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Medulloblastomas are brain tumors that arise in the cerebellum of children and contain stem cells in a
perivascular niche thought to give rise to recurrence following radiation. We used several mouse models of
medulloblastomas in parallel to better understand how the critical cell types in these tumors respond to
therapy. In our models, the proliferating cells in the tumor bulk undergo radiation-induced, p53-dependent
apoptotic cell death. Activation of Akt signaling via PTEN loss transforms these cells to a nonproliferating
extensive nodularity morphology. By contrast, the nestin-expressing perivascular stem cells survive radiation,
activate PI3K/Akt pathway, undergo p53-dependent cell cycle arrest, and re-enter the cell cycle at 72 h.
Furthermore, the ability of these cells to induce p53 is dependent on the presence of PTEN. These cellular
characteristics are similar to human medulloblastomas. Finally, inhibition of Akt signaling sensitizes cells in

the perivascular region to radiation-induced apoptosis.
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Previous studies have shown the existence of a small
subpopulation of cells in brain tumors that share key
characteristics with neuronal stem/progenitor cells.
These findings suggest that brain tumors contain “can-
cer stem cells” that may be critical for tumorigenesis
(Ignatova et al. 2002; Hemmati et al. 2003; Singh et al.
2003). Brain tumor stem cells positive for nestin and
CD133 occupy a perivascular niche (PVN) and a disrup-
tion of that microenvironment ablates the self-renewing
cell population in brain tumors and arrests tumor growth
(Calabrese et al. 2007). Nestin has been shown to be a
strong prognostic factor for glioma malignancy (Strojnik
et al. 2007). Furthermore, brain tumor cells expressing
the stem cell marker CD133 have been shown to be rela-
tively resistant to radiation by preferential activation of
the DNA damage response (Bao et al. 2006). However,
the molecular pathways governing such stem-like be-
havior remain largely elusive.
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Many critical questions surrounding the biology of
therapeutic response in tumor stem-like cells remain to
be answered. For example, are the stem-like cells in the
niche the ones resistant to therapy, and does the niche
provide additional protection for the stem-like cells that
is independent of the DNA damage response? Does the
relatively low cycling of stem-like cells contribute to
their resistant character, or does radiation cause cell
cycle arrest in the stem-like cells that are cycling at the
time of treatment? Furthermore, what is the time inter-
val between radiation treatment and the point when the
stem-like cells re-enter the cell cycle? Do the mutations
commonly found in some types of brain tumors, such as
p53 or PTEN loss, affect the therapeutic response of ei-
ther the resistant stem-like cells or the non-stem-like
cell populations? Finally, are there signaling pathways
that contribute to the resistance phenotype in these
cells? All of these questions are crucial because there are
small-molecule inhibitors of signaling pathways already
available that in theory could reduce the radiation resis-
tance specifically of the stem-like cell population in vivo
(Hambardzumyan et al. 2006). In order to address some
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of these questions we used medulloblastomas because
of their relative radiation sensitivity that results in a
less complex cellular response than what is found in
gliomas.

Medulloblastomas are the most common primary
CNS tumors in children, comprising ~20% of all pediat-
ric primary CNS tumors (Packer 1990). Standard therapy
for medulloblastoma patients includes surgery and irra-
diation followed by chemotherapy, leading to 50%-80%
5-yr survival. These tumors are radiosensitive; however,
long-term side effects of radiation therapy have led to
attempts to decrease the amount of craniospinal and lo-
cal tumor site irradiation, with resultant disease relapse
(Landberg et al. 1980; Hershatter et al. 1986; Deutsch et
al. 1996). The doses of radiation delivered at the primary
site and neuroaxis in children with medulloblastoma
have been chosen empirically and not optimized by ran-
domized studies.

Although many medulloblastoma cell lines and xeno-
graft models have been developed, genetic alterations,
microenvironment, anatomical location, and develop-
mental time frame of these tumors differ from human
tumors in their in vivo setting. All of these parameters
affect the tumor’s response to therapy. Gene expression
profiles of medulloblastomas have provided helpful in-
formation for successful mouse modeling of this tumor
(Pomeroy et al. 2002; Lee et al. 2003). The human Ptc
gene is a tumor suppressor and developmental regulator
(Hahn et al. 1996). Ptc gene mutations occur in 3%-14%
of human sporadic medulloblastomas (Pietsch et al.
1997; Raffel et al. 1997; Wolter et al. 1997). Ptc is a key
component of Hedgehog (Hh) signaling pathway, which
is a major regulator of cerebellar development where
Sonic Hedgehog (SHH) secreted by the Purkinije cells
promotes the proliferation of cells in the external gran-
ule layer (EGL) (Hammerschmidt et al. 1997; Dahmane
and Ruiz i Altaba 1999; Wallace 1999; Wechsler-Reya
and Scott 1999). In mice, heterozygous mutation of
Patched-1 (Ptc1) is associated with an ~20% incidence of
medulloblastoma over a period of 1 yr (Goodrich et al.
1997; Wetmore et al. 2000; Corcoran and Scott 2001).
Ptc*/~ mice are hypersensitive to ionizing radiation, and
DNA damage induced by radiation in these mice induces
medulloblastoma in an age-dependent manner, ranging
from 81% in the cerebellum irradiated at postnatal day 1
(P1) to 3% in the cerebellum irradiated at P10 (Pazzaglia
et al. 2006).

In mice, p53 dysfunction in conjunction with dele-
tions in genes controlling the cell cycle, apoptosis, and
DNA repair, such as Ptc, Rb, DNA ligase IV, PARP-1,
Kip1, Ink4d, and Ink4c leads to the formation of tumors
having histology consistent with medulloblastoma (Ma-
rino et al. 2000; Wetmore et al. 2001; Lee and McKinnon
2002; Pazzaglia et al. 2002; Tong et al. 2003; Zindy et al.
2003). However, p53 is wild type in 92%-99% of human
sporadic medulloblastomas (Cogen and McDonald 1996;
Portwine et al. 2001) and p53 status is clearly linked to
radiation responses in several other tumor types
(Schmitt et al. 2002). It has been suggested that increased
p53 staining (implying p53 dysfunction) is associated

Radiation-resistant stem cells

with a poor prognosis, and is more common in anaplastic
medulloblastoma, known to have a worse clinical out-
come, and p53 inactivation is associated with decreased
levels of radiation-induced apoptosis in medulloblas-
toma cell lines (Dee et al. 1995; Woodburn et al. 2001;
Eberhart et al. 2005). Therefore, preclinical trials that
include radiation therapy using p53-deficient models of
medulloblastoma may generate results inconsistent
with the majority of these tumors in humans. However,
there are several p53 wild-type models of medulloblas-
toma that are more accurate in this regard.

Somatic cell gene transfer with retroviral vectors
has been used to model medulloblastoma. MLV-based
retroviral transfer of SHH to the cerebellum of p53
wild-type mice in utero generated medulloblastomas
(Weiner et al. 2002). In addition, the RCAS/tv-a system,
which allows postnatal gene transfer in a cell-type-spe-
cific manner (Holland and Varmus 1998; Fisher et al.
1999), has been used to generate medulloblastomas by
targeting the expression of SHH and c-Myc to p53 wild-
type nestin-expressing neural stem cells (Rao et al. 2003).
Infection with RCAS-SHH alone generated medulloblas-
tomas at a low frequency, which was increased substan-
tially by concurrent infection with RCAS-Akt, RCAS-
IGF2 or RCAS-N-myc (Rao et al. 2004; Browd et al.
2006).

In the present study, we investigated the mechanism
of radiation response in medulloblastomas and deter-
mined whether regional cellular radioresistance in these
tumors is associated with stem cells. We used several
mouse modeling systems for medulloblastoma including
those based on Ptc heterozygosity, as well as somatic cell
gene transfer with the RCAS/tv-a system to transfer
SHH in conjunction with Akt or N-myc to nestin-ex-
pressing cells. Following +y-ionizing irradiation (yIR), at
least three different populations of tumor cells were ob-
served. The main cell population, the tumor bulk (TB),
underwent p53-dependent apoptotic cell death. The two
other populations were resistant to radiation: nestin-ex-
pressing stem cells in the PVN that underwent a p53-
dependent cell cycle arrest, and a nonproliferating cell
population of neuronal differentiation in regions of ex-
tensive nodularity (EN) that showed no response to ra-
diation. We demonstrate that radiation activates the
Akt/mTOR pathway in the perivascular nestin-express-
ing stem cells, that these cells re-enter the cell cycle at
72 h, and that these cells are responsible for the tumor
recurrence. We also developed a novel medulloblastoma
model using the RCAS/tv-a methodology by SHH over-
expression and PTEN loss that corresponds to a histo-
logical variant of human medulloblastoma called medul-
loblastoma with EN. Using this model, we show that the
p53-dependent cell cycle arrest of nestin-expressing peri-
vascular cells is also PTEN-dependent, and that Akt ac-
tivation correlates with nestin expression in the PVN.
Lastly, we show that the loss of PTEN in the TB drives
cell differentiation toward a neuronal lineage. We dem-
onstrated that inhibition of radiation-induced Akt phos-
phorylation sensitizes PVN to radiation-induced apopto-
sis.

GENES & DEVELOPMENT 437


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on May 5, 2024 - Published by Cold Spring Harbor Laboratory Press

Hambardzumyan et al.

Results

Medulloblastoma models contain three distinct cell
types

Because of the known effect of p53 on therapeutic re-
sponses in other tumor types we specifically chose to
study p53 wild-type models. It was shown by the Fults
group (Browd et al. 2006) that tumors induced by the
RCAS/tv-a methodology are mixtures of clones originat-
ing from cells infected with SHH alone or in combina-
tion with N-myc or Akt, and there is variation from tu-
mor to tumor. To ensure that our observations were not
model-specific or due to single or combined viral distri-
bution in the cells, we compared the data from several
different medulloblastoma models. More specifically, we
were interested in the biology of the largest subset of
medulloblastomas including Ptc*/~ mice irradiated at P1
(Pazzaglia et al. 2006), spontaneous Ptc*/~ tumors (Good-
rich et al. 1997; Wetmore et al. 2000; Corcoran and Scott
2001), and RCAS/tv-a based somatic cell gene transfer
models with combined overexpression of SHH + Akt or
SHH + N-myc (Browd et al. 2006). Although the inci-
dence of medulloblastomas in these models varies, the
general histology of these tumors is quite similar, and all
are p53 wild type.

We initially characterized these models focusing spe-
cifically on the cells adjacent to the blood vessels in the
PVN. These cells were distinct from cells comprising the
bulk of the tumor; they exhibited a variable but substan-
tial proliferation rate detected by proliferating cell
nuclear antigen (PCNA) and phospho-Histone H3 (pH3),
and were characterized by low levels of expression of the
cytoskeletal protein nestin, a marker of neuronal stem
and progenitor cells (Supplemental Fig. 1A,C; Yuan et al.
2004).

The non-PVN area or TB was comprised of two cell
populations. The major one contained cells that were
highly proliferative, bmil-expressing, NeuN-negative
cells with desmoplastic or classic medulloblastoma his-
tological features (Supplemental Fig. 1A,B). A smaller
subpopulation of the TB (accounting for 20% of the tu-
mor mass, in only ~20% of tumors) was composed of
cells with a very low proliferation rate and a higher level
of pAkt expression (data not shown). These cells also
expressed high levels of neuronal marker NeuN, resem-
bling a subset of human medulloblastomas called me-
dulloblastomas with EN (Supplemental Fig. 1A,D).
These three cell types (the PVN cells and the two types
of TB cells) were seen in all models (SHH alone, n = 5;
SHH + Akt, n = 5; SHH + N-myc, n = 5).

Radiation induces apoptosis specifically
in proliferating cells of the TB

Next, we determined the response of the three cell types
to 2 Gy of IR, the equivalent of a single fraction used for
these tumors in patients. At 6 h post-radiation, 80% of
the cells underwent apoptosis as indicated by morphol-
ogy and cleaved caspase-3 immunodetection (SHH + N-
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myc, n = 2; SHH + Akt, n = 2) (Fig. 1A,B). The dying cells
were limited to the TB. There was a complete overlap of
cleaved caspase-3 expression with expression of PCNA
(Fig. 1C,D), indicating that essentially all dividing cells
in the TB were undergoing cell death within 6 h follow-
ing a single dose of radiation. Similar results were ob-
tained after irradiating spontaneous tumors in Ptc*/~
mice with 2 Gy and tumors in the Ptc*/~ mice that were
irradiated with 3 Gy yIR at P1 (n = 6) (Supplemental Fig.
2A-C).

Cells of the PVN are arrested within 6 h of irradiation
and re-enter the cell cycle in 72 h

Cells in the PVN and a subset of cells in the TB survived
irradiation. The first group of surviving cells was con-
tained EN cells of the TB (by H&E; PCNA not shown)
with a very low proliferating rate prior to irradiation (Fig.
2A). The second group consisted of the cells of the PVN,
most of which were proliferating prior to irradiation (Fig.
2B,C) and showed elevated nestin expression levels at 6
h post-2-Gy ~IR (Fig. 2D). It has been shown that GFAP
and nestin double-positive B cells in SVZ are the stem
cells in the normal brain (Alvarez-Buylla et al. 2002);
therefore, we performed GFAP staining in PVN, GFAP-
positive cells are a subset of nestin-positive surviving
PVN cells (Supplemental Fig. 3). To further characterize
nestin-positive surviving PVN cells we stained them
with progenitor marker Olig2. Olig2-positive cells are a
subset of nestin-positive surviving PVN as well (Supple-
mental Fig. 4), although there is a small subset of Olig2-
positive and nestin-negative cells that undergo apoptosis
post-2-Gy radiation (data not shown). We studied the fate
of these arrested nestin-positive PVN cells over time by
irradiating SHH + Akt and SHH + N-myc tumor-bearing
mice with 2 Gy yIR and sacrificing them at different
time points following treatment (untreated, n =5; 4 h,
n=2;6h,n=4;8h,n=2; 12h,1’1=2;24h,ﬂ=2;48h,
n=23; 72 h, n = 3) (Fig. 3A). The tumors were examined
for proliferation and apoptosis. Consistent with the
above data, we found that cleaved caspase-3 and terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick
end-labeling (TUNEL) staining were induced by 6 h after
irradiation, and that proliferation as measured by PCNA
was reduced in the surviving cells. By 12 h, there was no
evidence of proliferation within the tumors. At 48 h
post-irradiation, a very small number of cells began to
re-enter the cell cycle, and at 72 h there were clusters of
cells staining for the proliferation markers PCNA and
phospho-histone H3. Further analysis of tumors har-
vested at 72 h indicated that these clusters of cycling
cells were perivascular nestin-expressing cells (Fig. 3B;
Supplemental Fig. 5).

PVN cells surviving irradiation show substantial
activition of the Akt/mTOR pathway

Because of the connection between Akt activity and cell
survival (Ahmed et al. 1997; Kennedy et al. 1997; Kulik
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Figure 1. Radiation induces apoptosis in TB of medulloblastoma. (A) Whole mount of control nonirradiated medulloblastoma
(SHH + N-myc representative pictures). (B) Whole mount of 6-h-post-2-Gy IR, stained for H&E, cleaved caspase-3 indicating apo-
ptosis, and PCNA indicating proliferation (red arrows indicate tumors). Immunofluorescence detection of PCNA (green), cleaved
caspase-3 (red), and DAPI (blue) of untreated (C) and irradiated (D) tumors (SHH + N-myc, n = 2; SHH + Akt, n = 2). As a result of
irradiation, PCNA is excluded from the nuclei and colocalizes with cleaved caspase-3 in the cytoplasm of the TB cells (yellow color

on the merged image) Bars: C,D, 20 pm.

et al. 1997; Songyang et al. 1997), and between pS6RP
activity and proliferation in the developing cerebellum,
we characterized the activity of the components of the
PI3K pathway in the different cell types of our tumor
models. We investigated the Akt pathway by immuno-
histochemistry in the nonirradiated tumors induced by
the combination of SHH + N-myc and SHH + Akt over-
expression. Both tumor types showed high PTEN levels.
The SHH + Akt tumors showed a low diffuse pAkt S473
staining (Supplemental Fig. 6A); the pAkt staining in the
SHH + N-myc tumors was almost undetectable (data not
shown).

In response to irradiation, PTEN staining was lost in
the dying cells of the TB. The PVN cells showed detect-
able PTEN, and increased pAkt staining. Radiation-in-
duced activation of the Akt pathway in the PVN reached
the maximum effect at 6 h (Supplemental Fig. 6B) and
correlated with a peak in nestin and pS6RP expression in
the same cells at the same time (Fig. 4A). Nestin and
pS6RP immunoreactivity was 2.9 and 2.3 times higher,
in the SHH + Akt and SHH + N-myc medulloblastomas,
respectively, at 6 h following irradiation as compared
with controls (Fig. 4B,C). The elevation of pAkt and

PS6RP levels was accompanied by a slight decrease in
PTEN expression in the PVN (Supplemental Fig. 6B).
Therefore, the surviving cells had either high baseline
ALkt pathway activity prior to irradiation (in the case
of the EN cells) (data not shown) or low Akt activity
that was increased by irradiation, concurrent with
cell cycle arrest (as in the case of the cells of the PVN).
In order to verify that we were not investigating a
mouse-specific phenomenon, we stained human frozen
medulloblastoma specimens and found the existence
of stem cell niches with expression of nestin, notch re-
ceptor (shown to be important for maintenance of neu-
ronal stem cells) (Hitoshi et al. 2002) and pS6RP in the
perivascular regions surrounding CD31* vascular struc-
tures in these tumors (n = 15) (Fig. 4D). In the mouse
tumors, we also noted small regions of nonproliferating
cells, high NeuN-expressing regions that had low detect-
able PTEN levels, and higher pAkt and pS6RP staining
(data not shown). These regions correspond to medullo-
blastoma with EN in humans and, therefore, are referred
to as EN. The characteristics of this cell type were not
significantly changed by radiation (Supplemental Fig.
7A-D).
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Nestin

Cleaved cas-3

Figure 2. Two distinct medulloblastoma cell populations survive 2 Gy of yIR. H&E staining for cells of the EN (A) and cells of the
PVN (B) (red arrow) (SHH + N-myc representative pictures). (C) Cleaved caspase-3 and PCNA staining showing lack of cleaved
caspase-3 and proliferation in the surviving cells of the PVN. Surviving PVN cells are adjacent to blood vessels, express nestin, and are
cleaved caspase-3-negative (white arrows). (D) High- and low-magnification images of triple immunostaining with CD34 (red), nestin
(green), cleaved caspase-3 (magenta), and DAPI counterstaining (blue) show that all surviving PVN cells are nestin-positive. Bars: A-C,

50 um; D, 20 and 100 pm.

Loss of PTEN in combination with SHH
overexpression leads to EN histology formation in TB
and proliferation in the PVN

The various models of medulloblastoma we used dem-
onstrated activation of the Akt pathway in response to
radiation when the PTEN gene was wild type. In order to
determine the role of PTEN specifically in these tumors,
we created a model of medulloblastoma with PTEN loss
using Ntv-a mice with floxed PTEN and infected them
with RCAS-SHH + RCAS-Cre. The majority of the tu-
mors that arose showed nearly 100% EN in the TB
(meaning that all TB was composed of the EN) in most
of the cases (70% of tumors); in 30% of tumors we no-
ticed some highly proliferating regions that were PTEN-
positive and represented ~10%-30% of the tumor area.
The tumors were stained for PTEN expression, pAkt
S473, and pAkt T308 in order to verify that the PTEN
gene was deleted (n=5) (Fig. 5A,B; Supplemental Fig.
8A). This result was consistent with EN regions of me-
dulloblastomas with wild-type PTEN where we noted
low PTEN and high pAkt levels, suggesting that Akt
activation drives EN histology (data not shown). Consis-
tent with NeuN expression in the EN regions with low
PTEN in wild-type PTEN medulloblastomas, the PTEN-
deficient tumors had very high levels of NeuN. The only
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cells that were NeuN-negative were in the PVN (Fig.
5C,D).

The PVN of PTEN-deficient tumors was highly prolif-
erative; in fact, it was the only proliferative region in the
tumors because the EN cells that comprised the bulk of
these tumors showed essentially no proliferation (Fig.
5A,B). Further characterization of the PVN in these
PTEN-deficient tumors (n=5) showed high levels of
pAkt and pS6RP staining consistent with the loss of
PTEN, and they were the only cells that showed elevated
nestin expression and were proliferating (Fig. 5C,D;
Supplemental Fig. 8A,B). The elevated pAkt/pS6RP and
nestin expression levels were similar to those seen in the
PVN of PTEN wild-type tumors at 6 h post-2-Gy vIR.
The difference was that in the wild-type tumors the cells
of the PVN arrested following irradiation, while the PVN
cells in the PTEN-deficient tumors were highly prolif-
erative and arrest did not occur. The nonproliferating EN
showed no effect after irradiation; this was consistent
with the EN regions of the wild-type tumors that had
low PTEN expression and showed no response to radia-
tion (n =2 each at 6 and 24 h post-2-Gy yIR) (data not
shown).

These data indicate that the cell cycle arrest seen in
the PVN of wild-type medulloblastomas is PTEN-depen-
dent.
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Figure 3. Evaluation of cell death and proliferation over time following 2 Gy of 4IR in p53*/* medulloblastomas. Cells surviving 2 Gy
of yIR in the PVN re-enter the cell cycle at 72 h. (A) H&E, TUNEL, cleaved caspase-3, PCNA, and pH3 of untreated tumors and tumors
treated by 2 Gy of yIR were collected after 4, 6, 12, 48, and 72 h, as indicated. Clusters of cells re-enter the cell cycle at 72 h (white
arrow). (B) Triple immunofluorescent staining of PCNA (green), nestin (red), and DAPI (blue) at 72 h after 2 Gy of yIR in PVN shows
high proliferation of nestin-positive cells (white arrows). Bars: A, 100 pm; B, 20 pm.

p53 protein levels are induced in two distinct waves
following irradiation

p53 is involved in both radiation-induced cell cycle ar-
rest and apoptosis, and its connections to PTEN are well-
documented in other cell types (Yan et al. 2006). There-
fore, we investigated the radiation-induced elevation of
the total p53 protein in our SHH + Akt and SHH + N-
myc medulloblastoma models (Ntv-a p53 wild-type,
n=4 at 4 and 6 h following yIR). In the nonirradiated
tumors, there were few p53-positive cells. However, fol-
lowing irradiation there was an increase in total p53 lev-
els that occurred in two cell types in two distinct time
courses (Fig. 6A). The proliferating TB undergoing apo-
ptosis in response to radiation showed elevated p53
staining that peaked at 4 h. At this time point, these cells
were already in the process of dying and the staining for
p53 was mainly cytoplasmic (as was PCNA). The cells of
the PVN did not stain for p53 at 4 h. By 6 h, the nuclei of
the apoptotic cells became pyknotic and no longer
showed detectable p53 staining. Additionally, while p53

staining was lost in the apoptotic cells, the cells of the
PVN now showed strong nuclear p53 staining (Fig. 6A).
This second wave of p53 staining was concurrent with
cell cycle arrest, elevation of Akt activity, and the eleva-
tion of nestin expression described for these PVN cells.

Radiation-induced elevation of p53 is
PTEN-dependent

We performed immunohistochemical staining for p53 on
the PTEN-deficient medulloblastomas before (n = 5) and
6 h after irradiation (n=2). The PTEN-deficient EN
showed no p53 staining before or after radiation (data not
shown). This was consistent with the fact that the EN
regions in wild-type tumors showed low PTEN staining
and no elevation of p53 protein in response to radiation
(Fig. 6A). Cells in the PVN that were highly proliferative
in the PTEN-deficient nonirradiated tumors did not
show cell cycle arrest, nor did they elevate p53 levels
following irradiation. These data indicate that radiation-
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Figure 4. Radiation induces elevation of nestin and pS6RP expression in the cells of the PVN. (A) High and low magnification of triple
immunofluorescent staining of CD34 (red), nestin (green), pS6RP (magenta), and DAPI (blue) following 6 h of 2 Gy of yIR (SHH + N-
myc). Quantification of immunostaining intensity of nestin (B) and pS6RP (C) at the time points indicated following 2 Gy of yIR
(SHH + N-myc and SHH + Akt-driven tumors). PVN in human medulloblastomas are very similar to those seen in mice. (D) Triple
immunofluorescent merged images (pS6RP [green]/CD31 [red]/DAPI [blue], CD31 [red]]/nestin [green]/DAPI [blue], nestin [green]/
PS6RP [red]/DAPI [blue], and nestin [green]/notch receptor [red]/DAPI [blue]) of human medulloblastoma samples showing existence
of stem cell niches around blood vessels similar to mouse tumors (n = 2 frozen and 13 paraffin sections, total 15). Bars: A, 20 and 100
um; D, 20 pm. Dunnett’s Multiple Comparison Test of ANOVA was used. (**) P < 0.01; (no asterisk) not significant.

induced elevation of p53 was PTEN-dependent. It also
suggests that one reason that PTEN deficiency prevents
radiation-induced cell cycle arrest may be due to the in-
ability of such cells to elevate p53 levels. We then in-
vestigated to what degree the lack of p53 could mimic
the loss of PTEN in the radiation response of the various
cell types in these tumors.

Next, we created a medulloblastoma model in a p53-
deficient background by overexpressing SHH + Akt and
SHH + N-myc (n = 5 for 2-Gy yIR 6 h; n = 5 for control).
All three cell types seen in the p53 wild-type tumors
were found in these p53-deficient medulloblastomas, in-
dicating that the p53 function is not required for the
creation or maintenance of PVN, EN, and TB. Further-
more, the proliferation rate of the three cell types
matched that of p53 wild-type tumors. The baseline lev-
els of pS6RP and nestin were much higher in the p53-
null tumors compared with those with wild-type p53
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(data not shown). In these tumors, 2 Gy yIR induced
elevation of pS6RP, nestin, and pAkt, indicating that p53
was not required for these radiation-induced effects. Fol-
lowing irradiation, almost all tumor cells were highly
positive for pS6RP, nestin, and pAkt (data not shown).

Radiation-induced cell cycle arrest and apoptosis are
p53-dependent

Although the cell types seen in p53 wild-type tumors
were also present in the p53-null counterparts, the re-
sponse of these cells to radiation was not always the
same. The EN regions were unaffected by irradiation in
both the p53-null and wild-type p53 tumors. This was
consistent with the lack of p53 protein induction in the
EN cells of wild-type p53 tumors and their lack of pro-
liferation. However, unlike wild-type p53 tumors, the
proliferating bulk of the p53-null tumors showed little
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Figure 5. PTEN loss in combination with SHH overexpression leads to formation of medulloblastomas with EN in mice. Whole
mount (A) and higher magnification (B) of H&E, PCNA, and PTEN immunoreactivity as indicated (black arrow represents proliferating
cells of PVN and red arrow shows endothelial cells, the only PTEN-positive cells in the tumor). (C) Triple immunofluorescent staining
of NeuN (red), pS6RP (green), and DAPI (blue) in the PVN. (D) Triple immunofluorescent staining of NeuN (red), nestin (green), and

DAPI (blue). Bars: B, 100 um; C,D, 20 pum.

radiation-induced cell death (n = 5- to 6-h-post-2-Gy IR
(Fig. 6B-D). Furthermore, the cells of the PVN that in
p53 wild-type tumors elevated p53 levels and arrested at
6 h, showed no radiation-induced arrest in the p53-null
background. This indicates that both the radiation-in-
duced cell cycle arrest in the PVN and cell death in the
TB of medulloblastomas were p53-dependent (Fig.
6B,C,E,F).

Inhibition of the Akt pathway prior to irradiation
decreases survival of the PVN

We investigated whether inhibition of Akt signaling
prior to irradiation decreases cell survival in the PVN
of medulloblastoma. The basal levels of pAkt in
SHH + N-myc tumors are nearly undetectable; thus, we
used the SHH + Akt-induced tumor model. As these tu-
mors show detectable basal levels of pAkt, it is possible
to evaluate the effects of treatment by comparing any
decreases in pAkt levels to vehicle-treated controls.
First, we examined the effect of the small molecule in-

hibitor of Akt signaling, perifosine, on the pAkt levels in
the SHH + Akt tumors. Perifosine treatment resulted in
increased apoptosis and regional necrosis, but had no sig-
nificant effect on the proliferation status of these tumors
(n = 3) (data not shown). To determine whether Akt in-
hibition prior to irradiation sensitizes the cells of the
PVN to radiation-induced apoptosis, we pretreated tu-
mor-bearing mice with perifosine for 3 d before irradiat-
ing with 2 Gy (n=3). Perifosine pretreatment com-
pletely abrogated radiation-induced phosphorylation of
Akt and led to increased apoptosis in the PVN (Fig. 7A-
C). This increased apoptosis was not due to a decrease in
vasculature, as no changes in vascular density were ob-
served. These results support the hypothesis that radia-
tion-induced Akt phosphorylation in the PVN is respon-
sible for the radioresistance of these cells, and that this
effect can be reduced by pretreatment with perifosine.

Discussion

In this study, we describe the radiation response of a
tumor model that has a well-defined stem cell niche.
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Figure 6. Radiation-induced cell death and cell cycle arrest are p53-dependent. (A) At 4 h, p53 is immunoreactive in the dying cells
outside of the PVN; at 6 h, the cells of the PVN express p53 while the cells outside of the PVN have lost p53 expression (black arrow
represents apoptotic cells, and yellow arrow represents arresting cells). Regions of EN do not elevate p53 expression following radiation
(SHH + N-myc). Whole mounts of H&E, PCNA, and cleaved caspase-3 of control (B) and 6-h-post-yIR (C) tumors in N-tva/p53~/~
background (SHH + Akt) (red arrows point to the tumor regions). (D) Quantification of cleaved caspase-3 staining in medulloblastomas
untreated and treated with 2 Gy of yIR in different backgrounds with different combinations (n = 4 for groups 1 and 2; n = 6 for groups
3 and 4, which contain spontaneous medulloblastomas in Ptc*/~ background and medulloblastomas in Ptc*/~ background irradiated at
P1; n = 5 for groups 5 and 6). Triple immunofluorescent images of PCNA (green), cleaved caspase-3 (red), and DAPI (blue) of untreated
(E) and 6-h-post-yIR (F) tumors in Ntva/p53~/~ background showing very little elevation of cleaved caspase-3. Bars: A, 50 um; E, 20 pum;

F, 100 um. Two-sided t-test was used for D. (***) P < 0.001.

Our results illustrate the critical importance of using
models that genetically and histologically mimic the hu-
man tumors in their natural environment in order to
fully understand the biology of therapeutic response. If
the model used to understand this biology does not re-
capitulate the various cell types in their native setting,
the subtle but critical cell-type-specific responses may
not be detected.

Our data support the previous reports of a cancer stem
cell niche adjacent to the blood vessels in human me-
dulloblastoma, as well as in a mouse model of this dis-
ease. We show that a single dose of radiation induces
apoptosis in the main tumor population and cell cycle
arrest in the stem cell compartment in a p53-dependent
manner. We show for the first time that p53 has different
effects within the same tumor, as it is necessary for ra-
diation-induced cell death in the TB and cell cycle arrest
in the PVN. The perivascular stem cells arrest at 6 h
post-irradiation and re-enter the cell cycle at 72 h. Cells
in PVN are all nestin-positive, and a subset of those cells
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are also positive for GFAP and Olig2. A third cell popu-
lation was identified in regions of EN that is nonprolif-
erating, differentiated toward the neural lineage, and ra-
diation-resistant. Both cell types that are radioresistant
activate the PI3K/Akt/mTOR pathway; this effect is
more pronounced in the PVN.

We confirm the importance of the PI3K/Akt/mTOR
pathway in our SHH-driven medulloblastomas by gener-
ating a novel medulloblastoma model induced by SHH
and PTEN loss that histologically resembles human me-
dulloblastomas with EN. This tumor had high levels of
Akt in the TB, resulting in neuronal post-mitotic differ-
entiation as characterized by high NeuN levels. In the
PVN, there was a high expression of nestin, pAkt, and
PCNA. In addition, there was no radiation-induced cell
death in the TB or cell cycle arrest in the PVN. These
data demonstrate the role of PTEN in driving cell cycle
arrest in the PVN and in driving differentiation in the
TB. PTEN and Akt regulate both the radiation response
of the PVN and the differentiation of the TB of SHH-
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Figure 7. Perifosine inhibits Akt phosphorylation and sensitizes the PVN to radiation-induced cell death in SHH + Akt tumors.
Perifosine was administered to tumor-bearing mice i.p. at 30 mgper kilogram daily for 3 d (n = 3). A control group was treated with
saline (n = 3). At 12 h after the last dose, 2 Gy TBI was administered (Perifosine + 2 Gy, n = 3). Representative immunohistochemistry
for cleaved cas-3 (A) and pAkt S473 (B). (C) Quantification of the surviving PVN area; representative photomicrographs of cleaved
caspase-3 staining in 2 Gy and Perifosine + 2 Gy treatment groups are on the left. Fifteen 20x pictures were taken, the surviving areas
were quantified, and averages were plotted. Bars: A,B, 100 pm,; C, 50 pm. Two-sided t-test was used in C. (*) P < 0.05.

driven medulloblastomas. Furthermore, our data sug-
gests that Akt inhibition presents a rational clinical
treatment paradigm that may increase the efficacy of
clinically relevant doses of radiation.

Materials and methods

Cell culture and transfection

Df-1 cells were purchased from American Type Culture Collec-
tion (ATCC). Cells were grown at 39°C according to ATCC
instructions. Transfections with RCAS-SHH, RCAS-N-myec-
T50A, RCAS-AKT-Myr A11-60 and RCAS-Cre were performed
using a FuGene 6 transfection kit (Roche, #11814443001) ac-
cording to the manufacturer’s instructions. Transfection effica-
cies were checked by Western blots and PCR.

Generation of tumors using RCAS/TVA

Mice were injected within 48 h of birth with 1 pL of a 1:1
mixture of DF-1 cells producing RCAS-SHH in combination
with RCAS-N-myc-T50A or RCAS-AKT-Myr A11-60 over the
cerebellum of Ntv-a wild-type p53 and Ntv-a p53-null back-
ground mice, and RCAS-SHH and RCAS-Cre were injected into

Ntv-a/LPTEN mice. Mice were monitored carefully for symp-
toms of tumor development (hydrocephalus, lethargy, or head
tilt).

Radiation treatment

Total-body irradiation (TBI) was delivered with a *’Cs irradia-
tor (Shepherd Mark-I, model 68, SN 643) at a dose rate of 2.12
Gy per minute. Mice were sacrificed at different post-radiation
time points.

Drug administration. Perifosine was obtained from Keryx Bio-
pharmaceuticals; it is a novel Akt inhibitor. It belongs to a class
of lipid-related compounds called alkylphospholipids. Tumor-
bearing mice received i.p. 30 mg/kg perifosine daily for 3 d. For
combined treatment with radiation, 12 h after the last dose of
perifosine, mice were irradiated by 2 Gy TBI, and 6 h later mice
from all groups were sacrificed.

Generation of tumors in PTC*~ background

In order to increase tumor incidence in PTC*~ background, we
used 3 Gy TBI at P1. Mice developed tumors at age 2-6 mo with
80%—-85% tumor incidence.
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TUNEL assay

The TUNEL assay was performed on 5-um sections by using a
terminal transferase recombinant kit (Roche, #3333566) in ac-
cordance with the manufacturer’s protocol.

Immunofluorescencent staining

Tumor-bearing animals were sacrificed and perfused under deep
anesthesia (0.1 mg/g ketamine and 0.02 mg/g xylazine) by in-
tracardiac infusion of 0.1 M phosphate buffer followed by per-
fusion with 10% formalin. Following perfusion, the brains were
removed, post-fixed in 10% formalin for 72 h, paraffin-embed-
ded, and cut into 5-um sections. The sections were deparaf-
finized in Histo-Clear (Richard-Allan Scientific, #6901) and
passed through graded alcohols. The next step was antigen re-
trieval with citric acid (Vector Laboratories #H-3300) in a boil-
ing-water bath for 15 min. After two washes in PBS and perme-
abilization in 0.2% Triton in 0.1 M PBS for 45 min, sections
were incubated in 0.1 M PBS containing 2% BSA, 5% NDS, and
0.1% Triton for 1 h at room temperature. For all mouse anti-
bodies, MOM kit (Vector Laboratories, #BML-2202) was ap-
plied. For single staining, sections were incubated with the fol-
lowing antibodies overnight at 4°C in PBS plus 1% BSA: pri-
mary anti-cleaved caspase-3 diluted 1:100 (Cell Signaling,
#9661), anti-GFAP (DAKO, #20334), anti-pS6RP diluted 1:100
mouse and 1:50 human (Cell Signaling, #2211}, anti-CD34 di-
luted 1:50 (Abcam, #ab8158), anti-PCNA diluted 1:100 (Calbio-
chem, #NAO03, 0.8), anti-Olig 2 diluted 1:250 (Chemicon,
#AB9610), anti-nestin 401 diluted 1:100 (BD Pharmingen,
#556309), anti-NeuN diluted 1:100 (Chemicon, #MAB377),
anti-notch diluted 1:100 (Abcam, #ab3294), anti-PTEN diluted
1:100 (Cell Signaling, #9559), anti-AktT308 diluted 1:50 (Cell
Signaling, #9266), anti-Akt S473 (Cell Signaling, #9277), and
anti-CD31 diluted 1:50 (Dako, #NO823). For immunofluores-
cence staining after primary antibody, the secondary antibodies
conjugated to different Alexa-Fluor dyes (488, 555, 647) at a
dilution of 1:500 in PBS were applied. For nuclear counterstain-
ing, DAPI was used.

Immunohistochemistry

For immunohistochemical detection, an automated staining
processor was used (Discovery, Ventana Medical Systems, Inc.).
The protocols were established at the Molecular Cytology Core
Facility at Memorial Sloan-Kettering Cancer Center (MSKCC).

Human tissue specimens

Two human medulloblastoma samples were obtained from the
MSKCC tissue bank with the approval of the institutional re-
view board. The samples were flash-frozen in liquid nitrogen
immediately following removal and stored at -80°C. Then,
fresh-frozen 5-um sections were fixed with 4% paraformalde-
hyde and immunofluorescence and immunohistochemistry
were performed as described above. Besides the fresh-frozen sec-
tions, we obtained 13 human medulloblastoma paraffin sections
from the Department of Pathology at MSKCC. The patients
were not treated with either radiation or chemotherapy.

Quantification of histology

Immunofluorescent images were quantified using the Meta-
morph imaging system and program. From all of the groups, the
brightest staining was taken to find the fixed exposure time, and
the rest of the pictures were taken at the same exposure time.
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Ten of the 20x images were taken per tumor, and the total gray
value per pixel area was quantified. For quantification of immu-
nohistochemistry, 10 of the 20x pictures were taken per tumor
and the positive (brown) area was quantified using Metamorph
and plotted as percentage of total area. For quantification of the
surviving PVN area, 15 of the 20x pictures were analyzed. The
lumen of the vessels and few apoptotic cells in PVN were sub-
tracted from the total surviving area.

Statistical analysis

Graphs were made using GraphPad Prism 4 (GraphPad Soft-
ware) and were analyzed using ANOVA and two-sided t-tests.
For Figure 3, C and D, we used Dunnett’s Multiple Comparison
Test of ANOVA, which compares all columns versus the con-
trol column. For Figure 6D, we used Excel and a two-sided t-test
that compares a 2-Gy 6-h column versus the control column. (*)
P <0.05; (**) P<0.01; (***) P <0.001; (no asterisk) not signifi-
cant.
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