promotes cell proliferation, migration and survival of different cell types /in vitro
(Claesson-Welsh 1994). Subsequent studies showed there are five biologically active
dimeric forms of the PDGF protein: AA, BB, AB, CC, DD (Gilbertson et al. 2001; Heldin et
al. 1985; LaRochelle et al. 2001). The PDGF receptor has two types of subunits (PDGFRa
and B), that are functionally and structurally related and belong to the receptor tyrosine
kinase family (Claesson-Welsh 1994). Upon binding to PDGF, these receptors activate
downstream signaling, including the PI3K/Akt, RAS/MAP kinase and PLC/PK C pathways.
Asfor therole of PDGF in the brain, /n vitro studies have shown that PDGF directly
stimulates the proliferation and migration of glial progenitors (Frost et a. 2009; Noble et al.
1988). When these cells are grown in culture, a combination of PDGF and basic fibroblast
growth factor (bFGF) promotes extended self-renewal and inhibits differentiation (Bogler et
al. 1990). To further dissect the role of PDGF /n vivo, PDGF knockout mice and transgenic
mice over-expressing PDGF under the control of the neuron-specific enolase (NSE)
promoter were generated. Data from these mice suggests that the number of progenitorsin
the CNSis regulated by the ambient levels of PDGF (Calver et al. 1998; van Heyningen et
al. 2001).

Thefirst indications of arole for PDGF in gliomagenesis came from studies showing that
the intracerebral injection of simian sarcoma virus (SSV) into newborn marmosets induces
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glioma (Deinhardt and F New Y ork: Raven Press, 1980). The v-sisoncogene of SSV was
subsequently shown to be aretroviral homolog of the PDGF B-chain gene (Doodlittle et a.
1983). Together with data suggesting that the v-s'sgene product acts solely asa PDGF
receptor agonist in transformation of human fibroblasts, these findings pointed to PDGF as a
promising oncogenic candidate to study gliomagenesis. Since then, PDGF signaling has
been widely implicated not only in brain tumors, but also in several other human
malignances. Human glioma specimens and glioma cell lines frequently co-express PDGF
ligands and receptors (Di Rocco et a. 1998; Goya and Robinson 2008; Nister et al. 1988),
and PDGFRa is amplified in some high-grade glioma cases (Shoshan et al. 1999),
suggesting the existence of an autocrine loop comprised of PDGF and its receptors (Guha et
al. 1995). L ater, mouse models demonstrated that an autocrine loop isacrucia event in
tumor development (Uhrbom et al. 2000) and verified that PDGF is causally related to the
formation of gliomas (reviewed in (Calzolari and Malatesta 2010; Shih and Holland 2006)).

The two mouse models of PDGF-driven gliomathat have been most extensively studied
both use somatic cell type-specific gene transfer. The first of these models uses a
recombinant Moloney murine leukemia virus (MoMuLV) containing the human PDGF B-
chain gene (Uhrbom et al. 1998; Uhrbom et al. 2000). Injection of retrovirus into neonatal
animals results in nonspecific gene transfer by infecting proliferating cellsin the brain.
Around 40% of mice developed tumors within 14—29 weeks with mixed histology, the most
of which exhibit characteristics of GBM or primitive neuroectodermal tumor (PNET)
(Uhrbom et al. 1998). Secondary genetic alterations induced by insertional mutagenesis have
been used to identify genes that cooperate with PDGF expression in this gliomatype
(Johansson et al. 2004; Johansson et al. 2005).

The second strategy uses RCA S/tv-a (Fisher et al. 1999). Originally, two transgenic mouse
lines were described that develop brain tumors when infected with RCAS vectors: Gtv-a,
which expresses tv-a under the control of the glial fibrillary acidic protein (GFAP) promoter,
and Ntv-a, which expresses tv-a under the control of the nestin promoter, whichis activein
neural stem/progenitor cells (Holland and Varmus 1998). Recently, athird tv-atransgenic
line, Ctv-a, was created. In the Ctv-amouse line, RCAS infection is restricted to myelinating
oligodendrocyte progenitor cells (OPCs) expressing 2',3'-cyclic nucleotide 3'-
phosphodiesterase (Lindberg et al. 2009). Newborn pups from these three tv-a transgenic
mice have been used to overexpress PDGFB in order to create pediatric high- and low-grade
gliomasin different locations such as cortex, brain stem, and cerebellum, thus allowing the
investigation of the role of anatomical location in tumorigenesis and the effects of
therapeutic modalities. Also, tumors have been generated where PDGF overexpression is
combined with aloss of various tumor suppressors known to be involved in human gliomas,
such as ink4a-arf, p53and pten (Dai et al. 2001; Tchougounovaet al. 2007).

Within the last few years, severa lines of investigation have demonstrated that, although
adult and pediatric gliomas are histologically indistinguishable, they differ in location,
behavior, and molecular characteristics. These observationsimply that the molecular
pathways and pathophysiology of malignant gliomagenesis in these two populations are
distinct. Such differences between adult and pediatric gliomas are likely to predict different
therapeutic responses. For example, adult GBMs commonly demonstrate amplification of
EGFR and inactivation by mutation or deletion of pren. In contrast, these alterations are
uncommon events in pediatric malignant gliomas (Pollack et al. 2006). In order to design a
model that reflects these differences, adult gliomas were recently modeled by
overexpressing PDGFB in nestin- and GFA P-positive cells without or with a combination of
various tumor suppressors (Hambardzumyan et al. 2009). These mice represent excellent
tools for dissecting the role of location, genetic background, and cell of origin in response to
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radiation and chemotherapy in adult gliomas. Data obtained from adult preclinical studies
can then be evaluated in parallel with data obtained from pediatric studies.

In response to the observation that human secondary gliomas commonly show mutation and/
or loss of p53, often in combination with alterations in PDGF signaling, researchers
engineered mouse models that contain these specific genetic alterations. In this transgenic
model, human PDGFB (hPDGFB) was expressed under the control of the human GFAP
(hGFAP) promoter, and then these mice were bred into p53 null mice. Tumors that
displayed human GBM features devel oped between 2—6 months of age (Hede et a. 2009).
Two independent genetically-engineered and conditionally-activated mouse models were
used to generate PDGFB-driven primary intramedullary and astrocytic spinal gliomas that
were histologically and pathologically indistinguishable from their human counterparts
(Hitoshi et a. 2008). In the first model, a tetracycline responsive system was used to express
hPDGFB (TRE/hPDGFB) from a GFAP promoter that regulated the tetracycline
transcriptional activator (tet-off) tTA (GFAP/ATA/:TRE/hPDGFB) in a manner that could be
repressed by doxycycline. In the second model, the hGFAP promoter drove hPDGF mRNA
expression in selected mouse lines to study the development of spinal cord tumors (Hitoshi
et a. 2008).

PDGF-driven mouse models generated by the RCA S/tv-a system were used to address
several questions, including the cell of origin and the role of the microenvironment. Using
either GFAP- or nestin-expressing cells to overexpress PDGF in combination with loss of
Ink4a-ARFresulted in glioma formation with the same incidence and time frame.
Stereotactic injection of RCAS-PDGF in nestin-expressing or GFAP-expressing cells shows
similar incidence and latency when injected in either the SVZ or the cortex of adult mice
(Hambardzumyan et al. 2009). Cerebellar and/or brain stem gliomas form when PDGF is
overexpressed in GFAP- or nestin-expressing cells in cerebellum, athough with longer
latency relative to SVZ and cortex injections. These data suggest that in these experimental
settings both nestin-positive stem/progenitor cells and GFAP-positive cells may be
transformed into glioma cells. GFAP-positive cells represent a stem cell populationin SVZ,
but in the cortex and cerebellum they are astrocytes. Although it is know that most cortical
astrocytes do not show GFAP-positivity by immunohistochemistry (Amankulor et a. 2009),
stereotactic injection into the cortex causes astrocytes to activate and up-regulate GFAP,
thereby becoming atarget for infection by RCAS vectors. These results demonstrate that in
some experimental conditions, differentiated astrocytes and stem/progenitor cells can serve
asthe cell of origin for gliomas. Recent studies have shown that myelinating
oligodendrocyte progenitor cells (OPCs) can also serve as the glioma cell of origin. RCAS-
PDGF injection into the cortex of Ctv-a(2',3'-cyclic nucleotide 3'-phosphodiesterase (Crip)
cnp-tv-a@ mice resulted in efficient gliomaformation (Lindberg et a. 2009). Overexpressing
PDGF in nestin-expressing cells of adult and newborn mice, and in OPCs of newborns,
results in formation of oligodendrogliomas. These tumors stain positive for Olig-2 and
histologically resemble human oligodendrogliomas. When PDGF is overexpressed in
GFAP-positive cellsin newborn or adult mice, the formation of mixed gliomasis observed,
with the resulting tumors resembling human mixed astro-oligo histology.

PDGF-driven gliomas contain cancer stem-like cells as determined by the presence of aside
population (SP) that forms neurospheres and exhibits higher tumorigenic ability compared to
the main population (MP), mimicking the case for human gliomas (Bleau et al. 2009).
Subsequent studies showed that cancer stem-like cellsin PDGF-driven GBMs express the
stem cell marker nestin and reside in specific niches in the perivascular regions of these
tumors (Calabrese et al. 2007; Charles et a. 2010; Hambardzumyan et al. 2008). The
existence of a perivascular stem cell niche was aso shown for normal neuronal stem cell in
the mouse brain (Shen et a. 2008; Tavazoie et a. 2008), as well as for human gliomas and
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medulloblastomas (Tavazoie et al. 2008). The microenvironment of the perivascular nicheis
provide important signaling stimuli to the cancer stem-like cell population, as exemplified
by one study showing that nitric oxide released from tumor endothelial cellsis ableto
activate notch signaling in the stem cells of this perivascular niche, a mechanism shown to
be conserved in human PDGFR amplified human gliomas (Charles et al. 2010). These
studies once again underline the utility of the PDGFB-driven models to study the biology of
the PDGF/proneural subset of gliomas.

These PDGF-induced models have also been used in preclinical trials for the devel opment of
gliomatherapies. PDGF overexpression in Nestin-tv-alink4a-arf-/- and GFAP-tv-alink4a-
arf-/- backgrounds results in high-grade glioma formation with a 90-95% incidence (Fig.

1A ,B). Enhancement on MRI scans was shown to correlate with regions of microvascular
proliferation, and T2-weighted abnormalities correlate with invading tumor cells (Fig.
1C,D). Temozolomide increases survival for tumor-bearing mice (McConville et al. 2007).
The mTOR inhibitor CCI1779 and the PDGF/VEGF inhibitor PTK787 were shown to
achieve similar growth arrests against this tumor type (Uhrbom et a. 2004). Perifosine, an
inhibitor of Akt signaling, was aso shown to have some efficacy in this model, prompting
clinical trials for this agent in glioma patients (Momota et al. 2005). Furthermore, perifosine
and radiation were tested alone and in combination in PDGF-driven brain stem gliomas and
shown to have additive effects (Becher et al. 2010). Finally, the combination of CCI779 and
perifosine has also been shown to be more effective than either drug alone (unpublished
observations), prompting ongoing clinical trials of this drug combination in both adults and
pediatric patients.

Mouse models of the NF-1 group of gliomas

The NF1 tumor suppressor is responsible for the genetically heritable disease
Neurofibromatosis type |. Neurofibromatosis type | arises as a germline mutation in about
onein 3,500 births worldwide, and tumors of the nervous system are a cardinal feature of
the disease (Trovo-Marqui and Tajara 2006). While peripheral nervous system tumors are
predominant in Neurofibromatosis, as many as 50% of NF1 individuals develop benign
pilocytic astrocytomas of the optic nerve (Singhal et al. 2002). In addition, the prevalence of
malignant gliomain individuals harboring a germline NF1 mutation is considerably higher
than the population at large (Gutmann et al. 2003; Gutmann et al. 2002). Thus, on this basis,
the NF1 tumor suppressor can be considered a genetic predisposition factor for glioma. The
recent publication of TCGA data for sporadic human glioma has provided compelling
support for NF1 as a potentially causal agent in glioma, as NF1 was mutated at a similar
frequency to other well-known tumor suppressors such as Pten, p53, Rb, and CDKN2A
(TCGA 2008). Indeed, subsequent studies have begun to reveal NF1 mutations in a broader
spectrum of solid tumors, abeit with alesser proportion than seen in glioma (Ding et al.
2008; Sangha et al. 2008).

The NF1 gene encodes for alarge protein, neurofibromin, whose only widely accepted
function at thistimeis that of a GTPase-activating protein (RasGAP) for Ras family
proteins. Therefore, NF1 tumor suppressor function in tumor development is attributed to
inappropriate activation of cellular Ras proteins whose activity is normally tightly regulated
and constrained by the presence of functional neurofibromin. When NF1 lossis considered
as a Ras-activating mutation, the above-mentioned segregation of glioma subtypes based on
mutation spectrum and gene expression profiles can be understood in a newly unifying light.
The presence of EGFR amplification or activating mutation, PDGF expression and PDGFR
amplification, or NF1 mutation can be considered as three aternative mechanisms of
activation of the Ras pathway and its downstream effectors.
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Thisline of thought raises many interesting questions. For example, are the aternative ways
of activating the Ras pathway equally effective in generating glioma? Are these differential
Ras activations occurring in the same susceptible cell of origin or instead do they represent
distinct cellular origins and perhaps diseases? The more recently developed GEMMs
described in this article represent refined tools that should help to provide answers to these
and other critical questions, and also serve as substrates for therapeutic devel opment.

The first NF1-based glioma mouse models were reported by Jacks and colleagues (Reilly et
al. 2000). Mice harboring heterozygous loss of function mutationsin cis for the NF1 and
p53 tumor suppressor genes devel oped glioma spontaneously — the NF1 and p53 genes
reside on the same human and mouse chromosomes (Cichowski et al. 1999; Vogel et al.
1999). One limitation of this mouse model was the incomplete and variable penetrance of
tumor appearance. Incomplete penetrance makes pre-tumorigenic analysis virtually
impossible, complicates preclinical trial interpretability, and adds considerable expense to
mouse colony maintenance. However, a distinct strength of this mouse model was the
discovery of differential tumor incidence depending on mouse strain genetic background.
Some mouse strains harboring the cis NF1 and p53 mutations gave rise to tumors rarely
while others had substantially increased tumor incidence (Reilly et al. 2000). These mice
have been used in genetic mapping studies to identify modifier loci whose function impinges
on the capacity of NF1 and p53 loss to generate gliomas (Reilly et al. 2004).

A second generation of NF1-based glioma models relies on the use of conditional (Cre/
LoxP) tumor suppressor alleles coupled with Cre recombinase expressing transgenes that
can specify the cell typesin which tumor suppressor gene inactivation isinduced. An added
feature of these models was the inclusion of germline conditional or null mutationsin only
one allele for each tumor suppressor (NF1 and p53). Upon expression of the Cre
recombinase, the resultant mice were rendered heterozygous for both tumor suppressor
genes in the specified tissue types so that loss of the second allele and thus eradication of
gene function (LOH) could only happen spontaneously. A Cre transgene that was
demonstrated to be expressed in embryonic telencephalic progenitors aswell asin adult
neural stem cells (human GFAP promoter (Zhu et a. 2005; Zhuo et a. 2001)) was crossed
to mice with combinations of null conditional and/or null NF1 and p53 aléles, resulting in a
fully penetrant somatic model of glioma. Cells isolated from these tumors were shown to
have undergone LOH for both the NF1 and p53 tumor suppressor genes, while non-tumor
cells from brains of the same mice retained wild type NF1 and p53 alleles (Zhu et al. 2005).
These mice developed secondary glioma with manifest pathologic evidence of Grade I,
Grade 1l and Grade IV tumors, indicating that mutation in these two tumor suppressor
genes was sufficient to generate malignant glioma (Fig. 2). In addition, genetic

mani pulations that are only possible in mouse models were added to thisinitial model,
providing evidence that the sequence of tumor suppressor loss was critical. Tumors
developed only when complete loss of p53 either preceded or coincided with that of NF1
loss (Wang et al. 2009b; Zhu et al. 2005). When NF1 loss preceded p53 |oss, no tumors
were observed. These results provided novel information about the importance of the
sequence of mutational eventsin tumor formation.

The complete penetrance of spontaneous tumor formation in these mouse models aso
permitted prospective histopathological analysis of pre-tumorigenic brains. These studies
revealed that the first early abnormalities seen in the brains of the mice genetically destined
to develop glioma were present in the subventricular zone, which is the major stem/
progenitor niche of adult brains. Additional studies using pulse chase experiments with
DNA synthesis-labeling agents such as bromodeoxyuridine (BrdU) supported this
observation and permitted visualization of stem-like cells migrating away from the stem cell
niche into the parenchyma (Kwon et al. 2008). Finally, these NF1-based GEMMs were used
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to test the contribution of Pten tumor suppressor loss. Pten mutations are prevalent in human
high-grade gliomas, but have not been observed in preceding low-grade gliomas. It was
found that inclusion of one heterozygous conditional Pten allele in the context of NF1 and
p53 loss resulted in de novo high-grade tumors. These results provided experimental
evidence for the idea that Pten mutation in human gliomamay be a causal mutation in
transition from lower-grade to high-grade tumors and in the appearance of primary glioma
(Kwon et a. 2008).

GEMMs are proving to be an invaluable tool in investigating one of the important gapsin
the knowledge in the gliomafield - the natural history of the development and progression
of gliomas. The availability of inducible Cre recombinase transgenes that allow both
temporal and spatial induction of Cre recombinase affords a powerful new tool to ask such
questions. For example, the use of a neural-specific nestin promoter/enhancer to drive aCre
recombinase-estrogen receptor fusion protein has been demonstrated to rely on the presence
of the estrogen analog tamoxifen for activation specifically in the neural progenitor niches of
the CNS (Chen et a. 2009). Activating Cre recombinase specifically in the stem/progenitor
cells of the CNS has provided evidence that loss of NF1 and p53 in these cellsis sufficient
to initiate glioma development. Conversely, viral administration of Cre recombinase in adult
brain to non-stem/progenitors induced local tumor suppressor [oss and reactive astrogliosis
with no emergence of tumors (Alcantara Llaguno et al. 2009). Such data are most consi stent
with the idea that, in these NF1-based models that use mutations frequently observed in
human glioma, tumors arise from stem cells and not from more differentiated cells.

The experiments described above have centered on NF1 |oss as the mutation responsible for
activation of the Ras pathway in these tumors. Returning to earlier questions, it will be of
interest to replace the NF1 mutation with PDGFR- or EGFR-activating mutations to
experimentally examine whether these mutations have distinct clinical outcomes and
whether the same or distinct cellsin the brain are susceptible to form gliomas when
sustaining each mutation. Thus, as described above, it is possible that only NF1-based
gliomas need arise in the stem cell compartment, while activation of PDGFR or EGFR may
support tumor development in more differentiated cell types.

The question of the cancer stem cell and itsrole in glioma can also be addressed with
GEMMs of thistype since tumorigenically inert reporter genes can be included in the
genetic mix. The presence of reporter genes permits cell lineage tracing as well as the
unbiased isolation of distinct tumor cell populations for analysis. Such studies should add
considerable insight into the cancer stem cell hypothesis.

Mouse models of EGFR-driven gliomagenesis

The epidermal growth factor receptor (EGFR) is a proto-oncogene that is frequently
amplified in avariety of cancers. It is one of the major oncogenic drivers of high-grade
gliomas, where it has been shown to be overexpressed and mutated in over 50% of tumors
(Frederick et al. 2000) (TCGA 2008; Verhaak et a. 2010). The EGF receptor is a member of
the ErbB family of receptor tyrosine kinases that share structural and sequence homology
(for areview see (Burgess 2008)). Evidence that members of this family play crucial rolesin
the development of neoplastic transformation come from their high percentage of mutations
in various cancers. In addition to EGFR, ErbB2 (or Her2/neu) has been shown to be mutated
in many neoplasms, with the most common being breast cancer.

The mechanisms by which EGFR garners oncogenic characteristics are diverse. They
include the establishment of autocrine and paracrine growth factor loops (reviewed in
(Hatanpaa et al. 2010; Huang et al. 2009; Normanno et a. 2006; Salomon et al. 1995),
overexpression and/or amplification of the EGFR gene, and deletions and mutations that
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cause the receptor to become independent of ligand and thus congtitutively active (Frederick
et a. 2000). Five different versions of deletion mutationsin EGFR (vl to vV) have been
reported (Fig. 3). EGFRuvI is characterized by the deletion of the entire extracellular domain,
which resembles the v-erbB oncoprotein and renders the protein congtitutively active
(Hayman and Enrietto 1991). The EGFRvII mutation consists of an extracellular domain
deletion of 83 amino acids in the second cysteine rich region of the receptor. Interestingly,
this mutation does not appear to confer oncogenic potential to the receptor (Mitsudomi and
Y atabe 2009). In ~50% of malignant glioma tumors with an EGFR gene amplification event,
an intragenic deletion encompassing exons 2 to 7 of the gene locus is observed. This event
forms anin frame fusion of exons 1 and 8, which gives rise to a truncation deletion mutant
of the receptor referred to as EGFRvIII. The EGFRvIII allele isthe most common
rearrangement of EGFR in malignant gliomas and has been demonstrated to encode a
ligand-independent and constitutively active receptor, making it a potent oncogene.
Recently, it was shown that EGFRVIII and wild type EGFR cooperate to promote glioma
growth (Indaet a. 2010). A recent report demonstrates that EGFR vIV, which is a receptor
that lacksinternal segments distal to the intracellular tyrosine kinase domain, is also a potent
oncogene (Pines et a. 2010). In addition, a carboxy-terminal end truncation mutant of
EGFR (EGFRvV) has been observed in GBM. Interestingly, EGFRvV mutant receptors are
found in tumors that carry the EGFRVIII allele (Frederick et al. 2000). Finally, arecent
massive sequencing effort of the receptor from GBM tumors has uncovered severa
oncogenic missense point mutations in the extracellular domain of the receptor that in some
cases have been shown to confer oncogenic potential (Lee et a. 2006b). With this many
mutant alleles of EGFR, it remains to be determined if individual receptors contain more
than one mutation. It islikely that these mutant EGFRs utilize signaling pathways that are
sufficiently different from one another to affect responses to therapeutic receptor inhibition.

The efforts of TCGA have resulted in awealth of new information on GBMs. The Classical
subtype of GBM tumorsis overwhelmingly defined as overexpressing EGFR with
concomitant loss of the Cdkn2a locus and loss of chromosome 10 (Verhaak et al. 2010).
Although very informative, the TCGA data remains somewhat static and descriptive. For
instance, the functionality of individual events cannot be determined solely from the
genomic data. A major challenge now is to assign cancer relevance to the numerous GBM-
associated genetic alterations in relevant and accurate model systems.

EGFR-Driven GEMMS of Malignant Glioma

The first mouse model of cancer using an oncogenic ErbB family member was the HER2/
Neu oncogene expressed under the control of the MM TV promoter (Bouchard et al. 1989;
Muller et a. 1988). This transgenic line devel oped mammary carcinoma and demonstrated
full penetrance, relatively short latency and metastatic potential. The use of these transgenic
animal's and subsequently several more sophisticated derivatives thereof, has enlightened us
on many critical aspects of mammary carcinogenesis biology.

Thefirst reported glioma transgenic model using EGFR was created to explore the
pathogenesis of oligodendroglioma (Weiss et al. 2003). Transgenic mice were designed to
express the v-erbB oncogene under the control of the S100b promoter. The goal was to
express an activated, transforming homologue of EGFR in oligodendroglia and astrocytes
during early brain development. S100b is also expressed in CNS stem cells and the authors
hypothesized that the S100b-v-erbB transgene would recapitulate the high levels of EGFR
expression observed during the devel opment of glioma

In animals harboring the S100b-v-erbB transgene, 20% of the founder mice developed
tumors. The resulting tumors had easily detectable levels of V-erbB protein, which was
shown to be active by western blot analysis using an anti-phosphotyrosine antibody. The
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regional distribution of the transgene expression is consistent with that of the S100b gene.
Histopathol ogically, the tumors shared numerous features that are characteristic of human
low-grade oligodendroglioma, although in less than 10% of cases, the tumors resembled
astrocytomas (Weiss et al. 2003). The authors concluded that the low proportion of
astrocytomas in these mice might be due to the fact that overexpression of EGFR is an early
event in oligodendroglioma formation, whereas it is alate event in astrocytoma genesis.
Alternatively, this observation may aso be due to the low transformability of the cells from
which astrocytomas arise, as opposed to the oligodendroglia which can be more readily
transformed by V-erbB. The tumor latency, penetrance and histopathological grade of this
model were greatly enhanced by incorporating the loss of the tumor suppressor genes p53 or
cdkn2a (alocus coding for p16/"k43/p19ARF gene products) to the S100b-v-erbB transgene,
suggesting that both EGFR oncogenicity and increasing tumor grade are facilitated by the
loss of critical cell cycle-related TSG. Interestingly, loss of Rb1 had little effect on the
penetrance, latency or grade of the tumors formed. Thisis probably dueto the fact that in
mice, compensatory mechanisms exist between the Rb family members (p107 and p130) in
tumorigenesis. The incomplete penetrance and variable latency of this model suggest that
additional genetic events contribute to the development of tumors. To address thisissue, the
authors performed comparative genome hybridization (CGH) on S100b-v-erbB transgene
oligodendroglia tumors and demonstrated gain and loss of specific chromosomal regions
that are orthologous with copy number alterations observed in human oligodendrogliomas,
including deletions of chromosome 1p36. Given the preponderance of 1p/19q deletionsin
human oligodendrogliomas (Reifenberger and Louis 2003), this model iswell suited for the
discovery of novel genesrelated to oligodendroglial tumor devel opment using genomic
strategies.

Using anidentical strategy, an S100b-v-erbB transgenic rat model of malignant glioma has
recently been described (Ohgaki et al. 2006; Y okoo et a. 2008). Similar to its mouse
counterpart, the rat model develops low grade and malignant anaplastic oligodendroglioma.
Perhaps a striking difference between these two seemingly identical modelsis consistency in
the area of tumor development in the rat model where over 80% of tumors were localized
near or within the cerebellum (Ohgaki et al. 2006).

The S100b-v-erbB;p53 transgenic model was recently utilized to demonstrate the presence
of so-called cancer stem cells in tumorspheres grown from these gliomas. The authors relied
on the isolation and analysis of side population cells, acellular phenotype common to stem
cells and amenabl e to flow cytometry sorting, to demonstrate the presence of a population of
glioma cells with higher tumorigenic potentia (Harris et al. 2008).

The S100b-v-erbB transgenic model clearly demonstrated that expressing an activated allele
of EGFR in an appropriate cell compartment drives tumorigenesis. Surprisingly,
overexpression of either wild type EGFR or EGFRvIII variant under the glial fibrillary
acidic protein (GFAP) promoter is incapable of driving tumorigenesis (Ding et a. 2003).
This observation was also made using the RCAS/TVA retroviral system described earlier
where EGFRVIII overexpression in either neuroglial precursors (Nestin positive cells) or
astrocytic cells (GFAP positive cells) did not yield gliomas with high efficiency (Holland et
al. 1998). Thisisasurprising result given the oncogenic power of EGFRvIII. In light of the
S100b-v-erbB transgenic described above, it appears that the oncogenic power of EGFR is
dependent upon the cell compartment of expression, and perhaps also on the context of
additional genomic events

Co-expression of EGFRVIII with an activated allele of Ha-ras'12 resulted in aswitch in
histopathology of the resulting gliomas from amixed astrogliomain GFAP-Ha-ras’12 mice
to an oligodendrogliomain GFAP-EGFRVIII;GFAP-Ha-ras'12 compound transgenic mice
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(Ding et a. 2003). This result suggests that the aberrant expression of activated EGFR in
progenitor cells provided a permissive context for oligodendroglioma formation by
inappropriate EGFR signaling, thus facilitating the devel opment of oligodendroglioma.
Pulsed somatic expression of EGFRvIII by adenoviral delivery in the same activated Ha-
ras'12 model led to an accelerated astrocytic glioma formation rather than a switch in
histopathological phenotype (Wei et a. 2006). Based on these observations, the authors
proposed that inappropriate mitogenic growth factor signaling conferred by EGFRvII|
overexpression results in phenotypic changesin astroglia cell differentiation, which
tranglates into a switch in histopathological tumor type. Using these models, it would be
interesting to study the differencesin signaling pathway utilization between the germline
and somatic EGFRvIII expression, given the drastic change in phenotypic outcome.

The adenoviral delivery of EGFRvIII in the above-mentioned model served as a transient
expression system. In human gliomas, EGFRvIII expression is sustained and represents an
early event in tumorigenesis. To model this observation, a conditional transgenic model
based on somatic induction of EGFRvIII expression in adult animals has recently been
described (Zhu et al. 2009). A minigene that is composed of a strong ubiquitous promoter
(known as CAG) followed by afloxed stop cassette and the cDNA coding for the human
EGFRVIII receptor was knocked into the 3'UTR of the collagen 1al gene. Insertion of
foreign sequences within this locus has been demonstrated to |eave the collagen 1al
expression unperturbed and allows for efficient single integration transgenesis (Beard et al.
2006). Thus, in this system, the expression of EGFRVIII is conditional to the activity of Cre
recombinase. Expression of EGFRvIII in adult animalsis triggered by stereotactic injection
of an adenovirus expressing Cre recombinase. The authors have reported that expression of
EGFRVvIII aoneisinsufficient to promote cell transformation /n vivoand requires a
concomitant loss of the tumor suppressor locus cdkn2a and/or PTEN (Zhu et al. 2009). The
gliomas arising from this model have characteristics of GBM, are fully penetrant and display
arelatively short latency. Interestingly, the authors also noticed that overexpression of wild
type EGFR to levelsidentical to those observed in human GBMsis inefficient at forming
tumors under the same conditions. This result highlights the concept that physiologically
relevant overexpression of wild type EGFR is not, in and of itself, an oncogenic event.
There appears to be a threshold of EGFR expression above which receptor auto-activation
occurs. Thislevel of expression israrely seen in tumor samples, which begs the question: by
what other mechanism(s) do tumor cells utilize wild type EGFR? It appears that for non-self
activating levels of EGFR expression, the receptor is dependent on the presence of EGFR
ligand(s), often observed in tumor cells as autocrine or paracrine loops. Perhaps thisis the
reason why modeling malignant gliomasin the mouse using wild type EGFR as a driver of
tumorigenesis remains an elusive endeavor.

The genetically tractable model system described by Zhu and colleagues offers opportunities
to study signaling events downstream of EGFRVIII in an /n vivo environment. This mouse
model also provides a means by which resistance to therapeutic intervention can be
systematically addressed in awhole animal system. Signaling proteomics profiling from
tumors derived from this model will allow for the identification of key nodal signaling
members that are mediators of tumor survival and resistance to therapeutic interventionin a
context that closely represents the reality of the human condition.

Future directions

We have made considerable progress towards a better understanding of the molecular
characteristics of human gliomas. Over the years, we created various culture systems and
mouse models to study this disease. The knowledge gained from each step was successfully
applied to the next step of improvement where we have now generated mouse models that
closely resemble each subtype of human glioma. We also learned to appreciate the role that
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the microenvironment and tumor heterogeneity plays in several aspects of glioma biology.
Despite this progress, there are several areas that will require further attention if we areto
achieve clinically relevant advancements. For instance, these models must be used to design
more efficient and effective clinical trials. The simultaneous use of these preclinical models
capable of recapitulating the three main GBM subtypes (Proneural-PDGF, Classical-EGFR
and Mesenchymal-NF1) for each drug tested would help predict responses in the different
human subgroups.

Finally, these models will play acritical role in the study of glioma recurrence. Most
patientsin the clinic succumb from recurrent disease. Tumors that emerge from therapeutic
treatment are known to be substantially different than the original tumor. The systems
described above are beautiful models of the initiation and maintenance of gliomas, but do
not address the changes that occur to tumor cells when confronted with therapeutic agents.
Recurrence is currently not modeled well in mice. Recurrent disease could be achieved by
using standard clinical therapies on existing models to study initial response and recurrent
dissemination of glioma. Novel therapeutic agents and strategies targeted specifically to
recurrent tumors can then be tested on accurate mouse models of recurrence. These studies
will require considerable investments in time, funds and energy and can benefit greatly from
collaborative efforts. The cancer mouse modeling community needs to establish standard
operating procedures for treatment protocols somewhat similar to those for human trials, so
that multi-center studies can become feasible. Only then will the full value of modeling
cancer in genetically engineered mice be achieved.
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Figure 1.

Adult gliomas generated by overexpression of PDGF-B in nestin- and GFAP-positive cells
represent tools for pre-clinical trials. A) Kaplan-Meier survival curves of PDGF-driven
tumors in Nestin-tv-alink4a-arf-/- and GFAP-tv-alink4a-arf-/- backgrounds. B)
Representative image of H& E staining of a PDGF-B-driven glioma demonstrate the
existence of high-grade elements; white arrows point to microvascular proliferation and
green arrows to pseudopalisading necrosis. C) T2-weighted images of mice 4 weeks post-
injection of PDGF-B shows variable tumor size. Using the tumor volumes mice can be
assigned to different treatment groups. D) T2-weighted images showing tumor growth at 10
days (day 10) after initial MRI (day 1).
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Figure?2.

Neural Precursor Ablation of NF1 and p53 elicits gliomas in a somatic mouse model with
100% penetrance.

I. Lower panel: Subventricular zone (SVZ) stem/progenitor cells. Upper panel: Germ line
genetic configuration of the NF1 and P53 tumor suppressor genes. The floxed aleles are
equivalent to wild type but can be somatically mutated by Cre recombinase.

I1. Lower panel: SV Z-specific Cre transgene induces recombination of floxed NF1 and p53
alleles, rendering most (beige), but not all (yellow) SV Z-derived cells heterozygous. Upper
panel: Somatic genetic configuration of the two tumor suppressor genes following Cre
recombination.

[11. Lower panel: Stochastic loss of heterozygosity (LOH) renders rare cell(s) nullizygous
for NF1 and p53 (red). Nullizygous cells migrate from the stem cell niche and seed tumors
in the parenchyma. The cancer stem cellsin the tumor are invasive but can aso differentiate
into non-tumorigenic cells (green). Upper panel: Genetic configuration of the tumor
suppressor genes in the tumor (cancer stem cells and tumor-derived cells).
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Figure 3.

Schematic representation of the most common EGFR mutant alleles observed in cancer and
gliomas. The amino acid numbering represented is for the EGFR mature protein without the
24-residue signal peptide. The 12 known intracellular tyrosine phosphorylation sites are
indicated. LB, ligand binding domain; CR1/2, cysteine-rich domain. Only those point
mutants found at a frequency of >2% in gliomas are indicated and can be found on the
COSMIC website (http://www.sanger.ac.uk/genetics/ CGP/cosmic/).
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