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SUMMARY

Recent studies have identified genes and core pathways that are altered in human glioblastoma.
However, the mechanisms by which alterations of these glioblastoma genes singly and cooperatively
transform brain cells remain poorly understood. Further, the cell-of-origin of glioblastoma is largely
elusive. By targeting a p53 in-frame deletion mutation to the brain, we show that p53 deficiency
provides no significant growth advantage to adult brain cells, but appears to induce pleiotropic
accumulation of cooperative oncogenic alterations driving gliomagenesis. Our data show that
accumulation of a detectable level of mutant p53 proteins occurs first in neural stem cells in the
subventricular zone (SVZ) and that subsequent expansion of mutant p53-expressing Olig2* transit-
amplifying progenitor-like cells in the SVZ-associated areas initiates glioma formation.

SIGNIFICANCE—Glioblastoma is the most malignant form of astrocytic gliomas and the most
common primary brain cancer in adults. The poor prognosis of glioblastoma emphasizes the urgent
need for a greater understanding of disease pathogenesis. We demonstrate that p53 deficiency can
cooperate with diverse mitogenic signaling pathways to induce malignant glioma. For example,
inactivation of the Nf1 tumor suppressor, activation of mitogen-activated protein kinase, or activation
of phosphatidylinositol-3-OH kinase pathways are not essential, but can promote p53-mediated
glioma formation. Furthermore, expression of mutant p53 proteins is identified as a marker for glioma
cells in all stages. Analysis of brain cells with a detectable level of mutant p53 expression provides
important insights into the role of neural stem cells and transit-amplifying progenitors in p53-
mediated gliomagenesis.
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INTRODUCTION

Glioblastoma (Grade IV malignant astrocytic glioma), also known as glioblastoma multiforme
(GBM), is the most frequent and aggressive neoplasm among human primary brain tumors
(Furnari etal., 2007; Louis et al., 2007). There are two subtypes of GBM. Primary GBM arises
de novo with no evidence of pre-existing lesions whereas secondary GBM develops from
lower-grade, albeit malignant, i.e., Grade Il or 111 gliomas. Despite distinctive clinical courses
and differing molecular lesions, primary and secondary GBMs share the same
histopathological and clinical features, most notably a high propensity to diffusely infiltrate
normal brain parenchyma and resistance to virtually all current therapies. Consequently, GBM
is one of the most deadly human cancers with a median survival that has remained at 12 months
for over the past two decades (Furnari et al., 2007; Louis et al., 2007).

Recent studies have identified genes and core pathways that are altered in human GBM (Ohgaki
et al., 2004; Parsons et al., 2008; TCGA Research Network, 2008). Mutations in the
components of the p53 tumor suppressor pathway have been identified in the majority of human
primary GBM, approximately 30 to 40% of which have mutations in the p53 gene (Parsons et
al., 2008, TCGA Research Network, 2008). Furthermore, frequencies of p53 mutations are
high and similar among lower-grade malignant gliomas and secondary GBMs, suggesting an
important role of p53 gene defects in early stages of glioma development (Ohgaki et al.,
2004). Consistently, individuals with Li-Fraumeni syndrome, who carry germline p53
mutations, are predisposed to development of astrocytic gliomas (Louis et al., 2007). However,
the mechanisms by which p53 deficiency transforms normal brain cells remain poorly
understood.

One critical challenge to understand the GBM pathogenesis is to identify the cell-of-origin of
this disease. The cell-of-origin in most human cancers remains unknown as human tumors are
typically presented at the terminal stages of the disease and thus do not provide a window to
study this important question. Recent studies demonstrated that a number of brain cancers,
including GBM, are driven and sustained by a subset of stem cell-like cells that exhibit the
cellular characteristics of normal stem cells, including self-renewal and multipotency (Galli et
al., 2004; Hemmati et al., 2003; Singh et al., 2004). However, whether a normal stem cell, a
progenitor cell, or even a fully differentiated cell is the cell-of-origin for glioma stem cells
remains largely unknown (Sanai et al., 2005; Stiles and Rowitch, 2008). In the adult brain,
multipotent neural stem and progenitor cells are spatially restricted in two stem cell niches: the
subventricular zone (SVZ) of the lateral ventricle and the subgranular zone (SGZ) of the
hippocampal dentate gyrus (Merkle and Alvarez-Buylla, 2006). Genetic studies using murine
glioma models and imaging analysis from a clinical study provide evidence that some GBMs
may arise from the SVZ stem cell niche (Alcantara Llaguno et al., 2009; Lim et al., 2007; Zhu
et al., 2005a). At the cellular level, neural stem cells in the adult SVZ (type B cells or SVZ-B)
give rise to a highly proliferative cell population, transit-amplifying progenitor cells (SVZ-C
cells), which then differentiate into two lineage-restricted progenitor cells, neuroblasts (SVZ-
A cells) and oligodendrocyte precursor cells (SVZ-OPC) (Hack et al., 2005; Menn et al.,
2006). Because of a lack of reliable markers for glioma cells, particularly at early stages of
tumor development, the role of the various SVZ cell populations in gliomagenesis remains
undefined.

In this study, we develop a murine glioma model in which an in-frame p53 deletion mutation
is specifically targeted into the nervous system and use it to investigate the role of neural stem
cells and transit-amplifying progenitors in p53-mediated gliomagenesis.
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RESULTS

Neural-specific p53 targeting strategy

To investigate the role of p53 in gliomagenesis, we employed two transgenic mouse strains to
target a p53 mutation into the nervous system. The first one expresses Cre under the control
of the human glial fibrillary acidic protein (GFAP) promoter (hereafter, hGFAP-cre). The
hGFAP-cre transgene is specifically expressed in radial glial cells during embryonic
development and in mature astrocytes of the postnatal brain (Malatesta et al., 2003; Zhuo et
al., 2001). Because radial glial cells are the primary multipotent neural stem/progenitor cell
populations in the developing brain, hGFAP-cre-mediated gene deletion will be transmitted to
all the progeny of radial glial cells including neurons, glia, and adult neural stem cells (Merkle
and Alvarez-Buylla, 2006). Thus, the hGFAP-cre-mediated neural-specific gene inactivation
permits assessment of the relative tumor susceptibility or “tumor competence” of neural stem
cells, progenitor cells, and mature glia in the adult brain (Figure S1). The second strain harbors
ap53 conditional allele (p53flox) (Linetal., 2004). Cre-mediated recombination of this p53flox
allele results in an in-frame deletion of exons 5 and 6 (Figure 1A), which encode a significant
portion of the p53 DNA binding domain (DBD) (Cho et al., 1994; Kitayner et al., 2006).
Consistently, it has been previously shown that this p53 in-frame deletion mutant (hereafter,
p53AE5-6) Jacks transcriptional function (Lin et al., 2004). Thus, the p532E>-6 allele represents
a DBD-deficient loss-of-function allele.

P53 deficiency drives tumor formation in the adult brain

To study tumorigenic activity of the p532E5-6 mutation in the brain, we crossed the hGFAP-
cre line with the p53flox mouse to generate hGFAP-cre+;p53floX/* mice. We monitored 10
hGFAP-cre+;p53f1oX* mice over 12 months. These mice were healthy and behaved
indistinguishably from the wild-type littermates. Moreover, we found no evidence of tumor
formation in the brain of these aged mice (data not shown). We then generated hGFAP-cre
+;p53fl0X/KO (hereafter referred to as conditional knockout 1, CKO1) and hGFAP-cre
+;p53flox/flox (CK02) mouse strains (Figure 1B). As we have previously shown that
inactivation of p53 followed by Nf1 loss efficiently induces malignant gliomas with complete
penetrance (Zhu et al., 2005a), we introduced a heterozygous Nf1 mutation to the p532AE5-6
mutant background and generated a third mutant strain with the genotype of hGFAP-cre
+;p53flox/flox: N1 KO+ (CKO3). In CKO3 brains, p53-deficient cells are expected to inactivate
the Nf1 wild-type allele to undergo p53/Nfl-mediated gliomagenesis whereas p53-deficient
cells in the CKO1/2 brains could potentially cooperate with diverse oncogenic alterations to
drive glioma formation (Figure 1B).

Both CKO1 and CKO2 mice were healthy, fertile, and indistinguishable from their control
littermates within the first 6 months after birth (Figure 1C). However, 85% of CKO1 (22/26)
and 84% of CKO2 (43/51) mice analyzed in this study developed neurological symptoms
including tremor, seizure, ataxia or lack of balance requiring sacrifice between ages of 6 and
14 months (Figure 1C). Each of the CKO1 and CKO2 mice with neurological deficits exhibited
enlarged brains with evidence of high-grade brain tumors. The remaining CKO1 and CKO2
mice were sacrificed because of the presence of tumors outside the central nervous system
(CNS). These non-CNS tumors were diagnosed as soft-tissue sarcomas, likely arising due to
hGFAP-cre expression in cells outside the CNS (data not shown). A portion of the CKO1 (1/4)
and CKO2 (2/8) mice with non-CNS sarcomas also exhibited enlarged brains with high-grade
tumors. Together, nearly 90% of both CKO1 (23/26) and CKO2 (45/51) mutant mice developed
high-grade brain tumors (Figure 1B), most of which (20/23 of CKO1 and 40/45 of CKO2)
were histopathologically characterized as malignant gliomas with astrocytic characteristics and
the remainders were medulloblastomas (Figure 1D). Because CKO1 and CKO2 mice exhibited
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essentially the same brain tumor phenotypes (Figure 1B-D), they will be presented together
as the p532E5-6 mutant mice.

Mutant p532E5-6 expression marks p53-deficient brain tumor cells

To determine whether Cre-mediated p53 deletion drives tumor formation, we first performed
PCR analysis on genomic DNA of brain tumors isolated from p532E5-6 mutant mice (n = 6)
and found that the p53flox allele had been completely converted to the p532E5-6 allele (Figure
1E). RT-PCR analysis revealed that the p532E5-6 transcript was the only p53 transcript that
could be detected in these tumors (n = 7) (Figure 1G). We further cloned and sequenced the
p53 cDNAs and genomic DNAs derived from these brain tumors and found no somatic
mutation other than the expected deletion of exons 5 and 6 (see methods). Similar to human
tumors, all the p532E5-6 brain tumors expressed high levels of mutant p53 proteins (Figures
2A-F, 3Cb, b'). The p53 nuclear immunostaining was very specific for p532E5-6 prain tumor
cells, as no labeling was observed in the normal brain cells, including those carrying one or
two p532E5-6 alleles, or in the p53-null malignant astrocytic gliomas (Table S1) (Zhu et al.,
2005a). In addition, we crossed the p532E5-6 mutant mice (CKO1 and CKO2) to a mouse strain
harboring the Rosa26-LacZ reporter (R26R-LacZ), whose expression requires Cre-mediated
recombination (Soriano, 1999). Nearly all the SVZ stem and progenitor cells as well as Olig2-
expressing progenitors and oligodendrocytes in the corpus callosum of the resulting mice could
readily be labeled by p-galactosidase (B-gal) expressed from the R26R-LacZ (Figure S1B,
S1C). Accordingly, all the p532E5-6 brain tumors analyzed extensively expressed high levels
of B-gal (Figure 2Ga, ). Furthermore, almost all the p532E5-6-positive brain tumor cells
exhibited high levels of B-gal expression (Figure 2Gb, b"). It is worth noting that 3 of 5
p53AE5-6 prain tumors analyzed contained a subpopulation population of tumor cells with no
or low B-gal staining, which often exhibited high levels of GFAP and hGFAP-cre expression
(Figure 2H and data not shown). This is consistent with the previous observations that the
R26R-LacZ is not expressed in most GFAP-expressing mature astrocytes, despite their
expression of hGFAP-cre (Figure S1C) (Malatesta et al., 2003). Taken together, these studies
demonstrate that brain tumors observed in this model arose from p53-deficient cells, which
can be specifically marked by a detectable mutant p53 protein expression.

CD133* malignant astrocytic glioma and GBM

Malignant astrocytic gliomas observed in the advanced-stage p532E5-6 mice diffusely
infiltrated the forebrain and expressed glioma markers GFAP, Nestin, and Olig2, albeit with a
high degree of heterogeneity within individual tumors and between different tumors (Figures
3A, 3B, S2, Table S2). Importantly, approximately 40% of the p532E5-6 high-grade astrocytic
gliomas exhibited the characteristics of human GBM, including the presence of necrosis,
pseudopalisading tumor cells, and microvascular proliferation (Figure 3A). It is worth noting
that regardless of the presence or absence of detectable necrosis, these malignant gliomas
exhibited similarly high degrees of nuclear atypia (Figures 3B, S2B, S3), resembling human
primary GBM. These tumors also exhibited the defining features of human high-grade diffuse
gliomas: high levels of mitotic figures and presence of secondary structures of Scherer (Figures
2B, 3C). Furthermore, similar to human counterparts, a subpopulation of p532E5-6 tumor cells
expressed a glioma stem cell marker, CD133 (also known as promininl), and the CD133*
glioma cells were often located around blood vessels and expressed p53, Nestin, and Olig2
(Figure S4) (Calabrese et al., 2007; Singh et al., 2004). Taken together, the p532E5-6 mouse
model accurately recapitulates both the genetics and pathology of human high-grade astrocytic
gliomas.
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P53 deficiency provides no significant growth advantage to adult brain cells

To investigate the mechanisms underlying p53-mediated gliomagenesis, we examined the
brain of young adult mutant mice. At 2 months of age, no significant difference was identified
between the control and p532E5-6 brains (n = 6 for each genotype), which is consistent with
the notion that p53 is dispensable for normal brain development (Donehower et al., 1992; Jacks
etal., 1994). Although previous studies demonstrated that a germline p53-null mutation results
in mild hyperplasia in the SVZ of the adult brain (Gil-Perotin et al., 2006; Meletis et al.,
2006), we found no abnormality in the p532E5-6 mutant SVZ stem cell niche with respect to
the number or the density of the total SVZ cells (Figure S5). Furthermore, no significant
difference in the number, the density, or the percentage of BrdU-positive proliferating cells
was identified between the control and mutant brains including the SVZ region at 2 months
(Figure S5M-Q). Together, these results indicate that the p532E5-6 mutation does not confer a
measurable growth advantage to brain cells including SVZ stem and progenitor cells in young
adult mice.

P53 deficiency induces accumulation of cooperative oncogenic events

The results described above suggest that additional cooperative oncogenic alterations must
occur to transform p53-deficient brain cells. To test this, we examined the status of other GBM
core pathways such as Rb and receptor tyrosine kinase (RTK) signaling pathways in these
tumors. Western blot analysis revealed that all the p532E5-6 gliomas exhibited high levels of
Cdk4 expression and about half of the tumors also had Cyclin D1 overexpression, whereas the
expression of Rb and p27 was not significantly different between tumors and control forebrains
(Figure 4A). These results demonstrate that deregulation of the Rb-mediated cell-cycle
regulatory pathway is a universal phenomenon in these p532E5-6 gliomas. Because
deregulation of one of the RTKSs, platelet-derived growth factor receptor (PDGFR), is often
identified in human malignant gliomas with p53 mutations (Furnari et al., 2007; Louis et al.,
2007), we investigated the expression of PDGFRa and its ligands in the p532E5-6 gliomas.
Compared to normal brains, all the p532E5-6 gliomas analyzed in this study exhibited high
levels of expression of PDGFRa and its two ligands, PDGF-A and PDGF-B (Figure 4B),
suggesting that these tumor cells established an autocrine or paracrine stimulatory loop of the
PDGF/PDGFR signaling. As in human tumors (Furnari et al., 2007), the p532E5-6 malignant
astrocytic gliomas at all stages analyzed (n = 8) exhibited high levels of PDGFRa. expression
(Figure S3), suggesting that activation of PDGFR signaling is an early event in p53-mediated
gliomagenesis.

We then investigated two mitogenic signaling pathways, the phosphatidylinositol-3-OH kinase
(PI13K) and mitogen-activated protein kinase (MAPK), which are major effectors of RTK
signaling. The expression of a major negative regulator of the PI3K pathway, the Pten tumor
suppressor, was either lost or significantly reduced in over 80% of the p532E5-6 gliomas (Figure
4B). Consistently, the majority of the p532E>-6 gliomas exhibited activation of the PI3K
signaling pathway evidenced by increased levels of phosphorylated Akt (p-Akt) (Figures 4B,
SB6A-L). As a negative regulator of Ras oncoprotein, NF1 tumor suppressor gene was
previously found overexpressed in human sporadic GBMs (Gutmann et al., 1996).
Consistently, compared to normal brains, most p532E°-6 gliomas exhibited increased
expression of Nf1 (Figure 4B). However, one of 7 (14%) p532E>-6 gliomas analyzed exhibited
loss of Nf1 expression, which agreed well with more recent large-scale genomic studies that
NF1 is mutated in approximately 15% of human GBMs (Parsons et al., 2008, TCGA Research
Network, 2008). Accordingly, only half of the p532E>-6 gliomas exhibited activation of the
MAPK signaling pathway (Figure 4B, 4C-K). Together, these results indicate that the
p534E5-6 mutation can induce accumulation of downstream oncogenic alterations in Rb and
RTK signaling pathways, which drive gliomagenesis. Importantly, these results validate
molecular fidelity of the p532E5-6 model to human GBM.
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Nfl inactivation promotes p53-mediated malignant glioma formation

Despite that Nf1 inactivation or activation of PI3K and MAPK signaling pathways appears not
essential for p53-mediated gliomagenesis, all the CKO3 mice (hereafter, p532E5-6;Nf17/7)
analyzed (n = 36) developed malignant astrocytic gliomas with significantly shorter latency
compared to the p532E5-6 mutant mice (Figure 1B-D). Strikingly, nearly 70% of malignant
gliomas observed in p532E5-6:Nf1~/~ mice exhibited histopathological features of human
GBM, such as necrosis (Figure S7). Molecular analysis confirmed that p53AE5-6:Nf1 -/~
gliomas arose from p53 (Figure 1E) and Nf1 double deficient cells, as evidenced by invariable
loss of the Nf1 wild-type allele (arrows, Figure 1F). Compared to the p532E5-6 gliomas, the
p532E5-6:Nf1 -/~ gliomas exhibited relatively similar molecular alterations between individual
tumors as well as in cells within a tumor. For example, all the p532E5-6;Nf1~/~ gliomas
exhibited consistent activation of MAPK and PI3K/Akt pathways (Figures 4B, 4L-N, S6M-
R). At histopathological levels, unlike the p532E5-6 tumors, the p532E5-6;Nf1 7/~ gliomas
exhibited a relatively homogeneous expression pattern of lineage markers. (Figure S7, Table
S2). Thus, these results demonstrate that Nf1 inactivation, as one of cooperative oncogenic
alterations, albeit not essential, can rapidly promote p532E5-6-mediated gliomagenesis.

Expression of mutant p53AE5-6 proteins marks the earliest-stage glioma cells

The molecular and histological studies of p532E5-6 and p532E5-6;Nf1~/~ gliomas suggest that
acquired cooperative oncogenic alterations can influence the histological features of advanced-
stage malignant gliomas. Alternatively, the highly histological heterogeneity of p53AE5-6
malignant gliomas could result from distinct cell(s)-of-origin. To distinguish these two
possibilities, we first sought to identify the putative earliest-stage glioma cells (for simplicity,
referred to as glioma precursor). In the normal adult brain, particularly after 4 months of age,
virtually all the proliferating cells are restricted to the SVZ or RMS (Figure 5A). This extremely
low proliferation background permits the use of BrdU immunostaining as a sensitive assay to
identify glioma precursors. Based upon the time course of tumor development in p532E5-6 mice
(Figure 1C), we studied the brain of 10 mutant mice at ages of 4 to 4.5 months and found that
all of them exhibited abnormal proliferation in the portion of the corpus callosum immediately
adjacent to the SVZ or RMS (Figure 5B, C). Specifically, 4 of these 10 p532E5-6 prains had
small clusters of abnormal proliferating cells, 3 of which were identified in the corpus callosum
immediately adjacent to the SVZ (Figure 5B’, C’) and one was observed in the olfactory bulb
(OB) (Figure 8D). By analyzing the serial sections of these 4 brains, we confirmed that the
identified proliferating clusters were the only proliferating cell cluster present in these brains.
Thus, these results indicate that the proliferating clusters constitute the initially expanding
glioma precursors. Consistently, many cells in the proliferating cell clusters exhibited a high
degree of nuclear atypia (arrows, Figure 5D, F), a property reminiscent of malignant glioma
cells. In addition to the cells in the adult neurogenic niches, glioma precursors were the only
cells in mutant brains that expressed Nestin, which is never found in the normal corpus callosum
(Upper panels, Figure 5E, 5G). Together, we conclude that glioma precursors in most mutant
brains were Nestin-expressing (Nestin™) cells located in the corpus callosum immediately
adjacent to the SVZ.

Given that a detectable level of mutant p532E5-6 proteins is exclusively identified in advanced-
stage malignant glioma cells, we then sought to determine whether the expression of mutant
p534E5-6 proteins can specifically mark glioma precursors. We found that about 90% of the
proliferating cells revealed by BrdU staining in the corpus callosum expressed a detectable
level of mutant p532E5-6 proteins whereas no cells exhibited such expression in the similar
areas of normal brains (Bottom panels, Figure 5E, 5G). Double-immunofluorescence labeling
revealed that Nestin and mutant p532E5-6 proteins were almost always co-expressed in these
cells (Figure 5H, H"). Furthermore, the p532E5-6-positive cells expressed Olig2, but not GFAP,
CD133, or markers for lineage-restricted progenitors such as PSA-NCAM (a SVZ-A cell
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marker) or NG2 (a SVZ-OPC cell marker) (Figure 5I, I', 5K, K’, and data not shown). We
further confirmed that all the Nestin* cells in the proliferating clusters co-expressed Olig2
(Nestin*/Olig2*, Figure 5J, J’), demonstrating that glioma precursors are distinct from
Nestin™/Olig2* normal glial progenitors or oligodendrocytes in the corpus callosum
(arrowheads, Figure 5J, J"). Taken together, these results demonstrate that the expression of
mutant p532E5-6 proteins specifically marks glioma precursors, which immunohistochemically
resemble a subpopulation of transit-amplifying SVZ-C progenitor cells (hereafter, SVZ-C¥*)
with the lineage marker expression pattern of Nestin*/GFAP~/Olig2*/CD133".

To validate that the initially expanded p532E3-6-positive SVZ-C*-like cells are glioma
precursors, we analyzed 19 grossly healthy p532E5-6 mice at older ages (6 to 9 months) along
with 3 mutant mice with non-CNS sarcomas at 10 to 12 months of age. Of these 22 grossly
normal p532E5-6 prains, 15 exhibited no microscopically visible tumor mass (Table S3).
Compared to the mutant brains at younger ages, all the brains with no microscopically visible
tumor (n = 14) analyzed between ages of 6 and 10 months had markedly increased numbers
of p532E5-6_positive cells in the corpus callosum and adjacent areas, indicating a continuous
expansion of the p532E>-6_positive cellular populations during tumor development (Figure S8).
In all but two of these 14 mutant brains, the p532E5-6_positive cells were specifically distributed
in the forebrain areas that are anatomically immediately adjacent to the SVVZ-associated areas
(Table S3, Figure S8). Importantly, most, if not all, of the continuously expanded p53AE5-6-
positive cells exhibited the similar features of glioma precursors identified in younger mutant
mice, which include hyperproliferation, and expression of Nestin and Olig2, but not GFAP
(Figure S8 and data not shown). Together, these results suggest that the p532E>-6-positive SVZ-
C*-like cells in the corpus callosum are glioma precursors, whose continuous expansion
underlying malignant glioma development. These observations also demonstrate that the
histologically homogeneous p532E5-6-positive SVZ-C*-like glioma precursors can give rise
to malignant gliomas with a high degree of heterogeneity.

A minor population of adult SVZ cells express mutant p53AE5-6 proteins

The observations described above raise the possibility that we might be able to identify the
cell-of-origin for p532E5-6_positive malignant glioma cells by determining which cell type(s)
in mutant brains first accumulates a detectable level of mutant p532E5-6 proteins. To test this,
we analyzed the brain of 11 two-month-old p532E>-6 mice when there was no overt
abnormality. Immunohistochemical analysis revealed that 1 of these 11 mutant brains lacked
any p532E5-6_positive cells and 5 of them exhibited p53 expression only in one of the two brain
hemispheres. These results further confirm the notion that accumulation of a detectable
p53AE5-6 protein expression is not an inherent property of this mutant allele, but rather a tumor-
dependent event and hence may be used for identifying incipient tumor cells.

In brains with p532E5-6 expression, about 80% of p532E>-6-positive cells were exclusively
identified in the adult SVZ niche including the anterior (SVZal and SVZa2), medial (SVZm),
and posterior SVZ (Figure 6A, 6C-F’). Approximately 14% of p532E5-6-positive cells were
found in the RMS (Figure 6B, B'), and a minor population was identified in the areas of the
corpus callosum just outside the SVZ (Figure 6F, F', arrowhead). Similar to the SVZ-B stem
cells, all the p532E5-6_positive cells expressed Nestin, about 90% of which expressed GFAP,
but not markers for lineage-restricted cells (e.g. PSA-NCAM and Olig2) (Figure 6G-J") (Merkle
and Alvarez-Buylla, 2006; Stiles and Rowitch, 2008). A small population of the p532E5-6.
positive cells in the SVZ were GFAP-negative, which resemble the transit-amplifying SVZ-C
progenitor cells (arrowhead, Figure 6H, H') (Merkle and Alvarez-Buylla, 2006). Together,
these results suggest that a minor population of the adult SVZ cells, particularly the SVZ-B
stem cells with the lineage marker expression pattern of Nestin*/GFAP*/PSA-NCAM~/
Olig27/NG27/CD133"7, are the first and the primary cell types that accumulate a detectable
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p53AE5-6 protein expression in the young adult brain. However, it is worth noting that these
p53AES-6_positive cells morphologically were not significantly different from the surrounding
SVZ cells (Figure 6).

To assess whether these p532E35-6_positive SVZ cells manifested other tumor cell
characteristics, we examined the percentage of proliferating cells in the p532E>-6-positive and
-negative cellular compartments. As revealed by BrdU staining, about 33% of the p53AE>-6.
negative stem or progenitor cells were proliferating in the mutant SVZ (370/1112, n = 4 brains).
Strikingly, nearly 77% of the p532E5-6_positive SVZ cells were proliferating (36/47, n =7
brains, p53high vs p53negative b < 0.0001) (Figure 6K-L"). Because most of the p53AE5-6.
positive cells were immunohistochemically identified as SVZ-B stem cells that are relatively
a quiescent cell population (Merkle and Alvarez-Buylla, 2006), these results suggest that the
expression of mutant p532E5-6 proteins may identify a subpopulation of SVZ stem cells as
incipient tumor cells in otherwise relatively normal brains at this age.

A possible lineage relationship between p532E5-6.positive cell populations

The hyperproliferative phenotypes of p532E5-6-positive SVZ-B stem cells in the 2-month-old
brain raise the possibility that these cells are the cell-of-origin for the p532E5-6_positive SVZ-
C*-like glioma precursors identified in the corpus callosum of the older mice. To study a
possible lineage relationship between these two p532E5-6-positive cell populations, we
quantified the number of p532E>-6_positive cells in mutant brains at these two ages. Except for
the corpus callosum, the number of p532E>-6-positive cells in mutant SVZ or RMS at 4 months
was not significantly increased compared to those at younger age (Figure 7A). However, in
contrast to the p532E5-6-positive cells that rarely expressed Olig2 in the 2-month-old SVZ,
over 60% of the p532E5-6-positive cells in the SVZ and RMS at 4 months acquired Olig2
expression and exhibited the same lineage markers expression pattern as that of the p532E5-6.
positive glioma precursors (Figure 7B). These results suggest that similar to normal stem cells,
the p532E5>-6-positive SVZ-B stem cells can differentiate into Olig2* SVZ-C* progenitor cells,
which may function as an intermediate cell type between SVZ-B stem cells and Olig2* SVZ-
C*-like glioma precursors. In support of such transition, most of the proliferating clusters were
identified in the areas immediately adjacent to the adult SVZ neurogenic niches, some of which
directly involved the cells in the SVZ (Figure 7C, D). More importantly, within these
proliferating clusters, the p532E5-6-positive cells inside and outside the SVZ stem cell niche
expressed the same lineage markers as the Olig2* SVZ-C* progenitors regardless of the
positions at the anterior SVZ (Figures 7C, S9) or posterior SVZ (Figure 7D).

If the p53AE5-6_positive SVZ-B stem cells give rise to the p532E5-6-positive Olig2* SVZ-C*-
like glioma precursors, both should be p53 deficient and thus can be labeled by Cre-mediated
R26R-LacZ expression. To test this, we studied the R26R-LacZ expression in the p532E>6
brain. In contrast to most mature astrocytes, all the p532E5-6-positive SVZ cells expressed -
gal in the mutant brains at 2 months, confirming our lineage marker analysis that these cells
were SVZ stem cells or transit-amplifying progenitors (Figure 8A). Furthermore, all the
p532E5-6_nositive glioma precursors could also be identified by B-gal expression within the
proliferating clusters located in the corpus callosum of older mutant brains (Figure 8B, C).
These results indicate that both p532E5-6-positive SVZ-B stem cells and Olig2* SVZ-C*-like
glioma precursors are p53 deficient, supporting the notion that these neural stem and
progenitor-like cells are the precursors for p53-deficient malignant glioma cells in this model.
Finally, of the mutant brains identified with a proliferating cluster, one rare case contained
p532E5-6_positive glioma precursors in the neuronal layers of the OB (Figure 8Da, &'). Despite
their presence in the migratory destination of neuroblasts, these p532E5-6-positive glioma
precursors expressed the same lineage markers as Olig2* SVZ-C* progenitors (Figure 8Db-
d). Thus, these observations indicate that some glioma precursors exhibit the cellular
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characteristics of migrating neuroblasts - another progeny of multipotent SVZ neural stem
cells.

DISCUSSION

The role of p53 deficiency in gliomagenesis

This study demonstrates that a single p53 mutation can efficiently induce malignant astrocytic
glioma formation in mice. In contrast, using the same hGFAP-cre driver as described here, we
previously showed that the hGFAP-cre+;Nf1foX/flox mice exhibited no evidence of tumor
formation in the brain, even in the p53 heterozygous background, despite that Nfl-deficient
brain cells had activation of both MAPK and PI3K/Akt signaling pathways (Zhu et al.,
2005a; Zhu et al., 2005b). In addition, p53 deficiency can cooperate with Nf1- or Pten-
deficiency to induce malignant astrocytic gliomas in mice (Reilly et al., 2000; Zheng et al.,
2008; Zhu et al., 2005a). These results reveal a central role of p53 deficiency in gliomagenesis.
Surprisingly, analysis of brains of mutant mice at younger ages reveals that p53 deficiency
provides no significant growth advantage to brain cells but rather appears to induce pleiotropic
accumulation of cooperative oncogenic alterations in Rb and RTK pathways. One intriguing
finding of this study is that a sizable fraction of p532E5-6 gliomas exhibited no activation of
MAPK (~50%) or PI3K/Akt (~20%) pathways. Furthermore, the majority of the p53AE>-6
gliomas exhibited increased instead of decreased levels of Nfl protein expression. Similar
results were also observed in human GBMs (Gutmann et al., 1996; Mawrin et al., 2003; Wang
etal., 2004). Together, these observations demonstrate that p53-deficient brain cells are highly
plastic with abilities to cooperate with diverse downstream oncogenic alterations to drive
glioma development (Figure 8E) and raise the concern of whether inhibitors for the MAPK
and PI3K/AKT pathways will be effective to treat human GBM.

Cell-of-origin for malignant astrocytic glioma

Murine models have been widely used to study the cell-of-origin of a cancer. Ideally, an
oncogenic mutation can be targeted into the cells at various developmental stages of a specific
cell lineage. However, this approach is often limited in the CNS due to a lack of well-defined
cell-lineage specific promoters. For example, despite being one of the best characterized and
the most widely used CNS stem/progenitor cell marker, Nestin is expressed not only in
multipotent SVZ-B neural stem cells and SVZ-C transit-amplifying progenitors, but also in
lineage-restricted SVZ-A neuroblasts in the adult brain (Doetsch et al., 1997). Moreover, if a
deletion-based mutational strategy (e.g. Cre/loxP system) is employed to drive tumor
formation, lineage-restricted SVZ-OPC glial progenitors and oligodendrocytes, albeit
expressing no Nestin, will inherit the same mutation(s) that are targeted in Nestin* SVZ-B and
C cells (Menn et al., 2006). Thus, with currently available technologies, it is not feasible to
specifically target a genetic mutation(s) in the multipotent CNS stem/progenitor cells.

Compared to currently available p53-associated glioma models, one feature of our model is
that mutant p532E5-6 proteins are accumulated to a detectable level in all stages of glioma cells
but not in normal brain cells. Combining with proliferation, lineage marker expression and
morphological analysis, this p53 marker allowed us to study glioma precursors at the single-
cell level during the earliest stages of tumor development. Although advanced-stage
p532E5-6 gliomas are extremely heterogeneous histopathologically and molecularly, the
p53AE5-6_positive glioma precursors are remarkably homogeneous and exhibit a lineage
marker expression pattern reminiscent of Olig2* SVZ-C* transit-amplifying progenitor cells.
Moreover, despite that the p532E5-6 mutation was targeted to diverse CNS cell populations
throughout the brain, the p532E5-6-positive glioma precursors were exclusively identified in
the two brain areas — corpus callosum and OB, which are the migratory destinations of the two
differentiated progeny of the multipotent SVZ stem cells. Therefore, the lineage marker
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expression pattern and anatomical location of glioma precursors suggest that the p53AE5-6.
positive malignant glioma cells may arise from multipotent SVZ stem cells and/or transit-
amplifying progenitors. Consistently, we demonstrate that the SVZ-B stem cells and SVZ-C
progenitors are the earliest cell types that accumulate a detectable p532E5-6 protein expression
in the brain of younger mutant mice. Based upon these results, we propose a model for the role
of neural stem cells and transit-amplifying progenitors in p53-mediated gliomagenesis: (1) the
SVZ-B stem cells are most susceptible to accumulation of oncogenic alterations, as evidenced
by high levels of mutant p532E5-6 expression; (2) the glioma-initiating cells are the Olig2*
SVZ-C* progenitor-like cells at the earliest stages of tumor development; (3) the majority of
differentiation-stalled Olig2* SVZ-C* progenitor-like cells migrate as SVZ-OPCs to the
corpus callosum, and a minor population migrate as SVZ-A neuroblasts to the RMS and OB;
(4) p532E5-6_positive SVZ-C*-like glioma precursors can use diverse cooperative oncogenic
alterations to form high-grade gliomas with a markedly high degree of heterogeneity (Figure
8E, F).

Although the expression of mutant p53 proteins provides a sensitive tool to monitor early-stage
glioma cells at the single-cell level, the extremely low number of the p532E>-6-positive cells
in mutant brains makes it difficult to establish a definitive lineage relationship between the
morphologically normal p532E5-6-positive neural stem cells and glioma precursors. However,
we obtain several independent lines of evidence supporting a lineage relationship between
these two p532E5-6-positive cell populations. First, p532E5-6-positive cells in the SVZ are the
only cells that exhibit measurable tumor cell characteristics - hyperproliferation, suggesting
that these cells are the incipient glioma cells in otherwise normal brains at 2 months. Second,
we identify an intermediate cell type between p532E5-6-positive SVZ-B stem cells and
Olig2* SVZ-C*-like glioma precursors in the 4 month-old mutant brain. These p532AE5-6-
positive intermediate cells resemble Olig2* SVZ-C*-like glioma precursors, but are located in
the SVZ. Consistently, in some proliferating clusters, expansion of the p532E5-6-positive SVZ-
C*-like glioma precursors can be found in the SVZ and corpus callosum. Finally, both
p53AE5-6_positive SVZ-B stem cells and Olig2™ SVZ-C*-like glioma precursors in the corpus
callosum can be marked by Cre-mediated R26R-LacZ expression, indicating that these two
cell populations are genetically p53 deficient.

Murine GBM models and clinical implication

Malignant astrocytic gliomas observed in the p532E5-6 model recapitulate genetic,
histopathological and molecular features of human GBM (Furnari et al., 2007; Louis et al.,
2007). The utility of the p532E5-6 model is further illustrated by the cooperation of the
p532E5-6 muytation with an Nf1 heterozygous mutation, which produces a fast-growing GBM
model, albeit at the expense of loss of histopathological and molecular heterogeneity. These
results suggest that cooperative oncogenic alterations influence the histological features of
advanced-stage malignant glioma cells, despite arising from remarkably homogeneous
progenitor-like cells. Finally, given that the Nfl heterozygous mutation has no tumor inducing
activity in the brain, the robust GBM phenotypes observed in the p532E5-6:Nf1~~ mice indicate
that the p532E>-6 mice provide a sensitive genetic background for glioma development. With
the advent of the Cancer Genome Atlas (TCGA) initiative, this important feature will be
particularly valuable to validate newly identified glioma genes and to generate a series of GBM
models for preclinical testing of therapies that target more specific oncogenic pathways.

EXPERIMENTAL PROCEDURES
Control and conditional CKO1, CKO2 and CKO3 mutant mice

The mutant mice that harbor a p53 null mutation (p53K©) (Jacks et al., 1994) and a floxed p53
allele (p53719%) (Lin et al., 2004) were maintained on the 129Svj/C57BI6 hybrid genetic
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background. The hGFAP-cre transgenic mice were originally generated on the FVB
background (Zhuo et al., 2001) and have subsequently been backcrossed to the 129Svj/C57BI
background for more than 5 generations (Zhu et al., 2005a). Therefore, CKO1 and CKO2 mice
analyzed in this study were maintained on approximately 99% 129Svj/C57BI6 (49.5%/49.5%)
and less than 1% FVB hybrid background. Many CKO1 and CKO2 mice analyzed in this study
were littermates. Control mice were the pool of phenotypically indistinguishable mice with
genotypes of hGFAP-cre-;p53floXKO and hGFAP-cre-;p53flox/flox |ntroduction of an Nfl
heterozygous mutation (Brannan et al., 1994) to the CKO2 background generated the CKO3
mice, which shared the same genetic background as CKO1 and CKO2 mice. All mice in this
study were cared for according to the guidelines that were approved by the Animal Care and
Use Committees of the University of Michigan at Ann Arbor.

Histological grading of malignant astrocytic gliomas in CKO1, CKO2 and CKO3 mice

Histopathology of neoplasms that developed in these mice had to meet diagnostic criteria of
the World Health Organization (WHO) for classification of tumors of the CNS (Louis et al.,
2007). Tumors with neoplastic astrocyte-like cells were classified as astrocytic gliomas.
Astrocytic features include extension of cellular processes from neoplastic cells. These vary
from long and thick to thin and short. They are highlighted with H&E and GFAP stains.
Variable nuclear shapes, particularly elongated, bent and dark staining nuclei characterize
neoplastic astrocytes. Their perinuclear cytoplasm is highly variable: from imperceptible to
substantial and appearing to push the nucleus to the perimeter of the cell. Detailed
histopathological grading of these murine malignant astrocytic gliomas is provided in the
Supplemental Materials.

Quantification and Statistical Analysis

To quantify the number of immunochistochemically labeled cells, anatomically comparable
sections from control and mutant brains were visualized under 40X magnification using an
Olympus BX51 microscope. Images were captured and subjected to double-blinded counting.
Lengths and areas were measured by the NIH software, ImageJ. The number of cells was
quantified and statistical analysis was carried out using two-tailed Student’s t-test. p < 0.05
was considered to be statistically significant. To compare the proportions from two independent
cell populations and to determine if they are significantly different from one another, the
number of specific cell types were quantified and subjected to z-test for proportions. These
results were also confirmed by Chi-Square test. p < 0.05 was considered to be statistically
significant.

Detection of the p538E5-6_positive cells in the mutant brains at early stages of tumor
development

The brain of the p532E5-6 mice at ages of 2 months, 4 to 4.5 months, and 6 to 9 months were
dissected and examined for enlargement under a dissecting microscope. Only the grossly
normal mutant brains were used to study glioma cells in early stages. The mutant brains were
evenly cut into four pieces along the midline (2 pieces for each brain hemisphere) and
subsequently were processed for paraffin-embedded sections. Each brain was serially sectioned
at sagittal planes and four 5-um paraffin sections were put on a single slide. At 4 independent
saggittal planes, we sampled a total of 1760-um brain thickness along the midline to lateral
hemisphere for each mutant brain. Serial sections were stained with an anti-p53 antibody and
visualized with DAB staining. We examined p532E5-6-positive cells in these sections under a
light microscope (J.Y. and Y.Z.). Once we determined the restricted distribution of p53AES-6.
positive cells in the corpus callosum, SVZ/RMS and their associated areas of mutant brains,
we focused on the brain areas that contain the SVZ and RMS of the lateral ventricle. Double-
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immunofluorescence labeling was performed on the adjacent sections to determine the identity
of the p532E5-6_positive cells.

Histological, molecular, genetic, and statistical analyses

Detailed descriptions for the experimental procedures are provided in the Supplemental
Materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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