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Voor mijn ouders

An entire universe that has scarcely been explored lies before the scientist. 
There is the sky sprinkled with celestial bodies moving about in the darkness of infinite space, the 
sea with its mysterious depths, the earth guarding within its innermost recesses the history of life 
(...) Each cell presents us with the unknown.

Santiago Ramón y Cajal (1852-1934). Excerpt from ‘Advice for a young investigator’ 



It does not do to dwell on dreams and forget to live.

J.K. Rowling (from Harry Potter and the Philosopher’s Stone) 
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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.
   

LGE
CGE

MGE
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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.  
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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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Proteins from the Polycomb group are epigenetic chromatin modifiers involved in cancer 
development and also in the maintenance of embryonic and adult stem cells. The therapeutic 
potential of stem cells and the growing conviction that tumors contain stem cells highlight 
the importance of understanding the extrinsic and intrinsic circuitry controlling stem cell fate 
and their connections to cancer.

The Polycomb Group (PcG) gene family is highly 
conserved throughout evolution. Originally, 
PcG genes were discovered in Drosophila 
as repressors of Homeotic genes, which are 
necessary for establishment of the body plan and 
segmentation. Also in mammals, PcG genes are 
implicated in Homeobox (Hox) gene regulation. 
Their biological activity lies in stable silencing 
of specific sets of genes through chromatin 
modifications. This capacity makes them 
interesting subjects for stem cells research, since 
it is conceivable that dynamic reprogramming 
of cells, for instance during differentiation, 
requires alterations in the epigenetic state of 
gene expression programs.
Two distinct multiprotein PcG complexes have 
been identified (reviewed in Lund and van 
Lohuizen, 2004; and see Table 1 for names 
and corresponding Drosophila counterparts). 
Polycomb repressive complex 2 (PRC2) is 
involved in the initiation of silencing and 
contains histone deacetylases and histone 
methyltransferases that can methylate histone 
H3 lysine 9 and 27, marks of silenced chromatin, 
and histone H1 lysine 26 (van der Vlag et al., 
1999; Cao et al., 2002; Czermin et al., 2002; Muller 
et al., 2002; Kuzmichev et al., 2004). Deletion of 
PRC2 genes in mice results in early embryonic 
lethality, underscoring their importance in 
development (Schumacher et al., 1996; O’Carroll 
et al., 2001). Polycomb repressive complex 1 
(PRC1) is implicated in stable maintenance of 
gene repression and recognizes, by means of a 
chromo-domain, the H3 lysine 27 mark set by 
PRC2 (Czermin et al., 2002). Its precise in vivo 

mode of action is not completely understood, 
but in vitro it is found to interact with histone 
methyltransferases, histones, and to counteract 
SWI/SNF-chromatin-remodeling complexes 
(Breiling et al., 1999; Levine et al., 2002; Ogawa 
et al., 2002; Sewalt et al., 2002). Recent evidence 
in Drosophila suggests that PcG inhibits the 
transcription initiation machinery (Dellino et al., 
2004; Wang et al., 2004). Mice mutant for most 
PRC1 members survive until birth as a result 
of partial functional redundancy provided by 
homologs (van der Lugt et al., 1994; Core et al., 
1997; Takihara et al., 1997; Akasaka et al., 2001). 
An exception to this rule is Rnf2 deficiency, 
resulting in an early lethal phenotype similar to 
PRC2 deficient mice (Voncken et al., 2003).
However, the existence of only two PcG 
complexes is an oversimplification, as recent 
evidence in flies and mammals indicates that 
heterogeneous protein complexes of varying 
composition can be formed even within one 
cell (reviewed in Lund and van Lohuizen, 
2004). For instance, Ezh2 can associate with 
different isoforms of Eed thereby determining 
the specificity of the histone methyltransferase 
activity, i.e., towards histone H3 lysine 27 
or histone H1 lysine 26 (Kuzmichev et al., 
2004). This recent finding is intriguing given 
the important role of H1-linker histones in 
mediating higher order chromatin folding. 
Furthermore, PcG complexes are regulated in 
a cell cycle-dependent manner, necessary to 
ensure that chromatin marks are correctly reset 
upon DNA replication (Voncken et al., 1999; 
Akasaka et al., 2002). Lastly, posttranslational 
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modifications influence localization and 
activity of PcG (Voncken et al., 1999; Akasaka 
et al., 2002). Clearly, PcG proteins and PcG 
complex composition are highly regulated in a 
dynamic and complicated manner allowing for 
gene, tissue, and differentiation stage-specific 
function.

Setting the stage: Role for PcG genes in stem 
cells
Stem cells are defined as cells able to both 
extensively self-renew and differentiate into 
progenitors. Embryonic stem (ES) cells and 
embryonic germ cells are said to be pluripotent 
because they can give rise to all cell types of 
the embryo proper. Adult or somatic stem cells 
(SSCs) often are multi- or oligopotent, indicating 
they can give rise to a subset of cell lineages, or 
unipotent, when they only contribute to one 
type of mature cells. Stem cells are believed to 
reside in many if not all adult tissues, and have 
been well described for intestine, skin, muscle, 
blood and nervous system. Notably, it is not 
only intrinsic properties that determine stem 
cell fate: extrinsic cues given by the stem cell 
‘niche’ are at least of equal importance.
Recent results highlight that stem cell fate is in 

part governed by the PcG genes. First indications 
came from Bmi1 deficient mice, which suffer 
from progressive loss of hematopoietic cells and 
cerebellar neurons (van der Lugt et al., 1994). In 
addition, Mph1/Rae28, which directly interacts 
with Bmi1 in the PRC1 complex, is required for 
sustaining activity of hematopoietic stem cells 
(Ohta et al., 2002). Over the last year, direct 
evidence implicated Bmi1 in the self-renewal of 
multiple stem cells as well as the proliferation 
of early cerebellar progenitors (Lessard and 
Sauvageau, 2003; Molofsky et al., 2003; Park et 
al., 2003; Leung et al., 2004). Importantly, in the 
cerebellum, Bmi1 is regulated by an extracellular 
signaling molecule, the morphogen Sonic 
hedgehog (Shh)(Leung et al., 2004), providing 
for the first time a connection between PcG and 
a major developmental signaling pathway. This 
connection may only be the beginning of our 
understanding of how complex mechanisms, 
required for embryogenesis and stem cell 
behavior, are organized. 

PcG and embryonic stem cells
ES cells can be viewed as the ‘mother’ of all 
stem cells. They possess the unique capacity to 
undergo efficient and remarkably robust self-

Drosophila proteins Human proteins Mouse proteins

PRC2/Initiation complex

Esc Extra sex combs EED Eed
E(z) Enhancer of Zeste EZH1 Ezh1/Enx2

EZH2 Ezh2/Enx1
Su(z)12 Suppressor of Zeste 12 SUZ12

PRC1/Maintenance complex

Pc Polycomb CBX2/HPC1 Cbx2/M33
CBX4/HPC2 Cbx4/Mpc2
CBX8/HPC3

Ph Polyhomeotic EDR1/HPH1 Edr1/Mph1/Rae28
EDR2/HPH2 Edr2/Mph2
EDR3/HPH3

dRING RING1/RNF1/RING1A Ring1/Ring1a
RNF2/RING1B Rnf2/Ring1b

Psc Posterior sex combs BMI1 Bmi1
RNF110/ZFP144 Rnf110/Zfp144/Mel-18
ZNF134 Znf134/Mblr

Pho Pleiohomeotic YY1 Yy1
Pho-like Pleiohomeotic-like
Scm Sex combs on midleg SCML1 Scmh1

SCML2 Scmh2
Pcl Polycomb-like PHF1

Table 1. Polycomb group nomenclature.
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renewal in cell culture, and even upon prolonged 
culturing they retain the ability to undergo 
multiple differentiation pathways. When placed 
back in their own ‘niche’ upon injection into 
blastocysts, ES cells resume normal behavior and 
contribute faithfully to all cell lineages. Under 
carefully controlled tissue culture conditions, it 
was found that cell-extrinsic signals such as LIF 
and BMP4 regulate the self-renewal of ES cells. 
Cell-intrinsic signaling involves the concomitant 
receptors and signals down to transcription 
factors such as Oct4 and Nanog (Niwa et al., 
2000; Chambers et al., 2003; Ying et al., 2003). 
These pathways are not yet fully understood, 
but PcG proteins might participate at some 
level considering that Ezh2, Eed, YY1 and Rnf2 
all are essential for embryonic development 
(Schumacher et al., 1996; Donohoe et al., 1999; 
O’Carroll et al., 2001; Voncken et al., 2003). Ezh2 
and Rnf2 expression can be detected early 
in development at preimplantiation stages, 
whereas robust Eed expression commences 
after implantation (Schumacher et al., 1996; 
O’Carroll et al., 2001; Voncken et al., 2003). In 
vitro, Ezh2 deficient blastocysts fail to grow 
out and Ezh2 deficient ES cell lines cannot be 
established (O’Carroll et al., 2001). In contrast, 
Eed mutant ES cells are viable and can in the 
context of embryoid bodies differentiate into 
multiple cell types. Interestingly, Eed mutant 
ES cells can also contribute to more advanced 
embryonic stages in chimeras, indicating 
partial non-cell autonomous rescue of Eed 
deficiency in vivo (Morin-Kensicki et al., 2001). It 
is formally possible that early in development, 
Ezh2 functions independently of Eed in the 
PRC2 complex. Alternatively, the Eed mutant 
may not represent a null allele, especially since 
Eed appears to be required for the ability of 
Ezh2 to methylate histone H3 (Cao et al., 2002). 
Furthermore, both Eed and Ezh2 become 
transiently localized to the inactive X during ES 
cell differentiation, and most importantly, in Eed 
deficient cells X inactivation is not maintained 
(Plath et al., 2003; Silva et al., 2003). 
The crucial role of PRC1 member Rnf2 in 
development, for which Ring1a cannot 
compensate, suggests either a central role in 
complex formation for Rnf2, or the requirement 

of a transient contact between PRC1 and PRC2 
via Rnf2 as described for Drosophila (Francis 
et al., 2001; Poux et al., 2001). Another PRC1 
protein, Mph1/Rae28, is highly expressed in ES 
cells but becomes rapidly downregulated upon 
differentiation (Loring et al., 2001; Fortunel et 
al., 2003). It is clear that Polycomb silencing 
early in development needs both complexes, 
however, the precise mode of action needs 
more investigation. 

PRC1 PcG genes Bmi1, Mph1/Rae28 and Mel-
18 regulate the self-renewal of hematopoietic 
stem cells
Hematopoiesis in mammals occurs in distinct 
temporal waves shifting from extraembryonic 
yolk sac and fetal liver in embryos to bone 
marrow in adults. Definitive hematopoietic 
stem cells (HSCs) replenish the pool of blood 
cells both by maintaining the stem cells and by 
allowing daughter cells to differentiate into the 
lymphoid, myeloid and erythroid lineages. The 
stem cell niche in the bone marrow provides 
the cells with a specialized extracellular matrix 
secreted by a number of different cell types. 
An array of extracellular signaling pathways, 
such as Notch, BMP, JAK-STAT and Wnt control 
hematopoietic stem cells (reviewed in Fuchs 
et al., 2004). However, relatively little is known 
about cell-intrinsic genetic and epigenetic 
mechanisms.
Expression of most PcG genes is upregulated in 
differentiating hematopoietic cells (Raaphorst et 
al., 2001), but Bmi1 and Mph1/Rae28 are highly 
expressed in primitive hematopoietic cells (Ohta 
et al., 2002; Park et al., 2003). Most compelling, 
Bmi1, Mel-18, Mph1/Rae28 and M33 mutant mice 
suffer from various defects in the hematopoietic 
system, such as hypoplasia in spleen and thymus, 
reduction in overall T cell numbers, defects in B 
cell development and an impaired proliferative 
response of lymphoid precursors to cytokines, 
in particular to Interleukin 7 (IL-7)(van der Lugt 
et al., 1994; Akasaka et al., 1997; Coré et al., 1997; 
Takihara et al., 1997; Akasaka et al., 2001).
Close inspection of fetal HSC pools revealed 
interesting differences and similarities between 
Bmi1, Mel-18 and Mph1/Rae28 deficient mice. 
Whereas fetal liver-derived HSCs (FL-HSCs) are 
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present in normal numbers in Bmi1 deficient 
mice, the number of FL-HSCs from Mph1/
Rae28 deficient mice progressively decreases 
from E14.5 onwards (Ohta et al., 2002; Park 
et al., 2003). However, both Bmi1 and Mph1/
Rae28 deficient FL-HSCs are impaired in their 
proliferative and self-renewing capacity as was 
assessed in vitro and in vivo (Ohta et al., 2002; 
Lessard and Sauvageau, 2003; Park et al., 2003). 
In the adult mouse, Bmi1 deficient HSCs are 
found less frequently and display strong defects 
in proliferation and self-renewal. However, they 
do give rise to a normal number of multipotent 
progenitors, suggesting that in vivo, the loss 
of stem cells is compensated by an increased 
formation of their immediate descendants 
(Park et al., 2003). Curiously, loss of Mel-18, a 
homolog of Bmi1, appears to enhance HSC 
self-renewal suggesting that the relative levels 
of a constituent in the complex dictate HSC 
self-renewal capacity (Kajiume et al., 2004). 
Analogous to B cell defects in PcG mutants 
resulting in part from unresponsiveness to IL-7, 
Bmi1 and Mph1/Rae28 self-renewal defects 
might reflect a poor response of mutant HSCs 
to stem cell growth factors. As to the differences 
between Bmi1 and Mph1/Rae28 deficient HSCs, 
it is likely that fetal and adult HSCs are regulated 
by different signals and mechanisms, only the 
latter of which requires Bmi1. 

Unexpected functions for PRC2 PcG genes in 
hematopoietic cells
Another question is whether PRC2 is also 
involved in HSC function. Pan-hematopoietic 
ablation of Ezh2 revealed a block in early B 
cell differentiation, but no obvious effects on 
other lineages (Su et al., 2002). Perhaps Ezh2 is 
not required for normal HSC function, which 
would be remarkable since Ezh2 function 
is indispensable for ES cells. A more trivial 
explanation though is functional redundancy 
by Ezh1 (Su et al., 2002). 
Surprisingly, Eed heterozygous or hypomorphic 
animals display a myeloid and lymphoid 
overproliferation phenotype (Lessard et al., 
1999). Furthermore, they have an increased 
incidence and decreased latency of chemical-
induced thymic lymphoma (Richie et al., 2002). 

These results suggest differential functions for 
PcG proteins in the control of hematopoietic cell 
proliferation: a negative function for PRC2-Eed 
containing complexes and a positive function 
for PRC1-Bmi1-Mph1/Rae28 containing 
complexes. Since Eed and Bmi1 are involved in 
distinct complexes and at least in Drosophila 
autoregulation loops exist, loss of Eed might 
lead to an overrepresentation of the Bmi1-
Mph1/Rae28 containing stimulatory complexes, 
ultimately resulting in hematopoietic 
overproliferation. 

Bmi1 is necessary for neural stem cell renewal 
and early neural progenitors
Throughout adult life, two major neurogenic 
regions persist: the subventricular zone (SVZ) 
of the lateral ventricle wall and the subgranular 
zone of the hippocampus (Doetsch, 2003). With 
appropriate growth factors, cultured neural 
stem cells (NSCs) grow as adherent colonies 
or as ‘neurospheres’, floating clusters of stem 
cells and their progenitors. The precise cellular 
origin of neural stem cells and the nature of 
neurospheres in vitro is a subject of controversy. 
Accumulating evidence supports that in vivo, 
NSCs are astrocyte-like, glial fibrillary acidic 
protein (GFAP)-positive cells (Doetsch et al., 1999, 
Seri et al., 2001; Imura et al., 2003). However, in 
vitro neurospheres can also be derived from 
more mature transit-amplifying cells (Doetsch 
et al., 2002). 
Prospective defects in the stem cell 
compartment of the nervous system of Bmi1 
deficient mice could be deduced from their 
neurological phenotype (van der Lugt et al., 
1994). The main problem appears to lie in the 
cerebellum, which is reduced in size due to 
severe loss of both molecular and granular layer 
neurons. Occasionally, degenerated neurons 
can be observed in the hippocampus, as well 
as extensive gliosis of the major white matter 
tracts. Strikingly, Bmi1 deficient mice become 
depleted of cerebral NSCs postnatally, indicating 
an in vivo requirement for Bmi1 in NSC renewal 
(Molofsky et al., 2003). In contrast to the 
cerebellum, cerebral development is largely 
completed around time of birth. An intriguing 
possibility therefore is that alike for fetal versus 
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adult hematopoietic stem cells, neurogenesis 
during embryogenesis might be under separate 
control from that of adult NSCs and cerebellar 
progenitor cells, allowing ‘normal’ development 
prebirth. Another posibility is that in response to 
stem cell depletion, progenitors receive signals 
from the niche that instruct them to reprogram 
their gene expression profile and become 
committed to an unfamiliar compensatory 
task. In line with this, Bmi1 deficient committed 
progenitors are present at normal frequencies 
and proliferate at a similar rate as wild type 
progenitor colonies (Molofsky et al., 2003).
A clue as to which cell-extrinsic signals modulate 
PcG function in the nervous system, came from 
a study of cerebellar granule neuron progenitors 
(CGNPs). Development of the cerebellum is 
guided by Purkinje cell excreted Shh, which 
drives a postnatal wave of proliferation of CGNPs 
in the external granular layer (EGL). In time, these 
cells become postmitotic, migrate inward and 
differentiate into cerebellar granule neurons 
(Goldowitz and Hamre, 1998). At the molecular 
level, Shh acts by binding to its receptor, Patched 
(Ptch), releasing the inhibition of Ptch on the 
transmembrane protein Smoothened (Figure 1). 
This ultimately results in downstream signaling 
in the nucleus by Gli transcription factors (Rubin 
and Rowitch, 2002; Pasca di Magliano and 
Hebrok, 2003). Proliferation of CGNPs in vitro 
can be induced by Shh and is accompanied 
by induction of N-myc, cyclin D1 and D2, in 
agreement with the observed defects in the EGL 
of mice deficient for these genes (Ciemerych et 
al., 2002; Knoepfler et al., 2002; Kenney et al., 
2003). It was found that Bmi1 deficient CGNPs 
have an impaired proliferative response upon 
Shh stimulation. Importantly, in the same cells, 
Bmi1 expression can be induced by both Shh 
and Gli1 (Leung et al., 2004). These findings 
explain the reduced number of cerebellar 
granule neurons in Bmi1 deficient mice as a 
result of an attenuated Shh response due to lack 
of one of its downstream targets, Bmi1 (Figure 
1). Notably, in both hippocampal progenitors 
and SVZ neural stem cells, Shh is important 
for proliferation and renewal (Lai et al., 2003; 
Machold et al., 2003). Moreover, hematopoietic 
stem cells are regulated by this signaling route 

as well. Indian hedgehog, another member of the 
Hh family, activates hematopoiesis whereas Shh 
influences the proliferation of HSCs (Bhardwaj 
et al., 2001; Dyer et al., 2001). Whether Bmi1 is a 
Hh target in other cell types and tissues awaits 
further investigation. 

Other PcG genes in the nervous system 
Studying effects of PRC2 members on 
neurogenesis is difficult due to early embryonic 
lethality of knockout mice (Schumacher et al., 
1996; Donohoe et al., 1999; O’Carroll et al., 2001). 
However, a subset of embryos heterozygous for 
YY1 displays neural tube defects resembling 
exencephaly, pointing to a role for YY1 in 
nervous system development (Donohoe et 
al., 1999). Interestingly, in chimeras with Eed 
deficient cells, contribution to the forebrain 
appears to be specifically reduced (Morin-
Kensicki et al., 2001). For other PRC1 members, 
a function in NSC renewal has not yet been 
reported despite high expression of several 

Figure 1. Working model of Bmi1 in the Shh pathway in 
cerebellar progenitors.
Bmi1 acts as a downstream effector of Shh signaling, 
required for full proliferation/self-renewal of cerebellar 
progenitor cells, in combination with activation of N-myc/
CyclinD2. Thus, Shh is able to modulate both pRb (via N-myc 
and Bmi1/p16Ink4a) and p53 (via Bmi1/p19Arf). In addition, 
the involvement of other targets important in cerebellar 
biology remains a possibility (Shh, Sonic Hedgehog; Ptch,   
Patched; Smoh, Smoothened).
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PcG genes in the developing nervous system 
(Schoorlemmer et al., 1997; Akasaka et al., 2001). 
This is most remarkable for Mel-18, which can 
compensate for Bmi1 deficiency in many other 
organs, suggesting a high degree of functional 
specification between these recently diverged 
PcG genes (Akasaka et al., 2001). The Bmi1 
cerebellar phenotype becomes more aggravated 
in Bmi1;Rnf2 doubly deficient compound mice 
(Voncken et al., 2003), showing synergistic 
interactions between these two PRC1 proteins 
in the nervous system. Notably, deficiency of 
Mph1/Rae28 leads to ocular abnormalities and 
malformations of neural crest-derived tissues 
(Takihara et al., 1997). This is intriguing, since 
Mph1/Rae28 is essential for renewal of HSCs 
and is highly expressed in ES cells (Loring et al., 
2001; Ohta et al., 2002; Fortunel et al., 2003). It is 
plausible that, analogous to the situation with 
Bmi1, Mph1/Rae28 functions in NSC renewal as 
well. 

The tumor suppressor locus Ink4a/Arf is an 
important PcG target in stem cells
Bmi1 is a potent negative regulator of the 
Ink4a/Arf locus in mouse embryonic fibroblasts 
(Jacobs et al., 1999). This locus encodes the cell 
cycle regulators and tumor suppressors p16Ink4a 
and p19Arf (p14ARF in humans). p16Ink4a affects 
the retinoblastoma protein pRb by inhibiting 
the CyclinD-Cdk4/6 kinase complexes. 
Hypophosphorylated pRb will sequester E2F 
transcription factors and actively repress their 
target genes, ultimately leading to cell cycle 
arrest, senescence or apoptosis depending on 
context (reviewed in Sharpless and DePinho, 
1999). p19Arf binds  Mdm2 and thereby inhibits 
degradation of the p53 transcription factor. This 
results in activation of p53 target genes, leading 
to cell cycle arrest and apoptosis (reviewed 
in Lowe and Sherr, 2003). Both p16Ink4a and 
p19Arf expression can be induced by aberrant 
mitogenic or oncogenic signaling, as well as 
upon tissue culture stress, thus functioning as 
a potent fail-safe mechanism preventing cells 
from engaging in uncontrolled proliferation. 
Analogous to the situation in fibroblasts, in 
neural and hematopoietic stem cells lacking 
Bmi1 p16Ink4a and p19Arf are upregulated 

(Molofsky et al., 2003; Park et al., 2003). 
Conversely, Bmi1;Ink4a/Arf doubly deficient 
animals display a substantial rescue of the stem 
cell defects, as indicated by restored lymphocyte 
counts and normal cerebellar size (Jacobs et 
al., 1999). In neurosphere assays, loss of p16Ink4a 
alone in Bmi1 deficient NSCs partially rescues 
self-renewal capacity, suggesting that also p19Arf 
may additionally help to limit the self-renewal 
of these cells (Molofsky et al., 2003). Since the 
Ink4a/Arf locus strongly responds to tissue 
culture stress, careful in vivo analysis is needed 
to firmly establish the relative contribution of 
these proteins to the Bmi1 deficient phenotype. 
Nevertheless, the emerging role for this locus 
in restricting the potentially dangerous self-
renewal divisions of stem cells through control 
of PcG signaling is an exciting connection. In line 
with PcG proteins acting in multiprotein clusters, 
more PcG members are regulating Ink4a/Arf, 
such as Mel-18 and Cbx7 (Jacobs et al., 1999; 
Gil et al., 2004). In addition, the developmental 
arrest of Rnf2 deficient embryos is accompanied 
by an upregulation of p16Ink4a and is partially 
bypassed in an Ink4a/Arf deficient background 
(Voncken et al., 2003).
There is additional evidence supporting a more 
general function for Ink4a/Arf in stem cells. 
First, enforced expression of p16Ink4a or p19Arf 
in normal HSCs results in proliferative arrest or 
p53-dependent cell death, respectively (Park 
et al., 2003). Second, Ink4a/Arf deficient bone 
marrow cells proliferate better than wild type 
cells in tissue culture assays (Lewis et al., 2001), 
although in vivo reconstitution assays have not 
been reported as of yet. Still, it is clear that stem 
cell-cycle control not entirely depends on this 
locus, as the Ink4a/Arf deficient mouse appears 
relatively normal. This suggests the existence of 
multiple additional levels of regulation. Indeed, 
the cell cycle inhibitors p21Cip1 and p18Ink4c 
have already been reported to control stem 
cell proliferation (Cheng et al., 2000a; Yuan et 
al., 2004). Another cell cycle inhibitor, p27Kip1, 
affects proliferation of progenitors both in the 
hematopoietic system and the cerebellum 
(Cheng et al., 2000b; Miyazawa et al., 2000). 
An important future goal will be to unravel the 
relative contribution of the different cell cycle 
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inhibitors to stem cell proliferation and their 
respective regulatory cascades.
It is important to mention the profound 
differences in cell cycle regulation between 
stem cells early in development versus adult 
stem cells or differentiated cells. This is best 
exemplified in ES cells, which have a very short 
G1 phase with almost undetectable levels of 
hypophosphorylated pRb (reviewed in Burdon et 
al., 2002). In addition, ES cells do not arrest upon 
p16Ink4a overexpression. p53 remains largely 
cytoplasmic and appears not to participate in 
DNA damage responses. Ezh2 was postulated 
to regulate rapid cell proliferation during the 
transition from pre- to postimplantation stages 
(O’Carroll et al., 2001). Since it is unlikely that 
defects in Ezh2 deficient blastocysts result from 
Ink4a/Arf deregulation, there must be other 
unknown PcG targets important in ES cells.
The best argument that not all PcG defects 
are associated with Ink4a/Arf deregulation is 
probably the incomplete rescue of multiple 
defects in Bmi1 deficient mice upon loss of 
the Ink4a/Arf locus (Jacobs et al., 1999). Also, 
EZH2 knockdown in fibroblasts does not 
upregulate p14ARF levels (Bracken et al., 2003). 
Furthermore, Ink4a/Arf expression is not altered 
in the hematopoietic system of Eed mutant mice 
(Lessard et al., 1999), and moreover, p16Ink4a or 
p19Arf expression is not altered in E14.5 Mph1/
Rae28 deficient FL-HSCs (Ohta et al., 2002). The 
stoichiometry of early acting PcG complexes, 
which are relatively abundant in Mph1/Rae28, 
likely differs from the complexes found later in 
development, which contain more Bmi1 and are 
therefore capable of keeping Ink4a/Arf levels in 
check. 

Are Hox genes implicated as PcG targets in 
stem cells?
The skeletal defects of PcG mutant mice revealed 
PcG genes as Hox gene regulators (van der Lugt 
et al., 1994). Hox genes also determine cell fate 
in several other tissues. Hoxa5, Hoxa9, Hoxa10, 
Hoxb3, Hoxb4 and Hoxb6 are important in HSCs 
(Owens and Hawley, 2002). For instance, Hoxb4 
overexpression enhances the self-renewal of 
HSCs (Antonchuk et al., 2002). Reciprocally, Hoxb4 
deficient mice have disturbed hematopoiesis 

(Bjornsson et al., 2003). Extrapolating from their 
classical role in axial patterning, a simple view 
could be that PcG proteins repress Hox genes in 
differentiated hematopoietic cells. Remarkable 
in that respect, expression of a panel of relevant 
Hox genes was not altered in the hematopoietic 
organs of Eed, Bmi1 or Mph1/Rae28 mutant 
mice (Lessard et al., 1999; Ohta et al., 2002; 
Lessard and Sauvageau, 2003). In contrast, 
Bmi1 regulates three Hox genes in NSCs: Hoxd8, 
Hoxd9 and Hoxc9 (Molofsky et al., 2003). In vivo, 
Hox genes coordinate the patterning of the 
nervous system by influencing motor neuron 
diversification in the hindbrain and spinal cord 
(reviewed in Guthrie, 2004), though no robust 
expression has been described in NSCs (Santa-
Olalla et al., 2003). Possibly, loss of Bmi1 induces 
loss of the undifferentiated nature of NSCs, as 
reflected by reactivated Hox gene expression. 

Self-renewal capacity of cancer stem cells is 
regulated by Bmi1
The hypothesis that cells with stem cell 
characteristics, or ‘cancer stem cells’ (CSCs), drive 
cancer proliferation and progression is receiving 
increasing support. This hypothesis offers an 
explanation for the extensive proliferative 
capacity of tumor cells, resembling self-renewal 
of stem cells. In addition, it explains at least in part 
why tumors often consist of heterogeneous cell 
populations: a small proportion of proliferating 
stem cells and a majority representing 
differentiated daughter cells. Stem cells also form 
attractive candidates as the origin of cancers, as 
in their long lifespan mutations and epigenetic 
changes can accumulate allowing increasing 
evolution towards malignancy. Indeed, only a 
small percentage of leukemic cells in patients 
have strong proliferative capacity. Moreover, a 
small subpopulation of acute myeloid leukemia 
(AML) cells was able to give rise to leukemia 
in secondary recipients. This subpopulation 
could be identified using surface markers and 
these leukemic stem cells turned out to closely 
resemble human hematopoietic stem cells 
(Lapidot et al., 1994; Bonnet and Dick, 1997). 
Recently, cancer stem cells were also found to 
reside within solid tumors including several 
types of brain cancers (Hemmati et al., 2003; 
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Singh et al., 2003) and breast carcinomas (Al-
Haij et al., 2003). 
To date, it remains difficult to determine whether 
a cancer stem cell indeed is derived from a 
somatic stem cell, from a (de)differentiated 
progenitor or even a terminally differentiated 
cell. Notably, in vitro mature Ink4a/Arf deficient 
astrocytes can regain neural stem cell-like 
characteristics upon activated epidermal 
growth factor (EGF) signaling (Bachoo et al., 
2002). Moreover, these cells cause glioblastoma 
multiforme when injected into the brains of 
recipient mice, illustrating their functional 
dedifferentiation. Additionally, somatic cell 
nuclear transfer experiments highlight a 
remarkable reprogramming capacity, not only 
of ‘normal’ cell nuclei but also of cancer cell-
derived nuclei, such as from medulloblastoma 
or melanoma (Li et al., 2003; Eggan et al., 2004). 
This illustrates that apart from genetic lesions, 
epigenetic processes by and large dictate (de)
differentiation processes, which opens the 
challenge to identify the relevant players. 
The Bmi1 PcG gene was originally identified 
as an oncogene inducing B or T cell leukemia 
(Haupt et al., 1991; van Lohuizen et al., 1991). 
BMI1 is overexpressed in several human cancers, 
among which mantle cell lymphoma, colorectal 
carcinoma, liver carcinoma and non-small cell 
lung cancer (Beá et al., 2001; Vonlanthen et al., 
2001; Kim et al., 2004; Neo et al., 2004). Recent 
studies showed elegantly that Hoxa9-Meis1 
transduced cells of Bmi1 deficient mice were 
able to generate AML in primary recipients, 
but unlike wild type derived AML cells, failed to 
reform AML in secondary recipients (Lessard and 
Sauvageau, 2003). Additionally, Bmi1 deficient 
hematopoietic progenitors are resistant to 
transformation by the chimeric oncogene E2a-
Pbx1, a translocation frequently found in acute 
human pre-B lymphoblastic leukemias (Smith et 
al., 2003). Interestingly, overexpression of E2a-
Pbx1 induces Bmi1, providing an alternative way 
of Ink4a/Arf suppression. This may explain the 
selective absence of loss-of-function mutations 
of the Ink4a/Arf locus in leukemias with E2a-
Pbx1 translocations. Furthermore, cancer stem 
cells cultured from a panel of pediatric brain 
tumors showed high expression of Bmi1 among 

other stem cell markers (Hemmati et al., 2003). 
Finally, Bmi1 is overexpressed in a majority of 
medulloblastomas, tumors believed to arise 
from uncontrolled proliferating cerebellar 
granule cell precursors (Leung et al., 2004). 
It is possible that overexpression of Bmi1 not 
only stimulates rapid proliferation through 
repression of the Ink4a/Arf locus, but, reflecting 
its function in neural stem cells, also allows the 
CGNPs to ‘return to’ or maintain a more stem 
cell-like state. Interestingly, in line with the role 
of Bmi1 in proliferation of CGNPs downstream 
of Shh, overexpression was found in those 
medulloblastomas harboring activated Shh 
signaling (Leung et al., 2004). In addition to 
contributing to medulloblastoma, misregulation 
of Shh signaling plays a role in multiple types 
of cancers with presumed cancer stem cell 
characteristics, including basal cell carcinoma, 
pancreatic adenocarcinoma and small-cell lung 
carcinoma (reviewed in Pasca di Magliano and 
Hebrok, 2004). It will be important to assess if 
also in these cancers a connection between 
Bmi1 and Shh exists. 

Prospective roles for other PcG genes in 
cancer stem cells
PRC2 members are also associated with cancer. 
EZH2 is upregulated in many cancers such as 
leukemia, prostate cancer, and breast cancer 
(Raaphorst et al., 2001; Varambally et al., 
2002; Bracken et al., 2003; Kleer et al., 2003). 
Interestingly, high EZH2 expression localizes 
to more primitive malignant cell types, often 
in combination with high BMI1 expression 
(Raaphorst et al., 2001). Whether high PcG 
expression reflects the acquirement of stem cell-
like properties and/or influences the self-renewal 
of cancer stem cells, remains to be elucidated. 
In prostate cancer, high EZH2 expression is 
indicative of a metastatic character of the 
disease and knockdown of EZH2 in prostate 
cancer cell lines causes a marked inhibition of 
cell growth (Varambally et al., 2002). In vitro, 
Ezh2 is capable of acting as an oncogene and 
can be induced by the E2F transcription factors. 
Curiously, Ezh2 expression is not cell cycle-
regulated (Bracken et al., 2003). Furthermore, 
the marked growth arrest of U2OS tumor cell 
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line upon EZH2 depletion suggests a far more 
drastic effect than cell cycle deregulation via 
INK4a/ARF or p53 only. 
Another component of PRC2, SU(Z)12, is 
upregulated in human colon and breast 
tumors (Kirmizis et al., 2003). Interestingly, 
the promotor of SU(Z)12 can be bound by 
β-catenin/TCF complexes, downstream targets 
of Wnt signaling. Wnt signaling is essential for 
stem cell activity in various tissues, such as the 
hematopoietic system, skin, and intestine (Fuchs 
et al., 2004). Although highly speculative, it is 
possible that in skin and intestine and in cancers 
derived thereof, PcG could be linked to another 
important developmental signaling pathway, 
such as Wnt, through PRC2. 

Concluding remarks
It seems reasonable to designate at least the 
PRC1 gene Bmi1, and probably also Mph1/
Rae28, as genes intrinsically conferring stem 
cell characteristics to a cell. However, there is 
some debate whether such uniformly acting 
‘stemness genes’ exist at all, since the search for 
a stem cell molecular signature by comparing 
the transcriptional profiles of several stem cells 

and progenitors only identified one gene as a 
common outlier: Integrin alpha 6 (Ivanova et 
al., 2002; Ramalho-Santos et al., 2002; Fortunel 
et al., 2003; Iwashita et al., 2003). Several 
commentaries have highlighted the technical 
difficulties associated with these types of 
assays. Additionally, as cell-extrinsic signals are 
such important factors in the maintenance of 
the stem cell pool, it may be crucial to analyze 
stem cell expression profiles in the appropriate 
context of the stem cell niche.  
It is evident though that Bmi1 is essential for 
the self-renewal of hematopoietic, neural, and 
cancer stem cells, and proliferation of cerebellar 
granule neuron progenitors (Lessard and 
Sauvageau, 2003; Molofsky et al., 2003; Park 
et al., 2003; Leung et al., 2004). This is well in 
line with the specific defects observed in mice 
that have lost Bmi1 expression in all cells from 
fertilization onwards, which can all be traced 
back to malfunctioning stem cell compartments. 
Notably, the fact that Bmi1 is indispensable for 
the self-renewal of cancer stem cells further 
stresses the importance of (de)regulation of 
developmental genes, such as the PcG genes, in 
cancer and stem cell biology.

Figure 2. Speculation of how the niche or extrinsic signals can at least in part regulate ‘stemness’ by governing 
intrinsic cell cycle regulators. 
In intestine, Wnt is known to regulate p21Cip1 via c-Myc, however possible links with PcG proteins have also been 
suggested (see text). Shh regulates the PcG complex by increasing Bmi1 levels, thereby possibly influencing the p16Ink4a 
and p19Arf cell cycle inhibitors. For other niche signals (such as Notch or BMP) and cell cycle inhibitors (such as p18Ink4c), no 
such relationships have been described as yet. 
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The Ink4a/Arf tumor suppressor locus is one of 
the targets via which PcG exerts its control over 
stem cell proliferation (Figure 2). Thus, like other 
cyclin-dependent kinase inhibitors, Ink4a/Arf is 
also implicated in the developmental control 
of stem cells. However, other relevant PcG 
targets must exist. Possibly these are involved 
in alternative aspects of stem cell identity, such 
as the prevention of differentiation programs. 
As with the stemness profiles mentioned 
above, common PcG targets have not yet been 
revealed by expression array analysis. Apart 
from technical difficulties, stoichiometrical 
differences between the PcG complexes during 
development might account for altered sets 
of target genes, providing multiple levels of 
control.
We propose a model in which a distinct PcG 
complex confers stemness to cells, as opposed 
to other flavors of PcG protein complexes, which 
are required to maintain differentiated cell fates. 
The composition of this complex might vary 
between embryonic and adult stem cells. We 
assume that Mph1/Rae28 is more important in 
embryonic stem cells relative to Bmi1, which 
seems more required for adult stem cells. The 
histone methyltransferase activity of Ezh2 in the 
PRC2 complex is essential for the self-renewal 
of ES cells, but the exact role of PRC2 in other 
stem cells remains to be investigated. The 
link between Shh signaling and PcG through 
Bmi1 provides a first glimpse of connections 
between external signaling morphogens and 
cell-intrinsic epigenetic mechanisms controlling 
cell fate programs (Figure 2). The emerging 
complexity of PcG silencers, subdivided into 
at least two functionally different complexes 
and harboring many homologues, provides 
excellent opportunities for fine-tuning 
the output resulting in appropriate gene 
expression patterns and cell fate maintenance. 
Moreover, PcG signaling might also influence 
the characteristics of the niche cells, providing 
yet another layer of control. Future research is 
likely to reveal further connections between 
developmental morphogens that regulate 
cell fate such as Shh, Wnt and Notch, and cell-
intrinsic relays, such as PcG, which are able to 
mediate stable epigenetic regulation of gene 

expression programs.
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The cyclin-dependent kinase inhibitors or CKIs are well recognized as intrinsic regulators of 
the cell cycle. Here, we discuss recent data implicating their activity in restraining adult stem 
cell self-renewal, and the role that proteins regulating CKI expression play in this process.

Introduction
Why do stem cells appeal so much to the 
scientist’s imagination? Is it the promise of 
revolutionary therapeutic possibilities, or are 
there other reasons for keeping us spellbound? 
Perhaps some of the magic comes from their 
remarkable capacity to not only extensively self-
renew, but to give rise to progeny with a different 
cellular identity. Considering the important 
contribution of stem cells to embryonic 
development and adult tissue homeostasis, it is 
evident that a comprehensive mechanism must 
exist to assure proper communication between 
stem cells and their surroundings, for the danger 
of developing malformations or even disease is 
lurking. 
In this perspective we will focus on the regulation 
of the cell cycle of adult mammalian stem cells. It 
is not simple to give an unambiguous definition 
of the adult stem cell. A large variety of stem cells 
have been identified in several different tissues, 
and whereas some stem cell characteristics 
are shared among them, others are not. Their 
function is to maintain and repair the tissue for 
a lifelong period, and therefore they should be 
able to give rise to one or more tissue-specific 
cell types while constantly renewing themselves. 
Theoretically, they can divide symmetrically to 
increase the stem cell pool, or asymmetrically 
to form a stem cell and a committed progenitor 
cell. Often they are quiescent, only occasionally 
giving birth to progenitor cells. These cells in 
turn will rapidly divide and differentiate into 
effector cells. 

Cyclin-dependent kinase inhibitors as key 
regulators of the cell cycle
Much effort has been made to unravel the 
molecular mechanisms controlling adult stem 
cell divisions. On the one hand, extrinsic factors 
derived from for instance the stem cell niche 
were shown to be crucial mediators (Fuchs et 
al., 2004; Ohlstein et al., 2004). On the other 
hand, intrinsic features seem equally important 
in defining stem cell potential. One group of 
intrinsic regulators are the cyclin-dependent 
kinase inhibitors (CKIs) and their targets. Before 
a cycling somatic cell can initiate DNA synthesis 
or proceed into mitosis, it needs to successfully 
pass the gap-phase checkpoints. When these 
checkpoints get activated due to stress or 
damage signals, the cell becomes arrested 
through the activity of the CKIs. At the molecular 
level, CKIs prevent the cyclin-dependent kinases 
(CDKs) from phosphorylating targets involved in 
cell cycle progression (Sherr and Roberts, 1999). 
They can be divided into two families, namely 
INK4 (p16Ink4a, p15Ink4b, p18Ink4c, p19Ink4d) and CIP/
KIP (p21Cip1, p27Kip1, p57Kip2). The INK4 proteins 
restrain the activity of the Cyclin D-dependent 
kinases CDK4 and CDK6, thus rendering the 
Retinoblastoma protein (pRB) and the other 
pocket proteins hypophosphorylated and free 
to secure a G1-arrest by preventing E2F-target 
gene transcription (Sherr and Roberts, 1999). 
The CIP/KIP proteins p21Cip1 and p27Kip1 facilitate 
assembly and stability of the Cyclin D-CDK 
complexes (LaBaer et al., 1997; Cheng et al., 
1999), but potently inhibit the Cyclin E/CDK2 
complex which further hyperphosphorylates 
pRB. Curiously, the Ink4a locus encodes another 
protein, the E2F target p19Arf (p14ARF in humans), 
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by using an alternative exon and reading frame 
(Lowe and Sherr, 2003). p19Arf stabilizes the 
multitalented tumor suppressor protein p53, a 
potent transcription factor capable of evoking 
cell cycle arrest or apoptosis. The two CKI families 
are further interconnected by the ability of p53 
to induce expression of p21Cip1 (Figure 1)(Lowe 
and Sherr, 2003). 

Stem and progenitor cell proliferation might 
be differentially controlled by the CIP/KIP 
proteins 
In addition to regulating cell cycle progression, 
a stem cell also needs to coordinate symmetric 
versus asymmetric divisions with the onset of 
differentiation programs, while avoiding stem 
cell exhaustion. Therefore, one could speculate 
that a stem cell cycle is even more complex. 
But in contrast to embryonic stem cells which 
have atypical expression of cell cycle regulators 
(Aladjem et al., 1998; Stead et al., 2002), contain 
unique transcription factors required for their 
self-renewal like Nanog (Chambers et al., 2003; 
Mitsui et al., 2003) and Oct3/4 (Nichols et al., 
1998; Niwa et al., 2000), and lack a G1 checkpoint 
(Savatier et al., 1994; Aladjem et al., 1998), it 
remains uncertain whether adult stem cells have 
an exclusive way of regulating proliferation. In 
vivo studies regarding the CIP/KIP family might 
hint into this direction. Both in the murine 
hematopoietic and central nervous system, 
there is data to suggest an elegant mechanism 

in which p21Cip1 is crucial for safeguarding stem 
cell quiescence and preventing depletion 
(Cheng et al., 2000a; Kippin et al., 2005), whereas 
p27Kip1 specifically functions as a protector of 
progenitor proliferation, possibly by regulating 
the length of the G1 phase (Casaccia-Bonnefil et 
al., 1997; Durand et al., 1997; Casaccia-Bonnefil 
et al., 1999; Cheng et al., 2000b; Mitsuhashi et al., 
2001; Doetsch et al., 2002). But notwithstanding 
the observed stem cell exhaustion due to p21Cip1 
absence, the p21Cip1 deficient mouse shows no 
obvious abnormalities (Deng et al., 1995), while 
the p27Kip1 knockout suffers from remarkable 
multi-organ hyperplasia (Fero et al., 1996; 
Kiyokawa et al., 1996; Nakayama et al., 1996; 
Miyazawa et al., 2000; Goto et al., 2004). Therefore, 
it is possible that impaired control of progenitor 
proliferation is more acutely harmful to the 
individual than impaired stem cell self-renewal. 
Or perhaps the assays used to identify p21Cip1 as a 
regulator of stem cell self-renewal implemented 
more stress on these cells than they normally are 
exposed to. Additionally, another protein could 
be (partially) functional redundant with p21Cip1 in 
the stem cell compartment, perhaps the closely 
related p57Kip2 protein which has been reported 
to be involved in TGF-β induced growth arrest 
of hematopoietic progenitor cells (Scandura et 
al., 2004). Alternatively, p27Kip1 also participates 
in control of the hematopoietic stem cell (HSC) 
compartment. This idea is supported by the 
observation that loss of p27Kip1 together with 
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c-Myc antagonist Mad1 can lead to increased 
numbers and proliferation of HSCs (Walkley 
et al., 2005). Altogether, it remains arguable 
whether or not a general CIP/KIP family-based 
mutual exclusive mechanism of adult stem cell 
control exists.

The INK4 family and stem cell proliferation 
Certainly no such specific relationships in stem 
versus progenitor cells have been established for 
the INK4 family members. So far, only absence 
of p18Ink4c was proven to significantly enhance 
self-renewing divisions of hematopoietic stem 
cells, which in contrast to p21Cip1 deficiency 
appears not to cause exhaustion of the stem 
cell pool (Yuan et al., 2004). As a matter of fact, 
simultaneous loss of the p18Ink4c gene in p21Cip1 
deficient HSCs largely overcomes the deleterious 
effects of p21Cip1 loss, revealing comprehensive 
crosstalk between the two CKI families (Yu et al., 
2006). The molecular mechanism relaying the 
activity of these two proteins awaits elucidation. 
This will be interesting as it might clarify the role 
of their downstream targets in stem cell specific 
processes. Absence of p18Ink4c-related protein 
p16Ink4a and the alternative reading-frame 
encoded p19Arf may confer a minor advantage 
on HSCs in rather stressful serial bone marrow 
transplantation assays (Stepanova and 
Sorrentino, 2005). Additionally, p19Arf deletion 
increases the number of serial transplantations 
that can be carried out with mammary epithelial 
cells, suggesting that p19Arf plays a role in 
restricting mammary stem cell proliferation (Yi 
et al., 2004).
No further obvious in vivo effects of loss of p19Arf 
or other Ink4 genes on stem cells have been 
reported. p19Ink4d, which in contrast to p15Ink4b 
and p16Ink4a is expressed in the embryonic 
nervous system together with p18Ink4c (Zindy et 
al., 1997), may play a role in proliferation control 
of migrating type A cells, a neuronal progenitor 
(Coskun and Luskin, 2001). It is plausible that 
also for the INK4 family, functional redundancy 
masks any major influence they have on stem 
cells or progenitors. In this respect, it will be very 
informative to study the outcome of combined 
loss of more than one INK4 member on stem cell 
behavior.

Increased expression of p16Ink4a and p19Arf 
leads to defects in stem cell self-renewal
As the subject of INK4 function in stem cells 
awaits further investigation, our group and 
others have recently studied the consequences 
of an elevation of cell cycle inhibitor expression 
for adult stem cells (Molofsky et al., 2003; 
Bruggeman et al., 2005;  Molofsky et al., 2005). 
The strategy of choice involved removal of 
Bmi1, which as a repressor of the Ink4a/Arf 
locus has been implicated in the prevention of 
premature senescence (see below) in a number 
of cell types (Jacobs et al., 1999). Bmi1 belongs 
to the Polycomb group (PcG), a family of highly 
conserved proteins believed to function in 
large complexes and silence the chromatin 
through histone modifications (Lund and van 
Lohuizen, 2004). It was shown that Bmi1-loss 
evokes an upregulation of Ink4a and Arf in stem 
and progenitor cells of the hematopoietic and 
central nervous system, both in vitro and in 
vivo. The decreased proliferative capacity of 
these cells and the eventual lack of stem cell 
self-renewal, were to a large extent rescued by 
deletion of the Ink4a/Arf locus (Bruggeman et 
al., 2005; Molofsky et al., 2005). These data clearly 
demonstrate that aberrant overexpression 
of p16Ink4a and p19Arf can be detrimental to 
adult stem cell maintenance, and underscores 
the importance of genes dampening CKI 
expression. Since Bmi1’s repressor function is 
required for stem and progenitor cells of the 
hematopoietic compartment as well as the 
cerebellum and the cerebrum, it is feasible 
that Bmi1 and perhaps other PcG genes are 
generically required for stem cell maintenance 
(Park et al., 2003; Molofsky et al., 2003; Leung et 
al., 2004; Valk-Lingbeek et al., 2004; Zencak et al., 
2005). The Bmi1 knockout mouse has a complex 
phenotype including reduced proliferation and 
cellularity in a number of organs, substantiating 
the hypothesis that a general defect in tissue 
homeostasis exists (van der Lugt et al., 1994). 
However, only a conditional knockout mouse 
will provide conclusive evidence to what extent 
these defects find their origin in the adult stem 
cells of the affected organs. 
Once the importance of Ink4a/Arf repression 
for stem cell proliferation was established, we 
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explored the relative contribution of each of 
these two genes downstream of Bmi1 in depth 
(Bruggeman et al., 2005). Regardless the Bmi1 
deficient tissue type analyzed, p16Ink4a and p19Arf 
are upregulated in a similar fashion: p16Ink4a 
to a noticeable higher degree than p19Arf. But 
these slight changes in p19Arf expression are not 
negligible. Either in prematurely senescing Bmi1 
deficient mouse embryonic fibroblasts (MEFs), 
poorly proliferating lymphocytes, cerebellar 
granule neuron progenitors or neural stem cells, 
deletion of p19Arf results in a strong rescue of 
the proliferative defects. p16Ink4a upregulation 
on the other hand is not consistently causal 
to Bmi1 knockout phenotypes. For instance 
in MEFs, p16Ink4a deletion cannot rescue the 
premature senescence, nor can it relieve 
decreased cellularity of Bmi1 deficient B-cells. 
However, in the context of reduced p19Arf levels, 
p16Ink4a absence promotes T-cell numbers and 
cerebellar progenitor proliferation. Strikingly, in 
Bmi1 deficient neural stem cells, p16Ink4a fulfills 
a significant, independent role in restraining 
self-renewal, since deletion of p16Ink4a either 
in the presence or absence of p19Arf partially 
restores the self-renewal defect (Bruggeman 
et al., 2005; Molofsky et al., 2005). This is not 
simply reflecting a tissue-culture artifact as 
uncultured Bmi1 deficient neural crest stem cell 
numbers are also significantly increased in the 
absence of p16Ink4a (Molofsky et al., 2005). We can 
currently only speculate what contrary to the 
‘promiscuity’ of p19Arf activity, the basis for these 
differences in p16Ink4a responsiveness is. Perhaps 
the availability of p16Ink4a targets confines the 
cellular response, or alternatively putative 
inhibitors of p16Ink4a limit its anti-proliferative 
effect. This diversity is not restricted to normal 
cells, since particular tumor models display a 
preference for the absence of specific cell cycle 
inhibitors as well (Martin-Caballero et al., 2004; 
Uhrbom et al., 2005).         

Adult stem cells, senescence, and CKIs
It is not known whether such strong upregulation 
of CKI expression, leading to inhibition of adult 
stem cell self-renewal, occurs under physiological 
conditions. Nonetheless, it is worthwhile 
considering what the significance of this 

phenomenon could be, especially since parallels 
can be drawn with cellular stress-responses. For 
several years now we have been acquainted with 
the concept of oncogene-induced senescence, 
which is defined as a stable growth arrest 
following encounters with cell stressors (Lowe 
et al., 2004). Activation of the Arf-p53 and Ink4a-
Rb pathways accompanied by high senescence 
associated β-galactosidase activity are 
considered hallmarks of this type of senescence. 
Until recently, oncogene-induced senescence 
was certified as a mechanism protecting cells 
against oncogenic transformation in tissue-
culture based assays. However, new studies 
demonstrate that senescence does occur in 
vivo and protects against the development 
of malignancies (Braig et al., 2005; Chen et 
al., 2005; Collado et al., 2005; Michaloglou et 
al., 2005). Is it possible that senescence also 
plays a role in the stem cell compartment, as a 
protective mechanism? Perhaps under ‘normal’ 
conditions, the p53 and pRb pathways are 
moderately active and allow occasional cycling 
of stem cells. This is essential as stem cells must 
be able to maintain and repair tissue. But if the 
stem cell gets exceedingly challenged by stress-
inducing factors such as aberrant mitogenic 
signaling, oxidative stress or tissue damage, 
these pathways become activated to prevent 
malignant transformation or exhaustion of 
the stem cell pool by inducing a cell cycle 
arrest, or even the more permanent state of 
senescence (Wang et al., 2006). This hypothesis 
fits nicely with the data demonstrating that 
inappropriate upregulation of p16Ink4a and p19Arf 

causes cessation of neural stem cell self-renewal 
(Molofsky et al., 2003; Bruggeman et al., 2005; 
Molofsky et al., 2005) Furthermore, it has been 
shown that p21Cip1 deficient neural progenitors 
respond more efficiently to ischemic injury than 
wild type control cells, suggesting that CKIs can 
inhibit proliferation in case of tissue damage 
(Qiu et al., 2004). 
Unfortunately, protection against oncogenic 
transformation may come at the cost of ‘aging’ 
(Campisi, 2005). One can easily picture that 
lifelong maintenance of tissues depends on stem 
cell longevity. Stress-signals received during life 
continuously activate apoptotic and senescence 
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responses, beneficial to the young individual 
but ultimately diminishing cycling stem cell 
populations. Interestingly, upregulation of Ink4a/
Arf has been recognized as a biomarker of aging 
(Krishnamurthy et al., 2004). Additionally, forced 
overexpression of an active allele of p53 is also 
associated with premature aging (Tyner et al., 
2002). A recent publication on the p53-related 
protein p63 further strengthens a link between 
senescence and aging (Keyes et al., 2005). 
The p63 gene encodes a number of isoforms 
which either function as transactivating, or as 
dominant-negative proteins (Yang et al., 1998). 
Ablation of p63 in skin, where it is predominantly 
expressed in the dominant-negative form, leads 
to induction of all senescence markers, including 
in regions where skin stem cells reside, and 
induces premature aging of mice.
Intriguingly, p63 has also been implicated in the 
symmetry of skin stem cell divisions. (Lechler 
and Fuchs, 2005) In the p63 deficient embryo, 
the majority of skin stem cell divisions appears 
to be symmetric accompanied by an inability 
to polarize certain proteins, which results in 
a lack of stratification. So far, there is no data 
supporting the idea that CKIs are involved in 
the determination of the mode of stem cell 
division, however it is an option worthwhile to 
consider. Emerging evidence shows that the 
asymmetric distribution of proteins like atypical 
PKC, Inscuteable, Pins and the Par-proteins, 
originally identified in studies in C. elegans and 
Drosophila (Betschinger and Knoblich, 2004), 
are also involved in asymmetric cell divisions 
in mammals (Zhong et al., 1996; Cayouette et 
al., 2001; Shen et al., 2002; Plant et al., 2003; 
Klezovitch et al., 2004; Lechler and Fuchs, 2005). 
Interestingly, some of these asymmetrically 
segregating proteins have been shown to 
control cell proliferation (Dyer et al., 2003; 
Betschinger et al., 2006).

Concluding remarks
Proteins controlling the cell cycle like the CKIs 
unmistakably act as spiders in a web of cell 
divisions, differentiation, transformation and 
aging. To fully understand all their facets and 
perhaps one day exploit their characteristics 
in stem cell or cancer therapy, we will have to 

unravel which proteins in turn control them. The 
Polycomb group protein Bmi1 has been identified 
as a regulator of p16Ink4a and p19Arf in stem 
cells. Since other PcG proteins also negatively 
regulate the Ink4a/Arf locus, it will be interesting 
to investigate if they have a similar role in stem 
cell biology (Valk-Lingbeek et al., 2004). Notably, 
in cerebellar progenitors Bmi1 acts downstream 
of Sonic Hedgehog (Shh) signaling (Leung et al., 
2004), a pathway known to govern embryonic 
development and adult stem cell maintenance. 
This connection provides Shh with means to 
affect CKI expression in stem cells. It is widely 
appreciated that the pathways important during 
embryogenesis such as Notch, Wnt and Shh can 
stimulate cell proliferation, however their effect 
on the cell cycle machinery in adult stem cells 
is just beginning to be explored. Unfortunately, 
misexpression of many of these pathways 
components, including the PcG proteins, 
impose a serious threat of tumorigenesis (Pasca 
di Magliano and Hebrok, 2003; Valk-Lingbeek et 
al., 2004; Reya and Clevers, 2005). This highlights 
the importance of appropriate activity of these 
proteins and prompts a last question: who will 
be guarding the guards?   
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Introduction
The Bmi1 gene, originally identified as a 
collaborating oncogene in c-Myc induced 
lymphomagenesis, is a member of the Polycomb 
group (PcG) gene family of chromatin modifiers 
and transcriptional repressors (Haupt et al., 
1991; van Lohuizen et al., 1991). Loss of a PcG 
gene alters Homeobox (Hox) gene expression 
resulting in skeletal malformations (van der 
Lugt et al., 1994; Akasaka et al., 1996; Core et 
al., 1997; Del Mar Lorente et al., 2000). However, 
Hox genes are not the only targets of PcG as 
the tumor suppressor locus Cdkn2a (hereafter 
Ink4a/Arf locus) is also negatively regulated by 
Bmi1 and other PcG members (Jacobs et al., 
1999; Voncken et al., 2003; Core et al., 2004; Gil 
et al., 2004). 
The Ink4a/Arf locus codes for two proteins, 
p16Ink4a and p19Arf (Ink4a and Arf), by use of 
alternative reading frames (Serrano et al., 1993; 
Quelle et al., 1995). Ink4a and Arf are important 
players in the retinoblastoma (pRB) and p53 
pathways, respectively, and their activation 
results in growth arrest, senescence or apoptosis 
(reviewed in Sharpless and DePinho, 1999; and 
in Lowe and Sherr, 2003). Bmi1 deficient mice 
suffer from abnormalities of the hematopoietic 

and nervous system in addition to growth 
retardation and skeletal malformations (van 
der Lugt et al, 1994). Generation of Bmi1;Ink4a/
Arf compound mutant mice provided genetic 
evidence that at least part of these defects 
are due to de-repression of the Ink4a/Arf 
locus (Jacobs et al., 1999). Interestingly, we 
and others have recently shown that Bmi1 is 
essential for the self-renewal of hematopoietic 
and neural stem cells, and proliferation of 
cerebellar granule neuron progenitors (Lessard 
and Sauvageau, 2003; Molofsky et al., 2003; 
Park et al., 2003; Iwama et al., 2004; Leung et 
al., 2004; Zencak et al., in press). Loss of Ink4a 
could partially alleviate the self-renewal defect 
of Bmi1 deficient neural stem cells, implicating 
that inappropriate activation of the Ink4a/Arf 
locus negatively influences stem cell renewal 
(Molofsky et al., 2003). 
However, since Bmi1 is a potent repressor of 
both Ink4a and Arf it is important to discriminate 
which one of these genes is crucial for Bmi1 
function. Here we took advantage of the various 
specific knockout mouse models made for the 
locus. We addressed the relative contribution 
of Ink4a and Arf deregulation to a variety of 
Bmi1-/- phenotypes with emphasis on the 
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hematopoietic and central nervous system. We 
reveal specific dosage effects of Ink4a and Arf in 
vivo, and demonstrate that Arf is a general target 
of Bmi1 in lymphoid cells, neural progenitors and 
stem cells. Importantly, particularly in neural 
stem cells deregulated expression of Ink4a 
contributes to the Bmi1 deficient phenotype, 
altogether highlighting differential, cell type-
specific requirements for Ink4a versus Arf in 
Bmi1-mediated control of cell proliferation.

Results and Discussion

Differential effects of Ink4a and Arf de-
repression in Bmi1 deficient lymphoid 
organs
Bmi1-/- mice suffer from progressive hypoplasia 
of the spleen and thymus as illustrated by a large 
reduction in lymphocyte counts (van der Lugt 
et al., 1994; Figure 1). We have previously shown 
that Ink4a/Arf is an in vivo target of Bmi1 in the 
lymphoid system (Jacobs et al., 1999). Here we 
investigated the impact of Ink4a versus Arf de-
repression on lymphocyte counts in Bmi1-/- mice. 
In the thymus but not in spleen, Arf-loss gives a 
significantly smaller rescue than Ink4a/Arf-loss, 
revealing a role for Ink4a restricting thymocyte 
growth downstream of Bmi1 (p<0.01)(Figure 
1A,C). However, loss of Ink4a alone does not 
alleviate the phenotype showing that reduction 
of Arf levels is a prerequisite (Figure 1B,D). Lack of 
rescue from Bmi1 deficiency upon Ink4a deletion 
is not unique for splenocytes. Also Bmi1-/- mouse 
embryonic fibroblasts (MEFs), which upregulate 
p16ink4a and p19arf in a dose-dependent manner 
(Figure S1A), are only rescued from premature 
senescence upon loss of Arf (Figure S1B,C). 
Intriguingly, in the Bmi1 deficient spleen but not 
in thymus, heterozygosity for either Arf or Ink4a/
Arf alleviates the reduced cell counts to a minor 
yet significant extent (p<0.001), indicating that 
specific threshold levels of Ink4a and Arf are 
required (Figure 1A,C).
Similar effects occur in the composition of the 
splenic B-cell population. Bmi1-/- mice harbor 
increased thymic populations of CD4-CD8- 
immature T-cells and a decreased number 
of splenic mature B220+sIg+ B-cells (van der 

Lugt et al., 1994; Jacobs et al., 1999). Applying 
flow cytometry using standard T- and B-cell 
differentiation markers, we found that in 
spleen, heterozygosity for either Arf or Ink4a/
Arf completely restores the relative population 
frequency of mature B-cells to wild type levels 
(Figure S2A,B). In contrast in thymus, only 
complete loss of Arf or Ink4a/Arf results in a 
relative restoration of wild type levels immature 
CD8-CD4- T-cells (Figure S2A,C).
Lastly, we questioned whether Bmi1 signals to 
the Arf-target  p53. p19Arf controls the activity 
of p53 by sequestering Mdm2, an E3 ubiquitin 
ligase for p53 (reviewed in Sherr and Weber, 
2000). As depicted in Figure 1A,C and Figure 
S1D, both lymphocyte counts and fibroblast 
proliferation are (partially) rescued upon p53 
deletion. Moreover, Mdm2 overexpression 

Figure 1. Differential effects of Ink4a and Arf dosage 
and de-repression in Bmi1-/- lymphoid organs. 
(A) Splenocyte counts are dramatically reduced in Bmi1-/- 
mice. Heterozygosity for Arf or Ink4a/Arf partially rescues 
this phenotype (p<0.01) but complete loss of Arf or Ink4a/
Arf results in a better partial rescue. p53-loss also induces 
a partial rescue. (B,D) Neither Bmi1-/- splenocyte nor 
thymocyte counts are significantly restored by loss of 
Ink4a. (C) Thymocyte counts are dramatically reduced in 
Bmi1-/- mice. Loss of the complete Ink4a/Arf locus gives a 
substantially better rescue than loss of Arf alone (p<0.05). 
Note that heterozygosity does not lead to a rescue. 
p53-loss induces a minor rescue in lymphocyte counts. 
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rescues the impaired proliferation of Bmi1-/- 
MEFs as well (Figure S1E). This strongly suggests 
that at least part of the Bmi1-/- phenotypes are 
caused by p53 activation through Arf.

Proliferation defects in Bmi1 deficient 
cerebellum reflect Ink4a and Arf 
deregulation
When investigating the neurological defects of 
Bmi1-/- mice, we recently pinpointed a reduced 
number of poorly proliferating cells of the 
cerebellar external granular layer (EGL) to be 
partially responsible (Leung et al., 2004). During 
normal early postnatal development, a wave 
of proliferation of cerebellar granule neuron 
progenitors (CGNPs) in the EGL is induced by 
Purkinje neuron secreted Sonic Hedgehog 
(Shh)(Dahmane and Ruiz-I-Altaba, 1999; 
Wechsler-Reya and Scott, 1999). In time, CGNPs 
differentiate and migrate inwards past the 
molecular layer (ML) until they reach the internal 
granule layer (IGL) where they reside as mature 
granule neurons (reviewed in Wang and Zoghbi, 
2001). We were able to link this process to PcG 
by showing that Bmi1 is a target of Shh, thus 
explaining the impaired proliferative response 
of Bmi1-/- CGNPs upon Shh stimulation (Leung 
et al., 2004). As Bmi1-/- CGNPs are still partially 
responsive to Shh, we proposed a model where 
Shh controls proliferation via at least two 
routes, i.e. through induction of N-Myc/Cyclin 
D2 (Kenney et al., 2003) and through Bmi1-
mediated repression of Ink4a/Arf.
Analysis by quantitative real-time PCR (qRT-
PCR) shows that Ink4a and to a lesser extent 
Arf expression is increased in Bmi1-/- CGNPs and 
cerebella (Figure 2A). Moreover, we demonstrate 
that stimulation of wild type CGNPs with Shh 
leads to an induction of Bmi1 protein expression 
and a concomitant significant downregulation 
of both Ink4a and Arf transcript levels, consistent 
with the idea of Shh regulating Ink4a/Arf 
through Bmi1 (Figure 2C,D). To assess to what 
extent Ink4a and Arf deregulation underlies 
the proliferative defects of Bmi1-/- CGNPs, we 
investigated the Shh response of Bmi1;Arf and 
Bmi1;Ink4a/Arf doubly deficient CGNPs and 
their respective controls. Notably, neither Arf 
nor Ink4a/Arf loss causes enhanced proliferation 

in absence of Shh in line with the multiple levels 
of regulation downstream of Shh (Figure 2B,E). 
However in the context of Bmi1 deficiency, both 
Arf-loss alone and complete loss of the Ink4a/
Arf locus rescues Shh-induced proliferation of 
Bmi1-/- CGNPs to control levels (p<0.05)(Figure 
2B,E). Notably, we observe a clear effect of 
heterozygosity for Ink4a/Arf in Bmi1-/- CGNPs 
similarly to thymus (Figure 2E).
We demonstrated earlier that loss of Ink4a/Arf 
gives a qualitative rescue of the Bmi1-/- cerebellar 
defects in vivo (Jacobs et al., 1999). Since we 
found that Arf-loss fully rescued Bmi1-/- CGNPs in 
vitro, we questioned to what extent this affects 
in vivo proliferation of cerebellar progenitor 
cells. Histological analysis revealed that the 
reduced thickness of the Bmi1-/- granular layer 
is rescued to a similar extent in either an 
Arf-/- or Ink4a/Arf-/- background (Figure 3A,B). 

Figure 2. Ink4a/Arf de-repression upon Bmi1-loss 
prevents efficient Shh-induced CGNP proliferation.
(A) qRT-PCR shows upregulation of Ink4a and Arf 
mRNA expression in Bmi1-/- CGNPs and cerebella 
(B=Bmi1,Cb=cerebellum). (B) Reduced BrdU incorporation 
in Bmi1-/- CGNPs upon Shh treatment (p<0.001) is rescued 
upon subsequent Arf-loss (p<0.01) but not by Arf 
heterozygosity. (C,D) In wild type CGNPs, Shh treatment 
induces an increase in Bmi1 protein levels and a decrease 
in Ink4a (p<0.005) and Arf (p<0.02) mRNA expression 
(Tub=tubulin). (E) Reduced BrdU incorporation in 
Bmi1-/- CGNPs upon Shh treatment is rescued by Ink4a/
Arf-loss (p<0.05) and Ink4a/Arf heterozygosity (p<0.03). 
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Surprisingly, the cell density of the Bmi1-/- IGL is 
fully rescued in an Ink4a/Arf-/- background, but 
only partially in an Arf-/- background (p<0.01) 
pointing at a subtle role for Ink4a-repression 
in the IGL in vivo (Figure 3A,C). Disturbed EGL 
proliferation can explain multiple abnormalities 
of the cerebellum. Particularly later during 
development, granule neurons signal to Purkinje 
and Basket cells to create the appropriate 
amount of arborization (Baptista et al., 1994). 
However, despite proliferation substantially 
being restored in Bmi1;Arf and Bmi1;Ink4a/
Arf deficient CGNPs, these mice still display 
neurological abnormalities. This implies that at 
least part of the Bmi1-/- cerebellar phenotype is 
due to defects in cell types other than CGNPs. 
The cerebellum originates from two germinal 
layers, the rhombic lip from which the CGNPs 
are derived, and the ventricular zone which 
gives birth to the molecular neurons (reviewed 
in Wang and Zoghbi, 2001). It is conceivable 

that Bmi1 also plays a role in cells derived from 
the ventricular zone, especially since Bmi1 is 
required for the self-renewal of adult neural 
stem cells from the subventricular zone, a 
closely related germinal layer of the cerebrum 
(see below). Indeed, we observed aberrations 
such as reduced cellularity of the molecular 
layer (Figure 3A,D) and abnormal arborization 
of basket neurons in Bmi1-/- and Bmi1-/-;(Ink4a/)
Arf-/- cerebella (Figure 3A). Interestingly, the 
reduction in ML neurons is partially rescued by 
Ink4a/Arf-loss and not significantly by Arf-loss 
(p<0.05), suggesting a role for Ink4a-repression 
in molecular layer neurons in vivo (Figure 3D). 

Neural stem cell self-renewal critically 
depends on repression of Ink4a and Arf by 
Bmi1
A stem cell is defined as a multipotent cell 
capable of extensive self-renewal. For neural 
stem cells, multipotency means the cell can 
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Figure 3. Ink4a and Arf differentially contribute to histological abnormalities of the Bmi1-/- cerebellum. 
(A) Morphological analysis of wild type (left panels), Bmi1-/- (middle-left panels), Bmi1-/-;Arf-/- (middle-right panels), 
and Bmi1-/-;Ink4a/Arf-/- (right panels) adult cerebellum. Haematoxylin and eosin (H&E, top and middle panels) staining 
shows rescue of overall cerebellar size and granular layer thickness in Bmi1-/-;(Ink4a)Arf-/- mice. Aberrant arborization of 
basket neurons (NF200 staining, bottom panels) is observed in all cerebella lacking Bmi1. Final magnification 5X and 
60X (IGL=internal granular layer, ML=molecular layer). (B) IGL area measurements reveal similar significant rescues in 
Bmi1-/-;Arf-/- and Bmi1-/-;Ink4a/Arf-/- mice. (C) Ink4a/Arf-loss induces a complete rescue of the number of Bmi1-/- granule 
neurons, whereas Arf-loss leads to a partial rescue (p<0.01). (D) The partial rescue in number of Bmi1-/- molecular 
layer neurons is significantly better in an Ink4a/Arf deficient background (p<0.05)(HPF=high power field, n=4 mice).



Ink4a and Arf differentially affect Bmi1-/- phenotypes

61

give rise to neurons and glial cells. One major 
neurogenic region in the adult cerebrum 
harboring stem cells is the subventricular zone 
(SVZ) of the lateral ventricle wall (Reviewed 
in Doetsch, 2003). Neural stem cells isolated 
from the SVZ can be grown as either adherent 
colonies or as ‘neurospheres’, floating clusters 
of stem cells and progeny (Reynolds and Weiss, 
1992; Morshead et al., 1994).
Recently, Molofsky et al., demonstrated that 
Bmi1 is essential for the self-renewal of SVZ 
derived neurospheres and that Ink4a repression 
is partially mediating this effect (Molofsky et al., 
2003). Here we set out to determine whether 
Arf is required as well. Western blot analysis 
on wild type and Bmi1 knockout cerebral 
tissue (isolated from postnatal day 30 mice) 
revealed upregulated p16Ink4a expression in the 
Bmi1-/- brain (Figure 4B). In addition, qRT-PCR 
demonstrated that alike in MEFs and cerebellum, 
Ink4a and Arf transcripts are upregulated, 

establishing Ink4a/Arf as a bona fide in vivo 
Bmi1 target (Figure 4C). Next, we prepared adult 
SVZ neural stem cell cultures at clonal density 
and assured that the vast majority of primary 
neurospheres was derived from multipotent 
stem cells by staining for neuronal and glial 
markers (Figure 4A, right panel). Strikingly, 
Bmi1-/- primary neurospheres not only form less 
frequently, but also differentiate less efficiently 
(Figure 4A, right panel) and are much smaller 
in size than control neurospheres (Figure 4A, 
left panel and Figure 4D). The latter observation 
suggests that proliferation within a Bmi1-/- 
neurosphere, reflecting the sum of cell divisions 
from self-renewing stem cells and their progeny, 
is impaired. Indeed, Bmi1-/- colonies incorporate 
far less BrdU than control colonies (Figure 4F). 
Notably, this defect in proliferation can be 
rescued by both loss of Arf and by complete 
deletion of the Ink4a/Arf locus implicating Arf as 
an important downstream effector of Bmi1 for 
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Figure 4. Accurate repression of Ink4a and Arf is required for neurosphere self-renewal.
(A,D) Phase-contrast pictures (a, left panel) and diameter measurements show that Bmi1-/- neurospheres are much smaller 
than wild types. Loss of either Arf or Ink4a/Arf completely rescues this Bmi1-/- phenotype. All primary neurospheres are 
multipotent (a, right panel). Note that Bmi1-/- spheres differentiate less efficiently (GFAP staining in green and β-tubulin-III 
in red). (B) Western blot analysis reveals increased p16ink4a expression in Bmi1-/- cerebrum (Tub=tubulin). (C) qRT-PCR shows 
increased Ink4a and Arf mRNA expression in Bmi1-/- cerebrum (Cb=cerebrum). (E) Postnatal day 7 and 30 derived Bmi1-/- 
neurospheres are severely impaired in their self-renewal capacity. Arf-loss alone gives a partial rescue of this phenotype 
(p<0.05). Removal of the complete Ink4a/Arf locus fully restores the self-renewing ability of Bmi1-/- neurospheres. Note that 
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stem cell and progenitor proliferation (Figure 
4A,F).
Next, we performed a neurosphere assay to 
specifically study stem cell self-renewal. In this 
assay, the capacity of a primary neurosphere 
to form new multipotent neurospheres after 
dissociation is measured. We report a dramatic 
decrease in the self-renewing capacity of both 
adult (P30) and postnatal day 7 derived Bmi1-/- 
neurospheres in agreement with previous 
findings (Figure 4E). Deletion of the Ink4a/Arf 
locus in Bmi1-/- neurospheres completely rescues 
this defect. Importantly, loss of Arf alone gives 
a partial rescue (p<0.05), reinforcing the earlier 
observation that proper repression of Ink4a is also 
required for neurosphere self-renewal. This does 
not simply reflect a tissue culture phenomenon 
as is highlighted by Molofsky and colleagues 
who find that Ink4a-loss partially restores Bmi1-/- 
stem cell frequency and neurogenesis in vivo 
(Molofsky et al., this issue). Upon induction of 
differentiation, all secondary neurospheres 
stained positive for neuron and astrocyte 
specific markers (data not shown). Surprisingly, 
there is a clear increase in both proliferation 
and self-renewing capacity of Arf and Ink4a/Arf 
deficient neurospheres compared to wild types 
(Figure 4E,F). This strongly suggests that the 
Ink4a/Arf locus actively restricts self-renewing 
cell divisions thus playing a role in controlling 
the stem cell compartment. Lastly, we tested 
these neurospheres for long-term self-renewal 
as for instance exhaustion of hematopoietic 
stem cells sometimes occurs after a prolonged 
period of time (Park et al., 2003). However, we 
were able to keep Bmi1-/-;Arf-/- and Bmi1-/-;Ink4a/
Arf-/- neurospheres in culture for at least five 
weekly passages, suggesting that the Bmi1 
knockout phenotype is fully reversed.  

A specific subset of PcG proteins appears 
to regulate stem cell self-renewal and 
progenitor proliferation
How could PcG distinctly regulate its target 
genes in different cell types? Emerging studies 
indicate that different ‘flavors’ of PcG complexes 
may exist (Kuzmichev et al., 2004; De Napoles et 
al., 2004). An increase in the relative amount of a 
PcG member such as Bmi1, may alter the affinity 

of a PcG complex towards the chromatin in such 
a way that for instance self-renewing divisions 
are favored (reviewed in Valk-Lingbeek et al., 
2004). Underscoring a special role for Bmi1, we 
found that loss of Ring1a or M33, PcG proteins 
belonging to the same complex as Bmi1, does 
not affect neurosphere self-renewal or CGNP 
proliferation (Figure S3A,B). Only loss of Mel18, 
the closest homologue of Bmi1, has a modest 
though not significant negative effect on these 
processes in accordance to recent observations 
in hematopoietic stem cells (Iwama et al., 2004).

It remains striking that lymphoid cell counts, 
cerebellar development, skeletal transformations 
and overall body growth in Bmi1;Ink4a/Arf 
doubly deficient mice are at best partially 
rescued (Figure 1 and 3, Supplemental table 1 
and Figure S4). Therefore, other Bmi1 regulated 
genes must exist. In line with Drosophila not 
possessing genes resembling the Ink4a/Arf locus, 
the acquisition of PcG-mediated proliferation 
control likely evolved later, perhaps reflecting 
a demand for protection of long lasting stem 
cells. Candidates for additional Bmi1 targets are 
the Hox genes. Interestingly, a subset of Hox 
genes has been implicated in mammalian brain 
development and control of hematopoiesis. 
Moreover, several Hox genes are differentially 
expressed in Bmi1-/- SVZ neurospheres (Molofsky 
et al., 2003). However, it cannot be excluded 
that a substantial number of additional targets 
exists, as PcG proteins as chromatin modifiers 
are known to act on large gene sets (Kirmizis et 
al., 2003). 

Altogether, we have demonstrated profound 
tissue and cell type specific differences in the 
effects of Ink4a versus Arf de-repression in Bmi1 
deficient mice. We propose a general role for 
Bmi1-mediated Arf/p53 repression in curtailing 
proliferation. Ink4a repression on the other hand 
is required only in a subset of cells. Furthermore, 
we show haploinsufficient effects of the Ink4a/
Arf locus in vivo selectively for certain tissues, 
and suggest that appropriate threshold levels of 
these two proteins are required to ensure proper 
proliferation. These observations implicate PcG 
proteins not only in embryonic developmental 
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fate decisions, but also in discriminative 
processes between cell cycle control of stem- 
and more differentiated cells. 

Materials and methods

Mice breeding, lymphocyte counts and flow 
cytometry
Bmi1+/- FVB or C57BL/6 mice (van der Lugt et al., 1994) 
were crossed with Ink4a/Arf+/- FVB mice (Serrano et al., 
1996), with Arf+/- FVB mice (Kamijo et al., 1997), with 
p53+/- FVB mice (Donehower et al., 1992), or Ink4a+/- 
C57BL/6 mice (Krimpenfort et al., 2001). In addition, 
Ring1a FVB mice (Del Mar Lorente et al., 2000), M33 FVB 
mice (Core et al., 1997) and Mel18 (mixed backgound) 
knockout mice (Akasaka et al., 1996) were used. All 
mice were genotyped routinely by PCR (list of primers 
available upon request). Multiple independent 
animals of the respective genotypes were assayed 
and all results were subjected to Student-T tests and 
Bonferroni correction when appropriate. Preparation 
of cell suspensions from lymphoid organs, cell counts, 
and flow cytometric analyses were done as described 
previously (Jacobs et al., 1999).
  
Western blot analysis and quantitative real-time 
PCR
Equal amounts of protein were separated on 
13% SDS-PAGE or pre-cast gels (Invitrogen) and 
blotted onto Immobilon-P membranes (Amersham 
Biosciences). Bands were visualized using enhanced 
chemiluminescence (Amersham). Primary antibodies 
were F6 for Bmi1 (Upstate), M156 for p16Ink4a (Santa 
Cruz), or R562 for p19Arf (Abcam). Secondary antibodies 
were goat-anti-mouse (ZyMed) or goat-anti-rabbit 
(BioSource), both HRP conjugated. Total RNA was 
extracted using TRIZOL reagent (Invitrogen) and cDNA 
was prepared using Superscript II RT and oligod(T)n 
primers (Invitrogen). qRT-PCR was performed with 50 
ng cDNA on an ABI PRISM 7000 using SYBR Green PCR 
mastermix (Applied Biosystems). For primer sequences 
and formulas, see Supplemental material. 

CGNP isolation and histology of cerebellar tissue
CGNP cultures were isolated from 7 days old mice 
and cultured according to established protocols 
(Wechsler-Reya and Scott, 1999; Leung et al., 2004). 
Quantification of Shh-induced proliferation was 
performed as described before (Leung et al., 2004). 
Immunocytochemistry was performed using mouse 
monoclonal anti-BrdU (DAKO) and Alexa Fluor 
m488 goat-anti-mouse (Molecular Probes). DAPI 

(Molecular Probes) was used to visualize nuclei. 
Immunohistochemistry and histological analysis were 
performed as described before (Leung et al., 2004). 

Neural stem cell isolation, neurosphere 
proliferation and self-renewal assays 
For neural stem cell isolation and culture conditions, 
see Supplemental information. To assess proliferation, 
primary adherent stem cell colonies were pulsed 
for 1 hour with 10 µM BrdU (7 days after isolation). 
Immunocytochemistry was performed as for CGNPs. 
The self-renewal capacity was determined by 
dissociating 10 days-old primary neurospheres and 
replating them in 6 well ultra-low binding plates at 
clonal density. After 10 days, the newly generated 
(secondary) neurospheres were counted. To reveal 
multipotency, primary and secondary neurospheres 
were plated onto poly-ornithine and fibronectin or 
laminin (Sigma) coated plates and differentiated for 
4 days in neurosphere medium supplemented with 
2% FBS (ICN Biochemicals). Cells were labeled with 
antibodies against GFAP (DAKO) and ß-tubulin-III 
(Sigma). Secondary antibodies were FITC conjugated 
goat-anti-rabbit and Cy3 conjugated goat-anti-mouse 
(Jackson ImmunoResearch). Nuclei were stained with 
DAPI.      
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Supplemental materials and methods

Mouse embryonic fibroblast assays
Isolation and culturing of MEFs, retroviral 
transductions and growth curves were performed as 
described previously (Jacobs et al., 1999). Retroviruses 
used were LZRS-iresGFP and LZRS-MDM2-iresGFP. To 
verify infection efficiency, virus infected MEFs were 
analyzed for GFP expression. To investigate bypass 
of premature senescence, Bmi1-/-, compound mutant, 
and control cells were transduced at the first passage 
after isolation. Their proliferative capacity was 
assessed at passage 3-4 when control Bmi1 deficient 
MEFs cease proliferation. Experiments were done with 
multiple independently isolated batches of MEFs.

Skeletal whole mount analysis
Skeletal whole mounts of newborn mice were 
prepared as described before with some modifications 
(van der Lugt et al., 1994). In short, eviscerated 
animals with the skin removed were fixed overnight 
in 96% ethanol, followed by incubation for 24-48 
hrs at 37ºC in glacial acetic acid: 96% ethanol (1:4), 
0.015% alcian blue 8GS. Skeletons were rinsed for 1 
hr in 96% ethanol, incubated for 6-24 hrs in 2% KOH, 
for 12-24 hrs in 1% KOH with 75 µg/ml alizirin red 
S, and cleared for 1 week in 1% KOH, 20% glycerol 
with daily changes. Skeletons were stored in 50% 
glycerol, 50% ethanol and scored for malformations.

qRT-PCR analysis
Primers were designed with Primer Express software. 
The amount of target, normalized to an endogenous 
reference and relative to a calibrator, was calculated 
by: 2-∆∆CT (http://docs.appliedbiosystems.com/
pebiodocs/04303859.pdf). Primer sequences were: 
β-actin sense 5’-CCTCATGAAGATCCTGACTGA-3’, 
β-actin antisense 5’-TTTATGTCACGAACAATTTCC-3’, 
Arf sense 5’-GCCGCACCGGAATCCT-3’, Arf antisense 
5’-TGGAGCAGAAGAGCTGCTACGT-3’, Arf sense 
5’-CGCTCTGGCTTTCGTGAAC-3’, Arf antisense 
5’-GTGCGGCCCTCTTCTCAA-3’, Ink4a sense 5’-
CGTACCCCGATTCAGGTGAT-3’, Ink4a antisense 
5’-TTGAGCAGAAGAGCTGCTACGT-3’, Ink4a 
sense 5’-CATCTGGAGCAGCATGGAGTC-3’, Ink4a 
antisense 5’-GGGTACGACCGAAAGAGTTCG-3’.

Neural stem cell isolation
Mice were sacrificed at postnatal day 7 or 30. Brains 
were removed and placed in ice-cold HBSS. The lateral 
wall of the SVZ was dissected, minced and washed 

with Ca2+ and Mg2+ free HBSS (Gibco). SVZ from P7 
mice was resuspended in neurosphere medium 
and subsequently triturated mechanically using a 
fire-polished Pasteur pipette. SVZ from P30 mice 
was incubated with 0.025%Trypsin/0.5mM EDTA 
(Calbiochem) and 0.001% Dnase1 (Roche) in HBSS for 
20 minutes at 37ºC, and quenched in neurosphere 
medium containing 0.015 % soy bean trypsin inhibitor 
(Roche) and 0.001% Dnase1, before mechanical 
dissociation. SVZ cells were filtered through a 40 μm 
cell strainer (Becton Dickinson) and live cells were 
counted using trypan blue (Sigma). To generate 
primary neurospheres, SVZ cells were seeded in ultra-
low binding 6 well plates (Corning) at a density of 
3000 cells/well in neurosphere medium (DMEM-F12 
supplemented with modified N2, 2 mM glutamine 
(Gibco), 6 mg/ml glucose, 14 mM NaHCO3, 5 mM HEPES 
(Sigma)) containing 20 ng/ml EGF and bFGF (R&D 
Systems). For adherent cultures, 1000 SVZ cells were 
seeded onto poly-ornithine (Sigma) and fibronectin 
(Biomedical Technologies Inc.) coated 6 well plates.

Supplemental information
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Supplemental figure 1. The Arf/p53 pathway is the main target of repression by Bmi1 in mouse embryo 
fibroblasts.
(A) Dose dependent regulation of p16ink4a and p19arf by Bmi1 as shown by Western blot analysis on lysates from 
wild type, Bmi1+/- and Bmi1-/- MEFs. (B) Growth curves of passage 3 MEFs show that Bmi1-/-;Ink4a+/- and Bmi1-/-

;Ink4a-/- MEFs both enter senescence at an equally early timepoint. (C) Growth curves demonstrate that Bmi1-/-;Arf-/- 
MEFs proliferate as well as Arf-/- MEFs, whereas at the same passage, Bmi1-/- or Bmi1-/-;Arf+/- MEFs undergo premature 
growth arrest and cease proliferation. (D) Growth curves showing that passage 4 Bmi1-/-;p53-/- MEFs proliferate to a 
similar extent as p53-/- MEFs, in contrast to Bmi1-/- MEFs which undergo premature senescence. (E) Overexpression of 
Mdm2 rescues Bmi1-/- MEFs from premature senescence. Each chart is representative for 3 independent experiments. 
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Supplemental figure 2. De-repression of Ink4a and Arf differentially affects the relative distribution of Bmi1-/- 
lymphocytes in spleen and thymus.
(A) FACS plots show that in spleen the relative population frequency of mature Bmi1-/- sIg+B220+ B-cells is 
normalized by both heterozygosity and complete loss of Arf (upper panel). In thymus, only complete loss of Arf, 
but not heterozygosity, is capable of restoring the relative distribution of Bmi1 deficient CD4-CD8- immature 
T-cell populations to control levels (lower panel). (B) Quantitative analysis of flow cytometry data shows 
that the decrease in relative levels of splenic Bmi1-/- sIg+B220+ B-cells is fully rescued by both heterozygosity 
and complete loss of Arf or Ink4a/Arf (indicated by arrows). (C) In thymus, the increase in Bmi1-/- deficient 
CD4-CD8- double negative T-cells is only fully rescued upon complete genetic removal of Arf or Ink4a/Arf. 
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Supplemental figure 3. Analysis of the role of other PcG genes 
in CGNP proliferation and SVZ neurosphere self-renewal.
(A) Subtle decrease in the proliferative response of Shh 
stimulated Mel18-/- CGNPs, whereas loss of Ring1a does not 
affect CGNP proliferation (nd=not determined). (B) Minor 
decrease in the self-renewal capacity of Mel18-/- postnatal day 
7 derived neurospheres. Note that loss of either Polycomb 
homolog M33, or Ring1a does not lead to impaired self-renewal. 

Supplemental figure 4. Loss of Ink4a/Arf 
does not rescue overall body growth of 
Bmi1 deficient mice.
At postnatal day 7 Bmi1-/- pups display a 
modest yet significant 15% reduction in body 
weight (p<0.05). This growth retardation 
phenotype of Bmi1-/- mice progressively 
persists into adulthood. The 50% reduction 
in their body weight is not significantly 
rescued by loss of either Arf or Ink4a/Arf. 
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Supplemental table 1. Genetic removal of the Ink4a/Arf locus does not lead to improvement of the Bmi1 deficient 
axial skeleton phenotypes.

Skeletal phenotype (%) Wild type Bmi1-/-
(n=8)

Bmi1-/-;Ink4a/Arf-/-
(n=7)

Cervical region
Evidence for proatlas:
     Rostral piece of bone/cartilage (C0) - 87.5              42.9
Atlas (C1):
     Split - 75              100
     (C1gC2) - 100              100
Tuberculum anterior
     C6 100 100              100
     C5 - 25                 -
Ribanlage
     C7 rudimentary rib - 93.7              92.9
     C7 small rib - 6.3              7.1
Thoracic region
# of vertebrosternal ribs:
     7 100 31.2              28.6
     6 - 68.8              71.4
# of sternebrae
     6 100 -                 -
     5 - 100              100
Lumbar region
Last rib on:
     T12 (T13gL1) - 37.5                 -
     T13 rudimentary (partial T13gL1) - 18.8              42.9
     T13 100 43.7              57.1
# of lumbal vertebrae
     5 - -              21.4
     6 100 93.7              78.6
     7 - 6.6                 -
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Polycomb group proteins are epigenetic chromatin modifiers involved in gene repression. 
They function in two distinct multimeric protein complexes: the PRC2 complex initiates the 
silencing that is maintained by the PRC1 complex. Whereas loss of PRC2 genes unequivocally 
leads to early embryonic lethality, removal of PRC1 genes causes less severe phenotypes. The 
exception to this is PRC1 member Ring1b, which is also essential for embryonic development. 
However, we now demonstrate that mice exclusively deficient for Ring1b in the central nervous 
system can survive until birth. These animals suffer from neurological malfunctions and die 
prematurely within the first month of postnatal life. They exhibit defects in neural stem cell 
proliferation and cerebellar development, possibly due to the deregulation of the Ink4a/Arf 
and Engrailed genes.

Introduction
The Polycomb Group (PcG) of proteins 
constitutes a highly conserved family of gene 
silencers. Originally, they were discovered in 
Drosophila melanogaster as repressors of the 
Homeotic genes, which are required for the 
establishment of the body plan and proper 
segmentation. Accordingly, the vertebrate 
PcG homologues were found to be involved 
in Homeobox (Hox) gene regulation as well. 
PcG proteins function in distinct multimeric 
complexes designated Polycomb repressive 
complexes 1 and 2 (PRC1 and PRC2)(Lund 
and van Lohuizen, 2004). The PRC2 complex 
initiates gene silencing and contains histone 
deacetylases and methyltransferases that 
adjust the epigenetic histone marks associated 
with repressive chromatin. Subsequently, 
PRC1 recognizes the K27 methyl mark placed 
on histone H3 by PRC2 component Ezh2 and 
associates with the chromatin to maintain the 
repressive state (reviewed in Valk-Lingbeek et 
al., 2004). Deletion of PRC2 genes causes early 
embryonic lethality in mice indicating essential 
functions in development (Faust et al., 1998; 
Donohoe et al., 1999; O’Carroll et al., 2001; Pasini 
et al., 2004). In contrast, removal of PRC1 genes 
is compatible with postnatal life, although these 

animals usually have a shortened lifespan and 
display signs of Hox transformations such as 
aberrant segmentation of the axial skeleton 
(van der Lugt et al., 1994; Akasaka et al., 1996; 
Takihara et al., 1997; Core et al., 1997; Mar 
Lorente et al., 2000). However, the exception 
is PRC1 member Ring1b (Rnf2). Deletion of this 
gene results in embryonic death suggesting that 
Ring1b has a special role in the PRC1 complex 
that cannot be compensated for (Voncken et al., 
2003). Intriguingly, recent evidence showed that 
Ring1b has an enzymatic function as it acts as E3 
ubiquitin ligase for histone H2A (de Napoles et 
al., 2004; Wang et al., 2004). Mono-ubiquitinated 
H2A (uH2A) represents approximately one tenth 
of all H2A and is enriched on the inactivated X 
chromosome (Xi) of female cells suggestive of a 
function in repression. Both PRC2 and PRC1 are 
involved in X silencing and removal of Ring1b 
leads to loss of global uH2A levels (de Napoles 
et al., 2004; Fang et al., 2004; Wang et al., 2004; 
Hernandez-Munoz et al., 2005). Interestingly, 
the ligase activity of Ring1b may be enhanced 
by binding to PRC1 protein Bmi1 through 
interactions between their N-terminal Ring 
fingers (Cao et al., 2005; Buchwald et al., 2006; Li 
et al., 2006). Bmi1 itself does not appear to have 
E3 ligase activity. Instead, it stabilizes Ring1b and 
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modulates Ring1b self-ubiquitination required 
for H2A mono-ubiquitination (Ben Saadon et al., 
2006).
Even though the in vivo relevance of H2A 
ubiquitination by the Bmi1/Ring1b complex 
remains to be elucidated, it is clear that these PcG 
genes interact genetically. Bmi1 deficient mice 
suffer from a range of developmental defects 
(van der Lugt et al., 1994). One striking feature 
is a severe reduction in size and cellularity of 
the cerebellum, which is aggravated in a Ring1b 
heterozygous background (Voncken et al., 
2003). As mentioned, homozygous deletion of 
Ring1b is early embryonic lethal and no Ring1b-/- 
embryos can be found after embryonic day 10.5 
(E10.5). Close inspection of the null embryos 
revealed an overall delay in development and 
abnormal gastrulation (Voncken et al., 2003). 
Notably, a Ring1b hypomorphic mouse was 
viable and exhibited only mild posterior Hox 
transformations underlining the importance of 
gene dosage (Suzuki et al., 2002). One possible 
explanation for the gastrulation defect may be 
that Ring1b is required for the proper execution 
of differentiation programs. Ring1b conditional 
knockout embryonic stem (ES) cells show a 
strong reduction in proliferation and increase 
in cell death (Leeb and Wutz, 2007, E.B. and 
P. van der Stoop, unpublished observations). 
The remaining cells are extremely sensitive to 
stress and prone to undergo differentiation, 
as illustrated by the untimely derepression of 
developmental genes. Concomitantly, they are 
impaired in the formation and differentiation of 
embryoid bodies (Leeb and Wutz, 2007).
Given these dramatic effects of Ring1b loss 
on early development, we wanted to address 
whether Ring1b is required for the formation 
of tissue and cells at later stages. It has been 
demonstrated that ectopic expression of Ring1b 
in the chick embryo causes neural tubes defects 
(Suzuki et al., 2002). Since heterozygosity for 
Ring1b had an additive effect on the cerebellar 
phenotype of Bmi1 null mice, we hypothesized 
that Ring1b plays a role in the central nervous 
system (CNS) and set out to investigate Ring1b 
function in this tissue. Hereto, we took advantage 
of the possibility to ablate Ring1b specifically 
from the CNS by crossing our conditional 

Ring1b knockout mouse (E.B. and Petra van der 
Stoop, unpublished) with a transgenic mouse 
expressing the Cre recombinase under the 
control of the Nestin promotor and enhancer 
(Tronche et al., 1999). Surprisingly, although 
born at submendelian ratios, mice lacking 
Ring1b expression in the CNS are viable. They 
exhibit severe progressive growth retardation, 
have problems in balance-keeping and die 
within one month after birth. Similar to Bmi1 
deficiency, Ring1b knockout neural stem cell 
proliferation is impaired and the Ring1b null 
cerebellum has a smaller size. However, the 
cerebellum also has a unique defect in foliation 
not described for other PcG mutants. It has 
been shown that loss of the Ink4a/Arf tumor 
suppressor locus can partially rescue the early 
arrest in embryonic development of Ring1b 
null embryos (Voncken et al., 2003). Here we 
demonstrate that deletion of Ink4a/Arf rescues 
the neural stem cell proliferation defect. But 
in line with recent findings that PcG genes 
control numerous genes involved in cell fate 
determination (Boyer et al., 2006; Bracken et 
al., 2006; Lee et al., 2006; Negre et al., 2006; 
Tolhuis et al., 2006; Pasini et al., 2007), we also 
provide evidence that the Engrailed genes, 
which are implicated in cerebellar development 
and foliation, are deregulated in the absence of 
Ring1b.

Results

Generation of nervous system specific Ring1b 
knockout mice
We first analyzed Ring1b protein expression in 
the wild type brain. In the adult, Ring1b is widely 
expressed throughout the brain and is detected 
in the vast majority of cells (Figure 1A). Based on 
morphology and location, these cells represent 
both neurons and glia. In the P8 (postnatal day 
8) cerebellum, Ring1b seems more strongly 
expressed in specific areas.
To achieve the nervous system specific removal 
of Ring1b, we made use of a transgenic mouse 
line (Ncre) that expresses the Cre recombinase 
under the control of the Nestin promotor and 
second intron enhancer (Tronche et al., 1999). 
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This transgene has been reported to be highly 
specific for the CNS and is expressed from E10.5 
onwards (Graus-Porta et al., 2001; Knoepfler 
et al., 2002). We crossed Ncre transgenic mice 
heterozygous for the Ring1b knockout allele 
(Voncken et al., 2003), or Ncre mice heterozygous 
for the conditional Ring1b allele (referred to as 
Ring1blox), with mice carrying two copies of the 
Ring1blox allele. The floxed region in the Ring1b 

conditional allele is similar to the deleted region 
of the knockout allele, such that Cre expression 
causes the excision of the Ring finger domain 
which is located in exons 3 and 4 (Figure 1C). 
Exact details of the targeting strategy of the 
conditional Ring1b allele will be described 
elsewhere. 
Ncre Ring1b-/lox (or Ncre Ring1blox/lox) mice were 
born at submendelian ratios indicating the 
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Figure 1. Generation of nervous system specific Ring1b deficient mice.
(A) Ring1b protein immunolabeling in different areas of the adult and neonatal wild type brain. SVZ=subventricular 
zone, P=postnatal day. (B) Immunolabeling for Ring1b in the Ncre Ring1b-/lox brain demonstrates that Ring1b protein is 
absent. (C) Targeting constructs used to generate the Ring1b knockout (R1b KO) and the Ring1b conditional knockout 
allele (R1b lox). Targeted for deletion are exons 3 and 4 containing the Ring finger domain. H=HindIII restriction 
site, E=EcoRI, X=XhoI, Blue E=exon, WT=wild type. (D) Depicted are the ratios of pups born with specific genotypes. 
According to Mendelian inheritance, equal ratios were expected. (E) Photographs of three weeks old control and Ncre 
Ring1b-/lox (indicated with the arrowhead) littermates. (F) Western blot analysis demonstrating absence of Ring1b protein 
in different regions of the brain. HC=hippocampus, CX=cortex, CB=cerebellum, WT= wild type, KO=Ring1b knockout. 
(G) qRT-PCR demonstrating absence of Ring1b mRNA in the Ncre Ring1b-/lox brain. (H) Chart representing the total body 
weight of Ring1b knockout and control littermates. (I) Chart representing the total brain weight of Ring1b knockout and 
control littermates.     
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occurrence of some pre- or perinatal death 
(Figure 1D). We could not detect any Ring1b 
protein in the brain of Ncre Ring1b-/lox mice by 
immunohistochemical staining, demonstrating 
that recombination of the floxed allele was 
efficient (Figure 1B). Western blot (Figure 1F) 
or qRT-PCR analysis (Figure 1G) confirmed the 
absence of Ring1b protein or mRNA in the 
knockout brain. Of note, inspection of other 
organs revealed no differences in Ring1b 
expression corroborating the nervous system 
specificity of the transgene (data not shown). 
Interestingly, Ring1b CNS knockout mice were 
significantly smaller than wild type littermates, a 
phenotype that became progressively stronger 
in time (Figure 1E,H). They also had a smaller 
brain than control animals (Figure 1I). Notably, 
all pups we dissected (aged between P0 and 
P16) had milk in their stomachs, making the 
growth retardation probably not the result of 
poor suckling. Another striking feature of the 
Ring1b knockout mice was their lack of control 
of movement. They displayed severe problems 
in balance-keeping and an ataxic gait, which 
is suggestive of defects in the cerebellum. 
Because of as yet unknown reasons, Ring1b 
knockout mice died prematurely. Some survived 
for approximately one month whereas others 
already died at earlier time points.

The Ring1b knockout cerebellum has 
foliation defects
The total size of the entire Ring1b knockout 
brain is greatly reduced, yet the cerebrum did 
not show any obvious gross abnormalities. 
The cerebellum on the other hand appeared 
abnormal macroscopically as some (sub)
lobules, which are also called folia, of the vermis 
and hemispheres were missing (Figure 2A). 
To decipher which (sub)lobules were absent, 
we prepared sagittal sections of adult control 
and Ring1b null cerebella. To ensure that a 
complete overview was obtained, we analyzed 
haematoxylin and eosin (H&E) stained slides at 
100 micron intervals along the entire medial-
lateral axis. In few knockout animals, complete 
separation of the hemispherical ansiform 
sublobules into Crus I and II had not occurred, 
but this was not reproducibly observed. At the 

level of the anterior vermis, we found with a high 
penetrance (5/6 animals) that the precentral 
fissure had not formed resulting in a fusion 
between the ventral (II) and dorsal lobules (III) of 
the central vermian lobe (Figure 2B).
The cerebellum is a favored model for studying 
cortical development due to its relatively simple 
histology, but the precise genetic mechanisms 
underlying the formation of its numerous folia 
remains unclear. A number of mutations leading 
to foliation defects is known, but a phenotype 
identical to the Ring1b null cerebella has not yet 
been reported. The onset of the five cardinal lobes 
of the cerebellum is present from E18.5, while 
the extensive formation of (sub)lobules does not 
occur until after birth and is therefore generally 
believed to be the result of the expansion of the 
granule neuron population (Sillitoe and Joyner, 
2007). Therefore, we histologically analyzed the 
granule neurons in control and Ring1b knockout 
cerebella. In the P8 cerebellum, when cerebellar 
granule neuron progenitor (CGNP) amplification 
is at its peak, we measured proliferation by 
determining BrdU incorporation (Figure 2C). In 
the Ring1b null cerebellum, BrdU positive cells 
were located in the outer external granular layer 
(EGL) like the control cells, indicating that they 
properly cease proliferation when they migrate 
into the inner EGL. We did observe a minor, 
reproducible reduction in the amount of BrdU 
positive cells, however this difference was not 
significant (Figure 2D). In the P25 cerebellum, 
all EGL cells had disappeared and an internal 
granular layer (IGL) revealing no abnormalities 
had developed. We also questioned whether 
there was increased cell death in the Ring1b 
deficient EGL. We stained P8 sagittal cerebellar 
sections for activated Caspase-3, but found no 
evidence for increased apoptosis in the absence 
of Ring1b (Figure 2E). Since the granule neurons 
appeared unaffected, we next focused on the 
other cellular layers: the Purkinje neuron and 
the molecular layer. As revealed by Calbindin 
staining, there were no defects in Purkinje 
neuron deposition or arborization either at P8 
(Figure 2F) or at P25 (Figure 2G). Also the Ring1b 
deficient molecular layer contained normal cell 
numbers (Figure 2G).



The role of Ring1b in the nervous system

75

Ring1b deficient neural stem cells have 
impaired proliferation
To gain further insight into the Ring1b null 
phenotype, we made use of a culture system 
that provides the opportunity to study 
proliferation and differentiation in vitro. Hereto, 
we isolated adult neural stem cells (NSCs) from 
the subventricular zone (SVZ) of the lateral 
ventricles of the cerebrum, a region known to 
have continuous neurogenesis throughout adult 
life (Alvarez-Buylla and Lim, 2004). These cells 
can be propagated as floating clusters of stem 
cells and more differentiated progeny termed 
neurospheres (Reynolds and Weiss, 1996), or 
as homogeneous adherent monolayers (Conti 
et al., 2005). However, as we were readily able 
to generate neurosphere cultures from control 
mice, the few neurospheres that formed from 
Ncre Ring1blox/lox animals could not self-renew, 

but instead attached to the plastic and entered 
a growth arrest (Figure 3A). Since we were not 
able to retrieve sufficient material from the Ncre 
Ring1b null mice, we had to change to a different 
system that would allow us to conditionally 
induce Ring1b deletion in vitro. We did this by 
crossing the Ring1b (conditional) knockout 
mouse with the CreERT2 transgenic knock in 
mouse (Feil et al., 1997, Ate Loonstra and Anton 
Berns, unpublished). This transgene consists of 
a Cre recombinase fused to the mutated ligand-
binding domain of the Estrogen receptor (ER). 
Upon addition of 4-hydroxytamoxifen (4-OHT), 
the CreER fusion protein translocates to the 
nucleus and gets access to the genome. We 
established adherent neural stem cell cultures 
from CreERT2Ring1b+/lox and CreERT2 Ring1b-/lox 
mice, plated these cells at sub-confluency and 
treated them with 4-OHT for 12 days (Figure 3B). 
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Figure 2. Ring1b deficient mice display anterior defects in cerebellar development.
(A) Photographs of Ncre Ring1b+/lox control and Ncre Ring1b-/lox cerebella showing altered foliation of the hemispheres 
(arrowhead) and reduced cerebellar size. Roman numerals refer to the vermian (sub)lobules, LS=lobulus simplex, C=Crus 
I and II, PML=paramedial lobule. (B) H&E stained midsagittal sections through the vermis reveal fusion of lobules II and 
III due to lack of the precentral fissure (indicated by arrowheads). (C) BrdU staining of the P8 cerebellum of Ring1b+/

lox control and Ncre Ring1b-/lox mice. (D) Quantification of the BrdU positive nuclei in the P8 cerebellum shows a minor, 
insignificant reduction in proliferation in the Ring1b deficient cerebellum. (E) Activated Caspase-3 staining in sagittal 
cerebellar sections containing the EGL and developing IGL reveals no differences in apoptosis. (F) Calbindin staining 
marking Purkinje neurons in the P8 cerebellum. (G) Calbindin staining marking Purkinje and molecular neurons in the 
P25 cerebellum.      
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Again we noticed that NSCs deficient for Ring1b 
ceased proliferation and appeared to undergo 
cell death. Western blot analysis (Figure 3C) and 
qRT-PCR (Figure 3D) revealed that Ring1b protein 
and mRNA was completely absent in the CreERT2 
Ring1b-/lox cells after 4 days of 4-OHT treatment. 
The reduction in proliferation was confirmed by 
a strong decline in BrdU incorporation (Figure 
3E,F).

Deletion of Ring1b causes derepression of 
the Ink4a/Arf and Engrailed genes
It had been demonstrated that the Ink4a/
Arf tumor suppressor locus was upregulated 
in Ring1b deficient embryos, and its removal 
partially alleviated the gastrulation defect 
(Voncken et al., 2003). We wanted to test if Ink4a/
Arf derepression was responsible for the Ring1b 
null phenotypes we observed. As determined 

by qRT-PCR, both p16Ink4a and p19Arf mRNA 
levels in all regions of the Ring1b knockout 
brain were elevated (Figure 4A). Subsequently, 
we performed additional mice breedings and 
isolated NSCs from CreERT2;Ring1b-/lox;Ink4a/
Arf-/-  mice. Remarkably, NSCs lacking Ring1b 
and Ink4a/Arf continue to proliferate upon 
4-OHT treatment for at least 21 days (Figure 
4B), even though Ring1b protein was already 
undetectable after 7 days and remained absent 
for the entire length of the experiment (Figure 
4C). This suggests that at least the defect in 
neural stem cell proliferation is indeed caused 
by deregulation of Ink4a/Arf. 
But since PcG genes are known to bind and 
repress a wide variety of developmental 
genes (Boyer et al., 2006; Lee et al., 2006), 
we speculated that more genes ought to be 
deregulated in the absence of Ring1b. We took 

Figure 3. Ring1b deficient neural stem cells have proliferation defects.
(A) Microphotographs showing primary neurosphere cultures from Ring1blox/lox control and Ncre Ring1blox/lox knockout 
SVZ. (B) Treatment of inducible Ring1b knockout NSCs (CreERT2 Ring1b-/lox) with 4-hydroxytamoxifen (4-OHT) for 12 days 
induces a growth arrest. (C) Western blot analysis demonstrating the absence of Ring1b in 4-OHT treated inducible 
knockout NSCs. +/lox=CreERT2 Ring1b+/lox, -/lox=CreERT2 Ring1b-/lox. (D) qRT-PCR analysis confirming reduction of 
Ring1b mRNA levels in CreERT2 Ring1b-/lox NSCs treated with 4-OHT. C=CreERT2, +/lox=Ring1b+/lox, -/lox=Ring1b-/lox. (E) 
Treatment of inducible Ring1b knockout NSCs with 4-OHT leads to a reduction in BrdU incorporation (green signal). 
Nuclei counterstained with DAPI (blue). (F) Quantification of BrdU positive nuclei demonstrates a strong reduction in 
proliferation in inducible Ring1b knockout NSCs upon 4-OHT treatment.
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a candidate approach and started to verify 
expression of genes which have a demonstrable 
function in cerebellar foliation. Surprisingly, 
we found strong increases in the expression of 
the Engrailed -1 and -2 genes in many regions 
of the Ring1b knockout brain, except for the 
cerebellum, where only Engrailed-1 showed a 
minor induction (Figure 4D,E). However, when 
we stained sagittal sections of the Ring1b 
knockout cerebellum with antibodies that 
recognize both Engrailed-1 and -2 (Figure 4F), or 
only Engrailed-1 (not shown), we did not detect 
higher Engrailed expression, nor did we find 
ectopic expression in for instance the Purkinje 
neurons.

Discussion
The complete removal of the PcG gene Ring1b 
from mice is not compatible with life as Ring1b 

knockout embryos only develop until the 
second half of embryogenesis (Voncken et al., 
2003). These embryos exhibit a general delay 
in development and gastrulation is abnormal. 
In line with this, embryonic stem cells and 
fibroblasts deficient for Ring1b are extremely 
sensitive to stress and prone to differentiate or 
undergo apoptosis (Leeb and Wutz, 2007; E.B. 
and P. van der Stoop unpublished observations). 
Therefore, it is somewhat surprising that mice 
specifically lacking Ring1b expression in the 
central nervous system, can survive until birth 
and the first weeks of postnatal life. Although 
these animals clearly suffer from neurological 
malfunctions, their smaller yet relatively normal 
brain does not immediately suggest a myriad 
of developmental problems nor does it directly 
expose the origin of the neurological defects. 
Interestingly, these mice exhibit progressive 
growth retardation which is also observed in 

Figure 4. Deregulation of genes in the absence of Ring1b.
(A) qRT-PCR analysis demonstrating reduced Ring1b mRNA (upper panel) and increased Ink4a and Arf mRNA levels (lower 
panel) in various regions of the knockout brain. C=control, KO=Ncre Ring1b-/lox, HC=hippocampus, CB=cerebellum, 
DCx=dorsal cortex, FCx=frontal cortex, ST=striatum. (B) Treatment of CreERT2 Ring1b+/lox; Ink4a/Arf-/- and CreERT2 Ring1b-/

lox; Ink4a/Arf-/- NSCs with 4-OHT reveals equal proliferative capacity in the presence and absence of Ring1b. (C) Western 
blot analysis showing that no Ring1b protein is present in floxed Ring1b null NSCs deficient for Ink4a/Arf up to 21 days 
of 4-OHT treatment. IA=Ink4a/Arf, Cre=CreERT2, R1b=Ring1b. (D) qRT-PCR showing strong transcriptional upregulation 
of the Engrailed-1 gene (En-1) throughout the Ring1b knockout brain. (E) qRT-PCR showing transcriptional upregulation 
of Engrailed-2 (En-2) throughout the Ring1b knockout brain. (F) Immunolabeling for Engrailed-1 and -2 protein in P8 
sagittal Ncre Ring1b+/lox and Ncre Ring1b-/lox cerebellar sections. 
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animals deficient for a related PcG gene, Bmi1. It 
has been assumed that Bmi1 knockout mice are 
smaller due to systemic Bmi1 absence. But the 
nervous system-specific Ring1b knockout in fact 
argues that the sole activity of PcG in brain could 
determine body size. Such phenomenon is not 
without precedent. Conditional ablation of Gli2, 
a downstream effector of the developmental 
morphogen Sonic Hedgehog (Shh), in the 
cerebellum evokes a reduction in the total body 
weight (Corrales et al., 2006). Additionally, these 
mice suffer from problems in locomotion like 
the Bmi1 and Ring1b deficient mice.
Notably, Bmi1 has previously been implicated 
in Sonic Hedgehog signaling in the cerebellum 
and in medulloblastoma, a type of brain cancer 
believed to originate from the granule neuron 
progenitors (Leung et al., 2004). It is believed that 
Bmi1 is induced by Shh to prevent expression of 
the Ink4a/Arf genes, which will allow the CGNPs 
to proliferate (Leung et al., 2004; Bruggeman et 
al., 2005). A link between Ring1b and Shh has not 
yet been demonstrated. However, it is tempting 
to speculate that such connection exists since 
there is evidence that cerebellar foliation, which 
has occurred improperly in Ring1b null cerebella, 
is governed by Shh signaling.

Ring1b deficient mice have defects in 
cerebellar foliation, a Shh-guided process
Foliation patterns vary between species and 
even within different mouse strains (Inouye and 
Oda, 1980; Cooper et al., 1991; Wahlsten and 
Andison, 1991). Since our mice were in a mixed 
FVB/C57B6 background, the fusion of lobules II 
and III might have been the result of combining 
the foliation patterns of two different strains. 
However, the control animals never displayed 
such fusion nor has it been described for any 
mouse strain, making it highly unlikely that 
inter-strain differences account for the Ring1b 
phenotype. Presumably, foliation occurs in 
distinct phases (Corrales et al., 2006). The original 
smooth surfaced cerebellar anlage is divided by 
four fissures into the five cardinal lobes. After 
birth, these lobes separate further into (sub)
lobules. In mice, cerebellar development is 
largely completed within the third postnatal 
week, but in humans development takes much 

longer and the EGL persists for approximately 
fifteen months. Notably, defects in cerebellar 
foliation in humans are associated with a 
number of clinical abnormalities underscoring 
the importance of proper foliation (Demaerel, 
2002). The specification of the cardinal lobes 
and the position of the fissures are determined 
by an unknown mechanism. But the number 
and extent of folia that arise are dose-
dependently orchestrated by Shh induced 
CGNP proliferation (Dahmane and Altaba, 1999; 
Wallace, 1999; Wechsler-Reya and Scott, 1999; 
Corrales et al., 2004; Lewis et al., 2004; Corrales 
et al., 2006). Since Shh is secreted by Purkinje 
neurons, animals lacking these cells, like the 
Lurcher and Staggerer mutants, are impaired in 
EGL formation and concomitantly in foliation 
(Sidman et al., 1962; Caddy and Biscoe, 1979; 
Wetts and Herrup, 1982; Smeyne et al., 1995). 
Shh activates the D1 and D2 Cyclins through the 
transcriptional induction of N-Myc, stimulating 
progression through the cell cycle (Ciemerych et 
al., 2002; Kenney et al., 2003; Kenney et al., 2004). 
Loss of N-Myc results in the induction of cell cycle 
inhibitors p18Ink4c and p27Kip1 and reduced CGNP 
proliferation (Knoepfler et al., 2002; Zindy et al., 
2006). Curiously, we found that in the absence 
of Ring1b, the tumor suppressor locus Ink4a/Arf 
is derepressed in all areas of the brain including 
the cerebellum. p16Ink4a is a powerful inhibitor 
of the Cyclin D/Cyclin dependent kinase (CDK) 
complexes and its ectopic expression might 
compromise the mitogenic activity of Shh (see 
also Chapters 1-3). Additionally, p19Arf controls 
proliferation through modulation of p53 activity 
and directly regulates the activity of c-Myc, an 
N-myc homologue also implicated in cerebellar 
development, providing yet another path via 
which Ring1b could affect CGNP proliferation 
and foliation (Datta et al., 2004; Qi et al., 2004; 
Zindy et al., 2006). Resuming, it would be 
worthwhile to investigate if a link between 
Shh signaling and Ring1b exists. One could for 
instance analyze patterns of Gli1 expression, 
which is commonly used as readout for active 
Shh signaling, in the Ring1b null cerebellum 
(Corrales et al., 2004; Corrales et al., 2006). But 
other mechanisms described to affect foliation 
and EGL development, like HGF-Met, BDNF-Trk 



The role of Ring1b in the nervous system

79

or BMP signaling, and Math1 or Zic1 controlled 
transcription, should be studied as well (Ben Arie 
et al., 1997; Schwartz et al., 1997; Aruga et al., 
1998; Helms et al., 2001; Ieraci et al., 2002; Qin et 
al., 2006). We recommend these investigations to 
be conducted in a defined spatial and temporal 
manner as cerebellar development is highly 
dynamic. Capturing just one single moment will 
inevitably lead to clues remaining unnoticed. 
This might also explain why we so far have only 
observed minor defects in histology. 

Possible role for Engrailed genes in cerebellar 
proliferation
Position-dependent effects can be anticipated 
in PcG mutants. PcG proteins are known to 
repress genes to variable extents at different 
locations, which is illustrated by the occurrence 
of ectopic bones in mutant mice, or extremities 
in Drosophila, at fixed places. The most obvious 
place to expect abnormalities in the Ring1b null 
cerebellum is in the anterior vermis, around the 
time the precentral fissure normally separates 
lobules II and III. Intriguingly, in the young 
cerebellum, Ring1b expression may be locally 
restricted corroborating spatial specificity. It is 
interesting that expression of Engrailed-1 and 2, 
two novel Ring1b targets that are both implicated 
in foliation, is also highly localized (see Chapter 
1). Engrailed-1 (En-1) is induced in the region of 
the cerebellar anlage at the one somite stage 
whereas Engrailed-2 (En-2) is found slightly 
later at the five somite stage. Their expression 
pattern is partially overlapping but after birth, 
Engrailed-2 becomes exclusively expressed in 
the cerebellum (Davidson et al., 1988; Davis et 
al., 1988; Davis and Joyner, 1988; McMahon et al., 
1992). Mutation in either gene causes a strong 
reduction in cerebellar size. Specific deletion of 
En-1 evokes severe or mild cerebellar defects 
depending on the mouse strain used (Wurst et 
al., 1994; Bilovocky et al., 2003). In the mild case, 
anterior defects in foliation occur together with 
abnormal projection of mossy fibers (Bilovocky 
et al., 2003). Removal of En-2 is associated 
with defects in the foliation of the vermis and 
hemispheres and altered parasagittal banding 
patterns (Millen et al., 1994; Kuemerle et al., 
1997; Herrup et al., 2005). In contrast to En-1, the 

foliation defects of the En-2 knockout are mostly 
posterior. Since Ring1b represses both En genes 
and the precise mode of action of these genes 
is not fully understood, it is difficult to predict 
of which gene the ectopic expression would 
be more likely to mediate the Ring1b foliation 
defect. Of note, an En-2 transgenic mouse also 
has foliation defects and smaller cerebellar 
size, suggesting that En-2 upregulation could 
induce Ring1b-like phenotypes (Baader et 
al., 1998; Baader et al., 1999). Generation of 
Ring1b;En-1 or Ring1b;En-2 compound mutants 
might unravel whether or not there is a genetic 
interaction. Furthermore, the Engrailed genes 
have been implicated in other areas of the brain 
such as in the mesencephalic dopaminergic 
neurons forming the substantia nigra, and in 
the serotonergic and noradrenergic neurons of 
the dorsal raphe nucleus and locus caeruleus, 
respectively (Alberi et al., 2004; Simon et al., 
2005). Therefore, it would also be interesting to 
investigate whether these areas are affected in 
the Ring1b knockout brain.

Ink4a/Arf derepression is implicated in 
Ring1b deficient phenotypes
Another obvious question is to what extent 
derepression of the Ink4a/Arf locus is involved 
in the Ring1b phenotypes. Cultured Ring1b 
knockout NSCs undergo a complete growth 
arrest, the nature of which still awaiting further 
investigation. This strong effect is rather 
surprising given the relatively mild in vivo 
phenotype. However, more careful inspection of 
sites with ongoing neurogenic activity like the 
SVZ, rostral migratory stream, olfactory bulbs 
and hippocampus might disclose subtle defects 
in in vivo NSC function. Remarkably, the Ring1b 
null NSC proliferation defect was completely 
rescued by co-deletion of the Ink4a/Arf locus 
and it would be interesting to test if removal 
of this locus can also bypass the reduced 
proliferation and increased differentiation seen 
in embryonic stem cells. However, it should 
be taken into consideration that the Ink4a/Arf 
locus is extremely sensitive to stress, especially 
when cells are transferred from hypoxic in 
vivo conditions to oxygen rich environments. 
Hence, the effect of genes controlling Ink4a/
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Arf expression may be somewhat overstated 
in tissue culture experiments. Therefore, it 
will be essential to cross brain-specific Ring1b 
knockout mice with Ink4a/Arf deficient mice, and 
analyze its relative contribution to the Ring1b 
phenotypes under physiological conditions.
Altogether we have demonstrated that, while 
early ablation of Ring1b from mice is not 
compatible with embryonic development, 
nervous-system specific removal of Ring1b 
at later stages of embryogenesis leads to 
viable animals. However, these mice suffer 
from progressive growth retardation, a lack 
of locomotive control and premature death. 
These abnormalities may be the result of stem 
cell self-renewal or cerebellar foliation defects 
and involve deregulation of the Ink4a/Arf and 
Engrailed genes.    

Materials and Methods

Mouse breedings and tissue isolation
Ring1b (conditional) knockout mice were in an FVB 
background (Voncken et al., 2003; E.B unpublished). 
Nestin-cre (Ncre) transgenic mice were originally in a 
C57/B6 background (Tronche et al., 1999), but they were 
backcrossed twice into the FVB background. CreERT2 
transgenic mice (kindly provided by dr. A. Berns) and 
Ink4a/Arf knockout mice (Serrano et al., 1996) were in 
an FVB background. For timed breedings, presence of a 
vaginal plug in the morning was considered E0.5. Mice 
were decapitated or killed with an overdose of CO2 
and tissue was instantly removed. NSCs were isolated 
and cultured as described before (Bruggeman et al., 
2005). They were maintained in defined serum-free 
NSC medium containing 20 ng/ml EGF and 10 ng/ml 
bFGF (R&D systems) as neurospheres, or as adherent 
cultures on poly-L-Ornithine (15 μg/ml) and Laminin 
(5 μg/ml, both Sigma) coated plates (Conti et al., 2005). 
All animal experiments were done in agreement with 
the ethical boards.

Cell culture experiments   
For neurosphere cultures, SVZ-derived NSCs were 
seeded at a density of <1 cell per μl medium into tissue 
culture treated plastic dishes. For 4-hydroxytamoxifen 
(4-OHT) induced floxing experiments, 300,000 NSCs 
were plated onto poly-L-Ornithine and Laminin 
coated 6 wells plates in NSC medium supplemented 
with 20 ng/ml EGF and 10 ng/ml bFGF. The following 
day, 400 nM 4-OHT (Sigma) was added and refreshed 

every other day. BrdU incorporation experiments 
were performed as described before (Bruggeman et 
al., 2005).

qRT-PCR and Western blot analysis
Quantitative real time PCR (qRT-PCR) and Western 
blotting were essentially performed as decribed 
previously (Bruggeman et al., 2005). Primer sequences 
were Ring1b-1: sense 5’-AAATGTCTCAGGCTGTGCAG 
-3’, antisense 5’-TTTCCAAGCCATCTGTTATTGCC-3’; 
Ring1b-2: sense 5’-TCGGTTTTGCGCGGATT-3’, 
antisense 5’-AGTTTTTTCCGACAGGTAGGACACT-3’; 
Ink4a sense 5’-CGTACCCCGATTCAGGTGAT-3’, 
antisense 5’-TTGAGCAGAAGAGCTGCTACGT-3’; Arf 
sense 5’-GCCGCACCGGAATCCT-3’, antisense 5’-
TTGAGCAGAAGAGCTGCTACGT-3’; Engrailed1-1 
sense 5’-TCCGTCCTCTGGTCCACG-3’, antisense 5’-
CCTTCTCGTTCTTTTTCTTCTTTAGC-3’; Engrailed1-2 
sense 5’-AGGCCAGACTGGTGCAGGT-3’, antisense 
5’-AGCTCGTGTGCCCAGAGAGT-3’; Engrailed2-1 
sense 5’-TGCACGCGCTATTCTGACC-3’, antisense 
5’-CTTCTTTGGTTTTCGGGACCT-3’; Engrailed2-2 
sense 5’-CTGCCCGAGGTCCTACAGG-3’, antisense 5’-
AAGTTGGTGATGCGATGTGG -3’. Loading controls 
were β-Actin sense 5’-CCTCATGAAGATCCTGACTGA-3’, 
antisense 5’-TTTATGTCACGAACAATTTCC-3’ and HPRT 
sense 5’-CTGGTGAAAAGGACCTCTCG-3’, antisense 5’-
TGAAGTACTCATTATAGTCAAGGGCA-3’.
For Western analysis of Ring1b expression, a mouse 
monoclonal antibody was used (1:50, kind gift of dr. 
Koseki).

Histological analysis
Tissue was formalin fixed, paraffin embedded 
and processed into 4 μm thick slices. Antigen was 
retrieved by boiling in Citrate buffer (100 mM, pH6.0), 
and endogenous peroxidase activity was removed by 
applying 3% H2O2 (Merck). Primary antibodies (mouse 
monoclonals Ring1b 1:50; Engrail-1, DSHB, 1:500; BrdU 
1:50, Dako; and Cleaved Caspase-3, 1:50 Cell Signaling; 
and rabbit polyclonals Enhb1, kindly provided by dr. A. 
Joyner, 1:200; Calbindin, Chemicon, 1:400) were added 
overnight in 5% normal goat serum. Proteins were 
visualized using appropriate secondary biotinylated 
antibodies in combination with the StreptABComplex/
HRP system according to the manufacturer’s protocols 
(Dako). For BrdU measurements, mice were injected 
intraperitoneally with 50 mg/kg BrdU two hours prior 
to sacrifice. The ratio of BrdU positive nuclei per high 
power field was determined.
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Introduction
The Polycomb group (PcG) gene and epigenetic 
silencer Bmi1 was originally identified as a 
collaborating oncogene in the induction of 
lymphoma (Haupt et al., 1991; van Lohuizen 
et al., 1991), and subsequently reported 
overexpressed in various human cancers (Valk-
Lingbeek et al., 2004). Its oncogenic function 
has mainly been contributed to its repressive 
effect on the Ink4a/Arf tumor suppressor locus 
(Jacobs et al., 1999). However, recent studies 
have demonstrated that PcG proteins bind to 
multiple regions of the genome and therefore 
should have several additional targets (Boyer 
et al., 2006; Bracken et al., 2006; Lee et al., 2006; 
Negre et al., 2006; Tolhuis et al., 2006). In line 
with this, we observed that while deletion of 
the Ink4a/Arf locus can rescue a number of Bmi1 

knockout phenotypes, other deficiencies in for 
instance the brain remain (Bruggeman et al., 
2005). Therefore, we decided to test whether 
Bmi1 is required in an Ink4a/Arf-independent 
manner for the formation of high grade glioma, 
an incurable cancer of the brain.  
Gliomas can be divided into WHO grade II-IV 
tumors (Kleihues et al., 2002). Grade II-III tumors 
consist of glial cells only and are classified as 
either astro-, oligo-, or mixed oligoastrocytomas. 
Grade IV tumors have a variable appearance 
and are sometimes referred to as glioblastoma 
multiforme (GBM). They contain necrotic areas 
surrounded by pseudopalisading tumor cells, 
regularly display hyperproliferation of the 
endothelium and sometimes exhibit neuronal 
differentiation. GBM can develop de novo 
(primary GBM) or from a preexisting lower 
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The Polycomb group and oncogene Bmi1 is required for the proliferation of various 
differentiated cells and for the self-renewal of stem cells and leukemic cancer stem cells. 
Repression of the Ink4a/Arf locus is a well described mechanism via which Bmi1 can exert 
its proliferative effects. However, we now demonstrate in an orthotopic transplantation 
model for glioma, a type of cancer harboring cancer stem cells, that Bmi1 is also required for 
tumor development in an Ink4a/Arf independent manner. Tumors derived from Bmi1;Ink4a/
Arf doubly deficient astrocytes or neural stem cells have a later time of onset and different 
histological grading. Moreover, in the absence of Ink4a/Arf, Bmi1 deficient cells and tumors 
display changes in differentiation capacity.

Significance
The Polycomb group and oncogene Bmi1 prevents premature growth arrest in most differentiated 
tissue cells and is essential for the self-renewal of several types of adult stem cells. Previous studies 
documented the Ink4a/Arf tumor suppressor locus as the main target mediating these activities. 
However, not all defects in the Bmi1 knockout mouse can be contributed to Ink4a/Arf misregulation, 
suggesting additional factors to be involved. Our current report that Bmi1 plays a novel role in 
pathways controlling proliferation, adhesion and differentiation in mouse brain cancer in an Ink4a/
Arf deficient background, highlights that Bmi1 controls multiple processes in association with genes 
other than Ink4a/Arf.
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grade glioma (secondary GBM). Interestingly, 
it has been demonstrated that human GBM 
harbors ‘tumor-initiating cells’ or ‘cancer stem 
cells’ (CSCs)(Hemmati et al., 2003; Galli et al., 
2004; Singh et al., 2004). CSCs represent a rare 
subpopulation of cells within the tumor bulk 
that has the unique capacity to give rise to new 
tumors upon transplantation. They have been 
identified in a number of solid cancers as well as 
leukemia (Lapidot et al., 1994; Bonnet and Dick, 
1997; Al Hajj et al., 2003). CSCs share features 
with normal adult stem cells like the expression 
of primitive markers and capability to self-
renew and differentiate. Consequently, genes 
controlling normal stem cells may also play a 
role in the cancer stem cell compartment. From 
this respect, it is particularly interesting that, in 
addition to a requirement for the proliferation 
of a variety of differentiated cells, Bmi1 has 
been shown to be essential for the proliferation 
and self-renewal of several adult stem cells 
among which the neural stem cells (NSCs) 
of the subventricular zone (SVZ)(Molofsky et 
al., 2003; Park et al., 2003; Leung et al., 2004; 
Bruggeman et al., 2005; Molofsky et al., 2005; 
Zencak et al., 2005). Moreover, Bmi1 is necessary 
for the propagation of leukemic stem cells and 
expressed in glioma stem cells (Hemmati et al., 
2003; Lessard and Sauvageau, 2003).
Recent advances in glioma modeling in the 
mouse have made the disease amenable 
to in vivo functional and molecular genetic 
studies (Fomchenko and Holland, 2006). Taking 
into account that the hypothesis that fully 
differentiated astrocytes act as cell of origin 
for glioma is currently challenged by studies 
demonstrating that NSCs or progenitors serve 
as source (Sanai et al., 2005; Zhu et al., 2005), 
we took advantage of an existing orthotopic 
transplantation model in which either primary 
NSCs or astrocytes are used as cell of origin 
for the disease (Bachoo et al., 2002). In this 
model, two mutations frequently found in 
GBM are employed: deficiency for Ink4a/Arf 
in combination with a constitutively active 
mutant EGF receptor (*EGFR)(Ekstrand et al., 
1992; Nishikawa et al., 1994; Zhu and Parada, 
2002). In tissue culture experiments, we 
observed that Bmi1 absence in an Ink4a/Arf 

deficient background inhibits *EGFR induced 
transformation and found this effect reflected 
in vivo. Bmi1 deficient tumors form with a 
later onset, have different histological grading 
and exhibit reduced neuronal differentiation, 
suggesting that Bmi1, independently from 
repression of the Ink4a/Arf locus, regulates 
growth and fate of glioma tumor cells.

Results

Bmi1 is required for in vitro transformation 
of Ink4a/Arf deficient astrocytes
Before studying the role of Bmi1 in the 
development of brain cancer from NSCs and 
astrocytes, we verified that Bmi1 is expressed in 
these cells in vivo (Figure 1A, S1A-B). We found 
that Bmi1 is present in most brain cells and that 
expression is particularly high in the SVZ, the 
major neurogenic region where the stem cells 
and progenitors reside. Identical results were 
obtained with Ink4a/Arf-/- mice (Figure S1C-E). 
Next, we set out to assess whether absence of 
Bmi1 has an effect on the proliferative capacity of 
cortical astrocytes. Hereto, we isolated primary 
cell cultures from cerebral cortices from 7 days 
old mice according to established methods, 
taking care to avoid the SVZ region. These 
polyclonal cultures contained approximately 
70% GFAP+ (glial fibrillary acidic protein, an 
astroglial marker) cells and were negative 
for Nestin or TuJ1 (progenitor and neuronal 
markers, respectively)(Figure S2A,C,E). Since 
in vivo (though not in vitro), GFAP also labels 
SVZ stem cells (Doetsch et al., 1999; Laywell et 
al., 2000; Imura et al., 2003; Garcia et al., 2004)
(see also Figure S10D), we investigated the 
expression of another progenitor marker, the 
carbohydrate LeX/SSEA-1/CD15 (Imura et al., 
2006). This marker is only rarely found on cells in 
our cultures and its expression is not significantly 
different between Ink4a/Arf-/- and Bmi1-/-;Ink4a/
Arf-/- cultures (Figure S2B,D). Hence, we will refer 
to these cultures as astrocytes, even if formally 
a minor contamination of more primitive cells 
cannot be ruled out.
In a 3T3 proliferation assay, Bmi1-/- astrocytes 
undergo premature growth arrest (Figure 1B). 
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Figure 1. Bmi1 is required for transformation of Ink4a/Arf-/- primary astrocytes.
(A) Immunohistochemical staining for Bmi1 protein in neurons of the cerebellum, cortex and hippocampus (middle 
and right top panels, middle bottom panel), and astrocytes of the corpus callosum (left panel). Particularly high Bmi1 
expression in the SVZ (left panel). No Bmi1 was detected in the Bmi1-/- hippocampus (right bottom panel). (B) 3T3 
proliferation assay of primary astrocyte cultures. Cells were passaged every 3 days. (C) Astrocytes engineered with LoxP 
sites flanking the Ink4a/Arf locus are transduced with Cre-recombinase or control retrovirus. They were subjected to EGF 
stimulation and serum withdrawal for 14 days and scored for morphological changes. (D) (Bmi1-/-;)Ink4a/Arf-/- astrocyte 
cultures were stimulated with EGF for 2 days (left panels) or 15 days (right panels) in the absence of serum. Note marked 
differences in transformed morphology. (E) Ink4a/Arf-/- astrocytes were transduced with retrovirus expressing an shRNA 
against Bmi1 (shBmi1) or a control shRNA against GFP (shGFP), and subsequently stimulated with EGF for 14 days in the 
absence of serum. (F) Reduced Bmi1 mRNA and (G) protein levels in astrocytes transduced with shBmi1 as demonstrated 
by qRT-PCR and Western blot analysis, respectively. (H) Induced Bmi1 mRNA and (I) protein levels upon stimulation of 
Ink4a/Arf-/- astrocytes with EGF in the absence of serum in time. Error bars represent standard deviations.
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Co-deletion of the Ink4a/Arf locus rescues 
this phenotype and immortalizes Bmi1-/- cells. 
However, de-repression of the Ink4a/Arf locus is 
not causing all Bmi1-/- abnormalities (Figure S3)
(Bruggeman et al., 2005). Therefore, we set out to 
find Ink4a/Arf-independent functions for Bmi1 
in a model system for in vitro transformation 
of Ink4a/Arf-/- astrocytes (Bachoo et al., 2002). 
In this model, primary Ink4a/Arf-/- astrocytes 
deprived from serum but stimulated with 
the growth factor EGF in defined NSC growth 
medium rapidly undergo morphological 
changes resembling loss of contact inhibition 
and acquisition of anchorage-independent 
growth, both hallmarks of transformation 
(Freedman and Shin, 1974; Wang, 2004). For 
simplicity, we will refer to this phenotype as 
EGF-induced transformation. First, we verified 

that this feature was due to Ink4a/Arf absence 
and not to contaminating progenitor cells. 
Hereto, we isolated astrocytes engineered with 
LoxP sites flanking the Ink4a/Arf locus. We only 
found clear morphological changes upon EGF 
stimulation when they were transduced with 
a Cre-recombinase, which causes the region 
between the LoxP sites to be acutely excised 
from the genome (Figure 1C). Remarkably, Ink4a/
Arf-/- cells lacking Bmi1 are completely incapable 
of adopting the transformed morphology, 
which demonstrates that Bmi1 is involved in 
transformation in an Ink4a/Arf-independent 
manner (Figure 1D). Importantly, we could 
mimic this by removing Bmi1 from Ink4a/Arf-/- 
cells using a short hairpin vector against Bmi1 
(shBmi1)(Figure 1E). This shRNA had efficiently 
removed Bmi1 mRNA (Figure 1F) and protein 

(Figure 1G). Notably, we 
observed a minor induction 
of both Bmi1 mRNA (Figure 
1H) and protein (Figure 
1I) during the process of 
transformation.
I m m u n o p h e n o t y p i c a l 
analysis revealed that both 
control and Bmi1 deficient 
cells stimulated with EGF 
for 2 weeks were positive 
for GFAP, LeX and Nestin 
(Figure 2A). If they were 
subsequently treated 
with 2% serum (FBS) for 
5 days, control cultures 
partially switched off the 
stem/progenitor markers 
and started to generate 
TuJ1+ neurons (Figure 2B). 
However, the Bmi1-/-;Ink4a/
Arf-/- populations hardly 
ever contained neurons. 
To test if rare LeX+ cells 
were responsible for these 
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Figure 2. Immunophenotypical characterization of EGF stimulated astrocytes.
(A) (Bmi1-/-;)Ink4a/Arf-/- astrocyte cultures were stimulated with EGF for 14 days in the absence of serum. They were 
stained for LeX/SSEA-1/CD15 (green, left panels), Nestin (green, middle panels) or TuJ1 (green) and GFAP (red)(right 
panels). Nuclei were counterstained with DAPI (blue). (B) Following 14 days of EGF stimulation, (Bmi1-/-;)Ink4a/Arf-/- 
astrocyte cultures were treated with 2% serum (FBS) for 5 days. They were stained for LeX/SSEA-1/CD15 (green, left 
panels), Nestin (green, middle panels) or TuJ1 (green) and GFAP (red)(right panels). Note that fewer Bmi1 deficient cells 
were TuJ1 positive. Nuclei were counterstained with DAPI (blue).
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phenotypes, we sorted both Ink4a/Arf-/- and 
Bmi1-/-;Ink4a/Arf-/- astrocyte cultures into LeX 
positive and negative fractions (Figure S4A), 
stimulated these cells for 2 weeks with EGF 
and subsequently induced differentiation for 
5 days with 2% FBS (Figure S4B). We found no 
differences between the positive and negative 
fractions, neither in transforming capacity nor 
in marker expression, suggesting that LeX+ 
cells are not exclusively capable of undergoing 

EGF-induced transformation or generating 
neurons. Importantly, LeX+ Bmi1 deficient 
fractions were no more capable of transforming 
than LeX- fractions. But we did again observe 
a dramatic reduction in the number of TuJ1+ 
cells generated, both from LeX+ and LeX- Bmi1 
deficient cells. Of note, under serum conditions, 
LeX+ fractions rapidly downregulated LeX 
expression (not shown).    
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Figure 3. BMI1 is widely expressed in normal human brain tissue and brain tumors.
(A) Immunohistochemical staining for BMI1 in different areas of the human brain. (B) Immunohistochemical staining for 
BMI1 in human neurocytoma and low grade glioma, (C) and in high grade glioma. 
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Bmi1 deficient astrocytes have an impaired 
proliferative response
For some experiments, instead of administering 
EGF, we used overexpression of a mutant 
constitutively active EGF receptor (EGFR). This 
EGFR (also EGFRvIII, ΔEGFR or *EGFR), derived 
from human glioma, confers growth factor-
independent growth on astrocytes (Ekstrand 
et al., 1992; Nishikawa et al., 1994; Holland et 
al., 1998; Bachoo et al., 2002). Under serum 
conditions, Bmi1-/-;Ink4a/Arf-/- astrocytes 
transduced with either empty vector or *EGFR 
retrovirus proliferate at a significantly lower rate 
(Figure S5A). Measuring BrdU uptake during 
*EGFR-induced transformation in serum-free 
conditions also revealed a delayed proliferative 
response in Bmi1-/-;Ink4a/Arf-/- cells (Figure 
S5B). Since Bmi1 represses Ink4a/Arf, we tested 
whether Bmi1 absence induces other cell cycle 
inhibitors. We could not find an increase in 
p15Ink4a, p21Cip1, p27Kip1 or p53 proteins (Figure 
S5C), nor could we detect any changes in mRNA 
levels for p15Ink4b, p18Ink4c or p19Ink4d (not shown). 
We did notice that in the absence of Bmi1, 
endogenous EGFR levels were increased (Figure 
S5D). 
To rule out the possibility of improper EGFR 
expression, we overexpressed either wild type 
(WT) or *EGFR in Bmi1-/-;Ink4a/Arf-/- astrocytes 
(S5F) but transformation was still impaired 

(Figure S5E). Next, we overexpressed different 
combinations of effector domain mutants of 
oncogenic H-Ras in Ink4a/Arf-/- control cells (Figure 
S6B)(Rodriguez-Viciana et al., 1997; Rangarajan 
et al., 2004) and observed that activation of at 
least two known EGFR downstream pathways 
(Ral-GEF ór PI3 kinase activation together with 
Raf pathway activation) is sufficient to induce 
transformation (Figure S6A). But as assessed by 
ERK, Akt or FAK phosphorylation, downstream 
effectors were not differentially activated by EGF 
in Bmi1 null cells, indicating that no common 
EGFR targets are mediating the phenotype 
(Figures S5G and S6E). Lastly, we established 
that inhibition of transformation of Bmi1-/-

;Ink4a/Arf-/- astrocytes is not EGFR specific since 
these cells are also resistant against H-RasV12 
or TrkB/BDNF induced transformation (Figure 
S6C,D). However, these transformation defects 
are cell type specific as we also performed a 
number of transformation assays on embryonic 
mouse fibroblasts, but here we did not find any 
differences (Figure S7).

BMI1 is expressed in human glioma and 
required for in vivo transformation and 
differentiation of Ink4a/Arf deficient 
astrocytes
In normal human brain, we find nuclear BMI1 
expression in the vast majority of cells (Figure 

Figure 4. Bmi1 is required for Ink4a/Arf-/- astrocyte transformation in vivo.
(A) Experimental set up: Ink4a/Arf-/- or Bmi1-/-;Ink4a/Arf-/- primary astrocytes were transduced with retroviruses containing 
no insert (empty vector control, EV) or mutant EGFR (*EGFR) and co-transduced with an EGFP-IRES-Luciferase construct. 
Cells were stereotactically injected into the right hemisphere of nude mice. At specific time points, tumor mass was 
determined by intraperitoneal injection of luciferine followed by quantification of the amount of light emitted. When 
mice showed signs of tumor development, tumors were isolated for histological analysis or derivation of cell cultures. 
(B) Mice injected with Ink4a/Arf-/- *EGFR astrocytes (n=13) developed brain tumors between 26 and 43 days following 
injection, mice injected with Bmi1-/-;Ink4a/Arf-/- *EGFR astrocytes (n=12) developed brain tumors significantly later, 
between 42 and 91 days (Log rank test, p=2.56.10-7). Mice injected with either Ink4a/Arf-/- EV (n=5) or Bmi1-/-;Ink4a/
Arf-/- EV astrocytes (n=5) did not develop tumors. (C) Western blot demonstrating equal *EGFR and EGFP expression 
levels in Ink4a/Arf-/- (IA) or Bmi1-/-;Ink4a/Arf-/- (BIA) astrocytes used for stereotactic injections (shown are representative 
examples of different injected cell lines). Tub=alpha tubulin. (D) Live imaging of tumor development by measuring 
bioluminescence of Ink4a/Arf-/- *EGFR versus Bmi1-/-;Ink4a/Arf-/- *EGFR tumors in time. A trend was observed in which 
Bmi1-/-;Ink4a/Arf-/- tumors developed with a later onset than control tumors. Each line represents tumor growth kinetics 
for one mouse, depicted are three representative examples for each experimental group. (E) Histological analysis of 
astrocyte-derived brain tumors. Depicted are two representative examples from each experimental group. Both 
Ink4a/Arf-/- *EGFR and Bmi1-/-;Ink4a/Arf-/- *EGFR tumors were classified as grade III anaplastic (oligo)astrocytomas or 
grade IV glioblastomas multiforme (HE panels). Pseudopalisading (indicated by arrowheads) was more pronounced 
in Bmi1-/-;Ink4a/Arf-/- tumors. 8/8 Ink4a/Arf-/- tumors showed strong Nestin positivity compared to 3/6 Bmi1-/-;Ink4a/
Arf-/- tumors (Nestin panels). 5/8 Ink4a/Arf-/- tumors were positive for the neuronal marker TuJ1 versus 1/6 Bmi1-/-;Ink4a/
Arf-/- tumors (TuJ1 panels). GFAP staining was patchy and similar between the two experimental groups (GFAP panels). 
HE=hematoxylin & eosin, TuJ1=β-tubulin III. 
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3A) similar to mice. Substantiating the idea that 
BMI1 has a function in human glioma is the 
finding that the protein is expressed in almost 
all human brain tumors analyzed, such as lower 
grade astro-, oligo-, or oligoastrocytomas and 
neurocytomas (Figure 3B), and in high grade 
gliomas and GBM (Figure 3C).
To demonstrate that Bmi1 modulates in vivo 
gliomagenesis, we made use of an orthotopic 
transplantation model in which *EGFR drives 

tumor growth of primary astrocytes (Bachoo et 
al., 2002). (Bmi1-/-;)Ink4a/Arf-/- *EGFR (or empty 
vector as control) astrocytes (Figure 4C) were 
stereotactically intracranially injected and 
allowed up to 4 months to form tumors (Figure 
4A). In addition, these cells were labeled with an 
EGFP-IRES-Luciferase construct which allowed us 
to follow tumor growth non-invasively in vivo. We 
measured the time between tumor cell injection 
and lethal tumor development and noticed a 
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dramatic prolongation of the survival of mice 
injected with Bmi1-/-;Ink4a/Arf-/- cells (Figure 4B), 
indicating that Bmi1 facilitates tumor formation. 
Notably, empty vector transduced astrocytes do 
not form tumors, demonstrating they are not 
tumorigenic. Using in vivo bioluminescence, 
we observed a trend in which Ink4a/Arf-/- *EGFR 
cells immediately formed tumors, while Bmi1-/-

;Ink4a/Arf-/- *EGFR cells first went through a lag 
phase (Figure 4D). Finally, tumor samples were 
stained for a number of molecular markers and 
histologically analyzed by human pathologists 
(Figure 4E). They resembled human glioma 
with the exception that hyperproliferation 
of the endothelium was only rarely present. 
Both Ink4a/Arf-/- and Bmi1-/-;Ink4a/Arf-/- tumors 
developed into grade III-IV (oligo)astrocytomas 
or GBM, whereby Bmi1-/-;Ink4a/Arf-/- tumors 
exhibited more pronounced pseudopalisading 
around micronecrotic areas. We did not find 
any differences in proliferation in the tumors as 
determined by PCNA positivity (Figure S8A-B). 
In line with the presence of stem cell-like cells, 
human GBM regularly exhibit glial and neuronal 
differentiation in combination with expression of 
primitive markers. Corroborating this, we found 
that the majority of Ink4a/Arf-/- tumors exhibited 
immunopositive areas for the progenitor marker 
Nestin (8/8), neuronal marker TuJ1 (5/8), and 
patchy staining for astrocytic marker GFAP (8/8)
(Figure 4E). In contrast, only 3 out of 6 Bmi1-/-

;Ink4a/Arf-/- tumors were positive for Nestin, and 
only 1 tumor expressed TuJ1. 
One explanation for the differences in tumor 
development could be that the number of cells 
capable of growing out into a tumor (i.e. the 
number of tumor-forming cells) differs between 
Ink4a/Arf-/- and Bmi1-/-;Ink4a/Arf-/- cultures. To 
address this, we isolated genomic DNA from the 
pre-injected cells and from tumor-derived cells 
and performed Southern blot analysis (Figure 
S9). We made use of the fact that the cultures 
originally had been transduced with *EGFR-
Blasticidin containing retroviruses at an MOI 
of 1. Hence we reasoned that each cell must 
have one unique integration, with the result 
that the polyclonal pre-injected populations 
should appear as a smear on the blot when 
visualized with a probe against the Blasticidin 

resistance gene. Consequently, if any selection 
had occurred during the process of tumor 
formation, the tumor-derived cell populations 
would give a banded pattern. This is exactly 
what we observed and importantly, there are 
no differences between the number of bands 
of Ink4a/Arf-/- versus Bmi1-/-;Ink4a/Arf-/- cultures 
indicating that approximately equal numbers of 
tumor-forming cells were present.   

Glial cells deficient for Bmi1 undergo 
significant changes in gene expression 
during tumorigenesis
The increased survival of mice receiving 
Bmi1-/-;Ink4a/Arf-/- cells together with the 
bioluminescence data suggesting a lag phase 
before tumor formation, led us to speculate 
that Bmi1 deficient cells undergo substantial 
changes in gene expression before emerging 
into tumors. To investigate this, we isolated 
cells from tumors and compared their gene 
expression profile to the original pre-injected 
tumor-inducing cells using oligo-microarrays. 
The control hybridizations (Ink4a/Arf-/- *EGFR, 
n=3 independent tumors) yielded an average 
of 601 outliers (Figure 5A). In contrast, when 
hybridizing Bmi1-/-;Ink4a/Arf-/- cells (n=6 
independent tumors), we obtained an average 
of 2950 outliers per experiment substantiating 
our presumption. Next, we did clustering 
analysis on the common outliers of the control 
and Bmi1-/-;Ink4a/Arf-/- array experiments 
using Genesis software (Figure 5B,D)(Sturn et 
al., 2002). The Ink4a/Arf-/- control arrays only 
had 54 outliers in common clustering into no 
obvious patterns, whereas the common outliers 
from the Bmi1-/-;Ink4a/Arf-/- arrays (551 in total) 
strongly clustered and were consistently up- or 
downregulated. These data suggest that Bmi1 
deficient cells not only undergo significantly 
more changes in gene expression during tumor 
growth, but that they need to change expression 
of a specific group of genes to compensate 
for Bmi1 absence. To obtain insight into the 
affected pathways, we analyzed the data from 
three control versus three experimental arrays 
using Ingenuity Pathway Analysis software. This 
program translates array data into ontological 
(functionally related) groups. In Figure 5C, we 
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Figure 5. Bmi1-/-;Ink4a/Arf-/- *EGFR astrocyte-derived tumor cell lines have undergone substantial changes in 
gene expression.
(A) Comparison of total outlier number between (Bmi1-/-;)Ink4a/Arf-/- *EGFR pre-injected and tumor-derived cell lines 
(n=3 and 6 experiments, respectively). Shown are the average numbers of outliers (range). Up indicates upregulated 
in the tumor cells. (B) Clustering analysis of common outliers (n=54 for the Ink4a/Arf-/- *EGFR arrays versus n=551 for 
Bmi1-/-;Ink4a/Arf-/- *EGFR arrays) demonstrates that Bmi1-/-;Ink4a/Arf-/- *EGFR tumor cells consistently change their gene 
expression profile upon injection and tumor growth. A red signal indicates higher gene expression in the tumor cells 
compared to the pre-injected astrocytes, green indicates lower gene expression. Note that we applied less stringent 
criteria when combining all 9 arrays (p>0.01 allowed for 1 data point). (C) Ontological pathway analysis reveals the 8 
most (black text) and 2 least (blue text) significantly altered ontological gene groups upon tumor development from 
Bmi1-/-;Ink4a/Arf-/- cells. n=3 Ink4a/Arf-/- versus n=3 Bmi1-/-;Ink4a/Arf-/- arrays. (D) List of the most significantly up- and 
downregulated genes in the Ink4a/Arf-/- *EGFR and Bmi1-/-;Ink4a/Arf-/- *EGFR arrays.
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show the eight most and two least significantly 
affected groups in the Bmi1-/-;Ink4a/Arf-/- arrays. 
Most striking were ‘Cellular Movement’, ‘Growth 
and Proliferation’ and ‘Tissue Development’. 

Bmi1 deficient neural stem cells give rise 
to lower grade glioma and have reduced 
differentiation capacity
Next, we set out to demonstrate that NSCs, 
another candidate ‘cell type of origin’ for GBM, 
require Bmi1 for tumor development. For 
this purpose, we isolated primary NSCs from 
Ink4a/Arf-/- or Bmi1-/-;Ink4a/Arf-/- adult mouse 
SVZ. Importantly, we maintained these cells as 
monolayers on poly-L-Ornithine and Laminin 
coated dishes (Conti et al., 2005). Under serum 
free stem cell conditions, these cultures were 
100% Nestin and LeX positive and completely 
negative for GFAP and TuJ1, implying a high 
degree of homogeneity (Figure S10A-D). When 
induced to differentiate with 2% FBS for 7 days, 
both Ink4a/Arf-/- and Bmi1-/-;Ink4a/Arf-/- NSCs 
efficiently generated GFAP and TuJ1 positive 
cells while completely switching off Nestin 
(Figure 6D, S10E-F). They were transduced 
with empty vector or *EGFR (Figure 6B) and 
subsequently stereotactically injected into the 
brain. Similar to the astrocyte experiments, we 
observed a significant increase in survival of 
mice receiving Bmi1-/-;Ink4a/Arf-/- cells (Figure 
6A), confirming that Bmi1 facilitates a rapid onset 
of tumor growth. Also, there was no difference 
in proliferation rate between the tumors at the 

time of death (Figure S8C-D). But unlike the 
astrocyte-derived tumors, we did not find any 
GBM among the Bmi1-/-;Ink4a/Arf-/- panel when 
we analyzed the tumors histologically, whereas 
a number of control tumors was diagnosed as 
such (Figure 6C). Also, none of the Bmi1 deficient 
tumors exhibited pseudopalisading. This 
suggests that in the absence of Bmi1, NSCs may 
not become fully malignant. Immunostainings 
for Nestin, GFAP and TuJ1 revealed more 
differences (Figure 6C). Both types of tumors 
were consistently positive for GFAP, but while all 
Ink4a/Arf-/- tumors (7/7) were positive for Nestin, 
only half of the Bmi1-/-;Ink4a/Arf-/- tumors (4/7) 
showed Nestin staining. Even more striking, 
the majority of Ink4a/Arf-/- (5/7) tumors strongly 
expressed neuronal marker TuJ1 versus 1/7 
Bmi1-/-;Ink4a/Arf-/- tumors. All tumors were 
negative for Neurofilament and Synaptophysin, 
while some but not all TuJ1+ tumors stained 
positive for MAP2 (not shown).
We next asked the question whether Bmi1-/-;Ink4a/
Arf-/- NSCs also would have impaired neurogenic 
capacity. Up to 10 passages (approximately 
3 weeks) following isolation, we could not 
detect any differences in neurogenic capacity 
between Ink4a/Arf-/- and Bmi1-/-;Ink4a/Arf-/- NSCs 
(Figure 6D). However at later timepoints, Bmi1-

/-;Ink4a/Arf-/- NSCs lost their ability to efficiently 
generate TuJ1+ neurons and GFAP+ astrocytes 
whereas control NSCs continued to do so up to 
at least 30 passages (Figure 6E-F, S10G). Notably, 
both control and Bmi1 deficient NSC cultures 

Figure 6. Bmi1 is required for Ink4a/Arf-/- neural stem cell transformation in vivo. 
(A) Mice stereotactically injected with Ink4a/Arf-/- *EGFR primary neural stem cells (n=6) develop brain tumors between 
32 and 50 days following injection, mice injected with Bmi1-/-;Ink4a/Arf-/- *EGFR cells (n=6) significantly later between 
28 and 80 days (Log rank test, p=0.011). Mice receiving either Ink4a/Arf-/- EV (n=5) or Bmi1-/-;Ink4a/Arf-/- EV (n=8) cells 
developed no tumors. (B) Western blot analysis demonstrates equal *EGFR expression levels in Ink4a/Arf-/- (IA) or Bmi1-/-

;Ink4a/Arf-/- (BIA) stem cells (shown are representative examples of different injected cell lines). CDK4, loading control. (C) 
Histological analysis of NSC-derived brain tumors. Depicted are two representative examples from each experimental 
group. Both Ink4a/Arf-/- *EGFR and Bmi1-/-;Ink4a/Arf-/- *EGFR tumors contained grade III anaplastic (oligo)astrocytomas. 
However, in contrast to the Bmi1-/-;Ink4a/Arf-/- *EGFR tumors, the majority of Ink4a/Arf-/- *EGFR tumors showed clear 
pseudopalisading (arrowheads) and appeared more aggressive. Some Ink4a/Arf-/- tumors were classified as grade IV 
glioblastoma multiforme (HE panels). 7/7 Ink4a/Arf-/- tumors showed strong Nestin positivity compared to 4/7 Bmi1-/-

;Ink4a/Arf-/- tumors (Nestin panels). 5/7 Ink4a/Arf-/- tumors were positive for the neuronal marker TuJ1 versus 1/7 Bmi1-

/-;Ink4a/Arf-/- tumors (TuJ1 panels). GFAP staining was similar between the two experimental groups (GFAP panels). (D) 
Primary NSCs (up to 3 weeks following isolation) were induced to differentiate with 2% FBS for 7 days and stained for 
TuJ1 (green) or GFAP (red). Nuclei were counterstained with DAPI (blue). (E) NSCs between 3 and 10 weeks following 
isolation under stem cell conditions were stained for Nestin (green, right panels). They were differentiated with 2% 
FBS for 7 days and stained for TuJ1 (green) or GFAP (red)(left panels). Note the reduced generation of TuJ1+ cells in the 
absence of Bmi1. Nuclei were counterstained with DAPI (blue). (F) Phase contrast photographs of differentiated NSCs 
between 3-10 weeks following isolation showing less cells with neuronal morphology in the absence of Bmi1.
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remained completely positive for Nestin under 
stem cell conditions (Figure 6E).
Altogether, these data demonstrate that Bmi1 
is essential for the development of high grade 
glioma from NSCs and that multipotency 
becomes lost in the absence of Bmi1, both in 
vitro and in vivo.

Discussion
Because of the many similarities between cancer 
and normal stem cells, one can assume that 

processes regulating stem cell proliferation and 
maintenance are also fundamental to cancer 
stem cells. We attempted to elucidate the role of 
PcG gene Bmi1 in the formation of glioblastoma 
multiforme, one of the cancers driven by a 
cancer stem cell subpopulation (Hemmati et al., 
2003; Galli et al., 2004; Singh et al., 2004). Bmi1 
has been demonstrated to be essential for the 
proliferation and self-renewal of leukemic stem 
cells (Lessard and Sauvageau, 2003), as well as 
normal neural stem cells by repressing the Ink4a/
Arf locus (Bruggeman et al., 2005; Molofsky et al., 
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2005). In this study, we extended our scope and 
specifically searched for Ink4a/Arf-independent 
functions of Bmi1 in brain cancer.

Bmi1 is required for proliferation and 
transformation of primary glial cells
We used an established orthotopic 
transplantation model to study transformation 
of brain cells in vitro and in vivo. Taking into 
account that the cell-of-origin for glioma 
(stem) cells is not necessarily a differentiated 
glial cell and that Bmi1 is expressed in the vast 
majority of brain cells, we aimed at analyzing 
the capacity of both primary astrocytes and 
NSCs deficient for Ink4a/Arf to transform upon 
EGF overstimulation in the absence of Bmi1. 
We would like to note that, while we have 
attempted to establish pure astrocyte and 
neural stem cell cultures in compliance with 
published methods, the current lack of markers 
definitively distinguishing between terminally 
differentiated astrocytes and more primitive 
ancestors urges for some reticence when using 
these terms.
The induction of Bmi1 protein during in vitro 
transformation already hinted at a role for Bmi1 
in this process. Indeed, whereas control Ink4a/
Arf-/- astrocytes rapidly undergo morphological 
changes typical of transformation, such as 
loss of contact inhibition and acquisition of 
anchorage independent growth, in the absence 
of Bmi1 these cells virtually lose this capacity. 
This is cell type specific as there was no such 
difference in transforming capacity of mouse 
fibroblasts. A number of alterations in cell 
physiology have been proposed to be essential 
for malignant growth (Hanahan and Weinberg, 
2000). Among these are self-sufficiency in 
growth signals, limitless replicative potential, 
insensitivity to growth-inhibitory signals, and 
tissue invasion and metastasis. The first two 
requirements are met by presence of *EGFR and 
deletion of Ink4a/Arf. The reduced proliferative 
activity of Bmi1-/-;Ink4a/Arf-/- astrocytes may 
compromise the third hallmark and thus 
underlie the transformation defect. However, 
negation to change growth mode from 
adherent towards anchorage-independent 
suggests that pathways implicated in cell-cell 

and cell-matrix interactions are impaired as well 
and this could impair the fourth trait. Curiously, 
Bmi1-/-;Ink4a/Arf-/- astrocytes can survive and 
grow in suspension when plated onto ultra low 
binding plates (unpublished data, S.B., M.v.L.), 
indicating a preference to grow adherent rather 
than a complete incapability to do so. Altering 
adhesive properties can be beneficial to tumor 
cells in different ways. First, loss of anchorage 
dependence protects cells from anoikis and 
facilitates survival during metastasis. Second, 
invasion and migration through the stroma 
entails both adhesion and remodeling of the 
extracellular matrix (Gupta and Massague, 2006). 
Notably, extensive migration throughout the 
brain is a principal feature of malignant glioma 
(Giese et al., 2003). In concert with our gene 
expression studies revealing specific changes 
in adhesion-related pathways in Bmi1-/-;Ink4a/
Arf-/- tumor cells, we propose that Bmi1 deficient 
cells are less tumorigenic due to a combination 
of altered proliferative and adhesive properties. 

Bmi1 deficiency impedes tumor growth and 
biases towards a less malignant phenotype 
By intracranial injection of astrocytes and 
NSCs, we were able to disclose a number of 
differences between tumors derived from Ink4a/
Arf-/- and Bmi1-/-;Ink4a/Arf-/- cells in vivo. Both 
when using astrocytes and NSCs, we observed 
a dramatic increase in survival of mice receiving 
Bmi1 deficient cells. This can be explained by a 
general reduction in tumor cell proliferation; 
however no such differences were evident at 
the time of death. An alternative explanation 
could be a difference in the number of ‘tumor-
initiating’ cells present in Ink4a/Arf-/- and 
Bmi1-/-;Ink4a/Arf-/- cell cultures, but Southern 
blot analysis demonstrating equal amounts 
of cells contributing to tumorigenesis argues 
against this. Another possibility is that Bmi1 
knockout cells require a substantial amount of 
time to adapt their gene expression such that a 
tumor can form. This hypothesis is supported by 
the in vivo bioluminescence data portraying the 
Bmi1-/-;Ink4a/Arf-/- tumors as residing in an initial 
phase of slow growth before emerging into a 
tumor. Corroborating this, comparison of gene 
expression profiles between pre-injected and 
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tumor cells clearly showed that Bmi1-/-;Ink4a/
Arf-/- cells have undergone significantly larger 
alterations in transcription than control cells, 
and a core group of perfectly clustering genes 
can easily be distilled. This ‘Bmi1 null profile’ 
can be dissected into a number of interesting 
gene networks. Most outstanding is the ‘Cellular 
Movement’ cluster comprising cell movement, 
migration, chemotaxis and homing. This is well in 
accordance with our finding that Bmi1 deficient 
astrocytes in culture exhibit impaired adhesive 
properties. Another significant cluster is ‘Cellular 
Growth and Proliferation’ encompassing 
networks involved in proliferation and colony 
formation. Again, this is in agreement with 
our in vitro observation that EGF-stimulated 
Bmi1-/-;Ink4a/Arf-/- cells initially have a reduced 
proliferative response. A role for a PcG gene in 
adhesion is not without precedent. A recent 
study demonstrated the involvement of Ezh2 
in the dynamics of the cytoskeleton (Su et al., 
2005). As Ezh2 also stimulates proliferation, 
regulating proliferation and adhesion could be 
a universal PcG feature.    
Because the Bmi1 deficient tumors arose at a 
later time point, we anticipated they would 
differ histologically and possibly also in terms 
of malignancy. Here a difference between the 
astrocyte- and NSC-derived tumors became 
apparent. Both Bmi1 deficient and proficient 
astrocytes gave at approximately equal ratios 
rise to gliomas, which according to human 
pathologists could be classified as grade III 
anaplastic (oligo)astrocytomas or grade IV GBM. 
Pseudopalisades, a typical feature of high grade 
glioma, were detected in all GBM-classified 
tumors. In contrast, Bmi1 deficient NSCs never 
developed into tumors higher graded than III 
and on no account showed pseudopalisading, 
whereas control cells readily did. Additionally, 
Bmi1-/-;Ink4a/Arf-/- NSC tumors appeared 
histologically distinct as they never exhibited 
extracranial growth but instead spread widely 
through the hemispheres. This discrepancy could 
relate to the cell-of-origin issue as apparently, 
astrocytes respond differently to Bmi1 absence 
than NSCs. Previous studies have ascribed 
more importance to Bmi1 function in (cancer) 
stem cells than differentiated cells (Molofsky 

et al., 2003; Liu et al., 2006; Hosen et al., 2007; 
Prince et al., 2007). However, in addition to our 
observations that Bmi1 is abundantly expressed 
in most brain (cancer) cells, we find that Bmi1 
is essential for astrocyte proliferation, which 
strongly argues that Bmi1 controls both stem 
cells and their progeny. Therefore, we would 
rather propose that either Bmi1 has additional 
functions in stem cells, or alternatively that 
stem cells are more reliant on common Bmi1 
functions. 

Bmi1 deficient glial cells and tumors exhibit 
reduced differentiation capacity 
Another altered ontological cluster in the 
Bmi1 null common profile was related to 
development (‘Tissue Development’). Knowing 
that PcG actively represses genes involved in 
fate choice during embryogenesis (Boyer et 
al., 2006; Bracken et al., 2006; Lee et al., 2006; 
Negre et al., 2006; Tolhuis et al., 2006), we 
questioned whether Bmi1 deficiency would 
lead to alterations in differentiation status of 
the tumors. In accordance with a stem cell 
component, GBM cells sometimes differentiate 
towards the neuronal in addition to the glial 
lineage (Katsetos et al., 2001; Martinez-Diaz et 
al., 2003). Both our astrocyte- and NSC-derived 
control tumors were positive for Nestin, GFAP 
and TuJ1, indicating that these tumors indeed 
differentiate into all lineages. But, GBMs can be 
infiltrated with reactive cells and are sometimes 
promiscuous in marker expression (Katsetos et 
al., 2001; Katsetos et al., 2004). Therefore, we 
interpret TuJ1 positivity as an attempt of the 
glioma cell to differentiate into the neuronal 
lineage, but do not conclude presence of 
mature neurons from this. Nonetheless, it was 
striking that Bmi1-/-;Ink4a/Arf-/- tumors stained 
less frequently positive for TuJ1, suggestive of 
impaired neuronal commitment. In addition, 
they less prominently expressed stem cell marker 
Nestin. One explanation for these observations 
is that in absence of Bmi1, the total number 
of primitive cells capable of differentiating 
is reduced due to impaired self-renewal. 
Alternatively, Bmi1 is involved in the fate choice 
of the progenitor cell. It was already shown 
that Bmi1-/-;Ink4a/Arf+/+ neurospheres fail to 
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efficiently produce neurons upon differentiation 
(Zencak et al., 2005). Also, neuroblastoma cells 
differentiating in culture and in tumors into 
Schwann-like cells (glial cell of the peripheral 
nervous system) show reduced Bmi1 protein 
expression, whereas cells differentiating into 
neuroblasts have higher levels of Bmi1 (Cui et al., 
2006; Cui et al., 2007). Moreover, acute removal or 
overexpression of Bmi1 in these cells instructed 
them to differentiate into the glial or neuronal 
lineage, respectively. Our in vitro experiments 
corroborate an Ink4a/Arf-independent role for 
Bmi1 in differentiation, since both our Bmi1 
deficient astrocytes and NSCs lost the capacity 
to generate neurons. It is conceivable that Bmi1 
has similar effects on GBM cells in vivo. 
Altogether, the novel Bmi1 characteristics 
described in this study have considerable 
implications for understanding PcG function 
in (stem) cells and cancer. Whereas previous 
attention was focused on repression of the Ink4a/
Arf locus, we now clearly demonstrate that Bmi1 
also regulates alternative pathways involved in 
proliferation, adhesion and differentiation. It is 
likely that these pathways are important both in 
the stem cell niche and in the process of tumor 
development, in particular in cancers associated 
with extensive migration and differentiation of 
tumor (stem) cells such as glioblastoma. 

Materials and methods

Mice breeding, tissue isolation and preparation of 
cell cultures
Bmi1-/- (van der Lugt et al. 1994) and Ink4a/Arf-/- mice 
(Serrano et al. 1996) were in an FVB background. For 
orthotopic transplantation studies, athymic (nude) 
FVB or Balb/c mice were used. Mice were killed by 
an overdose of CO2 instantly followed by isolation of 
brain tissue or tumors. NSCs and MEFs were isolated 
as described before (Bruggeman et al., 2005). NSCs 
were maintained in defined serum-free NSC medium 
containing 20 ng/ml EGF and 10 ng/ml bFGF (R&D 
systems) as adherent cultures on poly-L-Ornithine 
(15 μg/ml) and Laminin (5 μg/ml, both Sigma) 
coated plates (Conti et al., 2005). Primary astrocyte 
cultures were derived from 7 days old mice using 
established methods (McCarthy and de Vellis, 1980). 
Briefly, neo-cortices were isolated and washed. 
Tissue was triturated, digested for 20 minutes at 37°C 

with Trypsin EDTA (Invitrogen)/DnaseI (Boehringer 
Mannheim) solution and quenched with astrocyte 
culture medium (DMEM/F12, 10% FBS, Invitrogen). 
Cell suspensions were passed through cell strainers 
and plated in astrocyte culture medium. All animal 
experiments were done conform national regulatory 
standards, approved by the DEC.   

Expression constructs, virus preparation and 
transductions
Human WT EGFR and *EGFR derived from pLWERNL 
and pLERNL, respectively (gift from dr. W. Cavenee), 
were subcloned into retroviral expression vector 
pMSCV blasticidin. An MSCV puromycin (Clontech) 
construct containing Luciferase-IRES-GFP was 
kindly provided by dr. A. Berns. pBABEpuro TrkB and 
pBABEhygro BDNF were gifts from dr. D. Peeper. 
H-RasV12 mutants (Rodriguez-Viciana et al., 1997) 
were subcloned into MSCVpuro. For knockdown 
experiments, a pRETRO-SUPER (Brummelkamp et al., 
2002) construct containing a sequence targeting Bmi1 
(GTATTGTCCTATTTGTGAT) was used.
For retroviral transductions, see supplemental 
information.

Cell culture experiments
For 3T3 proliferation assays, cells were passaged every 
3 days and counted with a Casy counter (Shärfe-
System GmbH). BrdU incorporation assays (1 hour 
pulse of 10 μM BrdU) were done as described before 
(Bruggeman et al., 2005).
In vitro astrocyte transformation was studied by 
plating 30.000 primary cells in 6 wells plates. They 
were incubated in NSC medium containing 20 ng/ml 
EGF and scored for morphological changes after 14-
15 days. For some experiments, EGF-induced cultures 
were switched to NSC medium containing 2% FBS for 
7 days. For soft agar assays, 50.000 cells were seeded 
in 6 wells plates in DMEM containing FBS and 0.35% 
agar. Colony formation was scored after 3 weeks. 
In vitro NSC differentiation was studied by plating 
150.000 (adherent) NSCs onto poly-L-Ornithine and 
Laminin coated coverslips in 6 wells plates. They were 
incubated in NSC medium containing 2% FBS for 7 
days.
To study phosphorylation of EGFR-targets, astrocytes 
were serum starved overnight and pulsed for 15 or 45 
minutes with 20 ng/ml EGF or 10% FBS followed by 
immediate cell lysis in the presence of protease and 
phosphatase inhibitors.

Western blot analysis, immunofluorescence and 
immunohistochemistry
Western blot analysis and immunofluorescence were 
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done as described previously (Bruggeman et al., 2005). 
For LeX/SSEA-1/CD15 immunofluorescence, live cells 
were incubated with anti-LeX antibody for 30 minutes 
prior to fixation. For IHC stainings and antibodies, 
see supplemental information. Anonymous human 
brain (tumor) samples were obtained from the Free 
University Medical Centre and the Slotervaart Hospital 
(Amsterdam, The Netherlands) in agreement with the 
national code of adequate use of tissue, approved by 
the METC (medical-ethical review committee). 

Stereotactic brain injections, bioluminescence 
imaging and tumor collection
A detailed description of the stereotactic brain 
injection and bioluminescence procedures is given 
elsewhere (Kemper et al., 2006). In short, anaesthetized 
mice were placed in a stereotact and 100.000 cells 
were injected 2 mm lateral and 1 mm anterior to the 
bregma, 3 mm below the skull. For some experiments, 
tumor bearing mice were injected intraperitoneally 
with 150 mg/kg luciferin (Xenogen), anaesthetized, 
and recorded within 10-20 minutes using a cooled IVIS 
camera (Xenogen Corp) twice a week. All mice were 
monitored for tumor development for a period of 4 
months and sacrificed when they started to exhibit 
visible tumors or signs of sickness and weight loss. All 
organs were routinely analyzed to confirm the brain 
tumor to be the cause of death. Tumors were classified 
blindly by pathologists.

RNA isolation, quantitative real-time PCR and 
oligoarray analysis
qRT-PCR was performed as before (Bruggeman et 
al., 2005)(Supplemental information). Protocols 
for oligoarray analysis can be downloaded from 
microarray.nki.nl. See supplemental information 
for details. Expression data is available from the EBI 
ArrayExpress database (www.ebi.ac.uk/arrayexpress). 
EBI-ID: E-NCMF-4.
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Supplemental materials and methods

Retrovirus preparation and transductions
Ecotropic retroviral supernatants were produced 
by transfecting phoenix packaging cells growing in 
DMEM supplemented with 10% FBS (Invitrogen), 
with retroviral expression constructs using calcium-
phosphate precipitation. Viral supernatant was 
collected 48 hours following transfection. To obtain 
virus suitable for transduction of neural stem cells, 
phoenix cells were placed in neural stem cell culture 
medium 12 hours before harvesting the virus. Cells 
were transduced three times for at least 6 hours 
and allowed to recover overnight. Transduced cells 
were selected with 4 μg/ml puromycin or 10 μg/ml 
blasticidin.  

Immunohistochemical staining and antibodies
Immunohistochemical stainings were done as follows: 
tissue was formalin fixed, paraffin embedded and 
processed into 4 μm thick slides. For Nestin and Bmi1 
stainings, antigen was retrieved by boiling in Citrate 
buffer (100 mM, pH6.0). Endogenous peroxidase 
activity was removed by applying 3% H2O2 for 
10 minutes. Primary antibodies (Nestin 1:200, BD 
Transduction Labs, GFAP 1:400, β-Tubulin III 1:1000) 
were added overnight in 5% normal goat serum. 
GFAP and β-Tubulin III were visualized using the 
EnVision Detection System in combination with DAB, 
Liquid according to the manufacturer’s protocols 
(Dako). Nestin was detected by applying biotinylated 
Goat-anti-Mouse IgG in combination with the 
StreptABComplex/HRP system (Dako). Bmi1 (1:50, F6, 
Upstate) was incubated overnight in 1% BSA solution 
and further detected using the PowerVision kit 
according to manufacturer’s protocols (Immunologic, 
The Netherlands).
Antibodies used for Western blotting were mouse 
monoclonals against Akt (2H10, 1:1000, Cell Signaling), 
β-Actin (AC-15, 1:5000, Gene Tex), Bmi1 (1:500, F6, 
Upstate), BrdU (1:50, Dako), p27Kip1 (Clone 57, 1:1000, 
BD Transduction Labs), phospho-ERK (phospho-
p44/42 MAPK, E10, 1:1000, Cell Signaling), α-Tubulin 
(DM-1A, 1:500), β-Tubulin III (1:1000, both Sigma) and 
Ras (1:500, BD Transduction Labs); rabbit polyclonals 

against CDK4 (C-22, 1:1000, Santa Cruz), EGFR (AB-17, 
1:400, Neomarkers), ERK (1:1000, Cell Signaling), GFAP 
(1:400, Dako), GFP (1:10000, J. Neefjes), phospho-Akt 
(1:1000), phospho-FAK (1:1000, both Cell Signaling), 
p15Ink4b (1:1000, K-18), p21Cip1 (1:500, C-19), and TrkB 
(1:200, H-181, all Santa Cruz), and sheep polyclonal 
against p53 (1:750, Ab-7, Oncogene). 
Antibodies used for immunofluorescence were mouse 
monoclonals against β-Tubulin III (1:1000, Sigma), 
LeX/SSEA-1/CD15 (1:200, MMA, Pharmingen), Nestin 
(1:500, BD Transduction Labs); and rabbit polyclonal 
against GFAP (1:400, DAKO).   

Southern blot analysis
Genomic DNA was isolated from pre-injected and 
tumor cells and digested overnight with EcoRI. DNA 
was separated on an agarose gel and blotted to a 
charged nylon membrane (Hybond N+, Amersham). 
A 400 bp probe containing the coding sequence of 
the blasticidin resistance gene was randomly labeled 
with α-[32P]dATP and hybridized overnight to the 
blot. Bands were visualized using a Phosphorimager 
(Fujifilm FLA-3000).

Quantitative real time PCR and oligoarray analysis
Primer sequences were Bmi1-1: sense 5’-
TGGAGACCAGCAAGTATTGTCCTA-3’, antisense 5’-
CTTATGTTCAGGAGTGGTCTGGTTTT-3’ and Bmi1-2: 
sense 5’-AAGAAGAGATTTTTATGCAGCTCACC-3’, 
antisense 5’-GAGCCATTGGCAGCATCAG-3’. 
For oligoarray analysis, cells were harvested in TRIzol 
(Invitrogen), cDNA was generated from DNase treated 
RNA (Qiagen) and amplified using the SuperScript 
RNA amplification system (Invitrogen). Antisense RNA 
was labeled with Cy5 or Cy3 (ULS system, Kreatech 
Biotechnology) and hybridized onto oligoarrays 
(32K NKI Oligo Microarrays, The Netherlands Cancer 
Institute) using a TECAN HS4800 hybridization station. 
After scanning (Agilent Technologies), arrays were 
analyzed using ImaGene software (Biodiscovery). 
Further data analysis was carried out with Genesis 
(Sturn et al., 2002) and Ingenuity Pathway Analysis 
(Ingenuity Systems) software.

Zhu, Y., Guignard, F., Zhao, D., Liu, L., Burns, D.K., Mason, R.P., 
Messing, A., and Parada, L.F. (2005). Early inactivation of p53 
tumor suppressor gene cooperating with NF1 loss induces 
malignant astrocytoma. Cancer Cell 8, 119-130.

Zhu, Y. and Parada, L.F. (2002). The molecular and genetic basis 
of neurological tumours. Nat. Rev. Cancer 2, 616-626.
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Flow cytometrical analysis and cell sorting
For GFAP and Nestin stainings, cell suspensions were 
fixed with 4% formaldehyde for 10 minutes at room 
temperature and subsequently permeabilized with 
0.3% triton/PBS for 4 minutes at room temperature. 
Primary and appropriate secondary antibodies (1:200 
in 0.25% BSA/PBS) were applied for 1 hour on ice. Cells 
were analyzed on a FACSCalibur (Becton Dickinson) 
using Cell Quest Pro software. For LeX stainings and 
cell sorting, live cells were incubated with anti-LeX 
antibody (1:200, 1%FBS/PBS) for 1 hour on ice. Next, 
they were incubated with Goat-anti-Mouse IgM-
FITC conjugated secondary antibody (1:200, Jackson 
ImmunoResearch) for 1 hour on ice. Cells were 
analyzed on a FACSCalibur, or sorted using a MoFlo 
High Performance cell sorter (Dako) or FACSAria 
cell sorting system (Becton Dickinson). LeX positive 
and negative fractions were collected in 20% FBS-
containing DMEM-F12 (Invitrogen). To verify (absence 
of ) LeX expression, sorted fractions were allowed to 
adhere to glass coverslips for approximately 8 hours 
and analyzed with a fluorescence microscope. For EGF 
transformation assays, sorted fractions were kept in 
culture for 1-2 weeks to obtain sufficient cell numbers. 
Experiments were performed similarly as described in 
Materials and Methods.  
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Supplemental figure 1. Bmi1 is expressed in the main cell types of the brain.
(A) Immunohistochemical staining of serial sections of various regions of the wild type mouse brain for Bmi1, GFAP and 
TuJ1 demonstrating co-expression of Bmi1 with these markers. (B) Immunohistochemical staining of a sagittal section 
of a wild type brain for Bmi1 at low magnification revealing broad Bmi1 expression. (C) Immunohistochemical staining 
on serial sections of the (Bmi1-/-;)Ink4a/Arf-/- corpus callosum for Bmi1 and GFAP. (D) Immunohistochemical staining on 
serial sections of the (Bmi1-/-;)Ink4a/Arf-/- cortex for Bmi1 and TuJ1. (E) Immunohistochemical staining on serial sections 
of the (Bmi1-/-;)Ink4a/Arf-/- SVZ region for Bmi1, Nestin and GFAP.

Supplemental figure 2. No differences in marker expression were found following characterization of primary 
Ink4a/Arf-/- and Bmi1-/-;Ink4a/Arf-/- astrocyte cultures.
(A-C) Immunofluorescence staining for stem cell markers Nestin and LeX, and differentiation markers GFAP and TuJ1 on 
primary Ink4a/Arf-/- and Bmi1-/-;Ink4a/Arf-/- astrocyte cultures under serum conditions. (D) Flow cytometrical analysis for 
LeX expression demonstrated no significant differences between Ink4a/Arf-/- (average of 1.75% positive cells) and Bmi1-

/-;Ink4a/Arf-/- (1.15% positive cells) primary astrocyte cultures. (E) Flow cytometrical analysis for GFAP expressing cells in 
primary astrocyte cultures. On average, 70-73% of the population is positive for GFAP.
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Supplemental figure 3. Not all Bmi1-/- phenotypes are rescued by Ink4a/Arf deletion.
(A) The overall growth retardation due to Bmi1 deficiency is not rescued by co-deletion of the Ink4a/Arf locus. Upper 
panel: Wild type mouse, right; Bmi1-/-, left. Lower panel: Ink4a/Arf-/- mouse, bottom; Bmi1-/-;Ink4a/Arf-/-, top. (B) Body 
weight of Bmi1 deficient newborn and adult mice. Error bars represent standard deviation. 

Supplemental figure 4. LeX positive and negative cells respond similarly upon EGF induced transformation and 
subsequent serum treatment.
(A) Immunostaining for LeX/SSEA-1/CD15 (green) on sorted LeX positive (+) and LeX negative (-) Ink4a/Arf-/- and Bmi1-

/-;Ink4a/Arf-/- astrocyte cultures. Cells were allowed to attach to glass coverslips for 8 hours following cell sorting. Nuclei 
stained with DAPI (blue). (B) LeX positive (+) and negative (-) fractions were stimulated with EGF under serum free 
conditions for 15 days, and stained for LeX (green, left panels), or TuJ1 (green) and GFAP (red)(middle left panels). 
Subsequently, they were incubated with 2% FBS for 7 days and stained for LeX (green, middle right panels), or TuJ1 
(green) and GFAP (red)(right panels). Note that there are no differences in marker expression between + and - fractions. 
Nuclei were stained with DAPI (blue).
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Supplemental figure 5. Bmi1-/-;Ink4a/Arf-/- astrocytes have reduced proliferative capacity.
(A) Bmi1-/-;Ink4a/Arf-/- astrocytes expressing *EGFR or empty vector (EV) display reduced proliferative capacity compared 
to controls in a 3T3 proliferation assay (p=4.824.10-7 and p2.2.10-16, respectively, F-test). Error bars represent standard 
deviation. (B) Proliferative response of primary astrocyte cultures upon EGF stimulation as measured by BrdU uptake. 
Each bar represents the average of duplicate experiments from two independent cell lines, error bars indicate 
standard deviation. (C) Western blot showing that cell cycle inhibitors p15ink4b, p21cip1, p27kip1 and p53 are not induced 
in the absence of Bmi1. IA=Ink4a/Arf-/-, BIA=Bmi1-/-;Ink4a/Arf-/-, EV=empty vector, *=*EGFR, C=control cells, b(beta)
Actin=loading control. (D) Endogenous EGFR expression levels in primary Ink4a/Arf-/- and Bmi1-/-;Ink4a/Arf-/- astrocytes. 
Tub=alpha tubulin. (E) EGF induced transformation of Ink4a/Arf-/- and Bmi1-/-;Ink4a/Arf-/- astrocytes overexpressing wild 
type (WT, not shown) or *EGFR (and EGF stimulation in case of WT EGFR). (F) Expression levels of WT EGFR and *EGFR 
in (Bmi1-/-;)Ink4a/Arf-/- astrocytes as demonstrated by Western blot. (G) Serum starved (Bmi1-/-;)Ink4a/Arf-/- astrocytes 
transduced with WT EGFR properly phosphorylate EGFR targets upon 15 minutes serum (control) or 15-45 minutes EGF 
stimulation as demonstrated by Western blot.

Supplemental figure 8. Proliferation rates are equal in Ink4a/Arf-/- and Bmi1-/-;Ink4a/Arf-/- tumors.
(A) Ink4a/Arf-/- and (Bmi1-/-;)Ink4a/Arf-/- astrocyte-derived tumors were stained immunohistochemically for proliferation 
marker PCNA. (B) The ratio of PCNA positive cells of 6-8 independent astrocyte-derived tumors (2 high power fields 
per tumor) per genotype were determined and plotted in a diagram. (C) Ink4a/Arf-/- and (Bmi1-/-;)Ink4a/Arf-/- neural stem 
cell-derived tumors were stained immunohistochemically for proliferation marker PCNA. (D) The ratio of PCNA positive 
cells of 6 independent neural stem cell-derived tumors (2 high power fields per tumor) per genotype were determined 
and plotted in a diagram.

D

F

A B C

G

0 1 2 3 4 5 6

20

40

0

60

80

100

120

140

To
ta

l c
el

ls
 (1

0*
E

5)

Passage number

Ink4a/Arf-/- *EGFR
Ink4a/Arf-/- EV
Bmi1-/-;Ink4a/Arf-/- *EGFR
Bmi1-/-;Ink4a/Arf-/- EV

E
Time (days)

0

10

20

30

40

50

60

70

0 3 0 1 3 6

EV *EGFR

B
rd

U
 p

os
iti

ve
 c

el
ls

 (%
)

Ink4a/Arf-/-
Bmi1-/-;Ink4a/Arf-/-

B
m

i1
-/-

In
k4

a/
A

rf-
/-

In
k4

a/
A

rf-
/-

200 m

* * * *E
V

E
V

E
V

E
V

p1
5-

/-
C

BIAIA

EGFR
Bmi1
p53

p27

p21
p15

bActin

IA

EGFR
Tub

B
IA

B
IA

IA

*EGFR

Tub

WT EGFR
BIA IA

EGFR

pERK

ERK

pAkt

Akt

pFAK

Tub

Serum
starved

45’
EGF

15’
EGF

IAIAB
IA

B
IA

IAIAB
IA

B
IA

IAIAB
IA

B
IA

IAB
IA

15’
Serum

B D

P
C

N
A 

po
si

tiv
e 

ce
lls

 (%
)

20

0

40

60

80

100

Ink4a/Arf-/- Bmi1-/-
Ink4a/Arf-/-

P
C

N
A 

po
si

tiv
e 

ce
lls

 (%
)

20

0

40

60

80

100

A Ink4a/Arf-/- Bmi1-/-;Ink4a/Arf-/- Ink4a/Arf-/- Bmi1-/-;Ink4a/Arf-/-C

50 m 50 m

Ink4a/Arf-/- Bmi1-/-
Ink4a/Arf-/-



Bmi1 controls glioma development and fate

109

A

C

B D

E
EVRasV12

RasV12-G37RasV12-S35 RasV12-C40

RasV12-S35/G37/C40

RasV12-S35/G37 RasV12-S35/C40 RasV12-G37/C40

200 m

RasV12 TrkB/BDNF

In
k4

a/
A

rf-
/-

B
m

i1
-/-

In
k4

a/
A

rf-
/-

100 m

E
V

R
as

v1
2

R
as

v1
2-

C
40

R
as

v1
2-

G
37

R
as

v1
2-

S
35

R
as

v1
2-

C
40

/G
37

R
as

v1
2-

C
40

-S
35

R
as

v1
2-

S
35

/G
37

R
as

v1
2-

C
40

/G
37

/S
35

Ras

FAK

IAE
V

B
IA

Ras

Ras
Tub

E
V

IA B
IA

TrkB/BDNF

TrkB
Tub

Bmi1
pERK
ERK
pAkt
Tub

IAIAB
IA

B
IA

Serum
starved

IAIAB
IA

B
IA

45’
EGF

IAIAB
IA

B
IA

15’
EGF

IAB
IA

15’
Serum

B EV

In
k4

a/
A

rf-
/-

B
m

i1
-/-

In
k4

a/
A

rf-
/-

WT EGFR *EGFR RasV12 TrkB/BDNF

400 m

A EV

In
k4

a/
A

rf-
/-

B
m

i1
-/-

In
k4

a/
A

rf-
/-

WT EGFR *EGFR RasV12 TrkB/BDNF

400 m

Supplemental figure 6. Mechanism of Ink4a/Arf-/- astrocyte transformation.
(A) Analysis of the transformation capacity of effector-loop mutants of oncogenic H-Ras towards Ink4a/Arf-/- astrocytes 
(H-rasV12Y40C, PI3K pathway; H-rasV12E37G, Ral-GEF pathway; H-rasV12T35S; Raf pathway; EV, empty vector). (B) Western 
blot analysis demonstrates equal RasV12 (mutants) expression levels in Ink4a/Arf-/- astrocytes. FAK, loading control. 
(C) Western blot analysis demonstrating equal expression of H-rasV12 and TrkB in Ink4a/Arf-/- and Bmi1-/-;Ink4a/Arf-/- 
astrocytes. Tub=alpha tubulin. (D) (Bmi1-/-);Ink4a/Arf-/- astrocytes were transduced with H-rasV12 or TrkB/BDNF containing 
retroviruses and scored for transformed morphology after 15 days. (E) Serum starved (Bmi1-/-;)Ink4a/Arf-/- astrocytes 
properly activate downstream targets of the (endogenous) EGF receptor, as demonstrated by phosphorylation of ERK 
and Akt by 15 minutes of serum (control) or 15-45 minutes of EGF stimulation on Western blot.

Supplemental figure 7. Transformation of primary astrocytes and mouse embryonic fibroblasts in soft agar 
assays.
(A) *EGFR, RasV12 or TrkB/BDNF transduced (Bmi1-/-;)Ink4a/Arf-/- astrocytes or (B) mouse embryonic fibroblasts were 
allowed to form colonies in soft agar for three weeks.
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Supplemental figure 9. Southern blot analysis demonstrates equal 
numbers of tumor-initiating cells present in Ink4a/Arf-/- and Bmi1-/-

;Ink4a/Arf-/- astrocyte cultures.
The original, pre-injected cell cultures were transduced with *EGFR-
carrying retroviruses with an MOI of 1 resulting in one unique integration 
per cell. Hence, genomic DNA from pre-injected and tumor-derived cells 
could be analyzed for the retention of these retroviral integrations during 
tumor development, thereby revealing the number of cells contributing 
to the tumor. A probe against the Blasticidin resistance gene of the *EGFR-
containing virus was used.

Supplemental figure 10. Characterization of primary Ink4a/Arf-/- and Bmi1-/-;Ink4a/Arf-/- neural stem cell cultures. 
(A) (Bmi1-/-;)Ink4a/Arf-/- NSC cultures under serum free stem cell conditions were immunolabeled for LeX/SSEA-1/CD15. 
(B) (Bmi1-/-;)Ink4a/Arf-/- NSC cultures under serum free stem cell conditions were analyzed flow cytometrically either 
with a control antibody or with an anti-LeX antibody, demonstrating both cultures to be 100% LeX+. (C) (Bmi1-/-;)Ink4a/
Arf-/- NSC cultures under serum free stem cell conditions were immunolabeled for Nestin. (D) (Bmi1-/-;)Ink4a/Arf-/- NSC 
cultures under serum free stem cell conditions were immunolabeled for GFAP (middle panels) and TuJ1 (right panels). 
(E) (Bmi1-/-;)Ink4a/Arf-/- NSC cultures were induced to differentiate for 7 days with 2% FBS and immunolabeled for Nestin. 
(F) (Bmi1-/-;)Ink4a/Arf-/- NSC cultures were induced to differentiate for 7 days with 2% FBS and immunolabeled for GFAP 
(middle panels) and TuJ1 (right panels). (G) (Bmi1-/-;)Ink4a/Arf-/- NSC cultures under serum free stem cell conditions (EGF, 
top panels) or incubated for 7 days with 2% FBS (2% FBS, bottom panels), were analyzed flow cytometrically for Nestin 
(left panels) or GFAP expression (right panels).
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Bmi1 deficient neural stem cells have increased 
Integrin-dependent adhesion to self-secreted matrix
Sophia W.M. Bruggeman, Danielle Hulsman and Maarten van Lohuizen

Previously it was shown that Bmi1 deficient glial cells in an Ink4a/Arf null background are 
impaired in the formation and differentiation of high grade glioma, an incurable type of 
cancer of the brain. Gene expression analysis demonstrated that mechanisms regulating cell 
adhesion and migration were specifically altered in the absence of Bmi1 in these tumors. We 
here describe that Bmi1;Ink4a/Arf doubly deficient neural stem cells have altered Collagen 
metabolism, secrete increased amounts of extracellular matrix molecules, and exhibit 
enhanced cell-matrix binding through the Beta-1 Integrin receptors. We speculate that these 
features affect tumor development.

Introduction
During embryonic development, the mouse 
nervous system becomes populated with cells 
derived from two germinal layers, the rhombic 
lip giving rise to the cerebellar granular neurons 
and the ventricular zone forming most other 
types of neurons and glial cells (Donovan and 
Dyer, 2005). Cerebellar neurogenesis continues 
for several days after birth but in the adult 
animal, the majority of cells has become post-
mitotic. However, in two distinct brain regions 
new neurons continue to be generated far into 
adulthood. These areas, termed subventricular 
zone (SVZ) and subgranular zone (SGZ), are 
located along the lateral ventricles and in the 
dentate gyrus of the hippocampus, respectively 
(Alvarez-Buylla and Lim, 2004). Their overall 
organization is strikingly similar: astrocytic cells 
in close proximity of blood vessels and basal 
laminae give through the odd cell division rise to 
progenitors, which eventually migrate away from 
the germinal zone and differentiate into mature 
neurons. Most SVZ cells become interneurons 
of the olfactory bulb which they reach by 
migrating along the rostral migratory stream 
(RMS). However, a small subset of progenitors 
becomes dedicated to the oligodendrocytic 
lineage and moves towards the corpus callosum, 
striatum and fornix instead (Menn et al., 2006). 
Furthermore, it has been demonstrated that in 
case of brain injury, SVZ cells can invade the 
lesion in an attempt to repopulate the damaged 

area (Goings et al., 2004; Macas et al., 2006). It 
is not yet fully understood which molecular 
pathways mediate these activities, however one 
can assume that signaling molecules as well as 
contacts between cells and adhesion to matrix 
molecules play instructive roles. 
It has been described that stem cell niches are 
distinctly organized in terms of extracellular 
matrix (ECM) interactions (Fuchs et al., 2004). 
For instance, hematopoietic stem cells appear 
to use several types of receptors to ligate to the 
local matrix when homing to the bone marrow 
(Murphy et al., 2005; Nilsson et al., 2005). Also 
for the SVZ region, a specific pattern of ECM 
molecule and receptor expression has been 
described. Most proximal to the ventricular 
surface, Laminin Alpha-2 is present whereas at 
more distal regions, Laminin-1 and Fibronectin 
are the predominant ECM molecules (Campos, 
2005). Notably in neurospheres, which are clonal 
clusters of cells formed from cultured neural 
stem cells under non-adhesive conditions, the 
organisation of the SVZ is partially recapitulated. 
EGFR and Nestin positive progenitor cells 
colocalize with Laminin Alpha-2 at the outer 
surface, while more mature cells can be found 
in the center of the sphere (Campos et al., 
2004). It is conceivable that this organised local 
environment contributes to the determination 
and localization of the cells of the stem cell 
lineage. Interestingly, extensive migration is a 
hallmark of high grade glioma, a type of brain 
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cancer suggested to originate from SVZ stem 
cells or their close relatives (Sanai et al., 2005; 
Zhu et al., 2005). It is tempting to speculate that 
these tumor cells use similar mechanisms for 
their migration as the SVZ cells on their way to 
becoming an olfactory bulb neuron. 
From this respect, it would be informative 
to understand which genes govern binding 
to as well as detachment from the niche. We 
have observed that mouse neural stem cells 
(NSCs) deficient for Bmi1 strongly adhere to an 
extracellular matrix (ECM) compound secreted 
by these cells themselves in culture. Control 
NSCs that normally do not attach are also 
induced to bind to the matrix deposited by 
Bmi1 deficient cells. Interestingly, this binding 
is mediated by the Beta-1 Integrin receptor 
which has been described to stimulate neural 
stem cell proliferation and survival (Campos et 
al., 2004; Leone et al., 2005). Bmi1, a member of 
the Polycomb group (PcG) of proteins, acts as 
an epigenetic repressor. A main target of this 
protein is the Ink4a/Arf tumor suppressor locus 
and as a consequence of this, in the absence 
of Bmi1 (stem) cells are prone to undergo a 

premature growth arrest (Jacobs et al., 1999; 
Bruggeman et al., 2005; Molofsky et al., 2005). 
However, we recently described functions 
for Bmi1 in gliomagenesis independent from 
repression of the Ink4a/Arf locus (Chapter 6). In 
line with this, we here describe that one of the 
novel functions of this protein is regulating the 
adhesion of neural stem cells to the ECM. This 
provides this PcG gene with a dual function 
in stem cells: the first is to safeguard stem cell 
proliferation by means of controlling expression 
of Ink4a/Arf, and the second being modulation 
of matrix binding of neural stem cells through 
an alternative pathway.

Results

Bmi1 deficient neural stem cells have 
increased Integrin-mediated matrix 
adhesion 
We observed that neural stem cells (NSCs) 
deficient for Ink4a/Arf and Bmi1 do not form 
neurospheres when cultured on normal tissue 
culture-treated plastic like control Ink4a/
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Figure 1. Bmi1-/-;Ink4a/Arf-/- NSCs have increased adhesive capacities.
(A) (Bmi1-/-;)Ink4a/Arf-/- NSCs were plated onto different substrates. Control cells only adhere to Laminin whereas Bmi1 
deficient cells adhere to all substrates. (B) Bmi1 mRNA levels after treatment of Ink4a/Arf-/- NSCs with a short hairpin 
against GFP (shGFP) or Bmi1 (shBmi1) measured with qRT-PCR. (C) Ink4a/Arf-/- NSCs treated with shBmi1 adopt an 
adherent growth mode on uncoated plates. (D) Bmi1-/- embryonic NSCs (E12.5) attach more efficiently to gelatin than 
control cells.
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Arf-/- cells, but instead adhere to the dish and 
form a monolayer (Figure 1A, left panels). Only 
when plated onto a Laminin substrate, Ink4a/
Arf-/- cells could be induced to grow in a similar 
fashion (Figure 1A, right panels). Onto either 
Fibronectin, Gelatin or Collagen, control cells did 
adhere initially, however they started to round 
up and detach from the dish within 24 hours 
(Figure 1A, middle). Bmi1-/-;Ink4a/Arf-/- neural 
stem cells formed stable monolayers under all 
conditions. We could mimic this phenotype by 
removing Bmi1 acutely from Ink4a/Arf-/- NSCs 
using an shRNA targeting Bmi1 (Figure 1B,C). 
Notably, we have shown previously that when 
cultured under non-adhesive conditions, Bmi1
-/-;Ink4a/Arf-/- NSCs can be readily propagated 
as neurospheres (Bruggeman et al., 2005). 
Hence, this adhesive growth mode seems to 
reflect a preference to grow adherent rather 
than a complete inability to grow anchorage-
independent. To exclude the possibility that 
the absence of the Ink4a/Arf locus is involved 
in this process, we also studied the behaviour 
of primary Bmi1-/- cells in an Ink4a/Arf proficient 
background. These cells cannot be maintained 
for longer periods of time as they undergo 
a premature growth arrest due to Ink4a/Arf 
upregulation. However we observed that on a 
Gelatin coating, the few Bmi1-/- neurospheres 
that were generated spread out more efficiently 
than the wild type control spheres (Figure 1D). 
Next, we wanted to know which membrane 
proteins were mediating the adhesion of 
the Bmi1-/-;Ink4a/Arf-/- NSCs to the dish. One 
major group of ECM binding receptors is the 
Integrin family. Integrins are heterodimeric 
proteins consisting of an alpha and a beta 
subunit (Clegg et al., 2003). Once present in the 
membrane, they can change from an inactive 
to an active conformation upon certain stimuli. 
Subsequent higher order-clustering will further 
enhance the affinity of these receptors for there 
substrates. Using flow cytometry, we checked 
the expression of a number of Integrins on 
control and Bmi1 deficient neural stem cells and 
could confirm the presence of the Alpha-1, -2, 
-6, -V and Beta-1 receptors (Figure 2A). In order 
for an Integrin heterodimer to adopt the active 
form, a Manganese ion has to engage with its 

active cleft. To test whether Integrin receptors 
were involved in the binding of Bmi1 deficient 
cells, we exploited this feature by removing 
positive ions from the medium with a chelator. 
We found that with increasing concentrations 
EDTA, attachment of Bmi1-/-;Ink4a/Arf-/- NSCs was 
inhibited (Figure 2B, left panel). When cells were 
offered a substrate, adhesion of both control 
and Bmi1 deficient cells was strongly reduced, 
suggesting that under these circumstances all 
NSCs use their Integrins for attachment (Figure 
2B, Laminin and Collagen panels). As the Beta-1 
Integrin is one of the most widely used beta 
subunits for dimerisation, we tested whether the 
specific blocking of this protein could prevent 
attachment of Bmi1 deficient cells. Indeed we 
demonstrated that the application of a Beta-1 
blocking antibody but not an isotype control 
antibody inhibited binding of Bmi1-/-;Ink4a/
Arf-/- NSCs, which now instead adopted the 
neurosphere-like growth (Figure 2C left panel, 
Figure 2D). Similar to the EDTA experiments, on 
protein coated plates also binding of control 
NSCs was prevented in the presence of the 
blocking antibody (Figure 2C, middle and right 
panels).

Bmi1 deficient neural stem cells generate 
extracellular matrix used for cell-attachment
The previous experiments suggested that Bmi1 
deficient and control NSCs do not intrinsically 
differ in their capacity to bind to the matrix 
given that the proper substrate (e.g. Laminin) 
is present. This prompted us to investigate the 
possibility that Bmi1 deficient cells generate 
matrix themselves which is used for cell-
attachment. Hereto, we transduced control 
Ink4a/Arf-/- cells with a GFP and Puromycin-
resistance gene expressing retrovirus (referred 
to as IA-GFP/Puro), and the Bmi1-/-;Ink4a/
Arf-/- cells with a Blasticidin-resistance gene 
expressing virus (BIA-Blast), allowing us to 
distinguish between the two cell types. When 
these NSCs were grown on normal tissue 
culture-treated plastic, they adopted the 
expected growth mode: the IA-GFP/Puro cell 
line formed neurospheres while the BIA-Blast 
cells grew in a monolayer (Figure 3A). The IA-
GFP/Puro NSCs could be visualized with UV light 
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suggesting the GFP to be expressed properly. 
When we mixed the two cell populations, the 
IA-GFP/Puro NSCs blended in completely with 
the BIA-Blast cells and readily contributed to 
the monolayer, indicating that they can attach 
to the matrix in the presence of Bmi1 deficient 
cells (Figure 3C). To test whether this control 
cell-binding is truly the result of attachment to 
matrix deposited by Bmi1 deficient cells and 
not of some cell-cell interaction, we removed 
a three days old monolayer of pure BIA-Blast 
cells either with EDTA (Figure 3C) or Puromycin 
treatment (Figure 3D) and subsequently plated 
IA-GFP/Puro NSCs onto the remaining dish. 
Confiming our expectations, in both cases 
the IA-GFP/Puro cells attached and formed 

monolayers. As incubation of Ink4a/Arf-/- cells 
with Bmi1-/-;Ink4a/Arf-/- conditioned medium 
had no effect on adhesion (not shown), together 
these data strongly suggest that the Bmi1-/-

;Ink4a/Arf-/- NSCs have secreted a matrix that 
evokes neural stem cell attachment. Notably, 
the attachment is reversible as Ink4a/Arf-/- cells 
grown as a monolayer on this matrix return to 
the neurosphere growth mode when replated 
onto normal plastic (not shown).

Identifying Ink4a/Arf-independent Bmi1 
targets using large scale approaches
Next, we attempted to identify the mechanism 
relaying Bmi1 controlled adhesion. Since Bmi1 
belongs to a transcription factor family reported 
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Figure 2. Bmi1-/-;Ink4a/Arf-/- NSCs use Integrin receptors to attach.
(A) Schematic overview of Integrins expressed on (Bmi1-/-;)Ink4a/Arf-/- NSCs as determined using flow cytometrical 
analysis. (B) (Bmi1-/-;)Ink4a/Arf-/- NSC binding to uncoated, Laminin coated, or Collagen coated plates in the presence 
of increasing concentrations of EDTA was determined using Crystal Violet staining. (C) (Bmi1-/-;)Ink4a/Arf-/- NSC binding 
to uncoated, Laminin coated, or Collagen coated plates in the presence or absence of no antibody, an isotype control 
antibody, or a blocking antibody against the Beta-1 Integrin was determined using Crystal Violet staining. (D) Phase-
contrast photographs of (Bmi1-/-;)Ink4a/Arf-/- NSCs shows that binding of Bmi1-/-;Ink4a/Arf-/- NSCs is strongly inhibited in 
the presence of a Beta-1 Integrin blocking antibody but not a control antibody.
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to bind at multiple sites throughout the genome, 
we reasoned that its absence would inflict 
deregulated expression of a number of genes 
(Boyer et al., 2006; Bracken et al., 2006; Lee et 
al., 2006; Negre et al., 2006; Tolhuis et al., 2006). 
In order to study gene expression patterns on a 
genome wide scale, we cultured (Bmi1-/-);Ink4a/
Arf-/- NSCs as monolayers on either Laminin 
or Fibronectin coated plates and hybridized 
their RNA onto oligo-microarrays (n=2). These 
experiments gave an average of 594 outliers per 
experiment (defined by a fold induction>2 and 
p value<0.01) from which approximately half 
was upregulated. Plotting the two experiments 
in a ratio scatter plot revealed a nice correlation 
(Figure 4A). The common outliers clustered 
perfectly suggesting consistent deregulation 

of Bmi1 target genes on different substrates 
(Figure 4A,C). Among the highest upregulated 
genes was a substantial set of Homeobox-
containing genes which are known PcG 
targets (Figure 4D)(van der Lugt et al., 1996). 
Ontological clustering of the oligoarray data 
using Ingenuity Pathway Analysis software 
revealed a number of functionally related gene 
groups that were significantly enriched for in 
the Bmi1 deficient neural stem cells (Figure 
4B, www.ingenuity.com). Among these were 
proliferation and development associated 
groups (‘Cellular Growth and Proliferation’; 
Cellular Development’; Connective Tissue/ 
Nervous System/ Skeletal/Muscular Tissue 
Development and Function; Organ/Tissue 
Development) in agreement with earlier reports 

on PcG gene function. Interestingly, 
also the group ‘Cellular Movement’ 
was significantly enriched for, 
which might reflect the role of 
Bmi1 in adhesion. Since the Ink4a/
Arf-/- neural stem cells could not 
attach as efficiently to Fibronectin 
as to Laminin (Figure 1A), we 
speculated that outliers specific 
to either the Fibronectin or the 
Laminin experiments (Figure 4A) 
might provide more specific clues 
as to which genes are being used 
for the binding of Bmi1 deficient 
NSCs. However, ontological analysis 
of these gene sets did not result in 
the identification of any specific 
pathway (not shown). 
Next, we decided to more 
specifically analyze expression of 
genes involved in extracellular 
matrix adhesion. Hereto, we 
employed pathway-focused 

Figure 3. Bmi1-/-;Ink4a/Arf-/- NSCs secrete a matrix component that is used for attachment.
(A) Ink4a/Arf-/- NSCs were transduced with GFP and Puromycin resistance gene containing retrovirus (IA-GFP/Puro), 
Bmi1-/-;Ink4a/Arf-/- NSCs were transduced with Blasticidin resistance gene containing retrovirus (BIA Blast). They were 
plated onto uncoated plates. Upper panels represent phase-contrast photographs demonstrating the floating growth 
mode for control cells and attached growth mode for the Bmi1 deficient cells. Lower panels show GFP staining. (B) 
Control IA-GFP/Puro cells grow adherent when mixed with BIA-Blast cells. (C) When IA-GFP/Puro NSCs are replated, they 
continue to grow as neurospheres on uncoated plates (left panels), but form attached monolayers when they are plated 
onto plates where secreted matrix from BIA-Blast cells is present (right panels). (D) When BIA-Blast cells are removed 
from adherently growing mixtures of IA-GFP/Puro – BIA-Blast cultures using Puromycin treatment, IA-GFP/Puro cells 
continue to grow as attached monolayers.
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IA-GFP/Puro BIA-Blast IA-GFP/Puro; BIA-Blast

B

EDTAReplate
IA-GFP/puro Puromycin
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Figure 4. Altered gene expression in Bmi1-/-;Ink4a/Arf-/- NSCs.
(A) Oligo-microarray analysis was performed on Ink4a/Arf-/- vs Bmi1-/-;Ink4a/Arf-/- NSCs growing either on Laminin (LM) 
or on Fibronectin (FN). Plotted are the outliers from the Laminin arrays versus the Fibronectin arrays. (B) Ontological 
analysis demonstrating the most-significantly altered ontological clusters in the absence of Bmi1 for the Laminin (L) and 
Fibronectin (F) arrays. (C) Clustering of common ouliers from the Laminin (LM) and Fibronectin (FN) arrays. Red indicates 
upregulated in the absence of Bmi1, green indicates downregulated. (D) List with the common top outliers from the 
Laminin and Fibronectin arrays.
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oligoarrays (GEArrays) and quantitative real 
time PCR (qRT-PCR) arrays that only contained 
probes for ECM-related genes (Figure 5A, n=4 
experiments in total)(www.superarray.com). 
As samples, we compared either mRNA from 
Ink4a/Arf-/- and Bmi1-/-;Ink4a/Arf-/- NSCs, or from 
Ink4a/Arf-/- NSCs treated with a control shRNA 
or an shRNA against Bmi1 (shBmi1)(Figure 5B). 
Since the oligo-microarray experiments had 
shown that substrate had little influence, for 
these pathway focused arrays we only used cells 
grown on Laminin. Each experiment provided 
us with a set of genes differentially expressed in 
Bmi1 deficient NSCs. We combined the outliers 
from each experiment and generated a list of 
genes that consistently demonstrated a change 

in gene expression larger than 20% (Figure 5C).    

Characterization of novel candidate Bmi1 
targets
Our efforts to identify novel Bmi1 targets using 
large-scale approaches provided us with a 
number of genes with functions linked to matrix 
binding or assembly that were differentially 
expressed in Bmi1 deficient neural stem cells. 
However for several of them, altered gene 
expression could not be confirmed with qRT-
PCR indicating a certain level of noise in the 
experiments. Notwithstanding this, we were 
able to verify a few interesting targets (Figure 
6). When performing initial flow cytometrical 
analysis to establish the Integrin expression 

Figure 5. Pathway focussed arrays reveal ECM and adhesion-related genes altered in Bmi1-/-;Ink4a/Arf-/- NSCs.
(A) Either Ink4a/Arf-/- NSCs treated with short hairpins against GFP (shGFP) versus Bmi1 (shBmi1), or Ink4a/Arf-/- versus 
Bmi1-/-;Ink4a/Arf-/- NSCs, were used to specifically study ECM and adhesion-related gene expression in qRT-PCR arrays or 
in Hybridization GEArrays (oligoarrays). (B) GEArray oligoarrays were hybridized with biotinylated cRNA from (Bmi1-/-;)
Ink4a/Arf-/- NSCs (upper panels) and Ink4a/Arf-/- NSCs treated with shGFP or shBmi1 (lower panels). Using enhanced 
chemiluminescence, photographic films were exposed. The intensity of the spots was determined using GEArray 
software. (C) Summary of outliers induced in the absence of Bmi1 from both the qRT-PCR and oligoarrays.
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Figure 6. Putative novel Ink4a/Arf-independent Bmi1 targets.  
(A) Flow cytometrical analysis for Alpha-1 Integrin expression in wild type (upper right panel), Ink4a/Arf-/- (lower left 
panel) or Bmi1-/-;Ink4a/Arf-/- (lower right panel) NSCs. Note a dramatic increase in the percentage of Alpha-1 Integrin 
positive cells in the Bmi1-/-;Ink4a/Arf-/- NSCs (12.1%-13.5% positive in control cultures versus 84.6% in Bmi1 deficient cells). 
(B) Alpha-1 Integrin (Itga1) mRNA levels are induced in the absence of Bmi1 as determined by qRT-PCR. Loading controls 
are given between brackets. IA=Ink4a/Arf-/- NSCs, BIA=Bmi1-/-;Ink4a/Arf-/- NSCs, shGFP=short hairpin against GFP in Ink4a/
Arf-/- NSCs, shBmi1=short hairpin against Bmi1. (C) Enzymatic detachment of Bmi1-/-;Ink4a/Arf-/- NSCs by Hyaluronidase of 
Collagenase A. Hyaluronidase treatment does not lead to a reduction in the number of attached cells in time (grey lines), 
whereas cells treated with increasing amounts of Collagenase A detach from the plate in a dose and time-depedent 
manner (black lines). Measurements were made after 4 minutes (4’) and 10 minutes (10’) treatment. (D) mRNA levels of 
putative novel Bmi1 targets CollagenIII(Alpha1), CollagenV(Alpha2) and Pcolce in control versus Bmi1-/-;Ink4a/Arf-/- NSCs as 
determined by qRT-PCR. (E) mRNA levels of putative novel Bmi1 target Emilin1 as determined by qRT-PCR.

A
Negative control Wild type

Ink4a/Arf-/- Bmi1-/-;Ink4a/Arf-/-C
ou

nt

Alpha-1 integrin

2.9% 13.5%

12.1% 84.6%

B

R
el

at
iv

e 
Itg

a1
 m

R
N

A 
le

ve
ls

IA shGFP shBmi1BIA
0

5

10

15

20

25

30
Primer 1 (HPRT)
Primer 1 (beta-Actin)

Primer 2 (beta-Actin)
Primer 2 (HPRT)

C

Hyal. (mg/ml)

Coll. (mg/ml)

Hyaluronidase 4’
Hyaluronidase 10’
Collagenase 4’
Collagenase 10’

0.5

0

1.0

1.5

2.0

2.5

N
um

be
r o

f a
tta

ch
ed

 c
el

ls
(A

rb
itr

ar
y 

un
its

)

0 0.05
0 0.005

0.5
0.025

1.5
0.05

3.0
0.25

4.5
0.5

D

E

Emilin1 (HPRT)
Emilin1 (beta-Actin)

IA BIA
0

2

4

6

8

10

R
el

at
iv

e 
m

R
N

A 
le

ve
ls

(a
rb

itr
ar

y 
un

its
)

IA

Col3a1 (HPRT)
Col3a1 (beta-Actin)
Col5a2 (HPRT)

Pcolce (HPRT)
Pcolce (beta-Actin)

Col5a2 (beta-Actin)

10

1

100

1000

10000

BIA

R
el

at
iv

e 
m

R
N

A 
le

ve
ls

(a
rb

itr
ar

y 
un

its
)



Increased adhesion of Bmi1-/- neural stem cells

121

pattern on the neural stem cells (Figure 2A), we 
noticed an increase in the expression level of the 
Alpha-1 Integrin on the Bmi1-/-;Ink4a/Arf-/- cells 
compared to Ink4a/Arf-/- or Wild type controls 
(Figure 6A). This change could also be observed 
on the mRNA level (Figure 6B). Together with 
the Beta-1 Integrin subunit, this protein forms 
a receptor for Collagens or Laminins (VLA1). 
Intriguingly, a number of genes involved in 
Collagen synthesis was altered as well in Bmi1 
deficient NSCs. We found increased mRNA 
levels for Collagen-3(alpha1) and Collagen-
5(alpha2) chains, and for Pcolce (Procollagen 
Proteinase Enhancer), a protein catalyzing 
Collagen metabolism (Figure 6D). More 
evidence suggesting a Collagen-like protein 
to be involved in the binding of Bmi1 deficient 
neural stem cells came from an experiment in 
which we tried to abrogate cell attachment 
with enzymes cleaving ECM molecules (Figure 
6C). We could demonstrate that even at very 
low concentrations, a bacterial Collagenase was 
very efficient at terminating ECM binding of 
Bmi1-/-;Ink4a/Arf-/- cells whereas Hyaluronidase, 
a proteinase with no cleavage activity towards 
Collagens, was not. Interestingly Emilin1, 
another candidate target we confirmed with 
qRT-PCR (Figure 6E), is an extracellular matrix 
protein that closely resembles the Collagens 
and furthermore, it has been shown to be bound 
primarily by the Beta-1 Integrin (Spessotto et 
al., 2003). Thus, in addition to Collagen, Emilin1 
could be the ECM molecule Bmi1 deficient 
neural stem cells use for attachment as well.  

Discussion
Previous studies investigating the function 
of the PcG gene and epigenetic silencer Bmi1 
in stem cells have focussed on proliferation 
and maintenance of self-renewal (Molofsky 
et al., 2003; Park et al., 2003; Bruggeman et al., 
2005; Molofsky et al., 2005; Zencak et al., 2005). 
They demonstrated that the Ink4a/Arf tumor 
suppressor locus is a main target of Bmi1 in 
regulating these processes. However in the brain, 
not all phenotypes caused by Bmi1 absence are 
alleviated by deletion of Ink4a/Arf. For instance, 
cerebellar basket neuron arborisation and 

molecular neuron numbers remain abnormal 
in the Bmi1;Ink4a/Arf doubly deficient mouse 
(Bruggeman et al., 2005). This prompted us to 
search for additional targets of Bmi1.
We had already found that Bmi1-/-;Ink4a/Arf-/- 
glial cells have altered adhesive properties that 
appear to affect brain cancer development 
(Chapter 6). Thus, we were particularly interested 
when we observed that Bmi1-/-;Ink4a/Arf-/- NSCs 
directly control secretion and binding to the 
extracellular matrix. Unless propagated on 
coated surfaces, SVZ-derived NSCs normally 
grow as floating clusters of stem and progenitor 
cells termed ‘neurospheres’ (Reynolds and Weiss, 
1996). However, Bmi1-/-;Ink4a/Arf-/- NSCs prefer 
to grow adherent under these circumstances. 
Intriguingly, such a growth mode has been 
reported for Olig2 null NSCs (Ligon et al., 2007). 
We found that upon differentiation of Bmi1
-/-;Ink4a/Arf-/- NSCs, Olig2 is downregulated 
suggesting a possible link (S.B., unpublished 
observations).
Bmi1-/-;Ink4a/Arf-/- NSCs use Beta-1 Integrin 
receptors for their attachment. The Integrins 
constitute a large protein family consisting 
of alpha and beta subunits that have to 
heterodimerize in order to become active ECM-
binding receptors. Together, they bind a wide 
array of substrates. Interestingly, these receptors 
play diverse roles in brain development and 
cancer. The spatial and temporal expression of 
Integrins and their ligands during neurogenesis 
suggests an instructing function in the 
positioning of the cortical layers and other 
structures (Schmid and Anton, 2003). Indeed, 
deletion of the Beta-1 Integrin or some of 
its Alpha-subunit binding partners from the 
nervous system leads to severe defects in 
cortical and cerebellar formation (Georges-
Labouesse et al., 1996; Kreidberg et al., 1996; 
Bader et al., 1998; Anton et al., 1999; Graus-
Porta et al., 2001). The Beta-1 Integrin is also 
involved in adult NSC biology as it is required 
for the proliferation, migration and survival of 
these cells in vitro (Jacques et al., 1998; Campos 
et al., 2004; Leone et al., 2005). Curiously, 
when control Ink4a/Arf-/- NSCs are offered a 
suitable substrate, e.g. Laminin or to a lesser 
extent Collagen, they also adopt an adherent 



Chapter 7

122

growth mode that is dependent on the Beta-1 
Integrin as well. This led us to hypothesize that 
the increased binding of Bmi1 deficient cells 
is secondary to the presence of one or more 
ECM molecules that are not, or less abundantly 
present in control cultures. In agreement with 
this, we were able to demonstrate that Bmi1
-/-;Ink4a/Arf-/- NSCs secrete a compound that is 
deposited in the ECM, which can also be used 
by control cells to attach. Unfortunately, apart 
from the fact that this must be a Beta-1 Integrin 
substrate, we were not able to unravel the exact 
identity of this matrix. Extensive analyses using 
both candidate and large scale approaches 
seem to favour a Collagen-like molecule to 
be this ‘Factor X’. Treatment with a bacterial 
Collagenase can abolish Bmi1-/-;Ink4a/Arf-/- NSC 
binding, and at least two types of Collagen 
(Col3a1 and Col5a2) and an enzyme catalyzing 
Collagen metabolism (Pcolce), are confirmed to 
be upregulated transcriptionally in the absence 
of Bmi1. Moreover, both Alpha-1 Integrin mRNA 
and protein are upregulated in these cells. This 
finding is interesting as the Alpha-1/Beta-1 
Integrin dimer (or VLA1) acts as a Collagen/
Laminin receptor and may thus be mediating 
the attachment of the Bmi1-/-;Ink4a/Arf-/- NSCs. 
But preliminary results suggest that blocking of 
the Alpha-1 Integrin does not prevent binding, 
indicating that if this dimer plays a role in NSC 
attachment, it is not an exclusive one. Another 
candidate ‘Factor X’ upregulated in Bmi1 absence 
is Emilin1, which is an ECM molecule that 
structurally somewhat resembles the fibrillar 
Collagens (Bressan et al., 1993; Colombatti et 
al., 2000). Intriguingly, it has been shown that 
blocking of the Beta-1 Integrins prevents cells 
from binding to Emilin1 (Spessotto et al., 2003).
Question remains what the precise function 
of PcG-mediated control of adhesion is, and 
in addition to this, how that control is relayed 
within the cell. During embryonic development, 
constant crosstalk between brain cells and 
the ECM is essential for the proper execution 
of organogenesis (Hatten, 2002; reviewed in 
Donovan and Dyer, 2005). Hence, a mutation 
leading to altered ECM-signaling could then 
end in the flawed organisation of an organ, in 
particular in the developing nervous system 

in which exceptionally complicated migration 
occurs in a time-restricted manner. The aberrant 
arborisation of neurons in the Bmi1 null 
cerebellum might be an example of defective 
axon-pathfinding due to misguidance along 
matrix molecules. But also the classical ‘Hox 
transformations’ of PcG mutants, in the Bmi1-/- 
mouse for instance reflected in transformations 
along the axial skeleton (van der Lugt et al., 
1994) may in principal be the result of improper 
cell-ECM interactions: when cells somehow 
fail to sense that a molecular boundary has 
been reached. If this is true, one can expect 
that additional abnormalities associated with 
adhesion-defects exist in the Bmi1 null brain. 
Careful analysis of cortical layering might 
reveal such defects. Furthermore, migration of 
neuroblasts from the SVZ towards (tangential 
migration) and in (radial migration) the olfactory 
bulb continuously occurs in the adult animal, 
making this phenomenon prone to be affected 
by Bmi1 absence as well. 
Data from our expression arrays shows a number 
of ECM-related genes to be misregulated in the 
absence of Bmi1. It is quite striking though that a 
large part of the outliers represent Homeodomain 
containing transcription factors. These factors 
have been implicated in development and 
differentiation and more importantly, recent 
PcG binding-site mapping studies revealed that 
this particular group of genes are direct targets 
of PcG-mediated repression (Boyer et al., 2006; 
Bracken et al., 2006; Lee et al., 2006; Negre et al., 
2006; Tolhuis et al., 2006). Though speculative, 
the increased adhesion of Bmi1 deficient NSCs 
might be a downstream effect of alterations 
in transcription factor expression patterns. 
During normal development, these Homeobox 
transcription factors would, ultimately under 
the control of PcG proteins, orchestrate the 
execution of differentiation and migration 
programs by directly acting on (in this case) the 
expression of ECM-related genes. One possible 
mechanism could be through manipulation of 
the TGF-beta pathway. Activation of this signal 
transduction cascade has been reported to be 
capable of collectively inducing the expression 
of secreted ECM molecules as well as Integrin 
receptors, which fits exactly with what we 
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observe (Heino et al., 1989; Verrecchia et al., 
2006). Intriguingly, another TGF-beta target, 
the cell cycle inhibitor p57Kip2, is also induced 
in Bmi1-/-;Ink4a/Arf-/- NSCs (our unpublished 
observation). However, a direct link with TGF-
beta signaling remains to be demonstrated.
Altogether, the finding that Bmi1 controls 
adhesion to self-secreted matrix has important 
implications for understanding PcG function 
during embryogenesis and normal homeostasis 
in the adult. But it might also explain some of 
the effects PcG has on tumorigenesis, as the 
progression of cancer heavily relies on altered 
adhesion and migration through the stroma. 
This may be especially important in cancers with 
a strong migratory character such as glioma, 
which for this reason are currently difficult to 
treat.

Materials and Methods

Cell culture
Subventricular zone-derived neural stem cells (NSCs) 
were isolated from FVB mice as described before 
(Bruggeman et al., 2005). Embryonic NSCs were 
derived from the forebrain of E12.5 embryos. They were 
routinely propagated on poly-Ornithine and Laminin 
coated plastic dishes as described before (Chapter 6, 
Conti et al., 2005). For retroviral transductions, cells 
were incubated with supernatant from transfected 
Phoenix producer cells for approximately 6 hours on 3 
consecutive days, and selected with 4 μg/ml puromycin 
or 10 μg/ml blasticidin (Chapter 6). For knockdown 
experiments, constructs used were pRetrosuper GFPi 
or Bmi1i (Chapter 6). To label NSCs, constructs used 
were pMSCV puromycin GFP-IRES-Luciferase (kind gift 
of dr. A. Berns) and pMSCV blasticidin (both described 
in Chapter 6).
For some experiments, wells were coated overnight 
with poly-L-ornithine (15 μg/ml, Sigma) followed 
by 3 hours coating with Laminin (5 μg/ml, Sigma), 
Fibronectin (150 mg/ml, Biomedical Technologies), 
Collagen (2 mg/ml, Roche) or Gelatin (0.15%, Sigma).

Adhesion assays
For enzymatic detachment of cells, 300.000 NSCs were 
seeded in triplicate into uncoated 6 wells plates. The 
following day, cells were treated for 4-10 minutes with 
increasing concentrations of Hyaluronidase (Sigma) 
or Collagenase A (Roche). The amount of attached 
cells was determined using Crystal Violet staining 

(Bruggeman et al., 2005).
EDTA and Beta-1 Integrin blocking experiments 
were done as follows: 30.000 NSCs were seeded in 
duplicate in a final volume of 100 μl onto either non-
coated, Laminin or Collagen coated 96 wells plates in 
the absence or presence of increasing concentrations 
EDTA in Hank’s balanced salt solution (Invitrogen, 
Ca2+ and Mg2+ free), or in the absence or presence of 
10 μg/ml Beta-1 Integrin blocking antibody (hamster-
anti-mouse Ha2/5, Pharmingen) in NSC medium. 
Cells were allowed to attach for 3 hours and directly 
fixed with formalin. The amount of attached cells was 
determined using Crystal Violet staining. 
The co-culture experiment was performed as follows: 
Ink4a/Arf-/- NSCs were labeled with GFP and the 
Puromycin resistance gene (IA-GFP/Puro), Bmi1-/-;Ink4a/
Arf-/- NSCs were labeled with the Blasticidin resistance 
gene (BIA-Blast). Onto uncoated 6 wells plates, seeded 
were 100.000 IA-GFP/Puro NSCs, 100.000 BIA-Blast 
NSCs, a mixture of these cells (total of 200.000 cells), or 
300.000 BIA-Blast NSCs. Approximately 48 hours after 
plating, the 300.000 BIA-Blast NSCs were removed 
either with 4 μg/ml puromycin or 20 mM EDTA/PBS in 
the presence of protease inhibitors (Roche). Wells were 
washed with PBS, and re-plated with 100.000 IA-GFP/
Puro NSCs. The IA-GFP/Puro and BIA-Blast mixtures 
were treated with 4 μg/ml puromycin approximately 
36 hours after plating. Wells were scored for adhering 
cells and GFP signal.

Flow cytometry
Cells were removed from the plate applying 20 
mM EDTA/PBS for 5 minutes at 4ºC and kept on ice 
during the entire procedure. They were washed once 
with 0.5% BSA/PBS (FACS buffer). 500.000 cells were 
incubated with primary antibody in FACS buffer for 1 
hour. Following two wash steps, they were incubated 
with secondary antibody for 1 hour and subsequently 
analysed on a FACSCalibur (Becton Dickinson) 
using Cell Quest Pro software. Primary antibodies 
were hamster-anti-mouse CD49a (Alpha-1 Integrin, 
Ha31/8), anti CD49b (Alpha-2 Integrin, HMα2), and 
anti-AlphaV (H9.2B8, all Pharmingen); rat-anti-mouse 
Alpha-6 (GoH3 supernatant, gift from dr. Sonnenberg), 
and rat-anti-mouse Beta-1 (MAB1997, Chemicon). 
Concentrations were 20 μg/ml except for GoH3 which 
was diluted 1:1. Secondary antibodies were donkey-
anti-rat FITC (Rockland) and goat-anti-hamster Cy5 
(Jackson Immunoresearch) diluted 1:250.

Quantitative real time PCR, oligo-microarrays and 
pathway-focussed arrays.
RNA was extracted either directly from Ink4a/Arf-/- 
vs Bmi1-/-;Ink4a/Arf-/- NSCs, or from Ink4a/Arf-/- NSCs 
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transduced with pRetrosuper GFPi vs Bmi1i using Trizol 
reagent (Invitrogen). qRT-PCR was described before 
(Bruggeman et al., 2005). Primers used were Bmi1-1: 
sense 5’-TGGAGACCAGCAAGTATTGTCCTA-3’, antisense 
5’-CTTATGTTCAGGAGTGGTCTGGTTTT-3’ and Bmi1-2: 
sense 5’-AAGAAGAGATTTTTATGCAGCTCACC-3’, 
antisense 5’-GAGCCATTGGCAGCATCAG-3’. Alpha-1 
Integrin-1 sense: 5’-AGCAGCAGCAACCGGAAAC-3’, 
antisense 5’-GGAGCCCGTCTTTGGATATCT-3’, Alpha-1 
Integrin-2 sense 5’-TCATCTTGTGGAAACCAACTTTCA-3’, 
antisense 5’-GATTTAAGCTGGAAAAATGTGCTTT-3’; 
Procollagen type III(alpha1)-1 sense 5’-
CAGGAGCACGCGGTGAA-3’, antisense 5’-
TTTGCCATCTTCGCCCTTAG-3’, Procollagen type 
III(alpha1)-2 sense 5’-TTGGAATTGCAGGGCTAACTG-3’, 
antisense 5’-CATTATGGCCACTGGCTCCT-3’; 
Procollagen type V(Alpha2)-1 sense 5’-
GCCCGCACTTGTGATGATTT-3’, antisense 5’-
TCACCGCTCTGCTTTGTGG-3’, Procollagen type 
V(Alpha2)-2 sense 5’-GTGGAAAGGCTGGTGATCAACT-3’, 
antisense 5’-GAAGCATGTGTGTCAGGTTCAGAT-3’; 
Pcolce1-1 sense 5’-TTCCCCAACCTCTACCCCC-3’, 
antisense 5’-CACCGTAATTGTCCAGATGCA-3’, 
Pcolce1-2 sense 5’-CCCTCAAACCAGGTGATCATG-3’, 
antisense 5’-CAGGCTCCACATCAAACTTCC-3’, 
Pcolce1-3 sense 5’-ATTTTGCGGAGACAAGGCC-3’, 
antisense 5’-GAGCTCGTTCCCTTCAGAAGAG-3’; 
Emilin1-1 sense 5’-TCCGTACGTTGTGACTGCGT-3’, 
antisense 5’-GTCAAGAGGAGATGCCTCGG-3’, Emilin1-2 
sense 5’-CAGCCCCACTGTTCCCG-3’, antisense 5’-
GCGAGGGCGAAGAAAGCT-3’.
Oligo-microarray analysis and Ingenuity software-
based ontological clustering were done as described 
in Chapter 6.
Pathway focussed oligoarrays (OligoGEArray Mouse 
ECM and Adhesion molecules microarray OMM-013-4, 
SuperArray) and qRT-PCR arrays (Mouse ECM and 
Adhesion molecules RT2Profiles TM PCR array APM-
013a-2, SuperArray) were performed according to the 
manufacturer’s protocols.
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General discussion

The term cancer is widely used to describe neoplastic growth from all tissues. In essence, 
most tumors are driven by alterations in mechanisms controlling proliferation, death and 
differentiation, justifying a single name for all malignancies. However in the course of 
evolution, numerous ways to control these processes have developed. Different organs tend 
to employ unique combinations of factors and even within one tissue, different cell types 
favor one particular signaling cascade over the other. Furthermore, cells on top of a single 
lineage, like stem or progenitor cells, can have different means of controlling proliferation 
than differentiated descendants. Unfortunately, tumors display a similar broad variety in 
their mutation spectrum, which partially explains why certain therapies effectively eradicate 
some malignancies while others are refractory. Therefore, in addition to studying general 
mechanisms contributing to cancer, the acquisition of tissue specific knowledge is essential 
as well.

This is especially true for the central nervous 
system (CNS), the subject of the research 
described in this thesis, which is remarkably 
dissimilar from other organs. For instance, the 
brain uses glucose as its main source of energy, 
has an unusually composed extracellular space, 
and is highly protected against undesirable 
substances by the blood-brain-barrier (Bellail 
et al., 2004; de Vries et al., 2006; Nehlig and 
Coles, 2007). It is conceivable that such unique 
features are responsible for the particularly 
scant achievements in the treatment of brain 
cancer. 

Chromatin modifications, gene regulation and 
stem cell differentiation
Mutations in cancers are often caused by 
genetic alterations. However, it becomes more 
and more clear that epigenetic changes, such 
as the loss or gain of DNA methylation and 
changes in histone modifications, play a major 
role (Sparmann and van Lohuizen, 2006). The 
Polycomb group (PcG) of proteins that we have 
studied here, provide an example of chromatin 
modifiers implicated in cancer (Valk-Lingbeek 
et al., 2004; Sparmann and van Lohuizen, 2006). 
PcG proteins form multimeric protein clusters 
designated Polycomb repressive complexes 
(PRCs). These complexes act on the promotor 
region of large sets of genes, which they 
mark with trimethylation of Histone H3K27 
(H3K27me3) or ubiquitination of H2AK119 (de 

Napoles et al., 2004; Wang et al., 2004; Boyer et 
al., 2006; Bracken et al., 2006; Lee et al., 2006; 
Pasini et al., 2007; Schwartz and Pirrotta, 2007). 
They used to be exclusively connected with 
silenced chromatin, but we know now that they 
can also be bound to active genes (Bracken et al., 
2006). How PcG recognizes target DNA remains 
elusive, but non-coding RNAs might have a 
pivotal role in this process (Wang et al., 2001; 
Plath et al., 2003; Silva et al., 2003; Hernandez-
Munoz et al., 2005; Rinn et al., 2007). Not much is 
known about PcG regulation. E2F1, Shh, Mel18, 
c-Myc, Cited2 and the NFκB pathway have been 
implied in controlling PcG expression (Kranc 
et al., 2003; Leung et al., 2004; Liu et al., 2006; 
Nowak et al., 2006; Dutton et al., 2007; Guo et 
al., 2007). Additionally, PcG proteins are subject 
to extensive post-translational modification 
such as ubiquitination, sumoylation and 
phosphorylation, presumably finetuning their 
activity (Voncken et al., 1999; Hernandez-
Munoz et al., 2005; Ben Saadon et al., 2006; 
Roscic et al., 2006; Karim Nacerddine, personal 
communication).
Interestingly, PcG proteins are known to be 
vital for embryonic development (Faust et al., 
1998; Donohoe et al., 1999; O’Carroll et al., 
2001; Voncken et al., 2003; Pasini et al., 2004). 
Using genome-wide approaches, the efforts 
of a number of research groups have led to 
the emergence of a picture illustrating how 
changes in chromatin structure orchestrate 
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differentiation. Although not directly related 
to the work presented in this thesis, these 
findings endow us with an important molecular 
framework as to how differentiation is achieved. 
Moreover, they corroborate our previously 
postulated hypothesis that dynamic, epigenetic 
reprogramming by PcG proteins occurs during 
cell differentiation (Chapter 2). Hence, we 
consider it appropriate to discuss them here.
In embryonic stem (ES) cells, all protein coding 
genes seem to experience transcription initiation, 
but elongation only occurs in a few genes 
(Guenther et al., 2007). Though speculative, 
PcG might play a role in preventing complete 
transcription by inhibiting RNA polymerase 
II as is proposed by some groups (Schwartz 
and Pirrotta, 2007). Curiously, genes encoding 
transcription factors required for the execution 
of specific differentiation programs, harbor 
‘bivalent’ chromatin domains (Bernstein et al., 
2006). Bivalent domains have both activating 
(H3K4) and repressive (H3K27) methylation 
marks, which gave rise to the idea that in ES 
cells, these genes are repressed yet ‘poised’ 
for activation (Azuara et al., 2006; Bernstein 
et al., 2006). PcG proteins are likely involved 
as they are preferentially bound to the genes 
coding for these transcription factors (Boyer et 
al., 2006; Bracken et al., 2006; Lee et al., 2006; 
Pasini et al., 2007). During ES cell differentiation, 
there is a general increase in expression of 
PcG targets together with H3K27me3 loss and 
PcG dissociation from the chromatin (Boyer 
et al., 2006; Lee et al., 2006; Pasini et al., 2007). 
Additionally, PcG proteins are actively recruited 
to new genes, or they become more tightly 
associated with genes already bound (Bracken 
et al., 2006; Pasini et al., 2007). These data fit a 
model in which PcG initially represses genes 
that are essential for differentiation, thus safe-
guarding ‘stem cell-ness’. Upon the reception 
of a developmental signal, transcription factors 
appropriate for the requested differentiation 
program are relieved from PcG repression, 
while for instance genes involved in effecting 
alternative fates or stem cell maintenance are 
more vigorously repressed. Thus, it seems that 
at least in not yet terminally differentiated cells, 
PcG-mediated repression is highly dynamic. This 

is further underscored by the recent discovery 
of histone demethylases that can actively 
remove the H3K27me3 PcG mark (Agger et al., 
2007; de Santa et al., 2007; Lan et al., 2007). Of 
note, acute removal of PcG only leads to the 
derepression of a subset of PcG target genes, 
suggesting that a second, more stable silencing 
mechanism coexists (Bracken et al., 2006; Petra 
van der Stoop, personal communication). DNA 
methylation might fulfill this function as PRC2 
components can direct DNA methylases towards 
PcG binding sites (Vire et al., 2006).

PcG proteins Bmi1 and Ring1b control proliferation, 
differentiation and oncogenesis in the brain
In this thesis, we have aimed at specifically 
elucidating the role of two PRC1 members, Bmi1 
and Ring1b, in brain development and cancer. 
In the first two experimental chapters, we 
investigated to which extent Ink4a and Arf, the 
most well described PcG targets in mammals 
(Jacobs et al., 1999a), function downstream of 
PcG (Chapters 4 and 5). Derepression of both 
Ink4a and Arf occurs in all Bmi1 or Ring1b null 
systems analyzed. However, we conclude that 
whereas repression of Arf by Bmi1 is generically 
required to sustain normal proliferation levels, 
the contribution of Ink4a repression to cell 
proliferation is restricted to certain cell types. 
Ink4a/Arf derepression can affect differentiation 
capacity as illustrated by the restoration of the 
relative frequency of mature B cell populations 
in the Bmi1-/-;Ink4a/Arf-/- spleen (Chapter 4). 
Nevertheless, the majority of Bmi1 deficient 
phenotypes related to developmental defects, 
such as thymocyte maturation, skeletal 
malformations, cerebellar neurogenesis, 
neurological abnormalities and overall growth 
retardation, are not rescued by Ink4a/Arf 
deletion. This suggests that PcG targets other 
than Ink4a/Arf significantly contribute to normal 
development and, possibly, to cancer. There is 
no doubt that excessive Ink4a/Arf repression 
by Bmi1 contributes to tumorigenesis (Jacobs 
et al., 1999b). However, the question whether 
other Bmi1 targets contribute to tumorigenesis 
as well, has not previously been addressed. 
In Chapter 6, we demonstrate that glial cells 
lacking both Bmi1 and Ink4a/Arf are still impaired 
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in tumor development confirming the premise. 
Using large scale expression studies, we found 
that disturbed signaling in pathways involved 
in proliferation, differentiation and migration 
contribute to the altered tumor growth in the 
absence of Bmi1. In our final experimental 
chapter (Chapter 7), we describe some of the 
players involved in the increased adhesion of 
Bmi1-/-;Ink4a/Arf-/- neural stem cells.
Altogether, these main findings can be fitted 
into a model in which PcG controls development 
and cancer in several ways (Figure 1). One 
branch downstream of PcG consists of direct 
modulation of proliferation and cell death via the 
Ink4a and Arf genes. The other branch involves 
one or more as yet unidentified mechanisms, 
presumably affecting both differentiation and 
adhesion. In the following part of the general 
discussion, we will discuss the roles of the 

(putative) players of these different branches 
based on information from the literature and 
our preliminary, unpublished observations. 
From the fact that we found so many genes 
affected by PcG absence (over a thousand in our 
various expression arrays, see Chapters 6 and 
7), we conclude that the majority of them must 
be indirect targets. In line with this, we propose 
that PcG activity creates a ‘snowball effect’: PcG 
primarily regulates developmental transcription 
factors, which in turn control the expression 
of effector genes (Figure 1). These latter genes 
will ultimately establish the physical changes 
associated with differentiation and adhesion. For 
the sake of clarity, we will treat PcG-controlled 
differentiation and adhesion as independent 
phenomena; however it is completely feasible 
that there is extensive crosstalk.      

Figure 1. PcG controls development and cancer in multiple ways.
In this model, PcG proteins regulate processes contributing to development and cancer through different routes. 
There is direct enhancement of proliferation by inhibiting expression of the Ink4a/Arf and possibly, Ink4b genes (left 
branch). But PcG is also involved in governing differentiation and adhesion-related processes, and there may be other 
unidentified PcG functions (right branch). In this branch, PcG activity creates a ‘snowball’ effect: PcG only binds directly 
to developmental transcription factors, which in turn regulate effector genes that ultimately establish changes in 
differentiation and adhesion. Genes implicated in these events are Engrailed, Notch, Shh, TGF-β, Cdkn1c (p57Kip2), and 
genes coding for ECM molecules. Dashed arrows indicate potential interactions.   
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PcG and proliferation

Bmi1, Mel18, Cbx7 and Cbx8 all exert repressive 
activity towards the Ink4a/Arf locus (Jacobs et 
al., 1999a; Gil et al., 2004; Dietrich et al., 2007). 
Recently, a longstanding issue was resolved as 
it was shown that PcG binding to the Ink4a/Arf 
locus is direct (Bracken et al., 2007; Dietrich et al., 
2007). Curiously, not only PRC1 proteins Bmi1, 
Cbx8 and H3K27me3 were stretched out over 
the entire locus, but also PRC2 proteins Suz12 
and Ezh2, the latter robustly implicated in cancer 
(Sparmann and van Lohuizen, 2006; Bracken et 
al., 2007). Whereas Ezh2 has not previously been 
associated with Ink4a/Arf regulation, it was 
quite remarkable that fibroblasts on the verge 
of senescence strongly decrease Ezh2 levels, 
followed by a reduction in H3K27me3 and Bmi1 
binding to the locus. But unlike Bmi1, ectopically 
expressed EzH2 was not recruited to Ink4a/Arf, 
suggesting a complex interplay between the 
different PcG proteins in binding and silencing. 
Interestingly in the promotor region of the Ink4b 
gene, which lies upstream from Ink4a/Arf, a highly 
conserved genetic element has been identified 
that under the influence of a Cdc6 containing 
protein complex recruits histone deacetylases 
and induces heterochromatinization of the 
entire Ink4b-Ink4a/Arf locus (Gonzalez et al., 
2006). Notably in some cells, PcG proteins 
cover not only the Ink4a/Arf locus, but also 
the Ink4b gene (Bracken et al., 2007). It would 
be interesting to see if PcG is involved in this 
heterochromatinization, and consequently if 
PcG controls Ink4b expression. As described in 
Chapter 6, Bmi1-/-;Ink4a/Arf-/- astrocytes (but not 
neural stem cells) have a reduced proliferative 
capacity. Derepression of Ink4b could account 
for this phenotype, especially as it was shown 
that Ink4b can compensate for the absence of 
Ink4a (Krimpenfort et al., 2007). However, we 
have never detected an increase in Ink4b protein 
or mRNA in the absence of Bmi1, suggesting this 
not to be the case (unpublished results). We did 
notice an increase in the mRNA and protein 
levels of p57Kip2 (Cdkn1c), a member of the Cip/
Kip family of cyclin dependent kinase inhibitors 
(CKIs), but have not yet investigated its impact 
on astrocyte proliferation (unpublished and 

see below). Another candidate for curtailing 
proliferation in a Bmi1 deficient background is 
E4f1. E4f1 directly binds to Bmi1 and its genetic 
deletion can partially rescue the clonogenic and 
repopulating capacity of Bmi1-/- hematopoietic 
progenitors (Chagraoui et al., 2006). This 
possibility awaits further testing.
An outstanding question is why Bmi1-mediated 
Arf repression is generically required for cell 
proliferation, whereas Ink4a repression is only 
essential for specific cell types. One possibility 
is that Ink4a activity is more tightly controlled 
than Arf. For instance, putative Ink4a inhibitors 
regulate its activity independently from Bmi1. 
Another plausible explanation is variation 
in Ink4a targets in different cell types. Ink4 
proteins prevent phosphorylation of the pocket 
proteins pRb, p107 and p130 by inhibiting 
CyclinD/CDK4-6 complexes (Chapters 1-3). The 
pocket proteins in turn bind and inhibit the 
E2F transcription factors. However, the affinity 
of the pocket proteins towards the various 
E2Fs varies (Galderisi et al., 2006; Skapek et al., 
2006). Consequently, the combination of pocket 
proteins and E2Fs available in cells, might 
limit their reaction to alterations in mitogenic 
signaling, and hence their responsiveness to 
Ink4a accumulation.    

PcG function in development and 
differentiation

Sonic hedgehog and Engrailed in cerebellar 
development
The cerebellum provides one example of 
a tissue that depends on PcG function for 
development. Both in the Bmi1 and Ring1b 
deficient cerebellum, abnormalities are found 
though they are different in nature. In the case 
of Bmi1 deletion, most striking are a void of 
neurons and improper arborization of dendrites 
in the molecular layer (Chapter 4). The Ring1b 
null cerebellum is characterized by the lack of 
an anterior fissure resulting in the fusion of two 
lobules (Chapter 5). Unfortunately, not much is 
known about the development of non-granule 
cerebellar neurons. Usually, their differentiation 
and arborization is said to depend on granule 
neuron expansion, which is regulated by Sonic 
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hedgehog (Shh) secreted from the Purkinje 
neurons (Dahmane and Altaba, 1999; Wechsler-
Reya and Scott, 1999). Cerebellar foliation 
is also critically controlled by Shh signaling 
(Dahmane and Altaba, 1999; Wallace, 1999; 
Wechsler-Reya and Scott, 1999; Corrales et al., 
2004; Lewis et al., 2004; Corrales et al., 2006). 
For the Bmi1 null cerebellum, it has already 
been shown that there is a reduction in Shh 
responsiveness (Leung et al., 2004). Based on 
in vitro observations, we concluded that Bmi1-
mediated Ink4a/Arf repression is responsible 
for this phenotype. However, it would be 
informative to investigate both in the Bmi1 and 
Ring1b cerebellum, whether in vivo Shh activity 
is impaired. This could be done by assessing Gli1 
expression (Corrales et al., 2004). Intriguingly, 
both in Bmi1 and Ring1b deficient brain and 
neural stem cells, we find elevated mRNA and 
protein levels of Engrailed-1 and -2 (En-1 and 
En-2) and this could be related to Shh signaling 
(Chapter 5 and unpublished results). Engrailed 
has long been believed to act as an intracellular 
transcriptional repressor, however recent 
evidence suggests that the protein can also be 
secreted and function as a signaling molecule 
in axon guidance (Joliot et al., 1998; Maizel 
et al., 1999; Brunet et al., 2005). Enhancing or 
disrupting mutations in the Engrailed genes have 
been implicated in defective foliation, aberrant 
mossy fiber projection, and stunted arborization 
of Purkinje neurons, thus resembling some 
aspects of the phenotypes we observed (Millen 
et al., 1994; Kuemerle et al., 1997; Baader et al., 
1998; Baader et al., 1999; Bilovocky et al., 2003). 
In the fruit fly, a wealth of data implicates PcG 
in the regulation of both Engrailed (En) and 
Hedgehog (Hh) during larval development 
(Maschat et al., 1998; Randsholt et al., 2000; 
Chanas et al., 2004; Chanas and Maschat, 2005). 
Dependent on position, PcG gene Polyhomeotic 
(Ph) represses En, Hh and Cubitus interruptus 
(Ci, a Gli homologue). Additionally, a feedback 
mechanism is present as En, which also represses 
Ci, induces PcG expression. Altogether, it would 
be worthwhile to investigate if a similar network 
exists in mammals, as it might explain part of 
the cerebellar PcG phenotypes.      

Notch signaling and p57Kip2 in differentiation
In the absence of Bmi1, alterations in fate 
choice have been reported in a number of 
different systems. In chapter 6, we showed that 
the production of neuronal cells from Bmi1-/-

;Ink4a/Arf-/- astrocytes or neural stem cells in 
culture was attenuated, in line with the earlier 
finding that Bmi1-/-;Ink4a/Arf+/+ neurospheres 
do not efficiently generate neurons (Zencak 
et al., 2005, Chapter 6). Also, neuroblastoma 
tumor cells devoid of Bmi1 are affected in their 
neurogenic capacity (Cui et al., 2006; Cui et 
al., 2007). Moreover, we found in our glioma 
model that in the absence of Bmi1 and Ink4a/
Arf, tumors display reduced differentiation 
capacity (Chapter 6). Notably, such alterations 
in differentiation are not unique to the brain, 
since Bmi1-/-;Ink4a/Arf-/- mammary cells undergo 
precocious differentiation in transplantation 
assays (Alexandra Pietersen and M.v.L., 
submitted). We have performed a number of 
genome-wide expression studies as well as 
candidate approaches that provided us with a 
list of genes deregulated in the absence of Bmi1 
(Chapter 7). Based on the literature, a subset of 
these genes might be involved in fate choice 
decisions. The decision to adopt a neuronal fate 
is in part controlled by Notch lateral inhibition 
(Mehler, 2002; Guillemot, 2005; Guillemot et al., 
2006; Miller and Gauthier, 2007, see also Chapter 
1). Temporally restricted, Notch signaling either 
promotes stem cell self-renewal or gliogenic 
fate. The latter process is regulated in concert 
with BMP and cytokine signaling. Interestingly, 
it was recently shown that the presence of a 
single Notch co-factor, CBF1, determines the 
difference between stem cell or early progenitor 
fate (Mizutani et al., 2007). But it is believed that 
the asymmetric segregation of Notch inhibitor 
Numb to the committed progenitor cell finalizes 
Notch signaling, creating an opportunity for 
neuronal differentiation. Notch is a membrane 
bound receptor that is intracellularly cleaved 
upon ligand binding (Miller and Gauthier, 
2007). The cleaved fragment translocates to the 
nucleus and induces expression of the Hes family 
of basic helix-loop-helix (bHLH) transcription 
factors. Hes-related bHLHs negatively control the 
expression of a number of genes, among which 
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the proneural bHLHs: Neurogenin-1 (Ngn-1), 
Ngn-2, and Mash1 (Guillemot et al., 2006). These 
proneural genes in turn stimulate neuronal 
differentiation together with various genes that 
belong to the group of transcription factors 
directly bound by PcG in ES cells, such as Pax6, 
Emx2, Tbr1 and 2, and Dlx (Boyer et al., 2006; 
Guillemot et al., 2006; Lee et al., 2006). When we 
induced neural stem cells to differentiate, we 
noticed that Bmi1-/-;Ink4a/Arf-/- cells had lower 
levels of Mash-1, Neurogenin-2, Olig2 and Dlx2 
mRNA, whereas Hes5 was induced in accordance 
with a paucity of newly formed neurons (Chapter 
6 and unpublished results). Though still highly 
speculative, this could suggest that Bmi1 is 
required for proper Notch signaling.
Another fascinating Bmi1 target that is also 
controlled by Notch signaling, is the before 
mentioned cell cycle inhibitor p57Kip2. p57Kip2 is 
a paternally imprinted gene associated with 
the Beckwith-Wiedemann syndrome in humans 
(Hatada and Mukai, 1995). Overexpression forces 
a G1 arrest through inhibition of the cyclin-
dependent kinases (Lee et al., 1995; Matsuoka 
et al., 1995). The expression pattern of p57Kip2 
suggests a role in terminal differentiation during 
embryonic development, possibly through its 
unique non-CDK binding domains (Reynaud et 
al., 2000). Indeed, deletion of the maternal allele 
leads to perinatal death in association with 
severe developmental defects (Yan et al., 1997; 
Zhang et al., 1997). Some of the p57Kip2 knockout 
phenotypes closely resemble pRb deletion, 
whereas other abnormalities are more alike 
defects in the p107/p130 double null mouse. Of 
note, one phenotype occurs in the amacrine cell 
populations of the retina where Bmi1 deficiency 
also causes abnormalities (Dyer and Cepko, 2000; 
Yvan Arsenijevic and Dusan Zencak, personal 
communication). In several neural cell types, E 
proteins, the obligate activating binding partners 
of the proneural bHLH transcription factors, 
were shown to induce p57Kip2 evoking cell cycle 
arrest (Rothschild et al., 2006). Both in the eye 
lens and in the pancreas, Hes-like transcription 
factors downstream of Notch signaling were 
shown to inhibit p57Kip2 expression, which is 
in agreement with a putative role for Bmi1 in 
negatively controlling Notch signaling (Georgia 

et al., 2006; Jia et al., 2007). Moreover, removal of 
Hes repression induced depletion of progenitor 
pools and precocious differentiation in both 
organs, the latter phenomenon consistent with 
the phenotype of the Bmi1 null mammary gland 
(Alexandra Pietersen and M.v.L., submitted). 
There are even a few reports implicating 
p57Kip2 in neuronal migration, possibly through 
modulation of the Actin cytoskeleton (Yokoo 
et al., 2003; Sakai et al., 2004). Resuming, p57Kip2 

and bHLH transcription factor misexpression 
downstream of Notch could explain the 
differentiation defects observed in the absence 
of Bmi1. This cascade would then constitute the 
main element of the ‘differentiation branch’ of 
PcG signaling (Figure 1).

PcG, matrix adhesion and TGF-β signaling

Another interesting and novel PcG function is 
control of cell adhesion, constituting another 
signaling branch downstream of PcG (Figure 1). 
Set off by clues from the expression array studies 
indicating that altered migration pathways are 
causative to diminished tumor growth from 
Bmi1 deficient cells (Chapter 6), we established 
that Bmi1-/-;Ink4a/Arf-/- neural stem cells (NSCs) 
strongly adhere to the extracellular matrix 
(ECM)(Chapter 7). Cell-matrix interactions are 
usually mediated by Integrin receptors and so 
is the adhesion of Bmi1 null cells (Humphries et 
al., 2004, Chapter 7). Ligated Integrins conduct 
signals to small Rho-like GTPases, ultimately 
regulating the assembly and breakdown of 
focal complexes and adhesions, in collaboration 
with a vast platform of molecules designated 
the adhesome (DeMali et al., 2003; Burridge 
and Wennerberg, 2004; Zaidel-Bar et al., 2007). 
Theoretically, deregulation of each of these 
components could be underlying the enhanced 
NSC adhesion, but instead an increase in 
ECM molecule secretion turned out to be the 
culprit (Chapter 7). It is of particular interest 
to understand how this is brought about as it 
potentially has a large impact on development. 
For instance, ECM molecules partially govern 
the stem cell niche and they can tether growth 
factors (Massague, 1998; Whetton and Graham, 
1999; Blaess et al., 2004; Fuchs et al., 2004; Garcion 
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et al., 2004; Murphy et al., 2005; Zacchigna et al., 
2006). Further, ECM molecules act as substrates 
for cell migration. Thus, ECM misexpression 
could impede any of these processes.
Until so far, our attempts to disclose the identity 
of the matrix molecule(s) secreted by Bmi1 
deficient cells using mass-spectrometry have 
failed. A combination of genome-wide and 
pathway focused expression arrays was more 
successful and provided a number of candidate 
genes that were induced at the mRNA level. 
The majority of them are involved in Collagen 
metabolism (Col3a1, Col4a1, Col4a2, Col5a2, 
Pcolce, Emilin1, Itga1, see also Chapter 7). 
Accordingly, a recent publication described that 
removal of Bmi1 from medulloblastoma cell lines 
leads to increased Collagen levels in xenografts 
(Wiederschain et al., 2007). This could be cell 
type specific as increased Col3a1 expression 
can be found in Bmi1-/- hematopoietic cells but 
not in embryonic fibroblasts (Park et al., 2003, 
our unpublished results). Deposition of matrix 
and Collagens is mainly controlled by TGF-β 
(Transforming growth factor beta) signaling 
(Verrecchia et al., 2006). Excessive amounts of 
Laminin and Fibronectin can be found in brain 
overexpressing TGF-β, whereas TGF-β-/- mice 
have reduced matrix deposition in the brain 
(Wyss-Coray et al., 1995; Brionne et al., 2003). 
Intriguingly, a substantial part of our list of 
candidate genes (which includes p57Kip2) has been 
demonstrated to be TGF-β targets, suggestive of 
a link between TGF-β and Bmi1 signaling (Heino 
et al., 1989; Kagami et al., 1999; Scandura et al., 
2004; Verrecchia et al., 2006). If this is true, our 
data favors a model in which Bmi1 dampens 
the response to TGF-β signaling. Corroborating 
this idea, recent binding and expression studies 
indicated a role for PcG in TGF-β signaling (Lee 
et al., 2006; Bracken et al., 2006; Petra van der 
Stoop, personal communication). Moreover, 
administration of TGF-β to control Ink4a/Arf-/- 
NSCs induced the expression of some of the 
target genes that we tested (Col5a2, Emilin1, 
Itga1), as well as phosphorylation of the Smad2 
protein demonstrating NSCs to be TGF-β 
responsive. However, these cells did not adopt 
an adherent growth mode (unpublished results). 
This could be explained by the fact that we only 

added one specific form of TGF-β to these cells. 
The TGF-β super family consists of many related 
cytokines among which BMPs, hence we might 
have used an unsuitable family member (Aigner 
and Bogdahn, 2007). Interestingly, Emilin1 
can sequester TGF-β in the extracellular space, 
forming a feedback loop between PcG and 
TGF-β (Zacchigna et al., 2006). All in all, it seems 
meaningful to further explore the PcG and TGF-β 
connection.   

Implications for brain cancer

Differentiation and gliomagenesis
Obviously, the key question is if and how these 
PcG activities impact on cancer development 
(Figure 1). As said, it is not difficult to imagine 
that the pro-proliferative effect exerted by PcG 
is beneficial to neoplastic growth. But to get 
a handle on how the PcG differentiation and 
migration branches may be involved, we need 
to understand some basic features of glioma 
biology (see also Chapter 1). In humans, high 
grade gliomas can be subdivided into two 
groups. One type of glioblastoma (GBM) occurs 
in relatively young adults and usually derives 
from a preexisting lower grade tumor. This type 
of GBM is referred to as secondary GBM and is 
frequently associated with early mutations in 
p53 followed by loss of PTEN, RB and several 
mutated cell cycle components (von Deimling et 
al., 1995). The other type predominantly affects 
older people and develops without clinical 
evidence for a precursor lesion and is therefore 
called primary GBM. This latter form of brain 
cancer is associated with mutations in the EGF 
signaling pathway in combination with INK4A/
ARF and PTEN loss. Modeling glioma in mice has 
revealed that whereas mutations in receptor 
tyrosine kinase (RTK) signaling alone are not 
sufficient to drive gliomagenesis, simultaneous 
deletion of a tumor suppressor locus such as 
Ink4a/Arf gives rise to full blown GBM (Holland 
et al., 1998; Holland and Varmus, 1998; Holland, 
2001; Bachoo et al., 2002). The essential signaling 
pathways mediating this are the Ras and PI3K 
cascades (Holland et al., 2000).
Of note, histologically primary and secondary 
GBM are indistinguishable. As argued in the 
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first part of the general discussion, different 
(sub)types of tumors display different genetic 
alterations undermining the effective use of a 
single treatment. GBM may exemplify this as, 
although both tumor classes almost invariably 
cause death of the patient, secondary GBM 
has a better prognosis in terms of survival time 
(von Deimling et al., 1995). It is conceivable that 
this discrepancy originates from a different cell 
of origin with a unique sensitivity to certain 
signaling. Substantiating this thought is the 
finding that the specific delivery of ‘oncogenic 
hits’ to either Nestin or GFAP positive cells does 
not give rise to identical tumors (Dai et al., 2001). 
This is one aspect of tumor biology in which we 
suspect PcG proteins to fulfill a fundamental 
part. One current feasible hypothesis is that 
differentiated cells are differentially resistant 
against oncogenic transformation than 
progenitor or stem cells (Dai and Holland, 
2003). This idea is based on the presumption 
that terminally differentiated cells have a more 
stably ‘locked’ and less versatile gene expression 
program than progenitors, corroborated by the 
new data on how the ES cell genome orchestrates 
differentiation (Azuara et al., 2006; Bernstein et 
al., 2006). Since PcG proteins are almost certainly 
involved in this epigenetic reprogramming of 
cells (Boyer et al., 2006; Lee et al., 2006, see also 
Chapter 2), their (mis)expression potentially 
enhances a cell’s susceptibility to transform 
or even dedifferentiate under the influence of 
oncogenic signaling (Dai et al., 2001; Bachoo et 
al., 2002). Thus, we debate that the differentiation 
phenotypes of the Bmi1 mutant are illustrative 
of a broader role for PcG-mediated safekeeping 
of cell identity, and that irregularities in this 
process alter protection against oncogenic 
transformation.        
Notably, the precise nature of the in vivo cell of 
origin for GBM is part of a completely different 
discussion. While theoretically, differentiated 
astrocytes as well as glial progenitor or even 
stem cells can be at the root of the tumor, 
emerging evidence suggests that subventricular 
zone (SVZ) progenitors are the most plausible 
candidates (Sanai et al., 2005; Zhu et al., 2005). 
This is in line with observations that infusion 
of growth factors into the brain or ventricles 

preferentially induces cells in the SVZ region 
to hyperproliferate (Kuhn et al., 1997; Tropepe 
et al., 1997; Gage, 2000; Bachoo et al., 2002; 
Doetsch et al., 2002; Jackson et al., 2006).

Adhesion and gliomagenesis
SVZ progenitors share a number of characteristics 
with glioma cells (Sanai et al., 2005; Quinones-
Hinojosa and Chaichana, 2007). They both have 
a robust proliferative potential, generate diverse 
progeny, exhibit an immature phenotype, 
respond to similar developmental signaling 
pathways and are associated with the basal 
lamina and blood vessels. This supports the idea 
that they act as cell of origin for glioma, since 
they simply provide the path of least resistance. 
Of relevance for PcG function, another shared 
feature is a remarkable mobility. SVZ progenitors 
migrate over long distances towards the 
olfactory bulb and glioma cells have been 
reported to migrate as far as seven centimeters 
away from the primary tumor. Furthermore, SVZ 
progenitors will migrate widely into the cortex 
in response to damage inflicted on the brain 
(Fallon et al., 2000; Nakatomi et al., 2002; Goings 
et al., 2004; Macas et al., 2006). It is not known 
whether a common substrate is used.
Gliomas are different from most other tumors 
in that they are extremely infiltrative, a trait 
often already evident in lower grade tumors. 
This is the main reason that surgical resection 
almost invariably leads to recurrence of the 
disease (Lefranc et al., 2005). They display a 
strong preference for migration along the blood 
vessel basement membranes and white matter 
tracts. Curiously, glioma cells seldom breach the 
basal laminae and therefore rarely metastasize 
outside the nervous system. Like the normal 
brain ECM, glioma cells secrete their own unique 
array of matrix molecules (Gladson, 1999; Bellail 
et al., 2004; Lefranc et al., 2005). Among these 
are several glucosaminoglycans, proteoglycans, 
Hyaluronan, Tenascin, Sparc, Osteopontin and 
Vitronectin. Expression of Tenascin, Vitronectin 
and Osteopontin correlates with malignancy. 
In some tumors, half of the total volume is 
constituted by ECM underscoring its significance 
to tumor burden (Zamecnik, 2005). In vitro 
studies have confirmed that glioma cells use a 
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number of these molecules for migration.
It is tempting to speculate that PcG proteins are 
involved in tumor matrix remodeling. If this would 
be the case, then the increase in ECM deposition 
and concomitant Integrin-mediated adhesion 
that we observed in the absence of Bmi1, might 
interfere with glioma cell migration (Chapter 7). 
This is corroborated by the correlation between 
reduced xenograft growth and increased 
Collagen deposition by medulloblastoma cells 
deprived of Bmi1 (Wiederschain et al., 2007). 
Interestingly, Integrins have been implicated 
in glioma development as well (Gladson, 1999; 
Uhm et al., 1999; Zamecnik, 2005). Altogether, 
it would be worthwhile to test if the PcG-ECM-
gliomagenesis connection is genuine, for 
instance by intervening with Beta-1 Integrin 
signaling or reducing the amount of secreted 
matrix.

It is evident that the potential contribution 
of PcG proteins to neoplastic development is 
far more diverse than currently appreciated. 
As we favor a model in which PcG enhances 
tumor growth via modulation of mechanisms 
involved in adhesion and differentiation, in 
addition to directly stimulating proliferation, it 
seems worthwhile to continue looking beyond 
Ink4a/Arf as the main PcG target. This will 
unquestionably increase our understanding of 
PcG function in development and cancer.
Unfortunately, little progress in glioma treatment 
has been made over the past decade and we 
seem far away from significantly improving 
the prognosis of glioma patients in the nearby 
future (de Vries et al., 2006). It may not be a 
straightforward task to target PcG activity in 
these tumors. However, a recent study provided 
a bit of hope that chemical inhibition of PcG 
activity could actually be an option (Tan et al., 
2007). Furthermore, the fact that at least two 
PcG proteins exhibit enzymatic activity towards 
histones in combination with the identification 
of the respective counteracting enzymes 
(see above; Nicassio et al., 2007), might offer 
additional opportunities for eventual chemical 
interference with PcG activity in cancer.   
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The most dramatic changes an individual will 
ever experience take place during embryonic 
development. From the original single cell 
zygote, a multicellular organism derives in 
which hundreds of different specialized cell 
types are grouped into multiple organs. To reach 
such orderly stage, coordinated waves of stem 
cell proliferation, migration and differentiation 
are required. Governing these processes are 
the developmental signaling cascades such 
as Wnt, Sonic hedgehog, Fibroblast growth 
factor, Transforming growth factor-β (TGF-β), 
and Notch, which use information from the 
extracellular space to transduce signals into 
the cell. Inside the cell, Trithorax and Polycomb 
group (PcG) proteins are some of the main 
players in organizing the body plan. PcG 
proteins, the subject of the research described 
in this thesis, can modify the expression of 
large sets of genes by epigenetically labeling 
them for repression. As such, they might be 
able to set gene expression programs that are 
specific for particular cell types; thus acting as 
key determinants of cell specification. After 
embryonic development, the body switches 
to a state of maintenance or homeostasis. It 
is believed that also in the adult, stem cell 
populations persist in many if not all tissues. For 
the most part, these cells are quiescent but for 
instance in case of tissue injury, they can enter 
the cell cycle more frequently.
An organism and its (stem) cells are constantly 
exposed to a wide range of potentially harmful 
environmental factors. Sometimes, damage 
inflicted on the genome leads to loss of control of 
cell proliferation: the onset of cancer is created. 
Interestingly, many cancers resemble the tissue 
they originated from to a certain degree. They are 
not necessarily homogeneous cell masses, but 
consist of different cell types with either more 
primitive or differentiated characteristics. This 
observation led to the idea that within a tumor, 
a hierarchy exists that reflects the cell lineages 
present in the tissue during embryogenesis 
or homeostasis. It also implies that in a tumor, 

a founding or cancer stem cell may be at the 
root of the disease. Because of the similarities 
between tumors and the organs they originated 
from, one needs to appreciate the biology of the 
normal tissue in order to understand the tumor.
We have attempted to elucidate the role of two 
members of the Polycomb group, Bmi1 and 
Ring1b, in brain development and glioma, a 
type of cancer of the brain believed to harbor 
cancer stem cells. To first gain insight into the 
normal development of the brain, we describe 
this process in Chapter 1. The most well known 
cell type in the brain is the neuron, however 
neurons are by far outnumbered by the cells 
belonging to the other group; the glia. There is 
increasing evidence that only a specific subset 
of glial cells can act as cell of origin for glioma; 
namely the progenitor cells of the neurogenic 
regions that remain in some areas of the adult 
brain (Chapter 1). In Chapter 2, we review the 
role that PcG proteins play in development 
with emphasis on embryonic and adult stem 
and progenitor cell populations. PcG proteins 
are chromatin modifiers that form multimeric 
protein complexes termed Polycomb repressive 
complexes (PRCs). They mainly act as gene 
silencers. PcG proteins of the initiation (or PRC2) 
complex are vital to embryonic development. 
Most maintenance (PRC1) PcG proteins are 
dispensable for embryogenesis, but essential 
for normal postnatal life possibly due to their 
role in maintaining adult stem cells. Bmi1 and 
Ring1b belong to this latter group. However, 
Ring1b is exceptional as its deletion also causes 
early embryonic lethality. Both Bmi1 and Ring1b 
have been implicated in the repression of the 
tumor suppressor locus Ink4a/Arf. The Ink4a/
Arf locus codes for two genes, Ink4a and Arf. 
Ink4a is a cyclin-dependent kinase inhibitor 
(CKI) that inhibits CyclinD/CDK4-6 complexes, 
thus preventing progression through the cell 
cycle (reviewed in Chapters 1-3). Arf stabilizes 
p53 by inhibiting Mdm2 and is thereby 
capable of evoking cell cycle arrest or cell 
death. Interestingly, a number of CKIs has been 
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implicated in the self-renewal of adult stem 
and progenitor cells (Reviewed in Chapter 
3). Therefore, we first set out to test to what 
extent repression of Ink4a and Arf by Bmi1 is 
required for the proliferation of ‘normal’, versus 
stem and progenitor cells in vitro and in vivo 
(Chapter 4). Remarkably, while both Ink4a and 
Arf are derepressed in all Bmi1 deficient systems 
analyzed (fibroblasts, lymphoid cells, cerebellar 
neurons and cerebral neural stem cells), we find 
that only Arf repression by Bmi1 is generically 
required for proliferation. Ink4a repression 
contributes to the proliferation and self-renewal 
of just a subset of cell types. However, we 
noticed that not all defects caused by deletion 
of Bmi1 are rescued by co-deletion of Ink4a/
Arf. For instance, cerebellar neurogenesis, 
skeletal transformations and the overall growth 
retardation are still impaired in a Bmi1-/-;Ink4a/
Arf-/- background, suggesting the existence of 
Ink4a/Arf-independent Bmi1 targets (Chapter 
4). Notably, recent binding studies reinforce the 
idea that PcG proteins have multiple additional 
target genes.
As mentioned above, complete removal of Bmi1 
binding partner Ring1b induces embryonic 
lethality. To investigate whether Ring1b also has 
a role in brain development, we conditionally 
ablated this gene from the central nervous 
system (CNS)(Chapter 5). A number of CNS-
specific Ring1b null mice survived until birth, 
however they suffered from severe progressive 
growth retardation and died prematurely. Close 
examination of the brain revealed malformations 
in the cerebellar foliation pattern, which could 
explain the neurological abnormalities exhibited 
by these animals. We detected derepression of 
Ink4a/Arf in all areas of the Ring1b null brain 
investigated, indicating that elevated levels of 
this tumor suppressor locus could be involved 
in the Ring1b phenotypes. Accordingly, we 
observed that the lack of proliferation of Ring1b 
deficient neural stem cells was completely 
rescued by Ink4a/Arf co-deletion. However, we 
also found that the Engrailed genes, known to 
be essential for cerebellar development, were 
derepressed suggesting that genes other than 
Ink4a/Arf might play a role as well (Chapter 5). 
Altogether, these findings prompted an 

exploration of Ink4a/Arf-independent PcG 
targets. We decided to search for these genes 
using a mouse model for brain cancer, and 
established that Bmi1 deficiency does affect 
glioma development independently from Ink4a/
Arf (Chapter 6). Bmi1-/-;Ink4a/Arf-/- tumors formed 
with a later onset and had different histological 
grading. They also displayed a reduced 
differentiation capacity. Large scale gene 
expression analyses revealed that alterations 
in pathways controlling proliferation, adhesion 
and development were most significantly 
changed in these Bmi1 null tumors. In line with a 
role for PcG in adhesion, we observed that Bmi1
-/-;Ink4a/Arf-/- neural stem cells have increased 
capability to adhere to the extracellular 
matrix (ECM)(Chapter 7). We strongly suspect 
that this is caused by an increase in secreted 
ECM compounds due to altered Collagen 
metabolism. Preliminary observations indicate 
that alterations in Notch or TGF-β signaling are 
mediating the differentiation and adhesion 
defects found in the absence of Bmi1 and Ink4a/
Arf (Chapter 8).
Altogether, the research described in this 
thesis favors a model in which PcG can 
control development and cancer in several 
ways. Stimulating proliferation by Ink4a/Arf 
modulation is one aspect, whereas controlling 
adhesion and differentiation may provide other 
means of enhancing (tumor) development. 
Therefore, looking beyond Ink4a/Arf as the main 
PcG target will create a more comprehensive 
insight into PcG function.
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De meest ingrijpende veranderingen die een 
individu zal meemaken gedurende zijn hele 
leven vinden plaats tijdens de embryonale 
ontwikkeling. Uit de oorspronkelijke eencellige 
zygote ontstaat een volledig organisme 
waarin honderden verschillende celtypes 
naast elkaar functioneren. Al die verschillende 
cellen bevinden zich in de organen waar ze 
specifieke functies vervullen. Het is duidelijk 
dat de opbouw van zulke complexe weefsels 
op elkaar afgestemde golven van stamcel 
proliferatie, migratie en differentiatie vereist. 
Deze processen worden gecoördineerd door 
ontwikkelingsgeassocieerde signaaltransductie 
cascades zoals Wnt, Sonic Hedgehog, Fibroblast 
growth factor, Transforming growth factor-β 
(TGF-β) en Notch. Deze mechanismen 
gebruiken signalen uit de extracellulaire 
ruimte om veranderingen binnen de cel te 
bewerkstelligen. Binnen de cel zijn de Trithorax 
en Polycomb groep (PcG) genen bekende 
spelers in het vaststellen van het lichaamsplan. 
PcG genen, die het onderwerp zijn van het in dit 
proefschrift beschreven onderzoek, reguleren 
de activiteit van grote groepen genen door hen 
te markeren voor repressie. Mogelijk kan PcG op 
deze manier complete genexpressie patronen 
die specifiek zijn voor bepaalde celtypes 
bepalen. In feite kan PcG zo de ‘identiteit’ 
van een cel vastleggen. Na de embryonale 
ontwikkeling zullen de verschillende weefsels 
zich voornamelijk bezighouden met het in 
standhouden van zichzelf. Het is tegenwoordig 
algemeen geaccepteerd dat zich ook in 
volwassen organen stamcellen bevinden. In 
tegenstelling tot de embryonale stamcellen 
zijn deze cellen normaal gesproken niet actief 
aan het delen. Echter wanneer er schade aan 
het weefsel ontstaat, kunnen zij geactiveerd 
worden om het benodigde aantal nieuwe cellen 
te leveren.
De constante blootstelling aan allerlei externe, 
schadelijke invloeden kan de stamcellen of 
hun directe afstammelingen aantasten. In het 
ergste geval raakt het DNA zozeer beschadigd 

dat de controle over de celdeling verloren 
raakt: de basis voor een ziekte als kanker is dan 
gelegd. Veel vormen van kanker lijken in meer 
of mindere mate op het orgaan waarvan zij 
afkomstig zijn. Deze tumoren bestaan niet uit 
een homogene celmassa, maar uit verschillende 
types van cellen met meer primitieve of juist 
meer gedifferentieerde eigenschappen. Dit 
verschijnsel leidde tot de gedachte dat in 
een tumor zich hiërarchisch gestructureerde 
celpopulaties bevinden die sterk lijken op de 
celfamilies in gezond weefsel. Dit suggereert 
tevens dat er zoiets als een stamcel aanwezig 
moet zijn in de tumor. Wij denken dat vanwege 
de sterke overeenkomsten tussen een tumor 
en het orgaan waarvan deze afkomstig is, het 
belangrijk is om de normale biologie goed te 
begrijpen. 
In ons onderzoek hebben we geprobeerd 
om meer inzicht te krijgen in de rol die twee 
PcG eiwitten, Bmi1 en Ring1b, spelen in de 
ontwikkeling van de hersenen en het glioom, 
een vorm van hersenkanker waarvan men 
denkt dat er stamcelachtige cellen in zitten. Om 
de achtergrond van deze groep van tumoren 
te begrijpen, beschrijven we de normale 
ontwikkeling van de hersenen in hoofdstuk 
1. Het meest bekende celtype in de hersenen 
zijn de neuronen, maar de cellen behorende 
tot de andere groep, namelijk die van de glia, 
zijn veel groter in aantal. Gedurende lange tijd 
dacht men dat alle glia in principe bron kunnen 
zijn voor het glioom. Maar nieuwe inzichten 
duiden erop dat het waarschijnlijker is dat 
stamcelachtige glia cellen in de neurogene 
gebieden van de hersenen deze rol vervullen 
(Hoofdstuk 1). In hoofdstuk 2 beschrijven we hoe 
PcG eiwitten betrokken zijn bij de ontwikkeling 
en dan met name in embryonale en volwassen 
stamcellen. Zoals gezegd zijn PcG eiwitten 
epigenetische modulators van chromatine die 
grote eiwitcomplexen vormen die Polycomb 
repressive complexes (PRCs) worden genoemd. 
Hun voornaamste functie is het inactiveren 
van genen. PcG eiwitten van het zogenaamde 
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initiatie complex (PRC2) zijn essentieel voor de 
embryonale ontwikkeling, terwijl PRC1 eiwitten 
vooral een rol spelen tijdens het latere leven. 
Bmi1 en Ring1b behoren tot deze laatste groep, 
maar Ring1b is weer uitzonderlijk omdat dit 
eiwit ook cruciaal voor de embryogenese is.
Bmi1 en Ring1b zijn beide betrokken bij de 
repressie van het Ink4a/Arf tumor suppressor 
locus. Dit locus codeert voor twee genen, 
Ink4a en Arf. Ink4a is een Cycline-afhankelijke 
kinase remmer (CKI) die de voortgang door de 
celcyclus remt. Arf stabiliseert het p53 eiwit en 
kan afhankelijk van de omstandigheden zowel 
de celcyclus remmen als celdood induceren. 
Omdat een aantal CKIs al eerder geïmpliceerd is 
in de proliferatie van stamcellen en progenitor 
cellen (beschreven in Hoofdstuk 3), hebben we 
als eerste onderzocht in welke mate repressie 
van Ink4a en Arf door Bmi1 noodzakelijk is voor 
de proliferatie van normale en stamcelachtige 
cellen (Hoofdstuk 4). Merkwaardig genoeg 
vonden we dat, terwijl beide genproducten 
zijn opgereguleerd in de afwezigheid van Bmi1 
in alle celtypes die we hebben geanalyseerd 
(fibroblasten, lymphoïde cellen, cerebellaire 
neuronen en neurale stamcellen), alleen de 
onderdrukking van Arf consequent vereist 
is voor normale proliferatie. Ink4a repressie 
daarentegen draagt alleen bij aan de proliferatie 
van bepaalde celgroepen. Verder was het 
opvallend dat niet alle defecten die optreden 
in de afwezigheid van Bmi1, zoals verminderde 
cerebellaire neurogenese, transformaties 
van het skelet en de algehele groeistoornis, 
gecompenseerd worden door gelijktijdig Ink4a/
Arf verlies (Hoofdstuk 4). Dit suggereert dat er 
andere, Ink4a/Arf onafhankelijke Bmi1 targets 
moeten zijn. Dit idee wordt bevestigd door 
recente bevindingen in andere studies die 
beschrijven dat PcG bindt aan een groot aantal 
genen. 
Zoals reeds gezegd is verlies van Ring1b, een 
bindingspartner van Bmi1, niet verenigbaar 
met een normale embryonale ontwikkeling. 
Om toch te kunnen onderzoeken of Ring1b 
een rol speelt in een later stadium tijdens de 
ontwikkeling van het zenuwstelsel, hebben 
we een hersenspecifieke Ring1b ‘knockout’ 
muis gemaakt (Hoofdstuk 5). Een aantal 

van deze muizen overleeft tot de geboorte, 
hoewel zij lijden aan een ernstige progressieve 
groeistoornis en vroegtijdig overlijden. Nader 
onderzoek van de hersenen toonde aan dat er 
afwijkingen zijn in de bladeren (folia) van het 
cerebellum. Mogelijk verklaart dit waarom deze 
muizen gedragsstoornissen vertonen. Net als in 
de Bmi1 knockout muis, die overigens eenzelfde 
palet aan abnormaliteiten vertoont, vinden we 
verhoogde activiteit van het Ink4a/Arf locus in alle 
hersengebieden. Het is mogelijk dat verhoogde 
Ink4a/Arf expressie verantwoordelijk is voor de 
Ring1b knockout fenotypes, omdat we vonden 
dat Ring1b deficiënte neurale stemcellen, die 
praktisch geen celdelingen ondergaan, volledig 
herstellen in de afwezigheid van Ink4a/Arf. Maar 
we vonden ook dat de twee Engrailed genen, 
waarvan bekend is dat ze betrokken zijn bij de 
ontwikkeling van de kleine hersenen, verhoogde 
activiteit vertonen in Ring1b knockout muizen. 
Er is dus een mogelijkheid dat andere genen 
dan Ink4a/Arf belangrijk zijn voor de uitvoering 
van Ring1b functie (Hoofdstuk 5). 
Deze resultaten spoorden ons aan tot een 
zoektocht naar Ink4a/Arf onafhankelijke PcG 
targets. We besloten dit te doen met behulp 
van een muizenmodel voor de ontwikkeling 
van het glioom, waarmee we konden bewijzen 
dat Bmi1 inderdaad invloed uitoefent op de 
ontwikkeling van hersenkanker op een Ink4a/
Arf onafhankelijke manier (Hoofdstuk 6). 
Hersentumoren die groeien uit Bmi1-/-;Ink4a/Arf-/- 
glia cellen ontstaan later dan controle tumoren. 
Deze tumoren hebben een andere mate van 
kwaadaardigheid en hebben verminderde 
capaciteit om te differentiëren. Op grote schaal 
uitgevoerde genexpressie analyses lieten zien 
dat er in deze tumoren specifiek veranderingen 
zijn opgetreden in mechanismen die betrokken 
zijn bij proliferatie, differentiatie en adhesie. 
Een rol voor PcG in het regelen van adhesie 
hebben we kunnen bevestigen in neurale 
stamcellen (Hoofdstuk 7). Bmi1-/-;Ink4a/Arf-/- 
neurale stamcellen hechten veel sterker dan 
controle cellen aan de extracellulaire matrix. Dit 
komt doordat zij zelf meer matrix uitscheiden, 
wat waarschijnlijk wordt veroorzaakt door 
veranderingen in de Collageen synthese. 
Onze preliminaire resultaten wijzen erop dat 
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veranderde Notch en TGF-β gevoeligheid 
betrokken zijn bij de defecten in adhesie 
en differentiatie in Bmi1 deficiënte muizen 
(Hoofdstuk 8). 
Al met al kunnen de resultaten beschreven in 
dit proefschrift gevat worden in een model 
waarin PcG normale ontwikkeling en kanker 
kan stimuleren via verschillende kanalen. Het 
verhogen van de intensiteit van celdeling vormt 
hierbij één aspect. Het reguleren van adhesie 
en differentiatie echter is een andere, niet 
eerder met PcG geassocieerde manier om deze 
processen te beïnvloeden. Het verdient daarom 
aanbeveling om verder te kijken dan naar Ink4a/
Arf remming alleen, omdat dit ons inzicht in het 
functioneren van PcG eiwitten aanzienlijk zal 
vergroten.
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