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Abstract
We previously reported that central nervous system (CNS)
inactivation of Nf1 and p53 tumor suppressor genes in mice
results in the development of low-grade to high-grade progressive astrocytomas. When the tumors achieve high grade,
they are frequently accompanied by Akt activation, reminiscent of the frequent association of PTEN mutations in human
high-grade glioma. In the present study, we introduced CNS
heterozygosity of Pten into the Nf1/p53 astrocytoma model.
Resulting mice had accelerated morbidity, shortened survival,
and full penetrance of high-grade astrocytomas. Haploinsufficiency of Pten accelerated formation of grade 3 astrocytomas,
whereas loss of Pten heterozygosity and Akt activation coincided with progression into grade 4 tumors. These data suggest that successive loss of each Pten allele may contribute to
de novo formation of high-grade astrocytoma and progression
into glioblastoma, respectively, thus providing insight into the
etiology of primary glioblastoma. The presence of ectopically
migrating neural stem/progenitor lineage cells in presymptomatic Pten-deficient mutant brains supports the notion that
these tumors may arise from stem/progenitor cells. [Cancer
Res 2008;68(9):3286–94]

Introduction
Gliomas are neuroectodermal tumors with predominantly glial
characteristics (1). Malignant gliomas are characterized by diffuse
tumor infiltration rendering surgical resection ineffective and
resistance to current chemotherapy and radiation protocols.
Median survival of patients with glioblastoma multiforme (GBM),
the most common malignant glioma, is about 1 year (2, 3). Despite
vigorous basic and clinical studies over the past two decades, the
median survival for this disease has only improved marginally (4).
Frequently mutated or deleted genes in malignant gliomas include
CDK4, INK4A, ARF, RB, EGFR, PDGFR, TP53, and PTEN (1). These
glioma signature genes are components of signaling pathways that
normally control cell cycle, proliferation, survival, or death.
By genetically engineering signature glioma mutations,
several groups have developed mouse models for glioma (5–14).
Among these, the Nf1- and p53-deficient mice (Mut3 mice,
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GFAP-cre;cisNf1 f/+;p53 /+) represent a genetic model wherein
initially healthy mice eventually develop malignant astrocytomas
(8). In these mice, somatic heterozygosity of Nf1, a negative regulator of the Ras pathway, is driven in neural cells by GFAP-cre (15)
together with a p53 germline heterozygosity. Histopathologic evaluation uncovered presence of tumors that ranged from low-grade
astrocytomas (grade 2) to GBMs (grade 4) with evidence of loss of
heterozygosity (LOH) at both tumor suppressor genes (8). The full
penetrance of the tumor phenotype permitted examination of
presymptomatic mice that revealed abnormal proliferation and
hyperplasia in the vicinity of the stem/progenitor cell niche, thus
supporting the neural stem/progenitor cell origin of glioma
hypothesis (8, 16, 17).
Intriguingly, a majority of high-grade, but not low-grade, gliomas
from Mut3 mice were accompanied by appearance of Akt activation (8). Similarly, a majority of grade 3 astrocytomas found in
a transgenic mouse line with deficiency in the Rb pathway
(TgG(DZ)T121 mice) also showed increased Akt activation (9).
These findings are consistent with frequent PTEN mutations in
human high-grade gliomas (18). AKT is a major downstream
effector of the phosphatidylinositol 3-kinase (PI3K) pathway, and
PTEN antagonizes the PI3K pathway by dephosphorylating phosphatidylinositol 3,4,5 triphosphate that is required for AKT activation (19, 20). Decreased PTEN expression is also a poor prognosis
marker for malignant gliomas (21). In addition, virus-mediated
deletion of Pten (both alleles) in postnatal or 4-week-old mouse
brains induced formation of higher grade astrocytomas in mouse
models with activated Ras signaling in neural cells (13, 22).
Pten-null mice die embryonically, but heterozygous mice survive
and develop tumors in diverse organs, including the lymphoid
system, endometrium, prostate, and thyroid, but not in the nervous
system (23–26). With respect to gliomas, these findings would be
consistent with the idea derived from the above-mentioned mouse
studies that PTEN mutations are important in glioma progression,
but not in initiation (1, 3, 8, 10). However, in other mouse models of
neonatal Ntv-a mice, constitutive activation of both the Akt and
Ras pathways, but not either alone, induced GBM (7). In addition,
constitutive activation of Akt increased glioma incidence in Ntv-a
or Gtv-a mice with activated KRas and null for Ink4a/Arf (11).
Introduction of germline Pten heterozygosity into the TgG(DZ)T121
mice decreased the latency for astrocytoma formation, without
significantly changing tumor grade (9). Thus, oncogenic activation
in neonates or viral oncogene expression coupled with Pten
deficiency or Akt activation can cooperate with additional loss of
tumor suppressor function to initiate gliomas. Therefore, the
picture of the mechanistic contribution of Pten deficiency in mice
and the relation to human gliomagenesis remain hazy.
In humans, PTEN mutations are uniquely associated with highgrade astrocytomas, in which PTEN loss seems to occur principally
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through LOH (18). To examine causal versus consequential relationship of PTEN mutation in genesis and progression of astrocytoma, we introduced a loxP-Pten allele (27) in the context of
our Nf1 and p53 astrocytoma model (Mut3 mice; ref. 8). We find
that the inclusion of somatic heterozygosity of Pten causes accelerated tumor formation that more closely resembles de novo
(primary) GBM. These results coincide with abnormal neural stem/
progenitor populations in vivo.

Materials and Methods
Mice and histology. To generate Mut3 to Mut6 mice (see Fig. 1A for
genetic configurations), we crossed Mut3 (8) or Mut4 males with wild-type
(wt), loxP-Pten (Pten f hereafter; ref. 27), p53 f (28), or p53 f;Pten f females.
Littermate controls used for this study were with a genotype of wt for all
alleles, cre only, or Nf1 f/+;p53 /+;Pten f/+ without cre. We maintained the
mice in mixed genetic background of C57/BL6, Sv129, and B6/CBA. We
observed the mice at least 6 d/wk. For BrdUrd chasing, we injected mice
with 50 mg/kg (in PBS) of BrdUrd (Sigma) five times with a 2-h interval
and sacrificed the mice 1 d or 1 wk later. We dissected out, processed, and
sectioned brains as described (29). To evaluate brain anatomy, we stained
every fifth slide with H&E. Mut3 to Mut6 astrocytomas were independently
graded by using WHO histopathologic criteria, nuclear atypia, mitotic index,
necrosis, and microvascular proliferation (C-H.K. and D.K.B.; Fig. 1C; ref. 2).
Whereas grade 2 tumors show nuclear atypia only, grade 3 tumors contain
two of the criteria, usually nuclear atypia and mitotic index, and grade
4 GBM additionally harbor necrosis, endothelial proliferation, or both.
D.K. Burns, a neuropathologist, was blinded to genotype during the tumor
grading. All mouse protocols were approved by the Institutional Animal
Care and Research Advisory Committee at University of Texas Southwestern
Medical Center.
Immunohistochemistry. We performed all immunohistochemistry on
triplicate or more paraffin sections per group. We chose matched sections
from control and mutant based on anatomy of the hippocampus and
subventricular zone (SVZ). Antibodies used for immunohistochemistry were
against Ki67 antigen (Novocastra), glial fibrillary acidic protein (Gfap;

Sigma), Pten (NeoMarkers), nestin (BD Bioscience), phosphorylated Akt
(p-Akt; Cell Signaling), BrdUrd (DAKO), Olig2 (Chemicon), or doublecortin
(Santa Cruz). We used microwave antigen retrieval for all antibodies, except
for doublecortin antibody. We amplified and visualized the primary antibodies as described (30). For BrdUrd/doublecortin double labeling, we
treated sections with 2 N HCl for 1 h, briefly washed with 1 mol/L NaHCO3
and PBS, then blocked with 10% donkey serum before antibody incubation.
We visualized the signals with Cy2-donkey anti-mouse IgG (Jackson
ImmunoResearch) and Cy3-donkey anti-goat IgG.
Magnetic resonance imaging and tumor growth measurement. We
initiated magnetic resonance imaging (MRI) studies on asymptomatic
Mut3 (21–28 wk) and Mut4 (11–18 wk) mice (Supplementary Table S1). We
did follow-up scanning weekly over a 1 to 6 wk of period to detect tumor
growth. We performed MRI as described (8), except for using slightly
different acquisition conditions for T1-weighed (TR = 200 ms; TE = 15 ms)
and T2-weighed (TR = 1800 ms; TE = 80 ms) spin echo multislice axial
images. We determined tumor volume on T2-weighed images by manually
outlining, with a track ball, the enhancing portion of the mass on each
image by using standard ‘‘browser’’ software provided by Varian Inova
imaging system. The area measurements were automatically calculated and
multiplied by the MRI section thickness to calculate a per-section tumor
volume. The total tumor volume was obtained by summing the volume
calculations for all sections. After MRI, the mouse was sacrificed and a
whole mouse brain was dissected and subjected to histologic analysis, as
described above.
Neurosphere culture and immunostaining. We established and
maintained neurosphere cultures as described (31) with some modifications. Briefly, we dissected out the lateral walls of the lateral ventricle or
whole brain tumor and digested by mechanical trituration and treatment
with DNase I (250 units/mL; Invitrogen), papain (2.5 units/mL; Sigma), and
neutral protease (1 units/mL; Roche). We washed and plated the cells on
ultra-low attachment plates (Corning) in DMEM/F12 media (Invitrogen)
containing B27 (without vitamin A), epidermal growth factor (20 ng/mL),
and basic fibroblast growth factor (20 ng/mL; Sigma). We fed the cells every
2 to 3 d with the same media and passaged weekly by trypsinization with a
seeding density of 2.0  104 cells/mL. All experiments using neurospheres
as below were done between passages 5 and 10. For differentiation, we

Figure 1. Somatic heterozygosity of Pten
significantly shortens survival of brain
tumor-forming Mut3 mice. A, comparative
analysis on Kaplan-Meier survival curves of five
mouse genotypes shows that mortalities
of Mut4 or Mut6, but not of Mut5, mice were
significantly earlier than that of Mut3 mice.
Genetic configuration, number of mice, and
mean survival of each genotype and P values
between genotypes are shown next to the
curves. *, flanked by two loxP sites. B, all
symptomatic Mut3 to Mut6 mice analyzed
(n = 11, 10, 6, and 8, respectively) harbored
brain tumors (arrows ), as shown in
representative H&E-stained sections.
Scale bar, 2 mm. C, brain tumors found in
Mut3 to Mut6 mice exhibit morphologic
features characteristic of diffusely infiltrating
astrocytomas, including nuclear
hyperchromasia and pleomorphism. Left,
atypical astrocytic nuclei (blue arrows , for
example), some of which surround normal
cortical neurons. Features of high-grade
astrocytomas, including mitotic index
(red arrows , for example), endothelial
proliferation (green arrows , for example),
and necrosis (N ) were also present. Scale bar,
50 Am.

www.aacrjournals.org

3287

Cancer Res 2008; 68: (9). May 1, 2008

Downloaded from cancerres.aacrjournals.org on May 1, 2017. © 2008 American Association for Cancer
Research.

Cancer Research

Figure 2. Somatic heterozygosity of Pten
accelerates high-grade astrocytoma formation
with no evidence of low-grade tumorigenesis.
A, all symptomatic Mut3 to Mut6 mice analyzed
harbored grade 3 or grade 4 astrocytomas. See
Fig. 1A for configuration of genotypes and
Materials and Methods for tumor classification.
B, of 13 asymptomatic Mut3 mice analyzed
(mean, 14.5 wk), three contained grade 2
tumors and one had a grade 3 tumor. In
contrast, 11 of 18 asymptomatic Mut4 mice
(mean, 14.2 wk) harbored grade 3 tumors.
No grade 2 tumors were observed in Mut4
mice. C, a 14-wk-old, asymptomatic Mut4
mouse had a small astrocytoma in the caudal
corpus callosum. Higher magnification image
reveals the presence of mitotic index (arrows ),
classifying the tumor as a grade 3 malignancy.

seeded 3.0  104 cells per well of eight-chamber slide coated with Matrigel
(1:20; BD Bioscience) and cultured with Neuralcult with differentiation
medium (StemCell Technologies) for 7 d. Then, we fixed the cells with 4%
paraformaldehyde for 30 min and performed immunostaining for lineage
markers as above (see Immunohistochemistry), except for using TO-PRO-3
(Invitrogen) as counter-staining. We obtained images by using confocal
microscopy as described (32). Antibodies used were against h3-tubulin
(TuJ1; Covance), Gfap (Dako), CNPase (Chemicon), or nestin.
LOH study and Western blotting. For LOH study, we compared
genomic DNA isolated from ear, tumor-derived neurospheres, or tumor
sections. To obtain genomic DNA from tumor sections, we choose paraffin
blocks of well-formed grade 3 or grade 4 astrocytomas. We cut the
remaining paraffin blocks after tumor grading into a 25-Am section and
immediately isolated tumor region by careful dissection under microscope.
We extracted genomic DNA by using QIAamp DNA micro kit (Qiagen)
according to manufacturer’s instruction. We used genotyping primers for
cre, p53, or p53 f as described (28, 33, 34). Primers used to detect Nf1 f or
Pten f allele are described in Supplementary Table S2. We performed
Western blotting on lysates of neurospheres as described (29). Antibodies
used were against Pten (Cell Signaling), p-Akt, Akt, or h-actin (Sigma).

Results
Somatic Pten heterozygosity in neural cells shortens
survival of astrocytoma-forming Mut3 mice. Mut3 mice have
germline heterozygosity of p53 together with cre-mediated somatic
heterozygosity of Nf1 in embryonic and adult neural precursors.
Both tumor suppressor genes are located on the same chromosome
in mice and humans. The Mut3 genotype harbors the mutations in
cis and develops malignant astrocytomas in adult mice with
complete penetrance. When the tumors reach high grade (grade 3/
grade 4), we observed Akt activation (8). To study the role of PI3K
signaling in gliomas, we introduced a loxP-Pten allele (27) into the
Mut3 background (termed Mut4). In addition, we developed
mutant strains (Mut5 and Mut6), in which the trans wt p53 allele
in Mut3 and Mut4 genotypes, respectively, was replaced with a
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loxP-p53 allele (28). Similar to Mut3 mice, the Mut4 to Mut6 mice
(see Fig. 1A for genetic configurations) were viable at birth and
indistinguishable from littermate controls until adulthood when
they developed variable neurologic abnormalities, including generalized motor seizures, ataxic gait, exaggerated startle response,
and unidirectional circling behavior. Interestingly, most symptomatic Mut4 and Mut6 mice died as early as 10 weeks of age and
usually within a week after showing signs of morbidity. In contrast,
symptomatic Mut3 or Mut5 mice (containing wt Pten alleles)
usually survived up to 8 weeks beyond initial appearance of symptoms. Comparison of Kaplan-Meier survival curves of Mut3 to
Mut6 mice shows that somatic heterozygosity of Pten enhances
mortality (Fig. 1A).
Histopathologic analysis revealed brain tumors in all symptomatic Mut3 to Mut6 brains analyzed (Fig. 1B). All abnormal regions
had high expression of the astrocytic and neural precursor marker
Gfap and also of the proliferation marker Ki67 antigen, suggesting
that the tumors are gliomas (Supplementary Fig. S1A). Higher
magnification images of H&E-stained sections from Mut3 to Mut6
tumors showed the typical morphology and histopathology of
diffusely infiltrating astrocytomas, including nuclear atypia, mitotic
figures, endothelial proliferation, and necrosis (Fig. 1C).
Pten deficiency results in precocious formation of highgrade astrocytomas and accelerated tumor growth. To further
classify Mut3 to Mut6 astrocytomas, we applied the WHO brain
tumor grading (2). All astrocytomas from symptomatic Mut3 to
Mut6 mice contained both nuclear atypia and mitosis, categorizing
them as at least grade 3 tumors (Fig. 2A). Occasionally, necrosis
or endothelial proliferation was also observed in subsets of the
tumors, classifying them as grade 4 (GBM). There was no substantial difference in tumor grade between symptomatic Mut3
and Mut4 mice (Fig. 2A and Supplementary Table 3). A greater
incidence of GBM tumors appears in symptomatic mice in which
LOH of p53 is driven by cre transgene (Mut5 and Mut6), which is
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consistent with the finding in human astrocytomas that loss of
both p53 alleles is more frequent in higher grade forms (35).
Previously, we reported that astrocytomas from Mut3 mice
progress from grade 2 to grade 4 (8). To determine whether similar
tumor progression occurs in Pten-deficient Mut4 mice, we compared brains from age-matched, young asymptomatic Mut3 and
Mut4 mice. Consistent with the previous report, gliomas from
asymptomatic Mut3 mice were primarily classified as grade 2
astrocytomas (Fig. 2B). In age-matched asymptomatic Mut4 mice,
tumor incidence was higher (11 of 18) than the Mut3 counterparts
(4 of 13). In contrast to Mut3 counterparts, all astrocytomas from
asymptomatic Mut4 mice were classified as grade 3 tumors. For
example, the smallest astrocytoma found in the caudal corpus
callosum of a 14-week-old Mut4 mouse displayed mitoses, indicating a grade 3 malignancy (Fig. 2C). We have yet to classify such
small tumors in Mut3 mice as higher than grade 2 (not shown).
These data suggest that heterozygosity of Pten in neural cells, in
cooperation with deficiency in Nf1 and p53, elevates the incipient
tumor to anaplastic astrocytoma (grade 3).
The shortened survival of Mut4 mice, coupled with high-grade
classification in the smallest tumors analyzed, suggest an increased
growth rate of the Pten-deficient tumors. Thus, we monitored and
compared Mut3 and Mut4 tumor growth over time by MRI and

confirmed tumor size by H&E staining and Ki67/Gfap immunohistochemistry. To compare tumor growth at similar stages, we
examined 21-week-old to 28-week-old asymptomatic Mut3 mice
and 11-week-old to 18-week-old asymptomatic Mut4 mice. As
indicated in Supplementary Table S1, when observed, most tumors
were grade 3. We found a 5-fold higher growth rate of Mut4 astrocytomas compared with Mut3 tumors (Fig. 3A). This was not due to
differing tumor stage because the mean tumor size for each group
was similar after the second scan (Supplementary Table S1). The
accelerated growth rate of Mut4 tumors correlated with increased
mitotic index and density of Ki67-positive cells in Mut4 over Mut3
tumors (Fig. 3B). Thus, introduction of somatic heterozygosity at
Pten into astrocytoma-forming Mut3 mice resulted in earlier and
higher grade tumors with accelerated tumor growth.
Pten inactivation and Akt activation in astrocytomas. To
further analyze Mut3 to Mut6 astrocytomas, we established neurosphere cultures from the mouse tumors. When placed in differentiation conditions, the neurosphere cultures showed expression
of the three major neural lineage markers (shown as a representative Mut6 culture in Supplementary Fig. S1B), indicating a
stem cell–like property in the tumors. Previously, we reported LOH
of Nf1 and p53 in astrocytomas from symptomatic Mut3 mice
accompanied by Akt phosphorylation in some grade 3 and all grade

Figure 3. Mut4 tumors grow more rapidly
than Mut3 tumors in vivo. A, representative
MRI of a Mut3 mouse (n = 3) show
tumor boundaries 8 d after (red ) the first
imaging (blue ). The tumor growth was
more prominent in Mut4 mice (n = 6).
Analysis on tumor size detected by MRI
indicates that Mut3 tumors grew
22.43 F 11.25% (mean F SE)/wk and
Mut4 tumors, 99.45 F 23.46%,
demonstrating significantly faster growth
of Mut4 than Mut3 tumors. See Materials
and Methods for detailed MRI and tumor
size measurement. B, representative
images of H&E-stained astrocytoma
sections analyzed after final MRI show
increased mitotic index (arrows , for
example) in Mut4 than in Mut3 tumors
(top ). Similarly, Ki67 immunoreactivity
was higher in Mut4 than in Mut3 tumors
(bottom ). Statistical analysis of Ki67
density [the highest ratio of Ki67-positive
to 4¶,6-diamidino-2-phenylindole
(DAPI )–positive cells] shows significantly
higher value in Mut4 over Mut3
astrocytomas. Scale bars, 50 Am.
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Figure 4. Decreased Pten expression and
increased p-Akt levels in astrocytomas.
A, Nf1 and p53 LOHs in all tumor-derived
neurospheres (see Materials and
Methods) accompany frequent Pten LOH.
Genomic DNA from the ear (E) or
neurospheres (N ) derived from Mut3 to
Mut6 astrocytomas was subjected to
semiquantitative PCR. Size of each allele
was compared with those of standard
(Std ). Whereas wt and mutant (loxP or
neo ) bands for Nf1 and p53 were found in
all Mut3 to Mut6 ears, the wt bands were
not detectable in all Mut3 to Mut6
tumor-derived neurospheres, indicating
LOH of Nf1 and p53 . LOH of Pten was also
found in one Mut3 and all Mut4 or Mut6
cases. In most Mut3 to Mut6 cases,
recombined loxP (DloxP ) was also
detected in the ear, probably due to partial
cre activity. B, Western blotting on the
tumor-derived neurospheres in A reveals
decreased (two of three Mut3 cases) or
lack of Pten expression (all other cases).
p-Akt levels were commensurately
elevated in all Pten-deficient samples.
C, representative adult brain sections
immunostained for Pten or p-Akt (brown )
show abundant Pten expression and
absence of p-Akt in controls. In contrast,
representative high-grade astrocytomas
from Mut6 mice displayed reduced or
undetectable Pten expression and
increased levels of p-Akt. There were some
tumor regions lacking both Pten and
p-Akt signals (arrows , for example). Scale
bar, 200 Am. D, in vivo elevation of p-Akt
correlates with Pten LOH. Genomic
DNA from the ear or tumor sections (Tu )
was subjected to semiquantitative PCR.
Size of each allele was compared with
those of standard. While p-Akt–negative
astrocytomas (from Mut4 mice) retained wt
and recombined loxP (DloxP ) alleles,
p-Akt–positive tumors showed decrease or
absence of wt band.

4 tumors (8). Similarly, all neurospheres derived from Mut3, Mut4,
and Mut6 astrocytomas exhibit LOH at both Nf1 and p53 loci
(Fig. 4A). Pten LOH was obvious in one of three Mut3 and all Mut4
and Mut6 neurospheres derived from astrocytomas. Western
blotting confirmed the lack of Pten expression and concomitant
elevation of p-Akt, a marker for Akt activation, in tumor-derived
neurospheres with Pten LOH (Fig. 4B). Interestingly, all Mut3
tumor-derived neurospheres showed reduction or absence of Pten
expression, compared with controls (Fig. 4B). Considering that
most high-grade, but not low-grade, Mut3 astrocytomas harbor
increased p-Akt (8) and that all Mut3 neurospheres in this study
have LOH of Nf1 and p53, these data support the notion that
high-grade Mut3 tumors undergo loss of Pten after LOH of Nf1
and p53.
Next, we measured Pten expression and p-Akt levels in brain
tumor sections. Consistent with previous reports (30), normal
brains exhibit high Pten expression and no evidence of p-Akt
(Fig. 4C). In contrast, Pten expression was low or absent in all
astrocytomas examined. All grade 4 and a subset of grade 3 gliomas
harbored elevated p-Akt, implying that LOH at Pten plays an

Cancer Res 2008; 68: (9). May 1, 2008

important role in grades 3 to 4 progression, as previously suggested
(8). Intriguingly, a majority of grade 3 gliomas lacked both Pten and
p-Akt expression (i.e., arrows in Fig. 4C). Genotyping of the tumor
sections revealed that the p-Akt–negative, Pten-negative astrocytomas retained the wt Pten allele (Fig. 4D). Thus, despite the
presence of one intact Pten allele, its protein expression is
suppressed without stimulating Akt phosphorylation. Because all
astrocytomas analyzed to date from young, asymptomatic Mut4
mice were classified as grade 3 (Fig. 2B), these data suggest
haploinsufficiency for Pten in grade 3 tumors in the context of
mutations in the Nf1 and p53 genes. In contrast, all p-Akt–positive
tumors harbored LOH at the Pten allele (Fig. 4D). Thus, similar to
two of three Mut3 tumor-derived neurospheres with decreased
Pten expression (Fig. 4B), it seems that Pten heterozygosity does
not result in appreciable elevation of p-Akt levels.
Ectopic migration of NSC/progenitor lineage cells precedes
tumor initiation. In rodents, NSCs proliferate in the SVZ, the
largest germinal center, and transient amplifying progenitors
migrate along the rostral migratory stream (RMS) into the olfactory
bulb (OB; refs. 36, 37). Previously, we reported evidence that Mut3

3290

www.aacrjournals.org

Downloaded from cancerres.aacrjournals.org on May 1, 2017. © 2008 American Association for Cancer
Research.

Dual Roles of Allelic PTEN Inactivation in Astrocytomas

astrocytomas arise from the SVZ (8), supporting the NSC/
progenitor origin hypothesis for brain tumors (16, 17, 38). A
majority of Mut4 to Mut6 astrocytomas (21 of 24) were found in
proximity of the SVZ/RMS/OB or nearby regions, such as the
striatum and corpus callosum (Supplementary Table S3), and these
tumors also express the neural progenitor markers nestin and Sox2
(Supplementary Fig. S1C). To examine the status of neural
progenitor populations in these tumor prone mice, we analyzed
Mut3 to Mut6 mice during development by immunohistochemistry
for Ki67, Gfap, and nestin. Consistent with the early and high-grade
tumor appearance seen in Mut4 and Mut6 mice, by 8 weeks of age,
a proportion of the mice showed abnormal Ki67, nestin, and Gfap
immunoreactivity in the vicinity of the SVZ and RMS, including the
striatum and rostral corpus callosum (Fig. 5 and data not shown).
To test whether outlying parenchymal abnormal cells result from
aberrant migration of NSC/progenitor, we performed a pulse chase
experiment to specifically label SVZ stem cells, progenitors, and
their descendants. We injected BrdUrd into mice at 6 weeks of age
before evidence of cellular abnormality and analyzed the mice
1 day or 1 week later. One day after the BrdUrd pulse, all mice
showed BrdUrd reactivity mainly confined to the SVZ (Fig. 6A and
data not shown). However, 1 week after injection, Pten-deficient
Mut4 (one of three) or Mut6 (three of three) mice exhibited ectopic
localization of BrdUrd-containing cells in the vicinity of the SVZ/
RMS/OB, including the striatum and corpus callosum (Fig. 6B and
Supplementary Table 4). A majority of the BrdUrd-positive ectopic
cells also expressed doublecortin, a marker for migrating neuroblasts, or Olig2, a marker for neural progenitors and oligodendroglial precursors (39–41). Mut3 and Mut5 mice did not exhibit
such abnormal localization at this early time point consistent with
the more retarded appearance of tumors in these mice (Fig. 6A and

Supplementary Table S4). Thus, our data indicate that ectopic
migration of Nf1;p53;Pten-deficient NSC/progenitor lineage cells
temporally precedes the appearance of astrocytomas.

Discussion
We have used reverse genetics to explore the etiology and
underlying mechanisms of glioma in genetic mouse models
designed to test the role and physiologic relevance of somatic
mutations identified in human glioma. In extension of previous
studies (8), we find that while deficiencies of Nf1 and p53 result
in formation of low-grade astrocytomas, Pten deficiency cannot
cooperate with Nf1 deficiency alone to initiate gliomas (Mut0 mice
in Fig. 1A). Instead, we find that inclusion of Pten deficiency,
together with Nf1 and p53 deficiencies, confers de novo GBM
features in our tumor models. De novo or primary GBM occurs in
relatively older individuals lacking clinical evidence of a prior lowgrade lesion, whereas progressive or secondary GBM arises in
relatively younger patients through anaplastic progression (1–3).
According to a recent survey, de novo GBMs constitute a majority
of GBMs (95%) compared with progressive forms (5%; ref. 42). Our
current study indicates that, consonant with observations made
with human glioma samples (1, 3), Pten deficiency alone does not
initiate low-grade tumors but is sufficient to transform low-grade
tumors into high-grade tumors (as in progressive GBM) or
alternatively to initiate high-grade tumors (de novo GBM).
In our previous glioma models, we observed that a proportion of
grade 3 tumors and all grade 4 tumors exhibited activation of Akt
and additional markers associated with human glioma progression
(8). We reasoned that loss of Pten in the transition from low grade
to high grade could be a causal genetic event rather than simply a

Figure 5. Ectopic positioning of neural
stem/progenitor lineage cells precedes the
appearance of astrocytomas. Mut3 to Mut6
mice were subjected to detailed histologic
and immunocytochemical analysis at various
time points preceding any evidence from
previous studies that tumors would be
present. Brain sections were double-labeled
for Ki67, a proliferation marker, and Gfap
that is expressed in astrocytes and subsets
of neural precursor populations.
A, representative images indicate that,
at 6 wk of age, there was no substantial
difference in Ki67 and Gfap signal between
genotypes. CC, corpus callosum;
St, striatum. B, by 8 wk of age, two of six
Mut4 mice exhibited abnormal Ki67-positive
and Gfap-positive cells in the striatum
(light blue arrows ), which were rare or absent
in all control and other Mut4 mice analyzed
(top ). Higher magnification from the SVZ of
adjacent sections stained with Ki67 and
nestin, a neural stem/progenitor marker,
shows the presence of double-labeled cells
(white arrows ) in Mut4 sections, which were
absent in control (bottom ). Scale bar, 200 Am
(top and middle ) and 50 Am (bottom ).
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Figure 6. BrdUrd chasing reveals that
ectopic migration of neural stem/progenitor
lineage cells precedes the appearance
of astrocytomas. Mutant and control mice
were injected with BrdUrd at 6 wk of
age and analyzed 1 d or 1 wk later.
A, representative images show that there
was no substantial difference between
control and Mut5 brains for locations of
BrdUrd or Ki67 signal. B, representative
images of BrdUrd/Ki67 double-stained
brain sections (top and middle ) 1 wk after
the BrdUrd pulsing exhibit that Mut6 or
Mut4 brains harbor ectopically localized
BrdUrd-positive cells in the striatum (St ),
corpus callosum (CC ), and/or cortex (Cx),
close to SVZ and RMS where neural stem/
progenitors are normally present. Some
of the BrdUrd-positive ectopic cells
were stained by Ki67 (green arrows,
for example) and also expressed
doublecortin (bottom right ). A majority
of the BrdUrd-positive ectopic cells
expressed Olig2 (bottom left ). Such
BrdUrd/doublecortin or BrdUrd/Olig2
double-positive cells were fewer or absent
in the similar areas of control brains
(not shown). Bottom, higher magnification
images of immunostained, adjacent
sections to the boxed area in the middle.
Scale bar, 200 Am (top and middle )
and 50 Am (bottom ).

marker for the transition. In the present study, we show that
introduction of somatic heterozygosity of Pten in neural cells
causes shortened survival of astrocytoma-forming Mut3 mice. Mice
harboring somatic Pten heterozygosity in the context of Nf1 and
p53 deficiencies develop precocious tumors with accelerated tumor
growth. Histologic and molecular analysis of the incipient tumors
in asymptomatic mice failed to reveal features of low-grade tumors,
but rather showed consistent evidence of active proliferation,
providing compelling evidence that these are de novo high-grade
tumors. According to a survey covering >700 patients, p53 mutations are found in 28% of de novo GBMs, although the frequency
is higher in progressive GBMs (65%; ref. 43). Although NF1
mutations are rare in human de novo GBMs, we emphasize three
relevant features: (a) Individuals with neurofibromatosis 1 have
increased incidence of glioma; (b) NF1 deficiency down-regulates
cyclic AMP level through adenylate cyclase/PKA signaling (44),

Cancer Res 2008; 68: (9). May 1, 2008

which in turn decreases differentiation and death and promotes
proliferation of malignant glioma cells (45, 46); (c) NF1 also
controls RAS signaling, which is often dysregulated in de novo
GBMs (1). Indeed dominant activating RAS mutations are not a
feature of glioma. Rather, low-grade persistent activation of the
pathway is a feature of common EGFR mutations found in glioma
(47). The effect of NF1 inactivation results in a similar passive
activation of RAS signaling (48). Thus, although the Pten-deficient
Mut4 and Mut6 GBM models described here may not represent
precise genocopies of idiopathic human de novo GBMs, we propose
that these models provide physiologically relevant phenocopies of
these tumors.
A large proportion of human high-grade astrocytomas contain
one of two different types of allelic PTEN loss (18). One allelic
mutation is either a point or frame-shift mutation within PTEN.
The second mutation can be a variable deletion of chromosome
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10q23 where PTEN is located. This suggests successive loss of the
two PTEN alleles in tumor development. Also frequent is the
presence of a wt PTEN allele together with a mutant allele. These
observations are consistent with the model that PTEN heterozygosity may have consequences in glioma biology. Previously
reported mouse models with deletion of both Pten alleles clearly
indicate that loss of Pten function promotes tumor progression
(10, 13, 22). However, the mechanistic contribution of Pten heterozygosity in astrocytoma formation remains unclear. Although
introduction of germline Pten heterozygosity significantly shortened survival of astrocytoma forming TgG(DZ)T121 mice, status of
the wt Pten allele or change in Akt activation level has not been
reported (9). Our current data support the model that Pten heterozygosity may participate in astrocytoma initiation. We uncovered
that a significant proportion of grade 3 tumors retained Pten
heterozygosity, which, in cooperation with Nf1 and p53 heterozygosity, produced earlier onset of astrocytomas. The lack of Pten
expression in the tumors may be due to epigenetic silencing or
limited sensitivity of antibody used for immunohistochemistry. The
lack of Akt activation in most Pten-deficient grade 3 astrocytomas
suggests involvement of Akt-independent pathway(s), of which
mechanisms are under active investigations in other experimental
systems (49, 50). Increased p-Akt signal in grade 4 tumors with loss
of both Pten alleles indicate that Pten LOH and Akt activation are
crucial for grades 3 to 4 progression, resonating with the previously
hypothesized role of PTEN inactivation in high-grade gliomas
(1, 3, 8, 10, 22).
A continuing puzzle in the study of human glioma is the basis for
de novo GBM. The current understanding in this field is confounded by the fact that tumor identification in human subjects,
and subsequent histologic and molecular analysis, can only begin
once an afflicted individual presents with some form of neurologic
deficit that leads to medical attention. Thus, it cannot be ascertained how long the tumor has been present or whether there
exists a brief period of low-grade tumorigenic state preceding
clinical manifestation, followed by rapid transition to high-grade
status. Therefore, the accelerated growth of GBM, in the absence of
a reliable mouse model, precludes study and elucidation of tumor
initiation or etiology. Although previously reported mouse models
using constitutively activated Akt (7, 11), germline Pten heterozygosity (9), or acute deletion of both Pten alleles (10, 13, 22) have
provided interesting insights into the involvement of the PI3K/
PTEN/AKT pathway in the formation and progression of gliomas,
our current models with somatic Nf1 and Pten heterozygosity with
p53 deficiency in neural cells allow for stochastic LOH and
subsequent tumor development. This in turn provides a clearer
picture of how allelic loss of each Pten allele contributes to de novo
GBMs. Additionally, immunohistochemical and BrdUrd pulse-
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