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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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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.
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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 
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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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