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Abstract

Purpose Oxidative stress has been linked to initiation and progression of cancer and recent studies have indicated a poten-
tial translational role regarding modulation of ROS in various cancers, including acute myeloid leukemia (AML). Detailed
understanding of the complex machinery regulating ROS including its producer elements in cancer is required to define
potential translational therapeutic use. Based on previous studies in acute myeloid leukemia (AML) models, we considered
NADPH oxidase (NOX) family members, specifically NOX4 as a potential target in AML.

Methods Pharmacologic inhibition and genetic inactivation of NOX4 in murine and human models of AML were used to
understand its functional role. For genetic inactivation, CRISPR-Cas9 technology was used in human AML cell lines in vitro
and genetically engineered knockout mice for Nox4 were used for deletion of Nox4 in hematopoietic cells via Mx/-Cre
recombinase activation.

Results Pharmacologic NOX inhibitors and CRISPR-Cas9-mediated inactivation of NOX4 and p22-phox (an essential NOX
component) decreased proliferative capacity and cell competition in FLT3-ITD-positive human AML cells. In contrast,
conditional deletion of Nox4 enhanced the myeloproliferative phenotype of an FLT3-ITD induced knock-in mouse model.
Finally, Nox4 inactivation in normal hematopoietic stem and progenitor cells (HSPCs) caused a minor reduction in HSC
numbers and reconstitution capacity.

Conclusion The role of NOX4 in myeloid malignancies appears highly context-dependent and its inactivation results in either
enhancing or inhibitory effects. Therefore, targeting NOX4 in FLT3-ITD positive myeloid malignancies requires additional
pre-clinical assessment.

Keywords NADPH oxidases (NOX) - Nox4 - Acute myeloid leukemia (AML) - FLT3-ITD - Reactive oxygen species
(ROS) - Oxidative stress - CRISPR-Cas9

Introduction

D4 Florian H. Heidel ) ) ) )
florian.heidel @uni-greifswald.de Acute myeloid leukemia (AML) is a heterogeneous disease

of the hematopoietic system characterized by abnormal
proliferation and accumulation of immature cells. Clonal
evolution and acquisition of additional mutations drive leu-
kemic transformation of myeloid progenitors. Leukemic
cells arising from the malignant clone have lost the ability
g;tsi;‘iltt; Oerl::;OléZ‘;ﬁ;feH Biology, CMB, Jena University for differentiation and are characterized by reduced apop-

U Y tosis (Chan and Majeti 2013). With improved understand-
ing of the underlying biology, novel treatment options have
emerged for patients with AML (Kantarjian et al. 2021).
Of note, development of novel targeted treatment options
requires the careful assessment of the molecular target and
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Fig. 1 Effect of NOX inhibitors on the growth of AML cells. a, b
The proliferation/viability of the leukemic cells was measured by
Cell Titer Blue assay. Upon 72 h of treatment, the fluorescent sig-
nals, which are directly proportional to the number of viable cells,
were measured and normalized to the fluorescent signal of the DMSO

putative functional differences regarding the cellular context
or underlying genetic background (Cucchi et al. 2021).
NADPH oxidases (NOXs) are transmembrane proteins
that generate reactive oxygen species (ROS) as their sole
function (Altenhofer et al. 2012). NOX4 and NOX2 are
expressed in hematopoietic cancers and contribute to cel-
lular transformation by increasing ROS-levels and genomic
instability (Naughton et al. 2009; Reddy et al. 2011; Stanicka
et al. 2015). Recently, our group observed that genetic inacti-
vation of Nox4 attenuated FLT3-ITD-driven leukemic trans-
formation. Consistently, pharmacologic targeting of NOX4
decreased proliferative capacity of FLT3-ITD transformed
cells (Jayavelu et al. 2016). In contrast, recent studies found
tumor-promoting effects of Nox4 deficiency (Helfinger et al.
2021). Therefore, we sought to validate and confirm the ther-
apeutic potential of NOX4 as a therapeutic target in AML.

Materials and methods
Cell lines, cell proliferation and apoptosis

Murine 32D-FLT3-ITD were provided by Prof. J. Duyster,
Freiburg, Germany and Dr. R. Grundler, Munich, Germany).
Leukemia cell lines were purchased from DSMZ (Braunsch-
weig, Germany). Cells were cultured according to standard
protocols and tested negative for mycoplasma. Cell viability
was measured using Cell Titer-Blue reagent (Promega, Mad-
ison, WI, USA) according to the manufacturers’ instructions.
For proliferation assays, the number of cells was counted
with a hemocytometer. Apoptosis was measured by flow
cytometry using Annexin V/SYTOX Blue staining.

Use of pharmacologic inhibitors

The following inhibitors were used for in vitro studies:
ROS inhibitors: GKT137831 (Selleckchem, Houston, TX,
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control group. Three independent experiments (technical triplicates)
were conducted. a DPI treatment (25 nM and 50 nM) b Setanaxib
treatment (10 uM and 30 uM) and ¢ GSK2795039 treatment (5 uM
and 20 uM) (*P <0.05, **P <0.01, ***P <0.001, ****P <0.0001 by
two-tailed z-test)

USA) and GSK2795039 (Hycultec GmbH, Beutelsbach,
Germany).

Genetic inactivation by CRISPR/Cas9

Genetic inactivation by CRISPR/Cas9 was performed as pre-
viously described (Perner et al. 2021; Schnoeder et al. 2022)
unless otherwise stated. Guide RNAs were designed using
the Broad GPP tool (Doench, Nat Biotechnology 2014). For
cloning of sgRNA sequences, the improved-scaffold-pU6-
sgRNA-EF1Alpha-PURO-T2A-RFP (ipUSEPR) vector
system (Uckelmann et al. 2018), with puromycin resistance
and RFP selection marker was used. Genetic inactivation by
CRISPR/Cas9 was performed as published before (Jayavelu
et al. 2020). sgRNA sequences are provided in the Sup-
plementary Materials. For negative selection competition
assays, transduced cells were mixed with non-transduced
cells at 9:1 RFP~/RFP* ratio for applying selection pressure.
The percentage of RFP* was monitored by flow cytometry.

Genomic NOX4 knockout validation

PCR on genomic DNA was used to confirm NOX4 knockout
in human AML cell lines. Primer pairs are listed in the Sup-
plementary Materials.

Protein extraction and immunoblotting

Western Blotting was performed according to standard pro-
tocols as previously published (Heidel et al. 2006; Schnoder
et al. 2015). Cell lines and whole bone marrow cells were
lysed as described previously. Two different antibodies
against NOX4 were provided by J. M. Doroshow (Bethesda,
MD, USA) (Meitzler et al. 2017) and A. Shah (King’s Col-
lege London, London, UK) (Anilkumar et al. 2008). All anti-
bodies are indicated in the Supplementary Materials.
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Animal experiments

All mice were kept under pathogen-free conditions in the
accredited Animal Research facility of the University Hos-
pital Jena. The animal experiments were approved by the
Landesverwaltungsamt Thiiringen (animal protocol number
02-035/16). Experimental mice were generated by cross-
ing Nox41¥1X mice (Schroder et al. 2012) with Mx1-Cre
transgenic mice (B6.Cg-Tg(MxI-Cre)1Cgn/J: Jackson Lab-
oratory, Bar Harbor, USA) and FIr3'™'™P knock-in mice
(Lee et al. 2007). Mx1-Cre-recombinase was activated by
intraperitoneal injections of 100 ug low-molecular-weight
poly-I-poly-C (LMW-pIpC, GE-Healthcare) on alternating
days as indicated.

Competitive bone marrow (BM) transplantation
and analysis of steady state hematopoiesis

Competitive bone marrow transplantation and analysis of
steady state hematopoiesis were performed as previously
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Fig. 2 Effect of genetic inactivation of NOXs on cell competition and
proliferation of human AML cells. a, b CRISPR-Cas9 cell competi-
tion assay in MOLM13, OCI-AML3, MV4-11 and HL-60 cells after
(a) NOX4 or (b) p22-phox deletion using 2 different sgRNAs com-
pared to knockout of RPA3 (positive control) or a sgRNA (sgLuci)
targeting luciferase (negative control) through 12 days (x-axis) after
starting the competition assay. sgRNA targeted transduced (RFP*)

published (Mohr et al. 2018). Nox41¥1°% Arx]-Cre + mice
and Nox41X1X pry]-Cre- or Nox4™'™ MxI-Cre + control
mice were used as donors.

Excision control regarding Nox4 was performed on
genomic DNA isolated from WBM cells. PCR primers
included Nox4-forward, CCAAGCTTCCGATTCCCA
TTCTC and Nox4-reverse, GTCCTC-CAATCATGAAAG
TGAAGC). An alternative forward primer was used to detect
the 509 bp unexcised loxP-flanked allele (Nox4-forward-alt:
AGAATGAAAAGCTAGGCGTCCTTGG).

Flow cytometry and antibody staining

Immunophenotyping of normal and leukemic cell com-
partments and of leukemic PB and BM was performed as
described before (Heidel et al. 2012, 2013). Antibodies are
provided in Supplementary Methods. Flow cytometry was
performed on a FACS Canto II cytometer (Becton Dickin-
son, Heidelberg, Germany).
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cells were mixed with their non-transduced counterparts (RFP™)
at a 1:10 ratio. ¢, d Proliferation was assessed by cell counting with
trypan blue exclusion in (¢) NOX4 or (d) p22-phox knockout in
MOLM13 and OCI-AML3 cells over 18 days (x-axis). No significant
difference was found between sgluci and NOX4 or p22-phox targeted
groups using two-tailed 7-test
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Fig.3 Role of Nox4 in the context of FLT3-ITD-driven myelopro-
liferative disease. a Experimental protocol for assessing the impact
of Nox4 deletion on steady-state hematopoiesis in FIt3"™™" Mx]-
Cre+mice. b WBCs after conditional deletion of Nox4 through
20 weeks. ¢ Spleen weights of Nox4 wt or knockout Fir3 TP/t
Mx1-Cre+mice. d Immunophenotypic quantification of stem-
and progenitor cell abundance, specifically of L™K*, L™STK*,
HSC (CD48 CD150*L"S*K*), MPP (CD48*CD150*L-STK*

Results

First, we sought to define the potential of pharmacologi-
cal NOX-inhibition in more detail using murine and human
cell models of AML. Treatment with the rather unselec-
tive NOX inhibitor DPI reduced proliferative capacity of
leukemia cell lines (Fig. 1a). However, as DPI is not suit-
able for in vivo treatment and known to inhibit some other
enzymes like eNOS, and xanthine oxidase (Altenhofer
et al. 2015), we decided to test the more selective NOX4/1
inhibitor setanaxib and the NOX2 inhibitor GSK2795039.
While murine and human FLT3-ITD-positive AML cell
lines showed higher sensitivity to setanaxib (Fig. 1b), only
MV4-11 cells were inhibited in growth by GSK2795039
(Fig. 1c). Given the potential off-target effects of NOX-
inhibitors (Augsburger et al. 2019), we aimed to validate the
sensitivity of FLT3-ITD cell lines by genetic inactivation of
NOX-enzymes. Human AML cell lines with stable expres-
sion of Cas9 were generated as described before (Jayavelu
et al. 2020; Perner et al. 2021; Schnoeder et al. 2022). To
assess the functional importance of NOX4 (NOX4) and of
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or CD48*CD150"L"S*K* or
(CD34highEcoRMEN ~§~K+), CMP (CD34""FcgR°VL~S"K*), and
MEP (CD34"“FcgR"L"S™K*). e, f Immunophenotypic quantifi-
cation of mature myeloid (Gr-1* or Mac1™), B-lymphoid (CD19"),
and T-lymphoid (CD3") cells in e BM and f blood. Error bars indi-
cate the standard deviation. (*P<0.05, **P<0.01, ***P<0.001,
##E%P <0.0001 by two-tailed -test)

CD48°CD150"L"S*K*), GMP

the essential NOX-component p22-phox (CYBA), we used
a CRISPR-Cas9-mediated gene-editing and negative-
selection strategy. The genetic deletion was confirmed by
Western blotting, and gPCR (Supplementary Fig. S1 and
S2). Cells expressing different NOX4 single guide RNAs
(sgRNAs) were (partially) outcompeted by non-transduced
cells in FLT3-ITD positive cell lines (MOLM13, MV4-11),
while non-FLT3-mutated cell lines (OCI-AML3, HL-60)
appeared less sensitive (Fig. 2a). In contrast, at least partial
dropout was observed in all cell lines with p22-phox target-
ing sgRNAs (Fig. 2b). The more pronounced phenotype of
p22-phox targeting compared to NOX4 targeting may reflect
the essential function of p22-phox for several NOX-enzymes
(NOX1-4). However, we observed rather subtle effects of
NOX4 and p22-phox deletion on leukemia cell prolifera-
tion or apoptosis compared to cell competition and negative
selection assays (Fig. 2¢, d and Supplementary Fig. S3).
Taken together, these in vitro results suggest that NOX4 is
relevant under conditions of leukemia cell competition in
FLT3-mutated cell lines.
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Fig.4 Role of Nox4 in normal steady-state hematopoiesis. a Periph-
eral blood counts; white blood count (WBC), red blood count (RBC),
hematocrit (HCT) level, hemoglobin (HGB) level, and platelet count
(PLT) after conditional deletion of Nox4 during normal steady-state
hematopoiesis through 20 weeks. b Immunophenotypic quantification

ROS balance and NOX activity in cells in vivo are also
regulated by cell-extrinsic factors and neighboring niche
cells (Tarafdar and Pula 2018). Also, recent publications
provide evidence for the functional relevance of Nox2 in
normal hematopoiesis and for leukemogenesis in mice
(Adane et al. 2019). Therefore, we sought to confirm the
above effects of Nox4 on FLT3-mutated myeloid disease
in vivo. In brief, conditional Nox4"? mice (Schroder et al.
2012) were crossed with an MxI-Cre-recombinase (B6.Cg-
Tg(MxI-Cre)1Cgn/J, received from The Jackson Laboratory,
Bar Harbor, USA) and a conventional FIt3-ITD knock-in
mouse strain (Lee et al. 2007).

This model allows functional assessment of disease devel-
opment in vivo and its dependency on Nox4 without being
dependent on bone marrow transplantation and irradiation.
MxI-Cre recombinase was induced by administration of pIpC
in Nox4"" F113™ Mx]-Cre +, Nox4™™ Fit3"™"™ Mx1-
Cre+, or Nox4™"™ Fl3""PW My ]-Cre + mice and MxI-Cre-
littermate controls (Fig. 3a). Excision of the Nox4 gene was
confirmed by PCR in PB cells at week 4 (Supplementary Fig.
S4b, c). As expected, Nox4™"™ FIt3'TP™™t pfx]-Cre + mice
showed elevated white blood count (WBC) compared to

of HSPCs as indicated in Fig. 3d. c—e Immunophenotypic quantifica-
tion of mature myeloid (Gr-1* or Mac1"), B-lymphoid (CD19"), and
T-lymphoid (CD3") cells in ¢ BM, d peripheral blood and e spleen.
Error bars indicate the standard deviation. (*P <0.05, by two-tailed
t-test)

FI3"™ Mx]-Cre- controls. Unexpectedly, Nox4 deletion in
FI3"™™ Mx]-Cre +background induced a further increase
in leukocytosis in a gene-dose-dependent manner (Fig. 3b).
Consistent with this finding, splenomegaly was more pro-
nounced in Nox4 deficient animals, when investigated at week
20 (Fig. 3¢). Immunophenotypic analysis of stem and progeni-
tor cell compartments in the BM revealed that Nox4 deletion
resulted in increased cell numbers of LKs, LSKs, MPPs, and
GMPs in FIt3"™" Mx]-Cre+mice. Conversely, the number
of MEPs was decreased in Nox4 deficient mice, indicating a
lineage bias depending on the presence of Nox4. As described
before (Lee et al. 2007; Li et al. 2008), HSC numbers appeared
reduced in FLT3-mutated animals when compared to wildtype
controls (Fig. 3d). Immunophenotypic analysis of mature cell
compartments in BM, PB, and spleen revealed an expanded
myeloid compartment with increased Mac1 expression in Nox4
knockout mice and conversely reduced abundance of lymphoid
cells (Fig. 3e, f and Supplementary Fig. S4a). Counter-selec-
tion of partially excised clones could be excluded by PCR of
peripheral blood cells at week 20 (Supplementary Fig. S4d,
e). Taken together, these results suggest for the first time that
Nox4 deletion may promote the myeloproliferative phenotype
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Fig.5 Impact of Nox4 deletion on the reconstituting capability of
HSPCs. a Experimental protocol for assessing the impact of Nox4
deletion on repopulation capacity of HPSCs. Competitive repopula-
tion assay was performed by the competition of Nox4™~ or Nox4**
donor cells against WT competitor cells. b Peripheral blood chimer-
ism of primary recipient mice. P value=0.045 for the difference
on day 20. ¢ Chimerism of immature BM compartments: L-K+,
L-S+K+, HSC (CD34™°“L~S*K™*), MPP (CD34*L~S*K*), GMP

in a FLT3-ITD-driven mouse model. To assess for a functional
impact of Nox4 inactivation on normal HSCs, we investigated
steady-state hematopoiesis after conditional deletion of Nox4
(Supplementary Fig. S5). Following activation of Mx/-Cre
by pIpC injections into Nox4V Mx1-Cre+, Nox4"™ MxI-
Cre +, Nox4™""* Mx1-Cre +or Cre-negative mice, we found
no significant differences in peripheral blood counts (Fig. 4a)
and immunophenotypic analysis of myeloid or lymphoid blood
compartments in peripheral blood, BM, and spleen (Fig. 4c—¢).
The total number of hematopoietic stem and progenitor cells
(HSPCs) was not altered by Nox4 deletion except for a subtle
increase in MEP numbers (Fig. 4b). To test for the function
of Nox4 deficient HSPCs, we used the most stringent assay
to assess for hematopoietic stem and progenitor cell function
(Purton and Scadden 2007), which is transplantation into irra-
diated recipient hosts (Fig. 5a). When Nox4~~ whole bone
marrow cells and Nox4 " controls were transplanted into pri-
mary recipient hosts in a competitive manner (ratio of 1:1), we
found no loss or gain of function in Nox4-deficient cells. Nox4
knockout cells (Supplementary Fig. S6a, b) competed against
wildtype controls as indicated by stable PB chimerism over
16 weeks and showed a mild decrease on week 20 (Fig. 5b).
Likewise, no difference was observed in chimerism of total
BM or immunophenotypic abundance of immature or mature
compartments at week 20 except for rather decreased numbers
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(CD34hehEcgRMeM ~§~K+), CMP (CD34"#"FcgR'YL~S"K*), and
MEP (CD34"°“FcgR“L~S"K*). P value=0.011 for the differ-
ence in HSC compartment. d Chimerism of myeloid (Grl*) and
lymphoid (CD3", CD19%, B220") linages in BM. Two independent
cohorts; Nox4~'~ (n=8), controls Nox4*"* (n=4) and Nox4"% Mx1-
Cre+(n=5), mean+SD. Statistical analyses were performed using
a two-tailed Mann—Whitney test

of Nox4~'~ cells in the CD34~ LSK cell population (Fig. Sc,
d). This finding is in line with a previous study, highlighting a
decrease in repopulation capacity of Nox4 knockout HSCs in
secondary recipient hosts (Prieto-Bermejo et al. 2021). Taken
together, inactivation of Nox4 does not enhance normal HSPC
function in vivo but may result in decreased abundance and
function of long-term HSCs.

Discussion

For the first time, our findings provide evidence that Nox4
deletion may enhance an FLT3-ITD induced myeloprolifera-
tive phenotype in vivo. This phenotype is in contrast to the
in vitro data of previous reports: genetic and pharmacologic
targeting of NOX4 decreased the growth of leukemic cells
in vitro (Jayavelu et al. 2016; Naughton et al. 2009; Reddy
et al. 2011), which is also consistent with our genetic target-
ing approach in human AML. Using transplantation models
of FLT3-ITD driven cells into irradiated recipient hosts,
genetic inactivation of Nox4 by RNAIi had resulted in pro-
longed survival. Of note, these models had been performed
using murine AML cell lines or primary murine cells har-
boring more than one oncogene (MLL-AF9 and FLT3-1TD).
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As indicated above, a recent study investigated the
role of Nox4 in a different cancer model and described a
tumor suppressor role of Nox4. In this study, Nox4 dele-
tion enhanced cancerogen-induced tumor formation in
murine models of carcinoma and sarcoma (Helfinger et al.
2021). The phenotype observed here suggests that the role
of Nox4 in leukemia is highly context dependent. Target-
ing Nox4 may therefore result in leukemia inhibitory or
promoting effects and underlines the necessary caution
in developing NOX4-modulating drugs. Moreover, suit-
able compounds that may specifically target NOX4 are still
lacking. Setanaxib (GKT137831), a drug currently devel-
oped in advanced clinical trials, was recently proposed as a
NOX1/4 specific inhibitor. However, its specificity regard-
ing NOX enzymes has recently been questioned (Augs-
burger et al. 2019; Dao et al. 2020). Detailed pre-clinical
genetic and pharmacologic studies of NOX4 modulation
are clearly required before defining it as a bona fide target
in leukemia therapy.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00432-022-03986-3.
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