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Abstract
Purpose Glioblastoma (GBM) is the most aggressive adult brain cancer, with a 15 month median survivorship attributed
to the existence of treatment-refractory brain tumor initiating cells (BTICs). In order to better understand the mechanisms
regulating the tumorigenic properties of this population, we studied the role of the polycomb group member BMI1 in our
patient-derived GBM BTICs and its relationship with CD133, a well-established marker of BTICs.
Methods Using gain and loss-of-function studies for Bmi1 in neural stem cells (NSCs) and patient-derived GBM BTICs
respectively, we assessed in vitro self-renewal and in vivo tumor formation in these two cell populations. We further explored
the BMI1 transcriptional regulatory network through RNA sequencing of different GBM BTIC populations that were knocked
down for Bmi1.
Results There is a differential role of BMI1 in CD133-positive cells, notably involving cell metabolism. In addition, we
identified pivotal targets downstream of BMI1 in CD133+ cells such as integrin alpha 2 (ITGA2), that may contribute to
regulating GBM stem cell properties.
Conclusions Our work sheds light on the association of three genes with CD133-BMI1 circuitry, their importance as downstream effectors of the BMI1 signalling pathway, and their potential as future targets for tackling GBM treatment-resistant
cell populations.
Keywords Glioblastoma · Patient-derived brain tumor initiating cells · BMI1 · CD133
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Bmi1 (B cell-specific Moloney murine leukemia virus
insertion site-1) is a member of the highly conserved polycomb group (PcG) gene family, and acts as a transcriptional
repressor of multiple genes, including genes that determine
proliferation and differentiation of cells throughout development [1–5]. BMI1 is essential for the self-renewal and
proliferation of both normal neural and hematopoietic stem
cells [6–11]. It is a key component of PRC1, as the loss
of Ring1a or M33 from the complex does not affect selfrenewal of neurospheres, while loss of Bmi1 alone causes
clear deficits in self-renewal [8]. Indeed, BMI1 deficiency
has a negative effect on self-renewal, proliferation, and differentiation potential in multiple cell types including normal murine neural stem cells (NSCs), hematopoietic stem
cells (HSCs) and cancer stem cells (CSCs) both in vitro and

13

Vol.:(0123456789)

Journal of Neuro-Oncology

in vivo [4, 6, 8–10, 12]. Within normal NSCs, BMI1 plays a
role in regulating self-renewal and proliferation [12], and in
decreasing differentiation, thus making it an excellent target
for potential deregulation within cancer [13, 14].
BMI1 was first identified as an oncogene which cooperated with the oncogene c-myc within murine lymphomagenesis [15, 16]. BMI1 has since been shown to be often
overexpressed in multiple cancers including leukemia,
hepatocellular carcinoma, laryngeal carcinoma, lung cancer, breast cancer, colon cancer, and brain tumors such as
medulloblastoma and glioblastoma (GBM) [4, 6, 13, 17–23].
Interestingly, within GBM cells, overexpression of Bmi1 is
not associated with gene amplification, therefore, it is most
likely the result of increased transcription, notably by miRNAs [24, 25].
Further studies have indicated that Bmi1 knockdown
in GBM cells inhibits cell proliferation and self-renewal
in vitro through increased apoptosis and differentiation,
independent of a functional INK4A/ARF locus, suggesting
alternative pathways for Bmi1 repression [6]. By combining
ChIP-seq with in vivo RNAi screening in mouse and human
neural progenitors and GBM stem cells, Gargiulo et al. [26]
discovered that BMI1 is important in the cellular response to
the transforming growth factor-β/bone morphogenetic protein (TGF-β/BMP) and endoplasmic reticulum (ER) stress
pathways, in part converging on the Atf3 transcriptional
repressor. The identification of functional tumor suppressor
targets in this work, including Atf3 and Cbx7, highlights the
multiple p16(INK4a)/p19(ARF)-independent functions for
BMI1 in development and cancer. However, much work still
remains to determine other Bmi1 regulatory mechanisms and
pathways which may influence cancer progression.
BMI1 has most recently been cited as a marker of progression in many cancer models [27, 28], and most strikingly, a
BMI1-driven gene signature has been identified through a
mouse/human comparative translational genomics approach
and validated in numerous human cancers [29]. This 11-gene
signature representing a conserved BMI1-driven transcriptional network displays a stem cell-resembling signature,
and reliably predicts recurrence, poor treatment response,
metastatic potential and death from cancer in 11 clinical
cancer subtypes.
The inevitable development of therapy resistance and
disease relapse observed in GBM, the most aggressive and
lethal human brain tumor, may be explained by the persistence of brain tumor initiating cell (BTIC) populations that
evade both chemo- and radiotherapy [21, 30]. A novel stem
cell model of recurrent GBM [31] revealed that chemoradiotherapy increased the expression of genes that drive
BTICs self-renewal, including Sox2 and Bmi1, and another
study found that BMI1 confers radioresistance to normal
NSCs and BTICs through recruitment of the DNA damage response machinery [32]. Enhanced BMI1 expression
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in BTICs may thus allow these cells to evade therapy to
form a disease reservoir that may drive disease recurrence
and relapse.
The current study investigates the role of BMI1 in regulating BTICs function in GBM through knockdown of Bmi1
in BTIC populations and overexpression of Bmi1 in normal
human NSC populations. Furthermore, and in keeping with
previous investigations [6], we sought to explore the relationship between BMI1 and CD133, an established NSCand BTIC-associated marker [33]. Through RNA sequencing
of CD133+ and CD133− cell populations knocked down
for Bmi1, we elucidate novel Bmi1-driven gene regulatory
networks that may contribute to therapy resistance driven
by BTIC populations, particularly with respect to novel
gene networks elucidated in the self-renewing CD133+ cell
population. In addition, we report a CD133-dependent BMI1
signature, which delineates BMI1 transcriptional influence
and improves knowledge of its complex circuitry.

Results
Bmi1 overexpression in human NSCs induces
increased self‑renewal and proliferation in vitro,
but is not sufficient to drive tumor formation in vivo
In multiple cancer models, BMI1 is an oncoprotein pre-requisite for transformation, metastatic migration, and maintenance of malignancy [8, 21, 29, 34, 35]. To determine
if BMI1 expression is necessary and sufficient to drive the
transformation of NSCs to BTICs, we undertook lentiviral
transduction of a Bmi1-overexpressing (OE-Bmi) construct
into three different primary human fetal NSC lines. After
transduction, GFP-expressing OE-BMI1 NSCs (Supplementary Fig. S1A and B) were further sorted by flow cytometry
by GFP and CD133 expression. As previously reported,
CD133(+) NSCs have a higher level of self-renewal and proliferation, and Bmi1-overexpressing NSCs exhibit a higher
self-renewal capacity (Fig. 1a, Supplementary Fig. S1C) in
all lines, as well as increased proliferative ability for two out
of three lines (Fig. 1b, Supplementary Fig. S1D), compared
to control NSCs. This BMI1-mediated control of BTICsassociated features, in addition to the paradigm that glioma
stem cells derive from transformed NSCs [36], led us to
investigate whether Bmi1 over-expression is necessary and
sufficient for malignant transformation of NSCs. We therefore intracranially engrafted the OE-BMI1 NSC197 line into
immunodeficient mice, as it displayed the highest increase
in self-renewal among the NSC lines used. However, up to
one million BMI1-OE NSCs intracranially transplanted into
the right frontal lobes of adult NOD-SCID mice failed to
generate brain tumors at 3 months post-engraftment (Supplementary Fig. S1E). To investigate if tumor formation
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Fig. 1  Bmi1 overexpression in neural stem cell and progenitor cells
(NSPCs) increases stemness. a Lentiviral vector-mediated Bmi1 overexpression (OEBmi1) leads to increased self-renewal and b increased

proliferative capacity in NSC197 line, when compared to control
(OECon); *p < 0.05; n.s. non significant

could occur if Bmi1 was overexpressed in NSCs during
early embryonic development, we performed in utero electroporation of BMI1-OE plasmids into the developing cerebral cortex of E14 fetal mouse brains, and tumor formation
was evaluated after the pups were 2 months old (data not
shown). Although we observed no tumor formation in mouse
brains, it is possible that more prolonged Bmi1 overexpression, or Bmi1 overexpression combined with overexpression
of cooperating oncogenes, may result in tumor initiation in
the NSC compartment. Examination of adult mice brains
revealed hydrocephalus in only BMI1-OE mice compared to
controls (Supplementary Fig. S1E), which may result from
tumor cells seeding the cerebrospinal fluid, but not reaching critical mass for tumor formation. Taken together, this
data suggests that although Bmi1 overexpression increases
self-renewal and proliferation of NSCs in vitro, Bmi1 overexpression alone is not sufficient to transform NSCs and
initiate tumors, as observed in two different in vivo models.

of two different BTIC patient-derived lines transduced with
shBmi1 or shLuc control vectors into NOD-SCID mice.
Five weeks post-transplantation, shBmi1 cells displayed
a reduced tumor size and invasiveness, compared to control cells (Fig. 2e and f), regardless of the number of cells
injected (Supplementary Fig. S2E). This conferred significant extended survival to shBmi1-engrafted mice, compared
to their shLuc counterpart (Fig. 2g).

Bmi1 knockdown in BTICs results in decreased
self‑renewal, proliferation and migration in vitro
and reduces tumor size and invasiveness in vivo
We next sought to determine if Bmi1 knockdown is sufficient
to decrease the self-renewal and tumor-initiating capacity of
BTICs. Stable Bmi1 knockdown using lentiviral plasmidsencoding shRNAs (Supplementary Fig. S2A–C) resulted in
significantly decreased self-renewal (Fig. 2a, Supplementary Fig. S2D) and proliferation (Fig. 2b) of BTICs in vitro,
and also resulted in decreased migratory capacity of BTICs
(Fig. 2c and d). To evaluate effects on in vivo tumor-initiating potential, we performed intracranial xenotransplantation

Identification of CD133‑specific BMI1 signatures
in GBM BTICs
In order to further understand BMI1-associated gene regulation, we performed RNA sequencing on two different
BTIC lines. Since we have previously demonstrated that
BMI1 contributes to self-renewal in CD133+ populations,
but regulates proliferation and cell fate determination in
CD133− populations [37], we sought to explore the mechanism by which Bmi1 gene dosage may regulate different
aspects of tumorigenesis in CD133+ and CD133− cell compartments. We thus applied flow cytometry to sort control
(shLuc) and shBmi1 cells into CD133+ and CD133− subpopulations and performed RNAseq on these populations
(Fig. 3a).
Remarkably, the gene expression profile (up- and downregulated genes) triggered by BMI1 silencing in CD133+
cells had little overlap with their CD133− counterparts
(Fig. 3b). We analyzed levels of gene enrichment in shBMI1
CD133+ cells compared to shBMI1 CD133− cells, and clustered them into pathway associations and node-networks
(Fig. 3c), which allowed the establishment of a comprehensive gene dataset enrichment map. Pathway nodal analysis
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Fig. 2  Bmi1 knockdown affects CD133+ GBM cells by functionally
reducing their sphere formation and proliferation capacities. a Lentiviral vector-mediated Bmi1 knockdown with shRNA leads to decreased
in self-renewal and b proliferation in different BTIC populations.
***p < 0.005 and ****p < 0.001. c Representative images of BTICs in
zone exclusion, migration assay. d Quantification of migration on different BTICs lines, where shBMI1 decreases their migration capacities. e CD133high and CD133low lines were transduced with shBmi1 or
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shControl vector ex vivo and injected intracranially into NOD-SCID
mice. Assessment of tumor formation five weeks post-transplantation
reveals significantly decreased GBM tumor size and invasion in absence
of BMI1; n = 5 for each group. f BMI1-silencing decreases sphere formation in BT428 cells. f Tumor area of mice xenografted with BT428
shCon/shBmi1, where shBmi1 engrafted cells are linked with a smaller
tumor area; n = 3 for each group; *p < 0.05; g Kaplan–Meier curves for
mice xenografted with BT241 shCon/shBmi1 (n = 4 for each group)
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Fig. 2  (continued)

revealed a remarkable influence of BMI1 upon cell energetics in the CD133+ BTIC compartment (Fig. 3c, Supplementary Fig. S3A), as silencing Bmi1 in CD133+ cells
upregulates different cell metabolic pathways. In addition,
CD133+ cells possess migration-linked capacities that rely
on BMI1, as suggested by downregulation of different clusters (e.g. amoebial type cell migration, adherens junction
focal substrate) (Fig. 3c).
We further refined our RNA sequencing results by probing the GSEA Msigdb C6 oncogene geneset, an oncogenic
pathway–specific database (https://software.broadinstitute.
org/gsea/msigdb/genesets.jsp?collection=C6) that further
emphazises the differences in CD133 compartments after
BMI1 knockdown (Supplementary Fig. S4 and S5). Our
pathway analysis showed a strong dependency of BMI1
in CD133+ cells in invasion-related processes, such as

extracellular matrix organization and collagen metabolic
processes (Fig. 3d, Supplementary Figs. S4A and S5A).
Conversely, in CD133− cells, BMI1 appears to control
the DNA replication machinery (transcription/translation)
(Fig. 3e, Supplementary Figs. S4B and S5B), supporting
the role of these cells in proliferative capacity. In addition,
there is a correlation in CD133− cells between BMI1 and
AP-1 (Fig. 3e), the latter being a transcription factor controlling proliferation and cell death, whose implication in BMI1
signaling pathway has been shown in carcinomas [38], but
not so far in GBM.
We then chose to focus on genes not belonging to any of
the above signaling pathways, searching for novel GBMspecific genes that may regulate self-renewal through BMI1.
Among top differentially expressed genes markedly downregulated in CD133+ cells (Supplementary Fig. S6A),
we identified ITGA2, FSTL1 and ALK, as having their
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Fig. 3  RNAseq of BMI1 silencing for CD133+ and CD133− cells in
BTICs. a Workflow of the RNAseq; b schematic analysis of the overlap of
increase/decreased genes expressions, in CD133+ (top) and CD133− (bottom) cells; c two dataset Enrichment map comparing the enrichments of
CD133+ and CD133−. Node interior and green edges represent CD133+
results. Node border and blue edges represent CD133− results. Nodes with
only blue edges are exclusively enriched in CD133−, nodes with only green
edges are exclusively enriched in CD133+. Results showing the pathways
enriched in genes dysregulated in the BMI1 knockout compared to control
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(Blue sets are down-regulated in BMI1KD and red sets are up regulated in
BMI1KD). (p-value < 1.0, FDR < 0.1, combined (constant = 0.5) similarity > 0.375). Clusters are annotated with the most frequent words from the
set of node names (as calculated using clustermaker with MCL clustering
(Morris et al. 2011) and WordCloud app with normalization factor = 0.5
(Oesper et al. 2011) using the AutoAnnotate Cytoscape app; d and e representation of GSEA Msigdb C6 genesets (https://software.broadinstitute.
org/gsea/ msigdb/genesets.jsp?collection = C6) enrichment plot in d CD133positive and e CD133-negative up or downregulated genes
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Fig. 3  (continued)

expression levels decreased in CD133+ cells with Bmi1
silencing. We further confirmed by RT-qPCR that silencing of BMI1 downregulates these three genes (Fig. 4a).
Finally, we individually silenced them using short-hairpin
RNA (Supplementary Fig. S6B), which resulted in a dramatic impairment of BTIC self-renewal, but not of their
proliferation capacities (Fig. 4b and c), underscoring their
potential importance in the BMI1-mediated stemness and
tumorigenicity.

Discussion
Despite decade-long extensive investigation of GBM, most
of the complexity and pathway interdependency of this
aggressive brain cancer remains unknown. Escape from
therapy has been linked with the CD133+ GBM cell population [39], suggesting that molecular targeting of this cell
subset could lead to significant clinical improvement. One
way GBM can leverage adapation to its environment is
through epigenetic modulation of genes [40]. This reprogramming is orchestrated by different key factors, among
them the chromatin-modifying Polycomb-group gene Bmi1

[6, 24, 41]. We previously identified CD133+ cells as the
population in which Bmi1 regulates self-renewal, in a cellcontext dependent manner [37]. The scope of the current
work was to decipher the molecular ties between BMI1 and
CD133 in an aggressive cellular sub-population of GBM,
namely BTICs.
We first addressed whether Bmi1 overexpression itself
can trigger a malignant switch in NSCs, which could help
our understanding of tumor initiation. Although Bmi1 modulation clearly affected self-renewal and proliferation of NSCs
in vitro, it was not sufficient for transformation and tumor
formation in vivo, in adult or embryonic NSCs. One reason
might be the need for a favorable chromatin configuration
to fully recapitulate the epigenetic landscape necessary for
tumorigenesis [42]. Indeed, another member of the Polycomb family, EZH2, can contribute to create a H3K27 methylation pattern appropriate for BMI1-mediated gene silencing [43] and BMI1 upregulation has been recently shown to
be essential in a H3K27-methylated population of pediatric
gliomas [44], further underscoring its role in epigenetic
regulation, and corresponds with the recent suggestion of
co-targeting both BMI1 and EZH2 to target differing GBM
micro-environments [45].
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Fig. 4  Validation of the RNAseq hits by RT-qPCR in BT458 line. a
mRNA expression of BMI1, FSTL1 and ALK is decreased in shBmi1
cells; results are normalized on 28 s rRNA expression, and compared
towards their respective levels in control cells b short-hairpin knock-

down of Bmi1, FSTL1, ALK and ITGA2 all decrease self-renewal
and c on proliferative capacities of BT458, as measured by PrestoBlue assay. *p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001; n.s.
non significant

Finally, concomitant downregulation of downstream
tumor suppressors [26], as well as modulation of upstream
modulators of PCR1 and PCR2, such as miRNAs [46], are
also probably needed to recapitulate a complete malignant
transformation of NSCs.
Next, we highlighted the importance of BMI1 in
actively maintaining BTIC function (stemness, proliferation and migration) in CD133+ cells, although we cannot
exclude that this maintenance is additionally controlled by
other oncogenic signals [19]. To further investigate BMI1dependent genes in CD133+ cells versus CD133− cells,
we analyzed their transcriptomes under Bmi1 silencing.
Gene clustering anaylsis revealed distinct tumor-propagating roles for BMI1, depending on the cell’s CD133
status. Notably, BMI1 has control over key metabolismassociated processes (gluconeogenesis, TCA cycle) only

in CD133+ populations. Previous work already pinpointed
the involvement of BMI1 in glucose regulation in normal
cells [47], but to our knowledge this is the first time it has
been implicated in GBM. As metabolic flexibility is vital
for GBM cells to survive in a low-glucose, hypoxic tumor
microenvironment [48], our results suggest an unstudied
cooperation of BMI1 and CD133 in GBM adaptability to
hostile conditions.
In addition, our screen showed the involvement of BMI1 in
migration/invasion of CD133+ cells. Evidence gathered from
other cancers has already shown that BMI1 and CD133 participate in epithelial-to-mesenchymal transition (EMT) [49]; this
reflects the dual identity of stem and invading cells, as well as
the metabolic switch necessary to adapt to or escape from the
aggressive microenvironment in which GBM thrives. Moreover, CD133 expression is linked to the TCGA Mesenchymal
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GBM subclass [50], which harbours both higher cell metabolism and migration potential [51].
Lastly, we validated our screen by silencing three gene candidates whose expression is dependent on BMI1, namely ALK,
FSTL1 and ITGA2, and observed that their absence dramatically
impaired self-renewal (but not proliferation) of GBM BTICs.
ALK is a kinase mainly known for its protumorigenic involvement in lymphoma [52] and non-small cell lung cancer [53],
and ALK-targeting therapies are currently under development
in GBM [54]. FSTL1 has been associated with poor prognosis
in GBM patients [55], and acts on the TGFβ pathway by regulating Smad phosphorylation [56], illustrating the known influence
of BMI1 on TGFβ [26]. Finally, integrin alpha 2 (ITGA2) has
been attributed with pro- or anti-invasion/migration properties in,
among others, breast [57] and prostate cancer models [58], but
has not been extensively studied in GBM yet. We believe these
genes constitute potential candidates for the development of a
multitargeting therapeutic strategy needed to induce GBM remission [59]. Moreover, regarding the hope created by the application of immunotherapies to GBM [60], ITGA2 could represent a
co-target for a bispecific antibody targeting approach along with
CD133, both being located at the cell surface of GBM BTICs.
To summarize, we investigated the role of BMI1 in GBM
pathogenesis and its coordination of aggressive biological
drivers, and unraveled the existence of a CD133-dependent
BMI1-controlled pathway involved in metabolic plasticity and
migration/invasion. In addition, we showed here for the first
time the association of three genes with CD133-BMI1 circuitry, their importance as downstream effectors of the BMI1
signalling pathway and as such, their potential as future targets
for tackling GBM treatment-resistant cell populations.
BMI1 can also be controlled post-translationally, notably
by miR-128 [61], and additional proteomic investigation of the
shift provoked by knockdown of BMI1 in BTIC populations
depending on their CD133 status could bring further insights in
the dynamics of the role of Bmi1 in different CD133 compartments. Advanced techniques such as single cell RNA seq would
be useful in elucidating the oncogenic programs at the single
cell level [44] and pinpoint the role of BMI1 in CD133+ versus
CD133− populations at the clonal level. In addition, upcoming
studies could examine the connection of other members of the
polycomb repressor group with CD133, as well as determine at
which level (transcriptional, translational, or post-translational)
BMI1 exerts its effects on the CD133 positive BTIC population.

Material and methods

were dissociated in artificial cerebrospinal fluid containing
0.2 Wünsch unit/mL Liberase Blendzyme 3 (Roche), and
incubated at 37 °C in a shaker for 15 min. The dissociated
tissue was filtered through a 70 µm cell strainer and collected
by centrifugation (1500 rpm, 3 min). Tumor cells were
resuspended in Neurocult complete media, a chemically
defined serum-free neural stem cell medium (STEMCELL
Technologies), supplemented with human recombinant epidermal growth factor (20 ng/mL: STEMCELL Technologies), basic fibroblast growth factor (20 ng/mL; STEMCELL
Technologies), heparin (2 μg/mL 0.2% Heparin Sodium Salt
in PBS; STEMCELL technologies), antibiotic–antimycotic
(10 mg/mL; Wisent), and plated on ultra-low attachment
plates (Corning). Red blood cells were lysed using ammonium chloride solution (STEMCELL Technologies).

Propagation of BTICs
Neurospheres derived from minimally-cultured human GBM
samples were plated on polyornithine-laminin coated plates
for adherent growth. Adherent cells were replated in lowbinding plates and cultured as tumorspheres, which were
maintained as spheres upon serial passaging in vitro. These
cells retained their self-renewal potential and were capable
of multi-lineage differentiation.

Secondary sphere formation assay
Tumorspheres were dissociated using 5-10µL Liberase Blendzyme3 in 1 mL PBS for 5 min at 37 °C. Cells were plated at 200
cells per well in 200 µL of TSM media in a 96-well plate. Cultures were left undisturbed at 37 °C, 5% C
 O2. After four days,
the number of secondary spheres per well were counted and
used to estimate the mean number of spheres per 2000 cells.

Cell proliferation assay
Single cells were plated in a 96-well plate at a density of
1,000 cells/200 µL per well in quadruplicate and incubated
for five days. 20 µL of Presto Blue (Invitrogen), a fluorescent
cell metabolism indicator, was added to each well approximately 4 h prior to the readout time point. Fluorescence
was measured using a FLUOstar Omega Fluorescence 556
Microplate reader (BMG LABTECH) at excitation and
emission wavelengths of 535 nm and 600 nm respectively.
Readings were analyzed using Omega analysis software.

Dissociation and culture of primary GBM tissue

Viral production and transduction

Human GBM samples were obtained from consenting
patients, as approved by the Hamilton Health Sciences/
McMaster Health Sciences Research Ethics Board. Samples

Lentiviral vectors (CS-H1-shRNA-EF- 1 α-EGFP) expressing
shRNA that targets human BMI1 (target sequence: sh-BMI1-1,
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5′-CAGATGAAGATAAGAGAAT-3′) and luciferase were
kind gifts from Dr. Atushi Iwama. Bmi1 overexpression vector was purchased from Genecopoeia. Replication-incompetent
lentiviruses were produced by cotransfection of the knockdown
vectors/expression vector and packaging vectors pMD2G
and psPAX2 in HEK 293FT cells. Viral supernatants were
harvested 48 h after transfection, filtered through a 0.45 µm
cellulose acetate filter and precipitated with PEGit (System
biosciences). The viral pellet was resuspended in 1.0 mL of
DMEM F-12 media, aliquoted and stored at -80 °C.

Quantitative real‑time–polymerase chain reaction
Total RNA was extracted using a Norgen Total RNA isolation kit and quantified using the NanoDrop Spectrophotometer ND-1000. Complementary DNA was synthesized from
0.5–1 µg RNA by using iScript cDNA Super Mix (Biorad)
and a C1000 Thermo Cycler (Bio-Rad) with the following
cycle parameters: 5 min at 25 °C, 20 min at 46 °C, 1 min
at 95 °C, hold at 4 °C. qRT-PCR was performed by using
Perfecta SybrGreen (Quanta Biosciences) and an Opticon
Chroma4 instrument (Bio-Rad). Gene expression was quantified by using Opticon software and expression levels were
normalized to 28s rRNA expression.

RT‑PCR primers
Bmi1 F
Bmi1 R
GAPDH F
GAPDH R
28 s rRNA F
28 s rRNA R
FSTL1 F
FSTL1 R
ALK F
ALK R
ITGA2 F
ITGA2 R

5′ GGAGGAGGTGAATGATAAAAGAT 3′
5′ AGGTTCCTCCTCATACATGACA 3′
5′ TGCACCACCAACTGCTTAGC 3′
5′ GGCATGGACTGTGGTCATGAG 3′
5′ AAGCAGGAGGTGTCAGAAA 3′
5′ GTAAAACTAACCTGTCTCACG 3′
5′ TCT GTG CCA ATG TGT TTT GTG GTG 3′
5′ TGA GGT AGG TCT TGC CAT TAC 3′
5′ CTT TGA CTT CCC CTG TGA GC 3′
5′ GCA GCC TCT CCC TTA CCT C 3′
5′ AGA TGA TTT GGT CAG AAT GGG ATA
AG 3′
5′ TGG GTG GTG TTT CTC AAA GTG T 3′

Flow cytometric analysis and cell sorting
Tumorspheres were dissociated and single cells resuspended
in PBS+2 mM EDTA. Cell suspensions were stained with
APC-conjugated anti-CD133 or a matched isotype control (Miltenyi) and incubated for 30 min on ice. Samples
were run on a MoFlo XDP Cell Sorter (Beckman Coulter).
Dead cells were excluded using the viability dye 7AAD.
(1:10; Beckman Coulter). Compensation was performed
using mouse IgG CompBeads (BD). Expression of CD133
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was defined as positive or negative based on the analysis
regions set on the isotype control. Cells were sorted into
tubes containing 1 mL Neurocult media and small aliquots
of each sort tube were re-analysed to determine the purity of
the sorted populations. Cells were allowed to equilibrate at
37 °C for a few hours prior to use in experiments.

In vivo GIC intracranial injections and H&E staining
of xenograft tumors
Intracranial injections were performed as previously
described (2) using each of the following GICs: shLuc,
shBmi1, Ctrl OE and Bmi1 OE. Briefly, the appropriate
number of live cells (determined by Trypan Blue exclusion) were resuspended in 10 µL of PBS. NOD-SCID mice
were anesthetized using isofluorane gas (5% induction, 2.5%
maintenance) and cells were injected into the frontal lobe
using a 10 µL Hamilton syringe as per REB-approved protocols, in a non-randomized, non-blinded fashion. The mice
were sacrificed when the control group reached endpoint.
Upon reaching endpoint, brains were harvested, formalinfixed, and paraffin-embedded for hematoxylin and eosin
(H&E) and human COX IV staining (Cell Signalling).
Images were captured using an Aperio Slide Scanner and
analyzed using ImageScope v11.1.2.760 software (Aperio).

Zone exclusion migration assay
GIC spheres were dissociated to single cells and replated at
a density of 30,000 cells per well in a 96 well plate (polyornithine-laminin coated) with a 1% agar drop in the center of
the well. After 24 h to allow cell adherence, the agar drop
was removed, the wells washed gently with PBS to remove
floating cells. Migration into the empty zone was monitored
over 3 days, with time points taken at day 0 and day 3.

RNA seq analysis
RNA samples from 3 independent GIC lines that were
sorted for CD133 (shLuc or shBMI1) were labelled using
Illumina Total Prep-96 RNA Amplification kit (Ambion)
as per amplification protocol. 750 ng of cRNA generated
from these samples were hybridized onto Human HT-12
V4 Beadchips. The BeadChips were incubated at 58 °C,
with rotation speed 5 for 18 h for hybridization. The BeadChips were washed and stained as per Illumina protocol and
scanned on the iScan (Illumina). The data files were quantified in GenomeStudio Version 2011.1 (Illumina). All samples passed Illumina sample dependent and independent QC
Metrics. GSEA analysis was performed using the MySigDB
oncogenic signature collection, and resulted in a set of 556
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differential genes (FDR < 0.05) in CD133-positive samples
(418 down-regulated and 138 upregulated a set of 427 differential genes (FDR < 0.05) in CD133-negative samples (242
down-regulated and 185 upregulated).

Statistical analysis
Biological replicates from at least three patient samples were
compiled for each experiment, unless otherwise specified
in figure legends. Respective data represent mean ± SD, n
values are listed in figure legends. Student’s t-test analyses, 2-way ANOVA with Bonferroni post-hoc tests, and
Log-rank (Mantel-Cox Test) analysis were performed using
GraphPad Prism 5. P < 0.05 was considered significant. Statistical tests for in silico analyses were two-sided and were
completed in R.
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