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N-myc alters the tate of preneoplastic cells
in a mouse model ot medulloblastoma
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Studying the early stages of cancer can provide important insight into the molecular basis of the disease. We

identified a preneoplastic stage in the patched (ptc) mutant mouse, a model for the brain tumor medulloblastoma.
Preneoplastic cells (PNCs) are found in most ptc mutants during early adulthood, but only 15% of these animals
develop tumors. Although PNCs are found in mice that develop tumors, the ability of PNCs to give rise to tumors
has never been demonstrated directly, and the fate of cells that do not form tumors remains unknown. Using

genetic fate mapping and orthotopic transplantation, we provide definitive evidence that PNCs give rise to tumors,
and show that the predominant fate of PNCs that do not form tumors is differentiation. Moreover, we show that

N-myc, a gene commonly amplified in medulloblastoma, can dramatically alter the fate of PNCs, preventing
differentiation and driving progression to tumors. Importantly, N-myc allows PNCs to grow independently of
hedgehog signaling, making the resulting tumors resistant to hedgehog antagonists. These studies provide the first
direct evidence that PNCs can give rise to tumors, and demonstrate that identification of genetic changes that
promote tumor progression is critical for designing effective therapies for cancer.
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Tumorigenesis is a multistep process in which cells
progressively accumulate changes in genes that regulate
growth, survival, differentiation, and migration (Hanahan
and Weinberg 2000). Studying the early stages of the
disease can provide important insight into the steps
involved in transformation of normal cells into tumor
cells. Indeed, preneoplastic lesions have been identified in
a variety of solid cancers (Levine and Ahnen 2006;
Mokbel and Cutuli 2006; Montironi et al. 2007; Singh
and Maitra 2007). However, in most cases, the relation-
ship between these lesions and the corresponding end-
stage tumors has not been demonstrated directly. Proving
a link between preneoplastic lesions and tumors is
critical if we are to base hypotheses about tumor pro-
gression on the study of these lesions.

We studied preneoplastic lesions in a model of medul-
loblastoma, the patched (ptc) mutant mouse. ptc encodes
a 12-pass transmembrane protein that functions as an
antagonist of the Sonic hedgehog (Shh) signaling pathway
(Lum and Beachy 2004; Jia and Jiang 2006; Rohatgi and
Scott 2007). Thus, deletion or mutation of ptc leads to
constitutive activation of the pathway. Homozygous ptc
knockouts die during embryogenesis, consistent with the
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critical role of Shh signaling in many aspects of develop-
ment (Goodrich et al. 1997). Heterozygotes survive to
adulthood with no major developmental defects, but
between 3 and 6 mo of age, ~15% of these mice develop
cerebellar tumors that resemble human medulloblas-
toma (Goodrich et al. 1997; Wetmore et al. 2000). Since
a significant proportion of human medulloblastomas
have activating mutations in the Shh pathway (Fogarty
et al. 2005; Dellovade et al. 2006), these mice have
become a valuable model for the human disease.

To gain insight into the mechanisms of tumorigenesis
in ptc*’~ mice, we focused on the early stages of cerebellar
development in these animals (Oliver et al. 2005). In wild-
type mice, during the first 2 wk after birth, Shh signaling
promotes proliferation of granule neuron precursors
(GNPs) in the external germinal layer (EGL) on the
outside of the cerebellum (Dahmane and Ruiz-i-Altaba
1999; Wallace 1999; Wechsler-Reya and Scott 1999). At
this stage, ptc*/~ mice show no obvious abnormalities in
cerebellar structure. However, by 3 wk of age, when all
GNPs in wild-type mice have differentiated and migrated
away from the surface of the cerebellum, the majority of
ptc”’~ mice still have clusters of proliferating cells on the
cerebellar surface (Goodrich et al. 1997; Kim et al. 2003;
Oliver et al. 2005). These ectopic cells resemble GNPs in
terms of morphology and location, but differ from GNPs
(and resemble tumor cells) in that they have lost expression
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of the wild-type ptc allele (Oliver et al. 2005). Moreover,
gene expression profiling suggests that these cells are
readily distinguishable from both GNPs and tumor cells.
Based on these observations, we postulated that they
represent an intermediate stage between normal GNPs
and medulloblastoma cells, and referred to them as
preneoplastic cells (PNCs).

PNCs are found in 70%-80% of mice between 3 and
8 wk of age, but by 3 mo, proliferating cells are only
detectable in the subset of mice that have developed, or
will develop, tumors (Oliver et al. 2005). These findings
raise several key questions. First, do PNCs actually give
rise to tumors? The fact that they are present in animals
destined to develop medulloblastoma is certainly consis-
tent with this possibility, but it is also possible that
tumors arise from a distinct population of cells (e.g.,
neural stem cells). Second, what is the fate of PNCs in
animals that do not develop tumors? Do they simply die,
or can they undergo the same pattern of differentiation
and migration as normal GNPs? And finally, are the
PNCs that do not form tumors irreversibly committed
to their fate, or do they retain the capacity to form tumors
if given the appropriate genetic stimuli?

To investigate these questions, we generated a novel
reporter mouse to genetically mark PNCs in vivo. Using
this mouse, we show that the majority of PNCs undergo
differentiation and migrate into the internal granule layer
(IGL) of the cerebellum. However, in some animals, PNCs
continue to divide and ultimately give rise to tumors. A
subset of PNCs can also give rise to tumors following
transplantation, but overexpression of the oncogene N-
myc dramatically increases the tumorigenic potential of
these cells, allowing them to generate tumors in 100% of
recipients. N-myc promotes tumorigenesis by increasing
proliferation and suppressing differentiation, and in the
process, renders cells resistant to hedgehog pathway
antagonists. These studies indicate that PNCs represent
a critical stage of tumorigenesis, during which cells have
the capacity to decide whether to differentiate or whether
to continue proliferating and give rise to medulloblas-
toma. Moreover, they suggest that acquisition of certain

Figure 1. ptc*/~ mice have ectopic Math1-

GFP" cells on the surface of their cerebel-
lum. (A-C) Cerebellar sections from P7
Math1-GFP mice, 5- to 6-wk-old Mathl-
GFP/ptc*’~ (M-ptc) mice, and tumor-bearing
M-ptc mice were stained with antibodies
specific for the proliferation marker Ki67
(red) and with DAPI, to label all nuclei.
Sections were imaged at 20X magnification
using a Leica Axiolmager and Metamorph
software. Note the colocalization of GFP D
with Ki67 in the EGL (A), in preneoplastic

lesions (asterisk, B), and in tumors (aster-

isk, C). (D) M-ptc mice were sacrificed at

either 6 or 12 wk of age and cerebella were

Neonatal Cerebellum

oncogenic mutations may not only promote tumor for-
mation, but may determine the responsiveness of tumor
cells to molecular targeted therapy.

Results

PNCs disappear from the surface of the cerebellum

Although the majority of 3- to 8-wk-old ptc*/~ mice have
PNCs in their cerebellum (Oliver et al. 2005), the fate of
these cells has never been analyzed in detail. To in-
vestigate this, we crossed ptc*’~ mice with Math1-GFP
(green fluorescent protein) transgenic mice (Lumpkin
et al. 2003; Oliver et al. 2005), which express GFP under
the control of the Math1 enhancer. Math1 is a transcrip-
tion factor that is expressed in proliferating GNPs and is
maintained in PNCs and tumor cells from ptc*/~ mice
(Ben-Arie et al. 2000; Kim et al. 2003; Lee et al. 2003;
Lumpkin et al. 2003; Oliver et al. 2005). Consistent with
this, we detected expression of GFP in the EGL of
neonatal Math1-GFP mice (Fig. 1A), and in preneoplastic
lesions and tumors in adult Mathl-GFP;ptc*/~ (M-ptc)
mice (Fig. 1B,C). The M-ptc mouse allowed us to perform
detailed quantitative analysis of the number and size of
preneoplastic lesions at various stages. At 6 wk of age,
75% of M-ptc animals had GFP* lesions on the surface of
their cerebellum, whereas at 12 wk, only 19% of mice had
GFP" lesions (Fig. 1D), approximating the percentage of
animals that end up developing medulloblastoma. Simi-
lar results were obtained by staining cerebella from ptc*’~
mice with the nuclear dye DAPI, whose fluorescence
(unlike Math1-GFP) is not dependent on differentiation
status (Supplemental Fig. 1): At 6 wk of age, most mice
had multiple large regions of DAPI staining on the surface
of their cerebellum, but by 12 wk, the number and size of
these lesions was much smaller. Together, these studies
indicate that the majority of PNCs disappear from the
surface of the cerebellum by 12 wk of age.

Preneoplastic lesions exhibit little apoptosis

In principle, the disappearance of PNCs could reflect cell
death or migration away from the surface of the cerebellum.

Pre-neoplastic Lesion

Tumor

# of mice with = % of mice with

Age | GFP+lesions = GFP+ lesions |
6 weeks | 12/16 ‘ 75%
12 weeks 3/16 19%

examined for the presence of GFP* lesions. While the majority of M-ptc mice have GFP* lesions at 6 wk, most of these lesions have
disappeared by 12 wk of age. (EGL) External germinal layer; (IGL) internal granule layer; (ML) molecular layer.
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To determine whether apoptosis contributed to the loss of
PNCs, we stained cerebellar sections from ptc*/~ mice
with antibodies specific for cleaved caspase-3 (CC-3),
a marker of apoptotic cells. Whereas tumors from these
animals contained significant numbers of CC-3* cells
(Supplemental Fig. 2C), neonatal cerebellum and preneo-
plastic lesions exhibited little or no CC-3 staining (Sup-
plemental Fig. 2A,B). Similar results were observed using
terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) staining (Supplemental Fig. 2D-F).
Although we cannot rule out the possibility that some
PNCs undergo apoptosis, these data suggest that it is not
the primary mechanism of PNC disappearance.

Generation of reporter mice to track the fate of PNCs

Another possible explanation for the loss of PNCs from the
surface of the cerebellum was differentiation and migra-
tion. Since expression of Math1-GFP is extinguished when
cells stop dividing, the M-ptc mouse cannot be used to
follow the fate of PNCs that have undergone differentia-
tion. Therefore, to track these cells, we generated a novel
reporter mouse: We crossed ptc”’~ mice with Mathl-
CreER transgenics, which carry a tamoxifen-inducible
form of the Cre recombinase under the control of the
Math1l enhancer (Machold and Fishell 2005) and with
R26R-hPLAP (human placental alkaline phosphatase
[AP]) mice, which carry a loxP-flanked stop sequence
upstream of the hPLAP gene. The triple transgenics
resulting from these crosses, which we call MAP (Mathl-
CreER/AP/ptc*’~) mice, allowed us to permanently label
Mathl-expressing cells upon treatment with tamoxifen.

To test the utility of these animals for fate mapping, we
treated them with tamoxifen at postnatal day 8 (PS8, to
label GNPs), at 4 wk (to label PNCs), or at onset of clinical
symptoms (to label tumor cells). Mice were sacrificed 3 d
after tamoxifen treatment, and cerebellar sections were
stained with AP substrate to detect marked cells. As
shown in Figure 2, A and B, tamoxifen treatment at P8
resulted in staining of most GNPs in the EGL and a subset
of mature granule neurons in the IGL (presumably de-
rived from recently differentiated GNPs). Preneoplastic
lesions (Fig. 2C,D) and tumor cells (Fig. 2E,F) could also be
labeled in this manner; importantly, AP expression in
adults was restricted to these cells, and no staining was
seen in the surrounding normal cerebellum. Thus, MAP
mice allow specific labeling of Math1* GNPs, PNCs, and
tumor cells.

To determine whether labeled cells retain AP expres-
sion over longer time periods, we treated animals with
tamoxifen at P8 and sacrificed them at P21. By this stage,
all GNPs that were expressing Mathl at P8 should have
turned off Mathl expression, differentiated, and migrated
into the IGL. As expected, histological staining (Fig. 2G)
revealed a molecular layer (ML) nearly devoid of cells and
an IGL densely packed with granule neurons. AP staining
revealed expression of the marker in a large proportion of
granule neurons in the IGL (Fig. 2H). Interestingly, strong
AP staining was also seen at the surface of the cerebel-
lum; this was associated with the axons of granule
neurons, which are left behind when cells migrate in-
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ward. This unique feature of the AP transgene allowed us
to track not only where labeled cells went, but also where
they had been.

Most PNCs undergo differentiation and migration

Having established that MAP mice could be used for long-
term labeling of Math1™ cells, we used these animals to
track the fate of PNCs. We treated MAP mice with
a single dose of tamoxifen at 4-5 wk of age (a stage at
which PNCs are the only Math1* cells in the cerebellum)
and harvested cerebella 3 d, 1 mo, or 2 mo later. Three
days after tamoxifen treatment, preneoplastic lesions
were strongly positive for both AP and the proliferation
marker Ki67 (Fig. 3A,B). In addition to staining within the
lesions themselves, we also observed small numbers of
AP-expressing cells in the underlying IGL (Fig. 3C,D);
these cells did not express Ki67, but did express the
differentiation marker NeuN. Thus, even within 3 d,
some PNCs exit the cell cycle and migrate into the IGL.

One month after tamoxifen treatment (Fig. 3E-H), large
groups of cells could still be found on the surface of the
cerebellum in many MAP mice (Fig. 3E). These cells
expressed AP, but were no longer proliferating (note the
lack of Ki67 staining in Fig. 3F). In addition, many cells
had AP-positive processes and appeared to be migrating
toward the IGL (Fig. 3F-H). Both migrating cells and cells
within the primary lesion expressed NeulN (Fig. 3G,H),
indicating that by this time point the majority of PNCs
had undergone differentiation.

Two months after tamoxifen treatment, few cells were
observed at the surface of the cerebellum (Fig. 3I). While
some regions of the cerebellar surface exhibited very
strong AP staining (arrows in Fig, 3],K), these regions
were largely devoid of cell bodies (arrow, Fig. 31), and the
staining appeared to represent the processes of cells that
had migrated into the IGL (Fig. 3J-L). AP-labeled cells in
the IGL lacked Ki67 (Fig. 3]) and expressed Gabra6, a
marker associated with terminally differentiated granule
neurons (Fig. 3K,L). In addition to lesions that exhibited
extensive migration, we also observed a small number of
PNCs that remained on the surface of the cerebellum;
staining for Ki67 and NeuN revealed that these cells had
ceased proliferating and undergone differentiation (data
not shown). Consistent with our previous findings (Oliver
et al. 2005), most PNCs, whether proliferating or differ-
entiated, lacked expression of the wild-type allele of ptc
(Supplemental Fig. 3). These data indicate that despite
loss of ptc, PNCs are able to undergo differentiation and
migration in a pattern similar to that exhibited by normal
granule neurons.

PNCs can give rise to tumors

Although the majority of PNCs undergo differentiation
and migration, a subset of these cells is presumed to
persist and give rise to medulloblastoma. But while PNCs
have been suggested to represent the source of tumors in
ptc”’~ mice, this has never been formally demonstrated;
in fact, some investigators have suggested that tumors
could arise from a distinct cell type in the adult cerebel-
lum, such as a multipotent stem cell (Berman et al. 2002;
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Tam @ P8
+ 3 days

Tam @ 28d
+ 3 days
Figure 2. MAP mice can be used to label Math1* cells.
Math1-CreER/AP mice were treated with a single dose
of tamoxifen at P8 (A,B,G,H), and MAP mice were Tam @
treated at 28 d (C,D) or when they showed symptoms tumor onset
of medulloblastoma (E,F). Animals were sacrificed 3 +3 days
d later for short-term labeling (A-F) or 13 d later for
long term labeling (G,H). Adjacent sections were stained
with H&E to detect tissue morphology (A,C,E,G) or with
the substrate NBT/BCIP to identify cells in which AP
expression had been induced (B,D,F,H). Magnification,
10X. Note the expression of AP in the EGL (arrows in
A,B), preneoplastic lesions (arrows in C,D), and tumor Tam @ P8
(F). (G,H) AP staining persisted in granule neurons that +13 days

were exposed to tamoxifen at P8 and allowed to undergo
differentiation and migration into the IGL. (H) Staining
was also observed in the processes of these cells that
remained at the surface of the cerebellum (arrow).

Hemmati et al. 2003; Li et al. 2003; Singh et al. 2004). To
determine whether tumors are derived from Mathl*
PNCs, we treated MAP mice with tamoxifen at 5 wk of
age and sacrificed them when they exhibited clinical
signs of medulloblastoma. Figure 4A shows a brain from
one such mouse after whole-mount staining for AP.
Intense staining can be seen in the tumor, whereas the
normal cerebellum and the rest of the brain are unlabeled.
In sections, tumors are clearly detectable by H&E stain-
ing (Fig. 4B), and are specifically labeled with AP substrate
(Fig. 4C). Among the tumors that were analyzed in these
studies (n = 6), all were positive for AP. These results
indicate that tumors arise from Math1* PNCs rather than
from Mathl~ progenitors.

To further investigate the capacity of PNCs to give rise
to tumors, we used an orthotopic transplantation assay.
We isolated PNCs from individual ptc*’~ or M-ptc mice
and implanted 5 X 10° cells from each animal into the
cerebellum of a SCID-beige host (Fig. 5A). As a positive
control, some mice were implanted with 5 X 10° cells
from established tumors. To follow the fate of transplanted
cells, we stained cerebellar sections from transplant recip-
ients with antibodies specific for B-galactosidase (Bgal)
(ptc*/~ mice have the Bgal gene inserted into the ptc locus,
and therefore express the enzyme in cells that would
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normally express ptc, including GNPs, PNCs, and tumor
cells and their post-mitotic derivatives) (Goodrich et al.
1997; Oliver et al. 2005).

As early as 2 wk after transplantation, ptc*’~ tumor
cells had formed large proliferating (3gal*Ki67") masses in
the cerebellum of recipients (Fig. 5C). Transplanted PNCs
could also be detected at this stage (Fig. 5D); while some
cells were still proliferating, many had exited the cell
cycle and begun to express markers of differentiation
(NeuN) (Fig. 5E). By 6-8 wk after transplantation, 100%
(12 out of 12) of mice that had received tumor cells
developed symptoms of medulloblastoma (Fig. 5B). In
contrast, the majority of mice transplanted with PNCs
did not develop symptoms; in these animals, small
numbers of Bgal® cells could often be found around the
IGL 4 mo after transplantation (Supplemental Fig. 4).
Notably, 13% (four out of 32) of animals transplanted with
PNCs did develop tumors 8-11 wk post-transplantation.
Since each PNC transplant was derived from a single
donor, and since ~15% of donors would have developed
tumors had they not been sacrificed, these results support
the notion that a subset of PNCs is capable of giving rise
to tumors, and demonstrate that the intrinsic tumori-
genic potential of these cells is conserved in the trans-
plantation assay.
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Figure 3. The majority of preneoplastic lesions undergo differentiation and migration. Four-week-old to 5-wk-old MAP mice were
treated with tamoxifen for 3 d (A-D), 30 d (E-H), or 60 d (I-L). Sections were stained with DAPI (A,E,I) or with the AP substrate Fast Red
and with antibodies specific for Ki67 (green in B,F)]), NeuN (green in C,D,G,H) or Gabra6 (green in K,L). Three days after treatment, AP-
labeled PNCs within surface lesions express Ki67 (B), but some NeuN" cells can be seen migrating away from the surface and into the
IGL (C,D). Thirty days after treatment, AP-positive cells no longer express Ki67 (F) and many NeuN"* cells can be seen migrating into
the IGL (G,H). Sixty days after treatment, few cells can be detected at the surface (), but AP-labeled processes (arrows in J,K) are seen in
acellular regions at the surface (arrow in I), and AP-labeled cells expressing the terminal differentiation marker Gabra6 can be found in
the underlying IGL (K,L). Magnifications: A-C,E-G, 10X; [-K, 20X; D,H, 40X; L, 60X. Regions in D, H, and L correspond to boxes in C,

G, and K, respectively.

N-myc increases the tumorigenic potential of PNCs

The fact that the majority of PNCs do not form tumors—
either in their original hosts or following transplantation—
suggests that these cells are not fully transformed. But
whether they are already committed to differentiate, or
whether they retain the capacity to give rise to tumors, is
unclear. To test whether nontumorigenic PNCs can be
induced to form tumors, we sought to provide them with
a “second hit.” We chose the N-myc oncogene because
it has been shown to be amplified or overexpressed in
human medulloblastoma (Aldosari et al. 2002; Eberhart
et al. 2002; Pomeroy et al. 2002) as well as in several
mouse models of the disease (Shakhova et al. 2006; Yan
et al. 2006; Frappart et al. 2007; Zindy et al. 2007). We
isolated PNCs from individual ptc*’~ mice, infected
half the cells with a control GFP retrovirus and half with

an N-myc-IRES-GFP retrovirus, and then implanted
cells into the cerebellum of SCID-beige hosts. This exper-
imental design allowed us to compare the fate of control
and N-myc-infected cells from the same donor.

Although a subset of animals (five out of 15) trans-
planted with GFP-infected cells developed tumors, the
majority of animals receiving GFP-infected PNCs
remained asymptomatic and exhibited normal cerebellar
structure 4 mo after transplantation (Fig. 6A). Trans-
planted PNCs could often be detected in these animals,
but they were no longer proliferating (Fig. 6B). In contrast,
all animals transplanted with N-myc-infected cells
developed large tumors within 3 mo of transplantation
(Fig. 6C,D). Compared with tumors derived from GFP-
infected PNCs, tumors derived from N-myc-infected
PNCs developed much more rapidly (median latency
45 vs. 95 d) and were more invasive, often migrating

Figure 4. Preneoplastic lesions can give
rise to tumors in vivo. MAP mice were
treated with tamoxifen at 5-6 wk of age
and sacrificed when they displayed clinical
signs of medulloblastoma. (A) Whole-
mount NBT/BCIP staining of brains from
these mice showed high levels of AP only
in the tumor and not in the normal cere-
bellum or forebrain. H&E staining (B) and
NBT/BCIP staining (C) of tissue sections

confirmed that tumors consisted of cells that had been induced to express AP at 5-6 wk. Magnification, 20X.
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Figure 5. PNCs rarely form tumors following trans- A
plantation. (A) Design of orthotopic transplantation
assay. We isolated 5 X 10° PNCs or tumor cells from
ptc*’~ or M-ptc mice and transplanted them into the

igenicity. (B) Incidence of tumors from transplanted
PNCs or tumor cells. (C-E) PNCs and tumor cells B
were transplanted as described above and hosts were
sacrificed 2 wk later. Cerebellar sections were
stained with antibodies specific for Bgal to detect
transplanted cells (C,D), Ki67 (C,E), or NeuN (E). (C)
Two weeks after transplantation, Bgal® tumor cells
had formed a proliferating (Ki67*) mass in the
cerebellum. (D) BGal™ PNCs could also be detected
at this stage. (E) Although some of these cells were
proliferating (Ki67), many had exited the cell cycle
and expressed the differentiation marker NeuN.
Magnification 20X.

through normal cerebellar tissue and into the forebrain
(see arrow in Fig. 6C). Tumors from N-myc-infected
PNCs could be propagated by transplantation into sec-
ondary hosts, indicating that they were fully transformed
and not simply exhibiting prolonged proliferation. Over-
all, N-myc increased the tumorigenic potential of PNCs
from 33% to 100% (Fig. 6E). In contrast to PNCs, wild-
type GNPs infected with N-myc retroviruses did not
form tumors after transplantation (data not shown).
These data suggest that overexpression of N-myc can
only promote tumor formation in cells that have lost ptc
(a characteristic of PNCs but not of GNPs). In a broader
sense, they show that while most PNCs are not fully
transformed, given an appropriate oncogenic stimulus
they have the capacity to give rise to medulloblastoma.

N-myc overexpression maintains proliferation and
prevents differentiation of PNCs

Since our lineage-tracing and transplantation studies
both suggested that the default fate of PNCs was differ-
entiation, we sought to determine whether N-myc
allowed PNCs to form tumors by interfering with their
capacity to differentiate. Previous studies have demon-
strated that GNPs and tumor cells from prc*’~ mice can
be induced to differentiate by basic fibroblast growth
factor (bFGF) (Fogarty et al. 2007). As shown in Supple-
mental Figure 5, PNCs also exit the cell cycle and
differentiate when exposed to bFGFE. To investigate the
effects of N-myc on bFGF-induced differentiation, we
infected cells with GFP or N-myc retroviruses and
cultured them in the presence or absence of bFGF (Fig.
7A). N-myc not only increased the basal proliferation of
PNCs, but also rendered cells resistant to bFGF-induced
differentiation.

To understand the mechanisms by which N-myc
exerted its effects, we FACS sorted control and N-myec-
infected cells and analyzed their expression of hedgehog
target genes and markers of proliferation and differentia-
tion. As shown in Figure 7, B-D, (gray bars), GFP-infected
PNCs expressed low levels of glil (a direct target of the
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Pre-Neoplastic 4/32 13%

hedgehog pathway), cyclin D1 (a marker of cell cycle
progression), and mathl (a marker of undifferentiated
cells). In contrast, N-myc-infected PNCs showed elevated
levels of these genes, suggesting that it was capable of
maintaining proliferation and preventing differentiation.

The fact that N-myc induced expression of gli1 raised
the possibility that it might be preventing differentiation
simply by maintaining hedgehog pathway activity. To
determine whether the effects of N-myc were dependent
on the hedgehog pathway, we treated control and N-myc-
infected cells with cyclopamine (Fig. 7B-D, black bars). In
GFP-infected PNCs, cyclopamine reduced expression of
gli1, cyclin D1, and math1, indicating that in these cells
hedgehog signaling was required for continued prolifera-
tion and maintenance of the undifferentiated state. In
N-myc-infected cells, cyclopamine abrogated expression
of glil, but had little effect on expression of cyclin D1
and Mathl. Thus, N-myc allowed PNCs to maintain
proliferation and resist differentiation even in the absence
of continued hedgehog signaling.

Previous studies have shown that N-myc can regulate
proliferation and differentiation by controlling the levels
of the cyclin-dependent kinase inhibitor p27%! (Nakamura
et al. 2003; Zindy et al. 2006). To determine whether N-
myc affected p27 expression in PNCs, we infected cells
with control or N-myc retroviruses and then stained
them with antibodies specific for p27 (Fig. 7E-I). After
48 h in culture, approximately half of control PNCs ex-
pressed p27 (Fig. 7E), whereas only 25% of N-myc-infected
cells were p27* (Fig. 7F). Notably, cyclopamine treatment
markedly increased expression of p27 in control cells (to
80%) (Fig. 7G), whereas it had little effect on p27
expression in N-myc infected cells (30% p27*) (Fig. 7H).
Together these data suggest that N-myc may prevent
PNCs from exiting the cell cycle and differentiating by
inducing expression of cyclin D1 and suppressing expres-
sion of p27. Moreover, since the effects of N-myc are not
blocked by cyclopamine, they suggest that N-myc can
sustain proliferation and prevent differentiation of PNCs
even in the absence of hedgehog signaling.
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Figure 6. N-myc overexpression increases the tumorigenic
potential of PNCs. PNCs were isolated from 5- to 6-wk-old
ptc”’~ mice and infected with either control GFP virus or N-
myc-IRES-GFP virus. After 24 h, 5 X 10° cells were implanted
into the cerebellum of SCID-beige hosts. (A) Whole-mount
imaging of a host brain transplanted with GFP-infected PNCs
showed normal morphology 4 mo after transplantation. (B)
Section from the animal shown in A, stained with anti-Bgal
(red) and anti-Ki67 (blue) antibodies. Transplanted PNCs could
be located by Bgal staining, but were not proliferating. (The faint
blue staining is not nuclear and is also seen with isotype-control
antibodies, and is therefore nonspecific.] (C) Whole-mount
imaging of a host brain transplanted with N-myc-infected PNCs,
showing the large GFP* tumors that result from such trans-
plants. Tumors from N-myc-infected PNCs, unlike those from
control PNCs, frequently invade the forebrain (arrow). (D)
Section from the animal shown in C, stained with antibodies
specific for N-myc (red) and GFP (green). Magnification in B and
D is 20X. (E) Survival of mice receiving GFP-infected and
N-myc-infected PNCs, showing the increased incidence and de-
creased latency of tumors arising from N-myc-infected PNCs.

N-myc renders tumors resistant to hedgehog
antagonists

Since N-myc rendered PNCs resistant to the inhibitory
effects of hedgehog antagonists in vitro, we wondered
whether it would have the same effect in the context of
tumor formation. To test this, we infected PNCs with N-
myc viruses and then cultured them for 24 h in medium
lacking or containing cyclopamine before transplanting
them into the cerebellum of SCID-Beige hosts. As
expected, all animals (n = 4) transplanted with N-myc-
infected PNCs developed tumors. Strikingly, all animals
(n = 4) receiving cyclopamine-pretreated cells also de-
veloped tumors, and cyclopamine had no effect on
latency, mitotic index, or invasiveness (Fig. 8A,B). In
contrast, cyclopamine and other hedgehog antagonists
potently suppress the growth of conventional ptc*/~

N-myec alters preneoplastic cell fate

tumor cells (Berman et al. 2002; Sanchez and Ruiz
i Altaba 2005; Sasai et al. 2006; data not shown).
Thus, N-myc allows PNCs to form tumors despite in-
hibition of hedgehog signaling.

To determine whether tumors arising from N-myc-
infected PNCs remain resistant to hedgehog antagonists
once they are established, we isolated tumor cells from
hosts after they had developed clinical signs of medullo-
blastoma and treated them with cyclopamine or bFGF. In
contrast to tumor cells from ptc*’~ mice, which exhibit
almost complete growth inhibition by these agents (Fig.
8C; Fogarty et al. 2007}, tumor cells derived from N-myec-
infected PNCs showed minimal inhibition by these
agents (Fig. 8D). These data indicate that N-myc not only
promotes transformation of PNCs, but in the process,
renders cells resistant to hedgehog antagonists. Although
such antagonists have shown promise in preclinical
studies (Romer and Curran 2005) and are currently
moving toward clinical trials (Epstein 2008), our studies
raise the possibility that tumors that are initially de-
pendent on the hedgehog pathway may acquire secondary
mutations that render them insensitive to these agents.

Discussion

Studying the early stages of cancer can provide important
insight into the steps involved in transformation. In the
studies described above, we use genetic fate-mapping and
orthotopic transplantation to determine the fate of PNCs
in a mouse model of medulloblastoma. We show that the
majority of PNCs undergo differentiation, but that a sub-
set of these cells goes on to form tumors. Notably, PNCs
that do not normally form tumors are not irreversibly
committed to differentiate. Rather, given an appropriate
oncogenic mutation, these cells retain the capacity to
become transformed and give rise to tumors. We also
show that the nature of this mutation is critical: N-myc
not only promotes tumor progression but also renders
cells resistant to hedgehog antagonists. These studies
provide definitive evidence that tumors in ptc*/~ mice
arise from PNCs and identify the preneoplastic stage as
a key decision point at which cells have the capacity to
choose whether or not to progress to malignancy. More-
over, they demonstrate that genetic changes that occur at
the preneoplastic stage may be critical determinants of
tumor progression as well as responsiveness to therapy.
Prencoplastic lesions have been described in ptc*/~
mice (Goodrich et al. 1997; Kim et al. 2003; Oliver et al.
2005) and in other models of medulloblastoma (Hallahan
et al. 2004; Uziel et al. 2005), but the long-term fate of
these lesions has not been investigated in detail. In part,
this is due to limitations in the tools that have been
available to study them. For example, while the Mathl-
GFP transgene in M-ptc mice can be used to identify
PNCs while they are proliferating, (Goodrich et al. 1997;
Oliver et al. 2005), expression of GFP is lost as soon as
PNC:s exit the cell cycle and differentiate. In contrast, the
Bgal gene (which is knocked into the ptc locus in ptc*’~
mice) is expressed in PNCs as well as in post-mitotic
granule neurons, so Bgal® PNCs that have migrated into
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Figure 7. N-myc promotes proliferation and prevents differentiation of PNCs. (A) PNCs were infected with either GFP or N-myc
retroviruses and then cultured for 48 h in the absence (untreated) or presence of 25 ng/mL bFGF before being pulsed with tritiated
thymidine (*H-Td). Although bEGF inhibited proliferation of GFP-infected cells, little inhibition was seen in cells infected with N-myc
viruses. (B-D) PNCs were infected with either GFP or N-myec retroviruses and then cultured for 48 h in the absence or presence of 1 pM
cyclopamine. Infected (GFP*) cells were FACS-sorted and RNA was isolated and analyzed by real-time RT-PCR using primers specific
for Gli1 (B), CyclinD1 (C), or Math1 (D); data are representative of three replicate experiments. (E-H) PNCs cultured in PDL-coated
chamber slides were infected and treated with cyclopamine as described above. Infected cells were stained with anti-p27 antibodies and
imaged using a Leica Axiolmager and Metamorph software. (I) Data from experiments in E-H were quantitated by counting the number
of p27*/GFP* cells (averaged from four fields per well). These data are representative of five individual replicates of the experiment.

the IGL are indistinguishable from surrounding cells. To
overcome these limitations, we developed the MAP
reporter mouse, which allowed us to permanently label
PNCs with AP. Using this mouse we were able to
demonstrate that after a period of prolonged proliferation,
the majority of PNCs undergo differentiation and migrate
into the IGL.

The ability of PNCs to undergo differentiation is
significant in light of our findings (Supplemental Fig. 3;
Oliver et al. 2005) that the majority of these cells no
longer express the wild-type allele of ptc. This implies
that loss of ptc—and the constitutive hedgehog pathway
activation that results from it—is not sufficient to keep
cells from exiting the cell cycle and differentiating.
Several factors have been shown to be capable of over-
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coming Shh-induced proliferation and promoting differ-
entiation of GNPs (Nicot et al. 2002; Fogarty et al. 2007;
Zhao et al. 2008); it is possible that these factors contrib-
ute to differentiation of PNCs as well. It is also notable
that PNCs are able to execute a relatively normal pro-
gram of differentiation and migration in the adult cere-
bellum, a microenvironment that is quite different from
the one in which GNPs normally differentiate. One
interpretation of this is that PNCs are capable of creating
or maintaining a microenvironment that resembles the
neonatal cerebellum, thereby preserving the exogenous
cues that allow them to differentiate and migrate. Alter-
natively, it is possible that the signals necessary for
differentiation and migration are intrinsic to PNCs them-
selves. The fact that these cells are also capable of surviving
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Figure 8. N-myc renders PNCs insensitive
to hedgehog antagonists. (A,B) PNCs were
infected with either GFP or N-myc encoding
viruses for 24 h, and then cultured for an
additional 24 h in the absence or presence of
3 uM cyclopamine prior to transplantation
into the cerebellum of SCID-beige mice.
Tumors developed in all animals trans-
planted with N-myc infected cells, whether
or not they had been exposed to cyclopamine.
(A,B) Sections of a tumor derived from N-
myc-infected PNCs pretreated with cyclop-
amine, stained with DAPI (A) to label all
nuclei or with antibodies against N-myc
(green) and Ki67 (red) to detect proliferating
tumor cells (B). Magnification, 20X. (C) Tu-
mor cells from ptc*’~ mice were cultured in
the absence or presence of 1 uM cyclopamine
or 25 ng/mL bFGF for 48 h, and then pulsed
with ®H-Td for an additional 18 h before
being assayed for *H-Td incorporation. (D)
Tumors resulting from transplantation of N-

myc infected PNCs were harvested and FACS-sorted to purify infected (GFP) cells. These cells were cultured in the absence or presence
of 1 puM cyclopamine or 25 ng/mL bFGF and analyzed as described above. Cyclopamine and bFGF markedly inhibited the growth of
ptc*’~ tumor cells but only modestly inhibited the growth of tumors derived from N-myc-infected PNCs (data in C and D are

representative of five and three replicates, respectively).

and differentiating following transplantation into another
animal is consistent with the existence of a cell-intrinsic
differentiation program.

Our lineage-tracing studies also allowed us to test
whether PNCs give rise to medulloblastoma. Although
the presence of these cells in the cerebellum of animals
that are destined to develop tumors has suggested that
they represent the source of these tumors, it is also
possible that PNCs simply represent persistent or ectopic
GNPs (which have been observed in a number of other
mutant mice) (Messer and Hatch 1984; Adams et al. 2002;
Kerjan et al. 2005; Wiencken-Barger et al. 2007) and that
tumors arise from a distinct population of progenitors.
Indeed, a number of investigators have suggested that
medulloblastomas, including those in ptc*/~ mice, might
arise from multipotent neural stem cells (Berman et al.
2002; Hemmati et al. 2003; Li et al. 2003; Singh et al.
2004). However, our fate-mapping studies demonstrate
that tumors arise from cells that express Math1 between
4 and 6 wk of age. Since Mathl is expressed in lineage-
restricted GNPs and PNCs and not in multipotent stem
cells (Klein et al. 2005; Lee et al. 2005; Machold and
Fishell 2005; Yang et al. 2008), these studies provide
strong support for the notion that tumors in ptc*’~ mice
arise from PNCs.

Our demonstration that PNCs in ptc*'~ mice give rise to
medulloblastoma also has important implications for
tumorigenesis in other tissues. Preneoplastic lesions have
been identified in a number of tissues, including colon,
breast, prostate, and pancreas (Levine and Ahnen 2006;
Mokbel and Cutuli 2006; Montironi et al. 2007; Singh and
Maitra 2007). In each case, these lesions contain pro-
liferating cells with a morphology or organization distinct
from that of normal tissue. While the lesions themselves

+/—

do not meet the criteria for cancer, their presence is
thought to predispose to cancer, and cancers are thought
to arise from them. But while studies of human tissues are
consistent with this view, there has been little direct
evidence that preneoplastic lesions give rise to cancer. In
fact, some studies have suggested that removal of polyps
does not decrease the incidence of colon cancer, raising
questions about whether these lesions actually give rise to
tumors (Jass and Talbot 2001). Even in mouse models of
cancer, there have been few studies linking preneoplastic
lesions to end-stage tumors. For example, PNCs from
mouse models of breast cancer (Maglione et al. 2001) and
prostate cancer (Kim et al. 2002) can give rise to adenocar-
cinoma, but only after serial passaging of these cells in
vivo. In contrast, we found that PNCs from ptc*/~ mice
can give rise to tumors without multiple passages. To-
gether with our fate-mapping studies, these experiments
provide the first direct evidence that preneoplastic lesions
can give rise to tumors. The approaches we used should be
readily adaptable to other systems in which there is
a promoter that can be used to specifically label PNCs.
The fact that PNCs only rarely form tumors, either in
situ or following transplantation, suggests that PNCs are
not fully transformed and require additional mutations in
order to form tumors. To test this hypothesis, we pro-
vided PNCs with a “second hit” by transducing them
with N-myc retroviruses. Our studies demonstrated that
N-myc caused a significant increase in the tumorigenic
potential of PNCs, allowing them to generate tumors in
100% of recipients. The ability of N-myc to increase the
incidence of medulloblastoma is consistent with several
previous reports. First, amplification or overexpression of
N-myc occurs in many cases of human medulloblastoma
(Aldosari et al. 2002; Eberhart et al. 2002; Pomeroy et al.
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2002) and in several mouse models of the disease (Sha-
khova et al. 2006; Yan et al. 2006; Frappart et al. 2007;
Zindy et al. 2007), often in conjunction with mutation or
deletion of ptc. Moreover, N-myc retroviruses cooperate
with Shh retroviruses to transform GNPs in the neonatal
cerebellum (Browd et al. 2006), and overexpression of N-
myc in GNPs that lack p53 and Ink4c allows these cells to
give rise to tumors in a transplantation assay (Zindy et al.
2007).

Interestingly, in many of these systems, N-myc over-
expression alone was not sufficient to induce medullo-
blastoma. For example, in the retroviral transduction
studies by Browd et al. (2006). N-myc viruses increased
the frequency of tumors induced by Shh but could not
induce tumors on their own. Likewise, in the transplan-
tation studies by Zindy et al. (2007) mutation of p53 and
ink4c were required for tumors to form. Consistent with
these findings, we observed that N-myc could not trans-
form wild-type GNPs. The fact that N-myc is capable of
inducing tumors in PNCs suggests that these cells have
acquired changes that render them more sensitive to
transformation. One such change is likely to be loss of
ptc expression. However, previous work from our lab has
identified a number of other genes whose expression is
altered in PNCs compared with GNPs (Oliver et al. 2005),
and it is possible that these genes may also contribute to
the sensitivity of PNCs to transformation.

In considering how N-myc might promote tumorigen-
esis, we noted that PNCs that do not form tumors usually
differentiate into granule neurons. This raised the possi-
bility that N-myc might transform cells in part by
inhibiting differentiation. Consistent with this possibil-
ity, we demonstrated that N-myc not only increased
proliferation but also allowed cells to resist the differen-
tiation-promoting effects of bFGF. Likewise, at a molecu-
lar level, N-myc not only induced expression of cyclin D1
but also promoted down-regulation of p27, critical regu-
lators of differentiation in GNPs and medulloblastoma
cells (Miyazawa et al. 2000; Knoepfler et al. 2002; Zindy
et al. 2006). The transcriptional induction of cyclin D1 by
N-myc may be a direct effect, as we and others have
shown that overexpression of N-myc in GNPs increases
cyclin D1 (Kenney and Rowitch 2000; Ciemerych et al.
2002; Kenney et al. 2003; Oliver et al. 2003). As for
repression of p27, in neuroblastoma cells N-myc
increases Cyclin E/cdk2 activity, which promotes phos-
phorylation of p27 and targets it for ubiquitination by the
SCF complex (Nakamura et al. 2003). N-myc also
increases expression of Skp-2, an F-box protein that can
form part of the SCF complex (Bell et al. 2007). These
events cooperate to promote ubiquitination and protea-
some-dependent degradation of p27. Further studies will
be necessary to determine whether N-myc promotes p27
degradation in this manner in PNCs. In any case, the dual
capacity of N-myc to promote cell cycle progression and
prevent differentiation appear to be key aspects of its
transforming ability.

One of the most provocative findings of our study was
the observation that N-myc can prevent differentiation
and allow PNCs to form tumors even after exposure to
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cyclopamine. Previous studies showing cooperation be-
tween N-myc and Shh (Browd et al. 2006) have suggested
that these two signals act synergistically to promote
medulloblastoma formation, and that N-myc alone is
not sufficient to initiate tumors. However, our demon-
stration that N-myc-infected PNCs become hedgehog
pathway-independent suggests that the cooperation be-
tween these pathways may only be required during the
early stages of tumorigenesis, and that once cells have
become transformed by N-myc, the requirement for
continued hedgehog signaling may be diminished. Many
studies have shown that tumors initiated by overexpres-
sion of an oncogene or loss of a tumor suppressor become
“addicted” to these mutations, implying that inhibition
of the oncogene or restoration of the tumor suppressor
might be effective approaches to therapy (Jain et al. 2002;
Fleming et al. 2005; Martins et al. 2006; Sharma and
Settleman 2007). The insensitivity of N-myc-expressing
PNCs to hedgehog antagonists argues that tumors initi-
ated by mutations in the hedgehog pathway may not
necessarily remain addicted to this pathway. Similar
findings have been reported recently for c-myc-induced
lung and mammary tumors (Boxer et al. 2004; Tran et al.
2008).

The possibility that N-myc overexpression can render
tumors resistant to hedgehog antagonists has important
clinical implications. N-myc amplification and hedgehog
pathway mutations are both relatively common events in
human medulloblastoma. Although the frequency with
which these events coincide is unknown, tumors bearing
hedgehog pathway mutations have been shown to express
high levels of N-myc RNA (Pomeroy et al. 2002; Thomp-
son et al. 2006). If overexpression of N-myc renders
mouse medulloblastoma cells insensitive to hedgehog
pathway antagonists, it might have a similar effect in
human tumors. With hedgehog antagonists moving to-
ward clinical trials for medulloblastoma and other types
of cancer (Romer and Curran 2005; Epstein 2008), it is
important to consider the possibility that some tumors
that are initially dependent on hedgehog signaling may
acquire secondary mutations that render them insensi-
tive to these agents.

In summary, we demonstrated that PNCs in ptc*/~
mice represent a unique population of cells that is poised
on the precipice of malignancy. While the majority of
PNCs proliferate only transiently and then undergo
differentiation and migration, a subset of these cells
continues to divide and ultimately gives rise to tumors.
But even PNCs that do not normally form tumors have
the capacity to do so with the introduction of a single
oncogenic lesion. Further studies of these cells, and the
genes that regulate their fate, will shed light on the
molecular etiology of medulloblastoma.

Materials and methods

Animals

ptc*’™ mice (Goodrich et al. 1997) were maintained by crossing
with 129X1/Sv] mice (Jackson Laboratories). Math1-GFP mice
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were obtained from Jane Johnson at University of Texas South-
western Medical Center. Math1-GFP/ptc*/~ (M-ptc) mice were
generated and maintained as described previously (Oliver et al.
2005). Cre-inducible AP reporter mice (R26R-hPLAP) were
generated by first cloning a 2.0-kb EcoRI-Xhol fragment of the
hPLAP cDNA (Leighton et al. 2001) into the pBigT plasmid
(Srinivas et al. 2001) immediately after the loxP-neo-4xpoly
A-loxP cassette. The 5.2-kb Pacl-Ascl fragment containing
loxP-neo-4xpolyA-loxP-hPLAP-polyA (STOP-hPLAP) was then
inserted into a R26R-acceptor plasmid (Srinivas et al. 2001). A
1.6-kb chicken actin (CAG) promoter was then cloned into the
Pacl site upstream of the STOP-hPLAP cassette. This targeting
construct was electroporated into embryonic stem (ES) cells and
Ro0sa-CAG-STOP-hPLAP knock-in mice were generated from
targeted ES cell clones. Mathl-CreER™ mice (Machold and
Fishell 2005) were generously provided by Gord Fishell at New
York University. MAP mice were generated by mating Math1-
CreER™ mice with ptc*/~ mice, and then crossing the resulting
double transgenics with R26R-hPLAP mice to generate triple
transgenic mice. All mice were bred and maintained in the
Cancer Center Isolation Facility at Duke University.

In vivo labeling of GNPs and PNCs

Tamoxifen (Sigma) was prepared as a 20 mg/mL stock solution in
corn oil (Sigma). For P8 labeling, Math1-CreER/R26R-hPLAP
pups received 30 pL of tamoxifen stock solution by oral gavage.
For PNC and tumor cell labeling, MAP mice were orally gavaged
with 200 pL of tamoxifen stock solution.

Tissue preparation, cryosectioning, and staining

Mice were perfused with PBS and 4% paraformaldehyde (PFA) in
PBS to fix all tissues. Cerebella were harvested and fixed in 4%
PFA overnight at 4°C and then cryoprotected in 30% sucrose
solution. Tissues were embedded in Tissue-Tek OCT (Sakura
Finetech). Cerebella were cut into 12-uM sections using a Leica
30508 cryostat (Vashaw Scientific).

For hematoxylin and eosoin (H&E) staining, slides were dipped
in Harris’ Hematoxylin (Sigma) for 5 min, cleared in running tap
water for 5 min, and destained in acid alcohol. Slides were then
“blued” in 0.05% lithium carbonate, washed in dH,O, and
stained in 50% Eosin (Sigma). After dehydration in ethanol,
slides were permanently mounted in VectaMount (Vector Labo-
ratories).

AP staining of MAP cerebella was performed by fixing sections
for 1 h at room temperature in 4% PFA. Endogenous AP was
heat-inactivated by incubating slides in PBS for 3 h at 65°C.
Slides were washed in a solution of 100 mM NaCl and 100 mM
Tris-HCI (pH 7.5), and then incubated for 1 h at 37°C with the AP
substrate NBT/BCIP (Roche) diluted 1:50 in staining buffer (100
mM Tris-Hel at pH 9.5, 100 mM NaCl, 5 mM MgCl,). The
reaction was stopped in PBS and slides were mounted in Aqua-
polymount (Polysciences, Inc.).

Immunofluorescence (IF) staining was performed as follows:
Tissue sections or cells were rehydrated in PBS with 0.1%
TritonX-100 (PBST) for 10 min. Slides were then blocked in
PBST + 10% normal goat serum (Jackson ImmunoResearch) for 1
h at room temperature. Sections were incubated overnight at 4°C
in primary antibodies diluted in immunostaining buffer (PBST +
2% BSA). Slides were washed and then incubated with secondary
antibodies for 1 h at room temperature. Nuclei were stained with
DAPI (Invitrogen) and slides were mounted in Fluoromount-G
(Southern Biotech). Images were taken using a Leica Axiolmager
(Leica Microsystems) and Metamorph Software (Molecular Devi-
ces). Antibodies used for IF included Ki67 (1:100, BD Bioscien-
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ces), NeuN (1:100; Chemicon), Gabra6 (1:200; Chemicon), —gal
(1:600; Promega), GFP (1:100; Invitrogen), N-myc (1:100; Calbio-
chem), cleaved caspase-3 (1:300; Cell Signaling), and p27 (1:100;
BD Biosciences).

Double AP/IF staining was performed using the fluorescent AP
substrate Fast Red (Roche). Tissues were fixed and heat-inacti-
vated for 3 h at 65°C as described above, and then stained with
primary and secondary antibodies. Slides were then washed in
100 mM Tris-HCI (pH 8), 100 mM NaCl, 10 mM MgCl,, and
incubated in Fast Red solution (2 mL 0.1 M Tris-Hcl at pH 8.2 per
tablet) for 1-4 h at room temperature. After staining, slides were
washed in 100 mM Tris-HCI (pH 7.5), 150 mM NaCl, and 0.05%
Tween-20, and counterstained with DAPI as above. Slides were
mounted in VectaShield (Vector Laboratories).

X-gal staining was performed by permeabilizing sections in
0.01% deoxycholate, washing in PBS, and incubating in X-gal
staining solution (0.4 mg/mL X-gal, 10 mM potassium ferrocy-
anide, 10 mM potassium ferricyanide, 1 mM MgCl,) overnight at
37°C.

TUNEL staining was performed using the In Situ Cell Death
Detection Kit, POD (Roche). Briefly, slides were fixed in 4% PFA
for 20 min, washed in PBS, and permeabilized in 0.1% Triton X-
100 + 0.1% sodium citrate. To reduce background, slides were
blocked in PBS + 2% BSA for 30 min. The slides were then
incubated in TUNEL labeling reaction mix for 1 h at 37°C. After
termination of the labeling, sections were counterstained with
DAPI and mounted using Fluoromount G. Labeled cells were
visualized using a Leica Axiolmager and Metamorph software.

Preneoplastic lesion quantitation and analysis

Cerebella from 6 and 12-wk-old M-ptc mice were harvested as
described above. The entire cerebellum from each animal was
serially sectioned. To identify PNCs for each cerebellum, every
fifth slide (1214 slides per cerebellum) was stained with DAPL
Images of the lesions were taken on either the Leica Axiolmager
or a Zeiss 510 inverted scanning confocal microscope. All images
were taken at 10X magnification and calibrated using Meta-
morph image software. To determine area, the preneoplastic
lesion was defined in Metamorph and area was calculated based
on the micromolar per pixel calibration. To calculate volume, the
average area of the preneoplastic lesion was multiplied by the
section thickness (12 wM) and the number of sections in which
the lesion was observed.

Laser capture microdissection

Cerebella from wild-type P7 and 5- to 6-wk-old M-ptc mice were
frozen (without prior fixation) in OCT and sectioned as described
above at 10-wm thickness. Sections were stained and dehydrated
using the Molecular Devices HistoGene LCM Frozen Section
Staining Kit (Molecular Devices). Cells were captured using the
Arcturus Laser Capture Microsdissection system (Molecular
Devices). RNA was isolated using the PicoPure RNA isolation
kit (Molecular Devices).

Isolation and retroviral infection of PNCs and tumor cells

PNCs were isolated from 5- to 6-wk-old ptc*/~ mice, and tumor
cells were isolated from 3- to 6-mo-old ptc*/~ mice with signs of
medulloblastoma, as described previously (Oliver et al. 2005).
Cells were plated on poly-D-lysine-coated tissue culture dishes
in Neurobasal medium containing B27 supplement, sodium
pyruvate, L-glutamine, and penicillin/streptomycin (NB-B27;
all components from Invitrogen). Immediately after isolation,
cells were infected with supernatants from 293T cells transfected
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with gag-pol and VSV-G plasmids and either control GFP
retroviral vectors (MSCV-IRES-GFP or LZRS-IRES-GFP) or vec-
tors encoding N-myc (LZRS-N-myc-IRES-GFP). Cells were cul-
tured with virus for 24 h prior to harvesting for transplantation.

Intracerebellar transplantation

For transplantation of naive PNCs and tumor cells, freshly
isolated cells were resuspended in NB-B27 at a concentration of
1 X 10° cells per microliter. For retroviral overexpression experi-
ments, infected cells were removed from the culture dish by
digestion with papain (Worthington Biochemical), washed, and
resuspended in NB-B27 at a concentration of 1 X 10° cells per
microliter. SCID-beige hosts (4-6 wk old; Taconic Farms) were
used for these transplants because the heterogeneous genetic
background of the ptc*/~ mice precludes transplantation into
syngeneic hosts. SCID-beige animals were anesthetized by in-
traperitoneal injection with 100 mg/kg ketamine (Fort Dodge
Animal Health) + 9 mg/kg xylazine (Ben Venure Laboratories).
Once anesthetized, the fur was shaved from the head and the
scalp prepared with ethanol and betadine scrubs. The animal was
positioned in a Kopf stereotaxic frame with a mouse adaptor
(Kopf Instruments), and a 0.5-inch incision was made in the skin
from the top of the skull to just below the ears. A beveled end 18-
G needle was used to bore a hole directly above the cerebellum.
An unbeveled 24-gauge Hamilton syringe, loaded with 5 pL of
the cell suspension and mounted in a micromanipulator, was
inserted into the hole at a depth of 1 mm. The cells were injected
slowly, the syringe was removed, and the incision was treated
with one to two drops of 0.25% bupivicaine (post-operative
analgesic; Hospira), and sutured using 6-0 fast-absorbing plaint
gut suture on a 3/8 PC-1 cutting needle (Ethicon) and the animals
were then allowed to recover. Animals were monitored for
symptoms of medulloblastoma for 4-6 mo post-transplantation.

Proliferation assays

Cells were cultured in poly(d-lysine)-coated 96-well plates at 2 X
10° cells per well. For infection/treatment experiments, PNCs
were infected for 24 h prior to addition of either bFGF (25 ngl/mL;
Peprotech) or cyclopamine (1 uM; Toronto Research Chemicals).
After 48 h, cells were pulsed with [methyl->H]thymidine (GE
Healthcare). After 16 h, cells were harvested by using a Mach
IIIM Manual Harvester 96 (TOMTEC), and incorporated radio-
activity was quantitated by using a Wallac MicroBeta microplate
scintillation counter (PerkinElmer).

RNA isolation, cDNA synthesis, and real-time RT-PCR

mRNA was isolated from cells and tissue using the Qiagen
RNAecasy kit (Qiagen) and treated with DNA-free DNase treat-
ment and removal reagents (Ambion). cDNA was synthesized
using oligo(dT) and Superscriptll RT (Invitrogen). Real-Time RT-
PCR reactions were performed in triplicate on the cDNA using
Bio-Rad iQ SYBR green supermix and the Bio-Rad iQ5 Multicolor
Real-Time PCR Detection System (Bio-Rad). Mouse primers
used for real-time RT-PCR included B-2-microglobulin, glil,
cyclin D1, math1, and wild-type patched.
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