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Abstract: The most common brain tumours, gliomas, have significant morbidity. Detailed biological
and genetic understanding of these tumours is needed in order to devise effective, rational therapies.
In an era generating unprecedented quantities of genomic sequencing data from human cancers,
complementary methods of deciphering the underlying functional cancer genes and mechanisms
are becoming even more important. Genetically engineered mouse models of gliomas have
provided a platform for investigating the molecular underpinning of this complex disease, and new
tools for such models are emerging that are enabling us to answer the most important questions in
the field. Here, I discuss improvements to genome engineering technologies that have led to more
faithful mouse models resembling human gliomas, including new cre/LoxP transgenic lines that allow
more accurate cell targeting of genetic recombination, Sleeping Beauty and piggyBac transposons for
the integration of transgenes and genetic screens, and CRISPR-cas9 for generating genetic knockout
and functional screens. Applications of these technologies are providing novel insights into the
functional genetic drivers of gliomagenesis, how these genes cooperate with one another, and the
potential cells-of-origin of gliomas, knowledge of which is critical to the development of targeted
treatments for patients in the clinic.
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1. Introduction

Gliomas are the most common intrinsic brain tumours, causing considerable morbidity and
mortality. Given that the prognosis of malignant gliomas has not substantially improved in the last few
decades, strong efforts are being made into understanding the genetics and biology of this disease in
order to design targeted therapies against oncogenic pathways. Although whole-genome sequencing
studies of human tumours have provided some insight into the genetic make-up of gliomas in the last
few years, disentangling functional driver genes from other ‘passenger’ mutations in these tumours
requires complementary studies. Genetically engineered mouse models (GEMMs) of gliomas are
powerful experimental tools that can provide new insights into their genetic drivers and molecular
mechanisms, in addition to providing resources for preclinical drug testing. Compared with in vitro
systems and xenografts in immune-deficient mice, GEMMs in immune-competent mice have the
major advantages of being able to model interactions between tumour cells and the microenvironment
including the vasculature and immune cells. Such interactions are known to have a critical role in
gliomagenesis [1–3]. A systematic review of mouse models of gliomas has previously been published [4],
and other glioma models have been reviewed [5]. Recent advances in genomic engineering technologies
have enabled considerable improvements in glioma GEMMs to be made, and these will be discussed in
this Review with prominent examples to highlight their utility for exploring functional genetic drivers.
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Diffuse gliomas may be classified into low- and high-grade gliomas, and include oligodendrogliomas,
astrocytomas, and glioblastomas. Low-grade gliomas (LGGs, World Health Organisation, grade II)
are a heterogeneous group of intrinsic brain tumours with a tendency for progression to higher-grade
tumours. These tumours contain cells with similar histological appearances as glial cells, including
astrocytes and oligodendrocytes. LGGs constitute 15% of all adult brain tumours, and they most
commonly present with seizures (in 80% of cases) [6]. A model for the natural history of gliomas posits
four phases: 1) the occult stage, in which tumour-initiating cells proliferate but there is no detectable
tumour on magnetic resonance imaging (MRI); 2) the clinically silent stage, in which tumour mass
becomes apparent on MRI but the patient remains clinically asymptomatic (this is termed an incidental
glioma) [7]; 3) the symptomatic stage, in which the tumour elicits symptoms or signs such as seizures or
weakness; and 4) malignant transformation, in which the LGG switches to a more biologically aggressive
high grade glioma [8,9]. Upon malignant transformation, the tumour is termed a secondary glioblastoma.

Glioblastoma (GBM), or high-grade glioma (HGG), is the most common malignant intrinsic brain
tumour, and characteristically invades surrounding brain aggressively, making complete surgical
resection of all cancerous cells impossible. The disease tends to affect middle-aged to elderly people
and can either arise de novo (primary glioblastoma) or by transformation from an LGG (secondary
glioblastoma). Its prognosis is therefore poor, with a median survival of only 14 months despite
maximal therapy with surgery and chemo- or radiotherapy [10]. These survival times have not
substantially improved over the last few decades despite improvements in treatment. Hence, deeper
understanding of the biology of this cancer is needed before significant advances in treatment outcomes
can be achieved.

Temozolomide, a DNA alkylating agent, is the mainstay of chemotherapy for GBM and has
been shown in randomised controlled trials to improve prognosis by around two months when
given with radiotherapy [10,11]. Given the limited impact this has on survival, there is a strong
need for more molecularly targeted treatments for this cancer that will improve prognosis further.
A recent example of such a therapy that has entered clinical practice for recurrent GBM is bevacizumab
(Avastin): a monoclonal antibody targeting vascular endothelial growth factor (VEGF) that aims to
block tumour angiogenesis. Although bevacizumab slows glioma growth, randomised controlled
trials have failed to demonstrate it improves overall survival in GBM; however, the evidence
shows a benefit in progression-free survival of around 2–3 months in patients with newly diagnosed
GBM [12]. Nevertheless, all patients succumb to the disease after developing resistance to treatment.
Surgery, although beneficial, is not curative because glioma cells tend to invade well beyond the
macroscopically-visible margins of resection, and such cells (possibly glioma stem cells) trigger disease
recurrence [13]. A number of genes are implicated in resistance to temozolomide, most are involved
in DNA repair, for example MGMT, MSH2, and MSH6 [14]. However, much is still to be learnt in
this field because tumours in those patients without such resistance mutations become resistant to
chemotherapy, suggesting other unknown mechanisms are involved.

2. Genetic Landscape of Human Gliomas

Recent genome-wide sequencing studies of GBMs have provided insight into common genetic
drivers of this tumour and have highlighted genetic differences between primary and secondary GBMs.
Primary GBMs usually have one or more mutations in three main molecular pathways: Ras/RTK
(receptor tyrosine kinase) pathway, p53 pathway, and the retinoblastoma (Rb) pathway [15,16]. Within
the Ras/RTK pathway, epidermal growth factor receptor (EGFR, 30–50% of tumours) and phosphatase
and tensin homolog (PTEN, 30%) are the most commonly mutated in GBM, although mutations in
NF1 and RAS have also been documented. Mutations within this pathway tend to enhance cellular
proliferation. Of the p53 pathway, TP53 (25%) itself is most commonly mutated in GBM. The TP53
gene is normally activated following DNA damage to cells, inducing transcription of genes whose
ultimate effects include apoptosis. Mutations in TP53 are thought to have effects such as inhibition of
apoptosis, stimulation of cell proliferation and neovascularisation, which are hallmarks of cancer [17].
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Although a mutation in the Rb pathway is present in most GBMs, the RB gene itself is infrequently
mutated, and instead, mutations in cyclin-dependent kinase inhibitor 2A (CDKN2A, 50% of tumours)
are particularly common. CDKN2A is the locus for two tumour suppressor genes—INK4A and P19-ARF.
In vitro and in vivo models have validated a number of such mutations as driving tumour growth and
invasion. Mouse models have been particularly helpful in demonstrating how mutations in multiple
pathways can co-operate together to accelerate tumourigenesis [18].

The IDH1 (isocitrate dehydrogenase 1) mutation is characteristically found more commonly
in secondary GBMs and also in LGGs [19], and although the mechanism by which this mutation
contributes to carcinogenesis is still unclear, it is thought to act epigenetically through abnormal
methylation of DNA [20]. The recent pathological classification of gliomas has been changed to take
into account both classical histopathology and key genetic changes, such as IDH1 mutant status,
which predicts a better prognosis, and the presence or absence of 1p/19q co-deletions, TERT promoter
mutations, and ATRX mutations [21,22]. A recent methylation classifier has further refined the
molecular diagnosis of brain tumours [23]. Figure 1 summarises the integrated classification of diffuse
gliomas based on the WHO classification 2016 [24].
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Figure 1. (A) Summary of glioma subtypes, including oligodendroglioma, astrocytoma and glioblastoma
(GBM). The transcriptional subtypes of GBM are based on large-scale transcriptomics of human
GBMs [25]. (B) The genetic features of these glioma subtypes, with the typical mutations seen in each
category. The diagnosis of glioma is currently based on integration of classical histopathology with
defining mutations (World Health Organisation (WHO) criteria). ‘pHGG’ refers to pediatric high-grade
glioma, which has a different spectrum of mutations compared with adult GBMs. Illustration was
prepared using the Motifolio drawing toolkit.

3. Glioma Mouse Models

The majority of glioma mouse models have employed cre/LoxP technology for specifically
targeting cancer genes in certain neural tissues of interest. I will therefore describe this and related
technologies before discussing examples of glioma mouse models in more detail.

4. Cre/LoxP, Flp/FRT, RCAS Technology

Site-specific recombination enables the creation of genetic alterations (for example, deletions,
point mutations, duplications, and inversions). The first system to allow site-specific recombination in
multicellular organisms was the flippase/flippase recognition target (Flp/FRT) system, and this was
originally used in Drosophila [26]. Here, the flp recombinase mediates recombination between FRT
sites in the genome. In the mouse, however, the commonest method for recombination is the use of
the cre/LoxP system in which the cyclization recombinase (cre) mediates recombination between two
LoxP sites. The LoxP sites are 34–base pair consensus sequences, each with a central 8-bp core spacer
sequence determining the orientation of the LoxP site, and two inverted 13-bp flanking sequences
that bind cre. The cre/LoxP system was initially implemented in mice in the early 1990s, and since
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then, it has been extensively used for creating conditional genetic alterations in vivo in many tissue
types, including the brain [27]. Several hundred cre transgenic mouse lines have been developed in
the last few decades for the study of organ or tissue-specific physiology and pathology [28], including
development, cancer, aging, neurodegeneration, and other disease processes.

Another system for producing targeted mutations in a tissue-specific manner is the RCAS
(replication-competent ASLV long terminal repeat with a splice acceptor) vector system. Such vectors
originate from the Rous sarcoma virus, which belongs to the avian sarcoma-leukosis virus (ASLV)
family, and these vectors contain the src (oncogene) splice site and express an inserted gene (such as
an oncogene) via a spliced message. Limitations of the RCAS system include the small size of the
insert (2.5 kb), and the modest number of cells typically infected and that express the transgene [29],
and for these reasons the cre/LoxP method is now more commonly employed for glioma and other
cancer GEMMs.

5. Cre Lines Used for Glioma GEMMs

A number of cre lines have been utilised for the generation of glioma GEMMs. One such line
is nestin-cre. Nestin is an intermediate filament protein expressed in neural stem cells and neural
progenitors. Mice carrying the nestin-cre allele express cre from embryonic day 13, at which stage
the embryonic neural progenitors are able to undergo differentiation into many cell types including
astrocytes, neurons and oligodendrocytes. Therefore, in postnatal and adult mice carrying nestin-cre,
cre is expressed throughout most of the central nervous system, eye, and also the kidneys—this was
demonstrated by Dubois and colleagues who showed virtually complete cre-mediated recombination
in these tissues by embryonic day 15.5 using LacZ based reporters [30,31]. However, the nestin-cre
allele is insufficient for driving recombination in early embryonic ventricular zone neural progenitors
and neural stem cells (before embryonic day 17.5), as determined using multiple cre-dependent
reporters including LacZ [32]. An alternative cre line that is commonly used in glioma GEMMs is
hGFAP-cre (driven by the human glial fibrillary acidic protein promoter), which is also expressed
from pre-natal stages and in the majority of cell types in the brain and spinal cord [33]. In order
to induce recombination in more specific groups of brain cells, alternative cre lines can be used.
For example, Olig2-cre allows site-specific recombination in all oligodendrocyte lineages, Syn1-cre
gives recombination specifically in neurons, and Glast-cre is a newer alternative line for recombination
in neural stem cells in the subventricular zone (SVZ).

Inducible cre lines are invaluable for studies where the timing of recombination needs to be
controlled, requiring tamoxifen injections to induce cre expression. For example, nestin-creERT2 (cre
fused to a mutant oestrogen ligand binding domain) and GFAP-creERT2 are inducible cre lines used
for this purpose. These are particularly helpful for studying tumour origins from adult brain cells as
opposed to embryonic cells (or other stage-specific neural precursors). The cre expression onset is
controlled by specifying the age of the mice at which tamoxifen is administered. However, an important
drawback of all of these cre lines is the specificity of the regions and cell types in which recombination
occurs, in that there is typically recombination in other cells than those of interest.

6. Glioma Mouse Models and Genetic Drivers

One of the earliest oncogenes to be discovered in gliomas is the epidermal growth factor receptor
(EGFR) gene [34], which is mutated and/or amplified in 50–60% of primary GBMs. EGFR is a cell-surface
receptor that binds epidermal growth factor as its ligand and then signals via intracellular cascades,
including the Ras-MAPK (mitogen-activated protein kinase) and phosphatidylinositol-3 kinase (PI3K)-
protein kinase B (Akt) pathways. In primary GBMs, the variant III mutation of EGFR is particularly
common, which is a deletion of exons 2–7 of the gene (the extracellular ligand binding domain) that
promotes constitutive signalling from the resulting receptor. An early study, aimed at determining
whether excessive EGFR signalling can induce gliomas in vivo, employed the RCAS vector system
to introduce an Egfr activating mutation (the EgfrvIII deletion and second deletion that removes
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the intracellular regulatory kinase domain) in mice expressing the avian tumour virus receptor A
(TVA) under control of brain cell specific promoters (nestin and glial fibrillary acidic protein (GFAP)).
The vector was introduced into the frontal lobes and hippocampus. After 15 weeks, none of the mice
developed gliomas. In contrast, when an Egfr activating mutation was introduced in the presence
of Cdkn2a loss, gliomas arose at a high frequency particularly on the nestin-TVA (Ntv) background.
The authors concluded that Egfr activating mutations alone are insufficient to generate gliomas but
can cooperate with predisposing mutations such as those of Cdkn2a to produce these tumours [35].
Given the incidence of tumours was higher in Ntv compared with glial-specific GFAP-TVA (Gtv)
mice, the authors suggested that the presence of these driving mutations in a neural stem cell lineage
is a likely origin for gliomas.

Another early glioma mouse model utilising the RCAS vector system was that by Holland and
colleagues in 2000 [19], wherein a KrasG12D mutation and a constitutively active Akt mutant were
virally transferred into the brain of mice using RCAS vectors. Each of these genes was insufficient
to induce gliomas when expressed on their own. However, lesions histologically resembling human
GBMs were observed when these mutations were expressed in combination with one other. Although
it was initially believed that neither Kras or Akt mutations are present in human GBMs, more recent
large-scale sequencing efforts have revealed Kras mutations of these cancers at a low frequency [36].
Moreover, the authors demonstrated elevated Ras pathway activation and increased Akt protein
phosphorylation in the majority of GBMs, implying that upstream mutations are the likely cause of
activation of these pathways that drive cellular proliferation and tumour growth.

The tumour suppressor genes TP53 and PTEN are mutated in ~30% and 40% of human GBMs,
respectively, making these amongst the most frequently altered genes in this disease. Zheng et al.
hypothesised that loss-of-function mutations in these two genes cooperate in driving gliomagenesis [37].
To explore this, they crossed a hGFAP-cre mouse with Trp53 mutant and Pten knockout mice.
The resulting mice developed grade III and grade IV gliomas at a median latency of approximately
seven months [37]. Gliomaspheres with neural stem cell-like properties could be generated from these
tumours, and the authors demonstrated that activation of myc was crucial in driving tumourigenesis
in this model. Importantly, although TP53 and PTEN mutations are commonly found in human
low-grade gliomas as well as GBMs, all of the tumours generated in these mice were either grade III or
IV. These findings were supported by data showing cooperation of Trp53 and Pten with Nf1 in another
glioma GEMM derived from adult neural stem cells [38].

Zhu and colleagues explored the cooperation between the EGFRvIII mutation and other genes
in gliomagenesis by also using transgenic mice [39]. They generated both an EGFRvIII transgenic
mouse, in which this mutation was overexpressed at the Col1a locus, and an EGFR wild-type transgenic
mouse with the human EGFR gene sequence inserted and over-expressed at the Col1a locus. These
conditional transgenic mice required injections of cre into the brain for expression of the transgenes
(cre was injected into the striatum of adult mice). Neither of these mutations was sufficient to initiate
gliomas alone, but when each was expressed in combination with homozygous loss of Pten and Ink4a,
both mutations were able to produce high-grade gliomas with a short latency. However, the EGFRwt
allele produced tumours with a lower incidence and longer latency in comparison with a single
EGFRvIII allele. Homozygous EGFRvIII was more tumorigenic than heterozygous EGFRvIII, although
the difference was small.

Given that IDH1 is frequently mutated in human LGGs, often manifesting as the IDH1R132H

mutation, it would be expected that these represent driver mutations. Conditional transgenic mice
with Idh1R132H expression in the central nervous system were not found to generate gliomas (but
perinatal brain haemorrhages instead) in earlier studies, although there was clear evidence that the
same allele induces acute myeloid leukaemia in conditional transgenic mice when expressed in myeloid
cells [40–42]. More recently, Bardella and colleagues generated an Idh1R132H knock-in mouse. Crossing
this with nestin-cre mice led to pups with perinatal brain haemorrhages, as shown previously. However,
when Idh1R132H mice were crossed with nestin-creERT2 (an inducible cre) and tamoxifen administered at
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5–6 weeks of age, these mice displayed increased neural stem and progenitor proliferation in the SVZ,
as measured through increased GFAP, Ki67, and BrdU-labelled cells. At later stages, this expansion of
SVZ neural progenitors led to microscopically detectable nodules, which were believed to represent
possible glioma precursors [42]. This study highlights the importance of using stage-specific cellular
recombination, given that an Idh1 mutation led to early gliomagenesis in the adult SVZ but could not
be detected from perinatal neural precursor recombination. It also adds weight to the argument that
an IDH1 mutation can be an initiating event in gliomagenesis, explaining the high frequency of clonal
IDH1 mutations in human gliomas and their presence in both primary and recurrent gliomas [43].
Table 1 summarises the key mouse models of gliomas.

7. Glioma Cell of Origin

A well-studied but still controversial topic in glioma biology is which cell type gives rise to the
tumour. Technological developments in glioma GEMMs have enabled important insights to be gleaned
regarding the cell-of-origin of gliomas. Although it remains unclear which is the key cell type of
origin, evidence suggests that the combination of genetic alterations has a major influence on whether
one particular cell type can give rise to a glioma. Jacques and colleagues introduced combinations
of Trp53/Pten and Rb mutations in adult subventricular zone (SVZ) neural stem cells (NSCs) and in
astrocytes of mice by injections of adenovirus expressing cre (with and without the control of the GFAP
promoter) [44]. Only SVZ stem cells produced tumours, whereas introducing these mutations into
cultured astrocytes did not. Moreover, Trp53 and Pten loss-of-function mutations together induced
gliomas, whereas deletion of Rb in addition to Trp53/Pten loss led to primitive neuroectodermal tumours
(PNETs) rather than gliomas. Importantly, despite containing the same mutations as those induced in
the SVZ, mature astrocytes were unable to form tumours.

A related study into the cellular origin of gliomas investigated the role of Egfr (activation) and
Cdkn2a (loss) mutations in various brain cell types [45]. These mutations were introduced into in vitro
cultured mouse astrocytes and neural stem cells. These mutated cells were subsequently transplanted
into the brain (striatum) of severe combined immunodeficient (SCID) mice. When these mutations
were introduced independently of each other, the cells did not transform into gliomas. With these
mutations in combination however, gliomas were observed to arise from both astrocytes and neural
stem cells. These results suggest that this particular combination of mutations rather than the cell type
was more important in driving tumour formation. In particular, Cdkn2a loss led to the dedifferentiation
of the mature astrocytes, enabling these cells to later be transformed if an activating Egfr mutation was
introduced. The authors concluded that loss of Cdkn2a was a critical initial step in gliomagenesis that
must precede Egfr activation if the latter is to trigger glioma formation, at least from mature astrocytes.

To expand on these observations, Friedmann-Morvinski and colleagues performed direct lentiviral
vector injections to cause p53/Nf1 knockdown or H-ras overexpression with p53 knockdown in neurons,
astrocytes and neural stem cells of mice. Their models used cre-inducible lentiviral vectors, and Syn1-cre
and CamK2a-cre transgenic mouse lines enabled recombination specifically in neurons. They found that
all of these cell types generated malignant gliomas in mice with these genetic alterations and concluded
that the mature cell types undergo dedifferentiation in response to defined oncogenic mutations to
neural stem cells or progenitors, enabling tumour initiation and maintenance [46]. Although this
elegantly demonstrated differentiated cell types can give rise to GBMs in vivo, this does not necessarily
establish which cell type is the most likely origin.

Another group investigated whether a particular cell type in the SVZ was particularly responsive
to epidermal growth factor (EGF); they demonstrated in mice that infusion of EGF into the lateral
ventricles caused increased proliferation of C-cells (transit amplifying progenitor cells that express
nestin) in the SVZ, and these cells then invaded the brain parenchyma. Although no tumours occurred
in this model, the study demonstrated that exogenous EGF can increase proliferation of neural stem
cells through the wild-type Egfr activation [47]. It is unclear from this study alone though what the
effect of the EGFRvIII mutation in absence of exogenous EGF would be on these cells.
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A further study elegantly used mosaic analysis with double markers (MADM) in mice with
p53/Nf1 inactivation in NSCs. MADM is a genetic mosaic system that uses cre/Loxp recombination to
generate homozygous mutations in a small population of cells [48], labelling the mutant cells with
green-fluorescent protein (GFP) and the wild-type cells with red-fluorescent protein (RFP). The authors
used hGFAP-cre and nestin-cre to label neural stem cells and all lineages derived from them. Prior to
GBM establishment, MADM-based lineage tracing identified aberrant growth only in oligodendrocyte
precursor cells (OPCs), but not in NSCs or other NSC-lineages. Moreover, induction of p53/Nf1
mutations directly in OPCs caused glioma formation, leading the authors to conclude that OPCs are
the origin of glioma in this model, even if the initiating mutations occur in NSCs [49].

To test whether adult committed neural progenitors and adult OPCs can give rise to
gliomas, a well-designed study leveraged the Ascl1-creERTM transgenic mouse line to target Nf1,
Trp53 and Pten loss-of -function mutations specifically in these cells to the exclusion of neural stem
cells [50]. When mutations in all three genes were present, infiltrative GBMs with gene expression
profiles similar to astrocytes were produced (type 1 tumours), whereas in the context of Nf1−/−;
Trp53−/− these type 1 tumours were seen in addition to more circumscribed GBMs with expression
profiles reflecting OPCs were observed (type 2 tumours). To confirm therefore that type 2 tumours
are derived from adult OPCs, the investigators leveraged the NG2-creERTM transgenic line to express
the same mutations specifically in adult OPCs only. These mice developed type 2 GBMs only. These
data together suggest that the cell-of-origin influences the phenotype of GBMs, with adult OPCs and
adult neural progenitors being capable of malignant transformation with appropriate mutations [51].
Figure 2 summarises the utility of GEMMs for investigating the glioma cell-of-origin.
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Figure 2. The use of genetically engineered mouse models for investigating the cell of origin of
glioblastomas. The appropriate Cre transgenic mouse line can be selected for investigating the
role of neurons, astrocytes, oligodendrocytes, oligodendrocyte precursor cells (OPC) or neural stem
cells. Conditional mice carrying mutations in the relevant tumor suppressor genes or oncogenes
are crossed with the cre line to determine the effect of these mutations in transforming the cell of
interest. The glioblastomas (GBMs) generated are subject to phenotyping (such as transcriptional and
histopathological) to determine their relevance to the human disease. Such models are also invaluable
for exploring the cooperativity between genes of interest in gliomagenesis.
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Recent work using sequencing data from human patients lends support to the subventricular
zone (SVZ) being the origin of at least some GBMs [52]—the investigators performed deep sequencing
of triple matched tissues from IDH-wild type GBM patients, including normal SVZ, tumour tissue
and normal cerebral cortex. They found that normal SVZ displayed low level driver mutations (1% of
tumour mutational burden) that were also present in the GBMs of the same patients in 56.3% of cases.
The introduction of driver mutations in astrocyte-like NSCs in the SVZ in mice led to migration of
these cells and formation of GBMs at distant brain regions. These data support cells in the SVZ as
being potential origins of GBMs, although the precise cell type is unclear from this study alone, given
that multiple neural progenitor populations reside in the SVZ.

8. Sleeping Beauty Transposon-Based GEMMs

A powerful platform for functional cancer gene discovery and also transgene insertion is the
Sleeping Beauty (SB) transposon system. SB transposons are derived from the Tc1-Mariner family and
are naturally found in salmonid fish. This transposon was reconstructed from phylogenetic data and
was given the name ‘Sleeping Beauty’ to reflect that fact that it was ‘awakened from a long evolutionary
sleep’. Ivics and colleagues discovered the sequence of the ancestral transposon from this class of fish,
demonstrated to be two 250 bp terminal DNA sequences containing inverted repeats that flank an open
reading frame that codes for the transposase enzyme [53]. Sleeping Beauty is therefore a two-component
system composed of the transposon vector and the transposase enzyme. When these are present
in the same cell, the transposase recognises the inverted repeats of the transposon and excises it
from the donor locus. The transposon can then insert itself at a TA dinucleotide region elsewhere
in the genome. In this way, the transposase catalyses a ‘cut and paste’ reaction of the transposon.
Modifications to the inverted repeats have been made in order to improve transposition efficiency [54],
and site-directed mutagenesis of the SB transposase produced alternative versions of the enzyme with
different transposition efficiencies [55,56]. The first SB transposase was SB10, and modified versions
were numerically labelled (SB11 and so on).

Several SB insertional mutagenesis screens have been conducted in mice, successfully contributing
to driver gene discovery for many cancers [57–68]. One constitutive SB screen in mice produced
gliomas in the brain albeit with a low incidence [69,70]. The authors crossed these mice with a P19Arf
allele, a known tumour suppressor gene in gliomas, which slightly increased the incidence of brain
tumours. A mixture of anaplastic astrocytomas (grade III) and glioblastomas (grade IV) were generated.
Genetic sequencing of the resulting 21 gliomas from this screen yielded 887 common integration sites
(CIS—sites in the genome that are significantly recurrently ‘hit’ by the transposon more frequently than
the background rate of insertions) and identified Csf1 as a recurrently hit gene. Immunohistochemistry
in human tumours demonstrated overexpression of CSF1 in high-grade astrocytomas, providing some
support for a role of this gene in malignant glioma formation in humans as well as mice. However, the
CIS genes did not include a number of well-established glioma genes such as Egfr, Pdgfr, and Tp53,
and there were only single insertions found in other important tumour-specific genes including Pten
and Akt. This may be explained by certain insertion site preference biases of SB or that SB-induced
gliomas represent only a subset of gliomas that is not driven by the major cancer drivers in most
human gliomas. It is therefore crucial that transposon-driven gliomas are studied in other genetically
predisposed backgrounds in order to gain a more complete understanding of the cancer drivers, ideally
with an alternative transposon system such as piggyBac as well.

To enable screens to be performed for tissue-specific cancers, a conditional SB transposase allele
was also developed that is active in the presence of cre expression and has been used for screens of
many cancer types in mice. One study which employed this conditional SB transposon system for
investigating gliomas used a nestin-cre allele on a Trp53-mutant background to drive expression of the
SB transposase in mouse neural stem cells, although these did not directly generate tumours in vivo.
In vitro culturing of embryonic neural stem cells derived from the SVZ of these mice demonstrated
that these cells can be immortalised by mobilisation of SB. Immortalisation occurred significantly more



Cancers 2019, 11, 1335 9 of 17

frequently in cell lines with both Trp53R172H and mobilising SB than those with Trp53R172H alone, but not
in lines with neither Trp53R172H nor mobilising SB. When these immortalised cells were subcutaneously
transplanted into SCID mice, they generated tumours with a latency of 2–4 months. Through genetic
sequencing for the SB insertions, the authors identified 106 CIS genes in the immortalised cell lines
and 114 in the tumours, of which 34 CIS genes were present in both cohorts. Comparing the CIS
genes from the immortalised cells with those of the tumours in mice showed that a further round of
transposon mobilisation for in vivo tumour establishment was needed in addition to the insertions
present in immortalised cells alone [71]. The authors were therefore able to categorise SB insertions
according to whether they drove cellular proliferation in vitro or in vivo tumour growth or both, as part
of a two-step process of cancer evolution. Amongst the CIS in the immortalised cell lines were a few
known glioma genes, including Pten, and amongst the tumour CIS were genes such as Pdgfrb and
Nf1. The study also identified putative cancer genes that were not previously linked with gliomas,
such as Met and Klf3 which were amongst their top-ranking tumour CIS. The CIS genes clustered
into biological pathways that are thought to underlie gliomagenesis, in particular the Ras-MAPK and
PI3K-Akt pathways, confirming that these major pathways that are mutated in human tumours can
promote neural stem cell immortalisation in vitro and subcutaneous glioma formation.

In addition to being used for in vivo genetic screens, Sleeping Beauty transposons have been
proven to be a useful tool for inserting and expressing transgenes in cells both in vitro and in vivo,
with relevance for glioma GEMMs [72]. ATRX (encoding a histone chaperone protein) is recurrently
co-mutated with TP53 in human GBMs. Elegant mouse modelling efforts used an SB transposase vector
in conjunction with an ATRX knockdown sequence (shATRX) in a plasmid with flanking sequences
recognized by the SB transposase to generate mice with ATRX knockdown [73]. The findings were that
ATRX loss accelerated GBM formation in the context of Trp53 loss and Nras overexpression, confirming
ATRX acts as a tumour suppressor in vivo by impairing non-homologous end joining. This has clinical
implications, in that ATRX GBMs in mice were more sensitive to double-stranded DNA damaging
treatment such as irradiation and doxorubicin.

PiggyBac is now widely used as a transposable vector for the efficient integration of transgenes
in cells of interest, given that it has a relatively large cargo capacity [74,75]. 90% of paediatric GBMs
carry a K27M mutation in a H3 variant, which is a gain-of-function mutation that leads to inhibition
of the Polycomb repressive complex 2 (PRC2) [76]. A recent study used in utero electroporation of
piggyBac vectors to integrate a H3.3K27M transgene into neural precursor cells (lining the ventricles)
in the hindbrain and cerebral cortex of mouse embryos. When this was done in combination with
CRISPR-cas9 induced Trp53 loss, mice developed gliomas in both hindbrain and cortex within 8 months
suggesting that H3.3K27M mutation cooperates with Trp53 loss in gliomagenesis when they are
present in embryonic neural precursor cells but not in adult neural precursors (given that no tumours
were observed when these alleles were expressed under control of nestin and GFAP promoters) [77].
Although constitutive and conditional piggyBac genome-wide screens for cancer genes have been
performed for haematological and other solid cancers in mice [78,79], such screens are still eagerly
awaited for gliomas.

9. CRISPR-Cas9 Genetic Engineering and Screens in Mice

Clustered regularly interspaced short palindromic repeats (CRISPRs) were identified in E.coli in
1987 and in other bacteria and archaea a decade later [80,81]. The phage origin of these repeats and
the identification of genes with putative nucleases associated with these repeats (CRISPR-associated)
cas-genes led to the hypothesis and subsequent demonstration that the CRISPR-Cas system had a role
in microbial adaptive immunity [82]. This is achieved by directing the Cas-nuclease to the incoming
phage DNA by a guide RNA transcribed from the clustered repeats [83].

In contrast to the zinc-finger nuclease (ZFN) and transcription activator-like effector nuclease
(TALEN) systems in which specificity is achieved by complex protein-nucleic acid interactions,
the Cas-nuclease is directed to a genetic target by nucleic acid base pairing determined by a unique
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20 nucleotide region of short guide RNA (sgRNA). Experimentally this sgRNA sequence can be
adjusted to guide the nuclease to virtually any site in a complex genome [84]. The efficiency of
the Cas-nuclease coupled with the simplicity with which it can be directed has resulted in its rapid
adoption. The CRISPR-Cas9 system has been shown to be effective for manipulating genes in a variety
of cell types from different organisms. When used as a nuclease, cleaved DNA is re-joined by an
error-prone end-joining process resulting in small insertions and deletions (‘indels’) at the target site and
concomitant loss of the gene’s function. Larger genetic alterations such as deletions and inversions can
also be generated. In other applications the break generated by the nuclease will catalyse a process of
homology directed repair if a suitable vector is also provided, resulting in replacement of one sequence
(for instance, a defective copy) with a normal one provided by the vector, so called gene-editing.
Studies have provided a cautionary note of potential off-target effects (unintended modifications at
other sites in the genome) with this platform [85].

Glioma GEMMs based on CRISPR-Cas9 have demonstrated the versatility and efficiency of this
technology for in vivo tumour models [86]. For example, in utero electroporation of the developing
prosencephalon of multiple plasmids encoding Cas9 together with sgRNAs targeting Nf1, Pten, and
Trp53 led to the confirmed loss of these genes, and subsequent development of tumours histologically
resembling human GBMs [87]. A modification of this is to use a conditional-Cas9 transgenic mouse
line with a cre line to express cre in the cells of interest, and then use lentiviral injections to deliver and
express sgRNAs in this cell population [88], as illustrated in Figure 3. This platform can be extended to
validating putative tumour suppressor genes identified in human cancer genome sequencing studies.
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Figure 3. Somatic mutagenesis using clustered regularly interspaced short palindromic repeats
(CRISPR)-cas9 for developing glioma genetically-engineered mouse models (GEMMs). A new and
efficient method for generating somatic gene knockout is by crossing a conditional-Cas9 transgenic
mouse with the appropriate cre for recombination in the cells of interest. Lentiviral delivery of single
guide RNAs (sgRNAs) through stereotaxic brain injections will lead to knockout of the gene of interest
(eg Trp53) only in the cells expressing Cas9 where cre-mediated recombination has occurred.

Over the last few years, a number of studies have demonstrated the usefulness of CRISPR-Cas9 in
both positive and negative selection genome-wide screens, including in human cancer cells [89–93].
Such screens employ large lentiviral libraries with multiple sgRNAs per gene, and consequently
require large starting populations of cells. A recent loss-of-function CRISPR screen conducted in
conditional-Cas9 immune-competent mice used stereotaxic brain injections of a CRISPR library of
sgRNAs targeting genes mutated in human cancers [94]. The adeno-associated virus (AAV) was used
as a vector mediating integration of the sgRNA library. With this system, tumours that histologically
resemble human GBMs were generated, and deep-sequencing revealed co-occurring mutations such
as B2m-Nf1 and Mll3-Nf1 as putative driver combinations. These data demonstrate the utility of
CRISPR-Cas9 for in vivo glioma functional tumour suppressor screens. Challenges with this approach
however include the difficulty in achieving genome-wide coverage given the large number of cells that
need to be transduced in order to cover a genome-wide library with multiple sgRNAs.
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Table 1. A summary of the key published mouse models of gliomas.

Cancer gene(s) Technology Latency Pathology Reference

Egfr activation (including vIII),
Cdkn2a RCAS, TVA 2 months for tumors in

13/25 mice Low grade glioma [35]

KrasG12D, Akt RCAS 9 weeks for tumors in
7/27 mice GBM [19]

Trp53 and Pten loss hGFAP-cre (diverse
glial cell types) 30 weeks, median latency Grade III and

Grade IV gliomas [37]

EGFRvIII, Ink4a, and Pten Cre injections in
basal ganglia 7 weeks, median latency GBM [39]

Idh1R132H
Nestin-creERT2

(neural stem cells
and progenitors)

6 weeks for precursors
with 100% incidence Glioma precursors [42]

Trp53, Pten and Rb loss Adenoviral-cre 8 months, mean latency
GBM (Trp53 and

Pten); PNET (Trp53,
Pten and Rb)

[44]

Nf1, Pten and Trp53 loss hGFAP-cre (diverse
glial cell types) 35 weeks, median latency Grade III and

Grade IV gliomas [38]

Trp53/Nf1 loss; or H-ras
overexpression with Trp53 loss

SynI-cre and
CamK2a-cre
(neurons)

6-10 weeks for SynI-cre,
9-12 months for
CamK2a-cre (full

penetrance)

GBM [46]

Nf1, Trp53 and Pten loss
Ascl1-creERTM

(neural progenitors
and OPCs).

40 weeks, median latency GBM [51]

Atrx loss, Trp53 loss and Nras
overexpression

Sleeping beauty
transposon 50 days, median latency GBM [73]

H3.3K27M, and Trp53 loss
PiggyBac

transposons,
CRISPR-cas9

9 months, full penetrance GBM [77]

Nf1, Pten and Trp53 loss CRISPR-cas9 14 weeks, complete
penetrance GBM [87]

PDGFB expression; Chk2, ATM
or Trp53 loss RCAS, TVA 60 days, median latency GBM and low

grade gliomas [96]

PDGFB expression; Trp53, Pten
or Cdkn2a loss CRISPR-cas9 46-57 days, median latency GBMs [95]

RCAS = (Replication-Competent ASLV long terminal repeat (LTR) with a Splice acceptor). hGFAP = human glial
fibrillary acidic protein. Nf1 = neurofibromatosis type 1. Chk2 = Checkpoint kinase 2. PDGFB = Platelet derived
growth factor subunit B. Pten = phosphatase and tensin homolog. Cdkn2a = cyclin dependent kinase inhibitor 2A.

10. Conclusions and Future Directions

Mouse models have yielded landmark insights into the biology of gliomas in recent decades,
and they continue to be indispensable for preclinical therapeutic testing. In order to maximise their
relevance to human disease, glioma GEMMs need to faithfully recapitulate the molecular processes
taking place, including genetic, epigenetic, transcriptional, and microenvironmental ones, amongst
others. As technologies are being refined for engineering mutations found in human gliomas into the
precise cell types of interest in the mouse brain, including by cre/LoxP recombination and viral- or
transposon-based integration, our tools for investigating the mechanisms and origins of gliomagenesis
are reaching new heights.

Future efforts must focus on exploring how combinations of mutations seen in human tumours
cooperate in driving glioma formation using these models. The generation and detailed characterisation
of novel cre transgenic mouse lines will enable further targeting of mutations to increasingly specific
brain cell types to investigate the glioma cell-of-origin. Oncogenic fusion events in GBM are beginning
to receive increased appreciation as potential driver events with the advent of deeper genetic sequencing
technologies, and appropriate genome engineering technologies are needed to validate these and
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explore their mechanisms with glioma GEMMs. Indeed, recent work has shown the potential of
combining the RCAS-TVA system with CRISPR-Cas9 for somatic genome engineering of an oncogenic
chromosomal translocation (such as Myb-Qk) in mice [95]. Perhaps most promising is the potential
for genome-wide oncogene and tumour suppressor gene screens in vivo from piggyBac transposons
and different versions of Cas9. Excitingly, these promise to provide large functional datasets in the
investigation of GBM driver events and also potentially of resistance to novel targeted and immune
therapies that will inform the next generation of clinical therapeutics.
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