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Abstract

While activation of the Notch pathway is observed in many human cancers, it is unknown whether
elevated Notchl expression is sufficient to initiate tumorigenesis in most tissues. To test the
oncogenic potential of NMotchl in solid tumors, we expressed an activated form of NOTCH1
(N1ICD) in the developing mouse brain. N21/CD;hGFAP-cre mice were viable but developed
severe ataxia and seizures, and died by weaning age. Analysis of transgenic embryonic brains
revealed that N1ICD expression induced p53-dependent apoptosis. When apoptosis was blocked
by genetic deletion of p53, 30~40% of N1/CD;GFAP-cre;p53+/-and N1/CD;GFAP-cre;p53—/-
mice developed spontaneous medulloblastomas. Interestingly, NofchI-induced medulloblastomas
most closely resembled the sonic hedgehog (SHH) subgroup of human medulloblastoma at the
molecular level. Surprisingly, N1ICD-induced tumors do not maintain high levels of the Notch
pathway gene expression, except for Mofch2, demonstrating that initiating oncogenic events may
not be decipherable by analyzing growing tumors in some cases. In summary, this study
demonstrates that AMotch1 has an oncogenic potential in the brain when combined with other
oncogenic hits, such as p53 loss, and provides a novel mouse model of medulloblastoma.

Introduction

The Notch pathway is a highly conserved signaling pathway that is essential for normal
development, and is implicated in both somatic stem cell homeostasis and human cancer (1-
4). The canonical Notch pathway mediates cell-cell communication among adjacent cells
that are in direct contact with one another, through membrane-bound ligand-receptor
interactions (juxtacrine signaling). When a ligand (DELTA and JAGGED family members)
binds to NOTCH receptors (NOTCHL - 4 in mammals), NOTCH is cleaved through highly
controlled step-wise processes, and the intracellular domain of NOTCH (NICD) is released
from the membrane and enters the nucleus to form a transcriptional complex. In the nucleus,
NICD displaces repressive co-factors bound to RBPJ and recruits MAML to turn on
expression of downstream target genes, including Hesl, Hes5, Heyl, and Hey2 (5).
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A growing body of evidence implicates the Notch pathway in human cancers. For example,
>50% of T-ALL (T-cell Acute Lymphoblastic Leukemia) patients have activating mutations
in the Noitchl gene (6, 7), indicating that NMotch1 has oncogenic potential in the
hematopoietic system. While activating mutations in AMotch genes have not been widely
reported in solid cancers, Notch pathway activity level is high in many solid cancers,
including brain cancers (2, 3, 8).

Medulloblastoma is the most common form of pediatric brain tumor and is considered a
classical example of a developmental cancer. They are thought to arise from abnormal
proliferation of EGL progenitors in the cerebellum (9), although there is evidence that neural
stem cells (NSCs) can also be transformed to give rise to medulloblastomas (10, 11).
Genetically, two key developmental signaling pathways, WNT and SHH pathways, have
been implicated in heritable forms of medulloblastoma, Turcot’s syndrome, and Gorlin
syndrome, respectively (12, 13). Although the Notch pathway is not genetically linked to
medulloblastomas, several lines of evidence implicate the Notch pathway in
medulloblastoma pathogenesis. First, NOTCHZ RNA level is reported to be higher in
medulloblastomas than normal fetal brain, and NOTCHZand HES1 expression levels
significantly correlate with shorter survival time among medulloblastoma patients (14).
Second, ~15% of PNET and medulloblastomas contained amplification of the genomic
region containing the NOTCHZ gene (14), and recent sequencing studies of
medulloblastoma genome identified mutations within the NOTCH3and NOTCH4 genes
(15, 16). Third, Notch signaling is necessary to maintain cancer stem cells in brain tumors:
inhibition of the Notch pathway leads to reduced self-renewal, tumorigenic capacity, and
radio-resistance of medulloblastoma and glioma stem cells (17-20). Together, these studies
suggest that aberrant activation of the Notch pathway may lead to tumor formation in the
brain; however, the oncogenic potential of Notch pathway activation has not yet been
demonstrated experimentally (21-25).

In this study, we provide /7 vivo evidence that aberrant Notch pathway activation can be an
initiating oncogenic event in the brain. We used a transgenic approach to express a
constitutively activated form of Notch (N1ICD) in the developing mouse brain, and show
that while N1ICD expression alone is not sufficient to cause brain tumor formation, N1ICD
expression accompanied by loss of single or both copies of p53 results in medulloblastoma
formation.

Ectopic N1ICD expression results in abnormal brain development

To determine whether Nofchl can act as an oncogene in the brain, we conditionally
expressed a constitutively activate form of Nofch1, N1ICD, in the developing mouse brain
using a Cre-lox system (Fig. 1A). When NZ/CD mice were crossed to AGFAP-cre mice, the
double transgenic (N1/CD;hGFAP-cre) embryos showed high expression of the transgene in
the developing brain (Fig. 1 B). Realtime RT-PCR analysis of N2/CD;hGFAP-cre and
control littermate cortices and cerebella at E15.5 confirmed elevated level of NZ/CD and
Notch pathway target genes, Hes1, Hes5, Heyl, and Hey?2 at the RNA level in transgenic
brains (Fig. 1C, D). N1/CD;hGFAP-cre mice were viable but developed severe ataxia and
seizures by weaning age, and all mice died by 4 weeks of age (Fig. 1E). Gross
morphological examination of brains from postnatal day 20 control and N1/CD;hGFAP-cre
littermates showed severely hypoplastic brains in transgenic mice compared to controls (Fig.
1F). Histological analysis showed that transgenic brains were characterized by severely
hypoplastic hippocampus lacking dentate gyrus, thinner and disorganized cortical layers
with reduced number of neurons, and grossly hypoplastic cerebellum with obvious
heterotopia of granule cells (Fig. 1G).

Cancer Res. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Natarajan et al.

Page 3

To identify the developmental origin of these brain defects, we examined NZ/CD;hGFAP-
creand control littermate brains at E15.5, three days after the Cre recombinase expression
and the peak of neurogenesis in the cerebral cortex. N1ICD was robustly expressed in
proliferating and differentiating cells of the cortex, as indicated by the Myc-tag expression
in Kli67+ proliferating cells (Fig. 2A) and MAP2+ differentiating neurons (Fig. 2B). Cell-
type specific analyses with antibodies marking NSCs (SOX2, PAX6), intermediate
progenitors (TBR2, Neurogenin2), and neurons (MAP2, NeuN, B-3-tubulin) showed greatly
reduced numbers of all three cell types in transgenic cortices (Fig. 2C, D, E and not shown).
In addition, analyses with markers for cellular proliferation (phospho-Histone 3, BrdU)
showed reduced proliferation (Fig. 2F) and a marker for apoptosis (cleaved caspase3)
showed concurrent increase in the number of apoptotic cells (Fig. 2G).

Similar to cortex, Myc+ cells were observed in the neuroepithelium and in PAX6+ EGL
progenitor cells in the developing cerebellum (Fig. 3A, B). At E15.5, increased apoptosis
and reduced proliferation resulted in decreased numbers of PAX6+ neural precursor cells in
the transgenic cerebellum, compared to littermate control (Fig. 3C, D, E). Together, these
results indicate that hypoplasia observed in N2/CD;hGFAP-cre brain regions arise from both
increased cell death and early loss of proliferating stem and progenitor cells.

N1ICD expression activates the p53 pathway in vivo

To understand the molecular basis for these brain phenotypes, we performed a transcriptome
analysis of control and N1/CD:hGFAP-cre littermate cortices from E13.5 embryos, one day
after the Cre recombinase is activated in the developing cortex. Only five genes (Akr1b63,
EdaZr, Cengl, Gpr75, and LOC100041678) were identified to show statistically significant
expression changes (q<0.05, relative fold change (RFC)> +/- 2). The small number of
differentially expressed genes observed is likely due to the variable severity of phenotypes
in individual transgenic samples and the brevity of transgene expression at the time of
analysis, which was designed to capture the earliest gene expression changes. Realtime RT-
PCR analyses on independent sets of samples confirmed increased expression of Akr1b63,
EdaZr, Cengland Gpr75in N1/CD,hGFAP-cre cortices (Fig. 4A). Interestingly, Ccngl is
involved in G2/M arrest in response to DNA damage, and subsequent cellular proliferation
(26); further, Ccngl and EdaZrare transcriptional targets of the p53 tumor suppressor gene
(27, 28). These results suggest that ectopic expression of N1ICD might induce genotoxic
stress that activates the p53 pathway.

To test this hypothesis, we examined p53 activation and its target gene expression in control
and N1/CD;hGFAP-cretransgenic brains at E15.5. p53 protein level, assessed by
immunofluorescence analysis, was elevated in transgenic cortices compared to control
littermates (Fig. 4B), indicating activation of the p53 pathway. We also detected increased
expression of p21, a downstream effector of p53 that mediates DNA damage response and
apoptosis (Fig. 4C). Together, these results suggest that the observed increase in apoptosis in
N1ICD;hGFAP-crebrains is mediated through the p53 pathway.

Loss of p53 rescues N1ICD-induced apoptosis and premature gliogenesis

To genetically test whether the increased apoptosis in N2/CD;hGFAP brains was indeed
induced by the p53 pathway, we analyzed N1/CD;hGFAP-cre,p53+/-and N1ICDhGFAP-
cre;p53—/—brains at E15.5. Apoptosis was blocked in brains of N1/CD;hGFAP-cre,p53—/-
mice as anticipated. Interestingly, the number of apoptotic cells was also greatly reduced in
N1ICD;hGFAP-cre;p53+/- brains, as indicated by significant reductions in the number of
TUNEL+ or cleaved Caspase3+ cells (Fig. 4D, E, Supplementary Fig. 1).
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To determine whether blocking p53-mediated apoptosis is sufficient to rescue the
neurological phenotype and premature death of N2/CD;hGFAP-cre mice (Fig. 1E), we
generated postnatal N2/CD;hGFAP-cre,;p53+/—and N1/CD;hGFAP-cre,p53-/—mice and
aged them. Consistent with apoptosis marker analyses, loss of one copy of p53 was
sufficient to rescue early lethality to an extent similar to that by loss of both copies of p53
(Fig. 4F). Gross analysis of wean age (P20) brains showed observable rescue in brain sizes
in p53+/- and p53—/- transgenic brains, particularly in the cortex (Supplementary Fig. 2).

Although loss of p53 rescued the size of N1ICD transgenic brains to a large extent, >50% of
N1ICDhGFAP-cre;p53-/-and N1ICD;hGFAP-cre;p53+/— mice still died by 4 months of
age with neurological phenotypes (Fig. 4F). Since previous studies have reported that
ectopic N11CD expression in the developing nervous system induces precocious expression
of GFAP, a marker for astrocytes (25, 29), we tested whether premature gliogenesis is
responsible for the neurological phenotype in p53 mutant transgenic mice. Analysis of
GFAP expression in transgenic mice with 0,1, or 2 copies of p53 showed that loss of p53
expression also blocked precocious GFAP expression in both N2/CD;hGFAP-cre,p53—/-
and N1/CD;hGFAP-cre;p53+/— mice (Supplementary Fig. 3). This observation suggests that
premature gliogenesis is not likely to be the major cause of death or neural phenotypes in
N1ICD;hGFAP-cre;p53+/-and N1ICD;hGFAP-cre;p53—/- mice. Furthermore, it suggests
that aberrant activation of GFAP expression by N1ICD expression /n vivo requires a p53.

N1ICD;GFAP-cre;p53—/—and N1ICD;GFAP-cre;p53+/— mice develop medulloblastomas

To further investigate the cause of death of NZ/CD,hGFAP-cre,p53+/—and N1/CD,hGFAP-
cre;p53—/—mice, we analyzed weaning-age brains of NI-/CD;hGFAP-cre transgenic mice
with 0, 1, or 2 copies of the p53 gene. We observed heterotopia in a subset of
N1ICD;hGFAP-cre transgenic brains, regardless of the p53 status (Fig. 5A). Notably, we
also observed medulloblastomas in transgenic mice lacking one or both copies of p53 (Fig.
5A). Histologically, 11 of 12 tumors analyzed showed classical medulloblastoma histology,
composed primarily of small EGL progenitor-like cells (Fig. 5B, Supplementary Fig 4). One
mouse showed different tumor histology, resembling a large-cell anaplastic
medulloblastoma (Fig. 4C). Immunohistochemical analyses showed that N1ICD-induced
tumors are highly proliferative (Ki67+), with most cells expressing the early neural stem/
progenitor marker OLIG2 (Fig. 4D). Many tumor cells expressed an EGL progenitor
marker, ATOH1/MATH1, and a neuronal marker, NeuN (Fig. 4D), but not the glia marker
GFAP, confirming that these tumors are medulloblastomas. Interestingly, only a small
number of tumor cells continued to express the transgene, as indicated by Myc antibody
staining (Fig. 4D). Interestingly, no other types of brain tumors were observed in the
N1ICDhGFAP-cre,p53—/-and N1ICD;hGFAP-cre;p53+/—mice, even though other regions
of the brain contained a large number of apoptotic cells in N2/CD;hGFAP-cre embryos (Fig
2G and not shown).

N1ICD-induced medulloblastomas most closely resemble the SHH subgroup of human
medulloblastomas

Currently, human medulloblastomas are categorized into four molecular subgroups: WNT,
Sonic Hedgehog (SHH), Group 3 and Group 4 (30). Elevated Notch pathway activity has
been observed in a subset of human medulloblastomas but is not associated with any given
molecular subgroup (31). To determine whether N1ICD-induced tumors model a particular
molecular subgroups of human medulloblastomas, we performed a transcriptome analysis of
N1ICD-induced tumors and assessed the expression of signature genes of the four human
medulloblastoma molecular subgroups. Surprisingly, N1ICD-induced medulloblastomas
most closely matched the gene signature associated with the SHH-subgroup of human
medulloblastomas (Fig. 6A,B).
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To confirm the SHH subgroup categorization of N1ICD-induced medulloblastomas, we
performed realtime RT-PCR analyses, comparing the tumors to wildtype postnatal day 8
cerebella of C57BL/6J (B6) mice. As shown in Figure 6C, the SHH pathway genes G/i1,
GIiZ, and Ptch2were highly expressed in N1ICD medulloblastomas. Consistent with
microarray data (Fig. 6A) and the antibody staining (Fig. 5D), Atoh1/Math1, a marker for
EGL progenitors, was also significantly increased in N1ICD tumors at the RNA level (Fig.
6C). In addition, we observed significantly increased expression of cell cycle regulators,
Cyclins D1, D2, and E£2in N1ICD tumors (Fig. 6D). These results are consistent with the
histological analysis showing that N1ICD tumors are composed of highly proliferative cells
resembling EGL progenitors and the SHH subgroup designation. Surprisingly, most of the
Notch pathway genes were not highly expressed in the bulk tumor cells (Fig. 6E). In
particular, N2/CD level was not significantly up-regulated at the bulk tumor level, consistent
with the immunohistochemical analysis that only a small number of cells continue to express
the transgene in the tumor (Fig. 5D). On the other hand, NMotch2, normally expressed in EGL
progenitor cells and shown to promote their proliferation (32), was higher expressed in
tumors, supporting the idea that bulk tumor cells are mostly composed of EGL-progenitor
like cells. Interestingly, genes that were identified to be downstream of N1ICD expression in
N1ICD;hGFAP-cre cerebral cortices at E13.5 (Ccngl, EdaZr, Akr1b3, LOC1000041678)
were also highly elevated in the tumors (Fig. 6F), suggesting that these genes were also
activated in the developing cerebellum upon N1ICD expression and maintained in the
tumor. Together, these marker analyses suggest that most N1ICD medulloblastomas are
composed of EGL progenitor-like cells that have high levels of Afohl, Ptch2, Gliland GIi2
expression, and that N11CD induced tumor may model a subset of SHH subgroup of human
medulloblastomas.

DISCUSSION

Notch pathway activation is observed in many human cancers, including brain cancer (2, 3).
In addition, it has been shown to be necessary for maintaining brain cancer stem cells from
gliomas and medulloblastomas /n vitro and in vivo (17-19). To directly test whether Nofchl
has the potential in brain tumor initiation, we generated a mouse model in which activated
Notchlis expressed in the developing brain. Similar to over-expression of Notch2-ICD in
the brain (23), N1ICD over-expression alone was not sufficient to induce brain tumors.
However, 10~60% of N1/CD;hGFAP-cre,;p53+/—and N1/CD;hGFAP-cre,p53—/—mice
developed medulloblastomas (Fig. 5A). Hence, this study demonstrates that elevated Notchl
activity, when combined with cooperating oncogenic events, can be an initiating oncogenic
hit in the mammalian brain.

Interestingly, while we observed p53-mediated apoptosis in all regions of the brain in
N1ICD;hGFAP-cre mice, we did not observe any brain tumor types other than
medulloblastomas in N1/CD,hGFAP-cre,p53+/—and N1/CD,hGFAP-cre,p53-/—mice.
Previous analyses of mice with mutations in the DNA-damage-repair pathway genes also
reported similar occurrences of medulloblastomas (and not of other brain tumors) on p53
mutant backgrounds (33-36). This is consistent with our observation that the major cellular
response to N1ICD expression is a DNA damage response (Fig. 4). Together, these results
suggest that cerebellar cells may be more sensitive to DNA damage-induced cellular
transformation in comparison to cells in other brain regions. Alternatively, there may be a
selection against other types of tumors, such as gliomas, that would cause embryonic
lethality if they developed in utero, or that would have formed in older mice. However, the
latter possibility is unlikely, as we did not observe other types of brain tumor in any of the
older N1/CD;hGFAP-Cre,p53+/-and N1/CD,hGFAP-Cre;p53—/— mice we examined,
although we did observe nasal epithelial tumors in some mice.
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High-level Notch pathway activity, in contrast to Wnt or SHH pathway activity, does not
identify a specific subgroup of human medulloblastomas (31). However, N11CD-induced
medulloblastomas express high levels of the SHH-pathway genes, categorizing the tumors
as models for the SHH subgroup of human medulloblastomas (Fig. 6). Interestingly,
previous studies have shown that Notch pathway activity is dispensable for SHH-induced
medulloblastoma initiation or maintenance (37, 38). While it remains to be determined
whether Notch pathway cooperates with other oncogenic pathways, our study clearly
indicates that Notch activation is a strong inducer of medulloblastomas in p53 mutant
backgrounds. Notably, p53 mutations are observed in 12-14% of WNT and SHH subgroups
of human medulloblastomas (39), suggesting that this model is physiologically relevant. Our
observation that p53 functions downstream of N1ICD to modulates Notch target gene
expression, such as GFAP (Supplementary Fig. 3), suggests that p53 interaction with the
Notch pathway /n vivo may be more complicated than is currently known.

In the future, it will be important to further elucidate the molecular mechanism of cellular
transformation induced by Notch1 activation. Consistent with earlier studies performed on
bone marrow cells (40, 41), N-terminal truncation (deletion of the RAM domain) of the
N1ICD protein analyzed in this study did not affect cellular transformation or target gene
expression. In support of this conclusion, we observed similar increase in apoptosis and
reduced numbers of proliferating stem/progenitor cells in the brain of another allele of
N1ICD transgenic mouse that expressed human N1ICD that contains the RAM domain
(Supplementary Fig 5, 6, (25)). Interestingly, our analysis of yet another allele of N1ICD
transgenic mouse in which N11CD lacking the PEST domain was knocked into the ROSA
locus showed increased neural stem cell expansion but not increased apoptosis or
tumorigenesis (24). Together, results of these studies show that Notch pathway activation in
vivo results in drastically different biological outcome depending on the cellular context and
the domains and/or dose of N1ICD expression. Comparisons of these different alleles of
N1ICD transgenic mice will be useful in elucidating the molecular mechanism of Notchl1
function in stem cell maintenance and cellular transformation.

In summary, we demonstrate that Notch1 can be an oncogene in the brain and that elevation
of Notch pathway activation in p53-deficient mice generates a novel mouse model of
medulloblastoma. Interestingly, these tumors most closely resemble the SHH-subgroup of
human medulloblastomas and show high levels of the SHH pathway activity. Unexpectedly
while we observe high levels of Motch2 expression in these tumors, consistent with normal
Notch2 expression in EGL progenitor cells (32), we did not detect high-level expression of
other Notch pathway components. This observations suggests a hit-and-run or some other
mechanism of oncogenesis by NZ/CD that does not require sustained expression of N1/CD
in growing tumor cells, such as non-cell-autonomous effect of p53 recently reported (42). It
also suggests the possibility that Notch pathway may play a significant role in tumor
initiation (but not maintenance) in other tissues in which the Notch pathway plays a critical
role in stem/progenitor cell proliferation and survival. Finally, our results suggest that a
molecular signature of the initiating oncogenic event is not necessarily preserved in
established tumors and that analysis of dominant maintenance pathway in growing, bulk
tumor cells may not be informative in elucidating early oncogenic events in some tumors.

MATERIALS AND METHODS

Animals

All mice were treated according to the guidelines of The Jackson Laboratory and The
Jackson Laboratory Animal Care and Usage Committee approved all procedures. We
analyzed two different founder transgenic N1I1CD lines (N1ICD-43 and N1ICD-29) that
were generated in Jeong Yoon’s laboratory at MMCRI (43), and observed the same
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phenotype in both lines. In these mice, intracellular domain of mouse Notchl minus the
RAM domain (aa 1810-2531) is conditionally expressed upon Cre excision (Supplementary
Fig 6). p53 (B6.129S2- Trp53tm1Tyjild: JR#2101), GFAP-cre (JAX FVB-Tg(GFAP-
cre)25Mes/J: JR#4600 ), and ACTB-Ntochl (C57BL/6J-Tg(ACTB-NOTCH1)1Shn/J;
human N1ICD: JR#6481) mice were obtained from The Jackson Laboratory Repository. All
analyses were performed by comparing littermates to minimize variability and in a
minimum of three independent sets of samples.

Immunohistochemistry/immunofluorescence

Standard immunohistochemistry and immunofluorescence protocols were used with
antibodies listed in the Supplementary Methods section on either frozen and/or paraffin
sections.

Microarray analysis

Affymetrix ST1.0 chips were used with 3 independent sets of samples from control and
N1ICD;hGFAP-cre E13.5 cortices from littermates or from 4 independent N1/CD;hGFAP-
cre;p53tumors. For analytical details, please see Supplementary Methods.

Realtime RT-PCR

To measure relative RNA levels of control and transgenic cortices or tissues, total RNA was
isolated using Trizol. Genomic DNA was removed by treating RNA samples with DNAse
following the recommended protocol from Ambion (TURBO DNA-free™, Ambion).
cDNAs were generated using the iScript kit from BioRad, and primers specific for each
target gene (see Supplementary Methods) were used with SYBR green reaction mix from
BioRad. All reactions were run in triplicates, and 18S levels were used to normalize samples
to one another. Relative fold change compared to wildtype control is presented in all figures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ectopic N1ICD expression in the developing brain resultsin ataxia, seizures, and early
lethality

(A) Schematic of the N11CD transgenic allele. The transgene consists of N-terminal fusion
of Myc epitope tag to aa1810-2556 of the mouse N1ICD lacking the RAM domain. (B)
Immunoblot analysis showing Myc-N1ICD expression in N1/CD;hGFAP-cre embryo
brains. (C) Realtime RT-PCR analysis of control and N1/CD;hGFAP-cre littermate cortices
at E15.5. p-values = 0.0774 (N1/CD), 0.0495 (HesI), 0.0218 (Hes5), 0.9741 (HeyI), 0.6529
(Hey2). (D) Realtime RT-PCR analysis of control and N1/CD;hGFAP-cre littermate
cerebella at E15.5. p-values = 0.033 (NVZ/CD), 0.0397 (Hes1), 0.1663 (Hes5), 0.4509
(HeyI), 0.0004 (Hey2). (E) Survival curve for N1/CD;hGFAP-cre transgenic mice,
compared to all other control littermates. (F) Gross image of control and N1/CD;hGFAP-cre
mice brains at p20. Dotted lines mark the cortex and cerebellum. (G) Hematoxylin and eosin
staining of coronal sections of forebrain at low magnification showing hypoplastic and
disorganized neocortex and hippocampus, lacking dentate gyrus. Lower panels show a
higher magnification of the cortex. Sagittal views of control and N2/CD;hGFAP-cre
cerebellum showing hypoplasia and heterotopia in the transgenic brain. Boxed areas in the
in the upper panels of the cerebella are shown in higher magnification below. Abbreviations:
ctx: cortex, hp: hippocampus, thal: thalamus, CB: cerebellum. Scale bars=500 wm. Error
bars show standard error mean. * denotes p<0.05.
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Figure 2. N1ICD expression increases apoptosis and reduces the number of proliferating cells
and neuronsin the developing cortex

Immunofluorescence analyses with markers for: (A) the transgene, Myc, and proliferating
cells (Ki67), (B) the transgene and differentiating neurons (MAP2), (C) neural stem cells
(SOX2), (D) intermediate progenitors (TBR2), (E) neurons (MAP2), and (F) proliferation
(PH3: M-phase, BrdU 1hour labeling: S-phase), (G) apoptosis (cleaved caspase 3). All
images show coronal sections of cortices from E15.5 control and N1/CD;hGFAP-cre
littermates. Arrows point to positively stained cells. Dotted lines in (E) mark the pial surface
interface. Scale bar = 50pum.
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control

Figure 3. Ectopic expression of N1I CD induces apoptosis and reduces the number of neural
precursorsin the developing cerebellum

Immunofluorescence analyses of E14.5 cerebella with antibodies against: (A) the transgene
(Myc) in the neuroepithelium, (B) Myc and PAX®6 in early EGL precursors, (C) cleaved
capase 3, (D) proliferating cells (Ki67), and (E) neural precursor marker PAX6 at matching
levels. All images show sagittal sections of rhombic lip region in control and
N1ICD;hGFAP-cre littermates. Arrows point to positively stained cells. Scale bar = 50 um.
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Figure4. p53isessential for N1ICD-induced apoptosis

(A) Realtime RT-PCR analysis of genes up-regulated in N2/CD;hGFAP-cre cortices at
E13.5. (B) immunofluorescence analysis with an antibody against p53 protein, showing
coronal sections through E15.5 control and N11CD;hGFAP-cre cortices. Arrows point to
p53+ cells. (C) Realtime RT-PCR analysis of a p53 target gene, Cdknla/p21, in control and
littermate N2/CD;hGFAP-cre cortices. (D) TUNEL staining of control and transgenic (Tg:
N1ICD;GFAP-cre) cortices at E15.5 in p53 wildtype, heterozygous, and homozygous
backgrounds. Arrows point to TUNEL+ cells. (E) Quantitation of TUNLE+ cells in each
hemisphere. >8 hemisphere sections were counted for each genotype. (F) Kaplan-Meier
survival curves of N1/CD,GFAP-cre;p53 wildtype, heterozygous, and homozygous mice.
Scale bar = 50pum.
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Figure 5. N1ICD transgenic mice with reduced p53 dose develop spontaneous medulloblastomas
(A) Distribution of mice with normal brain, hydrocephalus, heterotopia, and
medulloblastomas among N1/CD,hGFAP-Cre,p53 wildtype, heterozygous, and
homozygous mice. (B, C) Hematoxylin and eosin staining of medulloblastomas that form in
N1ICD;GFAP-Cre,p53+/-and N1ICD;GFAP-Cre;p53—/-mice. (D) Immunohistochemical
analyses of N11CD medulloblastomas with markers for the transgene (Myc), proliferation
(Ki67), EGL-progenitors (ATOH1/MATHYL), neural stem/progenitors (OLIG2), neurons
(NeuN), and glia (GFAP). Scale bar = 50p.m.
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Figure 6. N1l CD-induced medulloblastomas most closely model the SHH-subgroup of human
medulloblastomas

(A) Microarray analysis of N11CD-induced medulloblastomas, compared against signature
genes (Northcott MB training set) that distinguish the 4 molecular subgroups in human
medulloblastomas. (B) Expression agreement analysis of N11CD-induced tumors against the
human medulloblastoma subgroups shows the highest correlation to the SHH-subtype. (C-
E). Reatime RT-PCR analysis on RNAs isolated from four independent N1ICD-induced
medulloblastomas. Expression levels are normalized against wildtype cerebellum at
postnatal day 8. (C) SHH pathway genes, (D) cell cycle regulators, (E) Notch pathway
genes, (F) genes downstream of N1ICD expression in N1/CD;hGFAP-cre cortices.
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