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Medulloblastomas are among the most common malignancies in childhood, and they are associated with
substantial mortality and morbidity. The molecular pathogenesis as well as the ontogeny of these neoplasms
is still poorly understood. We have generated a mouse model for medulloblastoma by Cre-LoxP-mediated
inactivation of Rb and p53 tumor suppressor genes in the cerebellar external granular layer (EGL) cells.
GFAP-Cre-mediated recombination was found both in astrocytes and in immature precursor cells of the EGL
in the developing cerebellum. GFAP-Cre;Rb o*/LoxP,p53-/- or LoxP/LoxP mjce developed highly aggressive
embryonal tumors of the cerebellum with typical features of medulloblastoma. These tumors were identified
as early as 7 weeks of age on the outer surface of the molecular layer, corresponding to the location of the
EGL cells during development. Our results demonstrate that loss of function of RB is essential for
medulloblastoma development in the mouse and strongly support the hypothesis that medulloblastomas arise

from multipotent precursor cells located in the EGL.
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Astrocytes are the most abundant non-neuronal cells in
the central nervous system (CNS) and participate in a
wide variety of physiologic and pathologic processes. In
humans this cell type most frequently undergoes neo-
plastic transformation in the adult brain. Although some
genetic events in the neoplastic transformation of astro-
cytes have been identified, relatively little is known
about the pathways involved in the development and
progression of glial tumors.

The glial fibrillary acidic protein (GFAP) gene encodes
an intermediate filament cytoskeletal protein that is re-
stricted primarily to astroglia in the adult CNS (Bignami
et al. 1972). Mouse GFAP promoter sequences have been
extensively characterized and used to express heterolo-
gous genes in transgenic mice (Toggas et al. 1994,
Johnson et al. 1995). We reasoned that expressing the Cre
recombinase of the Cre-LoxP system (for review, see Ra-
jewsky et al. 1996) under control of this promoter would
enable us to study the role of the tumor suppressor genes
involved in the pathogenesis of gliomas.

There is evidence that loss of function of the tumor
suppressor gene P53 is one of the initiator events in the
neoplastic transformation of astrocytes. Families with
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germ line mutations of P53 have an incidence of CNS
tumors of 13%, most of which (73%) are astrocytomas
(Kleihues et al. 1997). The pattern of mutations found in
sporadic and inherited brain tumors is similar (Fulci et
al. 1998). p53 knockout mice have been generated and
extensively characterized (Donehower et al. 1992; Jacks
et al. 1994), but no increased incidence of glial tumors
have been reported in the short life span of these highly
tumor prone mice. Astrocytes derived from these p53
knockout mice, however, undergo spontaneous immor-
talization (Bogler et al. 1995; Yahanda et al. 1995).

The retinoblastoma gene was the first tumor suppres-
sor gene to be cloned (Dryja et al. 1986; Friend et al. 1986;
Lee et al. 1987a,b) and has been found mutated in a va-
riety of human sporadic and hereditary tumors (for re-
view, see Weinberg 1995). The retinoblastoma gene prod-
uct, RB, is not only required for regulating entry into the
cell cycle but also for terminal differentiation of different
cell types, including CNS precursors (Lee et al. 1994).
There is evidence from in vitro studies for the involve-
ment of RB in differentiation and maturation of neurons
and glia. Retinoic acid treated p19 embryonal carcinoma
cells failed to differentiate into neurons and glia upon
functional inactivation of RB by E1A (Slack et al. 1995).
Moreover, loss of RB has been implicated in glial malig-
nancies. A proportion of children with the inherited
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form of retinoblastoma will develop brain tumors later
in life, and alterations of chromosome 13 have been re-
ported in glioma cell lines as well as in about one-third of
malignant gliomas (Hamel et al. 1993).

Although inactivation of the Rb gene in the mouse
germ line leads to embryonic lethality at day 12.5 of
gestation (Clarke et al. 1992; Jacks et al. 1992; Lee et al.
1992) as a result of major defects in the hematopoietic
and nervous system, mice heterozygous for Rb or mice
chimeric for wild-type and Rb-deficient cells develop pi-
tuitary tumors early in life (Maandag et al. 1994; Wil-
liams et al. 1994). Therefore, the consequences of lack of
RB on glial differentiation and neoplastic transformation
cannot be studied in these mice.

We have chosen to investigate the role of RB in
the neoplastic transformation of astrocytes using the
Cre-LoxP system. To assess a possible cooperation in
tumorigenesis between RB and p53, we examined
the effects of GFAP-Cre-mediated Rb inactivation in a
p53-null background. Moreover, to overcome the limita-
tions linked to the short life span of the p53 knockout
mice, we used p53 conditional mutant mice, and we
studied the selective inactivation of this tumor suppres-
sor gene in astrocytes either alone or in combination
with Rb.

We report here that RB is not required for the normal
maturation of astrocytes and that the independent inac-
tivation of p53 or RB is not sufficient to cause the neo-
plastic transformation of these cells in vivo. However,
we found that expression of the GFAP-Cre transgene is
not restricted to mature astrocytes. Precursor cells lo-
cated in the external granular layer (EGL) of the cerebel-
lum also express Cre recombinase driven from the GFAP
promoter. Lack of Rb in these cells in combination with
either a somatic or a germ-line p53 inactivation leads to
medulloblastomas, highly aggressive embryonal tumors
of the cerebellum. No glial tumors have been found in
these mice.
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Results

Generation and characterization of GFAP-Cre
transgenic mice

Transgenic mice were generated in which Cre expression
was under the control of the GFAP promoter (Johnson et
al. 1995). Progeny resulting from the pronuclear injec-
tion of the GFAP-Cre construct (Fig. 1A) were screened
for integration of the transgene. Transgenic lines were
derived from all 12 founder mice (FVB inbred). Two lines,
Tg2 and Tg6, expressing Cre mRNA in the brain (Fig. 1B)
were selected for further analysis. To investigate the tis-
sue specific expression and the functionality of the trans-
gene, we crossed F;, GFAP-Cre Tg2 and Tg6 mice with
transgenic LacZ indicator mice (ACZL and/or R26R) in
which LacZ expression is only present in Cre-expressing
cells and their descendants (Fig. 1C) (Akagi et al. 1997;
Soriano 1999). PCR analysis on double transgenic ani-
mals showed brain specific recombination of the indica-
tor transgene in both lines (Fig. 1D). Testis, intestine,
and peripheral nerves also showed recombination, in
agreement with previous reports on GFAP expression
outside the CNS (McLendon and Bigner 1994). In situ
enzymatic staining for B-galactosidase in combination
with immunostaining for GFAP on brains of adult
double transgenic mice revealed specific staining of dis-
tinct subpopulations of astrocytes. Numerous fibrillary
astrocytes located in the white matter (Fig. 2A), proto-
plasmic astrocytes located in different areas of the cere-
bral (Fig. 2B) and cerebellar cortex, the Bergmann glia of
the cerebellum, subpial astrocytes, and ependymal cells
(Fig. 2C) were positive for both LacZ and GFAP. Surpris-
ingly, not only astrocytes in the regions described above
but also certain subpopulations of neurons [CA3 and
CAA4 portion of the neuronal ribbon of the hippocampus
(Fig. 2D), the dentate gyrus, some neuronal subpopula-
tions of the cortical molecular layer, and scattered cer-
ebellar granular cells] were B-galactosidase positive al-

Figure 1. Structure of GFAP-Cre transgene
and characterization of the transgenic mice.
(A) Partial structure of the GFAP-Cre trans-
gene. (B) Northern blot analysis of Cre expres-
sion on poly(A)* RNA from three indepen-
dent transgenic lines. A 1.6-kb mRNA corre-
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Figure 2. In situ analysis of recombina-
tion in GFAP-Cre;ACZL double trans- 2
genic mice. (Upper row) Astrocytes double &
positive for LacZ staining (blue reaction ¥
product) and GFAP (brown stain) located ,‘j
in the brain stem (A) and in the cerebral o
cortex (B); double positive ependymal cells o :
lining the ventricular wall (C) and neurons R
positive for LacZ staining and negative for 4 ;
GFAP in the CA4 portion of the neuronal '~

ribbon of the hippocampus (D); double la-

beling of Cre mRNA (black) and GFAP A

protein (brown) in fibrillary white matter -
astrocytes. (E). (Lower row) Brain speci-
men 24 hr after cryolesioning. Macro-
scopical appearance of the lesioned brain
(F) and histological analysis of the lesioned
area on frontal sections stained with H&E
(G) are shown. (H) Up-regulation of Cre ex-
pression in reactive astrocytes located in
the necrotic area and surrounding the le-
sion as demonstrated by Cre mRNA in
situ hybridization. In contrast, there is
only little basal Cre expression in the ce-
rebral cortex of an unlesioned animal (I).

beit GFAP negative. Both Tg2 and Tg6 lines showed this
staining pattern. Endogenous B-galactosidase activity
was ruled out by the absence of staining in single trans-
genic littermates.

In situ hybridization analysis revealed a specific ex-
pression of the Cre recombinase in astrocytes (Fig. 2E),
subependymal cells, and scattered cells located in the
CA4 layer of the hipppocampus. This apparently ectopic
expression might be explained by a transient Cre expres-
sion in multipotent precursor cells located in these re-
gions (Palmer et al. 1997; Eriksson et al. 1998). Differen-
tiation and maturation of these precursor cells would
result in loss of Cre expression and sustained LacZ ex-
pression. To further assess the specificity of the Cre ex-
pression, we performed cryolesions to up-regulate GFAP-
directed transgene expression (Johnson et al. 1995). In
the mammalian CNS, GFAP expression is up-regulated
in astrocytes reacting to pathologic processes. Cold le-
sions of the brain surface effectively induce astrocyte
reaction and hence GFAP expression (Phillips et al.
1995). Cre in situ hybridization was performed on brain
sections from GFAP-Cre mice, sacrificed 24 hr after
cryolesioning (Fig. 2F,G). As shown in Figure 2H, reac-
tive astrocytes in the vicinity of the lesion contained
abundant Cre mRNA. Although the nontreated cortical
gray matter contains only few Cre expressing astrocytes
(Fig. 2I), their number was significantly increased after
cryolesion. These findings suggest that Cre expression
follows the specific expression behavior typical of the
GFAP promoter.

Cell type-specific inactivation of Rb in the CNS

Mice carrying conditional Rb alleles were generated us-
ing an insertion type targeting vector in which two LoxP
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sequences were inserted into the introns surrounding
exon 19 of Rb (Fig. 3A). Excision of the region flanked by
the LoxP sites results in truncation of the RB protein
that is functionally equivalent to a null allele (Vooijs et
al. 1998; Vooijs and Berns 1999).

We crossed GFAP-Cre Tg2 mice with homozygous
RBEoXP/LoXP mjce to obtain GFAP-Cre;Rb“**"/* mice.
These mice were subsequently bred to RbX*P/LoxP mice
to obtain GFAP-Cre;RbY°*F/Lox mice. These mice were
healthy and fertile and showed no sign of CNS disease.

A cohort of 22 GFAP-Cre;Rb"**/LoXF mjce was kept
under observation for up to 1 year of age (Table 1), and
the brains were examined histologically at different time
points (two mice at 1, 3, 5, and 7 months, respectively,
and 14 mice at 1 year of age). PCR analysis for Rb re-
combination (Fig. 3B) and in situ-hybridization for Cre
mRNA (data not shown) were performed on selected
brain specimens at various time points and confirmed
the presence of astrocytes devoid of RB. Histological
analysis did not reveal any evidence for dysplastic astro-
cytes or small neoplastic lesions.

Medulloblastomas in mice with a somatic Rb
inactivation in a p53-null background

In humans, RB mutations have been found in high-grade
astrocytic tumors (Hamel et al. 1993), and the loss of its
function is considered to be involved in the progression
from the benign form to the highly malignant astrocy-
toma (Kleihues et al. 1993). Therefore, the lack of an
initiation step might be responsible for the lack of neo-
plastic transformation of Rb-null mutant astrocytes. As
there is evidence that loss of p53 function can act as
an initiator event in low-grade astrocytoma patho-
genesis (von Deimling et al. 1992; Ohgaki et al. 1993),
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we asked whether there is cooperation between these
two tumor suppressor genes in inducing neoplastic
transformation of astrocytes. We therefore crossed
GFAP-Cre;Rb"*P/toxP mjice with p53-deficient mice
(Donehower et al. 1992). Thirteen mice with one intact
copy of the p53 allele (GFAP-Cre;RbLoxP/Loxl,p53+/-)
were kept under observation for up to 8 months (Table
1), when they had to be sacrificed because of the devel-
opment of lymphomas and different types of sarcomas
(Harvey et al. 1995). Histological analysis of the brains of
these mice showed no evidence for cellular atypia or neo-
plastic lesions of glial origin.

Seven GFAP-Cre;Rb"**"/t°*F mice in a p53~/~ back-
ground had to be sacrificed around 3-4 months of age
(Table 1) because they developed similar tumors as mice
with one inactivated p53 allele. Three GFAP-
Cre;RbroxP/LoxP 1553-/- mice, however, presented with
symptoms of CNS disease. They circled, held their heads
to one side, and showed tremor, gait disturbance with
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Figure 3. Analysis of Rb and p53 recombina-
tion in different areas of the adult mouse brain.
(A) Structure of the Rb floxed allele: LoxP sites
were inserted into the introns surrounding exon
19. (B) A 260-bp PCR product representing the
recombined Rb allele (primers Rb212 and Rb18)
is present in a subset of cells in all analyzed
areas of the brain. The 283-bp product repre-
sents the floxed allele (primers RbI9E and
Rb18). The location of the primers used for the
analysis (Rb212, Rb19E, and Rb18) is illustrated
in A. Structure of the p53 floxed allele (C) and
PCR analysis of recombination in different ar-
eas of the brain (D,E) are shown. The 584-bp
band represents the floxed p53 allele (primers
10F and 10R), and the 612-bp band represents
the recombined p53 allele (primers 1F and 10R).
(M) Molecular marker; (T) tail; (OB) olfactory
bulb; (Cx) cortex; (Hc) hyppocampus; (Ce) cer-
ebellum; (Bs) brain stem.

0

ataxia, and loss of balance. These three mice and the
additional four mice without neurological symptoms (all
of them between 3 and 4 months of age) were sacrificed,
and their brains were analyzed histologically. In all but
one case, we detected tumors in the cerebellum (Fig.
4A,B). These tumors consisted of densely packed, po-
lygonal cells with scant cytoplasm and hyperchromatic
nuclei (Fig. 4C). The tumor cells were arranged in sheets
and rows and occasionally formed pseudorosette struc-
tures. There was high mitotic activity throughout the
tumor. These hypercellular tumors were located in the
vermis or close to the cerebellar peduncles and showed
an invasive growth pattern with ill-defined margins.
Multifocal occurrence of these tumors was occasionally
noted, although in these cases a secondary spread of the
tumor could not be ruled out. Localization and morpho-
logical appearance of these tumors showed in all in-
stances striking similarity to medulloblastomas, malig-
nant tumors arising in the cerebellum of children.

Table 1. Occurrence of medulloblastoma in compound mutant mice

Medulloblastomas in mice sacrificed

Medulloblastomas in nonsymptomatic

Total no. at 8 months, 1 year, or when mice sacrificed

Genotype of mice symptoms occurred at earlier time point
GFAP-Cre; Rb-oxP/LoxP 22 0/142 0/8
GFAP-Cre; RbMoxP/LoxP 1 53+/- 13 0/13 N.D.
GFAP-Cre;RbLoxP/*,p53-/- 4 1/4¢ (106d) N.D.
GFAP-Cre; Rb-oxP/LoxP. 53/~ 7 5/6° (76d-108d) 1/1
GFEAP-Cre;Rb™**/*,p53+/- 15 0/15° N.D.
GFAP-Cre;p53Lox/LoxP 11 0/10° 0/1
GFAP-Cre;RbLOXP/LOXP, 5 3LoxP/+ 5 0/5° N.D.
GFAP-Cre;RbLoxP/+,p53Lox®/Lox P 12 6/8>< (87d-196d) 0/4
GFAP-Cre;RbLOXP/LOXP 5 3LoxP/LoxP 12 9/9¢ (86d-118d) 1/3
GFAP-Cre;RbLoxP/+;p53LoxP/+ 15 0/15° N.D.

The total number of mice analyzed for each genotype and the occurrence of medulloblastomas at different time points is presented.

2Mice sacrificed at 1 year of age.
PMice sacrificed at 8 months of age.

“Mice sacrificed when symptoms occurred; time range in days is shown in parenthesis.

(N.D) Not determined.
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Figure 4. Histopathological analysis of medulloblastomas in
GFAP-Cre;Rb"*"/1oxP,553-/- mice. (A) Macroscopical appear-
ance of a medulloblastoma arising in the cerebellar vermis of a
16-week-old mouse. (B) Low-power magnification of a tumor
diffusely infiltrating in a cerebellar folia and in the subarach-
noidal space (upper and lower arrows, respectively; H&E). (C)
High-power magnification of a hypercellular tumor consisting
of densely packed, polygonal cells with scant cytoplasm and
hyperchromatic nuclei (H&E). Areas of early neuronal (MAP-2;
D) and glial (GFAP; E) differentiation are detectable. (F) PCR
analysis of Rb recombination in tumors arising in GFAP-
Cre;Rb™*/+,p537/= and GFAP-Cre;Rb"*I/1ox,n53-/~ mice.
The 283-, 260-, and 235-bp products correspond to the floxed
(nonrecombined), the recombined, and the wild-type allele, re-
spectively. The primers used for the analysis (Rb212, Rb19E,
and Rb18) are the same as described in Fig. 3.

To find further support for their similarity to human
medulloblastomas, we looked for the expression of glial
and neuronal markers. Microtubule-associated protein
(MAP-2), an early expressed neuronal antigen, was de-
tected in the tumor cells (Fig. 4D), whereas other neuro-
nal markers of advanced differentiation (neuron-specific
enolase and synaptophysin) were not expressed (data not
shown). GFAP expression was found in clusters of neo-
plastic cells, characterized by a thin rim of immunore-
activity around the nucleus (Fig. 4E). These cells were
clearly discernible from reactive astrocytes with thin,
elongated processes and a brighter, scattered nucleus.
These findings indicate early neuronal and glial differen-
tiation and suggest an origin from multipotential, un-
committed precursor cells.

To test whether the floxed Rb alleles were recombined
in the tumors, we performed a PCR analysis on DNA
extracted from tumor tissue and from adjacent normal
CNS tissue. This analysis revealed that both floxed Rb
alleles were recombined in the tumor tissue (Fig. 4F). In
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addition to mice with both floxed Rb alleles in the p53-
null background, there was one mouse with only one
floxed Rb allele in the p53-null background (GFAP-
Cre;Rb"**"/*,p537/~) that also showed signs of CNS dis-
ease. Autopsy and histological examination of the brain
showed a medulloblastoma morphologically indistin-
guishable from those described above. PCR analysis per-
formed on neoplastic and normal tissue of this mouse
showed that the floxed Rb allele was recombined and the
wild-type allele was lost (Fig. 4F).

Histological examination of other brain areas of these
mice revealed hydrocephalus in some cases (as a result of
obstruction of the fourth ventricle) but no sign of other
malignancies.

No medulloblastomas and no glial malignancies
in GFAP-Cre;p53-oxP/2oxP mice

Because the short lifespan of the p53 conventional
knockout mice might have masked the development of
medulloblastomas and precluded the development of
other CNS tumors such as gliomas, we crossed GFAP-
Cre mice with mice carrying conditional p53 alleles (Fig.
3C). These mice were generated by inserting LoxP sites
in intron 1 and intron 10 of the p53 gene using a subse-
quent targeting strategy. Mice homozygous for the
floxed allele were monitored for up to 1 year of age and
did not show increased incidence of diseases. On the
other hand, p532271% mice, obtained after crossing with
mice expressing Cre in the germ-line (Deleter-Cre;
Schwenk et al. 1995) were showing the same tumor spec-
trum of p53 conventional knockout mice (J. Jonkers and
A. Berns, in prep.).

GFAP-Cre;p53-°xP/LoxP mice were healthy and fertile
and were kept under observation for up to 8 months of
age. The presence of astrocytes lacking p53 was assessed
on selected brain specimens with PCR-based analysis of
recombination (Fig. 3D,E) and in situ hybridization for
Cre mRNA (data not shown). The histological analysis
on the brains of these animals reveals neither medullo-
blastomas nor malignancies of glial origin.

Conditional inactivation of both p53 and Rb leads
to medulloblastomas

To ask whether GFAP-Cre-mediated somatic inactiva-
tion of both p53 and Rb would lead to medulloblasto-
mas, we crossed p53LoXP/LoxP mice with GFAP-
Cre;RboXP/LoxXP o obtain GFAP-Cre;RbLoxXF/*;p53LoxP/+
mice. These mice were subsequently crossbred to obtain
GFAP-Cre;Rb"oxP/toxP pn53LoxP/LoxP mjce,

Between 3 and 4 months of age all compound mutants
(9/9) developed medulloblastomas with the same histo-
pathologic features described previously.

Six out of 8 mice with one floxed Rb allele and two
floxed p53 alleles (GFAP-Cre;Rb:oxP/*,p53LoxP/LoxP|
kept under observation for up to 8 months, developed
medulloblastomas as well, although in some cases, after
longer latency (Table 1). PCR analysis was performed on



four out of six tumors in which a good separation be-
tween neoplastic and adjacent normal tissue was pres-
ent. In three out of four tumors, the floxed Rb allele was
recombined and the wild type allele was lost. In one case,
the wild-type and the floxed alleles were still detected in
addition to a strong recombination band, most likely this
was due to contaminating non-neoplastic cells.

EGL precursor cells are the cells of origin
of medulloblastomas

One GFAP-Cre;Rb*o*P/LoxP 553-/~ mouse and three
GFAP-Cre;Rb"oxP/toxP n53LoxP/LoxP jce were sacri-
ficed at 2 months of age without showing neurological
disease, and the entire cerebella was analyzed by serial
sections. In the GFAP-Cre;Rb**P/LoxP.pn53-/= cerebel-
lum, we identified three early neoplastic lesions located
on the outer surface of the molecular layer (Fig. 5a),
where the EGL cells are located during late embryonal
and early postnatal development. RNA in situ hybridiza-
tion showed strong Cre expression in the neoplastic cells
(Fig. 5b). Similar lesions were found in one out of three
GFAP-Cre;Rbtoxt/Lox n53LoxP/LoxP cerebella analyzed.

Newborn mice double transgenic for GFAP-Cre and a

Figure 5. Analysis of the origin of medulloblastomas in GFAP-
Cre;RbtoxP/LoxP n53-/= Early neoplastic lesions on the outer
cerebellar surface of a 7-week-old mutant mouse (H&E; A) and
in situ hybridization for Cre mRNA (B) are shown. LacZ-posi-
tive EGL cells in the cerebellum of a newborn GFAP-Cre mouse
crossed to a LacZ indicator mouse show LacZ staining/Nuclear
Red (C), and high-power magnification shows scattered Cre-
expressing EGL precursor cells (D). Low-power magnification of
a medulloblastoma surrounding cerebellar lamellae (H&E; E)
and Math-1 expression in the tumor cells RNA in situ hybrid-
ization (F) are shown.

Medulloblastomas in p53/Rb compound mutant mice

LacZ indicator construct (R26R) showed LacZ staining
not only in the developing forebrain and in the spinal
ganglia but also in the EGL cells of the cerebellum (Fig.
5c¢). Moreover, scattered precursor cells located in the
EGL of the same animals are expressing Cre, as shown in
Figure 5d. This finding suggests that precursor cells of
the EGL activate the GFAP promoter and thus induce
Cre expression and Cre-mediated recombination. An ec-
topic expression of the GFAP-Cre construct in the EGL
precursor cells, however, cannot be excluded.

Mathl (Akazawa et al. 1995; Ben-Arie et al. 1996), the
mouse homolog of the Drosophila gene atonal, encodes
a basic helix-loop-helix transcription factor that is spe-
cifically expressed in the precursor cells of the EGL and
is required in vivo for the genesis of granule cells (Ben-
Arie et al. 1997).

We performed in situ hybridization for Mathl on se-
lected cases of medulloblastomas arising in GFAP-
Cre;Rb1oxP/LoxP n53=/~ or LoxP/LoxP mjce and we ob-
served strong Mathl expression (Fig. 5¢,f] in all tumors
analyzed. The mature granule cells located in the IGL as
well as the subependymal matrix cells did not express
Math1, in agreement with previous reports (Ben-Arie et
al. 1996, 1997).

These results strongly support our conclusions that
these tumors arise from the granule cell precursors re-
tained on the cerebellar surface.

Discussion

GFAP, an intermediate filament protein, is expressed in
differentiated and mature astrocytes in the mammalian
brain (Eng 1985; Bignami et al. 1992). A detailed expres-
sion analysis of neuronal and glial markers during the
histogenesis of the human cerebellar cortex, however,
described GFAP expression in scattered multipotent pre-
cursor cells located in the ventricular zone of the cer-
ebellar anlage at 8 weeks of gestation (Yachnis et al.
1993). Furthermore, a recent study identified ependymal
cells, known to express GFAP, as multipotent neural
stem cells of the adult mammalian CNS (Johansson et al.
1999).

We report here that GFAP-driven expression of Cre is
detectable in newborn mice not only in the developing
forebrain and in spinal ganglia but also in precursor cells
located in the EGL of the developing cerebellum. Al-
though expression of the Cre transgene was mainly re-
stricted to astrocytes in the brain of adult mice, LacZ
expression was also detectable in other cell types. This
could simply be due to a stochastic expression of the
GFAP-Cre construct independently of the integration
site, because we find the same expression pattern in two
independently generated transgenic lines. On the other
hand, a transient GFAP expression in precursor cells re-
sulting in Cre-mediated recombination of the floxed
transgene is an intriguing alternative hypothesis. In
ACZL mice this would lead to LacZ expression in the
lineage of the recombined precursor cell. After commit-
ment of these precursor cells to a neuronal lineage, there
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would be sustained LacZ expression albeit undetectable
Cre expression.

GFAP expression has never been shown in the EGL of
the developing cerebellum, although a low level of ex-
pression cannot be excluded. Delaney et al. (1996) gen-
erated transgenic mice expressing the thymidine kinase
(tk) gene under the control of the GFAP promoter. Treat-
ment of transgenic newborn mice with gancyclovir leads
to a conversion of the drug into a toxic metabolite in
cells expressing tk. These mice developed ataxia, and
histological examination revealed a reduced size of the
cerebellum and severe depletion of granule cells. This
finding was explained by a deleterious effect on the ra-
dial glia (Bergmann glia) that normally guides external
granule cells toward the internal granular layer. In the
light of our experimental findings, however, this effect
might be explained as a result of tk-mediated death of
GFAP-expressing precursor cells of the EGL.

The developmental expression of GFAP-driven Cre re-
combinase in specific subpopulations of precursor cells
renders GFAP-Cre mice particularly useful for analyzing
the effects of tumor suppressor gene inactivation on the
ontogeny of CNS tumors. In addition, GFAP-Cre mice
may be instrumental in studying genes involved in the
development and maturation of precursor cells or in the
analysis of astrocyte-specific genes upon stimulation of
mature astrocytes by pathologic stimuli.

Medulloblastoma, a malignant embryonal tumor of
the cerebellum, accounts for [20% of primary brain tu-
mors in children. Little is known about the molecular
genetic events that contribute to the development of this
tumor. Mutations of the P53 gene (Malkin et al. 1990;
Cogen and McDonald 1996), amplification of ¢c-MYC (Ba-
diali et al. 1991) and N-MYC (Tomlinson et al. 1994),
up-regulation of different PAX genes (Kozmik et al.
1995), and, more recently, lack of PATCHED (PTC) ex-
pression (Goodrich et al. 1997) have been implicated in
the pathogenesis of these neoplasms. Mouse models for
medulloblastomas are limited, a subset of mice hetero-
zygous for ptc develop these tumors (Goodrich et al.
1997), and medulloblastomas have been induced in rats
by transplantation of in vitro-transformed CNS precur-
sor cells (Wiestler et al. 1992).

We describe here a new mouse model for medulloblas-
toma obtained by somatic inactivation of Rb in the EGL
precursor cells of the developing cerebellum of p53-null
mutant mice. The tumors observed in the cerebellum of
GFAP-Cre;Rb"oxP/toxP . p53=/~ or LoxP/LoxP mjce share a
number of characteristics with the human tumors.
These include onset in young animals, location in cor-
responding areas of the cerebellum, highly aggressive be-
havior with typical local infiltration, and a mixed neu-
ronal-glial differentiation pattern.

The ontogeny of medulloblastomas has been a contro-
versial issue since the original description by Bailey and
Cushing in 1925. Two hypotheses have been discussed
most extensively: The first postulates that these tumors
arise from the subependymal matrix cells of the fourth
ventricle, which are precursor cells giving rise to neu-
rons and glia in the adult CNS (Yachnis et al. 1994). An
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alternative hypothesis assumes an uncontrolled prolif-
eration of precursor cells of the EGL (Vandenberg et al.
1987).

Because expression of Cre and recombination occur in
scattered EGL cells before neoplastic transformation, we
conclude that in our mouse model medulloblastomas
arise from multipotent granule cell precursors retained
on the cerebellar surface. The expression of Mathl, a
specific EGL cell marker, in the tumors provides an in-
dependent support to our conclusions.

While we observed medulloblastomas in GFAP-
Cre;Rb1oxP/EoxP y53=/= or LoxP/LoxP mjce as young as 7
weeks, we never found these tumors in GFAP-
Cre;RboXP/LoxP oy GFAP-Cre;p53-°XF/tx or in p53~/-
mice. In line with the latter observation, only one me-
dulloblastoma has been described in a series of 93 p53~/~
mice (Donehower et al. 1992), and no such tumors have
been described in another series of 49 animals (Jacks et
al. 1994).

Interestingly, not only recombination of the floxed
RbD allele but also loss of the wild-type allele was ob-
served in medulloblastomas arising in GFAP-
Cre;RbloxP/+,p53-/= or LoxP/LoxP ijjce  Hence, loss of
function of RB is essential for medulloblastoma develop-
ment in the mouse. The fact that these tumors are not
found in GFAP-Cre;Rb"**"/toxP.p53+/- mice suggests
that p53 deficiency may act as an initiator event in the
ontogeny of these tumors. Alternatively, RB deficiency
may stimulate excessive cell proliferation that, in nor-
mal conditions, might be counteracted by p53-induced
apoptosis. Consequently, in a p53-null background, EGL
precursor cells that have lost RB will fail to undergo
apoptosis and ultimately give rise to neoplasms.

Although medulloblastomas represent 16% of brain
tumors found in patients with germ line P53 mutations
(Li-Fraumeni syndrome), loss of P53 is not commonly
found in sporadic medulloblastomas. Additionally, RB
has almost never been found mutated or lost in human
medulloblastomas. Simultaneous mutations of both RB
and P53 thus appear to be rare events in these tumors.
The lack of RB mutations in human medulloblastomas
could be explained by mutations involving other com-
ponents of the RB pathway, although a study on a small
series of 16 medulloblastomas failed to detect loss of p16
and/or Cyclin D and CDK4 amplification (Sato et al.
1996).

Alternatively, p53 and RB can be functionally inacti-
vated and therefore contribute to the etiopathogenesis of
medulloblastomas even if no mutations are found at the
DNA level. SV40 Tag has been recently shown to be
expressed (Huang et al. 1999) and to form specific com-
plexes with p53 and RB in 33% of medulloblastoma
cases (Zhen et al. 1999).

We never detected gliomas in GFAP-Cre;RbtoxP/Loxt
mice kept under observation for up to 1 year of age. Our
findings in GFAP-Cre;ACZL double transgenic mice
clearly show recombination in astrocytes; moreover, we
reproducibly detected astrocytes expressing Cre in differ-
ent brain areas of GFAP-Cre;Rb™**F/LoxP adult mice.

GFAP-Cre;p53-°¥F/1oxP mijce, kept under observation



for up to 8 months of age, never developed gliomas ei-
ther. On the other hand, malignant gliomas arise be-
tween 1 and 4 months of age in 20% of GFAP-v-src
transgenic mice (Weissenberger et al. 1997), and well dif-
ferentiated neoplasms between 4 and 5 months of age in
9% of p19ARF~/~ mice (Kamijo et al. 1999). Speculations
on the possible causes of these differences between
GFAP-Cre;p53-°xP/toxl and p19ARF~/~ mice are prema-
ture because the size of our cohort of mice is smaller and
the genetic background different. A time course obser-
vation of p19ARF~/~ mice in the same genetic background
as that of the GFAP-Cre;p53-°x"/1°x? is currently under
way.

We never observed glial malignancies in our p53/Rb
combined mutants. These results might imply that
mouse astrocytes are remarkably resistant to neoplastic
transformation brought about by loss of p53 and RB. On
the other hand, the shortened life span of the mice,
which had to be sacrificed because of the development of
medulloblastomas, might have precluded the study of
late effects of p53 and RB combined deficiency in mature
astrocytes.

Materials and methods

Construction of plasmids and generation of transgenic mice

The GFAP-Cre transgene was constructed from the GFAP-
LacZ plasmid (Mucke et al. 1991). This construct contains not
only a 2-kb fragment encompassing the GFAP promoter region
but also positive and negative regulatory sequences located in
the following introns (Miura et al. 1990).

The Cre open reading frame with an amino-terminal nuclear
localization signal (Gu et al. 1993) was obtained as a Notl frag-
ment after subcloning in a modified pBR vector. This fragment
was cloned into the unique Notl cloning site of the GFAP con-
struct. The final construct contained 2 kb of GFAP 5’'-flanking
sequences, 89 residues of GFAP exon 1, 0.2 kb of SV40 DNA
with splice sites, a 1-kb Cre insert, and 0.2 kb of SV40 DNA
with a poly(A) signal, followed by the rest of the GFAP gene.
The construct was then released from the backbone, purified by
agarose gel electrophoresis and electroelution, and injected into
fertilized FVB/N mouse oocytes.

Screening of transgenic mice

Transgenic GFAP-Cre founder mice were identified by South-
ern blot analysis. DNA was extracted from tails according to
standard protocols, digested with EcoRV and probed with a 1-kb
Cre-containing fragment. After founders were established,
genotyping was performed by PCR. Tail tip DNA was amplified
with primers Crel (5-ACCAGCCAGCTATCAACTC-3’) and
Cre2 (5'-TATACGCGTGCTAGCGAAGATCTCCATCTTCC-
AGCAG-3') yielding a 269-bp product. Thermocycling condi-
tions consisted of 30 cycles of 30 sec at 94°C, 30 sec at 56°C, and
50 sec at 72°C. Reactions contained 200 ng of template DNA,
0.5 pM primers, 100 um dNTPs, 9% glycerol, 2.5 units of Taq
polymerase, 1.8 mm MgCl,, 1x PCR buffer (GIBCO BRL) in a
20-ul volume.

ACZL and R26R mice were screened by PCR using the same
conditions described above and primers LZ1 (5'-CGTCACAC-
TACGTCTGAACG-3') and LZ2 (5-CGACCAGATGATCA-
CACTCG-3'). Tail DNA from Rb'**’ mice and p53 mutant
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mice was amplified for 30 cycles (30 sec at 94°C, 30 sec at 58°C,
and 50 sec at 72°C) using primers Rb18 (5'-GGCGTGTGCCAT-
CAATG-3') and Rb19 (5'-AACTCAAGGGAGACCTG-3'), p53a
(5"-GCCTTCTATCGCCTTCTTGACGAGT-3'), p53b (5'-CG-
ACCTCCGTTCTCTCTCCTCTCTT-3’), p53c (5-AGACG-
CACAAACCAAAACAAAATTACA-3') and p53-int10-fwd
(5"-AAGGGGTATGAGGGACAAGG-3'), p53-intl10-rev (5'-G-
AAGACAGAAAAGGGGAGGG-3'), respectively. The compo-
sition of the PCR mix was identical for all reactions.

Analysis of transgene transcription

Expression of the transgene was analyzed by Northern blotting.
Total RNA was prepared from snap-frozen tissue using Trizol
Reagent Total RNA isolation reagent (GIBCO BRL). The PolyA-
Tract System (Promega) was used to enrich for poly(A)* RNA.
Northern blot was performed according to standard protocols
using 5 pg of poly(A)* RNA. The probes used were a 1-kb CRE
fragment and a 1.3-kb hGAPDH fragment.

PCR analysis of recombination

PCR analysis of Cre-mediated recombination in the ACZL mice
was performed on genomic DNA extracted from different or-
gans according to published protocols and followed by phenol-
chloroform extraction. Thermocycling conditions consisted of
35 cycles of 30 sec at 94°C, 50 sec at 57°C, and 50 sec at 72°C
yielding a 580-bp product for the recombined allele. The primers
used were AG2 (5-CTGCTAACCATGTTCATGCC-3’) and
LZ3 (5'-GGCCTCTTCGCTATTACG-3’); the composition of
the PCR mix was as described above.

Microdissection of tumors and of adjacent normal brain tissue
was performed using a laser capture microdissection system
(Arcturus). Ten-micrometer-thick sections from formalin-fixed
paraffin-embedded material were used after dewaxing in xylene
and drying. The dissected material was transferred to 50 pl of
proteinase K buffer and incubated at 37°C overnight, after
which the proteinase K was inactivated for 10 min at 96°C. Five
microliters were used for subsequent PCR amplification using
primers Rb212 (5-GAAAGGAAAGTCAGGGACATTGGG-
3'), Rb18 (5'-GGCGTGTGCCATCAATG-3'), and RbI9E (5'-
CTCAAGAGCTCAGACTCATGG-3') yielding a 283-bp prod-
uct for the unrecombined Rb"*** allele, a 260-bp product for the
recombined RbA19 allele, and a 235-bp fragment for the wild-
type Rb allele (Vooijs et al. 1998). The PCR cycling profile con-
sisted of 35 cycles of 30 sec at 94°C, 30 sec at 58°C, and 50 sec
at 72°C. The PCR mix consisted of 0.5 um primers, 100 um
dNTPs, 9% glycerol, 2.5 units of Taqg polymerase, and 1x PCR
buffer (GIBCO BRL) in a 20-ul volume. A hot start was per-
formed using Invitrogen Hot-wax MgCl, beads (1.5 mm). PCR
products were analyzed on a 3% NuSieve agarose gel.

PCR analysis of Cre-mediated recombination in the
p53LXP/LoxP mice was performed on genomic DNA extracted
from different areas of the brain and followed by phenol-chlo-
roform extraction. Thermocycling conditions consisted of 30
cycles of 30 sec at 94°C, 30 sec at 58°C, and 50 sec at 72°C
yielding a 612-bp product for the recombined allele. The primers
used were p53-intl-fwd (5-CACAAAAACAGGTTAAAC-
CCA-3') and p53-intl0-rev (5-GAAGACAGAAAAGGG-
GAGGG-3'); the composition of the PCR mix was as described
above.

Cryolesion

Mice were anesthetized, their scalps excised, and the parietal
region of the head was exposed. A metal rod, cooled in liquid
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nitrogen, was applied to the skull for 45 sec. The skin wound
was closed by interrupted sutures. Animals were sacrificed 24
hr or 3 days after cryolesioning; brains were dissected out, sliced
coronally, and fixed in 4% PFA-PBS or frozen in OCT.

RNA in situ hybridization

In situ hybridization for Cre RNA was performed on selected
brain sections. A 0.8-kb Nrul-Xbal fragment of the cre coding
region was directionally cloned in an EcoRV-Xbal cut pSP72
vector. Digoxygenin-labeled antisense probe was synthesized
from the BgIII cleaved construct using the Sp6 polymerase.
Math1 antisense and sense probes were synthesized from the
Xhol and ERI respectively cleaved ICTd construct (a gift of H.
Zoghbi, HHMI, Baylor College of Medicine, Houston, TX) using
T7 and T3 polymerase. The RNA in situ hybridization on frozen
and on formalin-fixed paraffin-embedded material was essen-
tially performed as described (Marino et al. 1995).

For subsequent GFAP immunolabeling, sections were pro-
cessed as described below. The sections were mounted in glyc-
erol gelatin.

Detection of B-galactosidase activity

Embryos were dissected into cold PBS and kept on ice. When all
the embryos were collected, they were changed to cold 4% PFA-
PBS and rocked at 4°C for 1-4 hr depending on the age of the
embryo. Adult brains were dissected out, cooled at 4°C for 5
min, and sliced coronally into 2-mm slices. The slices were
fixed in 4% PFA-PBS at 4°C for 2 hr. The B-galactosidase stain-
ing was performed according to standard procedure.

Selected brains were frozen and embedded in OCT com-
pound, in a mixture of dry ice and 2-methylbutane. They were
then cut with a cryostat in 6- and 12-um sections and stained
according to standard procedures. For subsequent GFAP immu-
nolabeling, sections were processed as described below. The sec-
tions were mounted in glycerol gelatin.

Histological analysis

Whole mouse brains were fixed for at least 24 hr in 4% para-
formaldehyde in PBS. Coronal slices of [R-mm thickness were
dehydrated through graded alcohols and embedded in paraffin.
Sections of 4-uym nominal thickness were mounted on coated
slides and routinely stained with hematoxilin and eosin (H&E).

Immunohistochemistry for GFAP (polyclonal, 1:500; DAKO),
Synaptophysin (polyclonal, 1:50; DAKO), MAP-2 (monoclonal,
5 mg/ml; Boehringer Mannheim), NSE (monoclonal, 1:200;
DAKO), and CRE (polyclonal, 1:14,000; Novagen) was per-
formed on selected sections. Biotinylated secondary antibodies
(goat anti-rabbit and rabbit anti-mouse; DAKO) were used at a
dilution of 1:800. Visualization was achieved using biotin/avi-
din-peroxidase (DAKO) and diaminobenzidine as a chromogen.
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