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Abstract

Glioblastoma multiforme (GBM) and other solid malignancies are heterogeneous and contain 

subpopulations of tumor cells that exhibit stem-like features. Our recent findings point to a de-

differentiation mechanism by which reprogramming transcription factors Oct4 and Sox2 drive the 

stem-like phenotype in glioblastoma, in part by differentially regulating subsets of microRNAs 

(miRNAs). Currently, the molecular mechanisms by which reprogramming transcription factors 

and miRNAs coordinate CSC tumor-propagating capacity are unclear. In this study, we identified 

miR-486–5p as a Sox2-induced miRNA that targets the tumor suppressor genes PTEN and FoxO1 

and regulates the GBM stem-like cells. miR-486–5p associated with the GBM stem cell phenotype 

and Sox2 expression and was directly induced by Sox2 in glioma cell lines and patient-derived 
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neurospheres. Forced expression of miR-486–5p enhanced the self-renewal capacity of GBM 

neurospheres, and inhibition of endogenous miR-486–5p activated PTEN and FoxO1 and induced 

cell death by upregulating pro-apoptotic protein BIM via a PTEN-dependent mechanism. 

Furthermore, delivery of miR-486–5p antagomirs to pre-established orthotopic GBM neurosphere-

derived xenografts using advanced nanoparticle formulations reduced tumor sizes in vivo and 

enhanced the cytotoxic response to ionizing radiation. These results define a previously 

unrecognized and therapeutically targetable Sox2/miR-486–5p axis that enhances the survival of 

GBM stem cells by repressing tumor suppressor pathways.
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INTRODUCTION

Neoplastic cells are inherently plastic and reprogramming transcription factors (e.g. Oct4 

and Sox2) are commonly over-expressed in cancer and play critical roles in tumor cell fate 

determination through the process of reprogramming (1). Brain tumors are among the most 

devastating forms of cancer and glioblastoma (GBM) represents the most aggressive and 

lethal form of the disease (2). GBM is characterized by small subsets of cells, referred to as 

glioma stem cells (GSCs), that display stem-like properties including unlimited self-renewal 

and multi-lineage differentiation (3). These stem-like cells act as critical determinants of 

GBM resistance to current treatments and are thought to play an important role in tumor 

recurrence (4). Approaches aimed at targeting mechanisms of GBM cell self-renewal and 

therapeutic resistance hold great potential for the development of novel therapeutics to treat 

GBM (4).

Members of the SOX family of transcription factors are potent drivers of somatic cell 

reprogramming and dysregulation of its members has been implicated in several disease 

conditions including cancer (5). The SOXB1 sub-class composed of Sox1, 2 and 3, functions 

to establish and maintain a stem-like state in embryonic stem cells and neural progenitor 

cells (6). Of these three transcription factors, SOX2 is sufficient to induce cell 

reprogramming in multiple contexts making it a potent regulator of the stem cell phenotype 

(7). SOX2 dysregulation alters networks of coding and non-coding genes that affect 

migration, invasion, growth, survival, and self-renewal capacity of multiple tumor cell types, 

including GBM (5). SOX2 gene expression is up-regulated in glioma compared to normal 

brain and silencing of Sox2 results in loss of tumor propagating capacity of GBM stem-like 

cells (8,9). How stemness-enhancing mechanisms regulated by Sox2 affect the genetic and 

epigenetic landscape of GBM stem-like cells and which of these changes are amenable to 

therapeutic intervention remain unclear (5).

Growing evidence highlight microRNAs (miRNAs) as key determinants of cell fate and 

tumorigenesis (10). These short non-coding RNAs are negative regulators of gene 

expression that are often dysregulated in cancer with the capacity to act as oncogenes or 

tumor suppressors (10). Not surprisingly, de-differentiating events driven by reprogramming 
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transcription factors modify non-coding RNA networks and Sox2 has been shown to drive 

these changes in GBM stem-like cells (11,12). We recently uncovered a novel molecular 

circuit by which Oct4 and Sox2 co-expression induces glioma cell stemness and tumor 

propagating capacity by altering DNA methylation and modifying miRNA networks (13). 

We previously demonstrated that Oct4/Sox2 co-expression induces DNA methylation events 

that repress stemness-inhibiting miRNAs and that reconstituting these miRNAs potently 

inhibits GBM cell stemness and tumor growth in vivo (14,15).

The goal of this study is to elucidate how miRNA subsets that are up-regulated by 

reprogramming transcription factors regulate GBM-propagating stem cells and glioma 

growth. We present the novel findings that miR-486–5p, a miRNA not previously known to 

regulate GBM neurospheres, is induced by Sox2 under conditions that promote GBM cell 

stemness. Exogenous expression of miR-486–5p or Sox2 repressed tumor suppressor genes 

PTEN and FoxO1 and transgenic miR-486–5p enhanced resistance of GBM neurosphere 

cells to ionizing radiation (IR) treatment. Additionally, we show that PTEN is the dominant 

target through which miR-486–5p regulates neurosphere cell survival and that inhibiting 

miR-486–5p impedes the growth and enhances the radiosensitivity of established GBM 

xenografts. These findings demonstrate that Sox2 controls GBM cell survival by activating 

miR-486–5p that inhibits tumor suppressor networks and identifies miR-486–5p inhibition 

as a potential strategy for treating GBM.

MATERIALS AND METHODS

GBM Neurosphere Culture

GBM-derived neurosphere lines (GBM1A and GBM1B) were originally derived and 

characterized by Vescovi and colleagues (16). The GBM-KK neurosphere line was derived 

from a single GBM patient and kindly provided by Dr. Jaroslaw Maciaczyk (University of 

Freiburg). Low-passage primary neurospheres were derived directly from human GBM 

clinical specimens and from patient-derived xenografts obtained from pathological GBM 

specimens obtained during clinically indicated surgeries at Johns Hopkins Hospital using 

established methods5. The human GBM xenograft line, Mayo39, was originally obtained 

from the Mayo Clinic (Rochester, MN) (17). All neurospheres were cultured in serum-free 

medium containing DMEM/F-12 (Invitrogen, Carlsbad, CA, USA), supplemented with 1% 

BSA, 20 ng/ml epidermal growth factor (EGF) and 10 ng/ml fibroblast growth factor (FGF).

The human embryonic kidney 293FT (HEK293FT) cell line was obtained from the ATCC 

and was maintained in Dulbecco’s modified Eagle/F12 medium (1:1, vol/vol) supplemented 

with 10% FBS (Fetal Bovine Serum, Thermo Fisher Scientific Inc, Waltham, MA). The 

293FT cells were grown at 37°C in a humidified incubator with 5% CO2. All cell lines used 

in the study were tested for mycoplasma and were STR profiled. All experiments using 

transgenic cells were performed within 10 passages of generating the cells lines.

Intra-cranial nano-miR delivery and Tumor formation in vivo

A transcranial cannula was placed so that the tip is in the right caudate/putamen of female 

athymic nude NCR Nu/Nu mice (8-week old). One week after cannula placement, animals 
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received 1.0x104 GBM1A or Mayo39 tumor propagating cells via the cannula and assigned 

into different treatment groups in a non-blinded, randomized manner. Using the same 

cannula, the control cohort received nano-miRs loaded with control miRNA labeled with 

Dy547 and the experimental group received nano-miRs loaded with the miR-486–5p 

inhibitor.

Stainless steel guide and dummy cannulas were custom ordered from PlasticsOne (Roanoke, 

VA). The guide cannula (26 gauge) was designed to have a Decon® mesh under the pedestal 

and cut 3 mm from the mesh. The guide cannula is capped with a screw-on dummy cannula 

6.5 mm long so that a 0.5 mm projection extends past the guide to prevent blockage. Prior to 

surgical placement of cannulas, mice were anesthetized using a Ketamine (100mg/Kg)/

Xylazine (10mg/kg) cocktail and mounted on a stereotactic frame. A rostro-caudal incision 

was made with a scalpel, the skin is spread apart, the surface of the skull was exposed, and 

cannulas were placed at coordinates: AP (antero-posterior) 0.0 (0 mm from bregma), L 

(lateral) 1.8 (1.8 mm right from mid-sagital line).

Lyophilized and resuspended nano-miRs were slowly infused (5μL) into the brains 

(0.5μL/min with a 2 min wait at the end) twice a week as described for each experiment. At 

the end of the experiment animals were anesthetized and then sacrificed by perfusion using 

4% paraformaldehyde (PFA) according to methods approved by the Animal Use and Care 

Committee at Johns Hopkins University. All the sectioning and histological analysis was 

performed in-house. Whole brains were collected and soaked in 4% PFA for 2 days then 

washed 1X with PBS and soaked in 30% sucrose over-night at 4°C then flash frozen using 

dry ice. Brains were embedded in Tissue-Tek® O.C.T. Compound (VWR, Radnor, PA) and 

20 μm sections were cut using the CryoStat system from Microm (Walldorf, Germany). All 

tumor sections were analyzed by a neuropahologist in a blinded fashion.

For ionizing radiation experiments, a subset of animals received radiation either alone or in 

combination with the nano-miR therapy. Radiation was administered starting 8 weeks after 

tumor cell implantation. Tumor-bearing mice were gently restrained in a 50ml ventilated 

plastic centrifuge tube encapsulated in lead cylinders to protect normal body parts from 

radiation. This ensures only the tumor-bearing brain will be irradiated. Animals received 300 

cGy (or sham irradiation) once a week for 2 weeks using a collimator 137Cs source. These 

radiation doses were without adverse side effects.

Tumor growth inhibition was determined by computer-assisted morphometric quantification 

of tumor area in H&E-stained histologic sections using ImageJ software and volumes 

calculated using volume = (square root of maximum cross-sectional area)3. Data for all in 
vivo experiments are shown as the mean tumor area distribution of all animals used in the 

study. All animal procedures were approved by the Johns Hopkins Institutional Animal Care 

and Use Committee (Protocol# MO14M307), and were in accordance with the NIH Guide 

for the Care and Use of Laboratory Animals.

Tumor sections were analyzed by a neuropathologist (H.A.) for histologic features of GBM 

including necrosis. To measure necrosis, the total areas of viable tumor and necrosis within 

each tumor were identified by an expert neuropathologist and quantified using ImageJ 
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software from images taken at 10X magnification and represented as (area of necrotic tissue/

area of total tumor tissue)*100.

Statistical Analysis

All experiments were performed in triplicates and repeated at least twice in each cell model 

(N≥6). PRISM GraphPad 7 was used to perform all the statistical analyses presented. Two 

group comparisons were analyzed for variation and significance using a two-tailed, type 1 t-
test and p values lower than 0.05 were considered significant and symbolized by an asterisk 

in the graphs. One-way or Two-way ANOVA and Tukey post hoc test was used to analyze 

the relationships when comparing multiple variables, with p values lower than 0.05 

considered to be statistically significant. All data shown are representative of means ± S.D. 

of triplicate results unless otherwise specified.

Additional information about polymer synthesis, primers used for qRT-PCR (Supplemental 

table S1, S2 and S3), cloning (Supplemental table S4), lentiviral constructs (Supplemental 

Table S5), antibodies (Supplemental table S6), miRNA array resuls (Supplemental table S7) 

can be found in the supplemental materials.

RESULTS:

miR-486–5p associates with the GBM stem-cell phenotype and is induced by Sox2.

Our previously published miRNA-array screen uncovered ten candidate miRNAs up-

regulated (≥2-fold) in human GBM-derived neurospheres following Oct4 and Sox2 co-

expression (13). We confirmed by qRT-PCR that Oct4/Sox2 activates the expression of a 

subset of those precursor (pre-) miRNAs (i.e. miR-23a, miR-10b, miR-138, miR-222, and 

miR-486–5p) (Fig. 1A). We next examined multiple endpoints to determine if these miRNAs 

associate with GBM cell stemness. Forced differentiation of GBM neurospheres, a condition 

that also inhibits Oct4 and Sox2 expression (13), decreased levels of pre-miR-23a, pre-

miR-138, and pre-miR-486–5p in multiple neurosphere lines (Fig. 1B). CD133+ and 

SSEA-1+ cell sub-populations enriched for stem-like cells expressed 2–3 fold higher levels 

of both pre-miR-23a and pre-miR-486–5p compared to the CD133− or SSEA− cells. We 

found no significant differential expression of pre-miR-138 in SSEA+ or CD133+ cells (Fig 

1C).

These associations led us to hypothesize that miR-23a and miR-486–5p act to support the 

GBM stem-like phenotype, a function consistent with their induction by Oct4/Sox2 

expression, up-regulation in SSEA+ and CD133+ cells and repression in response to forced 

differentiation (13). To test this hypothesis, we forced the expression these miRNAs 

individually using lenti-viral expression vectors and measured effects on sphere-forming 

capacity as a surrogate for stem cell self-renewal (Fig. S1). qRT-PCR analysis following 

lentivirus transduction demonstrated 10–18 fold increase in mature miR-23a, miR-138, and 

miR-486–5p expression. Only miR-486–5p had the capacity to enhance sphere-formation 

capacity (Fig. S1). To directly evaluate the effects of miR-486–5p on the GBM stem cell 

phenotype, three patient-derived neurosphere lines were transduced using lentivirus 

expressing miR-486–5p precursor miRNA and sphere forming capacity was determined by 
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limiting dilution assay, a quantitative marker of cell stemness and self-renewal. Cells 

transduced with a scrambled miRNA were used as a negative control. Forced expression of 

miR-486–5p enhanced self-renewal capacity of all three patient-derived neurosphere lines 

tested (Fig. 1D and 1E). These results show that Oct4/Sox2 co-expression activates a subset 

of miRNAs that correlate with the stem-like phenotype of GBM cells and predicts that 

miR-486–5p functions to regulate GBM cell growth patterns.

Comparative PCR array data examining changes in miRNA levels in response to expression 

of either exogenous Oct4 or Sox2 in neurosphere cells suggests that miR-486–5p is 

preferentially induced by Sox2 alone (Fig. 2A and table S7). To confirm this prediction, we 

expressed transgenic Oct4, Sox2, or their combination in A172 GBM cells, which have very 

low expression of endogenous Oct4 and Sox2, and measured expression of mature 

miR-486–5p using qRT-PCR. Exogenous Sox2, Oct4, or their combination induced mature 

miR-486–5p expression by 12-, 4-, and 15-fold respectively (Fig. 2B). In silico analysis 

shows enrichment for Sox2 binding sites in the putative promoter region 5’ from the 

miR-486–5p transcription start site (Fig. 2C, top panel), suggesting Sox2 directly trans-

activates miR-486–5p gene expression in.

Quantitative chromatin immune-precipitation (ChIP) supports this prediction by showing 

~20-fold enrichment of Sox2 binding compared with a ~6-fold enrichment of Oct4 binding 

at the predicted promoter sites (Fig. 2C, bottom panel). Promoter-reporter assays were used 

to determine if Sox2 transactivates this region of the miR-486–5p promoter. The region of 

the human miR-486–5p promoter containing the Sox2 binding site identified in our ChIP 

experiments (Fig. 2C) was cloned into a luciferase reporter cassette and co-transfected into 

HEK293T in the presence of Sox2 or GFP. Compared with control cells transfected with 

GFP, Sox2 induced miR-486–5p/luciferase activity ~11 fold (Fig 2D). A similar increase 

was observed when this same luciferase reporter plasmid was transfected into GBM1A and 

GBM1B neurospheres stably expressing transgenic Sox2 (Fig. 2E). Using a similar 

approach, we measured a 40%−50% decrease in luciferase activity from the miR-486–5p 

luciferase reporter when we forced neurosphere cells to differentiate (Fig. 2F), a condition 

that decreases endogenous expression of Sox2. To test if Sox2 is required to maintain 

expression of endogenous miR-486–5p, we generated transgenic neurospheres lines 

expressing shRNA hairpins specific for Sox2 under the control of a doxycyline-induced 

promoter (Tet-shSox2). shRNA-mediated knock-down of Sox2 decreased expression of pre-

miR-486–5p by 50–60% (Fig. 2G). Taken together these results show that Sox2 plays a 

significant role in driving miR-486–5p expression.

The Sox2:miR-486–5p axis inhibits tumor suppressor gene expression.

miRNAs function as negative regulators of gene expression and their function is determined 

by the genes and networks they modulate (18). Combining miR-486–5p targets predicted by 

3 different bioinformatics algorithms generated a list of high-confidence gene candidates 

potentially regulated by the Sox2:miR-486–5p axis in GBM neurospheres (Fig. 3A). We 

screened neurosphere cells expressing miR-486–5p induced by exogenous Sox2 (Fig. 3B) to 

identify which of the 13 candidate target genes were likely to function downstream of 

miR-486–5p. PTEN and FoxO1 were the only candidate targets consistently down-regulated 
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by exogenous Sox2 in multiple GBM cell models (Fig. 3C). Down-regulation of PTEN and 

FoxO1 by forced Sox2 expression was confirmed using western blot analysis (Fig. 3D and 

S2A). PTEN inhibits the activation (i.e. phosphorylation) of Akt, a tumor promoter that 

regulates FoxO1(19). Forced expression of either Sox2 or miR-486–5p increased Akt 

phosphorylation (pAKT), consistent with the down-regulation of PTEN (Fig 3E and S2B). 

The seed region for miR-486–5p is highly conserved among several species in the PTEN 

and FoxO1 3’UTR (Fig. S2C) consistent with their direct targeting by miR-486–5p and 

functional significance. As predicted, we observed a significant decrease in PTEN and 

FoxO1 protein and mRNA in response to exogenous miR-486–5p (Fig. 3F and Fig. S2D). 

Neurospheres were transduced with lentivirus expressing miRNA sponges against miR-486–

5p to test if endogenous miR-486–5p regulates PTEN and/or FoxO1 expression. Control 

lenti-virus expressing a scrambled sequence was used a negative control. miR-486–5p 

inhibition increased levels of PTEN and FoxO1 in neurosphere lines and primary cells 

derived from a patient-derived GBM xenograft (Fig. 3G and Fig. S2E). We also observed 

that inhibiting miR-486–5p partially rescued the repression of PTEN and FOXO1 by 

exogenous Sox2 (Fig. 3H). Re-expression of PTEN and FOXO1 via miR-486–5p inhibition 

induced cell death even in the presence of exogenous Sox2, consistent with miR-486–5p 

functioning as a downstream effector of Sox2. Taken together, these results demonstrate that 

Sox2 inhibits PTEN and FoxO1 tumor suppressor pathways by directly inducing miR-486–

5p as an intermediate.

Gene expression profiles from surgical specimens were used to explore the broader potential 

clinical relevance of the Sox2:miR-486–5p axis. Analysis of TCGA datasets (HG-U133A) 

reveals high miR-486–5p expression levels in GBM compared to normal brain (Fig. 4A). 

This same relationship persists in each GBM subtype relative to normal brain (Fig. 4B). 

Additionally, miR-486–5p expression was found to be up-regulated in a panel of 18 

independently isolated primary human GBM-derived neurosphere isolates compared with 

cells derived from normal human brain (Fig. 4C). Further analysis of these primary 

neurosphere isolates revealed a significant positive correlation between Sox2 and miR-486–

5p expression (Fig. 4D). Thus, miR-486–5p expression was increased in GBM 

neurospheres, CD133+ and SSEA+ subsets, and directly correlated with Sox2 expression. 

We also observe a significant negative correlation between Sox2 and PTEN or FoxO1 

expression in these clinical datasets (Fig. S3). These observations are further supported by 

the negative correlation measured between Sox2 and FoxO1 expression in low-passage 

primary human neurospheres derived directly from human GBM surgical specimens (Fig. 

S3) consistent with our findings that Sox2 down-regulates PTEN and FoxO1 in vitro. 

Together, these results are consistent with PTEN and FoxO1 being downstream of a 

Sox2:miR-486–5p axis in GBM.

miR-486–5p regulates GBM cell survival.

Our results showing that miR-486–5p inhibits tumor suppressor pathways (Fig. 2) coupled 

with the clinical associations lead us to hypothesize that miR-486–5p induces glioma 

resistance to DNA damaging agents. To test this hypothesis we examined the effect of 

exogenous miR-486–5p on the GBM neurosphere response to ionizing radiation (IR). Cells 

expressing exogenous miR-486–5p were more resistant to death induced by either 5Gy or 
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10Gy IR as determined by trypan blue exclusion assay (Fig. 4E). The cytoprotective activity 

of miR-486–5p was further supported by western blot analysis showing lower levels of 

cleaved PARP, a well described marker of apoptosis (Fig. 4F). Clonogenic assay for long-

term cell survival also showed that exogenous miR-486–5p protects GBM neurospheres 

from 2Gy and 5Gy radiation toxicity but not 10 Gy (Fig. 4G).

To test the hypothesis that endogenous miR-486–5p functions as a pro-survival factor, 

GBM-derived neurospheres were transduced with lenti-virus expressing either a scrambled 

RNA sequence or an anti-sense RNA oligo designed to inhibit miR-486–5p (miR-486–5p 

sponge). The miR-486–5p sponge efficiently decreased the levels of endogenous pre-

miR-486–5p in multiple independent GBM-derived cell models by >80%, as measured by 

qRT-PCR (Fig. S4). Inhibition of endogenous miR-486–5p triggered apoptosis in these cells 

as evidenced by an increase in dead cells measured by trypan blue exclusion and PARP 

cleavage (Fig. 5A and 5B).

To further dissect the mechanism of cell death induced by miR-486–5p inhibition we 

measured expression of multiple members of the Bcl-2 family of proteins that are critical 

regulators of cell survival (20). Western blot analysis revealed a consistent increase in the 

BH3-only protein Bim following miR-486–5p inhibition in multiple GBM neurosphere lines 

(Fig. 5C). Bim is a potent initiator of apoptosis shown to be sufficient to induce cell death in 

multiple settings (21). To test if Bim up-regulation is responsible for the cell death effects 

observed after miR-486–5p inhibition, we knocked-down endogenous Bim using 2 

independent shRNA hairpins (Fig. 5D, left panel) and then inhibited miR-486–5p as 

described above. An empty vector (shEV) was used as negative control for shBim. Bim 

repression rescued cells from the death induced by miR-486–5p inhibition by ~75% as 

measured by trypan blue exclusion assay (Fig. 5D, right panel) and western blot analysis of 

PARP cleavage (Fig. 5E).

Both PTEN and FoxO1 have been shown to regulate pro-apoptotic BH3-only protein Bim 

(22). To determine if either PTEN or FoxO1 plays a dominant role in the capacity of 

miR-486–5p to regulate Bim and down-stream apoptotic death we examined how PTEN or 

FoxO1 knock-down effects the response to miR-486–5p inhibition. As before, an empty 

vector (shEV) was used as negative control. PTEN knock-down was sufficient to impair Bim 

induction and cell killing in response to miR-486–5p inhibition. In contrast, FoxO1 knock-

down had no effect (Fig. 5F and 5G). These observations were confirmed using a second 

shRNA targeting PTEN (Fig. S5). Together, these results identify miR-486–5p as a critical 

determinant of cell survival and identify PTEN as the principal functional downstream 

effector by which miR-486–5p inhibition induces Bim and apoptosis.

Suppression of miR-486–5p in vivo inhibits growth of orthotopic GBM xenograft and 
sensitizes xenografts to IR treatment.

Our in vitro findings predict that in vivo inhibition of miR-486–5p will hinder tumor growth 

and potentially cooperate with cytotoxic therapeutics. As a first step to evaluate this using a 

clinically translatable miRNA delivery platform, bioreducible nanoparticles (15) containing 

a scrambled miRNA sequence or the miR-486–5p sponge were used to transfect GBM 

neurospheres and primary cells from patient-derived GBM xenografts and pre-miR-486–5p 
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expression was measured using qRT-PCR 3 days after transfection. Nanoparticle-based 

delivery of miR-486–5p sponge decreased levels of endogenous miR-486–5p by ~80% (Fig. 

6A) and simultaneously significantly increased PTEN mRNA levels concurrent with a 

strong induction of cell death (Fig. 6B and 6C) recapitulating the results using the lenti-viral 

system. These results show that miR-486–5p sponge retains biological activity and PTEN 

regulation when delivered to cells using PBAE nanoparticle complexes.

Mice bearing pre-established orthotopic patient-derived GBM xenografts (4 weeks post 

tumor cell implantation) were treated with nanoparticles containing either scrambled 

miRNA or miR-486–5p inhibitor by direct intra-tumoral infusion via a trans-cranial cannula 

twice per week for 3 weeks (Fig. 6D, top panel)(15). Histopathological examination of 

brains from animals sacrificed 3 days after the last nano-miR treatment (52 days post-cell 

implantation) showed significantly smaller tumors in response to miR-486–5p antagomir 

delivery (Fig. 6D). Next, we asked if in vivo miR-486–5p inhibition alters the therapeutic 

efficacy of ionizing radiation (I.R.), a standard-of-care treatment modality for GBM. For this 

purpose, GBM derived neurospheres (GBM1A), which generate tumors that closely 

recapitulate the invasive growth pattern of clinical GBM (16), were implanted and beginning 

on post-implantation week 6 treated with nano-miRs as described above. A a small number 

of animals were sacrificed prior to initiating therapies to confirm the presence of tumor (Fig. 

S6). Two weeks after beginning nanoparticle infusions a subset of animals began IR therapy 

in combination with either control or anti-miR-486–5p nano-miRs (see Fig. 6E, left panel 

for treatment schedule). Tumor burden and necrosis were quantified in brains collected 28 

days after treatment initiation. Radiation alone had no statistically significant effects on 

tumor size or tumor-associated necrosis (Fig. 6E–G). Tumor size was significantly decreased 

in response to the active miRNA sponge and the most profound effects occurred animals 

treated with miR-486–5p sponge + IR (Fig. 6E and 6F). The decrease in tumor size was 

accompanied by an increase in tumor tissue necrosis as measured by histopathology (Fig. 

6G). These results show that combining in vivo inhibition of miR-486–5p with IR generated 

a cooperative anti-tumor response.

DISCUSSION:

MicroRNAs (miRNAs) are short non-coding RNAs that control a wide range of biological 

processes including cell survival, oncogenesis and cell stemness(23). We now understand 

that miRNAs can function as potent drivers of tumorigenesis and substantial efforts have 

been devoted to understanding how they are regulated and their downstream effectors to 

develop efficient ways to replenish tumor suppressor miRNAs and/or inhibit oncomiRs (24). 

Our results show that Oct4/Sox2 co-expression activates a network of miRNAs that correlate 

with the stem-like phenotype of GBM cells and predicts that they have oncogenic functions 

in GBM. In fact, miR-23b is thought to exert oncogenic functions in some cellular contexts 

by controlling cancer cell metabolism and autophagy (25). MiR-10b-5p has been shown to 

function as an onco-miR in multiple settings and ex vivo inhibition can repress tumor-

initiation capacity (26). miR-138 is dysregulated in multiple cancers and has been found to 

control many target genes related to proliferation, apoptosis, invasion, and migration (27). 

Recently, miR-222 has been implicated in controlling pathways that enhance survival of 
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cancer cells to cytotoxic agents (28). However, how these miRNAs regulate the gene 

networks and phenotypes downstream of Oct4 and Sox2 remains to be elucidated.

miR-486–5p can activate or repress oncogenic pathways in a cell-type specific manner 

acting as a tumor suppressor in esophageal, colorectal, lung, and liver cancers(29–32) while 

behaving as an oncomiR in pancreatic, brain, prostate and hematopoietic tumors (33–37). 

We show that miR-486–5p expression associates with gain of stem cell phenotype in GBM 

neurospheres (Fig. 1) and is enriched in primary neurosphere isolates compared to glial 

progenitors (Fig. 4C), conditions where SOX2 is up-regulated (13). Using bioinformatics 

analysis followed by ChIP-PCR we validated SOX2 binding sites in the miR-486–5p 

putative promoter and we establish that Sox2 can directly trans-activate miR-486–5p 

expression in GBM neurospheres using a combination of loss/gain-of-function approach and 

luciferase reporters (Fig. 2). We also demonstrate that transgenic miR-486–5p enhances 

GBM neurosphere resistance to IR treatment (Fig. 4) and self-renewal capacity of multiple 

GBM neurosphere isolates (Fig. 1). Our novel findings in GBM parallel studies showing that 

miR-486–5p expression is increased in leukemia compared to normal erythroid progenitor 

cells and transgenic expression enhances self-renewal, growth, survival and drug sensitivity 

of CML progenitors (33,35). Interestingly, and similar to results in the leukemia models 

(33), we did not observe a significant change in expression of well-characterized 

reprogramming transcription factors, stem cell markers, or lineage-specific markers in 

response to forced miR-486–5p expression. Our results demonstrate that miR-486–5p is a 

SOX2-regulated oncomiR in GBM neurospheres and suggest that the increase in self-

renewal capacity observed in response to transgenic miR-486–5p is not directly related to 

de-differentiating events but instead related to dysregulation of cell growth and survival 

mechanisms.

One oncogenic pathway that controls cell growth mechanisms and appears to be commonly 

affected by SOX2 alterations is the AKT pathway(38,39). AKT activity is controlled by 

Phosphatase and Tensin homologue (PTEN) and cells that carry inactivating mutations in 

PTEN gene exhibit constitutively active PI3K:AKT signaling leading to inactivation of 

FoxO function though a mechanism involving phosphorylation-dependent nuclear 

exclusion(40). The PTEN:AKT:FoxO axis controls several cellular functions including cell 

growth, survival and stemness(22,41,42). Interestingly, it has been speculated that miRNA 

dysregulation plays a significant role in PTEN transcriptional inhibition in gliomas (23). A 

recent report shows that miR-486–5p drives prostate cancer tumorigenesis by repressing 

PTEN and FoxO1 (36). Using GBM neurospheres expressing transgenic SOX2, conditions 

that activate miR-486–5p expression, we also identified PTEN and FoxO1 as miR-486–5p 

targets (Fig. 3). Furthermore, we show that forced SOX2 or miR-486–5p expression inhibits 

PTEN and FoxO1 mRNA and protein in addition to increasing AKT phosphorylation (Fig. 3 

and S2). Interestingly, we show that PTEN but not FoxO1 knock-down is sufficient to 

abolish the effects of miR-486–5p inhibition (Fig. 5F and 5G), showing that PTEN is the 

predominant target responsible for miR-486–5p effects. These results demonstrate the novel 

findings that SOX2 activates oncogenic signals in GBM, at least in part, by repressing tumor 

suppressor genes and provides a new mechanism for AKT dysregulation in GBM 

neurospheres. Interestingly, while TCGA data sets show elevated levels of miR-486–5p 

GBM compared to non-tumor tissue (Fig. 4) high miR-486–5p levels did not correlate with 
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patient survival when considering all GBM cases (Fig. S7). However, high levels of 

miR-486–5p, low levels of the miR-486–5p target PTEN and Bim were each found to 

correlate with worse outcome in patients with proneural GBM (Fig. S7), a subtype 

characterized by increased Sox2 levels. Interestingly, despite observing an increase in Sox2 

gene expression in proneural GBM in the data sets analyzed we did not observe a significant 

difference in patient survival between high and low expressers. This may be due to the 

relative low number of patients analyzed resulting in lack of power to achieve statistically 

significant differences (Fig. S7).

One of the hallmarks of tumor suppressor gene inactivation is inhibition of cell death 

mechanisms and identifying ways to restore these mechanisms is a promising strategy to 

treat tumors (22,43). High levels of SOX2 have been shown to inhibit apoptosis and reduce 

the effects of cancer therapeutics(5), however the exact molecular mechanism involved in 

controlling this phenotype have been obscure. We show that forced expression of SOX2 

represses tumor suppressor genes PTEN and FoxO1, two well-established regulators of 

apoptosis (19,22), and identified miR-486–5p as a bonafide SOX2-regulated oncomiRs. 

Additionally, we demonstrate that miR-486–5p inhibition strongly induces apoptosis 

through activation of pro-apoptotic BH3-only protein Bim (Fig. 5) concurrent with up-

regulation of PTEN (Fig. 3G and 3H). Bim is a down-stream effector of PTEN that has been 

implicated in regulation of cell death mechanisms in CSCs and resistance to GBM 

therapeutics (44). Also, forced expression of miR-486–5p made GBM neurosphere more 

resistant to IR (Fig. 4). Consistent with our observations that miR-486–5p acts as a critical 

determinant of GBM cell survival are reports showing that exosomes enriched with 

miR-486–5p inhibit apoptosis and reduce ischemic kidney injury by reducing PTEN 

expression and activating AKT signaling(45). Interestingly, a recent report shows that 

miR-486–5p is highly enriched in exosomes isolated from GBM patients and can be used as 

part of a 7 miRNA signature to diagnose GBM preoperatively (46). Also, miR-486–5p plays 

a key role in maintaining skeletal muscle size by inhibiting PTEN and FoxO1 and activating 

AKT signaling to promote survival of muscle cells and prevent muscle wasting (47), 

highlighting how SOX2 dysregulation alters essential physiological pathways leading to 

enhanced survival. Taken together, these results establish a mechanism in which Sox2 

activates miR-486–5p resulting in PTEN and Bim dysregulation that contributes to the 

resistance to ionizing radiation (Fig. 7).

Substantial efforts have been devoted to understanding the downstream effectors of 

reprogramming transcription factors (e.g. SOX2) in an attempt to better understand 

tumorigenic mechanisms and identify new therapeutic avenues to treat cancer (5). We 

recently developed self-assembling miRNA-containing polymeric nanoparticles (nano-miRs) 

that effectively deliver miRNA mimics to human GBM cells in vitro and efficiently 

distribute through established orthotopic human GBM xenografts (15). Reprogramming 

transcription factors modulate miRNA networks and we have recently shown that 

reconstituting miRNA combinations (i.e. miR-148a + miR-296–5p) can have cooperative/

synergistic effects leading to the long-term survival and actual cures in pre-established 

orthotopic GBM xenograft models (15). We expand upon these findings by delivering 

miR-486–5p antagomirs to pre-established GBM xenografts and show that in vivo miR-486–

5p inhibition significantly reduced tumor growth in two different orthotopic GBM models 
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and enhanced the effects of IR therapy (Fig. 6). Although our findings successfully translate 

the molecular pathway that we rigorously define in vitro to the more complex in vivo setting, 

they do not completely rule out a role for indirect effects due to the inherent promiscuous 

nature of miRNAs. Additionally, important future directions of this research is to determine 

the optimal combinations of miRNAs to “normalize”, through either reconstitution or 

inhibition, to have a meaningful impact on survival in pre-clinical models as either 

monotherapy or in combination with current standard-of-care radiation/chemotherapy aimed 

at producing durable responses by reducing the emergence of more aggressive tumors that 

commonly result from single agent targeted therapeutics.

In conclusion, SOX2 is an important regulator of tumorigenesis and the cancer stem cell 

phenotype that controls a vast network of coding and non-coding genes (5,48). Despite our 

growing understanding of the SOX2 targetome, the targets that specifically regulate the 

tumor-propagating stem-like phenotype, and the subset of regulated targets amenable to 

therapeutic intervention remain subject of intense investigation (5). Our current results 

support a novel mechanism where SOX2 coordinates oncogenic signals in GBM 

neurospheres by directly trans-activating miR-486–5p which targets tumor suppressor genes 

PTEN and FoxO1 leading to subsequent inhibition of Bim expression resulting in enhanced 

cell growth and survival of GBM neurospheres (Fig. 7). Our results demonstrate that 

miR-486–5p inhibition can be developed as a way to enhance the effects of current GBM 

standard of care.
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SIGNIFICANCE:

This study identifies a novel axis that links core transcriptional drivers of cancer cell 

stemness to miR-486–5p-dependent modulation of tumor suppressor genes that feeds 

back to regulate glioma stem cell survival.
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Figure 1: miR-486–5p associates with the GBM stem cell phenotype.
(A) qRT-PCR to measure effects of Oct4/Sox2 co-expression on a subset of miRNAs 

detected by PCR array (ref. 13) to be up-regulated in GBM neurospheres. (B) qRT-PCR 

analysis shows decreased expression of pre-miR-23a, pre-miR-486–5p, and pre-miR-138 5 

days after forced differentiation of GBM neurospheres. (C) GBM neurosphere cells 

expressing stem cell markers CD133 or SSEA were separated into marker positive and 

marker negative populations by flow cytometry. qRT-PCR was used to measure expression 

of selected pre-miRNAs in the different cell subsets. (D) qRT-PCR analysis to measure 

expression of mature miR-486–5p in 3 different GBM neurosphere isolates. (E) Limiting 

dilution assay (LDA) in neurosphere isolates transduced with a control lentivirus or a 

lentivirus expressing miR-486–5p. Statistical significance was calculated using Student’s t-

test A, B, C, D and data are presented as means ± S.D. *p *p< 0.05
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Figure 2: miR-486–5p is regulated by SOX2.
(A) Differential miRNA expression was determined in GBM1A neurospheres expressing 

Oct4 or Sox2 relative to control GBM1A spheres using a Human Brain Cancer miRNA PCR 

array. Arrow points at grey dot indicating miR-486–5p expression. (B) Western blot showing 

relative expression of Sox2 and Oct4 (top panel). qRT-PCR to measure expression of mature 

miR-486–5p 3 days after exogenous expression of Oct4, Sox2, or the combination. (C) Oct4 

and Sox2 binding sites on human miR-486–5p promoter, arrows indicate primer sites used 

for PCR analyses (top panel). DNA purified from chromatin immuno-precipitation was 

analyzed by qRT-PCR using primer pairs designed to amplify fragments containing Oct4, 

Sox2, or a control region lacking binding sites for either transcription factor (bottom panels). 

(D) 293T cells were co-transfected with a luciferase reporter construct spanning the 

miR-486–5p putative promoter containing the SOX2 binding sites and GFP or SOX2. (E) 
GBM neurosphere isolates expressing exogenous SOX2 were transfected with the luciferase 

reporter construct spanning the miR-486–5p putative promoter containing the SOX2 binding 

sites and luciferase activity was measured 3 days after transfection. (F) GBM1A and 

GBM1B neurospheres were transfected with luciferase reporter construct covering the 

miR-486–5p putative promoter containing the SOX2 binding and forced to differentiate. 

Luciferase activity was measured 3 days after differentiation. (G) Western blot to measure 

expression of Sox2 (top panel) and qRT-PCR to measure expression of pre-miR-486–5p 

(bottom panel) 3 days after doxycycline treatment. Student’s t-test was used to calculate 
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statistical significance in panels D,E,F, and G; One-way ANOVA with Tuckey’s post hoc 
test was used calculate statistical significance in panels B and C. Data are presented as 

means ± S.D *p< 0.05
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Figure 3: Sox2:miR-486–5p axis down-regulates tumor suppressor genes in GBM neurospheres.
(A) Venn diagram showing intersection of miR-486–5p target genes using 3 different 

prediction algorithms (right panel). List of high-confidence miR-486–5p target genes (left 

panel). (B) qRT-PCR to measure expression of mature miR-486–5p in GBM neurosphere 

cells expressing transgenic Sox2. (C) qRT-PCR to measure gene levels of high-confidence 

miR-486–5p target genes in GBM neurospheres expressing transgenic Sox2. Genes 

highlighted in bold (FOXO1, PTEN) were commonly regulated in 3 distinct GBM 

neurosphere isolates. (D) Western blot analysis to measure PTEN and FoxO1 protein levels 

in GBM neurospheres expressing transgenic Sox2. (E) Western blot analysis to measure 

AKT and pAKT protein levels in GBM neurospheres expressing transgenic Sox2. (F) 

Western blot analysis to measure PTEN and FoxO1 protein levels in GBM neurospheres 4 

days after expressing transgenic miR-486–5p or miR-486–5p inhibition (miR-486–5p 

sponge). (G) qRT-PCR to measure PTEN and FoxO1 expression in GBM neurospheres 

expressing transgenic SOX2 after miR-486–5p inhibition. (H) Trypan blue exclusion to 

measure cell death 4 days after miR-486–5p inhibition in in GBM neurospheres expressing 

transgenic SOX2. Student’s t-test was used to calculate statistical significance in panels B 
and C; One-way ANOVA with Tuckey’s post hoc test was used calculate statistical 

significance in panels H. Data are presented as means ± S.D *p< 0.05
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Figure 4: miR-486–5p is up-regulated in GBM and enhances resistance to IR treatment.
miR-486–5p expression data was retrieved from the TCGA database using the 

BETASTASIS portal (http://www.betastasis.com). (A) miR-486–5p levels in normal brain 

compared to GBM and (B) normal brain compared to GBM subtypes. (C) qRT-PCR to 

measure miR-486–5p expression in GBM neurospheres lines and primary GBM neurosphere 

isolates compared to non-tumorigenic glial progenitors (normal) (D) Positive correlation 

between miR-486–5p and Sox2 expression in primary GBM neurosphere isolates. Pearson 

coefficient analysis was applied to establish correlations from gene expression data. (E) 
GBM stem-like cells stably expressing miR-486–5p or a control miRNA (Ctrl.) were treated 

with increasing doses of IR and cell death was quantified using trypan blue exclusion 3 days 

after treatment. (F) Western blot to measure cleaved PARP and cleaved Caspase 3 in GBM 

stem-like cells expressing transgenic miR-486–5p 3 and 6 days after IR (5Gy) treatment. (G) 
Clonogenic assay in GBM stem-like cells expressing transgenic miR-486–5p after IR 

treatment. Colonies were counted using Image J script 14 days after treatment. Student’s t-

test was used to calculate statistical significance in panels B, C, and D; Two-way ANOVA 

with Tuckey’s post hoc test was used calculate statistical significance in panels E and G. 

Data are presented as means ± S.D *p< 0.05
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Figure 5: miR-486–5p inhibition activates Bim and induces apoptosis in GBM neurospheres.
(A) Equal numbers of GBM1A neurosphere cells transduced with lentiviral constructs 

expressing a miR-486–5p sponge or a control vector were cultured in neurosphere medium 

containing EGF/FGF for 14 days and neurosphere numbers (>100µm diameter) were 

quantified by computer-assisted image analysis. (B) Western blot showing cleaved caspase 3 

cleavage 6 days after miR-486–5p inhibition. (C) Western blots showing expression of pro-

apoptotic proteins 3 days after miR-486–5p inhibition. (D) Mayo 39 primary GBM cells 

were transduced with two independent shRNA hairpins targeting BIM. Western blot 

showing BIM levels following shRNA knock-down (right panel). Cell viability 5 days after 

miR-485–5p inhibition in cells transduced with shEV or shBim (right panel). (E) Western 

blot showing PARP cleavage 5 days after miR-485–5p inhibition in cells transduced with 

shEV or shBim. (F) Cell viability 5 days after miR-485–5p inhibition in cells transduced 

with shEV, shPTEN, or shFoxO1. (G) Western blot showing expression of PTEN, FoxO1, 

Bim and cleaved caspase 3 in GBM1A neurospheres after PTEN or FoxO1 knock-down and 

miR-486–5p inhibition. Student’s t-test was used to calculate statistical significance in panel 

A; Two-way ANOVA with Tuckey’s post hoc test was used calculate statistical significance 

in panels D and F. Data are presented as means ± S.D *p< 0.05; **p< 0.01
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Figure 6: In vivo inhibition of miR-486–5p in pre-established GBM reduces tumor size and 
sensitizes tumors to IR treatment.
qRT-PCR analysis to quantify expression of miR-486–5p (A) or down-stream targets (B) in 

GBM1A and Mayo39 cells 3 days after transfection with nano-miRs delivering a non-

targeting control miRNA (Ctrl.) or a miR-486–5p sponge. (C) Cell death assay to measure 

viability of GBM1A and Mayo 39 cells 6 days after transfections with nano-miRs delivering 

a non-targeting control miRNA (Ctrl.) or a miR-486–5p sponge. (D) Schematic summarizing 

treatment schedule for in vivo delivery of nano-miRs (top panel). Representative H&E 

stained brain sections from mice implanted with Mayo 39 cells (N=7 for each group) treated 

with the indicated nano-miRs. Animals were sacrificed 52 days after cell implantation. (E) 
Schematic summarizing treatment schedule for in vivo delivery of nano-miRs. (F) 
Representative H&E stained brain sections from mice implanted with GBM1A neurosphere 

cells (N=7 for each group) treated with the indicated nano-miRs +/− IR. Animals were 

sacrificed 70 days after cell implantation. Maximum tumor cross-sectional areas following 

treatment with nano-miRs representing viable tumor tissue (F) and necrotic tumor tissue (G) 
were quantified from H&E stained sections using ImageJ software. Student’s t-test was used 

to calculate statistical significance in panels A-D; One-way ANOVA with Tuckey’s post hoc 
test was used calculate statistical significance in panels F and G. Data are presented as 

means ± S.D *p< 0.05
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Figure 7: 
Sox2 directly binds to the miR-486–5p promoter to activate expression in GBM 

neurospheres. miR-486–5p regulates expression of PTEN and FoxO1 by directly binding to 

their respective 3’UTRs and controlling mRNA levels. miR-486–5p activation indirectly 

contributes to AKT and Bim dysregulation resulting in enhanced cell growth and GBM 

neurosphere resistance to IR.
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