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Medulloblastoma (MB) is the most common malignant brain tumor of childhood. Sonic Hedgehog (SHH) signaling
drives a minority of MB, correlating with desmoplastic pathology and favorable outcome. The majority, however,
arises independently of SHH and displays classic or large cell anaplastic (LCA) pathology and poor prognosis.
To identify common signaling abnormalities, we profiled mRNA, demonstrating misexpression of MYCN in
the majority of human MB and negligible expression in normal cerebella. We clarified a role in pathogenesis

by targeting MYCN (and luciferase) to cerebella of transgenic mice. MYCN-driven MB showed either classic or
LCA pathologies, with Shh signaling activated in ~5% of tumors, demonstrating that MYCN can drive MB
independently of Shh. MB arose at high penetrance, consistent with a role for MYCN in initiation. Tumor burden
correlated with bioluminescence, with rare metastatic spread to the leptomeninges, suggesting roles for MYCN
in both progression and metastasis. Transient pharmacological down-regulation of MYCN led to both clearance

and senescence of tumor cells, and improved survival. Targeted expression of MYCN thus contributes to
initiation, progression, and maintenance of MB, suggesting a central role for MYCN in pathogenesis.
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Brain tumors are the most common solid tumors of child-
hood. The embryonal tumor medulloblastoma (MB) is the
most frequent childhood brain tumor, with ~50% overall
survival (Davis et al. 1999). Morbidities such as cognitive
impairment, psychiatric disorders, endocrine dysfunc-
tion, growth retardation, and therapy-induced malignan-
cies are considerable in survivors (Polkinghorn and
Tarbell 2007). Risk factors in MB include dissemination
(seeding of the cerebrospinal fluid occurs in one-third of
patients) and aggressive pathology (Finlay et al. 2007;
Polkinghorn and Tarbell 2007). Among pathological sub-
types, desmoplastic tumors (~25%) show round, pale
nodules and correlate with favorable outcome. Classic
tumors (~50%) are more uniformly cellular and undiffer-
entiated and suggest intermediate outcome. Large cell
anaplastic (LCA) tumors (~10%) consist of large, angu-
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lated cells with marked nuclear atypia and show the
poorest outcome (Eberhart and Burger 2003; McManamy
et al. 2003).

MB is thought to arise from stem cells or granule
progenitor cells of the cerebellum; in the latter case from
either sustained proliferation controlled by the Sonic
Hedgehog (SHH) pathway, or disruption of signals that
cause normal granule neurons to stop dividing (Grimmer
and Weiss 2008). The transcription factor Mathl directs
granule neuron precursors (GNPs) born in the fourth
ventricular zone to migrate and subsequently proliferate
in the external granular layer (EGL), a transient, cell-
dense structure that lines the surface of the fetal cerebel-
lum (Ben-Arie et al. 1997; Machold and Fishell 2005;
Wang et al. 2005). SHH is a morphogen secreted by large
Purkinje cells deep to the EGL. SHH and other signals
mediate proliferation and migration of GNPs into the
cerebellum, where they terminally differentiate and form
the internal granular layer (IGL). The initial clues impli-
cating SHH in MB arose from an inherited predisposition
syndrome. Patients with Gorlin syndrome were subse-
quently shown to have germline heterozygosity for
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PTCH]1, a key regulator of SHH signaling (Johnson et al.
1996). Approximately 25% of sporadic MB shows genetic
aberrations that drive SHH signaling (Raffel et al. 1997;
Eberhart and Burger 2003; Polkinghorn and Tarbell 2007).
SHH activation correlates with desmoplastic pathology
and favorable clinical outcome.

While signaling in SHH-driven MB has been well
characterized, pathways driving SHH-independent tumors
remain poorly understood. As some MB express markers
normally found in ventricular zone stem cells, these cells
could represent cells of origin for some MB tumors
(Eberhart 2007). Wnt signaling abnormalities were de-
scribed recently in ~15% of MB, corresponding to a mi-
nority of tumors with classic pathology and defining a
subset of patients with improved outcome (Clifford et al.
2006; Kool et al. 2008; Rogers et al. 2009). Few molecular
hallmarks and signaling abnormalities have been identi-
fied as drivers for the majority of aggressive tumors, which
show classic or LCA pathology. However, several recent
reports identified the transcription factor OTX2 to be
expressed prominently in classic MB (de Haas et al. 2006;
Kool et al. 2008; Adamson et al. 2009).

A number of observations suggest a role for the proto-
oncogene MYCN in the pathogenesis of MB. Amplifica-
tion of MYCN, a relatively rare event in MB, correlates
with poor outcome (Pfister et al. 2009). Shh promotes
the expression and post-transcriptional stabilization of
N-Myc in mice (Kenney et al. 2003; Thomas et al. 2009).
Brain-specific deletion of murine N-myc results in cere-
bellar dysplasia, suggesting that N-myc is critical to pro-
liferation in the developing cerebellum, and that other
myc family members cannot compensate for loss of N-myc
(Knoepfler et al. 2002). Experiments in genetically engi-
neered mice demonstrate that N-myc is required for MB
development (Hatton et al. 2006), suggesting that human
tumors could also arise, in part, through misexpression of
MYCN (Kenney et al. 2003; Oliver et al. 2003; Hatton et al.
2006; Kessler et al. 2009; Thomas et al. 2009). To date,
however, N-myc overexpression (alone or in combination
with Glil, IGF-II, or Bcl-2) has failed to initiate MB in any
experimental model (Browd et al. 2006; McCall et al. 2007).

Several genetically engineered models for MB have
been described, including models deleted for the Shh
pathway antagonist Ptch1 (Goodrich et al. 1997), or activat-
ing positive regulators of the Shh pathway (Goodrich et al.
1997, Hallahan et al. 2004; Rao et al. 2004; Uziel
et al. 2005; Browd et al. 2006; Mao et al. 2006; Hatton
et al. 2008; Schuller et al. 2008; Yang et al. 2008). Two
recent studies generated models of LCA MB, either
through spontaneous amplification of MYCN in tumors
arising through cooperation between MYC and B-catenin
(Momota et al. 2008), or by deleting the tumor suppressor
genes Rb and p53 (Shakhova et al. 2006). Although loss of
p53 accelerates formation of MB in Ptch1-deficient tumors
(Wetmore et al. 2001), mutation in p53 is uncommon in
human MB (Adesina et al. 1994). Expression of N-myc has
not been analyzed in the majority of models, although
expression of this gene has been documented in models
that have been examined (Lee et al. 2003; Shakhova et al.
2006).
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To clarify a role for MYCN in MB, we analyzed mRNA
profiles from human cerebella and MB tumors. MYCN
mRNA was essentially absent in normal adult cerebella,
but was expressed in both fetal cerebella and in the vast
majority of MB, suggesting that MYCN was misexpressed
in tumors. To determine whether MYCN contributes
functionally to the pathogenesis of MB, we targeted its
expression to the cerebella of transgenic mice. Transgenic
animals developed MB at high penetrance. Tumors
showed either classic or LCA pathologies, representative
of the majority of human MB. Analysis of the Shh
pathway and Mathl1 levels revealed that a minority of
tumors activated Shh and Math1. The majority of murine
MB, like their human counterparts, were wild type for
p53 and expressed the transcription factor Otx2. Tu-
mors showed a wide range of genomic instability, as
revealed by comparative genomic hybridization (CGH)
analysis. Both classic and LCA MBs could be trans-
planted serially, maintaining aggressive growth and
histopathology. Down-regulation of Mycn in the model
led to both clearance and senescence of tumor cells.
These results establish that MYCN contributes to the
initiation, progression, and maintenance of MB, and
suggest dysregulation of MYCN, observed commonly
in human tumors, as a contribution to pathogenesis.
Murine MB driven by MYCN models classic and LCA
MB tumors, generating a platform to dissect biology
and developmental therapeutics in these aggressive
subsets of MB.

Results

MYCN is expressed in the majority of human MB

We analyzed mRNA from 14 normal human cerebella
(nine fetal and five adult). Expression of MYCN was
uniformly high in fetal cerebella and essentially absent
in adult cerebella (Fig. 1A,B), consistent with a normal
role restricted to cerebellar development (Sawai et al.
1993; Knoepfler et al. 2002; Kenney et al. 2003; Oliver
et al. 2003; Hatton et al. 2006). Next, we analyzed 103
primary human MB tumors, demonstrating expression of
MYCN in the vast majority. Surprisingly, while all widely
used human MB cell lines tested expressed MYC (MYCC),
none expressed MYCN (Fig. 1A; Supplemental Fig. 1).
The absence of MYCN in D283Med, D425Med, DAQY,
MEB-Med8A, ONS76, RES262, and UW22.8 suggests that
these tumor-derived cell lines do not accurately recapit-
ulate an abnormality common to the majority of human
MBs.

Mean levels of MYCN mRNA in primary tumors were
equivalent to levels in fetal cerebella (Fig. 1B). To in-
vestigate the correlation of MYCN expression and SHH
activation, we also segregated tumors into SHH-driven
and SHH-independent groups using criteria described
previously (Kool et al. 2008; Northcott et al. 2009). Of
103 primary tumors, 33 showed elevated levels of SHH
signaling. On average, MYCN was highest in SHH-driven
tumors (Fig. 1C), consistent with MYCN as a target of
SHH signaling (Kenney et al. 2003; Oliver et al. 2003;
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Figure 1. Aberrant expression of MYCN is prominent in
human MB. (A) Expression analysis of 103 primary MB tumors
(MB Tumors), nine normal fetal cerebella (Fetal CB), five normal
adult cerebella (Adult CB), and seven MB cell lines (MB Cell
Lines) for MYCN obtained using Affymetrix exon arrays. MYCN
was expressed in all normal fetal cerebella and in >90% of
primary tumors, but not in normal adult cerebella or in tumor-
derived cell lines. (B,C) Results of A in box plot form and
quantified for SHH-driven versus SHH-independent tumors.
(Center line) Median; (red boxes) upper and lower quartiles;
(bars) range of nonoutliers; (circles outside the boxes) outliers.
(D) Quantitative real-time PCR analysis in a subset of 20
primary human MB tumors (selected randomly) using normal
cerebella as controls. Expression of MYCN was observed in the
vast majority of tumors, irrespective of pathology. The highest
levels of MYC expression were in tumors with low MYCN
expression. (C) Classic; (L) LCA; (D) desmoplastic.

Hatton et al. 2006). Importantly, SHH-independent tu-
mors showed mean levels of MYCN lower than those in
SHH-dependent tumors, but higher than levels in adult
cerebella.

We next performed quantitative real-time PCR
(qQRT-PCR) analysis on a subset of tumors (chosen ran-
domly from each tumor subtype, as described in Kool
et al. 2008; Northcott et al. 2009), both to verify array
results and to correlate levels of MYCN and MYC
with histological subtypes (Fig. 1D). This analysis again
demonstrated misexpression of MYCN in a majority of
tumors. While desmoplastic tumors on average showed
the highest level of MYCN, expression of MYCN was
not limited to this pathological subset. Three of five
tumors with low levels of MYCN expressed high levels
of MYC.

MYCN in medulloblastoma

MB arise in mice doubly transgenic for GIt1-tTA
(glutamate transporter 1-tetracycline transactivator)
and tetracycline response element (TRE)-MYCN/
luciferase (Luc) (GTML)

To clarify whether aberrant expression of MYCN could
contribute to pathogenesis, we used the Tet system
(Gossen and Bujard 1992) to generate transgenic mice
expressing both MYCN and firefly Luc from a bidirec-
tional operator (TML) (Fig. 2A). To target expression to
cerebellum, we generated mice transgenic for a tTA under
control of the mouse Gltl promoter. Gltl is expressed in
the developing posterior hindbrain from postnatal day 1
(P1) through adulthood in rodents (Furuta et al. 1997).
RT-PCR analysis of mouse organs from P14 Glt1-tTA
mice (seven founders, two examined with concordant
results) showed brain-specific expression of tTA, with
undetectable levels in kidney, intestine, liver, spleen, and
heart (Fig. 2B). We further characterized expression of tTA
in the brain by generating mice transgenic for Glt1-tTA
and for LacZ under control of the TRE (TRE-LacZ).
B-Galactosidase (B-gal) activity in the resulting Gltl-
tTA:TRE-LacZ mice (P60) was evident diffusely, but
was higher in cerebellum than in other brain regions
(Fig. 2C). GIlt1-tTA:TRE-LacZ mice were then treated
with doxycycline (dox) in order to monitor inactivation
of TRE promoter activity. Mice placed on dox chow for 1
wk (P60) showed substantial reduction of B-gal activity
(Fig. 2C).

We then generated mice that expressed both MYCN
and Luc from the bidirectional TRE (TML). Six founders
were generated in an FVB/NJ background. To determine
whether MYCN could initiate MB, we analyzed mice
doubly transgenic for GTML. All TML lines showed
brain-specific expression of Luc when crossed to mice
transgenic for Glt1-tTA, verified by in vivo imaging (data
not shown), and consistent with the basal low level of
Gltl observed diffusely in the brains of mice transgenic
for GIt1-tTA:TRE-LacZ (Fig. 2C). Two separate Glt1-tTA
founder lines were crossed with mice transgenic for TML
with concordant results. Cerebellar tumors were ob-
served in GTML mice from both Glt1-tTA founder lines.

A cohort of 30 Glt1-tTA mice was imaged at multiple
time points between P7 and P100 to establish baseline
values for Luc imaging. As expected, in the absence of
a Luc transgene, bioluminescent signals remained at
background levels (10° photons/cm?sec) (Fig. 2D,E). To
establish an upper threshold for Luc signal strength,
a cohort of 30 GTML mice with robust, increasing Luc
signals (>10% photons/cm?®sec) was followed from P30
until sacrifice due to tumor burden. A representative
mouse imaged at multiple time points is shown in Figure
2D, with tabulated results for the cohort displayed in
Figure 2E. Although variability existed in tumor pro-
gression times and age at sacrifice, Luc signal magnitudes
from tumors of moribund mice were tightly grouped at
approximately five orders of magnitude over background-
level luminescence (10'! photons/cm?sec), having pro-
gressed through approximately three orders of magnitude
(from 10® photons/cm®sec). All 30 mice in this cohort
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Figure 2. Targeting expression of MYCN to the hind-
brain gives rise to MB. (A) Expression of tTA protein
driven by the murine Gltl promoter. In the absence of
dox, tTA protein drives expression from a promoter
element, the TRE. Glt1-tTA mice were mated to mice
carrying either TRE-LacZ or TML transgenes. (B) RT-
PCR analysis of organs indicated from P14 Gltl-tTA
mice showed brain-specific expression of tTA with un-
detectable levels of tTA mRNA in kidney, intestine,
liver, spleen, and heart. (C) Glt1-tTA:TRE-LacZ mice
show strong B-gal staining in the brain, especially
cerebellum. Mice fed dox chow at P60 showed absence
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of LacZ activity. (D, panels 1-5) Luc imaging allows
robust detection of tumors in Glt1-tTA:TRE-MYCN/Luc
(GTML) mice. A single, representative GTML mouse is
depicted in panels 2-5. (E) Quantification of lumines-
cence intensities. In GTML P7 mice (GP7), signals from
the hindbrain (before tumors arise) were more than two
logs greater than the background levels observed in
Glt1-tTA mice (P7). At 30 d (GP30), 75 d (progressing
tumor), and 100 d (moribund) after birth, progression in
GTML mice was evidenced over approximately three
logs of dynamic range before sacrifice due to tumor
burden. (F) Survival data for GTML mice demonstrate
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progressed to a moribund state requiring sacrifice before
P200, demonstrating the utility of Luc imaging in detect-
ing progressing lesions in this model.

In order to assess latency and penetrance, we followed
50 doubly hemizygous GTML mice to P200. In this cohort,
overall survival was 80% at 100 d and 60% at 200 d (Fig.
2F). To assess a role for dosage of the TML transgene, we
next generated a second cohort of 35 mice homozygous for
the TML transgene and again followed tumor incidence to
P200. In these mice, overall survival fell to 50% at 100 d
and 25% after 200 d (Fig. 2F). The acceleration of tumor
progression by transgene dosage suggests that MYCN
contributes to malignant progression, and is reflective of
data from human cancer correlating high levels of MYCN
(in MYCN-amplified tumors) with aggressive disecase
(Brodeur et al. 1984; Seeger et al. 1985; Eberhart et al.
2004; Stearns et al. 2006; Pfister et al. 2009).

MYCN drives two distinct pathologies and promotes
metastases in murine MB

We analyzed 50 GTML animals sacrificed based on high
Luc signal (10! photons/cm?sec) and on clinical signs
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(poor grooming, weight loss, inactivity, circling, and
ataxia). Full necropsies revealed no tumors outside of
the craniospinal axis. CNS tumors in this cohort showed
histology evenly split between classic and LCA (Fig.
3A,B). Classic tumors consisted of cells with moderate
stromal content, low to intermediate vascularity, and
variable anaplasia (Fig. 3C). While the classic tumor cells
were similar in size to mature granule cells in the IGL,
LCA tumor cells were larger and exhibited high nuclear-
to-cytoplasmic ratios, polygonal cell morphology, and
high levels of anaplasia and invasion (Fig. 3D). To char-
acterize neuronal and glial differentiation, we stained
tumors of both histologies for the glial marker glial
fibrillary acidic protein (GFAP) and for the neuronal
markers synaptophysin and NeuN. A population of cells
in both LCA and classic tumors were highly immunore-
active for the astrocytic marker GFAP. Both LCA and
classic MB were negative for NeuN and showed moderate
expression of synaptophysin, suggesting a low level of
differentiation (Supplemental Fig. 2).

Leptomeningeal spread of MB cells through the cere-
brospinal fluid and down the spine (so-called drop metas-
tasis) occurs in patients with advanced disease and
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Figure 3. GTML tumors represent two distinct, aggressive MB
histologies. (A) Tumor cells of classic histology (black arrow-
head) were similar in size to mature granule cells in the IGL
(white arrowhead). (B) When compared with classic tumors,
LCA tumors exhibited increased nuclear-to-cytoplasmic ratios
(black arrowhead), polygonal cell morphology (white arrow-
head), and high levels of anaplasia. Invasion was prominent in
LCA tumors, with disruption of molecular layer, Purkinje layer,
and IGL (ML, PL, and IGL respectively; black arrows). (C) Inset
from A shows detail of small, round, blue cells of the classic
histology. (D) Inset from B shows detail of large, angular,
pleiomorphic LCA cells. (E,F) Immunohistochemical staining
for the proliferative marker Ki67 shows strong staining in both
classic and LCA GTML tumors, suggesting aggressive tumor
growth. (G,H) Immunohistochemical staining for the marker of
apoptosis, cleaved Caspase-3 (Cl-Caspase-3), shows positive stain-
ing in both classic and LCA GTML tumors, respectively. All
pictures except inset (1000X) are shown at 400X magnification.

correlates with poor prognosis (Hsieh et al. 2008). To
determine whether this biology was recapitulated in the
GTML model, we screened 100 mice with established
primary tumors (>5 X 10° photons/cm?sec by Luc imag-
ing) and found 15 mice with elevated spinal Luc signals
(>108 photons/cm?sec). Background luminescence from
the proximal cranial tumors tended to obscure spinal Luc

MYCN in medulloblastoma

signals. Our inability to fully shield this cranial signal
therefore limited precise measurement of the much
weaker spinal signal. To compensate for this, we decal-
cified spinal bone and examined spinal and paraspinal
tissues pathologically. Two of 15 animals showed dissem-
inated tumor in the lumbrosacral region, partially encas-
ing nerve roots in the subarachnoid spaces adjacent to the
spinal cord (Supplemental Fig. 3). Spinal metastases were
discontinuous with primary tumors, suggesting leptome-
ningeal spread through cerebrospinal fluid (analogous to
that seen in children with drop metastases). Histology
among this limited sample of metastatic tumors corre-
sponded to that of the primary tumors (Supplemental Fig.
3). Thus, targeted expression of MYCN in GTML mice
can recapitulate leptomeningeal spread, a characteristic
feature of malignant progression observed in human MB.

Down-regulation of MYCN leads to cell cycle arrest
and senescence

To address a role for MYCN in initiation of MB, we blocked
expression of MYCN in newborn mice, placing a cohort of
20 GTML mice on dox treatment from P1. Dox was then
withdrawn at P30, and mice were serially imaged through
P200. All mice survived through P200. Baseline Luc signals
did not change over time, and no tumors were observed
upon subsequent necropsy (data not shown). These data
suggest that MYCN contributes to the initiation of MB in
GTML mice, and that a window of vulnerability for
development of MB exists from birth through P30.

To characterize a role for MYCN in maintenance,
a second cohort of 20 adult GTML mice with large,
established tumors (>5 X 10° photons/cm?sec) was placed
on dox treatment. All mice again survived through 200 d
of treatment, suggesting that maintenance of tumors
requires ongoing expression of MYCN. Dox treatment
resulted in a 1000-fold drop in Luc signal intensity by 7 d
(Fig. 4A,B). To verify that TRE-driven expression of
MYCN was also abrogated, we analyzed cerebellar lysates
from six mice treated with dox for 7 d. Mycn protein
levels were reduced substantially on immunoblot, with
decreased levels of cyclin D1 (Fig. 4C).

GTML tumors have rather high levels of intrinsic
apoptosis, as shown when staining for cleaved Caspase-3
(Fig. 4D). After acute dox treatment (6 h after i.p. injections
of dox), fewer apoptotic cells were found (Fig. 4F), and
several cells close to the blood vessels entered senescence
(as compared with mock-treated GTML control tumors)
(Fig. 4E,G; Supplemental Fig. 4A). Regions around the
senescent cells also appeared necrotic (Supplemental Fig.
4B). At P7, neither markers of proliferation (PCNA and
Ki67)nor apoptosis (cleaved Caspase-3) were evident in the
remaining tumor mass (Fig. 4H; Supplemental Fig. 4C,D).
However, levels of senescence were still highly elevated
(Fig. 41I). These data suggest that Mycn drives both pro-
liferation and apoptosis in murine MB. Subsequent with-
drawal of Mycn leads to clearance of tumor regions in
which apoptosis was initiated (positive for cleaved Cas-
pase-3), with senescence of the remaining nonapoptotic
regions.
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To analyze the fate of these senescent regions over
time, we treated three animals with dox for 30 d, and then
followed them for 80 additional days off dox. All showed
evidence of prior regressed tumor (Fig. 4],K) and stained
negatively for NeuN and other markers of differentiation
(Supplemental Fig. 4E,F). The cells remaining in these
long-term dox-treated tumors showed no signs of mitosis
or apoptosis, whereas a few scattered senescent cells were
evident (Fig. 4],K; Supplemental Fig. 4G,H). Residual
tumor was not evident elsewhere in the brain.

GTML tumors are Shh-independent and show a classic
MB profile

We used qRT-PCR analysis to compare levels of MYCN
mRNA in 20 GTML tumors, with levels in both Math1-
driven SmoM2 mutant murine MB (Schuller et al. 2008)
and in normal cerebellum. The human MYCN transgene
was expressed in the developing cerebellum (P7) of GTML
mice (Fig. 5A), as predicted from Luc signals (Fig. 2E).
Nineteen out of 20 tumors had levels of MYCN increased
beyond that observed in GTML cerebella at P7 (six of
which, GTML-T1-6, are shown in Fig. 5A). The remain-
ing tumor had levels comparable with P7 GTML cere-
bella (GTML-T7) (Fig. 5A). As expected, the Math1-driven
SmoM2 tumor showed elevated levels of endogenous
N-myc (Fig. 5A). These data are consistent with observa-
tions that Smo/Shh signaling leads to increased levels of
N-myc (Kenney et al. 2003; Oliver et al. 2003). However,
levels of endogenous N-Myc in GTML-T7 were even
higher than that of SmoM?2 (Supplemental Fig. 5A). To
characterize this tumor, we demonstrated decreased
expression of Ptch1, a negative regulator of Shh signaling,
in the Shh-dependent GTML-T7 tumor (Supplemental

1064 GENES & DEVELOPMENT

Figure 4. GTML tumors require sustained
expression of MYCN. (A) Administration of
dox chow for a week (DO-D7) to GTML mice
with established tumors decreased Luc signal
intensity to near background levels in two
representative mice. (B) Quantified lumines-
cence demonstrated a three-log decrease in
cerebellar Luc signal intensity after 7 d on
dox. (C) Western blot analysis of GTML tumors
treated with dox for 7 d shows reduced levels of
Myecn protein and cyclin D1. A representative
untreated GTML tumor shows moderate apo-
ptosis by cleaved Caspase-3 staining (D) and
no senescent cells, as shown by senescence-
associated B-galactosidase (SA-B-gal) staining (E).
(F,G) Acute dox treatment after i.p. injections of
dox (6h Dox) leads to a reduction of apoptotic
cells but an increase of senescent cells, as
indicated. (H,I) A representative GTML mouse
after 7 d of dox (7d Dox) shows no apoptosis
but several senescent cells, respectively. (J,K) A
mouse with a large tumor treated for 30 d with
dox and for 80 d without dox (30d Dox + 80d)
presents no apoptotic cells and a few scattered
senescent cells in tumor remains, respectively.
Shown in 400X magnification.

Fig. 5B). This result potentially explains the increase in
endogenous expression of N-Myc found in this tumor, as
Ptch1 loss is correlated with increased levels of N-myc
(Kenney et al. 2003; Oliver et al. 2003; Hatton et al.
2006).

To clarify the human MB subtype represented by
GTML tumors, we analyzed expression of the EGL
marker Mathl and the Shh-target GIlil, both of which
are typically elevated in SHH-driven desmoplastic hu-
man tumors. Levels of Mathl and GIil were comparable
in the majority of GTML tumors (19 of 20, as shown by
GTML-T1-6) (Fig. 5B) and were similar in GTML and
wild-type cerebella at P7. As expected, elevated expres-
sion of Math1 and Gli1 was observed in P7 cerebella from
both control and GTML mice, with comparable levels
found in the Shh-driven SmoM2 tumor and in the GTML-
T7 tumor (Fig. 5B). Collectively, these findings demon-
strate that Shh activation is an infrequent event in
GTML-driven MB tumors, with targeted expression of
MYCN in GTML leading to Shh-driven tumors in only
5% of the cohort analyzed.

To further characterize this set of tumors, we next
studied expression of Otx2, which is commonly and
specifically expressed in nondesmoplastic MB (Adamson
et al. 2009). As expected, Otx2 levels were elevated in all
tumors except for the Shh-driven SmoM2 and GTML-T7
tumors. We next analyzed Otx2 protein levels using
immunohistochemistry (IHC). Shh-negative tumors
GTML-T1-6 stained positively for Otx2, whereas the
Shh-driven GTML7 tumors showed low Otx2 protein
levels (Fig. 5C,D). To verify that MYCN expression was
functional and could appropriately up-regulate expression
of known downstream targets, we analyzed three known
Myecn-targets:Odc1, Mdm?2, and Fbl (Coller et al. 2000;
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Figure 5. Expression analysis of GTML tumors generally de-
scribing a classic MB profile. (A) Expression analysis by qRT-
PCR detecting both N-Myc (endogenous murine promoter) and
transgene level (MYCN) in seven GTML tumors (GTML-T1-7),
one Mathl-SmoM2 tumor (SmoM2), and controls of cerebella
from normal (E16, P7, and P30) and GTML (GP7) mice. Normal
controls are presented in green bars, GP7 is shown in blue, Shh™
tumors (GTML-T1-6) are indicated in light red, and Shh™ tumors
(GTML-T7 and SmoM2) are presented in dark red. (B) Expres-
sion analysis by qRT-PCR for markers of Shh activation (GIli1),
granule cell precursor lineage (Math1), and nondesmoplastic MB
(Otx2). (C,D). IHC showing elevated Otx2 protein expression in
the GTML-T1 tumor, but no (or low) expression in the GTML~
T7 tumor, respectively (400X magnification). (E) Up-regulated
expression of N-Myc-target genes Odcl, Mdm?2, and Fbl (>1) in
almost all tumors generally correlating with levels of MYCN.
The expression levels are all relative to expression of total RNA
prepared from normal adult (P60) cerebellum, and data are
representative of two experiments performed in triplicate and
normalized to Gapdh.

Slack et al. 2005; Hogarty et al. 2008). All three were up-
regulated in GTML tumors compared with controls (Fig.
5E), with Mdm?2 in particular expressed to high levels in
P7 GTML cerebella. The mRNA levels of all three genes
generally correlated with levels of MYCN in the GTML
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tumors. Since synaptophysin levels are typically higher in
Shh-independent than in Shh-driven tumors (Buhren et al.
2000), we next verified higher levels of synaptophysin
in Shh-independent GTML-T1-6 tumors compared with
Shh-driven GTML-T7 and SmoM2 tumors (Supplemental
Fig. 5C). Finally, and as compared with GTML-T1-6, we
saw a higher protein expression of NeuN in the GTML-T7
case (Supplemental Fig. 5D,E), which also correlates with
a desmoplastic subtype reported in human MB (Preusser
et al. 2006).

EGL cells in GTML mice are normal, and GTML
tumors can be transplanted

To understand the cellular response to misexpression of
MYCN during cerebellar development, we sectioned the
cerebella of three GTML mice and wild-type controls at
P7. Levels of apoptosis were comparable in GTML and
control cerebella (Supplemental Fig. 5F,G). Neither dys-
plastic nor early neoplastic lesions were observed in
the EGL at this time point (Fig. 6A,B). We next isolated
EGL cells from the cerebella of mice hemizygous or
homozygous for GTML (n = 3 for each group) using
percoll gradient centrifugation, followed by culture on
poly-D-lysine-coated plates (serum-free conditions with
10 ng/mL Shh-N). Proliferation and survival of GTML
cells, monitored for 7-10 d, were identical to P7 wild-type
EGL culture controls (Fig. 6C). Lastly, we demonstrated
that GTML tumors were transplantable and therefore
contained true tumor-initiating/propagating cells. We
isolated classic and LCA tumor cells and transfected 10*
cells separately into the cerebella of adult nude mice.
Recipient mice became symptomatic at 60-70 d post-
transplantation (Fig. 6B) with engrafted tumors retaining
both the appropriate classic or LCA pathology (Fig. 6D,E)
and expression of Luc (Fig. 6F,G). These data also suggest
that transplanted tumor cells sustained expression of the
TML transgene (Fig. 2A), enabling monitoring of bio-
luminescence when grafted in vivo (data not shown).

Genomic instability in MYCN-driven murine MB

We performed metaphase fluorescence in situ hybridiza-
tion (FISH) using labeled probes for the two transgenes.
The GIt1-tTA transgene mapped to chromosome 3, and
the TML transgene mapped to chromosome 5 (Fig. 7A,B;
Supplemental Fig. 6).

To examine chromosomal copy number changes, we
analyzed 13 GTML tumors by bacterial artificial chro-
mosome (BAC) array-based CGH. Both whole- and sub-
chromosomal copy number abnormalities (CNAs) were
observed, suggesting (in concert with focal tumors found
on pathology) that tumors resulted from progressive
accumulation of genetic lesions, rather than from broad
transformation of cerebellar tissue, as typically observed
in Shh-driven murine models. Representative CGH plots
from five tumors, as well as frequency analyses of 13
tumors, are shown (Fig. 7C; Supplemental Fig. 7A-E).
Several recurrent CNAs were observed across multiple
tumors, suggesting clonal selection and expansion of
tumor cells harboring these CNAs. Tumors commonly
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Figure 6. EGL cell proliferation is normal in GTML mice, and
GTML tumors are transplantable. The width of the EGL in the
cerebellum of a P7 wild-type (wt) mouse (A) is not different from
the EGL in a P7 GTML mouse (B). EGL cells are visualized here
with hematoxylin (blue), and non-EGL cells are stained with
Sox9 (brown) that is positive in ependymal and glial cells.
Choroid plexus is cut away to the right of the pictures. (C)
Fluorescence from an EGL cell proliferation assay (CyQUANT)
showing the calculated cell number (per 96 wells) at days 1, 3, 5,
and 7 after representative outgrowth from two wild-type control
mice, one GTML hemizygous mouse, and one GTML doubly
homozygous mouse (from quadruplicate measures). (D,E) Clas-
sic and LCA GTML tumors retain their classic and LCA
histopathology (stained with H&E) after transplantation, re-
spectively. Inset shows tumors (darker) on the right in brain of
hosts. (F,G) Tumors are positive for transgenic Luc, as shown
using an antibody directed against the Luc protein, in respective
samples. All pictures except inset (40X) are shown at 400X
magnification.

showed gain of chromosomes 1 and 8, as well as loss of
chromosomes 10 and 13. Cluster analysis suggested that
gain of chromosome 1 was frequently associated with
other CNAs, most notably loss of chromosome 10 (Sup-
plemental Fig. 7F).

To identify additional genetic events in these tumors,
we sequenced all exons of Trp53 from the Shh-driven
tumor (GTML7) as well as Shh-independent classic tu-
mors (n = 2) and LCA tumors (n = 3). No mutations were
identified in Trp53 (data not shown). To verify this result,
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and since elevated levels of p53 typically result from p53
mutation, we also analyzed six tumors and matched
somatic control tissues for expression of p53 and Arf
proteins, with no differences noted on IHC staining (data
not shown). The findings suggest that p53 is functional in
the GTML model, and that mutation in p53 is unlikely to
contribute to tumor development.

Rare tumors showed subchromosomal gains or losses
by array CGH. Two clones on chromosome 5, mapping
35 Mb apart, showed increased copy number in >50% of
tumor samples. In both cases, BAC clones within this
35-Mb interval did not show consistent gain, suggesting
that the gains observed in these regions represent distinct
events. The frequent gain of one but not both of these
regions could potentially be explained by amplification of
TML. The proximal clone on chromosome 5 at 36.7 Mb
(RP23-118A15) showed high-level amplification in a sub-
set of tumors (example shown in Fig. 7D,E). To identify
endogenous genes in this small amplicon that may
contribute to selection for localized amplification, we
analyzed expression of the 25 RefSeq genes mapping
between the flanking clones in a database of human
MB (Northcott et al. 2009). Among these, LYAR (Ly-1
antibody-reactive clone) showed elevated expression in
human primary tumors and cell lines, compared with
normal cerebella (Fig. 7F).

To determine whether Lyar might also play a role in
GTML tumors, we used real-time PCR to analyze expres-
sion of Lyar and other candidate genes in the tumor with
the highest amplification of chromosome 5 (GTML-TS)
(Fig. 7D,E) and in seven GTML tumors profiled previously
(Fig. 5). Lyar was up-regulated prominently in seven of
nine GTML tumors (Fig. 7G). Lyar was also up-regulated
to a lesser extent in preneoplastic cerebella from GTML
mice (P7) as compared with controls (Fig. 7G), whereas
two other gene candidates in the amplicon, Drd5 and
Slc2a9, were not differentially expressed (Supplemental
Fig. 7G,H). The relative expression of LYAR was highest
in GTML-TS, the tumor harboring the subchromosomal
gain on chromosome 5. Expression levels of Drd5 and
Slc2a9 were also elevated in GTML-T8 (Supplemental
Fig. 7G,H), although expression of these genes was not
increased in other GTML tumors (data not shown). These
data suggest (1) a possible role for LYAR in Mycn signaling
and MB biology, and (2) utility of the GTML model to
identify candidate genes in MB.

Discussion

To address a role for MYCN in MB, we analyzed expres-
sion in human cerebella and in MB tumors. In support of
an embryonal origin for MB, and consistent with data
generated by others (Eberhart et al. 2004), MYCN was
expressed in human fetal but not adult cerebella. Since
expression of MYCN was essentially absent after cerebel-
lar development, we conclude that the elevated levels
of expression observed in the vast majority of human
MB tumors (Fig. 1) represent misexpression of MYCN
(Pomeroy et al. 2002; Eberhart et al. 2004; Gajjar et al.
2004; Gilbertson 2004).
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Figure 7. Genomic instability and Shh independence in
GTML tumors. (A) Spectral karyotyping (SKY) and FISH
in metaphase of a doubly hemizygous GTML mouse.
The red arrow indicates hybridization of the TML probe
(red) on chromosome 5. The green arrow indicates
hybridization of the Gltl-tTA probe (Gltl; green) on
chromosome 3. (B) Chromosomes shown in SKY display
colors with chromosomes 3 and 5 indicated (the color
scheme for all chromosomes is presented in Supplemen-
tal Fig. 6A). (C) Frequency plot of genomic changes in
GTML tumors by array CGH. Tumors showed gains at
chromosomes 1 and 11q and losses at chromosome 13
(syntenic with human chromosomes 6, 17q, and 1q, re-

spectively), three sites frequently altered in human poor-
risk MB. (D,E) CGH analysis for one tumor, GTML-TS,
showed a subchromosomal amplification (36.7 Mb) on
mouse chromosome 5. (F) Box plots showing human

\ LYAR expression levels in MB samples and controls (as
‘ described in Fig. 1). (G) Expression analysis by qRT-PCR
detecting the candidate gene Lyar in mice using previous
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in light-red bars.
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To test whether misexpression of MYCN could initiate
MB, we targeted expression of MYCN to the cerebellum
under the control of the Tet system. Tumors arising in
this model showed distinct classic or LCA pathologies,
both of which are correlated with unfavorable outcome
clinically, and are poorly represented in current geneti-
cally engineered murine models of MB. LCA and classic
tumors together account for the majority of human
tumors, including the most aggressive subset (Eberhart
and Burger 2003), and arose in GTML mice at equal
incidence. A minority of mice with advanced GTML
tumors displayed leptomeningeal spread and metastases
to spine, hallmarks of advanced human disease. Taken
together, these results suggest that MYCN-driven MB
tumors in mice recapitulate both histological and bi-
ological features observed in human MB.

SRS
RS

Low-level copy gain of MYCN and MYC (twofold to
fivefold using FISH) occurs commonly in both desmo-
plastic and classic MB (Takei et al. 2009). Genomic
amplifications of MYCN and MYC are relatively infre-
quent in these subtypes; however, both amplicons have
been linked to anaplasia in human MB (Brown et al. 2000;
Leonard et al. 2001; Aldosari et al. 2002; Eberhart et al.
2002), with overexpression of MYC driving anaplasia in
xenograft models (Stearns et al. 2006), and through co-
operation with B-catenin in a genetically engineered
model (Momota et al. 2008). Could misexpression of
MYCN be linked to all pathologies of human MB? Our
data are consistent with a model in which classic and LCA
tumors form a continuum, with MYCN contributing to
both pathologies. Since a majority of MB tumors mis-
express MYCN, it is possible that low-level expression of
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MYCN serves as an initiating event in this embryonal
tumor, with subsequent amplification or high-level ex-
pression of MYCN (or MYC) and/or the acquisition of
mutations in additional genes driving LCA pathology.

The GItl promoter used to drive MYCN is not nor-
mally expressed in EGL progenitor cells (Furuta et al.
1997), the likely cells of origin for desmoplastic MB. Glt1
is a sodium-dependent transporter that regulates the
levels of the excitatory neurotransmitter glutamate in
CNS (Tanaka et al. 1997). Interestingly, GIt1 has also been
identified as one of many genes up-regulated in classic
MB (Pomeroy et al. 2002). Consistent with a non-EGL
origin, most GTML tumors were negative for the EGL
marker Mathl and positive for the classic pathology
marker Otx2. In addition, EGL cells derived from GTML
animals failed to show a growth advantage in culture.
Collectively, these observations suggest a non-EGL origin
for the majority of GTML tumors.

Several chromosomal changes occur in regions syn-
tenic to those altered in human tumors, suggesting that
GTML tumors mirror some genetic features of human
MB. Tumors in GTML mice showed a range of copy
number aberrations by CGH. Genomic gain of chromo-
some arm 17q is among the most frequent chromosomal
abnormalities in MB, and correlates with poor prognosis
(Pfister et al. 2009). Regions of human 17q are syntenic
with mouse chromosome 11 and showed frequent gains
in GTML mice (Fig. 7C). Loss of 1q occurs in 20%-40% of
human MB (Kraus et al. 1996), and shows synteny with
corresponding losses on chromosome 13 also observed
commonly in GTML mice. Gain of human chromosome
6q is associated with poor prognosis, and is syntenic with
a frequent gain in GTML mice, on chromosome 1.

Shh-driven tumors from Ptch1*/~ mice have demon-
strated relatively little genomic instability beyond the loss
of heterozygosity at Ptchl (Zindy et al. 2007). However,
mice doubly mutant at Ptchl and p18Ink4c (a Cdk in-
hibitor) developed MB with considerable genomic instabil-
ity, and with frequent trisomy of chromosomes 6 and 14
(Zindy et al. 2007). Gains of chromosomes 6 and 14 are
relatively rare in GTML tumors (Fig. 7C), suggesting that
GTML tumors select for secondary genomic events distinct
from those observed in Ptch1/p18Ink4c knockout mice.

Lyar was identified as up-regulated among 30 genes in
a small amplicon present in 50% of tumors examined by
CGH. Lyar is a nucleolar protein with zinc finger motifs
that was initially isolated from a mouse T-cell leukemia
line (Su et al. 1993). LYAR was oncogenic in NIH3T3
fibroblasts (Su et al. 1993), and was shown recently to
regulate self-renewal and differentiation of embryonal
stem cells (Li et al. 2009). The LYAR gene was overex-
pressed in both human MB and in murine GTML tumors,
and was elevated specifically in MYCN-driven GTML P7
cerebella compared with MYCN-independent wild-type
P7 cerebellar controls. FISH analysis showed that TRE-
MYCN transgene integration was localized to chromo-
some 5. Transgene amplification has been reported as
a selection advantage during tumor progression in other
models, including a neuroblastoma model driven by
a MYCN transgene (Hackett et al. 2003). Although
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expression of LYAR was also increased significantly in
human MB, we cannot exclude the TML transgene as the
target of this CNA.

In line with human data showing that mutation in p53
is rare in MB (Adesina et al. 1994), sequencing of p53 in
the GTML tumors revealed no mutations. In contrast,
distinct genomic CNAs were common in GTML tumors,
which suggests that secondary genetic events contribute
to tumor formation. These observations imply that MYCN
is necessary but not sufficient to drive MB in the mouse,
a result aligned with that of Fults and coworkers (Browd
et al. 2006), who modeled MB by injecting retroviruses
into a small field of cerebellar progenitor cells in vivo
and established that N-myc could cooperate with Shh in
driving MB. However, N-myc could not by itself drive
tumor formation (Browd et al. 2006); and no tumors were
generated even when ectopically expressing a mutationally
stabilized form of N-myc, alone or in combination with
the anti-apoptotic protein Bcl-2 (Browd et al. 2006; McCall
et al. 2007). Similarly, in our experiments, misexpression
of a MYCN transgene in a larger field of cells led to MB
tumors only through acquisition of secondary genetic
abnormalities. Importantly, and consistent with previous
studies (Browd et al. 2006; Kessler et al. 2009; Thomas
et al. 2009), in the single Shh-dependent tumor identified,
Ptchl1 (a negative regulator of Shh) was expressed at very
low levels, suggesting that loss of Ptchl cooperated with
MYCN to initiate rare GTML tumors driven by Shh.

Our results suggest a pleiotropic role for MYCN in the
initiation, progression, and maintenance of MB. MYCN is
misexpressed in the majority of human MB. Targeted
expression of MYCN can induce both classic and LCA
pathology in genetically engineered mice. Interestingly,
we observed apoptosis at baseline in GTML tumors,
an event commonly associated with transformation by
Myc family genes (Evan et al. 1992; Nesbit et al. 1998).
Withdrawal of Mycn led to senescence of tumor cells,
a result aligned with clinical observations demonstrating
both quiescence and differentiation in human MB after
therapy (Kane and Aronson 1967; Kudo et al. 1990; Cai
et al. 2000). The GTML mouse provides an ideal system
in which to investigate high-risk subclasses of human
MB. Furthermore, the use of Luc as a surrogate of tumor
burden and the ability to modulate MYCN expression
using dox makes this model amenable to studies of
developmental therapeutics and oncogene dependence.

Materials and methods

Generation of transgenic mice

To generate Gltl-tTA mice, we used a 13-kb genomic Notl
fragment of murine Glt1 containing ~10 kb of promoter, the first
exon, and part of the first intron. We introduced a unique Fsel
site upstream of the mapped transcription initiation site for Gltl,
and subcloned the tTA gene with polyA/transcription termina-
tor sequence into this site. We used a linearized NotI fragment
for transgene production, generating five founders. Two of these
showed identical expression of LacZ (Fig. 2) when crossed to
TRE-LacZ animals. The TML construct was generated using
apBl expression vector (Clontech, Inc.) containing a bidirectional



TRE (Gossen and Bujard 1992), by cloning 2 kb of the pGL3 Luc
coding sequence (Promega, Inc.) into MCS-II. Then, 1.6 kb of
sequence encompassing the human MYCN cDNA (NM_005378)
was inserted into MCS-I. Correct tTA-driven expression of the
TML construct was verified by transient cotransfection into
cultured cell lines using CMV-driven constructs expressing either
rtTA or tTA transactivators, immunoblotting for Mycn protein
expression, and assessing Luc expression by Luc bioimaging of the
culture plates. The primers used for PCR were GLT1-tTA (sense,
GGACAACAGAAAAGGGACAACG; antisense, AACATCTCA
ATGGCTAAGGCGTC)and MYCN (sense, TCATCCTCCAGGA
CTGCATGTG,; antisense, CTTCATCATCTGAATCGCTCAGG).
In addition, a TagMan assay was performed using a TagMan
Gene Expression Master Mix (according to Applied Biosystem'’s
guidelines) in order to monitor transgene copy number levels
from genomic DNA generated from mouse tails. The primers
and probes used were directed to MYCN (Hs00232074_m1;
Applied Biosystems) and to tTA (as designed by Applied Biosys-
tems). Obtained expression data were normalized to B-Actin using
primers Actb (MmO00607939_s1; Applied Biosystems). All mouse
experiments were approved by and performed according to the
guidelines of the Institutional Animal Care and Use Committee
of the University of California at San Francisco.

Dox treatment

Dox was administered in mouse chow at 200 mg/kg (Bio-Serve)
without other food sources. For studies of transgene inactivation,
mice were fed dox chow for 7 d prior to sacrifice or injected i.p.
with 15 mg/kg dox (Sigma) for acute (6 h) dox treatments. For
tumor initiation studies, mice were fed dox chow from P1 to P30.
For intervention studies, mice with Luc-positive tumors were
fed dox chow for >200 d.

Luc imaging

Mice were injected with 75 mg/kg sodium luciferin (LUCNA;
Gold Biotechnology) in saline prior to imaging in the IVIS
Lumina (Caliper Life Sciences) using Living Image 2.5 software
(Caliper Life Sciences). Circular regions of interest (ROI) were
drawn around cranial signals, and mean values of photons/cm?sec
were recorded. Error bars on Luc signal magnitudes represent *+1
standard deviation.

Expression analysis of MYC and MYCN in human MB

Trizol-extracted total RNA isolated from 103 primary human
MB was converted to cDNA prior to qRT-PCR (Northcott et al.
2009). Quantitative PCR for MYCC (sense, AGAGTCTGGATC
ACCTTCTGCT; antisense, ACACTGTCCAACTTGACCCTCT)
and MYCN (sense, ATCCACCAGCAGCACAACTAT; antisense,
TGTCCTCCGAGTCAGAGTTTC) was performed using Plati-
num SYBR Green qPCR SuperMix (Invitrogen) on an ABI Step-
OnePlus Real-Time PCR system. Expression of MYC and MYCN
was determined using the Ct method by normalizing to ACTB and
calibrating expression relative to pooled (n = 5) normal adult human
cerebellum (Biochain). Statistical significance of differential MYC
and MYCN expression in the unique MB subgroups was determined
using one-way ANOVA. Affymetrix exon arrays were hybridized
and processed, and were divided into SHH-dependent and SHH-
independent subgroups as described (Northcott et al. 2009).

Real-time PCR gene expression analysis in GTML mice

GTML tumors were collected, flash-frozen in 2-methyl butane
(Sigma), and homogenized in Trizol solution (Invitrogen), and
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total RNA was prepared according to the manufacturer’s pro-
tocol (Invitrogen). Total RNA was similarly prepared from
samples P60, P30, P7, and E16.5 (abbreviated to E16 everywhere
in the text and figures) isolated from total cerebellum from
mice aged as indicated. Sample GP7 was total cerebellum
isolated from a 7-d-old GTML hemizygote mouse. Cerebellum
(with choroid plexus) from all ages was removed carefully and
did not include any spinal cord or midbrain tissue. Real-time
PCR was carried out on a 7900HT Fast Real-Time PCR system
(Applied Biosystems) or a Stratagene Mx3005P (Stratagene)
using SYBR Green and analyzed as described in Johansson
et al. (2005). The primer sequences are presented in the Supple-
mental Material.

IHC

Samples were prepared as described previously (Johansson et al.
2005; Chesler et al. 2006) using the following antibodies: Ki67
(1:200; M7249; Dako), Ki67 (1:100; NB600-1252; Novus Biolog-
icals), cleaved Caspase-3 (1:200; 9661; Cell Signaling Technol-
ogy), Synaptophysin (1:200; N1566; Dako), GFAP (1:200; Z0334;
Dako), Otx2 (1:500; AB9566; Chemicon International), Sox9
(1:500; AB5535; Millipore), NeuN (1:500; MAB377; Millipore),
p53 (1:500; CM5; Vector Laboratories, Inc.), and Luc (1:1000;
L2164; Sigma-Aldrich).

LacZ staining and SA-B-gal staining

Mice at P60 were perfused with 2% paraformaldehyde and 0.2%
glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.4), and
brains were post-fixed in the same solution (for 4 h at 4°C) with
shaking. Fifty-micromolar sections were prepared on a vibra-
tome, washed three times for 30 min in 100 mM sodium
phosphate buffer (pH 7.4), 17 mM MgCl,, 0.01% NaDOC, and
0.02% Nonidet-P-40; and stained in 100 mM sodium phosphate
buffer (pH 7.4), 5 mM K3Fe(CN)s, 5 mM K Fe(CN)s, 2 mM
MgCl,, and 1 mg/mL 5-bromo-4-chloro-3-indolyl-d-galactoside
(X-gal). Senescence was detected on 16-pm free-floating or 6-um
frozen sections fixed and stained using a Senescence B-Galacto-
sidase Staining Kit according to the manufacturer’s instructions
(Cell Signaling Technology).

Western blot analysis

Tumors were homogenized, samples were prepared, and Western
blots were developed as described previously (Chesler et al.
2006). The antisera used included Myen (1:500; NCM-II-100;
AbCam), polyclonal rabbit antisera to Cyclin D1 (1:200; sc-718;
Santa Cruz Biotechnologies), and B-tubulin (1:3000; 05-661;
Upstate Biotechnologies).

EGL cell proliferation assay

EGL cells were isolated from wild-type, doubly hemizygous,
and homozygous GTML mice at P7. Briefly, the cerebellum
(with choroid plexus) was removed, dissociated, and incubated
(37°C) for 20 min in activated papain (10 U/mL; Worthington) in
Hanks’ Balanced Salt Solution without Ca/Mg salts (D-HBSS;
obtained from the UCSF Cell Culture Facility) containing 200
pg/mL L-cysteine and 250 U/mL DNase (Sigma). Larger cerebel-
lar cells were removed using a percoll gradient 35%-60% as
described previously (Uziel et al. 2005). Purified EGL cells
were cultured in 96-well plates (10* cells per well) coated with
poly-D-lysine (100 pg/mL; Millipore) and growth factor-reduced
BD Matrigel Matrix (diluted 1:60; BD Biosciences), and were
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cultured in serum-free Neurobasal medium with N2 and B27
supplement, sodium pyruvate, L-glutamine, and penicillin/
streptomycin (all from GIBCO). IHC of GFAP showed that glial
cells accounted for <10% of cells in the cultures. After addition
of 10 ng/mL Shh-N (R&D Systems), cells were counted (in
quadruplicates) after 1, 3, 5, and 7 d using a CyQUANT NF Cell
Proliferation Assay Kit (according to the manufacturer’s instruc-
tions; Invitrogen) in a Synergy2 microplate reader (BioTek).

Tumor isolation and transplantation

GTML tumor cells were removed from tumor lesions and
digested in papain as described above. The remaining tumors
were put in 10% PFA and analyzed for pathology after H&E
staining (performed by the UCSF Pathology Core). Cells were
resuspended in Neurobasal media (with supplements as above
and 20 ng/mL EGF and 20 ng/mL FGF) and cultured overnight.
After cells were recovered, spun down, and digested for 10 min
(37°C) in Accutase (Worthington), cells were counted using
a hemocytometer and diluted in cold PBS. Six-week-old to
8-wk-old athymic nude mutant mice were anesthetized using
100 mg/kg ketamine (Ketaset; Fort Dodge Animal Health) and
10 mg/kg xylazine (AnaSed; LLOYD Laboratories), and were
positioned in a rodent stereotactic headframe (David Kopf In-
struments). An incision was made in the skin over the cerebel-
lum, and a hole was made in the skull 1 mm lateral of midline.
Cells (10%) in a 5-pL suspension were stereotactically injected
2 mm deep at a 30° angle to the surface of the cerebellum over
2 min using a microsyringe (Hamilton Medical). The needle was
left in place for another minute to avoid reflux. Injected mice
received 2.5 mg/kg antipamezole (Antisedan; Orion Pharma)
after being removed from the frame.

Array CGH and FISH

DNA from frozen tumor and spleen tissue was isolated using two
rounds of phenol-chloroform extraction and labeled essentially
as described previously (Hackett et al. 2003). Briefly, tumor DNA
was labeled with Cy3-dUTP, and sample-matched spleen DNA
was labeled with Cy5-dUTP (GE Biosciences) using the Bioprime
labeling kit (Invitrogen). Labeled tumor DNA was cohybridized
with labeled spleen DNA from the same mouse to 2896-clone
mouse BAC arrays printed at the UCSF Comprehensive Cancer
Center following protocols described on the Array Core Web
site (http://cancer.ucsf.edu/array/index.php). Fluorescent images
were collected using a custom-configured CCD camera. Auto-
mated image analysis and spot normalization were performed
using custom software (Jain et al. 2002). Genomic profiles from
all tumors were further analyzed using the aCGH package in the
R statistical language. The FISH analysis was performed as
described previously (Hackett et al. 2003).

Sequencing of Trp53

Tumor DNA obtained as described in the “Array CGH and FISH”
section above was sequenced after PCR amplification using
platinum Taq polymerase (Invitrogen) at conditions recom-
mended by the manufacturer for 30 cycles (30 sec at 94°C; 30 sec
at 58°C; 45 sec at 72°C). All exons of Trp53 were sequenced
using both forward and reverse primers, and sequencing was
performed by Elim Biopharmaceuticals, Inc. Alignment analysis
was performed using Sequencher 4.8 (Gene Codes Corporation).
The primers used are presented in the Supplemental Material.

Additional methods with primer sequences are presented in
the Supplemental Material.
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