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SUMMARY

Identifying cellular programs that drive cancers to be
stem-like and treatment resistant is critical to
improving outcomes in patients. Here, we demon-
strate that constitutive extracellular signal-regulated
kinase 1/2 (ERK1/2) activation sustains a stem-like
state in glioblastoma (GBM), the most common pri-
mary malignant brain tumor. Pharmacological inhibi-
tionofERK1/2activation restoresneurogenesisduring
murine astrocytoma formation, inducing neuronal dif-
ferentiation in tumorspheres. Constitutive ERK1/2
activation globally regulatesmiRNA expression inmu-
rine and human GBMs, while neuronal differentiation
of GBM tumorspheres following the inhibition of
ERK1/2 activation requires the functional expression
of miR-124 and the depletion of its target gene SOX9.
Overexpression of miR124 depletes SOX9 in vivo and
promotes a stem-like-to-neuronal transition, with
reduced tumorigenicity and increased radiation sensi-
tivity. Providing a rationale for reports demonstrating
miR-124-induced abrogation ofGBMaggressiveness,
we conclude that reversal of an ERK1/2-miR-124-
SOX9 axis induces a neuronal phenotype and that
enforcing neuronal differentiation represents a thera-
peutic strategy to improve outcomes in GBM.

INTRODUCTION

Stem cells responding to growth factors are maintained in an un-

differentiated state. The longevity of tissue-specific stem cells
2064 Cell Reports 28, 2064–2079, August 20, 2019 ª 2019 The Autho
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makes them susceptible to accumulating genetic alterations

over time, a prerequisite for the initiation of cancer. Although

one-third of human cancers are driven by mutations in RAS

genes, RAS mutations are rare in malignant glioma (Jeuken

et al., 2007; Knobbe et al., 2004), including the highly lethal brain

tumor glioblastoma (GBM). RAS does play a major role in high-

grade gliomas, however, as activation of receptor tyrosine

kinases, deletion or silencing of the neurofibromatosis type 1

(NF1) gene, and mutations of downstream effector pathways

activate Ras signaling in these tumors (Ekstrand et al., 1992;

Feldkamp et al., 1999; Guha et al., 1997; Libermann et al.,

1985; McLendon et al., 2008). Although the role of RAS and

downstream extracellular signal-regulated kinase 1/2 (ERK1/2)

activation in stem cells and cancer has been an area of intense

research for decades, it remains unclear how the activation of

these pathways promotes an undifferentiated state, which in

glioma is associated with radioresistance and tumorigenicity.

Cell fate decisions in neural stem cells (NSCs) are driven by

distinct neurogenic and gliogenic genes (Lim and Alvarez-Buylla,

2016; Luskin, 1994; Menn et al., 2006; Morshead et al., 1994;

Parnavelas and Sladek, 1999; Zerlin et al., 2004). Ventricular-

subventricular zone (V-SVZ) stem cells expressing glial fibrillary

acidic protein (GFAP) line the lateral ventricles and give rise to

normal constituents, including doublecortin (DCX)-expressing

neuroblasts that migrate along the rostral migratory stream

and differentiate into olfactory bulb interneurons and rare glial

progeny migrating to forebrain structures (Doetsch et al., 1999;

Fuentealba et al., 2015; Gonzalez-Perez and Quiñones-Hino-

josa, 2010; Merkle et al., 2007). The infusion of growth factors

into the V-SVZ leads to the expansion of glial progeny at the

expense of DCX-expressing neuroblasts (Gonzalez-Perez

et al., 2009; Jackson et al., 2006; Kuhn et al., 1997). Expression

of the basic-helix-loop-helix transcription factor OLIG2 specifies
r(s).
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V-SVZ progenitors to adopt glial fates (Marshall et al., 2005). A

major RAS-regulated downstream effector pathway comprises

a kinase cascade of RAF, MEK1/2, and ERK1/2 (Kolch, 2005).

Constitutive activation of the RAS-ERK1/2 pathway in embryonic

cortical progenitors resulted in glioma formation at the expense

of neuron production (Li et al., 2014). Similarly, constitutive acti-

vation of the RAS-ERK1/2 pathway in neurogenic astrocytes

(i.e., stem cells) produced malignant gliomas lining the lateral

ventricles in adult mice (Abel et al., 2009; Alcantara Llaguno

et al., 2015; Chen et al., 2012; Ding et al., 2001; Lyustikman

et al., 2008). The SRY-box transcription factor SOX9 is highly ex-

pressed in NSCs and astrocytes (Cheng et al., 2009; Zhang et al.,

2014). It is required for NSC maintenance, determines glial fate

choice, and functions as a barrier for neurogenesis (Kang

et al., 2012; Scott et al., 2010; Stolt et al., 2003). The epidermal

growth factor receptor (EGFR) is amplified and/or mutated in

up to 60% of GBMs (Furnari et al., 2015; McLendon et al.,

2008), promoting tumorigenesis through an SOX9- and

FOXG1-dependent transcriptional regulatory network (Liu

et al., 2015), which supports the notion that SOX9 maintains a

stem-like and treatment-resistant state in GBM.

Several microRNAs (miRNAs), small non-coding RNAs that

inhibit translation or promote the degradation of target genes,

regulated adult neurogenesis (Meza-Sosa et al., 2014; Waka-

bayashi et al., 2014). We and others found that blocking miR-

124 function in neurogenic astrocytes blocked neurogenesis

(Åkerblom et al., 2012; Cheng et al., 2009) and led to hyperplasia

(Cheng et al., 2009). As a target of miR-124, SOX9 knockdown in

V-SVZ stem cells increased neurogenesis (Cheng et al., 2009).

miR-124 is one of the most downregulated miRNAs in GBM pa-

tients compared to the normal brain (Bhaskaran et al., 2019;

Fowler et al., 2011; Piwecka et al., 2015; Silber et al., 2008; Xia

et al., 2012). Much interest has focused on identifying the target

genes of miR-124 overexpression that abrogate GBM aggres-

siveness (Marisetty et al., 2017; Mucaj et al., 2015; Wei et al.,

2013; Xia et al., 2012). We found that miR-124 mimics promoted

neuronal differentiation in human GBM cells (Silber et al., 2008).

It remains unknown whether aberrant growth factor signaling re-

presses miR-124 expression and promotes expression of its

target gene SOX9 in GBM (Bartel, 2004; Paroo et al., 2009).

Here, we demonstrate that pharmacological inhibition of

ERK1/2 activation (mitogen-activated protein kinase kinase 1

[MEK] inhibitor) restored olfactory bulb neurogenesis in mice

developing NSC-derived astrocytomas. Incubation of mouse

and human GBM tumorspheres with an MEK inhibitor depleted

SOX9 expression and increased differentiation toward a

neuronal phenotype. Clusters of miRNAs, including miR-124,

were regulated in an RAS-ERK1/2-dependent manner in mouse

and human tumorsphere cultures. Functional expression of miR-

124 following pharmacological MEK inhibition was required for

neuronal differentiation of SOX9-expressing GBM cells. Condi-

tional overexpression of miR-124 resulted in SOX9 depletion

and induction of neuronal differentiation in patient-derived

GBM tumorsphere cultures and xenografts. As a result, we

observed miR-124-mediated inhibition of proliferation and

increased apoptosis in vitro and reduced tumor growth in vivo.

Induction of a neuronal phenotype was associated with reduced

DNA repair and increased radiosensitivity in GBM cells,
providing a rationale for the development of strategies that pro-

mote neuronal differentiation to improve outcome in GBM

patients.

RESULTS

Stem Cell-Derived Astrocytoma Formation Is
Accompanied by Loss of Neurogenesis
Phosphorylation of ERK1/2 (pERK1/2) is a prominent feature in

patient-derived GBM tissue (McLendon et al., 2008; Patil et al.,

2013; Pelloski et al., 2006). To model genetic alterations that

lead to constitutive RAS-ERK1/2-phosphatidylinositol 3-kinase

(PI3K) activation in V-SVZ stem cells, we used a well-character-

ized astrocytoma model (hGFAP-Ha-V12-Ras-IRES-LacZ;

G-Ras) (Ding et al., 2001; Kamnasaran et al., 2007; Shannon

et al., 2005). On postnatal day 2 (P2), we identified a ribbon of

LacZ-stained cells along the lateral ventricles (Figures S1A

and S1B). Confocal microscopy using an antibody recognizing

b-galactosidase verified expression of the Ha-V12-Ras onco-

gene in V-SVZ stem cells co-expressing GFAP, SOX2, and

brain lipid binding protein (BLBP), but not in OLIG2+ glial pro-

genitors (Figures S1C–S1G). To analyze proliferation, we per-

formed immunostaining for Ki67 and a 2-h pulse of bromodeox-

yuridine (BrdU). Again, G-Ras and wild-type mice at P2 showed

identical levels of proliferation (Figures S1H–S1K) and similar

levels of GFAP and BLBP (Figures S1L–S1O). Collectively, the

data in Figure S1 demonstrate that aberrant differentiation or

proliferation was not evident in the V-SVZ of P2 G-Ras mice,

suggesting that b-galactosidase expressing stem cells were

not transformed at this age. A 2-h pulse of BrdU identified

increased proliferative activity (83,289 ± 2,158 versus 64,475

± 3,814 cells/mm3) in the V-SVZ of P10 G-Ras versus wild-

type mice (Figures 1A–1D). By P30, the numbers of BrdU+ cells

in the proximal rostral migratory stream and in the dorsal aspect

of the anterior V-SVZ were reduced in G-Ras versus wild-type

mice (14,239 ± 14,239 versus 104,645 ± 15,313 cells/mm3).

Reflecting the reduced numbers of BrdU-incorporating cells

in P30 G-Ras mice, few transit-amplifying progenitors express-

ing the transcription factor PAX6 and neuroblasts co-express-

ing DCX and the polysialylated neuronal cell adhesion molecule

(PSA-NCAM) were observed in P30 G-Ras mice compared to

wild-type mice (Figure 1E-F).

The majority of BrdU+ cells in the V-SVZ of P30 wild-type mice

were DCX+ neuroblasts (Figures 1G and 1K). In contrast, G-Ras

mice displayed an �3-fold reduction in the percentage of BrdU+

neuroblasts and a 5-fold increase in BrdU+ astrocytes express-

ing GFAP (Figures 1H and 1K). Only �3% of GFAP+ astrocytes

co-express OLIG2 in the V-SVZ of adult mice (Menn et al.,

2006). We observed a massive expansion (36% ± 9% versus

1% ± 0.4%) of GFAP+ V-SVZ astrocytes co-expressing OLIG2

in P30 G-Ras compared to wild-type mice, in which �20% of

GFAP+OLIG2+ cells were BrdU labeled in G-Ras mice (Figures

1I, 1J, and 1L). Prominent expression of SOX9 was observed in

V-SVZ and periventricular regions of P30 G-Ras mice (Fig-

ure 1M). G-Ras mice develop multifocal low- and high-grade as-

trocytomas within 2–6 months (Ding et al., 2001). Expression of

DCX lining the walls of the lateral ventricles and the rostral migra-

tory stream was completely lost in P60 G-Ras mice compared to
Cell Reports 28, 2064–2079, August 20, 2019 2065



Figure 1. Constitutive RAS-ERK1/2 Activation Induces a Neurogenic-Gliogenic Switch during Astrocytoma Formation

(A andB) BrdU (2 h) pulse identified proliferative activity in the V-SVZ (red rectangle) and the proximal rostral migratory stream (RMS; blue box) in the dorsal aspect

of the anterior V-SVZ of P30 wild-type (WT) (A) and G-Ras (B) mice. Scale bar: 50 mm.

(C andD) Quantification (means ±SEMs, n = 3, *p < 0.05; Student’s t test) of BrdU+ cells in the V-SVZ (C) and proximal RMS (D) at P10 and P30 inWT versusG-Ras

mice.

(E and F) Co-expression of PAX6, DCX, and PSA-NCAM in P30 WT (E) and G-Ras (F) mice (arrows). Scale bar: 40 mm.

(G and H) DCX expressed in neuroblasts incorporating BrdU in the V-SVZ of P30 WT (G) and G-Ras (H) mice. Scale bar: 40 mm.

(I and J) Distribution of V-SVZ cells expressing OLIG2 and GFAP in P30 WT (I) and G-Ras (J) mice. Scale bar: 100 mm.

(K) Quantification (means ±SEMs, n = 3, *p < 0.05 and **p < 0.01; Student’s t test) of the percentage of BrdU+ incorporating cells expressing DCX andGFAP inWT

versus G-Ras mice at P30.

(L) Quantification (means ± SEMs, n = 3, *p < 0.05 and ***p < 0.001; Student’s t test) of the percentage of GFAP+BrdU+ or GFAP+BrdU� cells within the OLIG2

population in WT versus G-Ras mice at P30.

(M) SOX9 labeling in the V-SVZ of P30 G-Ras mouse. Scale bar: 10 mm.

(N and O) Parasagittal sections showing the distribution of DCX+ (arrows) and BrdU+ cells in the V-SVZ and proximal RMS of P60 WT (N) and G-Ras (O) mice.

Scale bar: 100 mm.

(P and Q) BrdU+ tumor lesion co-express GFAP and OLIG2 (P). G-Ras tumor composed of SOX9+ and OLIG2+ tumor cells (Q). Scale bar: 50 mm.

See also Figure S1.
wild-type mice (Figures 1N and 1O). Instead, we observed peri-

ventricular tumor lesions of BrdU-labeled cells co-expressing

GFAP and OLIG2 (Figure 1P). Mixed populations of GFAP+,

SOX9+, and OLIG2+ tumor cells were observed in mouse astro-

cytomas (Figure 1Q). In summary, constitutive RAS activation

induced a neurogenic-gliogenic switch in V-SVZ stem cells dur-

ing astrocytoma formation.

Pharmacological Inhibition of ERK1/2 Activity Redirects
Neuronal Differentiation and Blocks SOX9 Expression
during Gliomagenesis
Brief treatment with the MEK inhibitor PD0325901 restores

V-SVZ neurogenesis in mice with a loss of NF1 (Wang et al.,

2012). To test whether mitogen-activated protein kinase
2066 Cell Reports 28, 2064–2079, August 20, 2019
(MAPK) inhibition can restore neurogenesis during V-SVZ-

derived astrocytoma formation, we administered vehicle or

PD0325901 (5 mg/kg/day) for 12 days to P30 wild-type and

G-Ras mice (Figure 2A). To identify V-SVZ-derived neuroblasts

in the granule cell layer of the olfactory bulbs, BrdU was admin-

istered for 4 consecutive days beginning the second day concur-

rent with the administration of vehicle or PD0325901 (Figure 2A).

PD0325901 treatment led to restored DCX expression in the

V-SVZ and the number of BrdU+DCX+ neuroblasts (1,885 ±

559 versus 5,172 ± 882 cells/mm3) in the olfactory bulbs of

G-Ras mice was restored to levels similar to those of vehicle-

treated control mice (Figures 2B–2F). Immunohistochemistry

confirmed that PD0325901 treatment reduced pERK1/2 staining

of cells in the V-SVZ and surrounding forebrain (Figures 2G and



(legend on next page)
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2H). Thus, inhibition of the RAS/ERK pathway restored neuro-

genesis during V-SVZ glioma formation.

We then isolated periventricular astrocytoma cells fromG-Ras

mice to study whether the inhibition of MAPK activation regu-

lates SOX9 levels. Incubation with PD0325901 reduced SOX9

protein expression and pERK1/2 levels in G-Ras tumorsphere

cultures (Figure 2I). Furthermore, PD0325901 treatment

depleted the numbers of SOX9 cells in G-Ras tumorsphere cul-

tures and instead increased the percentage of tumor cells ex-

pressing the neuron marker map2ab (Figures 2J–2L). Unlike

PD0325901, the dual PI3K/mammalian target of rapamycin

(mTOR) inhibitor LY294002 had no effect on neuronal differenti-

ation in G-Ras tumorsphere cultures (Figure 2L), showing that

the inhibition of ERK1/2 activity but not of PI3K/mTOR reduced

SOX9 levels and induced neuronal differentiation inmouse astro-

cytoma cells.

To confirm ERK1/2 activation in human GBMs, we performed

immunohistochemistry on formalin-fixed tumor biopsies from 10

GBM patients (Figure S2A; Table S1), showing that pERK1/2 is

highly expressed in tumors overexpressing EGFR (Figure S2B).

We then used confocal microscopy to show the co-expression

of pERK1/2 and SOX9 in formaldehyde-fixed GBM biopsies

(n = 3) (Figures S2C and S2D; Table S2). In a well-characterized

panel of patient-derived GBM xenografts (Hodgson et al., 2009;

Verhaak et al., 2010), SOX9-expressing tumors expressed low

levels of the proneural-enriched transcription factor SOX10

and vice versa (Figure 2M). Real-time PCR experiments showed

that PD0325901 treatment reduces mRNA levels of SOX9 in hu-

man GBM14 and GBM43 (NF1 mutation) cells, but not SOX10-

expressing GBM5 (Platelet-derived growth factor a-amplified)

cells (Figure 2N). Immunoblotting showed that PD0325901

blocked SOX9 protein expression in human GBM14 and

GBM43 cultures (Figure 2O). The addition of PD0325901 for

6 days depleted SOX9 expression and induced neuronal differ-

entiation (Tuj1) in SOX9-expressing GBMs, (GBM14, GBM34,
Figure 2. Pharmacological Inhibition of ERK1/2 Activity Restores V-SVZ

Differentiation in Glioma

(A) Vehicle or the MEK inhibitor PD0325901 (PD, 5 mg/kg/day) administered for 1

P32–P35 was used to track V-SVZ neuroblasts migrating to the olfactory bulbs (

(B and C) Immunohistochemistry showing BrdU and DCX co-labeling in the g

PD0325901 (C) in P30 G-Ras mice. Scale bar: 20 mm.

(D) Quantification (means ± SEMs, n = 3, *p < 0.05; ANOVA Tukey’s posthoc test

granular cell layer of the OB following 12 days’ vehicle or PD0325901 treatment

(E and F) Coronal views of the lateral ventricle (LV), V-SVZ, and RMS. DCX express

(F) PD0325901-treated P30 G-Ras mice. Scale bar: 100 mm.

(G and H) Immunohistochemistry showing pERK1/2+ cells (arrows) in (G) vehicle

20 mm.

(I) Immunoblotting showing pERK1/2 and SOX9 protein levels following the incuba

24 h.

(J and K) Labeling of G-Ras cells with antibodies against SOX9 and map2ab 5 da

20 mm.

(L) Quantification (means ± SEMs, n = 3, ***p < 0.001; Student’s test) of G-Ras cel

the PI3K and mTOR inhibitor LY294002 (10 mM) for 5 days.

(M) SOX9 and SOX10 mRNA expression in a panel of human GBM xenografts (n

(N) SOX9 mRNA expression in response to PD0325901 (0.1 or 1 mM) for 3 days i

(O) Immunoblotting showing pERK1/2 and SOX9 protein levels following the incu

cultures.

(P–W) Labeling of GBM5 (P and T), GBM14 (Q andU), GBM34 (R and V), andGBM4

with PD0325901 (1 mM). Scale bar: 50 mm.

See also Figure S2.
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GBM43), a low-passaged GBM (SF9256), but not an SOX10-ex-

pressing (GBM5) human GBM culture (Figures 2P–2W and S2E–

S2P; Table S3). Quantifications showed that PD0325901 but not

LY294002 increased the fraction of Tuj1-expressingGBMcells in

human GBM cultures (SF6969, GS2, SF7192; see Chen et al.,

2010) (Figures S2Q–S2V; Table S3). In conclusion, we found

that in vivo treatment with theMEK inhibitor PD0325901 restored

neurogenesis in a V-SVZ-derivedmouse astrocytomamodel and

induced neuronal differentiation in mouse astrocytoma and

human GBM cells along with the blockade of SOX9.

miR-124 Is Expressed in an ERK1/2-Dependent Manner
in Stem-like Glioma Cells
NanoString miRNA profiling of mouse G-Ras tumors (n = 4) iden-

tified clusters of regulated miRNAs compared to wild-type

normal brain (n = 3) (Table S4), including the downregulation of

miR-124, miR-128, and miR-137, miRNAs that are associated

with neuronal differentiation (Figure 3A). The downregulation of

miR-124 was the most (p = 43 10�8) regulated miRNA in tumors

versus the normal brain (Table S4). To study whether constitutive

RAS-ERK1/2 activation regulated miRNA expression, we per-

formed retroviral RCAS-K-RasG12D infection of V-SVZ neuro-

spheres from P4 mice expressing the tumor virus A (TVA) recep-

tor under the human nestin promoter (N-TVA) (Figure 3B). The

incubation of N-TVA neurospheres or K-RasG12D-infected

N-TVA neurospheres with PD0325901 induced the expression

of a large cluster of miRNAs, includingmiR-124 (Figure 3C; Table

S5). Extraction of The Cancer Genome Atlas (TCGA) data from a

cohort of GBM patients (Verhaak et al., 2010) showed increased

miR-124 levels in proneural and neural versus classical and

mesenchymal GBMs (Figure 3D). Semiquantitative PCR-based

arrays showed that 5 days of treatment with PD0325901 differ-

entially regulated miRNAs in human proneural GBM5 cells

versus SOX9- and EGFRvIII-expressing classical GBM6 cells

(Table S6), the latter showing PD0325901-induced miR-124
Neurogenesis during Astrocytoma Formation and Induces Neuronal

2 days beginning at P30 in WT and G-Ras mice. Pulse-chase BrdU labeling in

OBs).

ranular cell layer of the OB following 12 days’ treatment with vehicle (B) or

) of the total number of BrdU+ cells and BrdU+DCX+ co-expressing cells in the

in P30 WT and G-Ras mice.

ion (arrows) in the V-SVZ lining the LV and the proximal RMS of (E) vehicle- and

- and (H) PD0325901-treated (5 mg/kg/day, 24 h) P30 G-Ras mice. Scale bar:

tion of culturedmouse G-Ras astrocytoma cells with PD0325901 (0.1–1 mM) for

ys after incubation with DMSO (control) (J) or PD0325901 (1 mM) (K). Scale bar:

ls expressing Tuj1 and map2ab following incubation with PD0325901 (1 mM) or

= 20). Colored text indicates GBMs used in this study.

n patient-derived GBM cultures (GBM5, GBM14, and GBM43).

bation of cells with PD0325901 (0.1–1 mM) for 3 days in GBM14 and GBM43

3 (S andW) cells with antibodies against SOX9 and Tuj1 6 days after incubation



Figure 3. miR-124 Is Expressed in an ERK1/2-Dependent Manner in Glioma Cells

(A) Selected clusters ofmiRNA associatedwith neurogenesis fromNanoStringmiRNAprofiling in adultWTmouse brain (n = 3) versusmouseG-Ras astrocytomas

(tumor, n = 4), including downregulated miR-124 in tumors (*p < 0.05; ANOVA Bonferroni’s post hoc test). See also Table S4.

(B) Isolated V-SVZ mouse neurospheres form P4 N-TVA mice infected with conditioned media from DF1 cells producing R-CAS-K-RasG12D retrovirus to

transduce oncogenic K-RasG12D.

(C) NanoString miRNA profiling showing examples of neurogenesis-related miRNAs in V-SVZ N-TVA mouse neurospheres that were regulated in an ERK1/2-

dependent manner with or without oncogenic K-RasG12D expression and incubated with PD0325901 for (1 mM) for 3 days. See also Table S5.

(D) TCGA dataset showing differential expression of miR-124 in transcriptionally defined human GBMs (n = 158, ***p < 0.001, one-way ANOVA with Tukey’s post

hoc test). CL, classical; MES, mesenchymal; NL, neural; PN, proneural.

(E) Semiquantitative assessment of miR-124 levels based on PCR-based miRNA array profiling with or without PD0325901 (1 mM) incubation of patient-derived

proneural GBM5 or classical GBM6 tumorsphere cultures after 5 days.

(F) Heatmap showing semiquantitative analysis of miRNAs with or without PD0325901 (1 mM) in GBM5 or GBM6 tumorsphere cultures after 5 days. See also

Table S6.

(G) Quantitative real-time PCR (�dCt ± SD, n = 3, *p < 0.05; ANOVA Tukey’s post hoc test) of miR-9 expression following 5 days with or without PD0325901 (1 mM)

in proneural GBM5 and mesenchymal GBM43 tumorsphere cultures.

(H) Quantitative real-time PCR (�dCt ± SD, n = 3, ***p < 0.001; ANOVA Tukey’s post hoc test) of miR-124 expression following 5 days with or without PD0325901

(1 mM) in GBM5 and GBM43 tumorsphere cultures.
levels (Figures 3E and 3F). A comparison of proneural GBM5

cells and mesenchymal GBM43 cells demonstrated that

PD0325901 only increased the expression of the neuronal deter-

minants miR-9 (�2-fold) and miR-124 (�84-fold) in GBM43 cells

(Figures 3G and 3H). Thus, we demonstrate that constitutive

ERK1/2 activation broadly regulates miRNA expression in malig-

nant glioma cells in a subgroup-specific manner, and that inhibi-

tion of the RAS-ERK1/2 pathway increased miR-124 levels in

stem-like glioma cells.

Overexpression of miR-124 Induces Neuronal
Differentiation and Reduces Viability in Stem-like GBM
Cells
To achieve miR-124 overexpression in human GBM cells, we

used a doxycycline-regulatable (mediated) lentiviral system
with dual vectors that allows us to track tumor cells using dsRED

and miR-124 overexpression based on GFP levels (Figures 4A

and 4B) (Wiznerowicz et al., 2007). Doxycycline treatment led

to an induction of GFP in GBM43 cells, GFP being the readout

for miR-124 expression (Figures S3A–S3D). Quantitative real-

time PCR confirmed the doxycycline-mediated induction of

miR-124 inGBM43 cultures (Figure 4C). Immunoblotting showed

that the induction of miR-124 led to the downregulation of SOX9

protein in a temporal- and concentration-dependent manner

(Figure 4D). To validate that SOX9 is a target of miR-124, we

used a luciferase reporter assay in 293T cells to show that

miR-124 effectively represses SOX9 transcripts 48 h after trans-

fection (Figure 4E). Doxycycline-mediated overexpression of

miR-124 reduced proliferation and tumorsphere formation in

GBM43, GBM14, and GBM5 cells (Figures 4F and S3I–S3K).
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Figure 4. miR-124 Overexpression Induces Neuronal Differentiation in Human GBM Cells

(A) Schematics of doxycycline (Dox)-regulable lentiviral KRAB system based on two vectors with a dsRED reporter gene to track tumor cells and GFP to monitor

miR-124 levels.

(B) In the absence of Dox, the tetracycline repressor fused to the Kr€uppel-associated box (tTR-KRAB) binds to tetracycline operator (tetO) sequences and

suppresses transcription. In the presence of Dox, tTR-KRAB cannot bind tetO, which allows expression of the transgenes (miR-124 and GFP).

(C) Quantitative real-time PCR for miR-124 expression in GBM43 andGBM43.miR-124 cultures following Dox treatment (DDCt ±SEM, n = 3, ***p < 0.001; ANOVA

Tukey’s post hoc test).

(D) Immunoblotting for SOX9 protein levels following Dox-mediated (0–10 mg/mL) miR-124 induction in GBM14.miR-124 tumorsphere cultures.

(E) Luciferase assay in 293T cells for the miR-124 target site in the 30 UTR of SOX9 demonstrating efficient repression by miR-124 48 h after co-transfection

compared to non-targeting let-7 or miR-302 constructs (means ± SEMs, n = 3, ***p < 0.001 and ****p < 0.0001; Student’s test).

(F) Quantification (means ± SEMs, n = 3, **p < 0.01 and ***p < 0.001; ANOVA Dunnett’s post hoc test) of proliferation (# Cells) following Dox treatment

(Dox: 0–10 mg/mL) of GBM43.miR-124 tumorsphere cultures.

(G and H) Cleaved caspase 3-expressing after 48 h in untreated control (G) cells (arrow) or following Dox-mediated miR-124 overexpression (H) in GBM43.miR-

124 tumorsphere cultures. Scale bar: 20 mm.

(I and J) Map2ab expression (arrows) after 10 days in untreated control cells (I) following Dox-mediated miR-124 overexpression (J) in GBM43.miR-124

tumorsphere cultures. Scale bar: 40 mm.

See also Figure S3.
The overexpression ofmiR-124 led to increased numbers of cells

with cleaved caspase 3, a marker of apoptosis (Figures 4G and

4H). The results were supported by flow cytometry experiments

identifying doxycycline-mediated reduction of the FSChigh

SSClow population, which is indicative of cell death (Figures

S3E–S3H). Finally, the overexpression of miR-124 induced

neuronal differentiation (map2ab expression and morphology)

10 days following doxycycline-mediated miR-124 overexpres-

sion in SOX9-expressing GBM43 and GBM14 cells (Figures 4I,

4J, S3L, and S3M), but not SOX10-expressing GBM5 cells
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(Figures S3N and S3O). In conclusion, the overexpression of

miR-124 led to decreased levels of its target gene SOX9,

reduced viability, and induced neuronal differentiation in human

GBM cells.

Neuronal Differentiation in Response to the Inhibition of
ERK1/2 Activity Is Dependent on miR-124 Induction and
Blocked by SOX9 Overexpression in GBM Cells
SOX9expressioncorrelatedwithEGFR levels inhumanGBMsand

EGFRvIII-driven GBM aggressiveness was mediated through an



SOX9-dependent transcriptional network (Liu et al., 2015). To

determine whether PD0325901 reduced GBM aggressiveness

and induced neuronal differentiation, we allografted EGFRvIII-ex-

pressing mouse V-SVZ tumorspheres lacking Ink4a/Arf (vIII cells)

and expressing the mCherry and firefly luciferase (LUC) genes (Li

et al., 2015; Lindberg et al., 2016), followed by the treatment of

recipient mice for 10 days with PD0325901 (Figures 5A and 5B).

In vivo MEK inhibition depleted SOX9 and increased the expres-

sion of the apoptotic antigen cleaved caspase 3 in vIII tumors (Fig-

ures5Cand5D),alongwith reducedbioluminescenceasa readout

of tumor growth (Figure 5E).Weobserved robust expressionof the

neuronalmarkersmap2ab and Tuj1 in PD0325901 versus vehicle-

treatedmouseGBMs (Figures 5F–5I), but not the astrocytemarker

Aquaporin 4 or the oligodendrocyte lineage markers NG2 and

MBP (Figures S4A–S4F). To determine the requirement of miR-

124 and SOX9, we used a lentiviral vector to overexpress hSOX9

and a lentiviral sponge vector expressing eight copies of an imper-

fect miR-124 target sequence to inhibit miR-124 function (Figures

5J and 5K) (Åkerblom et al., 2012; Gentner et al., 2009). Incubation

of vIII tumorspheres with PD0325901 for 6 days depleted SOX9

expression and induced neuronal differentiation (Tuj1) (Figures

5L and 5M). The inhibition of miR-124 function (vIII.124sp) or

SOX9 overexpression (vIII.hSOX9) prevented PD0325901-

induced neuronal (Tuj1) differentiation (Figure 5N). In contrast, vIII

cells expressing a sponge against miR-125, an miRNA implicated

in neuronal plasticity, differentiated into a neuronal phenotype in

response to PD0325901 (Figures S4G–S4I). Thus, neuronal differ-

entiation in response toMEK inhibitionwasdependentonmiR-124

function and loss of SOX9 expression in mouse GBM cells.

To confirm that neuronal differentiation in response to MEK in-

hibition is dependent on miR-124 induction in human GBM cells,

we infected EGFRvIII-expressing human GBM6 cells (Figure 5O)

with the miR-124 sponge. Like other SOX9-expressing human

GBM cells (Figures 2Q–2W, S2O, and S2P), we found that

6 days’ incubation with theMEK inhibitor PD0325901 downregu-

lated SOX9 and induced neuronal differentiation (Tuj1) in GBM6

cells (Figures 5P–5R). Thus, the inhibition of miR-124 function

(GBM6.124sp) prevented PD0325901-induced neuronal (Tuj1)

differentiation (Figure 5R), showing that neuronal differentiation

in response to MEK inhibition is dependent on miR-124 function

also in human GBM cells.

A Reversible miR-124-Induced Neuronal Phenotype
Abrogates GBM Progression
Based on the in vitro results, athymic mice orthotopically grafted

with LUC-expressing and doxycycline-regulatable GBM43 cells

were randomized into groups receiving control chow (n = 12) or

doxycycline-containing chow (n = 13) throughout tumor progres-

sion. Immunohistochemistry showed that miR-124 overexpres-

sion depleted SOX9 protein in GBM43 tumors (Figures 6A and

6B). Lack of dsRED expression suggested that scattered

GFAP+ cells were mouse-derived reactive astrocytes and not tu-

mor cells (Figures 6C, 6D, and S5A). Tumors in doxycycline-

treatedmice expressedmap2ab and increased levels of cleaved

caspase 3 (Figures 6E–6H), readouts of miR-124-induced

neuronal differentiation, and apoptosis, respectively. Confocal

microscopy verified changes in the antigen expression of tumor

cells (dsRED) following miR-124 induction (GFP) (Figure S5A).
A rare GFP� tumor region was devoid of map2ab expression,

verifying that miR-124 overexpression is necessary for map2ab

induction (Figure S5B). Bioluminescence imaging showed

reduced tumor growth in doxycycline-treated mice, in which

miR-124 overexpression blocked tumor progression in 4/13

xenografted mice (Figures 6I and 6J).

In an SOX9-expressing human GBM xenograft displaying an

intact NF1 gene, we orthotopically injected LUC-expressing

GBM14 cells and treated with control chow (n = 9) or doxycy-

cline-containing chow (n = 8) throughout tumor progression.

Doxycycline-treated tumors showed the loss of SOX9 expres-

sion, the induction of map2ab, and scattered cells expressing

cleaved caspase 3 in GBM14 xenografts (Figure S5C). Biolumi-

nescence imaging demonstrated reduced tumor growth and

increased survival in doxycycline-treated mice (Figures 6K and

6L). In contrast, doxycycline treatment had no effect on tumor

growth and survival in GBM5 xenografts (Figures S5D and

S5E). We conclude that miR-124-induced conversion of a

stem-like to neuronal-like phenotype abrogated tumor growth

in SOX9-expressing human GBMs.

To determine whether miR-124 induction produced irrevers-

ible neuronal differentiation in human GBM cells, we compared

continuous (14 days) and discontinuous (10 days on followed

by 4 days off) doxycycline treatment of GBM43 cultures (Fig-

ure S6A). A marked reduction in Ki67 labeling was observed

following continuous doxycycline treatment and was partially

restored when doxycycline was removed in GBM43 cultures

(Figure S6B–S6E). miR-124-induced expression of the neuronal

antigen Tuj1 was reversed when doxycycline was removed in

GBM43 cultures (Figures S6F–S6H). Xenotransplantation of

GBM43 cells continuously exposed to doxycycline resulted in

an initial lag in tumor growth and a minor increase in survival

compared to mice injected with GBM43 control cells (Figures

S6I–S6K), suggesting that miR-124 overexpression results in a

reversible neuronal phenotype in human GBM cells.

miR-124-Induced Neuronal Differentiation Promotes
Radiosensitivity in GBM Cells
Glioma patients receive radiotherapy as an integral part of the

standard of care (Stupp et al., 2005). We and others found that

stem-like human GBM cells are radioresistant (Bao et al., 2006;

Li et al., 2015) and that ionizing radiation (IR) converts proneural

tumors into a stem-like phenotype (Halliday et al., 2014; Lau

et al., 2015; Mao et al., 2013). Stem-like GBM cells used homol-

ogous recombination (including expression of RAD51) for DNA

repair (Bao et al., 2006; Lim et al., 2012). We hypothesized that

doxycycline-mediated differentiation of stem-like tumor cells

into a neuronal phenotype displaying reduced homologous

recombination should sensitize human SOX9-expressing GBM

cells to IR (Figure 7A). Six hours post-IR (5 Gy), GBM43 and

GBM14 cells differentiated toward astrocytic (BMP4 stimulation)

and neuronal (doxycycline) lineages for 3 days showed un-

changed and depleted RAD51 levels, respectively, compared

to control cultures (Figures 7B–7D, S7A, and S7B). We observed

an increased expression of cleaved caspase 3 in doxycycline-

treated but not in BMP4-treated tumor cells, 24 hours post-IR

(Figures 7E–7G, S7C, and S7D). The addition of doxycycline

had no effect on RAD51 or cleaved caspase 3 expression after
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Figure 5. PD0325901-Induced Neuronal Differentiation Requires miR-124 Induction and SOX9 Depletion in EGFRvIII-Driven GBM Models

(A) Design of mouse GBM model based on V-SVZ neurospheres isolated from postnatal Ink4a/Arf null mice, lentivirally transduced with hEGFRvIII (vIII cells),

mCherry, and firefly luciferase (LUC), followed by allografting into the frontal cortex of recipient adult FVBN mice.

(B) Mice developing GBMs were administered vehicle or the MEK inhibitor PD0325901 (PD; 5 mg/kg/day) for 10 days.

(C and D) Expression of SOX9 and cleaved caspase3 in EGFRvIII-driven mouse GBMs after 10 days’ treatment with vehicle (C) or PD0325901 (D). Scale bar:

40 mm.

(E) Bioluminescence imaging as readout of tumor growth in mice following treatment with vehicle (F and H) or PD0325901 (G and I) (means ± SEMs, n = 5,

**p < 0.01; Student’s t test).

(F–I) Expression of post-mitotic neuron marker Map2ab and immature neuron marker Tuj1 following treatment with vehicle or PD0325901. Scale bar: 20 mm.

(J) Lentiviral transduction with hSOX9 (vIII.hSOX9) or a lentiviral miR-124 sponge (vIII.124sp) in vIII cells.

(K) Design of lentiviral sponge vector to stably inhibit miR-124 function.

(L and M) Downregulation of SOX9 and neuronal differentiation (Tuj1) after 6 days in untreated (control) vIII cells (L) or following incubation with PD0325901 (M)

(PD, 1 mM). Scale bar: 50 mm.

(N) Quantification of Tuj1 expression following PD0325901 (1 mM) in vIII, vIII.124sp, and vIII.SOX9 cultures after 6 days (means ± SEMs, n = 4, **p < 0.01; Student’s

t test).

(O) Immunoblotting for WT EGFR and EGFRvIII protein in human GBM cultures.

(P and Q) Labeling of EGFRvIII mutated GBM6 cells with antibodies against SOX9 and Tuj1 after 6 days following incubation from DMSO (control) (P) or

PD0325901 (1 mM) (O).

(R) Quantification (means ± SEMs, n = 3, ***p < 0.001; Student’s test) of GBM6 and GBM6.124sp cells following incubation with PD0325901 (1 mM) for 6 days.

See also Figure S4.
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Figure 6. miR-124 Overexpression Induces Neuronal Differentiation and Increases Survival in Human GBM Model

(A–H) SOX9, GFAP, map2ab, and cleaved caspase 3 expression in athymic mice orthotopically xenografted with GBM43.miR-124 cells following treatment with

regular control chow (A, C, G, and E) or Dox-containing chow (B, D, F, and H). Scale bar: 20 mm.

(I) Bioluminescence levels during tumor progression in control and Dox-treated GBM43.miR-124 xenografted mice.

(J) Kaplan-Meier survival curve (n = 12–13, **p < 0.01; log-rank Mantel-Cox test) of animals following treatment of GBM43.miR-124 xenografts with control versus

Dox-containing chow.

(K) Bioluminescence levels during tumor progression in control and Dox-treated GBM14.miR-124 xenografted mice.

(L) Kaplan-Meier survival curve (n = 8–9, *p < 0.05; log-rank Mantel-Cox test) of animals following treatment of GBM14.miR-124 xenografts with control versus

Dox-containing chow.

See also Figures S5 and S6.
IR in GBM5 cultures (Figures S7E–S7H). To test whether a brief

miR-124-induced neuronal differentiation sensitized GBM43

xenografts to cranial IR, we randomized mice based on biolumi-
nescence levels, administered control chow or doxycycline-con-

taining chow to cohorts of mice, analyzed tumors 6–24 h post-IR

(5 Gy), and quantified bioluminescence and survival during tumor
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Figure 7. miR-124 Overexpression Reduces Radioresistance in Human GBM Cells

(A) Schematic drawing depicting Dox-mediated miR-124 overexpression inducing neuronal differentiation leading to reduced radioresistance of GBM cells.

(B–G) RAD51 (6 h) and cleaved caspase 3 (24 h) levels post-IR (5 Gy) after 3 days following no treatment (control) (B and E), BMP4-induced astroglial differentiation

(C and F), and Dox-mediated (10 mg/mL) neuronal differentiation (D and G). Scale bar: 20 mm.

(legend continued on next page)
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progression (Figure 7H). Doxycycline-treated mice effectively

decreased RAD51 levels 6 h post-IR in GBM43 tumors

compared to IR alone (Figures 7I–7L and S7I). Twenty-four hours

post-IR, we observed large numbers of cleaved caspase 3-ex-

pressing cells in doxycycline-treated GBM43 tumors (Figures

7M–7P and S7J). Combined doxycycline treatment and IR

reduced bioluminescence levels and increased survival

compared to that in mice exposed to IR alone in GBM43 (Figures

7Q and 7R) and GBM14 (Figure S7K) xenografts. Thus, we

conclude that differentiation toward a neuronal but not astroglial

lineage radiosensitizes SOX9-expressing human GBM cells.

DISCUSSION

Constitutive ERK1/2 activation in V-SVZ stemcells favors gliogen-

esis at the expense of neurogenesis, and when sustained will pro-

ducemalignant gliomas. Here, constitutive RAS-ERK1/2 signaling

in V-SVZ stem cells initiated astrocytoma formation, accompa-

nied by a loss in neurogenesis. Neurogenesis and expression of

miRNAs, including miR-124, were regulated in an ERK1/2-depen-

dent manner in this astrocytoma model. In patient-derived GBM

cells, MEK inhibition increased the expression of miR-124, which

in turn silenced SOX9 and promoted neuronal differentiation.

Neuronal differentiation in response to an MEK inhibitor required

miR-124 function and SOX9 depletion in GBM cultures. miR-

124 overexpression depleted SOX9 protein levels and promoted

a reversible neuronal phenotype, which reduced radioresistance

and tumorigenicity in patient-derived GBM xenografts. Thus, the

neurodevelopmental ERK1/2-miR-124-SOX9 axis functions as a

neurogenic-gliogenic switch in SOX9-expressing GBM cells.

Stem-like GBM cells can be differentiated toward glial and

neuronal lineages. BMP4-mediated astrocytic differentiation of

stem-like GBM cells reduced tumorigenicity in GBM xenografts

(Lee et al., 2008; Piccirillo and Vescovi, 2006). More recent

data raised concerns that an astrocytic phenotype failed to un-

dergo terminal cell-cycle arrest and reconfiguration of DNA

methylation patterns, enabling dedifferentiation into stem-like

GBM cells in the presence of growth factors (Carén et al.,

2015). Aberrant RAS-ERK1/2 signaling inmouse cortical progen-

itors blocked neuronal differentiation and induced gliomagene-

sis through a proneural switch, inhibiting the neuronal determi-

nant neurogenin 2, while inducing the mouse homolog of

Achaete-scute homolog 1 (ASCL1) (Li et al., 2014). To generate

a neuronal phenotype, neurogenin 2 overexpression produced

cell death and neuronal differentiation in patient-derived primary

GBM tumorspheres, but not in the U87 GBM cell line (Guichet

et al., 2013), emphasizing the need for primary GBMs rather

than cell lines to study the mechanisms of differentiation in
(H) Schematic for in vivo experiment in which athymic mice orthotopically xenogr

reached low 107 p/s/cm2/sr levels. Following treatment with control or Dox-cont

(I–P) RAD51 (6 h post-IR) and cleaved caspase 3 (24 h post-IR) levels in untreate

3 days, IR (5 Gy)-treated tumors (K and O), and IR plus Dox-treated tumors (L an

(Q) Bioluminescence levels (means ± SEMs, n = 9, *p < 0.05; Student’s t test) in

sponds to the initiation of Dox treatment.

(R) Fraction of surviving mice (Kaplan-Meier curve, n = 9, *p < 0.05; log-rank Mant

with control chow, Dox chow, IR, and IR in combination with Dox-containing cho

See also Figure S7.
glioma. Similarly, ASCL1 overexpression induced neuronal dif-

ferentiation in human GBM cells (Park et al., 2017). Here, we

demonstrated that the inhibition of RAS-ERK1/2 signaling re-

verses an miR-124-SOX9 axis, promoting apoptosis and

inducing reversible neuronal differentiation in GBM.

Radiotherapy of the normal brain showed limited DNAdamage

response but retained the expression of non-homologous end-

joining genes in astrocytes (Schneider et al., 2012b). Although

neurons and V-SVZ stem cells displayed a robust DNA damage

response following IR, only stem cells reentered the cell cycle;

meanwhile, neurons underwent apoptosis (Capilla-Gonzalez

et al., 2014; Daynac et al., 2013; Hellström et al., 2009; Monje

et al., 2002; Schneider et al., 2012b). Similar to other cancer

cell lines (Chen et al., 2015), we found that miR-124 overexpres-

sion reduced RAD51 levels in SOX9-expressing GBM cells (Fig-

ure 7). This neuronal phenotype but not BMP4-induced astroglial

differentiation reduced RAD51 levels and radioresistance. These

results suggest that the differentiation of stem-like GBM cells

toward a neuronal phenotype, rather than astrocytes, increases

apoptosis, reduces DNA repair capacity, and promotes radiation

sensitivity in malignant glioma cells.

Attempts to therapeutically inhibit activated receptor tyrosine

kinases in glioma have largely been unsuccessful due to poor

penetrance across the tumor vasculature, intratumoral hetero-

geneity in receptor tyrosine kinase expression, feedback loops,

and unwanted side effects (Nakada et al., 2014; Padfield et al.,

2015). Although patients responded to PD0325901 treatment in

clinical trials, it produced unwanted side effects (Messersmith

et al., 2006). An alternative approach is to identify targetable

effector molecules downstream of ERK1/2 activation to reduce

systemic toxicity in patients and disrupt transcriptional net-

works that drive cancer aggressiveness. Here, we found that

pharmacological inhibition of constitutive ERK1/2 activation

increased miR-124 expression that induced neuronal differen-

tiation in SOX9-expressing GBM cells. The delivery of miR-

124 using nanoparticles or mesenchymal stem cells reduced

tumor growth in GBM models (Lee et al., 2013; Yaghi et al.,

2017), in which nanoparticle-encapsulated miR-124 reversed

tumor-associated immunosuppression (Yaghi et al., 2017).

Pharmacological inhibition of signal transducer and activator

of transcription 3 (STAT3) activity maintained a proneural (Lau

et al., 2015) and less immunosuppressive (Doucette et al.,

2013) GBM phenotype. miR-124 overexpression inhibited

STAT3-mediated immunosuppression in GBM (Wei et al.,

2013), raising the question of whether a neuronal phenotype

is more immunogenic in GBM.

We demonstrated that miR-124 and other miRNAs were

regulated in an RAS-ERK1/2-dependent manner (Figure 3).
afted with GBM43.miR-124 cells were randomized when bioluminescence had

aining chow for 3 days, mice were exposed to no IR or IR (5 Gy).

d tumors (I and M), tumors pre-treated with Dox-containing chow (J and N) for

d P) in GBM43.miR-124 xenografts. Scale bars: 20 mm (I) and 50 mm (M).

GBM43.miR-124 xenografts following IR and Dox treatment. Time = 0 corre-

el-Cox test) following the initiation of treatment for GBM43.miR-124 xenografts

w. Time = 0 corresponds to the initiation of Dox treatment.
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The miRNA-generating complex comprises Dicer and phos-

phorylated HIV trans-activation response (TAR) RNA-binding

proteins (TRBPs) (Chendrimada et al., 2005). Phosphorylation

of TRBP by activated ERK1/2 increased the stability of the

miRNA-generated complex (Paroo et al., 2009). RE1-silencing

transcription factor (REST) expression, a key regulator of

neuronal differentiation, is highly expressed in GBM stem cells

and is a predictor of poor outcomes in GBM patients (Conti

et al., 2012; Liang et al., 2016). The activation of ERK1/2 phos-

phorylated REST (Nesti et al., 2014) is known to repress the

expression of miR-124 and other neuronal determinants

(Marisetty et al., 2017). Additional studies are needed to deter-

mine whether the phosphorylation of TRBPs or REST mediates

the RAS-ERK1/2-dependent regulation of miRNA expression in

glioma. The emergence of miRNAs as effectors downstream of

the RAS-ERK1/2 signaling pathway provides an explanation for

the broad transcriptional changes following perturbation of this

pathway to maintain a stem-like phenotype and block differen-

tiation in cancers.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-SOX9 Millipore Sigma Cat#ab5535, RRID:AB_2239761

Rabbit polyclonal anti-OLIG2 Millipore Sigma Cat#ab9610, RRID:AB_570666

Rabbit polyclonal anti-phosphorylated

ERK1/2(Ser202/204)

ThermoFisher Scientific Cat# 7-9109-42, RRID:AB_2573294

Rabbit polyclonal anti-GFAP Dakocytomation Cat#Z0334, RRID:AB_10013382

Chicken polyclonal anti-GFAP Abcam Cat#ab4674, RRID:AB_304558

Goat polyclonal anti-SOX9 R&D Systems Cat#AF3075, RRID:AB_2194160

Rabbit polyclonal anti-GFAP Agilent Cat#GA524, RRID:AB_10013382

Rabbit polyclonal anti-BLBP Abcam Cat#ab32423, RRID:AB_880078

Rabbit polyclonal anti-pERK1/2(Ser202/204) Cell Signaling Cat#9101, RRID:AB_331646

Rabbit polyclonal anti-SOX2 Millipore Sigma Cat#AB5603, RRID:AB_2286686

Mouse monoclonal anti-PSA-NCAM Millipore Sigma Cat#MAB5324, RRID:AB_95211

Mouse monoclonal anti-PAX6 Millipore Sigma Cat#MAB5552, RRID:AB_2159810

Goat anti-rabbit-Peroxidase Calbiochem Millipore Sigma Cat#DC03L, RRID:AB_10682906

Goat anti-mouse-Peroxidase Calbiochem Millipore Sigma Cat#DC02L, RRID:AB_437851

Horse anti-goat-Peroxidase Calbiochem Millipore Sigma Cat#pi9500, RRID:AB_2336124

Tyramide-Alexa647 Invitrogen Thermo Fisher Cat#B40958

Goat polyclonal anti-Doublecortin Santa Cruz Biotechnology Cat#sc-8066, RRID:AB_2088494

Mouse monoclonal anti-b-galactosidase Promega Cat#Z3781, RRID:AB_430877

Rabbit polyclonal anti-Tuj1 Covance Cat#PRB-435P, RRID:AB_291637

Rat polyclonal anti-BrdU Accurate Chemical Cat#OBT0030, RRID:AB_609568

Goat polyclonal anti-OLIG2 R&D Systems Cat#AF2418, RRID:AB_2157554

Goat polyclonal anti-pERK1/2(Ser202/204) Santa Cruz Biotechnology Cat#sc-16982, RRID:AB_2139990

Rabbit polyclonal anti-SOX6 Millipore Sigma Cat#AB5805, RRID:AB_2302618

Goat polyclonal anti-SOX10 Santa Cruz Biotechnology Cat#SC17342, RRID:AB_2195374

Mouse anti-GAPDH Millipore Sigma Cat#MAB374, RRID:AB_2107445

Mouse monoclonal anti-Map2ab Millipore Sigma Cat#M1406, RRID:AB_477171

Rabbit polyclonal anti-cleaved caspase 3 Cell Signaling Clone#D175; Cat# 9661S, RRID:AB_2341188

Rabbit polyclonal anti-Rad51 Calbiochem Clone#Ab-1, Cat#PC130, RRID:AB_2238184

Rat monoclonal anti-Ki67 eBiosciences Clone#SolA15; Cat#14-5698-82,

RRID:AB_10854564

Rabbit polyclonal anti-NG2 Chondroitin

Sulfate Proteoglycan

Millipore Sigma Cat#AB5320, RRID:AB_11213678

Rabbit polyclonal anti-Aquaporin-4 Santa Cruz Biotechnology Clone#H-80; Cat#sc-20812,

RRID:AB_2274338

Mouse monoclonal anti-S100beta Millipore Sigma Cat#S2657, RRID:AB_261477

Mouse monoclonal anti-Nestin Novus Clone#10C2; Cat#NB300-266,

RRID:AB_10001441

Rabbit polyclonal anti-Myelin Basic

Protein (MBP)

DakoCytomation Cat#A0623, RRID:AB_2650566

Donkey secondary anti-mouse Alexa 488 Invitrogen Thermo Fisher Cat#A21202, RRID:AB_141607

Donkey secondary anti-mouse Alexa 555 Invitrogen Thermo Fisher Cat#A31570, RRID:AB_2536180

(Continued on next page)
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Donkey secondary anti-mouse Alexa 647 Invitrogen Thermo Fisher Cat#A31571, RRID:AB_162542

Donkey secondary anti-rabbit Alexa 488 Invitrogen Thermo Fisher Cat#A21206, RRID:AB_2535792

Donkey secondary anti-rabbit Alexa 555 Invitrogen Thermo Fisher Cat#A31572, RRID:AB_162543

Donkey secondary anti-rabbit Alexa 647 Invitrogen Thermo Fisher Cat#A31573, RRID:AB_2536183

Donkey secondary anti-rat Alexa 488 Invitrogen Thermo Fisher Cat#A21208, RRID:AB_2535794

Donkey secondary anti-rat Alexa 555 Invitrogen Thermo Fisher Cat#A21434, RRID:AB_2535855

Donkey secondary anti-goat Alexa 488 Invitrogen Thermo Fisher Cat#A11055, RRID:AB_142672

Donkey secondary anti-goat Alexa 555 Invitrogen Thermo Fisher Cat#A21432, RRID:AB_2535853

Donkey secondary anti-goat Alexa 647 Invitrogen Thermo Fisher Cat#A21447, RRID:AB_2535864

Goat secondary anti-chicken Alexa

Fluorescein

Aves Labs Cat#F-1005, RRID:AB_2313516

Donkey secondary anti-chicken Alexa 647 Millipore Sigma Cat#AP194SA6, RRID:AB_2650475

Streptavidin Alexa 647 Invitrogen Thermo Fisher Cat#S-21374, RRID:AB_2336066

Horse secondary anti-rabbit biotin Vector Laboratories Cat#BA1100, RRID:AB_2336201

Biological Samples

Mouse: vIII cells (Postnatal day 1 V-SVZ

neurospheres from Ink4/Arf�/� FVB/N

mice lentivirally transduced with human EGFR)

Lindberg et al., 2016 N/A

Mouse: Nestin-TVA neurospheres derived

from postnatal day 60 FVB/N mice with/without

transduced with RCAS-K-RasGD12 retrovirus

This paper N/A

Human: Formalin-fixed tissue from GBM

patients (SF6934, SF6809, SF5142, SF5143,

SF5217, SF6587, SF6537, SF6599,

SF6815, SF5219)

This paper UCSF Neurosurgery tissue core

Human: GBMs (SF10281, SF10282, and

SF10286)

This paper UCSF Neurosurgery tissue core

Human: GBM cells (SF6969, SF7192, SF9256) This paper UCSF Neurosurgery tissue core

Chemicals, Peptides, and Recombinant Proteins

Luciferin Biovision Cat#7902, CAS ID: 61970-00-1

Doxycycline-containing diet

(5,35 mg doxycycline/kg 2018 diet

designed to deliver �20 mg doxycycline

per day/mouse)

Envigo Cat# TD.140914

PD0325901 Tocris Bioscience Cat#4192, CAS ID: 391210-10-9

hydroxypropylmethyl-cellulose Millipore Sigma Cat#H7509, CAS ID: 9004-65-3

Tween80 Millipore Sigma Cat#P1754, CAS ID: 9005-65-6

Papain Worthington Chemicals Cat#LS003126, CAS ID: 9001-73-4

Hank’s balanced salt solution -Ca2+-Mg2+

(HBSS-Ca2+-Mg2+)

UCSF Cell Culture Facility Cat#CCFA900516A701

Lympholyte-M separation medium Cedarlane Laboratories Cat#CL5030

Neurobasal-A media GIBCO/Life Technologies Cat#10888-022

L-glutamine GIBCO/Life Technologies Cat#25030-081, CAS ID: 56-85-9

pencillin/streptavidin UCSF Cell Culture Facility Cat#CCFGK004-148Q01

B27 supplement (-A vitamin) ThermoFisher Scientific Cat#12587-010

FGF-2, human recombinant Peprotech Cat#100-18C

EGF, human recombinant Millipore Sigma Cat#E9644

N2 supplement-A Stem Cell Technologies Cat#07152

Accutase Innovative Cell Technologies Cat#AT-104

H2O2 30% (w/w) Millipore Sigma Cat#H1009, CAS ID: 7722-84-1

(Continued on next page)
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Normal donkey serum Jackson ImmunoResearch

Laboratories

Cat#017-000-121

Triton X-100 ThermoFisher Scientific Cat#BP151-500, CAS ID: 9002-93-1

ABC Elite solution Vector Laboratories Cat#PK6100

Hematoxylin Millipore Sigma Cat#H3136 CAS ID: 517-28-2

Aquamount Polysciences Cat#18606-20

4% paraformaldehyde Santa Cruz Biotechnology Cat#30525-89-4, CAS ID: 30525-89-4

TSA kit #16 Invitrogen Cat#T20926

Potassium ferricyanide Millipore Sigma Cat#P-3667, CAS ID: 13746-66-2

N,N-dimethylformamide Millipore Sigma Cat#227056, CAS ID: 68-12-2

Sodiumdeoxycholate Millipore Sigma Cat#D6750, CAS ID: 302-95-4

NP-40 (Tergitol Type NP-40) Millipore Sigma Cat#NP40, CAS ID: 127087-87-0

Glutaraldehyde solution (50 wt. % in H2O) Millipore Sigma Cat#340855, CAS ID: 111-30-8

EDTA Millipore Sigma Cat#E9884, CAS ID: 60-00-4

Pertex mounting medium VWR Cat#LEIC811

x-Gal ThermoFisher Scientific Cat#15520018

psiCHECK-2 vector Promega Cat#C8021

TurboFect transfection reagent Thermo Fisher Scientific Cat#R0531

LY294002 Millipore Sigma Cat#L9908, CAS ID: 934389-88-5

Doxycycline hyclate Millipore Sigma Cat#D9891, CAS ID: 24390-14-5

BMP4, human Millipore Sigma Cat#SRP3016

MACS Rinsing Buffer Miltenyi Biotech Cat#130-091-222

Laminin Corning Cat#354232

Poly-ornithine hydrobromide Millipore Sigma Cat#P3655

Cell lysis buffer (10x) Cell Signaling Cat#9803

cOmplete, Mini Protease Inhibitor Cocktail Millipore Sigma Cat#11836153001

NuPage 4-12% Tris-Bis SDS-polyacrylamide

gels

Invitrogen/Cell Technologies Cat#NP0322 and NP0323

Tween20 ThermoFisher Scientific Cat#BP337-100, CAS ID: 9005-64-5

ExiLENT SYBR Green master mix QIAGEN Cat#203403

ExiLENT SYBR Green master mix QIAGEN Cat#203403

Critical Commercial Assays

Cyquant NF proliferation assay Invitrogen Life

Technologies

Cat#C35006

dual-luciferase assay (luc reporter assay) Promega Cat#E1910

miRCURYTM RNA Isolation Kit QIAGEN Cat#300110

Universal cDNA Synthesis kit QIAGEN Cat#203301

miRCURY LNATM Universal microRNA

PCR kit

QIAGEN Cat#203351

mirVana miRNA isolation kit Invitrogen/Fisher Scientific Cat#AM1561

nCounterH mouse miRNA

expression assay kit, Mouse v1.5

Nanostring Technologies Cat#CSO-MMIR15-12

RNeasy kit QIAGEN Cat#74104

Human miRNA Array III Signosis Cat#AP-0002

DAB Peroxidase (HRP) Substrate

Kit (with Nickel), 3,30-diaminobenzidine

Vector Laboratories Cat#SK-4100

Deposited Data

Nanostring nCounter miRNA expression

assay v.1.3 data (Table S4)

This paper https://doi.org/10.17632/rnvp7kz6wz.2

(Continued on next page)
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Nanostring nCounter miRNA expression

assay v.1.3 (Table S5)

This paper https://doi.org/10.17632/2n6vtt7y3d.2

Semiquantitative miRNA profiling data

(Table S6)

This paper https://doi.org/10.17632/7n4kjmsbj3.2

Experimental Models: Cell Lines

Human GS2 GBM cells Provided from David James,

(G€unther et al., 2008)

N/A

HEK293 cells ATCC ATCC# CRL-1573

Human GBM5 cells Provided from David James,

(Sarkaria et al., 2006)

N/A

Human GBM6 cells Provided from David James,

(Sarkaria et al., 2006)

N/A

Human GBM8 cells Provided from David James,

(Sarkaria et al., 2006)

N/A

Human GBM14 cells Provided from David James,

(Sarkaria et al., 2006)

N/A

Human GBM34 cells Provided from David James,

(Sarkaria et al., 2006)

N/A

Human GBM39 cells Provided from David James,

(Sarkaria et al., 2006)

N/A

Human GBM 43 cells Provided from David James,

(Sarkaria et al., 2006)

N/A

Experimental Models: Organisms/Strains

Mouse: Athymic Nude: Foxn1nu/Foxn1nu Charler River Laboratories CrSim:NU(NCr)-Foxn1nu, RRID:MGI:5521191

Mouse: G-Ras: GFAP-Ha-V12-Ras-IRESLacZ Provided from Abjit Guha MGI Cat# 5286096, RRID:MGI:5286096

Mouse: FVB/N: inbred wildtype Charles River Laboratories MGI Cat# 3613630, RRID:MGI:3613630

Oligonucleotides

LNATM PCR primer: hsa-miR-103a-3p

(sequence: 50AGCAGCAUUGUACAGGG

CUAUGA)

QIAGEN Cat#YP00204063, miRBase#MIMAT0000101

LNATM PCR primer: hsa-miR-124-3p

(sequence: 50UAAGGCACGCGGUGAAUGCC)

QIAGEN Cat#YP00206026, miRBase#MIMAT0000422

LNATM PCR primer: hsa-miR-9-3p (sequence:

50AUAAAGCUAGAUAACCGAAAGU)

QIAGEN Cat#YP00204620, miRBase#MIMAT0000442

Forward human GFAP primer: CTCGCCC

TTGCTCACCAT

Eurofins (Ding et al., 2001)

Reverse human GFAP primer: GTTGGAGA

GGAGACGCATCAC

Eurofins (Ding et al., 2001)

Forward LacZ primer: CGATCGTAATCAC

CCGAGTGT

Eurofins (Ding et al., 2001)

Reverse LacZ primer: CCGTGGCCTGAC

TCATTCC

Eurofins (Ding et al., 2001)

Recombinant DNA

miR-125 sponge vector (sequence:

TCACAAGTTAGGGTCTCAGGGA)

(Åkerblom et al., 2012);

Addgene

Cat#115974

Human SOX9 overexpression vector

(1,530 bp sequence of the human SOX9

gene cloned into a 3rd generation lentiviral

vector encoding a CMV promoter).

This paper N/A

miR-124 sponge vector (sequence:

TTAAGGCACG-TA-TGAATGCCA)

(Åkerblom et al., 2012), Addgene Cat#115975

miR-124 overexpression vector Åkerblom et al., 2012 N/A

(Continued on next page)
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Human SOX9_3UTR (sequence: 5-GCTC

TTATTTTTCCAACAGCTAAACTACTCTT

AGTTGAACAGTGTGCCCTAGCTTTTC

TTGCAACCAGAGTATTTTTGTACAGA

TTTGCTTTCTCTTACAAAAAGAAAAA

AAAAATCCTGTTGTATTAACATTTA

AAAACAGAATTGTGTTATGTGATC

AGTTTTGGGGGTTAACTTTGCTTA

ATTCCTCAGGCTTTGCGATTTAAG

GAGGAGCTGCCTTAAAAAAAAATA

AAGGCCTTATTTTGCAATTATGG

GAGTAAACAATAGTCTAGAGAA

GCATTTGGTAAGCTTTATCATATATA

TATTTTTTAAAGAAGAGAAAAAC

ACCTTGAGCCTTAAAACGGTGCTG

CTGGGAAACATTTGCACTCTT

TTAGTGCATTTCCTCCTGCCTTT

GCTTGTTCACTGCAGTCTTAAG

AAAGAGGTAAAAGGCAAG �3)

This paper N/A

Human Let7c overexpression vector

(sequence: 5-CTCGAGGGAGATGT

TAGAAGACACTTCATGTGACCTAT

ACTGTAAACTCACCAGATTAGGG

TAGTCCTGTAAGCTACAACTGAA

GTTGATTTGTAAACTGCTAGAATA

TTCTATCTACAACCTTGCCAAGCC

CTTAGGTGTTTGGCCGCCATATTT

GGAGGAGCGGACTGAAGATATGA

TAAGGAGTTTGAAGAAACATTGGA

AGCTGTGTGCATCCGGGTTGAGG

TAGTAGGTTGTATGGTTTAGAGTTA

CACCCTGGGAGTTAACTGTACAAC

CTTCTAGCTTTCCTTGGAGCACACT

TGAGCCATCGAGGAATTCTCCATCT

CTTTAATCTGACTGAGCCAATTTCT

GTTCAAGAAAGTAATGTGTCATGAG

TCCATGAGGCCTTAATGCATTACCT

GATCATTCCAGACCTGATGGTTAGG

ATTCTGCTTGTGTCTACTTGTAAGCA

ATGACACAACGCTATTTCTCACGGG

CTGTTATTTTGTGTTTACCAGTCT �3)

This paper N/A

Human miR-302 overexpression vector Petri et al., 2017 N/A

Doxycycline-regulatable miR-124

overexpression system.

This paper N/A

Software and Algorithms

GraphPad Prism v8.0 Software GraphPad https://www.graphpad.com

nSolver Analysis Software Nanostring Technologies https://www.nanostring.com/products/

analysis-software/nsolver

Zen Software Zeiss https://www.zeiss.com/microscopy/us/

products/

microscope-software/zen.html

Adobe Photoshop CC Software Adobe Photoshop https://www.adobe.com/products/photoshop.

html

Morpheus Software Broad Institute https://software.broadinstitute.org/morpheus

ImageJ Software Schneider et al., 2012a https://imagej.nih.gov/ij/
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,

Anders Persson (anders.persson@ucsf.edu).

Materials Availability Statements

d Primary GBM cultures and fixed tissues generated at UCSF are available upon request following execution of a Material

Transfer Agreement (MTA).

d Plasmids encoding miR-124 sponge (Addgene, Cat. # 115975) and miR-125 sponge (Addgene, Cat.# 115974) have been

deposited. All other plasmids are available upon request and execution of an MTA.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All experiments were approved by and performed according to the guidelines of the Institutional Animal Care and Use Committee of

the University of California, San Francisco (IACUC).GFAP-Ha-V12-Ras-IRES-LacZ (G-Ras) mice were genotyped by Transnetyx Inc.

using primers against human GFAP (fwd: CTCGCCCTTGCTCACCAT, rev: GTTGGAGAGGAGACGCATCAC and the LacZ gene

(fwd: CGATCGTAATCACCCGAGTGT, rev: CCGTGGCCTGACTCATTCC). Equal ratios of male:female mice were used at ages spec-

ified in Results section. We used 6-12 week old female athymic (nu/nu; Charles River) or FVBn (Charles River Laboratories) mice were

used for intracranial xeno- or allograft transplantations, respectively. Animals were housed in a facility with a 12 hour on/off light cycle

and ad Librium access to food and water.

Patient-derived GBM cells
Patient-derived GBM5, 6, 8, 14, 34, 39, 43 xenografts derived fromMayo Clinic, MN, were kindly provided by David James (Sarkaria

et al., 2006; Sarkaria et al., 2007; Verhaak et al., 2010). Passage 10-15 of GBM xenografts frozen in media containing 10% DMSO

were enzymatically dissociated with papain (Worthington Chemicals) and plated on ultra-low adherent (Corning) or adherent plates

in Neurobasal media (NBE): Neurobasal-A (Invitrogen), pencillin/streptavidin, 2 mM L-glutamine, 0.5x B27 supplement (-A, Invitro-

gen), 0.5 x N2 supplement (GIBCO), 20 ng/ml FGF-2 (Peprotech), and 20 ng/ml EGF (Millipore Sigma) (Lee et al., 2006). Media

was changed every 3 days and cells were dissociated using Accutase (Innovative Cell Technologies) when cultures reached 70%

confluency.

The UCSF Neurosurgery tissue bank has established a stream-lined process to distribute brain tumor biopsies to investigators at

the UCSF Brain Tumor Center. The patient consent and process for acquisition was approved (IRB #: 10-01318) by UCSF’s

Committee for Human Research. Through this protocol, we generated SF6969, SF7192, and SF9256 GBM cultures from patients

using the samemethods described for the Mayo Clinic GBM lines. Unable to perform fingerprinting analysis for the Mayo Clinic lines,

we instead confirmed genetic characteristics (EGFR amplification, PDGRA amplification, TP53 mutation, NF1 mutation) and tran-

scriptional signatures. Mycoplasm detection was performed using the LookOut Mycoplasm kit (Sigma-Aldrich).

Murine cell culture
Mouse tissues were isolated from the V-SVZ and tumors of symptomatic male and femaleG-Rasmice (2.5-4month old) using a stereo-

dissection microscope (Leica). Tissues were washed in cold Hank’s balanced salt solution -Ca2+-Mg2+ (HBSS-Ca2+-Mg2+) and treated

with papain (WorthingtonChemicals) for 10min to dissociated cells. Red blood cells were removed using Lympholyte-Mseparationme-

dium (Cedarlane Laboratories) and plated on ultra-low adherent plates (Corning) in Neurobasal (NB) media: Neurobasal-A (Invitrogen),

pencillin/streptavidin, 2mML-glutamine,B27 supplement (-A, Invitrogen), 20ng/ml FGF-2 (Peprotech), and20ng/mlEGF (EMDMillipore

Sigma). After a few days, cells were expanded on uncoated plastic plates. Mouse GBM cells from EGFRvIII-overexpressing mouse

V-SVZneurospheres in an Ink4a/Arf null background (vIII cells) (Lindberg et al., 2016)were expanded inNBEmedia.Mediawas changed

every 3 days and cells were passaged using Accutase (Innovative Cell Technologies) when cultures reached 70% confluency.

Mycoplasm detection was performed using the LookOut Mycoplasm kit (Sigma-Aldrich).

METHOD DETAILS

Doxycyline-regulatable miR-124 Overexpression
The miR-124-1 sequence contained a 500bp genomic fragment incorporating pre-miR-124-1 (Åkerblom et al., 2012). In the absence

of doxycycline, tTR-KRAB binds to tetO-sequences and suppresses transcription (Figure 4A). In the presence of doxycycline, tTR-

KRAB cannot bind tetO and hence the transgene is expressed. Doxycycline-mediated miR-124 induction was confirmed in HEK293

cells based on flow cytometry and quantitative real-time PCR (data not shown).
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Patient-derived GBM Xenograft Model
To study the effects of doxycycline-inducible miR-124 expression on GBM biology in vivo, we performed stereotactic injections of

50,000 GBM43.miR-124 cells (for continuous miR-124 induction; Figure 6), 100,000 GBM43.miR-124 cells (for 3 days priming

regimen of miR-124 before IR; Figure 7), 300,000 GBM43.miR-124 cells (cells pre-treated with 10 mg/ml doxycycline for 14 days

in vitro before xenotransplantation; Figure S6), 300,000 GBM14.miR-124 cells (for 3 days priming regimen of miR-124 before IR; Fig-

ure S7) ; 300,000 GBM5.miR-124 cells (for continuous miR-124 induction; Figure S5), expressing LUC into the right frontal cortex of

6-12week old athymic (nu/nu)mice (Charles Rivers). Injections were done at a depth of 3mmand the coordinates were 2mmanterior

and 1.5 mm lateral of the right hemisphere relative to Bregma. Cohorts of randomized mice were fed control diet (2018 Global rodent

diet, Envigo) or custom-made doxycycline-containing diet (5,35 mg doxycycline/kg 2018 diet designed to deliver �20 mg doxycy-

cline per day/mouse, Envigo). Bioluminescence was measured every 2nd-3rd day using a Xenogen IVIS imager. Symptomatic mice

were sacrificed according to ethical guidelines approved by the UCSF Institutional Animal Care and Use Committee (IACUC).

Mouse GBM Allograft Model
Postnatal V-SVZ neurospheres from an Ink4a/Arf null FVB/N background lentivirally transduced with vectors encoding human

EGFRvIII (vIII cells), mCherry, and LUC (Lindberg et al., 2016) were stereotactically injected (23 105 permouse) into the frontal cortex

6-8 weeks old female FVB/N mice (Charles River Laboratories). Injections were done at a depth of 3 mm and the coordinates were

2 mm anterior and 1.5 mm lateral of the right hemisphere relative to Bregma. We measured body weight and bioluminescence every

second day during tumor progression. Bioluminescence was measured using a Xenogen IVIS imager. Symptomatic mice were

sacrificed according to ethical guidelines approved by the UCSF Institutional Animal Care and Use Committee (IACUC).

Ionizing Radiation
Mice and cells were placed in a cesium-137 source (J.L. Shephard & Associates) irradiator. Mice were shielded with iron collimators

to focus the beam to the brain. Mice were given 5 Gy cranial irradiation (2.5 Gy on each side of brain). Cells in plates were placed on a

rotating table in the radiator and irradiated using a single dose of 5 Gy.

MEK inhibition in vivo

PD0325901 (Tocris Bioscience) was solubilized in vehicle (0.5% hydroxypropylmethyl-cellulose/0.2% Tween80). Cohorts (N = 3) of

P30 wild-type and G-Ras mice were treated daily with PD0325901 (5 mg/kg/day) or vehicle by oral gavage for 12 days. After 2 days,

mice were pulsed with BrdU (50 mg/kg IP) daily for 4 days before being sacrificed 6 days later. FVBN mice allografted with vIII cells

expressing themCherry and firefly luciferase (LUC) genes were treated daily with PD0325901 (5mg/kg/day) or vehicle by oral gavage

for 10 days starting when bioluminescence had reached low 107 p/s/cm2/sr levels.

Expression of miR-124/miR-125 sponges and hSOX9 overexpression
To inhibit miR-124 function, vIII cells were infectedwith a lentivirus expressing eight tandem repeats of an imperfectly complementary

sequence forming a central bulge when binding to miR-124 (called a ‘‘sponge’’; miR-124.sp). The miR-124 sponge sequence was:

TTAAGGCACGTATGAATGCCA. The four target sites were cloned immediately downstream of the woodchuck hepatitis virus post-

transcriptional response element (WPRE) of a third-generation lentiviral vector, expressing GFP from the PGK promoter derived from

the phosphoglycerol kinase housekeeping gene. This promoter results in robust, ubiquitous moderate level transgene expression,

with very low tendency to transgene silencing/variegation. The sponge was cloned into a third generation lentiviral vector containing

a strong promoter derived from cytomegalovirus (CMV). For the miR-125 sponge, we used sequence TCCCTGAGA

CTAAACTTGTGA. All cloning was performed using standard techniques. Lentiviral vectors were titrated using flow cytometry and

quantitative RT-PCR analysis. The titers of the vectors were in the range of: 53 108-23 109 TU/ml. To overexpress hSOX9, vIII cells

were infected with a lentivirus encoding the human SOX9 gene (vIII.hSOX9.OE).

Immunohistochemistry
Formalin-fixed tissue

Slides with formalin-fixed (10%) and paraffin-embedded 5 mm tumor sections from GBM patients were acquired through the UCSF

Neurosurgery tissue core, deparaffinized in xylene, washed 3 x Tris buffered solution (TBS, pH 8.0), and blocked in TBS+ solution (5%

donkey serum plus 0.3% TritonX in TBS) for 1 h. Sections were incubated with primary antibodies against SOX9 (1:400, Millipore

Sigma) or OLIG2 (1:400, Millipore Sigma) in TBS+ solution at 4�C overnight. After washes in 2 x TBS, sections were immersed in

1% H2O2 (Millipore Sigma) for 30 min, washed 2 x TBS and incubated for 1 h with secondary biotin antibodies (1:400, Vector Lab-

oratories). Finally, sections were incubated for 30 min in AB solution (Vector Laboratories) and stained with DAB according to the

manufacturer’s protocol (Vector Laboratories) before counterstaining with hematoxylin and mounted with Aquamount (Polyscien-

ces). In a separate cohort of patients, sections were stained for phosphorylated ERK1/2(Ser202/204) or co-stained for GFAP and

OLIG2 using an automatic stainer (Ventana Benchmark XT). Briefly, the sections were incubated in TBS. Through a sequential stain-

ing, the sections were first incubated for 1 h with a rabbit anti-OLIG2 antibody (1:50, Millipore Sigma) followed by a biotinylated anti-

body and DAB reaction. After extensive washes, the slides were heated to 90�C for 8min and incubated with a rabbit-GFAP antibody

(1:1,000, Dakocytomation) at 37�C for 32 min. This antibody incubated with a secondary antibody and developed using a FastRed
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reaction. For phosphorylated ERK1/2(Ser202/204) (1:100, ThermoFisher Scientific), sections were staining as OLIG2 above and then

counterstained with hematoxylin.

Paraformaldehyde-fixed Tissue

Patient biopsies from three humanGBMs (SF10281, SF10282, and SF10286) were acutely fixed in 4%paraformaldehyde for 24 h and

transferred to 30% sucrose solution. For human GBM xenografts and mouse GBM allografts, mice were perfused transcardially us-

ing PBS followed by 4%paraformaldehyde and transferred to 30% sucrose at 4�C. Brains and biopsies were sectioned using a cryo-

stat (Leica) as 20 mm sections on Superfrost slides. G-Ras mice were perfused as above. Brains were sectioned using a vibratome

(SM2000R, Leica) as 30 mm free-floating sections and stored in cryoprotectant solution (250 mL glycerin, 300 mL ethylene glycol,

500 mL 0.1M phosphate buffer). For immunofluorescent stainings, sections were washed 3 x TBS and blocked with TBS+ for

45 min at room temperature. Primary antibodies against SOX9 (1:500, R&D systems or Millipore Sigma), OLIG2 (1:500, Millipore

Sigma), pERK1/2 (1:200, Cell Signaling), GFAP (1:1,000, Abcam or 1:500, Agilent and Advanced Immunochemicals), BLBP

(1:1,000, Abcam), SOX2 (1:200, Millipore Sigma), PSA-NCAM (1:200, Millipore Sigma), PAX6 (1:100, Millipore Sigma – used in com-

bination with TSATM kit #16 including HRP-goat anti-rabbit IgG and Alexa647 tyramide, Invitrogen), doublecortin (DCX, 1:200, Santa

Cruz Biotechnology), b-galactosidase (1:200, Promega), phosphorylated ERK1/2(Ser202/204) (1:200, Cell Signaling), TujI (1:300,

Covance), Map2ab (1:500, Millipore Sigma), cleaved Caspase 3 (1:200, Cell Signaling), NG2 (1:500, Millipore Sigma), Aquaporin-4

(1:200, Santa Cruz Biotechnology), S100beta (1:500, Millipore Sigma), Nestin (1:500, Novus), MBP (1:500, DakoCytomation) and

RAD51 (1:500, Calbiochem) were incubated in TBS+ overnight at room temperature followed by 3 x TBS washes. Thereafter, the

sections were incubated with Alexa488, 555, 594, or 647 secondary antibodies (1:500, Invitrogen) for 45 min at room temperature,

washed 3 x TBS (1:500, DAPI in last wash) and mounted using Aquamount (Polysciences).

For BrdU stainings, sections were incubated in 2 M HCl at 37�C for 1 h after the last TBS wash, followed by 10 min incubation in

0.1 M borate buffer (pH 8.5). After 3 x TBS, the sections were blocked in TBS+ for 30 min and incubated with primary antibodies

against BrdU (1:200, Accurate Chemical), OLIG2 (1:200, Millipore Sigma), and OLIG2 (1:20, R&D Systems) for 48h in TBS+ at

4�C. After 3 x TBS, the sections were incubated with Alexa488, 555, and 647 secondary antibodies (1:400, Invitrogen) for 2 h at

room temperature, washed 3 x TBS and mounted using Aquamount (Polysciences).

For BrdU- Diaminobenzidine (DAB) stainings, sections were washed 3 x TBS, incubated for 30min with 0.6%hydrogen peroxidase

and washed 3 x TBS. Thereafter sections were incubated in 50% formamide/50% 2 x SSC at 65�C for 2h, washed with cold 2 x SSC,

and then stained for BrdU as above but with a biotinylated secondary antibody followed by incubation with ABC Elite solution (Vector

Laboratories) for 1h according to the manufacturer’s protocol. The avidin-biotin-conjugate reacted in a DAB (Millipore Sigma) solu-

tion consisting of (0.25 mg/ml DAB, 0.04% nickel chloride, 0.0095 hydrogen peroxide) for 2-5 min. The reaction was stopped by

washing the sections in water and then TBS. The sections were dehydrated from 70% ethanol to 100% ethanol followed by 2 x

xylene. The sections were mounted using Pertex mounting medium.

For LacZ stainings, sections were washed 3 x PBS and incubated in LacZ fixation solution (0.5% glutaraldehyde, Millipore Sigma,

65mM EDTA, 100mMMgCl2 in PBS) for 30 min on ice. After incubation in 3 x LacZ wash buffer (2 mMMgCl2, 0.24 mM sodiumdeox-

ycholate, Millipore Sigma, and 0.2% NP-40, Millipore Sigma, in PBS), the sections were washed 3 x PBS and rinsed in water. Mean-

while, we mixed 1:40 pre-warmed X-gal dilution buffer (10 mM potassium ferricyanide, Millipore Sigma, 2 mM MgCl2 in PBS) with

X-gal stock solution (40 mg/ml X-gal, ThermoFisher Scientific) dissolved in N,N-dimethylformamide (Millipore Sigma). Thereafter,

the slides were incubated in X-gal working solution at 37�C for 24 h. Sections were rinsed in 2 x PBS followed by water before

mounting using Aquamount mounting medium (Polysciences).

Immunocytochemistry
Mouse (G-Ras) astrocytoma cells, mouse GBM (vIII cells), and human GBM cells were fixed in ice-cold 4% paraformaldehyde for

10 minutes and stained as above. Primary antibodies against Ki67 (1:500, eBiosciences) and as listed in immunohistochemistry

section, were incubated in TBS+ over night at 4�C and secondary antibodies were incubated 1:1000 in TBS+ at RT for 2 hours.

Luciferase Reporter Assay
A 400 bp sequence incorporating the miR-124 target site in the 30UTR of SOX9 was cloned into the dual luciferase reporter vector

pSICHECK-2 (Promega). The luciferase reporter constructs were co-transfectedwith non-targeting let-7 andmiR-302 overexpressor

constructs or with themiR-124 overexpression construct into three independent replicates of 293T cells using Turbofect (Fermentas).

48 hours after transfection, cells were assayed for luminescence using a dual-luciferase assay (Promega). An unpaired two-tailed

t test was conducted in order to test for statistical significance.

Proliferation Assay
HumanGBM43.miR124, GBM14.miR124, andGBM5.miR124 cells were plated at 1,000 cells per well in 96-well polyornithine/laminin

coated plates in NBEmedia, cultured for seven days with doxycycline (10 mg/ml). DNA content was analyzed using Cyquant NF pro-

liferation assay (Invitrogen) as described earlier (Li et al., 2015). In brief, cells were lysed and simultaneously incubated at 37�Cwith a

fluorescent probe to label non-fragmented DNA as an indirect measure of the number of cells. The fluorescence intensity was

measured at Ex/Em + 485 nm/530 nmusing a Tecanmicroplate reader. A standard curve was generated by plotting number of plated
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cells (1,000 – 40,000) against corresponding fluorescent values, resulting in the equation y = x +150, R2 = 1. The number of cells in

each sample were calculated using this equation. Experiments were done in triplicates.

Differentiation
Cells were plated at 0.5 3 104 cells/cm2 in 24-well plates coated with polyornithine/laminin in NBE media, or NB media for

G-Ras cells. To induce differentiation, G-Ras cells and human GBM cells (SF6969, GS2, SF7192) were cultured for five and

ten days, respectively, in the presence of DMSO (Control), PD0325901 (1 mM, PD, Tocris Bioscience) and LY294002 (10 mM,

LY, Millipore Sigma). Mouse vIII, vIII.124sp, vIII.hSOX9.OE, and vIII.125sp cells and human GBM5, GBM6, GBM6.124sp,

GBM14, GBM34, GBM43, and SF9256 cells were treated with MEK inhibitor PD0325901 (1 mM) for 6 days. GBM43.miR-124,

GBM14.miR-124, and GBM5.miR-124 cells were treated with doxycycline (10 mg/ml) for 10 days. To induce neuronal or astro-

cytic differentiation before IR, GBM43.miR-124, GBM14.miR-124, and GBM5.miR-124 cells were treated with doxycycline

(10 mg/ml) or BMP4 (100 ng/ml) for 4 days, respectively. All cells were fixed in 4% ice-cold paraformaldehyde for 10 min at

4�C and kept in 4�C in PBS.

Tumorsphere formation assay
Human GBM43.miR124, GBM14.miR124, and GBM5.miR124 cells were plated at 5 cells per well in 96-well polyornithine/laminin

coated plates in NBE media with or without doxycycline (10mg/ml). Numbers of tumorspheres were counted after 14 days of

incubation.

Fluorescence-Activated Cell Sorting (FACS)
To confirm doxycycline-induced GFP expression in GBM43.miR-124 cells and sort cells expressing dsRED, we plated GBM43

(negative control) and GBM43.miR-124 cells with increasing concentrations of doxycycline (0-10 mg/ml) for five days, dissociated

cells with Accutase (Innovative StemCell Technologies, Inc.), washed and dissolved cells in 300 mL Rinse buffer (Miltenyi Biotech)

and analyzed with a FACS Aria III flow cytometer (Becton Dickinson). Data was analyzed using FlowJo version 10 (Treestar Inc.).

Immunoblotting
Cells (G-Ras, GBM6, GBM8, GBM14, GBM39, GBM43, GBM43.miR-124) were plated at 13 104 cells/cm2 on polyornithine/laminin

coated plates in NBE media (NB media for G-Ras cells). At 70% confluence G-Ras, GBM14 and GBM43 cells were incubated with

PD0325901 (0.1-1 mM) or DMSO (control) for 24 hours. GBM43.miR-124 cells were incubated with doxycycline (0-10 mg/ml) for 0, 6,

and 24 hours. Cells were harvested in cell lysis buffer (Cell Signaling) including Protease Complete inhibitor cocktail (Roche). Immu-

noblotting was performed using NuPAGE blotting equipment and 4%–12% SDS-polyacrylamide gels. Proteins were transferred to

PVDFmembranes and incubated with primary antibodies against phosphorylated ERK1/2(Ser202/204) (1:1,000, Cell Signaling), ERK1/

2 (1:1,000, Santa Cruz Biotechnology), SOX2 (1:1,000, Millipore Sigma), SOX9 (1:1,000, Millipore Sigma), SOX6 (1:1,000, Millipore

Sigma), SOX10 (1:1,000, Santa Cruz), and OLIG2 (1:1,000, Millipore Sigma), and GAPDH (1:10,000, Millipore Sigma) in TBS-T

(containing Tween20, Teknova) with 5% BSA overnight at 4�C. After 5 washes in TBS for 1 h, the membranes were incubated

with HRP-linked species-specific secondary antibodies (Calbiochem) at RT for 1 h. The membranes were washed in TBS-T and

developed using enhanced chemiluminescence (Amersham).

Quantitative real-time polymerase-chain reaction (qRT-PCR)
HumanGBMcells were homogenized using the QIAshredder spin column (QIAGEN). Total RNAwas extracted from specimens using

RNeasy mini kit (QIAGEN) and contaminating RNAwas digested using RNase free DNase kit (QIAGEN). cDNAwas synthesized using

500 ng total RNA using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) or SuperScript VILO (Life Technologies).

Real time PCRwas performed with the intron-spanning primers (5 mM) listed below and KAPA SYBR fast ABI prism qPCRmaster mix

(KAPA biosystems) on a 7900HT Fast Real-Time PCR system (Applied Biosystems). SOX9 expression was determined using forward

(50-TCTGAACGAGAGCGAGAA) and reverse (50-GCGGCTGGTACTTGTAATC) primers. Relative changes in gene expression from

quantitative PCR data were calculate from threshold cycle with the 2-DD-Ct method as reported (Livak and Schmittgen, 2001).

Transcript levels were normalized against corresponding HEME3 levels expressed as mean fold changes ± standard deviation.

MicroRNA Quantitative Real-time Polymerase-chain Reaction (RT-qPCR)
Human GBM5 and GBM43 cells were plated at 2 3 104 cells/cm2 on polyornithine/laminin coated 6-wells plates in NBE media.

GBM cells were administered PD0325901 (1 mM) for 1 or 3 days before total RNA was extracted using miRCURYTM RNA Isolation

Kit (QIAGEN). The RNAwas reversed transcribed to cDNA using Universal cDNA Synthesis kit (QIAGEN). The real time PCRwas per-

formed using miRCURY LNATM Universal microRNA PCR kit (QIAGEN), LNATM PCR primers (QIAGEN), and ExiLENT SYBR Green

master mix (QIAGEN) on a 7900 HT Fast Real-Time PCR system (Applied Biosystems). The following LNATM PCR primer sets

were used: hsa-miR-103a-3p: 50AGCAGCAUUGUACAGGGCUAUGA, hsa-miR-124-3p: 50UAAGGCACGCGGUGAAUGCC, and

hsa-miR-9-3p: 50AUAAAGCUAGAUAACCGAAAGU. Relative microRNA levels were calculated using the Ct method. Transcript

levels were normalized against corresponding miR-103a levels expressed as mean fold changes ± standard deviation.
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RNA Isolation and Nanostring Analysis of miRNA Expression
RNA (500 ng) from adherent NTVA cells with/without oncogenic K-RasG12D expression and incubated with PD0325901 for (1 mM) for

three days was isolated using the mirVana miRNA isolation kit (Invitrogen). MiRNA expression levels were determined by using the

nCounterH mouse miRNA expression assay kit (Nanostring Technologies) and the nCounterH analysis system (Nanostring Technol-

ogies, Stanford Genome Core). In brief, sample preparation involved a multiplexed annealing of the specific tags to their target

miRNA, ligation, and an enzymatic purification of unincorporated tags. Samples were denatured immediately before an overnight

hybridization for 17 hours. Samples were washed and scanned the next day using NanoString nCounter version 1.3. Data were

analyzed using nSolver Analysis Software (Nanostring Technologies). Data were normalized. Exploratory analyses were conducted

using unsupervised hierarchical clustering.

Membrane-based miRNA Array Analysis
Human GBM5 and GBM6 cells were plated at 1 3 104 cells/cm2 on polyornithine/laminin-coated plates in the presence of 1 mM

PD0325901 or DMSO (control) for five days. Total RNA (5 mg) was isolated using RNeasy kit (QIAGEN). Membrane-based miRNA

array analysis was performed using Human miRNA Array III according to the manufacturer’s instructions (Signosis). In brief, miRNA

were hybridized to two oligonucleotide primers to form a miRNA/oligonucleotide duplex and purified using magnetic beads. The

purified RNA/DNA duplexes were then incubated with DNA ligase at 37�C for 90 min. After a brief extension of miRNA sequences

using a PCR machine (Mastercycler, Eppendorf), T7 RNA polymerase was added to amplify the sequences. Membranes were

pre-hybridized in 50 mL tubes and incubated with transcribed RNA at 42�C overnight in a hybridization oven. After washes in hybrid-

ization wash buffer, the membranes were rinsed in detection wash buffer, incubated with streptavidin-HRP conjugate for 45 min at

room temperature, mixed with equal amounts substrate A and B, followed by ECL (Amersham).

TCGA mRNA and miRNA Profiling Data Analysis
The cancer genome atlas (TCGA) portal was used to extract mRNA profiling data (Affymetrix Human Genome HT-HG-U133A array)

for a subset of human GBM patients (N = 158) of a larger cohort divided into transcriptional GBM subgroups as previously described

(Verhaak et al., 2010). We also extracted mRNA profiling data (Affymetrix Human Genome HT-HG-U133A array) from a set of well-

established human GBM xenografts (N = 20) divided into transcriptional GBM subgroups (Hodgson et al., 2009; Verhaak et al., 2010).

These xenografts were also used in our study. Cluster heatmaps for extracted data were generated using the online Morpheus

software at the Gene-E/Broad Institute website.

QUANTIFICATION AND STATISTICAL ANALYSIS

For quantifications in tissue sections, we counted cells in three random areas of each tumor and present data as mean percentage ±

SEM.

Cells were counted using a Zeiss LSM780 confocal microscope or a Zeiss M1 fluorescence microscope for G-Ras cells. The per-

centage of immunoreactive cells was scored by counting the number of immunoreactive cells in 6-10 unbiased areas (based onDAPI)

in triplicates.

To quantify co-expression of DCX or GFAP in V-SVZ BrdU+ cells, we studied the overlap throughout the dorsal-medial-ventral

V-SVZ in �300 BrdU+ cells of three coronal sections 180 mm apart in wild-type and G-Ras mice (n = 3). We analyzed z stacks using

x63 objective mounted on a Zeiss LSM780 confocal microscope.

For BrdU quantifications in G-Ras mice, the number of BrdU+ cells in the V-SVZ and in the proximal RMS and their corresponding

sample volumes were determined in five immunoperoxidase-stained coronal sections. BrdU positive cells were quantified using x40

objective mounted on a Nikon Eclipse E800 fluorescence microscope and area measurements were calculated from images ac-

quired using a Retiga Exi FAST Camera (Qimaging) and ImagePro6.2 Plus software (Media Cybernetics). The number of BrdU-pos-

itive cells in five 30-mm-thick coronal sections were taken 180 mm apart in each mouse was counted within the region, ignoring the

cells in the uppermost focal plane and focusing through the thickness of the section to avoid errors caused by over-sampling

(Coggeshall and Lekan, 1996; Gundersen et al., 1988). The number of BrdU-positive cells was counted in each section and divided

by the corresponding cross-sectional area multiplied by the thickness of the section (30 mm) [BrdU/(area3 thickness)]. The average

number of BrdU-positive cells per section was calculated for each mouse. This number was then multiplied by 1 3 109 to express

data as the number of BrdU-positive cells per cubic millimeter.

Statistical tests were performed using GraphPad Prism v6.0, v7.0, and v8.0 software. Statistical analyses for experiments with two

groups were performed using Student t test. Statistical analyses for experiments with more than two groups were performed using

one-way ANOVA with Tukey multiple comparisons test. For proliferation studies, we used one-way ANOVA with Dunnett’s posthoc

test. Kaplan–Meier survival analysis was conducted and the P value of the comparison between survival curveswas determined to be

significant by the log-rank (Mantel–Cox) test. All data are represented as mean ± SEM and have at least n = 3 per group (refer to

figure legends for detailed information). P < 0.05 was considered significant in all cases. Statistical significance: * p < 0.05;

** p < 0.01; *** p < 0.001.
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DATA AND CODE AVAILABILITY

The dataset for Table S4 is uploaded at Mendeley: https://doi.org/10.17632/rnvp7kz6wz.1

The dataset for Table S5 is uploaded at Mendeley: https://doi.org/10.17632/2n6vtt7y3d.1

The dataset for Table S6 is uploaded at Mendeley: https://doi.org/10.17632/7n4kjmsbj3.1
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Figure S1. Expression of oncogenic RAS in V-SVZ stem cells in newborn G-Ras mice, related to Figure 
1. 
(A-B) LacZ+ cells (arrows) in the V-SVZ lining the lateral ventricles (LV) reflecting Ha-V12-Ras expression at P2 
in G-Ras mice. Scale bar: 50 (A) and 40 (B) µm. 
(C-D) GFAP+ radial processes (arrows) co-stained with β-galactosidase (*).Scale bar: 40 (C) and 40 (D) µm. 
 (E-G) β-galactosidase immunoreactivity co-expressed with BLBP (arrows) and SOX2 (arrow), but not OLIG2 (*) 
in the V-SVZ of P2 G-Ras mice.  
(H-I) Similar numbers of Ki67+ cells (arrows) in P2 V-SVZ of wild-type (WT) versus G-Ras mice. Scale bar: 20 
µm.  
(J-K) Similar numbers of cells labeled by a two-hour BrdU pulse (arrows) in P2 V-SVZ of WT versus G-Ras mice. 
Scale bar: 40 µm. 
(L-M) Similar levels of BLBP expression (asterisks marking processes) in P2 V-SVZ of WT versus G-Ras mice. 
Scale bar: 20 µm. 
(N-O) Similar levels of GFAP expression (arrows marking processes) in P2 V-SVZ of WT versus G-Ras mice. 
Scale bar: 20 µm. See also Figure 1. 
 



 

 
 
 
 
 
 
 
 



Figure S2. MEK inhibition depletes SOX9 expression and induces neuronal differentiation in human 
GBM, related to Figure 2 and Table S1-3.  
(A) Expression of pERK1/2 in formalin-fixed tissue from human GBM. Scale bar: 40 µm. (B) Quantification of 
pERK1/2 expressing cells in formalin-fixed tissue from human GBMs (N=10). 
(C) Confocal microscopy (z-stacks) in paraformaldehyde-fixed specimens showed co-expression of pERK1/2 
and SOX9 (arrows) in a human GBM (SF10282). Scale bar: 20 µm. 
(D) Quantification of pERK1/2 and SOX9 overlap in GBM cells from three patients (mean ± SEM). 
(E-N) Labeling of GBM5 (E, J), GBM14 (F, K), GBM34 (G, L), GBM43 (H, M), and SF9256 (I, N) cells with 
antibodies against Aquaporin-4 (AQP4), SOX9, GFAP, SOX2, Nestin, and SOX10. Scale bar: 50 µm.  
(O-P) Labeling of SF9256 cells with antibodies against SOX9 and Tuj1 six days after incubation with PD0325901 
(1 µM). Scale bar: 50 µm.  
(Q-S) Incubation for ten days with PD0325901 (PD; 1 µM), but not the PI3K/mTOR inhibitor LY294002 (LY; 10 
µM) induced expression of TujI in a subpopulation of human GBM cultures (SF6969, GS2, and SF7192). Scale 
bar: 40 µm. 
(T-V) Quantification (mean ± SEM, N=4, *p < 0.05, ***p < 0.001; ANOVA Dunnet’s posthoc test) of percentage 
TujI+ cells in human GBM (SF6969, GS2, SF7192) tumorsphere cultures following ten days incubation with 
PD0325901 (PD; 1 µM) or LY294002 (LY; 10 µM). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure S3. MiR-124 overexpression induces cell death, reduces proliferation and induces neuronal 
differentiation in human GBM cells, related to Figure 4.  
(A-D) Flow cytometry of the reporter genes dsRED and GFP in human GBM43.miR-124 and GBM43 cells 
following doxycycline (Dox) (0-10 µg/ml) treatment.  
(E-H) Gating of viable cells based on FSC and SSC following Dox (0-10 µg/ml) treatment of GBM43.miR-124 
and GBM43 tumorsphere cultures. 
(I-J) Quantification (mean ± SEM, N=3, *p < 0.05, **p < 0.01, ***p < 0.001; ANOVA Dunnett’s posthoc test) of 
proliferation (# Cells) following Dox treatment (0-10 µg/ml) of GBM5.miR-124 (I) and GBM14.miR124 (J) 
tumorsphere cultures. 
(K) Quantification (mean ± SEM, N=3, ***p < 0.001; Student’s t-test) of tumorsphere formation of GBM5.miR124, 
GBM14.miR124, and GBM43.miR124 control and Dox-treated (10 µM) cultures.  
(L-O) Map2ab expression (arrows) ten days following Dox-mediated (Dox) miR-124 overexpression in 
GBM14.miR-124 (L-M) and GBM5.miR-124 (N-O) tumorsphere cultures. Scale bar: 20 µm. 



 
 
 
Figure S4. PD0325901 does not induce astrocytic of oligodendroglial differentiation and does not require 
miR-125 to induce neuronal differentiation in mouse GBM model, related to Figure 5.  
(A-F) Expression of NG2 (A, D), MBP (B, E), and AQP4 (C, F) in EGFRvIII-driven mouse GBMs after 10 days 
treatment with vehicle or the MEK inhibitor PD0325901 (5 mg/kg/day). Scale bar: 50 µm. 
 (G-H) Expression of SOX9 and neuronal differentiation marker (Tuj1) after six days treatment with PD0325901 
(PD, 1 µM) of vIII cells that stably express a lentiviral sponge vector that inhibits miR-125 (vIII.sp125). Scale bar: 
50 µm. 
(I) Quantification of Tuj1 expression following six days incubation with PD0325901 (1 µM) in vIII and vIII.125sp 
cultures (mean ± SEM, N=3, **p < 0.01; Student’s t-test). 
 
 
 
 
 



 
 

 



Figure S5. Mir-124 overexpression induces neuronal differentiation in SOX9-expressing GBMs but 
shows limited effect in SOX10-expressing human GBM, related to Figure 6. 
(A) Co-expression of SOX9, GFAP, map2ab, and cleaved caspase 3 with dsRED/GFP in human GBM43.miR-
124 following administration of control chow and doxycycline (Dox)-containing chow to xenografted mice. Scale 
bar: 20 µm. 
 (B) Map2ab expression in dsRED+/GFP- (arrowheads) and dsRED+/GFP+ regions of GBM43.miR-124 
xenografts.  
(C) Changes in SOX9, GFAP, map2ab, and cleaved caspase 3 expression in GBM14.miR-124 xenografts 
following treatment with Dox-containing chow. Scale bar: 20 µm. 
 (D) Bioluminescence levels during tumor progression in control- and Dox-treated GBM5.miR-124 xenografted 
mice. 
(E) Kaplan-Meier survival curve (N=5, ns: not significant; Log-rank Mantel-Cox test) of animals following 
treatment of GBM43.miR-124 xenografts with control versus Dox-containing chow.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
Figure S6. Mir-124 overexpression induces transient neuronal differentiation in human GBM cells, 
related to Figure 6. 
(A) Schematics of GBM43.miR-124 cultures (“Control”) treated with doxycycline (Dox) for 10 days and then for 
an additional 4 days with (“Dox continuous”) our without (“Dox withdrawal”) Dox. 
(B-D) Expression of proliferation marker Ki67 (arrows) in Control GBM43.miR-124 cultures or after Dox 
continuous (C) or Dox removal (D) treatments. Scale bar: 20 µm. 
 (E) Quantification of Ki67 expression following Dox continuous or Dox removal treatment (mean ± SEM, N=5-
10, ***p < 0.001; ANOVA Tukey’s test). 
(F-G) Expression of immature neuronal marker Tuj1 in GBM43.miR-124 cultures after Dox continuous (F) or Dox 
removal (G) treatments. Scale bar: 50 µm. 
 (H) Quantification of Tuj1 expression following Dox continuous or Dox removal treatments (mean ± SEM, N=3, 
***p < 0.001; ANOVA Tukey’s test). 
(I) Schematics of GBM43.miR-124 cultures (“Control”) treated with Dox for 14 days (“Dox continuous”) prior to 
xenotransplantation to athymic mice. 
(J) Bioluminescence imaging as readout of tumor growth in mice following xenotransplantation of control 
GBM43.miR-124 cells or cells pre-treated with Dox for 14 days in vitro (“Dox”) (mean ± SEM, N=5, *p < 0.05; 
Student’s t-test). 
(K) Kaplan-Meier survival curve (N=5, *p < 0.05; Log-rank Mantel-Cox test) of animals following 
xenotransplantation of control GBM43.miR-124 cells or cells pre-treated with Dox for 14 days in vitro (“Dox”). 
 



 
 
 
 
 
 



Figure S7. MiR-124 overexpression promotes radiosensitivity in SOX9-expressing, but not SOX10-
expressing, patient-derived GBM xenografts, related to Figure 7.  
(A-H) Expression of RAD51 (homologous recombination) and cleaved caspase 3 (apoptosis) 6 h and 24 h post-
IR (5 Gy), respectively, following three days doxycycline (Dox)-mediated (10 µg/ml) neuronal differentiation 
versus control in GBM14.miR-124 (A-D) and GBM5.miR-124 (E-H) cultures. Scale bar: 20 µm. 
 (I-J) Expression of RAD51 (I), cleaved caspase 3 (J), dsRED (tumor cells), and GFP (miR-124 expression) 6 h 
and 24 h post-IR (5 Gy), respectively, following administration of control chow or Dox-containing chow to athymic 
mice intracranially xenografted with GBM43.miR-124. Scale bars: 20 (I) and 50 (J) µm. 
(K) Fraction surviving mice (Kaplan-Meier Curve, N=5 for IR and Dox + IR, *p < 0.05; Log-rank Mantel-Cox test. 
Control and Dox groups are presented in Figure 6) xenografted with GBM14.miR124 cells treated with control 
chow, Dox chow, IR, and IR in combination with Dox-containing chow.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 

                         Genetic Aberrations 

Patient # EGFR vIII 
PTENa 
Loss EGFR Amplification EGFR Overexpression 

SF6934 no no no yes 
SF6809 no no yes yes 
SF5142 no no no yes 
SF5143 no no no yes 
SF5217 no yes no yes 
SF6587 no yes no yes 
SF6537 no no no yes 
SF6599 no no no yes 
SF6815 no no no no 
SF5219 no no no no 

 
             aPTEN: Phosphatase and tensin homolog 
 
 
Table S1, EGFR and PTEN status in cohorts of GBM patients, related to Figure 2 and Figure S2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 

    

Patient # Diagnosis 
 

Age Gender 
EGFR 

Amplification 
PTENa 
Loss 

IDH1/2b 
Mutation 

SF10281 Gliosarcoma 75 F yes yes no 
SF10282 Glioblastoma 56 M no yes no 
SF10286 Glioblastoma 68 F yes yes no 

 
            aPTEN: Phosphatase and tensin homolog 
            bIDH1/2: Isocitrate dehydrogenase 1/2 
 
 
Table S2, Status of genetic alterations in patient-derived GBM biopsies, related to Figure 2 and Figure 
S2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 

 
  aPTEN: Phosphatase and tensin homolog 
  bIDH1/2: Isocitrate dehydrogenase 1/2  
 
 
Table S3, Characteristics of patient-derived GBM cultures, related to Figure 2 and Figure S2. 

 
 
 

     

Patient # Diagnosis 
 

Age Gender 
EGFR 

Amplification 
PTENa  
Loss 

TP53 
Mutation 

IDH1/2b 
Mutation 

SF6969 Glioblastoma 59 M no yes yes no 
GS2 Glioblastoma 57 M yes yes yes no 

SF7192 Glioblastoma 44 M no yes yes no 
SF9256 Glioblastoma 57 M no yes yes no 
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