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Brain Tumor Susceptibility: the Role of Genetic Factors and
Uses of Mouse Models to Unravel Risk
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Abstract
Brain tumors are relatively rare but deadly cancers, and present challenges in the determina-
tion of risk factors in the population. These tumors are inherently difficult to cure because of
their protected location in the brain, with surgery, radiation and chemotherapy options
carrying potentially lasting morbidity for patients and incomplete cure of the tumor. The
development of methods to prevent or detect brain tumors at an early stage is extremely
important to reduce damage to the brain from the tumor and the therapy. Developing
effective prevention or early detection methods requires a deep understanding of the risk
factors for brain tumors. This review explores the difficulties in assessing risk factors in rare
diseases such as brain tumors, and discusses how mouse models of cancer can aid in a better
understanding of genetic risk factors for brain tumors.
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ABSENCE OF EVIDENCE IS NOT
EVIDENCE OF ABSENCE
The debate over the past decade on whether cell phone use
increases brain tumor risk highlights the difficulties in identifying
risk factors for brain tumorigenesis. Multiple studies have pro-
duced conflicting results, and although it is now accepted that the
risk of developing a brain tumor from cell phone use is likely
negligible (1, 25, 34, 51, 66), the few studies showing an effect of
cell phones continue to raise concerns in the general population.
Although risk factors and causes of many common cancers have
now been established (http://www.cancer.gov/cancertopics/
prevention-genetics-causes), understanding the factors that con-
tribute to brain tumors remains elusive.

DISEASE RISK FACTORS
There are multiple types of risk factors governing disease suscepti-
bility. These include behavioral risk factors, such as choosing to
smoke or excessive alcohol consumption, environmental risk
factors, such as exposure to chemical carcinogens or radiation,
biological risk factors, such as puberty or aging and genetic risk
factors, such as inheritance of tumor suppressor mutations or sus-
ceptibility alleles of modifier genes. These different risk factors
form a spectrum of what people can control to what they cannot
control, with behavioral risk factors being the easiest to control and
biological risk factors being impossible to control. Furthermore,

different types of risk factors interact. For example, the behavioral
risk factor of smoking likely interacts with genetic variability in the
population that determines how easily a person becomes addicted
to cigarettes. Similarly, wearing sunscreen is a behavioral factor
that reduces risk, counteracting the environmental risk of UV expo-
sure. By understanding different types of risk factors, it is hoped
that protective factors that are controllable (such as wearing sun-
screen) can be developed to counteract risk factors that are uncon-
trollable (such as UV exposure). In the case of brain tumors, this
might include increased screening for early detection of tumors in
individuals at higher risk because of genetic susceptibility. While
an individual’s exposure to behavioral and environmental risk can
be difficult to study and can change at different times of life,
genetic risk factors are expected to be stable in the individual over
their lifetime. This article will focus primarily on genetic determi-
nants of brain tumor risk because an individual’s genetic back-
ground forms the foundation against which all other risk factors
interact.

GENETIC RISK FACTORS FOR
BRAIN CANCER
Although very little is known about the genetic risk factors for
brain cancer, a few factors have been identified thus far. Brain
tumors are associated with several familial cancer predisposition
syndromes. These include Li-Fraumeni syndrome, neurofibroma-
tosis, tuberous sclerosis and Turcot’s syndrome. In these
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syndromes, individuals inherit a germline mutation in a tumor
suppressor gene. Tumors initiate when the remaining copy of the
tumor suppressor is mutated or silenced, giving rise to cells with a
growth advantage. Because tumorigenesis requires the accumula-
tion of multiple mutations in cells, these individuals have an
increased tumor risk because all cells carry an initial mutation.
Li-Fraumeni syndrome is caused by mutations in the cell check-
point genes TP53 (40) and CHEK2 (4). Turcot’s syndrome is
caused by mutations in genes involved in DNA repair (24). It is
likely that in Li-Fraumeni syndrome and Turcot’s syndrome the
risk for brain tumors is increased by an increased rate of DNA
mutation leading to uncontrolled growth. Neurofibromatosis is
caused by mutations in NF1 or NF2 (20, 29) and tuberous sclerosis
is caused by mutations in TSC1 or TSC2 (2, 36). NF1, NF2, TSC1
and TSC2 are all involved in down regulation of growth promoting
signal transduction pathways in the cell. It is therefore likely that in
neurofibromatosis and tuberous sclerosis, the risk for brain tumors
is increased because brain cells are primed for excessive growth
and then develop additional mutations allowing cancer to form.

In addition to known familial cancer predisposition syndromes,
it has also been observed that brain tumors can cluster within
families [see (45) for review]. Familial clustering can be because of
both genetic and environmental factors, as families often share
common environmental exposures in addition to common genes.
Modeling of the inheritance pattern of familial glioma suggests
that at least in some cohorts, genetic factors play a role in suscepti-
bility (15, 41, 42). Segregation analysis of 297 families in Sweden
suggested that recessive genes may contribute to familial glioma,
although a multifactorial model was not excluded (41). However,
homozygosity mapping in a study of seven glioma families in
Sweden did not identify any common homozygous alleles (44).
Segregation analysis of 639 families in the United States and
Canada found evidence for a multifactorial Mendelian model, and
suggested that familial glioma is affected by multiple low pen-
etrance genes (15). In contrast, a study of 396 families in Iceland
found no evidence for increased risk of gliomas in families,
although the authors cite several limitations to the study including
small sample size (53).

Although evidence for a genetic risk component in brain tumors
has been demonstrated, efforts to identify the underlying genes
have had little success. A study of seven families in Sweden found
weak linkage to chromosome 1q23 (logarithm of the odds
(LOD) = 1.0517) (44). In a study of 15 families in Finland, linkage
for susceptibility to glioma was found on four chromosomes,
1q25.1, 6q27, 8p21.3 and 15q26.2, with chromosome 15 showing
the most significant linkage. Because the linked region on chromo-
some 15 covers 40 cM, it was not possible to identify genes in this
study (58). These studies are severely hampered by the fact that
brain tumors are rare and different brain tumor types often need to
be pooled together in studies, possibly diluting out significant
effects on specific brain tumor histologies. To begin to address
these issues, the GLIOGENE international consortium has recently
formed to collect large numbers of brain tumor cases (45).

Because of the difficulties in using unbiased screens for genetic
risk factors, many investigators have turned to candidate ap-
proaches to test for susceptibility genes. One of the earliest gene
families to be examined was the glutathione S-transferase (GST)
family of genes because of their role in detoxifying environmental
carcinogens. Studies attempting to link specific GST polymor-

phisms to brain tumor risk have given conflicting results, with most
studies finding no significant link between GST genotype and brain
tumor risk (37, 54, 69, 73). Patients carrying a combination of the
germ-line genotype GSTP1*A/*A and GSTM1 null were shown to
have an increased survival, but also have greater adverse effects in
response to chemotherapy (54). A second candidate approach has
been to examine the role of genes involved in DNA repair, such as
p53 and XRCC (6, 35, 43, 46, 77). These studies have also shown
mixed results, with polymorphisms in p53 showing increased risk
in glioblastoma in one study (46), but not another (77), and poly-
morphisms in XRCC7 being associated with risk for glioma (77).
Recently, a polymorphism in the apoptosis gene Caspase 8 has also
been shown to be associated with increased glioma risk, although
in four out of the five case control studies examined, this associa-
tion was not statistically significant (5). An observed inverse rela-
tionship between asthma and glioma (81) has led investigators
to examine polymorphisms in genes associated with immune
response and inflammation. Studies of the association of polymor-
phisms in IL13 and IL4R with glioblastoma risk have produced
conflicting results (67, 68, 80).

The studies to link candidate genes to brain tumor risk overall
have yielded mixed results, pointing out the difficulty of under-
standing the genetic basis of brain tumor risk, even when evidence
exists for this genetic risk being important. The difficulty in finding
genetic risk factors stems from the limited number of brain tumor
patients available for these studies, the possibility for necessary
interactions of different genetic factors, such that a single candi-
date factor does not show significant linkage, and the possibility
that genetic factors interact with environmental risk factors that
are not uniform across different populations and different studies.
In essence, this boils down to too many variables and not enough
subjects to determine statistical significance. While the GLIO-
GENE consortium seeks to build a large study population, this may
not entirely solve the problem if confounding variables and hetero-
geneity in the population, both at the genetic and environmental
level, are the issue.

MOUSE MODELS OF BRAIN CANCER TO
DISSECT ISSUES OF HETEROGENEITY
When studying genetic risk factors in human populations, one must
consider and control for many confounding variables. Mouse
models of human cancer allow one to start with a relatively homo-
geneous system and layer on complexity in a controlled way. This
allows one to determine genetic risk factors in an unbiased screen
using fewer subjects than would be possible in a human study.
Genetic risk factors that are identified in mice can then be tested
for association in human populations using more straightforward
candidate approaches. Mouse models of brain cancer can be bred
under relatively constant environmental conditions with a constant
diet and a well-controlled genetic background to isolate genetic
factors from environmental factors. Once the genetic factors are
well understood, environmental factors can be introduced into the
experiment, for example by feeding mice a high-fat diet or expos-
ing them to pathogens or carcinogens, to determine the effects on
cancer risk. Mouse models of skin cancer, lung cancer, colon
cancer, plasmocytoma, teratoma, and breast cancer metastasis have
already been used to identify modifier genes of cancer susceptibil-
ity (13, 16, 19, 21, 55, 64, 84, 85). Ongoing experiments are using a

Mouse Models of Brain Tumor Risk Reilly

122 Brain Pathology 19 (2009) 121–131

Journal Compilation © 2008 International Society of Neuropathology

No claim to original US government works



mouse model of astrocytoma and secondary glioblastoma to iden-
tify modifiers of brain cancer (61).

The power of mapping modifiers of brain tumors in mouse lies in
the ability to generate large numbers of homogeneous individuals.
A mouse model of astrocytoma and secondary glioblastoma has
been generated by combining mutations in Nf1 and Trp53 on the
same chromosome of the mouse (60). Because the mutations are
tightly linked on the same chromosome, they are inherited as a
single mutation, resulting in near Mendelian inheritance ratios.
These mice develop brain tumors with high penetrance in the popu-
lation, such that in a population of mutant progeny, up to 70% of
animals will develop a brain tumor (Figure 1) with many of the
characteristics of human astrocytoma and glioblastoma (Figures 1
and 2). This combination of high penetrance and simple genetics
means that large numbers of mice developing brain tumors can be
generated relatively easily for studies of brain tumor risk.

The Nf1 gene encodes the protein neurofibromin that acts as a
rasGAP protein to downregulate active ras signaling (3, 22, 26, 47,
82, 83). The gene is mutated in the disease NF1 in which patients
develop many benign tumors of the nervous system and are at
increased risk for developing astrocytomas, glioblastomas and
malignant peripheral nerve sheath tumors. Nf1 has recently been
shown to be mutated in a subset of human glioblastoma samples
(48, 57). Trp53 encodes the p53 protein that acts as a regulator of
cell cycle arrest and apoptosis. The human gene for p53 (Tp53) is
mutated in the disease Li-Fraumeni syndrome in which patients are
at an increased risk for developing many types of cancer, including
brain tumors. Tp53 or other members of the p53-signaling pathway
are frequently mutated in human astrocytoma and glioblastoma
samples. Both Nf1 and Trp53 have been mutated in mice. Homozy-
gous mutation of Nf1 is embryonic, lethal and heterozygous muta-
tion of Nf1 is tumor-prone (8, 32). Homozygous mutants for Trp53
develop thymic lymphoma with high penetrance, whereas het-
erozygous mutants develop a variety of tumor types, primarily
sarcomas (18, 31). When Nf1 and Trp53 mutations are combined
on the same chromosome through a germline recombination event,
the resulting Nf1-/+;Trp53-/+cis (NPcis) mice develop malignant
peripheral nerve sheath tumors and astrocytomas with high pen-
etrance (11, 75).

Studies of the NPcis mouse model on different strain back-
grounds have demonstrated the importance of genetic risk factors
in astrocytoma and glioblastoma, as well as the complexity of
interactions between different types of risk factors. NPcis mice on a
C57BL/6J (B6) strain background are highly susceptible to astro-
cytomas and glioblastomas, with up to 70% of males developing
brain tumors (Table 1). In contrast, NPcis mice on a 129S4/SvJae
(129S4) strain background are highly resistant to developing
astrocytoma and glioblastoma, with as few as 12% of females
developing brain tumors (Table 1). In addition to the effect of strain
background, the inheritance of the NPcis mutant chromosome from
the mother or father has an effect on astrocytoma risk. In the case of
females, progeny of NPcis mutant mothers develop higher-grade
tumors than progeny of mutant fathers, although the percentage of
the population with brain tumors is the same. In the case of males,
progeny of NPcis mutant mothers develop more tumors than
progeny of mutant fathers (Table 1). This data demonstrates that
there is a parent-of-origin effect on brain tumors, likely because of
changes in expression of an imprinted gene on mouse chromosome
11. Interestingly, this imprinted effect has gender-specific conse-

quences, with females developing higher-grade tumors and males
developing more brain tumors in the population.

Studies are ongoing to map the modifier loci responsible for the
difference in susceptibility between the B6 and 129S4 strains.
However, comparisons between F1 intercrosses of NPcis mice on a
129S4 background and NPcis mice on the B6 background have
identified a modifier locus on mouse chromosome 11 in a 30-Mb
congenic region surrounding the Trp53 and Nf1 mutations (61). It
is interesting to note that there are strain-specific differences in the
expression level of Nf1 in the brain on the B6 and 129S4 strain
backgrounds (27). It is therefore possible that levels of Nf1 expres-
sion in the heterozygous brain cell, before the wild-type (WT) copy
of Nf1 is lost, could alter the risk of developing astrocytoma.
Further studies are necessary to confirm or disprove this possibility.
In addition, there are multiple candidate genes in the region that are
polymorphic between B6 and 129S4, and could be responsible for a
change in brain tumor risk (61).

In addition to using the NPcis mouse model to identify genetic
risk factors for brain tumors, the model has also been used to
examine genetic risk factors for malignant peripheral nerve sheath
tumors [genetically engineered murine peripheral nerve sheath
tumors (GEM PNSTs), in mouse (71)] (Figure 3) (62). These
studies have been very informative on the complexity of genetic
interactions contributing to nervous system tumor risk, and are
shaping the design of experiments to understand risk of brain
tumors. The risk of GEM PNSTs is also affected by inheritance of
the NPcis mutant chromosome from the mother or the father. In
contrast to what is seen with brain tumors, the progeny of mutant
fathers have an increased incidence of GEM PNSTs compared to
the progeny of mutant mothers (Table 2), with males having a
greater risk of GEM PNSTs than females regardless of the cross.
Crosses of NPcis B6 mice to the A/J strain have demonstrated the
existence of dominant resistance alleles in A/J and backcross
mapping has been used to identify loci responsible for resistance to
GEM PNSTs. Two nerve sheath tumor resistance loci, Nstr1 and
Nstr2, have been identified thus far (62), and the ability of these
loci to affect tumor resistance is cross specific. Nstr1 on mouse
chromosome 19 only appears to affect tumor resistance in progeny
of NPcis mutant fathers, whereas Nstr2 on mouse chromosome 15
appears to affect tumor resistance only in progeny of NPcis mutant
mothers. When the combined population of progeny of mutant
fathers and progeny of mutant mothers were examined for resis-
tance loci, no significant loci were found. This is due to the fact that
because the resistance loci only act in a subset of the population,
the other unaffected individuals mask the ability to identify signifi-
cant linkage. The heterogeneity of the population, even within this
well-defined mouse population, prevents the identification of
genetic risk factors that are present in the population. This further
illustrates the difficulties for identifying genetic risk factors
directly in patient populations, where the degree of heterogeneity is
far greater.

IDENTIFYING MOUSE GENETIC
RISK FACTORS FOR CANCER IN
THE 21ST CENTURY
Since the sequencing of the human (38, 65, 74) and mouse
genomes (39, 50, 76, 78) at the beginning of this century, there has
been a rapid acceleration in the ability to map genetic risk factors.
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Figure 1. Astrocytomas in NPcis mice. A. Shows diffuse dysplastic
nuclei in a World Health Organization grade (WHO) II astrocytoma.
Approximately 40% of astrocytomas observed in NPcis mice are WHO II,
depending of the genetic background. B. Shows an anaplastic astrocy-
toma in the spinal cord (V). Approximately 50% of astrocytomas observed
are WHO III in the brain or spinal cord. Up to 40% of astrocytomas are
found in the spinal cord and many are suggestive of a primary spinal cord
lesion, as opposed to infiltration from a primary brain tumor. C. Shows an
aggressive glioblastoma multiforme (GBM) that appears to have exited

the brain at the bottom of the panel, broken through the skull (S), and is
spreading along the surface of the skull at the top of the panel. D.,E. Show
examples of diagnostic criteria in NPcis astrocytomas. Dysplastic nuclei
are seen in all astrocytomas (D) with distinctive multinucleated giant cells
(arrows) found in up to 15% of astrocytomas, including most WHO IV
tumors. WHO III and WHO IV astrocytomas have varying degrees of
mitotic activity (E). Arrows point at a couple of the mitoses visible in the
panel. (F) WHO IV GBMs have regions of N. Scale bars indicate 100 mm.
V = vertebra; S = skull; N = necrosis.
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Figure 2. Secondary structures found in NPcis astrocytomas. A. Shows
an example of satellitosis in which tumor cells form satellite structures
around large neurons. An especially distinctive satellitosis pattern is
found in up to 7% of observed astrocytomas. B. Shows an example of
rosette-like structures (*) in which tumor cells cluster and fan out from a
central point. C. Shows an example of perivascular structures in which

tumor cells line up along blood vessels in close association. D. Shows an
example of hemorrhage (H) that is found in most GBMs and many of
the more aggressive anaplastic astrocytomas. E.,F. Show examples
of pseudopallisading tumor cells around a central necrotic core (N)
that is found in rare cases of GBM. Scale bars indicate 100 mm.
H = hemorrhage.
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These efforts have led to the identification of vast numbers of
single nucleotide polymorphisms for following genetic variability
in both human and mouse, and made possible the genome-wide
association studies currently underway in patient populations (59).
In parallel, new research tools being developed in the mouse genet-
ics community are expected to provide new power to identifying
genetic risk factors in mice.

Thus far, most of the modifiers of cancer identified in mice have
been found through a combination of mapping in backcross

populations, intercross populations (Figure 4), recombinant con-
genic strains as well as candidate gene approaches (7, 12, 13, 19,
21, 55, 64, 84, 85). These approaches take advantage of the relative
simplicity of comparing two strains through different genomic
combinations to find regions of the genome responsible for deter-
mining cancer risk. These approaches face the challenges of
needing to genotype a large number of mice at a large number of
genetic loci in order to correlate the change in phenotype to a
particular genotype at a particular point in the genome. Although
the ability to genotype large numbers of loci is becoming less

Table 1. Variation in astrocytoma incidence in NPcis mice depends on
strain background.

Cross Females (%) Males (%)

NPcis B6 mother X WT B6 father 51 71
WT B6 mother X NPcis B6 father 52 49
WT 129S4 mother X NPcis 129S4 father 12 17

WT = wild-type.

Figure 3. Genetically engineered murine peripheral nerve sheath tumors in NPcis mice. A.,B. SC, DRG and N are indicated for different MPNSTs. D.

Shows a high magnification field of the spinal nerve root tumor shown in C. (box), and the arrow points to a mitotic figure found in the tumor. Scale bars
indicate 100 mm. SC = spinal cord; DRG = dorsal root ganglion; N = nerve.

Table 2. Variation in genetically engineered murine peripheral nerve
sheath tumor incidence in NPcis mice depends on parental inheritance.

Cross Females (%) Males (%)

NPcis B6 mother X WT B6 father 34 46
WT B6 mother X NPcis B6 father 60 82

WT = wild-type.
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costly, efforts have been made to develop strain tools that are fixed
in their genotype and therefore do not require genotyping for each
experiment performed. These include recombinant inbred strain
panels and chromosome substitution strains (Figure 5) (52, 70).
These panels have the advantage that they are genetically stable and
so can be compared across different experiments. As an example, if
one found certain strain affected one kind of brain tumor, one could
easily go back the these strains and test for effects on other types of
brain tumors. More advanced strain tools are now being employed
to further balance the need for a simple, experimentally tractable
system with the need to increase the heterozygosity of the system
to improve mapping resolution [see (28) for a recent review].

Because most mapping of genetic risk factors in mouse focuses
on the comparison between two inbred strains, there are limitations
to the number of modifiers that can be identified. Despite the
differences between the inbred strains, there is relatively low allelic
diversity between strains (63). This is because of the fact that the
laboratory inbred strains were developed only recently, thus their
evolutionary history is short. To address this issue, mouse geneti-
cists are developing an expanded panel of recombinant inbred
lines, termed the Collaborative Cross, which is derived from eight
different founder strains (10, 72). The eight founder strains were
chosen for genetic and phenotypic diversity between different
strains and subspecies, allowing for the capture of close to 90%
of the existing variation in the mouse genome (63) (Figure 5).
Through a collaboration of three different breeding locations, up
to 1000 independent Collaborative Cross lines are planned and
currently being generated (9, 30, 49). These lines will be densely

genotyped, such that by comparing phenotypes across many lines
one can map modifiers precisely. Modeling of the distribution of
allelic frequency in the Collaborative Cross suggests that it closely
mimics the distribution found in the human population (63). This
resource should allow a system genetics approach to understanding
genetic risk to disease, and allow researchers to examine interac-
tions at multiple loci in a controlled way.

Figure 4. Identifying genetic risk factors between susceptible and resis-
tant strains using F2 intercross or backcross designs. To identify a domi-
nant modifier of resistance (M), a susceptible strain and a resistant strain
are crossed to generate F1 progeny. Germline recombination events in
F1 progeny will generate chromosomes that are a mixture of the two
strain backgrounds. F1 progeny can be intercrossed to give rise to F2
progeny carrying different recombination events on each chromosome
and allowing the possibility of detective recessive modifiers. Alterna-
tively, F1 progeny can be backcrossed to the strain carrying the reces-
sive allele of the modifier, simplifying the detection of dominant
modifiers.

Figure 5. Reference panels for identifying genetic risk factors. Panels of
strains with stable genetics and well-characterized genotypes can be
used to identify modifier genes. CSS carry one chromosome from one
strain (black) on the background of another strain (gold). By examining
the phenotype in a CSS line for each autosomal chromosome, the X and
Y chromosomes, and the mitochondria, one can isolate which chromo-
somes give rise to genetic variation in phenotype. Recombinant inbred
strains carry different mixtures of two strains (black and gold), with
different combinations in each line. By examining a phenotype across a
large number of these lines, one can identify which regions of the
genome associate with a particular trait. Because there is limited varia-
tion between any two inbred strains, higher order heterogeneous stocks
have been generated. A recent example of this is the CC in which eight
different strains are combined to preserve variability and then inbred
to form lines, with each line carrying different combinations of the
eight parental lines. CSS = chromosome substitution strains; CC =
collaborative cross; RXS = resistant X susceptible recombinant inbred
line.
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Characterized strains of wild-type mice do not develop sponta-
neous brain tumors with high enough frequency or short enough
latency to provide a tractable experimental system for mapping
genetic risk factors. It is therefore important to choose appropriate
genetically engineered mouse models for mapping studies. Mouse
models on well-defined strain backgrounds can be crossed into
backcross or intercross mapping designs (Figure 4) by maintaining
the engineered mutations at each generation, or can be crossed to
genetic reference panels such as shown in Figure 5 to look at F1
hybrids for genetic risk factors that act dominantly over the strain
background of the brain tumor model. These experiment are best
performed with “one-allele/one-generation” models. These are
models in which the brain tumor phenotype can be observed in the
heterozygous state, and either require the inheritance of only one
engineered allele, or in which multiple alleles can be homozygosed
in a parental line and crossed to the reference panels to examine the
phenotype in heterozygotes. Mouse model systems in which many
engineered alleles need to be combined, such as in the case for
many Cre-flox models, will be difficult to use for mapping studies
because of the low rate of co-inheritance of multiple alleles in
mouse crosses. Several mouse models are available that fit the one
allele/one generation criteria, shown in Table 3, although not all of
these may be currently available on an inbred strain background.
The NPcis model acts as a one-allele model, because although two
genes are mutated in the model, they are tightly linked on the same
chromosome and so are inherited as a single allele. Inbred mouse
models can be directly crossed to genotyped genetic reference
panels to determine the location of modifier loci without further
genotyping, since all of the genotypes of the progeny can be
inferred from the parents.

It is highly likely that mouse models using different driver muta-
tions leading to brain cancer will identify different genetic risk
factors, since different tumor initiating events may be modified by
different factors. It will therefore be important to interpret findings
in mouse models according to subtypes of human brain tumors.
Careful characterization of mouse models of brain tumors will be
important, so that findings can be validated in the most relevant
subpopulation of human brain tumors. The Cancer Genome Atlas is
characterizing human glioblastomas at the molecular level and will
help to better align human glioblastoma subpopulations with the
closest available mouse model. As an example, recent studies have
found that a subset of glioblastomas carry mutations in NF1 (48,
57) and genetic risk loci identified in the NPcis mouse model (61)
may be most relevant in patients with this subset of tumors. As
discussed above, attempts to validate results from specific mouse
models across the entire human population may fail because of the
swamping out of specific subpopulation effects.

“. . . A PIGMY AND A PATAGONIAN, A
MOUSE AND A MAMMOTH . . .”
Thomas Jefferson noted in his “Notes on the State of Virginia” (33)
that although animals of different shapes and sizes had much in
common, “. . . all the manna in heaven would never raise the
Mouse to the bulk of the Mammoth.” Although there is much to
learn from comparisons of mouse models and human brain tumors
to better understand risk factors, it is clear there will be species-
specific risk factors that cannot be discovered in model systems.
Due to differences in metabolism, mice may respond to dietary and
environmental risk factors differently than humans. The differ-
ences in the size of the mouse and its lifespan mean that mouse
brain tumors are in some ways intrinsically different from human
brain tumors. Nonetheless, studies of cancer in mice have demon-
strated that many of the fundamental pathways are the same as in
humans. It is important to note that mouse models provide a way of
getting at some of the fundamental mechanisms underlying genetic
risk using a more controlled experimental system. An understand-
ing of these mechanisms can then guide studies in humans toward
more focused questions. As an example, one may be able to define
different genetic subgroups in the human population and use these
subgroups to then examine the effects of environmental factors or
diet. It will therefore be important to approach the understanding of
risk for brain tumors from both human genome wide association
studies, with the clear strengths of looking for strong effects on
brain tumors in the human population, and from mouse complex
trait studies, with the strengths of being able to isolate different
variables and use a more controlled systems genetics approach to
understand more complex genetic interactions.

IMPLICATIONS FOR UNDERSTANDING
RISK FACTORS FOR BRAIN TUMORS
It has been recently recommended by the American Academy of
Pediatrics that children between the ages of 2 and 10 be screened
for high cholesterol, and that children with high cholesterol modify
diet, lifestyle or take medications to lower cholesterol and reduce
the risk of cardiovascular disease (14). This recommendation
received a lot of media attention (56), both positive and negative,
and it highlights how in very common diseases, such as heart
disease and diabetes, medical research has been able to identify
risk factors and implement early screening and early intervention
in patient populations. It remains to be seen over the next genera-
tion how effective these interventions are at lowering the incidence
of common diseases in the population. The ability to screen and
intervene early depends on an understanding of the mechanism
underlying the increased risk. By studying brain tumor risk in both
humans and mice, it is hoped that markers of increased risk can be
identified to facilitate early screening and that the mechanism can
be understood to allow for intervention and reduction of risk.
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