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Abstract: In acute myeloid leukemia (AML), a low level of reactive oxygen species (ROS) is associated
with leukemic stem cell (LSC) quiescence, whereas a high level promotes blast proliferation. ROS
homeostasis relies on a tightly-regulated balance between the antioxidant and oxidant systems.
Among the oxidants, NADPH oxidases (NOX) generate ROS as a physiological function. Although it
has been reported in AML initiation and development, the contribution of NOX to the ROS production
in AML remains to be clarified. The aim of this study was to investigate the NOX expression and
function in AML, and to examine the role of NOX in blast proliferation and differentiation. First,
we interrogated the NOX expression in primary cells from public datasets, and investigated their
association with prognostic markers. Next, we explored the NOX expression and activity in AML
cell lines, and studied the impact of NOX knockdown on cell proliferation and differentiation.
We found that NOX2 is ubiquitously expressed in AML blasts, and particularly in cells from the
myelomonocytic (M4) and monocytic (M5) stages; however, it is less expressed in LSCs and in
relapsed AML. This is consistent with an increased expression throughout normal hematopoietic
differentiation, and is reflected in AML cell lines. Nevertheless, no endogenous NOX activity could
be detected in the absence of PMA stimulation. Furthermore, CYBB knockdown, although hampering
induced NOX2 activity, did not affect the proliferation and differentiation of THP-1 and HL-60 cells.
In summary, our data suggest that NOX2 is a marker of AML blast differentiation, while AML cell
lines lack any NOX2 endogenous activity.

Keywords: leukemia; AML; transcriptomics; NADPH oxidase

1. Introduction

Over the last few decades, oxidative stress has been reported in solid tumors as well as
in hematopoietic malignancies [1,2] including acute myeloid leukemia (AML) [3]. Indeed,
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reactive oxygen species (ROS) are key messengers in cell signaling [4] that can modulate
the activity of redox-sensitive proteins, and can influence cellular processes encompassing
metabolism, survival, proliferation, and apoptosis [5]. In AML, a low level of ROS has
been associated with the self-renewal of leukemic stem cells (LSC) and aggressiveness,
whereas a moderate level was linked to blast proliferation [6–8]. Redox homeostasis
is the result of a tightly-regulated balance between ROS production and detoxification.
Although the antioxidant system is extensively studied in AML, the oxidant system remains
poorly understood.

Under physiological conditions, the mitochondrial respiratory chain, NO synthases
(NOS), xanthine dehydrogenase/oxidase (XDH), and NADPH oxidases (NOX) are major
contributors to ROS production [9]. Unlike most oxidative enzymes that generate ROS
as by-products, NOX produce ROS as main function [10]. The NOX family comprises
seven members, NOX1–5 and DUOX1–2, which can transfer electrons across biological
membranes from NADPH to molecular oxygen (O2), catalyzing its transformation into
superoxide anion (O2

−) or hydrogen peroxide (H2O2) [11,12]. Indeed, NOX activity has
been widely reported in solid tumors [13–18], and was found to promote tumorigene-
sis by regulating cell survival, division, and angiogenesis [19–21]. This drew particular
attention to NOX as potential targets in cancer [22,23]. Likewise, NOX were shown to
participate in AML transformation [24], proliferation [6,25], migration [25], differentia-
tion blockage [26,27], and in the self-renewal of leukemic stem cells [27]. However, the
characterization of the NOX family in myeloid leukemia remains limited, and studies had
mainly focused on NOX2 and NOX4 complexes [6,8,24,25,28]. Besides this, the studies
mostly relied on gene expression and NOX inhibition, by chemicals or knockdown, and the
enzymatic activity of NOX has not been accurately investigated. Therefore, the contribution
of NOX to ROS production in AML needs further investigation.

In this work, we performed an extensive transcriptional analysis of all of the NOX
subunits in AML, using public transcriptomic datasets and a large panel of 24 AML cell
lines. We also evaluated the prognostic value of NOX genes in three AML cohorts, and
examined whether NOX activity contributes to AML proliferation and differentiation-
blockage using a knockdown strategy in AML cell lines.

2. Materials and Methods
2.1. Analysis of the Public Datasets

Transcriptomics: raw CEL files from the AML microarray datasets GSE6891 and
GSE10358 (Affymetrix GeneChip Human Genome U133 Plus 2.0) were downloaded from
the GEO Omnibus (https://www.ncbi.nlm.nih.gov/geo/ (last accessed on 18 March 2021)).
The datasets were subjected to background-correction and Robust Multichip Average
(RMA) normalization using BioConductor’s Affy package [29] in the R environment [30].
Preprocessed microarray datasets of normal hematopoiesis (GSE24759) [31], paired diagno-
sis and relapse AML samples (GSE65625) [32], and functionally annotated leukemic stem
cell enriched (LSC+) and depleted (LSC−) AML populations (GSE76009) [33] were also
downloaded from the GEO Omnibus. For each gene, the probe set with the highest average
expression across the samples was used for the analysis. The AML dataset for the Cancer
Genome Atlas TCGA was acquired using cBioPortal’s cgdsr package in R environment
(https://www.cbioportal.org/) (last accessed on 18 March 2021).

Proteomics: the MaxQuant output files for the PXD019785 dataset were downloaded
from the PRIDE database [34,35]. The data processing and normalization were performed
using the DEP package in the R environment [36].

Boxplots and principal component analysis (PCA) plots were created in the R environ-
ment using the ggplot2 package [37]. Hierarchical clustering and correlation plots were
generated in R using the ComplexHeatmap [38] and corrplot [39] packages. For the cell
lines and the GSE24759 dataset, the heatmaps were created using the Clustvis web tool [40].

https://www.ncbi.nlm.nih.gov/geo/
https://www.cbioportal.org/
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2.2. Survival Analysis

Overall survival (OS) was defined as the time from the AML diagnosis until death, and
the patients who were alive at last follow-up were censored. Event-free survival (EFS) was
defined as the time from the diagnosis until an event occurred (induction failure, relapse,
or death), and the patients with no events at their last follow-up were censored. Cox
proportional hazard (CPH) regression was used to perform the univariate and multivariate
analyses [41]. The violation of the proportional hazards assumption was examined using
Schoenfeld residuals [42]. For the TCGA dataset, age violated the proportional hazard’s
assumption, and was therefore used as the stratifier, as took place in other research [33].
Wald’s test was used to evaluate the significance of the individual regression coefficients.
The survival analysis was performed in the R environment using the survival package [43].

2.3. Cell Lines and Culture

Twenty-Four human myeloid leukaemia cell lines were purchased from DSMZ (Ger-
man Collection of Microorganisms & Cell Cultures, Braunschweig, Germany), and cultured
in the recommended media (Table S1) at 37 ◦C in humidified air and 5% CO2. The cells
were harvested in their exponential growth phase. Cytarabine-resistant cell lines were
established, as described previously [44]. The cells were first cultured in the presence of
0.1 µM of cytarabine (Ara-C), and the dose was progressively increased by 0.1 µM with
every passage, until a resistance to 1 µM of Ara-C was reached.

2.4. RNA Extraction and Real-Time Reverse Transcription Quantitative PCR (RT-qPCR) Analysis

The cells were washed twice with cold Phosphate Buffer Saline (PBS) before pelleting.
The total cellular RNA was extracted using a Maxwell RNA purification kit (Promega,
Charbonnières-les-Bains, France), and was quantified using a NanoDrop Lite spectropho-
tometer. The RNA purity was analyzed using Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Les Ulis, France). Five micrograms of RNA were reverse-transcribed using the
SuperScript® VILO TM cDNA Synthesis kit (Invitrogen, Paris, France). For most of the
genes, primer (Eurogentec, Liége, Belgium) validation was performed on Stratagene’s
cDNA mix (Agilent Technologies, Les Ulys, France). For the NOX1, NOX3, and NOXO1
primers, the validation was performed on plasmids carrying the corresponding cDNA; the
pcDNA3.1-hNox1 (Addgene, Watertown, MA, USA) plasmid #58344), pcDNA3.1-hNoxo1
(Addgene plasmid #58530) and pcDNA3.1-hNox3 (Addgene plasmid #58341) were gifts
from Botond Banfi and Karl-Heinz Krause. Universal ProbeLibrary probes were purchased
from Roche (Meylan, France). The sequences of primers and probes are documented in
Table S2.

The RT-qPCR reactions were performed on 20 ng of cDNA using a LightCycler®

480 Probes Master (Roche), as described previously [45]. The samples were subjected
to an initial denaturation step (5 min, 95 ◦C), followed by 45 PCR cycles (10 s, 95 ◦C,
then 30 s, 60 ◦C) and a final cooling step (40 ◦C, 30 s). Triplicates of each sample were
analyzed using the cycle threshold (Ct) values determined by the LightCycler® 480 software.
The geometric Ct mean of human ACTB, YWHAZ and RPL13A genes was used as the
endogenous control, in order to calculate the expression of the target genes: ∆CT = “Ct
gene” − “Ct reference geomean”.

2.5. Western Blot

Radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl pH7.5, 0.1% SDS,
1% Triton, 150 mM NaCl, 1 mM EDTA) was used for the extraction of the NCF1 (Merck
Millipore, Fontenay-sous-Bois, France; Ref. 07-001, 1/3000 dilution), NCF2 (Merck Mil-
lipore, Ref. 07-002, 1/3000 dilution), and NCF4 (EMD Millipore, Ref. 07-503, 1/3000
dilution) proteins, while Laemmli buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 10% glyc-
erol, 5% β-mercaptoethanol, 0.005% bromophenol blue) was used for the extraction of
the CYBA protein (Abcam, Paris, France; Ref. ab80896, 1/500 dilution). The RIPA buffer
was supplemented with a protease inhibitor cocktail (Roche) and a phosphatase inhibitor
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cocktail (Thermo Fisher scientific, Villebon-sur-Yvette, France) according to the suppliers’
instructions, and 1 mM of phenylmethylsulfonyl fluoride (PMSF). The extracted proteins
were quantified using the bicinchoninic acid method. The lysates were then diluted to 1
µg/µL in Laemmli loading buffer and heated at 95 ◦C for 5 min before loading. Up to 40 µg
of the proteins were loaded per well, and SDS-page was performed using 4–15% gradient
polyacrylamide gels (BioRad, Marnes-la-Coquette, France). The proteins were transferred
onto 0.2 µm nitrocellulose membranes (BioRad), and were blocked for 1 h at room tem-
perature in Tris-buffered saline (TBS)-Tween (0.2%) with 5% milk. The membranes were
then incubated overnight at 4 ◦C with the appropriate dilutions of the primary antibod-
ies. The horseradish peroxidase (HRP)-conjugated secondary anti-mouse and anti-rabbit
antibodies were purchased from Vectorlabs (Peterborough, UK), and the band detection
was performed using an Amersham enhanced chemiluminescence (ECL) detection kit
(GE Healthcare Life Sciences, Velizy-Villacoublay, France). The protein quantification was
performed using ImageJ software.

2.6. Enzymatic Activity Assay

The NOX activity was measured as previously described, with some modifications [14].
The cells were washed in PBS, and were seeded in 96-well plates at 2 × 105 cells per well in
an isotonic glucose solution (300 mM) containing luminol (10 µM) (Sigma-Aldrich, Lyon,
France) and horseradish peroxidase (10 U/well) (Sigma-Aldrich). Phorbol 12-myristate
13-acetate (PMA; Sigma-Aldrich) was added at a final concentration of 100 nM prior to
the measurement. The luminescence was measured every minute for 2 h at 25 ◦C using
a ClarioStar microplate reader (BMG Labtech, Champigny-sur-Marne, France). The area
under the curve was calculated via ClarioStar Data Analysis software from the average of
replicates of blank-corrected data. Diphenyleneiodonium chloride (DPI; Sigma-Aldrich)
and VAS3947 (Merck Millipore), both at 20 µM, were used to block the NOX activity.
Dimethyl Sulfoxide (DMSO; Sigma-Aldrich) was used as the vehicle control.

2.7. Lentiviral Production and Transduction

Lentiviral particles expressing shRNA sequences against luciferase mRNA (shLUC:
CACGTACGCGGAATACTTCGA) or CYBB (shCYBB: TGCCTGAATTTCAACTGCATG),
and harboring puromycin N-acetyltransferase (PAC) as a reporter gene, were produced
as previously described [46]. The HL-60 and THP-1 cell lines were transduced with a
multiplicity of infection (MOI) of five. The transduced cells were subjected to a 6-day
selection period with 1 µg/mL of puromycin prior to the experiments.

2.8. Cell Differentiation

The differentiation of THP-1 cells was induced by PMA (100 nM), while that of the HL-
60 cells was induced by a mix of all-trans retinoic acid (ATRA, 100 nM) and DMSO (1.25%),
as previously described [47]. In brief, 2 × 105 cells were cultured in 3 mL media in 6-well
plates, either in the presence or absence of the differentiation agents, and were incubated at
37 ◦C for 96 h. The cell differentiation was checked by flow cytometry using anti-CD11b-PE
antibody (Becton Dickinson, Le Pont de Claix, France). A Phycoerythrin (PE)-coupled
mouse IgG1κ was used as the isotype control (Becton Dickinson). The data acquisition was
performed on a C6 Accuri® flow cytometer, and the analysis was performed using FlowJo®

software (Becton Dickinson).

2.9. Cell Proliferation

Cell counting: transduced cells were seeded in 3 mL media at a density of 2 × 105

cells/well in 6-well plates, and were incubated at 37 ◦C for 72 h. The cell numbers were
counted on day 3 using a trypan blue exclusion assay.

Resazurin assay: transduced cells were seeded in 200 µL media at a density of 5 × 104

cells/well in 96 well-plates, and were incubated at 37 ◦C for 72 h. The cell proliferation was
followed at days 0 and 3 using a resazurin reduction assay. At both timepoints, resazurin
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(0.1 mg/mL) (Sigma-Aldrich) was added at a volume of 20 µL per well, and the plates
were incubated for 4 h at 37 ◦C. The fluorescence (λex = 529.5–19 nm, λem = 582–36 nm) was
measured using a ClarioStar microplate reader. The blank corrected signals were calculated
using ClarioStar Data Analysis software, and normalization was performed with respect to
day 0 for each condition.

2.10. Statistical Analyses

For the cell lines, the results are expressed as mean ± SEM of three independent exper-
iments. R software was used to construct the figures and perform the statistical analyses.

3. Results
3.1. NOX2 Complex Components Are Ubiquitously Expressed in AML, but Show Lower
Expression in the t(8;21) and t(15;17) Subgroups

In order to characterize the expression profile of NOX-coding genes in AML cells
(Figure 1a), we examined three public expression datasets of primary AML: GSE6891
(microarray, N = 443) [48], GSE10358 (microarray, N = 223) [49], and TCGA (RNA-seq,
N = 173) [50]. The data showed that genes coding for the subunits of NOX2 complex
(CYBB, NCF1, NCF2, NCF4 and CYBA) were highly expressed in most AML samples,
whereas genes coding for NOX1, NOX3-5, DUOX1-2, NOXA1 and NOXO1 were either
weakly expressed or absent (Table S3). Besides this, three genes (CYBB, NCF1 and NCF2)
coding for NOX2 complex subunits were constantly deregulated across the three datasets
(Figure 1b–d and Table S4). Each of these genes was deregulated in at least two of the
three favorable cytogenetic groups—t(8;21), t(15;17) and inv(16)—compared to the other
groups. Remarkably, they were also highly expressed in inv(16) compared to the other
groups (Figure 1b–d and Table S4. Fold Change (FC) > 1.5 with p < 0.002). In addition,
CYBB had the lowest expression in the t(8;21) group (Figure 1b–d and Table S4. FC < −2.1
with p < 0.001), and NCF1 had the lowest expression in the t(8;21) and t(15;17) groups
(Figure 1b–d and Table S4. FC < −1.2 and −1.8 for t(8;21) and t(15;17), respectively, with
p < 0.001), whereas NCF2 had its lowest expression in the t(15;17) group (Figure 1b–d
and Table S4. FC < −2.4 with p < 0.001). These findings indicate that NOX2 is the most
expressed NOX complex in AML, but it shows lower expression within the t(8;21) and
t(15;17) subgroups.

3.2. NOX-Coding Genes Are Not Prognostic in AML

Because gene expression varies between subtypes, we aimed to examine whether NOX-
coding genes may have a prognostic value in AML. Thus, we performed Cox regression
analysis across the three AML datasets. The results showed that none of the 13 NOX-coding
genes were consistently prognostic in all of the datasets, either in univariate analysis (Table
S5) or after adjustment for age and cytogenetic abnormalities (Table S6). However, NCF4
expression correlated with a bad prognosis for EFS in the GSE10358 and TCGA datasets
(Tables S5 and S6). We also examined the correlation between NOX expression and somatic
mutations within the cytogenetically-normal AML subset, but found no correlation with
NPM1/FLT3ITD status (Table S7). We also found that none of the genes was consistently
prognostic within the cytogenetically-normal AML, subset either in the univariate analysis
or after adjustment for age and NPM1/FLT3ITD status (Tables S8 and S9).

3.3. Subunits of the NOX2 Complex Are Highly Expressed among M4 and M5 AML
Primary Blasts

Before the European LeukemiaNet classification, AML patients were historically
stratified into eight French-American-British (FAB) subtypes (M0–M7), according to the
differentiation orientation and degree of maturation of the blasts [51,52]. We noticed that
the t(8;21) group, in which NOX2-coding genes are down-regulated, is correlated with the
M2 FAB subtype (71.4–85.7%), whereas the inv(16) group, in which NOX2-coding genes
are up-regulated, is correlated with the more mature M4 subtype (70–93.8%) in all three
datasets (Table S10). This respective correlation between the two Core Binding Factor (CBF)
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translocations and M2/M4 subtypes has been previously reported [53]. We thus speculated
that the NOX expression profile in AML could be associated with the commitment of AML
blasts and their stage of blockage. Therefore, we investigated the expression profile of
all NOX-coding genes according to the FAB subtypes. The expression of genes coding
for the NOX2 complex was the highest in the more mature myelomonocytic (M4) and
monocytic (M5) subtypes, as shown by hierarchical clustering and principal component
analysis (Figure 2a–c). Genes coding for other complexes are virtually undetectable, as
indicated in Table S3 (Figure 2a–c). Furthermore, the expression of NOX2 complex genes
showed positive inter-correlation in all of the datasets (Figure 2d–f).

Antioxidants 2021, 10, x FOR PEER REVIEW 6 of 19 
 

 
Figure 1. Expression profile of genes coding for CYBB, NCF1, and NCF2 in primary AML, according to cytogenetic ab-
normalities. (a) Schematic representation of the seven NOX complexes (NOX1-5 and DUOX1-2) and their 13 subunits. The 
analysis was performed in the (b) GSE6891, (c) GSE10358, (d) TCGA datasets. Student’s t-test followed by Benjamini-
Hochberg (BH)-adjustment was used to compare each karyotype to all of the others combined. **: p < 0.01; ***: p < 0.001. 
CN: cytogenetically normal. IRC: intermediate risk cytogenetics. PRC: poor risk cytogenetics. 

3.2. NOX-Coding Genes are not Prognostic in AML 
Because gene expression varies between subtypes, we aimed to examine whether 

NOX-coding genes may have a prognostic value in AML. Thus, we performed Cox re-
gression analysis across the three AML datasets. The results showed that none of the 13 
NOX-coding genes were consistently prognostic in all of the datasets, either in univariate 
analysis (Table S5) or after adjustment for age and cytogenetic abnormalities (Table S6). 
However, NCF4 expression correlated with a bad prognosis for EFS in the GSE10358 and 
TCGA datasets (Tables S5 and S6). We also examined the correlation between NOX ex-
pression and somatic mutations within the cytogenetically-normal AML subset, but found 
no correlation with NPM1/FLT3ITD status (Table S7). We also found that none of the genes 
was consistently prognostic within the cytogenetically-normal AML, subset either in the 

Figure 1. Expression profile of genes coding for CYBB, NCF1, and NCF2 in primary AML, according to cytogenetic
abnormalities. (a) Schematic representation of the seven NOX complexes (NOX1-5 and DUOX1-2) and their 13 subunits.
The analysis was performed in the (b) GSE6891, (c) GSE10358, (d) TCGA datasets. Student’s t-test followed by Benjamini-
Hochberg (BH)-adjustment was used to compare each karyotype to all of the others combined. **: p < 0.01; ***: p < 0.001.
CN: cytogenetically normal. IRC: intermediate risk cytogenetics. PRC: poor risk cytogenetics.



Antioxidants 2021, 10, 498 7 of 18Antioxidants 2021, 10, x FOR PEER REVIEW 8 of 19 
 

 
Figure 2. NOX expression profile in primary AML, according to FAB subtypes. (a–c) Heatmap (left) and principal component 
analysis (PCA) plots (right) depicting the expression of NOX genes in primary AML samples from the GSE6891, GSE10358, 
and TCGA datasets, respectively. In the heatmap, the data are shown as log2-expression values. Both the rows and columns 
are clustered using Euclidean distance and average linkage. In the PCA plot, the first two principal components explaining 

Figure 2. NOX expression profile in primary AML, according to FAB subtypes. (a–c) Heatmap
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heatmap, the data are shown as log2-expression values. Both the rows and columns are clustered
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using Euclidean distance and average linkage. In the PCA plot, the first two principal components
explaining most of the variability between the samples are shown. Together, PC1 and PC2 explain
89% of the total variance in the NOX expressions between the samples. The samples from the M4/M5
subtypes are colored in red, while the other subtypes are in blue. The prediction ellipses are such
that, with probability 0.95, a new observation from the same group will fall inside the ellipse. (d–f)
Correlations between the genes coding for the NOX2 complex in the GSE6891, GSE10358, and TCGA
datasets, respectively. The pairwise correlation between the genes was estimated using Pearson’s
correlation coefficient. The positive coefficients (in red) indicate a positive correlation, while the
negative coefficients (in blue) indicate a negative correlation. The BH-adjusted p-values are also
reported, and an asterisk (*) indicates a significant correlation (p < 0.05). (g) The NOX proteomic
profile in primary AML according to the FAB subtypes in PRIDE’s PXD019785 dataset (N = 33). The
pairwise comparisons between the M4–M5 and M0-M1-M2 groups were performed using Student’s
t-test (*: p < 0.05).

The transcriptomic findings were validated at the protein level in a proteomics dataset
of 33 AML samples (PXD019785) [35]. As expected, none of the NOX1, NOX3–5, or DUOX
proteins was detected in this dataset. In contrast, all of the proteins from the NOX2 complex
were detected, and the expression of CYBB, NCF1, and NCF2 proteins was increased in the
M4–M5 primary AML compared to more immature FAB groups (Figure 2g).

Together, the data indicate that the expression of NOX2 complex genes in AML blasts
might be dependent on the stage of differentiation blockage, and that these genes are tightly
co-regulated.

3.4. The Expression of NOX2 Complex Subunits Increases throughout Normal
Myeloid Differentiation

The NOX2 complex was first discovered in the oxidative burst of phagocytes. We pos-
tulated that its expression would increase throughout normal myeloid differentiation. The
transcriptomic exploration of a comprehensive dataset of normal hematopoiesis (GSE24759)
showed that the expression of NOX2 complex subunits is weak in HSCs, but increases
gradually during normal granulocytic and monocytic differentiation (Figure 3a,b). This
corroborates our hypothesis that the expression of genes coding for components of the
NOX2 complex in AML blasts may depend on their differentiation status, rather than being
related to AML malignancy.
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(b) Boxplots showing the expression of genes coding for the subunits of the NOX2 complex in myeloid subsets. Wilcoxon’s rank-sum test
followed by BH-adjustment was used for the pairwise comparisons between the HSC1 population and the other populations. *: p < 0.05.
HSC1: CD133+CD34dim HSCs; HSC2: CD38−CD34+ HSCs; CMP: common myeloid progenitor; GMP: granulocyte/monocyte
progenitor; MEP: megakaryocyte/erythroid progenitor; GRAN1: colony-forming unit-granulocyte; GRAN2: granulocyte (neutrophilic
metamyelocyte); GRAN3: granulocyte (neutrophil); EOS: eosinophil; BASO: basophil; MONO1: colony-forming unit-monocyte;
MONO2: monocyte, Ery: CD34− CD71− GlyA+ erythroid; MEGA: megakaryocyte.

3.5. NOX2 Complex Subunits Are Depleted in LSCs and at Relapse

In order to verify whether NOX can contribute to AML aggressiveness, we investi-
gated the expression of NOX-coding genes in LSCs and in relapsed AML cells. First, we ex-
plored the NOX-expression profile in functionally-defined LSCs using a dataset (GSE76009)
of mouse-engrafting primary human AML stem cells (LSC+) and non-engrafting LSC-
depleted (LSC−) cells [33]. The expression of the catalytical subunits was examined
according to the expression status of the CD34 and CD38 cell surface markers. CYBB was
the most expressed gene, compared to NOX1, NOX3-5 and DUOX1/2 (Figure S1a). The
expression of CYBB was weak in CD34+CD38− cells, which are enriched in LSC activity,
but increased with the loss of the CD34 marker in more committed cells. The expression of
NOX2 complex regulatory subunits, save for NCF4, was strongly induced in more differen-
tiated CD34−CD38+ cells (Figure S1b). In line with this, NOX2 complex genes, except NCF4,
were downregulated in LSC+ compared to LSC− cells (Figure 4a), indicating that cells with
LSC properties have a lower expression of genes coding for the components of the NOX2
complex compared to more committed cells. Next, we examined the expression of NOX2
complex genes in AML samples from the GSE66525 dataset at relapse and diagnosis [32].
Consistent with the observation in LSCs, we found a global decrease in the expression of
NOX2 genes at relapse compared to diagnosis, except for NCF4 (Figure 4b). Interestingly,
an LSC signature has been reported in AML blasts at relapse for this dataset [32]. In order
to address the negative correlation with chemoresistance, we examined the expression
profile of genes coding for the NOX2 complex in nine cell lines that are adapted to resist 1
µM of cytarabine (Ara-C) in vitro. Our results showed that the expression of CYBA and
NCF4 decreased following Ara-C resistance in these cell lines (Figure S2). Together, these
data show that the NOX2 complex is mostly expressed in more mature AML blasts at
diagnosis, and is unlikely to contribute to LSC-mediated relapse in AML.

3.6. NOX Activity Is Only Detectable after PMA-Induction, Mainly in M4 and M5
AML Subtypes

The in silico meta-analysis of the primary AML datasets showed that NOX2 expression
is associated with the differentiation stage of AML cells, suggesting that this complex may
contribute to ROS production, at least in the M4 and M5 subtypes, with a possible contri-
bution to blast proliferation and differentiation blockage. Previous studies have shown
NOX expression and suggested that NOX activity contributes to AML cell proliferation
and differentiation [6,26,27]. However, these studies mostly measured ROS production and
NOX activity after stimulation or under stress conditions, which can reveal the potential
rather than the contribution of NOX to global ROS production in a steady-state. In order to
verify whether NOX actively contributes to ROS production in AML cells, we examined
NOX mRNA levels, together with NOX activity in the absence of stress. In order to avoid
contamination by normal cells, such as phagocytes, we chose to work on a broad set of
leukemic cell lines that cover all of the FAB stages, rather than on heterogeneous primary
cells. In line with the data from primary AML cells, only CYBB was highly expressed
among the genes coding for catalytical NOX subunits (Figure 5a). As is consistent with
the transcriptomic analyses of primary AML, genes coding for NOX2 complex subunits
were ubiquitously expressed with higher expression in M4 and M5 cell lines. The Western
blot analysis of NOX2 regulatory subunits revealed that their protein profile is correlated
with the mRNA levels, especially for NCF1 (p47phox) and NCF2 (p67phox) (Figure S3).
The NOX enzymatic activity was then measured in the presence or absence of phorbol
myristate acetate (PMA) stimulation (Figure 5b). PMA is an activator of protein kinase C,
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which can subsequently trigger NOX assembly. Surprisingly, none of the cell lines showed
detectable activity in the absence of PMA induction (data not shown); in contrast, PMA
induced a detectable enzymatic activity in nine cell lines, mainly those belonging to the
M4 (OCI-AML2, OCI-AML3 and OCI-AML5) and M5 (AML-193, MOLM-13 and THP-1)
subgroups (Figure 5c). This activity was strongly inhibited by DPI and VAS3947 (82.7%
to 99.0%), two widely-used NOX inhibitors (Figure 5d). This indicates that despite the
widespread expression of the NOX2 subunits, the NOX2 complex is not readily active in
AML cell lines, and requires further stimulation.
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Figure 4. Expression profile of genes coding for NOX2 subunits, according to AML stemness and resistance to therapy.
(a) The expression profile of genes coding for NOX2 subunits in an AML-engrafting leukemic stem cell enriched (LSC+)
population compared to a non-engrafting LSC depleted (LSC−) population from the GSE76009 dataset [33]. Student’s
t-test, followed by BH-adjustment, was used for the pairwise comparisons between the LSC+ and LSC− groups. (b) The
expression profile of genes coding for NOX2 subunits in AML patients at relapse compared to diagnosis from the GSE66525
dataset [32]. Wilcoxon’s signed-rank test was used for the pairwise comparisons between relapse and diagnosis. ns: not
significant, *: p < 0.05; ***: p < 0.001.
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Figure 5. NOX expression and activity in 24 leukaemic cell lines. (a) The NOX mRNA expression profile in 22 AML and 2
CML-derived cell lines. The AML cell lines are organized from M0 to M7, according to the FAB classification. The NOX
mRNA expression was assessed by RT-qPCR (mean values, N = 3). The heatmap colors reflect the expression level as ∆Ct
mean values (red: high expression, blue: low expression). (b) A schematic representation of the NOX enzymatic activity
measurement. PMA induces the assembly of NOX2 complex and stimulates subsequent ROS production, allowing HRP
oxidation. In its turn, HRP oxidizes luminol, which emits light that is measured during a 2 h period. (c) The PMA-inducible
NOX enzymatic activity measurement (N = 3). The NOX activity is reported as area under the curve, normalized to that of
THP1 cells. (d) The cells were incubated in the presence or absence of DPI (20 µM). The data are shown as the area under
the curve (mean ± SEM, N = 3). Student’s t-test was performed for each cell line, comparing the control to each of the DPI-
and VAS3947-treated conditions (** p < 0.01; *** p < 0.001). RLU: relative luminescence unit.

3.7. CYBB Knockdown (KD) Decreases NOX Activity, but Neither Affects the Proliferation or the
Differentiation of AML Cell Lines

The characterization of the AML cell lines led to the identification of two groups:
(a) cell lines harboring a low expression of genes coding for the NOX2 complex and
lacking NOX2-inducible activity, and (b) cell lines expressing NOX2 subunits along with an
inducible NOX2 activity. We further speculated that low NOX activity, below the detection
threshold of the enzymatic assay, could still exist and contribute to cell proliferation and
differentiation. In order to verify this, we investigated the effect of CYBB knockdown (KD)
on two representative cell lines.

We used HL-60 cells as a model of immature AML cells with no inducible NOX activity
(Figure 5c). This cell line is known for its granulocyte- and monocyte/macrophage-like
differentiation potential. Indeed, in the presence of DMSO and ATRA, the HL-60 cells fully
differentiated, as demonstrated by the expression of the CD11b marker on the cell surface
(98.4 ± 0.7% of CD11b+ cells; Figure 6a). This was accompanied by the acquisition of
PMA-inducible NOX activity (Figure 6b), and a striking increase in the expression of genes
coding for the NOX2 complex subunits (Figure 6c). Nonetheless, no activity was detected
in the differentiated HL-60 cells in the absence of PMA stimulation (data not shown).
Following CYBB knockdown, an efficient (69.9 ± 3.2%) decrease in CYBB expression was
achieved in the differentiated HL-60 cells. Otherwise, it had no effect on genes coding
for the other catalytic subunits, indicating an absence of compensation effects (Figure
6d). Although CYBB KD was accompanied by a decrease in PMA-induced NOX activity
(Figure 6e), it had no effect on the differentiation of HL-60 cells (Figure 6f).
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Figure 6. Effect of CYBB knockdown (KD) on the proliferation and differentiation of AML cell lines. (a) The expression of
CD11b in HL-60 cells with and without differentiation. (b) The PMA-induced NOX activity in HL-60 cells, with and without
differentiation. (c) The NOX expression profile in HL-60 cells, with and without differentiation. (d) The effect of CYBB KD
on the NOX expression profile in HL-60 cells, with and without differentiation. (e) The effect of CYBB KD on PMA-induced
NOX activity in HL-60 cells, with and without differentiation. (f) The effect of CYBB KD on CD11b expression in HL-60
cells, with and without differentiation. The CD11b expression is reported as percentage of positive cells. (g–j) The effect of
CYBB KD on CYBB expression (g), PMA-induced NOX activity (h), the proliferation (i) and PMA-induced differentiation (j)
of THP-1 cells. The proliferation of the THP-1 cells was assessed after three days of culture, and the proliferation rate is
reported as a ratio to day 0. Student’s t-test, followed by BH adjustment, was used for the pairwise comparisons. (ns: not
significant; *: p < 0.05; **: p < 0.01; ***: p < 0.001). CTL: control; Diff.: after differentiation; Luc: luciferase; a.u.: arbitrary unit.
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Furthermore, we tested the effect of CYBB KD on the more mature THP-1 cell line,
which has strong PMA-induced NOX activity. Similarly to the HL-60 cells, the CYBB KD
in THP-1 cells efficiently decreased the CYBB expression and concomitant PMA-induced
NOX activity (Figure 6g,h); however, it neither affected cell proliferation, as measured
by a trypan blue exclusion assay (Figure 6i) and a resazurin assay (Figure S4), nor their
PMA-induced differentiation (Figure 6j). Together, these data indicate that the NOX2
complex does not contribute to the differentiation and proliferation of AML cell lines, and
that—even in terminally differentiated cells—NOX2 still requires further stimulation to
become active.

4. Discussion

Reactive oxygen species play a major role in AML progression. While quiescent LSCs
have low levels of ROS, a higher level drives the proliferation of the more mature and
metabolically-active blasts. Previous studies have postulated that NOX are central in LSCs,
blast proliferation, and differentiation blockage in AML; however, their contribution to
ROS production in AML has not been fully addressed.

In this study, we provided a thorough profiling of NOX expression and activity in
AML cells using a meta-analysis of public expression datasets, including 839 AML samples
of various cytogenetic and molecular subtypes, and the in vitro examination of 24 myeloid
leukemia cell lines. Our results demonstrate that genes coding for the NOX2 complex are
ubiquitously expressed across blast samples and AML cell lines, and are the most expressed
among the 13 NOX genes, in agreement with recent findings [27]. It is worthy of note
that although NOX4 expression has been previously described downstream of FLT3-ITD
in AML cells [28,54,55], our transcriptional analyses, using three different technologies
(microarrays, RNA-seq and qRT-PCR), established that its mRNA expression is lacking
from all AML subtypes, including FLT3-ITD. This indicates a possible transcriptional
regulation of NOX4 mRNA or high protein stability.

The in-depth survival analysis of the primary AML datasets did not reveal significant
prognostic values for CYBB, NCF1, and NCF2 genes, despite a high correlation with three
cytogenetic subgroups. In fact, while the t(8;21) and inv(16) subgroups are both associated
with good prognosis, they showed opposite expression profiles of NOX2 genes, which
could partly explain the lack of consistent global prognosis for NOX. We also noticed high
heterogeneity in the NOX profiles within most cytogenetic subgroups, suggesting distinct
cellular properties between patients. Our data further show that NOX2 complex subunits
are increased in AML cells from the M4 and M5 FAB stages, both at the RNA and protein
levels. This is in line with previous observations at the protein level [26,56]. We also found a
significant correlation between the mRNA and protein levels for NOX2-regulatory subunits
in our cell lines, indicating that the transcriptomic analysis could be reflective of NOX
proteins in AML blasts. Interestingly, three NOX2 subunits (CYBB, NCF2 and NCF4) are
among a set of 311 genes which we recently identified as being consistently downregulated
in the bone marrow (BM) of AML patients from various cytogenetic subgroups, compared
to healthy controls [57]. This indicates that bulk AML maintains a lower level of NOX2
compared to more mature cells, confirming the correlation between the expression of the
NOX2 complex and the stage of differentiation blockage in AML.

It is well established that ROS can promote the proliferation and apoptosis of cancer
cells, which is dependent on its delicate regulation by antioxidant enzymes. While exoge-
nous and metabolic factors can contribute to oxidative stress during AML progression, the
role of NOX enzymes at steady states remains elusive. Our transcriptomic meta-analysis
revealed that the NOX2 complex is depleted in LSCs and HSCs; however, it is higher in
AML blasts, and increases progressively throughout normal granulocytic and monocytic
differentiation. Indeed, AML blasts with high ROS levels also have high CYBB expres-
sion, whereas AML cells with low ROS levels display lower CYBB expression and higher
stemness [8]. Besides this, a correlation between NOX expression and differentiation was
established in normal hematopoiesis, in which an increased Nox2 expression and ROS
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production have been observed in murine granulocyte-monocyte progenitors. However,
when we examined 24 AML cell lines, we found that they all lacked detectable NOX
activity in the absence of exogenous stimulation. This suggests that NOX2 requires further
assembly for its activation in AML cells. In agreement with this, Reddy et al. reported
no involvement of NOX in ROS production and oxygen consumption in AML cell lines
harboring different tyrosine kinase mutations [25]. Together, these data challenge the
previous findings showing a contribution of NOX to ROS production in AML [6]. In fact,
Hole et al. reported an endogenous NOX activity in primary AML samples independently
of FAB subtypes [6]; however, this study relied on unsorted mononuclear cells, which
could be biased by the presence of phagocytes that are characterized by high NOX2 activity.
In line with our findings, Hole et al. used PMA stimulation to measure the NOX2 activity
in THP-1 cells [6], confirming the lack of endogenous activity in AML cell lines without
stimulation. Our data further suggest that increased ROS levels in AML blasts are unlikely
to be driven by NOX activity. However, NOX2-generated ROS was recently reported as a
key signal for the induction of mitochondrial transfer from stromal cells to AML blasts, as
well as in the reduced oxygen consumption [27]; however, these studies did not directly
measure the NOX activity in AML cells. Consequently, whether the AML cells in their
microenvironment possess an endogenous NOX activity remains an open question.

In our study, the KD of CYBB in AML cell lines did not affect the cell proliferation
or their differentiation potential. In contrast, Kiffin et al. have shown a decreased differ-
entiation potential of AML cell lines following CYBB KD, but—although significant—the
difference with normal cells remained quite low. Reddy et al., on the other hand, have
shown that CYBB and NOX4 can promote the proliferation and migration of AML cell
lines, although independently of their ROS production activity. More recently, Adane
et al. demonstrated that CYBB KD in primary AML cells results in a slower proliferation,
concomitant with an induced differentiation in vitro, and a reduced leukemia burden after
xenotransplantation in vivo [27]. Besides this, Cybb KO has been shown to reduce the
expansion of murine hematopoietic cells transformed with BCR-ABL1 [58], and to deplete
LSCs in an AML murine model through the deregulation of genes associated with HSC
maintenance [27]. In fact, Adane et al. concluded that NOX2 can regulate the self-renewal
of LSCs despite a low expression level [27]. However, the LSC depletion in Cybb KO in vivo
may originate from chronic inflammation due to the absence of functional phagocytes,
rather than a function of endogenous Nox2 itself in LSC homeostasis. Indeed, a murine
model of chronic granulomatosis disease lacking functional Nox2 had shown defective
HSCs due to chronic inflammation [59]. Thus, the role of NOX in AML malignancy remains
controversial; this discrepancy arises, in part, from variabilities between cell lines, murine
models, and patient samples, but also from the nature of AML as a heterogenous disease.

Many studies relied on small-molecule inhibitors—such as VAS3947 and DPI—to
further elucidate the role of NOX in leukemogenesis, and to examine the therapeutic
potential of their inhibition [6,25,27,60,61]. However, most of the inhibitors are known
to target multiple enzymatic activities. We recently discovered that VAS3947, which was
initially developed as a selective NOX inhibitor [62], induces the apoptosis of AML cells
through its aggregation with proteins, independently of NOX inhibition [63]. Likewise,
although it is widely used, DPI remains a non-specific pan-NOX inhibitor which can
also inhibit other flavoproteins [62]. Therefore, more work needs to be performed before
proposing NOX as therapeutic targets in AML.

It is worth noting that some limitations need to be taken into account concerning this
work. Although our proteomic and transcriptomic analyses show concordant protein and
transcriptional profiles for NOX2 complex genes, it is important to examine the protein
localization and surface expression of NOX2 subunits in primary blasts, and to further
validate the absence of other NOX proteins at the protein level. Moreover, the functional
data reported in this study highlight the effect of CYBB KD on AML cell lines under steady-
state conditions in vitro. Hence, additional studies are needed to investigate the role of the
NOX2 complex under stress conditions, and in the context of primary AML blasts in their
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microenvironment, or even in animal models in vivo. Furthermore, and importantly, the
weak expression of genes coding for the NOX2 complex in LSCs does not necessarily rule
out the possibility of weak NOX activity in these cells. Therefore, the investigation of the
role of CYBB KD in human LSCs is also worth considering in future studies.

5. Conclusions

In summary, this work shows that NOX2 is the only NOX complex expressed in AML
cells with higher expression in AML committed in the myelomonocytic and monocytic
differentiation stages, in contrast to the low expression in LSC and relapsed AML. NOX
expression, although it is deregulated in favorable cytogenetic groups, did not correlate
with AML prognosis. No endogenous NOX activity was observed in AML cell lines in vitro,
although many are inducible upon stimulation. Besides this, CYBB KD did not affect the
proliferation and differentiation of AML cell lines in vitro. Altogether, our data suggest
that NOX genes are differentiation markers with no intrinsic role in AML cells.
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