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Glioblastoma (GBM) is the most aggressive and common glioma subtype,

with a median survival of 15 months after diagnosis. Current treatments

have limited therapeutic efficacy; thus, more effective approaches are

needed. The glioblastoma tumoural mass is characterised by a small cellu-

lar subpopulation – glioblastoma stem cells (GSCs) – that has been held

responsible for glioblastoma initiation, cell invasion, proliferation, relapse

and resistance to chemo- and radiotherapy. Targeted therapies against

GSCs are crucial, as is understanding the molecular mechanisms that gov-

ern the GSCs. Transforming growth factor b (TGFb) signalling and reac-

tive oxygen species (ROS) production are known to govern and regulate

cancer stem cell biology. Among the differentially expressed genes regu-

lated by TGFb in a transcriptomic analysis of two different patient-derived

GSCs, we found NADPH oxidase 4 (NOX4) as one of the top upregulated

genes. Interestingly, when patient tissues were analysed, NOX4 expression

was found to be higher in GSCs versus differentiated cells. A functional

analysis of the role of NOX4 downstream of TGFb in several patient-

derived GSCs showed that TGFb does indeed induce NOX4 expression

and increases ROS production in a NOX4-dependent manner. NOX4

downstream of TGFb regulates GSC proliferation, and NOX4 expression

is necessary for TGFb-induced expression of stem cell markers and of the

transcription factor nuclear factor erythroid 2-related factor 2 (NRF2),

which in turn controls the cell’s antioxidant and metabolic responses. Inter-

estingly, overexpression of NOX4 recapitulates the effects induced by

TGFb in GSCs: enhanced proliferation, stemness and NRF2 expression. In
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doi:10.1002/1878-0261.13200 conclusion, this work functionally establishes NOX4 as a key mediator of

GSC biology.

1. Introduction

Glioblastoma (GBM) is the most prevalent and aggres-

sive primary brain tumour. Despite current therapeutic

strategies including gross surgical resection followed

by treatment with radiotherapy and temozolomide [1],

median survival of GBM patients is 15 months. GBM

tumours are characterised by high invasiveness, vascu-

lar endothelial proliferation and a strong hypoxic com-

ponent, which makes GBM refractory to radio- and

chemotherapy [2]. Diversity is apparent at the level of

malignant tissue organisation, genomic aberrations

and transcript expression, resulting in three different

GBM tumour groups – classical, pro-neural and mes-

enchymal [3–6]. Despite major advances in the study

and understanding of GBM, the prognosis and treat-

ment are still poor, which is thought to happen

because of the resistance and importance of the glio-

blastoma stem cells (GSCs) [7]. GSCs are characterised

by their self-renewal capacity, high oncogenic potential

and chemoresistance [8–10]. It is widely accepted that

GBM originates from the stem cell reservoirs responsi-

ble for adult neurogenesis in the brain [2,7,11,12]. Sev-

eral reports support that neural stem cells localised at

the subventricular zone (SVZ) are the origin of glio-

blastoma [13,14]. Neural stem cell fate is controlled by

environmental cues, among which cytokines play a

crucial role [15]. Interestingly, the Wnt, Notch, Sonic

hedgehog and transforming growth factor b (TGFb)
family signalling pathways control both GSCs and

neural stem cells; being all of them involved in brain

formation and neurogenesis [15,16].

In GBM, elevated TGFb signalling activity confers

poor prognosis of the patient [17,18]. TGFb promotes

cell proliferation in GBM, inducing the expression of

platelet-derived growth factor-B (PDGFB) [18,19], nodal

[20] and the activation of (nuclear factor of j light poly-

peptide gene enhancer in B-cells) NF-jB through miR-

182 [21]. Moreover, TGFb, via its signalling mediators

Smad2/3, induces the expression of the cytokine leukae-

mia inhibitory factor (LIF) and Sox4, which in turn

enhances the expression of the stem cell transcription

factor Sox2, increasing the self-renewal capacity of the

GSCs, and enhances the GSC tumour-initiating poten-

tial, as proven in vitro and in vivo [22,23].

Oxidative stress and malignancy progression have

been correlated in several studies [24]. Reactive oxygen

species (ROS) are composed mainly by hydrogen per-

oxide (H2O2) and oxygen superoxide (O2
�) and their

overproduction, which is generated by the reduction of

oxygen to hydrogen peroxide, determines oxidative

stress. One of the main ROS producers are the

NADPH oxidases (NOX), which consist of seven dif-

ferent enzymes. In particular, NOX4 is constitutively

active and its activity is regulated at the level of RNA

and protein expression [25]. NOX-derived ROS have

several functions: they modulate transcription factors,

inactivate phosphatases and help cells to migrate via

the regulation of the urokinase-type plasminogen acti-

vator expression and the regulation of matrix metallo-

proteases [26,27]. NOX4 function in GBM has been

related to cell growth, survival, invasion and therapeu-

tic resistance by hypoxia-induced radiation [28,29].

In this work, we describe that TGFb induces the

expression of NOX4, which leads to ROS production.

This is functionally important because NOX4 has a

role in modulating the self-renewal capabilities of the

GSCs and their proliferation.

2. Materials and methods

2.1. Cell culture

The human GBM cell line U2987MG was previously

described [30]; HepG2 and HEK293T cells were

obtained from ATCC. The three cell lines were cul-

tured in Dulbecco’s modified Eagle’s medium or Mini-

mum Essential Medium (MEM) supplemented with

10% FBS, 2 mM L-glutamine, 100 U�mL�1 penicillin

and 100 lg�mL�1 streptomycin. The patient-derived

glioblastoma cells U3005MG-PN, U3013MG-PN,

U3017MG-CL, U3024MG-MS, U3028MG-CL,

U3031MG-MS and U3034MG-MS were acquired

from the Human Glioblastoma cell Culture resource

(www.hgcc.se) at the Dept. of Immunology, Genetics

and Pathology, Uppsala University, Uppsala, Sweden

[31]. The cells were cultured at 37 °C (5% CO2 and

100% humidity) under serum-free conditions using the

N2B27 medium. In the nomenclature of the cell lines,

PN stands for proneural, CL stands for classical,

whereas MS stands for mesenchymal GBM subtypes.

The N2B27 medium was composed of DMEM/F12

(50% v/v), Neurobasal� (50% v/v), B27 without
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vitamin A (2% v/v), N2 (1% v/v) (Thermo Fisher Sci-

entific, Waltham, MA, USA), Glutamine (1% v/v),

Penicillin–Streptomycin (1% v/v) (Sigma-Aldrich

Co., St. Louis, MO, USA); the N2B27 medium was

supplemented with EGF (10 ng�mL�1) and bFGF

(10 ng�mL�1) (Peprotech, Rocky Hill, NJ, USA).

U2987 GBM cells were serum starved for 6 h before

TGFb treatment. In the case of the patient-derived

cells, their N2B27 media was changed prior to TGFb
stimulation.

2.2. Cell transfection

For siRNA-driven knockdowns, cells of 80% con-

fluency were transfected with 20 nM of ON-

TARGETplus SMARTpool human NOX4 siRNA,

with a pool of four different siRNAs that target sev-

eral NOX4 transcript variants (L-010194-00-0005),

with individual sequences targeting NOX4 transcripts

(J-010194-07-0002, which targets 7 out 15 variants; J-

010194-08-0002, which targets 13 out of 15 transcript

variants) and with control siRNA (D-001810-10-05)

(GE Healthcare Dharmacon, Lafayette, CO, USA).

The transfections were done using the cationic lipid

reagent silentFectTM (Bio-Rad, Hercules, CA, USA),

according to manufacturer’s instructions.

Different overexpressing stable clones were created

using the U3034MG-MS cell line with pcDNA empty

plasmid and pcDNA-V5-NOX4, which was kindly sup-

plied by Professor Ulla Knaus (University College of

Dublin, Ireland). Using TransIT-X2� Dynamic Delivery

System (Mirus, Madison, WI, USA), according to man-

ufacturer’s instructions, 80% confluent cells were trans-

fected and 48 h after transfection, 1 mg�mL�1 of

Geneticin (G418) (Thermo Fisher Scientific) was added

to select the positively transfected cells.

2.3. Intracellular reactive oxygen species

measurements

Intracellular ROS measurements were done after cells

were treated, then cells were incubated with 20,70-
dichlorodihydrofluorescein diacetate (H2DCF-DA)

(2.5 µM in HBSS) (Thermo Fisher Scientific) for 30 min

at 37 °C. Subsequently, the cells were lysed with

250 µL of a lysis buffer composed of HEPES (25 mM

and pH 7.5), MgCl2 (1.5 mM), NaCl (60 mM), EDTA

(0.2 mM) and Triton X-100 (1% v/v) (Sigma-Aldrich

Co.) while shaking at 4 °C during 20 min. Fluorescence

was measured (485ex/520em) in an EnSpire� Multi-

mode Reader (Perkin Elmer, Waltham, MA, USA).

Fluorescence values were normalised relative to the pro-

tein content and are presented as percentage of control.

2.4. RNA extraction, quantitative reverse

transcription polymerase chain reaction (RT-

qPCR) and HTA2 affymetrix platform array

Total cellular RNA was extracted from the cells by

using NucleoSpin� RNA Plus kit (Macherey-Nagel

GmbH & Co. KG, D€uren, Germany) according to

manufacturer’s instructions. Equal amounts of total

RNA were reverse-transcribed using iScriptTM cDNA

Synthesis Kit (Bio-Rad, Hercules, CA, USA) accord-

ing to manufacturer’s instructions. Quantitative PCR

was performed using the created cDNA in triplicates

by using the CFX ConnectTM Real-Time System and

CFX Manager (Bio-Rad, Hercules, CA, USA) and

KAPA SYBR� FAST qPCR Kit (Kapa Biosystems,

Wilmington, MA, US) according to manufacturer’s

instructions. GAPDH was used as a reference gene.

The following DNA primers (Table 1) were used.

Transcriptomic analysis was performed by an HTA2

Affymetrix Platform array (Thermo Fisher Scientific).

For each condition, triplicates were analysed by the

Swegene centre for Integrative Biology at Lund Univer-

sity (SCIBLU). Transcriptome Analysis Console (TAC)

4.0.2 was used to perform differential gene expression

analysis. Adjusted P-values (P-adj) for multiple testing,

using Benjamini–Hochberg to estimate the false discov-

ery rate (FDR), were calculated for final estimation of

differential expression (DE) significance, genes with

FDR < 0.1 and FC > 2 or < �2 were selected to per-

form Gene Ontology Biological Process analysis and

visualise the results via R package clusterProfiler [32].

The expression profiles have been deposited to Array

Express with accession number E-MTAB-9076.

2.5. Luciferase assay

HepG2 or 293T cells were transfected with luciferase-

encoding together with pCMV-b-galactosidase plas-

mids (100 ng), the latter as reference, using calcium

phosphate for 48 h. These plasmids were synthetic

NRF2-binding promoter ARE-luc, hHO1 promoter-

luciferase, pEF-NRF2 (these plasmids were a kind gift

from K. Itoh, Hiroshaki University, Japan), and the

plasmid pCDNA3-V5-NOX4 from U. Knaus (Univer-

sity College of Dublin, Ireland). Cells were stimulated

with TGFb (5 ng�mL�1) for 24 h. Two independent

biological experiments were performed in three techni-

cal replicates per condition.

2.6. Immunoblot

For protein extraction, cells were scraped with PBS and

centrifuged at 600 g during 5 min. The pellet was
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resuspended in lysis buffer on ice for 20 min. Afterwards, a

centrifugation at 4 °Cat 15 800 g during 15 minwas done,

and the supernatant was collected. The lysis buffer was

composed of 0.5% v/v Triton X-100, 0.5% m/v sodium

deoxycolate, 10 mM EDTA, 20 mM tris(hydroxymethyl)

aminomethane at pH 7.4 and 150 mM NaCl (Sigma-

Aldrich Co.) in ddH2O. Proteases inhibitors and phospha-

tase inhibitors were added, cOmpleteTM, EDTA-free Prote-

ase Inhibitor Cocktail (Roche, Basel, Switzerland) and

PhosSTOPTM (Roche). Protein concentration was mea-

sured by BCA. Proteins were analysed by sodium dodecyl

sulphate–polyacrylamide gel electrophoresis and detected

by immunoblotting. Acrylamide gels used in this study

were Stain- Free precast gels (Bio-Rad, Sundbyberg, Swe-

den), as well as homemade gels. The primary antibodies

against the following proteins were used: NOX4, kindly

supplied by Isabel Fabregat [33] (1 : 1000, rabbit); GLUT1

(1 : 500, rabbit, nb110-39113; Novus Biologicals, Abing-

don, UK); LIF (1 : 1000, rabbit, GTX101021; GeneTex,

Alton Pkwy Irvine, CA, USA); NESTIN (1 : 2000, rabbit.

ab105389; Abcam�, Cambridge, UK); NOTCH1

(1 : 1000, rabbit, sc-6014; Santa Cruz Biotechnology, Hei-

delberg, Germany); NRF2 (1 : 1000, rabbit, GTX103322;

GeneTex); and SOX2 (1 : 1000, rabbit, AB5603;Millipore,

Solna, Sweden). For loading controls, the following anti-

bodies were used GAPDH (1 : 10000, AM4300; Thermo

Fisher Scientific) or b-ACTIN (1 : 1000, mouse, sc-69879;

Santa Cruz Biotechnology, Heidelberg, Germany). Immu-

noblot quantification was done versus total protein nor-

malisation when Stain-Free precast gels were used, or

versusGAPDHor b-actin whenwe used homemade gels.

2.7. Sphere formation

Briefly, cells were seeded in Corning� Costar� Ultra-Low

attachment 96-well plate (Corning Incorporated, Corning,

NY, USA) performing a serial dilution from 64 to 1 cell

for U3017MG, U3031MG and U3034MG cells, per-

formed in 12 or 7 replicates in 100 µL, respectively. Cells
were incubated for 6 days after NOX4 silencing with or

without TGFb1 treatment (5 ng�mL�1); then, the wells

with neurospheres > 50 µm were counted as positive. The

neurospheres were visualised using a phase-contrast Axio-

vert 40 CFL microscope (Carl-Zeiss, Oberkochen, Ger-

many). The data were processed by the R package

Extreme LimitingDilution Analysis (ELDA) [34].

The sphere capacity formation was also assessed by

counting the number of spheres formed by U3017MG

and U3031MG after silencing of NOX4 with or with-

out TGFb; or by U3034MG overexpressing clones.

Briefly, 1000 cells in 1 mL were seeded in Corning�

Costar� Ultra-Low attachment 24-well plate (Corning

Incorporated, Corning, NY, USA). Cells were incu-

bated for 6 days; then, the neurospheres > 50 µm were

counted.

2.8. Proliferation assays

2.8.1. Ki67 staining

Cells were treated with DMSO (1% v/v), TGFb1
(5 ng�mL�1), and/or NOX1/4 inhibitor (GKT137831)

(20 µM) during 24h in N2B27 medium. After treatment,

cells were washed with PBS and fixed with 3.7% (w/v)

paraformaldehyde in PBS for 15 min. Subsequently,

cells were washed with PBS and blocked with 10% FBS

in PBS with 1% BSA for 1 h, at RT. Then, cells were

permeabilised with 0.1% Triton-X-100 in 0.1% BSA

for 5 min. Next, cells were incubated at RT for 2 h

with primary antibodies against Ki67 (1 : 1000 in PBS

containing 1% BSA, rabbit, ab15580; Abcam�).

Table 1. Forward and reverse primer sequences (50–30) used for qPCR.

Gene Forward primer sequence Reverse primer sequence

NOX4 GCAGGAGAACCAGGAGATTG CACTGAGAAGTTGAGGGCATT
NOX1 CACAAGAAAAATCCTTGGGTCAA GACAGCAGATTGCGACACACA
LIF TGAACCAGATCAGGAGCCAACT CCCCCTGGGCTGTGTAATAG
PROM1 ACCCAACATCATCCCTGTTCTT ACCCAACATCATCCCTGTTCTT
OLIG2 CCCTCTATGGCTGTTTCTTTCTCT TGTTGATCTTGAGACGCAGC
NESTIN AGCCCTGACCACTCCAGTTTAG CCCTCTATGGCTGTTTCTTTCTCT
SOX2 TGCGAGCGCTGCACAT TCATGAGCGTCTTGGTTTTCC
CD133 ACCCAACATCATCCCTGTTCTT AGCTCTTCAAGGTGCTGTTCATG
GLUT1 AACTCTTCAGCCAGGGTCCAC CACAGTGAAGATGATGAAGAC
GLUT3 ACTTGCTGCTGAGAAGGACAT GGGTGACCTTCTGTGTCCCC
NRF2 CAAAAGGAGCAAGAGAAAGCC TCTGATTTGGGAATGTGGGC
GCLM ACTAGAAGTGCAGTTGACATGG AGGCTGTAAATGCTCCAAGG
GAPDH GGAGTCAACGGATTTGGTCGTA GGCAACAATATCCACTTTACCA
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Afterwards, cells were washed in PBS and incubated for

1 h in dark at RT with donkey anti-Rabbit IgG Alexa

Fluor 488 secondary antibody (1 : 200 in PBS with 1%

BSA, A21206; Thermo Fisher Scientific). Then, cells

were incubated in dark at RT for 5 min with DAPI

(1 : 1000 in PBS with 1% BSA; Sigma-Aldrich Co.).

Later, cells were washed three times with PBS and

the coverslips were mounted on the slides using

Fluoromont-G� mounting medium (Southern Biotech,

Birmingham, AL, USA) and dried in dark at RT. Pic-

tures were acquired with the fluorescence microscope

Eclipse 90i and processed using NIS-Elements software

(Nikon, Tokyo, Japan). The quantification of the prolif-

erative phenotype of cells was performed by quantifying

Ki67-positive cells, and total number of nuclei per pic-

ture using FIJI IMAGE J software [35].

2.8.2. EdU click chemistry

5-ethynyl-20-deoxyuridine (EdU) staining was conducted

using a Click-iT imaging kit (Thermo Fisher Scientific)

according to the manufacturer’s protocols. Briefly,

10 000 cells/well were seeded in a 96-black well plate.

When using U2987 cells, the next day cells were starved

for 6 h and treated with TGFb1 (5 ng�mL�1), and/or

NOX1/4 inhibitor (GKT137831) (20 µM). In the case of

U3024MG or U3031MG cells, N2B27 media was chan-

ged before treating the cells with TGFb1 (5 ng�mL�1),

and/or NOX1/4 inhibitor (GKT137831) (20 µM). Cells
were treated for 24 h and incubated with Edu the last

6 h of treatment, then cells were fixed with 4% PFA

for 15 min and subsequently permeabilised with 0.5%

Triton X-100 for 10 min at room temperature. After

washing with PBS, the cells were incubated with a

Click-iT reaction cocktail (Click-iT reaction buffer,

CuSO4, reaction buffer additive and Alexa Fluor 647

azide) for 30 min. After staining with Hoechst 33342,

images were acquired for quantitative analysis with an

ImageXpress XLS (Molecular Devices) high-content

microscope. EdU positive cells were identified using

CELLPROFILER [36]; briefly, each nucleus was detected

using Hoechst staining signal, which allowed then to

quantify Edu signal within the nuclei and identify the

percentage of EdU positive cells.

2.8.3. MTS assay

Proliferation of 1000 cells/well seeded in a 96-well

plate was assessed using MTS assay. Next day after

seeding, U2987 cells were starved for 6 h and treated

with TGFb1 (5 ng�mL�1) and/or NOX1/4 inhibitor

(GKT137831) (20 µM) or BHA (200 µM). Proliferation

was monitored at 1, 3 and 5 days after treatment by

MTS assay, following the manufacturer’s protocol

(Promega, Biotech AB, Nacka, Sweden). In the case of

U3034MG cells, cells were seed and cultured with

N2B27 media, proliferation was monitored at 1, 3 and

5 days after seeding of the cells by MTS assay.

2.9. Flow cytometry measurements: cell death,

cell cycle, CD44 and glucose uptake

measurement

U3031MG cells were transiently transfected with con-

trol (siControl) or NOX4 (siNOX4) siRNAs and stimu-

lated with TGFb1 for 24h. For cell death measurement,

adherent cells and floating dead cells were harvested

using accutase and centrifuged for 5 min, cells were

then resuspended in 100 µL of 5% FBS/PBS with

2.5 µL of FITC Annexin V (BioLegend, San Diego,

CA, USA) and 0.6 µL of Draq7 (BD Pharmingen,

Stockholm, Sweden). After vortex, the cells were incu-

bated for 15 min at RT and darkness. Finally, the vol-

ume was completed with 400 µL of 5% FBS/PBS.

To measure the glucose uptake, cells were harvested

after treatment using accutase and single-cell suspensions

were incubated for 30 min at 37 °C with 100 mM 2-

NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-

2-Deoxyglucose) from Thermo Fisher Scientific.

To measure CD44 positive cells, cells were harvested

with accutase, centrifugated 5 min and then resus-

pended in 50 µL of 5% BSA/PBS. The blocking was

done for 15 min on ice and shacking. After that, the

antibody FITC anti-human CD44 (BioLegend) was

added in a concentration of 1 : 400 and a final volume

of 100 µL of 5% BSA/PBS was added and incubated

for 30 min on ice, shacking and kept in darkness. The

cells were centrifugated for 1 min 400 rcf and resus-

pended in a final volume of 300 µL of PBS. The iso-

typing was also done with FITC Mouse IgG1, j
Isotype Control (BD Pharmingen, Stockholm, Sweden)

to ensure no unspecified union. In both cases, glucose

uptake and CD44 positive cells measurement, all sam-

ples included SytoxBlue staining (1 µM; Thermo Fisher

Scientific) to discard dead cells and analyse only the

live cell population.

Glucose uptake, Annexin/Draq7 and CD44 analysis

was performed by fluorescence-activated cell sorter

(FACS) using a Cytoflex S flow cytometer (Beckman

Coulter, Bromma, Sweden), their quantification was

done by using FLOWJO LLC software version 10.7.2.

2.10. Multiplex immunohistochemical staining

We analysed two tissue microarray (TMA) with normal

brain, glioblastoma, anaplastic glioblastoma and
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epithelioid glioblastoma tissue samples (GL806d,

GL806f, from US Biomax, Derwood, MD, USA) by

mutiplexed immunohistochemical analysis as previously

described [37]. The primary antibodies used were: rabbit

anti-NOX4, kindly supplied by Isabel Fabregat (1 : 100),

mouse anti-Nestin (1 : 800, NB300-266; Novus Biologi-

cals Abingdon, UK), rabbit anti-GFAP (1 : 50; sc-6171-

R; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA)

and rabbit anti-SOX2 (1 : 100; ab5603; Merck/Sigma,

Stockholm, Sweden), rabbit-CD44 (1 : 100, ab157107;

Abcam�). Image analysis (INFORM software; Akoya) and

R software, version 3.3.3 [38,39] were used to classify cells

according to marker expression patterns, as described ear-

lier [40]. In short, a number of cells were visually assessed

to define minimal level of the expression of each marker to

be considered as positive; the expression levels below these

thresholds were considered as background and respective

cells were classified as low expressing for such marker (i.e.

Nestinlow). Further, the expression range from this thresh-

old to themaximalmarker expression was split bymedian,

making marker-medium group and marker-high group.

Using this data, three classes of tissue cells were generated

according to Nestin, SOX2 and GFAP expression in

Fig. 1: GBM_diff (GFAPhigh/Nestinlow/SOX2low) GBM_

transition (GFAPmedium/Nestinmedium/SOX2medium) and

GBM_Stem (GFAPlow/Nestinhigh/SOX2high); and in

Fig. S2 cells were classified as follows: GBM_

diff (CD44low/Nestinlow/SOX2low), GBM_transition

(CD44medium/Nestinmedium/SOX2medium) and GBM_Stem

(CD44high/Nestinhigh/SOX2high). NOX4 expression was

evaluated then in these cells as a continuous variable

(without applying thresholds). In the case of SOX2, only

the nuclear staining was used to evaluate this marker

expression.

2.11. Statistics

The statistical analysis was performed by using the

software GRAPHPAD PRISM
� v.7 (GraphPad Software,

San Diego, CA, USA). The data are presented as the

average � standard error of the mean (SEM). Most

statistical tests used were one-way or two-way

ANOVA followed by Dunnett’s post-test or Bonfer-

roni post-test. A P-value < 0.05 was considered as sta-

tistically significant. The significance was considered as

*P < 0.05, **P < 0.01 and ***P < 0.001, as it is indi-

cated in each figure.

3. Results

3.1. TGFb induces NOX4 in glioblastoma stem

cells

In order to study mechanisms by which TGFb regu-

lates GBM stemness, we used established GSCs

derived from two different GBM patients classified as

mesenchymal subtype, U3031MG and U3034MG [31].

These cells were cultured in stem cell media with or

without TGFb for 24 h, their RNA was extracted and

a transcriptomic analysis using the HTA2 Affymetrix

platform was performed. TGFb induced 176 and 143

genes in U3031MG and U3034MG, respectively;

while it downregulated 172 and 131 genes in

U3031MG and U3034MG, respectively. In the group

of TGFb-upregulated genes, a subset of 45 genes was

common between U3031MG and U3034MG cells

(Fig. 1A, Table S1). These genes functions were

related to the TGFb response, the regulation of

animal organ morphogenesis and cell differentiation,

including the epithelial-to-mesenchymal transition pro-

cess (Fig. S1a). Among the top 10 upregulated genes

we detected known genes modulated by TGFb in

GBM, such as LIF and ID1 [23,41], as well as NOX4

(Fig. 1B). We focused on NOX4, an enzyme responsi-

ble to produce ROS, which has been described to con-

tribute to apoptosis, migration, invasion and

differentiation [24]. The role of NOX4 has been previ-

ously studied in the TGFb signalling pathways in dif-

ferent tumours [42,43], but its role downstream of

Fig. 1. NOX4 is upregulated by TGFb1 in Glioblastoma. (A) Venn diagram illustration of gene expression similarity between upregulated

genes by TGFb1 in U3031MG cells and U3034MG cells after 24 h of treatment. (B) Table indicating the fold-change values of the common

top 10 upregulated genes by TGFb1 in both cell lines. (A, B) Data are extracted from the HTA2 Affymetrix Platform transcriptomic analysis

performed in U3031MG and U3034MG cells treated with or without TGFb1 in triplicate. (C) NOX4 mRNA expression in different types of

glioma cells relative to non-tumour cells using different databases (REMBRANDT, top; Gravendeel, bottom), t-test with Bonferroni correction

is shown in the pairwise comparisons between the indicated groups, significant differences at *P < 0.05, **P < 0.01, ***P < 0.001. (D)

NOX4 expression per cell in normal, glioblastoma and anaplastic astrocytoma tissue samples from two different tissue microarrays (colour-

coded) plotted as a function of the three marker proteins expression in the same cell. Cells were classified to three groups, GBM_diff

(GFAPhigh/Nestinlow/SOX2low), GBM_transition (GFAPmedium/Nestinmedium/SOX2medium) and GBM_Stem (GFAPlow/Nestinhigh/SOX2high).

Statistical comparison indicates ***P < 0.001, ****P < 0.0001, statistics: Mann–Whitney U test. (E) Representative images displaying

staining of the four proteins, NOX4/Nestin/SOX2/GFAP, in normal brain (four cases in duplicate) and glioblastoma tissue samples (36 cases

in duplicate), scale bar indicates 50 µm.
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TGFb in GBM, and specifically in GSCs, is still

unknown.

Analysis of NOX4 expression in different glioma sub-

types using the Gliovis data portal for visualisation [44]

revealed differences between tumour and non-tumour

cells, with highest expression of NOX4 recorded in GBM

and in grade IV tumours compared with low-grade glioma

tumours (Fig. 1C, Fig. S1b) in two different datasets: the

Repository for Molecular Brain Neoplasia Data (REM-

BRANDT) [45] and theGravendeel dataset [46]. Correlat-

ing this expression with survival expectancy in glioma and

GBM, a worse prognosis was recorded in the patients with

higher levels of NOX4 compared with patients with low

NOX4 expression (Fig. S1c). Moreover, a positive corre-

lation was observed between different TGFb family mem-

bers andNOX4 expression (Fig. S1d).

To analyse the expression of NOX4 in tissues from

GBM patients, we performed multiplex immunohisto-

chemistry analysis on two tissue microarrays (TMA) with

human GBM, anaplastic astrocytoma, epithelioid glio-

blastoma, and non-tumoural brain samples. We per-

formed co-staining with multiple antibodies, aiming at

linking the patient NOX4 protein expression with the

GSC subpopulation and the differentiated GBM cells

(Fig. 1D,E, Fig. S2). In addition to NOX4, we used anti-

bodies against Nestin and SOX2, which are established

stem-cell markers in GBM, and GFAP as an indicator of

the astrocytic lineage in TMA1 (Fig. 1D, left); in the sec-

ond TMA (Fig. 1D, right, Fig. 1E, Fig. S2) we added

CD44 antibody to better identify stem cells. We then clas-

sified each cell in the different tissue sections into to three

groups: GBM_diff (GFAPhigh/Nestinlow/SOX2low) repre-

senting GBM cells differentiated towards the astrocytic

lineage, GBM_transition (GFAPmedium/Nestinmedium/

SOX2medium) possibly representing tumour cells undergo-

ing differentiation transitions, and GBM_Stem (GFA-

Plow/Nestinhigh/SOX2high) representing the GSCs. We

converted each fluorescent channel to the same brown

pseudo-colour that resembles traditional immunohisto-

chemical staining. Immunostaining of normal brain tissue

showed low levels of the stem cell markers Nestin and

SOX2, GFAP was mainly also expressed at low level in

normal brain cells (Fig. 1E). Interestingly, in the GBM

tissue samples, the GBM cells with high GFAP (GBM-

differentiation group) exhibited the lowest NOX4. In

contrast, NOX4 expression levels were higher in GBM

transition cells and GBM_stem cells (Fig. 1D,E). Next,

we classified the cells only according to the stem cell

markers CD44, Nestin, and SOX2 into GBM_diff

(CD44low/Nestinlow/SOX2low), GBM_transition

(CD44medium/Nestinmedium/SOX2medium) and GBM_Stem

(CD44high/Nestinhigh/SOX2high). Using only stem cell

markers to classify the cells, we also observed that NOX4

levels were higher in transition and stem GBM cells both

in glioblastoma and epithelioid glioblastoma patients,

compared with the differentiated GBM cells (Fig. S2). At

the RNA level, we queried whether there was also a posi-

tive association between the expression of different stem

cell markers (CD44, Nestin, SOX2 or LIF) and NOX4

expression in GBM patients from the REMBRANDT

and the Granvendel databases. Indeed, we observed that

there is a positive correlation between CD44, Nestin and

LIF with NOX4 expression; however, SOX2 had a posi-

tive correlation with NOX4 expression only in the REM-

BRANDT dataset (Fig. S1e). Overall, our protein data

and our in silico analysis show that NOX4 is mainly

expressed in GBM transition and stem cells, and its

expression is lower in the bulk differentiated tumour cells.

3.2. TGFb stimulates ROS production in a NOX4-

dependent manner

As NOX4 is highly expressed in GSCs, we analysed

NOX4 expression in different patient-derived GSC cell

Fig. 2. TGFb1 increases the reactive species of oxygen in a NOX4-dependent manner. (A) Expression panel of NOX4 in different patient-

derived glioblastoma stem cells lines at the protein level, data represent the mean � SEM (n = 2 independent experiment). (B) Time course

of NOX4 mRNA expression levels analysed by qPCR in U3031MG cell line upon TGFb1 treatment, representative experiment of 2;

statistics: one-way ANOVA test, Tukey’s multiple comparisons test. (C) NOX4 mRNA expression levels analysed by qPCR in different cell

lines and time points upon TGFb1 stimulation. Data represent the mean � SEM (n = 3 independent experiments); statistics: one-way

ANOVA test, Dunnett’s multiple comparisons test; (D) representative immunoblot of NOX4 protein in different cell lines upon TGFb1

stimulation, b-actin was used as loading control, (E) the quantification of two experiments is plotted as mean � SEM; statistics: one-way

ANOVA test, Dunnett’s multiple comparisons test. (F) Time course of ROS production upon TGFb1 treatment in different cell lines. Data

represent the mean � SEM (n = 2 independent experiments, each with biological triplicate); statistics: one-way ANOVA test, Tukey’s

multiple comparisons test. (G) ROS production upon TGFb1 stimulation in control (siControl) and NOX4-silenced (siNOX4, pool of four siRNA

sequences) cells in different cell lines and time points. Data represent the mean � SEM (n = 3 independent experiments and each with

biological triplicate); statistics: two-way ANOVA test, Bonferroni posttests. (H) ROS production upon TGFb1 stimulation in the presence or

absence of NOX1/4 inhibitor (GKT137831, 20 µM) in different GSC cells and time points. Data represent the mean � SEM (n = 2

independent experiments, each with biological triplicate); statistics: two-way ANOVA test, Sidak’s multiple comparison. In the cell line

names, CL stands for classical subtype, PN stands for proneural subtype and MS for mesenchymal subtype of GBM. Statistical comparison

indicates *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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lines, revealing differences in NOX4 expression both at

the RNA and protein level, possibly reflecting individ-

ual patient diversity (Fig. 2A, Fig. S3a). TGFb
induced the expression of NOX4 at different time

points in all GSCs cell lines from distinguished

subtypes both at the RNA and protein level (Fig. 2B–
E). Next, we analysed the production of ROS in the

GSCs after TGFb treatment, and found that ROS

production increased after TGFb treatment at different

time points in the different cell lines (Fig. 2F).
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Interestingly, ROS production was reduced either

when silencing NOX4 with specific small interfering

RNAs using a pool of four different siRNA (siNOX4)

or using single siRNA against NOX4 (siNOX4#7,

siNOX4#8) (Fig. 2G, Fig. S3b), or when using the

enzymatic activity inhibitor of NOX4 (GKT137831)

(Fig. 2H). It is worth to clarify that GKT137831

inhibits both NOX1 and NOX4; however, NOX1

should not contribute to ROS production due to its

very low levels or undetectable levels of expression in

the used GSCs (Fig. S3a).

3.3. TGFb increases GSC proliferation in a NOX4-

dependent manner

TGFb is known to increase cell proliferation of differ-

ent cell lineages including glioma cells [18,47]. More-

over, ROS production generated by NOX proteins has

also been positively linked to cell proliferation [48,49].

In order to understand the role of NOX4 in cell prolif-

eration, a Ki67 immunofluorescence assay was per-

formed in GSCs. The percentage of Ki67-positive

nuclei, indicative of actively proliferating cells, was

increased when cells were treated with TGFb, while

this event was abolished almost to basal levels when

NOX4 was inhibited in two different cell lines

(Fig. 3A,B). To further validate these results, we per-

formed EdU staining in two patient-derived GSC cell

lines cultured in stem cell media (U3024MG,

U3031MG), and in another GBM cell line cultured in

media with 10% FBS (U2987MG), but starved in the

current experiments prior to TGFb treatment. In all

cell lines, TGFb increased the percentage of cells pro-

liferating, and this increase was strongly or mildly

decreased when cells were pre-treated with NOX1/4

inhibitor (Fig. 3C); however, only when using the

U2987MG cells we observed a significant effect by

TGFb and NOX1/4 inhibition. A robust trend was

observed when using U3031MG and U3024MG cell

lines towards the same phenotype, even though it was

not significant. U2987MG cells are grown in media

complemented with serum and starved prior to treat-

ment, while U3031MG and U3024MG are grown in

stem cell media N2B27. This difference in media com-

position could explain why some GBM cells respond

more potently than others to TGFb-induced prolifera-

tion. Next, we analysed the effect of TGFb in cell

cycle and observed that in U3031MG, TGFb signifi-

cantly decreased the percentage of cells in G0/G1-

phase and increased the percentage of cells in S-phase,

effects that were lost when NOX4 was inhibited

(Fig. 3D). Finally, the proliferation induced by TGFb
was sustained in time in the U2987MG cells, both

basal and TGFb-induced proliferation were blocked

when NOX4 was inhibited (Fig. 3E). Next, we ana-

lysed whether lack of NOX4 could induce cell death.

When silencing NOX4, we neither observed a signifi-

cant increase in the percentage of annexin-positive cells

(both early and late apoptosis, Fig. S4a) nor an

increase in the percentage of late apoptosis and

necrotic cells (Fig. S4b) in comparison with cells trans-

fected with siControl, both analysed via flow cytome-

try. These results indicate a crucial function of NOX4

on the proliferative phenotype induced by TGFb sig-

nalling, validating that the NOX4-dependent genera-

tion of ROS is physiologically important.

3.4. TGFb induces self-renewal capacity of GSC

in a NOX4-dependent manner

TGFb not only regulates GSC proliferation but also

maintains GSCs stemness and self-renewal capacity

[22,23]. Moreover, ROS have been reported to have a role

either in stem cell maintenance and differentiation, or in

the self-renewal capacity of the neural stem cells

[48,50,51]. In order to study whether NOX4 had a role on

GSC self-renewal induced by TGFb, we analysed the

effects of NOX4 in TGFb-induced expression of LIF at

the transcriptional level, as LIF has been previously

described to be involved in TGFb-induced self-renewal

Fig. 3. TGF-b1 increases cell proliferation in a NOX4-dependent manner. U3031MG (A) and U3024MG (B) cells were stimulated with TGFb1

for 24h, in the presence or absence of the NOX1/4 inhibitor (GKT137831, 20 µM), and the following experiments were performed. (A, B)

Left: Representative microscopic images of immunofluorescence of Ki67 (green) and DAPI (blue). Scale bar, 50 lm. Right: Quantification of

Ki67 positive cells with respect to the control. Data represent the mean � SEM (n = 2 for U3031MG and n = 3 for U3024MG independent

experiment, 10 images per condition and experiments were quantified); statistics: two-way ANOVA test, Sidak’s multiple comparison. (C)

EdU staining was performed, data represent the mean � SEM (n = 4 independent experiment with four biological replicates, nine images

per condition and experiment were quantified); statistics: two-way ANOVA test, Sidak’s multiple comparison. (D) Cell cycle was analysed by

flow cytometry after staining the cells with propidium iodide, data represent the mean � SEM (n = 4 independent experiment); statistics:

two-way ANOVA test, Dunnett’s multiple comparison. (E) Cell viability was assayed by MTS at the indicated times, data represent the

mean � SEM (n = 2 independent experiment with four biological replicates); statistics: two-way ANOVA test, Tukey’s multiple comparison.

(A–C, E) Statistical comparison indicates *P < 0.05, ***P < 0.001. (D) Statistical comparison indicates *P < 0.05, ***P < 0.001 vs Control;
#P < 0.05, ### P < 0.001 calculated vs Control-TGFb.
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capacity [23]. Indeed, LIF was upregulated upon TGFb
treatment, but this effect was reduced when silencing or

inhibiting NOX4 (Fig. 4A,B, Fig. S3d). Knockdown

efficiency ofNOX4 using the siRNApool or single siRNA

against NOX4 was of approximately 80% in U3031MG

and of 50% in U3017MG (Fig. 4C,D, Figs S3c and S5a,
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b). At the protein level, we also analysed the expression of

LIF, two known stem cell markers, Nestin and SOX2, as

well as cleaved NOTCH1, the expression of which has

been linked to glioblastoma proliferation and stemness

[52,53]. TGFb induced the expression of Nestin, LIF and

cleaved NOTCH1 but not of SOX2, while the silencing of

Fig. 4. NOX4 regulates TGFb1-induced stem cell-related proteins. (A) U3031MG cells were transiently transfected with control (siControl) or

NOX4 (siNOX4, pool of four siRNA sequences) siRNAs and stimulated with TGFb1 for 24 h, mRNA expression levels analysed by qPCR,

data represent the mean � SEM (n = 5 independent experiments and each with technical triplicate); statistics: two-way ANOVA test,

Tukey’s multiple comparison. (B) mRNA expression levels analysed by qPCR: U3031MG or U3034MG cells were stimulated with TGFb1 for

24 h in with or without NOX1/4 inhibitor. Data represent the mean � SEM (n = 2 independent experiments and each with technical

triplicate); statistics: two-way ANOVA test, Tukey’s multiple comparison. (C) U3031MG cells were transiently transfected with control

(siControl) or NOX4 (siNOX4, pool of four siRNA sequences) siRNAs and stimulated with TGFb1 for 24 h, immunoblot of the indicated

proteins, Gapdh or b-actin, are used as a loading control. (C) A representative experiment of (D) Quantification of immunoblot data using the

densitometric analysis of each protein, normalised with total protein using Stain-Free precast gels using IMAGE LAB
TM software (Bio-Rad,

Sundbyberg, Sweden); data represent mean � SEM (n = 3–6 independent experiments, depending on the antibody), statistics: two-way

ANOVA test, Sidak’s multiple comparison. (A, B, D) Statistical comparison indicates *P < 0.05, **P < 0.01, ***P < 0.001.
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NOX4 strongly impaired these effects and slightly

decreased the basal expression of Nestin and SOX2

(Fig. 4C,D, Fig. S5a,b). The inhibition ofNOX4had sim-

ilar effects, but not as strong as NOX4 silencing (Fig. S5c,

d). Next, a limiting dilution neurosphere assay was per-

formed, which revealed a high self-renewal capacity of the

patient-derived GSCs, which made them unresponsive to

TGFb effects. Interestingly, silencing of NOX4 decreased

the self-renewal capacity in all GSCs tested (Fig. 5A,B).

In accordance to this, silencing of NOX4 diminished the

expression of several stem cell markers in U3031MG:

CD133/PROM1, OLIG2, NESTIN and SOX2 (Fig. 5E).

Even though, the GCS tested did not increase the stem cell

frequency in response to TGFb, the number of spheres

formed by U3031MG and U3017MG cells increased after

TGFb treatment, and this increase was impaired after

silencing of NOX4 (Fig. 5C,D). In the patient-derived

U3031MG GSCs that were mainly used in this study,

90% of the cell population was CD44+ (Fig. S5e); after

TGFb treatment, we could observe a mild increase in the

CD44 expression, measured as surface protein intensity

using flow cytometry, an effect that was impaired when we

used the siRNA pool against NOX4 or the single

siNOX4#8 (Fig. 5F). These results demonstrated a novel

role of NOX4 in mediating GSC self-renewal and mainte-

nance of their stem cell phenotype downstream of TGFb.

3.5. TGFb signalling modulates GSC metabolism

in a NOX4-dependent manner through the NRF2

pathway

After observing that NOX4 has a role in self-renewal and

proliferation of GSCs, we further investigated if the

nuclear factor E2-related factor 2 (NRF2) could lie down-

stream of these NOX4-mediated events, via a potential

NOX4-NRF2 axis. NRF2 is a transcription factor known

to be regulated by both TGFb and NOX4 in other cell

types, with the capability to reprogramme the cellular

metabolism in order to support the antioxidant response

[54,55]. TGFb was able to upregulate the expression of

NRF2; however, when NOX4 was silenced or inhibited

the induced expression of NRF2 by TGFb was abrogated

(Fig. 6A, Fig. S3d), showing a key role of NOX4 in the

induction of the NRF2 by TGFb. The changes at the pro-
tein level are in accordance with the changes observed at

the mRNA levels (Fig. 6B, Fig. S5a–d). Since NRF2 is a

transcription factor, we wanted to analyse whether NOX4

by promoting NRF2 expression could also stimulate

NRF2 transcriptional activity. In order to assess this, we

used two different luciferase assays: ARE-promoter con-

taining several binding sites of the antioxidant response

element (ARE) and the haemoxygenase 1 (HO-1)

promoter, a known NRF2 direct target. Both promoters

were induced when NRF2 was overexpressed in 293T and

HepG2 cells, and their activity was further enhanced when

NOX4 was co-expressed with NRF2 (Fig. 6C). Further-

more, TGFb-induced HO-1 promoter activity, and this

effect was increased when NOX4 was overexpressed in

293T and HepG2 cells (Fig. 6D). NRF2 is known to be a

master regulator of cell metabolism, which can contribute

to a switch from oxidative phosphorylation (OXPHOS) to

glycolysis [56], TGFb can induce the expression of one of

the glucose transporters, GLUT1, in GBM [57]. We

hypothesised that this might be NOX4-dependent. TGFb
was able to increase the expression ofGLUT1 in aNOX4-

dependent manner both at the mRNA and protein levels,

as silencing or inhibiting NOX4 reduced TGFb-induced
GLUT1 expression (Fig. 6E–G, Figs S3d and S5c,d). We

also analysed GLUT3 expression, which was not affected

by TGFb, but its basal levels were reduced (Fig. S3d); it is

worth to note that its expression was very low, which

might be because the GCS used are from mesenchymal

origin, and GLUT3 has been shown to be addictive in

GBMs of classical and proneural subtype [58]. Even

though we observed that TGFb induced GLUT1 expres-

sion, there was no significant increase in the glucose

uptake after TGFb treatment; interestingly, we observed

that silencing of NOX4 resulted in a slight decrease of glu-

cose uptake in GSCs (Fig. 6H). These results show that

NOX4 downstream of TGFb regulates the expression of

NRF2 and GLUT1; moreover, NOX4 per se enhances

NRF2 transcriptional activity.

3.6. The use of an antioxidant partially mimics

the effect of NOX4 inhibition

We wondered whether TGFb effects in proliferation,

stemness and gene expression could be blocked not only

by specific inhibition or silencing of NOX4, but also by

using a more general antioxidant, such as butyl-

hydroxyanisole (BHA) or N-acetyl cysteine (NAC),

which would compensate the ROS production. We

observed that TGFb-induced proliferation could be

impaired when cells were co-treated with BHA, and the

increase in number of spheres after TGFb treatment

was also affected by the use of antioxidants (Fig. S6a,

b). However, TGFb-induced expression of NOX4, LIF,

NESTIN, and GLUT1 could not be reversed by BHA

or NAC (Fig. S6c,d). The use of antioxidants mimics

the functional effects of NOX4 inhibition; however, the

antioxidants did not impair the gene expression changes

induced by TGFb for the studied markers. This may be

explained because the antioxidants have a broader effect

on the cell, act in different compartments and affect
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more signalling pathways compared with the more tar-

geted inhibition of NOX4.

3.7. NOX4 overexpression recapitulated TGFb
effects in glioblastoma stem cells

Finally, we wanted to study whether NOX4 alone

could reproduce the effects induced by TGFb, for this

reason we induced stable overexpression of NOX4 in

U3034MG, one of the patient-derived GSCs with low

endogenous NOX4 expression (Fig. S3). NOX4 over-

expression resulted in increased intracellular ROS

levels (Fig. 7A,B) and enhanced cell proliferation

(Fig. 7C) after 24 h of seeding the cells when measured

by ki67 staining; however, we could not observe that

NOX4 overexpressing cells had higher proliferation

when measured by MTS. Interestingly, overexpression

of NOX4 favoured colony formation (Fig. 7E),

increasing GSCs clonogenicity. NOX4 overexpression

also enhanced LIF expression and increased stem cell

frequency and enhanced the number of spheres formed

by GSCs (Fig. 7F–H). Interestingly, overexpression of

NOX4 resulted in an increased expression of the tran-

scription factor NRF2, concomitant with an increased

expression of GLUT1 and glutamate–cysteine ligase

modifier subunit, GCLM, both NRF2 targets [59]

(Fig. 7I), and enhanced glucose uptake (Fig. 7J).

NOX4 expression mimics TGFb-induced effects in

GSCs. These results show for the first time the key

role of this ROS-producing enzyme in regulating stem

cell capacity and the antioxidant response in GSCs.

4. Discussion

In glioblastoma, one of the most aggressive cancer types,

current therapies are not effective and they provide a mod-

est increase in the life expectancy of the patients [3]. In this

regard, GSCs have emerged as a key element to treat

GBM and considered as therapeutic targets [60]. In order

to improve the current therapies against gliomas, it is vital

to study and to understand the molecular mechanisms that

regulate and govern the pathophysiology of GSCs. Several

studies identified different signalling pathways involved in

glioma, one of them being the TGFb pathway [17]. In

GBM, TGFb is an oncogenic factor, being able to induce

proliferation in GSCs, indirectly by inducing the action of

PDGFB, to determine self-renewal, by further upregulating

a second cytokine, LIF, and by also promoting tumour cell

migration, among other functions [18,23,41].

In this work, we observed that TGFb upregulated

NOX4 expression in patient-derived GSC (Figs 1 and

2), a regulatory event that takes place in other non-

tumoural and in cancer cell types such as hepatocellu-

lar carcinoma [42,43], with the immediate consequence

of increasing the intracellular ROS levels (Fig. 2).

NOX4 expression levels are increased in GBM com-

pared with lower grade gliomas; their expression is

higher in glioblastoma stem cells and transition glio-

blastoma cells compared with differentiated tumour

cells (Fig. 1, Fig. S2). Moreover, high NOX4 expres-

sion levels also correlate with worse prognosis of

GBM as previously reported [29]. NOX4 expression

correlates with high levels of TGFb ligands, a fact that

we address experimentally for the first time, and its

expression also correlates with different stem cell

markers such as Nestin, CD44 and LIF (Fig. S1).

Neural stem cells are known to have high basal levels

of ROS, helping to maintain their self-renewal and pro-

liferation capabilities [48]. TGFb stimulated GSC prolif-

eration, as previously reported by others [18];

interestingly, its effects on cell proliferation were in fact

reduced when inhibiting NOX4 (Fig. 3). In this paper,

we confirmed that TGFb increased the expression of

LIF in a new set of patient-derived GSCs and show

Fig. 5. NOX4 regulates GSC self-renewal capacity induced by TGFb1. (A, B) U3017MG and U3031MG cells were transiently transfected with

control (siControl), or two different siRNA sequences against NOX4 (siN4#7, siN4#8) and stimulated with TGFb1, when indicated, for 6 days.

Limiting dilution neurosphere assay was performed, analysed by ELDA showing stem cell frequencies. The table presents the stem cell

frequency (n = 5 with 7–12 replicates each for a; n = 3 with 6 replicates in B); statistics: Chi square. (C, D) U3017MG and U3031MG cells

were transiently transfected with control (siControl), NOX4 (siNOX4, pool of four siRNA sequences) siRNAs or using two different siRNA

sequences against NOX4 (siN4#7, siN4#8) and stimulated with TGFb1, when indicated, for 6 days, when the number of spheres were

counted, data represent mean � SEM (n = 2 for U3017MG, n = 6 for U3031MG in D, n = 3 for both cells, all experiments with four biological

replicates); statistics: two-way ANOVA test, Sidak’s multiple comparison. (E) U3031MG cells were transiently transfected with control

(siControl) or NOX4 siRNAs (siNOX4, pool of four siRNA sequences) or using two different siRNA sequences against NOX4 (siN4#7, siN4#8)

for 5 days; the expression levels of mRNA of the indicated genes were analysed by qPCR. Data represent the mean � SEM (n = 2–4

independent experiments and each with technical triplicate); statistics: two-Way ANOVA test, Tukey’s multiple comparison. (F). Flow

cytometry analysis of CD44 surface marker expression in U3031MG transiently transfected with control (siControl), NOX4 (siNOX4, pool of

four siRNA sequences) siRNAs or using two different siRNA sequences against NOX4 (siN4#7, siN4#8) and stimulated with TGFb1 for 24 h,

left shows a representative FACS profile, the graph right represents mean � SEM (n = 4); statistics: two-way ANOVA test, Tukey’s multiple

comparison. (A–F) Statistical comparison indicates *P < 0.05, **P < 0.01, ***P < 0.001 vs siControl; ##P < 0.01, ###P < 0.001 vs siC-TGFb.
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that this effect is NOX4 dependent (Fig. 4, Figs S3 and

S5). In particular, GSCs per se had high self-renewal

characteristics with high stem cells frequency in the

absence of ligand stimulation (Fig. 5). NOX4 silencing

diminished stem cell frequency and it also reduced the

expression of several stem cell markers such as CD133,

Nestin, SOX2 and OLIG2. NOX4 silencing also

impaired TGFb capacity to increase the number of

spheres formed by GSCs (Fig. 5). This suggests a key

role of NOX4 and ROS to regulate self-renewal of

GSCs downstream of TGFb as well as a role of NOX4

by itself in regulating GSC stemness.

To understand how NOX4-ROS signalling can regu-

late self-renewal and proliferation of the GSCs alone

and especially downstream of TGFb signalling, we

focused our attention to the transcription factor NRF2,

a master transcription factor that is able to modulate

cell metabolism in order to support the antioxidant

response by enhancing the pentose phosphate pathway

and fatty acid oxidation, while repressing the lipid met-

abolic pathway [61]. We were able to elucidate that

TGFb-induced NRF2 expression is NOX4 dependent

(Fig. 6), and that NOX4 promotes NRF2 transcrip-

tional activity. TGFb could be enhancing GSC prolifer-

ation and stemness by modulating the antioxidant and

metabolic response of GSCs in part by regulating

NRF2 expression via NOX4 (Fig. 6). Finally, NOX4

regulates GLUT1 expression downstream of TGFb,
even though TGFb does not significantly increase

GSC’s glucose uptake, and the slight increase is

impaired by NOX4 silencing (Fig. 6). The effects

observed of TGFb in glucose uptake disagree with pre-

viously published results in which it had been described

that TGFb induces GLUT1 expression, glucose uptake

and glycolysis [57]; these discrepancies could be

explained by the type of GBM cells used in the study,

as GSCs cells rely mainly on oxidative phosphorylation

while differentiated glioma cells have a glycolytic phe-

notype [62]. In our study, we used GSCs cultured in

culture media that retains stem cell characteristics, while

in the previous study cells were cultured in media with

serum, rendering those cells more differentiated. This

might explain why our GSCs cultured in stem cell

media are less dependent on increasing glucose uptake

even though the cells increase GLUT1 expression.

Bypassing TGFb, overexpression of NOX4 itself is

able to recapitulate the effects induced by TGFb, such
as enhanced proliferation, self-renewal and higher

levels of LIF and NRF2 which could lead to a meta-

bolic reprogramming of the GSCs, such as increased

glucose uptake, favouring their self-renewal capacity

and proliferation (Fig. 7).

In conclusion, the data presented in this work dem-

onstrated that TGFb pathway is able to regulate and

Fig. 6. TGF-b regulates NRF2 in an NOX4-dependent manner. (A) NRF2 mRNA expression levels analysed by qPCR: U3031MG cells were

transiently transfected with control (siControl) or NOX4 (siNOX4, pool of four siRNA sequences) siRNAs and stimulated with TGFb1 for 24 h

(left), or NOX4 function was inhibited by NOX1/4 inhibitor (right); data represent the mean � SEM (n = 2 independent experiments and

each with technical triplicate); statistics: two-way ANOVA test, Tukey’s multiple comparison. (B) U3031MG cells were transiently

transfected with control (siControl) or NOX4 (siNOX4, pool of 4 siRNA sequences) siRNAs and stimulated with TGFb1 for 24 h, immunoblot

of NRF2, b-actin is used as a loading control; a representative experiment is shown and the quantification of four experiments is plotted as

mean � SEM; statistics: two-Way ANOVA test, Sidak’s multiple comparison (C) NRF2-responsive ARE-luciferase reporter assay in 293T and

HepG2 cells, NRF2-responsive HO1-luciferase reporter assay in 293T cells, data represent the mean � SEM (n = 2–3 independent

experiments and each with technical quadruplicate); statistics: one-way ANOVA test, Tukey’s multiple comparison. (D) NRF2-responsive

HO1-luciferase reporter assay in 293T cells and HepG2 cells; cells were transiently transfected with NOX4 and stimulated with TGFb1 or

24 h prior to the measurement of luminescence, data represent the mean � SEM (n = 2 independent experiments and each with technical

quadruplicate); statistics: one-way ANOVA test, Tukey’s multiple comparison. (E) GLUT1 mRNA expression levels analysed by qPCR:

U3034MG cells were stimulated with TGFb1 for 24 h in the presence or absence of the NOX1/4 inhibitor, data represent the mean � SEM

(n = 2 independent experiments, each with technical triplicate); statistics: one-way ANOVA test, Tukey’s multiple comparison. (F) GLUT1

mRNA expression levels analysed by qPCR: U3031MG cells were transiently transfected with control (siControl) or NOX4 (siNOX4, pool of

four siRNA sequences) siRNAs and stimulated with TGFb1 for 24 h (left); U3031MG cells were stimulated with TGFb1 for 24 h in the

presence or absence of the NOX1/4 inhibitor (right); data represent the mean � SEM (n = 2–3 independent experiments and each with

technical triplicate), statistics: one-way ANOVA test, Tukey’s multiple comparison. (G) U3031MG cells were transiently transfected with

control (siControl), NOX4 (siNOX4, pool of four siRNA sequences) siRNAs or using two different siRNA sequences against NOX4 (siN4#7,

siN4#8) and stimulated with TGFb1 for 24 h; immunoblot of GLUT1, b-actin is used as a loading control. (B, G) Quantification of immunoblot

data using the densitometric analysis of each protein, normalised with total protein using Stain-Free precast gels using IMAGE LAB
TM software

(Bio-Rad, Sundbyberg, Sweden); data represent mean � SEM (n = 3–4 independent experiments), statistics: two-way ANOVA test, Sidak’s

multiple comparison. (H) Glucose uptake in U3031MG cells were transiently transfected with control (siControl), or NOX4 siRNAs, a pool of

four sequences (siNOX4) or using two different siRNA sequences against NOX4 (siN4#7, siN4#8) and stimulated with TGFb1 for 24 h. Data

represent the mean � SEM (n = 6 independent experiments for siNOX4, n = 2 for individual siRNA sequences); statistics: one-way ANOVA

test, Dunnett’s multiple comparison. (A–H) Statistical comparison indicates *P < 0.05, **P < 0.01, ***P < 0.001.
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induce NOX4 expression and, as a consequence, the

ROS levels produced by this membrane oxidase are

increased. Moreover, the NOX4-produced ROS are

important for several cellular functions such as prolif-

eration, self-renewal and glucose metabolism. Our data

revealed that the TGFb pathway regulates these func-

tions via NOX4-derived ROS, as well as demonstrat-

ing that NOX4 alone is a key regulator of stemness in

glioblastoma.

5. Conclusions

In this study, we identify NOX4 as a key player down-

stream of TGFb in glioblastoma cells. However,

NOX4-derived ROS regulate proliferation and stem-

ness not only downstream of TGFb but also act

beyond TGFb. Moreover, NOX4 protein is expressed

in higher levels in glioblastoma stem cells and transi-

tion cells compared with glioblastoma differentiated

cells.
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