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Xènia Almodóvar a, Júlia Albaladejo a, Ismael Sánchez-Vera e, Ricard Bonilla-Amadeo a, 
Francesco Dituri f, Grazia Serino f, Emilio Ramos b,g, Teresa Serrano b,h, Mariona Calvo i, 
María Luz Martínez-Chantar b,j, Gianluigi Giannelli f, Esther Bertran a,b,1, Isabel Fabregat a,b,*,1 

a TGF-β and Cancer Group, Oncobell Program, Bellvitge Biomedical Research Institute (IDIBELL), L’Hospitalet de Llobregat, Barcelona, Spain 
b CIBEREHD, ISCIII, Spain 
c Unit of Bioinformatics for Precision Oncology, Catalan Institute of Oncology (ICO), L’Hospitalet de Llobregat, Barcelona, Spain 
d Preclinical and Experimental Research in Thoracic Tumors (PReTT), Oncobell Program, IDIBELL, L’Hospitalet de Llobregat, Spain 
e Physiological Sciences Department, University of Barcelona, Oncobell-IDIBELL, Barcelona, Spain 
f National Institute of Gastroenterology, IRCCS Saverio De Bellis Research Hospital, Castellana Wrotte, Bari, Italy 
g Department of Surgery, Liver Transplant Unit, University Hospital of Bellvitge and Faculty of Medicine and Health Sciences, University of Barcelona, L’Hospitalet de 
Llobregat, Barcelona, Spain 
h Pathological Anatomy Service, University Hospital of Bellvitge and Faculty of Medicine and Health Sciences, University of Barcelona, L’Hospitalet de Llobregat, 
Barcelona, Spain 
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A B S T R A C T   

The NADPH oxidase NOX4 has been proposed as necessary for the apoptosis induced by the Transforming 
Growth Factor-beta (TGF-β) in hepatocytes and hepatocellular carcinoma (HCC) cells. However, whether NOX4 
is required for TGF-β-induced canonical (SMADs) or non-canonical signals is not fully understood yet, neither its 
potential involvement in other parallel actions induced by TGF-β. In this work we have used CRISPR Cas9 
technology to stable attenuate NOX4 expression in HCC cells. Results have indicated that NOX4 is required for an 
efficient SMAD2/3 phosphorylation in response to TGF-β, whereas non-canonical signals, such as the phos
phorylation of the Epidermal Growth Receptor or AKT, are higher in NOX4 silenced cells. TGF-β-mediated in
hibition of cell proliferation and viability is attenuated in NOX4 silenced cells, correlating with decreased 
response in terms of apoptosis, and maintenance of high expression of MYC and CYCLIN D1. These results would 
indicate that NOX4 is required for all the tumor suppressor actions of TGF-β in HCC. However, analysis in human 
HCC tumors has revealed a worse prognosis for patients showing high expression of TGF-β1-related genes 
concomitant with high expression of NOX4. Deepening into other tumorigenic actions of TGF-β that may 
contribute to tumor progression, we found that NOX4 is also required for TGF-β-induced migratory effects. The 
Epithelial-Mesenchymal transition (EMT) program does not appear to be affected by attenuation of NOX4 levels. 
However, TGF-β-mediated regulation of cytoskeleton dynamics and focal adhesions require NOX4, which is 
necessary for TGF-β-induced increase in the chaperone Hsp27 and correct subcellular localization of Hic-5 within 
focal adhesions, as well for upregulation of the metalloprotease MMP9. All these results together point to NOX4 
as a key element in the whole TGF-β signaling in HCC cells, revealing an unknown role for NOX4 as tumor 
promoter in HCC patients presenting activation of the TGF-β pathway.   
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1. Introduction 

The Transforming Growth Factor-beta (TGF-β) pathway plays 
essential roles in liver, pancreas and gastrointestinal pathologies, 
particularly in chronic inflammatory processes and the transition from a 

noncancerous disease state to cancer [1]. The family of NADPH oxidases 
(NOXs) has emerged in recent years as targets of the TGF-β pathway 
mediating many of its effects on hepatocytes, stellate cells and macro
phages [2]. In particular, up-regulation of NOX4 by TGF-β is required for 
its pro-apoptotic activity in hepatocytes and hepatocellular carcinoma 
(HCC) cells [3]. Different molecular mechanisms may impair 
TGF-β-induced up-regulation of NOX4, which offer an advantage to HCC 
cells to overcome its tumor-suppressor function [4–7]. NOX4 also me
diates TGF-β-induced senescence in well-differentiated liver tumor cells 
[8], which might also contribute to prevent tumorigenesis. For this 
reason, in the last years it has increased the interest on deepening into 
the role of NOX4 as a potential tumor suppressor in the liver. In vitro 
assays proved that stable knockdown of NOX4 expression in human liver 
tumor cells increased cell proliferation and conferred an advantage to 
human HCC cells in xenograft experiments in athymic mice [9]. NOX4 is 
also necessary to maintain parenchymal structures, increase cell-cell and 
cell-to-matrix adhesion, and impair actomyosin contractility and 
amoeboid invasion [10]. We have recently shown that loss of NOX4 in 
HCC tumor cells induces metabolic reprogramming in a 
Nrf2/MYC-dependent manner to promote HCC progression [11]. Inter
estingly, NOX4 expression has been proposed as a prognostic factor in 
patients of HCC after hepatectomy, low NOX4 expression reflecting 
shorter relapse-free and overall survival [12]. In the same line of evi
dence, increased NOX4 expression has been associated with genes that 
inhibit tumor progression in HCC patients [13]. However, no such sig
nificant trend regarding NOX4 predictive value in survival was seen in 
univariate analysis in another cohort of HCC patients after partial hep
atectomy [14] and even it has been proposed that intranuclear locali
zation of NOX4 significantly correlates with advanced pathological TNM 
stage and short overall survival [15]. Furthermore, it is very relevant to 
consider that in most of solid tumors (head and neck, esophagus, 
bladder, ovary, prostate, as well in melanoma) expression of NOX4 is 
high when compared to histologically uninvolved specimens from the 
same organs [16] and NOX4 is being considered as a promising thera
peutic target of malignancy [17]. Considering all these discrepancies, 

much further work might be necessary to better understanding NOX4 
role in the context of liver tumorigenesis. 

TGF-β plays a dual role during liver carcinogenesis, behaving as a 
suppressor factor on the malignant cell at early stages, but contributing 
to later tumor progression once cells escape from its cytostatic effects 

[18]. During these last years, studies have been focused mainly on the 
role of NOX4, independently of TGF-β, in the biology and progression of 
liver tumors. However, TGF-β is the main inducer of NOX4 in the context 
of liver inflammation and fibrosis [19], previous stages of hep
atocarcinogenesis, and in a relevant percentage of HCC tumors, levels of 
TGF-β are high [20]. Despite of this, the specific role of NOX4 in 
TGF-β-induced canonical (SMADs) or non-canonical signals is not fully 
understood yet, neither its potential involvement in other parallel 
pro-tumorigenic actions induced by TGF-β in HCC cells. 

Here we have used CRISPR Cas9 technology to stable attenuate 
NOX4 expression in HCC cells, in order to explore the impact of NOX4 in 
all the different responses to TGF-β. We also have analyzed the relevance 
of the expression of NOX4 for patient prognosis in the context of high 
expression of TGF-β-related genes. Overall, results locate NOX4 as a key 
element in the anti- and pro-tumorigenic TGF-β effects in HCC cells and 
reveal an unknown role for NOX4 as tumor promoter in those HCC pa
tients that would present activation of the TGF-β pathway. 

2. Material and methods 

2.1. Cell Culture 

PLC/PRF/5 and Hep3B human HCC cells were obtained from the 
European Collection of Cell Cultures. All cell lines were submitted for 
authentication in 2014 before the generation of cells lacking NOX4 
protein by CRISPR-Cas9 technology, and used in passages close to the 
date of authentication. Just before publication of this manuscript, 
authentication of the cells was corroborated successfully. PLC/PRF/5 
cells were maintained in DMEM and Hep3B in MEM, supplemented with 
non-essential amino acids (Lonza, Basel, Switzerland), 10% foetal 
bovine serum (Sera Laboratories International Ltd, West Sussex, UK), 
Penicillin (100U/mL), Streptomycin (100 μg/mL), Amphotericin (2.5 
μg/mL), and L-glutamine (2 mM). All of them were maintained in a 
humidified atmosphere of 37 ◦C, 5% CO2. Cell lines were never used in 
the laboratory for longer than 4 months after receipt or resuscitation. 

Abbreviations 

ATPb ATP synthase subnunit beta 
DAPI 4′, 6-diamidino-2-phenylindole 
DPI diphenyleneiodonium 
EGFR Epidermal Growth Factor Receptor 
EMT Epithelial-Mesenchymal transition 
ER endoplasmic reticulum 
FBS fetal bovine serum 
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 
gRNA short-guide RNA 
GSVA gene set enrichment analysis 
H2DCFDA 2′,7′-dichlorodihydrofluorescein diacetate 
HBSS Hank’s balanced salt solution 
HCC hepatocellular carcinoma 
HUB Bellvitge University Hospital 
HVB hepatitis virus B 
HVC hepatitis virus C 
IF immunofluorescence 
MMP9 matrix metallopeptidase 9 

NADPH nicotinamide adenine dinucleotide phosphate 
NASH non-acoholic steatohepatitis 
NOX NADPH oxidase 
NT Non-Tumor 
O2
− superoxide anion 

PBS phosphate-buffered saline 
Q-VD-OPH Quinoline-Val-Asp-Difluorophenoxymethylketone 
ROS reactive oxygen species 
RT room temperature 
RTCA real-time cell analyzer 
SD standard deviation 
SDS sodium dodecyl sulfate 
siRNA small interference RNA 
T Tumor 
TCGA The Cancer Genome Atlas 
TCGA-LIHC the cancer genome atlas program - liver hepatocellular 

carcinoma 
TGF-β Transforming Growth Factor-beta 
VSMC vascular smooth muscle cells 
WB western blot  
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TGF-β (Sigma, #T70039) was used at 2 ng/mL. 
To generate a pool of PLC/PRF/5 and Hep3B cells lacking NOX4 

protein, we used the CRISPR-Cas9 system. Short-guide RNAs (gRNA) 
were designed to target the gene and then cloned into the pSpCas9(BB)- 
2A-puro vector (supplied by Addgene, Watertown, MA, USA), which 
encodes an RNA polymerase III promotor for the transcription of the 
guide, the Cas9 endonuclease, and a gene providing resistance to pu
romycin. Both cell lines were transfected overnight with Lipofect
amine® LTX Reagent (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA). An empty vector without gRNA was used as 
negative control. Puromycin was added for 24h at 2 μg/mL for selection. 
The selected cells were tested for gene deletion by endonuclease assay 
and checked for protein knockdown by immunoblot. 

For small interference RNA (siRNA) transient silencing, cells were 
transfected by TransIT-Quest reagent (Mirus, Madison, WI, USA) at 50 
nM, in complete media. After 8 h, cell plates were washed, and fresh 
media was added. siRNA sequences (5′-3′) used: Control: GUAAGA
CACGACUUAUCGC; CCND1 sequence #1: UGAACAAGCUCAA
GUGGAA; CCND1 sequence #2: CCGAGGAGCUGCUGCAAAU. siRNAs 
were obtained from Sigma-Genosys (Suffold, UK). CCND1 #1 and #2 
siRNA mix was used in all the experiments (ratio 1:1). 

2.2. Human HCC tissues and ethics statement 

Samples from non-tumor (NT) and tumor (T) tissues were obtained 
from patients during surgical procedures at the Bellvitge University 
Hospital (HUB). Samples derived from a cohort of 124 patients with 
different etiology came from liver explants at transplantation or resec
tion and incorporated in the study, with most of them in histological 
grade 2–3, and few in grade 1 or 4 (Supplementary Table 1). Human 
tissues were collected with the required informed consent in written 
from each patient and the approval of the Institutional Review Board 
(Comité Ético de Investigación Clínica-CEIC, University Hospital of 
Bellvitge). Patients’ written consent form and the study protocol con
formed to the ethical guidelines of the 1975 Declaration of Helsinki. 

2.3. Analysis of NADPH oxidase activity 

Cells were incubated with NADPH, and NADPH consumption was 
monitored by the decrease in absorbance at λ = 340 nm for 10 min. For 
analysis of specific NADPH oxidase activity, the rate of consumption of 
NADPH inhibited by diphenyleneiodonium (DPI; Sigma-Aldrich) was 
measured, by adding 10 μM DPI 30 min before the assays. Results were 
normalized to protein content and are expressed as picomoles per 
minute per μg of protein. 

2.4. Measurement of intracellular reactive oxygen species (ROS) 

To measure the intracellular content of ROS, the 2′,7′-dichlorodihy
drofluorescein diacetate (CM-H2DCFDA, Thermo Fisher, #C6827) kit 
was used. 24 h after seeding the cells in a 12-well plate, they were 
starved (≥4 h at 0% FBS). 1 h prior to the TGF-β activation (for 3 and 24 
h), cells were treated with DPI. Then, a wash with PBS is done and 
incubated with 2.5 μM H2DCFDA in HBSS for 30 min at 37 ◦C in the 
dark. Finally, images were taken at the Olympus IX70 microscope. 

MitoSOX™ Red reagent (#M36008, Invitrogen, UK) was used to 
determine mitochondrial O2− production. 24 h after seeding cells in 12- 
well plates, they were trypsinized and the pellet resuspended in a so
lution of 5 μM MitoSOX™ Red reagent in Hank’s Balanced Salt Solution 
(HBSS, Gibco #14175-053) and incubated for 15 min. After washing 
with HBSS, the pellet was resuspended with 300 μL HBSS in the flow 
cytometry tubes. Flow cytometry was performed by using a BD FACS 
Canto II Cytometer and analyzed by BD FACSDiva ™ v9.0 Software (BD 
Biosciences, San Jose, CA, USA). BD FlowJo™ v10.8.1 Software (BD 
Biosciences, San Jose, CA, USA) was used for the generation of graphs. 
All was performed at the Scientific and Technological Centers of the 

University of Barcelona (CCiTUB). 

2.5. Analysis of apoptosis by Annexin V/PI flow cytometry assay 

Analysis was done following the specifications of the kit Annexin V- 
FITC apoptosis Staining (Abcam, Cambridge, UK, #ab14085) and the 
optimal concentrations were optimized before the experiments. Hep3B 
cells were seeded in a 6-well plate, incubated overnight and starved (≥4 
h at 0% FBS) before treated with TGF-β for 48, 72 h. Some conditions 
were incubated with Q-VD-OPH 1 h before the treatment with TGF-β to 
inhibit the caspases. At the precise time, attached cells, after trypsini
zation, and those in culture medium were collected and added to a flow 
cytometry tube containing 1 mL of Annexin Binding Buffer (ABB). Tubes 
were centrifuged at 480g for 5 min and the supernatant discarded. Then, 
cells were resuspended in 100 μL of ABB with 6 μL of Annexin V-APC and 
5 μL of Propidium Iodide (PI) and incubated for 15 min at room tem
perature in the dark. Finally, 100 μL of ABB are added, and the reading is 
done. Flow cytometry was performed by using a BD FACS Canto II Cy
tometer and analyzed by BD FACSDiva ™ v9.0 Software (BD Bio
sciences, San Jose, CA, USA). BD FlowJo™ v10.8.1 Software (BD 
Biosciences, San Jose, CA, USA) was used for the generation of graphs. 
All was performed at the Scientific and Technological Centers of the 
University of Barcelona (CCiTUB). 

2.6. Analysis of the number of viable cells, migration and invasion 

Number of viable cells was determined by crystal violet staining. 
Cells were seeded in 24-well plates. After treatment, culture medium 
was removed; cells were washed with PBS and stained with crystal violet 
(0.2% (w/v) in 2% ethanol solution) for 30 min. The staining solution 
was washed with distilled water and dissolved in 10% SDS on a shaker 
for 30 min. Absorbance was measured on a plate reader at 595 nm. 

Cell migration was real-time examined through the xCELLigence 
System (Agilent, Santa Clara, CA, USA). 3 × 104 cells/well were seeded 
onto the top chamber of a CIM plate®, which was coated with a collagen 
IV solution (Sigma-Aldrich, St. Louis, MO, USA) and placed onto the 
RTCA station (Agilent, Santa Clara, CA, USA). Continuous values were 
represented as normalized cell index, which reflects a relative change in 
measured electrical impedance, and quantified as a slope (hours-1) of the 
first 16 h of cell migration. 

For assays of invasion in collagen gels, 5 x105 cells/mL were resus
pended in low viscosity media at 37◦C-10%CO2 for 72 h to create the 
spheroids, with or without TGF-β treatment. Then, they were embedded 
in Pure Collagen Type I Bovine collagen solution (3 mg/mL) in DMEM 
media. They were incubated with or without the presence of TGF-β, 
continuing the treatment for 96 h. Phase contrast pictures were taken for 
4 days at the Leica DMIRD in Scientific and Technological Centers of the 
University of Barcelona (CCiTUB). 

2.7. Immunofluorescence and image acquisition 

Cells were fixed with 4% paraformaldehyde and blocked using 1% 
BSA and 10% FBS in PBS during 1h at RT. Primary antibodies were 
diluted in 1% PBS-BSA (1:50 dilution, 1h, RT) (Supplementary Table 2). 
Samples were incubated with fluorescently-conjugated secondary anti
bodies (anti-mouse Alexa 488 or anti-rabbit Alexa 488, 1:200 dilution in 
1% PBS-BSA, 1h, RT). At the end, samples were embedded using Pro
Long™ Gold antifade reagent with DAPI reagent (Invitrogen #P36935, 
Thermo Fisher Scientific, Massachusetts, USA). Cells were imagined in a 
Nikon Eclipse 80i vertical fluorescence microscope or a Carl Zeiss 
LSM880 Confocal Microscopy in Scientific and Technological Centers of 
the University of Barcelona (CCiTUB). 

2.8. Western blot analysis 

Western Blotting was carried out as previously described [10]. Cells 
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were lysed in RIPA lysis buffer (supplemented with 1 mM PMSF, 5 
μg/mL Leupeptin, 0.1 mM Na3VO4, 0.5 mM DTT, 20 mM β-Glycerol 
phosphate) for 1h at 4 ◦C. Protein was quantified with the Bio-Rad 
Protein Assay Dye Reagent Concentrate (Bio-Rad Laboratories, Hercu
les, CA, USA). Polyacrylamide gels were prepared at 15%. Primary an
tibodies were diluted in 0.5% non-fat-dried milk in PBS with 0.05% 
Tween 20 (Supplementary Table 2). Peroxidase-conjugated secondary 
antibodies anti-mouse (NA931V) or anti-rabbit (NA934V) (GE Health
care, 1/3000) were diluted in 0.5% non-fat-dried milk in PBS with 
0.05% Tween 20. 

2.9. Biochemical analysis of the localization of NOX4 protein 

NOX4 subcellular localization was analyzed by several protein 
fractionation kits. The Subcellular Proten Fractionation Kit (Thermo 
Scientific, #78840) was used to isolate the whole cell in total, cyto
plasm, membrane, soluble nucleus, and chromatin fractions. Addition
ally, the Endoplasmic Reticulum Isolation Kit (Sigma, #ER0100) was 
used to separate the organelle from the total fraction. Finally, the 
Mitochondria Isolation Kit (Sigma, #MITOISO2) was the kit used to 
divide the cytosol and the mitochondria. 

2.10. Gene expression analysis 

E.Z.N.A.® Total RNA Kit II (Omega bio-tek, Norcross, GA, USA) was 
used for total RNA isolation following manufacturer’s instructions. 
Culture plates were washed with PBS and cells were scrapped with RLT 
lysis buffer containing 10 μL/mL of β-mercaptoethanol. 1 μg of total 
RNA isolated from each sample was reverse-transcribed with random 
primers for complementary DNA synthesis, using a High Capacity RNA 
to cDNA Master Mix Kit (Applied Biosystems, Foster City, CA, USA), 
according to the manufacturer’s protocol. For the real time qPCR, 
expression levels were determined in duplicate in a LightCycler® 480 
Real-time PCR system, using the LightCycler® 480 SYBR Green I Master 
(Roche Diagnostics GmbH, Mannheim, Germany). Gene expression ob
tained from in vitro data was normalized to housekeeping gene L32. 
Gene expression obtained from human HCC samples was normalized to 
the average of three different housekeeping genes: RPL32, HPRT1, TBP. 
See Supplementary Table 3 for primer sequences. 

2.11. Data analysis 

2.11.1. Statistical analyses 
Differences between two groups were compared using parametric 

analysis (Student’s t-test with Welch correction). In general, experi
ments were carried out at least 3 independent times. Data are repre
sented as mean ± standard deviation (SD). Statistical calculation was 
developed using GraphPad Prism software (GraphPad for Science Inc., 
San Diego, CA, USA). Differences were considered statistically signifi
cant at p<0.05 (*), p<0.01 (**) and p<0.001 (***). 

2.11.2. Specific analysis in human HCC tissue samples 
expression of different genes in 124 HCC patients (HUB) were 

analyzed by RT-qPCR. The results were normalized to the average of 
three different housekeeping genes: RPL32, HPRT1, TBP. Correlation 
analysis between NOX4 and TGFB1 was analyzed by Pearson correlation 
criteria. p<0.05 was considered statistically significant. Survival curves 
were performed by Kaplan Meier analysis, and significance studied with 
log-rank test. All patients were classified among TGFB1 High/Low and 
NOX4 High/Low depending on the expression of each gene. All analysis 
were performed considering the tumoral region expression. All statisti
cal calculation was done by GraphPad Prism software (GraphPad for 
Science Inc., San Diego, CA, USA). 

2.11.3. TCGA database 
The Cancer Genome Atlas (TCGA) gene expression profiles 

(log2TPM) from 327 hepatocellular carcinoma cases from TCGA Liver 
Hepatocellular Carcinoma (TCGA-LIHC) [21] were downloaded from 
TCGA2BED [22] FTP repository. Clinical data for these cases was 
downloaded from Genomics Data Commons data portal [23]. Samples 
were categorized as low stroma when the percentage of stromal cells was 
below <15%. Correlation was assessed using Pearson correlation tests 
and corrected for multiple testing. Gene expression levels were stratified 
using the median of each gene. For survival analyses, Kaplan-Meier 
curves were plotted, and statistical assessment was performed with 
Log-rank test. In the case of gene expression signatures (Supplementary 
Table 4), gene set variation analysis (GSVA) [24] was used to assess the 
relative activation of the signature in the samples. Differences in mean 
MMP9 or TGFB1I1 expression between NOX4 low and NOX4 high were 
tested using a Mann-Whitney U test. P-values were corrected for mul
tiple testing with Bonferroni. All analyses were performed using R 4.0.4 
[25]. 

3. Results 

3.1. Generation of cell models where expression of NOX4 is stably 
silenced, to analyze the different responses to TGF-β in HCC cells 

We and others previously demonstrated that cells that respond to 
TGF-β in terms of tumor suppressor functions undergo inhibition of 
proliferation and/or apoptosis, which is related to SMADs phosphory
lation (the canonical TGF-β signals) [20]. However, many HCC cells 
simultaneously respond to it transactivating survival/proliferative sig
nals (non-canonical TGF-β signals) that protect them from apoptosis, 
undergoing Epithelial-Mesenchymal Transition (EMT), which increases 
their capacity to migrate and invade [18]. Previous experience from our 
group had demonstrated that the PLC/PRF/5 cell line offers a good tool 
to analyze the response to TGF-β in terms of growth inhibition, whereas 
the Hep3B cells offer an excellent model to analyze the response in terms 
of apoptosis and EMT. We decided to use CRISPR Cas9 technology to 
silence NOX4 in these cells. Experimental procedure is detailed in Ma
terials and Methods section and presented in Supplementary Fig. 1. The 
efficiency of the silencing was demonstrated by analyzing NOX4 protein 
levels (Supplementary Fig. 2A) and NADPH oxidase activity (Supple
mentary Fig. 2B). Response to TGF-β was specifically impaired in terms 
of NOX4 up-regulation, whereas increase in the expression of other 
TGF-β target genes, SMAD7 and SERPINE1, was not affected (Supple
mentary Figs. 2C–D). Analysis of intracellular ROS production, by using 
H2DCFDA, revealed increase in CRISPR Control cells after TGF-β treat
ment, an effect that was clearly attenuated in CRISPR NOX4 cells 
(Supplementary Fig. 2E). TGF-β did not affect the levels of mitochon
drial ROS, analyzed with MitoSOX™, neither in Control nor in NOX4 
silenced cells (Supplementary Fig. 2F). Under the experimental condi
tions used in this study, we could not observe compensation by other 
members of the NOX family neither at basal levels nor after treatment 
with TGF-β in NOX4 silenced cells (results not shown). 

3.2. Silencing NOX4 affects the response to TGF-β in terms of both 
canonical and non-canonical signals 

We started by analyzing how silencing NOX4 affects SMADs phos
phorylation (Fig. 1A). We observed a tendency to attenuation in the 
response to TGF-β in terms of SMAD2 or SMAD3 phosphorylation in 
NOX4 silenced PLC/PRF/5 cells. When quantified as ratio phospho- 
SMADs versus total SMADs, CRISPR NOX4 cells showed an almost sig
nificant decrease in SMAD3 phosphorylation. However, SMAD- 
dependent response to TGF-β does not appear to be strongly affected, 
according to the observed SMAD7 and SERPIN1 up-regulation previ
ously mentioned (Supplementary Fig. 2D) and response in the expres
sion of other genes that we will comment later. 

Attenuation of the response to TGF-β in terms of tumor suppressor 
functions in HCC cells is mainly mediated by transactivation of the 
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Epidermal Growth Factor Receptor (EGFR) pathway [6], which activates 
the phosphatidylinositol-3-kinase/AKT pathway. A crosstalk between 
EGFR/AKT and NOX4 has been demonstrated, AKT impairing 
up-regulation of NOX4 by TGF-β [3]. Here we observed that a crosstalk 
in the opposite way also exits, since silencing NOX4 provokes an in
crease in EGFR and AKT phosphorylation both in untreated cells and in 
TGF-β-treated cells (Fig. 1B). Levels of AKT did not show differences in 
any of the conditions, whereas the total level of EGFR decreased during 
the culture regardless TGF-β is or not present, in both CRISPR Control 
and CRISPR NOX4. The levels of EGFR were high in the CRISPR NOX4 

cells, which contributes to the higher levels of phospho-EGFR, even at 
basal levels, observed in CRISPR NOX4 cells, as it is observed when the 
ratio phospho-EGFR/total EGFR is analyzed. 

These results evidence for the first time that stable silencing of NOX4 
in HCC cells may attenuate the TGF-β-induced intracellular canonical 
signals (SMADs) and situate the cells in a context of activation of other 
signals (EGFR/AKT) that could contribute to decrease the response to 
TGF-β in terms of growth inhibition and apoptosis. 

Fig. 1. Role of NOX4 on TGF-β-mediated canonical and non-canonical signals. Analysis made in PLC/PRF/5 (Control and CRISPR NOX4) cells, untreated or 
TGF-β-treated. A) Phospho-SMAD2/3 and total SMAD2/3; B) Phospho-AKT, phospho-EGFR and their corresponding total protein levels. In both cases, Western blot, 
β-Actin was used as loading control. Left: Representative experiments. Right: quantification of the Phospho/Total ratio in each case, after densitometric analysis of 
the levels taking into account the specific loading control [(Phospho)/(phospho loading)]/[(Total)/(total loading)]. Data are Mean ± SD (n = 3). 
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3.3. Silencing NOX4 attenuates TGF-β response in terms of growth 
inhibition and apoptosis in HCC cells 

We previously published that stable knockdown of NOX4 expression 
in human liver tumor cells increased cell proliferation, which correlated 
with a higher percentage of cells in S/G2/M phases of the cell cycle and 
increase in MYC mRNA and c-Myc protein levels [10,11]. We observed 
here that after silencing NOX4 by CRISPR Cas9, expression of MYC was 
much higher both at the mRNA and protein levels in PLC/PRF/5 and 
Hep3B cells (Supplementary Fig. 3). Since repression of the 
mitogen-induced MYC early expression was described as the main 
mechanism regulated by TGF-β to inhibit proliferation [26], also in 
hepatocytes [27], we wondered whether silencing NOX4 might affect 
the response to TGF-β in terms of cell proliferation in HCC cells. Fig. 2A 
shows that inhibition of proliferation by TGF-β is not so clearly observed 
in CRISPR NOX4 PLC/PRF/5 cells. Analysis of MYC mRNA levels 
revealed that the downregulation induced by TGF-β in CRISPR Control 
cells, was impaired in CRISPR NOX4 PLC/PRF/5 cells (Fig. 2B). 
Furthermore, in CRISPR Control cells, TGF-β mediated down-regulation 
of Cyclin D1 (CCND1), one of the most relevant cell-cycle-related genes, 
regulated by c-Myc [28], that belongs to the highly conserved Cyclin 
family that functions as regulators of Cyclin dependent kinases (CDK) 
and cell cycle G1/S transition. Interestingly, this effect was inhibited in 
CRISPR NOX4 cells (Fig. 2C). In parallel to the results observed for 
c-Myc, basal expression of Cyclin D1 is much higher both at the mRNA 
and protein levels in CRISPR NOX4 PLC/PRF/5 and Hep3B cells (Sup
plementary Fig. 3) and the expression of CCND1 even increased at longer 
times of TGF-β treatment (Fig. 2C). In order to analyze the relevance of 
Cyclin D1 in HCC cell proliferation, we transiently knocked down it with 

specific siRNA in PLC/PRF/5 cells (Fig. 2D) and analyzed cell number 
along the culture. Cyclin D1 is crucial for PLC/PRF/5 cells to proliferate 
and its silencing strongly inhibited growth in both control and CRISPR 
NOX4 cells (Fig. 2E), minimizing their differences in cell proliferation. 
Silencing Cyclin D1 did not affect the up-regulation of NOX4 or the 
downregulation of MYC by TGF-β in PLC/PRF/5 cells (Fig. 2F-G), which 
indicates that it acts downstream of these signals regulating cell cycle. 
Considering the essential role played by Cyclin D1 in the proliferation of 
HCC cells, its overexpression in NOX4 silenced cells, and the lack of 
down-regulation by TGF-β, may impair TGF-β-induced growth 
inhibition. 

With the aim of deepening into the impact of NOX4 in TGF-β-induced 
apoptosis, we moved to the Hep3B cells. Treating these cells with TGF-β 
induced appearance of apoptotic (fragmented)/picnotic nuclei, as a 
hallmark of caspase-3 activation. This response was significantly 
attenuated in CRISPR NOX4 cells (Supplementary Fig. 4). The analysis of 
apoptosis by Annexin V/propidium iodide (PI) staining, using Q-VD- 
OPH as a caspase-3 inhibitor, revealed an increase in the cells accu
mulating in Q3 (Annexin+, PI-, early apoptosis) and Q4 (Annexin+, PI+, 
late apoptosis) in CRISPR Control cells after 48 h of treatment with TGF- 
β, an effect that was not observed in the presence of Q-VD-OPH (Fig. 3A). 
In the case of the Hep3B CRISPR NOX4, the percentage of Annexin +
cells (in Q3 or Q4) was clearly lower when analyzed at 48 or 72 h 
(Fig. 3A-B). 

Looking for the molecular mechanisms, we analyzed TGF-β-induced 
up-regulation of BMF and BCL2L11 (BIM), proapoptotic Bcl-2 family 
members previously identified as induced by TGF-β and required for its 
pro-apoptotic effects [29,30]. Expression of both genes increased in 
response to TGF-β, but no differences were observed in CRISPR NOX4 

Fig. 2. Role of NOX4 in the response to TGF-β in 
terms of cell proliferation. Analysis made in PLC/ 
PRF/5 (Control and CRISPR NOX4) cells. A) Cell 
viability assay analyzed by crystal violet staining 
after 72h of TGF-β treatment, normalized to initial 
time (time 0h). Data represents mean ± SD of tripli
cates from one representative experiment. B) Relative 
MYC and C) CCND1 mRNA expression analyzed by 
RT-qPCR, normalized to housekeeping gene L32, after 
TGF-β treatment at 0, 0.5, 3 and 15 h. Represented as 
percentage of TGF-β treated versus untreated cells in 
each time. D) Cyclin D1 protein levels analyzed by 
Western blot after transiently transfecting either with 
control or Cyclin D1 specific siRNA sequences. 
β-Actin was used as loading control. Representative 
experiment (left) and densitometric analysis of Cyclin 
D1 levels relative to β-Actin (right). E) Cell prolifer
ation assay analyzed by crystal violet staining after 
transiently transfecting with either control or Cyclin 
D1 specific siRNA sequences, normalized to initial 
time (time 0h). F) Relative NOX4 and G) MYC mRNA 
expression analyzed by RT-qPCR, normalized to 
housekeeping gene L32, in Control CRISPR PLC/PRF/ 
5 cells transiently transfecting with either control or 
Cyclin D1 specific siRNA sequences: effect of TGF-β 
treatment at 0, 0.5, 3 and 15 h. Data are represented 
as percentage of TGF-β treated versus untreated cells 
in each time. In all the panels, data are Mean ± SD (n 
= 3). *p<0.05 **p<0.01 ***p<0.001. (siC: Control 
siRNA; siD1: Cyclin D1 siRNA). (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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Fig. 3. Role of NOX4 on TGF-β-induced apoptosis. 
Analysis made in Hep3B (Control and CRISPR NOX4) 
cells. A-B) Representative flow cytometry plots using 
Annexin V-FITC/PI staining for analysis of apoptosis 
in Hep3B (Control and CRISPR NOX4) treated with 
TGF-β for 48h (A) or 72h (B). In A, co-treatment with 
Q-VD-OPH, supporting the role of caspases in the 
process. C) Proapoptotic (BMF and BCL2L11) and 
antiapoptotic (BCL2L1 and MCL1) mRNA expression 
analyzed by RT-qPCR, normalized to housekeeping 
gene L32, after TGF-β treatment at 48 h. D) MCL1 and 
Bcl-xL protein levels analyzed by western blot after 
TGF-β treatment at 24, 48 and 72 h. β-Actin was used 
as loading control. In A and C data are Mean ± SD (n 
= 3–6). *p<0.05 **p<0.01, ***p<0.001. In B and D, 
a representative experiment is shown.   
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cells (Fig. 3C). Then, we moved to anti-apoptotic members of the family 
widely expressed in HCC cells: BCL2L1 (Bcl-xL) and MCL-1. None of 
these genes suffered significant changes in TGF-β treated cells, with 
great heterogeneity in the mRNA levels in the different experiments 
(Fig. 3C). However, western blot analysis revealed a clear increase in 
Bcl-xL levels, but not in MCL1, in CRISPR NOX4 cells: along the culture 
in untreated cells, and particularly at any time after treatment with 
TGF-β (Fig. 3D). These results together indicate that stable silencing of 
NOX4 inhibits TGF-β-induced apoptosis, but it is not related to tran
scriptional regulation of pro-apoptotic genes, but post-transcriptional 
regulation of anti-apoptotic genes, particularly Bcl-xL. 

3.4. Concomitant high expression of TGF-β-related genes and NOX4 in 
HCC patients is related to worse overall survival 

Considering the essential role played by NOX4 in mediating TGF- 

β-induced tumor suppressor actions, we decided to explore the expres
sion of TGFB1 and NOX4 in a cohort of 124 patients, whose tumors were 
collected during surgical procedures, at transplantation or resection, in 
the Bellvitge University Hospital (HUB) (Fig. 4A). NOX4 and TGFB1 
expression presented a positive correlation that was statistically signif
icant (Fig. 4B). We defined “high” or “low” expression depending on 
whether the data were above or below the median, respectively 
(Fig. 4A). Contrary to our initial hypothesis, patients showing high 
NOX4 and high TGFB1 expression presented the worse prognosis in term 
of overall survival (Fig. 4C). Looking in the TCGA public data bases, it 
could also be observed a tendency to a worse overall survival in the 
NOX4high versus the NOX4low in patients presenting high expression of 
TGF-β ligands, particularly in the case of TGFB2 (Supplementary Fig. 5A, 
Left) or high expression of the receptor TGFBR1 (Supplementary Fig. 5B, 
Left). These differences were never observed in patients with low 
expression of TGF-β ligands or receptors (Supplementary Figs. 5A–B, 

Fig. 4. Impact of the expression of NOX4 and 
TGFB1 on different parameters in HCC patients. 
HCC patients n = 124 from HUB. A) Distribution of 
the patients according to the expression of TGFB1 and 
NOX4. B) Pearson correlation analysis between NOX4 
and TGFB1 gene expression in 120 patients for which 
we had data of survival: TGFB1 High/NOX4 High 
(green: 33 patients); TGFB1 High/NOX4 Low (blue: 
27 patients); TGFB1 Low/NOX4 High (purple, 28 
patients); TGFB1 High/NOX4 High (red, 32 patients). 
C) Kaplan-Meier curve for overall survival percentage 
when TGFB1 and NOX4 expression are high/low. D) 
Percentage of HCC patients that have a tumor size 
bigger or smaller than 5 cm when TGFB1 expression 
is high, depending on their NOX4 expression. E) 
Percentage of HCC patients in each histological grade 
(I-IV) when TGFB1 expression is high, depending on 
their NOX4 expression. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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Right). Furthermore, TCGA data also reflected a positive correlation 
between NOX4 and TGFB1, TGFB2, TGFB3, TGFBR1 and TGFBR2 
expression that was statistically significant (Supplementary Fig. 6A). 
Using a stablished TGF-β gene signature that reflects hallmarks of cancer 
(TGF-β-signaling Hallmarks of Cancer, see Supplementary Table 4 in 
Material and Methods Section for details), we found a positive correla
tion between NOX4 expression and this gene signature (Supplementary 
Fig. 6B), which was observed even when selected only the samples with 
a low stroma, indicating a role for NOX4 expression in the tumor cells. 
Interestingly, Kaplan-Meier curve for overall survival probability for 
NOX4low versus NOX4high patients when “TGF-β-signaling Hallmarks of 
Cancer” gene signature is high revealed significant differences, lower 
overall survival in the NOX4high patients (Supplementary Fig. 6C). 

Interestingly, in our cohort of NOX4low/TGFB1high HUB-patients, the 
percentage of tumors with a size above 5 cm was higher, which may 
correlate with the previous presented results indicating that NOX4 me
diates TGF-β-induced growth inhibition (Fig. 4D). However, histologi
cally these tumors presented a more advanced stage (Fig. 4E). Since the 
cohort comes from surgical procedures, grade IV is infrequent, but all 

the patients with grade IV were in the NOX4high/TGFB1high group. We 
also observed lower percentage of relapse-free survival patients in the 
NOX4high/TGFB1high cohort when compared to the NOX4low/TGFB1high 

(Supplementary Fig. 7A). Looking at etiology, we could not observe any 
difference related to virus infection, alcohol or NASH between the 
NOX4high/TGFB1high and the NOX4low/TGFB1high groups (Supplemen
tary Fig. 7B). The NOX4high/TGFB1high patients presented a higher 
percentage of liver with mild fibrosis, but no differences were observed 
in terms of cirrhosis (Supplementary Fig. 7C). 

Altogether, these results would indicate that contrary to expectations 
regarding the strong role of TGF-β/NOX4 in mediating inhibition of 
growth and induction of apoptosis in liver tumor cells, the activation of 
both TGF-β and NOX4 pathways would reflect higher tumor progression. 

3.5. NOX4 mediates TGF-β effects on cytoskeleton remodeling and 
migration in HCC cells 

Results observed in patients led us to take into consideration other 
parallel effects of TGF-β in HCC cells that may contribute to tumor 

Fig. 5. Role of NOX4 on TGF-β-induced cell 
migration and Epithelial-Mesenchymal Transi
tion. Analysis made in Hep3B (Control and CRISPR 
NOX4) cells. A) Cell migration after TGF-β treatment, 
real-time monitored using xCELLigence system. Re
sults expressed as Normalized Cell Index (left) or 
slope (h-1) (right) of the first 16 h. B) Representative 
images of spheroids from cells either untreated or 
treated with TGF-β, embedded in a collagen I matrix 
for 96h. C) SNAI1, SNAI2 and VIM mRNA expression 
analyzed by RT-qPCR, normalized to housekeeping 
gene L32, after 48h TGF-β treatment. D) Immunoflu
orescence of E-Cadherin (green) and DAPI (blue) for 
nuclei staining after 48h TGF-β treatment. In A-Right 
and C data are Mean ± SD (n = 3–4). *p<0.05 
**p<0.01, ***p<0.001. In B and D, representative 
images are shown. Scale bar, 50 μm. (For interpreta
tion of the references to colour in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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progression. Indeed, we analyzed the role of NOX4 on TGF-β-mediated 
migration in the Hep3B cells (Fig. 5A). Continuous monitoring of cell 
migration by the xCelligence system clearly revealed a significant effect 
of TGF-β on the migratory capacity of control cells. However, this TGF- 
β-induced migratory effect was not observed in CRISPR NOX4 cells. 
Next, we performed invasive growth experiments in 3D where spher
oids, previously formed with the HCC cells, were later immersed in 
collagen gels to monitor the capacity of the cells to expand and invade 
the matrix. Control Hep3B cells in the presence of TGF-β showed 
spreading of the cells, which invade the collagen. However, this effect 

could not be observed in TGF-β-treated CRISPR NOX4 cells (Fig. 5B). 
Hep3B cells respond to TGF-β undergoing EMT. Indeed, we next 

evaluated the potential role of NOX4 in upregulating SNAIL1 (SNAI1), 
SNAIL2 (SNAI2) or Vimentin (VIM), but we observed that NOX4 is not 
required for the upregulation of these EMT-related genes (Fig. 5C). In 
correlation with this, E-Cadherin, which is the main target of SNAIL that 
down-regulates it, was lost regardless NOX4 is expressed or not 
(Fig. 5D). But, additionally to the regulation of the EMT-transcriptional 
program, the increase in cell migration by TGF-β requires cytoskeleton 
remodeling and changes in focal adhesions [31]. Analysis of F-Actin 

Fig. 6. Role of NOX4 on TGF-β-induced cytoskel
eton remodeling. Analysis made in Hep3B (Control 
and CRISPR NOX4) cells. A) Immunofluorescence of 
Phalloidin (red) and Vinculin (green) after 48h TGF-β 
treatment. B) Immunofluorescence of Hic-5 (green) 
after 48h TGF-β treatment. C) Hsp27 and Hic-5 pro
tein levels analyzed by western blot after 48 h of TGF- 
β treatment. β-Actin was used as loading control D) 
MMP9 mRNA expression analyzed by RT-qPCR, 
normalized to housekeeping gene L32, after 48h 
TGF-β treatment and represented as fold induction 
(TGF-β-treated versus untreated cells). In A and B, 
representative images are shown. Scale bar, 25 μm 
(A). Scale bar, 25 μm (B). In D, data are Mean ± SD 
(n = 4–6). *p<0.05. (For interpretation of the refer
ences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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localization and structure indicated clear differences in the CRISPR 
NOX4 cells, regardless they were treated or not with TGF-β (Fig. 6A). In 
control cells, F-Actin is organized pericellularly, whereas in the CRISPR 
NOX4 cells, it is not so well organized. TGF-β induced a complete 
disorganization of F-Actin in the control cells, with appearance of some 
stress fibers. In CRISPR NOX4 cells changes were not so evident, since 
these cells already presented disorganized F-Actin. Moreover, more 
importantly, in TGF-β-treated control cells changes in F-Actin were 
accompanied by notable increase in focal adhesions, analyzed by im
munostaining of Vinculin, an effect that was attenuated in CRISPR NOX4 
cells (Fig. 6A). Indeed, NOX4 is required for an efficient TGF-β regula
tion of cytoskeleton remodeling and increase in focal adhesions. 

It was previously suggested in VSMCs that NOX4 is a focal adhesion 
resident protein [32]. Here, immunocytochemical analysis of NOX4 and 
focal adhesions in Control Hep3B cells, analyzed by Vinculin staining, 
revealed co-localization in only some few points. In fact, NOX4 was 
mainly located in intracellular vesicles (Supplementary Fig. 8A) in both 
untreated and TGF-β-treated cells. Analysis by western blot after sepa
ration of different fractions in untreated cells revealed the majority of 
the NOX4 protein in the cytosolic fraction (Supplementary Fig. 8B), 
correlating with high levels in the endoplasmic reticulum fraction 
(Supplementary Fig. 8C). We cannot exclude that a fraction of NOX4 
may be in the nucleus (Supplementary Fig. 8A) or in the mitochondria 
(Supplementary Fig. 8D). 

Looking for alternative molecular mechanisms that would explain 
the participation of NOX4 in regulating TGF-β-induced focal adhesions, 
we first analyzed the level of expression of RAC/RHO family genes, 
which are upregulated by TGF-β, but we could not find significant dif
ferences between Control and CRISPR NOX4 cells (Supplementary 
Fig. 9). However, immunostaining of Hic-5, which was proposed to 
mediate TGF-β-induced adhesion in Vascular Smooth Muscle cells 
(VSMC) [33], showed significant differences between Control and 
CRISPR NOX4 cells (Fig. 6B). In Control cells, in the presence of TGF-β, 
Hic-5 levels increased and localized specifically in areas resembling 
focal adhesions. In CRISPR NOX4 cells, Hic-5 levels were lower, and no 
change was observed after treatment with TGF-β. The correct subcellular 
localization of Hic-5 within focal adhesions requires the chaperone 
protein Hsp27, also a target of NOX4-mediated gene transcription [33]. 
The analysis of Hsp27 protein levels revealed an increase in 
TGF-β-treated CRISPR Control cells that was attenuated in CRISPR 
NOX4 cells (Fig. 6C). These results suggest that TGF-β-mediated regu
lation of cytoskeleton dynamics and focal adhesions require NOX4, 
which is necessary for TGF-β-induced increase in the chaperone Hsp27 
and Hic-5, and correct subcellular localization of Hic-5 within focal 
adhesions. Finally, worthy to mention that the expression of the met
alloprotease MMP9 was upregulated by TGF-β in Control but not in 
CRISPR NOX4 cells (Fig. 6D). Looking at TCGA data, analysis of MMP9 
expression in the cohort of TGFB1high patients revealed significant 
higher levels in NOX4high versus NOX4low patients, a difference that 
could not be observed in the cohort of TGFB1low patients (Supplemen
tary Fig. 10A), which reinforces the role of NOX4 in regulating MMP9 in 
the context of TGF-β signaling. The analysis of TGFB1l1 (Hic-5) also 
revealed that the maximum level of expression was found in 
TGFB1highNOX4high patients. Again, results were similar when low 
stroma samples were selected (Supplementary Fig. 10B), indicating that 
differences are mainly due to the tumor cells. 

Altogether, these results indicate that NOX4 is required for TGF-β 
induction of migration in HCC cells, through the regulation of cyto
skeleton dynamics and focal adhesions, correlating with changes in 
expression of Hsp27, Hic-5 and MMP9. 

4. Discussion 

Hepatocellular carcinoma (HCC) is one of the deadliest malignancies 
worldwide because of its high recurrence rate, high metastatic potential, 
and resistance to drugs [34]. Elucidation of the mechanisms underlying 

malignancy in HCC is needed to improve diagnosis, therapy, and prog
nosis. Results here point to a crucial role for NOX4 axis in regulating 
both suppressor and pro-tumorigenic signals induced by TGF-β in HCC 
cells. On one side, NOX4 is required for an efficient SMADs phosphor
ylation and full inhibition of cell proliferation by TGF-β. Although the 
specific targets of the NOX4-mediated ROS are unclear, we may specu
late that inactivation of protein phosphatases could be a probable pos
sibility. In this sense, it has been proposed that protein phosphatase 2A 
(PP2A), physically interact with SMAD2/3, thereby promoting their 
dephosphorylation [35] and absence of Nox4 facilitates nuclear PP2A 
translocation in murine models of carcinogen-induced solid tumors 
[36]. However, although we could expect that the attenuated SMAD 
pathway would be related to a less efficient regulation of TGF-β target 
genes, we observed a correct response to TGF-β in CRISPR NOX4 cells in 
upregulating SMAD7, SERPINE1, BMF, BCL2L11, SNAI1, or VIM. In 
terms of proliferation, probably the most relevant aspect is that the 
absence of NOX4 provoked increase in the expression of MYC and Cyclin 
D1, being TGF-β unable of properly down-regulate the expression of 
these genes. We here show how Cyclin D1 is required for HCC cell 
proliferation and previous results strongly demonstrated that its over
expression impairs TGF-β-induced growth inhibition [37]. Indeed, the 
capacity of TGF-β to inhibit proliferation in CRISPR NOX4 cells may be 
significantly attenuated due to the high levels of Cyclin D1. Further
more, NOX4 appears to be required for an efficient TGF-β-induced 
apoptosis. Although these results could be expected, the previous ex
periments were performed by transiently knock-down of NOX4 [3]. 
Results here reinforces the crucial role of NOX4 in TGF-β-induced 
apoptosis, demonstrating that it does not exist a compensatory mecha
nism when NOX4 is stably silenced for long time, as may occur in pa
tients that present NOX4 deletions. TGF-β induces pro-apoptotic genes 
(such as BMF or BCL2L11) in primary cultures of hepatocytes, but also 
increases the levels of anti-apoptotic genes, such as Bcl-xL, the balance 
among them decides cell fate [30,38]. Inhibition of survival signals, such 
as the EGFR or the MAPK/ERKs pathways, abrogates the increase in the 
expression of the anti-apoptotic genes, in particular Bcl-xL, and signifi
cantly enhances cell death [5,30,38,39]. Results here shown demon
strate a role for NOX4 not through transcriptional regulation of 
pro-apoptotic genes, but through post-transcriptional regulation of 
anti-apoptotic proteins, particularly Bcl-xL, which appears also 
increased along the culture even in the absence of TGF-β, probably 
related to the higher activation of the EGFR/AKT pathway observed in 
these cells. Previous studies had identified Bcl-xL as a critical apoptosis 
antagonist in hepatocytes [40]. Indeed, in the absence of NOX4, 
apoptosis may be prevented by the high levels of Bcl-xL. 

Considering this essential role of NOX4 in TGF-β-induced tumor 
suppressor functions, it should have been expected that in HCC patients 
presenting high expression levels of TGF-β ligands and/or receptors, 
high level of NOX4 expression may define a better prognosis. Contrary to 
these expectations, analysis in a cohort of patient from the HUB in our 
campus, as well as in silico data from TCGA public data, revealed that 
high expression of NOX4 defines a worse overall survival in patients 
presenting high expression of TGF-β-related genes or a TGF-β cancer- 
related gene signature. A more detailed analysis in the HUB cohort 
correlated this NOX4high/TGFB1high group with a more aggressive 
phenotype. This stratification of patients has facilitated a better 
comprehension of the role of NOX4 in HCC and could explain the 
controversial data in the literature, with some publications defending a 
better prognosis [12,13], not any relevance [14], or even worse prog
nosis for NOX4high patients [15]. 

The reason for the potential role of NOX4 as pro-tumorigenic in the 
context of overactivation of the TGF-β pathway can be explained by the 
results demonstrating that NOX4 is required for TGF-β-induced migra
tion of HCC cells. Although nothing was known in the context of HCC, 
previous results in other solid tumors, such as breast, lung or pancreas, 
suggested that NOX4 is required for an efficient TGF-β-mediated EMT 
and increase in cell migration [41–44]. Here we propose the molecular 
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mechanism that may explain these effects. We found that NOX4 is not 
required for regulation of the EMT-related transcriptional program, but 
for TGF-β-induced regulation of cytoskeleton dynamics and focal ad
hesions. Although poorly described in the context of tumorigenesis, a 
role for NOX4 in regulating cytoskeleton dynamics and focal adhesions 
was elegantly demonstrated in VSMC [32,45–48]. Particularly, it was 
proposed that TGF-β, by a NOX4-dependent mechanism, increases Hic-5 
expression and localization in focal adhesions, which is essential for the 
TGF-β-mediated increase in focal adhesions number, adhesive forces and 
migration [33]. In the context of HCC, our results indicate that NOX4 is 
also required to regulate the levels of Hic-5 and its intracellular locali
zation. Regarding the potential molecular mechanism, as previously 
proposed in VSMCs [33], NOX4 is required for TGF-β-induced increase 
in the chaperone Hsp27, a target of NOX4-mediated gene transcription 
that is required for correct subcellular localization of Hic-5 within focal 
adhesions [33]. Additionally, we also observed that NOX4 is essential 
for TGF-β-mediated regulation of MMP9 expression. Interestingly, it has 
been proposed that NOX4 and associated reactive oxygen species (ROS) 
regulate MMP9 expression both at promoter activation and mRNA sta
bility levels [49,50]. Poorly studied in the context of the TGF-β actions in 
cancer, MMP9 has been described as an essential regulator of proteins 
involved in actin polymerization and cell migration during 
TGF-β-induced EMT in epithelial cells [51,52]. In vitro results are 
reinforced by data in patients, indicating the highest expression of 
MMP9 or TGFB1l1 in TGFB1highNOX4high patients. 

In conclusion, data here presented open new insights about the role 
of NOX4 in the context of overactivation of the TGF-β pathway in HCC 
(see graphical abstract). NOX4 mediates the tumor suppressor actions of 
TGF-β by regulating Bcl-xL, C-Myc and Cyclin D1. However, NOX4 is 
also required for regulation of cytoskeleton dynamics and focal adhe
sions by TGF-β, correlating with changes in expression of Hsp27, Hic-5 
and MMP9, which contribute to the migratory capacity of HCC cells. 
Altogether, NOX4 could participate in both suppressor and protumori
genic TGF-β actions in HCC cells. 
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