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While brain tumors are fortunately uncommon (2% of all cancers),
they are unfortunately among of the most debilitating and deadly
disorders, with mean survival times typically less than 1 year for
adults with malignant brain tumors (5). In this respect, brain
tumors are the most common cause of cancer-related death in chil-
dren and the fourth leading cause in adults. In an effort to develop
improved strategies for treating these tumors in both children and
adults, numerous laboratories worldwide have investigated the
seminal genetic changes important for human brain tumor develop-
ment and growth, examined the various different cell types that
comprise human tumors and searched for surrogate markers that
might predict or reflect human tumor growth. The lessons learned
from these studies have been instrumental in the design of new
approaches to brain tumor therapeutics; however, they have pro-
vided only limited insights into the cellular and molecular changes
essential for tumor formation and continued growth, and do not
distinguish between causative changes and alterations resulting
from progressive genomic instability. Moreover, research using
human tumor specimens does not provide a tractable platform to
adequately define the individual factors that limit the successful
treatment of these complex tumors.

Improved outcomes following human brain tumor therapy will
depend on surmounting several important barriers (Figure 1). First,
we must target the correct cell type(s) within the tumor. Work from
many laboratories has shown that brain tumors are composed of
numerous different cell types, including stem/progenitor cells,
immunologic elements (microglia), reactive astrocytes, angiogenic
constituents and neoplastic cells (10, 14, 19, 27, 31). Each of these

cell types has a critical role in tumorigenesis and growth, and may
need to be individually targeted in order to achieve optimal tumor
growth arrest. Similarly, it is important to inhibit the dominant
growth regulatory pathways important for cancer cell proliferation,
survival and invasion. While several signaling pathways contribute
to inappropriate cell proliferation or survival, it is necessary to
develop therapeutic strategies that block the activity of those mol-
ecules most responsible for conferring these cancer phenotypes.
Along these lines, therapies that inhibit key signaling pathways
may also allow the cancer cells to acquire secondary genetic or
molecular changes that facilitate their resistance to treatment.
Excellent examples abound in the literature, including secondary
mutations that facilitate tumor recurrence following Imatinib treat-
ment (9, 24). In addition to secondary changes that culminate in
treatment resistance, other molecular or genetic factors may
enhance treatment, including individual differences in the ability to
metabolize antineoplastic agents (pharmacogenetics and pharma-
cokinetics) and the presence of “modifier” genes that influence
tumor development, growth and response to therapy. Another con-
sideration germane to the treatment of brain tumors is the effect of
chemotherapy or radiation therapy on the normal brain. This is
especially important when treating children whose brains are still
maturing and are exquisitely sensitive to agents that impair normal
cell growth or differentiation. Lastly, since it is often difficult to
accurately assess tumor response to treatment by conventional
imaging, the identification of serum or radiologic biomarkers
of disease activity would greatly augment our therapeutic
armamentarium.
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WHY MAKE MOUSE MODELS?
With the advent of mouse genetic engineering, it is now possible to
generate animal models that develop brain tumors that closely
resemble their human counterparts. As we move into an era of
targeted therapeutics, it is important to properly exploit these
models to provide insights that ultimately improve the care of brain
tumor patients. While the study of human tumors has offered some
valuable clues regarding the cellular and molecular composition of
a mature neoplasm, it is extremely difficult to define the individual
contributions of the various cell types to tumor growth and to
establish cause-and-effect relationships between specific molecu-
lar alterations and tumor growth. In contrast, small animal models

provide unprecedented opportunities to determine which molecu-
lar changes drive tumor growth. In addition, mouse models can be
used to identify critical targets for therapeutic drug design, predict
which tumors are most likely to respond to specific treatments, and
define mechanisms that underlie tumor recurrence on therapy.

In this mini-symposium, four leading experts in the field of
small-animal brain tumor modeling will discuss how we can best
employ mouse models to decipher the basic cell and molecular
biology of tumorigenesis (Dr Joshua Rubin), define targetable
growth control pathways (Dr William Weiss), identify genetic risk
factors for brain tumor formation and growth (Dr Karlyne Reilly)
and inform human brain tumor clinical trials (Dr Eric Holland).

WHAT IS A MODEL?
When considering mouse models of human brain tumors, it is
important to define what we mean by a “model”. One could define
an animal model as any non-human organism with either a natural
or inducible disease similar to a known human condition. In addi-
tion, the modeled disease in small animals should be etiologically
similar and recapitulate many of the seminal features of the human
disorder (eg, proliferation, invasion, metastasis, histology, pres-
ence of a similar microenvironment, location and natural history).
While it is preferable that the small animal model fully resembles
all aspects of the human disease, models that recapitulate only
select features of the disorder may also be instructive (eg, brain
location, angiogenesis, histology and necrosis).

SIMPLE MODELS, COMPLEX ANSWERS
Over the past several years, it has become increasingly evident that
brain tumorigenesis reflects complex interactions between differ-
ent cell types within the tumor, diverse growth control pathways in
participating cell types, the tumor microenvironment and the influ-
ence of genomic/genetic factors (Figure 2). Mouse brain tumor
models have been incredibly instructive in identifying and dissect-
ing these complexities.

While there is considerable evidence that growth control path-
ways can intersect and influence each other, tumor cells can change
their dependence on any particular signaling pathway. This can
create a moving target, with tumor cells adapting to inhibition of a
previously critical growth control pathway through positive and
negative feedback loops (6, 29). Understanding the complicated
cross talk between signaling pathways is essential to the design of
pharmacologic inhibitors that can minimize tumor escape from
treatment.

Work from a number of laboratories, including our own research
team, has shown that brain tumor formation and growth requires
signals from the tumor microenvironment. This is particularly
evident in the case of pediatric low-grade gliomas arising in
the neurofibromatosis-1 (NF1) inherited cancer syndrome: For
instance, genetically engineered mice lacking Nf1 gene expression
in glial cells do not develop brain tumors when the surrounding
non-glial cells are otherwise normal (1). In contrast, targeted Nf1
loss in glial cells of Nf1+/- mice (mice with reduced Nf1 gene
expression in every cell in their body) predictably leads to the
formation of optic gliomas, similar to those observed in children
with NF1 (2, 3). This finding suggested that the presence of Nf1+/-
non-glial cells in the tumor microenvironment are necessary for
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Figure 1. Improving the treatment of brain tumors. There are numerous
variables that impact on successful brain tumor treatment. First, how the
chemotherapeutic agents are metabolized and distributed influences
drug availability (pharmacogenetics/pharmacodynamics; PK/PD).
Second, genomic influences may partly determine who is most likely to
develop a brain tumor and how that brain tumor will grow or respond to
therapy. Third, the impact of treatment on the normal brain must be
considered, especially in young children whose brains are still maturing.
Fourth, we must identify the correct cell type(s) in the tumor for drug
targeting as well as the optimal molecular pathways that drive tumor
growth. Fifth, it is important to uncover potential escape mechanisms
(ie, drug resistance) that undermine the continued effectiveness of anti-
cancer drug therapy. Lastly, the availability of surrogate markers of
disease activity might serve as essential indicators of treatment efficacy
early in the course of therapy. These “biomarkers” may be serum or
radiologic surrogates with predictive value.
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optic glioma formation and growth (22). Using this Nf1 optic
glioma mouse model, we have shown that Nf1+/- brain microglia
produce chemokines and growth factors that uniquely promote the
proliferation and survival of Nf1-/- glia (7, 30). These observa-
tions have led to the identification of potential drugs that target
tumor microenvironment-derived signals as adjuvants to therapies
that specifically block Nf1-deficient glial cell growth.

In addition to immunologic cells, other non-neoplastic constitu-
ents within gliomas are important for tumor maintenance. For
example, studies from several laboratories have shown that endot-
helial cells produce cytokines and growth factors that contribute to
neoplastic cell growth (23, 26, 28). Moreover, the tumor vascula-
ture may provide a specialized cellular niche for brain tumor-
associated stem cells (12). These “cancer stem cells” have been
hypothesized to function as a cellular reservoir for neoplastic cells
within the tumor and may be most critical for tumor maintenance
(8, 15, 17). Numerous experiments support the notion that cancer
stem cells have unique properties relevant to tumor growth and

respond differently to chemotherapy and radiation therapy (13, 21),
suggesting that effective treatments for brain tumors must consider
these unique stem-like cells.

Investigations using mouse models for epilepsy have demon-
strated that specific inbred mouse strains have different suscepti-
bilities to seizures (4, 11, 25), suggesting the presence of “modi-
fier” genetic loci that contribute to disease expression and severity.
The recent identification of “modifier” loci in mouse astrocytoma
models has begun to provide similar insights into the genetic risk
factors that may predispose to brain tumor formation (20). In addi-
tion, these specific genes may explain disparities in immune
surveillance, microenvironmental contributions, and cellular
responses that underlie differences in brain tumor predisposition,
continued tumor growth and variable responses to therapy in
humans.

Finally, mouse models may uncover tumor states for which
human corollaries have yet to be discovered. In this regard, human
brain tumors are not typically examined at their earliest, often
asymptomatic stages of development, precluding an appreciation
of the preneoplastic state. Similarly, we have few cellular and
molecular insights into the dramatic cognitive and neuroendocrine
effects of brain tumor therapy. The use of small animal models of
brain tumors is likely to provide opportunities to further study these
and other important issues in the intact animal.

WHEN GOOD MODELS GO BAD
While it is clear that mice are not just “furry little humans”, it is not
often sufficiently appreciated that there are significant differences
between mice and men with respect to innate immune responses,
brain complexity and pharmacokinetic/pharmacodynamic
responses. In this light, it is important to consider the implications
of both positive and negative results to ensure that these findings
are truly applicable to human brain tumors. When we fail to gener-
ate brain tumors in mice or do not observe a positive effect of drug
treatment, we need to consider that our negative results do not
necessarily detract from their relevance to the human condition,
but rather, may reflect the limitations of our model systems. For
example, these “failures” could result from differences in genetic
modifiers or the immune system inherent to the strain of mice we
have employed. Similarly, when treatments fail to show efficacy in
preclinical studies, these findings might reflect differences in drug
effects between humans and rodents. For example, penicillin is
fatal for guinea pigs, aspirin is teratogenic in mice, and thalidomide
does not cause birth defects in rats (16, 18). These considerations
will have to be factored into our ultimate conclusions.

Despite these caveats and limitations, the future of mouse mod-
eling of human brain tumors remains bright and exciting. We have
already learned a great deal about the human condition by studying
murine brain tumors and gained unique insights that only were
possible using experimentally tractable systems. As our models
become more and more sophisticated, it is highly likely that even
greater rewards will be forthcoming.
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Figure 2. Brain tumors are complex biological systems. There are
numerous different cell types present in human and mouse brain tumors
that each impact on tumor development, growth and response to
therapy. In addition, there is cross talk between the various signaling
pathways within cancer cells and their microenvironment that may limit
the utility of biologically targeted monotherapies. Lastly, there are
genomic influences on tumor formation, continued growth and thera-
peutic response.
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