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Abstract

Recent evidence argues that the oncogenesis and growth of CNS tumors occurs through dysregulated
molecular and cellular mechanisms of neural development. New insights have emerged that have
had a significant impact on both research and treatment of these cancers.
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Recent discoveries have linked the molecular and cellular origins of CNS tumors to
mechanisms of neural development. The strongest case can be made for CNS embryonal
tumors, which are the most common malignant brain tumors of childhood. In this review, |
focus on clinical and biological aspects of CNS tumors, with emphasis on their relationship to
cellular and molecular development.

Clinical presentation of brain tumors and conventional therapeutics

Primary tumors of the CNS are the most common solid tumors of childhood and a major source
of mortality and neurological disability for people of all ages. Their incidence is 5-15/100 000
person-years. Currently, there are ~360 000 people living with a brain tumor in the United
States, including 26 000 children (CBTRUS, 2002).

Children with a malignant brain tumor have an estimated 5-year-survival rate of 60%; survival
rates decline progressively with age to reach a level of >5% for those older than 65 years. For
each individual, survival probability is linked closely with histological type. Although there
are many histological types of CNS neoplasms recognized by the World Health Organization
(WHO), this review will focus primarily on astrocytomas and medulloblastomas, which
account for ~75% of tumors in children, and astrocytomas/oligodendrogliomas, which
comprise >50% of all tumors in adults (Kleihues and Cavenee, 2000). Brain tumors are further
classified into histological grades that generally correlate with biological behavior. Low-grade
tumors (WHO grades I and 11) are comprised of neoplastic cells with relatively compact and
homogenous nuclei and cytological differentiation reminiscent of their normal cells of origin.
High-grade tumors diverge from the appearance of their cells of origin. For example, anaplastic
(less differentiated) astrocytomas (WHO grade I11) have atypical pleomorphic nuclei, poorly
differentiated cytoplasm and high rates of proliferation as evident by the presence of mitoses.
The most malignant tumors (WHO grade V) have extremely atypical nuclei and very high
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mitotic rates, often associated with striking microvascular proliferation and regions of necrosis.
The overall probability of survival is substantially lower for patients with high-grade tumors
when compared to lower-grade tumors of the same histological type.

Medulloblastomas occur exclusively in the cerebellum. Their peak incidence is in the latter
half of the first decade of life, and they are rare beyond 20 years of age. When first diagnosed,
children with medulloblastoma typically have signs and symptoms of a mass in the posterior
fossa, including headache and vomiting from obstructive hydrocephalus, ataxia and cranial-
nerve deficits. Because medulloblastomas tend to spread throughout the neuraxis, treatment
consists of surgical resection, radiation to the entire brain and spine, and multi-drug
chemotherapy for ~1 year. The overall 5-year-survival rate is 65-80%. Unfortunately,
survivors almost invariably have significant learning disabilities and neuroendocrine hormonal
deficiencies, largely because of the effects of aggressive therapy on the developing nervous
system (Packer et al., 1994; Packer et al., 1999).

Traditionally, medulloblastomas have been divided into two principal histological subtypes,
but all classes are malignant and therefore are considered to be WHO grade 1V tumors. The
majority are classical medulloblastomas or ‘small blue cell tumors’ that are highly cellular with
compact nuclei and minimal cellular differentiation. They typically express neuron-specific
enolase, synaptophysin and other markers that indicate a neuronal lineage. Approximately 25%
of medulloblastomas are of a desmoplastic subclass, defined by the presence of dense,
extracellular, stromal elements, that has foci with neuronal differentiation amidst densely
cellular and highly proliferative zones. Favorable prognosis is associated with complete
resection, age >3 years, and absence of metastasis at the time of initial diagnosis.

Astrocytomas and oligodendrogliomas arise throughout the CNS and can occur throughout
life. Their incidence increases with age, peaking at 65-75 years (CBTRUS, 2002). The signs
and symptoms of glial tumors vary with their location in the CNS. Children and adults with
tumors of the cerebral hemispheres typically have seizures, headaches and focal neurological
deficits as their presenting symptoms (DeAngelis, 2001). Tumors in the optic system induce
loss of vision, whereas those that arise in the brainstem present with ataxia and cranial-nerve
deficits. In nearly all cases, surgical biopsy is necessary to establish the diagnosis, but because
the tumors tend to invade vital brain structures complete surgical removal often is not feasible.
Patients with residual disease after surgery typically require further therapy with radiation and/
or chemotherapy, especially if the tumors meet the histological criteria for high-grade
malignancies.

Astrocytomas have a wide spectrum of histological subclasses, ranging from low-grade,
relatively indolent (WHO grades | and I1) tumors to highly malignant, invasive, WHO grades
I11 (anaplastic) and IV (glioblastoma multiforme) tumors. Oligodendrogliomas have a similar
range of histological phenotypes. Prognosis can be linked to multiple factors, with young age,
low grade, oligodendroglial histology, complete resection and response to therapy correlated
with more favorable probability of survival. Patients with favorable prognostic factors might
live 20 years or more. In contrast, elderly patients with glioblastoma multiforme have a life
expectancy measured in months, even after receiving maximally aggressive therapy.

Developmental mechanisms promote the growth of medulloblastomas and

gliomas

Recent discoveries have established that brain tumors and other forms of cancer arise from
either genetic mutations or epigenetic mechanisms that alter the expression of genes that are
responsible for the normal growth and development of cells (Bishop, 1991; Hahn et al.,
1999). From the perspective of cancer growth, growth-regulating genes might assume the role
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of genetically dominant proto-oncogenes or they might act as recessive tumor-suppressor genes
when normal molecular mechanisms become dysregulated to promote uncontrolled cell
proliferation (Weinberg, 1989). Typically, cancers do not arise de novo as malignancies,
instead they evolve from more indolent growths into malignant tumors through the emergence
and expansion of malignant subclones that gain competitive advantage over the remaining cells
of the cancer by acquiring new genetic mutations (Nowell, 1976; Farber, 1984; Nowell,
1986). For example, clonal expansion of tumor cells with mutations of TPs3, a tumor suppressor
gene, has been linked to astrocytoma progression from low-grade to high-grade tumors
(Sidransky et al., 1992). The evolution to malignancy might occur through multiple steps, as
malignant subclones arise through the accumulation of an increasing number of genetic lesions
(Nowell, 1986; Weinberg, 1989; Bishop, 1991). Low-grade tumors in early stages of cancer
might appear very similar to their cells of origin, whereas highly malignant tumors in advanced
stages of cancer progression are histologically very dissimilar to normal cells.

Early efforts to identify genetic mutations characteristic of medulloblastomas focused on
chromosomal losses and gains detected by tumor karyotyping. Loss of chromosome 17p distal
to the TPs3 locus is the most prevalent chromosomal deletion, and is frequently associated with
gain of chromosome 17q (isochromosome 17q) (Biegel et al., 1999; Kleihues and Cavenee,
2000). Despite years of investigation, the specific genes associated with this genetic
abnormality have not been identified. A highly informative locus (9922) with high
medulloblastoma incidence has been linked to the basal cell carcinoma (Gorlin) syndrome
(Gailani et al., 1992), an autosomal dominant disorder caused by germline mutation of the Shh
receptor PTCH (Hahn et al., 1996; Johnson et al., 1996). Further investigations of a variant of
Gorlin syndrome identified mutations of suppressor of fused (SUFU), a tumor suppressor that
is downstream in the Shh/PTCH pathway (Rubin and Rowitch, 2002; Taylor et al., 2002).
SUFU is part of a molecular complex that normally regulates GLI transcription factors that
serve as effectors of Shh pathway activation. Approximately 15-20% of sporadic
medulloblastomas have mutations of either PTCH or SUFU. Moreover, a small percentage of
sporadic medulloblastomas have mutations of Smoothened (SMO), a transmembrane protein
that interacts with PTCH and is derepressed when Shh binds to PTCH (Dong et al., 2000;
Zurawel et al., 2000; Taylor et al., 2002). Both familial and sporadic medulloblastomas with
mutations of molecules in the Shh/PTCH pathway are typically of the desmoplastic histological
variant (Hynes et al., 1995; Pietsch et al., 1997; Pomeroy et al., 2002).

A second, informative, inherited disorder linked to medulloblastomas, Turcot syndrome, has
been found to be associated with mutations of adenomatous polyposis coli (APC) (Hamilton
etal., 1995). APC is part of a molecular complex that regulates the activity of p-catenin, a
transcription regulatory element of the Wnt signaling pathway. Mutations of APC and -
catenin, and of axin, another member of the complex regulating -catenin, have been found in
a small percentage of sporadic medulloblastomas with both classic and desmoplastic histology
(Zurawel et al., 1998; Dahmen et al., 2001; Koch et al., 2001).

Importantly, Shh also has been found to have arole in normal development of cerebellar granule
cells. Cerebellar granule cell progenitors express PTCH and are induced to proliferate by Shh
which is synthesized by Purkinje cells in the developing cerebellum (Wechsler-Reya and Scott,
1999). The Wnt pathway has been linked to later stages of granule cell development, promoting
synaptogenesis and axonal maturation (Lucas and Salinas, 1997). Thus, mutations discovered
from inherited syndromes have identified two molecular developmental pathways, Shh/PTCH
and Whnt, that have an essential role in granule cell development and are also highly significant
in the oncogenic transformation of granule cells to medulloblastomas.

The final established molecular lesion of medulloblastomas, amplification of cMyc, occurs in
a highly malignant variant of medulloblastoma with characteristic large cell anaplastic
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histology (Eberhart et al., 2002). Interestingly, increased expression of cMyc has been linked
to poor prognosis, independent of gene amplification (Herms et al., 2000; Grotzer et al.,
2001). Because cMyc expression is known to be induced by activation of the Wnt pathway and
nMyc by Shh/PTCH (He et al., 1998; Kenney et al., 2003; Oliver et al., 2003), these data
collectively implicate Myc as a common regulatory element in the control of medulloblastoma
growth.

Astrocytomas have long been known to progress spontaneously from low-grade to high-grade
tumors (Kleihues and Cavenee, 2000). Early molecular events that promote the growth of low-
grade tumors include inactivating mutations of the TPs3 tumor suppressor gene and expression
of both the a.and B isoforms of platelet-derived growth factor (PDGF) and the PDGF receptor-
o (PDGFRA) (Fleming et al., 1992; Hermanson et al., 1992). Co-expression of PDGF and its
receptor is functionally significant because tumor growth can be inhibited by either inactivating
PDGFR or blocking its expression (Shamah et al., 1993). Mutations of the p16!NK43/ARF locus
(chromosome 9p) inactivating the p16—-cdk4—pRb pathway might combine with PDGF/
PDGFR expression to promote progression to high-grade (grades 11l and V) astrocytomas
(Dai et al., 2001). Ultimately, progression to glioblastoma multiforme might occur with loss
of chromosome 10 and associated loss of phosphatase and tensin homolog deleted on
chromosome 10 (PTEN) which is known to be inactivated in a variety of advanced cancers
(Steck et al., 1997).

Glioblastomas might also arise de novo as primary tumors, typically with amplification,
rearrangement and/or overexpression of the epidermal growth factor receptor (EGFR) gene,
often with associated loss of the p53 binding protein mouse double minute 2 (MDMZ2). These
tumors appear to arise quite suddenly, most often in older adult patients, and have a distinctive
small cell histology (Burger et al., 2001). Typically, high-grade astrocytomas with EGFR
amplification are highly aggressive tumors that are less responsive to therapy than secondary
glioblastomas that arise through progression of lower grade forms (Barker et al., 2001; Kunwar
et al., 2001).

Oligodendrogliomas frequently have allelic loss of chromosomes 1p and 19q and, similar to
astrocytomas, grade |11 anaplastic tumors might have inactivation of the p16-cdk4—pRb
pathway (Cairncross et al., 1998; Smith et al., 2000; Ino et al., 2001). Anaplastic
oligodendrogliomas with loss of 1p and 19q have a high rate of response to treatment with the
chemotherapy drug combination procarbazine, CCNU and vincristine (Cairncross et al.,
1998), whereas tumors lacking these mutations do not respond. It is not known if the genes
deleted by these chromosomal losses are related functionally to chemotherapy response or
whether the chromosomal losses are only markers of association.

Cellular origin of medulloblastomas and astrocytomas

Traditionally, the classification and presumed origin of brain tumors is based on the histological
similarity of tumors with normal cells in the developing CNS. An early classification scheme,
proposed in 1926 by Bailey and Cushing, focused on states of differentiation within a cell
lineage, proposing that brain cancers might arise from cells that essentially are arrested at
specific stages in their development (Bailey and Cushing, 1926). Although many aspects of
the cell-lineage relationships they proposed have proved incorrect, the basic idea that brain
cancers can be classified by resemblance to normal cells at different stages of development has
had sustained acceptance. It provided a conceptual understanding for the context within which
brain tumors arise, which gave some insights into their clinical behavior and prognosis. Thus,
the Bailey and Cushing schema became the prototype for modern taxonomies, including the
brain tumor classification system currently in use (Kleihues and Cavenee, 2000).
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As details of the molecular basis of brain tumors have emerged, however, it has become clear
that classification on morphologic criteria alone is inadequate (Gould, 1986). Tumors with
identical histology and presumed state of differentiation might have very different growth
characteristics and prognosis, and they apparently arise from different developmental lineages
(Pomeroy et al., 2002). This is in agreement with the conclusion that cancer is a primarily a
genetic disease. Although the cellular/developmental context is important, ultimately, it is the
molecular mechanism that drives cancer growth, renders a tumor either susceptible or resistant
to therapies and, ultimately, determines whether a cancer can be cured if it is not possible to
physically remove it from the body through surgical excision.

The cellular origin of medulloblastomas has been debated for decades. One perspective, based
largely on their histological appearance, is that they are a cerebellar subclass of primitive
neuroectodermal tumors (PNET) that arise by oncogenic transformation of cells from
subventricular germinal centers throughout the CNS (Rorke, 1983). An alternative view is that
they are derived from the cerebellar granule cell lineage (Kadin et al., 1970). Although
classifying medulloblastomas as a type of PNET provides an appealing conceptual schema,
the idea that medulloblastomas are tumors of granule cell origin is attractive because granule
cells are by far the most abundant neuronal class in the cerebellum (Williams and Herrup,
1988). Their abundance and prolonged proliferative phase during development make granule
cells a probable target for transformation and oncogenesis.

The identification of granule cell-specific molecular markers and analysis of gene-expression
profiles provide evidence that medulloblastomas are molecularly different to PNETs and that
frequently they are derived from cerebellar granule cells (Kozmik et al., 1995; Yokota et al.,
1996; Pomeroy et al., 2002). The case for granule cell origin is strongest for desmoplastic
medulloblastomas whose gene-expression patterns indicate dysregulated Shh signaling
(Pomeroy et al., 2002). Classic medulloblastomas might arise from granule cells through
mutations involving other molecular pathways; alternatively, in some cases their gene-
expression patterns might reflect a different cell of origin (Katsetos et al., 1995; Buhren et
al., 2000; Pomeroy et al., 2002). Mice heterozygous for mutation of the murine homologue of
the Shh receptor Ptc develop medulloblastomas that clearly arise within the granule cell lineage
(Goodrich et al., 1997; Wechsler-Reya and Scott, 2001).

As has been found for astrocytomas and other cancers, medulloblastomas arise in multiple
steps. In normal mice, proliferation of granule cell progenitors is driven by Shh expressed by
Purkinje cells (Wechsler-Reya and Scott, 1999). Granule cell proliferation occurs in the outer
half of the external granule cell layer (EGLa, Fig. 1) and is completed within the first 2-3 weeks
postnatally. The committed progenitors then migrate inward from the inner EGLD layer past
the molecular and Purkinje cell layers to form the internal granule cell layer (IGL). By the end
of the first postnatal month in mice, the EGL has largely disappeared. Although generally,
granule cell development proceeds normally in heterozygous Ptc mutant mice, ~50% of Ptc
+/— mice have foci of persistently proliferating granule cell progenitors (Corcoran and Scott,
2001; Kim et al., 2003). Approximately 10-15% of these mice then evolve frank tumors that
aberrantly express postmitotic molecular markers while actively proliferating (Kim et al.,
2003). Tumor incidence peaks at ~5-6 months in these mice and then rapidly falls so that the
tumors rarely occur after 12 months of age. This indicates a model of tumorigenesis in which
granule cells are susceptible to oncogenic transformation during their proliferative phase of
development. Although it is formally possible that granule cells remain susceptible after they
exit the cell cycle as early post-mitotic progenitors, the potential to form tumors declines to
low levels once they are terminally differentiated into neurons of the IGL (Fig. 2A). The time
lag of several months between the disappearance of the EGL and the symptomatic growth of
tumors might be explained by either the time needed for multiple steps of tumor progression
or, possibly, the retention of a small number of progenitor cells after the EGL has regressed.
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This model presumably also applies to human medulloblastomas, which peak in incidence
during the first decade of life and then decrease to a very low incidence thereafter (CBTRUS,
2002).

Human astrocytomas have a different pattern of occurrence, with tumor incidence increasing
beyond childhood and throughout adult years to peak at 6575 years (CBTRUS, 2002). It is
not known whether this represents a fundamental difference in susceptibility for oncogenic
transformation of astrocytes compared with cerebellar granule cells. Terminally differentiated
astrocytes might undergo malignant transformation or, possibly, dedifferentiate into a
susceptible cell type (Fig. 2B). Alternatively, either astrocyte progenitors or stem cells might
be present throughout adult life, unlike granule cell progenitors, which largely disappear by
1-2 years of age in humans.

Mouse models indicate that even mature astrocytes might serve as the cell of origin for
astrocytomas. Expression of a constitutively active form of EGFR that is targeted to either an
early, nestin-expressing glial lineage or mature cells that express glial fibrillary acidic protein
in Ink4a/ArfA™/~ mice induces glioma growth, but the efficiency of glioma induction is higher
in the immature, nestin-expressing cells (Holland et al., 1998). The differential increased
sensitivity of immature cells was not seen in Ink4a/ArfA~/~ cells transduced with EGFR in
vitro prior to orthotopic transplantation. Mature astrocytes have the same permissiveness for
tumor formation as neural stem cells (Bachoo et al., 2002). These data indicate that astrocytes
might be fundamentally different to cerebellar neurons in that they can undergo malignant
transformation even when they are mature. Thus, although it is possible that astrocyte
progenitors are present in the adult brain and are susceptible to genetic mutations that promote
tumor growth, further research is needed to determine whether terminally differentiated
astrocytes can also undergo malignant transformation or whether they dedifferentiate to a
susceptible cell population.

While a basic model of tumorigenesis is beginning to emerge, there are many questions that
remain. Does the normal developmental stage at which tumorigenesis occurs define the growth
characteristics of the tumor? Developmental stage appears to be permissive, defining the timing
of susceptibility. For example, medulloblastomas would not arise from PTCH mutations
without expression of SMO and other downstream effector molecules of the Shh pathway,
which are only expressed in later stages of granule cell-development. Is the biological
phenotype defined by the molecular lesions that promote oncogenesis independent of the
developmental stage at oncogenesis? Some mutations, such as amplification of cMyc, promote
rapid medulloblastoma growth and are associated with poor clinical outcome (Reardon et al.,
2000; Eberhart et al., 2002). Although this might indicate that specific mutations have a
dominant effect in defining the biological phenotype, it cannot be excluded that these highly
malignant tumors emerge only when cMyc amplification occurs at a specific, normal,
developmental stage. It also is clear that the biological effects of a molecular mechanism in a
tumor might not be predicted by the normal response in wild type cells. For example, TrkC
activation promotes the survival and differentiation of cerebellar granule cells, but it promotes
apoptosis of medulloblastomas (Kim et al., 1999). Clearly, more research is needed before we
understand how genetic mutations interact with developmental stage to define tumor
phenotype.

For human disease, medulloblastoma tumorigenesis has been placed within the context of
developmental stage by comparing gene-expression profiles of human medulloblastomas to a
gene-expression map of the cerebellar molecular developmental sequence in mice (Kho et
al., 2004). Tumor expression profiles were most consistent with the patterns of gene expression
of P1-P10 mouse cerebellum; metastatic tumors mapped to the profiles of P5 cerebellum
whereas less invasive tumors mapped to P7. Murine medulloblastomas derived from Ptc*/~
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mice show a similar pattern of gene expression (Lee et al., 2003; Kho et al., 2004). The interval
of P5-P7 corresponds to the period of maximal proliferation and migration of granule cell
precursor in mice, indicating that medulloblastomas retain properties of granule cell
progenitors.

When viewed at a cellular level, medulloblastomas harbor a minority tumor cell population
that retains stem cell properties. These brain tumor stem cells (BTSC) are positive for the neural
stem cell surface marker CD133+, and they retain the capacity for proliferation, self-renewal
and differentiation in vitro into cells that resemble the tumor from which the BTSC fraction
was derived (Singh et al., 2003). Although the presence of BTSC within medulloblastomas
might argue that these tumors arise from stem cells from an earlier stage of development than
committed granule cell progenitors, it also is possible that the molecular events that lead to
tumorigenesis promote the acquisition or maintenance of stem cell properties within tumor cell
populations. The extent to which medulloblastoma growth is dependent on BTSC is not known.
Moreover, it is uncertain whether stem cells will have selective vulnerability to therapy.
Although this exciting discovery has raised questions, it underscores the conclusion that
molecular and cellular developmental mechanisms are central to the biology of
medulloblastomas. Understanding and exploiting vulnerabilities inherent to these
developmental processes may provide a mechanism to develop specific, targeted, biologically
based therapies that destroy the tumor while leaving the nervous system intact.

Therapeutic implications

As details of the molecular mechanisms of medulloblastomas and astrocytomas emerge, it is
anticipated that selective, targeted therapies will become available to augment and, in time,
replace conventional radiation and chemotherapy. Development of new therapies designed to
block signal transduction mechanisms or otherwise inhibit effector molecules is well
underway. For medulloblastomas, specific, potent blockers of Shh signaling that are derived
from the teratogen cyclopamine appear promising in preclinical testing in vitro and in mouse
models (Taipale et al., 2000). Phase Il trials are planned for small molecule inhibitors of
PDGFRA, the rassMAPK signaling pathway and Neuregulin, which have been linked with
invasive and metastatic tumor growth (Gilbertson et al., 1997; MacDonald et al., 2001).
Developmental molecular markers, including TrkC, HER2 and cMyc, which are predictive of
medulloblastoma outcome, are being validated currently for risk stratification in national
therapy trials (Segal et al., 1994; Gilbertson et al., 1997; Herms et al., 2000; Pomeroy et al.,
2002).

Targeted therapies that inhibit tyrosine kinases, farnesyl-transferases and other molecules in
signal transduction pathways are also in Phase I-I1 clinical trials for malignant astrocytomas.
Other therapeutic approaches focus on the role of matrix metalloproteinases in tumor invasion
and on the mechanisms of tumor angiogenesis.

The development of targeted therapies has also created a need to develop novel methods of
drug delivery. Agents have been developed that can disrupt the blood—brain barrier, and there
are now methods to infuse solutions of large, complex molecules that specifically target tumor
cells directly into the brain (Bobo et al., 1994). These and other new methods of drug delivery
might be necessary as targeted therapies become available for brain tumors.

The growing understanding of the cellular and molecular basis of brain tumors has enabled the
beginning of a new era of personalized treatment of brain tumors in which therapies are tailored
to the individual patient, based on the molecular and cellular content of their tumors. The era
of brain-tumor therapy in which diagnosis was based largely on histological appearance and
therapies were destructive is evolving rapidly to a stage where diagnosis relies on the
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identification of molecular signatures that indicate which growth mechanisms provide
therapeutic targets.
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Fig. 1. Photomicrograph of human cerebellar cortex from a 2-month-old female

Cerebellar granule cell progenitors proliferate in the outermost layer of the external granule
cell layer (EGLa). Once they leave the cell cycle, granule cell progenitors migrate from the
deeper external layer (EGLD) through the molecular and Purkinje layers to form the internal
granule cell layer.
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Fig. 2. Models of oncogenic transformation

(A) Experimental and clinical evidence indicates that granule cells are susceptible to oncogenic
transformation into medulloblastomas as proliferating progenitors (solid line) and, possibly,
early post-mitotic progenitors (dotted line), but the potential for tumorigenesis declines when
they become mature neurons. (B) By contrast, for astrocytomas the period of susceptibility for
oncogenesis might extend to mature forms of astrocytes within the CNS.
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