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Abstract

Glioblastoma Multiforme (GBM) is recognized as one of the most deadly cancers characterized by
cellular atypia, severe necrosis, and high rate of angiogenesis. In this review, we discuss a
diversified group of GBM xenograft models and compare them with the genetically engineered
mouse (GEM) model systems. Next, we describe common genetic defects observed in GBM and
numerous GEM models that recapitulate these abnormalities. Finally, we focus on the clinical
value of other vertebrate animal models such as the canine model by examining their contributions
to GBM research.
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Introduction

Glioma covers various primary tumor types with histological features similar to glia in the
central nervous system (CNS). These gliomas are composed predominantly of astrocytes
(astrocytomas), oligodendrocytes (oligodendrogliomas), ependymal cells (ependymomas),
or mixtures of glial cells. As the most common primary tumors in adult CNS, an estimated
of 30,000 patients are diagnosed with glioma in the United States every year [1].
Glioblastoma multiforme (GBM), a grade 1V glioma classified by the World Health
Organization (WHO), is considered the most malignant and invasive subtype with a median
survival of 14.6 months even after radiotherapy and concomitant chemotherapy [2]. GBM is
characterized by histopathologic features of cellular atypia, severe necrosis as well as high
rate of angiogenesis [3]. There is no cure for this deadly disease and the multimodal
treatment for GBM typically consists of surgical resection followed by concomitant
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chemotherapy and focal radiotherapy. Temozolomide, an oral alkylating agent, is considered
the standard care for GBM treatment [2].

GBM itself is divided into two categories. Primary GBM mainly affects older patient
population with a mean age of 62 years old and has a predilection to affect men. This type of
GBM is referred to as the “de novo” glioblastoma because it is a fully developed tumor
resulted from accumulation of multiple genetic aberrations instead of arising from low-grade
precursors. In contrast, the secondary GBM results from gradual progression from low-grade
astrocytoma (WHO grade 1) or anaplastic astrocytoma (WHO grade I11) over a period of 5-
10 years. Secondary GBM is often diagnosed in younger population with a median age of 45
years old and strikes women with a higher proportion [4]. Primary GBM accounts for up to
95% of GBM cases [5].

Several crucial GBM-contributing genetic aberrations such as EGFR amplification, loss of
tumor suppressor genes p53, INK4a/ARF, and PTEN have been well documented (Figure
1). The impact of these mutations in tumor initiation and progression has been investigated
both /n vitroand /n vivo. Like many other cancer types, the genetically engineered mouse
(GEM) models allow manipulation of the GBM-contributing genes at the molecular level.
The ex vivo xenograft mouse models also offer clinical values in drug screening and gene
function investigations. Interestingly, other animal models such as canine models have been
used extensively in GBM studies due to their high incidence rate of spontaneous intracranial
neoplasia and the resemblance to human tumors.

In this review, we will focus on various genetically engineered mouse models that have
assisted unraveling the role of the oncogenes and tumor suppressor genes in GBM
pathogenesis (Table 1). We will also discuss xenograft models as well as the clinical
significance of other animal models including the canine, zebrafish, and fruit fly models in
glioma investigations.

Mouse Models

Xenograft

One of the first documented mouse model for cancer study can be traced back to 1916 when
Lathrop and Loeb published the effects of hormones on the development of tumors in mice
[6]. Since then, mice have remained a favorite animal model to study human diseases due to
their evolutionary similarities and fast generation time. Mouse models can help to probe the
underlying etiological cause and the detailed mechanism of tumorigenesis. To date, there are
four predominant strategies to model malignancies in mice: chemical mutagen-induced,
xenograft transplantation, germline genetic modification, and somatic genetic modification
mouse models [7]. In this review, we will focus on the most widely employed xenograft
model and the genetic engineered mouse model.

mouse models

Mouse brain tumor models have been employed for research since the mid-1970 [8].
Xenograft mouse models are typically used in preclinical trials to test the efficacy of novel
therapeutic agents as well as in studying the gene functions in glioma pathogenesis. In these
mouse models, human or mice glioma cell lines are injected under the skin or into the brain
of immunocompromised mice. Kaye and colleagues [9] injected 106 cells of rat Cg glioma
both subcutaneously and intracranially and found exclusively visible tumor growth in mice
with intracranial injection. When the cells are introduced into the frontal lobe of the brain,
localized tumor growths were observed in both neonatal and adult mice in a reproducible
manner.
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One of the most well-known glioma xenograft models is the U251 glioma model established
by Ponten et al [10], and over time this cell line has been used both in subcutaneous and
intracranial mouse models. Due to the difference in gene expression profile as well as the
microenvironment, the intracranial mouse model injected with U251 cell lines better
recapitulate the histopathological feature of GBM compared to the subcutaneous model [11].
Not only did it demonstrate infiltrative invasion into brain parenchyma and significant foci
of palisading necrosis microscopically, it also reveals striking resemblance to human GBMs
under immunohistochemical analysis with positive GFAP, S100B, and Vimentin staining
[12]. Moreover, the losses of tumor suppressor genes p53 and PTEN along with the deletion
of INK4a/ARF are observed [13]. Another notable cell line established by Ponten and
colleagues [10] is the U87 glioma model. Unlike the U251 glioma model, U87 displays a
non-diffusely infiltrative growth pattern with a well-demarcated tumor border that is rarely
accompanied by necrotic foci [13, 14]. However, the more homogenous tumor vasculature
and leakier vessels in the U87 model allows greater entry by systemic therapeutic drugs,
making it a superior model for evaluating tumor angiogenesis and anti-angiogenic
therapeutic approaches [15].

Although these models display well-defined tumor with predictable proliferation rates, the
histopathological feature of the tumors do not always recapitulate what is observed in their
human counterpart [16]. Several factors limit the utility of xenograft models, as there are
significant differences in selective pressures occurring during cell culture in comparison to
the natural brain environment [1]. In addition, these xenograft gliomas in
immunocompromised mice grow in the absence of a natural tumor-harboring environment.
Other xenograft mouse models include the U1242 MG intracranial model created by Zhao et
al [17]. This intracranial xenograft mouse model expresses high level of matrix
metalloproteinase (MMP-9) and shows extensive infiltration and hypervascularity, making it
a valuable model to study GBM invasion and angiogenesis.

To overcome many shortcomings in recapitulating GBM invasiveness in most established
GBM cell lines, Giannini and colleagues [18] injected the tumor cells subcutaneously into
the flank of mice, excised these flank xenografts and cultured them before injecting into the
brains of the nude mice. They found this heterotopic-to-orthotopic approach for establishing
intracranial tumor has a 100% success rate with minimal (<1%) mortality rate. This short-
term flank xenograft model retains some of the genetic characterization involved in GBM
tumorigenesis such as aberrant level of amplification and overexpression of EGFR gene.
The retention of genetic abnormalities along with the highly mitotic and invasive features
observed in this model contributes to the versatility of their use in neuro-oncological
research. Although this method successfully preserved the invasive nature of tumor cells,
necrosis and endothelial proliferation were not observed. Lee and colleagues [19] cultured
the GBM cells under NBE growth conditions consisting of serum-free Neurobasal media
supplemented with basic FGF and EGF and found that these glioma tumor cells more
closely mimic the phenotype and genotype of primary tumors. Due to glioma’s highly
proliferative nature and high recurrence rate, Bello et al [20] created xenograft mouse
models with human cell lines U87 and D566 in order to assess the post-surgical treatment
efficacy for recurring glioma. Twenty days after tumor cell implantation, the primary tumors
were surgically resected followed by administration of endogenous inhibitors PEX and a
fragment of platelet factor 4 (PF-4/CTF). They found that the systemic administration of
PEX or PF-4/CTF after tumor resection significantly improved the survival and delayed
glioma reoccurrence in the xenograft mouse models. Although some xenograft models can
partially recapitulate human GBM histological features and maintain key molecular
characteristics, the differences in tumor microenvironment as well as lack of endogenous
spontaneous tumor initiation diminish the clinical value of xenograft models.
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Genetically Engineered Mouse Models

Genetically Engineered Mouse (GEM) models are manipulated at the molecular level by
either germline modification or somatic cell gene transfer. In germline-modification models,
DNA is incorporated into totipotent cells prior to the developmental stage at which the
germline forms and usually involves introducing DNA into gametes such as oocyte, egg or
early embryos, or embryonic stem (ES) cells. The first germline GEM models for brain
tumors were described by Brinster et al. in 1984 [21] as they microinjected eggs with simian
virus SV40 gene containing the metallothionein fusion gene. This random integration of
viral oncogene significantly lowers the threshold for other mutation and increases the
likelihood of a secondary mutation to occur that is typically seen during tumor development.
Germline modifications typically include gain-of function, loss-of-function, and
chromosome engineering [22].

Another strategy employed in GEM is the somatic gene transfer, which is not heritable and
targets only a specific subset of cell population. Fisher and colleagues [23] expressed the
avian retroviral receptor, TVA, under various mammalian promoters in transgenic mice and
infected the mice with avian leukosis virus derived gene vectors. This RCAS/tv-a system for
oncogene delivery is more specific and allows a single transgenic mouse line to be evaluated
for multiple lesions. Unlike germline gene transfer that requires extensive breeding to
combine multiple mutations, this system offers a much faster oncogene delivery. However,
secondary events are less likely to occur in this strategy and thus tumor formation is the
direct result of introduced oncogene without other genetic events in tumorigenesis. Due to
the direct injection of oncogene-carrying retrovirus into the brain tissues, local injury and
inflammatory response may alter the gene expression.

The glial fibrillary acidic protein (GFAP), an intermediate filament protein found
exclusively in astrocytes, is often employed as a promoter in transgenic mice. The very first
transgenic mouse model for astrocytomas was reported by Danks et al [24]. They expressed
SV40 T large T antigen, which was found to bind and inactivate p53 and Rb under the
control of GFAP promoter [25]. These GFAP/T Ag mice displayed rapid transformation of
T Ag-expressing astrocytic cells with astrocytoma-like secondary structures; however, all
mice died within 30 days postnatally. Weissenberger and colleagues [26] created a
transgenic mouse model that constitutively expresses active Src kinase in astrocytes under
the control of GFAP gene regulatory elements. Src kinase is a tyrosine kinase that binds and
activated EGF receptor, however, integration of the constitutively active v-src gene alone
did not result in tumor formation. When the GFAP promoter was used to express an
oncogenic mutant form of H-Ras (V12H), the resulting astrocytomas demonstrated
histopathological similarities to the human disease including high mitotic activity,
infiltration, necrosis, and increased vascularity, and the tumors also exhibited other common
mutations associated with astrocytoma [27]. In order to exam the role pRB plays in
astrocytoma formation under the GFAP promoter, Xiao et al [28] used a truncated version of
SV40 T antigen mutant-T121, and found astrocyte-specific pRB inactivation caused
widespread brain abnormalities.

Since xenograft mouse model requires immunocompromised mice to prevent rejection of
human tumor cells, the study of GBM tumorigenesis is limited by the modified tumor
immunology of these mice. In the contrary, GEM models can be established in
immunocompetent animals, allowing a more realistic microenvironment for spontaneous
and endogenous tumor growth. The manipulation at the genetic level of GEM models allows
thorough investigation of key mutations in a spatial- and temporal-specific fashion.
Appropriate interaction between tumor and stromal tissues is also observed in GEM models.
With the readily available advanced imaging techniques, non-invasive monitoring of the
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tumor growth is no longer an issue for the GEM models. However, the GEM model has its
own weakness in relatively poor prediction of drug therapeutic response, high cost, time
consuming and slow tumor development. The xenograft model still holds significant clinical
value in initial drug screening and studying gene functions. In the next section, we discuss
the most frequently observed mutations in gliomagenesis and the corresponding GEM
models.

Epidermal Growth Factor Receptor

The epidermal growth factor receptor (EGFR) is a transmembrane glycoprotein that
regulates the growth of epithelial cells. Aberrant EGFR expression is the most frequently
detected genetic defects observed in GBM and consists of three major mechanisms for
oncogenic signaling. The most common mechanism involves overexpression or
amplification of the wild-type receptor. Alternatively, the increase in oncogenic signaling
may be due to increased autocrine secretion of EGF-family ligands, leading to activation of
the wild-type EGF signaling. Lastly, oncogenic signaling is a direct result of constitutive
receptor activation in a mutant variant EGFRvIII [29], which is the most common variant of
EGFR resulted from deletion of exon 2 to 7 of the EGFR gene. This critical variant is
observed in approximately 40% of primary GBM and results in an in-frame deletion of 801
amino acids [30-32]. EGFRVvIII’s inability to bind ligand renders it constitutively active,
conferring growth advantage for glioma cells [33]. EGFR activation has also been found to
contribute to drug resistance in cancer cells [29].

Holland and colleagues [34] initially developed a transgenic system expressing the ALV
subgroup A receptor TVA from the Nestin promoter so that the constitutively active mutant
form of EGFR can be transferred via a RCAS vector. The resulting transgenic mice with
elevated EGFR failed display any glioma-like lesions; however, in conjunction with INK4a/
ARF loss, glioma-like lesions with high cell density and vascular proliferation are induced
in these mice. This work demonstrates EGFR alone does not lead to gliomagenesis unless
another genetic event such as concomitant loss of INK4a/ARF. The presence of EGFR
mutation alone is insufficient to induce gliomagenesis was further confirmed by Ding et al
[35]. They used ES cell-mediated transgenesis to establish mouse models that expressed
either wild-type EGFR or mutant EGFRVIII in astrocytes under the control of GFAP
promoter. The authors found both models had an increased number of astrocytes in the brain
without glioma formation. They further created a construct that combined both mutant
EGFRuvIII and oncogenic RAS overexpression, and this GFAP-V12Ha-ras; GFAP-EGFRvIII
double transgenic mouse led to accelerated glioma formation with histopathological feature
of oligodendrogliomas and mixed oligoastrocytoma. They came into conclusion that
aberrant EGFR level is involved in glioma progression rather than initiation, and
dysregulated EGFR expression can give rise to both astrocytomas and oligodendrocytomas.
In a separate study, Weiss and colleague [36] created a mouse model that expressed v-erbB,
a transforming homologue of EGFR, under the control of S1008 promoter with a goal to
recapitulate high levels of EGFR expression during glioma formation. Most tumors found in
this S100-v-erbB model shared histopathological features of low-grade oligodendroglioma
with less than 10% displayed resemblance to that of astrocytomas. The authors suggested
that overexpression of EGFR occurs early in oligodendrocytoma pathogenesis but late in
astrocytoma formation. To further evaluate the significance of EGFR overexpression, they
knocked out either tumor suppressor gene INK4a/ARF or p13 in addition to the S100-v-
erbB construct and found rapid developed tumors from low-grade to higher-grade with
shorter latency and higher penetrance in both models. A more recent work by Zhu et al [37]
also demonstrated the constitutively active mutant EGFRvIII alone is not adequate to
promote cell transformation /n vivo in their Cre-induced conditional transgenic model.
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However, concomitant loss of the tumor suppressor gene INK4a/ARF along with PTEN
resulted in glioma with characteristics resembling to GBM.

PTEN (Phosphatase and tensin homologue) acts as a tumor suppressor gene through its
phosphatase activity keeping cell proliferation in check [38, 39]. PTEN is thought to
antagonize the function of PI3K and induce cell cycle arrest and apoptosis in glioma cells
[40]. In addition to its role as a cell proliferation inhibitor, inactivation of PTEN is found to
promote an undifferentiated state with high self-renewal and tumorigenic potential [41].
PTEN mutation is found in approximately 30% primary GBMs, usually by complete loss of
its locus on chromosome 10q, however, this mutation is rarely detected in secondary GBMs
[42, 43]. PTEN mutation in patients with Cowden disease also showed higher incidence of
gliomas development compared to normal individuals [44].

It has been shown that PTEN-deficient human glioma cell lines are highly invasive and
when PTEN activity is restored, the cell invasion is significantly decreased [45]. To study
the astrocytoma suppression mechanisms of PTEN, Xiao et al [46] conditionally inactivated
PTEN with localized somatic retroviral (MSCV)-Cre in a GEM astrocytoma model with
inactivated pRB. Inactivation of pRB family proteins induced aberrant proliferation and
apoptosis in astrocytes. The localized PTEN inactivation in these mice alleviated apoptosis
induced from pRB inactivation and gave rise to focal hypercellularity, enhancing
astrocytoma invasiveness and a more pronounced angiogenesis.

The protein kinase AKT typically promotes cell survival and proliferation by activating a
downstream effector mammalian Target of Rapamycin (mTOR) that has been found to be
overexpressed without identified mutation in most GBMs. To investigate the relationship
between AKT and PTEN, Hu and coworkers [47] injected a combination of cells producing
RCAS-KRas and RCAS-Cre intracranially to 37 PTEN =~ mice and these mice displayed
similar histopathological characteristics such as increased cell density, pseudopalisading
necrosis and microvascular proliferation that resemble to the KRas+AKT-induced GBM in
their previous study [48, 49]. These findings suggested the association of an oncogenic
effect of AKT activity in the context of PTEN loss. They also found loss of PTEN alone was
insufficient to induce GBMs as none of the 32 PTEN-deficient mice injected with RCAS-
Cre displayed tumor formation. Although PTEN mutation or deletion is frequently found in
GBM, it requires other genetic event to give rise to GBM formation. Wei and colleagues
generated a conditional PTEN™~ model by crossing mice with null PTEN alleles to mice
that express Cre recombinase under the control of the GFAP promoter [50]. The conditional
PTEN knockout mice showed characteristics of generalized seizures and all died by 6 weeks
of age. The brains of these mice weighed approximately 30% more than that of control with
a 3-fold increase in the number of astrocytes, demonstrating an increase in brain mass
correlating with increased astroglial cell proliferation. However, no glioma formation was
observed in these conditional PTEN mice possibly due to their early lethality before glioma
formation could take place. This suggests PTEN inactivation by itself only contributes to
glioma progression instead of initiating gliomagenesis. The role of PTEN in tumor
progression rather than tumor initiation was further confirmed by Kwon et al [51]. The
authors introduced a loxP-PTEN allele in the Nf1- and p53-deficient astrocytoma model that
was previously found to develop malignant astrocytoma. The presence of somatic
heterozygosities of PTEN, Nf1 and p53 cause accelerated glioma formation similar to
primary “de novo” GBM and significantly shortens the survival of mice. All GEM mouse
models mentioned above consistently demonstrate the role of PTEN in promoting
tumorigenesis rather than glioma initiation.
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INK4a/ARF

TP53

The INK4a/ARF locus on chromosome 9p21 by differential splicing and alternate reading
frame encodes two distinct proteins, p16!'NK4a and P19ARF that ultimately links the
retinoblastoma and p53 tumor suppressor pathways, respectively [52]. P16!NK42 js a cyclin-
dependent kinase inhibitor that induces cell cycle arrest in the G1 phase by binding to and
inhibiting CDKA4/6, as sequential phosphorylation of Rb by CDK4/6 is required for cell
cycle progression. Homozygous deletions at the INK4a/ARF locus are identified in 57% of
GBMs [53], while loss of heterozygosity (LOH) on chromosome 13q where Rb gene is
located is observed in 45% of glioblastomas [54, 55]. In contrast to P16!NK4a ARF does not
bind to CDKSs, instead, it inhibits MDMZ2, an ubiquitin ligase that targets p53 for
degradation.

The first transgenic mouse was created by Serrano and colleagues who deleted this locus in
mouse, resulting in the loss of both P16'NK42 and P19ARF and the development of tumors at
an early age [56]. This particular study demonstrates that INK4a/ARF locus plays a key role
in suppressing tumor growth. Interestingly, Kamijo and colleagues [57] used a conventional
targeting vector to replace ARF exon 1 with a neomycin resistance gene in mouse
embryonic stem cells so that the mice expressed only the transcript encoding p16'NK4a byt
not P19ARF_ Surprisingly, these ARF~/~ mice developed tumors that are virtually identical to
that of INK4a/ARF null mice early in life, suggesting loss of ARF plays a dominant role in
glioma pathogenesis. The genetic effect of INK4a/ARF is often studied in conjunction with
other mutations such as constitutively active EGFR overexpression [34, 36, 37]. Uhrbom
and colleagues also combined INK4a/ARF loss in addition to one of their models in which
K-Ras and AKT signaling are activated [49]. They used the RCAS/tv-a system to combine
gene transfer of activated forms of Akt and KRas into nestin-expressing neural progenitor
cells and observed glioma formation with histopathological features resembling human
GBM from neural progenitor cells [48]. However, these induced GBMs were only derived
from neural progenitor cells but not from differentiated astrocytes.

The tumor suppressor gene TP53 regulates the cell cycle and is commonly inactivated in
various types of cancer. TP53 mutation creates genomic instability and inhibits apoptosis.
Unlike other genetic alterations, TP53 mutations occur more frequently in secondary GBMs
(>60%) than in primary GBMs (~10%) [58]. In order to explore the role of TP53 in glioma,
Reilly and colleagues constructed the Nf1+/-p53+/— model [59]. Since Nfl mutation is
associated with increased risk of optic gliomas, astrocytomas and gliobasltoams as well as
its close proximity with TP53 on chromosome 11 [60, 61], they hypothesized that Nf1 and
TP53 are rarely separated by recombination and can be treated as a single genetic event in
gliomagenesis. As they predicted, the combination of Nf1 and TP53 mutations gave rise to
malignant tumors. In a similar study, Zhu et al [62] manipulated Nfl and TP53 under the
control of human GFAP promoter in three different mouse strains P53~/-Nf1/-GFAP-
CreP53*/=; Nf1/~"GFAP-Cre, and P53*/~Nf1*/~"GFAP-Cre. Not only did they find TP53
inactivation along with Nf1 loss can lead to the development of human malignant
astrocytomas, they came to the conclusion that TP53 loss prior to or concomitant to Nf1 loss
is essential for malignant astrocytoma formation. This finding is consistent with previously
studies regarding TP53 mutation as an early genetic event in glioma formation [1].

The Canine model

Employing dogs as model in cancer research has been documented for over 40 years [63].
The canine genome exhibits closer evolutionary relationship to human compared to the
mouse counterpart. The infiltrative nature of spontaneous GBM in dogs as well as their
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larger brain size make them an appealing model for testing novel therapeutic treatment for
GBM [64]. Viral-induced non-spontaneous brain tumor has been used in canine models [65,
66]; however, spontaneous brain tumor represents the true nature of tumor initiation and
progression in humans. Intracranial neoplasm in dogs have an incidence rate of
approximately 20 per 100,000 according to a study in United Kingdom [67]. Among brain
tumor types, meningiomas and gliomas are the most frequently reported in canine models
with 43% and 32% of incidence, respectively. Dogs that are seven years old or older have
the highest incidence of brain tumors among domestic animals [68]. The average age of
dogs at the time of onset of astrocytomas is 8.6 years [69]. Two common mutations
associated with human astrocytomas, TP53 and EGFR, are expressed in an aberrant level in
35% and 23% of canine astrocytomas models respectively. Interestingly, intracranial
neoplasia occurs far more frequently in dogs than human counterpart with almost a 4-fold
increase in incidence rate with 14.5 per 100,000 canines every year [70, 71].

Dog model has been used to investigate the cell-mediated immunity against spontaneous
gliomas [72]. Ingram and colleagues [72] studied the immunotherapy for recurrent
malignant glioma in dogs by implanting stimulated autologous lymphocytes into the tumor
bed following surgical debulking, and they observed clinical improvement and decrease in
tumor size in all dogs. The therapeutic value of brachytherapy was investigated by Stubbs et
al [73]. The authors implanted the brachytherapy applicator, an inflatable balloon catheter,
in the resection cavity in dog brain and inflated the balloon catheter with lotrex containing
iodine-125 as a reliable radiation delivery method to target canine brain tumors. Chauvet et
al [74] injected the recombinant adenovirus vector bearing the Escherichia coli beta-
galactosidase reporter gene into meningioma of canine models as a gene therapy for
spontaneous CNS neoplasia. Xiong et al [46] developed a conditional cytotoxic/
immunotherapeutic approach employing adenoviral vector (ads) that encodes human soluble
fms-like tyrosine kinase 3 ligand (hsFIt3L) in dogs bearing spontaneous GBM and found
that dogs received subcutaneous injections of human recombinant FIt3L displayed
circulating dendritic cells, demonstrating hsFIt3L’s ability to induce the proliferation of
canine dendritic cells. The resulting induced dendritic cells are similar to that induced by
canine cytokine cocktail consisting of IL-4 and GM-CSF. Canine models were also adopted
to study the convection-enhanced delivery (CED) that utilized pressure gradient on the tip to
allow an increase volume of drugs past the blood-brain barrier with minimal toxicity [75].
Stoica and colleague [76] also identified cancer stem cell (CSC) in dog GBMs and examined
the self-renewal ability of these glioblastoma cells with single colony formation and found
both clone formation rate and subclone formation rate to be 100%. These dog GBM cells
expressed CD133, the CSC surface marker reported in human gliomas. To elucidate the
ability of CSC’s ability to initiate tumorigenesis upon xenograft transplantation, they
injected the tumor cells intracranially into nude mice, which all develop tumors
characterized with high cellular heterogeneity, neovascularization and necrosis. Higgins and
colleague [77] identified overexpression of EGFR, PDGFRa and IGFBP2 in spontaneous
canine glioma, which is consistent with their human counterpart.

The dogs have become a valuable model to study brain tumor because of their closer
revolutionary relationship to human as well as their larger brain size compared to the murine
models [78]. Due to the complexity of human tumor environment and host immune
interactions, the majority of successful cancer therapies administered in mice fails to show
the same efficacy in their human counterpart while some drug toxicities observed later in
human were not first identified in mice. Since there’s no treatment regimen deemed the
“gold standard”, trials of various veterinary treatment in canine cancer are advantageous of
early testing of novel therapies [79]. Therefore, the canine model could be a more suitable
candidate for preclinical drug screening as well as clinical trials for other therapeutic
strategies. Yet, the consistency of experimental studies relies heavily on pet owners’
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compliance and consent, which can limit the accessibility of these canine models by
clinicians. The number of canine cases available for study is still much lower compared to
that of murine models despite the higher rate of spontaneous brain tumor formation in dogs.
Nowadays the canine model for brain cancer research employs only the spontaneous model.
Unlike the murine models in which the tumor can be induced by genetic alteration, the same
progress has not been made in canine model due to technical challenges, higher cost and
ethical dilemmas [79]. Nevertheless, the canine model holds great potential for human
cancer research due to its phenotypic diversity as well as its closer cancer pathogenesis
resemblance to humans.

Other Animal Models

Other animal models employed in brain tumor include zebrafish and Drosophila
Melanogaster (Fruit Fly). Shorter gestation time of 3—-4 months, large brood size, transparent
embryos for better visual observation and many other advantages make zebrafish an
excellent model for medical research. Feitsma et al [80] investigated the role of defective
mismatch repair (MMR) in cancer and found brain neoplasms the MMR-deficient zebrafish
models. Both TP53 mutant and PTEN mutant zebrafish have also been created and found to
develop cancer, however, the cancer grown from these zebrafish models are not glioma-
specific.

Using the drosophila model, Read and colleagues [81] created the Gal4-UAS system with
the repo-Gal driver to co-activate EGFR-Ras and PI13K in a glial-specific manner. The glial
precursors in this drosophila model developed tumor resembling to human glioma. Witte
and colleagues [82] also created similar glioma models using the Gal4-UAS system to
overexpress homolog of human tyrosine kinase receptors under control of the glia-specific
promoter reversed polarity (repo) in Drosophila. The authors found the overexpression of
activated EGFR and PI3K both resulted in enhanced proliferation and migration of larval
glial cells, promoting their tumor-like overgrowth. Efforts in using zebrafish as well as
Drosophilas have facilitated many significant discoveries and will continue to shed new
lights in cancer research.

Conclusion

Glioma has plagued approximately 30,000 patients in the United States every year. Despite
vigorous research efforts, the overall survival rate has struggled to improve, lingering at
approximately a year after initial diagnosis. Animal models have provided a glimpse into
various aspects of brain tumor biology, becoming an indispensible tool for cancer research.
Mouse models, both xenograft and genetically engineered, are used most commonly for
cancer research due to their similar mammalian genetic makeup and relatively fast
generation time. Many genes that contribute to gliomagenesis have been manipulated in
genetically engineered mouse models to elucidate the genetic contribution as well as the
intricate mechanisms of glioma development. Interestingly, the canine model is of emerging
significance due to its even closer evolutionary relationship to humans. The infiltrative
nature and high spontaneous rate of canine GBM make them an appealing model to assess
novel therapeutic GBM interventions. Zebrafish and the fruit fly are among other models
used in brain cancer research, offering many advantages such as lower cost and even shorter
generation time although they exhibit less human cancer histopathological features than
those of the mouse and canine models. Despite the dismal prognosis of GBM, these animal
models could potentially lead to groundbreaking discoveries in cancer research.
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Figure 1. The key genetic alterationsinvolved in primary and secondary GBM initiation and
progression

Primary GBM, responsible for up to 95% of GBM cases, resulted from accumulation of
multiple genetic aberrations instead of arising from low-grade precursor seen in secondary
GBM. Both primary and secondary GBM involves EGFR amplification, TP53 deletion as
well as mutations of INK4/ARF and PTEN.
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Transgenic and genetically engineered mouse models for glioblastoma multiforme
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Mouse Model Significant Findings References
RCAS-EGFR; tva-INK4a-ARF - EGFR mutation alone is insufficient to induce glioma unless Holland, 2000
RCAS-EGFR; tva-INK4a-ARF*~ the loss of INK4a-ARF occurs concomitantly
GFAP-V12Ha-ras; GFAP-EGFRVIII Aberrant EGFR level is involved in glioma progression rather Wei, 2006
than initiation and it can give rise to both astrocytoma &
oligodendrocytoma
S100B-V-erb(EGFR); S100p-INK4a- ARF~~ Rapid tumor development from low-grade to high-grade with Weiss, 2003
S100B-V-erb(EGFR); S100p-INK4a- ARF*/~ shorter latency and increased penetration
CAGGS-Cre; EGFRVIII; INK4a™—; PTEN™- EGFRVIII alone is insufficient to induce cell transformation Zhu, 2009
and only when concomitant loss of tumor suppresser gene
INK4a along with PTEN can promote a fully-penetrant, rapid
onset malignant glioma that resembles to human GBM
TgG(AZ)T11; PTEN™ (pRB inactivated through T21 PTEN inactivation in pRB-inactivated model gives rise to focal ~ Xiao, 2005
expression) hypercellularity, enhancing astrocytoma invasiveness as well
as promoting angiogenesis
RCAS-KRas; PTEN- The mice display similar histopathological characteristics such ~ Hu, 2005
as increased cell density, pseudopalisading necrosis,
microvascular proliferation
p53~/~; Nf1~~; PTEN*- Heterozygosities of PTEN, Nf1 and p53 cause accelerated Kwon, 2008

Ntva-INK4a-ARF*~; RCAS-KRas; RCAS-AKT

Nfl+/-; p53+/—

P53 7=, Nf17~; GFAP-Cre
P53*~: Nf1~; GFAP-Cre
p53*/-; Nf1*/-; GFAP-Cre

glioma formation similar to primary “de novo” GBM

The deletion of INK4a-ARF locus in addition to the activation
of KRas and AKT permits GBM formation from differentiated
astrocytes as well as enhances gliomageneis from neural
progenitors.

The mouse model displays different stages of glioma including
GBM.

TP53 loss prior to or concomitant to Nf1 loss is required for
malignant astrocytoma formation when early loss of Nf1 fails
to induce gliomagenesis

Uhrbom, 2002

Reilly, 2000

Zhu, 2011
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