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Summary

Hedgehog (Hh), Notch, and Wingless (Wnt) signaling control normal development of the cerebellum, and dysre-
gulation of these signaling pathways are associated with medulloblastoma (MB). As an initial step in the study of
the role of interacting signaling pathways in MB pathogenesis, we demonstrate the expression of several compo-
nents of the Notch and Wnt signaling pathways, and activation of Notch signaling in MB from Ptch ™/~ mice that
have elevated Hh signaling. We also show a marked downregulation in the expression of Notch2, Jaggedl, Hesl,
mSfrpl, and mFrz7 in cerebella of developing mice with reduced Hh signaling, suggesting that Hh signaling
regulates the expression of these genes. Together with recent published data, these findings indicate that Hh
signaling might synergize simultaneously with Notch and Wnt signaling in MB development by controlling Notch

and Wnt pathway ligand, receptor and/or target gene expression.

Introduction

Medulloblastomas (MBs) or infratentorial primitive
neuroectodermal tumors (PNET) are the most common
malignant solid childhood brain tumors. Whilst recent
advancesin patient management have increased the 5-year
survival rate, mortality from MB still remains high. The
molecular mechanisms of the etiology and pathogenesis of
MB are just being uncovered. The cell of origin of this
tumor is unclear, but the emerging view is that at least a
subset of MBs originates from progenitor cells in the
external granular layer of the cerebellum [1]. A number of
intercellular signaling pathways, including the Hh, Notch
and Wnt signaling pathways, regulate the development of
the cerebellum [2—6]. Since some tumors are thought to
arise from immature stem-like cells whose development
are controlled by developmental signaling pathways,
dysregulation of such signaling pathways could poten-
tially cause tumors [7-9]. Thus, the Hh, Notch, and Wnt
pathways are implicated in MB tumorigenesis.

Shh is a principal mitogen for cerebella granule neu-
ron precursor (GNP) cells [3-5]. Germline mutations in
the Hh signaling pathway receptor and tumor suppres-
sor gene, PTCH, underlie the pathology of Gorlin’s
syndrome, in which patients have increased risk of
developing a number of malignancies, including MB.
Mutations in PTCH are also detected in sporadic MBs
[10]. The mechanism of MB initiation in Prch ™/~ mice is
not fully understood. For instance only about 14-16%
of Ptch®'~ mice develop MB, and postnatal granule

precursor growth is not globally altered in Prch ™/~ mice
[11,12]. However, Ptch heterozygosity seems to predis-
pose some granule precursor cells to persistent prolif-
eration with  dysregulated developmental gene
expression [12]. Whereas some Prch /™ mice have been
shown to develop MB without loss of heterozygosity
[11], it is more likely that Prch ™/~ mice develop MB after
losing expression of the wildtype allele due to DNA
methylation [13]. Germline and somatic mutations in
Suppressor of Fused (SUFU), a downstream negative
regulator of the Hh signaling pathway have also been
demonstrated in M Bs, thus underscoring the importance
of Hh signaling in MB pathogenesis [14].

Since we are interested in the cross-talk between sig-
naling pathways in the development of medulloblas-
toma, we asked whether the Notch and Wnt pathways
were dysregulated in MBs from Prch ™/~ mice that have
elevated Hh signaling. By a combination of RNA in situ
hybridization, immunohistochemistry and semi-quanti-
tative RT-PCR, we screened 56 genes and identified 30
that were differentially expressed at higher levels in MBs
than wildtype postnatal day 21 (P21) cerebella. These
included Hh pathway components, cell cycle genes, and
glial lineage markers. Interestingly some members of the
Notch and Wnt signaling pathways were upregulated in
these tumors compared to wildtype cerebella. We also
observed that Notch2, Jaggedl, Hesl, mSfrpl and
mFrz7 were downregulated in cerebella of developing
mice with reduced Hh signaling, suggesting that Hh
signaling might directly or indirectly regulate the
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expression of some components of the Notch and Wnt
signaling pathway in MB from Prch™/~ mice.

Materials and methods
Transgenic mice

Ptch™/~ mice [15] were maintained on a C57Bl/6 back-
ground and monitored on a daily basis until they
showed signs of cerebella dysfunction and increased
intracranial pressure, such as loss of coordination, poor
feeding, lethargy, dehydration, and respiratory distress.
Fifteen (15) adult sick Preh™/~ mice (3 months and
older) and P21 C57Bl/6 wildtype mice were sacrificed
and tissues frozen for RNA extraction, or processed for
histology and in situ hybridization. Embryonic day 18
(E18) Nestin“"*;Smo"* and littermate wildtype control
mice were obtained from A. P. McMahon (Department
of Molecular and Cellular Biology, The Biolabs, Har-
vard University). Expression of Cre recombinase, which
is regulated by the neural-specific enhancer of the Nestin
promoter, induces recombination of floxed Smoothened
(Smo) allele by E12.5 [16].

RNA in situ hybridization and immunohistochemistry

Ten of the fifteen sick animals and control P21 C57Bl/6
mice were used for in situ hybridization and immuno-
histochemistry. Animals were euthanized before perfu-
sion with 4% Paraformaldehyde in 0.1 M PBS (pH 7.4),
and the brains were removed and fixed overnight in 4%
paraformaldehyde in 0.1 M PBS (pH 7.4), protected
overnight in 30% sucrose/PBS and embedded in sucro-
se:OCT (Tissue-Tek®). Sections from controls and
experimental tissues were processed on the same slide to
allow fair comparison of signal intensities. In situ
hybridization was performed essentially as previously
described [17], with the respective digoxigenin-labeled
antisense riboprobes. Immunohistochemistry with anti-
bodies to GFAP, Neurofilament-3A10, f-catenin and
calbindin was performed essentially according to Jensen
and Wallace [18] with polyclonal anti-GFAP (from
Martin Raff, MRC Laboratory for Molecular Cell
Biology, the University College London), monoclonal
anti-Neurofilament-3A10  (Developmental  Studies
Hybridoma Bank), polyclonal anti-f-catenin (Trans-
duction Labs) and anti-calbindin (Sigma). Conjugated
antibodies were detected with FITC (Sigma).

Semi-quantitative RT-PCR

Five frozen tumors were used for RT-PCR analysis.
Total RNA was isolated from tissues with TRI RE-
AGENT™ (Sigma) following manufacturer’s instruc-
tions. cDNA was generated from 3 pg of total RNA
using random hexamer and OligodT primers with
SuperScript™ reverse transcriptase (Invitrogen). PCR
was performed on 2 ul of undiluted and fourfold serial
dilutions of the cDNA template using already published
primers for Notch pathway components [6]. GAPDH
served as loading controls.

Results

We have systematically examined the expression of
components of the Notch and Wnt signaling pathways
in a panel of 15 MBs from Ptch ™/~ mice in comparison
to wildtype P21 cerebella. The features of the tumors we
studied are similar to those already described for MBs
from Ptch™/~ mice [15]. Grossly, they appeared as
smooth bulges in the posterior fossa with no foliation
and the histopathology was indistinguishable from hu-
man medulloblastomas (Figure 1 and data not shown).
By semi-quantitative RT-PCR and RNA in situ
hybridization analysis, lower levels of Ptch and mark-
edly high levels of Glil, Gli2 and Ptch2 transcripts were
detected in the tumors compared to wildtype P21 cere-
bella, indicating elevated Hh signaling in these tumors
(Figure 1, Table 1 and data not shown). As well, the
tumors expressed some markers of MBs including
intermediate filament proteins such as neurofilament-
3A10 (Developmental Studies Hybridoma Bank) and
GFAP, as well as the transcription factor, NeuroD
(Figure 1, Table 1 and data not shown). Consistent with
their postulated granule precursor cell of origin, and
distinguishing them from supratentorial PNET, we did
not observe expression of Mashl in these tumors. Cell
cycle genes were downregulated in wildtype adult cere-
bella; however, the highly proliferative MB cells ex-
pressed very high levels of a number of G1-S phase cell
cycle genes including Ccndl, Ccnd2, Ccnel, Ccne2,
Cdc25A, and the proto-oncogene N-myc (Figure 1, Ta-
ble 1 and data not shown).

The binding of a Notch receptor to its Delta-like or
Jagged ligand leads to the proteolytic cleavage and nu-
clear translocation of the cytoplasmic domain of Notch
(Notch™"). In the nucleus, Notch™" forms a complex
with CBF1/RBPJx DNA binding protein and activates
transcription of Notch target genes such as Hes! and
Hes5. Aberrant Notch signaling is associated with a
number of cancers, but in different ways [19]. Constit-
utive Notchl signaling causes acute lymphoblastic leu-
kemia [20], however, loss of Notchl function in the skin
causes basal cell carcinoma, suggesting Notchl func-
tions as a tumor suppressor gene in the skin [21]. Given
the importance of Notch signaling in cerebella devel-
opment and malignant transformation, we examined the
expression of Notch pathway components in MBs from
Ptch™/~ mice. By semi-quantitative RT-PCR analyses,
we observed elevated expression of Notch2, Notch3
(lower levels than Notch2), Jaggedl Hesl, Hes5 and
Rbpjx in MBs compared to wildtype cerebella (data not
shown). To examine the distribution of these transcripts
in the tumors, we performed RNA in situ hybridization
on sections from five different MBs and control P21
wildtype cerebella. Consistent with our RT-PCR data,
the aforementioned genes were all expressed at a higher
level in medulloblastoma compared with wildtype cere-
bellum (Figure 2, Table 1). Hes5 transcripts showed a
grainy pattern, suggesting only some tumor cells were
responding to Notch signaling.

The canonical Wnt signaling pathway is activated by
binding of Wnt ligand with their Frizzled (Frz) receptors,
which inhibits Casein Kinase 1 (CK1), and Glycogen
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Figure 1. Histology and expression of Hh, glial lineage and cell cycle genes in MB from Ptch + /— mice.

Synthase Kinase-3f (GSK-3f)-mediated phosphoryla-
tion and degradation of the Wnt-pathway transcrip-
tional activator, f-catenin. Thus, unphosphorylated
f-catenin accumulates in the cytoplasm and translocates
to the nucleus where it forms a complex with the T cell
factor (TCF) and lymphoid-enhancing factor (LEF)
family of transcription factors resulting in activation of
target genes including Ccendl, c-myc, Sfrp2, and possibly
Lef1 [22]. Wnt signaling regulates cerebellum develop-
ment, and is implicated in the etiology of MB. Given the
possibility that the Hh and Wnt pathways might
communicate in at least a subset of M Bs, we examined by
RNA in situ hybridization the expression of components
of the Wnt signaling pathway in MBs from Prch ™/~ mice.
We show that Wntl, Wnt8, mFrz3, mFrz4, mFrz7,
mSfrpl, mSfrp2 and Lef1 are highly expressed in MBs in
comparison to wildtype cerebella (Figure 2, Table 1).
The upregulation of Lef1 in tumors, but not in normal
adult cerebella is intriguing in view of a recent study that
implicates Lefl as a direct target of Wnt signaling in
colonic cancers [22]. This finding suggests there might be
active Wnt signaling in MBs from Prch ™/~ mice. We thus
examined f-catenin expression and the presence of
p-catenin in cytoplasm and/or nucleus, an indicator of
active Wnt signaling. Immunohistochemistry for total /-
catenin revealed elevated levels in the tumors, but this
appeared to be membrane associated (data not shown).
Nuclear f-catenin was not observed in any of the three
tumors examined. This finding is consistent with recent
observation in some human MBs [23,24].

The above expression analysis suggests that Notch
and Wnt signaling pathways could be downstream of
the Hh pathway; however, whether the expression of
components of these signaling pathways is controlled by

Hh signaling is unclear. Since gene expression profiles of
MB are similar to those in the perinatal cerebellum [25],
we asked whether these genes were similarly regulated in
the embryonic cerebellum with Hh pathway modula-
tion. We examined the cerebella of E18 Nestin®"; Smo"/¢
mutant mice in which the Hh pathway was downregu-
lated due to disruption of the Hh signal transducer,
Smoothened (Smo) by Cre-mediated recombination of
Smo floxed allele. Hh signaling is inactivated in neural
precursor cells of Nestin®"; Smo™ mice by E12.5 [16].
The expression of Hh target genes, such as Glil, Ptchl,
and Ccndl were markedly downregulated in the cere-
bella of these mice, confirming that the Hh pathway was
inhibited in this region of the CNS (Figure 3a, and data
not shown). In addition, proliferation in the external
granule layer was markedly reduced resulting in a
thinner external granule layer. In wildtype cerebellum at
this developmental stage, Purkinje cells are usually
organized into a distinct layer composed of a few cells;
however in mutant mice, the Purkinje cells were
completely disorganized and widely dispersed [26]
(Figure 3a). By RNA in situ hybridization, we demon-
strate a marked downregulation of Notch2, Jaggedl,
Hesl, mSfrpl and mFrz7 in cerebella of Nestin®"¢; Smo"'
mice in comparison to wildtype littermates (Figure 3b,c).
Although clearly present, the external granule layer of
Nestin®"; Smo"° mice is reduced (Figure 3a, egl).
Therefore, the downregulation of mFrz7 and mSfipl
should be interpreted with caution. However, downre-
gulation of Notch2, Jaggedl and Hesl in Purkinje cells
that are specified in these mutant mice (evidenced by anti-
calbindin staining and expression of mFrz4 in this layer),
shows these genes might be directly or indirectly con-
trolled by Hh signaling.
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Table 1. Genes that are upregulated® in MBs

Genes P21 cerebellum Medulloblastoma
Hh pathway

Ptch + + +
Ptch2 - ++
Glil ++ +++
Gli2 - ++
Cell cycle

Cendl - + 4+ +
Cend?2 - ++ +
Ccenel - +
Ccne2 - + +
Cdc25 - ++ +
Nmyc - ++
Glial lineage

Pdgfra + +++
Olig] + ++
Gfap + + +
GluSyth + ++
Notch pathway

Notch2 + + +
Notch3 - +
Jagl - ++
Hesl - + +
Hes5 - + +
Rbpjk - + +
Wnt pathway

Wntl - +
Wnt8 - +
mFrz3 + ++ +
mkFrz4 + + +
mkFrz7 - ++ +
mSfipl + ++ +
mSfip2 + +++
Tcf4 + +
Lefl - + +
p-catenin - ++

“Data based on in situ hybridization analysis. Strength of gene
expression was scored as; (—), undetectable; (+), weak expression;
(+ +), intermediate expression; (+ + +), strong expression (see
examples in Figure 2).

Discussion

There is ample evidence to suggest that Hh signaling
interacts with other signaling pathways during MB
tumorigenesis. First, the Hh pathway target genes, G/i/
and Ptch2, are upregulated in mouse MBs that develop
from loss of function in cell cycle regulatory genes [25],

Notch2 Hes5 Rbpjk

P21 Wt ¥ {

suggesting that the Hh pathway interacts with cyclin-
dependent kinases in MB. Second, Sufu negatively
controls f-catenin, a component of the Wnt signaling
pathway [27]. Third, loss of p53 augments MB devel-
opment in Prch /™ mice [28], and mice lacking both p53
and poly (ADP-ribose) polymerase (PARP) develop MB
with activated Hh signaling [29]. Fourth, Shh synergizes
with insulin-like growth factor in inducing MB forma-
tion [30,31]. Finally, recent findings indicate that Hh
signaling activates the Notch pathway in MB and that
Notch signaling contributes to tumor behavior [32,33].
Thus, the interplay of signaling pathways may underlie
the initiation and/or pathogenesis of a subset of MBs.

The goal of this study was to test the hypothesis that
components of Notch and Wnt signaling pathway are
abnormally expressed in MB from Prch’/~ mice. Al-
though microarray gene expression profiling of MB
from Ptch™/~ mice have been conducted [25], our fo-
cused analysis of 15 MBs from these mice allowed us to
corroborate previous observations and to extend these
findings by demonstrating that other members of the
Notch and Wnt pathways such as Notch3, Jaggedl,
Rbpjic, Wntl, Wnt8, mFrz3, mFrz7 and Leftl, that have
hitherto not been demonstrated in MBs from Prch™/~
mice are highly expressed in these tumors. In addition,
our observation that the expression of some members of
these pathways are reduced in the external granule layer
and/or Purkinje cell layer of E18 mice with reduced Hh
signaling further suggests that the Hh pathway might
interact with these pathways at these levels.

The expression of Notch target genes Hes! and Hes5
in MB from Pzch ™/~ mice implies there is active Notch
signaling in these tumors, which is consistent with two
recent studies that demonstrate an important role for
Notch signaling in MB tumorigenesis [32,33]. Shh
pathway activation (Smo-induced activation) was suffi-
cient to activate Notch signaling in MB, and Notch
signaling was associated with increased MB prolifera-
tion and survival [32,33]. Moreover, Hesl expression in
human MB is suggested to be a prognostic factor
[32,33]. The mechanism by which Hh signaling controls
Notch pathway is not fully understood. However, this
could occur at the level of Notch2, Jaggedl, and Hesl as
revealed by our mutant analysis. Thus, the roles of other
Notch signaling components such as Notch3, Jaggedl,
and Rbpjk that are elevated in MB from Hh pathway
activation require an indebt study.

Whnt1

Figure 2. Expression profiles of some Notch and Wnt pathway genes in MB. A representation of how gene expressions were scored in Table 1

are; Wntl (+); Notch2, Rbpjk (+ +); and mFrz7, mSfrpl (+ + +).
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Figure 3. Downregulation of some components of Notch and Wnt pathways in mice with reduced Shh signaling. (a) Loss of Hh signaling in

Cre,

cerebellum of Nestin©;Smo"¢

mice is indicated by downregulation of G/il. Purkinje cells in mutants are scattered and occupy a much broader

area. (b) Whereas expression of mFrz4 is preserved, those of mFrz7 and mSfipl seem to be much reduced in cerebellum of mutants compared to
littermates. (c) Notch2, Jaggedl and Hesl are markedly downregulated in cerebellum of mutant compared to wildtype littermate. Egl, external

granule layer.

Whnt signaling plays important role in MB pathogen-
esis. Germline mutations in the tumor suppressor gene,
Adenomatous Polyposis Coli (APC), a component of the
Wnt pathway underlies Turcot syndrome, a familial
cancer syndrome in which patients have increased pre-
disposition to developing colonic cancers and MB.

Activating mutations in the Wnt pathway components,
including mutations in members of the Wnt pathway
inhibitory complex, APC, Axin, fi-catenin and GSK-3,
have been found in sporadic MBs [34-36]. Although
there is sufficient evidence that indicate a possible cross-
talk between the Hh and Wnt pathways in development
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and disease, the interactions of these pathways in MB is
not well understood. Thus the observed expression of
several components of the Wnt pathway in MB from
Ptch™/~ mice suggest they might interact in MB devel-
opment ([25] and this study).

In summary, we demonstrate an elevated expression
of several components of the Notch and Wnt pathways
in MB from Ptch"/~ mice. In addition, we provide
evidence that some components of the Notch and Wnt
signaling pathways might be controlled by Hh signaling,
suggesting that Hh signaling might directly or indirectly
induce the upregulation of these genes in MB from
Ptch™/~ mice. Since the interaction of signaling path-
ways can occur at several levels, further work is required
to elucidate the relevance of interacting signaling path-
ways in tumor initiation and/or progression.
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