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NOX2: a determinant of acute myeloid leukemia survival

In this issue of Haematologica, Paolillo et al. investigate 
mechanisms of chemotherapy resistance in acute 
myeloid leukemia (AML).1 While AML therapy is evolving 
rapidly, many patients will receive conventional induction 
chemotherapy which consists of a 7-day continual 
infusion of cytarabine accompanied by infusions of an 
anthracycline, such as daunorubicin, on the first 3 days of 
treatment. Many patients receiving this therapy will 
respond but it is common for patients to develop disease 
recurrence and succumb to this disease. This is in part 
due to the development of resistance to chemotherapy.  
To understand the mechanistic underpinnings of therapy 
resistance in AML cells, Paolillo et al. generated 
cytarabine- and daunorubicin-resistant HL-60 cells and 
measured changes in gene expression. They discovered 
that NADPH oxidase 2 (NOX2) subunit expression was 
greatly elevated in daunorubicin-resistant cells and 
subunit CYBB was significantly increased in cytarabine-
resistant cells. Importantly, this correlated with an 
increase in NOX2 activity in daunorubicin-resistant cells. 
NOX2 has been well characterized in normal and 
malignant hematopoiesis. Indeed, NOX2 has been shown 
to be the most predominant oxidase expressed in human 
and murine AML.2 Interestingly, it is also highly expressed 
in hematopoietic stem cells and is functionally important 
for proper myelopoiesis.2 However, NOX2 had not 
previously been shown to promote chemotherapy 
resistance in AML cells.  
Elevated NOX2 levels result in increased reactive oxygen 
species (ROS) which have been shown to promote AML 
cell proliferation during leukemia development.3,4 In 
contrast, no changes in proliferation were observed in 
daunorubicin-resistant lines compared to daunorubicin-
sensitive cells or upon knockout of the NOX2 subunit 

CYBB in daunorubicin-resistant lines, demonstrating that 
NOX2-mediated daunorubicin resistance was not a result 
of a proliferative advantage. However, knockout of the 
NOX2 subunit CYBB did re-sensitize cells to 
daunorubicin, demonstrating that NOX2 was directly 
contributing to daunorubicin resistance in AML. 
Furthermore, treatment with a pan-NOX inhibitor 
restored sensitivity of daunorubicin-resistant cells to 
daunorubicin, indicating the potential for NOX2-targeted 
pharmacological interventions to restore chemotherapy 
sensitivity in therapy-resistant patients. However, as the 
authors note most NOX inhibitors lack specificity which 
raises toxicity concerns. In addition, reduction in NOX2-
derived ROS re-sensitized cells to daunorubicin showing 
that elevated ROS production was also an essential 
component of NOX2-mediated therapy resistance (Figure 
1A). It is important to note that the relationship between 
ROS and cancer is very complex and an important area of 
tumor biology that continues to evolve. ROS can promote 
tumor formation and have been shown to be a potential 
therapeutic target.5 In AML, elevating ROS levels within 
the mitochondria can increase sensitivity to targeted AML 
therapies including FLT3 inhibitors.6 As eloquently 
described in a review by Harris and DeNicola, it is likely 
that these contradictory findings can be explained by 
nuanced differences in types of ROS, cellular localization 
of ROS, and the tissues being examined.5 
Gene expression in AML can vary based on several 
factors, including mutational and differentiation status.  
To interrogate the potential heterogeneity of NOX2 
expression in AML, Paolillo et al. quantified NOX2 subunit 
gp91phox protein expression in 74 AML specimens by flow 
cytometry and gene expression in a cohort from The 
Cancer Genome Atlas (TCGA). Notably, gp91phox levels 

Figure 1. Graphical representation of the key 
findings of Paolillo et al.1 (A) Elevated levels of 
NADPH oxidase 2 (NOX2) promote chemotherapy 
resistance in acute myeloid leukemia (AML) 
through increased production of reactive oxygen 
species. (B) A high NOX2 score predicts poor 
outcomes for AML patients. Figure created with 
BioRender.com.
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correlated with the French, British, American (FAB) M4 
and M5 classification compared to M0, M1, and M2 at the 
protein and mRNA levels. In contrast, NOX2 subunit 
expression did not correlate with European LeukemiaNet 
status, or mutations in NPM1 or FLT3. These findings are 
particularly intriguing, as AML cases classified as M5 have 
been shown to exhibit increased resistance to the BCL-2 
inhibitor venetoclax in combination with hypomethylating 
agents;7 however, NOX2 activity did not contribute to 
venetoclax resistance in these models. Furthermore, 
gp91phox levels and NOX2-derived ROS were higher in 
CD34- leukemic blasts compared to CD34+ leukemic stem 
cells (LSC). Importantly, LSC did display a basal level of 
NOX2 activity, consistent with NOX2 being essential for 
LSC function.2  
Strikingly, Paolillo et al. demonstrated that a NOX2 gene 
expression score, which was developed by combining 
gene expression of each NOX2 subunit, was predictive of 
survival of AML patients (Figure 1B). Specifically, a higher 
NOX2 score correlated with decreased survival in three 
independent cohorts (Verhaak, Metzeler, and TCGA). 
Other gene expression scores containing NOX2 subunits 
have also been shown to be predictive of AML patient 
survival,8 highlighting the potential importance of NOX2 as 
a predictive biomarker in AML. Interestingly, the NOX2 
score was higher for patients with a M4 or M5 FAB 
classification; however, the predictive value of the NOX2 

score was independent of FAB classification. Therefore, 
the NOX2 score may have broad implications as a 
predictive biomarker for AML patients. Since NOX2 levels 
were higher in leukemic blasts than in LSC in the future it 
would be interesting to determine the overlap or 
potential combinatorial power of the NOX2 score with 
LSC-specific scores, such as the LSC17.9 Finally, in the 
past decade AML therapy has changed dramatically with 
the approval of therapies such as the BCL-2 inhibitor 
venetoclax, FLT3 inhibitor midostaurin, and IDH1 and IDH2 
inhibitors ivosidenib and enasidenib. It will be particularly 
interesting and clinically important to determine whether 
gene expression signatures that predict resistance to 
chemotherapy, such as the NOX2 gene expression score, 
have prognostic value for other AML therapies.  
Overall, Paolillo et al. defined a new mechanism of therapy 
resistance in AML, NOX2 overexpression. Mechanistically, 
NOX2 overexpression leads to elevated ROS levels which 
contribute directly to therapy resistance. Importantly 
NOX2 overexpression has prognostic value for AML 
patients treated with chemotherapy. This work provides 
the foundation for future studies aimed at determining 
the applicability of the NOX2 score as a predictive 
biomarker in the clinical setting.  
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