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The in vitro study of neural progenitors is based around the idea that defined culture conditions can
emulate an environment which maintains an undifferentiated state and self-renewal capability of
explanted progenitor cells, culminating in the growth of neurospheres. SHH signaling is a key
signaling pathway with roles in morphogenesis and cell proliferation in the central nervous system, in
particular, involved in mitogenic signaling within the context of postnatal cerebellar granule cell
expansion. We demonstrate that in addition to commonly used mitogens such as EGF and bFGF, the
SHH pathway agonist SAG, as well as genetic activation of SHH signaling by PTCH1 deletion, can lead
to the growth of neurospheres from postnatal day 7 (p7) cerebellar explants. Interestingly, SAG
derived cultures, termed murine SAG dependent spheres (mSS), can be generated solely from the p7
cerebellum and not from the sub-ventricular zone, a confirmed source of neurospheres derived by
growth factors. Further, mSS cultures expressed ZIC1, ATOH1 and NESTIN, indicating that their
identity is of the cerebellar granule cell progenitor (GCP) lineage. Strikingly, mSS cells can be
maintained indefinitely in culture, as demonstrated by extensive clonogenic capability, assayed over
a period of ten weeks. In the context of self-renewal, we assay gene expression of POU3f2, POU5f1,
NANOG, and SOX2, genes associated with neural progenitors, which we find expressed in mSS cells.
Importantly, mSS cultures are continuously dependent on SAG for their clonogenic potential and SHH
pathway activation, assayed by expression of GLI1, PTCH1 and NMYC. In addition to the
aforementioned extensive self-renewal capability mSS neurosphere cultures also maintain the ability
to differentiate. In vitro differentiation leads to formation of cells with typical granule cell
morphology and which are positive for beta3-tubulin, as assayed by western blot and
immunofluorescence. Additionally, differentiated mSS cells display up-regulation of the cerebellar
granule expressed gene GABRA6. Our work demonstrates that by applying culture conditions which
are tailored towards biological characteristics of specific regions of the central nervous system the
paradigm of the neurosphere can be expanded to include lineages not previously studied in this way.
In particular, we apply this principle to unmask the property of cells from the GCP lineage as having
extensive self-renewal capability in vitro.
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Introduction

Structure and function of the cerebellum
The cerebellum is a dorsally located structure of the central nervous system (CNS) which is
connected to the brainstem at the level of the Pons and is therefore considered part of the
metencephalon. Although the mechanism of its function is not yet well understood, the
cerebellum is known to play an important role in the coordination of motor function.
Cerebellar coordination of movement is carried out by the correction, or “fine-tuning”, of
ongoing movements. The cerebellum can be grossly subdivided into three major parts, the
cerebellar cortex, the deep cerebellar nuclei and the cerebellar peduncules. The cerebellar
cortex is the main target of afferent neural pathways towards the cerebellum, which project
onto the cortex either by means of mossy fibers or climbing fibers, which themselves
synapse with cerebellar granule cells and Purkinje cells, respectively. The primary initial
source of afferent information to the cerebellum in the cerebral cortex, in particular motor
cortex and visual cortex. Purkinje cell axons represent the source of projections from the
cerebellar cortex and form inhibitory (GABAergic) synapses at the level of the deep
cerebellar nuclei, the cells of which project back towards the cerebral cortex, thus closing a
kind of motor feedback loop.
This work deals with the biology of the cerebellar granule cell, therefore we will focus on the
histology of the cerebellar cortex. The adult cerebellar cortex is a laminar structure which
can be considered to be grossly composed of three layers. Toward the pial surface the
cerebellar cortex is made of the molecular layer (ML), so called due to its relative scarcity of
cell bodies. The ML is largely composed of so-called parallel fibers, which are the T-shaped
axons of cerebellar granule cells and which herein synapse with the complex dendrites of the
Purkinje cells (PC). Beneath the ML is the Purkinje layer, which is composed of a single layer
of cell bodies of the PCs. Lastly, beneath the Purkinje layer is the granule layer, which houses
the cell bodies of the cerebellar granule cells. This layered structure of the cortex is itself
convoluted, as to give rise to primary and secondary fissures, respectively known as folia and
lobes.
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Development of the cerebellum
The murine cerebellar Anlage arises at around embryonic day 8.5 (E8.5) at the level of dorsal
rhombomere 1 (r1) of the embryonic midbrain. R1 and consequently the development of the
cerebellum is specified to this position by the inhibition of the expression of class 1
homeobox genes. Therefore, while caudally the telencephalon is defined by expression of
Otx2 and rostral the hindbrain is characterized by expression of Hox genes, extracellular
signals such as Notch and FGF8 establish a boundary and inhibit the expansion of these
domains into r1, which will give rise to the cerebellar Anlage [1]. Between E10.5 and E18.5
distinct populations of cells populate the immature cerebellum. The dorsal ventricular zone
gives rise to GABAergic interneurons and Purkinje neurons. The development of these cells
basically follows the characteristic process of ventricular neurogenesis in which neurons
undergo their last mitosis near the ventricular surface and migrate radially towards the pial
surface. In addition to the ventricular zone, a second germinal zone contributes cells to the
developing cerebellum, the rhombic lip. The rhombic lip is a transient zone of neurogenesis
which develops at the interface between the roof plate and neural tube of the fourth
ventricle. While the ventricular zone gives rise to GABAergic neurons, the rhombic lip gives
rise exclusively to the glutamatergic neurons of the cerebellum, which are found in the
afferent nuclei of the brainstem, but most numerously in the cerebellar cortex as granule
cells. The cells of the rhombic lip initially express markers such as ATOH1, ZIC1 or PAX6,
however as cells mature along different lineages the transient wider spectrum of expression
of these genes is focused to a reduced, definite set [2]. For example, of the aforementioned
three genes, the cerebellar granule cells are the only cells which continue to express ZIC1
and ATOH1, while PAX6 expression characterizes mature neurons of the pontine nuclei.
Progenitors of granule cells partake in a tangential migration from the rhombic lip to the
surface of the immature cerebellum, here they give rise to a secondary zone of
neurogenesis, the external granule layer (EGL; also commonly referred to as external
germinal layer). Within the EGL granule cell progenitors (GCPs) undergo a large expansion of
their population, which persists until postnatal day 21 (P21) in mice or up to two years of age
in humans [2].
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Postnatal expansion of cerebellar granule cells

The histology of the postnatal cerebellum greatly differs from that of the adult cerebellum
due to the conspicuous expansion of GCPs. Day P7 marks the peak of this development in
mice. In the place of the prospective ML there is the EGL. Cells in this zone are mitotically
active and gradually exit the cell cycle, migrate past the Purkinje layer and find their definite
location underneath the PCs in the, at this stage designated inner granule layer (IGL). In the
course of this sequence of events, the GCPs leave behind their axon, which will mature to
become the T-shaped structure of the prospective parallel fibers [3].
To summarize, as other neurons, GCPs derive from progenitors which derive from the
ventricular surface of the prospective CNS, however instead of undergoing radial migration
and terminal differentiation, the cells undergo a tangential migration to populate the surface
of the immature cerebellum, giving rise to the EGL. Within the EGL the GCPs undergo further
proliferation before migration and terminal differentiation; they therefore constitute what is
known as a transit amplifying population [1].
The expansion of GCPs has been extensively shown to depend on SHH secretion by Purkinje
cells [4]. This is demonstrated by cell ablation experiments and by the observation that GCPs
respond to SHH in vitro with proliferation and upregulation of molecular output of SHH
signaling and proliferation [5]. Critical downstream targets of SHH signaling in GCPs are
NMYC [6], CCND1 and CCND2 [7], all of which have been demonstrated to be required for
GCP expansion. In parallel to the SHH pathway and its effectors, ATOH1 has been shown to
be required for permissiveness to hedgehog induced proliferation [8], as well as having an
inhibitory effect on differentiation [9].
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Sonic Hedgehog signaling pathway in the vertebrate nervous system

Hedgehog signaling has been studied as a developmental pathway in many model
organisms. It was first characterized in Drosophila, were it takes part in the segment polarity
of the larva, thus determining insect body segmentation. In vertebrates it was first studied as
a morphogen in the context of spinal cord ventralization [10].
In vertebrates SHH signaling begins with production of a full length protein with an
approximate molecular weight of 45kDa, which is processed into an N-terminal fragment in
an autocatalytic manner. The active ligand emerges through binding of a molecule of
cholesterol to the C-terminal of the N-terminal fragment, which is secreted in a way which
depends on the membrane protein Dispatched [10]. This active ligand binds to its receptor,
Patched (PTCH) on the membrane of the target cell. Ligand binding relieves inhibition of
another membrane localized protein, Smoothened (Smo). The mechanism by which this is
achieved is not yet well understood, however it is known that the process is non
stoichiometric and probably involves inhibition of PTCH`s ability to act as a pump of
oxysterol out of the cell [10].
Activated Smo then acts as an inhibitor of Suppressor of Fused (SUFU), itself an inhibitor of
processing of active forms of the GLI family of zinc finger transcription factors. This causes
the population of GLI transcription factors to arrive at a state of predominance of activator
forms which drive SHH dependent transcription. In mammals, GLI1 and GLI2 generally play
activatory roles while GLI3 generally plays a role as an inhibitor of gene expression.
During vertebrate development SHH often acts as a morphogen, a molecule that contributes
to spatio-temporal patterning of emerging tissues. This role is especially well characterized
in the context of general ventralization of the embryo, a process which initially emanates
from the notochord. The morphogenic function of SHH was initially studied in the
establishment of different ventral lineages of the developing spinal cord. Notochord derived
SHH protein induces a secondary SHH secreting signaling center in the ventral neural tube,
the floor plate. The floor plate subsequently acts as a source for a ventro-dorsal gradient of
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SHH, within which different levels of activation of the pathway amongst the cells of the
neural tube induce spinal motor neurons and different types of spinal cord interneurons
[10]. Due to SHH being expressed along the entire length of the notochord it exercises its
ventralizing activity along the entire developing neuraxis. Another well characterized role of
SHH is the splitting of the eye field at the level of the diencephalon, embryonic inhibition of
SHH signaling therefore leads to a pathological condition known as cyclopedia [11], in which,
amongst other facial and neural abnormalities, the newborn vertebrate has a single medial
eye. The cause of endemic occurrences of cyclopedia has been traced to the alkaloid
cyclopamine, which is produced by the corn lily, Veratrum Californicum [11].
In addition to the aforementioned morphogenetic roles of the SHH signaling pathway, the
mitogenic properties of the pathway have been extensively characterized within the context
of GCP transit amplification. Initially, in vivo cell ablation experiments had established the
critical role of Purkinje cells in the expansion of GCPs [5], however the nature of the key
signaling events which underlie the process of the mitogenic process were uncovered largely
in in vitro systems. GCPs, usually from p7 mice, can be cultured in monolayer culture. An
important milestone was RJ Wechsler-Reya and MP Scott, 1999 in which the authors
describe the key role of SHH. The work demonstrates that SHH is expressed by Purkinje cells
in vivo and that GCPs react to SHH exposure by proliferating [12]. Importantly, the authors
also show that other molecules, which are commonly used as mitogens had little effect, or,
in the case of bFGF could preclude the mitogenic effects of SHH. After the confirmation of
SHH`s mitogenic activity on GCPs in vitro many works exploited the in vitro paradigm of SHH
dependent GCP proliferation to uncover the downstream effectors of the GLI transcription
factors. The result of these studies was the revelation, that SHH signaling acted on the
E2F/Rb axis in a MAP kinase independent manner, by GLI dependent gene expression of
NMYC, which then lead to expression of cyclins D1, D2 and E [7] [6].
It is important to note, that from these works GCPs emerge as being a cell with limited selfrenewal capabilities even in a state of activated SHH signaling. In Wechsler-Reya and Scott,
1999 the authors make the observation that proliferation peaks at 50h of SHH exposure [12].
The principle of limited in vitro GCP proliferation is further corroborated in Miyazawa et.al.,
2000 in which the authors confirm that in the presence of SHH GCP proliferation is limited to
around 11 days in adhesive as well as reaggregate cultures [13]. Primary cultured GCPs were
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always observed to withdraw from the cell cycle eventually to differentiate, thus
recapitulating their behavior in vivo as a transit amplifying neural progenitor.

Transformation of GCP lineage cells leads to type 2 medulloblastoma

Medulloblastoma is the most common solid malignancy in children and arises within the
cerebellum. Recently, molecular subtyping has lead to the identification of 4 subtypes of the
disease [14]. Type 1 medulloblastoma is associated with WNT pathway activating mutations,
Type 2 medulloblastoma is associated with mutation pertaining to activation of the SHH
pathway while types 3 and 4 are associated with amplification of the oncogenes CMYC and
NMYC, repectively. We will here focus on type 2 medulloblastoma, due to it`s relevance
within the discussion on the biology of cerebellar granule cells and the SHH pathway. While
this new way of dissecting medulloblastoma tumor heterogeneity is based on gene
expression data, it spans a subdivision which clearly confirms the diverse cellular origins of
medulloblastoma; in the case of type 2, mapping it to the lineage of cerebellar granule cells.
Among genes expressed by type 2 medulloblastoma as well as normal cells of the GCP
lineage are ATOH1 and ZIC1 as well as the gene expression “signature” of the SHH pathway
[14], encompassing GLI1, PTCH1, NMYC and CCND1. Further, the anatomical origin of type 2
medulloblastoma has been shown to distinct from that of other subtypes, namely the
surface of the pediatric cerebellar cortex [15], as opposed to the cerebellar white matter or
brainstem.
Germline mutations in PTCH1 or SUFU, aforementioned negative regulators of the SHH
pathway cause type 2 medulloblastoma and somatic genetic aberrations, such as
inactivating mutations of PTCH1 or copy number variations of MYCN or GLI2 are also
commonly observed [14].
Mouse models generated by targeted mutations of SHH pathway components, such as the
PTCH1 +/-, NG2-SMOA1 and mice with floxed alleles of PTCH1 with various CRE drivers, have
been extensively utilized to characterize medulloblastoma biology [16]. These studies favor
the hypothesis of the GCP origin of this cancer, however the question remains at which stage
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of GCP development cells acquire their neoplastic identity, as targeted deletion of PTCH1 can
lead to medulloblastoma when deleted from proliferating GCP cells, by using an ATOH1
driven CRE recombinase, but also from earlier progenitors , as seen when using a GFAP
driver of CRE expression, which is expressed in neural stem cells. Interestingly, in the
aforementioned paper, the authors note a striking resemblance between ATOH1-CRE and
GFAP-CRE derived tumors in spite of the fact that GFAP-CRE is activated early at the level of
stem cells which line the ventricle, thus arriving at the conclusion that GCP lineage
transformation can be driven by mutations acquired in earlier phases of the neural lineage,
yet require commitment to the GCP lineage before being able to manifest as malignant
disease [17].
In addition to contributing to knowledge of the cell of origin of the tumor, mouse models
have also been very useful in the elucidation of the sequence of events which lead up to
overt disease. Medulloblastoma mouse models, such as the ND2::SmoA1, PTCH1 +/- and
conditionally ablated PTCH1 mice generally demonstrate pre-tumoral aberrations at the
level of the EGL [16]. In the case of the ND2::SmoA1 and conditional KO models the EGL is
hyperplastic and persists for a longer time, while PTCH +/- mice are also characterized by a
more persistent EGL and so-called pre-neoplastic lesions [18], which are hyperproliferating
clusters of GCP lineage cells which have ceased to express the WT allele of PTCH1. All of the
aforementioned models progress to medulloblastoma.
An interesting fact, which emerges from the study of medulloblastoma mouse models is,
that not all mice develop the full disease and in the course of the progression from GCP
hyperplasia to tumor emergence generally the vast majority of EGL derived cells
differentiate in spite of SHH pathway hyperactivation. This observation has lead to the idea
that in addition to the cell autonomous activation of the SHH pathway, extracellular signals
are responsible for the modulation of proliferation or differentiation of GCPs. As mentioned
above, early studies on the effect of SHH signaling as a mitogenic signal for GCP cells
suggested a role for bFGF as an inhibitor of SHH signaling and therefore of GCP proliferation
[12]. This effect was later demonstrated to e mediated by MAPK signaling and dependent on
MEK and JNK class kinases [19]. Further, it was demonstrated that bFGF could preclude the
propagation of murine medulloblastoma cells [20]. In addition to bFGF, it has been
demonstrated that BMPs also possess the ability to inhibit SHH signaling and consequently
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GCP cell proliferation [21]. The fact that SHH pathway hyperactivation can lead to tumor
progression in only a subset of GCPs and that extracellular signals can strongly modify SHH
signaling outcome in this context highlights the complexity of GCP cell regulation.

Neural stem cells

Until 1969, neural development was thought to be totally concluded after embryonic
development until Joseph Altman first demonstrated the generation of neurons in the adult
mammalian brain [22]. In 1992 Reynolds and Weiss were the first to culture neural
progenitors, termed neurospheres, from the adult brain [23]. These cells were demonstrated
to have extensive self-renewal capabilities and the potential to differentiate along multiple
lineages of the central nervous system, to be exact, neuronal, glial and oligodendrocytic
lineages. Further, generation of neurospheres has been demonstrated from various
anatomic regions, including the spinal cord and cerebellum [24].
While the in vivo identity of cultured neural progenitors is not always clear, studies which
aim to identify the physiological origin of neurosphere originating cells generally confirm
that sphere forming capability correlates with in vivo neurogenic activity of the initial
explanted tissue. This logic is mirrored in the fact that embryonic neural tissue is
ubiquitously capable of originating neurospheres, while in the adult CNS this property is
restricted to two niches, the telencephalic SVZ and the dentate gyrus of the hippocampus
[24].
Stem cells sit at the top a hierarchy and give rise to differentiated progenitors by
intermediate cell types, one of the best studied of such hierarchies is that of neural stem
cells within the mammalian sub-ventricular zone (SVZ). Within this system the stem cells are
referred to as B-type cells, which are in physical contact with the lateral ventricle, as we as
with blood vessels. B-type cells give rise to C-type cells by means of asymmetrical divisions.
C-type cells are known as transit amplifying cells, these cells divide symmetrically up to three
times and are commited to differentiate and become migratory neuroblasts (A-type cells). A9

type cells migrate within a network of migratory cells known as the rostral migratory stream
(RMS), which constantly supplies new neurons to the olfactory bulb (OB). This continuous
replenishment of neurons within the OB contributes to the plasticity of olfactory
information processing [24].
A similar hierarchy exists within the dentate gyrus of the adult hippocampus. In this system
type 1 radial glia similar cells give rise to a series of proliferating precursors and neuroblasts
which ultimately generate glutamatergic granule neurons of the hippocampus. It is
estimated that around 700 new neurons are generated daily withing the human adult
hippocampus [25]. In both of these systems, as during the course of embryonic neurogenesis
the same gross hierarchical structure emerges, quiescent or slowing cycling cells give rise to
rapidly proliferating transit amplifying cells, which ultimately migrate away from the
neurogenic niche to terminally differentiate into functional neurons.

This spectrum, which exists between the states of quiescence and rapid proliferation
complicates the identification of the in vivo counterpart of the in vitro neural progenitor. It is
therefore possible, on the one hand, for quiescent progenitors in the G0 phase to be
“overlooked”, while on the other, transit amplifying progenitors can confound observations
which use proliferation or clonogenicity as a readout.

Neurosphere cultures were initially designated as being cultures of neural stem cells,
however it has been extensively shown that individual spheres are composed of different
cell types with distinct differentiative potential and proliferative capabilities. Within the
same culture it has also been demonstrated that amongst spheres these properties vary and
that only a subset of neurospheres in any given culture system possesses the properties of
stem cells [26]. Due to the heterogeneity which has been extensively reported amongst
different protocols which have been reported to generate cultures of neurospheres, it would
be more stringent to describe such cultures as containing neural progenitors. Further
complexity and controversy regarding the in vivo origin of neural progenitor cultures derives
from the fact that many different protocols for the establishment of such cultures have been
described. Key parameters which distinguish different methodologies are anatomical origin
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of cellular explants, different medium conditions which contain different amounts of varying
hormones or growth factors and the fact that in vitro systems of neural progenitors can also
be generated by genetic determinants. As mentioned above, seminal work on the in vitro
study of multipotent neural progenitors was carried out in 1992, in particular by Reynolds
and Weiss [23] and by Snyder [27]. We would like to discuss these works because their
discussion nicely illustrates the abovementioned challenges, but also emerging
opportunities, which arise due to the multifaceted nature of culturing neural progenitors.
In the paper by Snyder, et.al. , 1992 the authors demonstrate the generation of various
immortalized cell clones by infection of primary cerebellar cells, taken from newborn
explants, with v-myc carrying retrovirus. Importantly, the authors demonstrate that these
cells, and focusing in particular on the clone C17-2, can be re-engrafted into post natal
murine cerebellum and participate in the histogenesis of cerebellar tissue. Interestingly, C172 cells have been shown to possess the potential to differentiate into neural and glial
lineages and have since been demonstrated to be able to engraft into various regions of the
murine CNS such as telencephalon, mesencephalon and spinal cord [28]. This plasticity could
be caused either by the initial transduction of multipotent progenitors already present
within the cell pool of the cerebellar explants, or it could be caused by action of the viral
oncogene, a process which is now referred to as cellular re-programming. The latter
possibility has also been argued by Gao et.al., 1994, in which the authors demonstrate that
the differential potential of neuronal progenitors is expanded by immortalizing oncogenes
such as SV40 large T [29]. In addition to the use of viral oncogenes, which directly activate a
proliferative response, immortalization of neural progenitors has also been demonstrated by
viral transduction of telomerase reverse transcriptase (hTERT) [30]. Interestingly, these
studies consistently and explicitly stress that the use of viral oncogenes leads to
immortalization, not transformation of the cells. The criteria for distinction between
immortalized and differentiated neurospheres are extensively applied applied in Forona
et.al., 2007. The authors describe the long term self-renewal capabilities of murine adult
sub-ventricular zone (SVZ) neurospheres. Cells were shown to maintain mitogen
dependence and differentiation capability throughout passages and importantly, did not
acquire the ability to form tumors either when implanted sub-cutaneously or orthotopically
[31].
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After having discussed the concept on immortalizing neural progenitors by means of
oncogenes, we will now explore the culture of neural progenitors and/or stem cells in the
presence of defined media which contain growth factors. Within the in vitro paradigm, the
first paper which aims to characterize growth factor requirements for proliferation of
primary neural cells, is Gensburger et.al, 1987, in which the authors identify bFGF as
mitogenic when applied to cells explanted from rat telencephalic cells [32]. In addition to
demonstrating the ability of growth factors to stimulate proliferation on neural progenitor
cells, Reynolds and Weiss, 1992 demonstrate that not only can growth factors, in this case
EGF support proliferation of cells obtained from adult mouse striatum, but that these cells
can maintain multipotent differentiation capability [33], thus additionally challenging the
idea that adult neural tissues are devoid of self-renewal capabilities. The characteristic
designation of “stem cell” was first used by Reynolds and Weiss, 1996 [34]. The authors
demonstrate, for the first time, the capability of cells derived from the embryonic murine
CNS to undergo extensive self- renewal as well as differentiation along the three neural
lineages, neuronal, astrocytic and oligodendrocytic. The authors introduce the stringent
criteria, that a clonally derived progenitor must be able to generate progeny, which itself can
form new neurospheres (self-renewal) and that clonally derived secondary neurospheres
must possess the ability to give rise to different lineages of cells when placed under
conditions of adhesive substrate and serum. The plating of single cells, their expansion in
the form of non-adhesive cultures and subsequent differentiation in adhesive conditions is
referred to as the neurosphere assay, and is generally seen as the “gold standard” with
which stem cell properties can be assayed in vitro [24]. Important for the context of the
current work is the observation by Lee et.al., 2005 that serum free culture conditions
supplemented with EGF and bFGF can lead to the formation of neurospheres from the
cerebellum of p7 aged mice [35]. These neurospheres could be generated from prospectively
isolated GFP negative cells obtained from ATOH1-GFP cerebella and their GCP identity was
further excluded due to their non-responsiveness to SHH. Interestingly, the authors confirm
also in this system the inhibitory effect which bFGF has on GCP growth by demonstrating
that the GFP positive, SHH responsive fraction incorporates less [H3]thymidine than the
vehicle-treated control when exposed to bFGF.
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Today neurospheres also represent a possible source of cells for cellular therapy to replace
lost or degenerated nervous tissue, as they have been demonstrated to maintain the
identity of the tissue of origin and can be made to engraft and differentiate when reintroduced into a tissue context. Current studies aim to develop such cellular therapies for
disease such as Amyotrophic lateral sclerosis, Parkinsons disease or stroke [36].
In addition to the application of various culture conditions and growth factors to the
generation of neural stem cell cultures, termed epigenetic variables, a number of genetic
approaches have also been investigated. In one study telomerase was used to immortalize
neural progentitors from human fetal spinal cord [30], while in another the v-myc oncogene
was retrovirally inserted into cells of human fetal mesencephalic origin [37]. In both studies
the cells had extensive proliferative capability and were able to differentiate into functional
neurons when grafted into animals. Importantly, these cells were not oncogenic and the
transgenes were down-regulated in both cases upon differentiation in vivo as well as in vitro.
Being generated as a function of culture conditions, the ability of neurospheres to represent
a stem cell in its physiological context is controversial. The assay of neurosphere forming
ability from primary cells is in itself not a good readout of stem cell quantity because transit
amplifying cells, which would normally be committed to differentiate can also be extensively
self-renewed in vitro [24]. One study which aimed to dissect this heterogeneity amongst
sphere forming cells arrived at the conclusion that only 6% of the neurospheres generated
had originated from cells which could be passaged for more than 7 times [38]. On the other
side, neural stem cells are suspected to exist in a quiescent state in their niche. Quiescent
stem cells maintain themselves in G0 phase of the cell cycle and may not be poised for
proliferation in response to mitogens. Therefore, the in vitro context introduces potential
confounding variables to the study of stem cell properties. On one hand, committed
progenitors could be scored as stem cells within the neurosphere forming paradigm, on the
other hand, cells which would be bona fide stem cells in vivo could be overlooked if they are
in the G0 cell cycle phase.
In addition to the functional properties discussed above, neural stem cells are known to
express genes which are functionally linked to their so-called “stemness”, which can be
summarized as being the state of continuous self-renewal whilst maintaining differentiation
capability [39].
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Stem cells as an extreme on a spectrum of “stemness” traits

In a certain sense, the prototypical hierarchy of stem cell, transit amplifying cell and
migrating neuroblast, down to the mature, functional neuron can also be superimposed
onto the development of the postnatal cerebellum. Rhombic lip derived progenitors
originally derive from radial glia cells, which are known to be the stem cells of the embryonic
neural tube. In addition to the radial migration, which all radial glial derived cells undertake,
these progenitors additionally carry out a tangential migration step, which leads them to the
surface of the immature cerebellum, on which they form the EGL. Here the committed
progenitors undertake rounds of cell division before terminally differentiating and finally
migrating into the IGL [1], a process which can be seen as analogous to the sequence of
proliferation, migration and terminal differentiation known to happen in the SVZ system.
The analogies between postnatal cerebellar neurogenesis and adult neurogenesis in the SVZ
are not only restricted to cellular behavior, but also show many similarities at the molecular
level. In the SVZ system all three immature cell types express the transcriptional transactivator SOX2 [40]. SOX2 has been shown to be essential for the self-renewal capability of
B-type cells. SOX2 was also shown to be expressed in early cerebellar granule progenitors
and was required for in vitro expansion of GCPs in response to SHH treatment [41].
A further molecular property shared by both systems is the dependence upon a class of
bHLH transcription factors known as pro-neural genes. Pro-neural genes are conserved DNA
binding factors which specify neuronal identity in a manner that is conserved throughout the
animal kingdom. In the context of the SVZ, C-type cells express the pro-neural factor ASCL1
[42]. In this system ASCL1 is required for the generation of proliferating progenitors and in a
context of ablation of the ASCL1 gene there was a reduction in BrdU positive progenitors in
the SVZ as well as reduced cellularity in the RMS and OB. Within the system of cerebellar
granule cell expansion the pro-neural factor ATOH1 has long been known to be a marker of
immature GCPs [1]. In addition, it has been demonstrated as being necessary to maintain a
state of permissiveness to respond to mitogenic signals, in particular SHH [8].
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With recent advances in the field of research of the molecular biology of stem cells recurring
functions are emerging for certain so-called “stemness factors”. These factors are part of
different families of transcription factors which play an active role in maintaining the
extensive propagative and differentiative characteristics of stem and progenitor cells [39].
Amongst these factors are SOX2 and the MYC family of proteins, which have already been
discussed. Other such factors are Nanog, POU5f1 or POU3f2, all of which have been
demonstrated to contribute to key properties of stem cells in various contexts. An additional
strong piece of evidence for the importance of these factors is the fact that not only are they
expressed and required by stem cells, but additionally, combinations of these factors are
able to reprogram differentiated cells into different kinds of stem cells [43].
It should be noted that “stemness factors” are not exclusively expressed by bona fide stem
cells. As discussed earlier, SOX2 is expressed in neural stem cells as well as in transit
amplifying progenitors. Similar results have been obtained for other factors in a variety of
models. In light of this fact, it seem prudent to consider if these factors, more than simply be
designated “stem cell factors”, be interpreted as being factors which maintain cells in a state
of commited non-differentiatedness, this property also being inclusive of committed
progenitor cells.

Analogies between neurogenesis and cancer of the central nervous system

The idea that neoplastic growth is an aberration of normal growth processes suggests the
viewpoint that cancer development can be seen as a deviation from normal developmental
processes. It therefore follows, that the study of cellular hierarchies throughout
development has been interposed also on the progression from a “healthy” cell towards
formation of a neoplastic clone. This idea culminates in the so-called cancer stem cell (CSC)
hypothesis [44], which postulates heterogeneity within the population of tumor cells, which
recapitulates the cellular hierarchy from quiescent stem cell to a “bulk” tumor cell by means
of a hypothetical progression of intermediary cell types. As in normal development, only a
minority of cells is predicted to be endowed with the capability of long term, or theoretically
indefinite renewal of the tumor tissue. This concept has been demonstrated to be valid in a
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broad range of tumors [44]. Other than the aforementioned basic postulates of the CSC
hypothesis, the various parameters have been shown to vary between different kinds of
cancer. One question is, if the CSC is identical to the tumor initiating cell (TIC) or if the TIC is
necessarily a normal stem cell which has undergone malignant transformation. Within the
experimental paradigm, a cancer stem cell can be defined operationally by the properties of
extensive self-renewal in vitro and by the capability to propagate the disease to a new host
by means by grafting into immunosuppressed mice.
In the case of malignancies of the central nervous system, the search for a cancer stem cell
component goes hand in hand with the paradigm of the neurosphere, and initial studies
aimed at isolating neurosphere lines from primary tumor tissue. In the case of glioblastoma
multiforme, which arises from the SVZ, it was possible to generate long-term self-renewing
neurosphere lines by application of “standard” neurosphere conditions, i.e. serum-free
media which is supplemented with EGF and bFGF [45]. These cells satisfied the operational
requirement of graftability into a new host, in this way propagating the disease. The fact that
SVZ neurosphere conditions could be transposed onto the culture of tumor cells originating
from the SVZ was in accord with the common histological origin of these tissues.
Interestingly, early studies also indicated that these conditions could not be applied to
human medulloblastoma tumors [45], suggesting that the same culture conditions are not
necessarily generally applicable to tumors of the CNS, but that tumors of different origins
may require particular culture conditions which satisfy particular mitogenic requirements.
In the case of murine medulloblastoma models the in vitro isolation of a cell which possesses
the aforementioned operational properties of a cancer stem cell has not been so straight
forward. While the generation of graftable lines is possible from murine medulloblastoma, it
has been reported that these lines lose activation of the SHH pathway in vitro and that the
resulting grafts also engraft and grow independently of SHH signaling [46]. Due to this
“emancipation” from the SHH pathway it has been advised to be very cautious when
interpreting data from studies carried out using SHH pathway inhibitors in pre-clinical trials
[47].
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Aim of the work

Neurosphere cultures are non-adhesive cell cultures which are derived from explants of the
nervous system. These cells are typically exposed to constant mitogenic stimuli, often EGF
and bFGF. Neurospheres are generally thought to grow from stem cells because they satisfy
the criteria of possessing extensive self-renewal capability and multi-lineage differentiation,
requirements which stem cells fulfill in vivo. In spite of cells satisfying the aforementioned
criteria in vitro, their origin may not justify the classification “stem cell”, because being
removed from their physiological context, cells may acquire the properties of in vitro stem
cells without having a relevant in vivo counterpart [48], as has been observed to be the case
for neural transit amplifying cells.
GCPs are a kind of transit amplifying cell, they proliferate extensively during the post-natal
period of mammalian development and differentiate, so that adults do not posses
proliferating cerebellar granule cells. We seek to investigate the in vitro properties of GCP
cells in terms of the criteria normally applied neural stem cells. Towards this end we define
culture conditions under which GCPs can extensively self-renew in the form of
neurospheres. As has been carried out for other neurosphere models, we determine
whether GCPs grown as neurospheres, termed mSS cells, should be defined as being
immortal or transformed, the distinction being in continuous dependence of mitogenic
stimuli, constant growth rate and differentiation capability. We arrive at the conclusion that
a culture medium must satisfy two criteria for unlimited self-renewal of GCP cells : 1) Growth
factors must not actively inhibit SHH signaling, which is a key mitogenic pathway in this cell
type. 2) In addition to being permissive towards SHH signaling, the pathway must be actively
stimulated, for example by a pharmacological smoothended agonist.
After having established that the aforementioned conditions allow for the unmasking of the
immortality of GCPs in vitro we investigate if these principles can also be applied to the
culture of medulloblastoma cells, which are known to derive from GCPs [15].
In short, the aim of this work is to analyze commonly used tissue culture conditions, which
give rise to immortal lines of neural progenitors and to investigate if their underlying
principles can be transposed onto the lineage of cerebellar granule cells (GCPs).
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Results

Generation of long-term proliferating GCP cultures from murine p7 cerebellum

To investigate the effect of anatomically relevant mitogenic signals on neurosphere
formation from postnatal day 7 (p7) murine cerebellar explants, dissociated cells were
exposed to neurosphere culture conditions supplemented with increasing doses of the
smoothened agonist SAG. We observed a dose dependent effect on clonogenicity in terms of
sphere forming capability (Fig. 1A). Having established putative neurospheres from murine
p7 cerebella, we next strived to characterize the origin and identity of these cells, which
from here on we designate mSS (murine SAG dependent spheres).
As discussed earlier, under serum free conditions in the presence of growth factors, neural
stem-cell like cultures can be established from murine sub-ventricular zone (SVZ) and
cerebellum. We asked ourselves if the generation of SAG derived neurospheres was equally
possible from both of these regions. To this end we established pools of single cells from the
p7 SVZ and paired cerebella, to which we applied classical neurosphere conditions with
growth factors (bFGF and EGF) or SAG. Interestingly, even though by 6 days in vitro
neurospheres could be observed from both regions in the presence of bFGF/EGF, sphere
formation could only be observed from the cerebellar pools when SAG was added to the
medium (Fig. 1B), suggesting that SHH signaling has a cell-autonomous mitogenic effect on a
cell type which is exclusive to the cerebellum at this developmental stage. Consistent with
our nomenclature of nominating SAG dependent cultures mSS, from here on we will refer to
EGF/bFGF dependent cultures as mGFS.
The observation that SAG dependent neurospheres could only be generated from p7
cerebellum and not from the SVZ, which is known to be the source of in vitro derived neural
stem cell cultures, led us to hypothesize that the identity of the cells could be of the granule
cell lineage, as this lineage is known to depend strongly on sonic hedgehog signaling. In
addition, published observations indicate that only GCP lineage cells proliferate in response
to SHH signal activation when explanted from the post-natal cerebellum [35].
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To further test this hypothesis paired cell cultures were established from pools of cells
originating from the same cerebella and both culture conditions were applied. The
expression of different lineage markers was assayed by western blot and QPCR.
Interestingly, the two types of culture undergo a marked divergence in terms of the markers
expressed. At the protein level, as soon as day 4 in vitro mSS cultures had higher levels of
ZIC1 (Fig.2A, top), a marker of GCP cells, concomitant with higher levels of the GCP marker
ATOH1 (Fig.2B), which began to diverge at day 6 in vitro. Further, as early as day 2 in vitro
we observed a strong differential in GLI1 expression between mGFS and mSS cultures(Fig.2A,
middle). Interestingly, cultures established in the presence of the two growth factors and
also SAG did not show detectable levels of GLI1 expression (Fig.2C), which is consistent with
previously published results demonstrating that growth factor signaling can inhibit SHH
signaling [19].
Having shown that mSS cells can be established in the presence of activated SHH signaling
under serum-free conditions we inquired whether conditional genetic activation could also
support the establishment of neurospheres. We therefore established mSS cultures from
ATOH1-CRE; PTCH1 fl/fl cerebella at the age of postnatal day 7. Due to the fact that ATOH1
has been demonstrated to be targeted to cells of the GCP lineage this experiment serves to
further characterize the origin of mSS cells. In accordance with the GCP origin of mSS cells,
ablation of PTCH1 was sufficient for establishment of the culture, as spheres could be
observed after clonal plating after 6 days (Fig.2D). Sphere numbers were not further
augmented by plating cells derived from ATOH1-CRE;PTCH1 fl/fl cerebella in the presence of
SAG, indicating that genetic activation of the pathway in this way saturates the cell`s
clonogenic capability. We therefore conclude that neurosphere cultures obtained by SHH
pathway activation, either by SAG supplementation or genetic activation through targeted
PTCH1 mutagenesis, differ from classical neurosphere cultures and we have accumulated
evidence which supports their identity as being of the GCP lineage.
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SAG dependent neurospheres possess properties of immortal neural progenitors
Cell types which possess the ability of unlimited self-renewal in culture have been described
as being “naturally immortal” [48]. Further, it has been demonstrated not only cells which
are termed stem cells have this property, for example in the case of the murine SVZ it has
been shown that the majority of neurosphere forming cells actually derive from transit
amplifying C type cells [49].
To investigate self-renewal of SAG derived neurospheres we assayed clonogenicity for the
duration of 10 weeks. After establishment of SAG derived cultures, spheres were dissociated
and plated clonally. This process was repeated after every second passage, for a total
duration of 20 passages. In the course of the experiment clongenicity was continuously
observed and maintained a relatively stable level (Fig.3A), thus demonstrating the extensive
self-renewal capability of SAG dependent neurospheres.
A subset of genes, which is referred to as “stemness genes” was first characterized by the
expression of these genes in stem cells, even if their functions could also be described as
contributing to maintenance of an undifferentiated cellular state, which is directly
maintained at the chromatin level [39]. Amongst these genes are SOX2, Nanog, POU3f2 and
POU5f1. After having confirmed the functional capability of mSS for long term in vitro
expansion, we next decided to investigate the expression of these genes, which are known
to support such a state. We assayed the expression of these factors in paired mSS and mGFS
neurosphere cultures. We used the murine lymphoblast cell line YAC1 as a control. SOX2 was
expressed at high levels in GF dependent cultures, which is consistent with its well-known
role in neural stem cells [40]. Interestingly, mSS cultures expressed higher levels of Nanog,
POU3f2 and POU5f1 (Fig.3B), while both cultures expressed comparable levels of Nestin with
respect to non-neural murine control cells. The similar expression levels of Nestin are in
accordance with the hypothesis that both cell types are neuronal progenitors. Conversely,
the differing expression profiles of the other factors further delineate the representation of
different lineages between the two cell types. We can therefore conclude, that in terms of
the “stemness” genes assayed both cell types show a unique expression profiles of
aforementioned genes.
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SAG derived cultures continuously depend on hedgehog pathway activation for their
proliferation

Conditions of long term in vitro proliferation are known to lead to changes in cell behavior
due to selection within the culture. In case of mSS cells, this could manifest itself as
aberration of the SHH signaling pathway. There are currently no other neural cell lines which
depend on continuous exogenous stimulation of SHH signaling for maintenance, however
GCPs in vivo can epigenetically silence or mutate PTCH1 or amplify genes such as GLI2,
CCND1 or MYCN in the course of transformation.
To investigate the maintenance of dependence on continuous mitogenic stimuli we
challenged late passage mSS with two different smoothened inhibitors, KAAD-cyclopamine
and GDC-0449 (vismodgib). We measure a strong diminishment of clonogenic ability in Smo
inhibitor treated mSS cells (Fig.4A), thus demonstrating that mitogenic signaling continues to
depend on persistent activity of SHH signaling. We confirm the inhibitory effect of these
small molecule inhibitors at the molecular level, by observing down-regulation of GLI1 and
PTCH1 gene expression and the repression of the MYCN-CCND1 axis, at the protein level
(Fig.4B). To confirm that growth diminution is specific of inhibition of the SHH pathway and
not due to non-specific toxicity of the drugs we also assayed clonogenicity after omission of
SAG from the culture, which similarly caused mSS cells to be less clonogenic (Fig.4C).
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mSS cells possess the capability to differentiate into neurons that resemble cerebellar
granules

Conventional neurospheres are said to be multipotent because they have the potential to
differentiate into cells of three lineages of the CNS, neuronal, astrocytic and
oligodendrocytic [34]. In order to characterize the differentiation capabilities of mSS
neurospheres we exposed both cell types to a neuronal differentiation medium
supplemented with 0.5% FBS. Serum supplementation has been shown to bias neurosphere
differentiation towards the astrocytic lineage [50]. Under these conditions cells attached to
the dish within 24h and the cells of both cultures assumed different morphologies (Fig.5, left
column). While mGFS cells assumed the expected flat, astrocyte-like morphology, during the
course of 5 days, mSS cells gradually assumed conspicuous bipolar morphology (Fig.5, right
column) .This morphology resembles in vitro differentiated granule cells, as described by
other authors [51].
Western blot analysis of differentiated pools of cells showed up-regulation of beta3-tubulin
in mSS lines. Beta3-tubulin is a commonly used marker of differentiating neurons. On the
other hand, mGFS cultures showed a strong up-regulation of GFAP, a marker of glial cells. As
assayed by western blot, the two markers were mutually exclusive (Fig.6A). Additionally,
QPCR analysis demonstrated that differentiated mSS cultures down-regulated ATOH1
expression and up-regulated expression of GABA receptor alpha 2 (GABRA2) (Fig.6B), a
marker expressed by differentiating GCP cells.
By conducting Immunofluoresence with GFAP and beta3 tubulin antibodies we were able to
observe that after 5 days in differentiation conditions mSS cells gave rise to an abundant
majority of beta3-tubulin positive cells (Fig.6C). On the other hand, neurospheres obtained
under growth factor supplemented conditions gave rise largely to GFAP positive cells with
very few beta3-tubulin stained cells interspersed. We can therefore conclude that in
addition to being able to undergo extensive self-renewal, mSS cells also maintain the ability
to differentiate in vitro.
The observation that mSS differentiate into a large majority of neurons in vitro demonstrates
that the cell has intrinsically maintained a bias towards one lineage with respect to other
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possible lineages. This hypothesis is reinforced by the observation that, under the same
culture conditions, EGF/bFGF dependent neurospheres express a strong preference towards
glial differentiation.

The culture conditions which allow for establishment of mSS neurospheres can be
transferred to tumor cells originating from Math-CRE;PTCH1 fl/fl murine medulloblastoma

It has been reported, that murine medulloblastoma tumors lose SHH pathway activation
when transferred into cell culture conditions, thus becoming useless to study the pathway in
the context of medulloblastoma [46]. Also, it was not possible to establish long-term
neurosphere cultures from human medulloblastoma [45].
In light of the extensively studied connection between SHH signaling in the GCP lineage and
genesis of the pediatric tumor, type 2 medulloblastoma, we sought to determine if the same
culture conditions, which give rise to GCP derived mSS cells could also lead to the in vitro
establishment of cell pools from murine medulloblastomas.
We applied the protocol for the production of mSS to cells obtained from dissociated murine
tumor which develop at around one month of age from the genetic background MathCRE;PTCH1 fl/fl. We hypothesized that due to the SHH pathway being hyper-activated as a
consequence of PTCH1 loss, lower dosages of SAG may be sufficient for culture growth.
Interestingly, we not only confirmed clonogenicity with less SAG, the murine
medulloblastomas grew under mSS culture conditions even after omission of SAG (Fig.7A).
We could also dissociate primary spheres generated from murine medulloblastoma and
replate the single cells, which gave rise to secondary spheres, thus demonstrating selfrenewal capability. We therefore designate these cells NSSMB ( non-SAG treated mSS-like
medulloblastoma ).
As was carried out with non-tumor mSS cells, we compared NSSMB cells with tumor derived
neurospheres that were generated from the same pool of cells in conditions of growth factor
supplementation after one month in vitro. As in the case of non-tumor lines, by QPCR we
confirmed the divergence of the two cultures. With respect to lines generated with
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supplementation of bFGF and EGF, NSSMB lines demonstrated higher SHH pathway activity,
assayed by GLI1 and MYCN expression (Fig.7B). Further, NSSMB cells expressed higher levels
of ATOH1 and also recapitulated the constellation of stem cell factors as observed in nontumor derived lines, suggesting that this expression profile is characteristic of cells of the
GCP lineage.
The gold standard for a tumor cell line is its ability to engraft sub-cutaneously into an
immunocompromised host and recapitulate tumorigenesis in this ectopic environment. We
challenged the proliferation capabilities of NSSMB cells by transplanting 2 or 4 million cells
into the flanks of nude mice. After approximately one month palpable masses could be felt
under the skin of the animal. Animals were sacrificed after 2 months and tumors could be
extracted (Fig.7C).
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Discussion

Limitless in vitro propagation of cerebellar granule progenitors

We report in this work the novel in vitro property of GCPs to be able to propagate in culture
for very long periods of time. We document consistent ability to form neurospheres from
single cells for 20 passages in this work, however we possess mSS lines which have been in
culture for over one year, which would correspond on average to >100 passages. We thus
conclude that under our culture conditions GCPs possess limitless clonogenic potential, as
far as can be empirically demonstrated. Past studies of GCP proliferation have
demonstrated the ability to SHH to greatly enhance GCP proliferation, however the question
whether these cell have an intrinsic limit to their propagation was never addressed. This
could be due to the fact that commonly used culture conditions themselves bias GCPs to
differentiate even in conditions which stimulate SHH signaling. One work which addresses
the temporal dynamics of GCP proliferation potential is the seminal paper by Wechsler-Reya
and Scott from 1999 in which the authors document peak proliferation at 50h after
treatment. Further, Miyazawa et.al., 2000 carry out BrdU labeling experiments in two
different kinds of SHH stimulated GCP culture systems and followed incorporation of BrdU
for a sufficiently long time period to be able to interpret total depletion of proliferation even
when cells were stimulated by SHH. These kinds of studies have led to a general consensus
that GCP proliferative capacity is limited in vitro, even with activated SHH signaling (Kenney
et al, 2003). We here provide evidence that suggests that the previously observed cell
autonomous limit of GCP proliferation can be circumvented by modification of culture
conditions.

mSS as sonic hedgehog pathway dependent neurospheres
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Since its initial establishment as a tool for the study of neural proliferation and
differentiation in the early 90s, the neurosphere assay has undergone extensive modification
and current literature contains a plethora of variations which differ from one another in
terms of basal medium choice, serum content and growth factor supplementation. A metaanalysis carried out by Chaichana et.al. mined pubmed for neurosphere papers in which a
unique (non-cited) medium composition was used to culture neurospheres and lists eleven
distinct protocols. After comparison of the varying culture conditions the authors arrive at
the conclusion, that the common factor which generally characterizes neurosphere systems
is the culture under serum free and non-adhesive conditions, which would promote
differentiation, and the presence of mitogens, commonly either bFGF and/or EGF, which
promote proliferation of initially non-differentiated cells.
In this current work, we have demonstrated the establishment of neurosphere cultures from
a cell type which has not been previously demonstrated to generate such a system. Towards
this end, we have produced a protocol which is consistent with the above mentioned
principles, yet is tailor-made as to be aligned with some particular characteristics of GCP
biology. In light of the well-established role of SHH as a mitogen for GCP lineage cells we
apply the smoothened agonist SAG as an active mitogenic component. There is no evidence
in literature that “classical” mitogens by themselves stimulate proliferation in GCP cells, in
fact, there is evidence for the contrary. The ability of bFGF to inhibit SHH signaling through
MAPK cascades has been well established. Therefore the omission of bFGF and EGF from the
culture medium renders GCPs permissive towards SAG induced proliferation, so establishing
cell lines which we name mSS (murine derived SAG dependent spheres).

mSS cells maintain functional characteristics after extensive time in culture

A critical property of neurospheres is their ability to differentiate into morphologically and
molecularly distinct cells. This is generally achieved by passing the cells from serum-free,
non-adhesive conditions in serum supplemented medium and containers which favor
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adhesion. We demonstrate that upon passage into serum supplemented medium and polylysinated containers mSS cells attached to the dish and underwent a gradual process of
differentiation which culminates in the generation of bipolar cells of neuronal morphology.
These cells stain positive for the neuronal marker beta3-tubulin and upon examination of
molecular markers of the cell pool we measure up-regulation of GABRA2 and downregulation of ATOH1, both modifications of gene expression which are characteristic for
differentiating cerebellar granule cells. In contrast to this strong preference of mSS cells
towards neuronal differentiation, we observe that mGF neurospheres differentiate towards
a predominantely glial lineage with few beta3-positive cells under these conditions.

mSS are immortal but not transformed

Cell populations which proliferate extensively for long periods of time can be exposed to
strong selective pressure due to proliferative competition within the cell pool. This selective
pressure can cause the system to evolve towards a state of enhanced proliferation,
independence of external mitogenic stimuli or diminishment of differentiation capability.
In the case of conventional neurospheres a paper by Forroni et.al., 2002 extensively
investigates whether long term cultured neurospheres are transformed or not. The authors
investigate the abovementioned criteria and demonstrate that neurospheres remain
dependent on growth factors and maintain differentiation capability after long periods of
time in culture. Interestingly, the authors measure a gradual increase in proliferation and
sporadic genomic abberrations, yet still arrive at the conclusion that the neurospheres are
not transformed because they never acquired the ability to form tumors when engrafted
into host brains.
In this work we describe the establishment and long term culture of a novel type of
neurosphere, which analogously begs the question whether mSS cells become transformed
during their extensive proliferation. In the course of the 20 passages, during with we
monitored the propagation capacity of mSS cells we could not witness any augmentation of
clonogenic capability, as would be expected from selection of cells with enhanced
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proliferation. One could criticize the choice of clonogenicity for making this type of
inference, however it was recently shown, that sphere forming capability is not only a
property of long term self-renewing cells, but also of more committed cells which are more
restricted in their proliferation. Therefore the phenotype of clonogenicity overlaps with
proliferation.
To assay the continuous requirement for SHH pathway activation of SAG derived
neurospheres, we assayed clonogenicity as well as molecular output of the signaling
pathway in late passage (10 weeks in vitro) cultures in the presence two smoothened
antagonists, either GDC-0449 (vismodegib) or KAAD-cyclopamine. In accordance with the
cells remaining continuously dependent on SHH pathway activity, we observed a decrease in
GLI1 expression as well as loss of clonogenic potential in the presence of antagonists. We
thus confirm that mSS cells remain dependent on the SHH pathway mitogenic stimulation.

Principles of mSS culture can be applied to establish medulloblastoma cell lines

Due to the fact that glioblastoma multiforme is thought to arise from the SVZ it comes as no
surprise that culture conditions which can produce long-term cultures from the SVZ can also
lead to the formation of neurospheres cultures from tumors [45]. Further, even though
medulloblastoma stem cells could be cultured and engrafted orthotopically [52], subcutaneously engraftable lines that are relevant to the study of SHH oncogenic activity have
not been reported [46].
After having established that mSS cells belong to the GCP lineage we tested the idea that
analogously, cells from SHH dependent medulloblastoma could also be propagated under
similar conditions, given this tumor`s origin in the GCP lineage.
We observed that murine medulloblastomas could in fact give rise to non-adhesive cell lines
which maintain SHH pathway activity constitutively and accordingly propagate in vitro
without SAG supplementation. The origin of these cells is further confirmed due to their
expressing ATOH1 and in their recapitulation of a stem cell signature, which is reminisce of
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that observed in mSS cells that do not derive from tumors. Strikingly, these cells, which we
have named NSMB possess sub-cutaneous allograft capability even after I month in vitro.
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Materials and Methods

Establishment of cultures from murine central nervous system
Postnatal day 7 mice were sacrificed by decapitation and tissues were collected in HBSS
supplemented with 0.5% glucose and penicillin‐streptomycin, grossly triturated with
serological pipette and treated with DNAse I to a final concentration of 0.04% for 20 min.
Finally, cells aggregates were mechanically dissociated using pipettes of decreasing bore size
to obtain a single‐cell suspension. SCs were cultured as neurospheres in selective medium
after centrifugation, DMEM/F12 supplemented with 0.6% glucose, 25 μg/ml insulin, 60
μg/ml N‐acetyl‐L‐cystein, 2 μg/ml heparin, 20 ng/ml EGF, 20 ng/ml bFGF (Peprotech, Rocky
Hill, NJ) or 1uM SAG (Adipogene), 1X penicillin‐streptomycin and B27 supplement without
vitamin A. SAG dosage was 1uM unless otherwise specified. For differentiation cells were
mechanically dissociated and plated on polylysinated cell culture dishes in the following
medium : Neurobasal (Invitrogen) supplemented with glutamine, penicillin-streptomycin,
0.5% fetal bovine serum and B27 supplement.

Clonogenic assay
Cells were pelleted and dissociated by incubation with Accutase (Sigma Aldrich) in
concomitance with continuous pipetting to obtain a single cell suspension. Cells were
counted with a hemocytometer and were diluted to obtain a suspension concentrated 0.267
cells/ul. Cell suspension was distributed amongst a 96 well plate, putting 75ul into each well.
Respective treatments were prepared with double of final concentration and 75 ul were
added to each well for a final volume of 150ul concentrated 0.134 cells/ul, for a total of 20
cells per well. After 3 days medium was replenished and an additional 3 days later the
number of spheres per well was recorded. Exhibited data represents averages of two
independent experiments, each having 24 wells per treatment point.
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RNA preparation and quantitative reverse transcription-PCR
Total RNA extraction was carried out with TRIzol reagent (Invitrogen). For quantitative
reverse transcription-PCR (Q-RT-PCR), total RNA (1 mg) was reverse transcribed using Gene
Amp kit (Applied Biosystems) and subjected to PCR amplification using SYBR Green PCR
Master Mix (Applied Biosystems) or TaqMan PCR Master Mix (Applied Biosystems). Samples
underwent 40 amplification cycles (95C for 10 seconds; 60C for 1 minute) monitored by an
ABI Prism 7900 sequence detector (Applied Biosystems). All amplification reactions were
conducted at least in duplicate and averages of threshold cycles were used to interpolate
standard curves and calculate transcript amount using the SDS version 2.3 software (Applied
Biosystems). TaqMan probes (Applied Biosystems) were used to detect HPRT, GLI1, PTCH1,
GABRA2 and MYCN. For SYBR green QPCR the following primers were used:
Nestin FW

GCAGGCCACTGAAAAGTTCC

Nestin RV

CACCTTCCAGGATCTGAGCG

SOX2 FW

CAGGAGTTGTCAAGGCAGAGA

SOX2 RV

CTTAAGCCTCGGGCTCCAAA

Nanog FW

CGGTGGCAGAAAAACCAGTG

Nanog RV

GGTGCTGAGCCCTTCTGAAT

POU3F2 FW

CCTTTAACCAGAGCGCCCA

POU3F2 RV

AGGCTGTAGTGGTTAGACGC

POU5F1 FW

GGCTTCAGACTTCGCCTTCT

POU5F1 RV

TGGAAGCTTAGCCAGGTTCG

ATOH1 FW

CCCGTCAAAGTACGGGAACA

ATOH1 RV

CTCGTCCACTACAACCCCAC
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Protein extraction and Western blot
Total protein extracts were obtained in RIPA buffer [50 mmol/L Tris (pH 8), 150 mmol/L
NaCl, 0.5% Sodiumdeoxycolate, 0.1% SDS, 1% NP40, 0.001 mol/L EDTA and a mix of protease
inhibitors]. Protein extracts (30 mg/sample) were separated by SDS-PAGE and blotted onto
nitrocellulose membrane (PerkinElmer). Membranes were blocked with 5% nonfat dry milk
and incubated with primary antibodies (Abs) at the appropriate dilutions. Abs were as
follows: goat anti–b-actin, rabbit anti CCND1 and mouse anti-MYCN (Santa Cruz
Biotechnology), mouse anti‐Gli1, #2643 (Cell Signaling Technology Inc). Immunoreactive
bands were visualized by enhanced chemoluminescence (Perkin Elmer).

Immunofluorescence
Cells were fixed in 4% paraformaldehyde and washed with PBS. Samples were permeabilized
in 0.1% triton-X 100 in PBS for 15 minutes at room temperature, washed in PBS and blocked
in 5% BSA for 30 minutes at room temperature. Primary antibodies were diluted in 1% BSA,
incubated overnight at +4 degrees celsius and were the following:
mouse anti‐GFAP monoclonal antibody MAB360 (Millipore)
mouse anti-Neuronal Class IIIb-Tubulin (TUJ1) monoclonal antibody MMS-435P (Covance)
Samples were washed in PBS and incubated in Alexa Fluor 555 Goat anti-Mouse (Life
Technologies) together with Hoechst nuclear dye for 20 minutes at room temperature. After
further washes in PBS slides were mounted in PBS/glycerol and analyzed under fluorescence
microscope. Images were scored using ImageJ.

Subcutaneous allograft
Spheres were dissociated by pipetting and cells were counted with a hemocytometer.
Specified cell numbers were resuspended in 75ul PBS to which further 75ul of Matrigel were
added. This suspension was injected under the skin located at the flanks of nude mice. Mice
were sacrificed and tumor masses were extracted after two months.
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Figure 1. Establishment of neurospheres under the influence of SAG. A, Dose dependent effect of
SAG on the formation of neurospheres from p7 murine cerebellum. B, the growth factors EGF and
bFGF permit sphere growth from murine SVZ as well as cerebellum, while SAG only establishes
spheres from the cerebellum.
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Figure 2. mSS cultures belong to the cerebellar granule lineage. A, Western blot depicting the
divergence of growth factor dependent neurospheres from mSS cells. Each time point is represented
by paired cell cultures grown in the presence of EGF/bFGF or SAG. In the presence of SAG the culture
maintains higher levels of ZIC1 and GLI1. B, cell cultures were established as in A, QPCR was carried
out to measure ATOH1 transcript levels. Also in this case mSS cells express the GCP marker while
expression dissipates in mGFS cells. * : p < 0.05
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Figure 3. mSS cells demonstrate limitless self-renewal and have a gene expression profile
consistent with their identity as progenitor cells. A, clonogenic assay was carried out every week,
which corresponds to two passages. mSS cells demonstrate consistent self-renewal. B, “stemness”
genes are more highly expressed in mSS cells with respect to the murine lymphoblastic line YAC1.
mGFS cells also express these factors but in different quantities with respect to mSS.
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Figure 4. SHH pathway and proliferative potential of mSS cells remains active and dependent on
exogenous stimulus after 10 weeks in vitro. A, in addition to SAG, mSS cells were exposed to two
different Smo inhibitors. Clonogenic potential is strongly reduced in the presence of inhibitors. B, as
in A, SAG containing medium was supplemented with either Smo inhibitors or DMSO for 15h, then
cells were analyzed by QPCR or western blot for a readout of the SHH pathway. (top) transcript levels
of GLI1, PTCH1 and NMYC are reduced with Smo inhibitor treatment. (bottom) protein levels of GLI1,
NMYC and CCND1 diminish when cells are treated with Smo inhibitors. C, clonogenicity was
determined after modification of SHH pathway activation as in A, however cells were left untreated
with SAG. As is the case with active inhibition, clonogenicity is reduced.
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Figure 5. During 5 days in differentiation culture mSS cells undergo gradual morphological changes.
mGFS and paired mSS lines were plated in differentiation medium supplemented with 0.5% fetal
bovine serum and differentiation was followed for 5 days. Photographs were taken at 1 day or 5 days
in these conditions and show that mGFS cultures give rise to flat cells with astrocytic morphology.
Conversely mSS cells undergo morphological changes which gradually culminate in bipolar cells with
very fine processes.
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Figure 6. After 5 days in differentiation medium mGFS cells differentiate predominantly towards
glial lineage while mSS give rise to neuronal cell expressing markers of differentiated cerebellar
granule cells. A, Western blot of differentiated cells and respective proliferative control cells shows
that mGFS cultures up-regulate GFAP while Beta3-tubulin remains undetectable. Viceversa, mSS upregulate Beta3-tubulin but not GFAP. B, Upon differentiating mSS cells up-regulate GABRA2 and
down-regulate ATOH1. C, Immunofluorescence staining for GFAP and Beta3-tubulin of paired mGFS
and mSS cells after 5 days in differentiation medium reveals high numbers of GFAP positive cells in
the case of mGFS cells and in the case of mSS cells mostly beta3-tubulin positive cells.
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Figure 7. The mSS protocol can be applied to murine medulloblastoma to give rise to tumor
spheres with active SHH signaling and engraftment capability. A, Clonogenic assay carried out with
single cell suspension obtained from murine ATOH1-CRE;PTCH1 fl/fl medulloblastoma. Spheres form
in the presence of different quantities of SAG and also with only DMSO. Spheres generated with
DMSO can be dissociated and give rise to secondary spheres. B, Gene expression measurements
made by QPCR. Data is log2 scaled and with respect to paired spheres generated through treatment
with EGF and bFGF. Genes are divided into classes, which are SHH readout, stemness genes and the
GCP lineage marker ATOH1. C, NSSMB spheres after 1 month in culture were mechanically
dissociated and engrafted into nude mice, tumors were extracted after 2 months. Numbers indicate
cell number engrafted.
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