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ThemiR 302-367 cluster drastically affects self-renewal
and infiltration properties of glioma-initiating cells
through CXCR4 repression and consequent disruption
of the SHH-GLI-NANOG network

M Fareh1, L Turchi1, V Virolle1, D Debruyne1, F Almairac1,2, S de-la-Forest Divonne1, P Paquis2, O Preynat-Seauve3, K-H Krause3,

H Chneiweiss4 and T Virolle*,1

Glioblastoma multiforme (GBM) is the most common form of primary brain tumor in adults, often characterized by poor survival.

Glioma-initiating cells (GiCs) are defined by their extensive self-renewal, differentiation, and tumor initiation properties. GiCs are

known to be involved in tumor growth and recurrence, and in resistance to conventional treatments. One strategy to efficiently

target GiCs in GBM consists in suppressing their stemness and consequently their tumorigenic properties. In this study, we

show that the miR-302-367 cluster is strongly induced during serum-mediated stemness suppression. Stable miR-302-367

cluster expression is sufficient to suppress the stemness signature, self-renewal, and cell infiltration within a host brain tissue,

through inhibition of the CXCR4 pathway. Furthermore, inhibition of CXCR4 leads to the disruption of the sonic hedgehog (SHH)-

GLI-NANOG network, which is involved in self-renewal and expression of the embryonic stem cell-like signature. In conclusion,

we demonstrated that the miR-302-367 cluster is able to efficiently trigger a cascade of inhibitory events leading to the disruption

of GiCs stem-like and tumorigenic properties.

Cell Death and Differentiation (2012) 19, 232–244; doi:10.1038/cdd.2011.89; published online 1 July 2011

Glioblastoma multiforme (GBM) is the most common form of

primary brain tumor in adults, with a median survival rate of 14

months.1 GBM is a highly vascularized and infiltrating tumor

that can develop lesions at sites distant from the primary

tumor.2,3 Treatments for GBM consist of surgical resection

combined with radiotherapy plus temozolomide, which has

been found to significantly increase survival,1 especially in

patients exhibiting epigenetic silencing of the O-6 methyl-

guanine-DNA methyltransferase (MGMT) gene.4 However,

this approach remains largely ineffective and leads to tumor

recurrences. Failure to cure GBM has been attributed to the

extensive resistance of glioma-initiating cells (GICs) to

conventional cytotoxic therapies. The ‘GICs hypothesis’

proposes that a minority of highly tumorigenic and self-

renewing cells in the tumor bulk, are responsible for tumor

initiation and behavior.5 The concept of tumor stem cells,

originally proposed for myeloid leukemia,6 was subsequently

shown to be valid for solid tumors as well.7–9 A recent report

showed that GICs become vulnerable to therapies, and more

importantly lose their tumorigenic ability, when they are forced

to mature into a more differentiated state.10 Therefore, the

identification of ways to efficiently affect GICs properties may

lead to the development of new therapeutic approaches for

the treatment of malignant glioma. In this context, it is crucial

to investigate the mechanisms involved in GICs plasticity,

which is likely the result of a tight epigenetic control of gene

expression. Micro-RNAs modulate gene expression levels by

promoting either inhibition of translation or mRNAs degrada-

tion. Their involvement in self-renewal and stem cells

plasticity is sustained by recent studies performed in human

embryonic stem cells11,12

In the present study, we show that the miR 302-367 cluster

is rapidly and strongly induced in GiCs undergoing serum-

mediated suppression of stemness. This miR cluster is

undetectable in self-renewing GiCs; however, when stably

and constitutively expressed, it is able to suppress the

stemness gene signature, self-renewal, and cell infiltration

through the inhibition of the CXCR4 pathway. In addition, we

show that blockade of CXCR4 signaling leads to the disruption

of the sonic hedgehog (SHH)-GLI-NANOG network, which is

known to be responsible for self-renewal and expression of

the ES-like genes signature in glioma cancer stem cells.13

Results

The miR-302-367 cluster contributes to serum-mediated

loss of stemness. To identify miRNAs capable of
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suppressing GiCs stemness properties, we used two

previously characterized GiCs primary lines,14 TG1 and

TG6, and took advantage of the ability of serum to induce

stem cells differentiation.14 Self-renewing TG cells were

forced into a more differentiated non-stem-like state, by

substituting the growth factors EGF and bFGF with 0.5%

serum. After 4 days, the glial proteins GFAP and Olig2 were

upregulated (Figures 1a and b) while the cells exhibited low

levels of the stemness markers Oct-4, Nanog,

(Supplementary Figure 1A), and of SHH clearly established

as a major player in GiCs self-renewal15 (Figures 1a and b).

Consistent with SHH repression, serum treatment drastically

reduced clonal proliferation (Figure 1b). These results

confirmed that serum-treated TG cells are an ideal system

to identify molecules involved in loss of stem-like properties.

Hence, we compared the human miRNA signature of self-

renewing TG1 and TG6 cells with that of 4-day serum-

differentiated cells. Three independent experiments revealed

about 60 miRNAs modulated at this time point. As our goal

was to identify miRNAs able to promote loss of stemness, we

took into account only the most upregulated miRNAs and

focused on the miR-302-367 cluster (Figure 1c) whose

members (miR-302a, b, c, d, and miR-367) were exclusively

expressed in serum-differentiated cells (Supplementary

Figure 1B). A time course analysis revealed the induction

of this cluster at day 1, a maximal expression at day 3

(Figure 1d; Supplementary Figure 1C), which was

maintained up to 15 days following serum addition. Similar

results were obtained using two additional GiCs primary

lines, GB1 and #1056 (Supplementary Figure 1D). In order to

assess miR-302-367 cluster contribution in serum-mediated

suppression of stemness, we transiently transfected TG1

cells with anti-miR-302a, anti-miR302b or anti-miR-367

(Figure 1e), or with a pool of these three anti-miRs

(Figure 1f). After 24 h, the cells were treated with serum.

Quantitative real-time PCR (QPCR) analysis revealed that

the aforementioned anti-miRs were able to reduce the

expression of each miR by 50%, whether they were used

individually or as a pool (Supplementary Figures 2A and B).

Although individual anti-miR did not affect the differentiation

process (Figure 1e), the pool was able to significantly alter

the expression of GFAP, Olig2, and SHH (Figure 1f),

suggesting compensatory mechanisms. These results

demonstrate a functional contribution of the miR-302-367

cluster in serum-mediated suppression of stemness.

The miR-302-367 cluster promotes suppression of

stemness and contributes to GiCs glial commit-

ment. To assess the capacity of the miR-302-367 cluster

to suppress stemness in the absence of serum, we cloned

the genomic region containing the whole miR-302-367

cluster into a lentiviral vector. We used this construct to

generate the TG1 Cluster 302 and TG6 Cluster 302#1 cell

lines, which stably expressed each miR-302-367 cluster

member (Figures 2a and b). As control, we used TG1 and

TG6 cells expressing a non-relevant small non-coding RNA

(TG1 and TG6 Ctrl cells). To assess the miR-302-367 cluster

ability to trigger differentiation in the absence of serum, we

cultured TG Ctrl and TG Cluster 302 cells in a minimum

defined medium deprived of EGF and bFGF (NS34�), for

4 days. This medium is sufficient to maintain a stem-like state

while preventing spontaneous differentiation of control cells.

In these conditions, TG1 and TG6 Ctrl cells grew as non-

adherent neurospheres (Figures 2a and b), while TG1 and

TG6 Cluster 302 cells grew adherent and exhibited a non-

stem-like differentiated phenotype (Figures 2a and b). QPCR

analysis showed an increased expression of GFAP and a

reduced expression of SHH in the TG1 Cluster 302 and TG6

Cluster 302#1 as compared with the Ctrl cells (Figure 2c).

We then studied the expression of stemness markers by

immunofluorescence. Although SHH, Oct4, Nanog, and

Sox1 were clearly expressed in TG1 Ctrl cells cultured in

growing medium (NS34þ ) (Figure 3a), they were almost

undetectable in TG1 Cluster 302 cells cultured under the

same conditions (Figure 3a). When TG1 Cluster 302 cells

were cultured in NS34�, GFAP was strongly expressed

(Figure 3b) while, unlike cells treated with serum, neuronal

markers such as NeuN remained undetectable (Figure 3b).

Similar results were obtained using TG6 Cluster 302#1 cells

(Supplementary Figures 3A, B and C). These results

demonstrate that expression of the miR-302-367 cluster is

sufficient, in a context favorable for GiCs self-renewal, to

promote loss of stemness markers and to contribute, in

quiescent conditions, to early tumor glial fate commitment.

The miR-302-367 cluster expression drastically inhibits

GiCs self-renewal and infiltration properties. The loss

of stemness markers mediated by miR-302-367 cluster

strongly suggests an impairment of stem-like properties.

We therefore evaluated the clonal efficiency of TG1 Cluster

302 cells compared with TG1 Ctrl cells. We seeded 10 cells/

well in a 96-wells plate and considered clonal efficiency to be

100% when, after 1 month, 10 neurospheres were counted in

a well. Although 80% of single TG1 Ctrl cells were able to

form neurospheres, less than 10% of TG1 Cluster 302 cells

were able to do so (Figure 4a). Therefore, miR-302-367

cluster inhibited clonal proliferation of more than 80%

(Figure 4a). Similar results were obtained using TG6

Cluster 302#1 and TG6 Ctrl cells (Supplementary

Figure 3D). Importantly, the size of the neo-formed

neurospheres in TG1 Cluster 302 cells was much smaller

than the one observed in TG1 Ctrl cells (Figure 4a),

suggesting a reduction of the proliferation rate. To compare

the cell-cycle characteristics of TG1 Cluster 302 cells

with those of TG1 Ctrl cells, we analyzed their cell-cycle

profiles by FACS (Figure 4b). When compared with TG1 Ctrl

cells, TG1 Cluster 302 cells exhibited an accumulation of

cells in the G1 phase (59.49 versus 51.76%). The lower

proliferation rate of TG1 Cluster 302 cells was confirmed

using proliferation assays (Figure 4c). To further assess

the impact of such a growth impairment on the development

of an in vitro 3D tumor-like cellular mass, we seeded TG1

Ctrl and TG1 Cluster 302 cells, previously labeled with the

red fluorescent protein, on separate nylon filters in a

minimum medium and under air-liquid interface conditions.

After 1 month, a cellular mass can be visualized. Our results

showed that TG1 Ctrl cells developed into a thick and

compact tissue, whereas TG1 Cluster 302 cells failed to do

so and appeared as a thin monolayer (Figure 4d). To assess

TG1 or TG6 Cluster 302 cells ability to infiltrate and
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proliferate within a cerebral tissue, we used ex-vivo

organotypic cultures of thick mouse brain slices (MBSs)

(Figure 4e). We seeded red fluorescent TG Ctrl or TG

Cluster 302 cells on the surface of MBSs and allowed them to

grow for 3 weeks. Our results showed a strong ability of

Ctrl cells to infiltrate and proliferate within the cerebral

tissue, initiating the development of a tumor-like mass in the

vicinity of individual migrating cells (Figure 4e and
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Supplementary Figure 3E). Conversely, TG Cluster 302 cells

failed to penetrate the tissue and remained on the surface of

the brain slice (Figure 4e and Supplementary Figure 3E).

Under certain circumstances, lack of interaction with the

brain tissue even led to loss of the cells (Figure 4e;

Supplementary Figure 3E). To assess the tumorigenic

potential of TG1 Ctrl and TG1 Cluster 302 cells in vivo, we

performed intracranial xenografts in NOD/SCID mice using

either TG1 Ctrl or TG1 Cluster 302 cells stably expressing a

luciferase reporter gene. Before injection, the luciferase

activity was assessed by an in vitro luciferase assay and was

found to be equivalent in the two cell lines. Time course

analysis following the xenograft showed that while TG1 Ctrl

cells induced and maintained a tumor for at least 1 month,

the TG1 Cluster 302 cells failed to do so (Figures 5a and b).

These results demonstrate that miR-302-367 cluster

expression is sufficient to inhibit clonal proliferation and

infiltration, therefore compromising GiCs tumorigenic

properties.

The miR-302-367 cluster expression leads to a drastic

downregulation of CXCR4/SDF1. Overexpression of

CXCR4, a tumorigenic and invasiveness marker, often

characterizes neural cancer stem cells as well as many

other cancer cells.16 In silico analysis (Miranda, pictar vert)

indicated that the CXCR4 30 UTR end as well as the 30 UTR

end of its ligand CXCL12/SDF1 might be directly targeted by

miR-302a, b, c, and d (Figure 6a). To assess whether this

putative regulation occurs in our system, we transiently

transfected TG1 cells with the miR-302-367 cluster and

compared CXCR4 and SDF1 mRNA levels with those of TG1

cells transfected with a non-relevant construct. Our results

indicated a strong miR-302-367 cluster-mediated inhibition of

CXCR4 and SDF1 expression (Figure 6b). Accordingly,

CXCR4 protein level was significantly reduced in TG1

Cluster 302 cells when compared with TG1 Ctrl cells

(Figure 6e). Functional inhibition of at least two cluster

members (302a and 302b) was sufficient to partially rescue

CXCR4 and SDF1 expression in TG1 Cluster 302 cells
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(Figure 6c). Similar results were obtained using TG6 Ctrl and

TG6 Cluster 302#1 cells (Supplementary Figures 4A and B).

To assess whether the miR-302 directly mediates CXCR4

expression, we cloned the 30UTR region of CXCR4 mRNA

and fused it to a luciferase reporter gene; this construct was

then transfected in 293T cells along with synthetic miR-302a

or miR-23 (used as control non-relevant miR). Our results

showed a strong repression of luciferase activity in the case

of miR-302a (Figure 6d). This repression did not occur in the

presence of miR-23 or when using a construct corresponding

to the CXCR4 30UTR lacking the miR-302a binding site.

Therefore, these results argued for a direct role of miR-302 in

the regulation of CXCR4 expression. Migration assays

performed using Boyden chambers (Corning Incorporated,

Corning, NY, USA) further confirmed CXCR4 inhibition in TG

Cluster 302 cells, as no migration was observed in these cell

lines (Figure 6f and Supplementary Figure 4C). Interestingly,

cell migration resumed when CXCR4 expression was

restored by stable expression of a CXCR4 construct

lacking the 30UTR region (Supplementary Figure 4D).

These results demonstrate that the miR-302-367 cluster

promotes strong functional inhibition of the CXCR4 pathway.

CXCR4 constitutes one of the major miR-302-367 cluster

targets involved in the suppression of GiCs

properties. To assess the effects of CXCR4 inhibition in
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Figure 5 The miR-302-367 cluster inhibits tumor development in vivo. TG1 Ctrl and TG1 Cluster 302 cells were orthotopically implanted into the striatum of male
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TG1 cells, we used the non-peptide antagonist AMD3100 or

an anti-CXCR4-blocking antibody to prevent the binding of

ligands. Treated and untreated TG1 cells were seeded on the

surface of MBSs to evaluate their infiltrative properties.

Although control untreated cells strongly and deeply

interacted with the brain tissue, both TG1 Cluster 302 and

TG1 cells deficient of functional CXCR4 did not, and

remained as non-adherent spheres (Figure 7). Importantly,

analysis of paraffin sections revealed that only the control

TG1 cells were able to infiltrate and migrate into the cerebral

tissue (Figure 7). The fact that similar results were obtained

using TG1 cluster 302 cells or TG1 cells deficient of

functional CXCR4 demonstrated that the miR-302-367

cluster-mediated CXCR4 inhibition was the main regulatory

mechanism required to suppress GiCs infiltrative properties.

As SDF1/CXCR4 has been described as a promoter of

glioma cells proliferation,17 we reasoned that the reduced

clonal proliferation of TG Cluster 302 cells (Figure 4a and

Supplementary Figure 3D) might be the result of CXCR4

inhibition. Therefore, we performed clonal proliferation

assays, using TG1 cells cultured either in their proliferation

medium or in presence of anti-CXCR4-blocking antibody.

Our results showed that inhibition of the CXCR4 pathway led

to a drastic loss of clonal efficiency (Figure 8a). We then

investigated the molecular mechanism behind the reduction

of clonal proliferation induced by CXCR4 impairment. As
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previous reports demonstrated that the SHH-GLI1-NANOG

network is crucial for glioma cancer stem cells self-renewal

and tumorigenic properties,13,15,18,19 we assessed the

expression of this gene network in TG1 cells stably

expressing the miR-302-367 cluster or grown in the

presence of anti-CXCR4-blocking antibody or AMD3100.

QPCR analysis revealed that stable expression of the miR-

302-367 cluster or functional inhibition of CXCR4 caused

reduction of both SHH and GLI1 expression (Figure 8b).

Consistently, while SHH and NANOG were clearly detected

in control cells by immunofluorescence, they were almost

undetectable in cells with impaired CXCR4 function and in

cells stably expressing the miR-302-367 cluster (Figure 8c).

Consistent with the drastic loss of clonal proliferation

(Figure 8e), PBK/TOPK kinase and its substrate (the

histone H3 ser10), which are expressed and

phosphorylated in dividing cells, were also suppressed

(Figure 8f). The restoration of CXCR4 expression by stable

overexpression of a CXCR4 construct lacking the 30UTR

region, rescued both SHH and NANOG protein expression,

the Hedgehog pathway, 50% of PBK/TOPK, and histone H3

ser10 expression, and therefore a part of TG1 Cluster 302
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cells clonal proliferation (Figures 8b, d, e, and f). These

results revealed that a functional CXCR4 pathway is

necessary to maintain the SHH-GLI1-NANOG network and

self-renewal properties. In addition, they revealed the strong

ability of the miR-302-367 cluster to disrupt the SHH-GLI1-

NANOG network, in part through CXCR4 inhibition. We then

restored SHH expression in TG1 cells either impaired for

CXCR4 function or stably expressing the miR-302-367

cluster using an exogenous recombinant protein. Our

results showed that exogenous recombinant SHH was able

to increase clonal proliferation of cells lacking functional

CXCR4 (Figure 8e). However, exogenous recombinant SHH

failed to rescue clonal proliferation of TG1 cells stably

expressing the miR-302-367 cluster (Figure 8e). Exogenous

recombinant SHH was therefore sufficient to bypass CXCR4

inhibition, confirming the importance of this pathway in the

control of self-renewal. The fact that recombinant SHH had

no effect on cells stably expressing the miR-302-367 cluster

suggests a strong ability of these miRs to inhibit multiple

pathways involved in cell proliferation. A recent report and in

silico analyses have identified various proteins involved in the

regulation of cell-cycle progression – E2F1, cyclin A (CyA)

and cyclin D1 (CyD1) – as direct targets of the miR-302-367

cluster.20 Therefore, we assessed the expression of such

proteins in TG1 lacking functional CXCR4 or stably

expressing the miR-302-367 cluster. QPCR revealed that

expression of the miR-302-367 cluster caused a drastic

downregulation of E2F1, CyA, and CyD1 mRNA levels,

whereas CXCR4 inhibition did not (Figure 8g). These results

demonstrate that expression of the miR-302-367 cluster

compromises both cell infiltration and self-renewal properties

by inducing a cascade of inhibitory events leading to CXCR4

repression and consequent disruption of the SHH-GLI1-

NANOG network. In addition, they demonstrate that the

miR-302-367 cluster is able to directly interfere with the

expression of proteins of the cell-cycle machinery.

Discussion

GiCs represent an attractive target for the treatment of high-

grade brain tumors such as GBM. A possible approach to

target GiCs consists in forcing them into a more differentiated

phenotype characteristic of the tumor bulk.10 We demon-

strated the ability of the miR-302-367 cluster to compromise

the maintenance of GiCs and to reduce their infiltration within

a cerebral tissue. Stable expression of the miR-302-367

cluster was sufficient to strongly inhibit the clonogenicity of

GiCs and to promote loss of stem-like proteins including Oct4

and Nanog,13,21 as well as Sox1 and SHH – known to be

involved in adult normal neural stem cell and cancer stem cells

self-renewal and maintenance.15,22–27 Consistent with our

results, a previous report showed the importance of the miR-

302-367 in cell differentiation by describing its role in the

promotion of mesendodermal fate specification.28 On the

other hand, other reports described the miR-302-367 cluster

as a stemness determinant in human embryonic stem cells

(ESC)29 and in inducible pluripotent stem cells (IPS) derived

from human skin cancer cells.30 In this context, the miR-302-

367 promoter was transcriptionally regulated by the stemness

transcription factors Oct4, Sox2, and Nanog; therefore, its

expression in the ESC compartment and during early stages

of mouse development was restricted.20,31 In GiCs, the

expression of the miR-302-367 cluster occurs concomitantly

with the suppression of Oct4 and Nanog, as well as with the

loss of self-renewal. This suggests the existence of a

mechanism distinct from that observed in pluripotent cells

and particularly efficient in maintaining GiCs stem-like proper-

ties through the repression of these miRNAs. In addition, the

drastic loss of the stem-like signature mediated by miR-302-

367 cluster expression suggests drastic epigenetic changes,

indicating that these miRNAs might exhibit powerful regula-

tory potential.

Our ex-vivo and in vivo models demonstrated that the

miR-302-367 cluster is able to suppress GiCs infiltration and

tumorigenicity. This is the most important aspect of the

miR-302-367 cluster activity, as tumor glial cell infiltration

represents one of the main causes of the short survival time

observed in GBM. In this context, we showed that the

miR-302-367 cluster affects migration and clonal proliferation

through a drastic inhibition of the chemokine receptor CXCR4

and its ligand SDF1. The binding of SDF1 to CXCR4 is known

to trigger divergent signaling pathways such as PLC, PI3K/

AKT, and MAPK, resulting in a variety of physiological

responses including gene transcription, motility, survival,

and proliferation.32 Numerous studies reported that CXCR4

has a role in proliferation and motility, thereby contributing to

the development of highly malignant human gliomas and to

tumor aggressiveness. In addition, CXCR4 expression

strongly correlates with poor survival.16,17,33 In GiCs, the

network composed of SHH-GLI-NANOG proteins represents

another important pathway involved in the regulation of

proliferation, self-renewal, and expression of stemness

genes.13,15,18,19 SHH-GLI signaling acts through positive

regulators of proliferation such as the PBK/TOPK protein –

a PDZ-binding kinase involved in mitosis,34 known to promote

growth through the phosphorylation of histone H3 at

Ser10.35,36 In this study, we demonstrated that impairment

of CXCR4 function leads to the drastic repression of hedge-

hog signaling, therefore compromising NANOG, PBK/TOPK

expression and histone H3 phosphorylation at Ser10,

contributing to loss of clonal proliferation. The significant

rescue of clonal proliferation mediated by exogenous recom-

binant SHH protein, confirms the involvement of the CXCR4

pathway in the positive regulation of the SHH-GLI1-NANOG

network, and its contribution in self-renewal. These results

emphasize the potential of CXCR4 functional inhibition as a

therapeutic approach for GBM. Indeed, CXCR4 inhibition

would prevent tumor regrowth by inhibiting vasculogenesis37

while affecting GiCs stem-like and tumorigenic properties. In a

context where novel strategies for GBM treatment are much

needed, the miR-302-367 cluster appears therefore to be a

promising therapeutic target, as it downregulates the CXCR4

pathway. This is sufficient to trigger a cascade of inhibitory

events that leads to the disruption of the SHH-GLI1-NANOG

network, the blockade of cell infiltration, and suppression of

GiCs self-renewal and stem-like signature. Our data demon-

strate that the miR-302-367 cluster is not only able to inhibit

the CXCR4 pathway, but it may also directly repress the

cell-cycle machinery by strongly inhibiting positive regulators

such as E2F1, CyA, and CyD1, which were already described
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as its putative targets.20 Thus, the miR-302-367 cluster not

only affects GiCs stem-like and infiltrative properties, but also

specifically inhibits the cell-cycle machinery. The capacity of

affecting different pathways involved in the promotion of cell

proliferation diminishes the likelihood of cell adaptation

and compensatory mechanisms, and therefore makes the

miR-302-367 cluster an even more attractive therapeutic target.

Materials and Methods
Reagents and antibodies. Cell culture reagents, pENTR cloning kit (catalog
number K2400-20), LR Clonase II (catalog number 11791-020), Superscript II
reverse transcriptase (catalog number 18 064–014), and Trizol were purchased
from Invitrogen (Cergy Pontolse, France). Foetal calf serum was from Hyclone
(Brebières, France). Hoechst 33342, U0126, TWS119, and anti-B3Tubulin antibody
(catalog number CBL412-diluted 1/1001) were purchased from Sigma (Lyon,
France). Anti-SHH (catalog number sc1194-diluted 1/501) and anti-Oct4 (catalog
number sc9081-diluted 1/501) antibodies were purchased from Santa-Cruz
Biotechnology (Heidelberg, Germany). Anti-Nanog (catalog number AF1997–
5mg/ml), anti-CXCR4-blocking antibody (catalog number MAB170-diluted 1/1001),
anti-CXCR4 (catalog number MAB 173), and anti-Olig2 (catalog number AF2418,
10mg/ml) antibodies were from R&D Systems. The CXCR4 chemical inhibitor
AMD3100 (catalog number A5602) was purchased from Sigma-Aldrich (Lyon,
France). Anti-GFAP (catalog number 2203PGF-1/2001) antibody was purchased
from AbCys (Paris, France). Anti-CA (NCL-cyclin A-diluted 1/2501) was from
Novocastra (Nanterre, France). Anti-NeuN (MAB377-diluted 1/1501) was from
Chemicon (Chemicon International, Temecula, CA, USA). Anti-PKB (ab59327-
diluted 1/1001) and anti-histone H3Ser10 (catalog number Ab 5176) were
purchased from Abcam. Anti-species secondary antibodies coupled to Alexa 488
(diluted 1/5001) or Alexa 546 (diluted 1/5001) were purchased from Alexa
(Dusseldorf, Germany). Gel/mount was purchased from Biomedia (Roskilde,
Denmark). Taqman Reverse transcription microRNA kit (catalog number 4366596),
Universal Taqman PCR Master Mix, Taqman low-density array (TLDA array), and
Taqman probes were purchased from Applied Biosystems (Villebon sur Yvette,
France). Enhanced chemiluminescence detection reagent was from BioRad
(Marnes la Coquette, France).

Cell culture. The GiCs primary cell lines TG1, TG6, GB1, and #1056 were
isolated from human glioblastoma.14 When kept as self-renewing GiCs,
neurospheres were grown in NS34þ medium containing EGF and bFGF
(DMEM-F12 1/1, glutamine 10mM, Hepes 10mM, Sodium bicarbonate 0.025%, N2,
G5, and B27). The medium for cell differentiation (MFCS) was composed of DMEM-
F12, glutamine 10mM, Hepes 10mM, Sodium bicarbonate 0.025%, and FCS 0.5%.
In differentiation experiments, the neurospheres were dissociated and 500 000
single cells were cultured in MFCS. When necessary, the cells were incubated in
NS34-minimum medium depleted of EGF and bFGF (DMEM-F12 1/1, glutamine
10mM, Hepes 10mM, Sodium bicarbonate 0.025%). When indicated, the cells
were treated with anti-CXCR4 antibody (1–10mg/ml) or AMD3100 (10–100 nM).

Plasmid constructs and stable cell lines. The miR-302-367 cluster was
amplified from genomic DNA by PCR (Forward primer: 50-GGCTGAAGTCCCTG
CCTTTTACCC-30; Reverse primer: 50-TGGCTTAACAATCCATCACCATTGC-30)
and cloned into a pENTR commercial vector (Invitrogen, Life Technology, Cergy
Pontoise, France). Subcloning in the 2K7 blasticidin lentiviral vector (2K7BSD) was
realized by recombination in the presence of LR clonase II. Lentiviral particles were
produced transfecting the 293T cell line with the 2K7BSD-Cluster mir302 or
2K7BSD-shLuc constructs along with the packaging vectors. After lentiviral
infection, cell lines stably expressing the miR-302-367 cluster (TG1cluster 302 and
TG6 cluster 302#1) or the control shLuc (TG1 Ctrl and TG6 Ctrl) were selected in
appropriate blasticidin NBE medium (1 mg/mL) for at least 15 days. Two stable cell
lines were developed from independent viral productions/infections and exhibited
identical behaviors. Cells stably expressing the Red Fluorescent Protein (RFP) were
obtained after 2K7BSD-RFP lentiviral particles infection. To restore CXCR4
expression, TG1 Cluster 302 and TG6 Cluster 302#1 cells were transduced with a
commercially available CXCR4 lentivirus coding for a construct lacking the 30UTR of
the gene.

Immunofluorescence. Cells were grown on polylysine-coated glass slides in
NBE, MFCS, or TG1-cluster-conditioned medium. At indicated time points, cells were
washed twice with ice-cold PBS, fixed with methanol 5min at –20 1C, and washed
again. Blocking and hybridization were performed in PBS containing 10% FCS and
0.1% Triton X100 with the following primary antibodies: anti-SHH at 1/501 (N19), anti-
Oct4 diluted 1/501 (H-134), anti-Nanog at 5mg/ml, anti-GFAP diluted 1/2501, anti-
Olig2 at 10mg/ml, anti-B3tubulin diluted 1/1001, anti-CyA (1/2501), anti-PBK (diluted
1/1501), anti-CXCR4 (diluted 1/1001), or anti-NeuN (diluted 1/1001). After 1 h of
incubation at room temperature, cells were washed three times with PBS and stained
for 30min at room temperature with species-specific fluorophore-coupled antibodies.
At the same time, nuclei were stained with Hoechst 33 342 (1mg/ml). The slides were
washed twice with PBS, once with distilled water, and finally mounted with gel/mount.
Immunofluorescence and transmission light pictures were taken with a Nikon eclipse
Ti microscope (Nikon, Champigny sur Marne, France).

Clonogenical assay. Neurospheres were dissociated by gently pipeting up
and down to obtain a single cell suspension. In all, 10 cells were seeded in each
well of 96-wells plates in NBE/NS34þ medium containing, when indicated, anti-
CXCR4-blocking antibody. After 1 month, each well was examined and the number
of neurospheres/well was counted. Experiments were repeated three independent
times.

Quantitative real-time RT-PCR. RNA was extracted using Trizol reagent
(Invitrogen, Invitrogen SARL BP 9695613). MicroRNA and mRNA expression levels
were quantified by two step real-time RT-PCR. Reverse transcription steps were
performed with Superscript II reverse transcriptase and Taqman Reverse
transcription microRNA kit for mRNA and miRNA, respectively, following the
manufacturer’s instructions. Real time PCRs were performed using universal
Taqman PCRMaster Mix. U54 expression was used as internal control to determine
the relative expression of each gene. Fold changes were estimated using the CT
method. miRNA screening was performed using TAQMAN TLDA arrays (Applied
Biosystems), following the manufacturer’s instructions. The results have been
normalized using expression of small nucleolar RNA, according to the
manufacturer’s protocol. The fold changes were calculated and normalized using
the CT method.

Orthotopic xenografts. TG1 Ctrl and TG1 Cluster 302 cells (2� 105) were
resuspended in 5ml of Hanks balanced salt solution (Invitrogen) and stereotactically
implanted unilaterally into the striatum of male NOD.CB17-Prkdcscid/NCrHsd mice
(Harlan, rms.fr@harlan.com). The cells stably expressed a luciferase reporter gene,
which allowed tumor detection in living animals. Two groups of five mice were
injected. Cell survival and tumor growth were monitored and quantified in the living
animals up to 30 days using the IVIS Lumina II system (Caliper Life Sciences,
Hopkinton, MA, USA).

Organotypic MBS culture. Brains were dissected from new-born mice,
embedded in 4% agar-agar artificial cerebroSpinal fluid (NaCl 124mM, KCl 3 mM,
NaHCO3 26mM, CaCl2 2mM, MgSO4 1mM, KH2PO4 1.25mM, glucose 10mM),
and cut in slices of 400mm thickness using a vibratome. The slices were placed on
a Millicell-CM (0.4mm) culture plate, inserted and maintained under air-liquid
interface conditions for more than 3 weeks without any necrosis.

Paraffin embedding. Organotypic cultures (brain slides) or tissues were fixed
with 4% paraformaldehyde for 20min at room temperature, then washed with PBS.
Samples were subsequently dehydrated with the following sequence of incubations:
ethanol 70% 15min, twice; ethanol 90% 15min; ethanol 95% 15min; ethanol 100%
5min, thrice; Roticlear 5min.

Ex vivo tumorigenesis assay. About 10 neurospheres from TG1 Ctrl and
TG1 Cluster 302 cells stably expressing the red fluorescent protein were seeded at
the top surface of the MBS and cultured under air-liquid interface conditions for 3
weeks. Cell infiltration and growth was visualized by tracking the red fluorescent
protein signal using a Nikon eclipse Ti microscope. When indicated, a drop of
medium containing anti-CXCR4-blocking antibody or the chemical inhibitor
AMD3100 was added to the brain slices every 4 days.
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