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Background: In Philadelphia chromosome-negative myeloproliferative neoplasm (MPN)

models, reactive oxygen species (ROS) are elevated and have been implicated in genomic

instability, JAK2/STAT signaling amplification, and disease progression. Although the poten-

tial effects of ROS on the MPN phenotype, the effects of ruxolitinib treatment on ROS

regulation have been poorly explored. Herein, we have reported the impact of ruxolitinib

on  redox signaling transcriptional network, and the effects of diphenyleneiodonium (DPI),

a  pan NOX inhibitor, in JAK2V617F-driven cellular models.

Method: Redox signaling-related genes were investigated in SET2 cells upon ruxolitinib

treatment by RNA-seq (GEO accession GSE69827). SET2 and HEL cells, which represent

JAK2V617F-positive MPN cellular models with distinct sensitivity to apoptosis induced by

ruxolitinib, were used. Cell viability was evaluated by MTT, apoptosis by annexin V/PI and

flow  cytometry, and cell signaling by quantitative PCR and Western blot.

Main results: Ruxolitinib impacted on a network composed of redox signaling-related genes,

and  DUOX1 and DUOX2 were identified as potential modulators of ruxolitinib response. In

SET2 and HEL cells, DPI reduced cell viability and, at low doses, it significantly potentiated

ruxolitinib-induced apoptosis. In the molecular scenario, DPI inhibited STAT3, STAT5 and

S6  ribosomal protein phosphorylation and induced PARP1 cleavage in JAK2V617F-positive

cells. DPI combined with ruxolitinib increased PARP1 cleavage in SET2 cells and potentiated

ruxolitinib-reduced STAT3, STAT5 and S6 ribosomal protein in HEL cells.

Conclusion: Our study reveals a potential adaptation mechanism for resistance against rux-

olitinib by transcriptionally reprogramming redox signaling in JAK2V617F cells and exposes

redox  vulnerabilities with therapeutic value in MPN cellular models.
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hiladelphia chromosome-negative myeloproliferative neo-
lasms (MPN) display aberrant proliferation of myeloid
rogenitors that retain differentiation capacity and have
eightened risk of bone marrow failure or acute myeloid

eukemia transformation.1,2 JAK2 activating mutations (i.e.
AK2V617F, indel CALR, and MPL  mutations) are highly present
n the most frequent MPN,  including essential thrombo-
ythemia, polycythemia vera (PV), and primary myelofibrosis
PMF), which has been targeted by ruxolitinib, a selective
AK1/2 inhibitor.3 Despite some clinical benefits of ruxolitinib
reatment in intermediate and high-risk PMF and PV patients,
he drug does not lead to complete remission and elimination
f the mutated clone.4,5 Altogether, a better understanding of
he adaptive processes of the neoplastic clone in the face of
nhibition of JAK2, the central signaling pathway involved in
he malignant characteristics of MPN  is necessary.

The role of regulation of reactive oxygen species (ROS)
n MPN  models has been the subject of debate.6 In the

urine model, the JAK2V617F mutation is able to induce ROS
roduction, which leads to genomic instability and disease
rogression.7 In humans, baseline levels of ROS are increased

n hematopoietic cells from MPN  patients when compared
o healthy individuals.8,9 From a molecular point of view,
ncreased levels of ROS may inhibit protein phosphatases and
articipate in the amplification of the JAK2-mediated signaling
athway.7

In the present study, we  investigated the impact of
he ruxolitinib treatment on a network composed of redox
ignaling-related genes in a JAK2V617F cell model, and DUOX1
nd DUOX2 were identified as potential modulators of rux-
litinib response. DUOXes are isoenzymes that belong to
he NADPH oxidase family (NOX1-5 and DUOX1-2) and are
edicated ROS generating enzymes.10,11 Since there are no
elective inhibitors for DUOXes,12 diphenyleneiodonium (DPI),

 pan NOX/DUOX inhibitor,13 was used for pharmacological
ntervention. Herein, we also described the molecular and cel-
ular effects of the treatment with DPI on cell survival and
esponse to ruxolitinib in JAK2V617F-positive cellular models.

aterial  and  methods

NA-seq  data  analysis

NA-seq data were obtained from Meyer et al.14

https://www.ncbi.nlm.nih.gov/geo; GEO accession GSE69827).
he expression of 81 redox signaling-related genes in sam-
les from naïve SET2 cells (GSM1817344, GSM1817345, and
SM1817346) and ruxolitinib-treated SET2 cells (GSM1817332,
SM1817333, and GSM1817334) was investigated. Gene
xpression was expressed as a fold change of the mean
f normalized counts of naïve SET2 cells, which was set
s 1. Genes that presented mean ≥2-fold either direction

ere included in the heatmap using multiple experiment
iewer (MeV) 4.9.0 software (http://mev.tm4.org). Genes with
ounts = 0 in any condition were excluded from the heatmap.
etwork construction was performed using modulated genes
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and the GeneMANIA database (https://genemania.org/). The
full list of genes included, normalized counts, and relative
expression values are described in Supplementary Table 1.

Cell  culture  and  inhibitors

SET2 cells were kindly provided by Prof. Fabíola Attié de Castro
(School of Pharmaceutical Sciences of Ribeirão Preto, Univer-
sity of São Paulo, Ribeirão Preto, Brazil). HEL was obtained from
ATCC (Philadelphia, PA, USA). SET2 and HEL cells harboring
JAK2V617F mutation were tested and authenticated by Short
Tandem Repeat (STR) matching analysis using the PowerPlex®

16 HS system (Promega, Madison, WI,  USA) and the ABI 3500
Sequence Detector System (Life Technologies, Foster City, CA,
USA). Cell culture conditions were performed following the
recommendations of ATCC and DSMZ. All cell lines were
mycoplasma free. Ruxolitinib was obtained from InvivoGen
(San Diego, CA, USA). Diphenyleneiodonium chloride (DPI) was
obtained from Sigma-Aldrich (St. Louis, MO, USA). Ruxolitinib
and DPI doses used in functional assays were selected based
on previous studies.15–17

Quantitative  PCR  (qPCR)

Total RNA from SET2 cells treated with vehicle or ruxoli-
tinib (100, 300, and 1000 nM) was obtained using TRIzol
reagent (Thermo Fisher Scientific). cDNA was synthesized
from 1 �g of RNA using High-Capacity cDNA Reverse Tran-
scription Kit (Thermo Fisher Scientific). Quantitative PCR
(qPCR) was performed with an ABI 7500 Sequence Detec-
tor System using SyberGreen System for DUOX1 (FW:
TTCACGCAGCTCTGTGTCAA; RV: AGGGACAGATCATATCCTG-
GCT) or DUOX2 (FW: ACGCAGCTCTGTGTCAAAGGT; RV:
TGATGAACGAGACTCGACAGC). ATCB (FW: AGGCCAACCGC-
GAGAAG; RV: ACAGCCTGGATAGCAACGTACA) and HPRT1 (FW:
GAACGTCTTGCTCGAGATGTGA; RV: TCCAGCAGGTCAGCAAA-
GAAT) were the reference genes. The relative quantification
value was calculated using the equation 2−��CT.18 A negative
‘No Template Control’ was included for each primer pair.

Cell  viability  assay

Cell viability was measured through methylthiazoletetra-
zolium (MTT) assay. SET2 (4 × 104 cells/well) and HEL cells
(2 × 104 cells/well) were cultured in a 96-well plate in RPMI
medium containing 10% or 20% FBS, respectively, in the pres-
ence of vehicle or increasing concentrations of DPI (0.1, 0.25,
0.5, 1, 2.5, 5 and 10 �M) for 48 h. DMSO (Ø) was used as a
negative control. IC50 values were calculated using nonlinear
regression analysis on GraphPad Prism 5 (GraphPad Software,
Inc., San Diego, CA, USA).

Apoptosis  assay

SET2 and HEL were seeded in 24-well plates and treated with
vehicle, DPI (5 or 10 �M), ruxolitinib (300 nM)  or DPI  (5 or 10 �M)

plus ruxolitinib (300 nM) for 48 h. Cells were then washed twice
with ice-cold PBS and resuspended in binding buffer con-
taining 1 �g/mL propidium iodide and 1 �g/mL APC-labeled
annexin V. All specimens were acquired by flow cytometry

https://www.ncbi.nlm.nih.gov/geo
http://mev.tm4.org
https://genemania.org/
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Figure 1 – Ruxolitinib increases DUOX signaling in SET2 cells. (A) Gene expression heatmap from RNA-seq analysis of SET2
cells upon the treatment with ruxolitinib. Data was obtained from Meyer et al.14 (GEO accession GSE69827). Gene
expression was expressed as fold change of the mean of normalized counts of naïve SET2 cells, which was set as 1; genes
demonstrating ≥2-fold in either direction are included in the heatmap. The mean of fold change obtained from three
experimental replicates is indicated. (B) Network for redox signaling-related genes constructed using the GeneMANIA
database. The up- and down-regulated genes in RNAseq analysis are illustrated as crosshatched circles and the interacting
genes included by modeling the software are indicated by circles without crosshatched. The main biological interactions
between genes are indicated by colored lines and are described in the Figure. (C) qPCR analysis of DUOX1 and DUOX2 mRNA
expression in SET2 cells treated with increasing concentrations of ruxolitinib (vehicle, 100, 300, or 1000 nM)  for 48 h. Bar
graphs represent the mean ± SD of three independent experiments. The p values are indicated in the graphs; **p < 0.01,
***p < 0.0001; ANOVA test and Bonferroni post-test.



hematol transfus cell ther. ( 2 0 2 1 );4  3(4):430–436 433

Figure 2 – NADPH oxidase inhibition by DPI potentiates ruxolitinib-induced apoptosis in SET2 and HEL cells. (A)
Dose-response cytotoxicity was analyzed by methylthiazoletetrazolium (MTT) assay for SET2 and HEL cells treated with
vehicle or increasing concentrations of diphenyleneiodonium (DPI; 0.1, 0.25, 0.5, 1, 2.5, 5, and 10 �M)  for 48 h. Values are
expressed as the percentage of viable cells relative to vehicle-treated controls. Results are shown as the mean ± SD of at
least three independent experiments. (B) Apoptosis was detected by flow cytometry in HEL or SET2 cells treated with vehicle
or DPI (5 or 10 �M)  and/or ruxolitinib (300 nM)  for 48 h using an annexin V/PI staining method. Representative dot plots are
shown for each condition; the upper and lower right quadrants (Q2 plus Q3) cumulatively contain the apoptotic population
(annexin V + cells). (C) Bar graphs represent the mean ± SD of at least three independent experiments quantifying apoptotic
cell death. The p values and cell lines are indicated in the graphs. *p < 0.05 for DPI- and/or ruxolitinib-treated cells vs.
untreated cells, #p < 0.05 for DPI- or ruxolitinib-treated cells vs. combination treatment at the corresponding doses; ANOVA
t atist
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est and Bonferroni post-test, all pairs were  analyzed and st

FACSCalibur; Becton Dickinson) after incubation for 15 min
t room temperature in a light-protected area and analyzed
sing FlowJo software (Treestar, Inc., San Carlos, CA, USA).

estern  blot  analysis

ET2 and HEL were treated with vehicle, DPI (5 �M) and/or
uxolitinib (300 nM)  for 24 h. Equal amounts of protein were
sed as total extracts, followed by SDS-PAGE, Western blot
nalysis with the indicated antibodies and imaging using

he SuperSignalTM West Dura Extended Duration Substrate
ystem (Thermo Fisher Scientific, San Jose, CA, USA) and
:BOX Chemi XX6 gel doc systems (Syngene, Cambridge, UK).
ntibodies against p-STAT3Y705 (#9131S), STAT3 (#4904), p-
ically significant differences are indicated.

STAT5Y694 (#9359S), STAT5 (#25656), p-ERK1/2T202/Y204 (#9101),
ERK1/2 (#9102), p-S6 ribosomal proteinS235/S26 (#4858), S6 ribo-
somal protein (#2217), PARP1 (#9542), and �-tubulin (#2144)
were obtained from Cell Signaling Technology (Danvers, MA,
USA).

Statistical  analysis

Statistical analyses were performed using GraphPad Prism 5

(GraphPad Software, Inc.). For comparisons, ANOVA test and
Bonferroni post-test or Student t-test were used. A p-value
<0.05 was considered as statistically significant. All pairs were
analyzed and statistically significant differences are indicated.



434  hematol transfus cell ther. ( 2 0 2 1 );4  3(4):430–436

Figure 3 – NADPH oxidase regulates JAK2/STAT redox signaling pathways in JAK2V617F-positive cell lines. Western blot
analysis for p-STAT3Y705, p-STAT5Y694, p-ERK1/2T202/Y204, p-S6 ribosomal proteinS235/S26, and PARP1 (total and cleaved) in
total cell extracts from SET2 (A) and HEL (B) cells treated with vehicle or diphenyleneiodonium (DPI. 5 �M)  and/or ruxolitinib
(300 nM); membranes were  reprobed with the antibody for the detection of the respective total protein or �-tubulin, and
revealed with the SuperSignalTM West Dura Extended Duration Substrate system using a G:BOX Chemi XX6 gel doc systems.
Results

Ruxolitinib  modifies  genes  involved  in  redox  signaling
network  in  SET2  cells

In order to identify redox vulnerabilities in MPN  cells, we
investigated the impact of ruxolitinib on the expression
of redox signaling-related genes. Using the cutoff of 2-fold
for either direction, 16 genes were found to be differen-
tially expressed (6 downregulated and 10 upregulated) in
SET2 upon ruxolitinib treatment for 48 h (Figure 1A). Net-
work analysis indicated an intense biological association
between modulated genes, including co-expression, predic-
tive correlations, physical interactions, co-localization, and
genetic interactions (Figure 1B). Since ROS production has
been associated with malignant phenotype of MPN cells,
the upregulation of DUOX1 and DUOX2 caught our atten-
tion and these genes were selected for validation using

quantitative PCR. In SET2 cells, ruxolitinib increased in a
dose-dependent manner DUOX1 and DUOX2 mRNA  levels
(Figure 1B,C).
NADPH  oxidase  inhibition  by  DPI  reduces  cell  viability  and
potentiates  ruxolitinib-induced  apoptosis  JAK2V617F cells

Next, the cellular and molecular effects of DPI, a pan
NOX/DUOX inhibitor, were investigated in MPN  cellular mod-
els with distinct sensitivity to apoptosis induced by ruxolitinib,
being SET2 cells more  sensitive than HEL cells.19,20 In both
JAK2V617F cell lines, DPI reduced cell viability, being more
potent in HEL cells (Figure 2A). Using nonlinear regression
analysis, the IC50 values for DPI at 48 h was 4.2 and 0.5 �M,
in SET2 and HEL cells, respectively. Of note, low doses of
DPI (5 �M) reduced cell survival and potentiated ruxolitinib-
induced apoptosis in both cell lines, especially in SET2 cells
(all p < 0.05) (Figure 2B,C).

DPI  inhibits  JAK2  downstream  signaling  pathway  in  SET2
and HEL  cells
The effects of DPI alone and in combination with ruxoli-
tinib in each cell line are corroborated in the molecular
scenario. In SET2 cells, DPI weakly inhibited phosphoryla-
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ion of STAT3, STAT5, and S6 ribosomal protein (an effector of
he PI3K/AKT/mTOR pathway) and induces cleavage of PARP1,
ut did not modulate the activation of ERK1/2 (an effector of
he MAPK pathway). The combination of DPI and ruxolitinib
howed a higher PARP1 cleavage, as compared to monotherapy
n SET2 cells (Figure 3A). On the other hand, the phosphoryla-
ion of STAT3, STAT5, S6 ribosomal protein, and ERK1/2 and the
leavage of PARP1 were strongly induced by DPI in HEL cells.
n addition, the combination of DPI with ruxolitinib potenti-
ted the inhibition of STAT3, STAT5, and S6 ribosomal protein
n HEL cells (Figure 3B). Ruxolitinib treatment in monother-
py inhibited the JAK2/STAT and MAPK pathway in both cell
ines, but only triggered PARP1 cleavage and strongly reduced
6 ribosomal protein phosphorylation in SET2 cells (Figure 3).

iscussion

erein, we  have reported the effects of ruxolitinib on the
edox signaling network and the effects of DPI in JAK2V617F-
riven cellular models. There is evidence that excessive ROS
roduction is involved in the proliferative advantage of MPN
lones, and the decrease in ROS generation may prevent
enomic instability and ultimately myelofibrotic and leukemia
ransformation.7,21–23 Although the potential effects of ROS
n the myeloproliferative phenotype, the effects of treatment
ith ruxolitinib on ROS regulation in MPN  have been poorly

xplored.24

In the present study, ruxolitinib treatment impacted on
ranscriptional modulation of redox signaling-related genes
n a JAK2V617F-positive cell line, including a marked upregula-
ion of DUOX1 and DUOX2. DUOXes are the least characterized

embers of the family of NADPH oxidases, which are enzymes
edicated to the generation ROS that trigger multiple signal-

ng pathways. Furthermore, DUOXes do not have selective
nhibitors.12 In solid tumors, DUOX1 and DOUX2 expres-
ion are frequently deregulated and their clinical significance
eems to be tissue-specific.25

DPI, diphenyleneiodonium, is widely used as an inhibitor
f flavoenzymes, such as NOXes and DUOXes.10 In chronic
yeloid leukemia, DPI reduces cell proliferation and clono-

enicity in vitro, tumorigenesis in vivo, and synergizes with
matinib.17 In BCR-ABL1-positive cells, DPI reduces the acti-
ation of PI3K/AKT/mTOR and MAPK pathway,17,26 which
orroborates our findings in JAK2V617F-positive models. In
rimary MPN  cells and SET2 cell line, vorinostat, an HDAC

nhibitor, induces apoptosis in a mechanism dependent on
eduction in intracellular levels of ROS, and also synergizes
ith agents that decrease ROS generation, including DPI.27

Although DUOXes were the modified enzymes in our ini-
ial analysis, the potential effect of DPI on other members of
he NADPH oxidase family cannot be overlooked. In SET2 cells,
UOX2 and CYBB (NOX2) are the predominant transcripts, fol-

owed by a low expression of NOX5 and DUOX1. NOX4 levels
ere not detected and there was no expression of NOX1 and
OX3 in the analysis using RNAseq (Supplementary Figure 1).

he role of NOX2 has been widely explored in murine BCR-
BL1-positive leukemia and KRAS-driven MPN  model: NOX2
eficiency reduces ROS levels, the proliferation of myeloid pro-
enitors, and self-renewal programs.28,29 Thus, the effects of
 0 2 1 );4  3(4):430–436 435

DPI as a non-selective inhibitor for DUOXes and NOXes may
be desired in this context. Together, these pieces of evidence
suggest that MPN cells display “ROS addiction”, as observed
in other ROS-generating cancers,30 which will contribute to
the identification of new therapeutic targets and certainly
improve the response to current therapies.

Conclusion

Our study reveals a potential adaptive mechanism in the resis-
tance against ruxolitinib by transcriptionally reprogramming
redox signaling in JAK2V617F cells and exposes redox vulnera-
bilities with therapeutic value in MPN cellular models.
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