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Glioblastoma multiforme (GBM) is one of the most common and aggressive types of brain tumors. In GBM, a subpopulation of CD133-
positive cancer initiating cells displays stem cell characteristics. The Polycomb group (PcG) and oncogene BMI1 is part of the Polycomb
repressive complex 1 (PRC1) that regulates gene expression by modifying chromatin organization. Here we show that BMI1 is expressed
in human GBM tumors and highly enriched in CD133-positive cells. Stable BMI1 knockdown using short hairpin RNA-expressing
lentiviruses resulted in inhibition of clonogenic potential in vitro and of brain tumor formation in vivo. Cell biology studies support the
notion that BMI1 prevents CD133-positive cell apoptosis and/or differentiation into neurons and astrocytes, depending on the cellular
context. Gene expression analyses suggest that BMI1 represses alternate tumor suppressor pathways that attempt to compensate for
INK4A/ARF/P53 deletion and PI(3)K/AKT hyperactivity. Inhibition of EZH2, the main component of the PRC2, also impaired GBM tumor
growth. Our results reveal that PcG proteins are involved in GBM tumor growth and required to sustain cancer initiating stem cell
renewal.

Introduction
Glioblastoma multiforme (GBM) is the most common and
deadly brain tumor. There are two subtypes of GBM. Primary
GBM arises without evidence of previous clinical disease, whereas
secondary GBM derives from preexisting low-grade lesions
(Maher et al., 2001; Louis et al., 2007). Notably, the prognosis has
not changed significantly for decades, with a median survival of
less than one year (Holland, 2001; Maher et al., 2001). A better
understanding of GBM molecular genetics will reveal the mech-
anisms underlying the initiation and progression of the disease,
and open new gates to develop therapeutic strategies.

Polycomb group (PcG) proteins form large multimeric com-
plexes that are involved in gene silencing through modifications
of chromatin organization (Sparmann and van Lohuizen, 2006).
They are classically subdivided into two groups, namely Poly-
comb Repressive Complex 1 (PRC1) and PRC2 (Levine et al.,
2002). The sequential histone modifications induced by the
PRC2 complex (which includes EZH2) and the PRC1 complex
(which includes BMI1) allow stable silencing of gene expression
(Dellino et al., 2004; Wang et al., 2004). A number of observa-

tions have implicated these proto-oncogenes in human cancers
(Orian et al., 1992; Lassman et al., 2004; Valk-Lingbeek et al.,
2004). EZH2, the core component of the PRC2, is upregulated in
lymphoma, prostate and breast cancer (van Kemenade et al.,
2001; Visser et al., 2001; Varambally et al., 2002; Kleer et al.,
2003). Bmi1 was originally identified as an oncogenic partner in
lymphomagenesis, and was subsequently found to be overex-
pressed in various human cancers, including medulloblastomas
(van Lohuizen et al., 1991; Haupt et al., 1991; Jacobs et al., 1999b;
Vonlanthen et al., 2001; Dimri et al., 2002; Leung et al., 2004;
Bruggeman et al., 2007). Mice lacking Bmi1 display neurological
abnormalities and postnatal depletion of stem cells from the cen-
tral and peripheral nervous systems (Jacobs et al., 1999a;
Molofsky et al., 2003, 2005; Bruggeman et al., 2005; Zencak et al.,
2005). Bmi1 is also required for the self-renewal of normal and
leukemic stem cells (Lessard and Sauvageau, 2003; Park et al.,
2003). Importantly, the INK4A/ARF locus, encoding for the two
tumor suppressor proteins p16 INK4A and p14 ARF, is the main
target of BMI1 oncogenic and stem cell proliferation activities
(Valk-Lingbeek et al., 2004).

Here we report that BMI1 and EZH2 are overexpressed in
human GBM tumors and highly enriched in tumor-initiating
CD133� stem cells. Ablation of BMI1 or EZH2 expression in
GBM cell lines cultured as neurospheres inhibited their growth
and clonogenic potential. These effects, which were independent
of a functional INK4A/ARF locus, correlated with depletion of
the CD133� cell population because of increased apoptosis and
differentiation. BMI1 knockdown also completely prevented
brain tumor formation in mice, even when up to 1 � 10 5 cells
were transplanted. Gene expression analyses suggest that BMI1
represses alternate tumor suppressor pathways that attempt to
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compensate for INK4A/ARF/P53 deletion and PI(3)K/AKT hy-
peractivity. This work revealed that PcG proteins are required in
human GBM to sustain cancer-initiating stem cell renewal.

Materials and Methods
GBM specimen. Paraffin-embedded archival primary GBMs were ob-
tained from the department of pathology of the Maisonneuve-Rosemont
Hospital, and the Brain Tumor Tissue Bank (Toronto, ON, Canada).
Fresh tumors were obtained from consenting patients and used with
permission of our institutes’ ethical committee.

Cell cultures. Fresh GBM samples were processed for cell cultures within
1 h after reception. Tumor was washed and cut in small pieces before me-
chanical dissociation in oxygenated HBSS. Cell suspensions were passed over
a 40 �m filter mesh. After centrifugation, cells were resuspended in DMEM/
F12 medium (Invitrogen) containing 0.25% glucose, N2 and B27 supple-
ments, Heparin (2 �g/ml; Sigma), gentamicin (25 �g/ml; Invitrogen), hu-
man recombinant FGF2 (10 ng/ml; Peprotech), and human recombinant
EGF (20 ng/ml; Sigma). Afterward, cultures were allowed to grow for 3 weeks
to form spherical colonies (i.e., neurospheres). For passages, neurospheres
were incubated in an enzyme free solution (Millipore Bioscience Research
Reagents) at 37°C for 20 min, and mechanically dissociated with a 20G
needle. After trituration, the single cell suspension was plated in the same
culture medium as stated before.

Short-hairpin RNA construction and lentiviral infection. Oligonucleo-
tides were synthesized that consisted of sequence-specific nucleotides
stretch designed to target the BMI1 ORF (BC_011652) oligo #1 from
1061 to 1081; CCTAATACTTTCCAGATTGAT, oligo #2 from 500 to
518; GCAgaaatgcatcgaacaa, oligo #3 from 1051 to 1069; Aatggacataccta-
atact, and oligo #4 from 573 to 591; Ggtacttcattgatgccac— used as scram-
ble (supplemental Fig. 1, available at www.jneurosci.org as supplemental
material), or the EZH2 ORF (NM_001991) (oligo #7 from 324 to 344;
cggaaatcttaaaccaagaat—which we used in this study, oligo #8 from 950 to
970; cccaacatagatggaccaaat, and oligo #9 from 1544 to 1564; gctaggttaat-
tgggaccaaa), followed by the loop sequence (TTCAAGAGA) and finally
the reverse complements of the targeting sequences. The double-
stranded short-hairpin RNA (shRNA) sequences were cloned down-
stream of the H1P promoter of the H1P-UbqC-HygroEGFP plasmid
using Age1, SmaI, and XbaI cloning sites (Ivanova et al., 2006). The
shRNA-expressing lentiviral plasmids were cotransfected with plasmids
pCMVdR8.9 and pHCMV-G into 293FT packaging cells using Lipo-
fectamine (Invitrogen) according to the manufacturer’s instructions.
Viral containing media were collected, filtered, and concentrated by ul-
tracentrifugation. Viral titers were measured by serial dilution on 293T
cells followed by microscopic analysis 48 h later. For viral transduction,
lentiviral vectors were added to dissociated cancer cells before plating.
Hygromycin selection (150 �g/ml) was added 48 h later.

Cell differentiation assays. Neurospheres were picked-up and depos-
ited in a chamber slides (Lab-tek) coated with poly-L-lysine (0.5 mg/ml)
and laminin (10 ng/ml; Sigma), in DMEM/F12 medium supplemented
with 0.25% glucose, N2 and B27 supplements, gentamicin (25 �g/ml),
and 1% fetal bovine serum (Invitrogen). After 10 d culture, they attached
and grew in monolayers. Cells were washed with PBS to remove residual
floating cells and stained for differentiation markers.

Colony formation assay. After infection with the respective viruses for
48 h, the selection was added. Three days later, cells were sorted for
CD133 � cells by a FACSvantage (cell purity �95%) and 5.000 CD133�
cells were plated on a thin layer Matrigel substrate-treated 6 well plate
(BD Bioscience) and allowed to grow to confluence (�10 d for the con-
trol). Cultures were fixed in PBS containing 4% PFA, and stained with
cresyl violet. After washing, phase contrast micrographs were taken.

Immunolabeling. For fixation, tissues were immersed for 1 h at room
temperature in 4% paraformaldehyde (PFA)/3% sucrose in 0.1 M phos-
phate buffer, pH 7.4. Samples were washed three times in PBS, cryopro-
tected in PBS/30% sucrose, and frozen in CRYOMATRIX embedding
medium (CEM) (Thermo Fisher Scientific). Otherwise, tissues were
fixed in 10% buffered formalin and embedded in paraffin according to
standard protocols. Five- to 7-�m-thick sections were mounted on
Super-Frost glass slides (Thermo Fisher Scientific) and processed for

immunofluorescence or immunohistochemistry staining. For immuno-
fluorescence labeling, sections were incubated overnight with primary
antibody solutions at 4°C in a humidified chamber. After three washes in
PBS, sections were incubated with secondary antibodies for 1 h at room
temperature. Slides were mounted on coverslips in DAPI-containing
mounting medium (Vector Laboratories). For immunohistochemistry
labeling, slices were analyzed by using the Vectastain ABC kit (Vector
Laboratories) according to the manufacturer instructions. Peroxidase
substrates used are the Vector VIP (Pink) (Vector Laboratories), and
DAB (brown) (Sigma). Observations were made under a fluorescence
microscope (Leica DMRE) and images were captured with a digital cam-
era (Retiga EX; QImaging with OpenLab, version 3.1.1 software). Anti-
bodies used in this study were mouse anti-mouse BMI1, rabbit anti-
human EZH2 (US Biological), mouse anti-NeuN, rabbit anti-MAP2,
mouse anti-human nuclei (Millipore Bioscience Research Reagents),
mouse anti-CD133 (AC133) (Miltenyi Biotec), mouse anti-PCNA, rab-
bit anti-GFAP (DAKO), rabbit anti-Ki67 (Novocastra), mouse anti-GFP,
mouse anti-mitochondria (Abcam), rabbit anti-activated caspase 3 (Cell
Signaling Technology), rat anti-CD31 (PECAM-1) (BD Biosciences Pharm-
ingen), and mouse anti-Nestin (BD Transduction Laboratory). For immu-
nofluorescence, the secondary antibodies used were rhodamine-conjugated
donkey anti-mouse, FITC-conjugated donkey anti-mouse, and FITC-
conjugated goat anti-rat (Millipore Bioscience Research Reagents).

Reverse-transcription PCR. All primers were designed to flank individ-
ual exons and tested by PCR in RT � and RT � control extracts. Total
RNA was isolated using TRIzol reagent (Invitrogen). Reverse transcrip-
tion (RT) was performed using 1 �g of total RNA and the MML-V
reverse transcriptase (Invitrogen). PCR amplification was performed us-
ing the HotStar TAQ polymerase (Invitrogen). PCR was run as follows:
94°C for 10 min, followed by 30 cycles of denaturing at 94°C, annealing at
57°C and extension at 72°C in a Applied Biosystems thermal cycler. Real-
time PCR was performed using the Platinum SYBRGreen SuperMix (In-
vitrogen) and a real-time PCR apparatus (ABI Prism 7000). Primer sets
used were as follows: BMI1 forward (F) 5�-AATCCCCACCTGATGT-
GTGT-3�; reverse (R) 5�-GCTGGTCTCCAGGTAACGAA-3�, Musashi
(F) 5�-GTTTCGGCTTCGTCACTTTC-3�; (R) 5�-AAGGCCACCTTAG-
GGTCAAT-3�, SOX2 (F) 5�-CACAACTCGGAGATCAGCAA-3�; (R) 5�-
CGGGGCCGGTATTTATAATC-3�, LHX2 (F) 5�-CCAAGGACTTGAAG-
CAGCTC-3�; (R) 5�-TAAGAGGTTGCGCCTGAACT-3�, CD133 (F) 5�-
TTGTGGCAAATCACCAGGTA-3�; (R) 5�-TCAGATCTGTGAACG-
CCTTG-3�, EZH2 (F) 5�-AGGACGGCTCCTCTAACCAT-3�; (R) 5�-
CTTGGTGTTGCACTGTGCTT-3�, p21/Cip (F) 5�-ccgaagtcagttccttgtgg-
3�; p21/Cip (R) 5�-gtcgaagttccatcgctcac-3�, HLA-DRB4 (F) 5�-ACAAC-
TACGGGGTTGTGGAG-3�; (R) 5�-CGGAACCACCTGACTTCAAT-3�,
HLA-DPA1 (F) 5�-TTGGCTTTCCTGCTGAGTCT-3�; (R) 5�-CCCT-
GTTGGTCTATGCGTCT-3�, HLA-DRA (F) 5�-AGACAAGTTCAC-
CCCACCAG-3�; (R) 5�-AGCATCAAACTCCCAGTGCT-3�, HLA-DMA
(F) 5�-TACGACGAGGACCAGCTTTT-3�; (R) 5�-GCGTGAACACTTCA-
GCGATA-3�, FOXO3A (F) 5�-acaaacggctcactctgtcc-3�; (R) 5�-tcttgc-
cagttccctcattc-3�, p18 (F) 5�-gcgctgcaggttatgaaac-3�; (R) 5�-gggcaggtt-
cccttcattat-3�, PCNA (F) 5�-ggcgtgaacctcaccagtat-3�; (R) 5�-tcactccgtc-
ttttgcacag-3�, GAPDH (F) 5�-TCACCAGGGCTGCTTTTAAC-3�; (R) 5�-
ATCCACAGTCTTCTGGGTGG-3�. GAPDH was used as an internal stan-
dard for data calibration. The 2���Ct formula was used for the calculation of
differential gene expression.

Gene amplification analysis. Genomique DNA was isolated using
TRIzol reagent according to the protocol provided (Invitrogen). Quan-
titative PCR amplification was performed using the Platinum
SYBRGreen SuperMix (Invitrogen) and Applied Biosystems 7000 Real-
Time PCR System. We evaluated loci copy number in each sample by
comparison to the reference �-actin gene. We also choose PAX6 gene as
another reference gene so as to confirm reliability of this qPCR assay.
Primer sets used were as follows: BMI1 (F) 5�-TGTGTGCTTTGTG-
GAGGGTA-3�; (R) 5�-CATTTCCACAGATTGCAGGA-3�, PAX6 (F)
5�-ACCACACCGGGTAATTTGAA-3�; (R) 5�-GCCAGATGTGAAG-
GAGGAAA-3�, EGF-R (F) 5�-GCTAACGTGCAGGGATTGTT-3�; (R)
5�-GTTGAGGGCAATGAGGACAT-3�, PDGF-R (F) 5�-ATGCTCT-
CCAGTGGCAGTTT-3�; (R) 5�-TGCACTGCAACCTTGAACTC-3�,
INK/ARF locus (F) 5�-TGGAAATCCTGAGGTTGGTC-3�; (R) 5�-ACT
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GCG GAG CAA TGA AGA CT-3�, and �-actin (F) 5�-CTCTTCCAGC-
CTTCCTTCCT-3�; (R) 5�-TGTTGGCGTACAGGTCTTTG-3�. The
2 ���Ct formula was used for the calculation of differential gene copy num-
bers. DNA from human retina was used as calibrator (gene copy � 2N).

Western blotting. Total protein extracts were prepared in the Complete
Mini protease inhibitor cocktail solution (Roche Diagnostics). Proteins con-
tents were quantified using the Bradford reagent. Proteins were
resolved in Laemmli buffer by SDS-PAGE and transferred to a Nitrocellulose
Blotting Membrane (Pall) that was exposed to the primary antibodies;
mouse anti-mouse Bmi1, rabbit anti-human EZH2 (US
Biological), and mouse-anti �-actin (Abcam) antibodies. Membranes
were treated with corresponding horseradish peroxidase-conjugated
secondary antibodies (Sigma) and developed using the Immobilon
Western (Millipore).

Fluorescence-activated cell sorting. For BMI1 expression analysis,
single-cell suspension was fixed in 4% paraformaldehyde for 20 min and
permeabilized by incubation in 0.5% Triton X-100 for 5 min on ice. Cells
were incubated with mouse anti BMI1 antibody (1.T.21, Abcam). The
primary antibodies were visualized by using FITC-conjugated goat anti-
mouse (Millipore Bioscience Research Reagents). Cells were acquired in
a FACScan flow cytometer (Becton Dickinson) at a flow rate of 250
cells/s. Dead cells and cell debris were excluded from acquisition by
gating with FCS and SSC biparametric plot.

For the analysis of apoptosis, cells were resuspended in 1� Annexin V
binding buffer, and stained with Cy5-Annexin V (BD Bioscience Pharmin-
gen). Just before cell acquisition in a FACScalibur, 5 �l of 7-AAD was added.

Chromatin immunoprecipitation. Chromatin immunoprecipitation
(ChIP) was performed using the ChIP Assay kit (Upstate). Briefly,
1–1.5 � 10 6 fixed cells were sonicated to shear the chromatin and im-
munoprecipitated using mouse anti-mouse BMI1 (US Biological), and
anti-mouse IgG (Upstate) antibodies. Immunoprecipitated DNA was
amplified using primers to p21, HOXC13, and �-major chain. Primers
are p21 site 1; (F) 5�-AGCTTTCACCCCCAGAAACT-3� and (R) 5�-
GATGATTTCTCCCAGGCTGA-3�, p21 site 2; (F) 5�-TCAGCC-
TACAGCACCTGTCA-3� and (R) 5�-CAGCAAGGCAGACAGAACAG-
3�, p21 site 3; (F) 5�-CTGTTCTGTCTGCCTTGCTG-3� and (R) 5�-
ATTGCCAGAGTCCAGCAGTT-3�, p21 site 4; (F) 5�-ACACCCA-
TGAGGGACACCT-3� and (R) 5�-ATACAAGGAAGGCCCTGGTC-3�,
p21 site 5; (F) 5�-ACCAGGGCCTTCCTTGTATC-3� and (R) 5�-
GTCACCCTCCAGTGGTGTCT-3�, HOXC13 site 1; (F) 5�-ACGT-
GAACCTGCAGCAGAA-3� and (R) 5�-CTTGGCCCTAGAGGACA-
GGT-3�, HOXC13 site 2; (F) 5�-AGCAGAGCTCAGTGGGAGAG-3�
and (R) 5�-AATTTCAGGCCCACCCTTAG-3�, �-major (F) 5�-
GGCTGTCATCACTTAGACCTC-3� and (R) 5�-GGTTGCTAGTGA-
ACACAGTTG-3�. � major was used as an internal standard for data
calibration, and the 2 ���Ct formula was used for the calculation of dif-
ferential levels of immunoprecipitated chromatin.

Microarray analyses. Total RNA was prepared using TRIzol reagent
(Invitrogen) and purified by the RNeasy MiniElute Cleanup kit (Qiagen)
from scrambled-virus or shBMI1-infected GBM cells (two independent
tumors were used, with three infections per virus). Microarray analysis
using BeadChip Mouse Genome (Illumina) was performed at the Centre
d’innovation at Genome Quebec (McGill University, Montreal, QC,
Canada). Data were analyzed using the FlexArray software. Data were
validated by real-time PCR for some transcripts.

Stereotactic intracranial cell transplantation into nonobese diabetic/severe
combined immunodeficiency mice. Animals were handled in strict accordance
with the Animal Care Committee of the Maisonneuve-Rosemont Hospital
Research Centre. Cells were resuspended in oxygenated HBSS and 3 �l ali-
quots were injected stereotactically into 60-d-old nonobese diabetic/severe
combined immunodeficiency (NOD/SCID) mouse brain, after administra-
tion of general anesthesia (Somnotol; 60 mg/kg). Mice were placed in the
stereotactic frame using ear bars and a hole was bored in the skull. The
injection coordinates were 2 mm to the right of the midline, 2 mm posterior
to the coronal suture and 3 mm deep. The scalp was closed with wound clips
(Harvard Apparatus). Animals were followed daily for development of neu-
rological deficits.

Statistical analysis. Statistical differences were analyzed using Student’s
t test for unpaired samples. An ANOVA followed by the Dunnett test was

used for multiple comparisons with one control group. Survival curve
statistics were made with the GraphPad Prism 5 software. The criterion
for significance ( p value) was set as mentioned in the figures.

Results
BMI1 and EZH2 are highly enriched in CD133 � GBM cells
We previously showed that in contrast with mouse astrocytes,
normal human brain astrocytes do not express BMI1 in vivo
(Chatoo et al., 2009). We sought to determine whether primary
GBM tumors express BMI1 and EZH2. By using immunohisto-
chemical stainings, we found that BMI1 and EZH2 are highly
expressed in GBM tumors (five archival paraffin-embedded, and
four newly resected tumors) (Fig. 1; data not shown). In these
tumors, BMI1 was expressed in GFAP-positive cells, suggesting
that BMI1 is expressed in transformed human astrocytes in vivo.
EZH2 was highly expressed in Nestin-positive cells, which may
correspond to astrocytes and/or neural stem cells (Fig. 1A; data
not shown). Increasing reports had pointed that brain tumors
originate from CD133� cancer stem-like cells that recapitulate
the self-renewal and multilineage differentiation characteristics
of the original tumor (Hemmati et al., 2003; Singh et al., 2003;
Galli et al., 2004; Yuan et al., 2004). We found that BMI1 and
EZH2 were coexpressed with CD133 in GBM tumors (Fig. 1B;
data not shown). BMI1 and EZH2 expression in GBM tumors
was accompanied by the expression of the progenitor/stem cell
markers MUSASHI, SOX2 and LHX2 (Fig. 1C; supplemental Fig.
1A, available at www.jneurosci.org as supplemental material). It
was also reported that cancer stem cells are frequently observed
within vascular niches (Calabrese et al., 2007). BMI1 or EZH2-
expressing tumor cells were found intimately associated with CD31-
positive vessels (Vecchi et al., 1994) (Fig. 1D; data not shown).

Recent findings revealed that the gene expression profile of all
GBM cell lines (such as the U87 cell line) does not reflect the
expression profile of original GBM tumors (Lee et al., 2006). In
contrast, GBM cell lines derived from GBM tumors but grown as
neurospheres in serum-free neural stem cell (NSC) media share a
much closer gene expression profile with the original tumors.
Notably, GBM-derived neurospheres express BMI1 (Lee et al.,
2006). We cultured cells isolated from six GBM tumors in NSC
media. Five cell lines were established, generating neurospheres
that could be maintained for �15 passages (Fig. 2A). When cul-
tured in serum-containing media, these cells differentiated into
neurons (MAP2- and NeuN-positive) and astrocytes (GFAP-
positive) (Fig. 2A; data not shown). As previously reported, sev-
eral differentiated cancer cells aberrantly coexpressed MAP2 and
GFAP (Hemmati et al., 2003) (data not shown). Floating GBM
neurospheres expressed BMI1 and EZH2 and the NSC markers
MUSASHI, SOX2 and LHX2 as revealed by immunofluores-
cence, RT-PCR and Western blot analyses (Fig. 2A–C; data not
shown). We sorted CD133� and CD133� cells from GBM neu-
rospheres using magnetic microbeads. By using quantitative real
time PCR, we found that BMI1 (�8 times) and EZH2 (�3 times)
were highly enriched in the CD133� cell fraction (Fig. 2D).
Moreover, by using flow cytometry analysis, we also found that
BMI1 was expressed in 85% of CD133� cells (Fig. 2E). These
observations indicate that BMI1 is robustly expressed in GBM
tumors and highly enriched in CD133� stem cell-like GBM cells.

BMI1 is not amplified in GBM tumors
PDGF and EGFR genes amplification as well as INK4A/ARF,
PTEN and RB deletions, and P53 mutations are hallmarks of
glioma transformation (Ohgaki and Kleihues, 2007; CGAR,
2008). Hence, high BMI1 expression level in GBM tumors may
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also be caused by gene amplification. In most of our tumor sam-
ples, we observed EGFR and PDGFR amplifications as well as
biallelic INK4A/ARF deletions (Fig. 2F). However, BMI1 gene
amplification was not observed (Fig. 2F).

BMI1 knockdown inhibits colony growth and leads to
CD133 � stem cell depletion
To address the role of BMI1 and EZH2 in GBM, we used
replication-incompetent lentiviruses to knockdown these fac-

Figure 1. Glioblastoma multiforme tumors express BMI1 and EZH2. A, Formalin-fixed paraffin-embedded GBM samples were immunolabeled with antibodies against BMI1 or EZH2 (brown) and
GFAP or Nestin (pink). Arrowheads point to double positive cells. B, Frozen GBM samples were immunolabeled with antibodies against BMI1 (red) and CD133 (green). DAPI (blue) stains nuclei.
Arrowheads point to double positive cells. C, RT-PCR analysis performed on a freshly isolated GBM sample with primers against GAPDH, BMI1, MUSASHI, SOX2, and LHX2. D, Frozen GBM samples were
immunolabeled with antibodies against BMI1 (red) and CD31 (green). DAPI (blue) stains nuclei. Arrowheads point to BMI1 cells surrounding a blood vessel. Dashed lines (in A and B) delineate the
border of the tumor. Scale bars, 100 �m.
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tors. A lentiviral construct driving an shRNA under the control of
the U6 promoter and a fusion hygromycin/GFP protein under
the control of the CMV promoter was used (Ivanova et al., 2006).
BMI1 or EZH2 expression was significantly reduced in 293T cells
and in cultured GBM cells using different shRNA constructs (Fig.
3A; supplemental Fig. 1B, available at www.jneurosci.org as sup-
plemental material).

These viruses were used to infect 3 independent GBM cell lines
cultured on Matrigel in NSC media, where a total of 5000 cells
(2500 cells/ml) were plated per well. In this colony-forming assay,
control-virus-infected GBM cells generated adherent colonies
growing as a dense cell monolayer (Fig. 3B). In contrast, knock-
down of BMI1 or EZH2 resulted in fewer colonies growing as a
loose cell monolayer (Fig. 3B; supplemental Fig. 2, available at
www.jneurosci.org as supplemental material).

We also used the classical neurosphere assay to evaluate the
effect of BMI1 knockdown. Virus-infected cells (with �95% of
infection as visualized by GFP fluorescence) were grown in NSC
media with hygromycin in nonadherent cell culture dishes at
2000 cells/ml. After 5 d, we observed that BMI1 knockdown re-
sulted in smaller sphere colonies, and this effect was apparently
dose-dependent (Fig. 3C). After 2 weeks, control colonies gener-
ated a dense neuroepithelial cell layer reaching near confluence.
In contrast, shBMI1#1-infected cells did not reach confluence
and had a differentiated morphology. When cells were serially
cultured, we observed that shBMI1#1-infected cells were un-
able to ensure continues passages, and were depleted after the

first passage (Fig. 3D). ShBMI1#3-infected cells could grow
for serial passages but more slowly than the control cell pop-
ulation (Fig. 3D).

Cell growth retardation may result from increased apoptosis
or differentiation, and/or reduced proliferation. When compared
with control GBM cells, shBMI1-infected cells displayed signifi-
cantly more apoptosis at 24, 48 and 72 h postinfection (�4 –7
times) (Fig. 3E; data not shown). When neurospheres grown in
NSC media were plated on a gelatin matrix to force adhesion, we
observed after 48 h that shBMI1-infected colonies contained
more neurons (MAP2�) and astrocytes (GFAP�) than the con-
trol culture (Fig. 3F). To better understand cell fate after BMI1
knockdown, we analyzed stem cell genes expression (CD133/
PROMININ, MUSASHI, SOX2 and LHX2). In colonies grown
for 2 weeks in NSC media (as in panel 3C), BMI1 knockdown was
accompanied by a dramatic reduction in stem cell genes expres-
sion, thus suggesting depletion of the stem cell pool (Fig. 3G).
Notably, even partial BMI1 knockdown with shBMI1#3 (44% of
remaining transcripts) significantly affected CD133/PROMININ
expression (Fig. 3G). These observations reveal that BMI1 is re-
quired to prevent apoptosis and/or differentiation of the
CD133� stem cell population.

Cell density modulates CD133 � cell survival
BMI1 knockdown leads to apoptosis and depletion of the
CD133� cell population in low-density cell culture conditions.
We hypothesized that cell density may be important for cell via-

Figure 2. BMI1 and EZH2 are highly enriched in CD133 � cells. A, Frozen GBM neurospheres were immunolabeled with antibodies against BMI1 (top), or GFAP and MAP2 after plating
in medium-induced differentiation (bottom). DAPI stains nuclei in blue. B, RT-PCR analysis performed on cultured neurospheres with primers against GAPDH, BMI1, MUSASHI, SOX2, and
LHX2. C, Western blot analysis performed on freshly isolated GBM sample and neurospheres using anti-EZH2 and anti-�-actin antibodies. D, CD133 � and CD133 � purified GBM cells
with CD133-coupled magnetic beads were analyzed by real-time PCR for the expression of PROMININ (CD133), BMI1, and EZH2 transcripts. Data are expressed as fold change over gene
expression in negative cells (CD133 �), which was set at 1. Results are mean 	 SD (n � 3; *p 
 0.05; **p 
 0.01). E, Dissociated neurospheres were stained with anti-BMI1 and
anti-CD133 antibodies. The R1 gate delineates the cell population analyzed. Values are the percentages of cells in the corresponding regions. F, Gene copy number was assessed by
quantitative real-time PCR in GBM samples. Data are expressed relative to healthy human retina genomic DNA and calibrated to �-actin used as internal standard. Another internal
standard was used which consisted of PAX6. Scale bars, 60 �m.
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bility. We cultured scramble- and shBMI1-infected GBM cells at
2.5 � 10 4 cells/ml in NSC media for 5 d in the presence of hygro-
mycin. Under these conditions, we found that the overall propor-
tion of CD133� was comparable in both cell populations (Fig.
4A,B). Cell sorting analysis revealed that only CD133� cells

could form colonies, and that shBMI1-infected CD133� cells
generated smaller colonies then scramble-infected cells (Fig. 4C).
We also analyzed cells by fluorescence-activated cell sorting
(FACS) for Annexin-V staining and observed that culturing
shBMI1-infected cells at high density reduced apoptosis at levels

Figure 3. BMI1 or EZH2 knockdown reduces GBM cells clonogenic potential and leads to depletion of the CD133 � cell population. A, shRNA downregulation of BMI1 and EZH2 expression.
Western blot analysis performed on shBMI1- or scramble-infected 293FT cells using anti-BMI1, anti-EZH2, and anti-�-actin antibodies. �-Actin was used as an internal standard to quantify BMI1
and EZH2 expression levels (left and middle). GBM cells were infected with one of two lentiviruses expressing shBMI1, or scramble virus, and were analyzed by real-time PCR for the expression of BMI1
transcripts. Data are expressed as fold change over BMI1 expression in the scramble-infected cells, which was set at 1. Results are mean 	 SD (n � 3; **p 
 0.01) (right). B, ShBMI1 or
scramble-infected GBM cells were plated on Matrigel substrate. Forty-eight hours later, hygromycin selection was added and cells were allowed to grow for 10 d. Cultures were fixed and stained with
cresyl violet, and phase contrast micrographs were taken. C, ShBMI1 or scramble-infected GBM cells were plated on non-adherent culture plates. Forty-eight hours later, hygromycin selection was
added and cells were allowed to grow for 2 weeks. D, Cells cultured in C were followed for 5 passages. Colonies were passaged every 2 weeks. Results are cumulative cells number (log scale) over
consecutive passages. Note that shBMI1-#1-infected cells were depleted after the first passage. E, GBM cells cultured as in C were analyzed for apoptosis using Annexin-V staining and FACS analysis.
Data are expressed as the percentage of Annexin�/7-AAD� cells (mean 	 SD; n � 3; *p 
 0.05). F, ShBMI1 or scramble-infected GBM cells were plated on gelatin-coated chamber slides and
allowed to differentiate for 7 d. Cultures were analyzed by immunofluorescence using antibodies against GFAP, or MAP2. Data are expressed as the percentages of positive cells over the total number
of DAPI-stained nuclei (n � 3; *p 
 0.05). G, GBM cells cultured as in C were analyzed by real-time PCR. Data are expressed as fold change over gene expression in the scramble-infected cells, which
was set at 1. Results are mean 	 SD (n � 3; *p 
 0.05; **p 
 0.01).
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that were comparable to controls (4.3 	 0.7 in scramble-infected
cultures versus 5.0 	 0.6 in shBMI1-infected cultures; n � 5
independent cultures). These culture conditions, which at least
transiently preserve the CD133� cell population, allowed us to
further study the biological and molecular functions of BMI1 in
gliomagenesis.

BMI1 is required for brain tumor formation in xenografts
To investigate the role of BMI1 in tumor growth in vivo, 1 � 10 5

GBM cells infected with either controls or shBMI1 viruses were
injected stereotactically in brains of NOD/SCID mice. We ana-
lyzed the expression of CD133 by FACS in cells cultured at high
density (2.5 � 10 4 cells/ml). At the time of injection and depend-
ing on the cell line, 20 – 65% of both control- and shBMI1-virus-
infected cells expressed CD133. After 6 – 8 weeks, all control
group animals (i.e., GFP virus, n � 15; scramble virus, n � 14; or
no virus, n � 15) started to show neurological symptoms or die
suddenly. In contrast, most animals injected with the shBMI1-
GBM cells survived (n � 21). Kaplan–Meyer survival curve

showed that mice injected with control cell (i.e., naive cells)- or
empty virus (i.e., GFP)-infected, or scrambled virus-infected cells
(i.e., scramble) died prematurely when compared with naive
NOD/SCID mice (Christianson et al., 1997) or with mice injected
with shBMI1-infected cells (Fig. 5A, B). Mice bearing xenografts
in which BMI1 was knockdown exhibited a median survival that
was very close to that of normal NOD/SCID mice (Fig. 5A, B)
(Christianson et al., 1997). In control animals, typical hemor-
rhagic GBM tumors (n � 11) were observed macroscopically
(Fig. 5C), and could be used to establish new glioma neurosphere
cultures when dissociated and maintained in NSC media (data
not show). We also observed large invasive but nonhemorrhagic
tumors crossing both brain hemispheres (n � 3). One very large
tumor (but noninfiltrating) that was histologically similar to the
tumor of origin was obtained (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material). In contrast, no
tumors were found in the brain of mice injected with shBMI1-
infected cells (macroscopically or microscopically). In one ani-
mal that was killed at day 32 post-transplantation for the presence

Figure 4. High cell density prevents CD133 � cell depletion after BMI1 knockdown. A, Experimental scheme used to study differential gene expression (Microarray), BMI1 binding to candidate
genes (ChIP), and BMI1 function in vivo. B, Scramble or BMI1 shRNA-infected neurospheres were dissociated and stained with anti-CD133 antibodies. The R1 gate delineates the cell population
analyzed. All cells analyzed were GFP positive. The values are the percentages of CD133 � and CD133 � in both cultures. The panel to the right shows CD133 � and CD133 � cells as viewed under
a fluorescence microscope. C, Size distribution of spheres obtained from scramble or shBMI1-infected CD133 � or CD133 � sorted cells after 5 d of culture. Phase contrast pictures are shown.
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of a thymic tumor, we could detect trans-
planted human GBM cells lining the cor-
tical ventricular zone, nearby the hip-
pocampus (Fig. 5D). However, these cells
did not form a tumor mass.

Histological analysis of solid hemor-
rhagic tumors in control animals revealed
expression of the GFP transgene and of
the human-specific mitochondrial anti-
gen, confirming the human origin of the
tumor (Fig. 6B, C). BMI1, EZH2, Ki67,
PCNA, Nestin and GFAP were robustly
expressed in these tumors (Fig. 6A–D).
Altogether, these observations show that
cultured GBM cells retain the capacity to
generate brain tumors resembling the tu-
mor of origin and expressing BMI1 and
EZH2.

To investigate why shBMI1-infected
glioma cells did not generate tumors, we
transplanted 1 � 10 5 cells infected with
shBMI1 or scrambled viruses. Animals
were analyzed 10 d postinjection. In con-
trol animals, we observed a tumor mass
within the right ventricle (Fig. 7A). A sim-
ilar but smaller mass was observed in ani-
mals injected with shBMI1-infected GBM
cells (Fig. 7A). Both cell masses expressed
the GFP transgene, indicating their hu-
man origin (Fig. 7B). We also noticed that
grafted cells were sometime in very close
association with the microvasculature of
the cortical ventricular zone (Fig. 7B).
Whereas a small fraction of control tumor
cells were positive for activated caspase-3,
nearly all shBMI1-infected tumor cells
were positive, revealing massive apoptosis
(Fig. 7B). Thus, although high cell density
can transiently preserve cell viability of
shBMI1-infected glioma cells in vitro, this
is not sufficient to prevent cell death after
transplantation in mice. These results re-
vealed that BMI1 is required for GBM tu-
mor development in vivo.

BMI1 regulates multiple
cellular pathways
To identify the molecular pathways un-
derlying the observed effects of BMI1
knockdown, we surveyed gene expression
changes by performing DNA micro-array
analyses. Since BMI1 main function is at-
tributed to its repressive action on the
INK4A/ARF locus (Jacobs et al., 1999a),
we used two INK4A/ARF-deleted tumor
cell lines (GBM1202 and GBM0607) (Fig.
2F) to identify alternate pathways that
may required active transcriptional re-
pression by BMI1 to allow for gliomagen-
esis. We found significant changes in the
expression (either up or down) of 1769
genes in the shBMI1-infected cells com-
pared with either control shRNA or non-

Figure 5. BMI1 is required for intracranial GBM tumor formation. A, Kaplan–Meyer representation of the survival curves of
mice injected with naive cells, cells infected with an empty virus, a scrambled or a ShBMI1 viruses. *Median survival for this mouse
strain was previously reported (mean 	 SD; 191 	 11 d) (Christianson et al., 1997). B, Data summary from the Kaplan–Meyer
curves shown in A. Statistical significance was assessed using the log rank test relative to scramble. C, Representative images of
brains bearing secondary tumors following engraftment of scrambled virus-infected GBM cells. Tops Hemorrhagic tumor (dashed
lines). Bottom, Nonhemorrhagic tumor. Cresyl violet coloration showed that GBM cells localize mainly in the grafted right hemi-
sphere with some spreading in the contralateral hemisphere. D, Frozen sections of a brain injected with shBMI1-infected GBM cells
were immunolabeled with antibodies to human nuclei (green). Nuclei were visualized by DAPI (blue). The grafted cells were
confined to the injection site. The contralateral left hemisphere was used as a nongrafted control. Scale bar, 200 �m.

Figure 6. Engrafted tumors resemble the tumor of origin and retain PcG proteins expression. Formalin-fixed paraffin-
embedded sections of brains injected with scrambled virus-infected GBM cells were analyzed by immunohistochemistry. A,
Sections were immunolabeled with antibodies against PCNA and GFAP. B, Sections were immunolabeled with antibodies against
GFP (from the lentiviral transgene). C, Sections were immunolabeled with antibodies against human mitochondria and Ki67. D,
Sections were immunolabeled with antibodies against BMI1, EZH2, GFAP, and Nestin. Dashed line delineates the border of the
tumor. Scale bar, 100 �m.
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infected cells. Both cell lines gave nearly identical differential gene
expression profiles. No relevant differences in gene expression
were detected between noninfected and control shRNA-
expressing cells (data not shown).

Because BMI1 is a transcriptional repressor (Lee et al.,
2006; Chatoo et al., 2009), we first focused on upregulated
genes. More than 12 homeobox genes of the HOX gene cluster,
which are known direct BMI1 targets, were differentially
expressed (Alkema et al., 1995; van der Lugt et al., 1996; Han-
son et al., 1999; Molofsky et al., 2003). This confirmed the
validity of our assay (Table 1; supplemental Table, available at
www.jneurosci.org as supplemental material). Notable obser-
vations were the massive upregulation of antigen presentation
(HLA) molecules, Notch ligands and downstream targets,
neural and glial differentiation markers, as well as cell cycle-
control, cell death and stress response factors, i.e., P21Cip,

P18INK4C, FOXOA3, GAS1 and GADD45 (Table 1; supplemental
Table, available at www.jneurosci.org as supplemental material).
We also identified 2 genes known as markers of progenitor/stem
cells that were downregulated in shBMI1-infected cells (CD133/
PROMININ and NUMB) as well as one cell proliferation marker
(PCNA). These results strengthened the idea that BMI1 maintain
cancer stem cells in an undifferentiated state and that abrogation
of its activity results in the induction of cell death, cell cycle exit
and/or differentiation pathways (Table 1; supplemental Table,
available at www.jneurosci.org as supplemental material). Based
on genetic studies, Bmi1 was proposed to control p21Cip1 expres-
sion in murine embryonic cortical progenitors (Fasano et al., 2007).
ChIP experiments using GBM cells revealed that BMI1 could di-
rectly bind the chromatin at the P21Cip promoter and HOXC13 pro-
moter (positive control), but not at the �-MAJOR promoter of the
�-GLOBIN gene (negative control) (Fig. 8A, B). This provides the

Figure 7. BMI1 knockdown results in glioma cell apoptosis in vivo. A, B, Formalin-fixed paraffin-embedded sections of brains injected with scrambled- or shBMI1-infected GBM cells were
analyzed by immunohistochemistry 10 d postinjection. A, Sections were stained with hematoxylin and eosin. The tumor cell mass was consistently found in the right ventricle. B, Sections were
immunolabeled with antibodies against GFP (carried by the transgene), or cleavage-activated caspase-3. GFP immunoreactivity revealed that tumor cells are in close association with the
microvasculature. Caspase-3 immunoreactivity uncovered that BMI1 knockdown cells undergo massive apoptosis. Scale bars, 50 �m.
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first molecular evidence that the regulation of P21Cip by BMI1 is
direct.

Discussion
BMI1 has been involved in the pathogenesis of several human
malignancies (Lessard and Sauvageau, 2003; Bruggeman et al.,
2007). Overexpression of BMI1 was found in medulloblastoma,
lung and breast tumors (Vonlanthen et al., 2001; Kim et al., 2004;
Leung et al., 2004). Abnormal EZH2 expression is also associated
with human cancers (Kleer et al., 2003). We report here that
BMI1 and EZH2 are expressed in GBM tumors, highly enriched
in CD133� tumor-initiating cells, and required for tumor cell
growth.

What is the mechanism of BMI1 upregulation in
GBM tumors?

BMI1 gene amplification has been identified in human B-cell
lymphoma lines (Beà et al., 2001). However, we did not detect
BMI1 gene amplification in four independent GBM tumors. This
suggests that high BMI1 expression level in GBM cells is caused
by increased gene transcription. BMI1 expression levels may sim-
ply reflect the stem cell state of GBM tumors, since BMI1 is highly
expressed in normal neural stem cells (Molofsky et al., 2003;
Zencak et al., 2005). Alternatively, “supraphysiological” BMI1
levels in cancerous neural stem cells may be required to confer
biological properties that are not present in normal cells. This

Table 1. BMI1 knockdown induces an upregulation of critical cell death, growth arrest, and cell differentiation pathways

Target ID Definition Array p value qPCR p value

HLA cluster
HLA-DRB4 Major histocompatibility complex, class II, DR �4 4.291 6.3 � 10 �5 1.945 0.0001
HLA-DPA1 Major histocompatibility complex, class II, DP �1 3.186 7.6 � 10 �5 3.575 0.0080
HLA-DRA Major histocompatibility complex, class II, DR � 2.659 2.7 � 10 �4 4.53 0.0368
HLA-DMA Major histocompatibility complex, class II, DM � 2.281 6.6 � 10 �5 2.885 0.0134
HLA-DMB Major histocompatibility complex, class II, DM � 2.119 3.3 � 10 �5 n.d.

HOX cluster
HOXB5 Homeo box B5 2.331 3.4 � 10 �4 n.d.
HOXB2 Homeo box B2 2.134 3.33 � 10 �4 n.d.
HOXA9 Homeo box A9 1.962 2.46 � 10 �4 n.d.
HOXB7 Homeo box B7 1.715 2.10 � 10 �3 n.d.
HOXB8 Homeo box B8 1.621 3.02 � 10 �4 n.d.

Notch signaling pathway
DLL1 Delta-like 1 (Drosophila) 2.507 7.1 � 10 �5 n.d.
LFNG Lunatic fringe homolog (Drosophila) 2.428 1.8 � 10 �5 n.d.
HEY1 Hairy/enhancer-of-split related with YRPW motif 1 2.274 1.1 � 10 �7 n.d.
DLK1 Delta-like 1 homolog (Drosophila) 2.232 6.7 � 10 �5 n.d.
DLL3 Delta-like 3 (Drosophila) 2.228 1.4 � 10 �4 n.d.

Cell death and growth
GADD45G Growth arrest and DNA-damage-inducible � 2.386 5.1 � 10 �6 n.d.
EMP1 Epithelial membrane protein 1 2.226 4.5 � 10 �5 n.d.
NALP1 NACHT, leucine rich repeat and PYD containing 1 2.078 2.2 � 10 �5 n.d.
GAS1 Growth arrest-specific 1 2.061 3.4 � 10 �4 n.d.
FOXO3A Forkhead box O3A 1.592 6.88 � 10 �6 2.865 0.029
CDKN1A Cyclin-dependent kinase inhibitor 1A (p21, Cip1) 1.349 2.6 � 10 �5 3.555 0.0315
CDKN2C Cyclin-dependent kinase inhibitor 2C (p18) 1.320 8.6 � 10 �4 6.840 0.0125

Neuronal development and differentiation
GABBR2 GABAB receptor 2 6.352 2.2 � 10 �5 n.d.
NXPH1 Neurexophilin 1 3.031 1.2 � 10 �4 n.d.
EPHA4 EPH receptor A4 2.259 9.5 � 10 �8 n.d.
ENC1 Ectodermal-neural cortex (with BTB-like domain) 2.181 5.0 � 10 �4 n.d.
FHL1 Four and a half LIM domains 1 2.168 1.4 � 10 �4 n.d.

Astrocyte phenotype
FGFR3 Fibroblast growth factor receptor 3 2.419 5.6 � 10 �5 n.d.
GFAP Glial fibrillary acidic protein 2.006 5.90 � 10 �7 n.d.

Oligodendrocyte phenotype
OMG Oligodendrocyte myelin glycoprotein 2.042 2.1 � 10 �8 n.d.
PDGFRA Platelet-derived growth factor receptor � 2.017 9.2 � 10 �5 n.d.

Stem cell phenotype
NUMBL Numb homolog (Drosophila)-like 0.707a 1.3 � 10 �6 n.d.
CD133 Prominin 1 (PROM1) 0.687 5.7 � 10 �7 0.01 0.0001
BMI1 Polycomb group ring finger 4 (PCGF4) 0.325 6.0 � 10 �14 0.01 0.0002

GBM cells (from two independent tumors) were infected or not infected with scrambled virus or shBMI1#1. Cells were maintained in culture at high density (2.5 � 10 4 cells/ml) in neural stem cell media. No relevant differences in gene
expression were detected between noninfected and scrambled shRNA-expressing cells. Data were analyzed using the FlexArray software and were expressed as fold change (Array column) over values in scrambled shRNA-infected cells . Data
were validated by real-time PCR (qPCR column) for some transcripts. n.d., Not determined.
aValues with underlines are for genes whose expression was downregulated.
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gain-of-function activity may contribute to cell transformation.
In this context, classical oncogenes overexpressed in GBM (such
as MYC or RAS) and anti-oncogenes deleted or mutated in GBM
(such as P53, NF1 or PTEN) may be responsible for regulating
BMI1 expression levels. For example, C-MYC has been shown to
positively regulate BMI1 expression in the NIH3T3 cell line with
doxycycline-inducible expression of the FoxM1c transcription
factor (Li et al., 2008). In turn, p53 and Pten codeletion results in
glioma formation in mice because of dramatic upregulation of
c-myc in astrocytes and neural stem cells (Zheng et al., 2008).
Chromosomal aberrations may also account for BMI1 upregula-
tion, as reported for a patient with T-cell acute lymphoblastic
leukemia (Larmonie et al., 2008).

BMI1 in glioma subtypes
Knockdown of BMI1 or EZH2 had a significant effect on GBM
cell growth in 4 independent cell lines. A similar response was
observed with an astrocytoma grade III tumor sample. In con-
trast, an oligodendroma tumor sample was resistant to BMI1
knockdown and was modestly affected by EZH2 knockdown
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). Gliomas are classified histologically, immuno-
histochemically and ultrastructurally as astrocytomas (graded
from pilocytic astrocyma; grade I, to the most aggressive glioblas-
toma; grade IV), or oligodendromas (Maher et al., 2001). How-
ever, oligodendromas represent a distinct subtype of gliomas,
possibly having a different cell of origin then astrocytoma and
GBM. This may explain the selective dependency of GBM over
PcG proteins. Alternatively, the mutational profile of each tumor,
independently of its subtype, may determine PcG proteins
dependency.

BMI1 prevents immunogenicity and differentiation of GBM
stem cells
Neural stem cells are recognized to have a low immunogenic
potential, in part because they do not express HLA molecules

(Hori et al., 2003; Mammolenti et al.,
2004; Ubiali et al., 2007). We found that
BMI1 knockdown induced an upregula-
tion of a large group of HLA class II mole-
cules (and to a lesser extend class I mole-
cules) (Table 1; supplemental Table,
available at www.jneurosci.org as supple-
mental material). This is provocative since
the malignancy and invasion capacity of
GBM cells can to some extent be ascribed
to their ability to effectively evade the im-
mune system (by downregulation of HLA
class I and class II molecules) (Facoetti et
al., 2005; Zagzag et al., 2005). This suggests
that BMI1 may allow GBM tumor cells to
be undetectable by the host immune sys-
tem through maintenance of a low immu-
nogenic stem cell-like phenotype. BMI1
may thus confer GBM cells immune eva-
sion either by preventing stem cell dif-
ferentiation or through direct repression
of HLA genes expression.

We also found that BMI1 knockdown
induces an upregulation of transcripts in-
volved in neurogenesis and gliogenesis,
and this is supported by our in vitro obser-
vations revealing increased neural and

glial cell differentiation. This possibility is further supported by
the downregulation of CD133/PROMININ and MUSASHI ex-
pression on BMI1 knockdown. Our data support the idea that
BMI1 is required to maintain the undifferentiated state and self-
renewal capacity of cancer initiating cells in the tumor bulk.

BMI1 prevents cell cycle exit and apoptosis of GBM stem cells
Recently, a meta-analysis performed with hundreds of indepen-
dent GBM tumors revealed that combined coinactivation of 3
major oncogenic pathways is required for GBM tumor forma-
tion. This includes the ARF/MDM2/P53, P15INK4B/P16INK4A/
P18INK4C/RB and RAS/PI(3)K/AKT pathways (CGAR, 2008).
BMI1 functions are mainly attributed to its repressive action on
the INK4A/ARF locus and on P53 activity (Jacobs et al., 1999a;
Chatoo et al., 2009). The INK4A/ARF locus operates upstream of
P53 and RB. In this regards, it is notable that INK4A/ARF is
deleted in �50% of GBM tumors and that P53 is mutated in 35%
of GBM tumors (CGAR, 2008). Notably, Bmi1 oncogenic func-
tion in transformed murine astrocytes is independent of a func-
tional Ink4a/Arf locus (Bruggeman et al., 2007). To identify
possible alternate tumor suppressor pathways, we thus used two
glioma cell lines having homozygous deletions of the INK4A/ARF
locus and performed gene expression profile analyses. We found
that P21Cip transcripts were upregulated after BMI1 knockdown,
and our ChIP assays suggest that P21Cip repression by BMI1 is
direct. P21Cip is a direct positive target of P53, and P21 Cip inhibits
cell growth and the RB pathway by blocking CDK4/CDK6 activ-
ity. BMI1 may also directly repress FOXOA3 expression (table 1).
FOXOA3, a potent inducer of apoptosis in cancer cells, is deleted
in some GBM tumors, and is inhibited by activated AKT (Greer
and Brunet, 2005; Jagani et al., 2008). P18INK4C was shown to
compensate for P16INK4A deletion in gliomas (Ramsey et al., 2007;
Wiedemeyer et al., 2008). P16INK4A and P18INK4C operate up-
stream of RB to block cell cycle progression (Cánepa et al., 2007;
Maddika et al., 2007). Notably, codeletion of P18INK4C in
P16INK4A-null gliomas significantly increases tumorigenicity,

Figure 8. BMI1 promotes GBM tumor formation and stem cell renewal by blocking alternate tumor suppressor pathways. A,
Schematic representation of the genomic DNA sequence of P21 Cip1. The boxes represent the exons. The primers used were chosen
in the promoter region. B, ChIP was performed with cultured GBM cell extracts. Immunoprecipitated DNA/protein complexes were
analyzed by real-time PCR using primers directed against the P21 (5 sites), HOXC13 (2 sites), and �-MAJOR promoters. Data are
expressed as fold change relative to the input, which was set at 1. Results are mean 	 SD (n � 5; *p 
 0.05; **p 
 0.01). C,
Model of BMI1 function in gliomas. Crossed lines highlight the most common mutations and deletions found in GBM (CGAR, 2008).
Dashed lines represent the classical targets of BMI1. Red lines represent possible new BMI1 targets, as reported in this study. Based
on this finding, we propose that GBM tumor dependency over BMI1 is mediated through BMI1 repressive action on alternate
tumor suppressor pathways that attempt to overcome INK4A/ARF/P53 inactivation and PI(3)K/AKT hyperactivity.
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whereas functional reconstitution of P18INK4C in P18INK4C/
P16INK4A double-mutant GBM cells impairs cell cycle progres-
sion and clonogenic potential (Wiedemeyer et al., 2008). We
found that P18INK4C is upregulated after BMI1 knockdown in
INK4A/ARF deleted GBM tumors, suggesting that repression of
this locus is critical for BMI1 oncogenic function (Table 1). To-
gether, these observations account for BMI1 requirement in
GBM stem cell proliferation and survival. They also allow us to
suggest a model in which GBM-tumors dependency over BMI1 is
mediated through its repressive action on alternate tumor sup-
pressor pathways that attempt to overcome INK4A/ARF/P53 in-
activation and PI(3)K/AKT hyperactivity (Fig. 8C, see model).
Because there is evidence that Bmi1 can also repress p21Cip1 ex-
pression in normal stem cells (Fasano et al., 2007), not all BMI1
activities ascribed here in GBM cells necessarily represent
gain-of-functions.

EZH2 in brain tumors
Our data are the first to reveal a direct involvement of EZH2 in
human GBM. These observations would justify more intensive
investigations of EZH2 role in glioblastoma tumors since inhib-
itors of histone methyltransferase already exist and could repre-
sent a new therapeutic approach. Notably, a cancer-specific
complex (PRC4) containing EZH2, EED, SUZ12 and SIRT1, a
deacetylase, has been isolated in transformed cells lines, and
SIRT1 knockdown increases radio-sensitivity of CD133-positive
glioma cells (Chang et al., 2009). This raises the issue of whether
EZH2 forms a complex with SIRT1 in GBM cells and whether
increase PcG proteins expression levels in GBM leads to the for-
mation of new molecular complexes having biochemical activi-
ties not present in normal cells.

In conclusion, increasing evidence pointed out that brain ma-
lignancies originate from and contain cancer stem cells express-
ing the cell surface marker CD133 (Hemmati et al., 2003; Singh et
al., 2004). We found that BMI1 and EZH2 are highly expressed in
CD133� GBM stem cells and required to sustain their self-
renewal. PcG proteins thus orchestrate important aspects of can-
cer stem cell biology and could represent prime molecular targets
to cure glioma patients.

References
Alkema MJ, van der Lugt NM, Bobeldijk RC, Berns A, van Lohuizen M

(1995) Transformation of axial skeleton due to overexpression of bmi-1
in transgenic mice. Nature 374:724 –727.
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