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Medulloblastoma is an invasive embryonal tumor of
the cerebellum with predominant neuronal differen-
tiation. Although several genes have been implicated
in medulloblasoma formation, such as Patched (Ptc1)
and the adenomatous polyposis coli gene (Apc), the
majority of these tumors cannot be explained by mu-
tations in these genes. The cellular origin as well as
the genetic and molecular changes involved in the
genesis and progression of human medulloblastomas
remain largely unknown. Here we show that disrup-
tion of poly(ADP-ribose) polymerase (PARP-1) causes
a high incidence (49%) of aggressive brain tumors in
p53 null mice, with typical features of human cere-
bellar medulloblastomas. At as early as 8 weeks of
age, lesions started on the outer surface of the cere-
bellum from remnant granule cell precursors of the
developmental external germinal layer. Progression
of these tumors is associated with the re-activation
of the neuronal specific transcription factor Math1,
dysregulation of Shh/Ptc1 signaling pathway, and
chromosomal aberrations, including triradial and
quadriradial chromosomes. The present study indi-
cates that the loss of function of DNA double-strand
break-sensing and repair molecules is an etiological
factor in the evolution of the cerebellar medulloblas-
tomas. These PARP-1/p53 double null mice represent
a novel model for the pathogenesis of human medul-
loblastomas. (Am J Pathol 2003, 162:343–352)

Primitive neuroectodermal tumors (PNETs) are highly ma-
lignant embryonal neoplasms of the central nervous sys-
tem (CNS) with the cerebellar medulloblastoma as the
most common and best characterized lesion. These tu-
mors manifest predominantly in children and adoles-

cents, and comprise approximately 20% of all pediatric
CNS neoplasms.1,2 Significant progress has been made
in the treatment of children with medulloblastoma, but
large gaps still exist in our understanding of the origin
and pathogenesis of this malignancy.

A minority of medulloblastoma occur in the setting of
hereditary cancer syndromes, including Li-Fraumeni syn-
drome caused by germline mutations of the tumor sup-
pressor gene p53,3,4 Gorlin syndrome with mutations in
human homologue of the Drosophila gene Patched
(Ptc1),5,6 and Turcot’s syndrome carrying mutations in
the adenomatous polyposis coli gene (APC).7 However,
mutations of p53,3,8 ptc1,9–12 APC, and genes involved in
Wnt signaling13–15 have only been detected in a small
proportion of sporadic tumors, suggesting that additional
genetic defects must be involved.

A causal link between gene mutations and the devel-
opment of medulloblastomas comes from the inactivation
of ptc1 in mice. Ptc1 is a receptor for Sonic hedgehog
(Shh) and thereby suppresses Shh-mediated mitogen
signaling for growth of granule cell precursors (GCPs) of
the cerebellum. Ptc1 is primarily expressed in neuronal
cells in the internal granule cell layer in the newborn
cerebellum and in the granule cell layer of adults derived
thereof. Ptc1 mutations release its suppression on Shh
leading to uncontrolled proliferation of neuronal precur-
sors and transformation.16 Therefore, Shh/Ptc1 signaling
plays a critical role during cerebellum development and
in neuronal tumorigenesis. Inactivation of ptc1 in mice
causes the death of homozygotes during embryogenesis
with an open and overgrown neural tube. Interestingly,
14% of ptc1 heterozygous mutant mice develop aggres-
sive cerebellar tumors,17,18 suggesting that Shh signaling
is involved in medulloblastoma formation. Whereas mice
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lacking p53 rarely develop brain tumors,19–21 and muta-
tions of the Rb gene have not been found in human
medulloblastomas, null mutation of p53 induces a high
frequency of medulloblastomas in Rb “conditional”
knockout mice.22 In addition, p53 null mutations dramat-
ically accelerate medulloblastoma formation in ptc1 het-
erozygous animals.23

DNA damage signaling/repair molecules play an im-
portant role in the maintenance of genomic integrity and
in suppressing malignant transformation, most likely via
their role in either homologous recombination repair or
non-homologous end-joining (NHEJ) pathways.24,25 Poly-
(ADP-ribose) polymerase (PARP-1) is a DNA strand
break-sensing molecule and activation of PARP-1 is one
of the early responses to DNA damage, among other
DNA break-sensing molecules, such as ATM, DNA-PK,
and p53. PARP-1 has been shown to play a role in pro-
tecting mice from �-irradiation and the alkylatin agent
(MNU), suppressing recombination, telomere length reg-
ulation, and chromosomal integrity.26–28

Recent studies using PARP-1 knockout mice have im-
plicated PARP-1 in the suppression of tumorigenesis.28

Although T- and B-cell development are retarded in
DNA-PK catalytic domain-mutated mice (SCID), PARP-1
deficiency partially rescued T-cell development, never-
theless, these mice succumbed to thymic lymphomas.29

In addition, PARP-1-deficient mice show an increase in
sarcoma and adenoma formation when treated with ni-
trosamine.30 We also found that PARP-1 deficiency pro-
voked carcinoma formation in p53 heterozygous knock-
out mice and neuronal malignancy (PNET) in p53 null
mice.31 In the present study, we report that PARP-1/p53
double null mice develop a high frequency of cerebellar
medulloblastomas at an early age originating from gran-
ule precursors in the cerebellum associated with molec-
ular and genetic alterations. These characteristics iden-
tify these PARP-1/p53 double null mice as a model for
human medulloblastoma.

Materials and Methods

Animal Breeding Scheme

We bred PARP-1�/� mice in a mixed (129/Sv � C57BL/6)
background32 with p53�/� mice (129/Sv)19 to generate
PARP-1�/�p53�� mice (129/Sv � C57BL/6). These mice
were then intercrossed for 5 subsequent generations
before setting up a large cohort group. All analyses were
carried out using animals from generations 5 to 10. Geno-
typing for PARP-1 and p53 loci was performed as de-
scribed previously.31

Histological and Immunohistochemical Analysis

Animals were euthanized by deep anesthesia when ex-
tracranial tumors or severe decline in health were evident
and a full necropsy was performed on each animal.
Whole mouse brains were fixed in 10% buffered formal-
dehyde for at least 24 hours. Sections of 3-�m thickness
were stained with hematoxylin and eosin (H&E). Immuno-

histochemical staining was performed using antibodies
against NeuN (monoclonal, 1:2000, Chemicon International,
Temicula, CA) and MAP-2 (monoclonal, 1:10,000, Roche,
Indianapolis, IN). Immunostaining for Math1 (antibody
kindly provided by Dr. Johnson, University of Texas South-
western Medical Center, Dallas, TX) was performed on
tumor sections following protocol previously described.33

Biotinylated secondary antibodies (Elite Kit, Vector Lab-
oratory, Burlingame, CA) were used at a dilution of
1:1000. Visualization of antibody staining was achieved
using an avidin/biotin peroxidase (Vector Laboratory)
and diaminobenzidine as a chromogen. Tissue structures
were visualized by counterstaining with Mayer’s hema-
toxylin.

RNA Isolation and Northern Blot Analysis

Total RNA was isolated from normal cerebella and me-
dulloblastomas using TriReagent (Sigma, Steinheim, Ger-
many) according to the manufacturer’s instruction. 10 to
30 �g of total RNA were electrophoresed on a 0.8%
agarose-formaldehyde gel, transferred to a nitro-cellu-
lose filter (Hybond N�, Amersham, Buckinghamshire,
UK), and hybridized with 32P-labeled cDNA probes and
exposed to PhosphorImager (Molecular Dynamics, Inc.,
Sunnyvale, CA).

Cytogenetic Analyses

Primary medulloblastoma cells were isolated according
to the protocol34 with modification. Briefly, medulloblas-
toma cells were mechanically dissociated with 40-�m
Cell Strainer (Becton Dickinson Labware, Franklin Lakes,
NJ) followed by three-time washing with Dulbecco’s mod-
ified Eagle’s medium (DMEM) containing 200 units/ml
penicillin, 200 �g/ml streptomycin, and 50 �g/ml genta-
micin. All cell culture medium and reagents were from
Life Technologies (Paisley, UK). These tumor cells were
seeded onto gelatin-coated plates in DMEM containing
10% fetal calf serum, 4.0 mmol/L glutamine, 50 units/ml
penicillin, 50 �g/ml streptomycin, and 25 �g/ml gentamicin.
Metaphase spreads were prepared and stained for
fluorescence in situ hybridization (FISH) analysis using
a Cy-3-labeled telomeric probe [(CCCTAA)3 peptide
nucleic acid] and counterstained by 4�,6�-diamidino-2-
phenylindole (DAPI) according to previously described
protocols.31

Results

Null Mutation of PARP-1 Causes a High Incidence
of PNETs/Medulloblastomas in p53�/� Mice

In our previous studies, we noted many neuronal tumors
in PARP-1�/�p53�/� mice.31 To better characterize these
tumors and to minimize the influence of genetic modifiers,
we generated a large cohort of PARP-1/p53 single or
double null mice after intercrossing of PARP-1�/�p53�/�

mice for 5 or more generations. In addition to a high
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frequency of lymphomas and angiosarcomas (data not
shown), PARP-1 null mutation dramatically increased the
incidence of cerebellar tumors in p53 null mice with a
median of tumor onset of 16 weeks (P � 0.0001, Figure
1). Gross and histopathological analyses of the brains of
these mice revealed that 31 of 63 (49%) PARP-1�/�p53�/�

mice developed brain tumors starting at the age of 8 weeks
(Figure 1), and there was a predisposition in male versus
female mice (2.1:1). Among these brain tumors, 30 (97%)
were localized in the cerebellum (Figure 1) exhibiting an
invasive growth pattern with poorly defined margins (Figure
2B, insert) and one tumor was located in the cerebrum.

In addition to the cerebellar tumors, early neoplastic
lesions were observed in eight mice at the outer surface
of the cerebellar molecular layer (Figure 2C), the region
corresponding to the external germinal layer (EGL) of the
developing cerebellum. These cells proliferate and mi-
grate inward as indicated by positive NeuN staining (Fig-
ure 2E). Interestingly, tumor cells at advanced stages
infiltrating adjacent cerebellar structure were frequently
arranged in sheets and rows with a high mitotic activity
(Figure 2D). Occasionally, there were neuroblastic ro-
settes (Figure 2D, insert). Large tumors often com-
pressed the cerebellar hemispheres, and invaded the
fourth ventricle (Figure 2H). Infiltration of the subarach-
noid space was also occasionally observed (data not
shown). These histological features indicate that cerebel-
lar tumors in PARP-1/p53 double null mice tend to spread
into neighboring CNS structures.

Cerebellar tumors showed strong immunoreactivity for
neuronal nuclei (NeuN, Figure 2, E and F) and for the
early neuronal differentiation marker nestin (data not
shown). In addition, they expressed microtubule-associ-
ated protein 2 (MAP-2) (Figure 2G), and, weakly, synap-
tophysin (data not shown). Although the majority of these
brain tumors were negative for glial fibrillary acidic pro-
tein (GFAP), scattered GFAP-positive cells were ob-
served in a few cases (data not shown). These analyses
indicate that cerebellar tumors arising in PARP-1/p53
double null mice exhibit predominantly neuronal differen-
tiation. Together, the pathological and immunohistologi-

cal characteristics are similar to the phenotypic features
of human cerebellar medulloblastomas.1,2

Math1 Reactivation in Granule Cell Precursors
(GCPs) in PARP-1�/� p53 Null Mice

The fact that tumors were mainly localized at the outer
surface of the cerebellum and underwent a dramatic
proliferation expansion is reminiscent of rapid postnatal
development of the cerebellum. Math1 is a neuron-spe-
cific basic helix-loop-helix (bHLH) transcription factor
and is required for the proliferation of granule cells in the
cerebellum.35 This molecule is specifically expressed in
the mitotic precursor cells at the EGL but is shut off in
post-mitotic neuronal cells at the EGL and mature granule
cells.33 We performed Northern blot analysis for math1
mRNA expression in developing cerebellum and tumor
samples. As expected, the math1 transcript was readily
detectable in the cerebellum of wild-type, PARP-1�/�,
and PARP-1�/�p53�/� mice at postnatal day 6 (P6) and
10 (P10), but undetectable at day 21 (P21) and week 6
(W6) as well as adjacent non-tumor cerebellum (N, Figure
3A). Strikingly, math1 was highly expressed in medullo-
blastoma samples (Figure 3A), suggesting a re-activation
of math1 during tumorigenesis.

To further localize the expression of Math1 to specific
cell types in medulloblastomas, we performed immuno-
histological staining of the tumors at various stages using
an antibody specifically against mouse Math1. In agree-
ment with previous studies,33 normal granule cells in the
adult cerebellum were negative for Math1 expression
(Figure 3B). Interestingly, in the early lesions of medullo-
blastoma, tumor cells at the outer surface of the cerebel-
lum were stained positive for Math1 (Figure 3C) and
these cells also co-expressed NeuN (data not shown),
indicating that medulloblastomas most likely originated
from the granule cell precursors retained in the EGL. In
advanced tumors, Math1 was expressed in a diffused
manner throughout the tumor mass (Figure 3D). Further-
more, tumor cells that infiltrated to the molecular layer of
the cerebellum also showed positive staining for Math1
(Figure 3E). These data indicate that Math1 is constitu-
tively expressed during medulloblastoma progression,
consistent with its role in neuronal cell proliferation.

Characterization of Shh/Ptc1 Signaling in
Medulloblastomas

Mutations in ptc1 have been detected in sporadic and
hereditary medulloblastomas.16 We next investigated
whether ptc1 is involved in PARP-1 deficiency-induced
medulloblastomas by Northern blot analysis. Ptc1 is ex-
pressed at normal levels in the cerebellum of PARP-1�/�

and PARP-1�/�p53�/� mice at postnatal day P6, P10,
P21 (data not shown), and W6 (Figure 4, A and B) when
compared to that in wild-type mice. However, expression
of ptc1 was dramatically reduced in the tumors com-
pared to their adjacent non-tumor cerebellar tissues and
to that in 6-week-old mice (Figure 4, A and B).

Figure 1. Incidence of brain tumors in PARP-1�/�p53�/� mice. A high
frequency of brain tumors was only observed in PARP-1/p53 double mutant
mice. All brain tumors were identified by macro- and microscopic examina-
tions. The groups of various genotypes were monitored for 24 weeks and the
curves show only brain tumors in various genotypes. The incidence of
lymphomas and soft tissue sarcomas were not shown.

An Animal Model of Medulloblastoma 345
AJP January 2003, Vol. 162, No. 1



346 Tong et al
AJP January 2003, Vol. 162, No. 1



The transcription factor gli1 is a downstream target of
the Shh signaling and is normally repressed by Ptc1.16 To
test whether down-regulation of ptc1 activates the Shh
signaling pathway in these medulloblastomas, we ana-
lyzed gli1 mRNA expression in normal developing and
adult cerebellum as well as tumor samples. While the gli1
transcript was present at low levels in the normal cere-
bellum of various genotypes at P6, P10 and P21, W6
(Figure 4A, data not shown), a significant increase of gli1
expression was observed in medulloblastoma samples
(Figure 4, A and C). Notably, the up-regulation of gli1
expression was negatively correlated with the pattern of
ptc1 expression in normal cerebellum and tumors, con-
sistent with the proposed role for Ptc1 in suppressing gli
expression. These data suggest that dysregulation of the
Shh/Ptc1 pathway is involved in medulloblastoma forma-
tion in these PARP-1/p53 double null mice.

Severe Chromosomal Aberrations and Increased
Mitotic Recombination in Medulloblastoma Cells
Derived from PARP-1�/� p53�/� Mice

To understand the genetic basis of these tumors, we
analyzed by FISH more than 33 metaphases from each
population of three primary medulloblastomas that we
isolated. These tumors were highly aneuploid and har-
bored various chromosomal aberrations. We noticed a
high frequency of fusions (more than one fusion per
metaphase) (Figure 5A), including Robertsonian translo-
cations (Figure 5, A, C, and D) and dicentric chromo-
somes (Figure 5A). Chromosome and chromatid breaks
(Figure 5A and E–J) as well as fragmentations (Figure 5,
G and H) were also present in these tumor cells. Intrigu-
ingly, a frequent chromosome configuration including
triradials and quadriradials has been found in these tu-
mors (Figure 5A and I–K). Since the radial chromosomes
are usually resulted from interchromatid or intrachromo-
some exchanges during S phase, this specific chromo-
some structural change indicates an increased mitotic
recombination in medulloblastomas derived from PARP-
1/p53 double null mice.

Discussion

The present study shows that loss of function of the DNA
strand break-binding molecule PARP-1 results in a high
frequency of cerebellar tumors in p53 null mice with onset
at an early age. These tumors originate from neuronal
cells retained at the outer surface of the cerebellar mo-
lecular layer and show a tendency to invade the fourth
ventricle and the subarachnoidal space. These features
resemble the major pathological characteristics of human

medulloblastomas. Although the histogenesis of medul-
loblastomas has been a controversial issue for more than
70 years, it has been proposed that this tumor type
originates from GCPs in the EGL of the cerebellum.1,2

This view is supported by the observations showing that
ptc1 mutations are detected in a subset of medulloblas-
tomas5,6 and that transcription factor ZIC1 is up-regu-
lated in medulloblastomas, which is predominantly ex-
pressed in the cerebellar granule cell lineage of fetal
brain.36,37 In addition, medulloblastomas appeared on
the cerebellar surface of ptc1-deficient mice,17,18 and
inactivation of the p53/Rb genes in the EGL caused me-
dulloblastomas in mice.22 Math1 is tightly regulated in a
developing cerebellum for correct coordination of prolif-
eration and differentiation of GCPs.35,38 Based on the
expression of neuronal markers and Math1 in tumors, we
conclude that GCPs retained at EGL are the cellular
origin of medulloblastomas in PARP-1 knockout mice.

The high frequency of medulloblastomas in PARP-1-
deficient p53 null mice suggests a cooperation of DNA
end-processing and cell cycle checkpoint molecules as
suppressors of malignant transformation of neuronal
cells. This finding is surprising since p53 null mice rarely
develop brain tumors while approximately 14% of pa-
tients with Li-Fraumeni syndrome, caused by germline
mutations of p53, develop CNS neoplasms. In agreement
with a previous study,22 our results indicate that p53 null
mutation alone is not sufficient to induce brain tumors and
that additional genetic mutations, eg, genome caretak-
ers, are required for malignant transformation. PARP-1 is
involved in double-strand break (DSB) repair pathways
since PARP-1 deficiency renders mice hypersensitive to
whole body �-irradiation39–42 and facilitates a partial res-
cue of the V(D)J recombination process in SCID mice.29

In addition, patients suffering from chromosome instabil-
ity syndromes, such as Nijmegen breakage syndrome
(NBS),43 Bloom syndrome (BLM),44 and Fanconi ane-
mia45 are predisposed to malignancy, including occa-
sional medulloblastomas. Secondly, the brain is con-
stantly exposed to oxidative stress and damage. Full
activity of the DNA DSB repair machinery is required to
repair these DNA lesions, failure of which, together with
the compromised checkpoints, allows accumulation and
propagation of genetic mutations. Finally, it recently has
been shown that neuronal cells in developing mouse
cerebellum are susceptible to DNA damage-induced cell
death.46 PARP-1-deficient neuronal cells are resistant to
ischemia or neurotoxic cell death,47,48 and inhibition of
PARP-1 activity abrogates programmed cell death of hu-
man medulloblastoma cells.49 It is possible that this fea-
ture may facilitate propagation of damaged cells that can
be synergistically promoted by p53-mediated checkpoint
failure.

Figure 2. Gross and histological examinations of representative cerebellar tumors in PARP-1/p53 double null mice. A: Gross appearance of normal adult mouse
brain at 20 weeks of age and a sagittal section (H&E) of a normal cerebellum is shown in insert. B: Gross appearance of a cerebellar tumor (arrow) in a
PARP-1�/�p53�/� mouse at 15 weeks of age. A sagittal section of this tumor stained by H&E and is shown as an inset. Bars in (A) and (B) represent 0.5 cm.
C: H&E staining of an early neoplastic lesion, spreading from the cerebellar surface through the molecular layer. D: Advanced medulloblastoma (H&E), consisting
of densely packed cells with hyperchromatic nuclei and brisk mitotic activity (arrow). A neuroblastic rosette is shown as insert. (E–G). Early neoplastic lesions
are immunoreactive for NeuN (E) and in advanced tumors, most cells express NeuN (F). G: MAP-2 cytoplasmic immunostaining shows a filamentous pattern
through out the tumor (Tu). (H) Infiltration by a cerebellar medulloblastoma (Tu) into the fourth ventricle. mo, molecular layer. gr, granule cell layer. CP, choroid
plexus. Original magnification of C, D, E, F, and G is �20 and H is �10.
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Cytogenetic analysis revealed a high degree of chro-
mosomal abnormalities and aneuploidy in medulloblas-
toma cells derived from PARP-1/p53 double null mice.
This finding is consistent with our previous observation
that PARP-1 and p53 synergistically minimize chromo-
somal aberrations.31 In addition, triradial and quadrira-
dial chromosomes are often observed (Figure 5). While
these chromosomal aberrations may be caused by the
telomere dysfunction in the absence of PARP-1 and
p53,31 formation of radial chromosomes is most likely
attributable to an increased activity of mitotic recombina-
tion that promotes chromatid exchange between sister
chromatids or interchromosomes. This finding suggests a
role of PARP-1 in suppressing mitotic recombination, and
is consistent with the hypothesis that PARP-1 may be an
antirecombinogenic factor.26 The radial chromosomes
are deleterious since they often cause chromosome
breaks and translocations when cells enter the next
round of cell division. In somatic cells, mitotic recombi-
nation is the major cause of the loss of heterozygosity
(LOH).50 In agreement with this mechanism, fusions (and
perhaps also translocations) and breakage/fragmenta-
tions in tumor cells are the most prominent chromosomal
abnormalities in these medulloblastomas. Interestingly,
radial chromosomes are a typical feature of Bloom syn-

drome, caused by mutations in BLM, leading to chromo-
somal hyper-recombination.44 Bloom patients have been
reported to develop medulloblastomas, albeit rarely.
These data further support the notion that DNA (single- or
double-strand) break-processing molecules stabilize
chromosomes and thereby prevent tumorigenesis.

Although chromosomal fusions or translocations rep-
resent a mechanism for overexpression of transcription
factors and activation of oncogenes in human malignan-
cies,51 the cause for the reactivation of the transcription
factor Math1 in medulloblastomas in PARP-1�/�p53�/�

mice remains elusive. Given its active role in proliferation,
it is possible that Math1 transcription factor acts as an
oncogene. Up-regulation of math1 in early and advanced
medulloblastomas of PARP-1/p53 double null mice
strongly suggests that reactivation of math1 is likely to
promote proliferation of neuronal cells, which may repre-
sent a molecular event for neuronal oncogenic transfor-
mation and tumor progression.

The Shh/Ptc1 signaling pathway is involved in cerebel-
lar development and the alteration of this signaling con-
tributes to the etiology of medulloblastomas in humans.16

Ptc1 represses Shh signaling resulting in down-regula-
tion of its targeted genes, including transcriptional acti-
vator gli1 and inactivation of ptc1 in human tumors, which

Figure 4. Dysregulation of the Shh/ptc1 signaling pathway in medulloblastomas derived from PARP-1/p53 double null mice. A: Representative Northern blot
analysis for ptc1 and gli1 expression in normal adult cerebellum and medulloblastomas, and a quantitation of expression levels of ptc1 (B) and gli1 (C) is shown.
Reduced levels of the ptc1 transcript (8 kb) were detected in all tumor samples when compared to non-tumor cerebellar tissue of adult (N4) and 6-week-old (W6)
mice. In contrast, weak expression of gli1 (4.0 kb) was seen in the normal cerebellum (W6 and N4), whereas higher expression levels of gli1 were present in
medulloblastomas (T1–T4). The �-actin probe is used to control loading.

Figure 3. A: Re-activation of neuron-specific transcription factor Math1 in medulloblastomas. Northern blot analysis of math1 expression in a normal cerebellum
(N) at postnatal day 6 (P6), P10, P21, and at 6 weeks (W6) in adult mice, and medulloblastomas at the age of 15 to 22 weeks (T1–T4). The math1 transcript (2.5
kb) was detected in the cerebellum at P6 and P10, but was absent at postnatal day 21 and in adult cerebella (W6 and N). However, high expression levels of math1
mRNA were detected in medulloblastomas (T1–T4). Ethidium staining of 18S and 28S rRNA was used to control loading. Immunohistochemistry of Math1 in the
normal cerebellum (B) and medulloblastomas (C–E). B: A normal cerebellum from a PARP-1�/�p53�/� mouse (16 weeks old) is devoid of Math1 staining in the
molecular (mo) and granule (gr) layers, similar to wild-type animals. C: Tumor cells from an early neoplastic lesion were located in the outer surface of the
cerebellar molecular layer (arrows). D: An advanced cerebellar tumor showing a diffused staining for Math1 (see also insert with Math1-positive cells in the
granule cell layer). E: Math1-positive cells were also detected in tumor cells infiltrated into the molecular layer at advanced stages. Original magnification of B
and E is � 10 and C and D is � 20.

An Animal Model of Medulloblastoma 349
AJP January 2003, Vol. 162, No. 1



results in the overexpression of gli1.52 Consistent with
this notion, heterozygous ptc1 knockout mice are predis-
posed to medulloblastomas associated with gli1 overex-
pression.17,18 Moreover, activation of gli1 induces hyper-
proliferation of neuronal precursors.53 Along these same
lines, we found that a significant down-regulation of ptc1
is associated with the overexpression of gli1 in medullo-
blastomas, indicating an involvement of the Shh/Ptc1
signaling pathway in the formation of this tumor type in
PARP-1�/� mice lacking p53.

Chromosomal alterations are prevalent in human me-
dulloblastomas.1 PARP-1 is localized in the human chro-
mosome 1q41–42. Although alterations in chromosome
1q are found in a certain number of human medulloblas-
tomas,1,54,55 and loss of genetic materials has been
mapped to 1q31–32,56 the status of the PARP-1 locus has
not been documented in this type of tumor. Therefore, fur-
ther genetic and molecular analyses are required to eluci-
date the role of PARP-1 and poly(ADP-ribosy)lation activity
in the development of human medulloblastomas.

The present study has provided genetic evidence that
defects in the DNA double-strand break-sensing mole-
cule PARP-1 and failure in p53-mediated checkpoints
render neuronal cells to malignant transformation, lead-

ing to medulloblastomas. Given the anatomical location
of tumors, age of onset, sex prevalence, predominant
neuronal differentiation, and genetic and molecular alter-
ations, all of which are reminiscent of human medullo-
blastomas, PARP-1/p53 double null mice represent a
novel mouse model for this disease. Further character-
ization of medulloblastomas derived from these animals
may lead to the identification of new genes that are
instrumental in the evolution of human cerebellar medul-
loblastoma as well as related primitive neuroectodermal
tumors and ultimately, to preclinical valuation of new
therapies.

Acknowledgments

We thank D. Galendo for the maintenance of the animal
colonies, N. Lyandrat for technical assistance, and G.
Mollon for the preparation of photographs. We also thank
Dr. E.J. Johnson for the Math1 antibody, and Drs. H.
Zogbi (math1), M.P. Scott (ptc1) and T. Curran (gli1) for
providing cDNA probes. Further thanks are due to Dr.
Zdenko Herceg for his critical reading and discussion of
the manuscript.

Figure 5. Cytogenetic analysis of medulloblastoma cells derived from PARP-1/p53 double null mice. Metaphase chromosomes were prepared from primary
medulloblastomas and stained with the telomeric FISH probe (D, F, H, J, and L) then counterstained with 4�,6�-diamidino-2-phenylindole (DAPI) (B, C, E, G, I,
and K). A: Summary of chromosomal aberrations in primary medulloblastoma cells. RL, Robertsonian-like fusions; Dic, dicentric chromosomes. Radial
chromosomes include triradial and quadriradial chromosomes. Representative metaphase spread from medulloblastoma cells is shown in (B) and chromosomal
abnormalities include Robertsonian-like fusions (C and D), chromosomal break (E and F), fragmentations (G–J), triradial (I and J), and quadriradial (K and L)
chromosomes.
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