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Glued to the brain

A brief description of development and disease of the 
mammalian brain

At a first glance, the primate and rodent brain appear rather dissimilar. In contrast to the 

smooth lissencephalic neocortex of small rodents, a dramatic expansion of the primate 

neocortex has given rise to a complex landscape of foldings termed gyri and sulci (Kriegstein 

et al., 2006). Such gyrencephalic cortex can be found in a number of other mammals like dogs 

and cows, which raises the question whether the mouse represents a good model to study 

human brain development and disease. Surprisingly, completion of the genome sequencing 

projects has revealed that primates are more closely related to rodents than to dogs and cows. 

But more importantly, in spite of some profound differences in for instance the differentiation 

of the germinal zones, the basic building plan of the mouse brain is very similar to that of 

humans and other mammals (Molnar et al., 2006). Hence, modeling cancer in mouse brain will 

provide insight in the development of this disease in humans, which is the aim of the research 

described in this thesis.

Introduction

One way to view cancer is to see it as the 
development of a new organ, albeit untimely, 
at an undesired place, and in an uncontrolled 
way. Understanding and predicting the 
behavior of a tumor requires knowledge of the 
mechanisms that govern the cells and tissue 
the tumor originated from. The approach we 
have undertaken in investigating the role of the 
Polycomb group genes Bmi1 and Ring1b in brain 
cancer, is in line with this way of thinking. To 
place our study in a broader perspective, in this 
first chapter we review the development of the 
mouse brain, compare some aspects of it to the 
situation in humans, and go over the different 
forms of cancer found in the brain. In Chapter 2, 
we discuss the Polycomb group genes and the 
role they play in embryonic and adult stem cells: 
the building blocks of an organism and likely 
also of some tumors. In the last introductory 
part, Chapter 3, we explore current evidence 
on how the guardians of proliferation, the cell 
cycle inhibitors, control stem cell proliferation. 
In Chapters 4 and 5, we provide experimental 
evidence that Bmi1 and Ring1b are required 
for neural stem cell self-renewal and cerebellar 
development. These functions are partially 
mediated through repression of the Ink4a/Arf 

tumor suppressor locus, which codes for the cell 
cycle inhibitor p16Ink4a and from an alternative 
reading frame for the p19Arf protein. However, 
the fact that not all Bmi1 null brain phenotypes 
can be explained by Ink4a/Arf misregulation 
prompted a search for novel Bmi1 targets that 
not necessarily impinge on the cell cycle. As 
described in Chapter 6, in the absence of the 
Ink4a/Arf locus, Bmi1 is still required for a rapid 
onset of glioma, a type of brain cancer from 
the glial cells. This study suggested that Ink4a/
Arf independent pathways involved in cellular 
adhesion and differentiation are specifically 
affected by Bmi1 deletion. In line with this, we 
observed that Bmi1;Ink4a/Arf doubly deficient 
neural stem cells have increased adhesive 
capacity as a result of extracellular matrix 
remodeling. These latter results are described 
in the last experimental chapter (Chapter 7). 
Finally, we will summarize the data, conclusions 
and recommendations for future research in the 
discussion section in Chapter 8.

The development of the cerebral cortex

The cerebral cortex fulfills a variety of functions 
related to for instance perception, voluntary 
movement, communication and awareness. 
Whereas some other vertebrates have developed 
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a relatively simple cortex, the mammalian cortex 
has become highly specialized and contains six 
layers of neurons that make up the neocortex 
(reviewed in Donovan and Dyer, 2005; Sur 
and Rubenstein, 2005; Casanova and Trippe, 
2006; Kriegstein et al., 2006). In the mouse, the 
formation of the cortex, or pallium, takes place in 
approximately eight days. It will become divided 
into the medial, dorsal, lateral and ventral pallium 
which eventually give rise to the hippocampal 
formation, the neocortex, the olfactory cortex, 
and part of the amygdala, respectively (Sur and 
Rubenstein, 2005). Early in development, the 
brain emerges as three vesicles at the anterior 
end of the neural tube: the pros-, mes-, and 
rhombencephalon (Hatten and Heintz, 1995). 
The prosencephalon (forebrain) will further 
subdivide into the tel- and diencephalon, 
whereas the rhombencephalon (hindbrain) 
will form the met- and myelencephalic vesicles. 
Closure of the anterior neural tube heralds 
the onset of cortical development. At that 
stage, the forebrain consists of a single layer 
of symmetrically dividing neuroepithelial 
progenitor cells lining the ventricles in a region 
termed the ventricular zone (VZ)(Kriegstein 

et al., 2006). Around embryonic day (E) 11, 
the neuroepithelial cells from the dorsal VZ 
initiate neurogenesis and give rise to identical 
daughter cells and prospective neurons 
through asymmetrical cell divisions (Gotz and 
Huttner, 2005). At this time, the progenitor cells 
acquire some characteristics of glial cells. Since 
they maintain physical contacts with both the 
ventricular and pial surfaces, they are referred 
to as radial glia. After E12, the first neurons 
form a primordial layer (preplate) on top of the 
VZ by migrating radially outward (i.e. towards 
the pia)(Casanova and Trippe, 2006; Kriegstein 
et al., 2006). Subsequently, the subventricular 
zone (SVZ), a second proliferative layer, forms 
between the VZ and the preplate after E14. 
This layer contains intermediate progenitors, 
cells derived from an asymmetric radial glial 
cell division that generated a daughter cell not 
immediately destined to become a neuron, 
but to form two new neurons through an 
additional cell division in the SVZ. In primates, 
an additional germinal outer layer on top of 
the SVZ (OSVZ) can be distinguished that is not 
present in rodents (Smart et al., 2002). It has 
been suggested that the increase in volume 

Figure 1. Layering of the cerebral cortex.

Schematic drawing of the development of cortical structures in the rat embryonic brain between embryonic (E) 
day 12 and postnatal (P) day 0 (shown on the x-axis). VZ=ventricular zone, PP=preplate, SVZ=subventricular zone, 
IZ=intermediate zone, SP=subplate, CP=cortical plate, MZ=marginal zone. Depicted on the right margins are cortical 
layers I-VI and white matter (WM). Roughly drawn to scale. Adapted from Kriegstein et al., 2006.   
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of the secondary germinal zones accounts for 
the dramatic expansion of the cortical surface 
observed in larger mammals and primates. 
This is illustrated by the fact that for instance in 
the macaque there is space for approximately 
twenty eight neurogenic cell cycles in contrast 
to rodents which undergo eleven neurogenic 
cell cycles (Kriegstein et al., 2006; Molnar et al., 
2006). 
The continuous radial migration of newborn 
neurons around mouse E16 leads to the 
creation of an SVZ-overlying intermediate zone 
(IZ) and the emergence of the preplate which 
splits into an upper marginal zone (MZ) and a 
lower subplate (SP), creating a laminar structure 
called cortical plate (CP) in between (Casanova 
and Trippe, 2006; Kriegstein et al., 2006). 
Newly generated neurons migrate towards 
progressively more superficial positions in the 
CP thereby forming layers II-VI of the neocortex 
(Figure 1). All neurons derived from the dorsal 
VZ, which are called (pyramidal) projection 
neurons, are excitatory and glutamergic.
During embryogenesis, the MZ (layer I) is 
populated with Cajal-Retzius cells from the 
ventral VZ (Casanova and Trippe, 2006). The 
interneurons originating from the ventral VZ are 
inhibitory and GABAergic. Their main birthplace 
is a structure in the subpallium termed ganglionic 
eminence (GE), which is subdivided into three 
parts: the medial (MGE), lateral (LGE) and caudal 
(CGE) ganglionic eminence (reviewed in Metin 
et al., 2006; Nakajima, 2007). Interneurons 
undergo extensive tangential migration before 
reaching their final position in the cortex (Figure 
2). Early born interneurons (E12) from the MGE 
mainly enter the preplate where a number 
of them differentiates into Cajal-Retzius cells 
expressing Reelin (see below). Between E13 and 
E15, a second group of MGE neurons migrates 
predominantly through the IZ and MZ. At later 
stages of neurogenesis, interneurons born 
in the LGE and MGE appear in the IZ and SVZ. 
Interestingly, once these neurons have reached 
the correct position in the cortex via tangential 
migration, the majority of them seeks contact 
with the ventricle prior to embarking on an 
outward radial migration process to their final 
destination in the (neo)cortex (Metin et al., 2006; 

Nakajima, 2007). 
Interestingly, both the dorsal and ventral cortex 
are regionally specified (Sur and Rubenstein, 
2005). This is believed to be in part due to 
the expression of secreted morphogens from 
signaling centers (Sur and Rubenstein, 2005; 
Casanova and Trippe, 2006). Initially, these 
centers are located along the edges and midline 
of the neural plate (Sur and Rubenstein, 2005). At 
later stages, they can be found on and flanking 
the midline of the telencephalic vesicles. 
Dorsally, members of the Bone Morphogenetic 
Protein (BMP) and Wnt families direct patterning 
of the dorsal and medial pallium containing 
the future hippocampus and neocortex. At the 
ventral side of the neural tube, Sonic Hedgehog 
(Shh) fulfills similar functions in regionalization 
of the subpallium and parts of the pallium. 
Rostrally, a source of Fibroblast growth factor 
8 (Fgf8) controls specification of the rostral 
structures of the telencephalon. The current 
hypothesis proposes that these signaling centers 
establish gradients of morphogens, which 
induce the graded expression of predominantly 
homeodomain containing transcription factors 
(Sur and Rubenstein, 2005). These transcription 
factors, among which Pax6, Gsh2, Emx2, FoxG1, 
Tbr1/2, Nkx2.1 and Lhx2, in turn regulate genes 
involved in the execution of the many processes 
specific to particular types of neurons like 
the proneural genes. It is believed that these 
regional codes found in the cortical neurons 
are already specified at the progenitor stage. 
Furthermore, the progenitor cells become more 
fate restricted as embryogenesis progresses 
(Casanova and Trippe, 2006; Nakajima, 2007).

Glia
Though the human brain has been estimated 
to contain about a hundred billion neurons, 
these cells are by far outnumbered by the other 
main cell type of the brain: the glia (Greek for 
glue)(Liu and Rao, 2004). This group comprises 
microglia, immune cells derived from the 
haematopoietic system, and macroglia from 
neural origin. Macroglia can be subdivided into 
astrocytes, oligodendrocytes and ependymal 
cells (He and Sun, 2007). Neurons are closely 
associated with astrocytes and depend heavily 
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on the many tasks these cells perform: the 
supply of metabolic intermediates, guidance 
of neuronal migration, maintenance of a 
favorable extracellular ionic milieu, facilitation 
of synaptogenesis, synchronization of network 
activity, modulation of synaptic transmission 
strength, and establishment of the blood-brain 
barrier (Volterra and Meldolesi, 2005; Bellamy, 
2006; He and Sun, 2007). Oligodendrocytes also 
function in the facilitation of nerve conduction 
as they form the myelin sheets enwrapping the 
axons (Le Bras et al., 2005).
In contrast to the generation of neurons, 
relatively little is known about the birth and 
migratory routes of glial cells in the brain. 
The longstanding hypothesis that following 
neurogenesis, radial glia undergo a ‘gliogenic 
switch’ and start to produce glial cells (Miller and 
Gauthier, 2007) does at least for oligodendrocyte 
progenitor cells (OPCs) not hold true. Whereas 
maturation of OPCs into oligodendrocytes takes 
place around and after birth and myelination 
does not occur before postnatal life, already 
early in embryogenesis a first wave of OPCs is 
formed from radial glia in the MGE of the ventral 
forebrain (from E12 onwards) followed by a 
second wave derived from LGE and CGE stem 

cells (E15)(Woodruff et al., 2001; Bongarzone, 
2002; Miller, 2002; Kessaris et al., 2006). Curiously 
at later embryonic stages, also progenitors in the 
dorsal VZ give rise to OPCs contradicting another 
long believed idea that oligodendrocytes are 
solely derived from the ventral brain (Kessaris et 
al., 2006).
One issue impeding the research on astrocytes is 
the fact that these cells are not a homogeneous 
cell population and definitive markers are 
lacking. On the basis of morphology, two classes 
of astrocytes can be distinguished: fibrous and 
protoplasmic (Liu and Rao, 2004). Furthermore, 
similar to neuronal progenitors, there appear 
to be region-specific differences between 
astrocytes (Volterra and Meldolesi, 2005). They 
have been suggested to originate from radial 
glia in dorsal brain regions at late stages of 
embryogenesis and in postnatal life (Liu and 
Rao, 2004; Miller and Gauthier, 2007). Possibly, 
these same radial glia were initially generating 
neurons, although it has also been reported that 
subsets of glial-only radial glia exist (Miller and 
Gauthier, 2007). The proposed gliogenic switch 
occurs as a result of alterations in sensitivity to 
Notch lateral inhibition (Mehler, 2002), as well 
as the inducing activity of dorsalizing factors 

like BMPs and cytokines of the IL6 
family together with the inhibitory 
effect of ventralizing factors like Shh 
(which promote a oligodendrocytic 
fate)(Bongarzone, 2002; Miller and 
Gauthier, 2007). Signals received 
from these pathways lead to the 
expression of various basic Helix-
loop-Helix (bHLH) transcription 
factors that counteract the activity of 
proneural bHLHs and instead induce 
astrocytic or oligodendrocytic 
differentiation (Miller and Gauthier, 
2007). Both oligodendrocyte and 
astrocyte progenitors spread widely 
through the cortex and are believed 
to use similar mechanisms for 

Figure 2. Main migratory paths of interneurons derived from the ganglionic eminence.

Cells from the lateral ganglionic eminence (LGE) migrate rostrally towards the olfactory bulb, cells from the medial 
ganglionic eminence (MGE) migrate laterally and spread widely through the cortex, and cells derived from the caudal 
ganglionic eminence (CGE) migrate predominantly towards caudal areas of the cortex. Adapted from Métin et al., 
2006.
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their migration as the newborn neurons. Full 
maturation takes place once they have reached 
their final destination (Bongarzone, 2002; Miller, 
2002; Liu and Rao, 2004; Le Bras et al., 2005; 
Kessaris et al., 2006)

The development of the cerebellum

The formation of the cerebellum, a part of the 
brain implicated in the integration of sensory 
information and fine tuning of motor output, is 
quite remarkable. It is derived from two different 
brain vesicles: the met- and mesencephalon 
(Reviewed in Hatten and Heintz, 1995; Hatten 
et al., 1997; Goldowitz and Hamre, 1998; Sillitoe 
and Joyner, 2007). At embryonic day E9, a lack 
of closure of the anterior neural tube creates 
a mouth-like structure at the position of the 
fourth ventricle as the tube bends to form 
the pontine flexure. This brings together the 
mes- and metencephalon and results in the 
formation of the cerebellar anlage (Hatten and 
Heintz, 1995). The sidewards movement of the 
dorsal neural tube cells causes a 90-degree 
rotation of the anterior-posterior (A-P) axis to a 

medial-lateral (M-L) axis (Hatten et al., 1997; 
Sillitoe and Joyner, 2007). The edges of the 
gap form a special structure called rhombic 
lip (RL). Along the M-L axis, the cerebellum 
takes on a bilateral morphology. Around E15, 
the cerebellar primordium has acquired a rod 
like shape and becomes more complex at E17 
when four fissures separate the cerebellum into 
the future five cardinal lobes along the A-P axis 
(Sillitoe and Joyner, 2007). From E18 onwards, 
the entire cerebellum has a three-dimensional 
structure of anterior-posterior folds and 
medial-lateral parasagittal domains. The most 
well known example of these latter dynamic 
domains are the alternating stripes of Zebrin-
II or Hsp25 expression in postnatal Purkinje 
neurons (Larouche and Hawkes, 2006).
Only after postnatal day 16, cerebellar 
development is largely completed (Figure 3). 
Now, the medial portion of the cerebellum 
(vermis) consists of ten lobules and has a 
different foliation pattern than the hemispheres 
and the more laterally located (para)flocculi 
(Sillitoe and Joyner, 2007). Despite the 

Figure 3. Foliation and transverse zones in the adult cerebellum.

(A) Sagittal view of the E18.5 cerebellum. The five cardinal lobes are depicted in different shades of grey. A=anterior, 
P=posterior. (B) Sagittal view of the adult cerebellum at the level of the vermis. The five cardinal lobes have been 
subdivided into ten sublobules indicated with Roman numerals. (C) Along the anterior-posterior axis, ZebrinII (light 
grey) and Hsp25 (dark grey) expression domains delineate the cerebellum into four transverse zones. AZ=anterior zone, 
CZ=central zone, PZ=posterior zone and NZ=nodular zone. Adapted from Sillitoe and Joyner, 2007.
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complicated morphology and molecular 
codings, histologically the cortex of the 
cerebellum is fairly homogeneous. It consists of 
three cellular layers overlying an inner core of 
white matter tracts and three deep cerebellar 
nuclei (DCN)(Sillitoe and Joyner, 2007). Directly 
on top of this core is the internal granule cell 
layer (IGL) containing a vast amount of granule 
neurons as well as Golgi, Lugaro and unipolar 
brush cells. The next layer is the Purkinje cell 
(PC) layer which also contains the somata of 
the Bergmann glia and candelabrum cells. 
Most superficially located is the molecular layer 
harboring stellate and basket cells in addition to 
fibers from Purkinje and granule neurons and 
Bergmann glia.        
The cerebellum is unusual in that its cell 
populations arise from two different germinal 
zones: the VZ consisting of neuroepithelial 
cells limited by the isthmus anteriorly and the 
choroid plexus posteriorly, and the RL area 
(Hatten et al., 1997; Goldowitz and Hamre, 1998). 
Between E10 and E12, the nuclear neurons are 
the first to leave the VZ (Goldowitz and Hamre, 
1998). Following suit (E11-E13) are the Purkinje 
neurons that form a transient multilayered plate-
like structure. Around E15, immediately after the 
nuclear and Purkinje cells have become post-
mitotic, cerebellar granule neuron progenitors 
(CGNPs) migrate tangentially away from the RL 
over the entire surface of the cerebellum to form 
the external granular layer (EGL)(Goldowitz and 
Hamre, 1998; Sillitoe and Joyner, 2007). At the 
same time, Golgi neurons are born from the 
diminishing VZ. The CGNPs remain proliferative 
until the end of the second week after birth. It 
is this massive CGNP proliferation that leads to 
the extensive foliation of the adult cerebellum. 
After birth, CGNPs begin to exit the cell cycle, 
differentiate into mature granule neurons and 
migrate radially past the Purkinje neurons along 
the fibers of the Bergmann glia to form the IGL. 
At this time stellate and basket cells populate the 
molecular layer, and Purkinje neurons disperse 
into a monolayer in a Shh-guided interplay with 
the proliferating and migrating granule neurons 
(Goldowitz and Hamre, 1998; Dahmane and 
Altaba, 1999; Wechsler-Reya and Scott, 1999; 
Sillitoe and Joyner, 2007).

As is seen in the developing cerebrum, 
morphogens secreted from the isthmus, the 
junction between the mes- and metencephalon 
(isthmic organizer, ISO), regulate the early 
induction and specification of the cerebellar 
anlage (E9-E12)(Sillitoe and Joyner, 2007). 
Most likely these morphogens, Fgf8 and Wnt1, 
stimulate the expression of the Otx2 and 
Gbx2 homeodomain transcription factors that 
antagonistically mark the location of the Fgf8/
Wnt1 expression domains. Another transcription 
factor, the paired-homeobox gene Pax2, localizes 
to the same area as Fgf8 and seems to be required 
for the initiation of Fgf8 expression. Two other 
homeodomain transcription factors, Engrailed1 
and 2, are required for the maintenance of Fgf8 
and Wnt1 expression (Herrup et al., 2005; Sillitoe 
and Joyner, 2007).

Germinal zones in the adult cortex

The classical idea that the postnatal brain 
loses its neurogenic potential has recently 
been challenged by compelling evidence 
that at least in some areas, new brain cells 
continue to be generated throughout adult 
life. Already in the 1960´s, Altman proposed 
that new neurons could be found in the adult 
mammalian olfactory bulb, hippocampus 
and neocortex (Gould, 2007). However, these 
findings were not further substantiated until 
thirty years later when studies in songbirds 
led to the rediscovery of neurogenesis in adult 
rodents. It is now widely accepted that in two 
regions of the adult brain, robust neurogenesis 
takes place: the subgranular zone (SGZ) of 
the hippocampus and the SVZ of the lateral 
ventricles (Alvarez-Buylla and Garcia-Verdugo, 
2002; Kempermann, 2002). Cells isolated from 
the SVZ and SGZ respond to the mitogens EGF 
(epidermal growth factor) and bFGF (basic 
fibroblast growth factor) and behave as neural 
stem or progenitor cells (Morshead et al., 1994; 
Reynolds and Weiss, 1996; Doetsch et al., 1999; 
Gage, 2000). Both in the SGZ and SVZ, these 
neurogenic cells have astrocytic characteristics 
and they share more common aspects: both 
the SVZ and SGZ astrocytes are in close contact 
with the Laminin and Collagen-rich basal lamina 
and give rise to migrating neuroblasts through 
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a transit amplifying cell compartment (Doetsch 
et al., 1999; Laywell et al., 2000; Seri et al., 2001; 
Doetsch, 2003; Imura et al., 2003; Alvarez-Buylla 
and Lim, 2004). In the SVZ, the stem cell is called 
type B cell or SVZ astrocyte (Figure 4). This type 
B cell lies directly adjacent to a monolayer of 
ependymal cells lining the ventricular lumen 
and is surrounded by the transit amplifying 
(type C) cells. The descendants of the type C 
cells, the neuroblasts or type A cells, form chains 
of migrating cells enwrapped by SVZ astrocytes. 
Eventually, the neuroblasts will enter the rostral 
migratory stream (RMS) and tangentially 
migrate towards the olfactory bulb (OB), where 
they embark on radial migration into the cortex 
and differentiate into interneurons (Doetsch 
and Alvarez-Buylla, 1996; Lois et al., 1996). 
However, some SVZ astrocytes will give rise to 
glia that migrate into the cerebral cortex instead 
(Menn et al., 2006). Similarities between SVZ 
astrocytes and embryonic radial glial cells such 
as interkinetic nuclear migration, contact with 
the ventricular lumen through a single cilium, 
and regional fate restriction suggested a direct 
relationship (Tramontin et al., 2003; Merkle 
et al., 2004; Gotz and Huttner, 2005). Indeed a 
‘stem cell continuum’ appears to exist: when the 
VZ regresses into the ependymal monolayer at 
the end of neurogenesis, most radial glial cells 
transform into mature astrocytes and move 

into the cortex, yet some astrocytes remain as 
progenitors in the SVZ (Merkle et al., 2004).
Also in humans, the SVZ region continues 
to be proliferative into the adult life (Bedard 
and Parent, 2004; Sanai et al., 2005). Although 
structurally it shares some features with the 
rodent SVZ, there are some marked differences 
(Sanai et al., 2004; Quinones-Hinojosa et al., 
2006). A first layer directly lining the ventricular 
lumen is a monolayer of ependymal cells. The 
second layer is a hypocellular gap followed 
by a third layer: an uncharacteristic ribbon-
like structure containing mitotically active 
astrocytes that were shown to act as stem cells 
in culture. Finally, a transitional zone separates 
the SVZ from the brain parenchyma. From the 
SVZ, newborn neuroblasts follow an unusual 
tangential migration path around a lateral 
ventricular extension towards the olfactory 
bulb, where they form mature neurons (Curtis 
et al., 2007). 

Mechanisms of migration in the brain 

More than a century ago, the Spanish 
neurobiologist and histologist Santiago Ramón 
y Cajal (1852-1934) already postulated that 
certain chemoattractive substances must exist 
that orchestrate the complicated hardwiring 
found in the brain. However, it was not until 
recently that the first guidance cues, the 

Netrins, were isolated from the chick 
embryo (Barallobre et al., 2005). Before 
becoming fully functional, a brain cell 
has to migrate over a considerable 
distance to reach its destination, then 
send out neurites (dendrites receiving 
information, axons innervating the 
target cell) that sometimes connect to 
more than a thousand other cells, and 
finally establish the synapses (Clegg 
et al., 2003). Their migration can be 
radial, which usually is a gliophilic 
process, or tangential, which involves 

Figure 4. Organization of the adult subventricular zone.

A coronal view of the adult brain (left) shows the subventricular zone (SVZ, dashed grey) adjacent to the lateral ventricles 
(LV). In the blow up (right), the organization of the SVZ stem cell niche is schematically drawn. Multiciliated ependymal 
cells (dark grey, light nuclei) lining the lumen of the lateral ventricle, are not part of the stem cell lineage. The type B 
cell or SVZ astrocyte (light grey) gives rise to type C cells, the transit-amplifying cells (dark grey). They differentiate into 
type A cells or neuroblasts (white) that form chains of migrating cells ensheated by type B cells. Adapted from Doetsch, 
2003.    
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interaction with axon fascicles, other cells 
and matrix. Notwithstanding some marked 
differences in for instance nuclear movement, 
neuroblast migration and the outgrowth of 
neurites are closely related processes. Hence, 
it is not surprising that common mechanisms 
are employed. A migrating neuroblast moves 
in the direction of its leading edge which 
explores the surroundings, an outgrowing 
axon feels its environment using a structure 
termed growth cone (Barallobre et al., 2005). 
Leading edges and growth cones integrate a 
multitude of directional signals derived from 
a combination of binding to the local matrix, 
sensing of sometimes over a long-range 
working chemotropic molecules, and direct 
cell-cell interactions. The net outcome of these 
engagements can be attractive or repulsive 
depending on cellular context (Barallobre et 
al., 2005). As will be discussed below, different 
guiding mechanisms have evolved, but they 
all ultimately induce the rearrangement of the 
actin and microtubule cytoskeleton and thus 
alterations in movement. The major molecular 
switch translating the signals from the guidance 
mechanisms into cytoskeleton rearrangements, 
is the family of small Rho GTPases (Barallobre et 
al., 2005).

Integrins
In the brain, numerous extracellular matrix (ECM) 
molecules can be found. In the parenchyma, 
mainly glucosaminoglycans are deposited, 
whereas basal lamina structures contain more 
‘classical’ ECM molecules such as Laminins, 
Collagens and Fibronectin (Giese and Westphal, 
1996). Often, their expression patterns change 
during the different phases of embryonic and 
adult life. For example, Laminin alpha-2 gradually 
becomes more restricted to the VZ, whereas 
increasing amounts of Fibronectin are deposited 
all over the cortex except for the VZ (Campos, 
2005). Laminin-1 on the other hand is solely 
expressed in the basal lamina of brain blood 
vessels. Such patterns provide the developing 
brain cells with three-dimensional temporal 
and spatial information on their whereabouts. 
The largest class of receptors capable of binding 
matrix components are the Integrins (reviewed 

in Milner and Campbell, 2002; Clegg et al., 
2003). They constitute a family of heterodimeric 
receptors consisting of Alpha and Beta subunits. 
Ligation to ligands as well as intracellular 
modulation of the receptors, sometimes induced 
by interactions with growth factor receptors, 
induces conformational changes and higher 
order clustering. This activates intracellular 
signaling cascades ultimately leading to the 
assembly of focal adhesions. Numerous Integrins 
are expressed in the brain, but those containing 
a Beta-1 subunit appear most abundant (Clegg 
et al., 2003). The Integrins have been implicated 
in neuroblast migration, axonal outgrowth, 
glial cell development and synapse formation. 
Deletion of the Alpha-6 Integrin evokes 
profound cortical layering defects and invasion 
of the MZ, apparently caused by a failure to 
cease neuroblast migration (Georges-Labouesse 
et al., 1998). Interestingly, this might be due to 
altered Laminin deposition on the radial glial 
fibers. Nervous system specific ablation of all 
Beta-1 Integrins affects cortical layering both 
in the cerebrum and the cerebellum (Graus-
Porta et al., 2001). Unexpectedly, no primary 
migration or neuron-glial interaction defects 
were disclosed. Rather, disorganization and 
altered ECM deposition in the MZ, improper 
Cajal-Retzius layer formation, and lack of robust 
radial glial endfoot anchorage, appeared to 
be the culprit. In the cerebellum, disruption 
of the interplay between Beta-1 Integrins and 
growth factors plays a major part in the foliation 
defects (Blaess et al., 2004). Normally, Beta-1 
Integrins tether granule neuron progenitors to 
Laminin-containing basement membranes. In 
these lamina, Laminins have bound Purkinje 
neuron secreted Shh that is required for granule 
neuron progenitor proliferation (Dahmane 
and Altaba, 1999; Wechsler-Reya and Scott, 
1999). Absence of this interaction induces 
premature differentiation into granule neurons. 
Beta-1 Integrins also control the responses of 
intrinsic modulators of neuronal adhesion. The 
Cyclin-dependent kinase Cdk5 is ubiquitously 
expressed, but it is most abundant in brain cells 
(Paglini and Caceres, 2001; Hisanaga and Saito, 
2003). It associates with the p35/39 Cyclins 
which expression is restricted to post-mitotic 
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neurons. Activated Cdk5 phosphorylates targets 
involved in actin and microtubule structuring, 
stimulating neuroblast migration and axon 
pathfinding as highlighted by the severe 
disruption of cortical layering and axonal tracts 
in null mutants. Ligation of the Alpha-1 Beta-1 
Integrin to Laminin stimulates the expression 
of p35 resulting in enhanced Cdk5 activity (Li 
et al., 2000). Lastly, Beta-1 Integrins are also 
implicated in the signaling of another guidance 
system depending on the large secreted ECM 
molecule Reelin, as the Alpha-3 Beta-1 Integrin 
can bind to Reelin and its expression is altered 
in Reelin mutants (Milner and Campbell, 2002; 
Clegg et al., 2003; D’Arcangelo, 2005).

Reelin
Reelin was identified as the homozygously 
lost gene responsible for the spontaneously 
developed neurological mutant mouse reeler 
(D’Arcangelo et al., 1995; D’Arcangelo, 2005). 
These mice have severe cortical layering 
defects both in the cerebrum and cerebellum. 
Early in embryonic development, Cajal-Retzius 
cells in the MZ are the main Reelin expressing 
cells, providing an important migration signal 
for new neurons. In reeler mice, the preplate 
forms but newly arriving neurons fail to split 
it and instead accumulate underneath the 
subplate. Subsequently arriving neurons cannot 
penetrate the preplate and spread to ectopic 
sites, roughly giving rise to an inversion of the 
cortical layers. Interneurons also fail to migrate 
to proper locations in the cortex, but it is unclear 
whether this is a primary or secondary effect. 
Strikingly, the radial glial scaffold is affected and 
radial glial endfeet terminate mainly below the 
MZ. Further severe defects can be found in the 
reeler cerebellum (D’Arcangelo, 2005). Granule 
neurons are the principal Reelin expressing cells 
in the cerebellum. Normally, Purkinje neurons 
use this Reelin to create a monolayer underneath 
the EGL, however in its absence they resume in 
a deep amorphic accumulation. Consequently, 
normal granule neuron proliferation and 
migration fails as well.
In the adult animal, Reelin is expressed in a subset 
of cortical and olfactory bulb interneurons and in 
cerebellar granule neurons. Here it is thought to 

play a role in migration and synapse maturation 
(D’Arcangelo, 2005).
As described, Integrins can bind to Reelin, but 
its main receptors are ApoER2 and VLDLR2 (Herz 
and Chen, 2006). Phosphorylation of their direct 
target Dab activates an intracellular signaling 
cascade, ultimately inducing restructuring of the 
cytoskeleton. Dab was originally identified as a 
Reelin effector as it was found to be the mutated 
gene responsible for the scrambler mouse, 
which has a phenotype indistinguishable from 
the reeler mouse (D’Arcangelo, 2005; Herz and 
Chen, 2006).

Guidance molecules
Many other molecules implicated in cell 
migration have been described including 
Neuregulin (Murphy et al., 2002; Corfas et al., 
2004) and Astrotactin (Adams et al., 2002) that 
will not further be discussed here. However, a 
branch of four conserved guidance mechanisms 
based on comparable principles has evolved, 
which are key to many migration-related 
processes in the brain (Barallobre et al., 2005). 
These are the Netrins, Ephrins, Semaphorins and 
Slits that bind to the DCC and Unc5, Neuropilins 
and Plexins, Eph, and Robo receptors, 
respectively. These guidance molecules can 
have a short-range action radius when they are 
membrane bound, or have a long-range effect 
when they are secreted and diffused (de Wit 
and Verhaagen, 2003). Receptor binding was 
originally believed to cause the repulsion of 
the leading edge or axonal growth cone, but 
it is now widely believed that both attraction 
and repulsion can be achieved depending on 
the situation. In the embryo, guidance cues act 
on the development of the brain by steering 
migration and neurite outgrowth whereas in 
the adult, they may fulfill functions in synapse 
maturation and the prevention of aberrant 
axonal sprouting. The Netrins (Sanskrit for ‘one 
who guides’) were the first guidance molecules 
to be discovered (Barallobre et al., 2005). The 
many different Netrins and their isoforms 
are mostly secreted and widely distributed 
through the brain. As mentioned, they bind 
to the DCC and Unc5 receptors that form 
dimers. Some of the specificity of the outcome 
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of ligand-receptor binding comes from this 
dimerization: DDC homodimers mainly mediate 
attraction, but they evoke repulsion when 
heterodimerized with Unc5. Further, DCC/Unc5 
complexes act in long-range repulsion whereas 
Unc5 homodimers act in short-range repulsion 
(Barallobre et al., 2005). Netrin mutants have 
impaired demarcation of the midline leading 
to the aberrant development of axonal tracts. 
Additionally, impaired migration of cortical and 
cerebellar neurons as well as oligodendrocyte 
progenitors has been reported (Przyborski et al., 
1998; Barallobre et al., 2005).
Eph receptors constitute the largest family of 
receptor tyrosine kinases (Goldshmit et al., 2006). 
Binding to their membrane-bound ligands, the 
Ephrins, induces signaling (forward signaling) 
that activates the Rho-like GTPases and 
modulates the cytoskeleton. Remarkably, bound 
Ephrins can initiate an intracellular signaling 
cascade on their own (reverse signaling). In some 
cases, shedding of the Ephrins by proteolytic 
cleavage is required for signal transduction and 
termination. Like the Netrins, Eph receptors 
and Ephrins are complementary expressed in 
gradual expression patterns in the embryonic 
brain, where they function in rhombomere 
separation, neuronal migration and axonal 
outgrowth processes such as the generation of 
the anterior commissure (Goldshmit et al., 2006). 
In the adult, they are mainly expressed in sites 
with ongoing neurogenic activity or plasticity. 
The general effect of receptor-ligand binding 
appears to be repulsion, however increased 
adhesion has been noted.
Also the Semaphorins were initially recognized 
as repulsive molecules, but like the other 
guidance cues, they are now known to also 
impose attractive forces on cells (de Wit and 
Verhaagen, 2003). Some classes of Semaphorins 
are secreted whereas others are membrane 
tethered. The most prominent Semaphorin 
receptors are the Plexins that usually associate 
with specific co-receptors, the Neuropilins. 
Well studied Semaphorin functions are the 
maintenance of nerve bundling by preventing 
axon fasciculation and the sculpture of dendritic 
arborization in a repulsive process. They also 
function in neuronal movement as mutants 

have impaired GABAergic neuron migration 
and severely distorted radial movement of 
the cerebellar granule neurons. Interestingly, 
Plexins seem to antagonize Integrin function by 
inhibiting the activity of R-Ras, a downstream 
mediator of Integrin signaling, thus impinging 
on cellular adhesion at yet another level (Tran 
et al., 2007). Like the other guidance systems, 
the Semaphorins and their receptors are 
continuously expressed in the adult brain 
in regions with ongoing plasticity like the 
hippocampus (de Wit and Verhaagen, 2003).
The family of Slit proteins are large, secreted 
proteins that exert repulsive effects on cells 
upon binding to their receptors, the Robo 
(Roundabout) proteins (Andrews et al., 2007). 
Slits and Robos show the typical dynamic 
complementary expression patterns during 
brain development. These patterns are 
consistent with described functions for Slits and 
Robos in directing the interneurons through the 
subpallium and along the tangential migration 
routes (Andrews et al., 2007). For instance, 
Slits secreted from the VZ of the LGE repel the 
newborn interneurons forcing them into the 
cortex.
As was said, several chemotropic molecules 
and receptors are expressed in adult neurons 
and glia. One explanation for their persistent 
presence could be the prevention of aberrant 
axon sprouting from already existing circuits 
and a continuous role in the maintenance of 
synapses. But since they are most prominently 
expressed in sites with ongoing neurogenesis, 
an additional possibility is that they have a 
function in the guidance of the newborn cells. 
As the field has only just begun to appreciate 
adult neurogenesis, an emergence of studies 
investigating migration and axonal outgrowth 
in the adult brain can be anticipated. There 
is already evidence that Eph(rins) regulate 
migration towards and in the RMS (Conover et 
al., 2000; Goldshmit et al., 2006). Ependymal 
cells, SVZ astrocytes, type A cells (neuroblasts), 
and non-SVZ surrounding tissue, have partial 
complementary expression of Eph receptors 
and ligands. Disruption of signaling between 
these components leads to an increase in the 
proliferation of SVZ astrocytes, while neuroblast 
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migration into the RMS and OB is strongly 
reduced (Goldshmit et al., 2006). Another 
adhesion molecule, the polysialylated form of 
NCAM (PSA-NCAM), even appears to act more 
prominently in migration in the adult brain 
than in the embryo (Durbec and Cremer, 2001; 
Bonfanti, 2006). For instance, it was shown 
that the adhesive force imposed by PSA-NCAM 
homophilic interactions, is essential for the chain 
formation of neuroblasts. Ablation of PSA-NCAM 
from the rodent brain induces an accumulation 
of neuroblasts along the RMS, with the result 
that the OBs do not receive new interneurons 
and are dramatically reduced in size. 
Understanding migration control in the adult 
brain will shed light on the pathology of certain 
neurological diseases. For example, the central 
nervous system (CNS) is particularly hostile 
towards the regrowth of new axons into a 
wounded area. The large changes in guidance 
molecule gene expression observed following 
injury, could be responsible for the creation of 
the repulsive environment that newly arriving 
axons and cells encounter. Manipulation of this 
response might aid to generate a more attractive 
milieu, improving the re-establishment of 
neuronal connections. Furthermore, some brain 
cancers have remarkable migratory capacities 
seriously undermining the efficacy of current 
therapies. Such typical migratory characteristics 
could very well be due to the unique guidance 
systems operative in the cells they once 
originated from (see below). 

Cancers of the brain

A considerable variety of different primary 
tumors can arise in the central nervous system. 
Even though some of them are biologically 
highly aggressive, they seldom metastasize 
outside the nervous system (Yates, 1992). The 
original naming of CNS tumors did take the cell 
of origin, the degree of differentiation and the 
anatomical location of the tumor into account. 
But progressing insight into brain development 
and lack of unambiguous definitions created 
a requirement for more concise terminology. 
In 1979, the World Health Organization (WHO) 
working group published its recommendations 
for standardizing CNS tumor classification in 

the book: ‘Histologic typing of tumours of the 
Central Nervous System’ (Kleihues et al., 1993). 
This system is now widely applied and has 
been revised several times. A WHO malignancy 
scale is based on histological features that 
are correlated with prognosis (Kleihues et 
al., 1993). Grade I tumors are rare, have a low 
proliferative potential, a discrete nature, and 
a high possibility of cure following resection. 
Tumors with nuclear atypia are considered 
grade II, whereas additional proliferative activity 
defines grade III. Tumors that exhibit cellular 
atypia, mitoses, endothelial proliferation and/
or necrosis are grade IV. CNS tumors have been 
classified into nine groups (Yates, 1992). One 
major group is supposed to be derived from 
neuroepithelial tissue and comprises amongst 
others: astrocytoma, oligodendroglioma, 
ependymoma, mixed glioma, neuroepithelial 
tumors of uncertain origin, choroid plexus 
tumors, gangliocytoma and ganglioglioma, 
pineal tumors, and embryonal tumors including 
primitive neuroectodermal tumors (or PNETs: 
medulloblastoma and cerebral PNET) and 
retinoblastoma. Another group are the tumors 
believed to arise from cranial or spinal nerves 
and comprises Schwannoma and neurofibroma. 
Meningiomas belong to yet another group of 
CNS tumors originating from the meninges 
(Yates, 1992; Kleihues et al., 1993).
As was suggested in the introduction, many 
parallels between the control of normal 
development and cancer exist, hence 
understanding basic developmental biology will 
help understanding tumor biology. The story of 
the investigation of retinoblastoma, a cancer 
from the retina, provides a nice example of how 
basic molecular biology also profits from cancer 
research (Wechsler-Reya and Scott, 2001). Almost 
four decades ago, Knudson and colleagues 
noticed that hereditary retinoblastoma had an 
earlier onset than the sporadic disease. This led 
to the hypothesis that some genes, which are 
nowadays known as tumor suppressors, need 
to lose both alleles before predisposing a cell to 
neoplastic growth. The Retinoblastoma protein 
(pRb), frequently mutated in retinoblastoma, 
became the first tumor suppressor ever to be 
identified. Subsequently, it was discovered that 
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pRb is a critical negative regulator of the cell cycle 
through its binding to E2F transcription factors 
that induce transcription of genes stimulating 
cell cycle progression (Figure 5, see also Chapter 
2 and 3). Additionally it was found that pRb and 
its close relatives, the pocket proteins p107 and 
p130, are involved in embryonic development 
and differentiation in and outside the nervous 
system (Wechsler-Reya and Scott, 2001).
Medulloblastoma, the most common 
pediatric brain cancer, is also controlled by 
molecular pathways implicated in the normal 
development of the tissue where the tumor is 
most often located: the cerebellum. Research 
on two human syndromes, Gorlin’s and 
Turcot’s, both associated with a high incidence 
of medulloblastoma, provided the first clues. 
Patients with Gorlin’s disease have mutations 
in the PTCH (Patched) gene, a receptor for SHH 
negatively regulating the pathway (Figure 
6A). Curiously, medulloblastoma cells most 
closely resemble the cerebellar granule neuron 

progenitors, the very cells that are controlled 
by Purkinje neuron secreted Shh during 
cerebellar development (Dahmane and Altaba, 
1999; Wallace, 1999; Wechsler-Reya and Scott, 
1999). In Turcot’s syndrome, the adenomatous 
polyposis coli (APC) gene, a negative regulator of 
Wnt signaling, is mutated (Figure 6B)(Wechsler-
Reya and Scott, 2001). As described earlier, Wnt1 
is expressed in the isthmic organizer at the time 
the cerebellar anlage is formed and is required 
for its specification.

Glioma
A final example of developmental pathways 
modulating aspects of tumor growth is given 
by the gliomas. Gliomas, in particularly those 
with an astrocytic component, account for 
more than forty percent of all brain cancers 
(Kleihues et al., 1995). They can be graded into 
four categories. The pilocytic astrocytoma has 
a relatively good prognosis and is WHO graded 
I, whereas low grade (fibrillary) astrocytoma is 
graded II. The anaplastic astrocytoma (grade 
III) is already highly malignant. It has increased 
cellularity, nuclear atypia and mitotic figures. 
The most frequent astrocytoma, typically 
exhibiting endothelial hyperproliferation and 
necrosis, is glioblastoma multiforme (GBM), 
graded IV. Occasionally, cells with neuronal or 
glial characteristics can be found adjacent to 
primitive progenitor-like cells. Unfortunately, 
neither radical surgical resection nor chemo- or 
radiotherapy completely eradicates the disease, 
leaving patients with an average life expectancy 
of six to nine months (Kleihues et al., 1995; Giese 
et al., 2003). GBM can develop spontaneously 
(primary GBM) or progress from a lower grade 
preexisting glioma (secondary GBM). A large 
number of chromosomal aberrations, among 
which loss of tumor suppressor PTEN, are 
associated with the disease. Some mutations are 
exclusively found in primary or secondary GBM 
(Kleihues et al., 1995; Holland, 2001; Wechsler-
Reya and Scott, 2001): primary GBM often has 
amplified or constitutively activated the EGF 
receptor (EGFR)(Figure 6C) and lost expression of 
the Ink4a/Arf tumor suppressor locus, whereas 
secondary GBM is more often associated with 
activated FGF2 (Fibroblast growth factor) and 

Figure 5. Key players of the cell cycle.

Mitogenic signalling induces association of Cyclin 
dependent kinases (Cdks) with Cyclins. Cdk/Cyclin 
complexes phosphorylate (p) the Retinoblastoma protein 
pRB, which dissociates from the E2F transcription factors 
enhancing the expression of genes required for cell cycle 
progression. Additionally, E2F1 induces expression of 
p19Arf. p19Arf inhibits the activity of Mdm2, rendering p53 
in an active state. p53 activation can evoke cell cycle arrest 
or apoptosis. (Excess) mitogenic stimulation or stress 
also directly activates the cell cycle inhibitors (CKIs). CKIs 
inhibit the activity of Cdk/Cyclin complexes, causing a cell 
cycle arrest.   
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PDGF (Platelet derived growth factor) signaling 
in combination with increased activity of CDK4 
and loss of tumor suppressor p53. Interestingly, 
EGF, FGF and PDGF signaling have all been 
implicated in the specification of astrocytic 
and oligodendrocytic fate during embryonic 
development (Wechsler-Reya and Scott, 2001).
A remarkable characteristic of glioma cells is 
their rapid and profound dissemination from 
the tumor bulk. Although macroscopically 
a tumor might appear well circumscribed, 
histological analysis usually reveals a rim of 
infiltrated brain around it (Giese and Westphal, 
1996; Giese et al., 2003). Glioma cells seem to 
avoid migrating through the brain parenchyma 
that appears to act repulsive, and instead move 
readily along the vascular basal laminae, the 
glial limitans externa, the ependymal layers and 
white matter tracts like the corpus callosum. 
Blood vessel basal laminae, the glial limitans 
and ependymal layers are all rich in basement 
membrane associated ECM molecules: Laminins, 
Collagens I, III, IV, V and Fibronectin (Paulus 

and Tonn, 1995; Giese and Westphal, 1996). 
White matter tracts on the other hand more 
closely resemble the brain parenchyma (grey 
matter) and are rich in glucosaminoglycans. 
This suggests that glioma cells are capable of 
migrating along diverse substrates. Indeed, 
there is evidence that they partially achieve this 
through Integrin-mediated interactions and by 
secretion of their own ECM (Giese and Westphal, 
1996; Giese et al., 2003). However, the other 
guidance mechanisms controlling migration 
during cortical development could be involved 
as well. Netrins, Ephrins, Slits, Semaphorins and 
their receptors have already been implicated 
in a number of non-CNS tumors (Dodelet and 
Pasquale, 2000; Chedotal et al., 2005; Neufeld 
et al., 2005). Now, these systems are beginning 
to be explored for their possible contribution to 
glioma migration. Notably, some Eph receptors 
have reduced expression in GBM (Goldshmit et 
al., 2006).
It is clear that the migratory nature of glioma 
prevents from curing the disease through

Figure 6. Transduction of extracellular signals to the nucleus.

(A) Schematic outline of Sonic hedgehog (Shh) signalling. Binding of Shh to its receptor Patched (Ptch) relieves the 
inhibition of Smoothened (Smo). This will convert the Gli transcription factors into the activator form and induces 
Gli-target gene transcription. (B) Canonical Wnt signalling. Wnt binding to receptor Frizzled (Frz) induces the activity 
of Dishevelled (Dsh). Dsh inhibits the Axin/Apc/GSK3β complex. This results in the translocation of β-Catenin to the 
nucleus where it associates with TCF/Lef transcription factors and induces gene expression. (C) EGF binding induces 
autophosphorylation of the receptor EGFR. EGFR activates the Ras-Raf-Mek-Erk pathway leading to gene transcription 
and the PI3 Kinase (PI3) - Akt pathway stimulating survival.  

PTEN

Survival

Shh

nucleus

EGF

Ptch Smo EGFR

Gli

Dsh

Wnt

Frz

�-Cat

Gsk3�

Axin
Apc

Ras PI3KRaf

Mek Akt

Erk FoxO

Target gene transcription

Gli �-Cat Tcf/Lef Erk FoxO

cytoplasm

extracellular
cytoplasm

A B C



Chapter 1

24

surgical resection. However, it does not explain 
the lack of enduring effects of chemo- or 
radiotherapy. Since the blood-brain barrier 
prevents many drugs from entering the brain 
parenchyma and the tumor cells are widely 
dispersed, relatively high doses of treatment 
must be given to a large area of the brain (de Vries 
et al., 2006). This will inevitably damage healthy 
brain tissue and provoke the loss of neurological 
functions, hence limiting the physician’s options. 
Another possibility as to why the migrating 
cells are not effectively eradicated, is that they 
are less proliferative than their non-migrating 
tumor core counterparts and thus less sensitive 
to cytostatic agents (Giese et al., 2003). This is 
an interesting hypothesis that awaits further 
investigation. An alternative explanation might 
be that a rare subpopulation of primitive cells, 
which have recently been demonstrated to exist 
in GBM, are not effectively targeted by current 
therapies (Hemmati et al., 2003; Singh et al., 2003; 
Galli et al., 2004). These rare cells, dubbed cancer 
stem cells, have the unique capacity to give rise 
to a new tumor upon transplantation. Cancer 
stem cells are supposedly less proliferative 
than their differentiated progeny. Furthermore, 
there is evidence that they effectively pump 
out drugs and are fairly resistant against 
radiotherapy (Bao et al., 2006). It is not clear 
whether these cells are preferentially in the 
migratory fraction in vivo, however since they 
share some characteristics with neural stem and 
progenitor cells, it is plausible that they have 
inherited some of their migratory capacities 
as well. The emergence of the cancer stem cell 
hypothesis, reinforced by the identification of 
cancer stem cell populations in many different 
tumors (Lapidot et al., 1994; Al Hajj et al., 
2003), has shed new light on our looking at the 
disease: a cancer does not necessarily consist of 
a homogeneous cell population, but may in fact 
have a hierarchical organisation. According to 
this idea, a stem cell-like cell giving rise to large 
quantities of progeny that acquire at least some 
features of differentiation, is at the root of the 
disease. So once again, it seems that the roads 
of development and cancer have crossed.
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